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内　容　简　介

　　本文集收录了２０１１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１０３篇。其中上册４９篇，下册

５４篇。内容涉及气候监测、气候诊断、气候预测、气候模式模拟、

气候变化及其影响评估、历史气候及人类活动影响等研究领域。



（下 册）

５０．气候变暖对我国南方水稻可种植区的影响 宋艳玲　刘　波　钟海玲 　（４７３）!!!!!!!!!!

５１．ＲａｉｎｓｅａｓｏｎｔｒｅｎｄｓｉｎｐｒｅｃｉｐｉｔａｔｉｏｎａｎｄｔｈｅｉｒｅｆｆｅｃｔｉｎｄｉｆｆｅｒｅｎｔｃｌｉｍａｔｅｒｅｇｉｏｎｓｏｆＣｈｉｎａｄｕｒｉｎｇ

１９６１２００８ ＹａｎｌｉｎｇＳｏｎｇ，ＣｈｒｉｓｔｉｎｅＡｃｈｂｅｒｇｅｒａｎｄＨａｎｓＷＬｉｎｄｅｒｈｏｌｍ　（４７９）!!!!!!!!

５２．ＣｈａｎｇｅｓｏｆＡｃｃｕｍｕｌａｔｅｄＴｅｍｐｅｒａｔｕｒｅ，ＧｒｏｗｉｎｇＳｅａｓｏｎａｎｄＰｒｅｃｉｐｉｔａｔｉｏｎｉｎｔｈｅＮｏｒｔｈＣｈｉｎａ

Ｐｌａｉｎｆｒｏｍ１９６１ｔｏ２００９ ＳＯＮＧＹａｎｌｉｎｇ，ＺＨＡＯＹａｎｘｉａａｎｄＷＡＮＧＣｈｕｎｙｉ　（４８７）!!!!!!

５３．城市扩展影响下的气象观测和气温变化特征分析 孙朝阳　邵全琴　刘纪远　匡文慧 　（４９７）!!!

５４．２０１０年西北太平洋热带气旋活动特征及成因的初步分析 孙　冷 　（５０７）!!!!!!!!!!!!

５５．ＳｔｕｄｙｏｎＣｌｉｍａｔｉｃＣｈａｒａｃｔｅｒｉｓｔｉｃｓｏｆＣｈｉｎａＩｎｆｌｕｅｎｃｉｎｇＴｒｏｐｉｃａｌＣｙｃｌｏｎｅｓ 　　 　!!!!!!!!

ＳＵＮＬｉｎｈａｉ，ＡＩＷａｎｘｉｕ，ＳＯＮＧＷｅｎｌｉｎｇ，ｅｔａｌ　（５１４）!!!!!!!!!!!!!!!!!!

５６．基于非线性相似度量方法研究中国季节划分 孙树鹏　张　璐　侯　威　封国林 　（５２０）!!!!!

５７．全球平均温度序列的比较 唐国利　王绍武　闻新宇　黄建斌 　（５２７）!!!!!!!!!!!!!

５８．ＥＮＳＯ与青藏高原积雪的关系及其对我国夏季降水异常的影响 　　 　!!!!!!!!!!!!!

陶亦为　孙照渤　李维京　李伟平，等 　（５３２）!!!!!!!!!!!!!!!!!!!!!!!

５９．不同排放情景下模拟的２１世纪东亚积雪面积变化趋势 汪　方　丁一汇 　（５４２）!!!!!!!!!

６０．长江中下游汛期降水优化多因子组合客观定量化预测研究 　　 　!!!!!!!!!!!!!!!

王启光　封国林　郑志海　支　蓉 　（５５１）!!!!!!!!!!!!!!!!!!!!!!!!

６１．全球气候变暖原因的争议 王绍武　罗　勇　赵宗慈　闻新宇　黄建斌 　（５６２）!!!!!!!!!

６２．近５０ａ江淮地区６—７月降水特征分析 王　勇　李清泉　沈新勇 　（５６８）!!!!!!!!!!!!

６３．Ｒａｄｉａｔｉｖｅｆｏｒｃｉｎｇａｎｄｃｌｉｍａｔｅｒｅｓｐｏｎｓｅｄｕｅｔｏｂｌａｃｋｃａｒｂｏｎｉｎｓｎｏｗａｎｄｉｃｅ 　　 　!!!!!!!

ＷａｎｇＺＬ，ＺｈａｎｇＨａｎｄＳｈｅｎＸＳ　（５７４）!!!!!!!!!!!!!!!!!!!!!!!!

６４．中国冰冻日数的气候及变化特征分析 王遵娅 　（５８３）!!!!!!!!!!!!!!!!!!!!

６５．２０１０年中国气候概况 王遵娅　曾红玲　高　歌　陈　峪，等 　（５９４）!!!!!!!!!!!!!

６６．我国冰冻日出现的气象条件分析及其判别模型 王遵娅　赵珊珊　张　强 　（６０１）!!!!!!!!

６７．非球形沙尘气溶胶光学特性的分析 卫晓东　张　华 　（６０７）!!!!!!!!!!!!!!!!!

６８．新疆２１世纪气候变化的高分辨率模拟 吴　佳　高学杰　石　英　ＦｉｌｉｐｐｏＧｉｏｒｇｉ　（６１５）!!!!!

６９．三峡水库气候效应及２００６年夏季川渝高温干旱事件的区域气候模拟 　　 　!!!!!!!!!!

吴　佳　高学杰　张冬峰　石　英　ＧＩＯＲＧＩＦ　（６２４）!!!!!!!!!!!!!!!!!!!

７０．《生物多样性公约》下的气候变化问题：谈判与焦点 吴　军　张称意　徐海根 　（６３３）!!!!!!!

７１．我国北方沙尘天气的气候成因分析 吴占华　任国玉　徐卫丽　刘瑞兰 　（６３７）!!!!!!!!!

７２．青藏高原东北部土壤冻融过程的数值模拟 夏　坤　罗　勇　李伟平 　（６４４）!!!!!!!!!!

７３．ＳｉｍｕｌａｔｉｏｎｏｆｆｒｅｅｚｉｎｇａｎｄｍｅｌｔｉｎｇｏｆｓｏｉｌｏｎｔｈｅｎｏｒｔｈｅａｓｔＴｉｂｅｔａｎＰｌａｔｅａｕ 　　 　!!!!!!!

ＸＩＡＫｕｎ，ＬＵＯＹｏｎｇ，ＬＩＷｅｉＰｉｎｇ　（６５５）!!!!!!!!!!!!!!!!!!!!!!!!

７４．卫星遥感海表温度资料和高度计资料的变分同化 　　 　!!!!!!!!!!!!!!!!!!!

肖贤俊　何　娜　张祖强　刘怀明　王东晓 　（６６６）!!!!!!!!!!!!!!!!!!!!

７５．ＡｎａｌｏｇｕｅＤｙｎａｍｉｃａｌＰｒｅｄｉｃｔｉｏｎｏｆＭｏｎｓｏｏｎＰｒｅｃｉｐｉｔａｔｉｏｎｉｎＮｏｒｔｈｅａｓｔＣｈｉｎａＢａｓｅｄｏｎＤｙｎａｍｉｃａｎｄ

ＯｐｔｉｍａｌＣｏｎｆｉｇｕｒａｔｉｏｎｏｆＭｕｌｔｉｐｌｅＰｒｅｄｉｃｔｏｒｓ 　　 　!!!!!!!!!!!!!!!!!!!!

ＸＩＯＮＧＫａｉｇｕｏ，ＦＥＮＧＧｕｏｌｉｎ，ＨＵＡＮＧＪｉａｎｐｉｎｇａｎｄＣＨＯＵＪｉｆａｎ　（６７４）!!!!!!!!!!
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７６．Ｑｕａｎｔｉｆｙｉｎｇｕｎｃｅｒｔａｉｎｔｙｉｎｔｈｅｉｍｐａｃｔｓｏｆｃｌｉｍａｔｅｃｈａｎｇｅｏｎｒｉｖｅｒｄｉｓｃｈａｒｇｅｉｎｓｕｂｃａｔｃｈｍｅｎｔｓ

ｏｆｔｈｅＹａｎｇｔｚｅａｎｄＹｅｌｌｏｗＲｉｖｅｒＢａｓｉｎｓ，Ｃｈｉｎａ ＨＸｕ，ＲＹＴａｙｌｏｒａｎｄＹＸｕ　（６８５）!!!!!!

７７．３３年来中国铁路运输行业的大气污染物排放 徐雨晴　何吉成　王长科 　（６９７）!!!!!!!!!

７８．不同温室气体排放情景下未来中国地面气温变化特征 闫冠华　李巧萍　邢　超 　（７０４）!!!!!

７９．动态最优多因子组合的华北汛期降水模式误差估计及预报 　　 　!!!!!!!!!!!!!!!

杨　杰　王启光　支　蓉　封国林 　（７１５）!!!!!!!!!!!!!!!!!!!!!!!!

８０．北京地区极端温度事件的变化趋势和年代际演变特征 杨　萍　刘伟东　侯　威 　（７２８）!!!!!

８１．我国降水和气温的分级概率时空分布特征 杨小波　陈丽娟　刘芸芸 　（７３３）!!!!!!!!!!

８２．１１月气候异常型及前期环流信号 杨小波　王永光　梁潇云 　（７４５）!!!!!!!!!!!!!!

８３．小兴安岭红松径向生长对未来气候变化的响应 　　 　!!!!!!!!!!!!!!!!!!!!

尹　红　王　靖　刘洪滨　黄　磊　朱海峰 　（７５３）!!!!!!!!!!!!!!!!!!!!

８４．近４８年华东地区地面太阳总辐射变化特征和影响因子分析 尹　青　张　华　何金海 　（７６１）!!!

８５．ＤｉｕｒｎａｌＶａｒｉａｔｉｏｎｓｏｆＳｕｍｍｅｒＰｒｅｃｉｐｉｔａｔｉｏｎｉｎｔｈｅＢｅｉｊｉｎｇＡｒｅａａｎｄｔｈｅＰｏｓｓｉｂｌｅＥｆｆｅｃｔｏｆ

ＴｏｐｏｇｒａｐｈｙａｎｄＵｒｂａｎｉｚａｔｉｏｎ ＹＩＮＳｈｕｉｑｉｎｇ，ＬＩＷｅｉｊｉｎｇ，ＤｅｌｉａｎｇＣＨＥＮ，ｅｔａｌ　（７７１）!!!!!

８６．我国热带气旋潜在影响力指数分析 尹宜舟　肖风劲　罗　勇　赵珊珊 　（７８１）!!!!!!!!!

８７．２００８年“２．２８”低纬高原强对流成因诊断与数值模拟 尤　红　肖子牛　艾永智 　（７９０）!!!!!!

８８．中国旱涝格局演变（１９６１—２０５０年）及其对水资源的影响 翟建青　曾小凡　姜　彤 　（７９７）!!!!

８９．历史极端雨涝事件研究———１８２３年我国东部大范围雨涝 张德二　陆龙骅 　（８０３）!!!!!!!!

９０．天山乌鲁木齐河源１号冰川致冷效应的小气候观测 张东启　明　镜　魏文寿 　（８１０）!!!!!!

９１．一种处理漫射因子的新方法 张　峰　张　华　沈钟平　卫晓东 　（８１９）!!!!!!!!!!!!

９２．ＰＦＣｓ和ＳＦ＿６的辐射强迫与全球增温潜能 张　华　吴金秀　沈钟平 　（８２３）!!!!!!!!!!

９３．ＳｉｍｕｌａｔｉｏｎｏｆｄｉｒｅｃｔｒａｄｉａｔｉｖｅｆｏｒｃｉｎｇｏｆａｅｒｏｓｏｌｓａｎｄｔｈｅｉｒｅｆｆｅｃｔｓｏｎＥａｓｔＡｓｉａｃｌｉｍａｔｅｕｓｉｎｇａｎ

ｉｎｔｅｒａｃｔｉｖｅＡＧＣＭＡｅｒｏｓｏｌｃｏｕｐｌｅｄｓｙｓｔｅｍ ＨＺｈａｎｇ，ＺＬＷａｎｇ，ＺＺＷａｎｇ，ｅｔａｌ　（８３２）!!!!

９４．Ａｓｔｕｄｙｏｆｔｈｅｒａｄｉａｔｉｖｅｆｏｒｃｉｎｇａｎｄｇｌｏｂａｌｗａｒｍｉｎｇｐｏｔｅｎｔｉａｌｓｏｆｈｙｄｒｏｆｌｕｏｒｏｃａｒｂｏｎｓ 　　 　!!!

ＨｕａＺｈａｎｇ，ＪｉｎｘｉｕＷｕ，ＰｅｎｇＬｕ　（８５１）!!!!!!!!!!!!!!!!!!!!!!!!!

９５．Ｒａｄｉａｔｉｖｅｆｏｒｃｉｎｇａｎｄｇｌｏｂａｌｗａｒｍｉｎｇｐｏｔｅｎｔｉａｌｏｆｐｅｒｆｌｕｏｒｏｃａｒｂｏｎｓａｎｄｓｕｌｆｕｒｈｅｘａｆｌｕｏｒｉｄｅ 　　 　!!!

ＺＨＡＮＧＨｕａ，ＷＵＪｉｎＸｉｕａｎｄＳＨＥＮＺｈｏｎｇＰｉｎｇ　（８６１）!!!!!!!!!!!!!!!!!!

９６．城市化对北京气象站极端气温指数趋势变化的影响 张　雷　任国玉　刘　江，等 　（８７０）!!!!!

９７．ＣｈａｎｇｅｓｉｎｐｒｅｃｉｐｉｔａｔｉｏｎｅｘｔｒｅｍｅｓｏｖｅｒＥａｓｔｅｒｎＣｈｉｎａｓｉｍｕｌａｔｅｄｂｙｔｈｅＢｅｉｊｉｎｇＣｌｉｍａｔｅＣｅｎｔｅｒ

ＣｌｉｍａｔｅＳｙｓｔｅｍＭｏｄｅｌ（ＢＣＣ＿ＣＳＭ１．０） ＬｉＺｈａｎｇ，ＭｉｎＤｏｎｇ，ＴｏｎｇｗｅｎＷｕ　（８８０）!!!!!!!

９８．北半球平流层大气环流转型的基本气候特征 张　灵　李维京　陈丽娟 　（８９９）!!!!!!!!!

９９．ＩｎｔｅｒｄｅｃａｄａｌＣｈａｎｇｅｏｆｔｈｅＲｅｌａｔｉｏｎｓｈｉｐＢｅｔｗｅｅｎｔｈｅＴｒｏｐｉｃａｌＩｎｄｉａｎＯｃｅａｎＤｉｐｏｌｅＭｏｄｅａｎｄ

ｔｈｅＳｕｍｍｅｒＣｌｉｍａｔｅＡｎｏｍａｌｙｉｎＣｈｉｎａ 　　 　!!!!!!!!!!!!!!!!!!!!!!!

ＺＨＡＯＳｈａｎｓｈａｎ，ＺＨＯＵＴｉａｎｊｕｎ，ＹＡＮＧＸｉｕｑｕｎ，ＺＨＵＹｉｍｉｎ，ｅｔａｌ　（９０９）!!!!!!!!

１００．全球大风在减少吗 赵宗慈　罗　勇　江　滢 　（９２２）!!!!!!!!!!!!!!!!!!!!

１０１．冬季澳大利亚东侧海温与长江流域夏季降水的联系及可能物理机制 周波涛 　（９２５）!!!!!!!

１０２．ＣｈａｎｇｅｉｎｅｘｔｒｅｍｅｔｅｍｐｅｒａｔｕｒｅｅｖｅｎｔｆｒｅｑｕｅｎｃｙｏｖｅｒｍａｉｎｌａｎｄＣｈｉｎａ，１９６１—２００８ 　　 　!!!!

ＹａｑｉｎｇＺｈｏｕ，ＧｕｏｙｕＲｅｎ　（９３２）!!!!!!!!!!!!!!!!!!!!!!!!!!!!

１０３．基于偏态分布的百分位估计公式的建立 周　云　侯　威　钱忠华　何文平 　（９４７）!!!!!!!
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Impact of Global Warming on the Rice Cultivable Area

in Southern China in 1961JJJJJ2009

Song Yanling, Liu Bo, Zhong Hailing

(National Climate Centre, China Meteorological Administration, Beijing 100081, China)

Abstract:  Using the daily weather data from 214 stations over southern China rice growing area during 1961J2009,

impact of global warming on the rice cultivable area in southern China was studied. The results show that the

accumulated temperature in rice-growing areas across southern China obviously increased in the period of 1961J

2009, it increased up to 5980.8��d=in 2001J2009, 268.0 ��d higher than that in the 1960s. Correspondingly, the

rice growing season has clearly prolonged up to 231.4 d, 16.5 d longer than that in the 1960s. And the growing

boundary for double-cropping rice apparently shifted northwards, and one for triple-cropping rice slightly shifted

northwards. From the 1960s to 1980s, the double-cropping rice grew only in the areas south of the Yangtze River.

However in the recent 10 years, the cultivable area for double-cropping rice has extended even north of the Yangtze

River, i.e., the northern boundaries have advanced northwards approximately 300 km, extending to northeastern

Sichuan, eastern Guizhou, Chongqing, most Hubei, central Anhui, as well as southern Jiangsu.

Key words:  global warming; rice; cultivable area; southern China
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Abstract
Using high-quality precipitation data from 524 stations, the trends of a set of precipitation
variables during the main rain season (May–September) from 1961 to 2008 for different climate
regions in China were analysed. However, different characteristics were displayed in different
regions of China. In most temperate monsoon regions (north-eastern China), total rain-season
precipitation and precipitation days showed decreasing trends; positive tendencies in
precipitation intensity were, however, noted for most stations in this region. It is suggested that
the decrease in rain-season precipitation is mainly related to there being fewer rain days and a
change towards drier conditions in north-eastern China, and as a result, the available water
resources have been negatively affected in the temperate monsoon regions. In most subtropical
and tropical monsoon climate regions (south-eastern China), the rain-season precipitation and
precipitation days (11–50, with >50 mm) showed slightly positive trends. However,
precipitation days with �10 mm decreased in these regions. Changes towards wetter conditions
in this area, together with more frequent heavy rainfall events causing floods, have a severe
impact on peoples’ lives and socio-economic development. In general, the rain-season
precipitation, precipitation days and rain-season precipitation intensity had all increased in the
temperate continental and plateau/mountain regions of western China. This increase in
rain-season precipitation has been favourable to pasture growth.

Keywords: precipitation, trend analysis, rain season, China

1. Introduction

Changes in total and extreme precipitation have attracted
much attention in research as well from the general public
during recent years. A large number of studies focusing
on precipitation changes during the past 50–100 years have
generally concluded that changes in precipitation extremes

3 Address for correspondence: National Climate Centre, China
Meteorological Administration, Zhong-Guan-Cun-Nan-Da-Jie 46, Haidian,
Beijing 100081, People’s Republic of China.

have occurred worldwide during the past century, associated
with increasing mean temperatures (e.g. Trenberth 1999,
Easterling et al 2000, Beniston and Stephenson 2004).

In their Fourth Assessment Report, The Intergovernmental
Panel on Climate Change (IPCC 2007) presented a global
synthesis of precipitation trends since 1900 based on the
current knowledge. The general picture that emerged was
significantly increased precipitation in eastern parts of North
and South America, northern Europe and northern and central
Asia, whereas drying has been observed in the Sahel region,

1748-9326/11/034025+08$33.00 © 2011 IOP Publishing Ltd Printed in the UK1
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the Mediterranean, southern Africa and parts of southern
Asia.

The climate across China varies considerably and the
country can be divided into several climate zones, which are
mainly influenced by the Asian monsoon systems and the
Tibetan Plateau (Domroes and Peng 1988, Ye and Gao 1979,
Ding and Murakami 1994). Due to the large number of people
living in the country, minor changes in the climate already have
a profound impact on the people’s livelihood. For instance,
since Chinese agriculture is highly dependent on irrigation
(48% of the cultivated area in 2006 was equipped with
some kind of irrigation system (FAO 2011)), climate induced
changes in the irrigation demand may have considerable
impact on agricultural production (see e.g. Thomas 2008).
Recent climate change and its various kinds of impact on,
e.g., ecosystems, society, agriculture and water availability
have therefore attracted much attention from a broad climate
research community. There is, however, a constant need to
monitor and analyse ongoing climate changes as new climate
data become available.

The general aim of this study is to analyse ongoing
precipitation changes in the rain season (May–September)
using high-quality precipitation observations from 1961 to
2008, thereby providing an update of existing studies regarding
precipitation variability across China. More specifically, the
objectives of the paper are to analyse trends in the rain season
of total precipitation, the number of days with light (�10 mm),
moderate (11–50 mm) and heavy (>50 mm) precipitation,
as well as precipitation intensity in different climate regions
of China. The practical implications of changes in these
parameters are also discussed, since many previous studies
touch on this issue to a considerably lesser extent.

This letter is organized in the following manner. Section 2
provides climatological background information and section 3
briefly describes the data and methods. In section 4 the results
are presented and section 5 links the findings to existing studies
and discusses implications of changes in the rain season.
Section 6 summarizes the main conclusions.

2. Background

In general, the rainy season occurs from May to September. It
starts with a period of pre-monsoonal rain over South China
in early April, and from May through August the summer
monsoon rain belt moves northward to the Yangtze river basin
(June) and finally to northern China (July). When the monsoon
ends in August, the rain belt moves back to southern China.
Due to the migration of the monsoon across China, the length
of the rain season differs between southern and northern China,
and rainfall amounts vary greatly among different regions
depending on topography and distance to the ocean. In the
subtropical and tropical monsoon climates of south-eastern
China, annual rainfall amounts range from 1000 to 2000 mm.
Here rice can grow in most regions. In the temperate monsoon
climates of north-eastern China, annual rainfall amounts are
considerably smaller, ranging from 400 to 800 mm, which
is sufficient for growing corn, winter wheat and soya beans.
Here, spring droughts are frequent, and as a result irrigation

Figure 1. The distribution of climate regions in China and the
locations of the 524 stations used in this study.

is necessary for agriculture during periods of drought. In
the temperate continental climates, as well as the plateau and
mountain regions, of western China, annual rainfall amounts
are as low as 50–400 mm. Here, the vegetation ranges from
forests to grasslands, and to deserts, depending on the humidity
conditions (figure 1).

Besides the large variability in the spatial precipitation
distribution, long-term changes in Chinese precipitation are
evident (Ding and Sun 2003, Kripalani and Kulkarni 2001,
Wang et al 1981, 2000, Zhai and Ren 1999, Zhao et al 2005,
Ren et al 2000). Zhai et al (2005) analysed the trend in
normalized annual precipitation anomalies as well as some
annual extremes (daily precipitation >50 and >100 mm) for
the period 1951–95 using 296 stations in China. While
no obvious trends in the annual precipitation in China as a
whole were found, the number of days with rainstorms (daily
precipitation >50 mm) had decreased in northern China. These
findings were later confirmed by Zhai et al (2005), using
a larger station network (530 stations). Ren et al (2000)
showed an increasing trend in summer precipitation over the
middle to lower reaches of the Yangtze river, and a decreasing
trend over the Yellow river basin, but virtually no change at
higher latitudes. Examining the relationship between long-
term summer precipitation change and the large-scale monsoon
circulation features, Ding et al (2008, 2009) found that a
significant weakening of the East Asian summer monsoon has
led to reduced precipitation in North China. Shen (2010)
studied 50 yr of water resource changes in different Chinese
river basins, and found that rainfall had decreased in the Hai
and Liao river basins as well as in parts of the Yellow river
basin, while rainfall had increased in most regions in southern
China, parts of northwest China and the northern part of
northeast China. In addition, numerous studies have dealt with
precipitation variability in specific regions, such as the Tarim
river basin (Xu et al 2006, 2010), the Dongjiang river basin
(e.g. Liu et al 2010) and the Pearl river basin (e.g. Zhang et al
2010).
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3. Data and methods

3.1. Precipitation data

In order to investigate the change of rain-season (May to
September) precipitation in different climate regions of China,
a data set of daily precipitation, obtained from 740 stations,
covering mainland China for the period 1961–2008, was
used. It included almost all national climate stations, and
was developed at the Climate Data Centre (CDC) of the
China Meteorological Administration. Only station series with
a low rate of missing data (�5%) were chosen, forming a
subset of 524 stations that were found to be suitable and were
subsequently used in the analysis (figure 1).

3.2. Statistical analysis

To assess the spatial and temporal distributions of rain-
season precipitation changes in China, total precipitations,
precipitation intensities and numbers of days with precipitation
exceeding certain thresholds were calculated, from 1961 to
2008. Precipitation intensity is the amount of precipitation
collected per unit time interval and is here defined as the
total precipitation in the rain season divided by the number of
precipitation days (with >0 mm) for individual stations. The
precipitation days were subdivided into three groups depending
on precipitation amounts, where �10 mm characterizes light
rain, 11–50 mm moderate rain and >50 mm heavy rain,
according to the meteorological regulations of China. In China,
daily rainfall >50 mm can induce breakage of reservoirs and,
causing floods, lead to serious threats to people’s safety and the
economy (Li et al 2009a).

Changes in the total amount of rain-season precipitation
may have different causes. They may be caused either by
variations in the number of precipitation days or by variations
in the precipitation intensity, or by both, and studying
both factors gives possibilities for better understanding the
individual contributions to changes in rain-season precipitation
of these factors during the rainy season. For each precipitation
variable, linear trends over time for the 1961–2008 periods
were calculated for each climate station and the significance
was tested using the Mann–Kendall trend test (Yue et al 2002).

4. Results

4.1. Rain-season total precipitation changes

The results from the trend analysis of total precipitation
in the rain season are shown in figure 2. Averaged over
all stations, a general increasing tendency in rain-season
precipitation between 1961 and 2008 was seen, although
large interannual variability is evident (figure 2(a)). The
magnitude and sign of the observed trends varies across China
(figure 2(b)). In general, a majority of the stations located in
the temperate monsoon climate experienced decreasing rain-
season precipitation trends, while in general they increased in
the other climate regions.

In the regions west of 105◦E, most stations showed
tendencies, i.e. non-significant trends, for increased rain-
season precipitation over the analysed period. Positive

Figure 2. (a) Averaged time series of precipitation (mm) and
(b) regional distribution of precipitation trends from 1961–2008 over
China (mm). ((a) Dotted lines: interannual variability, solid lines:
9 yr moving average and trend line).

tendencies for rain-season precipitation were found at 68% of
the stations (106 out of 156 stations). Furthermore, significant
trends in rain-season precipitation, ranging from 18.9 to 355.9
mm, were found at 22% of the stations. The two largest
significant trends appeared in the records of Jiali (30.66◦N,
93.28◦E) and Wudaoliang (35.22◦N, 93.08◦E) with linear
significant increasing trends of 60.8% and 107.8% respectively.

In south-eastern China, east of 105◦E and south of 33◦N,
57% of the stations (118 out of 177 stations) showed positive
rain-season precipitation tendencies, while significant positive
trends were only found at 3 stations (figure 2(b)). In north-
eastern China, east of 105◦E and north of 33◦N, negative
rain-season precipitation tendencies were found at 82% of the
stations (157 out of 191 stations), and significant negative
trends of precipitation were found at 13 stations (6.8%),
ranging from −94.1 to −177.4 mm.

Overall, the total rain-season precipitation increased by
12.6 mm (2.2%) during 1961–2008 in the whole of China
(change is non-significant). The general picture that emerges
is a change towards a slightly wetter rain-season climate
in western China, belonging to temperate continental and
plateau/mountain climates, as well as large parts of the south-
eastern part of the country (subtropical and tropical monsoon
climate). During the same period the north-eastern regions,
mainly belonging to the temperate monsoon climate, became
drier.
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Figure 3. Change of precipitation days ((a) daily precipitation
0–10 mm, (b) daily precipitation 11–50 mm, (c) daily precipitation
>50 mm) in the rain season from 1961 to 2008 over China.

4.2. Change in the number of rain-season precipitation days

The trends in the number of days with precipitation over a
certain threshold (i.e. �10, 11–50 and >50 mm) are shown
in figure 3.

For China as a whole, the results indicate that the
precipitation days with 0–10 mm decreased by 2.8 days from
1961 to 2008 (non-significant). There is a clear spatial pattern

with decreasing number of precipitation days with �10 mm in
most of the regions in north-eastern and south-eastern China,
while in western China, the number of rain days increased.
In north-eastern China, the precipitation days with �10 mm
decreased considerably. Here 95.8% of the stations (number
of stations) displayed negative tendencies, and 42.4% showed
significant negative trends corresponding to a reduction of 6
to 19.2 days. In south-eastern China, 16% of the stations
(28 stations) displayed significant negative trends, and 88.7%
of the stations showed negative tendencies. In contrast, the
precipitation days with �10 mm increased in western China:
73% of all stations (156 stations) displayed positive tendencies,
but only 18% of stations (28 stations) showed significant
positive trends (figure 3(a)).

Figure 3(b) shows the trends in precipitation days with 11–
50 mm. In total, they increased slightly by 0.1 days for the
whole of China. Similar to the trends in precipitation days with
�10 mm, the precipitation days with 11–50 mm in western
China increased to 66% of the 103 stations, the increase being
significant at 16% of the stations (25 stations). In south-
eastern China, 54% of the stations showed positive tendencies,
with significant trends at 6 stations (177 stations), while the
remaining stations displayed negative tendencies. In north-
eastern China, precipitation days with 11–50 mm decreased at
most stations (71.2%), but significant trends were only found
at 3 stations.

The trends of precipitation days with >50 mm during
1961–2008 are shown in figure 3(c), where the results show an
increase by 0.16 days for the whole of China. In western China,
the rain-season precipitation is usually less than 400 mm,
which results in very few days that are precipitation days with
>50 mm. In south-eastern China, precipitation days with
>50 mm increased by 0.41 days, and 70% of the 156 stations
showed positive tendencies, significant at 5 stations. In north-
eastern China, precipitation days with >50 mm decreased
by 0.14 days, and most stations (61.8%) displayed negative
tendencies, including 6 stations with significant negative
trends.

Overall, the trends in precipitation days varied across
China. In north-eastern China, precipitation days showed
considerably decreasing trends; in particular, about a half of
the stations displayed decreasing trends significantly for light
rainfall (0–10 mm). In south-eastern China, the precipitation
days with 0–10 mm also decreased, while the precipitation
days with >50 mm increased considerably in most parts of
the regions. In western China, the precipitation days increased
significantly during 1961–2008. These results therefore
indicate a decrease in light rainfall in northeast and southeast
China, while heavy rainfalls have been increasing in most
regions of south-eastern China.

4.3. Change of precipitation intensity in the rain season

A time series of precipitation intensity averaged for all 524
Chinese stations from 1961 to 2008 is shown in figure 4(a).
The precipitation intensity increased significantly by, on
average, 0.79 mm day−1, but the increase was not continuous
throughout the whole period. While there was a slight
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Figure 4. (a) Averaged time series of precipitation intensity and
(b) regional distribution of precipitation intensity trends from 1961 to
2008 over China ((a) dotted lines: interannual variability, solid lines:
9 yr moving average and trend line).

decrease in precipitation intensity in the 1970s, an increasing
trend started in the 1980s resulting in a precipitation intensity
of about 9.0 mm day−1 during 2001–8 compared to about
8.3 mm day−1 in the 1970s.

The regional distribution of precipitation intensity trends
in China from 1961–2008 is shown in figure 4(b). The
precipitation intensity increased in western and south-eastern
China, where 67.3% and 83.6% of the stations respectively
displayed increasing tendencies. Out of these stations, 16.0%
and 16.3% of the stations (for western and south-eastern China
respectively) showed significant positive trends, from 0.9 to
6.2 mm day−1. Positive tendencies in precipitation intensity
were also noted for 61.8% of the stations in northeast China.
These results indicate that, in general, precipitation intensity
increased in the whole of China, especially in the south-eastern
parts.

Regarding the relation between rain-season precipitation,
precipitation days and precipitation intensity, it is clear that
the increase in rain-season precipitation in the south-eastern
regions of China is associated with more intense precipitation
overcompensating for the rainfall deficit due to there being
fewer rain days with �10 mm. The decrease in rain-season
precipitation in north-eastern China is mainly related to there
being fewer light rain days (with �10 mm) in combination
with the decreased precipitation intensity. However, there are
also stations in this region where precipitation intensity instead

increased. This indicates that more intensive precipitation does
not compensate for the rainfall deficit due to a decrease in the
frequency of precipitation days with �10 mm. In western
China the total number of precipitation days increased in
accordance with positive trends in both precipitation intensity
and precipitation days.

5. Discussion

5.1. Rain-season precipitation changes in China during
1961–2008

The results showed that the total rain-season precipitation
had increased by 12.6 mm during the 48 yr period averaged
over China (table 1). While the rain-season precipitation
showed different trends in different regions, in western and
south-eastern parts of China, the precipitation gave increased
tendencies, while in north-eastern China, the precipitation
showed decreased tendencies.

In western and south-eastern China, 67.9% and 57%
of stations showed tendencies for increased precipitation
respectively, where 22% of stations showed significant positive
trends in western China, and 6.8% in southeast China. Gong
and Ho (2002) pointed out that the summer rainfall (from June
to August) over the Yangtze river valley (south-eastern China)
had increased over the last few decades, which could be related
to changes in the subtropical high over the Northwest Pacific.
On the basis of data from China, Korea, and Japan, Qian
et al (2003) suggested that increasing summer precipitation in
southern China could be linked to the multi-decadal variation
of the monsoon circulation in eastern Asia. Moreover, a
weakening in the East Asian summer monsoon, accompanied
by a southward shift in the major monsoon rain belt from
northern to southern China, has been observed since the end
of 1970s (IPCC 2007).

The results from most regions of temperate monsoon
climate clearly indicated trends towards drier rainy seasons,
where 82% of the stations showed tendencies for decreasing
rain-season precipitation (figure 2). This result agrees with
the findings of an apparent summer precipitation decrease in
northern China during the past few decades (Chen et al 1991,
Xu et al 1992, Chen et al 2005). This may be related to
a significant weakening of the East Asian summer monsoon
in the last decades, which has decreased the northward
moisture transport, leading to a deficit in moisture supply for
precipitation in northern China (Ding et al 2008).

The trends in precipitation days also varied among
different climate regions. In north-eastern China, the temperate
monsoon climate regions, the precipitation days analyses
indicated that the number of days with light, moderate and
heavy precipitation has decreased in most of the area. This
is in agreement with the results of Wang et al (2006) who
calculated the change in the number of rain days with >0 mm
in China over the last 40 yr, and found a decreasing number of
rain days in northern China. In western China, the region with
the smallest number of rain days with >50 mm, those with
�10 mm and 11–50 mm increased significantly, suggesting
that the PRS increase is partly due to the increase of light
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Table 1. Linear trends of total precipitation, number of precipitation days and precipitation intensity of the rain season over the whole of
China, and stations with significant trends in different climate regions from 1961 to 2008. (Bold: significant trends with p < 0.05, italic:
stations with decreasing trends, black: stations with increasing trends.)

Trends over
the whole of
China

Stations with significant
trends in Northeast China
(�105◦E, �33◦N)

Stations with significant
trends in Southeast China
(�105◦E, <33◦N)

Stations with significant
trends in western China
(<105◦E)

Total precipitation 12.6 mm, 2.2% 13 stations, 6.8% 3 stations, 1.4% 35 stations, 22.4%
Precipitation days with >0 mm −2.8 days 81 stations, 42.4% 28 stations, 15.8% 28 stations, 17.9%
Precipitation days with >10 mm 0.1 days 3 stations, 1.6% 6 stations, 3.4% 25 stations, 16%
Precipitation days with >50 mm 0.16 days 6 stations, 3.1% 5 stations, 2.8% —
Precipitation intensity 0.79 mm day−1 11 stations, 5.8% 29 stations, 16.4% 25 stations, 16%

and moderate rain days. Fu et al (2008) also pointed that
the days of light rain were increasing in number in western
China during 1961–2005. In south-eastern China, the spatial
distribution of precipitation day trends varies with precipitation
intensity. Here, the precipitation days with light rainfall were
clearly decreasing in number, while the precipitation days with
heavy rain, often inducing floods, have increased in number.
One implication of this change is that the risk for floods and
droughts has increased in south-eastern China.

The precipitation intensity increased significantly by
0.79 mm day−1 over the whole of China in 1961–2008.
Furthermore, this was reinforced in western and south-eastern
China, which may lead to more floods in south-eastern China.

The observed precipitation changes are very likely to
continue in the future due to global warming. According
to the IPCC’s Fourth Assessment Report (IPCC 2007)
increasing summer precipitation and more extreme rainfall
events, associated with tropical cyclone changes, are likely
to occur in South East Asia. Since precipitation over South
East Asia is strongly controlled by the strength of the Asian
monsoon systems, any circulation changes here will have a
considerable impact. Although global climate model (GCM)
simulations project a weakening of the Asian summer monsoon
circulation by the end of the 21st century, enhanced moisture
convergence in a warmer atmosphere probably dominates over
the weaker circulation, giving rise to enhanced precipitation.
Also, Sun and Ding (2009), using the latest generation of
coupled climate models, projected a reinforcement of the
East Asian monsoon systems around the 2040s, which would
mean that the precipitation over the whole of China would be
increased.

5.2. Implications of rain-season precipitation changes

Changes in the precipitation conditions and characteristics
during the rainy season have a direct impact on the
hydrological cycle, as well as on the temporal and spatial
distributions of rainfall across China. This in turn has a wide
range of practical implications. Decreasing precipitation will
have a considerable impact on the water availability for, e.g.,
agriculture, industrial production and drinking water demand,
especially in regions where water resources are already limited.
Increasing the total precipitation, together with an increased
frequency of heavy rainfall events, on the other hand may
cause repeated damage, e.g. due to flooding, mudflows or
landslides. In addition, changes in the spatial and temporal

distributions of rainfall across China affect the balance between
water resources and demands. A number of socio-economic
consequences related to precipitation changes in China are
discussed below.

In northeast China, decreasing rain-season precipitation
will have a strong impact on the water resources. During 1951–
2000, about 40% of the total 10 000 km of rivers had been
changed from having runoff throughout the year to seasonal
runoff. During the same time the averaged annual inflow to
the Pacific Ocean decreased by 80% compared to the 1950s.
Furthermore, compared to the 1950s, wetland areas decreased
from 10 000 to 1000 km2 in northeast China (Jia et al 2002).
On the basis of a study of the groundwater level from a network
of 600 shallow groundwater observation wells in Hebei, a
province of Northeast China, Liu et al (2001) pointed out
that the average depth of the groundwater had, on average,
decreased from 7.23 m in 1983 to 11.52 m in 1993, yielding a
decline of 0.43 m yr−1. This was partly related to the decreased
precipitation amounts during the rainy season.

Changes in water resources and surface hydrology are
a result of the combined effects involving climate changes
and various human activities. To what degree the examples
mentioned above are caused by climate variability and/or
various human activities is hard to estimate. Shen (2010)
mentions that landscape changes alter the rainfall–runoff
relationship, which may result in considerable reductions in
water resources. This has been observed in major Chinese
river basins over the past 50 years. In an attempt to separate
the impact of climate change and human activities on runoff
in the Dongjian river basin, Liu et al (2010) found that they
separately accounted for approximately 50% of the runoff
changes during the low-flow period. However, Li et al (2009b)
found that climate variability had a stronger impact than land
use changes when studying the surface hydrology of the Heihe
catchment on the Loess plateau.

In the subtropical and tropical monsoon climate regions
of China, precipitation often exceeds 1000 mm during the
rainy season and floods occur frequently. The total rain-
season precipitation, and the number of precipitation days with
>50 mm as well as precipitation intensity showed positive
trends, which have induced more floods. As a result, people’s
lives and socio-economic development have been strongly
influenced by the increase in heavy rainfall events as well
as occasions with floods and mudslides. For example, Ye
et al (2009) found that the flood days had been increasing in
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number since the 1990s in Hubei and Chongqing, provinces
of south-eastern China. The data provided by the Ministry
of Agriculture of China showed that the crop land affected
by floods was 282.9 kha and 274.5 kha in the 1960s and
1970s respectively in southern China, while it amounted to
703.2 kha in the 1990s and 459.5 kha in 2001–8 (www.
moa.gov.cn/). Also, mudslides related to floods have had a
significant impact on people’s welfare. For instance, a heavy
downpour occurred on 13 June 2006 in Wangmo, a county in
southern China, where the precipitation amounted to 196 mm
in 4 h, and the results of this event included a mountain flood
where 30 people died and 24 people went missing (NCC 2006,
2008). Moreover, heavy rainfalls also have an impact on
the socio-economic activities in urban areas. The accelerated
urbanization in China went hand in hand with increasing
population and decreasing vegetation coverage. The urban
rainwater discharges mainly through underground pipelines,
and during heavy rainfall events, the drainage capacity of these
underground pipelines is not sufficient, frequently causing
floods within urban areas. For instance, Shanghai, the largest
city of southern China with a population of 19.2 million,
was hit by very heavy rainfall on 25 August 2008 receiving
117.5 mm in 1 h. The downpour produced a rainwater volume
that exceeded the city’s drainage capacity and as a consequence
more than 150 roads were deeply inundated with water at a
maximum depth at 1.5 m. As a consequence, numerous roads
were closed for 10 h, and 138 flights were delayed (NCC
2008). At present, most Chinese cities are applying heavy
rainfall prevention standards developed 30 years ago, and they
cannot rapidly adapt to changed climate conditions. The results
of our investigation point towards the need to include heavy
rainfall extremes into the prevention standards when these
cities are rebuilt, to be able to cope with changed climate
conditions.

In temperate continental climate regions as well as plateau
and mountain climate regions of China, the climate is rather
dry, and vegetation varies from forests to grasslands, and to
deserts. An increase in the total precipitation and number of
precipitation days as well as precipitation intensity in this area
is considered as favourable for growing pasture.

6. Conclusions

China, a large developing country, is dominated by tropical
and subtropical monsoon climates in the south-eastern area,
a temperate monsoon climate in the north-eastern area, as
well as plateau and mountain climates in the west. Using
high-quality precipitation data from 524 stations over China,
the trends of total precipitation, number of precipitation
days (with 0–10, 11–50 and >50 mm) and precipitation
intensity during the rainy season were analysed, from 1961 to
2008.

Averaged over the whole of China, the results showed
that total rain-season precipitation had increased by 12.6 mm,
and the numbers of precipitation days with 11–50 mm and
>50 mm were increased slightly, by 0.1 days and 0.16 days
respectively, while the precipitation intensity had increased
significantly by 0.79 mm day−1 during the 48 yr period. The

precipitation intensity has increased across the whole of China,
especially in south-eastern China, but deviations from this
general trend were found depending on region and rainfall
statistics.

In most temperate monsoon regions, east of 105◦E
and north of 33◦N, total rain-season precipitation has been
decreasing during 1961–2008; furthermore, the number of
precipitation days with �10, 11–50 and >50 mm all showed
decreasing tendencies for most stations, and the number
of precipitation days with �10 mm experienced significant
negative trends at 42.4% of 191 stations, while positive
tendencies in precipitation intensity were noted for most
stations in northeast China. These results indicate that
the decrease in total precipitation in north-eastern China is
mainly related to there being fewer rain days. As a result,
the water resources in temperate monsoon climate regions
have been strongly influenced, since river runoff and water
reservoirs are mainly fed from rainfall during the rainy season.
Because 42% of the total arable area needs irrigation in the
temperate monsoon climate regions, any change towards drier
conditions will have a strong impact on the water demand in
agriculture.

In most regions characterized by subtropical and tropical
monsoon climate in China, east of 105◦E and south of 33◦N,
the total number of days and number of precipitation days
(11–50, with >50 mm) showed positive trends. Moreover,
the precipitation intensity showed significant increasing trends
at 16.3% of the stations, possibly inducing more floods.
Changes towards wetter conditions in this area, together with
more frequent heavy rainfall events causing floods as well
as mudslides, will severely impact people’s lives and socio-
economic development. This is obvious from several extreme
events that have occurred during the past few years.

In most of the temperate continental regions, as well as
the plateau and mountain regions, of China, west of 105◦E,
the total rain-season precipitation, the number of precipitation
days and the precipitation intensity have all increased. Here
22.4% of stations showed significant increasing trends for
PRS, ranging from 18.9 to 355.9 mm, which is considered as
favouring pasture growth.
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ABSTRACT

Using the high-quality observed meteorological data, changes of the thermal conditions and precipitation
over the North China Plain from 1961 to 2009 were examined. Trends of accumulated temperature and
negative temperature, growing season duration, as well as seasonal and annual rainfalls at 48 stations were
analyzed. The results show that the accumulated temperature increased significantly by 348.5◦C day due to
global warming during 1961–2009 while the absolute accumulated negative temperature decreased apparently
by 175.3◦C day. The start of growing season displayed a significant negative trend of –14.3 days during 1961–
2009, but the end of growing season delayed insignificantly by 6.7 days. As a result, the length of growing
season increased by 21.0 days. The annual and autumn rainfalls decreased slightly while summer rainfall and
summer rainy days decreased significantly. In contrast, spring rainfall increased slightly without significant
trends. All the results indicate that the thermal conditions were improved to benefit the crop growth over
the North China Plain during 1961–2009, and the decreasing annual and summer rainfalls had no direct
negative impact on the crop growth. But the decreasing summer rainfall was likely to influence the water
resources in North China, especially the underground water, reservoir water, as well as river runoff, which
would have influenced the irrigation of agriculture.
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1. Introduction

At present, 40% of the earth’s land surface is

cropland and pasture (Foley et al., 2005). In de-

veloping countries, nearly 70% of people live in ru-

ral areas where agriculture is the largest supporter of

livelihoods. For China, as a large developing coun-

try, the total population reached 13 billion with 73%

of them pursuing agriculture, and the cropland was

1.2 billion ha in 2008 (CMA, 2009). About 20% of

the global population lives in China supported by

only 7% of the world’s cultivated land. Although

Chinese agriculture has undergone tremendous struc-

tural changes over the past decades, the average sta-

ple crop productivity has doubled in 25 years while

the population increased by 25% (NBSC, 2009). Un-

til now, agriculture is still the most important indus-

try for China since it supplies food for the 13-billion

population.

The interannual, monthly, and daily distributions

of climate variables (e.g., temperature and precipita-

tion) affect a number of physical, chemical, and biolog-

ical processes that influence the productivity of agri-

culture. The latitudinal distribution of crop is affected

by the current climatic and atmospheric conditions, as

well as the photoperiod (e.g., Leff et al., 2004). The

total seasonal precipitation as well as its variability

pattern are both of major importance to agriculture

(Olessen and Bindi, 2002). Short-term natural ex-

tremes such as droughts and floods, interannual
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and decadal climate variations, as well as large-scale

circulation changes, i.e., the El Niño/Southern Oscil-

lation (ENSO), all have important effects on crops.

Over the North China Plain, crop growth and pro-

ductivity are also strongly influenced by weather, es-

pecially temperature and precipitation, which deter-

mine both phenological development and growth rate

of crops (Bauer et al., 1984). In particular, Chinese

agriculture is strongly affected by the East Asian mon-

soon system, which often causes regional and large-

scale droughts or low temperature. As a result, the

agriculture production fluctuates interannually with

varying meteorological conditions.

In addition to interannual variability, regional cli-

mate in China is undergoing a change. The average

annual temperature in China as a whole has increased

by 1.5◦C during 1961–2009 (NCC, 2010), while the to-

tal precipitation has decreased over the last 50 years

(Zhai et al., 1999, Song et al., 2005). It is doubt-

less that the agriculture meteorological resources are

changing greatly due to the climate change. Many

studies in China have focused on temperature change

(Gao et al., 2001; Hulme et al., 1994; Tao et al., 2004;

Xu et al., 2005; Zhao et al., 2003), but relatively few

studies have dealt with the change of other agriculture

meteorological resources.

In this paper, based on the observed daily mete-

orological data, the changes of agro-climate resources,

including accumulated temperature, absolute accumu-

lated negative temperature in winter, the start, end, as

well as length of growing season, and seasonal and an-

nual precipitation, were analyzed in the North China

Plain from 1961 to 2009. Particularly, the possi-

ble influence of thermal conditions and precipitation

on agriculture and irrigation was discussed. Then,

some insights for agricultural decision making were

provided.

2. Material and methods

2.1 Study area

The North China Plain includes Hebei, Beijing,

Tianjin, Henan, Shanxi, and Shandong, covers tem-

perate, semi-humid, and monsoon-controlled climatic

zones with an annual mean temperature of 10–15◦C.

Summers are rainy and hot (monthly mean temper-

atures range from 22 to 28◦C), whereas winters are

dry and cold (monthly mean temperatures range from

–10 to 1◦C). The total annual precipitation generally

ranges from 400 to 800 mm (CMA, 2000), depend-

ing on circulation patterns and topographic features,

with only about 90 mm in spring. Furthermore, strong

East Asian monsoons often bring colder winters (Tao

et al., 2004), while dust storms and droughts occur

frequently during springtime.

In the North China Plain, the agriculture produc-

tion amounts to 1.38 billion ton, 26.2% of the total

production in whole China in 2008 (NBSC, 2009). In

this region, the winter wheat, maize, cotton, as well

as potato can be planted, and the total arable area

amounts to 26.5 million hectares, of which 61.3% was

irrigated agriculture in 2008 (NBSC, 2009).

2.2 Methods

Using the daily meteorological data provided by

the China Meteorological Administration (CMA), ac-

cumulated temperature and negative temperature,

start and end of growing season, and growing season

time-span were calculated. Then, the precipitation af-

fecting agriculture irrigation and crop growth was an-

alyzed (Table 1). Linderholm (2006) supplied 5 defini-

tions of the start and end of the growing season, and

we use Tmean > 5◦C after frost and the first frost in au-

tumn in this paper, which were proved to be suitable

in China (Song et al., 2010).

Table 1. Definitions of accumulated temperatures and growing season. Ground minimum temperature 6 0◦C is
used as a frost criterion

Index Definition

1 Accumulated temperature Tmean > 5◦C during January–December

2 Accumulated negative temperature Tmean < 0◦C during December–February

3 Start of growing season 5 days with Tmean > 5◦C (after frost)

4 End of growing season First autumn frost (Tmean 6 0◦C)

5 Length of growing season 5 days with Tmean > 5◦C (after frost)/first autumn frost
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Fig. 1. The location of the stations over the North China Plain.

2.3 Data

In order to investigate the change of agro-climate

resources, the daily mean temperature, precipitation,

and daily ground minimum temperature data provided

by the CMA for the period 1961–2009 were used. Only

station series covering 49 yr and having a low rate of

missing data (6 5%) were chosen. Special attention

was paid to the thermal conditions and precipitation

changes. Out of all the 82 stations over the North

China Plain, only 48 stations were found to be suit-

able and were used in the analysis (Fig. 1). The lin-

ear trends of accumulated temperature, growing sea-

son length, and precipitation were analyzed by using

the Mann-Kendall trend test with the 95% significance

level (Yue et al., 2002).

3. Results

3.1 Accumulated temperature

Accumulated temperature influences plant

growth and development. Crops flower and mature

until accumulated temperature amounts to a thresh-

old that meets the crop’s need. For example, winter

wheat and maize are the main crops over the North

China Plain; winter wheat matures when the accu-

mulated temperature amounts to 1800–2500 ◦C day

with accumulated negative temperature higher than

–400◦C day for winter dormancy, while summer maize

matures until the accumulated temperature changes

between 2500 and 2800 ◦C day, and spring maize

needs 2000–3600 ◦C day to mature. In the North

China Plain, summer maize is usually planted after

winter wheat is ripe, so it often cannot mature com-

pletely when autumn comes.

In the North China Plain, the mean accumulated

temperature was increasing significantly by 348.5◦C

day due to global warming during 1961–2009 (Fig.

2b). For example, the mean accumulated temperature

was 4528.4◦C day in the 1960s, 4521.6 and 4568.3◦C

day for the 1970s and 1980s, respectively, while it

amounted to 4702.0◦C day in the 1990s, 4796.8◦C day

during 2001–2009. Furthermore, 43 stations showed

significant positive trends, with trend values > 500 ◦C

day at 3 stations. The strongest trend was found in

Xingtai, Hebei Province, being 632.6◦C day (Fig. 2a).

As a result, the winter wheat and summer maize can

have more thermal to grow due to increased accumu-

lated temperature.

The agriculture region in the North China

Plain encloses temperate, semi-humid, and monsoon-

controlled climatic zones. The growth and yields of

winter wheat in this region were usually affected by

freezing injury in winter. Freezing injury induced by
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Fig. 2. Regional distributions of the trends of accumulated temperature (a) and negative temperature (c), and temporal

distributions of accumulated temperature (b) and negative temperature (d) in North China from 1961 to 2009. Dotted

lines denote interannual variability, straight lines indicate trend, and curves represent 10-yr moving average.

cold winds from Mongolia often happens in North

China. For example, freezing injury persisted in each

of the 5 winters during 1949–1953, and the yields of

winter wheat decreased by 30% in Beijing. About 30%

of the winter wheat was killed due to freezing injury

in Hebei in 1980 (Jin, 1996).

Figures 2c and 2d show the features of the ac-

cumulated negative temperature in the North China

Plain. The absolute value of accumulated negative

temperature
∑
(0–t) decreased apparently by 175.3◦C

day (Fig. 2d). It amounted to 259.4 ◦C day dur-

ing 2001–2009, which was only 65.5% of that in the

1960s. Furthermore, all the stations showed increas-

ing trends in accumulated negative temperature, with

45 stations having significant trends. As we know, the

freezing injury to winter wheat is induced by low tem-

perature. It may be alleviated partly if absolute accu-

mulated negative temperature is decreased. Song et al.

(2006) found that the damage to winter wheat caused

by freezing injury had been thus alleviated, based on

simulations by a crop model. Jin (1996) also pointed

out that the freezing injury had been alleviated in win-

ter over the North China Plain.

3.2 Thermal growing season

In this study, we utilize the same growing season

(GS) indices as those used by Walther and Linderholm

(2006) for the Greater Baltic Area, northern Europe,

to calculate the trends in start, end, and length of the

GS in China. In general, a Tmean threshold is used to

identify a certain number of consecutive days in order

to determine the start/end of the GS. The GS start
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is defined as the date when the ensuing 5-day running

mean Tmean > 5◦C after the last frost, and the GS end

is defined as the first frost day. Here, ground minimum

temperature 6 0◦C was used as a frost criterion. Af-

ter computing the particular start and end, GS length

was then calculated as the number of days between

these two dates.

To understand the temporal and spatial distribu-

tions of the GS in North China, average start, end,

and length of GS were calculated for the 1971–2000

reference period using the above indices. The results

(Table 2) show that GS starts on the 70th–90th Ju-

lian day on average (around March) in most parts of

North China, and averagely GS ends on the 290th–

305th Julian day (around October). The GS length

was found to be about 210–240 days for most parts of

North China.

