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书书书

内　容　简　介

　　本文集收录了２０１４年度中国气象局气候研究开放实验室在

国内外核心期刊发表的学术论文６１篇。内容涉及气候监测、气

候变率的诊断及其机理、气候预测理论和方法、气候模式模拟、气

候变化检测及影响评估等研究领域。
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a b s t r a c t

Based on monthly mean HadISST data, climatological characteristics and long-term changes of sea surface
temperature (SST) over marginal seas of China are analyzed for the time period 1870–2011. The results show
that (1) The smallest and largest spatial SST differences among various areas are seen in August and January
respectively, with the coolest month occurring in February for all of the seas and the warmest month
occurring in August for all but South China Sea (SCS); (2) The warming trends of the marginal seas of China
during the time periods analyzed are generally larger than the global and hemispheric averages, with the
East China Sea seeing the largest warming of all seas; (3) All of the sea areas see significant rising trends of
annual mean SST in the last 140 years and the last 50 years, with larger and more significant warming
generally occurs in autumn and winter; (4) The last 30 years especially the last 14 years undergo a slowdown
of warming in the marginal seas of China, and the slowdown in the last 14 years is more evident than the
global and northern hemispheric averages; (5) A weak upwelling current exists in western SCS, and the
upwelling intensity has a significant positive correlation with the SCS summer monsoon index, with both
seeing a decreasing trend in the last 64 years.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Ocean and atmosphere are important components of climate
system. Sea–air interaction, especially that occurring between
tropical oceans and global atmosphere has been a hot topic in
climatology nowadays. There are many studies on global and basin
scale SST climatology using different datasets (Reynolds, 1988;
Reynolds and Marsico, 1993; Reynolds and Smith, 1995; Smith and
Reynolds, 1998). IPCC AR4 showed that global SST exhibits sig-
nificant increasing trend in recent 100 years, especially in recent
30 years (Trenberth et al., 2007). SST at gulf area and continental
shelf area are also studied and dataset is optimized for these areas
(Shea and Trenberth, 1992) and relation with large scale change is
also analyzed (Belkin, 2009; Takeshige et al., 2013).

The marginal seas of China span tropical, subtropical and tempe-
rate zone and exhibit significant geographical diversities. There are
many studies about SST change and variability of the region during
different time periods (Tang et al., 2009; Huang et al., 2012; Wang
et al., 2013). Different datasets are used to study the SST change and
variability (Yan and Li, 1997; Hickox et al., 2000; Wu et al., 2005;

Song et al., 2007; Jin and Wang, 2011; Liu and Zhang, 2013). It has
been shown that the 1990s is the warmest decade of the past 100
years in the marginal seas of China (X.Z. Zhang et al., 2005; Feng and
Lin, 2009), and water masses, currents and ENSO might have been
the main factors for different modes of SST variability for the East
China Sea (ECS) (Song et al., 2007). The SST variability might in turn
affect other system, such as East Asian monsoon (Li et al., 2010). Xie
et al. (2002) and Yeh and Kim (2010) examined winter SST variability
of Yellow/East China Sea in recent years and explained it in terms of
the associated atmospheric circulation anomalies and Bathymetric
effect.

The previous studies are important for understanding climatolo-
gical characteristics and change of SST on varied spatial and temporal
scales. Most of the previous studies, however, have been limited to
given areas or specific time periods. For the marginal seas of China on
a whole, the general features of normal climate and climate change
of SST over the past more than 100 years have not been well
understood, in spite of the fact that a few studies examined the
long-term trends of the SST for varied time periods and areas.

In this paper, we use the updated HadISST data to reveal the
climatological characteristics and long-term change of SST over the
marginal seas of China. Our analysis shows the distinct character-
istics of SST climatology and rapid warming of the last 140 years in
the region.
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2. Study region, data and methods

2.1. Study region

In this paper, marginal seas of China are defined as the offshore
region of 5–411N and 105–1301E. The region is further divided into
three sub-regions: Bohai Sea and Yellow Sea (BYS, 117–1271E and
35–411N), East China Sea (ECS, 120–1301E and 22–351N) and South
China Sea (SCS, 105–1201E and 5–221N) (Fig. 1).

2.2. Data and methods

Monthly SST data and SCS Summer Monsoon index series are
used. 1�1 monthly HadISST (Rayner et al., 2003) data during
1870–2011 are from Hadley Centre, UK (http://www.metoffice.gov.
uk/hadobs/hadisst/data/download.html). This dataset is the long-
est global historical and real time SST observations with the
highest spatial resolution and coverage, and it has been widely
used in studies of climate change and variability. In order to
examine the relationship between the western SCS upwelling
intensity and SCS Summer Monsoon (SCSSM), the SCSSM index
data developed by Li et al. (http://ljp.lasg.ac.cn/dct/page/1) from
the Institute of Atmospheric Physics, Chinese Academy of Sciences
(Li and Zeng, 2002, 2003, 2005) is utilized in this paper. Monthly
reanalysis data of 850 hPa zonal wind (u), 500 hPa geopotential
height (hgt) and sea level pressure (slp) from the National Centers
for Environmental Prediction (NCEP) during 1948–2012 are used
for calculating the monsoon index series.

We made a quality check of the HadISST data, and found a few
quality problems with the data in the Bohai Sea and the Yellow
Sea. The absolute values of SST anomalies are larger than 2 times
the standard deviation for a fewmonths of 1977, 1980 and 1981 for
the grids. These are proved to be wrong records by comparing
them to the neighboring grid data. We replace these records with
climatological average of the latest climate reference period
(1981–2010).

Regional average is calculated by area-weighted averaging the
grid data using latitude cosine as weights (Jones and Hulme, 1996).
The reference time period 1981–2010 is applied to calculate mean
SST values for analyzing climatological characteristics and the time
period 1961–1990 as recommended by World Meteorological
Organization (WMO) is used as reference time period for calculat-
ing SST anomalies for analyzing climate change. We use May,
August, November and February as the representative months for
spring, summer, autumn and winter respectively as sea water
temperature change generally lags by a month or two behind land
air temperature. The method of least-squares is used to calculate
the linear trends of the SST anomalies series for given time
periods, and student t-test is used to examine the significance of
the linear trends of the time series (Hu, 1996; Von and Francis,

Fig. 1. Study regions defined in this paper. BYS: Bohai Sea and Yellow Sea; ECS: East
China Sea; SCS: South China Sea.

Fig. 2. Annual (left) and seasonal (right) mean SST distribution during 1981–2010 in the marginal seas of China. (a): Spring; (b): Summer; (c): Autumn; (d): Winter (Unit: 1C).
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2003; Wei, 2007). Regime shift analysis is based on the method
developed by Rodionov (2004) and Rodionov and Overland (2005),
in our regime shift analysis, parameters are assigned as: cut-off
length equals 10 and probability level is 0.01.

3. Results

3.1. Spatial and seasonal characteristics

Fig. 2 shows spatial distribution of annual and seasonal mean
SST for time period 1981–2010. Annual mean SST decreases with
increasing latitude, with high temperature ranging from 24 1C to
28 1C in the south and low temperature ranging from 12 1C to
20 1C in the north. This pattern is closely related to the solar
radiation distribution in the offshore region. The isotherm is
northeast–southwest oriented and the SST gradient increases as
getting closer to the mainland coastal line. It is obvious that the
landmass effect in wintertime has contributed to the tilting of the
isotherms, which was pointed out by Bao et al. (2002). The ECS
exhibits the largest temperature gradient, and the SCS in the
tropical zone the lowest temperature gradient.

As a transition season from winter to summer, spring has its
unique character (Fig. 2a). Winter northerly wind begins to weaken
and the southward coastal current along the coast of the Yellow Sea
is not as apparent as in winter. The Yellow Sea SST is latitudinally
distributed with smaller gradient. The largest SST gradient occurs in
the north, and the SST in the BYS is evidently lower. The SCS SST to
the south of the Taiwan Channel is uniformly distributed. The most
uniform spatial distribution of SST and the highest seasonal mean
temperature appears in most parts of the marginal seas of China
during summertime (Fig. 2b). Apparent gradient appears in the joint
area of the Yellow Sea and the ECS. The autumn (Fig. 2c) bears a
similar spatial distribution of seasonal mean SST to that of annual
mean SST (Fig. 2 left). In winter, the temperature gradient largely
increases, as a result of the tremendous drop of temperature in the
BYS (Fig. 2d). As semi-closed sea, the BYS winter temperature is
deeply influenced by the land. The lowest SST, ranging from 0 1C to
3 1C, occurs in the Bohai Sea, and the 27 1C SST isotherm can still be
seen in the south of the SCS during wintertime.

There is a unique phenomenon in summer SST of the south-
western SCS, characterized by a large area of relative cooler surface

water centered to the southeast of the Indochina Peninsula
(Fig. 3a, b). This phenomenon was reported in Cai et al. (2001)
and Li et al. (2011). The interpretation for its formation is summer
southwesterly wind which causes offshore upwelling current.
Deep cold water is transported upward and cool the surface water
(Cai et al., 2001; Li et al., 2011). In autumn, the cold water area
disappears. Weaker upwelling phenomena also appear in the
Taiwan Strait and northeast of the Hainan Island in summertime,
but they need further investigation by using high-resolution
observational data. Under the background of warming during
1981–2010, the upwelling in western SCS still exists in spite of
the fact that the SST increases almost everywhere in the SCS
(Fig. 3b).

Monthly mean SST generally shows cosine seasonal pattern for
the marginal seas, and the range increases with latitude, with the
BYS witnessing the largest seasonal variation (Fig. 4). The highest
(lowest) SST occurs in August (February) for the BYS and the ECS, and
in less extent for the whole region (Fig. 4b). For the SCS, however, the
highest SST appears in May and June, about 2–3 months earlier than
in the north of the study region, but the lowest SST appears in the
same month (February) as other areas. The earlier peak and the
flattening pattern of the SCS SST are in large extent related to
the northern position of the ITCZ (Inter-Tropical Convergence Zone)
and the SCS monsoon in this area during summer (R.H. Zhang et al.,
2005; Ding et al., 2008), leading to more cloudy and rainy days,
less solar radiation absorbed by the sea surface (Feng et al., 1999)
and the upwelling in the off-shore area of the western SCS as
described below.

The average annual temperature range is 7.08 1C for the study
region, and it is 20.58 1C for the BYS, 11.26 1C for the ECS and
4.03 1C for the SCS. The fastest warming stages within a year occur
in different months for different areas, with the whole region in
May, the BYS in June, the ECS in May, and the SCS in April. The
fastest cooling stage within a year occurs in December for all areas
of the region.

3.2. Temporal variations in SST

In recent 150 years, all the four areas show increasing trends of
annual mean SST anomalies (Fig. 5). The highest annual mean SST
anomaly appears in 1998, and the temperature undergoes a
decreasing trend since then, in spite of the fact that all of the

Fig. 3. Summer mean SST distribution of the SCS during 1961–1990 (a) and 1981–2010 (b) (Unit: 1C).
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areas exhibit positive SST anomalies for continuous 14 years.
Averaged annual mean SST anomalies in 1998 are 1.16 1C for the
whole region, 1.43 1C for the BYS, 1.51 1C for the ECS and 1.04 1C for
the SCS respectively. The increasing trends during 1870–2011
reaches 0.06 1C/10 yr for the whole region, 0.09 1C/10 yr for the
ECS, 0.06 1C/10 yr for the BYS, 0.04 1C/10 yr for the SCS, and all of
the trends are significant at the 99% confidence level. Fig. 5 also
indicates the linear trends of annual mean SST anomalies for the
last 50 years, and shows the generally larger warming than for the
last 140 years for all the seas.

The marked warming begins in 1940s for the BYS and the ECS,
but in 1980s for the SCS as indicated in Fig. 5. There exist decadal
to multi-decadal variations in the SST anomalies series, with a

general cool period from 1870s to 1930s, a weak warm period from
1940s to 1950s, a weak cool period from 1960s to 1970s, and a
recent warm period from 1980s to present. Fig. 5 also shows the
climate regime shifts of the SST for different sea areas. The warm
(cool) periods and the regime shifts are evident, with the ECS and
BYS undergoing the most frequent regime shifts. Besides the BYS,
all other sea areas witness significant regime shifts in 1980s,
implying an abrupt change to the recent warm period. Meng
et al. (2011) also reported the phenomenon of the abnormal
warming in the China seas after mid-1980s. The BYS and the ECS
see another regime shift in late 1990s. It is clear that the inter-
annual to decadal variability is larger in the BYS, and it is smaller
in the SCS, indicating an increase in SST variability with latitude.

Fig. 4. Long term monthly mean SST of the marginal seas of China during 2001–2010 (a) and 1982–2011 (b) for different study areas. Blue: BYS; red: ECS; green: Whole
region; black: SCS.

Fig. 5. Regional mean annual SST anomalies for marginal seas of China during 1870–2011. Black (red) lines indicate the latest 140 (50) years linear trends; blue dashed lines
indicate regime shift years. (a) BYS; (b) ECS; (c) SCS; (d) Whole region. All of the linear trends passed 99% significance test. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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It is also interesting to note that the latest 30 years see a smaller
increasing trend of annual mean SST than that for the last 50 years,
indicating a slowdown of warming in the study regions, and the
last 14 years actually undergo an evident downward trend
especially for the BYS and the ECS. This slowdown of warming in
the past decade is found apparent in global scale (Kosaka and Xie,
2013; Smith, 2013). Besides, regional and seasonal characteristics
of the phenomenon were also reported (Kosaka and Xie, 2013).
Mechanisms for this hiatus were documented in terms of natural
climate variability (Kosaka and Xie, 2013; Trenberth and Fasullo,
2013), stratospheric water vapor concentration (Solomon et al.,
2010; Held, 2013), solar irradiance (Fröhlich, 2012; Held, 2013),
and Pacific Decadal Oscillation (Trenberth and Fasullo, 2013) etc.
Kosaka and Xie (2013) studied this global warming hiatus with
regard to equatorial Pacific surface cooling and pointed out that
natural climate variability caused the hiatus through La-Ninã-like
decadal cooling. Solomon et al. (2010) pointed out that strato-
spheric water vapor concentration decrease lead to the warming
slowdown significantly in the last decade. Trenberth and Fasullo

(2013) found that negative phase of the Pacific Decadal Oscillation
in the last decade is one reason for the hiatus in global warming.

Fig. 6 shows seasonal mean SST anomalies and their trends for
the whole region during 1870–2011, and Table 1 gives linear trends
of the seasonal and annual mean SST anomalies for various areas
and the whole region during 1870–2011 and 1962–2011. For the
region on a whole, significant warming occurs in all seasons with
those of autumn and winter being the largest, reaching 0.07 1C/
10 yr and 0.06 1C/10 yr respectively, and that of spring the smal-
lest. All of the linear trends of seasonal mean SST anomalies for
the whole region are significant at the 99% confidence level.
The warming in spring and summer begin earlier and exhibit a
more monotonous rise, and the increase in SST in autumn and
winter begin later and is accompanied by a larger decadal and
multi-decadal variability. The same as the annual pattern, seasonal
pattern for the latest 50 years shows more significant warming
trend than recent 140 years. Caputi et al. (2009) found that austral
winter and autumn are more warming than spring and summer
for the SST off the lower west coast of Australia.

Fig. 6. Regional averaged seasonal mean SST anomalies for the marginal seas of China during 1870–2011. Black (red) lines indicate the latest 140 (50) years linear trend; blue
dashed lines indicate regime shift years. (a) Spring; (b) Summer; (c) Autumn; (d) Winter. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Linear trends of SST anomalies for four seasons and year in different areas of the marginal seas of China during 1870–2011 and 1962–2011 (Unit: 1C/10 yr).

Spring Summer Autumn Winter Annual

1870–2011 1962–2011 1870–2011 1962–2011 1870–2011 1962–2011 1870–2011 1962–2011 1870–2011 1962–2011

Whole region 0.047nn 0.129nn 0.053nn 0.161nn 0.068nn 0.199nn 0.057nn 0.273nn 0.057nn 0.194nn

BYS 0.055nn 0.129nn 0.036nn 0.122nn 0.076nn 0.168nn 0.080nn 0.268nn 0.061nn 0.181nn

ECS 0.073nn 0.198nn 0.071nn 0.175nn 0.108nn 0.302nn 0.094nn 0.379nn 0.087nn 0.262nn

SCS 0.033nn 0.093nn 0.043nn 0.160nn 0.044nn 0.145nn 0.035nn 0.225nn 0.040nn 0.167nn

nn Indicates that the trend is significant at the 99% confidence level.
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The seasonal mean SST regime shifts are shown in Fig. 6 with
blue dashed line. The most significant shifts for four seasons all
happened in 1980s. He and Wang (2012) found that there is a
decrease in the East Asian Winter Monsoon (EAWM) intensity
beginning from 1986, and Ren et al. (2005a, 2005b) reported the
rapid increase in annual and winter mean surface air temperature
in mainland China beginning around mid-1980s, which are all
consistent with the SST regime shift in the marginal seas revealed
in this study. Decrease of inter-annual variability of the EAWM

intensity after mid-1980s was also reported in other studies
(He, 2013; Wang and Fan, 2013). EAWM related systems like Siberian
high, Aleutian low, East Asian trough, East Asian jet stream and
meridional wind at 850 hPa also show sign of weakening during
1986–2010 compared to 1956–1980 (He, 2013).

Table 1 shows that, except for the SCS, the autumn and winter
warming trend is more significant than annual trend in the past
140 years, with the summer and autumn SCS SST experiencing
more significant warming than those for the annual SST trend. For
recent 50 years, all the sea areas see 3–5 times larger warming
trends than those for the past 140 years. These are consistent with
the previous analyses of the marginal sea SST (Meng et al., 2011)
and of the mainland surface air temperature of eastern China (Ren
et al., 2005a; Tang and Ren, 2005).

Among the various areas of the study region, the ECS shows the
largest warming trends for all seasons, with the trends for spring,
summer, autumn and winter reaching 0.07 1C/10 yr, 0.07 1C/10 yr,
0.11 1C/10 yr and 0.09 1C/10 yr respectively. The trends of autumn
and winter SST anomalies in the BYS are also relatively larger,
reaching 0.08 1C/10 yr and 0.08 1C/10 yr respectively.

Comparing the results of this analysis with those reported for
global and northern hemispheric averages (Table 2), it can be
found that the trends of annual mean SST in the marginal seas of
China are generally higher than those of global and hemispheric
averages for the same time periods (Jones et al., 2012; Trenberth et
al., 2007). Except for the SCS for period 1901–2005, all the seas
have larger warming rates than global and hemispheric averages
during 1901–2005 and 1979–2005. Figs. 5 and 6 show that the
slowdown of warming in the marginal seas of China over the last
14 years is also more evident than the global, northern hemi-
spheric and China mainland averages as reported by some recent
analyses (Easterling and Wehner, 2009; Jones et al., 2012; Ren
et al., 2012; Hartmann et al., 2013). China marginal sea SST is
generally influenced by East Asian monsoon system. Studies found
that East Asian Winter Monsoon is weakening in recent 60 years
and 100 years (Shi et al., 1996; R.H. Zhang et al., 2005; He and
Wang, 2012), and this may well explain the rapid warming of the
surface water as a result of decline of heat transfer from the air to
deep water due to the slugging northerly wind. The unusual
warming in East Asia including eastern mainland China may have

Table 2
Linear trends of annual mean SST for the study region and the global and northern
hemispheric average surface temperature reported by the IPCC AR4 (Trenberth et
al., 2007) (Unit: 1C/10 yr).

Whole region BYS ECS SCS Global Northern
hemisphere

1901–2005 0.093nn 0.108nn 0.151nn 0.061nn 0.067nn 0.071nn

1979–2005 0.267nn 0.387nn 0.444nn 0.190nn 0.133nn 0.190nn

nn Indicates that the trend is significant at the 99% confidence level.

Fig. 7. Linear trends of annual mean SST anomaly for every 30 years for the
marginal seas of China during 1870–2011. nn and n indicate the trends are
significant at 99% and 95% confidence level respectively.

Fig. 8. Linear trends of annual mean SST during 1951–2011 (a) and 1979–2011 (b) (Unit: 1C/10 yr). Blue color indicates the trends are significant at the 99% confidence level,
and light blue indicates the trends are significant at the 95% confidence level.
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been another reason for the large increase in the marginal sea SST
in cold seasons (Ren et al., 2005b, 2012; Ding and Ren, 2008).

Fig. 7 shows the moving trends of annual mean SST anomalies for
every 30 years during 1870–2011. The most significant warming for

the study region occur in 1921–1950, 1931–1960, 1961–1990, 1971–
2000 and 1981–2010, and the trends during these 30-yr periods pass
the significance test at the 95% or even 99% confidence level. The
largest warming occurs in 1971–2000, almost reaching 0.30 1C/10 yr.
It is also clear that the warming occurs in all of the any 30-yr periods
since 1911, in spite of the fact that the positive trends for 1911–1940,
1941–1970 and 1951–1980 are not significant at the 95% confidence
level. Four of the early 30-yr periods see decreasing trends of annual
mean SST, but the decreases did not passed the significant test.

The detailed spatial pattern of the SST changes during the 140
years is difficult to be identified due to the lack of early-period
data. Fig. 8 gives the distributions of the linear trends of annual
mean SST for time periods 1951–2011 and 1979–2011 instead, and
Fig. 9 shows differences of annual mean SST between climate
reference periods 1981–2010 and 1961–1990 over the marginal
seas. In the last 60 years and 30 years, the whole region shows
increasing trends of annual mean temperature, and almost all of
the grids register statistically significant warming. For the last 60
years, there are more grids of the study region where the trends
are significant at the 99% confidence level, though the magnitudes
of the trends are generally smaller than those for the last 30 years.
For both time periods, the most significant warming mainly occurs
in the ECS, with the trends usually more than 0.20 1C/10 yr. The
weakest warming occurs in central and northern SCS. The most
obvious warming is clearly seen in the Taiwan Strait and the ECS,
and the weakest warming occurs in northwestern part of the SCS
and the Bohai Sea in Fig. 8. The whole study region actually sees
significant SST increase in all the seasons in the recent 50 year
period, but the most significant trend appears in winter and
autumn except for SCS (Table 1).

Fig. 10 exhibits the spatial distributions of linear trends of
seasonal mean SST for time periods 1951–2011 and 1979–2011.
In the last 60 years, significant warming trends are seen in the
whole area, and the largest warming with significance at the 99%

Fig. 9. Differences of annual mean SST between climate reference periods 1981–
2010 and 1961–1990 over the marginal seas of China.

Fig. 10. Linear trends of seasonal mean SST during 1951–2011 (left) and 1979–2011 (right) (Unit: 1C/10 yr). (a): Spring; (b): Summer; (c): Autumn; (d): Winter. Blue color
indicates the trends are significant at the 99% confidence level and light blue indicates the trends are significant at the 95% confidence level.
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confidence level appears in the ECS, especially for spring, autumn
and winter. Most parts of the SCS also see a very significant
warming for each of the four seasons. The warming in winter is the
largest, with the 0.30 1C/10 yr isotherm surrounding a larger
extent than those in other seasons. Less significant warming is
seen in the BYS and northern SCS for spring and summer. Change
of climatology in four seasons during 1981–2010 comparing to
1961–1990 shows that winter saw the greatest warming in various
areas. ECS saw the greatest increase in four seasons compared to
other regions. Winter is the most warming season for the whole
area (figure is not shown). The seasonal trends of China offshore
seas were reported in a few of analyses (Yeh and Kim, 2010; Cai
et al., 2011; Meng et al., 2011). Cai et al. (2011) showed that both
winter and summer experience warming trend and the climate
regime shift in mid-1980. The ECS and the Yellow Sea are among
the most significant warming areas. The previous findings are
basically consistent with the result of this analysis. It is also
realized in the previous studies that winter warming is more
significant than that of summer in the East/Japan Sea (Yeh et al.,
2010). Zhang et al. (2007) analyzed spring SST in Kuroshio region
and found significant warming trend, and they also indicated the
abrupt change in SST around 1987.

Similar patterns can be found for the last 30 years (Fig. 10b).
The strongest warming trends are in the ECS, with winter mean
SST increases reaching more than 0.60 1C/10 yr in the Taiwan Strait
and central and eastern ECS. Spring and autumn see less warming
trends in most areas. Once again the warming in the BYS and
northern SCS is smaller in the last 30 years, and this is especially
the case for springtime. The abnormal warming in the Taiwan
Strait and the ECS in the last 30 years may be related to the
strengthened Kuroshio warm current which may in turn be
affected by the multi-decadal variability of the coupled air–sea
system in the Pacific Ocean (Feng and Lin, 2009).

4. Discussion

Changes and variability of SST have been extensively studied in
regional scale (Minobe et al., 2004; Caputi et al., 2009; Goikoetxea
et al., 2009; Yeh et al., 2010; Skliris et al., 2012; Takeshige et al.,
2013) and global scale (Shea and Trenberth, 1992; Smith and
Reynolds, 1998). This paper examines the SST change in the
marginal seas of China for the past 140 years.

SST changes of the region show diverse spatial and temporal
characteristics. The coastal land area has significant effect on the
off-shore sea SST, especially for the Bohai Sea (Yan and Li, 1997;
Feng et al., 1999; Bao et al., 2002), and the marginal sea SST also
affects the adjacent continent climate (Zhao et al., 2007; Ding
et al., 2008). SST of the marginal seas of China is affected by many
factors, such as Asian monsoon (Liang et al., 2006), ocean currents
including the winter coastal currents, latitudinal locations and
solar radiation, discharges of large rivers, and the configuration of
the coastal lines (Feng et al., 1999), Kuroshio (Oka and Kawabe,
1998; Ichikawa and Beardsley, 2002; Nonaka and Xie, 2003) and
other current systems (Ichikawa and Beardsley, 2002). Annual and
seasonal mean SST exhibit different patterns due to the combined
influences of the various factors.

Different from other regions, China marginal seas are highly
affected by monsoon system. Table 3 shows the correlation
coefficients between SST of different seas and the summer and
winter monsoon index as formulated by methods which were
developed by Q.Y. Zhang et al. (2003) and He and Wang (2012).
There is a highly negative correlation between winter monsoon
intensity and the SST of all the four sea areas, though the
correlation between SST and the summer monsoon index is not
so significant. Summer monsoon has less effect on SST in the

whole region and the ECS, but the SCS bears a significant negative
correlation with the summer monsoon intensity, which can be
attributed to the weak upwelling in western SCS during summer
monsoon season as discussed in 3.1. Takeshige et al. (2013)
analyzed long-term trend of SST in Omura Bay and found that
solar radiation is a dominant factor in heating period and air
temperature and wind speed are the dominant factors in cooling
period. The mechanism mentioned above may give an explanation
to highly correlation between the winter monsoon intensity and
SST in the marginal seas and the less significant correlation
between the summer monsoon intensity and SST. Frequent and
intense cold air bursts related to the strong winter monsoon lead
to large air–sea heat exchange and apparent impact on off-shore
sea SST (Bao et al., 2002). Yeh and Kim (2010) analyzed Yellow/East
China Sea SST during 1950–2008 winter and found increase of SST
for this area. They also suggested that anomalous anti-cyclonic
circulation caused weakening of winter northerly wind is the main
cause for the increase of SST. As winter monsoon becomes weaker
during the past decades, the marginal seas of China undergo
highly significant warming in winter and spring.

Nevertheless, East Asian Monsoon system is not the only factor
influencing the long term trend of marginal seas SST of China. Large-
scale factors, like global warming, Pacific Decadal Oscillation and
Atlantic Multi-decadal Oscillation may have also affected the long
term trends of SST in the marginal seas of China (L.P. Zhang et al.,
2010). The mechanism for the linkage, however, is not clear yet at
present, and more research is needed to understand the issue.

The low-frequency ENSO variability may have been important
in changes of the marginal sea SST (Wu et al., 2005; Song et al.,
2007). The maximum values of annual mean SST for all areas of the
marginal seas appeared in 1998, when the strongest El Nino event
in 20th century occurred (Wang and Gong, 1999; Wolter and
Timlin, 2011). ENSO is closely related to East Asian Monsoon (R.H.
Zhang et al., 2003; Zhang and Li, 2004), it can lead to weaker than
normal East Asian Monsoon (Tomita and Yasunari, 1996; Ji et al.,
1997; Wang et al., 2000), and also in favor of an abnormally high
SST in the marginal seas. Takeshige et al. (2013) found that 1963 is
a strong EAWM year with strong near-surface wind, low air
temperature and low SST. In this paper, abnormally low winter
SST is also evident in 1963 (Fig. 6). Nevertheless, the winter
monsoon intensity in the year seems not so strong (figure is not
shown). This difference may be attributed to different definitions
and analysis methods used for EAWMI.

The seasonal rhythm of SST obviously results from the effect of
solar radiation variation within a year. The absence of the summer
peak in the SCS, however, might be related to the prevailing
summer southwest monsoon. With the breakout of summer
monsoon in late June, upwelling current forms in the western
SCS, or offshore area of the Indochina Peninsula, driven by the
southwesterly wind. The weak and stable upwelling in the off-
shore area of the Indochina Peninsula keeps the summer SST of the
whole SCS relatively low. Meanwhile, significant increase of
cloudiness and precipitation during summer monsoon season also
contribute to the absence of the summer SST peak in the SCS.

We calculate the summer mean SST anomalies of the core
upwelling area (10–141N, 110–1151E, as indicated in Fig. 3b) for

Table 3
Correlation coefficient between Marginal seas SST and East Asian Monsoon.

Whole region BYS ECS SCS

Summer �0.129 0.302n 0.001 �0.324nn

Winter �0.631nn �0.577nn �0.646nn �0.560nn

nn and n indicate the trends are significant at 99% and 95% confidence level
respectively.
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time period 1870–2011, and compare it to the South China Sea
Summer Monsoon Index (SCSSMI) defined by Li and Zeng (2002,
2003) for time period 1948–2011. Fig. 11a shows that the SST
anomalies undergo a significant increasing trend in the last 50
years, with the SST anomalies for most years shifting from
negative to positive values. Correlation coefficient between the
summer SST anomalies and SCSSMI is �0.64 (significant at 99.9%),
indicating that the weakening of summer monsoon is one of
the main reasons for the increase of the SST anomalies in the
upwelling area and the decrease of the upwelling intensity.

The observed variations in annual mean SST in the marginal
seas of China bear a good similarity to the reported changes in
surface air temperature for mainland China for the last 100 years
(Tang and Ren, 2005; Ren et al., 2012) and the last half century
(Ren et al., 2005a, 2005b). However, the SST trends in the marginal
seas are generally smaller than those in the mainland, and the
relatively warm period from 1930s to 1940s and the rapidly
warming period from 1980s to 2000s found in the mainland air
temperature seem much weaker in the study region (Tang and
Ren, 2005; Cao et al., 2013).

Compared to the changes in seasonal mean land surface air
temperature, the marginal seas of China show more remarkable
warming in autumn and winter, and much less increase in
temperature in spring and summer. For example, the increases
in seasonal mean surface air temperature in mainland China as a
whole during 1908–2007 are 0.19 1C/10 yr and 0.16 1C/10 yr for
winter and spring, but they are only 0.06 1C/10 yr and 0.01 1C/10 yr
for autumn and summer, with the warming in summer insignif-
icant (Tang and Ren, 2005; Ren et al., 2012). The warming in
mainland China in the last 50–60 years is also the largest in winter
and spring, and the increase in summer temperature is small (Ren
et al., 2005, 2012). Therefore, the differences of the trends and
decadal variations of annual mean air temperature and seasonal
mean SST in the study region from those of mainland surface air

temperature are evident. This difference might have partly been
caused by the urban bias existing in the land surface air tempera-
ture data applied in the current studies (Ren et al., 2008; Jones
et al., 2008; A.Y. Zhang et al., 2010) though a further investigation
is needed to understand the underlying causes.

It is also worth noting that there are a few of abnormal values
in the HadISST dataset used in this paper. We have replaced the
records proved wrong with climatological averages. There might
be other errors in the dataset, however, and more effort is needed
to identify and deal with them. In addition, the spatial resolution
of the dataset is relatively low for analyzing climatology of SST in
the Bohai Sea and Yellow Sea, and the inefficiency of records of the
early years leaves many blank grids for late 19th century and early
20th century, leading to a large uncertainty for the analysis of
long-term trends of SST.

5. Conclusions

This paper analyzes the spatial characteristics and long-term
change of SST over the marginal seas of China for the last 140
years. The following conclusions can be drawn from the analysis.
In conclusion, annual mean SST decreases with increasing latitude,
with high temperature ranging from 24–28 1C in the south and
low temperature ranging from 12–20 1C in the north. Large
seasonal shifts mainly occur in the Bohai Sea and the Yellow Sea.
The smallest and largest spatial SST differences among various sea
areas and latitudinal zones are seen in August and January
respectively, and the coolest month is February for the whole
region and various areas. Except for the South China Sea for period
1901–2011, the warming trends of the marginal seas of China
during 1901–2011 and 1979–2011 are larger than the global and
hemispheric averages, with the East China Sea seeing the largest
warming of all areas. In recent 140 years or 50 years, all the sea

Fig. 11. (a) Summer mean SST anomalies of the core upwelling area (10–141N,110–1151E) for 1870–2011; (b) SCSSMI (blue) and summer mean SST anomalies (red) of the core
upwelling area for 1948–2011.
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areas see rising trends of annual mean SST, with the East China Sea
experiencing the most significant warming. Larger and more
significant warming generally occurs in autumn and winter for
both time periods 1901–2011 and 1979–2011. An evident slow-
down of warming in the marginal seas of China over the last 14
years is found, and the slowdown is characterized by a decreasing
trend of annual and seasonal mean SST, indicating that it is more
evident than the global, northern hemispheric and China main-
land averages. A weak upwelling current exists in western South
China Sea, and the upwelling intensity has a significant positive
correlationwith the SCS summer monsoon index, with both seeing
a decrease in recent 64 years.
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Abstract Based on daily temperature data from an urban sta-
tion and four rural stations of Shijiazhuang area in Hebei
Province, North China, we analyzed the trends of extreme
temperature indices series of the urban station (Shijiazhuang
station) and rural stations during 1962–2011 and the urbanization
effect on the extreme temperature indices of the urban station.
The results showed that the trends of annual extreme temperature
indices of the urban station and the rural stations are significantly
different in the recent 50 years. Urbanization effect on the long-
term trends of hot days, cold days, frost days, diurnal tempera-
ture range (DTR), extreme maximum temperature, and extreme
minimum temperature at the urban station were all statistically
significant, reaching 1.10 days/10 years, −2.30 days/10 years,
−2.55 days/10 years, −0.20 °C/10 years, 0.16 °C/10 years, and
0.70 °C/10 years, respectively, with the urbanization contribu-
tions to the overall trends reaching 100, 38.0, 42.2, 40.0, 94.1,
and 47.0 %, respectively. The urbanization effect on trend of ice
days was also significant, reaching −0.47 days/10 years.
However, no significant urbanization effect on trends of mini-
mum values of maximum temperature and maximum values of
minimum temperature had been detected. The urbanization ef-
fects in the DTR and extreme minimum temperature series of
Shijiazhuang station in wintertime were highly significant.

1 Introduction

Extreme weather and climate phenomena are the small prob-
ability events, but they can have major impacts on the human

and natural systems, arousing much attention from the gov-
ernments and academic community. Many researchers exam-
ined the long-term change in extreme temperature events (e.g.,
Karl et al. 1991; Plumner 1996; Easterling et al. 1997; Zhai
and Pan 2003; Alexander et al. 2006; Zhou and Ren 2011).
They found that the annual mean minimum temperature
(Tmin) of global continents and mainland China experienced
significant rising trends for the past decades. The annual mean
maximum temperature (Tmax) also witnessed rising trends,
but they were less significant than the annual mean Tmin. In
addition, they also found that the frequency and intensity of
extreme cold events generally decreased, but those of extreme
warm events mostly increased.

Studies also showed that changing trends of annual mean
surface air temperature (SAT) observed by the meteorological
stations were clearly influenced by the urban warming in many
land areas of eastern Asia including mainland China (Kalnay
and Cai 2003; Choi et al. 2003; Chung et al. 2004; Chu andRen
2005; Ren et al. 2007, 2008; Fujibe 2008; Yang et al. 2011). For
example, urbanization effect accounted for more than 38 % of
the overall annual mean SAT increase for the national stations
in North China during the time period 1960–2000 (Ren et al.
2008). A recent work revealed that urbanization effect on
annual mean SAT trends observed by the national reference
climatic stations and the national basic meteorological stations
inmainland China was also significant, explaining at least 27%
of the overall warming trend (Zhang et al. 2010). Apparently,
the urbanization effect on the changing trends of the local and
regional annual mean SAT cannot be ignored.

It is natural to assume that the urbanization or the enhanced
urban heat island (UHI) effect will also affect the linear trends
of frequency and intensity of extreme temperature events due
to the close linkage between the mean SAT and the Tmax and
Tmin. There is little systematic investigation addressing this
issue, however, and the relevant literatures are also scant.
Recently, Zhou and Ren (2009) analyzed the urbanization
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effect on the changing trends of the mean maximum and
minimum temperature for different categories of metrological
stations in North China during 1961–2000, and they found
significant increasing trends of annual mean Tmin caused by
the urbanization for most of the national stations, with the
region-averaged urbanization effect for the national stations
reaching 0.20 °C/10 years, which accounted for 52.6 % of the
overall warming. Zhang et al. (2011) analyzed the urbaniza-
tion effect on annual and seasonal mean trends of the extreme
temperature indices at Beijing Meteorological Station during
1960–2008 and found that urbanization effects on the trends
of the indices series related to daily Tmin were all significant,
and the contributions of the urbanization effect to the overall
changing trends of the Tmin-based annual mean extreme
indices series were all as high as 100 %, indicating that the
changes caused by the urbanization effect were overwhelm-
ing. However, the urbanization effects on the trends of the
indices series related to daily Tmax were mostly insignificant
at the urban station.

The urban station of Shijiazhuang was originally located in
the western suburbs of the city. The observational environ-
ment was good and representative for the monitoring of re-
gional climate before the 1980s. The area around the station
was desolate, with only a few small villages and barracks of
the garrison army being dotted in the vast plain. Since the
early 1990s, however, buildings near the station have been
increasing gradually as the urbanization process accelerates.
At present, the observational ground is well-surrounded by
high-rising buildings, and it has now become a typical urban
station. The UHI effect near Shijiazhuang station is remark-
able, and the urban warming trend in terms of annual mean
SATwas estimated to be 0.19 °C/10 years during 1962–2009,
accounting for 67.9 % of the overall warming trend (Bian
2010). The urbanization effect on the Tmin trend is more
significant, because the largest UHI intensity is registered
between 20 and 07 h of nest day Beijing Time.

However, it is unclear if, or in what extent, the rapid
urbanization and the increasing UHI intensity around the
station have affected the linear trends of the extreme temper-
ature indices. Solving this question or answering this question
enables us to better understand the respective trends of the
regional and near-station extreme temperature event frequen-
cies and to further explore the mechanism and causes of the
regional climate change. We can also provide the accurate
observation data for evaluating the climate change impacts on
natural ecosystem, water resources, and agricultural produc-
tion in the area.

Based on daily SAT data from Shijiazhuang station and
four nearby rural stations during the past 50 years, we com-
pare the changing trends of the extreme temperature indices of
the urban and rural stations and evaluate the urbanization
effect on the trends of extreme temperature indices for the
urban station. We show that the extreme temperature events

recorded by the urban and rural stations experience obviously
different trends, indicating a significant urbanization effect at
the Shijiazhuang station.

2 Data and methods

The daily maximum, minimum, and average temperature
records of five meteorological stations during 1962–2011
were used. They were respectively Shijiazhuang, Gaocheng,
Yuanshi, Pingshan, and Xinle stations in Shijiazhuang area
(Fig. 1). The data had been quality controlled by the
Shijiazhuang Meteorological Bureau, and the wrong records
caused by manual factors had been corrected. Seasonal divi-
sion was as follows: spring (3–5 months), summer (6–
8 months), autumn (9–11 months), and winter (12 to 2 months
of the next year).

Shijiazhuang, the capital city of Hebei Province, is located
in the east of the Taihang Mountains and in the west of the
North China Plain. It is a large city with a rapid urbanization
process during the past 60 years and a permanent population
of 2.7 million at present. Shijiazhuang station is located in the
mid-west of the city, and it is a typical urban station by any
means. It is not only within the built-up areas of the city but
also heavily surrounded by the nearby buildings, as seen in
Fig. 1. The four rural stations are all located near the four small
towns in the east, south, northwest, and northeast of
Shijiazhuang station, with a distance of more than 20 km from
the urban areas of Shijiazhuang City. The permanent popula-
tion in the built-up areas is about 0.1 million for each of the
small towns (Table 1), and the locations of the observational
stations are generally at the periphery zones of the built-up
areas. The rural stations have been influenced by the urbani-
zation in some extents as seen in Fig. 1, in spite of the fact that
they are the most rural stations available in the study region. A
few of the buildings near the rural stations can be seen, but
they are usually not tall, and the micro-environment around
the observational grounds is somehow good. Real rural sta-
tions actually do not exist in any regions of North China Plain.
The rural stations have an average altitude of 80.4m above sea
level and an average latitude of 38.09°N, which are close to
the altitude and latitude of the urban station (81.0 m and
38.03°N), enabling the direct comparison of the mean tem-
perature and extreme temperature indices between them.

Shijiazhuang station has not been moved since its estab-
lishment in 1954. This enables it to be an ideal station for
examining the urban climate change and particularly the ur-
banization effect on mean and extreme temperature trends
because there is no major problem with data inhomogeneity
probably caused by relocations. This is extremely unusual in
mainland China because majority of the large city stations,
usually also the national reference climate stations or national
basic meteorological stations, have been moved for at least
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one time, leading to obvious temporal inhomogeneities in
SAT data (Yan et al. 2001; Li et al. 2004). Therefore, the
SAT data from Shijiazhuang station does not need any adjust-
ment for inhomogeneities related to relocation. The introduc-
tion of the autonomous weather stations (AWS) around 2004
may in certain extent have affected the SAT data homogeneity,
but Wang et al. (2007) showed that the influence was small
and could be ignored.

However, each of the four rural stations has been moved,
with Xinle station moved for four times (Table 1). The
breakpoints of data series caused by relocations were exam-
ined for Tmin, Tmax, mean temperature (Tmean), and diurnal
temperature range (DTR) for the rural stations. The method
was to calculate the difference between each rural station
series and the reference series to obtain the difference series

and to detect the breakpoints by using moving t test (Fig. 2).
The reference series are obtained by averaging the nearby five
station data series having the largest correlation coefficients
with the target station series, from a bigger dataset in Hebei
Province. Based on whether or not the values of t statistics
exceed the significance level, locations of the change points
could be determined (von Storch and Zwiers 2003;Wei 2007).
If the change points could be proved to be real in reference to
the metadata, then the adjustments could be made. Here, n=
60, the length of the subsequences n1=n2=4. Given the
significant level α=0.01, with a freedom degree of t distribu-
tion v=n1+n2−2=6, t0.01=3.71 could be obtained.

It was found that the Tmax, Tmean, and DTR series
witnessed no significant breakpoint (Figure omitted), but the
Tmin series of Pingshan and Yuanshi stations each had a

Fig. 1 Distribution and settings of the five meteorological stations used in this study. SJZ Shijiazhuang, GC Gaocheng, YS Yuanshi, PS Pingshan, and
XL Xinle

Table 1 Information of the five meteorological stations used in this study

Station Longitude
(E)

Latitude
(N)

Altitude
(m.a.s.l.)

Time of starting
records

Relocations and time Population
(million)

Urban Shijiazhuang 114.42° 38.03° 81.0 1954.12.01 0 2.70

Rural Gaocheng 114.81° 38.01° 53.5 1958.08.01 2 (1969.07, 1999.01) 0.12

Yuanshi 114.53° 37.75° 66.4 1960.01.01 3 (1982.02, 1998.01, 2007.01) 0.08

Pingshan 114.02° 38.25° 131.0 1959.01.01 3 (1961.09, 1964.01, 2000.01) 0.13

Xinle 114.68° 38.35° 70.8 1959.03.01 4 (1961.05, 1963.12, 1989.05, 2003.01) 0.11

Rural average 114.51° 38.09° 80.5 – – 0.11
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breakpoint in 1972. There were no indication for station
relocation and instrument change around 1972 for the two
stations, however, and the breakpoints were not adjusted in
this study.

The extreme temperature indices analyzed are listed in
Table 2. These indices were defined with reference to the work
of the Expert Team on Climate Change Detection and Indices
(ETCCDI) (Alexander et al. 2006) and the operational stan-
dards of China Meteorological Administration (CMA).
Relative threshold method based on percentile values was
not used, but annual counts of days with the actual temperature
above certain fix thresholds and the extreme Tmax and Tmin
values were adopted. Cold days were defined as the number of
days with daily mean temperature equal to or less than 0 °C,
according to the local operational standard. Because the study
area was relatively small and the distances among the stations
were short, a method of simple arithmetic average was applied
to calculate average of the extreme temperature indices for the

rural stations. The method of least squares was used to calcu-
late the linear trends of the extreme temperature indices series,
and Student’s t test method was used to examine the signifi-
cance of the linear trends of the time series, with the different
significance levels given as α=0.05, α=0.01, and α=0.001
(von Storch and Zwiers 2003).

In evaluating urbanization effect on trends of the extreme
temperature indices, the following terms were defined with
reference to Zhou and Ren (2009) and Zhang et al. (2011).
The urbanization effect referred to the linear trends in extreme
temperature indices recorded at urban station caused by
strengthening UHI intensity and/or other local anthropogenic
factors, which was expressed as ΔXur:

ΔXur ¼ Xu−Xr ð1Þ

where Xuwas the linear trend of an extreme temperature index
series at the urban station, and Xr was the linear trend of the
average extreme temperature index series at the rural stations.
If ΔXur>0, the extreme temperature index series at urban
station has an upward change related to that of rural station
due to the urbanization effect, and if ΔXur<0, the extreme
temperature index series at urban station has a downward
change related to that of rural station due to the urbanization
effect.

Contribution of urbanization effect or urbanization contri-
bution referred to the proportion of the statistically significant
urbanization effect to the overall trend of the extreme temper-
ature index series at the urban station, expressed as Eu (%)

Eu ¼ ΔXur=Xuj j � 100% ¼ Xu−Xrð Þ=Xuj j � 100% ð2Þ

Considering the urbanization effect can be negative in
some circumstances, absolute value was taken for Eu in order
to enable 0≤Eu≤100 %. If Eu=0, it denotes that the

Fig. 2 Detection of
inhomogeneities of annual mean
Tmin for four rural stations (black
straight lines mark the 0.01
significance level) during 1962–
2011

Table 2 Definition of the extreme temperature indices applied in this
study

No. Index Definition Unit

1 Hot days Annual count when Tmax≥35 °C Day

2 Cold days Annual count when Tmean≤0 °C Day

3 Frost days Annual count when Tmin<0 °C Day

4 Ice days Annual count when Tmax<0 °C Day

5 DTR Annual (seasonal) mean difference between
Tmax and Tmin

°C

6 Maximum
Tmax

Annual (seasonal) maximum value of Tmax °C

7 Minimum
Tmin

Annual (seasonal) minimum value of Tmin °C

8 Maximum
Tmin

Annual (seasonal) maximum value of Tmin °C

9 Minimum
Tmax

Annual (seasonal) minimum value of Tmax °C
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urbanization effect has no contribution to the overall trend of
the extreme temperature index series at the urban station; if
Eu=100 %, it shows that the linear trend of the extreme
temperature index series at the urban station is entirely caused
by the urbanization effect. In practical calculations, Eu may
exceed 100 % in a few cases, indicating that unknown local
anthropogenic factors might have had an effect, but it was
adjusted to 100 % in this paper. As indicated in the definition,
if the urbanization effect is not statistically significant, the
urbanization contribution will not be calculated.

The differences of year-to-year extreme temperature indi-
ces between Shijiazhuang station and the four rural station
averages were calculated to obtain the difference series, which
can be regarded as year-to-year urbanization effect series.
Because the altitude difference and latitude difference be-
tween Shijiazhuang station and the four rural station averages
were only 0.6 m and 0.03°N, the temperature difference
caused by the altitude and latitude change can be negligible,
and the difference of the extreme temperature indices can well
represent the yearly urbanization effect (mainly the UHI ef-
fect) on the extreme temperature of Shijiazhuang station.
Therefore, the linear trend of the difference series was actually
another expression of the urbanization effect as defined in this
paper, or it was equal to ΔXur. The equality had been proved
by comparing the values of trends of the difference series with
the urbanization effects with regard to the annual and monthly
mean temperature series of Shijiazhuang station. For example,
the trend of the annual mean difference series was 0.181 °C/
10 years, and the difference of trends of the urban station and
the reference series was 0.181 °C/10 years. No significant
difference was found in estimates obtained by using the two
methods.

3 The results

3.1 Annual mean trends and urbanization effects

Table 3 provides the linear trends of annual extreme temper-
ature indices for all urban station and rural stations and urban-
ization effect and urbanization contribution for Shijiazhuang
station; and Figs. 3, 4, 5, 6 show the yearly values and linear
trends of the difference series of extreme temperature indices
between Shijiazhuang station and the four rural stations during
1962–2011.

During the past 50 years, hot days of Shijiazhuang station
had a weak increasing trend (Fig. 3) at a rate of 0.83 days/
10 years, while the hot days of the rural stations experienced a
weak decreasing trend at a rate of −0.27 days/10 years, but
both were not statistically significant (Table 3). The decrease
in hot days of the rural stations might have been caused by the
increasing aerosol concentration in the lower troposphere, and
the increase in hot days of the urban station might have

resulted from the combined influence of the enhanced UHI
intensity and the increased aerosol concentration, but this
issue needs to be further investigated.

Urban-rural differences of annual hot days significantly
increased with time (Table 3 and Fig. 4), indicating that the
influence of urbanization on the trend of the hot days series at
Shijiazhuang station was large, with an urbanization effect
reaching 1.1 days/10 years which was statistically significant
at α=0.001 confidence level (Table 3). The contribution of
urbanization effect to the overall trend of annual hot days was
as high as 100 %, indicating that the increase in annual hot
days at the urban station had been totally caused by urbaniza-
tion. Because of the urbanization effect, the frequency of
annual hot days at Shijiazhuang station increased by more
than 5 days in the last 50 years.

Annual cold days of Shijiazhuang station and the rural
stations all decreased during the time period 1962–2011
(Fig. 3), and the decreasing trends, −6.06 and −3.76 days/
10 years, respectively, both passed the significance test at α=
0.001 level. The urban-rural difference series of annual cold
days also showed a significant downward trend (Fig. 4) with a
rate of −2.3 days/10 years, which passed the significance test
at α=0.001 level. The contribution of urbanization effect was
38.0 %, indicating that more than one third of the decrease in
annual cold days had resulted from urbanization effect. In the
recent 50 years, therefore, annual cold days observed at
Shijiazhuang station decreased by 32 days, of which at least
12 days were due to the urbanization effect.

Table 3 and Fig. 3 show that annual frost days of
Shijiazhuang station and the rural stations also highly signif-
icantly decreased during the last 50 years, with linear trends
reaching −6.04 and −3.49 days/10 years, respectively. The
highly significant downward trend, with a rate of
−2.55 days/10 years, can also be seen from the urban-rural
difference series (Fig. 4). The contribution of urbanization
effect accounted for 42.2 %. Therefore, the overall reduction
of annual frost days for the last 50 years at Shijiazhuang
station was 31 days, and urbanization effect contributed a
portion of at least 13 days.

Although annual ice days for Shijiazhuang station and the
rural stations decreased, and a little bit larger reduction can be
seen for the urban station, the downward trends had not passed
the significance test at α=0.05 level (Table 3 and Fig. 3). The
urban-rural difference series of the annual ice days showed an
obvious downward trend with a rate of −0.47 days/10 years
(Fig. 4), which was statistically significant at the α=0.05
confidence level. Therefore, the urbanization effect on the
long-term trend of annual ice days at Shijiazhuang station
was significant. This contrasted the urbanization effect on
annual hot days in spite of the fact that the two indices were
all defined based on daily Tmax, implying that the increase in
Tmax at Shijiazhuang station in the last 50 years was less
significant in summer than in other seasons.

Urbanization effect on long-term trends of extreme temperature indices
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During 1962–2011, highly significant decreasing trends of
annual mean DTR occurred for both Shijiazhuang station and
the rural stations (Fig. 5), but obviously the decrease was
much more evident at the urban station (−0.5 °C/10 years)
than the rural stations (−0.3 °C/10 years) (Table 3). The urban-
rural difference series of annual mean DTR showed a highly
significant downward trend of −0.2 °C/10 years (Fig. 6),
which had passed the significance test at α=0.001 level

(Table 3). Therefore, the urbanization effect on the long-term
downward trend of annual mean DTR recorded at
Shijiazhuang station was large and highly significant, with
almost half of the overall reduction resulting from the urban-
ization. It is interesting to note that the last decade witnessed a
rebound of urban-rural difference of annual mean DTR. This
might have been related to the recent urbanization processes
around the four rural stations, which might have led to the

Table 3 Linear trends of annual extreme temperature indices for Shijiazhuang station and rural stations (average of four rural stations) and the
urbanization effects and urbanization contributions for the time period 1962–2011

Index Urban station
(days or °C/10 years)

Rural stations
(days or °C/10 years)

Urbanization effect
(days or °C/10 years)

Urbanization
Contribution (%)

Hot days 0.83 −0.27 1.10*** 100

Cold days −6.06*** −3.76*** −2.30*** 38.0

Frost days −6.04*** −3.49*** −2.55*** 42.2

Ice days −1.08 −0.60 −0.47* 43.5

DTR −0.50*** −0.30*** −0.20*** 40.0

Maximum Tmax 0.17 0.01 0.16** 94.1

Minimum Tmin 1.49*** 0.79*** 0.70*** 47.0

Maximum Tmin 0.28 0.21 0.07 –

Minimum Tmax 0.38*** 0.25*** 0.14 –

*significant at α=0.05 confidence level; **significant at α=0.01 confidence level; ***significant at α=0.001 confidence level

Fig. 3 Yearly series of hot days,
cold days, frost days, and ice days
between Shijiazhuang (solid
lines) and rural stations (average
of four rural stations, dotted lines)
and their trends (straight lines)
during 1962–2011
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relative increase in Tmin of the rural stations. It is also possi-
ble that the decrease in calm weather frequency in winter
during the last decade (Jin et al. 2012) was weakening the
urban-rural difference of annual mean Tmin and DTR.

During the last 50 years, maximum Tmax of Shijiazhuang
station and the rural stations both had insignificant increasing
trends at rates of 0.17 and 0.01 °C /10 years, respectively
(Fig. 5), with the urban station trend being more obvious than
the rural stations, leading to a significant urbanization effect of
0.16 °C/10 years (Table 3 and Fig. 6). The urbanization
contribution was large, reaching 94.1 %, indicating that the
rise of annual extreme Tmax at Shijiazhuang station had been
caused mostly by the urbanization effect. Different from the
maximumTmax, minimumTmin of both Shijiazhuang station
and rural stations showed highly significant increasing trends,
reaching 1.49 and 0.79 °C/10 years, respectively, and all
passed the significance test at the α=0.001 level. The urban-
rural difference series of annual minimum Tmin also had an
upward trend of 0.7 °C/10 years (Fig. 6), which was highly

significant at α=0.001 confidence level (Table 3), indicating a
larger urbanization effect on the lowest annual Tmin at
Shijiazhuang station. The urbanization contribution was esti-
mated to be 47.0 %, or nearly half of the minimum Tmin
increase at Shijiazhuang station had been induced by urbani-
zation effect.

Maximum Tmin of Shijiazhuang station and the rural sta-
tions increased during the last 50 years (Fig. 5), but the
respective trends of 0.28 and 0.21 °C/10 years were not
significant at α=0.05 confidence level. The linear trend of
the urban-rural difference series of maximum Tmin, 0.07 °C/
10 years (Fig. 6), was not significant at α=0.05 confidence
level either, indicating a less obvious urbanization effect on
annual maximumTmin. Although the minimumTmax of both
urban and rural stations experienced highly significant in-
creasing trends, reaching 0.38 and 0.25 °C/10 years, respec-
tively, the upward trend of the urban-rural difference series,
0.14 °C/10 years (Fig. 6), was not significant at the α=0.05
confidence level (Table 3), indicating that urbanization was

Fig. 4 Yearly difference series of
hot days, cold days, frost days,
and ice days (curve lines) between
Shijiazhuang and rural stations
(average of four rural stations)
and their trends (dotted lines).
Straight lines denote the averages
during 1962–2011
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not exerting substantial net influence on the change in annual
minimum Tmax at Shijiazhuang station.

3.2 Seasonal mean trends and urbanization effects

Seasonal analysis was given to DTR and the extreme values of
Tmin and Tmax because the other extreme events (cold days,
hot days, frost days, and ice days) occurred only on specific
seasons. Table 4 shows the seasonal mean trends of the
extreme temperature indices for Shijiazhuang station and the
rural stations and the urbanization effect and urbanization
contribution for Shijiazhuang station.

For every season, the seasonal mean DTR of Shijiazhuang
station and rural stations significantly decreased during the
time period analyzed (Table 4), and the largest decline of both
urban station and rural stations appeared in winter, with sum-
mer witnessing the smallest decline. The urban-rural differ-
ence series of DTR in every season also showed a clear
downward trend, indicating that the urbanization effects were
evident at Shijiazhuang station. The urbanization effects were
−0.18, −0.10, −0.19, and −0.24 °C/10 years, respectively, for
spring, summer, autumn and winter, and the urbanization
contributions were 39.1, 32.3, 36.5, and 36.9 %, respectively,
for the four seasons (Fig. 7). Although the largest urbanization
effect occurred in winter, followed by autumn, spring, and
summer, the largest urbanization contribution was recorded in
spring, followed by those in winter, autumn, and summer.

During the last 50 years, the trends of maximum Tmax for
four seasons at Shijiazhuang station and rural stations were
not significant, and they showed only slight increase or de-
crease. The urban-rural difference series of maximumTmax in
spring and summer showed significant increasing trends at
α=0.001 confidence level, reaching 0.24 and 0.18 °C/
10 years, respectively, and the urbanization contributions were
100 and 72 %, respectively. However, the trends of the urban-
rural difference series of maximum Tmax in autumn and
winter were very weak and not significant.

Minimum Tmin of four seasons at Shijiazhuang station and
rural stations during the last 50 years all showed highly
significant increasing trends, and the largest increase appeared
in winter and the smallest increase in summer. The urban-rural
difference series of minimum Tmin in all the seasons also
showed highly significant upward trends, indicating the large
and significant urbanization effects in the minimum Tmin
series at Shijiazhuang station for every season. The largest
urbanization effect occurred in winter, reaching 0.67 °C/
10 years, followed by those of spring, summer, and autumn
(0.35, 0.31, and 0.29 °C/10 years, respectively). The urbani-
zation contributions in spring, summer, autumn, and winter
were 36.5, 37.3, 32.2, and 48.2 %, respectively.

Maximum Tmin of Shijiazhuang station and rural stations
showed increasing trends for the seasons except for summer,
but only the upward trends of spring and winter for the urban
station were statistically significant. Although the maximum

Fig. 5 Yearly series of DTR,
maximum Tmax, minimum
Tmin, maximum Tmin, and
minimum Tmax between
Shijiazhuang (solid lines) and
rural stations (average of four
rural stations, dotted lines) and
their trends during 1962–2011
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Tmin trends of the urban station and the rural stations were not
the same in direction for every season, the urbanization effects
in maximum Tmin series were significant for all the seasons,
with the most significant urban-induced increase occurring in
autumn, reaching 0.17 °C/10 years, and the urbanization
contributions were 21.3, 100, 68.0, and 52.0 % for spring,
summer, autumn, and winter, respectively.

Minimum Tmax of Shijiazhuang station and rural stations
showed increasing trends for all the seasons, and the increases

were significant except for that of the rural stations in spring.
The urban-rural difference series of minimum Tmax in
spring and autumn exhibited significant increasing
trends at 0.29 and 0.15 °C/10 years, respectively, indi-
cating large urbanization effects in these two seasons,
and the urbanization contributions were 58.0 and
25.0 %, respectively. Urbanization effects for minimum
Tmax series at the urban station were insignificant for
summer and winter.

Fig. 6 Yearly difference series of
DTR, maximum Tmax, minimum
Tmin, maximum Tmin, and
minimum Tmax (solid lines)
between Shijiazhuang and rural
stations (average of four rural
stations) and their trends (dotted
lines). Straight lines denote the
averages during 1962–2011
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It is clear from the description above that the extreme
temperature indices associated with Tmin generally showed
significant changing trends during the last 50 years, and the
changes in urban-rural differences of the indices or urbaniza-
tion effects were usually large and significant except for

minimum Tmax. On the other hand, the trends of the extreme
temperature indices associated with Tmax were generally
weak and insignificant, but the changes in urban-rural differ-
ences of the indices or urbanization effects were not necessar-
ily small, with the urbanization effects on trends of hot days,

Table 4 Linear trends of seasonal extreme temperature indices for Shijiazhuang station and rural stations (average of four rural stations) and the
urbanization effects and urbanization contributions for the time period 1962–2011

Index Season Urban station
(°C/10 years)

Rural station
(°C/10 years)

Urbanization effect
(°C/10 years)

Urbanization
contribution (%)

DTR Spring −0.46*** −0.28** −0.18** 39.1

Summer −0.31*** −0.21** −0.10*** 32.3

Autumn −0.52*** −0.33*** −0.19*** 36.5

Winter −0.65*** −0.41*** −0.24*** 36.9

Maximum Tmax Spring 0.09 −0.15 0.24*** 100

Summer 0.25 0.07 0.18*** 72.0

Autumn 0.04 0.01 0.03 –

Winter −0.07 −0.01 −0.06 –

Minimum Tmin Spring 0.96*** 0.61** 0.35*** 36.5

Summer 0.83*** 0.52*** 0.31*** 37.3

Autumn 0.90*** 0.61** 0.29** 32.2

Winter 1.39*** 0.72** 0.67*** 48.2

Maximum Tmin Spring 0.61* 0.48 0.13* 21.3

Summer −0.08 −0.21 0.13*** 100

Autumn 0.25 0.08 0.17*** 68.0

Winter 0.25** 0.12 0.13** 52.0

Minimum Tmax Spring 0.50** 0.21 0.29* 58.0

Summer 0.38*** 0.25** 0.13 –

Autumn 0.61*** 0.46** 0.15** 25.0

Winter 0.50* 0.46** 0.04 –

*significant at α=0.05 confidence level; **significant at α=0.01 confidence level; ***significant at α=0.001 confidence level

Fig. 7 Urbanization effects
(solid) and the urbanization
contributions (blank) of seasonal
DTR, maximum Tmax, minimum
Tmin, maximum Tmin, and
minimum Tmax for Shijiazhuang
station during 1962–2011
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ice days, and maximum Tmax being statistically significant.
Urbanization makes DTR, minimum Tmin, and maximum
Tmin of Shijiazhuang station in every season to significantly
change with time, among which the trends of DTR and
minimum Tmin in winter and the trends of maximum Tmin
in autumn were highly significant. The urbanization effects of
maximum Tmax were more obvious in spring and summer,
and those of minimum Tmax were more significant in spring
and autumn.

4 Discussion

Little had been done to analyze the urbanization effect on
extreme temperature change. Zhang et al. (2011) examined
the urbanization effect on trends of extreme temperature indi-
ces during 1960–2008 at Beijing Meteorological Station,
about 260 km northeast of Shijiazhuang station. They found
that, for frost days and DTR, urbanization effects on the linear
trends of Beijing station were −5.78 days/10 years and
−0.73 °C /10 years, respectively, all statistically significant
at the α=0.01 confidence level, and the contributions of
urbanization effect all reached 100 %, but no significant
urbanization effect was detectable for the trends of ice days
and hot days. In contrast, although urbanization effects on
trends of frost days and DTR at Shijiazhuang station were
similarly significant, the urbanization contributions were
smaller than those for Beijing station, but urbanization effects
on trends of ice days and hot days at Shijiazhuang station were
larger and more significant than those for Beijing station. This
study revealed that urbanization effects on trends of the ex-
treme temperature indices associated with Tmin were gener-
ally larger and more significant than those associated with
Tmax at Shijiazhuang station, which is very consistent with
the conclusions drawn from the analysis for Beijing station.

Recently, Zhou and Ren (2011) analyzed urbanization effect
on the change of the extreme temperature indices and dataset
commonly used for analyses of climate change in North China
during 1961–2008. They found that urbanization effect had
significantly aggravated the linear trends of the cold and warm
indices associated with Tmin, and the urbanization contribu-
tions to the overall trends of the extreme temperature indices
formulated with Tmin for national reference climate stations
and basic meteorological stations all reached over 40 %.
However, urbanization effects for the indices associated with
Tmax were much weaker. These features are well consistent
with the analysis results in this paper. Although urbanization
effects on the long-term trends of DTR at Shijiazhuang station
and the national reference climate stations and basic meteoro-
logical stations of North China were all highly significant, the
contribution of urbanization effect was only 45.1 % for the
former, and it reached 100% for the latter, more consistent with
that obtained for Beijing station (Zhang et al. 2011).

Main uncertainty in the analysis could originate from the
data inhomogeneities and the representativeness of the select-
ed rural stations. Although the discontinuous points of the
SAT records caused by relocations had been examined, prob-
lems probably introduced by the application of automatic
weather stations (AWS) in the last decade had not been
carefully evaluated. Previous analysis pointed out that, com-
pared with manual stations, Tmax measured by AWS are
generally higher, while Tmin are slightly lower (Wang et al.
2007). These biases might have certain influences on the trend
estimation of extreme temperature indices and the calculated
results of urbanization effects. The rural stations selected in
this paper should be representative for long-term record of
background climate change and variability in the study area,
but these stations are located in small towns around
Shijiazhuang station, and inevitably, the SAT records from
the rural stations will still be affected by urbanization in a
certain extent (Karl et al. 1988; Ren et al. 2008; Zhou and Ren
2009). Actually, the urbanization effects and urbanization
contributions estimated for a few of extreme temperature
indices in this paper are lower than those reported for
Beijing station and the national stations of North China, and
this might be related in a large extent to the use of the rural
stations in the present analysis. It is therefore safe to point out
that the urbanization effects on the trends of the extreme
temperature indices series at Shijiazhuang station as given in
this paper be regarded as the lowest estimates.

Nevertheless, the results of this analysis showed that ur-
banization effects on the trends of extreme temperature indices
at Shijiazhuang city station were large and mostly significant,
especially for those associated with Tmin. Frost days, DTR,
and minimum Tmin recorded on Shijiazhuang station, for
example, were all significantly reduced due to urbanization.
Considering the representativeness of the rural stations, the
actual urbanization effects and the contributions of urbaniza-
tion effects might have been larger. These results indicate that
the long-term trends of extreme temperature event frequencies
previously estimated based on the data from Shijiazhuang
station and from all stations in Shijiazhuang area had been
overestimated. There is a need to pay more attention to the
urban biases in SAT data in analyses of mean and extreme
temperature changes in this area as well as in the whole North
China.

5 Conclusions

This paper analyzed urbanization effects on the long-term
trends of extreme temperature indices at Shijiazhuang station
during 1962–2011. The following conclusions were drawn:

1. Urbanization effects on the long-term trends of annual hot
days, cold days, frost days, DTR, maximum Tmax, and
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minimum Tmin at Shijiazhuang station for the time period
1962–2011 were highly significant, reaching 1.1 days/
10 years, −2.3 days/10 years, −2.55 days/10 years,
−0.2 °C/10 years, 0.16 °C/10 years, and 0.7 °C/10 years,
respectively, with contributions of the urbanization effect
to the overall trends being 100, 38.0, 42.2, 40.0, 94.1, and
47.0 %, respectively.

2. Urbanization effect on the long-term trend of annual ice
days at Shijiazhuang station for the last 50 years was also
significant, reaching −0.47 days/10 years, and the contri-
bution of urbanization effect to the overall trend was
43.5 %. Urbanization effects on the trends of annual
minimum Tmax and maximum Tmin at Shijiazhuang
station for the last 50 years, however, were not statistically
significant.

3. The urbanization effect made DTR, minimum Tmin, and
maximum Tmin of Shijiazhuang station in every season
to significantly change with time, with the downward
trend of winter DTR and upward trends of winter mini-
mum Tmin and autumn maximum Tmin being the largest
and most significant.

4. The urbanization effects on the trends of extreme temper-
ature indices reported in this paper might have been
underestimated, because the selected rural stations are
all located in small towns and they cannot fully represent
the regional baseline temperature change and variability.
The results, however, indicated that the urbanization ef-
fects on the trends of extreme temperature indices related
to Tmin were large and significant at the urban station
examined.
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Abstract An 18-year long (1993–2011) comprehensive

dataset of snow and meteorological variables from Col de

Porte, France is used to analyze the variation of shortwave

broadband albedo with elapsed time after snowfalls (snow

aging) during each snow season. The effects of air tem-

perature, snow surface temperature and snow depth on

snow albedo are investigated. An index based on the

accumulation of air temperature over several consecutive

days with daily mean higher than 2.5 �C is proposed to

divide each snow-covered period into a dry and the fol-

lowing wet snow season when this index reaches 18 �C.

The results indicate that snow surface albedo decreases

exponentially with time in both dry and wet snow seasons.

Snow albedo reduction with snow aging is small at low

surface temperature and the reduction rate increases with

the rise of surface temperature. However, the reduction rate

is widely scattered within the observed range of tempera-

ture, implying a loose relationship between snow albedo

and snow surface temperature. Snow albedo in wet snow

season is generally smaller and decreases faster than in dry

snow season. For Col de Porte site, snow depths to effec-

tively mask the underlying surface are 21 and 33 cm in dry

and wet snow season respectively.

Keywords Snow aging � Snow albedo �
Dry snow season � Wet snow season � Snow surface

temperature � Snow depth

1 Introduction

Snow albedo is one of the most important parameters in

multiple land surface schemes used in various climate

models [1–4]. It dominates the energy exchange between

the snow surface and overlying atmosphere, exerting strong

influences on the atmospheric circulation [5, 6]. The

research on Greenland ice sheet by Nolin et al [7] has

confirmed that a small change of snow albedo can cause a

remarkable perturbation in the energy flux of the ice sheet.

The surface energy balance, which is largely determined by

snow albedo, controls both the timing and amount of snow

melt, and thus affects the seasonal variation of snow cover

and consequently the hydrological cycle [8, 9]. The Fourth

Assessment Report of the Intergovernmental Panel on

Climate Change (IPCC AR4) estimated that the magnitude

of polar warming caused by greenhouse gases is 2–3 times

that of the average value of the global warming [10]. The

alleged positive snow/ice-albedo feedback mechanism is

the main reason that causes the amplified polar warming

[11, 12]. Therefore, the accurate simulation of snow albedo

and appropriate treatment of the snow/ice-albedo feedback

mechanism in climate models are essential for the proper

simulation of atmospheric circulation and hydrological

cycle.
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Snow albedo is dependent on the spectral composition

of the incoming solar radiation and essentially determined

by snow physical parameters such as snow grain size,

impurity concentration, and liquid water content [13–15].

The near infrared albedo decreases with the increase of

snow grain size, and the visible albedo is reduced strongly

by snow impurities. Liquid water indirectly increases snow

albedo by infilling interspace between snow grains and

increasing the effective snow grain size. Factors that affect

solar radiation include solar zenith angle, the fraction of

direct/diffuse radiation, and the spectral composition of

incident solar radiation (visible versus near infrared).

Besides, when the snowpack is thin, the underlying surface

with relatively lower albedo can decrease the snow surface

albedo by absorbing more radiation because the snowpack

is partly transparent in the visible band region. The surface

albedo of a thin snowpack increases with the enhancement

of snow depth and consequent volume scattering until the

snowpack reaches a certain threshold of depth [16, 17].

Sophisticated radiation transfer models perform well in

estimating snow and ice albedo [18, 19], but they are

computationally demanding and many model required

inputs are hardly available for climate models. Recently,

several physically based and computationally economic

snow albedo parameterizations have been employed in

climate models. For example, based on the theoretical

models of Wiscombe and Warren [13, 14] and Toon et al

[20], Flanner and Zender [21, 22] developed the two-

stream, multilayer Snow, Ice, and Aerosol Radiation model

(SNICAR) to calculate snow albedo and solar heating at

the surface. The SNICAR has been implemented into

NCAR CLM4 [23] to calculate microphysics and radiative

properties of snowpack. The Physically Based Snow

Albedo Model (PBSAM) established by Aoki et al [24]

calculates the broadband albedos as functions of snow

grain size and concentration of snow impurities (black

carbon and mineral dust). However, these prescribed

parameterizations we mention above are not widely used in

climate models due to the lack of long-term and repre-

sentative observations of snow grain size and impurities,

which are critical in these parameterizations. At present,

relatively simple and less input-demanding empirical

parameterizations are widely employed in most climate

models. However, snow albedos depend only on surface

types (sea ice, land snow) and surface temperature in some

empirical schemes. For example, snow albedo is a linear

function of surface temperature in ECHAM5 [25]. The

snow schemes in the Biosphere-Atmosphere Transfer

Scheme (BATS) [26, 27] and Common Land Model

(CoLM) [28] are a little bit more complex, with more

factors including the zenith angle, the spectral composition

of incoming solar radiation, the effects of snow aging,

snow grain growth and concentration of impurities being

empirically considered.

Since most empirical parameterizations for snow albedo

are usually based upon short-term observations at specific

sites, the applicability of the prescribed parameters and the

schemes are somewhat limited. In this study, we analyze

the effects of snow aging, air temperature, snow surface

temperature and snow depth on the snow surface albedo

using an 18-year (1993–2011) comprehensive snow and

meteorological observations at Col de Porte, France.

Results of the present study will provide reference for the

improvement of empirical snow albedo parameterizations

in climate models.

2 Data

The Col de Porte observation site (43.30�N, 5.77�E) with an

elevation of 1325 m is located in the Chartreuse mountain

range of France. All the apparatus are installed within an area

of 50 m 9 50 m in a grassy meadow. The dataset spans the

period from 1 August 1993 to 31 July 2011, consisting of

conventional meteorological elements and snow characteris-

tics. The hourly meteorological data include the air tempera-

ture, relative humidity, wind speed, downward shortwave and

longwave radiation, and precipitation rate. Precipitation are

manually partitioned between rain and snow using all possible

ancillary information such as air temperature and the infor-

mation from different rain gauges, snow depth and albedo

measurements. The data relevant to snowpack properties

(snow depth, albedo, runoff, surface temperature, soil tem-

perature) are provided at hourly interval while the snow water

equivalent is at daily resolution. The snow albedo is computed

from the ratio between incoming and reflected shortwave

radiation. Snow surface temperature is computed from the

observed upward longwave radiation [29].

In addition to the regular measurements of snowpack

properties, snowpit measurements have been carried out

approximately weekly throughout the period. The data col-

lected include the vertical profile of penetration resistance,

snow temperature, density, snow type, liquid water content

for the natural snow layers [29]. Observational data

employed in this study are available on the anonymous ftp

server ftp://ftp-cnrm.meteo.fr/pub-cencdp/ or website http://

epic.awi.de/30060/. On average the snow cover lasts five

months, from November to April. The maximum snow depth

experiences evident interannual variation. The highest snow

depth can reach up to 2.04 m (1998/1999), while the lowest

is only 0.66 m (2006/2007). Owing to the relatively low

altitude of the site, surface snowmelt and rainfall events are

common in the snow season, but the main and ultimate

ablation of snow usually takes place in March or April.
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3 Results and analysis

3.1 Separation of dry snow season and wet snow

season

We take the 2005/2006 snow season as an example to

illustrate how we divide a snow-covered period into the dry

snow season and the wet snow season in this study. Fig-

ure 1a shows the observations of snow type from Decem-

ber 2005 to April 2006. Before the end of March 2006

when continuous snow ablation began, the snowpack

consisted of dry snow such as New snow (NS), Rounded

grains (RG), Faceted crystals (FC), Decomposed particles

(DP), Surface hoar (SH) and Depth hoar (DH) [30].

According to the volume water content at the same time,

most layers of the snowpack were classified as Dry snow

with little Moist snow in the overall 5 categories (Fig. 1b).

During this period, the snow depth gradually increased; the

snow albedo reached as high as 0.9 when there was a heavy

snowfall and decreased slowly after the snowfall (Fig. 2).

This period is referred to as the ‘accumulating season’ or

‘dry snow season’ due to the quite low water content in the

snow pack. Since the end of March 2006, the snow type

changed into Melt form (MF); the snowpack layers were

classified as Moist, Wet or Very wet snow according to

volume water content (Fig. 1b). Meanwhile, the snow

depth decreased continually and the reduction rate of snow

albedo accelerated (Fig. 2a). We refer to this period as the

‘melting season’ or ‘wet snow season’. Since the snowpit

work was conducted at weekly interval, the very beginning

of the wet snow season should be determined by weather

conditions that are quantified with high quality and high

temporal resolution data. Based on a large amount of data

analysis, we propose an air temperature index, i.e., the

accumulated daytime mean temperature, to determine the

starting date of a wet snow season. The temperature is

accumulated when the average daytime air temperature is

over 2.5 �C in a certain number of consecutive days. If the

average daytime air temperature is lower than 2.5 �C in a

specific day, the accumulation of temperature is reset to

zero at that day. Above procedure is repeated for the next

coming days until the threshold of the accumulated day-

time mean air temperature is reached. In accordance with

the evolution of snow type and liquid water content within

a snowpack, we define the threshold of the accumulated

daytime mean air temperature as 18 �C for Col de Porte

site. Based on above definitions, 23 March 2006 is deter-

mined as the starting date of the wet snow season for the

2005/2006 snow-covered period. The snow surface

(a)

(b)

Fig. 1 Vertical profiles of the major snow type (a) and volume water

content (b) in each layer of the snowpack during 2005/2006 snow

season. NS, New snow; DP, Decomposed particles; RG, Rounded

grains; FC, Faceted crystals; SH, Surface hoar; DH, Depth hoar; MF,

Melt forms; IF, Ice formations; Dry, 0; Moist, 0–3 %; Wet, 3 %–8 %;

Very wet, 8 %–15 %; Soaked,[15 %. Missing data are indicated by

crosses in (b)

(a)

(b)

Fig. 2 Daily variations of a snow surface albedo (solid and blank

circles) at 12:00 local time (LT) and snow depth (green curve), b air

temperature (black solid curve), snow surface temperature (blue

dashed curve) at 12 LT, and snowfall (green curve) and rainfall (black

dots) within 24 h of the albedo observation at 12 LT for 2005/2006

snow season. Vertical dotted line indicates the starting date of wet

snow season, March 23, 2006
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temperature fluctuated around the snow melting point

thereafter (Fig. 2b).

According to the method mentioned above, the starting

dates of the wet snow seasons from 1993 to 2011 are

identified and listed in Table 1. There exists a large inter-

annual variation in the beginning of the wet snow seasons.

While 10 out of 18 wet seasons begin in March, 10 Feb-

ruary 1997 and 4 April 1995 represent the earliest and the

latest starting date of the wet snow season for the period of

this study, respectively.

3.2 Snow aging

Figure 2 shows that the snow surface albedo increases

dramatically to a high value around 0.9 during a snowfall

event, then decreases with elapsed time after the snowfall.

This is apparently the snow aging effect on surface albedo.

Extensive analyses of snow albedo and snowfall events

indicate that 3 mm water equivalent of snowfall is a

threshold for the new fallen snow to cover the old snow and

resets the snow surface albedo to a high value. In this work,

a snowfall exceeding 3 mm water equivalent is defined as a

‘‘new snow’’ event, and the hours between two consecutive

‘‘new snow’’ events is counted as the length of elapsed time

after the first snowfall. To eliminate the effects of solar

zenith angle on snow albedo, only the data at the local noon

(12:00 LT) are employed in the following analyses.

Besides, to eliminate the effects of underlying surface, only

those data with snow depth higher than 30 cm are

analyzed, which is further discussed in Sect. 3.3. Consid-

ering the differences in snow properties between dry snow

season and wet snow season, we perform the statistical

analysis separately for these two sub-seasons.

Green and red dots in the upper two panels of Fig. 3

represent the albedos with snow surface temperature below

and above 0 �C (hereafter referred to as negative/positive

temperature), respectively. It shows that the snow albedo

decreases as time elapses after a snowfall. In general, the

albedo of fresh snow (within 5 h of elapsed time after

snowfall) varies from 0.75 to 0.95 in dry snow season and

it varies from 0.7 to 0.9 in wet snow season. Statistical

analyses indicate that the albedo of fresh snow is inde-

pendent of the amount of snowfall, but is closely related

with the snow surface temperature. The albedo of fresh

snow with positive surface temperature is lower than that

with negative surface temperature, especially in the wet

snow season. The albedo of fresh snow is dependent on

snow microstructure which is possibly determined by the

physical and chemical variables inside and below the

cloud, including the supersaturation and temperature within

the cloud, the cloud cooling rate and the temperature and

humidity profiles between the cloud and the ground [31].

Therefore, it is difficult to describe the albedo of fresh

snow in climate models. Solar radiation is usually weak

during a snowfall event, hence the effect of new snow

albedo on the surface energy balance is probably weak.

However, fresh snow albedo strongly influences the albe-

dos in the following periods. Additionally, in the wet snow

season, the big differences between the new and old snow

can effectively affect the energy balance of the snowpack

as the solar radiation increases continuously. In many

parameterizations, fresh snow albedo is set to a fixed value.

For example, it is assumed to be 0.85 in the ECMWF

model [32]. In the Noah land surface model [4], the pre-

scribed albedo of fresh snow is based on satellite data as

proposed by Robinson and Kukla [33] to reflect the spatial

heterogeneities of snow albedo.

Snow albedo decreases with time. In the previous lit-

erature, the snow aging effect on snow albedo was

described either non-linearly [26–28] or linearly [34].

Based on the observational data from the Col de Porte site,

the reduction tendency is fitted with a linear line and an

exponential curve respectively in Fig. 3, and the statistical

parameters are shown in Tables 2, 3. The albedo decreases

rapidly within the first 50 h after the snowfall. The corre-

lation coefficients of exponential regression under almost

all snow conditions, except for the case of negative snow

surface temperature in wet snow season, are larger than

that of linear regression, implying that the snow albedo

decreases in an exponential rather than a linear way. It also

demonstrates the obvious contrast between snow albedo in

dry and wet snow seasons (Fig. 3). Within the first 50 h

Table 1 The starting dates of the wet snow season in each snow-

covered period from 1993 to 2011

Year Date

1993/1994 Feb 28

1994/1995 Apr 4

1995/1996 Mar 24

1996/1997 Feb 10

1997/1998 Feb 12

1998/1999 Mar 10

1999/2000 Mar 10

2000/2001 Feb 25

2001/2002 Feb 27

2002/2003 Mar 11

2003/2004 Mar 17

2004/2005 Mar 17

2005/2006 Mar 23

2006/2007 Feb 19

2007/2008 Feb 25

2008/2009 Mar 16

2009/2010 Mar 18

2010/2011 Mar 11
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after the snowfall, the albedo in wet snow season is rela-

tively lower and decreases more rapidly than in dry snow

season. This is partly because the snow grain size is larger

in the wet snow season than in the dry snow season, which

can be deduced from the snow types in Fig. 1, and partly

because the growth rate of snow grains is faster at a rela-

tively warmer snow surface temperature in the wet snow

season. In addition, in the wet snow season, snow impu-

rities appear at the surface due to the sublimation/melting

of the surface snow and accelerate the albedo reduction.

Another difference between the wet and dry snow seasons

is that, the dry deposition of atmospheric aerosol onto the

snow surface is masked by frequent snowfalls in the dry

snow season. The above analyses indicate that it is nec-

essary to parameterize the snow aging and snow albedo

variation separately for the dry and wet snow seasons in an

empirical snow albedo scheme.

Snow surface temperature is regarded as an important and

sometimes even the only dominant parameter in many

empirical parameterizations for snow albedo. In the following

statistical analysis, we divide the snow albedo under negative

surface temperature conditions into three categories and

compute the linear reduction rate of albedo for each category

to further examine the relationship between the snow surface

albedo and snow surface temperature. It can be deduced from

the upper two panels of Fig. 3 that most of the samples in

Fig. 3c are from the dry snow season. It shows that the albedo

reduction with elapsed time after a snowfall is small at low

surface temperature (Fig. 3c), and the linear reduction rate

increases from 1.33 9 10-4 for snow surface temperature

lower than -10 �C to 2.93 9 10-4 for surface temperature

between -10 and -5 �C, and to 3.86 9 10-4 for surface

temperature between -5 and 0 �C (last three lines in Table 3),

implying that the reduction rate of snow albedo increases with

the rise of snow surface temperature. It should be pointed out

that the albedos of relatively fresh snow (elapsed time less

than 20 h) with surface temperature lower than –10 �C are the

lowest in these three categories. According to the relevant

meteorological and snowpit observations, the air temperature

is relatively high for these colder than -10 �C cases. There-

fore, the temperature difference between the air and the snow

surface is large for these cases, which is favorable for surface

hoar to form with snow grain size exceeding 10 mm. As a

result, the snow surface albedo decreases. The wide spread of

samples and low correlation coefficient of linear regression

(0.135) for this below -10 �C category also indicates that

snow albedo is more determined by other factors such as snow

grain size than by snow surface temperature only. It would

cause biases in snow albedo parameterization by using snow

surface temperature only.

(a)

(b)

(c)

Fig. 3 Snow albedo as a function of elapsed time after snowfalls

exceeding 3 mm water equivalent in a dry snow season, b wet snow

season, and c both dry and wet seasons for different ranges of surface

temperature below 0 �C. In a and b, green (red) dots indicate snow

surface temperature below (above) 0 �C, solid curves represent

exponential regression of the samples. Dashed straight lines in the

three panels represent linear regression. Regression functions and

coefficients of regression are listed in Tables 2 and 3
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3.3 Snow depth

Solar radiation in visible bands can penetrate a snowpack to

a certain depth. Absorption of the visible radiation by the

underlying soil and vegetation can influence the snow sur-

face albedo when the snowpack is not thick enough to mask

the underlying surface. It has been controversial about the

snow depth required to mask the underlying surface. Molga

[16] indicated that under the ‘‘least favorable’’ and ‘‘most

favorable’’ conditions the penetration depth ranged between

20 and 60 cm. According to the analysis of Baker [17],

sufficient snow depths of 5, 7.5, and 15 cm are required to

effectively mask the underlying surfaces with bare soil, sod

and alfalfa, respectively. Considering the dependence of

snow albedo on the conditions and methods of measure-

ment, we try to investigate the effect of snow depth on snow

albedo and its seasonal variation by using the newly avail-

able long-term comprehensive data from the Col de Porte

site. The dry and wet snow seasons are analyzed separately

due to their aforementioned different characteristics. For

analysis convenience, the albedos of the dry/wet snow

season are divided into categories based on snow depth at

3 cm interval. For example, the category of 10 cm consists

of those samples with snow depth between 8.5 cm and

11.5 cm. Dataset for the dry/wet snow season are smoothed

by Locally Weighted regression Scatterplot Smoothing

(LOWESS) to eliminate distortion caused by a small frac-

tion of extremes [35].

The difference between the highest and lowest snow

albedos within the same category of snow depth can be as

large as 0.5 (Fig. 4), which can be attributed to the dif-

ferences in snow type and snow age. Snow albedo

increases with snow depth at the early stage of snowpack

accumulation. There is no evident increase in the mean of

surface albedo after it reaches 0.7 (0.6) in the dry (wet)

snow season, corresponding to a snow depth of around

20 cm (30 cm). Further statistical analysis indicates that,

when the snow depth is more than 21 cm (33 cm) in the

dry (wet) snow season, the average of snow surface albedo

is usually higher than 0.7 (0.6) and the standard deviation

Table 2 Non-linear fitting of snow albedo a and elapsed time after snowfall t (h)

Snow condition Regression

coefficient a

Regression

coefficient b

Correlation

coefficient

Significance

level (%)

Ts \ 0 �C 0.906 0.062 0.421 [99

Ts C 0 �C 0.897 0.093 0.494 [99

Dry snow season 0.902 0.067 0.420 [99

Wet snow season 0.955 0.124 0.631 [99

Ts \ 0 �C (Dry snow season) 0.908 0.062 0.424 [99

Ts C 0 �C (Dry snow season) 0.847 0.059 0.374 [99

Ts \ 0 �C (Wet snow season) 0.912 0.071 0.444 [99

Ts C 0 �C (Wet snow season) 0.917 0.115 0.627 [99

a ¼ a� b� ðt þ 1Þ
1
5

Table 3 Linear fitting of snow albedo and elapsed time after snowfall

Snow condition Regression

coefficient a

Regression

coefficient b (10-4)

Correlation

coefficient

Significance

level (%)

Ts \ 0 �C 0.797 3.43 0.399 [99

Ts C 0 �C 0.719 4.33 0.436 [99

Dry snow season 0.778 3.31 0.364 [99

Wet snow season 0.724 5.77 0.534 [99

Ts \ 0 �C (Dry snow season) 0.796 3.33 0.391 [99

Ts C 0 �C (Dry snow season) 0.732 2.65 0.313 [99

Ts \ 0 �C (Wet snow season) 0.796 4.26 0.465 [99

Ts C 0 �C (Wet snow season) 0.696 5.08 0.535 [99

-5 �C B Ts \ 0 �C 0.803 3.86 0.459 [99

-10 �C B Ts \ -5 �C 0.796 2.93 0.335 [99

Ts \ -10 �C 0.751 1.33 0.135 \90

a ¼ a� b� t
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of albedo is always less than 0.1, implying that surface

albedo is independent of the snow depth if the snowpack is

deeper than 21 cm (33 cm) in the dry (wet) snow season.

The non-linear regression curves of snow albedo in the

dry (wet) snow season in Fig. 4 explain why we only

analyze those data with snow depth more than 30 cm in

Sects. 3.2 and 3.3. By this data selection we try to exclude

the impact of underlying surface on snow surface albedo.

In the following part, we compute the reduction rates of

surface albedo with snow depth below and over 30 cm

separately. Data in Table 4 indicate that the albedo

decreases more rapidly under thinner snowpack condition

in both dry and wet snow seasons. The linear reduction rate

of snow albedo with snow depth less than 30 cm is almost

two times that of snowpack thicker than 30 cm in the first

two days after snowfalls. The reduction rate of snow albedo

is 30 %–50 % faster within the first 24 h than that within

the second 24 h after a snowfall, but the differences

between the second and third day are much smaller, sug-

gesting that the snow albedo decreases exponentially in the

early hours after a snowfall but decreases much slowly

later. The relatively large reduction rate of albedo (0.0045)

during the third 24 h after a snowfall in the wet snow

season for snowpack less than 30 cm is probably associated

with the final ablation of snow cover.

4 Discussion and conclusions

An 18-year long (1993–2011) comprehensive snow and

meteorological dataset from Col de Porte, France is used to

analyze the seasonal evolution of snow albedo. The reduc-

tion rate of snow albedo within different elapsed time after a

snowfall (snow aging) is also investigated for different

stages of the snow season and under conditions of different

surface temperature and snow depth. Effects of the air

temperature, snow surface temperature and snow depth on

snow surface albedo are explored. Each snow-covered sea-

son is divided into a dry snow season and a wet snow season

according to the temporal variation of several parameters

such as snow type, liquid water content of the snowpack and

air temperature. The main conclusions are as follows.

(1) For Col de Porte site, an air temperature index is

proposed to determine the starting date of the wet snow

season. The temperature is accumulated when the average

daytime air temperature is over 2.5 �C in a certain number

of consecutive days and the accumulation must be over

18 �C.

(2) After a snowfall, the snow albedo is relatively high

(0.7–0.9). It is more determined by the meteorological

conditions during the snowfall than by the snowfall

amount. The snow albedo decreases exponentially with the

elapsed time after the snowfall. It decreases most rapidly

within the first 2 or 3 d and gradually slows down after-

wards. Significant differences in snow albedo and its var-

iation are found between the dry and wet snow seasons.

Snow albedo in the dry snow season is larger than in the

wet snow season due to the lower air temperature and

smaller effective grain size of snow. Surface albedo

decreases more rapidly in the wet snow season than in the

dry snow season, for the grain size growth rates and the

concentration of impurities that affect the snow surface

albedo are significantly higher in the wet snow season.

(3) The albedo reduction with elapsed time after a

snowfall is small at low surface temperature and increases

with the rise of surface temperature. However, the albedo

reduction rates are widely scattered within the observed

temperature range, indicating that snow surface albedo is

also affected by other factors such as snow grain size

instead of by snow surface temperature only.

(4) Visible solar radiation can penetrate the snowpack to

a certain depth. When the snowpack is thin, the underlying

surface with much lower albedo can reduce the snow sur-

face albedo by absorbing part of the visible solar radiation.

Snow surface albedo increases with the enhancement of

Table 4 Linear reduction rates (h-1) of snow albedo in the first three

days after snowfalls

Snow depth \30 cm Snow depth [30 cm

Day 1 Day 2 Day 3 Day 1 Day 2 Day 3

Dry season 0.0048 0.0024 0.0021 0.0018 0.0009 0.0004

Wet season 0.0058 0.0030 0.0045 0.0029 0.0019 0.0013

Fig. 4 Snow albedo as a function of snow depth in dry snow season

(blue) and wet snow season (red), crosses indicate fresh snow (snowfall

occurred within 24 h before the observation), points indicate old snow.

Solid curves are LOWESS-smoothed, dashed curves are non-linear

fittings: (0.75 9 h ? 0.22)/(h ? 0.97) for dry snow season,

(0.66 9 h ? 0.79)/(h ? 3.66) for wet snow season, h is snow depth
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snow depth and consequently the volume scattering until

the snowpack reaches a certain depth. For Col de Porte site,

the thresholds of snow depth to effectively mask the

underlying surface in the dry and wet snow seasons are 21

and 33 cm respectively. The reduction rate of surface

albedo of a thin snowpack below 21/33 cm is larger than

that of a thick snowpack above these thresholds in dry and

wet snow seasons.

In current empirical parameterizations for snow albedo,

snow surface temperature is considered as an important and

sometimes even the only dominant factor. In addition, snow

albedo is supposed to decrease linearly with time in some

schemes, while the different characteristics of snow aging

within a snow season and the effects of snow depth on surface

albedo are neglected. However, analysis in our present study

indicates that it is necessary to consider the exponential

decrease of snow albedo with elapsed time after snowfalls and

the different reduction rates of snow albedo in dry and wet

snow seasons. The impact of snow depth on snow albedo and

its variation should also be considered, especially in the wet

snow season when the incoming solar radiation is strong and

the snowpack becomes thinner and thinner. Snow albedo in

wet snow season might be overestimated by previous unified

schemes, which partly explains why the melting rate is

weakened and the final ablation of the snow cover is delayed.

In order to better represent the reduction of snow albedo with

elapsed time after snowfalls, several physical parameters such

as air temperature, temperature difference between the air and

snow surface, wind speed, and other factors affecting the

growth rate of snow grain size and ultimately influencing

snow albedo should be taken into account.
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25. Roeckner E, Bäuml G, Bonaventura L et al (2003) The atmo-

spheric general circulation model ECHAM5—part 1: model

description. Technical report 349, Max Planck Institute for

Meteorology, Hamburg

26. Dickinson RE, Sellers AH, Kennedy PJ (1993) Biosphere–

atmosphere transfer scheme (BATS) version 1e as coupled to the

4888 Chin. Sci. Bull. (2014) 59(34):4881–4889

123
31

http://dx.doi.org/10.1029/2002JD003174
http://dx.doi.org/10.1029/2004GL022076
http://dx.doi.org/10.1029/2005JD006834
http://dx.doi.org/10.1029/2005JD006834
http://dx.doi.org/10.1029/2010JD015507


NCAR community climate model. NCAR technical note NCAR/

TN-387?STR, National Center for Atmospheric Research,

Boulder, Colorado

27. Yang ZL, Dickinson RE, Robock A et al (1997) Validation of the

snow submodel of the biosphere–atmosphere transfer scheme

with Russian snow cover and meteorological observational data.

J Clim 10:353–373

28. Dai YJ, Zeng XB, Dickinson RE et al (2003) The common land

model (CLM). Bull Am Meteorol Soc 84:1013–1023

29. Morin S, Lejeune Y, Lesaffre B et al (2012) An 18-yr long

(1993–2011) snow and meteorological dataset from a mid-alti-

tude mountain site (Col de Porte, France, 1325 m alt.) for driving

and evaluating snowpack models. Earth Syst Sci Data 4:13–21

30. Fierz C, Armstrong RL, Durand Y et al (2009) The international

classification for seasonal snow on the ground. IHP-VII technical

documents in Hydrology No 83, IACS Contribution No 1,

UNESCO-IHP, Paris

31. Taillandier AS, Domine F, Simpson WR et al (2007) Rate of

decrease of the specific surface area of dry snow: isothermal and

temperature gradient conditions. J Geophys Res 112:F03003.

doi:10.1029/2006JF000514

32. Dutra E, Balsamo G, Viterbo P et al (2010) An improved snow

scheme for the ECMWF land surface model: description and

offline validation. J Hydrometeorol 11:899–916

33. Robinson DA, Kukla G (1985) Maximum surface albedo of

seasonally snow-covered lands in the northern hemisphere.

J Clim Appl Meteorol 24:402–411

34. Aoki T, Hachikubo A, Hori M (2003) Effects of snow physical

parameters on shortwave broadband albedos. J Geophys Res

108:4616. doi:10.1029/2003JD003506

35. Cleveland WS, Devlin SJ (1988) Locally-weighted regression: an

approach to regression analysis by local fitting. J Am Stat Assoc

83:596–610

Chin. Sci. Bull. (2014) 59(34):4881–4889 4889

123
32

http://dx.doi.org/10.1029/2006JF000514
http://dx.doi.org/10.1029/2003JD003506


物 理 学 报 Acta Phys. Sin. Vol. 63, No. 2 (2014) 029201

基于Lorenz系统的数值天气转折期预报理论探索∗

达朝究1)2)† 穆帅1) 马德山1) 于海鹏2) 侯威3) 龚志强3)
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3)(国家气候中心气候研究开放实验室, 北京 100081)
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以Lorenz系统为研究对象, 对数值天气转折期预报中的动力学特征进行了理论研究, 通过对Lorenz系统
平衡点稳定性的讨论, 得到了区分准稳定区域和准不稳定区域的分界曲面, 由此标定出准稳定区域和准不稳
定区域. 在准稳定区域, Lorenz曲线保持相对稳定, 能够在该平衡点周围周期运动; 在准不稳定区域, Lorenz
曲线可能会从这个平衡点周围跃过分界曲面而进入另外一个平衡点周围, 即发生突变, 这是Lorenz系统的一
个重要动力学特征; 对数值天气转折期预报与气候突变检测、预测给出一种新理论和新方法.

关键词: Lorenz系统, 准稳定区域, 准不稳定区域, 气候突变
PACS: 92.40.Cy, 92.60.Aa DOI: 10.7498/aps.63.029201

1 引 言

1904年, Bjerknes[1]用力学、数学和物理学的
观点, 制订出天气预报问题的规划, 将天气预报
问题转化为一个微分方程组的初值问题. 1922年,
Richardson[2]首次进行了数值天气预报的尝试, 他
详细论述了数值预报的原理和可行性, 使Bjerknes
的理论成为现实. 由于计算条件的限制, 这种理论
的实现距离真实的预报还十分遥远, 但是他无疑是
数值天气预报的先驱. 当时, 人们期待许多计算人
员能在一个天气工厂内, 像在一个交响乐队指挥下
同步进行计算, 从而实现世界的天气预报. 在科学
家的不倦探索下, 1950年, 距Richardson的尝试仅
28年, Charney等 [3]利用埃尼阿克 (ENIAC) 电子
计算机实现了第一次数值天气预报, 这标志着数值
天气预报从理论到现实, 预报成功的基础是电子计
算机的飞速发展. 在此基础上, 各国科学家针对自

身条件做了大量的研究工作, 取得了丰硕的成果.
中国已故气象学家顾震潮先生在 1958年指出: 把
数值天气预报问题提成初值问题, 只使用一个时
刻的资料是一个根本性的缺陷 [4,5]. 1962年, 丑纪
范 [6]从函数空间的角度将微分方程定解问题变为

等价的泛函极值问题, 而后推广了微分方程解的概
念, 引进了 “广义解”, 利用希尔伯特空间理论论证
了 “广义解”比原来意义下的 “正规解”更接近方程
所描述的物理现象的 “实况”. 在顾震潮和丑纪范
工作的基础上, 邱崇践等 [7]、邵爱梅等 [8]给出了一

种新的资料同化方案; 文献 [9—14]研究了海气耦
合的相似韵律现象, 并建立了利用历史观测数据的
相似 -动力模式, 得到了很好的预报效果; 封国林
等 [15,16]给出了自忆预测模式的计算方案, 并将其
应用到数值天气预报模式上, 得到了很好的结论.
文献 [17—19]就数值天气预报中历史数据的使用
也做了一定的研究工作. 虽然数值天气预报有了
长足的发展, 但是转折性天气或气候的预测一直是

∗ 国家科技支撑计划 (批准号: 2009BAC51B04)、公益性行业 (气象) 科研专项 (批准号: GYHY201206009, GYHY201106016)、全
球变化研究国家重大科学研究计划 (批准号: 2012CB955902)、国家自然科学基金 (批准号: 40930952, 41175067, 61162021)和中
央高校基本科研业务费专项资金 (批准号: zyz2012079)资助的课题.

† 通讯作者. E-mail: jtdcj@163.com

© 2014 中国物理学会 Chinese Physical Society http://wulixb.iphy.ac.cn

029201-1

33

http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.63.029201
http://wulixb.iphy.ac.cn


物 理 学 报 Acta Phys. Sin. Vol. 63, No. 2 (2014) 029201

科学界没有解决的问题, 现有的数值模式在转折
期预报上的能力还是不足 [20], 这与大气系统的本
质—–混沌是关联的. 在数学上处理, 就是微分方
程解的不稳定, 或者叫对初值的敏感. 最早发现
这一事实的是Lorenz, 他在 1963年分析对流运动
中的非线性作用, 据大气运动的规律, 建立了一
个简化的数学模型, 也就是著名的Lorenz方程组.
Lorenz经过研究发现, 当这个方程组的参数取某些
值时, 轨线运动会变得复杂和不确定, 导致轨线的
行为无法预测, 理论上揭示了气候的突变 [21], 加之
1979年Lorenz在华盛顿美国科学促进会上讲演中
提出的 “蝴蝶效应”, 使大气系统的混沌特征形象而
具体.

大气系统的混沌特性可诱导大气系统的突变,
而大气环流的转折和突变相联系. 气候突变现象
及其理论研究是近代气候学的一个新兴研究领域,
许多科学家力图揭示气候突变现象 [22−33]. 气候突
变又称气候变化的不连续性、气候的跳跃, 是普遍
存在于气候系统中的一种重要现象, 是指气候从一
种稳定态 (或稳定持续的变化趋势) 跳跃式地转变
到另一种稳定态 (或稳定持续的变化趋势) 的过程,
它表现为气候在时空上从一个统计特征到另一种

统计特征的急剧变化 [22].
近年来, 郑志海等 [34−36]将混沌的概念引入全

球数值天气预报模式, 揭示了初始时刻不可避免的
误差增长规律, 并就其对季节、地区和初始场的依
赖性等做了一定的研究.

对气候突变的研究, 以往多采用统计方法, 本
文用动力学方法, 以Lorenz 方程组作为研究对象,

对气候突变进行研究,就Lorenz系统的动力学特征
给出定量描述; 对数值天气转折期预报以及气候突
变做一定的理论探讨, 期望获得数值天气转折期预
报和气候突变的新思路和新方法.

2 Lorenz方程轨线在不同平衡态间的
跳跃

2.1 Lorenz方程组与线性近似方程

Lorenz方程组为

dx
dt = 10(−x+ y)

dy
dt = 28x− y − xz

dz
dt = xy − 8

3z

. (1)

其线性近似方程按如下方法求解, 令
P (x, y, z) ≡ 10(−x+ y) = 0

Q(x, y, z) ≡ 28x− y − xz = 0

R(x, y, z) ≡ xy − 8

3
z = 0

, (2)

得到Lorenz方程组的三个平衡点, 分别为

O(0, 0, 0), (3a)

R(6
√
2, 6

√
2, 27), (3b)

L(−6
√
2,−6

√
2, 27). (3c)

本文仅对右平衡点R(6
√
2, 6

√
2, 27)和左平衡点

L(−6
√
2,−6

√
2, 27) 做研究. 将动力系统 (1) 在

平衡点 (x0, y0, z0)做Taylor展开, 得



dx
dt = P (x0, y0, z0) +

∂P

∂x

∣∣∣∣
(x0,y0,z0)

(x− x0) +
∂P

∂y

∣∣∣∣
(x0,y0,z0)

(y − y0) +
∂P

∂z

∣∣∣∣
(x0,y0,z0)

(z − z0) + · · ·

dy
dt = Q(x0, y0, z0) +

∂Q

∂x

∣∣∣∣
(x0,y0,z0)

(x− x0) +
∂Q

∂y

∣∣∣∣
(x0,y0,z0)

(y − y0) +
∂Q

∂z

∣∣∣∣
(x0,y0,z0)

(z − z0) + · · ·

dz
dt = R(x0, y0, z0) +

∂R

∂x

∣∣∣∣
(x0,y0,z0)

(x− x0) +
∂R

∂y

∣∣∣∣
(x0,y0,z0)

(y − y0) +
∂R

∂z

∣∣∣∣
(x0,y0,z0)

(z − z0) + · · ·

, (4)

只取线性部分, 同时注意到方程 (2), 得

dx
dt = −10(x− x0) + 10(y − y0)

dy
dt = (28− z0)(x− x0)− (y − y0)− x0(z − z0)

dz
dt = y0(x− x0) + x0(y − y0)−

8

3
(z − z0)

. (5)

动力系统 (5) 叫做动力系统 (1) 在平衡点 (x0, y0, z0)处的线性近似方程
[37].
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2.2 Lorenz系统的稳定性分析

2.2.1 系统在右平衡点R(6
√
2, 6

√
2, 27)的稳定性

动力系统 (1)在平衡点R(6
√
2, 6

√
2, 27)的线性近似方程为

dx
dt = −10(x− 6

√
2) + 10(y − 6

√
2)

dy
dt = (x− 6

√
2)− (y − 6

√
2)− 6

√
2(z − 27)

dz
dt = 6

√
2(x− 6

√
2) + 6

√
2(y − 6

√
2)− 8

3
(z − 27)

. (6)

将动力系统 (6)做平移变换: ξ = x− 6
√
2, η = y − 6

√
2, ζ = z − 27, 得到

dξ
dt = −10ξ + 10η

dη
dt = ξ − η − 6

√
2ζ

dζ
dt = 6

√
2ξ + 6

√
2η − 8

3
ζ

, (7a)

用矩阵表示为 
ξ̇

η̇

ζ̇

 = A1


ξ

η

ζ

 , (7b)

(7b)式中的 ξ̇, η̇和 ζ̇是导数运算, 矩阵A1 为

A1 =


−10 10 0

1 −1 −6
√
2

6
√
2 6

√
2 −8

3

 . (8)

求得矩阵A1的特征值分别为

λ1 =
1

9

3

√
−425537 + 36

√
140629614− 1

9

3

√
425537 + 36

√
140629614− 41

9
, (9a)

λ2 =− 1

18

3

√
−425537 + 36

√
140629614 +

1

18

3

√
425537 + 36

√
140629614− 41

9

+

(√
3

18

3

√
−425537 + 36

√
140629614 +

√
3

18

3

√
425537 + 36

√
140629614

)
i, (9b)

λ3 =− 1

18

3

√
−425537 + 36

√
140629614 +

1

18

3

√
425537 + 36

√
140629614− 41

9

−
(√

3

18

3

√
−425537 + 36

√
140629614 +

√
3

18

3

√
425537 + 36

√
140629614

)
i (9c)

(9)式中的 i是虚数单位. 令

a =− 1

18

3

√
−425537 + 36

√
140629614 +

1

18

3

√
425537 + 36

√
140629614− 41

9
, (10a)

b =

√
3

18

3

√
−425537 + 36

√
140629614 +

√
3

18

3

√
425537 + 36

√
140629614, (10b)

则 (9b)和 (9c)式可写为

λ2 = a+ bi, (11a)
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λ3 = a− bi. (11b)

矩阵A1与特征值λ1, λ2, λ3对应的特征向量α11, α12, α13分别为 (转置形式)

αT
11 =

(
λ2
1 +

11

3
λ1 +

224

3
, λ1 −

208

3
, 6
√
2(λ1 + 2)

)
, (12a)

αT
12 =

(
λ2
2 +

11

3
λ2 +

224

3
, λ2 −

208

3
, 6
√
2(λ2 + 2)

)
, (12b)

αT
13 =

(
λ2
3 +

11

3
λ3 +

224

3
, λ3 −

208

3
, 6
√
2(λ3 + 2)

)
. (12c)

令

X = (α11, α12, α13), (13)

则有

X−1A1X =


λ1 0 0

0 λ2 0

0 0 λ3

 . (14)

由 (9)—(11)式可知, 一定存在矩阵P1, 使得 [38]

P−1
1 A1P1 =


λ1 0 0

0 a −b

0 b a

 . (15)

令

B1 =


λ1 0 0

0 a −b

0 b a

 , (16)

则A1与B1相似. 由相似矩阵性质可知, 相似矩阵有相同的特征值, 即λ1, λ2, λ3 也是矩阵B1的特征值.
就矩阵B1 来说, 与其特征值λ1, λ2, λ3对应的特征向量β11, β12, β13分别为 (转置形式)

βT
11 = (1, 0, 0), (17a)

βT
12 =

(
0
λ2 − a

b
, 1

)
, (17b)

βT
13 =

(
0
λ3 − a

b
, 1

)
. (17c)

令

Y = (β11,β12,β13), (18)

则

Y −1B1Y =


λ1 0 0

0 λ2 0

0 0 λ3

 . (19)

结合 (14)和 (19)式, 易知

X−1A1X = Y −1B1Y (20)
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(20)式两边分别左乘Y , 右乘Y −1, 可得

Y X−1A1XY −1 = B1 (21)

由 (15), (16)和 (21)式, 知

P1 = XY −1 =


λ2
1 +

11

3
λ1 +

224

3
λ2
2 +

11

3
λ2 +

224

3
λ2
3 +

11

3
λ3 +

224

3

×λ1 −
208

3
λ2 −

208

3
λ3 −

208

3

6
√
2(λ1 + 2) 6

√
2(λ2 + 2) 6

√
2(λ3 + 2)



1 0 0

0
λ2 − a

b

λ3 − a

b
0 1 1


−1

, (22a)

P−1
1 = Y X−1 =


1 0 0

0
λ2 − a

b

λ3 − a

b
0 1 1



λ2
1 +

11

3
λ1 +

224

3
λ2
2 +

11

3
λ2 +

224

3
λ2
3 +

11

3
λ3 +

224

3

λ1 −
208

3
λ2 −

208

3
λ3 −

208

3
6
√
2(λ1 + 2) 6

√
2(λ2 + 2) 6

√
2(λ3 + 2)


−1

. (22b)

令

c1 = λ2
1 +

11

3
λ1 +

224

3
, (23a)

c2 = λ2
2 +

11

3
λ2 +

224

3
, (23b)

c3 = λ2
3 +

11

3
λ3 +

224

3
, (23c)

和

d1 = λ1 −
208

3
, (24a)

d2 = λ2 −
208

3
, (24b)

d3 = λ3 −
208

3
, (24c)

以及

e1 = 6
√
2(λ1 + 2), (25a)

e2 = 6
√
2(λ2 + 2), (25b)

e3 = 6
√
2(λ3 + 2), (25c)

则

P−1
1 =


1 0 0

0
λ2 − a

b

λ3 − a

b
0 1 1



c1 c2 c3

d1 d2 d3

e1 e2 e3


−1

. (26)
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令

f = c1(d2e3 − d3e2)− c2(d1e3 − d3e1) + c3(d1e2 − d2e1), (27)

则

P−1
1 =


1 0 0

0
λ2 − a

b

λ3 − a

b
0 1 1




d2e3 − d3e2
f

−c2e3 − c3e2
f

c2d3 − c3d2
f

−d1e3 − d3e1
f

c1e3 − c3e1
f

−c1d3 − c3d1
f

d1e2 − d2e1
f

−c1e2 − c2e1
f

c1d2 − c2d1
f

 . (28)

分别令

h1 =
d2e3 − d3e2

f
, (29a)

h2 = −c2e3 − c3e2
f

, (29b)

h3 =
c2d3 − c3d2

f
, (29c)

与

j1 = −d1e3 − d3e1
f

, (30a)

j2 =
c1e3 − c3e1

f
, (30b)

j3 = −c1d3 − c3d1
f

, (30c)

以及

k1 =
d1e2 − d2e1

f
, (31a)

k2 = −c1e2 − c2e1
f

, (31b)

k3 =
c1d2 − c2d1

f
, (31c)

有

P−1
1 =


1 0 0

0
λ2 − a

b

λ3 − a

b
0 1 1



h1 h2 h3

j1 j2 j3

k1 k2 k3



=


h1 h2 h3

(λ2 − a)j1 + (λ3 − a)k1
b

(λ2 − a)j2 + (λ3 − a)k2
b

(λ2 − a)j3 + (λ3 − a)k3
b

j1 + k1 j2 + k2 j3 + k3

 . (32)

取坐标变换


ξ

η

ζ

 = P1


u

v

w

 , 有


u̇

v̇

ẇ

 = P−1
1


ξ̇

η̇

ζ̇

 = P−1
1 A1


ξ

η

ζ

 = P−1
1 A1P1


u

v

w

 =


λ1 0 0

0 a −b

0 b a



u

v

w

 , (33a)
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即 

du
dt = λ1u

dv
dt = av − bw

dw
dt = bv + aw

, (33b)

构造ρ = u2 + v2 + w2 (距离的平方)[37], 可得
1

2

dρ
dt = λ1u

2 + av2 + aw2 ≡ F1(u, v, w). (34)

注意到平移变换 ξ = x− 6
√
2, η = y − 6

√
2, ζ = z − 27, 可得

u

v

w

 = P−1
1


ξ

η

ζ

 = P−1
1


x− 6

√
2

y − 6
√
2

z − 27

 . (35)

由 (32)和 (35)式, 可得

u = h1x+ h2y + h3z − 6
√
2h1 − 6

√
2h2 − 27h3, (36a)

v =
(λ2 − a)j1 + (λ3 − a)k1

b
x+

(λ2 − a)j2 + (λ3 − a)k2
b

y +
(λ2 − a)j3 + (λ3 − a)k3

b
z

− 6
√
2(λ2 − a)j1 + 6

√
2(λ3 − a)k1 + 6

√
2(λ2 − a)j2 + 6

√
2(λ3 − a)k2 + 27(λ2 − a)j3 + 27(λ3 − a)k3

b
, (36b)

w = (j1 + k1)x+ (j2 + k2)y + (j3 + k3)z − 6
√
2(j1 + k1)− 6

√
2(j2 + k2)− 27(j3 + k3). (36c)

(34) 式中的F1(u, v, w)用变量x, y, z表示为

F1(x, y, z) =

(
1

9

3

√
−425537 + 36

√
140629614− 1

9

3

√
425537 + 36

√
140629614− 41

9

)
(h1x+ h2y + h3z

− 6
√
2h1 − 6

√
2h2 − 27h3)

2 +

(
− 1

18

3

√
−425537 + 36

√
140629614 +

1

18

3

√
425537 + 36

√
140629614− 41

9

)
×

[
(λ2 − a)j1 + (λ3 − a)k1

b
x+

(λ2 − a)j2 + (λ3 − a)k2
b

y +
(λ2 − a)j3 + (λ3 − a)k3

b
z

− 6
√
2(λ2 − a)j1 + 6

√
2(λ3 − a)k1 + 6

√
2(λ2 − a)j2 + 6

√
2(λ3 − a)k2 + 27(λ2 − a)j3 + 27(λ3 − a)k3

b

]2

+

(
− 1

18

3

√
−425537 + 36

√
140629614 +

1

18

3

√
425537 + 36

√
140629614− 41

9

)
[(j1 + k1)x+ (j2 + k2)y

+ (j3 + k3)z − 6
√
2(j1 + k1)− 6

√
2(j2 + k2)− 27(j3 + k3)]

2. (37)

F1(x, y, z) = 0为区分右平衡点R(6
√
2, 6

√
2, 27)的准稳定区域与准不稳定区域的分界曲面.

记F1(x, y, z) < 0的区域为UN
R , 我们称之为Nereus1 区域, 当F1(x, y, z) < 0时, 即 dρ

dt < 0, 当 t增加

时, ρ = u2 + v2 + w2 减少, 存在R(6
√
2, 6

√
2, 27)的一个邻域U1, 使得Lorenz系统的轨线总保持在U1 内,

在Nereus区域内, 轨线的动力学特征保持稳定, 轨线始终绕平衡点R(6
√
2, 6

√
2, 27)做相对规则的运动, 在

该区域内是相对稳定的称之为准稳定区域 [37].
记F1(x, y, z) > 0的区域为UP

R , 我们称之为Proteus2 区域, 当F1(x, y, z) > 0时, 即 dρ

dt > 0, 在Proteus

区域内, 当 t 增加时, ρ = u2 + v2 + w2增加, 轨线表现出不稳定的动力学特征, 存在某些时刻, 轨线穿过分

1 Nereus, 希腊神话中的海神,他值得信赖、和蔼可亲、公正善良.
2 Proteus,希腊神话中的海神,他能随意变成各种形状,变化多端.
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界曲面F1(x, y, z) = 0, 到另外一个平衡态去, 所以在该区域是相对不稳定的, 称之为准不稳定区域 [37], 在
气候动力学上就是所谓的突变, 而对于数值天气预报来说, 就是形式发生改变, 发生转折期, 当然气候突变
与数值天气预报中的形式发生改变, 这两者是有时间尺度区分的.

2.2.2 系统在左平衡点L(−6
√
2,−6

√
2, 27)的稳定性

对于左平衡点L(−6
√
2,−6

√
2, 27), 用同样的方法, 可以得到

F2(x, y, z) =

(
1

9

3

√
−425537 + 36

√
140629614− 1

9

3

√
425537 + 36

√
140629614− 41

9

)
(h1x+ h2y − h3z

+ 6
√
2h1 + 6

√
2h2 + 27h3)

2 +

(
− 1

18

3

√
−425537 + 36

√
140629614 +

1

18

3

√
425537 + 36

√
140629614− 41

9

)
[
(λ2 − a)j1 + (λ3 − a)k1

b
x+

(λ2 − a)j2 + (λ3 − a)k2
b

y − (λ2 − a)j3 + (λ3 − a)k3
b

z

+
6
√
2(λ2 − a)j1 + 6

√
2(λ3 − a)k1 + 6

√
2(λ2 − a)j2 + 6

√
2(λ3 − a)k2 + 27(λ2 − a)j3 + 27(λ3 − a)k3

b

]2

+

(
− 1

18

3

√
−425537 + 36

√
140629614 +

1

18

3

√
425537 + 36

√
140629614− 41

9

)
[(j1 + k1)x+ (j2 + k2)y

− (j3 + k3)z + 6
√
2(j1 + k1) + 6

√
2(j2 + k2) + 27(j3 + k3)]

2. (38)

F2(x, y, z) = 0为区分左平衡点L(−6
√
2,

−6
√
2, 27)的准稳定区域与准不稳定区域的分界

曲面, 对于左平衡点L(−6
√
2,−6

√
2, 27)有相应的

Nereus区域UN
L 和Proteus区域UP

L , 轨线的运动特
征分析与右平衡点R(6

√
2, 6

√
2, 27) 的基本一样.

3 数值模拟

本文用四阶、五阶Runge-Kutta单步算法求
解Lorenz方程组 (1), 截断误差为 (∆x)3, 初值为
x0 = 12, y0 = 2, z0 = 9.

计算可得, 系数矩阵A1的特征值的数值解为

λ1 = −13.8546, (39a)

λ2 = 0.0940 + 10.1945i, (39b)

λ3 = 0.0940− 10.1945i. (39c)

函数F1(u, v, w)为

1

2

dρ
dt = −13.8546u2 + 0.0940v2 + 0.0940w2

= F1(u, v, w), (40)

矩阵P1和P−1
1 的数值解为

P1 =


0.8557 −0.3763 0.4172

−0.3298 0.0454 0.8048

−0.3988 −1.0171 0

 , (41a)

P−1
1 =


0.8450 −0.4380 −0.3322

−0.3313 0.1718 −0.8529

0.3650 1.0533 −0.0880

 . (41b)

空间 (x, y, z)到 (u, v, w)的变换为
u = 0.8450x− 0.4380y − 0.3322z + 5.5159

v = −0.3313x+ 0.1718y − 0.8529z + 24.3817

w = 0.3650x+ 1.0533y − 0.0880z − 9.6587

,

(42)

可得F1(x, y, z)的数值解

F1(x, y, z) =− 13.8546(0.8450x

− 0.4380y − 0.3322z + 5.5159)2

+ 0.0940(−0.3313x+ 0.1718y

− 0.8529z + 24.3817)2

+ 0.0940(0.3650x+ 1.0534y

− 0.0880z − 9.6587)2. (43)

图 1给出了曲面F1(x, y, z) = 0 (z1和 z2曲面)
和Lorenz 曲线. z1和 z2两曲面中间的区域

是F1(x, y, z) > 0的区域, 也就是UP
R即Proteus

区域; z1曲面以上和 z2曲面以下的区域都是

F1(x, y, z) < 0的区域, 也就是UN
R , 即Nereus区

域. 从Lorenz 轨线的运动来看, 在Proteus 区域内
轨线有穿过曲面F1(x, y, z) = 0 (这里关键是 z1曲

面)的可能, 跃入左平衡点周围; 但是在Nereus区
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域内轨线不会跃入左平衡点周围, 所以在Proteus
区域轨线运动不稳定, 是准不稳定区域; 相反在
Nereus区域轨线运动相对稳定, 是准稳定区域. 这
一数值试验结论佐证了本文前期的理论推导.
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图 1 右平衡点R(6
√
2, 6

√
2, 27)的准不稳定区域和准稳

定区域

为了更清楚地看到Lorenz曲线的运动规律,
图 2给出了各个时刻的动态图. 当Lorenz曲线进入
准不稳定区域UP

R时,运动不稳定,特别是图中的长
方形区域, 表现得极为敏感, 会在某些时刻穿过分
界曲面F1(x, y, z) = 0, 跳到另外一个平衡态中去,

离开平衡点R(6
√
2, 6

√
2, 27); 但在稳定区域UN

R 内,
轨线运动稳定, 始终在平衡点R(6

√
2, 6

√
2, 27)周

围运动.
下面再来看左平衡点L(−6

√
2,−6

√
2, 27)的

情况. 系数矩阵A2的特征值的数值解为

λ1 = −13.8546, (44a)

λ2 = 0.0940 + 10.1945i, (44b)

λ3 = 0.0940− 10.1945i, (44c)

函数F2(u, v, w)为

1

2

dρ
dt = −13.8546u2 + 0.0940v2 + 0.0940w2

= F2(u, v, w), (45)

矩阵P2和P−1
2 的数值解为

P2 =


0.8557 −0.3763 0.4172

−0.3298 0.0454 0.8048

0.3988 1.0171 0

 , (46a)

P−1
2 =


0.8450 −0.4380 0.3322

−0.3313 0.1718 0.8529

0.3650 1.0533 0.0880

 , (46b)
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图 2 各个时刻的动态 (a) t = 0.82; (b) t = 4.72; (c) t = 6.32; (d) t = 11.55
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空间 (x, y, z)到 (u, v, w)的变换为
u = 0.8450x− 0.4380y + 0.3322z − 5.5159

v = −0.3313x+ 0.1718y + 0.8529z − 24.3817

w = 0.3650x+ 1.0533y + 0.0880z + 9.6587

,

(47)

可得F2(x, y, z)的数值解

F2(x, y, z) =− 13.8546(0.8450x− 0.4380y

+ 0.3322z − 5.5159)2

+ 0.0940(−0.3313x+ 0.1718y

+ 0.8529z − 24.3817)2

+ 0.0940(0.3650x+ 1.0534y

+ 0.0880z + 9.6587)2. (48)

图 3给出了曲面F2(x, y, z) = 0 (z3和 z4)
和Lorenz轨线. z3和 z4两曲面中间的区域是

F2(x, y, z) > 0的区域, 也就是UP
L ,即Proteus

区域; z3曲面以上和 z4曲面以下的区域都是

F2(x, y, z) < 0的区域, 也就是UN
L , 即Nereus区

域. 从Lorenz轨线的运动来看, 在Proteus区域内
轨线可能穿过曲面F2(x, y, z) = 0 (这里关键是 z3

曲面), 跃入右平衡点周围; 但是在Nereus区域内,
轨线不会跃入右平衡点周围, 轨线运动稳定. 轨线
整个的运动规律和右平衡点类似, 不再赘述.
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图 3 左平衡点L(−6
√
2,−6

√
2, 27) 的准不稳定区域和

准稳定区域

图 4给出了左平衡点L(−6
√
2,−6

√
2, 27)各个

时刻的动态图. 当Lorenz曲线进入准不稳定区域
UP

L 时, 运动不稳定, 会在某些时刻穿过分界曲面
F2(x, y, z) = 0, 跳到另外一个平衡态中去, 离开
平衡点L(−6

√
2,−6

√
2, 27); 但在稳定区域UN

L 内,
轨线运动稳定, 始终在平衡点L(−6

√
2,−6

√
2, 27)

周围运动, 这些和图 2的结论完全一致 (右平衡点
R(6

√
2, 6

√
2, 27)).
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图 4 (a) t = 2.42; (b) t = 5.71; (c) t = 9.98; (d) t = 10.74

图 1和图 2给出右平衡点的情况; 图 3和

图 4给出左平衡点的情况, 图 5给出Lorenz曲线
的整体情况. 从图中可知: 当轨线在区域UN

R 和区

域UN
L 的交集UN

R ∩ UN
L 内, 轨线一定稳定, 不会跳

跃到另外一个平衡点中去; 当轨线在区域UP
R和区

域UP
L 的并集UP

R ∪ UP
L 内, 轨线可能会跳跃到另外
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一个平衡点中去.
若记集合UR与UL分别为

UR = {(x, y, z) ∈ R3|F1(x, y, z) = 0}, (49a)

UL = {(x, y, z) ∈ R3|F2(x, y, z) = 0}, (49b)

则有

R3 = UR ∪ UN
R ∪ UP

R = UL ∪ UN
L ∪ UP

L . (50)

集合UR, UN
R 和UP

R两两不交, 集合UL, UN
L 和UP

L

也两两不交, 简单计算之后有

R3 = (UN
R ∩ UN

L ) ∪ (UP
R ∪ UP

L ) ∪ (UR ∪ UL). (51)

维恩图 6中的绿色区域为UN
L , 蓝色区域为UP

L , 两
者中间的分界线为UL; 右斜线区域为UN

R , 左斜线
区域为UP

R ,两者中间的分界线为UR. 区域UP
R∪UP

L

就是红色框中的区域, 当然要把曲线UL与UR抠

出, 区域UN
R ∩ UN

L 是左上角那块区域.
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图 5 Lorenz曲线的准不稳定区域和准稳定区域
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L 维恩图 (概念图)

4 数值天气转折期预报和气候突变预
报中的使用方法与步骤

本文在理论上为数值天气转折期预报和气候

突变预报给出一种新思路与方法. 数值天气预报系

统是一个n 维动力系统

dx1

dt = f1(x1, x2, · · · , xn)

dx2

dt = f2(x1, x2, · · · , xn)

· · ·
dxn

dt = fn(x1, x2, · · · , xn)

, (52)

而Lorenz系统是三维动力系统. 在数学理论上来
看: 三维动力系统和n 维动力系统没有本质的区

别, 既然上述方法适用于Lorenz系统, 自然也会适
用于数值天气预报中的n维动力系统.

具体可通过以下步骤来进行:
1) 求出数值天气预报中的n维动力系统的平

衡点 

f1(x1, x2, · · · , xn) = 0

f2(x1, x2, · · · , xn) = 0

· · ·

fn(x1, x2, · · · , xn) = 0

, (53)

这一步从理论上没有难度;
2) 求出数值天气预报中的n维动力系统在各

个平衡点的线性近似方程, 用矩阵表示为
dX
dt = AX +B, (54)

这里的X = (x1, x2, · · · , xn)是离散之后的大气状

态变量, A是n维矩阵, B是n维向量, 矩阵A和向

量B可以算出, 甚至可以通过坐标平移使得向量
B = 0, 即为

dX

dt = AX; (55)

3) 求出矩阵A的特征值;
4)通过矩阵变换和坐标变换, 把 (55)式写为

ξ̇1

ξ̇2

· · ·

ξ̇n

 = B


ξ1

ξ2

· · ·

ξ̇n

 , (56)

矩阵B往往会有比较好的对角形式, 或者是块对角
形式, 具体计算时要用到高阶矩阵的计算;

5) 构造出函数

F (ξ1, ξ2, · · · , ξn) =
1

2

dρ
dt , (57)
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与

F (x1, x2, · · · , xn) =
1

2

dρ̂
dt ; (58)

6) 利用

F (x1, x2, · · · , xn) = 0, (59a)

F (x1, x2, · · · , xn) > 0, (59b)

F (x1, x2, · · · , xn) < 0, (59c)

求出各个各个平衡点的分界曲面、准稳定区域

(Nereus区域) 和准不稳定区域 (Proteus区域);
7) 分析不同区域内的运动特征, 在准不稳定

区域 (Proteus区域) 内, 系统轨线不稳定, 将在某
些时刻从该平衡点周围穿过分界曲面跳跃到其他

平衡点周围, 进入另外一个平衡态中, 即发生突
变, 发生突变的区域为敏感区域, 在数值天气预报
中转折期预报中, 或气候突变检测上, 可求出Pro-
teus区域, 以此来检测、预测突变; 但在准稳定区域
(Nereus区域) 内, 系统轨线稳定, 不会发生突变.

5 结 论

本文通过理论推导, 对Lorenz方程组的平衡
点进行稳定性分析: 对于每个平衡点来说, 有分
界曲面F (x, y, z) = 0, 其把R3分为准稳定区域

(Nereus区域) 和准不稳定区域 (Proteus区域). 在
Nereus 区域, F (x, y, z) < 0, 随时间 t增加ρ减少,
轨线在Nereus区域内的动力学特征保持稳定, 围
绕平衡点做相对规则运动, 在该区域内是稳定的.
在Proteus区域内, F (x, y, z) > 0, 随时间 t增加 ρ

增加, 轨线表现出不稳定的动力学特征, 存在某个
时刻, 轨线达到Proteus区域的边界, 并穿过曲面
F (x, y, z) = 0跳到另外一个平衡点周围中, 轨线的
动力学特征在该区域内是不稳定的.

本文给出了数值天气转折期预报和气候突变

的预报.
虽然本文给出了一种全新方法来预测气候突

变, 但真正的使用还很遥远. 首先本文的方法比
较粗糙, 不是太精细, 刻画出来的Nereus区域和
Proteus区域范围太宽, 特别是Proteus区域, 能否
让Proteus区域的范围小一点, 精细一点; 其次理论
上的实现到实际使用还有很多技术要克服, 一个无
法逃避的现实是数值天气预报对应的动力系统的

维数太高, 这就有一个高维矩阵计算问题, 如何解

决这个问题？最后大气系统的混沌度要比Lorenz
系统的混沌度高得多, 所以大气系统的非线性和复
杂性和Lorenz系统相比, 两者不是一个量级.
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Abstract
Based on the Lorenz equations, the dynamics of the weather turning period is studied about numerical weather

prediction. Through the analysis of the stability of equilibrium points of the Lorenz equations, we get the surfaces which
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Fig. 1  Spatial patterns of the extreme heat hazard risk over China under RCP8.5
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Table 2  The extreme heat hazard risk level change under RCP8.5
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Fig. 2  Spatial patterns of the extreme heat disaster vulnerability over China under RCP8.5
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China under RCP8.5
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Table 3  The extreme heat risk level change under RCP8.5
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Projected Risk of Extreme Heat in China Based on CMIP5 Models
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Abstract: Based on the simulations from 22 CMIP5 models and in combination with the socio-economic data, the

extreme heat risk change during the near term (2016J2035), medium term (2046J2065) and long term (2080J
2099) were projected by quantitative estimation under RCP8.5. The results show that the extreme heat hazard risk

will gradually increase during different terms in the future, and extreme heat risk will also tend to increase. Class III

and above of the extreme heat risk will increase, especially in the northeast, Inner Mongolia, Shaanxi, Ningxia,

Guizhou, Fujian provinces (autonomous region). In Shandong, Hebei, Henan, Anhui provinces, Class V of the extreme

heat risk tends to appear in the near term, and it will extend to Jiangsu, Hunan, Hubei, Jiangxi, Sichuan, Guangxi and

Guangdong provinces (autonomous region) in the medium and long term.
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Understanding of Climate Change Adaptation and Sustainable

Development for IPCC Fifth Assessment Report
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 100081, China

Abstract:  IPCC launched Climate Change 2014: Impacts, Adaptation, and Vulnerability and pointed out that since

AR4 the framing of adaptation has moved further from a focus on biophysical vulnerability to the wider social and

economic drivers of vulnerability and people’s ability to respond. It expounded the relationships between climate

risk and social development, pointed out how adaptation play an important role in climate-related risk management

and that strategies and approaches to climate change adaptation include efforts to decrease vulnerability or exposure

and/or increase resilience or adaptive capacity. It presented the concept of adaptation limits and expounded its meaning

to climate change adaptation. It put forward climate resilient pathways for sustainable development, significant co-

benefits and synergies exist between mitigation and adaptation and between alternative adaptation responses,

transformation is a necessary option to cope with climate change. The report considered climate change, impacts,

adaptation and social-economics processes are not simple linear relationship and need to be recognized and understood

in a compound system.

Key words:  climate change; impacts; adaptation; risk; sustainable development
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中国东北区域盛夏雨季的客观识别∗

房一禾1) 龚志强2)† 赵连伟1) 赵春雨1) 李清泉2)

1)(沈阳区域气候中心, 沈阳 110166)

2)(中国气象局国家气候中心开放实验室和监测室, 北京 100081)

( 2014年 4月 6日收到; 2014年 6月 6日收到修改稿 )

鉴于我国东北三省雨季客观识别方法不尽相同, 且无东北区域统一的雨季监测指标. 为了更好地开展区
域关键天气过程的客观化识别和监测, 本文从区域角度出发, 采用东北三省 102站逐日降水量资料, 通过对东
北区域多年平均 5点平滑处理的 4月 1日—10月 31日逐日降水量序列的综合分析, 及对历年逐日滑动平均雨
量的对比试验, 确定了东北盛夏雨季判别的阈值参数及通过阈值后的持续时间参数，进而研发了适合东北区
域盛夏雨季开始和结束日期的客观识别方法. 并采用美国环境预报中心和国家大气研究中心逐日再分析的风
场、位势高度场资料, 通过对盛夏雨季前、中、后期不同高度层大气环流场的对比分析, 验证了该客观识别方法
的合理性. 结果表明, 东北区域 1981—2010年气候态平均的盛夏雨季的起止日期分别为每年的 6月 26日和 8
月 30日.

关键词: 东北地区, 盛夏雨季, 起止日期, 客观识别
PACS: 92.60.Wc DOI: 10.7498/aps.63.209202

1 引 言

中国处于东亚季风区, 受东亚季风影响, 各地
大范围、集中降水开始和结束的时间有较大差别,
例如江南春雨、华南前汛期、梅雨、东北华北雨季、

华西秋雨等天气气候现象都表明了中国不同区域

降水变化的独特性. 东北三省各自的雨季监测指标
也不尽相同, 目前东北地区雨季起止日期尚没有一
个统一的、定量的划分标准, 通常只是按一年中雨
带的大致变化粗略划分雨季的大概时间. 然而精确
的雨季开始和结束日期的监测是气象服务的重要

内容, 对于农业生产和政府决策等均有十分重要的
作用. 因此, 开展东北雨季尤其是盛夏雨季的客观
识别研究有着重要的现实意义.

20世纪30至40年代,竺可桢 [1]、涂长望和黄士

松 [2]就曾指出: 5 到 8月自南海夏季风爆发后, 雨
带的进退形成华南前汛期、江淮梅雨和东北华北雨

季, 该结论可作为各地区雨季研究工作的总体参
考. 目前, 对华南前汛期和梅雨雨季起止日期划分
标准的研究相对较多 [3−6], 而对于其他地区雨季客
观识别的研究相对少. 赵汉光 [7]最早采用旬降水

量定义华北雨季, 结果表明, 华北雨季开始期主要
集中在 7月中旬左右, 结束期主要集中在 8月中旬
左右. 采用旬雨量研究雨季起止日期的还包括林之
光 [8]和张家诚 [9]. 强学民等 [10]指出: 雨季开始和
结束与大气环流的季节转换相联系, 因此用候作为
划定标准的时间单位最为合适. 此后, 晏红明等 [11]

也采用候雨量为单位对中国西南区域雨季开始和

结束日期划分标准进行了研究. 东北雨季方面, 王
学忠等 [12]采用 9个测站的旬降水量资料, 研究了
东北雨季的划分, 结果表明, 东北雨季平均在 7月
中上旬开始, 8月中上旬结束. 孙欣等 [13]曾对辽宁

雨季和多雨季标准的划分进行过研究, 指出以副热
带高压脊线位置作为多雨季划分标准, 可得出辽宁
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各地雨季、多雨季常年起止时间. 东北地区盛夏降
水主要受东亚夏季风影响 [14], 前人在东亚夏季风
及夏季降水方面研究较多 [15−19]. 施能等 [20]指出

东亚夏季风强度是造成我国夏季气温、降水异常的

主要原因. 廉毅等 [21] 进一步分析了东亚夏季风在

中国东北地区建立的标准、日期及其主要特征. 此
外, 其他学者也在相关领域进行过研究 [22−26], 并
得到了有意义的结论.

沈柏竹等 [14]指出东北雨季一般分为东北冷涡

雨季和盛夏雨季, 初夏 (5月和 6月)东北地区降水
主要受东北冷涡的影响. 随着西太平洋副热带高
压的北进, 东北冷涡的影响逐渐减弱, 东亚夏季风
在盛夏 (7月和8月)开始对东北地区降水产生影响.
因此, 东北雨季应包括冷涡雨季和季风雨季. 本研
究主要讨论季风雨季 (或称盛夏雨季)的客观识别
方法, 冷涡雨季的内容会在另文中分析. 以往对于
东北雨季的研究很少, 国家气候监测业务中尚无
统一的雨季监测指标. 而且以往对于雨季起止日
期的研究多采用旬雨量或候雨量, 这两个时间尺
度相对日雨量来讲, 不够精确. 因此, 本研究采用
1961—2011年的逐日降水量资料,基于1981—2010
年平均的东北区域平均5点平滑后的逐日降水量序
列研究东北雨季的客观识别方法, 并通过对比试验
和环流分析来验证其可靠性, 以期为国家气候监测
业务提供技术支撑.

2 资料和方法

2.1 资 料

站点资料方面: 采用由国家气候中心提供的全
国 2400站高分辨率逐日降水量资料, 经过质量控
制得到 1961—2011年东北三省 102站逐日降水量
资料,站点分布如图 1所示. 格点资料方面: 采用美
国环境预报中心和国家大气研究中心再分析的逐

日位势高度场和风场资料 (分辨率为2.5◦ × 2.5◦).

2.2 方 法

2.2.1 统计分析方法

本文主要采用 5天滑动平均方法对东北区域
多年平均的 3月 30日—11月 2日的逐日降水量序
列进行平滑, 从而研究东北盛夏雨季的客观识别方
法. 其中, 平滑后序列的第一天为 4月 1日, 最后一
日为 10月 31日. 并采用合成分析及差值 t检验方

法分析东北盛夏雨季前、中、后期的环流差异. 文中
提到的多年平均均指1981—2010年的气候平均值.

52ON

50ON

48ON

46ON

44ON

42ON

40ON

120OE 124OE 128OE 132OE

图 1 东北区域站点分布图

2.2.2 东北区域多年平均盛夏雨季的客观
识别方法

分析东北区域多年平均盛夏雨季客观识别方

法是研发东北区域历年盛夏雨季客观识别方法的

基础. 设定当 ri稳定通过某阈值 (yz)的第一天所

在日期为东北区域多年平均盛夏雨季的开始日期

(ks)或结束日期 (js), 即:

当4月1日 < i < 7月31日时, 若ri > yz,

且ri+1 > yz, 则ks = min(i); (1)

当8月1日 < i < 10月31日时, 若ri < yz,

且ri+1 < yz, 则js = min(i), (2)

其中, ri为东北区域多年平均的逐日 5天滑动平均
雨量序列 (i为日期, 范围是 4月 1日—10月 31日);
阈值 (yz)选取方法有多种 [27], 需要后文对 ri进行

综合分析来确定.

2.2.3 东北区域历年盛夏雨季客观识别的
对比试验方案

历年东北区域盛夏雨季的客观识别方法是在

多年平均盛夏雨季识别方法的基础上, 进一步通
过对比试验确定通过阈值后, 连续超过阈值天数n,
从而最终得到的客观识别方法. 连续通过阈值天数
n需要进行不同标准的对比试验来确定. 对于历年
雨季开始日期的识别采用以下4组试验.

从 6月 1日开始, 当某年某日的 ryi > 2R, 且
东北区域内有 50% 以上站点的 rs > 2r̄, 则将该日
作为盛夏雨季开始的待定日, 如果之后连续n天都

满足 ryi > 2R, 则将待定日确定为盛夏雨季开始
日 (ks1). 其中, n = 0为试验一, n = 3 为试验二,
n = 4为试验三, n = 5为试验四.
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对于雨季结束日期的识别也采用 4组试验. 从
7月 1日开始, 当某年某日的 ryi < 2R, 且东北区
域内有 50% 以上站点的 rs < 2r̄, 则将该日作为盛
夏雨季结束的待定日, 如果之后连续n天都满足

ryi < 2R, 则将待定日确定为盛夏雨季结束日 (js1).
其中, n = 5 为试验一, n = 6为试验二, n = 7为试

验三, n = 8为试验四.
其中, ryi为东北区域平均的某年逐日5天滑动

平均雨量序列 (y为年份, 范围是 1961—2011年; i

为日期, 范围是 4月 1日—10月 31日); 2R为东北

盛夏雨季阈值, 是东北区域多年平均的逐日 5天滑
动平均雨量 (共 365天, 剔除闰年 2月 29日)平均值
的2倍; rs为 ryi对应日期的某日单站逐日5天滑动
平均雨量,下标 s代表不同站点; 2r̄ 为 ryi 对应年份

的单站逐日 5天滑动平均雨量 365天平均值的 2倍;
n为 ryi第一天通过阈值以后连续通过阈值的天数,
在后文的对比试验中确定.

3 东北地区月降水量的分布和演变的
气候态特征

应用东北区域盛夏雨季客观识别方法, 确定盛
夏雨季开始和结束日期的同时, 有必要分析多年平
均雨季可能开始和结束月份 (5—10月)的逐月降水
量变化和分布特征.

东北地区降水变化的区域差异比较明显. 降水
量呈现东南部多于西北部, 即沿海大于内陆的分布
特征. 5 月东北地区没有出现 100 mm以上降水量
的站点, 辽宁东部和吉林东部降水量较大, 黑龙江
西部、北部及吉林西部降水量较少; 6月降水量较 5
月整体增加, 辽宁东部和吉林东部降水量最先超过
了100 mm, 吉林西部和黑龙江西部、北部降水量较
少; 7月和8月东北地区降水量超过100 mm的范围
明显扩大, 是降水量最多的两个月. 9月和 10月全
区降水量较 8月整体减少. 从 5—10月东北地区逐
月降水量的变化来看, 降水量的增加首先出现在东
北地区东南部 (即辽宁东部和吉林东部), 然后逐渐
向西北扩展, 这一特征在一定程度上反映了东北地
区雨季首先从东南沿海开始, 然后逐渐向西北内陆
推进的过程. 其中, 6月和7月的降水量分别较上个
月有明显的增加, 9月降水量较 8月有明显减少, 说
明雨季开始日期更倾向于出现在 6月底或 7月, 结
束日期则更倾向于出现在 8月底或 9月, 盛夏雨季
应主要集中在7月和8月.

尽管东北地区东南部和西北部月降水量有一

定差异, 但全区域 5—10月逐月降水量变化在空间
上却有明显的一致性特征. 除 7月份第一模态方差
贡献率约为 30% 以外, 其余月份的方差贡献率均
在 40% 左右. 各月降水量经验正交函数 (EOF)第
一模态的空间向量均体现了东北全区域一致的异

常变化特征. 说明从整个东北区域的角度来研究东
北地区雨季开始和结束日期的划分标准在一定程

度上是合理的.

4 东北区域多年平均盛夏雨季的客观
识别方法

在研究雨季客观识别方法、划分雨季起止日期

时, 需要对雨季开始或结束日期的雨量标准进行分
析和界定. 到目前为止, 有关雨季起止日期标准的
研究多采用日雨量和候雨量的变化来定义 [5,6]. 显
然, 日雨量相对候雨量来说更加精确, 但日尺度降
水的波动较大. 因此, 本研究主要分析逐日雨量 5
天滑动平均序列的演变特征.

以往的雨季划分研究中 [11,13], 通常有两种阈
值进行分析: 阈值一 (以下简记为 2R): 采用东北
区域多年平均的 365日雨量 5天滑动平均值的 2倍;
阈值二 (简记为R): 采用东北区域多年平均的 365
日5天滑动平均雨量的平均值.

图 2 (a)给出东北区域多年平均的 4月 1日
—10月 31日逐日 5天滑动平均雨量变化曲线 (即
ri). 可见, 4月 1日—5月21日, ri在波动中缓慢上
升; 5月 22日—6月 30日, ri 有两次陡升, 第一次
陡升与R出现交点, 交点出现在 5月 26日, 时值初
夏, 这次陡升应该与初夏东北冷涡系统对东北地区
降水量的影响有关 [14]. 第二次陡升与 2R出现交点

(对应第一个阴影区域), 第二次陡升较第一次更为
明显, 且第二次陡升与 2R相交的时间在 6月 26日,
与前述分析的雨季开始日期可能发生在 6月底或 7
月符合. 由于 7月和 8月属于盛夏 [14], 因此该日期
可认为是东北盛夏雨季 (为与冷涡雨季对应, 这里
称为盛夏雨季)的开始日期. 第二次陡升以后, ri仍
在上升, 并在 7月下旬到 8月初达到峰值. 8月 8日
—10月31日, ri出现两次陡降和一次缓降, 其中前
两次为陡降. 第一次陡降后, 降水量仍较大 (大于
2R), 不适合作为盛夏雨季结束日期的标准. 而第
二次陡降 (对应第二个阴影区域)过程中, 降水量明
显减少, 且 ri与 2R出现两个交点, 稳定小于 2R的
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交点出现在8月30日. 第三次缓降过程应属于雨季
结束后降水量的缓慢减少过程.

综上所述, 东北盛夏雨季开始日期应该出现在
ri的第二次陡升过程中, 结束日期应该出现在第二
次陡降过程中. 结合对 ri和阈值的比较分析, 初步
把盛夏雨季开始日期定义为第二次陡升过程中, 逐
日 5天滑动平均雨量稳定超过 2R的日期, 结束日
期定义为第二次陡降过程中, 逐日 5天滑动平均雨
量稳定小于 2R的日期. 即东北区域多年平均盛夏
雨季开始日期为6月26日, 结束日期为8月30日.

定义一个区域的雨季开始和结束日期, 除考虑
降水量的变化外, 很大程度上还要考虑降水范围
的大小. 图 2 (b)给出东北区域 102站单站降水量
超过 2R的站点数占东北区域总站数的百分比. 由
图 2 (b)可见, 百分比稳定超过 (低于) 50% 的日期
出现在6月26日 (8月30日),该日期与图 2 (a)中 ri

稳定超过或低于阈值 2R的日期完全一致. 这进一
步证明了之前对于东北盛夏雨季起止日期定义的

合理性.
此外, EOF分析的多年平均逐日时间系数变

化可以在很大程度上反映季节变化特征. 图 3给

出东北区域 1981—2010年平均的逐日 (365天)滑

动平均雨量EOF第一模态分布及相应多年平均逐
日滑动平均雨量时间系数的变化. 可见, EOF第一
模态空间向量反映了全区一致的变化特征. 多年
平均的逐日标准化时间系数的变化曲线与图 2 (a)
给出的东北区域多年平均逐日雨量的变化几乎是

一致的. 气候分析中常把标准化时间系数大于1或
小于−1的情况认为是异常情况. 逐日滑动平均雨
量的标准化时间系数大于 1的情况可以认为是一
年中雨量较多的日期, 标准化时间系数大于 1和小
于 1的情况同样可以理解为雨季和非雨季的差别.
由图 3 (b)可见, 标准化时间系数在 6月 26日稳定
大于 1, 在8月 30日稳定小于 1, 这与之前定义的东
北雨季开始和结束日期完全一致. 因此, 逐日雨量
EOF第一模态分布及相应多年平均逐日标准化时
间系数的变化进一步表明了东北区域降水变化的

一致性特征及季节变化特征, 同时也进一步说明之
前以 2R作为阈值确定的东北区域多年平均盛夏雨

季开始和结束日期的合理性.
通过以上分析, 将 2R作为判断东北盛夏雨季

的阈值, 以 ri稳定大于 (小于)2R的日期来定义东
北区域多年平均盛夏雨季的起 (止)日期. 东北区域
多年平均盛夏雨季ks的客观识别方法可概括为:当
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图 2 4月 1日—10月 31日东北区域多年平均 (a) 逐日 5天滑动平均雨量曲线 (单位为mm); (b) 单站逐日 5天
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4月 1日< i < 7月 31日时, 若 ri > 2R, 且 ri+1 >

2R, 则ks = min(i). 东北区域多年平均盛夏雨季 js
的客观识别方法为: 当8月1日< i <10月31日时,
若 ri < 2R, 且 ri+1 < 2R, 则 js = min(i).

基于该客观识别方法, 对东北区域多年平均逐
日 5天滑动平均雨量曲线进行识别, 可将东北区域
多年平均盛夏雨季开始日期定义为6月26日, 结束
日期定义为8月30日.

5 历年东北区域盛夏雨季的客观识别

由于以上分析的 ri经过了区域平均之后再做

30年平均, 多次平均之后的结果实际上平滑掉了降
水量变化的区域差异和年际波动的信息. 从图 2 (a)
中 ri的变化就可看出, 在 6月 26日超过 2R之后一

直稳定地大于 2R, 至8月30日下降至低于 2R之后

也比较稳定, 即波动比较小. 而实际业务中发现,
东北区域历年逐日 5天滑动平均雨量围绕 2R的上

下波动是比较明显的. 因此, 在确定逐年雨季开始
和结束时间的划分标准时, 逐日滑动平均雨量超过

2R和低于 2R 的持续时间是必须考虑的重要方面.
那么究竟持续多少日比较合适? 定义的标准太高
或太低所得到的结果都会有一定的差异. 这里我们
根据日滑动平均雨量连续超过 2R的日数准备了不

同的试验, 通过对比试验来进一步研究合适于东北
区域盛夏雨季开始和结束日期的判定标准.

5.1 开始日期

根据 2.2.3中给出的对比试验方案对盛夏雨季
的开始日期进行客观识别. 表 1给出采用前述四个

对比试验对 1961—2011年东北盛夏雨季开始 (结
束)日期的划分结果, 其中日期序号为盛夏雨季开
始 (结束)日期距离 4月 1日的天数加 1. 东北区域
多年平均盛夏雨季开始日期为 6月26日, 日期序号
为87. 由1961—2011这51年的平均日期序号可见,
87介于试验三和试验四之间; 从 1981—2010这 30
年的平均日期序号可见, 87 介于试验二和试验三
之间. 初步认为, 试验三更适合作为判断盛夏雨季
开始日期的标准.

表 1 不同标准对 1961—2011年东北盛夏雨季开始 (结束)日期的划分结果

年份
试验一 试验二 试验三 试验四

日期序号 日期序号 日期序号 日期序号

1961 67* (137) 67* (148) 67* (160) 91 (160)

1962 66* (156) 97 (156) 97 (156) 97 (156)

1963 81 (139) 81 (139) 81 (139) 81 (139)

1964 72 (158) 72 (158) 72 (158) 72 (158)

1965 89 (142) 89 (142) 89 (142) 99 (142)

1966 65* (156) 65* (156) 65* (156) 65* (156)

1967 68* (134*) 68* (134*) 68* (134*) 68* (134*)

1968 70* (133*) 70* (150) 95 (150) 95 (150)

1969 64* (125*) 89 (125*) 89 (125*) 106** (161)

1970 85 (136*) 85 (136*) 107** (136*) 107** (136*)

1971 71* (183*) 71* (183**) 71* (183*) 71* (183*)

1972 78 (144) 90 (155) 90 (155) 113** (155)

1973 80 (155) 80 (155) 80 (155) 80 (155)

1974 65* (139) 80 (139) 80 (139) 80 (139)

1975 69* (131*) 69* (140) 86 (140) 94 (140)

1976 71* (148) 71* (148) 71* (148) 71* (148)

1977 66* (139) 74 (139) 74 (139) 84 (139)
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表 1 不同标准对 1961—2011年东北盛夏雨季开始 (结束)日期的划分结果 (续)

年份
试验一 试验二 试验三 试验四

日期序号 日期序号 日期序号 日期序号

1978 73 (162) 73 (162) 73 (162) 73 (162)

1979 73 (132*) 89 (132*) 89 (145) 89 (145)

1980 67* (128*) 67* (128*) 75 (128*) 75 (128*)

1981 85 (151) 85 (151) 85 (151) 85 (151)

1982 107** (158) 107** (166) 107** (166) 107** (166)

1983 69* (136*) 69* (136*) 69* (136*) 69* (136*)

1984 70* (156) 70* (156) 70* (156) 70* (156)

1985 75 (165) 75 (165) 101 (165) 101 (165)

1986 82 (178**) 82 (178**) 82 (178**) 92 (178**)

1987 71* (166) 95 (166) 95 (166) 95 (166)

1988 69* (130*) 82 (130*) 98 (130*) 98 (130*)

1989 80 (130*) 80 (130*) 80 (130*) 80 (130*)

1990 75 (132*) 75 (161) 75 (161) 75 (161)

1991 77 (140) 77 (148) 77 (148) 77 (148)

1992 73 (145) 73 (145) 73 (145) 73 (145)

1993 73 (157) 76 (157) 76 (157) 76 (157)

1994 93 (155) 93 (155) 93 (155) 93 (184**)

1995 88 (166) 88 (166) 88 (166) 88 (166)

1996 82 (145) 82 (145) 97 (145) 97 (145)

1997 71* (165) 105** (165) 130** (165) 130** (165)

1998 79 (157) 79 (157) 79 (157) 79 (157)

1999 91 (144) 91 (163) 91 (163) 91 (163)

2000 117** (133*) 117** (164) 117** (164) 117** (164)

2001 88 (141) 88 (141) 103** (141) 127** (141)

2002 79 (142) 79 (142) 79 (142) 79 (142)

2003 81 (142) 81 (142) 81 (142) 93 (142)

2004 101 (144) 101 (144) 101 (144) 101 (144)

2005 73 (153) 73 (153) 80 (162) 80 (162)

2006 79 (148) 79 (148) 84 (148) 84 (148)

2007 99 (153) 99 (153) 99 (153) 99 (153)

2008 89 (138) 89 (155) 89 (155) 89 (155)

2009 80 (135*) 80 (135*) 80 (135*) 80 (135*)

2010 103** (166) 103** (166) 103** (166) 103** (166)

2011 74 (152) 74 (152) 74 (152) 109** (152)

51年平均 78.7 (147.1) 82.2 (150.2) 85.8 (150.9) 89.2 (152.1)

30年平均 83 (149.0) 85.4 (152.7) 88.9 (153.0) 91.5 (154.0)

注: “*”代表偏早年; “**”代表偏晚年.
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由表 1可见, 东北盛夏雨季开始日期的序号的
逐年波动较大, 这里把开始日期序号小于 72 (相对
多年平均雨季开始日期偏早 15天以上)的年份认
为是雨季开始日期偏早年, 把开始日期序号大于
102 (相对多年平均雨季开始日期偏晚 15天以上)
的年份认为是雨季开始日期偏晚年. 按照该方法,
试验一中有17年属开始日期偏早年, 3年属偏晚年;
试验二中有 9年属开始日期偏早年, 4年属偏晚年;
试验三中有 7年属开始日期偏早年, 6 年属偏晚年;
试验四中有 6年属开始日期偏早年, 9年属偏晚年.
其中试验二和试验三偏早年和偏晚年总数最少, 为
13年. 但试验三中偏早年和偏晚年数更为接近, 说
明试验三规定的开始日期更为适中. 因此, 选取试
验三作为判断东北盛夏雨季开始的标准相对更为

合适.

5.2 结束日期

同样根据 2.2.3中给出的对比试验方案对盛夏
雨季结束日期进行客观识别. 由于东北区域多年平
均盛夏雨季结束日期为 8月30日, 日期序号为 152.
从 1961—2011年的平均日期序号可见, 152介于试
验三和试验四之间; 从 1981—2010年的平均日期
序号可见, 152介于试验一和试验二之间. 由表 1可

见, 各种试验的平均结束日期序号相差很小, 这与
开始日期的情况有一定差别.

把结束日期序号小于 137 (相对多年平均雨季
结束日期偏早 15天以上)的年份认为是雨季结束
日期偏早年, 把结束日期序号大于 167 (相对多年
平均雨季结束日期偏晚 15天以上)的年份认为是
雨季结束日期偏晚年. 按照该方法, 试验一中有 13
年属结束日期偏早年, 2年属偏晚年; 试验二中有 9
年属结束日期偏早年, 2年属偏晚年; 试验三中有 8
年属结束日期偏早年, 2年属偏晚年; 试验四中有 7
年属结束日期偏早年, 3年属偏晚年. 其中试验二、
试验三和试验四偏早年和偏晚年比较一致, 说明虽
然标准不断提高, 但确定的盛夏雨季结束日期已逐
渐趋于稳定. 之前分析认为, 试验二或试验三更适
合, 而试验三的偏早和偏晚年数总和相对试验二更
少. 因此, 选取试验三作为判断东北盛夏雨季结束
的标准相对更为合适.

综上所述, 东北盛夏雨季开始 (ks1)和结束
(js1)日期的划分标准分别为:

当6月1日< i < 10月31日时, 若 ryi > 2R,

且至少50% 站点的rs > 2r̄, 且ryi+n > 2R

(n = 1− 4), 则 ks1 = min(i); (3)

当7月1日< i < 10月31日时, 若 ryi < 2R,

且至少50% 站点的rs < 2r̄, 且ryi+n < 2R

(n = 1− 7), 则 js1 = min(i). (4)

6 盛夏雨季前、中、后期的环流场对比
分析

6.1 500 hPa位势高度场对比

图 4分别给出盛夏雨季开始之前一个月 (6月
1日—6月 25日), 盛夏雨季期间的两个时段 (6月
26日—7月 31日及 8月 1日—8月 31日), 和盛夏
雨季结束后一个月 (9月 1—9月 30日)的多年平均
500 hPa位势高度场分布图. 由图 4 (a)可见, 6月 1
日—6月 25 日 500 hPa位势高度场的多年平均情
况是: 西太平洋副热带高压位脊线位于 20◦ N附
近, 西伸脊点位于 125◦ E附近. 由图 4 (b)可见, 6
月 26日—7月 31日, 副高脊线北跳至 25◦ N附近,
且略有西伸, 西伸脊点位于 122◦ E附近. 根据孙欣
等 [13] 的研究, 副高第二次北跳 (通过 25◦ N)后, 雨
带位置开始北推至华北和东北南部. 本文的盛夏
雨季开始日期与该结论一致. 由图 4 (c)可见, 8月1
日—8月31日, 副高脊线进一步北跳至30◦ N附近,
更有利于东北地区降水增多. 由图 4 (d)可见, 9月
1—9月30 日, 副高脊线已南撤至 26◦ N附近, 并有
明显的东退, 西伸脊点位于 135◦ N附近. 即副高的
两次北进恰好对应在盛夏雨季期间, 而盛夏雨季之
前副高脊线偏南, 盛夏雨季之后副高开始南撤. 可
以证明本研究对东北盛夏雨季起止日期的客观识

别是合理的.

6.2 850 hPa风场对比

图 5分别给出盛夏雨季开始之前一个月盛夏

雨季期间的两个时段和盛夏雨季结束后一个月的

多年平均 850 hPa风场分布图. 由图 5 (a)可见, 6
月 1日—6月 25日, 东北地区主要受来自上游中高
纬内陆地区的偏西风控制. 由于副高位置偏南, 来
自西太平洋绕副高西侧北上的暖湿气流影响日本

地区, 东北区域没有充分的水汽输送条件. 东北北
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图 4 (a) 6月 1日—6月 25日, (b) 6月 26 日—7月 31, (c) 8月 1日—8月 31日, (d) 9月 1—9月 30日的
500 hPa多年气候平均位势高度场 (单位为 hPa)

部上空为一气旋式环流, 该气旋式环流可能是东
北冷涡的作用. 这与沈柏竹等 [14]的结论: “东北地
区初夏 (5月和 6月)降水异常以冷涡活动的影响为
主.” 一致. 由图 5 (b)可见, 6月 26日—7月 31日,
东北地区开始受西南暖湿气流的控制 (盛夏雨季开
始), 此时西南气流主要影响东北地区南部和东部,
而西北部受弱的气旋式环流控制, 可能还受残留东
北冷涡的影响. 影响东北地区的西南气流主要来自
印度洋, 这主要是受印度季风影响. 而副高西北侧
的西南气流对东北地区的影响相对较小. 由图 5 (c)
可见, 8月 1日—8月 31日, 随着副高进一步北跳,
副高西侧的偏南气流与来自印度洋的西南气流汇

合后, 共同影响东北地区中部和南部, 西北部的偏
西气流主要是来自印度洋的暖湿气流, 说明雨带
进一步到达东北地区西北部. 由图 5 (d)可见, 9 月
1—9月 30日, 控制东北地区上空的西南气流消失,
东北地区重新受到由上游内陆中高纬地区吹来的

干冷的偏西气流控制, 盛夏雨季结束.
总体来看, 雨带是呈东北 -西南向, 由东北地区

东南部向西北部推进, 盛夏雨季期间, 东北地区主
要受来自印度洋和副高西北侧的西南气流控制. 而
盛夏雨季开始之前和结束之后的一个月, 东北地区
主要受来自上游中高纬内陆地区的偏西风控制.

由图 5 (e)可见, 盛夏雨季前半段的 850 hPa风
场与盛夏雨季前一个月的差值在中国东部为偏南

风分量, 由印度洋和太平洋北上到达东北南部的偏
南风差值通过了0.01信度的显著性检验. 由图 5 (f)
可见, 盛夏雨季结束后一个月与盛夏雨季后半段的
850 hPa风场差值在中国东部为偏北风分量, 且东
北地区上空的西北风差值通过了 0.01 信度的显著
性检验. 差值图说明盛夏雨季影响东北地区的偏南
风分量要显著强于非雨季. 又因雨季和非雨季时间
段均是基于之前定义的盛夏雨季起止日期来选取

的, 故也表明东北盛夏雨季起止日期的客观识别是
合理的.

6.3 200 hPa纬向风场对比

图 6分别给出盛夏雨季开始之前一个月盛夏

雨季期间的两个时段和盛夏雨季结束后一个月的

多年平均 200 hPa风场分布. 由图 6 (a)可见, 6月1
日—6月25日, 副热带西风急流轴位于38◦ N附近,
处于东北地区南侧, 急流轴强度相对较强, 中心风
速大于 30 m/s. 由图 6 (b)可见, 6月26日—7月31
日, 副热带西风急流轴略有北移, 位于 40◦ N附近,
急流轴强度相对较弱, 中心风速为 20—30 m/s. 由
图 6 (c) 可见, 8月 1日—8月 31日, 副热带西风急
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流轴的南北位置与图 8 (b)的情况相比只有略微北
移, 急流轴强度相对较弱, 中心风速为 20—30 m/s.
由图 6 (d)可见, 9月1—9月30日,副热带西风急流
轴仍位于 40◦ N附近, 急流轴强度较盛夏雨季期间
加强, 中心风速大于30 m/s.

综上分析, 急流轴强度是影响东北地区降水的
主要因素. 非雨季急流轴相对较强, 雨季急流轴相
对较弱. 图 6 (e)为东风差值, 急流核入口区北侧高
空为辐散气流, 导致急流核北侧为上升运动, 有利
于降水偏多; 图 6 (f)为西风差值, 西风急流核入口

区北侧高空为辐合气流, 导致急流核北侧为下沉运
动, 有利于降水偏少 [27].

在 30◦ N附近 (东北地区南部), 盛夏雨季前半
段与盛夏雨季之前一个月 200 hPa纬向风场差值为
负, 且通过了显著性检验 (图 6 (e)), 说明盛夏雨季
期间, 西风急流轴要显著弱于非雨季. 图 6 (f)与 (e)
的情况基本相反, 虽然差值的显著区位置略有北
移, 但仍位于东北地区南部. 差值图说明, 雨季的
副热带西风急流轴显著弱于非雨季. 同样证明对东
北盛夏雨季起止日期客观识别的合理性.
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图 5 (网刊彩色) (a) 6月 1日—6月 25日, (b) 6月 26日—7月 31日, (c) 8月 1日—8月 31日, (d) 9月 1—9月
30日的 850 hPa多年气候平均风场及 (b)−(a)的差值检验 (e), (d)−(c)的差值检验 (f) (单位为m/s)
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图 6 (网刊彩色) (a) 6月 1日—6月 25 日, (b) 6 月 26日—7月 31日, (c) 8月 1日—8月 31日, (d) 9月 1—9
月 30日的 200 hPa多年气候平均纬向风场及 (b)−(a)的差值检验 (e), (d)−(c)的差值检验 (f) (单位为m/s)

7 结 论

通过对东北区域 5—10月降水量的分布和演
变特征和逐日 5天滑动平均雨量变化的分析, 对东
北盛夏雨季前、中、后期各层环流场的对比研究, 以
及多种标准的对比试验, 得到以下结论.

1) 综合考虑东北地区降水的逐月分布和演变
特征, 并结合对历年东北区域逐日 5天滑动平均雨
量的综合分析, 研发了东北区域历年盛夏雨季开始
和结束日期的客观识别方法. 东北区域历年盛夏
雨季开始日期的客观识别: 当 6月 1日< i < 10月

31日时, 若 ryi > 2R, 且至少 50% 站点的 rs > 2r̄,
且 ryi+n > 2R (n = 1—4), 则 ks1 = min(i). 结
束日期的客观识别: 当 7月 1日< i < 10月 31日

时, 若 ryi < 2R, 且至少 50% 站点的 rs < 2r̄, 且
ryi+n < 2R (n = 1—7), 则 js1 = min(i). 同时, 基
于对 1981—2010年东北区域逐日降水气候态的分
析, 确定了东北区域多年平均盛夏雨季的开始日期
为6月26日, 结束日期为8月30日.

2) 500 hPa位势高度场上, 副高的两次北进恰
好对应在东北盛夏雨季期间, 而雨季之前副高脊线
偏南, 雨季之后副高开始南撤; 850 hPa风场上, 东
北盛夏雨季期间, 影响东北地区的偏南风分量要显
著强于非雨季期间; 200 hPa纬向风场上, 东北盛夏
雨季期间的副热带西风急流轴显著弱于非雨季. 这
进一步证明了对东北区域多年平均盛夏雨季起止

日期定义的合理性.
基于本文的客观识别方法得到的东北区域多

年平均盛夏雨季的开始和结束日期与王遵娅和丁
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一汇 [28]在采用侯雨量研究全国雨季的气候学特征

时, 对于东北地区得出的结论: “东北雨季开始于第
38候 (7月上旬), 结束于第 46侯 (8月中下旬)” 大
体一致. 区别在于采用日滑动平均雨量, 根据本文
的方法得到的东北盛夏雨季开始日期略早于上述

结论, 说明采用 1981—2010年作为气候平均态较
1971—2000年作为气候平均态, 东北盛夏雨季开始
日期有所提前. 同时该方法是基于一系列确定参数
阈值基础上的客观识别, 因此对于科研和气候预报
业务均有一定的参考价值.
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Objective identification study of midsummer rainy
season in the northeast China∗
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Abstract
Owing to the fact that the objective identification methods of rainy season are not totally identical in the three

provinces of Northeast China, no unified monitoring criterion of rainy season is available in this area. In order to
implement the regional key climate monitoring and to meet the needs of the national weather service, from the angle of
the whole region, based on the daily precipitation data of 102 observational stations, by comprehensively analyzing the
daily precipitation series disposed by 5-point moving average, the objective identification method of midsummer rainy
season in the northeast China is presented in this paper. Then based on the daily reanalysis data of wind field and
geopotential height field provided by NCEP/NCAR, the atmospheric circulation fields of different levels before, during
and after the midsummer rainy season are contrastively analyzed, and the rationality of the objective identification
method is validated. Finally, the partition criterion of the beginning and ending dates are determined. Results show
that: the average beginning and ending dates of midsummer rainy season in the northeast China respectively are June
26th and August 30th. The partition criterion of midsummer rainy season in the northeast China by using the objective
identification method is reasonable.

Keywords: northeast China, midsummer rainy season, beginning and ending dates, objective identifica-
tion
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Based on the 1983~2011 CMAP data, the precipitation anomaly in East Asia and its nearby sea regions (hereafter called East 
Asia for short) demonstrates the “++” pattern before 1999 and the “+” pattern afterwards; this decadal change is contained 
principally in the corresponding EOF3 component. However, the NCC_CGCM forecast results are quite different, which re-
veal the “++” pattern before 1999 and the “++” pattern afterwards. Meanwhile, the probability of improving 
NCC_CGCM’s forecast accuracy based on these key SST areas is discussed, and the dynamic-statistics combined forecast 
scheme is constructed for increasing the information of decadal change contained in the summer precipitation in East Asia. The 
independent sample forecast results indicate that this forecasting scheme can effectively modify the NCC_CGCM’s decadal 
change information contained in the summer precipitation in East Asia (especially in the area of 30°N–55°N). The ACC is 0.25 
and ACR is 61% for the forecasting result based on the V SST area, and the mean ACC is 0.03 and ACR is 51% for the seven 
key areas, which are better than NCC_CGCM’s system error correction results (ACC is 0.01 and ACR is 49%). Besides, the 
modified forecast results also provide the information that the precipitation anomaly in East Asia mainly shows the “++” pat-
tern before 1999 and the “+” pattern afterwards. 

abrupt decadal change, dynamic-statistics combined forecast scheme, summer precipitation, East Asia, sea surface 
temperature 
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The monsoon system of East Asia is characterized by typi-
cal decadal variations. For example, in the early 1980s, the 
monsoon of East Asia experienced a distinct decadal varia-
tion (Huang et al., 2011; Ding, 2007). Meanwhile, Kwon et 
al. (2007) pointed out that the summer monsoon of East 
Asia experienced another distinct variation at the end of 
1990s, which was characterized by the obvious increase of 
the summer precipitation in South China. Si and Ding (2013) 
identified the decadal variation as a significant northward 
movement of Meiyu rain belt of East Asian summer mon-
soon precipitation; Huang et al. (2011) also showed that the 

decadal variation caused a precipitation mode of abnormally 
less precipitation in the northern part of Eastern China and 
more precipitation in the Yangtze River and Jianghuai region.  

Meanwhile, as indicated in many researches (Graham, 
1994; Zhou and Huang, 2003; Fu et al., 2009; Huang et al., 
2011; Gong et al., 2013; Wang, 2012), the anomaly of glob-
al sea surface temperature (SST) exerts a significant influ-
ence on the monsoon system in East Asia and the decadal 
variation of summer precipitation anomaly. For example, 
Gong and Ho (2002) showed that the decadal warming of 
the SST in the eastern equatorial Pacific at the end of 1970s 
resulted in the expansion of the western Pacific subtropical 
high pressure area and the enhancement of its intensity, and 
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the direct result of its southward withdrawal was the in-
crease of the decadal scale of the summer precipitation of 
Yangtze River basin in East Asia. Zhou and Huang (2003) 
suggested that the jump of the decadal variation was closely 
related to the existence of an obvious decadal “ENSO” 
phenomenon in the tropical Pacific and that the Pacific De-
cadal Oscillation (PDO) is an important factor which con-
tributes to the atmospheric circulation of East Asia and the 
decadal variation of Chinese climate. Zhang et al. (2007) 
also emphasized the phenomenon that the summer monsoon 
circulation of East Asia and the decadal variation of sum-
mer precipitation pattern in the eastern East Asia share the 
same turning point with the phase variation of PDO and that 
the SST of north Pacific may be an important external forc-
ing factor of the East Asian summer monsoon circulation 
and the decadal variation of summer precipitation in Eastern 
China. Besides, the meteorologists have also conducted a 
large number of numerical experiments on the influence of 
SST anomaly on the East Asian monsoon system and sum-
mer precipitation. For example, Xu and Zhu (1999) studied 
the influence of ENSO events on the precipitation of East-
ern China under various decadal backgrounds by means of 
numerical experiments. Li et al. (2010) conducted numerical 
experiments, using CAM3 and GFDL AM2.1 models re-
spectively, to investigate the influence of tropical and global 
SST on summer monsoon of East Asia and summer precip-
itation of China, and verified that the increase of tropical 
SST, especially the decadal warming of tropical middle- 
eastern Pacific, was mainly responsible for the weakening 
of the East Asian summer monsoon at the end of 1970s. 
Obviously, we can have a deep understanding of the for-
mation mechanisms of the monsoon system of East Asia 
and the decadal variation of its precipitation through the 
researches on the decadal scale variation characteristics of 
the East Asian monsoon system and its relation with the 
external forcing such as SST.  

However, the main quandaries we have to overcome at 
present are that the dynamical model is relatively inefficient 
in forecasting the summer precipitation of East Asia (Li et 
al., 2005) and particularly that the forecasting ability of the 
short-term climate forecast model for the decadal variation 
is quite limited. Therefore, it is an important subject of cur-
rent climate variation research to explore the possible ways 
to improve the information of decadal variation in the sea-
sonal forecasts by using the existing research results of di-
agnostic analyses and numerical simulations based on the 
dynamical model.  

In respect of improving the accuracy of climate forecast, 
more and more attention is paid to the method which com-
bines dynamics and statistics. This method makes it possi-
ble to utilize the merits both in the statistical method and 
dynamical method, which may lead to a new development 
in climate forecast research (Chou, 2003). Chou (1986) the-
oretically discussed the practicability of the combination of 
statistics and dynamics in the short-term forecast. Pivoting 

on the development of the dynamic-statistic combined fore-
cast scheme, various forecasting methods have been pro-
posed successively, for example, multi-moment forecasting 
method using the past evolution information (Chou, 1974), 
similar dynamical method (Qiu and Chou, 1989; Huang   
et al., 1993), and the method based on the principle of au-
tomatic memory of atmosphere (Cao, 1993; Feng et al., 
2001). In recent years, centering on the principles of the 
methods which combine dynamics and statistics, the young 
researchers in China have developed a series of forecasting 
programs and strategies for application (Ren and Chou, 
2007; Zheng et al., 2009; Zhao et al., 2011), and extended 
these methods to the Yangtze River Basin (Wang et al., 
2011; Gong et al., 2012), Northeast China (Xiong et al., 
2011), North China (Yang et al., 2012), and other regions. 
Meanwhile, the researches on the precipitation forecast of 
different seasons such as autumn, spring, and winter (Wang, 
2001; Liu and Fan, 2012a, 2012b; Lang and Wang, 2010) as 
well as the spring dust dynamic-statistics forecast (Lang, 
2008) have also been carried out successively. Besides, the 
forecast method of annual increment takes the interaction of 
annual and decadal signals into consideration, which is im-
plemented based on the observation information of the pre-
vious year, being objective and accurate for both the dy-
namical model and the observation. This method has been 
effectively applied to the forecast of the summer precipita-
tion of the middle and lower reaches of the Yangtze River 
and North China (Fan and Wang, 2009a) as well as the im-
provement for East Asian summer monsoon forecast of Eu-
ropean coupling model (Fan et al., 2009b, 2012). 

However, due to the limitation in the length of data, es-
pecially model historical forecast (and hindcast) period, 
currently most of the dynamic-statistics combined forecasts 
focused on seasonal scale. How to improve the decadal cli-
mate variation information in the seasonal forecasts in a 
combined way of dynamic-statistics is a new scientific issue 
which deserves further research. Therefore, we attempted to 
analyze the decadal scale characteristics of summer precipi-
tation in East Asia and its offshore areas (hereafter called 
East Asia for short), and determine the key sea areas in the 
global SST field which have a significant correlation with 
decadal scale component of summer precipitation in East 
Asia. Based on the analysis above, we identified the fore-
casting errors of the NCC_CGCM for the decadal variation 
of summer precipitation in East Asia, and explored the pos-
sible reasons. Finally, we designed the dynamic-statistics 
combined forecast scheme and discussed how to improve 
the decadal variation information in the East Asian summer 
precipitation forecasts of NCC_CGCM.  

1  Data and methods 

1.1  Data 

The National Climate Center (NCC) has established the 
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short-term climate forecast model, which contains seasonal 
scale (NCC_CGCM), namely NCC/IAP T63 coupled ocean- 
atmosphere mode. The horizontal resolution is 1.875°× 
1.875°, and the vertical direction is 30 layers. The seasonal 
forecast is carried out monthly, and the monthly seasonal 
forecast is the ensemble mean of 48 members. Among them, 
the initial value of the atmospheric model uses the atmos-
pheric assimilation data of 00Z of the last eight days of the 
previous month. The ocean initial field is the marine assim-
ilation field obtained through the disturbance of the marine 
data assimilation system, and the combination of oceanic 
and atmospheric initial fields constitutes the initial value 
collection of seasonal forecasts. Note that only ensemble 
mean results for June–August from the integrations begin-
ning at the end of February (and the forecast is completed in 
March) in each year are selected (Ding et al., 2002; Li et al., 
2005). In this paper, the hindcast and forecast data of a total 
of 29 years from 1983 to 2011 were generated by 
NCC_CGCM (the forecast results of summer are directly 
used after 2005). The average results were interpolated to 
the space of 2.5°×2.5°. The total precipitation from June to 
August of the analytical data of CMAP (CPC Merged 
Analysis of Precipitation) is used as the observation data. 
The East Asian summer precipitation forecast error field is 
the difference value field of the two. The SST data of 
NOAA ERSST (Smith and Reynolds, 2003) from 1961 to 
2011 were also used in this paper. 

1.2  The dynamic-statistics combined forecast scheme 
of East Asian summer precipitation based on abrupt 
decadal change component  

Generally, the numerical forecast was put forward as the 
initial value problem of partial differential equations, and 
the model satisfied by the actual atmosphere can be repre-
sented as (Chou, 1986):   

 ( ) ( ),L E
t

  
 


 (1) 

where,  is model forecast variable, L is the differential 
operator of , and E is the error operator of the model, re-
flecting the unknown total error term in the model, namely 
model error. From the dynamical point of view, the histori-
cal data mastered by us were a series of special solutions of 
model forecast variable . 

The numerical model is a kind of approximation of actual 
behavior of atmosphere, and the existing models are still far 
apart from sufficient exactness. People have been trying to 
make the model have more reliable physical bases and more 
accurate numerical methods for many years, so as to reduce 
the model error E(). At the same time, a large number of 
observation data mastered by us are actually a series of spe-
cial solutions which satisfy the atmospheric motion equa-
tions. Therefore, from the perspective of the inverse prob-
lem, the information provided by these observation data can 

also be used to make up for the defects of the model so as to 
achieve the purpose of reducing model error. In other words, 
given the use of the erroneous information of the historical 
model % which is similar to , the forecast field is taken 

as a small disturbance, which is superimposed on the his-
torical similarity, and the statistically similar methods are 
taken to estimate the forecast error of the current model. 

At the same time, the actual atmosphere contains the in-
teractions of multiple scales such as seasonal and decadal 
and so on, which may lead to the forecast errors of different 
scales. Therefore, the model forecast error in eq. (1) can be 
understood as the superposition of multiple scale errors, as 
shown in eq. (2),   

 season decadal other( ) ( ( ),  ( ),  ( )),E f E E E     (2) 

where, f() is the superposition function of various scale 
model error, season ( )E  is the forecast error of seasonal scale, 

decadal ( )E  is the forecast error of decadal scale, and 

other ( )E  is the error of other time scales.  

In order to verify the contribution of the decadal compo-
nent in NCC_CGCM and historical actual situations, the 
wavelet filter method (Rasmusson et al., 1994) is used first 
to conduct the filter with a scale of 8–10 years for the model 
historical forecasts (and hindcast) and historical East Asian 
precipitation of the years from 1983 to 2012, respectively. 
Then the decadal components with a scale of more than 
8–10 years were obtained. Second, the correlation coeffi-
cients between the obtained components and the original 
sequence were calculated, and the spatial distribution map 
of the correlation coefficients is shown in Figure 1. It can be 
seen that, whether the actual situation or the model, most 
correlation coefficients of grid points are above 0.4, and 
they pass 95% of significance tests, indicating that the role 
of decadal scale component is very important. Finally, the 
variances of decadal component and original sequence are 
calculated, and the spatial distribution of the variance ratio 
of these two is also shown in Figure 2. It can be seen that, in 
the actual situations, the corresponding variance ratios of 
decadal components are basically above 0.1, with ratios 
above 0.3 in locations, whereas in the model results the 
variance ratios of decadal scale components basically reach 
above 0.5. Therefore, it is necessary to consider the corre-
sponding model forecast errors of decadal factors so as to 
improve the decadal change information contained in the 
seasonal model forecast results.  

The physical basis of climate forecast based on the dy-
namic-statistic lies in the similar behavior of the dynamic 
forecast result and forecast error under the condition that the 
similarity of initial state continues. It contains two aspects, 
namely, similarity and dynamic model, but the latter should 
dominate (Chou, 1986; Ren and Chou, 2005). In other 
words, the similarity of the initial states can last to a later 
period. In the later period, due to the similarity between the 
two states, the corresponding dynamic forecast result and  
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Figure 1  The Temporal Correlation Coefficients (TCC) distribution maps between low-frequency filter components of East Asian precipitation (a), model 
forecast (and hindcast) results (b) and the original field for 1983–2011, respectively. 

 

Figure 2  The variance contribution distribution maps between the low-frequency filter components of East Asian precipitation (a), model forecast (and 
hindcast) results (b) and the original field for 1983–2011, respectively. 

error behavior of the same period will also have similarity, 
and this belongs to the same period similarity relationship 
of deterministic system.   

The existence of various abnormal patterns in the SST 
field (i.e., PDO; Atlantic Multi-decadal Occasion, AMO etc.) 
will inevitably make SST anomalies of some key areas have 
a significant influence on East Asian monsoon system and 
its summer precipitation (Graham, 1994; Huang et al., 2011; 
Zhou and Huang, 2003; Zhang et al., 2007; Fu et al., 2009; 
Gong et al., 2013). One of the important premises on which 
NCC_CGCM can be used to correctly forecast the summer 
precipitation in East Asia must be that the model atmos-
phere can better respond to the external forcing of some key 
area SSTs (Liu and Wen, 2008; Wang et al., 2008). In other 
words, the similarity of key area SST in the early period 
may last to a late period, and the corresponding forecast 
error in the same late period has certain similarity. There-
fore, if the model has errors in the key area SST forecast, it 
is possible to improve the forecast error of the model 
through finding the similar information in historical forecast 
(and hindcast) based on single or multiple key area SSTs.  

On the strength of the above theories, provided here is 
the East Asian summer precipitation dynamic-statistics com-
bined forecast scheme. Figure 3 shows the flowchart of the 

corresponding forecast scheme, and the main technical pro-
cesses are as follows:   

(1) Obtaining the forecast error set of the model for East 
Asian summer precipitation based on CMAP precipitation 
fields and model forecast field of NCC_CGCM of past 
years; Conducting EOF decomposition to the East Asian 
summer precipitation and determining the EOF components 
which contain the significant characteristics of decadal var-
iations of East Asian summer precipitation and their corre-
sponding time coefficients.    

(2) Calculating correlation coefficients between the time 
coefficients of EOF components and global SST field, and 
determining the significant correlated key sea areas; Ana-
lyzing the correlation between the key area SSTs and the 
East Asian summer precipitation forecast error set. The bet-
ter the correlation is, the more likely the area is to be used 
for the selection of the historically similar error information. 

(3) Based on the SST average value curves of the key sea 
areas, which have good correlations with East Asian sum-
mer precipitation forecast error, the historical years which 
are most similar to the SST status of current actual situation 
are selected, and the forecast errors of the models of these 
similar years for East Asian summer precipitation are also 
extracted.  
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Figure 3  Flowchart of the dynamic-statistics combined forecast scheme of East Asian summer precipitation bases on decadal scale components.  

(4) Compounding the extracted historically similar errors 
composite with the East Asian summer precipitation fore-
cast result provided by the NCC_CGCM of March of cur-
rent year, then we can obtain the corrected forecast results. 

The error set in this scheme is obtained directly through 
the result of the forecast (and hindcast) of NCC_CGCM of 
past years minus the precipitation data of CMAP. Although 
such processing cannot separate the errors of seasonal scale 
from those of the other time scales because the key areas of 
SST selected may have a significant correlation with the 
decadal EOF components, we will get the years that have 
the similar decadal characteristics with the current year 
when we looked for the historically similar years based on 
the current SST index. In other words, the historical error 
information of these years will contain the similar decadal 
variation information. Based on this process, we may 

achieve the goal to increase the decadal variation infor-
mation in the seasonal forecast correction results. 

2  Decadal variation of East Asian summer pre-
cipitation 

The spatial distribution of the principal components of EOF 
of the East Asian summer precipitation from 1983 to 2011 
in Figure 4(a)–(c) shows: the first mode of the summer pre-
cipitation of the region (EOF1) is the land and sea differ-
ence mode, and its variance contribution is 16.7%; the sec-
ond mode (EOF2) is the one that positive and negative ap-
pear alternately from north to south, and the variance con-
tribution is 11.2%; the third mode (EOF3) from north to 
south is the mode of “++”, and the variance contribution is  
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Figure 4  Spatial distribution maps ((a)–(c)) and time coefficient ((e)–(f)) of principal components of EOF of summer precipitation in East Asia from 1983 
to 2011. (a) EOF1, variance contribution 16.7%; (b) EOF2, variance contribution 11.2%; (c) EOF3, variance contribution 8.8%; (d), (e) and (f) is corre-
sponding time coefficient of EOF1, EOF2 and EOF3, respectively, and the grey line is nine-point smooth curve.  

8.8%. In the components of EOF2 and EOF3, on the main-
land it shows “++” and north-south “+” modes, which is 
consistent with the relevant conclusions of the researches 
such as the division of summer rain type of East China pro-
vided by Wei and Zhang (1988) and the main mode of 
summer precipitation of East China given by Huang et al. 
(2011). The variance contributions of the three modes have 
passed the Monte_Carlo test with 95% of significance level, 
namely, each mode is mutually independent.  

Figure 4(d)–(f) show the time coefficient curves of EOF1, 
EOF2 and EOF3. It can be seen that EOF1 and EOF2 are 
shown more as inter-annual oscillations, whereas the deca-
dal mean value variation characteristics of EOF3 are prom-
inent. We used MTT method to detect the decadal phase 
adjustment for these three time coefficients (Figure 5(a)). 
Neither EOF1 nor EOF2 has a significant abrupt change, 
whereas the abrupt change exists in the time coefficient of 
EOF3 near 1998, which passes the 95% significance levels. 

Furthermore, the test results of BG algorithm (Gong et al., 
2006) are similar to those of MTT method (Figures not 
shown). Figure 5(b) and (c) shows the wavelet coefficient 
figure and wavelet varition of the time coefficient of EOF3. 
Also it can be seen that the abrupt change that passes 95% 
of significance levels exists in the time coefficient of EOF3 
around 1999.  

Figure 6(a) shows the latitude-time cross sections of the 
anomaly percentage of the East Asian summer precipitation 
along 90°E–145°E. It can be seen that the characteristics of 
decadal variation of East Asian summer precipitation anomaly 
in 30°N–55°N around 1999 are significant. Before 1999, the 
north (40°N–55°N) was moist, while the south (25°N–40°N) 
was droughty; from 1999, the north (40°N–55°N) is droughty, 
while the south (25°N–40°N) is moist. Many researches 
have also confirmed this kind of characteristics of East Asian 
summer precipitation (Shi et al., 1996; Zhang et al., 2007; 
Gong et al., 2012). Figure 6(b) shows the latitude-time cross  

 
Figure 5  MTT test of time coefficient of principal components of EOF of summer precipitation in East Asia from 1983 to 2011 (a), wavelet coefficient 
figure of time coefficient of EOF3 (b), and the correspondingwavelet variation (c). Two parallel straight lines in Figure 5(a) is the threshold value of 95% 
significance level, the maximal value in Figure 5(b) represents the existence of the corresponding quasi-periodic oscillation of abscissa table, and the shadow 
represents to pass the 95% of significance test.  
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Figure 6  Latitude-time cross sections of East Asian summer (Jun–Aug) precipitation anomaly percentage (%) along 90°E–145°E. Solid line and dotted line 
denotes positive and negative anomalies, respectively. Shadow denotes positive anomaly. (a) CMAP data; (b) NCC_CGCM forecast (and hindcast) results.  

sections of the anomaly percentage of the East Asian sum-
mer precipitation along 90°E–145°E as contained in the 
forecast (and hindcast) results of NCC_CGCM. It is obvi-
ous that the adjustment of the north-south drought and flood 
situation in the scope of 30°N–55°N around 1999 did not 
exist. The anomaly correlation coefficient (ACC) of the 
cross sections of the anomaly percentage in the scope of 
30°N–55°N between the CAMP and NCC_CGCM forecast 

(and hindcast) results is 0.01, and the anomaly symbol con-
sistent rate (ACR) is 49%.   

Figure 7 shows CMAP and NCC_CGCM forecast (and 
hindcast) results of the East Asian summer precipitation 
anomaly percentage composite maps of two periods of 
1983–1998 and 1999–2011. It can be seen that, in CMAP 
situation, the precipitation anomaly percentage of the for-
mer period presents the characteristics of “++” from north  

 

Figure 7  Composite maps of anomaly percentage (%) of summer precipitation in East Asia. Solid line and dotted line denotes the positive and negative 
anomalies, respectively. Shadow denotes the positive anomaly. (a1) and (b1) are respectively corresponding to the composite maps of 1983–1998 and 
1999–2011 of CMAP data; (a2) and (b2) are same as (a1) and (b1) but for NCC_CGCM forecast (and hindcast) results.  
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to south (Figure 7(a1)), whereas that of the latter period 
presents the contrary abnormal characteristics of “+” 
(Figure 7(b1)). In the forecast (and hindcast) results of 
NCC_CGCM, the precipitation anomaly percentage of the 
former period presents the characteristics of “++” from 
north to south (Figure 7(a2)), whereas that of the latter period 
presents the contrary abnormal characteristics of “++” 
(Figure 7(b2)). Therefore, it is necessary to improve the 
decadal variation information contained in the forecasts of 
NCC_CGCM for the summer precipitation in East Asia.  

3  Analysis of increasing decadal variation in-
formation in East Asian summer precipitation 
forecast 

The decadal adjustment of precipitation in East China is 
caused by the co-effect of external forcing and internal at-
mospheric process. To improve the decadal variation infor-
mation in the forecasts of NCC_CGCM for East Asian 
summer precipitation, it is essential to analyze the possible 
causes for the model forecast error. As the decadal variation 
of the East Asian summer climate has a close relationship 
with tropical eastern Pacific and north Pacific SSTs (Huang 
et al., 2007; Zhang et al., 2007; Deng et al., 2009), first the 
key areas of SST (hereafter referred to as key areas) have to 
be identified that have significant correlations with the ab-
rupt decadal change components, and the forecast ability of 
the model for these key area SSTs has to be analyzed. Then 
we can discuss the possibility of improving decadal varia-
tion information in the seasonal forecasts of NCC_CGCM 
for the East Asian summer precipitation. 

In the above-mentioned analysis, the abrupt change char-
acteristics of decadal scale exist in the time coefficients of 
EOF3, which denote the decadal phase adjustment of East 
Asian summer precipitation. We calculated the ACCs be-
tween the time coefficient of EOF3 and the global SST field 
in March (mainly considering that the forecast of East Asian 
summer precipitation is always done in late March) (Figure 
8). EOF3 of East Asian summer precipitation is significantly 
and negatively correlated with SSTs in west wind drift area, 
western equatorial Pacific, regions of southwestern side of 
Australia, and southwestern tip of South America; it is sig-
nificantly and positively correlated with the SSTs in north-
west Indian Ocean as well as middle and eastern parts of 
western equatorial Pacific. Correlations in these areas have 
passed the confidence degree of 0.05. Therefore, the signif-
icantly correlated areas of global SST field can be divided      

into seven different key areas (Figure 8). The negative cor-     
relation areas include Area I (20°N–42°N; 150°E–170°W), 
Area II (4°S–18°N; 128°E–154°E), Area III (30°S–12°S; 
128°E–170°W), Area IV (50°S–30°S; 70°E–110°E), and 
Area V (64°S–30°S; 94°W–80°W); the positive correlation 
areas include Area VI (12°S–10°N; 50°E–70°E) and Area 
VII (8°S–10°N; 168°E–170°W).  

On the basis of SST data and SST forecast results of 
NCC_CGCM of the key areas, we respectively calculated 
the yearly SST anomaly mean in March from 1983 to 2011 
as SST indices and forecast SST indices. As shown in Fig-
ure 9, most of the historical anomaly curves of SST indices 
contain the decadal adjustment characteristics around 1999. 
On this basis, we calculated ACCs and ACRs of these two 
types of indices (Table 1). The forecast skills of NCC_ 
CGCM for the SST of Area I, IV, and V are higher, the 
ACCs pass the 95% significant levels, and the ACRs are 
also above 65%. However, the forecast skills of NCC_ 
CGCM for the SST of Area II, III, VI, and VII are lower, 
none of the ACCs of the forecast results passes the 90% 
significant levels, and the ACRs mostly fluctuate around 
50%. 

The forecast effects of NCC_CGCM for SSTs of key ar-
eas are different, and thus in order to verify the relationship 
between precipitation forecast and SST forecast of model, it 
needs not only to consider the key areas with good forecast 
effects, but also to analyze those with poor forecast effects. 
According to Figure 9, we respectively selected five years 
with good forecast effect and five years with poor forecast 
effect for SSTs of key areas (Table 2). The methods for 
judging the years with good forecasts and the years with 
poor forecasts for SSTs of key areas are as follows: As for 
the former, the SST index anomaly symbol of the forecast 
results and the actual SST is consistent, and then the absolute  

 

Figure 8  The distribution of correlation coefficients between time coeffi-
cients of EOF3 of East Asia summer precipitation and SST in March dur-
ing 1983–2011. Area I–V is negative correlated, Area VI–VII is positive 
correlated.  

Table 1  the ACCs and ACRs between SST indices and forecast SST indices of NCC_CGCMa) 

 Area I Area II Area III Area IV Area V Area VI Area VII 

ACC 0.46* 0.12 0.04 0.34* 0.69* 0.17 –0.05 

ACR (%) 0.69 0.61 0.54 0.67 0.75 0.44 0.53 
a) * represents the area with good forecast effect.  
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Table 2  List of years with good and poor forecasts of NCC_CGCM for SSTs of key areas 

Key area Five years with good forecasts Five years with poor forecasts 

Area I 1992, 1993, 1997, 2000, 2011 1988, 1985, 2003, 2005, 2010 

Area II 1983, 1992, 2000, 1999, 2011 1984, 1986, 1989, 1998, 2006 

Area III 1983, 1987, 2003, 2004, 2005 1984, 1986, 1998, 1999, 2007 

Area IV 1983, 1986, 1993, 2004, 2011 1990, 1991, 1994, 1997, 2008 

Area V 1983, 1993, 2006, 2008, 2010 1984, 1988, 1997, 1999, 2011 

Area VI 1983, 2006, 2007, 2008, 2009 1988, 1994, 1998, 2001, 2005 

Area VII 1987, 1988, 1990, 1999, 2001 1984, 1989, 2002, 2003, 2008 

 

value of anomaly exceeds 0.5 times of standard deviation of 
index sequence; as for the latter, the SST index anomaly 
symbol of the forecast results is opposite to the actual situa-
tion, and then the absolute value of anomaly exceeds 0.3 
times of standard deviation (if taking 0.5 times of variance, 
some regions cannot reach the conditions, and thus we took 
0.3 times). Figure 10 shows East Asian summer precipita-
tion anomaly percentage composite maps which correspond 
to the years with good and poor forecast for SSTs of key 
areas. It can be seen that, in the years with good SSTs fore-
cast effects, the positive and negative anomaly centers of 
the model forecasts of summer precipitation anomalies in 
East Asia (Figure 10(b1)–(b7)) are mostly consistent with 
the actual situations (Figure 10(a1)–(a7)), and especially the 
forecast effect for north-south rain-belt is particularly sig-
nificant. On the contrary, in the years with poor forecast 

effects, the positive and negative anomaly centers of precip-
itation anomalies (Figure 10(d1)–(d7)) are relatively con-
sistent with the actual situations (Figure 10(c1)–(c7)). For 
the years with the good and poor forecasts effects of 
NCC_CGCM for SSTs of key areas, Table 3 respectively 
provides the average value of ACCs and ACRs between the 
East Asian summer precipitation forecast and actual situa-
tion. It can be seen that, except for the individual regions, 
the ACCs or ACRs of the years with good SSTs forecasts 
are higher than the situations of the years with poor fore-
casts. In other words, the overall forecast effects for SSTs of 
key areas in March may directly determine the forecast er-
rors of summer precipitation.  

Through the analyses of Tables 2 and 3, the following 
two points might preliminarily be verified. First, certain 
differences exist in the forecasts of the NCC_CGCM for  

Figure 9  Historical anomaly curves of March average SST of 
key areas. The solid line is observation, and the dotted line is 
NCC_CGCM hindcast and forecast (to increase the comparabil-
ity, and expand ten times of forecast results), (a)–(g) are respec-
tively corresponding to I–VII areas. 
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Figure 10  East Asian (10°N–55°N, 90°E–145°E) summer precipitation anomaly percentage composite maps which correspond to years with good and 
poor SST forecasts of NCC_CGCM. (a1)–(a7) are respectively corresponding to the CMAP precipitation anomaly percentages of the five years with good 
SST forecasts (and hindcast) of seven key areas; (b1)–(b7) are respectively corresponding to the model forecast precipitation anomaly percentages of the five 
years with good SST forecasts (and hindcast) of seven key areas; (c1)–(c7) and (d1)–(d7) are same as (a1)–(a7) and (b1)–(b7) but for poor SST forecasts years.  

SSTs of key areas, and these may cause different atmos-
pheric response in the late period, thereby forming East 
Asian summer precipitation forecast error. Second, as for 
the situation in which SSTs of key areas forecasts are good, 

the forecast errors in the late period are relatively small, 
which means it is possible to carry out the dynamic-statis-     
tics combined correction.  

Figure 11 shows the correlation distributions between  
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Table 3  The average value of ACCs and ACRs of East Asian summer precipitation of five years with good and poor forecasts for SSTs of key areas of 
NCC_CGCMa) 

Circumstances Method Area I Area II Area III Area IV Area V Area VI Area VII 

Five years with good  
forecast effect 

ACCs 0.01 0.24* 0.13* 0.21* 0.16* 0.12* –0.10 

ACRs (%) 47 53 53 57 61 46 43 

Five years with poor 
forecast effect 

ACCs –0.10 0.26* 0.08 0.21* 0.11 0.15* –0.15 

ACRs (%) 42 55 54 57 49 59 47 

a) The critical correlation value of 95% of significance is 0.11; * represents the situation which exceeds 95% significance levels.  

 

Figure 11  Spatial distribution maps of correlation coefficients between 
SST indices of key areas in March and summer precipitation forecast 
errors of NCC_CGCM. (a1)–(a7) are respectively corresponding to the 
correlation distributions of SST index of areas I–VII. 
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SST indices of key areas and summer precipitation forecast 
errors of NCC_CGCM. Area I has significant and negative 
correlations with the forecast errors mainly in the northern 
and southern East Asia, while it has a significant and posi-
tive correlation in the locations of sub-tropical western Pa-
cific (Figure 11(a1)). Area II mainly has significant and 
negative correlations with the regions such as west of the 
Lake Baikal, northeastern China, southern East Asia and its 
offshore, while it has significant and positive correlations 
with the regions such as the Yangtze River Basin and 
northern Japan (Figure 11(a2)). Area III mainly has signifi-
cant and negative correlations with the regions such as 
neighborhood of the Lake Baikal, southern East Asia and its 
offshore, while it has significant and positive correlations 
with the regions such as the middle of western East Asia 
and southeastern coastal areas in China (Figure 11(a3)). 
Area IV mainly has significant and negative correlations 
with northern East Asia, while it has significant and positive 
correlations with the waters near Taiwan (Figure 11(a4)). 
Area V mainly has significant and negative correlations 
with the regions such as the neighborhood of the Lake 
Baikal, southern East Asia and its offshore (Figure 11(a5)). 
The significant correlation areas of area VI are small, and 
only exist in the neighborhood of the Indochina Peninsula 
(Figure 11(a6)). Area VII mainly has significant and nega-
tive correlations with the regions such as middle-eastern and 
southeastern Northwest China, while it has significant and 
positive correlations with the regions such as northeastern 
China, southern East Asia, and the sub-tropical western Pa-
cific (Figure 11(a7)).  

The poor forecast effects of NCC_CGCM for the SST of 
key areas in March will cause the errors of late period at-
mosphere responses to the SST in the model. This process 
may cause forecast errors of summer precipitation, and this 
kind of error information may be also contained in the his-
torical results of forecast (and hindcast). Therefore, it can 
select the historical years in which SSTs of key area in 
March are similar to the actual situations in new-year, and 
correct the current model forecast results according to the 
summer precipitation forecast errors of similar years. This 
can make up for the late period forecast errors caused by the 
poor forecast of the model for SSTs of key areas. Chou 
(1974) also pointed out the importance and feasibility of 
using past historical data in the numerical weather forecast. 
Feng et al. (2013) adopted the method of dynamic-statistics 
combined method, used the historical data for forecast to 
make up for the defects of the dynamic model, and obtained 
good results in the real summer precipitation forecasts in 
China. Therefore, the dynamic-statistics combined forecast 
scheme in section 2.2 is an effective way in improving the 
forecast skill of NCC_CGCM for East Asian summer pre-
cipitation. Because we mainly considered the components 
of abrupt decadal change component of East Asian summer 
precipitation in the selection of key areas, it is possible to 
use the method to improve the decadal variation information 

in the year-by-year seasonal forecast results of NCC_CGCM.  

4  Dynamic-statistics error correction of deca-
dal variation in East Asian summer precipitation 
forecast 

We conducted the independent sample forecast tests of dy-
namic-statistics error correction of East Asian summer pre-
cipitation forecast of NCC_CGCM on the basis of the SST 
index of each single key area whose purpose was to im-
prove the decadal variation information contained in the 
model forecast results. As for the selection of similar years 
of SST index, we mainly calculated the difference between 
historical and current year, and the smaller the difference is, 
the more similar the years are. In this paper, we respectively 
took 1–9 years as the number of similar years and provided 
the average ACCs and ACRs of the dynamic-statistics error 
correction of East Asian summer precipitation based on 
SSTs indices of seven key areas. Figure 12 shows that, 
when the number of similar years is 1–6, ACR fluctuates; 
when the number of similar years is greater than 6, it de-
clines rapidly; when the number of similar years is respec-
tively 1, 3 and 5, it has a maximum value. When the number 
of similar years is 1 or 4–7, the value of ACC is large, and it 
is relatively more stable when the number is 4–7. Given that 
if the number of similar years is 1, i.e., only one year of 
historical similar information is used for correction of the 
model forecast, it may increase the forecast uncertainty. 
Therefore, we selected 5 similar years to conduct the dy-
namic-statistics error correction, and both ACC and ACR 
are good as this number. 

Figure 13(a1)–(a7) respectively show the latitude-time 
cross section of corrected East Asian summer precipitation 
anomaly percentage based on SST index of each single key 
area. In the corrected results of most areas, before 1999 
there was a continuously more precipitation in East Asian 
areas north of 40°N and a continuously less precipitation in 
the regions between 30°N and 40°N, whereas from the year  

 

Figure 12  Changes of ACR and ACC of average result of dynamic- 
statistics error corrections with selected number of similar years. 
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Figure 13  Latitude-time crosses section of corrected East Asian summer precipitation anomaly percentage (%) along 90°E–145°E. Solid line and dotted 
line denotes positive and negative anomalies. Shadow denotes positive anomaly. (a1)–(a7) are respectively corresponding to the correction results based on 
SST index of a single key area, (a8) is the average correction results of seven key areas. 

2000 the precipitation in the areas north of 40°N the data 
changed to be less and in the regions between 30°N and 
40°N changed to be more. This characteristic is consistent 
with the latitude-time cross section of CMAP data in Figure 
6(a). Compared with the NCC_CGCM system error correc-
tion results in Figure 6(b), this kind of correction represents 
a certain improvement. Especially the forecast results based 
on Area V in Figure 13(a5) show the decadal variation 
characteristics of East Asian summer precipitation that, be-
fore 1999, the precipitation anomalies in the northern area 
was dominated by “++”, whereas since 2000 they have 
been dominated by “+”. Figure 13(a8) shows the average 
result of the seven forecast tests, which also shows the de-
cadal variation characteristics of the precipitation in East 
Asian areas. Furthermore, ACCs and ACRs between lati-
tude-time cross section north of 30°N of corrected East 
Asian summer precipitation anomaly percentage and actual 
situation are shown in Table 4. Compared with the NCC_ 
CGCM’s system error correction results, dynamic-statistics 
correlated results based on SST index of Area I, III, V, and 
VI are all improved. Especially the ACC of Area V reaches 
0.25, and the ACR reaches 61%. Besides, the corresponding 

ACC of the average results of the dynamic-statistics correc-
tions of seven areas is 0.03, and the anomaly symbol con-
sistent rate is 51%, which are both better than the 0.01 and 
49% of NCC_CGCM’s system error correction results. 

We provided the corrected East Asian summer precipita-
tion anomaly percentage distributions which correspond to 
two periods of 1983–1998 and 19992011 (Figure 14). The 
anomaly percentage distributions of the period between 
1983 and 1998 partially show the anomaly characteristics of 
“++” from north to south (Figure 14(a1), (a5) and (a8)), 
whereas the anomaly percentage distributions between 1999 
and 2011 partially show the anomaly characteristics domi-
nated by “+” from north to south (Figure 14(b1), (b5) and 
(b8)). Obviously, these results are close to the actual situa-
tions of CMAP in Figure 7(a1) and (b1), and are much bet-
ter than NCC_CGCM’s system error correction results in 
Figure 7(a2) and (b2). Meanwhile, as for ACCs and ACRs 
of the dynamic-statistics correction results, except for that 
the result of area VI is not ideal (Table 5), the other results 
are significantly better than the situations before the correc-
tion. The average ACC and ACR of correction results of 
seven areas in the period of 1983–1998 are 0.70 and 77%,  
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Figure 14  East Asian summer precipitation anomaly percentage (%) synthesis maps of dynamic-statistics correction in 1983–1998 and 1999–2011. (a1)– 
(a7) and (b1)–(b7) are respectively corresponding to the dynamic-statistics corrections based on seven key areas, and (a8) and (b8) corresponding to the average 
results of the dynamic-statistics error corrections of seven key areas. Solid line and dotted line: positive and negative anomalies. Shadow: positive anomaly.  

Table 4  ACCs and ACRs of latitude-time cross section north of 30°N of East Asian summer precipitation anomaly percentagea) 

 Area I Area II Area III Area IV Area V Area VI Area VII Mean Before correction 

ACC 0.02 0.05 0.10* 0.09 0.25* 0.02 0.11 0.03 0.01 
ACR (%) 52 49 54 46 62 50 45 51 49 
a) The critical correlation value of 90% of significance is 0.10; * represents the situation that exceeds 90% of significance levels. Independent sample 

forecast test & actual situation of CMAP. 

Table 5  ACCs and ACRs of East Asian summer precipitation before and after dynamic-statistics correctionsa) 

Time period 19831998 19992011 

Inspection amount ACC ACR (%)  ACC ACR (%) 

Before correction 0.03 52  0.08 54 

Area I 0.45* 69  0.77* 78 

Area II 0.47* 65  0.22* 64 

Area III 0.57* 67  0.61* 73 

Area IV 0.49* 65  0.38* 62 

Area V 0.71* 76  0.38* 65 

Area VI 0.01 46  0.05 54 

Area VII 0.24* 58  0.02 55 

Average of seven areas 0.70* 77  0.60* 76 

a) The critical correlation value of 95% of significance is 0.11; * represents the situation that exceeds 95% of significance tests. 
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and those in the period of 1999–2011 are 0.60 and 76%, 
which are significantly better than 0.03, 52% and 0.08, 54% 
before the correction. Therefore, the decadal variation in-
formation of East Asian summer precipitation contained in 
the dynamic-statistics correction results is significantly bet-
ter than that before the correction.  

5  Discussions and conclusions 

In this paper, based on the CMAP precipitation data from 
1983 to 2011, analysis of the decadal variation characteris-
tics of East Asian summer precipitation revealed that the 
significant decadal adjustment existed in East Asia around 
1999. Before 1999, the precipitation anomaly percentage in 
East Asia showed the distribution pattern of “++” from 
north to south; after 1999, it changed to the pattern of “+” 
from north to south; this kind of decadal variation is mainly 
reflected in the third model of EOF decomposition. At the 
same time, in combination with East Asian summer precip-
itation data of NCC_CGCM forecasts (and hindcast) from 
1983 to 2011, we analyzed the forecast ability of the model 
for the decadal variations of East Asian summer precipita-
tion. The forecast (hindcast) data of NCC_CGCM show that 
the precipitation anomaly percentage in East Asia presents 
the distribution pattern of “++” from north to south be-
fore 1999, whereas it mainly presents the distribution char-
acteristics of “++” from north to south after 1999. 
Therefore, the decadal distribution pattern of precipitation 
of NCC_CGCM is quite different from the actual situations. 

Focusing on increasing the decadal variation information 
in the seasonal forecasts of NCC_CGCM for East Asian 
summer precipitation, first we discussed the key areas with 
significant correlations between SSTs and decadal scale 
components of East Asian summer precipitation. Second, 
we analyzed the forecast ability of NCC_CGCM for SSTs 
of key areas, and confirmed that the regional differences of 
the forecast ability of NCC_CGCM for SSTs of key areas 
were large and the model forecast errors had important rela-
tionships with the SSTs of key areas. This is proved by con-
sidering the differences of East Asian summer precipitation 
forecast, which correspond to the situations with correct 
forecasts and wrong forecasts for SSTs of key areas. Finally, 
we provided the research on East Asian summer precipita-
tion dynamic-statistics combined forecast scheme on the 
basis of the abrupt decadal change components, and con-
ducted the forecast tests for the independent samples from 
1983 to 2011. The latitude-time cross section of summer 
precipitation anomaly percentage in East Asia along 90°E– 
145°E of dynamic-statistics correction and the spatial dis-
tribution maps of precipitation anomaly percentage of two 
time periods before and after 1999 are both given. Overall, 
the dynamic-statistics combined forecast scheme can im-
prove the decadal variation information of the precipitation 
in East Asian areas north of 30°N contained in the seasonal 

forecasts of the NCC_CGCM. Compared with the model 
system error correction, the latitude-time cross section of 
East Asian summer precipitation anomaly percentage of 
dynamic-statistics corrections based on SST indices of area 
I, area III, area V, and area VI are obviously improved. Es-
pecially the ACC of area V reaches 0.25, and the anomaly 
symbol consistent rate reaches 61%. Furthermore, the cor-
responding ACC of the average results of the dynam-
ic-statistics corrections of seven areas is 0.03, and the 
anomaly symbol consistent rate is 51%, which are both bet-
ter than the 0.01 and 49% of NCC_CGCM’s system error 
correction results. 

In terms of the spatial distribution maps of precipitation 
anomaly percentage of the two time periods, in the average 
result of dynamic-statistics corrections and the correction 
based on area VI, the composite map of the time period 
1983–1998 presents the anomaly characteristics of “++” 
from north to south, whereas the composite map of the time 
period 1999–2011 presents the anomaly characteristics 
dominated by “+”. These results are close to the actual 
situations of CMAP, and are much better than the NCC_ 
CGCM’s system error correction results. The ACC and 
ACR of average correction result of seven areas in the pe-
riod of 1983–1998 are 0.70 and 77%, and those in the peri-
od of 1999–2011 are 0.60 and 76%, which are significantly 
better than 0.03, 52% and 0.08, 54% before the correction. 
Therefore, it is helpful to improve the abrupt decadal 
change information in the forecasts of East Asian summer 
precipitation by extracting the historical similar forecast 
errors of NCC_CGCM based on SST indices of key areas.  
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Influence of the tropical Pacific east–west thermal contrast
on the autumn precipitation in South China
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ABSTRACT: Analysis of observational and reanalysis data shows that the autumn precipitation in South China is closely
related to the east–west sea surface temperature (SST) contrast in the tropical Pacific. An east–west contrast (EWC) index,
defined as the difference of the normalized area-averaged SST between the tropical eastern Pacific (150∘W–90∘W, 5∘S–5∘N)
and the tropical western Pacific (WP; 110∘E–180∘E, 5∘S–5∘N), is proposed to delineate this feature. When the EWC index
is positive, the tropical eastern (western) Pacific is warmer (colder) than normal. It would cause significant southerly wind
anomalies from the Indochina Peninsula to eastern China, leading to enhanced water vapour convergence and anomalous
ascending motion over South China. Therefore, enhanced autumn precipitation is observed in South China. Further analysis
suggests that the SST of the tropical WP dominates the lower-tropospheric meridional wind and the resultant water vapour
transport and convergence over subtropical East Asia, and that the SST of both the tropical eastern and the tropical WP
contributes to the anomalous ascending motions over South China. These results highlight the combined effects of tropical
eastern and WP on the autumn precipitation in South China and specifically emphasize the role of tropical WP SST. Given the
performance of the EWC index in describing the autumn precipitation as well as the leading time and the persistence of the
EWC index, it could be used as a good indicator in the monitoring and prediction of the autumn precipitation in South China,
which is demonstrated by a simple statistical prediction model.
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1. Introduction

The autumn precipitation in South China accounts for
about 15–30% of the annual total amount (Wu et al.,
2003; Chen et al., 2009). Its interannual variation and asso-
ciated droughts or flooding could influence the agricul-
ture and activities of the inhabitants in this region, and
cause great economic losses due to the reduction of crop
products (Chen and Shi, 2003; Niu and Li, 2008; Gu
et al., 2012). For example, South China experienced severe
autumn droughts in 2009. More than 80million people
were affected, and the direct economic loss has reached up
to about 30 billion Chinese Yuan (∼4.8 billion US dollars)
(Barriopedro et al., 2012; Zhang et al., 2013). Therefore,
understanding the variability and mechanism of autumn
precipitation over South China is an important issue not
only for its scientific significance but also for its social and
operational values.
Previous studies on the precipitation in South China

were mainly concentrated on the spring and summer sea-
sons (e.g. Chen, 2002; Xin et al., 2006; Huang et al.,
2012) whereas those on autumn were less reported. It is

*Correspondence to: L. Wang, Center for Monsoon System Research,
Institute of Atmospheric Physics, Chinese Academy of Sciences, P.O.
Box 2718, Beijing 100190, China. E-mail: wanglin@mail.iap.ac.cn

a consensus that the El Niño events exert great impacts
on the East Asian precipitation especially in summer
(Zhang et al., 1999). Such impacts are realized through an
anomalous anticyclone around the Philippine Sea (Wang
et al., 2000) and the associated anomalous southerly winds
(Zhang et al., 1996). The presence of this anomalous anti-
cyclone is originally forced by the sea surface temperature
(SST) anomalies of El Niño in the tropical Pacific (Zhang
et al., 1996;Wang et al., 2000). This anticyclonic anomaly
usually establishes in boreal autumn, peak in winter, and
persists to the following summer (Wang and Zhang, 2002).
As a result, during the autumn of a developing El Niño
year, the precipitation in South China tends to be above
normal due to the anomalous Philippine anticyclone, the
resultant south wind anomalies and convergence of water
vapour flux (Zhang and Sumi, 2002; Wu et al., 2003).
On the basis of the aforementioned studies, the infor-

mation of El Niño-Southern Oscillation (ENSO) is usu-
ally regarded as the most important factor when the
operational statistical short-term prediction is performed
for South China’s autumn precipitation in National Cli-
mate Center (NCC), China Meteorological Administra-
tion (CMA). However, the effect of this ENSO-based sta-
tistical prediction is not satisfactory. For example, South
China experienced a severe dry autumn in 2009 although
an El Niño event was observed to develop in June and
mature around December (NCC/CMA, 2010). Moreover,

© 2014 Royal Meteorological Society
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an inspection on historical records shows that similar sit-
uations were also observed in many other El Niño years
such as in 1969, 1991, and 2004 (see Figures 2 and 3 and
Section 3). It implies that other factors apart from ENSO
may exert stronger influences on the autumn precipitation
of South China besides ENSO. Therefore, in this article,
we will re-examine the relationship between ENSO and
the autumn precipitation in South China. It is proposed that
the east–west contrast (EWC) of the tropical Pacific SST
shows a much closer relationship with the South China’s
autumn precipitation than ENSO does, which results from
additional information of the SST anomalies over the trop-
ical western Pacific (WP).
Section 2 describes the datasets and methods used in this

study. The relationship between ENSO and the autumn
precipitation in South China is examined in Section 3.
The influences of east–west SST contrast on the autumn
precipitation in South China and the possible mechanism
are presented in Sections 4 and 5, respectively. On the basis
of these results, a preliminary statistical prediction model
is proposed and evaluated in Section 6. Finally, a summary
and discussion is given in Section 7.

2. Data and methods

The rainfall data used in this study are the monthly mean
precipitation from 160 Chinese stations for the period
1951–2012, which are archived and updated by the
NCC/CMA. The oceanic data are from the global sea
ice and SST dataset (HadISST1) maintained by the Met
Office Hadley Centre (Rayner et al., 2003), which has
a horizontal resolution of 1∘ by 1∘ longitude–latitude
grid and covers the period 1870–2012. The atmospheric
data are from the monthly mean reanalysis dataset
provided by the National Centre for Environmental
Prediction/National Centre for Atmospheric Research
(NCEP/NCAR), which has a 2.5∘ × 2.5∘ horizontal reso-
lution and covers the period from 1948 to present (Kalnay
et al., 1996). In this study, we focus on the seasonal
means where the summer and autumn are defined by
averaging the monthly means of June to August (JJA) and
September to November (SON), respectively. The time
period concerned in this study is from 1951 to 2012. All
the anomalies are calculated with respect to the mean of
1951–2012 values.
In this study, the definition of El Niño/La Niña fol-

lows that of Climate Prediction Center (CPC) of National
Oceanic and Atmospheric Administration (NOAA), i.e.
an El Niño/La Niña is identified if 3-month running
means of SST anomalies in the Niño3.4 region (5∘N–5∘S,
120∘W–170∘W) exceed 0.5 ∘C/−0.5 ∘C for 5months or
more. On the basis of these criteria, 21 El Niño autumns
were selected: 1951, 1953, 1957, 1958, 1963, 1965, 1968,
1969, 1972, 1976, 1977, 1982, 1986, 1987, 1991, 1994,
1997, 2002, 2004, 2006, and 2009, and 21 La Niña
autumns were selected: 1954, 1955, 1956, 1964, 1970,
1971, 1973, 1974, 1975, 1983, 1984, 1988, 1995, 1998,
1999, 2000, 2005, 2007, 2008, 2010, and 2011.

3. ENSO and autumn precipitation in South China

Figure 1 shows the long-term mean and interannual stan-
dard deviation of autumn precipitation in middle and east-
ern China. The area to the south of 35∘N features large
values in both climatology (Figure 1(a)) and interannual
variability (Figure 1(b)). The 54 stations over the domain
(105∘E–125∘E, 20∘N–32∘N) were selected to represent
South China. The area to the west of 105∘E was not
included because it is located over the low-latitude high-
land (Cao et al., 2014) where the precipitation variability
shows quite different features from that in eastern China
(Cao et al., 2012).
Figure 2(a) shows the Niño3.4 index and the normal-

ized area-averaged precipitation anomalies of South China
(referred to as precipitation index hereafter) in the 21 El
Niño autumns. South China is featured with above-normal
precipitation in 11 autumns (1951, 1953, 1957, 1963,
1965, 1972, 1976, 1982, 1987, 1997, and 2002; hereafter
referred to as wet El Niño autumns) out of the 21 cases
concerned. In the rest 10 autumns (1958, 1968, 1969, 1977,
1986, 1991, 1994, 2004, 2006, and 2009; hereafter referred
to as dry El Niño autumns), on the contrary, South China
experiences below-normal precipitation. During the 21 La
Niña autumns, South China is featured with below-normal
precipitation in 13 autumns (1954, 1955, 1956, 1964,

Figure 1. The (a) climatology and (b) interannual standard deviation of
autumn mean precipitation in middle and eastern China. CIs are 50mm
in (a) and 20mm in (b). The target region of this study is located to the

southeast of the two black lines.
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Figure 2. Autumn mean Niño3.4 index and the normalized South China precipitation index in (a) the 21 El Niño and (b) the 21 La Niña years (see
text for definitions). X-axis denotes the year.

1971, 1974, 1984, 1988, 1995, 1998, 1999, 2005, and
2007; hereafter referred to as dry La Niña autumns) and
above-normal precipitation in 8 autumns (1970, 1973,
1975, 1983, 2000, 2008, 2010, and 2011; hereafter referred
to as wet La Niña autumns). It means that over 48% (38%)
of the El Niño (La Niña) events do not favour more (less)
precipitation in South China, although a statistically sig-
nificant relationship exists between Niño3.4 index and
autumn precipitation in South China (e.g. Wu et al., 2003).
To confirm the above result, the composite spatial distri-

bution of autumn precipitation is shown in Figure 3. Take
all of the 21 El Niño autumns as a whole, enhanced pre-
cipitation can be observed in South China with more than
60mm precipitation being observed in the central South
China (Figure 3(a)). This pattern quite resembles that
reported in previous studies [e.g. Figure 3(c) of Wu et al.
(2003)], but it only slightly exceeds the 90% confidence
level. When the 21 autumns are grouped according to the
precipitation index in Figure 2(a), quite distinct features
emerge. In the 11 wet El Niño autumns, the precipitation
pattern in South China resembles that in Figure 3(a), while
the confidence level increases remarkably (Figure 3(b)).
Moreover, precipitation anomaly exceeding 120mm is
observed in South China and it almost doubles that in
Figure 3(a). In the ten dry El Niño autumns, in contrast,
below-normal precipitation is observed in most parts of
South China although most of anomalies do not exceed
the 90% confidence level (Figure 3(c)). When the 21 La
Niña autumns are investigated, similar contrasts are also
found (Figure 3(d)–(f)). On one hand, this result suggests
that ENSO could exert significant influences on the pre-
cipitation in South China, consistent with previous studies

(Zhang and Sumi, 2002; Wu et al., 2003). On the other
hand, it indicates that a large portion of the variability of
autumn precipitation in South China cannot be explained
by the SST pattern of ENSO.

4. Tropical Pacific east–west SST contrast and
autumn precipitation in South China

In order to explore the reason that opposite autumn pre-
cipitation is observed in South China during El Niño (or
La Niña) years, the SST anomalies were calculated for the
wet and dry El Niño autumns, respectively. Amost striking
feature is that strong negative SST anomalies are observed
over the tropical WP during wet El Niño autumns, but not
during dry El Niño autumns (Figure 4(a) and (b)). In addi-
tion, the magnitude of positive SST anomalies over the
tropical eastern Pacific in wet El Niño autumns is larger
than that in dry El Niño autumns. The difference between
the two cases features a zonal SST dipole in the tropi-
cal Pacific (Figure 4(c)). The positive and negative SST
anomalies are located mainly to the east of 150∘W and
to the west of 180∘, respectively, suggesting an enhanced
Pacific east–west SST contrast in wet El Niño autumns.
This SST pattern resembles the second empirical orthogo-
nal function mode of tropical Pacific autumn SST to some
extent (not shown). An inspection on the time evolution
of this dipolar pattern indicates that it begins to emerge
in early spring and then persists and amplifies in summer
and autumn (Figure 4(d)). This result suggests that the SST
contrast between eastern and western tropical Pacific is the
main difference between wet and dry El Niño autumns.
Meanwhile, it implies that this east–west SST contrast
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Figure 3. Composite anomalies of precipitation in (a) the total 21 El Niño autumns, (b) the 11 wet El Niño autumns, (c) the 10 dry El Niño autumns,
(d) the total 21 La Niña autumns, (e) the 8 wet La Niña autumns, and (f) the 13 dry La Niña autumns. CIs are 30mm. Zero contours are omitted
and contours with negative values are dashed. Dark, middle, and light shading indicate the 99, 95, and 90% confidence levels based on two-tailed

Student’s t-test, respectively.

Figure 4. Composite of autumn mean SST anomalies in (a) the 11 wet El Niño autumns, (b) the 10 dry El Niño autumns, and (c) their difference. (d)
Composite difference of the monthly evolution of tropical SST averaged over 5∘S–5∘N between the wet and dry El Niño autumns. CIs are 0.2 ∘C.
Zero contours are omitted in (a)–(c) and bolded in (d). Contours with negative values are dashed. Dark, middle, and light shading indicate the 99, 95,
and 90% confidence levels based on two-tailed Student’s t-test, respectively. The two rectangles in (c) denote the regions to define the EWC index.

may play some role in the interannual variations of the
autumn precipitation in South China.
Figure 5 shows the correlation coefficients between

the precipitation index and the simultaneous SST in the
period 1951–2012. The obtained SST pattern resembles
that in the developing phase of El Niño to some extent

[e.g. Figure 3 of Feng et al. (2011)]. However, the positive
SST anomalies are located to the east of 170∘W, and the
regions that exceed the 90% confidence level are located
far more eastward (Figure 5(a)). In contrast, this SST pat-
tern quite resembles the SST dipole shown in Figure 4(c),
especially in the tropical Pacific. The Hovmöller diagram
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Figure 5. Correlation coefficients between the autumn precipitation
index and (a) the autumn mean SST and (b) the monthly tropical SST
averaged over 5∘S–5∘N. CIs are 0.1. Zero contours are omitted in (a)
and bolded in (b). Contours with negative values are dashed. Dark, mid-
dle, and light shading indicate the 99, 95, and 90% confidence levels
based on two-tailed Student’s t-test, respectively. The two rectangles in

(a) denote the regions to define the EWC index.

Figure 6. Time series of the autumn mean precipitation index, EWC
index, and the summer mean EWC index for the period 1951–2012.

shows that this SST pattern begins to emerge in late
spring and becomes significant in summer and autumn
(Figure 5(b)). The similarity between Figures 5 and 4(c)
and (d) further indicates that this dipole-like SST pattern
in the tropical Pacific (Figure 5(a)) is crucial for the
variations of the autumn precipitation in China. The key
features in Figures 5(a) and 4(c) are the SST contrast
between eastern and western tropical Pacific. Therefore,
based on Figures 4 and 5, an index reflecting this EWC of
the tropical SST is defined as below:

IEWC = SST∗
E − SST∗

W

where SST*
E and SST*

W denote the normalized area-
averaged SST in the tropical eastern Pacific
(150∘W–90∘W, 5∘S–5∘N) and the tropical WP
(110∘E–180∘E, 5∘S–5∘N), respectively.
Figure 6 shows the normalized EWC index and the

normalized precipitation index in autumn for the period
1951–2012. The correlation coefficient between the two
indices is 0.40, exceeding the 99% confidence level.
The lag correlation reveals that significant correlation

coefficient between the autumn precipitation index and the
EWC index begins to exceed the 95% confidence level in
April and lasts to December, with the maximum 0.46 being
observed in both August and September (Figure 7(a)).
Although the EWC index shows some downward trend
in the period 1951–2012 (Figure 6), the lag correlation
remains the same and even slightly higher (0.46 in August
and 0.47 in September) when the linear trends are removed
(Figure 7(b)). The correlation with summer EWC index
is specifically examined because the east–west SST con-
trast is first observed in summer (Figure 5(b)). It is also
expected that the EWC in summer may be useful for the
prediction of autumn precipitation in South China. Result
indicates that the correlation coefficient between precip-
itation index and the summer EWC index (Figure 6) is
0.45, which is almost equal to that calculated from the
autumn EWC index (0.41). The composite autumn precip-
itation based on the summer EWC index reveals that sig-
nificantly enhanced precipitation can be observed in large
regions over South China when the EWC index is positive
(Figure 8), similar to that based on autumnEWC index (not
shown). The area that exceeds the 95% confidence level is
even larger than that in wet El Niño autumns (Figure 3(b)).
All these results suggest that the autumn precipitation in
South China is closely associated with the EWC of the
tropical Pacific SST.
In order to further reveal the advantage of the EWC

index, a comparison was made between the EWC index
and the El Niño indices. In recent years, two flavors of
El Niño (i.e. conventional El Niño and El Niño Modoki)
were revealed (Ashok et al., 2007), which show different
impacts on the East Asian climate (e.g. Feng et al., 2010a,
2010b, 2011; Zhang et al., 2011, 2013). Hence, in addition
to the Niño3.4 index, the Niño3 index that is usually used
to represent conventional El Niño and the El Niño Modoki
index [EMI, Ashok et al. (2007)] that is often used to
present El Niño Modoki (Table 1) were also included in
the comparison (Figure 9). The scatter graphs in Figure 9
present the co-variability of the four SST indices with
the autumn precipitation index of South China. Among
the four SST indices that take part in the comparison,
the autumn precipitation index is most tightly correlated
with the EWC index both in autumn (Figure 9(a)) and
in summer (Figure 9(e)). This can also be seen from the
lag correlations shown in Figure 7(a), which indicates that
the correlation with EWC index is the strongest and the
most persistent. Although the improvements in correlation
coefficients are as small as 0.13 (Figure 9(a) and (b)) and
0.16 (Figure 9(e) and (f)) when the EWC index is used,
it corresponds to remarkable increases in the variances of
autumn precipitation explained by the SST indices (16.8
vs 7.8% for autumn, Figure 9(a) and (b); and 20.3 vs 8.4%
for summer, Figure 9(e) and (f)). Moreover, taking 0.5
standard deviation as criteria for the precipitation and the
four SST indices, the relationship between the four SST
indices and the precipitation extremes over South China
is best represented by the EWC index (Figure 9). For the
62-year period concerned, the high (low) EWC index in
autumn/summer corresponds to 10/10 (9/10) extreme wet

© 2014 Royal Meteorological Society Int. J. Climatol. (2014)

90



W. GU et al.

Figure 7. Lag correlations between the autumn mean precipitation index and the EWC index, the Niño3 index, the Niño3.4 index, the negative EMI,
and the negative WP index for the period 1951–2012 on the basis of (a) raw data, and (b) data with linear trends removed. All the indices are

smoothed by 3-month running mean. Dashed line indicates the 95% confidence level based on two-tailed Student’s t-test.

Figure 8. Composite anomalies of autumn precipitation when the sum-
mer mean EWC index exceeds 0.6 standard deviation. CIs are 30mm.
Zero contours are omitted and contours with negative values are dashed.
Dark, middle, and light shading indicate the 99, 95, and 90% confidence

levels based on two-tailed Student’s t-test, respectively.

(dry) autumns over South China. Hence, all these results
suggest that the EWC of the tropical Pacific SST plays
a very important role in the interannual variations of the
autumn precipitation in South China.

5. Possible mechanism

The influences of the tropical Pacific east–west SST con-
trast on the autumn rainfall over South China need to
be realized through the atmospheric circulations and the
related moisture transports. In autumn, East Asia is char-
acterized by northeasterly winds in the lower troposphere
(Figure 10(a)). An anticyclone is situated over eastern
China, where the climatological mean water vapour con-
vergence is relatively weak (Figure 10(b)). Figure 11(a)
shows the regressed 850 hPa wind anomalies in autumn
onto the simultaneous EWC index. Significant southerly

Table 1. Definitions of indices used in this study. SST* denotes
normalized SST.

Name Definition

EWC index SST*(150∘W–90∘W, 5∘S–5∘N)
–SST*(110∘E–180∘E, 5∘S–5∘N)

Niño3 index SST (150∘W–90∘W, 5∘S–5∘N)
Niño3.4 index SST (170∘W–120∘W, 5∘S–5∘N)
EMI SST (165∘E–140∘W,

10∘S–10∘N)–0.5× SST
(110∘W–70∘W, 15∘S–5∘N)–0.5× SST
(125∘E–145∘E, 10∘S–20∘N)

WP index SST (110∘E–180∘E, 5∘S–5∘N)
Precipitation index Autumn precipitation averaged over

(105∘E–125∘E, 20∘N–32∘N)
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Figure 9. Scatter plot of normalized autumn precipitation index versus normalized autumn mean (a) EWC index, (b) Niño3 index, (c) Niño3.4 index,
and (d) EMI for the period 1951–2012. The abscissa (ordinate) of each dot in each diagram represents the amplitude and sign of the SST index
(the autumn precipitation index) for an individual autumn season. The number of positive (negative) SST index with above-normal (below-normal)
autumn precipitation in South China is shown at the upper right (lower left) corner of each diagram. The correlation coefficient between the SST index
and autumn precipitation index is shown in the upper left corner of each diagram. (e)–(h) are the same as (a)–(d), but based on autumn precipitation

index and summer SST indices.

Figure 10. Long-term mean (a) 925 hPa wind and (b) tropospheric vertically integrated water vapour flux (vector; g kg−1 ms−1) and its divergence
(shading; g kg−1 day–1) in autumn based on the period 1951–2012. (c) and (d) are the same as (a) and (b), but for summer.