Significant trends ranging from –22.7 to –7.0 days

in the start of the GS during 1961–2009 appeared at

33 stations out of 48 stations (figure omitted). The

largest significant trend was found in Jinan, Shandong

Province, with a linear trend of –22.2 days over the

study period. Twenty-three stations showed trends

exceeding two weeks. Furthermore, 15 stations dis-

played negative and insignificant trends of an earlier

start of the GS. No stations showed positive trends

of delayed GS. Averagely, the start of GS displayed

significant negative trends by –14.3 days during 1961–

2009.

During 1961–2009, significant positive trends in

GS end were only found at 3 of the 48 stations in the

North China Plain, ranging from +6.9 to +11.4 days

(figure omitted). Insignificant positive trends were

found at 17 stations, with values less than +6.7 days.

Insignificant negative trends were found at 25 stations.

Overall, the end of GS delayed in significantly by 6.7

days.

As seen in Fig. 3a, significant positive trends

of 20–27.3 days in the length of GS in 1961–2009

were found at 21 stations (43.8% of the 48 sta-

tions). Twenty-four stations showed insignificant posi-

tive trends of less than 20 days. Over the North China

Plain as a whole, the mean GS length increased by

21.0 days on average (Fig. 3b). The largest signif-

icant trend in GS length occurred in Wuzai, Shanxi

Province with an increase of 27.3 days. These results

were in agreement with earlier findings of extended GS

length elsewhere during the 20th century for most of

the Northern Hemisphere (Penuelas et al., 2002; Frich

et al., 2002; Parmesan and Yohe, 2003; Root et al.,

2003; Menzel, 2003; IPCC, 2007).

3.3 Precipitation change

In the North China Plain, droughts often occurred

on the regional scale and seriously influenced winter

wheat and maize yields. The annual precipitation in

this region is about 580 mm while the spring precipi-

tation is only 90 mm, 16% of the total. In spring,

Table 2. Changes of accumulated temperatures, growing season, and precipitation in North China from 1961 to

2009.
1960s 1970s 1980s 1990s 2001–2009 Trends during 1961–2009

Accumulated temperature (◦C day) 4528.4 4521.6 4568.3 4702.0 4796.8 348.5

Absolute value of accumulated negative 396.2 356.9 338.6 266.0 259.4 –175.3

temperature (◦C day)

Start of growing season (Julian day) 79.9 78.7 76.9 72.9 66.2 –14.3

End of growing season (Julian day) 294.6 294.1 296.1 295.9 301.9 6.7

Lengh of growing season (day) 214.7 215.4 219.2 223.0 235.0 21.0

Annual precipitation (mm) 626.8 593.3 587.2 576.3 594.4 –39.2

Precipitation in spring (mm) 92.6 81.8 96.0 95.0 99.2 17.0

Precipitation in summer (mm) 400.0 390.2 358.9 355.0 356.7 –59.7

–70.8(1962–2006)

Precipitation in autumn (mm) 126.9 111.8 110.4 107.0 112.7 –19.3

Annual precipitation days 73.7 71.0 78.6 73.7 76.5 3.7

Precipitation days in spring 16.7 15.2 18.2 17.1 16.8 1.2

Precipitation days in summer 35.8 35.4 33.2 31.9 32.2 –5.3

Precipitation days in autumn 18.8 17.5 18.0 17.2 17.0 –2.5

Bold figures indicate significant trends with p < 0.05

491



NO.4 SONG Yanling, ZHAO Yanxia and WANG Chunyi 539

Fig. 3. (a) Regional distribution of trends of GS length, and (b) change of GS length over North China from 1961

to 2009. In (a), the dot with an outside circle denotes a trend value at the 95% significance level. In (b), dotted lines

indicate interannual variability, straight lines denote trend, and curves represent 10-yr moving average.

winter wheat was tasseling, flowering, and filling,

needing more water for maturity than other crops,

and maize as well as potato began to grow. The

droughts often happened due to less precipitation in

spring, and the yields of winter wheat as well as the

growth of spring maize and potato were often influ-

enced strongly. Therefore, it was necessary to study

the changes of precipitation in the North China Plain.

Figure 4 and Table 2 show the precipitation

changes in North China during 1961–2009. It is seen

that the annual precipitation was 585.6 mm in the nor-

mal years during 1971–2000, and it decreased slightly
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by 39.2 mm with no significant trends. For example,

the annual precipitation was 626.8 mm in the 1960s,

and it decreased continuously in the 1970s, 1980s, and

1990s, being 593.3, 587.2 and 576.3 mm, respectively.

In spring, the normal-year precipitation of this season

was only 90.4 mm, which often induced droughts in

the North China Plain. Table 2 shows that the spring

rainfall increased by 17.0 mm during 1961–2009. Al-

though the trend was not significant, the rainy days

also increased slightly. This was a good trend which

can have positive influences on the growth of crops.

The normal summer rainfall was 368.0 mm, about 63%

of the annual rainfall. The results indicate that sum-

mer rainfall decreased insignificantly by 59.7 mm dur-

ing 1961–2009, with a significant decreasing trend of

70.8 mm during 1962–2006. Furthermore, summer

Fig. 4. Changes of precipitation and precipitation days for spring, summer, autumn, and annual total in North China

during 1961–2009. Dotted lines indicate interannual variability and solid lines represent 10-yr moving average.
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rainy days also decreased significantly by 5.3 days from

1961 to 2009. In summer, the winter wheat becomes

mature, and spring maize, summer maize as well as

potato are growing; they need about 200–300-mm pre-

cipitation to grow well. Thus, the decreasing summer

rainfall generally can still support the growth of crops

in the North China Plain. As a result, the decreas-

ing summer rainfall had no direct negative impact on

the growth of crops. The normal autumn precipitation

was 109.7 mm, and it also decreased slightly.

As a whole, the annual and autumn rainfalls de-

creased slightly and the summer rainfall as well as the

summer rainy days decreased significantly, but they

can still support the crop growth in the North China

Plain. Furthermore, the spring precipitation increased

slightly, but with no significant trends. These results

indicate that the changes of precipitation had no ap-

parent negative impacts on crop growth over North

China. This is in agreement with Song et al. (2005),

who pointed out that the winter wheat production was

not influenced apparently by the decreasing precipita-

tion, based on the simulation by a crop model.

4. Conclusions and discussion

Over the North China Plain, the crop growth

and productivity were strongly influenced by weather,

especially temperature and precipitation. Therefore,

this study examined the change of these agriculture

meteorological resources in this region and provided

insights for future agricultural decision making.

The results show that the accumulated tempera-

ture was increasing significantly by 348.5◦C day due to

global warming during 1961–2009, and it amounted to

4796.8 ◦C day during 2001–2009 over the North China

Plain. At the same time, the absolute value of accumu-

lated negative temperature was decreasing apparently

by 175.3 ◦C day during 1961–2009, and it amounted

to 259.4 ◦C during 2001–2009, only 65.5% of that in

the 1960s. For the thermal growing season, the start

of growing season displayed significant negative trends

by –14.3 days during 1961–2009, and the end of grow-

ing season delayed insignificantly by 6.7 days. As a

result, the length of growing season increased signifi-

cantly by 21.0 days from 1961 to 2009.

The above results indicate that the thermal con-

dition was improved to benefit the crop growth over

the North China Plain during 1961–2009. Provided

that an extension of the growing season is accompa-

nied by increased temperatures, such an increase in

the length of growing season may advance the poten-

tial crop production at high latitudes and promote

the potential number of harvests and hence seasonal

yields for perennial forage crops (Berner et al., 2004).

In the 1960s and 1970s, in Shandong, Hebei, Shanxi,

and Henan provinces, summer maize was planted after

maturity of winter wheat, and it often could not ma-

ture fully when the first frost came. In the 1980s and

1990s, the accumulated temperature and growing sea-

son length increased. As a result, the summer maize

had more thermal and time to grow, so the production

of summer maize increased. Furthermore, the damage

to winter wheat induced by freezing injury also hap-

pened in the 1960s and 1970s. Now, the absolute value

of accumulated negative temperature decreased, so the

freezing damage to winter wheat was alleviated.

The annual and autumn rainfalls decreased

slightly and the summer rainfall as well as the summer

rainy days decreased significantly, but they can still

support the crop growth in the North China Plain.

Furthermore, spring precipitation increased slightly,

although with no significant trends. These results in-

dicate that the changes of precipitation generally had

no negative impacts on crop growth.

However, decreasing summer precipitation influ-

enced strongly the water resources in North China.

Because the runoff of rivers and water of reservoirs

originate mainly from summer rainfall. For example,

the water areas of Miyun and Huairou reservoirs, the

largest reservoirs of Beijing (NCC, 2008), increased by

about 10% because of more summer rainall in 2008.

Contrarily, the runoff of rivers and water of reservoirs

can be impacted negatively by decreased summer rain-

fall. During 1951–2000, about 40% of the rivers in

length of 10000 km or more had been changed to be

seasonal rivers in the North China Plain, and the av-

erage annual inflow to the Pacific Ocean decreased by

80% compared with that in 1950. Compared with the
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1950s, the wetland decreased from 10000 to 1000 km2,

which was just 10% of that in the 1950s (Jia et al.,

2002). Liu et al. (2001) pointed out that the aver-

age groundwater level dropped from 7.23 m in 1983

to 11.52 m in 1993 with a declining rate of 0.43 m

yr−1, based on surface observations from 600 shallow

groundwater wells.

These studies indicated that the water resources

decreased partly because of the decreasing summer

rainfall. As a result, the irrigation of agriculture would

be influenced. As we know, 61.3% of the total arable

land needs to be irrigated over the North China Plain,

and the water for irrigation mainly comes from rivers,

reservoirs, as well as underground water in this region.

Furthermore, the decreasing level of groundwater will

also cause some ecological problems. Thus, this

study on the changes of the agriculture meteorolog-

ical resouces in the North China Plain is of practical

significance.
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第16卷第3期2011年5月气候与环境研究ClimaticandEnvironmentalResearchV01．16NO．3May2011孙朝阳，邵全琴，刘纪远，等．2011．城市扩展影响下的气象观测和气温变化特征分析[J]．气候与环境研究，16(3)：337—346．SunChaoyang，ShaoQuanqin，LiuJiyuan，etaL2011．CharacteristicsofairtemperaturechangeaffectedbyurbanexpansioninChinaFJ]．Cli—maticandEnvironmentalResearch(inChinese)，16(3)：337—346．城市扩展影响下的气象观测和气温变化特征分析孙朝阳1’2’3邵全琴1刘纪远1匡文慧11中国科学院地理科学与资源研究所，北京1001012中国科学院研究生院，北京1000493国家气候中心，北京100081摘要基于20世纪70年代的MSs(Multi—SpectralScanner)影像、1990年前后的TM(ThematicMap-per)影像、2000年和2005年前后的ETM(EnhancedThematicMapper)影像，对全国700多个地面气象观测站的历史时期下垫面属性进行判别，得到中国自上世纪70年代以来“进城”的气象站点，并通过电话咨询验证，最终确定“进城”且周边探测环境明显改变、气象观测受到城市化影响的站点。在此基础上，对中国各气象站点气温观测值的年际和季节变化进行了分析，通过“进城”站点和全都站点的气温变化趋势的比较，得出“进城”站点的气温变化率高于全国气象站点的平均变化率，从而验证了基于遥感影像的气象站点判别的有效性，并得出“进城”气象站点的气温观测数据在城市环境的影响下比其它站点增长的更多的结论。关键词城市扩展气象站点“进城”遥感判别气温变化特征分析文章编号1006—9585(2011)03—0337—10中图分类号P412．11文献标识码ACharacteristicsofAirTemperatureChangeAffectedbyUrbanExpansioninChinaSUNChaoyan91·2～，SHAOQuanqinl，LIUJiyuanl，andKUANGWenhuil1InstituteofGeographicSciencesandNaturalResourcesResearch，ChineseAcademyofSciences，Beijing1001012GraduateUniversityofChineseAcademyofSciences，BeUing1000493NationalClimateCenter。BeOing100081AbstractTheunderlyingStillaceofmorethan700nationalmeteorologicalstationsindifferenthistoricalperiodsisdistinguishedbasedontheMSS(Multi-SpectralScanner)imagesofthe1970s．TM(ThematicMapper)imagesaround1990，andETM(EnhancedThematicMapper)imagesaround2000and2005．Thestationswithapparentchangesintheirunderlyingsurfaceandsurroundingbuildingenvironmentarepickedoutandverifiedbytelephoneconsultation．Basedonthediscriminantresult。annualandseasonalchangecharacteristicsofairtemperaturealeana—lyzed。anditisconcludedthatthechangerateatairtemperatureofthestations“enteringcity-ishigherthanthatattheotherstations．TheresultvalidatesthediscriminantmethodbasedonRS(RemoteSensing)images，andcon-收稿臼期资助项目作者简介通讯作者2009—07—13收到，2011—02—27收到修定稿国家科技支撑计划项目2006BAC08800，国家莺点基础研究发展规划项目2009CIM21105，中国科学院知识创新工程重要方向项目KZCX2一Yw一305—3，中国一瑞典国际合作项目2006—24724—44416—13孙朝阳，男，博士，工程师，研究方向为城市遥感和GIS。E-mail：sunchaoy@oTla．gov．cn邵全琴，E-mail：shaoqq@Ireis．ac．cn
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338气候与环境研究ClimaticandEnvironmentalResearch16卷V01．16formsthattheobservedairtemperatureatthestations“enteringcity'’increasemorethantheotherstationsaffectedbytheurbancircumstance．Keywordsurbanexpansion，meteorologicalstations“enteringeity-，remotesensingdiseriminant，characteristicaaalysisofairtemperaturechange1引言地面气象观测数据长期以来广泛应用于生产、生活和科学研究各个领域，除了气象和气候研究以外，还在遥感参数反演的地面验证、生态模型驱动、生态环境评估等研究中扮演着重要的角色(赵天保等，2004；杨虎和杨忠东，2006；徐新良等，2007；朱怀松等，2007)。地面气象观测数据的准确性直接影响了这些研究的开展和可信度，而地面气象观测非常容易受到下垫面环境状态改变等因素的影响。因此，研究气象站点下垫面环境的历史变迁及其对地面气象观测的干扰具有重要的意义(Heeta1．，2007)。中国自1951年以来在全国各地共建设了700多个基本、基准气象观测站，到2008年总数已增加至756个。在这期间，许多台站发生过业务改变、台站迁移等，有的已经撤站取消，有的是新建站点，2008年尚在业务运行的有727个(李庆祥和李伟，2007)。中国气象局(2003)在其先后颁布的《地面气象观测规范》中规定，气象站点在选址时必须符合观测技术上的要求，应设在能较好地反映本地较大范围气象要素特点的地方，避免局部地形的影响。但是，中国自实行改革开放政策以来，整个社会经济高速发展，特别是城市建设和城市化进程日益加快，20世纪70年代末以后，气象站点逐步经历了被动“进城”的过程。特别是东部沿海和经济发展较快的地区，原本处于郊区或城市边缘的气象站点逐渐被高大密集的建筑包围起来，从而影响了气象站点的观测环境，使得观测数据逐渐失去区域上的代表性。观测环境的破坏严重影响到气象数据的代表性和连续性，从而影响到气象数据服务本身以及其它科学研究，带来不同程度的误差甚至是错误(KalnayandCai，2003；任慧龙等，2004；Lieta1．，2004)。世界气象组织对气象数据收集的一个最基本技术要求是气象站的站址要基本固定，只有站址固定，气象数据才能进行历史对比、分析，得出的气象信息才符合准确性、连续性、可比性和代表性的要求。然而，中国的气象站点在经历被动“进城”以后，一方面受到城市化带来的各种环境效应的干扰，另一方面，气象站也面临着被迫搬家的局面。这两种情况都会给气象)I!Il测的连续性带来一定程度的影响。本研究以中国的基本、基准气象站点为对象，采用遥感影像的人工判读方式，对气象站点自上世纪70年代以来下垫面的变化情况进行全面的调查和研究。在此基础上，分析对比“进城”和未“进城”站点的气温变化特征，以此来揭示气象站点“进城”对气象观测的影响。2气象站点下垫面判别2．1数据2．1．1遥感影像本研究收集到20世纪70年代末的MSS(Multi—SpectralScanner)影像、1990年前后的TM(ThematicMapper)影像、2000年和2005年前后的ETM(EnhancedThematicMapper)影像，一部分数据来自中国科学院资源环境数据中心，一部分是通过美国马里兰大学提供的镜像下载得到。影像数据覆盖了全国气象站点，是判别气象站点下垫面属性的主要依据。2．1．2中国地面气候资料本研究采用的气温数据是由中国气象局提供的中国地面气候资料日值数据集中全国756个气象站点1951～2007年的逐日气温数据。该数据集还提供了各气象站点的地理位置、观测起始年份以及缺测情况等信息。该数据经过了严格的质量控制和检查，统计结果经过极值检验和时间一致性检验人工抽查，确保数据无误。本研究在对气温变化特征进行分析时，选取

万方数据

498



3期孙朝阳等：城市扩展影响下的气象观测和气温变化特征分析No．3SUNChaoyang，etaLCharacteristicsofAirTemperatureChangeAffectedbyUrbanExpansioninChina339了1978～2007年有完整记录的608个气象站点的数据，从而保证了所采用数据的完整性，并对个别出现异常观测值的站点进行了剔除。2．2方法根据中国气象局提供的全国气象站点的地理坐标，首先对气象站点进行了空间化和投影变换，使用GIS空间位置查询方法查找出气象站点所在的遥感影像图幅编号(图1)。本研究中所获取的遥感影像都已进行了理论和人工校正，并且在以往的研究中得到了很好的验证(王思远和刘纪远，2001；刘纪远等，2003，2008；高志强和刘纪远，2006)，气象站点的空间分布数据与遥感影像的匹配度比较高。通过人工判读的方式，对全国700多个气象站点在20世纪70年代末、1990年、2000年和2005年几个时期的下垫面属性进行判别。如图2所示，首先以2000年这一期的遥感影像判别为起点。在判别的过程中，首先排除明显不在城市附近的气象站点，将其确定为未“进城”站点，将明显进入城市区域的站点确定为“进城”站点，位于城市边缘的站点则暂时定为不确定站点，将根据该站点的年平均气温变化曲线图和电话咨询的结果进一步确定。对于未“进城”和不确定的气象站点，需要进一步应用2005年遥感影像来判别，而已“进城”．气象站点则需要继续用1990年遥感影像来判别，以进一步明确其“进城”时期。以此类推，最终得到4类判别结果：2000年以后“进城”站点、20世纪90年代“进城”站点、80年代“进城”站点、70年代“进城”站点和不能确定的站点。图3和图4是各时期“进城”站点的示例，从影像截图上可以清晰地看到城市边界的扩张和气象站点被动“进城”的过程，同样它们的年平均气温变化曲线也反映了在相应的“进城”时期年平均气温有明显的增长趋势。图3中，银川站的年平均气温在1998年以后基本上保持在lo℃以上，而之前的年平均气温均在10℃以下，与其周边的非城市站点陶乐相比，气温变化趋势基本一致，但是在2003年以后银川的年平均气温开始上升，而陶乐保持稳定；图4中的廊坊站的年平图1全国气象站点及其所在遥感影像图幅分布Fig．1ThedistributionofmeteorologicalstationsandtheRS(RemoteSensing)images
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340气候与环境研究ClimaticandEnvironmentalRcsearch16卷V01．161壁燮皂f磊翌纂≤j／秽善曩蠡誊／c砸睁哆馕>遵遣／踊、么≯辚量一产《嗲畛2000斩gA／“殛多眇厂纛已。o一，一⋯二二二二__：：二．～j．t⋯⋯，———L一，7城”气象站点／／1990iF-不确定／／’1990年已“进j／200sq：不确定、L_—————=_———。么墨墨塑塞／么塑：墨墨望皇／、、气象’i置，／／f20-品年a后。．远、．彳；丽；一．．_、．，}／，嚣拦霭筹进／一矗焉复溉j‘逑!坐7罐{墨嘉茎卜一(：晒玳桶磅：二一午!!竺-，：—=：≥’～⋯⋯’⋯：／1溜≯篙≮进／√拶裟美鬻豁L一⋯⋯⋯．??⋯⋯一j一——⋯7图2基于遥感影像判别“进城”站点的流程均气温在1992年后有了明显上升，而天津站则保持缓慢增长上下波动。对以上的判别结果，均需要进行电话咨询，以验证站点是否“进城”并确定其具体的“进城”和受影响的时期。针对是否进城(进城时间)、是否受影响和是否搬迁(搬迁时间)这几个问题，对影像判别的结果进行了进一步的验证和修正。通过电话咨询，发现主要存在以下几种情况：(1)站点确实已经被城市“包围”，观测明显受到影响，已经选定新的站址，着手搬迁；(2)站点确实已经被城市“包围”，观测明显受到影响，但是还没有明确的搬迁计划；(3)站点虽然已经“进城”，但是采取了一定的保护性措施，周边环境尚未对观测造成很大影响；(4)站点目前并未“进城”，但是城市化的趋势必然会很快波及观测场周围；(5)站点未“进城”，未来的城市建设会遵守相关保护法规，受影响的可能性不大。结合之前的影像判别结果，最终得出了各个时期“进城”站点的数目(表1)。表1气象站点“进城”判别结果分类统计Table1Statisticsoftheconsultationresultbytelephone点近20％。20世纪70年代末，进城站点只有37个，其中有3个站点已经被城区包围，且明显会受到周边建筑及其可能带来的城市热岛效应的影响；80年代进城站点的总数达到77个，受影响的站点增加到22个；90年代进城站点总数为128个，受影响站点增加至48个；2000年以后受影响的站点增加到64个。如图5，进入20世纪80年代以后，“进城”和受到城市影响的站点都显著增加。通过电话咨询验证了解到，多数站点已经开始计划搬迁新址，有些站点正在着手搬迁，并且在新老观测位置上同时进行对比观测。在调查中也了解到近年来全国气象部门对气象站点的搬迁做了统一的规划和部署，最近几年已经成功搬迁了部分站点。同时，《气象法》和《气象探测环境和设施保护法》的颁布和有力执行，使得近年来各地政府部门在进行城市规划和建设时，充分考虑到对气象台站周边环境的保护，因此，2000年以后“进城”的气象站点数开始减少。但是，城市扩张和城市化的进程会随着社会经济的快速发展而加剧，气象站点被动“进城”这一现象仍是一个必须关注和解决的严峻问题。3“进城"气象站点的气温变化特征分析——全球和区域上的气候变化是当前的研究热点，2．3判别结果气温变化是气候变化研究中的一项重要指标和内截止到目前，进城站点总数为146，占全部站容。当气象站点被动“进城”以后，必然会受到
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3期No．3孙朝阳等：城市扩展影响下的气象观测和气温变化特征分析SUNChaoyang，etaLCharacteristicsofAirTemperatureChangeAffectedbyUrbanExpansioninChina341图3宁夏银川站进城前(1991、1999年)后(2005年)的卫星图像(上图)及其与周边未进城站点(陶乐站)的年平均气温变化趋势对比(下图)Fig．3ThesatelliteimagesofYinehuanstation，Ningxiabefore(1991，1999)andafter(2005)“enteringcity”(up)andit’aannualaverageairtemperaturetrendcomparedwiththatofthenon-urbanstation(Taole)nearit(bottom)图4河北廊坊站进城前(1979年)后(1991、2002年)的卫星图像(上图)及其与周边未进城站点(天津站)的年平均气温变化趋势对比(下图)Fig．4ThesatelliteimagesofLangfangstation，Hebeibefore(1979)andafter(1991，2002)“enteringcity打(up)andit’Sannualav—erageairtemperaturetrendcomparedwiththatofthenon-urbanstation(Tianjin)nearit(bottom)城市建筑和周边环境的影响，特别是城市热岛效应对气温的影响尤其显著，对气温数据的观测会产生很大的扰动(Bailingeta1．，1990)。3．1年平均气温特征分析本研究计算了气象站点的年平均气温、年平均最高气温、年平均最低气温和年平均温差的线
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342气候与环境研究ClimaticandEnvironmentalResearch16卷V01．16图520世纪70年代以来各时期“进城”和受城市影响的站点Fig．5Thestations“enteringcity，’andaffectedbycitysincethe1970s性倾斜率，从“进城”气象站点与未“进城”的站点的对比中可以发现：“进城”且受城市化影响的站点的气温变化趋势更加明显。从表2中可以看出，全部站点的年平均气温呈上升趋势，这与国内外学者关于全球变暖这一认识是一致的(曾昭美等，2003；任国玉等，2005a，2005b)，其中最高气温的增长幅度略低于最低气温的增长，因此平均温差一直在缩小。从全部站点、未受影响的“进城”站点和受影响的“进城”站点三者的统计值的对比可以得出：未受影响的“进城”站点的气温变化趋势与全部站点的平均值基本持平，而受影响的“进城”站点的气温变化则明显高于平均水平。从而证明气象站表2气象站点年平均气温线性变化趋势Table2Thelineartrendofannualaverageairtemperature℃·(10a)一1年平均年平均最年平均最年平均气温高气温低气温温差全部站点0．444未受影响的“进城”站点0．457受影响的“进城”站点0．5440。4290．501—0．0720．4320．513一O．0810．4480．660——0．212点“进城”的确对气温观测产生了明显的影响，也同时表明基于遥感影像和电话咨询验证进行气象站点“进城”的判别是有效的。3．2季节平均气温特征分析年平均气温只能粗略反映各个气象站点及其所代表的周边区域气温的总体变化趋势，气温的年内变化，则可以通过分析季节平均数据来得出(AesawyandHasanean，1998)。本研究结合中国的季节分布特点，将上一年度12月和当年的1月、2月定义为冬季，随后是春季(3～5月)、夏季(6～8月)和秋季(9～11月)。针对各季节的平均气温、平均最高气温、平均最低气温和平均温差，进行了与年平均数据相同的分析。从表3的统计结果可以得出，气温变化在季节上的差异比较明显。总体上来说春季最为显著，夏季的变化最小。这与周连童和黄荣辉(2003)、任国玉等(2005a)和康丽华等(2006，2009)等研究结果基本上是一致的。受影响的“进城”站点的季节平均气温的变化仍然高于未受影响的“进
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3期孙朝阳等：城市扩展影响下的气象观测和气温变化特征分析No．3SUNChaoyang。etaLCharacteristicsofAirTemperatureChangeAffectedbyUrbanExpansioninChina343全部站点0．4930．4980．3000．4330．4350．5080．2940．4420．5710．5340．3620．470--0．136--0．027--0．068--0．028未受影响的0．4710．5660．2720．4550．3810．6170．2410．4410．5580．5620．3490．494--0．1770．055--0．108--0．053。进城”站点受影响的0．6170．5920．3670．5450．4430．5280．3310．4500．7660．7100．4410．630--0．323--0．182--0．111--0．179“进城”站点——城”站点和全部站点的平均值。气温在季节上的变化趋势跟年平均气温的变化基本上是一致的。但是，秋冬季节受影响的“进城”站点的气温变化比其它站点更为显著，而春夏季节的差异略小。3．3典型站点的对比分析在前面的研究中，对年平均气温和季节平均气温的线性变化趋势的分析中已经清楚地对比出“进城”和未“进城”站点之间的差异。但是考虑到全国站点的地域分布较广，南北和东西的气候差异显著，平均值只能反映气温变化的相对高低。因此，在全国的各个气候分区内选取了部分“进城”站点和离该站点最近的2个站点，对它们最近30年的年平均气温和变化趋势进行直接的对比。从全国的气象站点所覆盖的气候分区中选择中温带干旱区、高原温带亚干旱区、中温带湿润区、暖温带亚湿润区、北亚热带湿润区、中亚热带湿润区、南亚热带湿润区、边缘热带湿润区这8个主要分区，分别挑选1组站点。其中包括1个受影响的“进城”站点和离此站点最近的2个未受影响站点，优先选择1个未受影响的“进城”站点和1个非城市站点。图6中的8组站点的对比均表现出同样的特征，受影响的“进城”站点的气温变化倾斜率高于未受影响的站点。但是在不同气候区，气象站点的气温变化率的绝对值有着明显差异。在中温带干旱区和边缘热带湿润区，年平均气温变化较为平缓，“进城”站点比其它站点略高，气温变化趋势非常接近；而北亚热带湿润区的站点均呈现较高的增温趋势。4讨论和结论4．1讨论以往的研究通常忽视了气象站点的“进城”现象，或将这些受干扰的站点数据生硬地去掉，这都会使区域气温评价产生偏差。因此，如何保留和修正这些受干扰站点的数据，使其不仅能继续代表城市的气温特点，又能反映周边一定区域的气温特点，是一项值得探索的有意义的研究。从本文的研究结果来看，经历过“进城”的站点约占总数近20％，可见城市化对地面气象观测的影响不可小视。如果不排除或者剔除城市化对气温数据的高估作用，对中国近几十年的气温升高进行评估时，必然会造成一定程度的高估。因此，这种由城市化带来的区域气温高估作用有待进一步深入的研究。另外，气象站点“进城”发生的时期不同，其受影响的程度和过程也不尽相同，不同地区、不同城市类型、不同城市化发展模式下都可能造成不同的结果。深入研究这一问题，有助于人们今后在进行城市规划时解决如何保护气象观测场所周边的探测环境和如何保证气象观测的连续性和稳定性这类问题。总之，气象站点被动“进城”的现象应该得到国家相关部门的高度重视，特别是在气象观测和城市建设两方面如何协调这一点上，必须尽快制定出合理有效的对策。为保证我国气象事业以及其它相关研究的稳定发展和进步，加强站点的保护，积极应对已经出现的问题是十分重要的。4．2结论最近30年来，气象站点被动“进城”的现象确实存在，并且显著影响了“进城”站点的气象观测数据。气象站点周边探测环境的变化不仅干扰了站点的观测数据本身，对整个国家的气象观测工作造成了一定程度的混乱，也对区域气候研究产生了不可低估的影响。“进城”气象站点的年平均气温变化率明显高于全国气象站点的平均水平，当将这些观测数据
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Abstract: Analysis of the climatic characteristics of the tropical cyclones that affect China yields several 
interesting features. The frequency of these tropical cyclones tended to decrease from 1951 to 2005, with the 
lowest frequency in the past ten years. The decrease in the frequency of super typhoons is particularly 
significant. The main season of tropical cyclone activities is from May to November, with an active period 
from July to September. There are three obvious sources of these tropical cyclones and they vary with 
seasons and decades. Their movement has also changed with seasons. On average, these tropical cyclones 
affect China for 5.6 months annually and the period of influence decreases in the past decades. An analysis 
of daily data indicates that the days of typhoon influence are shorter in winter and spring and longer in 
summer. The frequency of tropical cyclones is the largest over southeastern China, decreasing 
northwestward. Taiwan is the region that is affected by tropical cyclones most frequently. The average 
annual precipitation associated with tropical cyclones has also decreased gradually northwestward from 
southeastern China. 
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1  INTRODUCTION  

Typhoons are among the most damaging natural 
disasters in the world. They bring about strong winds 
and heavy rains and cause economic losses and 
casualties. More than 500 million people in the world 
are affected by typhoons by varying degrees each year, 
and China is one of the countries that suffer 
tremendous typhoon damage[1]. Tropical cyclones 
(TCs) that affect China (to be referred to as “these 
TCs” hereafter) originate mainly from the 
northwestern Pacific Ocean[1, 2]. In the past years, 
more and more research interest has been given to the 
climatic characteristics of the northwestern Pacific 
TCs[3]. It is known that there exist obvious interannual 
and interdecadal variations in TC activities[4, 5], 
including the landfall typhoons[6-8]. Previous studies 
have also analyzed the winds and precipitation 
associated with tropical storms and the spatiotemporal 
characteristics of the heavy rain and strong winds over 
China from 1951 to 2000[9]. It is found that the 
characteristics of TC activities are different in 
different phases. The time of landing in Fujian and 

Zhejiang provinces is later than that in southern China, 
though the former involves stronger typhoons[10]. 
While many previous studies have focused on landfall 
typhoons, other typhoons that do not make landfall 
may also exert serious impacts on China and it is 
necessary to understand the characteristics of all these 
TCs. 

For this study, the data of the TCs over the 
northwestern Pacific and the South China Sea are 
from the Shanghai Typhoon Institute of the China 
Meteorological Administration (CMA), and the data 
of these TCs are from the National Climate Center, 
CMA[11, 12]. We refer to these TCs as those that 
originate over northwestern Pacific or the South China 
Sea and bring precipitation to the mainland, Hainan, 
and Taiwan of China. 

2  CHANGES OF THE FREQUENCY IN THE 
DECADAL, INTER-ANNUAL AND 
MONTHLY VARIATION 

There were 1943 TCs over the Northwestern 
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Pacific and South China Sea from 1951 to 2005, 
including 938 TCs, which affected China. The annual 
average is 17 (Fig. 1). Only nine TCs affected China 
in 1997, the least number for the time from 1951 to 
2005. 1971 is the year with the largest number of 
these TCs (27). They tended to decrease in the past 55 
years, and the trend is -1.03/10 yr (surpassing the 
significance test at the 0.01 level). Changes of these 
TCs are not as remarkable as the generation of TCs on 
the decadal scale, slightly decreasing in a process of 
fluctuation. These TCs are more than normal before 
the early 1970s. The annual frequency change has 
stronger variation in the early 1970s to the 1990s. It is 
less than normal since the 1990s with the least period 
after the year 2000. The characteristics of these TCs 
changing on the decadal scale are similar to those of 
the landing TCs in China. 

There are significant seasonal variations with 
these TCs and single-peak distribution occurs on the 
monthly scale with the extreme value lying in August 
(figure omitted). China is affected by TCs to varying 
extent for almost all year around, and 98% of the TCs 
concentrate in May to November. The active TC 
season spans from July to September. The TC number 
also occurs the most in August, taking up 27% of the 
total. China is affected on average by 4.6 TCs in 
August over the past 55 years. TCs have 18.1% and 
21.5% of the chance in July and September to affect 

China. Only one such TC occurs in January and 
February separately. Not a single one occurs in March 
and it is the only month in the whole year that China 
is free of any influence from TCs. 

Figure 2 shows the curves of the dates of 
cyclogenesis for the first and the last yearly TC 
affecting China and the duration (in days) for such 
TCs to influence the precipitation over China in 1951 
to 2005. The ordinate is for the calendar days on 
which these TCs occurred. We can see from the figure 
that most of the yearly first TCs occur from April to 
June and the yearly last ones from October to 
December. The average date (from 1971 to 2000) of 
the first yearly TCs is May 23th and that of the last 
ones is November 8th. The influence lasts 5.6 months 
in length. It is shown that the length of influence (in 
days) is decreasing with the trend for the past 55 years. 
We found that there are three or four days of influence 
every month from May to October and two days of 
influence in the other months, as shown in the 
monthly variation (figure omitted) of the number of 
TC affecting days (in terms of the maximum 
precipitation days recorded at observation stations) in 
1951 to 2005. There are more days of influence in 
summer and autumn than in spring and winter. The 
maximum number of days of influence occurs in 
August, which is longer than four days and the 
shortest is in December, which is less than two days.
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Fig. 1.Variations of cumulative anomalies (right ordinate) and annual frequency (left ordinate) of the tropical cyclones affecting 
China from 1951 to 2005. Abscissa: year; ordinate: number of TCs   
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Fig. 2. Year-to-year variations of the occurring dates of the annually first and last tropical cyclones affecting China and the length of 
their influence from 1951 to 2005. Abscissa: year

3  VARIATIONS OF TROPICAL CYCLONES WITH DIFFERENT INTENSITY 
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Taking into account the disasters inflicted by TCs 
with different intensity, we analyze typhoons, strong 
typhoons, and super typhoons, based on intensity. 
From the linear trend line of annual change in the 
number of typhoons (TY, figure omitted), strong 
typhoons (STY, figure omitted) and super typhoons 
(super TY, Fig. 3), we can see that the number of 
these typhoons increases mildly during the past 55 
years at a rate of 0.20 every ten years. STY decreases 
by a rate of 0.15 every ten years, and both of them 
pass the significance test. The decrease in the 
frequency of super TYs, at a rate of 0.4 every ten 
years, is particularly significant (surpassing the 
significance test at the 0.01 level). The average 
number is three in the 1950s and 1960s and less than 
one in the past ten years. 
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Fig. 3. Frequency of super typhoons among the tropical 
cyclones affecting China from 1951 to 2005. Abscissa: year 

4  INTENSITY CHANGE OF THE TROPICAL 
CYCLONES 

We refer to the intensity of these TCs as the 
minimum pressure and maximum wind speed near the 
center during the period of influence. The average 
intensity of these TCs is based on the average of all 
records from 1951 to 2005. The extreme intensity is 
expressed by the maximum value among all these TCs 
for each year. Fig. 4 shows the intensity variability of 
these TCs during their period of influence from 1951 
to 2005. The average of the minimum pressure shows 
no significant change, and the extreme of the 
minimum has an increasing trend. The minimum of 
the minimum pressure has large annual fluctuations in 
the late 1950s to 1970s and shows an increasing trend 
after the late 1970s. The average of the maximum 
wind speed shows no significant change, similar to the 
averaged minimum pressure during the period of 
influence, but the extreme value of the maximum 
wind speed has a reducing trend. The analysis shows 
that there is a decreasing trend with the extreme 
intensity of these TCs during the period of influence 
in the past 55 years. 
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Fig. 4. Evolution of average minimum pressure and its extreme 
values (upper panel, in unit of hPa), and average maximum 
wind speed and its extreme values (lower panel, m/s), during 
the period of influence of the tropical cyclones affecting China 

Figure 5 shows the monthly variability of the 
intensity of these TCs during the period of influence 
from 1951 to 2005. The monthly change of the 
averaged minimum pressure, in the range of 953–990 
hPa, is not very dramatic (figure omitted). The 
average of the minimum pressure is lower in summer 
and autumn than in winter and spring. The monthly 
averaged maximum wind speed does not change 
significantly during the period of influence with the 
range between 28–45 m/s. There is obvious seasonal 
variability with the extreme of maximum wind speed; 
decreasing intensity occurs from January to May, 
increasing intensity occurs from June to October, with 
the peak of intensity in August, and the extreme 
maximum wind speed at 100 m/s. In summary, the 
extreme intensity of these TCs has obvious seasonal 
variation. The extreme intensity is stronger in summer 
and autumn than in winter and spring. 
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Fig. 5. Month-to-month evolution of average maximum wind 
speed and its extreme values (m/s) for the tropical cyclones 
affecting China during the period of influence 

5  SOURCES OF THE TROPICAL CYCLONES 

Figure 6 shows the frequency of these TCs which 
generated from 1951 to 2005; it is 938 in total within 
the 2.5° longitude ×2.5° latitude gridpoint boxes. The 
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TCs that bring precipitation to China mostly originate 
in the region west of 150° E and between 5–20° N. 
There were three obvious centers of cyclonegenesis, 
which distributed in the central part of the South 
China Sea, the eastern region of Philippine Islands 
and the western waters of the Caroline Islands. Main 
cyclonegenesis for these TCs happens in the South 
China Sea, with the maximum frequency within 2.5° 
longitude ×2.5° latitude gridpoint boxes being 35, and 
the other two sources being 20 and 18 respectively. 
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Fig. 6. Frequency of cyclogenesis of the tropical cyclones 
affecting China 

Figure 7 shows the monthly variation of the 
average location of the cyclonegenesis by latitude and 
longitude. Seasonally, the source varies zonally and 
toward the north from January to August. Its average 
latitudinal position is the northernmost in August 
(16.5° N). The source position withdraws southward 
monthly from September to December. April to May 
and October to November are the obvious phases of 
the variability of the source position. Longitudinally, 
the position is more eastern than normal (in the 
vicinity of 140° E) in fall and winter and pushes 
westward to around 125° E in summer, and is more 
western than normal from May to September to 
125–133° E. 
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Fig. 7. Monthly longitudinal and latitudinal variations of 
average position of the tropical cyclones affecting China in 
terms of source of cyclogenesis Abscissa: longitude; ordinate: 
latitude 

The average source position of these TCs has 
decadal shifts (table omitted). The average position 
from 1951 to 2005 is 132.5° E, 14.4° N. The source 
was located more westward than normal in the 1950s, 
and more eastward and southward than normal from 
the 1960s to 1970s, became more northward after the 
1980s, and was more northward and westward than 
normal after the 1990s. The source position of these 
TCs shows obvious changes on the decadal scale, 
shifting from westward to eastward positions and then 

from eastward to westward positions, and from 
southward to northward positions during the last 55 
years. 

6  TRACKS OF THE TROPICAL CYCLONES 

The tracks of these TCs vary regularly, reflecting 
the different characters of the scope and extent by 
which they affect China in different seasons. Here 
only the characters in their active period are given. 
The tracks are much more northward in July and 
August than in the preceding period, with most of 
them located south of 22° N and moving westward. 
The tracks are mainly (1) westward, entering the 
northern South China Sea and landing in Hainan 
Province and south of China, (2) northwestward, 
landing in Taiwan Island and southeast of China, and 
entering the inland areas of China, and (3) northward 
over the offshore area, with most of them moving 
across the East China Sea and landing in the Korean 
Peninsula, and some of them moving to the northwest, 
landing in the coast of Shandong and Liaoning 
Provinces, but seldom reaching Mongolia and the 
central region of Northeast China. TCs affected large 
areas, including the coastal areas in the southeast, 
south and east of China in July and August. The 
tracks of these TCs are more southward in September 
than in the previous two months and mainly move 
westward south of 20° N. The movement of TCs 
changes with seasons. The tracks of TCs are more 
southward in winter and spring when there is little 
influence of TCs but they are more northward in 
summer when there is severe influence of TCs. 

7  FREQUENCY OF THE TROPICAL 
CYCLONES AND DISTRIBUTION OF 
THEIR PRECIPITATION 

The frequency of TC influence is referred to as 
the annual average frequency of the stations which are 
affected by these TCs. Fig. 8 shows the distribution of 
influence frequency and annual average precipitation 
averaged from 1971 to 2000. According the analysis, 
we can obtain the following characteristics about the 
range and extent of these TCs.  
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Fig. 8. Frequency of tropical cyclone influence (a, times/year) 
and spatial distribution of annul mean precipitation from 
tropical cyclones (b, unit: mm) from 1971 to 2000 
 

(1) The influence is huge in time span and area, 
with these TCs affecting most of the central and 
eastern China (except the northwestern China and 
most of southwestern China).  

(2) The annual average frequency of these TCs 
shows a zonal distribution that decreases from the 
southeast to the northwest.  

(3) The areas most severely influenced by these 
TCs include the provinces of Taiwan, Hainan, 
Guangdong and Fujian (Fig. 8a). Of all, Taiwan is the 
region affected by these TCs most frequently, almost 
10 times yearly in some parts of the island. Most of 
the area in the southern part of the middle and lower 
reaches of the Yangtze River, northern South China 
and southeastern Southwest China are affected three 
to seven times per year on average. The southeast part 
of Northeast China, the southern part of North China, 
Shandong Peninsula, the basins of the Yellow River 
and Huaihe River, the area comprising the middle and 
lower reaches of the Yangtze River and the Huaihe 
River basin, the middle reach of Yangtze River, the 
southern part of Southwest China are affected one to 
three times a year on average. Most of Northeast 
China, most of North China, and eastern Northwest 
China are affected less than once per year. 

(4) Precipitation caused by these TCs reduces 
gradually from the southeast coast to the northwest 
inland areas. The maximum precipitation occurs in the 

central and eastern Taiwan Island and part of Hainan 
Province with the annual average rainfall above 700 
mm and more than 1000 mm in some parts of Taiwan. 
The precipitation is 300 to 700 mm over the southeast 
coast of China, most of Hainan and western Taiwan. 
Northern South China and areas south of Yangtze 
River receives 100 to 300 mm of precipitation. The 
precipitation is 10 to 100 mm over the western and 
northern parts of the area south of the middle and 
lower reaches of the Yangtze River, most of 
Yunnan-Guizhou Plateau, the basins of the Yangtze 
and Huaihe Rivers in Jiangsu and Anhui provinces, 
the basins of Yellow River and Huaihe River, the 
central and southern part of North China, and the east 
and south of Northeast China. It is less than 10 mm 
over the central and eastern parts of Inner Mongolia 
region, western North China, eastern Northwest China 
and eastern Southwest China. 

8  SUMMARIES  

From the analysis above, the main conclusions are 
as follows.  

(1) The frequency of the TCs affecting China 
tended to decrease from 1951 to 2005, with the lowest 
frequency appearing in the past 10 years. The 
decrease in the frequency of super typhoons is 
particularly significant.  

(2) These TCs have obvious seasonal variations. 
The main season of TC activities is from May to 
November, with an active period from July to 
September.  

(3) The extreme intensity of these TCs has 
obvious seasonal variations, being stronger in summer 
and autumn than in winter and spring.  

(4) There were three obvious sources of these TCs 
varying with seasons and decades, which distribute in 
the central part of the South China Sea, the eastern 
region of Philippine Islands and the western waters of 
the Caroline Islands. Seasonal variation of the sources 
is zonal, with northward shifting from January to 
August and moving back southward monthly from 
September to December. The source position of these 
TCs changes obviously in decades, shifting from 
westward to eastward positions and then from 
eastward to westward positions, and from southward 
to northward positions during the last 55 years.  

(5) The movement of TCs has also changed with 
seasons. The tracks of TCs are more southward in 
winter and spring when there is little influence of TCs 
but they more northward in summer when there is 
severe influence of TCs.  

(6) The average date (from 1971 to 2000) of the 
first TC affecting China is May 23th and the last one 
is November 8th. On average, these TCs affect China 
for 5.6 months and the influence periods reduce with 
the decreasing trend during the past 55 years.  
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(7) The annual average frequency of these TCs 
showed a zonal distribution that decrease from the 
southeast to the northwest. Areas that are most 
severely influenced by these TCs include the 
provinces of Taiwan, Hainan, Guangdong and Fujian. 
Taiwan is the location these TCs affect with the 
highest frequency. The frequency of being affected by 
these TCs is almost 10 times per year in some regions 
of Taiwan. Precipitation caused by these TCs reduces 
gradually from the southeast to the northwest along 
the coast. 
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Comparison of Global Mean Temperature Series
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Atmospheric and Oceanic Sciences, School of Physics, Peking University, Beijing 100871, China; 3 The

Center for Earth System Science Studies, Tsinghua University, Beijing 100084, China)

Abstract: Studies on the reconstruction of global mean temperature series are reviewed. Three series, HadCRUT3,

NCDC, and GISS, are described in detail. Satellite data have been used since 1982 in the latter two series. NCDC

series provides the most complete coverage among the three series by using statistic interpolation technique. It is

found that the pause of global warming in 2000J2009, which is revealed in HadCRUT3 series, is caused by the

incompleteness of data coverage. Missing of data over the Arctic reduced the positive anomaly of global mean

temperature, for where the local warming was very high recently. GISS and NCDC series show much higher warming

trends during the last 10 years. Three series give the nearly same warming trend (0.70J0.75� /100a) of global mean

temperature for 1910J2009.

Key words:   global mean; temperature; HadCRUT3; NCDC; GISS

[8]

Jones P D, Raper S C B, Wigley T M L. Southern Hemisphere surface air

temperature variations: 1851J1984 [J]. J Climate Appl Meteor, 1986,

25: 1213J1230

Hansen J, Lebedeff S. Global surface temperature: update through 1987

[J]. Geophys Res Lett, 1988, 15: 323J326

Vinnikov K Y, Groisman P Y, Lugina K M. Empirical data on

contemporary global climatic changes (temperature and precipitation)

[J]. J Climate, 1990, 3: 662J677

Parker D E, Jones P D, Bevan A, et al. Interdecadal changes of surface

temperature since the 19th century [J]. J Geophys Res, 1994, 99: 14373J

14399

Rayner N A, Parker D E, Horton E B, et al. Global analyses of sea surface

temperature, sea ice, and nigh marine air temperature since the late

nineteenth century [J]. J Geophys Res, 2003, 108, 4407, doi: 10.1029/

2002 J D002670

Jones P D, Moberg A. Hemispheric and large-scale surface air temperature

variations: an extensive revision and an update to 2001[J]. J Climate,

2003, 16: 206J223

Brohan P, Kennedy J J, Harris I, et al. Uncertainty estimates in regional

and global observed temperature changes: a new data set from 1850 [J].

J Geophys Res, 2006, 111, D12106, doi: 101029/2005 J D006548

Rayner N A, Brohan P, Parker D E, et al. Improved analyses of changes

and uncertainties in sea-surface temperature measured in-situ since the

mid-nineteenth century [J]. J Climate, 2006, 19: 446J469

Smith T M, Reynolds R W. A global merged land-air-sea surface

temperature reconstruction based on historical observations (1880J1997)

[J]. J Climate, 2005, 18: 2021J2036

Smith T M, Reynolds R W. Extended reconstruction of global sea surface

temperatures based on COADS data (1854J1997) [J]. J Climate, 2003,

16: 1495J1510

Smith T M, Reynolds R W. Improved extended reconstruction of SST

(1854J1997) [J]. J Climate, 2004, 17: 2466J2477

van den Dool H M, Saha S, Johansson A
�

. Empirical orthogonal

teleconnections [J]. J Climate, 2000, 13: 1421J1435

Peterson T C, Vose R S. An overview of the global historical climatology

network temperature database [J]. Bull Amer Meteor Soc, 1997, 78:

2837J2849

Hansen J, Ruedy R, Sato M, et al. Global surface temperature change

[J]. Rev Geophys, 2010, 48, RG4004, doi: 10.1029/2010RG000345

Reynolds R W, Rayner N A, Smith T M, et al. An improved in situ and

satellite SST analysis for climate [J]. J Climate, 2002, 15: 1609J1625

Knight J, Kennedy J, Folland C, et al. Do global temperature trends over

the last decade falsify climate prediction? [J]. Bull Amer Meteor Soc,

2009, 90 (8): S22J23

Kerr R A. What happened to global warming? Scientists say just wait a

bit [J]. Science, 2009, 326: 28J29

[18]

[19]

[20]

[15]

[13]

[10]

[11]

[9]

[12]

[16]

[17]

[22]

[7]

[14]

[21]

[6]

531



532



533



534



535



536



537



538



539



540



541



汪方，丁一汇．不同排放情景下模拟的２１世纪东亚积雪面积变化趋势［Ｊ］．高原气象，２０１１，３０（４）：８６９－８７７

　　收稿日期：２０１０－０４－１４；改回日期：２０１０－０６－０１
　　基金项目：“十一五”国家科技支撑项目（２００７ＢＡＣ０３Ａ０１）资助

　　作者简介：汪方（１９７４－），男，湖北宜昌人，高级工程师，主要从事气候变化及其模拟研究．Ｅ－ｍａｉｌ：ｆａｎｇｗａｎｇ＠ｃｍａ．ｇｏｖ．ｃｎ

不同排放情景下模拟的２１世纪东亚
积雪面积变化趋势

汪 方，　丁一汇
（国家气候中心，北京　１０００８１）

摘　要：利用 ＷＣＲＰ　ＣＭＩＰ３气候模式对ＳＲＥＳ　Ａ２、Ａ１Ｂ和Ｂ１排放情景下东亚地区积雪面积的未来变

化 趋势进行了预测，结果表明，未来东亚地区积雪面积将呈现减少趋势，在同一种排放情景下，春季的

减小趋势最大，冬季次之，秋季再次之，夏季最小。比较不同区域之间的积雪面积变化，冬、春季青藏

高原积雪面积变化趋势要明显大 于 东 亚 大 陆 北 部，秋 季 二 者 差 异 不 大。对 不 同 排 放 情 景 而 言，ＳＲＥＳ

Ａ２情景减小趋势最大，Ａ１Ｂ次之，Ｂ１最小。地表气温和降雪量变化是造成积雪面积减小的主要原因，

但在不同的区域和季节，对积雪面积变化趋势的贡献有明显差异。

关键词：东亚；积雪面积；气候模式

文章编号：１０００－０５３４（２０１１）０４－０８６９－０９　　中图分类号：Ｐ４２６．６３＋５ 文献标识码：Ａ

１　引言

　　积雪作为冰雪圈中覆盖面积最广、季和年际变

化最明显的组成部分，对地球气候起着十分重要的

调节作用。一方面，积雪的存在会减小地表的辐射

收支，对 局 地 气 温 起 到 明 显 的 降 温 作 用；另 一 方

面，积雪又 会 对 局 地 的 水 分 平 衡 和 水 循 环 产 生 影

响，而这两方面的作用又必然会对大气环流和气候

变化产生重要影响［１］。

　　作为全球重要的积雪区，欧亚大陆尤其是青藏

高原（下称高原）积雪对亚洲及中国气候有着重要影

响。目前已有大量关于积雪的空间分布和年代际变

化特征的研究［２－５］。欧亚大陆积雪与亚洲季风之间

关系十分密切，普遍认为欧亚大陆积雪增加会导致

亚洲夏季风减弱或者推迟爆发，但这种关系十分复

杂［６］。同样，高原积雪也对亚洲夏季风有着类似的

影响机制［７－１０］。高 原 冬 季 雪 盖 异 常 会 影 响 东 亚 冬

季风的异 常，进 而 对 我 国 夏 季 风 雨 带 分 布 产 生 影

响［１１］。关于积 雪 和 中 国 降 水 之 间 的 关 系，研 究 发

现，欧亚大陆和高原积雪异常与中国夏季降水之间

存在着重要联系［１２－１３］，欧亚大陆和高原冬、春季雪

盖对我国夏季旱涝有重要的影响，是汛期降水预测

的一个重 要 因 子［１４］。诊 断 研 究 表 明［１５］，在 年 代 际

尺度上，高原大气热源和冬、春季积雪与中国东部

降水型的年代际变化（南涝北旱）有很好的相关。模

拟研究也表明［１６］，高原冬季多雪，是引起中国东部

夏季降水出现“南涝北旱”的一个重要原因。此外，
欧亚 大 陆 积 雪 异 常 还 会 对 大 气 环 流 产 生 重 要 影

响［１７－１８］。这些都说 明 积 雪 变 化 对 亚 洲 及 中 国 气 候

变化的重要性，而未来积雪将如何变化，将对东亚

季风及气候产生直接的影响。

　　ＩＰＣＣ第四次评估报告［１９］指出，受全球变暖影

响，２１世纪积雪面积预计将大范围减少，在ＳＲＥＳ
Ｂ２情景下，到２１世纪末北半球年平均积雪面积预

计将减少１３％。而在北美大陆，ＳＲＥＳ　Ａ１Ｂ情景下

积雪面积也 将 显 著 减 少［２０］。但 东 亚 区 域 未 来 积 雪

面积将 如 何 变 化，目 前 还 鲜 有 类 似 的 研 究。鉴 于

此，本文利用多个气候模式结果检验了气候模式对

东亚积雪面积的模拟性能，并重点在东亚区域和季

节尺度上分析全球变暖背景下２１世纪积雪面积的

可能变化趋势。

２　资料选取和方法介绍

２．１　　资料选取

　　积雪面积的表示方法通常有两种，一是实际面

第３０卷　第４期

２０１１年８月 　　　　　　　　　　　
高　原　气　象
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积（单位：ｋｍ２），二是积雪覆盖度（即单位网格内积

雪覆盖面积占整个格点面积的比例，单位：％），气

候模式通常采用后者表征积雪面积。用到的模式结

果来源于 ＷＣＲＰ　ＣＭＩＰ３多模式数据集，在２３个全

球耦合模式中选取在ＳＲＥＳ　Ａ２、Ａ１Ｂ和Ｂ１三种排

放情景下（分别代表高、中、低排放情景）均有完整

积 雪 面 积 输 出 的 ８ 个 模 式 用 于 本 文 分 析，即

ＣＧＣＭ３．１（Ｔ４７）（加拿 大）、ＣＳＩＲＯ－Ｍｋ３．０（澳 大

利亚）、ＣＳＩＲＯ－Ｍｋ３．５（澳 大 利 亚）、ＧＩＳＳ－ＥＲ
（美国）、ＩＮＭ－ＣＭ３．０（俄罗斯）、ＭＩＲＯＣ３．２（ｍｅ－
ｄｒｅｓ）（日本）、ＭＲＩ－ＣＧＣＭ２．３．２（日本）和ＣＣＳＭ３
（美 国）。有 关 模 式 的 具 体 信 息 可 参 见 网 址：ｈｔ－
ｔｐ：／／ｗｗｗ－ｐｃｍｄｉ．ｌｌｎｌ．ｇｏｖ／ｉｐｃｃ／ｍｏｄｅｌ＿ｄｏｃｕｍｅｎ－
ｔａｔｉｏｎ／ｉｐｃｃ＿ｍｏｄｅｌ＿ｄｏｃｕｍｅｎｔａｔｉｏｎ．ｐｈｐ。选 取 的 资

料为“２０世 纪 气 候 模 拟”（２０Ｃ３Ｍ）试 验 以 及ＳＲＥＳ
Ａ２、Ｂ１和Ａ１Ｂ三种排放情景下给出的２０和２１世

纪月平均积雪面积、地表气温、降雪量等模式输出

结果。积雪面积验证资料采用 ＮＯＡＡ月平均积雪

面积资料（１９７１年１月－１９９５年９月），该资料由

ＮＯＡＡ　ＥＡＳＥ－Ｇｒｉｄ（等面积可扩充地球网格）周积

雪面积观 测 资 料 转 换 而 来，资 料 说 明 及 下 载 见 网

址：ｈｔｔｐ：／／ｗｗｗ－ｐｃｍｄｉ．ｌｌｎｌ．ｇｏｖ／ｉｐｃｃ／ｍｏｄｅｌ＿

ｄｏｃｕｍｅｎｔａｔｉｏｎ／ｉｐｃｃ＿ｍｏｄｅｌ＿ｄｏｃｕｍｅｎｔａｔｉｏｎ．ｐｈｐ。

　　需要指出的是，尽管还有其他积雪资料可以选

择，如台站观测、微波遥测等，要么观测要素为雪

深，与积雪面积不匹配；要么观测开始时间晚，序

列长度不能满足本文研究的需要，因此这里仍选取

ＮＯＡＡ观测资料作为模式验证资料。

２．２　方法介绍

　　由于不同模式的空间分辨率差异较大，为便于

集合以及同观测资料进行比较，将模式结果和观测

资料采用双线性插值方法插值到统一的２．５°×２．５°
经纬网格上。多模式集合由单个模式结果对应时间

和空间点求算术平均得到：

Ｓｉ，ｊ，ｔ，ｅ ＝ １Ｎ∑
Ｎ

ｍ＝１
Ｓｉ，ｊ，ｔ，ｍ， （１）

其中：Ｎ 为模式个数（本文为８）；Ｓｉ，ｊ，ｔ，ｍ为第ｍ 个

模式、某格点（第ｉ个经度、第ｊ个纬度）处、第ｔ个

时间的积雪面积；Ｓｉ，ｊ，ｔ，ｅ为对应时间该空间点的多

模式集合（平均）积雪面积。

　　除用线性回归方法来提取积雪面积变化的线性

趋势外，本文还用 到 了 经 验 正 交 函 数（ＥＯＦ）分 解、
多元线性回归等方法。此外，本文中时间变化曲线

均在原始序列的基础上进行了九点二次平滑［２１］。

　　考虑到积雪分布和季节变化，选取高原（２７．５°
～４０°Ｎ，７０°～１０５°Ｅ）和东亚大陆北部（４０°～６０°Ｎ，

７０°～１４０°Ｅ）两个关 键 区 来 研 究 东 亚 未 来 积 雪 面 积

变化。时 间 上 采 用 常 用 的 季 节 划 分 方 式，即３～５
月代表春季（ＭＡＭ），６～８月代表夏季（ＪＪＡ），９～
１１月代表秋季（ＳＯＮ），１２～２月代表冬季（ＤＪＦ）。

３　全球气候模式对东亚地区积雪面积

的模拟

　　比较ＮＯＡＡ的观测结果（图１，此处仅给出夏、
冬季图），可以 看 出，多 模 式 集 合 基 本 模 拟 出 了 积

雪面积的主要空间分布特征，夏季积雪主要位于高

原，而秋、冬、春季扩展到整个东亚大陆北部地区。
但与ＮＯＡＡ相 比，还 存 在 明 显 的 模 拟 偏 差，尤 其

是夏季高原周边从帕米尔高原到喜马拉雅山一线和

念青唐古拉山东段多雪及高原腹地少雪的空间分布

特征，不 仅 没 有 模 拟 好，甚 至 还 有 些 相 反 的 趋 势，
这可能是由于地形和下垫面复杂地区的积雪面积时

空变率较大，而当前气候模式分辨率普遍较低，对

次网格积 雪 过 程 模 拟 的 不 好 有 关。此 外，秋、冬、
春季在高原表 现 出 与 夏 季 一 致 的 模 拟 偏 差，同 时，
冬、春季在 东 亚 大 陆 北 部 地 区 积 雪 面 积 模 拟 的 偏

少。值得注意的是，冬季在中国大陆中部地区出现

了一个十分明显的正偏差，这可能会造成模式对积

雪面积趋势进行预测时出现虚假的趋势。

　　从区域平均来看，不同模式在各个季节均表现

出较大的 不 确 定 性（图２，仅 给 出 冬 季 图）。春 季，

多模式集 合（ＮＯＡＡ）给 出 的 积 雪 面 积 在 东 亚 大 陆

北部和高原 分 别 为４４％（４３％）和４０％（２５％）；秋

季分别为３１％（２５％）和２６％（１６％）；冬 季 分 别 为

７６％（８０％）和５７％（３２％）；夏季，积雪主要位于高

原，多模式集合为８％，略小于ＮＯＡＡ的１３％。总

的来说，东 亚 大 陆 北 部 的 积 雪 面 积 模 拟 更 接 近 于

ＮＯＡＡ观测资料，而高原的秋、冬、春季模式集合

要明显大于ＮＯＡＡ观测，夏季则比观测的略小。

　　积雪面积变化受气温、融雪速度以及降雪量等

诸多不确定因素的影响，这给气候模式对积雪面积

的年际变化 及 其 趋 势 的 模 拟 造 成 了 很 大 的 不 确 定

性。从图２中可以看出，不同模式对冬季积雪面积

年际变化的模拟表现出较大的不一致性，只有极少

数模式与ＮＯＡＡ具有显著相关性。从线性趋势来

看（１９７１－１９９４年 共２４年 资 料）（表１），除 东 亚 大

陆北部秋季外，多模式集合对趋势符号的模拟完全

０７８　　　　　　　　　　　　　　 高　　原　　气　　象 　　　　　　　　　　　　　 　　３０卷　
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图１　ＮＯＡＡ（ａ，ｂ）和多模式集合（ｃ，ｄ）的东亚多年平均冬季（ａ，ｃ）和夏季（ｂ，ｄ）积雪面积分布（单位：％）

Ｆｉｇ．１　Ｄｉｓｔｒｉｂｕｔｉｏｎ　ｏｆ　ｍｕｌｔｉ－ｙｅａｒ　ｍｅａｎ　ｏｆ　ｓｎｏｗ　ｃｏｖｅｒ　ｆｒａｃｔｉｏｎ　ｉｎ　ｗｉｎｔｅｒ（ａ，ｃ）ａｎｄ　ｓｕｍｍｅｒ（ｂ，ｄ）

ｉｎ　Ｅａｓｔ　Ａｓｉａ　ｆｏｒ　ＮＯＡＡ（ａ，ｂ）ａｎｄ　ｍｕｌｔｉ－ｍｏｄｅｌ　ｅｎｓｅｍｂｌｅ（ｃ，ｄ）．Ｕｎｉｔ：％

图２　１９６１－２０００年冬季（ａ）东亚大陆北部和（ｂ）高原积雪面积变化（单位：％）

Ｆｉｇ．２　Ｖａｒｉａｔｉｏｎｓ　ｏｆ　ｓｎｏｗ　ｃｏｖｅｒ　ｆｒａｃｔｉｏｎ　ｉｎ　ｎｏｒｔｈｅｒｎ　Ｅａｓｔ　Ａｓｉａ（ａ）ａｎｄ　Ｑｉｎｇｈａｉ－Ｘｉｚａｎｇ
Ｐｌａｔｅａｕ（ｂ）ｉｎ　ｗｉｎｔｅｒ　ｆｒｏｍ　１９６１ｔｏ　２０００．Ｕｎｉｔ：％

１７８　４期 汪 方等：不同排放情景下模拟的２１世纪东亚积雪面积变化趋势　　　　　　　　　　
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表１　１９７１－１９９４年积雪面积线性趋势（单位：％·（１０ａ）－１）

Ｔａｂｌｅ　１　Ｌｉｎｅａｒ　ｔｒｅｎｄ（ｕｎｉｔ：％·（１０ａ）－１）ｏｆ　ｓｎｏｗ　ｃｏｖｅｒ　ｆｒａｃｔｉｏｎ　ｆｒｏｍ　１９７１ｔｏ　１９９４

ＮＨ＿ＭＡＭ　 ＮＨ＿ＳＯＮ　 ＮＨ＿ＤＪＦ　 ＴＢ＿ＭＡＭ　 ＴＢ＿ＳＯＮ　 ＴＢ＿ＤＪＦ　 ＴＢ＿ＪＪＡ

集合 －０．０４　 ０．１３　 ０．１７ －０．３９ －０．５６ －０．１４ －０．２５

ＮＯＡＡ －２．６５ －１．８８　 ０．６７ －６．５７ －２．７６ －０．６１ －３．８７

　　注：ＮＨ代表东亚大陆北部，ＴＢ代表高原

图３　不同排放情景下多模式集合的２０１０－２０９９年高原和东亚大陆北部积雪面积变化（单位：％）
相对于１９６１－２０００年平均．（ａ）ＴＢ＿ＭＡＭ，（ｂ）ＮＨ＿ＭＡＭ，（ｃ）ＴＢ＿ＳＯＮ，（ｄ）ＮＨ＿ＳＯＮ，（ｅ）ＴＢ＿ＤＪＦ，（ｆ）ＮＨ＿ＤＪＦ，（ｇ）ＴＢ＿ＪＪＡ

Ｆｉｇ．３　Ｖａｒｉａｔｉｏｎｓ　ｏｆ　ｓｎｏｗ　ｃｏｖｅｒ　ｆｒａｃｔｉｏｎ　ｏｆ　Ｑｉｎｇｈａｉ－Ｘｉｚａｎｇ　Ｐｌａｔｅａｕ　ａｎｄ　ｎｏｒｔｈｅｒｎ　Ｅａｓｔ　Ａｓｉａ　ｉｎ　２０１０－２０９９

ｆｏｒ　ｍｕｌｔｉ－ｍｏｄｅｌ　ｅｎｓｅｍｂｌｅ　ｕｎｄｅｒ　ｄｉｆｆｅｒｅｎｔ　ｓｃｅｎａｒｉｏｓ．Ｕｎｉｔ：％，ｃｏｍｐａｒｅｄ　ｔｏ　ａｖｅｒａｇｅ　ｏｆ　１９６１－２０００

正确，但在量 级 上 模 式 模 拟 的 与 ＮＯＡＡ相 比 还 有

较大的差距。

　　需要 指 出 的 是，ＮＯＡＡ观 测 资 料 本 身 存 在 分

辨率低、受云影响较大等缺点，尤其是１９８１年前后

统计方法的改变，前后积雪面积存在几十到３×１０４

ｋｍ２的误差［３］，因此，仅用ＮＯＡＡ观测资料来验证

２７８　　　　　　　　　　　　　　 高　　原　　气　　象 　　　　　　　　　　　　　 　　３０卷　
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模式，可能存在较大的不确定性。此外，台站观测

研究表明，高原从２０世纪６０年代中期到８０年代

末积雪呈现 出 明 显 的 增 加 趋 势，９０年 代 后 又 表 现

出减少的趋势［３，２２］，本文模式虽未能模拟出高原积

雪的这种变化，不过台站观测的是雪深，与本文的

积雪面积并不等同，在此仅作为参考。

　　尽管模式对积雪面积年代际变化的模拟能力较

差，但考虑到２１世 纪 气 温 的 持 续 升 高 是 影 响 积 雪

面积变化的显著因子，这可能会弱化其他不确定因

素的影响，因此，下面仍用模式结果来对２１世纪东

亚积雪面积变化趋势进行预测。

４　东亚地区未来积雪面积的可能变化

４．１　积雪面积变化趋势

　　图３给 出 了 不 同 排 放 情 景 下 多 模 式 集 合 的

２０１０－２０９９年高 原 和 东 亚 大 陆 北 部 两 个 关 键 区 积

雪面积的变化曲线。从图３中可以看出，两个关键

区未来积雪 面 积 在 所 有 季 节 都 呈 现 显 著 的 下 降 趋

势。在ＳＲＥＳ　Ａ２情景下，高原上春、夏、秋、冬四

个季节的线性趋势分别为－１．４２，－０．４２，－０．９０
和－１．１６％·（１０ａ）－１；对于Ａ１Ｂ情景，线性趋势

分别为－１．０６，－０．３９，－０．６９和－０．８２％·（１０
ａ）－１；对 于 Ｂ１情 景，线 性 趋 势 分 别 为－０．６２，

－０．２６，－０．４４和－０．５０％·（１０ａ）－１。而在东亚

大陆北部，在ＳＲＥＳ　Ａ２情景下，春、秋、冬季三个

季节（东亚大陆北部 夏 季 几 乎 没 有 积 雪 存 在，此 处

不予考 虑）的 线 性 趋 势 分 别 为－１．１７，－０．９３和

－０５１％·（１０ａ）－１；对 于 Ａ１Ｂ情 景，线 性 趋 势 分

别为－０．８６，－０．７０和－０．４１％·（１０ａ）－１；对于

Ｂ１情 景，线 性 趋 势 分 别 为－０．４０，－０．３９和

－０．２０％·（１０ａ）－１（以 上 趋 势 均 通 过 了９９％信

度）。可以看 出，不 论 对 于 哪 个 区 域 或 季 节，积 雪

面积的线性趋势都是Ａ２情景最大，Ａ１Ｂ次之，Ｂ１
最小。而在同一种排放情景下，春季的减小趋势最

大，其次是冬季，秋季次之，夏季最小。而 不 同 区

域之间比较，冬、春季高原积雪面积变化趋势要明

显大于东亚大陆北部，秋季二者差异不大。

　　为了分 析 不 同 排 放 情 景 下 的 积 雪 面 积 变 化 差

异，计算了不同情景下 的 标 准 差 变 化 曲 线（图 略），
发现标准差在２０５０年前增加幅度较小，不同情景

间差异不大，而在２０５０年以后呈快速增加趋势，说

明积雪面积对排放情景的响应程度在２０５０年以后

出现 了 明 显 分 叉。进 一 步 分 析 不 同 排 放 情 景 下

２０５０年前后的积雪变化趋势，发现ＳＲＥＳ　Ａ２情景

下，东亚大陆北部的秋、冬、春季以及高原的冬季

的积雪面积减小趋势在２０５０年后有一个突然加速

的过程（前后 趋 势 相 差 在３倍 左 右），而 在 Ａ１Ｂ和

Ｂ１情景下减小趋势增加幅度不大（高原的夏、秋季

减小趋势反而变缓）。

　　由于不同模式之间具有较大的不确定性，需要

验证不同模式对集合所预测的积雪面积变化趋势是

否具有一致性。为此，比较不同气候模式预估积雪

面积的 未 来 变 化 趋 势 发 现，ＳＲＥＳ　Ａ２情 景 下（图

４），ＮＨ（ＭＡＭ）、ＮＨ（ＳＯＮ）、ＮＨ（ＤＪＦ）、ＴＢ
（ＭＡＭ）、ＴＢ（ＳＯＮ）、ＴＢ（ＤＪＦ）和ＴＢ（ＪＪＡ）分别有

８（８）①，８（８），７（５），８（８），８（８），８（８）和８（６）个模

式趋 势 为 负 值；对 于 ＳＲＥＳ　Ａ１Ｂ 情 景，分 别 有

８（８），８（８），６（５），８（８），８（８），７（７）和８（６）个模

式趋势为负 值；而ＳＲＥＳ　Ｂ１情 景 下 分 别 有８（６），

８（７），６（４），８（６），８（７），８（５）和８（７）个模式趋势

为负值。总的来看，绝大多数模式在预测东亚未来

积雪面积减小趋势上表现出了较好的一致性，模式

间的差异较小。

图４　ＳＲＥＳ　Ａ２情景下不同气候模式模拟的２０１０－２０９９
年积雪面积线性趋势（单位：％·（１０ａ）－１）

Ｆｉｇ．４　Ｌｉｎｅａｒ　ｔｒｅｎｄ　ｏｆ　ｓｎｏｗ　ｃｏｖｅｒ　ｆｒａｃｔｉｏｎ　ｉｎ

２０１０－２０９９ｓｉｍｕｌａｔｅｄ　ｂｙ　ｄｉｆｆｅｒｅｎｔ　ｍｏｄｅｌｓ　ｕｎｄｅｒ

ＳＲＥＳ　Ａ２ｓｃｅｎａｒｉｏ．Ｕｎｉｔ：％·（１０ａ）－１

　　为了进 一 步 研 究 未 来 积 雪 面 积 变 化 的 时 空 特

征，对多模式集合的未来百年年平均积雪面积进行

ＥＯＦ分解，结果发现（图５），第一特征向量的方差

贡献高达７４．４％，在整个东亚地区表现为以高原为

中心的正值分 布，对 应 的 时 间 系 数 在 整 个２１世 纪

呈明显的减小趋势，并在２０５０－２０６０年 之 间 由 正

位相转变为负位相。第二特征向量在高原及以东地

区为负，而在东亚大陆北部地区为正，解释方差为

３７８　４期 汪 方等：不同排放情景下模拟的２１世纪东亚积雪面积变化趋势　　　　　　　　　　

① （）内数字表示趋 势 为 负 的 模 式 中 达 到９９％信 度 的 模 式 个 数，

下同。
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图５　２０１０－２０９９年东亚地区积雪面积变化的ＥＯＦ分析

（ａ）、（ｂ）第一模态空间分布和时间系数，（ｃ）、（ｄ）第二模态空间分布和时间系数，（ｅ）、（ｆ）第三模态空间分布和时间系数

Ｆｉｇ．５　ＥＯＦ　ａｎａｌｙｓｉｓ　ｏｆ　ｓｎｏｗ　ｃｏｖｅｒ　ｆｒａｃｔｉｏｎ　ｉｎ　Ｅａｓｔ　Ａｓｉａ　ｒｅｇｉｏｎ　ｆｒｏｍ　２０１０ｔｏ　２０９９．（ａ），（ｂ）ｓｐａｔｉａｌ

ｄｉｓｔｒｉｂｕｔｉｏｎ　ａｎｄ　ｔｉｍｅ　ｃｏｅｆｆｉｃｉｅｎｔ　ｆｏｒ　ｔｈｅ　ｆｉｒｓｔ　ｍｏｄｅ，（ｃ），（ｄ）ｓｐａｔｉａｌ　ｄｉｓｔｒｉｂｕｔｉｏｎ　ａｎｄ　ｔｉｍｅ　ｃｏｅｆｆｉｃｉｅｎｔ　ｆｏｒ

ｔｈｅ　ｓｅｃｏｎｄ　ｍｏｄｅ，（ｅ），（ｆ）ｓｐａｔｉａｌ　ｄｉｓｔｒｉｂｕｔｉｏｎ　ａｎｄ　ｔｉｍｅ　ｃｏｅｆｆｉｃｉｅｎｔ　ｆｏｒ　ｔｈｅ　ｔｈｉｒｄ　ｍｏｄｅ

３．６％。第三特征向量在以华北为中心的我国北方

地区为负值，高原和东亚大陆北部为正值，解释了

２．４％的方差贡献。第二和第三特征向量的时间系

数均没有明显的线性趋势，但表现出明显的年代际

扰动。

　　需要指出的是，尽管第二和第三特征向量方差

贡献较小，但其较强的年代际波动可能和东亚季风

气候的 年 际 变 化 存 在 联 系，这 有 待 于 进 一 步 研

究。

４．２　积雪面积变化的主要原因

　　积雪面积变化的原因很多，但最重要的因子是

地表气温，尤其是未来气候的持续变暖将是积雪面

积减少的直 接 原 因（以ＳＲＥＳ　Ａ２情 景 为 例 进 行 说

明，下 同）。表２分 别 给 出 了 两 个 关 键 区２０１０－
２０９９年地表气 温 和 降 雪 量 的 线 性 趋 势。对 于 地 表

气温，线性趋势在０．４４～０．５８℃·（１０ａ）－１之间，

４７８　　　　　　　　　　　　　　 高　　原　　气　　象 　　　　　　　　　　　　　 　　３０卷　
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表２　ＳＲＥＳ　Ａ２情景下２０１０－２０９９年地表气温（Ｔ）和降雪量（Ｐ）线性趋势

Ｔａｂｌｅ　２　Ｌｉｎｅａｒ　ｔｒｅｎｄ　ｏｆ　ｓｕｒｆａｃｅ　ａｉｒ　ｔｅｍｐｅｒａｔｕｒｅ（Ｔ）ａｎｄ　ｓｎｏｗｆａｌｌ（Ｐ）ｄｕｒｉｎｇ　２０１０－２０９９ｕｎｄｅｒ　ＳＲＥＳ　Ａ２ｓｃｅｎａｒｉｏ

ＮＨ＿ＭＡＭ　 ＮＨ＿ＳＯＮ　 ＮＨ＿ＤＪＦ　 ＴＢ＿ＭＡＭ　 ＴＢ＿ＳＯＮ　 ＴＢ＿ＤＪＦ　 ＴＢ＿ＪＪＡ

Ｔ／（℃·（１０ａ）－１） ０．４５　 ０．５１　 ０．５８　 ０．５１　 ０．４７　 ０．５５　 ０．４４

Ｐ／［ｍｍ·（１０ａ）－１］ －３．６４ －３．０２　 ３．０３ －７．６８ －６．４０ －０．２９ －３．３９

　　注：说明同表１

表３　回归方程（１）中回归系数

Ｔａｂｌｅ　３　Ｃｏｅｆｆｉｃｉｅｎｔｓ　ｉｎ　ｅｑｕａｔｉｏｎ（１）

ＮＨ＿ＭＡＭ　 ＮＨ＿ＳＯＮ　 ＮＨ＿ＤＪＦ　 ＴＢ＿ＭＡＭ　 ＴＢ＿ＳＯＮ　 ＴＢ＿ＤＪＦ　 ＴＢ＿ＪＪＡ

ａ －２．６３ －１．００ －１．２４ －２．５８ －１．１８ －１．８０ －０．０２

ｂ　 ０．００３　 ０．１３　 ０．０８　 ０．０１　 ０．０６　 ０．０８　 ０．１４

　　注：说明同表１

表４　ＳＲＥＳ　Ａ２情景下地表气温和降雪量对积雪面积趋势的贡献（单位：％·（１０ａ）－１）

Ｔａｂｌｅ　４　Ｃｏｎｔｒｉｂｕｔｉｏｎ（ｕｎｉｔ：％·（１０ａ）－１）ｌｉｎｅａｒ　ｔｒｅｎｄ　ｏｆ　ｓｕｒｆａｃｅ　ａｉｒ　ｔｅｍｐｅｒａｔｕｒｅ　ａｎｄ　ｓｎｏｗｆａｌｌ

ｔｏ　ｓｎｏｗ　ｃｏｖｅｒ　ｆｒａｃｔｉｏｎ　ｕｎｄｅｒ　ＳＲＥＳ　Ａ２ｓｃｅｎａｒｉｏ

ＮＨ＿ＭＡＭ　 ＮＨ＿ＳＯＮ　 ＮＨ＿ＤＪＦ　 ＴＢ＿ＭＡＭ　 ＴＢ＿ＳＯＮ　 ＴＢ＿ＤＪＦ　 ＴＢ＿ＪＪＡ

Ｔ －１．１８ －０．５１ －０．７２ －１．３０ －０．５６ －０．９９ －０．０１

Ｐ －０．０１ －０．４０　 ０．２５ －０．０８ －０．３８ －０．０２ －０．４８

　　注：说明同表１

总体表现为冬季增温最快，春、秋季次之，夏季最

小。分析积雪面积与地表气温之间的变化关系，发

现积雪面积和地表气温之间呈显著的负相关，相关

系数均在－０．９以上。这充分说明全球气候变暖造

成的积雪融 化 速 度 加 快 是 积 雪 面 积 减 少 的 主 要 原

因。降雪量作为对积雪的补充，也会对积雪面积的

变化产生一定影响。从未来降雪量的线性趋势可以

看出，在不同的区域降雪量的变化差异较大，除东

亚大陆北部冬季降雪量增加（３．０３ｍｍ·（１０ａ）－１）
外，其余均呈减少趋势，其中高原春、秋季减少最

快，分别达到－７．６８ｍｍ·（１０ａ）－１和－６．４０ｍｍ
·（１０ａ）－１；而 冬 季 减 少 趋 势 最 小，仅 为－０．２９
ｍｍ·（１０ａ）－１，降 雪 量 变 化 的 差 异 可 能 对 不 同 区

域和季节的积雪面积变化产生不同的影响。

　　考虑到积雪面积与地表气温及降雪量之间都具

有较好的线性关系，利用多元线性回归方法建立线

性回归方程如下（为方便了解温度和降水对积雪面

积变化的贡献，回归时将常数项强制设为零）：

ＳＮ ＝ａＴ＋ｂＰ， （１）

回归系数见表３。经检验，这７组方程均在ɑ＝０．
０１显著性水 平 之 上，且 气 温 和 降 雪 均 对 积 雪 面 积

的变化具有显著作用，能够很好地拟合出未来积雪

面积的变化。从上述回归方程可以看出，温度的升

高对积雪面积的减少起到正贡献，而降雪量的增加

则会对积雪进行补充，延缓积雪面积的减小。在不

考虑降雪变化的情况下，相同升温带来的积雪面积

减小在 春 季 最 大（东 亚 大 陆 北 部 和 高 原 分 别 达 到

－２．６３％·℃－１和－２．５８％·℃－１），其次是秋、冬

季，而在高原夏季最小，仅为－０．０８％·℃－１。相

反，在不考虑温度变化的情况下，高原春季以及东

亚大陆北部 的 秋 季 积 雪 面 积 对 降 雪 量 的 响 应 最 敏

感，超过了０．１％·ｍｍ－１；而东亚大陆北部春季最

小，仅为０．００３％·ｍｍ－１。总的来看，在不同的区

域和季节，积雪面积变化对地表气温和降雪量的响

应表现了较大的差异。

　　综合温度和降雪量两个因素，可以很好地解释

未来不同区域 和 季 节 积 雪 面 积 变 化 的 差 异，为 此，

计算了地表 气 温 和 降 雪 量 对 积 雪 面 积 趋 势 的 贡 献

（表４）。春季，东亚大陆北部和高原积雪面积变化

对温度的响应程度最大，但高原降雪量对积雪面积

的贡献要远大于东亚大陆北部，因此高原春季的积

雪面积减小趋势最大，东亚大陆北部春季次之；秋

季，地表气温和降雪量的贡献相当，秋季东亚大陆

北部和高原积雪面积减小趋势比较接近；冬季，高

原地表气温对积雪面积的贡献明显大于东亚大陆北

部，同时，东亚大陆北部冬季降雪量增加，高原冬
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季变化较小，造成高原冬季积雪面积的变化要远大

于东亚大陆北部冬季；夏季，高原积雪面积对地表

气温的响应很小，积雪面积变化主要由降雪量较少

引起的。

５　结论与讨论

利用 ＷＣＲＰ　ＣＭＩＰ３气候模式对当前东亚地区

积雪面积的模拟能力和不同排放情景下积雪面积的

未来变化趋势进行了研究，得到以下主要结论：

　　（１）　气候模式对当前东亚地区积雪面积的多

年平均分布特征具备了一定的模拟能力，但还存在

明显的差距，尤其是在复杂地形的高原地区。模式

对积雪面积的年际变化模拟较差，多模式集合尽管

能模拟出区 域 平 均 的 积 雪 面 积 线 性 变 化 趋 势 的 符

号，但在量级 上 和 ＮＯＡＡ观 测 资 料 还 有 较 大 的 差

距。

　　（２）　未来东亚地区积雪面积将呈现出一致减

少的趋势。在同一种排放情景下，春季的减小趋势

最大，冬季次之，秋季再次之，夏季最小。而 不 同

区域之间比较，冬、春季高原积雪面积变化趋势要

明显大于东亚大陆北部，秋季二者差异不大。而对

不同排放情景而言，ＳＲＥＳ　Ａ２情景减小趋势最大，

Ａ１Ｂ次之，Ｂ１最小。

　　（３）　地表气温和降雪量变化是造成积雪面积

减小的主要原因，但在不同的区域和季节，它们对

积雪面积变化趋势的贡献有明显差异。

　　已有的研究表明，东亚积雪面积的减少必将对

东亚气候造成重要影响。首先，积雪面积减小造成

地表反照率减小，从而增加地表的辐射收支，引起

局部的进一步升温，反过来升温又会造成积雪面积

的进一步减小，这种积雪和气候之间的正反馈会加

强温室气体引起的气候变暖，但这种正反馈的强度

有多大还 有 待 进 一 步 研 究。最 近，孙 颖 等［２３］通 过

研究ＩＰＣＣ　ＡＲ４气候模式预测结果，指出未来东亚

季风环流和降水都将加强或增加，并且我国东部雨

型的偶极型分布将转变为全面多雨型，从现有的研

究关系来分析，这可能和东亚积雪的减少存在一定

的内在联系，有必要进一步研究。

　　需要指出的是，受模拟能力的限制以及排放情

景的不确定性，气候模式对积雪过程的模拟还存在

较大差距，因此，本文的研究结果仅代表当前气候

模式对未来积雪面积变化的模拟水平，随着积雪过

程等物理机制的进一步完善，对积雪乃至气候变化

的认识必将进一步提高。
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针对长江中下游区域汛期降水模式预报误差!利用历史资料的有用信息订正模式预报误差(根据国家

气候中心预测室提供的
?T

项环流特征量和美国国家海洋和大气管理局发布的
T$

项气候指数!确定降水预报误差

场的相似年份!利用相似年的降水误差场对模式结果进行相似误差订正!有别于传统的模式系统误差订正(研究

发现!相似误差订正效果明显优于系统误差订正(在此基础上!对前期因子进行筛选!确定相似误差场的多因子

优化组合!并结合加权集合平均的方法!提出了基于优化多因子组合的客观定量化预测 $
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年
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年的独立样本回报结果表明!基于优化多因子组合的
WCD

方案具有较高的预报技巧!平均距平相关系

数为
$=T!

(最后对历史资料中误差场间的距平相关系数进行分析!发现确定误差场相似年的关键技术还有待于

进一步完善!并指出了改进方法的可能途径(
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引言

夏季旱涝异常分布对国民经济特别是对农业生

产影响极大!是中央领导和各级政府极为关注的重

要问题!也是众多气象学家长期以来研究的主要科

学难题(中国汛期降水一个非常显著的特点是年际

变化大!影响因素多种多样!特别是长江中下游地

区!影响因素更为复杂多变!汛期降水有时可能是

部分因素甚至是个别因素起主要作用!有时又可能

是多种因素共同作用的结果(因此!长江中下游地

区汛期降水预测具有很大的挑战性!这一科学难题

吸引了众多科学家参与!几十年来取得了一系列研

究成果(早在
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世纪
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年代!以陶诗言等$
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为代表的气象学家从东亚大气环流和天气过程的变

化角度研究长江流域的汛期降水!指出长江中下游

汛期降水是亚洲大气环流季节变化的典型表现(
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世纪
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年代!陈隆勋 $
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%进一步提出!东亚夏季风系统内存在热带

辐合带和长江中下游汛期降水锋带(海温变化尤其

是
V;8W

事件作为大气环流变化的背景场!对长江

中下游夏季降水有较为重要的影响(黄荣辉和孙凤

英 $
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%研究表明!热带西太平洋和赤道中'东

太平洋海温异常偏低!致使菲律宾周围的热带西太

平洋对流活动很弱!从而造成副热带高压偏南(吴

国雄和刘还珠 $
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%的研究表明!长江中下游的

旱涝与中国近海海温 $南海'印度洋等%关系密切(

最近!
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%研究了北半球春季

R0G1*

H

环流对长江流域夏季降水的可能影响!指

出春季
R0G1*

H

环流变化可以激发印度洋和南海海

表温度异常!该异常从春季一直持续到夏季!反过

来引起东亚夏季环流异常!进而影响到长江流域夏

季降水(范可 $
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%研究表明!北半球春季正的

南极涛动有利于长江中下游降水!在春'夏两季

中!南半球在整个对流层中持续异常增温!季风推

动力减弱!长江中下游易出现涝年(
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%对南极涛动作用机制进行了深入研究!揭

示了北半球春季南极涛动对夏季西太平洋副热带高

压 $下称西太副高%的可能影响途径(刘芸芸和丁

一汇 $

#$$@

%分别从时间和空间角度分析了西北太

平洋夏季风与中国长江流域夏季降水的联系!发现

二者存在显著的负相关关系(鲍名 $

#$$@

%从中期

天气过程的角度分析了近八年不利于长江中下游梅

雨的主要因子(目前面临的主要问题是&影响长江

中下游区域汛期旱涝的影响因子众多!如何利用这些

多因子优化组合来提高该地区汛期降水的预报水平*

当前的相关研究表明!动力和统计相结合是提

高短期气候预测准确率比较有效的途径之一 $
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者如何有效结合的问题!国内外开展了广泛的研

究!如集合预报技术'物理模型预测技术以及模式

后处理等 $范可等!
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%(其中!

在气候模式预报基础上结合物理统计方法!利用历

史资料信息对模式误差进行预报是引人注目的研究

方向(顾震潮 $
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%早在
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年就提出将数值

预报从初值问题改为演变问题!指出了数值天气预

报中使用历史资料的重要性和可行性+丑纪范
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%从理论上探讨了在长期预报中实现

动力和统计相结合的做法+曹鸿兴$
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%提出一种

基于大气自记忆原理的方法!从而把大气运动方程

推广为包含多时次观测的自忆性方程+封国林等
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资料动态求取记忆函数的方法+任宏利和丑纪范
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%提出和发展了一种适用于动力季节预测的相

似误差订正方法!预报结果显示该方法能有效提高

热带降水和环流的预报技巧(但是对于长江中下游

地区汛期降水而言!其预测水平有待进一步提高(

本文基于历史相似信息对动力模式的误差进行

预报的思路!采用优化多因子组合的方式确定相似

误差场!进一步发展了相似误差的提取技术(同时

基于
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种不同多因子优化组合选取相似误差场!并

进行加权集合平均处理!提出了客观定量化预测
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%方法(该方法从数值预报模式出发!以推导

出的动力相似预报方程作为理论依据!将日益丰富

的历史资料相似信息有效地运用到不断完善的数值

模式中!利用已知的历史相似信息估计当前未知的

模式预报误差(采用多个前期因子综合判断历史相

似!选取了具有针对性的历史相似年!在不改变动

力模式框架的基础上!有效地改进了模式的预测效

果(利用该方法对长江中下游地区 $
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年共
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年的

汛期降水进行了独立样本回报试验!结果表明该方

法可以明显改善汛期降水预测效果!最后指出了
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方法可能的改进思路(
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资料和方法
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资料介绍

利用国家气候中心 $
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生成的
%@>!

"

#$$@

年共
#?

年回报和预报数据资料
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月底起报的
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月集

合平均结果(将美国气候预报中心组合降雨分析
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%资料的总降水量作为实况观测资料 $本

文研究区域包含
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个格点%!结合
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年模式回报

数据中的汛期预报降水场计算汛期降水预报误差

场!并以
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年资料计算气候平均态(利

用国家气候中心气候系统诊断预测室提供的
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环流特征量以及美国国家海洋和大气管理局 $
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%发布的
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项气候指数作为因子选取误差场相

似年(本文独立样本回报指的是在不包含预报年及

其以后年份资料信息前提下所进行的回报检验(
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边界条件下!大气状况的演变在一定的时间尺度范
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%

J

<

0

$

>

%#

槡
#

! $

T

%

@>#

#

期
!
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其中!

L

$

>

%为
3&&

的值!

M

$

.

!

>

%为预报值!

'

$

.

!

>

%为实况!

!

$

.

!

>

%为气候平均态!且有

<

2

$

>

%

G

%

;

>

'

;

>

.

G

%

"

M

$

.

!

>

%

J

!

$

.

!

>

%#!

<

0

$

>

%

G

%

;

>

'

;

>

.

G

%

"

'

$

.

!

>

%

J

!

$

.

!

>

%#

#

$

%

K

$

"

%

!!

考虑纬度订正后的
'!!

值为

L

G

%

?

'

;

>

G

%

E

$

>

%

7-+

!

>

! $

S

%

其中!

?

G

'

;

>

G

%

7-+

!

>

!对高斯纬圈而言!

!

>

为高斯纬

度(

3&&

是预报的气候距平与实况的气候距平之

间位相误差的度量!当两距平之间位相完全相同或

相反!

3&&

评分为
%

或
_%

(

第
>

纬圈上的
Q<8V

值为

@

$

>

%

G

%

;

>

'

;

>

.

G

%

M

$

.

!

>

%

J

'

$

.

!

>

" #

%

槡
#

! $

?

%

其中!

@

$

>

%为
Q<8V

的值(考虑纬度订正后总的

Q<8V

值为

@

G

%

?

'

;

>

G

%

@

$

>

%

7-+

!

>

! $

>

%

Q<8V

越小!表示模式的预报效果越好!当预报值

与实况完全一致时其值为
$

(

G

!

相似误差订正方法的改进

GKE

!

单因子相似误差订正

本文首先尝试从相关系数的角度入手!选取合

适的前期因子进行相似误差订正(基于第
#

节相似

误差订正原理!利用国家气候中心预测室提供的
?T

项环流特征量和
;W33

的
T$

项气候指数进行相似

降水误差场的选取(首先!将降水误差场进行经验

正交$

VWD

%分解$黄嘉佑!

%@@$

+施能!

%@@#

%!计

算第一主分量时间系数与各个指数的相关系数!在

通过
@"̀

信度检验的因子集中寻找前期关键因子(

由于各项指数在不同月份对长江中下游区域的降水

影响可能不同!因此本文由
%%T

项指数可以构造出

样本量为
%%Ta%#b%!S>

逐月变化的因子集(确定

合适的前期关键因子之后!计算单个前期关键因子

预报当年的值与其他年份值的欧氏距离并进行比

较!根据距离越小则判断为越相似的原则!确定预

报误差场的相似年(为了保证预报误差场质量!每

个前期关键因子选取了
T

个相似年 $任宏利和丑纪

范!

#$$?0

%的降水误差场进行等权重线性误差估

计(比较发现!相关系数高的因子其交叉检验的订

正效果未必就好!例如选取相关系数最高的
>

月份

大西洋副高北界指数作为前期因子 $相关系数为

$:S!

%!得到相似误差订正
#?

年交叉检验
3&&

仅

为
$=%%

$图略%(

表
%

列出了针对长江中下游汛期降水利用单个

前期因子进行
#?

年交叉检验
3&&

排名前五位因

子!研究发现!单因子相似误差订正的平均
3&&

相对于系统误差订正有明显提高!比仅利用相关系

数选取的订正更有优势(例如!利用前期
%$

月份

全球平均陆地海洋温度指数进行相似误差订正的

#?

年平均
3&&

为
$=!#

!比系统误差订正的
_$=$%

提高了
$=!!

(

表
E

!

单因子
FH

年交叉检验相似误差订正平均
!<<

排序

I1,4*E

!

I)*612J'(#)*10*61

8

*!<<

!

12';14

&

.'66*41#/'2

.'*((/./*2#

"

'(7/2

8

4*(1.#'6/2FH

&

*167#)6'$

8

)#)*.6'77K*LK

1;/21#/'2'(1214'

8

$**66'6.'66*.#/'2

!

'24

&

#'

:

(/0*(1.#'67

16*4/7#*%

"

因子 月份
3&&

全球平均陆地海洋温度指数
%$ $=!#

北美副高强度指数
@ $=!%

西太平洋副高面积指数
%# $=!$

太平洋副高强度指数
> $=#@

热带北大西洋指数
%$ $=#@

G=F

!

多因子相似误差订正

一般而言!不同的单个前期因子在交叉检验时

对相同年份的
3&&

提高是不同的!具有一定的偶

然性!在实际操作过程中很难预先确定预报年前期

起主导作用的关键因子!因此有必要考虑将多个因

子组合起来选取相似误差场!为此进行了如下试验(

多因子相似误差订正的具体做法是!将各因子

序列标准化后!利用
VWD

分解提取解释方差占

>$̀

的主分量!然后根据各主分量的时间系数来确

定
T

个降水误差场相似年!进而得到
#?

年相似误

差订正的交叉检验的结果(采用式 $

@

%选取
T

个

相似年对应的模式误差场的平均值作为预报年的相

似误差场(

N

G

'

O

.

G

%

P

.

$

"

Q

.

>

J"

Q

.O

%

#

'

O

.

G

%

P

$

%

(

)

.

%

#

! $

@

%
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图
%

!

利用全球平均陆地海洋温度指数和北美副高强度指数双因子及结合西太副高面积指数三因子相似误差订正 $

3V&

%与系统误差订

正 $

8V&

%结果比较&$

0

%双因子
3&&

+$

I

%三因子
3&&

D(

B

=%

!

&-5

6

0/(+-)I*4N**)0)01-

B

.**//-/7-//*74(-)

$

3V&

%

0)G+

H

+4*504(7*//-/7-//*74(-)

$

8V&

%

2-/3&&4'/-.

B

'

$

0

%

G-.I1*2074-/+

0)G

$

I

%

4/(

6

1*2074-/+

!

4'*G-.I1*2074-/+0/*

B

1-I010K*/0

B

*10)G -7*0)4*5

6

*/04./*()G*[0)G4'*+4/*)

B

4'-2+.I4/-

6

(701'(

B

'();-/4'

35*/(70

!

4'*4/(

6

1*-)*+

6

1.+4'*N*+4*/)X07(2(7+.I4/-

6

(701'(

B

'0/*0()G*[

式中!

N

为提取的各主分量时间系数间的欧氏距

离!

"

Q

代表各主分量的时间系数(

>

和
O

分别代表

两个不同时刻!

P

.

为权重系数!取各主分量的解释

方差!欧氏距离越小则说明越相似(这里采用
VWD

分解可以消除因子之间可能存在的相互影响和联

系!从而避免多因子线性相关导致的误差非线性增

长!并且降低了因子场的维数(

图
%0

为采用表
%

中全球平均陆地海洋温度指

数和北美副高强度指数这前两个因子相似误差订正

结果!图
%I

为采用全球平均陆地海洋温度指数'

北美副高强度指数及西太副高面积指数进行三因子

相似误差订正结果(从图
%0

'

I

可以发现采用双因

子和三因子的相似误差订正得到的交叉检验平均

3&&

都比系统误差订正要高!双因子组合订正后

的
#?

年平均
3&&

达到
$=!@

!三因子组合订正后的

#?

年平均
3&&

达到
$=#@

(这两种因子组合相似误

差订正的效果呈现一定的年代际特征!双因子组合

订正效果明显的阶段处于
#?

年的中后期的
%"

年中

$

%@@$

"

#$$T

年%!三因子组合订正效果明显的阶

段主要集中在前期的
%%

年 $

%@>!

"

%@@!

年%!这说

明不同因子组合对不同降水预测时段具有一定的针

对性(从交叉检验的结果可以发现!采用双因子相

似误差订正的效果要优于单因子和三因子组合!这

恰恰印证了 ,对线性系统资料用得越多越好!对非

线性系统则不然!有巧不在多-$丑纪范和任宏利!

#$$S

%这一结论(因此!采用多因子组合的方法进

行相似误差订正可以取长补短!在一定程度上提高

预报效果(因而本文接下来的工作就是寻找合适

的'有针对性的因子组合方案!从而确定更为合适

的预报年的相似误差场(

GMG

!

基于优化多因子组合的
+

3

5

方法

多因子相似误差订正的组合选择方案&首先将

单因子相似误差订正交叉检验的平均
3&&

按从大

到小排序!

3&&

最大值因子作为起始因子!将因子

从两个开始逐步累加!得到预报年前期历史交叉检

验
3&&

评分最高的双因子组合!然后再添加第三

个因子!使得此种情况下预报年前期历史交叉检验

3&&

评分最高!依此类推逐步增加因子个数(将

降水预报年之前的历年交叉检验平均
3&&

作为判

断组合优劣的标准!可以得到较为稳定的交叉检验

的相似误差订正效果 $图
#

%(从图
#

中可以看出!

#$$!

"

#$$@

年前期历史交叉检验的
3&&

开始时随

因子个数的增多而增大!但当因子个数达到
%$

个

以上时!增大趋势逐渐变缓!趋于平稳的状态!因

此!在选定因子组合的时候可以考虑取前
%$

个因

子(但是!在研究中发现选择的前
%$

个因子中往

往存在历年平均
3&&

为负值的单因子!考虑到该

部分因子对误差场相似年的确定会提供虚假信息!

有必要予以剔除(

图
!

给出了在
3&&

排序的基础上对因子进行

进一步筛选!将单因子前期历史交叉检验中
3&&

高于
$=%

以上的因子作为前期关键因子!再进行以

上逐步累加的过程!选取不同因子个数组合下预报

年前期历史交叉检验
3&&

最高的因子组合!从而

%@#

#

期
!

;-:#
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图
#

!

#$$!

"

#$$@

年的逐步累加的前期因子组合个数 $

;

%与

预报年之前年份交叉检验
3&&

关系

D(

B

=#

!

Z'*/*104(-)+'(

6

I*4N**)4'*).5I*/

$

;

%

-2077.5.10M

4*G

6

/*M2074-/+0)G4'*3&&()4'*

H

*0/+I*2-/*2-/*70+4()

B

4'/-.

B

'7/-++M*[05()04(-)2/-5#$$!4-#$$@

得到优化多因子组合(

图
!

显示在经过进一步筛选的因子集中!当因

子组合个数达到
%$

个左右时!

#$$!

"

#$$@

年的前

期历史交叉检验
3&&

基本都会达到一个比较平稳

的值!其中!

#$$!

年在
%#

个以上因子组合的时候

平均
3&&

随因子个数的增加呈现下降趋势!其他

年份在因子个数累加到
#$

个左右时平均
3&&

也都

呈现出衰减的趋势(因此本文分别选取
@

'

%$

'

%%

个优化多因子组合确定误差场相似年!既可保证所

选因子组合在前期历史交叉检验中订正效果明显!

又可通过三种不同的优化多因子组合提取有一定区

别的相似年误差场!从而在一定程度上克服以往误

差场相似年固定为
T

个的局限性(

表
#

以
#$$?

"

#$$@

年为例!列出了采用
@

'

%$

'

%%

个优化多因子组合选取的误差场相似年!可

以看出!尽管采用的因子个数不同!但所选取的误

差场相似年有很多都重复出现!例如
#$$?

年的误

差场相似年中!

#$$T

'

%@@"

这两年重复出现了三

次!

#$$S

年和
%@>>

年重复出现了两次(其他年份

图
!

!

#$$!

"

#$$@

年优化配置的前期因子组合个数与预报年之

前年份交叉检验
3&&

关系

D(

B

=!

!

Z'*+05*0+D(

B

=S

!

I.42-/4'*/*104(-)+'(

6

I*4N**)4'*

).5I*/-2-

6

4(5012074-/7-5I()04(-)+

$

WD&

%

0)G4'*3&&

选取的误差场相似年也都存在类似的情况!这说明

优化多因子组合选取相似误差场的性能是稳定的(

因此!本文在进行相似误差场合成的过程中!把三

种优化多因子组合选取的相似年误差场进行集合平

均!并且根据误差场相似年重复出现的次数!将各

相似年误差场赋予
1

$

.

%.

%#

的权重系数!其中
1

$

.

%

为误差场相似年重复出现的次数!分母
%#

为三种

情况的优化多因子组合选取的
%#

个误差场相似年!

这有利于克服进行误差场合成时没有考虑欧氏距离

差异的缺点(最后!将加权集合平均相似误差场与

模式预报的降水场合成!形成该区域汛期降水的

WCD

结果 $流程如图
T

所示%!具体步骤如下&

第
%

步&根据
&<3X

历年降水资料和历年模

式回报结果得到汛期降水历年模式预测误差+

第
#

步&将
%%T

项指数在预测年 $例如
#$$@

年%的
%

月份因子和前一年 $

#$$>

年%的
#

"

%#

月

份的因子作为预测年前期因子!利用各单因子以交

叉检验的方式对模式结果进行相似误差订正!与

&<3X

降水资料对比!得到单因子相似误差订正的

#S

年 $

%@>!

"

#$$>

%平均
3&&

排序+

表
F

!

FNNH

!

FNNO

年不同因子个数的优化多因子组合选取的误差场相似年

I1,4*F

!

I)*1214'

8

$*

&

*167'(FNNH#'FNNO/2*66'6(/*4%7'2%/((*6*2#2$;,*67'(+5<

@

个因子
%$

个因子
%%

个因子

#$$?

年
#$$T

'

%@@"

'

%@@@

'

#$$S %@@"

'

%@>>

'

#$$T

'

#$$S %@@"

'

%@>>

'

#$$T

'

%@@T

#$$>

年
#$$"

'

%@@%

'

%@>"

'

#$$T #$$%

'

#$$"

'

%@>"

'

#$$$ #$$"

'

%@>"

'

#$$%

'

%@@!

#$$@

年
#$$%

'

%@@%

'

%@@#

'

%@>@ #$$%

'

%@@#

'

%@>@

'

#$$> #$$%

'

%@@%

'

%@@#

'

#$$>

#@#
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!!

第
!

步&选取
#S

年平均
3&&

大于
$=%

的因子

进行优化组合!将其中
3&&

最大值因子作为组合

的首因子!根据双因子对
%@>!

"

#$$>

年交叉检验

的平均
3&&

值的大小判断第二个因子!依此类推

得到前
%%

个优化多因子组合+

第
T

步&对前
@

'

%$

'

%%

个优化多因子组合!

采用
VWD

分解提取解释方差占
>$̀

的主分量!由

式 $

@

%得到每种因子组合选取的
T

个相似年!结合

历年模式误差分别选取相似误差场+

第
"

步&将各相似年误差场根据重复出现的次

数加权集合平均!结合
#$$@

年模式预测结果!得

图
T

!

WCD

方法流程图

D(

B

=T

!

Z'*21-N7'0/4-2WCD5*4'-G

到基于优化多因子组合的
WCD

方法预测的
#$$@

年汛期降水状况(

P

!

独立样本回报效果

为检验
WCD

方法的效果!本文利用该方法对

#$$!

"

#$$@

年进行了独立样本回报检验!各年

3&&

评分和
Q<8V

如图
"

所示(

图
"

!

#$$!

"

#$$@

年
WCD

方法与系统误差订正的独立样本回报比较&$

0

%

3&&

+$

I

%

Q<8V

D(

B

="

!

Z'*()G*

6

*)G*)4+05

6

1*/*

B

/*++(-)-.47-5*+-2WCD4*7')(

L

.*0)G+

H

+4*5*//-/7-//*74(-)2/-5#$$!4-#$$@

&

&-5

6

0/(+-)-24'*

4N-5*4'-G+-)

$

0

%

3&&0)G-)

$

I

%

/--45*0)+

L

.0/**//-/

图
"0

给出了基于优化多因子组合的
WCD

方法

回报的降水场的
?

年
3&&

!可以发现!

?

年回报结

果
3&&

分别为
$=">

'

$=T@

'

$=?S

'

$=$@

'

$=""

'

$:$T

'

$=T?

(

?

年平均
3&&

为
$=T!

!相比于系统

误差订正的
?

年
3&&

平均值
$=#>

有了明显提高!

并且除
#$$S

年和
#$$>

年外!其余
"

年利用
WCD

方法的
3&&

均高于系统误差订正(图
"I

是采用两

种误差订正方法后的历年均方根误差!其平均值也

从系统误差订正的
@@=T>

减小到
WCD

方法的

@#:S!

!尤其在
#$$!

'

#$$T

'

#$$"

和
#$$@

年
T

年中

WCD

方法的均方根误差比系统误差订正的结果明

显减小!体现出利用
WCD

方法对该地区汛期降水

有较高的预测技巧(

P=E

!

FNNO

年独立样本回报年优化多因子组合及其

订正效果

!!

本节将以
#$$@

年为例!详细分析基于优化多

因子组合的
WCD

方法的订正效果(这里采用的优

化多因子组合如表
!

所示(

%%

个因子主要集中在

?

'

>

'

%$

三个月!以北半球环流指数为主!还涉及

到表征热带中东太平洋海表温度的指数(

在表
#

最后一行列出了利用优化多因子组合选

取的
#$$@

年误差场相似年!从中可以看出!虽然

!@#

#

期
!

;-:#
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表
G

!

FNNO

年前期优化多因子组合

I1,4*G

!

I)*

:

6*K+5</2FNNO

序号 月份 因子 单因子
3&&

% %$

全球平均海陆温度指数
$=!T

# >

南海副高北界
$=#!

! >

南海副高脊线
$=#@

T #

大西洋欧洲环流型
V $=%#

" ?

热带中太平洋
88Z $=%$

S ?

大西洋欧洲区极涡强度指数
T

区
$=%S

? >

全球平均角动量
$=%T

> %$

西太平洋副高面积指数
$=%T

@ T

北半球极涡中心位置
$=%#

%$ %$

北半球副高面积指数
$=%#

%% @

大西洋欧洲区极涡面积指数
$=%%

利用不同个数的前期因子组合!但是选取的相似年

基本类似!例如
#$$%

'

%@@%

'

#$$>

'

%@>@

年都重复

出现!其中
#$$%

年在三种情况下都出现!这说明

了优化多因子组合选取误差场相似年的稳定性(

图
S

给出了
#$$@

年降水距平百分率回报与实

况的比较!长江中下游地区
#$$@

年汛期降水总体

呈现东多西少的分布!该区域中包含的湖南'湖

北'安徽'江西等地区降水普遍偏少!在浙江西部

和东部钱塘江口降水也偏少!仅在江苏南部和浙江

中东部区域降水偏多!区域总体较平均态偏少 $图

S0

%(系统误差订正后模式预报的区域降水总体偏

多!并且东少西多!仅在浙江东北部出现了降水偏

少的情况!与实况降水场的
3&&

为
_$=%"

!和实

况基本相反 $图
SI

%(采用优化多因子组合相似误

差订正后模式预报的区域降水分布呈现东多西少的

分布型!与实况的降水分布型较为吻合!与实况降

水场的
3&&

为
$=T?