© 2014 Royal Meteorological Society Int. J. Climatol. (2014)

92



W. GU et al.

Figure 11. Regression of the autumn mean 850 hPa wind (vector; ms–1)
and stream function (contour; CI= 2× 105 m2 s−1) onto the normalized
simultaneous (a) EWC index, (b) negativeWP index, and (c) Niño3 index
for the period 1951–2012. Zero contours are omitted and contours with
negative values are dashed. Dark, middle, and light shading indicate the
99, 95, and 90% confidence levels of meridional wind component based

on two-tailed Student’s t-test, respectively.

wind anomalies are observed over the Indochina Penin-
sula and eastern China. This configuration weakens the
climatological mean northerly winds (Figure 10(a)) and
enhances the water vapour transport to South China, lead-
ing to anomalous water vapour convergence in this region
(Figure 12(a)). Meanwhile, an inspection on the local
meridional circulation indicates anomalous local Hadley
circulation. The anomalous descending branch is located
in the tropical WP and the anomalous ascending branch
is located between 20∘N and 30∘N (Figure 13(a)), lead-
ing to significant ascent anomalies over South China
(Figure 13(a) and (b)). Hence, the enhanced water vapour
convergence and the anomalous ascent, which are both
associated with enhanced tropical Pacific east–west SST
contrast, favour enhanced precipitation over South China.

Figure 12. Regression of the autumn mean tropospheric vertically inte-
grated water vapour flux (vector; g kg−1 ms−1) and its divergence (shad-
ing; g kg−1 day−1) onto the normalized simultaneous (a) EWC index, (b)
negative WP index, and (c) Niño3 index for the period 1951–2012.

The EWC index consists of the SST in both the trop-
ical eastern Pacific and the tropical WP. So we further
examined the potential contributions from the two regions.
The eastern box in the definition of EWC index is exactly
the Niño3 region. So the Niño3 index and the WP index,
defined as the area-averaged SST over the western box in
the definition of EWC index (Table 1), were calculated.
The correlation coefficient between Niño3 index and WP
index is 0.04 in autumn, indicating their independence to
each other. The lag correlations with autumn precipitation
index suggest that both the Niño3 index and WP index are
significantly correlated with the autumn precipitation in
South China (Figure 7). The correlation coefficient with
WP index is higher than that with Niño3 index from July
to October. Given the loose correlation between Niño3 and
WP indices, this result indicates that the SST variations in
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Figure 13. Regression of the autumnmean (a) meridional-vertical circulation averaged over East Asia (100∘−115∘E) and (b) 500 hPa vertical velocity
(contour; CI= 0.0015 Pa s−1) onto the normalized simultaneous EWC index for the period 1951–2012. (c, d) and (e, f) are the same and (a, b), but
for WP index (multiplied by –1) and Niño3 index, respectively. Zero contours are omitted and contours with negative values are dashed in (b),
(d), and (f). Dark, middle, and light shading indicate the 99, 95, and 90% confidence levels of vertical velocity based on two-tailed Student’s t-test,

respectively.

both the tropical eastern and the tropical WP contribute
somewhat independently to the autumn precipitation in
South China. Moreover, it implies that the SST over tropi-
calWP probably plays a more important role than that over
the tropical eastern Pacific.
To verify the above interpretation, the circulation

anomalies regressed onto WP and Niño3 indices were
further examined. The 850 hPa wind associated with
WP index features significant southerly anomalies in
the Indochina Peninsula and eastern China, resembling
that in Figure 11(a), while the wind anomalies are very
weak in the tropics (Figure 11(b)). In contrast, the Niño3

index-related circulation features strong wind anomalies
in the tropics and subtropics, with an anticyclonic wind
anomaly being located to the west of Philippine, but
these wind anomalies are insignificant over South China
(Figure 11(c)). Accordingly, the observed water vapour
flux and its convergence over South China (Figure 12(a))
are mainly contributed by those associated with the
WP index (Figure 12(b)). It is noteworthy that although
the Niño3 index-related circulation generally favours
divergence of water vapour over East Asia, it facilitates
enhancedwater vapour convergence over the southernmost
part of Mainland China (Figure 12(c)).
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On the other hand, the inspection on the local meridional
circulation indicates that the WP index is associated with
ascending motion between 20∘N and 30∘N and descend-
ing motion between 0∘N and 15∘N (Figure 13(c)). It
resembles that in Figure 13(a), but significant descending
motion that usually suppresses precipitation is observed
in the lower troposphere over the northern part of South
China (i.e. 25∘N–30∘N, Figure 13(c)). This anomalous
descending motion is mainly located to the east of 112∘E
(Figure 13(d)). On the contrary, although the Niño3
index-related meridional circulation is much weaker, it
is associated with strong descending motion throughout
the troposphere over the equatorial region south of the
equator and significant ascending motion in the lower
and middle troposphere over northern part of South
China (Figure 13(e)). The latter is mainly located around
110∘E (Figure 13(f)), possibly due to the anomalous
lower-tropospheric wind convergence to the north of the
anticyclone (Figure 11(c)). It compensates the anoma-
lous descending motion to the east of 112∘E shown in
Figure 13(d) to some extent (Figure 13(b)), and facilitates
enhanced precipitation. Therefore, these results suggest
that the SST of tropical WP contributes mostly to the
meridional wind over East and Southeast Asia and dom-
inates the water vapour transport and convergence over
South China. Meanwhile, the SST of both tropical eastern
and WP contributes to the vertical motion over South
China and creates a favourable large-scale circulation
for enhanced precipitation. As a result, the east–west
SST contrast, which is a combination of both the effects,
could efficiently influence the interannual variations of
the autumn precipitation in South China.
In order to further interpret the formation of the observed

circulation anomalies as well as the physical meaning of
the EWC index, we analysed the 200 hPa velocity poten-
tial and stream function associated with EWC, Niño3, and
WP indices (Figure 14), like in Kucharski et al. (2011).
When the tropical eastern Pacific SST is warmer than
normal, an anomalous upper tropospheric divergence
(convergence) centre is observed over the tropical eastern
(western) Pacific (Figure 14(e)). They roughly superpose
the climatological mean centres of divergent circulation
(not shown), indicating a weakened Walker circulation.
When the tropical WP SST is warmer than normal, in
contrast, anomalous upper tropospheric divergence centre
is observed around 170∘W (Figure 14(c)), indicating a
slightly eastward shift of Walker circulation. The com-
bined effect of the two, measured by the EWC index,
features upper tropospheric divergence (convergence)
around 160∘W (100∘E) in the tropics (Figure 14(a)).
The 200 hPa eddy stream functions associated with the
three indices are in quadrature with the corresponding
velocity potential anomalies (Figure 14(b), (d) and (f)).
It suggests that their stream function maximum lies
in the gradient of the velocity potential, which is con-
sistent with the Sverdrup relationship. In this aspect,
the WP index-related response is especially important,
which shows a large-scale upper-level anticyclone over
East Asia continent (Figure 14(d)). This response has

baroclinic structure and features a large-scale cyclone at
850 hPa (Figure 11(b)). Hence, significant southerly wind
anomalies to the east of this cyclone are observed over
East Asia (Figure 11(b)).

6. A statistical prediction model for autumn
precipitation in South China

Given the good lead–lag relationship between EWC index
and South China autumn precipitation (Figure 7), it is
meaningful to examine its usefulness in the statistical pre-
diction models and to compare its effect with those based
on ENSO in terms of Niño3 and Niño3.4 indices. Here,
the summer (JJA) mean indices are employed as predictor
to construct a simple linear regression model for the South
China’s autumn precipitation. The periods 1951–1981 and
1982–2012 are used as calibration period and indepen-
dent verification period, respectively. Figure 15 shows the
observed and predicted precipitation index for the period
1951–2012, where the predicted values in 1951–1981 are
obtained via cross-validation. For the independent ver-
ification period 1982–2012, the correlation coefficients
between predicted and observed precipitation is 0.55 for
the EWC model, while it is only 0.34 and 0.20 for the
Niño3 and Niño3.4 model, respectively. The predicted
variance on the basis of EWC index is 30%, which is much
higher than those based on Niño3 and Niño3.4 indices (12
and 4%). This result demonstrates the usefulness of the
EWC index in the operational predictions. On the other
hand, it is also noteworthy that the precipitation predic-
tion in China is a tough task due to the complex monsoon
climate. The statistical predictionmodel with only one pre-
dictor cannot meet the demand of operational predictions.
Therefore, a more comprehensive model should be devel-
oped and evaluated carefully in the future.

7. Summary and discussion

ENSO is usually regarded as the most important fac-
tor that influences autumn precipitation in South China
with more (less) rainfall in El Niño (La Niña) years.
However, a closer inspection suggests that more than
48% (38%) El Niño years (La Niña) are accompanied
with autumn drought in South China, implying the inad-
equacy of explaining the autumn precipitation by ENSO.
A revisit of this issue reveals that the east–west SST con-
trast of the tropical Pacific exerts significant impacts on
the autumn precipitation in South China. Accordingly, an
EWC index is defined as the difference of the normalized
area-averaged SST anomalies between the tropical east-
ern Pacific (150∘W–90∘W, 5∘S–5∘N, the Niño3 region)
and the tropicalWP (110∘E–180∘E, 5∘S–5∘N). Compared
with the traditional El Niño indices (Niño3, Niño3.4, and
EMI), the EWC index is most tightly related to the pre-
cipitation in South China with the significant correlation
coefficient persisting fromApril to December. The leading
time and the persistent signal imply the potential useful-
ness of the EWC index in the prediction of the autumn
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Figure 14. Regression of the 200 hPa autumn mean (a) velocity potential (contour; CI= 5× 105 m2 s−1) and divergent winds (vector; ms−1), and (b)
stream function (CI= 5× 105 m2 s−1) onto the normalized simultaneous EWC index for the period 1951–2012. (c, d) and (e, f) are the same and
(a, b), but for WP index (multiplied by –1) and Niño3 index, respectively. Zero contours are omitted and contours with negative values are dashed.

Dark, middle, and light shading indicate the 99, 95, and 90% confidence levels based on two-tailed Student’s t-test, respectively.
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Figure 15. The observed time series of South China autumn mean precipitation index and the reconstructed ones with simple linear regression based
on summer mean EWC, Niño3, and Niño3.4 indices. The periods 1951–1981 and 1982–2012 are used as calibration and independent verification

periods for the linear regression equation, respectively.
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precipitation in South China, which is demonstrated in a
simple statistical prediction model.
The possible mechanism through which the east–west

SST contrast influences the precipitation is also anal-
ysed. When the EWC index is positive, the tropical east-
ern (western) Pacific is warmer (colder) than normal. In
this situation, the climatological mean Walker circulation
is slightly shifted with anomalous upper-level divergence
(convergence) being located around 160∘W (100∘E). The
eddy stream function is in quadrature with the correspond-
ing velocity potential anomalies, consistent with Sver-
drup relationship. In the lower troposphere, southerly wind
anomalies are observed from the Indochina Peninsula
to the whole eastern China, which favour water vapour
convergence over South China. Meanwhile, the ascend-
ing motion over South China is significantly enhanced.
Therefore, significant above-normal autumn precipitation
is observed. A further inspection suggests that the SST of
the tropical WP dominates the lower-tropospheric merid-
ional wind and water vapour transport and convergence
over East Asia. In contrast, both the tropical eastern and
the tropical WP SST contributes to the anomalous ascend-
ing motions over South China. In other words, neither the
tropical eastern Pacific nor the tropical WP can explain
the precipitation alone. It is their combined effects, i.e. the
east–west SST contrast, that lead to significant variations
of autumn precipitation in South China.
One may ask why in autumn the anomalous anticy-

clone (Figures 11(c) and 12(c)) alone cannot lead to sig-
nificant water vapour convergence and rainfall anoma-
lies as it does in summer (e.g. Huang et al., 2012). It
is inferred that this is due to the different climatologi-
cal mean state between summer and autumn. In summer,
strong southwesterly monsoonal wind prevails in the lower
troposphere over East Asia (Figure 10(c)). It transports
abundant water vapour from the oceans, leading to water
vapour convergence over South China (Figure 10(d)).
Therefore, with abundant climatological water vapour con-
dition, the circulation anomalies of the anticyclone could
easily generate rainfall anomalies. In autumn, on the con-
trary, northeasterly wind prevails in the lower troposphere
over East Asia and an anticyclone dominates eastern China
(Figure 10(a)). It blocks water vapour fluxes from the
oceans, making the climatological mean water vapour con-
vergence very weak over South China (Figure 10(b)).
Hence, the circulation anomalies of the anticyclone alone
cannot generate rainfall anomalies in a dry environment.
In this situation, the additional water vapour transport
induced by the anomalous southerly wind that are associ-
ated with the tropical WP SST are crucial to form water
vapour convergence and rainfall anomalies over South
China (Figures 11(b) and 12(b)).
Given the comparable correlations of summer and

autumn EWC indices to the autumn precipitation index
(Figure 9(a) and (e)), we also examined the circulation
anomalies and water vapour transport associated with
summer mean EWC, Niño3, and WP indices like those in
Figures 11–13. Quite similar results were obtained with
the summer mean EWC index (not shown). Therefore, it

is recommended that the summer mean EWC index could
be used as a good indicator and potential predictor for the
autumn precipitation in South China, as shown in Section
6. In addition, although the EWC index itself shows clear
downward trend during the past 62 years (Figure 6), the
results of this study do not depend on the long-term trend.
On the other hand, it was reported that the NCEP/NCAR
reanalysis dataset has some systematic errors over East
Asia before the late 1970s (e.g. Wu et al., 2005). Hence,
the same analysis was repeated for the period 1982–2012.
Although some differences were observed in the areas
north of 50∘N, almost the same results can be obtained
in the subtropical and mid-latitude East Asia, especially
over South China. The correlation coefficient between
autumn South China precipitation index and summer
(autumn) EWC index is 0.55 (0.46) during this period.
This is consistent with previous studies that the flaws of
the NCEP/NCAR reanalysis dataset are mainly confined
in the lower troposphere over Mongolia (e.g. Wu et al.,
2005). More importantly, it indicates that the results in
this article are not influenced by the systematic errors of
the NCEP/NCAR reanalysis dataset.
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ｔｏｔｈｅｃｉｒｃｕｌａｔｉｏｎｓｌｅａｄｉｎｇｔｏｔｈｅｈｉｇｈｅｒ（ｌｏｗｅｒ）ｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｉｎＮｏｒｔｈｅａｓｔｉｎＡｕｇｕｓｔ．

犓犲狔狑狅狉犱狊　ＮｏｒｔｈｅａｓｔＣｈｉｎａ，Ｓｕｍｍｅｒｃｌａｓｓｉｆｉｅｄｔｅｍｐｅｒａｔｕｒｅ，ＲＥＯＦ，Ｓｔｅｐｗｉｓｅｍｕｌｔｉｐｌｅｌｉｎｅａｒｒｅｇｒｅｓｓｉｏｎ，Ｓｅａｓｏｎａｌｆｏｒｅｃａｓｔ

ｍｏｄｅｌ，Ｆｏｒｅｃａｓｔｖｅｒｉｆｉｃａｔｉｏｎ，Ｐｒｅｃｅｄｉｎｇｃａｕｓｅｄｉａｇｎｏｓｉｓ

摘　要　利用中国东北４省／区７３个地面气象观测站１９７１—２０１１年６—８月月平均气温，以及ＮＣＥＰ／ＮＣＡＲ再分析１９７１—

２０１１年月平均高度和ＮＯＡＡ月平均海表温度（ＳＳＴ）资料，基于主成分回归（ＰＣＲ）预测方法的思想，用同年１—５月北半球大

气环流和全球ＳＳＴ场建立了东北地区夏季气温的统计预测模型，该建模方法是主成分回归方法的变形，计算方法较为简易，

对气温等级的季节预测有较好的预报效果；并用其计算过程做了前期气候成因诊断。考虑到旋转经验正交函数分解样本误

差较小、空间模态结构清晰，但特征向量的时间系数在不同时段有所变化的特点，故使用旋转经验正交函数分解整个时段的

东北夏季气温场，然后基于旋转经验正交函数分解结果，进行前期影响因子甄别，最后建立多元线性逐步回归预测模型，建模

期为前３０年，独立样本预报期为后１１年。３０ａ逐年交叉回报检验和１１ａ独立样本预测效果都显示该模型具有较高的预报

技巧，尤其对气温等级的预测具有参考价值。

用预测模型的中间过程诊断了东北夏季各月某一类典型气温异常的前期成因：５月北极涛动和北大西洋涛动（ＡＯ／

ＮＡＯ）、北太平洋涛动（ＮＰＯ）以及副热带纬向一致异常型（ＳＺ）等大气大尺度低频波动对６月吉林和辽宁省气温异常有显著影

响；３月北极涛动和北大西洋涛动、东太平洋涛动（ＥＰ）及欧亚遥相关型波列对７月内蒙古东北部气温异常有显著影响；５月在

北半球中高纬度大尺度低频波列不显著的情况下，ＳＺ型低频波列对８月内蒙古东北部部分地区和黑龙江中、西部等地气温异

常有显著影响；前期海温呈厄尔尼诺（拉尼娜）型、同时北大西洋海温三极子为正（负）位相，一般与导致东北６月和７月偏冷

（暖）的大气环流型相匹配；春末热带印度洋全区海表温度一致异常模态（ＩＯＢＭ）正（负）位相与导致东北８月偏暖（冷）的大气

环流型相匹配。

关键词　东北地区，夏季气温等级，旋转经验正交函数分解，多元线性逐步回归，预测模型，预报效果，前期成因诊断

中图法分类号　Ｐ４６８．０

１　引　言

东北地区是中国重要的秋粮产地，５—９月是玉

米、水稻和大豆等喜温作物的生长期，此期间的气温

变化与秋粮产量关系密切，低温极易使主要农作物

遭受冷害而减产。在２０世纪５０年代至８０年代初，

东北低温冷害发生较为频繁，致使该地区粮豆产量

年际变化较大，产量的年际差异从几十亿千克到几

百亿千克，其中 １９５４、１９５７、１９６９、１９７１、１９７２ 和

１９７６年的夏季是典型的东北低温冷害年（北方主要

作物冷害研究协作组，１９８１）。东北低温冷害的定义

一般用作物生长季（５—９月）的积温距平来定义（丁

士晟，１９８０ａ，１９８０ｂ；孙玉亭等，１９８３；姚佩珍，１９９５），

而低温的定义有多种，有以标准化气温来定义东北

低温等级的（刘传凤等，１９９９），也有把气温距平

±０．５℃作为偏暖（冷）异常的分界值的（王绍武等，

１９８５ａ；李辑等，２００６）。低温仅指气温偏低，不与作

物受害联系，但低温涵盖低温冷害。２０世纪９０年

代中期以来，夏季高温成为东北地区异常凸出的气

候特点，２０１０年６月大兴安岭就因异常高温诱发了

严重的森林火灾，尽管少有冷害发生，但是人们对

２００９年夏季东北大范围、长时间的严重低温还记忆

犹新，同时，东北夏季较大范围的一般性低温也时有

发生，如１９９８、２００２和２００３年。

２０世纪８０年代初，中国组建“东北夏季低温预

报科研协作组”，对东北夏季低温冷害的发生规律、

作物冷害类型和低温冷害指标等做了广泛深入的研

究，并取得了一系列研究成果（北方主要作物冷害

研究协作组，１９８１；郭裕福等，１９８３），但关于东北夏

季低温冷害的短期气候预测方法的研究成果十分有

限，致使短期气候业务缺乏针对性的客观预测方法。

统计预测方法常见于将预测因子和预测对象用经验

正交函数分解后再作统计关系（Ｍａｓｓｙ，１９６５；Ｂｒｕ

ｎｅｔ，ｅｔａｌ，１９９６；Ｙｕ，ｅｔａｌ，１９９７），也有的使用统计函

数建立预测方程（曹经福等，２０１３），近年一种新的通

过预测预报对象的年际增量来提高季节预报准确率

的统计方法被证实在东北冬、夏气温季节预测中较

为有效（Ｆａｎ，２００９；Ｆａｎ，ｅｔａｌ，２０１０；王会军等，

２０１２）。本研究基于前一类方法，提供一种基于主成

分回归方法（ＰｒｉｎｃｉｐａｌＣｏｍｐｏｎｅｎｔＲｅｇｒｅｓｓｉｏｎ，简称

ＰＣＲ）的变形预测方法，来预测东北气温各个等级。

主成分回归方法由 Ｍａｓｓｙ（１９６５）提出来，该方法使

用经验正交函数分解（ＥｍｐｉｒｉｃａｌＯｒｔｈｏｇｏｎａｌＦｕｎｃ

２９２　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　犃犮狋犪犕犲狋犲狅狉狅犾狅犵犻犮犪犛犻狀犻犮犪　气象学报　２０１４，７２（２）
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ｔｉｏｎ，简称ＥＯＦ）结合多元线性回归方法，克服了最

小二乘回归方程中因自变量复共线性问题导致的估

计效果不稳定性，此后类似于主成分回归的多种变

形方法在气候预测中有广泛的应用（施能等，１９９２；

袁景凤等，２０００；Ｔａｎ，ｅｔａｌ，２０１１；Ｍｏ，ｅｔａｌ，

２００２）。主成分回归方法对预报因子和预报对象都

分别进行了经验正交函数分解，然后再用多元线性

回归建立预报方程，本研究的预测方法基于主成分

回归，但又有所不同，从业务实用角度出发，本着简

便有效原则，使用极大方差旋转经验正交函数分解

（Ｒｏｔａｔｅｄ ＥｍｐｉｒｉｃａｌＯｒｔｈｏｇｏｎａｌＦｕｎｃｔｉｏｎ，简 称

ＲＥＯＦ）仅对预报对象做了时空分解，然后用多元线

性逐步回归方法（Ｓｔｅｐｗｉｓｅｍｕｌｔｉｐｌｅｌｉｎｅａｒｒｅｇｒｅｓ

ｓｉｏｎ，简称ＳＭＬＲ）建立预报方程。其中旋转经验正

交函数分解较好地克服了取样误差，其空间模态结

构清晰（魏凤英，２００７），特征向量之间线性独立，但

旋转经验正交函数分解特征向量的时间系数随样本

序列变化而变化，因此本研究使用旋转经验正交函

数分解做预报时，将实时预报前一时刻的信息纳入

旋转经验正交函数分解，然后诊断分析预报对象旋

转经验正交函数分解各模态分别与前期大气、海洋

异常的关系，从而利用多元逐步线性回归方法来建

立预报模型。预报实验结果表明，该方法在东北夏

季气温等级的预测中体现了较高的预报技巧，具备

业务实用价值，并且建模的中间过程具有前期气候

成因诊断功能。

２　数据和方法

２．１　数　据

使用中国气象局信息中心公布的中国东北４省／

区７３个测站１９７１—２０１１年６—８月月平均地面气

温，１９７１—２０１１ 年 美 国 ＮＣＥＰ／ＮＣＡＲｒｅａｎａｌｙｓｉｓⅠ

５００ｈＰａ高度场月平均资料（Ｋａｌｎａｙ，ｅｔａｌ，１９９６）空间

水平分辨率为２．５°×２．５°和美国 ＮＯＡＡＥｘｔｅｎｄｅｄ

ＲｅｃｏｎｓｔｒｕｃｔｅｄＳｅａＳｕｒｆａｃｅＴｅｍｐｅｒａｔｕｒｅＶ３ｂ准全球月

平均海表温度资料（来自 ＮＯＡＡ／ＯＡＲ／ＥＳＲＬＰＳＤ，

Ｂｏｕｌｄｅｒ，Ｃｏｌｏｒａｄｏ，ＵＳＡ，ｈｔｔｐ：∥ｗｗｗ．ｃｄｃ．ｎｏａａ．

ｇｏｖ／），空间水平分辨率为２°×２°。

２．２　方　法

建立统计预测模型前，先将１９７１—２０１１年东北

７３站夏季６—８月月平均气温资料标准化处理，其

中气候平均时段取１９８１—２０１０年，建模拟合期为前

３０ａ（１９７１—２０００年），独立样本预报期为２００１—

２０１１年共１１ａ，前３０年预测回报检验采用弃一交

叉检验方法 （Ｂａｒｎｓｔｏｎ，ｅｔａｌ，１９９６；吴洪宝等，

２００５）。具体建模方法如下：对于标准化的含有犿

个空间点、狀次观测样本的东北夏季月平均气温矩

阵犡犿狀，首先进行极大方差旋转经验正交函数分解，

为了消除旋转经验正交函数分解特征向量时间系数

的不稳定性，将整个时段的资料做旋转经验正交函

数分解，得到狆个空间特征向量犞犿狆和对应的时间

权重系数犜狆狀，犡犿狀是它们的线性组合，即犡犿狀＝犞犿狆·

犜狆狀，本研究选取的前７个（狆＝７）旋转经验正交函数

分解空间特征向量在旋转前的累积方差达到９５％。

因为极大方差旋转是正交旋转，故７个矩阵犜狆狀可

看成是由７个正交基函数构成的坐标基，通过前期

北半球大气环流（犎）和全球海表温度（ＳＳＴ）场分别

与狆个时间权重系数犜狆狀的相关分析，可得到前期

气候因子犎 和ＳＳＴ影响狆个（狆取７）特征向量的

关键月份，然后按如下计算逐步求得与前期 犎 和

ＳＳＴ相关联的预报因子场（以计算大气环流预报因

子场为例）：

犆狆犎 ＝犆狅狉（犎狀，犜狆狀） （１）

式中，犆狆犎是张量，表示建模期北半球５００ｈＰａ高度

场犎狀 分别与狆个旋转经验正交函数分解特征向量

时间系数犜狆狀的相关场，下标狀表示时间序列样本

数，犎 表示北半球高度场空间分布，狆是选取的旋转

经验正交函数分解前几个模态个数，本文取狆＝７，

犆狅狉表示求相关系数的函数。

犆狆狀 ＝犆狅狉狀（犆狆犎，犎狀） （２）

式中，犆狆狀表示狆×狀个相关系数，由狀个样本逐个样

本大气环流场犎狀 分别与狆 个空间场（犆狆犎）的空间

格点相关，犆狅狉狀 表示求狀次空间场相关的函数。

犃犽犿狀 ＝犆狆狀·犞犿狆 （３）

式中，犃犽犿狀是预报因子场，即狆个样本数为狀的空间

场（犿为预报对象站点数），由狆个样本数为狀的相

关系数分别点乘以对应的狆 个旋转经验正交函数

分解空间荷载构成，其中犽＝１，…，狆。

类似地，重复以上３步计算，可求得ＳＳＴ预报

因子场，最后得到２×狆个与前期大气和前期海表

３９２韩荣青等：旋转经验正交函数分解回归方法在东北夏季气温季节预测和成因诊断中的应用　　 　　　 　　　　　　　　　

101



温度相关联的预报因子场（空间点对应东北站点，时

间长度为建模期与独立样本期长度之和）。

在２×狆个预报因子场与东北月平均标准化气

温场之间建立多元逐步回归预报方程

犢犿狀 ＝β
０
犿狀 ＋∑

２狆

犽＝１

（β
犽
犿狀犃

犽
犿狀）＋ε犿狀 （４）

式中，犢犿狀为预报对象矩阵，即东北站点标准化气温，

β
犽
犿狀为回归方程的系数矩阵，ε犿狀为预报误差矩阵，至

此完成预报建模。

本研究的目的是气温等级预测建模及其预测能

力检验，故预报对象的等级划分并无严格高低温标

准，但其中严重低温包含了历史典型低温冷害年份。

东北标准化的６—８月月平均气温（犜狀）具体分为如

下５个等级：

（１）严重低温，犜狀≤－１．３；

（２）低温，－１．３＜犜狀≤－０．５；

（３）正常，－０．５＜犜狀≤０．５；

（４）高温，０．５＜犜狀≤１．３；

（５）严重高温，犜狀＞１．３。

关于某一等级的预测效果，使用如下等级检验

方法：

犜Ｓ＝
犖ｃ

犖ｏ＋犖ｆ－犖ｃ
（５）

式中，犜Ｓ为等级预测正确率，其数值越大表示模型

预测该等级的能力越强，犖ｆ、犖ｏ 分别为某一气温等

级的预报站数和实况出现站数；犖ｃ为某一气温等级

预报正确的站数。

３　前期气候影响因子

３．１　前期气候影响因子的关键期

研究表明（Ｈａｓｔｅｎｒａｔｈ，ｅｔａｌ，１９７７；Ｍｏｕｒａ，ｅｔ

ａｌ，１９８１；Ｓｈｕｋｌａ，ｅｔａｌ，１９７７）海表面温度（ＳＳＴ）在

区域降水甚至全球降水变化中起到重要调制作用。

统计降尺度季节预测方法研究表明，用前期准全球

ＳＳＴ和北半球７００ｈＰａ高度场预测夏威夷和阿拉斯

加的气温和降水可以得到较好的预测结果（Ｂａｒｎ

ｓｔｏｎ，ｅｔａｌ，１９９６；Ｈｅ，ｅｔａｌ，１９９６）；统计方法对中

国冬季气温的预测也得到了较好的效果（Ｆａｎ，

２００９；贾小龙等，２０１０；王会军等，２０１２）；东北夏季气

温与大气环流和海温的异常有密切联系（王绍武等，

１９８５ｂ；廉毅等，１９９８；王敬方等，１９９７；贾丽伟等，

２００６；孙建奇等，２００６年；Ｆａｎ，ｅｔａｌ，２０１０；沈柏竹

等，２０１１）。因此，本研究将尝试使用前期全球ＳＳＴ

和北半球高度场来预测东北夏季气温异常。

为了甄别出前期月平均大气环流和海温异常对

东北夏季气温影响最密切的关键月份，本研究分别

分析了样本序列１—５月各月北半球５００ｈＰａ高度

场（０°—８０°Ｎ纬度范围共１４４×３３格点）和全球海

表温度场（７２°Ｓ—７２°Ｎ范围共１８０×７３格点），分别

与同年夏季各月东北７３站气温旋转经验正交函数

分解前 ７ 个模态时间序列相关。图 １ 给出了

１９７１—２０１１年各相关场通过狋检验９５％置信水平

的格点数，表明６月东北气温各模态与５月大气环

流场和５月海温场显著相关格点最多（图１ａ和ｂ中

实线）；７月东北气温各模态与３月大气环流场和２

月海温场显著相关格点最多（图１ｃ和ｄ中实线）；８

月东北气温各模态与５月大气环流场和５月海温场

显著相关格点最多（图１ｅ和ｆ中实线）。

影响因子场的逐年月平均时间序列明显含有年

际和年代际变化的气候信息，通过甄别、挑选前期关

键影响月，故纳入了气候的季节变化信号，使得季节

预报模型的初值信息更为完备。

３．２　前期影响因子的甄别

标准化月平均气温旋转经验正交函数分解特征

向量的时间系数与前期关键影响月高度或海温场的

相关场体现了影响因子的空间分布型态，其中包含

了有组织的大尺度大气系统或海温异常现象。下面

仅就图１中关键影响月份（显著相关格点数最高点）

对应的气温旋转经验正交函数分解模态及其可能的

前期影响系统做一举例分析。

３．２．１　６月气温异常成因的典型个例分析

前５个月内，大气环流影响６月东北气温旋转

经验正交函数分解各模态最为关键的时段是５月，

其中对第４模态的影响尤为突出（图１）。图２ａ和ｂ

是东北地区６月气温旋转经验正交函数分解第４模

态（方差贡献率为１３％，与第１模态方差贡献率

１９％相差不大）空间荷载和其时间系数，它们的正

（负）对应６月东北东部的暖（冷）变化。图２ｃ和ｄ

是第４模态时间系数分别与５月北半球５００ｈＰａ高

度场和５月准全球ＳＳＴ的相关分布（１９７１—２０１１

年，本文以下同）；当第４模态时间系数为正（负）指数

４９２　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　犃犮狋犪犕犲狋犲狅狉狅犾狅犵犻犮犪犛犻狀犻犮犪　气象学报　２０１４，７２（２）
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图１　东北夏季６月（ａ、ｄ），７月（ｂ、ｅ）和８月（ｃ、ｆ）气温前７个旋转经验正交函数分解模态时间序列分别与

同年１—５月月平均大气和海温场显著相关的格点数统计

（ａ、ｂ、ｃ．５００ｈＰａ高度场：０°—８０°Ｎ，０°—３６０°Ｅ，共１４４×３３格点；ｄ、ｅ、ｆ．海表温度场：７２°Ｓ—７２°Ｎ，０°—３６０°Ｅ，

共１８０×７３格点；相关显著性：相关系数通过狋检验９５％置信水平；相关时间序列为１９７１—２０１１年）

Ｆｉｇ．１　Ｇｒｉｄｓ’ｎｕｍｂｅｒｓｏｆｓｉｇｎｉｆｉｃａｎｔｃｏｒｒｅｌａｔｉｏｎｂｅｔｗｅｅｎｔｈｅｆｉｒｓｔ７ＲＥＯＦｍｏｄｅｓ’ｔｅｍｐｏｒａｌｓｅｒｉｅｓｏｆ

ｓｅｒｉｅｓｏｆＪｕｎｅ（ａ，ｄ），Ｊｕｌｙ（ｂ，ｅ），ａｎｄＡｕｇｕｓｔ（ｃ，ｆ）ｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓｉｎＮｏｒｔｈｅａｓｔａｎｄｔｈｅａｔｍｏｓｐｈｅｒｉｃ

ｃｉｒｃｕｌａｔｉｏｎｏｒＳＳＴｆｉｅｌｄｓｏｆＪａｎ－Ｍａｙｔｈｉｓｙｅａｒ

（ａ，ｂ，ｃ．５００ｈＰａｈｅｉｇｈｔ，０°－８０°Ｎ，０°－３６０°Ｅ，ｔｏｔａｌｏｆ１４４×３３ｇｒｉｄｓ；ｄ，ｅ，ｆ．ＳＳＴ，

７２°Ｓ－７２°Ｎ，０°－３６０°Ｅ，ｔｏｔａｌｏｆ１８０×７３ｇｒｉｄｓ；ｔｈｅｃｏｒｒｅｌａｔｉｏｎｃｏｅｆｆｉｃｉｅｎｔｓａｒｅｓｉｇｎｉｆｉｃａｎｔａｔ

ｔｈｅ９５％ｃｏｎｆｉｄｅｎｃｅｌｅｖｅｌｂｙｓｔｕｄｅｎｔｔｅｓｔ；ｔｅｍｐｏｒａｌｌｅｎｇｔｈｏｆｃｏｒｒｅｌａｔｉｏｎｓｅｒｉｅｓ：１９７１－２０１１）

年时，图２ｃ表明，同年５月５００ｈＰａ高度场呈北极

涛动处于负（正）位相，北大西洋涛动也呈显著的负

（正）位相，北太平洋涛动呈负（正）位相，但在北太平

洋涛动南部区域相关不显著，北半球热带至副热带

高度场较常年一致偏高（低），其中匹配出现Ｂａｒｎ

ｓｔｏｎ等（１９８７）提出的副热带纬向异常一致型遥相

关（ＳｕｂｔｒｏｐｉｃａｌＺｏｎａｌＰａｔｔｅｒｎ，简称ＳＺ），而ＳＳＴ相

关场表明（图２ｄ），同年５月热带太平洋海温呈拉尼

娜（厄尔尼诺）型分布，且配合北大西洋海温三极子

（Ｎｏｒｔｈ Ａｔｌａｎｔｉｃ Ｔｒｉｐｏｌｅ，简 称 ＮＡＴ，Ｗｕ 等，

２００５）呈负（正）位相。

这种５月的大气环流异常型配合海温异常型易

导致６月东北地区气温偏高（低）。分别挑选第４模

态时间系数极大和极小的各６个年份合成６月

５００ｈＰａ高度距平（图２ｅ和ｆ），通过狋检验９５％信度

的区域表明，高（低）指数年东北地区为正（负）距平

５９２韩荣青等：旋转经验正交函数分解回归方法在东北夏季气温季节预测和成因诊断中的应用　　 　　　 　　　　　　　　　
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图２　东北６月气温异常成因的典型个例分析

（时段：１９７１—２０１１年；ａ、ｂ．６月东北地区标准化气温旋转经验正交函数分解第４空间荷载及其时间系数；

ｃ、ｄ．第４空间荷载时间系数分别与同年５月５００ｈＰａ高度场和ＳＳＴ相关分布；ｅ、ｆ．第４模态时间

系数极大和极小各６个年份６月５００ｈＰａ高度距平合成，阴影区通过狋检验９５％置信水平，单位：ｍ）

Ｆｉｇ．２　ＴｙｐｉｃａｌｃａｓｅａｎａｌｙｓｉｓｏｆｔｈｅｃａｕｓｅｓｏｆｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓａｎｏｍａｌｙｉｎＮｏｒｔｈｅａｓｔｉｎＪｕｎｅ

（ｓｔａｔｉｓｔｉｃａｌｔｉｍｅｌｅｎｇｔｈ：１９７１－２０１１；ａ．ｔｈｅ４ｔｈＲＥＯＦｓｐａｔｉａｌｌｏａｄｏｆＮｏｒｔｈｅａｓｔｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓｉｎＪｕｎｅ；

ｂ．ｔｉｍｅｓｅｒｉｅｓｏｆｔｈｅ４ｔｈＲＥＯＦｅｉｇｅｎｖｅｃｔｏｒ；ｃ．ｃｏｒｒｅｌａｔｉｏｎｄｉｓｔｒｉｂｕｔｉｏｎｂｅｔｗｅｅｎｔｈｅｔｉｍｅｓｅｒｉｅｓｏｆｔｈｅ４ｔｈＲＥＯＦ

ｅｉｇｅｎｖｅｃｔｏｒｆｏｒＪｕｎｅｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓａｎｄ５００ｈＰａｈｅｉｇｈｔｉｎＭａｙｗｉｔｈｌｅａｄｉｎｇｏｎｅｍｏｎｔｈ；

ｄ．ａｓｉｎｃｂｕｔｆｏｒＳＳＴ；ｅ．ａｎｄｆ．ａｒｅｒｅｓｐｅｃｔｉｖｅｌｙｔｈｅｃｏｍｐｏｓｉｔｅｓｏｆ５００ｈＰａｈｅｉｇｈｔ

ａｎｏｍａｌｉｅｓｉｎＪｕｎｅｆｏｒｔｈｅ６ｈｉｇｈｅｓｔａｎｄ６ｌｏｗｅｓｔｃｏｅｆｆｉｃｉｅｎｔｙｅａｒｓｏｆｔｈｅｔｉｍｅｓｅｒｉｅｓｏｆｔｈｅ４ｔｈＲＥＯＦｅｉｇｅｎｖｅｃｔｏｒ，

ｉｎｗｈｉｃｈｓｈａｄｏｗｅｄｒｅｇｉｏｎｓａｒｅｓｉｇｎｉｆｉｃａｎｔａｔｔｈｅ９５％ｃｏｎｆｉｄｅｎｃｅｌｅｖｅｌｂｙｓｔｕｄｅｎｔｔｅｓｔａｎｄｕｎｉｔｓｉｎｍｅｔｅｒ）

６９２　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　犃犮狋犪犕犲狋犲狅狉狅犾狅犵犻犮犪犛犻狀犻犮犪　气象学报　２０１４，７２（２）

104



控制，因此导致气温偏高（低）。总之，５月环流北极

涛动、北大西洋涛动和北太平洋涛动一致负（正）位

相型，配合ＳＳＴ异常呈拉尼娜（厄尔尼诺）及北大西

洋海温三极子负（正）位相型，对６月东北地区环流

乃至气温有显著性影响。

３．２．２　７月气温异常成因的典型个例分析

Ｂａｒｎｓｔｏｎ等 （１９８７）用旋转经验正交函数分解

北半球７００ｈＰａ高度场得到一些典型大气低频模

态，指出１—３月东太平洋中低纬度与高纬度存在符

号相反的高度异常类型，并称之为ＥＰ（东太平洋涛

动）型。在同年１—５月，大气环流影响７月东北气

温旋转经验正交函数分解各模态最为关键的时段是

３月，其中对７月第４模态的影响尤为凸出（图１）。

图３ａ和ｂ分别是东北地区７月气温旋转经验正交

函数分解第４空间荷载模态（方差贡献率为１４％，

而第１模态方差贡献率为１８％）和其时间系数，正

（负）模态代表东北７月以偏冷（暖）为主；图３ｃ和ｄ

是第４模态时间系数分别与同年３月５００ｈＰａ高度

场和２月准全球ＳＳＴ的相关分布，当第４模态时间

系数为正（负）指数年时，图３ｃ表明，同年３月北半

球５００ｈＰａ高度场北极涛动、北大西洋涛动呈显著

的正（负）位相，东太平洋涛动呈显著的负（正）位相

（南正北负为正位相），此外，欧洲北部正（负）异常、

以北非和地中海西部为中心延伸至大西洋副热带的

负（正）异常、伊朗高原至中国西北部负（正）异常、以

及日本海附近正（负）异常（不显著）构成了欧亚遥相

关波列ＥＵ１型（Ｂａｒｎｓｔｏｎ，ｅｔａｌ，１９８７），而ＳＳＴ相

关场表明（图３ｄ），同年２月热带太平洋海温呈厄尔

尼诺（拉尼娜）型分布（热带东太平洋区域ＳＳＴ异常

不显著），且配合北大西洋三极子呈正（负）位相（北

大西洋副热带西部ＳＳＴ异常不显著）。

２月的这种ＳＳＴ异常分布配合３月的上述环流

异常型，易导致７月东北地区气温偏低（高）。同样

分别挑选第４模态时间系数极大和极小的各６个年

份合成７月５００ｈＰａ高度距平（图３ｅ和ｆ），通过狋检

验９０％信度的区域表明，高（低）指数年东北地区为

显著性的负（正）距平控制，从而导致气温偏低（高）。

总之，２月准全球ＳＳＴ异常呈拉尼娜（厄尔尼诺）及

北大西洋三极子负（正）位相型，配合３月环流北极

涛动和北大西洋涛动与东太平洋涛动位相相反以及

出现ＥＵ１遥相关波列，对７月东北地区环流乃至气

温有显著影响。

３．２．３　８月气温异常成因的典型个例分析

在同年１—５月，大气环流影响８月东北气温旋

转经验正交函数分解各模态最为关键的时段是５

月，其中对８月第５模态的影响尤为突出（图１）。

图４ａ和ｂ分别是东北地区８月气温旋转经验正交

分解第５空间荷载模态（方差贡献率为１４％，而第１

模态方差贡献率为１６％）和其时间系数，正（负）模

态代表东北８月以偏冷（暖）为主；图４ｃ和ｄ是第５

模态时间系数分别与５月５００ｈＰａ高度场和准全球

ＳＳＴ的相关分布，当第５模态时间系数为正（负）指

数年时，图４ｃ表明，５月北半球中高纬度５００ｈＰａ高

度场已知的遥相关波列不显著，但是北半球热带至

副热带高度场较常年一致偏低（高），副热带出现纬

向异常一致型遥相关（ＳＺ），而ＳＳＴ相关场表明（图

４ｄ），同年５月热带印度洋大部分一致偏冷（暖），即

热带印度洋海盆模态（ＩｎｄｉａｎＯｃｅａｎＢａｓｉｎＭｏｄｅ，简

称ＩＯＢＭ）（Ｙａｎｇ，ｅｔａｌ，２００７）呈负（正）位相，但热

带太平洋海温无显著的ＥＮＳＯ形态，北大西洋海温

也无明显的北大西洋海温三极子形态。ＩＯＢＭ往往

在冬末达到鼎盛，并持续至春夏季，研究认为其由

ＥＮＳＯ诱发，并且可延长ＥＮＳＯ的影响（Ｋｌｅｉｎ，ｅｔ

ａｌ，１９９９）。

５月的这种ＳＳＴ和环流异常型易导致８月东北

地区气温偏低（高）。分别挑选第５模态时间系数极

大和极小的各６ａ合成８月５００ｈＰａ高度距平（图

４ｅ和ｆ），通过狋检验９５％信度的区域表明，高（低）

指数年东北地区为显著性的负（正）距平控制，故导

致气温偏低（高）。总之，５月ＳＳＴ呈ＩＯＢＭ 负（正）

位相，且北半球中高纬度环流遥相关波列不显著，副

热带出现ＳＺ负（正）位相时，８月东北地区高度场和

气温显著性偏低（高）。

　　综合前期海温对东北夏季气温的影响，可以看

出，厄尔尼诺（拉尼娜）型海温异常一般与导致东北

偏冷（暖）的大气环流型相匹配，这与已有的研究（王

绍武等，１９８５ｂ）结果一致；同时，北大西洋海洋三极

子正（负）位相也与导致东北偏冷（暖）的大气环流型

相匹配；春末热带印度洋海温ＩＯＢＭ 对东北８月气

温影响显著。

４　客观预测模型检验

基于前述影响因子甄别结果，按照２．２节介绍

的方法，建立季节预测模型。图５是预测模型在

７９２韩荣青等：旋转经验正交函数分解回归方法在东北夏季气温季节预测和成因诊断中的应用　　 　　　 　　　　　　　　　
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图３　东北７月气温异常成因的典型个例分析

（ａ、ｂ．７月东北地区标准化气温旋转经验正交函数分解第４空间荷载及其时间系数；ｃ、ｄ．第４空间荷载时间系数

分别与同年３月５００ｈＰａ高度场和２月ＳＳＴ相关分布；ｅ、ｆ．第４模态时间系数最高和最低各６个年份

７月５００ｈＰａ高度距平合成，阴影区通过狋检验９０％置信水平；其余同图２）

Ｆｉｇ．３　ＴｙｐｉｃａｌｃａｓｅａｎａｌｙｓｉｓｏｆｔｈｅｃａｕｓｅｓｏｆｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓａｎｏｍａｌｙｉｎＮｏｒｔｈｅａｓｔｉｎＪｕｌｙ

（ａ．ｔｈｅ４ｔｈＲＥＯＦｓｐａｔｉａｌｌｏａｄｏｆＮｏｒｔｈｅａｓｔｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓｉｎＪｕｌｙ；ｂ．ｔｉｍｅｓｅｒｉｅｓｏｆｔｈｅ４ｔｈＲＥＯＦ

ｅｉｇｅｎｖｅｃｔｏｒ；ｃ．ｃｏｒｒｅｌａｔｉｏｎｄｉｓｔｒｉｂｕｔｉｏｎｂｅｔｗｅｅｎｔｈｅｔｉｍｅｓｅｒｉｅｓｏｆｔｈｅ４ｔｈＲＥＯＦｅｉｇｅｎｖｅｃｔｏｒｆｏｒＪｕｌｙｓｕｒｆａｃｅａｉｒ

ｔｅｍｐｅｒａｔｕｒｅｓａｎｄ５００ｈＰａｈｅｉｇｈｔｉｎＭａｒｃｈｏｆｔｈｅｓａｍｅｙｅａｒ；ｄ．ａｓｉｎｃｂｕｔｆｏｒＳＳＴｉｎＦｅｂｒｕａｒｙ；

ｅａｎｄｆ．ｒｅｓｐｅｃｔｉｖｅｌｙｔｈｅｃｏｍｐｏｓｉｔｅｓｏｆ５００ｈＰａｈｅｉｇｈｔａｎｏｍａｌｉｅｓｉｎＪｕｌｙｆｏｒｔｈｅ６ｈｉｇｈｅｓｔａｎｄ

６ｌｏｗｅｓｔｃｏｅｆｆｉｃｉｅｎｔｙｅａｒｓｏｆｔｈｅｔｉｍｅｓｅｒｉｅｓｏｆｔｈｅ４ｔｈＲＥＯＦｅｉｇｅｎｖｅｃｔｏｒ，ｉｎｗｈｉｃｈｓｈａｄｏｗｅｄｒｅｇｉｏｎｓａｒｅｓｉｇｎｉｆｉｃａｎｔａｔ

ｔｈｅ９０％ｃｏｎｆｉｄｅｎｃｅｌｅｖｅｌｂｙｓｔｕｄｅｎｔｔｅｓｔ．ＯｔｈｅｒｓａｒｅｔｈｅｓａｍｅａｓｔｈｏｓｅｉｎＦｉｇ．２）
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图４　东北８月气温异常成因的典型个例分析

（ａ、ｂ．８月东北地区标准化气温旋转经验正交函数分解第５空间荷载及其时间系数；ｃ、ｄ．第５空间荷载时间系数

分别与同年５月５００ｈＰａ高度场和ＳＳＴ相关分布；ｅ、ｆ．第５模态时间系数最高和最低各６个年份８月５００ｈＰａ

高度距平合成，阴影区通过狋检验９５％置信水平；其余同图２）

Ｆｉｇ．４　ＴｙｐｉｃａｌｃａｓｅａｎａｌｙｓｉｓｏｆｔｈｅｃａｕｓｅｓｏｆｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓａｎｏｍａｌｙｉｎＮｏｒｔｈｅａｓｔｉｎＡｕｇｕｓｔ

（ａ．ｔｈｅ５ｔｈＲＥＯＦｓｐａｔｉａｌｌｏａｄｏｆＮｏｒｔｈｅａｓｔｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓｉｎＡｕｇｕｓｔ；ｂ．ｔｉｍｅｓｅｒｉｅｓｏｆｔｈｅ５ｔｈＲＥＯＦ

ｅｉｇｅｎｖｅｃｔｏｒ；ｃ．ｃｏｒｒｅｌａｔｉｏｎｄｉｓｔｒｉｂｕｔｉｏｎｂｅｔｗｅｅｎｔｈｅｔｉｍｅｓｅｒｉｅｓｏｆｔｈｅ５ｔｈＲＥＯＦｅｉｇｅｎｖｅｃｔｏｒｆｏｒＡｕｇｕｓｔｓｕｒｆａｃｅａｉｒ

ｔｅｍｐｅｒａｔｕｒｅｓａｎｄ５００ｈＰａｈｅｉｇｈｔｉｎＭａｙｏｆｔｈｅｓａｍｅｙｅａｒ；ｄ．ａｓｉｎｃｂｕｔｆｏｒＳＳＴ；ｅａｎｄ

ｆ．ｒｅｓｐｅｃｔｉｖｅｌｙｔｈｅｃｏｍｐｏｓｉｔｅｓｏｆ５００ｈＰａｈｅｉｇｈｔａｎｏｍａｌｉｅｓｉｎＡｕｇｕｓｔｆｏｒｔｈｅ６ｈｉｇｈｅｓｔａｎｄ６ｌｏｗｅｓｔｃｏｅｆｆｉｃｉｅｎｔ

ｙｅａｒｓｏｆｔｈｅｔｉｍｅｓｅｒｉｅｓｏｆｔｈｅ５ｔｈＲＥＯＦｅｉｇｅｎｖｅｃｔｏｒ，ｉｎｗｈｉｃｈｓｈａｄｏｗｅｄｒｅｇｉｏｎｓａｒｅｓｉｇｎｉｆｉｃａｎｔａｔｔｈｅ９５％ｃｏｎｆｉｄｅｎｃｅ

ｌｅｖｅｌｂｙｓｔｕｄｅｎｔｔｅｓｔ．ＯｔｈｅｒｓａｒｅｔｈｅｓａｍｅａｓｔｈｏｓｅｉｎＦｉｇ．２）
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图５　１９７１—２０００年夏季６—８月（ａ—ｃ）东北７３　　　

测站气温交叉回报与实况的相关系数分布　　　

Ｆｉｇ．５　Ｃｏｒｒｅｌａｔｉｏｎｖａｌｉｄａｔｉｏｎｏｆｔｈｅｃｒｏｓｓ　　　

ｈｉｎｄｃａｓｔｏｆｔｈｅｓｅａｓｏｎａｌｆｏｒｅｃａｓｔｍｏｄｅｌａｎｄ　　　

ｔｈｅａｃｔｕａｌｓｕｍｍｅｒｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓ　　　

ｏｆｔｈｅＮｏｒｔｈｅａｓｔ７３ｓｔａｔｉｏｎｓｆｒｏｍ１９７１－２０００　　　

（ａ．Ｊｕｎｅ，ｂ．Ｊｕｌｙ，ｃ．Ａｕｇｕｓｔ）　　　

１９７１—２０００年３０ａ建模期对６—８月各月东北气温

的交叉回报与实况的相关系数，可以看出６—８月

７３站中的绝大多数相关系数超过了狋检验９５％置

信水平（相关系数≥０．３６），大部分站点相关系数超

过狋检验９９％置信水平（相关系数≥０．４６）。

　　图６是预测模型对２００１—２０１１年独立样本期

的站点气温等级预测的正确率（按式（５）计算）。因

为模型对５个等级中的正常等级的站点预测正确率

最高，故本研究不再详述，同时，为了在图６中清楚

地表示缺省值（指某一气温等级实况出现站数＜１０

站时，在图中不显示）和预测正确率为０的不同，正

确率含０值时图中纵坐标从负数起始。

如图６，在１１ａ独立样本预测期中，６月实况只

有１ａ发生严重低温（仅计出现站数＞１０站的情况，

下同），站点预测正确率超过６％，预报技巧虽然不

高，但对于小概率事件的预测具有预警参考价值；６

月实况有６ａ出现低温，其中有２ａ预报失败（正确

率为０，下同），其余４ａ预测都有一定参考价值，尤

其在低温空间范围发生最大的２００２和２００９年站点

预测正确率都接近３０％；６月实况有４ａ发生了严

重高温，站点预测正确率在２０％—７０％，尤其是

２０１０年６月大面积严重高温的站点预测正确率超

过７０％；１１ａ中有８ａ在６月发生了高温，模型都有

一定的预报技巧，除１ａ正确率较低外，其余７ａ正

确率在１０％至接近５０％；７月，１１ａ中仅发生１次

严重低温，模型预测失败，但７月其余４个气温等级

预测和８月的所有５个气温等级预测中，预测模型

均有一定的预测技巧，站点等级预测正确率高低分

００３　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　犃犮狋犪犕犲狋犲狅狉狅犾狅犵犻犮犪犛犻狀犻犮犪　气象学报　２０１４，７２（２）
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布类似６月的情况，这里不再赘述。

总之，季节预测模型对严重高温级别的预测技

巧要高于严重低温的预测技巧，对高温级别的预测

技巧高于低温级别的预测技巧，对东北夏季气温等

图６　东北夏季气温等级预测检验

（按式（５）计算）

Ｆｉｇ．６　ＦｏｒｅｃａｓｔｖａｌｉｄａｔｉｏｎｏｆｓｕｍｍｅｒｃｌａｓｓｉｆｉｅｄｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓｏｆＮｏｒｔｈｅａｓｔ

（ｃａｌｃｕｌａｔｅｄｂａｓｅｄｏｎｔｈｅｆｏｒｍｕｌａ（５））
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级的季节预测具有较高的业务参考价值。

　　在１１ａ的独立样本预测个例中，挑选了几个大

面积发生低温或高温并且预测效果较好的个例，来

分析模型对气温等级空间分布的预测能力。图７是

模型对２００９年６月、２０１０年６月、２０１１年７月和

２００３年８月东北标准化气温的独立样本预测结果

及其实况。对照实况，２００９年６月东北地区大部分

发生了低温事件，中部和北部大范围地区发生了严

重低温事件，模型虽然对部分低温和严重低温区未

能正确预测，但预测出了部分低温区和北部局部严

重低温区，对极端事件（１９９４年至今仅２００９年发生

过严重低温）有预警作用。２０１０年６月，除辽宁大

部分气温属高温等级外，东北其余大部分地区气温

达到了严重高温的等级（大兴安岭发生了较严重的

森林火灾），模型准确预测出了大部分严重高温区

域，高温等级区域与实况也较为一致。２０１１年７

月，东北中部和北部气温达到高温或严重高温等级，

而东北西南部大部分地区气温为正常等级，模型预

测出了中部和北部严重高温和高温等级，但东北的

西南部预测为高温等级与实况不一致。２００３年８

月，内蒙古东北部、黑龙江、吉林和辽宁北部发生了

低温，其中内蒙古东北部部分地区和黑龙江西部气

图７　标准化气温模型预测（ａ１—ｄ１）与实况（ａ２—ｄ２）对比

（ａ．２００９年６月，ｂ．２０１０年６月，ｃ．２０１１年７月，ｄ．２００３年８月）

Ｆｉｇ．７　Ｅｘａｍｐｌｅｃｏｍｐａｒｉｓｏｎｏｆｓｅａｓｏｎａｌｆｏｒｅｃａｓｔｓ（ａ１－ｄ１）ｗｉｔｈｔｈｅｏｂｓｅｒｖａｔｉｏｎ（ａ２－ｄ２）ｏｎ

ｓｔａｎｄａｒｄｉｚｅｄｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓ

（ａ．Ｊｕｎｅ２００９，ｂ．Ｊｕｎｅ２０１０，ｃ．Ｊｕｌｙ２０１１，ｄ．Ａｕｇｕｓｔ２００３）

２０３　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　犃犮狋犪犕犲狋犲狅狉狅犾狅犵犻犮犪犛犻狀犻犮犪　气象学报　２０１４，７２（２）
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续图７

Ｆｉｇ．７　（Ｃｏｎｔｉｎｕｅｄ）

温达到严重高温等级，模型正确预测了上述地区发

生的低温等级，但严重高温等级空间位置的预测与

实况不符。因此，通过上述预测检验结果可以看出，

模型可以对东北夏季气温的５个等级进行较有效的

预测，有业务参考价值，尤其是对气温偏高的２个等

级的预测效果要好于气温偏低的２个等级的预测；

当某一等级的预测正确率等于１０％时，表明预测模

型就对将要发生的气温异常有预警作用。

５　讨论和结论

本研究首先使用极大方差旋转经验正交函数分

解方法处理预报对象，从而可以得到空间分布结构

清晰、取样误差较小、线性独立的预报因子场。但由

于旋转经验正交函数分解特征向量的时间权重系数

反映了空间相关性分布随时间的演变特征，因此，在

旋转经验正交函数分解要素的不同时段，时间系数

将有所变化，针对这一问题，本研究将整个时段的数

据做了旋转经验正交函数分解，以纳入预报对象的

所有变化信息。由于预报因子选用前期影响因子，

因此，该方法不但可以应用于预测，也可以用于气候

成因诊断。但也正是由于没有使用短期气候动力预

测模式结果作为预报因子，该预测方法的预测技巧

也许还有进一步提高的空间。

本研究的主要工作之一是提供了旋转经验正交

函数分解结合逐步回归的一种短期气候预测方法。

利用旋转经验正交函数分解将东北夏季各月气温分

型，基于夏季之前的实况资料，求出前期大气环流和

海表温度场分别与旋转经验正交函数分解模态时间

３０３韩荣青等：旋转经验正交函数分解回归方法在东北夏季气温季节预测和成因诊断中的应用　　 　　　 　　　　　　　　　
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系数的相关场，并甄别出前期影响关键月份，用前期

关键月影响因子场与相关场的相似度乘以对应旋转

经验正交函数分解模态的空间荷载系数形成预测因

子矩阵，从而建立东北夏季各月标准化气温的逐步

回归预测方程，交叉回报的相关系数检验表明该季

节预测模型能够较好地预测出气温的异常变化，同

时，５个气温等级的独立样本预测结果表明，除了严

重低温预测准确率较低外，其余４个气温等级的预

测结果都具有较高的业务实用价值，使用该模型可

以在４月初对７月东北气温做预测，在６月初可以

对６月和８月东北气温做滚动预测。

旋转经验正交函数分解逐步回归季节预测方法

还是一种有效的气候成因诊断分析工具。本研究举

出了东北夏季各月某一类型气温异常的前期成因：５

月中高纬度出现北极涛动和北大西洋涛动与北大西

洋涛动一致负（正）位相型，副热带出现ＳＺ遥相关

型正（负）位相，相对应ＳＳＴ异常呈拉尼娜（厄尔尼

诺）及北大西洋海温三极子负（正）位相型，则易导致

６月辽宁大部分地区、吉林大部分地区和黑龙江中

部气温偏高（低），其余地区接近正常；２月ＳＳＴ呈

厄尔尼诺（拉尼娜）及北大西洋海温三极子正（负）位

相型，随后３月大气环流配合北极涛动和北大西洋

涛动正（负）位相，东亚太平洋遥相关为负（正）位

相，并且出现ＥＵ１型遥相关波列，则７月内蒙古东

北部气温显著性偏低（高）；５月热带印度洋ＳＳＴ呈

ＩＯＢＭ型负（正）位相，而ＥＮＳＯ和北大西洋海温三

极子形态不明显，同时，副热带大气环流呈ＳＺ遥相

关负（高）位相，而北半球中高纬度环流遥相关波列

不明显，则易导致８月内蒙古东北部部分地区、黑龙

江中西部、吉林及辽宁北部部分地区气温异常偏低

（高），其余地区气温接近常年。

　　致谢：感谢武炳义研究员和张培群研究员对本工作提

出的宝贵建议、感谢国家气候中心创新团队的支持！
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20世纪90年代末东亚夏季降水年代际
变化及其成因初探∗
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( 2014年 5月 16日收到; 2014年 7月 15日收到修改稿 )

基于 1983—2011年月总降水量、环流和海温的再分析资料, 给出了 20世纪 90年代末东亚夏季降水的年
代际调整的区域特征, 及其对应的大气环流内部过程和可能的海温外强迫的年代际变化. 研究结果表明, 在
20世纪 90年代末期东亚北部夏季降水比东亚南部夏季降水由湿向干的表现更为明显, 东亚南部地区夏季降
水则是在 20世纪 90年代初和 21世纪初发生年代际的转折. 此外, 东亚地区夏季的 500 hPa高度场、850 hPa
风场、U200风场、水汽输送场和东亚太平洋遥相关型指数和东亚夏季风指数等在 20世纪 90年代末期也表现
出明显的年代际变化特征. 进而从大气内部过程的角度验证了 20世纪 90年代末东亚夏季降水发生的年代际
调整. 与此同时, 北太平洋和西太平洋海表温度表现出由偏低向偏高的转变, 这可能是导致 20世纪 90年代末
期东亚夏季气候年代际变化的重要外部成因之一.

关键词: 降水型, 年代际变化, 环流, 外强迫
PACS: 92.60.Wc DOI: 10.7498/aps.63.209204

1 引 言

东亚是全球最显著的季风气候区, 东亚季风环
流在时间尺度上呈现出显著的季节内、季节、年际

和年代际变化特征. 由于东亚位于世界上最大的
大陆东部, 面临世界上最大的大洋, 海陆差异比较
大, 因此东亚夏季降水很容易受到大气内部因素和
外强迫因子的影响. 作为东亚占地面积最大的国
家, 中国夏季降水的年代际变化很大程度上反映了
东亚地区的降水情况. 已有研究表明 [1−6], 近几十
年来我国夏季降水经过了四次非常明显的年代际

变化, 而且表现出了典型的区域性降水形式. 具体
事实可归纳为: 1)严中伟 [7] 对北半球夏季气候跃

迁的研究表明, 1960s末我国华北地区的夏季降水
开始减弱, 马京津等 [8]对华北地区夏季水汽输送研

究表明, 从 1970s开始水汽输送方向变成以偏西为
主; 2)文献 [9—11]研究发现, 1970s末我国长江流
域夏季降水增多, 华北地区出现持续性减弱, 与之
相对应的东亚夏季风 1970s末也出现了显著的年代
际变化趋势 [12], 我国西北地区夏季降水也表现出
增多的趋势 [13,14]; 3) 1990s初期, 我国华南地区降
水显著性增多 [15−18]; 4) 1990s末期, 我国华北和东
北地区夏季降水明显减弱 [19], 黄河、淮河流域夏季
降水增多, 长江流域降水减少 [20], 梅雨期降水主雨
带北移. 伴随着我国夏季降水的年代际变化, 我国
夏季降水异常主模态也出现了年代际转变 [21]. 黄
荣辉等 [19]的研究结果表明, 我国东部夏季降水主
模态在 1990s末发生了年代际变化, 由 “三极型”向
“偶极型”转变, 我国东部夏季降水异常呈现 “南正
北负”的分布特征. 龚志强等 [22] 通过对夏季降水

及年代际转型的可能信号分析, 得出在 2012年可
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能是中国东部夏季降水的转折点.
此外, 关于东亚地区夏季降水年代际变化可能

成因的大量的研究 [23−29]表明, El Nino事件 (赤道
中, 东太平洋海温异常)是全球范围内天气气候年
际和年代际变化的一个强有力信号. 东亚夏季气候
年代际变化可能是由于热带东太平洋发生了年代

际的El Nino现象所引起的. 张庆云等 [18]和邓伟

涛等 [30]的研究表明, 中国地区夏季降水的年代际
变化与北太平洋年代际振荡 (PDO)有联系. 东亚
地区天气变化与东亚季风环流有关 [31,32], 同时太
平洋海温也是影响东亚地区天气变化的重要原因.
大量的动力统计数值实验都为研究东亚降水做出

了贡献 [33−37]. Li等 [38]通过两种模式研究东亚降

水、季风环流调整与热带海温、全球海温、温室效应

增加的气溶胶等之间的相互作用. 研究发现, 热带
地区海温外强迫能使大多数季风环流减弱; 二氧化
碳气体使气溶胶增多, 加强了海陆热力差异, 促进
东亚季风环流; 热带地区海温增加, 特别是中东太
平洋海温年代际变化是季风消弱的主要原因. Si和
Ding[39]研究了青藏高原冬季积雪与东亚夏季降水

之间的联系, 发现在 1977—1999年青藏高原冬季
积雪与我国长江流域、日本南部地区夏季降水相关,
而在 2000—2011年青藏高原冬季积雪则与我国淮
河流域、朝鲜半岛地区夏季降水联系更大些. 据探
测得到的数据显示, 在 20世纪 90年代末青藏高原
温度升高, 而温度升高又与地面热感通量和长波辐
射增加有直接关系.

显然与 20世纪 70年代末的突变相比, 20世纪
90年代末发生的东亚地区的夏季降水的调整, 其在
空间上表现出的调整显著区域等则略显晦涩. 同
时, 这次调整对应的大气内部过程和可能的外部驱
动等相关研究也开展较少, 至今没有给出关于 20
世纪 90年代末东亚夏季降水年代际调整的清晰的
概念模型图. 因此, 本文尝试根据 1983—2011年月
总降水量、环流和海温的再分析资料, 利用大气学
中常用的统计方法, 探讨了 20世纪 90年代末东亚
夏季降水的年代际调整, 及其对应的大气环流内部
过程和可能的海温外强迫的年代际变化. 本文第二
节给出资料和方法; 第三节分析东亚夏季降水的年
代际变化特征; 第四节分析东亚地区环流系统的调
整; 第五节着重分析太平洋海温与东亚夏季降水和
东亚环流系统的关系; 第六节总结, 并给出了 20世
纪90年代末东亚夏季降水调整的概念模型图.

2 资料和方法

资料来自美国国家环境预测中心/国家大气研
究中心 (NCEP/NCAR)发布的 1983年 6月到 2011
年 8月的全球逐月再分析资料, 包括高度场、风
场、比湿 q、地面气压 p的月平均资料,分辨率为
2.5◦ × 2.5◦; 1983—2011年NOAA ERSST的海面
温度资料, 分辨率为2◦×2◦; PREC (The PRECip-
itation REConstruction data set) 6—8月的总降水
量的分析资料.

本文所采用的主要方法是合成分析、相关分析

和回归分析. 计算水汽输送主要采用的方法是从
地表面 (Ps)到 500 hPa 厚度的整层纬向水汽输送
(Qu)、经向水汽输送 (Qv)的计算方法.

Qv(x, y, t)

=
1

g

∫ ps

q(x, y, p, t)v(x, y, p, t)dp, (1)

Qu(x, y, t)

=
1

g

∫ ps

q(x, y, p, t)u(x, y, p, t)dp, (2)

式中: Ps为地面气压, q为比湿, u为纬向风, v为经
向风, g为重力加速度.

为了分析北太平洋和西太平洋平均海温距

平指数与东亚地区夏季降水、500 hPa高度场和
850 hPa风场之间的关系, 采用了线性回归. 其中
相关系数:

Rn =

n∑
i=1

(xi − x)(yi − y)√√√√ n∑
i=1

(xi − x)2 ·
n∑

i=1

(yi − y)2

. (3)

3 1990s末东亚夏季降水的年代际
变化

图 1 (a—c)中, 从东亚地区 (90◦ E—145◦ E,
10◦ N—55◦ N) 1983—2011年夏季降水距平经验正
交展开 (EOF)主分量的空间分布可以看出,东亚区
域夏季降水的第一模态 (EOF1)为海陆差异模态,
其方差贡献为 16.7%; 第二模态 (EOF2)出现由北
向南的正负交替的模态, 其方差贡献为 11.2%; 第
三模态 (EOF3)是由北向南的 “+ − +” 模态, 其方
差贡献为 8.8%; 在EOF2 和EOF3中, 大陆上表现
出的 “+ − +” 和南北向的 “+−”模态, 与魏凤英和
张先恭 [40] 关于中国东部夏季雨型的划分、黄荣辉
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等 [19]研究给出的中国东部地区夏季降水的主要模

态等有关结论是一致的, 进而也说明了本文对东亚
地区夏季降水EOF展开得到的降水异常模态是可
信的.

图 1 (d)—(f)中 给 出 的 是EOF1, EOF2和
EOF3的时间系数. 可以看出, EOF1和EOF2更多
地表现出年际振荡, 而EOF3的年代际均值变化的
特征相较明显. 利用滑动T检验方法 (MTT)分别
对EOF1, EOF2和EOF3的时间系数 1983—2011
年进行年代际位相调整的检验 (图 2 (a)), 可以看
出, EOF1和EOF2均不存在通过 0.05信度检验的
突变点, 而EOF3的时间系数存在通过0.05 信度检
验的突变点, 对应的突变时间在 1998年前后. 此
外, 龚志强等 [41]的启发式分割算法 (BG算法)的
检测结果与MTT方法的类似 (图略). 图 2 (b)为对
EOF3 的时间系数进行小波分解的方差图. 可以
看出, 在对应 12—18年左右存在极大值, 即说明E-
OF3的时间系数存在相应时间尺度的准周期振荡,
这也进一步说明了存在年代际位相调整的可能性.

图 3是东亚 1983—2011年 (6—8)月的降水距
平百分率的纬度 -时间剖面图. 从图中可以看出明
显的年代际的变化特征: 20世纪 80年代初到 90年
代末 30◦ N以北地区降水偏多, 30◦ N以南地区降
水相对于东亚北部地区偏少; 而 90年代末至 2011
年 30◦ N以北地区降水由多变少, 30◦ N以南降水
也相应地由少变多. 而且从图上也可以看出, 东
亚北部地区的年代际变化特征更加明显. 为了更
容易地看出东亚北部地区夏季降水的年代际变化,
图 4 (a) 和 (b)分别给出了东亚南部地区夏季降水
距平直方图和东亚北部地区夏季降水距平直方图.
从图 4可以看出, 东亚北部地区 (100◦ E—130◦ E,
30◦ N—55◦ N)夏季降水在 1998 年出现年代际转
变, 从正距平转变成负距平, 对应了EOF分解对
应的第三模态的时间系数序列. 而东亚南部地区
(100◦ E—130◦ E, 10◦ N—30◦ N)夏季降水在 20世
纪 90 年代初和 21世纪初都发生了年代际的转折,
由负距平到正距平再到负距平.
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图 1 (网刊彩色)东亚地区 1983—2011 年夏季降水的EOF主分量的空间分布 (a)—(c)和时间系数 (d)—(f)
(a) EOF1, 方差贡献 16.7%; (b) EOF2, 方差贡献 11.2%; (c) EOF3, 方差贡献 8.8%; (d) EOF1对应的时间系数;
(e) EOF2对应的时间系数; (f) EOF3对应的时间系数
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图 2 (网刊彩色) 东亚 1983—2011年夏季降水的EOF主分量时间系数的MTT检测 (a)和EOF3 时间系数的小
波变化方差 (b)
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图 3 (网刊彩色)东亚沿 100◦ E—130◦ E夏季 (6—8月)降水距平百分率 (%)的纬度 -时间剖面
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图 4 东亚地区夏季降水距平直方图 (a)东亚南部地区 (100◦ E—130◦ E, 10◦ N—30◦ N); (b)东亚北部地区
(100◦ E—130◦ E, 30◦ N—55◦ N)

为了更清楚地看出东亚地区夏季降水的年代

际变化, 图 5 (a)和 (b)分别给出了1983—1998年和
1999—2011年东亚夏季降水距平百分率, 图 5 (c)
是 1983—1998年和 1999—2011年降水距平百分率
差值图. 从图 5 (a), (b)中可以看出, 东亚出现非
常明显的年代际变化. 1983—1998年中东亚北部
地区降水偏多, 东亚南部地区降水偏少, 呈现明显
的 “偶极型”的降水特征. 1999—2011年降水型与
1983—1998年降水型的情况相反, 东亚北部地区降
水偏少, 东亚南部地区降水偏多. 从图 5 (c)差值图
中可以看出, 1983—1998年与 1999—2011年降水
型几乎一致. 因此, 东亚地区在 20世纪 90年代末
具有非常明显的年代际变化.

4 20世纪90年代末的东亚环流系统
的调整

已有研究 [42]表明, 中国东部夏季降水异常
和年代际的变化都和东亚 -太平洋遥相关有很
好的联系. 从图 6可以看出, 90年代末, 30◦ N
以北的东亚地区 500 hPa高度场也出现了年代
际的转折. 1983—1998年东亚北部地区大面积

为负值区, 东亚南部地区相对于北部地区为正
值区. 1999—2011年东亚北部地区大面积为正
值区, 东亚南部大面积相对于北部地区为负值
区. 可以看出, 500 hPa 高度场的这种变化和东
亚夏季降水的年代际变化有很好的一致性. 当
500 hPa 高度场为负距平值时, 东亚夏季降水偏
多; 当 500 hPa高度场为正距平值时, 东亚夏季则
以降水偏少为主. 图 7 (a)—(c)分别是 1983—1998
年, 1999—2011年 500 hPa高度场距平合成图和
1999—2011与 1983—1998年的 500 hPa高度场距
平合成差值图. 可以看出, 1983—1998年欧亚大
陆中高纬度高度场从西到东呈 “−+−”分布, 中亚
地区到中国东部华南地区为正距平所控制, 在东亚
地区从北向南呈现 “−+”的偶极分布特征. 这种径
向型环流具有相当的正压结构, 有利于水汽向北输
送. 1999—2011年的情况则相反, 欧亚大陆中高纬
度高度场从西到东呈 “+ − +”分布, 属于 “两脊一
槽”的分布, 有利于在中亚地区形成阻塞高压频发,
不利于中国夏季的雨带偏北. 差值图则进一步证实
了 “两脊一槽”的分布特征, 突出了前后两个时期的
差异.

图 8 (a), (b)分别是 1983—1998年, 1999—
2011年的 850 hPa风场叠加U200风场距平合成
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图. 这两幅图最明显的特征就是在 (35◦ N—55◦ N,
100◦ E—130◦ E)和 (10◦ N—30◦ N, 100◦ E—130◦ E)
范围内, 1983—1998年, 对应的对流层 850 hPa, 东
亚北部地区 (35◦ N—55◦ N,100◦ E—130◦ E)受异
常的气旋控制, 有利于水汽向东亚北部地区输送,
也有利于低层风场辐合, 降水偏多; 而U200 风场
中西风急流偏强, 有利于高层辐散, 这样一种高
层辐散, 低层辐合的环流配置给东亚北部等区域
带来丰富的降水. 同时, 东亚南部 (10◦ N—30◦ N,
100◦ E—130◦ E)受异常的反气旋所控制, 下沉运
动增强, 不利于中国东部华南以南地区降水; 而
1999—2011年的风场则与 1983—1998年的风场呈
现相反的情况, 850 hPa风场在东亚北部为异常的
反异常气旋所控制, 低层风场辐散, 下沉运动增强,
U200风场西风急流偏弱, 风场辐合, 位置较低层的
850 hPa风场向西倾斜. 这样一种高层辐合、低层

辐散、下沉运动增强的高低层环流异常配置不利于

该地区降水的产生, 对应着东亚北部地区降水减
少. 在东亚南部地区, 低层风场辐合、上升运动增
强、高层风场辐散, 有利于降水. 图 9则是在同期的

500 hPa垂直速度. 从图 9 (a), (b)可以看出, 在东
亚地区西部, 环流异常表现出从南到北的 “+ − +”
分布特征. 其中 1983—1998年, 在 500 hPa层, 在
东亚地区东部, 环流异常表现出南北反相位的 “ 偶
极型”分布特征. 40◦ N—55◦ N地区为上升运动,
而东亚南部地区 40◦ N以南地区为下沉运动所控
制, 对应的 200 hPa 风场也大致出现这样的偶极型
特征. 在 1999—2011年, 500 hPa 垂直速度则呈现
相反的情况. 因此, 从风场和垂直速度中也可以看
出, 在 20世纪 90年代末出现年代际变化特征是非
常明显的.

(a)                                   (b) (c)
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图 5 (网刊彩色)东亚夏季 (6—8月)降水距平百分率 (a) 1983—1998年; (b) 1999—2011年; (c)差值图
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图 6 (网刊彩色) 东亚 500 hPa高度场距平的纬度 -时间剖面
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图 7 (网刊彩色)东亚 500 hPa高度场距平合成图 (a) 1983—1998年; (b) 1999—2011年; (c) 1999—2011与
1983—1998年的差值图 (图中蓝色线部分为 t检验达到 0.05显著性水平的区域)
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图 8 850 hPa风场叠加 200 hPa U风场距平合成 (a) 1983—1998年; (b) 1999—2012年
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图 9 (网刊彩色) 500 hPa垂直速度 (a) 1983—1998年; (b) 1999—2012年
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图 10 整层水汽输送通量及其辐合辐散 (a), (d) 1983—1998年平均与气候态之差; (b), (e) 1999—2011年平均
与气候态之差; (c), (f) 1999—2011年与 1983—1998年平均之差 (图中阴影部分是通过信度为 0.05的显著性检验)

东亚夏季降水与东亚夏季水汽输送有着

密切的联系. 图 10 (a)—(c)分别是 1983—1998
年, 1999—2011年整层积分的水汽输送的合成
图和两时段的整层积分的水汽输送的差值图.
图 10 (d)—(f)则是与之相对应的辐合辐散场的年

代际异常. 从图中可以看出, 1983—1998年期间,
来自太平洋的水汽在东亚北部地区形成气旋式异

常输送, 在气旋南侧 (福建一带)异常的水汽输送与
气候态的输送方向相反, 对应着水汽输送增强, 水
汽输送辐合, 有利于东亚北部地区降水. 在东亚南
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部, 我国华南地区水汽输送为反气旋式异常. 反气
旋式水汽输送伴随着局部地区水汽辐散, 不利于东
亚南部地区降水. 而在 1999—2011年的水汽输送
与前段时间的水汽输送呈现相反的趋势. 东亚北部
地区水汽输送形成反气旋式异常输送, 在气旋南侧
异常的水汽输送与气候态的输送方向相反, 对应着
水汽输送减弱, 水汽输送辐散, 不利于东亚北部地
区降水. 在东亚南部, 我国华南地区水汽输送为气
旋式异常. 气旋式水汽输送伴随着局部地区水汽辐
合, 有利于东亚南部地区降水. 从差值图中也可以
看出, 东亚北部地区和东亚南部地区明显的反气旋
和气旋变化, 在我国东部地区水汽输送和其辐合辐
散呈现南北反相的偶极型分布特征, 这对东亚夏季
降水 1990s末的年代际异常有着重要的影响, 从侧
面也反映了此次水汽输送与东亚夏季降水有着很

好的关联.
东亚夏季降水异常与东亚夏季风强度有紧密

的关系 [43]. 因此, 利用两个常用的东亚夏季风指数
研究东亚夏季风强度的年代际变化特征. 这两个指
数分别是Huang[44]定义的东亚/太平洋 (EAP)遥
相关指数和施能等 [45]定义的东亚夏季风 (EASM)
指数. 研究表明两者对于东亚夏季风变化都有很好
的描述能力. EAP 指数是基于东亚 -太平洋区域存
在EAP/PJ大气遥相关型定义的季风环流指数, 反
映了东亚地区夏季风水平和垂直环流的异常特征,
包含了热带、副热带和中纬度大气环流变化的特征.
其变率与东亚地区夏季降水和温度异常有着紧密

的联系. 施能等定义的EASM指数从大尺度角度
出发, 很好地解释了海陆之间海平面气压差与季风
之间的关系. 两指数定义分别为

IEAP = − 0.25Zs(60
◦ N, 125◦ E)

+ 0.50Zs(40
◦ N, 125◦ E)

− 0.25Zs(20
◦ N, 125◦ E),

其中, Zs = (Z − Z̄) sin(45◦)/ sin ∂表征在∂格点夏

季平均的500 hPa位势高度场异常标准差.

It =

n∑
i=1

(p∗1it − p∗2it), I∗t =
It − I

σI
,

I∗t 则为标准化的EASM指数, 其中 i表示纬带, t表
示年份, I, σI表示 I的平均值和均方差, ∗为标准
化处理; p∗1it, p∗2it分别是110◦ E, 160◦ E的第 i纬带

第 t年的标准化海平面气压值.
图 11为根据黄刚和施能等定义的指数计算的

EAP指数和EASM指数的异常分布. 两个指数都

表现出明显的年代际变化和年际变化特征. 在年代
际尺度上, EAP指数在 20世纪 90年代中后期出现
了一次明显的年代际变化, 由负相位变为正相位.
这与张庆云等 [18]研究 20世纪 90年代中国华南夏
季降水变化相对应, 大致上也与东亚北部地区夏季
降水呈现良好的对应关系. 而施能等定义的EASM
指数则在 1990s初和 2000s初出现了两次相位的转
变, 与东亚南部地区夏季降水有很好的对应关系.
这两指数都反映了 20世纪 90年代中后期都发生了
年代际的转变, 但两者发生转变的时间并不完全一
致, 可能是因为两指数所表征的环流和显著相关的
降水的区域不同.

5 北太平洋和赤道西太平洋海温的
年代际变化

对这次年代际变化的不同时段夏季太平洋海

温进行合成分析. 由图 12可以发现, 1983—1998
年北太平洋中纬度地区海温偏冷, 而赤道中东太平
洋海温偏暖, 具有PDO暖相位的特征 (图 12 (a));
1999—2011年北太平洋中纬度地区海温偏暖, 而
赤道中东太平洋海温偏冷, 具有PDO冷相位的特
征 (图 12 (b));这种PDO由正相位向负相位转变,
通过影响东亚夏季风环流系统, 使得东亚夏季风
增强, 从而导致东亚地区降水型的改变. 张庆云
等 [18]也指出中国东部的夏季降水雨型与大气外

部强迫因子北太平洋中纬度海温年代际变化P-
DO关系密切; Huang[44]的研究表明西北太平洋

低层环流存在着明显的年代际变化, 且这种年
代际变化表征了西北太平洋夏季风的年代际变

化, 并且会影响到东亚夏季风的变化. 大量的研
究都表明太平洋海温是影响东亚夏季降水重要

的外部因子之一. 1983—2011年东亚夏季降水第
三模态的时间系数与夏季海温序列 8年滤波低频
分量的相关系数分布 (图 13 )可以看出, 在北太平
洋地区和西太平洋地区, 两者有着非常显著的相
关性.

北太平洋和西太平洋海温是影响东亚夏季

降水的重要外强迫因子之一, 对东亚夏季降水
起着重要的作用. 因此, 将北太平洋 (150◦ E—
150◦ W, 20◦ N—40◦ N)平均海温距平和西太平洋
(110◦ E—116◦ E, 20◦ S—20◦ N)平均海温距平作
为指数. 图 14 (a), (b)分别是北太平洋、西太平洋
海温距平指数. 显然, 这两幅图都具有非常明显的
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图 11 (a)和 (b)分别是EAP指数和EASM指数 (曲线), 以及相对应的 7年滑动平均 (柱状图), 其中两指数的 7
年滑动平均扩大了 5倍
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图 12 (网刊彩色)海温距平合成图 (a) 1983—1998年; (b) 1999—2011年
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图 13 (网刊彩色) 1983—2011年东亚夏季降水第三模态
的时间系数与夏季海温序列 8年滤波低频分量的相关系数

年代际变化特征, 在 20世纪 90年代中后期之前都
是负指数, 在 20世纪 90年代中后期之后都转变为

正指数. 已有的研究表明, EASM的强弱直接决定
了东亚地区的降水, 而EASM 强弱的一个重要影
响因素在于海陆温差, 而 1999年之前 (后)的西太
平洋和北太平洋海温以偏冷 (暖)为主, 海陆温差的
加大 (减小), 有利于EASM偏强 (弱), 造成东亚北
部地区降水偏多 (少).

通过北太平洋海温指数和西太平洋海温指

数分别对东亚夏季降水进行相关分析, 图 15 (a1),
(a2)分别是北太平洋海温指数和西太平洋海温指
数与东亚夏季降水进行相关分析得出的相关系数;
图 15 (b1)和 (b2)分别是北太平洋海温指数和西太
平洋海温指数对东亚夏季降水求得的回归场的差
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图 14 海温指数分布 (a)北太平洋海温指数; (b)西太平洋海温指数
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值图. 从图 15 (a1)可以看出, 北太平洋海温指数与
东亚北部夏季降水有很好的对应关系, 通过相关系
数得出的东亚夏季降水距平百分率回归图 (b1)与
东亚夏季降水距平百分率图相一致. 西太平洋海温
与东亚地区大部分都有很好的对应关系. 西太平洋
暖池是热带太平洋表面温度场的主要模态, 是调制
热带太平洋乃至全球气候的关键因子, 其变化特点

一直是人们关注的焦点. 通过西太平洋海温距平指
数与东亚夏季降水的相关系数可以看出, 西太平洋
海温与东亚地区有很好的对应关系. 因此, 西太平
洋海温也是影响东亚夏季降水的重要因子之一.

图 16 (a1), (a2)分别是北太平洋海温指数和西
太平洋海温指数对500 hPa高度场进行相关分析得
出的相关系数; 图 16 (b1), (b2)分别是北太平洋海
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图 15 海温指数与东亚夏季降水的相关系数 (a1), (a2)和东亚夏季降水距平百分率回归图 (b1), (b2), 相关系数
图中阴影部分是通过信度为 0.10的显著性检验
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图 16 (网刊彩色)海温指数与 500 hPa高度场的相关系数图 (a1), (a2)和 500 hPa高度场距平回归图 (b1), (b2),
相关系数图中阴影部分是通过信度为 0.10的显著性检验
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温指数和西太平洋海温指数对 500 hPa高度场求
得的回归场的差值图. 从图 16可以发现, 不论是
西太平洋海温还是北太平洋海温, 对 500 hPa高度
场都有很好的对应关系. 通过相关系数回归出的
500 hPa回归场也与 500 hPa合成距平差值图相一
致. 因此, 西、北太平洋海温可能是影响 500 hPa高
度场发生年代际转折的重要外部强迫因子之一.

6 结 论

气候年代际变化是全球海陆气系统相互作用

的结果, 天气气候的演变特征受到大气内部动力
过程和大气外强迫因子的共同作用. 针对 1990s末
东亚夏季降水年代际的异常转折, 分析了内在因素
—–500 hPa高度场, 850 hPa风场, U200风场,水汽
输送和外在因素—–海洋等可能的影响, 并对1990s
末前后两个时段对比分析了东亚夏季降水的分布

特征及其相应的影响因素等, 讨论了 1990s末东亚
夏季年代际发生转折的可能信号. 得出以下主要
结论.

1)东亚北部夏季降水在20世纪90年代末期发
生年代际的转变, 主要表现为由湿向干转变, 而东
亚南部夏季降水在 20世纪 90年代初和 21世纪都
发生了年代际转变, 降水由干转湿再变干. 从东亚
区域宏观的整体角度则更表现为雨型的 “+−”型向
“−+”型转变.

2)对应的东亚夏季降水在20世纪90年代末的
年代际变化, 东亚地区夏季环流也发生了年代际的
转折. 1983—1998年, 500 hPa高度场欧亚大陆从
西到东呈 “−+−”分布特征, 东亚地区从南到北呈
现 “+−”的偶极分布特征, 环流具有相当的正压结

构; 850 hPa风场在东亚北部形成一气旋, 而U200
风场中西风急流偏强, 东亚南部形成一反气旋, 高
层辐散, 低层辐合, 有利于东亚北部地区降水; 整层
的水汽输送在东亚北部地区气旋式异常输送, 水汽
输送辐合, 南部地区形成一反气旋式异常输送, 水
汽输送辐散. 1999—2011年的情况则相反, 欧亚大
陆中高纬度高度场形成 “两脊一槽”的分布, 东亚地
区从南到北呈现 “−+”的偶极分布特征有利于在中
亚地区形成阻塞高压频发; 850 hPa风场在东亚北
部为反气旋所控制, 而U200风场辐合, 东亚南部形
成一气旋, 高层辐合, 低层辐散; 整层的水汽输送在
东亚北部地区反气旋式异常输送, 水汽输送辐散,
南部地区形成一气旋式异常输送, 水汽输送辐合,
有利于东亚南部地区降水. 同时, 两个东亚夏季风
指数EAP和EASM都显示了东亚夏季风强度在20
世纪中后期出现了明显的年代际变化. 因此, 20世
纪 90年代末期东亚夏季降水发生年代际调整从大
气内动力过程的角度是完全可以解释的.

3) 20世纪 90年代末, 太平洋海温也发生了
明显的年代际变化. 1983—1998年, PDO偏暖;
1999—2011年与前一段时间相反, PDO偏冷. 通过
北太平洋海温指数和西太平洋海温指数对东亚夏

季降水和 500 hPa高度场进行相关分析: 太平洋海
温指数与东亚夏季降水和 500 hPa高度场都有很好
的对应关系, 因此, 北太平洋海温和西太平洋海温
是引起东亚夏季降水和 500 hPa 高度场发生年代
际变化的重要成因之一. 综合考虑 20世纪 90年代
末东亚夏季降水的调整、同期的大气环流和海温的

变化, 给出了 20世纪 90年代末东亚夏季降水调整
的概念模型图 (图 17 ).
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图 17 20世纪 90年代末东亚夏季降水调整的概念模型图
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Interdecadal variation of precipitation pattern and
preliminary studies during the summer of

late-1990s in East Asia∗
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Abstract
Based on the analyses of monthly precipitation, National Centers Environmental Prediction/University Corporation

for Atmospheric Research reanalysis dataset, and 2◦ × 2◦ sea surface temperature (sst) data of extended reconstructed
sea surface temperature during 1983–2011, we discuss the interdecadal variations of precipition around late-1990s in
East Asia, the contributions of the atmospheric internal dynamic processes, and the extra-forcing factors such as sst that
presents interdecal characteristics corresponding to the results obtained by using regress analysis. The results show that
the interdecadal variations of the summer rainfall over Northern East Asia around late-1990s were more obvious than
over Southern East Asia, and the summer rainfall over Southern East Asia experienced a notable interdecadal change
around early-1990s and early-2000s. The summer geopotential height at 500 hPa, the summer wind at 850 hPa, the
summer U-wind at 200 hPa, the water vapor transportation field, the index of EAP and EASM all have the notable
characteristics of the interdecadal variations, which further validate the interdecadal change of precipition of late-1990s
from the angle of the atmospheric internal dynamic process. At the same time the sea surface temperature interdecadal
anomalies of North Pacific and West Pacific may also be one of the important reasons for causing the interdecadal change
over East Asia of the late-1990s.
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relatively good prediction skill for some circulation features associated with the cyclogenesis frequency 
including sea level pressure, wind vertical shear, Intertropical Convergence Zone and cross-equatorial air 
flows. Predictors derived from these large-scale circulations have good relationships with the cyclogenesis 
frequency over the South China Sea and the western North Pacific. A multivariate linear regression (MLR) 
model is further designed using these predictors. This model shows good prediction skill with the anomaly 
correlation coefficient reaching, based on the cross validation, 0.71 between the observed and predicted 
cyclogenesis frequency. However, it also shows relatively large prediction errors in extreme tropical 
cyclone years (1994 and 1998, for example). 
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1  INTRODUCTION  

Being one of the countries most seriously hit by 
tropical cyclones (TCs), especially landfall TCs, 
which bring with them abundant amount of rain, 
China suffers great damages that result in huge 
economic losses and casualties. As the TCs affecting 
China are mainly from the western Pacific and South 
China Sea, predicting the frequency of TCs genesis in 
the two regions has long been an important operation 
at National Climate Center of China (NCC). The 
cyclogenesis, intensity and track of TCs are affected 
by large-scale atmospheric circulation, which includes 
tropical sea temperature, atmospheric convection in 
the tropics, divergence/convergence in the upper and 
lower atmosphere, and vertical wind shear, which has 
been much studied at home and abroad[1-11]. In the 
latest work over the past few years, cyclogenesis in 
the western Pacific and North Pacific Oscillation[12], 

the size of sea ice in North Pacific[13], circulation east 
off Australia[14], and Antarctica Oscillation[15] all are 
closely related with the issue above. All of the work 
above has paved solid theoretic basis for predicting 
the TCs. 

Statistical approach has been widely used in 
predicting the TC season[1, 16-19]. Recently, based on 
multiple climatological factors, Fan and Wang[20] built 
a model for statistical predicting the annual genesis of 
TCs in the northwestern Pacific and with good results. 
Nicholls[16] used the Southern Oscillation-El Nino 
index to perform seasonal prediction of the number of 
TCs in Australia. Klotzbach et al.[18, 19] predicted the 
frequency of hurricanes in the Atlantic using a 
statistic prediction model that is based on precursory 
atmospheric signals. At present, there are only a 
couple of objective methods based on statistical 
physics, including the optimized subset and 
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mean-generating function methods, at NCC to predict 
the TC. Statistical physics based prediction cannot 
take into account the variation of the atmosphere itself 
in many circumstances while the activity of the TC is 
closely related with the anomaly of simultaneous 
atmospheric circulation. Therefore, the anomaly of 
large-scale tropical atmosphere must be known before 
the activity pattern of the TC can be predicted and 
dynamic models have advantages of their own 
doubtlessly. In 2006, climate models were first put 
forward to be used in real-time forecasting of the 
frequency of the TC in western Pacific in the summer 
of 2006 and the result was consistent with the 
observation[21]. A nine-layer model from the 
Atmospheric Physics Institute of Chinese Academy of 
Sciences was used to study its predictability for 
large-scale circulation anomaly that was closely 
related with the TC[22], with the finding that it is 
capable of performing climatological prediction, with 
some success, of the TC activity in northwestern 
Pacific. All of these studies have shown that it is 
feasible to have observation-based prediction of the 
TC frequency using dynamic models. Mainly due to 
relatively weak capabilities of models to predict 
TC-related circulation anomaly, there has not been 
any predictive model in the TC forecasting operation 
of NCC that is based on dynamic models.  

The SINTEX-F coupled model has been 
developed on the basis of SINTEX jointly founded 
under a Europe-Japan cooperation program[23-26]. As 
shown in some analyses, the SINTEX-F GCM does 
well in modeling and predicting the large-scale 
circulation features of the tropical atmosphere[27]. In 
view of it, this study attempts to extract a TC-related 
large-scale circulation field that has high predicting 
skill as well as observations to set up an objective 
statistical predictive model of the annual frequency 
(AF) of the TC in the South China Sea and western 
Pacific, which is for both forecasting experiment and 
result verification. 

2  MODEL, DATA AND METHODS 

The atmospheric part of the model is the latest 
high-resolution version of ECHAM4[28]. It has a 
horizontal resolution of T106 and 19 vertical layers. 
The global ocean model is Version 8.2 of Océan 
Parallélisé that contains the structure of OCRA2[26]. 
With a horizontal resolution of 2°×2°, the model 
improves to 0.5° and has 31 vertical layers in areas 
near the equator. The coupled fields of the model (e.g. 
sea surface temperature, land surface momentum flux, 
thermal flux and water vapor flux) are obtained by 
interpolation and air-sea exchange is executed once 
every 2 hours through a coupling mechanism that 
involves the ocean, atmosphere, sea ice and soil[30]. 
No flux correction is made to the coupled model with 

only the sea-ice covered area in the OCGCM adjusted 
towards the observed monthly climatological value. 
The initial atmospheric condition is determined by 
integrating for a year under the observed monthly 
climatological SST. The ensemble forecasting scheme 
includes nine members that are from three groups of 
coupled physics (equivalent to three groups of model) 
and three schemes of initial value formulation. They 
are combined in pairs of two, totaling at nine groups 
of forecasting scheme. For detailed introduction to the 
model, see Roeckner et al.[28], Madec et al.[29] and 
Valcke et al.[30]. The SINTEX-F model shows high 
skill in predicting the ENSO, IOD and Asian 
monsoons[31-36] and does well in the prediction 
experiments in the past few years[37].  

The model data used in this work is the 
circulation field of May to October from 1982 to 2010 
forecast from March 1 by SINTEX-F GCM, which 
includes the sea level pressure (SLP), zonal winds at 
850 and 200 hPa and meridional wind at 850 hPa. The 
data of TC frequency in northwestern Pacific and 
South China Sea are all from the Yearly Book for 
Typhoons from China Meteorological Administration. 
The TCs studied in this work are the ones with 
near-the-eye wind at Force 8 on the Beaufort scale. 
The observations used are issued by NCEP/NCAR, 
which are the monthly mean global reanalysis with the 
horizontal gridpoint at a resolution of 2.5°×2.5°. The 
variables include SLP, outgoing longwave radiation 
(OLR), zonal wind at 1000 and 200 hPa and zonal and 
meridional wind at 850 hPa. 

First, main large-scale circulation conditions are 
determined that affect the TC activity through the 
correlation between the annual TC frequency and 
related NCEP data. Then, correlation analysis is 
applied to extract information on large-scale 
circulation field that offers the model with high 
prediction skill and is closely related with the TC 
genesis and identify predictors for the key region. And 
then, large-scale circulation factors forecast with the 
SINTEX-F model are used to set up a statistical 
prediction model for the AF of the TC via multivariate 
regression analysis. The forecast results are 
cross-verified and experimented through prediction. 

3  RELATIONSHIP BETWEEN THE TC 
FREQUENCY AND LARGE-SCALE 
ATMOSPHERIC CIRCULATION 

As the genesis of the TC is closely related with 
the large-scale circulation, many studies have worked 
on it. At NCC, the annual typhoon prediction is for 
the total number of TCs that are formed over the 
whole year while the TCs in the South China Sea and 
western Pacific mainly appear from May to October, 
which take up 80% of the annual cyclogenesis 
frequency. The series of the TC number from May to 
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October is correlated with that of the whole year at 
0.94 while the monthly frequency of TC genesis from 
January to April is less than one on a multi-year scale. 
Therefore, the annual TC frequency and 
May-to-October circulation are selected to set up a 
statistical relationship between each other by taking 
into account the operational need for prediction of 
annual TC frequency and the relationship presented 
above between the May-to-October time and the 
whole year as well as the winter-summer circulation 
contrast. Fig. 1 gives the correlation between the AF 
and the large-scale circulation averaged over May to 
October, which include SLP, divergence at 1000 and 
200 hPa, vorticity at 850 hPa, vertical shear of the 
zonal wind at 200 and 850 hPa and the meridional 
wind at 850 hPa. Fig. 1 gives the correlation between 
the AF of the TC and the large-scale circulation 
averaged over May to October, which includes the 
divergence at 1000 and 200 hPa, vorticity at 850 hPa, 
vertical shear of the zonal wind at 200 and 850 hPa 
(|U200 hPa-U850 hPa|) and the meridional wind at 
850 hPa. Fig. 1a shows that the AF is much negatively 
correlated with the SLP in the South China Sea and 
western Pacific. In the main area of TC activity, low 
SLP is accompanied with active TCs and otherwise is 
true. The physical implication of this link is 
well-defined. Fig. 1b-1d present the relationship 
between the Intertropical Convergence Zone (ITCZ) 
and the AF, which indicates that strong low-level 
convergence (Fig. 1b), upper-level divergence (Fig. 1c) 
and 850 hPa vorticity (Fig. 1d) are all conducive to 
large number of TC genesis, which is also easily 
understood in physics. Fig. 1e gives the relationship 
between the genesis frequency of the TC and the wind 
shear between the upper and lower levels of the 
troposphere. As shown in a number of studies, the 
vertical wind shear of the source area of the TC has 
important effects on the TC genesis; the larger the 
vertical wind shear, the less likely the TC will be 
generated. Significantly negative correlation is found 

over an extensive area of 140°E-160°W, 10°-20°N, 
which is consistent with previous studies. Besides, it 
is also noted that a large area of significantly positive 
correlation also exists to the west of it, constituting a 
well-defined dipole pattern with the eastern area of 
negative correlation. Such distribution also reflects 
the effect of the circulation anomaly of the subtropical 
monsoon in East Asia on the genesis frequency. As 
the subtropics from the Indian Ocean to the western 
Pacific is affected by the monsoon, the lower level is 
with a westerly and the upper level an easterly and a 
large wind shear between these levels indicates a 
strong monsoon circulation and thus a strong 
monsoon trough, making it more likely for the TC to 
form. In Sun et al.[14], the anomaly of the equatorial 
westerly upstream of the western part of the western 
Pacific (125°-150°E) is also focused for its role in 
affecting the TC cyclogenesis. Therefore, the positive 
correlation in the corresponding area of Fig. 1e carries 
its own physical meaning as well. When a 
cross-equatorial airflow strengthens near 90°E, the 
westerly in 125°-150°E and 5°-15°N also enhances, 
increasing the convection east of the Philippines and 
frequency of the TC in the western Pacific. It can be 
seen that the genesis frequency is also well linked 
with the activity of the cross-equatorial flow near 
90°E. It is also shown in the correlation between the 
genesis frequency and the meridional wind at 850 hPa, 
as indicated in Fig. 1f, with the maximum exceeding 
0.4 (surpassing the 99% confidence level). In view of 
the possibility that the TC series may be erroneous for 
the time prior to the mid-1970s, the distribution of the 
correlation is determined once again using the data in 
1975-2008. The result showed that main areas of 
significant correlation still exist as compared with 
those determined with the 1951-2008 data (figure 
omitted), suggesting stable correlation for the analysis 
above.
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Figure 1. Correlation between the AF and large-scale circulation averaged over May to October. Shading indicates areas that pass 
the 95% confidence test. (a): SLP; (b): divergence at 1000 hPa; (c): divergence at 200 hPa; (d): vorticity at 850 hPa; (e): vertical 
shear of the zonal wind (|U200 hPa-U850 hPa|); (f): meridional wind at 850 hPa.

Based on the analysis above, six key-region 
indexes can be constructed as predictors. Table 1 
gives the method of calculating the indexes and the 
area where they distribute. These indexes are good 
indicators of related features given by Fig. 1. Fig. 2 
gives the time series of the six key-area indexes and 
the genesis frequency. They are correlated at -0.63, 
-0.65, 0.61, 0.61, 0.57, and 0.38 respectively, all 
passing the 99.9% test of confidence. If a significant 
linear trend exists between the two series, their 
correlation may be caused by the tendency. It is the 
interannual correlation between series that this work is 
more concerned about in the prediction of annual TCs. 
Therefore, the linear trend is removed from the series 
of the TC and the atmosphere before calculating the 
correlation again, which are -0.65, -0.64, 0.57, 0.66, 
0.54 and 0.33 respectively, suggesting that the high 
correlation is still there between the two series. It 
shows that the factors determined for the key region 
are associated with the TC indeed. The six indexes are 
then used to set up a multi-variate regression equation 
for the genesis frequency. 

1 2 3

4 5 6

( ) 0.078 0.18 ( ) 0.47 ( ) 0.29 ( )
0.33 ( ) 0.57 ( ) 0.18 ( )
y t x t x t x t

x t x t x t
= − − × − × + × +
× − × + ×

 

Figure 3 gives the fitting of the series of genesis 
frequency using the multi-variate regression equation. 
It shows that the regression equation formulated with 
the indexes has good fitting of the series and the 
reconstructed TC series is correlated with the 
observed ones at a coefficient of 0.73, far surpassing 
the 99.99% test of confidence and much above the 

correlation coefficient between each of the index 
series and TC frequency series. If a circulation model 
is able to have good prediction of the large-scale 
environmental field that is closely linked with the TC 
genesis, the large-scale circulation predicted by 
models can be used to set up prediction models for the 
TC frequency. In the next section, on the basis of 
analyzing the capabilities of the SINTEX-F GCM 
model in predicting such circulation, model output 
will be used to set up an objective, statistics-based 
model to predict the TC frequency over the South 
China Sea and western Pacific and to run 
experimental prediction and assessment of the result. 
 
Table 1. Computation of the indexes for the key regions of 
NCEP data. 

Circulation factors Computation of key regions and indexes 

SLP Standardized SLP anomaly averaged over 
125°–155°E, 10°–22.5°N 

Divergence at 1000 
hPa (div1000) 

standardized divergence anomaly averaged 
over 160°–180 °E, 15°–22.5°N 

Divergence anomaly 
at 200 hPa (div200)

standardized divergence anomaly averaged 
over 150°–180°E, 17.5°–22.5°N 

Vorticity at 850 hPa 
(Vor850) 

standardized vorticity anomaly averaged over 
140°–170°E, 15°–25°N 

Zonal wind shear 
between upper and 
lower levels (US)

US=|U200 hPa-U850 hPa|

standardized US differences between the 
mean for 117.5°–137.5°E, 5°–15 °N and that 

of 152.5°–177.5°E, 10°–17.5 °N 

Cross-equatorial 
airflow at 850 hPa 

(V850) 

standardized 850 hPa meridional wind 
anomaly averaged over 87.5°–92.5°E, 

7.5°S–7.5°N 
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Figure 2. Standardized time series of the six key-region indexes (solid curve) and TC frequency (histogram). (The correlation 
coefficients of the two series are shown in the upper left corner of the curve). (a): SLP; (b): divergence at 1000 hPa; (c): divergence 
at 200 hPa; (d): vorticity at 850 hPa; (e): vertical shear of zonal wind; (f): meridional wind at 850 hPa. The abscissa is for the year. 
 

 
Figure 3. Fitting of TC frequency series using the multi-variate equation set up with the six key-region indexes (solid curve) and 
observations of the series (column). The series are all standardized and their correlation coefficients are shown at the upper left 
corner.

 
4 PREDICTIVE MODEL BASED ON 

SINTEX-F AND ITS VERIFICATION 

Based on the analysis above on the observations, 
this work first investigated the capabilities of 
simulating the correlation between these TC 

130



108                                     Journal of Tropical Meteorology                                  Vol.20 

 
108 

frequencies and the large-scale circulation using the 
SINTEX-F GCM model. Like the previous section, 
the correlation is sought between the AF and the 
May-to-October circulation forecast with the model. 
As shown in the correlation analysis, the TC 
frequency’s correlation with four of the six large-scale 
environmental fields presented in the previous 
sections (including the SLP, vertical wind shear in the 
troposphere, the cross-equatorial flow at 850 hPa and 
vorticity at 850 hPa) is well reflected in the model 
prediction. Fig. 4 gives the correlation between the 
TC frequency and the four circulations predicted by 
the model. The model is shown to reproduce main 
observed patterns of correlation. The correlation 
between the TC frequency and the predicted SLP is 
systematically more to the east in distribution as 
compared to the observation but the overall 
correlativity is quite significant (Fig. 4a). Consistency 
and differences both exist between the tropospheric 
wind shear and the observation as far as the 
distribution of correlation is concerned, with the 
simulated correlation for North Pacific and Southern 
Hemisphere much stronger than the observation (Fig. 
4b). Systematic errors are also found between the 
simulated correlation between the 850 hPa meridional 
wind (Fig. 4c) and 850 hPa vorticity (Fig. 4d) and the 
observation, and their main physical characteristics 

are consistent with it. Based on the distribution of 
these correlations, the indexes for the four key regions 
can also be defined following what is presented in the 
previous text. Table 2 gives the definitions of the 
indexes. Fig. 5 presents the series of the indexes. They 
are correlated with the TC frequency by -0.7, 0.79, 
0.53, and 0.64 respectively, all passing the test of 99% 
confidence. With the removal of the linear trend of the 
series for the TC and the atmosphere, the correlation 
is 0.65, 0.75, 0.63, and 0.60 respectively, still with 
significant correlativity. 
 

Table 2. Key-region indexes determined with model data. 

Predictors 
Key-region indexes determined with 

model data 

SLP Standardized SLP anomaly averaged over 
170°E–140°W, 7.5°–22.5°N 

Zonal wind shear between 
upper and lower levels 

(US) 
US=|U200 hPa-U850 hPa| 

Standardized wind shear (US) differences 
between the mean for 110°–140°E, 

2.5°–15.0°N and that of 155°–175°E，
2.5°–15.0°N 

Cross-equatorial flow at 
850 hPa (V850) 

Standardized 850 hPa meridional wind 
anomaly averaged over 82.5°–90°E, 

10.0°S–2.5°N 
Vorticity at 850 hPa 

(Vor850) 
Standardized 850 hPa vorticity anomaly 

averaged over 140°–170°E, 10.0°–17.5°N

 

 

 

 
Figure 4. Correlation between the AF and model-predicted large-scale circulation. The shading is the area that passes the test of 
95% confidence. (a): SLP; (b): vertical shear of meridional wind (|U200 hPa-U850 hPa|); (c): meridional wind at 850 hPa; (d): 
vorticity at 850 hPa.

The four indexes are used as the predictors to 
construct a multi-variate regression equation for the 
AF. 

Figure 6 gives the model-fitted and observed 

anomalies of TC frequency for 1982-2010. They are 
correlated by a coefficient of 0.8 with a same-sign rate 
of 86%. 
 

131



No.2                          JIA Xiao-long (贾小龙), CHEN Li-juan (陈丽娟) et al.                             109 

 
109

 

 

 

 
Figure 5. Standardized time series of model-predicted indexes 
of the four key regions (solid curve) and TC frequency 
(column). The correlation coefficients are shown in the upper 
left corner of the curve. Other captions are the same as in Fig. 
4. 

 

Figure 6. Fitting of the TC frequency by the multi-variate 
regression model set up with the four indexes of 
model-predicted key regions (curve) and observed series of the 
TC frequency (column). Both of the series are standardized. 
Their correlation coefficients are shown at the upper left corner. 
The abscissa is for the year. 

The results of the predictive model are 
cross-verified as follows. For each of the predictive 
equations, data from the Mth year (with M taken to be 
1, 2, ……, 29) are removed from the set of all 
available data (for the 29 years from 1982 to 2010). 
Then, the factors retained for the Mth year are used as 
the observation in the prediction while what is 
forecast for the Mth year is used as the observation. 
Repeat this procedure until M takes all possible values 
to obtain a series of the predicted value. As the 
forecast model does not involve predictors for the 
current year, the forecast so determined is considered 
one that is based on independent samples. In this way, 
the verified result of the forecast is close to the real 
forecast instead of retrospective forecast. Fig. 7 gives 
a standardized anomaly of the TC frequency derived 
from the cross verification, which is correlated with 
the observed frequency by 0.71 and passes the test of 
99% confidence. Table 3 gives the TC frequency for 
each of the years using the cross-verification and the 
statistics of forecast results over the years. In the 
result of the cross-verification for the 29 years, the 
sign of the prediction is the same as that of the 
observed, or at a rate of 82.8%. There are 16 years for 
which the absolute forecast error is ±2, taking up 
65.5% of the total. 1994 and 1989 are the two years 
with relatively large forecast errors. The number of 
TC genesis is anomalously larger, being 37 and 32 
respectively, more than any other years since 1951. 
For the prediction, it is 30 and 25 respectively, or with 
relative errors at -18.9% and -21.9% respectively. 
For the years of extremely small frequency (1998 and 
2010, both having 14 TCs), the model predicts 17 and 
15 TCs respectively, though the relative error is larger 
for 1998 (21.4%). It is then clear that the forecast 
error is relatively large for extreme cases. 1994 and 
1998 are the years with anomalously more and less 
TCs, being in extreme situations. For the predictive 
model that is based on statistical approach, predictive 
information is mainly from the historical data, which 
does not predict well if the case is extreme. Extreme 
events are just the things that cannot be predicted well 
with the usual statistical methods. In addition, the 
large-scale circulation field is the main element to 
build the model with but the large-scale 
environmental field is just one of the factors affecting 
the TC genesis. Especially, extreme situations cannot 
be explained entirely with the large-scale 
environmental field, which may account for the fact 
that the model produces large errors in predicting the 
anomalously more and less TC years. 
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Figure 7. Series of TC frequency (results of cross-verification 
shown in curves) predicted by the multi-variate equation set up 
with the model-based key-region indexes and that of the 
observation (column). Both the series are standardized and the 
correlation coefficients are shown at the upper left corner. 
 
Table 3. Cross-verifications of the model prediction of the AF 
in 1982-2010. 

 

5 CONCLUSIONS 

Based on analyses of the correlation between the 
frequency of TC genesis and the large-scale 

circulation, this work uses the large-scale information 
from the SINTEX-F air-sea coupled model to extract 
useful information that is both capable of performing 
good prediction and closely related with the TC 
genesis. The results are then used to construct a 
statistical model for predicting the TC frequency on 
the basis of dynamic model outputs. Both experiments 
and verifications were conducted for the prediction. 

(1) The genesis of the TC is closely related to the 
large-scale circulation, which includes the convection 
in the source area of the TC, wind shear between the 
upper and lower levels, ITCZ anomaly and the 
subtropical monsoon upstream of the TC source 
region and cross-equatorial flows. The predictive 
model, set up with six key-region factors from the 
NCEP data, has a fitting rate of 0.73 (correlation 
coefficient) for the AF of the TC. 

(2) The SINTEX-F air-sea coupled model is 
successful in predicting part of the large-scale 
circulation patterns closely related to the TC genesis. 
The patterns include the SLP in the active area of the 
TC, vertical wind shear in the troposphere, vorticity of 
the ITCZ and the cross-equatorial flow near 90°E (at 
850 hPa for the latter two). The four predictors are 
well correlated with the TC genesis and the fitting rate 
of the multi-variate regression model is 0.8 
(correlation coefficient, surpassing the test of 99.9% 
confidence) for the TC genesis. 

(3) Cross-verification was conducted of the result 
of the predictive model set up with the output of the 
SINTEX-F air-sea coupled model. It is shown that the 
overall result is good. The cross-verification results 
are correlated with the real TC frequency at 0.71 
(which passes the test of 99% confidence) and the 
same-sign rate is 82.8%. The predictive model has the 
largest error for extreme years of the TC. The model’s 
capability can be improved for cases of extremely 
large or small number of TCs if improvement can be 
made in introducing factors of extreme conditions in 
addition to the large-scale circulation. 
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Abstract Based on the nonlinear Lyapunov exponent and

nonlinear error growth dynamics, the spatiotemporal dis-

tribution and decadal change of the monthly temperature

predictability limit (MTPL) in China is quantitatively

analyzed. Data used are daily temperature of 518 stations

from 1960 to 2011 in China. The results are summarized as

follows: (1) The spatial distribution of MTPL varies

regionally. MTPL is higher in most areas of Northeast

China, southwest Yunnan Province, and the eastern part of

Northwest China. MTPL is lower in the middle and lower

reaches of the Yangtze River and Huang-huai Basin. (2)

The spatial distribution of MTPL varies distinctly with

seasons. MTPL is higher in boreal summer than in boreal

winter. (3) MTPL has had distinct decadal changes in

China, with increase since the 1970s and decrease since

2000. Especially in the northeast part of the country, MTPL

has significantly increased since 1986. Decadal change of

MTPL in Northwest China, Northeast China and the Hu-

ang-huai Basin may have a close relationship with the

persistence of temperature anomaly. Since the beginning of

the 21st century, MTPL has decreased slowly in most of

the country, except for the south. The research provides a

scientific foundation to understand the mechanism of

monthly temperature anomalies and an important reference

for improvement of monthly temperature prediction.

Keywords Monthly temperature � Predictability �
Spatiotemporal distribution � Decadal change �
Nonlinear Lyapunov Exponent (NLLE)

1 Introduction

With expansive territory and complex topography, the

temporal and spatial variability of monthly temperature is

very great across China. Temperature is not only the most

prominent characteristic variable of the climate system, but

also the primary indicator of short-term climate prediction.

Therefore, it is necessary to study the monthly temperature

predictability limit (MTPL) to understand regions in the

country with high and low MTPL. This helps to understand

the mechanism of monthly temperature anomalies and

improve prediction skill for monthly temperature. Under a

background of global warming, extreme weather and cli-

mate events in China have been frequent [1, 2]. This brings

severe challenges to the basic theoretical study of short-

term climate prediction. Internal dynamical processes and

boundary forcing of the atmosphere have different decadal

changes [3] under global warming. Therefore, whether

MTPL experiences decadal change with effects from these

two factors has attracted much attention among scientists

[4, 5]. Wang et al. [4] pointed out that persistent prediction

skill of monthly temperature in China increased slowly

between 1982 and 2005. Kang et al. [5] indicated that the

two 30-year periods 1914–1943 and 1968–1997 had low

and high predictabilities, respectively. Further research is

still needed to quantitatively investigate the decadal change

of MTPL in China.

Qualitative and quantitative methods [6] are the most

common in the study of predictability. Qualitative methods

aim to estimate the ratio of climatic signal to noise [7–9],
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but cannot investigate MTPL quantitatively. Quantitative

methods include experiential, dynamical, and dynamical-

experiential. Among these, dynamical methods are the most

widely used and efficient. They can be separated in two

branches, by the use of numerical models [10–12] or theory

of nonlinear dynamic systems [13–16]. Numerical models

cannot construct the real atmosphere because of their limi-

tations [17]. Therefore, the theory of nonlinear dynamic

systems can provide methods to estimate MTPL quantita-

tively, which can remedy the deficiency of qualitative

methods [18, 19]. Further, the theory avoids errors caused by

differences between the modeled and real atmosphere. Based

on the Lyapunov stability theory and criterion of error

growth, Lorenz [11] defined the predictability limit as the

time over which errors double. The nonlinear Lyapunov

exponent (NLLE) proposed by Li et al. [18–21] further

developed the Lyapunov stability theory. The NLLE has

been widely applied to studying the predictability limit with

regard to weather [18–21] and climate [22].

Existing target variables used to estimate predictability are

usually located at higher levels of the troposphere and are

described by gridded data. Because of limitations of data,

theory and methods, there is relatively little quantitative

research focusing on surface climatic variables in China. It

remains difficult to quantitatively depict characteristics of

spatiotemporal change of Chinese monthly climate predict-

ability. Given the complex topography and significant impact

of the Asian monsoon in China, the predictability of surface

variables there is much different from that in other areas at the

same latitude. In this study, using the NLLE method and

observed daily station data, we quantitatively investigate the

spatiotemporal distribution and decadal change of the

monthly temperature predictability limit in China. The data

used involves impacts of persistent change of external forcing

and of atmospheric inner dynamic processes. Therefore, the

estimated predictability using observed data involves

dynamical predictability based on initial value and predict-

ability induced by external forcing [22].

By using more intensive and longer observed daily

temperature during 1960–2011 from 518 stations in China

and dealing with the data appropriately, we quantitatively

estimate the MTPL based on NLLE. Then, the spatiotem-

poral distribution and decadal change of MTPL is descri-

bed. Two questions will be answered, namely, to what

degree can monthly mean temperature be predicted, and

whether the MTPL in different regions undergoes inter-

decadal change.

2 Data and method

The datasets used include observed daily temperature

during 1960–2011 from 518 stations in China, four times

per day temperature fields at 850 hPa from National Cen-

ters for Environmental Prediction/National Center for

Atmospheric Research (NCEP/NCAR) reanalysis data

(1960–2011), observed monthly temperature from 160

stations (1983–2012), and hindcast data of monthly tem-

perature (1983–2012) from the monthly dynamic extended

range forecast (DERF) [23]. The quality of the 518-station

daily temperature was checked. Missing data never account

for more than 5 consecutive days and the total of missing

data entries is never more than 60 days within each time

series. The missing data are replaced by climatic averages

from 1960 to 2011. The spatial density of stations and

length of time series are greater than in earlier studies [24,

25]. This assures the reliability of MTPL spatiotemporal

distribution to a degree [26]. The annual cycle (using daily

average temperature from 1960 to 2011) and linear trend of

the time series were removed. Then, the time series were

smoothed by 31 days so that the high-frequency part was

removed and the time scale limited to months. Finally, the

time series were normalized. Anomalies of 160-station

observed monthly temperature and hindcasts of monthly

temperature were calculated based on climatic values from

1983 to 2012.

On the basis of NLLE [21] and nonlinear error growth

theory [27, 28], the monthly predictability of surface

temperature is estimated. For vector x, the NLLE is defined

as

kðxðt0Þ; dðt0Þ; sÞ ¼
1

s
ln

dðt0þsÞ
dðt0Þ

�
�
�
�

�
�
�
�
; ð1Þ

where x(t0) is the initial state of reference orbit in phase

space, which means the monthly average temperature of

the station-observed time series at time t0; d(t0) is the initial

error, which is the difference between temperatures at time

t and time t0. Here, time t is searched in the station-

observed time series based on local dynamical analogs

[21]; s is the time accumulated since time t0. The condition

k[0 means that the distance between the initial similar

orbits increases over time and so their correlation weakens

with time. The greater the value of k, the faster the initial

error grows. The mean relative growth of initial error

(RGIE) can be obtained by

Eðdðt0Þ; sÞ ¼ expðkðdðt0Þ; sÞ � sÞ: ð2Þ

Using the nonlinear error growth theory from Ding and

Li [27], we obtain

Eðdðt0Þ; sÞ�!
P

c ðN !1Þ; ð3Þ

where constant c can be considered the theoretical

saturation level of Eðdðt0Þ; sÞ when sample number N

tends to infinity. Once the error growth reaches the

saturation level, almost all similarity information on
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initial states is lost and the prediction becomes

meaningless. Using the theoretical saturation level, the

predictability limit of chaos systems can be quantitatively

determined. The monthly temperature predictability limit

of the station is defined as

MTPL ¼ tjEðdðt0Þ; sÞ ¼ 0:99 � c
� �

; ð4Þ

where the MTPL is defined as the time at which the error

reaches 99 % of its saturation level.

The NLLE of observational data can be estimated using

an algorithm based on local dynamical analogs [21]. If the

mean relative growth of the initial error of the total time

series is calculated by Eq. (2), we can then obtain the

annual average MTPL. If the mean relative growth of the

initial error of a given month in the time series is calculated

by that equation, then we get the monthly average MTPL.

Essentially, the MTPL is a dynamical-statistical value. Its

physical meaning is the time limit after which the two

dynamic similar initial states become absolutely dissimilar.

This implies the time for which the monthly temperature

can be predicted in advance. By estimating the MTPL at

each station, the spatial distribution characteristics of

MTPL can be obtained.

3 Spatial distribution of MTPL

According to the data processing methods presented above,

we calculated the mean RGIE of the total time series with

Eq. (2), and then obtained the spatial distribution of annual

average MTPL via Eqs. (3) and (4) (Fig. 1a). Figure 1

shows that the MTPL was higher in most areas of north-

eastern China, northern North China, southwestern Yunnan

Province, and eastern Northwest China. In these regions,

the MTPL exceeded 30 days in general. The MTPL was

lower in the middle and lower reaches of the Yangtze River

and Huang-huai Basin, and was about 30 days in general.

This implies that as far as its annual average was con-

cerned, MTPL was higher in North and West China and

lower in most regions south of the Huang-huai Basin. To

further examine the reliability of annual average MTPL

estimated by surface-station observation data, we estimated

that average at 850 hPa using the four times per day tem-

perature field at that level from the NCEP/NCAR reanal-

ysis data (Fig. 1b). Since temperatures at 850 hPa and the

surface are very consistent, the MTPL spatial distribution

estimated by the temperature fields at 850 hPa and surface

station data are roughly the same theoretically. In fact, the

spatial distribution of MTPL shown in Fig. 1b is very

similar to that in Fig. 1a. The MTPL from Fig.1b is higher

than that in Fig. 1a in most areas of northwestern China,

Yunnan and Guizhou Provinces . Therefore, it is reasonable

to estimate the spatiotemporal distribution of MTPL using

surface observation data. Also, comparison of Fig. 1b and a

implies that MTPL at higher levels of the troposphere is

greater than that at lower levels in some regions in China.

Figure 2 shows the spatial distribution of MTPL in each

month. In December (Fig. 2a), MTPL reached 40–50 days

in southwestern and North China. It was generally 30–40

days in most other parts of the country. In January and

February (Fig. 2b, c), MTPL was generally 20–30 days.

MTPL remained in this range in most regions during

March and April (Fig. 2d, e), except for eastern Northeast

China, local areas of southwest China, and eastern South

China. MTPL reached 30–40 days in the latter region.

MTPL increased in May (Fig. 2f), reaching 40–50 days in

northern Xinjiang and southern Northwest China, and it

was 25–35 days in other regions. In June (Fig. 2g), MTPL

was as high as 40–50 days in Xinjiang, western North

China, eastern Southwest China, and western South China,

and 25–40 days in the rest of the country. The MTPL

spatial distribution was similar in July and August, with

smaller numbers of days (25–35) in the middle and lower

reaches of the Yangtze River and southern Xinjiang. MTPL

was 45–60 days in the rest of China, except for maxima of

60–70 days in local areas of Southwest China. Regions

where MTPL was lower were strongly connected with

active regions of the East Asian summer monsoon and rain

belt [29]. In Autumn, MTPL tended to decrease in most

parts of the country (Fig. 2j–l). In September (Fig. 2j),

MTPL was 50–60 days except for the middle and upper

reaches of the Yangtze River, where it remained 30–40

days. In October (Fig. 2k), MTPL was about 40–50 days in

southern Northwest China, southern Northeast China, and

coastal areas of southern China. MTPL was around 30–45

days in the rest of the country. In November, MTPL was

about 30–40 days, except for Southwest China and western

South China, where it was still 40–50 days.

In summary, MTPL was lower in the winter half-year

(December–May) (Fig. 2a–f) and higher in the summer

half-year (June–November) (Fig. 2g–l). This result is dif-

ferent from that of Li and Ding [22], who stated that MTPL

of geopotential height and temperature at 500 hPa was

higher in winter than in summer on a global scale. The

reason might be that China is strongly influenced by the

monsoon system, with intraseasonal variability of temper-

ature much greater in winter than in summer. In winter, the

effect of atmospheric circulation anomalies is significant

and the cold air at mid to high latitudes has strong vari-

ability and frequently affects China. This may lead to large

intraseasonal variability of surface temperature [24].

Moreover, the frequency and strength of extreme weather

events in winter increases at mid to high latitudes in East

Asia under global warming. This also leads to greater in-

traseasonal variability of temperature [30], and MTPL in
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spring and winter is reduced. In summer and autumn,

China is mainly affected by the East Asian summer mon-

soon. Circulations in tropical and subtropical regions sig-

nificantly affect the country, but their variability is less

than that at mid to high latitudes. Thus, the MTPL in

summer and autumn is higher than in winter and spring.

Yang et al. [31] obtained the potential predictability of

temperature at 850 hPa via model simulations and implied

that this predictability is greater in summer but less in

winter. This shows that the influence of boundary forcing

such as sea surface temperature and soil moisture is strong

and that of inner dynamical processes of the atmosphere is

weak in summer. As a result, intraseasonal variability of

temperature is small [24], which leads to higher MTPL.

This conclusion is consistent with the present result. The

difference between MTPL in China and other countries at

the same latitude shows that the MTPL distribution in

China is much more complex.

To further verify the conclusion that the potential pre-

dictability of temperature and MTPL in China is higher in

summer and lower in winter, we calculated the prediction

score (Ps) of monthly temperature anomalies in January

and July for 160 stations in the country. The predicted

monthly temperature (1983–2012) is given by the DERF,

using the first-generation climate model of the National

Climate Center. Data used were observed monthly tem-

perature anomalies of 160 stations and predicted monthly

temperature anomalies from DERF (both 1983–2012).

During that period, if the number (n) of years in which the

sign of predicted temperature anomalies is consistent with

the sign of observational temperature anomalies is m, then

the prediction score of monthly DERF is defined as

Ps ¼ m

n
� 100 %. ð5Þ

We obtained the spatial distribution of Ps of monthly

DERF in January (Fig. 3a) and July (Fig. 3b) via Eq. (5).

Figure 3 shows clearly that Ps was higher in July than in

January. This is consistent with the result shown in

Figure 2, i.e., MTPL was higher in July (Fig. 2h) than in

January (Fig. 2b). The spatial distributions of Ps and MTPL

were similar in these two months. This implies that in a

month of low (high) MTPL, the DERF Ps is also low

(high).

4 Decadal change of MTPL in different regions

To obtain the decadal change character of MTPL, the

signal on a decadal time scale must be removed. MTPL

variations can be analyzed based on an 11-year moving

window [32]. Annual mean MTPL can be determined in

that window via the NLLE approach. The window moves

forward every half year. The time axis indicates the middle

year of the windows. Because of the moving window, the

range of decadal change obtained is from 1965 to 2006.

Figure 4a–e shows MTPL anomalies in various decades

relative to the 1965–2006 average (Fig. 4f).

During 1965–2006, the MTPL was higher in North China

and West China but lower south of the Huang-huai Basin

(Fig. 4f). The MTPL clearly varied by region during each

decade. In the 1960s, MTPL was 2 days lower than the cli-

matic average in southern Xinjiang, eastern Northwest

China, North China and Northeast China. Meanwhile, MTPL

was 2 days higher than the average south of the Huang-huai

Basin. In the 1970s, MTPL was about 2 days lower than the

average in Northeast and North China and southern North-

west China. During that decade, the MTPL in the rest of

China was 2–4 days higher than the average. In the 1980s, the

MTPL was about 2 days less than the average in Northeast

China, eastern South China, and eastern Tibet. The MTPL

was 2–4 days higher than the average in the remainder of

China during that decade. In the 1990s, MTPL decreased by

about 2 days in most parts of Central and West China, and

(b)(a)

(%)

Fig. 3 Spatial distribution of Ps from DERF in January (a) and July (b)

4868 Chin. Sci. Bull. (2014) 59(34):4864–4872

123
139



increased by 2–4 days in most parts of North China and East

China. In some local areas of Northeast China, the MTPL

was 4–6 days higher than the average. After 2000, it was 2

days lower than the average in most of western China. The

MTPL decreased by 2–4 days in southern Xinjiang and

increased by about 2 days in the rest of China. It was 4–6 days

higher than the average in Northeast China.

The MTPL rose significantly after the 1990s in

Northeast China. Its decadal change in the rest of China

was much more complex. Ding et al. [32] estimated the

weather predictability limit (WPL) at different geopoten-

tial heights. They demonstrated that during 1953–2000,

WPL decreased significantly at mid to high latitudes in

Eurasia. However, this study showed that the
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characteristics of decadal change are more complex in

China, and require further analysis.

To further analyze the inter-decadal change character-

istics of MTPL in various regions, China was classified into

five subregions (Fig. 5). The regional average MTPL was

calculated, thereby obtaining MTPL decadal change in

each region (solid lines in Fig. 6).

Figure 6 shows that decadal change characteristics vary

with region. The MTPL in Northwest China (region I,

Fig. 6a) began to decrease in the mid 1960s and increased

slowly in the mid 1970s. It then declined continuously from

the early 1980s and began to increase slowly at the end of

the 20th century. The MTPL in Southwest China (region II,

Fig. 6b) and the Huang-huai Basin (region IV, Fig. 6d) has

decreased slowly but insignificantly since the 1980s. The

MTPL in Northeast China (region III, Fig. 6c) experienced

significant changes, increasing continuously from the

1980s and decreasing significantly since 2000. According

to the moving t-test and Mann-Kendall test conducted at

the 1% level, both methods identified abrupt climate

change in 1986. The MTPL in South China (region V,

Fig. 6e) decreased in the 1980s, began to increase in the

mid 1990s, and is presently increasing. For the entire

country (Fig. 6f), the MTPL began to increase in the 1970s

and began to decrease after 2000.

To further analyze the reason for inter-decadal change of

MTPL, we calculated decadal Ps change of persistent

prediction in each region (dashed lines in Fig. 6). The

method was as follows. By using the time series of

observed daily temperature at 518 stations (1960–2011),

the linear trend is first removed from the series, and then

monthly temperature anomalies are calculated. Tempera-

ture anomalies in this month were considered the predicted

anomalies of the subsequent month. If M is the number of

stations in which the sign of predicted temperature anom-

alies was consistent with the sign of observational tem-

perature anomalies, and the total number stations in the
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Fig. 5 Five subregions used to analyze decadal MTPL change. These

are Northwest China (region I, 73�–105�E, 34�–50�N), Southwest

China (region II, 79�–105�E, 21�–34�N), Northeast China (region III,

105�–135�E, 38�–54�N), Huang-huai Basin (region IV, 105�–123�E,

31�–38�N), and South China (region V, 105�–123�E, 18�–31�N)
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region is N, then the Ps of persistent prediction can be

obtained by

Ps ¼ M

N
� 100 %. ð6Þ

Thus, we acquired the inter-decadal Ps change of

persistent prediction of monthly temperature from 1965

to 2006.

By comparing the solid and dashed lines in Fig. 6, it is

obvious that the trends of decadal change of Ps and MTPL

are consistent in Northwest China and the Huang-huai

Basin (Fig. 6a, d). The trends are consistent in Northeast

China after the 1980s (Fig. 6c) and similar from the 1980s

to 1990s in Southwest China (Fig. 6b), though quite dif-

ferent in the other decades. They are almost opposite in

Southern China (Fig. 6e). From this analysis, we see that

the decadal changes of MTPL and Ps of persistent pre-

diction are consistent in certain regions. The reasons for

decadal change of MTPL are more complex in other

regions. Figure 6 also shows that the MTPL and Ps began

to decrease at the beginning of the 21st century in all

subregions, except for South China.

5 Conclusions

Based on the NLLE and nonlinear error growth dynamics,

the MTPL in China was quantitatively investigated. Data

used were daily temperature from 1960 to 2011 at 518

stations in China. Principal conclusions are as follows:

(1) The annual average MTPL was higher in North China and

West China and lower south of the Huang-huai Basin.

The spatial distributions of MTPL varied with month.

(2) MTPL was lower in the winter half-year (December–

May) and higher in the summer half-year (June–

November). This is mainly because China is strongly

affected by the monsoon, and the difference between

large-scale atmospheric circulations in these two

seasons leads to intraseasonal variability of winter

monsoon and summer monsoon.

(3) In general, MTPL began to increase in the 1970s and

has decreased since 2000. The decadal change

characteristics varied with subregion. The inter-

decadal MTPL change was significant in Northeast,

Northwest, and South China. That change in North-

east and Northwest China and the Huang-huai Basin

was connected with the persistence of monthly

temperature. Since the beginning of the 21st century,

MTPL showed a decreasing trend in all regions,

except South China.

The aforementioned conclusions give a basic under-

standing for MTPL in China. They help us to know the

predictability of different regions in the country, and are

important references for the improvement of monthly

temperature prediction skill. The reasons and physical

mechanisms affecting MTPL in China require further

study. The quantitatively estimated MTPL largely relied on

the evolution of the data themselves. The methods to deal

with the original data, such as the 31-day smoothing and

linear trend removal, might have influenced the MTPL

values. This problem will be addressed in detail later.
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摘要  利用中国 1960~2011 年资料比较完整的 518 站逐日气温观测资料, 采用非线性局部

Lyapunov 指数(NLLE)和非线性误差增长理论, 定量分析了中国区域月时间尺度平均气温

可预报性期限(MTPL)的时空分布和年代际变化特征. 分析发现: 多年平均的 MTPL 空间

分布存在明显的地域差异, 总体来看, 东北大部、云南西南部和西北地区东部为可预报性

高值区, 长江中下游地区及黄淮流域为可预报性低值区; MTPL 在各月份的空间分布存在

明显的季节变化, 总体上表现为冬半年可预报性较低, 而夏半年较高; MTPL 还具有明显

的年代际变化特征, 就全国而言, 从 1970 年以来, MTPL 具有上升的趋势, 在 2000 年前后

出现下降的趋势, 尤其是东北地区在 1986 年之后可预报性显著提高. 西北、黄淮、东北

MTPL 的年代际变化可能与气温的持续性有关. 进入 21 世纪, 除南方地区外, 大部分地区

的 MTPL 有降低趋势. 上述结果为进一步认识我国月尺度气温异常的机理奠定科学基础, 

并为提高月尺度气温预测能力提供参考. 

关键词   

月平均气温 

可预报性 

时空分布特征 

年代际变化 
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我国地域辽阔、地形复杂, 月平均气温的时空变

率很大, 而气温是气候系统最显著的特征量之一, 又

是短期气候预测的主要预报对象 , 因此开展对月平

均气温可预报性的研究 , 清楚地认识我国哪些区域

月平均气温具有较高的可预报性 , 哪些区域的可预

报性较低 , 对于认识影响月尺度气温异常的机理以

及提高预测能力具有重要的科学意义和应用价值 . 

另外, 在全球气候变暖的背景下, 极端天气和气候事

件频发 [1,2], 给短期气候预测的基础理论研究和业务

带来了更大挑战. 在全球变暖的背景下, 大气内部动

力过程和外强迫因子表现出不同的年代际变化特

征[3]. 月时间尺度平均气温的可预报性受这两种因素

的影响, 是否发生了年代际变化, 也是国内外科学家

关注的重点 [4,5]. 王会军等人 [4]指出 , 中国区域月尺

度气温的持续性预报技巧在 1982~2005 年间有一定

的提升. Kang 等人[5]指出, 全球地表气温潜在可预报

性在 1914~1943 年为低值期, 而在 1968~1997 年为高

值期 . 如何定量描述中国月时间尺度平均气温的可

预报性的年代际变化特征, 目前的研究工作还很少.  

常用于研究可预报性有定性和定量方法[6]. 定性

方法一般是基于估计外部信号和系统内部噪音的相

对大小[7~9], 不能给出气候变量确切的可预报性时效. 

定量方法主要有经验方法、动力学方法和动力学-经

验方法 . 其中的动力学方法是定量估计可预报性期

限研究中使用最多和最有效的方法 , 这种方法又有

两大分支: 利用数值模式进行数值试验 [10~12]和利用

非线性动力系统理论 [13~16]的方法 . 而数值模式的缺

陷 [17]使得其无法刻画实际大气 , 因此利用非线性动

力系统理论的方法既可以定量地给出可预报性的估

计[18,19], 弥补了定性分析的不足, 又避免了模式大气
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和 实 际 大 气 差 异 造 成 的 误 差 问 题 . Lorenz[11] 从

Lyapunov 稳定性理论和误差增长的观点出发, 提出

将误差倍增的时间作为可预报性的期限 . Ding 和

Li[19,20]提出的非线性局部 Lyapunov 指数(NLLE)进一

步发展了 Lyapunov 稳定性理论. NLLE 已经广泛用于

研究天气尺度可预报性[18~21]及短期气候可预报性[22].  

然而 , 已有的可预报性研究变量一般是基于格

点的对流层中高层变量. 但是, 由于受资料、理论和

方法所限 , 对于我国地表气候变量的可预报性的定

量研究较少 , 到目前还不能定量地给出我国月尺度

气候(温度和降水)可预报性的时空变化特征. 由于我

国地形复杂, 并且是显著的季风气候区, 因此地表变

量的可预报性可能与全球其他同纬度地区有较大的

差异. 本文拟采用 NLLE 方法并利用逐日站点观测资

料来研究我国月尺度平均气温可预报性的时空分布

及年代际变化问题 . 而这些逐日站点观测资料实际

上包含了各种外强迫缓慢变化的影响和大气内部各

种过程相互影响结果的所有信息 , 因此基于观测资

料的可预报性分析实际上包含了依赖于初值条件的

动力学可预报性和外强迫下的可预报性两类问题[22].  

本文采用更密集更完整的台站逐日气温观测资

料, 基于非线性局部 Lyapunov 指数(NLLE)方法, 通

过合理处理观测资料 , 定量研究月尺度平均气温的

可预报性期限 , 获得可预报性的时空分布和年代际

变化特征. 目的是力求回答 2 个问题: 全国月尺度平

均气温在哪些区域、什么月份、多大程度上可以预报? 

不同地区气温的可预报性是否发生了年代际的变化? 

1  数据和方法 

本文使用的资料有: 中国区域 1960~2011 年 518

个台站的日平均气温资料, 该资料经过质量控制(连

续缺测不超过 5 d, 总缺测不超过 60 d, 缺测数据用

1960~2011年计算得到的平均态补齐). 这 518站的日

平均气温资料的空间分布密度以及资料序列的长度

较以往的研究都要丰富 [23,24], 一定程度上保证了计

算结果的时空代表性[25]; NCEP/NCAR 提供的 1960~ 

2011年 850 hPa逐日 4次气温场, 水平分辨率为 2.5°× 

2.5°经纬度; 国家气候中心提供的 160 站 1983~2012

年的月平均温度及月动力延伸预报的月平均温度资

料[26], 分别取 1983~2012 年 30 年月平均气温值作为

气候场 , 得到各月份月动力延伸预报和观测的月平

均温度距平值.  

为了更好地研究月尺度气温的可预报性问题 , 

对逐日气温资料做了如下处理: 首先, 去除了站点气

温观测资料的线性趋势项和季节循环 (采用 1960~ 

2011 年资料计算得到逐日气温平均值); 其次, 对逐

日观测资料序列进行 31 d 的滑动平均处理, 滤去序

列的高频部分 , 获得月时间尺度的资料序列; 最后, 

对月时间尺度的资料序列做标准化处理.  

基于非线性局部 Lyapunov 指数(NLLE)[21]和非

线性误差增长理论 [27,28]计算地面气温月时间尺度可

预报性. 对于变量 x, 定义非线性局部 Lyapunov 指数

(NLLE)为 

 0
0 0

0

( )1
( ( ), ( ), ) ln ,

( )

 
  

 



t

x t t
t

  (1) 

x(t0)为相空间中参考轨道的初始状态, 这里指站点气

温观测序列中 t0 时刻的月时间尺度平均气温; δ(t0)为

初始误差, 是通过在气温观测序列中寻找与 t0时刻气

温未来演变局部动力相似的时刻 t[21], 则 t 时刻气温

与 t0 时刻气温的差值即为初始误差; τ 为演变时间, 

这里指对 t0 时刻月时间尺度平均气温的演变时长 . 

λ>0 表示临近初始轨道间的距离随时间增长, 它们之

间的相关性随时间减弱 ; 指数值越大表示误差发展

越快. 平均的误差相对增长率 0( ( ), ) E t 可以通过平

均的非线性局部 Lyapunov 指数 0( ( ), )  t 获得, 即 

 0 0( ( ), ) exp( ( ( ), ) ).      E t t  (2) 

利用丁瑞强和李建平 [27]提出的非线性误差增长

理论, 可得 

 0( ( ), )    ( ),   PE t c N   (3) 

即当样本数 N 趋于无穷多时, 0( ( ), ) E t 趋于其理论

饱和值 c. 误差增长达到饱和, 意味着系统的初始相

似信息全部丢失, 预测失去意义. 因此利用这个饱和

值, 能够定量地确定混沌系统的可预报期限. 可以将

平均的误差相对增长率达到理论饱和值的 99%时所

对应的演变时间 t 作为该站点月尺度气温可预报性期

限(monthly temperature predictability limit, MTPL), 即 

  0MTPL= ( ( ), ) 0.99 .t E t c      (4) 

采用局部动力类比的思想, 可以实现用 NLLE计

算月时间尺度平均气温可预报性期限的目的 [21]. 若

采用(2)式计算全序列平均误差相对增长率, 可得到

全年平均的 MTPL, 若采用(2)式计算各月份平均的

误差相对增长率, 可相应得到各月份平均的 MTPL. 

MTPL 本质上是一个动力统计量, 它的物理含义是: 
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在月时间尺度条件下, 初始动力相似的两种状态, 在

多长时间后变的完全不具有相似性 , 这个时间期限

即为 MTPL. 它表示在动力学意义下, 可以提前多少

天对月尺度气温进行预测. 通过计算各站点的 MTPL, 

即可获得其空间分布特征.  

2  月时间尺度平均气温可预报性的空间分布 

根据前述资料处理方法 , 用(2)式计算了全序列

平均误差相对增长率后 , 由(3)~(4)式得到的全年平

均的月尺度平均气温可预报性的空间分布(图 1(a)). 

从图 1(a)可见, 在东北大部、华北北部、云南地区、

青藏高原以及西北大部分地区均为 MTPL 的高值区, 

可预报性期限一般在 30 d 以上; 而在黄淮流域、江淮

地区、江南地区, 均为 MTPL 低值区, 可预报性期限

一般在 30 d左右. 这表明就全年平均而言, 我国北方

以及西部地区月尺度平均气温可预报性较高 , 而黄

淮以南大部地区可预报性较低 . 为进一步验证采用

地面站点数据计算全年平均的 MTPL 的可靠性, 另

外采用 NCEP 提供的 850 hPa 一日 4 次的气温再分析

格点资料计算了全年平均的 MTPL(图 1(b)). 由于

850 hPa 气温和地面气温的变化具有较高的一致性, 

由其计算得到的 MTPL 的空间分布理论上应与采用

地面观测资料计算的 MTPL 的空间分布大致相同 . 

而图 1(b)的 MTPL 的空间分布特征与图 1(a)的空间分

布十分相似 , 主要在西北大部及云贵地区可预报性

有所提高 . 表明本文选用地面气温站点资料分析

MTPL 的时空分布特征具有代表性, 同时也表明某些

地区高层温度变量的可预报性比低层温度的高.  

图 2 给出 1~12 月的月尺度平均温度可预报性

(MTPL)的空间分布. 12 月(图 2(a))西南和华北部分地

区的 MTPL 达 40~50 d, 其余大部地区的 MTPL 一般

在 30~40 d, 1 月和 2 月(图 2(b), (c))全国大部地区的

MTPL 一般在 20~30 d, 3~4 月份(图 2(d), (e))除东北东

部、西南局部、江南东部的 MTPL 在 30~40 d 外, 全

国其余地区的 MTPL均在 20~30 d. 5月份(图 2(f)), 全

国的 MTPL 有所提高, 新疆北部、西北南部的 MTPL

在 40~50 d, 其余大部分地区的 MTPL 在 25~35 d. 6

月份(图 2(g)), 新疆大部、华北西部、西南东部、华

南西部的 MTPL 可达 40~50 d, 其余大部地区的

MTPL 一般在 25~40 d. 7~8 月(图 2(h), (i)), MTPL 的

空间分布特征十分相似 , 长江中下游、新疆南部的

MTPL 较低, 一般为 25~35 d, 全国其余大部分地区

的 MTPL 一般在 45~60 d, 西南局部地区可达 60~70 d, 

这里长江中下游地区的 MTPL 低值区与东亚夏季风

及雨带的活跃区相对应 [29]. 秋季 (图 2(j)~(l))全国

MTPL 趋向减小 , 9 月份 (图 2(j)), 除长江中上游

MTPL 值在 30~40 d 外, 其余大部地区在 50~60 d. 10

月(图 2(k))西北南部、东北南部及南部沿海的 MTPL

一般在 40~50 d, 全国其余大部地区在 30~45 d. 11 月

(图 2(l)), 除西南大部、华南西部 MTPL 达到 40~50 d, 

全国其余地区均在 30~40 d.  

综上所述, 我国月尺度平均气温可预报性 MTPL

在 12 月到次年 5 月的冬半年(图 2(a)~(f))都比较低, 

而在 6~11 月的夏半年(图 2(g)~(l))比较高. 这个结论

同李建平和丁瑞强[22]分析全球 500 hPa 高度场和温

度场得出的可预报性冬季略高于夏季的结论有所不

同. 其主要原因可能是我国为著名的季风气候国家, 

冬春季节我国主要受冬季风影响 , 中高纬度大气环 

 
 

 

图 1  月尺度平均气温可预报性的空间分布 
(a)和(b)分别为地面气温和 850 hPa 气温计算结果 
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图 2  各月份月尺度平均气温可预报性 MTPL 分布图 
(a)~(c)为 12 月、1 月、2 月; (d)~(f)为 3~5 月; (g)~(i)为 6~8 月; (j)~(l)为 9~11 月 

 
 

流异常的影响显著, 而中高纬度冷空气影响频繁、变

率大, 加之我国地形复杂, 使得我国的地表气温有比

较大的季节内变率 [23], 并且在全球变暖背景下 , 东

亚中、高纬度冬季的极端天气事件发生频率增多, 强

度增大 , 也同样导致气温的季节内变率加大 [30], 从

而降低了冬春季气温的 MTPL. 而夏秋季, 我国主要

受东亚夏季风的影响 , 受热带海洋和副热带大气环

流异常影响显著 , 热带和副热带系统相对于中高纬

度系统变率小, 因此夏秋季气温的 MTPL 比冬春季

节明显偏高. Yang 等人[31]通过模式模拟分析得到的

全球 850 hPa 气温的季节潜在可预报性也表明, 中国

区域气温潜在可预报性在夏季较高, 冬季较低. 认为

夏季海温、土壤湿度等下边界强迫作用比较强, 而大

气内部动力过程的作用比较弱 , 气温季节内变率较

小[23], 便导致了夏季气温 MTPL比较高的值, 与本文

结论是一致的 . 中国气温与全球同纬度其他地区气

温可预报性的差异也表现出我国气温可预报性分布

的复杂性.  

为了进一步说明中国区域气温潜在可预报性在

夏季较高和冬季较低以及 MTPL 的空间分布的合理

性 , 采用国家气候中心提供的第一代气候模式对

1983~2012 年的月动力延伸预测结果, 计算了全国 1

月和 7 月 160 站月平均气温距平预报准确率. 计算方

法如下: 利用 1983~2012 年全国 160 站月动力延伸预
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测温度和观测温度的距平场, 若某站在 30 年(n 年)内

预报值和观测值的符号一致的年份数为 m, 则该站

点的月动力延伸预报准确率为  

 100%.
m

Ps
n

    (5) 

利用(5)式分别计算了月动力延伸预报对 1 月(图

3(a))和 7 月(图 3(b))平均气温的预报准确率的空间分

布(计算时段为 1983~2012 年). 由图 3 可知, 7 月份的

月动力延伸预报准确率要明显高于 1 月份, 这与 7 月

MTPL(图 2(h))明显高于 1 月 MTPL(图 2(b))很一致. 

并且 Ps(prediction score)与 MTPL 在 1(7)月的空间分

布型也较为一致. 表明可预报性较低(高)的月份, 月

动力延伸预报准确率也较低(高).  

3 不同区域月尺度平均气温可预报性的年

代际变化 

为得到月尺度平均气温可预报性期限的年代际

变化特征 , 需要滤去年代际以下时间尺度的变率信

息. 取 11 年的滑动窗口[32], 采用(2)~(4)式计算窗口

区平均的 MTPL, 将其作为窗口区中间年份的 MTPL. 

当窗口遍历整个观测序列 , 就得到了该站点 MTPL

的年代际变化曲线. 由于滑动窗口取为 11 年, 因此

年代际变化曲线范围为 1965~2006 年. 图 4(a)~(e)为

地面气温各个年代相对 1965~2006 年平均的 MTPL

距平值的空间分布, 图 4(f)为采用 1965~2006 年序列

时段计算得到的气候月尺度平均气温可预报性的空

间分布.  

由图 4(f)可知, 1965~2006 年这段时间, 平均来

讲我国北方以及西部地区 MTPL 较高, 而黄淮以南

大部地区 MTPL 较低. 而在不同年代, 不同区域的

MTPL 有显著变化. 图 4(a)显示, 20 世纪 60 年代, 新

疆南部、河套、华北大部及东北北部和南部 MTPL

较气候值(1965~2006 年平均)降低约 2 d, 黄淮及其以

南地区的 MTPL 升高约 2 d 以上; 20 世纪 70 年代, 东

北、华北大部、西北南部的 MTPL 减少约 2 d, 而全

国其余大部地区的 MTPL 增加约 2~4 d; 20 世纪 80

年代, 东北、江南东部、西藏东部的 MTPL 降低约   

2 d, 而全国其余大部地区的 MTPL 升高约 2~4 d; 20

世纪 90 年代, 我国中西部大部地区的 MTPL 降低约

2 d, 而北方和东部大部地区 MTPL 升高约 2~4 d, 其

中东北局部地区 MTPL 升高达 4~6 d; 2000 年以后, 

我国西部大部地区的 MTPL 降低约 2 d, 其中新疆南

部降低 2~4 d, 而全国其余大部地区的 MTPL 升高约

2 d, 其中东北部分地区升高约 4~6 d.  

整体而言 , 东北地区在 20 世纪 90 年代之后

MTPL 有明显的提高, 而全国其余地区的 MTPL 的年

代际变化比较复杂. Ding 等人[32]对各层位势高度的

天 气 尺 度 可预 报 性 的 年代 际 变 化 的分 析 发 现 , 

1953~2000 年间, 天气尺度可预报性在欧亚大陆的中

高纬度地区有明显的下降趋势. 而中国区域 MTPL 呈

现出更加复杂的年代际变化特征, 值得进一步分析. 

为了更好地分析不同区域 MTPL 的年代际变化

特征, 将全国划分为 5 个子区域(图 5), 分别计算各

区域平均的 MTPL, 获得每个区域 MTPL 的年代际变

化曲线(图 6 中实线).  

分别为西北区(Ⅰ区, 73°~105°E, 34°~50°N)、西

南区 (Ⅱ区 , 79°~105°E, 21°~34°N)、东北区 (Ⅲ区 , 

105°~135°E, 38°~54°N)、黄淮区(Ⅳ区, 105°~123°E, 

31°~38°N)、南方区(Ⅴ区, 105°~123°E, 18°~31°N) 

图 6 表明不同区域月尺度平均气温可预报性

MTPL 具有不同的年代际变化特征. 我国西北地区的

MTPL(Ⅰ区, 图 6(a))在 20世纪 60年代中期开始下降,  

 

 

图 3  月动力延伸预报对 1 月(a)和 7 月(b)平均气温的预报准确率(Ps)的空间分布 

(a)                                         (b) 
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图 4  不同年代((a)~(e))MTPL 距平的空间分布以及气候平均值(f) 
左边色标代表各个年代距平值, 右边色标代表 1965~2006 年气候平均值 

 

 

图 5  分析年代际变化采用的 5 个子区域示意图 

到 70 年代中期缓慢回升, 80 年代初期之后持续下降, 

20 世纪末之后缓慢回升. 我国西南(Ⅱ区, 图 6(b))和

黄淮地区(Ⅳ区, 图 6(d))的 MTPL 在 1980 年以来

MTPL 有缓慢下降的变化趋势, 但变化不显著. 东北

地区(Ⅲ区 , 图 6(c))MTPL 的年代际变化尤其明显 , 

在 80 年代以来 MTPL 持续上升, 而 2000 年之后, 明

显下降; 经过滑动 t 检验和 M-K 检验的气候突变检验

分析, 均发现东北地区的 MTPL 在 1986 年出现气候

突变(通过 0.01 的信度检验). 南方区(Ⅴ区, 图 6(e))

的 MTPL 在 80 年代初期开始下降, 到 90 年代中期开

始上升, 目前处于可预报性增大的阶段. 就全国平均

而言(图 6(f)), 从 70 年代以来, MTPL 总体具有上升

的年代际变化趋势, 在 2000 年前后出现下降的趋势.  

为了进一步分析本文计算的不同区域 MTPL 年

代际变化特征的可能原因 , 又计算了各个区域的月

尺度气温持续性预报准确率的年代际变化(图 6 中虚

线)进行对比. 具体计算过程如下: 利用全国 1960~ 

2011 年中国区域 518 站的逐日平均气温, 去掉趋势

项后求出月平均气温距平序列 , 将本月的气温距平 
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年份                                              年份 

图 6  各区平均的 MTPL(实线)及持续性预报准确率(虚线)的年代际变化曲线图  

(a)~(e)分别为Ⅰ~Ⅴ区, (f)为全国, MTPL 做了 9 点平滑, 持续性预报准确率做了 11 年平滑 

 
作为下个月的气温距平预报值 , 若区域内预报值和

实测值的符号一致的站点数为 M, 区域内总的站点

数为 N, 则该月份的持续性预报准确率为 

 100%,
M

Ps
N

   (6) 

进而可得到 1965~2006 年月平均气温持续性预报准

确率的年代际变化曲线.  

比较图 6 中的实线和虚线可以看出, 西北区和黄

淮区(图 6(a), (d))气温持续性预报准确率的年代际变

化与 MTPL 的年代际变化呈现较一致的变化趋势; 

东北区(图 6(c))在 20 世纪 80 年代之后两者的变化趋

势比较一致; 西南区(图 6(b))在 20 世纪 80~90 年代比

较一致, 而其余时段差异较大; 南方区(图 6(e))预报

准确率的年代际变化与 MTPL 的年代际变化几乎相

反. 可见, 有的区域的 MTPL 的年代际变化与气温持

续性的变化趋势是一致的, 而有的区域 MTPL 的年

代际变化原因比较复杂. 从图 6 还可以看出, 目前 5

个区域中除去南方区(图 6(e))外, 其余区域的 MTPL

和月尺度气温持续性预报准确率在进入 21 世纪以后

均有不同程度的下降.  

4  结论 

本文利用我国 1960~2011 年较为密集和完整的

518 个站点逐日气温观测资料 , 采用非线性局部

Lyapunov 指数和非线性误差增长理论, 探讨了月尺

度平均气温的可预报性, 主要结论如下.  

(1) 总体平均而言, 我国北方以及西部地区月尺

度平均气温可预报性较高 , 而黄淮以南大部地区可

预报性较低, 具体到各月还有明显的空间差异.  

(2) 我国月尺度平均气温可预报性在 12 月到次

年 5 月的冬半年相对较低, 而在 6~11月的夏半年比较

高. 这可能与我国的季风气候以及造成冬季风变率和

夏季风变率的大尺度环流特征的差异有密切关系.  

(3) 从全国平均来看, 20 世纪 70 年代以来, 月尺

度平均气温可预报性总体具有上升的年代际变化趋

势, 在 2000 年前后出现下降的趋势. 但是不同区域

月尺度平均气温可预报性具有不同的年代际变化特

征, 特别是我国东北、西北和华南地区具有比较显著

的年代际变化. 西北、黄淮、东北的可预报性的年代

际变化可能与气温的持续性有关. 进入 21 世纪, 除

了华南区域外 , 全国大部分地区月尺度平均气温可

预报性有下降的趋势.  

上述结果仅仅是对月尺度平均气温可预报性的

初步认识 , 初步了解中国哪些区域的气温具有较高

的可预报性, 哪些区域气温的可预报性较低, 从而为

气候预测提供一定的科学参考 . 对于影响我国不同
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区域月尺度平均气温可预报性的原因及其物理机制

还需要进一步研究 . 本研究主要依据数据自身的演

变规律 , 来定量化讨论气温预测的可预报性 . 因此, 

数据资料的处理方式, 如去掉线性趋势和 31 d 滑动

平均等, 很可能会对计算结果产生一定的影响, 这个

问题将另文进行详细分析.  
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资料均一化对沈阳站气温趋势和城市化偏差分析的影响

李娇１，２，３，任国玉２，任玉玉２，张雷２

（１．南京信息工程大学 大气科学学院，江苏 南京 ２１００４４；２．中国气象局 气候研究开放实验室，北京 １０００８１；
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摘要：利用国家气象信息中心 ２０１３ 年发布的逐日均一化气温资料，对沈阳站资料均一化处理前后

平均气温和极端气温指数序列的线性趋势及其城市化影响偏差进行了比较评价。 结果表明：１）资

料均一化处理对日最高气温及其衍生的极端气温指数序列趋势估计的影响较弱，但对日最低气温

及其衍生的极端气温指数序列趋势估计具有显著影响。 ２）经资料均一化处理后，平均气温序列中

的城市化影响偏差有所增大，平均最低气温序列中的城市化影响偏差增大尤其明显；与冷事件有关

的极端气温指数序列的城市化影响偏差数值有所减小，与暖事件有关的极端气温指数序列的城市

化影响偏差数值有所增加。 ３）资料均一化处理有效纠正了因迁站等原因造成的地面气温观测记

录中的非均一性，但却在很大程度上还原了城市站地面气温观测记录中的城市化影响偏差。
关键词：气温资料；均一化；极端气温指数；城市化影响；气候变化
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０　 引言

在国内的单站和区域尺度气候变化研究中，近
年来对采用均一化地面观测资料给予了高度重视

（Ｙａｎ ａｎｄ Ｙａｎｇ，２００１；任国玉，２００３；Ｌｉ ｅｔ ａｌ．，２００４；
任国玉等，２００５；Ｙａｎ ｅｔ ａｌ．，２０１０；曹丽娟和严中伟，
２０１１；周建平等，２０１３）。 中国气象局国家气象信息

中心发布的中国地面气温均一化数据集（Ｌｉ ｅｔ ａｌ．，
２００４），在国内气候变化研究中得到广泛应用。
２０１３ 年发布了这个数据集的更新版本。 Ｌｉ ａｎｄ Ｙａｎ
（２００９）根据中国气象局国家气象信息中心的地面

气温资料开展了资料均一化研究，获得了均一化的

最高和最低气温资料数据集。
气候变化分析采用均一化资料是必要的。 但

是，最近利用早期版本均一化地面气温资料开展的

研究，发现位于城市附近的台站，在资料均一化处理

后，其平均和极端气温指数序列中的城市化影响偏

差变得更明显了（任国玉等，２０１０；张雷等，２０１１；
Ｚｈａｎｇ ｅｔ ａｌ．，２０１４）。 造成这个问题的可能原因是，
在 ２００４ 年以前我国地面气温观测记录中的非均一

性主要是由于城镇附近台站迁移造成的（Ｌｉ ｅｔ ａｌ．，
２００４；任国玉等，２０１０）。 目前还不清楚，在最新版

本的均一化气温资料中，是否仍然存在着城市化影

响偏差被还原或增大的问题。
沈阳作为东北大城市的代表站，历史上经历较

多的站址迁移。 选取沈阳站作为案例城市，采用最

新版本的均一化地面气温观测数据及经过质量控制

的原始数据，探讨资料均一化处理过程对沈阳站平

均气温和极端气温指数序列趋势的影响，着重比较

评价均一化处理前后各个气温指数序列中城市化影

响偏差的不同。

１　 资料和方法

１ １　 数据来源

沈阳站的逐日气温数据来自国家气象信息中心

２０１３ 年发布的升级版均一化气温数据集。 沈阳站

对比气温数据、乡村站气温数据以及历史沿革资料

同样来自国家信息中心，对比资料经过严格质量控

制，但未做均一化处理。
１ ２　 分析方法

极端气温指数采用气候变化监测、检测和指数

专家组的定义（Ｆｒｉｃｈ ｅｔ ａｌ．，２００２）。 以 １９７１—２０００
年为参考期，使用 Ｒ⁃ｃｌｉｍｄｅｘ 软件进行计算。 本文

选取其中的 １０ 个极端气温指数作为研究对象（表

１）。 根据指数计算方法，将霜冻日数、炎热夜数、结
冰日数、夏季日数定义为绝对指数；冷（暖）夜（昼）
日数定义为相对指数；暖（冷）日持续指数定义为持

续时间指数。
表 １　 本文所用的极端气温指数

Ｔａｂｌｅ １　 Ｅｘｔｒｅｍｅ ｔｅｍｐｅｒａｔｕｒｅ ｉｎｄｉｃｅｓ ｕｓｅｄ ｉｎ ｔｈｉｓ ｓｔｕｄｙ

名称 定义 单位

霜冻日数 日最低气温＜０ ℃的全部日数 ｄ

结冰日数 日最高气温＜０ ℃的全部日数 ｄ

夏季日数 日最高气温＞２５ ℃的全部日数 ｄ

炎热夜数 日最低气温＞２０ ℃的全部日数 ｄ

冷夜日数 日最低气温＜１０％分位值的日数 ｄ

冷昼日数 日最高气温＜１０％分位值的日数 ｄ

暖夜日数 日最低气温＞９０％分位值的日数 ｄ

暖昼日数 日最高气温＞９０％分位值的日数 ｄ

热日持续指数
每年至少连续 ６ ｄ 日最高

气温＞９０％分位值的日数
ｄ

冷日持续指数
每年至少连续 ６ ｄ 日最低

气温＜１０％分位值的日数
ｄ

将城市站和乡村站气温变化速率的差值作为城

市化影响偏差，即城市化增温引起的绝对趋势偏差；
将城市化影响偏差与城市站气温趋势的比值作为城

市化贡献率（周雅清和任国玉，２００５）。 从城市化影

响偏差和城市化贡献率两个方面探讨资料均一化处

理对沈阳站地面气温趋势估计的影响。
参考站的选取综合考虑了资料序列长度、迁站

情况、站址所在辖区人口数据、与目标站的距离、观
测场附近探测环境等因素（任国玉等，２０１０），选取

沈阳站附近的法库、康平站作为乡村站。 两个观测

站的站址信息如表 ２ 所示。 康平站在 １９８２ 年 ９ 月 １
日迁至康平县东关乡苏家岗村；法库站在 １９７３ 年

１１ 月 １ 日由法库县小东门外迁至南门村。 采用滑

动 ｔ 检验法对这两个站点的年平均、平均最低、平均

最高气温序列进行均值突变检验。 两站的平均气温

和最低气温的不连续点出现在 １９８７—１９８９ 年，平均

最高气温无不连续点，该突变主要是由背景气候增

暖引起的。 但两站在迁站年份附近并未出现不连续

点，这表明迁站对两站气温序列的均一性未造成显

著影响，可以认为两站的气温序列是相对均一的。
年平均（逐日）参考序列的建立方法采用两站与沈

阳站均一化后的年平均（逐日）气温序列相关系数

的平方值作为权重系数，加权平均获得。
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表 ２　 用于本文研究的站址信息

Ｔａｂｌｅ ２　 Ｉｎｆｏｒｍａｔｉｏｎ ｏｆ ｔｈｅ ｗｅａｔｈｅｒ ｓｔａｔｉｏｎｓ ｉｎ ｔｈｉｓ ｓｔｕｄｙ

站号 站名 经度 ／ Ｅ 纬度 ／ Ｎ
海拔

高度 ／ ｍ
记录起

始年份
迁站记录

台站

类型

２０００ 年

人口 ／ 个
站址环境

５４３４２ 沈阳 １２３°３１′ ４１°４４′ ４５ ２ １９５３ 年
１９７０⁃１０、１９７６⁃１０、
１９８９⁃０１、２００６⁃０６

国家站 ６０１ ４８９ 城市郊区

５４２４４ 康平 １２３°２′ ４２°４５′ １１９ ６ １９５９ 年 １９８２⁃０９ 一般站 ５４ ２４５ 县郊

５４２４５ 法库 １２３°２４′ ４２°３′ ９８ ６ １９５７ 年 １９７３⁃１１ 一般站 ５２ ２１８ 县郊

２　 均一化处理对气温趋势的影响

２ １　 均一化处理前后平均气温趋势差异

图 １ 给出了沈阳站均一化处理前后的年平均、
平均最高、最低气温序列。 其中，平均气温取为最

高、最低气温的均值。 可以看出，平均最低气温的订

正幅度最大，平均最高气温的订正幅度微弱。 订正

后气温序列时间变化特征与气温非均一性的订正方

法有关，城市不断发展导致气象台站逐渐向郊区迁

移，使得气温下降，将气温值订正到目前台站所处位

置后，造成迁站年份之前气温递减。 年平均和平均

最低气温订正前后的曲线交点出现在 ２００６ 年，即沈

阳站最后一次迁站出现的时间；平均最高气温的曲

线交点出现在 １９８９ 年，沈阳站在 １９８９ 年 １ 月由沈

河区文化路 ２ 段 ２ 号迁至沈阳市东陵区五三乡营盘

路 １２ 号，这说明 １９８９ 年迁站对最高气温造成的影

响较为明显，２００６ 年的迁站对最高气温影响甚微。

图 １　 沈阳站均一化处理前后的平均气温序列（单位：℃）
Ｆｉｇ．１　 Ｔｈｅ ａｎｎｕａｌ ｍｅａｎ ｔｅｍｐｅｒａｔｕｒｅ ｓｅｒｉｅｓ ｂｅｆｏｒｅ ａｎｄ ａｆｔｅｒ ｈｏｍｏｇｅｎｉｚａｔｉｏｎ ａｔ Ｓｈｅｎｙａｎｇ

ｓｔａｔｉｏｎ（ｕｎｉｔｓ：℃）

表 ３ 给出了 １９５１—２０１２ 年沈阳站气温均一化

处理前后的线性趋势对比。 将订正后与订正前的线

性趋势差值定义为绝对偏差；绝对偏差与订正后趋

势百分比的绝对值定义为相对偏差。 订正前年平

均、平均最高、平均最低气温的线性趋势较微弱，除
平均气温外均未通过显著性检验；订正后增温趋势

则变 得 十 分 明 显， 分 别 为 ０ ４６０、 ０ ２５７、 ０ ５９１
℃ ／ （１０ ａ），均通过了 ０ ０５ 信度的显著性检验。 其

中，平均最低气温的绝对偏差和相对偏差最大，分别

为 ０ ４４４ ℃ ／ （１０ ａ）和 ７５ １３％；平均最高气温的绝

对偏差和相对偏差最小，分别为 ０ １３２ ℃ ／ （１０ ａ）和
５１ ３６％。 就沈阳站来说，资料非均一性使得平均气

温的线性趋势被低估。
表 ３　 １９５１—２０１２ 年沈阳站均一化处理前后年平均、平均最

高和最低气温趋势差异

Ｔａｂｌｅ ３ 　 Ｔｈｅ ｄｉｆｆｅｒｅｎｃｅｓ ｏｆ ｔｒｅｎｄｓ ｏｆ ａｎｎｕａｌ ｍｅａｎ
ｔｅｍｐｅｒａｔｕｒｅ， ｍｅａｎ ｍａｘｉｍｕｍ ｔｅｍｐｅｒａｔｕｒｅ ａｎｄ
ｍｅａｎ ｍｉｎｉｍｕｍ ｔｅｍｐｅｒａｔｕｒｅ ｂｅｆｏｒｅ ａｎｄ ａｆｔｅｒ
ｈｏｍｏｇｅｎｉｚａｔｉｏｎ ｄｕｒｉｎｇ １９５１—２０１２ ａｔ
Ｓｈｅｎｙａｎｇ ｓｔａｔｉｏｎ

气温
订正前趋势 ／
（℃·（１０ ａ） －１）

订正后趋势 ／
（℃·（１０ ａ） －１）

绝对偏差 ／
（℃·（１０ ａ） －１）

相对偏

差 ／ ％

平均气温 ０ １９５１） ０ ４６０１） ０ ２６５ ５７ ６１

平均最高气温 ０ １２５ ０ ２５７１） ０ １３２ ５１ ３６

平均最低气温 ０ １４７ ０ ５９１１） ０ ４４４ ７５ １３

　 　 注：１）表示通过了 ０ ０５ 信度的显著性检验．
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２ ２　 均一化处理前后极端气温指数趋势差异

订正前后极端气温指数线性趋势的对比（图 ２）
表明：无论订正前后，与冷事件有关的指数都呈下降

趋势，如霜冻日数、结冰日数、冷夜日数、冷昼日数、
冷日持续指数；与暖事件有关的指数都呈增加趋势，
如夏季日数、炎热夜数、暖夜日数、暖昼日数、暖日持

续指数。 这与以往的研究相一致（Ｚｈａｉ ａｎｄ Ｐａｎ，
２００３；Ｑｉａｎ ａｎｄ Ｌｉｎ，２００４；Ｒｅｎ ｅｔ ａｌ．，２０１２）。 同时，
订正后的趋势变化更为显著。 斜线直方图表明：订
正后极端气温指数的线性趋势均通过了 ０ ０５ 信度

的显著性检验；订正前除夏季日数和冷昼、冷（暖）
夜日数外，均未通过检验。

图 ２　 沈阳站均一化处理前后极端气温指数序列的线性趋势对比（单位：℃·（１０ ａ） －１；红

色：订正前；蓝色：订正后；斜线：通过 ０ ０５ 信度的显著性检验）

Ｆｉｇ．２　 Ｔｈｅ ｃｏｍｐａｒｉｓｏｎ ｏｆ ｌｉｎｅａｒ ｔｒｅｎｄｓ ｏｆ ｅｘｔｒｅｍｅ ｔｅｍｐｅｒａｔｕｒｅ ｉｎｄｉｃｅｓ ｂｅｆｏｒｅ ａｎｄ ａｆｔｅｒ ｈｏｍｏｇ⁃

ｅｎｉｚａｔｉｏｎ（ｕｎｉｔｓ：℃·（１０ ａ） －１；ｒｅｄ：ｂｅｆｏｒｅ ｈｏｍｏｇｅｎｉｚａｔｉｏｎ；ｂｌｕｅ：ａｆｔｅｒ ｈｏｍｏｇｅｎｉｚａｔｉｏｎ；

ｓｌａｎｔ：ｓｉｇｎｉｆｉｃａｎｃｅ ｏｆ ｏｖｅｒ ９５％ ｃｏｎｆｉｄｅｎｃｅ ｌｅｖｅｌ）

表 ４ 给出均一化处理前后，１９５１—２０１２ 年各个

极端气温指数的线性趋势变化情况。 就趋势大小来

说，资料非均一性使得沈阳站冷指数的趋势变化被

高估，绝对偏差为负；暖指数的趋势变化被低估，绝
对偏差为正。 其中，冷夜日数和暖夜日数的绝对偏

差较大，绝对值分别为 ８ ８０ 和 ７ １７ ｄ ／ （１０ ａ），结冰

日数、夏季日数和暖日持续指数的绝对偏差大小要

小于 １ ０ ｄ ／ （１０ ａ），一方面是这些指数的趋势变化

原本就很微弱，另一方面说明资料非均一性对该指

数趋势变化影响较小。 霜冻日数、炎热夜数、冷

（暖）夜日数、冷日持续指数以及暖昼日数的相对偏

差均大于 ７０％。 可见，订正前后，与最低气温有关

的极端气温指数绝对（相对）偏差较大，与最高气温

有关的极端气温指数绝对（相对）偏差较小。

表 ４　 １９５１—２０１２ 年沈阳站均一化处理前后极端气温指数

的线性趋势及差值

Ｔａｂｌｅ ４　 Ｔｈｅ ｌｉｎｅａｒ ｔｒｅｎｄｓ ａｎｄ ｄｉｆｆｅｒｅｎｃｅｓ ｏｆ ｅｘｔｒｅｍｅ ｔｅｍｐｅｒａ⁃
ｔｕｒｅ ｉｎｄｉｃｅｓ ｂｅｆｏｒｅ ａｎｄ ａｆｔｅｒ ｈｏｍｏｇｅｎｉｚａｔｉｏｎ ｄｕｒｉｎｇ
１９５１—２０１２ ａｔ Ｓｈｅｎｙａｎｇ ｓｔａｔｉｏｎ

指数
订正前趋势 ／
（℃·（１０ ａ） －１）

订正后趋势 ／
（℃·（１０ ａ） －１）

绝对偏差 ／
（℃·（１０ ａ） －１）

相对偏

差 ／ ％

霜冻日数 －０ ７４ －４ ４８１） －３ ７４ ８３ ４８

炎热夜数 ０ ４７ ３ ５４１） ３ ０７ ８６ ７２

结冰日数 －１ ４８ －２ ４３１） －０ ９５ ３９ ０９

夏季日数 １ ７０１） ２ ５２１） ０ ８２ ３２ ５４

冷夜日数 －３ ２８１） －１２ ０８１） －８ ８ ７２ ８５

暖夜日数 ２ ５５１） ９ ７２１） ７ １７ ７３ ７７

冷昼日数 －２ ８５１） －４ ８６１） －２ ０１ ４１ ３６

暖昼日数 １ ０８ ４ ５３１） ３ ４５ ７６ ７１

热日持续指数 ０ ６７ １ ６３１） ０ ９６ ５８ ９０

冷日持续指数 －０ ５ －２ ６４１） －２ １４ ８１ ０６

　 　 注：１）表示通过了 ０ ０５ 信度的显著性检验．

３　 均一化处理对城市化偏差分析的
影响

３ １　 均一化处理前后平均气温序列城市化影响

差异

　 　 图 ３ 给出均一化订正前后平均气温的城市化影

响偏差与标准误差线。 均一化处理前，年平均气温

的城市化影响偏差均为负，均一化处理后，均为正

值。 但无论订正前后，城市化影响偏差的绝对值以

平均最低气温最大，平均最高气温最小。 这与最低
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图 ３　 沈阳站均一化订正前后年平均气温趋势变化的城市化影响偏差及标准误差线

（单位：℃·（１０ ａ） －１；柱状图：城市化影响偏差；黑实线：标准误差；红色：订正

前；蓝色：订正后）
Ｆｉｇ．３　 Ｔｈｅ ｕｒｂａｎ ｂｉａｓ ｏｆ ａｎｎｕａｌ ｍｅａｎ ｔｅｍｐｅｒａｔｕｒｅ ｂｅｆｏｒｅ ａｎｄ ａｆｔｅｒ ｈｏｍｏｇｅｎｉｚａｔｉｏｎ ａｎｄ

ｉｔｓ ｓｔａｎｄａｒｄ ｅｒｒｏｒ（ ｕｎｉｔｓ：℃ ·（１０ ａ） －１；ｈｉｓｔｏｇｒａｍ：ｕｒｂａｎ ｂｉａｓ；ｂｌａｃｋ ｓｏｌｉｄ ｌｉｎｅ：
ｓｔａｎｄａｒｄ ｅｒｒｏｒ；ｒｅｄ：ｂｅｆｏｒｅ ｈｏｍｏｇｅｎｉｚａｔｉｏｎ；ｂｌｕｅ：ａｆｔｅｒ ｈｏｍｏｇｅｎｉｚａｔｉｏｎ）

气温受城市化影响明显的认识相一致 （司鹏等，
２０１０）。 订正前后平均最低气温的城市化影响偏差

分别为－０ ２８９、０ ２４９ ℃ ／ （１０ ａ）；平均最高气温的

城市化影响偏差分别为－０ １１２、０ ０８４ ℃ ／ （１０ ａ）；
年平均气温的城市化影响偏差分别为 － ０ １３５、
０ １６３ ℃ ／ （１０ ａ）。 就沈阳站来说，资料非均一性对

平均气温的城市化偏差定量估计在 ０ １９６ ～ ０ ５３８
℃ ／ （１０ ａ）之间。 就标准误差的绝对大小来说，订正

前后平均气温城市化影响偏差估计的可信区间相差

不大，参数估计精度近似。
均一化处理前沈阳站的城市化影响偏差均为负

值，作为一个城市建设不断发展，城市规模不断扩

大，人口数量众多的大城市，订正前的城市化负偏差

并不符合城市站气温增暖趋势高于乡村站的一般认

识。 迁站等因素造成的非均一性显然对沈阳站城市

化影响指标造成较大影响，采用未经均一化的数据

来评估城市化对趋势变化造成的影响显然会造成错

误的认知。 但值得注意的是，均一化处理后的气温

序列在一定程度上恢复了城市化造成的增温趋势

（任国玉等，２０１０；Ｚｈａｎｇ ｅｔ ａｌ．，２０１４），这也给订正数

据加入了新的系统性误差。
表 ５ 分析了均一化后沈阳站与参考站年平均气

温的线性趋势差异。 参考站年平均、平均最高（最
低）气温的增温趋势分别为 ０ ２４６、 ０ １２２、 ０ ３７０
℃ ／ （１０ ａ），沈阳站订正后的增温趋势则可以达到

０ ４０９、０ ２０６、０ ６１９ ℃ ／ （１０ ａ）。 可见，城市站年平

均气温（包括平均最高、最低）序列的增温趋势均要

高于参考站。 除参考站的最高气温外，平均气温序

列均通过 ０ ０５ 信度的显著性检验。 均一化处理后，
平均 气 温 的 城 市 化 影 响 偏 差 在 ０ ０８４ ～ ０ ２４９
℃ ／ （１０ ａ）；城市化贡献率在 ４０％左右。
表 ５　 城市化对沈阳站平均气温序列趋势变化的影响（均一

化处理后）
Ｔａｂｌｅ ５　 Ｔｈｅ ｉｎｆｌｕｅｎｃｅ ｏｆ ｕｒｂａｎｉｚａｔｉｏｎ ｏｎ ｔｈｅ ｌｉｎｅａｒ ｔｒｅｎｄｓ ｏｆ

ａｖｅｒａｇｅ ｍｅａｎ ｔｅｍｐｅｒａｔｕｒｅ ａｆｔｅｒ ｈｏｍｏｇｅｎｉｚａｔｉｏｎ ａｔ
Ｓｈｅｎｙａｎｇ ｓｔａｔｉｏｎ

气温
参考站趋势 ／
（℃·（１０ ａ） －１）

沈阳站趋势 ／
（℃·（１０ ａ） －１）

城市化影响偏差

／ （℃·（１０ ａ） －１）

城市化影

响贡献

率 ／ ％

平均气温 ０ ２４６１） ０ ４０９１） ０ １６３１） ３９ ８５

平均最

高气温
０ １２２ ０ ２０６１） ０ ０８４１） ４０ ７８

平均最

低气温
０ ３７０１） ０ ６１９１） ０ ２４９１） ４０ ２３

　 　 注：１）表示通过了 ０ ０５ 信度的显著性检验．

３ ２　 均一化处理前后极端气温指数序列城市化影

响差异

　 　 图 ４ 给出资料均一化处理前后，极端气温指数

城市化影响偏差的对比情况及标准误差线，可以清

楚地反映城市化对不同指数趋势变化造成的不同影

响以及同一指数在均一化处理前后城市化影响偏差

变化情况。 指数位于 ０ 值线以上代表城市化影响偏

差为正；位于 ０ 值线以下代表城市化影响偏差为负；
红色代表订正前；蓝色代表订正后。 可见，均一化订

正后，与冷事件有关的极端气温指数序列的城市化
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图 ４　 沈阳站均一化订正前后极端气温指数趋势变化的城市化影响偏差及标准误差线

（单位：℃·（１０ ａ） －１；柱状图：城市化影响偏差；黑实线：标准误差；红色：订正前；蓝
色：订正后）

Ｆｉｇ．４　 Ｔｈｅ ｕｒｂａｎ ｂｉａｓ ｏｆ ｅｘｔｒｅｍｅ ｔｅｍｐｅｒａｔｕｒｅ ｉｎｄｉｃｅｓ ｂｅｆｏｒｅ ａｎｄ ａｆｔｅｒ ｈｏｍｏｇｅｎｉｚａｔｉｏｎ ａｎｄ ｉｔｓ
ｓｔａｎｄａｒｄ ｅｒｒｏｒ（ｕｎｉｔｓ：℃·（１０ ａ） －１；ｈｉｓｔｏｇｒａｍ：ｕｒｂａｎ ｂｉａｓ；ｂｌａｃｋ ｓｏｌｉｄ ｌｉｎｅ：ｓｔａｎｄａｒｄ ｅｒ⁃
ｒｏｒ；ｒｅｄ：ｂｅｆｏｒｅ ｈｏｍｏｇｅｎｉｚａｔｉｏｎ；ｂｌｕｅ：ａｆｔｅｒ ｈｏｍｏｇｅｎｉｚａｔｉｏｎ）

影响偏差均为负值，如霜冻日数、结冰日数、冷夜

（昼）日数、冷日持续指数；与暖事件有关的极端气

温指数序列的城市化影响偏差均为正值，如炎热夜

数、夏季日数、暖夜（昼）日数、暖日持续指数；符合

中国大陆区域各极端气温指数城市化影响偏差整体

上的数值特征（Ｒｅｎ ａｎｄ Ｚｈｏｕ，２０１３），但订正前极端

气温指数的城市化影响偏差分布无规律性。
均一化处理前后同一指数的城市化影响偏差数

值表明：均一化后，冷指数的城市化影响偏差数值有

所减小；暖指数的城市化影响偏差数值有所增加。
但极端气温指数城市化影响偏差的绝对大小分布在

订正前后并无规律性。 从标准误差线可以看出：订
正后极端气温指数序列的城市化影响偏差参数估计

的精度远远高于订正前。
资料非均一性对沈阳站冷指数的城市化偏差影

响的定量估计 （订正后减去订正前） 在 － ０ ７４ ～
－１０ ６３ ｄ ／ （ １０ ａ ） 之间； 暖指数在 ０ ４５ ～ ８ ８６３
ｄ ／ （１０ ａ）之间；对与最低气温有关指数的城市化偏

差的绝对影响（订正前后绝对差值）为 ２ １３ ～ １０ ６３
ｄ ／ （１０ ａ）；对与最高气温有关指数的绝对影响为

０ ４５～２ ８５ ｄ ／ （１０ ａ）。
表 ６ 反映了均一化后沈阳站及参考站的极端气

温指数趋势变化情况对比。 可以看出，与城市化对

平均气温序列造成的增温趋势不同，城市化对极端

气温指数趋势变化的影响呈现不同符号。 订正后冷

指数的城市化影响为负值；暖指数的城市化影响为

正值。 同时，参考站极端气温指数趋势变化的大小

都要小于沈阳站的趋势，因此城市化实际上加剧了

沈阳站极端气温指数的趋势变化幅度。 就沈阳站来

说，相对于本地背景气候变化，城市化使得冷指数的

趋势变化被低估；使得暖指数的趋势变化被高估，并
不能反映本地大尺度背景下极端气温指数序列真实

的趋势变化。 这与资料非均一性对极端气温指数趋

势变化的影响相反。
对于参考站，各极端气温指数的趋势变化在

－７ ３１～６ ６８ ｄ ／ （１０ ａ）之间，除结冰日数、夏季日数

和暖昼（夜）日数外，其他指数的趋势变化均通过了

０ ０５ 信度的显著性检验；沈阳站（订正后），各极端

气温指数的趋势变化在－１１ ９５ ～ １１ １４ ｄ ／ （１０ ａ）之
间，除结冰日数外，各极端气温指数趋势变化均通过

显著性检验。
城市化影响偏差以相对指数为最大，绝对指数

次之，持续时间指数最小。 因此，就同类指数而言，
城市化对与最低气温有关的极端气温指数趋势变化

影响相对较大（霜冻日数、炎热夜数、冷（暖）夜日

数）；对与最高气温有关的极端气温指数趋势变化

影响相对较弱（结冰日数、夏季日数、冷（暖）昼日

数）。 虽然选取的极端气温指数略有不同，但这与

周雅清和任国玉（２０１０）、张雷等（２０１１）、Ｚｈｏｕ ａｎｄ
Ｒｅｎ（２０１１）的研究相一致。 此外，城市化对持续时

间指数的影响较为微弱。 显著性检验结果表明：结
冰日数、夏季日数、冷（暖）日持续指数的城市化影

响偏差未通过显著性检验。
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表 ６　 城市化对沈阳站极端气温指数序列趋势变化的影响

（均一化处理后）
Ｔａｂｌｅ ６　 Ｔｈｅ ｉｎｆｌｕｅｎｃｅ ｏｆ ｕｒｂａｎｉｚａｔｉｏｎ ｏｎ ｔｈｅ ｌｉｎｅａｒ ｔｒｅｎｄｓ ｏｆ

ｅｘｔｒｅｍｅ ｔｅｍｐｅｒａｔｕｒｅ ｉｎｄｉｃｅｓ ａｆｔｅｒ ｈｏｍｏｇｅｎｉｚａｔｉｏｎ ａｔ
Ｓｈｅｎｙａｎｇ ｓｔａｔｉｏｎ

指数
参考站趋势 ／
（℃·（１０ ａ） －１）

沈阳站趋势 ／
（℃·（１０ ａ） －１）

城市化影

响偏差 ／
（℃·（１０ ａ） －１）

城市化影

响贡献

率 ／ ％

霜冻日数 －３ ２１１） －４ ９１１） －１ ７０１） ３４ ６２

炎热夜数 ２ ２２１） ４ ３１１） ２ ０９１） ４８ ４９

结冰日数 －０ ６５ －１ ３５ －０ ７０ ５１ ８５

夏季日数 １ ４６ ２ ３２１） ０ ８６ ３７ ０７

冷夜日数 －７ ３１１） －１１ ９５１） －４ ６４１） ３８ ８３

暖夜日数 ６ ６８１） １１ １４１） ４ ４６１） ４０ ０４

冷昼日数 －１ ７４ －２ ９６１） －１ ２２１） ４１ ２２

暖昼日数 １ ２８ ５ １６１） ３ ８８１） ７５ １９

热日持

续指数
１ ２１１） １ ８８１） ０ ６７ ３５ ６４

冷日持

续指数
－１ ２６１） －１ ７３１） －０ ４７ ２７ １７

　 　 注：１）表示通过了 ０ ０５ 信度的显著性检验．

４　 结论

１）资料均一化处理对日最高气温及其衍生的
极端气温指数序列趋势影响较弱，但对日最低气温
及其衍生的极端气温指数序列趋势影响很大。

２）沈阳站是由于城市扩张导致迁站降温的典
型案例，经资料均一化处理后，平均气温序列的城市
化影响偏差有所增大，平均最低气温序列城市化影
响偏差增大尤其明显。 资料非均一性对沈阳站平均
气温的城市化偏差影响定量估计为 ０ １９６ ～ ０ ５３８
℃ ／ （１０ ａ），同样以对最低气温的影响最大，最高气
温的影响最小。

３）均一化处理前后沈阳站同一指数的城市化
影响偏差表明：订正后冷指数的城市化影响偏差数
值较订正前有所减小；暖指数的城市化影响偏差数
值有所增加。 资料非均一性对冷指数的城市化偏差
影响定量估计为－０ ７４ ～ －１０ ６３ ｄ ／ （１０ ａ）；暖指数
为 ０ ４５０～８ ８６３ ｄ ／ （１０ ａ）；对与最低气温有关指数
的 城 市 化 偏 差 的 绝 对 影 响 为 ２ １３ ～ １０ ６３
ｄ ／ （１０ ａ）；对与最高气温有关指数的绝对影响为
０ ４５～２ ８５ ｄ ／ （１０ ａ）。

４）资料均一化处理有效纠正了因迁站等原因
造成的地面气温观测记录中的非均一性，但却在很
大程度上还原了城市站地面气温观测记录中的城市

化影响偏差，给数据加入新的系统误差。
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ABSTRACT

This work examined the performance of 26 coupled climate models participating in the Coupled Model
Intercomparison Project Phase 5 (CMIP5) in the simulation of the present-day temporal variability and
spatial pattern of the western Pacific subtropical high (WPSH). The results show that most models are able
to capture the spatial distribution and variability of the 500-hPa geopotential height and zonal wind fields in
the western subtropical Pacific, but with underestimated mean intensity of the WPSH. The underestimation
may be associated with the cold bias of sea surface temperature in the tropical Indian and western Pacific
oceans in the models. To eliminate the impact of the climatology biases, the climatology of these models is
replaced by that of the NCEP/NCAR reanalysis in the verification, and the models reproduce the WPSH’s
enhancement and westward extension after the late 1970s. According to assessment of the simulated WPSH
indices, it is found that some models (CNRM-CM5, FGOALS-g2, FIO-ESM, MIROC-ESM, and MPI-ESM-
P) are better than others in simulating WPSH. Then, the ensemble mean of these better models is used to
project the future changes of WPSH under three representative concentration pathway scenarios (RCP8.5,
RCP4.5, and RCP2.6). The WPSH enlarges, strengthens, and extends westward under all the scenarios,
with the largest linear growth trend projected in RCP8.5, smallest in RCP2.6, and in between in RCP4.5;
while the ridge line of WPSH shows no obvious long-term trend. These results may have implications for
the attribution and prediction of climate variations and changes in East Asia.

Key words: western Pacific subtropical high (WPSH), simulation and projection, CMIP5, RCP scenarios
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1. Introduction

Western Pacific subtropical high (WPSH) is one
of the most important atmospheric circulation systems
over East Asia. Its variability in the location and in-
tensity has important impacts on the summer rainfall
anomaly over China (Xu et al., 2001; Tao and Wei,
2006). Abundant moisture from the tropical oceans
transports to eastern China through the southerly flow
from its western boundary, then converges with the
cold air from the high latitude and conforms the front,
causing rain belts at the northwestern margin of the
WPSH and hot and drought summer under its cov-

ered area (Han and Wang, 2007). Clearly, its interan-
nual variability causes droughts and floods over East
China (Wu et al., 2002), while its interdecadal vari-
ability modulates the drought and flood pattern over
East Asia (Hu, 1997; Xiong, 2001). Liu et al. (2013)
noted that the biennial component of the WPSH in
intensity and zonal position also has the obvious inter-
decadal transition in the late 1970s, with larger am-
plitudes during the recent 30 years. As a result, great
attention has been given to variations of WPSH on
the interannual and interdecadal timescales, since un-
derstanding the variations will help us to improve the
forecast of summer climate anomaly in East Asia.

Supported by the National (Key) Basic Research and Development (973) Program of China (2010CB950501 and 2013CB430202),
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To simulate and project climate change, climate
model becomes one of the main quantitative tools now.
Due to a lot of uncertainties and biases in the cli-
mate models and in order to improve model simu-
lations, the Coupled Model Intercomparison Project
(CMIP) has been proposed by the World Climate Re-
search Program (WCRP). The last phase of CMIP
(CMIP5) involves about 30 climate modeling groups
around the world, aiming to advance our knowledge of
climate variability and climate change and projection,
and to provide simulations for evaluation in the IPCC
Fifth Assessment Report (AR5) (Taylor et al., 2012).
Compared with the models used in the previous phase
of CMIP simulations (such as CMIP3), most models
in CMIP5 have been improved in many aspects, in-
cluding physical processes and coupled carbon cycle.
Thus, it will be interesting to assess the performance
of CMIP5 models in the simulation of WPSH mean
state and variability. Also, it is meaningful to project
the possible changes of WPSH under different climate
warming scenarios in the future.

In this work, the capacities of 26 CMIP5 mod-

els in simulating WPSH are evaluated from various
aspects based on a set of reconstructed indices that
describe the WPSH objectively (Liu et al., 2012). It
is expected to provide some valuable information for
the model development and improvement in the future
by comparisons between the simulations and observa-
tions, and among the models. Finally, the models with
good performance are identified and selected to project
the possible evolution of WPSH in the future, which
is expected to provide implication for future trends of
the East Asian summer climate over China.

2. Data and CMIP5 models

Table 1 gives the basic description of the 26 cou-
pled climate models participating in CMIP5. The
simulation data used in this study include the data
from two groups of model runs. (1) Historical runs,
which are initiated from an arbitrary point of a quasi-
equilibrium control run and integrated longer than 156
yr (1850–2005). The historical run is forced by time-
evolving greenhouse gases, ozone, aerosols, and a so-

Table 1. Description of the 26 coupled climate models participating in the CMIP5

Model name Institute/country Resolution

ACCESS1-0 CAWCR/Australia 1.875◦×1.25◦

BCC-CSM1-1 BCC/China 2.8◦×2.8◦

CanESM2 CCCMA/Canada 2.8◦×2.8◦

CCSM4 NCAR/USA 1.25◦×0.94◦

CESM1-CAM5-1-FV2 NSF-DOE-NCAR/USA 2.5◦×1.9◦

CNRM-CM5 CNRM-CERFACS/France 1.4◦×1.4◦

FGOALS-g2 LASG-CESS/China 2.8◦×2.8◦

FIO-ESM FIO/China 2.8◦×2.8◦

GFDL-CM3 NOAA GFDL/USA 2.5◦×2.0◦

GFDL-ESM2G NOAA GFDL/USA 2.5◦×2.0◦

GFDL-ESM2M NOAA GFDL/USA 2.5◦×2.0◦

GISS-E2-H NASA GISS/USA 2.5◦×2.0◦

GISS-E2-R NASA GISS/USA 2.5◦×2.0◦

HadCM3 MOHC/UK 3.75◦×2.5◦

HadGEM2-AO NIMR/Korea 1.875◦×1.25◦

HadGEM2-CC MOHC/UK 1.875◦×1.25◦

HadGEM2-ES MOHC/UK 1.875◦×1.25◦

INMCM4 INM/Russia 2.0◦×1.5◦

IPSL-CM5A-LR IPSL/France 3.75◦×1.875◦

IPSL-CM5A-MR IPSL/France 2.5◦×1.25◦

MIROC5 MIROC/Japan 1.4◦×1.4◦

MIROC-ESM MIROC/Japan 2.8◦×2.8◦

MPI-ESM-LR MPI-M/Germany 1.9◦×1.9◦

MPI-ESM-P MPI-M/Germany 1.9◦×1.9◦

MRI-CGCM3 MRI/Japan 1.1◦×1.1◦

NorESM1-M NCC/Norway 2.5◦×1.875◦
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lar constant that are consistent with the observations,
and for the first time, time-evolving land cover/land
use pattern is included (Taylor et al., 2012). (2) Fu-
ture climate change projection runs, which are forced
with three typical representative concentration path-
ways (RCPs), i.e., RCP2.6, RCP4.5, and RCP8.5. Ev-
ery emission scenario has a set of specified concentra-
tion of greenhouse gases, aerosols and other chemistry
gases, and land cover/land use pattern (Moss et al.,
2010; Xin et al., 2012).

Atmospheric monthly reanalysis (Kalnay et al.,
1996) provided by NCEP/NCAR and the Extended
Reconstructed SST dataset (ERSSTv3b) (Smith et al.,
2008) from NOAA are used in this study. Hereafter
we refer to these observation-based datasets as obser-
vations. The analysis period of the historical runs and
observations is from 1951 to 2005, and the period of
the future projection runs is from 2006 to 2099. The
model output atmospheric fields are interpolated to
the regular grids with a horizontal resolution of 2.5◦

× 2.5◦, and SST fields are interpolated to the regular
grids with a horizontal resolution of 2◦ × 2◦ for facil-
itating the comparison among CMIP5 models.

Normally, WPSH is represented in the weather
chart as the region surrounded by the contour of 5880
gpm at 500-hPa level within 10◦–45◦N, 110◦E–180◦.
In order to quantitatively describe the variation of
WPSH in the intensity and position, the monthly
WPSH indices are computed based on NCEP/NCAR
reanalysis, including the area, intensity, ridge line, and
western boundary indices (Liu et al., 2012). It is well
known that WPSH is strongest in summer, with sig-
nificant impacts on the summer rainfall over East Asia
(Nitta and Hu, 1996; Wu et al., 2002). Therefore, we
will examine the WPSH in summer (June, July, and
August) in terms of its spatial distribution, amplitude
variation, and interdecadal and interannual variations,
while the entire time series of the monthly data is used
only in power spectrum analysis.

To assess the model’s ability in simulating cur-
rent climate, Taylor diagram (Taylor, 2001) is used
to centralize multi-model related information. The
correlation coefficient between the model simulations
and observations represents the model’s capability to
simulate climatic variability in the concerned region.

The root-mean-square error (RMSE) indicates devi-
ation of the model from the observations (the closer
to zero the RMSE is, the higher simulation capabil-
ity the model has). The standard deviation ratio of
model simulation relative to the observation indicates
the model’s ability in simulating the amplitude of vari-
ability. These three assessment indicators displayed in
a Taylor diagram can reflect the overall performance
of the model. Therefore, Taylor diagram is used in
this study to evaluate the 26 CMIP5 models, where
both the self-correlation coefficient and the standard
deviation of the observations are 1, and RMSE is 0.

3. Climatology of WPSH

3.1 Spatial distribution

According to the definition of WPSH, the simu-
lated geopotential height (H500) and zonal wind fields
at 500 hPa (u500) by CMIP5 are examined first.
Note that the model biases present in the spatial pat-
tern, coverage, as well as intensity of WPSH relative
to the observations (Fig. 1). The simulated H500
in CCSM4, CESM1-CM5, and FIO-ESM models is
stronger than the observations, with a larger cover-
age area surrounded by the 5880-gpm contour. In the
other CMIP5 models, however, the simulated H500 is
much weaker than the observations, without the 5880-
gpm isoline over the subtropical western Pacific in
summer when WPSH is seasonally strongest in the ob-
servation; even no 5840-gpm isoline presents at H500
in HadGEM2-CC and IPSL-CM5A-LR models. Fur-
thermore, the simulation of u500 = 0 m s−1 is not
good as well (figure omitted). Most of the models fail
to capture the position of the WPSH ridge line except
three models which reproduce the 5880-gpm contour.
It is also noted that the simulated easterly wind belt
on the south of WPSH is much weaker than the obser-
vation. This is consistent with the overall weak WPSH
simulated by these models.

Systematic errors usually exist in the simulated
atmospheric circulation in current global atmosphere-
ocean coupled models (also known as the model cli-
mate drift; Sun and Ding, 2008; Huang and Qu, 2009;
Feng and Li, 2012). These biases in simulating the
WPSH are common in most state-of-the-art GCMs,
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Fig. 1. Climatological means of H500 in summer from the observation (NCEP/NCAR reanalysis) and CMIP5 model

simulations. Light and dark shaded areas denote H500 larger than 5840 and 5880 gpm, respectively.
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implying a challenge in simulating and predicting sum-
mer climate variability over East Asia (Zhang and
Chen, 2011a, b). Considering that the intensity and
spatial pattern of WPSH are influenced by the ther-
mal anomalies from underlying surface, especially the
sea surface temperature (SST) in the tropical Pacific
and Indian Ocean (Nitta, 1987; Huang and Sun, 1994;
Nitta and Hu, 1996; Wu et al., 2002), we plot the
observed and simulated climatological tropical SST in
summer and the model biases relative to the observa-
tions in Fig. 2. The result shows that the SST in both
tropical Pacific warm pool and Indian Ocean is above
28◦C in summer, which is favorable to the mainte-

nance of the WPSH. However, compared to the obser-
vations, the simulated regions surrounded by the con-
tour of SST = 28℃ in most CMIP5 models are much
smaller, indicating cold biases in the tropical Indian
Ocean and Pacific warm pool. This consists with the
underestimated H500 over the western Pacific in the
simulations. Nevertheless, the three models (CCSM4,
CESM1-CAM5, and FIO-ESM), which have produced
realistic H500, also reproduce the SSTs in the tropi-
cal Indian and Pacific oceans with smaller cold biases.
These results may suggest a connection in simulating
the spatial distribution of tropical SST and in simu-
lating the WPSH.

Fig. 2. Climatological mean of SST (contours; ◦C) in summer from the observation (ERSSTv3b) and CMIP5 model

simulations, with the model biases shaded. The contour interval is 2℃. The red line is isoline of 28℃.
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3.2 Climatology calibration

The Taylor diagram of the climatological H500
over the western Pacific in summer compared to the
observation (Fig. 3a) shows that the simulations of the
spatial pattern of H500 are similar to the observation,
with the correlation coefficient above 0.96, even 0.99
in 5 models. RMSEs of all models are within 1 gpm.
The high correlations and small RMSEs indicate good
simulations of the spatial distribution of H500 over the
western Pacific. It is also noted that the amplitude of
H500 is also well captured, with standard deviation
of the models ranging from 0.6 to 1.6 gpm. Figure
3b is the Taylor diagram of the simulated climatolog-
ical u500. All of the correlation coefficients with the
observation are above 0.90, RMSEs are less than 0.5
m s−1, and the standard deviations are from 0.5 to
1.5 m s−1, which imply decent performances of the 26
CMIP5 models in capturing the spatial distribution
and amplitude of u500.

We note that although there are significant model
biases in simulating H500 and u500 (Fig. 1), possibly
associated with cold SST biases in the tropical Indian
and Pacific oceans (Fig. 2), the spatial pattern and

variability of H500 and u500 over the western Pacific
are well reproduced in all of the 26 CMIP5 models
(Fig. 3). To correct the climatology biases in the sim-
ulations, the simulated climatology of H500 and u500
from all of the models is replaced by that from the
observations. In other words, all the model outputs
are calibrated to the same climatic state, and then su-
perimposed with each model’s own variability of H500
and u500. For example, the calibration of H500 for a
model (the same in u500) is:

h′
model =

(
hmodel − hmodel

)
+ hncep, (1)

where hmodel represents an H500 simulation value from
a specified model, hmodel represents the model clima-
tology of H500, and hncep denotes the climatology of
H500 from the observation. In the following, the veri-
fication of WPSH is based on the outputs from clima-
tology calibrated runs.

4. Variability of WPSH

4.1 WPSH indices

To characterize the variability of WPSH in inten-
sity and position objectively, Fig. 4 shows the 9-yr

Fig. 3. Taylor diagrams of (a) simulated climatological H500 and (b) u500 over the western Pacific in summer compared

to the observation. REF indicates the reference value of 1. The radial distance of the model code pointing from the

origin is the standard deviation ratio of the model relative to the observation. The correlation coefficient of spatial

pattern between model and observation is shown by the cosine of the azimuthal angle of model code point, and their

root-mean-square error is given by the distance of model code pointing from the REF.
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Fig. 4. Time series of the WPSH indices in summer from the observation (thick black line) and calibrated model

simulations (thin colored lines) for the period from 1951 to 2005. (a) Area index, (b) intensity index, (c) ridge line index,

and (d) western boundary index. The thick blue line is the ensemble mean of the 26 CMIP5 models.

running mean time series of the WPSH indices, in-
cluding the area, intensity, ridge line, and western
boundary indices from both observation and cali-
brated model simulations. The observation curves
show that the area and intensity indices of WPSH in-
crease significantly and the western boundary index
decreases after the late 1970s, i.e., WPSH becomes
stronger and more westward-extending during the re-
cent 30 years. Such an interdecadal shift of WPSH has
also been noted in previous works (Hu, 1997; Huang et
al., 2006; Zhao et al., 2007; Liu and Ding, 2012). In-
terestingly, there is a slightly downward trend in the
observed ridge line index (Fig. 4c), suggesting that
WPSH slightly shifts southward after the late 1970s,
consistent with Nitta and Hu (1996) and Hu (1997).

Compared with the observations, all the cali-
brated model results capture the interdecadal shift of
WPSH in the late 1970s. In these simulations, the
observed greenhouse gases, ozone, aerosols, and so-

lar constant, and the variability of land cover are all
taken into account in the models (Taylor et al., 2012).
Thus, it is suggested that these external forcing fac-
tors may have played an important role in causing the
interdecadal variability of WPSH, although the inter-
nal variability of the atmospheric circulation over the
western Pacific may also be influenced by the local
atmosphere-ocean interaction (Wang et al., 2005; Zhu
and Shukla, 2013).

4.2 Interdecadal variability of WPSH in spa-

tial pattern

To display visually the interdecadal shift of
WPSH in its spatial pattern, distributions of the con-
tours of H500 = 5880 gpm and u500 = 0 m s−1 aver-
aged in two periods of 1951–1960 and 1996–2005 are
computed and compared (Fig. 5). During the period
of 1951–1960, WPSH is relatively weaker and east-
ward, with the observed 5880-gpm contour between
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Fig. 5. Distributions of the contour of (a, b) H500 = 5880 gpm and (c, d) u500 = 0 m s−1 averaged in (a, c) 1951–1960

and (b, d) 1995–2005 from the observation (thick black line) and calibrated model simulations (thin colored lines).

20◦ and 30◦N, and its western boundary no more than
140◦E (Fig. 5a). The observed ridge line is near 25◦N,
with a northeastern-southwestern direction (Fig. 5c).
Most of the calibrated simulations are able to repro-
duce WPSH, i.e., the 5880-gpm contour, much better
than the model results before climatology calibration
(Fig. 1). Unfortunately, there are still 10 models fail-
ing to capture the 5880-gpm contours. Compared with
simulation of the 5880-gpm contour line, the ridge lines
of WPSH are better simulated, except near the coast-
land of China of about 115◦E.

In the period of 1996–2005, WPSH becomes
stronger and more westward, the area of the observed
WPSH increases, with its southern and northern bor-
ders extending to 18◦ and 32◦N, and the western
boundary to 135◦E (Fig. 5b). The calibrated model
results well simulate the interdecadal shift of WPSH.
The area and intensity indices of WPSH increase sig-
nificantly relative to the period of 1951–1960 in the
model simulations (Figs. 5b and 5d).

4.3 Linear trend and standard deviation of

WPSH indices

In order to quantitatively assess the capabilities
of the CMIP5 models in simulating WPSH indices, lin-

ear trends of each WPSH index from all the CMIP5
models are calculated, except for the ridge line index
(trend too small) (see Fig. 6). The observed results
show that the linear ascending trend of WPSH area
and intensity indices are more than 20% per decade,
and the trend of the western boundary is –2.7% per
decade, at the significance level of 0.01. Compared to
the observations, all the models well simulate the ten-
dency of enhancing and westward extension of WPSH
during 1951–2005, but with large quantitative differ-
ences. Some are larger than the observation in the in-
tensity of WPSH, such as IPSL-CM5A-LR and GFDL-
ESM2G, while others are weaker than the observa-
tions, such as GFDL-CM3 and HadGEM2-ES. Taking
all the three WPSH indices into account, it is found
that the simulations of nine models, i.e., CESM1-
CAM5-1-FV2, CNRM-CM5, FGOALS-g2, FIO-ESM,
HadCM3, HadGEM2-CC, MIROC-ESM, MPI-ESM-
P, and NorESM1-M, are better than others in captur-
ing the linear trend of WPSH indices.

The standard deviation of WPSH indices can be
used to measure the capability of the models in sim-
ulating the interannual variability of WPSH. Figure
7 shows the simulated standard deviation ratio of the
WPSH indices relative to the observations. The closer

166



NO.3 LIU Yunyun, LI Weijing, ZUO Jinqing, et al. 335

Fig. 6. Linear trend coefficients of the WPSH indices in summer from the observation (black bar) and CMIP5 model

simulations (grey bars) for the period 1951–2005. (a) Area index, (b) intensity index, and (c) western boundary index.

to 1 the ratio is, the better to simulate the interan-
nual variability of WPSH indices the model is. The
grey bars in Fig. 7 denote the accumulated distance
between the ratios of these four WPSH indices and
the reference value of 1. The smaller the accumulated

distance is, the closer to observations the simulated
WPSH index is, which provides a measurement of the
model performance in simulating the overall feature of
WPSH. It is noted that most of the standard deviation
ratios of the calibrated simulations to the observations
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Fig. 7. Standard deviation ratios of the simulated WPSH indices relative to the observation. The grey bars are the

accumulated distance of the standard deviation ratio of the four WPSH indices from the reference value of 1. The smaller

the grey bar is, the closer to the observation the simulated result is.

are larger than the reference value, indicating an over-
estimation of the amplitudes of WPSH indices in the
models. GFDL-ESM2M, MIROC5, and INMCM4
models have relatively poor simulations in the interan-
nual variability of WPSH, because of the too large ac-
cumulated ratios in the GFDL-ESM2M and MIROC5,
and the too small one in INMCM4. According to
Fig. 7, it is found that six models: ACCESS1-0,
CanESM2, CNRM-CM5, FGOALS-g2, IPSL-CM5A-
MR, and MIROC-ESM, perform relatively better.

4.4 Interannual variability of WPSH

The interannual variability is another important
feature to describe the characteristics of WPSH. Fig-
ure 8 shows the power spectrum of the monthly WPSH
intensity index in the entire analysis period from the
observation and 26 CMIP5 models. Considering that
seasonal variability of WPSH is more significant than
other timescales, a low-pass filter is firstly used to re-
move the seasonal variability (cycle of 11 months) from
the raw data for highlighting the interannual signals.

It is known that significant tropospheric biennial
oscillation (TBO) exists over the East Asian mon-
soon region on interannual timescales (Nitta and Hu,
1996). Being one of the dominant members of the
East Asian monsoon system, WPSH has a TBO com-

ponent on the interannual timescale as well (Liu et
al., 2013). The observation shows that there are two
interannual periods, i.e., the quasi-four-year (36–60-
month) and the quasi-biennial-year (24–36-month) pe-
riod, and both pass the 0.05 significance level of the red
noise test. The period of the quasi-biennial variation
is consistent with the TBO component of WPSH and
the monsoon rainfall in China (Chang and Li, 2000;
Chang et al., 2000; Ding, 2007). The power spectra
in the CMIP5 model simulations exhibit obvious dif-
ferences from each other on the interannual timescales
(Fig. 8). To some extent, only ACCESS1-0, GFDL-
CM3, HadGEM2-CC, and HadGEM2-ES can capture
both the quasi-four-year period and the TBO period.

Comparison of the 26 CMIP5 model simulations
with the observations shows that most of the simu-
lated H500 values in the western subtropical Pacific
region are weaker than observation, and even the cal-
ibrated results of some models still fail to capture
the spatial and temporal characteristics of WPSH.
According to the overall simulations of the distribu-
tions of SST, H500, and u500, and the quantitative
assessment of the WPSH indices, it is noted that
CNRM-CM5, FGOALS-g2, FIO-ESM, MIROC-ESM,
and MPI-ESM-P models are better than others. Due
to the unavailability of the MPI-ESM-P model for the
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Fig. 8. Power spectra (red solid line) of the monthly WPSH intensity index from the observation and CMIP5 model

simulations. Blue dashed line indicates the 0.05 significance level of the red noise test.
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RCP scenarios, the ensemble mean results of the four
models (CNRM-CM5, FGOALS-g2, FIO-ESM, and
MIROC-ESM) are selected to project the evolution of
WPSH in the future under different RCP scenarios.

5. Possible changes of WPSH in different RCP

scenarios

To investigate the possible changes of WPSH un-
der three typical RCP scenarios in the 21st century,
long-term integration (2006–2099) of H500 and u500
from the four selected models is averaged firstly as
the climatological state, and then the anomaly of each
model is added to calculate the time series of the
WPSH indices; an approach similar to that in Section
2.2. Next, the 9-yr running mean of WPSH indices
from 2006 to 2099 under different RCP scenarios from
these four models’ ensemble mean is used to project
the possible changes of WPSH in the future. It is
noted that all the simulated area, intensity, and west-
ern boundary indices of WPSH display significantly

interdecadal variations in the different RCP scenarios
(Fig. 9).

Under the RCP2.6 scenario, both the WPSH area
and intensity increase and extend westward obviously.
After 2050, the linear trends of the WPSH area, in-
tensity, and western boundary indices gradually ap-
proach zero. The linear ascending trends of WPSH
under the RCP4.5 scenario are similar to those un-
der the RCP2.6, but the period of significant growth
lasts until about 2070, and then the growth trends
weaken. Similar long-term variations of WPSH show
up with faster growth in the period and a relatively
smaller trend in the latter period under the RCP8.5
scenario. Interestingly, the western boundary index
of WPSH maintains at 90◦E since the late 2050s. In
fact, the most western boundary of the 5880-gpm con-
tour extends westward to the west of 90◦E after the
late 2050s. In that case, the definition of the west-
ern boundary of WPSH is limited as 90◦E (Liu et al.,
2012).

Overall, WPSH enlarges, strengthens, and ex-

Fig. 9. Nine-yr running mean of the WPSH indices in summer from 2006 to 2099 under different RCP scenarios from

four CMIP5 models’ ensemble mean. (a) Area index, (b) intensity index, (c) ridge line index, and (d) western boundary

index. Shaded areas represent one standard deviation from the multi-model mean.
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tends westward under different RCP scenarios, with
the largest linear growth trend projected in RCP8.5,
weakest in RCP2.6, and in between in RCP4.5. The
ridge line of WPSH has no obvious long-term trend
in the three RCP scenarios. These results have impli-
cations for the attribution and projection of climate
changes in East Asia in using the CMIP5 model out-
put.

6. Summary and discussion

The performances of 26 coupled climate models
participating in the Coupled Model Intercomparison
Project Phase 5 (CMIP5) in the simulation of the
present-day temporal variability and spatial pattern
of the WPSH are assessed. Then, the ensemble mean
of four selected models is used to project the future
possible changes of WPSH under three typical repre-
sentative concentration pathways (RCPs). The results
are as follows.

(1) The intensity of WPSH is underestimated in
most CMIP5 model simulations, which may be associ-
ated with colder SST biases in the tropical Indian and
western Pacific oceans in the models. Nevertheless,
spatial distribution and variability of H500 and u500
are reasonably captured. To eliminate the impact of
the model climatology biases, the model climatology is
replaced with that of NCEP/NCAR reanalysis, which
makes the model results more realistic, and without
any change in temporal variability.

(2) The climatology-calibrated model results re-
produce the observed interdecadal shift of WPSH
(enhancement and westward extension after the late
1970s). According to overall assessment of the WPSH
indices, it is identified that CNRM-CM5, FGOALS-
g2, FIO-ESM, MIROC-ESM, and MPI-ESM-P have
better performances than other models in simulating
the WPSH.

(3) The selected models’ simulations suggest that
WPSH will enlarge, strengthen, and extend westward
under the three RCP scenarios, with the highest lin-
ear growth trend projected in RCP8.5, in between in
RCP4.5, and weakest in RCP2.6. The simulated ridge
line of WPSH has no obvious long-term trend in the
scenarios.

It is easily noticed that the model defaults, such
as the systemic biases in the western subtropical re-
gions, may affect the credibility of these projections.
Thus, it is necessary to explore the reasons result-
ing in the biases as well as their connection with the
cold biases of the models in the tropical Indian and
western Pacific oceans. It is also an interesting topic
to examine possible changes of the East Asian sum-
mer rain belt under the projection of strengthening
and westward extending WPSH associated with the
increasing concentration of greenhouse gases in the
future. Furthermore, the mechanism for the projected
enhancing and westward-extending WPSH under the
global warming scenarios is also worthy of further
analysis.
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摘　要　利用国际耦合模式比较计划第五阶段（ＣＭＩＰ５）２６个模式的模拟结果，从空间分布和振幅变化、年际周期及年代际趋

势等方面，初步评估了ＣＭＩＰ５模式对西太平洋副热带高压（副高）的模拟能力。在此基础上，还对未来不同典型浓度路径

（ＲＣＰｓ）情景下副高的可能变化给出了定性的预估。ＣＭＩＰ５模式历史试验结果显示，大多数模式对５００ｈＰａ位势高度气候平

均值的模拟有明显误差，这主要是由于模式对热带印度洋和西太平洋地区海表温度（ＳＳＴ）的模拟普遍较观测值低，从而导致

模式对副高的模拟能力有限。但大多数模式对高度场和纬向风场变化的空间形态与振幅都有较强的模拟能力。因此，通过

用ＮＣＥＰ／ＮＣＡＲ再分析资料的气候平均值替代ＣＭＩＰ５模式气候平均值的简单方法，对ＣＭＩＰ５模拟结果进行了订正。经订

正后的模式结果均有能力刻画副高指数的历史时间序列，且能够反映出２０世纪７０年代末期之后，副高面积增大、强度增强和

ｄｏｉ：１０．１１６７６／ｑｘｘｂ２０１４．０２５　　　　　　　　　　　 　气象学报　 　 　 　　　　　　　　　　　　　　　　　　　　

 资助课题：国家重点基础研究发展计划 （２０１０ＣＢ９５０５０１、２０１３ＣＢ４３０２０２）、国家自然科学基金项目（４１００５０３７）、公益性行业（气象）科研

专项（ＧＹＨＹ２０１３０６０２４、ＧＹＨＹ２０１３０６３３）。
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显著西伸的变化趋势。此外，通过对副高指数的长期趋势、年际周期及标准差等的定量评估，注意到ＣＮＲＭＣＭ５、ＦＧＯＡＬＳ

ｇ２、ＦＩＯＥＳＭ、ＭＩＲＯＣＥＳＭ和 ＭＰＩＥＳＭＰ这５个模式对副高的模拟能力较强。未来气候预估试验中，副高面积和强度均增

大，且显著西伸；其线性增长趋势在ＲＣＰ８．５情景下最高，ＲＣＰ４．５情景下次之，ＲＣＰ２．６情景下最弱。有趣的是副高脊线指数

在３种排放情景下都没有明显的长期变化趋势。这些结果为选取和利用ＣＭＩＰ５模式进行东亚地区气候变化的归因分析和未

来预估提供了一定的科学依据。

关键词　ＣＭＩＰ５，西太平洋副热带高压，模拟和预估，典型浓度路径情景

中图法分类号　Ｐ４６７

１　引　言

西太平洋副热带高压（副高）是影响东亚天气气

候最主要的大气环流系统之一，中国的地理位置决

定了受副高的影响很大，其位置和面积（强度）的变

化对中国汛期降水有重要影响（徐海明等，２００１；陶

诗言等，２００６）。副高西面的偏南风引导海洋上的丰

富水汽向中国大陆地区输送，与来自中高纬度地区

的冷空气交汇，形成锋面，造成副高西北外围地区出

现降水带，而受到副高控制的地区出现高温少雨天

气（韩晋平等，２００７）。夏季副高的年际变化决定了

中国东部旱涝的出现（吴国雄等，２００２），而副高等环

流因子的年代际变化则为中国旱涝格局的重新分配

提供了气候背景（Ｈｕ，１９９７；熊安元，２００１）。最近

的研究还发现副高的强度和东西位置表现出的准

２ａ振荡分量在２０世纪７０年代末期也表现出显著

的年代际转折（Ｌｉｕ，ｅｔａｌ，２０１３）。副高的年际年

代际变化特征一直是中国气象工作者非常关心的问

题，对副高年际年代际变化的归因、未来情景分析、

敏感性试验等将有助于进一步深入认识和理解它对

中国汛期降水的影响机理。

对气候变化模拟和预测的主要定量工具就是气

候模式，而就目前的水平，模式尚存在很大不确定

性，模式本身误差较大，且模式之间的差异也较大。

最近的ＣＭＩＰ计划（即ＣＭＩＰ５），已于２００８年９月

由世界气候研究计划（ＷＣＲＰ）下的耦合模式工作组

（ＷＧＣＭ）组织启动，全球近３０个模式开发机构参

与该计划。ＣＭＩＰ５模式将为气候变化机理研究和

未来预估提供重要的数值模拟数据。相关评估结果

则为政府间气候变化专门委员会（ＩＰＣＣ）第５次评

估报告（ＡＲ５）提供重要的科学依据（Ｔａｙｌｏｒ，ｅｔａｌ，

２０１２）。与前几个阶段的ＣＭＩＰ模式相比，大部分

ＣＭＩＰ５模式在物理过程、耦合碳循环等方面有明显

的改进。那么，这些当今国际上最先进的耦合模式

对副高的平均状态和变率的模拟能力如何？还有，

在未来不同的气候变暖情景下，副高会有什么样的

可能变化呢？为了回答这些问题，本研究基于一套

能够客观描述西太副高系统的重建指数（刘芸芸等，

２０１２ｂ），从多方面评估了２６个ＣＭＩＰ５模式对副高

的模拟能力，期望通过模式与观测、模式与模式之间

的比较，为模式的发展和模式未来的改进提供一些

依据；最后通过选取模拟能力较强的模式，对未来情

景下副高指数的可能演变进行了预估，从而为东亚

夏季风系统和中国夏季降水雨带位置的未来变化趋

势提供参考信息。

２　模式和资料简介

表１给出了参与ＣＭＩＰ５试验的２６个耦合模式

的基本信息。本文所采用的数值模拟数据包括：（１）

历史试验（Ｈｉｓｔｏｒｉｃａｌ），该试验是在工业革命前控制

试验的基础上选取初始场，然后对模式进行不少于

１５６ａ（１８５０年开始）的积分，强迫场除了观测的温室

气体、臭氧、气溶胶和太阳常数外，还首次加入了随

时间变化的土地覆盖（Ｔａｙｌｏｒ，ｅｔａｌ，２０１２）；（２）２１

世纪气候变化预估试验，包含３种温室气体和气溶

胶等排放的典型浓度路径（ＲｅｐｒｅｓｅｎｔａｔｉｏｎＣｏｎｃｅｎ

ｔｒｔａｉｏｎＰａｔｈｗａｙｓ，ＲＣＰｓ），分别为ＲＣＰ２．６／４．５／８．

５。每种情景对应一套温室气体、气溶胶和化学活性

气体的排放浓度变化，以及土地利用／土壤覆盖的时

间路线（Ｍｏｓｓ，ｅｔａｌ，２０１０；辛晓歌等，２０１２）。

此外，本研究用 ＮＣＥＰ／ＮＣＡＲ（ＮａｔｉｏｎａｌＣｅｎ

ｔｅｒｓｆｏｒＥｎｖｉｒｏｎｍｅｎｔａｌＰｒｅｄｉｃｔｉｏｎ／ＮａｔｉｏｎａｌＣｅｎｔｅｒ

ｆｏｒＡｔｍｏｓｐｈｅｒｉｃＲｅｓｅａｒｃｈ）提供的逐月大气再分析

资料（Ｋａｌｎａｙ，ｅｔａｌ，１９９６）和美国国家海洋大气管

理局（ＮＯＡＡ）发布的扩展重建的海表温度资料

（ＥＲＳＳＴｖ３ｂ，Ｓｍｉｔｈ，ｅｔａｌ，２００８）作为“观测资料”，

尽管大气再分析资料并非严格意义上的观测资料。

本研究中历史试验和观测资料时段均为１９５１—
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２００５年，预估试验时段为２００６—２０９９年。为了便

于模式间的比较，将模式输出结果中的环流场都插

值到水平分辨率为２．５°×２．５°的规则网格上，海温

场插值到水平分辨率为２°×２°的规则网格上。

本研究所关注的副高是指出现在西北太平洋上

的副热带高压系统，５００ｈＰａ高空天气图上用（１０°—

４５°Ｎ，１１０°Ｅ—１８０°）范围内的５８８０ｇｐｍ等值线所包

围的区域来表示。为了定量描述副高的强度和位置

等变化特征，基于ＮＣＥＰ／ＮＣＡＲ再分析资料，计算

了逐月的重建副高指数（刘芸芸等，２０１２ｂ）作为描

述副高变化的观测事实，包括面积指数、强度指数、

脊线指数和西伸脊点。由于夏季副高的强度及位置

变率最大，且对中国东部地区降水的影响最为显著

（吴国雄等，２００２），所以本研究主要分析夏季（６—８

月）副高的空间分布和振幅变化、年代际演变趋势及

年际周期等。在对副高指数序列进行功率谱分析时，

则是利用了整个研究时段中全年所有月份的数据。

表１　参与ＣＭＩＰ５试验的２６个耦合模式主要信息

Ｔａｂｌｅ１　Ｄｅｓｃｒｉｐｔｉｏｎｏｆｔｈｅ２６ｃｏｕｐｌｅｄｃｌｉｍａｔｅｍｏｄｅｌｓｐａｒｔｉｃｉｐａｔｉｎｇｉｎｔｈｅＣＭＩＰ５

模式名称 所属机构／国家
水平分辨率

（经度×纬度）

ＡＣＣＥＳＳ１０ ＣＡＷＣＲ／Ａｕｓｔｒａｌｉａ １．８７５×１．２５

ＢＣＣＣＳＭ１１ ＢＣＣ／Ｃｈｉｎａ ２．８×２．８

ＣａｎＥＳＭ２ ＣＣＣＭＡ／Ｃａｎａｄａ ２．８×２．８

ＣＣＳＭ４ ＮＣＡＲ／ＵＳＡ １．２５×０．９４

ＣＥＳＭ１ＣＡＭ５１ＦＶ２ ＮＳＦＤＯＥＮＣＡＲ／ＵＳＡ ２．５×１．９

ＣＮＲＭＣＭ５ ＣＮＲＭＣＥＲＦＡＣＳ／Ｆｒａｎｃｅ １．４×１．４

ＦＧＯＡＬＳｇ２ ＬＡＳＧＣＥＳＳ／Ｃｈｉｎａ ２．８×２．８

ＦＩＯＥＳＭ ＦＩＯ／Ｃｈｉｎａ ２．８×２．８

ＧＦＤＬＣＭ３ ＮＯＡＡＧＦＤＬ／ＵＳＡ ２．５×２．０

ＧＦＤＬＥＳＭ２Ｇ ＮＯＡＡＧＦＤＬ／ＵＳＡ ２．５×２．０

ＧＦＤＬＥＳＭ２Ｍ ＮＯＡＡＧＦＤＬ／ＵＳＡ ２．５×２．０

ＧＩＳＳＥ２Ｈ ＮＡＳＡＧＩＳＳ／ＵＳＡ ２．５×２．０

ＧＩＳＳＥ２Ｒ ＮＡＳＡＧＩＳＳ／ＵＳＡ ２．５×２．０

ＨａｄＣＭ３ ＭＯＨＣ／ＵＫ ３．７５×２．５

ＨａｄＧＥＭ２ＡＯ ＮＩＭＲ／Ｋｏｒｅａ １．８７５×１．２５

ＨａｄＧＥＭ２ＣＣ ＭＯＨＣ／ＵＫ １．８７５×１．２５

ＨａｄＧＥＭ２ＥＳ ＭＯＨＣ／ＵＫ １．８７５×１．２５

ＩＮＭＣＭ４ ＩＮＭ／Ｒｕｓｓｉａ ２．０×１．５

ＩＰＳＬＣＭ５ＡＬＲ ＩＰＳＬ／Ｆｒａｎｃｅ ３．７５×１．８７５

ＩＰＳＬＣＭ５ＡＭＲ ＩＰＳＬ／Ｆｒａｎｃｅ ２．５×１．２５

ＭＩＲＯＣ５ ＭＩＲＯＣ／Ｊａｐａｎ １．４×１．４

ＭＩＲＯＣＥＳＭ ＭＩＲＯＣ／Ｊａｐａｎ ２．８×２．８

ＭＰＩＥＳＭＬＲ ＭＰＩＭ／Ｇｅｒｍａｎｙ １．９×１．９

ＭＰＩＥＳＭＰ ＭＰＩＭ／Ｇｅｒｍａｎｙ １．９×１．９

ＭＲＩＣＧＣＭ３ ＭＲＩ／Ｊａｐａｎ １．１×１．１

ＮｏｒＥＳＭ１Ｍ ＮＣＣ／Ｎｏｒｗａｙ ２．５×１．８７５

　　泰勒图方法（Ｔａｙｌｏｒ，２００１）能够将多模式的相

关信息集中表示。其中，模式模拟值与观测值的相

关系数可表示模式对所关注区域的气候变率的模拟

能力，均方根误差表示模拟相对于观测值的偏差（均

方根误差越接近０，表示模拟能力越高），模拟与观

测序列的标准差之比则表示模式对变率振幅的模拟

能力。将这３个评估指标显示在一张图中可以较全

面地反映多个模式的模拟能力。本文选用泰勒图方

法对模式结果进行评估，其中观测资料的自相关和

标准差均为１，均方根误差为０。

３　模式对５００ｈＰａ环流场和海温场的模拟

及订正

３．１　空间分布

在定量描述副高强度和位置等变化特征的重建

副高指数中，面积指数、强度指数和西伸脊点都与
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５００ｈＰａ位势高度场的５８８０ｇｐｍ等值线密切相关，

而脊线指数则由５００ｈＰａ等压面上狌＝０等值线的

纬度位置所决定（刘芸芸等，２０１２ａ）。因此，首先关

注ＣＭＩＰ５模式对５００ｈＰａ高度场和纬向风场的模

拟能力。结果显示，２６个ＣＭＩＰ５模式模拟的副高

空间分布及其范围和强度均与观测资料有较大差别

（图１）。ＣＣＳＭ４、ＣＥＳＭ１ＣＡＭ５和ＦＩＯＥＳＭ 这３

个模式的５００ｈＰａ位势高度值偏强，５８８０ｇｐｍ所包

围的面积比观测值大，其中以 ＣＣＳＭ４最为明显。

而其他模式的５００ｈＰａ位势高度值则较观测资料明

显偏弱，在副高最强的夏季，西太平洋上空均没有

５８８０ｇｐｍ 等值线。其中 ＨａｄＧＥＭ２ＣＣ和ＩＰＳＬ

ＣＭ５ＡＬＲ模拟的５００ｈＰａ高度场上甚至没有５８４０

ｇｐｍ等值线。另外，ＣＭＩＰ５模式对５００ｈＰａ等压面

上狌＝０，且狌／狔≥０的纬向风切变线的模拟也不

十分成功（图略）。仅有在５００ｈＰａ高度场上能够模

拟出５８８０ｇｐｍ等值线的３个模式，对纬向风切变

线位置的模拟与 ＮＣＥＰ／ＮＣＡＲ较为接近；而其他

模式的脊线位置则多为偏南。不少ＣＭＩＰ５模式对

副高南侧的东风带强度模拟偏弱，从而导致纬向风

狌＝０的等值线不能西伸至１１０°Ｅ附近，与观测值相

差较大。

目前全球海气耦合模式对整个大气环流的模

拟均存在不同程度的系统性误差（亦称模式的气候

漂移）（孙颖等，２００８；黄刚等，２００９；冯娟等，２０１２）。

大多数模式对东亚地区夏季大气环流系统模拟整体

偏弱（张宏芳等，２０１１ａ，２０１１ｂ），而少数模式具有系

统性偏强的特点。对于副高来说，其强度与空间分

布受下垫面热力异常影响较大，特别是与ＥＮＳＯ相

联系的热带太平洋和印度洋的海表温度（ＳＳＴ）异常

（Ｎｉｔｔａ，１９８７；黄荣辉等，１９９４；吴国雄等，２００２）。

因此，图２给出了对应的多年平均的夏季热带海温

的空间分布及模式与观测的差值。观测资料显示，

夏季热带印度洋和西太平洋暖池区ＳＳＴ均在２８℃

以上，暖性的下垫面，使得５００ｈＰａ副高系统得以维

持（图２）。与观测资料相比，大多数模式模拟的海

表温度２８℃等温线所包围的范围较观测小，对西北

太平洋和印度洋地区的ＳＳＴ模拟显著偏低，对应的

５００ｈＰａ位势高度值则较观测资料明显偏弱，西太

平洋上空均没有５８８０ｇｐｍ等值线；相反的，对５００

ｈＰａ位势高度值 模 拟 偏 强 的 ＣＣＳＭ４、ＣＥＳＭ１

ＣＡＭ５和ＦＩＯＥＳＭ 模式，其模拟的赤道印度洋或

太平洋地区ＳＳＴ则相对较高。可见，模式是否能够

准确刻画热带海温的空间分布将直接影响其对副热

带高压系统的模拟能力。

３．２　对５００犺犘犪高度场和风场的订正

西太平洋地区夏季平均的５００ｈＰａ高度场与观

测值的泰勒图显示（图３ａ），２６个ＣＭＩＰ５模式对该

地区５００ｈＰａ高度场空间形态的模拟结果与观测结

果均非常相似，其空间相关系数均在０．９６以上，有

５个模式的相关系数达到０．９９。而均方根误差也都

在１ｇｐｍ以内。各模式的相关系数较高，而均方根

误差相对较小，说明模式对西太平洋地区５００ｈＰａ

高度场整体形态的模拟能力较好。模式的标准差范

围在０．６—１．６ｇｐｍ，表明模式模拟的位势高度值的

空间振幅与观测资料的较为接近。图３ｂ为夏季平

均的５００ｈＰａ纬向风与观测值的泰勒图，其相关系

数均在０．９０以上，均方根误差也都在０．５ｍ／ｓ以

内，而标准差范围在０．５—１．５ｍ／ｓ，表明模式对西

太平洋副热带地区５００ｈＰａ纬向风的空间形态和空

间振幅也与观测较为接近，具备较强的模拟能力。

以上分析表明，尽管由于ＣＭＩＰ５模式对热带印

度洋和西北太平洋海温模拟偏低，导致其对５００ｈＰａ

位势高度气候平均值的模拟有明显误差，但模式对

高度场和纬向风场变化的空间形态与振幅都有较强

的模拟能力。为了让不同模式的输出结果能够更好

地反映出西太平洋上空的副高系统，将所有模式输

出的５００ｈＰａ位势高度和纬向风的气候平均值替换

成观测资料的气候平均值，即将所有的模式输出结

果校正到同一个气候态上，然后叠加上各模式自身

的位势高度及纬向风的距平值，这样对原始数据的

处理既不改变模式结果的时间变率，又能够让模式

结果优势得以更充分利用。对于某一模式的

５００ｈＰａ位势高度值（纬向风类似），其处理办法为

犺′ｍｏｄｅｌ＝ （犺ｍｏｄｅｌ－犺ｍｏｄｅｌ）＋犺ＮＣＥＰ

式中，ｈ′犿狅犱犲犾为经气候态订正后的分析结果，犺ｍｏｄｅｌ表

示模式中５００ｈＰａ等压面上某一个格点上某一年的

夏季位势高度值，犺ｍｏｄｅｌ表示该模式该格点１９５１—

２００５年多年平均的夏季位势高度值，犺ＮＣＥＰ表示观测

资料的５００ｈＰａ等压面上该格点１９５１—２００５年多

年平均的夏季位势高度值。以下对副高的模式评估

均是基于经气候态订正后的分析结果。
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图１　１９５１—２００５年多年平均的观测（ＮＣＥＰ／ＮＣＡＲ再分析资料）和ＣＭＩＰ５模式中夏季５００ｈＰａ位势高度场的空间分布

（浅色阴影和深色阴影分别代表大于５８４０ｇｐｍ和５８８０ｇｐｍ等值线的区域，图上边为模式名称）

Ｆｉｇ．１　Ｃｌｉｍａｔｏｌｏｇｉｃａｌｍｅａｎｏｆ５００ｈＰａｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔｉｎＳｕｍｍｅｒｆｒｏｍｔｈｅＣＭＩＰ５

ｍｏｄｅｌｓｉｍｕｌａｔｉｏｎｓａｎｄｔｈｅｏｂｓｅｒｖａｔｉｏｎ（ｔｈｅＮＣＥＰ／ＮＣＡＲｒｅａｎａｌｙｓｉｓ）

（ｌｉｇｈｔａｎｄｄａｒｋｓｈａｄｅｄａｒｅａｓｉｎｄｉｃａｔｅｔｈｅｇｅｏｐｅｔｅｎｔｉａｌｈｅｉｇｈｔｌａｒｇｅｒｔｈａｎ５８４０ａｎｄ５８８０ｇｐｍ，ｒｅｓｐｅｃｔｉｖｅｌｙ）
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图２　１９５１—２００５年多年平均的观测（ＥＲＳＳＴｖ３ｂ）和ＣＭＩＰ５模式模拟的夏季ＳＳＴ空间分布

（等值线，单位：℃）及模式与观测的差值（阴影）（图上边为模式名）

Ｆｉｇ．２　ＣｌｉｍａｔｏｌｏｇｉｃａｌｍｅａｎｏｆＳＳＴｉｎＳｕｍｍｅｒｆｒｏｍｔｈｅＣＭＩＰ５ｍｏｄｅｌｓｉｍｕｌａｔｉｏｎｓａｎｄｔｈｅｏｂｓｅｒｖａｔｉｏｎ

（ＥＲＳＳＴｖ３ｂ，ｃｏｎｔｏｕｒｓ，℃），ｗｉｔｈｔｈｅｍｏｄｅｌｂｉａｓｅｓ（ｓｈａｄｉｎｇ）

４　模式对副高气候特征的模拟

４．１　夏季副高指数历史序列

副高指数可以客观地表征其强度和位置异常变

化特征，图４给出了９ａ滑动平均的夏季副高面积

指数、强度指数、脊线指数和西伸脊点指数序列。观

测资料得到的副高指数显示，２０世纪７０年代后期

副高的面积和强度指数明显增大，而西伸脊点指数

则在２０世纪７０年代后期呈现下降趋势，表明副高

在２０世纪７０年代末之后明显增强西伸，副高的这

种年代际转折特征与已有的研究结果一致（Ｈｕ，

１９９７；黄荣辉等，２００６；Ｚｈａｏ，ｅｔａｌ，２００７；刘芸芸等，

２０１２ａ）。而副高脊线指数在１９５１—２００５年没有明

显的变化趋势。与观测结果相比，经订正后的

ＣＭＩＰ５模式结果基本都能够反映出２０世纪７０年

代末期之后，副高面积和强度增强、西伸脊点偏西的

变化趋势；从２６个模式集合平均的结果也能看出副

高的年代际转折特征。在这些历史试验中，模式考虑

了观测的温室气体、臭氧、气溶胶和太阳常数，以及土

地覆盖随时间的变化（Ｔａｙｌｏｒ，ｅｔａｌ，２０１２），模式较好

地模拟出了副高的年代际变化。这意味着这些外强

迫因子可能是导致副高发生年代际变化的原因之一，

尽管海气相互作用对西北太平洋的气候年际变率至

关重要（Ｗａｎｇ，ｅｔａｌ，２００５；Ｚｈｕ，ｅｔａｌ，２０１３）。

２８２　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　犃犮狋犪犕犲狋犲狅狉狅犾狅犵犻犮犪犛犻狀犻犮犪　气象学报　２０１４，７２（２）
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图３　ＣＭＩＰ５模式的西太平洋副热带地区夏季平均５００ｈＰａ高度场（ａ）和纬向风场（ｂ）与观测资料的泰勒图

（图中ＲＥＦ参考点代表观测资料，各模式到原点的半径代表其相对于观测值的标准差，模式在图中方位角的

余弦代表模式场与观测值的相关系数，模式到参考点的距离代表其均方根误差）

Ｆｉｇ．３　Ｔａｙｌｏｒｄｉａｇｒａｍｓｏｆｔｈｅｓｉｍｕｌａｔｅｄｃｌｉｍａｔｏｌｏｇｉｃａｌ５００ｈＰａｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔ（ａ）ａｎｄｚｏｎａｌｗｉｎｄ（ｂ）

ｏｖｅｒｔｈｅｗｅｓｔｅｒｎＰａｃｉｆｉｃｉｎＳｕｍｍｅｒｃｏｍｐａｒｅｄｔｏｔｈｅｏｂｓｅｒｖａｔｉｏｎ

（ＲＥＦｉｎｄｉｃａｔｅｓｔｈｅｒｅｆｅｒｅｎｃｅｖａｌｕｅｏｆ１．Ｔｈｅｒａｄｉａｌｄｉｓｔａｎｃｅｏｆｔｈｅｍｏｄｅｌｃｏｄｅｐｏｉｎｔｆｒｏｍｔｈｅｏｒｉｇｉｎｉｓｔｈｅｓｔａｎｄａｒｄｉｚｅｄ

ｄｅｖｉａｔｉｏｎｒａｔｉｏｏｆｔｈｅｍｏｄｅｌｓｒｅｌａｔｉｖｅｔｏｏｂｓｅｒｖａｔｉｏｎ．Ｔｈｅｃｏｒｒｅｌａｔｉｏｎｃｏｅｆｆｉｃｉｅｎｔｏｆｓｐａｔｉａｌｐａｔｔｅｒｎｂｅｔｗｅｅｎｔｈｅｍｏｄｅｌｏｕｔｐｕｔｓ

ａｎｄｔｈｅｏｂｓｅｒｖａｔｉｏｎｉｓｓｈｏｗｎｂｙｔｈｅｃｏｓｉｎｅｏｆｔｈｅａｚｉｍｕｔｈａｌａｎｇｌｅｏｆｍｏｄｅｌｃｏｄｅｐｏｉｎｔ，ａｎｄｔｈｅｉｒｒｏｏｔｍｅａｎｓｑｕａｒｅ

ｅｒｒｏｒｉｓｇｉｖｅｎｂｙｔｈｅｄｉｓｔａｎｃｅｏｆｍｏｄｅｌｃｏｄｅｐｏｉｎｔｆｒｏｍｔｈｅＲＥＦ）

图４　１９５１—２００５年观测（黑粗线）和ＣＭＩＰ５模式（彩色细线）的经９ａ滑动平均的夏季副高指数

（ａ．面积指数，ｂ．强度指数，ｃ．脊线指数，ｄ．西伸脊点；蓝粗线为２６个模式平均结果）

Ｆｉｇ．４　ＴｉｍｅｓｅｒｉｅｓｏｆｔｈｅＷＰＳＨｉｎｄｉｃｅｓｉｎＳｕｍｍｅｒｆｒｏｍｔｈｅｃａｌｉｂｒａｔｅｄｍｏｄｅｌｓｉｍｕｌａｔｉｏｎｓ（ｔｈｉｎｃｏｌｏｒｅｄｌｉｎｅｓ）ａｎｄ

ｔｈｅｏｂｓｅｒｖａｔｉｏｎ（ｔｈｉｃｋｂｌａｃｋｌｉｎｅ）ｆｏｒｔｈｅｐｅｒｉｏｄｆｒｏｍ１９５１ｔｏ２００５
（ａ．ａｒｅａｉｎｄｅｘ，ｂ．ｉｎｔｅｎｓｉｔｙｉｎｄｅｘ，ｃ．ｒｉｄｇｅｌｉｎｅｉｎｄｅｘ，ｄ．ｗｅｓｔｅｒｎｂｏｕｎｄａｒｙｉｎｄｅｘ；ｔｈｅｔｈｉｃｋｂｌｕｅｌｉｎｅｉｓｆｏｒｔｈｅ２６ｍｏｄｅｌｓｅｎｓｅｍｂｌｅｍｅａｎ）
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４．２　副高空间形态的年代际变化

为了更直观地显示副高在空间形态上所呈现的

年代际转折特征，对１９５１—１９６０年和１９９６—２００５

年这两个典型时段中５８８０ｇｐｍ和狌＝０等值线的

空间分布进行了对比分析（图５）。１９５１—１９６０年，

副高处于偏弱偏东的年代际背景下，观测的５８８０

ｇｐｍ等值线位于２０°—３０°Ｎ，且西伸不超过１４０°Ｅ

（图５ａ）；对应的副高脊线在２５°Ｎ附近呈现东北—

西南走向（图５ｃ）。经订正的ＣＭＩＰ５模式结果已较

图１有了明显的改善，能够模拟出副高（５８８０ｇｐｍ

等值线）的大致范围，但在副高相对偏弱的这段时

期，仍然还有１０个模式的５００ｈＰａ位势高度值偏弱

到不能模拟出５８８０ｇｐｍ等值线；副高脊线的模拟

与观测值较为接近，在靠近中国沿海附近（１１５°Ｅ）各

模式的差异稍大，这可能会对中国南方降水异常区

域的模拟产生一定影响。

１９９６—２００５年，副高则处于偏强偏西的背景

下，观测的５８８０ｇｐｍ等值线所围成的范围显著增

大，南北边界扩至１８°—３２°Ｎ，且西伸至１３５°Ｅ（图

５ｂ）；而对应的副高脊线仍然位于２５°Ｎ 附近，与

１９５１—１９６０年相比没有明显的南北偏移（图５ｄ）。

经订正后的ＣＭＩＰ５模式的模拟结果在空间分布上

也较好地反映了副高的年代际变化特征，较１９５１—

１９６０年副高面积明显增大，其强度也相应增强。大

部分模式模拟结果都与观测值较为接近，或者略偏

大偏西，最西可达１２５°Ｅ附近。该时段副高脊线的

模拟依然与观测资料较为接近，仅是在１１５°Ｅ附近

各模式的差异稍大一些。可见，尽管ＣＭＩＰ５模式对

副高本身的空间分布有一些偏差，但基本都能在空

间上较好地抓住副高在年代际时间尺度上增大西伸

的变化特征。

４．３　夏季副高指数的线性趋势特征

为了定量评估ＣＭＩＰ５模式对副高指数的模拟

能力，还进一步计算了各个模式的副高指数线性趋

势系数（图６）。由于副高脊线的线性趋势不显著，

这里暂不考虑。观测结果显示，１９５１—２００５年，副

高面积和强度的线性增长趋势均超过２０％／（１０ａ），

而西伸脊点的西伸趋势达到２．７％／（１０ａ），其线性

趋势系数均通过０．０１的显著性水平。与观测资料相

比，所有的模式都能够模拟出副高在１９５１—２００５年

图５　观测（粗黑线）和ＣＭＩＰ５模式（彩色细线）中经校正后的５８８０ｇｐｍ等值线（ａ、ｂ）和狌＝０等值线（ｃ、ｄ）的分布

（ａ、ｃ．１９５１—１９６０年；ｂ、ｄ．１９９６—２００５年）

Ｆｉｇ．５　Ｄｉｓｔｒｉｂｕｔｉｏｎｓｏｆｔｈｅ５８８０ｇｐｍｉｓｏｌｉｎｅ（ａ，ｂ）ａｎｄｔｈｅ狌＝０ｉｓｏｌｉｎｅ（ｃ，ｄ）

ｆｒｏｍｔｈｅｃａｌｉｂｒａｔｅｄｍｏｄｅｌｓｉｍｕｌａｔｉｏｎｓ（ｔｈｉｎｃｏｌｏｒｅｄｌｉｎｅｓ）ａｎｄｔｈｅｏｂｓｅｒｖａｔｉｏｎ

（ｔｈｉｃｋｂｌａｃｋｌｉｎｅｓ）（ａ，ｃ．ｔｈｅｐｅｒｉｏｄｏｆ１９５１—１９６０；ｂ，ｄ．ｔｈｅｐｅｒｉｏｄｏｆ１９９６—２００５）

４８２　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　犃犮狋犪犕犲狋犲狅狉狅犾狅犵犻犮犪犛犻狀犻犮犪　气象学报　２０１４，７２（２）
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图６　１９５１—２００５年观测资料（黑色柱体）　　　

和ＣＭＩＰ５模式（灰色柱体）的夏季副高　　　

指数的线性趋势系数　　　

（ａ．面积指数，ｂ．强度指数，ｃ．西伸脊点）　　　

Ｆｉｇ．６　ＬｉｎｅａｒｔｒｅｎｄｃｏｅｆｆｉｃｉｅｎｔｓｏｆｔｈｅＷＰＳＨｉｎｄｉｃｅｓｉｎ　　　

Ｓｕｍｍｅｒｆｒｏｍｔｈｅｏｂｓｅｒｖａｔｉｏｎ（ｂｌａｃｋｂａｒ）ａｎｄｔｈｅ　　　

ＣＭＩＰ５ｍｏｄｅｌｓｉｍｕｌａｔｉｏｎｓ（ｇｒｅｙｂａｒ）ｆｏｒｔｈｅ　　　

ｐｅｒｉｏｄｆｒｏｍ１９５１ｔｏ２００５　　　

（ａ．ａｒｅａｉｎｄｅｘ，ｂ．ｉｎｔｅｎｓｉｔｙｉｎｄｅｘ，　　　

ｃ．ｗｅｓｔｅｒｎｂｏｕｎｄａｒｙｉｎｄｅｘ）　　　

表现出增大增强且西伸的变化趋势，但各模式模拟

的指数趋势系数差异较大，有的模式模拟的副高强

度增 强 趋 势 过 于 显 著，如 ＩＰＳＬＣＭ５ＡＬＲ 和

ＧＦＤＬＥＳＭ２Ｇ；有 的 则 增 强 趋 势 明 显 不 足，如

ＧＦＤＬＣＭ３和ＨａｄＧＥＭ２ＥＳ。综合３个指数线性

趋势系数与观测结果的接近程度，其中，ＣＥＳＭ１

ＣＡＭ５１ＦＶ２、ＣＮＲＭＣＭ５、ＦＧＯＡＬＳｇ２、ＦＩＯ

ＥＳＭ、ＨａｄＣＭ３、ＨａｄＧＥＭ２ＣＣ、ＭＩＲＯＣＥＳＭ、

ＭＰＩＥＳＭＰ、ＮｏｒＥＳＭ１Ｍ 这９个模式模拟的副高

线性趋势系数与ＮＣＥＰ／ＮＣＡＲ最为接近。

４．４　夏季副高指数的标准差

副高指数的标准差能够衡量模式对副高指数逐

年变化振幅的模拟能力。图７中折线是ＣＭＩＰ５模

式计算得到的副高指数标准差与观测的副高指数标
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图７　ＣＭＩＰ５模式副高指数标准差与观测结果的比值

（灰色柱状值表示４个副高指数的标准差比值与标准值１的距离之和，

距离越小，表示与观测越接近）

Ｆｉｇ．７　ＳｔａｎｄａｒｄｄｅｖｉａｔｉｏｎｒａｔｉｏｓｏｆｔｈｅｓｉｍｕｌａｔｅｄＷＰＳＨｉｎｄｉｃｅｓｒｅｌａｔｉｖｅｔｏｔｈｅｏｂｓｅｒｖａｔｉｏｎ

（ｔｈｅｇｒａｙｂａｒｓａｒｅｔｈｅａｃｃｕｍｕｌａｔｅｄｄｉｓｔａｎｃｅｏｆｔｈｅｓｔａｎｄａｒｄｄｅｖｉａｔｉｏｎｒａｔｉｏｏｆｔｈｅｆｏｕｒＷＰＳＨ

ｉｎｄｉｃｅｓｆｒｏｍｔｈｅｒｅｆｅｒｅｎｃｅｖａｌｕｅｏｆ１．Ｓｍａｌｌｅｒｔｈｅｄｉｓｔａｎｃｅｉｓ，

ｃｌｏｓｅｒｔｏｔｈｅｏｂｓｅｒｖａｔｉｏｎｔｈｅｓｉｍｕｌａｔｅｄｒｅｓｕｌｔｉｓ）

准差的比值，比值越接近１，表示模式模拟指数的逐

年变化振幅与观测结果越接近。图中灰色柱状表示

副高４个指数标准差比值与标准值１的距离之和，

该值越小，则表示副高的４个指数与观测结果越接

近。由图７可知，大多数经订正后的模式副高指数

标准差与观测结果的比值均大于１，表明模式指数

的逐 年 变 化 振 幅 比 观 测 结 果 大，其 中 ＧＦＤＬ

ＥＳＭ２Ｍ和 ＭＩＲＯＣ５模拟的副高指数变幅最大，而

ＩＮＭＣＭ４模式模拟结果变幅最小，表明其对副高的

模拟能力相对较差。综合考虑模式对副高４个指数

标 准 差 的 模 拟 情 况，ＡＣＣＥＳＳ１０、ＣａｎＥＳＭ２、

ＣＮＲＭＣＭ５、ＦＧＯＡＬＳｇ２、ＩＰＳＬＣＭ５ＡＭＲ、ＭＩ

ＲＯＣＥＳＭ这６个模式模拟结果与观测最为接近。

４．５　副高的年际周期

模式对年际周期的模拟也是评估模式能否真实

反映气候特征的一个重要评估指标。图８为观测资

料和ＣＭＩＰ５模式的逐月副高强度指数在整个分析

时段的功率谱。由于副高的季节变率较强，远比其

他周期的变化显著。因此，为了突出年际尺度信号，

首先利用低通滤波器滤掉了季节变化（１１个月以下

的周期变化），再对滤波后的序列做功率谱分析，最

大落后长度为１５０个月（序列长度为６６０个月）。

东亚季风区在年际尺度上存在显著的准２ａ振

荡周期，作为东亚季风系统中一个重要组成成员，副

高的准２ａ振荡周期是年际时间尺度上的一个重要

分量（Ｌｉｕ，ｅｔａｌ，２０１３）。观测结果显示，副高存在

明显的准４ａ（３６—６０个月）和准２ａ（２４—３６个月）

这两个年际尺度的周期，且均通过０．０５显著性水平

的红噪声检验；其中副高的准２ａ周期分量与东亚

及中国夏季季风降水准 ２ａ振荡的年际周期

（Ｃｈａｎｇ，ｅｔａｌ，２０００ａ，２０００ｂ；Ｄｉｎｇ，２００７）一致。

ＣＭＩＰ５模式结果对副高年际周期的模拟能力差异

较大，仅有 ＡＣＣＥＳＳ１０、ＧＦＤＬＣＭ３、ＨａｄＧＥＭ２

ＣＣ和ＨａｄＧＥＭ２ＥＳ模式能够同时抓住准４ａ和准

２ａ这两个年际周期，其余大部分模式则只能抓住其

中一个年际周期，有的夸大了准４ａ周期，或仅有准

２ａ周期，还有的模式结果中存在５—８ａ的周期峰

值。
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图８　观测资料和ＣＭＩＰ５模式中经校正后的副高强度指数序列的功率谱（实线），

虚线为０．０５显著性水平对应的红噪声检验

Ｆｉｇ．８　Ｐｏｗｅｒｓｐｅｃｔｒｕｍ（ｓｏｌｉｄｌｉｎｅ）ｆｏｒｔｈｅｍｏｎｔｈｌｙＷＰＳＨｉｎｔｅｎｓｉｔｙｉｎｄｅｘｆｒｏｍｔｈｅ

ｔｈｅＯｂｓｅｒｖａｔｉｏｎａｎｄｔｈｅＣＭＩＰ５ｍｏｄｅｌｓｉｍｕｌａｔｉｏｎｓ

（Ｔｈｅｄａｓｈｅｄｌｉｎｅｉｎｄｉｃａｔｅｓｔｈａｔｉｔｉｓｓｉｇｎｉｆｉｃａｎｔａｔｔｈｅ０．９５ｃｏｎｆｉｄｅｎｃｅｌｅｖｅｌｏｆｒｅｄｎｏｉｓｅｔｅｓｔ）
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　　综合前面２６个ＣＭＩＰ５模式历史试验的模拟结

果对副高空间分布、年际周期、年代际尺度特征等方

面的对比分析，可以看到大多数模式对５００ｈＰａ位

势高度场模拟偏弱，经订正后也几乎没有一个模式

能够较为全面地表现出副高的时空特征，多数模式

仅仅只能抓住副高的某些特征。综合２６个ＣＭＩＰ５

模式对海温、５００ｈＰａ高度场和风场的空间形态以

及副高指数的多项指标模拟能力，发现 ＣＮＲＭ

ＣＭ５、ＦＧＯＡＬＳｇ２、ＦＩＯＥＳＭ、ＭＩＲＯＣＥＳＭ 和

ＭＰＩＥＳＭＰ对副高的综合模拟结果表现较好。为

了在一定程度上减少未来情景预估的不确定性，下

面就选取以上模式的集合平均结果预估２１世纪副

高的演变趋势。遗憾的是，ＭＰＩＥＳＭＰ模式暂时

没有提供未来情景模拟试验的结果，因此，只能利用

其他４个对副高模拟能力较强的模式进行集合平

均。

５　未来情景下副高的可能变化趋势

为了考察３种典型浓度路径下２１世纪副高的

可能变化趋势，本研究利用与２．２节类似的方法，以

４个模式的多年平均值作为标准值，然后将各模式

自身的距平值加上校准值得到的各模式副高指数的

时间序列，经９ａ滑动平均后的集合平均来表征未

来变化，预估其年代际变化趋势（图９）。由图可以

看到，在不同典型浓度路径情景下，副高面积、强度

和西伸脊点都呈现出显著的年代际变化特征。

在ＲＣＰ２．６情景下，副高先随着辐射强迫的稳

定增长到３Ｗ／ｍ２ 而面积增大、强度增强，且显著西

伸。到 ２０５０ 年 后，由 于 辐 射 强 迫 逐 渐 减 至

２．６Ｗ／ｍ２，副高面积、强度和西伸脊点的线性趋势

系数也逐渐趋于０。在ＲＣＰ４．５情景下副高的长期

变化趋势与ＲＣＰ２．６类似，只是显著增长的时段一

直持续至２０７０年前后，此后增长趋势减小。ＲＣＰ８．５

情景下，副高面积指数和西伸脊点同样呈现出前期

增长迅速，后期增长减缓的特征。西伸脊点在２１世

纪５０年代后期就一直维持在９０°Ｅ，这表明副高

（５８８０ｇｐｍ等值线）已经西伸超过９０°Ｅ，甚至在副

热带地区成带状，在这种情况下，西伸脊点就规定

图９　３种不同排放情景下４个ＣＭＩＰ５模式集合平均预估的２００６—２０９９年夏季副高指数的９ａ滑动平均演变

（ａ．面积指数，ｂ，强度指数，ｃ．脊线指数，ｄ．西伸脊点；阴影为模式间平均的１个标准差范围）

Ｆｉｇ．９　９ｙｅａｒｒｕｎｎｉｎｇｍｅａｎｏｆｔｈｅＷＰＳＨｉｎｄｉｃｅｓｉｎＳｕｍｍｅｒｆｒｏｍ２００６ｔｏ２０９９ｕｎｄｅｒｄｉｆｆｅｒｅｎｔＲＣＰｓｃｅｎａｒｉｏｓ

ｆｒｏｍｔｈｅｆｏｕｒＣＭＩＰ５ｍｏｄｅｌｓｅｎｓｅｍｂｌｅｍｅａｎ

（ａ．ａｒｅａｉｎｄｅｘ，ｂ．ｉｎｔｅｎｓｉｔｙｉｎｄｅｘ，ｃ．ｒｉｄｇｅｌｉｎｅｉｎｄｅｘ，ｄ．ｗｅｓｔｅｒｎｂｏｕｎｄａｒｙｉｎｄｅｘ；ｓｈａｄｅｄａｒｅａｓ

ｒｅｐｒｅｓｅｎｔｏｎｅｓｔａｎｄａｒｄｄｅｖｉａｔｉｏｎｆｒｏｍｔｈｅｍｕｌｔｉｍｏｄｅｌｍｅａｎ）
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为９０°Ｅ（刘芸芸等，２０１２ａ）；而副高强度指数则在

２００６—２０９９年一直维持显著增长的趋势。

总体来说，未来随着温室气体浓度的升高，副高

面积和强度均增大，且显著西伸；其线性增长趋势在

ＲＣＰ８．５情景下最高，ＲＣＰ４．５情景下次之，ＲＣＰ２．６

情景下最弱。副高脊线指数在３种排放情景下都没

有明显的长期变化趋势。这些结果为选取和利用

ＣＭＩＰ５模式进行东亚地区气候变化的归因分析和

未来预估提供了一定的参考依据。

６　结论和讨论

利用国际耦合模式比较计划第５阶段（ＣＭＩＰ５）

２６个模式的模拟结果，从空间分布和变化振幅、年

际周期及年代际趋势等方面评估了ＣＭＩＰ５模式对

副高的模拟能力。在此基础上，还对未来不同典型

浓度路径情景下副高的可能变化趋势给出了定性的

预估。结果发现：

（１）ＣＭＩＰ５模式历史试验结果显示，大多数模

式对５００ｈＰａ位势高度气候平均值的模拟偏弱，这

主要是由于模式对热带印度洋和西太平洋地区海表

温度的模拟普遍较观测值低造成的。但模式对高度

场和纬向风场的空间形态和振幅有较强的模拟能

力，因而利用 ＮＣＥＰ／ＮＣＡＲ再分析资料的气候平

均值替代ＣＭＩＰ５模式气候平均值的简单方法进行

了模式系统误差的订正，该订正方法不改变模式结

果的时间变率，且能够让模式结果优势得到更充分

的利用。

（２）经订正后的模式结果均有能力刻画副高指

数的历史演变特征，且能够反映出２０世纪７０年代

末期之后，副高面积和强度增强、西伸脊点偏西的变

化趋势。通过对副高指数的长期趋势、标准差及年

际 周 期 等 的 定 量 评 估，发 现 ＣＮＲＭＣＭ５、

ＦＧＯＡＬＳｇ２、ＦＩＯＥＳＭ、ＭＩＲＯＣＥＳＭ 和 ＭＰＩ

ＥＳＭＰ这５个模式对副高的模拟能力较强。

（３）在不同典型浓度路径情景下，副高指数的

变化特征各不相同。综合３种不同情景，未来随着

温室气体浓度的升高，副高面积和强度均增大，且显

著西伸；其线性增长趋势在 ＲＣＰ８．５情景下最高，

ＲＣＰ４．５情景下次之，ＲＣＰ２．６情景下最弱。副高脊

线指数在３种排放情景下都没有明显的长期变化趋

势。

以上的分析结果表明，未来随着温室气体浓度

的升高，副高将显著增大增强且西伸，其对未来中国

夏季主要雨带和旱涝的分布，乃至对东亚季风区气

候异常的影响机理需要进一步研究。而在未来全球

变暖的背景下，副高增强西伸的机制也值得深入分

析。先前的研究表明，２０世纪７０年代末西太平洋

副热带高压呈现出加强西伸的特征，通过数值试验

证实热带印度洋和西太平洋的变暖是导致副高西伸

的重要因子，并给出了两种影响机制（Ｚｈｏｕ，ｅｔａｌ，

２００９）。在未来不同典型浓度路径情景下，热带印度

洋和西太平洋的变暖程度将有所差异 （ＩＰＣＣ，

２００７），副高增强西伸的响应也各不相同，因此两者

之间的关系与反馈作用需要更加定量化的研究。
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ABSTRACT

Using hindcasts of the Beijing Climate Center Climate System Model, the relationships between interannual variability
(IAV) and intraseasonal variability (ISV) of the Asian–western Pacific summer monsoon are diagnosed. Predictions show
reasonable skill with respect to some basic characteristics of the ISV and IAV of the western North Pacific summer monsoon
(WNPSM) and the Indian summer monsoon (ISM). However, the links between the seasonally averaged ISV (SAISV) and
seasonal mean of ISM are overestimated by the model. This deficiency may be partially attributable to the overestimated
frequency of long breaks and underestimated frequency of long active spells of ISV in normal ISM years, although the model
is capable of capturing the impact of ISV on the seasonal meanby its shift in the probability of phases.

Furthermore, the interannual relationships of seasonal mean, SAISV, and seasonally averaged long-wave variability
(SALWV; i.e., the part with periods longer than the intraseasonal scale) of the WNPSM and ISM with SST and low-level
circulation are examined. The observed seasonal mean, SAISV, and SALWV show similar correlation patterns with SST and
atmospheric circulation, but with different details. However, the model presents these correlation distributions with unreal-
istically small differences among different scales, and itsomewhat overestimates the teleconnection between monsoon and
tropical central-eastern Pacific SST for the ISM, but underestimates it for the WNPSM, the latter of which is partially related
to the too-rapid decrease in the impact of El Niño–SouthernOscillation with forecast time in the model.

Key words: interannual variability, intraseasonal variability, western North Pacific summer monsoon, Indian summer mon-
soon

Citation : Liu, X. W., and Coauthors, 2014: Relationships between interannual and intraseasonal variations of the Asian–
western Pacific summer monsoon hindcasted by BCCCSM1.1(m).Adv. Atmos. Sci., 31(5), 1051–1064, doi: 10.1007/s00376-
014-3192-6.

1. Introduction

Because of its complex variability and significant eco-
nomic and social impacts, prediction of monsoon has long
been an important yet challenging task. As an important ap-
proach, dynamical prediction of monsoon has drawn much
attention from both academic and operational communities.
However, monsoon prediction with climate models suffers
from many limitations, such as initial condition errors, im-
perfect model physics, incomplete forecast methods, among
others. Therefore, monsoon prediction by state-of-the-art cli-
mate models still shows an inability to capture the climato-
logical mean state (e.g., Lee et al., 2010; Li et al., 2012; Liu et
al., 2013), spatial and temporal variability (e.g., Wang etal.,

∗ Corresponding author: LIU Xiangwen
Email: xwliu@cma.gov.cn

2008; Xue et al., 2010; Liu et al., 2014), and relationships
between monsoon and other climate systems (e.g., Yang et
al., 2008; Drbohlav and Krishnamurthy, 2010; Rajeevan et
al., 2012). Thus, assessing the skills and diagnosing the defi-
ciencies of dynamical monsoon prediction are important for
improving monsoon prediction and model development.

As the strongest monsoon system in the world, the Asian–
western Pacific summer monsoon is marked by significant
multiscale variability. In particular, its interannual variabil-
ity (IAV) and intraseasonal variability (ISV), known by their
important impacts on many prominent climate and weather
phenomena both inside and outside the monsoon region, have
received much research interest (e.g., Wang et al., 2008;
Xavier et al., 2008; Zhou et al., 2009; Yoo et al., 2010). Al-
though with respective mechanisms and representations, the
IAV and the ISV of monsoon are connected with each other
and with other climate systems. The predictability of IAV

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag Berlin Heidelberg 2014
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of tropical monsoon is supposed to be originated from ex-
ternal forcing, such as SST, soil moisture, and snow cover
(Charney and Shukla, 1981), while the ISV of monsoon of-
ten serves as an important but less predictable internal com-
ponent (e.g., Goswami, 1998; Kang and Shukla, 2006; Suhas
et al., 2012). However, it has also been hypothesized that
the IAV of monsoon is determined by the shift in the prob-
ability density function of ISV toward either active or break
phases, in which external boundary forcing may act as an es-
sential modulating factor (Palmer, 1994; Ferranti et al., 1997;
Sperber et al., 2000; Goswami and Ajaya Mohan, 2001). In
this scenario, significant correlation between seasonal mean
monsoon and ISV has been found for the South Asian sum-
mer monsoon (e.g., Lawrence and Webster, 2001; Waliser et
al., 2004; Goswami et al., 2006; Qi et al., 2008; Fujinami et
al., 2011), and the relationship between the ISV of summer
monsoon and El Niño–Southern Oscillation (ENSO) has also
been revealed (Teng and Wang, 2003; Kim et al., 2008; Qi
et al., 2008). At present, it is still worth further exploring
whether the ISV of monsoon is not entirely internal variabil-
ity, but instead partially related to external components.

Also, as revealed by previous studies on the South Asian
summer monsoon, the IAV of the seasonal mean consists
of two independent parts: a large-scale seasonally persistent
mean component, and an average of the ISV; and the pre-
dictability of the seasonal mean monsoon depends on the rel-
ative magnitudes of seasonal averages of the persistent com-
ponent and the intraseasonal component (Krishnamurthy and
Shukla, 2000, 2007, 2008). In this context, both observa-
tions and model simulations have proved the presence of a
large-scale seasonally persistent structure that is attributable
to external forcing and largely determines the IAV of seasonal
mean monsoon, while the nature of ISV is less dependent
on the IAV of monsoon (Achuthavarier and Krishnamurthy,
2010).

Although the connection and interaction between the IAV
and ISV of monsoon is still a controversial issue, a reason-
able reproduction of the relationship between IAV and ISV
by climate models is indispensable for the skillful seasonal
prediction of monsoon. Thus, in this study, we explore the
relationships between the IAV and ISV of the Asian–western
Pacific monsoon by comparisons between observations and
model hindcasts, and between the western North Pacific sum-
mer monsoon (WNPSM) and the Indian summer monsoon
(ISM). The following questions are addressed: are there sig-
nificant relationships between the IAV and ISV of monsoon
over this monsoon region? In what way and to what degree
are the IAV and the ISV of monsoon connected with external
forcing and background circulation? What are the differences
in the above features between the WNPSM and ISM? How
well can models reproduce the observed features?

In section 2, a brief overview of the model output, obser-
vational data, and analysis methods is provided. In sections
3–5, we analyze the predictions of basic monsoon features,
the relationship between the ISV and IAV of monsoon, and
the links with external forcing and atmospheric circulation,
respectively. A summary and further discussion are presented

in section 6.

2. Model, data and methods

The model used in this study is an updated version of the
Beijing Climate Center (BCC) Climate System Model ver-
sion 1.1 (BCCCSM1.1; Wu et al., 2013) with a moderate at-
mospheric resolution [BCCCSM1.1(m)]. The atmospheric
component in BCCCSM1.1(m) is the BCC Atmospheric
General Model version 2 with a T106 horizontal resolution
and 26 hybrid sigma/pressure layers in the vertical direction
(Wu et al., 2010). The oceanic component is the Geophysical
Fluid Dynamics Laboratory (GFDL) Modular Ocean Model
version 4 with a tripolar grid in the horizontal direction and
40 levels in the vertical direction, and the sea ice component
is the GFDL Sea Ice Simulator. The land model is the BCC
Atmosphere and Vegetation Interaction Model version 1.0.
The different components are coupled without any flux cor-
rection. The BCCCSM1.1(m) and the BCCCSM1.1 are two
of the climate system models joining phase five of the Cou-
pled Model Intercomparison Project (CMIP5). The reason-
able performance of BCCCSM1.1(m) in climate simulation
and projection has been revealed by a fair number of studies
listed on the website http://cmip.llnl.gov/cmip5/publications/
model?exp=BCC-CSM1.1-m.

Some experiments aimed at boreal summer climate pre-
diction are implemented using BCCCSM1.1(m). The hind-
casts are initiated from 1 March of each year from 1991 to
2010 and end with a 7-month integration. The atmospheric
initial conditions are obtained from the winds, air temper-
ature, and surface pressure of the National Centers for En-
vironmental Prediction (NCEP) Reanalysis with four-times-
daily output, and oceanic initial conditions are from the sea
temperature of the NCEP Global Oceanic Data Assimilation
System. These reanalysis data are used to initialize the model
by a nudging strategy, which operates from late 1980 to the
beginning of a certain retrospective forecast. Each hindcast
includes 15 members, produced by a combination of lagged
average forecasting on atmospheric and oceanic initials, and
singular vector perturbing on initials of SST at the end of
February in the hindcast year.

The observations used for model verification include var-
ious variables from the NCEP Reanalysis 2 (Kanamitsu et
al., 2002), the Optimum Interpolation SST (Reynolds et
al., 2002), and the daily mean outgoing longwave radia-
tion (OLR; Liebmann and Smith, 1996) from the National
Oceanic and Atmospheric Administration (NOAA), and the
global monthly precipitation from the Climate Prediction
Center Merged Analysis (Xie and Arkin, 1997).

The IAV of monsoon for a particular year refers to the
difference of the June–July–August–September (JJAS) mean
between the specific year and the climatology from 1991 to
2010, and the ISV is computed based on the daily mean se-
ries in that year with a subtraction of daily climatology and
a subsequent filtering on the intraseasonal component, un-
less otherwise indicated. For the model output, the length
of the daily anomaly series (daily means minus daily clima-
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tologies) in each year is only 214 days (from 1 March to 30
September), which is unfavorable for using a Lanczos band-
pass filter to extract the intraseasonal part. Thus, a Fourier
harmonic analysis is performed on the time series and the
leading three harmonics (period> 70 days) are first deducted
as part of long-wave variability, followed by a 5-day running
average on the residue to get the part of the ISV. Then, the re-
sults from June to September are chosen for the ISV in boreal
summer. The same process is also used to extract observed
ISV in each year from 1991 to 2010.

To focus on the variability of the WNPSM and ISM,
two dynamical monsoon indices are used in our analy-
ses. The WNPSM index (WNPSMI) and the ISM index
(ISMI) are defined as the differences in area-averaged 850-
hPa zonal wind between (5◦–15◦N, 100◦–130◦E) and (20◦–
30◦N, 110◦–140◦E), and between (5◦–15◦N, 40◦–80◦E) and
(20◦–30◦N, 70◦–90◦E), respectively (Wang et al., 2001). All
the summer means, ISV and long-wave variability of each
monsoon index are calculated with the methods mentioned
above.

Additionally, we compute the direct correlations between
predictions and observations using ensemble-averaged vari-
ables to better depict the performance of ensemble prediction.
However, to objectively assess the model’s ability, for com-
parisons of any feature between the predictions and observa-
tions, computations are first performed for individual mem-
bers before averages are made.

3. Predictions of basic monsoon features

Figure 1 shows the climatologies of JJAS mean precip-
itation and 850-hPa winds for prediction, observations, and
model biases. The model captures the major low-level fea-
tures of the distribution of the Asian–western Pacific summer
monsoon. It also captures the overall locations and magni-
tude of major rainfall and winds in many places. However,
apparent systematic biases of the model are also found, which
include a dry bias over most of the Bay of Bengal, a wet
bias over the west coast of the Indo-China Peninsula, and a
cyclonic wind bias over the northwestern Pacific associated
with a wet bias over the central zone of the wind bias and
dry biases over the South China Sea and the western edge of
the Western Pacific Subtropical High (WPSH). With overall
weaker magnitude, these biases also appear in the NCEP Cli-
mate Forecast System (e.g., Yang et al., 2008; Drbohlav and
Krishnamurthy, 2010), and also some multi-model ensembles
of the DEMETER and ENSEMBLES EU projects (e.g., Lee
et al., 2010; Rajeevan et al., 2012), suggesting some common
deficiencies of state-of-the-art climate models. Besides,sig-
nificant convergence wind bias over the central tropical North
Indian Ocean and divergence wind bias over the eastern trop-
ical South Indian Ocean, along with wet and dry bias, respec-
tively, exist in BCCCSM1.1(m).

Despite the obvious systematic biases, a reasonable pre-
diction skill of the model for monsoon variability is still ex-
pected. Figure 2 shows the temporal correlations between

predictions and observations for interannual variations of
JJAS mean 850-hPa zonal wind and precipitation. Signif-
icant skills for the forecast of low-level winds are mainly
found over most of the tropical western North Pacific and
East Asia, covering the majority of areas along the western
edge of the WPSH. The model seems to perform better in pre-
dicting the WNPSM and East Asian summer monsoon than
the South Asian summer monsoon, at least for atmospheric
circulation. In contrast, except for some sparse regions near
the equator, the prediction of rainfall shows little skill over
most areas (Fig. 2b), consistent with previous results show-
ing that the forecasting of precipitation often exhibits quicker
error growth and shorter time in approaching the upper limit
of predictability than circulation (e.g., Xie et al., 2012;Liu et
al., 2014).

As important measures of monsoon variability, the inten-
sities of the ISV and IAV of 850-hPa zonal wind, given by
their respective standard deviations, are further explored (Fig.
3). The model reasonably reproduces the observed features
of the distribution of ISV intensity with maximums over the
extratropical North Pacific and areas from the Bay of Bengal
to the Philippine Sea, as well as the distribution of IAV inten-
sity with a magnitude center over the tropical western North
Pacific induced by ENSO. Nevertheless, compared to ob-
servations, obviously stronger ISV intensity over most places
and a more extensive and too-far-east center of magnitude are
found. Meanwhile, the IAV shows a larger central intensity

Fig. 1.20-year means of precipitation (shading; units: mm d−1)
and 850-hPa winds (vectors; units: m s−1) for (a) hindcasts, (b)
observations, and (c) biases (predictions minus observations)
averaged from June to September.
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Fig. 2. Spatial distributions of temporal correlations between
predictions and observations for summer-averaged (a) 850-hPa
zonal wind and (b) precipitation from 1991 to 2010. The shad-
ing levels above 0.44 and 0.56 represent the statistical signifi-
cance of correlation above the 95% and 99% confidence levels,
respectively, and the same hereafter.

with a farther southeastward shift toward the dateline overthe
western Pacific in the model. In addition, because the ISV
and IAV of monsoon may be governed by a common spa-
tial mode of variability (Ferranti et al., 1997; Sperber et al.,
2000; Goswami and Ajaya Mohan, 2001), the observed fea-
tures given in Figs. 3b and d both show high intensity over
the Bay of Bengal, the South China Sea, and the Philippine
Sea, even though this is not well captured by the model for
the false shifts of variability centers in Figs. 3a and c.

Next, we discuss some basic characteristics of ISV be-
fore exploring the relationships among different time scales.
A similar-to-observed vertical structure (Figs. 4a and b) and
northward propagation (Figs. 4e and f) are found for the ISV
of the WNPSM in the model, albeit with a somewhat smaller
range of the vorticity center and a faster propagation speed
than in observations. For the ISV of the ISM, the model cap-
tures a slightly faster northward propagation (Figs. 4g andh)
and a more northward center of vertical vorticity (Figs. 4c
and d) compared to observations. Furthermore, the broad-
band spectrum of ISV and its resulting aperiodicity is one of
the important characteristics in generating a non-trivialsea-
sonal mean ISV anomaly, which partially acts as a bridge to
connect the ISV and IAV of monsoon (Goswami and Xavier,
2005; Goswami et al., 2006). Thus, the spectral features of
the ISV of the WNPSM and ISM are specifically examined in
Fig. 5. Narrower-than-observed spectral bands are captured
by the model for both the WNPSM and ISM. In particular,
the predicted ISV does not show a significant period of near
50 days, which is the spectral peak found in observations.
Besides, similar results can be derived by power spectral

Fig. 3. Ensemble mean standard deviation (units: m s−1) of in-
traseasonal variability in summer (top two rows) and interan-
nual variability of summer mean (bottom two rows) for 850-
hPa zonal wind from 1991 to 2010. Panels (a) and (c) are for
the model, and (b) and (d) are for observations.

analyses for regionally averaged OLR over the WNPSM re-
gion (10◦–25◦N, 110◦–140◦E) and the ISM region (7.5◦–
22.5◦N, 60◦–90◦E) (figures not shown). This feature is un-
favorable for the seasonally accumulated quantity of ISV
anomaly to contribute to the seasonal mean in the model since
a narrow band may be periodic and its accumulation should
show little residue in the whole season.

4. Relationship between the ISV and IAV of
monsoon

In this section, the relationship between the ISV and IAV
of the Asian–western Pacific summer monsoon is explored
with a focus on the intensity, seasonally averaged anomaly,
frequency of occurrence of positive (negative) phase, and fre-
quency of consecutive break or active spells of ISV.

Figures 6a and b show the interannual correlations be-
tween the intensity of ISV and the summer mean for 850-hPa
zonal wind in the model and observations. The intensity of
ISV in boreal summer shows a significant positive correlation
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Fig. 4. (a–d) Meridional–vertical structure of intraseasonal vorticity (units: 10−6 s−1) along
110◦–140◦E/60◦–90◦E for the WNPSM/ISM. (e–h) Latitude–lag correlations of intraseasonal
OLR (10◦–25◦N, 110◦–140◦E)/(7.5◦–22.5◦N, 60◦–90◦E) with 850-hPa zonal wind (contours)
and OLR (shaded) along 110◦–140◦E/60◦–90◦E for the WNPSM/ISM. Predictions by the
model and observations are shown in the left and right columns, respectively. The dashed lines
in (a–d) represent the position of the maximum convection center.

with the summer mean over the tropical western Pacific (Fig.
6b), which is attributed to their sensitivity to ENSO variabil-
ity (Teng and Wang, 2003; Lin and Li, 2008). To a certain ex-
tent, the prediction captures this relationship, but with amore
eastward range of significant correlation distributed overthe

tropical central Pacific (Fig. 6a).
The interannual correlations between seasonally aver-

aged ISV anomaly (SAISV) and the JJAS mean of 850-
hPa zonal wind are further shown in Figs. 6c and d. Obser-
vations present significant positive correlation over mostof

191



1056 REFORECASTED RELATIONSHIPS BETWEEN MONSOON INTERANNUAL AND INTRASEASONAL VARIABILITY VOLUME 31

Fig. 5. Power spectra of the intraseasonal variability of (a, b) WNPSMI and (c, d) ISMI for
model (left column) and observations (right column). The green and red lines denote red noise
spectrums and 95% confidence bounds, respectively.

Asia and the western Pacific, especially the tropical west-
ern Pacific, where areas with correlation coefficients above
0.9 extend from the South China Sea to the east of the date-
line (Fig. 6d). In contrast, relatively weaker correlationap-
pears over the area from the tropical western South Indian
Ocean across Somalia to the southern Arabian Sea and India
(Fig. 6d), corresponding to an insignificant correlation be-
tween the SAISV and summer mean for the OLR over the
Bay of Bengal and southern Indo-China Peninsula (figure not
shown). This feature partially supports the result about the
South Asian summer monsoon that the ISV anomaly itself
may have little linear link with the summer mean (e.g., Qi
et al., 2008; Achuthavarier and Krishnamurthy, 2010). The
model, however, evidently overestimates the relationshipbe-
tween the SAISV and summer mean over the tropical central
Pacific, and near Somalia and the southern Arabian Sea (Fig.
6c).

Table 1 further examines the interannual variation of
the summer mean, intensity of ISV, and the SAISV for the
WNPSMI and ISMI. Measured by the correlations between
predictions and observations, prominent prediction skills are
found only for the summer mean and SAISV of the WNPSMI
with a correlation coefficient of about 0.7, but little skillfor

any of the other items of the WNPSMI and ISMI. Compared
to observations, the model underestimates the connection be-
tween the summer mean and the intensity of ISV for both
the WNPSMI and ISMI. Also, significant positive correla-
tions between the summer mean and the SAISV are found for
the above two dynamical monsoon indices in both prediction
and observation, and a stronger-than-observed connectionis
especially captured by the model for the ISMI, as already par-
tially revealed in Fig. 6.

A narrower-than-observed spectral band of ISV (Fig. 5)
and an exaggerated relationship between the SAISV and
summer mean of the ISM (Fig. 6 and Table 1) coexist in
the model. To explore this feature, the frequencies of ISV
anomalies in different monsoon years for the ISMI, as well
as for the WNPSMI, are examined (Fig. 7). The strong,
weak and normal monsoon years for a specific observed
monsoon index are distinguished by a standardized anomaly
of the JJAS mean index above 0.8, below−0.8, and between
−0.8 and 0.8, respectively. According to these criteria, there
are 5, 5, and 10 (4, 4, and 12) strong, weak and normal
years for the observed WNPSMI (ISMI) from 1991 to 2010.
Both the ensemble average and individual members of pre-
dictions show a similar proportion of frequency of certain

Table 1. Interannual correlations between predictions and observations for some relevant items of western North Pacific summermonsoon
index (WNPSMI) and Indian summer monsoon index (ISMI), and correlations between two of the items for model and observations. Values
in bold font exceed the confidence level of 99%.

Model & Obs ISV Std & JJAS mean SAISV & JJAS mean

JJAS mean ISV Std SAISV Model Obs Model Obs

NPSMI 0.69 0.36 0.71 −0.06 0.33 0.91 0.92
ISMI −0.17 0.30 0.27 0.09 0.33 0.88 0.75
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Fig. 6.Spatial distributions of temporal correlations between (a,
b) the intensity of intraseasonal variability and summer mean
and (c, d) the seasonal average of intraseasonal variability and
summer mean from 1991 to 2010 for 850-hPa zonal wind in (a,
c) the model and (b, d) observations.

monsoon years in general; however, only about 40%, 40%
and 60% (25%, 25% and 67%) of strong, weak and nor-
mal WPNSM (ISM) years in observations are consistently
captured by the model. Here, the statistics of ISV and IAV
anomalies for each one of the 15 members are individually
computed before showing the general ensemble features. Fig-
ure 7 indicates that, in both the model and observations, the
phase of ISV is often characterized by a shift towards more
frequent active (break) events in the strong (weak) summer
monsoon years, and a smaller change in the normal mon-
soon years. This feature suggests that the frequency of active
and break cycles of ISV is distinguishable between a strong
and weak monsoon year, which supports the hypothesis that
the IAV of seasonal mean monsoon may partially result from
the shifts in the probability of the phase of the ISV (e.g.,
Palmer, 1994; Sperber et al., 2000; Goswami and Ajaya Mo-

han, 2001).
Although the model exhibits a reasonable prediction skill

in the link between IAV and the frequency of ISV phases,
it may not be necessary to support a reliable contribution of
ISV to the summer mean monsoon. The very-long-duration
active or break phases of ISV can act as a common semi-
nal factor for generating anomalous seasons (Joseph et al.,
2009; Krishnan et al., 2009; Joseph et al., 2010) and are rather
important for the non-triviality of SAISV in a whole sum-
mer. Thus, the frequency of long break (active) spells and the
strong/normal/weak monsoon years co-occurring with long
break (active) spells are further explored in Table 2. The
long break (active) spells here are identified as break (active)
phases of ISV with consecutive standardized anomalies be-
low −1.0 (above 1.0) and a duration of at least 10 days for
the WNPSMI or ISMI. Statistics for the predictions are based
on all ensemble members. As seen from columns b and d in
Table 2, about 50% of the long break (active) spells occur in
weak (strong) monsoon years and the sum of long break (ac-
tive) spells during weak (strong) and normal monsoon years
stands at around 90%, as indicated by both the model pre-
diction and observations. Further, columns a and c in Table
2 show that a considerable proportion of normal and weak
(strong) monsoon years is associated with long break (active)
spells. For the more frequent occurrence and higher consis-
tency between forecasts and observations for normal mon-
soon years compared to weak and strong monsoon years, the
overestimated frequency of long breaks and underestimated
frequency of long active spells in normal ISM years favor the
non-triviality of SAISV in those years and further contribute
to the summer mean, which may be part of the reason why a
stronger-than-observed relationship between the SAISV and
IAV of the ISM is captured by the model.

5. Link with external forcing and circulation

The links of the WNPSMI and ISMI on various forms
[i.e., summer mean, SAISV, and seasonally averaged long-
wave variability (SALWV)] with summer mean SST, low-
level winds and precipitation are further explored.

The correlations between JJAS mean SST and the sum-
mer mean, SAISV, and SALWV of the WNPSMI for the
model and observations are given in Figs. 8a–f. Also, the
connections between the WNPSMI of different forms and
JJAS mean circulation are shown in Figs. 9a–f. It is ob-
served that a stronger-than-normal summer mean WNPSMI
is associated with a positive SST anomaly over the equatorial
central Pacific and a negative SST anomaly over the northeast
of Australia, eastern Indonesian Islands, and region from the
eastern Bay of Bengal to the Philippine Sea (Fig. 8b). It not
only corresponds to a belt of westerly wind anomaly across
the Maritime Continent and the tropical western Pacific sur-
rounded by anomalies of cyclonic wind convergence over its
both sides in the two hemispheres, but also is coupled with
more precipitation over the tropical western Pacific and less
precipitation over a cross-equatorial sloping belt from Aus-
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Fig. 7.Frequencies of intraseasonal anomalies of (a–f) WNPSMI and(g–l) ISMI in strong (upper row), weak (middle row) and
normal (bottom row) monsoon years for (a–c; g–i) the model and (d–f; j–l) observations.

Table 2. The frequencies (units: %) of long break/active spells (LBS/LAS) and anomalous summer monsoon years co-occurring with
LBS/LAS. Monsoon years are classified into weak, normal and strong ones according to the magnitude of standardized anomalies of the
summer-mean WNPSMI and ISMI.

(a) Certain monsoon years (b) LBS occurring in (c) Certain monsoon years (d) LAS occurring in
with LBS/sum of these certain monsoon with LAS/sum of these certain monsoon

monsoon years years/sum of LBS monsoon years years/sum of LAS

Model Obs Model Obs Model Obs Model Obs

Weak WNPSM 85.2 60.0 57.5 50.0 8.2 20.0 3.9 9.1
Normal WNPSM 30.0 40.0 39.7 50.0 30.6 40.0 50.0 45.5
Strong WNPSM 5.8 0.0 2.8 0.0 59.4 60.0 46.1 45.4

Weak SASM 59.7 50.0 53.1 57.1 4.8 0.0 5.5 0.0
Normal SASM 21.5 16.7 42.7 28.6 19.9 33.3 54.2 57.1
Strong SASM 7.0 25.0 4.2 14.3 42.1 75 40.3 42.9

tralia across Indonesia to India (Fig. 9b). Similar to the find-
ings by Wang et al. (2000), the above features may be sup-
ported by air–sea interaction processes, in which the strength-
ening westerly wind (weakening easterly trade) over the east
(west) of the Philippine Sea encourages the cooling (warm-
ing) SST by enhanced (suppressed) evaporation and entrain-
ment cooling over respective regions. The distribution of SST
anomalies over the tropical western Pacific in turn favors the

persistence of wind anomalies through an atmospheric ther-
mal response. Although sharing a similar correlation pattern
as above, the SAISV and SALWV of the WNPSMI are corre-
lated with SST with different priorities, in which the former is
related more to the SST over the region from the Bay of Ben-
gal to the Philippine Sea and less to the SST over the equato-
rial central Pacific, while the latter often shows a very similar
connection with SST to that of the summer-mean WNPSMI
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Fig. 8.Patterns of correlations between summer-mean SST and WNPSMI/ISMI for the model (left column) and
observations (right column). The monsoon index is examinedby the summer mean (a, b; g, h), seasonal average
of intraseasonal variability (c, d; i, j), and seasonal average of long-wave variability (e, f; k, l), respectively. The
shading levels above 0.44 and 0.56 (below−0.44 and−0.56) represent the statistical significance of correlation
above the 95% and 99% confidence levels, respectively.

(Figs. 8d, f). In association, a significant response feature of
low-level winds is confined to the west of the dateline for the
SAISV, while it extends into the tropical central Pacific for
the SALWV (Figs. 9d and f).

The summer-mean WNPSMI in the model almost shows
no significant connections with SST except over some very
small and sparse regions in the tropical Indian Ocean and
western Pacific (Fig. 8a). Meanwhile, a regional cyclonic
wind response over the western Pacific is captured by the

model (Fig. 9a). These features are almost equivalently re-
produced by the results for the SAISV and SALWV of the
WNPSMI, indicating that the seasonal contributions of mon-
soon variability with different scales tend to show a common
link with external forcing and circulation rather than a selec-
tive connection (Figs. 8c, e, 9c and e).

The links of predicted and observed summer mean,
SAISV and SALWV of the ISMI with JJAS mean SST are
presented in Figs. 8g–l, and with JJAS mean 850-hPa winds
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Fig. 9. Patterns of regressions (vectors) of summer-mean 850-hPa winds on WNPSMI/ISMI and correlations
(shading) between summer-mean precipitation and WNPSMI/ISMI for the model (left column) and observa-
tions (right column). The monsoon index is examined by the summer mean (a, b; g, h), seasonal average of
intraseasonal variability (c, d; i, j), and seasonal average of long-wave variability (e, f; k, l), respectively. The
shading and vectors represent the statistical significanceof correlation above the 95% confidence level.

and precipitation in Figs. 9g–l. The summer mean of ISMI
shows a negative but insignificant correlation with the SST
over the tropical central and eastern Pacific and the tropical
western North Indian Ocean (Fig. 8h), in association with a
significant correlation with zonal wind over most of the Ara-
bian Sea (Fig. 9h). These observational features essentially
indicate a degree of teleconnection between ENSO and ISM,

although overtaken by an obvious decline since the 1980s in
contrast to before that time (e.g., Kumar et al., 1999; Wang et
al., 2001; Kripalani et al., 2003). Similar to the results for the
WNPSMI, the SAISV and SALWV of the ISMI are also cor-
related with SST with similar patterns but different details.
In particular, over the tropical eastern Pacific, the SAISV is
more apparently and negatively correlated with SST and low-
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level zonal wind than the SALWV and summer mean (Figs.
8j and 9j), implying a strong link between ENSO and the ISV
of the ISM.

For the ISM in the model, however, the summer mean,
SAISV and SALWV are all significantly related to SST and
circulation over the tropical central and eastern Pacific and
the differences among them are small (Figs. 8g, i, k, 9g, i,
and k). Additionally, the negative correlations with SST in
the tropical eastern Pacific and western Indian Ocean, as well
as the horseshoe patterns of positive correlation in the west-
ern Pacific and part of the tropical eastern Indian Ocean are
similar to the La Niña SST anomaly distribution. To some
extent, these features indicate an overestimation of the link
between the ISM and ENSO.

Given the critical role of ENSO in seasonal climate fore-
casts, we assess the prediction skills for ENSO and its im-
pact on monsoon circulation. If the interannual departures
of Niño3.4 SST above 0.5◦C or below−0.5◦C in each month
from March to September in the 20 years are chosen as signif-
icant anomalies of ENSO, 64 and 68 anomalous months are
observed and predicted, respectively, and 41 of them are con-
sistently captured by both the model and observations. The
correlation between prediction and observation in all forecast
months is 0.78, suggesting a reasonable skill for ENSO fore-
casting. However, the observed connections between mon-
soon and SST in the Niño region are limitedly reproduced by
the model as presented in Figs. 8 and 9. Due to the small dif-
ferences among the multiscale responses of monsoon to trop-
ical SST and circulation in the model, we further examine the
impact of ENSO on seasonal mean circulation. Figures 10a–
d show the simultaneous relationships between the Niño3.4
SST index and the 850-hPa winds and precipitation for both
predictions and observations in summer and spring. Also,
the correlations between the Niño3.4 SST index and tropical
SST are shown in Figs. 10e–h. In summer, when ENSO is in
a developing or decaying stage, significant large-scale atmo-
spheric responses are mainly observed over the subtropical
South Pacific and the tropical region from the eastern Indian
Ocean to the eastern Pacific (Fig. 10b), associated with an in-
phase SST anomaly over the eastern Pacific and a horseshoe-
pattern response over the western Pacific (Fig. 10f). How-
ever, the model evidently underestimates the responses of
winds and precipitation over most of the tropical Pacific and
the tropical eastern Indian Ocean (Fig. 10a), in association
with narrower-than-observed significant correlation of SST
over the central-eastern Pacific (Fig. 10e). Compared to that
in summer, the model basically reproduces the connections
between the Niño3.4 index and tropical SST and circulation
in spring (Figs. 10c, d, g, and h). Therefore, the too-rapid
decrease in the impact of ENSO with forecast time should be
partially responsible for the apparent underestimation ofthe
relationship of the WNPSM with SST and circulation.

6. Summary and discussion

In this study, we have explored the relationship between
the IAV and ISV of the Asian–western Pacific monsoon us-

ing retrospective forecasts initialized at the end of February
by the BCCCSM1.1(m).

The model exhibits reasonable skill in its predictions of
climatologies and the IAV of monsoon, in spite of some
apparent systematic biases, and it performs better with re-
spect to the IAV of the WNPSM than that of the ISM. In
terms of the standard deviations of the ISV and IAV of sum-
mer monsoon, the model also reasonably reproduces the ob-
served features of spatial distribution, but with larger ampli-
tude and a farther eastward position of the central strength
for both. Besides, narrower-than-observed spectral bandsfor
the WNPSM and ISM on the intraseasonal scale are found in
the model since the predicted spectral variances are mainly
limited to the bands with periods of less than 50 days.

The model shows positive interannual correlation be-
tween the summer mean and intensity of ISV over the west-
ern Pacific, but with a more eastward shift of significant
correlation compared to observation. Also, the predictions
show a stronger-than-observed connection between the sum-
mer mean and SAISV over the tropical central Pacific and
near Somalia and the southern Arabian Sea. The statistics on
the frequencies of ISV anomalies in strong, weak, and normal
WNPSM and ISM years indicate that the seasonal anomalies
of summer monsoon are to a certain extent determined by the
shifts in probability of ISV towards either an active or break
phase. Although the model can basically reproduce this fea-
ture, it still overestimates the frequency of long breaks and
underestimates the frequency of long active spells in normal
Indian monsoon years, which may partially contribute to the
stronger-than-observed relationship between the SAISV and
seasonal mean of the ISM.

Furthermore, the interannual links of the seasonal mean,
SAISV and SALWV of the WNPSMI and ISMI with summer
mean SST, low-level winds and precipitation have been ex-
plored. Observations reveal that, the seasonal mean, SAISV
and SALWV of summer monsoon all show similar correla-
tion patterns with summer SST but with different details. For
the WNPSMI, both seasonal mean and SALWV are signif-
icantly and positively correlated with SST over the equato-
rial central Pacific but negatively correlated with SST over
the northeast of Australia, eastern Indonesian Islands, and
regions from the eastern Bay of Bengal to the Philippine
Sea. The correlation between SAISV and SST is concen-
trated more in the region from the Bay of Bengal to the Philip-
pine Sea and less in the equatorial central Pacific. However,
the predicted seasonal mean, SAISV, and SALWV of the
WNPSMI present highly similar links with SST, and the cor-
relations are insignificant except over some small and sparse
regions in the tropical Indian Ocean and the western Pacific.
It is supposed that the excessive decline of the impact of
ENSO with forecast time should partially account for the ap-
parent underestimation of the relationship of the WNPSM
with SST and circulation. For the ISMI, the observed sea-
sonal mean and SALWV show similar but insignificant cor-
relations with the SST over most tropical areas, while signif-
icant correlation between SAISV and tropical eastern Pacific
SST is found. Nevertheless, not only stronger-than-observed
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Fig. 10.(a–d) Patterns of regressions (vectors) of seasonal mean 850-hPa winds on Niño3.4 SST index and cor-
relations (shading) between precipitation and Niño3.4 SST index for the (a, c) model and (b, d) observations.
The features for the summer (June to September) and spring (March to May) are given in (a, b) and (c, d),
respectively. Panels (e–h) are the same as (a–d), but only for the correlations between SST and Niño3.4 index.

relationships with SST over the tropical eastern Pacific, but
also very small differences among these correlation distribu-
tions for the seasonal mean, SAISV and SALWV of the ISMI
are captured by the model, implying an overestimated link
between the ISM and ENSO. The features of low-level circu-
lation and precipitation also match the above results.

The BCCCSM1.1(m) shows reasonable but limited skill
in capturing the observed relationships between the ISV and
IAV of summer monsoon. However, this may gradually im-
prove with a decrease in the lead time of prediction given
that the current hindcasts initialized at the end of February
most likely suffer from a spring predictability barrier. Thus,
more experiments and evaluations on this subject should be
implemented in future work. Meanwhile, our analyses have
revealed some shortcomings of the model in forecasting the
relationships between the ISV and IAV of monsoon and have
preliminarily explored the possible causes, suggesting that
we should pay attention to further improving the model’s
ability in capturing ENSO events and their links with atmo-
spheric circulation, as well as in reproducing monsoon ISV
with accurate spectral characteristics and reasonable frequen-
cies of long breaks or active spells.

In addition, it should be noted that the ensemble predic-
tion of the WNPSM exhibits more skill than that of the ISM,
as demonstrated in section 3, which is also found in predic-
tions of the Asian summer monsoon by the NCEP Climate
Forecast System (e.g., Jiang et al., 2013). Two factors may
account for this feature. First, compared to the ISM, the
WNPSM is more highly correlated with ENSO and large-
scale circulation on the interannual scale (e.g., Wang et al.,
2000; Xie et al., 2009), which can be relatively better cap-
tured by the ensemble prediction of models. Secondly, the in-
terannual variability of the ISM is affected not only by ENSO,
but also by local SST (e.g., the Indian Ocean dipole) and ther-
mal conditions over the surrounding lands such as the Tibetan
Plateau, leading to more complex and less skillful prediction
of the ISM. Further studies on this issue are undoubtedly nec-
essary.
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A pattern prediction hybrid downscaling method was applied to predict summer (June–July–
August) precipitation at China 160 stations. The predicted precipitation from the downscaling
scheme is available one month before. Four predictors were chosen to establish the hybrid
downscaling scheme. The 500-hPa geopotential height (GH5) and 850-hPa specific humidity
(q85) were from the skillful predicted output of three DEMETER (Development of a European
Multi-model Ensemble System for Seasonal to Interannual Prediction) general circulation
models (GCMs). The 700-hPa geopotential height (GH7) and sea level pressure (SLP) were
from reanalysis datasets. The hybrid downscaling scheme (HD-4P) has better prediction skill
than a conventional statistical downscaling model (SD-2P) which contains two predictors
derived from the output of GCMs, although two downscaling schemes were performed to
improve the seasonal prediction of summer rainfall in comparison with the original output of
the DEMETER GCMs. In particular, HD-4P downscaling predictions showed lower root mean
square errors than those based on the SD-2P model. Furthermore, the HD-4P downscaling
model reproduced the China summer precipitation anomaly centers more accurately than the
scenario of the SD-2P model in 1998. A hybrid downscaling prediction should be effective to
improve the prediction skill of summer rainfall at stations in China.
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1. Introduction

China is located in East Asia, and the variability of its
summer (June–July–August) precipitation is largely domi-
nated by the East Asian Summer Monsoon (EASM). The
monsoon system is characterized not only by unique seasonal
changes but also by the interannual and interdecadal
variability of the winter and summer monsoons (Tao and
Chen, 1987; Wang et al., 2001; H.J. Wang, 2001, 2002).
Furthermore, the EASM often leads to severe disasters, which
makes accurate predictions on the interannual variability of
EASM important for both the society and economy of China.
ke@mail.iap.ac.cn

ll rights reserved.
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General Circulation Models (GCMs) have become one impor-
tant tool for conducting seasonal predictions. GCMs can predict
large-scale atmospheric circulation systems better, but they
show a relatively low overall ability to simulate the EASM
precipitation (Wang, 1997; Wang et al., 2000, 2004; Sperber et
al., 2001; Kang et al., 2002; Gao et al., 2011).

Different downscaling techniques had been developed as
tools for interpolating large-scale information into local or
regional variables. Statistical downscaling (SD) was a popular
approach that uncovered the stable relationship between one
or several large-scale meteorological variables (predictors),
such as atmospheric circulation, and local-scale variables
(predictand). This relationship was exploited to predict regional
elements by projecting large-scale information onto local-scale
variables (Zorita and Von Storch, 1999; Fernández-Ferrero et al.,
2009). A SD scheme can use both GCM outputs and the
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preceding atmospheric circulation variables of observations as
predictors to make predictions (e.g., Wang and Qian, 2010).
Thus, local precipitation can be forecasted by well-predicted
large-scale circulation data from GCMs and the observational
variables that are strongly correlated with the predictand (Wu
et al., 2012). Statistical downscaling is widely used because it
can largely eliminate the impact of model biases and capture
the statistical relation using predictors from GCM and observa-
tional data, respectively.

Most SD schemes were based on regression or similar
methods (Fan et al., 2012; Giorgi et al., 2001; Benestad, 2004;
Lang and Wang, 2010; Guo et al., 2011; Liu et al., 2011).
Murphy (2000) established a SD method based on linear
regression relationships between surface temperature or
precipitation and a range of atmospheric predictor variables
to predict climate change in Europe. Chu et al. (2008) used
500-hPa geopotential height and sea level pressure as predic-
tors of downscale precipitation over north Taiwan. Singular
Value Decomposition (SVD) and Canonical Correlation Analysis
(CCA) have the advantage of selecting pairs of spatial patterns
that are optimally covariated and correlated, respectively,
among the linear statistical methods. Uvo et al. (2001) applied
SVD to estimate the average rainfall over some parts of
Japan and concluded that the major rainfall features had been
captured. Paul et al. (2008) developed a SVD-based regression
model to downscale the monthly rainfall over East Asia, and
they predicted the annual rainfall tendency at the end of the
21st century. A number of studies have focused on the seasonal
precipitation and temperature over regions (Mao and Li, 1997;
Huang and Huang, 2000; Zhang et al., 2006; Jia et al., 2010)
and stations of China (Chen et al., 2012; Sun and Chen,
2012). However, few studies have used both the previous and
simultaneous predictors to predict the summer rainfall in China
with the coupled patterns of statistical correlation (e.g., SVD)
between the predictor and predictand. Thus, this study aims to
develop a hybrid SD to forecast the summer precipitation at
stations over China. In particular, the downscaling scheme was
developed to estimate summer rainfall based on the establish-
ment of links between large-scale circulation patterns and
regional rainfall with the SVD method. The predictors were
chosen from simulated GCM outputs and reanalysis variables.
Fig. 1. A China topography map with 160 station locations. Shading in China denot
China. The gray, dark gray, yellow and blue rectangles represent domains of predict
to color in this figure legend, the reader is referred to the web version of this articl
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The results of the downscaling method based on multi-
predictor experimental datasets will be analyzed.

Section 2 introduced the GCMs, the observational data
and the method used to establish the downscaling scheme.
The relationship between the predictors and predictand was
analyzed in Section 3. The GCMs' prediction skill evaluations
of two of the predictors were shown in Section 4. Section 5
analyzed results of the downscaling. The conclusions and
discussions were presented in Section 6.

2. Data and method

2.1. Data

The predictandwas the summer precipitation at 160 stations
over China, the locations of which were shown in Fig. 1(a).
Station-based observedmonthly rainfall data from 1960 to 2001
were obtained from the National Climate Center of the China
Meteorological Administration. The observed data were used
not only to develop the SD technique but also to validate the
skill of the prediction scheme.

The simultaneous predictor data were taken from three
global coupled ocean–atmosphere DEMETER (Development
of a European Multi-model Ensemble System for Seasonal
to Interannual Prediction) model outputs. The DEMETER
project was conceived to produce nine ensemble members of
6-month long predictions by running a number of state-of-
the-art global coupled ocean–atmosphere models on a single
supercomputer with common archiving and diagnostic soft-
ware (Palmer et al., 2004). The initial conditions for the
atmospheric and land states in the DEMETER models were
provided by the ECMWF 40-yr Reanalysis (ERA-40) (Uppala
et al., 2005) four times each year on the 1st day of February,
May, August and November with a spatial resolution of 2.5°
in latitude and longitude. Starting from 1 May, the hindcast
data used in the study were the outputs of three selected
DEMETER models: CNRM (Centre National de Recherches
Météorologiques, France), ECMWF (European Centre for
Medium-Range Weather Forecasts, UK) and UKMO (Met
Office, UK). These models were chosen because they have
more extensive hindcast data than the other models of the
es the topography (m), and the dots show the locations of 160 stations over
ors GH5, SLP, q85 and GH7, respectively. (For interpretation of the references
e.)
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DEMETER project. Multi-model ensemble (MME) denotes the
average of the hindcasts generated by CNRM, ECMWF and
UKMO. Two simultaneous predictors were taken from the
variables of the GCM outputs: 500-hPa geopotential height
(GH5) and 850-hPa specific humidity (q85). The hindcast
data also span the 42-yr period from the summer of 1960 to
the summer of 2001.

The ECMWF 40-year reanalysis project dataset was also
used to define the other two preceding predictors with a
resolution of 2.5° × 2.5°. The reanalyzed data from ERA-40
are 700-hPa geopotential height (GH7) and sea level pressure
(SLP), and these data were available in April of 1960–2001
and winter of 1959–2000, respectively. In addition, GH5 and
q85 in summer from the ERA-40 reanalysis dataset were used
to evaluate the predictive skill of simultaneous predictors
from DEMETER.

In addition, the summer precipitation data with a resolu-
tion of 2.5° × 2.5° from the GCMs (i.e., CNRM, ECMWF, and
UKMO) were interpolated into the 160 stations in China. Then,
the downscaling method and the GCMs were compared based
on the observational data. In the interpolated method, the
original GCM precipitation data in 160 stations were assigned
by the nearest GCM grid data (Im et al., 2007; Yang et al.,
2010).

2.2. Method

In this study, a combination of Empirical Orthogonal
Function (EOF) analyses, Singular Value Decomposition (SVD)
analyses and multi linear regression analyses were used to
obtain stable statistical relationships between large-scale circu-
lation and regional precipitation. Before downscaling was
performed, the predictors and predictand were reconstructed
using the respective EOFs and principal components as a means
of noise filtering during the training period (Liu and Fan, 2012a,
2012b). The criterion of the retained EOF modes referred to the
Kaiser's rule (Wilks, 2006):

λmN
T
K

XK

k¼1

sk;k ð1Þ

where λm represents the retained eigenvalue of EOF, sk,k is the
variance of the kth element of the variable field, and T is a
threshold parameter, here T = 0.7 (Jolliffe, 1972, 2002). Based
on Eq. (1), first 12 EOF modes for the predictand (rainfall) and
the first 3, 4, 3 and 7 EOF modes for GH5, SLP, q85 and GH7
were retained, respectively.

SVD was then used to extract coupled patterns between
large-scale circulation and regional precipitation during the
fitting time span (Bretherton et al., 1992). Additionally, different
stations should have different weights in this step. The detail of
the process of SD model was shown in Appendix A.

In this study, more than one predictor was selected into the
SD model and the detail will be discussed in Section 4. After
the calculation of the SD results based on different predictors,
the final predicted rainfall was obtained by weighting the
downscaling prediction based on different predictors optimal-
ly as follows:

RSD x; tð Þ ¼ β0 x; tð Þ þ
Xk
i¼1

βi x; tð ÞRi x; tð Þ ð2Þ
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where RSD(x,t) indicates the final downscaled precipitation,
Ri(x,t) is the downscaling result based on individual predictor,
k is the total number of the downscaling predictions (i.e., k = 2
or k = 4), βi(x,t) indicates the regression coefficients of multiple
linear regression analysis, and x and t represent the station point
and forecast time, respectively.

Both the cross-validation for the 1960–2001 (42 yr) period
and the independent hindcasts for the 1990–2001(12 yr) period
were performed to verify the capability of the downscaling
scheme. In cross-validation, the rainfall data of one year were
excluded from the dataset, and the rainfall data of the other
years were defined in the training period. Then a prediction
based on the training period was made for the excluded year
(Michaelsen, 1987). This procedure was repeated 42 times until
rainfall predictions for 42 years were generated for validation.
The cross-validation scheme was called Scheme-CV. In the
independent hindcasts during the 1990–2001 (12 yr) period,
the downscaling scheme was established on the moving 30 yr
(i.e., the first 30 years from 1960 to 1989) period to predict the
rainfall for the following year. This procedure was repeated 12
times. The scheme that depended on independent hindcasts
was named Scheme-IH. The corresponding climatology and
anomaly fields for both the predictor and predictand were
redefined at the same time as the training period in both of the
aforementioned downscaling Schemes.

3. Predictors

3.1. Choice of predictors

Statistical downscaling used long-term general circulation
variables and regional variables to derive a robust relation-
ship between the predictors and predictand. In this study, the
simultaneous and previous predictors were both considered
in the downscaling scheme. Here, the GH5 in the summer
during the 1960–2001 period was considered over the 30°S–
65°N, 60°–180°E (Pan-East Asian) region, which covers Baikal,
the western North Pacific, the EASM and the Somali jet, among
other areas. These related and important atmospheric systems
strongly influence the rainfall over China (Chen and Zhao,
2000; Wang et al., 2001). In addition, as Nitta and Hu (1996)
and Hu (1997) demonstrated, the variation of the summer
rainfall in China has a strong link with the geopotential height
anomaly at 500 hPa.

The SVD analysis was used to unveil the leading mode
of covariability between the GH5 and station rainfall data
(Prohaska, 1976). Fig. 2 gave the spatial pattern of the first
SVD mode for rainfall over China and the GH5 over Pan-East
Asia as the input data. For the GH5 field, a tripole pattern
dominated this region. In addition, a north–south distribu-
tion shaped the Pacific–Japan (PJ) pattern (Nitta, 1987; Nitta
and Hu, 1996) over the central North Pacific Ocean (Fig. 2b).
The PJ wave-train, which is closely related to the west Pacific
subtropical high and summer monsoon over East Asia, can
give influence on summer rainfall over China (Huang and Li,
1987; Kosaka and Nakamura, 2006). The corresponding
rainfall pattern was characterized by a typical ‘more, less,
more’ (vice versa) summer rainfall distribution over East
China (Fig. 2a). The time coefficients corresponding to the
leading SVD mode for precipitation and GH5 were given in
Fig. 2(c). High correlation between the time coefficients



Fig. 2. The leading SVD mode spatial patterns of (a) the observed station
rainfall in China and (b) the reanalyzed GH5 in Pan-East Asia during the
summer. (c) The normalized time coefficients corresponding to rainfall and
GH5. Data for the 1960–1989 period were used.

20 Y. Liu, K. Fan / Atmospheric Research 143 (2014) 17–30
suggested that the leading rainfall and GH5 patterns were
coupled to the interannual and interdecadal variability (e.g., the
shift around the end of the 1970s) (Hu, 1997; S.W.Wang, 2001;
Gong and Ho, 2003). Additionally, the Squared Covariance
Fraction explained by the first pair of SVD patterns was
approximately 65%. Overall, the result indicated that the typical
summer rainfall distribution over China was associated with a
large-scale tripole pattern in the GH5 field. Therefore, we chose
GH5 over the Pan-East Asian region as a simultaneous predictor
of China summer rainfall.

The humidity from oceans is a key factor influencing
rainfall (S.W. Wang, 2001). Wang and Fan (2009) proposed
204
the ‘tropical analog’ idea to predict the rainfall in the East
Asian and Western Pacific regions. The predictability of the
models is higher in the tropics than in the extratropics
(Branković et al., 1994). Therefore, Wang and Fan (2009)
designed a new scheme that uses the tropical rainfall
prediction skill to improve East Asian rainfall prediction. In
addition, the specific humidity at 850-hPa over the tropical
Pacific Ocean region (20°S–20°N, 80°E–180°W) was closely
related to the precipitation in the tropical Pacific Ocean.
The systems that exist in the eastern tropical Pacific and
Philippines are important components of the ENSO and PJ
patterns (Nitta and Hu, 1996), which have close relationships
with the summer rainfall over East Asia. Based on their works,
q85 in this region was selected as the other simultaneous
predictor.

In this study, the other two variables, GH7 and SLP, from the
atmospheric circulation, were used as the previous predictors,
and the extratropics in the Southern Hemisphere (90°–20°S,
0°–357.5°E) and East Asia (10°–60°N, 70°–180°E), respectively,
were chosen as their domains. The Antarctic Oscillation (AAO)
(GH7) was the dominant mode in the Southern Hemisphere,
which was characterized by a large-scale seesaw oscillation of
atmospheric circulations between the middle and high lati-
tudes of the Southern Hemisphere (Rogers and van Loon, 1982;
Kidson, 1988). Gong and Wang (1999) and Thompson and
Wallace (2000) defined the AAO based on the oscillation
between middle and high latitudes in Southern Hemisphere.
The AAO in spring can impact the East Asian summer monsoon
rainfall through atmospheric teleconnection, the western
Pacific subtropical High and the tropical convection (Xue et
al., 2004; Sun et al., 2009; Wang and Fan, 2005). Therefore, the
AAO had been applied in the development of some effective
statistical models of the summer rainfall in China (Wang and
Fan, 2005; Fan, 2006; Fan and Wang, 2006). According to the
above studies, the April AAO was an important preceding
predictor of the summer rainfall over China. Additionally, the
correlation coefficient between the principal component of the
China summer rainfall EOF1 and that of the April GH7was 0.45
(above 99% confident level) from 1960 to 1989. Therefore, the
AAO in April derived from GH7 was an important predictor of
the summer rainfall in China.

In boreal winter, monsoonal northwesterly winds prevail
over Eurasia and northwestern Pacific Ocean. These winds are
accompanied by the development of the Siberian High and
Aleutian Low systems at sea level (Yoshiike and Kawamura,
2009). If the East AsianWinter Monsoon (EAWM) is enhanced,
the associated northwesterly winds strengthen and supply
additional cold air to the south of Eurasia. The EAWM is
believed to provide a mechanism that generates the ENSO
(El Niño and Southern Oscillation) phenomena (Li et al., 1987;
Li, 1988). In particular, the anomalous atmospheric circulation
in winter (i.e., EAWM) through ocean–atmosphere interac-
tions (i.e., ENSO) influences the western Pacific subtropical
high and the rainfall over China in the following summer (Sun
and Sun, 1994; Chen et al., 2000). In addition, the correlation
coefficient between the principal component of the China
summer rainfall EOF1 and that of the winter SLP was 0.52
(above 99% confident level) from 1960 to 1989. Therefore,
the SLP in winter over East Asia had a close relationship
with EAWM and a delaying influence on the later summer
precipitation over China. Overall, four predictors from the
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simultaneous and previous large-scale circulation were cho-
sen, and their domains are shown in Fig. 1(b). In addition,
Table 1 showed the basic descriptions of the four predictors,
the time span, the datasets and the domains covered.

3.2. Forecasting skill of the predictors by the GCMs

According to this SD scheme, the improved prediction
effect of summer rainfall over China was dependent on the
model forecast of GH5 and q85 to some extent.

First, the GH5 prediction skill of the GCMs and MME was
evaluated. For all of the GCMs and MME, the multi-year
average of spatial anomaly correlation coefficients (ACCs) for
GH5 was larger than 0.18 (above 95% confidence level)
(Fig. 3). The temporal CCs between the GCMs data and
reanalysis data (ERA-40) of GH5 during the summers of
1960–2001 were computed (not shown). The significantly
positive CCs between the observed and model-predicted GH5
field mainly covered the mid-low latitude regions of both
hemispheres for these GCMs (i.e., CNRM, ECMWF and UKMO)
and MME. The high CCs were centralized within 40°N–40°S
(Lang and Wang, 2005). It was also found that the GCMs
show good skill over most of the region over Pan-East Asian,
which was the domain of the GH5 predictor.

To estimate whether the GH5 from the GCM outputs can
capture the interannual variability of the reanalysis data over
Pan-East Asia, this study performed an EOF analysis during
the summers of the 1960–1989 period for the GH5 anomaly
(not shown). The CCs between the reanalysis EOF1 and GCM
EOF1 patterns of the GH5 anomaly were 0.41, 0.34, 0.49 and
0.43 for CNRM, ECMWF, UKMO and MME, respectively. In
addition, the spatial pattern covering the central North Pacific
was also shaped like the PJ pattern, as shown in Fig. 2(b).
Overall, the GH5 from CNRM, ECMWF, UKMO and MME over
Pan-East Asia can provide favorable circulation information for
the SD scheme in this study.

Next, the same evaluation techniques were carried out on
the other simultaneous predictor, q85. For all of the GCMs
and MME, the multi-year average of the ACCs for q85 was
larger than 0.36 (above 99% confidence level) (Fig. 4). It was
noted that positive correlations of q85 are found at low
latitudes (not shown), where the interannual climate variabil-
ity was dominated by the anomalies of lower boundary forces,
between the reanalysis and GCMs at a 90% confidence level
(Charney and Shukla, 1981). The predictor q85 from the GCMs
and MME in the region covering the tropical Pacific Ocean
(in the rectangle) had stronger and more positive correlations.
Similar to GH5, the EOF analysis during the summers of the
1960–2001 period for q85 was also performed (not shown).
Table 1
Description of the predictors.

Predictors Period Datasets Domains

GH5 1960–2001
summer

CNRM,ECMWF,
UKMO

30°S–65°N,60°–180°E

q85 1960–2001
summer

CNRM,ECMWF,
UKMO

20°S–20°N,80°E–80°W

GH7 1960–2001
Apr.

ERA-40 90°–20°S,0°–357.5°E

SLP 1959–2000
winter

ERA-40 10°–60°N,70°–180°E
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The corresponding CCs between the reanalysis EOF1 and GCM
EOF1 patterns of the q85 anomaly were 0.49, 0.44, 0.54 and
0.52, respectively. Overall, the good prediction skill of GH5 and
q85 from the models suggested that these two predictors are
available and suitable for the downscaling Scheme.

4. Verification of the statistical downscaling schemes

Because four predictors (from GCMs and reanalysis data)
were selected for the downscaling scheme, the contribution
of the predictors will be estimated by involving the
predictors step by step. First, each predictor was involved in
the downscaling scheme. For example, the GH5 predictor is
used in the downscaling model abbreviated as the “GH5
model”, and the same was true for the other predictor
downscaling models. Second, SD models based on two
simultaneous predictors derived from GCMs (e.g., GH5 and
q85) (abbreviated as the “SD-2P model”) and a hybrid
statistical model (HD) including two simultaneous predictors
in SD-2P and two previous predictors from observation
(abbreviated as the “HD-4P model”) are established as
shown in Eq. (2).

The downscaling results based on each of the above
models were compared in Scheme-CV. Here, the RMSE skill
score indicated the difference between the RMSE of the
original GCMs and the RMSE of the downscaling models with
the division of the former (Wilks, 2011). A positive RMSE skill
score indicated an improved prediction skill. The perfor-
mance of the different downscaling models involving differ-
ent predictors of Scheme-CV for MME was shown in Fig. 5.
The spatial RMSE skill score for all of the downscaling models
was larger than zero during the whole period. The multi-year
average RMSE skill score was approximately 35% for the
downscaling models involving any individual predictor. In
addition, the multi-year average RMSE skill score in SD-2P
model had been more than 37%, but for the HD-4P model, it
reached more than 40% (Table 2). Furthermore, the differences
between multi-year average RMSE skill score of 4P model and
2P model (individual predictor model) are significant at 90%
(95%) from t-test. It was demonstrated that HD-4P downscal-
ing model performs better than the single-predictor down-
scaling models.

Finally, downscaling results based on the SD-2P model
and the HD-4Pmodel were estimated and compared with the
original GCM outputs. And two schemes (i.e., Scheme-CV and
Scheme-IH) were performed to compare the downscaling
summer precipitation over China between SD-2P model and
HD-4P model.

4.1. Downscaling prediction of the station rainfall by Scheme-CV

The spatial anomaly correlation between the observation-
al data and the GCM-simulated or Scheme-CV downscaling
HD-4P model's predictions of rainfall at 160 stations was
shown in Fig. 6. All of the GCMs showed much lower skill
than the downscaling scheme in predicting China station
rainfall. The multi-year average ACCs between the observa-
tional rainfall over China 160 stations and that from original
GCMs were 0.04, 0.05, −0.01 and 0.0.03 for CNRM, ECMWF,
UKMO and MME, respectively. The corresponding ACCs of
HD-4P model all increased to approximately 0.23. In addition,



Fig. 3. The spatial anomaly correlation coefficient of GH5 over Pan-East Asia between the analysis and the GCMs during the summers of 1960–2001. The model
name and multi-year average ACCs are shown at the top left and right of each panel, respectively.

22 Y. Liu, K. Fan / Atmospheric Research 143 (2014) 17–30
the spatial ACCs for all of the GCMs of downscaling SD-2P
model were relatively lower than those of the HD-4P model
(Scheme-CV in Table 3). The downscaling HD-4P model
Fig. 4. Same as Fig. 3 but for q85 i
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products based on Scheme-CV also made significant progress
with respect to the temporal anomaly correlation coefficients
(ACCs) (Fig. 7 showed the use of the Cressman interpolation
n the tropical Pacific Ocean.



Fig. 5. The spatial RMSE skill score based on the MME downscaling (a) GH5
model, (b) q85 model, (c) GH7 model, (d) SLP model, (e) SD-2P model and
(f) HD-4P model. Unit: %.
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method for mapping and the same below) (Gilchrist and
Cressman, 1954; Cressman, 1959). The temporal ACC spatial
distributions for the individual original GCMs were only
greater than 0.25 (90% confident level) in several small regions
that were mainly centralized in the Jianghuai Valley (left
column of Fig. 7). The predicted rainfall of the Scheme-CV
downscaling model showed higher skill in the ACCs between
the observational rainfall and the downscaling HD-4P model's
predictions of rainfall in the summers of 1960–2001. For all of
the GCMs andMME, the temporal ACCs (above 99% confidence
level) performed well over most parts of China, especially for
most parts of Xinjiang, Northeast China, the Ordos Region and
the Yangtze River Valley (right column of Fig. 7). The spatial
features of the predicted precipitation ACCs were consistent
with that of Ke et al. (2009). In particular, the ACC patterns of
CNRM and ECMWF performed better than those of other
models. However, it can be seen that the hindcasts of CNRM
and ECMWF failed to provide the highest correlation between
the leading EOFmode of observation and the GCMs in the GH5
and q85 fields. The results demonstrated that the preceding
predictors (i.e., AAO and SLP) in the downscaling HD-4Pmodel
contributed to the prediction skill in the downscaling results
regarding China summer rainfall.

The RMSE skill score was used to evaluate the magnitude
of the model's prediction skill regarding summer rainfall. The
spatially and temporally improved RMSE skill score was
evaluated in this study. The interannual variability of the
spatial RMSE skill score in the HD-4P model was given in
Fig. 8. The 42-yr averages of the RMSE skill score for the
summer rainfall over China in CNRM, ECMWF, UKMO and
MME for the Scheme-CV downscaling HD-4P model were
Table 2
Multi-year average of spatial RMSE skill score for different downscaling
models (different predictors involved) of Scheme-CV in Fig. 5.

GH5
model

q85
model

GH7
model

SLP
model

SD-2P
model

HD-4P
model

RMSE skill score 35.83% 35.62% 35.16% 33.83% 37.50% 40.16%
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42.58%, 29.23%, 40.71% and 40.16%, respectively, which were
comparable with those of the SD-2P model (not shown).

The comparison between the spatial pattern of the tempo-
rally improved RMSE skill score for the Scheme-CV downscaling
HD-4P model and the original model simulation was shown in
the left column of Fig. 9. The differences between the RMSE skill
score based on the HD-4P model and SD-2P model are also
examined (right column in Fig. 9). For all of the GCMs and
MME, the spatial patterns of the temporal RMSE skill score of
the HD-4P model are all much larger than zero in most stations
over China. In comparison with the rainfall hindcast from the
original GCMs, the RMSE decreased in northern China and parts
of southern China. The largest RMSE skill score nearly reached
70%. The RMSE skill scores were negative over some stations
near Yangtze River. The right column of Fig. 9 compared the
HD-4P model and the SD-2P model. In particular, when the
predictors AAO and SLP were incorporated into the downscal-
ing model, the RMSE skill scores increase (compared with those
of the SD-2P model) in most parts of China, excluding some
stations over Ordos region, south of Yangtze River Valley and
Southwest China. Approximately 80% of the stations cover
China, where the differences between the RMSE skill scores of
the HD-4P model and the SD-2P model were larger than zero
for all of the GCMs and MME (Fig. 9, right column).

In the summer of 1998, several floods occurred in the
Yangtze River, the Pearl River and the Songhua River Valley.
Rainstorms together with flood peaks generated the great
flood event. The multi-scale atmospheric systems of the
subtropical high in theWestern Pacific, the EASM, the cold air
activity at mid-high latitudes and the Tibet Plateau dynamic
effect, among others, caused serious flooding in the Yangtze
River Valley (Tao et al., 1998; Zhang et al., 2001). Therefore,
we compare the observed precipitation to the predictions
based on the Scheme-CV downscaling model in 1998.

Fig. 10 showed the spatial pattern of the summer precipi-
tation anomaly in 1998. Here, the anomaly precipitation
referred to the deviations relative to the 1960–2001 average.
A positive rainfall anomaly was centered in the Yangtze River
Valley and Northeast China, whereas South China was the
negative center (Fig. 10 OBS). For the original output from
MME, the rainfall anomaly had the opposite sign, which
corresponded to the observation over South China and the
Yangtze River Valley. After downscaling based on the SD-2P
model and HD-4P model, MME can capture the main spatial
pattern shown in the observational data. However, the details
of the spatial pattern of the 1998 summer rainfall anomaly in
the SD-2P model and HD-4P model were inconsistent. For the
SD-2P model, the larger and smaller rainfall centers in the
Yangtze River Valley and South China are consistent with the
observational pattern, but an abnormal negative anomaly
appeared in Southwest China (Fig. 10 MME-2Pmodel). In
contrast, the Southwest China was changed to a positive
anomaly in the HD-4P model, and the negative center over
South China was also shrinking, which was comparable with
the scenario in the observational data (Fig. 10 MME-4Pmodel),
the anomaly correlation coefficient between the observation
and the 4P downscaling result reached 0.43 (for SD-2P model
was 0.31) in 1998 summer. In addition, the amplitude of both
models is comparable of the observation. Furthermore, the AAO
was strengthened in April of 1998, which may have led the
western Pacific subtropical high to be positioned in the far



Fig. 6. The spatial anomaly correlation coefficients between the observed summer rainfall and predicted rainfall from the original models (dot line) or the
Scheme-CV downscaling HD-4P model (solid line).
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south and had brought more water vapor to East China such
that more rainfall appeared over the Yangtze River Valley (Xue
et al., 2004). Meanwhile, the EAWM was weak in the 1997
winter, which shifted the western Pacific subtropical high
southward, and more rainfall also occurred over the Yangtze
River Valley in the 1998 summer (Chen et al., 2000).

Based on the examination of the CCs and RMSE skill scores
from 1960 to 2001, both downscaling models performed
much better than the original GCMs with respect to rainfall
hindcasts generally. In particular, the downscaling HD-4P
model showed better results than those of the SD-2P model
based on the RMSE skill scores and the hindcast of the
summer rainfall anomaly over China in 1998.

4.2. Downscaling prediction of station rainfall by Scheme-IH

After examining the skill of the Scheme-CV downscaling
model, this study now evaluated and compared the results
Table 3
The multi-year average ACCs of original GCMs and downscaling models (SD-2P mo

GCMs Scheme-CV (1960–2001)

Original GCMs Downscaling models

SD-2P HD-4P

CNRM 0.04 0.20 0.27
ECMWF 0.05 0.25 0.23
UKMO −0.01 0.20 0.22
MME 0.03 0.21 0.25
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generated in Scheme-IH. For each GCM, the multi-year
average ACCs increased to approximately 0.25 (based on
the downscaling HD-4P model) from approximately 0.01
(based on the original GCM outputs) (Scheme-IH in Table 3).

The percentage of spatial and temporal RMSE skill score
was also examined when comparing the performance of the
Scheme-IH downscaling results with that of the original GCM
hindcasts (not shown). During the independent period
(1990–2001), the 12-year averages of the HD-4P model's
RMSE skill score were at least 30% for all of the GCMs and
MME.

The RMSE skill scores in most stations were larger than
zero for all of the GCMs and MME (not shown). In addition,
the RMSE skill scores over Western China were larger than
those in other parts of China. In approximately 70% stations,
the RMSE skill scores of the HD-4P model were larger than
those of the SD-2P model, especially over the Yangtze River
Valley, Northeast China and Xinjiang. According to the results
del and HD-4P model) in Scheme-CV and Scheme-IH.

Scheme-IH (1990–2001)

Original GCMs Downscaling models

SD-2P HD-4P

−0.01 0.21 0.24
0.07 0.22 0.24
0.04 0.24 0.26
0.06 0.20 0.22



Fig. 7. The spatial pattern of the anomaly correlation coefficients between the observed summer precipitation and the predicted summer rainfall from
the original models (left column) or the Scheme-CV downscaling HD-4P model (right column). The shaded areas with yellow, orange and red correspond to 90%,
95% and 99% confidence levels, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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of the CCs and RMSE skill scores, the Scheme-IH downscaling
model based on the SD-2Pmodel and HD-4Pmodel increased
the CCs and decreased the RMSE compared with the original
209
GCM results from 1990 to 2001. In addition, based on the
comparison of RMSE skill scores, the downscaling HD-4P
model performed significantly better than the SD-2P model.



Fig. 8. The spatial RMSE skill score for Scheme-CV. The model name and multi-year average RMSE skill score of the downscaling HD-4P model are shown at the
top left and right of each panel, respectively. Unit: %.
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Overall, our study demonstrates that the downscaled precip-
itation based on large-scale variables was useful for making
regional predictions based on these two Schemes.
5. Conclusions and discussions

In this study, two SD schemes based on the GCM outputs
and observational data of large-scale circulation patterns
were used to predict station rainfall over China. Two
predictors (GH5 and q85) from three different DEMETER
GCMs and two predictors (GH7 and SLP) from the observa-
tions were applied to the downscaling schemes step by step.
The downscaling model based on any single predictor
showed lower prediction skill than the multi-predictor
downscaling models (SD-2P model and HD-4P model). The
original GCM outputs and the results of the downscaling
models were compared in Scheme-CV and Scheme-IH.

Scheme-CV was used as a cross-validation method to
downscale the summer rainfall for the 1960–2001 periods.
For every GCM, Scheme-CV had higher skill in predicting
rainfall than the corresponding original outputs. The spatial
and temporal CCs of both downscaling models increased
significantly compared with those of the original GCMs. In
addition, the downscaling spatial and temporal RMSE
decreased greatly compared with the RMSE of the original
GCM hindcasts, and the predictions of the downscaling
HD-4P model were better than those based on the SD-2P
model. Furthermore, the downscaling HD-4P model better
reproduced the 1998 summer rainfall anomaly pattern than
the downscaling SD-2P model. Scheme-IH was carried out as
an independent hindcast to predict the summer precipitation
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during 1990–2001. The spatial and temporal CCs and RMSE
skill score also improved significantly for all of the GCMs, and
the prediction skill of the downscaling predictions based on
the HD-4P model is higher than those based on the 2P model.

All the above downscaling RMSE skill scores were cal-
culated based on each GCM, respectively, but not a uniform
reference. Therefore, it's difficult to tell which GCM had
absolute increased prediction skill through downscaling
approach. Here, a new reference based observational precip-
itation was defined as follows:

RMSEref ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN
i¼1

Robs
i −R

� �2

N

vuuuut ð3Þ

where Ri
obs and R indicate the observed rainfall and that of the

climatology, respectively. Here, the RMSE skill score indicated
the difference between the RMSEref and the RMSE of the down-
scaling models with the division of the former (Table 4). It is
shown that the HD-4P performed better than SD-2P (Table 4).
Meanwhile, with the comparison of each GCM downscaling, all
of them have comparable improved RMSE skill score.

It is well known that original GCM precipitation has
systematic bias which will affect the RMSE calculation but
can be removed statistically. The GCM precipitation forecast
rainfall removing systematic bias (R) in target year can be
expressed as follows:

R ¼ R0‐R
′

R′ ¼ 1
n

Xn
i¼1

R0ð Þi‐Robs
i

h i ð4Þ



Fig. 9. The pattern of temporal RMSE skill score based on the downscaling HD-4P model (left column) and the differences in RMSE skill score between the HD-4P
model and the SD-2P model (right column) in Scheme-CV. P denotes the values of RMSE skill score in 160 stations. The names of the GCMs are shown at the top
left of each panel. Unit: %.
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where R0, Robs and n denote the original GCM precipitation,
the observational data and the fitting years respectively. The
cross validation RMSE skill score of downscaling with the
211
reference of removing the systematic bias of GCMwas shown
in Table 5. RMSE skill score was larger than zero for all the
GCMs, and can reach 8%, but much lower than the scenario of



Fig. 10. The precipitation anomaly spatial patterns of the observations, original model outputs and Scheme-CV downscaling model in the summer of 1998. The
dataset sources are given at the top left of each panel. MME-GCM, MME-2P model and MME-4P model denote the MME original hindcast, the downscaled rainfall
anomaly based on the SD-2P model and the downscaled rainfall anomaly based on the HD-4P model, respectively. Unit: mm/d.
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the downscaling result. Therefore, the downscaling method
in the current work is also superior to the systematic bias
correction.

In general, the downscaling predictions based on the
HD-4P model gave higher scores than those based on the
model using GH5 and q85 as the predictors. This difference
may be due to the inability of some GCMs to represent a
realistic coupled pattern between station precipitation and
the GH5 and q85 predictors. Conversely, the April AAO and
winter SLP seemed to be better captured because of the data
source of the GH7 and SLP predictors and the important
influence of previous AAO and SLP signals on summer
precipitation in particular years. Overall, the combination of
previous (i.e., GH7 and SLP) and simultaneous (i.e., GH5 and
q85) predictors favors the acquisition of more information
regarding delayed and synchronous effect from atmospheric
Table 4
The multi-year average RMSE skill score (with the reference of RMSEref)
based on observation precipitation in Scheme-CV.

GCM SD-2P HD-4P

CNRM −15.27% −9.35%
ECMWF −16.43% −10.39%
UKMO −16.82% −11.07%
MME −19.44% −13.06%
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systems for summer rainfall over China. The combination of
the previous observation and current skillful prediction of
output of the GCMs should be effective to improve the SD
prediction of summer rainfall at stations in China.
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UKMO 40.71% 3.69%
MME 40.16% 8.94%
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Appendix A. The downscaling approach

In SVD, the coupled patterns mentioned above can be
expressed in the following equation:

Y t; xð Þ ¼
Xm
i¼1

Ri xð ÞKi tð Þ

X t; xð Þ ¼
Xm
i¼1

Ui xð ÞSi tð Þ:

Here, m is the total number of SVD modes. Y(t,x) and X(t,x)
are the predictand and predictor, respectively. Ri(x) and Ui(x)
indicate the singular vector of the predictand and predictor,
respectively, in the ith mode. Ki(t) and Si(t) denote, respec-
tively, the time expansion coefficient of the ith SVD mode for
the regional predictand and the large-scale predictor.

The following linear regression will be used.

K̂i tð Þ ¼ βiSi tð Þ þ εi; i ¼ 1;…;n

Here, K̂i tð Þ indicates the regressed time expansion from
Si(t), βi is the linear regression coefficient, εi is the residual
and n denotes the total number of SVD modes retained.
In this study, the first six modes are retained. Finally, the
forecasted precipitation Y(t + Δt, x) in the target year can be
written as:

Y t þ Δt; xð Þ ¼
Xn
i¼1

Ri xð Þ K̂i t þ Δtð Þ
� �

:

References

Benestad, R.E., 2004. Empirical-statistical downscaling in climate modeling.
EOS Trans. Am. Geophys. Union 85 (42), 417–422. http://dx.doi.org/
10.1029/2004EO420002.

Branković, Č., Palmer, T.N., Ferranti, L., 1994. Predictability of seasonal
atmospheric variations. J. Clim. 7, 217–237.

Bretherton, C.S., Smith, C., Wallace, J.M., 1992. An intercomparison of
methods for finding coupled patterns in climate data. J. Clim. 5, 541–560.

Charney, J.G., Shukla, J., 1981. Predictability of monsoons. In: Lighthill, J.,
Pearce, R. (Eds.), Monsoon Dynamics. Cambridge University Press (735
pp.).

Chen, X.F., Zhao, Z.G., 2000. Study and application on prediction of rainfall
over China in flood season. (in Chinese) Meteor. Press (241 pp.).

Chen, W., Graf, H.F., Huang, R.H., 2000. The interannual variability of East
Asian winter monsoon and its relation to the summer monsoon. Adv.
Atmos. Sci. 17 (1), 48–60.

Chen, H.P., Sun, J.Q., Wang, H.J., 2012. A statistical downscaling model for
forecasting summer rainfall in China from DEMETER hindcast datasets.
Weather Forecast. 27, 608–628.

Chu, J.L., Kang, H., Tam, C.Y., Park, C.K., Chen, C.T., 2008. Seasonal forecast for
local precipitation over northern Taiwan using statistical downscaling.
J. Geophys. Res. 113, D12118. http://dx.doi.org/10.1029/2007JD009424.

Cressman, G.P., 1959. An operational objective analysis system. Mon. Weather
Rev. 87, 367–374.

Fan, K., 2006. Atmospheric circulation anomalies in the Southern Hemi-
sphere and summer rainfall over Yangtze River Valley. Chin. J. Geophys.
49 (3), 672–679 (in Chinese).

Fan, K., Wang, H.J., 2006. Antarctic Oscillation anomaly and forecast of 2006
summer precipitation in eastern China. J. Appl. Meteorol. Sci. 17 (3),
383–384 (in Chinese).

Fan, K., Liu, Y., Chen, H., 2012. Improving the prediction of the East Asian
summer monsoon: new approaches. Weather Forecast. 27, 1017–1030.
http://dx.doi.org/10.1175/WAF-d-11-000921.

Fernández-Ferrero, A., Sáenz, J., Ibarra-Berastegi, G., Fernández, J., 2009.
Evaluation of statistical downscaling in short range precipitation
forecasting. Atmos. Res. 94, 448–461.
213
Gao, H., Yang, S., Kumar, A., Hu, Z.Z., Huang, B., Li, Y., Jha, B., 2011. Variations
of the East Asian Mei-yu and simulation and prediction by the NCEP
Climate Forecast System. J. Clim. 24, 94–108.

Gilchrist, B., Cressman, G.P., 1954. An experiment in objective analysis. Tellus
6 (4), 309–318.

Giorgi, F., et al., 2001. Regional climate simulation–evaluation and projec-
tions. In: Houghton, J.T. (Ed.), Climate Change 2001: The Scientific Basis.
Cambridge Univ. Press, New York (944 pp.).

Gong, D.Y., Ho, C.H., 2003. Detection of large-scale climate signals in spring
vegetation index (normalized difference vegetation index) over the
Northern Hemisphere. J. Geophys. Res. 108 (D16), 4498. http://dx.doi.org/
10.1029/2002JD002300.

Gong, D.Y., Wang, S.W., 1999. Definition of Antarctic Oscillation index.
Geophys. Res. Lett. 26, 459–462.

Guo, Y., Li, J.P., Li, Y., 2011. Statistically downscaled summer rainfall over the
middle-lower reaches of the Yangtze River. Atmos. Ocean. Sci. Lett. 4,
191–198.

Hu, Z.Z., 1997. Interdecadal variability of summer climate over East Asia and
its association with 500 hPa height and global sea surface temperature.
J. Geophys. Res. 102 (D16), 19403–19412. http://dx.doi.org/10.1029/
97JD01052.

Huang, M.Y., Huang, J.Y., 2000. Forecasting experiments and diagnostic
results of the CCA model on summer precipitation of China. (in Chinese)
Q. J. Appl. Meteorol. 11, 31–39 (Suppl.).

Huang, R.H., Li, W.J., 1987. Influence of the heat source anomaly over the
western tropical Pacific on the subtropical high over East Asia. Proc.
International conference on the general circulation of East Asia,
pp. 40–51.

Im, E., Kwon, W., Ahn, J., Giorgi, F., 2007. Multi-decadal scenario simulation
over Korea using a one-way double-nested regional climate model
system. Part 1: recent climate simulation (1971–2000). Clim. Dyn. 28
(7), 759–780.

Jia, X.L., Chen, L.J., Li, W.J., Chen, D.L., 2010. Statistical downscaling based on
BP-CCA: predictability and application to the winter temperature and
precipitation in China. Acta Meteorol. Sin. 68 (3), 398–410.

Jolliffe, I.T., 1972. Discarding variables in a principal component analysis, I:
artificial data. Appl. Stat. 21, 160–173.

Jolliffe, I.T., 2002. Principal Component Analysis, 2nd ed. Springer (487 pp.).
Kang, I.S., Jin, K., Wang, B., Lau, K.M., Shukla, J., Krishnamurthy, V., Schubert, S.,

Wailser, D., Stern, W., Kitoh, A., 2002. Intercomparison of the climatological
variations of Asian summer monsoon precipitation simulated by 10 GCMs.
Clim. Dyn. 19, 383–395. http://dx.doi.org/10.1007/s00382-002-0245-9.

Ke, Z.J., Zhang, P.Q., Dong, W.J., Wang, J., 2009. An application of optimal
subset regression in seasonal climate prediction. Chin. J. Atmos. Sci. 33
(5), 994–1002 (in Chinese).

Kidson, J.W., 1988. Interannual variations in the Southern Hemisphere
circulation. J. Clim. 1, 1177–1198.

Kosaka, Y., Nakamura, H., 2006. Structure and dynamics of the summertime
Pacific–Japan teleconnection pattern. Q. J. R. Meteorol. Soc. 132, 2009–2030.

Lang, X.M., Wang, H.J., 2005. Seasonal differences of model predictability and
the impact of SST in the Pacific. Adv. Atmos. Sci. 22 (1), 103–113.

Lang, X.M., Wang, H.J., 2010. Improving extraseasonal summer rainfall
prediction by merging information from GCMs and observations. Weather
Forecast. 25, 1263–1274.

Li, C.Y., 1988. Frequent activities of stronger aero troughs in East Asia
wintertime and occurrence of the El Niño event. Sci. China Ser. B-Earth
Sci. 31, 976–985.

Li, M.C., Hu, Y.F., Huang, J.Y., 1987. The research on the interaction between
the atmospheric circulation of East Asia and El Niño. Chin. J. Atmos. Sci.
11 (4), 359–364 (in Chinese).

Liu, Y., Fan, K., 2012a. A new statistical downscaling model for autumn
precipitation in China. Int. J. Climatol. http://dx.doi.org/10.1002/joc.3514.

Liu, Y., Fan, K., 2012b. Prediction of spring precipitation in China using a
downscaling approach. Meteorol. Atmos. Phys. 118, 79–93.

Liu, Y., Fan, K., Wang, H.J., 2011. Statistical downscaling prediction of
summer precipitation in southeastern China. Atmos. Ocean. Sci. Lett. 4
(3), 173–180.

Mao, H.Q., Li, X.Q., 1997. Short-term climate forecast experiment of winter
temperature in China using Canonical Correlation Analysis. (in Chinese)
Q. J. Appl. Meteorol. 8 (4), 385–392.

Michaelsen, J., 1987. Cross-validation in statistical climate forecast models.
J. Appl. Meteorol. Sci. 26 (11), 1589–1600.

Murphy, J., 2000. Predictions of climate change over Europe using statistical
and dynamical downscaling techniques. Int. J. Climatol. 20, 489–501.

Nitta, T., 1987. Convective activities in the tropical western Pacific and their
impact on the Northern Hemisphere summer circulation. J. Meteorol.
Soc. Jpn. 65, 373–390.

Nitta, T., Hu, Z.Z., 1996. Summer climate variability in China and its
association with 500-hPa height and tropical convection. J. Meteorol.
Soc. Japan 74, 425–445.

http://dx.doi.org/10.1029/2004EO420002
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0010
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0010
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0015
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0015
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0300
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0300
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0300
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0305
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0305
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0035
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0035
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0035
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0025
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0025
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0025
http://dx.doi.org/10.1029/2007JD009424
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0020
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0020
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0050
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0050
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0050
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0055
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0055
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0055
http://dx.doi.org/10.1175/WAF-d-11-000921
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0060
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0060
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0065
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0065
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0065
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0070
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0070
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0310
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0310
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0310
http://dx.doi.org/10.1029/2002JD002300
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0080
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0080
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0085
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0085
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0085
http://dx.doi.org/10.1029/97JD01052
http://dx.doi.org/10.1029/97JD01052
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0315
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0315
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0315
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0320
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0320
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0320
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0320
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0100
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0100
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0100
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0100
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0105
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0105
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0105
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0110
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0110
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0325
http://dx.doi.org/10.1007/s00382-002-0245-9
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0120
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0120
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0120
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0125
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0125
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0130
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0130
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0135
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0135
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0140
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0140
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0140
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0145
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0145
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0145
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0150
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0150
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0150
http://dx.doi.org/10.1002/joc.3514
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0160
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0160
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0165
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0165
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0165
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0170
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0170
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0170
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0175
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0175
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0180
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0180
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0185
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0185
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0185
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0190
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0190
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0190


30 Y. Liu, K. Fan / Atmospheric Research 143 (2014) 17–30
Palmer, T.N., et al., 2004. Development of a European Multimodel Ensemble
System for Seasonal-to-Interannual Prediction (DEMETER). Bull. Am.
Meteorol. Soc. 85, 853–872.

Paul, S., Liu, C.M., Chen, J.M., Lin, S.H., 2008. Development of a statistical
downscaling model for projecting monthly rainfall over East Asia
from a general circulation model output. J. Geophys. Res. 113, D15117.
http://dx.doi.org/10.1029/2007JD009472.

Prohaska, J.A., 1976. A technical for analyzing the linear relationships
between two meteorogical fields. Mon. Weather Rev. 104, 1345–1353.

Rogers, J.C., van Loon, H., 1982. Spatial variability of sea level pressure and
500 mb height anomalies over the Southern Hemisphere. Mon. Weather
Rev. 110, 1375–1392.

Sperber, K.R., et al., 2001. Dynamical Seasonal Predictability of the Asian
Summer Monsoon. Mon. Weather Rev. 129, 2226–2248.

Sun, J.Q., Chen, H.P., 2012. A statistical downscaling scheme to improve
global precipitation forecasting. Meteorol. Atmos. Phys. 117, 87–102.
http://dx.doi.org/10.1007/s00703-012-0195-7.

Sun, B.M., Sun, S.Q., 1994. The analysis on the feature of the atmospheric
circulation in preceding winter for the summer drought and flooding in
the Yangtze and Huaihe River valley. Adv. Atmos. Sci. 11, 79–90.

Sun, J.Q., Wang, H.J., Yuan, W., 2009. A possible mechanism for the co-
variability of the boreal spring Antarctic Oscillation and the Yangtze
River valley summer rainfall. Int. J. Climatol. 29, 1276–1284.

Tao, S.Y., Chen, L.X., 1987. A review of recent research on the East Asian
summer monsoon in China. In: Chang, C.P., Krishnamurti, T.N. (Eds.),
Monsoon Meteorology. Oxford University Press, pp. 60–92.

Tao, S.Y., Zhang, Q.Y., Zhang, S.L., 1998. The Great Floods in the Changjiang
River Valley in 1998 (in Chinese). Clim. Environ. Res. 3 (4), 290–299.

Thompson, D.W.J., Wallace, J.M., 2000. Annular modes in the extratropical
circulation: part I: month-to-month variability. J. Clim. 13, 1000–1016.

Uppala, et al., 2005. The ERA-40 re-analysis. Q. J. R. Meteorol. Soc. 131,
2961–3012. http://dx.doi.org/10.1256/qj.04.176.

Uvo, C.B., Olsson, J., Morita, O., Jinno, K., Kawamura, A., Nishiyama, K., Koreeda,
N., Nakashima, T., 2001. Statistical atmospheric downscaling for rainfall
estimation in Kyushu Island, Japan. Hydrol. Earth Syst. Sci. 5 (2), 259–271.

Wang, H.J., 1997. A Preliminary study on the uncertainty of short-term
climate prediction. (in Chinese) Clim. Environ. Res. 2 (4), 333–338.

Wang, H.J., 2001a. The weakening of the Asian monsoon circulation after the
end of 1970's. Adv. Atmos. Sci. 18, 376–386.

Wang, S.W., 2001b. Progress of Modern Climate Research. (Chapter 11)
China Meteorology Press (In Chinese).

Wang, H.J., 2002. Instability of the East Asian Summer monsoon-ENSO
relations. Adv. Atmos. Sci. 19, 1–11.
214
Wang, H.J., Fan, K., 2005. Central-North China precipitation as reconstructed
from the Qing dynasty: signal of the Antarctic Atmospheric Oscillation.
Geophys. Res. Lett. 32, L24705. http://dx.doi.org/10.1029/2005GL024562.

Wang, H.J., Fan, K., 2009. A New scheme for improving the seasonal
prediction of summer precipitation anomalies. Weather Forecast. 24,
548–554.

Wang, H.J., Qian, Z.L., 2010. a potential high-score scheme for the prediction
of Atlantic storm activity. Atmos. Ocean. Sci. Lett. 3 (2), 116–119.

Wang, H.J., Matsuno, T., Kurihara, Y., 2000. Ensemble hindcast experiments for
the flood period over China in 1998 by use of the CCSR/nies atmospheric
general circulation model. J. Meteorol. Soc. Jpn. 78 (4), 357–365.

Wang, B., Wu, R., Lau, K.M., 2001. Interannual variability of the Asian
summer monsoon: contrasts between the Indian and the western North
Pacific East Asian monsoons. J. Clim. 14, 4073–4090.

Wang, B., Kang, I.S., Lee, J.Y., 2004. Ensemble simulation of Asian–Australian
monsoon variability by 11 AGCMs. J. Clim. 17, 803–818.

Wilks, D.S., 2006. Statistical Methods in the Atmospheric Sciences, 2nd ed.
Academic Press (627 pp.).

Wilks, D.S., 2011. On the reliability of the rank histogram. Mon. Weather Rev.
139, 311–316.

Wu, W.L., et al., 2012. Statistical downscaling of climate forecast system
seasonal predictions for the Southeastern Mediterranean. Atmos. Res.
118, 346–356.

Xue, F., Wang, H.J., He, J.H., 2004. Interannual variability of Mascarene high
and Australian high and their influences on East Asian summer
monsoon. J. Meteorol. Soc. Jpn. 82 (4), 1173–1186.

Yang, H.L., Xu, Y.L., Zhang, L., Pan, J., Tao, S.C., 2010. Projected Change in
Mean and Extreme Climate over China in the Late 21st Century from
PRECIS Under SRES A2 Scenario. (in Chinese) Adv. Clim. Chang. Res. 6
(3), 157–163.

Yoshiike, S., Kawamura, R., 2009. Influence of wintertime large-scale
circulation on the explosively developing cyclones over the western
North Pacific and their downstream effects. J. Geophys. Res. 114,
D13110. http://dx.doi.org/10.1029/2009JD011820.

Zhang, S.L., Tao, S.Y., Zhang, Q.Y., Zhang, X.L., 2001. Meteorological and
hydrological characteristics of severe flooding in China during the
summer of 1998. (in Chinese) Q. J. Appl. Meteorol. 12 (4), 442–457.

Zhang, Y.Q., Wu, S.G., Ding, Y.G., He, T., Gao, Q.Z., 2006. Forecast of summer
precipitation based on SVD iteration model. (in Chinese) Acta Meteorol.
Sin. 64 (1), 121–127.

Zorita, E., Von Storch, H., 1999. The analog method as a simple statistical
downscaling technique: comparison with more complicated methods.
J. Clim. 12, 2474–2489.

http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0200
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0200
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0200
http://dx.doi.org/10.1029/2007JD009472
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0205
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0205
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0195
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0195
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0195
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0215
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0215
http://dx.doi.org/10.1007/s00703-012-0195-7
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0230
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0230
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0230
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0220
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0220
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0220
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0330
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0330
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0330
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0235
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0235
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0240
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0240
http://dx.doi.org/10.1256/qj.04.176
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0250
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0250
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0265
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0265
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0275
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0275
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0335
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0335
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0280
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0280
http://dx.doi.org/10.1029/2005GL024562
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0290
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0290
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0290
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0295
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0295
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0270
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0270
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0270
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0255
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0255
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0255
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0260
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0260
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0340
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0340
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0345
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0345
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0350
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0350
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0350
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0355
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0355
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0355
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0360
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0360
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0360
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0360
http://dx.doi.org/10.1029/2009JD011820
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0370
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0370
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0370
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0375
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0375
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0375
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0380
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0380
http://refhub.elsevier.com/S0169-8095(14)00058-1/rf0380


INTERNATIONAL JOURNAL OF CLIMATOLOGY
Int. J. Climatol. (2014)
Published online in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/joc.4058

A hybrid statistical downscaling model for prediction
of winter precipitation in China

Ying Liua,b and Hong-Li Rena*
a Laboratory for Climate Studies, National Climate Center, China Meteorological Administration, Beijing, China

b Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters, Nanjing University of Information Science &
Technology, China

ABSTRACT: Downscaling techniques can effectively improve the coarse resolution and poor representation of precipitation
predicted by general circulationmodel (GCM). In this study, a statistical downscaling (SD)method, based on the singular value
decomposition (SVD), is proposed for better representing the coupled variation between predictors and winter precipitation
in China. By comparing current predictors from Climate Forecast System version 2 (CFSv2) of National Centers for
Environmental Prediction and previous predictors from observation, the two best appropriate predictors, the winter sea level
pressure (SLP) from the CFSv2 and the autumn sea-ice concentration (SIC) from observation, are selected to construct the
SD model for prediction of winter precipitation in China. Three downscaling schemes are developed by involving the SLP,
SIC, and both of them (i.e. SLP-scheme, SIC-scheme, and SS-scheme), respectively. Validations for the schemes show a
considerable improvement of performance in predicting China winter precipitation, compared with the original CFSv2 output.
The temporal and spatial anomaly correlation coefficient (ACC) and root mean square errors (RMSE) were estimated. For the
cross validation, the spatial ACC are increased from∼0.01 of the CFSv2 to>0.3 of the downscalingmodel. For the independent
validation, the temporal RMSE from the downscaling schemes are all decreased more than 30%. In particular, the results using
the SS-scheme showed relatively smaller RMSE than those of either the SLP-scheme or SIC-scheme, and hence can reproduce
the precipitation anomaly in 2011 and 2012 winters more accurately.
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1. Introduction

General circulation models (GCMs) are the primary tool
for understanding and predicting how global climate
may vary in the future. However, the current GCMs
are usually not able to provide reliable information on
regional scales (Huth, 1999; Lang et al., 2003). Hence,
to more reliably predict seasonal precipitation in regional
domains, the relatively coarse scale information from the
GCM is not enough apparently. To overcome this diffi-
culty, downscaling approach attempts to resolve the scale
discrepancy between large-scale variables and the local
precipitation required for prediction, based on the assump-
tion that large-scale climate exhibits a strong influence on
local-scale climate. In general, there are two downscaling
approaches coexisting (Christensen et al., 2007). One
is the dynamical downscaling, which, through nesting a
regional climate model (RCM) into the GCM, can repre-
sent atmospheric physics with a higher spatial resolution
within a limited area of interest (Gao et al., 2001, 2006;
Ju and Lang, 2011). The other is the statistical downscal-
ing (SD) which establishes statistically some empirical

*Correspondence to: H.-L. Ren, Laboratory for Climate Studies,
National Climate Center, China Meteorological Administration, Beijing
100081, China. E-mail: renhl@cma.gov.cn

linkages between large-scale variables and observed
local-scale variables (Wigley et al., 1990; Widmann and
Bretherton, 2003). The relatively low computational
demand makes the SD an attractive approach for climate
projection and prediction (Schoof, 2013).
Under the background of winter climate changes in

recent years, the impacts of winter precipitation, such as
snowstorm, on China has caused widespread concerns
and raised an important scientific question. As shown in
Figure 1, the climatological winter precipitation increases
from the northern to southern China, however, at the top
corner of the northwestern (NW) China, there is more
precipitation than over the adjacent regions. This indicates
that winter precipitation typically occurs on finer and more
regional spatial scales in China, and thus that it is usually
a hard topic to predict the winter precipitation in China.
Therefore, it is essential and important for decreasing
losses of economy and lives to improve accuracy of the
China winter precipitation prediction (e.g. using the SD
model).
Previous studies have concerned the winter precipitation

prediction in China using different prediction approaches.
For example, a statistical method named year-to-year
increment prediction has been proposed (Fan et al., 2008)
as an effective method to improve the prediction skill of
East Asian climate (Fan et al., 2012) and hurricane activity

© 2014 Royal Meteorological Society
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Figure 1. The climatology of winter precipitation rate (mmday−1) of 160
station locations from 1982 to 2012. Shading denotes the precipitation
rate (mmday−1), and the dots show the locations of the 160 stations in

China.

(Fan, 2011), and was further applied to prediction of win-
tertime heavy snow activity in Northeast China (Fan and
Tian, 2013). Recently, in terms of the idea of downscaling,
a few studies have applied the SD approaches to the winter
precipitation in China using only current GCM informa-
tion (Yan et al., 2008; Jia et al., 2010) or previous obser-
vational signals (Lang, 2011). However, either information
source is definitely not enough to provide a significant per-
formance of predicting the winter precipitation in China
and it is probably a more effective way to combine both
the information sources (Liu et al., 2013). Therefore, this
study will focus on a new hybrid SD model for predicting
the winter precipitation in China based on different infor-
mative predictors from both GCM and observation. Partic-
ularly, we will explore to design the procedure of selecting
predictors and to verify the performance of different SD
models in the hybrid model based on different predictors.
The aim of this study is to select suitable predictors and
establish an effective hybrid SD model to notably improve
the predictive capability of winter precipitation in China.
This study is reported as follows: Section 2 introduces the
used datasets and the SD model. Section 3 analyses the
candidate predictors and then selects the optimal ones. The
analysis results of the SD models based on different pre-
dictors are described in Section 4. Section 5 presents a
summary and some discussions.

2. Data and method

2.1. Data

The GCM hindcast used in this study was from the Cli-
mate Forecast System version 2 (CFSv2) of the National
Centers for Environmental Prediction (NCEP). CFSv2
is a fully coupled dynamical prediction system that has
been an important component of the monthly to sea-
sonal prediction system of the NCEP’s Climate Predic-
tion Center (CPC) since it became operational in 2011,

replacing its predecessor, CFS version 1 (CFSv1) (Saha
et al., 2013). CFSv1 has been particularly successful in
seasonal-to-interannual climate forecasting, both retro-
spectively and operationally (Saha et al., 2006). In CFSv2,
the oceanic and atmospheric components exchange surface
momentum, heat and freshwater fluxes every 30minutes.
Here, sea level pressure (SLP) and precipitation during
1982–2012 winters are used to define the current pre-
dictor with a 1∘ × 1∘ latitude–longitude spatial resolution.
The CFSv2 datasets used in this study were initialized on
November, and ensemble of forecast for every lead day
from initial time was done to produce the winter variables.
The observed SLP, which was derived from the joint

reanalysis data of the NCEP and National Centers for
Atmospheric Research (NCAR), were compiled on a
2.5∘ × 2.5∘ regular latitude–longitude grid (Kalnay et al.,
1996). The National Oceanic and Atmospheric Admin-
istration’s (NOAA) Precipitation Reconstruction Dataset
(PREC) was used as the observation of monthly global
precipitation. The datasets are defined by interpolation of
gauge observations over land (PREC/L) and by empirical
orthogonal function (EOF) reconstruction of historical
observations over ocean (PREC/O) (Chen et al., 2002). It
is composed of 2.5∘ × 2.5∘ global grid. The sea-ice con-
centration (SIC) data, obtained from Met Office Hadley
Centre’s sea-ice and sea surface temperature data set ver-
sion 1 (HadISST1) (Rayner et al., 2003), includes globally
complete monthly fields on a 1∘ × 1∘ latitude–longitude
grid. Monthly precipitation at the 160 standard stations
was obtained from National Climate Center of China
Meteorological Administration. The locations of the 160
stations are shown in Figure 1.
The common period for all the datasets is span-

ning from 1982 to 2012. For each year, we generated
autumn (September–October–November) and winter
(December–January–February) averages.

2.2. Method

The first method is a 1-year-out cross validation. One year
of predictor and predictand data were excluded from the
respective data set, and the data from the residual years
were used in the training period. Next, a prediction based
on the training period was made for the remaining years
(Michaelsen, 1987). This cross-validated procedure was
performed 31 times to produce precipitation predictions
from 1982 to 2012 for the validation. The other method
is an independent validation for the period from 1982 to
2012, in which, the downscaling scheme used a moving
25 years for the fitting. Therefore, the precipitation pre-
diction for the targeted year is completely independent of
the training period.
In this article, singular value decomposition (SVD) anal-

ysis (Bretherton et al., 1992) was used to statistically
describe the link between precipitation and its predictors.
We chose this method to objectively determine coupled
anomaly patterns in the predictor and predictand fields.
During the training period, the predictors and predictand
were reconstructed using the respective EOF modes and
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Table 1. Descriptions of the candidate predictors.

Predictors SLP SIC Precipitation

Domain 15∘N–60∘N; 70∘E–180∘E 60∘N–90∘N; 0∘–360∘E 15∘N–55∘N; 70∘E–140∘E
Dataset CFSv2 HadISST1 CFSv2
Period 1982–2012 winter 1982–2012 autumn 1982–2012 winter

4

(a) (b) (c)

4

(d) (e) (f)

Figure 2. The heterogeneous correlation patterns of the first leading SVD for the observed precipitation in China (a, d) and SLP (b, e); as well as
time series of extension coefficients for precipitation and SLP (c, f) in the boreal winter during 1982–2012, where SLP in (b) and (e) are based on

the NCEP and CFSv2 data, respectively.

(a)

(d)

(b)

(e)

(c)

(f)

Figure 3. The heterogeneous correlation patterns of the first leading SVD for the observed precipitation in China (a, d) and precipitation over eastern
Asia (b, e); as well as time series of extension coefficients for precipitation and precipitation over eastern Asia (c, f) in the boreal winter during

1982–2012, where precipitation over eastern Asia in (b) and (e) are based on the PREC and CFSv2 data, respectively.
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the principal components of the two fields to filter out the
noise. Then, SVD was applied to extract coupled patterns
between observed precipitation and large-scale variables.
Next, during the prediction period, the linear regression
was used to forecast the time expansion coefficients of the
SVD for the predictand based on that of the large-scale pre-
dictors. Finally, the predictand in the target year was pre-
dicted by the time expansion coefficient at the forecasting
time and the singular vector of the SVD mode in training
time for the predictand. More details of the procedure of
the SD can be referred from Liu and Fan (2012, 2013).
Here, we defined a decreased root mean square error

percentage (RMSEP) as measuring the difference between
the root mean square error (RMSE) of the original CFSv2
and the downscaling model to quantify the ability of the
SD model in predicting the winter precipitation anoma-
lies. The RMSE and RMSEP can be expressed with the
following equations:

RMSE =

√√√√√√
N∑

i=1

(
yi − yoi

)2

N
(1)

RMSEP =
RMSECFSv2 − RMSESD

RMSECFSv2
× 100% (2)

In Equation 1, yi is the output of original CFSv2 or down-
scaling, and yoi is the observational data. N presents total
number of stations in China or forecast period according to
the spatial or temporal RMSE. In Equation 2, RMSECFSv2
and RMSESD indicated the RMSE of original CFSv2 and

RMSE of SD result, respectively. That is, positive (nega-
tive) RMSEP indicates the SD model has higher (lower)
predictive capability than the CFSv2. The spatial and tem-
poral RMSEP (or RMSE) and the Pearson correlation
between the observations and the CFSv2 output were used
to measure performances of the downscaling models.

3. Predictors

3.1. Candidates of the predictors related to winter
precipitation over China

A pool of candidate predictors for precipitation will be
selected based on the previous studies and superior influen-
tial processes with physical mechanisms. Local changes in
meteorological parameters in mid-latitudes, including pre-
cipitation, are mainly controlled by atmospheric circula-
tion (Parker et al., 1994). Meanwhile, the predicted precip-
itation from the GCM output is the product of interactions
between lots of the model physical processes which are
closely related to occurrences of the precipitation. Autumn
Arctic sea-ice is another one of the important predictor
for winter climate. Decreases in the autumn Arctic sea-ice
have affected climate variation in atmospheric circulation
during boreal winter (Honda et al., 2009), especially recent
years with the accelerated decrease of the Arctic sea-ice.
Therefore, three candidate predictors, namely the SLP and
precipitation in current winter from CFSv2 and the SIC in
previous autumn from observation, were considered to be
involved into the SD model of the winter precipitation in
China.

(c)(b)

(a)

Figure 4. The heterogeneous correlation patterns of the first leading SVD for the observed SIC in autumn (a); winter precipitation in China (b); and
time series of extension coefficients for precipitation and SIC (c) over the period 1982–2012.
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Table 2. Multi-year average of the spatial RMSE and ACC in the cross validation and independent validation.

Cross-validation (1982–2012) Independent-validation (2007–2012)

RMSE (mmday−1) ACC RMSE (mmday−1) ACC

Original CFSv2 1.67 0.01 1.47 −0.01
SLP-scheme 0.48 0.33 0.55 0.31
Precipitation-scheme 0.54 0.30 0.61 0.25
SIC-scheme 0.49 0.38 0.52 0.39
SS-scheme 0.40 0.42 0.49 0.44

(a)

(c)

(b)

Figure 5. The temporal RMSEP pattern of SD based on SLP-scheme (a), precipitation-scheme (b), and SIC-scheme (c) in the cross validation during
1982–2012 winters. The solid circles in pink, orange, and yellow represent the decreased RMSE compared with the original CFSv2 output with
different threshold values, respectively. The green solid circles represent the increased RMSE compared with the original CFSv2. P denotes the

RMSEP (unit: %).

In boreal winter, the SLP field over Asia and North
Pacific is featured by the East Asian Winter Monsoon
(EAWM) (Shi and Zhu, 1996). In addition, the move-
ments of cold air, as a necessary condition for forming
precipitation, can be seen in the SLP over the mid-high
latitudes. EAWM has prominent impacts on the winter
precipitation in China (Xu and Chan, 2002; Wang and He,
2013). Therefore, the SLP over East Asia and northeastern
(NE) Pacific, which represents the EAWM, can be selected
as a candidate predictor (Table 1). Figure 2 depicts the
spatial patterns of precipitation and SLP associated with
their leading SVD modes for the observation/reanalysis
and CFSv2 data, respectively. Over the entire region, the
reanalysis data showed that the first SVD mode of SLP
had an east–west oriented dipole pattern. In particular,
the pattern of SLP is characterized by relatively lower
(higher) anomalies over the NWPacific and higher (lower)
anomalies over the East Asian continent (Figure 2(b)).

The pattern just represents the Aleutian low over the North
Pacific and the Siberian high over the Asian mainland.
The gradient in the SLP anomalies determines variations
of the EAWM to make impacts on the winter precipitation
in China (Tao and Chen, 1987; Xu et al., 1998). A similar
spatial pattern is found for features of the CFSv2 SLP
in the northern East Asian mainland and the NW Pacific
(Figure 2(e)). However, some details of the dipole pattern
for the reanalysed SLP anomalies failed to be reproduced
by the CFSv2. For instance, a shrinking and weakened
negative anomaly over NW Pacific and a further eastward
positive anomaly centre emerge in the first SVD mode of
CFSv2.
The corresponding precipitation pattern for the reanal-

ysed SLP showed a decreased precipitation in China,
excluding the NE and southwestern (SW) China
(Figure 2(a)). For the CFSv2, the first precipitation
SVD mode reproduced the primary spatial characteristics,
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except the expansible negative domain over the SW China
(Figure 2(d)). The correlation coefficients between the
precipitation expansion coefficients and SLP (i.e. 0.7)
are lower for CFSv2, compared with the reanalysis (i.e.
0.76). Furthermore, the correlation coefficient between
the SLP expansion coefficients of the CFSv2 and reanal-
ysis reaches 0.51 and that between the precipitation
expansion coefficients of them is 0.89. On the basis of
the above results, the predictive performance of the SLP
from CFSv2 as a predictor is comparable to that from the
reanalysis.
The GCM precipitation, to some extent, integrates all

relevant large-scale predictors, in which more physical
processes are involved than any single circulation variable.
Deviations between the large-scale GCM precipitation
and regional precipitation are due to biases from sys-
tematic errors of the GCM. Moreover, such a choice of
predictor is less vulnerable to nonstationarities in the
predictor–predictand relationship, because GCM biases
are usually less variable than relationships to circula-
tion indices (Widmann et al., 2003). Some studies have
identified GCM precipitation fields as the predictors for
precipitation downscaling. Schmidli et al. (2006) applied
the SD to precipitation over the European Alps taking
the GCM precipitation as the predictor. The simulated
precipitation from NCEP–NCAR reanalysis was also
used as a predictor to develop a SD model (Widmann and
Bretherton, 2003). In this study, the predicted winter pre-
cipitation over China and adjacent regions (Table 1) from
the CFSv2 was considered as a predictor for regional win-
ter precipitation over China. The first SVD mode between
the CFSv2 winter precipitation and the observed station
precipitation can catch some characteristics of observa-
tion, but also miss more. The strength of the anomaly
centres from the CFSv2 is much weaker than that of the
PREC, and the position even moves far away (Figure 3).
In addition, the correlation between the expansion coef-
ficients of the predictand and predictor is 0.58 for CFSv2
which is much lower compared with that of the PREC
dataset (i.e. 0.9).
During 1979–2006, the linear trends in Arctic sea-ice

extent are negative in every month, especially the larger
trend in September. The loss of the ice cover can affect
the atmospheric circulation and precipitation in middle lat-
itudes (Mark et al., 2007). Recently, Liu et al. (2012) have
indicated that the decrease of Arctic sea-ice tends to result
in anomaly snowfall and severe cold in mid-high latitude.
The autumn SIC anomalies could persist in the follow-
ing winter and the winter Arctic sea-ice anomalies, which
is memorized from the autumn Arctic sea-ice anomalies,
includes the signal induced by winter atmospheric circula-
tion variability (Song et al., 2012). Therefore, the autumn
Arctic SIC is the third candidate predictor for winter pre-
cipitation in China.
The spatial patterns of winter precipitation and the

autumn SIC associated with the leading SVD mode dur-
ing 1982–2012 are shown in Figure 4. The SIC pattern is
almost positive in the entire domain (Figure 4(a)). In par-
ticular, the relatively larger anomaly centres are located

over the regions adjacent to the Barents–Kara Seas and
Beaufort Sea, where the SIC decreased rapidly these years
(Petoukhov and Semenov, 2010; Tivy et al., 2011). The
corresponding precipitation pattern shows positive val-
ues for most parts of the northern China, southern China,
except the middle-lower reach of Yangtze River which
has negative anomalies for the first observed SVD mode
(Figure 4(b)). The coupled patterns between the SIC and
precipitation illustrates that, the decreased sea-ice over

(a)

(b)

(c)

Figure 6. The patterns of temporal RMSEP of SD based on SS-scheme
(a), difference of temporal RMSEP between SS-scheme and SLP-scheme
(b) or SIC-scheme (c) in the cross validation during 1982–2012 winters
(unit: %). In (a), the solid circles in pink, orange, and yellow represent
the decreased RMSE compared with the original CFSv2 output with
different threshold values, respectively. The green solid circles represent
the increased RMSE compared with the original CFSv2. P denotes the
RMSEP. In (b, c), the solid circles in pink (green) represent the positive
(negative) difference of RMSEP which is calculated by the RMSEP of
SS-scheme minuses that of SLP-scheme or SIC-scheme. (d) It denotes

the difference of RMSEP.
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0.350.3 0.45

(a) (b)

Figure 7. The spatial pattern of ACCs between the observed autumn precipitation and either the hindcasts from original CFSv2 (a) or cross-validation
downscaling based on the SS-scheme (b). The shaded areas from light to dark correspond to 90, 95, and 99% confidence levels, respectively.

Arctic (especially Barents–Kara Seas and Beaufort Sea)
tends to induce more precipitation in the northern China
and less precipitation in the southern. Some studies have
demonstrated that the sea-ice over Kara Sea and Beau-
fort Sea can influence the precipitation over North China
and the middle-lower reach of Yangtze River (Wang et al.,
1992; Bai et al., 2000). Decreased autumn-winter Arctic
SIC in the eastern Arctic and Eurasian marginal seas could
produce enhanced Siberian High (Wu et al., 2011) and
more open water, which can provide more water vapour
for more precipitation through southward flow (Wang
and Fan, 2013). Meanwhile, the correlation coefficient
between the expansion coefficients of the predictand and
predictor is 0.69.

3.2. Predictors selected into the SD model

It is crucial for developing a SD model to select suitable
predictors. On the basis of the above analyses, three vari-
ables were determined for candidate predictors, the win-
ter SLP, winter precipitation, and autumn SIC. Here, the
SD model involved SLP was abbreviated as SLP-scheme
and so on for other predictors (i.e. precipitation-scheme
and SIC-scheme). Although the candidate predictors have
close relationship with winter precipitation of China, the
downscaling result is usually determined by more other
factors, such as the performance of the GCM. Therefore,
the cross validation during 1982–2012 winters and inde-
pendent validation from 2007–2012 winters were carried
out to verify the SD model involving the different predic-
tors, respectively. The purpose of the above two validations
is to determine the predictors more applicable for down-
scaling the winter precipitation in China. The multi-year
average of the spatial RMSE and spatial anomaly cor-
relation coefficient (ACC) of precipitation anomaly in
every individual SD scheme is shown in Table 2. For
the original CFSv2, the RMSE is 1.67mmday−1, whereas
after downscaling, the RMSEs of the SD results were

all decreased largely, i.e. 0.48, 0.54, and 0.49mmday−1

from the SLP, precipitation, and SIC SD schemes, respec-
tively. And the ACC of all the SD schemes increased
to >0.3 from ∼0.01 of the original CFSv2. For the
independent validation, the RMSE of SD schemes (i.e.
∼0.6mmday−1) is much smaller than that of the orig-
inal CFSv2 (i.e. 1.47mmday−1). Meanwhile, the ACC
of all the SD schemes increased largely compared with
the original CFSv2 result. Overall, all the SD schemes
performed much better than the original CFSv2, but the
precipitation-scheme SD model has slightly larger RMSE
and smaller ACC than the two others.
As shown in Figure 5, the temporal RMSEP of precip-

itation anomaly was investigated. The SLP-scheme
and SIC-scheme of the SD model have positive
RMSEP over 98.7 and 97.7% stations. In contrast,
the precipitation-scheme has less than 89.4% stations
with positive RMSEP located over the southern China.
On the basis of these results of the cross-validation, the
precipitation-scheme SD models has relatively lower
prediction skill than the SLP-scheme and SIC-scheme of
the SDmodel, therefore, the predictors of SLP and SIC are
ultimately selected to downscale the winter precipitation
in China.

4. SD results

In this study, two validation methods (an independent val-
idation and a 1-year-out cross validation) were applied
to assess the SD models for the winter precipitation in
China. Here, predictors SLP and SIC were involved into
the SDmodel, respectively. And then, both predictors were
all put into the SD model (abbreviated as SS-scheme).
Finally, three schemes (i.e. SLP-scheme, SIC-scheme, and
SS-scheme) have been established in this study. The per-
formances of the SD models can be verified comparing
each SD model with original CFSv2.
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(a)

(c)

(e)

(b)

(d)

Figure 8. The patterns of temporal RMSEP of SD based on SLP-scheme (a), SIC-scheme (c), SS-scheme (e), difference of temporal RMSEP between
SS-scheme and SLP-scheme (b) or SIC-scheme (d) in the independent validation during 2007–2012 winters (unit: %). In (a, c, e), the solid circles
in pink, orange, and yellow represent the decreased RMSE compared with the original CFSv2 output with different threshold values, respectively.
The green solid circles represent the increased RMSE compared with the original CFSv2. P denotes the RMSEP. In (b, d), the solid circles in red
(green) represent the positive (negative) difference of RMSEP which is calculated by the RMSEP of SS-scheme minuses that of SLP-scheme or

SIC-scheme. (d) It denotes the difference of RMSEP.

The precipitation in the original CFSv2 was interpolated
to the 160 stations in China, and then, is compared with the
observations. In this case, the original CFSv2 precipitation
data in the 160 stations are assigned by the nearest CFSv2
grid data (Im et al., 2007; Yang et al., 2010). In the fol-
lowing, we compare the skill of precipitation predictions
by the SD models relative to the original CFSv2 output
with the above two validations.

4.1. Cross validation from 1982–2012

Now, we show the specific comparisons between the origi-
nal CFSv2 and the downscaling results. The patterns of the

temporal RMSEP between the RMSEs of original CFSv2
and the SD result were shown in Figures 5(a), (c) and
6(a). For all the three schemes of the SD model, RMSEPs
are overall positive over most of the stations in China,
except some stations in the SW China. The RMSEPs in
the northern China are larger than those in the southern
China. One possible reason for the phenomenon is that the
magnitude of precipitation in the northern China is rela-
tively uniform, compared with that in the southern China
(refer to Figure 1). For the individual scheme, there are
158, 156, and 159 stations (more than 97% of total
stations) which have positive RMSEPs, for the
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SLP-scheme, SIC-scheme, and SS-scheme, respec-
tively (Figures 5(a), (c) and 6(a)). Furthermore, the
difference between the RMSEP of SS-scheme and that of
the SLP-scheme or SIC-scheme was investigated, and the
positive values are located in most of China (Figure 6(b)
and (c)). It is demonstrated that the SS-scheme has higher
prediction skill that the two other schemes.
The temporal ACCs of the downscaling results only

based on the SS-scheme in terms of cross validation was
examined in Figure 7. The downscaling model shows a
significant improvement of prediction skill, comparedwith
the original CFSv2 output (see right column of Figure 7).
The ACCs are all larger than 0.35 (significant at the 95%
confidence level) over China, except some parts of the
NW China. The ACC reaches 0.6 over the middle reach
of Yellow River. As a contrast, the temporal ACCs for
the original CFSv2 are greater than 0.3 (significant at the
90% confidence level) only in some small regions (left
column of Figure 7). Meanwhile, the multi-year average
of the spatial RMSE and ACC in cross validation was
investigated in Table 2. TheACC and RMSE of SS-scheme
are 0.42 and 0.40mmday–1, respectively. Therefore, it is
evident that the SS-scheme is superior to other two SD
schemes in the cross validation during 1982–2012winters.

4.2. Independent validation from 2007–2012

We here further examine the predictive skill of the down-
scaling model by conducting independent validation. The
spatial patterns of the temporal RMSEPs based on the
different schemes are shown in Figure 8(a), (c) and (e).
Similar to the cross-validation results, the performances
of the SD model in terms of RMSEPs are better over
the northern China than the southern China, but the dif-
ference is there are more negative dots here, compared
with the cross-validation. In details, the negative RMSEPs
are located in the lower reach of Yangtze River and over
some parts of South China. The SS-scheme, comparing
the schemes with each other, has the most stations with
positive RMSEPs (∼90% stations, Figure 8(e)) than the
SLP-scheme (∼86% stations, Figure 8(a)) and SIC-scheme
(∼86% stations, Figure 8(c)). The difference between
the RMSEP of SS-scheme and that of the SLP-scheme
or SIC-scheme is shown in Figure 8(b) and (c). The
SS-scheme has superior prediction skill compared with the
other schemes over most of China stations. Meanwhile,
the ACC of all the SD schemes is much higher than that
of the original CFSv2 from 2007–2012 winters, and the
ACC is the highest in 2008 winter (figure not shown).
The multi-year average of the spatial RMSE and ACC
from SS-scheme in independent validation is 0.49 and
0.44mmday−1, respectively (Table 2).
Also, the temporal variation of the spatial RMSE is

evaluated in Figure 9. For the whole period of the inde-
pendent validation (from 2007 to 2012), the SS-scheme
shows the lowest RMSE for 5 of 6 years (red bar), the
SIC-scheme has the medium performance (blue bar),
while the SLP-scheme performs the best only in 2009
but the worst in other years (yellow bar). For all the

Figure 9. The spatial RMSE of SD based on SLP-scheme (yellow),
SIC-scheme (blue), SS-scheme (red), and original CFSv2 (light blue) in

the independent validation during 2007–2012 (unit: mmday−1).

schemes, the downscaling model has much less RMSE
(i.e. ∼0.2–0.8mmday−1) in predictions than the original
CFSv2 (i.e. ∼1.2–1.6mmday−1) every year. On the basis
of the above results, it is clear that the SD scheme with the
combination of the predictors (i.e. SS-scheme) has the best
performance than the scheme with either predictor for the
independent validation. Therefore, we used the SS-scheme
to do the prediction of the winter precipitation anomaly in
China.
Finally, we examine the hindcast of winter precipitation

anomaly over China in the nearest years (i.e. 2011 and
2012) based on the SS-scheme to investigate the predicted
capability of SS-scheme. As seen in Figure 9, original
CFSv2 and SS-scheme SD result are verified using the
station observations.
In 2011 winter, positive precipitation anomaly centres

were located in the southeastern (SE) and western China,
and negative anomalies in the middle reach of Yangtze
River and Huang-Huai River (Figure 10(a)). The origi-
nal CFSv2 output failed to capture the details of large
precipitation anomaly centres; it simply predicted more
precipitation over most regions of the northern China
(Figure 10(c)). The downscaling output based on the
SS-scheme reproduced the opposite precipitation anoma-
lies between the southern China and the SE or SW China,
and especially the negative centre located in the middle
reach of Yangtze River (Figure 10(e)). The right column
of Figure 10 gives the spatial pattern of the precipitation
anomaly in 2012 winter. The eastern (western) part of
East China had positive (negative) precipitation anoma-
lies with the largest centres located in the lower reach
of Yangtze River (Figure 10(b)). However, the original
CFSv2 was unable to reproduce the pattern of large pre-
cipitation anomalies centred over East China, as seen in
the observations. In contrast, the downscaling prediction
with the SS-scheme SD did capture the main pattern of
the precipitation anomalies over East China, e.g. the large
centres of precipitation anomalies located in the Yangtze
River Valley (Figure 10(f)). It is notable there was less
sea-ice over Arctic in 2012 autumn than in 2011 autumn
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(a)

(c)

(e)

(b)

(d)

(f)

Figure 10. The spatial pattern for the precipitation anomaly of observations (a, b); original CFSv2 outputs (c, d); downscaling based on SS-scheme
(e, f) in 2011(left) and 2012 winter (right). Red and blue represent the negative and positive precipitation anomaly, respectively (unit: mmday−1).

(Figure 4c), which would favour more water vapour trans-
portation into China region (Ma et al., 2012). Therefore,
more precipitation emerged over China region in 2012
winter than in 2011 winter (Figure 10(a) and (b)). Fur-
thermore, the SS-scheme can capture the locations of the
anomaly centres over eastern China in the other 4 years
(i.e. during 2007–2010, figure not shown).
A decline of the Arctic sea-ice extent has been particular

strong in recent years (Comiso et al., 2008) and can sig-
nificantly impact other components of the climate system,

including the Northern Hemisphere atmospheric circula-
tion (Wu et al., 1999), and thenmakes impact on the winter
precipitation in China (Figure 1). Peings andMagnusdottir
(2014) examined the wintertime Northern Hemisphere
atmospheric circulation response to 2007–2012 Arctic
sea-ice decline using Community Atmospheric Model,
they found that the surface forcing leads to a weaker polar
vortex and more turbulences in mid-latitude. Therefore,
the decreased Arctic sea-ice could influence the variability
of winter climate in China and improve the prediction
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skill of SD model during 2007–2012 winters. Overall,
this study demonstrates that the downscaled precipita-
tion based on the large-scale variables from the CFSv2
is fairly useful in regional climate prediction, which
improves coarse resolution forecast products from GCM.
Furthermore, the previous signals from additional cli-
matic variables (e.g. autumn SIC) can also increase the
prediction skill of the SD model to some extent.

5. Conclusion and discussion

Direct outputs of current GCMs are usually so coarse that
regional precipitation anomalies cannot be well predicted
through these outputs. Under the condition of such a
GCM level, the studies on prediction strategies are well
known to be effective to improve the performance of
short-term climate prediction (e.g. Ren and Chou 2005,
2007; Ren 2008; Zheng et al., 2009). Many of previous
studies have confirmed that the SD method can be a useful
approach to producing more skillful regional climate
prediction (e.g. Sun and Chen, 2012; Wang, 2011; Chen
et al., 2012). In this study, a hybrid SD model based on the
CFSv2 outputs and observational data of the large-scale
circulation variables has been developed to predict the
station winter precipitation over China. After the pro-
cedure of selecting predictor, the winter SLP from the
CFSv2 and the previous autumn SIC from observation
were used as predictors, respectively. Downscaling based
on the SLP-scheme, SIC-scheme, and SS-scheme has
been shown to considerably outperform global GCM in
predicting regional precipitation. It is notable that, the
SS-scheme SD model had relatively higher prediction
skill than both the SLP-scheme and SIC-scheme.
In the cross-validation during 1982–2012 winters, the

downscaling results based on the SLP-scheme, SIC-
scheme, and SS-scheme all performed much better than
that of the original CFSv2. The spatial patterns of the tem-
poral RMSEP from the different schemes have positive
values over more than 97% stations in China. Even more,
the significant ACCs of downscaling output covers most
parts of China. In the hindcast of the independent valida-
tion from 2007 to 2012, the positive temporal RMSEP of
downscaling based on the different schemes were located
over ∼87% stations in China. The spatial RMSE demon-
strates that the downscaling using the different schemes
perform superior to the original CFSv2. Meanwhile, the
SS-scheme has the best performance among the three
schemes. Moreover, compared with the observation, the

NENE
NWNW

SESESWSW

Figure 11. Sub-regions in China. NE, SE, SW, and NW represent
the northeastern, southeastern, southwestern, and northwestern China,

respectively.

SD based on the SS-scheme can predict the 2011 and
2012 winter precipitation anomalies much better than the
output of original CFSv2.
In this study, the prediction skill of three SD schemes

was estimated not only over the whole China but also
different sub-regions. As shown in Figure 11, the whole
region of China was divided into four sub-regions,
which are NE, SE, SW and NW China, respectively. The
regional average RMSEP of the three SD schemes is
shown in Table 3. The RMSEP over NE and NW of all
the three schemes is comparable with each other in cross
validation and independent validation. Over SE and SW,
the RMSEP of SS-scheme is relatively larger than that of
SLP-scheme and SIC-scheme.
In general, downscaling predictions using the

SS-scheme can give higher scores than those only based
on one predictor (i.e. SLP-scheme or SIC-scheme). One
reason is that CFSv2 may be able to represent climate
anomaly variation, but unable to produce a realistic cou-
pled pattern between SLP and station precipitation. On
the other hand, SIC is an important previous predictor
for winter precipitation in China, but beside the seasonal
timescale, the feedback period of winter climate from
autumn SIC may have other timescales in different years.
Therefore, these results illustrate that the combination of
current and preceding signals can provide more useful
prediction information for winter precipitation predic-
tion than either individual predictor. Overall, the hybrid
SD model established in this study can be a useful tool
for extracting useful information on large-scale climate

Table 3. Regional average of RMSEP from different schemes over subregions of China for cross validation and independent validation
(unit: %).

Cross validation Independent validation

SLP-scheme SIC-scheme SS-scheme SLP-scheme SIC-scheme SS-scheme

NE 77.91 79.11 79.71 72.51 70.29 75.9
SE 20.89 19.09 24.11 −9.3 1.07 5.91
SW 14.25 15.95 17.7 18.93 17.38 27.34
NW 88.06 87.93 88.2 86.22 85.47 88.98
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variation from both GCM output and observation to
downscale onto local-scale climate variable anomalies.

Acknowledgements

The work is jointly supported by National Basic Research
Program (973) of China (grant nos. 2010CB950404,
2010CB950304), China Meteorological Special Project
(GYHY201206016), and National Natural Science Foun-
dation grants of China (41375062, 41275078). The authors
are grateful to the anonymous reviewers for their valuable
comments and useful advises.

References

Bai JY, XuXD,Miao QJ. 2000. The Arctic sea-ice ‘strong-signal’ region
(in Chinese). Acta Meteorol. Sin. 4: 485–491.

Bretherton CS, Smith C, Wallace JM. 1992. An intercomparison of
methods for finding coupled patterns on climate data. J. Clim. 5:
541–560.

Chen HP, Sun JQ, Wang HJ. 2012. A statistical downscaling model
for forecasting summer rainfall in China from DEMETER hindcast
datasets. Weather Forecast. 27: 608–628.

Chen MP, Xie JEJ, Arkin PA. 2002. Global land precipitation: a 50-yr
monthly analysis based on gauge observation. J. Hydrometeorol. 3:
249–266.

Christensen JH, Hewitson B, Busuioc A, Chen A, Gao XJ, Held I,
Jones R, Kolli RK, Kwon WT, Laprise R, Magaña Rueda V, Mearns
L, Menéndez CG, Räisänen J, Rinke A, Sarr A, Whetton P. 2007.
Regional climate projections, Chapter 11. In Climate Change 2007:
The Physical Science Basis. Contribution of WGI to the IPCC AR4,
Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB,
Tignor M, Miller HL (eds). Cambridge University Press: Cambridge,
UK and New York, NY, 847–940.

Comiso J, Parkinson C, Gersten R, Stock L. 2008. Accelerated decline
in the Arctic sea ice cover. Geophys. Res. Lett. 35: L01703.

Fan K. 2011. A statistical scheme for the seasonal forecasting of North
China’s surface air temperature during winter. Atmos. Oceanic Sci.
Lett. 4: 81–85.

Fan K, Liu Y, Chen HP. 2012. Improving the Prediction of the East
Asian Summer Monsoon: New Approaches. Weather Forecast. 27:
1017–1030.

Fan K, Tian BQ. 2013. Prediction of wintertime heavy snow activity in
northeast China. Chin. Sci. Bull. 58: 1420–1426.

Fan K, Wang HJ, Choi YJ. 2008. A physically-based statistical forecast
model for the middle-lower reaches of the Yangtze River Valley
summer rainfall. Chin. Sci. Bull. 53: 602–609.

Gao XJ, Zhao ZC, Ding YH, Huang RH, Giorgi F. 2001. Climate change
due to greenhouse effects in China as simulated by a regional climate
model. Adv. Atmos. Sci. 18: 1224–1230.

Gao XJ, Xu Y, Zhao ZC, Pal JS, Giorgi F. 2006. On the role of resolution
and topography in the simulation of East Asia precipitation. Theor.
Appl. Climatol. 86: 173–185, DOI: 10.1007/s00704-005-0214-4.

Honda M, Inoue J, Yamane S. 2009. Influence of low Arctic sea-ice
minima on anomalously cold Eurasian winters. Geophys. Res. Lett.
36: L08707, DOI: 10.1029/2008GL037079.

Huth R. 1999. Statistical downscaling in central Europe: evaluation of
methods and potential predictors. Clim. Res. 13: 91–103.

ImE, KwonW,Ahn J, Giorgi F. 2007.Multi-decadal scenario simulation
over Korea using a one-way double-nested regional climate model
system. Part 1: recent climate simulation (1971–2000). Clim. Dyn.
28: 759–780.

Jia XL, Chen LJ, Li WJ, Chen DL. 2010. Statistical downscaling based
on BP-CCA: predictability and application to the winter temperature
and precipitation in China (in Chinese). Acta Meteorol. Sin. 68:
398–410.

Ju LX, Lang XM. 2011. Hindcast experiment of extraseasonal
shortterm summer climate prediction over China with RegCM3
IAP9LAGCM. Acta Meteorol. Sin. 25(3): 376–385, DOI:
10.1007/s13351-011-0312-4.

Kalnay E, Kanamitsu M, Kistler R, Collins W, Deaven D, Gandin
L, Iredell M, Saha S, White G, Woollen J, Zhu Y, Leetmaa A,

Reynolds R, Chelliah M, Ebisuzaki W, Higgins W, Janowiak J,
Mo KC, Ropelewski C, Wang J, Jenne R, Joseph D. 1996. The
NCEP/NCAR 40-year reanalysis project. Bull. Amer. Meteorol. Soc.
77(3): 437–471.

Lang XM. 2011. A hybrid dynamical-statistical approach for predict-
ing winter precipitation over eastern China. Acta Meteorol. Sin. 25:
272–282.

Lang XM, Wang HJ, Jiang D. 2003. Extraseasonal ensemble numer-
ical prediction of winter climate over China. Chin. Sci. Bull. 48:
2121–2125.

Liu Y, Fan K. 2012. Prediction of spring precipitation in China using a
downscaling approach. Meteorol. Atmos. Phys. 118: 79–93.

Liu Y, Fan K. 2013. A new statistical downscaling model for autumn
precipitation in China. Int. J. Climatol. 33: 1321–1336, DOI:
10.1002/joc. 3514.

Liu JP, Curry JA, Wang HJ, Song M, Horton RM. 2012. Impact of
declining Arctic sea ice on winter snowfall. Proc. Natl. Acad. Sci.
U.S.A. 109: 4074–4079.

Liu Y, Fan K, Yan YP. 2013. A new statistical downscaling scheme
for predicting winter precipitation in China Atmos. Oceanic Sci. Lett.
6:332−336.

Ma JH, Wang HJ, Zhang Y. 2012. Will boreal winter precipitation over
China increase in the future? An AGCM simulation under summer
“ice-free Arctic” conditions. Chin. Sci. Bull. 57: 921–926, DOI:
10.1007/s11434-011-4925-x.

Mark CS, Marika MH, Stroeve J. 2007. Perspectives on the Arc-
tic’s shrinking sea-ice cover. Science 315(5818): 1533–1536, DOI:
10.1126/science.1139426.

Michaelsen J. 1987. Cross-validation in statistical climate forecast mod-
els. J. Clim. Appl. Meteorol. 26: 1589–1600.

Parker D, Jones PD, Folland CK, Bevan A. 1994. Interdecadal changes
of surface temperature since the late nineteenth century. J. Geophys.
Res. 99: 14373–14399.

Peings Y, Magnusdottir G. 2014. Response of the wintertime Northern
Hemisphere atmospheric circulation to current and projected Arctic
sea ice decline: a numerical study with CAM5. J. Clim. 27: 244–264.

Petoukhov V, Semenov VA. 2010. A link between reduced Barents-Kara
sea ice and cold winter extremes over northern continents. J. Geophys.
Res. 115: D21111, DOI: 10.1029/2009JD013568.

Rayner NA, Parker DE, Horton EB, Folland CK, Alexander LV, Rowell
DP, Kent EC, Kaplan A. 2003. Global analyses of sea surface tempera-
ture, sea ice, and night marine air temperature since the late nineteenth
century. J. Geophys. Res. 108: 4407, DOI: 10.1029/2002JD002670.

Ren H. 2008. Predictor-based error correction method in short-term
climate prediction. Prog. Nat. Sci. 18(1): 129–135, DOI:
10.1016/j.pnsc.2007.08.003.

Ren H, Chou J. 2005. Analogue correction method of errors by com-
bining statistical and dynamical methods. Acta Meteorol. Sin. 20(3):
367–373.

Ren H, Chou J. 2007. Strategy and methodology of dynamical analogue
prediction. Sci. Chin. Ser. D. Earth Sci. 50(10): 1589–1599.

Saha S, Nadiga S, Thiaw C, Wang J, Wang W, Zhang Q, Van den Dool
HM, Pan HL, Moorthi S, Behringer D, Stokes D, Peña M, Lord S,
White G, Ebisuzaki W, Peng P, Xie P. 2006. The NCEP climate
forecast system. J. Clim. 19: 3483–3517.

Saha S, Moorthi S, Wu X, Wang J, Nadiga S, Tripp P, Behringer D,
Hou YT, Chuang HY, Iredell M, Ek M, Meng J, Yang R, Peña M,
Van den Dool H, Zhang Q, Wang W, Chen M, Becke E. 2013. The
NCEP climate forecast system version 2. J. Clim. 27: 2185–2208,
DOI: 10.1175/JCLI-D-12-00823.1.

Schmidli J, Frei C, Vidale PL. 2006. Downscaling from GCM precipita-
tion: a benchmark for dynamical and statistical downscaling methods.
Int. J. Climatol. 26: 679–689.

Schoof JT. 2013. Statistical downscaling in climatology. Geog. Com-
pass. 7: 249–265, DOI: 10.1111/gec3.12036.

Shi N, Zhu Q. 1996. An abrupt change in the intensity of the East
Asian summer monsoon index and its relationship with temperature
and precipitation over East China. Int. J. Climatol. 16: 757–764.

SongM, Liu JP, LiuHL, RenXB,WangXC. 2012. Associations between
the autumn Arctic sea ice and North American winter precipitation.
Atmos. Ocean. Sci. Lett. 5: 212–218.

Sun JQ, Chen HP. 2012. A statistical downscaling scheme to improve
global precipitation forecasting. Meteorol. Atmos. Phys. 117: 87–102,
DOI: 10.1007/s00703-012-0195-7.

Tao SY, Chen L. 1987. A review of recent research on the East Asian
monsoon in China. In Monsoon Meteorology. Oxford University
Press: Oxford, UK, 60–92.

Tivy A, Howell SEL, Alt B, McCourt S, Chagnon R, Crocker G,
Carrieres T, Yackel JJ. 2011. Trends and variability in summer sea

© 2014 Royal Meteorological Society Int. J. Climatol. (2014)

226



WINTER PRECIPITATION PREDICTION IN CHINA BY STATISTICAL DOWNSCALING

ice cover in the Canadian Arctic based on the Canadian Ice Service
Digital Archive, 1960–2008 and 1968–2008. J. Geophys. Res. 116:
C03007, DOI: 10.1029/2009JC005855.

Wang HJ. 2011. A new prediction model for tropical storm frequency
over the western North Pacific using observed winter-spring precipi-
tation and geopotential height at 500 hPa. Acta Meteorol. Sin. 25(3):
262–271.

Wang HJ, Fan K. 2013. Recent changes in the East Asian monsoon (in
Chinese). Chin. J. Atmos. Sci. 37(2): 313–318.

Wang HJ, He SP. 2013. The increase of snowfall in Northeast China after
the mid 1980s. Chin. Sci. Bull. 58: 1350–1354.

Wang XL, Peng G, Pan Z, Zhou E. 1992. Connection of the flood-season
runoff of the upper-middle Yangtze River with Arctic sea ice indices
(in Chinese). Acta Meteorol. Sin. 50: 126–128.

Widmann M, Bretherton CS. 2003. Statistical precipitation downscaling
over Northwestern United States using numerically simulated precip-
itation as a predictor. J. Clim. 16: 799–816.

Widmann M, Bretherton CS, Salathé EP. 2003. Statistical precipitation
downscaling over the Northwestern United States using numerically
simulated precipitation as a predictor. J. Clim. 16: 799–816.

Wigley TML, Jones PD, Briffa KR, Smith G. 1990. Obtaining subgrid
scale information from coarse-resolution general circulation model
output. J. Geophys. Res. 95: 1943–1953.

Wu BY, Huang RH, Gao DY. 1999. The impact of variation of sea-ice
extent in the Kara Sea and the Barents Seas in winter on the win-
ter monsoon over East Asia (in Chinese). Chin. J. Atmos. Sci. 3:
267–275.

Wu BY, Su JZ, Zhang RH. 2011. Effects of autumn-winter Arctic sea
ice on winter Siberian High. Chin. Sci. Bull. 56: 3220–3228, DOI:
10.1007/s11434-011-4696-4.

Xu J, Chan JCL. 2002. Interannual and interdecadal variability of winter
precipitation over China in relation to global sea level pressure anoma-
lies. Adv. Atmos. Sci. 19: 914–926.

Xu JJ, Zhu Q, Sun Z. 1998. Interrelation between East-Asian winter
monsoon and Indian/Pacific SST with the interdecadal variation. Acta
Meteorol. Sin. 12: 75–287.

Yan XD, Wu ZP, Ma ZF, Gu SH, Yan HS. 2008. Application of a new
downscaling model to winter temperature and rainfall prediction over
Guizhou (in Chinese). Plateau Meteorol. 17: 169–715.

Yang HL, Xu YL, Zhang L, Pan J, Tao SC. 2010. Projected change in
mean and extreme climate over china in the late 21st century from
PRECIS Under SRES A2 scenario (In Chinese). Adv. Clim. Change
Res. 6(3): 157–163.

Zheng Z, Ren H, Huang J. 2009. Analogue correction of errors based on
seasonal climate predictable components and numerical experiments
(in Chinese). Acta Phys. Sin. 58: 7359–7367.

© 2014 Royal Meteorological Society Int. J. Climatol. (2014)

227



第 38 卷第 2 期 
2014 年 3 月 

大  气  科  学 
Chinese Journal of Atmospheric Sciences 

Vol. 38 No. 2
Mar. 2014

 
马琴, 刘新, 李伟平, 等. 2014. 青藏高原夏季土壤有机质及砾石影响水热传输特性的数值模拟 [J]. 大气科学, 38 (2): 337–351, doi:10.3878/j.issn. 

1006-9895.2013.13119.  Ma Qin, Liu Xin, Li Weiping, et al. 2014. Simulation of thermal and hydraulic properties affected by organic and gravel soil over the 

Tibetan Plateau during summer [J]. Chinese Journal of Atmospheric Sciences (in Chinese), 38 (2): 337–351. 
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摘  要  本文针对青藏高原部分地区土壤有机质和砾石含量较高的特点，在前人工作的基础上，发展了一个新的

参数化方案以描述土壤有机质和砾石对土壤导热率、导水率的影响。通过对通用陆面模式 CoLM 中的土壤水、热

参数化方案以及地表蒸发阻抗三方面的逐步改进，对青藏高原藏东南站和纳木错站两种不同下垫面进行单点数值

模拟分析。对比原方案与最终优化方案的模拟结果表明：采用新方案的 CoLM 模式对藏东南站土壤湿度模拟性能

明显提高，平均偏差减小到 0.04，而对纳木错站浅层 20 cm 以上土壤湿度的模拟偏差略微增大。新方案在藏东南

站对土壤内部温度的模拟改善较为显著，平均偏差减小了 0.2°C；而在纳木错站 40 cm 以上有所改进。新参数化

方案较好地模拟了两个观测站表面能量通量的时间变化，纳木错站 7、8 月份的潜热通量改进尤为明显，比原方

案减少大约 20 W m−2，与观测结果较为接近。 
关键词  青藏高原  CoLM 模式  有机质砾石  参数化方案 
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Abstract  The soil of some parts of the Tibetan Plateau contains an abundance of organic matter and gravel. On the basis 
of previous research, a new parameterization scheme has been developed to consider the influences of these material on 
soil thermal and hydrological conductivities. Sensitivity experiments conducted by using the Common Land Model to 
improve the parameterizations of soil temperature, hydraulic conductivities, and soil surface resistance are compared with 
simulation results from off-line numerical experiments reported by Southeast Tibet and Namco stations. By using the new 
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parameterization scheme, the average deviation of the simulated soil moisture reported by the former station decreased by 
0.04; however, the value showed a slight increase above the layer of 20 cm at the latter station. Although the average 
deviation of soil temperature, except at the surface, is decreased by 0.2°C at the Southeast Tibet station, the biases 
decrease above the layer of 40 cm at the Namco station. With the new parameterization, the discrepancies of soil net 
radiation and surface sensible and latent heat fluxes are reduced. In particular, the surface latent heat flux at the Namco 
station in July and August is reduced by about 20 W m−2, which is closer to the observation value than that obtained by 
using the original parameterization. 
Keywords  Tibetan Plateau, Common Land Model, Soil organic matter, Gravel, Parameterization scheme 

 

1  引言 

青藏高原是全球气候变化的敏感区，其动力和

热力作用对大气环流、气候变化和灾害性天气形成

发展有十分重要的影响（卞林根等，2001），而且

高原上能量和水分循环对亚洲季风的形成与演化

也具有十分重要的作用，所以加深对青藏高原陆面

过程的了解，是改善大气环流模式对亚洲季风以及

全球天气和气候预报效果的关键（王介民，1999）。
其中土壤温度、湿度是检验陆面过程的重要指标，

而土壤温湿等理化性质及模式模拟的水分循环和

热通量等都与土壤质地有关（赵勇和钱永普，2007；
梁晓和戴永久，2008）。近年来我国的陆面过程研

究水平不断提高，但是在高原地区的模拟仍存在着

一些问题：Yang et al.（2009）通过对比简单生物圈

模式 SiB2、通用陆面模式 CoLM、Noah 三个陆面

模式在高原中东部高寒草甸的模拟，发现三个模式

均低估了表层土壤水分；罗斯琼等（2008）利用陆

面模式 CoLM 在青藏高原中部 Bujiao（BJ）站进行

单点数值模拟试验，指出在模式中没有考虑砾石对

青藏高原土壤水热性质的影响, 这是模拟存在偏差

的一个原因。除此之外，其他研究（刘少锋和林朝

晖，2005；王澄海和师锐，2007）也指出陆面模式

在高原地区的模拟有待进一步改进。 
青藏高原地区较于同纬度地区温度偏低，有机

质分解慢，从而导致土壤表层根系发达、有机质累

积，在平均深度为 72 cm 的土层中积累了 38.4×109 t
的有机碳，约占全国土壤总碳库的 21%（方精云等，

1996）；而面积为 1.60×108 hm2 的草地生态系统，

其土壤有机碳储量达到 33.5×109 t，其中，以高原

草甸土和高原草原土有机碳积累量为主（王根绪

等，2002）。土壤有机质的水热传输特性与矿物质

相比有很大的区别。有机质能够改变土壤水分常

数、水分特征曲线、饱和导水率等土壤水动力学参

数，提高土壤的有效持水量（单秀芝等，1998），从

而增强土壤吸热的能力，提高土壤温度（Lawrence 
and Slater，2008）。目前已有众多学者考虑有机质对

土壤水热特性带来的变化，例如 Letts et al.（2000）
和 Beringer et al.（2001）在加拿大和美国阿拉斯加

州冻土地带估算了纯泥炭的影响，但是并没有考虑

矿物质对土壤特性的作用；Lawrence and Slater
（2008）在 Farouki（1981）参数化方案的基础上将

矿物质和有机质进行了权重分配，但是土壤热参数

化方案的适用性并没有经过严格的验证；Chen et  
al.（2012）通过 34 个站点的 77 个土壤样品分析了

土壤有机碳对土壤孔隙度、热传输参数等的影  
响，进而提出了新的土壤热参数化方案并进行了验

证，但是并没有考虑有机质对水传输特性的作用以

及该参数化方案在模式中的适用性。 
在高原的局部地区不仅含有较高的有机质，而

且砾石含量也较高。砾石是指粒径大于 2 mm，相

对独立、不易破碎的矿物质颗粒（Miller and 
Guthrie，1984）。青藏高原土壤砂土含量较大, 粘、

壤土含量较少，局部地方石块和砾石含量较多；从

表层向下，随着土壤深度增加, 土质越粗砾石越多

（罗斯琼等，2008）。土壤中砾石的存在不仅会影

响温度等物理特性（Mehuys et al.，1975），并且对

土壤的孔隙度、导热率、含水量和入渗特性存在影

响（Hanson and Blevins，1979；Box，1981；Cerdà，
2001）。目前在 CoLM 模式的土壤分析中并没有考

虑有机质和砾石的影响，但它们的存在对青藏高原

土壤的水热性质的作用不能够忽视，因此，本文将

改进的参数化方案引入该模式中，选取高原上不同

类型下垫面的站点观测资料，进行单点数值模拟试

验，考察新参数化方案对改进陆面模式 CoLM 在高

原地区的模拟能力有何效果。 

2  资料选取 

本文选取中国科学院藏东南高山环境综合观

测研究站（简称藏东南站）和纳木错多圈层综合观
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测研究站（简称纳木错站）为研究对象。藏东南站

（29°46′N，94°44′E）位于西藏自治区林芝县鲁朗

镇北 6 km 左右的鲁朗河谷，海拔高度 3327 m，属

于高山草地；纳木错站（30°46′N，90°59′E）位于

当雄县纳木错乡纳木错湖东南岸，海拔高度 4730 
m，下垫面为高寒草甸。目前两个站都建立了大气

边界层塔站观测系统和大气湍流观测系统，其中藏

东南站的土壤温度和湿度观测垂直分为 4 cm、10 
cm、20 cm、60 cm 和 100 cm 五层，而纳木错站的

土壤观测垂直分为 10 cm、20 cm、40 cm、80 cm 和

160 cm 五层。分别选取 2008 年和 2009 年夏季 6 月

1 日至 8 月 31 日三个月的观测资料，并根据模式输入

的需要，整理出时间步长为 30 分钟的向下长波辐射、

向下短波辐射、降水速率、温度、u 风速、v 风速、

气压、比湿共八项气象要素，对于缺测资料我们采取

线性插值方法补齐。模式各层土壤温度、湿度初值根

据实测结果在垂直方向线性插值得到，而模式结果则

线性插值到相应观测所在层析以便于比较。 
表 1 列出了两个站点土壤成分的观测值，其中

砂粒和粘粒百分比是指在细土颗粒（粒径小于 2 
mm）中所占的比例，有机碳和砾石百分比是在整

个土壤中的比例。从表中我们可以看出藏东南站浅

层 20 cm 及以上的土层有机碳含量（msoc）明显高

于中层，浅层砾石含量极少；而纳木错站有机碳含

量低于藏东南站，砾石含量越往下层越多。因为泥

炭的容重较矿物质的小很多，所以，Chen et al.  
（2012）采用有机碳的体积百分比（Vsoc），这样能

够突出土壤有机质的比重，并且通过有机碳的体积

百分比来计算砾石的体积百分比： 
p sat,m soc

soc
soc g

soc soc p sat,m soc sat,m
g

(1 )

(1 ) (1 ) (1 )
(1 )

m
V

m
m m

m

ρ θ

ρ
ρ ρ θ θ

−
=
⎛ ⎞

− + − + −⎜ ⎟⎜ ⎟−⎝ ⎠

,

 

（1） 

soc sat,m g
g

soc g
g soc soc p sat,m soc sat,m

g

(1 )

(1 ) (1 ) (1 ) (1 )
(1 )

m
V

m
m m m

m

ρ θ
ρ

ρ ρ θ θ

−
=

⎛ ⎞
− − + − + −⎜ ⎟⎜ ⎟−⎝ ⎠  

, 

（2） 
式中， 

sat,m s0.489 0.00126Vθ = − ，      （3） 
其中，θsat,m指矿物质土壤的孔隙度，Vsand（%sand） 
是指土壤中砂粒体积百分比含量，ρp=2700 kg m–3

是矿物质密度，ρsc, max=130 kg m–3 是泥炭的容重，

mg 是指土壤中的砾石含量，Vg 指砾石的体积百分

比，最后计算结果见表 1。由于两个观测站的土壤

成分数据分别只到 40 cm 和 30 cm，所以在模式土

壤参数设定时采用与其最接近的观测深度处的值，

对于深层则进行插值或者根据土壤观测来确定。同

时 因为青藏高原土壤发育较差，土层较薄（李燕

等，2012），我们将 40 cm 以下土壤有机质含量设

为 0。另外，由于地表温度受到观测仪器的影响，

使得观测误差较大（尤其是藏东南站），所以我们

采用地面长波辐射的计算公式进行反演，从而得到

地表温度，具体表达式为 

( )( ) ( )
1 4

sfc lw g lw g1T R Rε ε σ↑ ↓⎡ ⎤= − −⎢ ⎥⎣ ⎦
，（4） 

其中， gε 表示地表发射率，在藏东南站、纳木错站

分别为 0.98、0.97（由观测者给出的经验值）； 1wR↑ 、

1wR↓ 分别指向上和向下长波辐射（直接采用观测

值）； 8 2 45.67 10 W m  Kσ − − −= × 是 Stefan-Boltzmann
常数。 

3  参数化方案 

3.1  CoLM 模式及其参数化方案 
CoLM 模式是 Dai et al（2003，2004）发展的

新一代通用陆面过程模式，它考虑了陆面的生态、

水文等过程，对土壤—植被—积雪—大气之间的能

表 1  两个观测站的土壤成分 
Table 1  The composition of soil at two stations 

细土颗粒① 1−Vg−Vsol（粒径≤2 mm） 砾石粒径（>2 mm） 有机质 
地点 深度/cm 粘粒 粘粒 mg Vg msoc Vsoc 

10 53.95% 1.16% 0.00% 0.00%   7.38% 42.81% 

20 46.28% 2.06% 0.00% 0.00%   4.59% 32.10% 

30 66.05% 0.00% 0.00% 0.00%   0.59% 5.62% 

藏东南站 

40 61.52% 0.00% 0.00% 0.00%   0.41% 3.87% 

10 91.88% 0.40% 18.50% 9.41%   2.46% 22.56% 

20 95.00% 0.00% 24.50% 14.57%   1.61% 14.99% 

纳木错站 

30 93.07% 0.29% 34.86% 23.26%   1.54% 13.01% 

注：① 细土颗粒由砂粒、粉粒和粘粒构成。 
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量与水分的传输进行了较好的描述。CoLM 包括 1
层植被、10 层土壤（距离表面 0.007、0.028、0.062、
0.119、0.212、0.366、0.620、1.038、1.728 和 2.865 
m），地面若有积雪，依据雪盖厚度分层，最多分为

5 层，下垫面类型采用的是 25 类 USGS 植被覆盖、

17 类土壤质地和 8 种土壤颜色。模式中的土壤热传

导率参数化方案来自于 Farouki（1981），导水率及

土壤水势参数化方案来自 Clapp and Hornberger 
（1978）以及 Cosby et al.（1984）。 

在矿物质土壤中，饱和土壤基质热传导率 λs,m

（单位：W m–1 K–1）表示为 

sand clay
s,m

sand clay

8.8 2.921V V
V V

λ
+

=
+

,        （5） 

其中，Vsand和 Vclay分别为土壤中砂粒及粘粒的百分

比含量。干土壤热传导率 λdry, m是土壤干密度 ρd的

函数： 

d
dry,m

d

0.135 64.7
2700 0.94

ρλ
ρ

+
=

−
.           （6） 

其中，干密度表达式为 
ρd=2700(1−θsat,m).                 （7） 

土壤固体热容量 Cs, m（单位：J m–3 K–1）表示为 

sand clay 6
s,m

sand clay

2.128 2.385
10

V V
C

V V
+

= ×
+

, （8） 

模式中对于土壤水力学性质的描述采用的是

Clapp and Hornberger（1978）的参数化方案。在矿

物质土壤中，土壤饱和导水率 ksat, m、饱和基质势Ψsat,m

以及 Clapp-Hornberger 指数 bm的表达式分别为 
sand-0.884+0.0153

sat,m 0.007056 10 Vk = × ,     （9） 

sand1.88 0.0131
sat,m 10.0 10 Vψ −= − × ,         （10） 

m clay2.91 0.156b V= + m 2.91 0.156(%clay)b = + . 

  （11） 
从以上公式我们可以看出，CoLM 模式中的参

数化方案都是关于矿物质土壤的函数，并没有考虑

有机碳和砾石对土壤的影响。由于观测区域不仅土

壤有机碳含量较高，而且砾石含量也较高，尤其是

往土壤下层越高（例如表 1 纳木错站），所以不能

够忽略其作用。 
3.2  新参数化方案 

土壤孔隙度 θsat 是土壤的主要物理特征之一，

对很多自然物理过程都有影响，如径流、土壤渗水

容量、土壤持水量等，因此孔隙度计算的准确与否

直接关系到模式的模拟效果。在土壤中，砾石的体

积百分比对土壤有效含水量通常有负面的影响

(Hanson and Blevins，1979)，其饱和含水量最低可

以近似看为零（Poesen and Lavee，1994）。所以    
在计算土壤饱和含水量 θsat 时，可以看作砾石部  
分含水量为零，只有细土颗粒和有机质部分能够 
持水： 

sat soc g sat,m soc sat,sc(1 )V V Vθ θ θ= − − + ,   （12） 

其中，θsat, sc=0.9，是泥炭饱和含水量（Lawrence and 
Slater，2008）。 
3.2.1  土壤热参数化方案 

Chen et al.（2012）提出了一个新的热参数化方

案，该方案综合了 Farouki（1981）、Johansen（1975）
和 Yang et al.（2005）的土壤热参数化方案，比模

式中 Farouki（1981）方案计算的土壤热传导率小，

能够较好地描述土壤热参数性质，所以我们在该方

案的基础上稍作改进。同时因为砾石的导热率同砂

粒相似，我们采用简单的方式考虑砾石的作用，即

增大砂粒的含量而减少粘土的含量： 

soc g sand g
sand-new

soc

(1 )
(1 )

V V V V
V

V
− − +

=
−

,   （13） 

soc g clay
sand-new

soc

(1 )
(1 )

V V V
V

V
− −

=
−

,       （14） 

土壤饱和热传导率： 
soc soc1 qq

s q soc o
V Vλ λ λ λ − −= ,            （15） 

干土壤热传导率： 

dry soc dry,m soc dry,sc(1 )V Vλ λ λ= − + ,   （16） 

土壤固体热容量： 

s soc s,m soc s,sc(1 )C V C V C= − + .       （17） 

Kensten 数用指数形式表示，避免了负值的出

现： 

e T rexp[ (1 1/ )]K K S= − ,         （18） 

其中 KT=0.36 是一个经验系数（Yang et al.，2005）。 
对于 λs、λdry、Cs、Ke的计算，本文采用 Chen et 

al.（2012）的参数化方案，其中 λsoc=0.25 W m–1 K–1

是泥炭热传导率；λq 和 λo 为石英热传导率和其他物

质热传导率；分别等于 7.7 W m–1 K–1和 2.0 W m–1 
K–1；q=0.5Vsand-new为土壤中石英含量；λdry, sc=0.05 W 
m–1 K–1 是泥炭的干土壤热传导率；Cs, sc=2.5×106 W 
m–1 K–1 是泥炭热容量（Lawrence and Slater，2008，
表 1）。 
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3.2.2  土壤水参数化方案 
在泥炭土的参数中饱和导水率具有较大的变

化性，对于纤维、半分解和高分解泥炭土，其饱和

导水率至少相差一个量级（Lawrence and Slater，
2008）。Lawrence and Slater（2008）发展了一个新

的水传输参数化方案，采用的是土壤有机碳的密度

百分比，考虑到有机碳的密度较小，本文采用体积

百分比以突出土壤有机碳的作用。而土壤中砾石的

存在对导水率和对入渗规律的影响较为复杂，目前

尚未有人研究砾石土/砾质土的非饱和导水率（符素

华，2005；李燕等，2006），因此我们仍采用简单

的方式考虑砾石的作用（公式 12、13），土壤饱和

导水率可以表示为 

sat soc sat,m soc sat,sc(1 )k V k V k= − + ,     （19） 
其中 ksat,sc是指泥炭的饱和导水率。对于饱和基质势

和 b 指数也是相同的形式： 

sat soc sat,m soc sat,sc(1 )V Vψ ψ ψ= − + ,  （20） 

soc m soc sc(1 )b V b V b= − + ,          （21） 

其中Ψsat, sc和 bsc分别指泥炭的饱和基质势和分布指

数。 
关于泥炭水水分参数的选取，Letts et al.（2000）

总结了很多文献中提出的值，并将其分为低分解、

半分解和完全分解三种泥炭。在青藏高原藏东南地

区其植被覆盖度较高，降雨较多，温度较高，有机

质分解相较于纳木错地区分解度更高，所以我们选

择了一个较小的值 ksat, sc=1.0×10–1mm s–1，而纳木

错地区海拔相对较高，植被覆盖较为稀疏，有机质

分解较为缓慢，因此我们选择低分解泥炭的一个中

值 ksat, sc=2.8×10–1mm s–1，对于不同的观测站，我

们选取的 Ψsat, sc和 bsc也不一样，具体见表 2。 

表 2  两个观测站在水参数化方案中的数值确定 
Table 2  The values of hydraulic parametrization over two 

stations 
地点 ksat, sc/mm s–1 Ψsat, sc/mm bsc

 
藏东南站 1.0×10–1 10.2 6.1 
纳木错站 2.8×10–1 10.1 2.7 

 
另外，许多陆面模式因为没有考虑土壤内部水

分向地表迁移的阻抗，在土壤湿度较小的地区高估

了土壤表面的蒸发（Kondo et al., 1990），CoLM 也

不例外。地表蒸发阻抗是表面蒸发以及上层土壤 
含水量计算的一个重要参数，缺乏该参数将造成模

拟的潜热通量变化剧烈（Yang et al., 2009），所以  
我们在CoLM方案的基础上增加地表蒸发阻抗并采

用 SSiB 中的计算方法（孙菽芬，2005），增加部分

如下： 
0.0027

S 101840 (1 ),R w= −×
     

（22） 

其中，Rs 反映的是下层土壤到地表的蒸发阻抗，w
是表层土壤湿度。 

我们将新参数化方案计算的孔隙度和导热率

同观测值和原参数化方案进行对比。从表 3 中可以

看出在藏东南站原方案对孔隙度的计算值偏小，平

均偏低 11.24%，新方案的计算更接近观测值，浅层

土壤 10 cm 和 20 cm 比观测值平均高出 6.5%，30 cm
和 40 cm 平均偏低 8.38%；纳木错站对孔隙度的计

算原方案平均偏低 2%，新方案平均偏高 0.49%，更

接近实测值。 

表 3  土壤孔隙度的观测值与新、旧方案计算结果的对比 
Table 3  Comparison of soil porositiescalculated from new, 

old parameterizations and observations 

藏东南站 satθ  纳木错站 satθ  
深度/cm 观测值 旧方案 新方案 观测值 旧方案 新方案

10 54.91% 42.10% 62.61% 44.80% 37.27% 45.69%
20 52.75% 43.07% 58.13% 38.38% 36.27% 39.50%
30 52.49% 40.58% 44.00% 35.45% 37.09% 35.40%
40 51.70% 41.15% 43.43%   

 
另外，由于只有土壤热传导率的观测值，所以

通过计算干土壤热传导率 λdry 和饱和基质土壤热传

导率 λs，我们可以得到土壤热传导率 λ的计算结果。

图 1 给出了两个观测站土壤热传导率新旧参数化方

案的计算值与观测值的对比。从图中可以看出新方

案比旧方案更接近实测值：藏东南站土壤含水量 θliq

在 0.2～0.5 之间，土壤热传导率的平均值为 0.629  
W m–1 K–1，新方案由于考虑土壤有机质的低导热性，

计算均值为 0.594 W m–1 K–1，比原方案减小许多，更

接近观测值。纳木错站土壤含水量 θliq 较低，在我

们的观测时间内大多数含水量在 0.1 左右甚至更

低，在含水量小于 0.1 时，计算的热传导率平均值

为 0.241 W m–1 K–1，比观测值高出 0.043 W m–1 K–1；

当 θliq 大于 0.1，新方案计算的平均值比观测值高

0.356 W m–1 K–1，但相较于与原方案更接近观测值

（图 1b） 
3.3  试验设计 

本文主要针对模式中的土壤水、热参数化方案

以及地表蒸发阻抗三方面进行了优化。由于本文改

进了土壤孔隙度参数化方案，而孔隙度的大小直接

影响土壤水热的传输，所以本文在孔隙度参数化方

案的基础上逐步改进，首先考虑土壤热参数化方案
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的引进对模式的影响，并设计了敏感性试验 1
（test1）；然后又引入了新的水传输参数，作为敏感

性试验 2（test2）；最后综合考虑三者的共同作用

（test3）。本文共进行了四组试验（详见表 4），其

中控制试验 CTL（ConTroL）是用原模式进行的数

值模拟。 

表 4  试验设计 
Table 4  Design of experiments 

模拟试验 新热参数化方案 新水参数化方案 地表蒸发阻抗

CTL No No No 
test1 Yes No No 
test2 Yes Yes No 
test3 Yes Yes Yes 

 

4  新参数化方案在数值模式中的应用 

我们将新的参数化方案用于 CoLM 陆面模式

中，利用观测资料来驱动原始和修改后的模式，对

藏东南站和纳木错站进行单点数值模拟试验。其中

藏东南植被覆盖度取为 0.6，纳木错站为 0.25（由

观测者给出的经验值）。 
4.1  土壤湿度的模拟 

土壤湿度作为表征土壤水分状况的重要参量，

是陆气相互作用中的一个重要物理参量，能够改变

土壤表面的反照率、热容量和植被生长状况等（马

柱国等，2001；林朝晖等，2001）。对土壤湿度空

间分布和时间变化的准确模拟有助于了解大尺度

能量和水分交换过程，改善季节到年际时间尺度的

气候和降水预报（Koster et al.，2004）。 
图 2 给出了藏东南观测站日平均降水率和各层

土壤含水量的对比。从图中可以看出，每组试验均

能模拟出土壤含水量的变化趋势，并且土壤水分的

跳跃性增大和降水事件能够较好地对应，只是原模

式（CTL）模拟偏干，随着参数化方案的逐步优化，

模式对于土壤湿度的模拟有明显改善：（1）在优化

土壤热参数化方案后（test1 试验），20 cm 以上土壤

含水量的模拟有所改善，但是在降雨事件发生后，

含水量快速下降，这主要是新方案孔隙度计算值较

大（见表 3），而土壤的持水能力不够。（2）在试验

1 的基础上优化水参数化方案后（test2 试验），模拟

结果更加接近实测值，主要的改进在于降水过后含

水量下降趋势减缓，这是由于藏东南站 20 cm 往上

的浅层土壤有机质含量较大（表 1），持水性更好。

（3）在综合考虑了土壤水、热参数化方案以及地表

蒸发阻抗后（test3），模式在 4 cm 和 10 cm 的平均偏

差分别减小了 0.14，0.13，五层的平均偏差由 0.106
减小到 0.04，更接近实测值，因为加入地表蒸发阻

抗而减少了表面蒸发，使得土壤含水量增加，但是

较实测值仍然偏小（表 5）；60 cm 以下的模拟稍微

偏低，可能是因为我们假设 40 cm 以下土壤有机质

含量为零，导致下层孔隙度和持水能力偏低。60 cm
土壤水分观测值不连续，可能观测本身也存在问题，

需要慎重对待。总的来说，三组试验相对于原方案

对 20 cm 以上土壤含水量的模拟是逐步改进的。 
对于纳木错站的模拟却不如藏东南站，从图 3

中我们可以看到，随着新方案的逐步优化，模式对

土壤含水量的模拟并非都有所改进：（1）试验 1 对

含水量的模拟明显偏高，这主要是因为新方案计算

的孔隙度相较于原方案虽然更接近实测值，但是略

微偏高，在这种误差的累积下，使得含水量模拟较

高。（2）在改进土壤水传输参数后（test2），对于 

图 1  两个观测站的土壤热传导率对比：（a）藏东南站；（b）纳木错站 

Fig. 1  Comparison between soil thermal conductivities at two stations: (a) Southeast Tibet station; (b) Namco station 
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图 2  藏东南观测站日平均（a）降水率和（b–f）各层土壤含水量变化 

Fig. 2  The daily average values of (a) precipitation rate and (b–f) soil moisture at different depth at Southeast Tibet station 

图 3  同图 2，但为纳木错站 

Fig. 3  The same as Fig. 3, but for Namco station  
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10 cm 和 160 cm 土壤含水量的模拟相较于原模式

（CTL）略有增大，对其他土壤层湿度的模拟更接

近观测值，平均偏差约减小 0.01。（3）增大地表蒸

发阻抗以后（test3）相较于试验 2 没有显著改进，

相较于原模式浅层 20 cm 以上土壤湿度的模拟偏差

略微增大。可能是模式中加入了地表蒸发阻抗以

后，地表蒸发减小，也可能是对于表层土壤水分入

渗考虑较为简单，高估了土壤的持水能力，以致对

土壤湿度模拟偏大。总的来讲，新的参数化方案更

适用于像藏东南站有机质含量较高的地区。 
4.2  土壤温度的模拟 

土壤温度尤其是地表温度是检验陆面过程模

式模拟性能的重要指标，因为一个陆面过程模式中

土壤温度计算的准确性关系到陆面与大气之间的

能量和物质交换（周锁铨等，2004）；土壤温度异常

会影响地表能量平衡，进而影响大气环流（Luo et 
al.，2009）。目前，已有许多研究指出土壤温度的

变化对气候产生的重要影响（王万秋，1991；Zheng 
et al.，2002；Zhang et al.，2005；房云龙等，2010）。
因此，正确模拟土壤温度是陆面过程模式数值模拟

过程的一个重要环节。 
图 4a 给出了藏东南观测站各层土壤温度的观

测值和模拟值的日平均变化情况。原模式模拟上层

偏暖，尤其是 7 月中旬和 8 月中旬的两个少雨时段，

10 cm 以下的中下层则偏冷。试验 1 模拟的表层略

偏暖，其他各层都略微偏冷。改进了水参数化方案

之后，test2 试验模拟的温度变化趋势要平缓一些，

这主要是因为含水量模拟增大，使得土壤热容增

大。试验 1 和试验 2 模拟的土壤内部 10 cm 及以下

的温度模拟相较于原模式偏小，主要是因为新的热

参数化方案计算的导热率较小（见图 1a）。test3 的

模拟结果最接近观测值，虽然试验 3 对地表温度的

模拟偏高，平均偏高 2.7°C，但是中层的温度模拟

有不同程度的改进，相较于原模式模拟结果与观测

的偏差，中层 10 cm、20 cm 的平均偏差分别减少

0.5°C、0.3°C，下层 60 cm、100 cm 的平均偏差则

分别增大 0.1°C 和 0.3°C（表 6）。相对而言，那木

错站各层的温度模拟都比观测值偏低，尤其是 10 
cm 至 40 cm 的中层土壤温度显著偏低（图 4b），这

与该站土壤水分模拟偏高导致各层土壤热容偏大

有关（图 3）。对整个模拟时间段求平均，试验 1 相

较于原模式的模拟结果冷偏差增大，与考虑土壤有

机质使得表层能量向下传播受阻相一致。test2 试验

比 CTL 和 test1 试验对 20 cm 以上各层温度的模拟

有所改进，test3 试验模拟的 40 cm 以上各层温度都

比 CTL 有所改进（表 6）。 

表 5  两个观测站土壤各层含水量的模拟值与观测值平均偏差 
Table 5  Comparison of bias between observation and simulation of soil moisture over two stations 

不同深度的平均偏差/cm3 cm–3 
站点 模拟试验 4 cm 10 cm 20 cm 40 cm（藏东南为 60 cm） 80 cm（藏东南为 100 cm） 160 cm 

CTL －0.22 －0.17 -0.04 －0.08 －0.02  藏东南站 

test1 －0.13 －0.07 0.05 －0.08 －0.03  
test2 －0.10 －0.05 0.03 －0.09 －0.04   
test3 －0.08 －0.04 0.04 －0.08 －0.02  
CTL    0.06 0.06   0.03   0.03  －0.001 
test1    0.08 0.07   0.02    0.005 －0.02 
test2    0.07 0.06   0.01  －0.008   0.01 

纳木错站 

test3    0.07 0.07   0.01  －0.004  －0.002 
 

表 6  两个观测站土壤各层温度的模拟值与观测值平均偏差 
Table 6  Comparison of bias between observation and simulation of soil temperature over two stations 

 不同深度的平均偏差/°C 
站点 模拟试验 0 cm 4 cm 10 cm 20 cm 40 cm（藏东南为 60 参谋） 80 cm（藏东南为 100） 160 cm

CTL   2.0   0.2 －1.2 －0.8 －0.3 －0.2  藏东南站 

test1   1.5 －0.4 －2.0 －1.7 －1.3 －1.1  
test2   1.2 －0.6 －2.0 －1.7 －1.1 －0.8   
test3   2.7   0.8 －0.7 －0.5 －0.4 －0.5  
CTL －1.8  －3.0 －2.7 －2.0 －0.6   0.5 
test1 －2.1  －3.8 －3.8 －3.5 －2.2 －1.1 
test2 －1.2  －2.0 －2.1 －2.1 －1.2 －0.4 

纳木错站 

test3 －0.6  －2.2 －2.2 －1.9 －1.0 －0.6 
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从前面分析可知，综合考虑三种因素的 test3
试验结果较好，下面分析该方案与原方案模拟的土

壤温度剖面。图 5 是藏东南站日平均土壤温度的时

间—深度剖面图。藏东南站表面土壤温度较低，最

高温度位于 10 cm 深度附近，温度波动随着季节向

下传播的特征明显，表层的多个低温时间段都与图

2 所示的降水过程对应。原方案（CTL）模拟的土

壤温度偏差主要表现在表层偏暖，7 月 7 日前后以

及 8 月上旬少雨时段的暖偏差可传至 20 cm 甚至更

深，由 10 cm 处暖中心向上、向下的热传导导致该

层附近在大多数时段偏冷（图 5b）。在采用新方案

后（test3），由于土壤导热率减小，从 10 cm 处暖中

心向上、向下的热传导减弱，该层的冷偏差因而减

弱，而上述两个少雨时段表层的暖偏差及其向下传

播的深度都减弱（图 5c）。从图 5b 和 c 中可以看出，

新旧方案对于表层温度模拟的暖偏差较大，除了模

式中表面通量的计算误差以外，也可能是因为观测

站点植被覆盖的影响导致土壤表层温度的观测值

偏低。 
图 6 给出了纳木错站土壤温度的时间—深度剖

图 4  两个观测站日平均各层土壤温度变化：（a）藏东南站；（b）纳木错站 

Fig. 4  The daily average values of soil temperature at different depthat two stations: (a) Southeast Tibet station; (b) Namco station 
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面图。纳木错站植被稀疏，表层土壤温度最高，在

初夏少雨时期，偶然的降水事件导致表层土壤温度

降低，比如 6 月下旬、7 月中旬（图 6a）。原方案

（CTL）对于纳木错站土壤温度的模拟偏差表现为

120 cm 以上偏冷，可能原因是土壤湿度模拟偏高而

导致的土壤热容偏大，深层略微偏暖（图 6b）。而

采用新方案后（test3），由于孔隙度的计算较原方案

更接近实测值（见表 3），而且有机质的热传导率较

低，以致计算得到的土壤热传导率较低，从图 6c
中可以看出试验 3 模拟的冷偏差略有加大。但是在

降水较多的 8 月份，因为试验 3 减少了表面蒸发而

提高了表层温度，所以下层土壤温度模拟的冷偏差

有较明显的改进。当然，新参数化方案仍存在一些

问题，土壤内部温度模拟没有明显改善，需要进一

步研究。 
4.3  能量通量的模拟 

图 7 给出了藏东南站净辐射（向下的短波辐 
射与长波辐射之和减去向上的短波辐射与长波  
辐射之和）、感热通量和潜热通量的日平均值变 
化。从图中可以看出，在该站夏季的表面能量收支

中，潜热通量起主要作用。随着方案改进程度的逐

步递进，各个能量通量的模拟也更加接近观测  
值：对于净辐射的模拟，各个试验模拟结果相   
近，与观测值相比偏差不大。模式对辐射通量的模

 

图 5  藏东南站日平均土壤温度的时间—深度剖面：（a）观测值；（b）CTL 模拟值与观测值的差值；（c）test3 模拟值与观测值的差值 

Fig. 5  The time–depth crosssections of daily mean soil temperature at Southeast Tibet station: (a) Observation; (b) differences between CTL and observation; 

(c) differences between expttest3 and observation  
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拟直接影响到对地表能量平衡的模拟，同时关   
系到净辐射在感热通量和潜热通量之间的分配。 
整个模拟时段平均而言，新参数化方案（test3）对

各个能量通量的模拟均偏高，净辐射、感热通量  
和潜热通量分别偏高 14.1 W m–2、2.6 W m–2 和  
34.6 W m–2。虽然 test3 对净辐射的模拟偏差比 
CTL 试验略微增大，但是与观测结果的决定系数

提高到 0.985；对感热通量的模拟相对于原方案的

提高约 0.2，表面感热通量偏大主要是因为地表温

度的模拟偏高。各组试验对于潜热通量的模拟整体

偏高，test3 试验加入地表蒸发阻抗以后，对蒸发

潜热的模拟有明显改进，普遍比原方案减弱，更接

近观测值，与观测值的相关系数的平方达到 0.87

（表 7）。 
图 8 给出了纳木错站净辐射、感热通量和潜热

通量的日平均值变化，从图中可以看出 CTL 与 test3
的模拟结果较为接近。新方案（test3）对三个通量

的模拟值与观测的决定系数分别为 0.882、0.703 和

0.568，都比原方案的模拟有所提高。对于净辐射的

模拟，新旧方案的模拟均偏大，但是新方案更接近

观测值，平均偏差减小近 10 W m–2；新方案对潜热

通量模拟的改进最为明显，平均偏差减小了 20.2  
W m–2，虽然两种方案对土壤含水量的模拟都比观

测值大，但是因为纳木错站土壤含水量较低，新方

案表面蒸发阻抗较大，导致潜热通量模拟降低，更

接近观测值。 

图 6   同图 5，但为纳木错站 

Fig.6  The same as Fig.5, but for Namco station 
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5  结论与讨论 

青藏高原具有独特的地理位置和地形高度，其

陆面过程相较其他地区存在着一定的特殊性。高原

地区土壤发育较差，土壤层较薄，东南部地区较同

纬度其他地区温度偏低，土壤有机质含量高，且土

壤质地较粗,局部地方石块和砾石含量较多。根据这

个特点，我们在 Chen et al.（2012）的土壤热参数

化方案和 Lawrence and Slater（2008）的水传输特

性参数化方案的基础上，发展了一个新的参数化方

案以描述土壤有机质和砾石对土壤水热传输的影

响，并用站点的实测资料对新方案进行了检验。本

文对 CoLM 陆面模式中的土壤水、热参数化方案以

及地表蒸发阻抗三方面进行了改进，并对青藏高原

藏东南站和纳木错站进行了单点数值模拟试验。通

过对比分析，主要得到以下几点结论： 

 
图 7  藏东南站（a）净辐射、（b）感热和（c）潜热的日平均值变化 

Fig. 7  The daily average values of (a) net radiation, (b) sensible heat flux, and (c) latent heat flux over Southeast Tibet station  

 
图 8   同图 7，但为纳木错站 

Fig.8  The same as Fig. 8,but for Namco station 
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（1）藏东南站的砂粒含量相较于纳木错站较

低，20 cm 以上土壤层粘粒含量较高，有机质含量

大约是纳木错站的 2 倍，20 cm 以下有机质含量极

少，40 cm 以上砾石含量很低，可以忽略不计；而

纳木错站砂粒含量很高，粘粒含量几乎为零，20 cm
以下砾石含量超过 25%，比有机质所占比例要高出

很多。 
（2）新参数化方案计算的藏东南站土壤孔隙度

较实测值平均偏高 5.7%，浅层土壤 10 cm 和 20 cm
比观测值平均高出 6.5%，30 cm 和 40 cm 土壤层平

均偏低 8.38%，更接近观测值；纳木错站原方案对

孔隙度的计算平均偏低 2%，新方案略偏高 0.49%，

更接近观测值。 
（3）新方案计算的藏东南站的热传导率均值为

0.594 W m–1 K–1，较观测值稍微偏低，但是比原方

案更接近观测值。而对于纳木错站，在土壤含水量

低于 0.1 时，热传导率平均值为 0.241 W m–1 K–1，比

观测值高出 0.043 W m–1 K–1；当含水量大于 0.1 时，

新方案计算的平均值比观测值高 0.356 W m–1 K–1，但

相较于与原方案更接近观测值。 
（4）各个控制试验对藏东南站土壤湿度的模拟

都有所改善，其中在所有参数优化后（test3）的模

拟改进效果显著：五层的平均偏差由 0.106 减小到

0.04，更接近实测值；而新方案对纳木错站浅层 20 
cm 以上土壤含水量的模拟相较于控制试验 CTL 的

模拟偏差略微增大。 
（5）参数方案优化后模式均能较好模拟出日平

均温度变化，但是仍存在着一定的偏差，在藏东南

站新参数化方案对表层土壤温度模拟偏高，可能是

因为净辐射的模拟偏高，另外，新方案考虑土壤有

机质的低导热率，使得夏季地表面的净辐射不易向

深层土壤传导而在表面积累，从而导致表面温度模

拟偏高。10 cm 以下土壤温度的模拟值较观测值稍

微偏低，比原方案模拟的平均误差减小 0.1°C。对

纳木错站而言，新方案对地表温度的模拟有较明显

的改进，平均偏差从－1.8°C 减小到－0.6°C，中层

土壤温度模拟的冷偏差也有不同程度的改善。 
（6）参数化方案优化后，模式对两个观测站能

量通量的模拟有不同程度的改进。藏东南站净辐

射、感热通量和潜热通量的模拟相较于观测值分别

偏高 14.1、2.6 和 34.6 W m–2，从模拟值与观测值的

决定系数来看，净辐射、感热通量、潜热通量的相

关系数的平方分别达到 0.985，0.945，0.87，其中

感热通量的模拟改进最显著，相较于原方案提高约

0.2；纳木错站对能量通量的日变化模拟也较好，相

关系数的平方分别为 0.882、0.703 和 0.568，但改

进效果不如藏东南站。 
（7）模式在改进土壤热参数化方案后（test1），

对有机质含量较多的藏东南站土壤湿度的模拟结

果有所改进，而对比较干燥且有机质含量较少的纳

木错站土壤湿度的改进效果不明显，该站土壤温度

的模拟反而更差；进一步改进土壤水参数化方案后

（test2），对两个观测站土壤温、湿度的模拟有一定

程度的改进，但是对地表通量的模拟并不理想；将

所有参数化方案优化后的试验（test3）对地表能量

通量的模拟有显著改善，相较于 test2 对土壤温、湿

度的模拟则没有明显改进。总的来讲，test3 相较于

其他模拟试验的模拟结果更接近观测值。 
虽然新的参数化方案对于两个观测站的模拟

有不同程度的提高，但仍存在着一些问题：一方面，

新的参数化方案更适用于有机质含量较高的地区，而

对于像纳木错站这样有机质含量较低的地区，更要

考虑砾石对土壤水热传输特性的影响。砾石含量高

的土壤通透性好，导致土壤水分下渗量大。但土壤

表 7  新旧方案模拟的能量通量与观测值的决定系数和平均偏差 
Table 7  The coefficient of determination (R 2) and the simulated bias between observation and simulation of energy flux 

over two stations 

净辐射 感热 潜热 

观测站 模拟试验 R2 偏差/W m2 R2 偏差/W m2 R2 偏差/W m2 

CTL 0.982 13.5 0.747 －2.0 0.745 44.3 藏东南站 

Test1 
Test2 
Test3 

0.982 
0.984 
0.985 

16.9 
19.5 
14.1 

0.725 
0.924 
0.945 

－2.5 
－5.7 

2.6 

0.796 
0.836 
0.870 

49.3 
58.0 
34.6 

CTL 0.873 35.1 0.674 －4.0 0.479 21.9 纳木错站 

test1 
test2 
test3 

0.881 
0.874 
0.882 

33.3 
38.1 
29.1 

0.648 
0.676 
0.703 

－2.8 
－2.3 

4.3 

0.519 
0.483 
0.568 

24.6 
22.6 
1.7 
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中砾石含量对导水率的影响较为复杂，而我们的参

数化方案对砾石的考虑较为简单，需要进一步改

善。另一方面，模式中地表蒸发阻抗增大后，土壤

浅层含水量以及土壤内部温度的模拟结果在纳木

错站并不理想。由于地表蒸发阻抗无法用实验仪器

进行直接观测，所以参数化方案的选用给模式带来

了很大的不确定性。 
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ABSTRACT

The spatial and temporal global distribution of deep cloudswas analyzed using a four-year dataset (2007–10) based on
observations from CloudSat and CALIPSO. Results showed that in the Northern Hemisphere, the number of deep cloud
systems (DCS) reached a maximum in summer and a minimum in winter. Seasonal variations in the number of DCS varied
zonally in the Southern Hemisphere. DCS occurred most frequently over central Africa, the northern parts of South America
and Australia, and Tibet. The mean cloud-top height of deep cloud cores (TDCC) decreased toward high latitudes in all
seasons. DCS with the highest TDCC and deepest cores occurred over east and south Asian monsoon regions, west-central
Africa and northern South America. The width of DCS (WDCS) increased toward high latitudes in all seasons. In general,
DCS were more developed in the horizontal than in the vertical direction over high latitudes and vice versa over lower lat-
itudes. Findings from this study show that different mechanisms are behind the development of DCS at different latitudes.
Most DCS at low latitudes are deep convective clouds which are highly developed in the vertical direction but cover a rela-
tively small area in the horizontal direction; these DCS have the highest TDCC and smallest WDCS. The DCS at midlatitudes
are more likely to be caused by cyclones, so they have less vertical development than DCS at low latitudes. DCS at high
latitudes are mainly generated by large frontal systems, sothey have the largest WDCS and the smallest TDCC.

Key words: deep cloud, deep cloud core, aerosol invigoration effect
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1. Introduction

Clouds and their interactions with atmospheric circula-
tion, shortwave and longwave radiation, and the surface are
very important components of both weather and climate.
Serving as one of the most important elements of hydrolog-
ical and energy circulation, clouds have a crucial impact not
only on radiation budgets at the surface and the top-of-the-
atmosphere, but also on heating profiles within the atmo-
sphere and the spatial and temporal distribution of precipi-
tation around the globe. Usually accompanied by precipita-
tion, deep cloud systems (DCS) have a more direct impact on
hydrologic circulation, and absorb much more surface long-
wave radiation and reflect more shortwave solar radiation
than do shallow clouds. Satellite-based studies (Ramanathan
et al., 1989; Harrison et al., 1990; Hartmann et al., 1992;

∗ Corresponding author: ZHANG Hua
Email: huazhang@cma.gov.cn

Kiehl, 1994; Hartmann et al., 2001; Futyan and Del Genio,
2007) have revealed that the mean net radiative forcing of
DCS over large spatial scales and over long time periods
is close to zero because of the cancellation of strong neg-
ative shortwave forcing and strong positive longwave forc-
ing. Yuan and Li (2010) and Yuan et al. (2010) used mod-
erate resolution imaging spectroradiometer (MODIS) data to
study macro- and micro-physical properties of deep convec-
tive clouds. They found that the optical depth of deep con-
vective clouds varies slightly over the course of a year and
that the particle size of ice crystals at the top of deep con-
vective clouds are positively correlated to the brightnesstem-
perature, although the correlation varied over time and space.
They also developed a method to estimate glaciation temper-
atures inside deep convective clouds. Using a combination
of CloudSat and atmospheric infrared sounder data, as well
as output from the Global Data Assimilation System model,
Savtchenko (2009) found that deep convective clouds hu-
midified the upper level of the troposphere and reduced the

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag Berlin Heidelberg 2014
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amount of outgoing longwave radiation under all-sky condi-
tions. Sassen et al. (2009) explored the correlation between
deep convective clouds and cirrus clouds over tropical re-
gions. Using data from the A-train constellation of satellites,
Iwasaki et al. (2010) estimated the mean radius of ice crys-
tals and the mean ice water content above a level with a po-
tential temperature of 380 K (near the top of the troposphere)
in deep convective clouds to be 23.0± 4.9 µm and 7.2± 8
mg m−3, respectively. Yuan and Houze (2010) and Yuan et
al. (2011) analyzed the 3D structure of deep convective cloud
anvils on a global scale, based on MODIS/Advanced Mi-
crowave Scanning radiometer observations. Takahashi and
Luo (2012) analyzed the level of neutral buoyancy for deep
convective clouds based on CloudSat data. While interac-
tions between clouds, aerosols, radiation and precipitation
contribute toward one of the largest uncertainties in the field
of climate change, recent studies (Rosenfeld et al., 2008; Li
et al., 2011) suggest that aerosols could also influence the de-
velopment of DCS.

Aerosols can serve as cloud condensation nuclei, so they
can modify cloud radiative and dynamical properties. The ef-
fect of aerosols on cloud life time and precipitation is often
referred to as the “aerosol indirect effect”. Studies (Albrecht,
1989; Radke et al., 1989; Rosenfeld, 2000; Ramanathan et
al., 2001; Andreae et al., 2004; Li et al., 2011) have suggested
that, with a fixed amount of water, an influx of aerosols could
lead to the formation of more but smaller cloud droplets, thus
suppressing collision and coalescence processes. The num-
ber of cloud droplets that could grow large enough to start
rainfall would then be reduced, resulting in less precipita-
tion. When deep mixed-phase clouds are formed under suit-
able dynamical conditions, more aerosols could enhance the
development of these clouds in the following way. In the
presence of a high concentration of aerosols, smaller cloud
droplets could weaken, or even completely shut down, down-
drafts within the cloud. Updrafts could then move these cloud
droplets higher into the cloud. Once they pass the freezing
level and start condensing, more latent heat would be released
which would allow the cloud to grow more vigorously. This
mechanism is the so-called aerosol invigoration effect (AIE)
(Rosenfeld et al., 2008). Although both modeling and ob-
servational studies (Khain et al., 2005; Koren et al., 2005;
Tao et al., 2007; Lee et al., 2010; Li et al., 2011; Freud and
Rosenfeld, 2012; Niu and Li, 2012) have reported evidence to
support the AIE and pointed out that it is particularly impor-
tant for mixed-phase deep clouds, more work is still needed
to further understand the AIE and its possible impact on cli-
mate and extreme weather. As modeling studies have shown
(Khain et al., 2005; Tao et al., 2007), the AIE is more signif-
icant under certain conditions, such as with sufficient water
vapor supply and weaker wind shear, but it is much weaker
under opposite conditions, and such conditions are different
for mixed-phase deep clouds at different geo-locations/time
periods. Thus, better understanding of the temporal and spa-
tial distribution of global DCS will help to reveal the best
time and location to study the AIE. Therefore, in the present
reported study, the global distribution of DCS was analyzed

using four years’ worth of CloudSat/Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation(CALIPSO) data in
order to build the foundation for a future, more in-depth study
on the large-scale AIE. Section 2 describes the algorithm de-
veloped to identify DCS. The global frequency of DCS and
the global distribution of the macro-physical properties of
DCS are presented in sections 3 and 4, respectively. Con-
clusions and a discussion are given in section 5.

2. Algorithm for identifying DCS
2.1. CloudSat data

CloudSat is a polar-orbiting satellite and is a member of
National Aeronautics and Space Administration (NASA)’s
A-train constellation, launched in April 2006. The satellite
carries a 94-GHz nadir-view cloud profiling radar (CPR) that
can objectively observe clouds at a high vertical resolution.
It is in a sun-synchronous orbit at an altitude of 705 km with
an orbit period of about 98.9 minutes during which time ap-
proximately 37 081 profiles are generated. The resolution for
each pixel in the horizontal direction is 1.1 km along the orbit
swath tracking and 1.4 km perpendicular to the orbit tracking
and 0.24 km in the vertical direction. With the combination
of observations from CloudSat and CALIPSO, as well as re-
analysis data from the European Centre for Medium-Range
Weather Forecasts (ECMWF), CloudSat standard products
provide the macro/micro-physical and radiative properties of
cloud as well as the meteorological parameters in each pixel.

In our studies, 2B-GEOPROF and 2B-GEOPROF-LIDAR
were used to determine the location of DCS. Both prod-
ucts provide the cloud geometry information but measured
from different instruments. 2B-GEOPROF provides the radar
echo in each pixel from the CPR, which has strong penetra-
bility and can therefore detect low-level cloud with thick
cloud above. 2B-GEOPROF-LIDAR contains information
from the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) aboard CALIPSO, which can observe very thin
ice cloud that the CPR cannot. Therefore, a combination of
both products has the benefit of both radar and lidar data and
thus provides more accurate cloud detections.

Using cloud mask, cloud fraction and radar reflectivity
data from the 2B-GEOPROF and 2B-GEOPROF-Lidar prod-
ucts, pixels were identified as clear or cloudy. The cloud
mask indicates that each pixel is detected by the CPR and
that the threshold for cloud existing is larger than 20. The
cloud fraction contains the percentage within each pixel that
is identified by the lidar as cloud. The radar reflectivity is
the radar echo from the CPR within each pixel. Since the
minimum detectable signal of the CPR is approximately−30
dBZ, if the pixel has a cloud mask flag< 20 and a cloud frac-
tion > 50% or a reflectivity> −30 dBZ and a cloud mask
flag > 20, the pixel is cloudy; in all other cases the pixel is
clear (Zhang et al., 2013; Peng et al., 2013).

2.2. Identifying DCS

No universal definition of DCS has been established even
though related studies about DCS have been published by
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others. In this study, which focuses on how deep mixed-
phase clouds might be affected by the AIE, cloud top and base
heights were used to define DCS. CloudSat records cloud in-
formation continuously along its orbital track, so it provides
not only single profile information but also information on
the cross-section formed by the combination of adjacent pro-
files. Following the method used in Luo et al. (2010), we
first identified a cloudy profile which was strongly developed
in the vertical direction and defined it as a deep cloud core
(DCC); the DCC and adjacent cloudy pixels in the cross-
section were then defined as DCS. The AIE is most signifi-
cant in deep mixed-phase clouds with cloud bases lower than
2 km (Li et al., 2011), so only those DCC that are single-
layered with a cloud-top height> 10 km and with a distance
< 2 km between the surface and the cloud base were consid-
ered. Once a DCC was identified, adjacent profiles in both
forward and backward directions along track were examined
and if there were cloudy pixels at the same altitude in con-
nected profiles, they were deemed associated with the same
deep cloud. This process continued in expanding directions
until no cloudy pixels in connecting profiles were found; at
this point, a DCS had been identified.

An example of a DCS is shown in Fig. 1, taken from
CloudSat orbit 4108 on 4 February 2007. This DCS includes
214 DCC and covers a horizontal range of 1841.1 km.

Studies (Huang et al., 2005, 2006) have demonstrated
the importance of multi-layer clouds to the radiation budget
and have developed algorithms for the identification of multi-
layer clouds and the retrieval of their properties. So if any
deep cloud is overlapped by other cloud, such as cirrus, it is
not considered as a DCC, which leads to an underestimate
of the number of global DCS. All data were checked to esti-

mate the uncertainties. If the lowest-layer cloud of any multi-
layer cloudy profile had a cloud-top height> 10 km and a
distance< 2 km between the surface and the cloud base,
the multi-layer profile was considered to be a miss-identified
DCC. According to the geographical location and UTC time
of the misidentified DCC, we found that most of them were
included in the currently identified DCS. Then, we checked
all misidentified DCC that were not included in the current
DCS, and if the number of continuously misidentified DCC
not included in the current DCS was larger than five, they
were considered to be missed-DCS. So, the ratio of the num-
ber of missed-DCS to the number of DCS was considered
to be the underestimate of global DCS, which ranged from
about 5% in low latitudes to about 2% in high latitudes.

3. Global distribution and seasonal trends in
DCS

The global distribution of DCS and seasonal trends in the
number of DCS (NDCS) are examined in this section. First,
the Southern and Northern Hemispheres (SH and NH, re-
spectively) were each divided into zones: low latitude (LL:
0◦–30◦), midlatitude (ML: 30◦–60◦) and high latitude (HL:
60◦–90◦). Seasons were defined as follows:

(1)December, January and February for winter in the NH
and summer in the SH;

(2) March, April and May for spring in the NH and au-
tumn in the SH;

(3) June, July and August for summer in the NH and win-
ter in the SH;

(4) September, October and November for autumn in the

Fig. 1. Example of a DCS identified on 4 Feb 2007. White and yellow areas represent the DCS
(the yellow area is the DCC) and blue regions are clear sky; green areas represent cloudy pixels
not classified as part of the DCS.

245



596 GLOBAL DEEP CLOUD BASED ON CLOUDSAT AND CALIPSO VOLUME 31

NH and spring in the SH.
The mean latitude and longitude of all the DCC in each

DCS was used to represent the location of the DCS; they were
calculated over 5◦ × 5◦ grid boxes. The NDCS was calcu-
lated as the sum of the DCS in each grid box per season over
the four-year period. Figure 2 shows the monthly time se-
ries of NDCS in different zonal bands. In the NH, the NDCS
changes significantly with season in all zonal bands; the max-
imum NDCS occurs in summer and the minimum in winter
(Fig. 2a). In the LL zone of the SH, the maximum NDCS
also occurs in summer and the minimum in winter; in the HL
zone in the SH, the reverse is seen (Fig. 2b). The NDCS re-
mains generally the same year-round in the ML zone of the
SH. Globally, for any single month over the four-year period,

the maximum NDCS (4221) occurred in August 2007 and the
minimum NDCS (561) occurred in April 2010.

Convective instability caused by radiative heating is the
main contributing factor toward the generation of DCS in the
LL zone of both hemispheres, which explains why the NDCS
in this zonal band is large in summer and small in winter.
Figures 2c–f demonstrate how different underlying surfaces
can lead to large differences in the seasonal variation of the
NDCS in the ML and HL zones of both hemispheres. The
seasonal variations of the NDCS over land and over the ocean
in the LL zone are the same. The much larger NDCS over
the ocean than over land is because many tropical cyclones
are generated over the ocean in the LL zone. The seasonal
variation of the NDCS over land in the NH (Fig. 2c, dash–

Fig. 2. Total NDCS per month in different zonal bands for (a) the NH, (b) the SH, (c) the NH over land, (d) the SH
over land, (e) the NH over the ocean, and (f) the SH over the ocean. The dotted line represents the NDCS over all zonal
bands; the dashed line is for 0◦–30◦; the dash–dot line is for 30◦–60◦; and the solid line is for 60◦–90◦.
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dot line) is much more significant than over the oceans (Fig.
2e, dash–dot line) because cloud development over land is
more complex. Oceans dominate in the ML zone of the SH
so cloud formation is a simpler process over this surface and
little seasonal variation is seen in the NDCS (Fig. 2f). The
largest NDCS in the HL zone occurs in the SH where the
sub-polar low is located. DCS here are formed from the con-
vergence of cold air from the polar region and warm air from
the subtropical region.

The NDCS for different zonal regions and seasons is
summarized in Table 1; the global distribution of NDCS for
each season is shown in Fig. 3. The global distribution of
NDCS are consistent with previous deep-cloud-related stud-
ies (Sassen et al., 2009; Savtchenko, 2009), which indicate
that the representation according to CloudSat/CALIPSO’s
observations is still reasonable despite the limited spatial and
temporal resolution. The maximum NDCS (39 343) occurs

in the NH summer/SH winter and the minimum NDCS (23
827) occurs in the NH winter/SH summer. The highest den-
sity of DCS occurs in central Africa, northern South America,
Indonesia and Tibet, with the maximum values of NDCS in
a single grid box within each of these regions over the four-
year period being 86, 112, 87 and 154, respectively. Note
the significant increase in the NDCS over the Antarctic polar
region during NH summer/SH winter (Fig. 3b).

4. Macrophysical properties of DCS on a
global scale

AIE-related studies have reported that deep mixed-phase
clouds tend to have higher cloud-top heights and lower cloud-
top temperatures under polluted conditions than under clean
conditions (Li et al., 2011; Niu and Li, 2012). Using a

Table 1. Total number of DCS in different zonal regions for differentseasons over the period 2007–10.

LL/NH ML/NH HL/NH Total/NH LL/SH ML/SH HL/SH Total/SH

Spring NH/Autumn SH 7971 6063 1107 15 141 9414 4454 1917 15 785
Summer NH/Winter SH 13 006 9367 2968 25 341 4222 4076 5705 14 003
Autumn NH/Spring SH 11 524 5954 2543 20 021 6759 4145 3709 14 613
Winter NH/Summer SH 4296 3563 1711 9570 9479 3977 801 14 257

Fig. 3. Total number of DCS in each 5◦×5◦ grid box over the four-year period for (a) NH spring/SH autumn, (b)
NH summer/SH winter, (c) NH autumn/SH spring, and (d) NH winter/SH summer. White grid boxes signify that
no DCS were identified in that box.
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combination of MODIS retrievals and Goddard Chemistry
Aerosol Radiation and Transport model simulations, Khain
et al. (2005) found that when the aerosol optical depth in-
creases, the ratio of clouds with large optical depths to those
with small optical depths decreases. They explained that with
an increase in aerosol loading, the most vertically developed
part of a DCS (high optical depth) would intensify, and the
horizontal extent of the anvil (small optical depth) would
increase. These findings suggest that both the vertical and
horizontal macrophysical properties of a DCS can be modi-
fied through the AIE. The mean distance between the top of
each DCC and the surface within a single DCS (cloud-top
height of deep cloud cores; TDCC) and the mean depth of
the deep cloud core (DDCC) are used to describe the strength
of the vertical development. The horizontal development of
a DCS is expressed as the cross-sectional width of the DCS
(WDCS).

4.1. Global distribution and seasonal trends in TDCC

Figure 4 shows the monthly time series of the mean
TDCC over the four-year period. There is little seasonal vari-
ation in the mean TDCC in the LL and HL zones of the NH.
The mean TDCC in the ML zone of the NH reaches a maxi-
mum in summer (10.59 km) and a minimum in winter (9.89
km). In the SH, the highest TDCC occurs in the LL and ML
zones in summer (13.51 km and 11.03 km, respectively) and
the lowest TDCC occurs in these regions in winter (13.00 km
and 10.77 km). The mean TDCC in the HL zone of the SH
varies greatly from month-to-month (Fig. 4b) but there is lit-
tle difference in TDCC between different seasons (Table 2).
Global distributions of TDCC and DDCC for different sea-

sons are shown in Figs. 5 and 6, respectively. The TDCC
decreases toward higher latitudes in both hemispheres; the
mean TDCCs from the HL to the LL zone are 9.97 km, 10.47
km and 13.24 km. The lowest TDCC and smallest DDCC
can be seen over Tibet, Greenland, the Antarctic continent
and Chilean plateaus. Because TDCC is defined as the dis-
tance between the cloud top and the surface and DCC is de-
fined as a single-layered cloud with top heights greater than
10 km above mean sea level, the DCC over these elevated
land surfaces have the lowest TDCC. The DCS with the high-
est TDCC (up to 16 km) and largest DDCC (∼ 15 km) occur
over south and eastern Asian monsoon regions, west-central
Africa and northern South America. Note that the DCS grows
thicker and higher in the winter over the Antarctic (Figs. 5b
and 6b).

4.2. Global distribution and seasonal trends in WDCS

Figure 7 shows the monthly time series of the mean
WDCS over the four-year period; Table 3 summarizes the
mean WDCS for different zonal regions and seasons. The
maximum and minimum WDCS in the NH are 1055.9 km (in
winter) and 645.2 km (in summer), respectively. Large-scale
circulation in winter is mainly in the form of frontal systems,
which are much larger in scale than summertime convective
cloud systems, so although fewer DCS are seen in the NH
during winter (Table 1), they are much larger in horizontal
extent. In the SH, the maximum WDCS occurs in the HL
zone in the autumn (1364.7 km) and the minimum WDCS
can be seen in the LL zone in the winter (585.7 km).

The global distribution of WDCS is shown in Fig. 8. The
main feature that can be seen is the increase in WDCS to-

Fig. 4. Monthly time series of mean TDCC over the four-year period for different zonal bands in (a) the NH and (b)
the SH. The dotted line represents TDCC over all zonal bands;the dashed line is for 0◦–30◦; the dash–dot line is for
30◦–60◦; and the solid line is for 60◦–90◦.

Table 2. Mean TDCC in different zonal regions for different seasons over the period 2007–10 (units: km).

LL/NH ML/NH HL/NH Total/NH LL/SH ML/SH HL/SH Total/SH

Spring NH/Autumn SH 13.22 10.14 10.04 11.64 13.26 11.02 9.50 12.15
Summer NH/Winter SH 13.34 10.59 10.15 11.95 13.00 10.77 9.81 11.08
Autumn NH/Spring SH 13.40 10.49 10.18 12.12 13.03 10.81 9.57 11.55
Winter NH/Summer SH 13.12 9.89 10.22 11.49 13.51 11.03 9.79 12.60
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Fig. 5. Mean TDCC in each 5◦ ×5◦ grid box over the four-year period for (a) NH spring/SH autumn, (b) NH sum-
mer/SH winter, (c) NH autumn/SH spring, and (d) NH winter/SHsummer. White grid boxes signify that no DCS were
identified in that box.

Fig. 6. Same as Fig. 5 but for mean DDCC.
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Fig. 7. Monthly time series of mean WDCS over the four-year period for different zonal bands in (a) the NH and
(b) the SH. The dotted line represents WDCS over all zonal bands; the dashed line is for 0◦–30◦; the dash–dot
line is for 30◦–60◦; and the solid line is for 60◦–90◦.

Fig. 8. Mean WDCC in each 5◦×5◦ grid box over the four-year period for (a) NH spring/SH autumn, (b) NH sum-
mer/SH winter, (c) NH autumn/SH spring, and (d) NH winter/SHsummer. White grid boxes signify that no DCS were
identified in that box.

Table 3. Mean WDCS in different zonal regions for different seasons over the period 2007–10 (units: km).

LL/NH ML/NH HL/NH Total/NH LL/SH ML/SH HL/SH Total/SH

Spring NH/Autumn SH 647.2 1017.4 1263.8 844.1 618.5 1115.4 1364.7 846.4

Summer NH/Winter SH 657.9 588.8 779.7 645.2 585.7 1337.5 1168.8 1036.8

Autumn NH/Spring SH 643.6 925.9 1232.2 801.0 633.9 1230.4 1245.1 964.2

Winter NH/Summer SH 730.8 1295.0 1383.1 1055.9 802.8 1021.1 1313.4 890.5
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ward higher altitudes; the mean WDCS in the LL, ML and
HL zones in both hemispheres is 665.05 km, 1066.44 km and
1218.85 km, respectively. Over the four-year period, the DCS
with the largest WDCS are seen in the HL zone of the SH;
this is attributed to the presence of the sub-polar low and the
resulting generation of large-scale DCS. Worth to note that,
when we calculate the WDCS for any particularly grid, the
profile not in the grid may also be taken into the consideration
as long as it belongs to the DCS that the averaged latitude and
longitude of its DCCs lies in the grid. Therefore, although the
length of each grid is different in different latitudes, it will not
influence the result of WDCS.