!达到了较好的预测效果(但

是在该区域西北部
WCD

方法预测的降水仍然比实

际偏多(

P=F

!

误差场相似年选取的探讨

从以上研究可以看出!利用优化多因子组合选

取的相似年误差场订正模式预报结果!可以改进长

江中下游区域的汛期降水预报效果!提高预报技

巧(但是这里选取的误差场是否就是历史资料中最

优的误差场组合!需要进一步验证!以期对
WCD

方法的改进提供一定的思路(因此!本节计算了

#$$!

"

#$$@

年各年模式误差场与其前期历年模式

误差场的
3&&

!通过计算可知
3&&

为正值的年份

均在
%$

个以上!表
T

仅依次列出了
3&&

靠前的
T

图
S

!

#$$@

年独立样本回报结果比较 &$

0

%降水距平百分率实

况+$

I

%系统误差订正后模式预报的降水距平百分率+$

7

%优化

多因子组合相似误差订正后模式预报的降水距平百分率

D(

B

=S

!

&-5

6

0/(+-)+-24'*()G*

6

*)G*)4+05

6

1*/*

B

/*++(-)-.4M

7-5*+()#$$@I*4N**)

$

0

%

6

/*7(

6

(404(-)0)-501

H6

*/7*)40

B

*-2

4'*()M+(4.-I+*/K04(-)

!$

I

%

4'04/*K(+*GI

H

+

H

+4*504(7*//-/7-/M

/*74(-)

!

0)G

$

7

%

4'04/*K(+*GI

H

WD&0)01-

B

.**//-/7-//*74(-)

个相似年份!以及各相似年误差场与回报年误差场

3&&

评分(

从表
T

中可以发现!

#$$!

"

#$$@

年各年的实际

误差场在历史上都可以找到
3&&

比较高的误差场

第一相似年!最小为对应
#$$@

年与
%@@$

年的

$:"!

!最大为对应
#$$!

年与
%@@%

年的
$=>?

(即使

第四相似年误差场与回报年误差场
3&&

最小值也

可达到
$=!>

$

#$$T

年与
%@@>

年%(表
T

中的 ,集合

平均-为相似误差订正的预报结果与当年汛期降水

实况的
3&&

!

?

年
3&&

均值为
$=?@

!远高于优化

多因子组合相似误差订正的
$=T!

(当然!此种情况

在理想的状况下才会出现!如以
#$$@

年为例!四

个理想相似年分别为
%@@$

年'

%@>T

年'

#$$"

年'

T@#

大
!

气
!

科
!

学
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表
P

!

FNNG

!

FNNO

年模式误差场与其前期各年模式误差场距平相关系数前四位

I1,4*P

!

I)*#'

:

('$6!<<'(1.#$14*66'6(/*4%712%#)*/6#'

:

('$6

:

6*K1214'

8

$*

&

*167*66'6(/*4%7(6';FNNG#'FNNO

第一相似年 第二相似年 第三相似年 第四相似年 集合平均

年
3&&

年
3&&

年
3&&

年
3&& 3&&

#$$!

年
%@@% $=>? %@>T $=>T %@>? $=?% %@>S $=?$ $=>@

#$$T

年
%@>> $=ST %@@S $="> #$$# $=T! %@@> $=!> $=S?

#$$"

年
%@@$ $=?T #$$$ $=?% %@>T $=S> %@>@ $="> $=>?

#$$S

年
%@@? $=S" %@@T $=S! #$$# $="! %@@# $=T? $=?>

#$$?

年
#$$T $=S> #$$" $="> #$$! $="T %@>S $="% $=>%

#$$>

年
%@@S $=?# %@>S $=S? #$$? $=S? #$$! $=SS $=>T

#$$@

年
%@@$ $="! %@>T $=T? #$$" $=TS #$$% $=T# $=S>

#$$%

年!此种情况下
3&&

可以达到
$=S>

!与采用

优化多因子组合选取的相似年比较!仅有
#$$%

年

是相同的!且为理想情况下的第四相似年(通过该

部分的分析可以得知!虽然历史资料中存在很好的

相似误差场!但实际选取的各相似年误差场经常会

出现
3&&

为负值的情况!说明利用相似误差订正

方法提高区域降水预报技巧还有较大的提升空间!

选取误差场相似年的工作还存在需要改进之处(本

文仅考虑前期因子某个月的状况!没有涉及因子出

现异常的情况!而因子异常往往会对区域降水产生

较明显的影响!因此!下一步工作将主要针对因子

在一定时间段内的演化情况来选取误差场相似年并

考虑因子出现异常的状况(

Q

!

结论与讨论

本文首先利用单因子相似误差订正的方法改进

长江中下游地区降水预报效果!结果表明该方法可

以提高该区域汛期降水预报技巧(在此基础上!根

据独立样本回报年前期交叉检验的
3&&

评分!对

因子进行优化组合!并且采用加权集合平均的方法

对相似年误差场进行合成!提出了基于优化多因子

组合的
WCD

方法(

#$$!

"

#$$@

年
?

年的独立样本

回报结果显示!利用
WCD

方法得到的相似误差订

正的
?

年
3&&

均值为
$=T!

!比系统误差订正提高

了
$=%"

!使得模式预测效果得到明显改善(以

#$$@

年为例研究了优化多因子组合及其选取的相

似年状况!比较了相似误差场间的关系!发现选取

的相似年误差场与
#$$@

年降水误差场有较好的匹

配关系(从以上研究结果可知!

WCD

方法是针对

模式误差利用历史资料进行预报的有效方法!但该

方法所选取的因子组合与长江中下游地区汛期降水

之间产生关系的物理机制需要进一步深入研究(本

文最后从理想试验的角度出发!分别计算了
#$$!

"

#$$@

年与其前期逐年误差场的
3&&

!研究发现!

各年在历史资料中都可以寻找到
T

个比较匹配的误

差场相似年!从而获得优良的模式订正效果!显示

了选取误差场相似年的工作还存在较大的改进余
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Fig. 2  Average trends of seasonal temperature for the period of 1950J2009 (unit: �/60a) [4]
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Debates on the Cause of Global Warming
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Abstract: The controversial points of views of IPCC and NIPCC are reviewed. IPCC holds that the global warming

is caused by the anthropogenic effect. However, NIPCC says, nature, not human activity, rules the climate. Observations

of temperatures in the last one hundred years or so support the hypothesis of the anthropogenic impact, but natural

factors such as solar activity, volcanism, and thermohaline circulation also take part in the modulation of temperature

changes, especially in frequency band of inter-decadal variability. There is pervasive evidence for solar or cosmic

ray forcing of the climate in time scale of last 1 ka to 10 ka, which proves that solar activity played an important role

in the formation of MWP or LIA, and the cold events over the North Atlantic in the Holocene, though the mechanism

responsible for the linkage of solar activity to the earth’s climate is to be understood. Recently, the point of view that

galactic cosmic rays can impact low clouds, thus resulting in climate cooling, is prevailing. However, its influencing

mechanism is remained to be further investigated.
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摘要　用江淮地区１４７个气象站１９５６—２００５年逐日降水资料，结合 ＮＣＥＰ／ＮＣＡＲ８５０ｈＰａ风
场再分析资料以及ＥＲＳＳＴ海温资料，对江淮地区夏季６—７月降水时空及其相关的海温特征进行
了诊断分析。结果表明：江淮地区一致性偏多或偏少分布是６—７月降水的主要模态；从长期趋势
来看，江淮地区６—７月降水表现为显著的增加趋势，另外近５０ａ来，该区６—７月降水主要以年代
际振荡为主；前期春季（３—５月）及其同期夏季（６—７月）中国邻近海域海表温度以及８５０ｈＰａ风
场同江淮地区夏季６—７月降水存在着显著的关系。
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　 引　言

早在１９３０ｓ，竺可桢［１］就对江淮地区夏季降水

做了研究，他指出江淮地区夏季降水显著的气候学

特征是年际差异，并具有明显的年代际变化和趋势

变化。而后来不少研究指出［２３］，江淮地区的夏季

降水实际上就是东亚夏季风推进的产物，其季节内

变化与东亚夏季风的进退紧密相关。尹树新等［４］

认为夏季风的差异是影响中国江淮地区严重旱涝的

重要因素；吴志伟等［５］研究也表明长江中下游地区

旱涝并存与东亚夏季风的强度存在着显著的关系，

也有研究表明［６］，赤道东太平洋海温对江淮流域夏

季旱涝存在显著的影响。海温异常作为气候异常的

一个主要因子，其通过长期的海气相互作用影响后

期环流背景，从而影响次年降水的异常。数值试验

结果也表明［７８］，热带海温异常尤其是热带太平洋

海温异常对中国江淮流域降水有很大的影响。江淮

地区是旱涝灾害频发的地区，淮河流域夏季降水异

常与印度西南季风、东亚副热带季风以及冷空气有

密切关系［９］，其中旱涝灾害大多发生在６—７月梅雨
期间，江淮梅雨量与该地区夏季６—７月累积降水量
的相关系数达到０８以上［１０］，所以研究江淮地区降

水特征一直是气象学者研究的重要课题之一。

然而，由于资料和方法上的差异，许多研究得到

的结果也是不尽相同。并且以往的研究工作大多是

分析梅雨的气候特征及形成原因［３，７８］，本文根据降

水距平值选取６—７月为重点分析月份，其中包括梅
雨时段的降水；为了能更加显著地突出降水的基本

特征，同时使用的是逐日资料而非往常惯用的逐月

资料。鉴于以上两点考虑，本文利用逐日降水资料，

分析了江淮地区６—７月降水的基本气候特征，并且
通过讨论６—７月降水异常与海温、风场等因素之间
的关系，初步探求江淮地区降水的成因。

１　资料和方法
使用了国家气象信息中心提供的 １９５６—２００５

年江淮地区逐日降水量资料，以及同时段 ＮＣＥＰ／
ＮＣＡＲ２５°×２５°的逐月８５０ｈＰａ风场再分析资料、
ＮＯＡＡ２°×２°逐月的海表面温度资料。

江淮区域的范围划分参考殷永红［１１］的定义，即

选取（２８～３４°Ｎ、１１０°Ｅ）以东范围内的陆地为江淮
区域。对逐日降水资料做了质量控制，删除了资料

序列长度过短或缺测过多的站点，对资料中缺测进

行的检查方法是：如果１ａ内缺测超过３５ｄ（大于

１ａ内实际观测日数的１０％）时，该年不参加计算。
当站点无缺测超过４０ａ，这个站点予以保留。经过
上述处理以后，选取了１４７站的逐日降水资料。

图１　１９５６—２００５年各月江淮地区逐日降水距平
年变化曲线，图中点线表示标准差

Ｆｉｇ．１　Ｔｈｅａｎｎｕａｌｃｈａｎｇｅｏｆｄａｉｌｙｐｒｅｃｉｐｉｔａｔｉｏｎａｎｏｍａｌｙｉｎｔｈｅ
Ｙａｎｇｔｚｅｈｕａｉｈｅｒｉｖｅｒｂａｓｉｎｆｒｏｍ１９５６ｔｏ２００５

图１给出了江淮地区１４７站５０ａ平均的逐日
降水距平曲线图。可以看出，一般情况下，江淮流域

４—９月降水在年平均值以上。１１—２月降水最小
（小于１个负标准偏差），６—７月降水最大（大于一
个正标准偏差），峰值出现在６月中旬左右。这主
要是因为６月份副热带高压还较为偏南，江淮大部
分地区处在副高的北侧，暖湿气流影响下，水汽充

足，降水充沛。到了７月上旬左右，副热带高压北跳
而控制了江淮大部，使其在副高的控制之中而高温

少雨。因此本文重点分析该地区６—７月的降水特
征。此外，文中还运用了经验正交函数（ＥＯＦ）分解、
小波分析、相关分析等方法分析了江淮地区的降水

特征。

２　江淮地区６—７月降水的时空分布
特征

２．１　空间分布特征
对江淮地区１９５６—２００５年６—７月降水作ＥＯＦ

分析，有８１个站点符合 ＥＯＦ时间序列要求。从第
一模态（图２ａ）来看，整个江淮地区表现为一致的正
值区，其中荷载区主要位于江淮地区中部，这说明江

淮地区夏季一般受相同的天气系统影响，出现降水

的步调是一致的，其中中部地区夏季降水最容易发

生异常。第二模态（图２ｂ）基本上以长江为分界线，
其南北表现为反向变化特征，这主要同季风以及副

高的南北移动和西伸东进有着密切的联系。由于前

两个模态累计总方差贡献率已超过了４１％，说明这
两个空间型基本可以反映江淮地区６—７月降水的
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主要空间特征。

２２　时间演变特征
图３是ＥＯＦ前两个模态时间系数序列以及线

性拟合曲线。从图３ａ可以看出，第一模态降水时间
序列表现出长期增加趋势，这表明江淮地区６—７月
降水呈明显的增多趋势。但是，从图中也可以看到，

近５ａ降水量却明显偏少的。从图３ｂ可以看出，在
１９６０ｓ、１９７０ｓ以及 １９９０ｓ该序列以偏正值为主，而
１９８０ｓ以偏负值为主，结合该模态空间分布可以表
明，１９６０ｓ、１９７０ｓ以及１９９０ｓ江淮偏北地区夏季降水
偏少，而偏南地区偏多，而１９８０ｓ恰恰相反，即１９６０ｓ、
１９７０ｓ以及１９９０ｓ江淮的南部地区偏少，而江淮的北
部地区偏多。但从长期趋势来看该序列表现为较弱

的增加趋势。

２３　周期性特征
图４为 ＥＯＦ前两个模态时间系数的 Ｍｏｒｌｅｔ小

波能谱等值线图（点区域为受边瓣效应影响的区

域），从图４ａ可以看出，江淮地区６—７月降水 ＥＯＦ
第一模态主要以年代际振荡为主，其中１９６５—１９７５
年间以准６ａ振荡周期，１９７５年以后以３～４ａ周期
振荡为主。而从图 ４ｂ可以看出 ＥＯＦ第二模态在
１９８５年以后表现出了显著的准６ａ周期振荡。通过
以上的分析可以看出，江淮地区６—７月降水存有明
显的年代际振荡。

３　江淮地区６—７月降水与海温及低
层风场的关系

３１　降水第一主模态
图５给出了江淮地区６—７月降水ＥＯＦ第一模

态时间系数同太平洋海温前期春季（３—５月）（图
５ａ）及同期（６—７月）（图５ｂ）的回归系数空间分布。
从图５ａ可以看出，６—７月份，赤道大部分地区为正

图２　江淮地区６—７月降水ＥＯＦ前两个模态
（ａ）第一模态（方差贡献２５８％）；（ｂ）第二模态（方差贡献１５３％）

Ｆｉｇ．２　ＴｈｅｆｉｒｓｔｔｗｏｍｏｄｅｓｏｆＥＯＦｉｎｔｈｅＹａｎｇｔｚｅｈｕａｉｈｅｒｉｖｅｒｂａｓｉｎｉｎＪｕｎｅａｎｄＪｕｌｙ
（ａ）ｔｈｅｆｉｒｓｔｍｏｄｅ（ｖａｒｉａｎｃｅｃｏｎｔｒｉｂｕｔｉｏｎ２５８％）；（ｂ）ｔｈｅｓｅｃｏｎｄｍｏｄｅ（ｖａｒｉａｎｃｅｃｏｎｔｒｉｂｕｔｉｏｎ１５３％）

图３　江淮地区夏季降水ＥＯＦ前两个模态时间系数 （ａ）第一模态；（ｂ）第二模态
Ｆｉｇ．３　ＴｈｅｔｉｍｅｃｏｅｆｆｉｃｉｅｎｔｓｏｆＥＯＦ１ａｎｄＥＯＦ２ｏｆｓｕｍｍｅｒｒａｉｎｆａｌｌｉｎｔｈｅＹａｎｇｔｚｅｈｕａｉｈｅｒｉｖｅｒｂａｓｉｎ（ａ）ｆｉｒｓｔｍｏｄｅ；（ｂ）ｓｅｃｏｎｄｍｏｄｅ
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图４　ＥＯＦ前两个模态时间系数Ｍｏｒｌｅｔ小波能谱图
（阴影表示能量大于２０的区域）（ａ）第一模态；（ｂ）第二模态

Ｆｉｇ．４　ＥｎｅｒｇｙｓｐｅｃｔｒｕｍｏｆｔｈｅＭｏｒｌｅｔｗａｖｅｌｅｔｔｒａｎｓｆｏｒｍｏｆｔｈｅｔｉｍｅｃｏｅｆｆｉｃｉｅｎｔｓｏｆＥＯＦ１ａｎｄＥＯＦ２（Ａｒｅａｓｗｉｔｈｔｈｅ
ｅｎｅｒｇｙｍｏｒｅｔｈａｎ２０ａｒｅｓｈａｄｅｄ）（ａ）ｆｉｒｓｔｍｏｄｅ；（ｂ）ｓｅｃｏｎｄｍｏｄｅ

图５　江淮地区６—７月降水第一模态的８５０ｈＰａ风场（矢量）和海表温度距平相关（等值线）
（ａ）同期（６—７月）；（ｂ）前期（３—５月）；（阴影表示通过００５的显著性检验）

Ｆｉｇ．５　Ｃｏｒｒｅｌａｔｉｏｎｓｏｆｗｉｎｄｆｉｅｌｄｓａｔ８５０ｈＰａ（ｖｅｃｔｏｒ）ｗｉｔｈｓｕｒｆａｃｅｔｅｍｐｅｒａｔｕｒｅａｎｏｍａｌｙ（ｃｏｎｔｏｕｒｌｉｎｅ）ｏｆｔｈｅｆｉｒｓｔｍｏｄｅｉｎｔｈｅＹａｎｇｔｚｅｈｕａｉｈｅｒｉｖｅｒ
ｂａｓｉｎｉｎＪｕｎｅａｎｄＪｕｌｙ．（ａ）ｔｈｅｓａｍｅｔｅｒｍ（ｉｎＪｕｎｅａｎｄＪｕｌｙ）；（ｂ）ｔｈｅｅａｒｌｉｅｒｔｅｒｍ（ｉｎＭａｒｃｈａｎｄＭａｙ）（Ａｒｅａｓｗｉｔｈ００５ｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌａｒｅｓｈａｄｅｄ）

相关，其中显著正相关区域位于印度洋及赤道东太

平洋地区，而北太平洋主要为负相关，其中显著负相

关区域位于夏威夷群岛东北部。春季（３—５月）海
温特点与夏季６—７月相似，赤道大部分地区为正相
关，而１０°Ｎ以北地区为负相关。但是赤道东太平
洋地区的显著正相关区范围比６—７月大，显著负相
关区的位置西退至北美西部（３０～４０°Ｎ、１４０～
１５０°Ｅ）的太平洋海域附近。结合ＥＯＦ第一模态空
间分布可以得知，当前期春季及其夏季赤道印度洋

及赤道东太平洋地区海温表现为正异常，而春季夏

威夷群岛东北部海温表现为负异常时，夏季北美西

部（３０～４０°Ｎ、１４０～１５０°Ｅ）的太平洋海域附近表
现为负异常时，江淮地区夏季降水则显著偏多；反之

亦然。

充足的水汽输送是形成降水的必要条件，而

８５０ｈＰａ风场可以清楚地反映出水汽输送特征，图５
同时也给出了 ＥＯＦ第一模态时间系数同前期春季
（３—５月）和同期（６—７月）８５０ｈＰａ风场。从图５ａ
可以看出，夏季中国东海以东为一反气旋流场，而江

淮地区为一气旋流场，这样从我国南海有明显在的

南风向北水汽输送通道。而图５ｂ同图５ａ在江淮地
区及其邻近海区流场很相似，中国南海也存在很明

显的偏南风水汽输送通道。结合 ＥＯＦ第一模态空
间分布得知，当前期春季到夏季东海以东维持明显

的反气旋环流，而江淮地区为气旋环流时，由于从中

国南海水汽输送通道明显，使得江淮地区夏季降水

偏多；反之亦然。
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图６　江淮地区６—７月降水第二模态的８５０ｈＰａ风场（矢量）和海表面温度距平相关（等值线）
（ａ）同期（６—７月）；（ｂ）前期（３—５月）；（阴影表示通过００５的显著性检验）

Ｆｉｇ．６　Ｃｏｒｒｅｌａｔｉｏｎｓｏｆｗｉｎｄｆｉｅｌｄｓａｔ８５０ｈＰａ（ｖｅｃｔｏｒ）ｗｉｔｈｓｕｒｆａｃｅｔｅｍｐｅｒａｔｕｒｅａｎｏｍａｌｙ（ｃｏｎｔｏｕｒｌｉｎｅ）ｏｆｔｈｅｓｅｃｏｎｄｍｏｄｅｉｎｔｈｅ
ＹａｎｇｔｚｅｈｕａｉｈｅｒｉｖｅｒｂａｓｉｎｉｎＪｕｎｅａｎｄＪｕｌｙ．（ａ）ｔｈｅｓａｍｅｔｅｒｍ（ｉｎＪｕｎｅａｎｄＪｕｌｙ）；（ｂ）ｔｈｅｅａｒｌｉｅｒｔｅｒｍ（ｉｎＭａｒｃｈａｎｄＭａｙ）

（Ａｒｅａｓｗｉｔｈ００５ｓｉｇｎｉｆｉｃａｎｃｅｌｅｖｅｌｓａｒｅｓｈａｄｅｄ）

３２　降水第二模态

图６为江淮地区夏季降水第二模态时间系数同
前期春季（３—５月）（图 ６ａ）和同期（６—７月）（图
６ｂ）的回归系数空间分布和８５０ｈＰａ风场分布图。
从夏季降水和海温的关系来看，图６ａ可以看出，北
太平洋为负相关，而其余海区基本都为正相关区，只

是所有海区的相关性都不显著，而从图６ｂ同图６ａ
表现为相似特点，所以我们可以得出，中国邻近海区

的海温异常对江淮地区夏季降水的 ＥＯＦ第二模态
的影响不显著。

低层风场上看，同期６—７月（图６ａ）反气旋流
场主要位于巴士海峡及其以东区域，江淮地区北部

主要为偏西或偏北风，而南部以偏南偏东风为主，而

前期３—５月（图６ｂ）与同期６—７月也表现为相似
特点，并且风的强度更加偏大，结合 ＥＯＦ第二模态
我们可以得知，当从春季到夏季巴士海峡附近维持

明显的反气旋环流，而江淮地区北部由于存在偏西

或偏北环流，使得该区域水汽输送不足，夏季降水偏

少，而江淮地区南部由于存在偏南或偏东风，充足的

水汽输送使得该区域夏季降水偏多，反之亦然。

４　结　论
本文利用江淮地区１９５６—２００５年１４７站５０ａ

逐日降水资料，计算逐日降水距平和标准偏差，同时

分析了该地区６—７月的降水特征。得出以下结论：
（１）江淮地区降水一致性偏多或偏少分布是

６—７月降水的一个主要模态；该地区南北反向变化
特征是６—７月降水的另一个分布模态。

（２）从长期趋势来看，江淮地区６—７月降水有
明显的增加趋势；近５０ａ来该区６—７月降水主要以
年代际振荡为主。

（３）当前期春季及同期夏季印度洋及赤道东太
平洋地区海温表现为正相关，而春季夏威夷群岛东

北部海温表现为负相关，夏季北美西部（３０～４０°Ｎ、
１４０～１５０°Ｅ）的太平洋海域附近表现为负相关时，
江淮地区夏季降水则显著偏多；反之亦然。

（４）当前期春季到夏季东海以东维持反气旋环
流，而江淮地区为气旋环流时，由于从中国南海存在

明显的偏南风水汽输送通道，使得江淮地区夏季降

水偏多，反之亦然。当从春季到夏季巴士海峡附近

维持反气旋环流，而江淮地区北部存在偏西或偏北

环流，使得该区域水汽输送不足，夏季降水偏少，而

江淮地区南部由于存在偏南或偏东环流，充足的水

汽输送使得该区域夏季降水偏多；反之亦然。
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ABSTRACT

The radiative forcing and climate response due to black carbon (BC) in snow and/or ice were inves-
tigated by integrating observed effects of BC on snow/ice albedo into an atmospheric general circulation
model (BCC−AGCM2.0.1) developed by the National Climate Center (NCC) of the China Meteorological
Administration (CMA). The results show that the global annual mean surface radiative forcing due to BC
in snow/ice is +0.042 W m−2, with maximum forcing found over the Tibetan Plateau and regional mean
forcing exceeding +2.8 W m−2. The global annual mean surface temperature increased 0.071◦C due to BC
in snow/ice. Positive surface radiative forcing was clearly shown in winter and spring and increased the
surface temperature of snow/ice in the Northern Hemisphere. The surface temperatures of snow-covered
areas of Eurasia and North America in winter (spring) increased by 0.83◦C (0.6◦C) and 0.83◦C (0.46◦C),
respectively. Snowmelt rates also increased greatly, leading to earlier snowmelt and peak runoff times. With
the rise of surface temperatures in the Arctic, more water vapor could be released into the atmosphere,
allowing easier cloud formation, which could lead to higher thermal emittance in the Arctic. However,
the total cloud forcing could decrease due to increasing cloud cover, which will offset some of the positive
feedback mechanism of the clouds.

Key words: black carbon, snow/ice, radiative forcing, climate effects
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1. Introduction

Black carbon (BC), an important component of
atmospheric aerosols, is produced by the incomplete
combustion of hydrocarbon-containing materials in-
cluding fossil fuels, biofuels, and biomass (IPCC, 2001;
2007). Bond et al. (2004) estimated the total global
emission of BC to be ∼8 Tg C yr−1, with contribu-
tions of 4.6 Tg C yr−1 from fossil fuel and biofuel com-
bustion and 3.3 Tg C yr−1 from open biomass burn-
ing. Four main areas are large sources of BC: Eastern
China, Western Europe, South America, and central

Africa. Other important sources are southern North
America and Australia (Streets et al., 2003; IPCC,
2007). Not only can BC directly alter the radiation
balance of Earth’s atmospheric system, it may also
indirectly affect regional or global climate by chang-
ing the microphysical properties of clouds in terms of
cloud condensation nuclei (CCN) or ice nuclei (IPCC,
2007; Wang et al., 2009; Zhang et al., 2009). BC in
air can be transported long distances by atmospheric
circulation and deposited onto snow and/or ice sur-
faces by rainout, washout, and dry deposition. Even
very small quantities of BC can reduce the albedo of

∗Corresponding author: ZHANG Hua, huazhang@cma.gov.cn

© China National Committee for International Association of Meteorology and Atmospheric Sciences (IAMAS), Institute of Atmospheric
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snow/ice because of the high albedo of pristine snow
at visible wavelengths, the multiple scattering proper-
ties of snowpack, and the large difference of mass ab-
sorption coefficients between BC and snow/ice (War-
ren and Wiscombe, 1980; Flanner et al., 2007). Re-
duced albedo means increased absorption of solar ra-
diation by the snow/ice and thus accelerated melt-
ing (referred to as the “snow/ice albedo mechanism”)
(Hansen and Nazarenko, 2004; Jacobson, 2004; Flan-
ner et al., 2007).

A number of studies have measured BC concen-
trations in snow/ice and have analyzed the effects
of BC on surface albedo (e.g., Warren, 1982; Noone
and Clarke, 1988; Grenfell et al., 2002). Warren and
Wiscombe (1980) found that snow albedo may be re-
duced by 1% if the BC concentration reaches 15 ng
g−1. Light et al. (1998) calculated that sea-ice albedo
could be reduced by up to 30% with a BC concentra-
tion of 150 ng g−1. In the Tibetan Plateau region,
large amounts of BC attach to the snow and/or ice,
increasing the absorption of solar radiation and the
thermal radiation emission from the Earth. The re-
sults measured by Xu et al. (2006) showed that the
highest mean BC content in snow/ice was 79.2 ng
g−1 in the northeast Himalaya, and the lowest con-
tent was 4.3 ng g−1 in the western Himalaya. Ming et
al. (2008) reported that the average BC concentration
in snow/ice of the Everest region from 1951 to 2001
was ∼16 ng g−1 and the largest radiative forcing by
BC in snow/ice in the summer of 2001 exceeded +4.5
W m−2. In many snow-covered regions in the North-
ern Hemisphere, snow and ice begin to melt heavily
in March and April, but because these months pre-
cede the agricultural season, tremendous amounts of
snow/ice water resources are lost before they can be
used (Thompson et al., 2003; Barnett et al., 2005).
Snow is an important source of surface runoff and soil
moisture. Changes in the radiative properties of snow
can thus have important impacts on the radiation bal-
ance and the water balance of the Earth’s surface and
the hydrological cycle. From a global perspective, the
decrease of snow/ice albedo due to BC and the re-
sultant rise in surface temperature can accelerate the
global melting of glaciers and can contribute greatly
to global warming. The effects of BC in snow/ice on
radiative flux have also been simulated using climate
models (Hansen and Nazarenko, 2004; Hansen et al.,
2007; Flanner et al., 2007; Koch et al., 2009; Rypdal et
al., 2009). Those studies estimated that global annual
mean radiative forcing due to BC in snow/ice ranges
between +0.007 and +0.16 W m−2, and they showed
that the efficacy of climate forcing to change global
surface temperature by the snow/ice albedo mecha-
nism is higher than that of CO2. Some uncertainties

about this research remain, such as limited observa-
tional data, mixed states of BC and snow/ice particles,
different parameterizations of models, and so on. The
IPCC (2007) also indicated that the level of scientific
understanding of the forcing by BC in snow/ice is still
low, and that further studies are therefore needed.

In the present study, radiative forcing by BC in
snow/ice and the climate response to this forcing
were studied using the second-generation AGCM de-
veloped by the National Climate Center (NCC) of the
China Meteorological Administration (CMA), called
the BCC−AGCM2.0.1. Section 2 describes the model
and experimental design. Section 3 contains the cal-
culation methods of the radiative forcing of BC in
snow/ice and analyzes its effect on global climate. Fi-
nally, conclusions and discussion are presented in sec-
tion 4.

2. Model Description and Experimental De-
sign

2.1 Basic model description

The BCC−AGCM2.0.1 was developed by the Na-
tional Climate Center of the China Meteorological
Administration (NCC/CMA) based on the Commu-
nity Atmosphere Model Version 3 (CAM3) of the U.S.
National Center for Atmospheric Research (NCAR).
The model uses horizontal triangular truncation at
wavenumber 42 (T42, ∼2.8◦×2.8◦) and a vertical hy-
brid σ-pressure coordinate, which includes 26 verti-
cal layers with the top layer at a pressure of 2.9 hPa.
The model uses the same radiation scheme as that
used in CAM3; both models divide the whole short-
wave region into 19 spectral bands and use a two-
stream δ-Eddington approximation (Briegleb, 1992).
This scheme takes atmospheric absorption due to gases
such as H2O, CO2, O3, and O2 into account and
also considers multiple-scattering and absorption pro-
cesses due to aerosols such as sulfate, BC, organic
carbon, dust, and sea salt. The model was coupled
with the Community Land Model (CLM3), in which
snow is a forecast variable. The simulation of snow
takes into account the interactions between snowfall
and melting and between new snow and old snow,
as well as the integration, compression, and defor-
mation processes among snow layers (Oleson et al.,
2004). The sea-ice concentration and thickness are
prescribed in the model. The shortwave region is di-
vided into two spectral bands in the CLM3 and the
sea-ice model including visible λ<0.7 μm and near-
infrared λ�0.7 μm. Monthly mean climatological
data from 1971 to 2000 on a Gaussian grid, obtained
from National Centers for Environmental Prediction
(NCEP) reanalysis products, were used as the initial
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model field, and the geographical distribution of sea
surface temperature was prescribed based on the 21-
year climatology for 1981–2001 (available online from
http://www/ccsm.ucar.edu/models/atmcam/docs/de
scription). The climatologic field of the aerosol species
considered in this study used monthly mean aerosol
mass concentrations from the Model for Atmospheric
Chemistry to Transport (MATCH) (Rasch et al.,
1997), and their optical properties were described by
Zhang et al. (2009). The aerosol distribution reason-
ably agreed with observations (Collins et al., 2001,
2002).

Compared with CAM3, many parameterizations

were changed in BCC−AGCM2.0.1. The dynamics in
the model differ significantly from the Eulerian spec-
tral formulation of the dynamical equations in CAM3,
and a reference stratified atmospheric temperature and
a reference surface pressure were introduced into the
model governing equations to improve calculation of
the pressure gradient force and the gradients of surface
pressure and temperature (Wu et al., 2010). The ma-
jor modifications to the model physics include a new
convection scheme (Zhang and Mu, 2005), a dry adi-
abatic adjustment scheme in which potential temper-
ature is conserved (Yan, 1987), a modified scheme to
calculate sensible heat and moisture fluxes over open

Fig. 1. The comparison of zonal mean of (a) net shortwave flux at the TOA (units: W m−2),
(b) upward longwave flux at the TOA (units: W m−2), and (c) surface temperature (units: K) be-
tween the simulation and observations/reanalysis data. DJF and JJA represent winter and summer,
respectively.
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ocean that considers the effect of ocean waves on la-
tent and sensible heat fluxes (Wu et al., 2010), and an
empirical equation to compute the snow cover fraction
(Wu and Wu, 2004). The model provides overall im-
provements to climate simulation in comparison with
CAM3, especially for simulating the tropical maxi-
mum and the subtropical minimum of precipitation,
wind stress, and sensible and latent heat fluxes at the
ocean surface (Wu et al., 2010; Wang et al., 2010).
Figure 1 gives the seasonal changes of the zonal mean
of net shortwave flux and upward longwave flux at the
top of the atmosphere (TOA) and surface temperature
simulated by BCC−AGCM2.0.1. For comparison, ob-
servations from the Earth Radiation Budget Exper-
iment (ERBE; Harrison et al., 1990) and reanalysis
data from National Center for Environmental Predic-
tion (NCEP; Kistler et al., 2001) are also presented.
As shown in Fig. 1, latitudinal and seasonal patterns
of the simulation are consistent with the observations
or the NCEP data, and there are no large differences
between them except that the simulated net shortwave
flux at the TOA in summer (June, July, August: JJA)
in the high-latitude region and the simulated upward
longwave flux at the TOA in winter (December, Jan-
uary, February: DJF) in the tropical region in the
Northern Hemisphere were underestimated in compar-
ison with ERBE data.

2.2 Experimental design

Observations and simulations have shown that the
effects of BC on snow/ice albedo are mainly concen-
trated at wavelengths <0.9 μm (Warren and Wis-
combe, 1980; Jacobson, 2004; Flanner et al., 2007).
Hansen and Nazarenko (2004) summarized the BC
amounts in snow/ice samples from various sites in
Alaska, Canada, Greenland, Sweden, and Eurasia, and
in the sea ice of the central Arctic. They calculated
the effects of BC on snow/ice albedo in the differ-
ent regions and found that, with wavelength λ<0.77
μm, snow/ice albedos were reduced by 2.5% at the
Arctic, by 5% for land-surface snow in the Northern
Hemisphere, and by 1% for snow/ice in the South-
ern Hemisphere except at the South Pole. Ming et al.
(2009) also analyzed the effects of BC in snow/ice on
albedo at many sites in western China and the Tibetan
Plateau. Their results showed albedo reduction due to
BC in snow/ice of 6% at Haxilegen (43.73◦N, 84.46◦E)
and Miaoergou (43.06◦N, 94.32◦E), 5% at Lanong
(30.42◦N, 90.57◦E), and 4% at Mushitage (38.28◦N,
75.02◦E). The mean reduction of albedo among these
sites was close to 5% in visible, which was consistent
with the results of Hansen and Nazarenko (2004).

Firstly, two simulation experiments were con-
ducted in this study to examine the climate response

due to BC in snow/ice. In the control experiment
(EXP1), no effect of BC on the snow/ice albedo was
included. In the second experiment (EXP2), albedo
decrease in snow/ice was specified at λ<0.7 μm accord-
ing to the calculated results of Hansen and Nazarenko
(2004) and Ming et al. (2009) described above (i.e., the
snow/ice albedo in the Arctic decreased by 2.5%; the
snow albedo on land in the Northern Hemisphere de-
creased by 5%, and the snow/ice albedo in the South-
ern Hemisphere, except the South Pole, decreased by
1%). In EXP2, the instantaneously radiative forcing
caused by BC in snow/ice was also calculated. In ad-
dition, we conducted another experiment (EXP3) to
calculate the instantaneously radiative forcing when
simultaneously considering the BC in snow/ice and in
the atmosphere. The difference between the results of
the EXP1 and EXP2 was regarded as the effect of BC
in snow/ice on climate. In each experiment, we ran
the BCC−AGCM2.0.1 for 11 years, with the first year
as the spin-up time. The results for the last 10 years
were averaged and analyzed for this study.

3. Results

3.1 Surface radiative forcing (Fs) of BC in
snow/ice

Figure 2a shows the annual mean distribution of
BC column burden used in this model. The largest col-
umn burden of BC occurs over East Asia with a max-
imum value >2.7 mg m−2. This high value was most
likely attributed to a rapid industrial development in
southeastern China in recent years. Other regions with
large column burdens include India, Western Europe,
some of the west coast of Central Africa, and central
South America. There was also a relatively high col-
umn burden in the southern part of North America
and in Australia.

BC deposits on snow/ice surfaces reduce their
albedo and increase their absorption of solar radia-
tion, so that positive radiative forcing is produced on
the Earth’s surface. The annual mean distribution of
surface radiative forcing shown in Fig. 2b reveals that
the maximum forcing in the Northern Hemisphere oc-
curs over the Tibetan Plateau (30◦–40◦N, 80◦–100◦E),
where regional mean forcing reaches +2.8 W m−2,
which is similar to the result calculated by Flanner
et al. (2007) using BC emission list data (Bond et al.,
2004). The maximum radiative forcing on Greenland
also exceeds +2.0 W m−2. At the two major regions
of snow cover in Eurasia and North America, the an-
nual mean surface radiative forcing is +0.2 W m−2

to +2.0 W m−2. The mean value for sea ice at
the Arctic pole is approximately +0.8 W m−2, and
forcing is also distributed with a small range in the
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Fig. 2. Annual mean distribution of (a) BC column burden (units: mg m−2), (b) surface radiative
forcing due to BC in snow/ice and (c) BC in snow/ice and atmosphere, and (d) the seasonal change
of zonal mean surface radiative forcing due to BC in snow/ice (units: W m−2).

Southern Hemisphere. The global annual mean of
surface radiative forcing calculated in this study was
+0.042 W m−2, which is smaller than the result of
Hansen and Nazarenko (2004).

Figure 2c shows the annual mean distribution of
total surface radiative forcing due to BC in snow/ice
and in atmosphere. When simultaneously consider-
ing the BC in the atmosphere, the ranges of positive
surface forcing greatly decrease in Eurasia and North
America, but it barely affects the forcing in Tibetan
Plateau and the Arctic pole, where the regional annual
mean forcing rates are +2.5 W m−2and +0.7 W m−2,
respectively.

The magnitude of surface radiative forcing by BC
in snow/ice is determined by the concentration of BC
in the snow/ice, the surface-incident solar flux, and
the snow cover (Flanner et al., 2007). The seasonal
change of zonal mean surface radiative forcing by BC
in snow/ice is shown in Fig. 2d. Distinct forcing is
shown in the region 30◦–50◦N in winter; over time,
large values of radiative forcing gradually move north-
ward with large amounts of solar radiation flux and
snow cover. In summer, the radiative forcing at high-
latitude areas of the Northern Hemisphere reach their
maximum values (>+1.8 W m−2 in most regions) due
to the large amounts of BC emissions and the accumu-
lation of BC by melting snow. Although the BC con-

centration in snow/ice is low and the surface-incident
solar flux drops in the Arctic, the zonal mean values
and range of radiative forcing are still large due to the
large extent of snow/ice cover. In autumn, although
BC emission is still high, radiative forcing is very small
because snow pack has not yet accumulated.

3.2 Climate response

The effects on annual mean surface temperature
from BC in snow/ice are shown in Fig. 3. The surface

Fig. 3. The effect of BC in snow/ice on annual mean
surface temperature (units: ◦C) (The shaded areas shows
the confidence exceeds 95% using a t-test).
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temperatures of snow-covered areas on land and of
sea-ice-covered areas show an obvious increase due to
the enhanced absorption of solar radiation caused by
BC in snow/ice. The mean surface temperature of
snow/ice on the Tibetan Plateau, the area with the
largest radiative forcing, increased by 1.6◦C. At the
two major snow-covered regions of Eurasia and North
America, temperature increases were ∼0.5◦C and were
>1◦C in northern Canada and the eastern United
States. In the area of Arctic sea-ice cover, a tempera-
ture increase of 1◦C is shown. Furthermore, the results
indicate that global annual mean surface temperature
increased by ∼0.071◦C due to BC in snow/ice. The
changes of simulated surface temperature exceeded the
95% confidence level (t-test) over most areas of the
Arctic sea ice, Tibetan Plateau, and North America.
In China, recent observational studies have also shown
that >80% of glaciers are receding (Xiao et al., 2007).
Increased surface temperatures due to BC in snow/ice
will further accelerate the melting of snow/ice under
global warming due to CO2.

Garrett and Zhao (2006) pointed out that anthro-
pogenic aerosol could be transported to the Arctic
through atmospheric circulation and could change the
microphysical and radiative properties of clouds there,
leading to an increase in surface longwave fluxes and
contributing to the rise of Arctic surface temperatures.
Figure 4a shows the effect of BC in snow/ice on annual
zonal means of total cloud cover and net longwave flux
at the surface. As shown in this figure, BC in snow/ice
can also lead to an increase in surface longwave flux
in the Arctic, where the maximum value exceeds +1
W m−2 at 85◦N. This increase is due to the warmer
surface temperature, which causes more water vapor
to be released into the atmosphere, allowing for easier
cloud formation, which could result in higher thermal
emittance arriving at the surface in the Arctic. Conse-
quently, this positive feedback mechanism will further
accelerate Arctic warming. But increasing cloud cover
will decrease net cloud forcing in the Arctic (Fig. 4b),
and this will offset some of the positive feedback mech-
anism of clouds.

Figure 5 presents the seasonal changes of zonal
mean differences of surface temperature and snowmelt
rate caused by BC in snow/ice. The temporal and
spatial distributions of the differences of surface tem-
perature and snowmelt rate are very consistent with
those of surface radiative forcing. With the emergence
of surface positive radiative forcing in winter, surface
temperature significantly increased on land areas with
snow/ice cover in the Northern Hemisphere. The mean
increase in the surface temperature of snow in winter

Fig. 4. The effect of BC in snow/ice on annual zonal
means of (a) total cloud cover (%; dashed line) and net
longwave flux at surface (units: W m−2; solid line) and
(b) shortwave cloud forcing (dashed line), longwave cloud
forcing (solid line) and net cloud forcing (dot line; units:
W m−2).

and spring was ∼0.6◦C. Two areas with large values
were centered at 50◦–70◦N in February and at 70◦–
80◦N in April, showing temperature increases of 1◦C.
The former could be caused by the model system er-
rors, because it was not consistent with small surface
radiative forcing during this time (Fig. 2b), and it
had a low confidence level (t-test). At the Arctic pole,
where perennial sea ice exists, the temperature of the
sea-ice surface increased by >0.5◦C in all seasons, with
maximum increase of 2.5◦C in September and Octo-
ber (Fig. 5a). Such increases will further accelerate
ice melt in the Arctic. For regions north of the Arctic
Circle, the surface temperature still increased during
some periods without solar radiation, which may be a
consequence of thermal inertia or could be dynamical
in nature (Flanner et al., 2007). As shown in Fig. 5b,
snowmelt rates obviously increased at the early melt-
ing stage in mid- and high-latitude areas of the North-
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Table 1. Global and regional climate responses to BC in snow/ice.

Surface radiative Surface Snow cover Snow Ice amount
Forcing temperature ratio depth on land
(W m−2) (◦C) (10−3) (mm) (kg m−2)

Eurasia 0.57/0.90/0.42 0.83/0.60/0.39 −18.2/− 26.2/−15.7 −12.6/−19.9/− 13.6 −3.86/−8.02/−5.13
North 0.26/0.44/0.19 0.83/0.46/0.47 −43.0/− 33.5/− 31.5 −27.2/−40.0/ −26.2 −10.3/ −20.8/−11.7
America � �

Global 0.013/0.094/0.025 0.094/0.089/0.071 −6.70/−8.65/−7.39 −8.91/−12.6/−10.7 −9.97/−14.5/−10.7

Note: *The three values represent the winter and spring seasons and the annual mean changes of these physical variables, respec-

tively. The geographic ranges for Eurasia and North America are (30◦–70◦N, 20◦–130◦E) and (30◦–70◦N, 60◦–130◦W), respectively.

Fig. 5. Seasonal changes of zonal mean differences of (a)
surface temperature (units: K) and (b) snow melt rate
(units: mm d−1) caused by the BC in snow/ice (The
shaded areas shows the confidence exceeds 95% using a
t-test).

ern Hemisphere, but they decreased due to the pres-
ence of less snow in the late melting stage. Corre-
sponding to the temporal and spatial changes of tem-
perature, the snowmelt rate on land in the North-
ern Hemisphere also increased obviously in winter and

spring, which may shift peaks in river runoff to win-
ter and early spring, away from summer and autumn
when water demand is highest in these regions. Water
storage capacities in these regions are not sufficient,
and thus the earlier melting of snow/ice is expected to
worsen water supply problems in the future (Barnett
et al., 2005).

Eurasia and North America are the two major re-
gions of snow cover on land, and increased snow/ice
melting in these regions will have substantial impacts
on local production and livelihoods. Table 1 lists the
effects of BC in snow/ice on several important physi-
cal parameters worldwide and in the above two major
snowpack regions. The seasonal mean values in winter
and spring and the annual mean values of the snow
cover ratio, snow depth, and ice amount in Eurasia
and North America decreased due to the increased sur-
face temperature. Flanner et al. (2009), from analysis
of Jones (CRU) Air Temperature Anomalies Version 3
(CRUTEM3), showed that springtime surface temper-
atures on land north of 30◦N over Eurasia and North
America increased by 0.59◦C (10 yr)−1 and 0.23◦C
(10 yr)−1, respectively, from 1979 to 2000. The sur-
face temperatures increased by 0.6◦C and 0.46◦C over
Eurasia and North America due to BC in snow/ice in
this study, respectively, which could have contributed
to the observational warming in those areas.

4. Conclusions

This study examined the radiative forcing of BC
in snow/ice and its climatic effects by integrating the
BC effects on snow/ice albedo calculated from observa-
tional data by Hansen and Nazarenko (2004) and Ming
et al. (2009) into the BCC−AGCM2.0.1 developed by
the NCC/CMA. Annual mean surface radiative forc-
ing due to BC in snow/ice was calculated as approxi-
mately +0.042 W m−2, which is smaller than the result
reported by Hansen and Nazarenko (2004) because the
impact of albedo is only considered at λ<0.7 μm in this
work. The maximum annual mean surface forcing in

580



NO. 6 WANG ET AL. 1343

the Northern Hemisphere was shown over the Tibetan
Plateau, where regional mean forcing exceeded +2.8
W m−2; this finding is similar to that calculated by
Flanner et al. (2007) using the BC emission list (Bond
et al., 2004). At the two major regions of snow cover
in Eurasia and North America, annual mean surface
radiative forcing due to BC in snow/ice ranged from
+0.2 W m−2 to approximately +2.0 W m−2. In the
Arctic, the mean value for sea ice was approximately
+0.8 W m−2. When simultaneously considering the
BC in atmosphere, the ranges of positive surface forc-
ing obviously decreased in Eurasia and North Amer-
ica, but it has hardly affected the forcing in Tibetan
Plateau and Arctic pole.

Clear increases in surface temperatures were shown
for land areas with snow cover and sea areas with ice
cover due to the enhanced absorption of solar radiation
caused by BC in snow/ice. The annual mean increases
of temperature in snow-covered areas were estimated
to be ∼1.6◦C on the Tibetan Plateau, 0.5◦C for most
of Eurasia and North America, and >1◦C in areas of
northern Canada and the eastern United States. The
corresponding zonal mean values around the Arctic
pole reach 1◦C, and the global annual mean value in-
creased by 0.071◦C. Therefore, with the rise of surface
temperature in the Arctic, more water vapor could be
released into the atmosphere, allowing for easier cloud
formation, which could lead to higher thermal emit-
tance arriving at the surface in the Arctic. However,
the net cloud forcing could be decreased due to the
increasing of cloud cover, which will offset some of the
positive feedback mechanism of the clouds.

Positive surface radiative forcing by BC in snow/ice
occurs in winter and spring, leading to increased sur-
face temperature on land areas with snow and ice
in the Northern Hemisphere. Surface temperatures
of continental Eurasia and North America increased
by 0.6◦C and 0.46◦C in spring, respectively. Corre-
sponding to the seasonal changes of temperature, the
snowmelt rate on land in the Northern Hemisphere
clearly increased in winter and spring, which could lead
to earlier peaks of river runoff in late winter and early
spring. Because water storage capacities are not suffi-
cient, much of the winter and spring runoff would flow
directly to the oceans. Snow and ice water sources,
which have already decreased, would be further lost
to human use because the earlier peaks would not co-
incide with peak usage demands.

Finally, some uncertainty remains regarding
sources in this study’s simulations. First, the data of
BC concentration in snow/ice were from limited sites;
errors may be introduced by using the changes of albe-
dos calculated in these sites to represent the changes
of regional albedo. Second, the vertical distribution of

BC in snow/ice, the mixed state of BC, and snow/ice
particles and the climatic data set used to initialize
and force the model may all affect the simulated re-
sults of this study. Therefore, we hope to obtain more
data and more accurate parameterizations in the fu-
ture and to apply them to further AGCM modeling.
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王遵娅

国家气候中心#北京
!

%$$$M%

摘
!

要
!

利用
%G"?

"

#$$G

年中国台站雨凇和雾凇日数统计分析了中国冰冻日数的气候及变化特征'中国的冰冻

主要出现在新疆(西北东部(内蒙古东部(东北(华北(淮河流域及江南一带#年均冰冻日数一般有
%

"

"

天#

"

天

以上的重冰区主要分布在新疆北部(陕西南部(东北中部(华北东部(秦岭(云南东北部(贵州等地'雨凇大都出

现在我国南方地区#而雾凇主要出现在我国北方地区'冰冻主要发生在
%%

月至次年
!

月#尤其是冬季'中国冰

冻(雨凇和雾凇日数在
%G"?

"

#$$G

年间出现了显著减少的变化趋势#并在
%GG$

年代初突变减少#雾凇的减少趋

势较雨凇明显'中国冰冻(雨凇和雾凇日数的减少与气温的显著上升及相对湿度和风速的显著减小关系密切'另

外#冰冻 $雨凇(雾凇%日数与亚洲极涡的面积和强度#乌拉尔山和贝加尔湖阻塞高压的强度及西太平洋副高的

面积(强度和位置均具有显著的相关关系'

%G"? #$$G

年间#亚洲极涡面积显著减小且强度减弱#乌拉尔山和贝

加尔湖阻塞高压显著增强#西太平洋副高面积缩小(强度减弱并明显西伸'这些变化可能引起了我国冰冻 $雨

凇(雾凇%日数的大幅减少'
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!

引言

#$$M

年
%

月
%$

日至
#

月
#

日我国大部尤其是

南方地区遭受了历史罕见的低温雨雪冰冻灾害'持

续而大范围的冰冻天气使贵州(湖南(广西(云南

等省的输电线网受到沉重打击#对社会和人民生活

造成了巨大损害 $王遵娅等#

#$$M

)王凌等#

#$$M

%#引起了各方学者的关注#对其产生原因进

行了多方面的研究 $陶诗言和卫捷#

#$$M

)丁一汇

等#

#$$M

)李崇银等#

#$$M

)陶祖钰等#

#$$M

)张庆

云等#

#$$M

)

@*)*401>

#

#$$G

)谭桂荣等#

#$%$

%'

随着电力(通讯网络的快速发展#冰冻作为一种重

要气象灾害对我国社会经济的影响越来越大#因而

有必要对冰冻的气候及变化特征#其产生原因(机

理和影响进行更为深入的研究#以便为防灾减灾提

供依据和参考'

前人的一些研究表明#冰冻现象主要由雨凇(

雾凇(湿雪冻结等天气状况造成 $

<0\\-)*)

#

#$$$

%'中国大部地区的冰冻天气以雨凇和雾凇为

主#这在我国的云(贵(川(粤北等地区是较为常

见的#尤其是在严冬和初春季节 $谭冠日等#

%GM"

)

王守礼#

%GG!

%'

#$

世纪
G$

年代初#张家诚

$

%GG%

%对中国雨凇和雾凇的分布特征进行统计发

现#中国年平均雨凇日数在南方较北方多#雾凇日

数北方多于南方#雨凇和雾凇都是潮湿地区较干旱

地区多#山区比平原多'湖南省冰区分布与山地走

向一致#从
#$

世纪
H$

年代起冰冻天气的频次和强

度都有减小趋势 $李军等#

#$$?

%)贵州省冰冻日数

从西向东(从中部向南北两侧递减#

#$

世纪
M$

年

代开始冰冻日数逐年减少 $杨利群#

%GGG

)张宇发#

%GGG

%)三峡地区是我国典型的雾凇覆冰区#海拔

高度超过
M$$5

的垭口及风口覆冰特别严重 $蒋兴

良等#

%GGM

%'最近#赵珊珊等 $

#$%$

%的研究表明#

我国大部地区冰冻天气发生频次减少而强度增强'

由于冰冻天气在中国的分布具有较强的区域性

特征#因而针对冰冻天气的研究也多以局地分析为

主#缺乏对中国冰冻天气分布及变化特征等的全面

了解'针对这个问题#本文将对中国雨凇和雾凇的

空间分布及不同时间尺度的变率进行较为全面和细

致的分析'

<

!

资料和方法

本文主要利用中国
H?!

站雨凇和雾凇的天气现

象资料#时间长度为
%G"?

"

#$$G

年'该资料由国

家气象信息中心整编#进行了初步的质量控制#在

计算之前#我们还对资料长度短于
!$

年的站点进

行了剔除#最终利用
FGG

个站点的资料进行本文的

分析'分析中#若某站某日有雨凇或雾凇发生#则

定义该日为一个冰冻日'

本文所用的分析方法包括线性趋势分析(小波

分析(相关分析等'

=

!

气候特征

图
%

显示了中国年冰冻日数的气候平均值

$

%GH%

"

#$$$

年平均#下同%#从图中可以看到#四

川东部(云南大部(广东南部(广西南部(海南等

地为无冰区#经统计共有
%?#

站)年平均冰冻日数

在
%

天以下的少冰区主要分布在内蒙古西部和东南

部(青海大部(西藏东南部(广东北部(广西北部(

长江三角洲等地#共
%M%

站)年冰冻日数在
%

天以

上的站点分布在新疆(西北东部(内蒙古东部(东

北(华北(淮河流域及江南一带#其中冰冻日数在

%

"

"

天的站点最多#有
##H

站#

"

"

%$

天#

%$

"

!$

天和
!$

天以上的站点数分别有
"%

(

?"

和
#!

站#主

要分布在新疆北部(陕西南部(东北中部(华北东

部(秦岭(云南东北部(贵州等地#大部分的重冰

区#尤其是年冰冻日数在
!$

天以上的站点都分布

在海拔较高的山地区域'统计发现#全国有
"%>Ĥ

的站点平均每年会出现
%

天以上的冰冻#其中年均

冰冻日数在
"

天以上的站点占全国总站数的

%H>Ĥ

)而
?M>!̂

的站点无冰或少冰'

为了进一步了解雨凇和雾凇各自的分布特点#

我们对中国各站的年均雨凇和雾凇日数进行了分

析'如图
#

所示#中国大部地区都没有或基本没有

#%?

大
!

气
!

科
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学
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图
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中国年冰冻日数 $单位&
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图
#

!

中国年雨凇日数 $单位&

C

%

](

A

>#

!

Y(+4/(P.4(-)-20)).01

A

10E*C0

=

+04*07'+404(-)-2&'()0

$

.)(4+

&

C

%

雨凇发生#其中无雨凇站点
#H#

个#年均雨凇日数

在
%

天以下的站点
#HG

个)而年均雨凇日数在
%

天

以上的站点
%%M

个#仅占全国总站数的
%H>F̂

#主

要分布在我国南方地区#尤其是长江以南一带#包

括云南(贵州(江西(湖南(浙江(福建等省'而我

国北方地区偶发雨凇#仅在新疆西北部和辽宁南部

部分站点的年均雨凇日数在
%

天以上'另外#秦岭

山区(湖北(河南等地的年均雨凇日数也有
%

"

"

天'值得注意的是#中国年均雨凇日数在
"

天以上

的站点仅
!$

站#集中分布在云南东北部和贵州等

地'

对雾凇而言#在进行统计的
FFG

站中#有
#FG

个站点的年均雾凇日数在
%

天以上#占
?$>#̂

#主

要分布在长江以北地区#包括新疆(东北(华北东

部(淮河流域(秦岭山区等地 $图
!

%#且雾凇日数

在
"

天以上的站点共
GG

站#占统计总站数的
%?>

M̂

#集中在新疆北部(东北中部(华北东部(秦岭

山区一带#而长江以南地区仅个别站点出现雾凇#

年均雾凇日数均在
!$

天以上#其余大部分站点没

有雾凇发生或年均雾凇日数在
%

天以下'

图
?

显示了中国各站海拔高度与冰冻日数的关

系#可以清楚地看到#冰冻日数在
#$

天以上的站

!%?

!

期
!

;-:!
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图
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图
?

!

中国各站海拔高度与冰冻日数的分布

](
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!

Y(+4/(P.4(-)-2014(4.C*0)C(7*D2/**E()

A

C0

=

+04*07'+40D

4(-)-2&'()0

点其冰冻日数与海拔高度呈明显的线性关系#即海

拔高度越高则冰冻日数越多'实际上#高山是冰冻

的频发地区#如四川峨眉山的年均冰冻日数达
%"$

天左右#山西五台山在
G$

天左右#浙江天目山在

F$

天以上等'但我们也能注意到#很多
#$$$5

以

上站点的冰冻日数并不多#甚至有的站点并不出现

冰冻天气'这是由于很多站点虽然地处高原或山

地#但由于空气湿度(气温(所在地点的坡度坡向

等条件不适合雨凇或雾凇的生成#这样的站点就会

少发生甚至不发生冰冻'对雨凇和雾凇分别进行同

样的分析也能得到相似的结果'

从冰冻日数在各月的分布情况看 $图
"

%#冰冻

主要发生在
%%

月至次年
!

月#尤其是
%#

月至次年

#

年的隆冬季节#其中以
%

月最多#

#

月和
%#

月次

之#

!

月和
%%

月也较多#

H

月和
M

月没有冰冻发生'

另外可以注意到#雾凇日数总体而言多于雨凇日

数#雾凇在
%#

月和
%

月最为频发#而雨凇在
%

月和

#

月最多'

>

!

变化特征及周期分析

图
F0

显示了
%G"?

"

#$$G

年中国平均冰冻(雨

凇和雾凇日数的逐年演变'统计发现#三者的全国

平均日数分别为
?>G

天(

%>%

天和
!>G

天'从图
F0

可以非常清楚地看到#三者都在这几十年间出现了

明显减少#其中冰冻日数的减少趋势最为显著#线

性变化趋势系数为
_$:GC

*

%$0

'雾凇日数的减少

较雨凇明显#其线性变化趋势系数分别为
_$>HMC

*

%$0

和
_$>%HC

*

%$0

'并且#冰冻(雨凇(雾凇日数

都在
#$

世纪
G$

年代初出现突变 $显著减少%#由之

前的以正距平为主变为之后以负距平为主'为了确

定突变点#我们对中国年冰冻日数序列进行了

<0))D̀*)C011

检验 $简称
<`

检验%'这是一种非

参数突变检验方法#最初由
<0))

$

%G?"

%发展用于

检测序列的变化趋势#后
O--++*)+0)CI*/

A

*/

$

%GMF

%将其发展成一种能检测气候突变的新方法'

从图
FP

可以看到#中国的冰冻日数自
%G"H

年左右

开始减少#至
%GFM

年左右统计曲线超过
G"̂

的信

度检验线#表明从此时起冰冻日数显著减少'并

且#两条统计曲线在
%GG$

年相交#按照符淙斌和

王强 $

%GG#

%的补充说明#虽然交点在信度区间之

?%?
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图
"

!

中国月平均冰冻日数 $单位&

C

%

](

A

>"

!

<-)4'1

=

(7*D2/**E()

A

C0

=

+0L*/0

A

*C-L*/&'()0

$

.)(4+

&

C

%

图
F

!

%G"?

"

#$$G

年中国年冰冻(雨凇(雾凇日数序列$

0

%和中国年冰冻日数的
<̀

检验$

P

%

](

A

>F

!

$

0

%

Z(5*+*/(*+-20)).01(7*D2/**E()

A

C0

=

+

#

A

10E*C0

=

+

#

0)C/(5*C0

=

+0L*/0

A

*C-L*/&'()02/-5%G"?4-#$$G0)C

$

P

%

4'*<0))D

*̀)C0114*+4-20)).01(7*D2/**E()

A

C0

=

+

外#但根据冰冻日数序列判断#这是一真实突变

点'为了进一步验证该突变点的可靠性#我们还利

用滑动
#

检验和
V0505-4-

方法对序列进行了分

析#两种方法检测到的突变点均在
%GG?

年'综上#

%GG$

年代初中国年均冰冻日数发生了突变减少'

分别对中国年雾凇和雨凇日数序列进行突变点检验

发现#其变化特征与冰冻日数相似#并且也是在

%GG$

年代初出现突变减少'

从图
F0

还可以注意到#

#$$M

年的雨凇日数较

常年偏多#并且是自
%GG?

年以来唯一出现的正距

"%?

!

期
!

;-:!

王遵娅&中国冰冻日数的气候及变化特征分析
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平值#而雾凇日数没有表现出偏多的情况#这表明

#$$M

年给我国造成大范围灾害和损失的冰冻灾害

主要是由雨凇造成'

#$$M

年初#在强拉尼娜事件

背景下#欧亚中高纬地区的大尺度环流异常稳定使

冷空气不断自西北向东南输送#同时孟加拉湾和南

海的暖湿空气不断北上#冷暖气流在中国南方地区

频繁交汇#使对流层中低层形成逆温层和局地经向

环流产生异常#从而在长江及其以南出现了大范围

且长时间的雨凇天气 $丁一汇等#

#$$M

)张庆云等#

#$$M

)杨贵名等#

#$$M

%'这在近些年是很罕见的'

很有意思的是#无论是
#$$M

年的雨凇日数还是冰

冻日数#在历史上都不算特别多#但造成的损失之

大#灾害之重是历史罕见的#这虽然与冰冻在南方

的长时间持续有关#但也在很大程度上体现了社会

经济高速发展下电力通讯设施在自然灾害面前的脆

弱性'另外#我们简要分析了中国平均冰冻(雾

凇(雨凇日数与气温的相关关系 $表
%

%#可以看到

冰冻(雾凇(雨凇日数与日平均气温(日最高气温

和日最低气温均成显著的负相关关系#相关系数大

都在
_$>H

以上#通过了
GĜ

的信度检验#这表明

近几十年来中国冰冻日数的减少与气温的显著升高

有密切关系'另外#中国冰冻(雨凇和雾凇日数与

相对湿度和平均风速均呈显著的正相关关系#通过

了
GĜ

的信度检验'

%G"?

"

#$$G

年#无论是中国

平均相对湿度还是平均风速都出现了显著的下降趋

势#这也与中国冰冻(雨凇和雾凇日数的减少有一

定关系'

表
;

!

中国平均冰冻!雾凇!雨凇日数与气温!相对湿度和

平均风速的相关系数

?%8"*;

!

!/))*"%&#/,'/*00#'#*,&+8*&:**,%,,@%"#'*20)**4#,

.

-%

6

+

"

)#$*-%

6

+

"

%,-

.

"%4*-%

6

+#,!(#,%:#&(-%#"

6

&*$

A

*)%2

&@)*

"

-%#"

6

$%B#$@$&*$

A

*)%&@)*

"

-%#"

6

$#,#$@$&*$

A

*)%2

&@)*

"

-%#"

6

)*"%&#C*(@$#-#&

6

"

%,--%#"

6

:#,-+

A

**-

日平均气温 日最高气温 日最低气温 相对湿度 平均风速

冰冻日数
_$>HG _$>H! _$>HM $>F$ $>H$

雾凇日数
_$>H? _$>F" _$>H? $>"M $>FH

雨凇日数
_$>HH _$>M$ _$>H$ $>"$ $>F#

上面的分析显示中国平均冰冻(雨凇和雾凇日

数在近几十年出现了显著减少#下面我们将进一步

讨论各站的变化情况'考虑到一些站点无冰或少

冰#因而在讨论各站冰冻日数的变化趋势时仅对年

均冰冻(雨凇和雾凇日数大于
%

天的站点进行分

析'从图
H0

可以看到#大部分站点的冰冻日数在

%G"?

"

#$$G

年都出现了显著的减少趋势#尤其是

在新疆北部和东北中部一带#线性变化趋势系数小

于
_"C

*

%$0

#而大部分站点的线性变化趋势系数在

$

到
_#>"C

*

%$0

之间'雨凇日数的减少趋势大都

在
$

到
_%C

*

%$0

之间#云南东北部和贵州北部小

于
_%C

*

%$0

$图
HP

%'大部站点的雾凇日数也在

%G"?

"

#$$G

年间也呈现出显著的减少趋势#线性

变化趋势系数一般在
$

到
_#>"C

*

%$0

之间#趋势

系数小于
_#>"C

*

%$0

的站点主要分布在新疆北

部(内蒙古东北部和东北西部等地#这与冰冻日数

的情况相似 $图
H7

%'

除长期变化趋势外#我国的冰冻日数还存在明

显的年际和年代际变化周期'图
M

显示了对冰冻日

数进行小波分析的结果#可以看到#

#$

世纪
H$

年

代中期以前中国的冰冻日数具有显著的
#

"

?

年和

?

"

M

年周期'对雨凇日数进行小波分析的结果表

明#其具有显著的
#

"

?

年和准
#$

年周期#而雾凇

日数的
#

"

?

年和
?

"

M

年周期也通过了显著性检验

$图略%'

D

!

冰冻日数与大尺度环流指数的关系

为了了解影响中国冰冻日数的大尺度环流因

子#我们对冰冻日数与一些主要大尺度环流指数的

相关关系进行了分析'前文已指出中国冰冻主要发

生在冬春季节#而以往的研究发现北极涛动 $

3a

%

$龚道溢和王绍武#

#$$!

%(冬季风 $施能#

%GGF

%及

欧亚+太平洋遥相关 $

J[N

%$

@01107*0)CO.4D

E1*/

#

%GM%

%对东亚冬季气候有非常重要的影响#本

文则首先计算了这
!

个指数与中国冰冻日数的相关

关系'年冰冻日数与年
3a

指数#冬季风指数和冬

季
J[N

指数的相关系数分别为
_$>#%

#

_$>%%

和

$>%?

#均没有通过信度检验#表明这
!

项指数与中

国冰冻日数的相关关系不明显'

极涡和阻塞高压是与东亚气候关系密切的中高

纬环流系统#为了讨论其与中国冰冻日数的关系#

我们计算了亚洲极涡强度和面积指数 $王遵娅和丁

一汇#

#$$G

%及乌拉尔(鄂霍次克和贝加尔阻塞高

压指数与中国冰冻(雨凇和雾凇日数的相关系数'

乌拉尔 $

?$b;

"

"$b;

#

?$bJ

"

H$bJ

%(鄂霍次克

$

"$b;

"

F$b;

#

%#$bJ

"

%"$bJ

%和贝加尔 $

"$b;

"

F$b;

#

M$bJ

"

%%$bJ

%阻塞高压指数分别为
"$$'N0

F%?
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图
H

!

%G"?

"

#$$G

年中国各站冰冻 $

0

%(雨凇 $

P

%和雾凇 $

7

%日数线性变化趋势系数分布 $单位&

C

*

%$0

%'方框表示通过了
G"̂

的显著性

检验

](

A

>H

!

c()*0/4/*)C7-*22(7(*)4+-2

$

0

%

(7*D2/**E()

A

C0

=

+

#$

P

%

/(5*C0

=

+

#

0)C

$

7

%

A

10E*C0

=

+044'*+404(-)+-2&'()02/-5%G"?4-#$$G

$

.)(4+

&

C

*

%$0

%

>Z'*+

d

.0/*2/05*+C*)-4**W7**C()

A

4'*G"̂ 7-)2(C*)7*1*L*1

H%?

!

期
!
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图
M

!

中国冰冻日数序列的小波实部 $

0

#阴影为正值区%和显著性检验 $

P

#阴影表示通过了
G$̂

的显著性检验%

](

A

>M

!

$

0

%

U*01

6

0/4

$

4'*+'0C*C0/*0C*)-4*+

6

-+(4(L*L01.*+

%

0)C

$

0

%

+(

A

)(2(70)7*4*+4

$

4'*+'0C*C0/*0C*)-4*+*W7**C()

A

4'*G$̂ 7-)2(D

C*)7*1*L*1

%

-24(5*+*/(*+-2(7*D2/**E()

A

C0

=

+()&'()0

相应区域平均的高度标准化值 $赵振国#

%GGG

%'

如表
#

所示#冰冻(雨凇和雾凇日数与亚洲极涡的

面积和强度指数呈显著的正相关关系#即亚洲极涡

面积偏大#强度偏强则我国冰冻(雨凇和雾凇日数

多#并与欧亚中高纬地区的阻塞高压呈负相关关

系#其中与乌拉尔和贝加尔阻塞高压的负相关系数

通过了
G"̂

的显著性检验#但与鄂霍次克海阻塞高

压的相关关系不显著'进一步的分析表明#

%G"?

"

#$$G

年间亚洲极涡面积和强度指数都出现了显著

的减弱#而乌拉尔和贝加尔阻塞高压显著增强#这

可能引起了冰冻(雨凇和雾凇日数在近几十年的显

著减少'

表
<

!

极涡指数和阻塞高压指数与中国冰冻!雨凇!雾凇日

数的相关系数

?%8"*<

!

!/))*"%&#/,'/*00#'#*,&+8*&:**,%,,@%"#,-#'*+/0

A

/2

"%)C/)&*B%,-8"/'E#,

.

(#

.

(+:#&(%,,@%"#'*20)**4#,

.

"

)#$*

"

%,-

.

"%4*-%

6

+#,!(#,%

亚洲极涡 阻塞高压

面积指数 强度指数 乌拉尔 鄂霍次克 贝加尔

冰冻日数
$>F#

"

$>!F

"

_$>F$

"

_$>#? _$>?G

"

雨凇日数
$>"M

"

$>%G _$>!!

"

_$>## _$>?G

"

雾凇日数
$>"M

"

$>!H

"

_$>F#

"

_$>## _$>?F

"

注&

"

表示通过了
G"̂

的信度检验'

西太平洋副热带高压作为影响东亚气候的重要

中低纬环流系统#可能也与我国冰冻日数的多寡有

一定关系#因而分析了西太平洋指数与冰冻日数的

相关关系'根据赵振国 $

%GGG

%的定义#西太平洋

副热带高压的面积指数为
"be%$b

网格的
"$$'N0

平均环流图上
%$b;

以北#

%%$bJ

"

%M$b

范围内
"MM

C0

A6

5

等值线包括的网格点数)强度指数为
"MM

C0

A6

5

等值线内各格点的平均高度值编码 $

"MM

编

码为
%

#

"MG

编码为
#

#

"G$

编码为
!

#以此类推%之

和)脊线指数为
%%$bJ

"

%"$bJ

范围内副高脊线与

每隔
"b

的
G

条经线焦点的平均纬度值)北界指数为

副高北侧
"MMC0

A6

5

等值线 $东西
#

个脊点间%与

每隔
"b

的
G

条经线交点的纬度平均值)西伸脊点指

数为
G$bJ

"

%M$b

范围内
"MMC0

A6

5

等值线最西位

置所在的经度'表
!

显示了
%G"?

"

#$$G

年西太平

洋副高各项指数与中国年冰冻(雨凇(雾凇日数的

相关关系'可以看到#西太平洋副高面积和强度指

数与冰冻(雨凇(雾凇日数均具有很显著的负相关

关系#表明冬季副高面积偏小#强度偏弱有利于我

国冰冻日数偏多'并且#副高西伸脊点指数与冰

冻(雨凇(雾凇日数呈显著的正相关关系#表明副

高偏西有利于我国雨凇(雾凇等冰冻天气'但西太

平洋副高脊线和北界指数与我国冰冻日数的关系不

M%?
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密切'分析还发现#

%G"?

"

#$$G

年西太平洋副高

面积和强度指数均表现出非常显著的下降趋势#而

西伸脊点指数显示出显著的上升趋势#这种变化与

我国冰冻 $雨凇(雾凇%日数的明显减少关系密切'

表
=

!

西太平洋副热带高压指数与中国冰冻!雨凇!雾凇日

数的相关系数

?%8"*=

!

!/))*"%&#/,'/*00#'#*,&+8*&:**,%,,@%"#,-#'*+/0&(*

:*+&*), F%'#0#'+@8&)/

A

#'%"(#

.

(%,-%,,@%"#'*20)**4#,

.

"

)#$*

"

%,-

.

"%4*-%

6

+#,!(#,%

面积指数 强度指数 脊线指数 北界指数 西伸脊点指数

冰冻日数
_$>"%

"

_$>?F

"

_$>$M _$>$F

$>!"

"

雨凇日数
_$>?M

"

_$>??

"

_$>%# _$>%G $>?$

"

雾凇日数
_$>?G

"

_$>?!

"

_$>$F _$>$#

$>!%

"

注&

"

表示通过了
G"̂

的信度检验'

G

!

主要结论

通过对中国近几十年来冰冻的气候及变化特征

的分析可以看到&

$

%

%中国的冰冻主要出现在新疆(西北东部(

内蒙古东部(东北(华北(淮河流域及江南一带#

年均冰冻日数一般有
%

"

"

天#

"

天以上的重冰区主

要分布在新疆北部(陕西南部(东北中部(华北东

部(秦岭(云南东北部(贵州等地#

!$

天以上的站

点大都位于海拔较高的山地区域)其余地区无冰或

少冰#站点占全国统计站点的
?M>!̂

'

$

#

%中国冰冻的空间分布具有区域性强的特

征#雨凇大都出现在我国南方地区#尤其是长江以

南的云南(贵州(江西(湖南(浙江(福建等地#而

雾凇主要出现我国北方地区#以新疆北部(东北中

部(华北东部(秦岭山区一带最多'冰冻主要发生

在
%%

月至次年
!

月#尤其是冬季'雾凇在
%#

月和

%

月最为频发而雨凇在
%

月和
#

月最多'

$

!

%中国冰冻日数具有显著的
#

"

?

年和
?

"

M

年周期#雾凇也是如此#而雨凇具有显著的
#

"

?

年周期'中国冰冻(雨凇和雾凇日数在
%G"?

"

#$$G

年间出现了显著减少的变化趋势#并在
%GG$

年左

右突变减少#雾凇的减少趋势较雨凇明显'雾凇减

少趋势最明显的地区在新疆北部和东北中部一带#

雨凇在云南东北部和贵州北部'

$

?

%中国冰冻日数的减少与气温的显著上升及

相对湿度和风速的明显减小关系密切'并且#冰冻

日数与亚洲极涡的面积和强度#乌拉尔和贝加尔阻

塞高压的强度及西太平洋副高的面积(强度和位置

均具有显著的相关关系'

%G"?

"

#$$G

年间#亚洲

极涡面积减小#强度减弱)乌拉尔和贝加尔阻塞高

压明显增强)西太平洋副高面积减小#强度减弱#

且西伸脊点显著偏西#这些变化可能引起了我国冰

冻 $雨凇(雾凇%日数的大幅减少'

参考文献 #

H*0*)*,'*+

$

丁一汇#王遵娅#宋亚芳
>#$$M>

中国南方
#$$M

年
%

月罕见

低温雨雪冰冻灾害发生的原因及其与气候变暖的关系

!

,

"

>

气象学报#

FF

$

"

%&

M$M M#">Y()

A

VT

#

@0)

A

B

V

#

8-)

A

V]>#$$M>&0.+*+-24'*.)

6

/*7*C*)4*C2/**E()

A

C(+0+4*/(),0).0/

=

#$$M0)C(4+

6

-++(P1*0++-7(04(-)K(4'

4'*

A

1-P01K0/5()

A

!

,

"

>3740<*4*-/-1-

A

(708()(70

$

()

&'()*+*

%#

FF

$

"

%&

M$M M#">

符淙斌#王强
>%GG#>

气候突变的定义和检测方法 !

,

"

>

大

气科学#

%F

$

?

%&

?M# ?G!> ].&I

#

@0)

A

X>%GG#>

Z'*C*2()(4(-)0)CC*4*74(-)-24'*0P/.

6

471(504(77'0)

A

*

!

,

"

>&'()*+*,-./)01-2345-+

6

'*/(787(*)7*+

$

87(*)4(0

345-+

6

'*/(708()(70

%$

()&'()*+*

%#

%F

$

?

%&

?M# ?G!>

龚道溢#王绍武
>#$$!>

近百年北极涛动对中国冬季气候的

影响 !

,

"

>

地理学报#

"M

$

?

%&

""G "FM> O-)

A

YV

#

@0)

A

8@>#$$!>Q)21.*)7*-23/74(7-+7(1104(-)-)K()4*/

71(504*-L*/&'()0

!

,

"

>3740O*-

A

/0

6

'(708()(70

$

()&'(D

)*+*

%#

"M

$

?

%&

""G "FM>

O--++*)+&T

#

I*/

A

*/3>%GMF>3)).010)C+*0+-)0171(D

504(7L0/(04(-)+-L*/4'*;-/4'*/)T*5(+

6

'*/*0)CJ.D

/-

6

*C./()

A

4'*10+47*)4/./

=

!

,

"

>3))>O*-

6

'

=

+>

#

?

&

!M" ?$$>

!

李崇银#杨辉#顾薇
>#$$M>

中国南方雨雪冰冻异常天气原

因的分析 !

,

"

>

气候与环境研究#

%!

$

#

%&

%%! %##>c(

&V

#

V0)

A

T

#

O.@>#$$M>&0.+*-2+*L*/*K*04'*/

K(4'7-1C0(/

#

2/**E()

A

/0()0)C+)-K-L*/8-.4'&'()0()

,0).0/

=

#$$M

!

,

"

>&1(504(70)CJ)L(/-)5*)401U*+*0/7'

$

()&'()*+*

%#

%!

$

#

%&

%%! %##>

李军#禹伟#许源#等
>#$$?>

基于湖南省冰冻分布及气候

特征的思考 !

,

"

>

湖南电力#

#?

$

#

%&

%F %G>c(,

#

V.

@

#

R.V

#

*401>#$$?>3)01

=

+(+-22/-+4C(+4/(P.4(-)0)C

(4+7'0/074*/(+4(7+()T.)0)

!

,

"

>T.)0)J1*74/(7N-K*/

$

()&'()*+*

%#

#?

$

#

%&

%F %G>

蒋兴良#孙才新#顾乐观#等
>%GGM>

三峡地区导线覆冰的

特性及雾凇覆冰模型 !

,

"

>

重庆大学学报 $自然科学版%#

#%

$

#

%&

%F %G>,(0)

A

Rc

#

8.)&R

#

O.cO

#

*401>

%GGM>N-K*/1()*+(7()

A

7'0/074*/(+4(7+-24'*Z'/**O-/D

G%?

!

期
!

;-:!

王遵娅&中国冰冻日数的气候及变化特征分析

@0)

A

B.)

=

0>&1(504(7&'0/074*/+0)C&'0)

A

*+-2Q7*D]/**E()

A

Y0

=

+()&'()0

!!!

591



A

*+Y(+4/(740)C05-C*1-24'*077.5.104(-)-2(7*-)*1*7D

4/(7-)*1*74/(7

6

-K*/1()*+

!

,

"

>,-./)01-2&'-)

Ad

()

A

[)(D

L*/+(4

=

$

;04./0187(*)7*JC(4(-)

%$

()&'()*+*

%#

#%

$

#

%&

%F %G>

<0\\-)*)c>#$$$><-C*1+2-/4'*

A

/-K4'-2/(5*

#

A

10E*

#

(7(71*+0)CK*4+)-K-)+4/.74./*

!

,

"

>N'(1>Z/0)+>U>

8-7>c-)C>3

#

!"M

&

#G%! #G!G>

<0))TI>%G?">;-)D

6

0/05*4/(74*+4+0

A

0()+44/*)C

!

,

"

>

J7-)-5*4/(\0

#

%!

&

#?" #"G>

施能
>%GGF>

近
?$

年东亚冬季风强度的多时间尺度变化特

征及其与气候的关系 !

,

"

>

应用气象学报#

H

$

#

%&

%H"

%M#>8'(;>%GGF>]*04./*+-24'*J0+43+(0)K()4*/

5-)+--)()4*)+(4

=

-)5.14(

6

1*4(5*+701*()/*7*)4?$

=

*0/+

0)C4'*(//*104(-)4-71(504*

!

,

"

>X.0/4*/1

=

,-./)01-23

6

D

6

1(*C<*4*-/-1-

A=

$

()&'()*+*

%#

H

$

#

%&

%H" %M#>

谭冠日#严济远#朱瑞兆
>%GM">

应用气候 !

<

"

>

上海&上

海科学技术出版社#

! "F>Z0)OU

#

V0),V

#

B'.U

B>%GM">3

66

1(*C&1(504-1-

A=

$

()&'()*+*

%!

<

"

>8'0)

A

D

'0(

&

8'0)

A

'0(87(*)7*0)CZ*7')-1-

A=

N/*++

#

! "F>

谭桂容#陈海山#孙照渤#等
>#$%$>#$$M

年
%

月中国低温

与北大西洋涛动和平流层异常活动的联系 !

,

"

>

大气科

学#

!?

$

%

%&

%H" %M!>Z0)OU

#

&'*)T8

#

8.)BI

#

*4

01>#$%$>c()\0

A

*-24'*7-1C*L*)4(),0).0/

=

#$$M-L*/

&'()04-4'*;-/4'3410)4(7a+7(1104(-)0)C+4/04-+

6

'*/(7

7(/7.104(-)0)-501(*+

!

,

"

>&'()*+*,-./)01-2345-+

6

'*/(7

87(*)7*+

$

()&'()*+*

%#

!?

$

%

%&

%H" %M!>

陶诗言#卫捷
>#$$M>#$$M

年
%

月我国南方严重冰雪灾害过

程分析 !

,

"

>

气候与环境研究#

%!

$

?

%&

!!H !"$>Z0-8

V

#

@*(,>#$$M>8*L*/*+)-K0)C2/**E()

A

D/0()(),0).0/

=

#$$M()4'*+-.4'*/)&'()0

!

,

"

>&1(504(70)CJ)L(/-)5*)D

401U*+*0/7'

$

()&'()*+*

%#

%!

$

?

%&

!!H !"$>

陶祖钰#郑永光#张小玲
>#$$M>#$$M

年初冰雪灾害和华南

准静止锋 !

,

"

>

气象学报#

FF

$

"

%&

M"$ M"?>Z0-BV

#

B'*)

A

VO

#

B'0)

A

Rc>#$$M>8-.4'*/)&'()0

d

.0+(D+40D

4(-)0/

=

2/-)4C./()

A

(7*D+)-KC(+0+4*/-2,0).0/

=

#$$M

!

,

"

>3740<*4*-/-1-

A

(708()(70

$

()&'()*+*

%#

FF

$

"

%&

M"$ M"?>

!

@01107*,<

#

O.4E1*/Y8>%GM%>Z*1*7-))*74(-)()4'*

A

*-D

6

-4*)4(01'*(

A

'42(*1C()4'*;-/4'*/)T*5(+

6

'*/*

!

,

"

>

<-)>@*0>U*L>

#

%$G

&

HM? M%#>

王凌#高歌#张强#等
>#$$M>#$$M

年
%

月我国大范围低温

雨雪冰冻灾害分析
Q>

气候特征与影响评估 !

,

"

>

气象#

!?

&

G" %$$> @0)

A

c

#

O0-O

#

B'0)

A

X

#

*401>#$$M>

3)01

=

+(+-24'*+*L*/*7-1C+./

A

*

#

(7*D+)-K0)C2/-E*)C(+D

0+4*/+()8-.4'&'()0C./()

A

,0).0/

=

#$$M

&

Q>&1(504(7

2*04./*+0)C(4+(5

6

074

!

,

"

><*4*-/-1-

A

(701<-)4'1

=

$

()

&'()*+*

%#

!?

&

G" %$$>

王守礼
>%GG!>

云南高海拔地区电线覆冰问题研究 !

<

"

>

昆

明&云南科技出版社#

H ??> @0)

A

8c>%GG!>84.C

=

-2

4'*@(/*Q7*&-04()

A

()4'*T(

A

'314(4.C*U*

A

(-)+-2V.)D

)0)N/-L()7*

$

()&'()*+*

%!

<

"

>̀ .)5()

A

&

V.))0)87(D

*)7*0)CZ*7')-1-

A=

N/*++

#

H ??>

王遵娅#张强#陈峪#等
>#$$M>#$$M

年初我国低温雨雪冰

冻灾害的气候特征 !

,

"

>

气候变化研究进展#

?

&

F! FH>

@0)

A

BV

#

B'0)

A

X

#

&'*)V

#

*401>#$$M>&'0/074*/+-2

5*4*-/-1-

A

(701C(+0+4*/+70.+*CP

=

4'**W4/*5*+

=

)-

6

4(7

6

/-7*++()*0/1

=

#$$M-L*/&'()0

!

,

"

>3CL0)7*+()&1(504*

U*+*0/7'

$

()&'()*+*

%#

?

&

F! FH>

王遵娅#丁一汇
>#$$G>

夏季亚洲极涡的长期变化对东亚环

流和水汽收支的影响 !

,

"

>

地球物理学报#

"#

$

%

%&

#$

#G> @0)

A

BV

#

Y()

A

VT>#$$G>Q5

6

074+-24'*1-)

A

D

4*/57'0)

A

*-24'*+.55*/3+(0)

6

-10/L-/4*W-)4'*7(/D

7.104(-)+

=

+4*50)C4'*K04*/L0

6

-/4/0)+

6

-/4()J0+43+(0

!

,

"

>&'()*+*>,>O*-

6

'

=

+>

$

()&'()*+*

%#

"#

$

%

%&

#$ #G>

@*)<

#

V0)

A

8

#

.̀50/3

#

*401>#$$G>3)0)01

=

+(+-24'*

10/

A

*D+701*71(504*0)-501(*+0++-7(04*CK(4'4'*+)-KD

+4-/5+022*74()

A

&'()0(),0).0/

=

#$$M

!

,

"

><-)>@*0>

U*L>

#

%!H

&

%%%% %%!%

#

C-(

&

%$>%%H"

*

#$$M<@U#F!M>%>

杨利群
>%GGG>

贵州暴雨洪涝(秋绵雨和凝冻的气候特征及

灾情分析 !

,

"

>

贵州气象#

#!

$

?

%&

! M> V0)

A

cX>

%GGG>&1(504(77'0/074*/+0)C+(4.04(-)0)01

=

+(+-2/0()D

+4-/50)C21--C

#

0.4.5)

6

*/+(+4*)4/0()2011+0)C/(5*()

O.(E'-.

!

,

"

>,-./)01-2O.(E'-.<*4*-/-1-

A=

$

()&'(D

)*+*

%#

#!

$

?

%&

! M>

杨贵名#孔期#毛冬艳#等
>#$$M>#$$M

年初 ,低温雨雪冰

冻-灾害天气的持续性原因分析 !

,

"

>

气象学报#

FF

$

"

%&

M!F M?G>V0)

A

O<

#

-̀)

A

X

#

<0-YV

#

*401>#$$M>

3)01

=

+(+-24'*1-)

A

D10+4()

A

7/

=

-

A

*)(72/**E()

A

/0()0)C

+)-KK*04'*/()4'*P*

A

())()

A

-2#$$M

!

,

"

>3740<*4*-D

/-1-

A

(708()(70

$

()&'()*+*

%#

FF

$

"

%&

M!F M?G>

张家诚
>%GG%>

中国气候总论 !

<

"

>

北京&气象出版社#

%GG #$%>B'0)

A

,&>%GG%>N0)C*74-2&1(504*()&'()0

$

()&'()*+*

%!

<

"

>I*(

S

()

A

&

&'()0<*4*-/-1-

A

(701N/*++

#

%GG #$%>

张庆云#宣守丽#彭京备
>#$$M>c0;(

#

)0

年冬季亚洲中高

纬环流与我国南方降雪异常关系 !

,

"

>

气候与环境研究#

%!

$

?

%&

!M" !G?>B'0)

A

XV

#

R.0)8c

#

N*)

A

,I>

#$$M>U*104(-)+'(

6

P*4K**)3+(0)7(/7.104(-)()4'*5(CD

C1*D'(

A

'104(4.C*0)C+)-K2011-L*/8-.4'&'()0C./()

A

c0

;(

#

)0*L*)4+

!

,

"

>&1(504(70)CJ)L(/-)5*)401U*+*0/7'

$

()

&'()*+*

%#

%!

$

?

%&

!M" !G?>

张宇发
>%GGG>

贵州气候灾害近
"$

年变化趋势 !

,

"

>

成都气

$#?

大
!

气
!

科
!

学

&'()*+*,-./)01-2345-+

6

'*/(787(*)7*+

!!!

!

!"

卷

9-1:!"

592



象学院学报#

%?

$

%

%&

MM G#>B'0)

A

V]>%GGG>90/(0D

4(-)4/*)C-271(504(770105(4(*+()4'*

6

0+4"$

=

*0/+()

O.(E'-.

!

,

"

>,-./)01-2&'*)

A

C.Q)+4(4.4*-2<*4*-/-1-

A=

$

()&'()*+*

%#

%?

$

%

%&

MM G#>

赵珊珊#高歌#张强#等
>#$%$>

中国冰冻天气的气候特征

!

,

"

>

气象#

!F

$

!

%&

!? !M>B'0-88

#

O0-O

#

B'0)

A

X

#

*401>#$%$>&1(504(77'0/074*/(+4(7+-22/**E()

A

K*04'D

*/()&'()0

!

,

"

><*4*-/-1-

A

(701<-)4'1

=

$

()&'()*+*

%#

!F

$

!

%&

!? !M>

赵振国
>%GGG>

中国夏季旱涝及环境场 !

<

"

>

北京&气象出

版社#

?" "$> B'0-BO>>%GGG>84.C

=

-)8.55*/

]1--C0)CY/-.

A

'4()&'()00)C4'*U*104()

A

&(/7.104(-)

]074-/+

$

()&'()*+*

%!

<

"

>I*(

S

()

A

&

&'()0<*4*-/-1-

A

(701

N/*++

#

?" "$>

%#?

!

期
!

;-:!

王遵娅&中国冰冻日数的气候及变化特征分析

@0)

A

B.)

=

0>&1(504(7&'0/074*/+0)C&'0)

A

*+-2Q7*D]/**E()

A

Y0

=

+()&'()0

!!!

593



594



595



596



597



598



599



600



˚Ø˚Ø˚Ø

!"#

!

$%%

!

&'

!

()*+,-./0123456789:;

"

"

#

!

<=01

!

#$%%

!

&$

$

%

%&

%'()%*&

!!

!"#$

!

#$$+,%%,#-

'

%&#$

!

#$%$,$&,#*

!!

'()*

!

)>?@ABCDEF

$

#$$(./0'$.$#

%'

)>GH?IJKEF

$

1$+$'$&*

%

LMNO

!!

+,-.

!

!"#

$

%+-+

(%!

P

!

QRS

!

<T

!

UVWX0YIZ[

!2,3456

&

748

9

:

;!

<34!

9

=>!<8

/012#3456789:;<=>?@A

!"#

%

!

!

$%%

%

!

!

&

!

'

#

$

%!

\)01] )>0Y\^

!

_`

!

%$$$(%

'

#!

\)01]

!

_`

!

%$$$(%

%

B

!

C

&

ab

%+'1)#$$(

c\)

-$$

defg,0h

)

ijkl

)

mn6

*$&

defo0.1peN

q

!

rC45s-.*+o0

$

tuvwu

%

x/01Vyz{

!

Z[s|a}*+~�/0123

!

���J��Z�s*+,89:;

*

����

!

�0h

)

<ijklv�mn�~�*+/�V2

3

!

|a}*+o0~�/,��0hG_����<��

!

�ijklv��mn��)���9

��

*

ab,��0hvo0.1Nq��/*+,89:;� ¡¢�8£¤,�¥¦�*+

!

§

:;�*+¨¦/©�ª_«

)

¬

)

®ª_«

)

¯��«

)

°ª�«±�/²³´µ¶�

*$?

 �

!

·¸v¹¸,º¡»

*

§:;� ¼½¾pe¿À¸~Áb}*+ÂevÀÃ

!

Ä|ÅÆ/ÇbÈ

*

DEF

&

*+

'

tu

'

wu

'

0123

'

*+,89:;

GHIJ

!

%$$$,$'&1

$

#$%%

%

$%,$%'(,$*

!!

KL:MJ

!

@1#*!*&

GNOPQ

!

/

%

!

ÉÊ

!!

#$$(

c

%

Ë

%$

,

"

#

Ë

#

,()�«4

$

Ì7

��Í

%

�Î

!

ÏÐsÑÒÓÔ/�htÕ*+Ö

×

!

ØÙ

%

ÚÛSÐÖ

!

ÜÝÞßàáâã

%%$$

Ú

ä

*

��åo0ãæ\

!

çè��éê/*+o0

ë¬

)

¯�

)

®ª

)

©�±ì

$

Î

%

/íîïðÐ

ñò�àó

!

ôõ«4�Îöî

)

ö÷

!

øùöú

±

!

jûüvSý�þôõsÿ�àá

"

%)#

#

*

!Û

I"j�åÖ×Èo0ãæ¦�/=#$%s4

5

"

&)%#

#

!

¦.

#$$-

+

#$$(

c&'(}

A4B5

"

84

¦)

/'*+

!

j

#$$(

c\)�éê�htÕ*+o

0ãæ/~�|�V,-

'

�./�01½/�0

23��éê�htÕ*+o0/ÜÝõ#

*

\<

4l567�Î89<:v;<7¯

)

=7>?¯

@A/1½¦)vBxCDç6E/�AFG/B

xCHÆ|a}1½'I¹0�£JKL<=EM

�NOP()Q\

)

QEvQ��Î

'

ªR�ST

UV<:1½W_ë�XYk¹0JTUV<:ª

M_�

'

ªmV�AAHÆDçZ[4þ\

!

¼�

X÷]í^_\)�0Ì7��Í�Î

*

!!

*+Ö×UV�`}tu

)

wu6twabc

±ôõ/îïd*6$Åe/ífïg

)

hiïg

±àó¿àj

!

klm`}tu

)

wu

)

nt

$

Õ

%

+�±ôõ/op�*

)

qhÐ8

)

rstÐÖ

±

*

uvñ01peºw/]xÈ

!

yz{|6/

*+Ä}�Ê�~tuvwu

*

�¤,-.tu¿

wu

$

o0.1

%!

�Æ�§,�Åd*+,

*

Ç�

�

!

()�«4�Î�|*+o0-.

!

wuUV

¦��_Í

!

tuUV¦���Í

"

%&

#

*

*+�©

¬�Î��½Ô

!

®E

)

®ª

)

¯�

)

¯_

)

°ª±

��¤�c�kü-.

"

%1

#

!

!ÛI"j©¬�Î

*+/x¹4�

)

f�z{6�õ=#±$%s�

�45

"

%')%(

#

*

F�

!

()�|¡Û/tu

)

wuo

0.1/f�peNq

!

�ÅÍ���f�4��

��

!

�*+�!�æl�Ðñ

,

���

)

�0Y

-

/,-

!

#�.|/f�peNq����Ö×Î

Dvm���T�/<�lV�

'

�ÅÍ�

!

F�

�j*+vîïd* l/o0À¸¿Àe@¡¢

�õ£

!

�a}¤Ö¥ÖT�/$%

*

#�

!

Z[

~�tuvwu/0123

!

���J��ab¦

¡½¾/

!

F�§�¨À¸/01Vyj7$%:

©

!

� �ÅÆæl�ª«��|-/¬Í�

®

!

Ä|�V/Ç�¯�

*

yz©°�$%Å�±

²

&$

³

!

²

%

+

#$%%

c

#

Ë

!!!!!!!!!!!

!

!

"

!

#

!

$

@A/C2/D E2C2FGFAFHI

!!!!!!!!!!!!!!

J=6!&$

!

B=!%

KLMNO4N

;

!

#$%%

601



e/Z[v´µ

*

#

!

Nq¶·vÍ¸¹º

!!

yz»b/01peNqlm

&

%+'1)#$$(

c\)

-$$

def/g,0h

)

ijkl

)

��m

nv

%+'1)#$$(

c\)

*$&

def/o0.1p

eNq

$

lmtu

)

wu

)

nt

)

nÕ

)

wv¼w±

%*

!!

rC45xUV»bs¨´½4¦4�vj¦

45±Í¸

*

C¾¤¿y/¨´½4¦4�

!

À

&

j¤Vy¿y

!

"

$

"

P%

!

#

%!

|

$

%

#

!

"

#

$

%Q%

!

¼

$

%

_

$

%Q%

C��4�CÁ�

$$

/

%

±�

$

%

/Â�G

`¶·

%!

���

$

&

)$$

+

#

#

!

"

$

$

&

Q$$

+

#

/¿y

Â|

'

d

!

�jÃ}

$

&

/¨´½4¦�

$

'

+

#

%

R

%$$

!

`��Ä§¿y/¨´½4¦4�

*

&

!

*+o0Å01Vy/ÆÇ

!!

!ÛZ[~-

"

%+)#$

#

!

*+o0/�õÅ0h

)

ijklvmnÆÇÈÉ

*

N�(Êab�)

*$&

def/ÑÒNq

!

Z[-.*+o0x/,��

0h

)

,�<0h

)

,��0h

)

,�ijklv

,�mn

!

49rC�MVy�*+o0¦�x/

¨´½4¦4�

*

��4�ËÌs*+o0¦�x

iÆ01Vy/¨´4�

!

`�� ³Æ|a}~

�*+o0/0123

*

!!

ÍÎ

%

{Ï

!

|a}*+o0¦�/,��0

h

)

,�<0hv,��0h�Ð\�ÅÆ/ÑÂ

éêÒ

!

�§ÎC/Ól¦¡�

!

 

$S

 N/h

l�U

*

°,��0h�Ê

!

W

)#*

"

&S

ÔC�

|

%?

 �/¿y¦�*+

!

$S

�ÕÖ*+�õ

!

jÃ/¨´½4¦�

*!+1?

!

)&

"

$S

�|

'?

 

�/¿y¦�*+

*

°�<0h�Ê

!

W

)%+

"

%$S

ÔC�|

%?

 �/¿y¦�*+

!

M¿�

Î

%

!

\)�ef-.*+o0x,��0h

!

,�<

0hv,��0h/¨´½4¦4�

K5

9

!%

!

T5UVN5MOV5=8U=WWNL

X

OL8<

;Y

LN<L8V4

9

L=WVZL

[456

;

3L48

!

34\53O348[35853O3VL3

Y

LN4VONLU

4VUV4V5=8U=W]Z5847ZL8VZL5<LWNLL:58

9

=<<ONU

$S

�ÕÖ*+�õ

!

jÃ/¨´½4¦�

-!%?

!

)#

"

#S

�|

'?

 �/¿y¦�*+

*

°,��

0h�Ê

!

W

)&#

"

$S

ÔC�|

%?

 �/¿y¦

�*+

!

)#S

�ÕÖ*+�õ

!

jÃ/¨´½4

¦�

*!$+?

!

)%

"

)'S

�|

'?

 �/¿y¦�

*+

*

!!

`�×45�Ô

!

�0hÕ}*+/¦�

!

�

Z0hf�éê¡�

!

� �_

)#$

"

)&$S

!

�

 

$S

ØÙ��|a

*

!!

ÚÛ�

!

Î

#

�()�f*+¦�x,�mn

v,�ijkl/¨´½4¦4�Î

*

`Î�Ô

!

¡Ü/mnv<k23|a}*+/�õ

*

�ÕÖ

*+¦�/��mn�

%!'3

.

U

)%

!

7jÃ/¨´

½4¦�

%#̂'?

*

*+�

$

13

.

U

)%

mn23N

�õ/¿yºÝÞ¿yº/

-(?

!

��

$

*3

.

U

)%

mn23N�õ/¿yºß�ÝñsÞ¿yº/

+$?

*

�ÕÖ*+¦�/,�ijkl�

($?

!

j

Ã/ ¨ ´ ½ 4 ¦ �

%*!-?

*

* + �

%

-$?

/ ijkl23N�õ/¿yºÝÞ¿yº/

Î

#

!

\)�ef-.*+x,�mn

$

4

%

v,�ijkl

$

M

%

/¨´½4¦4�

K5

9

!#

!

T5UVN5MOV5=8U=WWNL

X

OL8<

;Y

LN<L8V4

9

L=W[456

;

3L48758[U

Y

LL[

$

4

%

48[

NL64V5>LZO35[5V

;

$

M

%

4VUV4V5=8U=W]Z5847ZL8VZL5<LWNLL:58

9

=<<ONU

+'%

!

%

+ !"#±

&

()*+,-./0123456789:;

!!!!!!!!!!!!!!

602



((?

*

!!

\)�à®á

!

�01VyÄ|âã/�àÈ

z{

!

�°«Æs�M�Î,-*+�õ/012

3ä��1

*

#�

!

(Ê�jådf�

!

rCsÑ

Ò�*+¦�x�01Vy/¨´½4¦4�

*

�

���

!

æ*+¦�x

!

çH�f/01VyÂÐ

\�ÅÆéêÒ

!

��MefjÃ/éêv¨´4

��|�M

*

�è�àÈ�1�0h/¨´4�\

��âã

*

Î

&

!

\)�ef*+¦�x��¨´ÂjÃ/,��

0h4�

$

éF

&

$!%S

%

K5

9

!&

!

T5UVN5MOV5=8=W[456

;

3L48VL3

Y

LN4VONL

75VZ34\53O3WNL

X

OL8<

;

4VUV4V5=8U=W]Z584

7ZL8VZL5<LWNLL:58

9

=<<ONU!D85V

&

$!%S

!!

Î

&

ê-s()�ef*+¦�x-.¨´�

</,��0h

*

`Î�Ô

!

,��0hG_��

�ë<��

*

1$_B

 _/E_

)

ÒKL

)

ìí±�

Åî�

)#$

"

)%$S

ÔC

!

E__«ï_�

)#$S

 N

'

&'_

"

1$_B

ÔC 

)%$

"

$S

�U

'

�

&'_B

 �/�Î���

$

"

'S

ÔC

*

k°�ð

!

|a}

*+~�/,��0hñò_ñ�

!

�ñò�ñ

<

*

�èz{kóô�ËÌ�,�<0hv,��

0h\

$

Îõ

%*

��)

+'?

 �/ef\

!

*+�

�¨´jÃ/ijklÂ��

-$?

 �

!

_Í�Î

ijklõ�

!

ö÷ ��Î/ijkl¡<

*

*

+��¨´jÃ/��mn��)�ef��

13

.

U

)%

 N

!

�Zø|�.-�â/ÎàÈz{

*

!!

�×45��

!

|a}*+�õ/0hÄ|�

â/ÎàÈz{

!

_Í���Í<

!

�ijklv

��mn���àÈ�1��

*

1

!

*+,89:;

!!

`}*+pef4����

!

Ì7�*+Ö×

¨¦/<ùú�Î4�ß�ûü

!

#�Vab½¾

01Vy�ý*+,89:;

!

Àþw½¾01V

y238£¤,�¥¦�*+

!

�¦��³Æ§,

�Åd*+,

*

�j}*+Ö×m�ÎD

)

ÀÃv

À���ÿ½�V/

*

ab*+,89:;

!

(Ê

!¾s\)�ef

%+'1)#$$(

cÑc/*+,º

!

�¼7ÅÑÒpeºw$%¦¡ 8£:;/"

#

*

yzUVab N

&

è~$%��:;/:©

&�

&

!!

$

%

%

:©²³´

P

:©²³/*+,º

:©/*+Þ,º

R%$$

'

!!

$

#

%

¹¸,º

P

:©/*+,º

)

:©²³/

*+,º

'

!!

$

&

%

·¸,º

P

Çe/*+,º

)

:©²³/

*+,º

*

!!

�:©²³´ñ<

!

¹¸v·¸,ºñ»

!

�

:;ñ¢

'

ËÔ'H

*

!!"

!

RSTUV512#>?@A

!!

 ò!ÛZ[�»b01Vy%�ý()*+

,89:;

!

UVuv0h

)

ijklv��mn

&

èVy

"

%+)#$

#

!

�j}ådVy/ÑÂ¶·

!

�Z

[ÔCä�¡��1

*

�s¶·bÕ/ÑÂ

!

(Ê

»bs

#

èÍ¸

&

!!

$

%

%

!

�)�ef³ÆrÅ/ÑÂ

*

þwjÎ

%

vÎ

#

/45

!

49¼*+¦�x¡<¨´½4

¦/��0h

)

ijklv��mnÂ��ÑÂ

!

Í

&

)'S

$

��0h

$

$S

!

ijkl

%

($?

!

�

�mn

$

13

.

U

)%

'

�þw�M/ÑÂ(sÛ)*

+

*

����

!

ÑÂ/�,j*+,º/:©��

,-��

*

Ûc��

$

%+'1

(

#$$(

c��

!

NM

%

/:©²³´�B° ��Î¡<

!

Åî�

1$?

"

($?

!

«4�Î�-ñ

($?

 �

'

���)7.�

«�Î:©²³´¡�

!

µ¶�

#$?

 N

!

/E_

Î

1

!

hkm��/*+,89:;/:©

²³´

$

éF

&

?

%

K5

9

!1

!

/<<ON4<

;

N4VLU=WVZL[5U<N53584VL3=[L6

=W5<LWNLL:58

9

[4

;

UM4UL[=8VL3

Y

LN4VONL

!

NL64V5>LZO35[5V

;

48[758[U

Y

LL[!D85V

&

?

$*%

!!!!!!!!!!!!!!

<

!!

=

!!

0

!!

1

!!!!!!!!!!!!! !!

&$

³

!

603



Î

'

!

hkm��/*+,89:;/¹¸,º

$

4

%

v·¸,º

$

M

%$

éF

&

[

%

K5

9

!'

!

CZLU53O64VL[W46UL[4

;

U

$

4

%

48[35UU58

9

[4

;

U

$

M

%

=WVZL[5U<N53584VL3=[L6=W

5<LWNLL:58

9

[4

;

UM4UL[=8VL3

Y

LN4VONL

!

NL64V5>LZO35[5V

;

48[758[U

Y

LL[!D85V

&

[

ª«

)

Q_E«

)

°0ª«

)

ìí±��-

#$?

"

1$?

*

°·¸v¹¸,º�Ê

!

��åc|

%

"

'

o

!

«4ef�

'

o �

*

ÑÂéê·Äñ�

!

¹

¸,ºñÛ�·¸,ºñ»

'

ËÔ'H

*

!!

$

#

%

!

�)�ef³Æ�M/ÑÂ

*

yz²

&

1/Z[¦.

!

�)�ef|a}*+¦�/��

0h

)

ijklv��mn�2iM

!

Ì7�0h

��_ÍÄ|¡��9

*

��

!

 �ef*+¦�

x�<¨´jÃ/��0h

)

ijklv��mn

Â��ÑÂ

!

 Ü}±},��0hv��mnÑ

Â

!

�}±}ijklÑÂ�ý*+,89:;

*

úb§:;j

%+'1

c %*+,º$%:©

$

Î

1

%!

Ûc��/:©²³´��)�«4�Î��

#$?

 �

!

7\B° ��Î

)

ö÷\N33à

)

E_

)

ìívÒKLª«±�Åî�

1$?

 �

!

«

4ef�-

($?

"

%$$?

*

�)�«4�Î/¹¸

,º�

'

o N

!

�Q�6QR

)

ª4E«

)

©�

/«4f�¹¸,º¡Û

!

�

#$

o �

$

Î

'4

%*

°·¸,º�Ê

$

Î

'M

%!

Åî|

%

"

'

o

!

E_ª

«

)

÷_ª«

)

¬

)

¯�vìí_«±�|

'

"

%$

o

!

«4ef�

%$

o �

*

W �45� 5ñ

!

j��0h

)

ijkl

v��mn¶·Õb/ÑÂ�ÅÆæl�� j(

)�ef¤,�¥¦�*+$%:©

'

Z�)�e

fþwæ�6749¶·ÑÂ

!

7:©²³´ß

<

*

#

èÍ¸/·¸,ºv¹¸,ºÅî�

%

"

'

o

'

:©&�¡¢/ÎàUV4��B° ��

Î

)

ö0

)

Q_E«

)

E_6ÒKLª«

)

ìí±

�

*

!!#

!

#WX6RYZ647UV512#>?

@A

!!

tu/¦�½½89n÷/-.

!

�wuÛ~

�}|w¿¼w/o023N

!

�Z

!

tuvwu

/¦��V��0h

!

#�uv»b,��0hÅ

o0.1i�b/Í:%��*+,89:;

&

1$_B

 _�Î

!