4.3. Reasons behind the distribution of macrophysical
properties of DCS

Seasonal variations of TDCC and DDCC in different
zonal regions are mainly due to the different mechanisms
for generating DCS at different latitudes. Using reanalysis
data from the ECMWF, convective available potential energy
(CAPE) was calculated; this quantity is often used to repre-
sent convective intensity. Figure 9 shows the monthly time
series of mean CAPE over the four-year period for different
zonal bands. In general, the TDCC is positively correlated
to CAPE at different latitudes. The DCS in the LL zone are
mainly deep convective clouds, highly developed in the ver-
tical direction but covering a relatively small area in the hor-
izontal direction. The generation of clouds in the ML zone
is highly impacted by mesoscale weather systems, so many
DCS are formed along fronts; strong monsoons also influ-
ence the generation of DCS. In the ML zone of the NH, the
significant increase in the number of deep cumulonimbi dur-
ing the summer results in an increase in TDCC. In the SH,
oceans are the dominant surface in the ML zone, so there is
much less variation in conditions producing DCS throughout
the year. Convection is weakest in the HL zone in both hemi-
spheres, so DCS are mainly generated by large-scale frontal

Fig. 9. Monthly time series of mean CAPE over the four-year
period for different zonal bands.

systems; TDCC (WDCS) decreases (increases) toward higher
latitudes.

5. Discussion and conclusions

Using four years’ worth of CloudSat and CALIPSO data
(2007–10), DCS were identified and the global distribution
of the number of DCS, TDCC, DDCC and WDCS was ana-
lyzed. The main conclusions are as follows:

(1) The greatest concentration of DCS occurred in central
Africa, northern South America, northern Australia and Ti-
bet; the maximum values of NDCS in a single grid box within
each of these regions over the four-year period were 86, 112,
87 and 154, respectively. There was a significant increase in
the NDCS over the Antarctic polar region during NH sum-
mer/SH winter. In the NH, the fewest NDCS were seen in
winter (9570) and the greatest NDCS occurred in summer (25
341); the total number of DCS in spring and autumn were 15
141 and 20 021. There was more seasonal and zonal varia-
tion in NDCS in the SH. The maximum NDCS seen in the LL
zone occurred in summer (9479) and the minimum in winter
(4222); in the HL zone in the SH, the reverse was seen (win-
ter: 5705, summer: 801). The NDCS remained generally the
same year-round in the ML zone of the SH.

(2) TDCC decreased toward higher latitudes in both
hemispheres. The DCS with the highest TDCC (up to 16 km)
and largest DDCC (∼ 15 km) occurred over south and east-
ern Asian monsoon regions, west-central Africa and north-
ern South America. There was little seasonal variation in the
mean TDCC in the LL and HL zones of the NH. The mean
TDCC in the ML zone of the NH reached a maximum in sum-
mer (10.59 km) and a minimum in winter (9.89 km). In the
SH, the highest TDCC occurred in the LL and ML zones in
summer (13.51 km and 11.03 km, respectively) and the low-
est TDCC occurred in these regions in winter (13.00 km and
10.77 km). The mean TDCC in the HL zone of the SH varied
greatly from month-to-month but there was little difference
in TDCC between different seasons.

(3) The WDCS increased in magnitude toward higher lat-
itudes; the mean WDCS in the LL, ML and HL zones of both
hemispheres was 665.05 km, 1066.44 km and 1218.85 km,
respectively. Over the four-year period, the DCS with the
largest WDCS were found in the HL zone of the SH. The
maximum and minimum WDCS in the NH was 1383.1 km
(winter) and 645.2 km (summer), respectively. The WDCS
in the LL zone of the SH was largest in summer (802.8 km)
and smallest in winter (585.7 km). In the ML zone of the
SH, the maximum (minimum) WDCS (1337.5 km; 1021.1
km) occurred in winter (summer). The largest and smallest
WDCS were seen in autumn and winter in the HL zone of the
SH (1364.7 km and 1168.8 km, respectively).

(4) Seasonal variations of TDCC and DDCC in different
zonal regions are mainly due to the different mechanisms for
generating DCS at different latitudes. The DCS in the LL
zone are mainly deep convective clouds, highly developed
in the vertical direction but covering a relatively small area
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in the horizontal direction. Most DCS in the ML zone are
formed by frontal systems, so they have smaller TDCC than
those in the LL zone. The NDCS in the ML zone of the NH
(SH) increases significantly in summer (winter) because of
the monsoon circulation. The DCS in the HL zone are mainly
generated by large frontal systems, so have the largest WDCS
and smallest TDCC.

Future work will focus on examining the AIE in DCS at
a global scale.
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长江中下游夏季降水的可能途经
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ｔｒｏｐｏｓｐｈｅｒｅｔｉｌｔｉｎｇｔｏｎｏｒｔｈｗｅｓｔｃｏｍｐａｒｅｄｔｏｔｈｅｍｉｄｄｌｅａｎｄｌｏｗｅｒｔｒｏｐｏｓｐｈｅｒｅ，ｓｏｔｈａｔｔｈｅ

ｍｉｄｄｌｅａｎｄｌｏｗｅｒｒｅａｃｈｅｓｏｆｔｈｅＹａｎｇｔｚｅＲｉｖｅｒａｎｄｔｈｅａｒｅａｔｏｉｔｓｓｏｕｔｈｉｓｕｎｄｅｒｔｈｅｃｏｎｔｒｏｌｏｆ

ａｎｏｍａｌｏｕｓｌｙｓｔｒｏｎｇｅｒｈｉｇｈ，ｗｈｉｃｈｉｓｃｏｎｄｕｃｉｖｅｔｏｍｏｒｅｒａｉｎｉｎｔｈｅｍｉｄｄｌｅａｎｄｌｏｗｅｒｒｅａｃｈｅｓｏｆｔｈｅ

ＹａｎｇｔｚｅＲｉｖｅｒｗｉｔｈｕｐｐｅｒｔｒｏｐｏｓｐｈｅｒｉｃｄｉｖｅｒｇｅｎｃｅａｓｗｅｌｌａｓｍｉｄｄｌｅａｎｄｌｏｗｅｒｔｒｏｐｏｓｐｈｅｒｉｃ

ｃｏｎｖｅｒｇｅｎｃｅ，ａｎｄｖｉｃｅｖｅｒｓａ．

犓犲狔狑狅狉犱狊　ＷｅｓｔｅｒｎＰａｃｉｆｉｃｗａｒｍｐｏｏｌ；Ｈｅａｔｃｏｎｔｅｎｔ；Ｓｕｍｍｅｒｒａｉｎｆａｌｌｏｖｅｒｔｈｅｍｉｄｄｌｅａｎｄｌｏｗｅｒ

ｒｅａｃｈｅｓｏｆｔｈｅＹａｎｇｔｚｅＲｉｖｅｒ；Ｐｒｅｃｕｒｓｏｒｙｓｉｇｎａｌ；Ｔｅｌｅｃｏｎｎｅｃｔｉｏｎ

１　引言

长江中下游地区是我国东部经济发达地区之

一，素有“鱼米之乡”之称，也是重要的工业基地，夏

季旱涝与该地区经济的发展关系密切．例如，１９９８

年长江大洪灾造成了３０００亿人民币的经济损失（李

春，２００８），２０１１年的罕见干旱则推动了食品价格的

大幅上涨．长江中下游夏季降水一直是我国实际业

务预测工作的重点和难点，有关研究已经开展了很

多，然而目前，无论是基于统计模式还是动力模式，

我国汛期降水的短期气候预测业务的平均水平仅达

６０％～７０％，而长江中下游地区的预测水平近十年

来提高不大（Ｆａｎｅｔａｌ．，２００８）．

长江中下游夏季降水受到如太阳活动、地球自

转速率、海气相互作用（魏凤英，２００６）、北极涛动（龚

道溢，２００３；魏凤英，２００６）、马斯克林高压和澳大利

亚高压（Ｘｕｅｅｔａｌ．，２００３）、西太平洋副高（Ｈｅｅｔ

ａｌ．，２００１）等诸多因子的影响，物理过程复杂，这给

它的预测带来了困难．考虑到中国毗邻太平洋，而海

洋是影响中国东部汛期降水的强信号，气象学者们

给予了西太平洋海域热状况对长江中下游夏季降水

的影响越来越多的关注．西太平洋暖池（简称暖池）

是全球大洋海温最高的海域，也是全球大气对流最

强烈和海气能量交换总量最大的地区（张启龙和翁

学传，１９９９），它对于维持 Ｗａｌｋｅｒ环流的能量循环

（ＣｏｒｎｅｊｏＧａｒｒｄｏａｎｄＳｔｏｎｅ，１９７７；Ｈａｒｔｍａｎｎｅｔａｌ．，

１９８４）和驱动局域 Ｈａｄｌｅｙ环流异常（Ｈｕ，１９９７）都有

重要作用．暖池热状态变化对东亚气候异常有着重

要影响，暖池上空对流活动异常可在北半球夏季激

发出东亚—太平洋遥相关型（ＥＡＰ或ＰＪ型）（Ｎｉｔｔａ，

１９８７；ＨｕａｎｇａｎｄＷｕ，１９８９；ＨｕａｎｇａｎｄＬｕ，１９８９），

从而影响到西太平洋副高和我国东部夏季降水

（ＨｕａｎｇａｎｄＳｕｎ，１９９２；黄荣辉和孙凤英，１９９４ａ，

１９９４ｂ）．Ｗａｎｇ等（２０００）强调了西北太平洋冷海温

在菲律宾异常反气旋形成中的作用，该异常反气旋
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持续存在进而影响到东亚副热带锋区降水．Ｐｉｎｇ等

（２００６）指出暖池海温异常是影响长江流域汛期降水

年际变化的关键因子．李春（２００８）研究表明长江中

下游夏季降水和西北太平洋海温之间存在密切的耦

合关系，这种耦合模态反映出东亚—太平洋地区上

空低层风场为自南向北的ＥＡＰ遥相关波列．

近年来，气象学者们开始引入热含量来表征暖

池热状态．因为，相比于海表温度，暖池区热含量具

有更好的稳定性（王丽娟等，２０１１），不会出现因持续

性显著下降而造成的“春季障碍”现象（ＭｃＰｈａｄｅｎ，

２００３）．另外，暖池热含量年际变率更大（陈永利和胡

敦欣，２００３），对太平洋大尺度海气事件的响应也更

加敏感（林传兰，１９９０），暖池热含量变异会对其上空

的环流和气候产生重要作用（陈永利和胡敦欣，

２００３）．早期黄荣辉和孙凤英（１９９４ａ）及翁学传等

（１９９６）已经注意到存在于暖池次表层海温和热含量

中超前西太平洋副高和我国东部汛期降水变化的预

测信息，卢楚翰等（２０１４）进一步提出前期冬季暖池

区热含量可以作为夏季西太平洋副高变化和西北太

平洋夏季风强度的有效预测因子．那么，具体到长江

中下游地区，暖池热含量与该地区夏季降水是否存

在显著的超前相关关系，前期暖池热含量异常与长

江中下游夏季降水关系到底如何，其影响夏季降水

的前兆强信号是什么，以及影响长江中下游夏季旱

涝的具体过程又如何？本文以上述问题为着眼点，

讨论了前期暖池热含量异常与长江中下游夏季降水

的关系，提取出了夏季降水的预测信号，并对前期暖

池热含量异常影响夏季降水的可能途径进行了探讨．

２　资料

本文所用资料有：日本气象厅提供的１９４９—

２０１０年月平均历史海温资料（Ｉｓｈｉｉｅｔａｌ．，２００６），

水平分辨率为１°×１°，垂直深度共２４层，根据研究

需要仅选取了海水上部的１６层（０、１０、２０、３０、５０、

７５、１００、１２５、１５０、２００、２５０、３００、４００、５００、６００、７００ｍ）．参

考白虹和胡敦欣（１９８９）的方法，利用海温资料计算

得到全球各格点上从海水深度狕０ 到狕１（狕０＜狕１）范

围单位面积水柱所含的热含量，单位为 Ｗ·ｓ·ｍ－２；

大气资料取自ＮＣＥＰ／ＮＣＡＲ的月平均再分析数据

集（Ｋａｌｎａｙｅｔａｌ．，１９９６），水平分辨率为２．５°×

２．５°，时间跨度为１９５０—２０１０年；１９５１—２０１０年全

中国１６０站逐月降水资料由中国国家气候中心提

供，并将６—８月的和作为夏季降水．为考察中国区

域以外地区的降水分布，还使用了美国国家海洋和

大气管理局（ＮＯＡＡ）提供的１９５１—２０１０年月平均

降水重建数据集（ＰＲＥＣ）资料（Ｃｈｅｎｅｔａｌ．，２００２），

该数据集来源于台站观测和卫星资料，已为降水距

平，水平分辨率为２．５°×２．５°，夏季降水也是６—８

月之和；此外，还采用了英国 Ｈａｄｌｅｙ中心提供的

１９５０—２０１０年月平均海表温度资料（Ｒａｙｎｅｒｅｔａｌ．，

２００３），水平分辨率为１°×１°，以及ＣＰＣ（ＮＯＡＡ气

候预测中心）提供的１９５０—２０１０年逐月的Ｎｉｏ３．４

指数．

３　长江中下游夏季降水的时空分布特征

旋转经验正交函数（ＲＥＯＦ）分解得到的各分量

能够着重表现空间要素场的局部相关结构，使单个

空间型的分布特征简明直观，相应的方差贡献只集

中在某一局部区域，而使其他区域的方差贡献尽量

减小，旋转后各分量方差贡献率也要比旋转前均匀

分散，而不像经验正交函数（ＥＯＦ）分解那样将大部

分的方差贡献集中在前几个模态上．

对中国东部地区（１０５°Ｅ以东）１２０个台站夏季

降水进行ＲＥＯＦ分解，得到第１模态（按方差贡献

从大到小的顺序排列）解释了总方差的７．７３％，空

间型载荷分量大值区位于长江中下游地区，如图１ａ

中阴影区所示，与金
!

华等（２０１２）选取的表征区域

基本一致，２８°Ｎ附近为载荷分量达０．８的正中心，

局地方差贡献率达６４％以上，第１模态对应的时间

系数（以下称Ｒｐｃ１）如图１ｂ所示．为验证Ｒｐｃ１作为

长江中下游夏季降水序列的可靠性，计算图１ａ阴影

区内１１个站（杭州、屯溪、九江、岳阳、常德、宁波、衢

县、浦城、贵溪、南昌和长沙站）的夏季平均降水量，

求得其与Ｒｐｃ１的相关系数高达０．９５，通过了０．００１

信度的ｔ检验（以下信度检验均采用ｔ检验方法）．

如图１ｂ，二者随时间的变化高度一致，并呈现出明

显的年际变化特征，２０世纪５０年代初长江中下游

夏季降水略偏少，１９５４、１９５５年突然增加，随后直到

６０年代末期降水偏少，基本以负距平为主，７０年代

初期到９０年代初期降水波动起伏变化较大，降水距

平正负交替，从１９９３年开始转为正距平，降水显著

增强，２００３年之后转为负距平，直到２００８年开始转

为正距平．以上表明Ｒｐｃ１可以代表长江中下游夏

季降水的变化情况．
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图１　１９５１—２０１０年中国东部夏季降水ＲＥＯＦ第１模态空间型（阴影代表载荷分量≥０．５的区域）（ａ）

及其时间系数Ｒｐｃ１（柱状图）与标准化的１１个台站夏季平均降水量（曲线）时间演变（ｂ）

Ｆｉｇ．１　ＦｉｒｓｔＲＥＯＦｍｏｄｅｏｆｓｕｍｍｅｒｒａｉｎｆａｌｌｄｕｒｉｎｇ１９５１—２０１０ｉｎｅａｓｔｅｒｎＣｈｉｎａ

（ａ）Ｓｐａｔｉａｌｐａｔｔｅｒｎ；（ｂ）ＣｏｒｒｅｓｐｏｎｄｉｎｇｔｉｍｅｓｅｒｉｅｓＲｐｃ１（ｂａｒｓ）ａｎｄｓｔａｎｄａｒｄｉｚｅｄａｖｅｒａｇｅｓｕｍｍｅｒｐｒｅｃｉｐｉｔａｔｉｏｎ

ｏｆ１１ｓｔａｔｉｏｎｓ（ｃｕｒｖｅ）．Ｓｈａｄｉｎｇｓｉｎ（ａ）ｄｅｎｏｔｅｌｏａｄｉｎｇｖａｌｕｅｓｎｏｌｅｓｓｔｈａｎ０．５．

４　长江中下游夏季降水与暖池热含量

的关系

为了提取长江中下游夏季降水的前兆信号，利

用相关分析方法，来确定暖池区热含量影响长江中

下游夏季降水的关键区、海水深度范围及关键时段．

为方便叙述，本文将 Ｒｐｃ１（１９５１—２０１０年）对应年

份的前一年称为上年，对应年份的当年称作当年．

首先计算Ｒｐｃ１与前期各月（上年１月—当年５

月）中国近海热含量的相关，发现从上年春季开始，

暖池海域一直存在显著的负相关区，东海地区从当

年１月开始也存在显著的正相关区，但范围没有暖

池区大，持续时间也不比暖池区的长．图２（为０～

２００ｍ热含量情形，其他海水深度范围热含量与之

类似）仅给出了上年１１月到当年４月的相关分布，

由图２可见上年１２月暖池区热含量与长江中下游

夏季降水的相关最好（图２ｂ），因此选取图２ｂ中位

于暖池南部的赤道中太平洋海区（１６６．５°Ｅ—１７３．５°Ｗ，

７．５°Ｓ—３．５°Ｎ）（黑色方框）作为前期暖池区热含量

影响长江中下游夏季降水的关键区．

然后计算Ｒｐｃ１与上年１月到当年５月关键区

各海水深度范围热含量及海表温度的相关系数，如

图３ａ所示，仅展示了有代表性的相关系数曲线．可

见，前期各月关键区热含量与Ｒｐｃ１的相关系数在

各海水深度范围的变化趋势基本一致，海表温度和

浅层海水（５０ｍ以浅）热含量相关性较弱，其大小在

－０．１～０．１之间变化，其他海水深度范围热含量均

呈现出不同程度的负相关关系，随着海水深度的不

断加深，相关性不断增强并趋于稳定，其中以０～

２００ｍ热含量与Ｒｐｃ１的相关性最好，相关系数从上

年７月到当年５月均超过了０．０１信度检验，最大值

达到－０．５３，出现在上年１２月，超过了０．００１信度

检验．此外，２００ｍ也恰好代表了暖池区温跃层的大

致深度（ＭｅｉｎｅｎａｎｄＭｃＰｈａｄｅｎ，２０００；陈永利等，

２００３），因此本文选取０～２００ｍ作为前期暖池关键

区热含量影响长江中下游夏季降水的关键海水深度

范围．通过关键区１２月０～２００ｍ热含量的时滞自

相关曲线（图３ｂ）发现，暖池关键区热含量可从与基

准月（１２月）同年份的５月维持至来年１１月，保持

１９个月之久，与基准月（１２月）相关最好的月份有同

年的１１、１２月以及来年的１、２、３和４月．

进而计算 Ｒｐｃ１与关键区前期各月（上年１１

月—当年４月）及滑动起止月平均的０～２００ｍ热含

量的相关系数，如表１（相关系数均通过了０．０１信

度检验）所示．若滑动开始月为上年１１月，滑动终止

月为当年１月，那么相关系数－０．５１８４即为Ｒｐｃ１

与关键区上年１１月到当年１月平均的０～２００ｍ热含

量的相关系数，以此类推．由表１可知，最好的３个相关

时段分别为：上年１２月、上年１１—１２月和上年１１—当

年１月，鉴于上年１１—当年１月时间跨度为３个月，更

加稳定，因此本文选取上年１１—当年１月作为暖池关

键区热含量影响长江中下游夏季降水的关键时段．

根据上述分析，将关键区（１６６．５°Ｅ—１７３．５°Ｗ，

７．５°Ｓ—３．５°Ｎ）关键时段（上年１１月—当年１月）

０～２００ｍ热含量标准化，定义为暖池热含量指数

（ＨＣＩ）．由ＨＣＩ与Ｒｐｃ１随时间的变化（图４ａ）可见，

二者存在显著的负相关关系，相关系数达到了－０．５２，

我们也计算对比了去掉线性趋势前后前期１１—１月

暖池关键区０～２００ｍ热含量与长江中下游１１个站

夏季平均降水量的相关系数，分别为－０．４２和－０．４３，

显著通过了０．０１信度检验．而前期冬季（上年１２
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月—当年２月平均）Ｎｉｏ３．４指数与Ｒｐｃ１相关系数

仅有０．１６，并未通过０．０５信度检验．这再次说明了

西太平洋暖池热含量较ＥＮＳＯ对长江中下游夏季

降水的影响和预测的优越性．

图２　Ｒｐｃ１（１９５１—２０１０年）与上年１１月—当年４月（ａ—ｆ）０～２００ｍ热含量的相关分布图

等值线表示相关系数绝对值≥０．３，间隔为０．１；深（浅）色阴影为通过０．０５信度检验的正（负）相关区域．

Ｆｉｇ．２　ＤｉｓｔｒｉｂｕｔｉｏｎｓｏｆｍｏｎｔｈｌｙｃｏｒｒｅｌａｔｉｏｎｃｏｅｆｆｉｃｉｅｎｔｓｂｅｔｗｅｅｎＲｐｃ１（１９５１—２０１０）ａｎｄ

０～２００ｍｈｅａｔｃｏｎｔｅｎｔｆｏｒｔｈｅｐｅｒｉｏｄｆｒｏｍｐｒｅｖｉｏｕｓＮｏｖｅｍｂｅｒｔｏｓｉｍｕｌｔａｎｅｏｕｓＡｐｒｉｌ（ａ—ｆ）

Ｃｏｎｔｏｕｒｓｉｎｄｉｃａｔｅａｂｓｏｌｕｔｅｖａｌｕｅｓｏｆｃｏｒｒｅｌａｔｉｏｎｃｏｅｆｆｉｃｉｅｎｔｓｅｘｃｅｅｄｉｎｇ０．３ｗｉｔｈａｎｉｎｔｅｒｖａｌｏｆ０．１．Ｄａｒｋ（ｌｉｇｈｔ）

ｓｈａｄｉｎｇｓｉｎｄｉｃａｔｅｐｏｓｉｔｉｖｅ（ｎｅｇａｔｉｖｅ）ｃｏｒｒｅｌａｔｉｏｎａｒｅａｓｔｈａｔａｒｅｓｉｇｎｉｆｉｃａｎｔａｔｔｈｅ９５％ｃｏｎｆｉｄｅｎｃｅｌｅｖｅｌ．

图３　Ｒｐｃ１（１９５１—２０１０年）与关键区（１６６．５°Ｅ—１７３．５°Ｗ，７．５°Ｓ—３．５°Ｎ）各海水深度范围热含量及海表温度（上年１月—当年５月）的

相关系数（ａ）和以１２月（１９５０—２００９年）为基准月（已由竖直虚线标出）关键区０～２００ｍ热含量的超前、同时、滞后自相关系数（ｂ）

Ｆｉｇ．３　ＣｏｒｒｅｌａｔｉｏｎｃｏｅｆｆｉｃｉｅｎｔｓｂｅｔｗｅｅｎＲｐｃ１（１９５１—２０１０）ａｎｄｈｅａｔｃｏｎｔｅｎｔｆｒｏｍｓｅａｓｕｒｆａｃｅｔｏｖａｒｉｏｕｓｗａｔｅｒｄｅｐｔｈｓａｎｄ

ＳＳＴｆｏｒｅａｃｈｍｏｎｔｈｆｒｏｍｐｒｅｖｉｏｕｓＪａｎｕａｒｙｔｏｓｉｍｕｌｔａｎｅｏｕｓＭａｙｉｎｔｈｅｋｅｙａｒｅａ（１６６．５°Ｅ—１７３．５°Ｗ，７．５°Ｓ—３．５°Ｎ）（ａ），

ａｎｄｍｏｎｔｈｌｙｌｅａｄ，ｃｏｎｔｅｍｐｏｒａｒｙａｎｄｌａｇｓｅｌｆｃｏｒｒｅｌａｔｉｏｎｓｏｆ０～２００ｍｈｅａｔｃｏｎｔｅｎｔｉｎｔｈｅｋｅｙａｒｅａｒｅｌａｔｉｖｅｔｏＤｅｃｅｍｂｅｒ

（１９５０—２００９）ｗｈｉｃｈｉｓｕｓｅｄａｓｔｈｅｂａｓｅｍｏｎｔｈｍａｒｋｅｄｂｙｔｈｅｖｅｒｔｉｃａｌｄａｓｈｅｄｌｉｎｅ（ｂ）
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表１　犚狆犮１（１９５１—２０１０年）与关键区（１６６．５°犈—１７３．５°犠，７．５°犛—３．５°犖）

前期各月及滑动起止月平均的０～２００犿热含量的相关系数

犜犪犫犾犲１　犆狅狉狉犲犾犪狋犻狅狀犮狅犲犳犳犻犮犻犲狀狋狊犫犲狋狑犲犲狀犚狆犮１（１９５１—２０１０）犪狀犱０～２００犿犺犲犪狋犮狅狀狋犲狀狋犻狀狋犺犲犽犲狔犪狉犲犪

（１６６．５°犈—１７３．５°犠，７．５°犛—３．５°犖）犳狅狉狋犺犲狆狉犲狏犻狅狌狊犲犪犮犺犿狅狀狋犺（犻．犲．狋犺犲狆狉犲狏犻狅狌狊犖狅狏犲犿犫犲狉，

犇犲犮犲犿犫犲狉，狊犻犿狌犾狋犪狀犲狅狌狊犑犪狀狌犪狉狔，犉犲犫狉狌犪狉狔，犕犪狉犮犺犪狀犱犃狆狉犻犾）犪犵犪犻狀狊狋犻狋狊犲犾犳犪狀犱犲犪犮犺

狅犳狋犺犲犳狅犾犾狅狑犻狀犵犿狅狀狋犺狊狋犻犾犾狊犻犿狌犾狋犪狀犲狅狌狊犃狆狉犻犾犻狀犮犾狌狊犻狏犲狅犳狋犺犻狊犿狅狀狋犺

滑动开始月 滑动终止月
相关系数

（Ｒｐｃ１，热含量）
滑动开始月 滑动终止月

相关系数

（Ｒｐｃ１，热含量）

上年１１月

上年１１月 －０．４８７４

上年１２月 －０．５２１４

当年１月 －０．５１８４

当年２月 －０．５１４５

当年３月 －０．５０９３

当年４月 －０．４９９５

上年１２月

上年１２月 －０．５３１９

当年１月 －０．５０７７

当年２月 －０．４９９１

当年３月 －０．４９２９

当年４月



－０．４８２４

当年１月

当年１月 －０．４７３８

当年２月 －０．４７２６

当年３月 －０．４７１１

当年４月 －０．４６１７

当年２月

当年２月 －０．４６４０

当年３月 －０．４６３２

当年４月



－０．４５１１

当年３月
当年３月 －０．４５５２

当年４月



－０．４３７８

当年４月 当年４月



－０．４１０８

　　以０．９σ为阈值，ＨＣＩ高于０．９σ的９个暖异常

年（１９６７／１９６８、１９７８／１９７９、１９８０／１９８１、１９８９／１９９０、

１９９０／１９９１、１９９６／１９９７、２００１／２００２、２００３／２００４、

２００４／２００５）中，只有２年（１９９６／１９９７和２００１／２００２）

Ｒｐｃ１为正；ＨＣＩ低于 －０．９σ 的 ８ 个冷异常年

（１９６５／１９６６、１９８２／１９８３、１９８３／１９８４、１９８７／１９８８、

１９９１／１９９２、１９９２／１９９３、１９９７／１９９８、１９９８／１９９９）中，

只有１年（１９６５／１９６６）Ｒｐｃ１为负．表明前期１１—１

月暖池区热含量偏高（低）时，对应着长江中下游夏

季降水偏少（多）．

以Ｒｐｃ１大于１（小于－１）的标准来选取长江中

下游夏季多（少）雨年，其结果列于表２中．多雨年中

仅有１年（１９６９年）ＨＣＩ为正距平，其余５年Ｒｐｃ１

均与 ＨＣＩ反相对应，反号率达８３．３％．少雨年中有

４年 ＨＣＩ为正距平，反号率为 ５０％，其余 ４ 年

（１９５８、１９６７、１９７１和１９７８年）Ｒｐｃ１与ＨＣＩ同号，而

这４个少雨年对应的 ＨＣＩ值在－０．２０～－０．００２

之间，此时夏季降水的偏少可能受其他因子影响更

大．可见，相比于前期１１—１月暖池区热含量异常偏

高的前兆信号，其异常偏低对随后长江中下游夏季

降水偏多的影响更加显著．

将冷 异 常 年 （１９８２／１９８３、１９８３／１９８４、１９８７／

１９８８、１９９１／１９９２、１９９２／１９９３、１９９７／１９９８ 和 １９９８／

１９９９年，共７年）与暖异常年（１９６７／１９６８、１９７８／

１９７９、１９８０／１９８１、１９８９／１９９０、１９９０／１９９１、２００３／２００４

和２００４／２００５年，共７年）夏季降水作差值，由１６０

站降水资料得出的结果（图４ｂ）来看，整个中国东部

地区，仅长江中下游地区存在大范围显著的降水正

距平区，其南北分别为负距平区．根据ＰＲＥＣ降水

资料（图４ｃ），中国东部降水距平分布与图４ｂ基本

一致，并且长江中下游地区的降水正距平一直延伸

至日本东部洋面，日本南部的降水中心区达到了

０．０５信度水平，与６、７月发生在中国长江中下游及

日本的梅雨分布相似．总言之，前期１１—１月暖池区

０～２００ｍ热含量的冷暖异常对长江中下游夏季降

水、及占主要贡献的梅雨有重要的预测意义，特别是

对长江中下游夏季降水多寡的预测有一定的针

对性．

表２　１９５１—２０１０年夏季长江中下游地区多、少雨年

犜犪犫犾犲２　犜犺犲狔犲犪狉狊狅犳狑犲狋犪狀犱犱狉狔狊狌犿犿犲狉狊犻狀狋犺犲犿犻犱犱犾犲犪狀犱犾狅狑犲狉狉犲犪犮犺犲狊狅犳狋犺犲犢犪狀犵狋狕犲犚犻狏犲狉犳狅狉１９５１—２０１０

多雨年（共６年） １９５４ １９６９ １９８３ １９９３ １９９８ １９９９

少雨年（共８年） １９５８ １９６１ １９６３ １９６７ １９７１ １９７８ １９９１ ２００７

　　注：表示Ｒｐｃ１与 ＨＣＩ反相对应的年份．
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图４　１９５１—２０１０年 ＨＣＩ（曲线）、冬季Ｎｉｏ３．４指数（虚线）和Ｒｐｃ１（柱状图）随时间的变化（ａ）和冷异常年与暖异常年夏

季降水差值图（ｂ．国家气候中心１６０站降水资料，单位：ｍｍ；ｃ．ＰＲＥＣ，单位：ｍｍ·ｄ－１；深（浅）阴影表示通过０．０５信度

检验的正（负）降水距平）

Ｆｉｇ．４　ＴｉｍｅｓｅｒｉｅｓｏｆＨＣＩ（ｃｕｒｖｅ），ｐｒｅｃｅｄｉｎｇＤＪＦＮｉｏ３．４ｉｎｄｅｘ（ｄａｓｈｅｄｌｉｎｅ），ａｎｄＲｐｃ１（ｂａｒｓ）ｆｏｒ１９５１—２０１０（ａ），

ａｎｄｃｏｍｐｏｓｉｔｅｄｉｆｆｅｒｅｎｃｅｓｏｆｓｕｍｍｅｒｒａｉｎｆａｌｌｂｅｔｗｅｅｎｔｈｅａｎｏｍａｌｏｕｓｃｏｌｄａｎｄｗａｒｍｙｅａｒｓｉｎｔｈｅｋｅｙａｒｅａｏｂｔａｉｎｅｄａｃｃｏｒｄｉｎｇ

ｔｏｐｒｅｃｉｐｉｔａｔｉｏｎｄａｔａｏｆ１６０ｓｔａｔｉｏｎｓｐｒｏｖｉｄｅｄｂｙＮａｔｉｏｎａｌＣｌｉｍａｔｅＣｅｎｔｒｅ（ｕｎｉｔ：ｍｍ）（ｂ）ａｎｄＰＲＥＣ（ｕｎｉｔ：ｍｍ·ｄ
－１）（ｃ）．

Ｄａｒｋ（ｌｉｇｈｔ）ｓｈａｄｉｎｇｓｉｎｄｉｃａｔｅｐｏｓｉｔｉｖｅ（ｎｅｇａｔｉｖｅ）ｐｒｅｃｉｐｉｔａｔｉｏｎａｎｏｍａｌｉｅｓｔｈａｔａｒｅｓｉｇｎｉｆｉｃａｎｔａｔｔｈｅ９５％ｌｅｖｅｌｏｆｃｏｎｆｉｄｅｎｃｅ

５　前期暖池区热含量异常影响长江中

下游夏季旱涝的可能原因

由暖池关键区０～２００ｍ热含量（１—１２月）时

滞（＋）１至（＋）１２个月的自相关系数分布（图略）可

以看出，暖池区热含量几乎全年每个月都可保持至

少７个月的显著相关，秋、冬季持续性最好，可保持

超前１１～１２个月的显著联系，夏季次之，春季有所

下降．可见，暖池关键区热含量异常具有较好的持续

性，前期１１—１月的热含量异常可保持１１～１２个月

的超前自相关，从而持续到夏季．

前期１１—１月暖池区热含量异常约两个季节的

持续存在，必然会对东亚—太平洋地区大气环流造

成持续的影响．图５为前期冬（上年１２月—当年２

月平均）、春季（当年３—５月平均）和当年夏季（当年

６—８月平均）逐个季节８５０ｈＰａ风场异常分布，由

负ＨＣＩ回归的结果（图５ａ—５ｃ）可见，前期冬季西太

平洋广大海域上空为异常反气旋，我国华南地区上

空出现异常气旋，日本海上空异常反气旋正在形成

（图５ａ）；春季西太平洋上空异常反气旋中心位于菲

律宾以东洋面，位于华南地区的异常气旋依然存在，

日本海上空出现异常反气旋（图５ｂ）；当年夏季菲律

宾异常反气旋向西北扩展至我国华南沿海地区并加

强，呈东西向带状分布，原位于华南上空的异常气旋

则移至华东及其以东洋面，日本海上空异常反气旋

向北移至鄂霍次克海地区附近．从而，东亚大陆沿岸

（１１０°Ｅ—１５０°Ｅ）形成经向拉长的类似ＥＡＰ型遥相

关波列（Ｎｉｔｔａ，１９８７；ＨｕａｎｇａｎｄＷｕ，１９８９；Ｈｕａｎｇ

ａｎｄＬｕ，１９８９）．长江中下游及其以东的西北太平洋

副热带地区都受到异常气旋的控制，有利于水汽在

该区域辐合，同时，长江中下游地区为河套东部东北

风距平与西太平洋副高西北侧西南风距平的交汇

区，为降水的偏多创造了条件（图５ｃ）；当前期暖池

区热含量为正异常时，则相反．冷异常年与暖异常年

（图５ｄ—５ｆ）、多雨年与少雨年（图５ｇ—５ｉ）差值图的

季节演变特征与上述负 ＨＣＩ回归结果基本一致．前

期冬季至当年夏季５００ｈＰａ环流异常（图略）特征与

８５０ｈＰａ类似，不再赘述．中低层风场异常分布特征

随季节的演变存在一定的连续性，位于暖池西北侧

菲律宾异常反气旋的持续存在正是前期暖池区热含

量异常通过Ｇｉｌｌ响应持续影响大气环流的结果，夏
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图５　前期冬（ａ，ｄ，ｇ）、春季（ｂ，ｅ，ｈ）和当年夏季（ｃ，ｆ，ｉ）８５０ｈＰａ风场异常

（ａ—ｃ）对负 ＨＣＩ回归的结果；（ｄ—ｆ）冷异常年与暖异常年的差值；（ｇ—ｉ）多雨年与少雨年的差值．

阴影表示通过０．０５信度检验，矩形框表示长江中下游地区．

Ｆｉｇ．５　Ｗｉｎｄａｎｏｍａｌｉｅｓａｔ８５０ｈＰａｆｏｒｐｒｅｗｉｎｔｅｒ（ａ，ｄ，ｇ），ｐｒｅｓｐｒｉｎｇ（ｂ，ｅ，ｈ）ａｎｄｓｉｍｕｌｔａｎｅｏｕｓｓｕｍｍｅｒ（ｃ，ｆ，ｉ）ｏｂｔａｉｎｅｄ

ｂｙｒｅｇｒｅｓｓｉｏｎｏｎｔｏｒｅｖｅｒｓｅｄＨＣＩ（ａ—ｃ），ｓｕｂｔｒａｃｔｉｎｇａｎｏｍａｌｏｕｓｗａｒｍｙｅａｒｓｆｒｏｍｃｏｌｄｏｎｅｓ（ｄ—ｆ），ａｎｄｓｕｂｔｒａｃｔｉｎｇｄｒｙ

ｙｅａｒｓｆｒｏｍｗｅｔｙｅａｒｓ（ｇ—ｉ）

Ｓｈａｄｉｎｇｓｉｎｄｉｃａｔｅｔｈｅｗｉｎｄａｎｏｍａｌｉｅｓｐａｓｓｔｈｅ９５％ｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌ，ａｎｄｔｈｅｒｅｃｔａｎｇｌｅｂｏｘｅｓｄｅｎｏｔｅ

ｔｈｅａｒｅａｏｆｔｈｅｍｉｄｄｌｅａｎｄｌｏｗｅｒｒｅａｃｈｅｓｏｆｔｈｅＹａｎｇｔｚｅＲｉｖｅｒ．

季菲律宾异常反气旋向西北方向扩展加强，东亚沿

岸ＥＡＰ型遥相关波列形成，直接影响长江中下游夏

季降水的变化．

从前期冬季到当年夏季，高层２００ｈＰａ高度场

异常上表现出不同于对流层中低层的环流分布特

征，如图６所示，前期冬季东亚—西太平洋地区以

４０°Ｎ附近为界，呈现“南正北负”的位势高度异常分

布，南海南部的菲律宾以西地区出现了位势高度正

距平（图６ａ，６ｄ和６ｇ）；春季南海南部的位势高度正

距平略向西北方向移动，冷、暖异常年的差值图（图

６ｅ）上，位置更偏北，位于中南半岛上空．北太平洋中

部（１６０°Ｅ，２０°Ｎ）开始出现位势高度负距平，但强度

较弱（－５～０ｇｐｍ），并有向北扩展的趋势（图６ｂ，６ｅ

和６ｈ）；当年夏季南海上空的位势高度正距平进一

步北移至我国南部地区，强度加强．北太平洋中部的

位势高度负距平增强，向北扩展，与贝加尔湖至日本

海地区的位势高度负距平合并．５０°Ｎ以北的东北亚

地区则出现了位势高度正距平（图６ｃ，６ｆ和６ｉ）．从

而东亚沿岸形成与对流层中低层相对应的类似

ＥＡＰ型的经向波列，但位置向北偏移约１０个经度，

且中心偏西，表现出一定的斜压性结构．中国南部地

区及东海海域上空受异常偏强的高压控制，为长江

中下游地区上空的对流提供了很好的辐散场．

在负ＨＣＩ回归的结果，冷、暖异常年以及多、少

雨年的差值图上，前期冬季到当年夏季东亚—西太

平洋地区整层大气环流异常演变特征几乎一致，即

前期暖池区热含量异常引起的环流异常与导致长江

中下游夏季降水变化的环流异常能够较好吻合，前

期暖池区热含量异常对长江中下游夏季降水影响

显著．

上述分析中夏季东亚沿岸经向波列随高度的变

化差异在对负 ＨＣＩ回归的沿１１０°Ｅ—１５０°Ｅ平均的

垂直剖面涡度场异常上（图７ａ）也有清晰体现，可以

看出，对于冷异常年，对流层中低层（５００ｈＰａ以下）
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图６　同图５，但为２００ｈＰａ位势高度场异常

阴影表示通过０．０５信度检验．（ａ—ｃ）间隔２．５ｇｐｍ；（ｄ—ｉ）间隔５ｇｐｍ．

Ｆｉｇ．６　ＡｓｉｎＦｉｇ．５ｂｕｔｆｏｒｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔａｎｏｍａｌｉｅｓａｔ２００ｈＰａ

Ｓｈａｄｉｎｇｓｉｎｄｉｃａｔｅｔｈｅｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔａｎｏｍａｌｉｅｓｐａｓｓｔｈｅ９５％ｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌ，

ａｎｄｔｈｅｉｎｔｅｒｖａｌｏｆｃｏｎｔｏｕｒｉｓ２．５ｇｐｍｉｎ（ａ—ｃ）ａｎｄ５ｇｐｍｉｎ（ｄ—ｉ）．

图７　对负 ＨＣＩ回归的沿１１０°Ｅ—１５０°Ｅ平均的垂直剖面涡度场异常（单位：×１０－７ｓ－１）（ａ）

和垂直速度ω场异常（单位：０．０１Ｐａ·ｓ－１）（ｂ）

０线已省略，深（浅）色阴影表示通过０．０５（０．１０）信度检验．

Ｆｉｇ．７　Ｖｅｒｔｉｃａｌｃｒｏｓｓｓｅｃｔｉｏｎｏｆｔｈｅｖｏｒｔｉｃｉｔｙａｎｏｍａｌｉｅｓ（ｕｎｉｔ：×１０
－７ｓ－１）（ａ）ａｎｄｖｅｒｔｉｃａｌｖｅｌｏｃｉｔｙω

ａｎｏｍａｌｉｅｓ（ｕｎｉｔ：０．０１Ｐａ·ｓ－１）（ｂ）ａｖｅｒａｇｅｄｏｖｅｒ１１０°Ｅ—１５０°ＥｒｅｇｒｅｓｓｅｄｕｐｏｎｒｅｖｅｒｓｅｄＨＣＩ

Ｔｈｅｚｅｒｏｃｏｎｔｏｕｒｉｓｏｍｉｔｔｅｄ，ａｎｄｄａｒｋ（ｌｉｇｈｔ）ｓｈａｄｉｎｇｓｉｎｄｉｃａｔｅｔｈｅｖｏｒｔｉｃｉｔｙａｎｏｍａｌｉｅｓｉｎ（ａ）ａｎｄ

ωａｎｏｍａｌｉｅｓｉｎ（ｂ）ｐａｓｓｔｈｅ９５％ （９０％）ｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌ．

０°—７０°Ｎ和高层（２００ｈＰａ附近）１０°Ｎ—７０°Ｎ各有

一个经向波列．在对流层中低层赤道、１５°Ｎ、３０°Ｎ和

５５°Ｎ附近分别存在一个显著的正、负、正、负的涡度

异常中心，而对流层高层涡度异常中心与中低层存

在约１０个经度的向北偏移，表现出一定向北倾斜的

斜压性结构，以中低纬地区更加明显．长江中下游及

其以南的地区高层为负涡度异常，与中低层相反，这

种高层辐散中低层辐合的配置，使得长江中下游地

区上空整层大气出现异常上升气流（图７ｂ），有利于

该地区对流的发展和降水的增多；对于暖异常年，则
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相反．

为了进一步揭示冷、暖异常年夏季东亚沿岸经

向波列是否具备ＥＡＰ遥相关波列的特性，以及暖池

区热含量异常在ＥＡＰ波列形成中所起的作用，我们

计算了Ｔａｋａｙａ和 Ｎａｋａｍｕｒａ（２００１）在准地转框架

下提出的波作用通量，它与 Ｒｏｓｓｂｙ波群速度相平

行，几乎独立于位相，能够用来诊断Ｒｏｓｓｂｙ波能量

的传播特征，波作用通量散度对于波源的位置也有

较好的指示作用．

冷异常年合成的夏季８５０ｈＰａ涡度场异常和波

作用通量如图８ａ所示，可见涡度场异常上沿东亚沿

岸（１１０°Ｅ—１５０°Ｅ）赤道西太平洋地区、菲律宾以东

洋面（１５°Ｎ）、中国长江中下游—日本南部一带（３０°Ｎ）、

东北亚地区（５０°Ｎ）为“＋－＋－”的经向波列分布，

波作用通量则由赤道西太平洋沿该经向波列向北指

向中国长江中下游—日本一带附近，然后转向东北

方向经过中国东北地区、鄂霍次克海到达阿留申地

区．在暖异常年夏季，如图８ｃ所示，东亚沿岸（１１０°Ｅ—

１５０°Ｅ）涡度异常与冷异常年（图８ａ）位相相反，只是

中国长江中下游—日本一带负涡度异常强度偏弱，

中心偏向日本以南．波作用通量表现出与冷异常年

基本一致的特征，但是由热带西太平洋向北指向长

江中下游的波作用通量强度比冷异常年夏季弱，随

后Ｒｏｓｓｂｙ波能量向北的传播也明显减弱．可见，无

论冷异常年还是暖异常年夏季，赤道西太平洋的暖

池区都是波作用通量的源地（或者外强迫源），这在

冷、暖异常年合成的夏季８５０ｈＰａ波作用通量散度

场（图略）上也得以证实，暖池区为波作用通量辐散

区，Ｒｏｓｓｂｙ波能量由该地区向北频散出去．

冷异常年合成的夏季２００ｈＰａ涡度场异常和波

作用通量如图８ｂ所示，涡度场异常上也表现出与低

层８５０ｈＰａ（图８ａ）较一致的“＋－＋－”的经向波列

图８　冷（ａ，ｂ）、暖（ｃ，ｄ）异常年合成的夏季８５０ｈＰａ（ａ，ｃ）和２００ｈＰａ（ｂ，ｄ）涡度场异常（等值线，单位：×１０－６ｓ－１，间隔：１×

１０－６ｓ－１，０线已省略，且（ｂ）图省略了±１×１０－６ｓ－１，深（浅）色阴影表示正（负）涡度异常）和波作用通量（矢量，单位：ｍ２·ｓ－２，

小于０．５ｍ２·ｓ－２时不显示）

Ｆｉｇ．８　Ｃｏｍｐｏｓｉｔｅｖｏｒｔｉｃｉｔｙａｎｏｍａｌｉｅｓ（ｃｏｎｔｏｕｒｓ，ｕｎｉｔ：×１０
－６ｓ－１）ａｎｄｗａｖｅａｃｔｉｖｉｔｙｆｌｕｘ（ｖｅｃｔｏｒｓ，ｕｎｉｔ：ｍ

２·ｓ－２）ａｔ８５０ｈＰａ

（ａ，ｃ）ａｎｄ２００ｈＰａ（ｂ，ｄ）ｉｎｔｈｅｓｕｍｍｅｒｓｏｆｃｏｌｄ（ａ，ｂ）ａｎｄｗａｒｍ （ｃ，ｄ）ｙｅａｒｓｉｎｔｈｅｋｅｙａｒｅａ．Ｓｏｌｉｄａｎｄｄａｓｈｅｄｌｉｎｅｓ

ｄｅｎｏｔｅｐｏｓｉｔｉｖｅａｎｄｎｅｇａｔｉｖｅｖａｌｕｅｓｗｉｔｈｃｏｎｔｏｕｒｉｎｔｅｒｖａｌｓｏｆ１×１０
－６ｓ－１．Ｚｅｒｏｃｏｎｔｏｕｒｌｉｎｅｓｉｎａｌｌｐａｎｅｌｓａｎｄ±１×１０

－６ｓ－１

ｃｏｎｔｏｕｒｌｉｎｅｓｉｎ（ｂ）ａｒｅｏｍｉｔｔｅｄ．Ｄａｒｋ（ｌｉｇｈｔ）ｓｈａｄｉｎｇｓｉｎｄｉｃａｔｅｔｈｅｐｏｓｉｔｉｖｅ（ｎｅｇａｔｉｖｅ）ｖｏｒｔｉｃｉｔｙａｎｏｍａｌｉｅｓ．Ｆｌｕｘｅｓｓｍａｌｌｅｒ

ｔｈａｎ０．５ｍ２·ｓ－２ａｒｅｎｏｔｐｌｏｔｔｅｄ
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分布特征，但是中心位置向北向西偏移．而波作用通

量则与低层有着明显不同，东亚沿岸的波作用通量

由中纬度向南指向低纬度地区，这种 Ｒｏｓｓｂｙ波能

量从中纬度地区向南频散可能与经向基本气流有关

（ＴａｋａｙａａｎｄＮａｋａｍｕｒａ，２００１）．亚洲大陆中高纬地

区波作用通量向东指向贝加尔湖附近，然后分为两

支，分别向东北和东南方向传播至阿留申地区和太

平洋．在暖异常年夏季，如图８ｄ，涡度场异常上东亚

沿岸（１２０°Ｅ—１５０°Ｅ）出现与冷异常年夏季（图８ｂ）

符号相反的“－＋－＋”经向波列，中心位置较低层

８５０ｈＰａ（图８ｃ）也向北向西偏移，但向西偏移不如

冷异常年明显．波作用通量表现出与冷异常年（图

８ｂ）基本一致的特征，但东亚沿岸特别是西北太平

洋地区Ｒｏｓｓｂｙ波能量的向南频散更强烈．

冷、暖异常年夏季东亚沿岸低层波作用通量向

北传播（图８ａ和８ｃ），高层向南传播（图８ｂ和８ｄ），

证实了东亚沿岸经向波列具备ＥＡＰ波列在对流层

高、低层表现出的显著特征（ＫｏｓａｋａａｎｄＮａｋａｍｕｒａ，

２００６）；而暖池区热含量异常正是激发出夏季ＥＡＰ

型遥相关波列的外强迫源．

６　结论和讨论

本文针对长江中下游夏季降水与暖池热含量的

关系以及前期暖池热含量异常影响长江中下游夏季

降水的可能原因进行了探讨，主要结论如下：

（１）前期暖池热含量与长江中下游夏季降水存

在超前２个季节的显著负相关关系，前期１１—１月

暖池关键区（１６６．５°Ｅ—１７３．５°Ｗ，７．５°Ｓ—３．５°Ｎ）

０～２００ｍ热含量的偏低（高）对长江中下游夏季降

水偏多（少）的预测有重要指示意义．

（２）从前期冬季到当年夏季，在负 ＨＣＩ回归的

结果，冷、暖异常年以及多、少雨年的差值图上，东

亚—西太平洋地区整层大气环流异常演变特征几乎

一致，即前期暖池区热含量异常引起的环流异常与

导致长江中下游夏季降水变化的环流异常能够较好

吻合，前期暖池区热含量异常对长江中下游夏季降

水影响显著．

（３）前期１１—１月暖池区热含量异常约两个季

节的持续存在，对东亚—太平洋地区大气环流造成

持续的影响．前期暖池热含量异常偏低导致其西北

侧异常反气旋形成，冬季该异常反气旋位于广阔的

西太平洋海域，春季位于菲律宾以东洋面，夏季菲律

宾异常反气旋向西北方向扩展加强，东亚沿岸ＥＡＰ

型遥相关形成，使得长江中下游及其以东的西北太

平洋副热带地区受到异常气旋的控制，有利于水汽

辐合，而长江中下游地区又是北方冷空气与南方暖

湿气流的交汇区，为降水的偏多创造了条件．同时，

对流层高层东亚沿岸亦存在经向分布的ＥＡＰ波列，

但位置较中低层向西北偏移，使得ＥＡＰ波列在整层

大气表现出一定的斜压性结构．长江中下游及其以

南为异常偏强高压，为长江中下游地区上空的对流

提供了很好的辐散场，这种高层辐散中低层辐合的

配置，有利于该地区对流的发展和降水的增多；反之

亦然．前期暖池热含量异常的持续存在，及其外强迫

作用激发的具有一定斜压性结构的夏季ＥＡＰ型遥

相关，可能是影响长江中下游夏季降水的主要原因．

值得注意的是，本文讨论的降水模态是利用

ＲＥＯＦ方法对中国东部夏季降水分区得到的，能够

反映长江中下游夏季降水地域性特点的一个典型模

态，其他降水异常分布型与暖池热含量关系如何，需

要进一步研究．长江中下游夏季降水影响因子众多，

过程复杂，因此在预测时比较困难．本文只是讨论了

前期暖池热含量异常对长江中下游夏季降水的影

响，仍然不排除其他海域热含量的影响．在暖池热含

量异常年份，对流层高层中高纬度波作用通量向东

传播，继而在贝加尔湖附近转向东南传播（图８ｂ和

８ｄ），对长江中下游夏季降水可能也有所影响，那么

前期暖池热含量与夏季中高纬度环流以及长江中下

游夏季降水之间的可能联系，也是下一步值得探讨

和分析的．
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ｔｈｅｆｒｅｑｕｅｎｔｃｏｏｌｉｎｇｗｉｎｔｅｒｉｎｎｏｒｔｈｅｒｎＥｕｒａｓｉａ（４０°－６５°Ｎ，５０°－１２０°Ｅ）ｓｉｎｃｅ２００４ａｒｅａｎａｌｙｚｅｄｉｎｔｈｉｓｐａｐｅｒ．Ｔｈｅｒｅｓｕｌｔｓ

ｓｈｏｗｔｈａｔ：ＣｏｏｌｉｎｇｗｉｎｔｅｒｓｔｏｏｋｐｌａｃｅｆｒｅｑｕｅｎｔｌｙｉｎｎｏｒｔｈｅｒｎＥｕｒａｓｉａｓｉｎｃｅ２００４，ｂｕｔｔｈｅｒｅｉｓａｎｏｔａｂｌｅｄｉｆｆｅｒｅｎｃｅｉｎｔｈｅｄｉｓｔｒｉ

ｂｕｔｉｏｎｏｆｔｅｍｐｅｒａｔｕｒｅａｎｏｍａｌｉｅｓ，ｅｓｐｅｃｉａｌｌｙｔｈｅｃｏｌｄｃｅｎｔｅｒｐｏｓｉｔｉｏｎ．Ｉｔｓｈｏｗｓｔｈａｔ２００５，２００９，２０１０ａｎｄ２０１２ａｐｐｅａｒａｓｗｈｏｌｅ

ｒｅｇｉｏｎｃｏｌｄｅｒｙｅａｒｓ，ｗｈｉｌｅ２００４，２００７ａｎｄ２０１１ａｓｓｏｕｔｈｒｅｇｉｏｎｃｏｌｄｅｒｙｅａｒｓ．Ｔｈｅｗｈｏｌｅｒｅｇｉｏｎｃｏｌｄｅｒｙｅａｒｓａｒｅｍａｉｎｌｙｃａｕｓｅｄ

ｂｙｔｈｅｓｉｇｎｉｆｉｃａｎｔｎｅｇａｔｉｖｅｐｈａｓｅｏｆｔｈｅＡｒｃｔｉｃＯｓｃｉｌｌａｔｉｏｎ（ＡＯ），ａｎｄｔｈｅｃｏｒｒｅｓｐｏｎｄｉｎｇＳＳＴｆｅａｔｕｒｅｓａｒｅｚｏｎａｌｌｙｄｉｓｔｒｉｂｕｔｅｄ

ｗｉｔｈａＮｏｒｔｈｅａｓｔＳｏｕｔｈｗｅｓｔ“ｐｏｓｉｔｉｖｅｎｅｇａｔｉｖｅｐｏｓｉｔｉｖｅ”ｐａｔｔｅｒｎｆｒｏｍｈｉｇｈｌａｔｉｔｕｄｅｓ，ｍｉｄｄｌｅｌａｔｉｔｕｄｅｓｔｏｌｏｗｌａｔｉｔｕｄｅｓｉｎｔｈｅ

ＮｏｒｔｈＡｔｌａｎｔｉｃ，ｗｈｉｃｈｉｓｂｅｎｅｆｉｃｉａｌｔｏｃｏｎｔｉｎｕｏｕｓｎｅｇａｔｉｖｅｐｈａｓｅｏｆｔｈｅＡｒｃｔｉｃＯｓｃｉｌｌａｔｉｏｎ／ＮｏｒｔｈＡｔｌａｎｔｉｃＯｓｃｉｌｌａｔｉｏｎ（ＡＯ／

ＮＡＯ）．ＷｈｉｌｅｓｏｕｔｈｒｅｇｉｏｎｃｏｌｄｅｒｏｎｅｓｗｅｒｅｃａｕｓｅｄｂｙｔｈｅｅｎｈａｎｃｅｄＵｒａｌＢａｉｋａｌ（ＵＢ）ｂｌｏｃｋｉｎｇｗｉｔｈｔｈｅＡＯ／ＮＡＯｇｅｎｅｒａｌｌｙｉｎ

ｔｈｅｗｅａｋｐｏｓｉｔｉｖｅｐｈａｓｅ，ｗｈｉｃｈｍａｉｎｌｙｃｏｒｒｅｓｐｏｎｄｓｔｏｔｈｅｗａｒｍＳＳＴｉｎｔｈｅｍｉｄｄｌｅｌａｔｉｔｕｄｅｓｏｆｔｈｅＮｏｒｔｈＡｔｌａｎｔｉｃ，ａｎｄｓｅｃｏｎｄｌｙ

ｔｏ“ｓｉｍｉｌａｒＬａＮｉ珘ｎａｅｖｅｎｔｓ”ｕｎｄｅｒｔｈｅＰａｃｉｆｉｃＤｅｃａｄａｌＯｓｃｉｌｌａｔｉｏｎ（ＰＤＯ）ｎｅｇａｔｉｖｅｐｈａｓｅ．ＢｏｔｈｏｆｔｈｅＳＳＴａｎｏｍａｌｉｅｓａｂｏｖｅｃａｎ

ａｃｃｅｌｅｒａｔｅｔｈｅＲｏｓｓｂｙｗａｖｅｓｗｈｉｃｈｉｓｓｉｍｉｌａｒｔｏｔｈｅＥｕｒａｓｉａｎＴｅｌｅｃｏｎｎｅｃｔｉｏｎｓｐａｔｔｅｒｎａｎｄｉｓｈｅｌｐｆｕｌｔｏｅｎｈａｎｃｅｄＵＢｂｌｏｃｋｉｎｇ

ａｎｄｔｒｏｕｇｈａｃｔｉｖｉｔｉｅｓｉｎｃｅｎｔｒａｌＡｉｓａ．ＥｉｔｈｅｒｉｎｔｈｅｃｉｒｃｕｌａｔｉｏｎｏｒＳＳＴａｎｏｍａｌｉｅｓ，ｔｈｅｔｗｏｔｙｐｅｓｏｆｃｏｏｌｉｎｇｗｉｎｔｅｒｓｉｎｎｏｒｔｈｅｒｎ

Ｅｕｒａｓｉａｓｉｎｃｅ２００４ａｒｅｓｉｍｉｌａｒｔｏｔｈｅｃｏｒｒｅｓｐｏｎｄｉｎｇｔｙｐｉｃａｌｙｅａｒｓｉｎｈｉｓｔｏｒｙ．

犓犲狔狑狅狉犱狊　ＮｏｒｔｈｅｒｎＥｕｒａｓｉａ，Ｆｒｅｑｕｅｎｔｃｏｏｌｉｎｇｗｉｎｔｅｒ，ＡＯ，ＮｏｒｔｈＡｔｌａｎｔｉｃ

摘　要　利用１９６１—２０１３年ＮＣＥＰ／ＮＣＡＲ发布的月平均全球再分析资料，分析了欧亚北部（４０°—６５°Ｎ，５０°—１２０°Ｅ）２００４年

以来频繁冷冬的异常特征及形成机理。结果表明：欧亚北部２００４年以来冷冬频繁发生，但温度异常的空间分布，尤其中心冷

ｄｏｉ：１０．１１６７６／ｑｘｘｂ２０１４．０６７　　　　　　　　　　　 　气象学报　 　 　 　　　　　　　　　　　　　　　　　　　　

 资助课题：国家自然科学基金（４１３７５０７８、４１１７５０６７、４１３０５０７５、４１１０５０５５）、国家重点基础研究发展计划项目 （２０１２ＣＢ９５５９０２、

２０１３ＣＢ４３０２０４）。
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区的位置有显著差异，主要表现为全区偏冷型（２００５、２００９、２０１０、２０１２年）和南部偏冷型（２００４、２００７、２０１１年）。全区偏冷年主

要由北极涛动（ＡＯ）显著负位相所致，对应海表温度特征为北大西洋高、中、低纬度成东北—西南走向的“＋、－、＋”带状分布，

该分布有利于北极涛动／北大西洋涛动（ＡＯ／ＮＡＯ）负位相维持和增强；南部偏冷年大气内部活动异常为乌拉尔—贝加尔湖阻

塞高压偏强，北极涛动／北大西洋涛动以弱正位相为主，对应主要海表温度特征为北大西洋中部偏高，其次则为太平洋年代际

振荡（ＰＤＯ）负位相下“类拉尼娜事件”，上述海表温度异常均可促进类似欧亚遥相关的罗斯贝波列形成，有利于乌拉尔—贝加

尔湖阻塞高压偏强、亚洲中部多低槽活动。２００４年以来欧亚北部两种类型冷冬的大气环流与海表温度均表现出与历史典型

年相类似的特征。

关键词　欧亚北部，频繁冷冬，北极涛动，北大西洋

中图法分类号　Ｐ４３４　Ｐ４２９

１　引　言

在全球变暖的背景下，中国乃至欧亚大部分地

区的气温成显著升高的趋势（赵宗慈等，２００５；唐国

利等，２００９）。然而近年来欧亚地区冬季大范围极端

低温事件却频繁发生。例如，２００４／２００５年冬季，中

国出现了两次大范围寒潮过程，改变了１９８６年以来

大部分地区连续出现１８个暖冬的局面（马晓青等，

２００８）；２００５／２００６年欧洲经历近一个世纪最冷冬季

（Ｓｃａｉｆｅ，ｅｔａｌ，２００８）；２００８年１月，中国南方出现

了历史罕见的持续性冰冻雨雪灾害（王凌等，２００８）；

２００９／２０１０、２０１０／２０１１年冬季，极端低温／暴雪侵袭

了北半球大部分国家和地区（孙诚等，２０１２；Ｗａｎｇ，

ｅｔａｌ，２０１３）；２０１２年１—２月，寒流横扫欧亚大陆，

一些地区甚至出现了近百年来的最低气温记录（兰

晓青等，２０１３）。

冬季大范围持续性极端低温事件给人们的生活

和生产活动带来了极大的破坏，对此类事件的成因

进行分析，并对其提前进行预测具有重大意义。近

年来围绕冬季低温频发的情况开展了大量研究，如

围绕２００４／２００５年冬季两次大寒潮过程、２００７／２００８

年冬季低温雨雪冰冻事件等个例分析（马晓青等，

２００８；陶诗言等，２００８；丁一汇等，２００８；王东海等，

２００８；杨贵名等，２００８；陶祖钰等，２００８；王亚非等，

２００８；曾明剑等，２００８；顾雷等，２００８；Ｚｈｏｕ，ｅｔａｌ，

２００９；谭桂容等，２０１０；Ｂｕｅｈ，ｅｔａｌ，２０１１ａ；王阔等，

２０１２）；围绕近年来冬季区域性低温事件频繁发生对

应的异常特征及其与历史类似时期的环流系统对比

分析研究（Ｐｅｎｇ，ｅｔａｌ，２０１１；沈柏竹等，２０１２；Ｌｉｕ，

ｅｔａｌ，２０１２；龚志强等，２０１２；王晓娟等，２０１２，

２０１３）；冬季持续较长的区域性低温事件形成对应大

气系统中的大型的斜脊斜槽（Ｂｕｅｈ，ｅｔａｌ，２０１１ｂ），

低频扰动（张宗婕等，２０１１；钱维宏，２０１２），阻塞高

压配置（龚志强等，２０１３）等。但是，从季节尺度上来

看，２１世纪初尤其２００４年以来频繁冷冬温度异常

分布情况差异显著，有的年份表现为整个欧亚大陆

偏冷，有的年份仅仅局部地区偏冷，这种差异如何来

区分，其形成的机理又有何异同。对这些问题的进

一步深入研究，将有助于更好地认识和理解当前频

繁冷冬的特征。鉴于此，选取２００４年以来显著变冷

的欧亚北部，对该区域冷冬主要类型进行划分，并就

其形成可能机理开展初步探究。

２　资料和方法

所用资料来自 ＮＣＥＰ／ＮＣＡＲ发布的全球逐月

再分析资料，包括２ｍ温度场、分辨率为２．５°×２．５°

的海平面气压场和垂直方向自１０００ｈＰａ至１０ｈＰａ

共１７层的位势高度场、风场资料；分辨率为２．０°×

２．０°的 ＮＯＡＡ ＥＲＳＳＴ 的 逐 月 海 表 温 度 资 料

（Ｓｍｉｔｈ，２００３）；ＣＰＣ网站（ｆｔｐ：∥ｆｔｐ．ｃｐｃ．ｎｃｅｐ．ｎｏ

ａａ．ｇｏｖ／ｃｗｌｉｎｋｓ）逐月的北极涛动、北大西洋涛动、

Ｎｉｎｏ３．４指数资料；时间均为１９６１年１月—２０１３年

２月；文中冬季定义为当年１２月至次年２月，气候

态取１９８１—２０１０年。

主要方法为经验正交函数分解（ＥＯＦ），另外，还

采用了合成分析以及相关分析的方法，并采用犉、狋

检验来检验其显著性。

３　２００４年以来冬季低温显著影响区

为了得到２００４年以来冬季低温显著影响区，对

２００４—２０１２年冬季地面气温距平进行合成，得到图

１。由图１可知，４０°Ｎ以南除青藏高原、非洲东北部

等显著升高外其他区域不明显；４０°Ｎ以北欧亚大陆

以降低为主，最显著影响区域位于欧亚北部，气温距

平低于－１．０℃范围为５０°—１２０°Ｅ。因此，以气温距

平低于－１．０℃为标准，选取欧亚北部（４０°—６５°Ｎ，

５０°—１２０°Ｅ）作为气温异常典型区，并研究该区域

２００４年以来频繁出现冷冬的异常特征。

４４１１　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　犃犮狋犪犕犲狋犲狅狉狅犾狅犵犻犮犪犛犻狀犻犮犪　气象学报　２０１４，７２（６）
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图１　２００４—２０１２年冬季地面气温距平合成分布

（单位：℃；阴影区域表示通过信度为０．０５的统计检验）

Ｆｉｇ．１　Ｈｏｒｉｚｏｎｔａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆｔｈｅｃｏｍｐｏｓｉｔｅｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅ

ａｎｏｍａｌｉｅｓ（ＳＡＴＡ）ｄｕｒｉｎｇｔｈｅ２００４－２０１２ｗｉｎｔｅｒｓｅａｓｏｎｓ

（ｕｎｉｔ：℃；ｔｈｅｓｈａｄｅｄａｒｅａｉｓｓｉｇｎｉｆｉｃａｎｔａｔｔｈｅｃｏｎｆｉｄｅｎｃｅｌｅｖｅｌｏｆ０．９５）

　　图２给出了１９６１—２０１２年冬季欧亚北部地面

气温距平时间序列。由图２可知，欧亚北部总体成

变暖趋势，线性趋势为０．１６℃／（１０ａ），表现出明显

“偏冷—偏暖—偏冷”的年代际变化特征。２０世纪

６０—７０年代气温显著偏低，其中１９６５—１９７９年出

现１１个偏冷年，２０世纪８０年代至２１世纪初以偏

高为主，其中１９８０—２００３年出现２０个偏暖年，２００４

年以来９ａ出现７个偏冷年，近４年连续偏冷，冷冬

进入频发期。经过１１ａ滑动平均处理后也表现出

类似的年代际变化特征，两次转折分别发生在

１９８２、２００５年前后。

４　２００４年以来欧亚北部两种类型冷冬对比

４．１　欧亚北部冬季气温异常的两个主模态

为了得到欧亚北部冬季气温异常的主要分布特

图２　１９６１—２０１２年冬季欧亚北部（４０°—６５°Ｎ，

５０°—１２０°Ｅ）地面气温距平时间序列

（单位：℃；虚线为１１ａ滑动平均序列）

Ｆｉｇ．２　ＴｉｍｅｓｅｒｉｅｓｏｆｗｉｎｔｅｒＳＡＴＡｉｎｎｏｒｔｈｅｒｎＥｕｒａｓｉａ

（４０°－６５°Ｎ，５０°－１２０°Ｅ）ｆｏｒｔｈｅｐｅｒｉｏｄｏｆ１９６１－２０１２

（ｕｎｉｔ：℃；ｄｏｔｔｅｄｌｉｎｅｍｅａｎｓｔｈｅ１１ｙｅａｒｓｍｏｖｉｎｇａｖｅｒａｇｅ）

征，对１９６１—２０１２年欧亚北部冬季地面气温距平进

行经验正交函数分解。前两个模态解释方差达

７９％，按照 Ｎｏｒｔｈ等（１９８２）的准则，这两个主分量

彼此可分，并且可以和其他主分量区分开，因此可以

表征该区域的冬季气温异常的主要分布型。从图

３ａ的ＥＯＦ１空间分布可以看出，第１模态表现为全

区一致变化，变化幅度由北至南递减。结合图３ｂ可

知，ＰＣ１ 正位相代表全区偏冷，负位相相反。与图２

类似，ＰＣ１ 年代际变化特征明显，２０世纪６０—７０年

代以偏冷为主，８０—９０年代以偏暖为主，２１世纪以

来气温下降趋势明显。从图３ｃ的ＥＯＦ２空间分布

可以看出，第２模态表现为约以５５°Ｎ为分界线南北

气温成反相变化，南部变化幅度最大区域位于５０°Ｎ

以南，北部位于最北端。结合图３ｄ可知，ＰＣ２ 正位

相代表５５°Ｎ 以南偏冷，以北偏暖，负位相相反。

ＰＣ２ 最大值出现在２０１１年，为２．６１，最小值出现在

１９７８年，为－２．６１。

具体到一个特定年份的总方差而言，每个模态

都有一定量解释方差。为了进一步区分前两个模态

在任意年份的作用大小，如果该年第１模态（第２模

态）解释方差为所有模态中最大，且解释方差超过

３５％，即表明这一具体年份气温异常主要表示第１

模态（第２模态）的特征，这样即可挑选出所有以第

１模态（第２模态）为主模态的典型年。进一步从这

些年份中筛选出ＰＣ１（ＰＣ２）大于０的年份，则为全区

偏冷年（南部偏冷年），相反则为全区偏暖年（南部偏

暖年）。

采用该定义后计算发现，５２ａ中以第１模态为
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图３　欧亚北部冬季气温距平场经验正交函数分解的前两个主模态

（ａ、ｂ分别为经验正交函数分解第１模态的空间分布型和对应标准化时间系数；ｃ、ｄ同ａ、ｂ，但为第２模态）

Ｆｉｇ．３　ＴｗｏｌｅａｄｉｎｇＥＯＦｍｏｄｅｓｏｆｔｈｅｗｉｎｔｅｒａｉｒｔｅｍｐｅｒａｔｕｒｅａｎｏｍａｌｉｅｓｉｎｎｏｒｔｈｅｒｎＥｕｒａｓｉａ：

（ａ）Ｓｐａｔｉａｌｐａｔｔｅｒｎ；（ｂ）ｔｈｅｃｏｒｒｅｓｐｏｎｄｉｎｇｎｏｒｍａｌｉｚｅｄｔｉｍｅｃｏｅｆｆｉｃｉｅｎｔｏｆｔｈｅｆｉｒｓｔＥＯＦｍｏｄｅ；ａｎｄ

（ｃ）ａｎｄ（ｄ）ａｓｉｎ（ａ）ａｎｄ（ｂ），ｒｅｓｐｅｃｔｉｖｅｌｙｂｕｔｆｏｒｔｈｅｓｅｃｏｎｄｍｏｄｅ

主模态年份共有２７个，全区偏冷年１２个，全区偏暖

年１５个，平均解释方差达７２．２％；以第２模态为主

模态年份为１２个，南部偏冷、暖年均为６个，平均解

释方差为５４．６％。前两个模态典型年分别以圆圈

标记在图３ｂ、３ｄ中。欧亚北部２００４年以来９ａ中

出现７个偏冷年（图２），其中２００５、２００９、２０１０、２０１２

年为第１模态典型年，均为全区偏冷年（图３ｂ），第１

模态解释方差分别为７１％、８７％、７１％及５６％；

２００４、２００７、２０１１年为第２模态典型年，均为南部偏

冷年，第２模态解释方差分别达到３７％、７８％、

８７％。

　　表１进一步给出欧亚北部５８５个格点所有全区

偏冷年、南部偏冷年地面气温距平场与对应主模态

距平相关系数（ＡＣＣ）分布。从表中可以发现，所有

典型年与对应主模态间距平相关系数大都在０．５以

上，远超信度为０．００１的统计检验，表明２００４年以

来全区偏冷年、南部偏冷年气温异常分布均与历史

典型年非常相似。因此，下文分别对所有全区偏冷

年、南部偏冷年做合成，对两种类型冷冬进行全面比

较。

表１　所有全区偏冷年、南部偏冷年地面气温距平场与对应主模态距平相关系数分布

Ｔａｂｌｅ１　ＴｈｅＡＣＣｂｅｔｗｅｅｎｔｈｅｗｈｏｌｅｒｅｇｉｏｎｃｏｌｄｅｒｙｅａｒｓ／ｓｏｕｔｈｒｅｇｉｏｎｃｏｌｄｅｒｙｅａｒｓ’

ＳＡＴＡａｎｄｔｈｅｃｏｒｒｅｓｐｏｎｄｉｎｇｍａｉｎｍｏｄｅｆｏｒａｌｌｔｈｅｙｅａｒｓ

ＥＯＦ１＋年份 １９６６ １９６８ １９６９ １９７０ １９７１ １９７３

ＡＣＣ系数 ０．３４ ０．９３ ０．７３ ０．５８ ０．５０ ０．５２

ＥＯＦ１＋年份 １９７６ １９８４ ２００５ ２００９ ２０１０ ２０１２

ＡＣＣ系数 ０．７４ ０．７９ ０．７７ ０．８７ ０．４８ ０．５５

ＥＯＦ２＋年份 １９７４ １９８３ １９９５ ２００４ ２００７ ２０１１

ＡＣＣ系数 ０．６５ ０．９２ ０．７１ ０．５４ ０．９３ ０．９４
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４．２　欧亚北部两种类型冷冬温度场与环流场对比

图４分别给出了全区偏冷年与南部偏冷年地面

气温距平合成分布。全区偏冷年气温距平场表现为

显著偏低区域位于４０°Ｎ以北的欧亚大陆，偏低中

心位于６０°Ｎ附近，气温距平低于－２．０℃范围为

２０°—１３０°Ｅ，４０°Ｎ以南以偏高为主，比较显著区域

位于非洲北部及青藏高原（图４ａ）；南部偏冷年气温

距平场约以５５°Ｎ为分界线从北至南成“＋、－”分

布，６０°Ｎ以北显著偏高，中心位于极区，５０°Ｎ以南

的亚洲大陆显著偏低，中心位于４０°Ｎ附近，气温距

平低于－２．０℃范围为５０°—１００°Ｅ（图４ｂ）。从图４

还可以看出，两个主模态不仅为欧亚北部两个主要

异常气温分布类型，也可表征整个欧亚大陆异常温

度主要分布特征。

　　气温异常与大气环流密切相关，图５分别给出

了全区偏冷年与南部偏冷年环流距平场合成分布。

在对流层上层２００ｈＰａ上，全区偏冷年４５°Ｎ以北为

东风异常带，中心位于６０°Ｎ附近，表明极地急流偏

弱，２０°—４０°Ｎ为西风异常带，显著区域位于北大西

洋—地中海及中国西北（图５ａ）；南部偏冷年表现出

欧亚地区与北大西洋不一致的变化特征，欧亚地区

在５０°Ｎ附近为东风异常带，３０°Ｎ附近为西风异常

带，表明西、东亚副热带急流偏强，北大西洋表现为

２０°—４５°Ｎ东风异常，４５°—７０°Ｎ西风异常（图５ｂ）。

在对流层中层５００ｈＰａ上，全区偏冷年从北至南呈

“＋、－”形势，６０°Ｎ以北几乎全为显著正距平，中心

位于极区，最大强度超过６０ｇｐｍ。中纬度存在两个

显著负距平中心，并且呈现出带状的分布特征，中心

分别位于西欧沿岸和贝加尔湖，表明西欧沿岸高压

脊偏弱、东亚大槽偏西偏强；南部偏冷年也表现出欧

亚地区与北大西洋不一致的变化特征，欧亚地区在

５０°Ｎ以北地区为显著正距平，范围为５０°—１２０°Ｅ，

中心位于（６５°Ｎ，８０°Ｅ）附近，最大强度超过６０ｇｐｍ，

表明乌拉尔阻塞高压与贝加尔湖阻塞高压均偏强，

两个显著负距平中心分别位于里海以东和日本中

部，表明中亚多低压槽活动及东亚大槽偏强，北大西

洋则表现为格陵兰岛南部为负距平，北大西洋中部

为显著正距平（图５ｄ）。在对流层底层海平面气压

场上，全区偏冷年约以５０°Ｎ为分界线从北至南成

“＋、－”分布，西伯利亚高压略偏强但位置偏北，北

大西洋涛动区异常对应北大西洋涛动负位相（图

５ｅ）；南部偏冷年欧亚大陆除青藏高原外均为正距

平，显著正距平中心位于５０°Ｎ附近，表明西伯利亚

高压偏强，东亚冬季风加强，北太平洋中部为显著负

距平，北大西洋涛动区异常对应北大西洋涛动正位

相（图５ｆ）。无论是全部偏冷年还是南部偏冷年，各

层环流异常表现出相当正压结构。对欧亚北部的影

响而言，全区偏冷年对流层上层６０°Ｎ附近西风偏

弱、４０°Ｎ附近西风偏强有利于对流层中下层在５０°Ｎ

附近形成气旋式环流，相应西伯利亚高压略偏强，位

置偏北；南部偏冷年对流层上层５０°Ｎ附近西风偏

弱、３０°Ｎ附近西风偏强有利于对流层中、下层乌拉

尔—贝加尔湖阻塞高压及西伯利亚高压显著偏强。

图４　（ａ）全区偏冷年地面气温距平场合成分布，（ｂ）同（ａ），但为南部偏冷年

（单位：℃；阴影区域表示通过信度为０．０５的统计检验）

Ｆｉｇ．４　（ａ）ＨｏｒｉｚｏｎｔａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆＳＡＴＡｉｎｗｈｏｌｅｒｅｇｉｏｎｃｏｌｄｅｒｙｅａｒｓ，（ｂ）ａｓｉｎ（ａ）

ｂｕｔｆｏｒｓｏｕｔｈｒｅｇｉｏｎｃｏｌｄｅｒｙｅａｒｓ

（ｕｎｉｔ：℃；ｔｈｅｓｈａｄｅｄａｒｅａｉｓｓｉｇｎｉｆｉｃａｎｔａｔｔｈｅｃｏｎｆｉｄｅｎｃｅｌｅｖｅｌｏｆ０．９５）
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图５　全区偏冷年大气环流距平场合成分布

（ａ．２００ｈＰａ纬向风场（ｍ／ｓ），ｃ．５００ｈＰａ高度场（ｇｐｍ）与风场（ｍ／ｓ），ｅ．海平面气压场（ｈＰａ）与８５０ｈＰａ风场（ｍ／ｓ）；

ｂ、ｄ、ｆ同ａ、ｃ、ｅ，但为南部偏冷年环流距平场合成分布；阴影区域表示通过信度为０．０５的统计检验）

Ｆｉｇ．５　Ｈｏｒｉｚｏｎｔａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆｔｈｅａｔｍｏｓｐｈｅｒｉｃｃｉｒｃｕｌａｔｉｏｎａｎｏｍａｌｉｅｓ

（ａ）２００ｈＰａｚｏｎａｌｗｉｎｄ（ｍ／ｓ），（ｃ）５００ｈＰａｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔ（ｇｐｍ）ａｎｄｗｉｎｄ（ｍ／ｓ），ａｎｄ

（ｅ）ｓｅａｌｅｖｅｌｐｒｅｓｓｕｒｅ（ｈＰａ）ａｎｄ８５０ｈＰａｗｉｎｄ（ｍ／ｓ）；（ｂ），（ｄ），（ｆ）ａｓｉｎ（ａ），

（ｃ），（ｅ）ｂｕｔｆｏｒｓｏｕｔｈｒｅｇｉｏｎｃｏｌｄｅｒｙｅａｒｓ

（Ｔｈｅｓｈａｄｅｄａｒｅａｉｓｓｉｇｎｉｆｉｃａｎｔａｔｔｈｅｃｏｎｆｉｄｅｎｃｅｌｅｖｅｌｏｆ０．９５）

５　２００４年以来欧亚北部４个全区偏冷年形

成机理初探

５．１　全区偏冷年显著大气内部异常活动特征及与

海表温度的联系

从图５的分析可以看出，两种类型冷冬均对应

北大西洋涛动区环流异常，而北极涛动在保留北大

西洋涛动特征基础上对北半球热带外气候更具有代

表性（Ｔｈｏｍｐｓｏｎ，ｅｔａｌ，１９９８）。此外，相关研究表

明，ＥＮＳＯ对东亚冬季风强弱有较好指示意义，拉尼

娜（厄尔尼诺）年有利于东亚冬季风偏强（偏弱），这

种影响在中低纬度地区尤为明显（Ｌｉ，１９９０；Ｗａｎｇ，

ｅｔａｌ，２０００，２０１０）。因此，表２给出了１９６１—２０１２

年ＰＣ１、ＰＣ２ 与北极涛动、北大西洋涛动及Ｎｉｎｏ３．４

指数同期相关系数，可以看出ＰＣ１ 与北极涛动、北

大西洋涛动指数成显著负相关，尤其是北极涛动指

数，相关系数达到－０．６４，通过了信度为０．００１的统

计检验 ，对１２个全区偏冷年北极涛动指数与ＰＣ１
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进行统计分析后发现，１２ａ中二者反位相变化年份

有１１个，准确率达到９２％，且往往ＰＣ１ 越大对应北

极涛动负位相强度越高（图略），表明全区偏冷年与

北极涛动关系确实密切。

表２　１９６１—２０１２年ＰＣ１、ＰＣ２ 与北极涛动、

北大西洋涛动及Ｎｉｎｏ３．４指数同期相关系数分布

Ｔａｂｌｅ２　Ｔｈｅｃｏｒｒｅｌａｔｉｏｎｃｏｅｆｆｉｃｉｅｎｔｓｂｅｔｗｅｅｎｔｈｅｔｉｍｅ

ｓｅｒｉｅｓｏｆＰＣ１／ＰＣ２ａｎｄＡＯ／ＮＡＯ／Ｎｉ珘ｎｏ３．４ｉｎｔｈｅ

ｗｉｎｔｅｒｓｆｏｒｔｈｅｐｅｒｉｏｄｏｆ１９６１－２０１２

（，，ｃｏｒｒｅｓｐｏｎｄｔｏ０．１０，０．０５，０．００１

ｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌｓ）

北极涛动 北大西洋涛动 Ｎｉｎｏ３．４

ＰＣ１ －０．６４ －０．５３ －０．０１

ＰＣ２ ０．２５ ０．３０ －０．２６

　　上标，，分别表示通过信度为０．１０、０．０５、０．００１的统计检验

　　为了具体探究全区偏冷年与北极涛动负位相关

系，图６给出了１９６１—２０１２年冬季北极涛动指数的

相反数对同期环流场及海表温度场线性回归分布。

从图中可以发现，当冬季北极涛动指数呈显著负位

相时，５００ｈＰａ风场上从格陵兰岛、中西欧、乌拉尔

山至贝加尔湖附近依次形成“＋、－、＋、－”的罗斯

贝波列分布，对应高纬度西风减弱，极涡减弱，欧亚

北部地区为异常气旋式环流（图６ａ），有利于极地冷

空气南下并在欧亚北部聚集，从而导致全区偏冷（图

６ｂ），这与 Ｈｕｒｒｅｌｌ（１９９５，１９９６）、Ｔｈｏｍｐｓｏｎ 等

（１９９８，２０００）、龚道溢等（２０００）、陈文等（２００６）、谭本

馗等（２００７）、所玲玲等（２００９）的相关研究是类似的。

有关该过程的物理机制，李建平（２００５ａ，２００５ｂ）、孙

诚等（２０１２）指出，负位相的北极涛动会使费雷尔环

流减弱，欧亚北部因异常北风及经向冷平流作用而

降温。因此，北极涛动负位相是导致全区偏冷年的

主要大气内部活动因子。

作为大气系统最主要的外强迫之一，海表温度

一直是气象学家关注的重点。从图６ａ中冬季北极

涛动指数的相反数回归的同期海表温度分布可以看

出，北极涛动负位相时海表温度特征主要表现为北

大西洋海表温度高、中、低纬度呈现出明显东北—西

南走向的“＋、－、＋”带状分布以及太平洋年代际振

荡正位相。对于北大西洋海表温度高、中、低纬度呈

现出东北—西南走向的“＋、－、＋”带状分布而言，

根据热成风原理，可通过非绝热加热造成北大西洋

中、低（高）纬度间温度梯度增大（减小），西风增强

（减弱），有利于北大西洋涛动／北极涛动负位相维持

和增强，相互间存在一个正反馈过程（Ｗａｔａｎａｂｅ，ｅｔ

ａｌ，２０００）。对于太平洋年代际振荡正位相而言，有

利于北太平洋出现显著气旋式环流，高纬度地区出

现纬向东风异常，加强贝加尔湖附近气旋式环流，间

接加强北极涛动负位相。因此，北大西洋海表温度

高、中、低纬度成东北—西南走向的“＋、－、＋”带状

分布有利于北极涛动负位相，太平洋年代际振荡正

位相也产生一定影响。

５．２　２００４年以来４个全区偏冷年北极涛动及海表

温度实况特征

具体到２００４年以来４个全区偏冷年显著大气

内部活动异常而言，２００５、２００９、２０１０、２０１２年冬季

北极涛动指数分别为－０．８１、－３．４２、－０．９１、

－１．１２，均表现为显著负位相。图７则给出了４个

全区偏冷年海表温度距平分布，其中２００９、２０１０年

冬季北大西洋高、中、低纬度海表温度成东北—西南

走向的“＋、－、＋”带状分布特征非常显著，２００５、

２０１２年虽然北大西洋中纬度地区海表温度为正常

态，但高、低纬度暖海表温度非常明显，同样类似于

高、中、低纬度成东北—西南走向的“＋、－、＋”带状

分布，但４个全区偏冷年太平洋年代际振荡指数差

异较大，正、负位相均为２ａ。因此，２００４年以来４

个全区偏冷年对应北极涛动负位相与北大西洋海表

温度高、中、低纬度成东北—西南走向的“＋、－、＋”

带状分布特征与历史上典型年是类似的，是导致４

个全区偏冷年的重要原因。

６　２００４年以来３个南部偏冷年形成机理初探

６．１　南部偏冷年显著大气内部异常活动特征及与

海表温度的联系

由表１还可以看出，ＰＣ２ 与同期北极涛动／北大

西洋涛动指数为正相关，与 Ｎｉｎｏ３．４指数为负相

关，均通过了信度为０．１０的统计检验。具体到

２００４年以来３个南部偏冷年可以发现，北极涛动／

北大西洋涛动指数分别为０．１１／０．５９、０．８６／０．３８、

０．６５／１．０５，Ｎｉｎｏ３．４ 指数距平值分别为 ０．５３、

－１．７６、－０．９２，即３个南部偏冷年中北极涛动／北

大西洋涛动指数均为弱正位相，赤道中东太平洋出
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图６　１９６１—２０１２年冬季北极涛动指数的相反数对（ａ）５００ｈＰａ风场（矢量箭头），

海表温度（℃，阴影部分）及（ｂ）地面气温场（℃）线性回归分布

（黑点表示通过信度为０．０５的统计检验）

Ｆｉｇ．６　Ｒｅｇｒｅｓｓｉｏｎｍａｐｓｆｏｒ（ａ）５００ｈＰａｗｉｎｄ（ｍ／ｓ，ｖｅｃｔｏｒｓ），ＳＳＴ（℃，ｓｈａｄｉｎｇｓ）

ａｎｄ（ｂ）ｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅ（℃）ｏｎｔｈｅｉｎｖｅｒｔｅｄＡＯｉｎｄｅｘ

ｆｏｒｔｈｅ１９６１－２０１２ｗｉｎｔｅｒｓｅａｓｏｎｓ

（ｂｌａｃｋｓｙｍｂｏｌｓａｒｅｓｉｇｎｉｆｉｃａｎｔａｔｔｈｅｃｏｎｆｉｄｅｎｃｅｌｅｖｅｌｏｆ０．９５）

现２个拉尼娜事件，对应关系较好。但如果采用北极

涛动／北大西洋涛动指数为正位相且Ｎｉｎｏ３．４指数为

显著负位相（距平低于－０．５℃）作为南部偏冷年发生

判据的话，满足条件的８个年份有４ａ为南部偏冷年，

准确率只有５０％。因此，仅仅从北极涛动／北大西洋

涛动弱正位相及持续拉尼娜事件来描述南部偏冷年

特征既不充分也不够准确，应该关注更显著的大气内

部活动异常及其对应整个海表温度背景。

对流层中层的环流系统是影响冷空气活动及气

温变化的重要因子。从上文对图５ｄ的分析可知，南

部偏冷年５００ｈＰａ高度场最显著的环流特征表现为

“北高南低”形势分布，乌拉尔—贝加尔湖阻塞高压偏

强，亚洲中纬度地区多低槽活动，与南部偏冷年“北暖

南冷”气温异常有很好的对应关系。因此以图５ｄ中

通过信度为０．０５的统计检验区域为标准，定义指数

犐ＵＢ＝犎

（５５°—７０°Ｎ，４０°—１１０°Ｅ）、犐ＭＡ＝－犎


（３０°－４５°Ｎ，６０°－１６０°Ｅ）分别

代表乌拉尔—贝加尔湖阻塞高压、亚洲中纬度低槽

强度，这里 Ｈ代表５００ｈＰａ高度场区域平均的标

准化值。分别计算ＰＣ２ 与上述两个指数相关系数

发现，ＰＣ２ 与犐ＵＢ、犐ＭＡ关系非常密切，相关系数分别

达到０．６５、０．５４，均通过信度为０．００１的统计检验。

与此同时，犐ＵＢ、犐ＭＡ也有很强相关关系，相关系数为

０．７５，远超过信度为０．００１的统计检验。鉴于犐ＵＢ与

ＰＣ２ 相关系数更高且犐ＵＢ基本可以反映犐ＭＡ情况，因

此选犐ＵＢ作为南部偏冷年最显著大气内部活动异常

因子。
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图７　（ａ）２００５、（ｂ）２００９、（ｃ）２０１０、（ｄ）２０１２年冬季海表温度距平分布（阴影，℃）

Ｆｉｇ．７　ＨｏｒｉｚｏｎｔａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆＳＳＴＡｉｎ（ａ）２００５，（ｂ）２００９，（ｃ）２０１０，ａｎｄ

（ｄ）２０１２ｗｉｎｔｅｒｓｅａｓｏｎ（ｓｈａｄｉｎｇｓ，℃）

　　同样地，图８给出了１９６１—２０１２年冬季犐ＵＢ对

同期环流场及海表温度线性回归分布。从图８ａ可

以发现，犐ＵＢ正异常时５００ｈＰａ风场从北大西洋中部

至中东欧、乌拉尔—贝加尔湖地区、东北亚地区存在

一个类似欧亚遥相关的“＋、－、＋、－”罗斯贝波列，

欧亚地区５０°Ｎ附近纬向西风减弱，东亚副热带急

流轴大幅度增强，有利于南部偏冷年５０°Ｎ以南亚

洲大部分偏冷，５５°Ｎ以北欧亚地区由于异常反气旋

活动反而偏暖（图８ｂ），这与龚志强等（２０１３）的相关

研究是一致的。

从图８ａ中犐ＵＢ回归的同期海表温度可以看出，

犐ＵＢ正异常时北大西洋中部海表温度特征表现为

４０°Ｎ附近显著偏高，太平洋海表温度表现为“类拉

尼娜事件”及太平洋年代际振荡显著负位相。当北

大西洋中部海表温度偏高时，该地区上空出现显著

反气旋式环流，对类似于欧亚遥相关的“＋、－、＋、

－”罗斯贝波列产生起重要作用，有利于乌拉尔—贝

加尔湖阻塞高压偏强，这与Ｇａｍｂｏ等（１９８３）；顾雷

等（２００８）、Ｌｉ等（２０１２）的相关研究是一致的；当赤

道太平洋表现出“类拉尼娜事件”时，会造成东亚副

热带西风急流增强（Ｙａｎｇ，ｅｔａｌ，２００２），５０°Ｎ附近纬

向西风相应减弱，有利于乌拉尔—贝加尔湖阻塞高

压建立，且作用效果在太平洋年代际振荡负位相时

更加显著（Ｗａｎｇ，ｅｔａｌ，２００８）。因此，乌拉尔—贝加

尔湖阻塞高压偏强对应海表温度特征为北大西洋中

部显著偏暖，其次则为太平洋年代际振荡负位相下

“类拉尼娜事件”。

６．２　２００４年以来３个南部偏冷年犐犝犅及海表温度

实况特征

具体到２００４年以来３个南部偏冷年显著大气

内部活动异常而言，２００４、２００７、２０１１年冬季犐ＵＢ分

别为１．３７、０．８５、２．９９，均表现为明显正异常。图９

则给出了３个南部偏冷年海表温度距平分布，

２００４、２００７年北大西洋中部海表温度均为异常偏

高，２０１１年偏高程度稍弱甚至小范围偏低，但其上

空异常反气旋式环流十分显著（图略），是造成３个

南部偏冷年的重要原因。与此同时，２００７、２０１１年

还为太平洋年代际振荡负位相下显著拉尼娜事件，

相应南部偏冷程度更强（ＰＣ２ 均高于２．５）。

７　结论和讨论

选取２００４年以来冬季显著变冷的欧亚北部地

区，并从历史相似角度分析了该区域频繁冷冬的异

常特征及形成机理，得到以下结论：

（１）２００４年以来冷冬频繁发生，显著影响区位

于欧亚北部，１９６１—２０１２年冬季欧亚北部气温表现

出明显的“偏低偏高偏低”年代际变化特征。

　　（２）欧亚北部２００４年以来频繁冷冬的温度异
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图８　１９６１—２０１２年冬季犐ＵＢ对（ａ）５００ｈＰａ风场（矢量箭头，ｍ／ｓ），

海表温度（阴影，℃）及（ｂ）地面气温场（℃）线性回归分布

（黑点表示通过信度为０．０５的统计检验）

Ｆｉｇ．８　Ｒｅｇｒｅｓｓｉｏｎｍａｐｓｆｏｒ（ａ）５００ｈＰａｗｉｎｄ（ｖｅｃｔｏｒｓ，ｍ／ｓ），ＳＳＴ（ｓｈａｄｉｎｇｓ，℃）ａｎｄ

（ｂ）ｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅ（℃）ｏｎｔｈｅＡＯｉｎｄｅｘｆｏｒｔｈｅ１９６１－２０１２ｗｉｎｔｅｒｓｅａｓｏｎｓ

（ｂｌａｃｋｓｙｍｂｏｌｓａｒｅｓｉｇｎｉｆｉｃａｎｔａｔｔｈｅｃｏｎｆｉｄｅｎｃｅｌｅｖｅｌｏｆ０．９５）

图９　（ａ）２００４，（ｂ）２００７，（ｃ）２０１１年　　　

冬季海表温度异常分布（阴影，℃）　　　

Ｆｉｇ．９　ＨｏｒｉｚｏｎｔａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆＳＳＴＡ　　　

ｉｎ（ａ）２００４，（ｂ）２００７，ａｎｄ（ｃ）２０１１ｗｉｎｔｅｒ　　　

ｓｅａｓｏｎ（ｓｈａｄｉｎｇｓ，℃）　　　
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常有所差异。２００５、２００９、２０１０、２０１２年表现为全区

偏低，全区偏低年气温场表现为４０°Ｎ以北欧亚大

陆显著偏低，中心位于６０°Ｎ附近。２００４、２００７、２０１１

年表现为５０°Ｎ以南显著偏低，偏低中心位于４０°Ｎ

附近，６０°Ｎ以北显著偏高。

（３）全区偏冷年主要由北极涛动显著负位相所

致，主要外强迫海表温度特征为北大西洋高、中、低

纬度成东北—西南走向的“＋、－、＋”带状分布，该

分布有利于北极涛动／北大西洋涛动负位相维持和

增强；南部偏冷年北极涛动／北大西洋涛动特征不明

显且以弱正位相为主，主要大气内部活动异常为乌

拉尔—贝加尔湖阻塞高压偏强，主要外强迫海表温

度特征为北大西洋中部海表温度偏高，其次则为太

平洋年代际振荡负位相下“类拉尼娜事件”，上述海

表温度异常均可促进类似欧亚遥相关的罗斯贝波列

活动，有利于乌拉尔—贝加尔湖阻塞高压偏强、亚洲

中部多低槽活动。２００４年以来欧亚北部两种类型

冷冬在大气环流与外强迫海表温度上均表现出与历

史典型年相类似的特征。

值得注意的是，进入２１世纪以来全球变暖进入

停滞期（唐国利等，２０１２；Ｊｅｆｆ，２０１４），当前欧亚北部

频繁冷冬存在一些新的特征，如北极海冰减少与欧

亚北部频繁冷冬存在密切联系（Ｌｉｕ，ｅｔａｌ，２０１２）。

在新的背景下，对全球变暖停滞期频繁冷冬与历史

相似年间外强迫进行系统比较是下一步探索的重

点。
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ABSTRACT

Understanding the long-term change of extreme temperature events is important to the detection and

attribution of climate change. It is unclear, however, how much effect urbanization has had on trends of the

extreme temperature indices series constructed based on the commonly used datasets on a subcontinental

scale. Applying a homogenized daily temperature dataset of the national reference climate stations and basic

meteorological stations, and a rural station network previously developed, urbanization effects on trends of

extreme temperature indices in mainland China for the time period 1961–2008 are evaluated. It is found that

1) the country-averaged annual- and seasonal-mean extreme temperature indices series generally experience

statistically significant trends; 2) annual-mean urbanization effects in the country as a whole are statistically

significant for daily minimum temperature (Tmin), maximum temperature (Tmax), andmean temperature of

Tmin and Tmax (Tavg), reaching 0.0708, 0.0238, and 0.0478C(10 yr)21, respectively, with the largest values for

annual-mean Tmin occurring in north China; 3) annual- and seasonal-mean urbanization effects for the de-

clining diurnal temperature range (DTR) are highly significant, and the largest seasonal-mean DTR decline

because of urbanization occurs in winter and spring; 4) annual-mean urbanization effects for the lowest

Tmin, summer days, tropical nights, and frost days series are significant, but an insignificant urbanization

effect is detected for icing days series; 5) urbanization has led to a highly significant decline of annual cold

nights at a rate of 21.485 days (10 yr)21 and a highly significant increase of annual warm nights at a rate of

2.264 days (10 yr)21. Although urbanization effects are also significant for cold days and warm days, they are

relatively smaller, and 6) the smallest absolute values of annual-mean urbanization effects for most of the

indices series are found to dominantly appear during 1966–76, a well-known deurbanization period re-

sulting from the Cultural Revolution.

1. Introduction

An understanding of long-term change of extreme

temperature events is of importance to the detection and

attribution of climate change and to the assessment of

climate change impacts on natural and human systems.

It is unclear in the present, however, whether or to what

extent the urbanization has affected the long-term trends

of the extreme temperature indices series constructed

based on the frequently used observational datasets on a

subcontinental to global scale.

Many studies on changes in extreme climate events

were conducted in the past decade, and almost all of

them showed coherent changes in the temperature in-

dices series over the post-1950 time periods in the con-

tinents or countries, with thewarm extreme temperature

indices witnessing significant increasing trends and cold

extreme temperature indices witnessing significant de-

creasing trends (Easterling et al. 2000; Frich et al. 2002;

Alexander et al. 2006; Ding et al. 2006; Solomon et al.

2007; Peterson et al. 2008; Choi et al. 2009; Shi et al.

2009; Zhou and Ren 2011; Ren et al. 2011; L. Zhang

et al. 2011). Alexander et al. (2006) showed significant

changes in temperature extremes associated with cli-

mate warming from 1951 to 2003, for example, indicating

that more than 70% of the global land area underwent

a significant decrease in frequency of cool nights and
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a significant increase in frequency of warm nights. Klein

Tank and Konnen (2003), Vincent et al. (2005), and

Choi et al. (2009), respectively, reported the similar long-

term changes in extreme temperature indices in Europe,

South America, and the Asian–Pacific region.

Studies for mainland China also evidenced the coun-

trywide reduction in frequency of cold waves, frost days,

and cool days (nights) and a general increase in fre-

quency of hot events and warm days (nights), though

some differences still existed among the trend estimates

because of the varied time periods, areas analyzed, and

the different criteria used (Yan el al. 2002; Zhai and Pan

2003; Ma et al. 2003; Qian and Lin 2004; Gong and Han

2004; Liu et al. 2006; You et al. 2008). Recently, Zhou

and Ren (2011) updated the analysis of spatial and

temporal changes in extreme temperature events in

mainland China based on a homogeneity-adjusted daily

temperature dataset of 526 stations for period 1961–

2008, showing that, across the country, frost days and

ice days significantly reduced and annual highest daily

maximum temperature (Tmax) and daily minimum tem-

perature (Tmin) (TXXandTNX) and annual lowest Tmax

and Tmin (TXN and TNN) generally rose. The analysis

also found that cool nights (days) significantly decreased

at a rate of 28.23 days (10 yr)21 [23.26 days (10 yr)21],

and warm nights (days) significantly increased at a rate

of 8.16 days (10 yr)21 [5.22 days (10 yr)21] in the country

as a whole. These latest results are generally consistent

with those reported in the previous studies for mainland

China except for the slightly higher estimates mainly

due to updated data series.

An important issue in the studies, however, is whether

or not, or to what extent, the urban warming near the

weather stations has affected the estimates of trends of

the extreme temperature indices on a large spatial scale.

Many studies for mainland China and other eastern

Asian countries in the past decade have evidenced the

significant urbanization effect on area-averaged annual-

and seasonal-mean surface air temperature (SAT)

trends over the post-1950 periods as estimated from the

commonly applied observational datasets (e.g., Zhao

1991; Choi et al. 2003; Kalnay and Cai 2003; Zhou et al.

2004; Chung et al. 2004; Ren et al. 2005, 2008; Chen et al.

2005; Tang et al. 2008; Fujibe 2009; Zhang et al. 2010;

Yang et al. 2011, 2012; Wu and Yang 2013; He et al.

2013; Li et al. 2013). A recent and comprehensive study

by Zhang et al. (2010) used data from all of the weather

stations for selecting reference stations to evaluate the

urbanization effect on SAT trends in mainland China,

and they showed that, in the warming trend of annual-

mean SAT estimated based on the dataset of national

Reference Climatic and Basic Meteorological Stations

(RCBMS or National Stations hereafter) in 1961–2004,

annual-mean urban warming ranged mostly among

0.068–0.098C (10 yr)21, contributing 27% to the overall

warming over the country as a whole. The urban heat

island (UHI) effect therefore had a significant effect on

the increasing SAT trends of the country as estimated by

the observational records from the RCBMS. Since the

enhanced UHI magnitude has obviously contributed to

the overall increasing trends of mean SAT in mainland

China, it must have exerted some influence on trends of

Tmax and Tmin and the trends of the extreme temper-

ature indices series based on the Tmax and Tmin as well.

Chen et al. (2005) analyzed the urbanization effect on

area-averaged Tmax and Tmin trends in Hubei Prov-

ince, central China, for the time period 1960–2004 and

showed a large proportion of urban warming in annual-

and seasonal-mean Tmin trends. Similar results were

reported by Hua et al. (2008) for mainland China and by

Zhou and Ren (2009) for north China, with the latter

indicating a 53% contribution of urbanization to the

long-term trend of annual-mean Tmin during 1961–

2000. L. Zhang et al. (2011) and Zhou and Ren (2011)

were among the first studies to further evaluate the ur-

banization effect on long-term trends of the commonly

applied extreme temperature indices in Beijing Munic-

ipality and north China, and they all reported significant

urbanization effects on the indices series related to daily

Tmin including frost days, cold nights, warm nights, the

lowest and highest Tmin, and diurnal temperature range

(DTR). The urbanization effects on the negative trends

of frost days, DTR, cool nights, and cool days, and the

positive trends of summer days, tropical nights, TNX,

TNN, and warm nights calculated based on the data of

RCBMS for the time period 1961–2008 in north China

were all statistically significant at the 0.05 confidence

level (Zhou and Ren 2011).

It is unclear at present, however, how much effect the

rapid urbanization, especially the increased UHI mag-

nitudes, has had on the long-term trends of the extreme

temperature indices series of the RCBMS in mainland

China as a whole. The RCBMS dataset has been fre-

quently used by researchers in China for analyzing the

long-tern changes in mean and extreme climate (Ren

et al. 2008, 2012), and it is desirable to identify the nature

and extent of the urbanization contribution in the da-

taset after the urbanization effect on trends of regional-

averaged annual- and seasonal-mean temperature series

in mainland China has been well understood. In this

paper, we apply a homogeneity-adjusted daily temper-

ature dataset and a reference SAT network previously

developed by Ren et al. (2010b) to evaluate the urban-

ization effects on trends of the extreme temperature

indices in mainland China. Our investigation shows a

similarly significant urbanization effect across the country,
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despite the effect being somewhat smaller in magnitude

than that found for north China.

2. Data and methods

a. Selection of reference temperature stations

It is crucial to have a set of representatively rural

stations for evaluating the urbanization effect on trends

of SAT and the related extreme indices series (Hansen

et al. 2001; Pielke et al. 2007; Ren et al. 2008). Ren et al.

(2010b) developed a rural/reference temperature station

(reference station hereafter) network for use in studies of

urbanization effect on SAT in mainland China, applying

a comprehensive procedure and all the available weather

stations of approximately 2300. The procedure took a

consideration of spatial distribution and density of sta-

tions, length and complicity of records, times and dis-

tance of relocations, population in the nearby cities/

towns, proportion of built-up areas around the stations

(within 12km2 around the observational grounds), and

straight distance from the center of the cities and towns.

For example, the population in the built-up areas of the

cities and towns where the stations are located must be

less than 20000 in central and western China and be less

than 70 000 for 16 provinces (municipalities) in the east-

ern plain areas of China; station relocations must occur

no more than two times since 1961, and the relocation

distance must be within 5 km; and the percentage of the

built-up areas within a radius of 2 km (or within about

12km2) around the observational grounds must be less

33%. These criteria were forged and adopted to account

for the different influences on SAT observations from

local anthropogenic activities in varied spatial scales. A

detailed description of the procedure for selecting the

reference stations was given in Ren et al. (2010b), and

a brief introduction to the comprehensive method and

the comparison with that of remote sensing–based land

surface brightness temperature were also given in Ren

and Ren (2011).

A total of 143 stations were finally chosen by applying

the procedure (Fig. 1), among which 68 are from the

RCBMS managed by the China Meteorological Ad-

ministration (CMA), and 75 are from the Ordinary

Meteorological Stations (OMS) previously overseen

by provincial meteorological bureaus but now are also

FIG. 1. Distribution of the (a) RCBMS and the (b) reference/rural stations in mainland China, and the numbers of stations within the

58 3 58 latitude–longitude grids for the (c) RCBMS and the (d) reference/rural stations.
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overseen by the CMA.We used 141 reference stations of

the network because the records from 2 stations have

not been updated. A brief description of the RCBMS

and OMS including how they are used for climatic re-

searches in mainland China is given in section 2b.

Overall, the reference stations are well spatially dis-

tributed, though they are still relatively smaller in number

in northern northeast China, northwest China, and the

western Qinghai–Tibetan Plateau. As an example, the

grid where northern Beijing City is located contains

three reference stations (Figs. 1b,d): Shangdianzi, Beijing;

Gangzi, Inner Mongolia; and Linxi, Inner Mongolia. An

OMS, Shangdianzi station is located on a hill slope at an

elevation of 287m above mean sea level (MSL), and it is

near a mountain village with a population less than 9000

in 2000; Gangzi station is also an OMS, but Linxi station

is one of the RCBMS, and both are located in the Inner

Mongolian Plateau with elevations 961 and 800m MSL,

respectively, and a population of 9200 and 11 000, re-

spectively, in 2000. This station network was compared

to another reference network of 138 stations developed

by using the surface brightness temperature data re-

trieved from the remote sensing of satellite, and it

was found to have similar country-averaged trends of

annual- and seasonal-mean SAT and the magnitudes of

urbanwarming of the RCBMS for the same time periods

(Ren and Ren 2011). It has been applied already for

identifying and adjusting the urban biases of mean SAT

of the RCBMS in mainland China (Zhang et al. 2010;

Zhou and Ren 2011). In this study, we use the daily

temperature data of the reference station network for

examining urbanization effects on an extreme temper-

ature indices series in mainland China.

b. Data and processing

Daily temperature data are from the National Mete-

orological Information Center (NMIC) of the CMA.

There are different historical datasets available in the

CMA for use in studies of climate change, but the most

frequently applied historical SAT dataset has been

the observational records from the RCBMS, consisting

of about 730 stations approximately evenly distributed

across the country but more located near cities and

towns. As a subset of the dataset, the national Reference

Climate Stations (RCS) consisting of 143 stations (160

stations for a variant in some publications) more evenly

distributed spatially and nearer big cities have also been

used by climatologists. The readings at the RCS were

made 24 times a day before the application of the au-

tonomous weather station (AWS) system around 2004

in mainland China. Another subset of the dataset is the

national BasicMeteorological Stations (BMS, about 580

stations), manually observed eight times a day before

theAWS system, also mostly situated near cities or towns

(Ren et al. 2008; Zhang and Xu 2008). In the last decade,

the historical temperature records of the RCS and BMS

were merged and inhomogeneity-adjusted to meet the

increasing demand for climate change studies (Li et al.

2004; Ren et al. 2005, 2012; Ding et al. 2006). The

RCBMS include almost all the stations with long-term

records in mega and large cities of mainland China, and

few are really located in rural areas. In addition, there are

about 1600OMS that aremostly located near small cities,

towns, and villages, but the observations were manually

made only three times (0800, 1400, and 2000 local time)

a day before about 2004, and they have been seldom

applied so far in large-scale analyses of climate change.

The objective of this study is to investigate into the

nature and magnitude of the urbanization effect on

the estimates of trends of the commonly used extreme

temperature indices obtained from data of all the

RCBMS. These stations are regarded as problematic

ones in this work, as evidenced inmany previous studies,

and they are to be evaluated in terms of the systematic

bias of mean SAT and extreme temperature indices

series induced by urbanization. The urbanization effect

may result from a complex matrix of influential factors

including poor siting on the microscale, urban heat is-

land effect, enhanced precipitation in or near built-up

areas, and increased concentration of atmospheric aero-

sols in the urban boundary layer. For example, most of

these stations are characterized by being too close to the

built-up areas of cities and the poor siting or deter-

iorative microsettings immediately around the obser-

vational grounds. The unqualified microsettings are one

of the many problems related to urbanization. One of

the more important issues in addition to the poor

microsettings would be the enhanced urban island in-

tensity near the observational sites that is more associ-

ated with the size and population of the cities where the

stations are located. By applying the ‘‘good’’ reference

stations, as described in section 2a, we could evaluate

the overall urbanization effect on the trends of the ex-

treme temperature indices series at the ‘‘poor’’ RCBMS.

Daily temperature data of 1951–2004 from the

RCBMS were inhomogeneity-adjusted by the NMIC

(Li et al. 2004). The method of Easterling and Peterson

(1995) was adopted to conduct the detection and ad-

justment of the inhomogeneities of the monthly-mean

data, and the monthly average adjustments were then

applied to daily records to obtain the homogenized daily

temperature data. The discontinuous points mainly

caused by relocations had been adjusted to the latest

observational locations, and the historical SAT records

from the 730 stations can be considered as being rela-

tively homogenous after the adjustments (Li et al. 2004;
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Li andDong 2009). The homogenizedmonthly and daily

SAT datasets have been frequently used in studies and

services of regional climate change in China (Ren et al.

2005, 2012; Tang et al. 2005; Ding et al. 2006; You et al.

2012). We update the data to 2008, and the after 2004

records are simply connected to the adjusted data series,

with an assumption that the inhomogeneities in the last

4 yr are negligible. The assumption is somehow debat-

able because although the relocations might have little

influence, the nationwide applications of the AWS

around 2004 might have caused some discontinuities

in the daily temperature records. However, Wang et al.

(2007) compared the country-averaged annual- and

seasonal-mean SAT of the AWSs with those of the

manual observations and found an insignificant differ-

ence, despite the fact that the maximum (minimum)

temperature of the AWSs somehow exhibits systemati-

cally higher (lower) values in the country as a whole.

Among the records of 74 stations of the OMS in the

reference station network, which had already been

quality controlled by the NMIC, only nine with annual-

mean SAT series are found to be inhomogeneous due to

the moves of observational locations, and the monthly

and daily temperature data of the nine stations are

therefore adjusted by using the samemethod as that used

by Li et al. (2004) for the data of the RCBMS. The sig-

nificant inhomogeneities have not been found or verified

for the SAT data series from the other OMS sites, and

they are assumed as homogeneous and, together with the

adjusted data, are simply merged with the RCBMS data

of the reference station network for use in this study.

Most of the stations actually started routine observa-

tions after the mid-to-late 1950s, and there also existed

missing records in the entire data series of some stations.

We take 1961 as the beginning year and choose those

stations with records suffering from missing values less

than 2% of the total days of 1961–2008 for the analysis.

The records of 526 stations in the RCBMS dataset can

meet the requirement (Fig. 1). It is clear from Fig. 1 that

the stations selected for use in this study are approxi-

mately evenly distributed across the country, despite

observations in the northwestern deserts and western

Tibetan Plateau still being small in number due to the

lack of weather stations.

Finally, we recheck the quality of the daily SAT data

of all stations used with RClimDex software developed

by Zhang and Yang (2004) and find that 10 records from

six stations are not reasonable with the temperature

values larger than 4 times that of standard deviations of

the data series. These wrong records are treated as

missing values, which account for about 4 3 1026 of the

total daily SAT records.

c. Definition of extreme temperature indices

We use a set of total 16 temperature indices, including

15 extreme temperature indices (ETIs), among which 13

are adopted, with no modification, from the definitions

by the Expert Team on Climate Change Detection and

Indices (ETCCDI), and the remaining 2 are monthly-

mean Tmax and Tmin. Monthly-mean temperature is

also applied. Definitions and units of the temperature

indices are shown in Table 1. They can be broadly di-

vided into three categories: absolute threshold indices,

relative threshold indices, and the mean and extreme

value indices.

The mean and extreme value indices are simply the

mean and extreme values of Tmax and Tmin during a

certain period, including mean Tmax and Tmin, the

highest Tmax (TXX) and Tmin (TNX), the lowest Tmax

TABLE 1. Extreme temperature indices used in this study [modified from Zhang and Yang (2004) and Zhou and Ren (2011)].

Category Abbreviation Term Definition (unit)

Mean and extreme value TN Tmin Mean value of daily Tmin (8C)
TX Tmax Mean value of daily Tmax (8C)
TM Tavg Mean value of Tmax and Tmin (8C)
DTR Diurnal temperature range Difference between Tmax and Tmin (8C)
TNX Highest Tmin Monthly maximum value of Tmin (8C)
TXX Highest Tmax Monthly maximum value of Tmax (8C)
TNN Lowest Tmin Monthly minimum value of Tmin (8C)
TXN Lowest Tmax Monthly minimum value of Tmax (8C)

Absolute threshold FD0 Frost days Annual count when daily Tmin , 08C (day)

SU25 Summer days Annual count when daily Tmax . 258C (day)

ID0 Icing days Annual count when daily Tmax , 08C (day)

TR20 Tropical nights Annual count when daily Tmin . 208C (day)

Relative threshold TN10p Cool nights Days when daily Tmin , 10th percentile (day)

TX10p Cool days Days when daily Tmax , 10th percentile (day)

TN90p Warm nights Days when daily Tmin . 90th percentile (day)

TX90p Warm days Days when daily Tmax . 90th percentile (day)
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(TXN) and Tmin (TNN), DTR, and monthly- and

annual-mean SAT or Tavg (TM).

The absolute threshold indices are those directly de-

termined based on original daily data and fixed thresh-

olds, including frost days (FD0), summer days (SU25),

ice days (ID0), and tropical nights (TR20). For these

indices, there will be some stations without records of

extremes for some or even all years of the time period

analyzed. In this case, we determine that if a station has

no record of extremes for 1/3 yr of the 48-yr period, the

linear trend of the index series for the station is regarded

as being insignificant, and the station is no longer in-

cluded in the statistics of the index time series.

The relative threshold indices are defined based on

relative (floating) thresholds, including cool days (nights)

and warm days (nights). We take the 90th (10th) per-

centile values of daily Tmax (Tmin) data in a certain

station from 1971 to 2000 as the upper (lower) thresh-

olds. If the daily Tmax (Tmin) is greater (less) than the

upper (lower) threshold, the day (night) is considered as

a warm (cool) day (night) event.

d. Analysis methods

We apply a method of comparing average ETI series

between the RCBMS and the reference stations on

a basis of longitude by latitude grids. The size of grids is

58 3 58. Only those grids with both the RCBMS and the

reference stations are analyzed, and there are thus a to-

tal of 42 grids in the study region (Fig. 1). The eight grids

that own only the RCBMS but no reference stations are

all located along the national boundaries or coastal lines

and are of incomplete grids. In addition, there are three

grids in which theRCBMS and the reference stations are

at the same sites in the northwestern Qinghai–Tibetan

Plateau resulting from the lack of observations, and they

are not included in the analysis either. Therefore, each

of the grids analyzed owns at least one station of the

RCBMS and one reference station, with those of the

eastern parts of the study region generally having more

observational records.

The following terms are used in this paper, referring to

Chu and Ren (2005), Ren et al. (2008), and L. Zhang

et al. (2011).

The urbanization effect (DTu2r) refers to the impact

of urbanization on SAT trends. It is here defined as the

linear trend of the ETI of a station or a group of stations,

caused by the strengthening UHI effect and other local

anthropogenic factors near the stations, and is expressed as

DTu2r 5Tu 2Tr , (1)

where Tu is the linear trend of any ETI of an urban/town

station or stations of the RCBMS within a grid, and Tr is

the linear trend of any ETI of reference stations within

the grid. A value of DTu2r . 0 indicates that the ETI

relatively increases at the urban/town station or stations

of the RCBMS because of the urbanization effect,

mainly to the enhanced UHI effect; DTu2r , 0 implies

that the ETI at the urban/town station or stations of the

RCBMS relatively decreases because of the urbaniza-

tion effect, including the local anthropogenic factors

other than the UHI effect.

Urbanization contribution (Cu) is defined as the pro-

portion that the statistically significant urbanization ef-

fect accounts for the overall ETI trend at an urban/town

station or stations of the RCBMS (Chu and Ren 2005;

Ren et al. 2008). It can be expressed as

Cu5

����
DTu2r

Tu

����3 100%. (2)

Generally, DTu2r/Tu is a positive value less than 1; the

absolute value is taken because in a few circumstances it

assumes negative value resulting from the effects of lo-

cal factors other than increasing UHI intensity. If Cu 5
100%, then it shows that the ETI trend of the urban

station is entirely caused by urbanization; if Cu is more

than 100%, it implies that the extra trend might have

been caused by other local factors not yet identified or

the errors of data, but it is regarded as 100% in this

study. As the definition implies, urbanization contribu-

tion is not calculated if the urbanization effect is not

statistically significant.

The grid-averaged annual and seasonal ETIs series of

the RCBMS and reference stations for each of the 42

grids are first calculated, respectively, for the 48 yr.

With the period 1971–2000 taken as reference period,

RClimDex software (Zhang and Yang 2004) is used to

calculate the time series of the ETIs for each of the

stations. The grid-averaged ETIs series are then ob-

tained by simply averaging all values within the grids for

each of the 48 yr. The respective linear trends of the

ETIs for the RCBMS and reference stations are calcu-

lated using the least squares method. This requires the

calculation of the linear regression coefficients between

any grid-averaged ETIs and ordinal numbers of time

(e.g., i 5 1, 2, 3, . . . , 48 for 1961–2008). Once the grid-

averaged ETIs series and their trends are obtained,

DTu2r and the Cu then can be calculated for each of the

grids by applying Eqs. (1) and (2). (The annual values in

Figs. 5, 7, 9, and 11 have been obtained this way.) The

country-averaged ETIs series of the RCBMS and ref-

erence stations are obtained by area-weighted averaging

of the values of all the grids, with the weights assigned as

the cosinemidlatitude values of the grids (Figs. 2, 3) (Jones

andHulme 1996). Linear trends of the country-averaged
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ETIs series are then calculated for the RCBMS and the

reference stations (Table 2), and the country-averaged

DTu2r and Cu of the RCBMS are obtained by applying

Eqs. (1) and (2). The annual and seasonal values in

Tables 3 and 4 have thus been obtained.

To visualize the temporal change in the country-

averaged DTu2r, we also construct on the basis of the

grids the difference value series of the grid-averaged

ETIs between the RCBMS and reference stations and

then obtain the time series of the country-averaged

difference values of the ETIs between the RCBMS and

the reference stations applying an area-weighted aver-

aging method. The annual country-averaged difference

value series visually exhibit the temporal variation in

country-averaged annual DTu2r for the ETIs of the

RCBMS. (Figures 4, 6, 8, and 10 have been drawn based

on the values of the annual DTu2r.)

Kendall’s tau nonparametric test method is applied

for examining the statistical significance of the linear

trends and DTu2r (Kendall and Gibbons 1990; von

Storch and Zwiers 2003). Meteorological seasons are

adopted for the analysis of seasonality, and they are

respectively spring (March–May), summer (June–August),

autumn (September–November), and winter (December–

February). Annual-mean (total) values (counts) are those

from January to December.

FIG. 2. Changes in mean and extreme value indices for the RCBMS (red) and the reference/rural stations (blue) in

mainland China over 1961–2008 for (a) Tmin, Tmax, Tavg, and DTR; and (b) TNN, TNX, TXN, and TXX. Straight

dashed lines denote linear trends.
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3. ETIs trends of the RCBMS

Table 2 shows the annual- and seasonal-mean linear

trends in the ETIs series for the RCBMS in mainland

China over the time period 1961–2008. Statistically sig-

nificant changes can be found for all of the annual-mean

ETIs series and for seasonal-mean trends of the ETIs

series except for the increases in spring TXN and sum-

mer TXX. Larger and more significant trends generally

occur in the ETIs series relative to the daily minimum

temperature. With regard to the annual-mean trends,

the largest changes are seen for the increase in the lowest

Tmin and warm nights, reaching 0.5968C(10 yr)21 and

8.584 days (10 yr)21, respectively, and the decrease in

cold nights at a rate of 28.409 days (10 yr)21, all related

to the minimum temperature. The largest changes of

seasonal-mean ETIs occur in the decrease of cold

nights in winter and the increase of warm nights in

summer, reaching 211.108 and 10.184 days (10 yr)21,

respectively.

Figures 2 and 3 show changes in the ETIs of the

RCBMS and reference stations in mainland China over

the period 1961–2008. Extremely good correlations be-

tween the two datasets can be seen, especially for in-

terannual variability of the ETIs. The linear trends of

the ETIs series of the RCBMS exhibit the consistent

FIG. 3. As in Fig. 2, but for absolute and relative threshold indices: (a) SU25, ID0, TR20, and FD0; and (b) TN10p,

TN90p, TX10p, and TX90p.

15 MARCH 2014 REN AND ZHOU 2347

286



patterns of changes with those shown in Table 2, but

they usually witness larger trends than those of the ref-

erence stations, in particular for the ETIs formulated

from minimum temperature, such as Tmin, DTR, TNN,

TN10p), and TN90p. The systematically higher annual

values and mean values of the RCBMS than those of the

reference stations for the absolute threshold and ex-

treme value indices might have been induced mainly

by different average altitudes of the two observational

networks and might have also been related to the ur-

banization effects to some extent.

Trends of the temperature indices of the RCBMS

shown in Table 2, Figs. 2 and 3 are almost all consistent

with the recent analyses (Zhou and Ren 2011; Ren et al.

2011; You et al. 2013) and well comparable with earlier

studies conducted for mainland China, including those

by Zhai et al. (1999), Yan et al. (2002), Zhai and Pan

(2003), Qian and Lin (2004), and Gong and Han (2004),

despite the fact that the stations, the data processing

procedures, and the time periods applied in the analyses

bear some differences from the present study.Our analysis

results are also broadly consistent with those reported

for larger spatial-scale studies outside mainland China

(e.g., Easterling et al. 2000; Alexander et al. 2006;

Solomon et al. 2007; Choi et al. 2009). The next issue

is whether or not, or to what extent, the significant

changes for the various ETIs in mainland China have

been caused by the locally anthropogenic interferences

or urbanization.

4. Urbanization effects and contributions

a. Extreme value indices

Table 3 gives annual- and seasonal-mean urbaniza-

tion effects and contributions of the RCBMS for Tmin,

Tmax, Tavg, and DTR over the time period 1961–2008.

Annual- and seasonal-mean urbanization effects for

mainland China as a whole are all statistically significant

at the 0.05 confidence level for Tmin, Tmax, and Tavg,

with the annual-mean urbanization effects for the three

indices reaching 0.0708, 0.0238, and 0.0478C (10 yr)21,

respectively, and the urbanization contributions reaching

18.4%, 10.1%, and 15.4%, respectively. Larger urbani-

zation effects are found for Tmin for winter and spring,

TABLE 2. Trends in extreme temperature indices series for the national RCBMS in mainland China over 1961–2008. Units are degrees

Celsius per decade [8C (10 yr)21] for Tmin, Tmax, Tavg, DTR, TNN, TNX, TXN, and TXX, and days per decade for TN10p, TN90p,

TX10p and TX90p. An asterisk denotes that the trends are statistically significant at the 0.05 confidence level.

Tmin Tmax Tavg DTR TNN TNX TXN TXX

Annual 0.381* 0.228* 0.305* 20.154* 0.596* 0.264* 0.331* 0.150*

Spring 0.364* 0.200* 0.282* 20.167* 0.444* 0.253* 0.180 0.131*

Summer 0.279* 0.138* 0.209* 20.144* 0.493* 0.218* 0.151* 0.105

Autumn 0.339* 0.264* 0.301* 20.074* 0.544* 0.338* 0.389* 0.327*

Winter 0.542* 0.311* 0.426* 20.230* 0.565* 0.435* 0.321* 0.330*

SU25 ID0 TR20 FD0 TN10p TN90p TX10p TX90p

Annual 2.622* 22.140* 2.884* 23.579* 28.409* 8.584* 23.113* 5.230*

Spring 27.532* 8.599* 21.892* 4.830*

Summer 27.495* 10.184* 21.496* 4.906*

Autumn 27.854* 7.871* 24.305* 5.941*

Winter 211.108* 7.870* 25.074* 5.353*

TABLE 3.Urbanization effect (UE) and urbanization contribution (UC) of theRCBMSofmainlandChina for Tmin, Tmax, Tavg,DTR,

TNN, TNX, TXN, and TXX over the time period 1961–2008. An asterisk denotes that the trends are statistically significant at the 0.05

confidence level.

Tmin Tmax Tavg DTR TNN TNX TXN TXX

Annual UE [8C (10 yr)21] 0.070* 0.023* 0.047* 20.049* 0.118* 0.069* 0.045* 0.034*

UC (%) 18.4 10.1 15.4 31.8 19.8 26.1 13.6 22.7

Spring UE [8C (10 yr)21] 0.072* 0.015* 0.044* 20.060* 0.112* 0.052* 0.016 0.012

UC (%) 19.8 7.5 15.6 35.9 25.2 20.6

Summer UE [8C (10 yr)21] 0.057* 0.028* 0.043* 20.031* 0.100* 0.057* 0.019 0.016

UC (%) 20.4 20.3 20.6 21.5 20.3 26.1

Autumn UE [8C (10 yr)21] 0.063* 0.022* 0.043* 20.043* 0.082* 0.029 0.031 0.005

UC (%) 18.6 8.3 14.3 58.1 15.1

Winter UE [8C (10 yr)21] 0.083* 0.024* 0.054* 20.061* 0.102* 0.036* 0.032 0.004

UC (%) 15.3 7.7 12.7 26.5 18.1 8.3
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reaching 0.0838 and 0.0728C (10 yr)21, respectively,

and the smallest urbanization effect and contribution,

0.0158C (10 yr)21 and 7.5%, respectively, are seen for

Tmax for spring, which might have been related to the

higher average wind speeds and the generally weakened

urban heat island intensity of the afternoons in the

season (Zhang and Lin 1992; Gao et al. 2013; Yang et al.

2013). Overall, the annual- and seasonal-mean urbani-

zation contributions for Tmin, Tmax, and Tavg for the

48yr range from 7.5% to 20.6%, with the largest seasonal-

mean contributions occurring in summertime. Table 3

also shows that annual- and seasonal-mean urbanization

effects for DTR in mainland China as a whole are all

statistically significant at the 0.05 confidence level. The

largest decline of seasonal-mean DTR because of ur-

banization are found inwinter and spring, reaching20.0618
and 20.0608C(10 yr)21, respectively, but the largest ur-

banization contributions appear in autumn and spring,

reaching 58.1% and 35.9%, respectively, for the study

region as a whole.

Figure 4 shows the temporal variation in annual-mean

urbanization effects as calculated based on the differ-

ences between the RCBMS and reference stations in

mainland China as a whole for Tmin, Tmax, Tavg, and

DTR over the time period 1961–2008. The annual dif-

ferences have very similar interannual and long-term

variations for Tmin and Tavg, with the significant in-

crease obviously occurring after 1976, and the lowest

values are almost all found in the time period 1966–76

when an unprecedented deurbanization process oc-

curred across mainland China during the Cultural

Revolution (1966–76). Although a significant increase in

the annual urbanization effects is also seen for Tmax,

they experience a larger interannual and decadal vari-

ability. A highly significant decline occurs in the DTR

difference series, with the largest values found once

again during 1966–76 and the smallest ones in the last

6 yr. It is also notable that, except for the DTR, average

values of the annual differences between the RCBMS

and reference stations for the first years of the indices

TABLE 4. As in Table 3, but for SU25, ID0, TR20, FD0, TN10p, TN90p, TX10p, and TX90p.

SU25 ID0 TR20 FD0 TN10p TN90p TX10p TX90p

Annual UE [days (10 yr)21] 0.335* 20.013 1.090* 20.360* 21.485* 2.264* 20.390* 0.561*

UC (%) 12.8 37.8 10.1 17.6 26.4 12.5 10.7

Spring UE [days (10 yr)21] 21.526* 2.292* 20.037 0.263

UC (%) 20.3 26.7

Summer UE [days (10 yr)21] 21.310* 3.435* 20.580* 0.956*

UC (%) 17.5 33.7 38.8 19.5

Autumn UE [days (10 yr)21] 21.332* 2.029* 20.332* 0.730*

UC (%) 17.0 25.8 7.7 12.3

Winter UE [days (10 yr)21] 21.865* 1.343* 20.588* 0.307*

UC (%) 16.8 17.1 11.6 5.7

FIG. 4. Temporal variations in annual differences between the RCBMS and reference stations for Tmin, Tmax, Tavg,

and DTR in mainland China over the time period 1961–2008.
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series are well above zero, with those of Tmin and Tavg

close to 0.808–0.908C, implying that either the RCBMS

are generally lower in heights than the reference sta-

tions, or the urbanization effects for the RCBMS actu-

ally began well before 1961.

In view of the spatial distributions of urbanization

effects and contributions (Fig. 5), the largest and more

significant urbanization effects for Tmin occur in north

China, generally ranging from 0.108 to 0.308C(10 yr)21,

with the urbanization contributions generally ranging

from 20% to 60%. Most of the grids registers the sig-

nificant positive urbanization effects for annual-mean

Tmin in mainland China, but almost half of the grids in

arid northwestern China witness negative urbanization

effects with half of them being significant at the 0.05

confidence level. By contrast, there are fewer grids

where significant positive urbanization effects are spot-

ted for annual-mean Tmax, despite the fact that most of

the grids similarly have positive values of urbanization

effects and the significant negative values in a few grids

are more evenly distributed across the country. Annual-

mean SAT sees a similar spatial pattern, and the largest

and more significant urbanization effects, mostly rang-

ing from 0.068 to 0.148C (10 yr)21, are found in the grids

of north China and the lower Yangtze basin. There is

a relatively coherent distribution of the DTR urbani-

zation effects across mainland China, and most of the

grids experience a decrease because of urbanization,

with more than 80% of them registering a significant

urbanization effect. The largest urban-induced decrease

in the annual-mean DTR are seen in north China and

the southeastern Tibetan Plateau, and a 100% urbani-

zation contribution appears in five grids of the two re-

gions, indicating a thorough urbanization effect on the

decrease of the annual-mean DTR during the past 48 yr

in these areas.

Table 3 also shows annual- and seasonal-mean ur-

banization effects and contributions of the RCBMS for

TNN, TNX, TXN, and TXX over the time period 1961–

2008, and Fig. 6 shows the temporal changes in annual-

mean urbanization effects as calculated based on the

differences between the RCBMS and reference stations

in mainland China as a whole for the four indices for

the same time period. It is evident that all of the annual

FIG. 5. Spatial distributions of urbanization effects and contributions of annual-mean Tmin, Tmax, Tavg, and DTR in mainland China

over the time period 1961–2008. The solid (hollow) triangle denotes that the urbanization effect is (is not) significant at the 0.05 confidence

level. The value to the left is urbanization effect [8C(10 yr)21] and to the right is urbanization contribution (%).
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extreme values of Tmin and Tmax experience upward

trends, and more significant increases can be seen for

TNN and TNX, despite the fact that a larger interannual

variability appears in the four indices compared to

Tmin, Tmax, Tavg, and DTR. Annual- and seasonal-

mean urbanization effects for TNN are all statistically

significant at the 0.05 confidence level, with the annual

value reaching 0.1188C(10 yr)21 and the annual-mean

urbanization contribution reaching 19.8%. Although

the seasonal-mean urbanization effects for TXN and

TXX are all positive for the four seasons, none of them

are statistically significant at the 0.05 confidence level

(Table 3).

Figure 7 shows spatial distributions of annual-mean

urbanization effects and contributions for TNN, TNX,

TXN, and TXX over the time period 1961–2008.Most of

the grids witness increases, and the largest and more

significant increases, generally above 0.1508C (10 yr)21

for urbanization effect, are seen for TNN in north China

and the northern Qinghai–Tibet Plateau. The positive

urbanization effects are also seen for TNX in north

China and southeastern China to a lesser extent. The

annual-mean urbanization effects for TXN and TXX,

however, are usually not so significant with the excep-

tions of a few of grids in the coastal regions and south-

east China. Overall, a more heterogeneous distribution

of urbanization effects can be seen for the four indices

especially for TXN and TXX, as compared to the spatial

uniformity for Tmin, Tmax, Tavg, and DTR.

b. Absolute threshold indices

Table 4 and Fig. 8 exhibit urbanization effects of the

RCBMS for SU25, ID0, TR20, and FD0 for the time

period 1961–2008. Urbanization leads to an increase in

annual total days of SU25 and TR20, but to a decrease in

annual total days of ID0 and FD0, and the annual effects

are statistically significant except for ID0, with the up-

ward trend reaching 1.090 days (10 yr)21 for the tropical

night frequency and an urbanization contribution as

high as 37.8%. Urbanization effects are 20.360 and

0.335 days (10 yr)21, respectively, for frost days and

summer days, and the urbanization contributions are

10.1% and 12.8%, respectively, for the two indices. An

insignificant urbanization effect has been detected for

ice days over mainland China as a whole, consistent with

the insignificant change in annual-mean Tmax. Figure 8

also shows that the linear trends of TR20 and FD0 are

larger and more significant, especially after 1976 when

the 10-yr Cultural Revolution ended and the economic

growth and urbanization of mainland China began to

accelerate.

Figure 9 shows spatial distributions of urbanization

effects and contributions of annual-mean SU25, ID0,

TR20, and FD0 over the time period 1961–2008. With

the exception of ID0, the indices exhibit coherent ur-

banization effects in the regions where the trends can be

analyzed. SU25 or summer days are generally charac-

terized by positive urbanization effects, and the most

remarkable urbanization-induced increases in summer

days, with trends ranging from 0.60 to 1.50 days (10 yr)21

and contributions ranging from 20% to 50%, occur in

northern and central China. More spatially coherent dis-

tributions of urbanization effects are seen for TR20 and

FD0, with the TR20 urbanization effects mostly exhibiting

significantly positive trends of 1.00–3.00 days (10 yr)21

and urbanization contributions ranging from 30% to

100% in north China and southeastern China, and the

FD0 urbanization effects showing significantly negative

FIG. 6. As in Fig. 4, but for TNN, TNX, TXN, and TXX.
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trends from 21.00 to 23.00 days (10 yr)21 and urbani-

zation contributions ranging from 20% to 80% in north

China. The coherent urbanization effects are not found

for ID0 or ice days despite the fact that more negative

values can be seen in northwestern China, which is well

consistent with the insignificant trend detected in the

country-averaged annual ID0 difference series between

the RCBMS and reference stations.

FIG. 7. As in Fig. 5, but for TNN, TNX, TXN, and TXX.

FIG. 8. As in Fig. 4, but for SU25, ID0, TR20, and FD0.
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c. Relative threshold indices

Table 4 also gives urbanization effects and contribu-

tions of the RCBMS for TN10p, TN90p, TX10p, and

TX90p for the time period 1961–2008, and Fig. 10 shows

the temporal change in annual-mean urbanization ef-

fects as calculated based on the differences between the

RCBMS and reference stations in mainland China for

TN10p, TN90p, TX10p, and TX90p for the same time

period. The annual-mean urbanization effects are all

statistically significant for the four indices overmainland

China. Urbanization has led to a highly significant de-

cline of annual-mean cold night frequency at a rate of

21.485 days (10 yr)21, which accounts for 17.6% of the

overall decrease as observed in the RCBMS, and a tre-

mendous increase of annual-mean warm night fre-

quency at a rate of 2.264 days (10 yr)21, which accounts

for 26.4% of the overall increase as observed in the

RCBMS.The urbanization-induced decline of cold nights

mainly occurred after 1976, and the urbanization-induced

increase of warm nights dominantly appeared after the

beginning of the 1990s. Although the urbanization effects

are also statistically significant for cold days and warm

days, they are relatively smaller and less significant as

compared to cold nights and warm nights. It is in-

teresting to note that the decline of the cold indices

(TN10p and TX10p) generally began about 20 yr

earlier than the increase of the warm indices (TN90p

and TX90p), probably related to the earlier popular-

ization of heating in winter than the widespread ap-

plication of air conditioning in summer in cities of

mainland China.

Seasonal-mean urbanization effects are statistically

significant for all of the relative indices and seasons ex-

cept for cold days and warm days of spring. The largest

seasonal-mean trend because of urbanization is seen for

warm nights of summer, reaching 3.435 days (10 yr)21

with an urbanization contribution of 33.7%. The posi-

tive urbanization effects are also larger for warm nights

of spring and autumn. Reasons for the insignificant ur-

banization effects for cold days and warm days of spring

need to be further examined, but they might have been

related to the weakest afternoonUHI intensity resulting

from the larger number of days with strong wind during

FIG. 9. As in Fig. 5, but for SU25, ID0, TR20, and FD0. Black diagonal crosses indicate the grids where urbanization effects cannot be

analyzed because of lacking or incomplete time series of the index.
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the season of a year, especially in northern China (Gao

et al. 2013; Yang et al. 2013).

Figure 11 shows spatial distributions of urbanization

effects and contributions of annual-mean TN10p, TN90p,

TX10p, and TX90p in mainland China over the time

period 1961–2008. Both cold nights and warm nights ex-

hibit highly coherent urban-induced trends across main-

land China. The negative (positive) TN10p (TN90p)

urbanization effects are statistically significant for most

grids, indicating the tremendous decrease (increase) in

cold nights (warm nights) because of the rapid urbani-

zation near the National Stations during the 48-yr pe-

riod. A few exceptions mainly occur in the northwestern

and northeastern parts of the country, consistent with

the spatial patterns of the urbanization effects of annual-

mean Tmin (Fig. 5). The largest urbanization effects for

both TN10p and TN90p, usually ranging from 1.50 to

5.00 days (10 yr)21 for absolute values with urbanization

contributions mostly ranging from 20% to 60%, are seen

in north China, the mid-to-lower Yangtze basin, and the

eastern part of the Qinghai–Tibet Plateau. Although the

TN10p sees larger urbanization effects in northern re-

gions, the TN90p experiences somewhat larger urban-

induced warming in southern grids.

Similar to the urbanization effects of the annual-mean

Tmax, and obviously different from those of annual-

mean Tmin, the annual-mean TX10p and TX90p urbani-

zation effects exhibit generally less spatial coherence

across the country than the annual-mean TN10p and

TN90p (Fig. 11). Significant decrease (increase) of cold

days (warm days) because of urbanization usually ap-

pears in northern, central, and southern China, with the

absolute values mostly reaching 0.50–2.00 days (10 yr)21

and the urbanization contributions reaching 10%–50%.

The insignificant urbanization effects are seen mainly in

western regions and northern northeast China.

5. Discussion

Statistically significant changes in extreme tempera-

ture indices during the past half a century have been

reported for all continents except the Antarctic region

(e.g., Karl et al. 1993; Easterling et al. 2000; Manton

et al. 2001; Frich et al. 2002; Alexander et al. 2006;

Solomon et al. 2007; Qian et al. 2007; Ren et al. 2010a,

2011; X. B. Zhang et al. 2011). These changes are closely

related to the significant increase in the global and re-

gional average annual-mean SAT, as both the extreme

temperature indices and the mean temperature are de-

pendent on daily maximum and minimum temperature

records. The previous studies examined urbanization

effects on annual- and seasonal-mean SAT trends as

observed in the commonly used datasets or in the re-

cords from urban stations in some regions of the global

continents and found significant urban warming in the

regional average temperature series (e.g., Karl et al.

1988; Hansen et al. 2001; Zhou et al. 2004; Ren et al.

2005, 2008, 2012; Fujibe 2009; Zhang et al. 2010; Fall

et al. 2010; Yang et al. 2011). It is therefore natural to

assume that urbanization also exerts an nonnegligible

effect on the trends of the extreme temperature indices.

Chen et al. (2005) analyzed the urbanization effects on

regional trends of annual- and seasonal-mean Tmin and

Tmax in Hubei Province, China, and found generally

larger urbanization effects in the Tmin series than in the

Tmax series. Hua et al. (2008) reported large urbaniza-

tion effect in minimum temperature series of city sta-

tions of the RCBMS in winter over mainland China,

FIG. 10. As in Fig. 4, but for TN10p, TN90p, TX10p, and TX90p.
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despite the evident regional differences of the urban

warming. Zhou and Ren (2009) analyzed annual- and

seasonal-mean urbanization effects on linear trends of

Tmax, Tmin, and DTR for the RCBMS in north China

and found highly significant urbanization effects in

the regional average annual- and seasonal-mean Tmin

and DTR series, with the urbanization contributions

reaching 53% for annual-mean Tmin and 100% for

annual-mean DTR. Zhou and Ren (2011) estimated

urbanization effects on trends of different extreme

temperature indices for the RCBMS in north China for

the time period 1961–2008 and revealed highly signifi-

cant urbanization effects in the ETIs series related to

Tmin, with urbanization contributions reaching 44%

and 48%, respectively, for frequencies of annual cold

nights and annual warm nights and once again 100% for

annual-mean DTR. Zhang et al. (2010) showed that

north China is among the regions that experience the

largest and most significant urbanization effects on

annual-mean temperature trends of the past half a cen-

tury over mainland China, though significant urban

warming also occur in the other regions, except for north-

ern Xinjiang of northwestern China.

Our analysis in this paper shows that urbanization

effects in the country-averaged annual- and seasonal-

mean Tmin and the Tmin-based ETIs series are also

highly significant during the past half a century over

mainland China, but magnitudes of the urbanization

effects and the contributions to overall changes in the

Tmin-based ETIs series are generally smaller than those

reported for north China (Zhou and Ren 2011), proba-

bly due to the offset effect from the less developed re-

gions in western China and northern northeast China.

The largest urbanization effects and contributions of

annual-mean DTR are found in north China and the

southeastern Tibetan Plateau with five grids witnessing

a thorough urbanization contribution to the decrease of

the annual-meanDTR, which is well consistent with that

reported for north China by Zhou and Ren (2009, 2011)

and Zhang et al. (2010). The universally more significant

urbanization effects in the Tmin-based ETIs series are

also well consistent with those reported before for many

regions and are understandable because the UHI in-

tensity and its increase with time near the urban stations

are dominantly larger during nighttime than during day-

time in temperate and subtropical regions (Landsberg

FIG. 11. As in Fig. 5, but for TN10p, TN90p, TX10p, and TX90p.
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1981; Oke 1987; Xie et al. 2006; Pielke et al. 2007; Yang

et al. 2013). However, the results given in this paper are

different from those reported for north China (Zhou

and Ren 2011) in that a few of ETIs related to daily

Tmax records, such as Tmax, TX10p, and TX90p, also

witness significant urbanization effects inmainlandChina

as a whole. This happens probably due to the larger and

more significant urbanization effects on the Tmax-based

ETIs trends in the southern parts of the country where

the use of air conditioning during summer becomes more

usual than before as economy grows and people’s living

standard rises, leading to a generally increasing UHI in-

tensity near the observational sites.

In northwestern and northeastern China, there are

a few grids where unexpectedly negative urbanization

effects for some ETIs series, obviously for Tmin, Tavg,

DTR, TR20, FD0, TN10p, and TN90p, are found. The

‘‘paradox’’ has been pointed out for northern northwest

China by Zhang et al. (2010) in their study of mainland

China. The urban stations of the RCBMS are mostly

located in oasis areas in the northwestern arid region.

The cool island effect in summer over the oases was

reported (Su andHu 1988).With urban growth, the oasis

areas will expand, and SAT observations will be affected

not only by increased UHI intensity or urbanization, but

also by the oasis development and increasing cool island

effect. It is thus possible that the stations near large

cities, compared to those near rural and small towns,

have undergone relative cooling trends with urbaniza-

tion and oasis expansion (Zhang et al. 2010). Another

reason for the distinct urbanization effects found in

northwestern China might have been the relatively poor

representativeness of the reference stations, as a few of

them in the plains and basins had to be chosen from

small cities or towns that might have undergone a rap-

ider urbanization than big cities in the last decades.

Average values of the annual differences of the mean

and extreme value indices and absolute threshold in-

dices between the RCBMS and reference stations for

the first years of the ETIs series are obviously deviated

from zero, with those of Tmin, Tmax, Tavg, TNX, and

TXX well above10.88C. This is related to the generally

lower elevations of the RCBMS stations than the ref-

erence stations. Table 5 gives the average latitudes,

longitudes, and heights of the RCBMS and reference

stations. The average height is calculated from the area-

weighted average grid values as done for SAT data. It is

clear that little difference of average latitudes exists

between the RCBMS and reference stations, but the

average height of the RCBMS is about 327m lower than

that of the reference stations, leading to a generally

higher SAT temperature in the RCBMS data. It is also

possible that the urbanization effects on the extreme

temperature indices had actually been felt by the very

beginning years of the time period analyzed.

Except for DTR and the four relative threshold in-

dices, the smallest absolute values of the annual-mean

urbanization effects or the annual differences of the

ETIs between the RCBMS and reference stations in the

country as a whole dominantly occur during the time

period 1966–76. This is especially true for Tmin, Tavg,

Tmax, TNN, TXN, TR20, and FD0. The 10-yr period is

known as the Cultural Revolution when the country was

in its unprecedented chaos and a measurable proportion

of urban dwellers including the middle school graduates

and university students were sent to the countryside for

‘‘reeducation by farmers.’’ The well-known deurbani-

zation process across mainland China might have af-

fected theUHI intensity near the urban stations, leading

to the abnormally small urbanization effects as observed

from the RCBMS. After the end of Cultural Revolution

in 1976, the Chinese central government initiated the

‘‘reform and opening up’’ policy, the intellectual youth

and other originally urban dwellers returned to cities,

and economic growth and urbanization accelerated, lead-

ing to the increasing urbanization effects as detected

from the country-averaged ETIs series of the RCBMS.

Amajor source of uncertainty is related to the dataset

of the reference stations. Although great efforts had

been made to select the reference stations (Ren et al.

2010b; Zhang et al. 2010), and a relatively high-quality

dataset of 143 stations had been developed, there are

still areas (grids) where no reference station is available.

Furthermore, some reference stations in the northeast

China plain, north China plain, and northwestern China

had to be chosen from small cities and towns because of

the lack of real rural stations with sufficient length of

records. A consequence of the lowered standard for se-

lecting reference stations is that the urbanization effects

on the ETIs series of the RCBMS in this study must have

been somehow underestimated. The underestimates for

each of the indices series of the RBCMS need to be in-

vestigated in the future. In addition, even if the refer-

ence stations are truly located in rural areas, there might

be more local effects of siting quality of observational

TABLE 5. Average latitudes, longitudes, and heights of the

RCBMS and reference stations and the differences between the

two networks. Note that mMSL refers to meters above sea level.

Latitude

(8N)

Longitude

(8E)
Elevation

(mMSL)

RCBMS 34.67 109.70 1258.56

Reference

stations

34.00 105.69 1585.94

Difference 0.67 4.01 2327.38
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grounds on surface air temperature trends (Fall et al.

2011; McNider et al. 2012), leading to extra nighttime

warming for some of the stations. This issue, however,

might be more serious for the RCBMS than for the

reference stations, but the siting effect might have been

included in the estimated urbanization bias of the ETIs

series of the RCBMS in a large extent. Although im-

provement is needed to select more representatively

reference stations, the 141 reference stations as used in this

work are the best ones we are able to obtain at present.

Despite the uncertainties mentioned above, the ur-

banization effects in most of the ETIs series of the com-

monly applied climate dataset in mainland China are of

significance, and they are not negligible, especially for

those indices series related to daily minimum tempera-

ture records in the relatively developed areas of north

China, central China, the mid-to-lower reaches of the

Yangtze basin, and the southeastern coastal zone. It is

also obvious from our analysis that urbanization effects

cannot account for the overall changes in the ETIs in

mainland China as a whole over the time period 1961–

2008, and other factors or processes in addition to the

local human influence would be important. These might

include the increased concentration of greenhouse gases

and aerosols in atmosphere, large-scale land use and

land cover change, and the multidecadal natural vari-

ability of the climatic systemmainly related to the ocean

surface temperature variations.

6. Conclusions

Applying a homogeneity-adjusted daily temperature

dataset of the Chinese national Reference Climate and

Basic Meteorological Stations (RCBMS), and a refer-

ence station network previously developed by our

group, we evaluate the urbanization effects on trends of

the extreme temperature indices of the RCBMS for the

time period 1961–2008. The following conclusions can

be drawn from this study.

1) All the country-averaged annual- and seasonal-mean

extreme temperature indices series for the RCBMS

experience statistically significant trends, except for

the increases in spring of the lowest Tmax and in

summer of the highest Tmax. Larger and more signif-

icant trends occur in the indices series relative to

minimum temperature and the largest positive annual

trends are seen for the lowest Tmin and warm nights,

reaching 0.5968C(10 yr)21 and 8.584days (10 yr)21,

respectively. Decrease of cold nights in winter and

increase of warm nights in summer are among the

largest seasonal changes of the indices.

2) The annual-mean urbanization effect for mainland

China as awhole is 0.0708, 0.0238, and 0.0478C(10yr)21,

for Tmin, Tmax, and Tavg, respectively, all statisti-

cally significant at the 0.05 confidence level, with

urbanization contributions being 18.4%, 10.1%, and

15.4%, respectively. Urbanization effects in winter

and spring Tmin series are larger, reaching 0.0838 and
0.0728C(10yr)21, respectively. Overall, seasonal-mean

urbanization contributions for Tmin, Tmax, and Tavg

range from 7.5% to 20.6%. The largest urbanization

effects for annual-mean Tmin occur in north China,

mostly ranging from 0.108 to 0.308C(10yr)21, and the

urbanization contributions generally from 20% to 60%.

3) Annual- and seasonal-mean urbanization effects

for DTR in mainland China as a whole are all highly

significant. The largest seasonal-mean DTR decline

because of urbanization occurs in winter and spring,

reaching20.0618 and20.0608C (10 yr)21 respectively,

but the largest contributions appear in autumn and

spring, being 58.1% and 35.9%, respectively. There is

a spatially coherent distribution of the DTR urbani-

zation effects across mainland China, and most of the

regions experience a decrease because of urbaniza-

tion. A 100% urbanization contribution is registered

in a few areas of the country.

4) Annual extreme values of Tmin and Tmax experi-

ence upward trends because of urbanization, and

more evident urbanization effects appear in the TNN

and TNX series, but a larger interannual variability

exists in the indices compared to Tmin, Tmax, Tavg,

and DTR. Annual- and seasonal-mean urbanization

effects for TNN are statistically significant. However,

seasonal-mean urbanization effects for TXN and

TXX for all the seasons are not significant. The larger

urbanization effects for annual-mean TNN occur in

north China and the northern Qinghai–Tibet Plateau.

The urbanization effects for annual-mean TXN and

TXX, however, are generally not significant.

5) The country-averaged annual-mean SU25, TR20,

and FD0 series also see significant urbanization

effects. The urbanization effects and contribution

are 1.090days (10yr)21 and 37.8% for tropical nights,

20.360 days (10 yr)21 and 10.1% for frost days, and

0.335 days (10 yr)21 and 12.8% for summer days. An

insignificant urbanization effect has been detected for

ice days over mainland China as a whole. Spatially

coherent urbanization effects are seen for TR20

and FD0, with the TR20 urbanization effects mostly

exhibiting significantly positive trends of 1.00–2.00

days (10 yr)21 in north China and southeastern China,

and the FD0urbanization effects showing significantly

negative trends from 21.00 to23.00days (10 yr)21 in

north China.

6) Urbanization has led to a highly significant de-

cline of annual-mean cold nights at a rate of
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21.485 days (10 yr)21, accounting for 17.6% of the

overall decrease as observed in the RCBMS, and

a tremendous increase of annual-mean warm nights

at a rate of 2.264 days (10 yr)21, accounting for

26.4% of the overall increase as observed in the

RCBMS. The urbanization-induced decline of cold

nights mainly occurred after 1972, but the increase in

warm nights because of urbanization dominantly

appeared after the early 1990s. Although the urban-

ization effects are also statistically significant for cold

days and warm days, they are relatively smaller in

magnitude. Seasonal-mean urbanization effects are

statistically significant for the relative threshold in-

dices and for all seasons except for the cold days and

warm days of spring.

The negative (positive) TN10p (TN90p) urbaniza-

tion effects are statistically significant for most re-

gions, indicating the tremendous decrease (increase)

in cold nights (warm nights) because of urbanization

near the RCBMS. The largest urbanization effects for

both TN10p and TN90p, usually ranging from 1.50 to

5.00days (10yr)21 for absolute values with urbaniza-

tion contributions mostly from 20% to 60%, appear in

north China, the mid-to-lower Yangtze basin, and

the eastern part of the Qinghai–Tibet Plateau. Larger

urbanization effects are in northern regions for

TN10p, but in the south for TN90p. The annual-mean

TX10p and TX90p urbanization effects exhibit gen-

erally less spatial coherence.

7) Except for DTR and the four relative threshold

indices, the smallest absolute values of annual-

mean urbanization effects or the annual differences

of the ETIs between the RCBMS and reference

stations in the country as a whole generally occur

during the time period 1966–76. This is especially

true for Tmin, Tavg, Tmax, TNN, TXN, TR20, and

FD0. The 10-yr Cultural Revolution and the result-

ing deurbanization might have led to the abnormally

small urbanization effects observed from the RCBMS.

After that, urbanization effects rapidly and stably

increased.

8) The urbanization effects reported for all the indices

series in this paper should be regarded as the lowest

estimates resulting from the compromise for select-

ing quality reference stations in a few areas in the

country. It is therefore clear that urbanization effects

on the long-term trends of the frequently used ex-

treme temperature indices series of the observational

data commonly applied in mainland China are of

significance, despite the fact that they are generally

smaller compared to the regional background changes,

probably resulting from other factors and processes.

The larger andmore significant urbanization effects are

especially notable for the indices related to daily

minimum temperature in relatively developed areas

of the country.
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摘 要: 气候变化模拟、预估、影响评价和适应行动，均需深入了解全球陆地及不同区域地面平均气

温、极端气温变化的基本观测事实和精准时空规律。长期以来，近百年全球陆地表面气温序列的构

建和分析主要由英国和美国少数几家研究机构垄断。这些机构研制的长序列全球陆地表面气温变

化分析产品成为气候变化科学的基石。然而，现有全球陆地表面气温资料数据及分析结果还存在

明显不足，其中突出的问题包括: ①中国及周边国家、地区观测覆盖不充分，早期资料覆盖严重匮

乏;②对城市化影响偏差重视不够，没有对其进行系统研究和订正。另一方面，我国气象部门目前

已初步建立了全球陆地表面气温观测资料数据集，中国科学家也在城市化对地面气温趋势影响偏

差评价和订正方面开展了系统研究。但迄今为止，我国还没有研制出高质量、覆盖全球各个大陆的

地表气温资料数据集及其分析产品。如何完善业已建成的地表气温观测资料数据集，系统分析、评
价全球陆地城镇观测站地面气温序列中的城市化影响性质和程度，发展客观的方法订正城市化影

响偏差，建立中国自己的高质量全球陆地长序列地面气温资料数据集，构建和分析全球陆表平均和

极端气温时间序列，监测和揭示全球陆地及不同区域地面气温变化的精细规律，已成为我国气候变

化和全球变化科学的重要任务。
关 键 词: 全球气候变化; 地表气温; 基础数据; 城市化影响

中图分类号: P54 文献标志码: A 文章编号: 1001-8166( 2014) 08-0934-13

1 引 言

全球气候变化或气候变化，因其高度的政治、环
境、经济意义和较高的科学上的不确定性，引起社会

各界、特别是学术界相关领域学者的广泛关注。
气候变化成为科学研究的热点是因为近 100 多

年地球表面温度的显著上升，即全球气候变暖，以及

由此引起了地球气候系统其他圈层要素的明显变

化［1 ～ 5］。研究指出，过去 100 年特别是过去 50 年全

球陆地表面气温比海洋表层水温升高明显得多，最

显著的气候变暖区域位于亚洲中高纬度地带［3 ～ 4，6］，

包括中国东北、华北、西北和青藏高原地区［7 ～ 14］。
研究还表明，全球气候变暖，特别是大陆中高纬度的

显著变暖，可能已对生态系统、水文循环和农业生产

造成了深刻影响［15 ～ 18］。因此，全球陆地及其关键区

域现代地面气温长期变化趋势的监测和检测，是气

候变化研究的重要基础性工作［19］。
开展全球陆地表面气温变化规律研究，将为我

国全球气候变化监测业务提供基础数据、理论和方

法支持，也将为国家制定应对气候变化策略和行动
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方案提供准确的科学信息。
国家相关部门十分重视全球气候变化研究。国

家自然科学基金委员会发起的《全球变化及其区域

响应》计划，重点支持围绕全球气候变化机制的若

干重大基础科学问题研究; 科技部发布的《国家中

长期科学和技术发展规划纲要( 2006—2020 年) 》和

《中国应对气候变化科技专项行动》均把全球和区

域气候变化监测、检测研究作为未来我国气候变化

科技发展的优先领域或重点任务。
我国学者在中国和东亚地区气候变化检测研究

方面取得了系列成果，为深入理解区域气候变化的

原因 和 机 理、制 定 气 候 变 化 应 对 政 策，做 出 了 贡

献［5，7，20 ～ 22］。但是，迄今为止，国内针对地面气温等

关键气候要素的监测和检测研究，主要还局限于中

国大陆地区［23 ～ 32］，对于整个亚洲地区特别是全球陆

地气温长期变化的研究还很少［33，34］，业已开展的全

球陆地分析亦未采用我国自己发展的气温观测数据

资料，无法建立独立的全球陆地平均气温序列。研

究区域的局限性不利于对全球变化时空规律监测信

息的完整掌握，削弱了建立在观测事实基础上的全

球变化机制和预估研究能力，对于和气候变化政策

相关的若干重大科学问题缺少原创性认识［35，36］。
从满足国家需求的角度看，不论是确立气候谈

判的国家策略和立场，还是同其他国家特别是发展

中国家和地区合作开展气候变化适应工作，政府决

策者和各利益相关方都需要准确及时了解中国以外

的亚洲、非洲以及其他大陆各主要国家和地区的气

候变化监测信息，分析评价各主要国家、地区气候变

化政策、立场形成的背景和深层次因素，增强气候谈

判策略制定的科学性，同时有针对性地开展应对特

别是适应气候变化的国际合作。

2 研究现状

长期以来，开展全球陆地近地面气温变化监测

和分析的国际研究机构主要有: 英国东英吉利大学

气候研究中心 ( Climate Ｒesearch Unit，CＲU) 、美国

国家海洋—大气管理局( National Ocean-Atmosphere
Administration，NOAA) 的国家气候资料中心 ( Na-
tional Climate Data Center，NCDC ) 和 美 国 国 家 航

空—航天管理局( National Aeronautics and Space Ad-
ministration，NASA ) Goddard 空间 研 究 所 ( Goddard
Institute for Space Studies，GISS) 。CＲU 建立了全球

陆地地面气温格点数据集 ( CＲUTEM-3，4 ) ; NCDC
建立了全球历史气候网数据集 ( GHCN-3 ) ; GISS 则

在 GHCN 数据集基础上通过订正城市热岛效应偏

差，增加南极大陆部分观测资料，建立了自己的全球

陆地气温数据集 ( GISTEMP) 。利用这 3 个机构数

据集获得的过去 100 多年全球陆地地面气温长期变

化趋势的分析结果［6，37 ～ 40］，是政府间气候变化专门

委员会 ( Intergovernmental Panel on Climate Change，

IPCC) 历次评估报告的关键科学凭据［3，4，41］，也为全

球和区域尺度气候变化检测、预估和影响评估研究

提供了基本观测数据。最近，美国伯克利地球表面

温度项 目 ( Berkeley Earth Surface Temperature Pro-
ject) 发展了一套新的全球陆地气温序列［4，42］，日本

气象厅也公布了全球陆地和海洋表层温度变化监测

序列［43］，但这 2 套资料序列的陆地部分几乎完全是

在 GHCN 月平均气温资料基础上建立起来的，前者

则采用了不同的区域平均方法，目前还不是学术界

公认的独立全球陆表气温数据集。
应用上述数据集获得的过去全球陆地平均地面

气温距平序列，均表明了显著的气候变暖趋势 ( 表

1) 。如在 1900—2005 年期间，根据 CＲU，GHCN 和

GISS 数据集资料，全球陆地平均气温增加速率分别

为( 0． 08 ± 0． 02 ) ，( 0． 06 ± 0． 02 ) 和 ( 0． 07 ± 0．
02) ℃ /10a，CＲU 的估算结果最大，GHCN 和 GISS 结

果相近，但均反映出显著变暖趋势; 1901—2012 年，

CＲU，GHCN 和 GISS 数据集给出的全球陆地年平均

气温上升速率分别为( 0． 10 ± 0． 02) ，( 0． 11 ± 0． 02)

和( 0． 10 ± 0． 02 ) ℃ /10a，相 互 差 异 很 小; 而 根 据

1979—2005 年的 3 套资料分析获得的全球陆地平

均气温上升速率分别为 ( 0． 27 ± 0． 07 ) ，( 0． 32 ±
0． 09) 和( 0． 19 ± 0． 07 ) ℃ /10a，表现出加速变暖现

象，但不 同 估 计 值 之 间 的 差 异 较 大，NCDC 最 高，

GISS 最低［3，37，38，43，44］。近年 GISS 数据集中增补了

北极地区遥感观测数据，给出了与原来不同的结

果［45，46］，各个时期的增温趋势都有增加，其中 1979
年以来的增温趋势比他们原来的估计值显著增大。
造成前后估算结果差异的主要原因是，GISS 数据集

增加北极地区遥感温度观测资料覆盖后，明显增大

了全球陆地最近几十年快速增暖区域所占比例，如果

仅分析检验 20 世纪 80 年代以来全球陆表温度的变

化，这样处理是可以的; 但由于 20 世纪早、中期没有

卫星遥感数据，对于建立和分析过去 100 多年全球陆

表温度的时间序列，这种处理方法就有失妥当了。
此外，在 1951—2012 年期 间，根 据 CＲU ( CＲ-

UTEM4． 1． 1． 0) ，GHCN( v3． 2． 0) 和 GISS 更新数据

集 获得的全球陆表年平均气温上升速率分别 为
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表 1 全球陆表年平均气温不同时期变化趋势

估计值比较( 单位: ℃/10a)

Table 1 Comparison of long-term trends of global land
annual mean surface air temperature estimated based

on different datasets( unit: ℃/10a)

数据集 起讫时间 时长 / a 趋势及信度区间 参考文献

CＲUTEM

GHCN

GISS

Berkeley

1900—2005 年 106 0． 08 ± 0． 02
1979—2005 年 27 0． 27 ± 0． 07
1901—2012 年 112 0． 10 ± 0． 02
1951—2012 年 62 0． 18 ± 0． 04
1979—2012 年 34 0． 25 ± 0． 05
1900—2005 年 106 0． 06 ± 0． 02
1979—2005 年 27 0． 32 ± 0． 09
1901—2012 年 112 0． 11 ± 0． 02
1951—2012 年 62 0． 20 ± 0． 03
1979—2012 年 34 0． 27 ± 0． 05
1900—2005 年 106 0． 07 ± 0． 02
1979—2005 年 27 0． 19 ± 0． 07
1901—2012 年 112 0． 10 ± 0． 02
1951—2012 年 62 0． 19 ± 0． 03
1979—2012 年 34 0． 27 ± 0． 05
1901—2012 年 112 0． 10 ± 0． 02
1951—2012 年 62 0． 18 ± 0． 03
1979—2012 年 34 0． 25 ± 0． 05

［40，43］

［38，39］

［44，45］

［42］

注: 趋势估计误差为 90%信度区间 ( 1 倍标准差) ，仅包括采样不确

定性范围

( 0． 18 ± 0． 04) ，( 0． 20 ± 0． 03) 和( 0． 19 ± 0． 03 ) ℃ /
10a ( 表 1) ; 基于所有数据集构建的全球陆表年平

均气温序列在最近 15 年左右( 1998 年以后) 均呈现

出明显的变暖趋缓现象［4］。
可见，利用不同数据集获得的百年增温速率估

算结果之间差异较小，这主要和他们包含着较高比

例的共同观测站点有关。CＲUTEM-4 包括 4 891 站

经过均一化的月气温数据，空间分布较均匀，用以计

算距平的气候基准期( 1961—1990 年) 内观测记录

相对较完整; GHCN-3 包括 7 280 站月平均气温数据

和近 5 000 站的月平均最高( 最低) 气温数据，尽管

均一化处理后的数据量要少些，但站点数量仍比

CＲUTEM-4 数据集多。后者站点绝大部分来自 GH-
CN 数据集; GISS 则几乎完全使用 GHCN 数据，仅在

南极大 陆 增 加 了 少 量 来 自 南 极 研 究 科 学 委 员 会

( Scientific Committee on Antarctic Ｒesearch，SCAＲ)

公布的观测资料，目前全部站点数约 6 300 个，但对

美国以外地区的城市化偏差做了初步订正。
站点数量及其覆盖范围的不同，以及空间平均

方法的差异，可能是造成不同数据集全球陆地平均

气温序列趋势估计值存在差别的部分原因。CＲ-
UTEM 和 GHCN 数据集中不同的均一化处理方法对

个别区域( 如美国本土区域) 平均地面气温趋势变

化有一定影响，但对全球陆地平均气温序列趋势估

计值的影响不大［3，4］。
对全球陆地平均气温序列趋势估计值或误差范

围的影响主要来自城市化造成的系统偏差和早期观

测资料的缺乏。就城市化偏差来看，Hansen 等［37］

对其给予了一定考虑。他们利用人口资料和卫星遥

感资料分类气象台站，确定气温参考站，并订正其他

站的城市化偏差。利用他们早期订正获得的数据集

构建全球陆地平均气温序列，其趋势变化估计值确

实较基于其他数据集的分析结果偏低，在 1979—
2005 年偏小尤为显著［3，44］，大约比 CＲU 和 NCDC 序

列揭示的增温趋势分别减少 30%和 41%，说明对城

市台站地面气温序列进行城市化偏差订正，其分析

结果比其他 2 套气温数据集更接近区域和全球背景

变暖趋势。如前所述，GISS 最新估计得到的 1979—
2012 年全球陆地增温速率明显增大，主要是在北极

地区采用了卫星遥感资料造成的。在更长时间尺度

上，GISS 数据集全球陆地气温序列趋势与其他数据

集相差不大［3，4］。

3 存在问题

上述 3 套数据集及其分析产品为全球气候变化

研究提供了陆地气温观测基础资料，对气候变化科

学的发展产生了深远影响。但是，这 3 套全球陆地

气温数据资料也存在若干明显的问题和缺陷。其中

最突出的问题包括: ①亚洲等发展中国家和地区观

测覆盖不充分，早期资料尤其匮乏;②没有对城市化

影响偏差给予足够重视。
现有全球地面气温数据分析产品的一个缺陷

是，观测站点在北美和欧洲密集，但在亚洲、非洲和

南美洲等地区台站分布稀疏，特别是在 1950 年以前

资料覆盖率较低，1990 年以后许多地区资料覆盖率

下降。
在 19 世纪末 20 世纪初，所有数据集的观测站

点都很少，其中亚洲的中国及其周边地区尤其稀疏。
即使在 20 世纪后期和现在，亚洲、非洲和南美等大

陆站点稀缺的状况依然严重。如 CＲUTEM 长期以

来在中国地区仅有 160 余站，这些台站的观测记录

大部分始于 20 世纪 50 年代以后，早期特别是 20
世纪初期资料十分稀缺 ; GHCN 和 GISTEMP 尽管

采用 了 中 国 1997 年 以 前 500 余 站 的 资 料，但

1997 年后的数据没有更新，数据完整的仅有不足

100 个 站。同 时，在 GHCN 和 GISTEMP 数 据 集

639 地球科学进展 第 29 卷

302



中，北亚、蒙 古、西 亚、巴 基 斯 坦 和 朝 鲜 等 地 区 资

料稀少，蒙古和西亚大片区域几乎没有月平均最

高、最低气温数据( 图 1 ) ，青藏高原资料也极少。

在 1990 年前后和 2005 年以后，GHCN 数据集中

台站数大 幅 下 降，中 国、加 拿 大、俄 罗 斯 西 部、非

洲和南美洲等地区下降尤其明显。

图 1 NCDC 数据集中国以外亚洲区域具有月平均最高气温记录的台站分布

Fig． 1 Distribution of stations of the NCDC/GHCN monthly temperature dataset outside China
彩色圆圈表示资料完整性，红色表示缺测率最低，浅蓝色表示缺测率最高

The color circles denote the completeness of the records，with red the lowest missing rate and light blue the highest missing rate

因此，CＲU，NCDC 和 GISS 数据集在亚洲等广

大发展中地区的代表性均不理想，20 世纪早期和后

期( 90 年代) 、21 世纪初期在全球很多地区观测站

点覆盖率显著偏低，给区域和全球陆地气温变化监

测、研究带来较大不确定性。
现有全球陆地地面气温数据及其分析结果的另

一个重要缺陷是没有对城市化偏差进行深入、系统

研究和合理订正［27，47 ～ 49］。CＲUTEM 数据集由于该

缺陷对其相关分析产品产生了一定影响，并长期受

到批评［50 ～ 53］。尽管 CＲUTEM 开发者声称，他们已

经认真考虑了这个问题，选用了非城市观测站资料，

但实际上大部分长序列站点资料均来自各类城市

站; GHCN 数据集虽对美国气温资料做了订正，但对

全球其他地区观测资料的城市化偏差未予考虑;

GISS 数据集对城市化偏差做了一定处理，包括通过

利用卫星遥感夜光强度资料寻找乡村站点，订正城

市站的城市化偏差，但其订正结果仅在美国本土地

区具 有 较 高 可 信 性，对 其 他 地 区 的 处 理 不 尽 合

理［32，37，54］。
CＲUTEM 和 GHCN 数据集的开发和使用者之

所以未对资料进行城市化偏差订正，是因为他们认

为，在全球陆地范围内城市化偏差极其微小，比实际

观测到的全球陆地和区域平均增温趋势小一个量

级［3，41，55 ～ 61］，因而可忽略不计，无需订正。基于这个

认识，在做全球和区域分析时，研究者仅在平均气温

序列的误差估计中对城市化偏差予以考虑。IPCC
第二次、第三次和第四次报告对城市化偏差的处理

几乎完全一致，即认为 1900 年以来全球陆地上城市

化引起的增温趋势不超过 0． 006 ℃ /10a，在全球陆

地—海洋 平 均 气 温 序 列 中 则 不 超 过 0． 002 ℃ /
10a［3，4］。这一认识在很大程度上依赖于 Jones 等［55］

早期对中国东部、澳大利亚东部、俄罗斯和美国本土

4 个区域资料截止到 20 世纪 80 年代中后期的案例

研究结论。IPCC 第五次评估报告开始吸收中国等

国家科学家的研究成果，首次承认城市化增温偏差

在经济快速发展区域有较明显的表现，但认为在半

球和全球陆地尺度上影响仍然很小［4］。
然而，采用更为完整观测资料序列的研究表明，

全球陆地许多地区特别是中国地区，气象台站记录

的单站和区域平均气温变化趋势中，城市化的影响

比原来的估计要显著得多［27，32，54，62，63］。在这些地区

包括当年 Jones 等［55］研究中作为个例的中国东部，

城市化增温率与实际观测到的总体增温趋势多处于

同一量级上。北半球大陆平均气温序列中的城市化

影响也比原来的估计值偏大。因此，城市化对区域、
半球甚至全球陆地等大范围地面平均气温序列的真

实影响，需要给予足够关注。
赵宗慈［64］对国家基准站中不同规模城市站 39
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年地面气温序列中的城市化影响进行了分析，发现

所有城市站相对乡村站增温速率均明显偏高，大城

市站偏高最多; Kalnay 等［65］对比 1980s 和 1990s 美

国大陆 775 个城市站和 167 个乡村站，得出平均热

岛强度变化为 0． 18 ℃ ; 黄嘉佑等［66］选取中国华南

区 42 个测站 1950—2001 年的月气温资料，按 2001
年人口数将测站分为 6 类，发现特大城市站的年平

均气温比特小城市站高 1． 0 ℃，全部城市站热岛效

应增温速率约为 0． 05 ℃ /10a; 在华北地区，在国家

基准气候站和基本气象站网记录的 1961—2000 年

区域年平均气温增加趋势中，城市化因素引起的增

暖达到 0． 11 ℃ /10a，对全部增温趋势的贡献达到

39%以上［62，67］; Yang 等［68］采用城市减乡村和观测

减再分析 2 种方法的分析表明，1981—2007 年华东

地区城市化因素对现有地面气温观测趋势的影响很

显著，达 到 整 个 区 域 年 平 均 总 体 增 温 的24． 2% ;

Wang 等［69］利用遥感方法划分土地利用变化和台站

类型，发现相对于乡村站，1980—2009 年中国各类

城市站年平均地面气温序列中的城市化偏差达0． 09
℃ /10a，城市化增温贡献率为 20%。

张爱英等［70］采用任国玉等［71］发展的综合指标

和客观标准，从 2 400 个国家气象站网中遴选地面

气温参考站，应用经过均一化订正的月平均气温数

据，通过对比分析中国 614 个国家基准气候站、基本

气象站与参考站地面气温变化趋势，发现 1961—
2004 年国家基准、基本站年平均地面气温序列中的

城市化增温率为 0． 076 ℃ /10a，占同期全部增温速

率的 27． 3%。所有季节的城市化增温率均很显著

( 表 2) 。年平均城市化增温率在江淮地区最明显，

达到 0． 086 ℃ /10a，对同期全部增温的贡献达到

55． 5%。除北疆外，其他地区城市化造成的增温趋

势均很明显［70］。最近，任国玉等［32］采用相同参考

站网及国家基准气候站和基本气象站网均一化日气

温资料的研究表明，城市化对 1961—2008 年中国大

陆地区年和季节平均最低气温 ( Tmin ) 、平 均 气 温

( Tavg ) 、气温日较差 ( DTＲ) 及其常用的极端气温指

数序列趋势变化也具有十分显著的影响，对 Tmin 长

期上升趋势和 DTＲ 长期下降趋势的影响尤为突出

( 图 2) ，说明在次大陆尺度上城市化不仅显著改变

了地面气温均值序列趋势，而且对目前常用的主要

表 2 1961—2004 年国家基准和基本站网全国平均年、季城市化增温率及其城市化增温贡献率［70］

Table 2 Annual and seasonal mean urbanization effects and contributions in long-term temperature
trends of the national reference and basic stations in mainland China over 1961-2004［70］

年 冬季 春季 夏季 秋季

城市化增温率 / ( ℃ /10a) 0． 076＊＊ 0． 093＊＊ 0． 089＊＊ 0． 068＊＊ 0． 059＊＊

城市化贡献率 /% 27． 33 18． 20 34． 63 38． 53 23． 51

注:＊＊表示增温趋势通过了 0． 01 显著性水平检验，城市化贡献率是指城市化增温率与总体增温率的百分比值

图 2 1961—2008 年中国大陆地区国家基准气候站和基本气象站网( ＲCBMS) 与参考站网年平均最低( Tmin )、

最高气温( Tmax ) ，平均气温( Tavg ) 和气温日较差( DTＲ) 差值序列及其趋势变化［32］

Fig． 2 Temporal variations in annual differences between the national reference and basic stations ( ＲCBMS) and

reference stations for Tmin，Tmax，Tavg and DTＲ in mainland China over the time period 1961-2008［32］
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极端气温指数序列的趋势变化也具有明显的影响。
华北地区过去几十年冬季极端最低气温指数序列中

的显著城市化影响，也得到 Li 等［72］研究的证实。
国内其他相关研究报道了城市化对单站和区域

性地面平均气温和最高、最低气温趋势估计的显著

影响［32，68，73 ～ 81］; 在东亚的日本、韩国和台湾地区，研

究发现城市化对城镇气象站和气候变化分析中常用

的气象站网资料序列影响显著［82 ～ 85］; 城市化对欧洲

地区气象站网观测记录的影响在最近几十年较弱，

但在 19 世纪后期和 20 世纪早中期十分明显［86］。
因此，在现有的全球陆地气温数据集中，世界许

多地区还不同程度地保留着城市化增温造成的系统

偏差。该认识与以 Jones 等［55，57］、Peterson［59］和 Par-
ker［60］等为代表的先前研究结论有较大差异。中

国、日本和韩国等国家学者的研究表明，不仅在局地

和区域尺度上，而且可能在大陆和半球尺度上，城市

化偏差很可能导致原来给出的区域平均气温趋势变

化估计值偏高，并可能致使原来对于近半个世纪全

球陆地表面升温空间分布型式的认识出现较大偏

差。IPCC 第五次评估报告比过去任何一次报告都

更为客观地评价了针对中国等国家的区域性研究工

作，但给出的评估结论仍偏于保守［4］。目前没有解

决的问题是，在大陆到全球尺度上，城市化引起的地

面气温序列系统偏差究竟有多大? 其在全球各个大

陆和国家的空间变异性如何? 在同一地点和同一地

区的不同时期内城市化偏差有什么差异? 这些问题

迫切需要进行深入研究，并做出合理的解释和订正。
如前所述，Hansen 等［37］对全球陆地资料中的

城市化影响给予了一定考虑，但他们对美国以外地

区的订正，采用 GHNC /NCDC 提供的 1980 年前后

人口统计数据遴选参考站。20 世纪后期部分地区

城市化发展迅速，城市人口快速增加，利用 1980 年

前后人口数据进行判别，可能会将发展迅速地区的

部分小城市站选为参考站。研究指出，小城镇附近

的台站仍然可以感受到明显的城市化增温［62，64，87］。
同时，仅用台站附近居民点人口数据遴选参考站，方

法本身也有很大局限性。
Hansen 等［45］后来认识到他们对美国以外地区

城镇台站城市化偏差的处理比较粗糙，改用卫星夜

间灯光( 夜光) 强度资料划分乡村站和城市站，并把

全球陆地所有城镇台站气温资料进行了“标准夜光

订正”。通过调整夜光“亮区”台站气温趋势到邻近

的“暗区”台站趋势上，他们认为只能将全球( 陆地

加海洋) 1900—2009 年的平均温度增加值从 0． 71

℃降到 0． 70 ℃，差异非常小。但是，由于经济发展

阶段、消费观念、文化传统等差异，具有相同卫星夜

光强度的城镇，其实际人口数量或经济发展水平可

能迥然不同，城镇建成区及其附近真实的热环境差

异很大，世界不同地区和不同国家之间的卫星夜光

强度无法真实反映城市站附近城市热岛强度及其随

时间变化情况。严格地说，夜光强度指标在不同国

家和地区之间缺乏可比性。

4 机遇和挑战

全球和大陆尺度地面气温变化观测研究是气候

变化科学的重要基础性工作。长期以来，国内外的

科学研究和评估工作几乎完全依赖于英国 CＲU、美
国 NOAA /NCDC 和 NASA /GISS 等机构发展的全球

陆地表面气温观测数据产品，早期也曾参考前苏联

( 俄罗斯) 的全球陆地表面气温序列，近年来美国伯

克利地球表面温度数据集也得到一定程度的关注。
不同于全球气候模式，在 IPCC 过去和最新的评估

报告中，很少引用中国科学家在基础观测数据分析

上的重要成果，这与我国地球科学和大气科学当前

快速发展的现状和地位不相称。
在国内开展全球陆地、各大陆、主要国家和地区

近地面气温变化趋势研究，建立我国自己的全球陆

地及主要区域平均气温曲线，为未来的 IPCC 评估

报告及其他国内外重要相关咨询评估工作提供科学

支持，促进我国全球气候变化研究工作上一个新台

阶，是中国科学家义不容辞的任务。
为此，首先应该进一步挖掘早期观测资料，充分

利用中国及其周边地区和其他发展中地区的近几十

年历史观测站点，填补全球陆地特别是亚洲地区早

期和现代观测资料分布上的空缺，并对多来源气温

资料进行融合、优选和均一化处理，建立合理密度和

均衡分布的全球陆地气温资料数据集，是气候变化

监测和研究中的重要任务。
2012 年 2 月，科技部和中国气象局启动的公益

性行业( 气象) 科研专项“近百年全球陆地气候变化

监测技术与应用”，其研究内容侧重在全球陆地气

温、降水资料的融合、均一化检验和订正技术，亚洲

地区月气温资料的城市化影响评价与订正技术，陆

地降水的风速“低捕获”偏差订正技术，全球陆地气

温和降水长期气候变化监测技术，以及气温和降水

监测数据及产品存储管理的标准化、规范化技术等

方面，研究成果将为我国气候变化监测业务系统建

设提供技术支撑。
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目前这项工作的基础数据集建设已基本完成，

初步建立了经过质量控制和均一化处理的我国第一

套全球陆地月平均气温资料数据集和亚洲地区日气

温资料数据集［88］; 预计到 2014 年底、2015 年初，将

完成亚洲地区日气温资料的均一化处理，全球陆地

和亚洲地区气温观测资料数据集研制工作将初步完

成。图 3 表明，新的全球陆地月平均气温数据集在

亚洲及南美洲等地区的站点密度和序列长度较其他

主要数据集有明显改进。
未来几年，应继续充实完善已经初步建立起来

的我国全球陆地表面气温资料数据集，包括根据新

的元数据资料完善部分站点资料的均一化处理工

作。与此同时，应结合国际地球大气环流重建计划

( The Atmospheric Circulation Ｒeconstructions over the
Earth ( ACＲE) Initiative) 的全球早期气候资料拯救

任务，组织开展中国地区 20 世纪前期气象观测记录

的归档、图像化、数字化和质量控制工作，发掘新的

早期地面气温观测资料; 通过 ACＲE 国际合作渠道，

获取英国、德国、法国和日本等国家相关研究机构业

已完成的亚洲等大陆区域早期数字化气温资料; 对

通过各种渠道获取的中国和亚洲地区早期观测资料

进行质量控制和均一化处理，补充到中国气象局现

有的全球陆地和亚洲地面气温数据集中，有效改善

中国东部和东南亚等地区 20 世纪上半叶的资料覆

盖度和序列完整性。
在获取空间覆盖完好的陆地气温资料的基础

上，还应该进一步对城镇台站地面气温序列中的城

市化偏差进行科学评价，发展单站城市化偏差订正

方法，对城镇站气温资料的城市化偏差进行合理订

正，建立消除城市化偏差的全球陆地地面气温历史

资料数据集，分析揭示全球陆地、亚洲地区平均气温

和极端气温变化的时空规律。
在城市化对地面气温序列影响评价中，关键在

于遴 选 有 代 表 性 的 地 面 气 温 参 考 站。任 国 玉

等［71，89］发展了一个遴选气温参考站的多指标方法，

综合考虑台站具体位置、记录年限、资料缺测、迁站

信息、附近居民点人口和台站周围建成区相对比例

等多重信息，最后建立一个由 143 个站构成的中国

地面气温参考站网。利用这个参考站网资料的分析

研究，获得了对中国地区城市化影响性质和程度的

全面认识［70，90，91］。但是，这种方法运用于全球陆地

研究有一定困难，主要因为对中国以外的其他国家

和地区无法获取其详尽的台站观测环境信息。
采用卫星遥感资料反演台站附近地面亮度温

度，生成亮度温度空间分布场，然后依据站点在该温

度场中的具体位置，确定台站是否代表区域背景温

图 3 全球陆地和岛屿月平均气温观测资料站点分布情况

Fig． 3 Distribution of stations of the newly developed global lands ( islands) monthly mean temperature dataset
彩色圆圈表示具有不同观测记录长度( 年数) 的站点

The colors denote the lengths ( years) of records
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度和气候条件，进而分类所有台站，选取气温参考

站，是可以在全球陆地范围采用的方法［90］; 同时，利

用卫星遥感可见光等影像资料，发展其他的气象站

点周围建成区面积和观测环境识别方法，对全球陆

地气象站进行客观分类，遴选气温参考站［69，80，92，93］，

也具有潜在的应用价值。
城市化偏差的订正目前国际上还没有成熟的方

法。Karl 等［87］和 Hansen 等［37］对美国本土地区的

研究分别采用人口与台站温度之间的相关性和回归

方程以及城市站与乡村站之间的分段趋势差值订正

方法，对城镇站地面气温序列进行趋势偏差订正。
他们均没有对日气温资料序列进行城市化偏差订

正。Karl 等［87］的方法由于台站气温和附近居民区

人口的相关性比较弱，城市化影响在很大程度上取

决于气象台站相对城市中心区的具体位置，以及观

测场附近一定范围内建成区的面积和建筑物高度等

复杂因素，因此不具有推广价值。Hansen 等［37］的

方法有一定的借鉴意义，但对于美国以外参考站序

列的建立存在缺陷，因为城市卫星夜光强度还与历

史、文化和经济发展阶段等多种因素有关，难以客观

反映 台 站 附 近 真 实 人 类 活 动 影 响 强 度。黄 嘉 佑

等［66］根据台站地面气温与大气环流特征量的相关

性，建立回归模型，订正城市化影响偏差。这种方法

依赖于再分析资料，而再分析资料在长期趋势变化

上存在着比地面实际观测资料大的误差; 同时 20 世

纪早期也没有高质量的再分析资料，因此无法用于

近百年全球陆地范围的研究。
相对来说，最客观、可靠和有效的办法，仍然是

利用邻近若干( 3 ～ 5 个) 乡村站建立参考气温序列，

通过参考站与城镇站气温序列趋势比较获得某一时

段内总的订正值和逐年订正值。参考站网与城市化

影响评价研究中所用参考站网可以完全一致，也可

以在站点稀疏区域考虑利用部分已订正台站资料补

充作为参考气温序列。进一步，还需要考虑如何确

定每个具体目标站附近的参考站点，如何建立针对

每个目标站的平均参考气温序列，以及如何处理上

百年单站气温资料序列中城市化偏差的年代和多年

代变异性。
全球和区域平均地面气温距平序列的构建和分

析方法比较成熟。国际上常用的几种方法，包括

CＲU 全球气温数据分析组发展的距平值网格面积

加权平均方法［6，94］和 Peterson 等［95］提出的第一差

分参考序列方法，以及其他各种距平值内插格点化

和面积 加 权 平 均 方 法，都 具 有 参 考 价 值。最 近，

Wang 等［96］发展了一种基于最优无偏估计( BLUE)

理论的统计方法，构建了中国区域长期地面气温序

列，交叉验证显示能够有效降低区域平均序列估计

的误差水平。总体来看，不同的格点化( 内插) 和面

积加权平均方法对大区域平均的地面气温趋势估算

结果影响很小，采用各种方法获得的全球和大尺度

地面气温变化分析结果，没有明显差异。

5 结 语

全球陆地和区域尺度表面气温时间序列构建、
分析是气候变化研究的基础性工作，在过去 30 多年

得到了各方面的高度关注，也取得了许多研究成果。
但是，这项工作还受到早期观测资料覆盖缺乏、部分

地区近几十年观测资料覆盖不足以及城镇台站地面

气温序列中的城市化影响偏差难以分离和订正等诸

多问题的困扰。
改进和完善现有的观测资料数据集，分析、评价

城镇观测站地面气温序列中的城市化影响性质和程

度，合理订正城市化影响偏差，建立消除城市化偏差

的全球陆地长序列地面气温资料数据集，精准监测

和分析全球陆表平均气温的长期趋势变化规律，是

摆在我国和世界气候变化或全球变化科学工作者面

前的极富挑战性的任务。
在国家若干重大科技计划项目支持下，经过科

学工作者多年的不懈努力，我国相关部门和研究机

构在陆表气温变化观测研究方面培养了一批人才，

产出了一系列成果，积累了丰富的经验，形成了自己

的特色，已经具备了开展全球性研究的工作基础和

条件。今后，在相关部门和基金机构的支持下，完全

可以建成一套我国自己的高质量全球陆表气温观测

资料数据集，提供新的全球和区域平均陆表气温时

间序列，加深科学界对全球气候变化速率和空间变

异性的认识。
实现上述目标，对于全球和区域气候变化检测、

归因、模拟、预估和影响评估研究，科学、协调应对全

球气候和环境变化，具有重要的理论和实际意义，同

时也将实质性拓宽我国的气候变化或全球变化基础

科学领域，进一步提升我国相关研究在国际上的

地位。

致谢: 感谢课题组成员周雅清、张雷、张爱英、郭
军、初子莹、李娇、张媛的技术支持。
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An Overview on Global Land Surface Air Temperature Change

Ｒen Guoyu1，Ｒen Yuyu1，Li Qingxiang2，Xu Wenhui2
( 1． Laboratory for Climate Studies，National Climate Center，China Meteorological

Administration，Beijing 100081，China; 2． National Meteorological Information Center，
China Meteorological Administration，Beijing 100081，China)

Abstract: Understanding of tempo-spatial pattern and the systimatic bias of the obeserved decadal to multi-
decadal variability and long-term trends of global land Surface Air Temperature ( SAT) is needed for climate change
studies and policy-making． This paper summarizes the state and problems of the current studies of global land SAT
change，and points out the necessarty and possibility to launch a new study of global and regional SAT dataset and
analyzing products． It is obvious from the overview that there exist some problems with the current three global data-
sets under use in global climate change research，and a major issue would be the inefficient treatments of the urban-
ization bias in the land SAT series． It is proposed that the Chinese global land SAT dataset developed in the China
Meteorological Administration ( CMA) be improved and completed，and the urbanization effect on SAT trends of
global land stations be evaluated and adjusted． Based on the urban-bias adjusted SAT datasets，global and regional
SAT series could be constructed and analyzed to reveal the spatial and temporal patterns of SAT variablity and
change． Chinese scientists could paly a more important role in the endouvour facing climate community．

Key words: Climate change; Temperature; Dataset;
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Urbanization effect．

Nature: 气候变暖使全球干旱地区面积显著扩大

2014 年 7 月 1 日，Nature 发表题为《气候变暖使陆地碳固定的干燥控制区扩展》( Warming Climate Ex-
tends Dryness － Controlled Areas of Terrestrial Carbon Sequestration) 的文章，指出气候变化引起的干燥、温暖区

域面积的扩展可能会加速全球变暖。
在生物群系尺度，陆地碳吸收主要受控于天气变化。来自全球监测网络的观测数据表明，在 16 ℃阈值

时陆地碳汇对年平均温度( T) 的变化不再敏感，高于 16 ℃时地面 CO2 通量由干燥度而不是温度控制。纽约

市立大学( City University of New York) 的研究人员利用美国国家大气研究中心下属的国家环境预报中心

( NCEP /NCAＲ) 的每月平均地表温度数据，计算了 1948—2012 年 T≥16 ℃ 区域的陆地面积并检测以下假

设———随着地球表面变暖，16 ℃阈值纬度带极向移动，因此陆地 CO2 通量受干燥度控制的区域( T ＞ 16 ℃的

区域) 正在扩大，该研究还对气候变暖引起的干燥度控制区扩展对气候变化产生的潜在后果进行了分析。
结果表明，自 1948 年以来气候变暖已使 16 ℃温度维度带向极地方向移动。碳吸收的调节因素主要受干燥

度而不是温度控制的 T ＞ 16 ℃区域的陆地表面积已经增加了 6%，预计到 2050 年将增加至少 8%。受到这

种变暖影响的大部分陆地面积是干旱或半干旱生态系统，这些区域极易受到干旱和土地退化的影响。相较

于温度和干燥度( T ＜ 16 ℃ ) 调节植物生产力的地区，目前受干燥度控制的区域碳净吸收能力要降低 27%。
这种气候变暖引起的干燥度控制区的扩展可能会对全球变暖的加速产生正反馈。T ＞ 16 ℃的陆地面积继续

增加，不仅对气候变化有正反馈作用，也会影响生态系统的完整性和土地覆盖，尤其会影响贫瘠土地的牧民。

( 裴惠娟 编译)

原文题目: Warming Climate Extends Dryness-Controlled Areas of Terrestrial Carbon equestration
来源: Nature，2014，doi: 10． 1038 /srep05472
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ABSTRACT

Synoptic eddy and low-frequency flow (SELF) feedback plays an important role in reinforcing low-

frequency variability (LFV). Recent studies showed that an eddy-induced growth (EIG) or instability makes

a fundamental contribution to the maintenance of LFV. To quantify the efficiency of the SELF feedback, this

study examines the spatiotemporal features of the empirical diagnostics of EIG and its associations with LFV.

The results show that, in terms of eddy vorticity forcing, the EIG rate of LFV is generally larger (smaller) in

the upper (lower) troposphere, whereas, in terms of eddy potential vorticity forcing, it is larger in the lower

troposphere to partly balance the damping effect of surface friction. The local EIG rate shows a horizontal

spatial distribution that corresponds to storm-track activity, which tends to be responsible for maintaining

LFV amplitudes and patterns as well as sustaining eddy-driven jets. In fact, the EIG rate has a well-defined

seasonality, being generally larger in cold seasons and smaller in the warmest season, and this seasonality is

stronger in the Northern Hemisphere than in the Southern Hemisphere. This study also reveals a mid- to late

winter (January–March) suppression of the EIG rate in the Northern Hemisphere, which indicates a reduced

eddy feedback efficiency and may be largely attributed to the eddy kinetic energy suppression and the

midlatitude zonal wind maximum in the midwinter of the Northern Hemisphere.

1. Introduction

In the extratropical stormy atmosphere, the slow-

varying low-frequency flow with planetary-scale patterns

is well developed in the monthly- and seasonal-mean

fields. Over recent decades, much attention has been paid

to such low-frequency variability (LFV) as it accounts for

a large proportion of atmospheric variability and signifi-

cantly impacts on global weather and climate. However,

a fundamental question remains unanswered: how is the

LFV maintained amid the transient atmospheric cir-

culation? Previous studies have concluded that the

LFV is internal to atmospheric dynamics. The inter-

nal dynamics in atmospheric models without external

forcing can display significant LFV and the pure non-

linear eddy–mean flow interactions can generate a sub-

stantial amount of LFV (e.g., Held 1983; Egger and

Schilling 1983;Hendon andHartmann 1985; Cai andMak

1990; Cai and van den Dool 1991; Lau and Nath 1991;

Robinson 1991; Branstator 1995; Whitaker and Barcilon

1995; Limpasuvan and Hartmann 1999, 2000). The dy-

namical feedback between short-lived atmospheric syn-

optic eddies and low-frequency planetary-scale flow has

long been recognized as essential to the maintenance

of the extratropical atmospheric LFV (Kok et al. 1987;

Lau 1988; Cai and Mak 1990).
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Lau (1988) first found high covariations between

monthly-mean flow anomalies and anomalies of variance

fields of synoptic eddy flow and thus suggested a positive

feedback between synoptic eddy and low-frequency flow

(SELF). Subsequently, a number of studies have shown

that the SELF feedback is vital for the generation and

maintenance of zonal indices and dominant climatemodes

and that synoptic eddies are major supplier of energy to

the LFV (e.g., Cai and van den Dool 1991; Lau and Nath

1991;Robinson 1991, 2000;Branstator 1992, 1995; Lee and

Feldstein 1996; Limpasuvan and Hartmann 1999, 2000;

Lorenz and Hartmann 2001, 2003).

To better understand the dynamics of the general SELF

feedback, Jin et al. (2006a,b) and Pan et al. (2006) pro-

posed a linear dynamical closure scheme in which the

slowly varying part of eddy feedback can be expressed

directly by low-frequency flow through a formulated lin-

ear operator. Following their studies, many diagnostic

analyses revealed a left-hand preference in the direction of

eddy fluxes relative to that of low-frequency flow (Kug and

Jin 2009; Ren et al. 2009, 2011, 2012; Kug et al. 2010a,b). In

particular, both eddy-vorticity and transformed eddy po-

tential vorticity (TEPV) fluxes are preferentially directed

to the left-hand side of the low-frequency flow, which

shows that the left-hand preference is a convenient di-

agnostic indicator of the positive SELF feedback as it

relates anomalies in the mean synoptic eddy forcing to

mean-flow anomalies.

Recently, Jin (2010) proposed a theory of eddy-induced

instability for LFV and predicted theoretically the eddy-

induced growth (EIG) of LFV through a simple formula.

Based on this theory, Ren et al. (2011) defined an em-

pirical EIG rate to conveniently measure the efficiency of

the positive SELF feedback. This EIG rate, originated

from the dynamical closure and the new instability theory

of theLFV, provides a good indicator for the nature of the

two-way SELF interaction. It reflects the fact that only

a portion of total synoptic eddy forcing is available as the

energy of maintaining the LFV because the portion can

be explained by the LFV itself. In this study, to further

reveal implications of the EIG rate in quantifying the

degree that maintenance or persistence of the general

LFV (not only climate modes) can be extended by con-

tributions of the positive synoptic eddy feedback, we will

apply the EIG rate to quantitatively examine spatiotem-

poral features of the eddy-induced instability of the LFV

and its associations with LFV.

In addition, the synoptic eddy feedback is intimately

associated with the intensity of eddy activity. As revealed

in previous studies, storm-track intensity in the North

Pacific was observed as being suppressed in midwinter—

namely, the phenomenon of themidwinter suppression of

North Pacific storminess, which was first pointed out by

Nakamura (1992) and has since attracted much re-

search interest (e.g., Zhang and Held 1999; Chang

2001; Nakamura and Sampe 2002; Deng and Mak 2005;

Park et al. 2010; Penny et al. 2010; Lee et al. 2013).

Thus, we will also examine the relationship of the EIG

with the storm-track activity as well as mean zonal flow

in the climatological sense. The remainder of the paper

is organized as follows. Section 2 is a brief introduction

to the data and method used. Basic features of the

empirical EIG rate are outlined in section 3 and hori-

zontal spatial features of the local EIG rate are shown

section 4. Main features of seasonal variations of the

EIG are examined in section 5 and its possible associ-

ations with storm-track activity are in section 6. Finally,

a summary and discussion are given in section 7.

2. Data and method

National Centers for Environmental Prediction–

National Center for Atmospheric Research (NCEP–

NCAR v1) reanalysis data are used for monthly and

daily-mean 30-yr datasets from January 1978 to February

2008 (Kalnay et al. 1996). The variables used are geo-

potential height, zonal wind, meridional wind, and poten-

tial temperature derived from air temperature. The fields

on 12 normal pressure levels (1000–100hPa) are used.

Streamfunction and vorticity fields are calculated from

zonal andmeridional wind. The low frequency is defined as

monthly mean. The boreal spring, summer, autumn, and

winter seasons are taken as averages of March–May

(MAM), June–August (JJA), September–November

(SON), and December–February (DJF), respectively. The

LFV is further defined in this paper as the monthly- or

seasonal-mean anomalies of a variable. To separate the

synoptic eddy component, the daily-mean fields are band-

pass filtered using a 2–8-day Lanczos filter with 41 weights

(Duchon 1979). Here, the so-called low-frequency eddy is

excluded though it may indirectly contribute to the LFV

(Zhang et al. 2012).

The focus of this study is on the projection of the eddy

forcing onto the LFV to measure the efficiency of the

synoptic eddy feedback. The eddy forcing can be expressed

conventionally in terms of the geopotential tendencies in-

duced by the anomalous eddy fluxes. In this paper, the

geopotential tendencies, which are induced by anomalous

eddy vorticity fluxes and eddy potential vorticity (PV)

fluxes, can be defined by conducting the 2D and 3D

Laplacian inversions, respectively, as follows:

fx25D21
2 (2$ � FVORT), and

fx35D21
3 (2$ � FPV), (1)
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where$ � ( ) is horizontal divergence operator,D (or=2) is

Laplacian operator, D21
2 and D21

3 are the 2D and 3D in-

verse Laplacian operators, and f is the Coriolis pa-

rameter. The methods for these Laplacian inversions

and calculations of the eddy fluxes can be referred to

the paper of Ren et al. (2011). In Eq. (1), the anomalous

eddy vorticity and eddy PV fluxes are defined as

FVORT 5 (u0z0
a
, y0z0

a
) and

FPV5 (u0q0a, y0q0a) , (2)

where u0, y0, q0, and z0 denote the bandpass-filtered zonal

wind, meridional wind, quasigeostrophic PV, and relative

vorticity; ( )
a
denotes monthly-mean anomaly, defined as

the deviation of a variable from its climatological mean at

eachmonth. In addition, the storm track here is expressed

as monthly mean of y02.

3. Empirical EIG rate and its basic features

Toquantitatively examine the efficiency of the synoptic

eddy feedback onto the low-frequency flow, we use the

empirical diagnostics developed by Ren et al. (2011) to

measure the EIG of LFV for the eddy vorticity feedback

and eddy PV feedback cases (refer to appendix for the

details of the EIG rate definition), as follows:

l25

ðð

S
fF

a
x2 dx dy

ðð

S
F

a
F

a
dx dy

, (3)

l35

ðð

S
fF

a
x3 dx dy

ðð

S
F

a
F

a
dx dy

. (4)

Here, fx2 and fx3 are the geopotential tendency induced

by the eddy vorticity forcing in terms of the 2D inversion

and the eddy PV forcing in terms of the 3D inversion,

respectively, as defined in Eq. (1), and the domain of

horizontal integration S here is specified over the annular

mid- and high-latitude areas (308–708N, 08–3608E). In
addition, we may define more kinds of EIG rate if other

kinds of eddy-induced tendencies can be provided, such

as those produced by linear or nonlinear models.

We applied Eqs. (3) and (4) at each vertical level to

estimate the EIG rates l2 and l3 (also denoted as lVORT

and lPV) for the eddy vorticity feedback and eddy

PV feedback, respectively. It is noteworthy that the

definitions here are exactly the same as those by Ren

et al. (2011) even though they emphasized more the

conception of TEPV flux, which is linearly trans-

formed from the eddy PV flux. Therefore, we will

uniformly use the expression of the EIG rate derived

from the eddy PV flux forcing. Unit of the EIG rate is

per day in this paper.

Figure 1 shows the relationship between the variance

of LFV and the covariance of eddy forcing and LFV,

which correspond to the denominator and numerator of

the two definitions of the empirical EIG rate in Eqs. (3)

and (4). It is clear in Fig. 1 that high correlations are

between the denominator and numerator, which exist in

both the NH and SH extratropics, although the corre-

lations in the NH are higher than those in the SH. These

high correlations indicate that the total variance of LFV

may be well explained by the eddy-induced part of the

LFV in the sense of its vertical average. The slope of the

lines fitted to the data points in Fig. 1 actually represents

the EIG rate according to its definition in the climate-

mean sense.

We further examine the relationships between the

denominator and numerator at all the pressure levels

and show vertical profiles of the correlations in Fig. 2; in

general, high correlations are evident at most levels. The

eddy-induced LFV that only involves the effect of eddy

vorticity forcing has larger values at the upper levels,

whereas the eddy-induced LFV that combines the ef-

fects of eddy vorticity and eddy heat forcing has larger

values at the mid- to lower levels. Noting the seasonality

in the relationships between the numerator and de-

nominator in Fig. 1, we also show the vertical profiles of

correlations for the different seasons in Fig. 2. Almost all

seasons have positive correlations throughout all levels,

indicating that the eddy-induced forcing that projects

onto the low-frequency flow may play an important role

in maintaining the variance of LFV. In addition, the

correlations in warm seasons are lower, compared with

cold seasons, probably reflecting a stronger SELF in-

teraction during the latter than the former. However, it

is interesting that the highest correlations do not appear

in the boreal winter.

Figure 3 uses mass weighting to compare the vertically

integrated l2 and l3 for all months to examine the co-

herence between them. The EIG rate in each month is

almost always positive, reflecting the positive feedback

of eddies onto LFV. A good relationship exists between

the two growth rates in terms of the eddy vorticity and

eddy PV forcing, respectively, and the correlation is

stronger in the NH than in the SH. Such a good co-

herence between the two EIG rates indicates the pre-

dominance of the dynamical eddy vorticity feedback in

the positive eddy feedback, particularly at upper level,

and the eddy heat flux tends to favor the formation of

a barotropic structure of the extratropical LFV (e.g.,
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Lau and Nath 1991; Kug et al. 2010a). Moreover, as first

noted byRen et al. (2011), l2 is typically smaller than l3,

which is much clearer in the SH than in the NH. This

implies that the forcing induced by the eddy heat flux

may positively contribute to the eddy feedback although

its effect tends to be largely canceled out by the vertical

integration.

To examine the seasonal dependency of the empirical

EIG rates at different levels, Fig. 4 shows the vertical

structures of the climatological-mean growth rates. All of

the profiles are positive at all levels, and in all seasons,

except at the 100-hPa level in Fig. 4b, indicating that the

LFV catches a positive growth induced by synoptic eddies

throughout the entire troposphere. The warmest season

typically shows the minimum growth rate, indicating that

it not only has a weak variance of LFV but also a weak

EIG. This seasonal variation in the EIG rate appears to

be much larger in the NH than in the SH, presumably

because the SH has more oceanic areas to modulate

a moderate seasonality. In addition, it is more interesting

that the EIG rate in theNHcold season (DJF) is not at its

maximum, whereas the SH has its maximum in the cold

season (JJA).

The positive growth of LFV due to eddy feedback ac-

tually accords the left-hand preference that has been found

in the directing of the eddy vorticity flux and TEPV flux

(Kug et al. 2010a; Ren et al. 2011). As seen in Figs. 4a and

4c, the eddy vorticity–induced growth rate peaks at upper

levels where the dynamical feedback dominates. In con-

trast, the eddy PV–induced growth rate (Figs. 4b and 4d)

decreases with height, which can be essentially attributed

to the offset effect of the eddyheat feedback. That is to say,

the divergence (convergence) of eddy heat fluxes induces

local cooling (warming) and downward (upward) second-

ary circulation, which tends to weaken the eddy vorticity

feedback at upper levels but strengthen it at lower levels,

andmay contribute to inducing the barotropic structure of

the low-frequency flow.

To further understand the role of the EIG in main-

taining the LFV, it is necessary to clarify what the value of

FIG. 1. Scatter diagrams between the vertically integrated (from1000 to 100 hPa) variances of

low-frequency flow and the vertically integrated projections of the eddy forcing derived from

the (a),(c) eddy vorticity flux forcing and (b),(d) PV flux forcing for MAM (green), JJA (red),

SON (yellow), and DJF (blue) in the (a),(b) NH and (c),(d) SH. Latitudes of the NH and SH

are both taken as 308–708.
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the EIG rate dynamically means. As seen in Figs. 3 and 4,

the vertically integrated EIG rate is about 0.04–0.05, av-

eraged at all seasons, corresponding to an e-folding time

scale on the order of 20–25 days, which is consistent with

the results of Lau (1988). This EIG is usually insufficient

to overcome the linear damping, where the damping rate

at the surface corresponds to the damping time scale of

about 3.5–5 days (Jin 2010; Barnes and Hartmann 2010),

but it can significantly reduce the damping from surface

friction. For example, in cold seasons, the observed EIG

rate,l2 at the 300-hPa level or l3 near the surface, reaches

about 0.08–0.10, representing the time scale on the order

of about 10–12 days. In contrast, the e-folding time scale

of the dominant low-frequency variability; for exam-

ple, the first four low-frequency modes as revealed by

Simmons et al. (1983), has been estimated to be on the

order of 7–15 days without external forcing effect. The

intercomparison between these three time scales clearly

indicates the significant contribution of the EIG to re-

ducing the linear damping and thus surviving the LFV.

Thus, it can be seen that the value of theEIG rate actually

reflects the time scale of the LFV induced by eddies,

which has obtained a quantitative support by the above-

mentioned results.

As referred to in Eq. (A6), the contribution of the

linear advection terms will be zero if we take integration

over a global area or a regional domain without lateral

boundary flow. In this case, the growth induced by the

eddy and external forcingwould together act to overcome

the linear damping and enhance the LFV. However, the

way to define the empirical EIG rate may not be suitable

to an estimation of the growthby the external forcing only

based on an observational analysis but without numerical

solution. Jin et al. (2006a) and Pan et al. (2006) quan-

titatively demonstrated the fundamental importance of

the eddy forcing, compared with the external forcing, to

the Pacific–North America (PNA)-like pattern by nu-

merically solving their linearized barotropic and baroclinic

models with the eddy feedback operators. Once the

feedback of eddy is closed, the amplitude of the PNA-like

FIG. 2. Correlations between the variances of low-frequency flow and the projections of the

eddy forcing derived from the (a),(c) eddy vorticity flux forcing and (b),(d) eddy PV flux forcing

for all seasons (black), MAM (green), JJA (red), SON (yellow), and DJF (blue) in the (a),(b)

NH and (c),(d) SH.
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pattern in extratropics as a response to the tropical ex-

ternal forcing will be more than 50% weakened. This

clearly suggests the important role of the EIG to the LFV

maintenance through the way that the synoptic eddy

forcing not only directly sustains the LFV but also forms

a singularity condition favoring the effective response of

extratropical atmosphere to the tropical external forcing

(Jin 2010).

4. Spatial features of the local growth rate

The differences between the results from the two

hemispheres shown in Figs. 1–4 imply a geographical

dependency of the EIG of LFV. To examine the hori-

zontal spatial features of the EIG rate, we devise a lo-

calized approach based on Eqs. (3) and (4):

~lj 5 Sf (lj) , (5)

where j 5 2 or 3, Sf denotes a spatial definition operator

with a sliding window. Here, to estimate the local growth

rate (LGR)ofLFV, the size of the slidingwindow is taken

as 408 longitude 3 208 latitude, by which the relatively

stable results can be obtained.

Figure 5 shows distributions of the climate-mean

LGR. Similar patterns of the LGR appear on the up-

per, middle, and lower levels, and the amplitudes of the

patterns change with height—consistent with what is

shown in Fig. 4. The EIG rate is almost always positive

over all extratropical regions. In the mid- to high lati-

tudes, the LGR patterns reach a meridional maximum

and are mainly centered over oceanic regions, which are

similar to the distribution of the midlatitude storm

tracks (e.g., Chang et al. 2002). It is noted that the LGR

has an essentially zonally annular structure, which may

be linked with the NH and SH annular modes because

their maintenance is intimately associated with the syn-

optic eddy feedback (e.g., Lorenz and Hartmann 2001,

2003). The annular patterns of LGR, which are more

symmetric in the SH than in the NH, further confirm that

the EIG plays a key role in forming the two dominant

hemispheric annular modes. Moreover, the growth rate

reaches the regional maximum over the North Pacific

and North Atlantic, where synoptic eddy activity is the

strongest and several climate modes dominate. Over-

all, the LGR has climatological spatial patterns and

regional centers that are fairly similar to those of the

variances of LFV, referred to in Fig. 9b of Jin (2010),

indicating that the EIG plays an important role in

maintaining the patterns and amplitudes of LFV. Also,

it is noteworthy that the major centers of ~l2 and ~l3 at

the upper level appear be located downstream of the

corresponding centers at the lower level.

Figure 6 shows how the LGRvaries with seasonswhere

the 300- and 850-hPa levels are taken as representing ~l2
and ~l3, respectively. In the NH, the LGR has similar

patterns and amplitudes in spring, autumn, and winter,

whereas summer is distinct, with considerably poleward-

contracted patterns and relatively small amplitudes. In

the SH, the austral summer is also characterized by

poleward-contracted patterns and relatively small am-

plitudes when compared with the other seasons. Overall,

the warmest season has a much weaker EIG of LFV than

the cold seasons. Nevertheless, the climatic LGR is pos-

itive in all four seasons, indicating a positive eddy feed-

back onto the local LFV. Moreover, in Fig. 6 the major

LGR centers at the upper level tend to be downstream of

those at the lower level. Based on the theory of Jin (2010),

FIG. 3. Scatter diagrams with each dot indicating the vertically integrated (from 1000 to

100 hPa) EIG rate (day21, the same hereafter) derived from the eddy PV flux forcing (x axis)

and eddy vorticity flux forcing (y axis) during the period from January 1978 to February 2008 in

the (a) NH and (b) SH.
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this is presumably due to the observed fact that the

midlatitude major storm-track centers at the upper level

are usually located downstream of the centers at the

lower level (not shown).

Here, we take the North Atlantic region as an example

to illustrate the time scale reflected by the EIG rate that

has the largest values in this region. As seen in Figs. 5 and

6, the EIG rate over the region can reach about 0.14–0.16,

corresponding to the time scale on the order of 6–7 days,

which means the strongest synoptic eddy feedback in the

globe. That is the major reason that the North Atlantic

Oscillation (NAO), the dominant climate model in the

NH, is gestated in this region. Barnes and Hartmann

(2010), based on a vorticity budget analysis using obser-

vations, showed that the upper-tropospheric eddy vor-

ticity forcing act to counteract the effect of the large-scale

advection terms at the upper level and to indirectly

maintain the low-level vorticity anomalies against fric-

tional drag through generating a large-scale vertical cir-

culation cell. They further demonstrated that the eddy

forcing contributes to a significant extension of the per-

sistence of the NAO vorticity anomaly owing to the fact

that the decay time scale of the NAO can be extended

from 3.5 to 13.2 days as a result of positive synoptic eddy

feedback. In the similar way, our results show that the

decay time scale of the North Atlantic LFV can be ex-

tended from 3.5–5 to 8–20 days to the biggest degree

because of the eddy feedback.

To present comprehensively the vertical structure

and seasonality of the LGR, we here take zonal means

of the patterns in Fig. 6. As seen in Fig. 7, the EIG rate

of LFV is mostly positive in the extratropics but weakly

negative in the tropics. The dynamical eddy vorticity

feedback contributes to a strongly positive LGR at

upper levels and in the subpolar regions, serving to

maintain the so-called eddy-driven jet (e.g., Athanasiadis

et al. 2010). In contrast, the eddy PV feedback gener-

ates a downward positive LGR by involving the eddy

heat forcing effect and induced vertical secondary cir-

culation, which acts to partly balance surface friction

FIG. 4. Vertical profiles of the climatological EIG rates derived from the (a),(c) eddy vorticity

flux forcing and (b),(d) eddy PV flux forcing for MAM (green), JJA (red), SON (yellow), and

DJF (blue) in the (a),(b) NH and (c),(d) SH.
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damping and contributes to generating a barotropic

structure in the LFV (e.g., Ren et al. 2011). In fact, ~l2
and ~l3 become similar when they are taken as vertical

integrations (not shown). It is also evident that the NH

shows a stronger seasonality in the LGR amplitude and

meridional location than the SH; that is, the LGR

centers become weaker and more poleward during the

warm season.

5. Seasonal variations of the EIG rate and its
mid- to late winter suppression in the NH

It is well known that the LFV usually has a larger am-

plitude in colder seasons, as indicated in Fig. 1 and, hence,

a higher EIG rate would be expected. However, a com-

parison of Figs. 4 and 7 shows that the highest EIG rate in

the NH does not occur in winter, which differs from the

situation in the SH. For example, as seen in Fig. 7, the

amplitude of the EIG rate mostly maximizes in spring or

autumn for either of the EIG rates. That is to say, theEIG

rate of LFV in the NHmight be subject to suppression in

winter, in the sense of seasonal variation, even though, at

the same time, the LFV reaches its maximum amplitude

and projection of the eddy forcing onto it, as revealed in

Fig. 1.

To confirm that the boreal EIG rate tends to be sup-

pressed in the winter, Fig. 8 shows the seasonal varia-

tions of the zonal-mean monthly climatological LGR,

which is vertically averaged throughout the troposphere.

It is most interesting to see that the NH growth rate

peaks in autumn to early winter and spring, while, in

contrast, the SH growth rate essentially peaks during

FIG. 5.Maps of the LGRderived from the eddy vorticity flux forcing (LGR2) and eddy PV flux forcing (LGR3) in the (left) NH and (right)

SH for (top) 300, (middle) 500, and (bottom) 850 hPa using all months of data.
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austral winter, which is the case for both of the EIG rate

definitions. Furthermore, seasonal variations of themid-

to high-latitude-averaged growth rate in the NH expe-

rience a general mid- to late winter (January–March)

suppression (MLWS), which is well defined in the North

Pacific, Eurasian, and North Atlantic regions. In addi-

tion, the ~l2 and ~l3 patterns are similar, but the latter is

about one-third larger than the former. It is also noted

that the SH EIG rate has a much smaller seasonal var-

iation than in the NH, particularly in ~l2.

To confirm the observed MLWS phenomenon, Fig. 9

presents the extratropics-averaged LGR from the ver-

tical levels for the NH and SH, and at all levels the EIG

rate in the SH reaches a maximum during the austral

FIG. 6. As in Fig. 5, but for (top to bottom) MAM, JJA, SON, and DJF in the (left) NH and (right) SH, where LGR2 is shown at the

300-hPa level and LGR3 at the 850-hPa level.
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winter despite some other weaker peaks being present,

whereas the situation in the NH is very different. That is,

the NH EIG rate at all levels tends to peak in autumn to

early winter and springtime and lessen in themid- to late

winter when the rate may have been expected to peak as

it does in the SH. We also further examine the contri-

butions from different sectors in theNH to theMLWS in

the EIG of LFV, such as the LGR averaged over the

North Pacific, Eurasian, and North Atlantic regions (not

shown). The North Pacific sector shows the most simi-

larity to the EIG patterns of the NH, indicating its

dominant contribution to the NH MLWS in the EIG of

LFV. The North Atlantic sector makes a positive, but

relatively weak contribution to the MLWS, and the

Eurasian sector, in spite of smaller values, still shows the

MLWS, interestingly, with the minimum EIG rate in

mid- to late winter rather than in summer.

The major features of the seasonal variations in the

EIG are highlighted by the vertically integrated LGR

curves shown in Fig. 10. All of the three main sectors in

the NH extratropics (i.e., North Pacific, Eurasia, and

North Atlantic) contribute positively to the observed

NH MLWS phenomenon. The weakest EIG of LFV in

the extratropics occurs during the Eurasian winter,

which is induced by the upper-level eddy vorticity

forcing, as also seen in Fig. 8. In addition, the suppres-

sion of EIG in the North Pacific tends to occur in mid-

winter, while that in the North Atlantic occurs in late

winter. Another prominent feature of the NH EIG rate

curves is that the largest values are always anchored in

April, compared with the broad range of September–

December peaks.

6. Possible causes of the MLWS of EIG

The MLWS phenomenon in the EIG of the NH LFV

presumably develops because the coldest season usually

has the largest amplitude LFV, which may reduce the

EIG rate in terms of its definition, even though the rel-

evant eddy forcing and its projection onto the LFV are

also the largest, as indicated by Fig. 1 (and further, more

clearly shown in Fig. A1). This probably indicates that

the efficiency of the positive eddy feedback is dependent

on the amplitude of the LFV. Watanabe (2009) found

a nonlinear self-limitation of the positive eddy feed-

back to the North Atlantic Oscillation–like zonal flow

anomalies in eddy life cycle experiments, where the

dipole-type zonal-flow anomalies with extremely large

amplitude cannot be efficiently intensified by the baro-

clinic wave feedback. This means that the eddy feed-

back may be suppressed nonlinearly when the amplitude

of the LFV increases to some degree. Our current

observations strongly reflect such a self-limitation in the

NH but not in the SH. Consequently, we must consid-

er what the possible causes of the MLWS of the EIG

may be.

To address this question, it is naturally thought that the

synoptic eddy feedback is closely related to the mid- to

high-latitude eddy activity intensity, which is usually re-

ferred to as the storm track. In other words, the seasonal

variations in storm activity can influence those of the

synoptic eddy feedback. Similar to Fig. 8a, in Fig. 11 the

storm-track statistics (y02) show that the zonal-mean

storm-track intensity peaks in autumn to early winter

and spring are similar to the seasonal variations of the

zonal-mean EIG rate in the NH. The longitudinal dis-

tributions of seasonal storm-track variations in Fig. 11b

FIG. 7. The zonal-averaged LGR derived from the (left) eddy

vorticity flux forcing and (right) eddy PV flux forcing for (top to

bottom) MAM, JJA, SON, and DJF.
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further reflect the phenomenon of midwinter suppression

of North Pacific storm-track activity. However, our re-

sults show that such a midwinter suppression of stormi-

ness not only occurs in the North Pacific but also in the

Eurasian region, to which Ren et al. (2010) noted a simi-

lar situation in theEastAsia. It is even possible to identify

a weak signal of the late winter suppression in the North

Atlantic. Therefore, the MLWS of the EIG may be at-

tributed to the midwinter suppression of storm-track

activity in the NH.

To further understand the possible dynamical causes

of the observed MLWS of the NH EIG, the theory

proposed by Jin (2010) regarding the eddy-induced in-

stability of LFV is conceptually employed here. His

study proved theoretically that EIG is intimate to the

climatological eddy kinetic energy (EKE) and zonal-

mean zonal flow under certain conditions, as described

by his Eq. (8):

eM ;Dt21
r (C2

r 1C2
g)

21 , (6)

where D5 (u02 1 y02)/2 is the climatological mean of the

synoptic EKE, t21
r is the summation of the typical syn-

optic eddy autodecay rate,Cr is a constant on the order of

10ms21, and Cg is a group velocity for synoptic Rossby

waves, which depends on the zonal-mean zonal flow and

is on the order of 10–20ms21. It is shown in Eq. (6) that

the EIG rate tends to be directly proportional to the

synoptic EKE and inversely proportional to the zonal-

mean zonal flow squared. Note that as this equation was

derived by Jin (2010) based on a linear dynamically closed

barotropic model for the low-frequency flow, we conse-

quently use either the 300-hPa or vertically averagedEIG

rate and eddy statistics fromFig. 8 to the following figures.

Our purpose is to make that the observed empirical EIG

rate features can be well captured by Eq. (6) in a baro-

tropic sense.

For attribution of the MLWS of the EIG in terms of

Eq. (6), Fig. 12 presents the zonal-mean extratropical

EKE and zonal flow over the different regions. It shows

that the climatological EKE at mid- to high latitudes in

the different NH regions all tends to be at a secondary

minimum (to different extents) in mid- to late winter,

around February. This feature is particularly clear in

North Pacific, which is coincident with the occurrence of

the midwinter suppression of storminess. It indicates that

themidwinter suppression of the synoptic EKE in theNH

may be the dominant factor controlling theMLWS of the

FIG. 8. Seasonal variations of the (a),(b) climatological vertically averaged zonal-meanLGRand (c),(d) extratropical

NH (308–808N)-mean LGR.
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EIG of LFV in the NH. In contrast, the climatological

zonal flow in Fig. 12 normally peaks in the coldestmonths

and can also contribute to the MLWS of the EIG since

the growth rate in Eq. (6) is inversely proportional to the

mean flow squared viaCg. In addition, as Eq. (6) implies,

the EIG ratemay be dependent upon the eddy autodecay

rate aswell; that is, a smaller growth rate will be predicted

as long as eddies in mid- to late winter have a longer

lifespan. This remains an open question and requires

further study.

Figure 13 further extracts the mid- to high-latitude

means of the EKE and zonal flow over the different re-

gions to highlight the fact that the EKE reaches its min-

imum and the zonal wind reaches its maximum around

February, both of which favor generation of a mid- to late

winter suppression of the EIG rate. That is, both the

weakening of eddy activity and the strengthening of group

velocity of synoptic Rossby waves can yield the suppres-

sion of the efficiency of SELF interaction. However, the

LFV intensity reaches the maximum in mid- to late win-

ter, although, meanwhile, the covariance between eddy

forcing and LFV reaches the maximum in the NH. Evi-

dently, the former has a larger speed to grow up than the

latter, which may be due to the fast-increasing contribu-

tions of external forcing in low latitudes. In contrast, the

storm tracks or EKE are somehow weakened and then

the eddy forcing becomes weaker, suggesting that the

efficiency of the SELF feedback on the LFV (viz., the

EIG rate) will be smaller.

Indeed, many of mechanisms have been raised in pre-

vious studies for explaining the occurrence of the mid-

winter suppression of storminess in theNorthPacific based

on diagnosing data from observation and climate models.

These mechanisms have reflected different aspects of dy-

namics, mainly including advection of the storminess

suppression by strong westerly jets (Nakamura 1992;

Harnik and Chang 2004), diabatic heating effect (Chang

2001), trapping effect of higher-altitude baroclinic waves

by stronger subtropical jet (Nakamura and Sampe 2002),

weakened eddy seeding–feeding processes associated with

downstream development (Chang 2001; Zurita-Gotor and

Chang 2005), the barotropic wind shear effect (Deng and

FIG. 9. Seasonal variations of the climatological LGR of LFV calculated over the (a),(b) NH and (c),(d) SH regions.

2292 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 71

324



Mak 2005), and impacts of the central Asian mountains

and Tibetan Plateau (Park et al. 2010; Lee et al. 2013).

It is interesting that these mechanisms for explaining

the midwinter suppression of storm-track intensity in

North Pacific may provide more clues to interpret the

MLWS in the EIG. Particularly, these mechanisms can

be used to explain the suppression of the EKE, which is

the controlling factor for the MLWS of the EIG. How-

ever, Chang (2001) also suggested the enhanced group

velocity of eddy propagation as a result of the strong jet

may contribute to a slower downstream growth of eddy

energy over the North Pacific, which further yields an

interannual variability in the reduction of the storm-

track intensity. In contrast, we may find a similar story in

Eq. (6): the climatologically strongest westerly jet in

midwinter corresponds to the fastest group velocity of

synoptic Rossby waves in the meanwhile, which tends to

generate a relatively slow downstream growth of eddy

energy over North Pacific and hence the midwinter

suppression of storm-track intensity. Also, the zonal-

mean EKE and zonal wind curves in the SH have been

put into Fig. 13a, which, similar to those of the EIG rate,

does not exhibit a suppression of the EKE in the austral

midwinter. According to the effects of big mountains on

the midwinter suppression, the presumable suspects for

the differences between the hemispheres aremore land–

sea contrast and pronounced topography of the NH than

the SH. Further demonstrations for the mechanism

implied in Eq. (6) are still needed in future studies.

7. Summary and discussion

A number of past studies have also concluded that the

SELF feedback plays an indispensable role in reinforcing

LFV, as outlined in the introduction to this paper. The

feedback that is induced by synoptic eddies can contrib-

ute to the growth or instability of the LFV (Jin et al.

2006a,b; Pan et al. 2006; Jin 2010). Therefore, how to

quantitatively measure the EIG or instability of the LFV,

caused by the SELF feedback, is an important issue. In

this paper, we have completed a fundamental study with

the aim of examining the climatological spatial features

and seasonal variations of the empirical EIG rate, which

is able to quantify the efficiency of the SELF feedback by

projecting the eddy-induced forcing onto the LFV.

Our results show that the eddy forcing projected onto

the LFV, and the variability of the LFV, are closely re-

lated in the extratropics, and their ratio has been defined

FIG. 10. Seasonal variations of the climatological vertically integrated LGR2 (blue) and LGR3 (red) averaged

over the (a) NH (308–808N, 08–3608E) and SH (308–808S, 08–3608E), (b) Eurasia (308–808N, 308–1208E), (c) North

Pacific (308–808N, 1208E–1008W), and (d)NorthAtlantic (308–808N, 1008W–308E). The dashed–dotted lines in (a) are
for the SH.
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as the empirical EIG rate of LFV.Generally speaking, the

EIG rate, which is derived from the eddy vorticity flux

forcing, is dominant in the upper troposphere, whereas

the EIG rate, which is derived from the eddy PV flux

forcing, is dominant in the lower troposphere. This

downward redistribution of the EIG rate is mainly due to

the eddy heat flux effect, which is important to balance the

surface frictional damping to some degree, and may also

contribute to the barotropic structure of LFV. Further

results show that the local growth rate has climatological

spatial patterns and regional centers that are similar to

those of the LFV variances, indicating that the EIG plays

an important role in maintaining the patterns and am-

plitudes of LFV.The vertical structures of theLGRreflect

the contributions that the eddy-induced growth makes to

both sustaining the eddy-driven jets and overcoming the

surface friction. The SH tends to have a more uniform

distribution of the local EIG rate than that in the NH,

which may favor the more zonally symmetric annular

mode in the SH than in the NH.

The EIG rate of LFV shows a general seasonality, with

a maximum in cold seasons and minimum in the warmest

season, which may explain why the warmest season has

a lower-amplitude LFV when compared with the colder

seasons. This seasonality appears stronger in theNH than

in the SH and may account for the seasonality in the

variability of LFV to some degree. Further results show

that the seasonal variations of the EIG rate in the NH are

more complicated than those in the SH. The EIG rate of

LFV is subject to suppression in the NH mid- to late

winter, although this is also the time when the LFV ex-

periences its maximum amplitude and projection of eddy

forcing onto it. This mid- to late winter suppression of the

EIG in the NHessentially represents suppression of eddy

feedback efficiency and may be attributed largely to the

midwinter suppression of the storm-track activity (EKE)

in the NH, probably implying a nonlinear self-limitation

of the eddy feedback for large-amplitude LFV.

However, the attribution of the observedMLWS of the

EIG remains an open question. As discussed in the con-

text of Eq. (6), the eddy autodecay rate may play a role in

suppressing the mid- to late winter EIG. In addition, the

dynamics associated with the baroclinic eddy equilibra-

tion during the boreal winter (Zhang and Stone 2010)

may offer an alternative interpretation of the MLWS

of the eddy feedback efficiency. Furthermore, the good

agreement between the seasonal variations of the em-

pirical EIG rate and the EKE indicate that the former

may be expected to agree well with the theoretical EIG

rate as predicted by the theory of eddy-induced instability

of LFV proposed by Jin (2010), which would validate this

theory to a great degree. All of these points will be con-

sidered further in future studies. In addition, note the

fact that the eddy vorticity and heat fluxes can make

different contributions to the EIG of the LFV; we may

distinguish the different roles of the two kinds of eddy

fluxes by examining the growth rate l3 generated from

the eddy vorticity part and from the eddy heat part in

the eddy PV flux, respectively. Also, we may further

examine the roles of the eddy-induced vertical sec-

ondary circulation in contributing eddy feedback by

comparing the difference between l2 and l3 derived

from the eddy vorticity flux forcing. These will be fur-

ther studied in the future.

This study directly quantified the features of the posi-

tive synoptic eddy feedback onto the LFV in extratropics.

On one hand, the positive EIG provided by eddies,

serving as an important energy source for LFV, may

substantially offset the natural frictional and thermal

damping. Thus, an improved understanding of the SELF

feedback, as indicated in this study, may enable us to

FIG. 11. Seasonal variations of the (a) climatological 300-hPa

zonal-mean and (b) extratropical NH (308–808N)mean storm-track

statistics (m2 s22).
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better utilize the systematic low-frequency information.

By diagnosing the EIG rate, such low-frequency in-

formation can be gleaned from transient synoptic eddies

and eventually increase our ability to improvemonitoring

and prediction of climate variability in the mid- to high

latitudes. On the other hand, the EIG rate, as the di-

agnostic to measure the efficiency of the SELF in-

teraction, also represents the degree that the persistence

of the LFV can be extended by the positive eddy feed-

back. Indeed, the relative importance of the EIG in

reinforcing and maintaining LFV, compared to other

factors, such as linear advection terms, external forcing,

low-frequency eddy, and so on, remains an open question

notwithstanding some previous studies.
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APPENDIX

Eddy-Induced Growth Rate of Low-Frequency
Variability

As usual, the geopotential tendency induced by the

eddy vorticity flux forcing and the eddy PV flux forcing,

respectively, can be expressed as follows:

1

f

 

›F
a

›t

!

ed

52D21
2 ($ � FVORT)5 x2 , (A1)

1

f

 

›F
a

›t

!

ed

52D21
3 ($ � FPV)5x3 . (A2)

Here, the anomalous eddy fluxes and their induced

anomalous geopotential tendencies are the same as the

definitions in Eqs. (1) and (2). Equation (A1) indicates

that the tendency is estimated from the eddy vorticity

forcing based on the vorticity equation framework, and

Eq. (A2) indicates that the tendency is obtained from the

eddy PV forcing under the quasigeostrophic PV equation

framework, referring to the paper of Lau andHolopainen

(1984). Using either the 2D or 3D inversion operator is

FIG. 12. Seasonal variations of the climatological 300-hPa EKE (contours; m2 s22) and zonal wind (shaded; m s21),

zonally averaged over regions defined in Fig. 10.
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just dependent on the purpose to do diagnosis, as many

previous studies did (e.g., Lau 1988; Lau and Nath 1991;

Kug et al. 2010a). In this paper, we, still along this line,

aim to define the two kinds of EIG rate using the 2D and

3D Laplacian inversions, respectively.

Lau (1988) demonstrated the close association be-

tween anomalies in the monthly-mean-flow field and

systematic anomalies in the monthly-mean eddy statis-

tics such as the eddy forcing. Jin et al. (2006a) further

hypothesized that part of the eddy forcing can be di-

rectly related to the low-frequency flow via a dynamical

closure between the two fields, which, in a barotropic

framework, can be expressed as

x2’
1

f
LfF

a
, (A3)

whereLf is the linear operator representing synoptic eddy

feedback. Therefore, a linear barotropic geopotential

equation, similar to the version as derived by Jin et al.