¤,/��0h

$

)#$S

'

&$_

"

1$_B

�Î

!

��0h

$

)%$S

'

&$_B

 �/�Î

!

��0h

$

)#S

'

�Zæ,æ�|nt

$

�lmn

Õ

%)

w¿¼w-.

!

�Æ�§f¦�*+

!

§,�

Åd*+,

*

ab§:;j

%+'1

c %/*+,

º$%:©

!

¦.°:©²³´�Ê

$

Î

*

%!

;Q

_vö0�Î�

1$?

 N

!

�)�«�Î��

1$?

 �

!

ZB° ��Î

)

E_ª«

)

ÒKLv

ìí±��«4ef��

*$?

 �

*

§:;/·

¸,ºv¹¸,º

$

Î

-

%

k���

'

o N

!

/�

E_

)

°�vìí«4ef�

'

o �

*

Î

*

!

,��0hvo0.1��/*+,89

:;/:©²³´

$

éF

&

?

%

K5

9

!*

!

/<<ON4<

;

N4VLU=WVZL[5U<N53584VL3=[L6=W

5<LWNLL:58

9

[4

;

UM4UL[=8[456

;

3L48VL3

Y

LN4VONL

48[7L4VZLN

Y

ZL8=3L84!D85V

&

?

%*%

!

%

+ !"#±

&

()*+,-./0123456789:;

!!!!!!!!!!!!!!

604



Î

-

!

,��0hvo0.1��/*+,89:;/¹¸,º

$

4

%

v·¸,º

$

M

%$

éF

&

[

%

K5

9

!-

!

CZLU53O64VL[W46UL[4

;

U

$

4

%

48[35UU58

9

[4

;

U

$

M

%

=WVZL[5U<N53584VL3=[L6=WVZL

5<LWNLL:58

9

[4

;

UM4UL[=8[456

;

3L48VL3

Y

LN4VONL48[7L4VZLN

Y

ZL8=3L84!D85V

&

[

�<

!

(Ê¢ �f*+¦�x�<¨´/�

�0hÂ��ÑÂ

!

�¤f¤,/,��0hÜ}

±}ÑÂZæ,-.n÷

$

�lmnÕ

%)

w¿¼

w

!

�Æ�§f¦�*+

!

§,�Åd*+,

*

§

:;/²³´¡�Åd`,��0hvo0.1�

�/*+,89:;õ<

!

·¸,ºõ»

!

�¹¸

,ºWÛ

*

=buv

!

�Í�Å:;¢

*

`�×45� 5ñ

!

»b,��0hÅn

÷

)

wv¼wi�b/*+,89:;� !¢/

j()�fåo�¥¦�*+$%8£

*

:;/²

³´¡<

!

¹¸v·¸,º¡»

!

Þ}&�¦hk

m��/*+,89:;ß¢

*

����`}n

÷

)

wv¼w��o0.1{l>/01Vy23

¡ijklv��mnß?@

!

Zß�ËÌ*+¦

�x/0123

*

|Z[þw�XdAB-C+v

nÕo0/23��vo0z{

!

� ���C+

vnÕo0À¸/Du

"

%(

#

*

Å�i¦

!

yz|-

/:;/EV½¾/01peNq

!

�$%ÆX8

9Z²³´¡<

!

#�Ä|ß</�F�ÈvÇb

È

*

'

!

�G

!!

yzUV45s|a}\)*+

$

tuvwu

%

¦�/0123

!

���J��*+v�ý*+,

89:;

!

Äñ N�G

&

!!

$

%

%

!

�0h

)

<ijklv�mn�*+~

�/�V23

*

Þ}�Ê

!

0h�

$S

ØÙ

!

ij

kl�

-$?

 �

!

��mn�

13

.

U

)%

 N�|

a}*+/~�

*

j�)�Mef

!

|a}*+~

�/0hG_����<��4�

!

�ijklv

��mn��)��Î�9��

*

!!

$

#

%

!

·¤f*+¦�x,��0h

)

ijk

lv��mn/�<¨´jÃÂ��ÑÂ

!

�¤f

¤,��0hv��mnÜ}±}ÑÂ

!

�ijk

l�}±}ÑÂ

!

�Æ�§f¦�*+

!

§,�Å

d*+,

*

`���/*+,89:;� �ÅÆ

æl�:©-\)Ñc�f/*+,º

*

�¤f(

}

1$_B

 _�Î

!

�¤,/��0h

$

)#$S

'

¿(}

&$_

"

1$_B

�Î

!

��0h

$

)%$S

'

¿(

}

&$_B

 �/�Î

!

��0h

$

)#S

'

�Z

!

§

fæ,|nt

$

�lmnÕ

%)

w¿¼w-.

!

�Æ

�§f¦�*+

!

§,�Åd*+,

*

`���/

*+,89:;� !¢�:©-\)Ñc�f/

*+,º

*

¦¡�Ê

!

0hvo0.1i�b��

/:;/:©²³´<

!

:©&�ß¢

*

ëb"�

þwNq

)

E�±23¶Hëb�M/:;

*

!!

$

&

%

!

`,��0hvo0.1��/*+,

89:;�E_

)

ª_

)

B° ��Î6ÒKLÅ

V/:©²³´¡<

!

Åî�

1$?

 �

!

7\©�

ª_«

)

¬

)

®ª_«

)

¯��«

)

°ª�«±

�*�Î/²³´�-

*$?

 �

'

�)�f/·¸

,ºv¹¸,º¡»

*

§:;� ¼½¾pevÀ

¸~Áb}*+ÂevÀÃ

!

Ä|ÅÆ/ÇbÈ

*

[\GN

"

%

#

!

!"#

!

&'

!

IJ

!

±

!#$$(

c±()�htÕ*+Ö×

/0Yz{

"

"

#

!

0Yf�Z[$)

!

#$$(

$

1

%&

*&)*-!

"

#

#

!

!K

!

<L

!

&'

!

±

!#$$(

c

%

Ë()�éê�htÕ*+

Ö×45

`

&

0Yz{Å,-��

"

"

#

!

01

!

#$$(

!

&1

$

1

%&

+')%$$!

"

&

#

!

MNÊ

!

OP

!#$$(

c

%

Ë()�Íò�*ÕÖ×ãæ45

"

"

#

!

0YÅ2QZ[

!

#$$(

!

%&

$

1

%&

&&-)&'$!

"

1

#

!

RÅS

!

!"#

!

T/U

!

\)�Í

#$$(

c

%

ËÓÔ�ht

#*%

!!!!!!!!!!!!!!

<

!!

=

!!

0

!!

1

!!!!!!!!!!!!! !!

&$

³

!

605



Õ*+Ö×¦�/=#67Å0YfY/ÆÇ

"

"

#

!

01I

¸

!

#$$(

!

**

$

'

%&

($()(#'!

"

'

#

!

VWX

!

YZ

!

[\

!

\)�ÍtÕ*+1½o0=#/45

"

"

#

!

0YÅ2QZ[

!

#$$(

!

%&

$

#

%&

%%&)%##!

"

*

#

!

V]z

!

^_

!

`a

!#$$(

c±()�Í+tÕo0236

bÜ��45

"

"

#

!

<=01

!

#$$+

!

#(

$

'

%&

%%1$)%%1(!

"

-

#

!

<Z

!

Icd

!

eÜf

!

±

!#$$(

c

%

Ë()�éê�htÕ

*+Ö×45

`̀

&

õ#45

"

"

#

!

01

!

#$$(

!

&1

$

1

%&

%$%)

%$*!

"

(

#

!

&g©

!

hic

!

j`k

!A4B584

c&'/l\<423Å

()�ÍnÕ1½ÆÇ

"

"

#

!

0YÅ2QZ[

!

#$$(

!

%&

$

1

%&

&(')&+1!

"

+

#

!

mEn

!

&op

!

q.f

!#$$(

c

%

ËrsìtuÕz{6õ

#45

"

"

#

!

<=01

!

#$$+

!

#(

$

'

%&

%%#+)%%1$!

"

%$

#

Y¬v

!#$$(

c±

,

�htÕ*+

-

Ö×o0/çèÈ=#4

5

"

"

#

!

01I¸

!

#$$(

!

**

$

'

%&

(&*)(1+!

"

%%

#

wx�

!

!y

!

z{

!

±

!#$$(

c±©��htÕ*+o0/

0Yõ#45

"

"

#

!

<=01

!

#$$+

!

#(

$

1

%&

(-$)(-+!

"

%#

#

|�}

!

0D~

!

���

!

±

!

��j

#$$(

c±\)�Íçè

È*+Ö×4�,-/ºÂ:©

"

"

#

!

<=01

!

#$$+

!

#(

$

*

%&

%&-*)%&(-!

"

%&

#

$%%

!

<L

!

&'

!

±

!

\)*+o0/0Yz{

"

"

#

!

0

1

!

#$%$

!

&*

$

&

%&

%)'!

"

%1

#

��,

!

òß�

!

z��

!

Ãb0Y

"

E

#

!

�ù

&

�ù?I@

¡-�û

!

%+('

&

&)'*!

"

%'

#

òÜE

!

���

!

L��

!

¬+tx¹4�f�z{67,

-#y�5

"

"

#

!

<=01

!

#$$+

!

#(

$

&

%&

*+1)-$%!

"

%*

#

m�

!

���

!

¬C+/x¹4�z{v23õ#45

"

"

#

!

<=01

!

#$$&

!

##

$

1

%&

1$%)1$1!

"

%-

#

m�

!

���

!

¬�;C+c6�C+c/23z{45

"

"

#

!

¬01

!

#$$%

!

#'

$

&

%&

%1)%*!

"

%(

#

!�©

!

�/�

!

�¸�

!

©�E«+t/õ#45

"

"

#

!

©

��II¸

$

GH?I�

%!

#$$(

!

&$

$

��

%&

&#1)&#(!

"

%+

#

!i�U�

!

©�<ùú�Îîïd*®Z[

"

E

#

!

��

&

©�?@-�û

!

%++&

&

-)11!

"

#$

#

���

!

��f

!

 ¡¢

!

±

!

C+Ö×ÀÃÇr

"

"

#

!

01

Z[ÅÃb

!

#$$-

!

#(

&

%1$)%1#!

$%&%'(')'

*

+,-).'/0+&+'/1+/2,%3(%%4+/

*

5-

6

'7.8+/-

-/02&15+1,(+9+/-&%$'0%)

a/BHbO8,

;

4

%

!

!

bc/FdZ48,UZ48

%

!

!

bc/BHe548

9

#

$

%()$*&+%$,-,&'$*.-.%*./

!

-0&%$1.*.+/+,+

2

&3$,45'&%&6*/$*&+%

!

7.&

"

&%

2

%$$$(%

!

-0&%$

'

#(-0&%$1.*.+/+,+

2

&3$,45'&%&6*/$*&+%

!

7.&

"

&%

2

%$$$(%

!

-0&%$

%

!!

:;1&(-,&

&

]Z4N4<VLN5UV5<U=WVZL5<LWNLL:58

9

7L4VZLN

!

LU

Y

L<5466

;

VZL

9

64:L48[N53L58]Z5844NLW5NUV

4846

;

:L[

!

OU58

9

VZL[456

;

=MULN>4V5=8[4V4=WVL3

Y

LN4VONL

!

NL64V5>LZO35[5V

;

!

758[U

Y

LL[4V-$$UV4V5=8U

48[7L4VZLN

Y

ZL8=3L844V*$&UV4V5=8U58]Z584WN=3%+'1V=#$$(!CZL8VZLW4>=N4M6L3LVL=N=6=

9

5<46

<=8[5V5=8UW=NVZLW=N34V5=8=WVZL5<LWNLL:58

9

4NL=MV458L[48[VZL[5U<N53584VL3=[L6=WVZL5<LWNLL:58

9

[4

;

U5U[L>L6=

Y

L[!̀V5UW=O8[VZ4VVZL6=7VL3

Y

LN4VONL

!

Z5

9

ZNL64V5>LZO35[5V

;

48[U3466758[U

Y

LL[4NL

VZL53

Y

=NV48V3LVL=N=6=

9

5<46<=8[5V5=8UW=NVZLW=N34V5=8=WVZL5<LWNLL:58

9

!/3=8

9

VZLVZNLL3LVL=N=,

6=

9

5<46>4N54M6LU

!

VZL[456

;

3L48VL3

Y

LN4VONL4

YY

L4NUVZL[L<NL4U58

9

VNL8[WN=3VZL8=NVZV=VZLU=OVZ

!

7Z56LVZLNL64V5>LZO35[5V

;

48[758[U

Y

LL[

Y

NLUL8V65VV6L[5WWLNL8<L58]Z584!CZL[5U<N53584VL3=[L6=WVZL

5<LWNLL:58

9

[4

;

U

!

7Z5<Z5ULUV4M65UZL[M4U58

9

VZL[456

;

3L48VL3

Y

LN4VONL48[VZL7L4VZLN

Y

ZL8=3L84

!

<48

[5UV58

9

O5UZ7L667ZLVZLNVZL5<LWNLL:58

9

=<<ON=N8=V=8VZL<LNV458[4

;

!CZL4<<ON4<

;

N4VL=WVZL[5U<N535,

84VL3=[L6NL4<ZLUO

Y

V=*$?588=NVZ7LUVLN8IO8848

!

HO5:Z=O

!

8=NVZLN8HO48

9

\5

!

U=OVZLN8cO848

!

U=OVZLN8"548

9

\5

!

48[U==8

!

7ZLNLVZL5<LWNLL:58

9

WNL

X

OL8V6

;

=<<ONU!/8[VZLU53O64VL[4>LN4

9

LW46UL

[4

;

U4NL=86

;

%V='[4

;

U!C=V466

;

!

VZL[5U<N53584VL3=[L6Z4U4NL64V5>L6

;

Z5

9

Z

Y

N4<V5<4M565V

;

W=NVZL5<L

WNLL:58

9

3=85V=N58

9

48[L4N6

;

74N858

9

M

;

N=OV58L=MULN>4V5=8U48[

Y

NL[5<V5=8!

<%

6

='(01

&

<̀LWNLL:58

9

'

H64:L

'

G53L

'

ELVL=N=6=

9

5<46<=8[5V5=8

'

T5U<N53584VL3=[L6=W5<LWNLL:58

9

[4

;

U

&*%

!

%

+ !"#±

&

()*+,-./0123456789:;

!!!!!!!!!!!!!!

606



书书书

第３１卷　第５期 光　学　学　报 Ｖｏｌ．３１，Ｎｏ．５

２０１１年５月 犃犆犜犃犗犘犜犐犆犃犛犐犖犐犆犃 犕犪狔，２０１１

非球形沙尘气溶胶光学特性的分析

卫晓东１，２　张　华２
１ 中国气象科学研究院，北京１０００８１

２ 国家气候中心中国气象局气候研究开放实验室，北京（ ）
１０００８１

摘要　将Ｔ矩阵方法与几何光学方法相结合，精确计算了从太阳短波到红外谱段具有一定形状分布和谱分布的非

球形沙尘粒子的光学特性，并与等体积球形沙尘的光学特性进行了比较。结果表明：１）相比沙尘粒径大小分布对

沙尘气溶胶消光效率因子，单次散射反照率以及不对称因子的影响，沙尘形状对上述参数的影响明显偏小；２）非球

形与球形沙尘粒子的相函数在短波区存在显著差异，这种差异在卫星探测常用的可见光区达到最大，并且随着散

射角的变化具有一定的规律；３）在短波区，雷达方程中的消光后向散射比受沙尘形状的影响比较显著，因此在利用

雷达方程反演沙尘气溶胶光学厚度时应考虑非球形效应。

关键词　大气光学；光学特性；Ｔ矩阵方法；几何光学方法；沙尘气溶胶；非球形粒子

中图分类号　Ｐ４１５．３　　　文献标识码　Ａ　　　犱狅犻：１０．３７８８／犃犗犛２０１１３１．０５０１００２
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１　引　　言

沙尘气溶胶具有特殊的光学特性，它既可以通

过强烈散射太阳辐射使地面和低层大气获得的太阳

辐射减少，它也可以吸收地面发射的长波辐射使对
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流层顶出射的净辐射减少。此外，与其他气溶胶粒

子不同，实验室以及观测数据表明：沙尘粒子的形状

在很大程度上都是不规则的［１，２］。目前在辐射传输

模式以及遥感应用中针对沙尘粒子光学特性的研究

广泛采用的是洛伦兹 米氏（ＬｏｒｅｎｚＭｉｅ）理论，但运

用该方法需要满足３个条件：沙尘粒子为理想的球

形，内部混合均匀，表面为镜表面。而实际存在的沙

尘粒子既不是球形也不是均质，因此，采用洛伦兹

米氏散射理论来计算沙尘的光学特性，在一定程度

上会影响计算结果的精度和准确性。

近年来，国外有许多研究用不同方法从不同角度

证实了非球形沙尘粒子的散射与球形沙尘粒子的散

射具有很大差别［３～５］。其中Ｙａｎｇ等
［４］将Ｔ矩阵与几

何光学方法结合起来计算椭球沙尘粒子的光学特性，

并与球形沙尘粒子对比后指出：两种计算结果在相函

数，尤其是后向散射相函数，差异较大，但是文中假设

沙尘粒子的形状均为纵横比为１．７的扁椭球粒子，另

外文献［４］没有指出红外谱段非球形与球形沙尘光学

特性的差异；Ｆｕ等
［５］比较了纵横比为１．７的扁椭球

沙尘粒子与等体积等表面积球形沙尘粒子光学特性

的差别，指出用等体积等表面积的球形粒子代替非球

形沙尘粒子的误差主要表现在相函数上，但是该结论

局限于０．５５μｍ波长处；Ｍｉｓｈｃｈｅｎｋｏ等
［３］用Ｔ矩阵

方法验证了用具有不同纵横比的多分散系椭球粒子

模拟非球形沙尘粒子光学特性的可行性，但是该结论

局限于特定的复折射指数和谱分布下。国内也有研

究［６，７］用不同方法分析了非球形与球形粒子的散射差

异，这些研究针对单个气溶胶粒子在单一波长下的

光学特性进行对比分析，而大气气溶胶在真实大气

中具有不同谱分布并且在不同波长下光学特性具有

较大差别，因此对不同波长下非球形气溶胶的光学

特性进行分析是十分必要的。本文在前人研究工作

的基础上，将Ｔ矩阵方法与改进的几何光学方法相

结合，详细计算和讨论了从太阳短波到红外谱段下

椭球形沙尘气溶胶的光学特性，并与等体积球形沙

尘气溶胶的光学特性进行了比较。

２　计算方法与物理量介绍

２．１　计算方法简介

Ｔ矩阵方法是由 Ｗａｔｅｒｍａｎ
［８］于１９７１年引进

的。目前 最 有 效 的 Ｔ 矩 阵 数 值 计 算 程 序 是

Ｍｉｓｈｃｈｅｎｋｏ和Ｔｒａｖｉｓ
［９］于１９９４年建立的适用于随

机取向且具有对称轴粒子的算法，该数值算法已在

小椭球粒子光学性质的计算中得到广泛应用［４，５，１０］。

当粒子尺度参数较大时，几何光学概念可以用来计

算非球形粒子的光学特性。Ｙａｎｇ和 Ｌｉｏｕ
［１１］于

１９９６年发展了一种改进的几何光学算法（ＩＧＯＭ），

可以用来准确计算具有较大尺度参数的非球形粒子

光学特性。

到目前为止，没有一个单一的数值算法可以计算

从瑞利到几何光学粒子尺度范围内的非球形粒子的

单次散射光学特性，本文将 Ｔｍａｔｒｉｘ方法
［１２］与

ＩＧＯＭ
［１１］方法相结合，分别用于计算粒子尺度参数小

于５０和大于５０时的非球形粒子的单次散射特性。

球形沙尘粒子散射特性的计算是基于经典的洛

伦兹 米氏散射理论，采用已经得到广泛使用的

Ｗｉｓｃｏｍｂｅ数值算法
［１３］和计算程序。

２．２　物理量介绍

实际沙尘粒子的形状极不规则，没有严格的几

何形状，根据实际沙尘的不规则形状计算其光学性

质不会导致误差，但是针对这些不规则形状的数值

方法无法覆盖实际沙尘的粒径范围并且计算非常耗

时［１４］，因此根据实际沙尘的不规则形状计算其光学

性质不具备可行性。

本文研究中用旋转对称的椭球形近似非球形沙

尘粒子的形状，这种近似具有以下优点：首先该形状

仅决定于两个参数即纵横比和等体积半径，因此在

传统球形模型的基础上假定纵横比即可确定非球形

沙尘的形状；其次根据２．１节中所述方法可以准确

高效地计算椭球粒子的光学特性；最后观测结果表

明：虽然各种不规则形状的沙尘粒子光学特性差别

较大，但是实际沙尘粒子以多粒径分散系的形式存

在，其光学特性是考虑各种形状权重后的光学特性，

而这种平均后的光学特性与不同纵横比的椭球粒子

平均后的光学特性差别比较接近［３］。

旋转对称的椭球形是椭圆的横轴犫绕纵轴犪旋

转而成。纵横比犚犪／犫＜１时旋转椭球体为扁椭球

体，形状类似于圆盘形；纵横比犚犪／犫＞１时旋转椭球

体为长椭球体，形状类似于针形［３］。本文将沙尘形

状划分为犚犪／犫的值为１．２，１．４，１．６，１．８，２．０，２．２和

２．４的长椭球和横纵比犚犫／犪的值为１．２，１．４，１．６，

１．８，２．０，２．２，２．４的扁椭球共１４种，并且每种形状

沙尘占的比例相等。

复折射指数是计算气溶胶光学特性的重要参数，

由构成粒子的化学成分决定，随着气溶胶源区地理位

置不同存在很大差异［１５］。本文采用王宏等［１６］总结的

０．２～４０μｍ光谱范围内东亚沙尘的复折射指数。

由于实际气溶胶粒子大小并不均一，因此必须
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考虑用一种粒径大小分布函数（即气溶胶谱分布）来

代表气溶胶粒子的实际分布，从而通过积分得到整

体气溶胶的光学特性。沙尘气溶胶粒子中尺度较小

的粒子相对集中，因此采用对数正态分布描述沙尘

粒子分布，谱分布参数采用与东亚沙尘气溶胶最接

近的ＯＰＡＣ模型，该模型将沙尘气溶胶分为核膜态

（ＭＩＮＭ），积聚态（ＭＩＡＭ），粗模态（ＭＩＣＭ）以及传

输态（ＭＩＴＲ）４种模态
［１７］。

描述粒子对辐射传输影响的光学参数分别为消

光效率因子犙ｅ、单次散射反照率ω、不对称因子犵

以及相函数犘１１，单个沙尘粒子的光学参数分别采

用椭球和等体积球形来计算，在此基础上用ＯＰＡＣ

谱分布参数计算不同谱分布下的光学特性［５］。此

外，本文还分析了雷达反演气溶胶中的常用参数消

光后向散射比犚ｅｂ
［１８］。

３　计算结果及讨论

３．１　单分散系椭球沙尘粒子的光学特性

在分析具有一定形状分布和谱分布的椭球沙尘

粒子的光学特性之前，首先通过单分散椭球沙尘粒

子的光学特性来详细说明本文所采取的计算过程。

图１给出了Ｔｍａｔｒｉｘ方法与ＩＧＯＭ 计算的单分散

系椭球沙尘粒子在波长０．５５μｍ纵横比犚犪／犫＝１．７

时光学特性随尺度参数的变化，根据２．１节所述两

种方法的特点，Ｔｍａｔｒｉｘ方法和ＩＧＯＭ 分别用来计

算尺度参数在０．５～５０和２０～８００的粒子。对比两

种方法在尺度参数２０～５０的结果发现，该区域属于

Ｔｍａｔｒｉｘ 方 法 到 ＩＧＯＭ 的 过 渡 区，在 该 区 域

Ｔｍａｔｒｉｘ方法与ＩＧＯＭ计算的消光效率因子、单次

散射反照率以及不对称因子的差别较小，由于前者

的计算精度较高［１４］，因此用ＩＧＯＭ计算较大尺度参

数沙尘粒子的光学特性是可行的。椭球沙尘粒子在

其他波长和纵横比的情况下用两种方法的计算结果

与上述结果一致，因此本文在计算从太阳短波到红

外谱段椭球沙尘粒子的光学特性时，分别用 Ｔ

ｍａｔｒｉｘ方法和ＩＧＯＭ 计算尺度参数小于或等于５０

和尺度参数大于５０的椭球沙尘光学特性。图１为

Ｔｍａｔｒｉｘ方法与ＩＧＯＭ 计算的椭球沙尘粒子在波

长为０．５５μｍ 纵横比犚犪／犫＝１．７时光学性质的对

比，狓轴是用椭球沙尘等体积半径表示的尺度参数，

狓值在０．５～５０的曲线为Ｔｍａｔｒｉｘ方法计算结果，

狓值在２０～８００的曲线为ＩＧＯＭ计算结果。

图１ Ｔｍａｔｒｉｘ方法与ＩＧＯＭ方法计算结果的比较

Ｆｉｇ．１ ＣｏｍｐａｒｉｓｏｎｏｆｔｈｅｃａｌｃｕｌａｔｉｏｎｒｅｓｕｌｔｂｅｔｗｅｅｎｔｈｅＴｍａｔｒｉｘａｎｄＩＧＯＭｍｅｔｈｏｄ

３．２　消光效率因子、单次散射反照率以及不对称因

子的对比分析

消光效率因子是粒子从入射能中移除的总能量

与粒子几何面积的比，反应了气溶胶对辐射传输的

衰减作用强弱。单次散射反照率体现了气溶胶散射

占辐射传输衰减的比例。沙尘气溶胶的相函数在

０°散射角普遍有尖峰，所以沙尘不对称因子表示了

前向散射的相对强度［１９］。上述３个参量是影响沙

尘气溶胶辐射传输过程的重要参量，下文详细给出

这３个参量的对比分析。

０５０１００２３

609



光　　　学　　　学　　　报

　　图２是四种模态球形沙尘粒子的消光效率因

子、单次散射反照率以及不对称因子从短波到红外

谱段的变化。如图２（ａ）所示，四种模态沙尘气溶胶

在可见光区的消光作用差别较小，长波区差异明显。

在长波区 ＭＩＣＭ消光作用最强，尤其是在１０μｍ附

近消光存在一个极大值，比 ＭＩＮＭ消光效率因子大

１～２个数量级；ＭＩＴＲ次之，并且与 ＭＩＡＭ 的消光

作用差别最小；ＭＩＮＭ 的消光作用最弱，在４～

４０μｍ的消光接近０。上述差别是由于所采用的谱

分布差别［１７］所致。

图２ 短波到红外谱段４种模态沙尘气溶胶的消光效率因子犙ｅ（ａ），单次散射反照率ω（ｂ）

以及不对称因子犵（ｃ）随波长的变化

Ｆｉｇ．２ Ｃｈａｎｇｅｏｆ（ａ）ｅｘｔｉｎｃｔｉｏｎｅｆｆｉｃｉｅｎｃｙｆａｃｔｏｒｓ犙ｅ，（ｂ）ｓｉｎｇｌｅｓｃａｔｔｅｒｉｎｇａｌｂｅｄｏωａｎｄ（ｃ）ａｓｙｍｍｅｔｒｉｃａｌｆａｃｔｏｒｓ犵

ｏｆｆｏｕｒｔｙｐｅｓｏｆｄｕｓｔａｅｒｏｓｏｌｓｗｉｔｈｗａｖｅｌｅｎｇｔｈ

　　由图２（ｂ）可见，四种模态气溶胶在短波区的单次

散射反照率均大于０．５，并且在可见光区单次散射反照

率达到最大，ＭＩＮＭ、ＭＩＡＭ、ＭＩＣＭ以及ＭＩＴＲ的最大

值依次为０．９８，０．９５，０．８８和０．９３；在长波区四种模态

气溶胶的单次散射反照率显著减小，而且不同模态差

异明显增大，其中 ＭＩＣＭ与 ＭＩＮＭ相差１～２个数量

级。另外由图２（ｂ）可见，在短波区，ＭＩＮＭ沙尘比其他

三种模态沙尘的单次散射反照率大，说明小粒子沙尘

的散射性最强，而在长波区则相反。

由图２（ｃ）可见不对称因子随着波长的增大而

减小，这是由于随着波长的增大尺度参数在减小，而

随着尺度参数的减小，散射更趋近于各向同性的瑞

利散射，不对称因子也趋近于０。另外由图２（ｃ）可

见，从太阳短波到红外谱段范围内 ＭＩＮＭ沙尘粒子

比其他３种模态的不对称因子小，在短波区 ＭＩＮＭ

沙尘粒子与其他３种模态沙尘粒子的不对称因子差

别较小，在长波区差异显著增大。

图３是分别用椭球体与等体积球体计算的沙尘

粒子消光效率因子、单次散射反照率以及不对称因

子的比值随波长的变化。由图３可见，与不同模态

沙尘气溶胶光学特性的差异相比，椭球形与球形沙

尘之间的光学特性差异不大。

由上述分析可知，ＭＩＣＭ 沙尘是决定沙尘气溶

胶消光强弱的主要成分，而由图３（ａ）可见四种沙尘

模态中，ＭＩＣＭ沙尘在椭球和球形两种情况下的消

光差别最小，且相对误差在 ±５％ 以内。对于

ＭＩＡＭ和 ＭＩＴＲ沙尘，用椭球形与等体积球形计算

的消光效率因子相对误差在±１０％以内。ＭＩＮＭ

沙尘在两种形状下长波消光差别波动较大，但由上

述分析可知 ＭＩＮＭ 在长波的消光接近０，因此，由

粒子形状造成的这种消光差异可以忽略。

如图３（ｂ）所示，在整个波段范围内椭球形与等

体积球形计算的四种模态沙尘单次散射反照率相对

误差在±５％以内，在散射起主要作用的短波区二者

差别最小，其相对误差在±２％之内，这种差别也小于

沙尘粒径大小不同所导致的单次散射反照率差别。

如图３（ｃ）所示，在整个波段范围内椭球形与等体

积球形计算的沙尘不对称因子相对误差在±８％以

内，这个结果与 Ｍｉｓｈｃｈｅｎｋｏ等
［３］对不同尺度参数的

椭球形与球形沙尘在指数谱分布下的对比结果一致。

０５０１００２４
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卫晓东等：　非球形沙尘气溶胶光学特性的分析

图３ 短波到红外谱段椭球与球形沙尘气溶胶消光效率因子、单次散射反照率以及不对称因子的比值随波长的变化

Ｆｉｇ．３ Ｃｈａｎｇｅｏｆｒａｔｉｏｓｏｆｅｘｔｉｎｃｔｉｏｎｅｆｆｉｃｉｅｎｃｙｆａｃｔｏｒｓ，ｓｉｎｇｌｅｓｃａｔｔｅｒｉｎｇａｌｂｅｄｏａｎｄａｓｙｍｍｅｔｒｉｃａｌｆａｃｔｏｒｓｏｆｓｐｈｅｒｏｉｄｔｏ

ｔｈｏｓｅｏｆｓｐｈｅｒｅｄｕｓｔａｅｒｏｓｏｌｗｉｔｈｗａｖｅｌｅｎｇｔｈｆｒｏｍｕｌｔｒａｖｉｏｌｅｔｔｏｉｎｆｒａｒｅｄｂａｎｄ

３．３　相函数对比

相函数是散射角的函数，它代表散射能的角分

布。在卫星探测反演气溶胶光学厚度时，气溶胶的

光学厚度与双向反射比、单次散射反照率以及散射

相函数有直接关系，除双向反射比由实测获得外，单

次散射反照率以及散射相函数则由气溶胶的尺度分

布计算得到，因此，相函数在卫星探测反演气溶胶光

学厚度中起着至关重要的作用。

图４和图５分别给出 ＭＩＮＭ 与 ＭＩＣＭ 沙尘气

溶胶从短波到红外谱段椭球沙尘与球形沙尘相函数

的比值，ＭＩＡＭ与 ＭＩＴＲ两种形状相函数的比值与

ＭＩＣＭ的规律相类似，此处不再赘述。综合图４，５

可以看出，从 ＭＩＮＭ 到 ＭＩＣＭ，随着粒子几何平均

半径的增大，椭球形与球形相函数的差异也变大，而

且对于这两种模态的沙尘，相函数差异都是在短波

区大于长波区，尤其是在可见光区差异达到最大。

图４ 短波到红外谱段 ＭＩＮＭ椭球沙尘与球形沙尘相函数的比值随波长的变化

Ｆｉｇ．４ Ｃｈａｎｇｅｏｆｒａｔｉｏｓｏｆｐｈａｓｅｆｕｎｃｔｉｏｎｏｆｓｐｈｅｒｏｉｄｔｏｔｈａｔｏｆｓｐｈｅｒｅｆｏｒｎｕｃｌｅｕｓｍｏｄｅｄｕｓｔａｅｒｏｓｏｌｓｗｉｔｈ

ｗａｖｅｌｅｎｇｔｈｆｒｏｍｕｌｔｒａｖｉｏｌｅｔｔｏｉｎｆｒａｒｄｂａｎｄ

　　由图５可以看出，ＭＩＣＭ沙尘在短波区相函数差

异最明显，尤其是在可见光区，这种差别可以根据散

射角分为三个区域：０°～９０°，９０°～１５０°以及１５０°～

１８０°，其中前向散射（散射角位于０°～９０°）差异较小，

后向散射（散射角位于９０°～１８０°）差异较大。短波区

散射角位于９０°～１５０°时，椭球沙尘比球形沙尘的相

函数偏大。在可见光区散射角位于９０°～１５０°时，对

于消光作用最强的 ＭＩＣＭ沙尘，椭球沙尘的相函数

是球形沙尘相函数的１０倍。短波区散射角位于

１５０°～１８０°时，椭球沙尘比球形沙尘的相函数偏小。

０５０１００２５
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在可见光区散射角位于１５０°～１８０°时，对于消光作

用最强的 ＭＩＣＭ沙尘，椭球沙尘的相函数是球形沙

尘相函数的１０％～３０％。另外，虽然 ＭＩＮＭ 沙尘

相函数的差异整体偏小，但是在可见光区散射角位

于１５０°～１８０°之间时，椭球沙尘比球形沙尘的相函

数明显偏小。

对于 ＭＩＮＭ 与 ＭＩＣＭ 沙尘，在长波区椭球形

与球形相函数的比值均介于０．９～１．１，因此这种差

异相比于短波区而言可以忽略，而且长波区的相函

数差异没有显著的规律。

图５ 短波到红外谱段 ＭＩＣＭ椭球沙尘与球形沙尘相函数的比值

Ｆｉｇ．５ Ｃｈａｎｇｅｏｆｒａｔｉｏｓｏｆｐｈａｓｅｆｕｎｃｔｉｏｎｏｆｓｐｈｅｒｏｉｄｔｏｔｈａｔｏｆｓｐｈｅｒｅｆｏｒｃｏａｒｓｅｍｏｄｅｄｕｓｔａｅｒｏｓｏｌｓｗｉｔｈ

ｗａｖｅｌｅｎｇｔｈｆｒｏｍｕｌｔｒａｖｉｏｌｅｔｔｏｉｎｆｒａｒｅｄｂａｎｄ

　　由３．２节可知沙尘气溶胶在可见光区的散射消

光最强，卫星探测沙尘气溶胶时通常采用可见光通

道，而由上述分析可知椭球形与球形沙尘在可见光

区的后向散射差异最为明显，而卫星探测气溶胶时

主要采用后向散射信号，因此，在卫星探测沙尘气溶

胶时应该考虑非球形对沙尘相函数的影响。

由于可见光区椭球与球形相函数差别最大并且

该区域对气溶胶遥感非常重要，图６比较了 ＭＩＣＭ

椭球与球形沙尘在０．５３２μｍ的相函数随散射角的

变化。与上述分析一致，前向散射差异较小，后向散

射差异较大。另外由图可见在散射角位于９０°～

１５０°时球形沙尘相函数起伏较大，而椭球沙尘的相

图６ 粗模态椭球与球形沙尘在０．５３２μｍ的相函数

Ｆｉｇ．６ Ｐｈａｓｅｆｕｎｃｔｉｏｎｓｏｆｃｏａｒｓｅｍｏｄｅｄｕｓｔａｅｒｏｓｏｌｂａｓｅｄ

ｏｎｓｐｈｅｒｏｉｄｓａｎｄｓｐｈｅｒｅｓａｔｔｈｅｗａｖｅｌｅｎｇｔｈｏｆ０．５３２μｍ

函数更加平滑，而实际沙尘的相函数变化趋势也十

分平滑［３，１４］，因此用具有一定形状分布的椭球沙尘

可以更好的描述实际沙尘的相函数分布。

３．４　消光后向散射比的对比分析

消光后向散射比在雷达方程中决定后向散射系

数与消光系数的参数化关系［１８］，它是激光雷达反演

气溶胶光学厚度中的一个重要参数。对于洛伦兹

米氏形粒子，根据消光后向散射比的表达式可知其

与粒子的复折射指数和谱分布有关。由３．３节可知

形状对沙尘相函数的影响较大，因此根据消光后向

散射比的表达式可推知沙尘气溶胶的消光后向散射

比与沙尘形状有关。如图７所示，在短波区椭球沙

尘与球形沙尘的消光后向散射比有较大差别，其中

消光作用最强的粗模态沙尘在两种形状下的消光后

向散射比差异最明显，因此沙尘气溶胶的消光后向

图７ 短波到红外谱段椭球沙尘与球形沙尘

消光后向散射比的比值随波长的变化

Ｆｉｇ．７ Ｃｈａｎｇｅｏｆｒａｔｉｏｓｏｆｅｘｔｉｎｃｔｉｏｎｔｏｂａｃｋｓｃａｔｔｅｒｉｎｇｒａｔｉｏｓ

ｏｆｓｐｈｅｒｏｉｄｔｏｔｈａｔｏｆｓｐｈｅｒｅｗｉｔｈｗａｖｅｌｅｎｇｔｈｆｒｏｍ

　　　　　ｕｌｔｒａｖｉｏｌｅｔｔｏｉｎｆｒａｒｅｄｂａｎｄ
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卫晓东等：　非球形沙尘气溶胶光学特性的分析

散射比除了与粒子的复折射指数以及谱分布有关

外，还要考虑沙尘粒子形状的影响。另外，由图７可

见，在长波区椭球沙尘与球形沙尘的消光后向散射

比没有明显的差异，由第３．３节分析可知，这是因为

长波区二者的相函数差别较小。

由于激光雷达探测气溶胶通常采用小于１μｍ

的短波波段，如图７所示这个区域椭球沙尘与球形

沙尘的消光后向散射比差异最为显著，因此，在用激

光雷达反演沙尘气溶胶光学厚度时考虑非球形效应

是非常必要的。

由于短波波段椭球与球形消光后向散射比差异

明显，并且激光雷达探测气溶胶通常采用小于１μｍ

的短波波段，图８给出了短波波段四种模态椭球沙

尘的消光后向散射比随波长的变化。由图８可见，

在０．２～０．５μｍ范围内不同模态椭球沙尘的消光

后向散射比随波长的变化起伏较大，其中 ＭＩＮＭ与

ＭＩＣＭ的起伏最明显；在激光雷达探测常用的０．５～

０．７μｍ范围内，四种模态椭球沙尘的消光后向散射

比随波长的变化起伏较小，ＭＩＮＭ，ＭＩＡＭ，ＭＩＴＲ

和ＭＩＣＭ的消光后向散射比数值分别维持在５，２，２

和４附近。另外由图８可见，除 ＭＩＮＭ 以外，其他

三种模态椭球沙尘的消光后向散射比在波长３μｍ

附近有个明显的峰值。

图８ 短波波段四种模态椭球沙尘的消光后向散射比

随波长的变化

Ｆｉｇ．８ Ｃｈａｎｇｅｏｆｅｘｔｉｎｃｔｉｏｎｔｏｂａｃｋｓｃａｔｔｅｒｉｎｇｒａｔｉｏｓｏｆ

ｓｐｈｅｒｏｉｄｆｏｒｆｏｕｒｍｏｄｅｓｗｉｔｈｗａｖｅｌｅｎｇｔｈｉｎｓｈｏｒｔ

　　　　　　　　ｗａｖｅｂａｎｄ

４　结　　论

本文将Ｔ矩阵算法与几何光学方法相结合来

计算椭球沙尘粒子的光学特性，并在此基础上讨论

了形状对沙尘光学特性的影响。研究表明，与沙尘

粒径大小分布对沙尘气溶胶消光效率因子、单次散

射反照率以及不对称因子的影响相比，沙尘形状对

上述参数的影响明显偏小。

椭球与球形沙尘的相函数在卫星探测常用的可

见光区达到最大。在可见光区散射角位于０°～９０°

时椭球与球形相函数的差异较小；在散射角位于

９０°～１５０°时，椭球比球形沙尘的相函数偏大，在这

个区域 ＭＩＣＭ 椭球沙尘是球形沙尘相函数的

１０倍；当散射角位于１５０°～１８０°时，椭球比球形沙

尘的相函数偏小，在这个区域 ＭＩＣＭ 椭球沙尘是球

形沙尘相函数的１０％～３０％。因此，在卫星反演气

溶胶光学厚度过程中必须考虑非球形对沙尘相函数

的影响。

最后，对消光后向散射比的研究表明，在短波区

沙尘气溶胶的消光后向散射比除了与粒子的复折射

指数以及谱分布有关外，也要考虑沙尘粒子形状的

影响，因此，在用激光雷达反演沙尘气溶胶光学厚度

时也应该考虑沙尘的非球形效应。

致谢　感谢美国德克萨斯 Ａ＆Ｍ 大学大气科学系
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ｍｉｎｅｒａｌｐａｒｔｉｃｌｅｓｃｏｌｌｅｃｔｅｄｉｎｔｈｒｅｅＣｈｉｎｅｓｅａｒｉｄｅｇｉｏｎｓ ［Ｊ］．

犌犲狅狆犺狔狊．犚犲狊．犔犲狋狋．，２００１，２８（１６）：３１２３～３１２６

３Ｍ．Ｉ．Ｍｉｓｈｃｈｅｎｋｏ，Ｌ．Ｄ．Ｔｒａｖｉｓ，Ｒ．Ａ．Ｋａｈｎ犲狋犪犾．．Ｍｏｄｅｌｉｎｇ

ｐｈａｓｅｆｕｎｃｔｉｏｎｓｆｏｒｄｕｓｔｔｒｏｐｏｓｐｈｅｒｉｃａｅｒｏｓｏｌｓｕｓｉｎｇａｓｈａｐｅ

ｍｉｘｔｕｒｅｏｆｒａｎｄｏｍｌｙｏｒｉｅｎｔｅｄｐｏｌｙｄｉｓｐｅｒｓｅｓｐｈｅｒｏｉｄｓ ［Ｊ］．犑．

犌犲狅狆犺狔狊．犚犲狊．，１９９７，１０２（Ｄ１４）：１６８３１～１６８４７

４Ｐ．Ｙａｎｇ，Ｑ．Ｆｅｎｇ，Ｇ．Ｈｏｎｇ犲狋犪犾．．Ｍｏｄｅｌｉｎｇｏｆｔｈｅｓｃａｔｔｅｒｉｎｇ

ａｎｄｒａｄｉａｔｉｖｅｐｒｏｐｅｒｔｉｅｓｏｆｎｏｎｓｐｈｅｒｉｃａｌｄｕｓｔａｅｒｏｓｏｌｓ［Ｊ］．犑．

犃犲狉狅狊狅犾犛犮犻．，２００７，３８（１０）：９９５～１０１４

５Ｑ．Ｆｕ，Ｔ．Ｊ．Ｔｈｏｒｓｅｎ，Ｊ．Ｓｕ犲狋犪犾．．ＴｅｓｔｏｆＭｉｅｂａｓｅｄｓｉｎｇｌｅ

ｓｃａｔｔｅｒｉｎｇｐｒｏｐｅｒｔｉｅｓｏｆｎｏｎｓｐｈｅｒｉｃａｌｄｕｓｔａｅｒｏｓｏｌｓｉｎｒａｄｉａｔｉｖｅ

ｆｌｕｘｃａｌｃｕｌａｔｉｏｎｓ［Ｊ］．犑．犙狌犪狀狋．犛狆犲犮狋狉狅狊犮．犚犪犱犻犪狋．犜狉犪狀狊犳犲狉，

２００９，１１０（１４１６）：１６４０～１６５３

６ＧｏｎｇＣｈｕｎｗｅｎ，ＷｅｉＨｅｌｉ，ＬｉＸｕｅｂｉｎ犲狋犪犾．．Ｔｈｅｉｎｆｌｕｅｎｃｅｏｆｔｈｅ

ａｓｐｅｃｔｒａｔｉｏｔｏｔｈｅｌｉｇｈｔｓｃａｔｔｅｒｉｎｇｐｒｏｐｅｒｔｉｅｓｏｆｃｙｌｉｎｄｅｒｉｃｅ

ｐａｒｔｉｃｌｅｓ［Ｊ］．犃犮狋犪犗狆狋犻犮犪犛犻狀犻犮犪，２００９，２９（５）：１１５５～１１５９

　 宫纯文，魏合理，李学彬 等．取向比对圆柱状冰晶粒子光散射特

性的影响 ［Ｊ］．光学学报，２００９，２９（５）：１１５５～１１５９

７ＳｈａｏＳｈｉｙｏｎｇ，ＨｕａｎｇＹｉｎｂｏ，ＷｅｉＨｅｌｉ犲狋犪犾．．Ｐｈａｓｅｆｕｎｃｔｉｏｎｏｆ

ｐｒｏｌａｔｅｓｐｈｅｒｏｉｄｉｃ ｍｏｎｏｄｉｓｐｅｒｓｅａｅｒｏｓｏｌｐａｒｔｉｃｌｅｓ ［Ｊ］．犃犮狋犪

犗狆狋犻犮犪犛犻狀犻犮犪，２００９，２９（１）：１０８～１１３

　 邵士勇，黄印博，魏合理 等．单分散长椭球形气溶胶粒子的散射

相函数研究 ［Ｊ］．光学学报，２００９，２９（１）：１０８～１１３

８Ｐ．Ｃ． Ｗａｔｅｒｍａｎ．Ｓｙｍｍｅｔｒｙ，ｕｎｉｔａｒｉｔｙ，ａｎｄ ｇｅｏｍｅｔｒｙｉｎ

ｅｌｅｃｔｒｏｍａｇｎｅｔｉｃｓｃａｔｔｅｒｉｎｇ ［Ｊ］．犘犺狔狊．犚犲狏．犇，１９７１，３（４）：

８２５～８３９

９Ｍ．Ｉ．Ｍｉｓｈｃｈｅｎｋｏ，Ｌ．Ｄ．Ｔｒａｖｉｓ．Ｔｍａｔｒｉｘｃｏｍｐｕｔａｔｉｏｎｓｏｆ

ｌｉｇｈｔｓｃａｔｔｅｒｉｎｇｂｙｌａｒｇｅｓｐｈｅｒｏｉｄａｌｐａｒｔｉｃｌｅｓ［Ｊ］．犗狆狋．犆狅犿犿狌狀．，
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１９９４，１０９（１２）：１６～２１

１０ＰｉｎｇＹａｎｇ，ＨｅｌｉＷｅｉ，ＨｕｎｇＬｕｎｇＨｕａｎｇ犲狋犪犾．．Ｓｃａｔｔｅｒｉｎｇａｎｄ

ａｂｓｏｒｐｔｉｏｎｐｒｏｐｅｒｔｙｄａｔａｂａｓｅｆｏｒｎｏｎｓｐｈｅｒｉｃａｌｉｃｅｐａｒｔｉｃｌｅｓｉｎｔｈｅ

ｎｅａｒｔｈｒｏｕｇｈｆａｒｉｎｆｒａｒｅｄｓｐｅｃｔｒａｌｒｅｇｉｏｎ［Ｊ］．犃狆狆犾．犗狆狋．，２００５，

４４（２６）：５５１２～５５２３

１１Ｐ． Ｙａｎｇ， Ｋ． Ｎ． Ｌｉｏｕ． Ｇｅｏｍｅｔｒｉｃｏｐｔｉｃｓｉｎｔｅｇｒａｌｅｑｕａｔｉｏｎ

ｍｅｔｈｏｄｆｏｒｌｉｇｈｔｓｃａｔｔｅｒｉｎｇｂｙｎｏｎｓｐｈｅｒｉｃａｌｉｃｅｃｒｙｓｔａｌｓ ［Ｊ］．

犃狆狆犾．犗狆狋．，１９９６，３５（３３）：６５６８～６５８４

１２Ｍ．Ｉ．Ｍｉｓｈｃｈｅｎｋｏ，Ｌ．Ｄ．Ｔｒａｖｉｓ，Ａ．Ａ．Ｌａｃｉｓ．Ｓｃａｔｔｅｒｉｎｇ，

Ａｂｓｏｒｐｔｉｏｎ，ａｎｄＥｍｉｓｓｉｏｎｏｆＬｉｇｈｔｂｙＳｍａｌｌＰａｒｔｉｃｌｅｓ［Ｍ］．Ｅｄｓ．

Ｃａｍｂｒｉｄｇｅ，Ｕｎｉｔｅｄ Ｋｉｎｇｄｏｍ：Ｃａｍｂｒｉｄｇｅ Ｕｎｉｖｅｒｓｉｔｙ Ｐｒｅｓｓ，

２００２．４４５

１３Ｗ．Ｊ．Ｗｉｓｃｏｍｂｅ．Ｉｍｐｒｏｖｅｄ Ｍｉｅｓｃａｔｔｅｒｉｎｇａｌｇｏｒｉｔｈｍｓ ［Ｊ］．

犃狆狆犾．犗狆狋．，１９８０，１９（９）：１５０５～１５０９

１４Ｏ．Ｄｕｂｏｖｉｋ，Ａ．Ｓｉｎｙｕｋ，Ｔ．Ｌａｐｙｏｎｏｋ犲狋犪犾．．Ａｐｐｌｉｃａｔｉｏｎｏｆ

ｓｐｈｅｒｏｉｄｍｏｄｅｌｓｔｏａｃｃｏｕｎｔｆｏｒａｅｒｏｓｏｌｐａｒｔｉｃｌｅｎｏｎｓｐｈｅｒｉｃｉｔｙｉｎ

ｒｅｍｏｔｅｓｅｎｓｉｎｇｏｆｄｅｓｅｒｔｄｕｓｔ［Ｊ］．犑．犌犲狅狆犺狔狊．犚犲狊．，２００６，１１１

（Ｄ１１２０８）：１～３４

１５Ｊ．Ｔ．Ｈｏｕｇｈｔｏｎ，Ｙ．Ｄｉｎｇ，Ｄ．Ｊ．Ｇｒｉｇｇｓ犲狋犪犾．．ＣｌｉｍａｔｅＣｈａｎｇｅ

２００１：Ｔｈｅ Ｓｃｉｅｎｔｉｆｉｃ Ｂａｓｉｓ［Ｍ］．Ｅｄｓ．Ｃａｍｂｒｉｄｇｅ， Ｕｎｉｔｅｄ

Ｋｉｎｇｄｏｍａｎｄ Ｎｅｗ Ｙｏｒｋ，ＮＹ，ＵＳＡ：Ｃａｍｂｒｉｄｇｅ Ｕｎｉｖｅｒｓｉｔｙ

Ｐｒｅｓｓ，２００１．８８１

１６ＷａｎｇＨｏｎｇ，ＳｈｉＧｕａｎｇｙｕ，Ｔ．Ａｏｋｉ犲狋犪犾．．Ｒａｄｉａｔｉｖｅｆｏｒｃｉｎｇｓｏｆ

ｄｕｓｔａｅｒｏｓｏｌｏｖｅｒＥａｓｔＡｓｉａＮｏｒｔｈＰａｃｉｆｉｃｉｎ２００１ｓｐｒｉｎｇ ［Ｊ］．

犆犺犻狀犲狊犲犛犮犻犲狀犮犲犅狌犾犾犲狋犻狀，２００４，４９（１９）：１９９３～２０００

　 王　宏，石广玉，Ｔ．Ａｏｋｉ等．２００１年春季东亚 北太平洋地区

沙尘气 溶 胶 的 辐 射 强 迫 ［Ｊ］．科 学 通 报，２００４，４９（１９）：

１９９３～２０００

１７Ｍ．Ｈｅｓｓ，Ｐ．Ｋｏｅｐｋｅ，Ｉ．Ｓｃｈｕｌｔ．Ｏｐｔｉｃａｌｐｒｏｐｅｒｔｉｅｓｏｆａｅｒｏｓｏｌｓ

ａｎｄｃｌｏｕｄｓ：ｔｈｅｓｏｆｔｗａｒｅｐａｃｋａｇｅＯＰＡＣ ［Ｊ］．犅狌犾犾．犃犿犲狉．

犕犲狋犲狅狉．犛狅犮．，１９９８，７９（５）：８６３～８４４

１８Ｇ．Ｌ．Ｓｔｅｐｈｅｎｓ．ＲｅｍｏｔｅＳｅｎｓｉｎｇｏｆｔｈｅＬｏｗｅｒＡｔｍｏｓｐｈｅｒｅ：ａｎ

Ｉｎｔｒｏｄｕｃｔｉｏｎ［Ｍ］．Ｎｅｗ Ｙｏｒｋ，ＮＹ，ＵＳＡ：ＯｘｆｏｒｄＵｎｉｖｅｒｓｉｔｙ

Ｐｒｅｓｓ，１９９４．４８６

１９ＬｉｏｕＧｕｏｎａｎ．ＡｎＩｎｔｒｏｄｕｃｔｉｏｎｔｏＡｔｍｏｓｐｈｅｒｉｃＲａｄｉａｔｉｏｎ（Ｓｅｃｏｎｄ

Ｅｄｉｔｉｏｎ）［Ｍ］．ＧｕｏＣａｉｌｉ，ＺｈｏｕＳｈｉｊｉａｎＴｒａｎｓｌ．Ｂｅｉｊｉｎｇ：Ｃｈｉｎａ

ＭｅｔｅｏｒｏｌｏｇｉｃａｌＰｒｅｓｓ，２００４．１０８

　 廖国男．大气辐射导论（第２版）［Ｍ］．郭彩丽，周诗健译．北

京：气象出版社，２００４．１０８
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三峡水库气候效应及 2006年夏季川渝高温干旱 
事件的区域气候模拟  
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摘    要: 针对 2006年夏季川(四川)渝(重庆)地区的高温干旱事件，使用 RegCM3区域气候模式，采用
双重嵌套和次网格(SUB-BATS)方法，进行中国和三峡地区 2005—2006 年气候 50 km 和 10 km(通过
SUB-BATS方法达到 2 km)分辨率数值模拟，并在此基础上进行了三峡地区下垫面改变(三峡水库建成蓄
水)的气候效应模拟试验，重点分析了模式对中国和三峡地区夏季气候和气候异常的模拟能力，以及三峡
水库对气温和降水的影响。结果表明，模式能较好模拟出中国和川渝地区的气候及以 2006 年川渝地区
高温干旱为代表的气候异常，双重嵌套和 SUB-BATS方法的应用，使模式能够提供局地和区域气候更详
细的信息。有无三峡水库的对比试验表明，水库对周边区域气温、降水的影响很小，大部分格点上的变