(2006a), can be expressed as

›F
a

›t
5LF

a
1 rF

a
1LfF

a
1F

a
. (A4)

Here, L is the linear advection operator, r the damping

coefficient (,0), and F
a
is the external forcing. Based on

the dynamic closure, Jin (2010) proposed a theory on

the eddy-induced instability of low-frequency variability

and formulated a theoretical eddy-induced growth rate

by which the contribution of Lf can be simply expressed

as a constant.

Motivated by abundant observed evidence for the

positive eddy feedback, Ren et al. (2011) assumed the

linear relationship between the eddy vorticity–induced

forcing and low-frequency flow as

x2 5l2F
a
/f 1R2 , (A5)

where l2 is a linear coefficient for the bulk growth rate

(.0) or damping rate (,0), representing the positive

or negative eddy feedback, and R2 is the residual

term, representing the remainder of eddy forcing that

is not explained by low-frequency flow. If we appro-

ximately take R2 as zero, then Eq. (A4) can be

changed into

›F
a

›t
5LF

a
1 rF

a
1l2F

a
1F

a
. (A6)

FIG. 13. Seasonal variations of the climatological 300-hPa EKE (black) and zonal wind (gray) averaged over the

regions defined in Fig. 10. The dashed–dotted lines in (a) are for the SH.
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It is indicated in Eq. (A6) that the total derivative of low-

frequency flow is determined by the contrast between

r and l2, given that F
a
5 0.

Then, it can be similarly assumed that

x35 l3F
a
/f 1R3 , (A7)

where l3 represents the growth rate (.0) or damping

rate (,0) induced by the eddy PV forcing, and R3 is the

residual term.

To quantify the eddy-induced growth for the low-

frequency flow, as written in Eqs. (A5) and (A7), Ren

et al. (2011) adopted an empirical expression as follows:

lj5

ðð

S
fF

a
xj dx dy

ðð

S
F

a
F

a
dx dy

, (A8)

where j5 2 and 3 denotes the eddy vorticity and eddy PV

feedback cases, respectively. It is clearly seen in the defi-

nition equation that theEIG ratewill be positive (negative)

when the eddy forcing pattern is in phase (out of phase)

with the LFVpattern, which is actually used as a diagnostic

to measure the SELF feedback efficiency instead of its

intensity. Moreover, the maintenance of the LFV gener-

ated from the eddy forcing also expresses to what degree

the persistence of the LFV can be extended by the positive

eddy feedback. In addition, we here show the seasonal

variations of the climatological vertically integrated de-

nominator of Eq. (A8) and the corresponding numerators

of l2 and l3, as shown in Fig. A1. It is quite clear that both

the denominator and numerators are the biggest during

February in the NH and during July in the SH.
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摘　要　针对基于大气环流模式的月预报问题，提出了一种能有效减小预报误差并提高预报技巧的动力相似集合预报新方

法。该方法着眼于动力模式与统计经验的内在结合，在模式积分过程中通过提取大气环流历史相似性信息，对模式误差进行

参数化处理，形成多个时变的相似强迫量来扰动生成预报的集合成员。将这一集合新方法应用到中国国家气候中心业务大

气环流模式（ＢＣＣＡＧＣＭ１．０），一组１０ａ准业务环境下回报试验结果显示，相比于业务集合预报，动力相似集合预报方法能有

效改进模式对于大气环流的纬向平均、超长波和长波预报，从而有效提高了月平均环流预报技巧（几乎达到业务可用标准）和

逐日环流预报技巧，并显著降低了预报误差，合理增加集合离散度，使二者配置关系得以改善，有望在业务预报中应用。
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１　引　言

伴随着数值模式性能和观测资料状况的日益改

善，国际上天气预报和短期气候预测水平不断提高。

相对于数值天气预报取得的巨大成功、以及季节气

候预测的长足发展，介于二者之间的月预报问题一

直是学界关注的重点（李维京等，２０００）。然而，这一

“过渡”时间尺度的预报受到逐日大气可预报上限

（大约２—３周）的制约，尽管中外学者进行了大量努

力和尝试，但基于数值模式的热带外大气环流预报

技巧总体偏低，始终无法形成有效的业务预报能力

（王绍武，２００１；任宏利等，２００７ａ）。近些年来，随着

气候变化背景下全球持续性异常事件频繁发生，防

灾减灾的巨大需求推动了中外学者对月预报方法的

新一轮研究热潮（郑志海，２０１３）。例如，欧美主要气

象业务中心陆续将月预报的着眼点转向了具有较高

可预报性的大气季节内振荡，预报水平稳步提高

（Ｗｅｉｇｅｌ，ｅｔａｌ，２００８；Ｈｉｒｓｃｈｉ，ｅｔａｌ，２０１２；Ｊｉａ，ｅｔａｌ，

２０１３；Ｌｉｕ，ｅｔａｌ，２０１３；Ｖｉｔａｒｔ，２０１４）。这种预报对象

的转变能在一定程度上避开月尺度一般性大气环流

可预报性偏低的困难，但仍需要从预报方法论创新

方面开展深入研究。

当前，数值模式已逐渐成为天气气候预报的主

要工具，但即便如此，围绕如何有效运用数值模式进

行预报的策略和方法仍是提高预报水平的重要手

段，中外大量研究工作已经开展（任宏利等，２００７ａ；

郑志海，２０１３），例如，集合预报技术以及模式预报误

差订正等已为世人所熟知。事实上，预报策略和方

法研究的基本思路就是寻求动力模式和统计经验两

种基本方法的结合使用，但对于怎样实现二者有效

结合的问题尚需深入研究。中国学者在这方面做出

了很多独具特色的研究，开辟了改进数值预报的新

途径（顾震潮，１９５８；郑庆林等，１９７３；丑纪范，１９７４；

巢纪平等，１９７９；黄建平等，１９９１；曹鸿兴，１９９３；

Ｚｅｎｇ，ｅｔａｌ，１９９４；Ｗａｎｇ，ｅｔａｌ，２０００；陈伯民等，

２００３；鲍名等，２００４）。近年来，围绕如何将历史资料

相似性信息有效运用到复杂模式预报中的科学问

题，发展了动力相似预报策略和方法（例如，相似误

差订正方法）（任宏利等，２００５，２００６，２００７ａ，２００７ｂ；

Ｒｅｎ，ｅｔａｌ，２００９，２０１４；郑志海等，２００９），其提升模

式预报能力的有效性被大量数值试验证实，正式的

业务应用尚不足。本研究将探索基于动力相似预报

策略的月预报方法及其在业务模式上的应用。

多年实践表明，无论数值天气预报还是短期气

候预测，集合预报都是提高预报技巧、降低预报误差

的强有力工具。然而，在将天气尺度预报中富有成

效的集合方法（如奇异向量法等）延伸到用于月预报

时，通常会出现初始集合扰动衰减过快、集合预报离

散度偏小的问题（Ｐａｌｍｅｒ，２０００）。目前，通过随机扰

动物理过程、边界条件以及采用多模式等途径构建

集合，虽然能在一定程度上改进预报，但也面临着模

式中可扰动对象过多、敏感性参数／过程选择的主观

性大等问题。为此，本研究将利用现有业务预报模

式，通过在模式积分过程中引入历史资料相似性信

息，对未知的模式误差进行经验性参数化，以此形成

多个“相似强迫量”驱动模式来生成集合扰动成员，

发展适用于月预报的新集合方法，并进行准业务环

境下的预报检验。

２　基于模式误差参数化的动力相似集合预

报方法

　　数值天气预报问题在数学上一般可以作为偏微

分方程初值问题的形式表示为

ψ
狋
＝犔（ψ） （１）

ψ（狋０）＝ψ０

式中，ψ（狋）为模式预报变量，狋为时间；犔为ψ的微分

算子，用于表示实际数值模式。狋０ 为初始时刻，ψ０

代表初值，当狋＞狋０ 时，可由初值进行数值积分得到

ψ或者它的泛函数犘（ψ）。假设实际大气满足的准

确模式可表示为

ψ
狋
＝犔（ψ）＋犔ｅ（ψ） （２）

式中，犔ｅ 是ψ的泛函数，表征了模式过程与真实大

气过程的误差，反映了数值模式中未知的总误差项，

即模式误差。历史观测资料是满足式（２）的一系列

特解＾ψ或者它的泛函数。

通常有两种途径可以减小模式误差，一是直接

发展模式来削减犔ｅ（ψ），通过不断的改进，可以得到

多个模式算子犔１、犔２…；另一是从反问题角度利用

历史资料信息估计和减小模式误差犔ｅ（ψ），使用某

个犔和不同的历史观测数据，就可得到多个误差算

子犔ｅ１、犔ｅ２…，数学上等价于得到了多个模式算子。

可见，在线性化意义下（或忽略模式非线性项的假设

４２７　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　犃犮狋犪犕犲狋犲狅狉狅犾狅犵犻犮犪犛犻狀犻犮犪　气象学报　２０１４，７２（４）
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下），这两种途径改进模式的效果是一致的。那么，

在给定模式条件下如何发展预报策略和方法呢？由

于对大气或气候系统的认识还很不够，模式中大量

参数和过程仍是未知的，即更多的是需要求解反问

题估计未知项，然后再做预报。按照这一思路，可采

用经验方式对模式未知总误差项进行参数化估计。

本研究发展了一种基于历史相似的模式误差参数化

方案（Ａｎａｌｏｇｕｅｂａｓｅｄ ＭｏｄｅｌＥｒｒｏｒＰａｒａｍｅｔｅｒｉｚａ

ｔｉｏｎ，ＡＭＥＰ），其基本思路来源于动力相似预报策

略中运用历史资料相似性信息对模式积分进行过程

订正（任宏利，２００６）。在式（２）中，模式误差项可以

通过历史相似状态提供的已知误差项来估计，从而

得到经过订正或“扰动”的新的右端项

犔犼（^ψ）＝犔（^ψ）＋犔ｅ（珘ψ犼） （３）

式中，珘ψ为特解
＾
ψ 的历史相似，犼表示了多个相似。

可见犔ｅ（珘ψ犼）为附加在模式预报方程中的相似强迫

项。此时，改变相似状态便能得到不同的模式算子。

ＡＭＥＰ包含３个组成部分：（１）相似初值驱动

（在历史资料中选取与当前模式状态具有相似边界

条件并处于同一季节的相似初值，驱动模式进行历

史再预报）；（２）采集模式预报误差（采集模式以历史

相似为初值进行积分的预报误差）；（３）生成相似强

迫量（利用预报误差，生成模式积分所需的相似强迫

量，并按需要插值到特定间隔的积分时间步上去）。

图１给出ＡＭＥＰ的概念流程，输入的是模式预报变

量，输出的是变量的时间强迫项，其中狋１－狋２ 或

ＰＡＵ（ＰｅｒｉｏｄｏｆＡｎａｌｏｇｕｅＵｐｄａｔｉｎｇ）为相似更新周

期，ＩＡＦ（ＩｎｔｅｒｖａｌｏｆＡｎａｌｏｇｕｅＦｏｒｃｉｎｇ）为相似强迫

间隔。

图１　基于历史相似的模式误差参数化方案概念流程

Ｆｉｇ．１　Ｓｃｈｅｍａｔｉｃｄｉａｇｒａｍｏｆｔｈｅａｎａｌｏｇｕｅｂａｓｅｄ

ｍｏｄｅｌｅｒｒｏｒｐａｒａｍｅｔｅｒｉｚａｔｉｏｎ

　　由式（３）可见，ＡＭＥＰ生成的相似强迫量不仅

可以通过弥补模式未知部分来减小模式误差项，更

重要的是多个历史相似的使用可为模式算子提供一

组相似的强迫扰动，由于模式状态在积分过程中会

不断地向这些相似强迫适应，有效地模拟了模式行

为在状态ψ附近的不确定性。在此基础上提出了动

力相似集合预报（ＤｙｎａｍｉｃａｌＡｎａｌｏｇｕｅＥｎｓｅｍｂｌｅ

Ｆｏｒｅｃａｓｔｉｎｇ，ＤＡＥＦ）方法：针对当前预报初值选取

一组历史相似状态，分别以这些相似状态驱动

ＡＭＥＰ输出多个时变的相似强迫量，进一步对当前

模式积分过程进行强迫扰动，由此产生的多个扰动

预报作为成员形成集合。考虑到每个成员来源于不

同历史相似对模式误差项的一种形式估计，这样构

建的集合能在一定程度上充分反映模式的不确定

性。此外，也应看到，历史相似强迫如用于以后ＩＡＦ

间隔，由于未来基态不同，同样的强迫会产生不同的

结果，这是需要注意的问题。

３　预报试验和结果分析

将动力相似集合预报方法运用到中国国家气候

中心的业务大气环流模式（ＢＣＣ＿ＡＧＣＭ１．０）（丁一

汇等，２００２）中，在准业务环境下进行月预报试验，并

与中国国家气候中心业务集合预报（李维京等，

２００５）进行直接比较。试验方案设计：（１）使用全球

５００ｈＰａ高度场计算的场距离作为相似选取指标

（任宏利等，２００６）；（２）选用４个最好的历史相似，并

与纯动力控制预报一起按照两种误差诊断方案构建

动力相似集合预报的１１个集合预报成员，这里考虑

到所用模式为谱模式，相似强迫将由各模式变量以

谱系数形式添加到各个预报方程右端，在积分过程

中取６ｈ间隔在所有垂直层次上对各模式变量进行

强迫，更多技术细节可参阅任宏利（２００６）；（３）月平

均环流预报直接使用３０ｄ逐日预报的算术平均，无

其他后处理；（４）预报评分采用世界气象组织推荐的

距平相关系数（ＡＣＣ）和均方根误差（ＲＭＳＥ）（Ｍｕｒ

ｐｈｙ，ｅｔａｌ，１９８９）。上述预报试验方案与业务集合预

报的比较列于表１中。

　　供选相似使用的历史数据集为１９６８年以来的

美国ＮＣＥＰ逐日再分析资料（Ｋａｌｎａｙ，ｅｔａｌ，１９９６）。

预报试验检验所展示的是２００３年９月２０日—２０１３

年８月２０日共１０ａ１２０个预报个例在北半球热带

外地区（２０°—９０°Ｎ）的５００ｈＰａ高度场预报结果的

评分情况。

５２７任宏利等：提高月预报业务水平的动力相似集合方法　　　　　　　　　　　　　　　　　　 　　　 　　　　　　　　　
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表１　预报试验方案

Ｔａｂｌｅ１　Ｔｈｅｓｃｈｅｍｅｓｆｏｒｔｈｅｐｒｅｄｉｃｔｉｏｎｅｘｐｅｒｉｍｅｎｔｓ

试验方案 ＤＡＥＦ准业务环境回报试验 业务预报（ＯＰＲＦ）

下边界海温种类 初始时刻前期持续性海温 初始时刻前期持续性海温

初始场资料集 中国国家气象中心全球客观分析场 中国国家气象中心全球客观分析场

集合成员 １１个动力相似集合预报成员 ４０个集合成员（ＬＡＦ，ＳＶＤ）

起报时间 每月２０日１２时起报 这里仅选取同期的预报结果

预报时效 未来３０ｄ 未来４５ｄ

检验气候场 中国国家气象中心全球客观分析场 模式气候场

３．１　月平均环流回报检验

图２直接比较了月平均环流（５００ｈＰａ高度场）

的ＤＡＥＦ和ＯＰＲＦ集合平均的检验评分结果。散

点图直观地展现了ＤＡＥＦ的优势：距平相关系数图

上的散点绝大多数位于右下方，而均方根误差图上

的散点几乎都位于左上方（仅有５个个例除外），这

清楚地表明ＤＡＥＦ具有比ＯＰＲＦ更大的距平相关

系数和更小的均方根误差。从考察距平相关系数大

于０．５的个例数比例来看，ＤＡＥＦ约有５０％，而

ＯＰＲＦ仅约３０％。由此可见，对于月平均环流预报

而言，ＤＡＥＦ相比于 ＯＰＲＦ有效提高了预报技巧，

减小了预报误差，其中对于误差的削减效果更为凸

出一些。

　　表２首先比较了所有个例平均的预报检验评

分。可以看到，基于动力相似集合方法的月平均环

流预报效果明显好于业务集合预报。ＤＡＥＦ的距平

相关系数达到０．４８，这对于准业务环境下的多年平

均预报技巧而言并不容易，虽然略低于０．５的业务

标准，但相比于ＯＰＲＦ的０．３９提高了２３％，预报技

巧提高明显。对月平均环流的均方根误差而言，

ＤＡＥＦ平均比ＯＰＲＦ降低了１３．７ｇｐｍ。同时，也比

较了１２０个例中ＤＡＥＦ的预报评分高于 ＯＰＲＦ的

个例数，ＤＡＥＦ对应的距平相关系数有８６个高于

ＯＰＲＦ，预报技巧提高率为７２％，ＤＡＥＦ对应的均方

根误差有１１５个低于 ＯＰＲＦ，预报误差降低率是

９６％。这表明，就所关注的北半球热带外地区而言，

１１个成员的动力相似集合预报方法显著优于４０个

成员的业务集合预报。

从表２中还可以看到，冬半年平均的预报技巧

明显高于夏半年。这种差距在业务预报中约有０．１，

而ＤＡＥＦ中仅为０．０４，这说明动力相似集合方法大

幅度提高了对夏半年的预报技巧。而且，ＤＡＥＦ在

冬半年距平相关系数达到０．５的业务可用标准，显

示出令人鼓舞的业务应用前景；即便是在夏半年也

有应用潜力，其距平相关系数达到０．４６，接近业务

可用。相比之下，ＯＰＲＦ在冬半年的预报技巧明显

低于ＤＡＥＦ，而夏半年则比ＤＡＥＦ低０．１２。对于预

报误差，ＤＡＥＦ在冬半年均方根误差比ＯＰＲＦ减小

约１７ｇｐｍ，夏半年减小约１０ｇｍｐ，误差降低幅度分

别为２７％和２４％。上述结果反映出冬半年的环流

预报一般要好于夏半年。

图２　月平均环流预报的距平相关系数（ａ）和均方根误差（ｂ，单位：ｇｐｍ）评分散点

Ｆｉｇ．２　ＳｃａｔｔｅｒｍａｐｓｆｏｒＡＣＣ（ａ）ａｎｄＲＭＳＥ（ｂ，ｕｎｉｔ：ｇｐｍ）ｏｆｔｈｅｍｏｎｔｈｌｙ

ｍｅａｎｃｉｒｃｕｌａｔｉｏｎｐｒｅｄｉｃｔｉｏｎｓｂｅｔｗｅｅｎＤＡＥＦａｎｄＯＰＲＦ
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表２　个例平均的全年、冬半年和夏半年的预报评分

Ｔａｂｌｅ２　Ｔｈｅｐｒｅｄｉｃｔｉｏｎｓｋｉｌｌｓｃｏｒｅｓｉｎｔｅｒｍｓｏｆｔｈｅｃａｓｅｍｅａｎｓｆｏｒｔｈｅｗｈｏｌｅｙｅａｒ，ｗｉｎｔｅｒｔｉｍｅａｎｄｓｕｍｍｅｒｔｉｍｅ

预报方案
全年

距平相关系数 均方根误差（ｇｐｍ
）

冬半年（Ｏｃｔ２０—Ｍａｒ２０）

距平相关系数 均方根误差（ｇｐｍ
）

夏半年（Ａｐｒ２０—Ｓｅｐ２０）

距平相关系数 均方根误差（ｇｐｍ
）

ＯＰＲＦ ０．３９ ５２．９ ０．４４ ６３．３ ０．３４ ４２．５

ＤＡＥＦ ０．４８ ３９．２ ０．５０ ４６．２ ０．４６ ３２．３

ＤＡＥＦ－ＯＰＲＦ ０．０９ －１３．７ ０．０６ －１７．１ ０．１２ －１０．２

　　特别地，针对东亚—西太平洋区域（０°—６０°Ｎ，

１００°Ｅ—１６０°Ｗ）的环流进行了检验，对于月平均环

流，ＤＡＥＦ 的所有个例平均距平相关系数技巧

（０．４４）与业务集合预报（０．３６）相比有明显提高，而

其平 均 均 方 根 误 差 （２８．５ｇｐｍ）与 业 务 预 报

（４３．２ｇｐｍ）相比有显著降低。

总体而言，动力相似集合方法在降低月平均环

流预报误差和提高预报技巧两方面都展示出不错的

能力，特别是在预报误差削减方面更为显著一些，这

与动力相似预报策略着眼于减小模式误差的基本思

想（任宏利，２００６）是一致的。

３．２　逐日环流回报检验

为考察新集合方法对于月内逐日预报的性能，

图３ａ给出了所有个例平均的逐日集合平均预报距

图３　不同尺度波逐日预报与实况的距平相关系数（ａ—ｄ）和均方根误差（ｅ）对比

（ａ．全波，ｂ．纬向平均（０波），ｃ．超长波部分（１—３波），ｄ．天气尺度波部分（４－９波）；

紫色阴影表示ＤＡＥＦ评分优于ＯＰＲＦ）

Ｆｉｇ．３　ＣｏｍｐａｒｉｓｏｎｓｏｆＡＣＣ（ａ－ｄ）ａｎｄＲＭＳＥ（ｅ）ｂｅｔｗｅｅｎｔｈｅｄａｉｌｙｐｒｅｄｉｃｔｉｏｎａｎｄｔｈｅｏｂｓｅｒｖａｔｉｏｎｉｎｔｅｒｍｓ

ｏｆｔｈｅｄｉｆｆｅｒｅｎｔｓｐａｔｉａｌｓｃａｌｅｓ．（ａ）Ａｌｌｗａｖｅｓ，（ｂ）ｚｏｎａｌｍｅａｎ（ｗａｖｅ０），（ｃ）ｕｌｔｒａｌｏｎｇｗａｖｅ

ｐａｒｔ（ｗａｖｅｓ１－３），ａｎｄ（ｄ）ｓｙｎｏｐｔｉｃｓｃａｌｅｗａｖｅｐａｒｔ（ｗａｖｅｓ４－９）．Ｔｈｅｐｕｒｐｌｅａｒｅａｓｄｅｎｏｔｅ

ｔｈａｔｔｈｅｓｋｉｌｌｏｆＤＡＥＦｉｓｓｕｐｅｒｉｏｒｔｏＯＰＲＦ
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图３续

Ｆｉｇ．３　（Ｃｏｎｔｉｎｕｅｄ）

平相关系数。可以看到，ＤＡＥＦ相对ＯＰＲＦ对距平

相关系数评分在６—３０天均有一定提高，但由于模

式自身性能和大气可预报性所限，超过两周的技巧

依然较低。图３ｅ给出了逐日集合平均预报均方根

误差，ＤＡＥＦ相对于ＯＰＲＦ对逐日预报均方根误差

的降低非常显著，特别是在两周以后。总体来看，相

对于业务集合预报，ＤＡＥＦ对逐日环流预报技巧有

一定程度提高，对预报误差则有显著削减作用。下

面进一步通过纬向傅立叶分解针对不同空间尺度逐

日预报来考察ＤＡＥＦ性能。图３ｂ—ｄ分别给出了

不同纬向波动的逐日预报距平相关系数。

　　从图３可以看到，ＤＡＥＦ相对于ＯＰＲＦ，对于纬

向平均部分预报效果的改善主要发生在１０天之前

和１８天之后，对于超长波部分的改进几乎涵盖了所

有预报时段，而对于长波部分的改进主要集中在预

报１２天之前和１６天之后。这些结果表明，ＤＡＥＦ对

于月内全波以及各尺度的逐日预报都有不同程度改

善，特别是对持续性较好的０波和超长波的改进最为

明显，这可能与加入相似强迫后大尺度环流能够得到

更好的模拟有关，但仍需要深入进行归因研究。

　　图４进一步给出了东亚—西太平洋区域的逐日

环流检验评分。可以看到，ＤＡＥＦ仍能提高预报技

巧，大幅削减预报误差。但同时也应看到，这一区域

的技巧评分要略低于北半球热带外整体的评分，反

映出在东亚—西太平洋地区进行月尺度预报的难度

很大。

３．３　集合预报性能检验

集合平均的预报误差与集合预报离散度的关系

是衡量集合预报系统可靠性的一个重要标准，一个

理想集合预报系统的集合平均均方根误差应与集合

离散度基本一致（Ｐａｌｍｅｒ，２０００）。然而，实际中的集

合预报系统普遍存在集合离散度偏小的问题，这就

增加了对极端事件预报的难度。为此，进一步考察

了模式预报系统对于月平均和逐日环流的预报误差

及离散度的对应关系（图５）。可以看到，业务集合

预报离散度远小于集合平均均方根误差，相比之下，

ＤＡＥＦ方法的集合平均预报则大幅削减了均方根误

差，而且集合离散度相对于业务预报也有了合理的

提升，使预报误差和离散度的配置关系得到改善。

这表明，ＤＡＥＦ不但能提高预报技巧、削减预报误

差，还可以改进集合预报系统可靠性。

图４　东亚—西太平洋区域逐日环流预报的距平相关系数（ａ）和均方根误差（ｂ）

（紫色阴影表示ＤＡＥＦ评分优于ＯＰＲＦ）

Ｆｉｇ．４　ＡＣＣａｎｄＲＭＳＥｏｆｔｈｅｄａｉｌｙｃｉｒｃｕｌａｔｉｏｎｐｒｅｄｉｃｔｉｏｎｉｎｔｈｅＥａｓｔＡｓｉａｎ－ＷｅｓｔｅｒｎＰａｃｉｆｉｃｒｅｇｉｏｎ，

（ＴｈｅｐｕｒｐｌｅａｒｅａｄｅｎｏｔｅｓｔｈａｔｔｈｅｓｋｉｌｌｏｆＤＡＥＦｔｈｅｒｅｉｎｉｓｓｕｐｅｒｉｏｒｔｏＯＰＲＦ）

８２７　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　犃犮狋犪犕犲狋犲狅狉狅犾狅犵犻犮犪犛犻狀犻犮犪　气象学报　２０１４，７２（４）
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图５　月平均环流（ａ）和逐日环流（ｂ）对应的集合平均均方根误差与集合离散度（单位：ｇｐｍ）

Ｆｉｇ．５　ＥｎｓｅｍｂｌｅｍｅａｎＲＭＳＥａｎｄｅｎｓｅｍｂｌｅｓｐｒｅａｄ（ｕｎｉｔ：ｇｐｍ）

ｏｆｔｈｅｍｏｎｔｈｌｙｍｅａｎｃｉｒｃｕｌａｔｉｏｎ（ａ）ａｎｄｔｈｅｄａｉｌｙｃｉｒｃｕｌａｔｉｏｎ（ｂ）

４　结论与讨论

针对基于大气环流模式的月预报提出了一种能

有效提高预报技巧和减小预报误差的动力相似集合

预报新方法。基本思路是发展一个基于历史相似的

模式误差参数化方案，利用不同历史相似提供的相

似强迫量，对预报模式积分过程分别进行扰动，从而

形成预报集合成员。该方法通过不同历史相似可以

生成不同的模式误差估计，其效果相当于产生多个

不同的预报模式，再将这些预报值进行集合，从而实

现“虚拟多模式集合”。将这一集合方法应用到业务

大气环流模式中，１０ａ的实时准业务环境预报和回

报试验结果显示，相对于业务集合预报，动力相似集

合预报能够显著提高月预报技巧（月平均环流预报

几乎达到业务可用标准，其中冬半年已业务可用，夏

半年预报技巧提升也很明显），大幅度降低预报误

差，合理增加集合离散度，这主要归功于该集合新方

法对大气环流纬向平均、超长波和长波预报均有显

著改进，其所体现的集合理念以及改善预报效果的

性能和潜力具有良好的业务应用前景。

对于月尺度所关注的预报对象，其可预报性问

题与特定时空尺度可能存在密切联系（李建平等，

２００８），模式预报必然受到大气流型变化的显著影

响，ＤＡＥＦ也不例外，这与模式预报性能以及受大气

可预报性时空变化的影响有关。事实上，预报检验

评分结果是对众多在月尺度上可预报个例和大量不

可预报个例的总体平均。需要指出的是，本预报试

验仅是基于单一方法来考察预报水平相对于业务的

提高，若结合采用其他有效的预报信息提取技术，有

望进一步提升预报技巧。另外，模式所用的资料可

能对于预报结果有很大影响，ＤＡＥＦ试验与实时业

务预报要求（海温和模式）完全一致，但由于历史资

料集不得不使用ＮＣＥＰ再分析资料，而实时预报初

始场使用了中国国家气象中心客观分析资料，这可

能引起初值与历史相似的资料不匹配问题。上述诸

多问题在接下来工作中仍需要进一步加以研究。
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ABSTRACT: In this paper, we present the response of actual evaporation to global warming in China based on the
National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP/NCAR) reanalysis 1,
the NCEP-Department of Energy (NCEP/DOE) reanalysis 2, 40-year ECMWF Re-Analysis (ERA-40), ECMWF-Interim
Re-Analysis (ERA-Interim), Modern-Era Retrospective Analysis for Research and Applications (MERRA), and Climate
Forecast System Reanalysis (CFSR). Rotated empirical orthogonal function (REOF) analysis was applied to reveal the coherent
pattern of the change in reanalysis evaporation (RE). According to the first four REOF modes in NCEP/NCAR, we subdivided
China into six climatic regions, and found that RE increased significantly in central and southeast of China from 1979 to 2012,
especially during the sub-period of 1985–2004. Various estimates of linear trend are statistically consistent, and most of them
are significant at the 95% confidence level. Conversely, RE decreased in northern and northeast although the magnitude of
decreasing trends is inconsistently among the reanalysis. Moreover, there is a general tendency of RE to increase in northwest,
but mostly RE trends are not significant. In the dry northwest and northern regions, rainfall is an important factor affecting the
changing of RE, while RE is less sensitive to the change of temperature. However, RE rates are dominated by temperature in
the humid central and southeast regions. These results support the view that the sensitivity of RE to global warming largely
depends on the environment. In view of data availability, despite the general similarity, differences exist among the various
reanalysis, especially in NCEP/NCAR and CFSR. In summary, it can be concluded that the quality of RE values is higher in
central and southeast, while even greater uncertainties lie in the estimates of RE in northwest China and Qinghai-Tibet Plateau.
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1. Introduction

Changes in the rates of evaporation would be of great sig-
nificance for water resource planning, irrigation control,
agricultural and ecosystems (Cohen et al., 2002; Zuo et al.,
2005; Jhajharia et al., 2009). Evaporation is an essential
part of the hydrologic cycle, together with precipitation
and runoff, which is an important process in determining
the weather and climate on global and regional scales
(Mariotti, 2010; Lorenz and Kunstmann, 2012). Precipi-
tation and runoff are intermittent and nonlinear processes
whereas evaporation occurs every day and is a much better
time integrator of regional climate change. Furthermore,
evaporation plays a key role in the global energy budget
(Pearlmutter et al., 2009; Bosilovich et al., 2011). There-
fore, changes of evaporation have a great impact on global
hydrologic cycle and energy budget (Cong et al., 2009),
it is critical for predicting changes in surface climate
(Chattopadhyay and Hulme, 1997; Goyal, 2004),

* Correspondence to: G. Feng, National Climate Center, Laboratory
for Climate Studies of China Meteorological Administration, China
Meteorological Administration, 46 Zhongguancun Nan Da Jie, Haidian
District, Beijing 100081, China. E-mail: fenggl@cma.gov.cn

including heatwaves and droughts. Global warming
has become a popular topic for governments and general
public. It is reported that the surface temperature of the
Earth was increasing at a rate of about 0.13∘C decade−1

over the past 50 years (IPCC, 2007). Global warming
is expected to intensify the global hydrological cycle
(Huntington, 2006), with an increase of both evaporation
and precipitation. However, the magnitude and spatial dis-
tribution of this global and annual mean response remains
highly uncertain (Douville et al., 2013). Understanding
and exploring the interannual and interdecadal variability
of evaporation under global warming have been an essen-
tial part of the task of assessing global hydrological cycle
climate variability and possible change.

However, contrary to expectations, lots of observations
show that the rate of pan evaporation had been consis-
tently decreasing throughout the world over the past 50
years (Lawrimore and Peterson, 2000; Liu et al., 2004;
Cong et al., 2009; Shen et al., 2010). The contrast between
expected and observed trends of pan evaporation rate is
called ‘pan evaporation paradox’ or ‘evaporation paradox’
(Roderick and Farquhar, 2002). Several researchers have
carried out studies on changes in pan evaporation around
China. Recently, Cong et al. (2009) reported that pan
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evaporation paradox exists in China and pan evaporation
kept decreasing during the period of 1956–2005. Accord-
ing to the statistics, the annual pan evaporations of about
66% Chinese routine meteorological stations hold descend
trend, and the biggest descent reaches −24.9 mm a–2 from
1961 to 2000 (Zuo et al., 2005), nevertheless the rate was
highest in the northwest and lowest in the southwest (Liu
et al., 2004). Evidence for a decrease of potential evap-
otranspiration has also been reported from China using
estimates made with Penman’s combined radiation balance
and aero-dynamic equation (Thomas, 2000; Chen et al.,
2005; Wang et al., 2007). There are many interpretations
of the possible cause for ‘pan evaporation paradox’, how-
ever, at present these competing explanations remain con-
troversial (Lawrimore and Peterson, 2000; Roderick and
Farquhar, 2002; Liu et al., 2004). It is generally accepted
that from a surface in which there is abundant moisture,
actual evaporation equals potential evaporation and is also
equivalent to the amount of pan evaporation multiplied by
a pan coefficient (Lawrimore and Peterson, 2000; Kirono
et al., 2009; Jacobs et al., 2010). Conversely, in a region
without adequate moisture, potential evaporation cannot
be sustained. It is important to distinguish between poten-
tial evaporation, pan evaporation and actual evaporation.

As it is very hard to measure the actual evaporation
accurately, long-term and large-scale datasets do not exist.
Studies on changes in actual evaporation have been few
and limited due to the lack of station-based measure-
ments. For now, estimation of actual evaporation is often
made by using information about potential evaporation and
soil moisture. A full accounting of projected changes in
actual evaporation requires an extension system analysis.
Hence, additional data and analysis will be necessary to
explain the response of evaporation to global warming in
China. Fortunately global and regional atmospheric retro-
spective analysis models (reanalysis) play a crucial role
in today’s hydrological and hydrometeorological research
(Trenberth et al., 2011; Lorenz and Kunstmann, 2012).
The object of reanalysis is to optimally combine atmo-
spheric observations with an atmospheric general circula-
tion model (AGCM) to produce the best estimate of the
global atmospheric state (Kinter et al., 2004). Reanalysis
evaporation (RE) has been widely used in many research
works. Much of the current climate knowledge on evapo-
ration has been gained from studies using global reanal-
ysis (Mariotti, 2010; Trenberth et al., 2011; Lorenz and
Kunstmann, 2012).

Although evaporation in reanalysis and actual evapora-
tion are not exactly the same, however, RE can roughly
characterize the variability of actual evaporation (Lorenz
and Kunstmann, 2012). Therefore, we extracted the main
characteristics of actual evaporation over China from six
different reanalysis. Note that multi-reanalysis datasets are
applied to avoid data dependence of the results. In this
paper a new analysis of RE trends due the global warm-
ing over the past 60 years will be presented. To further
explore the predominant factors to control the dynamic of
RE, sensitivity of RE has been studied in terms of change
in surface temperature and rainfall. The significance of

these historic trends and their possible threat to managing
water resources are discussed. Moreover, another purpose
of this study is to estimate the uncertainties incorporated
in these reanalysis, it will afford valuable information to
improve the quality of the reanalysis.

2. Data and methods

2.1. Data

The National Centers for Environmental Prediction
(NCEP) and the National Center for Atmospheric
Research (NCAR) produced a 50-year analysis of the
global atmospheric circulation (Kalnay et al., 1996)
whose length makes it an attractive database for discover-
ing and quantifying decadal time scale climate variations.
Numerous studies have made use of reanalysis products to
evaluate many aspects of atmospheric variability, includ-
ing several recent contributions examining the secular
variations and decadal regime shifts in the atmosphere
(Kinter et al., 2004). However, the NCEP-NCAR (called
NCEP-R1) had the substantial problems that limit their
use, particularly for global climate change and variability
studies. A second limited version of the NCEP reanalysis
(called NCEP-R2) was run to address some problems
(Kanamitsu et al., 2002). The NCEP-R2 used an updated
version of the original GSM, and besides a few physical
parameterization changes, a number of notable bugs in the
NCEP-R1 analysis were also fixed.

The European Centre for Medium-range Weather Fore-
casts (ECMWF) reanalysis (called ERA-40) addressed
some of the shortcomings of the earlier reanalysis, but
many of the problems tied to observing system changes
and model deficiencies remain. Substantial problems
were again revealed in the ERA-40. ERA-Interim (called
ERA-I) is the latest global atmospheric reanalysis pro-
duced by the ECMWF. ERA-I was intended to cover
the period from 1989 to the present to provide a bridge
between ECMWF’s previous reanalysis ERA-40 (Uppala
et al., 2005) and forthcoming next-generation reanalysis.
Recently, ERA-I has been extended to cover the satellite
period from 1979 to the present. A key objective was
to address several difficult data assimilation problems
encountered in ERA-40, mostly related to the use of
satellite data, resulting in an improved representation
of the hydrological cycle, a more realistic stratospheric
circulation, and better temporal consistency on a range of
time-scales (Dee et al., 2011).

The Modern Era Retrospective-Analysis for Research
and Applications (MERRA) was stimulated by the recog-
nition that various aspects of the hydrologic cycle repre-
sented in previous generations of reanalysis were not ade-
quate for climate and weather studies (Bosilovich et al.,
2011). MERRA proposed to improve upon the water cycle
as a contribution to the science community and to reanaly-
sis research. Additionally, the other objective of MERRA
is to provide a climate context for the NASA satellite
observing system. A new reanalysis of the atmosphere,
ocean, sea ice and land has been produced by NCEP under
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a project referred to CFSR. It is worth noting that the anal-
ysis system used in CFSR for the atmosphere, the GSI
scheme, is nearly the same as the one used by MERRA
at the NASA GSFC. Obviously, the near-parallel develop-
ment and execution of the reanalysis (CFSR and MERRA)
can provide value-added results. Table 1 provides further
details about these global reanalysis relevant to the study
(details available online at http://rda.ucar.edu/).

In addition, the monthly temperature and rainfall data
were provided by the China Meteorological Administra-
tion from 160 stations for the period of 1951–2012. The
stations are well distributed across China including the
Tibetan plateau, but it must be declared that the mete-
orological stations are sparse and insufficient in western
China.

2.2. Computation of reanalysis evaporation

For evaporation fields, there are directly outputs for ERA-I,
ERA-40 and MERRA, but not for NCEP-R1, NCEP-R2
and CFSR. However, these fields can be transformed from
latent heat flux, which is given in energy flux form (Lorenz
and Kunstmann, 2012). The turbulent flux of heat from
the Earth’s surface to the atmosphere that is associated
with evaporation or condensation of water vapour at the
surface. Evaporation is the process of a liquid becoming
vaporized, energy will be absorbed during evaporation.
The lower the rates of evaporation of water to the air, the
lesser the latent heat flux to the air. Because latent heat
flux is proportional to RE, thus we calculate the RE field
for NCEP-R1, NCEP-R2 and CFSR using the latent heat
flux (Jacobson, 2007; Lorenz and Kunstmann, 2012). The
relation between latent heat flux 𝜆E (unit: W m−2) and
surface evaporation E (unit: mm day−1) can be written as

E = 𝜆E
Le

, (1)

Le ≈ 2.501 × 106 − 2370Tc, (2)

here Tc is the near-surface temperature in degrees Celsius
(∘C). The data such as latent heat flux, land surface tem-
perature, are all at daily time scale in NCEP-R1, NCEP-R2
and CFSR. All global latent heat flux data are estimated
using a bulk formula; latent heat flux 𝜆E in reanalysis is
a product of the wind speed, surface temperature and spe-
cific humidity (Kubota et al., 2003; Trenberth et al., 2011).

2.3. Methodology

For easy comparison and for computation purposes, all
reanalysis data are interpolated onto a same 2.5∘ × 2.5∘
grid by using a bilinear interpolation technique. From these
fields, area-weighted averages were computed over differ-
ent regions. In order to depict low-frequency variations
of RE on decadal time scales, a Gaussian Low-pass fil-
ter (10-year) was applied to suppress high-frequency vari-
ations in the original series (Thomas, 2000). The Gaus-
sian filter modifies the input signal by convolution with
a Gaussian function, and a low-pass filter has a smoothly

declining frequency response that remains low at frequen-
cies higher than specified threshold frequency. Moreover,
linear trends of annual mean values are also computed
to quantify long-term changes in RE (Shi et al., 2003).
Although the focus is on these variations, annual mean val-
ues are displayed for selected datasets as an indicator of
interannual variability.

Evaporation is a complex dynamic process affected
by many environmental factors. Partial correlation can
measure the degree of association between two random
variables, with the effect of a set of controlling random
variables removed. Therefore, partial correlation analysis
was used to analyse the level of agreement of RE with
rainfall and surface temperature. A variety of different
reanalysis are used in this study, annual mean RE values
are distinct and the results will vary in different years.
We used the coefficient of variation (CV) to measure the
substantial uncertainties in reanalysis. CV is a normalized
measure of dispersion of a probability distribution or
frequency distribution (Jacobs et al., 2010). The standard
deviation and the mean are denoted respectively by S and
M, which CV can be written as

CV = S
M

× 100%. (3)

To reveal the coherent pattern of the change in RE,
both conventional empirical orthogonal function (EOF)
analysis and rotated empirical orthogonal function (REOF)
analysis are used in this study. The essence of EOF analysis
is to identify and extract the spatiotemporal modes that are
ordered in terms of their representations of data variance
(Shi, 2009). On the other hand, it is noted that the objective
of REOF is to minimize the mode complexity by making
the large loadings larger and the small loadings smaller.
The synthetic experiments indicate that REOF analysis is
overwhelmingly a better choice in terms of accuracy and
effectiveness, especially for picking up localized patterns
(Lian and Chen, 2012).

3. Results

3.1. Time evolution of reanalysis evaporation in China

To investigate the temporal characteristics of RE in China,
Figure 1 illustrates the interannual and interdecadal varia-
tions of RE obtained from different reanalysis. For China
as a whole, RE decreased from 1948 to 1980 accord-
ing to NCEP-R1 and ERA-40. However, the interannual
variations of these two datasets disagree in some years.
Most of reanalysis show a roughly similar behaviour
after 1979. Overall, RE has a sharp decrease at about
1982, after that there is a steady increased from 1985 to
2004, with RE remaining high in the early 21st century
and then rapidly decrease after 2004. Nevertheless, the
increase over this period varies significantly among dif-
ferent reanalysis. NCEP-R1 and CFSR reveals large dif-
ferences in terms of interdecadal variations; NCEP-R1 RE
shows a slight decrease for the1979–2012 period. Notably,
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Table 1. Reanalysis products used in the study, with the horizontal resolution, the starting and ending dates, the assimilation method,
the approximate vintage of the products and the current status.

Reanalysis Horizontal resolution Period Assimilation method Vintage Status

NCEP-R1 T62 1948–2012 3D VAR 1995 Ongoing
NCEP-R2 T62 1979–2012 3D VAR 2001 Ongoing
ERA-40 T159 1958–2002 3D VAR 2004 Completed
ERA-I T255 1979–2012 4D VAR 2009 Ongoing
MERRA 2/3∘ × 1/2∘ 1979–2012 3D VAR 2009 Ongoing
CFSR T382 1979–2010 3D VAR 2009 Ongoing

pan evaporation increased during the period 1986–2006
according to Cong et al. (2009), which is consistent with
RE in NCEP-R2, ERA-I, ERA-40 and MERRA, while dif-
ferent on interannual timescales. Despite the general simi-
larity, differences exist among the various estimates, owing
in part to the changing amount of assimilated observational
data, and different data assimilation methods, and differ-
ent model equations and assumptions, results of reanalysis
models deviate significantly, even if they should be simi-
lar in principle (Lorenz and Kunstmann, 2012). There are
highly uncertainties lie in the estimates of RE because it
is seldom measured, and instead is estimated from bulk
flux formulas (Kubota et al., 2003; Trenberth et al., 2011).
Multi-reanalysis datasets are applied to avoid data depen-
dence of the results.

To analyse the agreement of interannual variability
between two datasets, time correlations were computed
for further analysis. The time correlation coefficients in
Figure 2 show that NCEP-R1 presents positive correla-
tion with other reanalysis, however, mostly are not signif-
icant. This may be due significant negative variation trend
in the NCEP-R1 RE during the period between 1990 and
2002. Similarly, CFSR also differ from the other reanaly-
sis, because the CFSR series show a distinctive interannual
and interdecadal change pattern. In contrast to NCEP-R1
and CFSR, NCEP-R2, ERA-I, ERA-40 and MERRA cor-
relate well with other reanalysis, we got positive correla-
tions of them. Of particular note NCEP-R2 and MERRA
are highly positive correlated with the other reanalysis.

3.2. Rotated EOF results of reanalysis evaporation in
NCEP-R1

To analyse the spatial-temporal variability of RE in China,
here we use EOF method to get the dominant RE patterns.
Only the NCEP-R1 is available going back to the 1940s,
according to NCEP-R1, the normalized annual mean RE
field in China is decomposed using the EOF method.
Then, all EOF components are sorted according to their
variances in a descending order. The first ten EOF modes
can explain about 81.5% of the variance, which is a good
representation of the total variance. According to the rule
given by North et al. (1982), all of the ten EOF modes are
statistically distinguishable from each other and the rest of
the eigenvectors. Taking into account that the contribution
to the variance from each additional mode is small beyond
mode 10, thereby rotating the first ten modes can remain
identical.

The REOF modes capture localized centres of vari-
ability that contribute to the larger-scale spatial patterns
of the unrotated modes. In the following section we
present and describe the first four leading REOF modes
in NCEP/NCAR. Our reasons for only using the first four
leading REOF modes in this analysis are based on both
theoretical and practical considerations. From a theoretical
point of view, the first four leading REOF modes account
for about 60% of the variance, thus they can represent the
major spatial variability of RE. From a practical point of
view, another purpose of this section is to subdivide China
into different regions according to the dominant mode of
the change in RE. However, results indicate that there
are no obvious regional characteristics in the rest REOF
modes. As described above, the analysis focuses on RE
changes in the first four leading REOF modes are reli-
ably and practical. Figure 3 depicts major typical spatial
structures of the first four REOF modes, respectively. The
first REOF mode (Figure 3(a)) reproduced the obviously
negative anomalies in Qinghai–Tibet Plateau and positive
anomalies in northwest, north and central regions of China.
However, this structure is almost contrary to the second
REOF mode (Figure 3(b)). Finally, the third (Figure 3(c))
and fourth (Figure 3(d)) REOF mode can reasonably repro-
duce the anomalous positive pattern in the Qinghai–Tibet
Plateau and northeast China, respectively.

According to the first four REOF modes of RE in NCEP/
NCAR, the coherent spatial pattern of RE over China
presented significant regional characteristics. The major
localized centres of variability are located in Northwest,
North China, Northeast, Qinghai–Tibet Plateau, Central
and Eastern regions and South China. From these results,
China can be roughly divided into six climatic regions. The
six regions are defined by latitude and longitude and named
NW (Northwest region), NC (North China), NE (North-
east Region), QT (Qinghai–Tibet Plateau), CE (Central
and Eastern regions) and SC (South China), respectively.
Interestingly, the six climatic regions are roughly con-
sistent with the moisture conditions in China (Wu et al.,
2006), since a clearly southeast–northwest gradient is
shown. China occupies a vast area and is characterized
by diverse soils, precipitation, vegetation, together with
the unique altitude. Moreover, the concept of water- and
energy-limited evaporation has long been used to under-
stand the role of evaporation in the water balance. The
location of the climatological annual-average energy- and
water-limited landscapes is given in McVicar et al. (2012).
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Figure 1. Normalized RE variability on interannual (a) and interdecadal (b) time scales over China obtained from NCEP-R1 (grey dash), NCEP-R2
(red solid), ERA-I (blue dash), ERA-40 (green dash), MERRA (magenta solid) and CFSR (olive dash) datasets.

Figure 2. Time correlation coefficients between annual mean RE fields in
China obtained from NCEP-R1, NCEP-R2, Interim, ERA-40, MERRA
and CFSR datasets. Red dots are at the 99% confidence level, blue dots

are significant at the 95% confidence level.

In general, CE and SC belong to energy-limited land-
scapes, while the rest of China belongs to water-limited
landscapes.

The climatological estimates of RE computed by averag-
ing all six reanalysis are also shown in Figure 4. From the
spatial dimension, RE gradually decreases from southeast
coastal to northwest inland regions of China, indicating
that the spatial distribution of RE is similar to precipitation.
Moreover, RE also decreases with the increase of altitude,
as well as differences in meridional direction, which is con-
sistent with the distribution of energy. The spatial distribu-
tion of pan evaporation (Zuo et al., 2005), reference evap-
otranspiration (Chen et al., 2005), and RE (Figure 4) in
China showed significant regional differences. Pan evap-
oration displayed a consistent regional pattern with refer-
ence evapotranspiration, gradually increased from south-
east coastal to northwest inland regions of China, which
is just the opposite to RE. Moreover, pan evaporation is
higher than RE in most parts of China, especially in the
arid region. This provides direct evidence that actual evap-
oration is limited by the supply of water (rainfall) in a dry
environment; result in actual evaporation cannot reach the
values of pen evaporation (Matsoukas et al., 2011). Con-
versely, in a wet environment, such as CE and SC, pan

evaporation, reference evapotranspiration and RE show a
quite similar distribution. In fact, actual evaporation in
these regions will be greatly influenced by energy supply
(Zhang et al., 2012).

3.3. Interdecadal variations of regional reanalysis
evaporation

To see whether there are spatial differences in the change
of RE within China, we explored the interdecadal varia-
tions of RE for China’s six climatic regions (Figure 5).
Overall RE decreased gradually from 1970s to about 1985
and subsequently increased rapidly in NW (Figure 5(a)).
NCEP-R2, MERRA and ERA-40 are in general agree-
ment with each other, while NCEP-R1 and CFSR present
different change characteristics. Interdecadal variation of
RE in NCEP-R2, MERRA and ERA-40 agree well with
pan evaporation in Shen et al. (2010). In contrast to NW,
most of the six reanalysis decreased significantly during
the period of 1985–2004 in NE, but the decrease over this
period varies significantly among datasets (Figure 5(b)).
Similarity, RE also showed a decreasing trend in NC
(Figure 5(c)). The six reanalysis except for NCEP-R1
RE increased from 1985 to 2002 in QT (Figure 5(d)),
nonetheless, the magnitudes of six different reanalysis also
vary significantly and uncertainties are high. All reanaly-
sis show a roughly similar behaviour in CE and SC, RE
decreased from 1948 to early 1980s, then increased and
peaked in about 2005. Evaporation process involves many
physical factors, and many material fluxes on the earth
surface would have an impact on it. The topography, veg-
etation and climate conditions are diverse in China. Cli-
mate and environmental forcing variables control energy
and energy partitioning, therefore the change of the RE
showed distinct regional characteristics. The interdecadal
variations of RE vary significantly in different regions of
China may be mainly due to the above factors.

The long-term annual mean RE obtained from differ-
ent reanalysis are presented in Table 2. The NCEP-R1
gives value of China RE is 2.09 mm day–1, significantly
higher than the values of other reanalysis. Liu et al.
(2011) and Cong et al. (2009) reported that annual pan
evaporation over China is 4.2–4.9 mm day–1, however,
RE is much smaller, only about half of pan evaporation.
NCEP-R2 is slightly higher than NCEP-R1 in CE and
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Figure 3. The first four REOF modes of the normalized annual mean RE fields in China calculated from the NCEP-R1 dataset for the period of
1948–2012. (a) REOF1 21.3%, (b) REOF2 22.3%, (c) REOF3 9.6% and (d) REOF4 6.6%. High values are shaded and the numbers on top of the

panels show the explained variance of each mode.
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Figure 4. Six climatic regions in China and the climatological estimates
of RE computed by averaging all six reanalysis (unit: mm day–1) with the
annual area-averaged air temperature (T, ∘C) and rainfall (R, mm day–1)

for each climatic region.

SC, as the NCEP-R2 values are 2.90 and 4.10 mm day–1,
respectively. Moreover, comparisons of these datasets
reveal large discrepancies in NW, mean amounts in
NCEP-R1 and ERA-40 differ by about 50%. In con-
trast, the datasets intercomparison highlights qualitative
agreement among the reanalysis in NC and CE. Among
the caveats is that many of the analysed datasets, and
especially the satellite-based ones, share common data
sources, although data are often diversely processed
and combined. Other datasets instead use reanalysis for
their derivation, and hence are not purely observational
(Mariotti, 2010). Inevitably, the lack of ground-based
measurements result in the uncertainties in these estimates
is not well determined.

The CV can be used to compare distribution of RE val-
ues obtained from different reanalysis. Figure 6 shows the
annual CVs of each climatic region and China. The mag-
nitude of CV in different climatic region varied from about
15–30%. On average, CVs for China roughly remained
stable from 1979 to 2012, at the rate of about 20%. CVs
for NW are highest with about 30% during the period of
1979–2012. In contrast, CVs for NC and CE are relatively
small, but there is a general tendency of CV to increase
from 1996 for NC. Similarity, CV for NE in 1990s is about
22%, and subsequently increase leading up to the current
period. Moreover, CVs for SC are quite stable and have
no significant trends from 1980 to 2001, but show a steep
decrease from early 21st century. Considering that annual
mean value is an important indicator for selected datasets,
it should be noted that RE values vary significantly in
NW and NE, the quality of reanalysis dataset needs to be
improved in these domains.

3.4. Linear trends of annual mean reanalysis
evaporation

Since the early 20th century, the global air and sea sur-
face temperature has increased about 0.8∘C, with about
two-thirds of the increase occurring since 1980 (National
Research Council, 2011). On the other hand, only the
NCEP-R1 and ERA-40 datasets are available going back
to the 1950s. Therefore, linear trends of annual mean RE
during the period 1979–2012 are computed in order to
quantify long-term changes of annual mean RE (Table 3).
The positive and negative values of climate tendency rate
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Figure 5. As in Figure 1(b), but for (a) NW, (b) NE, (c) NC, (d) QT, (e) CE and (f) SC region, respectively.

indicate increasing and decreasing trends, respectively.
Except for NCEP-R1 and MERRA, the other reanalysis
unanimously show an increase in RE for China. However,
the increase over this period varies significantly among
reanalysis, with ERA-40 giving the highest increase and
CFSR the lowest. Linear trends of annual mean RE for
NW obtained from different reanalysis are inconsistently,
MERRA increased significantly at the rate of about 1.483
mm a–2, while ERA-I and CFSR have decrease trend of
−0.284 and −0.379 mm a–2, respectively. Comparison of
linear trends in NE reveals larger differences among the
reanalysis, ERA-40 and ERA-I increased significantly at
the 95% confidence level, and the other reanalysis decrease
significantly instead. In addition, this situation is similar
in QT. ERA-40 also showed increase trend in NC, which
is different with the other reanalysis. Various estimates of
linear trends are statistically consistent in SC, and rates of
increase in SC are in the range of 0.037–2.232 mm a–2,
most of them are significant at the 99% confidence level.
Similarity, the increase rates of RE in CE are in the range
of 0.397–1.477 mm a–2, and lots of these trends are sig-
nificant. Analysis of the shorter but more consistent time

Table 2. Long-term annual mean RE obtained from different
reanalysis for each climatic region and China.

Reanalysis RE (mm day–1)

CHN NW NE NC QT CE SC

NCEP-R1 2.09 0.89 2.48 1.51 1.78 2.86 3.98
NCEP-R2 1.97 0.76 2.21 1.42 1.46 2.90 4.10
ERA-40 1.33 0.45 1.40 1.14 1.12 1.96 2.29
ERA-I 1.38 0.52 1.46 1.15 1.11 2.01 2.44
MERRA 1.60 0.49 1.57 1.10 1.43 2.35 3.25
CFSR 1.49 0.54 1.69 1.05 1.01 2.21 3.17

series of RE in different reanalysis demonstrates a more
obvious increase in RE between 1982 and 2005.

RE that is separately area averaged over China gives
distinctive linear trends during the period 1979–2012
(Table 3). By subdividing China into six climatic regions,
we found that RE increased significantly in SC and CE
under global warming, but decreased in NE and NC
although the magnitude of decreasing trends is inconsis-
tently among the reanalysis. Moreover, there is a general
tendency of RE to increase in NW, although mostly RE
trends are not significant. In summary, it can be concluded
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Figure 6. Time series of the annual CVs of RE obtained from different
reanalysis for each climatic region and China.

that the quality of RE values in CE and SC is higher, while
even greater uncertainties lie in the estimates of RE in NW
and QT.

3.5. Analysis of the impact of global warming on
reanalysis evaporation

Water on the Earth’s surface will evaporate into the
atmosphere as energy is absorbed by liquid water. The
evaporation of water from soil is controlled mainly by the
available energy and the soil moisture conditions. Because
soil moisture is often difficult to obtain, annual mean
rainfall can be used as an indicator of soil moisture (Law-
rimore and Peterson, 2000). It is well-known that surface
temperature is the most widely used indicator of climatic
changes both on global and regional scales. In fact equilib-
rium evaporation is very insensitive to changes in surface
temperature while it is directly proportional to changes in
the surface radiation balance (Cohen et al., 2002). Over
the past 60 years, temperature of China showed a trend
of increase from late 1970s, while there is no significant
trend of rainfall (Figure 7). However, rainfall gives sim-
ilar pattern of change to the variation of RE during the
period of 1985–1998 (see Figure 1). As climate changes,
emphasis in this section is given to the influence of surface
temperature on the RE in different regions of China.

Table 4 summarizes linear trends of annual mean tem-
perature and rainfall for each climatic region and China. It

should be noted that the trends of temperature in these six
climatic regions are all significant at the 99% confidence
level. However, no statistically significant trend in rainfall
was observed for each climatic region. Rainfall increases
in NW, QT and CE at the rate of 0.733, 1.568, 0.353 mm
a–2, respectively, but slightly decreases in NE, NC and
SC, especially for SC the linear trend reaches −1.048
mm a–2. The concurrent occurrences of RE increases and
temperature increases were found in SC and CE, while
the concurrent occurrences of RE decreases and rainfall
decreases were found in NE and NC.

To identify the dominant variables associated with RE
changes, partial correlation method was applied. Because
RE will be influenced by temperature and rainfall at the
same time, therefore we use partial correlation coeffi-
cient to quantify the correlation between RE and temper-
ature when conditioning on rainfall (Table 5). Except for
NCEP-R1, the other RE showed positive correlation with
temperature for China. Partial correlation coefficients of
NCEP-R2 and ERA-I are all significant at the 99% confi-
dence level. Similarity, temperature and RE have a strongly
positive correlation for CE and SC, and most of partial
correlation coefficients are significant at the 99% confi-
dence level. However, for the other regions of China, the
partial correlations exhibit a wider range among the reanal-
ysis. Furthermore, the low spatial density of meteorolog-
ical data in western China makes it challenging to sepa-
rate local changes from regional or even continental-scale
changes. Meanwhile, interannual variability of RE varies
significantly among the six reanalysis for these regions.
Therefore it is difficult to determine the exact relationship
between RE and temperature.

Partial correlation coefficients between RE and rainfall
were given in Table 6. RE showed positive correlation
with rainfall over most regions of China, for example,
partial correlation coefficients are mostly significant at the
99% confidence level for NW and NC. Similarity, this
relationship is also consistent for CE, but only NCEP-R1,
ERA-40 and CFSR RE showed significant correlation with
rainfall at the 95% confidence. It can also be noticed
that RE may be less sensitive to rainfall for SC, as the
partial correlation coefficients vary from −0.495 to 0.470.
There are considerable differences in the annual means and
trends in RE derived from the six reanalysis, however, the
relationship between RE and rainfall are consistent in NW,

Table 3. Linear trends of annual mean RE for each climatic region and China during the period 1979–2012 obtained from different
reanalysis.

Reanalysis RE trend rate (mm a–2)

CHN NW NE NC QT CE SC

NCEP-R1 −0.481 0.214 −1.189 −0.726 −1.506 0.397 0.037
NCEP-R2 0.887 1.100 −1.039 −0.295 1.328 1.253 2.232
ERA-40 0.894 0.456 1.056 0.243 0.923 1.230 1.386
ERA-I 0.278 −0.284 0.661 −0.001 −0.169 1.335 1.055
MERRA −0.206 1.483 −4.380 −2.049 −0.148 1.101 1.091
CFSR 0.136 −0.379 −2.608 −1.474 0.543 1.477 1.997

Italics values are significant at the 99% confidence level; bold values are significant at the 95% confidence level.
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Figure 7. Normalized surface temperature (a) and rainfall (b) variability on interannual and interdecadal (grey solid lines) time scales over China.

Table 4. Linear trends of annual mean temperature (T) and rainfall (R) for each climatic region and China during the period
1979–2012.

Regions CHN NW NE NC QT CE SC

T (∘C a–1) 0.033 0.039 0.028 0.034 0.039 0.037 0.023
R (mm a–2) −0.015 0.733 −0.359 −0.422 1.568 0.353 −1.048

Italics values are significant at the 99% confidence level.

NC, NE and CE. Therefore, rainfall is an important factor
affecting the changing of RE, and it is plausible that the
relationships of RE and rainfall are strong and dependable,
especially in NW and NC.

As evidenced by partial correlation coefficients in
Table 5, how changes in surface temperature impact the
evaporative process in energy-limited and water-limited
landscapes is distinct. In the dry NW and NC regions,
rainfall is an important factor affecting the changing of RE,
while RE is less sensitive to the change of temperature.
However, on examining RE’s relationship with temper-
ature in SC and CE, it is observed that they all show a
concurrent increase in RE and an increase in temperature,
although there is a slightly decrease trend of rainfall in
SC. Increasing temperature might be the main contributor
to increasing RE in SC and CE. These results support
the view that the sensitivity of RE to global warming
largely depends on the environment, pan evaporation and
actual evaporation can be inversely related (Lawrimore
and Peterson, 2000).

Linear trends of annual mean RE and pan evapora-
tion differ significantly in some regions. Liu et al. (2011)
explored recent changes in pan evaporation dynamics in
China, found the observed pan evaporation increased in
most stations from 1992 to 2007. During these years, RE
decreased in NC and NE, while increased in SC, CE and
NW. It can be seen that change in RE and pan evapora-
tion are consist in humid regions, whereas differ in arid
regions. Change of annual RE in arid regions is projected
to follow a similar pattern as precipitation, and partial cor-
relation coefficients between RE and rainfall in NW, NC
and NE have evidenced this view directly. Evaporation is
driven essentially by meteorological variables, mediated
by vegetation and soil characteristics, and constrained by
the amount of available water. The relationship between
pan evaporation and actual evaporation might be comple-
mentary with water control and proportional with energy

control (Yang et al., 2006). Consequently, it can be seen
that actual evaporation would be restricted by the available
energy and the soil moisture conditions deeply.

The identification of RE trends in response to changing
climatic conditions could help to quantify the potential
impacts of climate change on actual evaporation. In fact
the reported changes in rainfall and RE are large enough
for the consequent changes in surface moisture balance to
be readily observed. Droughts are likely to become more
frequent and severe in some regions as higher air tempera-
tures increase the potential for evaporation. It is high time
to think in terms of expected change in water requirement
due to global warming while planning for development of
future water resources in the humid regions, such as SC
and CE. The present study provides a contemporary view
on future water requirement of this region in context of
global warming.

4. Conclusions and discussion

The focus of this paper is given to the response of RE to
global warming in China. With the motivation to reveal
whether a warming climate would lead to an intensified
hydrological cycle, the climatology, interannual variation
and long-term trend of RE derived from six sets of reanal-
ysis data are assessed. In a globally warming climate, there
are a number of climatic responses that are tightly coupled
to the temperature response. The temporal characteristics
of RE trends in different regions of China under global
warming are studied based on six different reanalysis. We
can get these conclusions:

1. By subdividing China into six climatic regions, we
found that RE increased significantly in CE and SC of
China from 1979 to 2012, various estimates of linear
trend are statistically consistent, and most of them are
significant at the 95% confidence level. Conversely, RE
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Table 5. Partial correlation coefficient between temperature and RE with the effect of rainfall removed.

Reanalysis Partial correlation coefficient

CHN NW NE NC QT CE SC

NCEP-R1 −0.286 −0.204 0.121 −0.307 −0.036 −0.091 0.029
NCEP-R2 0.515 0.277 −0.355 −0.006 0.667 0.552 0.515
ERA-40 0.237 0.198 0.394 0.196 0.357 0.296 0.199
ERA-I 0.544 −0.290 0.480 0.505 −0.225 0.796 0.504
MERRA 0.106 0.406 −0.145 −0.081 −0.084 0.496 0.609
CFSR 0.108 −0.265 −0.307 −0.302 0.362 0.473 0.662

Italics values are significant at the 99% confidence level; bold values are significant at the 95% confidence level.

Table 6. Partial correlation coefficient between rainfall and RE with the effect of temperature removed.

Reanalysis Partial correlation coefficient

CHN NW NE NC QT CE SC

NCEP-R1 0.335 0.124 0.382 0.440 −0.133 0.322 −0.184
NCEP-R2 0.021 0.379 −0.035 0.402 −0.140 0.256 0.175
ERA-40 0.414 0.499 0.348 0.641 −0.004 0.331 0.111
ERA-I 0.518 0.546 0.243 0.781 0.271 0.245 −0.219
MERRA 0.267 0.605 0.229 0.626 0.276 0.267 −0.495
CFSR 0.269 0.427 0.437 0.542 −0.065 0.434 0.470

Italics values are significant at the 99% confidence level; bold values are significant at the 95% confidence level.

decreased in NE and NC although the magnitudes of
decreasing trends are inconsistently among the reanal-
ysis. Moreover, there is a general tendency of RE to
increase in NW.

2. In the dry NW and NC regions, rainfall is an important
factor affecting the changing of RE, while RE is less
sensitive to the change of temperature. However, it
is observed that they all show a concurrent increase
in RE and an increase in temperature in SC and CE,
although there is a slightly decrease trend of rainfall in
SC. These results support the view that the sensitivity
of evaporation to global warming largely depends on
the environment.

3. In view of data availability, despite the general sim-
ilarity, differences exist among the various reanal-
ysis, especially NCEP-R1 and CFSR. The lack of
ground-based measurements result in the uncertainties
in these estimates is not well determined. In summary,
it can be concluded that the quality of RE values in CE
and SC is higher, while even greater uncertainties lie
in the estimates of RE in NW and QT.

4. Interdecadal variability of RE showed some similar
characteristics with pan evaporation in China, while
varied significantly on interannual timescales. More-
over, RE is much smaller, only about half of pan
evaporation. From the spatial dimension, RE gradually
decreases from southeast coastal to northwest inland
regions in China, which is just the opposite to pan evap-
oration. During the sub-period of 1992–2007, linear
trends of annual mean RE and pan evaporation are con-
sist in humid regions, whereas differ in arid regions.

The climate is dominated by diverse and changeable
natural processes over a wide range of time and space
scales. It should be noted that global warming could be

due to natural variability, anthropogenic effects or more
likely a combination of both. In addition, there are a
number of climatic responses that are tightly coupled to
the temperature response. Hence, although temperature or
rainfall plays a critical role in changing evaporation, other
parameters could influence or mediate their effect, not to
mention anthropogenic climate change has not been well
established.

Acknowledgements

The authors thank three anonymous reviewers and editors
for beneficial and helpful suggestions for this manuscript.
This research was jointly supported by the National Basic
Research Program of China (Grant No. 2013CB430204
and 2012CB955900), National Natural Science Foun-
dation of China (Grant Nos. 41375078 and 41175084)
and Special Scientific Research Fund of Meteorolog-
ical Public Welfare Profession of China (Grant Nos.
GYHY201106016).

References

Bosilovich MG, Robertson FR, Chen JY. 2011. Global energy and water
budgets in MERRA. J. Clim. 24: 5721–5739.

Chattopadhyay N, Hulme M. 1997. Evaporation and potential evapotran-
spiration in India under conditions of recent and future climate change.
Agric. For. Meteorol. 87: 55–73.

Chen DL, Gao G, Xu CY, Guo J, Ren GY. 2005. Comparison of
the Thornthwaite method and pan data with the standard Penman-
Monteith estimates of reference evapotranspiration in China. Clim.
Res. 28: 123–132.

Cohen S, Ianetz A, Stanhill G. 2002. Evaporative climate changes at Bet
Dagan, Israel, 1964–1998. Agric. For. Meteorol. 111: 83–91.

Cong ZT, Yang DW, Ni GH. 2009. Does evaporation paradox exist in
China? Hydrol. Earth Syst. Sci. 13: 357–366.

© 2014 Royal Meteorological Society Int. J. Climatol. (2014)

361



THE RESPONSE OF ACTUAL EVAPORATION TO GLOBAL WARMING IN CHINA

Dee DP, Uppala SM, Simmons AJ, Berrisford P, Poli P, Kobayashi S,
Andrae U, Balmaseda MA, Balsamo G, Bauer P, Bechtold P, Bel-
jaars ACM, van de Berg L, Bidlot J, Bormann N, Delsol C, Dragani R,
Fuentes M, Geer AJ, Haimberger L, Healy SB, Hersbach H, Holm EV,
Isaksen L, Kallberg P, Kohler M, Matricardi M, McNally AP, Monge-
Sanz BM, Morcrette JJ, Park BK, Peubey C, de Rosnay P, Tavolato C,
Thepaut JN, Vitart F. 2011. The ERA-Interim reanalysis: configura-
tion and performance of the data assimilation system. Q. J. R. Meteo-
rol. Soc. 137: 553–597.

Douville H, Ribes A, Decharme B, Alkama R, Sheffield J. 2013. Anthro-
pogenic influence on multidecadal changes in reconstructed global
evapotranspiration. Nat. Clim. Change 3: 59–62.

Goyal RK. 2004. Sensitivity of evapotranspiration to global warming: a
case study of arid zone of Rajasthan (India). Agric. Water Manag. 69:
1–11.

Huntington TJ. 2006. Evidence for intensification of the global water
cycle: review and synthesis. J. Hydrol. 319: 83–95.

IPCC. 2007. Climate Change 2007: The Physical Science Basis. Con-
tribution of Working Group I to the Fourth Assessment. Cambridge
University Press: New York, NY.

Jacobs AFG, Heusinkveld BG, Holtslag AAM. 2010. Eighty years of
meteorological observations at Wageningen, the Netherlands: precip-
itation and evapotranspiration. Int. J. Climatol. 30: 1315–1321.

Jacobson MZ. 2007. Fundamentals of Atmospheric Modeling. Cam-
bridge University Press: Cambridge, UK and New York, NY.

Jhajharia D, Shrivastava SK, Sarkar D, Sarkar S. 2009. Temporal char-
acteristics of pan evaporation trends under the humid conditions of
northeast India. Agric. For. Meteorol. 149: 763–770.

Kalnay E, Kanamitsu M, Kistler R, Collins W, Deaven D, Gandin L,
Iredell M, Saha S, White G, Woollen J. 1996. The NCEP/NCAR
40-year reanalysis project. Bull. Am. Meteorol. Soc. 77: 437–471.

Kanamitsu M, Ebisuzaki W, Woollen J, Yang SK, Hnilo JJ, Fiorino M,
Potter GL. 2002. NCEP–DOE AMIP-II Reanalysis (R-2). Bull. Am.
Meteorol. Soc. 83: 1631–1643.

Kinter JL III, Fennessy MJ, Krishnamurthy V, Marx L. 2004. An
evaluation of the apparent interdecadal shift in the tropical divergent
circulation in the NCEP-NCAR reanalysis. J. Clim. 17: 349–361.

Kirono DGC, Jones RN, Cleugh HA. 2009. Pan-evaporation measure-
ments and Morton-point potential evaporation estimates in Australia:
are their trends the same? Int. J. Climatol. 29: 711–718.

Kubota M, Kano A, Muramatsu H, Tomita H. 2003. Intercomparison of
various surface latent heat flux fields. J. Clim. 16: 670–678.

Lawrimore JH, Peterson TC. 2000. Pan evaporation trends in dry and
humid regions of the United States. J. Hydrometeorol. 1: 543–546.

Lian T, Chen DK. 2012. An evaluation of rotated EOF analysis
and its application to tropical Pacific SST variability. J. Clim. 25:
5361–5373.

Liu B, Xu M, Henderson M, Gong W. 2004. A spatial analysis of
pan evaporation trends in China, 1955–2000. J. Geophys. Res. 109:
D15102, doi: 10.1029/2004JD004511.

Liu X, Luo Y, Zhang D, Zhang M, Liu C. 2011. Recent changes in
pan-evaporation dynamics in China. Geophys. Res. Lett. 38: L13404.

Lorenz C, Kunstmann H. 2012. The hydrological cycle in three
state-of-the-art reanalysis: intercomparison and performance analysis.
J. Hydrometeorol. 13: 1397–1420.

Mariotti A. 2010. Recent changes in the Mediterranean water cycle: a
pathway toward long-term regional hydroclimatic change? J. Clim. 23:
1513–1525.

Matsoukas C, Benas N, Hatzianastassiou N, Pavlakis KG, Kanakidou
M, Vardavas I. 2011. Potential evaporation trends over land between
1983–2008: driven by radiative fluxes or vapour-pressure deficit?
Atmos. Chem. Phys. 11: 7601–7616.

McVicar TR, Roderick ML, Donohue RJ, Li LT, Van Niel TG, Thomas
A, Grieser J, Jhajharia D, Himri Y, Mahowald NM, Mescherskaya
AV, Kruger AC, Rehman S, Dinpashoh Y. 2012. Global review and
synthesis of trends in observed terrestrial near-surface wind speeds:
implications for evaporation. J. Hydrol. 416–417: 182–205.

National Research Council. 2011. America’s Climate Choices. The
National Academies Press: Washington, DC.

North GR, Bell TL, Cahalan RF, Moeng FJ. 1982. Sampling errors in
the estimation of empirical orthogonal functions. Mon. Weather Rev.
110: 699–706.

Pearlmutter D, Kruger EL, Berliner P. 2009. The role of evaporation in
the energy balance of an open-air scaled urban surface. Int. J. Climatol.
29: 911–920.

Roderick ML, Farquhar GD. 2002. The cause of decreased pan evapora-
tion over the past 50 years. Science 298: 1410–1411.

Shen Y, Liu C, Liu M, Zeng Y, Tian C. 2010. Change in pan evaporation
over the past 50 years in the arid region of China. Int. J. Climatol. 24:
225–231.

Shi N. 2009. Meteorological Statistical Forecast. China Meteorological
Press: Beijing.

Shi N, Huang X, Yang Y. 2003. Spatiotemporal features of the trend
variation of global land annual rainfall fields from 1948–2000. Chin.
J. Atmos. Sci. 27: 971–982.

Thomas A. 2000. Spatial and temporal characteristics of potential evap-
otranspiration trends over China. Int. J. Climatol. 20: 381–396.

Trenberth KE, Fasullo JT, Mackaro J. 2011. Atmospheric moisture
transports from ocean to land and global energy flows in reanalysis.
J. Clim. 24: 4907–4924.

Uppala SM, Kallberg PW, Simmmons AJ, Andrea U, da Costa BV,
Fiorino M, Gibson JK, Haseler J, Hernandez A, Kelly GA, Li X,
Onogi K, Saarinen S, Sokka N, Allan RP, Andersson E, Arpe K,
Balmaseda MA, Beljaars ACM, Van De Berg L, Bidlot J, Bormann N,
Caires S, Chevallier F, Dethof A, Dragosavac M, Fisher M, Fuentes M,
Hagemann S, Holm E, Hoskin BJ, Isaken L, Janssen PAEM, Jenne R,
McNally AP, Mahfouf JF, Morcrette JJ, Rayner NA, Saunders RW,
Simon P, Sterl A, Trenberth KE, Untch A, Vasiljevic D, Viterbo P,
Woollen J. 2005. The ERA-40 re-analysis. Q. J. R. Meteorol. Soc. 131:
2961–3012.

Wang Y, Jiang T, Bothe O, Fraedrich K. 2007. Changes of pan evap-
oration and reference evapotranspiration in the Yangtze River basin.
Theor. Appl. Climatol. 90: 13–23.

Wu S, Yin Y, Zheng D, Yang Q. 2006. Moisture conditions and climate
trends in China during the period 1971–2000. Int. J. Climatol. 26:
193–206.

Yang DW, Sun FB, Liu ZY, Cong ZT, Lei ZD. 2006. Interpreting the
complementary relationship in non-humid environments based on the
Budyko and Penman hypotheses. Geophys. Res. Lett. 33: L18402.

Zhang YQ, Leuning R, Chiew FHS, Wang EL, Zhang L, Liu CM, Sun
FB, Peel MC, Shen YJ, Jung M. 2012. Decadal trends in evapora-
tion from global energy and water balances. J. Hydrometeorol. 13:
379–391.

Zuo HC, Li DL, Hu YQ, Bao Y, Lu S. 2005. Characteristics of climatic
trends and correlation between pan-evaporation and environmental
factors in the last 40 years over China. Chin. Sci. Bull. 50: 1235–1241.

© 2014 Royal Meteorological Society Int. J. Climatol. (2014)

362



SCIENCE CHINA 
Earth Sciences 

© Science China Press and Springer-Verlag Berlin Heidelberg 2014  earth.scichina.com   link.springer.com 

                           
*Corresponding author (email: fenggl@cma.gov.cn) 

• RESEARCH  PAPER • February 2015  Vol.58  No.2: 255–269 

 doi: 10.1007/s11430-014-4947-8 

Spatial-temporal variation characteristics of global evaporation 
revealed by eight reanalyses 

SU Tao1 & FENG GuoLin1,2* 

1 College of Atmospheric Sciences, Lanzhou University, Lanzhou 730000, China; 
2 Laboratory for Climate Studies, National Climate Center, China Meteorological Administration, Beijing 100081, China 

Received December 17, 2013; accepted July 23, 2014; published online December 5, 2014 

 

On the basis of eight atmospheric reanalyses, we analyzed the spatial-temporal characteristics of global evaporation and also 
briefly evaluated the eight reanalyses. The results indicate that the long-term mean annual evaporation obtained from different 
reanalyses are consistent over most regions, with significant maritime-continental contrasts, as well as differences in meridio-
nal directions, and the land evaporation generally decreases with the increase of altitude. In addition, the temporal evolution of 
global evaporation varies significantly among the datasets, MERRA, ERA-Interim, NCEP-NCRA, and NCEP-DOE are very 
similar, whereas CFSR agrees best with ERA-40. Comparison of the inter-annual to inter-decadal variability of land evapora-
tion reveals large differences among the reanalyses, whereas MERRA, CFSR, and NCEP-DOE are exactly similar. The tem-
poral variation of evaporation over the oceans showed a relatively high consistency, which indicates that the quality of the re-
constructed evaporation values over the oceans is higher, and even greater uncertainties lie in the estimates of evaporation over 
the land. In general, MERRA and NCEP-DOE may appropriately reflect the spatial-temporal characteristics of global evapora-
tion, showing strong representativeness. The CFSR and ERA-40 are capable of revealing the characteristics of land evapora-
tion, whereas ERA-Interim, NCEP-NCAR, OAFlux, and HOAPS are relatively applicable for research focused on the evapo-
ration over the oceans. According to ERA-40, NCEP-NCAR, and OAFlux, global evaporation significantly decreased for the 
period of 1958–1978. In contrast, most of the eight reanalyses show a significant linear increase for the period of 1979–2011, 
and evaporation over the oceans was even more pronounced. Furthermore, the results are presented for the mean annual cycle 
of global evaporation, the changes at the low latitudes in the Northern Hemisphere are most distinct, and the monthly variation 
amplitude of the land evaporation was higher than that of the evaporation over the oceans.  
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The proportion of water vapor in the atmosphere is very 
small, but its activities seriously affect the water ecological 
environment on the Earth’s surface and the survival of hu-
man beings (Zhang et al., 2010). Water in the atmosphere 
originates mainly from the free evaporation of the water 
surface and soil evaporation, as well as plant evapotranspi-
ration (Liu et al., 2011). Landscapes depend greatly on the 

peculiarities of water cycle distribution on the land surface, 
where evaporation is one of the main links of the water cy-
cle, together with precipitation and runoff (Guo et al., 2005), 
which is an important process in determining the weather and 
climate of various areas (Wang et al., 2005; Wang et al., 
2010). At the same time, climate change will also affect 
evaporation, because, as the temperature increases, so does 
the process of evaporation. The moisture holding capacity 
of the atmosphere increases with the temperature, resulting 
in an increase in the evaporation of land surface and water 
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(IPCC, 2001). In addition, water vapor is the dominant 
greenhouse gas, providing a positive feedback mechanism 
with the temperature variation, as water vapor increase 
would intensify the greenhouse effect, thereby causing an 
increase in the temperature along with the water-holding 
capacity, which is compensated by evaporation to close the 
water budget (Huang et al., 2010). In fact, the precipitation 
in China originates from the evaporation from around the 
world, and the water vapor transport of the Indian Ocean, 
South China Sea, northwestern area of the Western Pacific, 
cross equatorial flow, and westerly belt of the Northern 
Hemisphere would have a certain impact on the precipita-
tion in China (Zhang et al., 2003; Lian et al., 2003; Fan et 
al., 2006). Apparently, evaporation plays a crucial role in 
the Earth’s climate and environment, and thus it is im-
portant to study the variation of global evaporation.  

At present there are many methods for estimating evapo-
ration from landscapes, regions and larger geographic ex-
tents, among which the most direct method is the instru-
ment-measurement method. Much progress has been made 
in gaining insight into local-scale evaporation processes 
through accurate point measurements such as evaporating 
pan and terrestrial evaporator. Although evaporation values 
are seldom measured over most regions, they are estimated 
from empirical formulas, such as the Penman formula 
(Penman, 1948) and Kuzmin formula (Kuzmin, 1957). 
However, because the different underlying surface condi-
tions and water vapor content have large differences, evap-
oration estimates are significantly influenced by the spa-
tial-temporal conditions of meteorological data, and thus a 
large number of derived formulas applicable to different 
regions have been presented (Monteith, 1981; Shen et al., 
2008; Summer et al., 2005). In addition, assuming that the 
perceptible water would remain approximately constant in a 
certain time scale, the evaporation could be estimated ac-
cording to the water balance equation (Yi et al., 1996; 
Zhang et al., 2007). Each of the above methods has its re-
spective advantages, but there are uncertainties and limita-
tions associated with these estimation methods, such as the 
instrument-measurement method’s susceptibility to the re-
strictions of the observational environment and measure-
ment instruments, and the global evaporation observing 
system does not exist. However, the variations of the actual 
evaporation and pan evaporation are inconsistent, as the pan 
evaporation has a relationship with the land evaporation, but 
differ significantly in some aspects (Guo et al., 2005). In 
some areas, the time variations of them even present a nega-
tive correlation (Xie et al., 2009). When empirical methods 
such as the Penman formula are used, it is necessary to con-
sider the physical conditions of various areas, and thus it is 
difficult to use this formula for research focusing on global 
evaporation. Although the estimation of evaporation 
through the water balance equation ensures the moisture 
conservation and follows the laws of physics, the uncertain-
ties of the evaporation estimations are quite large (Zhang et 

al., 2007). Because of the limitations presented above, most 
studies regarding global evaporation deal with only some 
specific aspects. There are many regional or basin-scale 
synthesized analyses of evaporation (Zuo et al., 2005). Rel-
atively few studies have attempted to provide a synthesized, 
quantitative view of the spatial-temporal variation charac-
teristics of global evaporation. 

Regional hydrometeorological and hydroclimatological 
applications require long-term, consistent datasets for anal-
ysis, particularly those with the capability to provide a reli-
able estimate of the annual mean global energy and water 
cycles. Retrospective analyses (reanalyses) are often used 
for these purposes. Numerical reanalyses have been useful 
to making historical record more homogeneous and accessi-
ble for many applications (Zhao et al., 2010). Reanalyses 
fields provide a unique opportunity to examine the water 
cycle at the high spatial-temporal scales, and thus have been 
widely used in weather and climate studies. However, be-
cause of the changing amount of assimilated observational 
data, different data assimilation methods, and different 
model equations and assumptions, the results of reanalyses 
models deviate significantly, even if they should be similar 
in principle. The lack of ground-based measurements of 
evaporation has meant that problems with reanalyses evap-
oration estimates are still unknown. For comparison, eight 
different global atmospheric reanalyses are used to analyze 
the spatial-temporal distribution of global evaporation. The 
reanalyses are evaluated by comparing quantities with each 
other. Differences in the total amount, spatial variability, 
and distribution of evaporation are analyzed in order to es-
timate the uncertainties incorporated in these datasets. The 
differences of global fields must be considered as uncer-
tainty ranges, which can be expected when using such da-
tasets for validation purposes. This not only provides a use-
ful commentary on the quality and usability of the reanal-
yses, but also affords valuable information to improve the 
quality of the reanalyses.  

1  Data and methods 

1.1  Reanalyses data 

From the 1990s metaphase, atmospheric reanalyses have 
been produced by the major meteorological centers (NCEP 
(NOAA), ECMWF, JMA, and NASA) (Zhao et al., 2010; 
Zhu et al. 2012). Several new reanalyses have recently be-
come available, and those currently ongoing are given in 
Table 1. The first-generation atmospheric reanalyses in the 
mid- to late 1990s at NCEP (National Centers for Environ-
mental Prediction), called NCEP-NCAR (National Center 
for Atmospheric Research) and referred to as NCEP-R1, 
had the substantial problems that limit their use, particularly 
for global climate change and variability studies. A second 
limited version of the NCEP reanalyses (called NCEP-DOE 
or NCEP-R2) was run to address some problems but is still  
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Table 1  Summary of the eight reanalyses 

Reanalysis Data range 
Horizontal 
resolution 

Period Output times 

MERRA Global 2/3°×1/2° 1979–2011 1 h, daily, month 

CFSR Global 2.5°×2.5° 1979–2010 1 h, 6 h, month 

Interim Global 1.5°×1.5° 1979–2011 6 h, month 

ERA-40 Global 2.5°×2.5° 1958–2002 6 h, month 

NCEP-R1 Global T62 1948–2011 6 h, daily 

NCEP-R2 Global T62 1979–2011 6 h, daily 

OAFlux Ocean 1.0°×1.0° 1958–2011 month 

HOAPS Ocean 0.5°×0.5° 1987–2005 month 

 
the first-generation reanalyses. The NCEP-R1 used the 
NCEP global spectral model (GSM), or medium-range 
forecast (MRF) model, which is used for making the four 
times daily global data assimilation system (GDAS) analy-
sis and for making the MRF predictions. The data assimila-
tion and the model used are identical to the global system 
implemented operationally at the NCEP. The database has 
been enhanced with many sources of observations unavaila-
ble in real time for operations, provided by different coun-
tries and organizations, which included the Global rawin-
sonde data, COADS surface marine data, aircraft data, sur-
face land synoptic data, satellite sounder data, SSM/I sur-
face wind data, and satellite cloud drift winds. The NCEP- 
R2 used an updated version of the original GSM, and be-
sides a few physical parameterization changes, a number of 
notable bugs in the NCEP-R1 analysis were also fixed. The 
NCEP-R1 and NCEP-R2 reanalyses of precipitation and 
evaporation are likely to be more different since these quan-
tities depend more heavily upon the intrinsic model param-
eterizations (Roads, 2003; Trenberth et al., 2011). 

The European Centre for Medium-range Weather Fore-
casts (ECMWF) reanalyses (ERA-40) covers the period 
from September 1957 to August 2002. The ERA-40 analy-
sis also uses the 3D-Var variational method, where a cost 
function is minimized in relation to observations and back-
ground model field. The spreading of observations in the 
horizontal and the vertical is controlled by horizontal and 
vertical correlation of the background errors. Most satellite 
observations are used by computing radiances from the 
model fields and by comparing them with the satellite radi-
ances. The analysis system uses a wide range of other ob-
servations, from conventional radiosonde and synoptic 
(SYNOP) observations, to ocean winds from satellite scat-
terometry. ERA-Interim (Interim) is the latest global at-
mospheric reanalyses produced by the ECMWF. Interim 
was intended to cover the period from 1989 to the present to 
provide a bridge between ECMWF’s previous reanalyses 
ERA-40 (Uppala et al. 2005) and forthcoming next-genera- 
tion reanalyses. Recently, Interim was extended to cover the 
years between 1979 and 1989 as well. Interim is produced 
with the ECMWF IFS, which incorporates a forecast model 
with three fully coupled components for the atmosphere, 
land surface, and ocean waves. Interim incorporates many 

important model improvements such as resolution and 
physics changes, the use of four-dimensional variational 
(4D-Var) data assimilation, and various other changes in the 
analysis methodology. A key objective was to address sev-
eral difficult data assimilation problems encountered in 
ERA-40, mostly related to the use of satellite data, resulting 
in an improved representation of the hydrological cycle, a 
more realistic stratospheric circulation, and better temporal 
consistency on a range of time-scales (Dee et al., 2011). 

The Modern Era Retrospective-Analysis for Research 
and Applications (MERRA) has recently been produced by 
the National Aeronautics and Space Administration’s 
(NASA) Global Modeling and Assimilation Office 
(GMAO). The objectives of MERRA are to provide a cli-
mate context for the NASA satellite observing system and 
to improve the representation of the water cycle in reanal-
yses. MERRA was made using the data assimilation system 
component of the Goddard Earth Observing System and 
covers the modern satellite era from 1979 to the present. 
The assimilation system utilizes the GEOS model, version 5 
(GEOS-5), a finite-volume atmospheric general circulation 
model (AGCM) that is used for routine numerical weather 
prediction. MERRA uses a 3D-Var analysis algorithm based 
on the Grid point Statistical Interpolation scheme with a 6-h 
update cycle. The GSI originally developed at NCEP and 
now jointly developed by NCEP and the GMAO includes a 
number of advancements over the previously used 3D-Var 
algorithms. MERRA was run in three separate data streams, 
each of which was initialized with spun up states from a 
long climate model simulation, then two years of coarse- 
resolution data assimilation followed by at least four years 
of data assimilation for the last two data streams (Rienecker 
et al., 2011; Bosilovich et al., 2011). Furthermore, the anal-
ysis system used in CFSR (Climate Forecast System rea-
nalyses) for the atmosphere, the Gridpoint Statistical Inter-
polation (GSI) scheme, is nearly the same as the one used 
by MERRA at NASA GSFC, and GEOS-5 uses an incre-
mental analysis update (IAU) procedure in which the analy-
sis correction is applied to the forecast model gradually. The 
CFSR dataset succeeds the widely used NCEP–NCAR rea-
nalyses. The novelties of these reanalyses are the coupling 
to the ocean during the generation of the 6-h guess field, an 
interactive sea ice model, and the assimilation of satellite 
radiances for the entire period (Saha et al., 2010). CFSv2 
(Climate Forecast System version 2) was the extended 
product of the CFSR data (Yuan et al., 2013).  

The Objectively Analyzed Air-sea Heat Fluxes (OAFlux) 
project products are constructed not from a single data 
source, but from an optimal blending of satellite retrievals 
and three atmospheric reanalyses (NCEP-R1, NCEP-R2, 
and ERA-40). Daily fluxes are computed from the optimally 
estimated variables using the COARE bulk flux algorithm 
3.0. Subsequent evaluation revealed good agreement with in 
situ buoy data (Trenberth et al., 2011). The HOAPS (Ham-
burg Ocean Atmosphere Parameters and Fluxes from Satel-
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lite Data), based on SSM/I data, provides turbulent fluxes, 
and the latest HOAPS-3 update covers the period from 1987. 
Daily and monthly products of latent heat fluxes at 1° reso-
lution provided by the GSSTF data have been updated in 
2010 (Andersson et al., 2011). 

Reanalyses combine model fields with observations dis-
tributed irregularly in space and time into a spatially com-
plete gridded meteorological dataset, with an unchanging 
model and analysis system spanning the historical data rec-
ord (Xu et al., 2001). These reanalyses can be used to ana-
lyze the global climate system, atmosphere, and land sur-
face processes on large to continental scales and to under-
stand exchange processes between these different regimes. 
However, the beginning times of the eight reanalyses were 
inconsistent and the spatial distribution was not uniform 
(Table 1), which would cause a certain impact on the conti-
nuity of the reanalyses in time and space. For example, 
some reanalyses cover the satellite period from 1979 to the 
present, while ERA-40 covers the period of 1957–2002. 
Furthermore, the assimilation of humidity information in 
ERA-40 led to excessive rainfall over tropical oceans and a 
generally poor representation of the global transport of 
moisture in the atmosphere (Hagemann et al., 2005). In or-
der to obtain accurate results, it is necessary to validate the 
eight different reanalyses. Therefore, we analyzed the simi-
larities and differences of the spatial-temporal variation of 
evaporation obtained from the eight reanalyses, and dis-
cussed their applicability at different regional scales in dif-
ferent time scales. 

1.2  Computation of evaporation 

Note that MERRA, Interim, and ERA-40 also provide the 
sublimation fields. However, NCEP-R1, NCEP-R2, and 
CFSR did not provide the evaporation fields. Therefore, 
these fields can be computed from latent heat flux, which is 
given in energy flux form. Evaporation is the process of a 
liquid becoming vaporized, as the phase change of water 
vapor needs to absorb energy, which is namely the latent 
heat of evaporation Le (J kg−1), and will change with the 
temperature (Jacobson et al., 2007). The latent heat flux E 
(W m−2) that could be transformed into units of mm was 
performed via (Jacobson et al., 2007; Lorenz et al., 2012):  

 
e

E
E

L


 . (1) 

On the other hand, the evaporation generated by the sub-
limation of water in solid forms such as ice and snow 
should be considered at the same time, and eq. (1) can be 
further written as   

 
e s

E S
E

L L

 
  , (2) 

where S is the sublimation (W m−2), and Ls indicates the 

latent heat of sublimation (J kg−1). The data such as latent 
heat flux and sublimation, as well as land surface tempera-
ture and SST, are all at daily time scale in NCEP-R1, 
NCEP-R2, and CFSR, and the daily mean evaporation cor-
responding to the above datasets was calculated according 
to eq. (2).  

1.3  Methodology 

For the validation of the reanalyses evaporation estimates, 
all fields were remapped to the resolution of the ERA-40 
dataset (2.5°×2.5°) using the bilinear interpolation method. 
The bilinear interpolation is an extension of linear interpo-
lation for interpolating functions of two variables (e.g., x 
and y) on a regular 2D grid. The key idea is to perform line-
ar interpolation first in one direction, and then again in the 
other direction. Although each step is linear in the sampled 
values and in the position, the interpolation as a whole is not 
linear but rather quadratic in the sample location. In com-
puter vision and image processing, bilinear interpolation is 
one of the basic resampling techniques, and the interpola-
tion result is able to maintain the continuity of the original 
field effectively. In order to compare the differences among 
the evaporation values among the datasets, the mean abso-
lute difference MAD and deviation MD were calculated, 
which are defined as (Zhu et al., 2012):  

 MAD
n

i i
i=1

= x y n
 

 
 
 , (3) 

 MD
n

i i
i=1

= x y n
 

 
 
 , (4) 

where x and y are the evaporation values of the different 
reanalyses, and i indicates the grid point number.  

The climate tendency coefficient can quantitatively de-
scribe the inter-decadal variation of meteorological ele-
ments, and test the climate tendency coefficient by using the 
common correlation coefficient statistical test method or 
Monte Carlo Method (Shi et al., 2003). Similarly, the cli-
mate tendency rate can represent the variation rate of the 
meteorological factors every 10 a (Shen et al., 2008). The 
climate tendency coefficient and the climate tendency rate 
of annual mean values are computed in order to quantify 
long-term changes of the evaporation.  

The correlation coefficient can give a measure of the 
strength and direction of the linear relationship between two 
variables, which is defined as the (sample) covariance of the 
variables divided by the product of their (sample) standard 
deviations. In addition, in order to analyze the agreement of 
spatial patterns between two datasets, spatial similarity co-
efficient and the least square fitting method are used for 
further analysis (Shi et al., 2009).  
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2  Spatial distribution of global evaporation 

This section depicts the 1981–2010 mean values of evapo-
ration from the eight different reanalyses, and analyzes the 
main spatial characteristics of global evaporation. In view 
of data availability, we also compute the mean absolute dif-
ference MAD and deviation MD of global mean evapora-
tion (referred to as EG), land mean evaporation (referred to 
as EL), and mean evaporation over the oceans (referred to as 
EO). 

2.1  Distribution of long-term mean evaporation 

As shown in Figure 1, the spatial distribution of global 
evaporation obtained from different reanalyses is in good 
agreement over most regions, with the following four main 
characteristics: first, there were significant differences in the 
evaporation over the land and oceans. Actual evaporation 
depends on the availability of water, and therefore more 
water is evaporated from oceans than from dry soil in gen-
eral, as most of the evaporation over the oceans remained 
3–7 mm d−1, and the land evaporation stayed at 1–3 mm d−1,  

 

 

 

Figure 1  Long-term mean annual evaporation from MERRA (a), CFSR (b), Interim (c), ERA-40 (d), NCEP-R1 (e), NCEP-R2 (f), OAFlux (g), and 
HOAPS (h) (unit: mm d−1).
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with approximately 2–3 times the difference. Humid regions 
like tropical rain forests have higher evaporation rates than 
arid regions. Evaporation is the process of a liquid becom-
ing vaporized. In other words, a change in phase in the at-
mosphere occurs when substances change from a liquid to a 
gaseous (or vaporous) form. Evaporation in the atmosphere 
is a crucial step in the water cycle. Water on the Earth’s 
surface will evaporate into the atmosphere as energy is ab-
sorbed by liquid water. Water in the soil can be absorbed by 
plants and is then transferred to the atmosphere by a process 
known as transpiration. Water from the soil can also be 
evaporated into the atmosphere. These processes are collec-
tively known as evapotranspiration. The evaporation of wa-
ter from soil is controlled mainly by the available energy 
and the soil moisture conditions. Compared with the water 
surface evaporation, the amount of water that evaporates 
from the land surface depends on the amount that is con-
tained in the soil, which is the main reason for the large 
difference in the evaporation over ocean and land. On the 
ice-free oceans, the rate of evaporation depends mainly on 
factors such as saturated vapor pressure difference, air satu-
ration deficit, wind speed, temperature, and relative humid-
ity (Zuo et al., 2005; Ren et al., 2006). Second, the global 
evaporation showed the characteristics of meridional distri-
bution, evaporation decrease from the equator toward the 
poles. The values of evaporation over oceans between the 
Equator to the latitudes of 30°S and 30°N are generally over 
5 mm d−1, while less than 0.5 mm d−1 in the polar regions. 
This is consistent with the distribution of global energy, 
indicating that the evaporation is highly dependent on en-
ergy. Third, the land evaporation generally decreases with 
the increase of altitude, such as the Qinghai-Tibet Plateau, 
the Mongolia Plateau, the Iran Plateau, the Arabia Plateau, 
the East African Plateau, the Rocky Mountains, the Mexico 
Plateau, and the Andes, because the atmospheric tempera-
ture would decrease with the increase of elevation. The 
physical processes of evaporation and transpiration require 
a large amount of energy, which is why the evaporation in 
the high altitude areas was relatively small. Finally, the 
evaporation over the oceans in the equatorial regions was 
smaller than that in the areas on either side, whereas the 
land showed the opposite effect, which also reflected the 
important influence of the underlying surface physical con-
ditions on the evaporation. 

2.2  Differences of evaporation from the eight reanal-
yses  

In order to demonstrate major differences between the da-
tasets, this section takes the average values of the long-term 
mean evaporation obtained from the eight reanalyses (re-
ferred to as AVE), and then calculates the differences be-
tween the AVE and the eight reanalyses, as well as the sim-
ilarity coefficient on every latitude circle (Figure 2). Figure 
2(a) shows that the differences between MERRA and AVE 

mainly in the ocean, especially in the low latitude regions 
between the Equator to 30°S and 30°N, such as the south-
eastern coast of China, eastern American Ocean, and coast 
of Australia, have a negative bias of about 1 mm d−1. The 
land evaporation differences are located mainly in the 
south-central South America. The similarity coefficients on 
every latitude circle are all above 0.9, indicating that the 
spatial distribution of MERRA is consistent with the AVE. 
Over the tropical Pacific, the USA, Japan, the east coast of 
Brazil, and the Somali Peninsula and its western region, 
significant positive biases in CFSR are found. The Interim 
evaporation estimates seem to have a negative bias espe-
cially in the land, such as southern China, North America, 
northern South America, and the Eastern European Plain. 
ERA-40 and Interim exhibit similar biases in addition to the 
Congo Basin. A significant positive bias between NCEP-R1 
and AVE can be observed over the Congo Basin and its 
surrounding area, southern China, eastern USA, central and 
northern South America, and the Tropical Ocean. Compari-
son of evaporation estimates from the eight reanalyses re-
veals that the large differences between NCEP-R2 and the 
AVE, especially in the oceans at the middle and low lati-
tudes, show a positive bias of about 2 mm d−1, and even so, 
their spatial distribution is still highly consistent. OAFlux 
has a negative bias that extends over most of the oceans, 
while the differences between HOAPS and the AVE are 
distributed mainly over the Pacific around 30°N and 30°S. 
In general, the major differences between the datasets are 
located mainly in the tropical Pacific, southern China, 
northern North America, the Eastern European Plain, the 
Congo Basin, and south-central South America.  

Table 2 shows the spatial MAD (absolute difference) and 
MD (deviation) of EG, EL, EO, and AVE from the eight rea-
nalyses. For EG, Interim shows the lowest MAD (~0.195 
mm d−1) and MD (~ −0.166 mm d−1); the error rate was ap-
proximately 6%; thus its spatial distribution was closest to 
the AVE. In contrast, the differences between NCEP-R2 
and the AVE are significant with a high spatial MAD 
(~0.525 mm d−1) and MD (~0.486 mm d−1). For EL, 
MERRA and CFSR match well with the AVE with an av-
erage spatial MAD (~0.225 mm d−1, ~0.206 mm d−1, re-
spectively) and MD (~0.107 mm d−1, ~0.115 mm d−1, re-
spectively), whereas NCEP-R1 shows MAD of ~0.364 mm 
d−1 and MD of ~0.313 mm d−1. Interim and ERA-40 agree 
better with the AVE of EO, resulting in a low spatial MAD 
(~0.170 mm d−1, ~0.162 mm d−1, respectively) and MD 
(~0.155 mm d−1, ~0.132 mm d−1, respectively). However, 
the greatest differences in spatial variability can be found 
between NCEP-R2 and the AVE.  

To analyze the agreement of spatial patterns between two 
datasets, the least-square linear fitting method is used for 
further analysis. The average values of variance explained 
by the linear fitting among the eight different reanalyses 
were all above 0.89 (Figure 3). This indicates that the spa-
tial distribution of the evaporation obtained from the different  
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Figure 2  Differences of the mean annual evaporation between AVE and MERRA (a), CFSR (b), Interim (c), ERA-40 (d), NCEP-R1 (e), NCEP-R2 (f), 
OAFlux (g), and HOAPS (h). Unit: mm d−1; similarity coefficient on every latitude circle is given to the right of each panel. 

Table 2  MAD and MD of EG, EL, EO between average value (AVE) and 
MERRA, CFSR, Interim, ERA-40, NCEP-R1, NCEP-R2, OAFlux, and 
HOAPS (unit: mm d−1) 

 EG EL EO 
MAD MD MAD MD MAD MD 

MERRA 

CFSR 

Interim 

ERA-40 

NCEP-R1 

NCEP-R2 

OAFlux 

HOAPS 

0.362 

0.408 

0.195 

0.197 

0.323 

0.525 

 

 

−0.308 
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−0.166 

−0.168 

0.236 
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Figure 3  Average values of linear fitting variance explained (R2) and slope 
(S) for spatial distribution of evaporation between different reanalyses. 
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reanalyses was in good agreement. Interim agrees best with 
the other datasets, it shows the highest average values of 
variance explained (approximately 0.96), and the average 
values of the linear fitting slope was close to 1, demonstrat-
ing that interim could represent the spatial distribution of 
the global evaporation to a certain degree. In addition, the 
OAFlux average value of the variance explained reaches 
0.952, and the average value of the slope is 1.15, indicating 
that it has good representativeness on the spatial distribution 
of evaporation over the oceans.  

3  Temporal variation of global evaporation 

3.1  Time evolution of global evaporation 

Time series of annual mean evaporation for the globe, ocean, 
and land domain from the eight different reanalyses are 
given in Figure 4. It can be seen from Figure 4(a) that 
MERRA, Interim, NCEP-R1, and NCEP-R2 show a roughly 
similar behavior, whereas CFSR agrees quite well with 
ERA-40. The MERRA values are quite small and have sig-
nificant inter-decadal variations. EG is about 2.56 mm d−1 in 
1979, then begins to gradually increase, and peaks in 1998 
(~2.73 mm d−1), after which there is a steady decrease up 
until 2011. Interim and MERRA are in good agreement ex-
cept the Interim values are slightly higher. Only NCEP-R1 
is available since the 1940s, according to this dataset, EG 
gradually increases in 1948–1961, then decreases in 1963– 
1979, and subsequently increases again after 1980. ERA-40 
is broadly similar to NCEP-R1 from 1958 to 1979, but 

agrees better with CFSR after 1979. CFSR shows high am-
plitude of intra-annual variation, and there is no significant 
trend during 1979–2010. However, NCEP-R2 is character-
ized by substantial inter-decadal variations and a positive 
long-term trend.  

Figure 4(b) shows the time series of annual mean evapo-
ration for the land domain. The MERRA values are quite 
stable and have no significant trends, around approximately 
1.7 mm d−1. CFSR and NRCP-R2 are in good agreement 
with MERRA, but they showed significant inter-annual 
variations. The Interim values appear to be very stable. 
ERA-40 gives an overall increase trend in 1958–2002, and 
these trends are significant and statistically consistent. NCEP- 
R1 also shows significant inter-decadal variation.  

According to Figure 4(b), the intra-annual variation of 
the evaporation over the oceans has similar overall features 
to the global mean evaporation (Figure 4(a)). MERRA, In-
terim, NCEP-R1, NCEP-R2, and OAFlux are in good 
agreement, and inter-annual fluctuations are also quite con-
sistent among these datasets. ERA-40 is similar to NCEP- 
R1 before 1979, but shows a significant difference after 
1979. The HOAPS values remained constant in 1987–1990, 
followed by a rapid decrease in 1991, and then increased 
significantly since 1992.  

The black dashed line in Figure 4 shows the average 
value (AVE) of the evaporation obtained from the eight 
reanalyses. The correlation coefficients between the AVE 
and the eight reanalyses are shown in Table 3. The global, 
continental, and oceanic MERRA and NCEP-R2 evapora-
tion values are in very good agreement with the AVE, with  
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Figure 4  Time series of EG (a), EL (b), and EO (c) from MERRA, CFSR, Interim, ERA-40, NCEP-R1, NCEP-R2, OAFlux, and HOAPS. Black dashed lines 
indicate the average value. 
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Table 3  Time correlation coefficient (ρG, ρL, ρO) in mean annual EG, EL 
and EO between AVE and MERRA, CFSR, Interim, ERA-40, NCEP-R1, 
NCEP-R2, OAFlux, HOAPS a)  

Reanalysis ρG ρL ρO 

MERRA 0.835 0.785 0.753 

CFSR 0.158 0.810 −0.004 

Interim 0.927 0.351* 0.851 

ERA_40 0.409 0.562 0.330* 

NCEP_R1 0.773 0.230 0.765 

NCEP_R2 0.919 0.813 0.931 

HOAPS   0.939 

OAFlux   0.716 

a) _ passing the inspection of 0.01 credibility, * passing the inspection 
of 0.05 credibility. 

 
 

the correlation coefficients all being greater than 0.75 (sta-
tistically significant). CFSR agrees well with the AVE over 
land with a correlation coefficient >0.8, while CFSR evap-
oration for the globe and ocean domain shows deviations 
from the AVE. In contrast, Interim and NCEP-R1 are con-
sistent with the AVE for EG and EO, but show a large dif-
ference for EL. The ERA-40 EG, EL and EO values are simi-
lar to the AVE, but with a generally lower correlation. 
HOAPS and OAFlux show a reasonable agreement with the 
AVE, indicating that HOAPS and OAFlux could reveal the 
temporal variation characteristics of the evaporation over 
the oceans to a certain extent.  

The correlation coefficients between the eight different 
reanalyses are also computed, the global MERRA, Interim, 
NCEP-R1 and NCEP-R2 evaporation values are highly 
consistent, while CFSR agrees better with ERA-40. Over 
land, MERRA, CFSR, and NCEP-R2 show similar features, 
while Interim, ERA-40, and NCEP-R1 are very different 
from them. In contrast to the evaporation over land, the 
MERRA, Interim, NCEP-R1, NCEP-R2, OAFlux, HOAPS, 
and ERA-40 evaporation values over oceans are in very 
good agreement. In general, it can be concluded that the 
evaporation over oceans estimates are in much better 
agreement than the land evaporation. 

3.2  Long-term mean annual evaporation 

Table 4 shows the annual mean (μ) and standard deviation 
(σ) of the evaporation for the globe, ocean, and land domain. 
The global mean evaporation (EG) values obtained from 
different data sources are ordered from largest to smallest as 
follows: NECR-R2, CFSR, NCEP-R1, Interim, ERA-40, 
and MERRA, in which NCEP-R2 shows the largest stand-
ard deviation up to 0.12 mm d−1, while the smallest is 
MERRA (about 0.04 mm d−1), indicating the global mean 
evaporation values are quite stable and have no significant 
inter-annual variation. The global mean evaporation values 
over land (EL) are ordered from largest to smallest as fol-
lows: NECR-R2, NCEP-R1, MERRA, CFSR, Interim, and 
ERA-40, which ranges from 1.52 to 2.14 mm d−1, and  

Table 4  Long-term mean EG, EL, EO (μ) and the standard deviation (σ) 
(unit: mm d−1) 

 EG EL EO 
 μ σ μ σ μ σ 
MERRA 
CFSR 
Interim 
ERA-40 
NCEP-R1 
NCEP-R2 
OAFlux 
HOAPS 

2.64 
3.41 
2.86 
2.85 
3.35 
3.72 

 
 

0.04 
0.05 
0.06 
0.05 
0.07 
0.12 

 
 

1.71 
1.53 
1.52 
1.38 
2.05 
2.14 

 
 

0.03 
0.06 
0.02 
0.04 
0.03 
0.05 

 
 

3.07 
4.17 
3.40 
3.44 
3.87 
4.34 
3.01 
3.43 

0.06 
0.06 
0.08 
0.08 
0.10 
0.15 
0.10 
0.15 

AVE 3.13 0.033 1.722 0.018 3.585 0.047 

 
 

CFSR had the largest standard deviation. The global mean 
evaporation values over oceans (EL) are ordered from larg-
est to smallest as follows: NECR-R2, CFSR, NCEP-R1, 
ERA-40, HOAPS, Interim, MERRA, and OAFlux. In addi-
tion, note that the order of EG, EL, and EO obtained from the 
eight reanalyses was inconsistent, the MERRA EG value 
was smallest, but the MERRA EL value was relatively large. 
The proportions of evaporation over the oceans in the global 
total evaporation were respectively 80.8%, 86.8%, 84.8%, 
86.1%, 82.4%, and 83.6% , with an average value of ap-
proximately 84.1%, which implies that the oceans are the 
source of 84.1% of the global evaporation and are a key 
component of the global water cycle. As noted above, the 
annual mean and standard deviations of the evaporation 
obtained from different reanalyses show certain differences; 
evaporation is generally higher in NCEP2 than that of the 
other datasets, which was mainly because NCEP-R2 gener-
ally has a higher latent heat flux (Betts et al., 2006), resulted 
in an overestimation of the evaporation. This indicates that 
the quality of the reanalyses still requires further improve-
ment, and it is necessary to correct the systematic measuring 
errors of the reanalyses. These biases in the climatology of 
the reanalyses, as well as the uncertainties in the data sets 
which we have compared them with, must be considered by 
users. 

3.3  Long-term mean evaporation changes 

We now explore long-term global evaporation changes for 
the period since 1958. For the period of 1979–2011, a vari-
ety of evaporation data sources are available. However, only 
the NCEP-R1, ERA-40, and OAFlux datasets are available 
going back to the 1950s (Table 1). As shown in Table 5, all 
datasets show a decrease in evaporation over the oceans 
during 1958–1978, while the evaporation over land shows a 
significant increase trend in ERA-40, with a significant de-
crease trend in NCEP-R1. In contrast, the linear trend of the 
evaporation varies significantly among datasets for the pe-
riods of 1979–2011, the evaporation for the globe and ocean 
domain in MERRA, NCEP-R2, Interim and NCEP-R1 
shows a significant linear increase, while ERA-40 is char-
acterized by a negative long-term trend. In addition, the  
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Table 5  Linear trends of annual mean EG, EL, EO for the periods of 
1959–1978 and 1979–2011 using various datasets a) 

Reanalysis EG EL EO 

1958–1978    

ERA-40 
NCEP-R1 
OAFlux 
AVE 

−0.863 
−0.898 

 
−0.916 

0.755 
−0.708 

 
−0.008 

−0.891 
−0.881 
−0.863 
−0.907 

1979–2011 

MERRA 
CFSR 
Interim 
ERA-40 
NCEP-R1 
NCEP-R2 
OAFlux 
HOAPS 
AVE 

0.627 
−0.158 

0.888 
−0.425* 

0.857 
0.917 

 
 

0.848 

0.458 
0.073 
0.101 
0.930 
−0.456 

0.660 
 
 

0.379* 

0.515 
−0.235 

0.904 
−0.577 

0.837 
0.898 
0.757 
0.852 
0.804 

a) _ passing the inspection of 0.01 credibility, * passing the inspection 
of 0.05 credibility. 
 

 
evaporation over land in MERRA, ERA-40, and NCEP-R2 
also shows a significant trend of linear increase, but this is 
in a marked contrast to NCEP-R1 with a trend coefficient of 
−0.456. Besides, there are no significant trends in CFSR and 
Interim. Hence, the evaporation obtained from the eight 
reanalyses shows a significant trend of linear decrease in 
1958–1978, while showing a significant increase in 1979– 
2011. 

3.4  Linear trends for evaporation during 1979–2011 

Long-term mean evaporation changes for the period of 
1979–2011 are presented in Figure 5. As discussed in sec-
tion 3.3, decadal variations characterize the low-frequency 
variability of the global evaporation during 1979–2011. 
These are quite similarly represented in the various datasets. 
MERRA displays increases over northwestern China, the 
middle and lower reaches of the Yangtze River, the East 
African Plateau, the South African Plateau, south-central 
South America, northern Australia, the Mediterranean, the 
central Pacific Ocean at low southern latitudes, and the cen-
tral north Atlantic waters. According to CFSR, these regions 
showed a significant trend, such as the central Pacific Ocean, 
the western Peru Sea, the central north Atlantic waters, the 
Arabian Sea, and the Mediterranean, as well as the waters 
off eastern Brazil between the Equator and 30°S, with the 
climate tendency rate of at least 0.4 mm d

−1 decade-−1; simi-
lar to MERRA, the evaporation over the middle and lower 
reaches of the Yangtze River and areas near the Lake Baikal 
increase significantly. Interim evaporation trends give simi-
lar patterns of change as those described above, except a 
broader space distribution; the Mediterranean, the tropical 
Pacific, the Indian Ocean, and some parts of the Atlantic 
Ocean see an increase of at least 0.2 mm d−1 decade−1. Over 
land, annual mean increases are found mainly in Eurasia, 
the Congo Basin, Midwestern USA, as well as southwest 

China and the middle and lower reaches of the Yangtze 
River. It can be seen from Figure 5(d) that the spatial pat-
tern of the linear evaporation trend in ERA-40 is mainly 
distributed in the tropical Pacific, the tropical Indian Ocean, 
the central Atlantic Ocean, Western Europe, the Congo Ba-
sin, and the Lake Baikal extending to its northern area. 
NCEP-R1 and NCEP-R2 evaporation give similar results, 
and there are significant evaporation trends over the oceans, 
except that NCEP-R2 displays significant increases in 
northeastern North America, South Africa, and the South 
Peninsula. Based on OAFlux (Figure 5(g)), there is a sig-
nificant linear trend of evaporation over the southeastern 
coast of China, the Mediterranean, the Pacific Ocean near 
Hawaii, the tropical Indian Ocean, and the tropical Pacific. 
During 1987–2005, HOAPS behavior is quite similar to that 
depicted by the other datasets, and evaporation is seen to 
increase significantly over the Subtropical oceans, with the 
climate tendency rate exceeding 0.4 mm d

−1 decade−1. 
Overall, the greatest annual evaporation increases during 

1979–2006 can be seen over the oceans, such as the central 
Pacific Ocean, the tropical Indian Ocean, the central North 
Atlantic, the Mediterranean, and the Northwest Pacific 
Ocean. The amplitude of the variations for the evaporation 
over the land tends to be generally smaller, and there are 
significant linear trends over the Lake Baikal and its sur-
rounding areas, the Congo Basin, the Amazon Basin, and 
the middle and lower reaches of the Yangtze River. 

4  Annual cycle results 

The earth seasonal climate variation occurs as a result of 
minute changes in our planet’s distance from the sun during 
orbit; therefore, the seasonal and latitudinal distribution of 
solar radiation received at the Earth’s surface also varies. 
Solar radiation is more than the light and heat that we per-
ceive from the sun. Solar radiation and temperature are the 
thermal sources that cause water to evaporate from the 
earth’s surface (Liu, 2011). The climatological annual cycle 
characteristics of global evaporation will be given in this 
section. 

4.1  Annual cycle of zonal mean evaporation 

As discussed in section 2.1, the global evaporation showed 
the characteristics of meridional distribution. And to show 
this, we take zonal means evaporation of the various fields 
that have gone into these figures (Figure 6) and contrast the 
results from the eight different reanalyses. Maps of the zon-
al mean evaporation show striking similarities, with the 
main characteristics as follows: the evaporation near the 
equator was approximately 4 mm d−1, with a relatively 
small monthly difference, reaching the minimum from Feb-
ruary to April, then increasing gradually, reaching the 
maximum from May to September, and decreasing again.  
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Figure 5  Linear trends for evaporation for the period of 1979–2011 from MERRA (a), CFSR (b), Interim (c), ERA-40 (d), NCEP-R1 (e), NCEP-R2 (f), 
OAFlux (g), and HOAPS (h). Statistically significant results are in shadow; red indicates linear increase; blue indicates linear decrease; and the contour was 
the climate tendency rate (unit: mm d

−1 decade−1). 

The monthly variation of evaporation at the low latitudes in 
the Northern Hemisphere was significant, being large from 
November to February, and various sets of dataset were 
approximately 5 mm d−1, then decreased gradually, at ap-
proximately 4 mm d−1 from March to April, then increased 
slowly after May, and decreased once again after August. 
The monthly variation of evaporation at low latitudes in the 
Southern Hemisphere was small, increasing gradually from 
January to June, up to approximately 5 mm d−1 from July to 
August, and even over 6 mm d−1 in some areas in CFSR and 
NCEP-R2, and then decreasing gradually from August to 
September. The monthly variation of the evaporation at the 

middle latitudes in the Northern Hemisphere was similar to 
that of the low latitudes in the Southern Hemisphere, reach-
ing the maximum from June to August, and being relatively 
small in the other months. For the middle latitudes in the 
Southern Hemisphere, the evaporation is fairly stable over 
time, reaching the maximum from May to July and chang-
ing little in the other months. The evaporation at high lati-
tudes in both hemispheres was very small, without signifi-
cant monthly variation, and the evaporation in June was the 
maximum in the Northern Hemisphere, whereas the maxi-
mum of the evaporation is in December in the Southern 
Hemisphere. Figure 6(g) and (h) shows the monthly variation  
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Figure 6  Zonal mean evaporation for the climatological mean annual cycle from MERRA (a), CFSR (b), Interim (c), ERA-40 (d), NCEP-R1 (e), 
NCEP-R2 (f), OAFlux (g), and HOAPS (h) (unit: mm d−1).
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of the zonal mean evaporation over the oceans, quite similar 
to that depicted above. Despite the general similarity, dif-
ferences exist at the mid-latitudes in the Northern Hemi-
sphere especially, in which the evaporation was relatively 
high from November to February, and smaller from May  
to September. Overall, there are significant monthly varia-
tions of evaporation at different latitudes, especially at the 
low latitudes in the Northern Hemisphere, and the results 
obtained from the different reanalyses are in good agree-
ment. 

4.2  Monthly variations of evaporation 

The climatological seasonal cycles of area-averaged evapo-
ration for the globe, ocean, and land domain are given in 
this section. Figure 7 shows the monthly variation of EG, EL, 
and EO from the eight different reanalyses, and it can be 
seen from Figure 7(a) that the EG decreased from January to 
March, increased gradually from April to June, reaching the 
maximum in June and July, and then gradually decreased 
from July to October, followed by a slowly increased from 
October to December. The monthly variation amplitude of 
the EL was relatively large (Figure 7(b)) and consistent 
across the reanalyses. The monthly variations of the EL can 
be remarkably approximated by an inverted V-type, in-
creasing gradually from January to June, reaching the 
maximum in June and July, and gradually decreasing from 
August to December. The climatological seasonal cycle of 
area-averaged evaporation for the ocean domain can be ap-
proximated by a W-type, there are three peaks in January, 

June, and December respectively and two troughs in April 
and September in CFSR, Interim, NCEP-R1, NCEP-R2, 
OAFlux, ERA-40, and HOAPS, and the difference between 
peaks and troughs are about 0.2 mm d−1. In addition, the 
ERA-40 and HOAPS values are higher in June and July 
than that in January and December. MERRA is inconsistent 
with the other reanalyses in that the EO value was substan-
tially lower in December. Therefore, the climatological an-
nual cycles of EG, EL, and EO obtained from the eight dif-
ferent reanalyses presented significant characteristics. 
Moreover, the monthly variation amplitude of the EL was 
higher than that of the EO. 

5  Conclusions 

Evaporation is an important process in the global water cy-
cle, it involves many factors, and many material fluxes on 
the earth surface would have an impact on it. The global 
topography, vegetation, and climate conditions are diverse; 
climate and environmental forcing variables control energy 
and energy partitioning, so it is very difficult to estimate the 
evaporation value. Based on the eight different reanalyses, 
we have given a broad overview on the spatial-temporal 
characteristics of global evaporation, and a brief evaluation 
of the eight reanalyses is also given. The main conclusions 
can be outlined as follows. 

(1) The spatial distributions of global evaporation ob-
tained from different reanalyses are in good agreement over 
most regions; there were significant differences in the   
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Figure 7  Mean annual cycle of EG (a), EL (b), and EO (c) from different reanalyses.
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evaporation over the land and oceans with a difference of 
approximately 2–3 times. The global evaporation showed 
the characteristics of meridional distribution, evaporation 
decrease from the equator toward the poles. The land evap-
oration generally decreases with the increase of altitude. In 
general, the major differences between the datasets are lo-
cated mainly in the tropical Pacific, southern China, north-
ern North America, the Eastern European Plain, the Congo 
Basin, and south-central South America.  

(2) The time evolution of global evaporation varies sig-
nificantly among the datasets, among which MERRA, In-
terim, NCEP-R1, and NCEP-R2 are highly consistent, while 
CFSR agrees better with ERA-40. Over land, MERRA, 
CFSR, and NCEP-R2 show similar features, while Interim, 
ERA-40, and NCEP-R1 are very different from them. In 
contrast to the evaporation over land, the MERRA, Interim, 
NCEP-R1, NCEP-R2, OAFlux, HOAPS, and ERA-40 
evaporation values over oceans are in very good agreement. 
Overall, the estimates of evaporation over oceans are in 
much better agreement than those of the land evaporation. 

(3) In general, MERRA and NCEP-R2 could appropri-
ately reflect the spatial-temporal characteristics of global 
evaporation, showing strong representativeness. The CFSR 
and ERA-40 are capable of revealing the characteristics of 
land evaporation, whereas ERA-Interim, NCEP-R1, 
OAFlux, and HOAPS are relatively applicable for research 
focuses on the evaporation over the oceans.  

(4) The annual mean evaporation of various sets of da-
taset shows a significant linear decrease trend in 1958-1978, 
and a linear increase throughout most of 1979–2011, espe-
cially over the oceans, such as the central Pacific Ocean at 
low southern latitudes, the equatorial India Ocean, the cen-
tral north Atlantic waters, the Mediterranean, and south-
eastern coast of China; the areas with significant linear 
trends of land evaporation were located mainly in the Lake 
Baikal, the Congo Basin, the Amazon Basin, and the middle 
and lower reaches of the Yangtze River.  

(5) Overall, there are significant monthly variations of 
evaporation at different latitudes, especially at the low lati-
tudes in the Northern Hemisphere, and the results obtained 
from the different reanalyses are in good agreement. More-
over, the monthly variation amplitude of the land evapora-
tion was higher than that of the evaporation over the oceans. 

The dataset inter-comparison highlights qualitative 
agreement among the datasets. However, despite the general 
similarity, differences exist among the various estimates. 
This is because there is no global evaporation observation 
system. Reanalyses represent an approximation of the real 
world, thus we extracted the main characteristics of the spa-
tial-temporal variation of global evaporation from the eight 
reanalyses. Because of the limitations presented, the per-
formance of all eight reanalyses in reproducing the evapora-
tion still causes doubts in the use of such models for climate 
trend analyses and long-term studies.  
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中国夏季大气水分循环特征及

再分析资料对比分析∗
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大气水分循环过程耦合了降水、蒸发、水汽输送等多个环节. 本文利用ERA-Interim与MERRA再分析
资料, 研究了中国 1979—2012年夏季大气水分循环的时空变化特征及其对全球气候变化的响应, 并对两套再
分析资料在中国地区的适用性进行了评估. 结果表明: 1)中国夏季降水、蒸发、可降水量均自东南沿海地区向
西北内陆递减; 降水与蒸发相互联系、相互制约, 由于不同地区下垫面物理条件的差异, 它们之间同时存在正、
负反馈的影响机制, 可降水量主要集中在地面至 700 hPa高度, 约占总量的 75%; 2)近 34 年大气水分循环显
著变化的区域主要集中在西部和东北地区, 西部内陆地区可降水量显著增加, 北方大部分地区纬向水汽输送
通量显著减小, 西北北部地区经向水汽输送通量显著增大, 蒸发量与水汽输送的气候变化可能是造成可降水
量增加的主要原因; 3) Interim与MERRA资料对降水量时空变化特征的再现能力要优于蒸发量, 此外, 它们
对降水与蒸发气候变化趋势的模拟结果差别较大, 使用时应该慎重; 两套资料对可降水量与水汽输送通量的
时空变化特征以及气候变化趋势的模拟比较一致, 可信度较高; 4) Interim资料对西南、东南以及东北区域夏
季水循环均有较好的描述能力; 而MERRA资料更适用于研究西南和西北区域的水汽收支情况.

关键词: 大气水分循环, 再分析资料, 大气水汽收支, 气候变化趋势
PACS: 92.40.Zg, 92.60.Ry DOI: 10.7498/aps.63.249201

1 引 言

水循环是一个涉及降水、蒸发、水汽输送以及

径流等环节的动态系统, 其变化深刻地影响着全球
水资源系统和生态环境系统的结构和演变, 并且对
各地区的天气与气候变化起着重要的作用, 旱涝降
水异常就与水循环存在直接联系 [1,2]; 此外, 水循环
还与人类经济社会活动息息相关 [3,4], 人类活动也
在很多方面影响水循环过程 [5]. 水循环包括了大气
分支与陆地分支 [6], 大气分支是水循环系统最活跃
的部分, 主要指海洋和陆地上空的水汽输送和陆地
不同区域上空的水分交换 [7]. 大气中的水分所占的

比例非常小, 但是它的活动严重影响着地球表层的
生态环境和人类的生存 [8], 水汽既是大气降水的物
质基础, 也是大气中主要的温室气体 [9]. 由于大气
观测资料相对较少, 陆地蒸发与降水数据也存在一
定程度的不确定性, 近代关于水循环的研究, 还主
要侧重于其陆面过程 [10]. 为了更加全面地认识不
同时空尺度上的水循环特征, 仍需要对大气水分循
环进行深入研究.

近年来, 国内学者针对大气水分循环已经开展
了一些工作. 崔一峰和刘国纬 [11] 利用 1983 年探
空气象资料及地面水文资料, 计算了中国大陆及六
大区域水汽收支的分布特征; Zhai和Eskridge[12]
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探讨了中国地区上空大气水汽的分布特征; 施小英
和施晓晖 [13]研究了夏季青藏高原东南部水汽收支

的气候特征及其影响效应; 赵瑞霞和吴国雄 [6]定量

分析了长江流域水分收支各分量的季节循环、年际

变化以及线性趋势变化; 伊兰和陶诗言 [14] 根据水

平衡方法尝试对东亚季风区进行蒸发与土壤和地

下水含量估算及总的水量平衡分析; 张文君等 [15]

同样基于水汽平衡方程估算了华北、长江流域和华

南三个典型区域的水分收支情况. 综上可见, 以往
的研究大多针对中国局部地区或部分水循环要素

进行分析, 还缺少对中国地区大气水分循环的系统
分析.

再分析资料是资料同化的产物, 具有空间分
布均匀、时间尺度长且连续、动力、热力一致性等特

点 [16]. 由于前几代再分析资料水文循环数据在很
多方面逐渐难以满足水循环的天气与气候研究, 最
近欧洲中期天气预报中心 (ECMWF)与美国国家
航空航天局 (NASA)分别发展了两套新一代再分
析资料. ERA-Interim与MERRA是目前全球最先
进的大气再分析资料同化系统 [17], 它们对前几代
再分析资料的水文循环过程做出了重要改进, 其
中, ERA-Interim与ERA-40相比在很多方面都有
一定的提高, 尤其是在水分收支和能量循环方面有
了显著改善 [18]. 同时, MERRA的主要目标也是改
善前几代再分析资料中的水文循环数据问题. 但
是ERA-Interim与MERRA资料目前在中国地区
的应用较少, 正确认识和评价这两套再分析资料的
质量并在实际研究中合理应用是一个亟待解决的

问题. 中国地处东亚季风区, 年内降水主要集中在
夏季, 因此本文结合ERA-Interim与MERRA再分
析资料对中国夏季大气水分循环进行了系统研究,
并探讨了其对全球气候变化的响应, 同时鉴定了这
两套再分析资料在中国各地区的适用性与局限性,
这不仅能为中国地区水资源综合管理提供重要的

理论支持, 也对再分析资料的改进提供了科学的参
考依据.

2 资料与方法

2.1 资料说明

ERA-Interim (简称 Interim)是ECMWF发布
的一套新型再分析资料, 它解决了ERA-40系统同

化卫星资料时存在的一些问题, 同时为ECMWF
发展下一代数值同化系统奠定了基础 [19]. Interim
资料采用四维变分同化技术 (4D-VAR), 利用一个
以 12 h为周期的连续数据同化方法, 在每个同化
周期中, 观测资料都会与预报模型 (IFS)的初始数
据结合在一起估计全球大气与地表的变化. 此外,
NASA全球模式与同化办公室 (GMAO)开发了新
一代数值同化产品MERRA, 它有两个主要目标:
一是把来自NASA的地球观测卫星数据作为气候
背景, 二是改善前几代再分析资料中的水文循环数
据 [20]. MERRA 使用GEOS-5大气模式与资料同
化系统, 资料同化应用的是美国国家环境预报中
心 (NECP)发展的以 6 h为周期的格点统计插值系
统 (GSI, 观测资料在进行同化之前均进行了质量
控制与误差订正, 在三种相互独立的数据上进行
增量分析得到全球再分析数据. 由此可见, Interim
与MERRA资料所使用的同化系统、同化方案以
及同化的资料均有所不同. 本文使用了 Interim与
MERRA资料降水量 (P )、蒸发量 (E)、比湿 (q)、风

场 (u, v)、地面气压 (p)等要素的日平均数据, 其
中比湿 (q)与风场 (u, v)资料包括由 1000 hPa至
50 hPa共 24层的数据, 以及国家气候中心整编的
中国160站月降水资料.

2.2 水汽平衡方程

一般情况下, 在任意时段内, 某一地区大气的
水汽收支情况需要满足水汽平衡方程 [21,22], 如 (1)
式所示:

∂W

∂t
+∇ · [QλQφ] = E − P, (1)

W =
1

gρw

∫ ps

p=0

qdp, (2)

Qλ =
1

gρw

∫ ps

p=0

qudp, (3)

Qφ =
1

gρw

∫ ps

p=0

qvdp, (4)

其中, P为降水量, E为蒸发量, W为大气可降水
量, Qλ与Qφ分别为纬向与经向的水汽输送通量,
u是纬向风分量, v是经向风分量, g是重力加速度,
ρw是液态水的密度, q表示比湿, ps表示地表面气

压. 水汽收支平衡是大气水分循环能够持续的基本
前提, 蒸发、降水、水汽输送等环节通过水汽平衡方
程紧密地联系为统一的整体.
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表 1 Interim与MERRA再分析资料的概况

再分析资料 水平分辨率 同化方案 数据时次 垂直层次

Interim T255 (∼ 78 km) 4DVAR 6 h, daily, monthly 37

MERRA 1/2◦ × 2/3◦ 3DVAR 1 h, 6 h, daily, monthly 42

2.3 研究与处理方法

本文使用Jones网格面积加权平均法 [23]计算

了各要素逐年的区域平均值, 并进一步分别求得各
要素逐年变化的相关系数 [24]. Jones等 [23]网格面

积加权平均法的公式为

Sk =
n∑

i=1

cos(Wi)Sik

/ n∑
i=1

cos(Wi), (5)

式中, Sik表示第 i个网格第k年的值, Wi表示第 i

网格上的纬度值, Sk 表示某区域第k年的区域平均

值, N为某区域包含的格点数目.
Interim与MERRA资料水平分辨率并不一致

(表 1 ), 为了比较两套再分析资料的差异, 本文采用
双线性插值方法将它们统一成相同的格点形式, 然
后计算了它们的相似系数与均方根误差 [24,25], 这
可以反映出两套再分析资料大气水分循环要素空

间分布的相似程度. 此外, 通过趋势系数 [26]可以

了解气象要素的长期趋势变化, 适用于研究大范围
气象场的长期变化, 而气候倾向率能够表征气象要
素每10 a的变化率, 因此本文结合气候趋势系数与
气候倾向率研究了大气水分循环的气候变化特征.

3 中国夏季大气水分循环的时空变化
特征

蒸发与降水是地表与大气之间的水分通量, 蕴
藏在海洋、冰雪、陆地和植被等下垫面的固态水与

液态水通过蒸发进入大气, 大气中过饱和水汽上升
冷凝后形成降水回到地面, 大气水汽输送则将时空
分布不均的蒸发重新输送到各个地区. 大气可降水
量是一个重要的气象参数, 它是产生降水的物质基
础, 对降水的形成、辐射能的吸收和放射以及气候
的形成与变化都有重要的影响. 降水、蒸发、水汽输
送以及可降水量是水汽平衡方程中的基本参数, 同
时也是大气水分循环的基本要素, 因此本节重点分
析中国夏季上述各要素时空分布的主要特征, 并对
比分析两套再分析资料的时空相似性.

3.1 降水量与蒸发量的时空特征

中国受夏季风的影响, 降水呈现出明显的地
域性差异, 降水量 (P )自东南沿海地区向西北内
陆递减 (图 1 ), 对于 Interim资料而言 (图 1 (a)), 华
南、江南、西南南部、四川盆地、西藏东南部以及江

汉等地区P相对较大, 均在 10 mm/d左右, 西藏
东南部地区甚至超过 18 mm/d, 西藏东北部、西南
中北部、江淮、黄淮以及东北东南部等地区P有所

减少, 在 6 mm/d左右, 西藏中北部、华北、内蒙古
中东部以及西北东南部等地区P 进一步减少至

大约 2 mm/d, 而西北中北部的大部分地区都要小
于0.5 mm/d. MERRA与 Interim资料P的分布形

势基本一致 (图 1 (b)), 相似系数达到 0.947, 但是
MERRA资料华南与江南地区P更大, 而西藏与江
汉地区P相对较小.

80OE

20ON

30ON

40ON

50ON

20ON

30ON

40ON

50ON

100OE 120OE 140OE

80OE 100OE 120OE 140OE

(a) Interim

(b) MERRA

P/mmSd-1

         

图 1 中国大陆夏季 (a) Interim与 (b) MERRA 资料日
平均降水量 (P )的空间分布形势 (单位为 mm/d)
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蒸发量 (E)的分布形势也具有显著的地域性
特征. Interim资料 (图 2 (b)) E较高的地区主要分

布在华南、江南、江淮、黄淮、华北以及东北东部等

地区, 均在 4 mm/d左右; 西藏、西南、东北西部、内
蒙古东部以及西北东南部等地区相对较小, 大约
在 2—3 mm/d; 西北中北部地区最小, 尤其是塔里
木盆地及其附近地区, 仅为 0.2 mm/d左右. MER-
RA资料 (图 2 (b))江南至华南中北部地区的E都

在 5 mm/d左右, 明显高于 Interim资料; 此外, 在
西藏东南部、西南以及东北东部等地区也相对更大,
但华北、东北西部、西藏中西部以及西北局部地区

E略低. 整体来说, Interim与MERRA资料P的空

间分布形势比较一致, 差别较大的地区主要位于西
藏、江南、华南以及江汉地区, 而E的空间分布差异

较大, 尤其是江南、西南等地区, 差值达到 1 mm/d
左右.

20ON

30ON

40ON

50ON

20ON

30ON

40ON

50ON

80OE

0 1 2 3

E/mmSd-1

4 5

100OE 120OE 140OE

80OE 100OE 120OE 140OE

(a) Interim

(b) MERRA

图 2 中国大陆夏季 (a) Interim与 (b) MERRA 资料日
平均蒸发量 (E)的空间分布形势 (单位为 mm/d)

图 3 (a)给出了P在 1979—2012年逐年变化的
时间序列, 可见 Interim与MERRA资料P的逐年

变化形势基本相同, 相关系数为 0.850, 此外, 它们
与中国 160站降水观测资料的相关系数分别达到
0.745, 0.709, 置信水平均超过 99%, 说明再分析资

料对中国夏季降水逐年变化的再现能力较好, 可信
度较高. 其中, 1979—1990年P在 4.2 mm/d左右,
1990—1998年P逐渐增大, 在 1998年达到最大值,
1999年之后有明显的线性减少趋势. 由图 3 (b)可
知,夏季E逐年变化的幅度较小, Interim资料E略

低于MERRA资料, 相关系数为 0.498, 达到了 99%
的置信水平, 可见两套再分析资料P逐年变化的相

关性要优于E.

1980 1985 1990 1995 2000 2005 2010
3.3

3.6

3.9

4.2

4.5
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5.1

5.4

Interim

MERRA

(a)

1980 1985 1990 1995 2000 2005 2010
2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3.0
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(b)

P
/
m

m
Sd

-
1

E
/
m

m
Sd

-
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图 3 中国 1979—2012年夏季降水量 (P )与蒸发量 (E)
的逐年变化时间序列 (单位为 mm/d)

中国夏季P与E空间分布的地域性差异显著

(图 1、图 2 ), 为了研究再分析资料P与E在不同

地区的适用性, 本文参考中国气象地理区划标
准, 将中国地区依 110◦E, 35◦N 为界划分为四个
区域, 分别为西南 (WS)、东南 (ES)、西北 (WN)与
东北 (EN)区域. 表 2分别是中国地区 (CHN)及各
区域 Interim与MERRA资料P 与E逐年变化的

相关系数 (ρ)与空间分布的相似系数 (S)和均方根
误差 (RMSE). 对于WS 区域, P逐年变化的相关

系数为 0.830, 空间分布的相似系数达到 0.938, 置
信水平均达到99%, RMSE则为2.65 mm, 表明WS
区域P的时空分布均基本一致, 但是在量值上存在
一定的差别; E的相似系数为 0.965, 但相关系数仅
有 0.327. 可见两套资料在WS 区域E的空间分布
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非常接近, 但E逐年变化形势差别较大. ES区域
P 与E逐年变化与空间分布均具有较高的一致性,
RMSE也相对较小, 说明再分析资料在ES 区域的
适用性较好. WN区域P与E逐年变化的形势差别

较大, 相关系数分别为 0.257, 0.221, 相似系数与其
他区域相比也明显较低, 表明再分析资料对WN区
域P 与E时空演变特征的再现能力较弱. EN区域

P的逐年变化形势非常接近, 相关系数高达 0.980,
RMSE 也仅有 0.79 mm; E的逐年变化也较为一

致, 相关系数为 0.423, 置信水平达到 95%. 综上可
知, Interim与MERRA资料对中国夏季P时空变

化特征的再现能力要优于E, 特别是WS与WN 区
域E的逐年变化形势差别较大, 空间分布的相似度
较低.

表 2 中国各区域 Interim与MERRA资料降水量 (P )和蒸发量 (E)逐年变化的相关系数 (ρ)及空间分布的
相似系数 (S)与均方根误差 (RMSE)

区域
P E

ρ S RMSE/mm·d−1 ρ S RMSE/mm·d−1

WS 0.830 0.938 2.65 0.327 0.965 1.17

ES 0.785 0.976 1.63 0.750 0.979 0.86

WN 0.257 0.889 0.82 0.221 0.931 0.55

EN 0.928 0.980 0.79 0.423∗ 0.976 0.70

CHN 0.850 0.947 1.72 0.498 0.962 0.87

注: 粗体置信水平达到 99%, “*”置信水平达到 95%.

3.2 大气可降水量与水汽输送的时空特征

图 4为中国大陆夏季大气可降水量 (W )的空
间分布形势, 由此可见, Interim与MERRA资料具
有很高的一致性, 华南、江南、江淮以及四川盆地等
地区W均在 50—60 mm左右, 华北、西南南部等地
区约为40 mm, 东北、内蒙古、西北东部与西部等地
区W在 20—30 mm之间, 而西藏地区的可降水量
相对较少, 仅为10 mm左右.

为了研究不同高度大气可降水量的分布特征,
表 3进一步计算了中国地区各层次大气水汽含量

的平均值及其逐年变化的相关系数与空间分布的

相似系数和均方根误差, 两套再分析资料地表至
50 hPa大气的水汽含量非常接近, 平均值分别为
25.58, 25.57 mm, 逐年变化的相关系数达到 0.746,
空间分布的相似系数高达 0.999. 地面至 700 hPa
的大气水汽含量分别为 19.17, 19.02 mm, 约占据
整层大气水汽含量的 75%. 其余层次的大气水
汽含量相对较少, 并且时空变化也基本一致. 由
此可知, Interim与MERRA资料各层次大气水汽
含量的时空分布特征均具有非常高的一致性, 中
国夏季大气可降水量主要集中在地面至 700 hPa
高度.

20ON

30ON

40ON

50ON

20ON

30ON

40ON

50ON

80OE 100OE 120OE 140OE

80OE

0 10 20 30

W/mm

40 50 60

100OE 120OE 140OE

(a) Interim

(b)  MERRA

图 4 中国大陆夏季 (a) Interim与 (b) MERRA 资料大
气可降水量 (W )的空间分布形势 (单位为 mm)

图 5给出了中国大陆地区大气水汽输送及其

散度的分布形势, 可见 Interim与MERRA资料基
本相同, 经向与纬向水汽输送通量场的相似系数分
别为 0.969, 0.971, 只是江南、台湾以及西北局部地
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区的水汽输送散度存在一定差别. 主要特征表现
为华南、江南、江淮、东北东部等地区的水汽输送均

较强, 其中华南地区以经向输送为主, 江南、江淮以

及东北东部等地区的纬向水汽输送有所增强, 而西
藏、内蒙古中西部以及西北地区基本受纬向水汽输

送控制.

表 3 中国夏季 Interim和MERRA资料各层次大气平均水汽含量 (W )及其分别对应的相关系数 (ρ)、相似
系数 (S)与均方根误差 (RMSE)

层 WInterim/mm WMERRA/mm ρ S RMSE/mm
地表—700 hPa 19.17 19.02 0.795 0.999 1.20
700—500 hPa 8.71 8.88 0.419∗ 0.999 0.56
500—300 hPa 3.12 3.21 0.930 0.998 0.25
300—50 hPa 0.24 0.25 0.674 0.996 0.03
地表—50 hPa 25.58 25.57 0.746 0.999 1.40

注: 粗体置信水平达到 99%, “*”置信水平达到 95%.
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图 5 中国大陆夏季水汽输送通量 (矢量, 单位为
kg·m−1·s−1) 与水汽输送通量散度 (阴影区, 单位为
10−8 kg·s−1·m−2)的空间分布形势

3.3 中国各区域夏季大气水分循环要素

逐月的平均分布

再分析资料对于全球或区域尺度上水分平衡

的描述具有一定的局限性, 当利用再分析资料研究
大气水分循环特征时, 必须引入残差项 (res)才能
严格地满足水汽平衡方程 [21,22], 如 (6)式所示:

∂W

∂t
+∇ · [Qλ,Qφ] = E − P + res. (6)

图 6是根据 (6)式计算得到的中国各区域夏季 (J-
JA)以及 6, 7, 8月份P , E、水汽输送通量散度

(divQ)、可降水量随时间变化项 (∂w/∂t) 以及残差
项 (res)的分布, 由此可见, WS区域 (图 6 (a), (b)),
大气水分循环各要素均能较好地满足水汽平衡方

程, 各月份W 基本保持不变, res相对较小, P 与E

的差值较大, 但是水汽输送具有很强的辐合趋势,
为该地区的降水提供了良好的水汽条件. ES区域
(图 6 (c), (d)) W也比较稳定, 但 res较大, 特别是
MERRA 资料, 夏季 res平均值约为 1.8 mm/d, 其
中以 7月份最大, P , E以及divQ均相对较大, 水
汽输送辐合趋势明显; 值得注意的是, Interim 资
料 7月份降水量低于 8月份, 而MERRA 资料 7月
份降水量高于其他月份, 这可能是MERRA资料 7
月份残差相对较大的原因. WN区域 (图 6 (e), (f))
各要素量值较小, P与E大致相等, MERRA资料
各要素基本满足水汽平衡方程, 但是 Interim 资
料在各个月份残差值均较大, Interim资料 res与
divQ均高于MERRA资料, res 各月平均值均与
divQ 接近, 因此 Interim资料 res 可能与divQ紧密
相关. Interim资料各要素在EN区域基本保持平
衡 (图 6 (g)), P与E在7月份大体相等, 但在8月份
相差较大; MERRA资料EN区域P , E 以及divQ
的逐月分布与 Interim资料基本一致, Interim与
MERRA资料divQ相差较大, MERRA 资料divQ
明显较大, 同时 res也相对更大 (图 6 (h)). 综上可
知, Interim 资料对西南、东南以及东北区域夏季水
汽平衡均有较好的描述能力; 而MERRA资料比较
适用于研究西南和西北区域的大气水汽收支情况,
水循环各要素能够很好地保持平衡, 并且divQ与
res 存在很大的联系.
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图 6 中国各区域夏季大气水分循环各要素的逐月平均值分布 (单位为 mm/d)

4 中国夏季大气水分循环的气候变化
特征

水循环对全球气候有重要的调节作用, 而气
候是水循环重要的驱动因子 [27], 气候变化可以直

接影响水资源 [28], 全球变暖可能导致水循环强度
增大, 降水量、蒸发量以及大气水汽含量显著增
加 [5,29]. 因此本节计算了中国夏季大气水分循环各
要素的趋势系数与气候倾向率, 然后进一步分析了
各要素的气候变化特征, 并评估两套再分析资料在
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研究中国地区水循环长期气候变化中存在的一些

质量问题.

4.1 降水量与蒸发量的线性变化趋势

图 7是中国大陆地区 1979—2012年夏季P与

E以及 (P -E)值线性变化趋势的空间分布, 由
此可见, 对于 Interim资料, 西藏中东部、西北
中部以及西南局部地区P 呈现显著的线性增

加趋势 (图 7 (a)), 而西藏东南部、塔里木盆地
中西部、内蒙古中东部以及西南南部等地区P

具有显著的线性减少趋势, 气候倾向率基本
都在 0.2 mm·d−1·decade−1, 局部地区甚至超过
0.6 mm·d−1·decade−1; 塔里木盆地中西部、华北西
部以及内蒙古局部地区的E也具有显著的线性减

少趋势 (图 7 (c)), 西北中东部局部地区和东部北部
地区E呈现显著的线性增加趋势; 此外, (P -E)值
的气候变化趋势也非常明显 (图 7 (e)), 并且 (P -E)

值与P线性变化显著的区域分布在整体上基本一

致. MERRA资料P , E, (P -E)值的线性变化趋势
与 Interim有所不同, 西北、西南北部和江淮东部等
地区P具有显著的线性增加趋势, 而西藏中东部、
东北北部与华北北部等地区P呈现显著的线性减

少趋势, E线性变化显著的区域分布与P基本一

致, 只是江南与西南南部地区E也具有显著的线性

增加趋势; (P -E)值线性变化显著的区域主要分布
在西北、西藏中东部、江淮、黄淮东部等地区. 综上
可知, 中国夏季P , E, (P -E)值线性变化显著的区
域主要分布在西北和东北地区, 表明上述地区P ,
E, (P -E)值对气候变化的响应较为敏感, 并且P

与E显著性变化区域的空间分布形势基本一致, 但
是 Interim与MERRA资料P , E, (P -E)的气候趋
势变化在一些地区存在明显的差别, 部分地区甚至
呈现反位相, 也说明再分析资料对中国夏季P与E

气候变化趋势的模拟还存在一定的问题.
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图 7 中国大陆夏季降水量 (P )、蒸发量 (E)以及 (P -E)值的线性变化趋势 (阴影区是趋势系数置信水平分别达到
95%, 99% 的区域, 红色表示线性增加, 蓝色表示线性减少, 等值线是气候倾向率, 单位为 mm·d−1·decade−1)
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4.2 大气可降水量与水汽输送的线性变化

趋势

如图 8所示, 中国大陆地区1979—2012年夏季
W以及纬向 (Qu)与经向 (Qv)水汽输送通量也具
有显著的线性变化趋势. 其中, 如图 8 (c), (d)所
示, Qu线性变化显著的区域分布基本一致, 主要集
中在西北、内蒙古中西部和华北西北部等地区, 气
候倾向率在 5—15 g·cm−1·s−1·decade−1之间. 此
外, Qv线性变化显著的区域也主要分布在西北

地区, 尤其是西北北部地区, 呈现显著的线性增
加趋势; 内蒙古东部、东北西部、华北西部以及华
南局部地区Qv呈现显著的线性减少趋势. W 线

性变化趋势显著的区域也主要分布在西部地区,
Interim资料西藏、西北中东部等地区W 线性变

化趋势的置信水平均达到了 99%, 气候倾向率超
过 0.5 mm·decade−1 (图 8 (a)), 而MERRA资料西
北、西藏北部、内蒙古西部、华南、黄淮东部等地区

W 均呈现显著的线性增加趋势 (图 8 (b)); W主要
受到本地区的蒸发和水汽输送形势的影响, 西部内
陆地区受纬向水汽输送控制, Qu能够对该地区W

产生重要影响, 近 34年夏季西部内陆地区E显著

增加, 而Qu显著减小, 因此W也相应的显著增加,
可见E与Qu的气候变化是造成W显著增加的主

要原因. 另外, Interim与MERRA资料对空中水
循环要素气候变化趋势的
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图 8 中国大陆夏季可降水量 (W )和纬向 (Qu)与经向 (Qv)水汽输送通量的线性变化趋势 (阴影区是气候趋势系
数置信水平分别达到 95%, 99% 的区域, 红色表示线性增加, 蓝色表示线性减少, 等值线是气候倾向率, 单位分别
为: mm·decade−1, g·cm−1·s−1·decade−1)
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再现能力更强, 线性变化趋势显著的区域分布基本
一致.

本节的研究表明, 中国 1979—2012年夏季大
气水分循环要素线性变化显著的区域主要分布在

中国西北、西藏和东北地区, 体现出上述地区的水
循环要素对气候变化的响应程度相对较高, 但是两
套再分析资料陆地水循环要素 (P , E)的气候变化
趋势差别较大, 而空中水循环要素 (W , Qu, Qv)比
较接近, 说明再分析资料对空中水循环要素气候变
化趋势的模拟更加准确, 可信度更高.

5 中国夏季大气水分循环的机理分析

大气水分循环各要素紧密相连 (图 9 ), 蒸发不
仅是大气中水汽的最终来源, 而且蒸发过程中伴
随的能量收支变化也为大气环流提供了动力, 水
汽随大气环流运动, 影响大气可降水量的空间分
布, 进而决定各地区的降水分布, 因此全球气候变
化能够从各个方面影响大气水分循环过程, 西部内
陆地区E与Qu的气候变化就是造成W显著增加

的主要原因 (图 8 ). 相关性研究表明, 中国夏季P

与W的逐年变化呈现显著的正相关关系, Interim
与MERRA资料P与W的相关系数分别为 0.711,
0.552, 置信水平均达到了 99%, P与W 空间分布

的相似系数分别为 0.834, 0.876, 表明充足的水汽
供应是形成降水的必要条件之一. 而某一地区大气
的W主要来源于外界的水汽输送和本地区的蒸发,
中国东部地区经向水汽输送较强, 而西部地区主要
受纬向水汽输送控制, MERRA资料WN区域P与

Qu的相关系数为−0.415, 呈现显著的负相关关系,
这可能是由于Qu较小时, 该地区向其他区域的水
汽输送较弱, 转化为P的水汽相应增多, 导致P 较

大; 而对于ES区域, P 与Qv的相关性更高, 说明
Qv对该区域P的影响更大; EN区域P 同时受到

Qu, Qv 的共同影响, P与Qu, Qv均存在显著的正

相关关系.
降水与蒸发是水循环的两个基本过程, 大气

降水所需要的水汽最终来自于蒸发, Interim 与
MERRA资料中国夏季P与E的相关系数分别为

0.263, 0.576, 后者置信水平达到 99%, 尤其是在
WN与EN区域P与E相关系数的置信水平均超

过 99%, 另外 Interim与MERRA资料P与E空间

分布的相似系数分别为 0.854, 0.945, 并且P与E

线性变化趋势显著性区域的空间分布也基本一致

(图 7 ), 这体现出了P与E之间存在正反馈机制;
但是在WS, ES区域P与E逐年变化的相关性较

低, 甚至存在显著的负相关关系 (WS). 蒸发量的变
化主要受到两个方面的影响: 供水条件与能量条
件. 首先, 陆地蒸发主要包括土壤蒸发以及植物的
蒸散, 其中土壤蒸发是发生在土壤孔隙中的水的蒸
发现象, 供水条件的差异是导致蒸发量不同的重要
因素. WN 与EN 区域相对较为干旱, 土壤含水量
较低, 供水条件是制约该地区蒸发量大小的主要原
因, 大部分降水又会通过蒸发重新回归大气, 进而
导致大气可降水量增加, 因此降水与蒸发可以相互
促进; 而WS, ES区域比较湿润, 供水条件对该地
区E的影响相对较小, 蒸发量主要受到饱和水汽压

/

图 9 大气水分循环的机理分析及其对全球气候变化的响应

表 4 中国各区域 Interim与MERRA资料降水量 (P )与其余大气水分循环要素逐年变化的相关系数

区域
Interim MERRA

E W Qu Qv E W Qu Qv

WS −0.429∗ 0.707 0.161 0.116 0.299 0.612 0.098 0.135
ES −0.293 0.570 0.152 0.357∗ −0.239 0.519 −0.024 0.319
WN 0.855 0.602 0.064 −0.010 0.954 0.856 −0.415∗ 0.215
EN 0.457 0.513 0.293 0.483 0.881 0.449 0.360∗ 0.561
CHN 0.263 0.706 0.132 0.297 0.576 0.550 0.035 0.254

注: 粗体置信水平达到 99%, “*”置信水平达到 95%.
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差、空气饱和差、风速、相对湿度等其他因子的影

响 [30], 因此P与E的相关性较低, P反而会对E产

生负作用. 可见由于不同地区下垫面物理条件的差
异, 降水与蒸发相互联系、相互制约, 同时存在正、
负反馈的影响机制 (见图 9 ). 需要指出的是, 全球
变暖背景下江南与华南地区蒸发量呈现显著的增

加趋势, 这与温度的变化是比较一致的, 体现出湿
润地区蒸发量的变化与温度也存在着重要联系.

6 结 论

本文结合 Interim与MERRA再分析资料, 运
用水汽平衡方程研究了中国 1979—2012年夏季大
气水分循环的时空变化特征, 并对两套资料降水、
蒸发、可降水量以及水汽输送通量等要素的时空分

布进行了对比分析, 主要结论如下.
1) 中国大气水分循环各要素大小存在显著的

地域性差异, 均自东南沿海地区向西北内陆递减;
降水与蒸发相互联系、相互制约, 由于不同地区下
垫面物理条件的差异, 它们之间同时存在正、负反
馈的影响机制; 大气可降水量主要集中在地面至
700 hPa高度, 约占总量的75%.

2)大气水分循环呈现显著的气候变化特征, 特
别是西北、西藏和东北地区, 近 34年大气可降水量
显著增加, 纬向水汽输送强度显著减弱, 局部地区
经向水汽输送显著增强, 蒸发量与水汽输送的气候
变化是造成可降水量增加的主要原因; 降水与蒸发
也发生了显著变化, 并且线性变化显著的区域分布
基本一致.

3) Interim与MERRA资料对中国夏季降水量
时空变化特征的再现能力要优于蒸发量, 另外对降
水与蒸发气候变化趋势的模拟结果差别较大, 使用
时应该慎重; 但是它们对可降水量与水汽输送通量
的时空变化特征以及气候变化趋势的模拟结果比

较一致, 可信度较高.
4) 再分析资料对中国不同区域水循环的描述

能力存在一定的差别, Interim资料对西南、东南以
及东北区域夏季水汽平衡均有较好的描述能力;
而MERRA资料适用于研究西南和西北区域的大
气水汽收支情况, 水循环各要素能够很好地保持
平衡.

通过对比分析 Interim与MERRA资料中国夏

季大气水分循环的时空变化特征, 可以评估上述资
料对中国地区水循环过程的再现能力及其局限性,
为利用再分析资料研究中国地区水循环特征提供

一定的参考依据. 目前, 获取全球或区域尺度上的
水循环大气气候观测资料仍存在一定的难度, 而不
同再分析资料也存在明显的差别, 针对这些问题仍
需要开展进一步的深入研究.
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Abstract
Atmospheric water cycle process includes precipitation, evaporation, water vapor transport and other links. The

temporal and spatial characteristics of the atmospheric water cycle over China in summer are investigated by using the
ERA-Interim and MERRA reanalysis from 1979 to 2012. Comparison and performance analyses of these two reanalysis
data are given. The obtained results are as follows. 1) the spatial distributions of precipitation, evaporation and
precipitable water are highly similar to each other, and all gradually decrease from southeast coast to northwest inland
regions. Because the differences in physical condition, precipitation and evaporation among different underlying surfaces,
mutually promot or mutually restrict each other, the interactions among them have positive and negative feedback
mechanisms. Precipitable water mainly concentrates in the ground to the 700 hPa height, accounts for about 75% of the
total quantity. 2) All of the atmospheric water cycle elements have obvious characteristics of climate change, especially
in these areas like Northwest China, Tibet and Northeast China. The zonal flux of water vapor transport significantly
decreases in most parts of the northern, while the meridional flux of water vapor transport significantly increases in
the northern region of Northwest China. 3)The reproduction ability to change characteristics of precipitation is better
than that of evaporation based on these reanalyses. The temporal and spatial distribution characteristics of moisture
transport situation and the various levels of atmospheric water vapor content are highly consistent with each other. The
simulations of flux climate change trend of precipitation and water vapor transport are more accurate and more reliable.
4) Interim reanalysis is applicable to the study of the southwest, Southeast and northeast regional atmospheric water
balance, water cycle elements can maintain balance well, while MERRA reanalysis is more reasonable in Southwest and
northwest.

Keywords: atmospheric water cycle, reanalysis data, moisture budget of atmospheric, climatic variation
trend
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司东，袁媛，崔童，等．２０１４．２０１３年海洋和大气环流异常及对中国气候的影响．气象，４０（４）：４９４５０１．

２０１３年海洋和大气环流异常及对中国气候的影响
�

司　东１
，２
　袁　媛１　崔　童１　孙　冷１　王东阡１

柳艳菊１　郭艳君１　王遵娅１

１中国气象局气候研究开放实验室，北京１０００８１

２南京信息工程大学气象灾害预报预警与评估协同创新中心，南京２１００４４

提　要：本文对２０１３年海洋和大气环流异常特征进行分析，讨论这些异常特征对中国气温和降水的主要影响。结果表明：

２０１２／２０１３年冬季，北极涛动持续维持负位相，５００ｈＰａ位势高度场上，欧亚大陆中高纬环流呈“两槽一脊”的环流形势，乌拉尔

山的高压脊持续偏强，而东亚槽也异常偏强，导致全国平均气温较常年同期偏低。季内，西伯利亚高压强度变化显著，与之相

对应，我国气温季内阶段性变化大，前冬冷、后冬暖。进一步研究表明，前秋北极海冰的大幅偏少是造成东亚冬季风偏强的重

要原因。２０１３年冬季至夏季，赤道中东太平洋海温异常偏低而海洋性大陆至西太平洋海温异常偏高，受此影响，夏季西太平

洋副热带高压位置明显偏北，导致我国北方夏季多雨。与此同时，受西太平洋副热带高压下沉气流的控制，我国南方大部高

温持续。２０１３年南海夏季风爆发偏早两候，结束偏晚４候，强度偏弱。

关键词：海温，大气环流，气候异常
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ａｎｏｍａｌｏｕｓｔｒｏｐｉｃａｌｏｃｅａｎｉｃｃｏｎｄｉｔｉｏｎ，ｔｈｅｗｅｓｔｅｒｎＰａｃｉｆｉｃｓｕｂｔｒｏｐｉｃａｌｈｉｇｈｅｘｔｅｎｄｅｄｆｕｒｔｈｅｒｎｏｒｔｈ，ｌｅａｄｉｎｇ

ｔｏｍｏｒｅｐｒｅｃｉｐｉｔａｔｉｏｎｏｖｅｒｔｈｅｎｏｒｔｈｅｒｎｐａｒｔｏｆＣｈｉｎａｄｕｒｉｎｇｔｈｅｓｕｍｍｅｒ．Ｍｅａｎｗｈｉｌｅ，ｔｈｅｎｏｒｔｈｗａｒｄｅｘ

ｔｅｎｄｉｎｇｏｆｔｈｅｗｅｓｔｅｒｎＰａｃｉｆｉｃｓｕｂｔｒｏｐｉｃａｌｈｉｇｈｄｏｍｉｎａｔｅｄｍｏｓｔｓｏｕｔｈｅｒｎｐａｒｔｏｆＣｈｉｎａ，ｃａｕｓｉｎｇｈｉｇｈｅｒｔｅｍ

ｐｅｒａｔｕｒｅａｎｄｌｅｓｓｐｒｅｃｉｐｉｔａｔｉｏｎｔｈａｎｎｏｒｍａｌｉｎｔｈｅｒｅｇｉｏｎｉｎｓｕｍｍｅｒ．Ｉｎ２０１３，ｏｎｓｅｔｏｆＳｏｕｔｈＣｈｉｎａＳｅａ

ｓｕｍｍｅｒｍｏｎｓｏｏｎｗａｓ２ｐｅｎｔａｄｓｅａｒｌｉｅｒｔｈａｎｎｏｒｍａｌａｎｄｔｈｅｅｎｄｉｎｇｗａｓ４ｐｅｎｔａｄｓｌａｔｅｒｔｈａｎｎｏｒｍａｌ，ａｎｄ

ｔｈｅｉｎｔｅｎｓｉｔｙｗａｓｗｅａｋｅｒｔｈａｎｎｏｒｍａｌ．

犓犲狔狑狅狉犱狊：ｓｅａｓｕｒｆａｃｅｔｅｍｐｅｒａｔｕｒｅ，ｇｅｎｅｒａｌｃｉｒｃｕｌａｔｉｏｎ，ｃｌｉｍａｔｉｃａｎｏｍａｌｙ

引　言

在全球变暖背景下，极端天气、气候事件频繁发

生，对重大天气、气候事件的成因分析已经成为气候

业务服务的重要内容之一（李清泉等，２０１３）。了解

和掌握气候系统关键异常信号及其气候影响机理，

分析气候异常的成因，对正在发生或刚发生过的气

候异常事件及时进行诊断分析（高辉等，２００８；张培

群等，２００９；艾婉秀等，２０１０；贾小龙等，２０１１；王朋岭

等，２０１２；王遵娅等，２０１３ａ），有利于加深对气候异常

形成机制或机理的认识，同时为气候预测提供参考。

２０１３年，我国极端天气气候事件较前一年少，

但局地气象灾害较重。２０１３年，降水总体偏多，但

时空分布不均，前少后多、北多南少；气温总体偏高，

但东北偏低。全国平均降水量６５３．６ｍｍ，较常年

偏多４％，比２０１２年略偏少；冬季降水偏少，春、夏、

秋三季偏多。全国平均气温较常年偏高０．７℃，为

１９６１年以来第四暖年，较２０１２年偏高０．８℃；冬季

气温偏低，春、夏、秋三季偏高。２０１３年汛期，我国

主要多雨带位置偏北。华南前汛期开始早、结束晚、

雨量多，长江中下游入梅晚、出梅早、雨量少；华北雨

季早、雨量偏多；华西秋雨开始早、结束晚、雨量多；

西南雨季开始早、结束晚、雨量少。从区域情况看，

东北、华北、西北、华南降水偏多，其中东北偏多

２２％、华北偏多１４％，长江中下游和西南偏少。

本文将主要从海温异常和大气环流异常两方面

来分析产生我国２０１３年气候异常的原因，揭示其可

能的成因机制。

１　资　料

本文主要使用了国家气候中心的“气候系统监

测—诊断—预测—评估系统”提供的资料和产品及

１９６１—２０１３年ＮＣＥＰ／ＮＣＡＲ的２．５°×２．５°水平分

辨率的逐日高度场、温度场、风场和比湿场等再分析

资料。中国地区的气温、降水资料来源于中国气象

局国家气象信息中心整编的中国地区台站观测气候

数据集。本文使用的各要素的气候平均值为

１９８１—２０１０年平均值。

２　海温异常及其影响

２．１　赤道太平洋海温

２０１３年，赤道中东太平洋大部海温呈弱冷水状

态。

２０１３年１—３月，赤道中东太平洋大部海温维

持前期的弱冷水状态，并呈现出逐渐减弱的趋势；４

月起，赤道中东太平洋冷海温再次发展，５—７月发

展到最强，Ｎｉ珘ｎｏＺ指数（李哓燕等，２０００）在７月达

到－０．５℃，但冷海温向西扩展的范围并不大，低于

－０．５℃的冷水区域一直维持在赤道中东太平洋东

部（１５０°Ｗ以东）；９—１２月，冷海温明显减弱。在赤

道中东太平洋冷水波动的过程中，赤道西太平洋海

温一直维持较明显的偏暖状态（图１）。年内，尽管

图１　赤道太平洋（５°Ｓ～５°Ｎ）海表温度

距平时间经度剖面（单位：℃）

Ｆｉｇ．１　Ｔｉｍｅｌｏｎｇｉｔｕｄｅｓｅｃｔｉｏｎｏｆｍｏｎｔｈｌｙｍｅａｎ

ｅｑｕａｔｏｒｉａｌ（５°Ｓ～５°Ｎ）ｓｅａｓｕｒｆａｃｅｔｅｍｐｅｒａｔｕｒｅ

ａｎｏｍａｌｉｅｓｏｆＰａｃｉｆｉｃＯｃｅａｎ（ｕｎｉｔ：℃）
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赤道中东太平洋的冷水状态没有发展成一次 Ｌａ

Ｎｉ珘ｎａ事件，但大气仍较明显地表现出了对冷水波动

的响应。主要表现在夏季西太平洋副热带高压（简

称西太副高）位置偏北，导致夏季我国南方大部分地

区持续受异常下沉运动控制，对流活动受到抑制，降

水偏少，高温持续发展。相反，受西太副高偏北影

响，我国东北、华北夏季降水异常偏多。

２．２　印度洋海温

２０１３年５—８月，热带印度洋呈现出中东部暖

而西部正常的异常海温分布［印度洋偶极子（ＩＯＤ）

负位相］。定义热带印度洋海温偶极子指数为热带

西印度洋（１０°Ｓ～１０°Ｎ、５０°～７０°Ｅ）的海温距平与热

带东南印度洋（１０°Ｓ～０°、９０°～１１０°Ｅ）的海温距平

差（Ｓａｊｉｅｔａｌ，１９９９；Ｗｅｂｓｔｅｒｅｔａｌ，１９９９）。可以发

现，５月的偶极子指数已超过－０．５，而８月的偶极

子指数也在－０．５以下（图２）。

图２　热带印度洋偶极子指数逐月变化

Ｆｉｇ．２　ＭｏｎｔｈｌｙｖａｒｉａｔｉｏｎｏｆｔｒｏｐｉｃａｌＩｎｄｉａｎ

Ｏｃｅａｎｄｉｐｏｌｅ（ＩＯＤ）ｉｎｄｅｘ

３　北半球大气环流异常及其影响

３．１　２０１１／２０１２年冬季

２０１２／２０１３年冬季，全国平均气温为－３．７℃，

较常年同期（－３．４℃）偏低 ０．３℃（王东阡等，

２０１３）。与常年同期相比，东北大部、内蒙古东部、华

北大部、华东大部、华中大部、新疆北部和中部、西藏

西部部分地区气温偏低，其中东北大部、内蒙古东

部、华北东北部、新疆北部和西藏西部局部地区偏低

２～４℃，局部偏低４℃以上。

２０１２／２０１３年冬季，北极涛动（ＡＯ）指数持续维

持负位相，有利于极地的冷空气向南侵袭影响我国。

５００ｈＰａ位势高度场上，欧亚大陆中高纬环流呈“两

槽一脊”的环流形势，乌拉尔山的高压脊持续偏强，

而东亚槽也异常偏强，有利于冷空气沿高空槽南下

影响我国（图３）。Ｗｕ等（２０１３）研究发现，该异常环

流型与冬季极端天气型的盛行模态非常相似，有利

于我国冬季极端低温天气的出现。而该异常环流型

的出现与前期秋季北极海冰异常偏少也存在密切联

系。Ｗｕ等（２０１１）研究发现，前期海冰偏少有利于

欧亚大陆北部地区出现异常阻塞环流异常，导致西

伯利亚高压阶段性加强，进而导致我国出现极端阶

段性低温。观测显示，自２０１２年夏季开始，北极海

冰覆盖范围持续异常偏小，偏小幅度超过气候态两

倍标准差，这一状况一直持续到２０１２／２０１３年冬季；

其中８月中旬至１０月中旬，海冰覆盖面积持续低于

自有观测资料以来年海冰覆盖面积的最小纪录———

２００７年同期海冰覆盖面积（图略）。而从海冰范围

距平分布来看（图４），秋季北极大部分地区海冰范

围较常年明显偏少，巴伦支海北部、喀拉海、拉普捷

夫海、楚科奇海、波弗特海和巴芬湾等海域海冰范围

较常年同期偏低２０％～６０％，其中喀拉海北部和波

弗特海偏低６０％以上。因此，前期秋季北极海冰的

减少有利于欧亚地区高纬的冷空气南下影响我国，

导致冬季我国东北、内蒙古东部、华北、华东等地大

范围低温的出现。

　　季内，我国气温变化呈现前冬冷，后冬暖的阶段

性变化特征。前冬是过去２７年中我国经历的最冷

的冬季，东北、华北地区气温均创近４０年新低；而到

后冬又迅速转暖，全国除东北和内蒙古东部偏冷外，

其余大部地区气温以偏暖为主。季内，西伯利亚高

压强度变化显著，前冬西伯利亚高压偏强，后冬西伯

利亚高压偏弱（图５），这可能是导致我国冬季前冬

冷、后冬暖的主要原因。

３．２　春季

２０１３年春季，全国平均气温较常年同期偏高

１．０℃，平均降水量较常年同期偏多８．３％，但气温

和降水空间分布不均，东北气温持续偏低，华北出现

区域性气象干旱。

从图６ａ中可以看到，春季我国大部尤其是西北

至华北一带受异常高压脊的控制，盛行下沉气流，不

利于降水的产生但有利于气温偏高。图６ｂ还显示，

在我国西北至华北一带，为水汽的弱辐散区，表明水

汽条件不利于这一地区降水的出现，加之气温持续
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偏高，使得气象干旱发展。值得注意的是，自冬季以

来ＡＯ持续负位相，尤其在２０１３年３月负位相显著

加强。这在中高层异常环流场上表现为欧亚中高纬

图３　２０１２年１２月至２０１３年２月５００ｈＰａ

平均位势高度（等值线）和

距平场（阴影）分布（单位：ｇｐｍ）

Ｆｉｇ．３　５００ｈＰａｍｅａｎｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔ

（ｃｏｎｔｏｕｒ）ａｎｄａｎｏｍａｌｉｅｓ（ｓｈａｄｅｄａｒｅａｓ）

ｆｒｏｍＤｅｃｅｍｂｅｒ２０１２ｔｏ

Ｆｅｂｒｕａｒｙ２０１３（ｕｎｉｔ：ｇｐｍ）

图４　２０１２年秋季北极海冰范围距平分布

Ｆｉｇ．４　Ｄｉｓｔｒｉｂｕｔｉｏｎｏｆｓｅａｉｃｅｅｘｔｅｎｓｉｏｎ

ａｎｏｍａｌｉｅｓｉｎａｕｔｕｍｎ２０１２

地区维持一宽阔的异常低压带而极地区域则为高气

压所盘踞，我国东北地区正好处于异常低槽的控制

下（图６ａ），冷空气频繁影响从而引发持续低温。

图５　２０１２／２０１３年冬季西伯利亚高压强度逐日演变（单位：ｈＰａ）

Ｆｉｇ．５　ＤａｉｌｙｖａｒｉａｔｉｏｎｏｆＳｉｂｅｒｉａｎｈｉｇｈｉｎｔｅｎｓｉｔｙｉｎｄｅｘｉｎｗｉｎｔｅｒ２０１２／２０１３（ｕｎｉｔ：ｈＰａ）

　　东北冷涡是我国东北地区特有的天气系统，对

东北地区的天气气候有很大影响，是造成东北低温

的重要因子。统计发现，２０１３年春季东北冷涡活跃

且总体偏强，其中３月出现２４次过程，４月出现２９

次过程，均较常年同期明显偏多，并且该两月冷涡的

强度均较常年同期偏强，有利于我国东北地区气温

偏低。另外，我国东北地区自２０１２年秋季以来积雪

持续偏多，通过增加地表长波辐射，有利于东北温度

偏低。并且春季东北积雪季节性融雪消耗热量导致

东北气温偏低加剧（王遵娅等，２０１３ｂ）。

３．３　夏季

２０１３年夏季，受热带太平洋海洋的影响，西太

副高异常偏北，使得东亚夏季风雨带明显偏北。
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图６　２０１３年３—５月平均５００ｈＰａ位势高度

（ａ，等值线，单位：ｇｐｍ）和距平场（ａ，阴影区，单位：ｇｐｍ），整层积分的水汽输送通量距平

（ｂ，箭头，单位：ｋｇ·ｓ
－１·ｍ－１）和散度距平场（ｂ，阴影区，单位：１０－５ｋｇ·ｓ

－１·ｍ－２）

Ｆｉｇ．６　５００ｈＰａｍｅａｎｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔ（ａ，ｃｏｎｔｏｕｒ，ｕｎｉｔ：ｇｐｍ）ａｎｄａｎｏｍａｌｉｅｓ（ａ，ｓｈａｄｅｄ

ａｒｅａｓ，ｕｎｉｔ：ｇｐｍ）ａｎｄｍｏｉｓｔｕｒｅｔｒａｎｓｐｏｒｔａｎｏｍａｌｉｅｓｖｅｒｔｉｃａｌｌｙｉｎｔｅｇｒａｔｅｄｆｒｏｍ１０００

ｔｏ３００ｈＰａ（ｂ，ｖｅｃｔｏｒ，ｕｎｉｔ：ｋｇ·ｓ
－１·ｍ－１）ａｎｄａｎｏｍａｌｉｅｓｏｆｄｉｖｅｒｇｅｎｃｅａｎｄｃｏｎｖｅｒｇｅｎｃｅ

ｏｆｍｏｉｓｔｕｒｅｔｒａｎｓｐｏｒｔ（ｂ，ｓｈａｄｅｄａｒｅａｓ，ｕｎｉｔ：１０
－５ｋｇ·ｓ

－１·ｍ－２）ｆｒｏｍＭａｒｃｈｔｏＭａｙ３０１３

　　２０１３年夏季，５００ｈＰａ高度及距平场上，欧洲大

部至西伯利亚西北部为正高度距平控制，而欧洲东

南部至东亚北部为宽广的低槽区，这种环流型有利

于高纬冷空气南下影响中国北方地区。季内，热带

中东太平洋海温偏低而热带西太平洋海温偏高，偏

高的热带西太平洋海温有利于热带西太平洋地区对

流活跃，气旋式异常环流发展，而热带西太平洋地区

偏强的对流活动也可以通过激发异常偏强的局地

Ｈａｄｌｅｙ环流圈，使得西太副高位置偏北（Ｓｉｅｔａｌ，

２０１２）；此外，夏季我国西部（四川部分地区）的降水

异常偏多，有利于凝结潜热释放，在西太副高西侧激

发反气旋性涡度发展，有利于副高的西伸（司东等，

２００８）。副高西侧偏南气流与来自南方偏强的季风

水汽汇合后，向我国北方地区输入异常偏多的暖湿

水汽（图７ｂ），冷空气和暖湿气流在我国北方地区交

汇辐合，造成我国北方地区夏季降水异常偏多。季

内，欧亚中高纬度地区的低压槽相对较浅薄，不利于

北方地区的冷空气深入南下影响我国的南方地区

（图７ａ）；同时，受西太副高位置偏北、偏西影响，西

太副高持续稳定控制我国南方大部分地区，导致该

地区持续受异常下沉运动控制，对流活动受到抑制，

夏季降水偏少，高温持续以及秋季干旱的出现。

图７　同图６，但时间为２０１３年６—８月

Ｆｉｇ．７　ＳａｍｅａｓＦｉｇ．６，ｂｕｔｆｏｒｔｈｅｐｅｒｉｏｄｆｒｏｍＪｕｎｅｔｏＡｕｇｕｓｔ２０１３

３．４　秋季

２０１３年秋季，受 ＡＯ正位相、东亚大槽偏弱等

因素的影响，秋季我国大部气温偏高。此外，西太副

高位置偏北，西北太平洋东南水汽输送异常偏强北

伸，造成我国东北、华北一带降水偏多。

２０１３年秋季，ＡＯ总体处于正位相，但季内变化

显著，其中９月中旬至１０月ＡＯ处于弱的负位相，

而１０月底以来ＡＯ维持明显正位相。在此背景下，

５００ｈＰａ位势高度场上，亚洲地区以纬向型环流为

主，在东亚中高纬呈北低南高的异常环流型，东亚大

槽偏弱（图８ａ），西伯利亚高压强度偏弱。这样的环

流形势不利于中高纬度地区的冷空气南下，我国大

部气温接近常年或偏高。季内，西太副高较常年同
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期明显偏弱、西伸脊点偏东，脊线位置偏北（图８ａ）。

受其影响，来自西北太平洋异常的东南风水汽输送

明显偏北（图８ｂ），与北方的冷空气共同作用导致我

国秋季东北和华北等地降水偏多，而东南部地区降

水偏少。此外，受孟加拉湾热带风暴及西太平洋热

带气旋活动影响，四川西部、华南西部等地降水偏

多。

图８　同图６，但时间为２０１３年９—１１月

Ｆｉｇ．８　ＳａｍｅａｓＦｉｇ．６，ｂｕｔｆｏｒｔｈｅｐｅｒｉｏｄｆｒｏｍＳｅｐｔｅｍｂｅｒｔｏＮｏｖｅｍｂｅｒ２０１３

４　亚洲夏季风

２０１３年南海夏季风爆发偏早２候，结束偏晚４

候，强度偏弱。

４．１　南海夏季风

２０１３年南海夏季风于５月第三候爆发，较常年

偏早２候。５月３候，对流层低层（８５０ｈＰａ）赤道印

度洋西风加强东伸并北抬，南海地区为热带西南风

控制，对流活动明显增强，西太副高撤出南海，南海

夏季风环流形势基本建立。同时，南海季风监测区

主要监测指标从这一候开始连续３候超过季风爆发

时的临界值，即监测区内平均纬向风由偏东风转为

偏西风、假相当位温大于３４０Ｋ（图９）。

２０１３年南海夏季风于１０月第四候结束，较常

年偏晚４候，也是连续第八年结束偏晚。１０月４

候，对流层低层，索马里及１０５°Ｅ附近的越赤道气流

及赤道印度洋的西风明显减弱，南海地区主要受较

强的偏东风控制。同时，监测区内两个主要监测指

标从这一候开始连续２候下降到临界值以下，即监

测区内平均纬向风由偏西风转为偏东风、假相当位

温小于３４０Ｋ（图９）。

　　２０１３年南海夏季风强度指数为－１．２９，较常年

明显偏弱。南海夏季风强度的逐候演变显示

（图１０），自５月３候南海夏季风爆发后，强度呈波

动性变化，其中５月３～４候、６月４～５候、８月３～

５候、９月３～５候、１０月２候偏强，而其余时段以偏

弱为主。

图９　南海地区（１０°～２０°Ｎ、１１０°～１２０°Ｅ）

纬向风（单位：ｍ·ｓ－１）和假相当位温与

３４０Ｋ的差值（单位：Ｋ）的逐候演变

Ｆｉｇ．９　Ｐｅｎｔａｄｅｖｏｌｕｔｉｏｎｏｆｚｏｎａｌｗｉｎｄｓ

（ｕｎｉｔ：ｍ·ｓ－１）ａｎｄｐｓｅｕｄｏｅｑｕｉｖａｌｅｎｔ

ｐｏｔｅｎｔｉａｌｔｅｍｐｅｒａｔｕｒｅ（ｕｎｉｔ：Ｋ）ｏｖｅｒ

ＳｏｕｔｈＣｈｉｎａＳｅａ（１０°－２０°Ｎ，１１０°－１２０°Ｅ）

图１０　２０１３年５—１０月逐候南海

季风强度指数演变

（空心柱为气候平均值）

Ｆｉｇ．１０　ＰｅｎｔａｄｅｖｏｌｕｔｉｏｎｏｆＳｏｕｔｈＣｈｉｎａ

Ｓｅａｍｏｎｓｏｏｎｉｎｄｅｘ（ｈｏｌｌｏｗｃｏｌｕｍｎ：ｃｌｉｍａｔｅ

ａｖｅｒｇｅ）ｆｒｏｍＭａｙｔｏＯｃｔｏｂｅｒ２０１３

９９４　第４期　　　　　 　　　　　　司　东等：２０１３年海洋和大气环流异常及对中国气候的影响　　　　　　 　　　　　　

402



４．２　东亚夏季风

２０１３年６月，索马里越赤道气流明显偏强；７

月，这支异常的越赤道气流加强东伸展至中南半岛

地区，同时西北太平洋地区为异常反气旋性环流控

制；８月，索马里越赤道气流明显减弱，西北太平洋

地区异常反气旋性环流东撤、南压（图略）。从整个

夏季平均的情况看，印度洋西部为异常南风，反映索

图１１　２０１３年６—８月平均８５０ｈＰａ

异常风场（单位：ｍ·ｓ－１）

Ｆｉｇ．１１　Ａｎｏｍａｌｏｕｓ８５０ｈＰａｍｅａｎｗｉｎｄｆｉｅｌｄ

（ｕｎｉｔ：ｍ·ｓ－１）ｆｒｏｍＪｕｎｅｔｏＡｕｇｕｓｔ３０１３

马里急流偏强，而西北太平洋为异常反气旋性环流

（图１１），同时也有利于西太副高加强西伸。受西北

太平洋异常反气旋环流的影响，来自西北太平洋的

东南风水汽输送明显偏强，有利于我国北方大部地

区异常水汽辐合，而我国长江以南大部地区为水汽

辐散。

４．３　夏季风雨带进退特征

２０１３年５月３候至６月１候，东亚副热带夏季

风主要维持在我国华南至江南一带；之后，随着西太

副高北推并持续偏北，江南地区率先入梅，６月我国

东部主雨带维持在江淮地区；７月上旬末至８月上

旬，我国东部主雨带位于华北地区；８月中旬起，东

部主雨带位置明显南落至３５°Ｎ以南地区；８月下半

月至９月中旬，东亚季风明显减弱，伴随西太副高南

落以及季风的南撤，雨带有所南移。９月下旬，东亚

季风再次加强，水汽输送明显偏北，造成我国东部出

现明显降水。１０月起，随着北方冷空气南下影响我

国华南沿海和南海地区，南海地区的热力性质出现

明显改变，夏季风开始撤离南海地区，中国东部降水

明显减少。１０月４候，南海夏季风结束（图１２）。

图１２　１１０°～１２０°Ｅ候平均假相当位温（ａ，单位：Ｋ）和降水量（ｂ，单位：ｍｍ）的纬度时间剖面

Ｆｉｇ．１２　Ｔｉｍｅｌａｔｉｔｕｄｅｓｅｃｔｉｏｎｏｆｐｅｎｔａｄｍｅａｎｐｓｅｕｄｏｅｑｕｉｖａｌｅｎｔｐｏｔｅｎｔｉａｌｔｅｍｐｅｒａｔｕｒｅ（ａ，ｕｎｉｔ：Ｋ）

ａｎｄｐｒｅｃｉｐｉｔａｔｉｏｎ（ｂ，ｕｎｉｔ：ｍｍ）ａｖｅｒａｇｅｄｏｖｅｒ１１０°－１２０°Ｅ

４．４　雨季特征

根据国家气候中心各雨季监测指标监测显示，

２０１３年，华南前汛期３月２８日开始，７月３日结束，

历时９７ｄ，累计雨量８３０．３ｍｍ。与常年相比，开始

偏早，结束偏晚，雨季偏长，雨量偏多。西南雨季５

月１５日开始，１０月１９日结束，历时１５７ｄ，总降雨

量８３１．１ｍｍ。与常年相比，开始偏早１１ｄ，结束偏

晚５ｄ，雨季偏长１６ｄ，雨量偏少。长江中下游地区

梅雨６月２３日入梅，６月２９日出梅。入梅偏晚，出

梅偏早，梅雨期仅为６ｄ，较常年显著偏短，与１９９０

年、１９７１年并列为１８８５年来历史最短年份。华北

雨季７月９日开始，８月１３日结束，历时３５ｄ；开始

与结束时间均较常年偏早，长度偏长；累计降雨量

２０５．９ｍｍ，较常年偏多。华西秋雨８月３１日开始，

１１月６日结束，历时６８ｄ。与常年相比，开始偏早，

结束晚，累计雨量２５８．８ｍｍ，较常年偏多。

５　台风活动异常

２０１３年，西北太平洋和南海上共有３１个台风

生成，生成个数较常年同期偏多７个；９个台风在我
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国登陆，较常年偏多２个。初台和终台登陆时间均

偏早；５个台风登陆时风力在１２级或以上，强度明

显偏强；登陆点均在华南沿海，其中福建４个、广东

３个、海南２个，登陆位置总体偏南。全年台风共造

成１９９人死亡，６７人失踪，直接经济损失１２６２．８亿

元。与１９９０—２０１２年平均值相比，死亡人数偏少，

但直接经济损失为１９９０年以来最大。总体而言，

２０１３年台风灾情偏重。２０１３年登陆我国的９个台

风中，除１３０５号“贝碧嘉”、１３０６号“温比亚”、１３０８

号“西马仑”、１３０９号“飞燕”以外，其余５个登陆时

强度均在１２级或以上（其中有４个登陆时达强台风

级别），其中１３１９号“天兔”登陆时中心最大风力１４

级，是２０１３年登陆我国大陆地区强度最强的台风，

也是近４０年来登陆粤东沿海的最强台风。

造成２０１３年台风生成与登陆均偏多且影响偏

南的主要原因有以下几方面。首先是台风活跃季节

内，赤道西太平洋暖池海温较常年同期偏暖，对流活

动异常偏强，有利于台风生成，且在近海风切偏小，

有利于台风加强，使台风登陆强度偏强。另外，由于

热带西太平洋地区对流活动偏强以及西太副高的位

置偏北，导致季风槽的位置明显偏北，使得活动在西

北太平洋和我国南海的台风多偏西或西北路径，而

且由于登陆和影响我国的台风生成位置明显偏西

（多数在１３０°Ｅ以西），这导致台风更容易登陆或影

响我国，从而造成台风影响偏南。

６　结　论

对２０１２／２０１３年冬季至２０１３年秋季的主要海

洋和大气环流异常及其对中国气温、降水的影响分

析发现：

（１）２０１３年冬季至夏季，赤道中东太平洋处于

冷水状态，尽管没有发展成一次ＬａＮｉ珘ｎａ事件，但大

气仍较明显地表现出了对冷水波动的响应。受此影

响，夏季西太副高脊线位置明显偏北。西太副高西

北侧的强东南气流携带丰沛的水汽深入我国北方，

导致我国北方尤其是东北、华北夏季多雨。与此同

时，受西太副高下沉气流的控制，我国南方大部高温

持续。

（２）２０１２／２０１３年冬季，北极涛动持续维持负

位相。５００ｈＰａ位势高度场上，欧亚大陆中高纬环

流呈“两槽一脊”的环流形势，乌拉尔山的高压脊持

续偏强，而东亚槽也异常偏强，有利于冷空气沿高空

槽南下，导致我国东部长江以北地区的东北、华北、

内蒙古东部以及黄淮地区气温偏低。季内，西伯利

亚高压强度变化显著，与之相对应，我国气温季内阶

段性变化大，前冬冷、后冬暖。进一步研究表明，前

秋北极海冰的大幅偏少是造成东亚冬季风偏强的重

要原因。

（３）２０１３年南海夏季风于５月第三候爆发，较

常年偏早２候。于１０月第四候结束，较常年偏晚４

候，强度偏弱。受东亚夏季风活动影响，我国长江中

下游地区于６月２３日入梅，６月２９号出梅。７月９

日华北雨季开始，８月中旬季风雨带开始南落，８月

１３日华北雨季结束。８月３１日华西秋雨开始。
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The role of eddy feedback in the excitation of the NAO
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ABSTRACT: In this paper, the role of eddy feedback in the formation and excitation of the NAO (North Atlantic
Oscillation) is examined in a linear barotropic model with an empirical closure for synoptic eddy and low-frequency
flow (SELF) feedback. The EOF-space based model captures the linear dynamics of the barotropic model linearized with
respect to climatological mean flow very accurately with relative low-order truncations. The parameterized empirical linear
low-dimension SELF-feedback operator also depicts the relation between eddy-induced streamfunction tendencies and the
large-scale circulation to a reasonable degree. Singular vector analysis (SVD) is performed on the linear low-dimension
dynamic operator with SELF-feedback to exam the leading low-frequency mode of the system. It is shown that the leading
SVD mode (the left vector) of the linear low-dimension dynamic operator with smallest SVD value resembles the observed
NAO pattern. The role of eddy feedback in the excitation and maintenance of NAO is then further examined by relating the
effective external forcing patterns to the right vector of the leading SVD mode of the linear dynamic operator. It is shown
that local dipolar external forcing at middle latitudes over North Atlantic is effective in exciting the NAO-like anomaly
pattern, whereas the effectiveness of the external forcing over different areas sensitively depends on the eddy feedback.
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1. Introduction

The North Atlantic Oscillation (NAO), as one of the most
prominent modes of Northern Hemisphere (NH) atmospheric
variability, is well known for its great impacts on the climate
variation over the middle and high latitudes of the NH (e.g.,
Walker and Bliss, 1932; Van Loon and Rogers, 1978; Wallace
and Gutzler, 1981; Thompson et al., 2002). A number of studies
also demonstrated NAO variability response to the global
warming (Hurrell, 1995; Hurrell et al., 2003). Therefore, the
low-frequency modes of atmospheric circulation, particularly
the NAO and its related northern annular mode (NAM) or
Arctic Oscillation (AO) (Thompson and Wallace, 2000), have
been subjects of many studies. One focus of these studies is the
role of synoptic eddies in the generation of the low-frequency
variability of the extratropical atmospheric circulation (e.g.,
Lau, 1988; Cai and van den Dool, 1991; Lau and Nath,
1991; Robinson, 1991a, 1991b, 2000; Branstator, 1992, 1995;
Limpasuvan and Hartmann, 1999, 2000; Vallis et al., 2004).
There exists a two-way interaction between synoptic eddies
and low-frequency flow (e.g., Cai and Mak, 1990; Qin and
Robinson, 1992; Whitaker and Barcilon, 1992a, 1992b, 1995).
Most results suggest that positive feedback of synoptic eddy
is important in maintaining low-frequency flow variability
associated with prominent climate modes (e.g., Nakamura and

* Correspondence: G-. R. Tan, Key Laboratory of Meteorological
Disaster of Ministry of Education, Nanjing University of Information
Science and Technology, Nanjing 210044, China. E-mail: tanguirong@
nuist.edu.cn

Wallace, 1990; Hoerling and Ting, 1994; Lorenz and Hartmann,
2001, 2003). The low-frequency variability has been shown
not only to be maintained by transient eddy forcing, but also
to organize systemically the eddy activity for generating such
kind of eddy forcing (e.g., Lau, 1988; Lee and Feldstein, 1996;
Kimoto et al., 2001; Feldstein, 2003; Watanabe and Jin, 2004).
High-frequency synoptic activity interacts with low-frequency
variability through nonlinear rectification (Egger and Schilling,
1983; Lau and Holopainen, 1984; Lau and Nath, 1991). The
SELF-feedback has been recognized as playing an essential
role in generating the dominant modes of the low-frequency
variability (Limpasuvan and Hartmann, 2000; Robinson, 2000).

One dynamic approach to gain insight in the dynamics of
synoptic eddy and low-frequency flow (SELF) feedback is
to develop a linear dynamic closure for the SELF-feedback
(Jin et al., 2006a, 2006b; Pan et al., 2006; Jin, 2010). They
proposed a linear dynamic framework that includes both
dynamic processes linearized with respect to climate mean
flow and an approximate but dynamically deduced linear
closure for the SELF-feedback. This new linear framework
with the inclusion of linear dynamics for the SELF-feedback
was shown to be a useful tool for exploring the dynamics
of the low frequency mode. Using this framework, it was
shown thorough eigen value and singular value analyses that
SELF-feedback is responsible for the emergence of leading
modes which resemble the known atmospheric low-frequency
patterns such as AO/NAO, AAO and PNA (Jin et al., 2006a,
2006b). Analytical results deduced from this linear framework
demonstrate that a scale-selective eddy-induced low-frequency
dynamic instability is the underlying fundamental mechanism
for the origin of the extratropical low-frequency variability (Jin,
2010).

© 2013 Royal Meteorological Society
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The key hypothesis of the linear dynamic closure is that
the low-frequency flow anomalies can systematically alter the
statistical nature of synoptic eddies such that the so-called
anomalous eddy forcing onto the low-frequency flow is to a
large extent slaved by the low-frequency flow itself. Kug and
Jin (2009) and Kug et al. (2010a, 2010b) investigated the scale
interaction between synoptic eddies and low-frequency flow and
pointed out that the synoptic eddy feedback is a key process
to sustain the low-frequency flow through a positive SELF-
feedback process that can be diagnostically depicted by the
so-called ‘Left-Hand Rule’. Observational studies by Ren et al.
(2009, 2011, 2012) following this approach depicted clearly
systematical changes in statistical eddy structure associated with
NAO. Moreover, they demonstrated that these changes in eddy
activity are to a large extent generated by and linearly related to
the NAO on one hand; they are also responsible for generating
the anomalous eddy forcing that maintains the NAO, on the
other hand. These observations supported the view that SELF-
feedback to a certain extent can be by and large viewed as a
linear dynamic process.

The linear dynamic framework with SELF-feedback has
also been used to examine the role eddy feedback plays in
shaping the atmospheric remote response to external forcing,
thus shaping the atmospheric teleconnections (Peng et al., 2005;
Jin et al., 2006a). In fact, numerous studies have demonstrated
that both tropical and extra-tropical anomaly forcing can
induce NAO-like patterns in the winter atmosphere (e.g.,
Palmer and Anderson, 1994; Trenberth et al., 1998; Rodwell
et al., 1999; Watanabe and Kimoto, 2000; Cassou and Terray,
2001; Hoerling and Kumar, 2002; Peng et al., 2002, 2003,
2005; Greatbatch et al., 2003; Gerber and Vallis, 2005; Pozo-
Vasquez et al., 2001, 2005). However, atmospheric responses
are often found to be sensitive to specific features of the
external forcing (Sutton and Hodson, 2003; Mathieu et al.,
2004) because these forced responses are heavily regulated by
the eddy feedback (Ting and Sardeshmukh, 1993; Peng and
Whitaker, 1999; Peng et al., 2002; Li et al., 2006; Pan et al.,
2006).

This paper builds upon the approaches taken by Peng et al.
(2005) and Jin et al. (2006a,b) and uses a linear barotropic
framework to examine the role of SELF feedback in the
formation and external excitation of the NAO. The linear
dynamic framework of Jin et al. (2006a,b) and subsequent
numerical and observational studies (Pan et al., 2006; Ren
et al., 2009; Kug et al., 2010a, 2010b) suggested that the
linear dynamical closure for SELF-feedback is largely valid.
However, such a dynamic closure is somewhat complicated.
Peng et al. (2005) proposed a simple empirical closure for
the SELF-feedback and it worked remarkably well in the
simulations of NAO. Thus, a low-dimension linear framework
is proposed that includes two parts: (1) the classic linear
dynamics cast in low-dimension by projecting the linear model
onto EOF bases, and (2) a simple empirical SELF-feedback
closure also expressed using the EOF bases. With adequate
yet still relatively small numbers of EOF bases, this linear low-
dimension dynamic framework can efficiently capture the linear
dynamics of low-frequency variability through the approaches
of Peng et al. (2005) and Jin et al. (2006a,b). The relatively
low-dimension of this approach provides an efficient way
of exploring optimal excitations of the NAO or singular
patterns of linear dynamics with considerations of SELF-
feedback.

This paper is organized as follows. Section 2 describes
an empirical closure for SELF-feedback, based on observed

monthly streamfunction and corresponding eddy induced
streamfunction tendency. Section 3 gives a low-dimension
EOF-space representation of linear dynamics and a linear
barotropic model with empirical SELF-closure. The leading
SVD modes of the reconstructed linear dynamic model are
then explored to elucidate the role of eddy feedback on
the formation of a leading low frequency pattern. Section 4
presents the optimal forcing of leading modes to illustrate
the role of eddy feedback on the excitation of the NAO-like
pattern. The sensitivity of the forced atmospheric response
with eddy feedback to the remote forcing over different areas
is also examined in this section. The conclusions are given in
Section 5.

2. An empirical closure for SELF-feedback

2.1. Description of the empirical operator

Following the approaches of (Peng et al., 2003; Jin et al., 2006a,
2006b; Pan et al., 2006), the linearized barotropic model with
the closure of SELF-feedback can be written as:
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Since here the streamfunction is used instead of the vorticity,
so the linear operator L is defined as
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and the eddy-induced streamfunction forcing are related to ψ
a

by a linear SELF–feedback operator Lf :
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Here V ′
σ

′ a denotes the monthly-mean anomalies of synoptic
eddy vorticity fluxes (V ’, σ ’, ψ ’ denote the 2–8 days band-
pass filtered winds, relative vorticity and streamfunction), �− 1

is a Lapalacian inversion operator, and J means the Jacobian
operator defined as J (a , b) = ∂a

∂x
∂b
∂y − ∂a

∂y
∂b
∂x . To separate the

synoptic-eddy component, the daily mean zonal and meridional
winds are band-pass filtered in the period of 2–8 days using
a Lanczos filter (using 41 weights, Duchon, 1979). The low-
frequency variability is defined as the monthly mean value.
Empirical orthogonal functions (EOF) are used to expand ψ

a
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(a) (b) (c)

Figure 1. The NAO patterns of low-frequency variability. (a) Obtained by regressing the anomalous monthly stream function at
300 hPa(1952–2008) onto the NAO indices; (b) eddy-induced stream function obtained by regressing the monthly averaged anomalies of
eddy vorticity forcing to the NAO indices; (c) eddy forcing patterns for NAO by applying the SELF-closure on to the monthly streamfunction

anomalies. The unit is 106 m2 s−1, contour interval is 2.

and the streamfunction tendencies −�−1J
(
ψ

′ , �ψ
′)a

which is
further denoted as χa as follows:

ψ
a =

Nψ∑
k=1

Eψk Ak (6)

χa =
Nχ∑

k=1

Eχk B0k ≈
Nχ∑

k=1

Eψk Bk (7)

where Eψ , Eχ are leading spatial EOF patterns of ψ
a

and
χa , Ak , B0k and Bk are associated time coefficients of the k th

leading EOF modes, but B0k and Bk mean the time coefficients
of χa projecting on the EOF modes of the streamfunction
tendencies and streamfunction respectively. N ψ , N χ are the
numbers of the truncated EOF modes for ψ

a
and χa . The

SELF operator is here mainly for the study of the Northern
Hemisphere, the domain of the data for EOF analysis is in
the area over (2.5–90 ◦ N; 0–357.5 ◦ E). Based on the linear
framework of Jin et al. (2006a), χa can be directly related
to ψ

a
through a dynamic relationship between the two fields

as χa ≈ Lf ψ
a
, namely, EψB ≈ EψLf A. To derive the closure

operator empirically, a simple multiple linear regression method
is used to establish the relation between Ak and Bk , which
is defined as B = Ls A + εs ,where Ls is the linear regression
operator, and εs is the error. B ≈ E T

ψ EψLf A ≈ Ls A. Because
E T

ψ Eψ = I (where I is identity matrix), the Lf closure operator
can be obtained from those data as Lf ≈ Ls .

In reality, the monthly anomalous streamfunction tendency
is not completely a linear function of the monthly mean
streamfunction fields. There is a number of sources that may
contribute to the residual term εs , including truncation error
and neglected nonlinearities as well as sampling fluctuations.
All of these may hinder the accuracy of the empirically derived
linear closure operator. Nevertheless, as shown in Peng et al.
(2003) and also later in this section, such an empirical model
tends to capture SELF-feedback reasonably well, especially for
the leading low-frequency mode.

2.2. Validating of the empirical operator

To construct the empirical closure operator, the 300 hPa stream-
function fields of the reanalysis data from national Centers
for Environmental Prediction/National Center for Atmospheric

Research (December 1951 to February 2008) with 2.5◦ × 2.5◦

horizontal resolution (Kalnay et al., 1996) is used. The synop-
tic eddy fields are derived from band-pass filtered daily data as
mentioned in the above section, and the low-frequency variabil-
ity is defined as the monthly mean anomaly field with respect
to monthly mean climatology.

To examine the accuracy of the empirical closure Lf , the
relation between a leading mode of atmospheric low-frequency
variability such as the NAO and its associated eddy forc-
ing is examined. The observed patterns of the NAO derived
from the monthly mean anomaly fields of the 300 hPa stream-
function fields ψ

a
is shown in Figure 1(a), whereas the cor-

responding observed eddy forcing fields χa are shown in
Figure 1(b). These patterns are obtained by linearly regressing
the observed cold-season monthly mean anomaly fields ψ

a
and

χa onto the monthly time series of the NAO indices from Cli-
mate Prediction Center (http://www.cpc.ncep.noaa.gov/produ
cts/precip/CWlink).

The synoptic eddy forcing (Figure 1(b)) associated with
the NAO projects positively onto the streamfunction anomaly
patterns (Figure 1(a)). Moreover, the eddy forcing associated
with the NAO is mostly concentrated in the Atlantic sector and
is much weaker over the other half of the NH. These results
are well known and they indicate a positive SELF-feedback as
noted by many authors in earlier studies (e.g. Lau, 1988; Jin
et al., 2006a).

With the empirical closure of eddy feedback, the observed
low-frequency flow ψ

a
can be used to estimate the eddy

forcing by Lf ψ
a
. The results, as shown in Figure 1(c), are

very similar to the observed eddy forcing in Figure 1(b). The
pattern correlation between the parameterized eddy forcing
Lf ψ

a
and the observed χa is 0.92 for the NAO, which is

higher than those obtained by dynamically derived closure
in Jin et al. (2006a). This result is also consistent with that
obtained by Peng et al. (2005) who obtained excellent empirical
parameterization for the NAO related to eddy forcing. In the
parameterized eddy forcing associated with the NAO, not only
the positive projections of stream function tendency pattern
onto the streamfunction are captured, but also the magnitudes of
these eddy-induced stream function forcings are well expressed
in the mid-latitude and Polar regions. Only the magnitudes
of parameterized negative forcing in the Polar regions are
somewhat weaker than the observed (see Figure 1(c)).

To further illustrate the validity of the empirical closure for
the SELF-feedback, the parameterized eddy forcing patterns
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Figure 2. Pattern correlations of the observed and parameterized eddy
forcing associated with the first 10 leading EOFs of the monthly
mean anomalies of the streamfunction field during the cold seasons

of 1979–2008 for northern hemisphere.

of Lf ψ
a

associated with each EOF pattern of ψ
a

for the
period 1979–2008 is calculated. The observed eddy forcing
patterns corresponding to these EOF modes of monthly-mean
anomalies of streamfunction are obtained by regressing χa onto
the time coefficients associated with each EOF of ψ

a
. The

spatial correlations of the parameterized and observed eddy
forcing patterns for the first 10 EOFs of ψ

a
, which explain

about 78% of the total variance of the low-frequency variability
of ψ

a
, are shown in Figure 2. It can be seen that the correlations

are all above 0.8, also higher than those in Jin et al. (2006a).
However, it should be noted that these skills of the empirical
closure operator are not cross validation skills whereas the skill
from dynamic closure operator derived in Jin et al. (2006a) is
a truly independent skill.

The errors of Lf include truncation error, nonlinearities as
well as sampling fluctuations. The truncation error, which
depends on the truncated EOF modes of both streamfunction
and eddy forcing in terms of streamfunction tendencies, can be
estimated before the empirical operator is finally established.
The accuracy of the EOF-based empirical operator Lf is shown
in Figure 3. The more EOF modes are retained, the largest
the variance of eddy induced forcing can be explained by
EOF expansion, and the correlation coefficients between the
resolved forcing Lf ψ

a
and actual χa are also increasing

steadily. However, when the retained EOF modes are larger
than 10, the cross validation errors increase as the truncation
errors decrease. Therefore, only 10 EOF modes for χa were
retained. The cross validation error also depends on the number
of EOF modes of the streamfunction. The EOF mode number
of the streamfunction is set at 50 and the accuracy of the SELF-
operator Lf is not higher with more EOF modes selected.

To cross validate the empirical closure of the SELF-feedback,
the empirical operator was established using the data about
40 years of December, January and February (DJF) from
1951/1952 to 1990/1991. The correlation distribution between
the observed monthly-mean eddy-induced streamfunction forc-
ing χa and that estimated by applying the empirical opera-
tor onto ψ

a
for DJF from 1991/1992 to 2007/2008 are then

calculated. The correlation between the observed seasonal-
mean eddy-induced streamfunction forcing and that estimated
by applying the empirical operator but onto the seasonal-
mean anomalous streamfunction field for all 57 winters from
1951/1952 to 2007/2008 is also examined. The correlation coef-
ficients (171 months and 57 winters) are positive with the
highest values over 0.8 in both Atlantic and Pacific storm track
areas and the seasonal map shows even a few broad areas of
higher correlation (not shown). The empirical operator shows

Figure 3. Cross-validated skill of linear SELF operator as a function of
the number of retained EOF modes of December to February 300 mb
stream-function anomalies and related tendency. Solid line: correlation
of the observed χa and the estimated by SELF linear operator for fitting
skill; dashed line: explaining variance of the truncated EOF modes;
dashed line with real circle marks: correlation of the observed χa and

the estimated by SELF linear operator for cross-validated skill.

reasonable ability in expressing the observed eddy-induced
streamfunction forcing for each month and each season through
the entire 57 winters. There are significant fluctuations in pat-
tern correlations for monthly data, indicating that the significant
portion of month-mean anomalous eddy forcing cannot be lin-
early parameterized by the closure. These fluctuations are less
for seasonal mean data, although the empirical operator may
still fail for some years. Nevertheless, the correlation score
is similar for the entire period, indicating that the empirical
operator stands for cross validation. Overall, the parameterized
empirical SELF-feedback operator captures the linear relation
between eddy forcing and the large scale circulation.

3. Leading low-frequency modes of a linear barotropic
model with empirical SELF-closure

3.1. EOF-space representation of linear dynamics

To study the linear dynamics of low-frequency atmospheric
flow dynamics, a set of fully nonlinear primitive equations
numerically linearized with respect to climatological mean are
often used to derive the related linear dynamical operator (cf
Hoskins and Karoly, 1981; Watanabe and Jin, 2004). However,
this kind of linear operator is often expressed in terms of a
matrix whose rank depends on model resolution. Here it is
proposed to project the linear operator onto the EOFs so that the
linear operator has a low-dimension in a reduced phase-space.

Following Jin et al. (2006a), the linearized barotropic model
with the closure of SELF-feedback can be written as:

∂ψ
a

∂t
+ Lψ

a + Lf ψ
a = Q

a
(8)

where Q
a

denotes external forcing, and Lf is the SELF-
feedback operator, and L is the linear operator, which are
obtained in Section 2.

Here, r is a linear damping rate, ψ
c

denotes the monthly
climatological mean streamfunction. The monthly mean value
is calculated for winter months (DJF) from 1951/1952 to
2007/2008 and f is the Coriolis parameter.

To obtain the linear operator L, the numerical method pro-
posed by Hoskins and Karoly (1981) is used with the difference
that each EOF pattern of the streamfunction, instead of each
spherical harmonic function, is the perturbation streamfunc-
tion field. The model is then used to evaluate and compute
the tendency corresponding to each EOF pattern (cf Appendix
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Figure 4. Cross-validated skill of linear dynamic operator. (a) Cross-
validated skill of linear dynamic operator as a function of the number
of retained EOFs of December to February 300 mb streamfunction
anomalies and related tendency. Solid line: explaining variance of the
truncated EOF modes for external forcing; dashed line: correlation
of the observed tendency and the estimated by space reduced linear
dynamic operator. (b) The errors as a function of the number of the

retained EOFs.

A). The linear operator in the EOF-based space can then be
obtained. For instance, if all tendencies are denoted as F E ,
then F E = LEψ , so L can be obtained by projecting F E onto
the EOF base as L = E T

ψ FE . It should be pointed out that this
method is not limited to the barotropic model and can be easily
extended to any primitive equation models. In fact, in the latter
case, the advantage of this method in terms of great reduction
in the size of matrix for linear dynamic operator will become
even more significant.

The accuracy of the EOF-based linear operator L is shown in
Figure 4. When more EOF modes are retained, larger variance
of the low-frequency-induced tendency F can be explained by
the EOF expansion, and the correlation coefficients between the
resolved forcing LEψ and actual F also increase steadily. The
first 50 EOF modes can explain 98.8% of the total variance of
F , and the correlation coefficient between the observed F and
the resolved portion LEψ arrives at about 0.996 when all the
50 EOF modes are included (Figure 4(a)). The errors are given
in the Equation (9):

ε =
√∑

i

(
Foi − F̂i

)2
/

∣∣∣∣∣∑
i

Foi

∣∣∣∣∣ × 100% (9)

where F oi is the observed external forcing, and F̂i is the esti-
mated. The errors also decrease as the EOF modes increase,
and the error is less than 0.25% when 50 EOFs are considered
(Figure 4(b)). It suggests that the EOF-space-based linear oper-
ator L is a very accurate approximation of the linear dynamical
system for low-frequency flow variability.

With the linear dynamic operator expressed in the EOF-space
and the empirical operator Lf , the linear dynamic operator
is L + Lf . Since the dimension of the two linear operators is

different, in order to add them together, Lf is expanded by
simply adding zeros to make it to a full matrix with ranks
the same as the L operator. The reduced model is then tested
with a localized external forcing. Results show that the linear
dynamic system can capture the remote forcing pattern in the
mid-latitudes, which is similar to Jin et al. (2006a). Thus, this
operator with a much reduced degree of freedom captures the
essential linear dynamics for low-frequency variability, similar
to the full linear barotropic model with an approximate dynamic
SELF-closure (Jin et al., 2006b).

3.2. NAO-like SVD modes with and without SELF feedback

It was suggested in an earlier study (Jin et al., 2006b) that
leading SVD modes (left v vector) of the linear operator L + Lf

resemble the observed leading patterns of extratropical low-
frequency variability of the atmospheric circulation. Following
this approach, the role of the SELF-feedback in the formation
of the leading modes is examined by tracing the dependence of
the leading SVD modes of the linear matrix for L +μLf on the
control parameter μ (see Figures 5 and 6).

When μ = 1.0, the leading SVD mode resembles the
observed pattern (Figure 5(c) and (f)). As μ decreases from 1.0
toward zero (Figure 5(a) and (d)), the NAO-like leading SVD
mode not only loses some of its pattern resemblance (the pat-
tern correlation between the observed pattern and SVD pattern
is 1.0 and 0.29 as μ = 1.0 and μ = 0.0, respectively), but also
the corresponding singular value λμ increases significantly with
the eddy feedback (Figure 6). It suggests that SELF-feedback
is important not only in the formation of the NAO pattern but
also in increasing the singularity of the NAO mode.

The increase of growth rate of the NAO due to SELF
feedback is consistent with the well known notion that SELF-
feedback for the NAO is strongly positive (e.g., Lorenz and
Hartmann, 2001, 2003; Jin et al., 2006a, 2006b; Pan et al.,
2006; Ren et al., 2009). It is the strong positive feedback
that tends to bring the NAO close to criticality or singularity
and this increase of singularity due to the SELF-feedback
greatly increases the variance of the NAO (Jin, 2010). To
further demonstrate this point, the change in pattern of the
ratio between the observed NAO pattern and the diagnosed
NAO with the reduction of the SELF-feedback is examined.
This ratio is defined as < ψ̃ , ψNAO > / < ψNAO , ψNAO >. It is a
function of μ. When μ = 0.0, this value is about 0.28 (Figure 6),
indicating that without SELF-feedback, the NAO will lose more
than a half of its identity in terms of its pattern.

4. Excitation of NAO mode

Although eddy fluxes are central to the forcing and maintenance
of the NAO, external excitation is also essential in maintaining
the NAO variability. Since the leading left-vector of the linear
dynamic operator is related to the spatial structure of the NAO,
the corresponding right-vector is examined to study the optimal
forcing for the NAO-like mode. The optimal forcing patterns in
terms of streamfunction tendency for the case with and without
SELF-feedback are shown in Figure 5. The main loadings of
the patterns are similar, apart from that the ranges of centre
variation are different for different eddy feedback. The main
loading of the forcing pattern for the NAO is over the Atlantic
and eastern Pacific sectors. However, those forcings over the
Indian Ocean and western Pacific become more apparent, and
those over the tropical area shift to the higher latitude area in
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µ = 0.0 µ = 0.5 µ = 1.0

Figure 5. The leading SVD vectors of the linear system with (a), (d) none (μ = 0.0); (b), (e) middle (μ= 0.5) and (c), (f) strong (μ = 1.0) SELF
feedback for the NH cold season basic flow. The contour interval is 1.0. (a), (b) and (c) are the left v-vectors for NAO-like pattern, while (d),

(e) and (f) are associated right u-vectors for NAO-like pattern of the linear system. The contour interval is 1 × 10−2.

Figure 6. Structure variation of NAO pattern as a function of eddy
feedback. Dotted line, real line and dashed line denotes the pattern
correlation, < ψ̃ , ψNAO > / < ψNAO , ψNAO > and ratio of singular

values
√

λμ/
√

λμ=1, respectively.

the Atlantic with the SELF-feedback (Figure 5(d)–(f)), while
the forcings in the east Pacific also expand to the central and
western Pacific. The significant differences remain in terms of
the amplitudes over the centre areas of forcing patterns. In
tropical Indian Ocean to Western Pacific, and mid- and high-
Atlantic regions, the dependence of the sign and amplitudes in
the optimal forcing on the SELF-feedback suggest that it not
only serves as a positive feedback to amplify the NAO but also
alters the way the NAO might be excited. It suggests that with
the SELF- feedback, anomalous forcing over the Indian Ocean
to the west Pacific and subtropical to higher-latitude Atlantic are
easier to excite the NAO pattern than the case without SELF-
feedback. The forcing anomalies over the tropical Atlantic may

become less important in exciting the NAO pattern with the
participation of the SELF-feedback.

To illustrate further the role of the SELF-feedback in the
excitation of the NAO, a set of experiments were conducted
with isolated forcing in the regions with significant loadings
in the optimal forcing pattern (Figure 5). The areas of forcing
having absolute values greater than 2 in Figure 5 are chosen
as the effect’s forcing sites. When the isolated forcing is
located over the Indian Ocean sector, though there is a wave
train induced from the resource area with a positive anomaly
centre over the North Atlantic and a negative one over the
Polar area, the response is weak and the anomalous range
is small in the case without eddy feedback. With the eddy
feedback (Figure 7(c)), the atmospheric remote response to the
Indian Ocean forcing becomes much stronger, with a negative
variation in the Polar area and the positive one over the North
Atlantic as nearly four times large as in Figure 7(a). It suggests
that anomaly forcing over the Indian Ocean may contribute to
the formation of the NAO pattern with positive phase and it is
largely owing to the eddy feedback.

When the isolated forcing is located over the east Pacific
sector (Figure 7(d)–(f)), there is a PNA-like wave train which
appears from the resources area. Though the amplitude changes
not so greatly as that in Figure 7(b)–(c), the anomalous range in
the response tends to increase and expand to the regions further
away.

When the isolated forcing is located over the tropical Atlantic
sector (Figure 7(g)–(i)), an NAO-like pattern can be induced
without eddy feedback and the amplitude increases as eddy
feedback increases to moderate intensity but decreases as
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Figure 7. The direct response of the streamfunction fields to the stable forcing in different areas with none (μ = 0.0), middle (μ = 0.5) and strong
(μ = 1.0) SELF feedback for the NH.(a), (b) and (c) for the forcing in the Indian Ocean; (d), (e) and (f) for the forcing in the east Pacific; (g),
(h) and (i) for the forcing at low-latitude Atlantic; (j), (k) and (l) for the forcing at mid- and high-latitudes of the Atlantic. Blue (yellow) shaded
areas denote the positive (negative) anomaly divergence stable forcing. The contour interval is 0.5 × 106 m2 s−1, but for (a)–(i) two lines with

contour value −0.25 × 106 m2 s−1 and 0.25 × 106 m2 s−1 are added.

eddy feedback becomes very strong. This is not surprising
because the optimal excitation in the tropical Atlantic area
may disappear under the strong eddy feedback (see Figure 5).
A dipolar anomaly forcing in the Atlantic tends to generate
a significant NAO-like response more effectively with eddy
feedback (Figure 7(j)–(l)).

As all the amplitudes of the forcings used here are identical,
the anomalies of the response are comparable. Both the extra-
tropical anomaly forcing and tropical forcing can induce NAO-
like patterns in the winter atmosphere. However, under the
condition of no eddy feedback, the most effective excitation
for NAO-like mode in the tropical is the eastern tropical
Atlantic forcing. For moderate eddy feedback, forcings over
tropical eastern Pacific and Indian Ocean become important in
exciting the NAO-like mode, while with the full strength of
eddy feedback the most important forcing in the tropics is the
one over the Indian Ocean for the excitation of the NAO-like
mode. In the extra-tropics, the local dipolar forcing can induce
a significant NAO-like response.

5. Conclusion and discussion

In this work, a low-dimension linear model is proposed
whose classic linear dynamics is derived from a dynamic
model linearized with respect to the climatological mean, then
projected onto the EOF-bases and additional empirical linear
closure for synoptic eddy and low frequency feedback. This
simple model is useful for understanding the role of eddy
feedback on the excitation and formation of low frequency
mode. This approach may be extended to 3-demensional
models.