化达不到 90%统计信度检验标准，气温变化中少数通过检验的格点基本集中于水库水体本身，邻近区域
内气温和降水的变化随距库区的距离变远而变得更弱。除了库区本身降温和降水减少外，模拟结果中出

现的变化更多表现为模式中出现的噪音。2006年夏季的川渝高温干旱，更多是由于大的环流场造成的，
与局地强迫的关系不大，三峡水库在其中所起的作用非常微弱，可以忽略不计。 

         关  键  词：气候学；气候变化；区域气候模式；三峡水库   
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1  引    言 
 

2006年夏季，重庆和四川东部出现了持续高
温、少雨天气，导致这些地区发生了近几十年以

来最严重的干旱，引起人畜饮水和城市供水困难，

农作物减产，造成的直接经济损失达到近 200亿
元人民币[1]。这一高温干旱事件引起了社会各界

和媒体等的广泛关注。研究表明，这主要是由于

在全球变暖大背景下大尺度环流异常造成的[1-2]，

但同时在媒体和民间出现了一些是否与三峡工程

和三峡水库有关的争论。 
三峡工程是世界最大的水电工程。三峡水库

自 2003年开始蓄水，2009年将达到设计水位 175 

m，范围覆盖了从宜昌到重庆段的长江水域，长
约 660 km，水域面积 1 040 km2。三峡水库是一个

典型的河道型水库，其平均宽度约为 1.1 km。三
峡地区的气候和环境研究，随着三峡工程的建设，

得到了广泛的关注[3-4]。 
大规模的土地利用和下垫面改变，通过地表

粗糙度、反照率等的改变，会引起局地和区域气

候的变化[5-7]，由陆地转为大型水体，也同样会引

起地表和大气之间动量和热量交换的变化，进而

影响气候。 
数值模式，特别是高分辨率的区域气候模式

是研究这一问题的有效工具。具体到三峡水库对

周边气候的影响，国内外已有一些相关的数值模
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拟研究。张洪涛等[8]使用一个简化模式，研究了

三峡水库建成前后气象要素场的变化，认为水库

对气候的水平影响范围一般不超过10 km。Miller
等[9]使用MM5模式，通过多重嵌套方法，模拟得
到三峡水库的蒸发会引起周边气温降低，但对降

水没有明显影响。而Wu等[10]使用MM5模式所进
行的模拟则表明三峡水库蓄水对气候产生的影响

可能会较大，造成三峡大坝附近降水略微减少，

大坝以北和以西地区的降水量增加，其作用不仅

在局地，而且可以达到区域级尺度。但上述试验

从严格的气候模拟角度讲，都或多或少存在不够

完善之处，如模式运行时没有考虑初始化(spin-up)
过程、积分时间不够长、结果缺乏统计显著性检

验等。 
本文使用一个区域气候模式，针对 2006年夏

季川渝地区的高温干旱事件，首先进行了

2005—2006年中国范围的模拟，以考察模式对大
尺度环流和气候背景场的模拟能力，随后对三峡

水库及周边地区使用双重嵌套和次网格陆面过程

(SUB-BATS)方法，进行了高分辨率的数值模拟，
并通过有无三峡水库的对比试验，考察了三峡水

库对局地和区域气候的影响。 
 

2  模式和试验设计 
 
本研究所使用的模式为意大利国际理论物理

中心 (The Abdus Salam International Center for 
Theoretical Physics)于近年间在RegCM2区域气候
模式 [11-12]的基础上，研制开发的改进版

RegCM3[13]。RegCM系列模式在中国地区有很多
应用，表明模式对中国气候，特别是在夏季有较

好的模拟能力[14-17]。 
研究共进行了3个试验，试验的积分时间均为

2005年1月1日—2006年9月1日，计1年零9个月，
其中2005年1—5月作为模式初始化(spin-up)时段
不做分析，重点考察模式对2006年夏季(6—8月)
气候异常及三峡水库气候效应的模拟。其中气候

异常以2005年的模拟为相对基础。 
试验中模式使用标准的参数设置，包括辐射

采用 NCAR CCM3方案，海表通量参数化方案使
用Zeng方案，行星边界层方案使用Holtslag方案，

积云对流参数化方案选择基于 Arakawa-Schubert
闭合假设的 Grell 方案，海表面温度使用美国海
洋大气局(NOAA)的 OISST 资料。模式在垂直方
向分 18层，顶层高度为 10 hPa。 
试验 1的模式中心点取为 36 °N，105 °E，格

点数为 160×109(东西-南北，下同)，水平分辨率
取 50 km，下文简称为 50 km模式，其范围包括
整个中国大陆及周边地区(图 1a)。植被覆盖采用
GLCC(Global Land Cover Characterization)资料。 

区域气候模式的运行，需要初始场和大尺度

环流场(侧边界)的驱动，使用的是 NCEP/NCAR
再分析资料，其水平分辨率为 2.5 °× 2.5 °(经纬
度)。侧边界场采用指数松弛边界方案，每 6 h输
入模式一次。 
试验2中，模式中心点取为30 °N，108 °E，

格点数为128×90，水平分辨率取10 km。通过SUB- 
BATS[18]方法，次网格点数取为5×5，分辨率达到
2 km×2 km，下文简称为10-2 km模式，范围覆盖
三峡地区(图1b)。 
从区域气候模拟的角度讲，一般驱动场的分

辨率和模式分辨率之间的差距，以3～5倍比较合
适，不能过大，在试验2中我们采用双重嵌套方法，
由试验1结果得到所需的初始和侧边界场。需要指
出的是，试验2中三峡地区的下垫面由GLCC资料
得到，其类型主要以农业用地为主(crop/mixed 
farming)，占95%以上，除此之外仅有少量的落叶
灌木及短草等植被。 
由图1b可看到10-2 km模式对地形的描述更

加细致、精确，如处于山脉环绕中的四川盆地及

其以西向青藏高原地势由低到高的陡峭转变，长

江从宜昌出三峡后进入的洞庭湖平原，三峡北部

重庆与湖北、陕西交界处大巴山及其以南重庆和

湖北交界处的山脉等，都得到了较准确的刻画。 
一般气候模式中的大气和陆面过程部分，使

用同样的网格 (如 10 km)进行计算和耦合。
RegCM3使用SUB-BATS方法，陆面过程在更高的
次网格分辨率上进行计算(如通过5×5网格达到2 
km×2 km)，这些次一级的网格都具有各自的地形
和植被覆盖类型。模式的大气部分首先将其需要

与陆面进行交换的热量、动量等分割在次网格上，

Bats在这些次网格上进行计算，随后重新合并到
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正常网格上返回大气。模拟表明，SUB-BATS方
法能够进一步提供区域气候的模拟效果(详细可
参见文献[18])。 
将试验2中三峡水库地区的下垫面替换成内

陆水(范围在图1b中以“×”表示)，成为试验3。共
替换了267个格点，占模拟范围总格点数的0.1%
左右。 

 

 

 
 

图 1  试验范围和地形分布，“×”之间区域为三峡水库     地形高度单位：m。 a. 50 km模式；b. 10-2 km模式。 
 

使用国家气象信息中心提供的同期中国743
个台站资料集作为用于模式检验的观测资料 去

除部分存在缺测的站点后，论文所使用的站点数

为662个
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讨论将主要集中于2005、2006年夏季(6—8
月)气温和降水两个基本气候要素上。 
 

3  模式对 2006 年夏季气温和降水
异常的模拟与检验 
 
3.1  50 km分辨率模式的模拟及其与观测的对比 
图 2中给出 2005和 2006年夏季平均的气温、

降水的观测和模拟，模式对我国这两年夏季气候

具有较好的模拟能力，从整体的空间分布型上，

无论气温还是降水，模拟和观测都比较符合。模

式对观测中一些空间分布的细节也有较好的描

述，如我国西北祁连山区与其西南侧柴达木盆地

气温和降水的高低、多少对比等。 
模式对气温模拟存在的误差，为在中国地区

存在系统性的冷偏差，模式模拟的降水在东北、

华北偏大，南方偏小。这和RegCM3模式在ERA40
再分析资料驱动下的模拟结果类似[15]。 
以 2006年夏季气温、降水相对于 2005年的

距平值，作为 2006年气候异常的描述，观测和模
拟的结果分别在图 3a～3d中给出。 

2006年夏季主要气温异常的分布(图 3a)，为
在我国中部以四川东部和重庆地区为中心出现了

一个高温区，气温的偏高最多达到 3 ℃以上。北
方部分地区(华北、内蒙古和东北北部)的气温则
较常年偏低。模式较好地模拟出上述特点(图 3b)，
但模拟出的川渝地区高温中心数值偏大。模式模

拟和观测的相关系数为 0.56，通过 95%信度的统
计显著性检验标准(t检验，下同)。 

模式对 2006 年中国夏季降水异常的模拟也
与观测相近(图 3c、3d)，如模式模拟出了四川东
部至湖北北部一带幅度达到 50%以上的降水减少
区(对应这里气温的偏高)，但模拟的范围较观测
大。模式对东北北部、河套及其以西等地的降水

偏多和西北降水的偏少等也有较好模拟，但江南

地区降水的正距平区模拟出现偏差。模拟与观测

的相关系数为 0.23，同样达到 95%信度标准。 
总体来说，模式较好地模拟出了三峡夏季气

温差的基本分布型。对高温中心的描述也比较准

确，但是模拟温差较观测偏强，模拟的三峡中上

游高温中心范围偏大。由观测夏季降水差(图 3c)

可以看出，夏季降水的变化基本以长江为分界线，

长江以南降水增加，长江以北降水减少，特别是

三峡北部和中上游地区降水减少最多，超过 50%，
位置与增温中心基本吻合(图 3a)，模式模拟较好
地再现了这个三峡北部的降水减少区，但范围偏

大(图 3d)。 
由以上讨论可以看出，模式对中国地区夏季

平均气温、降水和气候异常都具有较好的模拟能

力，就地区而言，模式较好地模拟出 2006年四川
东部及重庆地区的高温干旱事件，与诊断结果相

似[1]，川渝地区此次高温干旱事件，更多的是由

大的环流背景驱动和决定，而不是在局地强迫下

产生的。  
3.2  三峡地区 50 km和 10-2 km模式模拟的对比 

图 4给出三峡地区 50 km和 10-2 km模式对
气温、降水的模拟，两个模式所模拟大的分布型

基本一致，如区域西部青藏高原边缘地区的气温

低值和降水高值，四川盆地的气温高值等。但 10-2 
km 模式提供了气温和降水两者分布更详细的特
征，如在重庆与湖北、陕西交界处大巴山地区地

形引起的气温相对低值和降水相对高值，在 50 
km模拟中没有出现，但在 10-2 km模拟中得到较
好体现。10-2 km模式模拟的降水较 50 km偏多一
些。相对降水，SUB-BATS对气温细节的描述程
度更高[18]。 
模式与观测场的比较表明，尽管 50 km模式

对区域级的中国气温和降水分布有较好的模拟能

力(图 2a～2d)，但在类似三峡地区这种局地尺度
上，50 km和 10-2 km模式模拟都和观测表现出较
大的不一致性，特别是降水(图略)。这种差别形
成的原因，除模式本身需要进一步改进外，一方

面是所使用的观测站点数量较少(在三峡地区为
117 个)，站点之间的距离在几十到上百 km间，
与 2 km×2 km的模式分辨率相差较大；此外观测
站点一般分布在河谷等城镇地带，由这些站点资

料直接插值到格点上，会带来“观测场”一定的误
差(图和进一步的分析略去)。10-2 km模式对 2006
年气候异常的模拟结果，和 50 km的分布基本一
致，同样限于篇幅不再给出，降水和气温模拟与

观测的相关系数分别为 0.73和 0.28，较在全国范
围内略高。 
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相对于2005年，三峡地区2006年观测、50 km
和 10-2 km模拟的区域平均气温差分别偏高 1.28

℃、1.73 ℃和 1.84 ℃，降水差分别偏少-25.1%、
-39.3%和-41.4%。 

 

  

  
图 2  2005、2006年中国夏季平均气温和降水 

a. 气温观测(单位：℃)；b. 50 km气温模拟(单位：℃)；  c. 降水观测(单位：mm)；d. 50 km降水模拟(单位：mm)。 
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图 3  2006年夏季中国气温和降水异常(相对于 2005年) 

a. 气温观测(单位：℃)；b. 50 km气温模拟(单位：℃)；c. 降水观测(单位：%)；d. 50 km降水模拟(单位：%)。 

 

 

 
图 4  2005、2006年三峡地区 50 km和 10-2 km夏季平均气温和降水的模拟 

a. 50 km气温(单位：℃)；b. 10-2 km气温(单位：℃)；c. 50 km降水(单位：mm)；d. 10-2 km降水(单位：mm)。 
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4  三峡水库对区域气候的影响 
 
4.1  平均气温和降水变化 

下垫面大面积的由陆面转变成水面，由于水

体的反照率、粗糙度及辐射性质、热容量、导热

率等不同于陆地，可以改变地表与大气间的动量、

热量和水分交换，进而对气温、降水的变化产生

影响。下面就模式模拟出的三峡地区下垫面改变

后气温、降水的相应变化(试验 3与试验 2之差)，
即三峡水库的效应，进行简要的分析和探讨。 
图 5给出了三峡水库引起的 2005和 2006年

两个夏季平均的气温、降水变化分布。 

 

 
 

图 5  三峡水库对 2005、2006年三峡地区夏季平均气温 
和降水变化     a. 气温(单位：℃)；b. 降水(单位：%)。 
 

由图 5a可看出，除库区外，水库引起的三峡

地区气温变化分布比较零散，大致以增温的地方

稍多，但总体来说变化很小，看不出有系统性，

更多表现为模式由于小的改动产生噪音(模式的
内部变率)，气候学上的意义不大。在狭长的库区
内气温有较大的降低，一般可以达到 1 ℃以上(在
图 5a 中因被所绘河流覆盖显示得不明显)。区域
平均的气温变化，为一个非常微弱的正值(+0.01 
℃，表 1)。 
对上述变化进行统计显著性检验，结果表明

通过 95%和 90%检验的格点数占总格点数的百分
率数值很小，分别为 0.09%和 0.12%，进一步的
分析表明，这些格点基本都是库区本身，通过 95%
和 90%检验的格点平均降温分别为 1.2 ℃和 1.1
℃。库区降温产生的原因可能一方面是下垫面变

成水后，水体比热大，吸收热量多引起的；另一

方面是水体表面粗糙度小，风速增大，蒸发加强，

带走更多热量造成的。 
 

表 1  下垫面变化前后三峡地区夏季气温(单位： 
℃)、降水(单位：%)的变化及通过检验(90%或 

95%信度检验)的格点占总格点的百分率 
 

 气温变化 
Temp change 

降水变化 
Pre change 

气温 90%检验 
Temp T90 

夏季 JJA +0.01 ℃ +1.7% 0.12% 

 气温 95%检验 
Temp T95 

降水 90%检验 
Pre T90 

降水 95%检验 
Pre T95 

夏季 JJA 0.09% 0.04% 0.02% 
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图 6  2005、2006夏季距库区不同距离上气温和降水 
的变化     a. 气温(单位：℃)；b. 降水(单位：%)。 
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所模拟的三峡水库引起的区域降水变化相对

气温，噪音成分更大(图 5b)，区域平均的变化为
很小的增加(1.7%)，而这种增加通过信度检验的
格点更少(表 1)，且零散分布在区域各处(图略)。
这与Miller等[9]的模拟有一定的相似。 
4.2  气温、降水变化与库区距离的关系 

为进一步分析三峡水库对局地气候的影响以

及其影响的尺度，计算了 2005、2006年夏季，在
距三峡库区(106.4～111.8 °E)南北 0～50 km各个
格点上，平均气温和降水的变化，以考察这种影

响与距库区距离的关系(图 6，见上页)。 
由图 6a 可以看出，三峡水库引起库区(图中

的 0 km处)气温的降低，气温的平均降低幅度为
1 ℃左右，但在库区以外第一个格点开始，变化
就变得很小，数值一般都在 0.1 ℃以内，为一个
微弱的增温。由库区向外，增温基本上呈现先减

小，到 20 km以后重新有所增加的趋势。 
三峡水库引起的降水变化，在库区约减少

7%，库区以外数值非常小(图 6b)，基本上由在库
区的减少，向外转为至 10 km处增加，随后呈波
动变化，数值在±2%之间。 
作为河道型水库，三峡水库由于其宽度非常

狭小，总面积也不大，仅可引起库区本身的气温

和降水变化，而对库区周围地区的气温和降水产

生的影响非常小。另外注意到在模式假设中的水

库平均宽度为 2 km，较实际的 1.1 km大了近一
倍，模拟的效应已有所放大，实际三峡水库对气

候的影响可能会更小。 
 

5  结论和讨论 
 
使用 RegCM3 区域气候模式，进行了

2005—2006年中国及三峡地区气候变化的模拟，

重点对模式模拟的夏季气候及气候异常进行了分

析，并探讨了三峡水库下垫面改变对区域气候变

化的可能影响。 
(1) RegCM3 能够较好地模拟出中国及三峡

地区夏季地面气温和降水空间分布的基本特征，

对 2006 年出现的主要气候异常(川渝地区的高温
干旱)有较好描述。这一方面反映了模式对气温和
降水及其年际变率有较好的模拟能力，同时说明

此次川渝高温干旱事件，更多的是由于大的环流

场而非局地强迫造成的。 
(2) SUB-BATS方法，能够使得模式更详细地

考虑下垫面强迫，从而在计算量增加不大的情况

下，为局地气候特别是气温提供更多的信息。 
(3) 三峡水库引起的三峡区域地面气温和降

水的变化很小，区域平均夏季的气温、降水变化

为微弱的上升和增加(0.01℃和 1.7%)，从其地理
分布上看，除库区本身显著降温和降水略微减少

外，基本看不出其它系统性的明显变化，更多表

现为模拟的噪音，特别是降水。气温变化通过统

计显著性检验变化的格点，大部分都在库区本身，

以降温为主。三峡水库引起的气温和降水变化，

与距库区远近有一定关系，但其总体效应，及对

2006年川渝高温干旱的作用，可以忽略不计。 
大范围的陆地覆盖改变，对局地和区域气候

都会产生明显的影响，而作为典型的非常狭窄的

河道型水库，三峡水库除引起库区本身气温降低

外，对区域气候的影响非常小。 
下垫面改变对气候影响的研究，仍是比较复

杂的问题。未来需要使用更高分辨率(1 km 至几
百米)的气候模式和进行更长时间的积分模拟，进
行三峡和其他水库气候效应的研究，以得到关于

这一问题的进一步结论。 
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REGIONAL CLIMATE MODEL SIMULATION OF THE CLIMATE EFFECTS OF 
THE THREE GORGE RESERVOIR WITH SPECIFIC APPLICATION TO THE 

SUMMER 2006 DROUGHT OVER THE SICHUANG-CHONGQING AREA 
 

WU Jia1, 2, 3, GAO Xue-jie3, ZHANG Dong-feng3, SHI Ying3, GIORGI Filippo4 
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2. Graduate University of Chinese Academy of Sciences, Beijing 100049, China; 

3. National Climate Center, Beijing 100081, Beijing; 
4. The Abdus Salam International Centre for Theoretical Physics, Trieste, Italy) 

 
Abstract:  High resolution multi-seasonal regional climate model experiments were conducted to simulate the 
effects of the Three Gorge Reservoir(TGR) on the climate of the surrounding region, with specific application to 
the summer of 2006 severe drought over the Sichuan-Chongqing area, or Three Gorge Area (TGA). A 50×50 
km resolution simulation with the domain covering the whole China was first completed. Then two double 
nested simulations were carried out at a 10-km grid spacing over the TGA, one without the inland water 
coverage of TGR and the other with. A sub-grid method was employed in these two simulations to make the 
final model resolution to be 2 km×2 km(10-2 km simulations). Results show that the 50-km model reproduces 
the basic climatology and the anomaly of the summer temperature and precipitation over China, including the 
heat wave and drought over the Sichuan-Chongqing area. The 10-2 km resolution simulation provides with 
more detail of local climate over TGA. Sensitivity experiments with and without the TGR showed that this had 
little or negligible effects except right over the TGR area. The averages of the changes over the area are very 
small both for temperature and precipitation. Most of the changes in the grid points are not statistically 
significant on the 90% level while most of the significant changes in temperature are found to be located over 
the water body of TGR. The changes show more noise than systematic effects outside the TGR. In summary, the 
heat wave and drought event over the Sichuan-Chongqing area in the summer of 2006 can be more attributed to 
the large-scale circulation than to a local forcing. Contribution of the TGR is negligible. 
 
Key words: Climatology; Climate change; Regional climate model; Three Gorges Reservoir  
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《生物多样性公约》下的气候变化             
问题: 谈判与焦点 
吴  军1  张称意2  徐海根1*

1 (环境保护部南京环境科学研究所, 南京  210042) 
2 (中国气象局国家气候中心, 北京  100081) 

摘要: 近年来, 生物多样性与气候变化的关系逐渐成为《生物多样性公约》下的焦点议题, 各缔约方就此问题展

开了激烈的多边谈判。本文梳理了《生物多样性公约》下气候变化问题谈判的发展历程, 探讨了其中的焦点问题

及各方的主要立场, 指出以欧盟为代表的发达国家和以巴西、哥伦比亚、中国为代表的发展中生物多样性大国是

针锋相对的两大主要谈判集团。谈判焦点问题主要包括: (1)气候变化问题的扩大化。欧盟希望将气候变化问题扩

大化, 使其全面渗透到《生物多样性公约》下的各议题中, 并促进《生物多样性公约》、《联合国气候变化框架

公约》和《联合国防治荒漠化公约》(简称里约三公约)之间的联合; 而发展中国家对此比较谨慎和保守。(2)地球

工程(geoengineering)和海洋施肥(ocean fertilization)。欧盟提出全面禁止地球工程, 并建立全球管制框架; 而发展中

国家认为可遵循“预先防范”原则。(3)减少森林砍伐和森林退化的碳排放机制。欧盟要求为该机制建立“生物多样

性保障”制度, 而发展中国家表示反对。两大集团产生分歧的原因主要是发展中国家担心欧盟的快速推进会使自己

将来受到制约, 这也反映了在环境领域发达国家和发展中国家之间的固有矛盾, 而这种矛盾未来还会继续深化。

本文最后还就我国的应对策略和工作方向提出了建议: (1)要加强国内相关主管部门之间的沟通与协调; (2)要总结

和宣传我国在气候变化领域成功的做法和经验; (3)要加强对减少森林砍伐和森林退化的碳排放机制的研究。 
关键词: 生物多样性, 气候变化, 谈判 

Climate change issue in Convention on Biological Diversity: negotiations 
and focuses 
Jun Wu1, Chengyi Zhang2, Haigen Xu1*

1 Nanjing Institute of Environmental Sciences, Ministry of Environmental Protection, Nanjing 210042 
2 National Climate Center, China Meteorological Administration, Beijing 100081 

Abstract: Recently, the issue of biodiversity and climate change is becoming a focus of the Convention on 
Biological Diversity (CBD), and parties to the convention have carried out heavy multilateral negotiations on 
the issue. This paper reviews the background pertaining to biodiversity and climate change, discusses the 
disputes and standpoints of major parties, and highlights two opposing groups: the developed countries rep-
resented by the European Union (EU), and the mega-diversity developing countries represented by Brazil, 
Columbia and China. The main disputes of the negotiations include: (i) Expansion of the climate change con-
cept: EU nations hope to expand consideration of climate change and integrate it into various issues within 
the CBD, and to promote synergy among three Rio Conventions (Convention on Biological Diversity, United 
Nations Framework Convention on Climate Change, and United Nations Convention to Combat Desertifica-
tion). However, the developing countries are more leery of these tendencies. (ii) Geoengineering and ocean 
fertilization: EU suggests forbidding geoengineering and establishing a global management framework, 
whereas the developing countries suggest applying the “precautionary principle” to these issues. (iii) Reduc-
ing Emissions from Deforestation and Forest Degradation (REDD): EU urges development of “Biodiversity 
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Safeguards” for REDD, while the developing countries oppose this proposal. We surmise that the main rea-
son for these debates is that the developing countries are afraid of being restricted by the EU and related de-
veloped countries, and that these debates will become more fierce in the future. In the end, we proposes some 
strategies for debate resolution: (i) strengthen communication and coordination of relevant domestic agen-
cies; (ii) summarize and propagandize successful practices and experiences in the area of climate change in 
China; and (iii) improve research on REDD mechanisms.  
Key words: biodiversity, climate change, negotiations 

 

1  背景 

全球气候变化已成为一个不争的事实, 20世纪

全球平均气温上升了0.6℃(IPCC, 2007)。越来越多

的证据表明, 气温升高、降水格局变化及其他气候

极端事件会对生物多样性造成影响: 气候变化造成

了物候期的改变, 导致了物种分布范围的变化, 加
剧了病虫害, 加快了物种的灭绝速率, 使海洋酸化, 
引起生态系统退化等(Parmesan & Yohe, 2003; Root 
et al., 2003; IPCC, 2007)。同时, 生物多样性也能对

气候变化产生反馈, 例如, 破坏森林会增加温室气

体的排放, 破坏红树林会加重海岸的侵蚀等(IPCC, 
2007)。随着气候变化问题的升温, 近几年来, 生物

多样性与气候变化问题也逐渐成为《生物多样性公

约》(Convention on Biological Diversity, CBD, 以下

简称公约)下的焦点议题, 各缔约方就此问题进行

了激烈的多边谈判。 

2  公约下气候变化问题的发展脉络 

2000年, 在公约第五次缔约方大会(COP-5)上
首次注意到气候变化的风险, 特别是针对海水温度

上升导致珊瑚礁褪色的生态风险问题展开了热烈

的讨论, 并促请《联合国气候变化框架公约》采取

一切可能的行动, 以减轻气候变化对水温的影响, 
减少珊瑚礁褪色所造成的社会、经济影响

(http://www. cbd.int/decision/cop/?id=7145)。 
2001年, 公约下属的科学、技术和工艺咨询附

属机构(简称科咨机构)建立了生物多样性和气候变

化问题特设专家组, 旨在强化气候变化对生物多样

性影响的技术评估。2003年, 该专家组发布了技术

评估报告, 即《生物多样性与气候变化的联系: 将
生物多样性因素整合进<联合国气候变化框架公约

>及<京都议定书>的建议》, 详细阐述了气候变化

对生物多样性影响的机制和可能途径, 未来情景的

模拟及减缓和适应措施等(http://www.cbd.int/doc/ 

publications/cbd-ts-10.pdf)。 
2004年, 在公约第七次缔约方大会(COP-7)上, 

首次正式设立了“生物多样性和气候变化”的议题, 
并在特设专家组报告的基础上展开讨论。会议最终

形成如下决议: (1)通过减缓和适应气候变化影响的

活动, 以最佳方式保护和可持续利用生物多样性; 
(2)请《联合国气候变化框架公约》和《联合国防治

荒漠化公约》与《生物多样性公约》进行协作, 促
使缔约方在国家和地方层面同时开展支持这三项

公约的活动; (3)请联合国政府间气候变化专门委员

会继续就气候变化与生物多样性问题开展工作, 包
括查明和确定气候变化引起的生物多样性的明显

丧失(http://www.cbd.int/decision/cop/?id=7752)。 
2006年, 公约第八次缔约方大会(COP-8)继续

审议了上述议题。会议最终形成决议: (1)鼓励各缔

约方和其他国家政府把生物多样性因素纳入应对

气候变化的所有国家政策、方案和计划中, 同时致

力维持和恢复生态系统的复原能力; (2)研究并制定

快速评估工具, 以设计和执行旨在应对气候变化的

生物多样性保护和可持续利用活动; (3)制定、支持

并审查《生物多样性公约》与《联合国气候变化框

架公约》、《联合国防治荒漠化公约》、《拉姆萨尔湿

地公约》及其他公约采取联合行动的项目, 以更好

地发挥这些公约之间的协同增效作用(http://www. 
cbd.int/decision/cop/?id=11044)。 

2008年, 公约第九次缔约方大会(COP-9)在审

议相关议题后要求: (1)在今后审查公约工作方案

时, 都应适当列入气候变化的内容, 同时监测和评

估气候变化及其减缓和适应活动对生物多样性产

生的正面或负面影响; (2)敦促各缔约方查明本国的

生态系统类型和生态脆弱区域; (3)敦促各缔约方将

减缓和适应气候变化对生物多样性影响的内容纳

入国家生物多样性战略与行动计划; (4)帮助发展中

国家在国家层面监测气候变化对生物多样性的影

响; (5)谨慎对待海洋施肥(ocean fertilization)并评估
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其潜在影响(http://www.cbd.int/decision/cop/?id= 11659)。 
2009年, 公约科咨机构建立了生物多样性和气

候变化问题第二特设专家组, 并发布了题为《生物

多样性和气候变化及其减缓和适应的联系》的技术

报告。该报告通过文献综述, 全面阐述了气候变化

对生物多样性的影响、生物多样性对气候变化的反

馈、生物多样性与气候变化减缓和适应活动的关系

以及管理和评估的政策和技术等(http://www.cbd.int/ 
doc/publications/cbd-ts-41-en.pdf)。 

2010年, 公约第十次缔约方大会(COP-10)在第

二特设专家组报告的基础上展开了热烈的讨论, 达
成的共识如下: (1)查明、监测和处理气候变化和海

洋酸化对生物多样性和生态系统功能的影响, 并运

用最新的评估框架及准则, 评估其今后将面临的风

险; (2)减轻气候变化对生物多样性和基于生物多样

性的经济活动的影响; (3)应用基于生态系统综合管

理的减缓和适应措施; (4)减少减缓和适应气候变化

的措施对生物多样性产生的影响; (5)除了小规模的

科学研究外, 不得从事影响到生物多样性与气候的

地球工程(geoengineering); (6)发展中国家应减少森

林砍伐和退化而降低碳排放, 同时保护与可持续管

理森林以增加碳储存。评估这些活动对实现公约目

标作出的贡献 (http://www.cbd.int/decision/cop/?id= 
12299)。 

3  焦点问题和各方主要立场 

3.1  气候变化问题的扩大化 
在“生物多样性和气候变化”议题的谈判中逐

渐出现了两大针锋相对的集团, 即以欧盟为代表的

发达国家集团和以巴西、哥伦比亚、中国为代表的

发展中生物多样性大国集团, 这两大集团几乎左右

了该问题的谈判历程。欧盟的立场较为激进, 希望

除了在本议题下讨论外, 今后还应将关于气候变化

的考虑扩大到各个领域的工作方案。并强调里约三

公约
①
应采取联合行动, 以达到协同增效的目的。而

巴西、哥伦比亚、中国等则比较谨慎, 尽量避免将

生物多样性和气候变化联系得过于紧密, 并指出由

于里约三公约的法律地位、职责任务以及缔约方构

成的不同, 要想采取联合行动注定困难重重。发展

                                                        
① 即《生物多样性公约》、《联合国气候变化框架公约》和《联合国防

治荒漠化公约》, 因同时订立于 1992 年 6 月在巴西里约热内卢召开的

联合国环境与发展大会, 而被国际上称为“里约三公约”。 

中国家采取保守立场的原因主要是考虑到气候变

化问题的复杂性和敏感性, 担心会带来一些难以预

料的不利后果。 
从最近召开的公约会议来看, 气候变化问题正

逐渐渗透到公约下的各实质性议题中, 例如在森

林、农业、内陆水域、干旱和半湿润、海洋生物多

样性等议题下都讨论了气候变化的影响、监测、评

估、减缓和适应等问题。但是关于里约三公约的联

合, 目前进展不大, 仅限于经验和资料的交流。 
3.2  地球工程和海洋施肥 

近年来国际上出现了地球工程的设想, 即利用

大尺度的环境工程来改变全球气候变化的趋势。如

基于太阳辐射管理(solar radiation management)技术

的平流层气溶胶(stratospheric aerosols)、对流层增云

(tropospheric cloud seeding)等; 基于碳捕获和碳储

存(carbon capture and storage)技术的人工树(atificial 
trees)、生物木炭(biochar)、海洋施肥(ocean fertili-
zation)等。虽然目前尚没有任何大尺度的地球工程

实施, 但是海洋施肥已经开展了多次试验。海洋施

肥是通过向海洋中注入铁离子, 刺激藻类爆发, 从
大气中吸收CO2, 藻类死亡后沉入海底实现碳的封

存。专家估计, 如果在整个南冰洋上实施铁施肥, 
每年可从大气层中吸收高达10亿吨的碳, 这暗示了

其对于减缓全球气候变化的巨大潜力。 
在此问题上, 欧盟的立场较为极端, 要求暂停

所有可能影响生物多样性的与气候变化相关的地

球工程, 并尽快建立全球性的管制框架。而发展中

国家担忧如果由欧盟主导建立全球管制框架, 会使

自己受到制约。提出可对地球工程采取谨慎态度, 
但不必全面禁止, 应遵循预先防范原则(precaution- 
ary principle), 进行科学、透明和有效的评估。对于

海洋施肥, 进行风险评估后, 可以在沿海水域进行

小规模的科学试验; 但不得违背《防止倾倒废弃物

及其他物质污染海洋的公约》(伦敦公约)的规定, 不
得使用海洋施肥制造和出售碳信用(carbon credit), 
也不得用来实现其他商业目的。 
3.3  减少森林砍伐和森林退化的碳排放机制 

森林破坏是仅次于化石燃料的第二大温室气

体排放源, 全球约20%的温室气体来自于森林砍伐

和森林退化后的碳排放(IPCC, 2007)。2005年《联合

国气候变化框架公约》第十三次缔约方大会正式把

“减少森林砍伐和森林退化的碳排放 (Reducing 
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Emissions from Deforestation and Forest Degradation, 
REDD)机制”列入“巴厘路线图(Bali Roadmap)”, 后
来在此基础上又增加了“保护和可持续管理森林以

增加森林碳汇(conservation, sustainable management 
of forests and enhancement of forest carbon stocks)”
的内容(称为REDD+)。类似于清洁生产机制(Clean 
Development Mechanism, CDM), REDD/REDD+也
是一种碳融资机制, 即鼓励森林温室气体高排放国

家减少森林砍伐, 并允许这些国家通过碳交易市场

获得相应的收入。2008年世界粮农组织(FAO)、联

合国环境规划署 (UNEP)和联合国开发计划署

(UNDP)成立了联合国REDD项目(UN REDD Pro-
gramme), 截至2010年底已融资5,140万美元, 帮助

12个发展中国家设计了REDD+项目。另外, 世界银

行还成立了森林碳伙伴基金(Forest Carbon Partner-
ship Facility), 目前也在帮助一些发展中国家设计

REDD+项目。专家估计, 如果REDD/REDD+机制在

当前的碳交易市场获得成功, 将能以较低的碳价格

对其他碳交易机制产生冲击, 而可能成为后《京都

议定书》时代最主要的碳贸易形式。 
许多发展中国家强调, 虽然REDD/REDD+机

制能为发展中国家带来融资机会, 但不能代替公约

所要求的发达国家应向发展中国家提供新的、额外

的资金的义务, 并且建议REDD/REDD+机制要特

别关注土著和地方社区的权益。针对REDD/REDD+
机制的不确定性和风险, 欧盟要求和《联合国气候

变化框架公约》协商, 为REDD/REDD+机制的实施

建立“生物多样性保障(Biodiversity Safeguards)”制
度。但考虑到生物多样性保障制度同样具有风险, 
发展中国家表示反对。  

4  前景与应对策略 

在当前全球气候变化谈判陷入僵局的情况下, 
《生物多样性公约》就成为讨论气候变化问题的一

个多边外交舞台。可以预见, 未来公约下气候变化

问题的谈判将会越来越白热化。最终能否达成一些

实质性的目标, 还要看各方博弈的结果。另外, 气
候变化是目前能争取到较多资金的领域 , 例如

REDD/REDD+机制把森林保护与气候变化结合在

一起, 为森林生态系统和生物多样性的保护提供了

资金激励机制。德国政府在《生物多样性公约》第

九次缔约方大会后设立了“LifeWeb”项目, 支持发

展中国家的保护区应对气候变化的活动。因此今后

在该领域内的利益争夺也将会越来越激烈。 
我国是全球公认的生物多样性大国, 在应对气

候变化问题上也是举足轻重的国家, 《生物多样性

公约》下气候变化问题的谈判会对我国产生长远影

响。例如欧盟推动建立的生物多样性保障制度, 对
于我国树种单一的人工林就非常不利。为积极应对, 
今后应加强以下几方面的工作: (1)加强《生物多样

性公约》和《联合国气候变化框架公约》相关主管

部门之间的沟通与协调, 在各主要问题上统一认识

与立场。参加两公约谈判的专家应对生物多样性和

气候变化领域的一些复杂问题以及谈判中出现的

一些新问题开展深入研究, 以积极应对谈判的新形

势。(2)总结和宣传我国在气候变化领域成功的做法

和经验, 如我国近几年将节能减排的目标纳入政府

考核责任制, 促进产业升级和工艺革新, 种植大量

的人工林以增加碳汇, 大力建设生态省(市、县), 积
极推进生态文明的建设等。在公约一般性辩论中可

适当介绍我国在这方面的成就, 从而赢得谈判的主

动权。(3)加强对REDD/REDD+机制的研究。近几

十年来我国是世界上森林资源增长最快的国家, 在
植树造林、森林管理、林业资源利用等方面积累了

丰富的经验, 今后应对REDD等碳交易机制的制度

设计进行深入研究, 争取在标准、规则、定价权方

面居世界领先地位, 为我国的森林生物多样性保护

和可持续发展带来持久的动力。 
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我国北方沙尘天气的气候成因分析
*

吴占华
1
, � 任国玉2

, � 徐卫丽 1
, � 刘瑞兰 1

( 1� 朔州市气象局, 山西 � 朔州 � 036001; � 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: � 本研究的范围在 30�N以北地区,站点 340个。通过采用区域平均及相关分析的方法, 将

中国北方沙尘 (扬沙 +沙尘暴 )事件的年、季特征及其关系较为密切的地面气象要素包括降水、温

度、风 (风速、大风日数、风速�5 m / s的日数 )、湿度、蒸发量作了详细、综合的相关、对比分析。结

果表明:春季多降水对沙尘天气的发生可以起到明显的抑制作用; 前冬至次年春季的气温突变容易

诱发沙尘天气的发生; 在温度偏高、湿度较大、风力偏弱、蒸发量不大的年份,少沙尘天气;风要素是

影响沙尘天气最为直接相关的因子。

关 键 词: � 沙尘; 中国北方; 气候因子

中图分类号: � P466� � � 文献标识码: A � � � 文章编号: 1000- 6060( 2011) 03- 0429- 07( 429~ 435)

� � 沙尘天气可分为浮尘、扬沙和沙尘暴三类 �1�
。

在世界范围内,沙尘暴主要发生在沙漠及其邻近的

干旱、半干旱地区,我国西北地区即属于中亚沙尘暴

高活动区之一
�2�
。其发生频次与环流背景异常有

一定关系
�3�
, 与各类气候因子的变化也密切相关。

迄今为止,国内外对沙尘暴时空分布、成因与结

构以及监测与对策等方面的研究很多, 其中, Thom�

as
�4�
分析了亚洲沙尘暴的频数变化与降水、气温、风

速的关系。 Goud ie等
�5�
指出自然气候条件包括降

水量、雪盖、风强等的变化和引水、灌溉、建筑、交通

等人类活动是影响全球各个比较典型的沙尘暴多发

区频数的决定性因子。McTa insh等
�6�
认为澳大利

亚东部的沙尘暴出现的气候条件首先与下垫面的土

壤湿度和植被有关,其次与风有关。我国不少学者

研究指出
�7- 8�
沙尘天气形成要满足三个基本条件,

一是地表要有丰富的松散干燥的沙尘作为物质基

础,二是要有强冷空气作为动力条件,即大风,三是

热力不稳定条件即要有冷暖气团的相互作用。进一

步研究结果表明,我国沙尘天气发生的频次和强度

与其气候背景密切相关, 石广玉等
�9�
指出 20世纪

70年代及以前气候处于冷期,是我国北方大部地区

沙尘暴的频发期。李林等
�10�
指明大风和干燥度是

造成沙尘暴天气的两个重要因素。陈洪武
�11�
得出

在大风日数多,年降水量少,空气湿度低, 冬季气温

低的气候背景下易导致沙尘暴日数的增多。近年

来, 王式功等
�12�
和余林生等

�13�
研究了我国沙尘暴

天气的时空分布特征、形成原因和发展趋势。翟盘

茂等
�14�
指出在沙尘日数的年际变化上, 特别是西北

部和中北部的夏季降水对第二年的沙尘天气影响显

著。邹旭恺等
�15�
指出干冷 (冬 )、暖 (春 )容易诱发

沙尘天气。张莉等
�16�
分析了我国北方境内沙尘源

区的风、降水、温度、干燥度等气候要素对我国北方

沙尘暴日数的影响。李彰俊等
�17�
指出内蒙古锡林

郭勒盟中西部地区的土壤表面冻结终日与春季沙尘

暴发生日数之间呈现负的相关关系,是影响春季沙

尘天气的一个因子。邱玉等
�18�
指出风速、相对湿度

是影响沙尘天气的关键气象因子,并得出了以此两

个气象因子构建的月、季沙尘气象指数与沙尘天气

频率的关系。范可等
�19�
讨论了 2006年春季华北地

区沙尘天气频繁发生的主要原因是 2005年冬季 12

月气温较多年平均偏低, 比较厚的冻土层为春季回

暖后沙尘天气的发生提供了丰富的物质条件; 同时

在弱南极涛动的影响下, 春季蒙古气旋活跃, 地面

大风增加,加强了沙尘发生的动力条件。

本文所讨论的沙尘天气为扬沙和沙尘暴, 研究

范围为 30�N以北地区,站点 340个。考虑到沙尘资
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料序列的均一性, 资料开始统计年份选定 1961年,

因为这以后的沙尘暴记录规范、详细且日界一致,站

点密度也大,资料截止年份为 2003年共 43 a。对与

沙尘事件关系较为密切的地面气象要素包括降水、

温度、风、湿度、水面蒸发量作了详细、综合的相关分

析和季节性的对比分析,揭示了控制年、季沙尘天气

变化的敏感因素。

1� 资料和方法

来源于国家气象信息中心气候资料室, 包括

1961- 2003年中国北方 340个站的扬沙、沙尘暴、

大风日数、降水量、温度、风速、湿度、水面蒸发量的

逐年逐月资料;风速的逐日资料。其中,蒸发量是用

小型蒸发皿观测的, 可代表水面蒸发量或最大可能

蒸发量,特别是在干燥地区与实际蒸发量存在较大

的差异。考虑到蒸发资料 1961- 1963年中月缺测

值比较多, 2002年以后记录仪器型号的变动, 选出

了 1964- 2001年 38 a的蒸发量资料与沙尘日数资

料进行相关分析。四季划分按气象季节划分方法,

即前一年 12月 ~当年 2月为冬季, 3月 ~ 5月为春

季, 6~ 8月为夏季, 9~ 11月为秋季。对于序列中存

在缺测的部分, 根据需要进行了处理 (用平均值取

代 )和剔除。

1. 1� 相关分析方法

相关分析
�20�
是用相关系数来表示两个变量间

的相互关系。为了判定沙尘与各气象要素之间的密

切程度,文中主要采用了相关系数值的统计计算及 t

检验方法。

相关系数的计算公式如下:

r12
�
n

i= 1
( x1i - x1 ) ( x2i - x2 )

�
n

i= 1
( x1i - x1 )

2
�
n

i= 1
(x 2i- x 2 )

2

� , ( 1)

式中: r12为两组变量的相关系数, n为样本数, x1为

变量 1, x2为变量 2, x1、x 2分别为变量 1、2的平均

值。

计算出相关系数后,用 t检验方法来判断相关是

否在某一水平下显著,相关系数的临界值计算如下:

rc=
t
2
�

n- 2+ t
2
�
� , ( 2)

式中: rc为相关系数的临界值, n为样本数, t�为自

由度 n- 2和显著水平 下的 t检验值。

1. 2� 计算区域平均的方法

根据 1996年 Jones等
�21�
提供的用经纬度网格

面积加权平均来计算某一气候要素区域平均值的方

法,建立了沙尘日数和各气象要素在研究范围内的平

均值的时间序列来计算其相关性。计算公式如下:

X =

�
n

i= 1
�cos( ai ) �

1
ki
�
k i

j= 1
xj�

�
n

i= 1
cos( ai )

� , ( 3)

式中: X即为要计算的某要素 x的区域平均值, n为

网格数, ai ( i= 1, 2, �n )为每个网格的中心点纬度,

xj ( j= 1, 2, �ki )为区域中某一网格内共参与计算的

ki个点的气候要素值。文中使用了 1 �� 1 �经纬度

的网格点。

根据沙尘的多发区及境内的主要源区取定我国

北方的研究范围为: 35�N以北地区, 站点 340个, 如

图 1所示。

图 1� 所选用的我国北方的站点分布

F ig. 1� D istr ibu tion o f the researched sites in no rthern Ch ina

430� � � � � � � � � � � � � � � � � � � 干 旱区 地 理 � � � � � � � � � � � � � � � � � 34卷
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2� 我国北方沙尘天气的气候成因分析

杨东贞等
�22�
指出我国沙尘暴的发生趋势是复

杂的多因子综合作用的结果, 沙尘天气与气象要素

降水、温度、风、湿度、蒸发量等的关系密切。下面就

我国北方沙尘日数与相关气候因子的关系进行讨论。

2. 1� 降水

由图 2和 3可以看出,降水的年变化呈下降趋

势,全年、春季的降水量与沙尘日数均呈反位相变化

的关系。计算全年、春季平均的沙尘日数与降水的

逐年序列的相关系数分别为 - 0. 065、- 0. 290, 说明

降水对沙尘天气有一定的抑制作用。因为沙尘起动

的物质条件是丰富、干燥、疏松的地表, 而充沛的降

水量有利于改善地表条件, 因此春季 (年 )降水量偏

大的年份,沙尘频次相对越低。

图 2� 1961� 2003年我国北方年降水量与

年沙尘日数的平均值曲线图

F ig. 2� Annual day s w ith dust sto rm w eathers and

prec ip ition in No rthern Ch ina during 1961- 2003

图 3� 1961- 2003年我国北方春季降水量与春季沙尘

日数的逐年平均值曲线图

F ig. 3� Days w ith dust sto rm weathers and prec ip ition

in spr ing in No rthern Ch ina during 1961- 2003

2. 2� 温 � 度

作 1961- 2003年的年平均温度的平均值曲线

图 4:

图 4� 1961- 2003年我国北方年平均温度

与年沙尘日数的平均值曲线图

F ig. 4� Annua l days w ith dust storm w eathers and m ean

tem pe ra ture in Northe rn China dur ing 1961- 2003

可以看出,年均温度在波动中逐年上升。与相

应平均的逐年扬沙 + 沙尘暴日数求相关, 得到相关

系数为 - 0. 645, 信度水平均超过了 99%。说明我

国北方近 43 a温度的升高可能通过大气环流间接

地抑制了沙尘天气的发生。

同样,把温度分离出前冬季和春季平均温度,沙

尘分离出春季沙尘,发现冬春季平均气温差与年沙

尘日数或春季沙尘日数呈显著正相关,相关系数分

别为 0. 541、0. 587,通过了 �= 0. 01的信度检验。

从而得出:

( 1) 如果出现前冬气温偏低、次年春季突然回

暖的气温突变情况,很容易诱发沙尘天气的发生,因

为在冬季低温情况下土壤冻结层比较厚, 春暖突然

增温后疏松的厚地表层为沙尘天气的发生提供了丰

富的物质基础。

( 2) 平均温度与沙尘日数的逐年序列有显著的

负相关性,温度偏高的年份少沙尘,反之,则多沙尘。

与钱维宏等
�23�
研究指出的近些年北半球中高纬度

地区明显变暖导致了温带气旋锋生作用减弱、沙尘

日数减少的结果是一致的。 20世纪 70年代及以前

处于冷期,也是我国北方大部地区沙尘暴的频发期。

冷期亚洲中高纬地区经向环流偏强,冷空气活动频

繁,大风日数多;同时冬季气温偏低,土壤冻结层厚,

春季升温解冻后松土层也偏厚, 具备了丰富的沙尘

源条件。可见,温度对沙尘天气的影响是比较复杂

4313期 � � � � � � � � � � � � � � � � 吴占华等: 我国北方沙尘天气的气候成因分析 � � � � � � � � � � � � � � � �
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的,年际或年代际变化中, 主要是通过调整大气环流

减弱了风的作用 (动力条件 ), 从而间接地影响了沙

尘天气的发生; 季节变化中, 主要是冬季 (气温低 )

向春季 (气温高 )过渡时, 提供了比较丰厚的沙尘源

(物质条件 )。

2. 3� 风速、大风日数、风速�5 m / s的日数

形成强沙尘天气的一个必要条件是地面大风,

在以往对沙尘源的数值模拟
�24�
中,指出达到起沙的

风速存在一定的临界值,因此以下将对风速、大风日

数、风速大于等于 5 m /s的日数与沙尘日数的关系

进行具体分析。

比较图 5、6、7发现,年扬沙 +沙尘暴日数与年

平均风速、年大风日数、年风速�5 m /s的日数的逐

年变化趋势相当,即先升后降, 近几年又有所回升。

各类风因子与沙尘日数相关系数值分别为 0. 928、

0. 959、0. 931,正相关性的可信度很高。

图 5� 1961- 2003年我国北方年平均风速

与年沙尘日数的平均值曲线图

F ig. 5� Annua l days w ith dust sto rm weathers and m ean

w ind speed in No rthern Ch ina dur ing 1961- 2003

图 6 1961- 2003年我国北方年大风日数

与年沙尘日数的平均值曲线图

F ig. 6� Annual day s w ith dust sto rm w eathers and

strong w ind in Northern Ch ina during 1961- 2003

图 7� 1961- 2003年我国北方年风速� 5 m / s的日数

与年沙尘日数的平均值曲线图

F ig. 7� Annua l days w ith dust storm wea thers and

m ean w ind speed exceed ing � 5 m /s in No rthern

China dur ing 1961- 2003

以上分析表明,我国北方大风与扬沙 +沙尘暴

日数的年际振荡及多年变化趋势具有一致性。这和

龚道溢等
�25�
、叶笃正等

�26�
研究指出的近些年中纬

度大气温压结构的改变导致了我国北方冬春季寒潮

势力的减弱,平均风速和大风日数的下降、沙尘日数

减少的结果是一致的。而大风日数的增减是气候年

代际和年际变化的反映, 每年寒潮大风的出现与东

亚季风的强度有关,东亚季风有明显的 10~ 50 a尺

度的变化。因此,从年代际的时间尺度上分析,是全

球气候变暖更长时间地减弱沙尘天气的影响? 还是

大风日数的年代际变化导致我国北方的沙尘天气可

能在经历了 20世纪 70年代初到现在一个长达 40 a

以上的减弱期后, 进入新一轮的沙尘天气频发期?

这一问题还有待深入探讨。但以上分析至少说明了

风要素在各区沙尘日数的月、季、年际变化中, 都是

很重要的、决定性的影响因子。

春季是我国北方沙尘天气的多发季节, 而这个

季节的特点是:温度回升较快,地表开始解冻, 空气

变得干燥,土壤蒸发加大,植被还尚未形成。下面继

续讨论沙尘天气与湿度、蒸发量的关系。

2. 4� 相对湿度

从图 8可以看出, 43 a来,我国北方的年平均相

对湿度表现出弱的上升趋势, 与相应平均的逐年扬

沙 +沙尘暴日数求相关,得到相关系数为 - 0. 321,

通过了 95%的置信度检验。可见湿度偏高时, 可以

减弱沙尘天气的影响。因此, 一个地区的沙尘天气

是和本地的干旱程度密切相关的,同时也反映了我
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国北方地区变湿的气候趋势对沙尘天气的减弱有一

定的影响。

图 8� 1961- 2003年我国北方年平均相对湿度

与年沙尘日数的平均值曲线图

F ig. 8� Annua l days w ith dust sto rm weathers and m ean

re lative hum id ity in No rthern Ch ina dur ing 1961- 2003

2. 5� 水面蒸发量

水面蒸发量和实际蒸发量有一定差距, 但可以

大体反映实际蒸发量的变化趋势及在各区的量级差

异。从图 9可以看出,我国北方各区 38 a来年平均

蒸发量的下降趋势是明显的,计算逐年年平均蒸发

量的距平值与沙尘日数序列的相关系数为 0. 552,

二者呈显著的正相关性。因为一个地区的蒸发量大

小是和温度、风速密切相关的, 各区年平均风速显著

减小是和年蒸发量也在减少的总体趋势是一致的,

而全球变暖也在影响着 1990年以后蒸发量的增加。

所以水面蒸发量对沙尘天气的影响是其它气候因子

的间接反映。

图 9� 1964- 2001年我国北方年蒸发量距平值

与年沙尘日数的平均值曲线图

F ig. 9� Annual day s w ith dust sto rm w eathers and

evaporation anoma lies in No rthern

Ch ina during 1961- 2003

3� 分析结果

综合以上逐年或春季的沙尘日数与气候因子的

相关分析发现,沙尘日数的逐年变化与降水、温度、

风、湿度、蒸发量均存在一定的相关性, 可以归纳为:

( 1) 春季降水量增多可以抑制春季的沙尘天气

的发生频次。

( 2) 在温度偏高、湿度较大、风力偏弱、蒸发量

不大的年份,少沙尘天气。

( 3) 风要素是影响沙尘天气的最为直接、最优

相关的因子,风速的大小、大风日数的增减直接关系

到沙尘天气频数的变化。

( 4) 上述几个气候影响因子是区域性气候年际

和年代际变化的反映, 因此沙尘天气的短期气候预

测要抓住本地的敏感因子和气候异常变化的信号。
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Climatic controls of dust storm events in northern China

WU Zhan�hua1, � REN Guo�yu2, � XU Wei�li1, � LIU Ru i�lan1

( 1 Shuozh ouM eteorolog ica lOff ice, Shanxi P rov in ce, Shuozhou 036001, Shanx i, China;

2Lab for C lima teS tud ies, Na tional C lim a te C en ter, CMA, B eijing 100081, C hina)

Abstract: The sand�dust w eather is a typ ica l disastrous w eather, w hich can be d iv ided into three categories: sand�

storm, b low ing sand and floating dus.t Sand and dustw eather usually occurs in the sem i- arid, arid and desert area.