The observed NAO-like pattern can be qualitatively repro-
duced by the proposed linear system, where the SELF-feedback
plays a central role in the generation of NAO-like mode.
Though the NAO-like mode can be produced owing to the
internal linear dynamics, the external forcing is also important
in its excitation. The importance of the external forcing in
the excitation of the NAO-like pattern depends on the eddy
feedback. Those forcings over the tropical Indian Ocean to the
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west Pacific and east Atlantic area have little influence on the
excitation of the NAO-like mode if there is no eddy feedback,
indicating the essential role of eddy feedback in enhancing
atmospheric teleconnections. As for the NAO-like mode, the
most effective excitation for the NAO-like mode is the one
over the Indian Ocean and the dipolar forcing over the North
Atlantic. More work is needed to further test these results in
a baroclinic framework.
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Appendix A: The linear advection operator in EOF space

The streamfunction field is denoted as ψ(j ) or in vector
form �. Using the linear barotropic vorticity equation, the
streamfunction tendency due to linear advection and friction
can be obtained, which shall be denoted as F (j ) or in vector
form F . Then the linear equation can be written as

∂�

∂t
= F = L∗� (A.1)

The linear operator L* is J*J matrix and is normally very large
in grid space. Here we propose to truncate the L* matrix using
the EOF of the streamfunction as the base functions. With a set
of EOFs of �, which is denoted as En (j ) or in matrix form E ,
then we can express

� = EA + Rψ (A.2)

here A is principle component vector and An (t) is the time
coefficient of n th EOFs, and Rψ is truncation error. The
tendency term can also be expressed as

F = EB + RF (A.3)

where B is principle component vector derived from the
tendency and RF is the residual part that could not be expressed
in the EOF space of �. We then can get a relation:

B = L∗A + E T (
L∗Rψ − RF

)
(A.4)

In practice, we first use each EOF as the perturbation pattern of
stream function field and then use the linear barotropic model to
compute F E . We then can get the linear operator by projecting
F E onto EOF base, then we have

B = LE A + E T (
LRψ

E − RF
)

(A.5)

The truncation error in both streamfunction field and tendency
field will have impact on the accuracy of representation of

F . Let
∼
F = E

∼
B and

∼
B = LE A. Then the error is

F − ∼
F = RF + EE T (

LE Rψ − RF
)

(A.6)

The error should be small as long as Rψ and RF are small,
thus the EOF base is sufficiently accurate in expressing both
streamfunction and tendency fields with adequate number of
EOF bases in the truncation.
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1 引言

地球流体原始方程组通常描述了一定时空范

围平均的流体运动行为。由于受到计算资源的限

制，在数值计算中往往需要在更大的时空尺度上求

解流体运动方程。更小尺度运动的效应，常以湍流

通量散度形式出现[1]，它们需要利用大尺度变量来

参数化以闭合方程，这些过程常被称作次网格尺度

物理过程。

海表混合层是海洋上层中直接与上覆大气、海

冰相互作用的部分。一个完备的海表混合层参数

化[2]，必须模拟海风搅拌驱动的混合、不稳定浮力强

迫、流切变不稳定、湍流平流、非局地混合，例如密

集羽流渗入层流、重力内波破碎等物理过程。海洋

内部温盐等属性沿位密面的传输主要通过大尺度

洋流和中尺度涡来实现，而海洋内部跨密度混合发

生在重力内波破碎区域[3]，大部分波能量来源于海

底反射的潮流、小尺度地形下重力波产生和辐射对

地转运动的耗散、以及斜压不稳定的失稳。随着观

测增多、模式发展和分辨率的提高，中尺度涡、亚中

尺度涡以及波浪、潮流等过程对海洋混合的影响受

到越来越多的关注。图1给出了海洋中小尺度混合

过程的示意图。

海洋垂直混合是海洋混合中的重要部分，受到

模式分辨率的限制，其在模式中需要进行参数化。

海洋垂直混合参数化方案，根据混合系数的选取可

分为：常混合系数、依赖Richardson数的方案和湍流

动能模型等[1]。常混合系数方案，动量垂直粘性和

示踪物垂直扩散系数在整个海洋设定为常数。由

Richardson数决定的混合方案，利用观测资料寻找

垂直湍流活动和大尺度海洋结构之间的联系，通过

模型诊断出垂直混合系数与大尺度变量之间的关

系。湍流闭合模型，则是一种基于湍流动能诊断方

程和湍流特征长度闭合假设的模型。随着观测的

增多和理论的发展，许多小尺度物理过程得到了更

精确的刻画。

范植松 [4]回顾了大洋内部、浅海内部混合的主

要过程和一些参数化方法。近十年来，随着海洋模

式的发展，国内外涌现出了一些新的海洋垂直混合

参数化方案。本文将介绍影响重大的海洋垂直混

合参数化方案、以及该领域最新的进展，并进行系

统的总结与展望。
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2 海洋垂直混合参数化方案

海洋模式旨在求解大尺度速度和温盐度的运

动学方程，其中，动量、温盐通量是由速度、温盐扰

动量的非线性相互作用所引起的。在局地湍流模

型中，动量、温盐通量常表示为大尺度变量梯度的

函数。模式分辨率通常大于切变不稳定、内波破碎

等垂向湍流发生的主要源汇尺度，湍流运动一般未

能显式求解，而是需要对其进行参数化处理。海洋

上层的垂直混合过程是大气和海洋之间热量、水、

动量交换的重要方式，下面我们将介绍一些具有代

表性的垂直混合参数化方案。

2.1 KT67 混合层模型 (The Kraus-Turner mixed
layer model)

研究对象：Kraus和Turner[5]考察了海表过程如

辐射穿透、海表冷却和风搅拌所引起的层结过程。

在盛夏，辐射穿透引起的对流混合与风搅拌作用具

有相同的量级；在冬季，混合层厚度和稳定性主要由

海表冷却控制，辐射穿透或风搅拌的作用相对较小。

理论依据：假定影响水柱的热量和机械能不受

水平速度、平流或旋转的显著影响，而在海表附近

向下穿透，Turner和Kraus[6]建立了一个简单的季节

温跃层模型。在热量给定时，所有搅拌动能用于改

变系统的位能，充分混合后得到表层混合厚度和温

度。

表达形式：混合层是垂直均质水层，在假定外

源、汇平衡后略去时间倾向项，得到湍流动能诊断

方程，求解水层厚度。通过热量平衡以及动能平衡

方程得到水层厚度[5]：

h = 2(k - ε + SRl
-1)(SR + IR)-1

式中，k，ε，SR，IR，l分别与风输入动能、耗散、太

阳辐射、红外辐射和长度尺度有关。

混合层底的厚度是模式预报量。在密度坐标

系模式中，KT67混合层模式的混合层底与模式垂

直坐标吻合，但卷出过程很难处理。

在混合坐标海洋模式如HYCOM[7]中，KT67混

合层模式兼容的困难之处在于，需要记录混合层底

的浮力变化以近似混合层夹卷对湍动能平衡的贡

献，和热力、动力变量不连续以计算混合层夹卷对

其影响。完整KT67方案，设计 unmixing方案以减

少混合层和海洋内部属性的数值交换。由于

unmixing 方案十分复杂，简化 KT67 方案通过松弛

混合层底为预报量这一条件，在计算效率提高和数

值误差增长之间权衡。

特征：KT67模型[5]仅仅控制表面混合层，使用时

需同时加入考虑内部跨密度混合算法。HYCOM[8]提

供了该参数化方案选项。

2.2 PWP86动力不稳定模型(Price-Weller- Pinkel
dynamical instability model)

研究对象：海洋上层的热含量存在着众所周知

的日循环，午后的温度、速度廓线表现出海表混合、

分层剪切的上下两层结构。在海表加热和风应力

已知时，预报海洋日循环的关键在于热量“陷阱”的

确定。Price等[9]发展了一个对加热和风混合响应的

上层海洋简单模式，以模拟日循环。

理论依据：在仅仅使用混合层夹卷时，整体混

合层模式可给出合理的表面强迫，但对过渡层的模

拟存在突变和偏浅的问题。在仅仅使用梯度混合

时，模式对表面强迫的模拟也相对合理，只是无法

模拟风驱动的海表混合层，加入自由对流过程后可

得到改善。通过构造海表混合层，并且考虑混合层

下的层流混合，可得到相当真实的廓线结构[9-10]。

表达形式：混合由三步完成：

（1）自由对流。海表热量损失出现静力不稳定

图1 海洋中的小尺度混合过程示意图

(引自：http://www.gfdl.noaa.gov/ocean-mixing)
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时( ∂ z ρ≥ 0 )，发生自由对流，对流混合至对流深度

（日循环的典型值小于1 m）；

（2）整体混合层夹卷。当整体 Richardson 数

(Rib)小于临界值（0.65）时，混合层夹卷相邻下层，在

新形成的混合层中使所有的变量均质，其中

Rib = gΔρh {ρ0[(Δu)2 +(Δv)2]}；

（3）相 邻 层 结 垂 直 切 变 不 稳 定 混 合 。 若

Richardson数(Ri)小于临界值（0.25）时，界面上下层

混 合 ，其 中 Ri = N2 ||∂ zu
2
，Brunt-Väisälä 频 率

N2 = -gρ0
-1∂ z ρ ，ρ为位密。

在日循环中，后两种混合在垂直混合过程中占

优势，由于Richardson数中出现的速度完全是由风

驱动的，从这种意义上来说，可视为风-混合过程。

特征：PWP86方案[9]丢失了混合层特征，如对数

廓线和非局地输送；在对流稳定条件下，该方案无

法描述在混合层以下层结区由对流引起的额外夹

带。PWP86方案提供了表面混合层以下的切变不

稳定混合，未给出内波破碎等引起的背景混合。

HYCOM[8]使用 PWP86 方案时，同时启动显式跨密

度混合算法。

2.3 BL79方案(Bryan-Lewis water mass model)

研究对象：考察海洋环流在地球热平衡中的作

用时发现，温跃层厚度对次网格尺度运动的参数化

方案十分敏感，其中温跃层的平均厚度与全球有效

位能成正比[11]。

理论依据：在地转条件下，即使闭合参数不同，

有效位能和总动能也保持一个几乎恒定的比例。

浮力强迫做功使动能转化为位能，浮力做功引起能

量传输的方向取决于能量库的耗竭情况，即耗散、

风做功供给和非均匀加热的差异[12]。温跃层厚度与

参数变化之间有明确的格局，当参数改变使得风做

功增加或者耗散减小时，海洋环流的总能量增加，

这意味着密度层结更大的偏移和模式中更深的温

跃层。

表达形式：温盐控制方程为：

∂ t(θ,S) + v·∇(θ,S) +w∂ z(θ,S) =
∂ z[Kρ∂ z(θ,S)] +KρH∇2(θ,S)

式中，水平粘性系数KmH和垂直粘性系数Km取

为常数。水平扩散系数 KρH 是垂直坐标的函数

KρH(z) =KρHB +(KρHS -KρHB)e-0.002z 。垂直混合系数是稳

定度的函数，不稳定时，系数无限大，不稳定水柱

温盐彻底混合；稳定时取为垂直坐标的简单函

数。垂直扩散系数Kρ在温跃层最小且随深度增加

而增大，其计算方程考虑了风搅拌对上层海洋的

作用：

Kρ(z) = 104{0.8 +(1.05 π)tan-1[4.5 × 10-3(z - 2500)]}
特征：在海洋环流数值模式尤其是气候模式

中，通常采用BL79方案[11]来确定背景垂直湍扩散系

数。该方案给出的垂直湍扩散系数只是深度 z的函

数。MOM[13]等加载了BL79方案。

2.4 PP81混合方案(Pacanowski-Philander mixing
scheme)

研究对象：海表混合过程非常重要，KT67模型[5]

考虑了风搅拌和跨混合层的夹带作用，但是忽略了

海洋对风场变化的动力响应，故KT67模型在局地

通量占主的区域效果不错。而在风场再分布效果

大于局地作用的热带地区，KT67 模型表现不佳。

在热带海洋的上层，表面通量和对风场变化的动力

响应都是重要的。

理论依据：观测表明，混合过程受到平均流剪

切的强烈影响[14-15]。通过经验研究，Jones等人[16]给

出了黏性/扩散系数与Richardson数的关系。PP81
混合方案[17]主要应用在热带海洋，扩散系数依赖于

Richardson数。由于该方案能够较合理地描述强垂

直切变与黏性之间的关系，它可以更好地模拟赤道

温跃层和赤道潜流。

表达形式：垂直扩散系数和粘性系数是

Richardson 数(Ri)的函数。式中，垂直粘性系数 Km

为：Km =K mb +Km0 (1 +αRi)n ；垂直扩散系数 Kρ为：

Kρ =Kρb + Km (1 +αRi)。背景值Kmb、Kρb由运行时间

决定。在POP中，α = 5，n = 2。

特征：海洋混合过程极其复杂，PP81混合方案[17]

只是简单地把垂直混合系数设为Richardson数的函

数，而忽略了其它的混合过程，造成该方案在中高

纬度的模拟结果不佳。由于湍流动能耗散率与

Richardson数的关系随深度变化，PP81方案依赖于

Richardson数的简单混合参数化方法并非对所有深

度有效。采用该方案的模式有LICOM[18]、MOM[13]、

NEMO[1]、POP[19]等。
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2.5 MY82 湍 流 闭 合 方 案 (Mellor-Yamada
Turbulence Closure Model)

研究对象：湍流粘性或混合长假说对二维湍流

边界层有可观的预测能力。无压力梯度、热传输

时，平均速度场闭合模型采用常数参数的平坦湍流

层，无法预测层结效应。平均湍流场闭合模型由平

均湍流能量模型和平均雷诺应力(MRS)模型组成

时，虽然成功用于中性层，但是对于分层流MRS的

计算量惊人。

理论依据：将湍流理论扩展到层结流体，Mellor[20]

建立了湍流闭合模型。为了实现准确性和计算速度

的优化，Mellor和Yamada[21]利用观测对湍流模型进

行了简化。从四阶到二阶模型，求解的偏微分方程

数量由十个降到两个，而结果十分相似。为便于其

在三维大气和海洋模型中的应用，Mellor和Yamada[22]

对三阶模型简化得到2.5层模型。

表达形式：温度扩散方程可写为：

∂t(TD) + ∂x(TDU) + ∂y(TDV) + ∂σ(Tω) =
∂σ[(Kρ D)∂σT ] +FT - ∂zR

式中，粘性系数Km和扩散系数Kρ取决于湍流速

度尺度 q、特征长度 l以及反映层结的Richardson数

Ri[22]：

Km = qlSm ，Kρ = qlSρ ,

湍动能k和预报量kl，由下列方程控制：

∂ ts
(k∂ s p) +∇ s ⋅(Vk∂ s p) -∇ s ⋅[AH∂ s p∇ sk] +
∂ s(k∂ s pds dt) = ζk

∂ ts
(kl∂ s p) +∇ s ⋅(Vkl∂ s p) -∇ s ⋅[AH∂ s p∇ s(kl)] +
∂ s(kl∂ s pds dt) = ζl

方程右端代表局地过程的作用。左侧第二至

四项分别为水平平流、水平扩散、坐标转换时跨坐

标引起的通量。温、盐项的局地作用表现为垂直扩

散和海表强迫。湍动能和预报量的局地作用表现

为边界层强迫、垂直扩散以及垂直切变产生、与位

能的相互转化以及耗散。Sρ，Sm与Ri的有关：

Sρ[1 -(3A2B2 + 18A1A2)Ri] = A2(1 - 6A1 B1)

SM(1 - 9A1A2Ri) - SH[(18A1 + 9A1A2)Ri] =
A1(1 - 3C1 - 6A1 B1)

特征：MY82 方案 [20-22]产生从海表到海底的混

合，弱混合发生在海洋内部，强混合产生在海表边

界层，增强混合在洋底。该方案对混合层动力过程

的模拟较好，但混合层厚度可能偏浅[23]，在对流夹带

偏弱、稳定密度梯度情况下混合偏小[24]。MY82方

案的湍动能和预报量，在POM[25]中是垂直交界面变

量，而在HYCOM[8]中是层变量。

2.6 GGL90 湍 流 闭 合 方 案 (Gaspar-Grégoris-
Lefevre TKE Turbulent Closure Scheme)

研究对象：对于那些垂直扩散系数为常系数或

依赖Richardson数的简单参数化方案，上混合层模

拟往往较差。简单整体模型如KT67[6]计算高效，但

是仅适用于边界层。复杂的湍流闭合方案如MY82[21]，

提供了更加真实的垂直湍流混合，但在湍流主长度

尺度的确定上存在不足。

理论依据：GGL90湍流闭合方案[26]是一种基于

湍流动能诊断方程和湍流长度尺度闭合假设的参

数化方案。Bougeault 和 Lacarrère[27]最早提出了简

单、物理意义清晰的大气湍流闭合模型，Gaspar等[26]

将其应用到海洋模式中，Madec等[28]对混合长度尺

度的公式进行了改进。

表达形式：湍流动能的时间演变是垂直切变制

造、层结破坏、垂直扩散和Kolmogorov耗散共同作

用的结果[26]：

∂ tk =Kmk
-2 ⋅[(∂ zu)2 +(∂ z v)2] -KρN

2 + k-1 ⋅

∂ z[Kmk
-1∂ z k] - cεlε

-1k3 2

式中，海表湍动能由风应力场确定，当考虑表

面波破碎时，使用较大的值。假设底层湍动能为紧

邻上层湍动能的值。其中，垂直涡粘性和涡扩散系

数分别为：

Km =Cκl κk
1 2 ，Kρ = Km Prt ，

lɛ和 lk分别为粘性、混合长度尺度，Prandtl数(Prt)
依赖于局地Richardson数。简化的湍流长度尺度：

l κ= lε =N-1 2k ，以到海表 lu、海底 ld、或局地垂直尺

度因子为界，仅适用于层结稳定区域。针对局地层

结 不 稳 定 ，考 虑 长 度 尺 度 的 垂 直 梯 度 项 [28]：

k-1 ||∂ z l ≤ 1，l = l κ= lε ，即长度尺度的垂直变化不大

于深度变化。

通过修正表面长度尺度和湍动能的数值以及

海气拖曳系数来参数化表面波破碎能量效应[29-30]。

GGL90 上边界条件为 [29]：k0 = 2-1(15.8αCB)
2 3 ρ0

-1 ||τ ，

αCB 是取决于“波龄”的常数。湍流长度尺度的上边
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界条件：l0 = g-1 ρ0
-1VCCC ||ς ，VC是 von Karman 常数，

CC是Charnock常数。

特征: GGL90方案[26]指定了两种不同的特征尺

度来分别表示混合和耗散，由于它们与所有深度的

湍流长度相关，所以得到的混合参数化并不限于上

边界层，而是可以应用在海洋整层。MITGCM[31]、

NEMO[1]等模式采用了该参数化方案。

2.7 GISS01 混合层模式 (Goddard Institute for
Space Studies)

研究对象：海洋混合过程的模拟通常采用单点

湍流闭合模型，特别是MY82方案[22]开创了 1980年

代最先进的湍流模型。该方案使用了较小的临界

Richardson数，且假定湍流不受旋转影响。随着湍

流模型的发展，一些关键物理过程的模拟，如临界

Richardson数取值、非局地分层和剪切、旋转、混合

层下的混合等，都需要得到进一步的提高[32]。

理论依据：GISS01混合层模式根据实验观测来

调整临界Richardson数（约为1），并通过求解动力系

统三阶方程而得到包含分层和剪切作用的表达

式。在混合层下的开洋面上考虑内波破碎等，地形

附近则考虑潮耗散或地热加热作用。提出了雷诺

应力模式的热、动量扩散系数表达式[32]，并对双扩散

过程[33]进行了完善。

表达形式：扩散系数 Kρ(rρ,N,Ri,ε) 取决于密度

比 rρ、Brunt-Väisälä频率 N、Richardson 数 Ri 和动能

耗散率ɛ，其中下标ρ=(m,h,s)分别代表动量、热量和

盐度，rρ = α∂z θ̄ (β∂ z S̄)。

密度比和Brunt-Väisälä频率由海洋环流模式的

大尺度场计算得到。剪切作用由 Richardson 数表

征，混合层内主要为风驱动的大尺度剪切，混合层

之下则是小尺度剪切如内波为主。耗散率表示混

合相关的物理过程，混合层内主要为风搅拌作用；

在混合层下的开洋面上考虑内波破碎等，地形附近

则考虑潮耗散或地热加热作用。GISS01方案适用

于双稳定、双不稳定、盐指和对流扩散情况：

双稳定 (∂zT>0, ∂zS <0, rρ < 0 , RiT > 0 )
双不稳定 (∂zT <0, ∂zS >0, rρ > 0 , RiT < 0 )
盐指 (∂zT >0, ∂zS >0, rρ > 0 ,RiT > 0 )
扩散对流 (∂zT <0, ∂zS<0, rρ > 0 , RiT > 0 )
特征：GISS01方案[32-33]适用于混合层及其以下

的垂直混合参数化。该方案首先计算压力网格点上

的粘性、扩散系数，随后使用隐式方案求解垂直扩散

方程，并将粘性廓线水平插值到速度网格点，最后求

解动量的垂直扩散方程。GISS01方案未对非局地效

应进行参数化。HYCOM[8]加载了该参数化方案。

2.8 GLS03 湍流闭合方案 (Generic Length Scale
scheme )

研究对象：海洋模式中雷诺-应力模型的应用

在湍流长度尺度的选择上存在争议。所有雷诺-应
力和两阶 -方程模型都采用了经典串级模型：

ε∝ k3 2l-1 。在物理上，使用(l，ɛ)中某变量并无客观

优势，而在数学和计算上，模式性质受到长度尺度

变量的很大影响。

理论依据：GLS03 湍流闭合方案 [34-35]包含两个

预测方程：湍动能方程 k和通用尺度 ψ 方程。通过

适当的变换，GLS03方案可以复原一系列著名的湍

流闭合方案，如MY82的k-kl方案[22]、Rodi的k-ε方案
[36]和Wilcox 的k-ω方案[37]等。

表达形式：湍动能由湍流传输Tk、切变产生GS、

浮力制造GB和耗散项 ε确定：
∂ tk + ui∂xi

k = Tk +GS +GB - ε

通用尺度 lψ与湍动能和耗散相关 lψ =
~lψ(k,ε)，方

程可写为：

∂ t lψ + ui∂xi
lψ = Tψ + lψk

-1 ⋅(cψ1GS + cψ3GB - cψ2ε)

式中，Tψ 为传输项，cψ1 、cψ1 和 cψ1 是模式常

数 。 进 一 步 假 定 lψ 依 赖 于 k 和 ε 的 乘 积 ：

lψ =C0μ
pkmεn ，通过适当变换 p、m和 n的值，通用尺

度方程可复原一系列著名的模型（见表1）。

表1 通用尺度中定义的p、n和m及其与著名二阶方程

模型的关系[34]

lψ

ω

kl

ε

kτ

两阶方程

Wilcox (1988)

Mellor and Yamada (1982)

Rodi (1987)

Zeierman and Wolfshtein (1986)

p

-1

0

3

-3

m

1/2

1

3/2

1/2

n

-1

1

-1

1

在一定条件下，GLS03方程组可以化为[1]：

∂ tk =Kmσk
-1k-1 ⋅[(∂ zu)2 +(∂ z v)2] -KρN

2 + k-1 ⋅

∂z[Kmk
-1∂ z k] - ε
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∂ t lψ = lψk
-1 ⋅{C1Kmσψ

-1k-1[(∂ zu)2 +(∂ z v)2] -C3KρN
2 -

C2εFω}+ k-1 ⋅ ∂ z[Kmk
-1∂ z lψ]

粘性、扩散系数和耗散分别为：Km =Cμlk
1 2 ，

Kρ =C
μ′
lk1 2 ，ε =C0μl

-1k3 2 ，常数C由模式给定。

特征：GLS03 方案 [34-35]既可以用来分析已有模

式，本身又可作为广义模式方程。对于制造等于耗

散的传统标准流动情况，GLS03方案与传统模式表

现相当。但对于无切变情形，耗散由湍流传输平衡

的情况，此时除Wilcox的 k-ω方案[37]外模拟效果都

不好。传统模式对边界附近廓线的模拟存在困

难。另外，GLS03方案解析解指出，模式参数间相

互依赖很强。当合理使用这些参数时，模式在均质

层结、切变流中表现良好。NEMO[1]等模式采用了

该参数化方案。

2.9 KPP94参数化(K-Profile Parameterization)

研究对象：海洋垂直混合过程可分为海表边界

层和海洋内部两种截然不同的混合型。通常使用

的混合方案未考虑某些潜在重要的边界层物理过

程，需要发展新的参数化方案代表这些物理过程。

理论依据：在海表边界层，KPP94 方案对风驱

动混合、表面浮力通量和对流不稳定进行参数化。

在海表强迫下，边界层混合增强，这使得边界层属

性渗透到温跃层。海洋内部混合由切变不稳定、背

景内波破碎和双扩散控制。另外，该方案还对温、

盐非局地混合作用进行了参数化，允许逆梯度通量

的发展。

表达形式：KPP94方案[38-39]为半隐式，需要多步

迭代过程。首先，在模式界面和网格上计算内部混

合系数。其次，诊断出网格上的边界层深度。第

三，计算网格上的边界层混合系数，代替初始值。

最终得到网格上的平均系数。

海表通量：初始海表热力、动量通量在上层设

为均匀分布[8]。

海洋内部跨密度面扩散：
- ---
ω′θ′ = -νρ∂ z θ̄ ，温盐扩

散系数由可分辨切变不稳定 νs
ρ 、背景内波引起的不

可 分 辨 切 变 不 稳 定 νw
ρ 、双 扩 散 νd

ρ 组 成 ：

νρ = νs
ρ + νw

ρ + νd
ρ 。其中，νs

ρ 由 Richardson 数 (Ri)确

定。 νw
ρ 取经验系数。 νd

ρ 依赖于双扩散密度比：

rρ = α∂z θ̄ (β∂ z S̄)。

海表边界层厚度由整体 Richardson 数 (Rib)确
定。

模 式 界 面 处 海 表 边 界 层 扩 散 廓 线 ：
- ---
ω′θ′ = -Kρ(∂ z θ̄ + γθ) ，混合系数 Kρ(σ) = hbωθ(σ)Gθ(σ) ，
平滑形状函数Gθ满足Monin-Obukhov相似率，且使

模式界面处与海洋内部值一阶连续。在海表强迫

失稳时，启动非局地通量项 γθ 和 γS 。

垂直混合：通过水平平流、扩散、动量和通量方

程得到每个网格点变量值，将垂直扩散视为海表、

底边界上零通量的纯一维问题求解。

特征：非局地KPP 94方案[38-39]是非刚盖混合层

模型，统一了垂直混合中的多种未解析过程[31]，以处

理海洋边界层、海洋内部的不同混合过程。KPP94
方案有效地刻画了从海洋边界层到海洋内部混合

系数减小的特点，可以应用在较粗网格和不平坦地

形 情 况 [8]，在 HYCOM[8]、MITGCM[31]、MOM[13] 、

NEMO[1]、POP[19]等模式中使用。

2.10 GM90 中尺度涡参数化 (Gent-McWilliams
Parameterization)

研究对象：中尺度涡是涡旋场中最有活力的部

分，支配着物质属性的等密度面混合。前人提出的

涡扩散通量是沿等密度面的方向，而这不满足平均

密度平衡。GM90方案[40]针对非涡分辨海洋环流模

式，将次网格中尺度涡混合参数化，以描述中尺度

涡对于大尺度位温、盐度及其它示踪物的影响。

理论依据：绝热和风驱动环流的精细数值解表

明，平均速度导致的大尺度密度通量散度由中尺度

涡诱发的密度通量散度平衡。GM90方案利用准绝

热参数化的构想，在粗分辨率模式中保持平均示踪

物浓度在等密度面上守恒。等密度层厚度沿等密

度面进行混合，对示踪物附加平流和扩散项来实现

中尺度涡对示踪物传输的参数化。将大尺度速度

与涡诱发速度之和视为“有效速度”，得出与绝热模

型相似的解[41]。

表达形式：示踪物传输方程为[19]：

∂ tφ +(u + u*) ⋅∇φ +(w +w*)∂ zφ =R(φ) +DV (φ)
式中，中尺度涡诱发的推注速度：u* = ν∇ρ ρz ，

w* = -∇(ν∇ρ ρz) 。方程右侧第一项采用等中性扩

散算子[42]：R(φ) =∇3(Κ ⋅∇3φ)，Κ 代表沿等密度面

扩散的对称张量。在POP模式中，将推注速度写为
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偏斜通量形式[43]：

u*
3 ⋅∇3φ =∇3 ⋅(u*

3φ) = -∇3 ⋅(B ⋅∇3φ) ，B 代表反

对称张量。

传输方程可以重新写为：

∂ tφ + u ⋅∇φ +w∂zφ = R̄(φ) +DV (φ),
R̄(φ) =∇3 ⋅(Κ +B) ⋅∇3φ ，

新公式对中性坡度的描述避免了非线性不稳

定的激发。

在MITGCM中，涡参数化方案调用GM90方案

前，首先使用Redi涡参数化方案 [42]，利用沿局地等

熵面的扩散算子实现示踪物属性沿等熵面的混合。

特征：GM90方案 [40]要求将背景扩散项中的水

平扩散部分去掉，这是因为它有可能产生不适当的

穿过等位密度面的扩散。对于次网格尺度的物理

过程，GM90方案给定的侧向涡旋系数对大尺度度

特征实际变化的反映并不理想，且未考虑跨密度

混合。使用该方案的有 LICOM[18]、MITGCM[31]、

MOM[13] 、NEMO[1]、POP[19]。

2.11 FKFH08 亚中尺度涡参数化 (Fox-Kemper-
Ferrari-Hallberg restratification effects by
submesoscale eddies)

研究对象：典型的海洋层化和切变允许两种斜

压不稳定：贯穿整个深度的深厚中尺度不稳定，以

及限于弱层结海表混合层的浅薄亚中尺度不稳定[44]。

浅混合层不稳定是非地转斜压不稳定，以其快速增

长率、小尺度区别于深厚中尺度不稳定，且前者在

强混合事件后上层海洋的再层化中发挥重要作用。

理论依据：对于 FKFH08方案[45-46]，海洋混合层

亚中尺度涡再层化效应发生的时间尺度远小于由

中性物理参数化的中尺度涡。有限振幅斜压不稳

定驱动了混合层的再层化，等密度面发生由垂直向

水平的倾斜。参数化过程引入了翻转流函数，它正

比于水平密度梯度、混合层深度平方和惯性周期的

乘积。

表达形式：FKFH08 参数化 [45]是通过引入矢量

流函数来实现：

Ψ =(Ce μh2gΔs ρ0Lf f 2 + τ-2 )ẑ∧- ---∇γ
z
，

式中，Ce 为无量纲数，μ混合层垂直结构函数，h
混合层厚度，g 重力加速度，∆s 水平网格距，ρ0 为

Boussinesq密度常数，Lf亚中尺度涡宽度尺度，f科氏

力参数，τ 亚中尺度涡的时间尺度，z=δ-d，d为海水

深度，δ为自由海表偏差，- ---∇γ
z
是混合层平均参考位

密水平梯度。写为分量形式：

Ψ =Γμ(-- ---∂yγ
z,- ---∂xγ

z,0)，Γ=Ceh
2gΔs ρ0Lf f 2 + τ-2

这些公式适用于混合层，利用水平浮力梯度进

行参数化：-ρ0∇b = g∇γ = g(∂θγ∇θ + ∂Sγ∇S) ，这与

局地位密梯度有关。锋的尺度可以是常数，或通过

斜压Rossby半径计算得到：Lf = hN̄ z f ，N̄ z 混合层

平均的浮力频率。

示踪物浓度受流函数的影响：

F =(ψ(y)∂ zC, -ψ(x)∂ zC, -ψ(y)∂xC +ψ(x)∂yC)
涡诱发速度表示为：

v* =(-∂ zψ
(y),∂ zψ

(x),∂xψ
(y) - ∂yψ

(x))
特征：在稳定层结情况下，FKFH08方案[45]的涡传

输与GM90等[41]诱导速度传输不同。Fox-Kemper[47]

等评估了 FKFH08 方案对全球海洋气候模拟的影

响。MOM[13]加入了该方案，对近海表混合层层化的

弱偏差有改善。风-锋、对流-锋相互作用和锋生过

程等其它亚中尺度效应，目前尚未参数化。

2.12 CB94 波浪增强混合 (Craig-Banner wave-
enhanced turbulence)

研究对象：在海洋表面，风将动量传输给海

水。动量首先进入到表面波，通过波破碎传递给表

面流场。相邻海面的湍动能随之增强，通过动量混

合影响邻近海表的洋流廓线。海表波动的潜在影

响包括：产生斯托克斯漂移和雷诺应力[48]，影响平均

流，以及波破碎时释放混合下传的湍动能。

理论依据：观测表明，表面几米的子层，湍流在

海表波动作用下增强，该层的耗散率随深度以 3—
4.6幂数递减。CB94方案[29]将涡耗散表示为湍流速

度和长度尺度的乘积，对波破碎的影响以海表能量

源的形式进行参数化。在此波强化层，湍动能向下

的通量由耗散平衡。

表达形式：湍动能方程为：

∂ tk = ∂ z(Kρ∂ z k) +KmS
2 - 23 2k3 2 MCl

式中，k为湍动能，Kρ为湍流扩散系数，Km为湍

流粘性系数，S2 =(∂ zu)2 +(∂ z v)2 为切变产生项，l为长

度尺度，MC为模式常数。Mellor和Blumberg[30]在以

上方程右端加入浮力项作用 -KH N2 。
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海表湍动能的边界条件为：

Kρ∂ z k =αCBuς
3,z = 0

上式等价于 -k0 = 2-1(15.8αCB)
2 3 ||ς ρ0 ，式中，αCB

是取决于波龄的常数，不考虑波破碎的情形设为

零。ς为风应力矢量，ρ0为参考密度，ρ0
-1ς = uς

2 。

湍流长度尺度的上边界条件为 l0 = g-1 ρ0
-1VCCC ||ς ，

VC是von Karman常数，CC是Charnock常数。

Mellor等[30]对湍动能闭合模型进行了调整，以

包含表面波破碎能量的效应，校正作用于表面长度

尺度、湍动能取值和海-气托曳系数。

特征：当混合层相对较浅时，使用CB94方案[29]

对夏天海表温度虚高的偏差有改进。NEMO[1]等模

式采用了该参数化方案。

2.13 QYY04波致混合方案(Qiao-Yuan-Yang wave-
induced vertical viscosity)

研究对象：近海温度的垂直结构存在明显的季

节变化。模式模拟的夏季海表温度通常偏高，上混

合层偏浅，这可能是由上层混合强度不足导致的。

波浪破碎在上层混合中发挥重要作用[29, 49-50]，然而海

洋模式对其模拟能力尚待提高。

理论依据：基于波流耦合模型[51]，假定波致混合

项为波数谱的函数，得到波浪和潮流混合方案[52-53]。

通过海浪的波数谱数值模式积分得到波浪方向谱，

计算出随时空变化的波致垂直粘性系数，将它作为

垂直混合的一部分叠加到不同的湍流混合模型中，

引入波浪运动对环流速度、温度和盐度的混合作

用。

表达形式：将速度、温度、盐度等物理量分解为

平 均 和 脉 动 两 部 分 [52]：Ui =
-Ui + ui ，Θ= Θ̄ + θ ，

S = S̄ + s ，其中脉动速度进一步分解为湍流部分和波

致扰动：ui = uic + uiw 。温盐扩散通量可表示为：

-----uiθ = -
- ---uicθ -

- ---uiwθ ，---uis = -
----uic s -

- ---uiws
波致速度扰动可以用下式表示：

uiw ={∬k
(nx n) fdn,∬n

(ny n) fdn,∬n
-i fdn}，

式中，f = Af A(n)exp(nz)exp[i(n ⋅ x- Af t)] ，A(n) 为
波振幅，Af为波角频率，n为波数，z为垂直坐标。

波致混合的温盐通量可表示为：

-- ---uiwθ =Kρ∂ zT̄ ，-- ---uiws =Kρ∂ z S̄ ，

参数Kρ定义为波致垂直运动学粘性/扩散系数，

依赖于混合长和波质点位移：

Kρ =α∬n
E(n)exp(2nz)dn∂ z ⋅[∬n

Af
2E(n)exp(2nz)dn]

1 2

Kρ是决定波致混合的关键因子，应该考虑加入到海

洋环流模式中。

特征：QYY04波致混合方案[52]对PP81和KPP94
垂直混合方案均有显著提升，可减小太平洋冷舌偏

冷和过于西伸的偏差，对海洋上层温度的模拟也有

改善作用。

2.14 SJL04 潮 能 耗 散 混 合 (Simmons-Jayne-
Laurent Mixing related to tidal energy
dissipation)

研究对象：在层结海洋粗糙地形中，正压潮和

潮流会诱发内波之间的动量交换。其中，重力内波

破碎能量来自潮与粗糙海底地形作用时正压潮向

内潮的能量散射；当潮流遇到大陆架时，发生底部

拖曳摩擦。潮流模拟需要垂向几米、水平1—10 km
的分辨率，在全球气候模式中难以实现，故有必要

对其进行参数化处理。

理 论 依 据 ：基 于 St Laurent 等 的 理 论 [54]，

Simmons等 [55] 将 dianeutral参数化方案引入海洋环

流模式，假定混合发生在一单位 Prandtl数，强化等

量的 dianeutral示踪扩散和动量粘性。当能量在小

尺度耗散时，引起dianeutral混合。

表达形式：内潮破碎引起额外的垂直扩散项，

表达为正压潮向斜压潮转换的能量E的函数[54]：

AvT
tides =ηΓE(x,y)μ(z) ρN 2

式中，η为潮耗散效率，典型取值为η=1/3，是局

地耗散的部分内波能量通量，剩余部分作为低频内

波模态贡献于背景内波场；Γ为混合效率，经常取值

Γ=0.2。内波能量通量 E(x,y) = 2-1 ρ0NbnAm
2 u2 ，ρ0为

海水的参考密度，Nb是沿海床的浮力频率，(n, Am)为
地形粗糙度的波数和振幅，u为正压潮速度，内波能

量图谱通过潮流正压模型得出。描述湍流混合的

垂直结构函数为：

μ(z) = e-(H + z) ζ(1 - e-H ζ)-1ζ-1

H为水柱总深度，ζ为湍流垂直耗散尺度。

海底拖曳引起的dianeutral扩散[13]可表示为：

Kdrag =Kmax(1 +σRi)-χ

式中，σ和χ分别为无量纲参数。

特征：SJL04方案[55]显式给出了混合的潮能量，

其混合系数随时空变化。相比水平/垂直系数均一
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方案，SJL04 方案会显著降低温度、盐度模拟的偏

差。MOM[13]和NEMO[1]都采用了该方案。

3 讨论与结论

本文通过对海洋垂直混合过程参数化方案的

回顾，总结了常用参数化类型的理论依据、数学表

达及应用情况等。

在模式混合层的设定上，海洋垂直混合参数化方

案可分为整体混合模型和连续混合层模型两类[2]。整

体模型假定海表边界层完全湍流，在混合层厚度中

速度、示踪物分布均匀，如KT67方案[5]和PWP86方

案[9]。结合KT67整体模型和PWP86模型中的梯度

Richardson 数判据，Chen 等 [56]提出了一种混合方

案。由于整体方案无法分辨边界层中的垂直结构，

不能计算非局地混合，故其性能受到限制。

连续混合可以较好的反映混合层细节特征。

在BL79方案[11]中，垂直混合系数不随时间变化，仅

为深度的简单函数。另外一些方案将垂直湍流混

合与大尺度海洋结构相联系，例如，PP81方案[17]将

这些系数规定为梯度Richardson数的函数。根据实

验观测，GISS01 模型 [32-33]对 Richardson 数的取值进

行了调整。值得注意的是，K理论在垂直混合方案

中应用广泛，它将垂直混合参数化为涡扩散和涡粘

性系数(K)与平均量垂直梯度的乘积。MY82方案[22]

引入多阶预报方程求解不同湍流场，首先计算湍流

混合长和速度尺度，然后确定垂直扩散和粘性系

数。由于MY82方案[22]使用了相同的粘性和扩散长

度尺度，GGL90方案 [26]对其进行了改进，对粘性和

扩散系数采用了不同的尺度。基于GLS03方案[34-35]

的模拟结果表明，湍流长度尺度的选择存在约束条

件，该方案既可用做广义长度尺度方案，还可以用

来分析比较已有的模型。由于湍流混合模型计算

较为复杂，KPP94 方案 [38-39] 将大气模式常用的

K-profile parameterization (KPP)[57]方案引入海洋模

式，旨在建立一个包含所有重要过程的参数化方

案，它在相对粗糙的垂直网格上运行良好。

随着观测、理论和数值方法的发展以及硬件条

件的提高，对于海洋的模拟越来越精细化，海洋中

小尺度过程如中尺度涡旋、内波等过程的参数化受

到人们的关注。GM90中尺度涡参数化提高了大多

数z坐标模式的物理完整性。另外，FKFH08亚中尺

度涡参数化对海洋上层的层结模拟有明显改进。

然而，目前中尺度涡、亚中尺度涡参数化仍然存在

一些问题[3]，例如海洋内部中尺度涡闭合与边界层

方案的匹配问题、亚中尺度涡中的风-锋相互作用、

能量串级在模式中尚未考虑。更精确的卫星海面

观测对于中尺度涡的参数化过程有帮助。内波混

合目前尚未有成熟的参数化方案，有待于进一步研

究。

在海洋表面，波破碎对于动量由大气风场向海

洋流场的传递具有重要作用。CB94和QYY04分别

发展了波浪混合参数化方案，对海洋上层温度模拟

的偏差有改善作用，并且加入QYY04方案还提高了

PP81、KPP94参数化方案的性能。在海底地形作用

下，正压潮流的能量向斜压潮流转化，增强海洋底

层物理要素的混合。SJL04方案将潮流耗散加入到

混合过程参数化，改善了温盐的模拟，对大洋深海

层结的模拟有重要作用。在海洋垂直混合过程中，

一些模式也考虑了双扩散 [1, 58]，溢流 [13]等过程的影

响。

当前海洋垂直混合参数化方案众多，模式开发

者一般选择偏好的参数化方案并直接编码进入模

式。2014年在Breckenridge Colorado举行的海洋模

式工作组/通用地球系统模式 (OMWG/CESM)会议

上，Levy等人[59]提出了通用海洋垂直混合 (CVMix)
的构想，目标是建立一种包含一系列参数化方案的

易用程式库，最终实现参数化库的独立驱动。

随着数值计算的发展，国内外涌现出了一些新

的海洋模式[60]。如MITGCM[31]采用了非静力框架，

使其可以模拟多种尺度的流体现象，还使用了结构

守恒映射，通过一种流体力学内核既可用于描述大

气又可用于海洋。在今后的工作中，我们将对这些

模式进行详细介绍。
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Review of vertical mixing parameterization in ocean climate modeling

WANG Lei1,2, WANG Zhang-gui2, LING Tie-jun2, ZUO Jin-qing3

(1. School of Physics, Peking University, Beijing 100871 China; 2. Key Laboratory of Research on Marine Hazards Forecasting, NMEFC, Beijing

100081 China; 3. Laboratory for Climate Studies, National Climate Center, China Meteorological Administration, Beijing 100081 China)

Abstract：In ocean climate models, the parameterization schemes of vertical mixing processes are introduced.
Firstly, the corresponding physical issues, theoretical basis, numerical expressions and characteristics of various
vertical mixing parameterization schemes are introduced, and the evolutions of different schemes are shown.
Secondly, the latest advancement about vertical mixing parameterization, owing to considering the contribution
from the mesoscale eddies, submesoscale eddies, wave and tidal are summarized. Finally, we propose some
suggestions on the future development in vertical mixing models.
Key words：turbulence closure scheme; mesoscale eddies mixing; submesoscale eddies mixing; wave induced
mixing; tidal induced mixing
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ABSTRACT: An objective identification technique is applied to identify Regional High Temperature Events (RHTE)
in China using daily maximum temperature data at 642 stations from 1961 to 2010. There are 213 RHTE identified.
These events in general occur from May to September, with months from June to August being high season and the peak
frequency appearing in July. Over the space, these events mainly occur in regions east of 90◦E, with higher frequencies and
stronger intensities in the middle and lower valleys of the Yangtze River. Extreme and severe RHTE are more frequent in
southern, central and eastern China and are less frequent in northern China. Statistics that characterize the regional events
including annual frequency, annual sum of integrated index, annual sum of single indices (e.g. duration, accumulated high
temperature intensity, accumulated impacted area and extreme high temperature) and annual maximum values of these
single indices suggest that the RHTE are becoming more severe in both space and time and impacting more areas. A further
analysis shows that the distribution patterns of the trend change of China RHTE, i.e. RHTE becoming more frequent and
stronger in most China especially in northern China, but less frequent and weaker in eastern regions between the Yangtze
River and the Yellow River during the past 50 years, is mainly a regional response to global warming. Meanwhile, the
increasing trends in frequency and accumulated intensity of the RHTE in southern China may also be partly due to the
western Pacific subtropical high westward extension and intensification in summer during the past decades.
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1. Introduction

Significant progress has been made over the past three
decades on the understanding of characteristics and
changes in extreme high temperature events. In the
early 1980s, Karl et al. (1984) first studied extreme
temperatures and diurnal temperature range. Subsequent
studies, such as Karl et al. (1991 and 1993) and Horton
(1995), focused on trends in daily temperature range,
asymmetric diurnal temperature change and changes in
extreme temperatures. Since the late 1990s, many more
observational studies examined the changes in extreme
temperature at regional scale as well as their regional
differences (e.g., Easterling et al., 1997; Zhai and Ren,
1997; Plummer et al., 1999; Kysely et al., 2000; Frich
et al., 2002; Nasrallaha et al., 2004; Vincent et al., 2005;
Parey et al., 2007; Brito-Castillo et al., 2009 and Safar
et al., 2011).

Almost all these studies focus on temperature extremes
at individual sites (observing sites or sometimes grid-
ded values). Generally, extreme temperature events such
as the 2003 European summer heat wave and the 2010

* Correspondence to: F. Ren, State key Laboratory of Severe Weather
(LaSW)/CAMS, Beijing 100081, China. E-mail: fmren@163.com

Russian heat wave are typically regional phenomena, i.e.
they occur over an extended period affecting a large area.
Recently, there has been some attention to such regional
high-temperature events. Huang et al. (2009) studied the
regional characteristics of extreme temperatures using
daily maximum temperature data from 738 stations in
China for 1961–2002. They analysed cumulative fre-
quency distribution (CFD) of extreme temperatures and
showed that extreme maximum temperatures occurred
frequently in South China, regions between the Yangtze
and the Huaihe Rivers, North China and Northeast China.
Ding et al. (2010, 2011) analysed geographical patterns
and temporal variations of regional dry and wet heat
wave events in China (dry heat waves are calculated in
terms of daily maximum temperature alone, while wet
heat waves are calculated by temperature and relative
humidity). They found that the frequencies and intensi-
ties of dry and wet heat waves in China have significantly
increased since the 1960s.

For regional high-temperature events, both their spatial
extents and their intensities may change within the life
spans of such events. Therefore, it is important to develop
suitable methods to identify such highly dynamical events
and characterize them. Ren et al. (2012) proposed an
objective identification technique for regional extreme
event (OITREE). Here, we apply this method to observed

© 2013 Royal Meteorological Society

426



VARIATIONS OF REGIONAL HIGH TEMPERATURE EVENTS IN CHINA 3055

Figure 1. Geographical distribution of the 642 stations in China.

temperature data over China for 1961–2010, establishing
suitable parameters to identify such events, and examine
their temporal and spatial characteristics.

2. Data

The daily maximum temperatures at 723 stations in
China for the period 1961–2010 are available for this
study. Processes of quality control and homogeneity
analysis have been carried out for this dataset (Li et al.,
2004, Li and Li, 2007). In addition, another simple
data quality control procedure was used to this study
to identify stations with extended missing values. We
consider stations with more than 20% missing values
to be of poor temporal coverage and discarded data
from these stations. Consequently, data at 642 stations
have been retained for the subsequent analysis. None of
these stations is located in Taiwan and the geographical
distribution of the 642 stations in China is shown in
Figure 1.

3. Method

Using the new model of ‘the string of candied fruits’
proposed by Ren et al. (2012), the natural daily abnormal
belts were reasonably stringed into a string of daily
impacted areas to constitute a complete regional event.
The technique includes five steps: (1) to select a daily
index for each individual point (station), (2) to partition
natural daily abnormality belts, (3) to distinguish the
event’s temporal continuity, (4) to construct the index
system for regional events, and (5) to judge extremity
for regional events.

Among these steps, steps (2) and (3) are the most
important. Partitioning natural daily abnormality belts
starts from a structural analysis of the daily abnor-
mality distribution. Then, the abnormality distribution
can be separated into different natural daily abnor-
mality belts. This step includes three sub-steps – to
judge abnormality for individual stations, to judge spa-
tial continuity of the abnormality and to get natu-
ral daily abnormality belts. Meanwhile, distinguishing
the event’s temporal continuity starts from an analy-
sis of the spatial distributions of different natural daily

abnormality belts between adjacent dates by analysing
their spatial overlap to evaluate the temporal continu-
ity of an event, which is further divided into three
sub-steps – to confirm ongoing events, to judge spatial
overlap between every ongoing event and the belts in
each day, and to identify the ongoing event’s temporal
continuity.

The OITREE method is applied in this study and
after a lot of tests to identify China regional high
temperature events (RHTE), values of the parameters in
the method, which are listed in Table 1, have been set
up. The parameters are described in detail in five steps
as following.

3.1. To select a daily high temperature index for
individual stations

This step selects one climate variable to represent high
temperature. Both daily minimum and daily maximum
temperature could be used. In this study, we use daily
maximum temperature.

3.2. To partition natural daily high temperature belts

This step requires three parameters: The threshold for
defining daily high temperature for a site is set to be
the 90th percentile of all daily temperature for summer
(June–July–August), while threshold for the distance to
define neighbour sites and threshold for the number of
sites in a daily high temperature belt are 250 km and 20,
respectively.

3.3. To distinguish the temporal continuity of an event

This step uses two parameters. Threshold for the number
of days for a gap in an event is set to be zero which
means no gap is allowed in an event, while threshold for
the ratio of overlapping sites for a daily high temperature
belt is chosen to be 0.3.

3.4. To establish the index system for regional high
temperature events

The indices in the index system have been divided
into three types: the type-I indices are for the whole
event process, the type-II indices provide daily condi-
tions, and the type-III indices present extreme infor-
mation for a station during the duration of the high
temperature event. The content of the index system is
as follows:

3.4.1. Single indices

The five type-I single indices for the whole high tem-
perature event are duration (D), extreme high temper-
ature (I 1), accumulated high temperature intensity (I 2),
accumulated impacted area (As ) and maximum impacted
area (Am ).The formulas of the five single indices are as
follows.

D = K (1)

© 2013 Royal Meteorological Society Int. J. Climatol. 34: 3054–3065 (2014)
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Figure 2. The frequency distributions of integrated index for 576 events.

where K is the duration of a RHTE in days.

As =
K∑

k=1

Ak =
K∑

k=1

Area (Sk ) (2)

Am = Area

(
K∪

k=1
Sk

)
(3)

where S k is the distribution of the impacted stations for
day k , and Ak , (Area(S k )) means the area of S k .

I1 = Max
k=1,K

(
Max
i=1,Jk

(Tki )

)
(4)

I2 =
K∑

k=1

Jk∑
i=1

(Tki − Tki |c) (5)

where J k is the number of impacted stations for day k
and T ki is the value of the daily maximum temperature
for station i on day k , while T ki |c is the threshold (the
90th percentile) of T ki for defining high temperature.

For a day (the day k ), the three type-II indices are daily
extreme temperature (I 1k ), accumulated daily intensity
(I 2k ) and daily impacted area (Ak ).

I1k = Max
i=1,Jk

(Tki ) (6)

I2k =
Jk∑

i=1

(Tki − Tki |c) (7)

where the parameters have the same meanings as before,
while Ak can be directly calculated by gridding the
impacted area.

For the extreme values for a station during the duration
of the event, formulas of the two indices of type-III
named station extreme temperature (I 1|j ) and station
accumulated intensity (I 2|j ) are as follows:

I1|j = Max
k=1,K

(
Tkj

)
(8)

I2|j =
K∑

k=1

(
Tkj − Tkj

∣∣
c

)
(9)

where T kj and T kj |c are defined analogously to T ki and
T ki |c , respectively but considered from the perspective
of the number of impacted stations for the whole event
process.

3.4.2. The integrated index

The integrated index, i.e. the integrated intensity, is
defined on the basis of the single indices. The integrated
index is for the whole event process and it is developed
as a function of the five single indices.

Z = F (I1, I2, As , Am , D)

= e1I %
1 + e2I %

2 + e3A%
s + e4A%

m + e5D% (10)

where I 1
%, I 2

%, As
%, Am

% and D% are standardized
I 1, I 2, As , Am and D, respectively, and e1, e2, e3, e4 and
e5 are their coefficients.

It is recommended (Ren et al., 2012) that the five coef-
ficients need to be objectively and carefully determined,
to make sure the integrated index Z and the five prod-
ucts – e1I 1

%, e2I 2
%, e3As

%, e4Am
% and e5D% – have

the same nature: the greater the intensity of the event

Table 2. Information of the Top three China RHTE during 1961–2010.

Order of the
RHTE

Beginning
time

Ending time Extreme high
temperature

I 1(◦C)

Accumulated
intensity
I 2(◦C)

Maximum
impacted
area Am

(104km2)

Duration D
(days)

Integrated
index

Z

Location of
the RHTE

No. 1 30 June 2000 30 July 2000 47.7 9992.3 520.3 31 11.4 Northern China
No. 2 11 July 2003 11 August 2003 43.2 6354.7 399.1 32 8.2 Southern China
No. 3 16 July 2010 5 August 2010 46.8 6611.8 677.6 21 7.7 Most China
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Figure 3. Results for No. 2 regional extreme high temperature event in China (a) Distribution of the maximum impacted area of the regional
high temperature event during 11 July to 11 August 2003; (b) -(ag) distributions of the daily impacted area and intensity from 11 July to 11

August 2003, respectively; (ah) variations of accumulated daily intensity (I2k) during the duration.

the greater the Z value and the product values. In this
study, the objective method to gain the five weighting
coefficients is as follows: (1) the series of each index
is normalized by the mean and standard deviation of
1971–2000, (2) The standardized series of each indices
rank in descending order, and the ratio of the sum of the

top 10th percentile values divided by the sum of all values
for each index is calculated, and (3) The five coefficients
are obtained by that ratio for each index divided by the
sum of the five ratios, and the five coefficients are 0.08,
0.26, 0.25, 0.16 and 0.25, respectively. The coefficients
indicate that the proportions of the extreme high values
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(a) (b)

(c)

Figure 4. Frequency distributions of single indices for the 213 China RHTE (a) Duration, (b) extreme high temperature, and (c) maximum
impacted area.

(a) (b)

Figure 5. Frequency distributions of the beginning time (a) and the ending time (b) of the four category China RHTE.

for each index are larger, the extremity of each index is
larger, and the influence to the integrated index is greater.

3.5. To judge extremity for China regional high
temperature events

Using OITREE, 576 events with durations longer or equal
to 3 days are identified during 1961–2010. Figure 2
displays the integrated index Z -frequency statistics for
these events. The range of Z is between −0.68 and 11.4,
and it is obvious that the frequencies of small values
of Z (lower than 0.25) are higher, which means that
many events are weak with small values of single indices.
In this study, our main concern is on strong events,
and according to the suggestion of Ren et al. (2012)
the integrated index (Z ) and 0.25 have been selected
respectively as the index and its threshold to define a
regional event for China as a whole. This leads to a
total of 213 China RTHEs. Following the suggestion
of proportions such as 10% (extreme), 20% (severe),
40% (moderate) and 30% (slight) (Ren et al., 2012) for
classifying China RHTE, the thresholds of the integrated
index (Z ) for classifying China RHTE are 3.6, 1.7 and
0.6, respectively, with the numbers of extreme China
RHTE, severe China RHTE, moderate China RHTE and
slight China RHTE being 21, 43, 85 and 64, respectively.

4. Effect of the identification

According to the integrated index, the top three extreme
China RHTE during the past 50 years are as follows:
(1) No. 1 event lasted 31 days from 30 June to 30
July 2000 occurred in most northern China, with the
integrated index being 11.4, (2) No. 2 event occurred
in most southern China during 11 July–11 August 2003,
with the integrated index being 8.2 and (3) No. 3 event
occurred in most China during 16 July–5 August 2010,
with the integrated index being 7.7. Table 2 details the
information for the three extreme China RHTE. Other
researches (Bian, 2000; Ma et al., 2004; Ding et al.,
2007; Zhao et al., 2011) indicated that extreme high
temperature occurred with serious economic losses and
a number of deaths during each of the above three time
periods and regions.

In addition, Figure 3 shows the result for No. 2
China RHTE in detail. Figure 3(a) is the distribution
of the maximum impacted area of the event during 11
July–11 August 2003, while Figure 3(b)-(ag) display the
distributions of the daily impacted extent and intensity
during the period, and Figure 3(ah) presents the evolution
of accumulated daily intensity (I 2k ) during the duration.
It is easy to see that the whole event influenced a large
area in most southern China, and during the period the
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(a) (b)

(c)

Figure 6. Spatial distributions of variable averages of the China RHTE during 1961 to 2010 (a) Frequency, (b) number of days, and (c) station
accumulated intensity (I 2|j).

daily impacted area and intensity varied day by day
with accumulated daily intensity peaking on 1 August.
In short, the results look quite reasonable.

5. Results

Figure 4 shows frequency distributions of single indices
for the 213 China RHTE. Duration varies from 3
to 32 days, with a peak frequency of 33 at 5 days
(Figure 4(a)). In Figure 4(b), extreme high temper-
atures for the 213 China RHTE range from 37 to
47 ◦C, with a peak frequency of 61 at 40 ◦C. Maximum
impacted area changes from 5.0 × 105 to 7.0 × 106 km2,
with a peak frequency of 40 at about 2.0 × 106 km2

(Figure 4(c)).
To understand the season when the RHTE occur,

Figure 5 presents frequency distributions of the beginning
time and the ending time of the four category China
RHTE. It is easy to see that generally China RHTE occur

from May to September, with the period from June to
August being frequent and a peak frequency in July. The
extreme China RHTE generally begin only in June and
July and end only in July and August, while the slight
and moderate China RHTE with low frequencies mainly
occur in May and September.

Figure 6 displays spatial distributions of variable
averages of the China RHTE during 1961 to 2010.
Frequency averages (Figure 6(a)) are more than 1.0 time
in most regions east to 90◦E except for parts of Northeast
China, with values of above 2.0 times in the western
regions between the Yangtze River and the Yellow River
and most of the Sichuan Basin.

On the basis of distribution of station accumulated
intensity (I 2|j) for each event, statistics of frequencies
of the four category China RHTE for different regions
are shown in Table 3. The 213 RHTE have been divided
into eight kinds according to different regions, and the
order of frequency is North China and Northeast China

Table 3. Statistics of frequencies of the four category China RHTE for different regions.

Regions/Categories Extreme Severe Moderate Slight Total

North China and Northeast China 0 6 26 22 54
Southeast China 2 5 26 12 45
Southwest China 2 2 9 19 32
Most southern China 5 12 11 0 28
Northwest China 0 5 6 9 20
Most central and eastern China 5 5 5 0 15
Most northern China 3 3 2 2 10
Most China 4 5 0 0 9
Total 21 43 85 64 213
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Figure 7. Distributions of station accumulated intensity (I 2|j) for typical China RHTE cases in eight regions. (a) Southeast China during 3–20
July 1988; (b) Southwest China during 8–23 May 1969; (c) North China and Northeast China during 8–16 July 1997; (d) Northwest China
during 11–17 July 1975; (e) most northern China during 30 June–30 July 2000; (f) most southern China during 11 July–11 August 2003; (g)

most China during 10–30 July 2001; (h) most central and eastern China during 10–27 July 1971.

(54 times), Southeast China (45 times), Southwest China
(32 times), most southern China (28 times), Northwest
China (20 times), most central and eastern China (15
times), most northern China (10 times) and most China
(9 times). During the past 50 years, extreme RHTE occur

frequently in most southern China (5 times), most central
and eastern China (5 times) and most China (4 times),
while no extreme RHTE occur only in North China and
Northeast China (0 times) and Northwest China (0 times).
Meanwhile, severe RHTE are observed most frequently
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(a) (b)

Figure 8. Variations of annual frequency (a) and annual sum of integrated index Z (b) for the China RHTE. Dotted curve is the annual values
of variable, straight line is the trend line, dotted line is the zero line, and short thick line is the average values of variable per decade. Asterisks

(*) denote the significance of trends at the 0.05 confidence level by Mann–Kendall test.

(a) (b)

(c) (d)

Figure 9. Variations of annual sum of single indices for the China RHTE (a) duration (D), (b) accumulated high temperature intensity(I 2), (c)
accumulated impacted area (As ), and (d) extreme high temperature (I 1). Asterisks (*) denote the significance of trends at the 0.05 confidence

level by Mann–Kendall test.

in most southern China (12 times), and frequently in
North China and Northeast China (6 times), Southeast
China (5 times), Northwest China (5 times), most central
and eastern China (5 times) and most China (5 times).

Figure 6(b) shows that annual averages of the number
of days within the RHTE are generally greater than 4 days
in most China east to 90◦E except for parts of Northeast
China, parts of western Yunnan with values of above 8
days in the middle and lower valley of the Yangtze River.
The distribution of annual average of station accumulated
intensity (I 2|j) (Figure 6(c)) is similar to that of the
number of days with the RHTE (Figure 6(b)), and the
averages are stronger in most regions east to 90◦E except
for parts of eastern Northwest China, parts of Northeast
China and southern South China.

Figure 7 shows the distributions of station accumulated
intensity (I 2|j) for typical China RHTE cases in the eight
regions. The eight cases are those of Southeast China
during 3–20 July 1988, Southwest China during 8–23
May 1969, North China and Northeast China during 8–16
July 1997, Northwest China during 11–17 July 1975,
most northern China during 30 June–30 July 2000, most
southern China during 11 July–11 August 2003, most
China during 10–30 July 2001 and most central and
eastern China during 10–27 July 1971.

Variations of annual variables of the China RHTE are
presented in Figures 8–10. During the past 50 years,
frequency of the RHTE shows an increasing trend with
a mean rise of 0.34 times per decade. Frequency also
displays obvious inter-decadal variations with high values
in the1960s, 1990s and 2000s and low values in the 1970s
and 1980s, the top three annual frequencies being 11
times in 1972, 9 times in both 1997 and 2005, and no
RHTE in 1993 (Figure 8(a)). Annual sum of integrated
index displays a significant increasing trend with a mean
rise of 1.1 per decade and similar inter-decadal variations
to that of frequency with the top three values of the sum in
2010, 2001 and 2006 (Figure 8(b)). Above results indicate
that the RHTE are becoming more frequent and stronger
during the past 50 years.

For the single indices (Figure 9(a)–(d)), annual sum of
single indices (duration, accumulated high temperature
intensity, accumulated impacted area and extreme high
temperature) show increasing trends in the past 50 years
with similar inter-decadal variations to these frequencies
and sum of integrated index, the trends of duration,
accumulated high temperature intensity and accumulated
impacted area pass significant Mann–Kendall rank test at
0.05 level (Figure 9(a)–(c)). Figure 10(a)–(d) displays
the variations of the annual maximum of duration,
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(a) (b)

(c) (d)

Figure 10. Variations of annual maximum values of single indices for the China RHTE (a) duration (D), (b) accumulated high temperature
intensity(I 2), (c) accumulated impacted area (As ), and (d) extreme high temperature(I 1).

accumulated high temperature intensity, accumulated
impacted area and extreme high temperature. It can be
seen that all annual maximum of single indices show
increasing trends with similar inter-decadal variations to
these in Figures 8 and 9.

To further understand the trend changes of China
RHTE, the trends of annual frequency and accumu-
lated intensity (I 2|j) with time for individual station are
computed by linear regression (shown in Figure 11).
Figure 11(a) displays that during 1961–2010 the increas-
ing trends of RHTE frequency exist in most China espe-
cially in northern China, while decreasing trends mainly
appear in eastern regions between the Yangtze River and
the Yellow River. For accumulated intensity, the dis-
tribution pattern is similar to that of frequency, with
increasing trends in most China, especially in northern
China and western regions between the Yangtze River
and the Yellow River, and decreasing trends in eastern
regions between the Yangtze River and the Yellow River
(Figure 11(b)).

The significant trend test by the Mann–Kendall shows
that increasing trends of annual frequency and accumu-
lated intensity are significant in most of northern China,
parts of western regions between the Yangtze River and
the Yellow River and parts of the coast areas of South
and Southeast China (Figure 11).

In addition, trend distributions of summer mean tem-
peratures from 1961 to 2010 are also analysed. Figure 12
shows that increasing temperature trends exist in most
China especially in northern China, while decreasing tem-
perature trends mainly appear in eastern regions between
the Yangtze River and the Yellow River, which is a very
similar distribution pattern to that in Figure 11. It is well
known that a local or regional response can be complex
and perhaps even counter-intuitive (IPCC, 2007) and the
temperature trend distribution pattern in Figure 12 is a
regional response to global warming during the past 50
years in summer in China (SNCCAR Writing Committee,

2011), and then the trend changes of China RHTE are
mainly a regional response to global warming, too. In
addition, some recent studies (Wu et al., 2005; Zhou
et al., 2009) note that the western Pacific subtropical
high (WPSH) shows a westward extension and inten-
sification in summer during the past decades especially
since the late 1970s. The WPSH is an important weather
system that influences southern China, when the WPSH
strengthens and extends westward that will cause high
temperature weather in regions that controlled by it. Then
it can be understood that besides the regional response to
the global warming, the increasing trends in RHTE fre-
quency and accumulated intensity in southern China may
also be partly due to the WPSH westward extension and
intensification in summer during the past decades.

6. Conclusions and discussions

Through the above analyses and discussions, the main
conclusions are given below.

1. The OITREE method is applied in identifying China
RHTE and a suitable set of parameters of OITREE
has been determined. Tests of effect of the identifica-
tion show that the results are quite reasonable.

2. There are totally 213 China RHTE during
1961–2010, including 21 extreme RHTE, 43
severe RHTE, 85 moderate RHTE and 64 slight
RHTE. China RHTE generally occur from May to
September, with the period from June to August
being frequent and peak frequency in July.

3. All the annual variables for the 213 China RHTE,
such as annual frequency, annual sum of inte-
grated index, annual sum of single indices (dura-
tion, accumulated high temperature intensity, accu-
mulated impacted area and extreme high temperature)
and annual maximum values of the single indices,
show increasing trends during the past 50 years, with
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(a) (b)

Figure 11. The linear trend distributions of annual frequencies (Unit: times yr−1) (a) and accumulated intensities (Unit: ◦C yr−1) (b) of RHTE
in China (shaded), with the thick black lines being the significance lines at 0.05 confidence level by the Mann–Kendall test.

Figure 12. Trend distribution of summer mean temperatures from 1961
to 2010 (Unit: ◦C yr−1), with the black solid lines being the significance

lines at 0.05 confidence level by the Mann–Kendall test.

significant increasing trends in annual sum of inte-
grated index, annual sum of duration, annual sum of
accumulated impacted area and annual sum of accu-
mulated high temperature intensity.

4. A further analysis of the trend change for China
RHTE reveals that RHTE are becoming more fre-
quent and stronger in most China especially in north-
ern China, but less frequent and weaker in eastern
regions between the Yangtze River and the Yellow
River during the past 50 years. This distribution
pattern of trend change of China RHTE is mainly a
regional response to global warming. Meanwhile, the
increasing trends in RHTE frequency and accumu-
lated intensity in southern China may also be partly
due to the westward extension and intensification in
summer during the past decades.

In this study, the daily maximum temperature data
from 642 stations and the OITREE method were applied
in identifying China RHTE. As the station distribution is
uneven with dense stations in Southeast China and spare
stations in Northwest China, a question about which we
care is that how big the uneven distribution can influence
the results. Two parameters in OITREE which are relative
to the station distribution are threshold for the distance to
define neighbour stations (parameter 1) and threshold for

the number of stations in a daily high temperature belt
(parameter 2), and considering the question, a lot of tests
for the two parameters have been carried out. Analyses
show that parameter 1 has little influence to the results
with a value variation of the parameter between 200 and
400 km. For parameter 2, although the influence on the
original results is obvious with a value variation of the
parameter between 5 and 20 (stations), selecting only
relatively strong events with big integrated index (such as
Z ≥ 0.25 in this study) as a China RHTE limits the influ-
ence. Above analysis suggests that when we pay attention
to RHTE in a smaller region such as Northwest China,
the two parameters need to change to suitable values.

Undoubtedly, this study suggests that OITREE shows
skilful capability in identifying RHTE. Compared with
some existing identification methods of RHTE (Ding
et al., 2010, 2011), the OITREE method has some dis-
tinctive features: (1) basing on the theoretical model of
a string of candied fruits, (2) being more objective with
more detailed introduction, and (3) more easily being
applied in researches and climate operations, such as a
special website of monitoring RHTE in China (http://
cmdp.ncc.cma.gov.cn/extreme/hightemp.php?product=
hightemp_moni&monicat=regional) in Chinese.
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王艳姣，高蓓，周兵，等．２０１４．２０１３年全球重大天气气候事件及其成因．气象，４０（６）：７５９７６８．

２０１３年全球重大天气气候事件及其成因
�

王艳姣　高　蓓　周　兵　姜　彤　龚志强　司　东
国家气候中心气候研究开放实验室，北京１０００８１

提　要：２０１３年，全球气温持续偏高，与２００７年并列为第六个最暖年份，其中气温异常偏高的地区主要位于澳大利亚、北美

洲北部、南美洲东北部、非洲北部以及欧亚大陆的大部地区。年内，赤道中东太平洋基本维持弱冷水状态，北极海冰范围仍处

于记录中最低水平之一，而南极海冰范围则创历史新高。受大气环流异常以及海洋和海冰等外强迫因子的共同影响，世界范

围内出现了显著的气候异常和极端事件，年初寒流和暴风雪袭卷亚洲、欧洲部分地区和北美洲，澳大利亚出现了极端高温天

气；６—９月中欧、亚洲和北美洲部分地区遭受暴雨洪涝的袭击，期间北半球大部地区则发生了极端高温天气；６月以来多个强

台风袭击东亚、东南亚和北美洲东海岸。分析指出，大气环流异常是上述全球重大天气气候事件的直接原因，而太平洋海温

异常通过海气相互作用对大气环流异常产生重要影响。此外，在全球升温的过程中，伴随着气温平均值和变幅增大，致使发

生极端天气气候事件的概率增加，这为全球许多国家和地区出现异常天气提供了有利的气候背景条件。

关键词：全球表面气温，暴风雪，洪涝，高温，热带气旋
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ａｇｅｔｅｍｐｅｒａｔｕｒｅａｎｄｉｔｓａｍｐｌｉｔｕｄｅｓｏｆｖａｒｉａｔｉｏｎａｒｅａｌｌｉｎｃｒｅａｓｉｎｇ，ｒｅｓｕｌｔｉｎｇｉｎｔｈｅｉｎｃｒｅａｓｅｏｆｔｈｅｆｒｅｑｕｅｎ

ｃｉｅｓｏｆｅｘｔｒｅｍｅｗｅａｔｈｅｒａｎｄｃｌｉｍａｔｅｅｖｅｎｔｓ，ｗｈｉｃｈｈａｓｐｒｏｖｉｄｅｄｔｈｅｆａｖｏｒａｂｌｅｃｏｎｄｉｔｉｏｎｓｆｏｒｔｈｅｏｃｃｕｒｒｅｎｃｅ

ｏｆａｂｎｏｒｍａｌｗｅａｔｈｅｒｓｉｎｍａｎｙｃｏｕｎｔｒｉｅｓａｎｄｒｅｇｉｏｎｓｏｆｔｈｅｗｏｒｌｄ．

犓犲狔狑狅狉犱狊：ｇｌｏｂａｌｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅ，ｓｎｏｗｓｔｏｒｍ，ｆｌｏｏｄ，ｈｉｇｈｔｅｍｐｅｒａｔｕｒｅ，ｔｒｏｐｉｃａｌｃｙｃｌｏｎｅ

引　言

一年一度的《世界气象组织全球气候状况声明》

（ＷＭＯ，２０１３）中指出，２０１３年全球陆地和海洋表面

气温持续偏高，比１９６１—１９９０年平均值高约０．５℃，

与２００７年并列为１８５０年以来第六个最暖年份。

２０１３年既没有出现拉尼娜现象，也没有出现厄尔尼

诺现象，赤道中东太平洋基本维持弱冷水状态，太平

洋年代际振荡（ＰＤＯ）呈冷位相。２０１３年北极海冰

范围仍处于记录中最低水平之一，而南极海冰范围

创历史新高，并且比１９８１—２０１０年的平均值高了

２．６％。受大气环流异常以及海洋和海冰等外强迫

因素的共同影响，２０１３年世界范围内出现了显著的

气候异常和极端事件，其中北半球部分地区多次受

到天气气候极端事件的袭击（王遵娅等，２０１３；民政

部国家减灾中心，２０１３ａ；２０１３ｂ；秦苗苗，２０１３ａ；

２０１３ｂ；２０１３ｃ；２０１３ｄ；２０１３ｅ；龚志强等，２０１４；国家气

候中心气候与气候变化服务室，２０１３）。

本文重点对２０１３年全球发生的重大天气气候

事件及其造成的影响进行综述，并对一些重大气候

事件的成因进行分析。使用的资料包括：ＮＣＥＰ／

ＮＣＡＲ再分析资料、国家气象信息中心、国家气候

中心ＧＤＣＮ１．０数据集和美国国家气候资料中心提

供的全球逐日最高气温、最低气温和降水资料。

１　全球重大天气气候事件分述

１．１　全球气温

２０１３年全球陆地和海洋表面气温为１４．５℃，比

１９６１—１９９０年全 球 平 均 气 温 值 （１４．０℃）高 约

０．５℃，比２００１—２０１０年全球平均气温高０．０３℃，

与２００７年并列为１８５０年以来第六个最暖年份（图

１；ＷＭＯ，２０１３）。其中温度偏高最显著地区包括澳

大利亚、北美洲北部、南美洲东北部、非洲北部以及

欧亚大陆的多数地区。在西南太平洋，澳大利亚报

告称２０１３年１月是该国观测到的最热月份，１月７

日，还创下了该国按面积加权平均的日最高温度

４０．３℃的新纪录，在南澳大利亚的蒙巴日最高温度

达４９．６℃，异常高温导致该国出现有记录以来最热

的夏季（１２月至次年２月）。此外，澳大利亚全年温

度持续高于平均值，从２０１２年１１月至２０１３年１０

月是该国有史以来最暖的１２个月。在亚洲，日本出

现了有记录以来最热的夏季。中国则出现了有记录

以来最热的８月（与２００６年持平）。韩国观测到其

第四最暖的７月和最暖的８月，创下了夏季高温纪

录（ＷＭＯ，２０１３）。

图１　１９５０—２０１３年全球表面气温

距平序列（引自 ＷＭＯ，２０１３）

Ｆｉｇ．１　Ｔｉｍｅｓｅｒｉｅｓｏｆｔｈｅｇｌｏｂａｌｃｏｍｂｉｎｅｄ

ｓｅａｓｕｒｆａｃｅａｎｄｌａｎｄｔｅｍｐｅｒａｔｕｒｅａｎｏｍａｌｉｅｓ

ｄｕｒｉｎｇ１９５０－２０１３（ｆｒｏｍＷＭＯ，２０１３）

１．２　南北极海冰

在２０１２年出现前所未有的大范围融化之后，北

极海冰范围略有恢复，但２０１３年仍处在记录中最低

水平之一。根据美国国家冰雪数据中心（ＮＳＩＤＣ）的

记录，３月１５日北极海冰范围达到了年最高值１５１３

万ｈｍ２，比１９８１—２０１０年平均值还低约５０万ｈｍ２。

９月１３日北极海冰范围达到了其年周期的最低值

５１０万ｈｍ２，成为记录中第六最小值，比１９８１—２０１０

年的平均值减少了１８％ （近１１０万ｈｍ２），但比

２０１２年９月创纪录的低值增加了３４１万 ｈｍ２。

２０１３年，南极海冰范围连续第二年于９月达到了创

纪录的最高值１９４７万ｈｍ２，比２０１２年创下的原纪

录约大了３万ｈｍ２，并且比１９８１—２０１０年的平均值

高了２．６％（ＷＭＯ，２０１３）。
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１．３　暴风雪频繁袭击亚洲、北美和欧洲

１月上旬，亚洲西部遭遇暴风雪袭击，造成至少

４人遇难，５０多人受伤，交通受阻，房屋倒塌；印度北

部遭严寒袭击，造成至少１１４人死亡；孟加拉国遭遇

寒潮，造成数十人死亡。中旬，日本关东地区遭暴风

雪袭击，造成２人死亡，３人失踪，近９００人受伤；中

下旬，英国遭大雪袭击，造成至少１０人死亡；下旬，

美国遭寒流袭击，造成至少４人死亡。１月，波兰遭

严寒袭击，共造成３１人死亡。

２月上旬，暴风雪袭击加拿大安大略省南部地

区，造成至少３人死亡；同期，暴风雪袭击美国东北

部，造成至少１２人死亡，６０人受伤；下旬，美国中南

部各州遭受严重的暴风雨雪袭击，造成至少５人死

亡。

３月上旬，日本北海道遭暴风雪袭击，导致８人

死亡；同期，美国中东部地区也受暴风雪吹袭导致４

人遇难，２０万户居民断电，１９００余航班停飞。中旬，

欧洲大部遭受暴风雪袭击，多国进入紧急状态，大雪

导致法国２人死亡，多国交通瘫痪，工厂停工，学校

关闭。

４月中旬，美国中西部和南部多州遭暴风雪袭

击，造成至少３人死亡，数人受伤，道路封闭，数以万

计家庭断电。

５月上旬，美国科罗拉多遭遇倒春寒，降雪量超

过１ｆｔ（１ｆｔ＝０．３０４８ｍ）；下旬，暴雪袭击美国新英

格兰地区北部和纽约州北部高海拔山区，部分地区

积雪近１ｍ。

１１月下旬，美国西部遭暴风雪袭击，致１３人死

亡。１２月中旬，中东地区多国遭遇强暴风雪袭击，

其中以色列因灾死亡４人。１２月下旬，美国及加拿

大部分地区遭受暴风雨雪和冻雨袭击。受此恶劣天

气影响，两国至少２４人丧生（其中美国境内死亡１４

人），５０多万户家庭或商家断电，全美超过２万个航

班延误或取消。

１．４　澳大利亚、美国和亚洲多国遭受高温热浪袭击

２０１３年初，巴西东北部地区降水持续偏少，部

分地区遭受５０年来最严中的干旱。同期，新西兰北

部和东部受异常高温天气影响，降雨量显著偏少，遭

受了近几十年来最严重的干旱。

１月上旬，澳大利亚遭热浪袭击，６个州中有５

个发生火情，其中塔斯马尼亚州山火造成１００多座

房屋被烧毁，新南威尔士州高温引发火灾，上万只羊

被烧死；中旬，热浪再袭澳大利亚，新南威尔士州和

维多利亚州山林大火一度失控。

３月，印度西部发生４０年来最严重干旱，数百

万人受灾。

６月中旬，美国阿拉斯加州反常高温，１８日当地

最高温度破１９６９年最高纪录。

７月，日本遭高温热浪袭击，造成至少４１人死

亡；美国东北部和中西部地区遭高温热浪袭击，造成

至少６人死亡；英国遭高温袭击，造成至少７６０人死

亡；中国江南及重庆等地出现持续高温，造成至少

１０人死亡。

８月上中旬，奥地利高温天气造成１人死亡；日

本因高温天气造成９８１５人中暑入院，其中１７人死

亡；美国西部连日高温、干燥和强风天气造成多个州

森林野火肆虐，已烧毁至少８００英亩（１英亩≈

０．００４０６９ｋｍ２）土地。

１．５　北半球多国遭受暴雨洪涝袭击

１．５．１　亚洲

１月，印度尼西亚多个地区发生暴雨洪水，造成

至少５３人死亡，１８人失踪；上旬，以色列遭暴雨袭

击，多个地区洪水泛滥，造成３人死亡。

３月下旬，印度尼西亚爪哇岛遭洪水袭击，并引

发山体滑坡，造成至少１１人死亡。

４月上旬，日本遭暴风雨袭击，造成３人死亡，

至少１１人受伤；下旬，阿富汗北部遭洪水袭击，造成

１５人死亡，数百人无家可归。

５月中旬，斯里兰卡东部和南部沿海地区遭暴

风雨袭击，造成至少７人死亡，１０人受伤。

６月上旬，尼泊尔东北部连降暴雨导致滑坡，导

致７人死亡，４人失踪，２人重伤；中旬，印度北部遭

遇暴雨袭击，暴雨引发洪水，造成至少８０７人死亡，

近６０００人失踪，超过１０万人被疏散。

７月，印度北方邦遭暴雨袭击，造成至少１５０人

死亡，５０万人被迫转移；上中旬，中国四川、陕西、甘

肃和山西等省发生暴雨洪涝及滑坡泥石流灾害，共

造成至少１００人死亡，直接经济损失超过２００亿元

人民币；同期，尼泊尔遭暴雨洪水袭击，导致至少６０

人死亡；中旬，土耳其南部哈塔伊省遭暴雨袭击，造

成５人死亡，１０人受伤；中下旬，韩国中部地区遭暴

雨袭击，造成５人死亡，２人失踪；同期，朝鲜遭暴雨

洪水袭击，造成１５人死亡；下旬，日本遭暴雨袭击，
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造成１人死亡，２人失踪。

８月上旬，阿富汗遭暴雨洪水袭击，造成至少８４

人死亡，上百栋房屋被摧毁；上中旬，巴基斯坦遭遇

洪水袭击，导致多地洪水泛滥，造成至少１６５人丧

生，６６０００人受灾，数百房屋倒塌。

９月上中旬，越南北部和中部遭受暴雨袭击，引

发洪水和山体滑坡，造成至少２３人死亡，１２人失

踪，许多房屋被淹没；９月中旬，泰国遭洪水袭击，截

至９月２７日，受灾人口达２１０余万；柬埔寨遭遇持

续的洪灾影响，造成至少１６８人死亡，经济损失约５

亿美元。

１０月上旬，菲律宾遭遇暴雨袭击，造成１１人死

亡，逾９万人逃离家园；下旬，印度遭遇暴雨袭击，造

成至少４５人死亡。

１１月中旬，沙特频遭大雨和暴雨袭击，造成至

少１５人死亡，８人失踪；下旬，印度因连降大雨造成

房屋倒塌，导致５人死亡。１１月底至１２月初，印度

尼西亚苏门答腊不拉士达易火山区连降暴雨，引发

洪水和山体滑坡灾害，造成９人死亡。

１２月中旬，中国南方多地遭遇暴雨袭击，造成３

人死亡。

１．５．２　欧洲

６月上旬，中欧多国遭受洪水肆虐，导致１６人

死亡，各国损失严重。

７月，俄罗斯远东地区遭洪水袭击，超过１０万

人受灾，道路和电力系统被摧毁。

８月上旬，英国遭遇暴雨袭击，大雨导致海滩消

失、道路淹没，数百房屋受损；俄罗斯遭遇严重洪灾，

直接经济损失超过３０亿美元。

１１月中旬，意大利西南部岛屿遭洪水袭击，导

致１７人死亡。

１２月下旬，欧洲多国遭暴风雨袭击，其中英法

两国因灾死亡６人，超过１０万户家庭断电。

１．５．３　美洲

３月，巴西里约热内卢遭遇暴雨袭击，并引发山

体滑坡，造成至少３１人死亡，１人失踪，１４００多人无

家可归；厄瓜多尔西南部暴雨引发洪灾，造成至少８

人丧生。４月上旬，阿根廷首都布宜诺斯艾利斯市

及其周边省份遭受暴雨袭击，造成３５万人受到影

响，５８０００座建筑物被摧毁，至少５９人死亡，直接经

济损失超过５亿美元。５月初，美国东南部多地普

降大雨，暴雨引发山洪，导致１人死亡，上千用户断

电。

６月下旬，加拿大西部遭遇特大洪水，１０万人被

疏散，１人失踪。７月上旬，加拿大多伦多遭受暴雨

袭击，造成交通大面积阻塞，３０万用户停电。８月上

旬，美国遭遇暴雨肆虐，导致至少３人死亡；下旬，巴

西南部遭遇暴雨袭击，导致近７０００人受灾，其中

２０００多人无家可归。

９月上旬，墨西哥维拉克鲁斯州连降大雨引发

山体滑坡和洪水灾害，造成１４人死亡；中旬，美国科

罗拉多州连日暴雨引发洪灾，导致８人死亡，６００人

失踪，１．７万处房屋受损。１１月底至１２月初，古巴

首都哈瓦那连降暴雨，造成１００多栋建筑倒塌，导致

２人死亡。１２月中旬，巴西东南部连降暴雨引发严

重洪灾，截至２６日已导致至少４４人死亡，超６万人

无家可归。

１．５．４　非洲

１月中旬，莫桑比克大部分地区连降暴雨，导致

洪水泛滥，造成１２人死亡。４月中下旬，肯尼亚遭

洪水袭击，造成６３人死亡，超过３．４万人无家可归。

８月上旬，苏丹多个州普降暴雨，酿成洪涝灾

害，已夺去了数十人的生命，８万栋房屋倒塌，１０多

万人受灾。

１１月中旬，南非连遭暴雨袭击，造成至少８人

死亡。

１２月中旬，肯尼亚东南部遭遇洪水侵袭，导致

至少１２人死亡。

１．６　全球热带气旋活动接近常年同期

１．６．１　太平洋

８月中旬，菲律宾遭超强台风尤特和热带风暴

潭美袭击，多地普降大到暴雨，导致许多地方发生洪

水和山体滑坡，造成至少１８人死亡，５人失踪，４１人

受伤。

９月初，日本琦玉县和千叶县遭龙卷风袭击，导

致６７人受伤，５４７幢建筑受损；中旬，日本遭强热带

风暴万宜袭击，造成２人死亡，４人失踪，交通受到

严重影响；下旬，强台风天兔登陆中国华南，造成至

少３４人死亡，直接经济损失超过２２０亿元人民币。

１０月上旬，强台风菲特登陆中国，造成至少１０

人死亡，直接经济损失６２３．３亿元；中旬，台风百合
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登陆菲律宾，造成至少１２人死亡，２１０万人断电；热

带气旋费林袭击印度，造成１４人死亡；强台风韦帕

袭击日本，造成至少１８人死亡，４７人失踪。

１１月上中旬，超强台风海燕横扫菲律宾中部地

区，造成严重灾害，菲律宾全国至少有５５９８人死亡，

１７５９人失踪，近３万人受伤；中国广西、广东和海南

遭“海燕”袭击，造成９人死亡，４人失踪，直接经济

损失超过４０亿元人民币；越南北部遭“海燕”袭击，

导致至少１０人死亡，４人失踪，８４人受伤；１５日，越

南中部遭台风杨柳袭击，导致３６人死亡，９人失踪，

８万人无家可归。

１．６．２　大西洋

１月下旬，美国南部部分地区遭龙卷风袭击，导

致至少２人死亡。

２月中旬，强龙卷风侵袭美国密西西比、阿拉巴

马等南部多州，造成６０余人受伤。５月中旬，美国

德州遭受至少１０场龙卷风吹袭，造成６人死亡，超

过１００人受伤；２０日，多场龙卷风吹袭俄克拉荷马

及其周边城镇，造成至少２４人死亡；２２日，龙卷风

袭击了俄罗斯中部地区，导致１５人受伤，大量房屋

倒塌。

６月上旬，热带风暴安德莉亚登陆美国佛罗里

达洲，并北上影响美国东部沿海地区，给当地带来强

风暴雨。

８月中旬，德国遭遇龙卷风袭击，导致２７人受

伤，其中包括１６名儿童。

９月中旬，墨西哥遭双风暴夹击，并引发暴雨、

洪灾和泥石流，造成至少１３９人死亡，３５人受伤，５３

人失踪，近２４万人遭受重大财产和住房损失，受灾

总人数约达１２０万人，经济损失超过６０亿美元。

１０月下旬，欧洲多国遭遇强风暴袭击，造成至

少１６人遇难。１１月中旬，美国中西部遭到龙卷风

及强风暴袭击，导致８人死亡，约１万人受到影响，

经济损失超过１０亿美元。

１．６．３　印度洋

３月下旬，孟加拉东部地区遭龙卷风袭击，造成

２０人死亡，２００多人受伤，数百座房屋倒塌，上千棵

树木折断。５月中旬，气旋风暴马哈森在孟加拉南

部沿海登陆下，导致１０人死亡，百万民众被迫转移。

综合以上分析可见，受大气环流异常以及海洋

和海冰等外强迫因子的共同影响，２０１３年世界范围

内出现了显著的气候异常和极端事件。年初寒流和

暴风雪袭卷亚洲、北美洲和欧洲部分地区，造成至少

２００多人死亡，而澳大利亚则出现了极端高温天气；

６—９月亚洲、欧洲和北美洲部分地区遭受暴雨洪涝

的袭击，造成至少１７００多人死亡，期间北半球大部

地区则发生了极端高温天气；２０１３年全球热带气旋

活动接近常年同期，其中多个强台风袭击东亚、东南

亚和北美洲东海岸，造成至少５０００多人死亡。图２

为２０１３年全球重大天气气候事件示意图．

图２　２０１３年全球重大天气气候事件示意图

Ｆｉｇ．２　Ｄｉａｇｒａｍｏｆｇｌｏｂａｌｓｉｇｎｉｆｉｃａｎｔｗｅａｔｈｅｒａｎｄｃｌｉｍａｔｅｅｖｅｎｔｓｉｎ２０１３
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２　全球极端天气气候事件指标监测

全球极端天气气候事件监测指标采用世界气象

组织（ＷＭＯ）世界气候研究计划（ＷＣＲＰ）项目中专

家组（ＥＴＣＣＤＭＩ）推荐使用的极端天气气候事件监

测指标，包括暖昼、暖夜、冷昼、冷夜、降水强度、极端

降水量和极端强降水日数等指标（Ｐｅｔｅｒｓｏｎ，２００５）。

各指标的详细定义参见文献（王东阡等，２０１３）。

２０１３年，全球极端温度事件监测显示，亚洲、欧

洲、非洲和南美洲等地出现极端偏暖事件的站点数

多于极端偏冷事件的站点数；而北美洲地区则呈现

极端偏冷事件相对较多的特征。极端偏暖事件主要

出现在欧亚大陆大部，北美洲西部、南部和东部，南

美洲南部，非洲南部和西部等地；极端偏冷事件主要

出现在北美洲中部和南部、欧洲西部、东亚大部、南

亚局部和南美洲中南部等地。极端强降水事件则主

要集中在东亚东部、南亚、澳大利亚北部、欧洲南部、

非洲西部和东部、北美洲东南部、南美洲西部和中南

部等地区。

全球暖昼（ＴＸ９０ｐ）和暖夜（ＴＮ９０ｐ）指标监测表

明，２０１３年，欧洲大部、东亚大部、南亚南部、西亚北

部、非洲北部和南部的局部、北美洲西北和南部、南

美洲南部以及澳大利亚局部等地极端偏高的暖昼日

数一般在１０ｄ以上，其中中国中东部、南亚南部、东

南亚局部、澳大利亚局部和南美洲南部的局部等地

区暖昼日数超过２０ｄ（图３）；欧洲大部、东亚大部、

中亚北部、南亚南部、西亚北部、非洲北部的局部、北

美洲西部和东部及南美洲南部的局部等地区夜间温

度极端偏高的暖夜日数在１０ｄ以上，其中中国中东

部、东北亚局部、东南亚局部和北美洲东北部局部等

地超过２０ｄ（图４）。

全球冷昼（ＴＸ１０ｐ）和冷夜（ＴＮ１０ｐ）指标监测显

示，２０１３年，白天温度极端偏冷的冷昼日数在欧洲

中西部、东亚东北部和南部、北美洲中西部和东部、

南美洲中东部等地区为１０ｄ以上，其中北美洲中西

部和东部局部等地区超过２０ｄ（图５）。夜间温度极

端偏冷的冷夜日数在欧洲西部、东亚东部、南亚、非

洲北部和南部局部、北美洲中部、东南部和西北部、

南美洲南部以及环澳大利亚的局部等地区达１０ｄ

以上，其中东亚东北部局部、南亚西部局部和北美洲

中部的局部等地区达２０ｄ以上（图６）。

全球极端强降水量（Ｒ９５ｐ）和极端强降水日数

（Ｒ９５ｄ）指标监测显示，２０１３年，欧洲西部、东亚东南

部和东北部的局部、南亚大部、东南亚北部和南部、

北美洲东部、南美洲西部和南部的局部等地区极端

降水量在３００ｍｍ以上，其中东亚东南部的局部、印

度大部和东南亚局部等地区极端降水量达１０００

ｍｍ以上（图７）。同时，欧洲西部和北部的局部、东

亚东南部和东北部局部、南亚南部、东南亚局部、北

美洲东部局部、南美洲西部和东南部局部等地区极

端强降水日数达１０ｄ以上，其中部分地区达２０ｄ以

上（图８）。上述大部地区的降水强度指数（ＳＤＩＩ）均

超过了１０ｍｍ·ｄ－１，其中东亚的东南部局部、南亚

的西部和北部局部、非洲西部局部及北美洲南部局

部等地区超过２０ｍｍ·ｄ－１（图９）。

图３　２０１３年全球暖昼日数分布图（单位：ｄ）

Ｆｉｇ．３　Ｇｌｏｂａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆｗａｒｍｄａｙｓ

（ＴＸ９０ｐ）ｉｎ２０１３（ｕｎｉｔ：ｄ）

图４　２０１３年全球暖夜日数分布图（单位：ｄ）

Ｆｉｇ．４　Ｇｌｏｂａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆｗａｒｍｎｉｇｈｔｓ

（ＴＮ９０ｐ）ｉｎ２０１３（ｕｎｉｔ：ｄ）

图５　２０１３年全球冷昼日数分布图（单位：ｄ）

Ｆｉｇ．５　Ｇｌｏｂａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆｃｏｏｌｄａｙｓ

（ＴＸ１０ｐ）ｉｎ２０１３（ｕｎｉｔ：ｄ）
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图６　２０１３年全球冷夜日数分布图（单位：ｄ）

Ｆｉｇ．６　Ｇｌｏｂａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆｃｏｏｌｎｉｇｈｔｓ

（ＴＮ１０ｐ）ｉｎ２０１３（ｕｎｉｔ：ｄ）

图７　２０１３年全球极端强降水量分布图（单位：ｍｍ）

Ｆｉｇ．７　Ｇｌｏｂａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆｈｅａｖｙｐｒｅｃｉｐｉｔａｔｉｏｎ

ａｍｏｕｎｔｓ（Ｒ９５ｐ）ｉｎ２０１３（ｕｎｉｔ：ｍｍ）

图８　２０１３年全球极端强降水日数分布图（单位：ｄ）

Ｆｉｇ．８　Ｇｌｏｂａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆｈｅａｖｙｐｒｅｃｉｐｉｔａｔｉｏｎ

ｄａｙｓ（Ｒ９５ｄ）ｉｎ２０１３（ｕｎｉｔ：ｄ）

图９　２０１３年全球降水强度指数

分布图（单位：ｍｍ·ｄ－１）

Ｆｉｇ．９　Ｇｌｏｂａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆｓｉｍｐｌｅ

ｄａｉｌｙｉｎｔｅｎｓｉｔｙｉｎｄｅｘ（ＳＤＩＩ）ｉｎ２０１３

（ｕｎｉｔ：ｍｍ·ｄ－１）

３　重大天气气候事件可能成因分析

３．１　俄罗斯远东地区最大洪灾

２０１３年７—９月，俄罗斯远东地区的出现持续

性降水，该区累积降水量较常年同期普遍偏多５成

至２倍，局部偏多２～４倍，且降水极端性突出。异

常偏多的降水导致俄罗斯远东地区出现１２０年来最

大洪灾，造成１０万多人受灾，３．２万当地居民被疏

散，经济损失高达数十亿美元（国家气候中心气候监

测室，２０１３）。

２０１３年７—９月，持续性环流异常是导致俄罗

斯远东地区洪灾的最直接原因。７—９月５００ｈＰａ

高度及距平场上，受欧亚中高纬度切断性低压的影

响，欧亚大陆西北部上空为异常正高度距平区，而欧

洲东南部至俄罗斯东南部和东亚北部为宽广的低槽

区，这种环流型有利于高纬冷空气南下影响俄罗斯

远东地区；同时，鄂霍次克海地区阻塞异常发展有利

于这种环流型的持续稳定维持（图１０）。与高度场

相匹配，８５０ｈＰａ距平风场上，在贝加尔湖以东地区

为一异常气旋性环流，西北太平洋地区存在一异常

反气旋性环流，气旋性环流东侧偏南气流与反气旋

环流西侧的偏南气流将西北太平洋和低纬度的暖湿

空气向异常偏北的地区输送。在低纬度地区，西太

平洋副热带高压（以下简称副高）持续控制中国东南

部地区，且副高脊线位置异常偏北，副高西侧偏西南

气流将低纬度地区的水汽持续向中高纬度地区输

送。异常偏多的暖湿水汽与来自极地的冷空气在俄

罗斯 远 东 地 区 交 汇，造 成 该 区 降 水 异 常 偏 多

（图１１）。

另一方面，２０１３年东亚季风指数的逐日监测表

明，６—９月东亚夏季风总体偏强（图略）。东亚夏季

风的持续偏强也有利于低纬度水汽向北方地区输

送，加之受贝加尔湖以东地区异常气旋性环流和西

北太平洋异常反气旋以及副高持续偏北的影响，来

自西北太平洋的水汽与来自低纬度地区的水汽持续

不断的向俄罗斯远东地区输送，有利于该区降水的

异常偏多。

综合以上分析可见，在低纬度系统和中高纬度

系统的共同调制作用下，７—９月俄罗斯远东地区出

现持续异常偏多的降水，造成该区出现１２０年来最

大洪灾。
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图１０　２０１３年７—９月５００ｈＰａ位势高度（等值线）

及距平场（阴影区）分布（单位：ｇｐｍ，红色等值线

为气候态下５８６０和５８８０线）

Ｆｉｇ．１０　５００ｈＰａｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔ（ｃｏｎｔｏｕｒｓ）ａｎｄ

ａｎｏｍａｌｉｅｓ（ｓｈａｄｅｄ）ｆｒｏｍＪｕｌｙｔｏＳｅｐｔｅｍｂｅｒｉｎ２０１３

（ｕｎｉｔ：ｇｐｍ，ｒｅｄｌｉｎｅｓ：５８６０ａｎｄ５８８０ｇｐｍｏｆｃｌｉｍａｔｏｌｏｇｙ）

图１１　２０１３年７—９月８５０ｈＰａ风场距平 （单位：ｍ·ｓ－１）

Ｆｉｇ．１１　８５０ｈＰａｗｉｎｄａｎｏｍａｌｉｅｓｆｒｏｍＪｕｌｙ

ｔｏＳｅｐｔｅｍｂｅｒｉｎ２０１３（ｕｎｉｔ：ｍ·ｓ
－１）

３．２　夏季北半球极端高温

２０１３年夏季，北半球许多国家和地区出现持续

高温天气。在亚洲，日本出现了有记录以来最热的

夏季；中国出现了有气象记录以来最热的八月；韩国

则创下了夏季高温纪录。此外，在欧洲和北美洲的

多地也遭受了异常高温天气的袭击。２０１３年夏季，

北半球许多国家和地区出现持续高温天气的主要原

因包括以下几方面：

（１）全球气候变暖是大背景。ＩＰＣＣ第五次评

估报告指出，１８８０—２０１２年，全球地表平均温度大

约上升了０．８５℃。在北半球，１９８３—２０１２年可能是

过去１４００年中最暖的３０年（ＩＰＣＣ，２０１３）。全球温

度变化是人类活动引起的温室气体增暖效应和气候

系统内部变率耦合作用的结果，自然气候变化驱动

因子（如太阳活动、火山活动和大洋环流等）同样对

温度变化产生影响，且其主要表现为年际或年代际

尺度的变化。在全球升温的过程中，伴随着气温的

平均值和变幅增大，致使发生极端温度天气的概率

增加，这为夏季北半球许多国家和地区出现持续高

温天气提供有利的气候背景条件。

（２）海温异常是重要的外强迫因子。已有的研

究指出，海温异常将通过海气相互作用对全球气候

产生重要的影响（朱益民，２００３；黄荣辉等，２００６；张

庆云等，２００７；邓伟涛等，２００９）。２０１３年夏季（主要

在７—８月），赤道西太平洋和海洋性大陆区的海温

明显偏暖，尤其是海洋性大陆区南部海温增暖更为

显著（图１２）。受异常暖海温影响，海洋性大陆区的

对流活动也显著偏强。而在赤道中东太平洋大部，

弱的冷海温持续发展也使得日界线附近对流活动明

显偏弱（图１３）。由此，热带地区的 Ｗａｌｋｅｒ环流较

常年同期显著偏强，赤道西太平洋为异常上升运动

控制，而赤道中太平洋日界线附近为异常下沉运动

控制。通过经向垂直运动，赤道西太平洋的异常上

升运动激发异常下沉运动控制在东亚东部上空

（图１４），从而使得副高不断增强并持续控制东亚东

部地区，造成中国、日本和韩国等亚洲国家出现持续

异常高温天气。

　　（３）北半球中高纬异常大气环流影响。北极涛

图１２　２０１３年７—８月全球海温异常分布（单位：℃）

Ｆｉｇ．１２　Ｄｉｓｔｒｉｂｕｔｉｏｎｏｆｇｌｏｂａｌｓｅａｓｕｒｆａｃｅ

ｔｅｍｐｅｒａｔｕｒｅａｎｏｍａｌｉｅｓｆｒｏｍＪｕｌｙ

ｔｏＡｕｇｕｓｔ２０１３（ｕｎｉｔ：℃）

图１３　２０１３年７—８月热带射出长波

辐射异常分布 （单位：Ｗ·ｍ－２）

Ｆｉｇ．１３　ＤｉｓｔｒｉｂｕｔｉｏｎｏｆｔｒｏｐｉｃＯｕｔｇｏｉｎｇ

ＬｏｎｇｗａｖｅＲａｄｉａｔｉｏｎ（ＯＬＲ）ａｎｏｍａｌｉｅｓ

ｆｒｏｍＪｕｌｙｔｏＡｕｇｕｓｔ２０１３（ｕｎｉｔ：Ｗ·ｍ
－２）
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图１４　东亚东部（１２０°～１４０°Ｅ）平均经向

垂直速度剖面图

（阴影区表示垂直速度异常，单位：１０－２Ｐａ·ｓ－１）

Ｆｉｇ．１４　Ｔｈｅａｖｅｒａｇｅｍｅｒｉｄｉｏｎａｌｖｅｒｔｉｃａｌｖｅｌｏｃｉｔｙｓｅｃｔｉｏｎ

（ｓｈａｄｅｄｉｓｔｈｅｖｅｒｔｉｃａｌｖｅｌｏｃｉｔｙａｎｏｍａｌｉｅｓ，ｕｎｉｔ：１０－２Ｐａ·ｓ－１）

ｉｎｔｈｅｅａｓｔｅｒｎｐａｒｔｏｆＥａｓｔＡｓｉａ（１２０°－１４０°Ｅ）

图１５　２０１３年ＡＯ指数日变化

Ｆｉｇ．１５　ＶａｒｉａｔｉｏｎｓｏｆｄａｉｌｙＡＯｉｎｄｅｘｉｎ２０１３

图１６　２０１３年６—８月５００ｈＰａ高度场

（等值线）及距平场（阴影）分布

（单位：ｇｐｍ，浅色等值线为气候态下的５８６０和５８８０线）

Ｆｉｇ．１６　５００ｈＰａｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔ（ｃｏｎｔｏｕｒｓ）ａｎｄ

ａｎｏｍａｌｉｅｓ（ｓｈａｄｅｄ）ｆｒｏｍＪｕｎｅｔｏＡｕｇｕｓｔｉｎ２０１３

（ｕｎｉｔ：ｇｐｍ，ｌｉｇｈｔｌｉｎｅｓ：５８６０ａｎｄ５８８０ｇｐｍｏｆｃｌｉｍａｔｏｌｏｇｙ）

动（ＡＯ）作为半球尺度的气候系统，对北半球气候有

重要的影响（武炳义等，２００４；琚建华等，２００４；

２００６；龚道溢等，２００３）。２０１３年４—８月ＡＯ持续

以正位相为主（图１５），由于北极地区通常受低气压

系统支配，当北极涛动持续处于正位相时，极地的冷

空气不断堆积，冷低压不断增强，同时中纬度地区暖

高压也不断增强，限制了极地冷空气向南扩展。这

一方面使得北半球中纬度地区冷空气活动较弱，不

容易促使北半球副热带地区高压减弱和东退；另一

方面使得北半球中高纬度地区持续受异常高压控制

（图１６），这是导致今年夏季北半球中高纬度地区出

现大范围高温异常天气的另一重要原因。

可见，在全球变暖的背景下，ＡＯ持续正位向和

赤道太平洋海温异常是造成北半球夏季大部地区出

现异常高温天气的主要原因。

４　结　论

２０１３年的全球陆地和海洋表面温度持续偏高，

比１９６１—１９９０年平均值高约０．５℃，与２００７年并

列为第六个最暖年份。在全球持续偏暖的背景下，

２０１３年世界范围内出现了显著的气候异常和极端

事件，其中北半球部分地区受到多重天气气候极端

事件的袭击。年初，寒流和暴风雪袭卷亚洲、欧洲部

分地区和北美洲，而澳大利亚则出现了极端高温天

气；６—９月中欧、亚洲和北美洲部分地区遭受暴雨

洪涝的袭击，期间北半球大部地区则发生了高温热

浪天气；６月以来多个强台风袭击东亚、东南亚和北

美洲东海岸，其中超强台风海燕菲律宾全国有５５９８

人死亡，１７５９人失踪，近３万人受伤。

２０１３年７—９月，中高纬度地区受欧亚中高纬

度切断性低压的影响，欧亚大陆西北部上空为异常

正高度距平区，而欧洲东南部至俄罗斯东南部和东

亚北部为宽广的低槽区，这种环流型有利于高纬冷

空气南下影响俄罗斯远东地区；同时，鄂霍次克海地

区阻塞的异常发展有利于这种环流型的持续稳定维

持。低纬度地区，西太平洋副热带高压持续控制中

国东南部地区，且副高脊线位置异常偏北；另一方

面，７—９月东亚夏季风持续偏强，东亚夏季风的持

续偏强有利于低纬度水汽向北方地区输送，加之受

西北太平洋异常反气旋以及副高持续偏北的影响，

来自西北太平洋与来自低纬度地区的水汽不断向俄

罗斯远东地区输送。暖湿气流与来自高纬度地区冷
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空气在俄罗斯远东地区汇合，使得７—９月俄罗斯远

东地区出现持续异常偏多的降水，造成该区出现

１２０年来最大洪灾。

在全球持续增暖的背景下，受北极涛动持续正

位相和赤道太平洋海温异常的共同影响，２０１３年夏

季，东亚东部、北美洲和欧洲等地持续受高压系统的

控制，大气以下沉气流为主，天气晴好，地面容易接

收更多的太阳辐射。太阳辐射的强烈加热作用，导

致大气温度持续偏高，使得北半球大部地区出现异

常高温天气。
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Abstract A two-moment cloudmicrophysical scheme, to predict both themass and number concentrations
of cloud droplets and ice crystals, is implemented into the aerosol-climatemodel BCC_AGCM2.0.1_CUACE/Aero.
The model results for aerosols, cloud properties, and meteorological fields are evaluated, and the
anthropogenic aerosol indirect effect (AIE) is estimated. The new model simulates more realistic aerosol mass
concentrations and optical depth compared with the original version using a one-moment bulk cloud
microphysical scheme. The global annual mean column cloud droplet number concentration (CDNC) from the
newmodel is 3.3 ×1010m�2, which is comparable to the 4.0×1010m�2 from satellite retrieval. The global annual
mean cloud droplet effective radius at the cloud top from the new model is 8.1μm, which is smaller than the
10.5μm from observation. The simulated liquid water path (LWP) in the new model is significantly lower than
that in the original model. In particular, the annual mean LWP is lower in the newmodel bymore than 100gm�2

in somemidlatitude regions and hencemuchmore consistent with satellite retrievals. Cloud radiative forcing and
precipitation are improved to some extent in the new model. The global annual mean radiation budget at
the top of the atmosphere is �0.6Wm�2, which is considerably different from the value of 1.8Wm�2 in the
original model. The global annual mean anthropogenic AIE is estimated to be �1.9Wm�2 without imposing a
lower bound of CDNC, whereas it is reduced significantly when a higher lower bound of CDNC is prescribed.

1. Introduction

Clouds do not only reflect solar radiation and reduce the radiation flux reaching the surface but also absorb
thermal radiation and decrease the energy loss in the Earth-atmosphere system. Therefore, any change in
cloud properties can greatly disturb the energy balance of the Earth-atmosphere system [Boucher et al.,
2013]. Anthropogenic aerosols can alter cloud microphysical and optical properties such as the cloud droplet
size distribution, cloud albedo, and cloud lifetime by serving as cloud condensation nuclei (CCN) or ice nuclei
[Twomey, 1977; Albrecht, 1989]. This may indirectly affect atmospheric radiation, temperature, circulation, and
the hydrological cycle.

Aerosol-cloud interactions, including the aerosol indirect effect (AIE), are one of the greatest sources of
uncertainty in projections of future climate change [Boucher et al., 2013]. Many uncertainties remain in the
study of AIE, and our understanding of it is still very limited. For example, recent studies have indicated large
uncertainty ranges of �0.3 to �1.5Wm�2 for the cloud albedo effect and 0 to �1.2Wm�2 for the
aerosol-cloud interactions due to anthropogenic aerosols [Lohmann et al., 2010; Boucher et al., 2013]. The
estimation of anthropogenic AIE is affected by many parameters, such as natural and anthropogenic aerosol
emissions, aerosol precursor gas emissions, microphysical processes, preindustrial CCN concentration,
preindustrial accumulation mode radius, width of the accumulation mode, size of primary particles, and
cloud thickness [Carslaw et al., 2013; Ghan et al., 2013].

Satellite and field observations during the past decade have greatly improved our understanding of how
aerosols affect cloud processes at regional and global scales. Field observations have revealed a positive
correlation between an increase in cloud reflectance and an enhanced ambient aerosol concentration
[Brenguier et al., 2000]. A strong positive correlation between the liquid water path (LWP) and the boundary
layer CCNwas also observed based on themeasurements during the VAMOSOcean-Cloud-Atmosphere-Land
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Study-Regional Experiment [Zheng et al., 2010]. Analysis of a 10 year data set of aerosol, cloud, and
meteorological variables showed that cloud-top height and thickness as well as rain in deep clouds that had
high liquid-water content increased with aerosol concentration in mixed phase clouds with a warm and low
base, but no change was found in cloud-top height and precipitation with aerosol concentration in clouds
without ice or with cool bases [Li et al., 2011]. At regional scales, long-term observational data and cloud-
resolving model simulations have revealed that the significant increase in aerosol concentrations due to air
pollution was at least partly responsible for the decreased number of light rain events observed in China over
the past 50 years [Qian et al., 2009].

Aerosol-cloud interactions include a variety of complicated processes, and it is therefore very difficult to
quantitatively determine the effect of aerosols on cloud, radiation, or climate through observations. However,
a global climate model (GCM) including complete atmospheric, dynamic, and thermodynamic processes is a
powerful tool to study these effects [Lohmann et al., 2007; Gettelman et al., 2008; Ghan et al., 2012]. Previously,
most GCMs adopted the one-moment cloud microphysical scheme, which only predicts the cloud droplet
and cloud ice mass concentrations. Thus, the empirical formulae for the relationship between aerosol mass or
number concentration and cloud droplet number concentration (CDNC) obtained from observations were
used to study the AIE in these models [e.g., Boucher and Lohmann, 1995; Hansen et al., 2005; Menon and
Rotstayn, 2006]. These empirical relationships are based on limited amounts of observed data and have
significant limitations. Furthermore, many real physical processes in clouds are neglected in these formulae,
such as the subgrid vertical velocity, size distribution, supersaturation, and aerosol activation, leading to great
uncertainty in the study of AIE. For example, AIE values ranged from �0.3 to �4.36Wm�2 when GCMs were
combined with simple relationships [e.g., Boucher and Lohmann, 1995; Menon et al., 2002; Ming et al., 2005;
Quaas et al., 2006; Wang et al., 2010].

Some fairly sophisticated two-moment cloud microphysical schemes based on cloud physics have been
developed and implemented into GCMs in recent years. These schemes take the cloud droplet and ice crystal
mass and number concentrations as prognostic variables [e.g., Ghan et al., 1997; Lohmann et al., 1999; Nenes
and Seinfeld, 2003; Lohmann et al., 2007; Morrison and Gettelman, 2008; Ghan et al., 2012]. Morrison et al.
[2005a, 2005b] developed a two-moment bulk cloud microphysics scheme to predict the mass and number
concentrations of four hydrometeor species (cloud droplet, cloud ice, rain, and snow). This scheme includes
more cloudmicrophysical processes, such as treatments of homogeneous and heterogeneous ice nucleation,
droplet activation allowing for simulating aerosol-cloud interactions, and the dispersion of the droplet size
distribution, than single-moment schemes do. The parameterization was then improved to be more suitable
for large-scale GCMs [Morrison and Gettelman, 2008; Gettelman et al., 2008]. The scheme of Abdul-Razzak and
Ghan [2000] is adopted for the activation of cloud droplets as a function of aerosol chemical and physical
parameters, temperature, and updraft speed, and the ice nucleation is a function of temperature based on
Cooper [1986] in this parameterization. The prediction of both mass and number concentrations using the
two-moment scheme allows the cloud droplet effective radius (CDER) to much more realistically evolve and
takes into account more robust aerosol-cloud interactions [Morrison and Gettelman, 2008] compared with the
use of a one-moment scheme that specifies the CDNC or CDER. This is also important for the improved
description of the cloud microphysical and aerosol-cloud interaction processes in GCMs.

A one-moment bulk cloud microphysical scheme was used in the BCC_AGCM2.0.1 (Atmospheric General
Circulation Model of Beijing Climate Center) coupled with an aerosol model of CUACE/Aero (China
Meteorological Administration Unified Atmospheric Chemistry Environment for Aerosols) (hereafter
BCC_AGCM2.0.1_CUACE/Aero) developed by Zhang et al. [2012a], which only included prognostic variables
for cloud liquid and ice mass concentrations. The CDNC and CDER are specified for treating large-scale cloud
precipitation and cloud-radiation interactions in the model, respectively [Collins et al., 2004]. The CDNCs are
set to be 400 cm�3 over land, 150 cm�3 over ocean, and 75 cm�3 over sea ice and to an interpolation of these
values in coastal regions. The CDERs are specified to be 14μm over ocean and sea ice, and are 8μm and
14μmover landwhen the temperatures are above�10°C and below�30°C, respectively, but are determined
by using a linear ramp between 8μm and 10μm between �30°C and �10°C over land [Collins et al., 2004].
The model lacks an accurate description of cloud microphysical and aerosol-cloud interaction processes.
Therefore, there is a considerable uncertainty when estimating the AIE with this model [Wang et al., 2010].
This study attempts to improve these cloud microphysical processes and the aerosol-cloud interactions in
the BCC_AGCM2.0.1_CUACE/Aero.
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In this study, we first implemented the two-moment bulk cloud microphysical scheme developed by
Morrison and Gettelman [2008] and Gettelman et al. [2008] (hereafter the MG08 scheme) into the
BCC_AGCM2.0.1_CUACE/Aero, which enabled our model to predict both cloud liquid and ice crystal mass and
number concentrations from online simulated dynamic aerosol mass concentrations. Then, we changed
some individual parameters in the MG08 scheme to make themmore compatible with our model. Finally, we
fully evaluated the model results for aerosol mass concentration and optical depth, CDNC, CDER, LWP, cloud
radiative forcing and precipitation and estimated the anthropogenic AIE. In section 2, we introduce the
aerosol-climate model and cloud microphysical scheme. In section 3, we present a detailed comparison of
the simulated aerosol concentrations and optical depth, cloud properties, and some primary climate
variables with the corresponding observations. In section 4, we estimate anthropogenic AIE. Finally, a
discussion and summary are presented in section 5.

2. Model and Scheme
2.1. Aerosol-Climate Model

BCC_AGCM2.0.1, developed by the Beijing Climate Center of China Meteorological Administration, coupled
with an aerosol model (CUACE/Aero), developed by the Institute of Atmospheric Composition of Chinese
Academy of Meteorological Sciences, was used in this study. The aerosol-climate model is detailed in Zhang
et al. [2012a] andWang et al. [2013a, 2013b], and thus we only give a brief description here. BCC_AGCM2.0.1
is based on the Eulerian spectral formulation of dynamical equations and employs a horizontal T42 spectral
resolution (approximately 2.8° × 2.8°) and a terrain-following hybrid vertical coordinate having 26 levels, with
a top located at about 2.9 hPa. The time step is 20min. The cloud fraction diagnostic scheme given by Slingo
[1987] was used. The main features of BCC_AGCM2.0.1 were described by Wu et al. [2010]. However, the
cloud-radiation processes in BCC_AGCM2.0.1 are currently being improved. The cloud overlap scheme of the
Monte Carlo independent column approximation (McICA) [Pincus et al., 2003] with the new BCC_RAD (Beijing
Climate Center RADiation transfer model) developed by Zhang et al. [2003a, 2006a, 2006b] was adopted
[Jing and Zhang, 2013]. These schemes have improved the accuracy of the subgrid cloud structure and its
radiative transfer process [Zhang et al., 2014]. The optical properties of water and ice clouds were taken from
Nakajima et al. [2000] and Zhang et al. [2014], respectively. Aerosol optical properties are given by Wei and
Zhang [2011] and Zhang et al. [2012b].

The atmospheric aerosol model CUACE/Aero, based on the Canadian Aerosol Module (CAM) developed by
Gong et al. [2002, 2003], is a comprehensive module incorporating emission, gaseous chemistry, transport,
removal, and size-segregated multicomponent aerosol algorithms. Zhou et al. [2012] gave a detailed
description of the improvements of CAM in CUACE/Aero. The five types of tropospheric aerosol are included
in the model, i.e., sulfate, black carbon (BC), organic carbon (OC), sea salt, and soil dust. Each aerosol type is
divided into 12 bins as a geometric series for a radius between 0.005 and 20.48μm. The emissions of sea salt
and soil dust are calculated online [Zhang et al., 2012a]. Aerosols are removed by dry deposition, below-cloud
scavenging, and in-cloud processes [Gong et al., 2003].

BCC_AGCM2.0.1_CUACE/Aero simulates the aerosol mass concentrations and optical properties well [Zhang
et al., 2012a] and has joined the AeroCom Phase II [Myhre et al., 2013]. It has been used to study aerosol
radiative forcing and the subsequent effects on climate [Zhang et al., 2012a; Wang et al., 2013a, 2013b].

2.2. Cloud Microphysical Scheme

A one-moment bulk cloud microphysical scheme developed by Rasch and Kristjánsson [1998] with
an improvement by Zhang et al. [2003b] (hereafter the RK98 scheme) was used in the original
BCC_AGCM2.0.1_CUACE/Aero. The model with the RK98 scheme only predicted the cloud liquid and ice
crystal mass concentrations. Both CDNC and CDER were specified in the model [Collins et al., 2004]. These
limitations generated great uncertainties in the estimation of AIE. Therefore, we initially incorporated
the MG08 scheme into the BCC_AGCM2.0.1_CUACE/Aero instead of the RK98 scheme to predict both
cloud liquid and ice crystal mass and number concentrations using the online-predicted aerosol
mass concentrations. The model then has the ability to calculate the CDER with the forecasted CDNC.
Additionally, the threshold size separating cloud ice from snow was set to 240 μm instead of the value of
200 μm in the original MG08 scheme to make the simulated cloud radiative forcing more realistic,
which changes the radiation balance at the top of the atmosphere (TOA) from 0.8Wm�2 to�0.6Wm�2 in
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the model. These modifications gave our model the ability to estimate AIE quantitatively. Following
Gettelman et al. [2008], we adopted Vavrus and Waliser’s [2008] changes to the diagnostic scheme of
cloud fraction presented by Slingo [1987] to reduce Arctic cloud biases. Currently, no aerosol effect is
taken into account in the microphysics for convective clouds in our model, but the convective
detrainment of cloud water and ice is addressed by the MG08 scheme. The number concentrations of
detrainment were obtained by assuming mean volume radii of 8 μm and 32 μm for cloud droplets and ice
crystals, respectively [Morrison and Gettelman, 2008].

The cloud droplet and ice size distributions are given by gamma functions in the MG08 scheme. The
main microphysical processes include the activation of CCN or deposition/condensation-freezing
nucleation on ice nuclei to form droplets or cloud ice, condensation/deposition, evaporation/
sublimation, autoconversion of cloud droplets and ice to form rain and snow, accretion of cloud droplets
and ice by rain, accretion of cloud droplets and ice by snow, heterogeneous freezing of droplets to
form ice, homogeneous freezing of cloud droplets, melting, sedimentation and convective detrainment.
The subgrid vertical velocity and CCN concentration are the two key variables in the cloud droplet
activation scheme given by Abdul-Razzak and Ghan [2000]. The subgrid vertical velocity (w′) is derived
from the turbulent diffusion coefficient following Morrison et al. [2005a] (w′ = Kd/lc, where Kd is the
turbulent diffusion coefficient and lc = 30m is the mixing length). The subgrid cloud water variability
is considered in accordance with a probability density function that follows a gamma distribution
function based on observations of the optical depth in marine boundary layer clouds [Barker, 1996;
Barker et al., 1996; Pincus et al., 1999]. However, the subgrid variability for cloud ice, precipitation, and
cloud droplet number concentration is neglected. The descriptions for these processes are detailed by
Morrison and Gettelman [2008].

2.3. Data and Simulation Design

The National Centers for Environmental Prediction reanalysis climatological data on a Gaussian grid was used
by BCC_AGCM2.0.1_CUACE/Aero as the initial condition. The sea ice and surface temperature boundary data
were prescribed based on the 21 year (1981–2001) Hadley Centre Sea Ice and Sea Surface Temperature
climatological mean data set. These data can be obtained from http://www.cesm.ucar.edu/models/atm-cam/
download/. First, two simulations were performed with the model including the RK98 cloud microphysical
scheme (hereafter BCC_RK98) and the MG08 cloud microphysical scheme (hereafter BCC_MG08), using the
AeroCom emissions for present-day conditions [Dentener et al., 2006]. To estimate anthropogenic AIE, two
additional simulations were performed with the model including the MG08 scheme but completely ignoring
the aerosol direct effect (the aerosol-radiation interaction was turned off ), using the AeroCom aerosol
emissions for present-day conditions (hereafter PD) and preindustrial conditions (hereafter PI) [Dentener et al.,
2006]. Somemodels used a lower bound of CDNC that possibly reduced the simulated AIE [Hoose et al., 2009].
Therefore, two groups of sensitivity simulations were performed with the new model to test the change of
anthropogenic AIE, where the lower bound of CDNCwas set to 10 cm�3 and 20 cm�3 instead of to the default

Table 1. Comparison of Global Annual Means of Simulated Aerosol Column Burdens and Optical Depth at 550 nm With
Those From AeroCom Modelsa

BCC_MG08 BCC_RK98 AeroCom_Med Max (Min)

M (mgm�2)
SU 3.2 1.8 3.9 5.3 (1.8)
BC 0.17 0.14 0.39 1.0 (0.09)
OC 1.6 1.3 2.4 3.6 (0.64)
DU 43.0 44.6 39.1 57.8 (8.8)
SS 14.1 14.5 12.6 27.5 (3.0)
AOD550 nm 0.11 0.08 0.13, 0.135b, 0.151c, 0.16d 0.15 (0.06)

aAeroCom_Med, Max and Min are global annual average of the median-ranked model, annual averaged maximum
and minimum among AeroCom models, respectively [Kinne et al., 2006]. M= aerosol column burden, SU= sulfate,
BC=black carbon, OC=organic carbon, DU=dust, SS = sea salt, and AOD= aerosol optical depth.

bMean values from AERONET given by Kinne et al. [2006].
cMean values from combinations of MISR over land and MODIS over ocean given by Kinne et al. [2006].
dMean values from combinations of MISR over land and MODIS over ocean given by van Donkelaar et al. [2010].
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value of 0. Each simulation was run for 30 years, and the simulation data of the last 20 years were averaged
and analyzed in this study.

The data sets used for evaluating the model that include the cloud data from International Satellite Cloud
Climatology Project (ISCCP) [Rossow and Schiffer, 1999] and the moderate resolution imaging
spectroradiometer (MODIS) [King et al., 2003], the LWP from National Aeronautics and Space Administration
Water Vapor Project (NVAP) [Randel et al., 1996] and Special Sensor Microwave Imager (SSMI) [Wentz, 1997],
the precipitation rate from Climate Prediction Center merged analysis of precipitation (CMAP) [Xie and Arkin,
1996], and the radiation flux at the TOA and cloud radiative forcing from Earth Radiation Budget Experiment
(ERBE) [Kiehl and Trenberth, 1997] and Clouds and Earth’s Radiant Energy System (CERES) (http://ceres.larc.
nasa.gov/) are from the Atmospheric Model Working Group diagnostics package of National Center for
Atmospheric Research (http://www.cgd.ucar.edu/cms/rneale/tools/amwg_diagnostics.html).

3. Model Evaluation and Analysis
3.1. Aerosol Mass Concentration and Optical Depth

Table 1 shows a comparison of global annual means of the simulated aerosol column burdens with those
from AeroCommodels. The global burdens of sulfate, BC, OC, sea salt, and dust in BCC_MG08 are 3.2mgm�2,
0.17mgm�2, 1.6mgm�2, 14.1mgm�2, and 43.0mgm�2, respectively. Three of the anthropogenic aerosol
burdens in BCC_MG08 are obviously larger than those in BCC_RK98, but they are closer to the
AeroCom_Medians. It can be seen from Table 2 that the cloud water lifetime in BCC_MG08 is significantly
longer than that in BCC_RK98, resulting in longer lifetimes and larger burdens of aerosols in BCC_MG08. The
changes in dust and sea salt burdens between the two simulations were not noticeable. This is because wet
deposition is less important for these particles than for accumulation mode particles (Table 2).

The distribution of the aerosol column burden has been detailed by Zhang et al. [2012a] with a one-moment
scheme. Here we emphasize the comparisons between BCC_MG08 and BCC_RK98. The distributions of the
aerosol burden simulated by BCC_MG08 and BCC_RK98 are similar, but the differences in magnitude
between the simulations are considerable. The aerosol mass concentrations simulated by BCC_MG08
generally increase (data not shown). Zhang et al. [2012a] indicated that sulfate, BC, and OC mass
concentrations are underestimated by the model with a one-moment scheme. Therefore, the use of the

Table 2. Global Budgets for Aerosols and Cloud Water (CW)a

BCC_MG08 BCC_RK98

Source Burden Sink Lifetime Source Burden Sink Lifetime

SU 70.2 0.97 20.2 (D), 52.9 (W) 5.0 – 0.69 16.7 (D), 55.4 (W) 3.6
BC 7.7 0.084 4.9 (D), 2.6 (W) 4.0 – 0.069 4.7 (D), 2.8 (W) 3.3
OC 66.1 0.79 39.1 (D), 26.6 (W) 4.4 – 0.68 38.0 (D), 27.3 (W) 3.8
DU 3846.4 20.7 3049.0 (D), 799.2 (W) 1.96 5535.6 21.3 4080.3 (D), 1459.1 (W) 1.4
SS 33320.3 7.2 31171.4 (D), 2154.7 (W) 0.079 34737.4 7.4 31688.5 (D), 3046.2(W) 0.078
CW 6.3 × 107 4.2 × 107 4.0 × 107 243.3 25.7× 107 7.1 × 107 8.7 × 107 100.8

aUnits in source, burden, sink and lifetime are Tg yr�1, Tg, Tg yr�1, and days, respectively, but are Tg S yr�1 and Tg S for SU. D and W in parentheses are dry and
wet depositions, respectively.

Figure 1. Global distributions of simulated and observed annual mean AOD at 550nm. (a) BCC_MG08, (b) BCC_RK98, and
(c) MODIS and MISR [van Donkelaar et al., 2010].
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MG08 scheme in the model can improve the simulation of these aerosols to some extent probably due to the
more reasonable descriptions of cloud microphysical processes.

The global annual mean aerosol optical depth (AOD) at 550 nm in BCC_MG08 is 0.11, which is larger than the
value of 0.08 in BCC_RK98, and closer to both the 0.135 given by AERONET from a global (land and ocean)
estimation [Kinne et al., 2006] and the 0.16 retrieved by the combination of Multiangle Imaging
Spectroradiomete (MISR) over land and MODIS over ocean (A. van Donkelaar et al., personal communication,
2010) (Table 1). A larger aerosol mass concentration generally produces a larger AOD. Figures 1 and 2 show
comparisons of simulated AODs with satellite retrievals and ground-based sun photometer measurements
from AERONET at 550 nm, respectively. The AERONET data can be obtained from http://aeronet.gsfc.nasa.
gov/cgi-bin/climo_menu_v2_new. The global distribution of simulated AOD in BCC_MG08 is generally
improved, and it is more consistent with observations, especially in the areas mainly affected by

Figure 2. Comparisons of simulated AOD with those measured at 550 nm at 15 AERONET sites. The solid line is AERONET values, and the error bar is the standard
deviation of observed values. The long and short dashed lines are the values from BCC_MG08 and BCC_RK98, respectively.
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anthropogenic aerosols such as East Asia, Western Europe, and North America and also over the Sahara,
which is predominantly affected by dust. However, the model underestimates the AOD over South Asia,
eastern China, and Northern Hemisphere (NH) tropical oceans. These errors could be caused by a variety
of factors such as uncertainty in the aerosol sources, coarse model resolution, and the uncertainties of
physical processes in the model. Additionally, the absence of nitrate and ammonium aerosols and secondary
organic aerosol in the model could lead to an underestimation of AOD in some areas too [Zhang et al., 2012a].

3.2. Cloud Properties and Meteorological Fields
3.2.1. Global Mean Statistics
Table 3 shows a comparison of the global annual means of simulated physical variables with the
corresponding observational values. The global annual mean of column CDNC in BCC_MG08 is
3.3 × 1010m�2, slightly less than the value of 4.0 × 1010m�2 from the Advanced Very High Resolution
Radiometer (AVHRR) retrieval. However, the AVHRR data may treat some dust as cloud droplets, leading to
these larger values [Han et al., 1998]. The global annual average value of CDER at the cloud top in
BCC_MG08 is 8.1μm, which is consistent with the value of 7.7μm calculated by Gettelman et al. [2008] but
23% less than the AVHRR retrieval. The values for the first cloud level (counting down from the model top)
for more than 1 ppm of condensate are output as appropriate values at the cloud top for either liquid or
ice at each time step, according to the method of Gettelman et al. [2008]. However, a direct comparison
between satellite and modeled results at the cloud top is complicated due to differences in the vertical
scale between the satellite retrievals (much less than 1 km) and model (a vertical level of about 1 km), as
well as by the need to distinguish between convective cloud and rain particles [Gettelman et al., 2008].
The higher sensitivity of the retrieval to cloud-top than to cloud-base properties can also lead to a large
difference between model and satellite retrievals [Barahona et al., 2011]. Additionally, the differences in
internal assumptions between satellite retrievals and model output is another important factor [Pincus
et al., 2012].

The total cloud cover in BCC_MG08 is slightly greater than that in BCC_RK98 and is close to the lower limit of
62% obtained from observations. The global annual mean LWP retrieved by satellite ranges between 64 and
122 gm�2 (Table 3). The satellite estimations of LWP vary substantially, because it cannot be retrieved reliably
[Lohmann et al., 2007]. The global annual mean LWP in BCC_RK98 is 139 gm�2, which is higher than the
observational maximum. However, the global annual mean LWP in BCC_MG08 is only 83.1 gm�2. Gettelman
et al. [2008] also found a large reduction in LWP when they switched from RK98 to MG08.

The global annual means of longwave and shortwave cloud forcing in BCC_MG08 are 27.3Wm�2 and
�48.5Wm�2, respectively, and both absolute values are about 1.5Wm�2 less than those in BCC_RK98. This is

Table 3. Global Annual Mean Values of Cloud Properties, Precipitation, and Energy Budget at the TOAa

BCC_MG08 BCC_RK98 OBS

CLDtot (%) 62.3 61.2 62–67
LWP (gm�2) 83.1 139.0 64–122
IWP (gm�2) 8.4 18.7
Nd (1010m�2) 3.3 4
Reff (μm) 8.1 10.5
Ptot (mm d�1) 2.66 2.72 2.69
Pstrat (mm d�1) 0.8 0.97
Pconv (mm d�1) 1.86 1.75
SWCF (Wm�2) �48.5 �50.0 �49 to �54
LWCF (Wm�2) 27.3 28.6 27–30
FSNT (Wm�2) 239.1 235.8 234.0–243.5
FLUT (Wm�2) 238.5 237.6 233.9–238.9
Energy budget (Wm�2, +upward) �0.6 1.8

aThe total cloud cover (CLDtot) observation is obtained from ISCCP [Rossow and Schiffer, 1999] and MODIS [King et al.,
2003] data. The cloud liquid water path (LWP) observation is from MODIS [King et al., 2003] and AVHRR [Han et al.,
1998] data. The column cloud drop number concentration (Nd) and cloud droplet effective radius at cloud top (Reff )
observations are from the AVHRR data [Han et al., 1998]. The total precipitation rate (Ptot) observation is from CMAP
data [Xie and Arkin, 1996]. The shortwave cloud forcing (SWCF), longwave cloud forcing (LWCF), net solar flux at the TOA
(FSNT), and upwelling longwave flux at the TOA (FLUT) observations are from CERES (http://ceres.larc.nasa.gov/)
and ERBE (Earth Radiation Budget Experiment) data [Kiehl and Trenberth, 1997].
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likely to be due to the lower LWP in BCC_MG08. These values are closer to the values of 27.1Wm�2 and
�49.0Wm�2 from the CERES data. All of the simulated longwave and shortwave cloud forcings are within
the uncertainty of the radiation measurements of ±5Wm�2 given by Kiehl and Trenberth [1997]. Moreover,
the global annual average radiation budget at the TOA is significantly changed in BCC_MG08 (�0.6Wm�2)
compared with BCC_RK98 (1.8Wm�2).

The global annual means of total precipitation rate in BCC_MG08 and BCC_RK98 are 2.66mmday�1 and
2.72mmday�1, respectively. Both are consistent with the value of 2.69mmday�1 from the CMAP data,
whereas the stratiform precipitation rate with the MG08 scheme is about 20% less than that with the RK98
scheme due to the significantly reduced conversion rate of condensate to precipitation, especially in the
tropics and subtropics (Figure 10b). The decrease of stratiform precipitation rate is made up by the increase of
convective precipitation rate, which agrees with the result obtained by Gettelman et al. [2008].
3.2.2. Cloud Microphysical Properties
Figure 3 shows the annual zonal mean aerosol number concentration, subgrid vertical velocity, and CCN
concentration at 0.1% supersaturation in BCC_MG08. The high aerosol number concentrations mainly occur
in the middle and low troposphere over the equator and midlatitude regions of the NH, with values
exceeding 700 cm�3 due to the contribution from anthropogenic fine aerosol particles. The aerosol number
concentrations decline rapidly with height (Figure 3a). The largest subgrid vertical velocities are located at 30°S
and 30°N, with values close to 0.8m s�1 (Figure 3b). The larger aerosol loading leads to larger CCN
concentrations in the midlatitudes of the NH (Figure 3c).

A comparison of annual mean column CDNC between the BCC_MG08 simulation and MODIS retrieval is
presented in Figure 4. The column CDNC from MODIS data is calculated following Han et al. [1998]. The
MODIS data can be obtained from ftp://laadsweb.nascom.nasa.gov/NetCDF/L3_Monthly/V02/ [Pincus et al.,
2012]. The simulated column CDNC is higher in the regions with higher aerosol emissions in the NH as
well as in their downwind areas, with the largest value exceeding 7 × 1010m�2. The column CDNC is above

Figure 3. Annual zonal mean latitude versus pressure plots of (a) aerosol number concentration (unit: cm�3), (b) subgrid
vertical velocity (unit: m s�1), and (c) CCN concentration (unit: cm�3) at 0.1% supersaturation in BCC_MG08.
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3× 1010m�2 in the midlatitudes of the Southern Hemisphere (SH) due to the effects of sulfate and sea salt.
The model captures the spatial features of the column CDNCs compared with MODIS retrieval, but there
are clear discrepancies in some regions. The model underestimates the column CDNCs off the western
coasts of USA, South America, southern Africa, and Australia, whereas strongly overestimates the column
CDNCs in the downwind areas of Western Europe, East Asia, and North America and over the subtropical
oceans of the SH. The simulated CDNCs in southern India and Southeast Asia are also higher than those
from MODIS data. It is found that the differences in low cloud fraction greatly contribute to the differences
in column CDNC between the simulation and satellite retrieval (data not shown). Additionally, the
discrepancies could be caused by many factors such as uncertainty in the modeled aerosol concentration,
cloud thickness, CCN activation scheme, and model resolution.

Figure 4. Annual mean distributions of column cloud droplet number concentration (unit: 1010m�2). (a) BCC_MG08 and
(b) MODIS.

Figure 5. Annual zonal mean latitude versus pressure plots of (a) in-cloud droplet number concentration (unit: cm�3),
(b) cloud droplet effective radius (unit: μm), (c) in-cloud ice number concentration (unit: cm�3), and (d) cloud ice effective
radius (unit: μm) in BCC_MG08.
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The annual zonal mean in-cloud droplet number concentration (ICDNC), CDER, in-cloud ice number
concentration (ICINC), and cloud ice effective radius (CIER) in BCC_MG08 are shown in Figure 5. Higher CCN
concentrations due to higher aerosol concentrations result in larger ICDNCs in the mid and low latitudes of
the NH. The largest ICDNC occurs at heights of 850 to 900 hPa in the midlatitudes of the NH, with a value of
about 130 cm�3 (Figure 5a). A region with a high droplet number concentration also exists in the tropical
lower troposphere of the SH due to the transportation of hygroscopic sulfate and OC from central Africa,
South America, and Southeast Asia. Higher ICDNCs lead to smaller CDERs at low altitudes in the tropics
(Figure 5b). The ICINC peaks at 150–250 hPa in storm track regions, with a maximum value of 0.6 cm�3

(Figure 5c). The distribution of CIER is comparatively uniform, and values decrease as altitude and latitude
increase (Figure 5d).

Annual zonal means of ICDNC, CDER, ICINC, and CIER from the CloudSat 2B-CWC-RO product are presented in
Figure 6. The retrieval algorithm of the 2B-CWC-RO product can be obtained at http://www.cloudsat.cira.
colostate.edu/dataICDlist.php?go=list&path=/2B-CWC-RO. The horizontal and vertical resolutions of
CloudSat data are 2.8° × 2.8° and 240m, respectively. We selected data during the period of January 2007 to
December 2010 and interpolated the values for comparison with our model levels. As can be seen from
Figures 5 and 6, the simulated and retrieved patterns appear to be similar, but there are clear differences in
the magnitude of ICDNC and CDER in some regions, e.g., ICDNC values in the lower troposphere in the
midlatitudes of the NH and CDER values in the tropical midtroposphere. The difference in ICDNC between the
NH and the SH suggests a much larger anthropogenic aerosol effect in BCC_MG08 than the CloudSat retrieval
does, which is consistent with the modeled results given by Lohmann et al. [2007] and Gettelman et al. [2008].
The MODIS data also showed that the ICDNCs are larger over the NH than the SH due to the greater number
of CCNs [Quaas et al., 2006; Bennartz, 2007]. The CloudSat data appear to be inconsistent with the other
results, and the cloud droplet numbers from the CloudSat data must be expected to be strongly biased
toward regions where mainly large droplets exist. Therefore, the accuracy of observational data is an
important factor to consider when evaluating the model. The simulated ice number appears to be too low,
and its distribution is very different from the observation. For example, the model produces a much lower ice

Figure 6. Same as Figure 5, but for retrievals from CloudSat 2B-CWC-RO data (http://www.cloudsat.cira.colostate.edu/
dataSpecs.php?prodid=70).
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number concentration over the equator than the CloudSat data show, and does not produce the ice number
concentrations around 40°N and 60°S like CloudSat. A possible reason for this is that no aerosol effect is taken
into account in the ice crystal nucleation and microphysics for convective clouds in the model. Further
improvement is required. Additionally, the coarse model resolution and the differences in the sampling of
liquid and ice particles also have an effect. For example, the cloud droplet size can change from 6μm to
12μmwithin a vertical distance of 250m in a cloud [Brenguier et al., 2003]. Therefore, the performance of the
model can be more intuitively presented by the comparisons of cloud macrophysical properties such as LWP
and cloud radiative forcing with satellite retrievals (section 3.2.3).

The probability density functions of ICDNC and CDER in BCC_MG08, given in Figure 7, show that the
differences in ICDNC and CDER between ocean and land are significant, with higher droplet number
concentrations and smaller particles over land. The number concentrations are generally within 150 cm�3,
peaking at 20–70 cm�3 over land and 20–30 cm�3 over ocean in BCC_MG08. The simulated CDERs are

Figure 7. Probability density functions of annual mean (a) in-cloud droplet number concentration and (b) cloud droplet
effective radius in BCC_MG08.

Figure 8. Annual zonal means of (a) total cloud cover, (b) liquid water path, (c) shortwave cloud forcing, and (d) longwave cloud
forcing from BCC_MG08 (long dashed line), BCC_RK98 (short dashed line), and satellite retrievals (solid line), respectively.
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generally less than 15μm, and their peaks
range between 6μm and 10μm over land
and between 7μm and 11μm over ocean.
The simulated values of CDNCs of 60–
180 cm�3 are comparable to the mean
values of 90–167 cm�3 observed from
aircraft measurements by Gultepe and Isaac
[2004] over the Bay of Fundy, Ontario,
Newfoundland, and Ottawa from the three
field projects including the Alliance Icing
Research Study (AIRS), the Radiation
Aerosols and Climate Experiment, and the
First International Regional Experiment
Arctic Cloud Experiment. The simulated
values of CDERs of 6–8μm are consistent
with the values of 6 ± 2μm in polluted
conditions for stratocumulus from flights
around the Beijing area [Deng et al., 2009].
Additionally, the CDERs in BCC_MG08 are
consistent with the reported ranges of
4–10μm in polluted conditions and 7–13μm
in pristine conditions over the subtropical
North-East Atlantic during the Second
Aerosol Characterization Experiment, the
eastern Pacific off the southern coast of
California, the South and North Atlantic,
and over the sea areas around the British
Isles from flight measurements [Martin
et al., 1994; Brenguier et al., 2003; Pawlowska
et al., 2006]. A similar range of 6–12μm is
given by the ground-based retrievals of
liquid cloud effective radii in the boundary
layer at the Southern Great Plains site
[Sengupta et al., 2003; Kim et al., 2003]. Most

of the global CDERs are 8–11μm in BCC_MG08, comparable to the values of 9–11μm from the CloudSat data
given by Yang et al. [2014]. However, the most frequent effective radii are 9–10μm, which is less than the
range of 10–11μm from the CloudSat Data. Both simulated ICDNCs and CDERs are smaller in BCC_MG08 than
the assumed values in BCC_RK98.
3.2.3. Cloud Macrophysical Properties
Figure 8 shows a comparison of annual zonal means of cloud macrophysical properties from simulations and
satellite retrievals. A difference in total cloud cover between BCC_MG08 and BCC_RK98 appears in the high
latitudes of both hemispheres (Figure 8a). BCC_MG08 simulates less cloud cover in the Arctic, which is
much closer to ISCCP observations. However, BCC_MG08 simulates more cloud cover in the latitudes of
higher than 75°S than BCC_RK98 and the observations. This is a consequence of the change in the cloud
fraction scheme from that of Slingo [1987] to that of Vavrus and Waliser [2008]. BCC_MG08 overestimates the
cloud cover in the tropics, which is likely to be due to the differential treatment of cirrus and anvil cloud
microphysics in BCC_MG08 and BCC_RK98 [Gettelman et al., 2008]. The LWP in BCC_MG08 is significantly
reduced due to a weaker conversion rate of condensate to precipitation compared with that in BCC_RK98,
especially over the storm tracks in midlatitude regions (Figures 8b and 9). The decreased LWPs are consistent
with NVAP and SSMI data. In particular, the locations of three LWP peak values (10ºN, 50ºN, and 45ºS) in
BCC_MG08 are more consistent with those from observations.

The zonal mean tendencies of shortwave and longwave cloud forcing in BCC_MG08 and BCC_RK98 agree
well with CERES retrievals (Figures 8c and 8d). The longwave cloud forcing in the middle and high

Figure 9. Annual mean distributions of liquid water path from
(a) BCC_MG08, (b) BCC_RK98, and (c) satellite retrievals (units:
g m�2), respectively.
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latitudes of the SH and longwave and shortwave cloud forcing in the tropics are improved in BCC_MG08
compared with those in BCC_RK98. However, the bias in shortwave cloud forcing between BCC_MG08 and
observation is increased in the midlatitudes of the NH, although the simulated LWP is significantly
improved. These biases are caused not only by the different microphysical schemes but also by changes in
the cloud cover.
3.2.4. Precipitation
Figure 10 shows a comparison of the simulated annual mean precipitation rate with CMAP observations. The
total precipitation rate in BCC_MG08 is less than that in BCC_RK98 in the tropics of the NH and at about 30°S
because of the decrease in stratiform precipitation rate. The simulated total precipitation rate is slightly
improved in the tropics, but becomes worse at about 30ºS and 30ºN in BCC_MG08.

4. Anthropogenic AIE

Anthropogenic AIE was then investigated using the above model with the MG08 scheme in this work.
Table 4 shows the global annual mean values of AOD, cloud properties, and radiation flux in PD and PI as
well as the corresponding differences between PD and PI (PD minus PI). Anthropogenic AIE is defined as
the difference in net radiation flux at the TOA between PD and PI that allows the rapid adjustment of the
atmosphere and land surface [Ghan et al., 2012]. The aerosol direct effect is not taken into account in
these simulations. The global annual mean AOD is increased by 0.04 from PI to PD, which agrees with the
result given by Lohmann et al. [2007]. The increase in aerosols enhances the global annual mean LWP,
column CDNC and total cloud cover by 6.4 gm�2, 0.8 × 1010m�2, and 0.06%, respectively, whereas the
total precipitation rate is reduced slightly. The global annual mean value of net anthropogenic AIE in the

Figure 10. Annual zonal means of (a) total precipitation rate and (b) stratiform precipitation rate from BCC_MG08
(long dashed line), BCC_RK98 (short dashed line), and (c) CMAP data (solid line), respectively.

Table 4. Global Annual Mean Values of Aerosol Optical Depth, Cloud Properties, Precipitation Rate, and Radiation Flux
(Positive Values Mean Incoming) in PD and PI

PD PI PD� PI

Aerosol optical depth at 550nm 0.12 0.08 0.04
Liquid water path (gm�2) 82.2 75.8 6.4
Ice water path (gm�2) 8.51 8.47 0.04
Column cloud droplet number (1010m�2) 3.3 2.5 0.8
Total cloud cover (%) 62.13 62.07 0.06
Shortwave cloud forcing (Wm�2) �51.3 �49.0 �2.3
Longwave cloud forcing (Wm�2) 27.9 27.6 0.3
Total precipitation rate (mmday�1) 2.675 2.677 �0.002
Net shortwave radiation at TOA (Wm�2) 238.8 241.3 �2.5
Net longwave radiation at TOA (Wm�2) �238.2 �238.8 0.6
Net radiation at TOA (Wm�2) �1.9
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total wavelength region is estimated to be
�1.9Wm�2 in this study. This value is
obtained without imposing a lower bound
of CDNC. The net anthropogenic AIE
becomes �1.6Wm�2 and �1.2Wm�2

when the lower bound of CDNC is set to
10 cm�3 and 20 cm�3, respectively, in our
tests. The results are consistent with those
given by Hoose et al. [2009]. Many models
applied different lower bounds of CDNC
due to simulated too low CDNCs or as a
proxy for natural background aerosols
which are not included in models, such as
setting 40 cm�3 in the European Centre/
Hamburg 5 [Lohmann et al., 2007],
20 cm�3 in IMPACT-CAM [Wang and
Penner, 2009], and 15 cm�3 in CAM-Oslo
[Kirkevag et al., 2008]. However,
prescribing any bound of CDNC can be
unphysical [Hoose et al., 2009]. There are
poor observations to verify the
assumption over remote oceans,
especially in PI. Therefore, the estimation
of AIE by GCMs still has large uncertainty.

Figure 11 presents the global distributions
of annual mean changes in the aerosol
burden, column CDNC, and LWP from PI to
PD. The aerosol loading has grown
considerably due to human activities.
Particularly, the increase in the aerosol
burden is greater than 10mgm�2 in East
Asia, South Asia, eastern America, Europe,
and north and central Africa (Figure 11a).
A higher aerosol loading leads to a higher
CCN concentration and CDNC and hence a
higher LWP. The largest increases in CDNC
and LWP appear over areas with significant
human activities such as Western Europe,
North America, and East and South Asia
(Figures 11b and 11c).

Figure 12 gives the annual mean
distributions of anthropogenic AIE in
the shortwave, longwave, and total

wavelength regions, respectively. AIE distributions vary widely among regions, from a regional cooling
exceeding 15Wm�2 to a warming exceeding 5Wm�2. The spatial variability of AIE in the shortwave
region is associated with changes in LWP and CDNC. The strongest cooling occurs in South Asia, North
America, and Eurasia and in their downwind areas. Some regions over oceans in the tropics and middle
and high latitudes of the SH undergo shortwave warming to differing extents (Figure 12a). The quick
adjustment of the atmosphere leads to changes in clouds and longwave radiation. Longwave warming is
typically seen over the regions where the strongest shortwave cooling occurs due to the increase in cloud
cover (Figure 12b); thus, they partly compensate for each other (Figure 12c). The regions of greatest net
cooling caused by AIE are in East Asia, North America, and Europe (Figure 12c). The distributions and
magnitudes of anthropogenic AIE are broadly consistent with the results given by Ghan et al. [2012].

Figure 11. Global distributions of annual mean changes of (a) aero-
sol burden (unit: mg m�2), (b) column cloud droplet number con-
centration (unit: 1010m�2), and (c) liquid water path (unit: g m�2)
from PI to PD.
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5. Discussion and Summary

A two-moment bulk cloud microphysical
scheme was implemented into the aerosol-
climate model BCC_AGCM2.0.1_CUACE/Aero
instead of the one-moment bulk cloud
microphysical scheme in the original model.
Then, we adjusted the threshold size
separating cloud ice from snow in the two-
moment scheme to make our new model
describe cloud microphysics and aerosol-
cloud interaction processes more accurately.
Based on the above, we examined
differences in the aerosols, cloud properties,
and precipitation and temperature fields
between the new and original models in
detail and finally estimated the
anthropogenic AIE. The specific conclusions
are summarized as follows:

Compared with the original model, the
aerosol column burdens simulated by the
new model become more consistent with
AeroCom_Medians. The global annual mean
and distribution of AOD given by the new
model are in better agreement with the
ground-based and satellite observations. In
particular, the AODs are significantly
improved in the areas that are mainly
affected by anthropogenic aerosols and over
the Sahara, which is affected by dust.

The new model more realistically describes
the differences in CDNC and CDER between
ocean and land, with higher cloud number
concentrations and smaller particles over
land. The model captures the spatial
features of column CDNC compared with
MODIS data, but there are also clear
discrepancies in some regions, e.g.,
underestimates CDNC values off the
western coasts of USA, South America,
southern Africa, and Australia, and
overestimates the CDNC values in the
downwind areas of Western Europe, East

Asia, and North America and over the subtropical oceans of the SH, southern India, and Southeast Asia. The
peak of simulated global annual mean CDER is comparable to that from CloudSat data. The simulated CDNC
and CDER values in the newmodel are significantly lower than the assumed values in the original model, but
are consistent with corresponding aircraft observations and ground-based retrievals.

The LWP value in the newmodel is also significantly less than that in the original model but is closer to NVAP
and SSMI observations. Particularly, the locations of LWP peak values match the corresponding observations
better. The global annual mean longwave and shortwave cloud forcings simulated by the new model are
more consistent with CERES observations. The longwave cloud forcing in themiddle and high latitudes of the
SH and longwave and shortwave cloud forcing in the tropics are improved, but the shortwave cloud forcing
becomes worse in the midlatitudes of the NH in the new model.

Figure 12. Global distributions of annual mean AIE in (a) shortwave,
(b) longwave, and (c) total wavelength regions (units: Wm�2) from PI
to PD.
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The total precipitation rates in both simulations are consistent with values from CMAP observations.
However, the stratiform precipitation rate simulated by the new model is nearly 20% lower than that
produced by the original model, and this difference is especially great in the tropics and subtropics. The total
precipitation rate is improved in the tropics, but it becomes worse at about 30ºS and 30ºN in the new model.

The global annual mean of anthropogenic AIE is estimated to be �1.9Wm�2 when using the new model
without imposing a lower bound of CDNC, whereas it decreases significantly when setting a higher lower
bound of CDNC. The uncertainties associated with such an estimate are still large.

In conclusion, the descriptions of cloud microphysics and aerosol-cloud interaction processes are improved
in the BCC_AGCM2.0.1_CUACE/Aero model. The new model produces better simulations for aerosol, cloud
properties, precipitation, and radiation budget at the TOA and has better ability to simulate climate change
due to human activity. This work could be a useful reference by some other models that still adopt the single-
moment cloud microphysical scheme, since it clearly shows how a significant improvement can be achieved
by replacing a single-moment scheme with a two-moment scheme. However, the comparison between
simulation and observation indicates that there are still some biases in the model results. Further work is
required to eliminate these effects.
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摘#要#大气臭氧是非常重要的温室气体%其在全球的分布具有不均匀性%受到人类活动的显著影响%近几十年来由于对流

层臭氧增加造成正的辐射强迫会增加大气温室效应%而平流臭氧减少会使其吸收的紫外线辐射减少%为负的辐射强迫%使得

平流层大气降温# 因此关于大气臭氧 浓度变化及其对气候的影响是非常复杂的%一直是科学界研究的热点和难点问题# 自

从 %& 世纪 *& 年代末到 )& 年代就发现臭氧浓度有减少的趋势# !F$* 年英国南极考察队在南纬 (&r地区观测发现存在大气臭

氧层空洞&自此开始%大气臭氧问题引起了世界各国的极大关注%并给予很多研究# 目前%平流层和对流层臭氧浓度的观测仍

然是研究的重点# 鉴于对流层臭氧浓度持续升高和平流层臭氧浓度的不断下降%以及他们在对流层和平流层大气温度中所

起的不同作用%本文将主要针对近五年来大气臭氧相关的研究进展进行简要的综述%包括对流层和平流层臭氧浓度及其观测

研究%和人类活动的影响等方面进行分述# 最后给出目前研究工作的不足和未来工作展望#

关键词#大气臭氧##对流层##平流层##研究进展

中图法分类号#"%!<''*####文献标志码#B

%&!' 年 $ 月 %' 日收到$!& 月 %* 日修改 国家自然科学

基金面上项目""!&)*&!"#资助

第一作者简介&谢#冰$男$!F$( 年生$研究生$主要从事气候方面的

研究工作$9+H7.4&ILII7J!%(?-3H'

##臭氧是地球大气中重要的气体$F&]集中在 !&

G'& PH的平流层$仅有 !&]左右的臭氧分布在对

流层中' 平流层臭氧对太阳紫外辐射有强烈的吸

收$从而起到保护地球生物圈的作用* 在对流层$臭

氧是一种重要的温室气体"通过吸收地气系统的长

波辐射而加热大气#*也是污染气体"高浓度的地面

臭氧将引发城市光化学烟雾$影响人类健康#' 尽

管臭氧总量中只有 !&]左右臭氧在对流层$但对流

层臭氧变化所引起的气候效应却能与平流层扰动作

用不相上下' 林磊等"%&!%#

(!)利用 DL+S.3L 模式和

南半球的臭氧观测数据发现$臭氧浓度垂直廓线的

改变影响着 b:/X/:+C3IM30 环流的流速' 平流层中

的臭氧主要集中在臭氧层"平流层中臭氧浓度相对

较高的部分$大多分布在离地 %& G*& PH的高空#$

平流层臭氧主要以紫外线打击双原子的氧分子$把

它分为两个原子$然后每个原子和没有分裂的氧分

子合并成臭氧分子*臭氧分子不稳定$紫外线照射之

后又分为@

%

和@$形成一个连续的过程 @

'

!@

%

循

环过程$如此产生臭氧层' 对流层中臭氧的来源问

题$国内外学者主要有两种观点& 一是平流层动力

下传以及平流层与对流层之间的相互交换*二是对

流层中发生的光化学反应' 在过去的二十年中$科

学家们已就臭氧总量随纬度变化的差异以及臭氧总

量随季节的变化进行了深入而广泛的研究$最近几

年研究结果表明(%)

$臭氧总量具有年际和年代际的

变化$而且季风对臭氧的浓度变化具有显著的影

响('!()

' 自.大气臭氧空洞/现象被发现以来$平流

层臭氧损耗就成为广大国内外学者关注的热点问

题$其中平流层臭氧损耗对气候的影响$平流层臭氧

含量与温度湿度的相互作用等问题是近年来关注的

焦点' 随着经济的快速发展$人类活动对臭氧的影

响也是不可小觑的' 王革丽等"%&&F#

())研究发现

飞机排放的二氧化碳%水汽%氮氧化物氮氧化物%硫

酸盐和煤烟粒子等对臭氧层有潜在的影响' 如前所

述臭氧也是一种重要的温室气体$S3:/0T3和_34g70.

"%&!!#

($)发现臭氧损耗所造成的增温是其作为温

室气体所造成的增温的 ' 到 " 倍$对流层臭氧能引

起植物气孔关闭%光合组织结构和功能的破坏$从而

影响自然界对二氧化碳的吸收$这一间接作用会增

加 &<% G&<" [dH

% 的二氧化碳辐射强迫$差不多使

对流层臭氧的辐射强迫增加了一倍' C70./4和 U7+

-3I"%&&F#

(F)发现在夏季$仅气候变暖就会使全球

地表臭氧浓度升高 ! G!& s!&

VF

"YYI#$其中最主要

的影响发生在受污染的城市地区'

"'大气臭氧的浓度变化

全球范围内$大气臭氧总量分布自赤道向南北
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极却呈低+高+低型$这主要是大气环流和涡旋输送

的结果*低纬度地区臭氧柱总量较低$高纬度地区臭

氧柱总量较高' 全球平均臭氧柱总量有明显的季节

变化和纬度变化' 平均臭氧柱总量在春季达到最大

值$秋季达到最小值' 据 [>@"%&!&#臭氧评估报

告 (!&)

$%&&( G%&&F 年平均臭氧总量与过去十年相

比基本持平$全球范围内臭氧总量与 !F(" G!F$& 年

平均值相比低 '<*]$而 (&r, G(&r=范围内臭氧总

量与 !F(" G!F$& 年平均值相比低 %<*]' 在 %&&(

G%&&F 年间南半球中纬度地区臭氧柱含量与过去

十年基本相同$与 !F(" G!F$& 年平均值相比大约低

(]*同时期北半球中纬度地区臭氧柱含量也与

!FF$ V%&&* 年期间大致相当$与 !F(" V!F$& 年平

均值相比大约低 '<*]' 模式模拟的臭氧柱含量随

纬度的变化趋势与观测得到的结果基本相符$在南

半球中高纬度地区和北半球中纬度地区有明显的下

降趋势' 我国科研工作者也为全球臭氧的研究做出

了很大的贡献$朱乾根和郭品文 "%&&&#

(!!) 指出

!F$) 年前后北半球 "&r=以北的中高纬地区春季大

气臭氧柱总量的趋势变化存在明显的突变$大部分

地区突然减少' 张金强和王振会"%&&)#

(!%)利用

!F$F G%&&& 年期间每年逐日臭氧总量数据进行平

均计算$得出对应的南北纬度带地区$北纬臭氧总量

要高于南纬$并且随着纬度的增加$这个差值将变

大' 东亚地处全球最显著的季风区$有着全球最大

的海陆差异$是臭氧浓度高值区$不仅受中高纬天气

系统的影响$低纬地区天气系统的影响也不可忽略'

吴国雄等"%&&(#

(!')提出了.亚印太交汇区/的概

念$指出该地区是影响我国短期气候变异的关键海

气相互作用区' 郭世昌等"%&&)#

(!")利用 !F)F G

!FF% 年和 !FF) G%&&$ 年两个时间段的 1@>, 对臭

氧总量月平均网格资料进行了较为详细的对比研

究$结果表明& !F)F G!FF% 年较 !FF) G%&&$ 年东亚

低伟地区大气臭氧浓度低*其受地形和环流影响显

著' 由于我国地理位置和地形等原因$中国地区臭

氧浓度变化一直是许多科学家关注的焦点' 早在

%& 世纪 F& 年代$魏鼎文等"!FF"#

(!*)指出 )& 年代

以来我国臭氧总量有减少的趋势' 近年来$该方面

的工作又有了显著地进展$韦惠红"%&&(#

(!()根据臭

氧总量的地理分布特征把我国划分成 ) 个区域$利

用卫星观测资料分析$发现东部地区的臭氧总量常

年大于西部地区$青藏高原%西北高原与东部同纬度

地区相比$在夏季差别最大$冬季最小' 作为地球

.第三极/青藏高原地区的大气臭氧浓度变化引起

了人们的关注' 周秀骥等"!FF*#

(!))发现青藏高原

上空存在臭氧浓度.低谷/现象' 卞建春"%&&F#

(!$)

利用卫星资料对青藏高原的臭氧低谷现象进行研究

发现 !FF& 年以前$低谷现象只在 !F$) 年的 !! 月到

!% 月期间发生过$但在 !FF& 年之后该现象发生次

数明显增多' 刘传熙等"%&!&#

(!F)研究发现低谷现

象是由于青藏高原地区对流层顶的升高与热带臭氧

浓度较低的空气向北输送' 通过对臭氧卫星观测资

料及大气环流资料的分析$邹捍等"%&!!#

(%&)研究了

青藏高原上空臭氧年际变化中的 9=,@信号$在厄

尔尼诺年青藏高原臭氧总量增加$在拉尼娜年青藏

高原臭氧总量减小' 青藏高原对流层中部臭氧低谷

现象"1>1@>$K.I/K70 H.884/K:3Y3MY2/:.-3T30/H.0.+

HLH#$是在六月份青藏高原上空臭氧层下部与对

流层中部出现的异常现象' 刘毅等"%&&F#

(%!)用卫

星资料研究发现1>1@>发生在青藏高原东部地区

上空 $ G!' PH处$且常常伴随着亚洲夏季风的发

生' 大气臭氧不仅随空间变化$随时间也呈现出多

种变化' 史久恩等"!FF(#

(%%)对中国地区大气臭

氧总量的研究表明$中国南部地区臭氧变化也表

现出显著的准两年振荡' 郭世昌等"%&&)#

(!")应

用>3:4/K小波分析方法对欧亚地区 '& 年的大气臭

氧总量月平均资料加以研究$发现臭氧存在明显

的年际变化和年代际变化$其年际变化的特征时

间尺度为 % 年和 * 年$年代际变化的特征时间尺度

为 !% 年' 刘毅等"%&!!#

(%')利用卫星资源对臭氧

随高度与纬度的年际间异常变化就行了分析$发

现动力转输作用是控制臭氧浓度变化准两年震荡

的主要因素'

"("'平流层臭氧

由于平流层臭氧占全球臭氧总量的 F&]$而在

平流层内有两个海拔高度带对臭氧柱总量的长期变

化具有重要影响(!&)

' 表 ! 给出了[>@"%&!&#对平

流层臭氧浓度廓线的近几十年的观测结果的评估'

"!#平流层上层"'* G"* PH#$从 !F)F 年至 %& 世纪

F& 年代中期在这一高度层内的臭氧含量有一个显

著性下降"每十年 (] G$] #$之后为略微增加的

趋势$这主要是由于卤素催化消耗臭氧所造成的'

"%#平流层低层"%& G%* PH#$在中纬度地区$臭氧

含量也经历了一个显著的下降$在 !F)F 年至 %& 世

纪 F& 年代中期的下降速度约为每十年 "] G*]$

这主要是由于溴和含氯化合物的作用' 大部分的臭

氧损耗与溴和氯的化合物"氟氯化碳和替代品#有

关$除了一氧化二氮都与人类活动有关*之后为稳定

或略有增加的趋势"每十年 %] G'] #' 直到 %&!&

年$虽然平流层臭氧含量略有回升但仍比 !F(" G

!F$& 年平均值低 %<*]'

F%!

$ 期 谢#冰$等&关于大气臭氧问题的主要研究进展
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表 "'平流层臭氧浓度廓线的近几十年的观测

结果DE%#&!"!$

臭氧柱含量 !% G!* PH %& G%* PH '* G"* PH

数据来源
地基观测

卫星资料
臭氧探空仪

臭氧探空仪卫

星资料傅里叶

变换红外光谱

卫星资料傅里

叶变换红外光

谱lHP/2:M

!F$& G!FF(年

北半球中纬度

大约减少了

(]

大约减少了

F]

大约减少了

)]

大约减少了

!&]

!FF( G%&&F 年北

半球中纬度

从 !FF$ 年的最低

值增长 %]后几乎

保持不变

大约增长了

(]

大 约 增 加

了 %<*]

增加了

!] G%]

不确定性较大

!F$& G!FF(年

南半球中纬度
减少了 (] 没有资料

大约减少了

()]

大约减少了

!&]

!F(F G%&&F年

南半球中纬度
几乎保持不变

没 有 明 显

变化
没有明显变化

增加了

!] G']

不确定性较大

##平流层温度变化也会对平流层化学反应速度产

生影响$从而造成平流层化学成分的变化$尤其对平

流层臭氧浓度的影响很大$臭氧浓度的变化也将反

过来影响平流层温度场' %! 世纪的平流层温度变

化将主要取决于两个相反的因素$一个是温室气体

增加导致的平流层变冷$另一个是臭氧恢复造成的

平流层温度升高(%")

' 研究表明由于人为因素的影

响$温室气体持续增加使得海温不断上升$而在南半

球高纬度地区海平面温度与平流层温度成正相关关

系$从而大大影响了南极臭氧空洞的恢复(%*)

' 王卫

国等"%&&(#

(%()利用 !F*$ G%&&! 年的 9R>[D资料

"9L:3Y/70 R/0K/:\3:>/8.LH+Z705/[/7K2/:D3:/+

-7MKM#及参数化方法$计算了对流层顶臭氧含量的时

空分布$结果表明臭氧含量分布的空间梯度从赤道

指向两极$而加热率则是分别由高纬和低纬指向副

热带' 胡春娟 " %&&) #

(%)) 应用改进后的 RR>! "

Z!*S!%#动力气候模式$以国家气象中心 !FF! 年 !

月 !( 日的全球客观分析资料为初始场$研究了南极

高空臭氧含量减少对平流层温度场影响的数值模

拟$认为臭氧减少可造成平流层各层的温度降低$从

而影响到平流层的大气环流及输送过程' 胡永云等

"%&&F#

(%$)研究发现在温室气体增加和臭氧恢复的

双重作用下$平流层中层变冷$而平流层低层却变

暖' 陈月娟等"%&&F#

(%F)采用大气环流模式模拟了

不考虑臭氧作用时水汽和 R@

%

等温室气体对温度

的影响$结果表明与实际温度场不符$从而证明了臭

氧加热的重要性' 用臭氧吸收解释热力状态的研究

表明$下平流层增温主要是臭氧吸收的短波辐射引

起$而冷却效应是臭氧吸收长波辐射造成的' 近 !&

年来$平流层低层温度呈现上升趋势$与臭氧柱含量

的升高是一致的' 施春华等"%&&F#

('&)采用一个包

含平流层化学%辐射%动力相互作用的二维模式$检

验了达成.蒙特利尔议定书/框架协议到 %& 世纪 F&

年代平流层变冷趋势减缓 &<( f' 关于臭氧和平流

层爆发性增温之间的关系很早就引起了学者们的关

注$研究表明某地平流层温度和当地的臭氧总量成

正比' [.44.7H"!FF'#

('!)指出平流层爆发性增温的

发生使低纬的臭氧减少$高纬的臭氧增加$同时中低

纬臭氧的变化是与平流层爆发性增温相联系的大气

环流圈的表现形式$平流层下层臭氧的变化是受动

力传输控制$而上层受光化学影响$更为有意义的

是$他指出了低纬度臭氧的传输是受纬向平均的垂

直运动所控制' 刘毅等"%&&F#

('%)研究发现在平流

层爆发性增温的过程中$极地涡旋和行星波对平流

层臭氧的空间分布和平流层底与对流层上层的臭氧

通量起着重要的作用'

由于人为排放臭氧消耗物造成的平流层臭氧减

少在短波波段有正的辐射强迫"增加了到对流层的

辐射通量#$而在长波波段有负的辐射强迫' 在较

低的平流层中长波效应往往较大$而在较高的平流

层中短波效应占主导地位' 因此$平流层臭氧损耗

的净辐射强迫是正是负取决于垂直廓线的变化'

[>@"%&!&#对 !F)F 年至 %&&* 观测到的臭氧变化

和多个模式模拟的从 %& 世纪 )& 年代至 %&&" 年年

平均的辐射强迫进行了评估(!&)

' 观测和模式模拟

的平均臭氧变化所产生的辐射强迫的符号不同' 大

气化学模式比较计划 BRR>Q_"BKH3MY2/:.-R2/H.M+

K:6R4.H7K/>38/4Q0K/:-3HY7:.M30 _:3N/-K#中具有平

流层化学的模式算出臭氧变化的辐射强迫为V&<&*

t&<% [dH

%

$这一结果与[>@"%&!&#的模拟结果

相一致(''$'")

' D3:MK/:等 "%&&)#

('*)观测得出 !F)F

至 !FF$ 期间臭氧辐射强迫为 V&<&* [dH

%

' O70+

M/0等"%&&*#

('()从 !F)F 年至 !FF$ 年的观测数据中

得到平流层的臭氧辐射强迫有 V&<&* t&<! [dH

%

的增加趋势$其中甲烷氧化所产生的平流层水汽的

辐射强迫为 &<&) t&<&* [dH

%

' 自从政府间气候变

化委员会"简称Q_RR& .0K/:53g/:0H/0K74Y70/430 -4.+

H7K/-2705/#第一次评估报告就开始对平流层和对

流层的臭氧辐射强迫有一些初步的研究$到目前

[>@"%&!&#平流层臭氧评估报告中用多模式的研

究平流层臭氧的辐射强迫$同时 BRR>Q_利用多模

式也对平流层与对流层臭氧的辐射强迫有了进一步

的研究$其结果为&臭氧总量的辐射强迫"(5#是

&<'& t&<% [dH

% (!&)

*根据高度或强迫因子的不同

得到对流层臭氧 (5c&<"& t&<% [dH

%

$平流层臭

氧 (5cV&<!& t&<!* [dH

%

*或臭氧前体物 (5c

&<*& t&<% [dH

%

$臭氧层 (5cV&<%& " V&<' G

&<&#[dH

% ('!$'))

'

&'! 科#学#技#术#与#工#程 !" 卷
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"(&'对流层臭氧

对流层臭氧是一种短寿命的痕量气体$来源于

平流层的下传或者对流层自然和人为的前体物质的

光化学反应' 对流层臭氧的化学源和汇的估计不明

朗$化学因素净产生的臭氧量"产生减去消耗#约每

年为 '&& 15

('$)

' 自从 Q_RR第四次评估报告(%F)以

来$由于烃化物的加入模拟全球臭氧的产生与消耗

的结果出现了持续性的增长' 在为第四次 Q_RR评

估报告进行的大气成分变化+欧洲网络优秀多模式

研究 "简称 BRR9=1+BZ"&7KH3MY2/:.--3HY3M.K.30

-2705/$K2//L:3Y/70 0/KX3:P 3\/h-/44/0-/HL4K.+H38+

/4MKL86\3:K2/\3L:K2 BMM/MMH/0K:/Y3:K#中模式模拟

得到对流层顶传输进入对流层的臭氧净流量为每年

('( t%)' 15

('F)

$而同时地表臭氧沉积量估计是在

每年 F&% t%** 15的范围内("&)

' 对流层臭氧是一

种重要的气候影响因子$另外地面臭氧浓度的升高

还会影响人类和植被健康' 经观测得到的地表臭氧

含量从热带太平洋地区上空的不到 !& s!&

V(

"YYI#

至高排放地区的下风向地区超过 !&& s!&

V(

"YYI#'

对流层中臭氧的寿命受到季节和地点的强烈影响&

它在热带边界层可能只有 ! 天$而对流层上层可高

达 ! 年$全球臭氧的平均寿命约 %* 天("!)

' 由于对

流层臭氧平均寿命只有几个星期$缺乏长期测量$使

得评估全球臭氧变化的长期趋势具有很大的难度'

由于人类活动排放的臭氧前体物的增加$从工业革

命以来$全球对流层臭氧浓度显著升高$其全球年平

均辐射强迫效应仅次于二氧化碳和甲烷的效应' 另

外$欧洲和北美地区对流层臭氧浓度已经经历了长

时间的显著上升过程$目前虽然上升速度有所减缓$

但上升趋势并没有扭转' 与此同时$其它经济快速

发展地区$臭氧浓度上升趋势也显现出来' 考虑到

这些地区经济发展的潜力和能源消耗增长的速度$

%! 世纪的对流层臭氧水平将可能进一步上升' BR+

R>Q_估计对流层臭氧 从 !$*& 年至 %&&& 年间增加

了约 F$ 15

('*)

' 自从 %&&& 年以来$模式评估的全球

年平均对流层量约为 ''& t*& 15$对流层顶定义的

不同造成模式间的差异约为 !&]

("%)

' 卫星观测得

到在热带中纬度地区对流层臭氧柱含量北半球比南

半球更大' 在北半球$臭氧高峰期在夏季$在 '*r=

G"&r=的纬度带上臭氧浓度增加最为明显$从美国

东部一直延伸到欧洲南部$从东亚延伸到北太平洋

西部' 在南半球$高峰出现在 %*r, G'&r, 的春季 $

从巴西东至澳大利亚的带状范围内("')

' 在少数的

对流层臭氧柱含量趋势分析中$ b/.5和 ,.052

"%&&)#

("")分析 !F)F 年至 %&&* 年太平洋的观测资

料$没有发现对流层臭氧柱含量有太多的变化趋势$

但在南大西洋的热带%印度%中国南部%东南亚%印尼

和中国北部下风向等广大地区发现了显着增加的

趋势'

BRR>Q_估计从 !$*& 年至 %&&& 年平均的对流

层臭氧辐射强迫为 &<'" [dH

%

' ,P/./等"%&!&#

("*)

发现从 !)*& 年至 !$*& 年的工业革命前对流层臭氧

的辐射强迫为 &<&" [dH

%

' 归一化的辐射强迫

"=ZD$03:H74.T/8 :78.7K.g/\3:-.05#表示臭氧柱辐射

强迫的改变$单位为 [sHV% sClV! 或 [sH34

V!' =ZD对于臭氧浓度的垂直变化较敏感$对于

臭氧纬度变化敏感度较小' ,K/g/0M30 等"%&!%#

('()

和 ,ug8/等"%&!%#

("()给出了臭氧的 =ZD为 &<&"!

t&<&&* [sH

V%

-Cl

V!

"$' [-H34

V!

#值稍低于

Q_RR第三次评估报告中给出的 &<&"% [-H

V%

s

Cl

V!

"F" [-H34

V!

#' 还有一小部分研究集中在人

类活动排放物所造成的臭氧浓度及辐射强迫的变

化' ,ug8/等"%&!%#

("()报告了对流层臭氧辐射强

迫为 &<'$ [dH

%

$其中臭氧前体物辐射强迫贡献为

V&<&( [dH

% 而平流层臭氧耗损对对流层辐射强迫

贡献为 &<"" [dH

%

' ,2.08/44等"%&!%#

("))计算得到

消耗臭氧物质对对流层臭氧辐射强迫的贡献是 V

&<&$ G&<!& [dH

% 之间' ,K/g/0M30 等"%&!%#

('%)估

计 !)*& 至 %&!& 年对流层臭氧辐射强迫为 &<"& [d

H

%

' 其中甲烷%氮氧化物%一氧化碳和挥发性有机

化合物的排放所造成的辐射强迫分别为 &<!F [d

H

%

$&<!% [dH

%

$&<&( [dH

% 和 &<&" [dH

%

'

国内科学家在观测%模式研究等方面开展了我

国对流层臭氧及其前体物的大量研究工作$周秀骥

"%&&"#

("$)建立了二维空气质量模型来研究长三角

地区臭氧的分布和变化' 廖宏和常文渊等人("F!*!)

模拟得出对流层臭氧在大气层顶的辐射强迫为 ^

&<*' [dH

%

$而在地表的辐射强迫是 &̂<&) [dH

%

'

江芳等"%&&)#

(*%)研究了云顶以下臭氧对 1@>, 反

演臭氧总量的影响' 郑永光等 " %&&$ #

(*') 利用

=R9_再分析资料%日本 E>, V* 地球静止卫星水

汽云图资料对中国南部对流层中上层臭氧浓度的影

响进行了详细分析$结果表明臭氧垂直廓线的多个

极小与极大值$对流层中上层位势涡度分布以及卫

星水汽图像分析都表明大气中的多尺度运动对臭氧

垂直分布特征有显著影响' 周艳明等人"%&&$#

(*")

对广州市城区边界层臭氧浓度进行了分析$发现臭

氧的日平均浓度与 _>!& 和气温有正相关而与

=@

!

%=@%R@存在负相关' 徐晓斌等"%&!&#

(**)用

卫星数据分析了我国全境及不同区域对流层臭氧柱

含量$结果表明对流层臭氧柱含量在夏季有微弱的

上升趋势$其他季节呈下降趋势$但总体变化趋势并

!'!

$ 期 谢#冰$等&关于大气臭氧问题的主要研究进展
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不显著' 王永等人"%&!%#

(*()利用臭氧无线电探测

仪的探测资料和大尺度化学模式对 %&&& G%&!& 年

北京地区臭氧变化趋势尽享了分析$发现在过去的

十年间北京地区对流层春季和夏季的臭氧浓度主要

是由光化学作用所控制' 白建辉等人"%&&$#

(*))利

用兴隆站的观测资料获得了臭氧等气体组分浓度发

现臭氧在 ( 月%F 月出现高值'

&'臭氧观测

地基和卫星观测是监测大气臭氧总量的主要平

台' !F)$ 年 =.HILM+) 卫星的 1@>, "13K74@T30/

>7YY.05,Y/-K:3H/K/:#和 ,bl;",-7KK/:b7-PX7:8 l4+

K:7+;.34/K# 仪器正式提供臭氧总量产品' 在过去 '&

年里$卫星臭氧总量观测仪器已经从固定波长狭缝

型光谱观测转变到高分辨率紫外+可见光波段的连

续光谱观测$前者代表性的仪器是 1@>, 系列和

,bl;$我国已经发射的风云三号卫星臭氧总量观测

就是采取这种仪器' 后者包括了 E@>9"E43I74@+

T30/>30.K3:.059hY/:.H/0K#$,RQB>BROa",-700.05

QH75.05BIM3:YK.30 MY/-K:3H/K/:\3:BKH3MY2/:.-R27:+

K305:7Y26# 和 @>Q"@T30/>30.K3:.05Q0MK:LH/0K#'

在反演方法上$也从不断改进 1@>, 反演方法逐步

过渡到1@>,和C@B, " C.\\/:/0K.74@YK.-74BIM3:Y+

K.30 ,Y/-K:3M-3Y6# 并存的局面' 潘亮和牛生杰

"%&&$#

(*$)对 BQZ,"BKH3MY2/:.-Q0\:7:/8 ,3L08/:#d

1@;, "12/1QZ@, @Y/:7K.3074;/:K.-74,3L08/:#d

1@>,反演的臭氧总量进行了对比分析$指出1@>,

在赤道地区反演值比BQZ,和1@;,的反演值高*在

其它地区$1@>, 的反演值低于BQZ, 和 1@;, 的反

演值*BQZ,的反演值相对较高$在南北纬 *&r之外$

特别是在南极地区$出现了很明显的偏差' 云的出

现使得后向紫外散射增强$因此$不可避免的给基于

卫星后向紫外散射测量所反演的臭氧总量精确度带

来了干扰' 随着 1@>, 卫星版本的不断升级$考虑

了云对臭氧的影响$提高了臭氧总量数据的精度'

郑向东"%&&$#

(*F)根据卫星和地基观测$比较了自

!F)F 年以来我国香河%昆明%瓦里关和龙凤山四个

站点臭氧总量的变化' 结果表明卫星与地基观测的

臭氧总量长期变化趋势比较一致$但是卫星与地基

各自观测的值仍存在着显著的差别' 江芳等

"%&&F#

((&$(!)在反演臭氧方面做了许多深入的研究$

得出&云的出现使得云顶以下$特别是云内光程增

强$导致紫外波段的臭氧吸收衰减增大$造成反演偏

大$并且云上臭氧误差和云下臭氧误差比较大$且两

者总是相互叠加在一起$他们的研究结果有利于臭

氧反演精度的提高' 我国大陆地区分别从 !F)F$

!F$& 年利用 C3IM30 光谱仪正式在香河%昆明开展

了臭氧总量观测* %& 世纪 F& 年代我国又在青海瓦

里关%黑龙江龙凤山%浙江临安和南极中山站利用

b:/X/:光谱仪开展臭氧总量及垂直分布的反演观

测$同时也在拉萨进行短期地基臭氧总量观测以验

证青藏高原的.臭氧低谷/分布((%$(')

' 陶玉龙等人

"%&!&#

((")用 Da+' ,bl, 数据和 =@BB,bl;d% 臭

氧的垂直廓线数据进行对比研究$结果表明两组数

据具有较好的相对偏差'

*'人类活动对臭氧的影响

地面臭氧浓度的增加会对人体健康及动植物的

生长造成一系列负面影响$甚至严重威胁生态系统

的平衡' 起初人们认为这主要是平流层臭氧向下输

送造成的$最近的研究表明低层大气中的光化学反

应也是臭氧的一个重要来源' 臭氧的化学性质十分

的活泼$很容易和其他物质发生化学反应$氮氧化

物%可挥发性有机化合物";@R

M

#%甲烷%水汽%气溶

胶等物质都会对臭氧产生显著的影响' 氮氧化物与

可挥发性有机化合物";@R

M

#是光化学反应过程中

生成臭氧的首要前体物$臭氧生成量和生成速率不

仅与氮氧化物 %可挥发性有机化合物的浓度有关$

还与其比值";@R

M

d=@

!

#有很强的非线性关系' 国

内外研究表明((*$(()

& 在低氮氧化物条件下"氮氧化

物控制区#$臭氧浓度随一氧化氮的增加而增加$而

可挥发性有机化合物浓度改变对臭氧影响不大* 在

高氮氧化物条件下"可挥发性有机化合物控制区#$

氮氧化物的增加会引起臭氧浓度的降低$可挥发性

有机化合物的增大会使臭氧浓度升高' Z7g.M270P7+

:7"%&&F#

(())研究表明未来的一百年内$一氧化二氮

是影响臭氧浓度最主要的气体' 对一氧化二氮的控

制不但可以使臭氧层得到恢复$同时也可以减少人

为辐射强迫' 可挥发性有机化合物早期的研究主要

侧重于工业源%交通源等人类活动产生的污染源'

近年来研究发现(($)

$自然源排放的可挥发性有机化

合物" 生物可挥发性有机化合物$主要是异戊二烯#

也不容忽视' 西方科学家((F)利用数值模式研究了

生物可挥发性有机化合物对地面臭氧形成的影响$

指出生物可挥发性有机化合物在臭氧生成过程中起

重要作用' 屈玉等"%&&F#

()&)采用因子分离方法和

改进后的区域空气质量模式"ZBA>$Z/5.3074B.:

AL74.K6>38/4#计算了人为氮氧化物" 氮氧化物c一

氧化氮 ^二氧化氮#%人为可挥发性有机化合物

"B;@R

M

#以及生物可挥发性有机化合物"b;@R

M

#

对春季东亚地区地面臭氧浓度的协同贡献及总贡

献$同时平流层臭氧对氮氧化物具有非线性的影

%'! 科#学#技#术#与#工#程 !" 卷
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响()!)

' 漏嗣佳等 "%&!&#

()%) 利用 E9@, "E3887:8

97:K2 @IM/:g.05,6MK/H#化学模式进行数值试验$研

究中国地区氮氧化物和两类可挥发性有机化合物对

臭氧质量浓度分布及其化学机理的影响表明$控制

地面臭氧质量浓度时$中国西部主要考虑氮氧化物

的减排$东部 '*r=以北主要考虑人为可挥发性有

机化合物的减排$而 '&rG'*r=应同时考虑人为可

挥发性有机化合物和生物可挥发性有机化合物的减

排$在 '&r=以南的地区$则需要全面考虑氮氧化物

和可挥发性有机化合物的减排' 甲烷对臭氧的变化

有着双重的影响$一方面甲烷在平流层被氧化生成

水汽$并进一步形成氢氧根"@O#$它有利于臭氧损

耗* 另一方面$甲烷是氯原子的汇$甲烷和氯原子反

应生成稳定的盐酸并沉降出平流层$从而有利于臭

氧恢复$两方面总的效应是有利于臭氧恢复' U7M30

"%&&)#

()')利用三维全球臭氧大气化学模式">@+

eBZ1+%&H38/4\3:3T30/708 :/47K/8 -2/H.-74K:7-/:M#

和中层大气通用气候模式"RR>V>BRR>'&-3H+

HL0.K6-4.H7K/H38/4+H.884/7KH3MY2/:/-3HHL0.K6

-4.H7K/H38/4#耦合发现通过改变甲烷的浓度来实

现长期的地表臭氧变化$会导致氮氧化物与一氧化

碳浓度的减小' 在研究臭氧时$还应该重视水汽的

作用' 自然界中水汽造成的臭氧损失约占其自然损

失的 '&] G"&]$水汽在近地面臭氧化学%光化学

过程中同样具有重要作用' 实际上$对流层臭氧的

破坏和氢氧根自由基的产生过程与水汽和紫外线是

密不可分的' 田文寿等"%&&F#

()")研究发现在化学

方面$水汽增加 % YYHg会引起全球平均臭氧柱含量

降低 !<* Cl$在辐射方面$增加 % s!&

V(

"YYHg#水

汽会导致全球臭氧柱含量增加 "<$ Cl' 同样值得

关注的是$发生在气溶胶表面的非均相过程对臭氧

具有明显影响' 研究表明$平流层硫酸盐气溶胶%极

地平流层云等通过非均相化学反应对臭氧的损耗起

着重要作用' 季节性的生物体燃烧会导致南大西

洋%非洲南部%南美洲%东南亚以及香港等地区对流

层中下层的臭氧增加' 生物体燃烧释放大量燃烧产

物如一氧化碳%二氧化碳%甲烷%非甲烷碳氢化合物

"=>OR#和氮氧化物等到大气中$这些化学物质在

太阳光的作用下能够生成高浓度的臭氧' 郑永光等

"%&&"#

()*)发现东南亚地区的生物体燃烧产物能够

使得昆明%香港等地的对流层中下层臭氧浓度升高'

郑永光"%&&)#

()()还使用 =R9_"07K.3074-/0K/:M\3:

/0g.:30H/0K74Y:/8.-K.30#分析资料%中尺度数值模式

>>* 模拟的大气环流数据%卫星观测的东南亚地区

的生物体燃烧状况%气溶胶指数等资料$分析了生物

体燃烧产生的烟尘轨迹$结果发现&昆明对流层低层

高浓度的臭氧来源于有生物体燃烧的南亚地区' 人

为排放臭氧前体物的变化趋势与该地区的台站观测

到臭氧的变化趋势并不一致' 东亚是人为排放前体

物增长最快的地区$几乎所有东亚地表测站都观测

到臭氧浓度的增加' 然而$虽然在美国西部人为排

放量少$春季沿海农村地区的网站和许多内陆农村

的站点都能观测到臭氧浓度的增加$可能是由于这

些台站位于亚洲下风向()))

$来自亚洲臭氧输送引

起' 而在美国东部近一半的农村网站臭氧浓度在冬

季增大$造成该现象的原因还未知' 在欧洲$从 %&

世纪 *& 年代到大约 %&&& 年的臭氧浓度一直处在增

加的趋势中' 在欧洲和北美人为排放前体物的不断

增加直到 %& 世纪 $& 年代$然后趋于稳定$在 %& 世

纪 F& 年代开始下降$但在 %& 世纪 F& 年代欧洲臭氧

的浓度出乎意料的增加()$)

'

+'臭氧研究的不足和展望

现阶段关于臭氧的研究还存在很多问题有待解

决$无论是从观测%模拟还是理论研究都有待改进'

对流层臭氧也随海拔高度变化$其性质难以用卫星

反演来进行评估' 目前$在地表和自由对流层的具

体高度上$臭氧浓度变化的长期趋势只能从高质量

站点的外场测量中得到' 很多站点都只是集中在少

数地区$而大多数地区$特别是在热带和南半球站点

分布稀疏' 在未来的研究中$模式必须包含完整平

流层以及考虑平流层辐射和动力因素与大气化学之

间的耦合$同时在对未来臭氧恢复的研究过程中应

该更加重视水汽的作用' 在模式模拟全球气候效应

的时候$臭氧的精确模拟也是决定模拟结果精度的

重要因素' B52/83"%&&(#

()F)利用四种化学气候

模式 " B>%+R2/H$ RB>+R2/H$ 9ROB>*+>@e和

EQ,,+_lRRQ=Q#模拟对流层臭氧的瞬时辐射强迫$

他们的研究表明模式中精确模拟臭氧的空间分布和

量级是非常重要的$因为如极地对流层顶看到的$高

浓度的臭氧产生较大的瞬时辐射强迫$也许会弥补

出射长波辐射"@SZ#对臭氧的低敏感度' 一方面

温室气体增加的辐射效应是造成地面和对流层变

暖$但它却导致平流层变冷$而另一方面$事实表明

平流层臭氧有可能在 %! 世纪恢复到 !F)F 年以前

的水平$臭氧恢复的直接辐射效应将导致平流层变

暖' 胡永云等"%&!!#

($&)利用 Q_RR+BZ" 模式与大

气化学模式相耦合模拟发现$考虑到臭氧恢复现象$

在 %! 世纪上半叶对流层的增温现象更加明显' 温

室气体增加和臭氧恢复如何影响平流层和对流层的

温度变化还需要给予进一步的研究'

''!

$ 期 谢#冰$等&关于大气臭氧问题的主要研究进展
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利用 ＣｌｏｕｄＳａｔ卫星资料分析云微物理和
光学性质的分布特征

杨冰韵１－３，　张　华２，　 彭　杰４，　王志立１，　荆现文２
（１．中国气象科学研究院，北京　１０００８１；２．中国气象局 气候研究开放实验室／

国家气候中心，北京　１０００８１；３．国家卫星气象中心，北京１０００８１；

４．上海市气象局上海气象科学研究所，上海　２０００３０）

摘要：利用２００７年１月 ２０１０年１２月高垂直分辨率ＣｌｏｕｄＳａｔ卫星的２Ｂ数据产品，对云微物理特征量
（包括云中液态水／冰水含量、液态水／冰水路径、云滴有效半径等）以及云光学参数（云光学厚度等）的
全球分布和季节变化进行了统计分析，并研究了云微物理性质对光学性质的影响。结果表明，冰水路

径分布在北美南部、南美大陆、非洲大陆、澳大利亚和南亚的陆地上空，以及太平洋、大西洋和印度洋

的洋面上空，高值区最大值达６００ｇ·ｍ－２以上；垂直方向上，高值区位于赤道地区８ｋｍ附近以及中纬
度地区４～８ｋｍ高度上。液态水路径在３００ｇ·ｍ－２以上的高值区主要位于太平洋、印度洋和大西洋的
中低纬度海域上空，垂直上液态水含量随高度递减。冰云有效半径在高纬度地区近地面层达２００μｍ
以上，在赤道附近４～８ｋｍ上有１个高值区，南北半球中纬度地区２～４ｋｍ上有２个高值区，最大值均
达到８０μｍ以上。在１ｋｍ以下的边界层水云有效半径值较大，达到１２μｍ以上。总云光学厚度在全
球大部分地区＜４０，高值区普遍位于中高纬度的广阔地区和低纬度靠近大陆的洋面上空；垂直方向上，
云光学厚度的高值集中在２ｋｍ以下的边界层。云光学厚度的分布受云量、云水含量和云滴有效半径
的影响，云量大的地区基本为云光学厚度的大值区。

关键词：ＣｌｏｕｄＳａｔ；云光学厚度；云滴有效半径；云水含量
文章编号：１００００５３４（２０１４）０４１１０５１４　　中图分类号：Ｐ４２６．５ 文献标志码：Ａ
ｄｏｉ：１０．７５２２／ｊ．ｉｓｓｎ．１００００５３４．２０１３．０００２６

１　引言
　　地球上超过５０％的区域都覆盖着云，云是地气
系统中辐射收支最重要的调节器［１］。云可以通过

直接影响大气中长波和短波辐射的传输，调节全球

或局地的总能量收支和能量在大气层中的垂直分

布，从而影响全球和区域气候［２－６］。与此同时，全

球气候的变化也会引起云的调整，如云量及其分

布、云的高度、云光学厚度、云水含量和云的微物

理特性等因子。因此，研究云的各种物理特性，对

深入了解云、辐射和气候之间复杂的相互作用，进

而更好地认识气候变化有着极为重要的意义。

　　国际上对于云的观测手段包括地面观测、飞机
观测、轮船观测和卫星观测等［７］。卫星观测由于具

备覆盖范围广、重复率高、客观真实性强、云参数

完备、信息源可靠等诸多优势，成为目前云研究中

越来越重要的手段之一［８－１０］。太阳极轨卫星作为

观测卫星中的一种，其观测能够覆盖全球大部分区

域，在研究大尺度特别是全球范围内云特性时有很

大的优势。以往卫星观测仅提供云顶信息，而对云

内部及三维结构信息非常有限，因此无法了解云整

体变化所需要的细节。ＣｌｏｕｄＳａｔ是第一颗专门用于

第３３卷　第４期
２０１４年８月 　　 　　　　　　　　　　

高　原　气　象
ＰＬＡＴＥＡＵＭＥＴＥＯＲＯＬＯＧＹ

　　　　　　　　　　　　　　　Ｖｏｌ．３３　Ｎｏ．４
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观测云的太阳极轨卫星，其上搭载的９４ＧＨｚ毫米
波云廓线雷达（ＣｌｏｕｄＰｒｏｆｉｌｅＲａｄａ）具有垂直分辨率
高的特点，可以实现对全球云三维结构的观测。

　　目前利用 ＣｌｏｕｄＳａｔ卫星资料对云的研究主要
集中于云的分布以及云的特征量分析两个方面。

Ｋｅｎｎｅｔｈｅｔａｌ［１１］用 ＣｌｏｕｄＳａｔ和 ＣＡＬＩＰＳＯ的探测结
果研究了全球范围内卷云的分布情况，结果发现全

球平均卷云发生率为１６．７％，研究主要侧重于云的
分布规律。Ｇｅｒａｌｄｅｔａｌ［１２］使用 ＣｌｏｕｄＳａｔ的 ２Ｂ
ＧＲＯＰＲＯＦ资料分析了全球降水的覆盖范围和发生
率，结果发现降水在全球覆盖比例达０．５，降水发
生率的垂直分布也揭示了云与大气环流的密切联

系，但研究主要侧重于云对降水等天气现象的影

响。此外，还有一些研究通过与其他云探测卫星资

料对比，进一步研究云参数的分布和物理规律。

Ｐａｔｒｉｃｋｅｔａｌ［１３］通过分析ＣｌｏｕｄＳａｔ和ＣＡＬＩＰＳＯ资料
研究了极地薄冰云中云参数的分布规律以及气溶胶

分布，并进一步证实了气溶胶的间接效应，该工作

涉及了气溶胶、云和辐射的相互作用，有助于进一

步了解极地气候的变化；Ｄｏｎｇｅｔａｌ［１４］根据Ａｕｒａ卫
星搭载的探测器ＭＬＳ得到的资料计算了对流层高
层的冰水含量，并与 ＣｌｏｕｄＳａｔ资料进行对比。
Ｄｏｎｇｅｔａｌ［１５］通过对比ＭＬＳ、ＣｌｏｕｄＳａｔ和ＥＣＭＷＦ、
ＭＯＤＩＳ、ＡＭＳＵ Ｂ等数据，分析了全球冰云的物
理量参数分布情况。但是，这些研究侧重于比较不

同卫星资料的差异，并没有系统地分析云物理量参

数的空间和时间分布特点。相比之下，国内有关

ＣｌｏｕｄＳａｔ的研究还较少，主要侧重于云量的分布方
面。王帅辉等［１６］分析了中国及周边地区的云垂直

结构分布特征，并根据气候特征的地域差异从该区

域选出８个子区域，逐区统计了云的垂直结构特
征。彭杰等［１７］对 ＣｌｏｕｄＳａｔ卫星观测资料加以统计
分析，将东亚地区划分为５个子区域，进一步细化
了对东亚地区云的垂直分布特征。张华等［１８］结合

ＣｌｏｕｄＳａｔ资料分析了东亚地区云的垂直结构特征，
计算了在气候模式的云辐射过程中表征云的垂直结

构特征的抗相关厚度，为气候模式云辐射物理过程

的改进提供了相关的卫星观测反演结果。李静

等［１９］利用ＭＯＤＩＳ卫星反演云水含量和云顶温度、
ＣｌｏｕｄＳａｔ反演云团雷达反射率因子和冰相粒子含量
对降水云团的宏观特征及内部垂直结构特征进行分

析，结果表明卫星监测得到的云团特征与降水区域

对应较好，研究工作涉及云光学参数，但侧重于天

气特征。

　　上述研究加深了对小尺度空间范围内云的空间
分布及云团特征的理解，并对模式模拟研究提供了

依据。然而，对于全球范围内云的微物理和光学特

性的空间分布和季节变化的研究还较少，特别是详

细分析ＣｌｏｕｄＳａｔ高垂直分辨率资料的相关参数的
时空分布，而该工作对改进气候模式中云的光学和

微物理特征的模拟非常关键。因此，本文通过统计

分析２００７年１月 ２０１０年１２月 ＣｌｏｕｄＳａｔ卫星提
供的全球范围内云的观测资料，研究云微物理和光

学性质的全球分布特征，以期对气候模式中云辐射

物理过程的描述及其参数化改进提供参考依据。

２　资料选取和方法介绍
２．１　ＣｌｏｕｄＳａｔ资料简介
　　ＣｌｏｕｄＳａｔ卫星于２００６年４月２８日在美国发射
升空，是 Ａ Ｔｒａｉｎ卫星观测系统的成员之一。Ａ
Ｔｒａｉｎ卫星观测系统由 Ａｑｕａ、ＣｌｏｕｄＳａｔ、ＣＡＬＩＰ

ＳＯ、ＰＡＳＡＳＯＬ和Ａｕｒａ五颗卫星组成，这些卫星互
相配合在同一轨道上实现了准同步主、被动多波段

对地球的观测［２０］。

　　ＣｌｏｕｄＳａｔ卫星首次从空间采用主动毫米波遥感
对云体垂直结构进行探测，能够提供云体的垂直廓

线及云中粒子的相关特性。它搭载的遥感探测器是

云廓线雷达 ＣＰＲ（ＣｌｏｕｄＰｒｏｆｉｌｅＲａｄａｒ），该雷达为
９４ＧＨｚ毫米波雷达，灵敏度是标准天气雷达的
１０００倍，ＣＰＲ向地球发射能量并按距离函数计算
由云返回的能量［２１］。该卫星位于７０５ｋｍ高度的太
阳同步轨道上，卫星绕地球一周称为一个扫描轨

道，一个轨道的扫描时间约为９９ｍｉｎ，扫描长度约
为４００２２ｋｍ，每轨有３６３８３个星下像素点，每个像
素点的星下点波束覆盖宽度的沿轨分辨率是 ２５
ｋｍ，横轨分辨率是 １．４ｋｍ，垂直分辨率是
５００ｍ［２２］。每个垂直剖面上共有１２５个垂直层，每
层厚度为２４０ｍ。主要有两类数据，标准数据和辅
助数据［２３］。标准数据按反演程度分为两个等级，

即：ｌｅｖｅｌ １是通过卫星搭载的云雷达直接得到的
数据产品；ｌｅｖｅｌ ２是根据ｌｅｖｅｌ １产品结合其他
卫星产品反演得到的。产品主要包括雷达回波强

度，云覆盖和雷达反射率，云的分类，液态水／冰水
含量，辐射通量和加热率等（表１）。
２．２　统计方法
　　所用 ＣｌｏｕｄＳａｔ资料中主要描述了云光学厚度
的２Ｂ ＴＡＵ和雷达可以探测到的液态水／冰水含
量的２Ｂ ＣＷＣ ＲＯ数据产品（算法及物理意义
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表 １　ＣｌｏｕｄＳａｔ主要的数据产品
Ｔａｂｌｅ１　ＴｈｅｍａｊｏｒｄａｔａｐｒｏｄｕｃｔｓｏｆＣｌｏｕｄＳａｔ

名称 内容

１ＢＣＰＲ １Ｂ平台下获得的回波强度（ＣＰＲ：云廓线雷达）

２ＢＧＥＯＰＲＯＦ 云覆盖和雷达反射率

２ＢＣＬＤＣＬＡＳＳ 云的分类

２ＢＣＷＣＲＯ 雷达探测到的液态水／冰水含量

２ＢＴＡＵ 云的光学厚度

２ＢＣＷＣＲＶＯＤ 雷达和可见光学厚度探测的液态水／冰水含量

２ＢＦＬＸＨＲ 辐射通量和加热率

２ＢＧＥＯＰＲＯＦＬｉｄａｒ 云廓线雷达和毫米波雷达探测的云覆盖

详见 ｈｔｔｐ：／／ｗｗｗ．ｃｌｏｕｄｓａｔ．ｃｉｒａ．ｃｏｌｏｓｔａｔｅ．ｅｄｕ．ｈｔ
ｍｌ）［２４］，分析的物理量有２Ｂ ＴＡＵ中提取的总云
光学厚度、分层云光学厚度以及２Ｂ ＣＷＣ ＲＯ
中提取的冰水含量、冰水路径、冰云有效半径、液

态水含量、液态水路径和水云有效半径。

　　确定物理量后，由于卫星探测在南北纬８３°以
上区域没有扫描廓线，将南北纬８３°之间的区域按
经纬度划分为２．８°×２．８°的网格，一共１２８×６０个
网格区域。根据星下点位置，筛选出每个网格内的

ＣｌｏｕｄＳａｔ卫星扫描的廓线，然后选取所需要的云物
理量进行网格内平均，统计出这些量在全球范围内

的月平均分布。参考彭杰等［１７］的工作，本文将

２００７年１月 ２０１０年１２月进行划分：３ ５月为北
半球春季，６ ８月为北半球夏季，９ １１月为北半
球秋季，１２月 次年２月为北半球冬季；南半球与
之相反，最终统计出各个物理量在不同季节的全球

分布。

　　此外，研究总云光学厚度时，采用２００７年１月
２０１０年１２月ＭＯＤＩＳ云产品资料（ｈｔｔｐ：／／ｍｏｄｉｓ．
ｇｓｆｃ．ｎａｓａ．ｇｏｖ．ｈｔｍｌ），季节划分与 ＣｌｏｕｄＳａｔ资料的
处理方法一致。

２．３　因子选取
２．３．１　云水含量
　　云的冰水含量是２Ｂ ＣＷＣ ＲＯ产品中的物
理量，反映了冰云中整体所含的冰晶质量，是冰云

的重要光学参数。用公式可以表示为

ＩＷＣ＝∫
∞

０
Ｖρｉｎ（Ｌ）ｄＬ　， （１）

其中：ＩＷＣ为云的冰水含量；ρｉ为冰的密度；Ｌ为
冰晶的最大尺寸［１］；ｎ（Ｌ）为冰晶的尺度分布［１］。

　　冰水路径ＩＷＰ是冰水含量的整层积分量，即：

ＩＷＰ＝∫
ｚ

０∫
∞

０
Ｖρｉｎ（Ｌ）ｄＬｄｚ　． （２）

　　云的液态水含量 ＬＷＣ反映了水云中的含水
量，即：

ＬＷＣ＝４π３ρｗ∫ａ３ｎ（ａ）ｄａ　， （３）

其中：ρｗ为水的密度；ａ为水滴半径。
　　液态水路径是液态水含量的整层积分，反映了
整层大气中液态水含量的水平分布，其表达式为

ＬＷＰ＝４π３ρｗ∫
ｚ

０∫
∞

０
ａ３ｎ（ａ）ｄａｄｚ　． （４）

２．３．２　云滴有效半径
　　冰云有效半径反映了冰云粒子的平均有效尺
度。其表达式为

Ｄｅ＝
∫Ｖｎ（Ｌ）ｄＬ
∫Ａｎ（Ｌ）ｄＬ

　， （５）

其中：Ｌ为冰晶的最大尺寸；Ｖ为体积；Ａ为冰晶在
垂直于入射光束的平面上的几何投影面积［１］。

　　水云有效半径反映了水云中云滴的尺度大小，
其定义为

ａｅ＝
∫πａ３ｎ（ａ）ｄａ
∫πａ２ｎ（ａ）ｄａ

　， （６）

其中云滴的截面作为权重因子来考虑，不管云滴尺

度的具体分布如何，反射和透射的太阳光主要由有

效半径来决定［１］。有效半径的减小会使云的反照

率增大［２５］。

２．３．３　云光学厚度
　　云光学厚度是研究云光学性质的一个重要参
数，描述了云的消光作用。其定义为

τ＝Δｚ∫Ｑｅπａ２ｎ（ａ）ｄａ　， （７）

其中：Ｑｅ为消光效率因子，是云滴半径、波长和折
射率的函数；Δｚ为云层厚度；ｎ（ａ）为单位体积内
半径为ａ的粒子数浓度。在可见光波段，当云粒子
尺度增大到一定值时，Ｑｅ→２，则有：

τ＝Δｚ２π∫ａ２ｎ（ａ）ｄａ　． （８）

这时云光学厚度与单位体积云滴浓度、云滴半径以

及云厚有关。结合式（４）、（６）、（８）可得：

τ＝ ３２ρｗ
ＬＷＰ
ａｅ
　． （９）

式（９）将光学厚度与 ＬＷＰ和云滴半径联系起来。
当两块云的ＬＷＰ相同时，含有较小云滴的云将具
有较大的光学厚度，可以反射较多的太阳光［１］。气

溶胶可以增加云滴数量，从而减小云粒子半径，即
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气溶胶的间接效应［２５］。对于冰云来说同样可以得

到三者的关系：

τ≈ＩＷＰ（ｃ＋ｂＤｅ
）　， （１０）

其中：ｂ、ｃ均为与冰晶形状有关的参数。式（９）、
（１０）为水云和冰云的微物理参量分布和光学特征
量分布之间的关系提供了理论依据。

３　结果分析
３．１　云水含量及路径分布和季节变化
３．１．１冰水含量及路径
　　冰水含量是描述冰云微物理特性的重要物理
量。纬圈平均的冰水含量值大部分在１５０ｍｇ·ｍ－３

以下。从纬圈平均冰水含量的垂直分布的季节变化

（图１）中可以看出，在１７ｋｍ以上没有分布，在５
ｋｍ以下３０°Ｓ ３０°Ｎ的低纬度地区上空冰水含量
很小，这是因为该区域位于热带地区，温度较高，

不利于冰云形成。高值区主要分布在４～１５ｋｍ之
间，最大值均达到９０ｍｇ·ｍ－３以上，具体分为四

部分：４～８ｋｍ位于２０°Ｎ ４０°Ｎ、２０°Ｓ ４０°Ｓ附
近有２个高值区，最大值达１０５ｍｇ·ｍ－３；赤道地
区上空有２个高值区，在８ｋｍ附近有一高值区，最
大值可达１２０ｍｇ·ｍ－３以上，另一高值区在１４ｋｍ
处，最大值和范围均较小。

　　值得注意的是，除了这４个主要高值区外，北
极上空３ｋｍ以下的边界层也存在１个较强的高值
区，中心最大值达１５０ｍｇ·ｍ－３以上，甚至高出赤
道上空中层的值，这可能与北极地区近地面水汽充

沛且温度有利于冰云形成有关。从季节分布的差异

来看，北半球冬、春季赤道地区的两个高值区位置

偏向赤道以南，而北半球夏、秋季则移到赤道以

北；中纬度地区的２个次高值中心位置和范围也存
在差异，北半球夏季４０°Ｎ附近的高值区位置比冬
季高，南北移动不明显；而４０°Ｓ附近的高值区比北
半球冬季低、位置偏南，２个高值区的覆盖范围在
北半球夏季比冬季大。从高值区最大值的季节变化

来看，北极地区的高值中心最大值在北半球夏季略

图 １　北半球四季纬圈平均冰水含量的垂直分布（单位：ｍｇ·ｍ－３）
（ａ）春季，（ｂ）夏季，（ｃ）秋季，（ｄ）冬季

Ｆｉｇ．１　Ｖｅｒｔｉｃａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆｍｅａｎｃｌｏｕｄｉｃｅｗａｔｅｒｃｏｎｔｅｎｔｉｎｄｉｆｆｅｒｅｎｔｓｅａｓｏｎｓｏｆｔｈｅｎｏｒｔｈｅｒｎ
ｈｅｍｉｓｐｈｅｒｅ．Ｕｎｉｔ：ｍｇ·ｍ－３．（ａ）ｓｐｒｉｎｇ，（ｂ）ｓｕｍｍｅｒ，（ｃ）ａｕｔｕｍｎ，（ｄ）ｗｉｎｔｅｒ
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小，其他季节差异不大；另外，中低纬度上空的４
个高值区在北半球冬季比其他季节偏小，但程度不

明显。整体来看，赤道地区的２个高值区位置偏向
南、北半球夏季，可能因为夏季温度高，蒸发进入

大气的水汽相对较多，冰云中的含水量也相对较

大。

　　从冰水路径在全球分布的季节变化（图２）中可
以看出，冰水路径在全球大部分 ＜８００ｇ·ｍ－２，
中、低纬地区均有高值分布，海陆差异并不明显，

陆地上主要分布在北美南部、南美大陆、非洲大

陆、澳大利亚和南亚地区上空；洋面上则主要在太

平洋、大西洋和印度洋上空，高值区最大值达６００
ｇ·ｍ－２以上，分布位置随季节不同有所差异。西
太平洋的高值区有很明显的季节变化，其中在北半

球的夏、秋季高值中心偏向北半球，夏季的范围已

经扩展到亚洲东部和南部的大部分地区；北半球的

冬、春季高值中心偏向南半球，范围扩展到澳大利

亚地区。美洲和非洲大陆上的高值区也随季节存在

南北位置的变化，北半球夏季高值中心偏向北美和

非洲中部，冬季偏向南美和南非地区。总的来说，

冰水路径的分布呈偏向南北半球夏季的特点，原因

与夏季蒸发量大有关。

３．１．２液态水含量及路径
　　水云对降水的发生有重要作用，研究水云中的

含水量可以更好地认识降水的物理过程。图３给出
了不同季节液态水含量纬圈平均的垂直分布。液态

水含量大部分在４００ｍｇ·ｍ－３以下，从图３中可以
看出，分布的集中区域在８ｋｍ以下，呈拱形，上部
基本没有值出现，６～８ｋｍ随高度分层递减。在２
ｋｍ以下液态水含量较高，达 ２５０ｍｇ·ｍ－３以上，
南北半球分布较均匀，没有明显集中的纬度带。导

致该分布的原因与水云分布的位置有关，水云的形

成受温度影响一般都集中在对流层中低层，近地层

由于温度较高且下垫面蒸发量大，故液态水含量也

较大。从季节分布的差异来看，北半球夏季高值区

的位置偏北，冬季偏南，春秋两季基本呈以赤道为

中心南北对称分布。总体而言，液态水含量呈偏向

南北半球夏季分布，该分布规律同样受温度影响较

大。

　　图４给出的是不同季节液态水路径分布。从图
４中可以看出，全球大部分地区液态水路径的值
＜５００ｇ·ｍ－２，主要分布在中低纬度地区，高值区
在海洋上分布较多，主要位于太平洋、印度洋和大

西洋的中低纬度海域，最大值在３００ｇ·ｍ－２以上。
南美洲北部、亚洲南部地区和澳大利亚北部也有高

值区存在，除了亚洲南部液态水路径较大外，大部

分地区陆地上空的值比洋面小。从季节变化来看，

液态水路径在全球范围内的季节分布差异不大，但

图 ２　北半球四季冰水路径的水平分布（单位：ｇ·ｍ－２）
（ａ）春季，（ｂ）夏季，（ｃ）秋季，（ｄ）冬季

Ｆｉｇ．２　Ｈｏｒｉｚｏｎｔａｌｄｉｓｔｒｉｂｕｔｉｏｎｓｏｆｃｌｏｕｄｉｃｅｗａｔｅｒｐａｔｈｉｎｄｉｆｆｅｒｅｎｔｓｅａｓｏｎｓｏｆｔｈｅｎｏｒｔｈｅｒｎ
ｈｅｍｉｓｐｈｅｒｅ．Ｕｎｉｔ：ｇ·ｍ－２．（ａ）ｓｐｒｉｎｇ，（ｂ）ｓｕｍｍｅｒ，（ｃ）ａｕｔｕｍｎ，（ｄ）ｗｉｎｔｅｒ

９０１１　４期 杨冰韵等：利用ＣｌｏｕｄＳａｔ卫星资料分析云微物理和光学性质的分布特征 　　　　　　　　　　

479



图 ３　同图１，但为液态水含量（单位：ｍｇ·ｍ－３）
Ｆｉｇ．３　ＴｈｅｓａｍｅａｓＦｉｇ．１，ｂｕｔｆｏｒｃｌｏｕｄｌｉｑｕｉｄｗａｔｅｒｃｏｎｔｅｎｔ．Ｕｎｉｔ：ｍｇ·ｍ－３

图 ４　同图２，但为液态水路径（单位：ｇ·ｍ－２）
Ｆｉｇ．４　ＴｈｅｓａｍｅａｓＦｉｇ．２，ｂｕｔｆｏｒｃｌｏｕｄｌｉｑｕｉｄｗａｔｅｒｐａｔｈ．Ｕｎｉｔ：ｇ·ｍ－２
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有海陆差异存在，其中冬季液态水路径的分布相比

之下更集中在海洋上空，这可能是由于冬季海洋比

大陆暖，大气含水量也比大陆多。东亚地区夏季高

值区位于中国西南地区，这可能与夏季该地区云量

较大有关；而冬季受暖洋面影响，高值区位于西北

太平洋洋面。

３．２　云滴有效半径的分布及季节变化
　　云滴有效半径是重要的云物理特征参量，从宏
观上考虑，它可以影响云层的散射特性。对于给定

的液态水含量或冰水含量而言，具有较小的水云有

效半径或冰云有效半径的云将反／散射较多的太阳
辐射［１］。从微观层面来说，云滴有效半径还会影响

云微物理过程。陈英英等［２６］研究发现，对于明显

的降水来说，云滴的有效半径至少要达到１２μｍ。
３．２．１　冰云有效半径
　　冰云有效半径也称平均有效尺度，用来代表非
球形冰晶粒子的尺度分布。图５为不同季节纬圈平
均的冰云有效半径的垂直分布。从图 ５中可以看
出，纬圈平均的冰云有效半径的值大部分在 １００
μｍ以下，垂直分布呈拱形，低层（２～４ｋｍ）主要分

布在高纬度地区，热带地区在４ｋｍ以下基本没有
值出现，随着高度逐渐增大，分布区逐渐向中低纬

度移动，到高空基本集中在低纬度地区。在高纬度

地区的近地面０．４～０．６ｋｍ高度上，冰云有效半径
很大，最大可达２００μｍ以上。自近地层随高度迅
速减小，２ｋｍ以上存在３个高值区，低层有２个，
中层（４～８ｋｍ）有一个，最大值达８０μｍ以上。低
层的２个高值区分别位于３０°Ｓ ５５°Ｓ和３０°Ｎ
５５°Ｎ之间，中层的高值区位于赤道附近１０～２０个
纬距内，高值区的位置和最大值随季节有所差异。

８ｋｍ以上基本不存在高值区，其值随高度递减，１６
ｋｍ以上的值较小，基本可以忽略不计。研究发现
冰云有效半径是冰水含量和温度的函数［２７］，在垂

直高度上，冰水含量大的地方冰云有效半径一般较

大，在８ｋｍ以上冰水含量较小，这时冰云有效半
径的值主要受温度影响呈分层递减，温度相对越高

则半径一般越大。从季节变化来看，北半球春季中

低层的３个高值区位置基本以赤道为中心南北对称
分布，低层的２个高值区位于３０°Ｓ ５５°Ｓ和３０°Ｎ
５５°Ｎ之间，中层的高值区位于１０°Ｓ １０°Ｎ之

图 ５　同图１，但为冰云有效半径（单位：μｍ）
Ｆｉｇ．５　ＴｈｅｓａｍｅａｓＦｉｇ．１，ｂｕｔｆｏｒｃｌｏｕｄｉｃｅｅｆｆｅｃｔｉｖｅｒａｄｉｕｓ．Ｕｎｉｔ：μｍ
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图 ６　同图１，但为水云有效半径（单位：μｍ）
Ｆｉｇ．６　ＴｈｅｓａｍｅａｓＦｉｇ．１，ｂｕｔｆｏｒｃｌｏｕｄｌｉｑｕｉｄｅｆｆｅｃｔｉｖｅｒａｄｉｕｓ．Ｕｎｉｔ：μｍ

间；北半球夏季３个高值区明显向北半球偏移，其
中低层的高值区位置没有变化，中层则完全移到赤

道以北，但纬度范围减小，集中在０° １５°Ｎ之间；
秋季３个高值区仍然偏向北半球，大小和位置与之
前差别不大；冬季３个高值区最大值都有所减弱，
位置均略微向南半球偏移。从整体来看，冰云有效

半径高值区呈偏向南北半球夏季的分布特点，原因

可能是夏季温度较高，冰云有效半径较大［２７］，这与

冰水含量的分布基本一致。

３．２．２　水云有效半径
水云有效半径大部分 ＜１５μｍ，从不同季节水

云有效半径的垂直分布（图６）中可以看出，主要分
布在８ｋｍ以下，呈拱形，两极分布的高度比赤道
地区低。水云有效半径高值区在南北半球的分布有

所不同，北半球从０～６ｋｍ高度均有高值区分布，
南半球高值区基本集中在２ｋｍ以下，高值区最大
值达１０μｍ以上；南北半球在１ｋｍ以下的边界层
分布的值较大，达１２μｍ以上；南北半球的低纬度
地区在２ｋｍ以上的高空有两个 ＜９μｍ的低值区。
这种拱形的分布情况与液态水含量有关，大部分地

区的值随高度减小。从季节变化来看，水云有效半

径的值在南北半球夏季的大小和范围普遍比冬季

大，夏季拱形的上部位置比冬季高；北半球夏季在

４～６ｋｍ的高空出现明显的高值区，冬季的高值区
则集中在４ｋｍ以下，南半球冬、夏季高值区范围
的变化没有北半球显著；低纬度两个低值区的分布

也呈冬季强度比夏季小的特点。

３．２．３　云滴有效半径
　　图７给出了不同季节南北半球冰（水）云有效
半径的 ＰＤＦ分布，统计对象是所有层上的数据。
从图７中可以看出，冰云有效半径值的范围比水云
有效半径大，两者范围分别为３００μｍ和４５μｍ以
下，与之前垂直分布中得出的结论相一致。冰云有

效半径的值大多集中在１００μｍ以下，１００μｍ以上
较少，水云有效半径则主要分布在１５μｍ以下。北
半球冰云有效半径的值分布比南半球集中，高峰区

间所占比例较大。具体来看，冰云有效半径在北半

球春、夏、秋、冬季的值分布最高峰分别集中在５０
～６０、７０～８０、５０～６０和４０～５０μｍ范围内，高峰
区间的频率分别达０．１９０，０．１８５，０．１７５和０．１９１，
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图 ７　不同季节北半球（ａ，ｃ）、南半球（ｂ，ｄ）冰云（ａ，ｂ）和水云（ｃ，ｄ）有效半径的ＰＤＦ分布
Ｆｉｇ．７　ＳｅａｓｏｎａｌｃｈａｎｇｅｓｏｆＰＤＦｄｉｓｔｒｉｂｕｔｉｏｎｓｏｆｃｌｏｕｄｉｃｅ（ａ，ｂ）ａｎｄｃｌｏｕｄｌｉｑｕｉｄ（ｃ，ｄ）ｅｆｆｅｃｔｉｖｅ

ｒａｄｉｕｓｉｎｔｈｅｎｏｒｔｈｅｒｎ（ａ，ｃ）ａｎｄｓｏｕｔｈｅｒｎ（ｂ，ｄ）ｈｅｍｉｓｐｈｅｒｅｓ

南半球四季的值依次集中在４０～５０、４０～５０、５０～
６０和４０～５０μｍ，高峰区间的频率分别为 ０．１７５，
０．１７１，０．１７８和０．１８１；四季水云有效半径在北半
球分布最集中的区间均为１０～１１μｍ，频率依次为
０．３５０，０．４５０，０．３５５和０３５０，南半球则为１０～１１
μｍ，频率依次为０．３５１，０．３５２，０．３５４和 ０．３５５，
相差较小。由此可知，北半球冰云和水云有效半径

的季节差异均比南半球大，不同季节冰云有效半径

分布最集中的区间比水云有效半径分散。

３．３　云光学厚度的分布及季节变化
３．３．１　总云光学厚度
　　云的物理光学特性对地气系统的辐射收支有很
大影响，云光学厚度作为描述云的重要物理量，不

仅可以影响辐射平衡，还会影响地面能见度［２８］。

图８给出了不同季节总云光学厚度的水平分布。从
图８中可以看出，全球总云光学厚度的值大部分在
４０以下，分布的高值区普遍位于中高纬度的广阔
地区和低纬度靠近大陆的洋面上空。具体来说，四

季中普遍存在的高值区位于南北纬中高纬度的广阔

洋面、北美和欧亚大陆北部、中国的西南地区，以

及低纬度的北美、南美、南非的西部海域，高值区

最大值可达１５以上，高纬度部分地区达３０以上。
从季节变化来看，北半球夏季高纬度地区总云光学

厚度的值偏小，低纬度地区则偏大，高值区位置偏

北；冬季海陆差异较大，高值区位置偏南。影响总

云光学厚度分布的主要因子是云量，参照 ＩＳＣＣＰ
（ｈｔｔｐ：／／ｉｓｃｃｐ．ｇｉｓｓ．ｎａｓａ．ｇｏｖ．ｈｔｍｌ）网站提供的全球
总云量分布（图略）可以看出，云量分布的高值区与

上述总云光学厚度的高值区基本相一致，原因是云

量大的地方整层云的消光作用强。中高纬度高值区

位置偏向于南北半球夏季，原因是夏季极地地区处

于极昼，蒸发加大，使云量增多，致使光学厚度的

值变大。此外，除极地外的几个高值区冰云和水云

有效半径的值也相对较小，根据式（９）可知光学厚
度的值相对变大。

　　对比２００７年１月 ２０１０年１２月ＭＯＤＩＳ资料
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图 ８　同图２，但为总云光学厚度
Ｆｉｇ．８　ＴｈｅｓａｍｅａｓＦｉｇ．２，ｂｕｔｆｏｒｔｏｔａｌｃｌｏｕｄｏｐｔｉｃａｌｄｅｐｔｈ

图 ９　同图２，但为ＭＯＤＩＳ（２００７年１月 ２０１０年１２月）总云光学厚度
Ｆｉｇ．９　ＴｈｅｓａｍｅａｓＦｉｇ．２，ｂｕｔｆｏｒｔｏｔａｌｃｌｏｕｄｏｐｔｉｃａｌｄｅｐｔｈｆｒｏｍＭＯＤＩＳ

（ｆｒｏｍＪａｎｕａｒｙ２００７ｔｏＤｅｃｅｍｂｅｒ２０１０）

的全球总云光学厚度的季节分布（图９）可以看出，
ＣｌｏｕｄＳａｔ资料能够很好地反映总云光学厚度在全球
的分布，与ＭＯＤＩＳ资料有较好的一致性，两种资
料得出的全球大部分地区的总云光学厚度的值均在

４０以下，主要高低值中心位置也基本一致。但由
于探测仪器不同（ＣｌｏｕｄＳａｔ上搭载的 ＣＰＲ为主动遥
感，ＭＯＤＩＳ传感器为被动遥感），两者的结果也存
在一定差异：从全球范围来看，ＭＯＤＩＳ资料得出的
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总云光学厚度的值普遍比ＣｌｏｕｄＳａｔ资料高，特别是
陆面上的差异更为显著；在南半球春、夏季（即北

半球秋、冬季），ＣｌｏｕｄＳａｔ资料在６０°Ｓ附近的值很
高，而ＭＯＤＩＳ资料的高值区与ＣｌｏｕｄＳａｔ相比偏南，
位于南极地区。

３．３．２　云光学厚度
　　ＣｌｏｕｄＳａｔ资料的最大优点是可以反演云信息的
垂直分布。云光学厚度在不同高度上值的范围大部

分在４．０以下，图１０给出了纬圈平均的云光学厚
度垂直分布的季节变化，从图１０中可以看出，在垂
直高度上光学厚度的值集中在４ｋｍ以下，２ｋｍ以
下的边界层中值最大，达４．０以上；在４ｋｍ以上，
光学厚度的值普遍减少，范围在０．２～１．２之间，在
４ｋｍ以上区域的值很小，原因主要与云的形成有
关，云主要在 ２ｋｍ以下的边界层中产生、发展。
赤道附近云光学厚度存在一个低值带，约１０个纬
距，值在１．２以下，这与云量的分布相对应，云量
在这个区域也相对较少。南北半球的中高纬度地区

分别有两个高值区，最大值可以达４．０以上，都位
于近地面层，但中心位置随季节的不同有所差异。

该分布与液态水含量的垂直分布相似，可能受其影

响较大，由式（９）可知液态水含量越大，光学厚度
越大。一方面，中高纬度的云量比较大；另一方

面，水云的光学厚度一般大于冰云，因此对光学厚

度的贡献较大。整体来看，高值区位置偏向南北半

球的夏季，春、秋两季高值区基本以赤道为中心南

北对称分布，主要是因为夏季蒸发量大，云水含量

较大，从而云量较大，消光作用较强。

　　图１１给出了不同高度各个物理量的平均值随
高度的变化。从图１１中可以看出，各个物理量的
垂直分布规律与之前分析的结论基本一致，在南北

半球夏季值普遍偏大，而冬季则偏小，其中北半球

的季节变化比南半球显著。

　　从图１１中可以清晰地看出，云水含量和云滴
有效半径与云光学厚度之间的关系。整层平均的液

态水含量在６００ｍｇ·ｍ－３以下，冰水含量则集中在
８０ｍｇ·ｍ－３以下，云的总含水量中液态水含量所
占的比重较大。液态水含量主要分布在８ｋｍ以下，
冰水含量可以达到１８ｋｍ。整层平均后的冰云有效
半径比水云有效半径大，分别为８０μｍ以下和１４

图 １０　同图１，但为云光学厚度
Ｆｉｇ．１０　ＴｈｅｓａｍｅａｓＦｉｇ．１，ｂｕｔｆｏｒｃｌｏｕｄｏｐｔｉｃａｌｄｅｐｔｈ

５１１１　４期 杨冰韵等：利用ＣｌｏｕｄＳａｔ卫星资料分析云微物理和光学性质的分布特征 　　　　　　　　　　

485



图 １１　不同季节南半球（右）、北半球（左）的冰（ａ，ｂ）／液态（ｃ，ｄ）水含量、冰（ｅ，ｆ）／水（ｇ，ｈ）云有效半径和
云光学厚度（ｉ，ｊ）的垂直分布

Ｆｉｇ．１１　Ｔｈｅｖｅｒｔｉｃａｌｄｉｓｔｒｉｂｕｔｉｏｎｓｏｆｔｈｅｔｏｔａｌａｍｏｕｎｔｏｆｃｌｏｕｄｉｃｅ（ａ，ｂ）／ｌｉｑｕｉｄ（ｃ，ｄ）ｗａｔｅｒｃｏｎｔｅｎｔ，
ｃｌｏｕｄｉｃｅ（ｅ，ｆ）／ｌｉｑｕｉｄ（ｇ，ｈ）ｅｆｆｅｃｔｉｖｅｒａｄｉｕｓａｎｄｃｌｏｕｄｏｐｔｉｃａｌｄｅｐｔｈ（ｉ，ｊ）ｉｎｔｈｅｎｏｒｔｈｅｒｎ（ｌｅｆｔ）
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μｍ以下，分布高度分别为１８ｋｍ和８ｋｍ以下。冰
云有效半径在５ｋｍ以下随高度增大，在５ｋｍ以上
随高度减小；水云有效半径在８ｋｍ以下都随高度
减小。云光学厚度在１４ｋｍ以下随高度的增大单调
递减，近地面可以达到１．４以上。总体看来，冰云
和水云总云光学厚度随高度的变化与液态水含量随

高度的变化一致，说明液态水含量的变化对总的云

光学厚度的贡献更大；而云滴有效半径随高度的变

化与云光学厚度的关系不明显。

４　结论
　　利用ＣｌｏｕｄＳａｔ卫星资料对云微物理特征量（云
中液态水／冰水含量、液态水／冰水路径、云滴有效
半径等）以及云光学参数（云光学厚度等）在全球的

分布和季节变化进行了统计分析，并研究了云微物

理特征量对云光学参数的影响，得到以下主要结

论：

　　（１）　冰水路径的值在８００ｇ·ｍ－２以下，主要
分布在北美南部、南美大陆、非洲大陆、澳大利亚、

南亚地区以及太平洋、大西洋、印度洋上空，最大

值达到６００ｇ·ｍ－２以上；在垂直方向上，冰水含量
的最大值在赤道上空８ｋｍ附近，达１２０ｍｇ·ｍ－３

以上，其次在中纬度地区４～８ｋｍ高度上有２个高
值区，最大值达１０５ｍｇ·ｍ－３以上。液态水路径的
值大部分在５００ｇ·ｍ－２以下，高值区主要位于中低
纬度的太平洋、印度洋和大西洋上空；在垂直方向

上，液态水含量随高度递减。冰水含量和液态水含

量的高值区位置都偏向南北半球夏季。

　　（２）　冰云有效半径在高纬度地区近地层的值
最大，达２００μｍ以上，对流层中低层有３个 ＞８０
μｍ的高值区，分别位于赤道地区４～８ｋｍ上，南、
北半球的中纬度地区２～４ｋｍ上。水云有效半径的
值分布在８ｋｍ以下，最大值位于１ｋｍ以下的边界
层，达１２μｍ以上，中低纬度地区上空受副热带高
压影响有两个＜９μｍ的低值区。冰／水云有效半径
在南北半球夏季均比冬季大，分布也呈偏向南北半

球夏季的特点。北半球冰云和水云有效半径的值的

季节差异均比南半球大，不同季节冰云有效半径分

布最集中的区间比水云有效半径分散。

　　（３）　总云光学厚度在全球大部分地区的值在
４０以下，分布的高值区位于中高纬度的广阔地区
和低纬度靠近大陆的洋面上空。从垂直分布来看，

高值区集中在２ｋｍ以下的边界层中，南北半球的
中高纬度地区分别有 ２个高值区，最大值达 ４以

上。云光学厚度的分布受云量、云水含量和云滴有

效半径的影响，云量大的地区基本为云光学厚度的

大值区，从垂直变化来看，云光学厚度的变化受液

态水含量随高度的变化影响较大。

　　本研究侧重于云微物理量和云光学参数在全球
不同地区和高度上的气候态分布特征及季节变化规

律，主要为气候模式模拟和检验这些参数提供依

据，以便改进气候模式中相关物理过程的参数化方

案。
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ｔｈｅｖｅｒｔｉｃａｌｄｉｒｅｃｔｉｏｎ，ｔｈｅｖａｌｕｅｏｆｌｉｑｕｉｄｗａｔｅｒｃｏｎｔｅｎｔｄｅｃｒｅａｓｅｓｗｉｔｈｈｅｉｇｈｔ．Ｔｈｅｉｃｅｅｆｆｅｃｔｉｖｅｒａｄｉｕｓｒｅａｃｈｅｓｉｔｓ
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BASIC CLIMATIC CHARACTERISTICS OF TROPICAL CYCLONES IN 

COUNTY-LEVEL ADMINISTRATIONS OF CHINA DURING 1971—2011 
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, ZHU Xin-jun
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Abstract: By using the ArcGis software, the basic information for the activity of tropical cyclones in 

county-level administrative regions of China from 1971 to 2011 is obtained, including longitude and latitude, 

duration, and intensity, among others. With it, it is possible to study the influence the tropical cyclone makes 

on these regions. Results showed that the Hualian County in Taiwan province has the most frequency of 

tropical cyclones that pass through it, with an annual frequency of 0.78. The maximum average intensity 

appears in Yilan county Taiwan province, up to 35 m/s. The longest accumulative duration of the tropical 

cyclone activity is 2.2 h per year in average in Ledong county Hainan province. The most serious potential 

impact by tropical cyclone occurs in Taidong county Taiwan province as the Yearly Tropical Cyclone 

Potential Impact Index (YTCPI) is 15 106. Moreover, the monthly characteristics are analyzed during the 

typhoon season in this paper. Helpful in learning about the basic characteristics of the influences by tropical 

cyclones in the county-level administrations of China, the conclusions in this paper can be provided to the 

department concerned. 
 

Key words: climatology; statistical characteristic; basic geographic information system; tropical cyclone;  

county characteristics; typhoon disaster prevention and reduction  
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Abstract Degree days are usually defined as the accu-

mulated daily mean temperature varying with the base

temperature, and are one of the most important indicators

of climate changes. In this study, the present-day and

projected changes of four degree days indices from daily

mean surface air temperature output simulated by Max

Planck Institute, Earth Systems Model of low resolution

(MPI-ESM-LR) model are evaluated with the high reso-

lution gridded-observation dataset and two modern rea-

nalyses in China. During 1979–2005, the heating degree

days (HDD) and the numbers of HDD (NHDD) have

decreased for observation, reanalyses (ERA-Interim and

NCEP/NCAR) and model simulations (historical and dec-

adal experiments), consistent with the increasing cooling

degree days (CDD) and the numbers of CDD (NCDD).

These changes reflect the general warming in China during

the past decades. In most cases, ERA-Interim is closer to

observation than NCEP/NCAR and model simulations.

There are discrepancies between observation, reanalyses

and model simulations in the spatial patterns and regional

means. The decadal hindcast/forecast simulation perfor-

mance of MPI-ESM-LR produce warmer than the observed

mean temperature in China during the entire period, and

the hindcasts forecast a trend lower than the observed.

Under different representative concentration pathway

(RCP) emissions scenarios, HDD and NHDD show sig-

nificant decreases, and CDD and NCDD consistently

increase during 2006–2100 under RCP8.5, RCP4.5 and

RCP2.6, especially before the mid-21 century. More pro-

nounced changes occur under RCP8.5, which is associated

with a high rate of radiative forcing. The 20th century runs

reflect the sensitivity to the initial conditions, and the

uncertainties in terms of the inter-ensemble are small,

whereas the long-term trend is well represented with no

differences among ensembles.

Keywords Degree days � MPI-ESM-LR �
NCEP/NCAR and ERA-Interim � China

1 Introduction

According to the Intergovernmental Panel on Climate

Change (IPCC) Fourth Assessment Report (AR 4), the

global average surface air temperature has risen by

0.74 ± 0.18 �C during 1906–2005, and most of the

observed increase in globally averaged temperature since

the mid-20th century is very likely due to the observed

increase in anthropogenic greenhouse gas concentrations

(IPCC 2007). However, trends of temperature always
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exhibit temporal variations. In China, the warming is very

evident, supporting by the proxy indices such as the ice

core and tree ring (Wang and Gong 2000). Based on 740

observational stations, the surface air temperature in Chi-

na’s mainland as a whole rose by about 1.1 �C for the last

50 years, with a warming rate of about 0.22 �C/decade,

which is more rapid than the average values of the world

and Northern Hemisphere. Moreover, the most evident

warming has occurred in winter and spring, and the

Northeast China, North China and Northwest China expe-

rienced more significant warming in terms of annual mean

temperature (Ding et al. 2007; Ren et al. 2005, 2011a, b).

Thus, the trends in annual mean temperatures show a large

spatial heterogeneity and regional differences across China,

which may be explained by the feedbacks of cold waves

and snow cover change (Wang et al. 2010). Except for the

warming of surface temperature, both the low-level atmo-

spheric temperature and the middle-upper troposphere air

temperatures have changed responding to the global

warming (Wang et al. 2012).

The impact of climate change in China has been

observed in many records and is discussed in the previous

studies (Wang et al. 2010, 2012). For example, the glacier

areas in China have shrunk about 2–10 % over the past

four decades, and the total glacier area has receded by

about 5.5 % (Li et al. 2008; Yao et al. 2012). The per-

mafrost in China is significantly degenerating, indicated by

shrinking areas of permafrost, increasing depths of the

active layer, rising of lower limit of permafrost and thin-

ning areas of the seasonal frost depth (Li et al. 2008; Zhang

2007). In addition, the spatial pattern and variability of

snow cover in China has changed, mainly explained by the

linear variations of snowfall and snow season temperature

(Qin et al. 2006). Meanwhile, the climate extreme is also

accompanied by climate change in China, and the previous

studies have addressed the observed and projected trends in

frequency and intensity of climate extremes (Ren et al.

2011b; You et al. 2011; Zhai and Pan 2003). Twelve

indices of extreme temperature have been analyzed during

1961–2003, which reflect the consistent warming (You

et al. 2011). This is in good agreement with the previous

results that the frequency of warm nights significantly has

increased, and the cool nights decreased over most China

(Zhai and Pan 2003). A new climate extreme index with

evident climatological and socio-economic significance is

developed, which has been composed with the country-

averaged frequencies of high temperature, low tempera-

ture, intense precipitation, dust storm and strong wind

events, meteorological drought area percentage, and num-

ber of land-falling tropical cyclones (Ren et al. 2011b).

To summarize, the previous temperature studies focus

on the seasonal and annual temperature, and the conse-

quences of climate change in China. However, there are no

results about degree days in China under the representative

concentration pathway (RCP) scenarios (Moss et al. 2010).

Degree days can be defined as a measure of heating or

cooling, and are usually considered as one of the important

indicators of global climate change. As degree days indices

are a measure to indicate the demand for energy to heat or

cool building. The monthly and/or annual cooling and

heating requirements of specific buildings in different

locations can be estimated by means of the degree days

concept. The methods assure that the energy needs of a

building are proportional to the difference between the

mean daily temperature and a base temperature. The base

temperature is the outdoor temperature below or above

which heating or cooling is needed (Büyükalaca et al.

2001).

Traditionally, heating degree days (HDD) are calculated

at a base temperature of 18 �C and cooling degree days

(CDD) are determined at a base temperature of 22 �C.

However, the base temperature varied widely from one

building to another due to different building characteristics,

it has been questioned by a number of authors and must be

employed with caution (Büyükalaca et al. 2001; Jiang et al.

2009; OrtizBeviá et al. 2012; Rehman et al. 2011). In

Turkey, the base temperature for HDD are selected in the

range of 18–28 �C, which is from 18 to 28 �C for cooling

degree day (Büyükalaca et al. 2001). In Saudi Arabia, a

heating base temperature in the range of 14–22 �C is

suitable, and the recommended cooling base temperature is

between 23 and 25.5 �C for buildings without insulation

and between 25.5 and 27.8 �C for well-insulated buildings

(Rehman et al. 2011). In China, 18 �C is usually accepted

as the base temperature for HDD and 24 �C for CDD (Ji-

ang et al. 2009). In this study, the base temperature of 18

and 24 �C is used for heating and CDD, respectively. The

present and projected degree days in China are studied by

the outputs of a global climate model (GCM), which

contribute to the IPCC AR5 under the different emissions

scenario. The comparison between reanalysis and model

outputs has also been evaluated. The objective of this study

is to provide a reliable basis for decision making and for-

mulation of environmental policy in China.

2 Data and methods

For the coming IPCC AR 5, the simulations from the new

generation of state-of-the-art GCMs are available for ana-

lysis within the Coupled Model Intercomparison Project

Phase 5 (CMIP5) (Taylor et al. 2012). Compared with the

previous models, CMIP5 includes more comprehensive

global climate modes such as earth system models with

generally higher spatial resolution, and have been used to

evaluate the extreme climate and weather events on the
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global scales (Sillmann et al. 2013a, b). The model used in

this study is the latest version of Max Planck Institute for

Meteorology (MPI-M), Earth Systems Model (MPI-ESM),

Hamburg, Germany, performed with the version of MPI-

ESM coupled model of low resolution (MPI-ESM-LR). The

model outputs by MPI-ESM-LR have been organized by the

Program for Climate Model Diagnosis and Intercomparison

(PCMDI) for the IPCC AR 5. The historical, decadal and

long-term experiments simulations are selected in this

study. The historical experiments are aimed at reproducing

the climate evolution of the twentieth century as accurately

as possible, by considering all major natural and anthro-

pogenic forcing, such as changes in atmospheric green-

house gases, aerosol loadings, solar output and land use

(Wild et al. 2013). Most historical experiments start around

1860 and end around 2005. The decadal experiments will be

possible to assess the skill of the forecast system in pre-

dicting climate statistics for times when the initial climate

state may exert some detectable influences, which is a set of

10-year hindcasts initialized from observed climate states

near the years 1960, 1965, and every 5 years to 2005

(Taylor et al. 2012). The long-term experiments are forced

by observed atmospheric composition changes (reflecting

both anthropogenic and natural sources) and include time-

evolving land cover. The long-term experiments have three

future projection simulations forced with specified con-

centrations, consistent with a high emissions scenario

(RCP8.5), a midrange mitigation emissions scenario

(RCP4.5), and a low emissions scenario (RCP2.6) (Taylor

et al. 2012). The CMIP5 projections of climate change are

driven by concentration or emission scenarios consistent

with the RCPs (Moss et al. 2010). In contrast to the sce-

narios described in the IPCC ‘‘Special Report on Emissions

Scenarios’’ (SRES) used for CMIP3, which did not include

policy intervention, the RCPs are mitigation scenarios that

assume policy actions will be taken to achieve certain

emission targets (Taylor et al. 2012). For example, RCP8.5

emission scenarios mean that radiative forcing increases

throughout the 21st century before reaching a level of about

8.5 W m-2 at the end of the century.

In addition to the CMIP5 models, daily mean surface

temperatures estimated from NCEP/NCAR and ERA-

Interim reanalysis are selected. NCEP/NCAR reanalysis is

provided by the National Oceanic and Atmospheric

Administration (NOAA)/Earth System Research Labora-

tory (ESRL)/Physical Sciences Division (PSD), Boulder,

Colorado, USA, from their website at http://www.cdc.noaa.

gov/. The datasets cover January 1948 to the present with a

spatial resolution of 2.5� 9 2.5� (Kalnay et al. 1996), and

are initialized with a wide variety of weather observations,

including ships, planes and satellite. The ERA-Interim

reanalysis data are obtained from the European Centre for

Medium-Range Weather Forecasts (ECMWF) website

(http://www.ecmwf.int/), available from January 1979 to

the present with a spatial resolution of 1.5� 9 1.5� (Dee

et al. 2011). It includes a large variety of 3-h surface

parameters, describing weather as well as ocean-wave and

land-surface conditions, and 6-h upper-air parameters

covering the troposphere and stratosphere (Dee et al.

2011). Compared with ERA-40 (Uppala et al. 2005), ERA-

Interim has been improved on the representation of the

hydrological cycles, the quality of the stratospheric, and the

consistency in time of reanalyzed geophysical fields.

For the purpose of reanalyses (NCEP/NCAR and ERA-

Interim) and MPI-ESM-LR climate model validation (his-

tory and decadal experiments), we use the 0.5� 9 0.5�
daily temperature datasets in China for the period of

1979–2005 (Xu et al. 2009). The dataset is primarily

developed for the validation of climate models, and has

potential applications in the studies such as climate,

hydrology and ecology.

Four indices of degree days are used and detailed

descriptions are provided in Table 1. The HDD, the numbers

of HDD (NHDD), the CDD and the numbers of CDD (NCDD)

are based on the daily mean temperatures from multi-datasets.

In order to validate the indices from model simulations and

reanalyses, they are compared with observations during

1979–2005. After that, indices from the long-term experi-

ments under RCP8.5, RCP4.5 and RCP2.6 are analyzed from

2006 to 2100. Due to different resolutions between CMIP5

output, reanalyses and observations, all the indices are inter-

polated into a common 144 9 73 grid (2.5� 9 2.5�) using the

bilinear interpolation procedure implemented in the Climate

Data Operators (http://code.zmaw.de/projects/cdo). To pro-

duce the values for the whole China, there are 190 grid points

covering the entire region (Fig. 1).

The Mann–Kendall test for a trend and Sen’s slope

estimates are used to detect trends in degree days indices

series (Sen 1968). A trend is considered to be statistically

significant if it is significant at the 5 % level. Three sta-

tistical metrics are used to quantify the accuracy of the

reanalysis and simulations: Relative bias (RB), root-mean-

square error (RMSE) and correlation coefficient (R).

Table 1 Definitions of four degree days indices used in this study

Index Descriptive name Definition Units

HDD Heating degree day Sum of absolute TG where

TG \ 18 �C

�C

CDD Cooling degree day Sum of TG where

TG [ 18 �C

�C

NHDD Number of heating

degree day

Account number of days

where TG \ 24 �C

day

NCDD Number of cooling

degree day

Account number of days

where TG [ 24 �C

day

TG is daily mean temperature
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3 Results: past and future changes of degree days

Figure 2 shows the regional changes of HDD, CDD,

NHDD and NCDD from observation, two reanalyses and

two experiments simulations in China on the annual basis

during 1979–2005. The spatial patterns of trends for HDD,

CDD, NHDD and NCDD from multi-datasets in China

during 1979–2005 are shown in Figs. 3, 4 and 5, respec-

tively. The seasonal and annual trends of each series of

indices calculated by Mann–Kendall slope estimator (Sen

1968) are summarized in Table 2. The correlation coeffi-

cients between multi-datasets are listed in Table 3.

Fig. 1 Topography of China and the distribution of 190 grid points used in this study

Fig. 2 Anomalies of HDD,

CDD, NHDD and NCDD from

observation, ERA-Interim,

NCEP/NCAR reanalysis data,

the historical and decadal

experiments simulation outputs

in China during 1979–2005
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3.1 Heating degree days (HDD)

It can be seen from Fig. 2 that the HDD from multi-datasets

has decreased during the studied period. The decreasing

rates are -130.97, -82.48, -80.52, -65.45 and

-69.48 �C/decade for observation, ERA-Interim, NCEP/

NCAR, the decadal experiments and historical experiments,

respectively. The HDD from both ERA-Interim and NCEP/

NCAR reanalyses is closer to observation than the decadal

experiment than the historical experiments, indicated by the

high correlation coefficients (R [ 0.9). There are some

differences of the season with the largest trend magnitudes.

The largest decreasing trends for observation, ERA-Interim

and NCEP/NCAR occur in the transition season of spring

and autumn, respectively, while both the decadal experi-

ments and historical experiments reveal largest decreasing

trends in winter. Overall, the multi-datasets show large

decreasing trend magnitudes in the high terrain (such as the

Tibetan Plateau) and in high latitude regions (such as the

northeastern China), with the exception of the historical

experiments. Due to the lower altitudes and latitudes,

southeastern China has smallest decreasing trends for all the

used datasets. It should be noted that the historical experi-

ments show greatest increases in the northern China, which

is not consistent with the observed global warming in the

region (Liu et al. 2004).

3.2 Cooling degree days (CDD)

In contrast to HDD, the decreasing trends of CDD are

significant for all datasets during 1979–2005, and the

observed trend magnitude is 76.91 �C/decade on the annual

basis. The correlation coefficients between observation,

reanalyses and simulations are higher (R [ 0.45), and

reanalyses are very well captured than the simulations. In

most cases, the pronounced increases occur in spring and

autumn. For the spatial patterns, the southeastern China

have larger increasing trends and the Tibetan Plateau have

Fig. 3 Spatial trends of HDD, NHDD, CDD and NCDD from observation in China during 1979–2005. The unit is �C/decade for HDD and

CDD, and is day/decade for NHDD and NCDD, respectively
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the smaller increases, and the differences between reanal-

yses and model simulations exist in the northeastern TP.

3.3 Number of degree days (NHDD and NCDD)

For NHDD and NCDD, the decreased NHDD and

increased NCDD are clear during 1979–2005 for

observation, reanalyses and model simulations. Compared

with observation, ERA-Interim data reproduce the vari-

abilities of NHDD and NCDD better than NCEP/NCAR, as

reflected by the mean anomalies and correlation coeffi-

cients. NCEP/NCAR overestimate NHDD and underesti-

mate NCDD, due to the data assimilation in the model

system (Ma et al. 2008). On the annual basis, the

Fig. 4 Spatial trends of HDD

from ERA-Interim, NCEP/

NCAR reanalysis data and the

historical and decadal

experiments simulation outputs

in China during 1979–2005. The

unit is �C/decade

Fig. 5 Same as Fig. 4, but for

CDD
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decreasing trends of NHDD for observation, ERA-Interim,

NCEP/NCAR, the historical and decadal experiments are

-3.84, -2.99, -3.22, -2.66 and -2.80 day/decade,

respectively, which are mostly contributed by winter.

Meanwhile, the increased annual trends of NHDD for

observation, ERA-Interim, NCEP/NCAR, the historical

and decadal experiments are 2.83, 2.76, 2.47, 2.73 and

2.01 day/decade, respectively, which are slightly larger

than NHDD with the exception of the historical experi-

ments. For the spatial patterns of NHDD, the multi-datasets

reveal the negative trends in the western China, and posi-

tive trends in the southern China. The differences between

ERA-Interim and NCEP/NCAR are found in the Tibetan

Plateau, where the pronounced upward trends occur in

NCEP/NCAR and slight downward trends for ERA-

Interim. In most regions, both the historical and decadal

experiments show similar spatial patterns of trends, while

they differ for ERA-Interim and NCEP/NCAR in the

northeastern China. For the spatial trends of NCDD, the

multi-datasets show slight increases in the southern China,

and larger increases in the northeastern China. The

differences between ERA-Interim and NCEP/NCAR occur

in the Tibetan Plateau, similar to NHDD, and both rea-

nalyses depict pronounced positive trends in the north-

eastern China. Both the historical and decadal experiments

of NCDD show consistencies, which differ from renalyses

in the northeastern China.

3.4 Future changes

Figure 6 shows the regional changes of HDD, CDD,

NHDD and NCDD from the long-term simulations in

China during 2006–2100 under RCP8.5, RCP4.5 and

RCP2.6. The spatial patterns of trends for HDD, CDD,

NHDD and NCDD under RCP8.5 and RCP2.6 are dis-

played in Figs. 7 and 8, respectively. The seasonal and

annual trends of HDD, CDD, NHDD and NCDD are

summarized in Table 4.

During the period 2006–2100, HDD and NHDD in China

display significant decreases under RCP8.5, with the rates

of -142.17 �C/decade and -5.11 day/decade, respectively,

mostly contributed by winter. Both HDD and NHDD show

Table 2 Regional trend of HDD, CDD, NHDD and NCDD from observation, ERA-Interim, NCEP/NCAR reanalysis data and the simulation

outputs under different run experiments in China during 1979–2005 on the annual and seasonal basis

Index Unit Annual Spring Summer Autumn Winter

Observation

HDD �C/decade 2130.97 243.61 -2.17 237.71 -40.32

CDD �C/decade 76.91 6.18 53.26 12.27 0

NHDD Day/decade 23.84 21.30 21.45 21.09 -0.13

NCDD Day/decade 2.83 0.23 1.86 0.47 0

ERA-Interim

HDD �C/decade 282.48 233.52 -0.93 –19.25 -21.81

CDD �C/decade 74.95 6.68 44.14 14.97 0.59

NHDD Day/decade 22.99 20.94 20.90 20.93 -0.26

NCDD Day/decade 2.67 0.26 1.68 0.56 0.02

NCEP/NCAR

HDD �C/decade 280.52 219.06 11.80 230.29 -31.67

CDD �C/decade 64.64 5.75 43.54 12.86 0.13

NHDD Day/decade 23.22 20.68 21.10 21.18 -0.30

NCDD Day/decade 2.47 0.22 1.55 0.49 0.01

MPI/decadal

HDD �C/decade 265.45 225.81 212.98 -3.77 -35.15

CDD �C/decade 76.93 0.52 56.73 22.66 1.84

NHDD Day/decade 22.66 20.79 -0.93 -0.92 -0.29

NCDD Day/decade 2.73 0.02 2.01 0.87 0.08

MPI/history

HDD �C/decade 269.48 -1.37 220.04 220.19 -21.75

CDD �C/decade 55.49 21.04 27.86 4.41 0.01

NHDD Day/decade 22.80 20.72 -0.93 21.05 -0.07

NCDD Day/decade 2.01 0.74 0.95 0.17 0

The linear trends of all series are calculated by Mann–Kendall slope estimator. Trends at the 5 % level are marked in bold
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larger decreasing trends in the northeastern China and the

Tibetan Plateau, and slight changes in the southeastern

China. Contrarily, CDD and NCDD in China represent the

positive trends, with the rates of 154.66 �C/decade and

5.12 day/decade, respectively. The variabilities of HDD,

NHDD, CDD and NCDD under RCP4.5 are similar to those

under RCP8.5 before the mid-21 century, turning to mild

changes afterwards, which lead to rates of -51.75 �C/

decade, -1.91 day/decade, 46.31 �C/decade and 1.61 day/

decade, respectively. Meanwhile, the spatial patterns of

trends are also closer to those under RCP8.5. Under

RCP2.6, the variability of HDD, NHDD, CDD and NCDD

is closer to both RCP 4.5 and RCP 8.5 before 2050, which

turns into opposite directions afterwards. Thus, the annual

rates of the four indices during 2006–2011 are not signifi-

cant, and most regions in China have no change for these

indices.

4 Discussions and conclusion

In this study, the HDD, numbers of HDD (NHDD), CDD

and the numbers of CDD (NCDD) have been analyzed in

China from Max Planck Institute, Earth Systems Model

of low resolution (MPI-ESM-LR) model in the CMIP5.

To evaluate how the realistic the models are in simu-

lating the recent past, the historical and decadal experi-

ments simulations are compared to observation, ERA-

Interim and NCEP/NCAR reanalyses. Four degree days

indices are calculated as the accumulated of daily mean

temperature and the numbers of days during the period

in which daily mean temperature is above/below base

temperatures. In this study, the base temperature of 18

and 24 �C is used for heating and CDD, respectively.

The degree days indices provide a good supplement for

the 27 temperature and precipitation indices for climate

extremes defined by the Expert Team on Climate Change

Detection and Indices (ETCCDI) (IPCC 2007); they are

relevant parameters to study the climate change, espe-

cially for the cryospheric region (Kang et al. 2010; Li

et al. 2008).

During 1979–2005, both HDD and NHDD have

decreased for observation, reanalyses (ERA-Interim and

NCEP/NCAR) and model simulations (historical and dec-

adal experiments), consistent with the increased CDD and

NCDD. These changes of the four degree days reflect the

general warming in China during the past decades, iden-

tified by observations and model simulations (Wang et al.

2012). The variability of four degree days is also in

accordance with the temperature extremes from observa-

tion in China. During 1961–2003, for the majority of sta-

tions, significant increases in warm nights/days and

significant decreases in cold nights/days are observed in

China, consistent with a long-term decrease in diurnal

temperature range (You et al. 2011). On the global scale,

the widespread significant changes in temperature extremes

are associated with warming, especially for those indices

derived from daily minimum temperature (Alexander et al.

2006). In the previous studies, the over 10 �C accumulated

temperature is regarded as an indicator to study various

crop development stages and the threshold for cold inva-

sion, which also has increased in the northeastern China in

recent decades (Yan et al. 2011). Thus, degree days keep

consistency with other temperature indices and

Table 3 Correlation coefficients between observation, ERA-Interim,

NCEP/NCAR reanalysis data and the simulation outputs under dif-

ferent run experiments in China in China during 1979–2005 on the

annual basis

Observation ERA-

Interim

NCEP/

NCAR

MPI/

decadal

MPI/

history

HDD

Observation 1.00

ERA-

Interim

0.97 1.00

NCEP/

NCAR

0.96 0.97 1.00

MPI/

decadal

0.61 0.52 0.59 1.00

MPI/history 0.33 0.24 0.27 0.34 1.00

CDD

Observation 1.00

ERA-

Interim

0.99 1.00

NCEP/

NCAR

0.96 0.97 1.00

MPI/

decadal

0.70 0.72 0.75 1.00

MPI/history 0.49 0.47 0.45 0.34 1.00

NHDD

Observation 1.00

ERA-

Interim

0.96 1.00

NCEP/

NCAR

0.97 0.98 1.00

MPI/

decadal

0.73 0.74 0.73 1.00

MPI/history 0.64 0.63 0.64 0.45 1.00

NCDD

Observation 1.00

ERA-

Interim

0.99 1.00

NCEP/

NCAR

0.96 0.97 1.00

MPI/

decadal

0.70 0.72 0.75 1.00

MPI/history 0.49 0.46 0.45 0.34 1.00
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accumulated temperature, and can be used as an indicator

to detect climate changes in China.

In most cases, both the decadal experiments and his-

torical experiments can represent the decadal variability of

HDD, NHDD, CDD and NCDD shown by observation,

ERA-Interim and NCEP/NCAR, and correlation coeffi-

cients among them are very high. For the decadal experi-

ments and historical experiments, the spatial patterns of

trends for NHDD and NCDD are similar. For spatial pat-

terns of HDD and CDD, the discrepancy between the

decadal experiments and historical experiments occurs in

the northeastern China, probably due to the CMIP5 strategy

of two experiments about aspects of climate model forcing,

response, and processes (Taylor et al. 2012). Meanwhile,

the historical experiments initialize from the end of freely

evolving simulations of the historical period, which in

some cases may be coupled to a carbon cycle model, while

the decadal experiments will be initialized with observed

ocean state and sea-ice (Taylor et al. 2012).

The actual prediction skill of natural climate variability

on decadal timescales has received great attention. The

CMIP5 has devised an innovative experimental design to

assess the predictability and prediction skill at decadal time

scales of state-of-the-art climate models. The MPI-ESM-

LR decadal hindcasts and forecasts have been conducted.

The data consist of simulations over a 10 year period that

are initialized every five years during the period 1960/1961

to 2005/2006 (Taylor et al. 2012). The model prediction

skill is examined by comparing the annual mean surface

temperature from observation, ERA-Interim, NCEP/NCAR

reanalysis data, the historical and the ensemble-mean of the

MPI-ESM-LR 10 year hindcast/forecast during 1979–2005

(initialized every 5 years) (Fig. 9). During the entire per-

iod, MPI-ESM-LR model simulate higher mean surface

temperature in China than the observation and NCEP/

NCAR, and lower mean surface temperature than ERA-

Interim. At the same time, MPI-ESM-LR model simulate

close mean surface temperature as the historical simula-

tions. Thus, the decadal hindcast/forecast simulation per-

formance of MPI-ESM-LR produce warmer than the

observed mean temperature in China during the entire

period. This is consistent with other seven state-of-the-art-

ocean–atmosphere coupled models (Kim et al. 2012). The

skill in decadal forecasting is associated with boundary

conditions (mainly greenhouse gas concentrations but also

tropospheric and stratospheric aerosol distributions) and

initial conditions (mainly the ocean state) (Kim et al. 2012;

Smith et al. 2012; van Oldenborgh et al. 2012).

Besides the differences of degree days from two

experiments simulations, there are discrepancies between

ERA-Interim and NCEP/NCAR on the spatial patterns and

the regional means, which have been confirmed in the

study of hydrological process of temperature, precipitation

and evaporation, surface radiation and cloud fields (Betts

et al. 2009). Compared with two experiments simulations

and ERA-Interim, NCEP/NCAR underestimates CDD and

NCDD, and overestimates NHDD, suggesting that the cold

biases exist for the temperature for NCEP/NCAR. This is

Fig. 6 Regional change of

HDD, CDD, NHDD and NCDD

from the simulation outputs in

China 2006–2100 under

RCP8.5, RCP4.5 and RCP2.6
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in accordance with the previous studies that ERA-40

temperatures correspond closely to the observations than

NCEP/NCAR, and the biases are due mainly to the ele-

vation differences in the model assimilation (Ma et al.

2008; You et al. 2010). Moreover, ERA-Interim uses

mostly the sets of observations acquired for ERA-40,

supplemented by data for later years from the European

Centre for Medium-Range Weather Forecasts (ECMWF)

operational archive (Dee et al. 2011), and could capture the

observations better than ERA-40 and NCEP/NCAR.

Under different RCP emissions scenarios in the CMIP5,

HDD and NHDD show significant decreases, and both

CDD and NCDD consistently increase during 2006–2100

under RCP8.5, RCP4.5 and RCP2.6, especially before the

mid-21 century. More pronounced changes of degree days

indices occur in most regions in China under RCP8.5. The

variability of HDD, NHDD, CDD and NCDD has good

agreements with the radiative forcing trajectories in RCP,

which can reflect various possible combinations of

economic, technological, demographic, and policy devel-

opments (Moss et al. 2010). For example, the RCP2.6

scenario is designed to meet the 2 �C global average

warming target compared to pre-industrial conditions, and

it has a peak in the radiative forcing at approximately

3 W/m2 (440 ppm CO2) before 2050 and then declines to

2.6 W/m2 by the end of 2100 (330 ppm CO2). Radiative

forcing in RCP4.5 peaks at about 4.5 W/m2 (540 ppm

CO2) in 2100, which is comparable to the ‘‘Special Report

on Emissions Scenarios’’ (SRES) scenarios B1 with similar

CO2 concentrations and median temperature increases by

2100. RCP8.5 assumes a high rate of radiative forcing

increasing, peaking at 8.5 W/m2 (940 ppm CO2) in 2100

(Rogelj et al. 2012). The degree days indices are results of

daily mean temperature influenced by the radiative forcing.

Models lose their memory of the initial conditions and

create their own climates and trends. As shown by Bordi

et al. (2010) for ECMWF model forecasts, a trend mismatch

between observations and model occurs at midlatitudes,

Fig. 7 Spatial trends of HDD, CDD, NHDD and NCDD from the simulation outputs in China during during 2006–2100 under RCP8.5 scenario
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which might be connected with the model dynamic response

rather than with the variations in the imposed external

forcing (Bordi et al. 2010). That is, climate extrapolation by

simply using climate models may be affected by different

trends that observations and models have even at short lead

time. Thus, both reanalyses and short-term forecasts by

GCMs are required, if the climate has to be predicted. That

is, appears to be more important to comprehend the statistics

of the short-term tendencies rather than the forecast accu-

racy of long-term averages. A first step in this direction is

the detailed use of the lead-time dependent climate pre-

dictions based on the five year updated forecasts. Such

analysis needs to be supported by dynamical underpinning

as, for example, the dynamics of stationary waves and the

stratosphere–troposphere interaction.

There is considerable interest in exploring the degree

days to which future climate states depend on the initial

climate state, focusing in particular on whether we can

more accurately predict the actual trajectory of future

climate (including both forced and unforced change) if we

initialize the models with at least the observed ocean state

(and perhaps also sea ice and land surface) (Taylor et al.

2012). Hence, the differences of decadal runs and the 20th

century runs simply reflect the sensitivity to the initial

conditions, as stated above. Addressing these uncertainties,

that are an intrinsic feature of all climate models, being the

main motivation for decadal predictions. To estimate the

uncertainty of decadal experiment, the three ensembles are

taken showing the time series of annual mean surface

temperature in China for the mean of MPI decadal hind-

casts and forecasts during 1979–2005 (Fig. 10). For three

ensembles, the decadal hindcasts and forecasts are con-

sistent and similar, indicating there is no strong positive/

negative deviations from the ensemble mean temperature.

The uncertainties in terms of the inter-ensemble root mean

square difference are in a range of some tenth of a degree,

whereas the long-term trend is well represented and

showing no difference among ensembles.

Fig. 8 Spatial trends of HDD, CDD, NHDD and NCDD from the simulation outputs in China during 2006–2100 under RCP2.6 scenario
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In this study, the differences of degree days between

CMIP3 and CMIP5 are not evaluated, while the main

results should be the same from both CMIP3 and CMIP5.

The previous studies have addressed that for the tempera-

ture indices, the performance of the CMIP3 and CMIP5

multi-model ensembles is similar in regard to their

ensemble mean and median, but that the spread amongst

CMIP3 models tends to be larger than amongst CMIP5

models, probably due to higher spatial resolution and more

comprehensive GCMs of CMIP5 (Sillmann et al. 2013a, b).

Table 4 Regional trend of HDD, CDD, NHDD and NCDD from the simulation outputs under RCP8.5, RCP4.5 and RCP2.6 in China during

2006–2100 on the annual and seasonal basis

Index Unit Annual Spring Summer Autumn Winter

RCP8.5

HDD �C/decade 2142.17 –30.38 29.10 238.62 254.00

CDD �C/decade 154.66 25.65 93.97 29.26 4.34

NHDD Day/decade 25.11 21.40 21.71 21.63 20.33

NCDD Day/decade 5.12 0.89 2.97 1.03 0.17

RCP4.5

HDD �C/decade 251.75 212.18 23.73 212.42 220.74

CDD �C/decade 46.31 9.09 27.43 8.00 1.22

NHDD Day/decade 21.91 20.51 20.72 20.53 20.12

NCDD Day/decade 1.61 0.33 0.93 0.28 0.05

RCP2.6

HDD �C/decade -3.51 -1.63 0.32 -0.08 -1.57

CDD �C/decade 1.12 1.80 -0.28 -0.56 0.25

NHDD Day/decade -0.14 20.11 0.01 -0.04 -0.05

NCDD Day/decade 0.04 0.06 -0.01 -0.02 0.01

The linear trends of all series are calculated by Mann–Kendall slope estimator. Trends at the 5 % level are marked in bold

Fig. 9 Time series of averaged

annual mean surface

temperature (K) in China for

observation, ERA-Interim,

NCEP/NCAR reanalysis data,

the historical and the ensemble-

mean of MPI decadal hindcasts

and forecasts (Red and blue

line) during 1979–2005. It is

5-year decadal forecasts with

0-year lead for every 5 years

during 1979–2005
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More attention should be paid to the relationship between

degree days and the cryosphere, to improve the under-

standing and predictability of cryosphere in China in the

context of future climate change.
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ABSTRACT

Due to the increasing requirement for high-level weather and climate forecasting accuracy, it is necessary
to exploit a strategy for model error correction while developing numerical modeling and data assimilation
techniques. This study classifies the correction strategies according to the types of forecast errors, and
reviews recent studies on these correction strategies. Among others, the analogue-dynamical method has
been developed in China, which combines statistical methods with the dynamical model, corrects model
errors based on analogue information, and effectively utilizes historical data in dynamical forecasts. In this
study, the fundamental principles and technical solutions of the analogue-dynamical method and associated
development history for forecasts on different timescales are introduced. It is shown that this method
can effectively improve medium- and extended-range forecasts, monthly-average circulation forecast, and
short-term climate prediction. As an innovative technique independently developed in China, the analogue-
dynamical method plays an important role in both weather forecast and climate prediction, and has potential
applications in wider fields.

Key words: analogue-dynamical method, numerical model, error correction, historical data
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1. Introduction

Since numerical forecasts were successfully real-

ized by Charney et al. (1950), their capability has

been much developed (Chen and Xue, 2004). While

forecast errors are still significant, the forecast accu-

racy for high-impact weather events remains very low

(Wu et al., 2007). The two factors restricting the

accuracy of numerical forecasts are initial error and

model error (Zhong et al., 2011), so improving the

quality of the initial field and reducing model errors

are two ways to improve forecast capability. In re-

cent years, numerical forecasts have been developed in

the direction of elaborate models and accurate initial

fields. This trend has resulted in more intensive ob-

servational data, more sophisticated assimilation tech-

nology, more elaborate numerical models, and more

reasonable parameterization. These efforts have much

improved forecasting accuracy, but with the increasing

economic and social development, current forecasting

capabilities still cannot satisfy the growing demand

(Wu et al., 2007).

No matter how elaborate the model, forecast er-

rors are inevitable, and the efforts required to make

further improvements are considerably greater. Along

with the development of assimilation technology, an-

other effective way to improve forecast accuracy is to

conduct error correction. Much work has been done in

developing error correction technology, and it is worth

mentioning that Chinese scientists combined statisti-
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cal and dynamical methods (Chou, 1986) and ob-

tained a series of innovative theories and methods

(Gu, 1958a, b; Zheng and Du, 1973; Chou, 1974;

Qiu and Chou, 1990; Huang and Yi, 1991; Zhang and

Chou, 1991; Cao, 1993; Zhang and Chou, 1997; Gu,

1998). Particularly, by combining the analogue evolu-

tion law of the atmosphere and the dynamic model,

the analogue-dynamical method (ADM) was devel-

oped (Chou, 1979). This has played an important

role in improving the prediction theory and raising the

level of operational forecast capability. Error correc-

tion technology using the ADM has been widely used

in medium-range, extended-range, and short-term cli-

mate predictions.

This paper first reviews the progress in research

on error correction strategies in Section 2. The princi-

ple and evolution of the implementation scheme of the

ADM, and its development on different-scale weather

and climate forecasts are systematically introduced in

Section 3. Finally, a summary is provided in Section 4.

2. Progress in research of the error correction

technology

Generally, forecast errors can be divided into sys-

tematic and non-systematic errors (Shao et al., 2009).

The former is independent of time variation, can usu-

ally be calculated by the time average of some forecast

errors, and represents the bias between the equilib-

rium of the numerical model and the actual climate

state. The latter is flow-dependent (dependent on

atmospheric state) and includes random errors. Fo-

cusing on both types of errors, correction techniques

can also be divided into systematic and flow-dependent

correction (Dalcher and Kalnay, 1987).

2.1 Systematic correction

The size of systematic correction is independent

of model variable, and the common method is to cal-

culate the mean of a large amount of hindcast errors

(considering seasonal and diurnal variations) and to

add them to the corresponding forecast results. Zeng

et al. (1990) adopted a convenient method to re-

move climate drift by replacing the forecast climate

mean with the actual climate mean, then adding the

anomaly of the forecast field to the actual climate

mean to give the corrected forecast field. Afterwards,

they proposed a series of error correction schemes

(Zeng et al., 1994), such as the maximum-likelihood

correction, minimum bias correction, empirical orthog-

onal function (EOF) correction, and so on, applied

them in the Institute of Atmospheric Physics (IAP)

two-level atmospheric circulation model, and obtained

some reasonable results (Lin et al., 1998; Zhao et al.,

1999; Zhou et al., 1999; Wang et al., 2000; Li et al.,

2005). Moreover, establishing statistical relations on

the basis of hindcast data and historical actual data

is also common, such as the approach using Perfect

Prediction (PP) and Model Output Statistics (MOS)

(Klein et al., 1959; Klein, 1971; Glahn, 1972), which

are forecasted by establishing the relationship between

the circulation pattern and the weather phenomena.

These methods are all postprocessings after numerical

integration, and are usually called after-the-fact cor-

rection (Danforth et al., 2007). This is widely used for

its convenient operation, while its shortcoming is not

considering the nonlinear interaction between external

and internal errors in model integration (Danforth et

al., 2007).

The online correction differs by adding a forcing

term in the numerical integration to offset the model

tendency error and to restrain the nonlinear growth

of the forecast error (Danforth et al., 2008a). As it

corrects the variation tendency of the model variable

in the integration, it is also called the tendency error

correction. The most common technique for tendency

error correction is nudging, which originates in data

assimilation by adding a nudging term to bring the

forecast close to the observational data (Hoke and An-

thes, 1976; Jeuken et al., 1996). Some scholars have

compared the nudging with the after-the-fact correc-

tions, and the result indicates that these two types

of correction can both improve forecast abilities, but

uncertainty exists in the correction performance. Dan-

forth et al. (2008a) indicated that nudging was better

beyond one day; Saha (1992) indicated that nudging

had no superiority for forecast skills; Johansson and

Saha (1989) indicated that nudging had better effects

on small scales, but may destroy the conservativeness
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of transient energy. These differences illustrate that

the performances of these two correction methods are

largely dependent on the model used, and when the

magnitude of the forcing term in the online correction

is too large, coordination among model variables may

be destroyed (Danforth et al., 2008a).

To reasonably estimate the magnitude of the forc-

ing term, Klinker and Sardeshmukh (1992) used the

mean result of one-step integration to estimate the ten-

dency error, by closing each parameterization in turn

to obtain the contribution of each term, and found

that the gravity wave parameterization played an im-

portant role. Kaas et al. (1999) nudged some low-

resolution global circulation models (GCMs) toward a

high-resolution GCM to obtain the empirical interac-

tion function of the horizontal diffusion, and reduced

the large-scale systematic errors. The above two meth-

ods are complex in operation, and empirical estimation

is usually adopted in practical numerical models, i.e.,

the ensemble mean of the ratios of some forecast er-

rors and forecast time is set as the forcing term. This

method assumes that the forecast error grows linearly

(Yang et al., 2008), and it demands that the forecast

time be not too long. As for the selection of forecast

time, different investigations have shown different re-

sults. Danforth et al. (2007) set it to 6 h, same as the

interval of the reanalysis dataset, and averaged all of

the 6-h forecast errors from the same month from the

previous 5 years as the estimation. To avoid the influ-

ence of diurnal variation, Saha (1992) averaged all the

24-h forecast errors from the month before the initial

time. Yang et al. (2008) averaged a large amount of 6-

, 12-, 18-, and 24-h forecast errors from different years,

to estimate the current forecast error, which avoids the

variation in the tendency error from different forecast

times.

The above empirical correction method is easy to

realize, but cannot ensure that the introduced forc-

ing term is optimal. The optimal is usually related

to variation assimilation. In the traditional four-

dimensional variational data assimilation (4DVar) sys-

tem, the model is assumed to be perfect, and the effect

of model errors is not considered. The weak-constraint

4DVar developed by Bennett et al. (1996, 1997) has

considered the existence of model errors. By introduc-

ing a term of tendency model error, both the initial

error and model error are reduced. This kind of tech-

nique has achieved remarkable effects in both simple

and complex numerical models (Derber, 1989; Zupan-

ski, 1993; Trémolet, 2007; Akella and Navon, 2009),

but the format of the tendency error needs to be as-

sumed as a priori and tested by experiments. Addi-

tionally, the solution of 4DVar is usually restricted by

the necessity to establish an adjoint model, and the ap-

pended term of the model error undoubtedly increases

the calculation load.

2.2 Flow-dependent correction

Some studies (Saha, 1992; DelSole and Hou, 1999;

DelSole et al., 2008) have indicated that systematic

correction can reduce systematic errors, but has little

effect on non-systematic errors, which makes it neces-

sary to develop flow-dependent correction.

Leith (1978) established the relationship between

tendency errors and state variables using a statistical

approach, which expressed the forcing term as the lin-

ear function of the state variables, and provided a sta-

tistical model with a large number of samples. Though

the derivation was under a linear assumption, the re-

sults showed that it also had effects on nonlinear mod-

els. Delsole and Hou (1999) applied this method in a

quasi-geostrophic model and effectively improved the

forecast results, but the error covariance matrix re-

quired a large amount of calculation. Danforth et al.

(2007) and Danforth and Kalnay (2008a, b) reduced

the dimension of this method by using singular value

decomposition (SVD). The 6-h forecast results from

a quasi-geostrophic model indicated that this method

could reduce errors in some areas with high values,

but the global improvement is little. A common step

in the above studies is to establish an error covariance

matrix by using a large number of training samples,

meaning that the established statistical relationship

depends highly on the selected samples, and the sta-

bility is difficult to ensure. Once the forecast model

is changed or corrected, the rebuilding of the error co-

variance matrix needs large amounts of computation

and is difficult to transplant (Zheng, 2013).
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With a linear system, establishing the statistical

relationship is an effective approach, and the more the

samples, the more stable the relationship. With a non-

linear system, the relationship between the correction

effect and the samples is not stable, and a larger num-

ber of samples may not be better. Therefore, the se-

lection of samples is important (Chou and Ren, 2006).

The analogue phenomenon exists widely in the

evolution of atmosphere and ocean (Zhao et al., 1982;

Wang et al., 1983). For two similar atmospheric states,

their evolutions are usually similar. This phenomenon

provides a reference for selecting samples. For exam-

ple, Chen and Ji (2003) and Chen et al. (2006a, b) uti-

lized phase space reconstruction theory and a predic-

tion method based on nonlinear time series, searched

for the analogue history information to forecast the

current state. They thus constructed a regional non-

linear dynamic forecast model on zonal average on

the monthly scale, and conducted the correction in

the process of model integration. The results indi-

cated that it not only reduced the zonal averaged er-

ror, but also had effects on some wave components.

They showed that the analogue phenomenon has ref-

erence values for improving model forecasting ability.

Based on the above ideas, some investigators com-

bined the analogue phenomenon with the dynamical

models, and developed an analogue-dynamical method

(ADM) to correct forecast errors. In the following sec-

tion, the principle and evolution of this method will be

systematically introduced, with a focus on its develop-

ment in different forecast ranges.

3. Development of the ADM

3.1 Analogue phenomenon and forecast

The analogue phenomenon exists in the atmo-

sphere and ocean, and the analogue forecast based

on this phenomenon has long been used widely. The

basis of this method is, for two similar initial fields,

when the atmosphere is in a stable flow pattern, the

analogue will be maintained on synoptic timescales.

On monthly and seasonal scales, the analogue rhythm

phenomenon also exists; i.e., the atmosphere circu-

lation experiences an alternate process of analogue-

disanalogue-analogue in the long-term evolution, while

the formation of this phenomenon is different from the

law of analogue on synoptic scales. As for the dynam-

ical form, Huang and Chou (1990), Huang (1991), and

Huang et al. (1990a) studied this form with a coupled

ocean-atmosphere model. Their results showed that

the analogous rhythm is a non-uniform oscillation of

analogous deviation disturbance, caused by the nonlin-

ear coupled interaction of the ocean-atmosphere sys-

tem and the seasonal variation of monthly mean circu-

lation. They found that the analogue phenomenon is

not formed by the evolution of atmosphere or ocean,

but that the ocean-atmosphere interaction plays an

important role and the seasonal variation of monthly

mean circulation increases the amplitude of the distur-

bance markedly. They also indicated that the ocean

and the seasonal variations are important factors when

choosing analogues.

Analogue forecasting is widely used in weather

and climate forecasting. Lorenz (1969) used natural

analogue samples to study the predictability of fore-

cast error growth, and showed that finding strict ana-

logue samples is difficult. This conclusion was con-

firmed by Van den Dool (1994). While this does not

mean that analogue forecasting lacks scope, Van den

Dool sequentially proposed regional analogue (Van den

Dool, 1989, 1991), construction analogue (Van den

Dool et al., 2003), and other methods. Barnett and

Preisendorfer (1978) reduced the dimensions of the

state space by EOF, and extracted the “analogue cli-

mate state vectors,” which are used to describe the

climate system evolution to select analogues. The ana-

logue forecast was put into operation at NCEP as re-

ported by Livezey and Barnston (1988).

It may be too simple to regard the future state as

a repetition of past states (Ren and Chou, 2007a). By

combining the analogue forecast and dynamical mod-

els, the ADM became an effective means for improving

the accuracy of numerical forecasts.

3.2 Principle of the ADM

The ADM was proposed in 1979, and the basic

thought was “regarding the forecast field as a small

disturbance superimposed on historical analogue fiel-
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ds, so historical analogue errors can be used to esti-

mate and correct forecast errors” (Chou, 1979). This

method acknowledged the existence of tendency error,

and estimated it by historical analogues. Its principle

is as follows.

The numerical forecast is proposed as the initial

problem of a partial differential equation, expressed

as:

∂ψ

∂t
= L(ψ), (1)

ψ(t0) = ψ0, (2)

where ψ is the model state variable, L is the numer-

ical model operator, t0 is the initial time, and ψ0 is

the initial value. Because of the existence of model

errors, the evolution of model atmosphere is different

from that of the actual atmosphere. By expressing the

tendency of the model error as E, the evolution of the

actual state variable ϕ can be described as:

∂ϕ

∂t
= L(ϕ) + E(ϕ), (3)

where E is the functional of the state variable, which

is consistent with the view of Leith (1978). Compar-

ing Eqs. (1) with (3), it can be seen that, if E(ϕ)

is known, adding it to the model can force the model

tendency in each step toward the actual state. An ana-

logue state can be found in the historical dataset, and

the current state variable is regarded as a disturbance

of the historical analogue, i.e., ϕ = ϕ̃+ ϕ̂, where ϕ̃ is

the analogue state variable, and ϕ̂ is the analogue de-

viation. With consideration of the historical evolution

of the actual atmosphere, the analogue reference state

satisfies:

∂ϕ̃

∂t
= L(ϕ̃) + E(ϕ̃). (4)

Subtracting Eq. (4) from Eq. (3), the deviation

equation becomes:

∂ϕ̂

∂t
= L(ϕ̃+ ϕ̂)− L(ϕ̃) + E(ϕ̃+ ϕ̂)− E(ϕ̃). (5)

Calculating the tendency error is difficult; to

avoid calculating it, the ADM replaces the current

tendency error with the tendency error of historical

analogues, resulting in

∂ϕ̂

∂t
= L(ϕ̃+ ϕ̂)− L(ϕ̃). (6)

The control variable of Eq. (6) has changed from

ϕ to ϕ̂. After obtaining ϕ̂ by solving Eq. (6), adding

it to the ϕ̃ produces the current forecast field. Com-

paring Eqs. (1), (4), and (6) reveals a clear difference:

the original forecast Eq. (1) has omitted the whole

tendency error, while Eq. (6) has omitted the dif-

ference between the current tendency error and the

tendency error of the analogue reference state. Equa-

tion (6) considers the effect of the analogue evolution

of the circulation anomaly, and thus theoretically has

higher accuracy. Meanwhile, it identifies certain ana-

logue selections, i.e., analogous initial value, analogous

climate state, and analogous boundary (Qiu and Chou,

1989).

3.3 Early development of the ADM

Qiu and Chou (1989) introduced forcing errors,

topography height errors, and subgrid errors into a

quasi-geostrophic barotropic vorticity equation model,

and showed that the ADM could reduce the mean

square errors. By defining an analogue index, this

method need not be hugely analogous, though the im-

provement is increased by an increase in both the fore-

cast time and the degree to which it is analogous.

Being a stationary wave (Yi et al., 1990), the at-

mospheric circulation anomaly has the characteristic

of barotropy (Huang and Chou, 1988; Zhou et al.,

1989; Huang et al., 1990b; Yang et al., 1990), and is

analogue in the long-term evolution. Huang (1990)

introduced these features into the long-term range

numerical forecasts, developed a quasi-geostrophic

baroclinic ocean-atmosphere coupled model (Huang,

1992), and established the corresponding analogue

deviation equation. They first used the ADM to

perform experimental seasonal forecasts (Huang et

al., 1993a), monthly forecasts (Huang and Wang,

1991a), and flood season forecasts. Their results in-

dicated that the anomaly centers at 500 hPa were

precisely produced. The 8-yr mean results (Huang

and Wang, 1991b) in summer (August), forecasted

from winter (January), indicated that the accuracy

rate (represented by the consistency of anomaly sym-

bols) was 56.8% for the 500-hPa height field, and

55.4% for surface temperature. The 8-yr mean results

(Huang et al., 1993b) in winter (February), forecasted
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from summer (July), indicated that the accuracy rate

was 57% for the 500-hPa height field, and 55.7% for

surface temperature. The forecast effect was obviously

better than the traditional analogue forecast. The

advantage was more evident with increasing forecast

time. This study provided a new method for seasonal

forecasting.

The above work was based on a simple model. To

investigate the effectiveness in complex models and im-

prove the accuracy of monthly operational forecasts,

Bao et al. (2004) applied this method to the T63L16

monthly extended-range operational model (Li et al.,

2005) of the National Climate Center (NCC) of China,

and established an analogue-dynamical monthly fore-

cast model. They selected multiple analogue reference

states in the historical dataset to create the analogue-

dynamical forecast. The results indicated that the en-

semble mean had a better effect than a single ana-

logue member. The global averaged anomaly correla-

tion coefficient (ACC) was improved by 0.2, and the

root mean square error (RMSE) was reduced by 12

gpm. From the results of different regions and scales,

the tropics and subtropics had the most obvious cor-

rection effect; the correction effect on the planetary

scale was improved beyond the 15-day forecast, while

the accuracy was not improved on the synoptic scale.

3.4 The simplified analogue correction

Besides the development of ADM, D’Andrea and

Vautard (2000) (abbreviated as DV2000) indepen-

dently proposed a tendency error estimating method

by historical analogues. They adopted the 4DVar tech-

nique to obtain the optimal estimation of tendency

model errors of analogue samples, and added them to

the equation as the approximation of the current forc-

ing term. The basic idea was equivalent to the ADM;

i.e., they approximately replaced the current tendency

error with that of analogue reference states. The dif-

ference is, this method adopted the variational tech-

nique to solve Eq. (4) to obtain E(ϕ̃) and then used

it in Eq. (3), while the ADM subtracted Eq. (4) from

Eq. (3), and established a new equation. This means

that the ADM is a reasonable and effective method

and some related early leading work has been com-

pleted (Ren, 2006).

The heavy computation load of the 4DVar re-

stricted application of the DV2000 method in the

quasi-geostrophic baroclinic model. The DV2000

method was also difficult to be applied in sophisti-

cated operational models. Though the early-developed

ADM has avoided compiling an adjoint model, an ana-

logue deviation equation still needs to be established,

which is also too complex to facilitate its application

in operational models.

Aiming at this problem, Ren et al. (2009) sim-

plified the early ADM by replacing the analogue of

the tendency error with the analogue of the forecast

error. That is, assuming analogue samples have anal-

ogous forecast errors, the current forecast error can

be estimated by that of analogues, thus avoiding the

calculation of tendency error. In practice, the forecast

time is divided into intervals. At each interval, the

ensemble mean of the forecast errors of some analogue

samples is superposed on the current forecast results,

i.e., the forcing is not by step and the after-the-fact

correction is done at intervals of some steps. As the

duration of the analogue is limited, the analogues are

reselected after some time. These simplifications have

avoided the rebuilding of a new model, have enhanced

the operability, and are easier to transport to other so-

phisticated models. A total of 24 cases were selected

to perform the monthly forecast experiment with the

T63L16 model (Ren et al., 2006). The results indi-

cated that the global mean ACC was improved by 0.1,

and the RMSE was reduced by 7.49 gpm; the improve-

ment was more evident in the tropics. The improve-

ment of daily forecasting was concentrated beyond 7

days and on the scale of planetary wave; there was

no improvement on synoptic scales. Additionally, the

precipitation forecast for summer has been examined

by using the NCC/IAP T63 ocean-atmosphere cou-

pled model (Ren and Chou, 2007b); the mean result

of 23 cases revealed that the global pattern correla-

tion coefficient was improved by 0.092, and by 0.124

for eastern Asia.

The above sections systematically introduced the

fundamentals of the ADM and the evolution of prac-

tical schemes. When the ADM is applied to different
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forecast fields, it needs to be further adjusted based

on the characteristics of the particular field. The fol-

lowing section describes application of the ADM to

different range forecasts.

3.5 Application of the ADM in extended-ra-

nge forecasts

For the ADM and traditional analogue forecasts,

the selection of analogue fields is always the core prob-

lem. On the one hand, the numerical model is sensitive

to the initial field, and it is difficult to ensure the con-

sistency of the forecast error evolution between the

current state and the analogue state. On the other

hand, the numerical model has a large degree of free-

dom, and it is difficult to choose ideal initial analogue

values (Zheng et al., 2013).

Based on the chaotic characteristic of the atmo-

sphere, Chou et al. (2010) proposed a theory to sepa-

rate the predictable components that are not sensitive

to initial error from the random components that can-

not be predicted. Based on this theory, Zheng et al.

(2009, 2010) extracted the basis of the climate attrac-

tor (Huang et al., 1989; Wang et al., 1989) by decom-

posing the historical data with EOF. The model vari-

able was expanded, the predictable components were

retained, and the random components were filtered.

The ADM was developed, based on the predictable

components, to avoid the impact of rapid growth of

small-scale component errors. As the predictable com-

ponents are not sensitive to the initial errors and have

a small degree of freedom, using them to select ana-

logues can avoid the two difficulties mentioned in the

preceding paragraph. A 6–15-day forecast experiment

was carried out with the T63L16 model (Zheng et

al., 2013). Comparison results showed that the ADM,

based on predictable components, improved the fore-

cast accuracy beyond 10 days, and offerred a slight

improvement on synoptic scales. This contrasts with

the result described in the preceding section. The rea-

son for this may be that this method can to some

extent restrain the growth of small-scale components

errors. It may also be that the improvement on plan-

etary scales can partly restrain the error growth on

synoptic scales by the interaction between high and

low frequencies. As for the random components, the

probability distribution can be calculated by using a

large amount of historical data. Compared with the

operational extended-range ensemble forecast system

of the NCC (Zheng et al., 2012), the mean ACC of

6–15 days was improved by 0.12, and the RMSE was

reduced by 12.36 gpm.

The above study used the climate attractor from

the historical data as the basis, which is easy to op-

erate. There is a climate drift between the model at-

mosphere and the actual atmosphere, and their cli-

mate attractors are naturally different. No time evo-

lution of the atmospheric pattern can be considered

when fixing the climate attractor (Wang et al., 2014).

As a result, the large-scale components determined by

the historical data do not correspond to the model

components, whose errors grow slowly. To solve this

problem, Wang et al. (2012a) calculated the levels

of the predictable components under given initial val-

ues using conditional nonlinear optimal perturbation

(CNOP) (Mu et al., 2003; Wang and Tan, 2009). The

analogue-dynamical correction was conducted for the

predictable components, and the random components

corresponding to the historical analogues were aver-

aged. The combination of these two parts formed the

corrected forecast results. The 10–30-day forecast ex-

periments were also conducted with the T63L16 model

(Wang et al., 2014), and the global mean ACC of the

500-hPa field was improved from 0.06 to 0.32. As for

different scales, the effect on the planetary scale was

the most marked.

3.6 Application of the ADM in short-range

climate forecasts

The summer precipitation forecast is an impor-

tant aspect of short-range climate forecasting, as it

relates to the prevention and reduction of flood dis-

asters. So far, this practice has been difficult. The

ADM plays an important role in improving the fore-

cast accuracy for the flood season. Unlike the above

monthly and extended-range forecasts, the flood sea-

son forecast is a boundary problem affected most by

external forcing, and presents as low frequency. There-

fore, selecting the initial field as the analogue factor is

not suitable, and the external forcing and low-freque-

ncy variation should be considered. Feng et al. (2013)
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used the forecast errors of analogue years to esti-

mate and correct the forecast errors of the current

year, based on the Beijing Climate Center’s coupled

general circulation model (BCC-CGCM), and devel-

oped a dynamical-statistical quantitative precipitation

forecast method for the flood season. The core of

this method is the filter and combinatorial arrange-

ments of analogue forecast factors. In normal years,

the corrections are conducted by optimal multi-factor

combination; when these factors are unusual, the ab-

normal factors correction scheme is adopted. Work-

ing in different regions, Wang et al. (2011, 2012b)

established the dynamical-statistical ensemble fore-

cast schemes for the middle and lower reaches of the

Yangtze River, Xiong et al. (2011, 2012) established

the optimal multi-factor forecast scheme in North-

east China, and Yang et al. (2011, 2012) established

the multi-factor combination forecast scheme in North

China. This forecast system has provided good predic-

tions of the location of the main summer rain band in

China, as confirmed by the verification following the

annual national conference on the flood season in 2009.

The mean of the predictive scores (PS) from 2009 to

2012 was 73, and the corresponding ACC was 0.16,

both higher than the systematic corrected forecast re-

sults of the BCC-CGCM (the mean PS score was 63

and the mean ACC was 0.01) (Feng et al., 2013).

The dynamical-statistical integrated forecasting sys-

tem for seasonal precipitation (FODAS1.0), based on

this method was also put into operational forecast-

ing (Feng et al., 2013). In the flood season forecast

of 2013, the forecast result had a PS of 74 and an

ACC of 0.20; it generally captured the location of the

summer drought and flood of China in 2013. After the

flood season of each year, the forecast results from this

method were checked and summarized, and the reason

for any climatic anomaly was diagnosed (Zhao et al.,

2011, 2013a, 2014). In addition to the above flood sea-

son forecast, this method has also been applied to the

seasonal forecast of geopotential height field for some

critical regions of China, and it reduced the forecast

errors to some extent (Zhao et al., 2013b).

The El Ninõ–Southern Oscillation (ENSO) is one

of the strongest indicators of climate change and is

associated with an anomalous change in atmosphere

circulation. Sun et al. (2006) applied the ADM

to the ENSO forecast, and conducted some experi-

ments using the Ninõ3 index with the simplified ocean-

atmosphere coupled model of the NCC. With regard

to the particularity of the ENSO forecast, the partial

analogue selection, which considered only sea surface

temperature (SST), and the entire analogue selection,

which considered both SST and surface wind field,

were compared. The results indicated that the entire

analogue selection more accurately reflected the ana-

logue degree of the ocean-atmosphere coupled system

than did the partial analogue selection. When select-

ing five analogue samples, and setting the oceanic ana-

logue update period as 20 days and the atmospheric

analogue update period as 10 days, the best effect was

achieved. The experiment with the Ninõ3 index from

1998 to 2003 indicated that the ADM had a greater

effect than the control forecast for the whole forecast

time. It had a mean ACC of 0.45 and an accumula-

tive absolute error of 10.69℃, while the corresponding

accuracy of the control forecast was 0.29 and 13.78℃.

3.7 Application of the ADM in medium-range

forecasts

From the above discussion, it can be seen that the

ADM has effectively improved the accuracy in short-

term climate, monthly mean, and extended-range fore-

casts, but its improvement in the medium range is not

evident, as indicated by Ren et al. (2006). This can

be attributed to the essence of ADM, which considers

the dynamical process of analogue circulation anoma-

lies. This process has a large timescale, the impact of

the initial field is small, and the low-frequency varia-

tion is evident, the analogue evolution of which is easy

to grasp. Regarding medium-range forecasts, these are

sensitive to initial values, the internal error grows non-

linearly, and it is much more difficult to carry the flow-

dependent correction by analogues. Therefore, devel-

oping and realizing the ADM for medium-range fore-

casting is urgently needed.

Working on this problem, Yu et al. (2014) modi-

fied the ADM to correct the medium-range operational

forecast model. The above simplified ADM assumed
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that analogous samples have analogous forecast er-

rors, which is more of an approximation to that in

the early ADM; the reason of this needs to be veri-

fied. By introducing the continuity theorem of fore-

cast errors, it is proved under some assumptions that

forecast errors can constitute a continuous curved sur-

face in hyperspace when the volume of the historical

data is large enough. It is also shown that the current

forecast error can be interpolated with the correspond-

ing hindcast errors of some selected analogue reference

states, which means that the simplification is reason-

able. In extreme conditions, the analogue-dynamical

correction can be converted into control forecast and

systematic correction. In the operational scheme, con-

sidering that the medium-range forecast is sensitive

to the initial field and the global model is dependent

on the SST, the seasonal and diurnal variations, at-

mospheric circulation pattern, and SST pattern are

all considered when choosing analogue samples. To

avoid the nonlinear growth of errors that could de-

stroy the analogue, the optimal update period was se-

lected as 5 days in sensitivity experiments. Forty cases

were selected from summer and winter to carry out 10-

day forecast experiments with GRAPES (Global and

Regional Assimilation and Prediction System; Chen

et al., 2009). The results (Yu et al., 2014) demon-

strated that this method extended the period of valid-

ity of the global 500-hPa height field by 0.8 day, the

most remarkable being 1.25 days in the tropical re-

gion. The correction effect became more significant as

the lead time increased. Although the analogues were

selected by using the height field at 500 hPa, the fore-

cast ability at all vertical levels was improved. The av-

erage increase in ACC was 0.07, and RMSE decreased

by 10 gpm, on average, at a lead time of 10 days.

The magnitude of errors for most forecast fields such

as height, temperature, and kinetic energy decreased

considerably by inverse correction. These all show

the effectiveness of the method for medium-range for-

ecasts.

4. Summary

The development of numerical models does not

conflict with the development of error correction tech-

nology; on the contrary, they supplement each other.

On the one hand, the forecast error is not a simple su-

perposition of internal error (initial error) and external

error (model error), but the result of their nonlinear

interaction (Chen and Ji, 1990). It is difficult to lo-

cate the error origin from the forecast output and to

correct it positively, thus it is necessary to change the

point of view. This needs to acknowledge the existence

of forecast errors, summarize their evolution pattern,

and establish the empirical relationship to estimate

and correct the errors. On the other hand, the numer-

ical forecast treats the atmosphere as a certain system

(Chen, 2007); i.e., the future state is determined by

the current state and certain physical rules. Actually,

both the numerical model and the initial field are ap-

proximate descriptions of the real atmospheric state

and have large uncertainties; thus, the forecasted fu-

ture state must also have a large uncertainty. In con-

trast, the statistical forecast admits the future uncer-

tainties, and infers the future state probability from

the information on current and historical states. The

disadvantage of this line of thoughts is that the phys-

ical rules are not considered. Therefore, the dynami-

cal and statistical methods have respective advantages

and disadvantages, and combining them (Chou, 1986)

to develop a better error correction technique is natu-

rally advantageous.

To this end, the ADM was developed by com-

bining the statistical method with dynamical models

and utilizing the analogue information from historical

data. This paper reviewed the creation and develop-

ment of this method, and discussed associated key is-

sues, corresponding solutions, and improvement of this

method for forecasts on different timescales.

This review and related discussion indicate that

the ADM has been developed and modified consider-

ably over several decades. It has greatly improved

the ability of numerical models in medium-range,

extended-range, monthly mean circulation, and short-

range climate forecasts, and has shown broad applica-

tion potentials. This method not only considers sys-

tematic errors but also includes the information on the

evolution of flow-dependent model errors, avoiding the

520



NO.5 YU Haipeng, HUANG Jianping, LI Weijing, et al. 943

establishment of the statistical relationship between

forecast error and model variable, and is easy to op-

erate and translate to other sophisticated models (Li

et al., 2013).

By comparing the recent ADM with the earlier

one, the recent method has been shown to be simplified

for application to sophisticated models through replac-

ing tendency errors with forecast errors and replacing

the online correction with after-the-fact correction.

These simplifications also induce a problem; i.e., there

is no consideration of the interaction between exter-

nal and internal errors (Danforth and Kalnay, 2008a).

Therefore, a meaningful direction for future research

is to combine the advantages of both recent and ear-

lier methods, and further improve the ADM to make

it easy to operate while still restraining the nonlinear

growth of forecast errors.
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ｉｎｄｅｐｅｎｄｅｎｔｌｙｄｅｖｅｌｏｐｅｄｉｎＣｈｉｎａ，ｔｈｅａｎａｌｏｇｕｅｄｙｎａｍｉｃａｌｍｅｔｈｏｄｐｌａｙｓａｎｉｍｐｏｒｔａｎｔｒｏｌｅｉｎｂｏｔｈｗｅａｔｈｅｒｆｏｒｅｃａｓｔａｎｄｃｌｉｍａｔｅ

ｐｒｅｄｉｃｔｉｏｎ，ａｎｄｈａｓｐｏｔｅｎｔｉａｌａｐｐｌｉｃａｔｉｏｎｓｉｎｗｉｄｅｒｆｉｅｌｄｓ．

犓犲狔狑狅狉犱狊　Ａｎａｌｏｇｕｅｄｙｎａｍｉｃａｌｍｅｔｈｏｄ，Ｎｕｍｅｒｉｃａｌｍｏｄｅｌ，Ｅｒｒｏｒｃｏｒｒｅｃｔｉｏｎ，Ｈｉｓｔｏｒｉｃａｌｄａｔａ

摘　要　随着对天气和气候预测准确率要求的提高，在发展数值模式和资料同化技术的同时，很有必要在现有数值模式基础

上开发误差订正技术。基于预报误差的不同类型对订正技术进行了分类，回顾了目前误差订正技术的研究进展。中国学者

在该领域研究中将统计方法和动力模式相结合，发展了一种基于历史相似信息进行误差订正的相似动力方法，实现了动力预

报中历史资料的有效运用。重点介绍了该方法的基本原理、技术方案的演变过程，及其在不同时间尺度的天气和气候预测中

的发展，结果表明该方法在中短期预报、延伸期预报、月平均环流预报和短期气候预测等各个时间尺度中均能够有效提高预

报技巧。作为一项中国自主研发的创新技术，在天气预报和气候预测中发挥了重要作用，展现出广阔的应用前景。

关键词　相似动力方法，数值模式，误差订正，历史资料
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中图法分类号　Ｐ４５６．７

１　引　言

在《国家中长期科学和技术发展规划纲要

（２００６—２０２０年）》的“公共安全”重点领域及其优先

主题“重大自然灾害监测与防御”中明确指出：“重点

研究开发地震、台风、暴雨、洪水、地质灾害等监测、

预警和应急处置关键技术，森林火灾、溃坝、决堤险

情等重大灾害的监测预警技术以及重大自然灾害综

合风险分析评估技术。”而就各种灾害性天气的预报

而言，其关键技术是数值天气预报技术。自从

Ｃｈａｒｎｅｙ等（１９５０）第一次成功实现数值预报以来，

经过６０年的发展，数值预报水平取得了很大进步

（陈德辉等，２００４），但预报误差仍然显著地存在，对

重大天气灾害的预测准确率仍然很低（伍荣生等，

２００７），需要进一步提高预报能力。制约数值天气预

报准确率的两个基本因素是初值误差和模式误差

（钟剑等，２０１１），因此提高初值场质量和减小模式

误差自然成为提高预报水平的两个努力方向。近年

来数值预报也一直朝着数值模式精细化、初始条件

准确化的方向发展，在此发展趋势下，观测资料更加

密集，同化技术更加完善，数值模式更加精密，参数

化方案更加合理，这些努力大大提高了数值预报的

准确率，但经济社会和国防建设的发展对业务预报

的要求越来越高（伍荣生等，２００７），而目前的预报

水平还不能满足人们日益增长的需求。

无论是何等精细的模式，误差总是不可避免，在

现有的预报水平上做出改进需要付出的努力也会越

来越大。同时，中国业务预报水平与发达国家相比

仍有一定差距，因此，在提高中国模式精度和改进资

料同化技术的同时，要进一步提高预报水平，一个有

效且可行的方向是在现有数值模式基础上针对预报

误差开展订正技术。这样既能依靠模式本身，利用

现有模式的发展成果；又不对模式本身做过多改动，

实施时简便可行。中外在发展订正技术方面已开展

了大量工作，值得一提的是，中国学者在这方面的研

究中，将统计和动力相结合（丑纪范，１９８６），取得了

一系列创新性的理论和方法 （顾震潮，１９５８ａ，

１９５８ｂ；丑纪范，１９７４；郑庆林等，１９７３；邱崇践等，

１９９０；黄建平等，１９９１ｂ；张邦林等，１９９１；曹鸿兴，

１９９３；张培群等，１９９７；谷湘潜，１９９８）。特别是将

大气的相似演变规律和动力模式相结合，突破国际

上统计相似预报的局限性，提出了相似动力方法

（丑纪范，１９７９），并开展了大量探索性的工作，在创

新预报理论和提高实际预报水平等方面发挥了重要

作用。如今，在相似动力方法基础上发展起来的预

报订正技术已经在中短期预报、延伸期预报、短期气

候预测等各个时间尺度上有效提高了预报技巧，展

现出了较好的应用前景。

２　误差订正技术研究进展

一般预报误差可以分为系统性误差和非系统性

误差两种（邵爱梅等，２００９），前者是不随时间变化

的部分，常由大量预报误差的时间平均得到，表征了

模式平衡态相对于实际气候态的漂移；后者则是随

流型变化的部分，即依赖于大气状态变量，又包含随

机误差。针对不同的误差，订正方法也可相应地分

为两类：系统订正和依流型订正（Ｄａｌｃｈｅｒ，ｅｔａｌ，

１９８７）。

２．１　系统订正

系统订正的订正量不依赖于模式变量，常用的

方法是计算大量回报误差的平均值（考虑季节变化

和日变化），将其叠加到对应预报时效的当前输出结

果上。曾庆存等（１９９０）在短期气候预测中采取了一

种简便有效的方法去除模式的气候漂移，即将预报

场的气候平均用实况的气候平均代替，将预报场的

距平叠加到实况的气候平均上作为预测值。之后又

提出了一系列误差订正方案（Ｚｅｎｇ，１９９４），如最大

似然、最小偏差、经验正交函数分解（ＥＯＦ）订正法

等，并在中国科学院大气物理研究所两层大气环流

模式中取得了订正效果（林朝晖等，１９９８；赵彦等，

１９９９；周广庆等，１９９９；王会军等，２０００；李芳等，

２００６）。此外，根据大量回报和历史实况资料建立统

计关系的方法在预报中也较为常用，例如早期发展

的ＰＰ法和 ＭＯＳ法（Ｋｌｅｉｎ，ｅｔａｌ，１９５９；Ｋｌｅｉｎ，

１９７１；Ｇｌａｈｎ，ｅｔａｌ，１９７２），利用历史观测或预报结

果建立环流场与天气实况之间的统计关系进行预

报。这些方法均是在预报完成后对结果的后处理，

一般称之为事后订正（Ｄａｎｆｏｒｔｈ，ｅｔａｌ，２００７）。因

３１０１于海鹏等：数值预报误差订正技术中相似动力方法的发展　　　　　　　　　　　　　　　 　　　 　　　　　　　　　
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其操作简便，得到了广泛的应用，但缺点是没有考虑

模式积分过程中内部误差和外部误差的非线性相互

作用（Ｄａｎｆｏｒｔｈ，ｅｔａｌ，２００７）。

与之不同的是过程订正，即在模式积分过程中

加入强迫项以抵消倾向误差，从而抑制误差的非线

性增长（Ｄａｎｆｏｒｔｈ，ｅｔａｌ，２００８ａ）。由于订正的是模

式变量在积分过程中的变化倾向，因此又叫倾向误

差订正。这其中最为常用的是张弛逼近技术，它来

源于资料同化，通过在预报方程中增加一个强迫项

使预报接近观测值（Ｈｏｋｅ，ｅｔａｌ，１９７６；Ｊｅｕｋｅｎ，ｅｔ

ａｌ，１９９６）。有学者将张弛逼近技术和事后订正方

法进行了对比，表明二者均能有效提高预报技巧，但

在二者效果的优劣上存在不确定性。Ｄａｎｆｏｒｔｈ等

（２００８ａ）的研究表明在１天后张弛逼近技术相对于

事后订正表现出更好的订正效果；Ｓａｈａ（１９９２）结果

表明张弛逼近技术在预报技巧上并没有体现出优

势；而Ｊｏｈａｎｓｓｏｎ等（１９８９）的结果表明，张弛逼近技

术对小尺度有更好的改进效果，但可能会破坏瞬变

能量的守恒性。这些差异说明二者的订正性能很大

程度上依赖于所采用的模式，而过程订正中强迫项

的量级过大易破坏模式变量间的协调性（Ｄａｎｆｏｒｔｈ，

ｅｔａｌ，２００８ａ）。

为了对强迫项给出合理估计，Ｋｌｉｎｋｅｒ等（１９９２）

利用一步积分的平均结果估计倾向误差，通过依次

关闭每个独立的参数化方案以得到各项的贡献，并

发现重力波参数化过程起主导作用；Ｋａａｓ等（１９９９）

将几个低分辨率的大气环流模式向一个高分辨率的

大气环流模式进行张弛逼近以得到水平扩散的经验

作用函数，从而使得动能谱和观测更加接近，并减小

了大尺度系统误差。以上两种方法操作上较为复

杂，对实际预报模式而言一般采取经验估计的方式，

即将大量预报误差和对应预报时间的比值进行集合

平均作为强迫项。这类方法实际上是假设预报误差

随时间线性增长（Ｙａｎｇ，ｅｔａｌ，２００８），这就要求预

报时效不宜过长。对于预报时效的取法，不同研究

有差异。Ｄａｎｆｏｒｔｈ等（２００７）将其设为与分析资料

间隔一致的６ｈ，将近５年内相同月份的所有６ｈ预

报误差进行平均；Ｓａｈａ（１９９２）将预报起始时刻前１

个月内所有２４ｈ预报误差进行平均，以避免日变化

的影响；Ｙａｎｇ等（２００８）则是将多年的６、１２、１８和

２４ｈ的预报误差进行平均，从而避免了倾向误差在

不同预报时段内变化的影响。

上述经验性订正易于实现，但并不能保证所加

入的强迫项是最优的。最优往往和变分方法相联

系，在传统的四维变分同化（４ＤＶａｒ）中假定模式是

准确的，无法考虑模式误差的作用；Ｂｅｎｎｅｔｔ等

（１９９２，１９９６，１９９７）发展的弱约束四维变分同化考

虑了模式误差的存在，通过在目标函数中加入模式

倾向误差项达到同时减小初值误差和模式误差的目

的。该类方法通过一些简单模式和复杂模式的试验

取得了显著的订正效果（Ｄｅｒｂｅｒ，１９８９；Ｚｕｐａｎｓｋｉ，

１９９３；Ｔｒéｍｏｌｅｔ，２００７；Ａｋｅｌｌａ，ｅｔａｌ，２００９），但该

方法需要先验地给定倾向误差的形式，在应用中需

要针对模式反复试验进行确定。另外，四维变分同

化的求解受到伴随模式的限制，而模式误差项的加

入更增加了计算量，这无疑增大了该方法的推广难

度。

２．２　依流型订正

有部 分 研 究 （Ｓａｈａ，１９９２；ＤｅｌＳｏｌｅ，ｅｔａｌ，

１９９９，２００８）表明，系统订正仅能有效减小系统误

差，对非系统误差作用较小，这意味着发展依流型订

正是非常必要的。

Ｌｅｉｔｈ（１９７８）利用统计方法建立了倾向误差和

模式状态变量距平的关系，即将强迫项表达为状态

变量的线性函数，通过大量样本给出了统计模型。

虽然是在线性假设下进行的推导，但试验表明对非

线性模式的误差也有改进效果。这一著名工作被后

续进行了深入研究，Ｄｅｌｓｏｌｅ等（１９９９）将该方法应用

到一个准地转模式中，有效提高了预报效果，但误差

协方差矩阵的计算对计算量要求很高。Ｄａｎｆｏｒｔｈ

等（２００７，２００８ａ，２００８ｂ）通过奇异值分解对该方法进

行了降维处理，从而大大降低了计算量。在准地转

模式上进行的６ｈ预报试验结果表明，该方法能够

在误差大值区有效减少误差，但全球的提高量相对

较小。上述方法的共同点是需要一个训练样本序列

以建立误差协方差矩阵，这意味着所建立的统计模

型严重依赖于所选取的样本，其稳定性难以保证；一

旦模式有了改进或者变动，误差协方差矩阵的重建

需要重新进行大量计算和调试，不便于移植（郑志

海，２０１３）。

４１０１　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　犃犮狋犪犕犲狋犲狅狉狅犾狅犵犻犮犪犛犻狀犻犮犪　气象学报　２０１４，７２（５）
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对于线性系统而言，建立统计关系是一个有效

的解决方案，并且样本量越大，其可靠性越高；但对

于非线性系统，改进效果和样本之间的关系变得不

稳定，也并非样本量越大效果越好，因此，样本的选

取非常重要（丑纪范等，２００６）。在大气和海洋的演

变中广泛存在相似现象（赵宗慈等，１９８２；王绍武

等，１９８３），对于相似的两个大气状态，其演变规律

往往相似，这种现象为订正样本的选取提供了参考。

例如，陈伯民等（２００３，２００４ａ，２００４ｂ）基于相空间

重构理论和非线性时空序列预测方法，寻找历史相

似状态的信息预报当前状态，构建了纬向平均月尺

度逐候非线性动力学区域预报模型，并用非线性预

报结果在模式积分过程中实施过程订正。试验表明

不仅减少了纬向平均误差，对部分波分量也有明显

改进，这表明相似现象对提高预报效果具有参考价

值。

基于上述考虑，中国学者将相似现象与动力模

式相结合，发展出一套用于误差订正的相似动力方

法。下面将对该方法的基本原理和演化过程进行系

统介绍，并重点讨论其在不同预报领域中的发展。

３　相似动力方法的发展

３．１　相似现象与相似预报

大气和海洋中广泛存在相似现象，基于这种现

象进行的相似预报方法很早就已经形成并被广泛采

用。该方法的依据是对于两个相似的初始状态，当

大气处于稳定流型时，由于大气的连续演变性，这种

相似性可以在天气时间尺度内得以维持。而在月和

季节尺度中，也存在明显的相似韵律现象，即大气环

流在长期演变中存在相似—不相似—相似的交替过

程，这种现象的成因与上述天气尺度的规律不同。

对于其形成的动力学机制，黄建平等 （１９８９ａ，

１９９０ａ，１９９１）通过海气耦合模式进行了研究，认为

这种现象的产生是由于在月平均环流季节变化的强

迫下，海气系统非线性反馈造成的相似离差扰动的

不均匀振荡，这种不均匀振荡和大气环流的不均匀

变化密切相关。首次发现相似现象不是大气或海洋

自身的演变形成的，海气耦合作用在相似形成中起

了关键作用，而月平均环流季节变化显著增大了离

差扰动的振幅。该研究表明海洋和季节变化是相似

选取时需要考虑的重要因素，对相似预报具有实际

指导意义。

相似预报被广泛应用于天气和气候预测。

Ｌｏｒｅｎｚ（１９６９）曾用自然相似样本来研究预报误差增

长的可预报性，其结果同时表明，找到较严格的相似

样本是非常困难的，这一结论被 ＶａｎｄｅｎＤｏｏｌ

（１９９４）证实。但这并不意味着相似性在天气预报中

无用武之地，ＶａｎｄｅｎＤｏｏｌ（１９８９，１９９１）相继提出

了区域相似、构造相似（ＶａｎｄｅｎＤｏｏｌ，ｅｔａｌ，２００３）

等概念，而Ｂａｒｎｅｔｔ等（１９７８）通过经验正交分解对

多维状态空间进行降维，提取出描述气候系统演变

的“相似气候状态向量”进行相似选取。相似预报的

不断发展使其在ＮＣＥＰ实现了业务化（Ｌｉｖｅｚｅｙ，ｅｔ

ａｌ，１９８８）。

将未来状态看作过去状态的重复再现，这种考

虑过于简化（任宏利等，２００７ａ）。在相似预报基础

上发展起来的相似动力方法，将相似方法与动力模

式相结合，成为提高数值预报技巧的一个途径。

３．２　相似动力方法的提出

相似动力方法最早于１９７９年提出，其基本思

想是“把要预报的场视为叠加在历史相似上的一个

小扰动，就可以把天气学的预报经验吸收到数值预

报中来”（丑纪范，１９７９）。相对于经典的数值预报

而言，该方法承认了倾向误差的存在，并通过历史相

似对倾向误差进行估计。

数值预报是作为偏微分方程的初值问题提出来

的，可以表示为

ψ
狋
＝犔（ψ） （１）

ψ（狋０）＝ψ０ （２）

式中，ψ为模式状态变量，犔为数值模式算子，狋０ 为

预报初始时刻，ψ０ 为模式初值。由于模式误差的存

在，模式大气与实际大气的状态演变不同。将模式

倾向误差算子表示为犈，则实际大气的状态变量φ

的演变可描述如下

φ
狋
＝犔（φ）＋犈（φ） （３）

这里将犈视为状态变量的函数，这与Ｌｅｉｔｈ（１９７８）

的观点是一致的。对比式（１）和（３）发现，假定模式

倾向误差可以得到，将其加入模式中可以在每一时

间步对模式倾向进行强迫，使模式状态向实际状态
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接近。从历史资料中选择一个相似参考态，将当前

状态变量视为叠加在历史相似上的一个扰动，即φ

＝珘φ＋^φ，珘φ为相似状态变量，^φ为相似离差。相似参

考态作为大气的历史演变，满足以下关系

珘φ
狋
＝犔（珘φ）＋犈（珘φ） （４）

将式（３）和（４）相减，可以得到离差方程

^φ
狋
＝犔（珘φ＋^φ）－犔（珘φ）＋犈（珘φ＋^φ）－犈（珘φ）（５）

　　求解倾向误差本身是非常困难的，为了避免倾

向误差的计算，相似动力方法做了如下近似，将当

前的倾向误差项用历史相似对应的倾向误差近似代

替，即得到相似动力模式

^φ
狋
＝犔（珘φ＋^φ）－犔（珘φ） （６）

　　该方程的控制变量不再是预报变量本身，而是

当前变量相对于相似状态变量的扰动。根据该方程

求解得到扰动变量的演变规律后，叠加到相似状态

变量上即得到当前预报场。将式（１）和（６）与（４）对

比可以发现，该方法与原预报的差别在于，原预报式

（１）将整个倾向误差项全部省略，而该方法式（６）省

去的仅仅是当前倾向误差和相似参考态倾向误差之

间的差别，考虑了环流异常相似演变的作用，因此在

理论上有更高的精度。这同时对相似的选取提出了

要求，在初值相似的同时，尽量保证气候环境和边界

状况相近（邱崇践等，１９８９）。

３．３　相似动力方法的早期发展

方法提出后，首先考察了参考态在多高的相似

度下，新方法会优于原预报。邱崇践等（１９８９）在一

个准地转正压涡度方程中分别引入强迫源误差、地

形高度误差和次网格误差，试验表明相似动力方法

均能有效减少预报的均方差。通过定义一个相似指

标发现该方法对参考态与预报量之间的相似度要求

不高，但对相似度有依赖性，提高量随相似度的提高

而增大，随预报时效的延长而增大。

环流异常在长期演变过程中具有正压性（周琴

芳等，１９８９；杨成彬等，１９９０；黄建平等，１９８８；

１９９０ｂ）、驻波性（衣育红等，１９９０）和相似性等特点，

黄建平等（１９９０）将其引入到长期数值模式中，发展

了一套准地转斜压海气耦合模式（黄建平等，

１９９２，１９９３），并建立了对应的相似离差方程，首次

采用相似动力方法进行了季节预测试验（Ｈｕａｎｇ，

ｅｔａｌ，１９９３）、月预报试验（Ｈｕａｎｇ，ｅｔａｌ，１９９１）和汛

期洪涝预测（黄建平等，１９９３ｂ）。采用预报与实况

的距平同号率作为评分，结果显示能够较准确地反

映５００ｈＰａ主要距平中心。冬季（１月）报夏季（８

月）的８年平均预测结果（黄建平等，１９９１ａ）表明，

５００ｈＰａ平均准确率达５６．８％，地表温度达５５．４％；

夏季（７月）报冬季（２月）的８年平均预测结果（黄建

平等，１９９３ａ）表明，５００ｈＰａ平均准确率达５７％，地

表温度达５５．７％。预报效果明显优于传统的相似

预报，且随着预报时效的延长，优势更明显。该工作

为预报技巧较低的季节预测提供了新思路。

简单模式的试验成功表明了相似动力方法的

有效性。为考察该方法在复杂模式中的可行性和提

高月尺度业务预报水平，鲍名等（２００４）将该方法应

用到中国国家气候中心Ｔ６３Ｌ１６月动力延伸业务预

报模式（李维京等，２００５）中，以该模式为动力核建

立了相似动力月预报模式。突破了选取单个相似

成员的局限，从历史资料中选取了多个样本进行相

似动力预报，并将预报结果进行集合平均。将

２００２年１２个月作为试验对象，结果显示引入集合

平均后效果优于单个相似成员预报，全球距平相关

系数（ＡＣＣ）平均提高０．２，均方根误差（ＲＭＳＥ）减

少１２ｇｐｍ。从不同区域和不同尺度的对比发现，热

带、副热带地区改进最为明显；行星尺度波的改进效

果在预报１５日以后较控制预报有所改善，但天气尺

度波预报技巧没有改进。这表明，该方法对预报技

巧的提高主要体现在延伸期。

３．４　方法的简化———相似预报误差订正

在中国学者发展相似动力方法之后，Ｄ’Ａｎ

ｄｒｅａ等（２０００）独立提出了一种利用历史相似估计

倾向误差的方法。该方法使用四维变分同化技术得

到历史相似样本的倾向误差的最优估计，将其作为

当前预报的强迫项加入到模式中。可见其思想是和

相似动力方法等价的，都是将当前倾向误差用相似

参考态对应的倾向误差近似代替。不同之处在于该

方法利用变分技术求解式（４）得到犈（珘φ）后代入式

（３）中进行预报；而相似动力方法将式（３）和（４）作

差，并建立了新的方程。这也同时表明相似动力方

法是一种合理并有效的误差订正技术，中国学者较
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早地领先其他国家开展了这方面的研究（任宏利，

２００６）。

四维变分同化技术巨大的计算量使得 Ｄ＇Ａｎ

ｄｒｅａ的方法仅仅在准地转斜压模式上进行了试验，

难以应用到复杂业务模式。而上述相似动力方法

虽然避免了编写伴随模式来求解强迫项，但需要重

新建立相似离差方程，这很大程度上限制了在复杂

模式中的应用。

针对此问题，Ｒｅｎ等（２００９）对原有的相似动力

方法进行了简化，由原有的倾向误差相似简化为预

报误差相似，即认为相似样本具有相似的预报误差，

进而利用若干相似样本对应的预报误差估计当前预

报误差，以避免求解倾向误差。预报过程中将预报

时段分为若干订正间隔，在每个间隔处用对应相似

样本的预报误差的集合平均叠加到当前预报结果

上。不再是在每个时间步长上进行强迫，而是每隔

若干时间步长进行一次事后订正。考虑到相似持续

时间有限，每隔一定时间后重新选取相似。这些改

进避免了重新建立数值模式，增强了方法的可操作

性和可移植性。选取２４个个例在中国国家气候中

心Ｔ６３Ｌ１６模式上进行了月平均预报试验（任宏利

等，２００６ｂ），全球距平相关系数平均提高０．１，均方

根误差降低了７．４９ｇｐｍ，对热带地区的改善最为明

显。从预报不同时段看，对逐日预报技巧的提高主

要在一周以后，且主要集中在行星尺度波部分，对天

气尺度波几乎无提高。此外，通过 ＮＣＣ／ＩＡＰＴ６３

海气耦合模式进行了夏季降水的预测试验（任宏利

等，２００７ｂ），２３个个例平均结果表明对夏季降水的

全球距平相关系数提高０．０９２，对东亚地区提高

０．１２４。

３．５　延伸期预报中的发展———基于可预报分量的

相似动力方法

对相似动力方法以及传统的相似预报而言，相

似场的选取始终是核心问题。一方面，数值模式对

初值敏感，难以保证相似初值之间预报误差演变规

律的一致性；另一方面，数值模式具有很大自由度，

选取理想的相似初值很困难（郑志海等，２０１３ｂ）。

丑纪范等（２０１０）针对大气系统的混沌特性，从

误差增长的角度给出了分离延伸期可预报分量（对

初值误差不敏感的分量，可用数值模式预报）和不可

预报的随机分量的方法。郑志海等（２００９，２０１０）基

于此理论，通过将历史资料作经验正交函数分解提

取出气候吸引子（汪守宏等，１９８９；黄建平等，

１９８９ｂ）基底，对模式变量以此基底展开后滤除随机

分量，保留可预报分量，针对可预报分量进行数值预

报，并发展了基于可预报分量的相似动力方法。避

免了小尺度分量预报误差快速增长的影响，更能针

对可预报分量进行确定性预报。由于可预报分量对

初值不敏感且自由度小，用它进行相似选取避免了

上述两方面的困难。在Ｔ６３Ｌ１６模式上进行了６—

１５ｄ中期预报试验（郑志海等，２０１３ｂ），将基于可预

报分量的相似动力方法和可预报分量数值模拟结

果进行了对比，结果表明相似动力方法对１０ｄ以

后预报技巧有提高作用。但其具体表现与上述研究

结果不同：第一，对环流场的距平相关系数提高最明

显的区域在南半球热带外，而并非在热带地区；第

二，对天气尺度波预报效果略有提高，这表明基于可

预报分量的相似动力方法可能在一定程度上抑制

小尺度分量预报误差的增长，也可能是由于行星波

尺度的改善通过高低频相互作用部分制约了天气尺

度波误差的增长。而对于不可预报的随机分量，利

用历史资料中相似的强迫给出可能的概率分布。针

对两种分量的不同特性，采用历史相似分别估计可

预报分量的预报误差，并将历史相似对应的随机分

量相加形成集合预报。与中国国家气候中心的业务

动力延伸集合预报系统的对比（郑志海等，２０１２）表

明，６—１５ｄ平均的距平相关系数评分提高了０．１２，

均方根误差减少了１２．３６ｇｐｍ。

上述研究从历史实况资料中提取气候吸引子作

为基底，这种方法易于操作。但实际上模式大气与

实况大气之间存在气候漂移，其气候吸引子也不相

同；而且将气候吸引子基底固定，不能考虑大气流型

的特殊性和时间演变（王启光等，２０１４）。因此，利

用历史资料确定的大尺度分量，与数值模式中误差

增长较慢的分量并不能保证对应。为解决此问题，

王启光等（２０１２ａ，２０１２ｂ）基于条件非线性最优扰动

（ＣＮＯＰ）方法（Ｍｕ，ｅｔａｌ，１９９９；王斌等，２００９）提

取出数值模式在给定初值下误差增长较慢的可预报

分量基底，对数值模式中可预报分量进行了相似动

力订正，并将历史相似对应的随机分量进行了集合
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平均，将二者相加形成延伸期预报结果。基于

Ｔ６３Ｌ１６模式对１０—３０ｄ５００ｈＰａ平均环流场的预

报效果进行了比较（王启光等，２０１４），全球平均距

平相关系数由０．０６提高到０．３２，对不同区域也都

有一定提高，其中北半球热带外和热带地区提高明

显，南半球热带外改进较小，这可能与所选取的个例

为北半球冬季（１月）有关。从不同尺度波的预报效

果看，各尺度均有改进效果，行星尺度波最为明显。

３．６　相似动力方法在短期气候预测中的发展

夏季降水预测是短期气候预测的重点和难点，

直接关系到国家防灾、减灾的重大需求，而相似动

力方法在提高汛期预测技巧方面发挥了重要作用。

与上述月平均预报和延伸期预报不同，汛期预测是

边值问题，主要受外源强迫作用，体现出低频信号特

征。因此，在选取相似因子时，不宜仅以初始场为指

标，而应综合考虑外源强迫和海气低频变化。封国

林等（２０１３）基于中国国家气候中心业务模式———

ＢＣＣＣＧＣＭ，利用相似年的预报误差信息对预报年

的预报误差进行估计和订正，发展了汛期降水动力

统计客观定量化预测方法。该方法的核心为相似预

报因子的筛选和组合配置，在正常年份选取最优多

因子组合进行订正，当预报年前期因子出现异常时，

采用异常因子订正方案。针对不同区域影响因素的

差异，王启光等（２０１１，２０１２ｂ）、熊开国等（２０１２ａ，

２０１２ｂ）、Ｘｉｏｎｇ等（２０１１）和杨杰等（２０１１，２０１２）从不

同角度分别建立了针对长江中下游地区、东北地区

和华北地区的动力统计集成预测方案、最优多因子

动态预测方案和动态多因子组合预测方案。该方法

自２００９年开始参加中国夏季汛期会商以来，连续５

年较好地把握了中国夏季的主雨带特征。其中

２００９—２０１２年ＰＳ评分平均为７３分，距平相关系数

平均为０．１６，相比ＢＣＣ＿ＣＧＣＭ 模式系统订正的预

测结果（ＰＳ平均分６３分，距平相关系数平均０．０１）

有较大的提高（封国林等，２０１３）。基于该方法研发

的动力统计集成的季节气候预测系统１．０版本

（ＦＯＤＡＳ１．０）于２０１２年投入业务运行（封国林等，

２０１３），并在多个地区进行了推广。在２０１３年的汛

期预测中，该系统预测结果的ＰＳ平均分７４分，距

平相关系数平均０．２０（赵俊虎等，２０１４ａ），对夏季旱

涝分布的大体形势预测基本正确。在每年的汛期结

束之后，对该方法的预测结果进行了检验和总结，并

对气候异常成因进行了诊断分析（赵俊虎等，２０１１，

２０１３ａ，２０１３ｂ，２０１４ａ，２０１４ｂ）。除上述汛期预测

外，该方法也被应用到关键区域高度场的跨季度预

测中，一定程度上减小了预报误差（赵俊虎等，

２０１３ａ，２０１３ｂ）。

ＥＮＳＯ循环作为年际气候变化中最强信号之

一，与大气环流异常变化有关，对中国气候有重要指

示意义。孙丞虎等（２００６）将相似动力方法应用到

ＥＮＳＯ预测中，以中国国家气候中心的简化海气耦

合模式为平台对Ｎｉｎｏ３指数进行了１２个月的预报

试验。在选取相似时，考虑了 ＥＮＳＯ 预测的特殊

性，将部分相似（仅考虑海表温度）和全相似（考虑海

表温度和风场）进行了对比，结果表明全相似比部分

相似更能反映海气耦合系统的相似程度，且在相似

样本个数为５个、海洋相似更新周期设为２０ｄ、大

气更新周期设为１０ｄ时，预报效果最佳。通过对

１９８０—２００３年 Ｎｉｎｏ３指数的回报试验发现，相似

动力方法的预报效果在整个预报时段均好于控制预

报，１２个月内控制预报的平均距平相关系数和累计

绝对误差分别为０．２９和１３．７８℃，而相似动力方法

对应的预报技巧分别为０．４５和１０．６９℃。

３．７　相似动力方法在中短期预报中的发展

通过以上讨论可以发现，相似动力方法在提高

短期气候预测、月平均预报和延伸期预报领域有效

提高了预报水平，但对中短期预报改进效果不明显

（任宏利等，２００６ｂ）。这归因于相似动力方法的理

论基础，即考虑了环流异常相似演变的动力过程。

这种过程时间尺度大，初始场作用相对较小，低频变

化特征明显，其相似演变规律易于把握。而对于中

短期预报，对初值极为敏感，且存在内部误差的非线

性增长，要通过相似方法进行依流型订正的难度很

大，实现此方法显得尤为迫切。发展中短期预报的

相似动力方法，将能拓展应用领域，是对该方法的

补充和完善。

针对这一问题，Ｙｕ等（２０１４）发展了用于改进

中短期天气业务预报模式的相似动力方法。首先，

上述简化后的相似动力方法认为相似样本具有相

似的预报误差，这与早期的相似动力方法相比无疑

是更大程度的近似，其合理性需要从理论上进行检
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验。通过引入预报误差的连续性定理，在一些假定

条件下，证明了当历史资料足够多时，预报误差可以

构成超空间的连续曲面，当前预报误差可以由曲面

上某邻域内若干点（即相似样本对应的预报误差）插

值得到，从而证明了近似的合理性，并指明了相似

动力订正可以蜕化为控制预报和系统订正。在其实

施过程中，根据中短期天气预报对初值敏感和全球

模式对海温强迫依赖的特点，从季节变化、日变化、

大气环流型和海温类型等方面对相似选取作了严格

要求；同时为避免误差非线性增长对相似性的破坏，

通过敏感性试验确定出中短期预报中最优相似更新

周期为５ｄ。选取了冬季和夏季的４０个个例在中国

自主研发的 ＧＲＡＰＥＳ全球中期预报系统（陈德辉

等，２００９）上进行了回报试验（Ｙｕ，ｅｔａｌ，２０１４），结

果表明相似动力方法将５００ｈＰａ全球可用预报时

效延长了０．８ｄ，最为显著的热带地区延长了

１．２５ｄ，且随着预报时效的延长，提高效果逐渐增

强。通过各层高度场的距平相关系数和均方根误差

的对比发现，相似动力方法在垂直各层均有稳定的

改进效果，预报第１０天各层平均距平相关系数相对

于控制预报提高０．０７，而系统订正相对于控制预报

的平均提高量为０．０３。除了高度场，对温度场和风

场动能也进行了对比分析，发现相似动力方法能够

准确识别各物理量误差的高值区，并能够削弱误差

量级。这充分表明了相似动力方法在中短期预报

中的有效性。

４　总　结

数值模式的发展与误差订正技术的发展并不矛

盾，反而相辅相成。一方面，预报误差不仅仅是内部

误差（初始误差）和外部误差（模式误差）的简单叠

加，而是二者非线性相互作用的结果（陈明行等，

１９８９），要从预报结果中确定误差根源以针对性地正

面改进是非常困难的，因此改变观点很有必要，即承

认预报误差的客观存在，总结其演变规律，建立经验

关系对预报误差进行估计和订正；另一方面，作为动

力方法的数值预报将大气视为一个确定论系统（丑

纪范，２００７），即未来状态是由现在状态和满足的物

理规律所决定的，但数值模式和初值实际上都是大

气真实状态的近似描述，本身存在很大的不确定性，

预报得到的未来状态也必然存在很大的不确定性，

与动力方法不同，统计方法承认未来的不确定性，依

据历史资料和现在状态中所包含的信息对未来状态

进行概率推断，但缺点是没有考虑应满足的物理规

律。可见，动力方法和统计方法各有长短，将动力与

统计相结合（丑纪范，１９８６），发展误差订正技术是

十分必要的。

在误差订正技术研究方面，中国学者将统计方

法与动力模式有机结合，开展了一系列独具特色的

工作，发展了一种基于相似误差订正的预测方法，实

现了在动力预报中有效运用历史资料的相似信息。

本研究回顾了该方法的提出和发展过程，讨论了针

对不同时间尺度预报时需要解决的问题、对应的技

术思路，以及预报技巧改进情况。

通过回顾和讨论可以看到，相似动力方法经过

几十年的努力，逐步发展完善，形成了一套有中国特

色的预报技术方法。从理论提出，到简单模式的试

验成功，再到复杂模式上取得改进效果，最后在中短

期预报、延伸期预报、月平均环流预报和短期气候预

测等各个时间尺度的业务模式上均有效提高了预报

技巧，展现出广阔的应用前景。该方法利用历史相

似提供的预报误差对预报误差进行预报，不但考虑

了模式的系统性误差，还包含了与相似初值相近流

型的模式误差演变信息，且避免了建立预报误差与

模式变量统计关系的困难，具有良好的可操作性和

可移植性（李维京等，２０１３）。

同时，对比近期和早期的相似动力方法可以发

现，为了便于在复杂模式上应用和推广，近期的方法

对早期的方法做了简化，用预报误差取代了倾向误

差，用事后订正取代了过程订正。这样虽然使得方

法能够移植到任意复杂模式，但也带来了问题，即无

法考虑内部误差和外部误差的非线性相互作用

（Ｄａｎｆｏｒｔｈ，ｅｔａｌ，２００８ａ）。因此，一个有意义的发

展方向是，吸取近期方法和早期方法的优势，发展既

简便易行，又能够抑制误差非线性增长的相似动力

方法，进一步提高模式预报水平，为中国数值预报业

务发挥更大作用。

　　致谢：感谢丑纪范院士细致地审阅了初稿并提出了很
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1981～2010 年北京地区极端降水变化特征1 
 

尤焕苓 1  刘伟东 1  任国玉 2 
1 中国气象局北京城市气象研究所，北京 100089 
2 中国气象局气候研究开放实验室，国家气候中心，北京 100081 

 

摘  要  采用北京地区 20 个常规气象站 1981～2010 年逐日降水数据，对北京地区极端降水的空间分布特征进行

了分析。得到以下主要结论：1981～2010 年，北京地区极端降水百分位数（第 90、95 和 99 个百分位数）阈值表

现出较一致的空间分布特征，以第 95 个百分位数阈值计算的极端降水日数与降水阈值和降水量的分布有较大差

异，极端降水量对总降水量的贡献可达 30％～37％，极端降水强度分布与极端降水阈值分布相似。近 30 年，北

京地区多数站点的极端降水量、降水日数和降水强度呈下降趋势，极端降水量以上甸子、怀柔、平谷和观象台下

降较为明显，可达到 40 mm (10 a)–1以上，极端降水强度以顺义、海淀、观象台、大兴和上甸子等站下降较为显著，

每 10 a 降水强度减小趋势可达 4 mm d–1，极端降水日数变化分布与极端降水量变化分布类似，极端降水强度变化

与降水量和降水日数变化的分布有明显不同。 
关键词  极端降水  降水日数  降水强度  北京 
文章编号  1006–9585（2014）01–0069–09         中图分类号  P446         文献标识码  A 
doi:10.3878/j.issn.1006-9585.2012.12143 

 

Variation Characteristics of Precipitation Extremes in Beijing 
during 1981–2010 

 
YOU Huanling1, LIU Weidong1, and REN Guoyu2 

1 Institute of Urban Meteorology, Beijing, China Meteorological Administration, Beijing 100089 

2 Laboratory for Climate Studies, China Meteorological Administration, National Climate Center, Beijing 100081 

 

Abstract  Daily precipitation data of 20 national stations in Beijing area during 1981–2010 are used to study the extreme 
precipitation exceeding relative thresholds (upper 90th, 95th, and 99th percentiles of precipitation for local sites and given 
time). The results show that the relative thresholds of 90th, 95th, and 99th percentiles have a similar spatial distribution. 
The distribution of extreme precipitation days shows a significant difference from the precipitation amount and relative 
threshold calculated as the upper 95th percentile. The extreme precipitation amount can account for 30%–37% of the total 
precipitation amount. The distribution of extreme precipitation intensity is consistent with the extreme precipitation 
threshold. In the recent 30 years, the extreme precipitation amount, days, and intensity of most stations in Beijing area 
have shown apparent decreasing trends. In Shangdianzi, Huairou, Pingu, and Guanxiangtai stations, the decreasing trend 
of extreme precipitation amount is obvious, reaching a value of 40 mm (10 a)–1. In Shunyi, Haidian, Guanxiangtai, Daxing, 
and Shangdianzi stations, the decreasing trend of extreme precipitation intensities is more pronounced, with precipitation 
intensity being as low as 4 mm d–1 (10 a) –1. The distribution trend of extreme precipitation amount is positively related to 
the precipitation frequency and that of extreme precipitation intensity is inconsistent with the precipitation amount, 
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frequency, and patterns of distribution. 
Keywords  Extreme precipitation, Precipitation day, Precipitation intensity, Beijing 

 

1  引言 

极端降水事件常与洪涝灾害密切相关。为掌握

中国极端降水事件的变化规律，许多学者利用不同

的指标，对降水量、降水频率、降水强度的极值变

化做了大量的研究。任国玉等（2010）研究表明，

在气候变化背景下，总降水量增大的区域，极端强

降水事件出现的机率有可能增加；即使平均总降水

减少的区域，一些地点的强降水量及其降水频数也

有增加。翟盘茂等（2007）、王小玲和翟盘茂（2008）
的研究表明，近 50 年来我国多数地区极端强降水

量或暴雨降水量在总降水量中的比重有所增加，极

端强降水或暴雨级别的降水强度增强，年降水日数

趋于减少，有暴雨出现地区的年平均暴雨日数呈微

弱增多趋势，但其时空差异较大。Zhai et al.（2005）
采用超过气候标准期中日降水量序列的第 95 个百

分位数的天数，作为台站极端强降水气候事件的度

量，发现中国地区年极端强降水日数的趋势变化的

空间分布特征与年降水量和暴雨日数相似。王萃萃

和翟盘茂（2009）研究发现，我国北方尤其是在华

北南部，大城市极端降水强度和频数增加的趋势比

周围大，华北东南部大城市极端降水强度呈较明显

的增强趋势。Wang and Zhou（2005）利用 1961～
2001 年我国的台站资料，发现西南、西北北部和华

东极端降水事件频率有增加趋势，华北、华中有减

少趋势，而且这种趋势与平均降水变化趋势空间分

布一致。Alexander et al.（2006）的研究也发现了华

北极端降水事件频率有减少趋势。张爱英等（2008）
分析了近 45 年来华北中北部极端降水事件频率变

化时空特征，发现平均年最大日降水量呈下降趋

势，强降水事件频率变化不大，但其在总降水日数

中的比重有所增大，20 世纪 90 年代中期以后这种

现象比较明显。王冀等（2012）利用华北地区 84 个
气象台站 1961～2009 年的资料分析得到了华北地

区极端降水量、降水次数和降水强度均呈下降趋势

的结论。Tu et al.（2010）对华北降雨进行研究指出，

华北 1954～2006 年降水及频次均减少，但大暴雨

频次并未减少。郭军等（2010）利用环渤海地区 60
个测站 1961～2008 年逐日降水资料，发现山东南

部、河北西南部、辽宁西部与河北东北部等区域具

有较高极端降水值。 
虽然很多研究者在极端气候方面做了大量的

研究，但对于北京这样一个地形复杂、城市化高速

发展的较小的区域，通常仅采用北京观象台站的极

端气候特征作为北京地区的特征，而对于北京地区

各站极端气候事件的相关研究较少。因此，本文选

取北京地区 1981～2010 年的 20 个常规气象站日降

水资料对北京地区极端降水特征进行研究，以期了

解北京地区极端降水量、降水日数和降水强度等的

变化特征，从一个新的角度分析北京地区极端降水

的特征，对于深入理解北京地区降水变化规律以及

评估区域气候特征、提高城市适应气候变化能力等

具有重要意义。 

2  资料与方法 

本文采用北京地区 20 个常规气象站 1981～
2010 年逐日降水数据，分析极端降水事件变化趋势

和极端事件的空间分布。北京地区地形复杂，气候

的地域差异明显，仅用绝对阈值定义日降水极端事

件，在各个区县之间缺乏可比性。因此，本文采用

国际上在气候极值变化研究中常见的将某个百分

位值作为极端值的阈值检验方法，定义基于日降水

量的极端降水指数。具体采用 1981～2010 年日降

水量大于 0.1 mm 的按升序排列的第 90%、95%、

99%的降水量值作为该测站极端降水量的阈值，年

极端降水日数指一年中日降水量超过该极端降水

阈值的日数，年极端降水强度指超过极端降水阈值

的年极端降水总量与年极端降水日数的比值。以极

端降水事件为例，95%极端降水阈值的计算方法 
为：把 1981～2010 年逐年日降水量大于 0.1 mm 的

降水量按升序排列，将第 95 个百分位值的降水量

值定义为极端降水事件的阈值，当某站某日降水量

超过了该站的阈值时，就称该日该站出现了极端降

水事件。具体算法为： 
参照 Bonsal et al.（2001）的方法，如果某个气

象要素有 n 个值，将这 n 个值按升序排列，某个值

小于 x1, x2,…, xm,…, xn 或等于 xm的概率为： 
P=(m–0.31)/(n + 0.38)，     （1） 
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其中，m 为 xm的序号，n 为某个气象要素值的个数，

如果有 100 个值，那么第 95 个百分位上的值为排

序后的 x95（P=94.3%）和 x96（P=95.3%）的线性插

值。 

3  结果与分析 

3.1  极端降水事件空间分布 

从表 1 可以看出，对于第 90 百分位的极端降

水事件，降水阈值为 16.8～24.8 mm，均在中雨雨

量范围内，对于第 95 百分位的极端降水事件，降

水阈值为 23.9～37.5 mm，除延庆站外均在大雨雨

量范围，第 99 百分位的降水阈值为 43.1～79.6 mm，

除延庆、佛爷顶、汤河口和斋堂站外，降水阈值均

处在暴雨雨量范围。几种降水阈值都表现出类似的

分布特征，即在北京地区东部和南部地区以及城区

降水阈值较大，而在北京西部及其西北部山区，降

水阈值较小（图 1）。尤莉等（2010）统计了内蒙古

116 个单站 1961～2008 年的逐日降水量，发现第

90 和第 95 百分位的极端降水阈值分别为 2.1～14.2 
mm 和 4.0～23.8 mm。总体可见，北京地区极端降

水阈值明显高于内蒙古地区。极端强降水阈值的空

间分布与年降水量的分布相似，说明极端强降水与

年降水量关系密切。同时，相对阈值方法检测出了

西部山区暴雨以下量级但可能形成一定灾害的极

端降水。因第 90 个、第 95 个和第 99 个百分位的

降水极端事件的阈值空间分布相近，以下主要针对

第 95 个百分位的降水极端事件进行分析。 
 
表 1  1981～2010 年北京地区 20 个气象站第 90、95 和 99
个百分位数的极端降水阈值 
Table 1  The upper 90th, 95th, and 99th percentile extreme 
precipitation threshold in Beijing during 1981–2010   mm 

站名 第 90 百分位 第 95 百分位 第 99 百分位 
顺义 22.90 35.55 79.70 
海淀 22.93 35.39 71.81 
延庆 16.70 24.70 42.72 
佛爷顶 17.24 25.69 46.75 
汤河口 16.80 25.74 48.61 
密云 23.04 36.40 80.20 
怀柔 24.30 35.10 74.20 
上甸子 21.51 33.00 66.19 
平谷 24.50 37.00 73.51 
通州 22.30 34.30 64.06 
朝阳 24.30 34.73 73.71 
昌平 18.50 28.08 67.62 
斋堂 16.80 23.20 46.86 
门头沟 22.92 33.30 74.44 
观象台 22.38 32.85 65.35 
石景山 21.77 33.90 66.32 
丰台 21.90 35.43 68.73 
大兴 21.99 32.87 67.93 
房山 20.70 34.18 66.70 
霞云岭 21.20 34.08 72.52 

图 1  北京地区 1981～2010 年第 95 百分位降水量阈值 

Fig. 1  Distribution of the 95th percentile extreme precipitation threshold in Beijing during 1981–2010 
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由图 2 可以看到，北京地区极端降水量从西南

部到东北部以及城区较强，极端降水量可达190 mm
以上，而在西部和东南部逐渐减少，降水量在 180 
mm 以下。极端降水量大值区主要分布在北京的上

甸子、密云、海淀、朝阳、门头沟、丰台和房山等

站。这种分布和降水的气候平均态以及大雨和暴雨

分布较为类似，也反映了极端降水对于降水的贡献

非常大，用百分位方法确定的极端降水阈值是合理

的。同时可以看出，在北京城区、城区东北部盛行

风下风方向和城区西部、东南部郊区的降水差异，

北京地区主城区下风方的东北区降水量最大，表现

出明显的“城市雨岛效应”，这主要是由于夏季北

京地区多处于北支低槽区域和副高控制下西南暖

湿气流的冷暖空气交汇处，有利于降水频繁发生。

另外北京城市化产生的城市热岛、建筑物对天气系

统移动减速及更多凝结核对暴雨起增幅作用所引

起的（陈静和刘琳，2011）。 
北京地区极端降水日数平均为每年 3.16～4.24 

d（图 3），极端降水日数与极端降水阈值和极端降

水量的分布有较大差异，表现出极端降水阈值小的

站点其极端降水日数较多。从西南至北部，沿山区

分布，极端降水日数较大，如佛爷顶站极端降水日

数大约在 4 d 左右，而在城区及其附近降水日数较

少，大约在 3.4 d 左右，对应极端降水量分布，表

明这些站点极端降水量大而极端降水日数小。对于

佛爷顶站，其极端降水量不大，但极端降水日数较

多。对于密云、平谷和门头沟等站，其极端降水量

大、极端降水日数少的特点更加显著。这主要是由

于北京西部和北部山区受北方频发的冷空气影响，

与来自北京东南的暖湿空气受燕山、太行山的抬

升，在山前迎风坡形成多雨区，而背风坡则形成少

雨区，造成系统性降水过程增多，从而导致降雨日

数多的原因（徐宗学等，2006）。 
极端降水量对年总降水量的贡献可以通过年

极端降水量在全年总降水量中所占的比例来衡量，

在一定程度上反映了一个地区降水量年内分布情

况。北京地区极端降水量对总降水量的贡献为

30％～38％（见图 4），其中霞云岭、房山、昌平、

顺义、门头沟等站点极端降水对总降水量贡献较

大，达到了 36%以上，说明这些地区的极端降水在

更大程度上决定了该地区总降水量的大小。而延

庆、汤河口、佛爷顶和斋堂这些山区站，极端降水

对总降水量的贡献较小，不到 33%。同郭军等

（2010）得出的京津唐地区极端降水量对年降水量

的贡献超过了 30%的结论比，与本研究的结果基本

一致，其差异主要同极端降水阈值的确定时限、研

究站点和所研究的时期有关。 
极端降水强度是衡量极端降水的重要指标，强

图 2  北京地区 1981～2010 年年平均极端降水量分布 

Fig. 2  Distribution of annual extreme precipitation amount in Beijing during 1981–2010 
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度越大造成灾害的可能性越大。图 5 所示，北京地

区多年平均年极端降水强度分布与极端降水阈值

分布相似，即在东北部和城区降水强度较大，可达

56 mm d–1，而在北京西部、北部山区降水强度较 
小，低于 48 mm d–1。其中在顺义、密云、怀柔、

平谷和霞云岭等地高于 60 mm d–1，而在延庆、汤

河口、佛爷顶和斋堂等地低于 41 mm d–1。由于北

京受地形和城市的影响，造成其降水强度分布不均

匀。结合阈值分布，说明阈值大的地方，其降水强

度也大，形成灾害的风险也大。 

图 3  北京地区 1981～2010 年极端降水日数年平均空间分布  

Fig. 3  Distribution of annual extreme precipitation days in Beijing during 1981–2010 

图 4  北京地区 1981～2010 年极端降水量对总降水量的贡献 

Fig. 4  Contribution of the extreme precipitation amount to total precipitation in Beijing during 1981–2010 
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3.2  极端降水事件时间变化 
近 30 年北京地区极端降水量变化趋势（图 6）

表明，大部分站点的极端降水量均呈现出下降趋

势，而以上甸子、怀柔、平谷和观象台下降最为明

显，大于 40 mm（10 a）–1，佛爷顶、延庆站则有小

幅上升，大约在 10 mm（10 a）–1，其它站点的极端

降水量变化在－40～0 mm（10 a）–1范围内。总体

上看，北京东北部、顺义、昌平和城区极端降水量

下降较多。极端降水日数变化是造成极端降水量变

化的主要因素之一，极端降水日数变化分布（图 7）
与极端降水量变化分布相似。可以推知，北京地区

极端降水量的减少原因之一是因为极端降水日数 

图 5  北京地区 1981～2010 年平均极端降水强度分布 

Fig. 5  Distribution of the mean extreme precipitation intensities in Beijing during 1981–2010 

图 6  北京地区 1981～2010 年年平均极端降水量变化趋势  

Fig. 6  The trend of annual extreme precipitation amount in Beijing during 1981–2010 
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减少所造成的。该结论与王冀等（2012）利用华北

地区 84 个气象台站 1961～2009 年资料分析得到的

华北地区极端降水量、降水次数和降水强度均呈下

降趋势的结论一致。但这与 Tu et al.（2010）研究

得出的华北地区 1954～2006 年大暴雨频次并未减

少的结论有所不同，其主要原因是所研究的时段、

降雨量级和区域的范围等不同所造成的。 
图 8 所示的极端降水强度变化趋势与极端降水

量和极端降水日数变化趋势的分布有明显不同，可

以看出在北京西部、西北部、北部和东部多数地区

图 7  北京地区 1981～2010 年年平均极端降水日数变化趋势  

Fig. 7  The trend of annual extreme precipitation days in Beijing during 1981–2010 

图 8  北京地区 1981～2010 年极端降水强度变化趋势空间分布   

Fig. 8  The trend of mean extreme precipitation intensities in Beijing during 1981–2010 
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极端降水强度减小，其中顺义、海淀、观象台、大

兴和上甸子等 5个站每 10 a降水强度减小趋势大于

4 mm d–1；而在北京平谷、昌平和门头沟等台站，

极端降水强度有弱增强趋势。总体上看，在西南部

平原地区，降水强度减小明显，而在西部北部山区，

降水强度减小不明显。 

4  结论与讨论 

本文采用北京地区 20 个常规气象站 1981～
2010 年逐日降水数据，分析了北京地区 1981～2010
年极端降水阈值、极端降水量、极端降水日数、极

端降水强度及其变化趋势的分布，得到以下结论： 
（1）对于北京地区 1981～2010 年的极端降水

阈值，降水量最强的 10%极端降水阈值均在中雨雨

量范围内；对于降水量最强的 5%，其极端降水阈

值除延庆站均在大雨雨量范围；而对于降水量最强

的 1%的极端降水阈值，除延庆、佛爷顶、汤河口

和斋堂，其降水阈值均处在暴雨雨量范围。几种降

水阈值均表现出一致的分布特征，即在北京地区东

部和南部地区以及城区降水阈值较大，而在北京西

部及其西北部山区，降水阈值较小。 
（2）北京地区极端降水气候平均分布表现为从

西南到东北以及城区较强，而在西部和东南部逐渐

减少。与降水的气候平均态以及大雨和暴雨分布较

为类似，极端降水的多寡在很大程度上影响该地区

降水量大小。最强的 5%极端降水量对北京地区总

降水量的贡献为 30％～38％，多年平均年极端降水

强度分布与极端降水阈值分布非常一致，阈值大的

地方，极端降水强度也大。 
（3）近 30 年北京大部分地区极端降水量均呈

下降趋势，极端降水日数变化趋势分布与极端降水

量变化趋势分布相同。极端降水强度变化趋势与极

端降水量和极端降水日数变化趋势的分布有明显

不同，在北京西部、西北部、北部和东部多数地区

极端降水强度减小，而在北京平谷、昌平和门头沟

极端降水强度有增强趋势。 
北京地区极端降水总量的减少主要是由于降

水强度和降水日数减少共同作用所造成的，极端降

水总量的减少是造成北京地区近些年来干旱化的

一个可能的原因。北京地区极端降水变化在空间分

布上的不均匀性极其复杂，可以通过进一步分析北

京地区的天气气候背景、地形和城市热岛特征上得

到一些合理解释。本文的分析对城市规划建设、管

理和理念方面的思考，以及为科学制定城市规划可

提供一些借鉴作用。 
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曾宇星，封国林，赵俊虎，等．春季马斯克林高压对中国东北地区夏季气温的影响［Ｊ］．高原气象，２０１４，３３（５）：１３７４
１３８２，ｄｏｉ：１０．７５２２／ｊ．ｉｓｓｎ．１００００５３４．２０１３．０００７８．

　　收稿日期：２０１２１１０５；定稿日期：２０１３０５０３
　　资助项目：全球变化研究重大科学研究计划（２０１３ＣＢ４３０２０４）；国家自然科学基金项目（４０９３０９５２，４１１７５０６７，４１２７５０９６）
　　作者简介：曾宇星（１９８８ ），男，湖南岳阳人，硕士研究生，主要从事天气和气候研究．Ｅｍａｉｌ：ｚ２７５５２５１１１＠１２６．ｃｏｍ
　　通讯作者：封国林．Ｅｍａｉｌ：ｆｅｎｇｇｌ＠ｃｍａ．ｇｏｖ．ｃｎ

春季马斯克林高压对中国东北地区夏季气温的影响

曾宇星１－２，　封国林２，　赵俊虎１－２，　沈柏竹１－２
（１．兰州大学大气科学学院，兰州　７３００００；２．国家气候中心气候研究开放实验室，北京　１０００８１）

摘要：利用中国东北地区２６个站点的月平均温度资料和ＮＣＥＰ／ＮＣＡＲ月平均高度场、风场、海温场资
料，研究了春季马斯克林高压（下称马高）对中国东北夏季气温的影响及其途径。结果表明：（１）春季
马高与后期东北地区夏季气温呈明显的正相关关系。春季马高偏强年，后期夏季北半球盛行纬向环

流，东北地区与阿留申群岛南侧为主要的正距平中心，东北地区上空为高压系统所控制，总云量偏少，

气流辐散下沉，冷空气不易南下，造成该区域的高温天气。春季马高偏弱年则相反，后期夏季东北地

区为高度场的负距平中心，受低压影响，总云量偏多，高纬冷空气与低纬气流辐合上升，使该区域气温

容易偏低；（２）春季马高异常会引起印度洋中部地区的海温异常，并持续到夏季且进一步加强，从而在
２００ｈＰａ纬向风场上激发出一个从南半球中高纬到北半球中高纬的经向遥相关波列，通过该波列可以
影响到东北地区夏季５００ｈＰａ高度场，进而影响东北地区的夏季气温；（３）春季马高偏强时还可以通过
增强后期夏季的索马里越赤道气流与８０°Ｅ附近的越赤道气流，从而减弱赤道印度洋上的异常西风，使
西太平洋副热带高压加强西伸，造成东北地区的夏季高温天气，春季马高偏弱年则相反。

关键词：马斯克林高压；东北地区；夏季气温；遥相关；越赤道气流

文章编号：１００００５３４（２０１４）０５１３７４０９　　中图分类号：Ｐ４６１ 文献标志码：Ａ
ｄｏｉ：１０．７５２２／ｊ．ｉｓｓｎ．１００００５３４．２０１３．０００７８

１　引言
　　东北地区是中国最重要的粮食生产地之一，属
于东亚季风气候区。其地处我国的最北与最东部，

纬度较高，无霜期短，夏季气候异常对粮食生产具

有重要的影响［１－３］。因此，研究和了解东北地区夏

季气温的时空变化规律及其主要的影响因子对预测

东北地区夏季气温有着重要意义。一些研究表明，

在全球变暖的背景下，我国东北地区夏季气温有明

显上升的趋势［４－８］。张茜等［９］对东北夏季气温异常

的特征和不同空间型的大气环流进行了分析，结果

发现我国东北夏季气温异常主要有全区一致型和东

北—西南反位相分布型，且１９９０年以后东北地区
增温明显，区域差异主要表现在东北部升温早而西

南部晚。

　　影响东北地区夏季气温的因子包括西太平洋副
热带高压（下称西太副高）、阻塞高压（下称阻高）、

冷涡、西风槽等。符淙斌［１０］揭示了冬春季北半球

积雪面积和大西洋海冰状况与我国东北地区夏季气

温的密切关系：当冬春季北半球积雪面积和大西洋

海冰面积增大时，夏季东北地区温度偏低；反之，

冰雪面积缩小时，夏季东北地区温度偏高。王敬方

等［１１］利用时滞相关分析发现，东北夏季气温与西

太平洋暖池以及印度洋地区的海温相关性不好，而

与黑潮区域夏季的海温有较好相关关系，东北冷夏

年，黑潮海温偏低。汪宏宇等［１２］研究发现２０世纪
９０年代之前，东北夏季低温与ＥｌＮｉｎｏ的对应关系
较好，但之后这种关系遭到破坏，东北夏季气温与

Ｎｉｎｏ３区的海温关系不显著。由于这些研究都集中
在北半球，南半球的环流系统对东北夏季气温是否

存在影响还不得而知。

　　由于东北地区处于东亚季风区，其夏季气温还
受到了东亚夏季风的影响［１３］。黄士松等［１４－１５］在陈

隆勋［１６］研究基础上提出了新的东亚夏季风体系框

第３３卷　第５期
２０１４年１０月 　　　　　　　　　　　　

高　原　气　象
ＰＬＡＴＥＡＵＭＥＴＥＯＲＯＬＯＧＹ

　　　　　　　　　　　　　　　Ｖｏｌ．３３　Ｎｏ．５
Ｏｃｔｏｂｅｒ，２０１４
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架，认为马斯克林高压（下称马高）是与西太副高同

等重要的东亚夏季风系统成员，其对我国东部地区

包括华南前汛期降水［１７］、长江流域夏季降水［１８］等

都有很大的影响。因此，本文主要选取南半球的马

高作为研究重点，探究春季马高对中国东北地区夏

季气温的影响。

２　资料选取和方法介绍
　　选用１９４８ ２０１２年ＮＣＥＰ／ＮＣＡＲ月平均风场
和高度场２．５°×２．５°再分析资料；美国国家海洋和
大气管理局（ＮＯＡＡ）提供的１９４８ ２０１２年海温扩
展重建资料，分辨率为 ２．０°×２．０°；以及 １９４８
２０１２年月平均高斯格点的总云量再分析资料。
　　中国气象局国家气候中心整理的１９５１年１月
２０１１年１２月１６０个测站月平均气温资料中选取
位于东北地区的２６个测站（图３）的资料以及７４项
环流指数。

　　文中分析均采用季平均值，冬季为１２月 次年

２月，春季为３ ５月，夏季为６ ８月。取１９８１
２０１０年平均值为气候值。
　　使用的方法主要有经验正交函数分解（ＥＯＦ），
此方法已经广泛应用于气候研究的各领域［１９－２１］。

并用滤波［２２－２３］方法提取年际分量去掉年代际分量，

还采用相关分析以及合成分析等气象统计常用的方

法，并对其结果进行显著性检验［２４］。

３　春季马高的基本特征

　　崔锦等［２５］研究发现马高在８５０ｈＰａ等压面上
表现最强，无论是从高度场还是从环流场来看，

８５０ｈＰａ最能表现马高的特征。所以本文选取崔锦
等［２５］定义的８５０ｈＰａ位势高度场上０° ４５°Ｓ，１５°Ｅ
１１０°Ｅ范围内大于或等于１５４０ｇｐｍ的格点之和
为马高面积指数，本文选取春季平均的马高面积指

数进行研究。

　　从图１中可以看出，春季马高表现出明显的年
际及年代际变化，其中年代际转折最为明显，其距

平累加值的变化表明马高在２０世纪７０年代中后期
发生了年代际的突变。小波分析结果表明，马高在

年际尺度上存在着准８年的周期，而在年代际尺度
上则以２８年左右的周期为主（图略）。

４　春季马高对东北地区夏季气温的可
能影响

　　图２为１９５１ ２０１１年间东北地区夏季平均气

图 １　春季马高标准化面积指数（直方柱）以及马高
面积指数距平累加值除以１０（实线）的时间演变
Ｆｉｇ．１　ＴｈｅｔｅｍｐｏｒａｌｅｖｏｌｕｔｉｏｎｏｆｓｐｒｉｎｇＭａｓｃａｒｅｎｅ
ｈｉｇｈｓｔａｎｄａｒｄｉｚｅｄａｒｅａｉｎｄｅｘ（ｈｉｓｔｏｇｒａｍ）ａｎｄｉｎｄｅｘ

ａｎｏｍａｌｉｅｓａｃｃｕｍｕｌａｔｅｄｖａｌｕｅ（ｄｉｖｉｄｅｄｂｙｔｅｎ，ｓｏｌｉｄｌｉｎｅ）

温变化。从图２中可以看出，东北地区夏季气温存
在着明显的年代际变化，而且转变时间晚于马高。

在２０世纪８０年代之前，东北地区夏季气温偏低；
８０年代 ９０年代初期，偏低的趋势趋于平缓；之
后，东北地区夏季气温完全转入正相位阶段，气温

明显偏高。

图 ２　东北夏季气温距平（直方柱）与气温距平累加
（实线）的时间演变

Ｆｉｇ．２　Ｔｈｅｔｅｍｐｏｒａｌｅｖｏｌｕｔｉｏｎｏｆｓｕｍｍｅｒａｉｒｔｅｍｐｅｒａｔｕｒｅ
ａｎｏｍａｌｉｅｓｉｎＮｏｒｔｈｅａｓｔＣｈｉｎａ（ｈｉｓｔｏｇｒａｍ）ａｎｄｉｔｓ
ａｎｏｍａｌｉｅｓａｃｃｕｍｕｌａｔｅｄｖａｌｕｅ（ｓｏｌｉｄｌｉｎｅ）

　　１９５１ ２０１１年春季马高面积指数与东北夏季
平均气温的相关系数为０．４５，通过了０．００１的显著
性水平检验。但春季马高与夏季东北地区平均气温

均存在明显的年代际变化，要研究二者的年际变化

则需要对指数进行处理，滤除年代际分量。本文使

用高通滤波器滤除掉指数１０年以上的年代际分量。
滤波之后两个指数年际分量的相关系数减为

０１９１，没有通过显著性检验，而年代际分量之间
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的相关系数则高达０．７０３。考虑到马高在１９７６年
之后先发生突变，再选取１９７７ ２０１１年３５年间二
者年际分量的指数求相关，发现相关系数提升到了

０３２９，通过了０．０５的显著性水平检验。
　　将春季马高面积指数与夏季我国东北地区２６
个测站月平均气温进行相关分析。从图３中可以看
出，东北地区为一致的变化情况，春季马高与东北

地区均为正相关关系，但显著的高相关区主要位于

东北中东部地区。这表明当春季马高偏强（偏弱）

时，东北大部分地区的当年夏季气温容易偏高（偏

低）。

图 ３　东北地区２６个测站分布（黑点）及其夏季气温
距平场与春季马高面积指数的相关分布（等值线）

阴影区由浅到深分别表示通过０．０５，０．０１和

０．００１的显著性水平检验

Ｆｉｇ．３　Ｄｉｓｔｒｉｂｕｔｉｏｎｏｆ２６ｓｔａｔｉｏｎｓｉｎｎｏｒｔｈｅａｓｔＣｈｉｎａ（ｂｌａｃｋ
ｄｏｔｓ）ａｎｄｃｏｒｒｅｌａｔｉｏｎｃｏｅｆｆｉｃｉｅｎｔｄｉｓｔｒｉｂｕｔｉｏｎｏｆｔｅｍｐｅｒａｔｕｒｅ
ｄｅｐａｒｔｕｒｅｉｎｓｕｍｍｅｒａｎｄｔｈｅｓｐｒｉｎｇＭａｓｃａｒｅｎｅｈｉｇｈａｒｅａ
ｉｎｄｅｘ（ｉｓｏｌｉｎｅ）．Ｔｈｅｓｈａｄｅｄａｒｅａｆｒｏｍｓｈａｌｌｏｗｔｏｄｅｅｐ
ｈａｖｅｐａｓｓｅｄｔｈｅｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌａｔ０．０５，０．０１

ａｎｄ０．００１，ｒｅｓｐｅｃｔｉｖｅｌｙ

　　为了检验该结果的准确性，对１９７７ ２０１１年
东北地区２６个测站滤波之后的夏季平均气温进行
ＥＯＦ分解，前三个模态的解释方差分别为 ７１％，
１０％和５％，已占总的方差贡献率的８６％，收敛十
分迅速。其中，第一模态 ＥＯＦ１表示为东北地区全
区一致的气温变化分布型。春季马高面积指数年际

分量与ＥＯＦ１的时间系数的相关系数为０．３５２，通
过了０．０５的显著性水平检验，而与其他两个模态
的时间系数的相关系数非常弱，均没有达到显著性

水平。表明春季马高的确仅对东北地区全区一致的

气温变化产生影响。所以本文主要对东北地区的夏

季平均气温进行研究，将东北夏季平均气温定义为

这２６个站点夏季平均气温的平均值。
　　选取１９７７年之后马高标准化面积指数滤波后
＞０．５时为马高偏强年，一共有５年，分别为１９８２，
１９８６，１９９４，２０００和２０１０年；＜－０．５时为马高偏
弱年，一共有 ８年，分别为 １９８１，１９８５，１９９０，
１９９２，１９９５，２００２，２００８和２０１１年。在马高偏强的
５年中有４年的东北夏季气温为正异常，占８０％；
而在马高偏弱的８年中，东北夏季气温为负异常的
有６年，占７５％。若将马高的强弱划分标准提高到
±０．７，则在马高偏强时东北夏季气温全偏高，而
马高偏弱时则全偏低。将马高偏强的５年中国夏季
平均气温减去马高偏弱的８年平均气温（图４），仅
东北地区为１℃以上的正温度距平，且通过了０．０５
的显著性水平检验。这说明虽然东北夏季气温受到

很多因子的影响，但前期春季马高强度对后期东北

夏季气温仍有比较重要的预测意义。

图 ４　春季马高偏强年减去偏弱年后期中国夏季气温
距平差值场（单位：℃）

阴影区表示通过０．０５的显著性水平检验

Ｆｉｇ．４　ＤｉｆｆｅｒｅｎｃｅｓｏｆａｉｒｔｅｍｐｅｒａｔｕｒｅｏｖｅｒＣｈｉｎａｉｎｓｕｍｍｅｒ
ｂｅｔｗｅｅｎｔｈｅｐｏｓｉｔｉｖｅａｎｄｔｈｅｎｅｇａｔｉｖｅＭａｓｃａｒｅｎｅｈｉｇｈ
ａｒｅａｉｎｄｅｘｐｈａｓｅｓ．Ｕｎｉｔ：℃．Ｔｈｅｓｈａｄｅｄａｒｅａｈａｓ

ｐａｓｓｅｄｔｈｅｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌａｔ０．０５

４．１　马高强弱年夏季环流形势
　　由春季马高偏强年减去偏弱年后期夏季 ５００
ｈＰａ高度场距平与 ８５０ｈＰａ风场距平的差值合成
（图５ａ）可以看出，在春季马高偏强年，环绕极区大
部分为负距平，北半球中高纬度地区为环状的正距

平地带，中国东北地区与阿留申群岛南侧为主要的

正距平中心，表明北半球盛行纬向环流，冷空气不

易南下，东北地区气温容易偏高；而在春季马高偏
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图 ５　春季马高偏强年与偏弱年后期夏季５００ｈＰａ高度场距平的差值分布（ａ）与平均经圈
（１１５°Ｅ １３５°Ｅ）风场流线和高度场距平差值的垂直剖面（ｂ）（单位：ｇｐｍ）

浅、深阴影区分别表示通过０．０５和０．０１的显著性水平检验

Ｆｉｇ．５　Ｔｈｅｄｉｆｆｅｒｅｎｃｅｏｆ５００ｈＰａｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔａｎｏｍａｌｙｉｎｓｕｍｍｅｒ（ａ）ａｎｄｔｈｅｓｅｃｔｉｏｎｏｆｄｉｆｆｅｒｅｎｃｅ
ｄｉｓｔｒｉｂｕｔｉｏｎｏｆａｖｅｒａｇｅ（１１５°Ｅ １３５°Ｅ）ｍｅｒｉｄｉｏｎａｌｓｔｒｅａｍｌｉｎｅｓａｎｄｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔａｎｏｍａｌｙ（ｂ）ｂｅｔｗｅｅｎ
ｔｈｅｓｔｒｏｎｇｙｅａｒｓａｎｄｗｅａｋｙｅａｒｓｏｆｓｐｒｉｎｇＭａｓｃａｒｅｎｅｈｉｇｈ．Ｕｎｉｔ：ｇｐｍ．Ｔｈｅｇｒａｙａｎｄｄａｒｋｓｈａｄｅｄａｒｅａ

ｈａｖｅｐａｓｓｅｄｔｈｅｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌａｔ０．０５ａｎｄ０．０１，ｒｅｓｐｅｃｔｉｖｅｌｙ

弱年则相反，环绕极区为正距平控制，我国东北地

区负距平中心，表明北半球经向环流较强，冷空气

可以扩散到中纬度地区，东北地区气温容易偏低。

　　图５ｂ为春季马高偏强年减去偏弱年平均经圈
（１１５°Ｅ １３５°Ｅ）风场距平和高度场距平的差值垂
直剖面。春季马高偏强年东北上空的高压系统异常

深厚，强辐散下沉气流贯穿整个对流层，容易造成

东北地区的高温天气；而春季马高偏强年则相反，

东北上空的负高度距平区域几乎达到对流层顶，近

似垂直的正压结构，高纬地区的冷空气与来自低纬

的气流在５０°Ｎ附近交汇辐合上升，使东北地区受
冷空气影响容易出现低温天气。

４．２　总云量的异常
　　气温变化除了与降水有关之外，还受云量显著
影响［２６］。云对太阳短波辐射有散射和反射的作用，

可以减少到达地面的辐射量，从而使气温保持在一

个低的状态。Ｒｏｂｅｒｔｅｔａｌ［２７］认为云可以通过反射
太阳的短波辐射达到使气候系统变冷的作用。从图

６ａ中可以看出，春季马高与夏季总云量分布的正相
关区域包括整个东北地区，但显著相关的区域主要

图 ６　春季马高面积指数与后期夏季总云量的相关系数分布（ａ，阴影区由浅到深分别表示通过
０．０５、０．０１、０．００１的显著性水平检验）以及总云量的差值分布（ｂ，春季马高强减弱年，单位：％，

阴影区由浅到深分别表示通过０．０５和０．０１的显著性水平检验）
Ｆｉｇ．６　ＤｉｓｔｒｉｂｕｔｉｏｎｏｆｃｏｒｒｅｌａｔｉｏｎｃｏｅｆｆｉｃｉｅｎｔｂｅｔｗｅｅｎｓｐｒｉｎｇＭａｓｃａｒｅｎｅｈｉｇｈａｒｅａｉｎｄｅｘａｎｄｔｈｅｌａｇｓｕｍｍｅｒｔｏｔａｌ
ｃｌｏｕｄａｍｏｕｎｔ（ａ，ｔｈｅｓｈａｄｅｄａｒｅａｆｒｏｍｓｈａｌｌｏｗｔｏｄｅｅｐｈａｖｅｐａｓｓｅｄｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌａｔ０．０５，０．０１ａｎｄ０．００１，
ｒｅｓｐｅｃｔｉｖｅｌｙ）ａｎｄｔｈｅｄｉｆｆｅｒｅｎｃｅｓｏｆｔｏｔａｌｃｌｏｕｄａｍｏｕｎｔｂｅｔｗｅｅｎｔｈｅｐｏｓｉｔｉｖｅａｎｄｔｈｅｎｅｇａｔｉｖｅＭａｓｃａｒｅｎｅｈｉｇｈａｒｅａ
ｉｎｄｅｘｐｈａｓｅｓ（ｂ，ｕｎｉｔ：％，ｔｈｅｇｒａｙｔｏｄａｒｋａｒｅａｈａｖｅｐａｓｓｅｄｔｈｅｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌａｔ０．０５ａｎｄ０．０１，ｒｅｓｐｅｃｔｉｖｅｌｙ）
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位于东北东部地区，春季马高偏强时东北地区上空

夏季总云量偏少，到达地面的太阳短波辐射增加，

地面发射的长波辐射也相应增加，造成东北地区气

温偏高；而春季马高偏弱时则相反，东北地区上空

夏季总云量偏多，大气系统的辐射加热减少，造成

东北地区气温偏低。而春季马高偏强年减去偏弱年

后期夏季总云量的差值分布情况高值中心（图６ｂ）
与图６ａ的高相关中心基本一致，同样显示了春季
马高偏强东北夏季总云量偏少，而春季马高偏弱年

夏季东北总云量偏多的情况。

５　可能的影响途径
　　众所周知，春季是重要的转换季节，已有研
究［１８，２８－２９］表明春季的环流形势异常会对后期夏季

我国的天气气候造成很大的影响。而南半球为全球

气候系统变化的关键区［３０－３１］，其环流异常必然导

致北半球大气环流产生某种应激变化［１８，２８－２９］。所

以春季马高的变化也必然会造成后期环流的调整。

５．１　遥相关的影响
　　将春季马高面积指数与夏季全球２００ｈＰａ纬向
风场计算相关系数（图８ａ）。从图８ａ中可以看出，
春季马高异常的后期夏季在东半球后期夏季 ２００
ｈＰａ纬向风场上６０°Ｅ １５０°Ｅ之间存在一个从南半
球中高纬到北半球中高纬的正负相间的经向遥相关

波型，但是在北半球中高纬不是很显著。

　　而海温异常可以对大气环流产生直接影响。从
马高偏强年与偏弱年同期及后期夏季印度洋海温的

差值（图７）上可以看出，春季马高偏强年印度洋东

北部地区海温偏低，而中部地区海温偏高，这种情

况一直持续到夏季，并且进一步加强，夏季通过了

０．０５的显著性水平检验。取３０°Ｓ ４０°Ｓ、７５°Ｅ
９０°Ｅ的平均海温表示印度洋中部地区的海温状况，
同样对其进行滤波处理，夏季海温与春季马高面积

指数的年际分量间相关系数为０．３４４，通过了０．０５
的显著性水平检验，春季海温则与马高面积指数的

年际分量也呈正相关关系但并不显著，且其和同期

２００ｈＰａ纬向风场的相关情况与图８ａ相比几乎一
致。所以可以认为这个经向遥相关型可能为印度洋

中部地区的海温异常所激发，而春季马高则通过对

这一区域海温的影响来间接控制。

　　Ｎａｍｉａｓ［３２］研究指出月平均气温的异常在很大
程度上取决于对流层中层的月平均高度场；沈柏竹

等［３３］也认为５００ｈＰａ大气环流系统的演变可以作
为东北夏季气温诊断和预测的核心层。所以为了检

验该经向遥相关波列对于东北地区大气环流的影

响，选取３７．５°Ｎ ５５°Ｎ，１１５°Ｅ １３５°Ｅ范围内
（完全包括整个东北地区）的夏季５００ｈＰａ高度场的
平均值代表东北地区的高度，其年际分量与东北地

区夏季气温的年际分量间相关系数高达０．７７３。且
与东北夏季气温相对应，东北乃至整个亚洲大陆的

５００ｈＰａ高度场同样存在着明显的年代际突变，且
与马高的年代际转变时间差不多，７０年代后期高
度场抬升均 ＞２０ｇｐｍ［３４］，使这些地区气温容易偏
高，特别是东北地区（见图２）。
　　同样的将东北地区夏季平均高度指数和夏季全
球２００ｈＰａ纬向风场计算相关系数（图８ｂ）。从图

图 ７　春季马高偏强年减去偏弱年同期（ａ）与后期夏季（ｂ）印度洋海温差值场（单位：℃）
浅、深阴影区分别表示通过０．０５和０．０１的显著性水平检验

Ｆｉｇ．７　ＤｉｆｆｅｒｅｎｃｅｓｏｆＩｎｄｉａｎＯｃｅａｎＳＳＴｂｅｔｗｅｅｎｔｈｅｐｏｓｉｔｉｖｅａｎｄｔｈｅｎｅｇａｔｉｖｅＭａｓｃａｒｅｎｅｈｉｇｈａｒｅａｉｎｄｅｘ
ｐｈａｓｅｓｉｎｔｈｅｓａｍｅｐｅｒｉｏｄ（ａ）ａｎｄｔｈｅｌａｇｓｕｍｍｅｒ（ｂ）．Ｕｎｉｔ：℃．Ｔｈｅｓｈａｄｅｄａｒｅａｆｒｏｍｇｒａｙｔｏｄａｒｋ

ｈａｖｅｐａｓｓｅｄｔｈｅｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌａｔ０．０５ａｎｄ０．０１，ｒｅｓｐｅｃｔｉｖｅｌｙ
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图 ８　春季马高面积指数年际分量（ａ）和夏季东北地区５００ｈＰａ平均位势高度年际分量（ｂ）与
滤波后的夏季２００ｈＰａ纬向风场的相关分布

阴影区由浅到深分别表示通过０．０５，０．０１和０．００１的显著性水平检验

Ｆｉｇ．８　ＤｉｓｔｒｉｂｕｔｉｏｎｏｆｃｏｒｒｅｌａｔｉｏｎｂｅｔｗｅｅｎｔｈｅｓｐｒｉｎｇＭａｓｃａｒｅｎｅｈｉｇｈａｒｅａｉｎｄｅｘｉｎｔｅｒａｎｎｕａｌｃｏｍｐｏｎｅｎｔ（ａ），
ｔｈｅｓｕｍｍｅｒ５００ｈＰａｍｅａｎｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔｉｎｔｅｒａｎｎｕａｌｃｏｍｐｏｎｅｎｔｏｖｅｒｎｏｒｔｈｅａｓｔＣｈｉｎａ（ｂ）ａｎｄ２００ｈＰａ

ｚｏｎａｌｗｉｎｄｆｉｅｌｄａｆｔｅｒｓｍｏｏｔｈｉｎｇｉｎｓｕｍｍｅｒ．Ｔｈｅｓｈａｄｅｄａｒｅａｆｒｏｍｓｈａｌｌｏｗｔｏｄｅｅｐｈａｖｅｐａｓｓｅｄ
ｔｈｅｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌａｔ０．０５，０．０１ａｎｄ０．００１，ｒｅｓｐｅｃｔｉｖｅｌｙ

８ａ中可以看出，从南半球中高纬一直到北半球中高
纬的正负相间的高相关中心，与图８ａ相比位置基
本一致，但是在南半球通过信度检验的区域明显比

图８ａ偏小。
　　春季马高偏强年减去偏弱年后期夏季２００ｈＰａ
纬向风场差值分布（图９）显示出相似的结果，从南
半球高纬一直到北半球中高纬存在５个明显的大气
环流中心（图９中 Ａ表示），但急流轴在南半球不
显著，仅东北地区东风轴通过了显著性检验。所

以，当春季马高异常时，可以通过对后期印度洋中

部地区海温的影响，在２００ｈＰａ纬向风场上激发出
一个从南半球中高纬一直到北半球中高纬的经向遥

相关波列，通过这个波列可以影响到东北地区夏季

５００ｈＰａ高度场（图５），进而影响东北地区的夏季
气温。东北地区平均高度场年际分量与春季马高面

积指数年际分量也为正相关关系，但相关系数为

０２８７，只通过了０．１的显著性水平检验。
５．２　越赤道气流的影响
　　越赤道气流对南北半球环流间的相互作用产生
重要的影响［３５－３７］，其中索马里越赤道气流与澳大

利亚以北１０５°Ｅ越赤道气流的最为重要。从图１０
上可以看出，春季马高面积指数与同期东半球的越

赤道气流相关均不显著；春季马高与夏季的索马里

越赤道气流为正相关关系，但通过显著性检验的区

域较小，与８０°Ｅ越赤道气流也为正相关关系，且
比较显著，说明春季马高对这两条越赤道气流主要

是滞后的影响。春季马高越强（越弱），后期夏季索

马里越赤道气流越强（越弱），８０°Ｅ越赤道气流越
强（越弱）。

　　而在夏季当索马里越赤道气流偏强，且８０°Ｅ
附近的越赤道气流增强时，对流层中下层赤道印度

洋上的西风异常减弱，仅延伸到印度半岛附近（图

略），使得西太副高加强西伸［３８－３９］（图５ａ），从我国

图 ９　春季马高偏强年减去偏弱年夏季２００ｈＰａ纬向风场
差值分布（单位：ｍ·ｓ－１）

阴影区表示通过０．０５和０．０１的显著性水平检验

Ｆｉｇ．９　Ｄｉｓｔｒｉｂｕｔｉｏｎｏｆｄｉｆｆｅｒｅｎｃｅｓｏｆ２００ｈＰａｚｏｎａｌｗｉｎｄｆｉｅｌｄ
ｉｎｓｕｍｍｅｒｂｅｔｗｅｅｎｔｈｅｐｏｓｉｔｉｖｅａｎｄｔｈｅｎｅｇａｔｉｖｅＭａｓｃａｒｅｎｅ
ｈｉｇｈａｒｅａｉｎｄｅｘｐｈａｓｅｓ．Ｕｎｉｔ：ｍ·ｓ－１．Ｔｈｅｓｈａｄｅｄａｒｅａｆｒｏｍ
ｇｒａｙｔｏｄａｒｋｈａｖｅｐａｓｓｅｄｔｈｅｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌａｔ０．０５

ａｎｄ０．０１，ｒｅｓｐｅｃｔｉｖｅｌｙ
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图 １０　春季马高面积指数年际分量分别与同期（ａ）和夏季（ｂ）８５０ｈＰａ经向风年际分量的相关分布
阴影区由浅到深分别表示通过０．０５，０．０１和０．００１的显著性水平检验

Ｆｉｇ．１０　ＤｉｓｔｒｉｂｕｔｉｏｎｏｆｃｏｒｒｅｌａｔｉｏｎｂｅｔｗｅｅｎｔｈｅｓｐｒｉｎｇＭａｓｃａｒｅｎｅｈｉｇｈａｒｅａｉｎｄｅｘｉｎｔｅｒａｎｎｕａｌｃｏｍｐｏｎｅｎｔ
ａｎｄ８５０ｈＰａＭｅｒｉｄｉｏｎａｌｗｉｎｄｉｎｔｅｒａｎｎｕａｌｃｏｍｐｏｎｅｎｔｉｎｔｈｅｓａｍｅｐｅｒｉｏｄ（ａ）ａｎｄｔｈｅｌａｇｓｕｍｍｅｒ（ｂ），

ｒｅｓｐｅｃｔｉｖｅｌｙ．Ｔｈｅｓｈａｄｅｄａｒｅａｆｒｏｍｓｈａｌｌｏｗｔｏｄｅｅｐｈａｖｅｐａｓｓｅｄｔｈｅｓｉｇｎｉｆｉｃａｎｃｅ
ｌｅｖｅｌａｔ０．０５，０．０１ａｎｄ０．００１，ｒｅｓｐｅｃｔｉｖｅｌｙ

图 １１　春季马高对东北地区夏季气温的影响示意图

Ｆｉｇ．１１　ＴｈｅｉｎｆｌｕｅｎｃｉｎｇｐｒｏｃｅｓｓｏｆｔｈｅｓｐｒｉｎｇＭａｓｃａｒｅｎｅ

ｈｉｇｈｏｎａｉｒｔｅｍｐｅｒａｔｕｒｅｏｖｅｒＮｏｒｔｈｅａｓｔＣｈｉｎａｉｎｓｕｍｍｅｒ

南海一直到菲律宾以东海域均为高度场正异常区，

这种情况下夏季东北地区容易出现高温天气［４０－４２］。

春季马高偏弱年则相反，夏季当索马里越赤道气流

偏弱，８０°Ｅ附近的越赤道气流同样偏弱，使得西太
副高减弱东退，东北地区夏季气温容易偏低。

　　所以，春季马高偏强年可以通过增强后期夏季
的索马里越赤道气流与８０°Ｅ附近的越赤道气流，
从而减弱赤道印度洋上的西风异常，使得西太副高

加强西伸，造成东北地区的夏季高温天气，春季马

高偏弱年则相反。

　　通过前面的分析，可以得到春季马高影响东北

地区夏季气温的示意图（图１１）。

６　结论
　　（１）　春季马高与后期东北地区夏季气温呈正
相关关系，显著的高相关区主要位于东北中东部地

区。春季马高偏强年，后期夏季北半球盛行纬向环

流，中国东北地区与阿留申群岛南侧为主要的正距

平中心，东北地区上空为高压系统所控制，总云量

偏少，气流辐散下沉，造成这一区域的高温天气。

春季马高偏弱年则相反，后期夏季北半球以经向环

流为主，东北地区受低压系统影响，总云量偏多，

高纬冷空气与低纬气流在此辐合上升，使得这一区

域气温容易偏低。

　　（２）　春季马高偏强时，受其控制印度洋中部
地区海温偏强，这种影响一直持续到夏季且进一步

加强，从而通过海温的强迫在２００ｈＰａ纬向风场上
激发出一个从南半球高纬到北半球高纬的经向遥相

关波列，并通过这个遥相关波列影响到东北地区夏

季５００ｈＰａ高度场，进而造成东北地区的夏季气温
偏高；马高偏弱年则相反。

　　（３）　春季马高偏强年可以通过增强后期夏季
的索马里越赤道气流与８０°Ｅ附近的越赤道气流，
从而减弱西北印度洋到南海上的赤道西风带，使得

西太副高加强西伸，造成东北地区的夏季高温天

气；春季马高偏弱年则相反。

　　综上所述，本文通过相关分析基本揭示了春季
马高对于东北夏季气温可能的影响以及作用途径，
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能够为预测东北夏季气温提供一定的参考，但其物

理过程和机制还不是很清楚，有待进一步的研究。
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Abstract. This research incorporates the correlatedk distri-
bution BCC-RAD radiation model into the climate model
BCC_AGCM2.0.1 and examines the change in climate sim-
ulation by implementation of the new radiation algorithm. It
is shown that both clear-sky radiation fluxes and cloud radia-
tive forcings (CRFs) are improved. The modeled atmospheric
temperature and specific humidity are also improved due to
changes in radiative heating rates, which most likely stem
from the revised treatment of gaseous absorption.

Subgrid cloud variability, including vertical overlap of
fractional clouds and horizontal inhomogeneity in cloud con-
densate, is addressed by using the Monte Carlo Indepen-
dent Column Approximation (McICA) method. In McICA,
a cloud-type-dependent function for cloud fraction decorre-
lation length, which gives zonal mean results very close to
the observations of CloudSat/CALIPSO, is developed. Com-
pared to utilizing a globally constant decorrelation length, the
maximum changes in seasonal CRFs by the new scheme can
be as large as 10 and 20 W m−2 for longwave (LW) and short-
wave (SW) CRFs, respectively, mostly located in the tropics.
The inclusion of an observation-based horizontal inhomo-
geneity of cloud condensate has also a significant impact on
CRFs, with global means of∼ 1.5 W m−2 and∼ 3.7 Wm−2

for LW and SW CRFs at the top of atmosphere (TOA), re-
spectively. Generally, incorporating McICA and horizontal
inhomogeneity of cloud condensate in the BCC-RAD model
reduces global mean TOA and surface SW and LW flux bi-
ases in BCC_AGCM2.0.1.

These results demonstrate the feasibility of the new model
configuration to be used in BCC_AGCM2.0.1 for climate

simulations, and also indicate that more detailed real-world
information on cloud structures should be obtained to con-
strain cloud settings in McICA in the future.

1 Introduction

Radiation process is crucial for climate simulations. Over the
past 2 decades, a lot of progress has been made in atmo-
spheric radiation. For example, in most radiation schemes the
traditional band model for gaseous transmittance has been re-
placed by the correlatedk distribution (CKD) method (Fu
and Liou, 1992; Mlawer et al., 1997; Zhang et al., 2003;
Li and Barker, 2005; Shi et al., 2009, and others). In prin-
ciple, CKD can be applied to a single absorption line while
band models utilize mean values for entire bands. Thus, CKD
shows considerable promise in simulating atmospheric radi-
ation accurately and efficiently. The breakthrough in non-
spherical scattering makes it possible to accurately calcu-
late ice cloud optical properties (Mishchenko et al., 2002).
In an ice cloud optical property parameterization, the full
set of single-scattering properties is provided by consider-
ing three-dimensional random orientations for multiple ice
crystal habits following the observations of CALIPSO (Yang
et al., 2005, 2013; Baum et al., 2011). All this progress
has been included in the Beijing Climate Center Radiation
transfer model (BCC-RAD), which is used in the general
circulation model (GCM) of Beijing Climate Center (i.e.,
BCC_AGCM2.0.1).
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How to deal with cloud vertical overlap and cloud internal
inhomogeneity has been a very difficult task for atmospheric
radiation. This arises mostly from the relatively coarse spa-
tial resolution of GCMs (dozens to hundreds of kilometers),
which leaves cloud-relevant processes and inherent subgrid
variations of clouds unresolved (Barker and Räisänen, 2005;
Zhang et al., 2013). Typically, cloud condensate (water and
ice) is treated as horizontally homogeneous (the plane paral-
lel homogeneous, or PPH, assumption) within a GCM grid
cell. Additionally, certain predetermined assumptions about
the vertical overlap of fractional clouds are required (tra-
ditionally maximum-random overlap, or MRO) (Tian and
Curry, 1989). Computing on a cloud system resolving model
(CSRM) data set, Barker and Räisänen (2005) found that,
by a small change to the standard deviation of cloud con-
densate distribution, zonal mean shortwave (SW) cloud ra-
diative forcing (CRF) could change up to 25 W m−2 at cer-
tain latitudes (with a global mean of∼ 8 W m−2). The radia-
tive sensitivity to cloud overlap is of similar magnitude for
global averages. Oreopoulos et al. (2012) included a beta dis-
tribution function and a latitude-/day-dependent cloud over-
lap function, both derived from CloudSat/CALIPSO data, in
the GEOS-5 atmospheric general circulation model. SW and
longwave (LW) CRFs showed significant changes compared
to the traditional PPH and maximum-random overlap setup,
but the magnitude of changes depends also on the cloud
scheme utilized. All of these studies have emphasized the
importance of faithfully addressing subgrid cloud variability
in GCMs.

To make the representation of subgrid cloud properties
flexible and modularized and to maintain computational ef-
ficiency, a scheme named the Monte Carlo Independent
Column Approximation (McICA) method was developed
(Pincus et al., 2003). McICA is a method that does fast spec-
tral integration over given cloudy subcolumns within a do-
main. The cloud subcolumns required by McICA can be sup-
plied from certain subgrid cloud generators (Räisänen and
Barker, 2004) or cloud-resolving models (Hill et al., 2011).
The advantages of McICA are that it facilitates adjustment or
alteration of both cloud structure and radiative transfer and
thus accelerates future development of GCMs.

Though McICA has been extensively studied, there lacks
a detailed description on cloud-type-related vertical over-
lap. An e-folding relationship of cloud overlap has been de-
veloped to quantitatively represent cloud overlap for differ-
ent types of clouds and over different regions (Hogan and
Illingworth, 2000; Mace and Benson-Troth, 2002). In cur-
rent GCMs, a global mean constant value of decorrelation
length (hereinafterLcf), a critical parameter in this over-
lap algorithm, is often used. Usually, convective cloud has
well-organized structures with large vertical correlation due
to strong upward motion. Therefore,Lcf for convective cloud
should be larger than for the other types of clouds. To address
the climate impact by distinguishing the cloud-type-related
Lcf in McICA is one goal of this work. We here incorporate

the McICA scheme and a stochastic cloud generator (SCG;
Räisänen et al., 2004) into the BCC_AGCM2.0.1 model with
the BCC-RAD radiation algorithm.

This work contains two parts: first, we report the improve-
ments on climate simulation by introducing the new BCC-
RAD radiation algorithm. Second, we analyze the impact
of cloud overlap assumption and cloud condensate inhomo-
geneity through the McICA scheme. Most attention will be
paid to the cloud-type-related decorrelation length by com-
paring with the results of using a globally constant value.
This preliminary work aims to document the impact of the
modifications in cloud-radiation process on simulated cli-
mate and the model response to these changes and thereby
provide suggestions for future development. In Sect. 2, the
BCC_AGCM2.0.1 model, the BCC-RAD radiation scheme
and the McICA scheme are briefly described. The design of
experiments is given in Sect. 3. Results of the simulations
with various model configurations are described in Sect. 4.
In Sect. 5, we conclude with a brief summary.

2 Model description

2.1 Description of BCC_AGCM2.0.1

BCC_AGCM2.0.1 was developed by the Beijing Climate
Center (BCC) at the China Meteorological Administration
(CMA) based on the Community Atmosphere Model Version
3 (CAM3) of the National Center for Atmospheric Research
(NCAR) (Wu et al., 2010). The model runs at T42 spectral
resolution (approximately 2.8◦ × 2.8◦) horizontally, and it
uses vertical hybridδ-pressure coordinates including 26 lay-
ers with the top located at about 2.9 hPa. An additional layer
is added above the topmost layer in the radiative calculation
to prevent excessive heating. The default timestep is 20 min,
and the radiation code is invoked every three timesteps.

Relative to CAM3, several revisions have been made to
improve the physics of the model. These include new refer-
ence atmosphere and surface pressures; a revised convection
scheme (Zhang and Mu, 2005) that significantly improves
the tropical rainfall simulation; a different function for cal-
culating the snow-cover fraction that influences the resulting
surface albedo, especially in polar and plateau regions (Wu
and Wu, 2004); a new adiabatic adjustment originated by
Yan (1987); and new methods for calculating turbulent fluxes
over ocean surface that remove the systematic biases in the
wind stress and sensible and latent heat fluxes in CAM3. A
more detailed description of BCC_AGCM2.0.1 can be found
in Wu et al. (2010). In the present research, the interactive
Canadian Aerosol Module (CAM) (Gong et al., 2003) with
updated aerosol emission sources (Zhou et al., 2012) is used
to predict atmospheric aerosol burdens (Zhang et al., 2012).
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Table 1.Comparison of the new and old schemes.

Old New

Absorbing gases in LW H2O, CO2, and O3
CH4, N2O, CFC11, CFC12

The same as in Old

Absorbing gases in SW H2O, CO2, O3, and O2 H2O, CO2, O3, N2O, and O2
Range of LW 0–2000 cm−1 0–2680 cm−1

Range of SW 2000–50 000 cm−1 2110–49 000 cm−1,∗

Band transmittance scheme Band model (LW: Kiehl and Briegleb, 1991)
(SW: Briegleb, 1992)

CKD scheme (Zhang et al., 2003, 2006a, b)

RT solver in LW Absorptivity/emissivity formulations
(Ramanathan and Downey, 1986)

Two-stream approximation (Nakajima et al.,
2000)

RT solver in SW δ-Eddington method (Briegleb, 1992) δ-Eddington method (Coakley et al., 1983)
Cloud fraction parameterization Diagnostic scheme (Rasch and Kristjansson,

1998)
The same as in Old

Cloud optics LW: emissivity formulations (Ebert and Curry,
1992); SW: formulas of Slingo (1989) for liquid
and of Ebert and Curry (1992) for ice

Ice cloud: computed using data from Fu (1996),
Yang et al. (2005), and Hong et al. (2009);
liquid cloud: Nakajima et al. (2000)

Cloud effective radius Ice cloud: Kristjansson et al. (2000); Liquid
cloud: Kiehl et al. (1994)

Ice cloud: Wyser (1998); Liquid cloud: the
same as in Old

Cloud overlap Maximum random overlap (MRO) (Collins,
2001)

McICA (Räisänen and Barker, 2004; Barker et
al., 2008)

Aerosol–radiation coupling scheme BCC_AGCM2.0.1_CAM (Zhang et al., 2012) BCC_AGCM2.0.1_CAM (Zhang et al., 2012)

∗ In the new scheme, contributions from the solar spectrum and terrestrial emission are mixed within 2110–2680 cm−1.

2.2 Description of radiation schemes

In this work, we incorporate the CKD model by Zhang et
al. (2003, 2006a, b), i.e., the Beijing Climate Center Radi-
ation transfer model (BCC-RAD), into BCC_AGCM2.0.1.
The BCC-RAD model is substantially different from the pre-
vious radiation scheme used in BCC_AGCM2.0.1. To ex-
plain the importance of this radiation scheme in modulating
climate simulation, it is necessary to describe this revision
in advance. A detailed comparison between the old and new
schemes is provided in Table 1.

The previous radiation scheme in BCC_AGCM2.0.1 is ba-
sically a band model. Although some band models simu-
lated well the broadband fluxes and heating rates, this may
have been partly fortuitous because of band overlap effects
(Ellington et al., 1991). Another defect of band models is
the use of a scaling procedure to account for inhomogeneous
atmospheric paths, although these can be made arbitrarily ac-
curate for a homogeneous atmosphere (Kratz, 1995). There-
fore, there has been a trend over the past decades to replace
band models with CKD methods in GCMs.

The 10–49 000 cm−1 (0.204–1000 µm) spectral range in
BCC-RAD is divided into 17 bands (8 LW and 9 SW). Five
major greenhouse gases (GHGs) – H2O, CO2, O3, N2O, and
CH4 – as well as chlorofluorocarbons (CFCs) are consid-
ered. The major absorbers in the solar bands are H2O (in-
cluding continuum absorption), CO2, N2O, O3, and O2. The
HITRAN2000 database (Rothman et al., 2003) was used to
provide line parameters and cross sections. Lu et al. (2012)

compared the line parameters in different HITRAN versions
and found that the difference in the simulated radiative fluxes
between the updated HITRAN2008 and HITRAN2000 is
very small, so the use of HITRAN2000 should not affect
the final modeled climates in this research. In BCC-RAD,
the effective absorption coefficients of CKD are calculated
based on the line-by-line radiative transfer model (LBLRTM;
Clough and Iacono, 1995) with a spectral interval of one-
fourth the mean half-width and a 25 cm−1 cutoff for line
wings over each band (Clough and Iacono, 1995). The ther-
mal radiation transfer calculation is solved with a two-stream
algorithm developed by Nakajima et al. (2000), and the so-
lar radiation transfer is solved with theδ-Eddington method
(Coakley et al., 1983). SW radiation model comparisons, in-
cluding BCC-RAD, are given in Randles et al. (2013).

Cloud and aerosol optical properties in BCC-RAD are also
different from those in the original scheme. The optical prop-
erties of cloud droplets are from Nakajima et al. (2000), and
those of ice crystals are calculated based on several data sets:
observational size distribution data from Fu (1996), optical
properties of single particles of different shapes from Yang
et al. (2005), and the fractional mixing of particles of vari-
ous shapes suggested by Baum et al. (2005). Aerosol opti-
cal properties are from Wei and Zhang (2011) and Zhang et
al. (2012).

2.3 Description of the McICA scheme

The McICA scheme is based on the ICA algorithm for the
computation of domain mean radiation fields. It greatly and
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effectively reduces computation time while maintaining the
accuracy of ICA from a statistical perspective. The basic
principles of McICA were first explained in detail by Pincus
et al. (2003); Räisänen and Barker (2004) then provided ad-
ditional ways to diminish the induced noise. For clarity and
completeness, we provide a brief summary here.

Conceive a domainR (a GCM grid). The subgrid clouds
could be represented by a certain number of subcolumns,
which contain individual cells in each layer that are either
clear or overcast. Moreover, the domain mean of these sub-
columns should hold the cloud profile provided by the GCM.
Given these subcolumns, radiative computation can be liber-
ated from the description of partial clouds and their vertical
overlap. The required subcolumns could be derived through
SCG with consideration of certain overlap and horizontal dis-
tribution rules for clouds. For a thorough methodology of
SCG, one can refer to Räisänen et al. (2004).

Within the domain R composed of subcolumns, the
domain-averaged radiative fluxes can be accurately given by
ICA as〈
F ICA

〉
=

∫
S (λ)


∫ ∫

R

F (x,y,λ)dxdy

dλ, (1)

wherex andy are subcolumn counters along the zonal and
meridional axis, respectively,S (λ) is the spectral weight at
wavelengthλ, andF (x,y,λ) denotes the radiative flux at
location(x,y) and wavelengthλ.

If R is partially cloudy,
〈
F ICA

〉
can be split into clear

〈
F clr

〉
and cloudy

〈
F cld

〉
parts weighted by the cloud fraction Ac:〈

F ICA
〉
= (1− Ac)

〈
F clr

〉
+ Ac

〈
F cld

〉
. (2)

The most time-consuming part of Eq. (2) is
〈
F cld

〉
due to the

full spectral integration in all cloudy subcolumns. To dimin-
ish the computational burden, Pincus et al. (2003) reduced
the two-dimensional integration to a single dimension by in-
troducing a Monte Carlo (random sampling) process:〈
F cld

〉
≈

∫
S (λ)F cld (srnd,λ)dλ, (3)

wheresrnd is a randomly selected cloudy subcolumn num-
ber for radiative calculation atλ. Equation (3) tremendously
reduces computation time compared with Eq. (2) and repre-
sents the kernel of McICA.

It should be noted that the random selection ofsrnd in
Eq. (3) inevitably introduces random noise. Although this
may yield deviated results for a single calculation, averag-
ing over a number of calculations generates almost unbiased
results with respect to ICA (Barker et al., 2008). One method
for reducing the noise is to increase the number ofsrnd
for optically critical spectral intervals (Räisänen and Barker,
2004). To date, the McICA scheme has already been oper-
ationally utilized in several climate models and numerical
weather prediction models (Morcrette et al., 2008; Räisänen
and Järvinen, 2010; Neale et al., 2010).

3 Experimental design

We now have considered two model configurations: the
new one with McICA and BCC-RAD to handle the cloud-
radiative procedure and the old one with the traditional over-
lap treatment by Collins et al. (2001) and radiation scheme
described in Briegleb (1992). The details of these are listed
in Table 1. Experiments were designed to reveal (a) the dif-
ferences in simulated climate between the two configura-
tions and (b) the impact of changing subgrid cloud struc-
tures on simulated climate within the new configuration. For
all the following experiments, the sea surface temperature
(SST) data are from the global Hadley Centre Sea Ice and
Sea Surface Temperature (HadISST) data set (Rayner et al.,
2003) for years up to 1981 and the Reynolds et al. (2002)
for years after 1981; the greenhouse gases are set the same
by using the current values; aerosols are produced by a cou-
pled aerosol model (named CAM) that is described in detail
in Zhang et al. (2012). All of the experiments are integrated
from September 1979 to December 1990, and the results of
the last 10 years are used for analysis.

3.1 Experiments comparing the new and old
model configurations

First, an experiment with the old scheme, denoted OLD, was
performed as a control run. Second, a McICA experiment de-
noted N_MRO, utilizing PPH and the MRO assumptions to
be consistent with the OLD run, was done. The comparison
between N_MRO and OLD illustrates differences in the cli-
mate response due to changes in radiation scheme other than
subgrid cloud variation.

3.2 Experiments exploring the impacts of subgrid
cloud structures

As the McICA scheme is flexible in depicting subgrid cloud
structures, three more experiments were implemented to test
the model’s sensitivity to cloud-structure variations.

First, the impact of changing cloud overlap assumption
was tested by including the so-called general overlap (here-
after GenO) (Mace and Benson-Troth, 2002). In GenO, the
vertically projected cloud fraction of the two cloud layersk

andl (Ck,l) is defined as the linear combination of maximum
(Cmax

k,l ) and random overlap (Cran
k,l ):

Ck,l = αk,lC
max
k,l +

(
1− αk,l

)
Cran

k,l , (4)

where

Cmax
k,l = max(Ck,Cl) , (5)

Cran
k,l = Ck + Cl − CkCl, (6)
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and the overlap parameterαk,l is prescribed via an exponen-
tial decay function of altitude separation between cloud lay-
ers:

αk,l = exp

−

Zl∫
Zk

dz

Lcf(z)

 . (7)

The Eq. (4) is applied to both continuous and discontinuous
clouds as in Mace and Benson-Troth (2002). The lapse rate of
the decay ofαk,l is controlled by the “decorrelation length”
(Lcf in Eq. 7), which has a global mean value of about
2 km (Barker, 2008). We term the scheme of using a glob-
ally constantLcf = 2 km as N_GO2. In reality,Lcf is highly
related to cloud type and atmospheric dynamics (Naud et al.,
2008). Usually, convective cloud has well-organized struc-
ture (convective tower) with large vertical correlation due to
strong upward motion. Therefore,Lcf for convective cloud
should be larger than for other types of clouds. Generally,
Lcf is about 5 km to 10 km for convective cloud and is much
smaller (around 1 km) for other types of clouds (H. Barker,
personal communication, 2013). In a GCM grid cell, we sim-
ply define the grid-scale mean result as

Lcf =
[
Lcf1 × fcon+ Lcf2 × (ftot − fcon)

]
/ftot, (8)

whereLcf1 andLcf2 are the decorrelation lengths for deep
convective cloud and all other types of clouds, andfcon and
ftot are the cloud fractions for deep convective cloud and to-
tal cloud in a model layer. Though both deep and shallow
convective clouds are diagnosed in the BCC_AGCM2.0.1
model, we reserveLcf1 to deep convective cloud, because
the decorrelation length for shallow convective cloud (mostly
near the boundary layer) is likely to be very small as
demonstrated by previous studies (Neggers et al., 2011).
Besides deep and shallow convective clouds, stratiform
cloud and marine stratocumulus are also diagnosed in the
BCC_AGCM2.0.1 model, based on relative humidity. As
fcon depends directly on updraft mass flux in the diagnosis,
the new cloud overlap scheme is also related to updraft mass
flux. The test studies show that ifLcf1 = 10 km andLcf2 =

1 km, the global meanLcf is ∼ 1.7 km (see Sect. 4.2 for more
details), which is close to the result of Barker (2008). We
term the scheme of Eq. (8) as N_GOF. This can also be called
as convective–stratiform contrast scheme, since the strati-
form cloud dominates all the other types of cloud in cloud
fraction.

Additionally, the impact of breaking the default PPH as-
sumption is addressed by perturbing the horizontal distribu-
tion of cloud condensate (water and ice) with an ideal dis-
tribution function. The gamma function of cloud condensate
applied by Shonk et al. (2010) is used here. In such distribu-
tion, the magnitude of inhomogeneity is constrained by the
fractional standard deviation (f ), which is defined as

f =
σc

c̄
, (9)

where c̄ is the layer mean cloud condensate ignoring the
cloud phase, andσc is the standard deviation of the con-
densate. In this work,f was set to be 0.75 for both the liq-
uid and ice phases, as was obtained by Shonk et al. (2010)
from an extensive collection of observations. This inhomo-
geneity setup was tested withLcf given as Eq. (8), denoted
as N_GOF_IH. Because the cloud overlap assumptions are
consistent for N_GOF and N_GOF_IH, any discrepancies il-
lustrate the impact of including horizontally inhomogeneous
clouds.

In this study, the decorrelation length for cloud conden-
sate in GenO is set to be 1 km in all tests. The variation of
the decorrelation length for cloud condensate has smaller in-
fluence and is less important than that for the overlap of cloud
fractions (Barker and Räisänen, 2005).

4 Results

This section reports the results in two parts: (i) first, results
from OLD and N_MRO are provided to clarify the differ-
ences between the new and old model configurations; (ii)
second, results from N_GO2, and N_GOF and N_GOF_IH
are presented to show the impacts of cloud overlap variations
and changing the horizontal distribution of cloud condensate
within the McICA scheme.

4.1 Comparison between the new and old
model configurations

4.1.1 Radiation budget

We first investigate the difference between the old and new
schemes under the same subgrid cloud structure setups. Fig-
ure 1 shows the global annual mean radiation fields for var-
ious simulations at the top of atmosphere (TOA) and at the
surface (SFC) with a comparison against the satellite-derived
11-year (2000–2010) mean CERES_EBAF data sets (http:
//ceres.larc.nasa.gov/order_data.php) (Loeb et al., 2009). We
focus on the results of OLD and N_MRO in this section.

The central column of Fig. 1 shows that the new scheme
obtains much improved net all-sky LW and SW TOA radia-
tive fluxes. This is due to improvements in both the revised
cloud optics and the net clear-sky fluxes calculated by the
new radiation scheme.

Compared with CERES_EBAF data, the OLD run shows
notable discrepancies in TOA LW and SW CRFs (right col-
umn of Fig. 1), which are overestimated by∼ 3 W m−2 and
∼ 7 W m−2, respectively. The N_MRO run shows large re-
ductions in these biases, with TOA LW and SW CRFs errors
reduced to∼ 1.5 and∼ 3 W m−2, respectively. As the same
cloud overlap assumptions are used, the improved CRFs in
N_MRO should come mainly from the revised cloud optics
(see Table 1).

As for the clear-sky net fluxes at TOA (F clr, the left col-
umn in Fig. 1), the OLD run overestimates LW and SWF clr
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Fig. 1. Global annual mean clear-sky net fluxes (F clr, left panels),
all-sky net fluxes (Fnet, central panels), and CRFs (right panels) for
TOA LW (upmost row), surface LW (second row), TOA SW (third
row), and surface SW (bottom row) from the various simulations
and CERES_EBAF observations. The error bars are the ranges be-
tween the maximum and minimum annual mean values for the sim-
ulated or observed decades.

by ∼ 5 and∼ 1.5 W m−2, respectively. The biases at the sur-
face are also large, up to∼ 4 W m−2 for SW F clr. Again,
N_MRO produces clear-sky fluxes much closer to the obser-
vations (except for LWF clr at surface). The differences be-
tween the simulated TOA LWF clr and SWF clr and those
from CERES_EBAF observations are reduced to∼ 1 and
∼ 0.5 W m−2, respectively, for N_MRO.

The improvements in bothF clr and CRFs suggest that
the implementation of the new radiation scheme fares much
better at modeling the inner balance between the radiation
components from clear and cloudy regimes. Thus, the new
configuration behaves in a more physically coherent manner
than the original one in BCC_AGCM2.0.1, and it predictably
yields more reasonable all-sky net fluxes (F net, central col-
umn of Fig. 1).

Figure 2 displays zonal annual meanF clr, F net, and CRFs
at the TOA from the OLD, and N_MRO runs, as well as the
CERES_EBAF data set. The simulated zonal distributions of
these variables are all in reasonable agreement with obser-
vations. However, the N_MRO run gives LW and SWF net

Fig. 2.F clr (top),Fnet(central), and CRFs (bottom) at the TOA for
LW (left) and SW (right) from OLD, N_MRO, and CERES_EBAF
observations.

much closer to observations, especially at mid–low latitudes
(Fig. 2c, d). This occurs mainly because the vast overestima-
tion of LW and SW CRFs by the OLD scheme is reduced
overall by the new scheme (Fig. 2e, f). Moreover, N_MRO
also shows notable improvement in LWF clr in the subtropics
and mid-latitudes (Fig. 2a). The SWF clr is calculated well at
most latitudes in all experiments, except at the polar regions
where there are noticeable underestimations. This may be
linked to the enhanced solar albedo over snow surfaces com-
pared with observations in the Community Land Model ver-
sion 3 (CLM3) used in the BCC_AGCM2.0.1 model (Oleson
et al., 2003), which results in an overestimated solar energy
loss to space.

Figure 3 shows the global distribution of errors in annual
mean SW and LW CRFs relative to CERES_EBAF, as well
as the differences between N_MRO and OLD. The OLD run
exhibits negative biases in SW CRF at most low and mid-
latitudes (see Fig. 3a). The N_MRO run significantly re-
duces these errors (see Fig. 3c), but the enhanced positive
biases appear over subtropical oceans near the west coasts
of continents and over East Asia. Figure 3e shows that the
differences in SW CRF between the new and old config-
urations are located mainly in the intertropical convective
zone (ITCZ), with maximum values of over 14 W m−2, as

Geosci. Model Dev., 7, 737–754, 2014 www.geosci-model-dev.net/7/737/2014/569



H. Zhang et al.: Application and evaluation of a new radiation code 743

Fig. 3.The annual mean differences in SW CRF (left) and LW CRF (right). Differences larger (smaller) than 10 (−10) W m−2 are shaded in
yellow (blue). The global mean and root mean square values of each figure are also shown.

abundant high-level ice clouds exist in all the ITCZ regions.
Differences in SW CRF over mid–high latitudes are much
smaller. There are only minor differences in areas with large
SW CRF along 60◦ S, where a large number of low-level
clouds (mostly liquid) exist, because the liquid cloud optics
in the two configurations are almost equivalent for CRF cal-
culation. Consequently, the changes in ice cloud optical prop-
erties are the main cause of the changes in SW in the run with
the new configuration when maximum-random overlap of
plane-parallel horizontally homogeneous clouds is assumed.

In the OLD run, LW CRF is overestimated over most of
the tropical and subtropical oceans with very few exceptions,
but it is underestimated over intensively convective tropical
regions such as the central Africa, the west Pacific warm
pool, and the Amazon forests of South America (Fig. 3b).
The N_MRO run produces similar distributions of these bi-
ases; however, the positive biases in the tropical and sub-
tropical oceans are reduced, whereas the negative biases are
enhanced somewhat (Fig. 3d). The differences in LW CRF
between the new and old configurations (see Fig. 3f) show
a quite similar geographic distribution to those of SW CRF
(see Fig. 3e), with a maximum value of more than−9 W m−2

in the tropical east Pacific. Again, variations in ice cloud op-
tics play a critical role in causing these differences.

The cooling effect by SW CRF and heating effect by LW
CRF at the TOA in tropical deep convective regions have
been shown to be nearly linearly correlated and generally
compensate for each other (Kiehl and Ramanathan, 1990),
which means that the (SW CRF) / (LW CRF) ratio is about
−1. This ratio is often used as a criterion for showing the
performance of modeled CRF. The (SW CRF) / (LW CRF)
ratios in the Indonesian region (10◦ S–20◦ N, 110–160◦ E)
for the OLD and N_MRO simulations and CERES_EBAF
observations are given in Table 2. The table shows that the
OLD run overestimates the (SW CRF) / ( LW CRF) ratios
for the annual and seasonal means. N_MRO shows a gen-
erally noticeable decrease in SW CRF, especially for the an-
nual and summer (JJA) means. This results in decreased (SW
CRF) / (LW CRF) ratios (Table 2). However, previous offline
comparisons (not shown here) give very similar results for
the new and old schemes. Thus, it can be inferred that the
two versions of radiation scheme are comparable for diag-
nosing the (SW CRF) / (LW CRF) ratio, whereas the climate
feedback evidently changes the simulated cloud fractions or
cloud condensate.
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Fig. 4. Zonal annual mean clear-sky and all-sky LW heating rates for OLD(a, d), N_MRO (b, e)and the differences between N_MRO and
OLD (c, f) (units: K day−1).

Table 2.The modeled and observed (SW CRF / LW CRF) ratios in
the tropical warm pool region (10◦ S–20◦ N, 110–160◦ E).

OLD N_MRO OBS

ANN −1.17 −0.94 −1.13
DJF −1.55 −1.34 −1.14
JJA −1.83 −1.51 −1.09

Radiative heating/cooling within the atmosphere is a crit-
ical driving factor in climate simulations. Figure 4 compares
the clear-sky and all-sky LW heating rates (HRs) of N_MRO
and OLD, respectively. The differences in SW HR are much
smaller than those in LW HR (figure not shown). For the
clear-sky condition, N_MRO shows a remarkable (more than
10 %) increased radiative cooling in the lower troposphere
within 60◦ S–60◦ N and a reduced radiative cooling in most
of the middle troposphere. These may be related to the differ-
ent treatments of greenhouse gases, especially O3 and water
vapor. The difference in the all-sky LW HR (see Fig. 4f) is
similar to the pattern shown in Fig. 4c, indicating that the dif-
ferences in the HR of clouds are less important for determin-
ing the all-sky HR differences in this case. This pattern tends
to increase the stability of the atmosphere below 600 hPa but
enhance vertical mixing above 600 hPa.

As shown above, the application of the BCC-RAD radia-
tion scheme, without tuning the subgrid cloud structures, re-
markably influences the radiation budget at both boundaries
and within the atmosphere. These changes will extensively
affect the final simulated climate.

Fig. 5. Zonal annual mean(a) surface temperature and(c) precipi-
tation from N_MRO, OLD, and observation data, as well as(b, d)
the differences between N_MRO and observations (red solid lines)
and between OLD and observations (blue solid lines). The observa-
tion data for temperature are from the ERA-Interim reanalysis, and
those for precipitation are from the Xie and Arkin (1997) data set.

4.1.2 Surface climatology

In this subsection, the simulated surface temperature and pre-
cipitation are evaluated.
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Fig. 6. Biases in zonal annual mean atmospheric temperature and specific humidity compared with the ERA-Interim reanalysis for(a, d)
OLD and(b, e)N_MRO simulations and(c, f) the differences between N_MRO and OLD.

Zonal comparisons of surface temperature (ST, for land
only) and precipitation rate are shown in Fig. 5. There
are substantial differences between the simulations and the
ERA-Interim reanalysis (Uppala et al., 2005), which is av-
eraged over the same period as the simulations. For in-
stance, simulated STs are underestimated by about 1.5 K in
the mid-latitudes and by about 3 K around the North Pole
(see Fig. 5b), but overestimated by about 2 K and 4 K over
the tropics and South Pole, respectively. The global distribu-
tions of surface temperature biases for the N_MRO and OLD
runs are quite similar (figures not shown), with local maxi-
mum differences between the N_MRO and OLD runs reach-
ing±2–4 K. The differences between the simulations and ob-
servations are much larger than the differences between the
N_MRO and OLD simulations. It should be noted that the
SSTs used here are prescribed, which limited the model re-
sponse.

Similar to Fig. 5a and b, Fig. 5c and d show comparisons
of the precipitation rate. Both the N_MRO and OLD simula-
tions capture the main features of the meridional distribution
of precipitation, such as the maximum in the tropics and sec-
ondary maxima at the mid-latitude storm tracks. However, er-
rors are also clear relative to the observation, especially in the
tropics. The two simulations are comparable in the simula-
tion of the zonal mean distribution of precipitation, but there
are noticeable local differences in the tropical and subtropical
regions (figures not shown). These differences probably stem

from the altered atmospheric thermodynamics and dynamics
caused by the changes in radiation budget. The increases and
decreases in precipitation often coincide with the decreases
and increases in surface temperature (figures not shown), re-
spectively; thus, the changes in precipitation also obviously
influence the surface energy balance.

4.1.3 Atmospheric states

Simulated atmospheric temperature and specific humidity
are analyzed in this subsection.

Figure 6 shows the comparisons of the latitude–height dis-
tribution of atmospheric temperature and specific humidity.
Notable cold biases relative to ERA-Interim, about 1–2 K
in the low–mid troposphere, exist throughout almost the en-
tire troposphere in the OLD case (see Fig. 6a). The N_MRO
simulation inherits most of these biases, but the relative
warming (up to 0.4–0.8 K) within the middle troposphere
(800∼ 500 hPa) is a desirable change compared with OLD
(see Fig. 6c). This is definitely related to the reduced LW
cooling rate in the middle troposphere, as shown in Fig. 4.

In addition to the improvements in tropospheric tempera-
ture, there are favorable changes in specific humidity. Com-
pared with ERA-Interim, the OLD run is subject to con-
siderable dry biases in the tropical lower troposphere (see
Fig. 6d). This is likely caused by LW heating rate biases re-
lated to the LW parameterization of water vapor (Collins et
al., 2002). Due to changes in heating rate, as shown in Fig. 4,
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the N_MRO run notably increases the specific humidity in
the tropics, typically reducing the original biases by about
30 %.

The changes in atmospheric temperature and specific hu-
midity exert influences on the formation and maintenance
of cloud water and ice (figures not shown), affecting the
modeled local radiation budget, such as altering the (SW
CRF) / (LW CRF) ratio mentioned above.

Overall, the incorporation of the new scheme influences
radiative fluxes and heating rates remarkably. Due to these
changes, the simulated surface and atmospheric climate are
comparable or improved relative to the old model configura-
tion. Therefore, the new scheme used here has been demon-
strated to be a viable option for long-term climate simulation.

It should also be mentioned that the differences in simu-
lated climate between the two model configurations are rela-
tively smaller than those between the simulations and obser-
vations. Nevertheless, the much more flexible cloud structure
and internal consistency of the new configuration will benefit
further development of model physics. In regard to the conve-
nience of the McICA scheme for modifying subgrid clouds,
the impacts of the cloud structure variations are assessed as
follows.

4.2 The impacts of altering subgrid cloud structures

In this subsection, we discuss the impacts of altering overlap-
ping scheme of fractional clouds and breaking the traditional
PPH assumption on simulated radiation and climate.

4.2.1 The impact of altering cloud overlap

In Fig. 7, the top panels show the zonal mean distributions of
the fractional contribution by deep convective cloud to total
cloud (fcon/ftot) in GCM grid cells.fcon/ftot has the maxi-
mum value in the upper tropics, then decreases sharply with
latitude. There is a seasonal variation as shown in DJF and
JJA. In the second row of Fig. 7, the latitude–height distribu-
tions of the grid-cell meanLcf calculated using Eq. (8) are
shown. In general,Lcf reaches its maximum value in upper
tropics, and decreases with latitude, similar to the distribu-
tion of fcon/ftot. That the decorrelation length tends to in-
crease upwards has also been alluded by Barker (2008) and
Räisänen et al. (2004).

In the bottom panels of Fig. 7, the zonal mean vertically
averagedLcf (solid lines) is shown. Also shown is the Shonk
et al. (2010) function result based merely on latitude (dashed
lines). It is found thatLcf not only depends on geographi-
cal location but also has seasonal variation as indicated in
DJF and JJA. Therefore, it is difficult to parameterizeLcf
only based on latitude. Though the scheme of N_GOF is not
directly from observations, the result shown is very close
to that derived from CloudSat/CALIPSO observations (see
Fig. 1 in Oreopoulos et al., 2012). Through comparison with

Fig. 7. Zonal annual mean(a, b) fractional contribution by deep
convective cloud fraction (fcon/ftot) and(c, d)Lcf calculated using
Eq. (8) from the N_GOF run, as well as(e, f) the vertically averaged
Lcf for N_GOF (solid lines) and that used by Shonk et al. (2010)
(dashed lines), for DJF (left) and JJA (right).

the standard scheme of N_GO2, the impact of cloud-type-
relatedLcf can be explored.

In the upper panels of Fig. 8, the changes in total cloud
fraction between N_GOF and N_GO2 are shown for DJF and
JJA. Compared to N_GO2, N_GOF yields fewer clouds in
low latitudes of the summer hemisphere, and generally pro-
duces more clouds in the middle and high latitudes. This
is clearly seen in the zonal mean results presented in the
lower panels (black lines). In the regions with more strongly
convective clouds, the largerLcf causes a larger possibil-
ity for maximum overlap, which leads to less cloud frac-
tion. The same argument applies to the regions with fewer
convective clouds. In the lower panels, the changes in zonal
mean cloud fraction by N_GOF–N_GO2 for low, middle and
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Fig. 8.Differences in(a, b) total cloud fraction between N_GOF and N_GO2, and(c, d)zonal mean differences in total (CTOT), low (CLOW),
middle (CMED), and high (CHGH) cloud fractions between N_GOF and N_GO2, for DJF (left) and JJA (right).

high clouds are presented separately. For the low and mid-
dle clouds, it is found that the cloud fraction generally de-
creases in the tropics and increases in the middle and high lat-
itudes, which is consistent with the total cloud fraction. How-
ever, for high clouds, N_GOF generally produces a larger
cloud fraction compared to N_GO2 even in the tropics. As
the cloud fractions in individual layers do not change no-
tably, the increased high cloud fraction is mostly because
the decorrelation length in the upper troposphere is smaller
in N_GOF than in N_GO2. Fewer low/middle clouds in the
tropics causes more solar radiation to reach the lower atmo-
sphere and surface, because high clouds have smaller impact
on solar radiation compared to the low/middle clouds. The
extra solar heating in the lower atmosphere and surface can
enhance the surface evaporation and atmospheric convec-
tion, which then can produce more cirrus clouds (Emmanuel,
1994).

In the top panels of Fig. 9, the differences in SW CRF
between N_GOF and N_GO2 are shown. The differences in
SW CRF can exceed 15 W m−2 over a large domain in the
tropical regions. In the regions with more convective clouds
(for instance, the summer northern Indian Ocean and tropical
Atlantic Ocean), the larger chance of maximum overlap leads
to less cloud solar reflection, and thereby less SW CRF (pos-
itive differences between N_GOF and N_GO2). Similarly,
in the regions with fewer convective clouds (for instance, the
summer Arctic and winter Southern Hemisphere oceans), the
difference between the two schemes becomes negative. The
zonal mean results show that SW CRF generally increases in
the tropics and decreases in the middle and high latitudes.

The middle panels of Fig. 9 show the differences in LW
CRF between N_GOF and N_GO2. In the regions with more
convective clouds, the smaller cloud fraction shades less
longwave radiation from reaching outer space, thereby caus-
ing less LW CRF. Similarly, in the regions of fewer convec-
tive clouds, LW CRF is increased. The zonal mean results
show that the LW CRF is generally increased by N_GOF
in the middle and high latitudes. However the change in
the tropics is small. LW CRF is strongly dependent on high
clouds. As shown in Fig. 8, the change in high cloud fraction
in the tropics is different from that in low/middle clouds.

The changes of SW and LW CRFs are generally opposite.
For example, over the summer northern Indian Ocean and
tropical Atlantic Ocean, a positive SW CRF difference corre-
sponds to a negative LW CRF difference. However, the solar
effect is generally stronger than that of longwave. The net ef-
fect in the total CRF does not cancel out. In the lower panels
of Fig. 9, the differences in total CRF are shown. From the
zonal mean result, a more strongly positive CRF in the sum-
mer Arctic is clearly seen. Despite the obvious differences of
CRFs at the TOA in different latitudes, the global mean dif-
ferences in net fluxes are small (Fig. 1b, h) at the TOA, due
to compensation between latitudes.

By using diagnostic calculations, Shonk and Hogan (2010)
and Oreopoulos et al. (2012) found that more maximum-
like cloud overlap leads to decreases in the magnitude of
SW and LW CRFs with local maximum shift on an or-
der of 10 W m−2, which is consistent with our convective–
stratiform contrast scheme. One advantage of the cloud-
dependent decorrelation length described in this article is
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Fig. 9.Differences in(a, b) SW CRF,(c, d) LW CRF,(e, f) net CRF at the TOA between N_GOF and N_GO2, for DJF (left) and JJA (right).

that it can respond to climate change (i.e., if the distribu-
tion of convective cloud changes in a climate change exper-
iment, so will the decorrelation length). This is not the case
for the latitude-dependent and Julian-day-dependent decor-
relation parameterizations of Shonk and Hogan (2010) and
Oreopoulos et al. (2012).

In Fig. 10, the top panels show the change in net radiative
flux at the TOA, which is equivalent to the change in energy
balance at the TOA. It is found that the energy balance at the
TOA has been considerably affected by addressing the cloud-
type-relatedLcf. N_GOF leads to an obvious increase of net
flux in the tropics (especially for the JJA season) and high-
latitude regions. In the subtropical high-pressure regions, the
change in net flux is relatively small because the cloud frac-
tion is low there. The change in energy balance from the trop-
ics to the subtropical high regions can influence Hadley cir-
culation. The same as the result at TOA, the largest changes
in surface energy balance occur in the tropics and high lati-
tudes. It is worth emphasizing that the change in energy bal-
ance in Arctic is large, which should have very strong impact
on the evolution of sea ice. Investigating the impact on polar
climate by N_GOF will be a subsequent work for us.

Figure 11a and b are the land surface temperature differ-
ences between N_GOF and N_GO2. The patterns are simi-
lar to those of the differences in net CRF at the surface as

shown in Fig. 10c and d over land. For DJF, most land sur-
faces are simulated warmer by N_GOF than by N_GO2, as
net CRF over these areas is more positive for N_GOF. The
JJA season sees more negative differences between N_GOF
and N_GO2. The range of differences is generally between
−3 and 3 K.

4.2.2 The impact of breaking the PPH assumption

In this subsection, we briefly consider the impact of break-
ing the traditional PPH assumption on the simulated radia-
tion and climate by comparing the N_GOF_IH and N_GOF
tests, where N_GOF_IH employs the same vertical overlap
scheme as N_GOF but with consideration of the horizontal
inhomogeneity in cloud condensate as discussed in Sect. 3.

From a global mean perspective, the changes in CRFs and
net fluxes caused by including horizontally inhomogeneous
cloud condensate (Eq. 9) are as large as or even larger than
the changes from altering the cloud overlap assumptions (see
N_GOF_IH in Fig. 1), which has also been shown by calcu-
lations from cloud-resolving models (Barker and Räisänen,
2005). The global mean reductions in LW and SW CRFs at
the TOA are about 1.5 and 3.7 W m−2, respectively. These
are a little smaller than the 2.02 and 6.15 W m−2 in Shonk
and Hogan (2010) using the ERA-40 data set, but larger than
the 0.7 and 2.2 W m−2 in Räisänen et al. (2007) using the
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Fig. 10.Differences in net radiative budget(a, b) at the TOA and(c, d) at the surface between N_GOF and N_GO2, for DJF (left) and JJA
(right).

Fig. 11.Differences in simulated surface temperature(a, b) between N_GOF and N_GO2 and(c, d) between N_GOF_IH and N_GOF, for
DJF (left) and JJA (right).

ECHAM5 data set. Both of these two are offline calculations;
thus no climate interactions are included. The consideration
of horizontally inhomogeneous clouds here brings the global
mean CRFs andF net much closer to observations. In general,
N_GOF_IH is the best among all the simulations in terms of
the global mean radiative fluxes. However, the spatial distri-
butions of CRF biases of N_GOF_IH are similar to those of
other simulations (see Fig. 12), which requires revision of

not only the radiation scheme but also the other parts of the
model.

Figure 13 shows the differences in LW and SW CRFs be-
tween N_GOF_IH and N_GOF for DJF and JJA. It is seen
that the inclusion of cloud horizontal inhomogeneity weak-
ens the negative SW CRF nearly everywhere, with local max-
imum increase of more than 20 W m−2 over the western Pa-
cific warm pool region. This is qualitatively consistent with
the well-accepted conclusion that the PPH assumption of
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Fig. 12.The same as Fig. 3(c, d), but for the simulation N_GOF_IH.

Fig. 13.Differences in(a, b) SW CRF and(c, d) LW CRF between N_GOF_IH and N_GOF, for DJF (left) and JJA (right).

cloud condensate generally overestimates solar reflectance
(Carlin et al., 2002). The zonal mean results show that en-
hancements of SW CRF mostly happen in high latitudes
for both the boreal summer and austral summer. Barker and
Räisänen (2005) got very similar zonal distribution of SW
sensitivity to cloud inhomogeneity by computing on a CSRM
data set, with zonal maximum of as large as∼ 25 W m−2

around 60◦ S.
The inclusion of horizontal inhomogeneity of cloud con-

densate generally reduces LW CRF all over the globe
(Fig. 13c, d). This is because the PPH assumption of cloud
condensate generally overestimates the LW emissivity up-
wards (Pomroy and Illingworth, 2000). The patterns of
change in SW and LW CRFs are very similar. However, the
zonal mean results of LW CRF do not show very special fea-
tures in the boreal or austral summer. This is also similar to
results of Barker and Räisänen (2005). LW CRF shows less
dependence on season probably because LW CRF does not
increase proportionally with the incoming solar flux at the
TOA.

The magnitude of the local change of CRFs by address-
ing cloud inhomogeneity is about the same as changingLcf
(compared with Fig. 10). Thus, it is of great importance to
address the cloud water/ice horizontal distribution together
with the overlap of fractional clouds in GCMs.

The consideration of cloud horizontal inhomogeneity has a
noticeable influence on surface temperature (see Fig. 11c, d).
In the middle and high latitudes of the Northern Hemisphere,
there is a remarkable decrease in surface temperature during
DJF and an increase during JJA. These changes arise mainly
from competition between LW cooling and SW heating.
When inhomogeneous clouds succeed homogeneous ones,
more LW flux is emitted outward, and more SW flux pen-
etrates to the surface (see Fig. 1). The surface energy budget
is then the net effect of the two fluxes.

In general, the modifications of cloud subgrid configura-
tions have distinct impacts on the simulated radiation budget
and surface temperature. Considering the improved LW and
SW budget for clear-sky and all-sky conditions, the new
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model configuration can be used in BCC_AGCM2.0.1 to im-
prove physical processes and perform climate simulations.

It should be noted that, in this work, we altered only
the subgrid cloud structures used in the radiation calcula-
tion, whereas those in precipitation parameterization were
not changed. Physically, cloud overlap assumptions in the ra-
diation and precipitation processes should be consistent with
each other, but the latter may have a larger effect on the sim-
ulated precipitation (Morcrette and Jakob, 2000). However,
this is beyond the scope of this study.

5 Discussion and conclusions

In this work, the BCC-RAD radiation algorithm was incorpo-
rated into the BCC_AGCM2.0.1 GCM as a replacement for
the original radiation algorithm. The new radiation is entirely
distinct from the original one, by including the advanced
treatments of gaseous absorption, cloud optics and radiation
transfer. The results show that the new scheme markedly im-
proves the representation of the SW and LW radiation bud-
get for both clear-sky and all-sky conditions, whether in the
global mean or in geographic distribution. The simulated re-
lationship between SW and LW CRFs in deep convective re-
gions is improved by the new scheme as well. The modeled
temperature and specific humidity benefited from changes in
the LW heating rate, resulting in a reduction in temperature
biases by 0.4–0.8 K at the middle troposphere and a reduc-
tion in moisture biases by one-third in the tropical lower tro-
posphere relative to the ERA-Interim reanalysis. This shows
the superiority of a CKD radiation algorithm to the band-
model-based CAM3 radiation scheme. All these results in-
dicate that using the BCC-RAD radiation scheme makes the
cloud-radiation process more intrinsically coherent and rea-
sonable.

The McICA scheme was applied to the BCC-RAD radi-
ation algorithm to deal with cloud subgrid variability. This
new configuration is flexible for treating arbitrarily com-
plex subgrid cloud structures, including the vertical overlap
of fractional clouds and the horizontal distribution of cloud
condensate. The impact of altering cloud overlap within the
McICA scheme was assessed by including a so-called “gen-
eral overlap” with a global constantLcf of 2 km. In this work
we have also considered a cloud-type-relatedLcf, which es-
pecially distinguishes the deep convective cloud from other
types of clouds. This scheme yields a similar zonal mean dis-
tribution of Lcf compared to the CloudSat/CALIPSO result
demonstrated by Oreopoulos et al. (2012). One advantage of
the cloud-dependent decorrelation length described in this ar-
ticle is that it can respond to climate change. The new cloud-
type-relatedLcf has remarkable effect on local radiation bud-
get compared to the scheme of constantLcf. In the regions of
frequent convection such as South Asia monsoon region and
ITCZ, CRF is most notably influenced, with local differences
of > 20 W m−2 for SW CRF and > 10 W m−2 for LW CRF.

Generally, more net energy reaches surface around the trop-
ics while less reaches the surface in mid–high latitudes. This
could enhance the simulated Hadley circulation. Therefore,
a constant value ofLcf could lead to large biases in climate
simulations.

The effect of the horizontal inhomogeneity of cloud con-
densate was then considered by including an observation-
based gamma function in an additional test. The changes
compared with its PPH counterpart were strikingly signifi-
cant, with decreases in the global mean TOA LW and SW
CRFs of∼ 1.5 W m−2 and∼ 3.7 W m−2, respectively, mak-
ing the simulation much closer to observations. This empha-
sizes the importance of addressing the cloud horizontal dis-
tribution in GCMs along with the cloud overlap issue.

For simulated climate, the changes in cloud structures
showed a notable effect on surface temperatures in mid–high
latitudes, with the largest zonal mean differences being about
1 K, exceeding the differences between the new and old radi-
ation scheme configurations when both use the maximum-
random overlap and PPH assumptions. This will exert an
effect on the evolution of sea ice. In this work, we did not
include sea–atmosphere interaction, which could enlarge the
effect of the signal imposed by the changing cloud structures.

This study shows that N_GOF_IH is the current best
choice for climate simulations, and it will be adopted in
BCC_AGCM2.0.1.

This study also provided a direction for future improve-
ment of the McICA. More realistic cloud overlap assump-
tion or cloud horizontal distribution, achieved from satellite
observations or any other objective sources, could be used
to constrain the generation of cloud-type-relatedLcf and the
horizontal distribution of cloud condensate.
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Abstract
This study reviewed the status of PM2.5 and tropospheric O3 observations in China (15e55�N, 72e136�E). Initially, the distribution of
tropospheric O3 over the globe and China was determined based on satellite observations made during 2010e2013. The annual mean values
were 29.78 DU and 33.97 DU over the globe and China, respectively. The distribution of PM2.5 and seasonal changes in concentrations in China
were then simulated using an aerosol chemistryeclimate coupled model system, with an annual mean value of 0.51 � 10�8 kg m�3. The
contributions from five different aerosols to the simulated PM2.5 concentrations in different seasons were also determined. The relationships
among the emissions of aerosols, greenhouse gases and their precursors and radiative forcings were determined with reference to the
(IPCC AR5) Intergovernmental Panel on Climate Change the Fifth Assessment Report. From these relationships, the possible effects of con-
trolling O3 precursors and (PM) particulate matter on the climate were considered. The influence of the control of O3 precursors was not totally
clear, and reducing emissions of short-lived greenhouse gases and black carbon was considered a secondary measure for short-term (the next 50
years) climate-change mitigation. Reducing emissions of CO2 is still the best strategy for meeting the target of a global average rise in surface air
temperature of less than 2 �C. Near- and short-term emission reduction strategies are important for both effective environmental protection and
climate-change mitigation.

Keywords: Tropospheric O3; PM2.5; Greenhouse gas; Air pollution; Climate change
1. Introduction

As society has developed since the industrial revolution,
economic productivity has significantly increased. However,
the resulting anthropogenic emissions are not only damaging
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the environment but also dramatically changing the climate. In
recent decades, globalization has led to a rapid increase in the
emissions of GHGs, which are implicated in the melting of
icebergs, a rise in sea levels, and the increased occurrence of
extreme weather. Increased emissions of some gases and
aerosols have exacerbated pollution problems. In China, the
frequent occurrence of large scale smog events in recent years
has seriously affected public health. With our environment
worsening, a social consensus has emerged suggesting that we
should protect the environment and slow the pace of climate
change. In its sixteenth session, the Conference of the Parties
to the (UNFCCC) United Nations Framework Convention
on Climate Change agreed that, to avoid dangerous impacts
on the climate system, the increase in the global mean
dministration). Production and hosting by Elsevier B.V. on behalf of KeAi.
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temperature from the preindustrial level should not exceed
2 �C. Under the difficulty of reducing the emissions of long-
lived (GHGs) greenhouse gases in the near future of 50
years, controlling (SLCPs) short lived climate pollutants (such
as tropospheric O3, CH4 and BC) may not only effectively
slow down climate change, but also improve the environment
and protect human health.

2. Air pollutants

Large amounts of domestic and industrial waste gases are
emitted into the atmosphere by human activities. Air pollution
is generated when the accumulation of these substances
threatens the survival, health, and development of humans and
other organisms. Air pollutants are mainly emitted from
transportation and industrial sources (Shindell et al., 2004).
Pollutants can be divided into man-made and natural pollut-
ants and also into primary and secondary pollutants. Primary
pollutants refer to substances discharged directly from sources,
such as carbon monoxide (CO), nitrogen oxide (N2O), sulfur
dioxide (SO2), and (PM) particulate matter, whereas secondary
pollutants are generated in the atmosphere through chemical
and/or photochemical reactions involving primary pollutants.
The physical and chemical properties of secondary pollutants,
such as sulfate aerosols, nitrate aerosols, and O3, are very
different from those of their precursors.

In this study, the distribution of observed and simulated
global and Chinese tropospheric O3 and PM2.5 were exam-
ined. We considered the need to reduce emissions of aerosol
particles, tropospheric O3, and their precursors to control air
pollution. The effect on the climate of reducing these air
pollutants and means for achieving this aim were also inves-
tigated. A simple introduction to PM2.5 and SLCPs (tropo-
spheric O3, BC, and CH4) is given in the following section.
2.1. PM2.5
Aerosols are suspended particles or droplets in the atmo-
sphere (Zhang and Wang, 2011), also referred to as PM.
PM2.5, which is currently receiving significant attention, is
defined as that fraction of PM with an aerodynamically
equivalent diameter of 2.5 mm or less (Shindell et al., 2004).
PM2.5 can be inhaled into the lungs when breathing. PM2.5
can contain poisonous and harmful substances, and due to its
small size and large specific surface area, its impact can be
great. It also has a long residence time in the atmosphere, and
it can be transported for long distances. Therefore, PM2.5 has
a large influence on the atmospheric environment and on
human health.
2.2. Tropospheric O3
Ozone plays an important role in regulating the Earth's
climate. About 90% of atmospheric ozone is distributed in the
stratosphere, at 10e30 km above the surface of the Earth, with
the remainder located in the troposphere. Stratospheric O3 is
crucial for life on the Earth because it absorbs incoming solar
583
ultraviolet radiation. Tropospheric O3 is an important GHG
because it absorbs infrared radiation from the surface and
heats the atmosphere. Because it is a key component of
photochemical smog, tropospheric O3 is also an important air
pollutant. There are two main sources of O3 in the tropo-
sphere; the first is from the reactions of its precursors (CH4,
CO, VOCs, NOx, etc.), and the second is the downward
transport of O3 from the stratosphere.
2.3. BC
(BC) black carbon aerosol, with a particle size of about
0.01e1 mm, results from the incomplete combustion of fossil
fuels, wood, and other biomass. The main sources of BC
include industrial coal, automobile exhaust, kitchen smoke,
burning forests, and crops. Zhang and Wang (2011) summa-
rized the published research regarding BC and reported that it
was a strong absorber of solar and infrared radiation, which
can heat the atmosphere. It can also affect cloud formation and
reduce snow albedo (Zhang and Wang, 2011; Zhang et al.,
2012a; Wang et al., 2011). BC can absorb toxic substances
and have an impact on human health when inhaled. In prac-
tice, combustion is rarely complete due to technological
constraints, and together with BC, CO, (VOCs) volatile
organic compounds, and non-volatile organic compounds and
(OC) organic carbon aerosol besides CO2, can also be released
into atmosphere simultaneously. Of which, BC has tightly
relationship with OC. However, unlike BC, OC in the atmo-
sphere has a strong cooling effect, and therefore the mixing
ratio of the two forms of carbon from different emission
sources is important to understand.
2.4. Methane
Methane is an atmospheric trace gas. It is commonly agreed
that CH4 is the second most important GHG after CO2. Its
atmospheric concentration is far less than CO2, but its growth
rate is much larger (the growth rates for CO2 and CH4 since
the industrial revolution are 40% and 150% respectively)
(Alexander et al., 2013). Methane is a very effective absorber
of infrared radiation, and it then reemits infrared radiation with
its temperature, thus producing a greenhouse effect in the at-
mosphere. Furthermore, CH4 is also an important O3 precur-
sor. Therefore, reducing anthropogenic emissions of CH4

would not only slow down the rate of global warming but also
protect the environment and human health.

3. Distribution of the major air pollutants
3.1. Observed air pollutants
Smog events occurred frequently in central and eastern
China during January and February 2013. The smog events in
2013 were of a large scale and long duration, and they severely
affected the lives of the exposed urban population. The Chi-
nese government has expressed determination to cut the
emissions of air pollutants. Recent smog events were not
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completely natural phenomena, but were closely related to
aerosol particles (PM10 and PM2.5) emitted by human ac-
tivities (Zhang et al., 2013). Many studies of aerosols have
been undertaken in the area based on both the observation and
simulation of aerosols. Kim Oanh et al. (2006) selected six
cities (Bangkok, Beijing, Chennai, Bandung, Manila, and
Hanoi), all of which are influenced by the Asian monsoon, and
studied nearly 3,000 air samples from 2001 to 2004. In their
study, each city was divided into six representative areas, and
each year was divided into dry and wet seasons (wet season:
May to October; dry season: the rest of the year). They found
that Beijing had the highest concentrations of PM2.5 and
PM10 during both the dry and wet seasons. Zhang et al.
(2012b) analyzed PM10 samples collected from 2006 to
2007 at 16 stations in China and found that mineral particles
accounted for the largest portion (35%) of the material
collected (dust, coal smoke, and dust from cities), with sulfate
aerosol and OC each accounting for about a further 15%. The
main reason for the high concentration of sulfate aerosols was
that 70% of the power consumed in China is produced by coal
consumption. BC in the PM10 accounted for only about 3.5%
of the total sample, with little difference among the different
regions. In addition to biomass burning, coal and oil con-
sumption are also important sources of BC (Cao, et al., 2011).
Zhang et al. (2013) also measured mass concentrations of
PM2.5 in eastern China during the period of 1e16 January,
2013, and found that static stable weather and high aerosol
concentrations favored the formation of smog.

Tropospheric O3 absorbs infrared radiation and conse-
quently acts as a strong GHG. Near the surface, O3 is also
harmful to human health and plants. There is strong evidence
that tropospheric O3 has an adverse effect on plant physio-
logical processes (Ashmore, 2005). In this study, we used O3

profile data collected during 2010e2013 by the Ozone
Monitor Instrument to calculate the (TOCC) tropospheric
ozone column concentration (shown in Fig. 1). The Ozone
Monitor Instrument is housed onboard the Aura spacecraft
(AURA satellite data URL: http://aura.gsfc.nasa.gov/), which
was launched by the National Aeronautic and Space Admin-
istration on 15 July, 2004, as part of the Earth Observing
System. The TOCC is influenced by anthropogenic O3 pre-
cursors; it is small in equatorial and polar regions and rela-
tively large in the mid-latitudes. The TOCC in the Northern
Hemisphere is much larger than that in the Southern Hemi-
sphere. The TOCC maximum value in the Northern
Fig. 1. Distribution of the tropospheric ozone column co
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Hemisphere is located in bands between 30�N and 60�N,
where two low centers exists: the Tibetan Plateau and western
North America. In China, the TOCC increases from west to
east, with a maximum located in the East China Sea. The
TOCC trough in the Tibetan Plateau is due to the increased
height of the tropopause in the region and dilution by air with
a low O3 concentration from tropical areas (Liu et al., 2010).
Liu et al. (2009) reported that the Tibetan Middle Tropo-
spheric Ozone Minimum often occurred at an altitude of
8e13 km over the eastern Tibetan Plateau, accompanied by
the Asian summer monsoon. Yin et al. (2006) and An et al.
(2007; 2010) studied near-surface O3 concentrations in
Jinan, Beijing, and Nanjing, and found that the urban O3

concentration reached a minimum in winter and maximum in
summer. During a typical day, the highest concentration of O3

was recorded around 14:00 pm, and the lowest concentration
was recorded around 5:00 am. According to the joint report of
the World Meteorological Organization and the United Na-
tions Environment Programme (Shindell et al., 2004), China is
the largest contributor to global CH4 emissions, accounting for
about 18% of the global total, with the total Asian emissions
accounting for 45%. The important sources of CH4 are coal
exploitation and agricultural activities.
3.2. Simulated PM2.5
In this study, we used an aerosoleclimate coupled model,
BCC_AGCM2.0.1_CUACE/Aero (Zhang et al., 2012a; Zhao
et al., 2014), to simulate the aerosol concentration and the
distribution of PM2.5 in China and its seasonal variation.
BCC_AGCM2.0.1_CUACE/Aero comprises the aerosol model
CUACE/Aero that was developed by the Institute of Atmo-
spheric Composition, Chinese Academy of Meteorological
Sciences, and the general circulation model BCC_AGCM2.0.1,
which was developed by the Beijing Climate Center, China
Meteorological Administration. Here, we give a brief descrip-
tion of the aerosoleclimate model; more detail can be found in
Zhang et al. (2012a) and Zhao et al. (2014). The dynamical
equations are an Eulerian spectral formulation. The model has a
horizontal T42 spectra resolution (approximately 2.8� � 2.8�)
and vertical hybrid d-pressure coordinates, including 26 layers,
with the top located at about 2.9 hPa. Five different tropo-
spheric aerosols were included in the model: sea salt, soil dust,
sulfate, OC, and BC. Each type of aerosol was divided into 12
bins as a geometric series, with radii between 0.005 and
ncentration observed by satellite during 2010e2013.
4

http://aura.gsfc.nasa.gov/


Table 1

The seasonal mean concentrations of five aerosol species in China (unit: mg

m�3; percentage contribution of each component to the total PM2.5 in

brackets).

Aerosol Spring Summer Autumn Winter Annual

Sulfate 2.74 (29%) 2.80 (45%) 2.22 (40%) 1.96 (35%) 2.43 (36%)

BC 0.45 (5%) 0.43 (7%) 0.40 (7%) 0.41 (7%) 0.42 (6%)

OC 0.26 (3%) 0.25 (4%) 0.21 (4%) 0.18 (3%) 0.23 (3%)

Dust 5.82 (60%) 2.40 (39%) 2.57 (45%) 2.93 (52%) 3.43 (52%)

Sea salt 0.14 (2%) 0.29 (5%) 0.22 (4%) 0.14 (3%) 0.20 (3%)
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20.48 mm. The emission data were primarily from AeroCom
and included observations of BC (Bond et al., 2004), OC (van
der Werf et al., 2004), SO2 and sulfate (van der Werf et al.,
2004; Cofala et al., 2005), and dimethyl sulfide (Kettle and
Andreae, 2000; Nightingale et al., 2000). Other emission data
used were from the Emission Database for Global Atmospheric
Research version 3.2, 1995 (Olivier et al., 2002). Sea salt and
soil dust emission schemes were developed by Gong et al.
(2002) and Marticorena and Bergametti (1995). The simu-
lated distribution of anthropogenic PM2.5 aerosols in China is
shown in Fig. 2; the maximum and minimum values of PM2.5
are located in the north and northwest of China. The concen-
tration of anthropogenic aerosol changes obviously with season
and is notably high in spring and summer. Additionally, the
simulated concentrations of the five typical aerosols in China
and the proportion of PM2.5 within them are shown in Table 1.
The sulfate and dust aerosols have the largest PM2.5 content
(about 85%); dust aerosol has a PM2.5 proportion that is higher
than 50% in winter and spring, and reaches 52% as an annual
mean. It is likely that dust aerosol is the main constituent of
PM2.5 in China. The high concentration of dust aerosol is
mainly derived from the deserts located in Mongolia and
Northwest China, such as Taklimakan and Badain Jaran. The
high concentration of sulfate aerosol is due to power production
in China, which is largely dependent on coal. It is estimated
that coal will still be the main source of power until 2050 (Kim
Fig. 2. Distribution of simulated PM2.5 (in
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Oanh et al., 2006). The proportion of sea salt in PM2.5 is less
than 5%, which is a consequence of China's geographic loca-
tion. The annual mean proportion of BC in PM2.5 is 6%, with a
stable concentration >0.4 mg m�3 year round. The high aerosol
concentrations in China can be attributed to the consumption of
coal and fuel and domestic emissions associated with the
increased economic development and social activities. Zhang
et al. (2012a) simulated the global averaged radiative forcing
for the five typical aerosols at the top of the atmosphere and at
the surface. Only the radiative forcing of BC was positive
(heating the atmosphere) at the top of the atmosphere. The
radiative forcing of the anthropogenic aerosols in a cloudy at-
mosphere was �0.23 W m�2, which cooled the eartheatmo-
sphere system. Scientists have simulated the distribution of
future global PM2.5 using multi-models and found that both
cluding only anthropogenic aerosols).
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global and regional PM2.5 will be decreased at the end of the
21st century, under four representative concentration pathways
(RCP2.6 RCP4.5 RCP6.0, and RCP8.5) used by the IPCC AR5,
especially in East Asia (Fiore et al., 2012; Zhao et al., 2013).

4. The effects of air pollution mitigation on climate
change
4.1. Air pollutants and radiative forcing
The IPCC AR5, released in 2014, related radiative
forcing to emissions of GHGs, aerosols, and their precursors
for the first time (Qin et al., 2014). The IPCC AR5, directly
and indirectly, provides the radiative forcings of air pol-
lutants composed of tropospheric O3, aerosols, and their
precursors. Relative to 1750, the total radiative forcing is
positive, with the increase in CO2 concentrations being the
largest contributor (1.68 [1.33e2.03] W m�2) to global
warming. The total radiative forcing in 2011 relative to
1750 due to anthropogenic activities was 2.29 [1.13e3.33]
W m�2, and it has been accelerating since 1970. The total
of well-mixed GHGs [CO2, CH4, N2O, and (CFCs) chlo-
rofluorocarbon] is 3.00 [2.22e3.78] W m�2. Some of the
well-mixed GHGs can be transformed into other compo-
nents through a series of complex chemical reactions. The
total radiative forcing due to the change in their concen-
tration is 2.83 [2.26e3.40] W m�2. The radiative forcing
due to changes in the CH4 concentration is 0.48
[0.38e0.58] W m�2, whereas that due to CH4 emissions is
0.97 [0.74e1.20] W m�2, as its effects on tropospheric O3

and stratospheric H2O double its warming energy. Among
the GHGs with a short atmospheric residence time, CO has
a warming effect on climate, whereas, NOx has a negative
radiative forcing of �0.15 [�0.34e0.03] W m�2. The total
radiative forcing of aerosols (including aerosolecloud in-
teractions) is �0.90 W m�2. Most aerosols have negative
radiative forcings, with the exception of BC.
Fig. 3. Schematic diagram of the impacts of pollution control on specific emissio

indicates the known impact, and the dashed line indicates an uncertain impact).
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4.2. The possible effects of the mitigation of O3

precursors and PM on climate change
To decrease the concentrations of tropospheric O3 and
aerosols, efforts should be made to reduce the emissions of
important gases and aerosols. As shown in Fig. 3, to control the
concentration of tropospheric O3 we must reduce the emissions
of CH4, CO, VOCs, and NOx, and to control the concentrations
of aerosols, the emissions ofNOx,VOCs,NH3, BC,OC, andSO2

must be reduced. However, some contradictory effects should be
noted. For example, reducing the emissions of O3 precursors can
suppress the O3 concentration, resulting in a cooling effect.
Furthermore, of the O3 precursors, NOx can control the lifetime
of CH4 and inhibit the production of aerosols. Consequently, the
reduction of NOx emissions leads to global warming. The
mitigation of aerosols leads to overall warming, but there is
strong evidence that BC mitigation has a direct cooling effect.
The indirect effects of BC, caused by its interaction with clouds,
are still unknown and require further study.

5. Conclusions

For effective environmental protection, there is a need to
reduce emissions of tropospheric O3 and PM2.5 to effectively
protect public health, food, water, and the ecosystems on
which our survival depends, and to reduce atmospheric
pollution events. From the perspective of short-term climate
protection, the comprehensive reduction of emissions of
SLCPs (including tropospheric O3, CH4, and BC) in the next
50 years may slow down the rate of climate change and reduce
future global warming by 0.2e0.7 �C (Shindell et al., 2004).
This measure would also protect glaciers and snowfields in
Polar Regions, including the Himalayas, from rapid melting.

To reduce the concentration of tropospheric O3, the miti-
gation of O3 precursors should be considered. Methane, one of
the O3 precursors, is also an important GHG, and the reduction
of CH4 emissions would provide both global warming
ns and on climate (from IPCC AR5 (Myhre et al., 2013); the solid black line
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mitigation and environmental protection. The influence of
reducing other O3 precursor emissions on the climate is not as
clear. The indirect effect of reducing BC emissions requires
further studies, but the mitigation of other aerosols will lead to
an increase in the global average surface temperature.

It should be noted that reducing the emission of SLCPs is a
helpful measure in short-term, whereas the reduction of CO2

emissions remains the best long-term strategy to ensure that
the increase in global average temperature does not exceed
2 �C. Both short- and long-term emission reduction strategies
are vitally important for effective environmental protection
and climate-change mitigation.
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Fig. 1  Distribution of tropospheric ozone column concentration observed by satellite in 2010J2013
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Fig. 2  Distribution of simulated PM2.5 (only including anthropogenic aerosols)
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Table 1  The seasonal mean concentrations of 5 aerosol species in China (unit: µg /m3; contribution percentage of each components to PM2.5 in

brackets)
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PM2.5 and Tropospheric Ozone in China and Pollutant Emission

Controlling Integrated Analyses

1 Chinese Academy of Meteorological Sciences, Beijing 100081, China; 2 Laboratory for Climate Studies of China

Meteorological Administration, National Climate Center, China Meteorological Administration, Beijing 100081, China;

3 Key Laboratory for Semi-Arid Climate Change of the Ministry of Education, College of Atmosphere Science, Lanzhou

University, Lanzhou 730000, China

Abstract:  This work reviewed the observational status of PM2.5 and tropospheric ozone in China firstly; the

distribution of the concentration of tropospheric ozone over the globe and China were given based on the satellite

observation during the period of 2010J2013. The annual mean values are 29.78 DU and 33.97 DU in the globe and

China region, respectively. Then, the distribution of PM2.5 concentration and their seasonal changes in China were

simulated by an aerosol chemistry-climate coupled model system, with annual mean value of 0.51 � 10J8 kg/m3.

The contributions from five kinds of aerosols to the simulated PM2.5 concentrations in different seasons were also

analyzed. Then, the relations between the emissions of aerosol, greenhouse gases and their precursors and their

radiative forcings were illustrated referring to the IPCC AR5. For these relations, the possible effects of controlling

ozone precursors and particle matter on the climate were given, of which, the former is not totally clear, while

reducing emissions of short lived greenhouse gases and black carbon is a secondary measure for short term (the

future 50 years) climate change mitigation. Reducing emission of CO2 is still our main strategy to promise the target

of global average surface air temperature rise less than 2�. The strategies of pollutant emission control for near

term and long term are all important for the prospects of both environment protection and climate change mitigation.

Key words: tropospheric ozone; PM2.5; GHG; air pollution; climate change
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1 � 41�� ��� IPCC�� !"#$%&'()*+,-./012

�1  �� !"#�� ! Hansen� [4]�� !�� !"#$%&'()*+,-./∆T0=�� !"#$%&∆TS �

�� !�"#$%&(a) �� !"#$(b) �� !"#$%&'()*+,-(c) �� !"#$%&'()*+,-

���� !"#$%&'()*+,-(d) �� !"#$%&'()�� !"#$%&'()*+,-.(e) �� !

�� !"#$%&'()

Fig. 1  Cartoon comparing (a) instantaneous RF, (b) RF, which allows stratospheric temperature to adjust, (c) flux change when the

surface temperature is fixed over the whole Earth (a method of calculating ERF), (d) the ERF calculated allowing atmospheric and land

temperature to adjust while ocean conditions are fixed, (e) the equilibrium response to the climate forcing agent. The methodology for

calculation of each type of forcing is also outlined. ∆T0 represents the land temperature response, while ∆TS is the full surface

temperature response. Updated by Hansen et al. [4]

� 2  1750� 2011�� !"#�� !"�� !"#$�� !�� !"�� !"#$%&�� !"�� !

�� �� !�� !"�� !"#$ 5%�95%� [1]

Fig. 2  Bar chart for RF (hatched) and ERF (solid) for the period 1750J2011. Uncertainties (5%J95% confidence range) are given for

RF (dotted lines) and ERF (solid lines)  [1]
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Fig. 3  Global mean anthropogenic forcing with symbols indicating

the times at which ACCMIP simulations were performed (Solid

lines with circles are net, long dashes with squares are ozone, short

dashes with diamonds are aerosol, and dash-dot lines are WMGHGs) [11]
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ｄｉａｔｉｖｅｈｅａｔｉｎｇｒａｔｅ，Ｒａｄｉａｔｉｖｅｆｌｕｘ

摘　要　为了在不大幅度增加计算成本的情况下提高大气辐射传输计算的精度，利用单层四流球谐函数结合多层二流累加

法，构造了可用于多层大气的四流球谐函数算法。为了比较与其他辐射传输算法的差异，引入４８流离散纵坐标算法作为比较

ｄｏｉ：１０．１１６７６／ｑｘｘｂ２０１４．０７７　　　　　　　 　中国气象学会成立９０周年纪念专刊　　　　　　　　　　　　气象学报　

 资助课题：国家自然科学基金（４１３７５０８０）、科技部公益性行业（气象）科研专项项目（ＧＹＨＹ２０１４０６０２３）和国家重点基础研究发展计划项

目（２０１１ＣＢ４０３４０５）。
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601



标准，Ｅｄｄｉｎｇｔｏｎ近似、四流离散纵坐标算法作为比较对象。在真实大气廓线条件下，计算了晴空和有云大气顶向上辐射通

量、地表向下辐射通量以及加热率廓线。得出以下结论：在晴空情况下，与作为标准的４８流离散纵坐标法相比，Ｅｄｄｉｎｇｔｏｎ近

似、四流离散纵坐标法和新构造的四流球谐函数方法加热率绝对误差都小于０．３Ｋ／ｄ；向上、向下辐射通量的相对误差分别小

于１％和０．６％。这表明在晴空情况下，３种算法对加热率的计算精度差别不大；对辐射通量的计算精度，两种四流近似算法

比传统的Ｅｄｄｉｎｇｔｏｎ近似更为精确。在有云情况下，与４８流离散纵坐标法相比，四流球谐函数和四流离散纵坐标法计算的云

顶加热率相对误差小于１％，而Ｅｄｄｉｎｇｔｏｎ近似计算的云顶加热率相对误差大于５％。结果表明：新构造的四流球谐函数算法

可用于大气辐射传输模式，在不大幅度增加计算成本的同时，提高了晴空大气的整体辐射计算精度和有云大气辐射加热率的

计算精度。

关键词　四流球谐函数，Ｅｄｄｉｎｇｔｏｎ近似，四流离散纵坐标法，辐射加热率，辐射通量

中图法分类号　Ｐ４２２

１　引　言

辐射方案的精度差异会对大气模式模拟效果产

生一定影响（杨学胜等，２００９；许尤福等，２０１１；荆现

文等，２０１２；张梦等，２０１４；Ｚｈａｎｇ，ｅｔａｌ，２０１４）。在平

行大气假设下，Ｓｔａｍｎｅｓ等（１９８８）开发的离散纵标

法（ＤＩＳＯＲＴ）程序包是目前使用最广泛的辐射传输

模式之一。ＤＩＳＯＲＴ３２流或４８流方案计算的辐射

结果一般可以作为衡量其他辐射传输算法优劣的参

考标准。但是高流（大于二流）ＤＩＳＯＲＴ程序的计算

成本比较高，目前高性能计算机的运算能力尚不足

以将高流ＤＩＳＯＲＴ算法应用于气候模式。目前大

多数气候模式仍然采用二流辐射传输方法，其主要

优点是计算速度快，且在晴空大气下的计算精度基

本能满足气候模式的需求，但是在有云大气情况下

误差较大。因此，对于有云大气情况，需要采用更为

精确的辐射传输计算方法。随着高性能计算机的发

展，四流辐射传输方案逐渐被应用于全球气候模式

的计算。Ｓｈｉｂａｔａ等（１９９２）研究表明利用四流矩阵

算子法能将辐射传输计算的误差控制在１０％以内。

Ｃｈｏｕ（１９９２）利用单层四流离散坐标法结合二流累

加法，计算了辐射通量和加热率，与通过求解线性方

程组的传统四流离散坐标法相比，明显地节省了计

算时间。Ｋａｙ等（２００１）比较了二流和四流离散纵坐

标法以及矩阵求逆法。其结果表明在光化通量的计

算中，四流离散纵坐标法略优于矩阵求逆法，而两者

都要优于二流离散纵坐标法。而在辐射通量的比较

中，四流离散纵坐标法要优于矩阵求逆法和二流离

散纵坐标法。Ａｙａｓｈ等（２００８）在第３代加拿大气候

中心大气环流模式（Ｓｃｉｎｏｃｃａ，ｅｔａｌ，２００８）中引入了

二流四流混合离散纵坐标法（Ｌｉｏｕ，ｅｔａｌ，１９８８），并

比较了其与二流近似辐射传输算法对辐射通量计算

结果的影响。Ｚｈａｎｇ等（２０１３ａ，２０１３ｂ）分别利用四

流离散纵坐标、四流球谐函数法结合四流累加法构

造了多层四流离散纵坐标和多层四流球谐函数法，

在有云情况下可以使得加热率和辐射通量的相对误

差小于１％。

以上研究进展表明与二流辐射传输方案相比，

四流方案在计算精度上有明显的优势。采用二流累

加法和单层四流辐射传输方案相结合能够兼顾计算

时间和精度。Ｌｉ等（１９９６）的研究表明，对于求解单

层辐射传输方程而言，四流球谐函数辐射传输算法

计算的透过率和反射率精度要略优于四流离散纵标

法，大幅度优于Ｅｄｄｉｎｇｔｏｎ近似方法。因此，本研究

利用Ｌｉ等（１９９６）给出的单层四流球谐函数辐射传

输算法的数值解析解结合累加法，构造了应用于非

均匀大气辐射传输计算的四流球谐函数辐射传输算

法，首先应用于北京气候中心辐射传输模式（ＢＣＣ

ＲＡＤ）（Ｚｈａｎｇ，ｅｔａｌ，２００３，２００６ａ，２００６ｂ；Ｒａｎｄｌｅｓ，ｅｔ

ａｌ，２０１３），并进行了检验。

２　单层四流球谐函数结合多层二流累加法

的辐射传输算法介绍

２．１　单层四流球谐函数求解

一般的辐射传输方程可以写成以下形式（廖国

男，２００４）

μ
ｄ犐
ｄτ
＝犐－犑 （１）

式中，μ为局地天顶角，犐是辐射强度，τ是光学厚

度，犑是源函数。

Ｌｉ等（１９９６）推导了单层四流球谐函数算法的

９５２１张　华等：多层四流球谐函数算法的构建及在大气辐射传输模式中的应用　　　　　　　　　 　　　 　　　　　　　　　
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数值解

犉± ＝π（犐０±２犐１±
５

４
犐２） （２）

式中，犐犻为辐射强度展开式的各项，犉
±为向上和向

下辐射通量。

２．２　多层二流累加法

Ｃｏａｋｌｅｙ等（１９８３）给出了计算２层大气总的反

射率和透射率的公式

狉１２（μ０）＝狉１（μ０）＋　　　　　　　　　　　

狋１［狋１（μ０）－ｅ
－τ１
／μ０狉１＋ｅ

－τ１
／μ０狉２（μ０）］

１－狉１狉２
（３）

狋１２（μ０）＝ｅ
－τ１
／μ０狋２（μ０）＋

狋２［狋１（μ０）－ｅ
－τ１
／μ０＋ｅ

－τ１
／μ０狉２（μ０）狉１］

１－狉１狉２
（４）

狉１２ ＝狉１＋
狋１狉２狋１
１－狉１狉２

（５）

狋１２ ＝
狋１狋２
１－狉１狉２

（６）

式中，狉犻、珔狉犻、狋犻、珋狋犻 分别表示第犻层的反射率、漫反射

率、透过率／漫射透过率；狉１２、珔狉１２、狋１２、珋狋１２分别表示总

反射率、总漫反射率、总透过率、总漫射透过率；μ０

是入射太阳天顶角余弦，τ１ 表示光学厚度。

通过式（３）—（６），可以得到任意两层的反射率

和透过率，从而得到每层大气的向上和向下的辐射

通量。

单层四流球谐函数方法在辐射强度的计算上采

用了更多的展开项，在精度上优于单层二流辐射传

输方案。利用式（３）—（６）计算的任意层的反射率和

透过率，采用的是二流累加法，在时间上优于多层四

流辐射传输方案。因此，单层四流球谐函数和多层

二流累加法的组合方式，一方面单层计算具有四流

方法的精度；另一方面可以节约部分计算时间。

２．３　犅犆犆犚犃犇介绍

ＢＣＣＲＡＤ采用Ｚｈａｎｇ等（２００３，２００６ａ，２００６ｂ）

研发的相关犽分布算法；原短波辐射传输方案采用

二流Ｅｄｄｉｎｇｔｏｎ算法。波长范围１０—４９０００ｃｍ
－１，

分为１７个波段（长波８个波段，短波９个波段）。共

包含了８种主要温室气体（水汽、二氧化碳、臭氧、氧

化亚氮、甲烷和氟氯烃等），其气体吸收系数和吸收

截面数据取自 ＨＩＴＲＡＮ２０００光谱数据库（Ｒｏｔｈ

ｍａｎ，ｅｔａｌ，２００１）。水汽、二氧化碳、臭氧和氧气的

连续吸收系数数据来源于ＣＫＤ＿２．４（Ｚｈａｎｇ，ｅｔａｌ，

２００３）。水云和冰云光学性质来自 Ｎａｋａｊｉｍａ等

（２０００）；气溶胶光学性质取自卫晓东等（２０１１）、

Ｚｈａｎｇ等 （２０１２）。详细介绍可参见 Ｒａｎｄｌｅｓ等

（２０１３）。

３　四流球谐函数结合二流累加法在大气辐

射模式中的应用

３．１　晴空大气情况

将４８流ＤＩＳＯＲＴ算法、Ｅｄｄｉｎｇｔｏｎ近似、四流

球谐函数和四流离散纵坐标算法加入ＢＣＣＲＡＤ，

主要比较四流球谐函数方法与传统的Ｅｄｄｉｎｇｔｏｎ近

似算法对大气辐射计算的影响。由于四流离散纵坐

标法被广泛应用于大气辐射传输模式中，因此，文中

也将该算法加入比较。同时将４８流ＤＩＳＯＲＴ辐射

传输算法的结果作为参考标准。４种辐射传输方案

的相函数展开式采用 Ｈｅｎｙｅｙ等（１９４１）提出的公式

犘ＨＧ（ｃｏｓθ）＝∑
犖

犾＝０

（２犾＋１）犵
犾犘犾（ｃｏｓθ）。

式中，犘ＨＧ（ｃｏｓθ）为项函数，犘犾（ｃｏｓθ）为勒让德函数

展开式，犵为非称的因子，θ为太阳天项角。

４８流ＤＩＳＯＲＴ辐射传输算法相函数展开为４８

项，Ｅｄｄｉｎｇｔｏｎ近似将相函数展开成两项，四流球谐

函数和四流离散纵坐标法将相函数展开成４项。在

进行辐射传输计算之前对光学厚度、单次散射比和

相函数采用了δ函数调整（廖国男，２００４）。

首先在晴空情况下比较了Ｅｄｄｉｎｇｔｏｎ近似、四

流球谐函数、四流离散纵坐标法与４８流ＤＩＳＯＲＴ

算法计算的辐射通量以及加热率的差别。在计算

中，大气廓线采用的中纬度夏季大气廓线与张华等

（２００５）相同，模式的垂直分辨率为１ｋｍ，在计算中

模式顶选取在７０ｋｍ，因为５０ｋｍ以上需要考虑非

局地热力学，因此，作图时仅显示５０ｋｍ以下的结

果。地表反照率采用Ｎａｋａｊｉｍａ等（２０００）的方案，在

短波第９、１０波段分别取０．１和０．２６；在短波１１—

１７波段取为０．３。

图１给出了晴空加热率的比较结果。与４８流

ＤＩＳＯＲＴ辐射传输方案的加热率相比，Ｅｄｄｉｎｇｔｏｎ

近似、四流球谐函数和四流离散纵坐标３种辐射传

输方案在 ４０ｋｍ 以下高度的绝对误差都小于

０．３Ｋ／ｄ；太阳天顶角为 ６０°时小于 ０．１５ Ｋ／ｄ。

２０ｋｍ以下高度，３种辐射传输方案的加热率计算

结果的绝对误差都小于０．０３Ｋ／ｄ；２０ｋｍ 以上高

度，３种辐射传输方案计算的加热率误差有所增大，

但相对误差不超过２％。
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图１　晴空短波加热率

（ａ、ｅ．４８流ＤＩＳＯＲＴ辐射传输方案的参考结果，ｂ、ｆ．Ｅｄｄｉｎｇｔｏｎ近似，ｃ、ｇ．四流球谐函数，

ｄ、ｈ．四流离散纵坐标辐射传输方案与４８流ＤＩＳＯＲＴ辐射传输方案的差值；（ａ）—（ｄ）为

太阳天顶角为０°时的结果，（ｅ）—（ｈ）为太阳天顶角为６０°时的结果）

Ｆｉｇ．１　Ｓｈｏｒｔｗａｖｅｈｅａｔｉｎｇｒａｔｅｉｎｃｌｅａｒｓｋｙ

（（ａ），（ｅ）ｉｓｔｈｅｒｅｓｕｌｔｓｏｆｔｈｅ４８ｓｔｒｅａｍｄｉｓｃｒｅｔｅｏｒｄｉｎａｔｅａｐｐｒｏｘｉｍａｔｉｏｎｍｅｔｈｏｄ，ｔｈｅｏｔｈｅｒｓａｒｅｔｈｅ

ｄｉｆｆｅｒｅｎｃｅｓｂｅｔｗｅｅｎｔｈｅＥｄｄｉｎｇｔｏｎｍｅｔｈｏｄ（（ｂ），（ｆ）），ｆｏｕｒｓｔｒｅａｍｓｐｈｅｒｉｃａｌｈａｒｍｏｎｉｃｅｘｐａｎｓｉｏｎ

ａｐｐｒｏｘｉｍａｔｉｏｎ（（ｃ），（ｇ）），ｆｏｕｒｓｔｒｅａｍｄｉｓｃｒｅｔｅｏｒｄｉｎａｔｅａｐｐｒｏｘｉｍａｔｉｏｎ（（ｄ），（ｈ））ａｎｄ

４８ｓｔｒｅａｍｄｉｓｃｒｅｔｅｏｒｄｉｎａｔｅａｐｐｒｏｘｉｍａｔｉｏｎｍｅｔｈｏｄ，ｒｅｓｐｅｃｔｉｖｅｌｙ．（ａ）－（ｄ）ａｒｅｆｏｒｔｈｅ

ｓｏｌａｒｚｅｎｉｔｈａｎｇｌｅｏｆ０°；ａｎｄ（ｅ）－（ｈ）ａｒｅｆｏｒｔｈｅｓｏｌａｒｚｅｎｉｔｈａｎｇｌｅｏｆ６０°）

　　图２给出了短波向下辐射通量的比较结果，与

４８流ＤＩＳＯＲＴ辐射传输方案的向下辐射通量结果

相比，当太阳天顶角为０°时，Ｅｄｄｉｎｇｔｏｎ近似、四流

球谐函数、四流离散纵坐标３种辐射传输方案中，

Ｅｄｄｉｎｇｔｏｎ近似的最大误差为－６．３Ｗ／ｍ
２；四流球

谐函数法的最大误差为－１．５Ｗ／ｍ２；四流离散纵坐

标法的最大误差为２．８Ｗ／ｍ２。太阳天顶角为６０°

时，Ｅｄｉｎｇｔｏｎ近似的最大误差为－１．４４Ｗ／ｍ
２；四

流球谐函数法的最大误差为－１．１Ｗ／ｍ２；四流离散

纵坐标法的最大误差为１．１４Ｗ／ｍ２。从中可以看

出，当太阳天顶角为０°时，两种四流辐射传输算法

的结果要优于Ｅｄｄｉｎｇｔｏｎ近似。太阳天顶角为６０°

时，３种辐射传输算法的误差相差不大，其中 Ｅｄ

ｄｉｎｇｔｏｎ近似和四流球谐函数的误差曲线的形状相

似，只是四流球谐函数的误差要略小。Ｅｄｄｉｎｇｔｏｎ

近似是球谐函数的二流展开。因此，与四流球谐函

数的误差曲线形状相似，而由于四流球谐函数的辐

射强度展开式比Ｅｄｄｉｎｇｔｏｎ近似的展开式多两项，

因此计算误差要略小。对于晴空向下辐射通量而

言，３种辐散传输算法的误差相差不大，相对误差都

在０．６％以内。
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图２　同图１，但为晴空向下辐射通量的结果

Ｆｉｇ．２　ＡｓｉｎＦｉｇ．１ｂｕｔｆｏｒｔｈｅｄｏｗｎｗａｒｄｒａｄｉａｔｉｖｅｆｌｕｘｉｎｃｌｅａｒｓｋｙ

　　图３给出了短波向上辐射通量的比较。与４８

流ＤＩＳＯＲＴ辐射传输方案的结果相比，太阳天顶角

为０°时，Ｅｄｄｉｎｇｔｏｎ近似、四流球谐函数、四流离散

纵坐标３种辐射传输方案中Ｅｄｄｉｎｇｔｏｎ近似的最大

误差为－１．９２Ｗ／ｍ２，四流球谐函数法的最大误差

为－１．６２Ｗ／ｍ２，四流离散纵坐标法的最大误差为

２．１７Ｗ／ｍ２。太阳天顶角为６０°时，Ｅｄｄｉｎｇｔｏｎ近似

的最大误差为－１．１１Ｗ／ｍ２，四流球谐函数法的最

大误差为－０．９２Ｗ／ｍ２，四流离散纵坐标法的最大

误差为－０．９Ｗ／ｍ２。对于晴空向上辐射通量而言，

３种辐散传输算法的误差相差不大，相对误差都在

１％以内。

３．２　有云大气情况

在有云情况下，仍然采用中纬度夏季大气廓线

进行计算。云水含量和云滴有效半径的设置与Ｆｕ

等（１９９７）中的设置一致，本文选取的低云位于１—

２ｋｍ，云水含量为０．２２ｇ／ｍ
３，云滴有效半径为

５．８９μｍ；中云位于４—５ｋｍ，云水含量为０．２８ｇ／ｍ
３，

云滴有效半径为６．２μｍ。由于着重关注云的辐射

传输计算，因此在计算有云大气情况时，将模式的垂

直分辨率加密到０．２５ｋｍ，同时只显示１６ｋｍ以下

有云时的计算结果，垂直分辨率设置与 Ｆｕ 等

（１９９７）一致。

图４给出了低云情况下短波加热率的比较。可

以看出，与４８流ＤＩＳＯＲＴ辐射传输方案加热率结果

相比，太阳天顶角为０°时，Ｅｄｄｉｎｇｔｏｎ近似、四流球谐

函数、四流离散纵坐标３种辐射传输方案中，Ｅｄｄｉｎｇ

ｔｏｎ近似在云顶的加热率最大误差为－１．５７Ｋ／ｄ，而

四流球谐函数和四流离散纵坐标方法在云顶的加热

率绝对误差都在０．３Ｋ／ｄ以内；太阳天顶角为６０°时，

Ｅｄｄｉｎｇｔｏｎ近似、四流球谐函数、四流离散纵坐标３种

辐射传输方案计算的云顶加热率的绝对误差都小于

０．２Ｋ／ｄ。这表明在太阳天顶角比较小时，Ｅｄｄｉｎｇｔｏｎ

近似引起的云顶加热率的相对误差可以达到５％，而

同样情况下的四流球谐函数和四流离散纵坐标方案

的相对误差小于１％。
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图３　同图１，但为晴空向上辐射通量的结果

Ｆｉｇ．３　ＡｓｉｎＦｉｇ．１ｂｕｔｆｏｒｔｈｅｕｐｗａｒｄｒａｄｉａｔｉｖｅｆｌｕｘｉｎｃｌｅａｒｓｋｙ

图４　同图１，但为有云大气短波加热率的结果

Ｆｉｇ．４　ＡｓｉｎＦｉｇ．１ｂｕｔｆｏｒｔｈｅｓｈｏｒｔｗａｖｅｈｅａｔｉｎｇｒａｔｅｉｎｃｌｏｕｄｙｓｋｙ
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　　图５给出了有云大气短波向下辐射通量的比

较。可以看出，与４８流ＤＩＳＯＲＴ辐射传输方案向

下辐射通量结果相比，太阳天顶角为０°时，Ｅｄｄｉｎｇ

ｔｏｎ近似、四流球谐函数、四流离散纵坐标３种辐射

传输计算方案中，Ｅｄｄｉｎｇｔｏｎ近似的最大误差为

－１３．６Ｗ／ｍ２，四 流 球 谐 函 数 法 最 大 误 差 为

５．１３Ｗ／ｍ２，四流离散纵坐标法的最大误差为

４０．８７Ｗ／ｍ２。而太阳天顶角为６０°时，Ｅｄｄｉｎｇｔｏｎ

近似的最大误差为－６．６４Ｗ／ｍ２，四流球谐函数法

的最大误差为－１３．２６Ｗ／ｍ２，四流离散纵坐标法的

最大误差为９．８２Ｗ／ｍ２。当太阳天顶角为０°时，３

种辐射传输方案计算的短波向下辐射通量的最大差

别都出现在云顶的下一层大气，同时Ｅｄｄｉｎｇｔｏｎ方

案的最大差别为负值，而两种四流辐射传输算法的

最大差别为正值。出现这种差别的原因可能与相函

数的展开式有关。两种四流方案都将相函数展开成

４项，与Ｅｄｄｉｎｇｔｏｎ二流方案相比多展开了两项，因

此可能造成更多的前向散射，从而造成云顶下一层

的辐射通量相对较大，而在进行辐射传输计算时由

于仍然采用与二流方案相匹配的累加法，因此计算

的总的辐射通量，会由于单层四流方案与多层二流

累加法的不匹配造成比较大的误差。而当太阳天顶

角为６０°时，Ｅｄｄｉｎｇｔｏｎ近似和四流球谐函数法计算

的短波向下辐射通量的最大误差都出现在云顶所在

层大气，最大误差为负值；而四流球谐函数算法计算

的向下辐射通量的最大误差出现云顶下一层大气，

最大误差为正值。

图５　同图１，但为有云大气短波向下辐射通量的结果

Ｆｉｇ．５　ＡｓｉｎＦｉｇ．１ｂｕｔｆｏｒｔｈｅｄｏｗｎｗａｒｄｒａｄｉａｔｉｖｅｆｌｕｘｉｎｃｌｏｕｄｙｓｋｙ

　　图６给出有云大气短波向上辐射通量的比较。

可以看出，与４８流ＤＩＳＯＲＴ辐射传输方案向上辐射

通量结果相比，太阳天顶角为０°时，Ｅｄｄｉｎｇｔｏｎ近似、

四流球谐函数、四流离散纵坐标３种辐射传输方案

中，Ｅｄｄｉｎｇｔｏｎ近似的最大误差为－１２．６３Ｗ／ｍ
２，四

流球谐函数法的最大误差为６．７９Ｗ／ｍ２，四流离散
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图６　同图１，但为有云大气短波向上辐射通量的结果

Ｆｉｇ．６　ＡｓｉｎＦｉｇ．１ｂｕｔｆｏｒｔｈｅｕｐｗａｒｄｒａｄｉａｔｉｖｅｆｌｕｘｉｎｃｌｏｕｄｙｓｋｙ

纵坐标法的最大误差为４３．５７Ｗ／ｍ２；太阳天顶角

为 ６０° 时，Ｅｄｄｉｎｇｔｏｎ 近 似 的 最 大 误 差 为

－６．７１Ｗ／ｍ２，四流球谐函数法的最大误差 为

－１０．７６Ｗ／ｍ２，四流离散纵坐标方法的最大误差为

１１．５３Ｗ／ｍ２。最大误差出现的位置与正负和短波

向下辐射通量的情况一致。

　　从图５和６可以看出，与４８流ＤＩＳＯＲＴ辐射

传输方案结果相比，Ｅｄｄｉｎｇｔｏｎ近似、四流球谐函

数、四流离散纵坐标３种辐射传输方案在云顶附近

的辐射通量的误差较大，但是向上辐射通量和向下

辐射通量的误差是一致的。气候模式中辐射模块的

输出量主要是大气顶和地表的辐射通量以及加热

率，而加热率是由相邻两层的净辐射通量决定的，因

此在图７中给出了４８流ＤＩＳＯＲＴ算法计算的短波

净辐射通量以及Ｅｄｄｉｎｇｔｏｎ近似、四流球谐函数、四

流离散纵坐标算法计算的短波净辐射通量分别与

４８流ＤＩＳＯＲＴ算法的差值。可以看出，以上３种辐

射传输方案与４８流ＤＩＳＯＲＴ辐射传输方案的结果

相比，在太阳天顶角为０°时，Ｅｄｄｉｎｇｔｏｎ近似的最大

误差为－５．６Ｗ／ｍ２，四流球谐函数法的最大误差为

－２．２２ Ｗ／ｍ２，四流离散纵坐标法的最大误差为

－３．１９Ｗ／ｍ２；太阳天顶角为６０°时，Ｅｄｉｎｇｔｏｎ近似

的最大误差为０．６２Ｗ／ｍ２，四流球谐函数法的最大

误差为－２．６６Ｗ／ｍ２，四流离散纵坐标法的最大误

差为－２．４２Ｗ／ｍ２。从中可以看出，当太阳天顶角

为０°时，两种四流辐射传输方案计算的净辐射通量

要优于Ｅｄｄｉｎｇｔｏｎ近似；而当太阳天顶角为６０°时，

Ｅｄｄｉｎｇｔｏｎ近似计算的净辐射通量结果要优于这两

种四流方案。

表１给出了晴空大气情况大气顶和地表的净辐

射通量的比较结果，大气顶取５０ｋｍ。从表１中可

以看出太阳天顶角为０°时，四流球谐函数法的结果

远好于其他两种方法；太阳高度角为６０°时，四流球

谐函数法也略好于其他两种方法。

　　表２给出了有云大气的比较结果，可以看出，

太阳天顶角为０°时，对大气顶的净辐射通量的计算，
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图７　同图１，但为有云大气净辐射通量的结果

Ｆｉｇ．７　ＡｓｉｎＦｉｇ．１ｂｕｔｆｏｒｔｈｅｎｅｔｒａｄｉａｔｉｖｅｆｌｕｘｉｎｃｌｏｕｄｙｓｋｙ

表１　晴空条件下大气顶和地表净

辐射通量比较（单位：Ｗ／ｍ２）

Ｔａｂｌｅ１　ＣｏｍｐａｒｉｓｏｎｏｆｔｈｅｎｅｔｆｌｕｘａｔＴＯＡｗｉｔｈｔｈａｔａｔ

ｔｈｅｓｕｒｆａｃｅａｍｏｎｇｔｈｅｄｉｆｆｅｒｅｎｔａｌｇｏｒｉｔｈｍｓ

ｆｏｒｃｌｅａｒｓｋｙ（ｕｎｉｔ：Ｗ／ｍ
２）

晴空大气
太阳天顶角０° 太阳天顶角６０°

大气顶 地表 大气顶 地表

ＤＩＳＯＲＴ １０４１．５ ７６９．２ ５０７．４ ３４９．２

Ｅｄｄｉｎｇｔｏｎ －３．７ －４．４ －０．１ －０．５

四流球谐函数 ０．３ －０．４ －０．１ －０．３

四流离散纵坐标 １．８ ２．０ ０．３ ０．８

表２　有云大气情况下大气顶和地表净

辐射通量比较（单位：Ｗ／ｍ２）

Ｔａｂｌｅ２　ＡｓｉｎＴａｂｌｅ１ｂｕｔ

ｆｏｒｃｌｏｕｄｙｓｋｙ（ｕｎｉｔ：Ｗ／ｍ
２）

有云大气
太阳天顶角０° 太阳天顶角６０°

大气顶 地表 大气顶 地表

ＤＩＳＯＲＴ ４９８．９ １５９．３ ２１８．６ ５３．５

Ｅｄｄｉｎｇｔｏｎ －１．６ －０．６ ０．９ ０．７

四流球谐函数 １．６ －１．２ －３．３ －１．９

四流离散纵坐标 －０．３ －２．８ －２．３ －１．５

四流离散纵坐标法的结果较好，而对地表的净辐射

通量的计算，Ｅｄｄｉｎｇｔｏｎ方法结果较好；太阳天顶角

为６０°时，Ｅｄｄｉｎｇｔｏｎ方法的结果要优于两种四流方

法，可能是由于后两者单层辐射方程求解与多层二

流累加法不匹配造成的；但两种四流方法的最大误

差都小于３．３Ｗ／ｍ２。

图８给出了低云和中云情况下的云顶加热率随

太阳天顶角的变化。从中可以看出，随着太阳天顶

角的减小（对应太阳天顶角的余弦的增大），云顶的

向下辐射能量增大，因此云顶的加热率也随之增大。

不论是低云还是中云情况，当太阳天顶角大于６０°

时，Ｅｄｄｉｎｇｔｏｎ近似计算的云顶加热率略高于两种

四流方案；当天顶角小于６０°时，Ｅｄｄｉｎｇｔｏｎ近似计

算的云顶加热率开始低于两种四流方案。与４８流

辐射传输方案计算的云顶加热率相比，两种四流方

案计算的短波加热率在绝大多数太阳天顶角情况
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图８　低云（ａ、ｃ）和中云（ｂ、ｄ）情况下的云顶加热率随太阳天顶角变化

（ａ、ｂ．４８流ＤＩＳＯＲＴ计算的云顶加热率，ｃ、ｄ．实线、虚线和点线分别表示Ｅｄｄｉｎｇｔｏｎ近似、

四流球谐函数法、四流离散纵坐标法计算的云顶加热率与４８流ＤＩＳＯＲＴ结果的差值）

Ｆｉｇ．８　Ｃｈａｎｇｅｓｉｎｔｈｅｈｅａｔｉｎｇｒａｔｅａｔｔｈｅｔｏｐｏｆｃｌｏｕｄｗｉｔｈｔｈｅｓｏｌａｒｚｅｎｉｔｈａｎｇｌｅ

ｆｏｒｌｏｗ（ａ，ｃ）ａｎｄｍｉｄｄｌｅ（ｂ，ｄ）ｃｌｏｕｄｃａｓｅｓ

（（ａ），（ｂ）ａｒｅｔｈｅｒｅｓｕｌｔｓｏｆｔｈｅ４８ｓｔｒｅａｍｄｉｓｃｒｅｔｅｏｒｄｉｎａｔｅａｐｐｒｏｘｉｍａｔｉｏｎｍｅｔｈｏｄ；ａｎｄ（ｃ），（ｄ）ａｒｅｔｈｅ

ｄｉｆｆｅｒｅｎｃｅｓｂｅｔｗｅｅｎｔｈｅＥｄｄｉｎｇｔｏｎｍｅｔｈｏｄ（ｓｏｌｉｄｌｉｎｅ），ｆｏｕｒｓｔｒｅａｍｓｐｈｅｒｉｃａｌｈａｒｍｏｎｉｃｅｘｐａｎｓｉｏｎ

ａｐｐｒｏｘｉｍａｔｉｏｎ（ｄａｓｈｅｄｌｉｎｅ）ａｎｄｆｏｕｒｓｔｒｅａｍｄｉｓｃｒｅｔｅｏｒｄｉｎａｔｅａｐｐｒｏｘｉｍａｔｉｏｎ（ｄｏｔｔｅｄｌｉｎｅ），ａｎｄ

ｔｈｅ４８ｓｔｒｅａｍｄｉｓｃｒｅｔｅｏｒｄｉｎａｔｅａｐｐｒｏｘｉｍａｔｉｏｎｍｅｔｈｏｄ，ｒｅｓｐｅｃｔｉｖｅｌｙ）

下都优于Ｅｄｄｉｎｇｔｏｎ近似的结果。特别是在太阳天

顶角小于６０°时，两种四流算法要明显优于Ｅｄｄｉｎｇ

ｔｏｎ近似。由于中云的云水含量比低云高，造成的

云顶加热率比低云大，因此其云顶加热率的误差比

低云情况有所增大。

　　图９给出低云和中云情况下云顶加热率随云水

含量的变化。可以看出，随着云水含量的增大，水云

的光学厚度随之增大，云顶的加热率也随之增大。

不论是低云还是中云情况，两种四流方案的短波云

顶加热率误差都要远小于Ｅｄｄｉｎｇｔｏｎ近似的误差。

　　从表３可以看出，ＤＩＳＯＲＴ４８方法最费时，运行

一次单气柱辐射传输的时间是Ｅｄｄｉｎｇｔｏｎ方法的

３０００多倍，可以用于一般辐射传输模式计算，尚不能

应用于气候模式；而四流球谐函数和四流离散纵坐标

法的运行时间仅为Ｅｄｄｉｎｇｔｏｎ近似的２倍左右，都在

百分之一秒的量级，可以用于通常的辐射传输模式，

也可以应用于全球气候模式的辐射过程计算。

４　结　论

利用单层四流球谐函数结合二流累加法，构造

了可用于多层大气的四流球谐函数算法，并将四流

球谐函数应用于大气辐射模式中。结果表明：在未

大幅度增加计算成本的情况下，所构造的四流球谐

函数结合二流累加法方案，在晴空大气情况下，无论

是对加热率的计算还是对辐射通量的计算都要优于

传统的Ｅｄｄｉｎｇｔｏｎ近似。在有云大气情况下，四流

球谐函数和四流离散纵坐标法计算的加热率与标准

结果相比优于传统的Ｅｄｄｉｎｇｔｏｎ近似；对有云大气

辐射通量的计算，当太阳天顶角为６０°时，两种四

流方案的向上和向下辐射通量的最大误差要大于
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图９　太阳天顶角０°，低云（ａ、ｃ）和中云（ｂ、ｄ）情况下的云顶加热率随云水含量的变化

（ａ、ｂ．４８流ＤＩＳＯＲＴ计算的云顶加热率，ｃ、ｄ．实线、虚线和点线分别表示Ｅｄｄｉｎｇｔｏｎ近似、

四流球谐函数法、四流离散纵坐标法计算的云顶加热率与４８流ＤＩＳＯＲＴ结果的差值）

Ｆｉｇ．９　Ｃｈａｎｇｅｓｉｎｔｈｅｈｅａｔｉｎｇｒａｔｅａｔｔｈｅｔｏｐｏｆｃｌｏｕｄｗｉｔｈａｍｏｎｇｔｈｅｌｉｑｕｉｄｗａｔｅｒｃｏｎｔｅｎｔ

ｆｏｒｌｏｗ（ａ，ｃ）ａｎｄｍｉｄｄｌｅ（ｂ，ｄ）ｃｌｏｕｄｃａｓｅｓ

（（ａ），（ｂ）ａｒｅｔｈｅｒｅｓｕｌｔｓｏｆｔｈｅ４８ｓｔｒｅａｍｄｉｓｃｒｅｔｅｏｒｄｉｎａｔｅａｐｐｒｏｘｉｍａｔｉｏｎｍｅｔｈｏｄ；ａｎｄ（ｃ），（ｄ）ａｒｅｔｈｅ

ｄｉｆｆｅｒｅｎｃｅｓｂｅｔｗｅｅｎｔｈｅＥｄｄｉｎｇｔｏｎｍｅｔｈｏｄ（ｓｏｌｉｄｌｉｎｅ），ｆｏｕｒｓｔｒｅａｍｓｐｈｅｒｉｃａｌｈａｒｍｏｎｉｃｅｘｐａｎｓｉｏｎ

ａｐｐｒｏｘｉｍａｔｉｏｎ（ｄａｓｈｅｄｌｉｎｅ）ａｎｄｆｏｕｒｓｔｒｅａｍｄｉｓｃｒｅｔｅｏｒｄｉｎａｔｅａｐｐｒｏｘｉｍａｔｉｏｎ（ｄｏｔｔｅｄｌｉｎｅ），ａｎｄ

ｔｈｅ４８ｓｔｒｅａｍｄｉｓｃｒｅｔｅｏｒｄｉｎａｔｅａｐｐｒｏｘｉｍａｔｉｏｎｍｅｔｈｏｄ，ｒｅｓｐｅｃｔｉｖｅｌｙ）

表３　运行时间比较

Ｔａｂｌｅ３　Ｃｏｍｐａｒｉｓｏｎａｍｏｎｇｔｈｅｒｕｎｎｉｎｇｔｉｍｅｓ

ＤＩＳＯＲＴ Ｅｄｄｉｎｇｔｏｎ
四流球谐

函数

四流离散

纵坐标

运行时间（ｓ） ５７．６ １．５６×１０－２ ３．１２×１０－２３．１２×１０－２

Ｅｄｄｉｎｇｔｏｎ方法；当太阳天顶角为０°时，四流算法计

算的向上和向下辐射通量的精度也没有传统的Ｅｄ

ｄｉｎｇｔｏｎ方法高。经分析发现这可能是由于单层精

确的四流球谐函数计算与大气辐射传输二流累加法

的不匹配造成的，这种不匹配使得单层计算的辐射

通量的精度在逐层传输过程中损失了一部分。因

此，单层精确的辐射计算也需要精确的辐射传输算

法匹配才能达到提高整个辐射计算精度的目的。总

体而言，本研究构建的四流球谐函数及二流累加法

可以应用于大气辐射传输模式来改进晴空大气的整

体辐射计算精度和有云大气的加热率计算精度，而

不会大幅度增加计算成本。
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Abstract Daily minimum temperature (Tmin) and maximum
temperature (Tmax) data of Huairou station in Beijing from
1960 to 2008 are examined and adjusted for inhomogeneities
by applying the data of two nearby reference stations. Urban
effects on the linear trends of the original and adjusted tem-
perature series are estimated and compared. Results show that
relocations of station cause obvious discontinuities in the data
series, and one of the discontinuities for Tmin are highly
significant when the station was moved from downtown to
suburb in 1996. The daily Tmin and Tmax data are adjusted
for the inhomogeneities. The mean annual Tmin and Tmax at
Huairou station drop by 1.377°C and 0.271°C respectively
after homogenization. The adjustments for Tmin are larger
than those for Tmax, especially in winter, and the seasonal
differences of the adjustments are generally more obvious for
Tmin than for Tmax. Urban effects on annual mean Tmin and
Tmax trends are −0.004°C/10 year and −0.035°C/10 year
respectively for the original data, but they increase to
0.388°C/10 year and 0.096°C/10 year respectively for the
adjusted data. The increase is more significant for the annual
mean Tmin series. Urban contributions to the overall trends of

annual mean Tmin and Tmax reach 100% and 28.8% respec-
tively for the adjusted data. Our analysis shows that data
homogenization for the stations moved from downtowns to
suburbs can lead to a significant overestimate of rising trends
of surface air temperature, and this necessitates a careful
evaluation and adjustment for urban biases before the data
are applied in analyses of local and regional climate change.

1 Introduction

The homogeneous time series of climate variables are de-
fined as those which contain only climatic variation and
regional trend information. It is generally recognized that
only by using homogenized data series can the long-term
climatic trends be accurately detected. However, due to
changes in observing sites, instruments, observing schedule,
observing habits and micro-environment around the obser-
vational grounds, discontinuous points in the observational
records can be created, especially for surface air temperature
(SAT) records. The inhomogeneous data may bring certain
deviation for estimating climatic trends, leading to inaccu-
rate analyses for regional climate change detection in some
circumstances (Jones et al. 1986; Easterling and Peterson
1995a; Yan et al. 2001; Ren et al. 2005; Menne et al. 2010).
Therefore, researchers commonly examine and adjust the
inhomogeneities before going to analyze long-term SAT
trends at single sites or on regional scales, by combining
variedmathematical methods and station metadata (e.g., Jones
et al. 1986; Easterling and Peterson 1995a, b; Alexandersson
and Moberg 1997; Aguilar et al. 2003; Menne and Williams
2005).

The inhomogeneities caused by observing schedule, in-
strumentation, and relocation were adjusted in SAT data of
the United States USHCN (US Historical Climate Network)
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(Karl and Williams 1987; Quayle et al. 1991; Easterling and
Peterson 1995a, b; Menne and Williams 2009). Vincent
(1998) and Vincent et al. (2002) adjusted the Canadian
Tmin and Tmax series using multiple linear regression
method. Researchers from other countries and regions also
created their own homogeneous SAT dataset using methods
such as Easterling and Peterson method, Standard Normal
Homogeneity Test, Two-Phase Regression, Penalized Max-
imal t Test, and Multiple Analysis of Series for Homogeni-
zation (MASH) (Wang et al. 2007a; Aguilar et al. 2003;
Reeves et al. 2007).

Chinese researchers made studies of SAT data homogeni-
zation (Song et al. 1995; Zhai and Eskridge 1996; Liu 2000;
Yan et al. 2001; Yan and Jones 2008; Li et al. 2004; Li and
Dong 2009; Li and Yan 2010). Using three different tests for
undocumented change points, for example, Li et al. (2009)
estimated the artificial discontinuities in annual mean daily
Tmin and Tmax in southeastern China and found that there
are more discontinuity points in annual mean Tmin series; Li
and Yan (2010) apply MASH method to detect and to adjust
inhomogeneities for daily SAT series of 1960–2006 at Beijing
station.

Given the adjustments are accurate and applicable for
monitoring and detecting regional climate change, however,
there remain still a few of issues to be solved. One is what
effect the homogenization will have on the estimated long-
term SAT trends at a single station or in a large region. If the
SAT trends are significantly different between the prior and aft
adjusted data series, then what are the underlying causes?
Does the adjustment for inhomogeneities significantly recover
the urban bias when the breakpoints are mostly caused by the
moves of stations from urban areas to rural areas, as

previously suggested by Winkler et al. (1981) and Hansen et
al. (2001) for the United States and recently by Ren et al.
(2010) for mainland China? To answer these questions will
certainly deepen our understanding of the systematic biases of
the SAT data and their influences on the estimates of magni-
tude and rate of local and regional temperature change.

In this paper, we examine the effect of data homogeniza-
tion on the estimate of Tmin and Tmax trends at Huairou
station of Beijing Municipality (BM). We first make an
examination of inhomogeneities of temperature data and
adjust the breakpoints identified to obtain a homogenized
SAT data; we then compare the linear trends of the original
and adjusted SAT series and analyze the urban effects on the
linear trends of the original and adjusted SAT series using
the temperature data of the same reference stations.

2 Data and methods

The original daily Tmin and Tmax data of Huairou,
Xiayunling, and Shangdianzi stations from 1960 to 2008
are obtained from the National Meteorological Information
Center of the China Meteorological Administration. The
locations of the stations are shown in Fig. 1, and the basic
information of the stations is listed in Table 1. The station
history records are from the Beijing Meteorological Bureau
(BMB) (2009), and the population data for the residential
areas near the stations are from the China Statistic Bureau
(2002).

As a rapidly grown small city, Huairou is located in the
northern mountainous areas of the BM, with a population of
~75 thousands in the urban area in 2000 (Fig. 1a). Huairou

Shangdianzi

Huairou

Xiayunling

Beijing City

1

2

3

1km

(a) (b)

Fig. 1 Locations of the weather stations used in the study. a Huairou station and reference stations in present; b present and historical locations of
Huairou station. Numbers 1, 2, and 3 in b indicate the locations before 1964, 1964–1996, and after 1996
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weather station is a typical urban station (Fig. 1b), and the
recent 49-year records from the station are evaluated in this
paper for the data inhomogeneities and urbanization effects
on the SAT trends as a target observational site. Although
Xiayunling and Shangdianzi stations are also located in the
mountainous areas, they are both far from larger residential
areas, with the former being on a valley in the southwest and
the latter on a slope near a small village having a population
of no more than a thousand in the northeast (Fig. 1a). The
two observational sites are chosen as the reference stations
from 20 weather stations with over 30-year records in the
BM. In addition to the small population of the residential
areas near stations and the similar physiographic character-
istics to the target station, the reference stations are also
required to have the continuous observation records with
as possible as less the missing observational values. The two
weather stations were ever used as reference stations in
previous studies of urbanization effect on the SAT trends
of Beijing station (Chu and Ren 2005; Ren et al. 2007).

Inhomogeneities of SAT data can be caused by such
factors as instrumentation, relocation, change in observa-
tional time, and modified statistical methods for daily aver-
ages. The introduction of the Autonomous Weather Stations
(AWS) to operational observations around 2004 in mainland
China may in certain extent have resulted in additional
inhomogeneities in SAT records. Wang et al. (2007b) indi-
cated, however, that the SAT of AWS has certain difference
from that of manual weather stations, but overall the differ-
ence is small and not significant. No change in observational
time and statistical methods of daily mean SAT occurred
during the last 50 years, and these will not cause any
detectable inhomogeneities of the SAT data. It has been
realized that the most important factor causing the inhomo-
geneities of SAT data is the frequent relocations of stations
in mainland China (Yan et al. 2001; Li et al. 2004; Ren et al.
2005).

Huairou station experienced relocation twice. It was
moved for the first time from West Gate of the old town
(Site 1 in Fig. 1b) to Beitumenzi (Site 2 in Fig. 1b) at the
East Gate Road outside the old town on 1 August 1964. The
second move occurred on 1 July 1996, from Beitumenzi to a
suburban village called Liugezhang (Site 3 in Fig. 1b), about
5.5 km from the center of the old town (BMB 2009). For the
two reference stations, on the other hand, the only move
occurred for Shangdianzi station on 1 September 1989, but
the horizontal distance of the movement was 750 m, and the
observational grounds changed from 255 m above sea level
(ASL) to 293 m ASL, increasing by 38 m in altitude.

The data are quality-controlled with the following steps:
(1) if the maximum temperature (Tmax) values are lower
than the minimum temperature (Tmin) values, they are
registered as unreasonable readings. There is no unreason-
able record in the SAT dataset of Huairou station; (2) the

values beyond four times of standard deviation are marked
as outliers. If outliers are detected, the reasonable records
are retained, and unreasonable ones are corrected or
regarded as missing values, based on the comparison to
the records of the neighboring stations. There is only one
outlier found in the dataset, but it is not unreasonable; (3)
missing values, which account for less than 0.25% of the
total records, are filled in by using the means of the same
stations for the reference time period 1971–2000.

The monthly mean Tmin and Tmax series Ti,j are calcu-
lated based on the daily records, and the monthly change-in-
temperature time series dT/dt for Huairou station are then
created referring to Easterling and Peterson (1995a). The i
and j indicate number of year and month respectively.

dT=dtð Þi; j ¼ Tiþ1; j � Ti; j ð1Þ

The monthly reference change-in-temperature time series

dT=dtð Þ0 are constructed by averaging the two reference
station data with squares of correlation coefficients with
Huairou station series as weights. We thus get the reference
series T 0.

T 0
iþ1; j ¼ T 0

i; j þ dT=dtð Þ0i; j ð2Þ

Discontinuous points in annual difference series of the
target station and the reference stations are detected by using
method of moving t test. As mentioned above, Huairou
station was moved in 1964 and 1996. In order to effectively
identify the discontinuities due to the relocations, the son
series length is set as 3 years since the dataset started in
1960. Therefore, the series length n=49, the son series
length n1=n2=3, and the significance level α=0.01. The
metadata are used to validate the existence of the inhomo-
geneous points, and they are adjusted if proved to be real
and caused by relocation. Otherwise, the original records are
kept as they were.

The 5-year averages of monthly mean SAT difference
between the target station and the reference series is taken
as the adjustment values. If the records are less than 5 years
before or after discontinuous points, then all the years of
record available are used to determine the adjustment
values. The adjustments for inhomogeneities are made on
basis of daily SAT data. The daily adjustment values are
obtained by a linear interpolation method, with the monthly
mean adjustment values being assigned to the mid-month
days (15th or 14th) of the neighboring months.

The sections of data after the last documented inhomo-
geneous points are taken as the base series, and they remain
unchanged. Before the inhomogeneous points, the adjust-
ment values are added to the original records for every day.

Urban effect (ΔTur) is defined as the SAT trends caused
by the changing Urban Heat Island (UHI) intensity and/or
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other factors (such as aerosols) related to urbanization near
the specific locations of urban weather stations (Chu and
Ren 2005; Ren et al. 2008). It is estimated by formula:

ΔTur ¼ Tu � Tr ð3Þ
where Tu is the SAT trend of urban station and Tr is the SAT
trend of reference (rural) station (series). ΔTur is larger than
0 if the urbanization raises the SAT trend at urban station,
and it is smaller than 0 if the urbanization reduces the SAT
trend at urban station.

ΔTur can also be estimated by calculating the annual and
monthly mean SAT differences between urban station and
reference series and the linear trend of the difference series
over the time period analyzed. In this paper, the annual
mean SAT difference series of Tmin and Tmax between
Huairou station and the average reference series are
constructed, and their linear trends for the time period
1960–2008 are estimated by using least-square method
and are examined for statistical significance by t test.

Urban contribution (Eu) is defined as a proportion that the
statistically significant urban effect accounts for the total
SAT trend at urban station (Chu and Ren 2005; Ren et al.
2008). It can be expressed as:

Eu ¼ ΔTur
Tu

����
����� 100% ¼ Tu � Tr

Tu

����
����� 100% ð4Þ

Generally, ΔTur/Tu is a positive value less than 100%
(0≤Eu≤100%); absolute value is taken because it, in certain
circumstances, assumes negative value due to the effects
other than increasing UHI intensity. If Eu=100%, then it

shows that the SAT trend of the urban station is entirely
caused by urbanization; if Eu is more than 100%, it implies
that the extra trend might have been caused by other local
factors not yet identified or the errors of data, but it is
regarded as 100% in this study. As the definition implies,
urban contribution is not calculated if the urban effect is not
statistically significant.

3 The results

3.1 Detection and adjustment of data inhomogeneities

There is no discontinuous point detected in the SAT data
series of the two reference stations, despite the relocation of
Shangdianzi station in September 1989. This happens main-
ly due to the relatively small change in the altitude and the
environment. No adjustment is done, therefore, and the
quality-controlled data are used for producing a single and
average reference series.

However, the inhomogeneities are more evident in the
SAT data series of Huairou station. Figure 2 shows curves of
the moving t statistics of Tmin and Tmax at Huairou station.
There are three discontinuous points in the Tmin series in
1963, 1991, and 1996, respectively, and three discontinuous
points in the Tmax series in 1974, 1996, and 2000, respec-
tively. By checking the metadata, the discontinuous points
in 1963 and 1996 occurred most probably due to the station
moves of 1 August 1964 and 1 July 1996 (Table 1). The two
discontinuous points are more significant statistically for the
Tmin series than those for Tmax series, and they have to be
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adjusted for homogeneity. However, the discontinuous
points statistically detected for Tmin in 1991 and for Tmax
in 1974 and 2000 cannot be validated by the station histor-
ical records and have been kept as they are.

The daily mean adjustment values of Tmin and Tmax
for the two discontinuous points validated are shown in
Fig. 3. The monthly and daily mean adjustment values
are all positive in 1964 and 1996. For the discontinuous
point in 1996, however, the Tmin adjustment values are
significantly larger than the Tmax adjustment values,
and the Tmin adjustment values are significantly larger
in winter than those in summer. It suggests that the
daily Tmin and Tmax all dropped when the station
was moved from within the town to outside the town,
with the drop in Tmin more significant. There are also
obvious seasonal differences in the Tmin adjustment
values, with those in winter larger than in summer.
The seasonal differences for Tmax adjustment values
are smaller.

Figure 4 gives the annual mean Tmin and Tmax of
the original and the homogeneity-adjusted data series at
Huairou station and of the average reference data series.
It is obvious that the adjusted temperature series, espe-
cially for Tmin, are more homogeneous and continuous
than the original ones, and they are more consistent
with the average reference series in inter-annual vari-
ability. The annual mean Tmin for the whole period
analyzed decreases by 1.377°C after the adjustment,
while the annual mean Tmax decreases by 0.271°C

(Table 2). The average adjustment magnitudes of mean
Tmin are significantly larger than those of mean Tmax.

A notable phenomenon is that the linear trends of the
original annual mean Tmin and Tmax series of Huairou
station are −0.006°C/10 year and 0.204°C/10 year, respec-
tively, while the linear trends of the adjusted annual mean
Tmin and Tmax series are increased to 0.385°C/10 year and
0.335°C/10 year, respectively (Table 3 and Fig. 4). The
trends of annual mean Tmin and Tmax both increase obvi-
ously after the adjustment, with the former regaining
0.391°C/10 year and the latter 0.131°C/10 year, respective-
ly. It is obvious that the increase of annual mean Tmin trend
is larger and more significant, indicating that Tmin records
are more sensitive to the station relocations and the data
homogenizations than Tmax records. The reasons for the
regains of the SAT trends will be discussed below.

The annual mean Tmin and Tmax values are all reduced
after the adjustments, and the reasons for the decrease are
that the adjustments are made with the section of data series
at the present location of observation as baseline, and also
the sections of data series adjusted before the last relocation
are longer in combination than the latest section of records.
Once again, the reduction of the annual mean Tmin is
significantly larger than that of the annual mean Tmax.

3.2 Urban biases in adjusted and original data series

Figure 5 shows changes in annual mean SAT difference
values between Huairou station and the average reference

Table 1 Information of the weather stations used in this study

Station code Station name Longitude (°E) Latitude (°N) Altitude (m) Start time of record Relocation
(d/m/y)

Population in
2000 (103)

54419 Huairou 116.62 40.37 76 1959 1/8/1964 74.6

1/7/1996

54597 Xiayunling 115.72 39.72 408 1959 0

54421 Shangdianzi 117.12 40.65 293 1958 1/9/1989 Less than 1.0
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series. The two SAT difference series of annual mean Tmin
and Tmax for the original and homogeneity-adjusted data
have highly similar inter-annual variability, but their linear
trends are obviously different, with those for the adjusted
data witnessing larger increasing trends, especially for Tmin
series. Therefore, the relocations of Huairou station from the
downtown to the suburb produced breakpoints or inhomo-
geneities, but they at the same time also largely reduced the
urban warming trends, as seen in the original temperature
series, while the data homogenization performed for
welding the breakpoints now results in a recovery of the
urban effect as shown in the adjusted temperature series.

Table 3 gives the urban effects and urban contributions of
Huairou station for the time period 1960–2008 for the data
series before and after the data adjustments. The urban
effects are −0.004°C/10 year and −0.035°C/10 year, respec-
tively, for the Tmin and Tmax before the adjustments,
all non-significant statistically, but they increase to
0.388°C/10 year and 0.096°C/10 year, respectively, after
the adjustments, both statistically significant at the 0.01
confidence level. The adjusted Tmin series witnesses a more

significant increase in the annual mean urban warming
trend.

Urban contributions to the overall temperature trends for
Huairou station are not estimated for the original annual
mean Tmin and Tmax series due to the non-significance of
the urban effects, but they reach 100% and 28.8% for the
adjusted annual mean Tmin and Tmax series, respectively.
After the data adjustment for inhomogeneities, the positive
trend of annual mean Tmin at Huairou station during 1960–
2008 can be totally explained by the urban effect, and
almost a third of the warming trend observed for annual
mean Tmax at the station can be attributed to the urban
effect.

4 Discussion

Relocations of weather stations from downtowns to suburbs
are a common practice in mainland China during the past
decades, especially for the national reference climate stations
and national basic meteorological stations (Li et al. 2004; Ren
et al. 2010), which have been mostly frequently applied for
analyses of regional climate change. This occurs mainly due
to the closeness of the weather stations to built-up areas of
cities and towns and the unprecedented urbanization process
over the past decades in mainland China under the rapid
growth of economy (Ren et al. 2008). Our analysis and the
findings of Huairou station in this paper therefore are in some
extent of representativeness to the SAT datasets commonly
used in studies for the country.

The frequent relocations of stations usually cause obvious
inhomogeneities in SAT data, which require a homogenization
before long-term trends of temperature can be analyzed. How-
ever, the adjustment may change the estimates of mean SAT
trends at single stations or even in regional scale and may lead
to an overestimate of the warming rates for the stations or the
regions. This phenomenon were pointed out in previous stud-
ies (Hansen et al. 2001; Menne et al. 2009; Ren et al. 2010)
but have not been exclusively examined. Winkler et al. (1981)
found, however, that the homogeneity-adjusted SAT data
depict a larger UHI intensity and UHI extent in the urban area
of Minneapolis–St. Paul, Minnesota. They adjusted the data
inhomogeneities induced by changes in observational time
and station location. Our analysis for Huairou station in this
paper shows that the increased warming rates as estimated
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Table 2 The mean and variance
of annual Tmin and Tmax of
Huairou station before and after
adjustment during 1960–2008
(degrees Centigrade)

Before adjustment After adjustment Difference

Tmin Mean 6.683 5.306 −1.377

Variance 0.339 0.577 0.238

Tmax Mean 17.561 17.290 −0.271

Variance 0.542 0.629 0.087
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from the homogeneity-adjusted data series compared with the
original data series mainly result from the recovery of the
urban warming trends. The regained warming trends, espe-
cially for the annual mean Tmin, are caused by enhanced
urban effect near the first location of the city station, which
now has been located in the center of the built-up areas due to
the urbanization. The overall trend and the urban effect in the
annual mean Tmax series also increase after the homogeniza-
tion, but the changes are much smaller.

Figure 6 gives a conceptual illustration of the effects of
homogenization on estimates of SAT trends with those
occurred at Huairou station as a case. The first move of
the station from West Gate of the old town to Beitumenzi of
East Gate Road in 1964 resulted in a relatively small drop of
annual mean Tmin due to the short distance between the two
sites, but the second move from Beitumenzi to Liugezhang

in 1996 caused a tremendous drop of annual mean Tmin due
to the long distance of the relocation and the radically
different settings around the two sites (also see Fig. 1b).
The positive linear trend of annual mean Tmin for the
unadjusted data series, as shown by the black dotted line,
is small and statistically insignificant as a result of the two
plunges caused by the relocations. When the SAT data is
adjusted for the inhomogeneities, however, the larger posi-
tive trend of annual Tmin at the station has been recovered,
as shown by the red dotted line, because the annual mean
Tmin values before the two breakpoints are successively
lowered by subtracting the adjustment values from the orig-
inal data series.

Further investigations are needed to understand to what
extent the data homogenization of the national reference
climate stations and national basic meteorological stations
in mainland China has affected the estimates of the large
scale SAT trends. It is reasonable to assume that the effect of
the data homogenization on the estimates of SAT trends and
urban biases for the country on a whole would be more
moderate than that reported for Huairou station in this paper,

Table 3 Urban effects on the Tmin and Tmax trends of the Huairou station (degrees Centigrade per 10 years) and the urban contribution to the
overall temperature trends (percent) for the data series before and after adjustment for period 1960–2008

Before adjustment After adjustment Difference

Tmin Linear trend −0.006 0.385a 0.391

Urban effect −0.004 0.388 a 0.392

Urban contribution 100

Tmax Linear trend 0.204 a 0.335 a 0.131

Urban effect −0.035 0.096 a 0.131

Urban contribution 28.8

a Significant at the 0.01 confidence level
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but it would not be overlooked considering that a common
practice is to relocate the weather stations within built-up
areas to suburbs or countryside when they are regarded as
being less representative for monitoring baseline climate,
and this will result in obvious inhomogeneities in the SAT
data series in mainland China, which has been consensually
regarded as improper for applications in studies of climate
change and requires a homogeneity-adjustment before they
could be used in studies. If the homogenization significantly
affects the SAT trends for part or even majority of the
stations in the country, the urban biases in the homogenized
SAT data series of the stations have to be more carefully
assessed and adjusted before they are to be confidently used
in analyses of climate change.

The issue is also relevant to a few of questions baffling
the researchers of climate change. One is the understanding
of the different trends of Tmin and Tmax in continents. The
“asymmetry” in increases of Tmin and Tmax series and the
resulting decline of the Diurnal Temperature Range (DTR)
were reported for many regions (e.g., Karl et al. 1993; Xie
and Cao 1996; Zhai and Pan 2003; Qian and Lin 2004; Choi
et al. 2009; Zhou and Ren 2011). The changes were related
to the increase in cloud coverage and precipitation world-
wide and aerosols over some regions (Dai et al. 1999;
Easterling et al. 2000). However, Zhou and Ren (2009,
2011) found a larger urban contribution to the “asymmetry”
in the Tmin and Tmax increases and in the decrease of the
DTR in North China. The analysis result based on the
homogeneity-adjusted data in this paper also shows that
the significant increase in annual mean Tmin at Huairou
station might have been completely explained by urban-
ization, and the increase in annual mean Tmax might
have been partially caused by urbanization, generally
consistent with the conclusions drawn by Zhou and
Ren (2009, 2011) for North China and by Zhang et al.
(2011) for Beijing station.

5 Conclusions

In this paper, the daily Tmin and Tmax data at Huairou
station, Beijing Municipality, from 1960 to 2008 are exam-
ined and adjusted for inhomogeneities caused by relocations
of station, and the temperature trends before and after the
adjustments are compared. Following conclusions are
drawn:

1. The adjusted annual mean Tmin and Tmax drop by
1.377°C and 0.271°C, respectively, and the adjustment
values for Tmin are significantly larger than those for
Tmax. The location changes of Huairou station from
downtown to the suburb, especially the second move in
1996, cause more significant drop in annual mean Tmin.

The drops in monthly mean Tmin values are larger
during winter than those during summer.

2. The data homogenization for the station relocations from
downtown to suburb at Huairou station leads to an in-
crease in mean SAT trends, and the increase is more
significant for Tmin than for Tmax. The urban effects
on annual mean Tmin and Tmax trends are statistically
insignificant (−0.004°C/10 year and −0.035°C/10 year,
respectively) for the original data series, but they reach
0.388°C/10 year and 0.096°C/10 year, respectively, for
the homogeneity-adjusted data series. The urban contri-
butions to the overall positive SAT trends are 100% and
28.8%, respectively, for Tmin and Tmax for the
homogeneity-adjusted data.

3. The larger effects of relocations, homogenization, and
urbanization on Tmin data series than on Tmax data
series in a larger extent explain the "asymmetry" in
daytime and nighttime SAT trends at Huairou station,
and the urban effect is also a major contributor to the
DTR decline as implied in the "asymmetry" changes of
the annual mean Tmin and Tmax for the homogeneity-
adjusted data at the station.
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Ｖｏｌ．５７，Ｎｏ．７

Ｊｕｌ．，２０１４

张媛，任国玉．２０１４．无参考序列条件下地面气温观测资料城市化偏差订正方法：以北京站为例．地球物理学报，５７（７）：２１９７

２２０７，ｄｏｉ：１０．６０３８／ｃｊｇ２０１４０７１５．

ＺｈａｎｇＹ，ＲｅｎＧＹ．２０１４．ＣｏｒｒｅｃｔｉｎｇｕｒｂａｎｂｉａｓｆｏｒｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓｅｒｉｅｓｏｆＢｅｉｊｉｎｇＳｔａｔｉｏｎｏｖｅｒｔｉｍｅｐｅｒｉｏｄ１９１５—

２０１２．犆犺犻狀犲狊犲犑．犌犲狅狆犺狔狊．（ｉｎＣｈｉｎｅｓｅ），５７（７）：２１９７２２０７，ｄｏｉ：１０．６０３８／ｃｊｇ２０１４０７１５．

无参考序列条件下地面气温观测资料城市化

偏差订正方法：以北京站为例

张媛１，２，任国玉２

１中国气象科学研究院，北京　１０００８１

２中国气象局气候研究开放实验室，国家气候中心，北京　１０００８１

摘要　本文以北京气象站长期地面气温观测资料为例，发展了一种无早期参考序列条件下城镇站城市化偏差评价

和订正方法．首先对北京站逐月平均最高、最低气温资料进行质量控制和均一化处理，并借助卫星遥感亮度温度资

料遴选附近乡村站；然后利用最近３年逐时地面气温资料，计算观象台和５个乡村站各月平均地面气温的差值，把

其作为北京站１９１５—２０１２年期间的城市化累积影响；最后假设城市化累积影响在整个研究时期呈匀速增长，采用

线性订正法对地面月平均气温序列中的城市化偏差进行订正．分析表明：资料均一化处理后，北京站近百年最高、

最低和平均气温多年平均值有所下降，气温日较差则有所提高，但三种年平均气温序列增温趋势和年平均气温日

较差序列下降趋势有所增强．北京站年平均最低气温、平均气温和气温日较差序列中均存在较大的城市化累积影

响，其中最低气温和平均气温四个季节均为正值，冬季最大，秋季次之，夏季最小，四季和年平均气温日较差均为较

大的负值．订正城市化偏差后，最低气温和平均气温增加速率均明显下降，年平均气温日较差下降趋势则明显变弱．

关键词　北京站；城市化累积影响；城市化偏差；订正方法；最高气温；最低气温；平均气温；气温日较差

ｄｏｉ：１０．６０３８／ｃｊｇ２０１４０７１５ 中图分类号　Ｐ４２３ 收稿日期２０１３０７０２，２０１４０４１１收修定稿

基金项目　国家公益性行业专项项目（ＧＹＨＹ２０１２０６０１２）资助．

作者简介　张媛，女，硕士生，主要从事气候变化研究．Ｅｍａｉｌ：ｍｅｐｉｎｋ２０１３＠１６３．ｃｏｍ
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ｒｅｍｏｔｅｓｅｎｓｉｎｇｔｏｄｅｔｅｒｍｉｎｅｔｈｅｒｅｌａｔｉｖｅｌｏｃａｔｉｏｎｓｏｆｔｈｅＡｕｔｏｍａｔｉｃＷｅａｔｈｅｒＳｔａｔｉｏｎｓ（ＡＷＳ）ｉｎ

ｔｈｅｓｐａｔｉａｌｄｉｓｔｒｉｂｕｔｉｏｎｏｆｓｕｒｆａｃｅｂｒｉｇｈｔｎｅｓｓｔｅｍｐｅｒａｔｕｒｅ．Ａｐｐｌｙｉｎｇｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｄａｔａ

ｏｆＡＷＳａｎｄＢｅｉｊｉｎｇＳｔａｔｉｏｎｆｏｒｔｈｅｌａｓｔ３ｙｅａｒｓ，ｔｈｅａｃｃｕｍｕｌａｔｅｄｕｒｂａｎｉｚａｔｉｏｎｅｆｆｅｃｔａｎｄｉｔｓ
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ｃｏｎｔｒｉｂｕｔｉｏｎａｒｅｃａｌｃｕｌａｔｅｄ．Ｗｉｔｈａｎａｓｓｕｍｐｔｉｏｎｔｈａｔｔｈｅａｃｃｕｍｕｌａｔｅｄ ｕｒｂａｎｉｚａｔｉｏｎｅｆｆｅｃｔ

ｉｎｃｒｅａｓｅｓａｔａｃｏｎｓｔａｎｔｒａｔｅ，ａｌｉｎｅａｒｃｏｒｒｅｃｔｉｏｎｍｅｔｈｏｄｉｓｕｓｅｄｔｏｃｏｒｒｅｃｔｔｈｅｕｒｂａｎｂｉａｓｆｏｒｔｈｅ

ｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓｅｒｉｅｓｏｆＢｅｉｊｉｎｇＳｔａｔｉｏｎｏｖｅｒ１９１５—２０１２．Ａｎａｌｙｓｉｓｏｆｔｈｅｈｏｍｏｇｅｎｉｚｅｄ

ｄａｔａｏｆＢｅｉｊｉｎｇＳｔａｔｉｏｎｉｎｄｉｃａｔｅｓｔｈａｔｔｈｅｉｎｃｒｅａｓｉｎｇｔｒｅｎｄｉｎａｎｎｕａｌｍｅａｎｔｅｍｐｅｒａｔｕｒｅａｎｄｔｈｅ

ｄｅｃｒｅａｓｉｎｇｔｒｅｎｄｉｎａｎｎｕａｌｍｅａｎｄｉｕｒｎａｌｔｅｍｐｅｒａｔｕｒｅｒａｎｇｅ（ＤＴＲ）ｇｅｔｌａｒｇｅｒｔｈａｎｔｈｏｓｅｏｆｔｈｅ

ｏｒｉｇｉｎａｌｄａｔａ．Ｔｈｅａｃｃｕｍｕｌａｔｅｄｕｒｂａｎｉｚａｔｉｏｎｅｆｆｅｃｔｓｆｏｒｍｅａｎｍｉｎｉｍｕｍ，ａｖｅｒａｇｅｔｅｍｐｅｒａｔｕｒｅａｎｄ

ＤＴＲｏｆｔｈｅｈｏｍｏｇｅｎｉｚｅｄｓｅｒｉｅｓａｒｅａｌｌｌａｒｇｅｐｏｓｉｔｉｖｅｖａｌｕｅｓ，ｉｎｓｐｉｔｅｏｆｔｈｅｓｍａｌｌｎｅｇａｔｉｖｅｖａｌｕｅ

ｆｏｒａｎｎｕａｌｍｅａｎｍａｘｉｍｕｍ．ＷｅｃｏｒｒｅｃｔｔｈｅｕｒｂａｎｂｉａｓｆｏｒｔｈｅｔｉｍｅｓｅｒｉｅｓｏｆＢｅｉｊｉｎｇＳｔａｔｉｏｎ．Ａｆｔｅｒ

ｔｈａｔ，ｔｈｅｉｎｃｒｅａｓｉｎｇｒａｔｅｏｆｔｈｅａｎｎｕａｌｍｅａｎ ｍｉｎｉｍｕｍ ａｎｄａｖｅｒａｇｅｔｅｍｐｅｒａｔｕｒｅ，ａｎｄｔｈｅ

ｄｅｃｒｅａｓｉｎｇｒａｔｅｏｆａｎｎｕａｌｍｅａｎＤＴＲ，ａｒｅａｌｌｂｒｏｕｇｈｔｄｏｗｎｓｉｇｎｉｆｉｃａｎｔｌｙ．

犓犲狔狑狅狉犱狊　ＢｅｉｊｉｎｇＳｔａｔｉｏｎ；Ａｃｃｕｍｕｌａｔｅｄｕｒｂａｎｉｚａｔｉｏｎｅｆｆｅｃｔ；Ｕｒｂａｎｂｉａｓ；Ａｄｊｕｓｔｍｅｎｔ；Ｍａｘｉｍｕｍ

ｔｅｍｐｅｒａｔｕｒｅ；Ｍｉｎｉｍｕｍｔｅｍｐｅｒａｔｕｒｅ；Ａｖｅｒａｇｅｔｅｍｐｅｒａｔｕｒｅ；ＤＴＲ

１　引言

城市化因素对中国等国家和地区的地面气温观

测序列有很大的影响（Ｃｈｕｎｇｅｔａｌ．，２００４；Ｒｅｎｅｔ

ａｌ．，２００８；Ｆｕｊｉｂｅ，２００９），只有客观评价并消除这种

影响，才能更好地认识长期气候变化趋势，为检测和

预估全球和区域气候变化奠定科学基础．

北京观象台（简称＂北京站＂）是我国有正式观测

记录最早的地面气象站．对具有长序列观测记录的

北京站地面气温资料中的观测误差特别是城市化偏

差进行研究，采用合理方法对其进行评价和订正，提

升地面气温观测资料的可信性，对于区域和全球气

候变化研究具有十分重要的意义．

前人对北京站地面气温观测序列中的城市化影

响进行过很多研究（宋艳玲和张尚印，２００３；初子莹

和任国玉，２００５；林学椿和于淑秋，２００５；司鹏等，

２００９；张雷等，２０１１），他们发现北京站地面气温观测

记录中存在明显的城市化影响．但已有研究全部集

中在最近半个世纪，对２０世纪５０年代以前的城市

化影响没有开展评价．目前的单站和区域尺度城市

化影响偏差评价和订正，一般通过城乡站气温序列

的趋势差异来估算，这要求乡村站与目标城市站具

有相同长度的时间序列，但在２０世纪５０年代以前

难以遴选出与目标站序列长度相当的参考序列，对

许多类似北京站具有长时间观测记录的城镇站地面

气温序列的城市化影响无法进行研究．在这种情况

下，如何正确评价和订正具有长序列资料的目标站

地面气温观测记录中的城市化影响，是需要深思的

一个问题．

本文以北京站为例，发展了一种基于当前城市

热岛强度空间分布规律的城镇站地面气温资料城市

化偏差评价和订正方法．该方法利用北京站较长的

历史观测记录资料，借助卫星遥感资料空间分辨率

高、自动气象站空间分布密度大等优势，在对原始长

序列资料质量控制和均一化处理，得到相对均一的

目标站长序列资料的基础上，选取自动站观测记录

计算当前城市站的平均城市化影响，将其作为北京

站近百年城市化累积影响和其贡献的替代指示，评

价和订正北京站地面气温资料序列．

２　资料和方法

２．１　资料质量控制、插补和均一化

选取１９１５—２０１２年北京站的月平均最高、最低

和平均气温地面观测资料．该站在观测时次、时制、

日平均气温统计方法、站点位置等有多次变化，在不

同程度上影响到资料的均一性（Ｙａｎｅｔａｌ．，２００１）．

本文采用月平均最高、最低气温求算月平均气温

（Ｊｏｎｅｓｅｔａｌ．，２００３），同时对资料进行了均一化处

理．１９５０年以前的数据质量较差且缺测现象严重，

故对原始资料进行质量控制和缺测值插补．从华北

地区的国家基准站、基本站网中选取用于数据订补

和均一化订正的候选参考站．资料来自国家气象信

息中心，其中１９５０年以后资料已经过质量控制，本

文对１９５０年以前各站月平均最高气温（犜ｍａｘ）、月平

均最低气温（犜ｍｉｎ）和月平均气温（犜ａｖｅ）资料进行了

初步质量检验．

北京站月平均最高、最低气温记录中缺测数据

均为４３个，占各自总数的３．７％，缺测年月为：１９１５／

０１—１９１５／０４、１９１７／１２、１９２６／１２—１９２７／０６、１９２７／

１０、１９２８／０１、１９２８／０５—１９２８／１２、１９２９／０２—１９２９／

８９１２
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０６、１９３７／０９—１９３８／１２．采用差值订正法订补缺测数

据，参考站选取根据北京站与华北地区其他站年平

均气温的相关程度、站点距离及平行观测记录情况

确定（表１）．在计算相关系数时，采用第一差分序

列，因为对于原始数据，台站迁移将改变迁站后所有

年月的值，而对于差分序列将只改变当年值，对计算

表１　插补缺测值所用参考站与北京站的相关系数和直线距离

犜犪犫犾犲１　犜犺犲犮狅狉狉犲犾犪狋犻狅狀犮狅犲犳犳犻犮犻犲狀狋犪狀犱犱犻狊狋犪狀犮犲犫犲狋狑犲犲狀

犅犲犻犼犻狀犵犛狋犪狋犻狅狀犪狀犱犻狋狊狉犲犳犲狉犲狀犮犲狊狋犪狋犻狅狀狊

站名（站号） 记录起始年
相关系数

最高气温 最低气温

与北京站

距离／ｋｍ

营口（５４４７１） １９０５ ０．８０ ０．７８ ４９３．０

天津（５４５２７） １８９０ ０．９４ ０．８９ ９４．３

大连（５４６６２） １９０５ ０．７８ ０．８０ ４５４．８

的相关系数影响不大．这些站和北京站１９６１—１９９０

年间均无缺测值，将其作为参考期．

如果北京站某年月缺测值为犘，对应月参考期

平均气温为犡，参考站相同年月平均气温为犙狉，对

应月参考期平均气温为犢狉，北京站与参考站的相关

系数为犆犗犚犚狉，得到插补公式：

犘＝∑
３

狉＝１

（犡－犢狉＋犙狉）×犆犗犚犚
２［ ］狉 ／∑

３

狉＝１

犆犗犚犚
２

狉．

（１）

利用（１）式插补了缺测记录后，建立了北京站

１９１５—２０１２年完整的地面月平均最高、最低气温序列．

表２给出北京站迁站的历史沿革情况．参照建

立国家基本基准站均一化气温数据集所用的方法，

以当前站址位置为基准，利用滑动ｔ检验法检测资

料的非均一性断点（Ｌｉｅｔａｌ．，２００４）．

表２　１９１５—２０１２年北京站迁站情况

犜犪犫犾犲２　犐狀犳狅狉犿犪狋犻狅狀狅犳狉犲犾狅犮犪狋犻狅狀狊狅犳犅犲犻犼犻狀犵犛狋犪狋犻狅狀犱狌狉犻狀犵１９１５—２０１２

序号 时间（年／月） 地点 纬度／Ｎ，经度／Ｅ 海拔／ｍ

１ １９１５／０４—１９３０／０７ 建国门泡子河畔 ３９°５４′，１１６°２８′ ３７．５

２ １９３０／０８—１９３９／１２ 不详 不详 不详

３ １９４０／０１—１９５３／０５ 西郊公园 ３９°５６′，１１６°２０′ ５１．３

４ １９５３／０６—１９６４／１２ 西郊五塔寺７号 ３９°５７′，１１６°１９′ ５３．３

５ １９６５／０１—１９６８／１２ 大兴县东黑
!

村 ３９°３５′，１１６°１９′ ２９．４

６ １９６９／０１—１９７０／０６ 西郊彰化农场 ３９°５６′，１１６°１６′ ５３．３

７ １９７０／０７—１９８０／１２ 南郊大兴县旧宫东 ３９°４８′，１１６°２８′ ３１．２

８ １９８１／０１—１９９７／０６ 西郊北洼路又一村 ３９°５６′，１１６°１７′ ５４．０

９ １９９７／０７—２０１２／１２ 南郊大兴旧宫东 ３９°４８′，１１６°２８′ ３１．３

　　检测非均一性所用参考站是３个站，主要考虑

参考站在北京站迁址时间前后没有迁站，气温起始

记录不晚于１９１５年，与北京站相关系数较高且直线

距离较近．这３个站分别是天津、熊岳和青岛站，其

中青岛站距北京站最远，为５３５．３ｋｍ，但三站与北

京站最高、最低气温相关系数均大于０．７２．将参考

站序列的加权平均值作为参考序列，权重系数根据

第一差分序列相关系数的平方确定；然后用标准化

处理后的北京站原始序列与其参考序列的差值序列

作为滑动ｔ检验的待检序列，对于有迁站历史数据

支持的间断点，即检测出的突变点出现时间与迁站

时间记录接近一致（相差不超过６个月），确定该点

为序列的人为不连续点；对于没有迁站数据支持的

间断点，不做处理．结果发现最高气温序列中有２个

断点是人为不连续点，对应的时间分别是１９８１和

１９９７年；最低气温序列中有４个断点是人为不连续

点，对应的时间分别是１９６５、１９６９、１９８１和１９９７年．

由于这些人为不连续点时间都出现在１９６０年后，为

使后续订正结果更可靠，采用与前述相同的方法，重

新选取了与北京站相关系数更大、距离更近的参考

站，用于非均一性订正．新的参考站记录起始年、迁

站历史以及与北京站的距离、相关系数见表３．

表３　参考站有气温记录的起始年、迁站历史、

与北京站相关系数和直线距离

犜犪犫犾犲３　犜犺犲狊狋犪狉狋犻狀犵狔犲犪狉犪狀犱犻狀犳狅狉犿犪狋犻狅狀狅犳狉犲犾狅犮犪狋犻狅狀狊

犳狅狉狋犺犲狉犲犳犲狉犲狀犮犲狊狋犪狋犻狅狀狊′狋犲犿狆犲狉犪狋狌狉犲，狋犺犲犮狅狉狉犲犾犪狋犻狅狀

犮狅犲犳犳犻犮犻犲狀狋犪狀犱犱犻狊狋犪狀犮犲犫犲狋狑犲犲狀犅犲犻犼犻狀犵犛狋犪狋犻狅狀

犪狀犱犻狋狊狉犲犳犲狉犲狀犮犲狊狋犪狋犻狅狀狊

站名（站号）记录起始年
迁站时间

（年／月）

相关系数

最高气温 最低气温

距离

／ｋｍ

密云（５４４１６） １９５７ １９８８／０７ ０．９７ ０．８９ ７２．９

廊坊（５４５１８） １９５７ 无 ０．９６ ０．８９ ７６．０

天津（５４５２７） １８９０ １９９２／０１ ０．９４ ０．８９ ９４．３

９９１２
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图１　１９１５—２０１２年北京站位置变化

圆圈代表站址位置，数字和表２中序号对应．

Ｆｉｇ．１　ＬｏｃａｔｉｏｎｓｏｆＢｅｉｊｉｎｇＳｔａｔｉｏｎｆｏｒｄｉｆｆｅｒｅｎｔ

ｔｉｍｅｐｅｒｉｏｄｓｏｆ１９１５—２０１２

ＣｉｒｃｌｅｓｓｔａｎｄｆｏｒｌｏｃａｔｉｏｎｓｏｆＢｅｉｊｉｎｇＳｔａｔｉｏｎ，

ｔｈｅｎｕｍｂｅｒｓｃｏｒｒｅｓｐｏｎｄｔｏｔｈｅｏｎｅｓｆｒｏｍｔｈｅｔａｂｌｅ２

　　图１是与表２对应的北京站不同时期位置示意

图．１９１５年４月的迁站发生在原始序列中的第一

年，很难对其检测，但也不会对整个序列的均一性产

生显著影响．１９６５年的断点是由西郊五塔寺７号

（位置４）迁至大兴县东黑!

村（位置５）导致的；１９６８

和１９６９年的断点是由大兴县东黑!

村（位置５）迁

至西郊彰化农场（位置６）造成的；１９８０年的断点是

由南郊大兴县旧宫东（位置７）迁至西郊北洼路又一

村（位置８）引起的；１９９７年的断点与从西郊北洼路

又一村（位置８）迁回原来的南郊大兴县旧宫东（位

置９）有关．以上迁站距离都大于２０ｋｍ，伴随着周

围环境较明显的变化，使得气温序列出现不连续性

断点．本文检测并证实的断点时间与郑祚芳（２０１１）

利用逐日气温资料检测出的断点时间大体相同，证

明台站较大距离的迁移是造成气温序列非均一性的

主要原因（李庆祥等，２００３）．

在对检测出的人为不连续断点进行订正时，分

别求算北京站序列和参考序列的差值序列在断点前

后３年的平均值，以及前后平均值的差值，将其作为

订正值，逐个订正序列的断点，得到北京站均一化的

地面月最高、最低气温资料序列．表４为滑动ｔ检验

结果及其对应的迁站时间、距离和订正值．北京站月

平均气温资料序列中非均一性断点的订正值介于

－１．１７℃至０．９７℃之间．

采用订正后的月最高、最低气温序列计算得到

月平均气温序列和气温日较差序列，最后建立了经

过质量控制和均一化处理的１９１５—２０１２年北京站

地面月最高、最低、平均气温和气温日较差序列．

图２是１９１５—２０１２年北京站年最高、最低、平

均气温和气温日较差均一化序列及其与原始序列的

比较．均一化后气温序列比原始序列表现出略强的

增温趋势，其中最高、最低和平均气温序列趋势分别

由原来的０．０１４℃／１０ａ、０．２６０℃／１０ａ和０．１３７℃／

１０ａ变为０．０２２℃／１０ａ、０．２７４℃／１０ａ和０．１４８℃／

１０ａ，分 别 增 加 ０．００８℃／１０ａ、０．０１４℃／１０ａ和

０．０１１℃／１０ａ；平均气温日较差序列趋势由原来的

－０．２４６℃／１０ａ变为－０．２５１℃／１０ａ，减少０．００５℃／

１０ａ．

Ｃａｏ等（２０１３）最近发现，中国中东部地区站点

１９０１—２０１０年平均气温变化趋势由均一化前的

０．０５～０．１５℃／１０ａ变为均一化后的０．１５～０．４２℃／

１０ａ，也证实资料均一化处理致使地面气温增加趋势

得到加强．当观测点从城市中心位置向郊区迁移时，

通常会使地面平均气温值比迁站前减小（Ｌｉａｎｄ

Ｙａｎ，２００９），均一化处理后长期气温上升趋势一般

会比原来加强 （任国玉等，２０１０；Ｚｈａｎｇｅｔａｌ．，

２０１４）．本文的订正结果表明，迁站对最低气温的均

一性影响大于最高气温，这和前人研究中发现的台

站迁移对最高气温影响没有对最低气温影响大的结

论一致（李庆祥等，２００５；Ｚｈａｎｇｅｔａｌ．，２０１４）．

表４　滑动ｔ检验结果、迁站时间和水平距离以及订正值

犜犪犫犾犲４　犜犺犲狉犲狊狌犾狋狅犳犿狅狏犻狀犵ｔ狋犲狊狋，狋犻犿犲犪狀犱犱犻狊狋犪狀犮犲狊狅犳狉犲犾狅犮犪狋犻狅狀狊，犪狀犱狋犺犲犪犱犼狌狊狋犿犲狀狋狏犪犾狌犲狊

最高气温 最低气温

断点时间（年／月）迁站时间（年／月） 迁站距离／ｋｍ 订正值／（℃） 断点时间（年／月）迁站时间（年／月） 迁站距离／ｋｍ 订正值／（℃）

１９９７／０７ １９９７／０７ ２１．６ －０．６３ １９９７／０７ １９９７／０７ ２１．６ －１．１７

１９８０／０８ １９８１／０１ ２１．６ ０．３２ １９８１／０１ １９８１／０１ ２１．６ ０．９７

－ － － － １９６９／０１ １９６９／０１ ３９．２ ０．３９

－ － － － １９６５／０１ １９６５／０１ ４０．８ －０．７０

００２２
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图２　１９１５—２０１２年北京站年最高（犜ｍａｘ）、最低（犜ｍｉｎ）、平均气温（犜ａｖｅ）和气温日较差（ＤＴＲ）序列均一化前后比较

Ｆｉｇ．２　Ｔｈｅｍａｘｉｍｕｍ（犜ｍａｘ），ｍｉｎｉｍｕｍ（犜ｍｉｎ），ａｖｅｒａｇｅｔｅｍｐｅｒａｔｕｒｅ（犜ａｖｅ）ａｎｄＤＴＲｔｉｍｅｓｅｒｉｅｓ

ｏｆＢｅｉｊｉｎｇＳｔａｔｉｏｎｂｅｆｏｒｅａｎｄａｆｔｅｒｈｏｍｏｇｅｎｉｚａｔｉｏｎｆｏｒｔｉｍｅｐｅｒｉｏｄ１９１５—２０１２

２．２　城市化偏差评价和订正方法

先前研究已证实，北京地区城市化影响存在着

显著的随时间增强趋势（初子莹和任国玉，２００５；陈

正洪等，２００５；林学椿等，２００５；张雷等，２０１１；Ｚｈａｎｇ

ｅｔａｌ．，２０１４）．本文假设城市站所经历的城市化影响

是线性递增的，可以把当前几年城市站附近的平均

城市化影响程度（即平均城市热岛强度）作为该站从

有记录开始至今的城市化影响历史累积值．通过线

性回归的方法可估算不同年份的城市化影响偏差，

进而对原有序列进行偏差订正．

为区别前人使用等长参考序列定量评价城市化

对地面气温记录影响时所用的术语（周雅清和任国

玉，２００５；初子莹和任国玉，２００５；张爱英等，２０１０），

本文做如下定义：

城市化累积影响：当前城市站气温与相似高度

和环境条件下的乡村站气温的差值，代表了城市站

长期以来的城市化增温累积值，亦即当前城市站附

近的城市热岛强度．

城市化累积影响用Δ犜狌狉 表示：

Δ犜狌狉 ＝犜狌－犜狉， （２）

其中，犜狌代表当前城市站地面气温；犜狉代表城市站

周围与其相似高度和环境条件下乡村站地面气温．当

Δ犜狌狉 ＞０时，表示城市化累积影响使地面气温上升；当

Δ犜狌狉 ＜０时，表示城市化累积影响使地面气温下降．

城市化影响贡献率：城市化累积影响对城市站

长期地面气温变化总体趋势的相对贡献，即城市化

累积影响在城市站长期地面气温变化趋势中所占的

百分比率．城市站长期地面气温变化总体趋势用犜狋

表示，则城市化影响贡献率犚狌 为

犚狌 ＝ Δ犜狌狉／犜狋 ×１００％． （３）

为使城市化影响贡献率满足０≤犚狌≤１００％，故上式

取绝对值．当犚狌＝０时，表示城市化累积影响对城

市站地面气温的变化趋势没有贡献；当犚狌＝１００％

时，表示城市站地面平均气温的趋势变化完全由城

市化累积影响造成．

乡村站的选取利用卫星遥感反演的地表亮度温

度资料，根据自动气象台站在地表亮度温度场中的

位置来确定（Ｒｅｎｅｔａｌ．，２０１１）．北京地区城市热岛

强度一般在冬季夜晚最强（季崇萍等，２００６；谢庄等，

２００６；Ｙａｎｇｅｔａｌ．，２０１３）．采用 ＮＡＳＡ 提供的

ＭＯＤ１１Ａ２数据集中２０１０年１２月３日至２０１１年３

月５日期间８日夜晚陆表温度资料，绘制平均地表

１０２２
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亮度温度等值线．把在地表亮度温度场中处于闭合

等值线外围背景气候条件下的站点看作乡村站，同

时参照以下原则：（１）与北京站距离不超过６０ｋｍ，

保证与北京站处于相同的大尺度环流和气候背景

下；（２）与北京站海拔高差小于３０ｍ，避免由于高度

差异带来的影响；（３）ＧｏｏｇｌｅＥａｒｔｈ和其他手段证实

周围观测环境开阔．

据此选取５个乡村站，分别是小汤山站（站号

Ａ１４０１）、大孙各庄站（站号Ａ１５５３）、高丽营站（站号

Ａ１５６１）、大王古站（站号 Ａ２４０７）和下伍旗站（站号

Ａ２４６１）．图３给出了北京站和５个乡村站的具体位

置．５个乡村站海拔高度介于５．０～４４．０ｍ之间，平

均２６．０ｍ，与北京站海拔高度３１．３ｍ相差５．３ｍ，

不存在因海拔高度造成的地面气温差异．

图３　北京地区地表亮度温度分布等值线（等值线间隔为０．０５℃）

其中实心正方形代表北京站当前位置，实心圆代表５个乡村站位置．

Ｆｉｇ．３　ＤｉｓｔｒｉｂｕｔｉｏｎｏｆＢｅｉｊｉｎｇＳｔａｔｉｏｎａｎｄｉｔｓｆｉｖｅｒｅｆｅｒｅｎｃｅｓｔａｔｉｏｎｓ，ｔｈｅｃｏｎｔｏｕｒｌｉｎｅｓ

ｉｎｄｉｃａｔｅｌａｎｄｓｕｒｆａｃｅｂｒｉｇｈｔｎｅｓｓｔｅｍｐｅｒａｔｕｒｅｒｅｔｒｉｅｖｅｄｆｒｏｍＭＯＤ１１Ａ２ｄａｔａ

　　计算城市化累积影响时，所用资料为５个乡村

站和北京站２０１０年１月至２０１２年１２月３年时期

逐小时自动站观测气温资料．为和北京站长序列资

料统计方法一致，用月最高、最低气温的算术平均计

算月平均气温．月最高、最低气温所依据的日值，采

用自动气象站观测２４个时次中的最高小时平均气

温，日最低气温取２４个时次中的最低小时平均

气温．

气温序列的变化趋势估计采用最小二乘法，并

用ｔ检验法对线性趋势进行显著性检验．变化速率

或趋势表示为每１０年的气温变化值．季节划分方

法：冬季为上一年１２、当年１、２月；春季为３、４、５

月；夏季为６、７、８月；秋季为９、１０、１１月；年平均是

全年１２个月的平均．

在订正城市化影响偏差时，本文假设：均一化后

的北京站地面气温序列１９１５年的观测记录未受到

城市化影响，但从１９１６年开始逐渐受到城市热岛效

应影响，同时假设北京站城市化影响在整个观测序

列中呈线性递增．根据观测序列的时间长度和城市

化累积影响，可由以下公式计算平均每年的城市化

增温速率．

狉＝Δ犜狌狉／犖， （４）

其中，犖 代表序列的长度，即９８ａ，Δ犜狌狉代表在该时

间内城市化累积影响（℃），狉为该段时间内城市化

增温速率（℃／ａ），可称作城市化偏差订正系数．因

此，城市化偏差订正公式为

犃犻＝犅犻－狉×（犢犻－犢１）， （５）

其中，犢犻 为１９１５—２０１２年中的任一年（ａ），犢１ 为

１９１５年，犅犻为订正前的气温（℃），犃犻为订正后的气

温（℃）．

２０２２
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３　均一化资料序列及其城市化偏差

表５给出均一化处理后１９１５—２０１２年北京站

年、季平均气温变化趋势及其显著性检验结果．年最

高、最低和平均气温增温速率分别为０．０２℃／１０ａ、

０．２７℃／１０ａ和０．１５℃／１０ａ，年平均气温日较差减

小趋势为０．２５℃／１０ａ，除年最高气温外，其他变化

趋势均通过０．０１的显著性检验．从季节上看，最高

气温冬季上升明显，春季上升缓慢，夏、秋季有微弱

下降趋势；对最低气温和平均气温，除夏季平均气温

外，其他季节增温趋势都通过了０．０１的显著性检

验，冬季增温最明显，春季次之，夏季最小；气温日较

差四季均出现下降趋势，且都通过了０．０１的显著性

检验．对整个分析时段，年平均最高、最低、平均气温

和气温日较差趋势分别为０．２２℃、２．６８℃、１．４５℃

和－２．４６℃，其中最低气温和平均气温表现出非常

显著的上升趋势，比全国和全球陆地平均增暖趋势高

出１倍左右（Ｓｏｌｏｍｏｎｅｔａｌ．，２００７；Ｒｅｎｅｔａｌ．，２０１２）．

最低气温比最高气温上升速率快，冬、春季比夏、秋季

增温明显，这些特征与同期和近６０年全国平均地面

气温变化完全一致（唐国利和任国玉，２００５；Ｒｅｎｅｔ

ａｌ．，２０１２）．

图４给出了北京站１９１５—２０１２年均一化气温资

表５　北京站１９１５—２０１２年地面年、季平均气温和

气温日较差变化趋势（单位：℃／１０犪）

犜犪犫犾犲５　犔犻狀犲犪狉狋狉犲狀犱狊狅犳犪狀狀狌犪犾犪狀犱狊犲犪狊狅狀犪犾犿犲犪狀犿犪狓犻犿狌犿，

犿犻狀犻犿狌犿，犪狏犲狉犪犵犲狋犲犿狆犲狉犪狋狌狉犲犪狀犱犇犜犚犱狌狉犻狀犵１９１５—２０１２

（犝狀犻狋：℃／１０犪）

最高气温 最低气温 平均气温 日较差

春季 ０．０５ ０．３０ ０．１７ －０．２５

夏季 －０．０７ ０．１７ ０．０５ －０．２４

秋季 －０．０３ ０．２４ ０．１１ －０．２８

冬季 ０．１４ ０．３８ ０．２６ －０．２４

年 ０．０２ ０．２７ ０．１５ －０．２５

　　注：表示通过０．０１显著性水平检验，表示通过０．０５显著

性水平检验．

图４　１９１５—２０１２年北京站地面年、季最高（犜ｍａｘ）、最低（犜ｍｉｎ）、平均（犜ａｖｅ）气温和
气温日较差（ＤＴＲ）的城市化累积影响及城市化影响贡献率

Ｆｉｇ．４　Ａｃｃｕｍｕｌａｔｅｄｕｒｂａｎｉｚａｔｉｏｎｅｆｆｅｃｔｓａｎｄｔｈｅｃｏｎｔｒｉｂｕｔｉｏｎｓｔｏｏｖｅｒａｌｌｔｅｍｐｅｒａｔｕｒｅｔｒｅｎｄｓａｎｄ
ＤＴＲｆｏｒＢｅｉｊｉｎｇＳｔａｔｉｏｎｄｕｒｉｎｇ１９１５—２０１２

３０２２
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料序列中的年、季平均城市化累积影响及其贡献率．

年最高、最低、平均气温和气温日较差序列中的城市

化累积影响分别为－０．１１℃、１．７８℃、０．８４℃和

－１．９０℃，对应的城市化影响贡献率分别为５１．１％、

６６．５％、５７．７％和７７．０％．把上述城市化累积影响

转化为城市化增温率，分别是－０．０１℃／１０ａ、０．１８℃／

１０ａ、０．０９℃／１０ａ和－０．１９℃／１０ａ．因此，在近百年

内，北京站年最高、最低、平均气温和年气温日较差

序列均表现出较大的城市化影响偏差，这种系统偏

差占同期总体变化趋势的５０％以上．

从四季的城市化累积影响来看，最高气温序列

很小，除冬季外，其他季节均为负值，秋季绝对值最

高，为０．２６℃；最低气温序列较大，介于夏季的１．２２℃

到冬季的２．２９℃之间；平均气温序列也较大，冬季

最大，为１．１７℃，夏季最小；气温日较差序列均为负

值，秋、冬季约－２．２３℃，春、夏季较小，但绝对值也

在１．３０℃以上．四季的城市化累积影响贡献率，最

高气温秋季达８０％，其余三季均在３０％以下；最低

气温秋季最大，为８３％，其他三季均在５０％以上；平

均气温夏季最大，为１００％，秋季次之，春季和冬季

均接近５０％；气温日较差冬季最大，为９５．４％，夏季

最小，但也达５８．４％．

４　城市化偏差订正结果及其分析

对１９１５—２０１２年北京站月气温资料进行了城

市化偏差订正，利用订正后资料建立了年、季平均地

面气温序列．消除了城市化偏差后，最高气温趋势

改变不明显，最低气温和平均气温上升趋势都有

不同程度的减小，气温日较差下降趋势也有明显

减弱．

图５表示均一化资料序列与城市化偏差订正后

资料序列逐年值及其线性趋势．城市化偏差订正后，

年平均最高气温增加趋势略有上升，增温趋势由均

一化序列的０．０２℃／１０ａ上升为０．０３℃／１０ａ；年平

均最低气温和平均气温增加趋势有不同程度下降，

分别由均一化序列的０．２７℃／１０ａ和０．１５℃／１０ａ

下降到０．０９℃／１０ａ和０．０６℃／１０ａ；年气温日较差趋

势由均一化序列的－０．２５℃／１０ａ变为－０．０５℃／

１０ａ，绝对值出现较大幅下降．

图５　１９１５—２０１２年北京站城市化偏差订正前、后年最高（犜ｍａｘ）、最低（犜ｍｉｎ）、

平均气温（犜ａｖｅ）和气温日较差（ＤＴＲ）变化趋势比较

Ｆｉｇ．５　Ａｎｎｕａｌｍａｘｉｍｕｍ（犜ｍａｘ），ｍｉｎｉｍｕｍ（犜ｍｉｎ），ａｖｅｒａｇｅｔｅｍｐｅｒａｔｕｒｅ（犜ａｖｅ）ａｎｄ

ＤＴＲｓｅｒｉｅｓｂｅｆｏｒｅａｎｄａｆｔｅｒｕｒｂａｎｂｉａｓｃｏｒｒｅｃｔｉｏｎ
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　７期 张媛等：无参考序列条件下地面气温观测资料城市化偏差订正方法：以北京站为例

　　表６给出了１９１５—２０１２年北京站最高、最低、

平均气温和气温日较差城市化偏差订正前后年、季

变化趋势的差值．城市化偏差订正前后年、季最高气

温趋势变化不明显，最低气温和平均气温趋势减弱

较明显，气温日较差趋势变弱很明显．

表６　１９１５—２０１２年北京站年、季平均最高、最低、平均气温

和气温日较差城市化偏差订正前后的线性趋势的差值

（单位：℃／１０犪）

犜犪犫犾犲６　犜犺犲犱犻犳犳犲狉犲狀犮犲狅犳犾犻狀犲犪狉狋狉犲狀犱狊狅犳犪狀狀狌犪犾犪狀犱

狊犲犪狊狅狀犪犾犿犲犪狀狋犲犿狆犲狉犪狋狌狉犲犪狀犱犇犜犚犫犲犳狅狉犲犪狀犱

犪犳狋犲狉狌狉犫犪狀犫犻犪狊犮狅狉狉犲犮狋犻狅狀（犝狀犻狋：℃／１０犪）

春 夏 秋 冬 年

最高气温 ０．０１ ０．０１ ０．０３ －０．０１ ０．０１

最低气温 －０．１７ －０．１３ －０．２０ －０．２４ －０．１８

平均气温 －０．０８ －０．０６ －０．０９ －０．１２ －０．０９

日较差 ０．１８ ０．１４ ０．２３ ０．２３ ０．２０

５　讨论

利用均一化处理后的地面气温资料，本文得到

北京站１９１５—２０１２年年最高、最低和平均气温，其

气温变化趋势分别为０．０２℃／１０ａ、０．２７℃／１０ａ和

０．１５℃／１０ａ．季节平均气温增加趋势按从大到小排

序分别是冬、春、秋、夏季．以上结果与先前分析（唐

国利和任国玉，２００５；Ｒｅｎｅｔａｌ．，２０１２）获得的过去

百余年中国大陆平均地面气温变化趋势比较，数值

偏高，但季节性特征完全一致．Ｙａｎ等（２００１）在对资

料进行均一化处理后，得出１９１５—１９９８年间北京站

年平均气温显示出更明显的上升趋势，而且增温主

要表现在２０世纪６０年代以后，与本文的结果大体

一致．此外，本文分析结果也同谢庄和曹鸿兴（１９９６）

发现的北京站最低气温比最高气温上升趋势明显的

结论一致．

本文在资料均一化的基础上，进一步评价了城

市化对长期地面气温变化趋势的影响，发现由于均

一化过程致使观测序列中的城市热岛效应影响得以

恢复，订正后的气温资料序列中存在更明显的城市

化偏差．徐祥德和汤绪（２００２）在总结国内外热岛研

究结果时指出，百万人口以上的大城市平均气温一

般约高于郊区０．５～１．０℃，本文年平均气温序列中

的城市化累积影响为０．８４℃．Ｙａｎｇ等（２０１３）根据

迄今最密集观测站点资料的研究指出，北京六环以

内的城区年平均城市热岛强度达到１．６３℃，四环以

内中心城区冬季平均城市热岛强度高达２．４０℃以

上，夜间和清晨城市热岛强度明显大于白天，表明近

百年来大部分时间处于或接近城区的北京站地面气

温记录中包含着明显的城市化累积影响．

尽管分析时期不同，本文对平均气温序列中的

城市化影响估算结果与先前研究（Ｒｅｎｅｔａｌ．，２００８；

张爱英等，２０１０）得到１９６１—２００４年间华北地区城

市化引起的国家基准站和基本站增暖偏差约为

０．０８℃／１０ａ到０．１１℃／１０ａ的结果可以对比；但与

多数研究（宋艳玲和张尚印，２００３；初子莹和任国玉，

２００５；林学椿和于淑秋，２００５；司鹏等，２００９；Ｙａｎｅｔ

ａｌ．，２０１０）得出的１９６０年后北京站的城市化影响程

度范围０．１６～０．５４℃／１０ａ相比，本文结果偏低，原

因可能是城市化影响在早期较弱，改革开放后明显

增大（林学椿等，２００５）．关于最高、最低气温城市化

影响的估算与司鹏等（２００９）针对１９６０—２００６年的

分析结果具有可比性，最高、最低气温的城市化影响

比后者明显偏低，可能也与早期城市化影响偏弱有

关．张雷等（２０１１）对北京１９６０—２００８年地面平均和

极端气温指数序列的城市化影响进行了分析，发现

年最低气温和气温日较差序列的城市化影响分别为

０．７０℃／１０ａ和－０．７３℃／１０ａ，其对应的城市化影响

贡献率均为１００％，是目前报告的最高估计值．造成

不同研究结果差异的原因，可能主要与所选乡村站

的代表性以及所分析时间段不同等有关．

本文发展的无早期参考序列条件下城镇站城市

化偏差评价和订正方法，只要求参考站具有最近几

年的气温记录，因而只能得到当前城市化影响程度，

无法细分城市化进程快（慢）阶段对不同时期地面气

温变化的具体贡献，这是该方法的一个局限．但气候

变化研究主要关注某一时期气候要素的长期线性趋

势，对于该时期各个阶段的具体城市化影响偏差可

以忽略．

６　结论

本文发展了一个无早期参考序列条件下城市化

偏差评价和订正方法，在对资料进行非均一性检验

和订正的基础上，分析了北京站１９１５—２０１２年最

高、最低和平均气温的变化趋势，评价了城市化对气

温序列变化趋势的影响，并对城市化偏差进行了订

正，得到以下结论：

（１）北京站最高、最低和平均气温的均一化资料

序列表现出比原始资料序列更明显的上升趋势，气
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636



地 球 物 理 学 报（ＣｈｉｎｅｓｅＪ．Ｇｅｏｐｈｙｓ．） ５７卷　

温日较差序列均一化后下降趋势略变大，均一化后

年最高、最低、平均气温和气温日较差变化速率分

别为０．０２ ℃／１０ａ、０．２７ ℃／１０ａ、０．１５ ℃／１０ａ和

－０．２５℃／１０ａ．

（２）北京站平均气温序列受到很大的城市化影

响．年最高、最低、平均气温和气温日较差序列中的

城市化累积影响分别为－０．１１℃、１．７８℃、０．８４℃

和－１．９０℃，其对应的城市化影响贡献率分别为

５１．１％、６６．５％、５７．７％和７７．０％．城市化累积影响

在最高气温序列中只有冬季为正值，在最低和平均

气温序列中四季均为正值，冬季最大，夏季最小；在

气温日较差序列中四季均为负值．

（３）订正城市化偏差后，最高气温序列的增温速

率变化不明显，最低和平均气温序列的增温速率均

有明显下降，气温日较差下降趋势明显变弱．

犚犲犳犲狉犲狀犮犲狊

ＣａｏＬＪ，ＺｈａｏＰ，ＹａｎＺＷ，ｅｔａｌ．２０１３．Ｉｎｓｔｒｕｍｅｎｔａｌｔｅｍｐｅｒａｔｕｒｅ

ｓｅｒｉｅｓｉｎｅａｓｔｅｒｎａｎｄｃｅｎｔｒａｌＣｈｉｎａｂａｃｋｔｏｔｈｅｎｉｎｅｔｅｅｎｔｈ

ｃｅｎｔｕｒｙ．犑狅狌狉狀犪犾狅犳犌犲狅狆犺狔狊犻犮犪犾犚犲狊犲犪狉犮犺：犃狋犿狅狊狆犺犲狉犲狊，１１８

（１５）：８１９７８２０７．

ＣｈｅｎＺＨ，ＨｕＪＬ，ＺｈａｎｇＤＳ，ｅｔａｌ．２００５．Ｃｏｒｒｅｃｔｉｏｎｏｆｕｒｂａｎ

＂ＨｅａｔＩｓｌａｎｄ＂ｓｔｒｅｎｇｔｈａｎｄｆｏｒｅｃａｓｔｏｆｈｅａｔｌｏａｄ．犕犲狋犲狅狉狅犾狅犵狔

（ｉｎＣｈｉｎｅｓｅ），３１（１）：６９７１．

ＣｈｕＺＹ，ＲｅｎＧ Ｙ．２００５．Ｅｆｆｅｃｔｏｆｅｎｈａｎｃｅｄｕｒｂａｎｈｅａｔｉｓｌａｎｄ

ｍａｇｎｉｔｕｄｅｏｎａｖｅｒａｇｅｓｕｒｆａｃｅａｉｒｔｅｍｐｅｒａｔｕｒｅｓｅｒｉｅｓｉｎＢｅｉｊｉｎｇ

ｒｅｇｉｏｎ．犃犮狋犪犕犲狋犲狅狉．犛犻狀犻犮犪（ｉｎＣｈｉｎｅｓｅ），６３（４）：５３４５４０．

ＣｈｕｎｇＵ，ＣｈｏｉＪ，ＹｕｎＪＩ．２００４．Ｕｒｂａｎｉｚａｔｉｏｎｅｆｆｅｃｔｏｎｔｈｅ

ｏｂｓｅｒｖｅｄｃｈａｎｇｅｉｎｍｅａｎｍｏｎｔｈｌｙｔｅｍｐｅｒａｔｕｒｅｓｂｅｔｗｅｅｎ１９５１—

１９８０ａｎｄ１９７１—２０００ｉｎＫｏｒｅａ．犆犾犻犿犪狋犻犮犆犺犪狀犵犲，６６（１２）：

１２７１３６．

ＦｕｊｉｂｅＦ．２００９．Ｄｅｔｅｃｔｉｏｎｏｆｕｒｂａｎｗａｒｍｉｎｇｉｎｒｅｃｅｎｔｔｅｍｐｅｒａｔｕｒｅ
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ABSTRACT

The performances of four Chinese AGCMs participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5)
in the simulation of the boreal summer intraseasonal oscillation (BSISO) are assessed. The authors focus on the major
characteristics of BSISO: the intensity, significant period, and propagation. The results show that the four AGCMs can
reproduce boreal summer intraseasonal signals of precipitation; however their limitations are also evident. Compared with
the Climate Prediction Center Merged Analysis of Precipitation (CMAP) data, the models underestimate the strength of the
intraseasonal oscillation (ISO) over the eastern equatorial Indian Ocean (IO) during the boreal summer (May to October),
but overestimate the intraseasonal variability over the western Pacific (WP). In the model results, the westward propagation
dominates, whereas the eastward propagation dominates in the CMAP data. The northward propagation in these models is
tilted southwest–northeast, which is also different from the CMAP result. Thus, there is not a northeast–southwest tilted rain
belt revolution off the equator during the BSISO’s eastward journey in the models. The biases of the BSISO are consistent
with the summer mean state, especially the vertical shear. Analysis also shows that there is a positive feedback between the
intraseasonal precipitation and the summer mean precipitation. The positive feedback processes may amplify the models’
biases in the BSISO simulation.

Key words: boreal summer intraseasonal oscillation, AGCM, simulation, feedback
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1. Introduction

The intraseasonal oscillation (ISO) is one of the most
prominent large-scale sources of variability in the tropics and
it undergoes a peculiar seasonal variation (Seo et al., 2005).
While the strongly eastward propagating ISO (the Madden–
Julian oscillation) is primarily observed in the boreal winter,
the ISO in the boreal summer from May to October is dom-
inated by the northward propagation over the Indian and
western Pacific (Jiang et al., 2004). This boreal summer
subseasonal mode significantly affects the active and break
phases of the summer monsoon (Yasunari, 1979, 1980; Li
et al., 2001). The wet and dry spells of the boreal summer
intraseasonal oscillation (BSISO) strongly influence the ex-
treme hydro-meteorological events, which cause about 80%
of natural disasters (Lau and Waliser, 2005). The intrasea-
sonal oscillation also has an effect on the formation, intensity,

∗ Corresponding author: ZHAO Chongbo
Email: chongbozhao@mail.iap.ac.cn

and course of the tropical cyclones (Nakazawa, 1986; Lieb-
mann et al., 1994). Therefore, the BSISO is important for
weather forecasting and climate prediction.

Numerical weather prediction results have shown that a
model capable of simulating ISO may have a better over-
all forecasting ability (Li et al., 2006). However, attempts
to simulate the BSISO have met with poor results (Slingo
et al., 1996; Waliser et al., 2003; Lin et al., 2008; Sperber
et al., 2013). This is because the BSISO shows a complex
propagation process due to a prominent northeastward prop-
agation associated with the monsoon over the Indian Ocean
(IO) and the western Pacific (WP), as well as the formation of
the summertime intertropical convergence zone off the equa-
tor (Sikka and Gadgil, 1980; Lau and Chan, 1986; Wang and
Rui, 1990; Annamalai and Sperber, 2005; Seo et al., 2007).
How to reliably simulate the BSISO has been a challenge to
the climate-modeling community.

Over the Asian summer monsoon region, precipitation
is an important forecast variable in model simulation. The
outgoing longwave radiation (OLR) and the real-time multi-

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag Berlin Heidelberg 2014
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variate MJO (Madden–Julian oscillation) index (Wheeler and
Hendon, 2004) focus on the deep convection and large-scale
circumnavigate mode. During the boreal summer, the vari-
ability of the ISO is weaker than the MJO in the winter and
propagates as far north as the Asian continent. The evalua-
tion of precipitation is helpful in comprehensively examining
the convective parameterization and topography description
of the AGCMs. Lin et al. (2008) evaluated the intraseasonal
precipitation during the boreal summer in the models partic-
ipating in the IPCC Fourth Assessment Report (AR4). The
results showed that the GCMs still have difficulties and dis-
play a wide range of ability in simulating the subseasonal
variability. Our analysis is based on the atmospheric com-
ponent of the four Chinese AGCM simulations, which were
submitted to the ongoing Coupled Model Inter-comparison
Project—Phase 5 (CMIP5). Specifically, the models we use
are forced by the same observed SST, sea ice fractions, CO2
concentrations, and other external forcing as defined in the
Atmospheric Model Inter-comparison Project (AMIP) frame-
work (Taylor et al., 2009). The aim of the study is to assess
the performances of four new generation Chinese AGCMs in
the simulation of BSISO and to understand the strengths and
weaknesses of the models.

The remainder of the paper is organized as follows. The
models and validation datasets used in this study are de-
scribed in section 2. The results of the BSISO simulation are
presented in section 3. A discussion of the model bias analy-
sis and the relationship between the simulated mean state and
BSISO are given in section 4. A summary is given in section
5.

2. Data, model, and analysis method

2.1. Data
To check the reliability of the model simulations, the

pentad precipitation datasets are obtained from the Climate
Prediction Center (CPC) Merged Analysis of Precipitation
(CMAP) (Xie and Arkin, 1997) and the Global Precipitation
Climatology Project (GPCP) Precipitation (Xie et al., 2003).
The 3D zonal wind, meridional wind, and specific humid-
ity datasets are used for analysis. These are obtained from
the Climate Forecast System Reanalysis (CFSR; Saha et al.,

2006; Saha et al., 2010) of the National Centers for Environ-
mental Prediction (NCEP). Prior to the analysis, the pentad
data are interpolated to daily values. We use nineteen (1979–
97) summers (May to October) data for validating the simu-
lations and discussing the biases.

2.2. Models

This analysis is based on 19 years of AMIP simulations
from four Chinese AGCMs. In the AMIP run, the observed
SST and sea ice temperature served as the boundary forcing
of the numerical experiments. In addition, other conditions
(CO2 concentrations, solar constant, and aerosols) are also
included during the integration.

Table 1 shows the acronyms, names, atmospheric models,
resolutions, and convection parameterization schemes.

The BCC-CSM (Climate System Models developed by
Beijing Climate Center) is a coupled climate system model
including atmosphere, ocean, land surface, and sea ice com-
ponents. There are two versions of this model with differ-
ent horizontal resolutions, BCC-CSM1-1 and BCC-CSM1-
1-m, that are participating in the CMIP5 (Jiang et al., 2012).
In this paper, we focus on the former one. For the atmo-
sphere, it uses an atmospheric general circulation model,
BCC-AGCM2.1, developed by the Beijing Climate Center
(BCC; Wu et al., 2008, 2010). This is a spectral model with
horizontal T42 truncation (∼ 2.8125◦ horizontal resolution)
and 26 layers in the vertical direction.

The BNU-ESM (Beijing Normal University-Earth Sys-
tem Model) is developed at the College of Global Change
and Earth System Science at Beijing Normal University (Wu
et al., 2013; http://esg.bnu.edu.cn/BNU ESM webs/htmls/
index.html). For the atmosphere, BNU AGCM’s horizontal
resolution is T42 and the vertical resolution is 26 layers.

FGOALS-g2 (Flexible Global Ocean-Atmosphere-Land
System Model, Grid-point Version 2) is developed at the State
Key Laboratory of Numerical Modeling for Atmospheric Sci-
ences and Geophysical Fluid Dynamics (LASG) at the Insti-
tute of Atmospheric Physics (IAP), Chinese Academy of Sci-
ences (hereafter LASG/IAP) and Tsinghua University. The
atmospheric component of FGOALS-g2 is the Grid Atmo-
spheric Model of IAP/LASG (GAMIL), which employs a
horizontal resolution of 2.8◦ between 65.58◦N and 65.58◦S

Table 1. List of models.

Modeling center Abbreviation Atmospheric model Resolution Convection parameterization scheme

Beijing Climate Center BCC-CSM1-1 BCC AGCM 2.1 T42, L26 Wu Scheme (Wu et al., 2010)

College of Global Change and Earth Sys-
tem Science, Beijing Normal Univer-
sity

BNU-ESM BNU AGCM T42, L26 Standard Zhang–McFarlane with Convec-
tive Momentum Transports (Richter
and Rasch, 2008)

LASG, Institute of Atmospheric Physics,
Chinese Academy of Sciences and
CESS, Tsinghua University

FGOALS-g2 GAMIL 2.0 ∼ 2.8◦ ×2.8◦,
L26

New Zhang–Mcfarlane (Zhang and Mu,
2002)

LASG, Institute of Atmospheric Physics,
Chinese Academy of Sciences

FGOALS-s2 SAMIL 2.0 R42, L26 Tiedtke (1989)
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and has 26 vertical layers. The details of the model are found
in Li et al. (2013).

FGOALS-s2 (Flexible Global Ocean-Atmosphere-Land
System Model, Spectral Version 2) is also developed at
LASG/IAP. The atmospheric component of FGOALS-s2 is
version 2.4.7 of Spectral Atmospheric Model in IAP/LASG
(SAMIL; Bao et al., 2010, 2013), a spectral transform model
with 26 atmospheric layers extending from the surface to 2.19
hPa, and with a horizontal resolution of R42 [∼ 2.81◦ (lon)
×1.66◦ (lat)].

These models have updated their physical schemes to in-
corporate state-of-the-art research results. For example, the
parameterizations for the deep cumulus convection, dry adi-
abatic adjustment, latent heat and sensible heat fluxes over
the ocean surface, and the snow cover fraction were replaced
with new schemes in BCC AGCM2.0.1 Wu et al. (2010).
In GAMIL2.0, the convection parameterization scheme was
replaced by the Zhang–McFarlane scheme (Zhang and Mu,
2005), and a two-moment bulk stratiform cloud microphysics

scheme (Morrison and Gettelman, 2008) was added to the
microphysical processes (Li et al., 2013). Therefore, it is of
interest to assess the simulations of BSISO in this new gen-
eration of climate models to look at the effects of the updated
physical processes.

2.3. Analysis method
First, we estimate the reproduction quality of the BSISO’s

intensity, period, and propagation in turn. To extract the
BSISO signal, daily precipitation, evaporation, specific hu-
midity, and wind during 1979–97 are subject to a 20–100-
day bandpass filtering based on harmonic decomposition
(Kemball-Cook and Wang, 2001; Teng and Wang, 2003;
Jiang et al., 2004). The 20–100-day bandpass filtered data
from May to October in each year are then used as the in-
traseasonal component in the following analyses.

Next, to investigate the positive feedback between BSISO
and the summer mean state, the moisture budget analysis
are calculated according to Ray and Li (2013). To examine

Fig. 1. Horizontal distribution of 20–100 day filtered precipitation variance of (a) CMAP, (b) GPCP and (c–f)
the difference between models and CMAP (units: mm2 d−2) during the boreal summer. The pattern correlations
between models and CMAP are given at the top-right corner of each panel.
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changes in precipitation, the summer mean vertically inte-
grated moisture budget equation can be written as

Pr = E + 〈−VVV ·∇q〉+ 〈−q∇ ·VVV 〉+R , (1)

where Pr is precipitation, E is evaporation, VVV is horizontal
velocity, q is specific humidity, and R is the residual term.
〈−VVV ·∇q〉 is the advection of moisture term, 〈−q∇ ·VVV 〉 is the
moisture convergence term. The overbar, “−”, represents the
summer mean and “〈 〉” means the vertical integration and

indicates a mass integration through the troposphere:

〈 〉 =
∫ Pt

Ps

dP
g

, (2)

here Pt is 100 hPa, Ps is 1000 hPa, and g is gravity.
The summer mean moisture advection term, 〈−VVV ·∇q〉,

can be further separated into two terms (Adv1 and Adv2)

〈−VVV ·∇q〉 = 〈−VVV ·∇q〉+ 〈−VVV ′ ·∇q′〉 = Adv1+Adv2 , (3)

and the summer mean convergence term, 〈−q∇ ·VVV 〉, also can

Fig. 2. Spectrum distribution of the eastward and westward propagating BSISO (units: mm2 d−2) as
a function of latitude and period for zonal wavenumber 1 (40◦–180◦E) from precipitation of CMAP,
GPCP, BCC AGCM, BNU AGCM, GAMIL, and SAMIL.
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be further separated into two terms (Con1 and Con2)

〈−q∇ ·VVV 〉 = 〈−q∇ ·VVV 〉+ 〈−q′∇ ·VVV ′〉 = Con1+Con2 , (4)

here, the prime, “ ′ ”, denotes the boreal summer intraseasonal
perturbation, Adv1 represents the advection of the moisture
by the summer mean wind, and Adv2 represents the summer
mean advection of the intraseasonal moisture by the intrasea-
sonal wind. Con1 denotes the convergence of summer mean
moisture by the summer mean wind, and Con2 denotes the
summer mean convergence of the intraseasonal moisture by
the intraseasonal wind.

Through calculating the equations above during the bo-
real summer, the feedback correlation between the BSISO
and the summer mean state can be derived.

3. Results of BSISO simulation

The reproduction quality of the BSISO’s major charac-
teristics is estimated first. Figure 1 shows the variance of the
20–100 day bandpass filtered precipitation anomaly during
the boreal summer from 1979 to 1997. The most conspicuous

Fig. 3. Spectrum distribution of the northward and southward propagating BSISO (units: mm2 d−2) as a function of
longitude and period for meridional wavenumber 1 (15◦S–25◦N) from precipitation of CMAP, GPCP, BCC AGCM,
BNU AGCM, GAMIL, and SAMIL.

643



1172 BSISO SIMULATED BY FOUR CHINESE AGCMS VOLUME 31

feature of the precipitation intraseasonal variability in CMAP
is two maxima: the tropical eastern IO and the WP. The hor-
izontal distribution of the BSISO in the GPCP looks similar
and has pattern correlations of 0.93 with the CMAP result.
The models can replicate the BSISO signals; however there
are still intensity biases in the two maxima areas. The four
models all underestimate the variability over the tropical east-
ern IO. Three models (BCC AGCM, GAMIL, and SAMIL)
overestimate the variability over the WP, but the BSISO is
weaker in the BNU AGCM model than in the observation.

To provide a comprehensive evaluation of the period and
propagation simulations on the BSISO, Figs. 2 and 3 show
the zonal and meridional spectrum distribution at wavenum-
ber 1 of the 20–100 days filtered precipitation anomaly. In
the observation, separation of the eastward propagation and
the westward propagation show that the eastward propagation
of the BSISO is dominant and the strongest energy spectrum
appears in the period of 30–90 days at zonal wavenumber 1

(corresponding to a wavelength from 40◦E to 180◦E) along
the equator and 10◦N. The highest westward propagation en-
ergy spectrum is concentrated at the 30–60 day period, and
the location of the maxima is shifted northward compared
with the eastward propagation. This indicates the northwest-
ward propagation of the large-scale convection system in the
WP, which is consistent with previous studies (Lau and Chan,
1986; Knutson and Weickmann, 1987). Models can repro-
duce the 30–90 day signals with the peak of 60 days, but the
amplitude of the westward propagating mode of the BSISO
is larger than the eastward counterpart.

In the observation, the northward propagation of the
BSISO has its maxima over the IO and WP (Fig. 3). The
significant period is around 40 days over the IO and 60 days
over the WP, which means the BSISO propagates faster over
the IO than over the WP. In the models’ results, the northward
propagation is well simulated, but the northward propagation
is southwest–northeast tilted, which is also different from the

 

Fig. 4. Lag regression of 20–100 day bandpass filtered precipitation with PC-1 from day −20 to day 15 with 5-
day intervals. The lag regressions have been scaled by one standard deviation of PC-1 to give units of mm d−1.
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CMAP result. This also can be seen in the lifecycle of the
BSISO.

The time series of the first EOF mode that spans from
30◦S to 30◦N and 40◦E to 180◦E was used as the BSISO in-
dex (Jiang and Li, 2005; Zhao et al., 2013). Figure 4 shows
the lag regressions of the 20–100 day filtered rainfall anoma-
lies with PC-1. The regressions have been scaled by one stan-
dard deviation of PC-1. The pattern at day 0 resembles the
first EOF mode pattern, as expected. During the observed
BSISO lifecycle, rainfall is initiated over the southwestern IO
around day −10, with a suppressed convective anomalies belt
poleward over the IO and WP that propagates eastward. By
day 10, the enhanced convection is mostly concentrated over
the northern IO and tropical WP. At this time the suppressed
BSISO phase dominates over the tropical Indian Ocean. The
entire northwest–southeast tilted rainfall anomalies belt prop-
agates northward (black line in Fig. 4).

Figure 5 shows the BSISO lifecycle patterns obtained
from the BCC AGCM. The northward propagation of the

rainfall anomalies band tilts southwest–northeast, though the
essential evolution features seen in the lifecycle of CMAP
are well represented. It is clear to see that the onset of posi-
tive rainfall anomalies occurs over the central Indian Ocean at
day −10, and then propagates westward instead of eastward
at day −5. The BSISO in the model result propagates more
slowly over the IO than over the WP, which is opposite to the
observation. This is also true with BNU AGCM, GAMIL,
and SAMIL models (figure not shown). When the BSISO
propagates northward faster over the WP than over the IO,
positive rainfall anomalies first occur over the WP then the
IO and the westward propagation is more significant than the
eastward propagation.

These results demonstrate that the four Chinese models
have the ability to capture the BSISO signals, but they are
not perfect. The variance distribution shows a negative bias
over the eastern IO. Over the WP, the variance in three of the
models is larger than that in the observation, but is smaller in
BNU AGCM. All the models show an overly strong west-

 

Fig. 5. The same as Fig. 4, except for BCC AGCM.
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ward propagation and a southwest–northeast titled rainfall
belt, which both have a relationship with the different north-
ward propagation speed over the IO and WP. Next we present
the possible cause of the models’ bias.

4. Relationship between the simulated mean

state and BSISO

4.1. The effect of summer mean state on BSISO

Previous observational studies indicate that the intensity
of the ISO is highly correlated with the mean precipitation in-
tensity (Wheeler and Kiladis, 1999; Ray and Li, 2013; Yang
et al., 2013). The ability to reproduce the mean state is impor-
tant for the models in simulating the ISO (Maloney and Hart-
man, 2001; Inness et al., 2003; Zhang et al., 2006). We assess
the summer mean state in the model results and analyze the
correlation between the BSISO and the summer mean state.

Figure 6 shows the summer mean precipitation. The ob-
served summer precipitation (Figs. 6a and b) has two max-
ima: the tropical IO and WP. In the models, the summer
mean precipitation is weaker over the tropical IO than it is
in CMAP. BCC AGCM, GAMIL, and SAMIL overestimate
the summer mean precipitation over the WP, whereas BNU
AGCM underestimates it. This is consistent with the bias of
the BSISO variance simulation. Since the greater precipita-
tion along the Pacific Intertropical Convergence Zone may
lead to a stronger Rossby wave response and a suppressed
Kelvin wave, the westward propagation is excessive in the
models.

There is a close relationship between the easterly shear
and the precipitation intensity over the tropical IO and WP,
since the strength of the zonal wind along the convective cen-
ter’s sides is synchronous with the tropical convection ac-
tivity. The CFSR reanalysis result (Fig. 7a) has lower tro-

 

Fig. 6. Summer mean precipitation of (a) CMAP, (b) GPCP and (c–f) the difference between models and CMAP
(units: mm d−1). The pattern correlations between models and CMAP are given at the top-right corner of each
panel.
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Fig. 7. Summer mean vertical shear (U200 −U850) of (a) CFSR and (b–e) the difference between models
and CFSR (units: m s−1). The pattern correlations between models and CFSR are given at the top-right
corner of each panel.

 

Fig. 8. Summer mean moisture convergence (〈−q∇ ·VVV 〉) of CFSR, BCC AGCM, BNU AGCM, GAMIL, and
SAMIL (units: mm d−1).
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pospheric westerlies and upper tropospheric easterlies over
the IO and WP during the boreal summer. The models cap-
ture the observed summer mean wind well; however, both
the westerlies in the lower troposphere and the easterlies in
the upper troposphere are underestimated over the IO. There-
fore, the summer mean vertical shear (U200 −U850) is weak
in the model results (Figs. 7b–d). Over the WP, the vertical
shear is too strong in these models, apart from BNU AGCM.
The summer mean easterly shear biases may exercise a great
influence on the BSISO simulation. Wang and Xie (1997)
found that the easterly vertical shear can remarkably enhance
the Rossby wave emanation in the western North Pacific and
their development in the monsoon region, playing an essen-
tial role in sustaining the ISO in the off-equatorial monsoon
regions. Jiang et al. (2004) proposed that the key process as-
sociated with the BSISO is the generation of barotropic vor-
ticity due to the coupling between the free-atmosphere baro-
clinic and barotropic modes in the presence of the vertical
shear of the mean flow. The induced barotropic vorticity in
the free atmosphere further causes a moisture convergence in
the planetary boundary layer, leading to the northward shift
of the convective heating.

With a reduced easterly shear over the IO in the four Chi-
nese models, the tropical intraseasonal activity is reduced and

the northward propagation is also suppressed. With an in-
creased easterly shear over the WP in BCC AGCM, GAMIL,
and SAMIL, the intraseasonal activity is increased and the
northward propagation is favored.

4.2. BSISO upscale feedback to summer mean state
We further investigate the BSISO feedback to the sum-

mer mean state which is responsible for the BSISO simula-
tion biases through the moisture budget analysis. Figure 8
shows the distribution of the boreal summer mean moisture
convergence term (〈−q∇ ·VVV 〉) in Eq. (1). In the CFSR result,
the marked precipitation maxima are primarily attributed to
this positive moisture convergence term (Fig. 8a), and it has
a similar distribution to the summer mean precipitation. In
the model results, the moisture convergence pattern (Figs.
8b–e) is also very similar to the distribution of the summer
mean precipitation, suggesting that moisture convergence
plays a key role in explaining the summer mean precipitation
biases.

Figure 9 shows the contributions from the moisture con-
vergence decomposition term Con2 [see Eq. (4)]. The cal-
culation suggests that the convergence of the intraseasonal
moisture by intraseasonal winds is conducive to the positive
boreal summer mean moisture convergence in the region with

Fig. 9. Summer mean term Con2 (〈−q′∇ ·VVV ′〉) of CFSR, BCC AGCM, BNU AGCM, GAMIL, and SAMIL
(units: mm d−1).
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maxima precipitation (Fig. 9). The nonlinear interaction be-
tween the intraseasonal fields plays a positive role in the sum-
mer mean precipitation, and the Con2 term accounts for about
5% of the summer mean precipitation over the IO. This pos-
itive feedback of the BSISO on the summer mean state may
further influence the BSISO simulation itself.

The in-phase relationship between the intraseasonal
moisture and intraseasonal convergence can affect the sum-
mer mean precipitation (Ray and Li, 2013). The intraseasonal
convergence and wet anomaly accompany the positive phase
(enhanced convection) of ISO, and vice versa, the intrasea-
sonal and dry anomalies accompany the negative phase (sup-
pressed convection) of ISO (Hsu and Li, 2012). As a result,
the summer mean Con2 is positive and conducive to promot-
ing a positive contribution to the summer mean precipitation.
The synchronous relationship is significant over the IO and
WP where the summer mean precipitation and moisture con-
vergence are overly underestimated or overestimated in the
model results (Fig. 10).

5. Summary and concluding remarks

The performance of four Chinese AGCMs in reproduc-
ing the intraseasonal precipitation during boreal summer has
been assessed.

Compared with the CMAP data, over the eastern tropi-
cal IO all the models produce insufficient BSISO amplitude,
whereas over the WP, BCC-CSM1-1, GAMIL, and SAMIL
give an excessive BSISO amplitude, and BNU AGCM gives
an inadequate BSISO amplitude. Also, an overly westward
propagation and a southwest–northeast tilted northward prop-
agation are found in the model results.

By comparing the models with each other, both BCC
AGCM and SAMIL have higher correlations with the ob-
servation in the BSISO variance pattern simulation. BNU
AGCM and SAMIL both have a greater ratio between the
eastward and westward propagations. BNU AGCM repro-
duces more reasonable periodicity over the IO and WP re-
gions (Fig. 11).

The possible reason for the bias for both the summer
mean tropical precipitation and the BSISO variance in the
models is analyzed by calculating the vertical shear and diag-
nosing the time-averaged vertically integrated moisture bud-
get equation. The major results are summarized below.

In the models, the background easterly vertical shear is
weaker (stronger), accompanied by a weaker (stronger) sum-
mer mean precipitation than the observation. This decrease
(increase) causes the decrease (increase) of intraseasonal ac-
tivity and the suppression (enhancement) of the BSISO north-
ward propagation. The induced weaker (stronger) BSISO hu-
midity and wind further leads to less (more) contribution to
the summer mean precipitation, through the nonlinear inter-
action of the intraseasonal moisture and intraseasonal con-
vergence term. This positive feedback between the summer
mean state and the BSISO may eventually lead to a signifi-
cant deviation of the BSISO variance.

Fig. 10. The BSISO standard deviation (units: mm2 d−2), verti-
cal shear (units: m s−1), summer mean precipitation (units: mm
d−1), and Con2 term (units: mm d−1) of CMAP/CFSR and the
difference between models and CMAP/CFSR over (a) IO (2◦N,
87◦E) and (b) WP (20◦N, 145◦E).

To improve the model simulation of the BSISO, the mean
state calibration is not enough. The ratio between ISO vari-
ability and other subseasonal variability also needs to be ad-
justed. Compared with the observation, the BSISO in the
models is not the dominant signal in the total subseasonal
variation. Both of the observational datasets (CMAP and
GPCP) have prominent spectral peaks between the 10- and
60-day periods over the IO, and the 10- and 75-day periods
over the WP. In the models’ results, compared to the BSISO
signal, the higher and lower frequency signals are more sig-
nificant in the total subseasonal perturbation (Fig. 11). The
results reveal two common biases in the four models, i.e.,
a higher frequency and too strong persistence of equatorial
precipitation. In the models, the higher and lower frequency
signals are overpowered due to the easy initiation and overly
strong persistence of equatorial precipitation. These biases
may be ascribed to the convection parameterization process,
model resolution, and vertical heating profile in atmospheric
models, which are essential for the BSISO simulation (Lin et
al., 2008; Jia et al., 2009; Li et al., 2009).
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Fig. 11. Spectrum of precipitation over (a–f) IO (5◦S–0◦N, 50◦–100◦E) and (g–l) WP (10◦–
15◦N, 110◦–160◦E) for CMAP, GPCP, BCC AGCM, BNU AGCM, GAMIL, and SAMIL
(units: mm2 d−2).
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ABSTRACT: This work uses an aerosol–climate coupled system to study the direct climatic effects of dust aerosol on
global arid (including hyper-arid) and semi-arid regions. Results show that dust aerosol can cause surface cooling over these
regions. The cooling effects of dust aerosol are larger in the Northern Hemisphere (NH) than in the Southern Hemisphere
(SH). This asymmetric cooling leads to a severer reduction in evaporation over the low latitudes of the NH compared with
their counterpart areas in the SH. In addition, air descent is enhanced (or ascent is weakened) by dust aerosol over the low
latitudes of the NH, whereas the reverse happens in the SH. With the anomalous in evaporation and circulation, precipitation is
decreased (increased) over the arid and semi-arid areas in the NH (SH) by dust aerosol. Dust aerosol can decrease the potential
evapotranspiration in arid and semi-arid regions mainly by decreasing the net radiation flux at the top of the atmosphere,
which compensates for the decrease in precipitation caused by dust aerosol. Therefore, as the dominant aerosol in the arid
and semi-arid regions, dust aerosol does not exacerbate the aridity over most of these regions. The effects of dust aerosol are
indiscernible in the expansion of arid and semi-arid areas on a global scale.
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1. Introduction

Dust aerosol, as an abundant type of aerosol in the
atmosphere, can scatter and absorb solar and terrestrial
radiation, influencing the regional and global climate
(Foster et al., 2007). Miller et al. (2004) pointed out
that dust aerosol could reduce global evaporation and
precipitation by reducing surface temperature, but overall
acts as a negative feedback to desertification. Through
its effect on atmospheric circulation, dust aerosol can
also influence the activity of monsoon. For instance, Lau
et al. (2006) and Lau and Kim (2006) suggested that the
absorption of elevated dust aerosol accompanied with
black carbon led to an earlier onset and intensification of
the Indian Monsoon, through an ‘elevated heating pump’
mechanism. This ‘elevated heating pump’ mechanism of
dust aerosol also enhanced the West African Monsoon in
boreal summer, leading to an increase of rainfall over the
West Africa/Eastern Atlantic inter-tropical convergence
zone (ITCZ) and a decrease of rainfall over the Western
Atlantic and Caribbean regions (Lau et al., 2009). Zhao
et al. (2012) found that dust aerosol from Western America
may cause an eastward migration of moisture convergence

* Correspondence to: H. Zhang, Laboratory for Climate Studies,
National Climate Center, China Meteorological Administration, Beijing
100081, China. E-mail: huazhang@cma.gov.cn.

driven by North America Monsoon and a sequent increase
in precipitation over Arizona-New Mexico-Texas regions.

Some studies specially investigated the impact of dust
aerosol on arid and semi-arid regions, where surface is
bare or poorly vegetated (Islam and Almazroui, 2012;
Sun et al., 2012). Since dust aerosol originated mainly in
these regions (Marticorena and Bergametti, 1995; Zen-
der et al., 2003), it might exert more influence on the cli-
mate in these regions than in other regions. Arid (including
hyper-arid) and semi-arid areas account for about one-third
of the earth’s land surface and are an important part
of the earth’s major ecosystems (Reynolds et al., 2007).
Owing to excessive grazing/deforestation (Schlesinger
et al., 1990), ecosystems over these regions are vulner-
able and sensitive to climate changes (Emanuel et al.,
1985). Islam and Almazroui (2012) suggested that dust
aerosol might increase the wet season precipitation in Ara-
bian Peninsula based on the simulation of ICTP-RegCM4.
Using the same model as Islam and Almazroui (2012), Sun
et al. (2012) suggested that dust aerosol tends to increase
summer precipitation around its source areas but suppress
summer precipitation in its downward areas in East Asia.
However, the study of dust aerosol on the climate change
in the arid and semi-arid regions is still rare, and most
previous studies are focused on its climatic effects over a
specific arid or semi-arid region. No attempts have been
made to investigate the effects of dust aerosol on arid and

© 2014 Royal Meteorological Society
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semi-arid areas over the entire globe, as well as their effects
on the aridity and areal extent of arid and semi-arid regions.

By using an aerosol-climate coupled system
BCC_AGCM2.0.1_CAM (Zhang et al., 2012), this
study evaluated the effects of dust aerosol on arid and
semi-arid regions by examining their direct interaction
with radiation from a global perspective. Special attention
was paid to the influence of dust aerosol on the aridity
and spatial distribution of arid and semi-arid areas, by
examining the anomaly in aridity index (AI; UNEP, 1992)
induced by dust aerosol. The UNEP (1992) AI was defined
as the ratio of precipitation to potential evapotranspiration
(PET), which is a quantitative indicator of the degree of
water scarcity at a given region. Thus, gaining knowledge
on the changes in aridity may lead to better understanding
of the impact of climate change and human activities on
arid and semi-arid regions.

This article is organized as follows. Models and model
experiments as well as the methods to define arid and
semi-arid areas are described in Section 2. Changes in tem-
perature, precipitation, and aridity caused by dust aerosol
over arid and semi-arid regions are investigated in Section
3, followed by conclusions and discussion in Section 4.

2. Models and methods

2.1. Models and model experiments

We use the general circulation model developed at the
National Climate Centre of the Chinese Meteorological
Administration (BCC_AGCM2.0.1; Wu et al., 2010).
The model is based on Community Atmospheric Model
version 3.0 from the National Centre for Atmospheric
Research (NCAR). The model was further developed to be
coupled online with the Canadian Aerosol Model (CAM;
Gong et al., 2002, 2003a), with updated aerosol emission
sources (Zhou et al., 2012), as described by Zhang et al.
(2012). In addition, a new method of Monte Carlo Inde-
pendent column approximation (McICA) dealing with
the cloud overlapping was introduced by Jing and Zhang
(2012) and Zhang et al. (2014), and the radiation scheme
BCC-RAD developed by Zhang et al. (2003a, 2006a,
2006b) was adopted.

The CAM is a size-segregated aerosol model that
includes the processes for the emission, transport, chem-
ical transformation, cloud interaction, and deposition of
five typical aerosols, sulfate, black carbon, organic carbon,
dust, and sea salt. The radii of aerosols fall into 12 bins:
0.005-0.01, 0.01-0.02, 0.02-0.04, 0.04-0.08, 0.08-0.16,
0.16-0.32, 0.32-0.64, 0.64-1.28, 1.28-2.56, 2.56-5.12,
5.12-10.24, and 10.24-20.48 μm. The emission data were
primarily from AeroCom, which includes the surface
emission rate of black and organic carbon (Bond et al.,
2004; Van der Werf et al., 2004), SO2 and sulfate (Van der
Werf et al., 2004; Cofala et al., 2005), and DMS (Kettle
and Andreae, 2000; Nightingale et al., 2000). Other emis-
sion data were from the Emission Database for Global
Atmospheric Research (EDGAR) version 3.2, 1995,
database (Olivier et al., 2002; http://www.mnp.nl/edgar).

The sea-salt module was developed by Gong et al. (2002).
An online sulfur chemistry module was included in CAM,
in which H2S, DMS, SO2, and H2SO4 are prognostic
variables, whereas OH, O3, H2O2, and NO3 are prescribed
offline from the MOZART/NCAR model (Brasseur et al.,
1998; Hauglustaine et al., 1998). The soil dust emission
scheme was developed by Marticorena and Bergametti
(1995), in which the surface velocity and roughness were
the main factors that determined the vertical flux of dust
aerosol. Three lognormal population distributions for
dust in China were used, and the mass median diameters
and standard deviations of these three populations were
determined by considering the soil features in China and
source region dust size-distribution measurements (Gong
et al., 2003b; Zhang et al., 2003b). Out of China, the
two-mode size distribution for dust from the observation
by Chatenet et al. (1996) was used.

To couple aerosols with atmospheric radiative processes,
the optical properties of the aerosols (e.g. extinction coef-
ficient, single scattering albedo, and asymmetry parame-
ter) were calculated according to the band division of the
BCC-RAD based on Mie theory. The refractive indices of
dry aerosols were adopted from D’Almeida et al. (1991),
and the Mie scattering code of Wiscombe (1980) was used.
The effects of water vapour on the size distributions and
optical properties of three hygroscopic aerosols, sulfate,
organic carbon, and sea salt, have been considered. In this
study, 10 relative humidities were considered: 0.0, 0.45,
0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 0.98, and 0.99. In the calcula-
tions, first, the radii of the 12-size bins of wet particles for
each relative humidity were obtained. The effective refrac-
tive indices of the wet particles were then computed using
a volume-weighted method. The optical properties of the
aerosols were obtained for the 12-size bins with 10 rela-
tive humidities in 17 spectral bands, and these properties
were used to form the look-up tables (Wei and Zhang,
2011; Wang et al., 2013). The optical properties of the
aerosols for any relative humidity could therefore be eas-
ily obtained using linear interpolation in the climate model.
It has been noted that the non-sphericity of dust aerosols
has little effect on their radiative forcing (Fu et al., 2009;
Wang et al., 2013), and the optical properties can therefore
be derived from the Mie theory.

The aerosol–climate coupled system BCC_AGCM2.0.1
_CAM was run for 50 years with and without considering
the radiative effect of dust aerosol, named RUN+DUST
and RUN-DUST for short, respectively. To examine the
interaction between dust aerosol and the global climate,
a slab ocean model (Hansen et al., 1984) was coupled in
both runs. The horizontal resolution of the model was set
at T42 (∼2.8× 2.8∘), with 26 vertical layers on the hybrid
𝜎-pressure coordinate. All other model parameters in both
experiments were identical, meaning that any differences
between the two experiments are a result of the impact of
dust aerosol on the simulated climate.

In this study, we analysed the model results of the past
30 years using the first 20 years as the spin-up data. It is
important to evaluate a model’s capacity before using it to
perform studies. The evaluation focusing on the capability
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Figure 1. Global distributions of (a) calibrated annual mean precipitation (unit: mm yr−1) and (b) aridity index, based on the model calibrated results
of RUN+DUST (unit: 1).

of BCC_AGCM2.0.1 to reproduce meteorological fields
had been given in detail by Wu et al. (2010), whereas
the evaluation focusing on the capability of the model to
reproduce the dust aerosol had been given in detail by
Zhang et al. (2012), Wang et al. (2013), and Zhao et al.
(2014).

2.2. Definitions of the arid and semi-arid areas

The areal extent of the arid and semi-arid areas must be
identified before examining the effects of dust aerosol on
these regions. Different criteria have been used to define
arid and semi-arid regions, including annual precipitation
(Huang et al., 2012) and a combination of annual precip-
itation and PET (UNEP, 1992; Feng and Fu, 2013). The
criteria based on merely precipitation are simple and may
reasonably define the arid and semi-arid areas in the middle
and low latitudes (e.g. Sahara Desert, Arabian Peninsula,
and Western Australia). The precipitation criteria, how-
ever, also classify the higher latitudes (north of 50∘N) as
arid and semi-arid (Figure 1(a)), which is inconsistent with
Koppen–Geiger climate classification (Kottek et al., 2006;
Feng et al., 2014)

This study defines the arid and semi-arid regions
using the (AI (UNEP, 1992), which is based on the ratio
between the annual mean precipitation (P) and annual
mean PET. The global land surface can be classified as
hyper-arid (AI< 0.05), arid (0.05≤AI< 0.2), semi-arid
(0.2≤AI< 0.5), dry sub-humid (0.5≤AI< 0.65),
sub-humid (0.65≤AI< 1), or humid (AI≥ 1). In this
article, PET is calculated using the Penman–Monteith
method, as described in the Food and Agriculture Organi-
zation (FAO) Irrigation and Drainage Paper (Allen et al.,
1998). The Penman–Monteith method simultaneously
accounts for the effects of radiation, temperature, wind
speed, and humidity:

PET =
0.408Δ

(
Rn − G

)
+ 𝛾

900
T+273

u2

(
es − ea

)

Δ + 𝛾

(
1 + 0.34u2

) (1)

where Rn is the net radiation at the surface (MJ m−2

day−1); G, the soil heat flux density (MJ m−2 day−1); T ,
the air temperature at 2-m height (∘C); u2, the wind speed

at 2-m height (m s−1); es and ea are the saturation and
actual vapour pressure, respectively (kPa); Δ, the slope
vapour-pressure curve (kPa ∘C−1); and 𝛾 , a psychromet-
ric constant (kPa ∘C−1). Figure 1(b) indicates the wide
distribution of arid (including hyper-arid) and semi-arid
areas around the world. Large arid and semi-arid regions
appear in North Africa, the Arabian Peninsula, Central
Asia, Northwestern China, Southwest North America, and
central and Western Australia. Arid and semi-arid regions
are also seen over the west Namibia and South Africa,
and highlands in the eastern and southern parts of South
America. Most areas north of 50∘N in Figure 1(b) are
classified as sub-humid and humid regions, suggesting a
more realistic classification using AI than just using annual
precipitation.

3. Climate effects of dust aerosol on arid and
semi-arid areas

As shown in Figure 2(a), higher dust aerosol burden is dis-
tributed in the tropical and sub-tropical regions in both
hemispheres, with peaks in arid and semi-arid areas and
their downwind regions. The simulated total burden of dust
aerosol in the atmosphere is 30.8 Tg, which is slightly
larger than the simulations from the Goddard Institute for
Space Sciences (GISS) model (29.0 Tg) and the Goddard
Global Ozone Chemistry Aerosol Radiation and Transport
(GOCART) model (29.5 Tg) (Huneeus et al., 2011). These
differences are likely because only the GISS and GOCART
models consider dust aerosol with diameter smaller than 10
μm, whereas our model considers dust aerosol smaller than
20.48 μm. Of the total content of atmospheric dust aerosol,
more than 90% is located in the Northern Hemisphere,
which is mostly attributed to the dust emission from the
Sahara Desert. The climate effects of this asymmetric dis-
tribution of dust aerosol about the equator will be discussed
in the following sections. Dust aerosol can reduce the net
incoming radiation flux at the top of atmosphere (TOA)
because it reflects solar radiation, leading to a decrease in
surface temperature. The total effect of dust aerosol on the
net radiation flux (shortwave+ longwave) at the TOA is
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Figure 2. Distributions of (a) the column burden of dust aerosol (unit:
mg m−2), (b) the effects of dust aerosol on the net radiation (shortwave
+ longwave) at the TOA (unit: W m−2), and (c) the effects of dust aerosol
on the net radiation (shortwave + longwave) at the surface. White dots

indicates results below the significance cutoff of 0.05.

shown in Figure 2(b). The dust aerosol can reduce incom-
ing radiation energy in most terrestrial areas, especially
over arid and semi-arid areas and their downward regions.
The global average effect of dust aerosol on the net
radiation at the TOA is−0.62 (−0.68∼−0.56) W m−2, and

−2.83 (−3.01∼−2.65) W m−2 at the surface, respectively.
The value at the TOA is slightly larger than the adjusted
radiative forcing from spherical dust aerosol calculated by
Wang et al. (2013), which used the same model configura-
tion as in this study but used a fixed sea surface temperature
instead of the slab ocean model.

3.1. Temperature

The radiative effects of dust aerosol lead to a global
decrease in surface temperature (Figure 3(a)), except for a
small portion of the Northern Europe and Central America.
The cooling effect is especially pronounced in the arid and
semi-arid areas such as Sahara Desert, where dust aerosol
can cool the surface temperature by up to 4 K. The changes
in surface temperature in most areas can be explained by
the direct radiative effects of dust aerosol. Dust aerosol
can absorb and scatter shortwave radiation, leading to the
reduction of solar radiation reaching the surface and conse-
quently causing surface cooling. A few exceptions (e.g. the
Central America) suggest that cloud feedback to aerosol
direct effect may be important in the coastal regions of the
tropics.

The surface cooling induced by dust aerosol varies sea-
sonally (Figure 4, left panel). In North China, dry and
windy springs are in favour of dust emission and trans-
portation. The decrease of surface temperature over this
area and its downwind areas in spring is more obvious
than in other seasons (Figure 4(b)). The extensive cool-
ing around Arabian Peninsula in summer (Figure 4(c))
is consistent with the main dry season mainly from June
to September in this area (Islam and Almazroui, 2012).
In Sahara region, the band of temperature decrease shifts
north in summer and south in winter (Figure 4(a) and (c)),
mainly relate to the match of the subtropical high. The
change of surface temperature caused by dust aerosol is
−0.503 K in boreal summer and −0.475 K in winter, and
the values for spring and fall are in the between.

3.2. Precipitation

Compared to temperature, the response of precipitation
to dust aerosol is more inhomogeneous (Figure 3(b) and
Figure 4, right panel), suggesting that the effects of dust
aerosol on precipitation are more complex. On a global
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Figure 3. Changes in (a) annual mean surface temperature (unit: K) and (b) annual mean precipitation (unit: mm day-1) caused by soil dust, with
white dots and black dots indicating results below the significance cutoff of 0.05.
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Figure 4. Anomalies in (left panel) seasonal mean surface temperature (unit: K) and (right panel) seasonal mean precipitation (unit: mm day−1)
induced by dust aerosol, with white dots and black dots indicating results below the significant cutoff of 0.05. (a) and (e) for December to February

(DJF), (b) and (f) for March to May (MAM), (c) and (g) for June to August (JJA), and (d) and (h) for September to November (SON).

average, the simulated change of rainfall induced by dust
aerosol is −0.075 mm day−1 and −0.061 mm day−1 in
boreal spring and summer, respectively. The values for
winter and fall are slightly larger than −0.05 mm day−1.

Over arid and semi-arid areas, where the effects of dust
aerosol are much more important than over the rest of the
terrestrial regions, dust aerosol may either suppress (e.g.
the Sahara Desert) or enhance the precipitation (e.g. central

and Western Australia). In general, the annual precipitation
is decreased in most parts of the arid and semi-arid areas
in the Northern Hemisphere, whereas is increased in the
Southern Hemisphere (Figure 3(b)).

Compared with the cooling in the tropical Southern
Hemisphere, there is much stronger surface cooling
in the lower latitudes of the Northern Hemisphere,
which induces a strong northward temperature gradient
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Figure 5. Changes in (a) evaporation (mm day−1), (b) meridional circulation, (c) specific humidity (g kg−1) and (d) (high + median + low) cloud
fraction (unit: %) caused by dust aerosol, with shaded areas (b and c) indicating levels below the significance cutoff of 0.05.

(Figure 3(a)). This is mainly caused by the asymmetric
distribution of dust aerosol about the equator (Figure 1(b)
and Figure 2(a)). Correspondingly, the evaporation is
reduced most severely over the low latitude areas of the
Northern Hemisphere than elsewhere (Figure 5(a)), with a
zonal mean reduction up to about 0.20 mm day−1 between
10∘N and 20∘N. Owing to the heterogeneous change in
surface temperature, there is a northerly trend of wind in
the lower atmospheric levels, whereas a southerly trend
of wind in the upper atmospheric levels, between 30∘S
and 30∘N. In addition, air tends to ascend more strongly
(or descend more weakly) in the Southern Hemisphere
near 30∘S and tends to descend more strongly (or ascend
more weakly) in the Northern Hemisphere near 30∘N,
suggesting that dust aerosol can enhance the general
circulation in the Northern hemisphere and weaken it in
the Southern Hemisphere.

With these anomalous in evaporation and circulation, a
strong reduction in specific humidity is observed between
30∘N and the equator than elsewhere (Figure 5(c)). In
the low levels of tropical Northern Hemisphere, the zonal
mean specific humidity is reduced as much as 0.4 g kg−1.
The northward gradient of specific humidity is enhanced
by dust aerosol above the equatorial area. It can be seen
in Figure 5(d) that the cloud is inhibited over the low
latitudes of the Northern Hemisphere and enhanced over
the low latitudes of the Southern Hemisphere. The change

in precipitation (Figure 3(b)) is consistent with that in
cloud fraction (Figure 5(d)).

In general, the enhanced cooling over the Northern
Hemisphere caused by the abundant dust aerosol load can
not only depress the evaporation, but also inhibit the cloud.
The humidity and dynamical conditions are not in favour
of the formation of precipitation over the low latitudes
of the Northern Hemisphere. Over the low latitudes of
the Southern Hemisphere, the changes in evaporation and
humidity are relatively small (Figure 5(a) and (d)), but the
weakened air descent facilitates cloud development and
precipitation. These responses of precipitation to the asym-
metric change of temperature about the equator are consis-
tent with the findings of Broccoli et al. (2006) and Wang
et al. (2013).

3.3. Aridity and areal extent of arid and semi-arid
regions

Dust aerosol leads to increased AI (reduced aridity) over
the middle of Sahara Desert, Northwestern China and
Central Asia, West North America, and most arid and
semi-arid areas in the Southern Hemisphere (Figure 6).
However, AI is decreased (increased aridity) over the west
and east coasts of North Africa, the Arabian Peninsula, and
the highlands from Iran to North India. Changes in AI can
be caused by the changes in precipitation and/or the PET.
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Figure 6. Changes in (a) AI, with dots indicating results below the
significance level of 0.05 and (b) areas of arid and semi-arid regions (AI
< 0.5) by dust aerosol radiative effects. Different colours in (b) show the
change in areal extent of the arid and semi-arid regions caused by dust

aerosol.

The change in AI can be written as follows:

ΔAIU = P
PET

( 1
P
ΔP − 1

PET
ΔPET

)
(2)

The above-mentioned equation clearly suggests that the
change in AI is dependent on the relative changes in P and
PET. Taking the middle of Sahara Desert as an example,
dust aerosol suppresses precipitation (Figure 3(b)) by
inhibiting vertical movement and cools the surface, lessen-
ing the water demand (i.e. decreasing the PET, Figure 7),
causing a collective increase in AI and a reduction in arid-
ity (Figure 6(a)). Similar changes in precipitation, PET,
and AI can be found over the Northwestern China and Cen-
tral Asia. However, in western North America and the most
arid and semi-arid areas in the Southern Hemisphere, the
change in precipitation and PET both favour increased AI.
Overall, dust aerosol does not lead to the expansion of the
total areal extent of the earth’s arid and semi-arid areas.
Dust aerosol may reduce the hyper-arid areas in the north
of Africa and arid and semi-arid areas in western North
America, Central Asia, northwestern China, and Australia
(Figure 6(b)). However, it is worth noting that dust aerosol
may degrade some arid places on both sides of the Red
Sea into hyper-arid areas and enlarge arid and semi-arid
areas in some parts of northern and western China and the
Somalia Peninsula.

Similar results are found when classifying arid and
semiarid region using the Koppen–Geiger climate
classification (not shown), which suggests that our results

90°N

60°N

30°N

30°S

60°S

90°S

180°W 150°W 120°W

–1.2 –0.8 –0.4 0 0.4

90°W 60°W 30°W 30°E 60°E 90°E 120°E 150°E 180°E0

0

Figure 7. Change in PET caused by dust aerosol, with dots indicating
results below the significance level of 0.05; unit: mm day−1.

are robust. Although dust aerosol neither exacerbates the
dryness over arid and semi-arid areas nor leads to the
global expansion of arid and semi-arid areas, the effort
towards anti-desertification is not useless. Dust aerosol
can cause high latitudes to become drier (Fig. 6a). In
addition, dust aerosol can work as cloud condensation
nuclei and change the global microphysics of clouds
and climate (Rosenfeld et al., 2001; IPCC, Foster et al.,
2007). Because of these effects, controlling the process of
desertification is an urgent task for climate scientists.

PET is an important variable to quantify the poten-
tial water requirement for crops. As discussed previously,
changes in PET play an important role in causing changes
in AI in some places. The changes in PET caused by dust
aerosol are shown in Figure 7. PET is reduced in most parts
of arid and semi-arid areas, except for some small patches
such as the east coast of North Africa. The global average
change in PET is −0.230 mm day−1.

The change in PET is controlled by surface tempera-
ture, net radiation, humidity, and wind speed, as described
in Allen et al., 1998. To quantitatively understand how
dust aerosol may impact PET, we recalculated PET with
one specific variable from the RUN+DUST and the other
variables from the RUN-DUST. The difference between
this recalculated PET and the original PET from the
RUN-DUST is regarded as the contribution of the spe-
cific variable to the total change in PET caused by dust
aerosol. The average 30 model years’ annual and global
mean contributions of these variables are shown in Table 1.
Clearly, the total change in PET is not a linear combination
of the contributions of surface temperature, net radiation
flux, humidity, and wind on a global scale. In addition, the
effects of dust aerosol on PET are primarily determined by
the changes in net radiation, to a lesser extent by changes
in the surface temperature and relative humidity, and least
by changes in the surface wind.

4. Conclusion

The climate effects of dust aerosol on arid and semi-arid
areas were evaluated using the aerosol–climate coupled
system BCC_AGCM2.0.1_CAM. The arid and semi-arid
regions were defined according to the criteria by UNEP
(1992).
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Table 1. Global average PET (unit: mm day−1) and PET chang-
ing one variable at a time and keeping other variables the same.

Changing variables Change of PET

Surface temperature −0.079
Net radiation flux on the surface −0.114
Relative humidity −0.068
Surface wind −0.018
Total −0.280

Mainly due to its extinction of shortwave radiation, dust
aerosol leads to surface cooling, especially over arid and
semi-arid areas. However, the asymmetric distribution of
dust aerosol about the equator has different effects on pre-
cipitation over arid and semi-arid areas in the two hemi-
spheres, through its different effects on evaporation and
general circulation, between 30∘S and 30∘N. Dust aerosol
can either alleviate or exacerbate the dryness over some
arid and semi-arid areas, depending on the comparative
importance of its effects on precipitation and PET. As a
net effect, dust aerosol does not enlarge the areal extent of
arid and semi-arid regions on a global scale.

Dust aerosol both influences and responds to climate
change. This work may provide some additional informa-
tion about the role of dust aerosol on the climate change.
However, this study only considered the direct effects of
dust aerosol. Additional work is still needed to evaluate the
indirect climate effects of dust aerosol. And the effects of
anthropogenic aerosols on arid and semi-arid areas should
be investigated in future work.
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摘  要    本文讨论了国家气候中心第二代大气环流模式 BCC_AGCM2.0.1 和加拿大气溶胶理化模式 CAM 所组成

的耦合模式系统对 5 种典型气溶胶（硫酸盐、黑碳、有机碳、沙尘和海盐）和气候要素的模拟效果。结果表明，

耦合系统对 5 种典型气溶胶的模拟总体上比较合理，尤其是对硫酸盐、沙尘和海盐的模拟比 BCC_AGCM2.0.1 原

有的月平均气溶胶资料有很大的改进。耦合系统模拟的全球平均气候态参量与观测/再分析资料比较一致，在总云

量、陆地表面温度和降水等方面要略优于原月平均气溶胶资料的模拟结果。耦合系统对沙尘和海盐气溶胶模拟的

改进使得撒哈拉沙漠和南半球中纬度海洋大气顶净太阳辐射的模拟也有所改进，而这将直接影响地表温度尤其是

陆地表面温度。而不同气溶胶方案在赤道海洋上引起的云反馈不仅引起辐射的改变，还将对降水产生明显影响。 

关键词    气溶胶  BCC_AGCM2.0.1_CAM 耦合模式系统  模式评估 
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Primary Assessment of the Simulated Climatic State Using a Coupled 
Aerosol−Climate Model BCC_AGCM2.0.1_CAM 
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Abstract  Using the coupled model system of the second generation Global Circulation Model of the National Climate 
Center (BCC_AGCM2.0.1) and Canadian Aerosol Model (CAM), the simulation of five typical aerosols (sulfate, black 
carbon, organic carbon, soil dust, and sea salt) and possible effects on the modeled climate are discussed in this paper. 
The results show that in general, the coupled system simulates the five aerosols reasonably well, and there are obvious 
improvements in sulfate, dust, and sea salt aerosols compared to the original monthly mean aerosol data used in 
BCC_AGCM2.0.1. The climatic statistics simulated by the coupled system mainly agree well with 
observational/reanalyzed data, and are a little better than the monthly mean aerosol data in terms of the total cloud 
amount, land surface temperature, and precipitation rate. The enhanced representation of dust and sea salt improves the 
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simulation of net solar radiation at the top of the atmosphere in the Sahara Desert and mid-latitude ocean in the Southern 
Hemisphere and also affects the land surface temperature. The cloud feedback above the tropical ocean caused by the 
change in aerosol scheme not only alters radiation but also markedly influences precipitation. 
Keywords  Aerosol, BCC_AGCM2.0.1_CAM coupled model system, Assessment of model 

 

1  引言 

气溶胶是大气中的重要成分之一，能够吸收或

散射长、短波辐射，从而影响大气的辐射平衡，对

当前的气候状态以及未来的气候变化有着比较   

显著的作用。但是目前对气溶胶的研究还不够深

入，有很多待解决的问题（如气溶胶光学性质的精

确观测、混合问题、气溶胶在气候模式中的模拟

等），因此成为气候研究领域的一个热点。 

气溶胶的成分、分布和含量不是一成不变的，其

受下垫面特征、人类活动、气象条件等诸多因素的

影响，和这些因素存在着广泛的相互作用。而气候

模式一般使用月平均或者季节平均的固定气溶胶

数据作为模式的气溶胶输入场（Miller and Tegen，
1998；王志立等，2009a，2009b；Zhang et al., 2009）。
固定的气溶胶资料虽然能够体现过去某个时间段

气溶胶的分布特征，但是却丢失了气溶胶和模式其

他过程相互作用的环节，对于研究气溶胶对气候的

影响和随气候的演变等问题，这种做法显然不够合

理。出于这种考虑，越来越多的研究开始寻求大气

环流模式和能描述气溶胶产生、扩散和演变的气溶

胶理化模式的耦合，目前国际上成功耦合气溶胶模

式的大气环流模式主要有 ARQM（Zhang and 
McFarlane, 1995）、DLR（Roeckner et al., 1996）、
GISS（Schmidt et al., 2006）、KYU（Numaguti et al., 
1995; Hasumi and Emori, 2004）、LSCE（Sadourny 
and Laval, 1984; Hourdin and Armengaud, 1999）、
LOA （ Sadourny and Laval, 1984; Hourdin and 
Armengaud, 1999）、MPI_HAM（Roeckner et al.,  
2003, 2004; Stier et al., 2005）、PNNL（Kiehl and Gent, 
2004）、UIO_GCM（Hack, 1994; Kiehl et al., 1998）、
BCC_AGCM2.0.1(Zhang et al., 2012)等。 

在大气环流模式中耦合气溶胶模式是研究气

溶胶气候影响最理想的方式（Gong et al., 2003）。
Zhang et al.（2012）在国家气候中心第二代大气环

流模式 BCC_AGCM2.0.1 中耦合了加拿大气溶胶理

化模式 CAM，并做了初步分析，但是还没有对新

耦合系统的整体模拟情况进行研究。因此本文将对

新耦合系统从气溶胶本身到常规气候态变量的模

拟情况进行初步的探讨，一方面深化对耦合系统气

溶胶模拟性能的了解，另一方面揭示新气溶胶模式

CAM 的引入对气候态模拟的影响。这将为未来利

用该耦合系统进行气溶胶气候效应的研究及其他

相关研究提供重要的参考依据。 

2  模式和方法简介 

2.1  大气环流模式 

国家气候中心第二代大气环流模式 BCC_ 
AGCM2.0.1 由 CAM3.0/NCAR 发展而来，改进后的

模式整体模拟能力比原来 CAM3.0 有所提高，特别

是对热带和副热带降水、风场、海洋上感热和潜热

通量的模拟（Wu et al., 2010）。该模式在水平方向

采用 42 波三角截断方案[T42，约 2.8°（纬度）×

2.8°（经度）]，垂直方向为混合σ −压力坐标系，共

26 层，模式顶气压约为 2.9 hPa，刚性边界。相对

于 CAM3.0，BCC_AGCM2.0.1 在动力和物理过程

上进行了许多调整。在动力方面，主要的调整体现

在参考大气温度和参考地面气压的应用上，这种变

化导致了相关的诊断方程和求解方法发生了根本

改变（Wu et al., 2008）。物理过程调整主要包含以

下几个方面：1）将原来的 Zhang and Mcfarlane 
（1995）对流方案调整为 Zhang and Mu（2005）方

案，并且在对流触发条件中加入相对湿度＞75%和

垂直速度υ ＜0 的限制，将云水向雨水的转化系数

调低；2）干绝热调整方案采用颜宏（1987）的方

案；3）海洋表面（动量、潜热、感热）湍流通量

计算过程中所用粗糙度采用 Smith（1988）的计算

方法，并且将海面波动和海浪飞沫的影响进行了参

数化；4）陆地模式中冰覆盖量的计算公式采用 Wu 
and Wu（2004）的经验公式。该模式用由 1971～ 
2000年NCEP再分析资料得到的多年平均大气状态

作为初始场，海温和海冰密度是由 1981～2001 年

实测数据得到的逐月平均海温和海冰资料（Hurrell 
et al., 2008）。 
2.2  气溶胶模式 

Zhang et al. (2012) 在 BCC_AGCM2.0.1 的基
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础上耦合了一个气溶胶理化数值模式 CAM（Gong 
et al., 2003）。CAM 包含 5 种典型气溶胶（硫酸盐、

海盐、黑碳、有机碳、沙尘）的排放、传输、化学

转化、与云的相互作用、干沉降和湿沉降等过程，

气溶胶按粒径大小分为 12 档，最小粒径为 0.005 
μm，最大粒径为 20.48 μm。气溶胶的排放（包括自

然排放和人为排放）来自气溶胶观测和模式比较项

目 AeroCom（ http://aerocom.met.no/aerocomhome. 
html [2012-04-23]），包括黑碳和有机碳（Van der 
Werf et al., 2004; Bond et al., 2004）、SO2 和硫酸盐

（Van der Werf et al., 2004; Cofala et al., 2005）、二甲

基硫（Dimethyl Sulfide，DMS）（其中海洋资料：

Kettle and Andreae, 2000；大气－海洋转换资料：

Nightingale et al., 2000 ）。其它排放数据来自

EDGAR3.2（the Database for Global Atmospheric 
Research）1995 年资料（Olivier et al., 2002）。海盐

排放方案来自 Gong et al.（2002），沙尘排放方案来

自 Marticorena and Bergametti（1995）。该模式包含

一个在线的硫化学模块，其中 DMS、SO2、H2S、
H2SO4 气体浓度为预报量，而 OH、O3、H2O2 和 NO3

的浓度为给定的离线值，来自 MOZART/NCAR
（Brasseur et al., 1998；Hauglustaine et al., 1998）。该

模式在 Zhang et al.（2012）中有详细说明。 

2.3  方法及试验设计 

本文利用上述国家气候中心第二代大气环流

模式 BCC_AGCM2.0.1 和加拿大气溶胶理化模式

CAM 的耦合系统运行 22 年，取后 18 年结果平均

得到典型种类气溶胶柱含量和光学厚度等变量以

及典型气候态变量的分布，并与观测/再分析资料进

行对比。BCC_AGCM2.0.1 模式原来采用的气溶胶

资料是由大气化学传输模式（MATCH）和一个卫

星反演气溶胶光学厚度的同化系统生成的一组月

平均气溶胶浓度值（Collins et al., 2001, 2002）。作

为对比试验，利用原有的月平均气溶胶资料作为

BCC_AGCM2.0.1 的气溶胶输入量同样运行 22 年，

取其后 18 年的结果分析。两组试验分别记为

“ BCC_int ”（取 interactive aerosols 之意）和

“BCC_pre”（取 prescribed aerosols 之意）。两次模

式运行均只考虑气溶胶的直接辐射效应。 

3  气溶胶柱含量和光学厚度的模拟 

由于耦合系统对气溶胶方案进行了替换，大气

环流模式中的气溶胶输入发生了很大的变化，这里

首先对耦合系统模拟的气溶胶柱含量和光学厚度

进行分析，将本文的模拟结果和参与“AeroCom”

的多模式中值 AEROCOM_MEDIAN 相比较，以了

解 BCC_int模拟的气溶胶水平在国际同类研究中所

处的位置。 

3.1  气溶胶柱含量 

硫酸盐气溶胶来源于化石燃料燃烧排放的 SO2

（72%），海洋生物排放的 DMS（19%），火山喷发

的 SO2（7%）等的氧化以及生物质燃烧排放的 SO4

（2%）（Forster et al., 2007）。从各种源所占比例可

见，硫酸盐气溶胶的排放和不同国家和地区的工业

化程度密切相关。由图 1a1 可以发现，BCC_int 模
拟的硫酸盐大值区分别出现在美国东南部、欧洲东

部、印度和中国东部，其分布形势基本与

AEROCOM_MEDIAN（图 1b1）相同，但数值上普

遍较 AEROCOM_MEDIAN 有所偏大。BCC_pre 给

出的硫酸盐柱含量比前两者均大一倍以上。全球平

均硫酸盐柱含量 BCC_int 为 1.770 mg m−2，

AEROCOM_MEDIAN 为 1.248 mg m−2，而 BCC_pre
为 3.397 mg m−2。可见，不同模式和方法得到的硫

酸盐气溶胶柱含量还有很大的不确定性，BCC_int
模拟的硫酸盐柱含量更接近 AEROCOM_MEDIAN
的中值水平。 

黑碳气溶胶主要由含碳物质不完全燃烧产生，

因其对可见光到近红外波段的太阳辐射均有很强

的吸收性而引起人们的广泛关注（张华等，2008；
Zhang et al., 2009；王志立等，2009b；杨溯等，2010）。
黑碳气溶胶在全球有 4 个主要的排放源区，分别在

中国东部、西欧、非洲中部和南美（Bond et al., 
2007）。由图 1a2 可见，耦合系统基本模拟出了黑

碳的几个大值区，但是和 AEROCOM_MEDIAN 的

分布（图 1b2）相比，黑碳柱含量大值区的分布范

围明显偏小。从全球平均来看，BCC_int 模拟的黑

碳柱含量为 0.138 mg m−2 ，比 AEROCOM_ 
MEDIAN 结果（0.345 mg m−2）小将近 2/3。BCC_int
模拟的黑碳气溶胶柱含量偏小原因可能有两方面：

首先耦合系统的黑碳气溶胶排放强度在参与

AeroCom 的模式中处于较低的水平（Zhang et al., 
2012）；另一个原因可能和 BCC_int 中黑碳的老化

时间有关，CAM 中不可溶性碳类气溶胶的存在时

间只有一个积分步长（Gong et al., 2003），这使得黑

碳很快地老化为吸湿性气溶胶而参与湿沉降。 
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图 1   BCC_int（左列）、AEROCOM_MEDIAN（中列）、BCC_pre（右列）得到的（a1−c1）硫酸盐、（a2−c2）黑碳、（a3−c3）有机碳、（a4−c4）沙

尘和（a5−c5）海盐 5 种典型种类气溶胶年平均柱含量的全球分布 

Fig. 1  Global distributions of column burden of typical aerosols (a1−c1) sulfate, (a2−c2) black carbon, (a3−c3) organic carbon, (a4−c4) soil dust, and (a5−c5) 

sea salt from BCC_int (left panel), AEROCOM_MEDIAN (middle panel), and BCC_pre (right panel) 
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有机碳气溶胶和黑碳气溶胶是同源的，所以许

多方案把一定种类化石燃料或植物的有机碳和黑

碳排放率设定为一个固定比值（Liousse et al., 1996; 
Cooke et al., 1999）。图 1a3、1b3、1c3 所示的有机

碳模拟情形与黑碳基本相似，耦合系统模拟值仍然

偏低，其原因也与黑碳气溶胶偏低相同。 
沙尘气溶胶也称矿物沙尘，主要源于干旱、半

干旱地区的风蚀过程（钱云等，1999）。全球 4 个

沙尘暴多发区（中亚、北美、中非和澳大利亚）主

要分布在赤道两侧（25°S～25°N）的副热带地区 
（马井会等，2007）。从图 1a4 和 1b4 可以看出，

BCC_int 模拟的沙尘气溶胶柱含量的分布形势基本

与 AEROCOM_MEDIAN 相似，且与 BCC_pre 相 
比，耦合系统更好地模拟了沙尘气溶胶的南北传

输，这在沙尘气溶胶在北半球高纬度地区的分布上

表现得最为明显。但是，BCC_int 模拟的全球平均

值（ 40.823 mg m−2 ）比 AEROCOM_MEDIAN 
（31.303 mg m−2）偏大。耦合系统的沙尘排放率

（10.641 g m−2 a−1）远远大于 AEROCOM_MEDIAN
（2.208 g m−2 a−1），这可能是 BCC_int 沙尘柱含量

比较大的主要原因。 
海盐气溶胶主要由海浪飞沫破裂生成，主要排

放源在海洋。从图 1a5、1b5 可以看出，BCC_int
模拟的海盐气溶胶柱含量分布与 AEROCOM_ 
MEDIAN 比较相似，尤其是在中低纬度地区；在高

纬度地区，耦合系统的海盐柱含量较 AEROCOM_ 
MEDIAN 偏低可能是由于其南北方向传输较弱。

BCC_int 在南北纬 30°～60°之间的海洋上有两个非

常明显的柱含量大值带，这可能是造成耦合系统全

球平均海盐柱含量（ 14.045 mg m−2）稍大于

AEROCOM_MEDIAN 全球平均（11.88 mg m−2）的

主要原因。值得注意的是，图 1c5 中显示的月平均

气溶胶资料的海盐柱含量分布，陆地上几乎没有海

盐气溶胶，这表明原有的月平均气溶胶资料在计算

大气中海盐含量的时候没有通过动力过程处理海

洋向陆地的输送。从这点来说，耦合系统的海盐方

案较月平均气溶胶资料有明显的改进。 
综上所述，BCC_AGCM2.0.1 与 CAM 耦合系

统对 5 种典型种类气溶胶柱含量的模拟总体上比较

合理，尤其是对硫酸盐、沙尘和海盐的模拟都较月

平均气溶胶资料有所改进。但是，耦合系统对碳类

气溶胶的模拟相对 AEROCOM_MEDIAN 总体偏

低，这需要从黑碳的排放方案、物理参数化和大气

环流过程多方面进行更深入的探讨，同时应该注意

AEROCOM_MEDIAN 仅仅代表了多模式的中值水

平，各模式之间也存在很大的差异。要对耦合系统

碳类气溶胶的模拟进行改进，需要在观测方面有可

靠的数据支持。 
3.2  气溶胶光学厚度  

气溶胶光学厚度是影响气溶胶辐射效应最重

要的物理量。图 2 给出了耦合系统和月平均气溶胶

资料模拟的气溶胶光学厚度（550 nm，下同）的全

球分布。从全球平均来看，BCC_int 模拟值（0.070）
和 BCC_pre（0.064）相差不大。但是从空间分布来

看，两者差别是比较明显的。首先，在撒哈拉沙漠、

30°S～60°S 海洋上和北极附近，BCC_int 的气溶胶

光学厚度相对 BCC_pre 偏大；而在美国东部、南美、

西欧、非洲南部，情况正好相反。对比图 1 气溶胶

柱含量的分布，两者在非洲撒哈拉地区的气溶胶光

学厚度差别主要是沙尘造成的；而海洋上空，远离

大陆地区（比如 30°S～60°S）的气溶胶光学厚度差

异主要归因于海盐；西欧、北美等工业程度较高的

图 2  （a）BCC_int 和（b）BCC_pre 得到的总光学厚度的全球分布对比 

Fig. 2  Comparisons of the global distribution of total aerosol optical depth from (a) BCC_int and (b) BCC_pre 
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地区，气溶胶光学厚度差别的主要贡献者为硫酸

盐；非洲南部和南美的差异主要由碳类气溶胶产

生。对比 AEROCOM_MEDIAN（http://aerocom.met. 
no/cgi-bin/aerocom/surfobs_annualrs.pl [2012-04-23]），
BCC_int 对于撒哈拉地区和中纬度海洋上空的气溶

胶光学厚度的模拟都有较大的改进。 
Zhang et al. （ 2012 ）利用 CARSNET 和

AERONET 站点资料对比了耦合系统模拟的气溶胶

光学厚度，发现除了在某些受硝酸盐和铵盐影响较

大的站点（CAM 里没有考虑硝酸盐和铵盐）外，

耦合系统对气溶胶光学厚度的量级和季节变化模

拟是比较好的。本文为了说明 BCC_int 气溶胶光学

厚度相对于 BCC_pre 的变化，选取了以下 8 个站  
点与 AERONET 比较：中国两个[北京（40.0°N，

116.4°E），敦煌（40.0°N，94.8°E）]，北非两个

[Tamanrasset（22.8°N，5.5°E），Dahkla（23.7°N，

15.9°W）]，欧洲 1 个[Hamburg（53.6°N，10.0°E）]、
北美洲 1 个[Bondville（40.0°N，88.4°W）]、南美

洲 1 个[Brasilia（15.9°S，47.9°W）]、南印度洋 1
个[Amsterdam_Island（37.8°S，77.6°E）]，主要考

虑了各个站点所处区域的主导性气溶胶不同。 
如图 3 所示，除了北非两个站点春季气溶胶光

学厚度过大外，BCC_int 模拟的气溶胶光学厚度均

在 AERONET 资料的变化范围内。在中国的两个站

点，BCC_pre 模拟的春季气溶胶光学厚度普遍偏小，

而 BCC_int 对这种情况有所改善；而在 Hamburg  
站（受硫酸盐气溶胶影响较大），BCC_int 对其季节

变化趋势模拟得很好；另外，在 Amsterdam 岛（位

于海盐气溶胶的大值区），BCC_int 模拟的气溶胶光

学厚度与 AERONET 非常吻合，较月平均气溶胶资

料有很大的改进。在 Tamanrasset（位于撒哈拉沙漠

腹地）和 Dahkla 站（位于撒哈拉大西洋沿岸），

BCC_int 对其春季气溶胶光学厚度模拟偏大，其原

因可能与春季该地区地表风速模拟偏大有关；在

Bondville 站（位于美国中东部）对光学厚度季节变

化趋势模拟稍差；在 Brasilia 站（位于巴西内陆地

区），BCC_int 模拟结果接近观测的最小值，这主要

是 BCC_int 对碳类气溶胶模拟偏小造成的。 
表 1给出了BCC_int和BCC_pre模拟的总气溶

胶光学厚度、各类气溶胶光学厚度和对总气溶胶光

学厚度的贡献。从中可以看出，耦合系统和月平均

气溶胶资料模拟的总气溶胶光学厚度分别为 0.070
和 0.064，两者均比 AEROCOM_MEDIAN 结果（约

0.11）小，与 GEOSCHEM（Yu and Luo, 2009）结

果（0.069）接近。其中，耦合系统总气溶胶光学厚

度的最大贡献来源于沙尘，其次来源于海盐，两者

贡献了气溶胶光学厚度的约 77%；而月平均气溶胶

资料中，光学厚度最大的是硫酸盐，贡献了总光学

厚度的 43.8%，沙尘和海盐的贡献分别只有 22.2%
和 13.4%。由于各类气溶胶吸收和散射性存在差异，

另外，各类气溶胶的主要分布区域不同，因此各类

气溶胶在总光学厚度中比例配置的不同将导致各

地区大气和地表辐射收支发生变化，进而影响到各

地区的气候。 

4  常规气候场的模拟 

4.1  全球平均量 
表 2列出了BCC_int和BCC_pre模拟的全球年

平均气候态参量以及相应的观测或再分析资料。从

表 2 中可以看出，BCC_int 较好地模拟了大气顶净

太阳辐射通量和向上长波辐射通量，净辐射通量比

BCC_pre 减小了约 0.4 W m−2，使其更接近 ERBE
观测结果。在地面，BCC_int 模拟的净太阳辐射较

ISCCP 资料偏小、净长波辐射较 ISCCP 资料偏大，

使模拟的地表总辐射（约 99 W m−2）比观测值   
（约 116 W m−2）偏小约 17 W m−2，这可能与模拟

的赤道和两极地区到达地表的短波辐射偏低有关

（Wu et al., 2010）；与 BCC_pre 相比，BCC_int 的
地表净短波辐射和净长波辐射都有一定的增加，但

两者地表总辐射收支差别很小，仅有约 0.1 W m−2。 
对于地表潜热和感热通量，BCC_int 模拟的两

者之和与 NCEP 资料结果比较接近，但是潜热和感

热通量分别比 NCEP 资料偏小和偏大，说明

表 1  气溶胶总光学厚度、各种气溶胶光学厚度及其对总光学厚度的贡献 

Table 1  Total aerosol optical depth (AOD), each AOD and their contributions to total AOD 
     硫酸盐  黑碳  有机碳 沙尘  海盐 

  总光学厚度  光学厚度 贡献   光学厚度 贡献  光学厚度 贡献  光学厚度 贡献   光学厚度 贡献 

BCC_int 0.070 0.010 14.30%   0.000604 0.86%  0.0055   7.90% 0.0280 －40.00%  0.0260 37.10%

BCC_pre 0.064 
 

0.028 43.80% 
 

0.00208 3.30%  0.0104 16.30% 0.0142 22.20%    0.0087 13.40%
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BCC_int 模拟的地表蒸发偏弱、地表温度偏高，

BCC_pre 与 BCC_int 情形相似。但气溶胶方案的改

变对潜热和感热通量的改变比较明显，BCC_int 相
比 BCC_pre 减少了 0.6 W m−2 潜热通量、而增加了

约 0.9 W m−2 感热通量，超过了两者辐射通量的差

异。潜热和感热与大气温度、水汽输送和降水有着

密切联系，因此气溶胶的变化引起这二者的明显改

变是值得关注的。 

图 3   BCC_int 和 BCC_pre 模拟的 550 nm 气溶胶光学厚度和 AERONET 平均结果的对比（误差棒代表观测光学厚度的标准差） 

Fig. 3   Comparisons of BCC_int and BCC_pre simulated AOD at 550 nm and AERONET mean level (the error bar indicates the standard deviation of 

observed optical depth) 
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表 2  BCC_int 和 BCC_pre 的全球年平均气候态变量和相

应的观测/再分析资料值比较 
Table 2  Comparisons of globally and annually mean 
climate variables among BCC_int, BCC_pre, and 
observational/reanalyzed data 
物理量 观测 BCC_int BCC_pre

大气顶    

辐射能量收支/W m−2（向下为正） 0.059a 2.006 2.421 

净太阳辐射通量/W m−2 234.004a 235.324 235.956 

向上长波辐射通量/W m−2 233.946a 233.317 233.534 

地面    

辐射能量收支/W m−2 116.458b 98.924 99.038 

净太阳辐射通量/W m−2 165.893b 158.838 158.407 

净长波辐射通量/W m−2  49.425c 59.914 59.369 

潜热通量/W m−2 80.922c 76.911 77.523 

感热通量/W m−2 15.795c 21.971 21.051 

其它量    

总云量 66.715%b 59.185% 58.879%

可降水量/mm 24.575d 23.686 23.657 

降水率/mm d−1 

陆地表面温度/K 

2.607e 

281.31c 

2.635 

282.23 

2.657 

282.24 

云短波辐射强迫/W m−2 －54.163a －54.655 －54.312 

云长波辐射强迫/W m−2 30.355a 29.088 28.966 

注：a－ERBE：地球辐射收支试验；b－ISCCP：国际人造成卫星云气候

学项目；c－NCEP：美国国家环境预报中心；d－NVAP：美国国家航空

航天局水蒸气项目；e－GPCP：全球降水气候学计划 
 
BCC_int 模拟的总云量较 ISCCP 总云量偏小，

但相对于 BCC_pre 的模拟值略有提高，这里仅仅考

虑了气溶胶的直接辐射效应。模式对云的模拟是 
一个公认的难题，其水平的提高需要发展更为精 
细的云处理方案，另外，气溶胶和云的相互作用也

值得进一步研究。BCC_int 模拟的云短波和长波  
辐射强迫和 ERBE 资料比较一致。BCC_int 的可降

水量较 NVAP 偏小，但是相对于 BCC_pre 略有增 
加，这意味着相对于 BCC_pre，BCC_int 模拟的大

气总的水汽含量有所增加。BCC_int 模拟的降水率

和陆地表面温度均较 BCC_pre 更接近观测/再分析

结果。 
从以上模式结果与观测/再分析资料的对比分

析可以发现，新气溶胶方案的加入虽然没有从根本

上消除模式存在的偏差，但是使得模拟结果相比较

月平均气溶胶资料向观测/再分析资料靠近。 
4.2  辐射通量 

气溶胶主要通过影响辐射影响气候，气溶胶的

辐射效应是研究其气候影响的基础，因此，应该对

新的气溶胶—气候耦合系统模拟的辐射场有所了

解。从表 2 可以看出，BCC_int 和 BCC_pre 模拟的

大气顶净太阳辐射通量相差 0.6 W m−2，地面净太阳

辐射通量相差 0.4 W m−2。图 4 对比了模式模拟与

ERBE 观测资料的大气顶净太阳辐射通量的全球分

布。从图 4a 和 4b 可以看出，除了青藏高原、撒哈

拉沙漠和阿拉伯地区存在明显的差异外，BCC_int
模拟的大气顶净太阳辐射通量的分布与观测资料

基本一致。图 4 d 给出了两者差异的全球分布，可

以看出，BCC_int 模拟的赤道附近、青藏高原和北

半球高纬度大陆上的大气顶净太阳辐射通量相对

ERBE偏小，在撒哈拉和中纬度大洋上则相对ERBE
偏大，这主要是大气环流模式本身的误差（Wu et al., 
2010）造成的，需要模式的进一步完善。BCC_pre
模拟结果也存在同样的特点（见图 4e）。但是从

BCC_int 和 BCC_pre 模拟结果的对比（图 4f）可以

看出，在撒哈拉沙漠、阿拉伯半岛和 30°S～60°S
洋面上，BCC_int 对模拟结果存在的正偏差有明显

的纠正效果，这表明耦合系统的海盐方案在南半球

洋面上，以及沙尘方案在撒哈拉和阿拉伯半岛较月

平均气溶胶资料有一定的优越性。从中亚经中国西

北到中国东部地区，BCC_int 模拟的大气顶净太阳

辐射较 BCC_pre 偏低，比较图 1a4 和图 1c4，这主

要是耦合系统模拟的沙尘气溶胶相对于月平均气

溶胶资料偏多造成的。但在有些地区，如南中国海

和赤道太平洋地区，两种气溶胶方案的气溶胶光学

厚度差异不明显（图 2），而且在晴空条件下，以上

地区大气顶净太阳辐射通量的差异也不明显（图

略）。对比云水含量差异的分布，这些地区大气顶

净太阳辐射通量的差异主要与云对气溶胶直接辐

射效应的反馈有关。  
4.3  地表温度与降水 

地表温度和降水是最典型的两个气候态变量，

也是讨论气溶胶气候效应最重要的两个变量。图 5
对比了模式模拟和 NCEP再分析资料地表温度的全

球分布。从图 5a 和图 5b 可以看出，BCC_int 模拟

的地表温度全球分布形势和 NCEP再分析资料基本

相同。图 5 d 显示了二者差异的分布，由于模式在

运行时用的是固定的 NCEP 再分析海温资料（2.1
节），因此在海洋上的差异很小；在非洲和南美洲

大陆，耦合系统普遍存在温度正偏差，而在亚欧大

陆大部分地区和北美大陆高纬度地区，耦合系统存

在着负偏差。这种偏差的分布形式在 BCC_pre 结果

中有同样的体现（图 5e）。图 5f 显示了 BCC_int 与
BCC_pre地表温度差异的分布形势，从中可以看出， 
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在撒哈拉沙漠地区，耦合系统对模式模拟的正温度

偏差有明显的改进作用，这主要是沙尘气溶胶的贡

献；在西欧和美国东部，BCC_int 温度负偏差相对

BCC_pre 较小，这主要是耦合系统在这些地区的硫

酸盐气溶胶相对月平均气溶胶资料较少造成的；从

中亚到我国西北和华北地区，耦合系统的地表温度

图 4  （a）BCC_int、（b）ERBE、（c）BCC_pre 大气顶净太阳辐射通量及差异（d）BCC_int－ERBE、（e）BCC_pre－ERBE、（f）BCC_int－BCC_pre 的分布

Fig. 4  The distributions of net solar radiation at the top of atmosphere from (a) BCC_int, (b) ERBE, (c) BCC_pre, and their differences (d) BCC_int minus

ERBE, (e) BCC_pre minus ERBE, and (f) BCC_int minus BCC_pre 

图 5 （a）BCC_int、（b）NCEP、（c）BCC_pre 得到的地表温度及差异（d）BCC_int－NCEP、（e）BCC_pre－NCEP、（f）BCC_int－BCC_pre 的全

球分布 

Fig. 5   The distributions of temperature at the surface form (a) BCC_int, (b) NCEP, (c) BCC_pre, and their differences (d) BCC_int minus NCEP, (e) BCC_pre

minus NCEP, and (f) BCC_int minus BCC_pre 
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负偏差相对月平均气溶胶资料增大基本是沙尘气

溶胶相对后者偏多造成的。 
图 6 给出了模式模拟的降水率全球分布形势以

及和 GPCP 资料的对比。从图 6a 和图 6b 中可见，

BCC_int 模拟出了降水率空间分布的基本形势，但

在热带地区，其降水率明显偏大。图 6d 给出了

BCC_int 和观测结果差异的分布，从中可以看出在

印度和孟加拉湾季风降水区和西太平洋的赤道两

侧 BCC_int 的降水率偏差较大，BCC_pre 模拟的降

水率偏差分布与此类似（图 6 e）。图 6f 显示了气溶

胶方案的不同造成的降水率差异的分布，从中可以

看出比较明显的特征：首先，在印度和孟加拉湾地

区 BCC_int 的降水率相对 BCC_pre 有所减小，在一

定程度上减小了模拟结果与观测的偏差；其次，在

西太平洋赤道南北两侧 BCC_int 的降水率相对于

BCC_pre 分别有明显的减少和增加，这种变化使南

侧降水率的模拟偏差有所减小，而使北侧降水率的

模拟偏差有所增大。气溶胶对降水的影响比对地表

温度的影响更复杂，要通过一系列反馈过程来实

现，其中最重要的是云反馈。气溶胶影响云，进而

影响降水的途径主要有两个，即影响地气辐射平衡

和作为云凝结核或者冰核影响云微物理性质进而

影响云和降水。但目前还无法准确获得气溶胶与云

及降水的确切关系（杨慧玲等，2011）。本文仅考

虑气溶胶的直接辐射作用，而没有考虑气溶胶与云

的微物理过程，因此这里的云反馈主要是指云对气

溶胶辐射作用的反馈，即气溶胶作用于大气辐射过

程，而影响温度、环流等气候特征，云的形成和分

布随着这些特征的改变而变化，云的变化进而对辐

射场、降水等产生影响，构成气溶胶—辐射—云—

气候的复杂反馈过程。从图 7 可以看出，在印度地

区，BCC_int 使得该地区云水路径相比 BCC_pre 有

所减小，与降水率的变化有很好的对应；而在西太

平洋赤道两侧，气溶胶的改变造成的降水率变化与

云水路径的变化同样有着很好的对应关系。如果对

图 7  BCC_int－BCC_pre 得到的云水（包括液水和冰水）路径差异

Fig. 7   The difference of in-cloud water (liquid and ice) from BCC_int

minus BCC_pre 

图 6  （a）BCC_int、（b）GPCP、（c）BCC_pre、（d）BCC_int－GPCP、（e）BCC_pre－GPCP、（f）BCC_int－BCC_pre 得到的降水率及其差异的全球分布

Fig. 6  The distributions of precipitation rate at the surface from (a) BCC_int, (b) GPCP, (c) BCC_pre, and their differences (d) BCC_int minus GPCP, (e) 

BCC_pre minus GPCP, and (f) BCC_int minus BCC_pre 
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整层大气进行水汽通量的积分（图略），在印度地

区，BCC_int 使得由陆地向海洋的水汽通量明显增

加，这不利于云和降水的形成；而在西太平洋赤道

南、北两侧，BCC_int 分别减弱和增加了水汽的辐

合，从而减弱和增加了降水。同时我们发现，印度

和西太平洋赤道附近既不是气溶胶光学厚度最大的

地区，也不是气溶胶改变最明显的地区（图 2），但

是气溶胶方案的改变对这些地区降水率的影响最

大。这一方面是因为这些地区的降水率本身比较

大，另一方面也可能与这些地区降水对气溶胶比较

敏感有关。由此可见，准确模拟气溶胶和其辐射效

应，对于提高降水，尤其是印度和西太平洋赤道附

近地区的降水模拟非常重要。 

5  结论 

通 过 对 气 溶 胶 － 气 候 耦 合 模 式 系 统

BCC_AGCM2.0.1_CAM 的气溶胶和气候态模拟情

况的初步评估，得到以下结论：  
耦合系统对 5 种典型种类气溶胶的柱含量和

光学厚度的模拟总体上是合理的，尤其是对硫酸

盐、沙尘和海盐的模拟相比 BCC_AGCM2.0.1 原有

的月平均气溶胶资料有很大改进，但是碳类气溶胶

处于 AeroCom 的较低水平。 
耦合系统对全球平均气候态变量的模拟和观

测/再分析资料比较一致，且对总云量、陆地表面温

度和降水等的模拟比月平均气溶胶资料模拟结果

略有改进，虽然并没有从根本上降低误差。从大气

顶净太阳辐射通量、地表温度和降水率的全球分布

来看，耦合系统模拟的分布形势和观测/再分析资料

比较相似，其误差主要是 BCC_AGCM2.0.1 本身误

差造成的。耦合系统在撒哈拉、阿拉伯和南半球海

洋上模拟的大气顶净短波辐射比原有月平均气溶

胶资料有所改进，而在赤道太平洋上，气溶胶的改

变引起了云和其它反馈，不仅影响了辐射场，而且

对降水产生了重要的影响。 
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城市化对华北地区极端气温事件频率的影响

周雅清１，　任国玉２
（１．山西省晋中市气象局，晋中　０３０６００；２．中国气象局气候研究开放实验室／国家气候中心，北京　１０００８１）

摘要：通过分析和对比华北区域（３３°Ｎ ４３°Ｎ，１０８°Ｅ １２０°Ｅ）国家站和乡村站１９６１ ２００８年极端气
温指数的变化趋势发现，近４８年与最低气温相关的指数的时间序列变化趋势国家站较乡村站明显，与
最高气温相关的指数两者时间演变基本一致。气温指数中冷指数突变一般发生在２０世纪８０年代末，
暖指数突变要晚一些，出现在９０年代中后期。城市化加剧了冷指数日数的减少和暖指数日数的增加，
同时也使最低气温的极值明显升高。与最低气温相关的指数城市化影响比与最高气温相关的更显著，

两者城市化影响贡献率都在５０％以上。极值指数和冷夜日数城市化增温效应一般在春、冬季更明显，
而冷（暖）昼日数和暖夜日数则是夏季受城市化影响更显著。

关键词：极端气温指数；城市化影响；最高气温；最低气温

文章编号：１００００５３４（２０１４）０６１５８９１０　　中图分类号：Ｐ４６７ 文献标志码：Ａ
ｄｏｉ：１０．７５２２／ｊ．ｉｓｓｎ．１００００５３４．２０１３．００１５３

１　引言
　　近 １００年，全球的年平均表面温度升高了
０７４℃［１］，同期中国大陆地区年平均地面气温增加

０．６℃左右［２］。全球大部分陆地地区极端冷事件发

生频率显著减少，而极端暖事件发生频率明显增

加，其中极端冷事件频率的变化趋势比极端暖事件

更为明显［３－６］。针对中国地区的研究表明，影响中

国的寒潮和低温事件频率和强度有显著下降趋势；

异常冷夜（昼）天数、霜冻日数一般显著减少，偏冷

的气候极值减轻；与异常偏暖相关的暖夜（昼）日数

明显增加，但与高温相关的极端气候事件频率和强

度变化一般较弱，高温事件频数和偏热的气候极值

未见显著趋势变化［７－１６］。

　　对于全球和区域气温变化的原因，目前已有共
识，一般认为主要和人类活动长期向大气中排放温

室气体有关，但其他因子也起到一定作用［１］。在气

温变化原因的识别过程中，还有很多问题需要解

决。其中一个重要的问题是，城市热岛效应的影响

究竟在多大程度上还保留在目前的近地面气温序列

中［１７］。不少学者评价了全球、半球和不同尺度区

域平均气温序列城市化影响问题，尽管在全球尺度

上仍存在不同看法［１８－１９］，但在东亚东区和中国大

陆地区，目前已经积累了充分的证据，表明城市化

对基于现有观测资料的近地面气温趋势变化产生了

显著的影响［２０－２９］。张爱英等［２８］研究指出，１９６１
２００４年期间中国范围内国家基准气候站和基本气
象站地面年平均气温序列中的城市化增温贡献达到

２７．３３％。
　　目前城市化对地面气温观测记录的影响研究多
针对平均气温和平均最高、最低气温，对基于最高

和最低气温资料的极端气温指数的研究较少。张雷

等［３０］分析发现，城市化因素对北京观象台记录的

２０世纪６０年代初以来主要极端气温指数趋势变化
具有控制性的影响。Ｚｈｏｕｅｔａｌ［１５］在对中国大陆
１９６１ ２００８年极端气温指数变化进行分析后，简
要讨论了华北地区平均极端气温指数序列中的城市

化偏差，发现在利用国家基准气候站和基本气象站

（下称国家站）资料获得的与最低气温相关的冷

（暖）指数序列中，存在明显的城市化影响。

　　本文在以前分析工作［１５］的基础上，进一步比

较分析华北地区国家站和乡村站极端气温指数的时

第３３卷　第６期
２０１４年１２月 　　 　　　　　　　　　　
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间演变特征，评价主要极端气温指数序列中的城市

化影响性质和程度，为开展区域性气候变化监测和

检测研究提供科学认识和基础资料。

２　资料和方法
２．１　研究区域和资料
　　所用国家站逐日最高、最低气温资料取自国家
气象信息中心整编的近５０年中国均一化历史气温
数据集［３１－３２］，资料时段为１９６１ ２００８年，研究区
域在３３°Ｎ ４３°Ｎ，１０８°Ｅ １２０°Ｅ之间（图１）。乡
村站的选取依据任国玉等［３３］地面气温参考站点遴

选的原则和方法，并对乡村站中一般站资料按照国

家站整编资料时采用的质量控制和均一化方法进行

处理。根据序列长度不少于４８年、缺测不超过２％
的原则，选取国家站８４个，乡村站２４个，如图１
所示。

图 １　所选华北地区气象台站分布
方框为国家站，十字为乡村站

Ｆｉｇ．１　Ｄｉｓｔｒｉｂｕｔｉｏｎｏｆｔｈｅｓｅｌｅｃｔｅｄｗｅａｔｈｅｒｓｔａｔｉｏｎｓｉｎ
ＮｏｒｔｈＣｈｉｎａ．Ｓｑｕａｒｅｓｉｎｄｉｃａｔｅｔｈｅｎａｔｉｏｎａｌｓｔａｔｉｏｎｓ

ａｎｄｃｒｏｓｓｅｓａｒｅｔｈｅｒｕｒａｌｓｔａｔｉｏｎｓ

２．２　极端气温指数定义
　　采用的１２个极端气温指数沿用 ＥＴＣＣＤＭＩ（气
候变化检测、监测和指数专家小组）的定义。以

１９７１ ２０００年为参考期，使用Ｒｃｌｉｍｄｅｘ软件［３４］计

算逐站极端气温指数时间序列和线性趋势，并对趋

势的统计显著性进行评估。

　　将极端气温指数分为三种类型［１２］。第一类是

基于原始观测数据和固定阈值的指数，简称绝对指

数，包括霜冻日数、夏季日数、结冰日数和炎热夜

数。该４项指数中，当某站在４８年中有２／３的年
份没有出现某项极端气温事件记录时，该站不参与

该项指数的趋势和时间序列的统计分析。在华北地

区，霜冻日数和结冰日数不存在以上情况，夏季日

数有２站，炎热夜数有１１站符合以上条件，在相关
指数计算中被剔除；第二类为日最高（低）气温的极

值，简称极值指数，包括日最高（低）气温的极大

（小）值；第三类为基于相对（浮动）阈值的指数，简

称相对指数，包括冷昼（夜）、暖昼（夜）日数等。为

了方便与其他研究结果的对比，将原来定义中超过

（低于）上（下）阈值的百分比转换为超过（低于）上

（下）阈值的日数。

２．３　分析方法
　　线性趋势的计算采用最小二乘法，趋势统计显
著性检验采用 ＫｅｎｄａｌｌＴａｕ非参数检验方法，气候
突变检测采用 ＭａｎｎＫｅｎｄａｌｌ方法［３５－３６］（下称 Ｍ－
Ｋ检验），判断城市化影响是否显著采用相关系数
显著性检验［３６］。华北地区区域平均极端气温指数

时间序列参照 Ｊｏｎｅｓ网格面积加权平均法［３７］建立，

经纬度网格为２．５°×２．５°。季节的划分采用春季
（３ ５月）、夏季（６ ８月）、秋季（９ １１月）和冬
季（１２月 次年２月）。
２．４　城市化影响
　　为了定量评价城市化对国家站极端气温指数变
化趋势的影响，参照文献［２５］定义下列术语。
　　城市化影响是指国家站极端气温指数线性趋势
中城市热岛效应因素导致的变化，用 ΔＸｕｒ表示，
即：

ΔＸｕｒ＝Ｘｕ－Ｘｒ　， （１）
其中：Ｘｕ为国家站极端气温指数的变化趋势；Ｘｒ为
乡村站极端气温指数的变化趋势。

　　城市化影响贡献率是指通过显著性检验的城市
化影响在国家站极端气温指数趋势变化中所占的比

率，用Ｅｕ表示，即：
Ｅｕ ＝｜ΔＸｕｒ／Ｘｕ｜×１００％
＝｜（Ｘｕ－Ｘｒ）／Ｘｕ｜×１００％　．（２）

３　结果分析
３．１　极端气温指数趋势变化
　　利用上述资料和方法计算得到近４８年华北地
区极端气温指数的变化趋势，可见霜冻和结冰日数

显著减少，夏季日数和炎热日数明显增加；极端最

高（最低）气温的极大（极小值）都呈现出升高趋势；

冷夜（昼）日数减少、暖夜（昼）日数增加。国家站

０９５１　　　　　　　　　　　　　　 高　　原　　气　　象 　　　　　　　　　　　　　 　　３３卷　
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表 １　１９６１－２００８年华北区域极端气温指数城市化影响年变化
Ｔａｂｌｅ１　ＵｒｂａｎｉｚａｔｉｏｎｅｆｆｅｃｔｏｎｔｒｅｎｄｓｏｆｅｘｔｒｅｍｅｔｅｍｐｅｒａｔｕｒｅｉｎｄｉｃｅｓｉｎＮｏｒｔｈＣｈｉｎａｄｕｒｉｎｇ１９６１－２００８

指数类型 指数名称 指数代码
线性趋势

国家站 乡村站
城市化影响

城市化影响

贡献率／％

绝对指数 霜冻日数 ＦＤ０ －４．２３２ －１．８５５ －２．３７７ ５６．２

夏季日数 ＳＵ２５ ２．３７５ ２．２０９ ０．１６６ －

结冰日数 ＩＤ０ －２．４６８ －２．５９０ ０．１２２ －

炎热夜数 ＴＲ２０ ２．２９８ ０．４５９ １．８３９ ８０．０

极值指数 极端最高气温 ＴＸｘ ０．０５１ ０．０８４ －０．０３３ －

最低气温极大值 ＴＮｘ ０．２６８ ０．１１８ ０．１５０ ５６．０

最高气温极小值 ＴＸｎ ０．３３８ ０．３００ ０．０３８ －

极端最低气温 ＴＮｎ ０．６１５ ０．２２５ ０．３９０ ６３．４

相对指数 冷夜日数 ＴＮ１０ｐ －８．８７０ －４．４２７ －４．４４３ ５０．１

冷昼日数 ＴＸ１０ｐ －３．４４０ －３．２９１ －０．１４９ －

暖夜日数 ＴＮ９０ｐ ８．３６２ ３．８５４ ４．５０８ ５３．９

暖昼日数 ＴＸ９０ｐ ４．０７６ ４．３０８ －０．２３２ －

　注：绝对指数、相对指数的线性趋势和城市化影响的单位为ｄ·（１０ａ）－１；极值指数的线性趋势和城市化影响的单位为℃·（１０ａ）－１；、

分别表示通过０．０５、０．０１显著性水平检验；“－”表示城市化影响未通过０．０５显著性水平检验，则不计算城市化影响贡献率

的变化趋势与乡村站是同向的，对于大多数极端指

数而言，国家站指数变化幅度要大（表１）。
　　从绝对指数距平的时间演变（图２）中可看出，
霜冻日数在国家站和乡村站随时间都是减少的，国

家站减少更显著；经Ｍ－Ｋ检验发现（图３），国家
站霜冻日数从２０世纪８０年代开始呈现减少趋势，
９０年代初减少趋势达到０．０５显著性水平，１９９４年
前后出现突变点。乡村站则是９０年代之前以波动

图 ２　１９６１ ２００８年华北地区国家站和乡村站绝对极端气温指数距平序列时间演变
（ａ）霜冻日数，（ｂ）夏季日数，（ｃ）结冰日数，（ｄ）炎热夜数，直线为趋势线

Ｆｉｇ．２　ＡｎｏｍａｌｉｅｓｏｆａｂｓｏｌｕｔｅｉｎｄｉｃｅｓｏｆｎａｔｉｏｎａｌｓｔａｔｉｏｎｓａｎｄｒｕｒａｌｓｔａｔｉｏｎｓｉｎＮｏｒｔｈＣｈｉｎａｄｕｒｉｎｇ
１９６１ ２００８．（ａ）ｆｒｏｓｔｄａｙｓ，（ｂ）ｓｕｍｍｅｒｄａｙｓ，（ｃ）ｉｃｅｄａｙｓ，（ｄ）ｔｒｏｐｉｃａｌｎｉｇｈｔｓ．

Ｓｔｒａｉｇｈｔｌｉｎｅｓａｒｅｌｉｎｅａｒｔｒｅｎｄｓ

１９５１　６期 周雅清等：城市化对华北地区极端气温事件频率的影响　　　　　　　　　　　　　　　　
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图 ３　１９６１ ２００８年华北地区国家站（上）和乡村站（下）绝对极端气温指数序列的Ｍ－Ｋ统计量曲线
（ａ）霜冻日数，（ｂ）夏季日数，（ｃ）结冰日数，（ｄ）炎热夜数

Ｆｉｇ．３　ＴｈｅＭａｎｎＫｅｎｄａｌｌａｂｒｕｐｔｄｅｔｅｃｔｉｏｎｏｆａｂｓｏｌｕｔｅｉｎｄｉｃｅｓｏｆｎａｔｉｏｎａｌｓｔａｔｉｏｎｓ（ｕｐ）ａｎｄｒｕｒａｌｓｔａｔｉｏｎｓ（ｄｏｗｎ）
ｉｎＮｏｒｔｈＣｈｉｎａｄｕｒｉｎｇ１９６１ ２００８．（ａ）ｆｒｏｓｔｄａｙｓ，（ｂ）ｓｕｍｍｅｒｄａｙｓ，（ｃ）ｉｃｅｄａｙｓ，（ｄ）ｔｒｏｐｉｃａｌｎｉｇｈｔｓ

变化为主，之后开始减少，２１世纪减少显著，１９９６
年前后存在突变。夏季日数是增多的趋势，国家站

和乡村站时间演变基本一致，都是在２０世纪６０
９０年代为振荡变化，９０年代末后发生多次突变，
出现了增长趋势，但趋势都不显著。结冰日数在国

家站和乡村站表现出一致的减少趋势，从Ｍ－Ｋ曲
线看，两者２０世纪８０年代前趋势变化都不明显，
从８０年代后期开始减少，９０年代中期减少趋势达

到０．０５显著性水平，其突变点都出现在１９８９年前
后。炎热夜数在国家站是增多趋势，从２０世纪９０
年代中期突变后增多，２１世纪突破０．０５显著性水
平；在乡村站趋势不明显，从Ｍ－Ｋ的曲线也可以
看出，２１世纪前期振荡变化，之后有一个上升趋
势，但没有达到０．０５显著性水平。
　　从极值指数距平的时间演变（图４）和Ｍ－Ｋ统
计值曲线（图５）看，极端最高气温在国家站和乡村

图 ４　１９６１ ２００８年华北地区国家站和乡村站极值指数距平时间演变
（ａ）极端最高气温，（ｂ）最低气温极大值，（ｃ）最高气温极小值，（ｄ）极端最低气温，直线为趋势线

Ｆｉｇ．４　ＡｎｏｍａｌｉｅｓｏｆｅｘｔｒｅｍｅｖａｌｕｅｉｎｄｉｃｅｓｏｆｎａｔｉｏｎａｌｓｔａｔｉｏｎｓａｎｄｒｕｒａｌｓｔａｔｉｏｎｓｉｎＮｏｒｔｈＣｈｉｎａｄｕｒｉｎｇ
１９６１ ２００８．（ａ）ｔｈｅｍａｘｉｍｕｍｏｆｄａｉｌｙｍａｘｉｍｕｍｔｅｍｐｅｒａｔｕｒｅＴｍａｘ，（ｂ）ｔｈｅｍａｘｉｍｕｍｏｆｄａｉｌｙｍｉｎｉｍｕｍ

ｔｅｍｐｅｒａｔｕｒｅＴｍｉｎ，（ｃ）ｔｈｅｍｉｎｉｍｕｍＴｍａｘ，（ｄ）ｔｈｅｍｉｎｉｍｕｍＴｍｉｎ．Ｓｔｒａｉｇｈｔｌｉｎｅｓａｒｅｌｉｎｅａｒｔｒｅｎｄｓ
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图 ５　１９６１ ２００８年华北地区国家站（上）和乡村站（下）极值指数的Ｍ－Ｋ统计量曲线
（ａ）极端最高气温，（ｂ）最低气温极大值，（ｃ）最高气温极小值，（ｄ）极端最低气温

Ｆｉｇ．５　ＴｈｅＭａｎｎＫｅｎｄａｌｌａｂｒｕｐｔｏｆｅｘｔｒｅｍｅｖａｌｕｅｉｎｄｉｃｅｓｏｆｎａｔｉｏｎａｌｓｔａｔｉｏｎｓ（ｕｐ）ａｎｄｒｕｒａｌｓｔａｔｉｏｎｓ（ｄｏｗｎ）
ｉｎＮｏｒｔｈＣｈｉｎａｄｕｒｉｎｇ１９６１ ２００８．（ａ）ｔｈｅｍａｘｉｍｕｍＴｍａｘ，（ｂ）ｔｈｅｍａｘｉｍｕｍＴｍｉｎ，

（ｃ）ｔｈｅｍｉｎｉｍｕｍＴｍａｘ，（ｄ）ｔｈｅｍｉｎｉｍｕｍＴｍｉｎ

站都没有明显变化趋势。最高气温极小值有弱的升

高趋势，但基本未达到显著性水平。最低气温极大

值在国家站和乡村站都有微弱上升，国家站上升趋

势相对明显，开始上升的时间也偏早，从２０世纪
９０年代中期开始呈增长趋势，进入２１世纪后增长
趋势明显，突变时间出现在１９９４年前后；乡村站则
是从２０世纪９０年代后期开始增长，２１世纪增长趋
势明显，突变时间也出现在１９９４年前后。极端最

低气温在国家站自２０世纪７０年代以来升高，１９８１
年前后发生突变，８０年代后期升高趋势达到０．０５
显著性水平；在乡村站开始升高时间偏晚，且存在

多个突变点，但大部分时段没有达到０．０５显著性
水平，其时间演变较国家站平缓得多。

　　从相对指数距平的时间演变（图６）看，冷夜日
数在国家站和乡村站都明显减少，但乡村站变化趋

势较缓。根据Ｍ－Ｋ统计值曲线（图７）可以看出，

图 ６　１９６１ ２００８年华北地区国家站和乡村站相对指数距平时间演变
（ａ）冷夜日数，（ｂ）冷昼日数，（ｃ）暖夜日数，（ｄ）暖昼日数，直线为趋势线

Ｆｉｇ．６　ＡｎｏｍａｌｉｅｓｏｆｒｅｌａｔｉｖｅｉｎｄｉｃｅｓｏｆｎａｔｉｏｎａｌｓｔａｔｉｏｎｓａｎｄｒｕｒａｌｓｔａｔｉｏｎｓｉｎＮｏｒｔｈＣｈｉｎａｄｕｒｉｎｇ１９６１
２００８．（ａ）ｃｏｏｌｎｉｇｈｔｓ，（ｂ）ｃｏｏｌｄａｙｓ，（ｃ）ｗａｒｍｎｉｇｈｔｓ，（ｄ）ｗａｒｍｄａｙｓ．Ｓｔｒａｉｇｈｔｌｉｎｅｓａｒｅｌｉｎｅａｒｔｒｅｎｄｓ
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图 ７　１９６１ ２００８年华北地区国家站（上）和乡村站（下）相对指数的Ｍ－Ｋ统计量曲线
（ａ）冷夜日数，（ｂ）冷昼日数，（ｃ）暖夜日数，（ｄ）暖昼日数

Ｆｉｇ．７　ＴｈｅＭａｎｎＫｅｎｄａｌｌａｂｒｕｐｔｏｆｒｅｌａｔｉｖｅｉｎｄｉｃｅｓｏｆｎａｔｉｏｎａｌｓｔａｔｉｏｎｓ（ｕｐ）ａｎｄｒｕｒａｌｓｔａｔｉｏｎｓ（ｄｏｗｎ）
ｉｎＮｏｒｔｈＣｈｉｎａｄｕｒｉｎｇ１９６１ ２００８．（ａ）ｃｏｏｌｎｉｇｈｔｓ，（ｂ）ｃｏｏｌｄａｙｓ，（ｃ）ｗａｒｍｎｉｇｈｔｓ，（ｄ）ｗａｒｍｄａｙｓ

国家站和乡村站冷夜日数都是从２０世纪７０年代减
少，在１９８９年前后发生突变，但国家站冷夜日数减
少自８０年代后期就达到０．０５显著性水平，而乡村
站则是到９０年代中期才达到０．０５显著性水平。冷
昼日数在国家站和乡村站随时间变化较为一致，都

是自２０世纪８０年代后期开始减少，９０年代后期减
少趋势显著，突变点都在１９８９年前后。暖夜日数
为增加的趋势，在国家站是从２０世纪８０年代后期
开始增加，１９９４年前后出现突变，１９９５年以后增加
的趋势都达到０．０５显著性水平；乡村站则是在２０
世纪９０年代后期才开始增加，１９９７年前后出现突
变，进入２１世纪后达到０．０５显著性水平，显著增
加的时间偏晚，且其增加趋势也比国家站弱。暖昼

日数在国家站和乡村站都表现出明显的增加趋势，

且两者的时间变化也较一致，都是从２０世纪９０年
代后期开始增加，２１世纪以后达到０．０５显著性水
平，突变点在１９９７年前后。
　　综上所述，近４８年华北区域极端暖指日数明
显增加，冷指日数明显减少，而极端指数的极值都

呈上升的趋势，与最低气温相关的指数的变化一般

比与最高气温相关的指数变化要显著；国家站的时

间变化趋势也较乡村站明显。气温指数中冷指数突

变一般发生在２０世纪８０年代末，暖指数突变要晚
一些，出现在９０年代中后期。
３．２　国家站极端气温指数序列中的城市化影响
　　由上述分析可知，近４８年华北区域国家站极
端气温指数趋势变化一般较乡村站幅度更大。通过

对比该区域内国家站和乡村站极端气温指数趋势的

变化，期待定性、定量了解城市化对华北极端气候

变化的影响，为进一步检测、识别中国以及更大区

域极端气候变化原因进行试验性研究。

　　从表１中还可看出，绝对指数中国家站霜冻日
数减少比乡村站明显，城市化影响为负值，城市化

影响贡献率为５６．２％，表明城市化加剧了霜冻日数
的减少，国家站霜冻日数的减少有一半以上是由城

市化造成的。国家站夏季日数增加比乡村站明显，

城市化影响为正值，但未达到０．０５显著性水平，表
明城市化对夏季日数影响不显著。国家站结冰日数

和乡村站差异不大，城市化影响也不显著。国家站

炎热夜数明显增多，乡村站变化不大，城市化影响

为正值，城市化影响为８０％，表明国家站炎热夜数
的增多有８０％是由城市化影响增强导致的。
　　就极值指数而言，在国家站和乡村站极端最高
气温和最高气温极小值趋势变化差异不大，城市化

影响都不明显。最低气温极大值和极端最低气温的

城市化影响为正值，贡献率分别为５６％和６３．４％，
表明最低气温受城市化影响较大，其极值的升高有

６成左右是城市化影响造成的。
　　就相对指数而言，冷（暖）夜日数的城市化影响
都显著，城市化影响贡献率都在５０％以上，表明城
市化使冷夜日数的减少和暖夜日数的增多更显著，

而冷（暖）昼日数的趋势变化中没有检测到明显的

城市化影响。

　　综上所述，城市化加剧了冷指日数的减少和暖
指日数的增加，同时也使最低气温的极值明显升

高。与最低气温相关的指数城市化影响较与最高气

温相关的要显著许多，其城市化影响贡献率都在

５０％以上，且都达到０．０１显著性水平。这说明在
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表 ２　１９６１－２００８年华北区域城市化影响代表台站个例分析
Ｔａｂｌｅ２　ＣａｓｅａｎａｌｙｓｉｓｏｆｔｈｅｕｒｂａｎｉｚａｔｉｏｎｅｆｆｅｃｔｉｎＮｏｒｔｈＣｈｉｎａｄｕｒｉｎｇ１９６１－２００８

测站
经度

／°Ｅ

纬度

／°Ｎ

变　化　趋　势

绝对指数／［ｄ·（１０ａ）－１］

霜冻

日数

夏季

日数

结冰

日数

炎热

夜数

极值指数／［℃·（１０ａ）－１］

极端最

高气温

最低气温

极大值

最高气温

极小值

极端最

低气温

相对指数／［ｄ·（１０ａ）－１］

冷夜

日数

冷昼

日数

暖夜

日数

暖昼

日数

北 京 １１６．４７ ３９．８０ －４．３３ ２．４４ －２．３９ ４．１５ ０．２４ ０．２１ ０．４３ ０．９５ －１３．２１ －４．６４ １０．９１ ７．０８

霞云岭 １１５．７３ ３９．７３ ０．１２ １．７２ －２．６１ －２．３２ ０．０９ －０．１０ ０．４０ ０．１８ １．１７ －３．１０ －１．７９ ５．６２

上甸子 １１７．１２ ４０．６５ －１．１０ １．９９ －３．６７ －０．８４ ０．２９ －０．０１ ０．３８ ０．０６ －０．２９ －２．７４ ２．０８ ６．９７

太 原 １１２．５５ ３７．７８ －４．１４ ３．７ －３．５１ １．６７ ０．２８ ０．３３ ０．０９ ０．６５ －８．８７ －５．１５ ９．８２ ７．０８

岚 县 １１１．６５ ３８．２８ －１．２６ ３．３７ －５．０３ － ０．２５ ０．２４ ０．３６ －０．１８ －４．８５ －４．７４ ２．６３ ６．９７

五台山 １１３．５２ ３８．９５ －２．３８ － －１．９４ － ０．１９ ０．０７ ０．７８ １．０１ －５．７３ －２．１２ ４．５６ ４．４５

呼和浩特１１１．６８ ４０．８２ －５．４４ ３．８５ －３．９６ ２．０８ ０．２０ ０．５７ ０．２７ １．２５ －１５．９５ －４．７５ １３．５１ ７．０８

凉 城 １１２．５２ ４０．５２ －３．０６ ３．４２ －２．９９ － ０．０８ ０．１３ ０．０８ ０．０６ －８．０３ －４．４２ ５．７７ ５．６６

朱日和 １１２．９０ ４２．４０ －３．４１ ３．１９ －３．５６ １．６２ ０．２５ ０．３２ ０．４６ ０．６７ －８．５４ －３．６５ ６．６４ ３．９１

　　注：“－”表示该台站没有该项指数，表示达到０．０５显著性水平

华北区域国家站与最低气温相关的气温极端指数的

变化中，城市化影响显著，如果剔除城市化的影

响，这些指数的变化幅度将显著减小。而与最高气

温相关的指数中未检测出明显的城市化影响。

　　选取华北区域３个大城市站为代表，分析其与
周围乡村站极端指数的差异（表２）。从表２中可看
出，城市站绝对指数中冷指数明显减少，暖指数明

显增加，对应的乡村站大致也呈现相应变化，但变

化幅度大部分相对要小；城市站极值指数均为上升

趋势，且大部分达到０．０５显著性水平，而对应的乡
村站虽然也以上升趋势为主，但大部分没有达到

００５显著性水平，其增幅一般比城市站小；相对指
数城乡差异尤其明显，城市站冷昼（夜）明显减少，

暖昼（夜）显著增多，其增（减）趋势都达到０．０５显
著性水平；乡村站冷昼（夜）和暖昼（夜）变化与城

市站基本一致，但趋势明显比城市站弱。

　　考察极端指数线性趋势的四季变化发现（图
略），国家站极值指数除夏季最高气温极小值略降

低外，其余均为升高趋势，与最低气温相关的指数

所有季节的变化趋势都达到０．０１显著性水平，而
与最高气温相关的指数仅秋季的极端最高气温和冬

季的最高气温极小值分别达到０．０１和０．０５显著性
水平。乡村站极值指数四季变化与国家站基本相

似，但通过显著性检验的比国家站少，与最低气温

相关的指数升高幅度较国家站小。

　　国家站相对指数冷指数明显减少，暖指数明显
增多，与最低气温相关的指数所有季节的变化趋势

都达到０．０１显著性水平，与最高气温相关的指数
除夏季冷（暖）昼日数外，其余都达到０．０５显著性
水平。乡村站除夏季冷昼日数增多外，其余指数的

四季变化与国家站相似，冷（暖）夜变化趋势较国家

站弱。

　　从城市化影响（表３）中可看出，极值指数中极
端最高气温城市化影响四季均为负值，但仅冬季达

到０．０５显著性水平。最高气温极小值城市化影响
以正值为主，仅春季达到０．０５显著性水平。最低
气温极大值的城市化影响四季均为正值，除秋季以

外，其余季节城市化影响均达到０．０１显著性水平。
极端最低气温城市化影响都是正值，且都达到０．０１
显著性水平。极值指数城市化增温效应春、冬季相

对显著。

　　相对指数中冷（暖）昼日数的城市化影响仅夏
季达到０．０５显著性水平。而冷（暖）夜日数四季城
市化影响都达到０．０１显著性水平。冷夜日数城市
化影响冬季最大，春、秋季次之，但城市化影响贡

献率以秋季最大，达６２．６％，表明秋季冷夜日数的
减少有６成以上是由城市化增温效应造成的；暖夜
日数城市化影响则是夏季最显著。值得注意的是，

城市化对夏季暖昼日数的增加起到明显的抑制作

用。究其原因，考虑与城市热岛环流导致上升气流

加强、城市污染严重、上空含有较多凝结核等导致

市区云量多、白天最高温度升不上去有关。

　　综上所述，国家站极值指数四季变化基本以升
高趋势为主，相对指数则是冷指日数减少、暖指日

５９５１　６期 周雅清等：城市化对华北地区极端气温事件频率的影响　　　　　　　　　　　　　　　　
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表 ３　１９６１－２００８年华北区域极值指数和相对指数城市化影响四季变化
Ｔａｂｌｅ３　ＵｒｂａｎｉｚａｔｉｏｎｅｆｆｅｃｔｓｆｏｒｓｅａｓｏｎａｌｅｘｔｒｅｍｅｖａｌｕｅｉｎｄｅｘａｎｄｒｅｌａｔｉｖｅｉｎｄｅｘｉｎＮｏｒｔｈＣｈｉｎａｄｕｒｉｎｇ１９６１－２００８

极值指数 季节
城市化影响

／［℃·（１０ａ）－１］

城市化影响

贡献率／％
相对指数 季节

城市化影响

／［ｄ·（１０ａ）－１］

城市化影响

贡献率／％

极端最高气温 春季 －０．０６９ － 冷夜日数 春季 －４．６４３ ５１．９

夏季 －０．０５０ － 夏季 －２．９８１ ４４．０

秋季 －０．０５７ － 秋季 －４．５９３ ６２．６

冬季 －０．０９９ －３３．３ 冬季 －４．９７７ ３６．９

最低气温极大值 春季 ０．２１８ ７５．２ 冷昼日数 春季 －０．２１９ －

夏季 ０．１１８ ４８．０ 夏季 －０．７４６ １００．０

秋季 ０．０７０ － 秋季 ０．０５１ －

冬季 ０．１５４ ２４．７ 冬季 ０．１５１ －

最高气温极小值 春季 ０．０７９ ３４．３ 暖夜日数 春季 ５．０６８ ５２．７

夏季 ０．０１１ － 夏季 ５．５０３ ６９．８

秋季 －０．００４ － 秋季 ３．８７１ ５４．７

冬季 ０．０１２ － 冬季 ３．５５２ ３８．６

极端最低气温 春季 ０．３８３ ８０．３ 暖昼日数 春季 －０．４６９ －

夏季 ０．２４２ ４１．７ 夏季 －０．８２５ －３９．６

秋季 ０．２１２ ３０．７ 秋季 ０．３５４ －

冬季 ０．３４３ ４８．０ 冬季 ０．０７１ －

　　注：、分别表示达到０．０５和０．０１显著性水平；“－”表示城市化影响未达到０．０５显著性水平的不计算城市化影响贡献率

数增多，与最低气温相关的指数变化更为显著。城

市化对与最高气温相关的指数影响不明显，却显著

加剧了与最低气温相关的指数变化趋势，极值指数

和冷夜日数城市化增温效应一般在春、冬季更明

显，冬季气候逐渐变得温和，冷（暖）昼日数和暖夜

日数则是夏季受城市化影响更显著。

４　结论和讨论
　　利用经过非均一性检验和订正的华北区域８４
个国家站和２４个乡村站逐日最高、最低气温，分析
了１９６１ ２００８年该区域极端气温指数的变化趋势
及城市化影响对这些指数的影响情况，得到以下主

要结论：

　　（１）　极端暖指日数明显增加，冷指日数明显
减少，而极端指数的极值都呈上升趋势，与最低气

温相关的指数变化一般比与最高气温相关的指数变

化要显著；国家站的时间变化趋势也较乡村站明

显。气温指数中冷指数突变一般发生在２０世纪８０
年代末，暖指数突变要晚一些，在９０年代中后期。
　　（２）　从年变化来看，城市化加剧了冷指日数
的减少和暖指日数的增加，同时也使最低气温的极

值明显升高。与最低气温相关的指数城市化影响较

与最高气温相关的要显著许多，其城市化影响贡献

率都在５０％以上，且都达到０．０１显著性水平。这
说明在华北地区国家站与最低气温相关的气温极端

指数变化中，城市化影响显著，如果剔除城市化的

影响，这些指数的变化幅度将显著减小。而与最高

气温相关的指数中未检测出明显的城市化影响。

　　（３）　从四季变化来看，国家站极值指数四季
变化基本以升高趋势为主，相对指数则是冷指日数

减少，暖指日数增多，与最低气温相关的指数变化

更为显著。城市化对与最高气温相关的指数影响不

明显，却显著加剧了与最低气温相关的指数的变化

趋势，极值指数和冷夜日数城市化增温效应一般在

春、冬季更明显，冷（暖）昼日数和暖夜日数则是夏

季受城市化影响更显著。

　　从Ｚｈｏｕｅｔａｌ［１５］和本文的研究都可以看出，华
北地区与最低气温相关的极端气温指数变化趋势中

存在明显的城市化影响。城市热岛增强效应使得该

区域冷指日数的减少和暖指日数的增加更加明显，

并使得最低气温的极值显著升高。与Ｚｈｏｕｅｔａｌ［１５］

研究结果相比，本文城市化影响在数值上略有差

异，主要原因在于本文计算各指数区域平均的趋势

的方法与前者不同。本文是先将逐站指数的时间序

６９５１　　　　　　　　　　　　　　 高　　原　　气　　象 　　　　　　　　　　　　　 　　３３卷　
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列区域平均后求取趋势作为区域的趋势，而 Ｚｈｏｕ
ｅｔａｌ［１５］则是将逐站各指数的趋势直接区域平均得
到整个区域的趋势。

　　根据本文结论，华北区域国家站与最低气温相
关的极端气温指数的年变化趋势中城市化影响贡献

率都在５０％以上，如果去掉城市热岛影响，那么这
部分极端气温指数的变化将明显减弱。需要指出的

是，由于作为背景站的乡村站选取非常困难，真正

没有受到城市化影响的台站很少，目前能够做到的

只能是尽最大可能，选择那些代表性相对较好的站

点，但一些参考站仍不可避免地坐落于乡镇甚至小

城市等居民区附近，其气候也不免要受到一些城市

化的影响。因此本文给出的国家站极端气温变化中

城市热岛增温贡献率只是最低估计值。准确估计城

市化对区域极端气温序列的影响还需要进一步深入

研究。
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冬季大气遥相关和海温关键区的复杂网络性质∗

左冬冬1) 龚志强2)† 冯爱霞3) 支蓉2)

1)(扬州大学物理科学与技术学院, 扬州 225002)

2)(国家气候中心气候研究开放实验室, 北京 100081)

3)(国家气象信息中心资料服务室, 北京 100081)

( 2013年 10月 14日收到; 2013年 11月 6日收到修改稿 )

基于大气遥相关指数和海表温度关键区, 以各关键区高度场平均值和海表温度关键区平均值之间的相关
系数作为连边条件, 建立体现大气遥相关和海表温度关键区相互作用的关联网络, 进而给出了大气和海洋关
键区相互作用的空间图像. 同时基于网络的结构特征量, 研究了该网络的基本性质, 给出了关键区中的网络
关键节点, 并分析了关键节点对网络性质的影响. 研究结果表明: 大气遥相关和海温关键区关联网络具有一
定的小世界性质, 即网络具有小的平均路径长度和较大的集群系数; 网络的平均路径长度在阈值为 0.1—0.4
时系统基本保持稳定, 即网络的性质保持不变, 进而证明了以信度为 0.01下的相关系数 0.19作为连边阈值的
有效性. 对于网络中的单个节点网络特征分析发现, 东亚 -太平洋遥相关 1区和 2区以及太平洋 -北美遥相关 1
区和 4 区在网络中具有较大的节点度, 即大气中这 4个区域在大气遥相关和海表温度关键区中作用较强; 北
太平洋涛动区域 1, 东亚 -太平洋遥相关区域 3的节点度则相对最小, 即这个区域在大气遥相关和海表温度关
键区相互作用中的影响较小. 通过依次去除网络中度大的节点进一步证明了网络具有一定的鲁棒性. 该研究
对于重点把握遥相关和海温的一些重要区域具有一定指示意义, 也从另一角度提供了研究海气相互作用新
方法.

关键词: 关联网络, 遥相关区域, 海洋关键区域
PACS: 92.60.Wc DOI: 10.7498/aps.63.049201

1 引 言

自Wattsk和Strogatz[1]在《Nature》杂志上发
表关于小世界 (small world)网络以及Barabasi和
Albert[2]在《Science》上发表 “无标度网络”以来,
近十几年间, 全球范围内开展了复杂网络的相关研
究. 该方法为其他学科提供了一种看问题的全新视
角. 一些科研工作者将复杂网络的理论与方法成功
地运用到其他学科领域 [3,4] 来研究复杂现象, 例如:
生物网、因特网、社会网等, 并取得了许多的成果.

由于气候系统的非线性和复杂性, 对该系统
的研究具有挑战性. 目前气象工作者对该方向的
研究已经取得了丰硕的成果 [5−15]. 复杂网络的发

展为复杂科学问题研究提供了一种全新的视角,
为此许多气象工作者也利用该方法来研究气象上

的一些问题, 也取得了不少的进展. 如: Tsonis
等 [16−18]利用太平洋十年涛动 (Pacific decadal os-
cillation, PDO),北大西洋涛动 (the North Atlantic
oscillation, NAO), 厄尔尼诺/南方涛动 (the El Ni-
no/southern oscillation, ENSO)和北太平洋涛动
(the north pacific oscillation, NPO)的指数来构建
网络, 研究了它们之间的同步协调关系; Yamasaki
等 [19]研究了La Nina事件对全球温度关联网的影
响; 龚自强等 [20,21]研究了基于环流系统关联网的

北半球各种遥相关年代际尺度的变化特征和全球

温度关联网络动力学统计性质; 王晓娟等 [22]研究

了极端事件对温度关联网络稳定性的影响; Feng

∗ 国家重点基础研究发展计划 (批准号: 2012CB955903) 和国家自然科学基金 (批准号: 41205040, 41105055) 资助的课题.
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等 [23]研究了海气双层网络的拓扑结构和动力

行为.
目前已经有较多有关遥相关和海温场关键区

域的研究, 应用的方法比较多 [24−26], 而利用复杂
网络研究气象问题却更多的是从单层面、单节点上

来分析单个要素的网络行为特征. 气候系统往往
更多的是区域之间的相互影响、相互作用, 不仅是
单个节点上的相互作用, 构建区域之间网络更能体
现出一种稳定的、更深层次上的相互作用关系, 通
过对这种区域构建的网络来理解它们之间的动力

学行为. 而在复杂的气候系统中大气中的遥相关
和海洋中的一些具有指示意义的海洋区域常是受

关注较多的, 而某个遥相关常包含多个区域, 在相
互作用中并不是所有的区域都发挥着相当的作用

地位, 而是一些区域影响较大, 一些区域影响较小.
因此本文根据文献 [27] 提出的遥相关指数, 按照遥
相关指数定义选取该遥相关的代表的区域与海洋

中的一些关键区建立连接, 来理解它们的空间结构
特征, 并比较这些区域对网络性质的影响, 从而从
网络这一层面上加强对遥相关和海洋关键区域的

理解.

2 资料与方法

2.1 资 料

高度场 (500 hPa)、海平面气压场资料来源 [28]

是NCEP再分析格点逐月月平均资料, 分辨率为
2.5◦ × 2.5◦; 海温场的资料来源 [29]是NOAA格点
逐月月平均资料, 分辨率为2◦ × 2◦. 时间都为 1953
年 12月至 2013年 2月, 由于环流系统中的各种遥
相关在冬季相对更稳定, 为此只分析 12月至 2月即
冬季构成的时间序列.

2.2 研究方法

根据Wallace和Gutzler[27]提及的遥相关, 选
取其中比较典型的6个遥相关分别为: NAO, NPO,
东亚/太平洋遥相关 (the east Asia/Pacific, EAP)、
太平洋/北美遥相关 (the Pacific/north American
pattern, PNA)、西大西洋遥相关 (the western At-
lantic pattern, WA)、欧亚遥相关 (the Eurasian
pattern, EU). 按照各遥相关的指数定义选取出
各遥相关类型的代表区域, 共 16个.另外在海洋上
选取常关注的 7 个区域分别为: 北印度洋 (north

Indian Ocean, NIO)、西太平洋 (west Pacific, W-
P)、赤道中东太平洋 (middle east Pacific, MEP)、
北太平洋 (north Pacific, NP)、北大西洋 (north At-
lantic, NA)、大西洋赤道区域 (equatorial Atlantic,
EA)、南大西洋 (south Atlantic, SA). 表 1给出了上

述23个区域的经纬度区间.
根据表 1列出的各区域范围求出该范围内所

对应要素的平均值, 构成区域平均的时间序列
Hi(j), 并对该序列进行标准化, 计算公式如下:

H ′
i(j) =

Hi(j)− ⟨Hi⟩√
⟨H2

i ⟩ − ⟨Hi⟩2
, (1)

其中Hi(j)表示 i区域的时间序列第 j个值, ⟨Hi⟩为
i区域的时间序列的平均值. 利用标准化后的时间
序列数据计算任意两个区域的相关系数Cij为

Cij =
1

180

180∑
k=1

H ′
i(k)H

′
j(k), (2)

Cij的范围为 −1 6 Cij 6 1, Cij = 1表示完全正

相关, Cij = −1表示完全负相关, Cij = 0表示不相

关. 把区域看成网络的节点, 通过 (2)式计算两两
区域间的相关系数Cij , 利用Cij的绝对值大小是

否超过指定的阈值作为判断两节点之间是否存在

连边的条件, 这样便建立起 23个区域之间的关联
网络.

对网络的分析, 通常借助网络性质的统计
量 [30,31], 通过计算统计量的大小并结合网络的
特性进行分析, 为此下文将逐个介绍常见的几个网
络特征量.

节点度计算公式如下:

ki =
∑
j

aij , (3)

其中, aij为网络的邻接矩阵的元素, 描述 i, j两节
点是否存在连接, aij = 1表示点 i和点 j之间存在

连边, 反之则无. 度在网络中代表节点在网络中的
影响力或重要程度, 度越大表征其影响力越大, 在
整个网络中的作用越强, 反之亦然.

网络的平均路径长度计算公式如下:

⟨l⟩ = 2

N(N + 1)

∑
i>j

dij , (4)

其中, N为网络的节点总数, dij表示 i节点到 j节

点的最短路径长度. 平均路径长度描述了网络中任
意两节点之间的距离平均值, 用来描述网络的传输
效率.
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表 1 类似于大气遥相关和部分海洋区域计算范围

区域 1 区域 2 区域 3 区域 4

大气部分

NAO W35◦—W5◦ W35◦—W5◦

N55◦—N75◦ N20◦—N40◦

NPO E155◦—W175◦ E150◦—180◦

N55◦—N75◦ N15◦—N35◦

EAP E110◦—E140◦ E110◦—E140◦ E110◦—E140◦

N10◦—N30◦ N30◦—N50◦ N50◦—N70◦

PNA W175◦—W145◦ 180◦—W150◦ W130◦—W100◦ W100◦—W70◦

N10◦—N30◦ N35◦—N55◦ N45◦—N65◦ N20◦—N40◦

WA W70◦—W40◦ W70◦—W40◦

N45◦—N65◦ N20◦—N40◦

EU E5◦—E35◦ E60◦—E90◦ E130◦—E160◦

N45◦—N65◦ N45◦—N65◦ N30◦—N50◦

海洋部分

NIO E70◦—E100◦

S15◦—N15◦

WP E135◦—E165◦

S10◦—N10◦

MEP W150◦—W90◦

S5◦—N5◦

NP E175◦—W135◦

N40◦—N50◦

NA W45◦—W15◦

N50◦—N60◦

EA W45◦—W15◦

S10◦—N10◦

SA W30◦—0◦

S40◦—S25◦

注: 例如PNA的指数定义为: PNA = 1/(4[z∗(20◦N, 160◦W)− z∗(45◦N, 165◦W) + z∗(55◦N, 115◦W)− z∗(30◦N, 85◦W)]),
根据该指数定义中所包含的 4项,分别以该 4 项对应的经纬度为中心选取 4个区域.

节点的集群系数计算公式:

Ci =
2Ei

ki(ki − 1)
, (5)

其中, Ei表示与 i节点连接的两节点也相连接的个

数, ki为 i节点的度大小. 整个网络的集群系数C

是各节点的集群系数的平均值, 显然 0 6 C 6 1,
C = 0表示当且仅当所有的节点均为孤立节点, 即
没有任何连接边; C = 1表示当且仅当网络是全局

耦合的, 即网络中的任意两节点都相连. 集群系数

描述了网络节点的群居或集团现象.
节点的中介系数计算公式如下:

BCk =
σij(k)

σij
, (6)

其中, σij(k)表示从 i节点到 j节点经过k节点的最

短路径个数, σij表示 i 节点到 j节点的最短路径个

数. k节点的中介系数的平均值为: k点对任意一对

节点的中介系数的平均值. 节点中介系数是网络中
心性的一个衡量指标.
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3 区域关联网结构性质分析

3.1 阈值选取与网络整体性质分析

由于连边阈值对网络的后续计算有较大的影

响, 选择合理和可信的阈值是后续研究结论的正确
性保证. 为此图 1给出了在不同阈值下网络结构统

计量的变化情况.

0.1 0.2 0.3 0.4 0.5 0.6
0

5

10

15

20

25

l

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6
0

0.2

0.4

0.6

0.8

C

(b)

图 1 网络的统计量随阈值的变化 (a) 网络的平均路径
长度 l随阈值的变化; (b) 网络的集群系数C随阈值的变化

从图 1 (a)可以看出, 网络的平均路径长度 l

在阈值小于 0.4时变化较小, 但当阈值大于 0.4后
平均路径长度迅速地变大; 集群系数的大小变化
(图 1 (b))表现为: 随着阈值的变大集群系数逐渐减
小. 平均路径长度和集群系数是描述复杂网络的两
个基本统计量, 他们的变化大致反映了网络结构的
变化情况. 从图 1 可以看出, 在阈值为 0.4前后网
络的结构发生了明显的变化. 利用大于 0.4的值作
为阈值来分析网络会因选值的差异导致结果存在

较大的差异.另外由于区域间存在的是稳定的相互
作用, 为此阈值应取在小于0.4的范围内, 同时在考
虑到相关系数的信度检验后, 本文以达到 0.01 信
度的 0.19作为连边阈值进行讨论.图 2则是阈值为

0.19时得到的网络空间连接图像.
从图 2的节点连接情况可以看出, 海洋中的节

点主要与其上方周围的大气节点连接, 而较少与较

远的节点连接, 该点直观地说明区域之间的相互作
用首先表现为与该区域附近的区域相互作用, 然后
再间接地和相离较远区域进行相互作用. 另外, 根
据计算得到网络的平均路径长度大小为 1.53, 由网
络的平均路径长度大小定义可知其值表示了网络

中任意两节点之间最短路径长度的平均值, 从此
可看出网络中节点之间的连接是十分紧密的, 任意
两节点之间的连接只要经过少于两个节点就能将

一节点的波动传到另一节点, 即具有高效的传输效
率. 区域之间的交流紧密性有利于将一区域的不
稳定快速地传递到其他区域, 从而保持该区域的稳
定.同时按照集群系数计算公式计算得到集群系数
的大小为 0.6. 集群系数表征了网络中节点之间的
区域结构特征, 其大小为 0至 1之间, 1表示任意两
点都相连, 即全耦合网络, 0表示网络中的任意三节
点无三角形结构. 集群系数为 0.6表明该网络具有
较强的社区结构特征, 具有该特征的网络在信息传
输方面表现出: 当其中的一个区域受到外胁迫作用
后会带动整个社区成员一起变化, 然后再通过该社
区结构向整个网络传播, 同时该网络还具有在受到
外界干扰下能够保持网络的结构不变性, 即维持网
络的稳定性.这种具有较小平均路径长度和较大集
群系数的网络又被称为小世界网络 [1].

 500 hPa

SST

SST

500 hPa

图 2 阈值为 0.19时的网络空间连接图 (图中标注的 SST
平面表示海温层, SST层中的五角星为表 1所述海温区域

的中心点 (代表点), 500 hPa 层含义类似; 同层间的连线用
实线表示, 用虚线表示层与层间的连线; 定义在海平面气压
的NPO, NAO, 为简化图像将该点画至 500 hPa层中)

另外, 从图 2中可以看到, 赤道区域的海温与
中高纬度的大气建立了较多连接, 把连接看成是
一种作用关系, 则二者间的关系是密切的, 该关系
可能是直接的作用关系, 也有可能是间接式的相
互作用关系. 图中的连接现象同较多学者的研究
有着较多的符合. 例如, 周波涛等 [32]指出, Haley
环流与NPO 存在着密切关系, 当Hadley环流位于
正位相时, NPO偏强, 反之则弱. 而赤道地区海温
偏高会加强Hadley环流, 反之减弱, 为此, 赤道区

049201-4

688

http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn


物 理 学 报 Acta Phys. Sin. Vol. 63, No. 4 (2014) 049201

域的海温变化便可通过Hadley环流间接地影响到
NPO, 然后再将变化通过大气内部作用传递给其他
类型的遥相关区域. 本文也得到了低纬度地区的
中东太平洋区域与NPO区域 2建立有连接. Pozo-
Vazquez 等 [33]认为太平洋 -北美遥相关型可能是
联系热带强迫和北大西洋地区热带外环流变化的

机制. 另外, 还有研究 [34]指出黑潮的输送与PDO
及ENSO有较好的关系, 并且在年际尺度上, 黑潮
输送异常滞后于PDO及ENSO变化, 且呈现负相
关. 而黑潮输运的变化将会直接影响其上空的大气
环流的变化, 从而影响到遥相关的变化.

图 2中还可看出, 大气中有较多的区域与中纬
度的海洋连接, 而较多的研究认为冬季中纬度地区
的海洋对大气的作用较小, 为此图 2中显示的连线

应是大气对海洋的强迫作用. 该点能较多地从他人
研究中得到, 如: 李博等 [35]利用模式分析指出北

太平洋冬季大尺度的大气环流异常能通过影响湍

流热通量从而决定SST的变率, 该文也进一步证明

了热带外地区大气环流与海洋的相互关系中大气

对海洋的强迫可能是主要的. 另外, 周天军等 [36,37]

利用一个耦合模式讨论了北大西洋冬季的海气相

互作用特征, 证实了大气对海洋的强迫作用. 综上
可得到, 图 2中的连线暗含的区域作用关系是多样

的, 对于各区域间详细的物理机制值得进一步深入
探讨和研究. 以上仅简单地分析了一些连线可能代
表的含义, 图 2中的连线情况能较直观地反映出区

域与区域间存在作用关系, 可为其他研究提供一种
整体上对区域作用的把握, 具有较强的指示作用.

3.2 网络单节点性质分析

对复杂网络的描述不仅包含对整体网络性质

的描述量, 同时也有对单节点的描述统计量. 例如,
节点度、中介系数和集群系数等. 利用王小凡等 [30]

和邹勇等 [31]的定义描述分析了代表网络中各个区

域的节点性质, 并在表 2中列出了排序后得到的前

4项和后4项对应区域.

表 2 网络单节点性质排序表

区域 节点度 区域 中介系数 区域 集群系数

前 4位

EAP-1 18 EAP-1 0.0775 EA 0.857

PNA-1 16 PNA-1 0.0639 NAO-2 0.762

EAP-2 15 EAP-2 0.0506 NAO-1 0.714

PNA-4 15 PNA-4 0.0505 EU-1 0.694

· · · · · · · · · · · · · · ·

后 4位

NAO-2 7 NAO-1 0.0044 PNA-4 0.495

EA 7 NAO-2 0.0026 PNA-1 0.467

NPO-1 6 EAP-3 0.0026 EU-2 0.444

EAP-3 4 EA 0.0016 PNA-3 0.444

注: 上述EAP-1表示表 1中叙述的EAP区域 1, 其他类同.

从表 2中的节点度排序可以看出, 在EAP遥
相关包含的 3个区域中, 区域 1和区域 2都有着较
大的度, 而EAP 区域 3的度大小仅为 4，是其他两
个区域的近 1/4. 另外, PNA遥相关包含有 4个区
域, 其中的 1区和 4区的度较大, 另外两个区域的
节点度分别为 10和 8.以上表明, 同一遥相关包含
的区域之间是有差异的, 即有的区域作用强些, 有
的则弱些. 该观点也体现在中介系数中的PNA和
EAP的区域差异. 节点度描述了节点的连接数, 度
大的节点连接的节点数多, 这样的节点变化可以很
快地影响网络的整体变化, 而度小的点就必须经过
它的连接点甚至是次连接点才能把自身的波动信

息传开, 另外对于具有损耗的系统, 信息在多次传
输的过程中强度会逐渐减弱甚至湮灭. 所以度大的
节点在一定程度上影响了整个网络的性质, 是值得
关注的节点.

网络节点的中介性描述了节点在网络中的输

运性质, 该含义可类似比于交通枢纽的特性. 从
表 2的中介系数排序可以看到, 度大的节点多数也
是中介系数大的点, 度小的点也有着较小的中介系
数, 另外中介系数最大值与最小值之间相差近 23
倍, 该点亦体现区域之间的差异性.

从表 2的集群系数栏可以看出, EA区域、NAO
遥相关包含的两个区域和EU区域 1都有着较大的
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集群系数, 另外海洋中的几个区域都具有较高的集
群系数, 该点在一定程度上阐释了海洋相对于大气
更稳定. 为了更直观地理解关键区域和其他区域的
作用空间图像, 图 3给出了大气中和海洋中度靠前

的两个区域空间连接图.
图 3 (a)和 (b)给出了 500 hPa高度场上度大的

两个区域的空间连接图. 从图中可以直观得到两个
度大的区域在海洋中主要都与北印度洋、西太平洋

和大西洋的赤道区域建立连接, 说明该区域的变化
和这三个区域的变化存在较大关系. 海洋中度靠
前的两个区域连接如图 3 (c)和 (d)所示, 图 3 (c)中
的南大西洋连接有较多的区域, 海洋部分仅大西洋
的赤道部分未有连接.从图 3 (d)的连接情况可以看
到, 尽管北大西洋存在较多的连接, 但未与具有较
大度的EAP遥相关区域建立连接.

3.3 网络鲁棒性分析

根据复杂网络理论, 网络的鲁棒性指: 如果在
移走少量节点后网络中的绝大部分节点仍是连通

的, 那么就称该网络的连通性对节点故障具有鲁棒
性. 一般对节点的干扰又可以分为随机干扰和蓄意
干扰. 对鲁棒性的度量一般采用 “去除节点数和网
络中的总节点数的比例 f”与 “网络的平均路径长
度 l”之间的关系来度量. 图 4 (a)为网络受到随机

干扰和依次去除度大的蓄意干扰条件下得到的 f -l
关系规律图.当网络受到随机攻击后, 网络的平局
路径长度在 f < 0.4时基本不变化, 当 f > 0.4后,
网络出现先增加后迅速减小. 而在蓄意攻击下的网
络平均路径变化在一开始就出现明显增加, 在 f为

0.5 左右后平均路径长度迅速减小. 从两者的对比
可以看出, 蓄意攻击度大节点迅速破坏了网络的拓
扑连接完整性, 使得网络的连通效率的降低, 另外
也从侧面表明度大的节点对网络的拓扑性质有着

较大影响. 虽然在现实中无法实现把该网络中的
节点移除, 但是通过该方法却能明显地看出度大的
节点在该网络中的重要性, 另外为了更好地对比单
节点对网络的影响, 图 4 (b)给出了在去除网络单
节点后集群系数和平均路径长度相对于原网络的

变化量. 从图 4 (b)可以看出, 随着去除节点度的增
大, 网络的平均路径大小增加, 而集群系数是减少
的. 表明在该网络中度大的点, 不仅利于网络间的
信息传输, 而且有益于形成社区结构增强网络的稳
定性.

由此可见, 区域关联网络具有一定的鲁棒性,
并且网络中度大的节点不仅有利于网络间的信

息传输. 而且还有利于形成具有稳定性的社区结
构. 为此这些度大的节点是值得高度关注的关键
区域.

(a)

SST

500 hPa

(b)

SST

500 hPa

SST

500 hPa

(c) (d)

SST

500 hPa

图 3 大气和海洋中关键区域空间连接图 (a) EAP区域 1的空间连接图像; (b) PNA区域 1的空间连接图像;
(c) 南大西洋的空间连接图像; (d) 北大西洋的空间连接图像 (图中点和层的含义介绍如图 2所述, 另外在该图中都
用虚线描述节点间的连线, 大圆圈表示有连接的节点, 小圆圈表示未连接的节点)
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图 4 网络鲁棒性分析 (a) 平均路径长度对随机故障和
蓄意攻击的响应; (b) 去除单节点对网络集群系数和平均
路径长度的影响

4 结 论

利用复杂网络的基本原理与方法, 构建起遥相
关包含的区域和海温关键区的关联网络, 根据建立
的网络计算网络的基本统计量. 从计算的结果得到
以下结论:

1) 平均路径长度在阈值小于 0.4时基本不变,
大于 0.4后平均路径长度开始迅速增大, 而集群系
数随阈值的增大是逐渐减小的, 综合考虑该变化和
信度约束下, 以 0.19构建区域关联网络, 进一步计
算得到该网络具有一定的小世界性质;

2) 单节点的对比分析得到: EAP遥相关 1区、
2区和PNA遥相关 1区、4区在网络中不仅有着较
大的度, 同时也有较大的中介系数, 而EAP区域 3
和NPO区域 1则较小; 在对比分析后得到, 区域之
间的差异较大, 另外大西洋的赤道部分和NAO的
区域 1和区域 2有着较大的集群系数, 但是其他两
个量都较小; 由于这些节点在网络中的特殊性, 所
以一些值大的节点值得较高的关注;

3)网络的鲁棒性分析得到, 该网络具有一定的
鲁棒性特征, 另外去除网络的单节点分析得出, 网
络的集群系数和平均路径长度对度大小的敏感度

是不一样的, 度大的节点和度小的节点变化较大.
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Abstract
Based on the index of atmospheric teleconnection and the key areas of the sea, taking the relationship between

the average of the height fields of the key areas and the average of the key areas of SST as boundary condition, the
associated network that embodies the interaction between atmospheric teleconnection areas and the key areas of SST
is constructed. Then the image of the interaction between atmospheric and ocean is given. Based on the structural
characteristics of network, the basic nature of the network and the key nodes of the interaction network are studied and
the influence of the key nodes on network is analysed. The Results show that the associated network belongs to the small
world that has a smaller average path length and a lager clustering coefficient. Besides, the average path length has a
stable value in the threshold less than 0.4. In other words, in this case the characteristics of network remain unchanged,
and then it is proved that using the correlation 0.19 as the condition of edge connection is effective. The single node
characteristic is analysed in the network and the results show that the areas of the East Asia-Pacific 1 and 2 and the
Pacific/North American pattern 1 and 4 have lager node degrees. That is to say, these four atmosphere regions have
stronger effect than other regions in the atmosphere and sea, the North Pacific Oscillation 1 and the East Asia-Pacific 3
have low node degrees, so these two regions have low effects on the region interaction. In addition, it is proved that the
network has certain robustness by removing nodes in turn. The study is of significance to grasp some important areas
of the teleconnection and the sea, and also it provides a new method to study air-sea interaction.

Keywords: associative network, teleconnection regions, key areas of the sea
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