The format ion o f dust storms to be three basic conditions: F irs,t h igh w inds. The o ther is the g round bare sandmate�

ria.l Three are unstable a ir. Days w ith sand dust are attributed to the background o f large- sca le circulations. In ad�
dit ion to th is, it is related to c limatic facto rs. In northern China is thew orld s' fourm ajor storms D istrict ( Centra lA�

sia, North Am erica, A frica andAustralia) , sandstorm zone in CentralA sia as part ofmodern dust storm s, w hich are

one of high incidence areas. In this paper, the author ana lyzed climato log ica l variation of dust sto rms from 340 ob�
servat ion stations se lected in Northern China from 1961 to 2003. By using corre lation analysis and reg iona lmean

method, , the relat ionship betw een the variability features on seasona l and inter- annual sca les of tendency of days

w ith dust storms and the influenc ia l factors such as precipit ion, a ir temperature, w ind, relat ive hum id ity, evapora�
t ion and so on is analyzed and discussed in deta i.l The resu lts are observed, that in spring the declining of days w ith

dust storms is obv iously related to increasing precip it ion, dust storm events are mo re frequent when the temperature

has an abrupt change from lastw in ter to next spring, and this is because the spring in northern Ch ina, sparse vegeta�

t ion, desert and bare surfacew arm ing rapidly w armer, the ground temperature qu ickly, then the event of strong co ld

a ir transi,t itw ill be easier the formation of sandstorms. The research also show s that Dust storms aremore likely to

occur in the years w hen temperature, mean re lative hum id ity is low, mean w ind speed is h igh or days w ith strong

w ind aremore. Andmean w ind speed is themost important factor influenc ing the frequentcy o f dust storm s in north�

ern China. Once there is strong w ind, dust and tiny pieces of sand w illbe heaved into the a ir, causing fly ing dus,t

fly ing sand and even sandsto rms.

KeyW ords: dust storms; northern Ch ina; climat ic factor

中国科学院新疆生态与地理研究所 �青年人才国外培养计划 �正式启动

2011年 4月 7日,中国科学院新疆生态与地理研究所 �青年人才国外培养计划 �正式启动。经过

研究所 �青年人才国外培养计划�管理委员会严格规范的遴选, 桂东伟博士成为该项计划的首位资助

获得者。他将赴美国科罗拉多州立大学水科学学院从事为期一年的土壤、水分变化及其与植物之间

关系的研究工作。

�青年人才国外培养计划 �是研究所为培养和储备优秀人才, 以公派访问学者的形式,支持优秀

青年科研人员到国外发达国家的大学和科研机构从事研究工作的一项措施。所需经费由研究所、部

门、项目三方按照 1︰1︰1的比例进行分摊, 资助时间 1年。

该计划是新疆生地所一系列加快研究所青年科技人才的培养, 保证研究所的持续、快速发展的重

要措施之一。旨在构筑良好的人才建设基地,为实现研究所的战略发展目标,奠定良好的人才基础。
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摘要  利用青海省苏里站 2009 年 2 月 1 日~12 月 31 日的气象观测资料作为模式强迫场, 使用

陆面过程模式 CLM3.0(Community Land Model), 对青藏高原东北部季节性冻土区域进行模拟. 

结果表明, 模式能够较好地模拟出各层土壤的冻融变化趋势, 但在融化阶段, 模拟的土壤温度

高于观测, 融化结束时间早于观测; 冻结阶段, 模拟的土壤温度略低于观测, 深层土壤冻结时

间早于观测; 整体看来, 模式对冻结过程的模拟好于对融化过程的模拟, 对靠近表层的土壤模

拟好于深层. CLM3.0 模式中认为冻土在土壤温度高于 0℃时发生融化, 本文根据热力学平衡方

程得到土壤发生冻融的临界温度, 进而对冻土的融化条件进行调整, 融化条件的调整减缓了冻

土的融化速率, 使得土壤温度模拟降低, 同时, 调整后的模式模拟结果反映了冻土融化过程中

伴随有冻结过程的发生, 与真实的冻土融化过程更为接近. 此外, 通过敏感性试验发现, 融化

过程和冻结过程中土壤水的冻结速率是不同的, 表明模式中用于计算土壤发生相变后温度的

方案还有待进一步改进.  

关键词   

冻结过程  

融化过程  

临界冻融温度  

冻融条件  

数值模拟 

  

 
冰冻圈是全球气候系统五大圈层之一 , 它是对

气候系统影响最直接和最敏感的圈层 , 被认为是气

候系统多圈层相互作用的核心纽带和关键性因素之

一. 气候与冰冻圈计划(CLiC, Climate and Cryosphere)

的启动是冰冻圈研究成为国际热点的标志之一 [1] 

(http://www.climate-cryosphere.org/en/). 冻土作为我

国陆地冰冻圈中一个非常重要的因子 , 主要分布在

青藏高原这样的气候变化敏感区 , 再加上冻土独特

的水热特性, 它的变化会对地气间水热交换、植被及

生态系统、地气间碳循环以及天气气候系统都起着至

关重要的作用 . 土壤的冻结和融化过程是高原地表

最显著的物理特征之一[2], 有研究表明, 与青藏高原

地表相联系的冻融过程与我国夏季降水之间存在较

好的相关[3], 因此, 分析研究青藏高原地区的陆气相

互作用, 对提高模式的气候预测能力有着重要意义.  

冻土与气候之间的相互作用研究开始较早 , 但

主要集中在气候变化对冻土的影响上[4~8], 而冻土变

化过程对气候的影响 , 特别是对我国气候变化的影

响研究还相对较少 . 包含复杂物理过程的冻土模式

研究, 特别是与气候变化有关的模式研究, 是一项极

具挑战性的工作[9]. 由于冻土过程本身的复杂性以及

缺少大范围的冻土观测资料 , 在一定程度上限制了

冻土模型的发展. 直到 20 世纪 90 年代后期, 陆面过

程模式中冻土参数化的问题才得到重视 , 不少陆面

过程模式中开始添加冻土参数化方案 , 如 SSiB 

(Simplified Simple Biosphere Biosphere Model)利用简
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单的函数关系对土壤水力传导系数、热传导系数等参

数化方案进行一些修正[10]. Slater 等人[11]在 BASE 模

式中考虑了冻融过程 , 通过比较单位土壤中耗热或

放热量与可耗热或可放热量来计算产冰率. Koren 等

人[12]在中尺度模式 Eta Model 中考虑了土壤的冻融过

程. Cherkauer 等人[13]在 VIC 模式中考虑了土壤水冻

融时对能量以及冰对土壤有效含水量和水分输送量

的影响. Niu 等人[14]在热力学平衡态基础上在 CLM

中加入了冻融方案 . 国内与气候研究有关的冻土模

式研发工作较少 , 李倩和孙菽芬 [15]发展的冻土水热

传输模型是较好的一个 , 该模式中选择了总焓和总

土壤质量作为土壤水热运动方程的预报变量 , 能有

效地避免土壤发生相变时相变速率的不确定性引起

的计算不稳定.  

1979 和 1998 年在青藏高原进行的两次大气科学

实验为高原陆气相互作用的研究提供了必要条

件[16,17], 但由于观测时间集中在 5~9 月, 使得包含冻

土过程的高原陆面过程模拟研究仍然是个空白 . 因

此 , 利用较长时间序列且包含冻融过程的资料对高

原冻土区域进行陆面过程模拟是一项非常有意义的

工作. 国际陆面模式比较计划(PILPS)通过对 20 余个

具有代表性的陆面模式的比较发现 , 众多陆面模式

在相同的大气强迫下 , 对陆面水循环和地气通量的

模拟存在显著的差别; 大多数陆面模式对湿润区、植

被分布均匀区的模拟效果较好, 而对冻土、沙漠等非

均匀下垫面状况的模拟能力还存在很大的缺陷[18~20]. 

陆面过程模式 CLM(Community Land Model)是目前

世界上发展最为完善并被广泛应用的陆面模式之一. 

已有许多工作检验了该模式在不同下垫面的模拟能

力, 比如季风区[21]、高原稀疏植被和水田[22]、中国典

型气候区[23]、沙漠区[24]等, 相比较而言, 由于冻土观

测资料的缺乏 , 导致该模式对冻土区域的研究相对

较少 , 辛羽飞等人 [25]验证了该模式在我国西北干旱

区和高原西部地区的适用性, 但模拟时间较短, 而且

仅对夏季进行了模拟 , 王澄海等人 [26]和罗斯琼等

人 [27]检验了该模式对我国青藏高原西部、中部的模

拟能力, 然而, 该模式在高原北部的模拟能力尚未有

人做过验证.  

本文利用青海省苏里站 2009 年 2 月 1 日~12 月

31 日的观测资料进行单点数值模拟试验, 通过比较

观测值与模拟值在土壤温度和湿度的差异 , 检验该

模式在高原东北部季节性冻土区域的适用性 , 并针

对模式中土壤冻融条件的不足对模型进行改进 , 为

冻土模式的发展提供了一定的依据.  

1  模式简介及资料 

1.1  模式说明     

本文使用的陆面过程模型是由 NCAR(National 

Center for Atmospheric Research)发展的 CLM3.0 模式, 

它是在 BATS, IAP94, LSM 等陆面模式的基础上发展

起来的. 该模式主要由垂直分布不均匀的土壤层、最

多 5 层积雪层和 1 层植被层构成. 考虑到水平网格内

的地表特征差异或不同的植被类型下的生态学差异, 

以及不同土壤类型的水力学和热力学特征差异等 , 

同一网格中的各下垫面类型受相同的大气强迫 , 各

下垫面的通量独立计算 , 最后按照各下垫面类型所

占权重做面积加权平均后反馈给大气.  

CLM3.0 模式进行 off-line 试验时需要的大气强

迫场资料有: 温度、压强、湿度、风速、降水、向下

的大气长短波辐射 . 关于陆面模式中土壤分层的问

题至今仍无定论, 但有一点共识是, 由于浅层土壤的

湿度梯度较大 [28], 为了精确描述土壤湿度变化 , 一

般浅层土壤的分层要多于深层[29]. CLM3.0 中土壤的

垂直分层采用指数形式 , 各层的深度分别为 0.71, 

2.79, 6.23, 11.89, 21.22, 36.61, 61.98, 103.80, 172.76, 
286.46 cm, 有关该模式的详细说明可参考文献[30].  

本文使用的是 CLM3.0, 它与 CLM4.0 在土壤冻

融条件上的差异表现为土壤冻结条件的不同 . 前者

认为当土壤温度低于 0℃时, 土壤中所有的液态水均

冻结成冰, 此时土壤中不含液态水; 而后者引入了过

冷水的概念, 认为当土壤温度低于 0℃时, 土壤中仍

含有一定的液态水 , 当土壤中的液态水含量大于该

温度下土壤中的最大液态水含量时 , 土壤中多余的

液态水才会冻结成冰 . 由于后者的描述更符合观测

事实, 因此, 用 CLM4.0 中的冻融条件替换 3.0 中的

相应模块[31], 其冻融条件具体表现为:  

> frzT T 且θ >ice 0 , 土壤融化, 

< frzT T 且θ θ>liq liq, max , 土壤冻结. 

其 中 , 土 壤 发 生 冻 融 后 的 温 度 为 Tfrz, θ liq,max=

 
θ

ψ

−
⎧ ⎫−⎪ ⎪
⎨ ⎬
⎪ ⎪⎩ ⎭

1/3
frz

sat
sat

10 ( )
b

fL T T

gT
, 它是冰点温度下土壤中的最

大液态水含量; 水的冰点温度 Tfrz 为 273.16 K; θsat 为
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饱和土壤含水量; θ liq 为土壤的体积含水量; θ ice 为土

壤的体积含冰量; ψsat 为饱和土壤水势(mm); 融解潜

热 Lf 为 0.336×106 J/kg.  

1.2  资料介绍 

本文所使用的资料为青海省苏里站 (38.42°N, 

98.30°E)2009 年 2 月 1 日~12 月 31 的观测资料. 该站点

位于青藏高原东北部、疏勒河上游地区, 海拔  3802 m, 

土壤质地以砂壤土为主, 地表植被以高寒草甸为主, 

具有明显的高原寒带气候特征, 年均温度较低, 降水

量较少. 苏里站布有一座 10 m 高的气象观测塔, 分

别在 2, 5, 7.5, 10 m 这 4 个高度上进行大气观测, 观

测量有 10 min 一次的空气温度、压强、湿度、风速

记录, 降水量由一个 T_200B 雨量计进行记录. 地表

下的观测量有 5, 10, 30, 50, 70 cm 处的土壤温度; 20, 

40, 60 cm 处的土壤湿度; 5 和 10 cm 处的土壤热通量. 

另外, 气象塔上还布有一套涡动辐射仪, 每 30 分钟

记录一次太阳向下长短波辐射、地面反射的短波辐射

和地面向上长波辐射. 大气强迫场使用气象观测塔 2 m

高度处的观测值 , 并将模式中所需要的大气底层高

度取为 2 m. 对于单点 off-line 试验, 考虑到模式对初

值的敏感性, 对模式进行了  2 a 的 spin-up. 为了更直

观地分析土壤发生冻融时的水热变化 , 输出同深度

上的土壤温度和土壤湿度进行比较, 因此, 将模拟的

土壤温度线性插值到有土壤湿度观测的层次, 即 20, 

40 和 60 cm 处.  

2  模拟结果及分析 

利用模式对青海省苏里站 2009 年 2 月 1 日~12

月 31日的土壤水热过程进行单点 offline试验(称该试

验为控制试验, 记为  ctrl), 以检验模式对季节性冻土

区域土壤水热交换过程的模拟能力 . 由于冻土变化

会引起土壤中冰的变化, 造成土壤水热特性的改变, 

从而影响土壤温度和土壤湿度的模拟, 因此, 通过以

下几项试验分别检验模式对土壤温度和土壤湿度的

模拟.  

2.1  土壤温度 

陆面过程模式中土壤温度的计算准确与否关系

到模式中地表与大气之间的能量和物质交换 , 从而

影响大气模式模拟的准确性, 因此, 土壤温度的模拟

非常关键[32].  

自 2009 年 2 月开始, 2 m 高度处的大气温度有小

幅上升, 之后迅速降低, 3 月上旬气温降至−20℃左右. 

尽管 3 月上旬~4 月初有几次小的降温过程, 但气温

变化的整体趋势以上升为主, 特别是 3 月末~4 月初, 

气温由−10℃迅速升至 0℃之上, 6 月之后一直维持在

0℃以上. 随着冬季的到来, 入射短波辐射减少, 2009

年 10 月上旬气温迅速下降, 在短时间内由 3℃降到

−10℃左右(图  1(a)). 靠近表层的土壤温度与气温的

变化趋势较为一致, 模式模拟的 20 cm 土壤温度在 4

月初升至 0℃之上, 与观测极为接近(图  1(b)), 但中

深层土壤温度的变化与浅层相比有所滞后 , 观测的

40 和 60 cm 处土壤温度分别在 5 月 10 日和 6 月 5 日

升至 0℃之上, 模拟的各层冻土完全融化时间均早于

观测 , 越深层土壤完全融化的时间与观测相比相差

越大, 60 cm 处两者相差达 1 个月左右(图 1(c)和(d)). 

模式模拟的  20 cm 层土壤发生冻结的时间与观测很

接近, 只是模拟的土壤温度在 11 月中旬之后略小于

观测, 但较深层土壤发生冻结的时间早于观测, 60 cm

处土壤发生冻结的时间与观测相差 15 d 左右(图 1(d)). 

整体看来 , 模式对土壤冻结过程的模拟好于融化过

程的模拟.  

徐学祖等人 [33]通过对兰州黄土、砂土、红土以

及内蒙黏土、壤土等的试验发现, 各类土壤的冻结温

度和融化温度均在 0℃之下, 说明冻土在土壤温度低

于 0℃时就发生融化. CLM3.0 中认为当冻土温度高

于冰点温度时, 土壤中的冰才发生融化. 模式模拟的

3 月上旬土壤温度低于 0℃, 土壤中的冰尚未融化, 

而此时实际观测的土壤已经发生融化 , 土壤未冻水

含量略有增加(图  2). 冰的融化需要从土壤中吸收能

量, 同时, 土壤含冰量减小也会减缓下层热量向上传

导, 从而抑制土壤温度的升高, 而模拟的土壤不发生

融化, 来自下层的热量使得土壤温度升高, 因此, 3~4

月土壤温度的模拟高于观测 . 一旦模拟的土壤温度

达到 0℃, 加上气温上升, 模拟的土壤水于 4 月中旬

即全部融化, 融化时间早于观测. 当模拟的土壤温度

发生融化而观测的土壤尚未发生融化时 , 模拟与观

测的土壤温度相差较大, 5 月初 40 cm 处土壤温度的

模拟与观测相差 4℃左右(图 1(c)).  

总体看来 , 模式能够较好地模拟出各层土壤温

度的变化趋势 , 模式对冻结过程的模拟稍好于融化

过程 , 表层土壤温度的模拟好于深层 , 但融化阶段 , 

模式模拟的冻土融化过程过快 , 导致土壤温度的模 
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图 1  观测的大气温度(a)和不同层次土壤温度模拟(记为 ctrl, 虚线)与观测(记为 obs, 实线)的对比((b)~(d)) 

 

图 2  不同层次土壤未冻水含量模拟(记为 ctrl, 虚线)与观测(记为 obs, 实线)的对比((a)~(c))和三层土壤含冰量的模拟(d) 
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拟高于同时期的观测, 冻土融化时间早于观测; 冻结

阶段, 较深层土壤冻结的时间早于观测, 模拟的土壤

温度低于观测.  

2.2  土壤湿度 

土壤湿度变化可以影响径流、反照率、地表感热

及潜热通量, 从而影响区域气候, 是气候变化研究中

一个重要的物理量 [34]. 土壤湿度模拟的好坏与否也

是检验模式模拟性能的主要标准之一.  

2009 年 2~4 月, 模式模拟的土壤液态水含量基

本保持不变(图  2(a)~(c)), 当各层土壤依次满足融化

条件时, 土壤由表层到深层逐层发生融化, 土壤中的

冰在短时间内迅速减小, 以 20 cm 为例, 土壤含冰量

在 4 月上旬从 0.27 迅速降至 0. 20 和 60 cm 土壤层完

全融化的时间相差近 1 个月(图  2(d)), 反应了温度波

向下传播的过程 . 而实际观测的各层土壤液态水含

量从 3 月初开始缓慢增加, 针对 60 cm 土壤层, 土壤

液态水含量从 2009 年 2~3 月上旬一直保持在 0.045

附近, 至 5 月下旬, 土壤液态水含量缓慢增加到 0.08

左右(图 2(c)), 此时对应的土壤温度从−6℃升至−1℃

(图  1(c)), 这一观测事实表明冻土在土壤温度低于

0℃时就已经发生融化, 而模式中认为当土壤温度超

过 0℃时冻土才发生融化, 显然与观测事实不符. 虽

然模式模拟的冻土开始融化时间较晚 , 但融化速率

较快, 融化结束的时间早于观测. 当 4 月中旬模式模

拟的 60 cm 土壤中的冰全部融化时, 对应观测的冻土

尚未全部融化, 因此, 模拟的土壤液态水含量大于观

测(图  2(b)). 冻结阶段, 模式对土壤冻结时间以及土

壤中液态水含量的模拟均与观测相当 , 好于对融化

阶段的模拟.  

总之 , 模式能够对各层土壤水分含量的季节变

化进行较好地模拟, 季节变化趋势基本与观测吻合, 

冻结阶段的模拟好于融化阶段 , 但模式模拟的冻土

融化结束时间早于观测 , 融化阶段的土壤液态水含

量大于观测.  

3  模型的改进 

通过 ctrl 试验的模拟结果可以看出, 尽管模式较

好地模拟了土壤冻融过程的变化趋势 , 但模式中认

定冻土在土壤温度高于 0℃时才发生融化与观测事

实不符 [33], 真实的冻融过程是一个连续缓慢的变化

过程, 不存在固定的冻融临界温度, 必须根据热力学

平衡情况下土壤水势和温度之间的关系以及固有的

土壤水力学特征本构关系来确定土壤含水量和温度

之间的关系 , 因此 , 采用了李倩和孙菽芬 [15]发展的

冻土模式中计算土壤冻融临界温度的方法 , 来替换

CLM 模式中土壤在 0℃发生冻融的不合理假设. 具

体如下:  

当土壤中有冰存在时 , 土壤水势与冰表面的水

汽压相平衡, 根据 Clausius-Clapeyron 方程, 可以得

到冻土中土壤水势与温度的函数关系:  

 
( )

ψ
−

=
3

frz10
( ) ,fL T T
T

gT
 (1) 

ψ为土壤水势, T 和 Tfrz 分别为土壤温度和凝结温度

(K), Lf 为融解潜热(J/kg), g 为重力加速度(m s−2).  

Spaans 和 Baker[35]证明冻融过程与干湿过程类似, 

要考虑土壤水势对液态水含量的依赖关系 , 土壤水

势可以表示为土壤液态水含量的函数:  
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ψsat 为饱和土壤水势, θliq 为土壤液态水含量, θsat 为饱

和土壤水含量, 与含砂量有关, b 为 Clapp-Hornberger

参数.  

(1)和(2)式联立, 得到土壤液态水含量与临界冻

融温度的函数关系为  
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Tcrit 即为土壤中的水发生冻融时的临界温度, 当土壤

温度低于临界温度 Tcrit 时, 土壤中的水开始结冰, 相

反, 冻土则发生融化. 图 3 为依据(3)式计算的不同质

地的土壤在不同液态水含量下临界冻融温度的变化, 

可以看出, 当土壤液态水含量较少时, 砂土的临界冻

融温度最高, 壤砂土次之, 其他几种类型均很小. 主

要因为砂质土壤中孔隙相对较大, 在一定吸力下, 这

些大孔隙容易被排空, 因而, 土壤含水量随吸力的增

加而减少很快. 在黏质土壤中, 土壤孔隙大小分布均

匀, 吸附的水分较多, 提高吸力使土壤含水量缓慢降

低, 因此, 在同样的液态水含量下, 含砂量低的土壤

的饱和土壤水势较大 , 而含砂量低的土壤的饱和土

壤含水量也很大, 使得在同样液态水含量下, 含砂量

低的土壤水势较大 [36]. 由(1)式可知, 土壤水势和土

壤温度成反比关系, 因此, 当土壤液态水含量一定时,  
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图 3  不同土壤类型在不同液态水含量下的冻融临界 

温度变化 

含砂量少的土壤的冻融临界温度较低 . 随着土壤液

态水含量的增加 , 土壤发生冻融的临界温度也逐渐

升高, 但仍然略小于冰点温度.  

3.1  冻土的融化临界温度调整后的模拟结果 

用(3)式代替模式中原有冻土发生融化时的临界

温度, 冻结条件保持不变, 即:  

当 T > Tcrit且θice > 0 时, 土壤发生融化, 融化后的

土壤温度为 Tcrit. 
通过一组试验(记为 test1)来检验冻土融化条件

的改变对模拟结果的影响.  

从图 4 可以看出, 冻土的融化临界温度改变前后 

 

图 4  改变冻土融化条件前(记为 ctrl, 点线)后(记为 test1, 细实线)模拟结果与观测(记为 obs, 粗实线)的对比 
a 为土壤温度; b 为土壤中未冻水含量; c 为土壤中冰的含量. 1, 2, 3 分别代表 20, 40 和 60 cm 处 
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对模拟结果的影响主要表现在以下 4 方面: 第一, 融

化阶段土壤温度的模拟值减小, 与观测更为接近(图

4(a1)~(a3)); 第二, 融化阶段土壤未冻水含量的模拟

也减小(图  4(b1)~(b3)); 第三 , 冻土开始融化的时间

提前(图  4(c1)~(c3)), 深层冻土完全融化的时间与观

测更接近; 第四, 冻土发生融化的过程中伴随有若干

小的冻结过程(图  4(c1)~(c3)), 更符合真实的土壤物

理过程. 究其原因主要有以下几点:  

(1) 改变冻土融化临界温度后, 冻土在 0℃之下

的某一温度便开始融化, 如 test1 试验中模拟的 60 cm

处冻土在 3 月中下旬土壤温度约为−2℃时便发生融

化, 由于土壤中的冰融化时需要吸收大量的能量, 从

而会抑制土壤温度升高, 减缓冻土融化的速率, 使得

土壤温度的模拟值小于 ctrl 试验的结果, 与观测更为

接近(图 4(a3)), 同时, 也使冻土完全融化的时间有所

推迟, 导致当观测的冻土完全融化时, test1 试验中模

拟的冻土还未融化完毕, 因此, test1 试验中模拟的融

化阶段的土壤未冻水含量小于观测(图 4(b1)~(b3) ).  

(2) CLM3.0 中认为当土壤发生相变后, 土壤温

度为冰点温度, 然后, 根据可用来发生相变的能量与

实际消耗的相变能之差(称为能量净余)对土壤温度

进行更新 . 只有当土壤中的液态水全部冻结或冰全

部融化, 且能量净余不为 0 时, 残余能量才用于土壤

温度的变化, 当能量净余为 0 时, 土壤温度保持为冰

点温度不变. 当土壤的融化临界温度改变后, 土壤发

生融化后的温度为根据公式 (3)得到的新融化温度 , 

它低于冰点温度, 与 ctrl 试验中土壤发生融化后的冰

点温度相比相当于整体下移, 因此, 融化阶段土壤温

度的模拟有所下降.  

(3) 对不同类型的土壤而言 , 当土壤温度低于

0℃时, 土壤中最大液态水含量随着土壤温度的降低

而减小 [37], 即土壤温度越低 , 土壤中的最大液态水

含量越小. 当冻土的融化临界温度改变后, 土壤中的

冰在土壤温度低于 0℃时发生融化, 使得土壤中的液

态水含量增加, 而此时土壤温度低于 0℃, 因此, 此

时的土壤温度和土壤湿度条件易满足土壤发生冻结

的条件. 由图 4(c1)~(c3)可以看出, 尽管 2~4 月期间

土壤以融化为主 , 但中间也伴随几次小的冻结过程

的发生 , 改变冻土融化临界温度后的模式对冻土融

化过程的描述更符合真实的冻土融化情况.  

以上分析表明 , 冻土融化条件的改变减缓了冻

土的融化速率, 使得模式对融化阶段土壤温度、土壤

未冻水含量及冻土融化时间的模拟都与观测更为接

近 , 但改变冻土融化条件后模拟的浅层冻土融化过

程过于缓慢, 对深层的模拟要好于浅层.  

3.2  土壤的冻结临界温度改变后的模拟结果 

在 test1 试验的基础上, 令土壤发生冻结后的温

度也为新的土壤冻融临界温度 , 以检验对模拟结果

的影响, 该试验记为 test2.  

当土壤发生冻融时 , 根据土壤温度和土壤冻融

临界温度的差异 , 判断系统过剩或缺失的能量与土

壤相变吸收或释放潜热的大小关系 , 从而确定含冰

量的变化速率 , 净余的能量用于更新土壤温度 [38]. 

test1 试验中认为土壤发生冻结后, 土壤的温度为 0℃, 

土壤温度以 0℃为基点进行变化, test2 试验中认为土

壤冻结后的温度是新的土壤冻融临界温度 , 这一温

度一直低于 0℃, 土壤温度更新的基点由 0℃变到了

低于 0℃的某一温度 , 相当于温度整体下移 , 因此, 

test2 试验的结果对于有冰存在的土壤温度模拟呈现

出整体下降的趋势, 使得 2~4月冻土融化阶段模拟的

土壤温度与观测更为接近, 但 10~12月土壤冻结阶段

的土壤温度模拟比观测更小(图 5). 10~12 月土壤温度

模拟比观测更低主要是因为随着冬季短波辐射的减

少, 各层土壤温度也随之降低, 当土壤温度低于冰点

温度 , 且土壤湿度高于此温度下的最大液态水含量

时, 土壤便发生冻结, 释放凝结潜热, 从而阻碍土壤

温度降的过低 , 但由于模式模拟的土壤冻结过程较

快, 土壤很快便处于完全冻结的状态, 此后, 土壤温

度的变化主要随大气温度的变化而变化, 因此, 模式

模拟的 10~12月土壤温度低于观测. 究其原因可能是

由于土壤在融化阶段和冻结阶段土壤水发生冻结的

速率不同造成的.  

3.3  冻结速率调整后的模拟结果 

根据 3.2 节的分析可以推断, 土壤水在冻结阶段

与融化阶段的冻结速率是不同的 , 下面通过一组敏

感性试验(记为 test3)进行检验. 在该试验中, 令土壤

水在融化阶段(2~6 月)的冻结速率保持模式中原有速

率不变, 在冻结阶段(10~12 月)的冻结速率减为原来

的一半, 以检验冻结速率的变化对模拟结果的影响.  

结果表明 , 模式改变前后对土壤未冻水含量的

模拟变化不大, 改变后的模式对 10~12月各层土壤温

度的模拟有较明显地改进 , 与观测更为接近(图  6),  
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图 5  冻土融化条件改变前提下, 土壤冻结后的温度改变前(记为 test1, 点线)后(记为 test2, 细实线)模拟结果与观测 

(记为 obs, 粗实线)的对比 
a 代表土壤温度; b 代表土壤未冻水含量. 1, 2, 3 分别代表 20, 40 和 60 cm 处 

主要是由于 test3 试验中冻结阶段土壤水的冻结速率

明显减小 , 即单位时间内土壤中生成的冰的含量减

小, 土壤中的水全部冻结成冰的时间延长, 相当于减

缓了土壤的冻结过程. 随着未冻水含量的缓慢减少, 

由于水的热容量比冰大 , 较大的含水量会阻碍土壤

降温过快, 同时, 由于土壤中含冰量增加缓慢, 也会

阻碍表层冷却过程对深层土壤的降温影响, 因此, 模

拟的土壤温度高于 test2 试验中的结果.  

事实上 , 改变土壤冻结速率的最直接影响是改

变了土壤中的含冰量, 而冰的热传导率是水的 4 倍, 

水的热容量是冰的 2 倍多, 因此, 土壤含冰量的变化

会直接影响土壤向上和向下的热通量[9], 从而影响土

壤发生相变后整个系统的能量净余. 根据 CLM3.0 对

相变后土壤温度的计算过程(如  3.1 中介绍)可知, 净 
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图 6  土壤冻结阶段的冰冻结速率改变前(记为 test2, 点线)后(记为 test3, 细实线)模拟结果与观测(记为 obs, 粗实线)的对比 
a 代表土壤温度; b 代表土壤未冻水含量. 1, 2, 3 分别代表 20, 40 和 60 cm 处

余能量的多少对相变后土壤温度的计算有很大影响, 

因此, 改变土壤冻结速率会影响土壤温度的变化, 同

时 , 也反应出模式中用于计算相变后土壤温度的算

法存在不足, 由于相变项的存在, 给方程的数值求解

带来很大的困难 , 可以考虑用土壤总焓和土壤水总

质量作为预报量 , 从而避免为估计相变项的大小给

数值求解带来的问题[37].  

4  结论与讨论 

利用陆面过程模式 CLM3.0 对青海省苏里站

2009 年 2 月 1 日~12 月 31 日的土壤水热过程进行模

拟, 通过模拟结果与观测资料的对比分析, 检验了陆

面过程模式 CLM3.0 对青藏高原东北部季节性冻土

区域的模拟能力 , 并根据热力学平衡方程得到土壤
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发生冻融的临界温度 , 对冻土融化的条件进行了调

整, 结果表明:  

(1) 模式能够对高原季节性冻土区域的土壤热

量和水分交换过程进行较好地模拟 , 但仍存在一些

不足, 主要表现为: 在融化阶段, 模拟的土壤温度高

于观测, 土壤中的冰全部融化的时间早于观测; 在冻

结阶段, 模拟的土壤温度略低于观测, 深层土壤的冻

结时间早于观测; 整体而言, 模式对冻结过程的模拟

好于融化过程, 对浅层土壤的模拟好于深层.  

(2) 根据热力学平衡方程可得某一液态水含量

下土壤的冻融临界温度 , 当土壤中液态水含量较少

时, 含砂量高的土壤的冻融临界温度较高, 而含砂量

低的土壤冻融临界温度较低 . 随着土壤中液态水含

量的增加, 土壤的冻融临界温度逐渐接近冰点温度, 

但一直略低于冰点温度.  

(3) 土壤的融化临界温度降低后, 模式能模拟出

土壤在冰点之下某一温度开始融化的过程 , 由于冻

土在低于 0℃时就发生融化, 融化需要吸收能量, 同

时, 水的热容量比冰大, 而导热率比冰小, 从而减缓

了自下向上的热传导, 阻止土壤温度升高过快, 减缓

了冻土的融化速率, 因此, 新方案对冻土融化阶段土

壤温度的模拟低于原方案的结果, 与观测更为接近.  

(4) 敏感性试验表明, 土壤在冻结过程和融化过

程中的冻结速率不同 , 冻结过程中的冻结速率大于

融化过程中的冻结速率, 浅层土壤冻结较快, 而深层

土壤冻结相对较慢 , 为今后冻土模型的发展提供了

一定的依据.  

由于高原地形的复杂性 , 将陆面模式应用于高

原地区时存在一定的局限性 . 尽管改进后的模式对

融化阶段各层土壤温度和湿度的模拟有了很大改进, 

但改进后的融化方案对浅层土壤融化过程的模拟与

观测相比过慢 , 且敏感性试验中土壤冻结速率的调

节具有主观性 , 反应了原模式在计算相变后土壤温

度的算法上存在不足, 由于相变项的存在, 给方程的

数值求解带来了很大的困难 , 可以考虑用土壤总焓

和土壤水总质量作为预报量 , 从而避免估计相变项

给数值求解带来的问题. 另外, 本文的数值试验仅仅

针对单点进行, 因此, 需要在更多的高原站点和区域

上开展模拟试验 , 以加深对寒区土壤冻融和水热过

程的认识.  
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Using observational data spanning the period from February to December 2009 and recorded at the Suli station in Qinghai Prov-
ince, the land-surface model CLM3.0 was employed to simulate the freezing and melting of soil. The results indicate that the 
simulated soil temperature is higher than the observed soil temperature and the ultimate thawing date is earlier than the observed 
date during the melting period. During the freezing period, the simulated soil temperature is lower than the observed soil tem-
perature and the ultimate freezing of the deep soil is earlier than that observed. Overall, the simulation of freezing is better than 
that of melting, and the simulation of a shallow layer is better than that of a deeper layer. In the original CLM3.0, it is assumed 
that frozen soil begins to melt when the soil temperature exceeds 0C, which is inconsistent with observations. The critical 
freeze–thaw temperature was calculated according to thermodynamics equations and the freeze-thaw condition was modified. In 
this work, the melting rate for frozen soil was reduced using the modified scheme, and the simulated soil temperature was lowered. 
Meanwhile, the refreezing of soil during the melting season was well simulated and more closely matched observations. Addi-
tionally, it was found that the rates of melting and freezing differ, with the former being slower than the latter, but refreezing dur-
ing the melting season is rather quick. 
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The cryosphere is an important component of the climate 
system, which consists of five components: the atmosphere, 
the hydrosphere, the cryosphere, the land surface and the 
biosphere. It is the most sensitive component and usually 
has the most direct influence on the climate system. There-
fore, it is considered an important factor influencing the 
interaction between the five elements. Establishment of the 
Climate and Cryosphere Project (CLiC) has meant that re-
search on the cryosphere has become a new research hot-
spot internationally [1] (http://www.climate-cryosphere.org/ 

en/). Except for the poles, frozen soil is mainly distributed 
in high-elevation regions, such as the Qinghai-Tibetan Pla-
teau, which are sensitive to climate change. The variation in 
unique hydrothermal characteristics plays an important role 
in the energy exchange between the land and atmosphere, 
and affects carbon circulation and weather-climate systems. 
Freezing and thawing of soil are the most remarkable 
physical characteristics of the plateau [2]. Research has dem-      
onstrated that freezing and thawing on the Qinghai-Tibetan 
Plateau have good relationships with summer precipitation 
[3]. Land-atmosphere interactions over the plateau need to 
be studied to improve the predictability of numerical models. 

There have been studies on the relationship between  
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climate change and frozen soil [4–8], but few works about 
the effect of the change of frozen soil on climate change in 
China. It is a great challenge to study the complex physical 
mechanism of frozen soil, especially the parts associated 
with climate change [9]. The simulation of a long time se-
quence of land-surface processes on the Qinghai-Tibetan 
Plateau is meaningful work. The biggest limitation has been 
a lack of a wide range of observation data, which even pre-
vents the development of the frozen soil model. Until the 
late 1990s, attention had been given to frozen soil parame-
terization in land-surface models [10–14], and a corresponding 
module has been added to land-surface models. In China, Li 
and Sun [15] developed a frozen soil hydrothermal transfer 
model in which total enthalpy and total soil quality are cho-
sen as predictands, and the instability arising from uncer-
tainty in the rate of phase change was effectively avoided. 
Two atmospheric experiments were carried out in 1979 and 
1998 on the Qinghai-Tibetan Plateau, the data collected 
during the two experiments provide the necessary condition 
for land-atmosphere study on the plateau [16,17]. However, 
because the observation data were concentrated in the pe-
riod from May to September, they do not contribute greatly 
to the simulation of freezing and thawing on the plateau.  

By comparing more than 20 representative land-surface 
models, the Program for Inter-comparison of Land Surface 
Parameterization Schemes (PILPS) found that models usu-
ally have apparent distinctions for the simulation of energy 
and water exchange occurring at the land-atmosphere inter-
face when forced by the same atmospheric conditions. 
Many models provide good results for humid areas with 
homogeneous vegetation, but more work is needed for areas 
of snow, frozen soil, desert, and inhomogeneous land sur-
faces to improve simulation results [18–20]. The Commu-
nity Land Model (CLM) is one of the best land-surface 
models. Many numerical and verification experiments have 
been carried out for the model used in this study; i.e. 
adaptability of the model to Asian monsoon areas [21], pla-
teau areas of sparse vegetation, paddy fields [22], typical 
climate regions of China [23], and desert [24]. However, 
there have been few experiments for frozen areas. Xin et al. 
[25] examined the applicability of the CLM to northwestern 
arid areas and the western Qinghai-Tibetan Plateau using 
short-range observation data for summer. Wang et al. [26] 
and Luo et al. [27] demonstrated the model’s applicability 
to the western and central Qinghai-Tibetan Plateau, respec-
tively. However, no work has been done for the northern 
Qinghai-Tibetan Plateau. 

In this paper, observation data spanning the period from 
February 1 to December 31, 2009, and recorded at the Suli 
station located in northeastern Qinghai Province were 
adopted for a single-point numerical simulation. The per-
formance and applicability of CLM3.0 were examined by 
comparing with soil temperature and moisture observations. 
Furthermore, the freeze-thaw condition of the model was 
modified. 

1  Model and data 

1.1  Model introduction 

The CLM was developed by the National Center for At-
mospheric Research and is based on the Biosphere-Atmos-     
phere Transfer Scheme (BATS), the Institute of Atmos-
pheric Physics Land Surface Model (IAP94) and the Land 
Surface Model (LSM). The CLM was constructed with 
uniformly distributed vertical soil layers, at most five snow 
layers, and one vegetation layer. The flux was calculated 
separately for different underlying surfaces by considering 
inhomogeneity on the sub-grid scale of land-surface char-
acteristics, vegetation types, hydraulics and thermodynamic 
characteristics of different soil types, and the homogeneity 
of atmospheric forcing acting on all underlying surfaces. 
The flux required by the atmosphere is obtained by averag-
ing the sub-grid quantities weighted by all vegetation types. 

The atmospheric forcing data for the offline CLM3.0 
experiment are data for temperature, pressure, humidity, 
wind speed, precipitation and downward longwave and 
shortwave radiation. No consensus has been reached on 
how to divide the soil layers in the CLM, but it is agreed 
that the shallow soil layer has a larger moisture gradient 
[28]; therefore, to precisely describe the variation in soil 
moisture, shallow soil has more layers than deeper soil [29]. 
Division of the vertical soil layers follows an exponential 
distribution. The depths of soil layers are 0.71, 2.79, 6.23, 
11.89, 21.22, 36.61, 61.98, 103.80, 172.76 and 286.46 cm; a 
detailed description of the CLM is given in [30].  

The version of the CLM used in this study is CLM3.0. 
The difference between CLM3.0 and CLM4.0 is the soil 
freezing condition. CLM3.0 considers that all liquid water 
freezes when the soil temperature is below 0°C, whereas 
CLM4.0 considers that liquid water and ice can coexist 
when the soil temperature is below 0°C. Only when the liq-
uid-water content is greater than the maximum allowable 
liquid-water content does the excess freeze. Obviously the 
latter consideration is more realistic. Therefore, the freeze- 
thaw condition is replaced with the equivalent part of 
CLM4.0 [31]. The freeze-thaw equation can be written as  

T>Tfrz and ice>0 for the thawing period and  

T>Tfrz and liq>liq,max for the freezing period.  

When the soil freezes or thaws, the soil temperature is 
Tfrz, where liq,max is the maximum liquid-water content 
when the soil temperature is below the freezing point; 

1/3
f frz

liq,max sat
sat

10 ( )
b

L T T

gT
 




 

  
 

. The freezing point of liquid 

water Tfrz is 273.16 K. sat is the saturated soil water content, 
liq is the soil volume water content, ice is the soil volume 
ice content, and sat is the saturated matric water potential 
in units of millimeters. Latent heat fusion of Lf is a constant 
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with a value of 0.336×106 J kg1. 

1.2  Data preparation 

Simulations were performed for the Suli station, which is 
located at 38.42°N, 98.30°E, northeast of Qinghai Province, 
and belongs to the upper reaches of the Shule River at an 
elevation of 3802 m. The data span a period from February 
1 to December 31, 2009. The land surface is mainly covered 
by alpine meadow. The soil type is sandy loam. The area 
has a notable cold-plateau semi-arid climate. A meteoro-
logical observation tower with height of 10 m was built at 
Suli with meteorological variables (10-min air temperature, 
pressure, humidity, and wind speed) recorded at four 
heights (2, 5, 7.5 and 10 m). Precipitation was collected by 
a T_200B rain gauge. Soil temperature was measured at 
depths of 5, 10, 30, 50 and 70 cm. Soil moisture was ob-
served at 20, 40 and 60 cm, and soil heat flux at depths of 5 
and 10 cm. In addition, a vortex dynamic radiometer was set 
on the meteorological tower to obtain downward longwave 
radiation from the Sun, upward shortwave radiation re-
flected by the land surface and upward longwave radiation 
with a time interval of 30 minutes. All data were used for 
driving or validating the model.  

The observations made at a height of 2 m were used as 
atmospheric forcing data and this height was set as the base 
of the atmosphere in the model. Considering the sensitivity 
of the model to initial values, a 2-year spin-up was carried 
out at a single point. To compare simulations and observa-
tions more conveniently, the output was linearly interpo-
lated to depths of 20, 40 and 60 cm. 

2  Simulations and analysis 

The CLM3.0 model was employed to simulate the soil wa-
ter and thermal processes at the Suli station of Qinghai 
Province with observation data spanning the period from 
February 1 to December 31, 2009. This test is referred to as 
the control test and is intended to validate the model’s abil-
ity to simulate the exchange of soil water and heat in sea-
sonally frozen areas. Because a change in ice content in soil 
affects soil water and heat properties, and influences the 
simulation of soil temperature and moisture, this work 
mainly examines simulations of soil temperature and mois-
ture for individual layers. 

2.1  Soil temperature 

The accuracy of the calculated soil temperature in the land- 
surface model usually affects energy and material exchange 
between the land surface and atmosphere, and further af-
fects the performance of the atmospheric model. Therefore, 
the simulation of soil temperature is important [32]. 

The air temperature at a height of 2 m rises slightly from 

February 2009 and then falls to about 20°C by mid-March. 
Afterward, although there are several insignificant tem-
perature declines, the entire temperature tendency is to rise, 
especially from late March to early April during which time 
the air temperature increases from 10°C to above 0°C, and 
it remains above 0°C from June. The incident shortwave 
radiation reduces as winter arrives, and the air temperature 
decreases rapidly from 3°C to 10°C in early October (Fig-
ure 1(a)). The tendency of the temperature change for soil 
close to the surface is the same as that of the air temperature 
at a height of 2 m, and the simulated soil temperature at 20 
cm depth is similar to observations (Figure 1(b)). However, 
for deeper soil layers, there is a lag in the temperature varia-
tion. The observed soil temperatures at 40 and 60 cm rise 
and exceed 0°C on May 10 and June 5, respectively. The 
simulated ultimate melting dates (i.e. dates on which the ice 
in soil completely melts) for all soil layers are earlier than 
those observed, and the deeper the soil, the greater the dif-
ference, which is about a month in the case of 60 cm depth 
(Figure 1(c), (d)). The simulated date on which the soil be-
gins to freeze is much the same as the observed date for a 
depth of 20 cm, but it is further in advance for deeper soil, 
being about 15 days ahead for soil at 60 cm depth (Figure 
1(d)).  

In an experiment carried out by Xu [33], it was found 
that the freezing temperature and thawing temperature of 
loess, sandy soil, red soil, clay soil and loamy soil are all 
below 0°C, which means that all these soils begin to melt at 
temperatures lower than 0°C. In CLM3.0, it is considered 
that frozen soil begins to melt only when the temperature is 
higher than the freezing point. No melting occurs in early 
March when the modeled temperature is below 0°C, 
whereas in reality, the soil has begun to melt and the soil 
liquid-water content increases slightly (Figure 2). The 
melting of ice absorbs energy from the soil and prevents a 
rise in soil temperature; however, the simulated soil has not 
thawed, the energy from the lower soil layer increases the 
soil temperature, and the simulation of soil temperature 
from March to April is thus higher than the observed soil 
temperature. After the simulated soil temperature reaches 
0°C, and the air temperature rises, the simulated frozen soil 
melts completely by mid-April, and the predicted melting 
date is earlier than the observed date. When the simulated 
soil thaws and the observed soil does not, the difference 
between simulation and observations is great. For example, 
in early May, the difference in soil temperature at 40 cm 
depth is about 4°C.    

In summary, CLM3.0 simulates well the variations in 
soil temperature in all layers. Simulation of freezing is bet-
ter than that of thawing, and simulations at shallower depths 
are better than those at deeper depths. However, the simu-
lated thawing is too fast, which leads to a higher tempera-
ture and earlier thawing time than what is observed. During 
the freezing period, the simulated temperature of deeper soil 
is lower than the observed temperature, and the freezing  
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Figure 1  Observed temperature at a height of 2 m (a) and comparison of the simulated soil temperature (dashed) with observations (solid line) at depths of 
20 cm (b), 40 cm (c) and 60 cm (d). 

 
Figure 2  Comparison of the simulated soil liquid-water content (dashed) with observations (solid line) at depths of 20 cm (a), 40 cm (b) and 60 cm (c), and  
simulated soil ice content (d) in the three layers.  
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time is earlier than the observed time. 

2.2  Soil moisture 

Soil moisture plays an important role in the interaction of 
land and atmosphere, affecting the regional climate by in-
fluencing runoff, albedo, surface sensible heat flux and la-
tent heat flux [34]. It is an important variable for model es-
timations. 

The simulated soil liquid-water content remains un-
changed during February and April 2009 (Figure 2(a), (b), 
(c)). The soil begins to melt from the surface to deeper lay-
ers when it satisfies the frozen-soil melting condition, at 
which time the soil ice content decreases rapidly. For ex-
ample, the ice content in soil at 20 cm depth decreases from 
a fractional volume of 0.27 to 0.0 over several days in early 
April. The ultimate melting times for 20 and 60 cm depths 
have lags of about 1 month, which reflects the spread of 
energy over time from the surface to deeper levels. In real-
ity, the soil liquid water content begins to increase at the 
beginning of March; for example, the soil liquid-water con-
tent at 60 cm depth remains at 0.045 from February to early 
March, and gradually increases to about 0.08 by late May 
(Figure 2(c)). Meanwhile, the soil temperature increases 
from 6°C to 1°C (Figure 1(c)). This indicates that the soil 
began melting when the soil temperature was below 0°C. 
Obviously, the model setting of the thawing condition con-
flicts with the observation. The simulated melting starts late 
but has a high melting rate, and finishes earlier than what is 
observed. The simulation of the freezing is better than that 
of the thawing. 

3  Model modifications  

It was seen from the control test that the thawing and freez-
ing tendencies are well simulated, but CLM3.0 arbitrarily 
specifies that the soil melts only when the soil temperature 
is higher than 0°C, which is not in agreement with observa-
tions [33]. An actual freezing-thawing process is a slowly 
and continuously changing process, and there is no fixed 
freeze-thaw critical temperature. The relationship between 
the soil water content and temperature should be determined 
by the thermodynamic equilibrium relationship between the 
soil water potential and temperature and the inherent char-
acteristics of soil hydraulics. Therefore, the method of cal-
culating the soil freezing-thawing critical temperature used 
by Sun and Li [15] was adopted in this study to replace the 
unreasonable hypothesis used in CLM3.0. 

When ice is present, the soil water potential remains in 
equilibrium with the vapor pressure over pure ice. Accord-
ing to the Clausius-Clapeyron equation, the functional rela-
tion between the soil water matrix potential  (mm) and soil 
temperature is  

    3
f frz10

,
L T T

T
gT




  (1) 

where T and Tfrz are the soil temperature and freezing point 
(K), respectively, Lf is the latent heat of fusion (J kg1), and 
g is gravitational acceleration (m s2). 

Spaans and Baker [35] demonstrated that freezing- 
thawing processes are similar to drying-wetting processes 
with regard to the dependence of the soil matric potential on 
the liquid-water content. The soil matric potential as a func-
tion of liquid-water content is 
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liq sat
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where sat is the saturated soil matrix potential, sat and liq 
are porosity and the partial volume of liquid water, and b is 
the Clapp-Hornberger parameter. 

By equating (T) in eq. (1) to (liq) in eq. (2), we 
derive the expression for the functional relation between 
the soil liquid-water content and freeze-thaw critical 
temperature: 
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where Tcrit is the critical temperature at which soil water 
freezes or thaws. When the soil temperature is below/above 
Tcrit, the soil water begins to freeze/thaw. Figure 3 is drawn 
from calculations using eq. (3). It is clearly seen that when 
the soil has low liquid-water content, sandy soil has the 
highest freeze-thaw critical temperature, loamy sand has the 
second highest, and the other soils have very low critical 
temperatures. The main reason is that sandy soil has 
macropores. Under certain suction conditions, a macropore 
can be easily drained. Therefore, the soil water content rap-
idly reduces as the suction increases. The pore size distribu-
tion is uniform in clayey soil and much water can be ab-
sorbed. Increasing the suction can only reduce the soil water 
content slowly. Thus, soil having low silt content has 
greater saturated soil water potential for the same liquid- 
water content [36]. From eq. (3), we know that the soil wa-
ter matrix potential and soil temperature have an inverse 
relationship. Soil having lower silt content has a lower 
freeze-thaw critical temperature under the same liquid-water 
content conditions. The critical temperature rises gradually 
as the liquid-water content increases, but is always below 
the freezing temperature. 

3.1  Results obtained using the modified critical tem-
perature for the melting of frozen soil 

The thawing critical temperature in CLM3.0 is replaced  
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Figure 3  Freeze-thaw critical temperature versus the soil type and liquid- 
water content. 

with eq. (3) while the freezing conditions are kept the same:  
When T>Tcrit and ice>0, soil melts and the soil tempera-   

ture is Tcrit immediately after melting
  This experiment is referred to as test 1 and is designed to 

examine the effects of the new critical temperature for 
thawing on the simulation. 

Figure 4 shows that the new critical temperature for 
thawing has four main effects on the simulation. First, the 
simulated soil temperature during the thawing period is a 
little lower than it was previously, and much closer to ob-
servations (Figure 4(a)). Second, the simulated liquid-water 
content is reduced (Figure 4(b)). Third, the timing of the 
commencement of the melting of frozen soil is earlier, and 
the timing of ultimate melting is closer to that observed for  

 

Figure 4  Comparison of observations (obs, heavy line) with soil temperature simulated with a change in the critical temperature for thawing (ctrl, dot line) 
and no change (test 1, fine line). The letter “a” in each figure represents the soil temperature, “b” the soil liquid-water content, and “c” the ice content in soil. 
Numbers 1, 2 and 3 represent the soil depths of 20, 40 and 60 cm, respectively.  
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the deeper frozen soil (Figure 4(c)). Fourth, there are sev-
eral insignificant freezing events during the thawing period, 
which is similar to the actual soil freezing-thawing process. 
There are three main reasons for these improvements. 

First, when the critical temperature for thawing is 
changed, frozen soil begins to melt at certain temperatures 
below 0°C. Test 1 shows that frozen soil at 60 cm depth 
begins to melt in mid-March and the soil temperature is 
2°C at that time. The soil absorbs energy as it thaws, 
which prevents a rise in soil temperature. Reducing the 
thawing rate results in the simulation of the soil temperature 
better matching observations (Figure 4(a3)), and delays the 
melting time. This means that when the observed soil has 
melted, the simulated frozen soil is still melting in test 1, 
and the simulated soil liquid-water content in test 1 is less 
than the observed content (Figure 4(b)).  

Second, the soil temperature is equal to the freezing point 
after the phase change in CLM3.0, and the soil temperature 
is updated according to the difference in the energy cost 
between theory and practice (called net energy). Only when 
the water exists completely in liquid or solid form and the 
net energy does not equal zero can the energy surplus be 
used to change the temperature. If the net energy is zero, the 
soil temperature remains at the freezing point. When the 
critical temperature for thawing is changed, the soil tem-
perature is replaced with eq. (3) after melting, which is lower 
than the freezing point and less than that in the control test. 
Therefore, the simulation of soil temperature during the 
melting phase is a little lower.  

Third, for all soil types, when the soil temperature is be-
low 0°C, the maximum liquid-water content reduces as the 
temperature decreases [37]. By changing the critical tem-
perature of thawing, ice in the soil melts when the soil tem-
perature is below 0°C, the liquid-water content increases 
and makes it easier for the soil temperature and moisture to 
meet the freezing conditions. Figure 4 shows that although 
the soil has a thawing tendency during February and April, 
there are several insignificant freezing events, indicating 
that the new critical temperature for thawing describes the 
thawing process well.  

In summary, the change in the soil thawing condition re-
duces the thawing rate, and the simulation of soil tempera-
ture, soil liquid-water content and melting time is much 
closer to observations. However, the thawing of lower soil 
layers is slower than that observed while the performance is 
better for deeper layers. 

3.2  Results obtained using the modified freezing-thawing 
critical temperature for soil 

To examine the effect on simulation results, test 2 was car-
ried out on the basis of test 1 but with the soil temperature 
after soil has frozen replaced with the new freeze–thaw 
critical temperature.  

When there is freezing and thawing, the difference be-

tween the soil temperature and freeze-thaw critical tem-
perature is usually used to estimate the relationships be-
tween the excess or deficiency of energy and the amount of 
latent heat absorbed or released, and thus to determine the 
rate of change in ice content. Energy surplus has typically 
been used to update the soil temperature [38]. In test 1, it is 
supposed that when soil freezes, the temperature is 0°C. 
Thus, 0°C was treated as the base point of the temperature 
update. In test 2, however, it is supposed that the frozen soil 
temperature is the freezing-thawing critical temperature and 
is lower than 0°C. The base point of the temperature update 
thus decreases from 0°C to a certain temperature below 0°C, 
which leads to the simulated temperature of soil with ice 
having a downward tendency. Thus, the simulated tempera-
ture during the thawing phase (February and April) is closer 
to observations but lower than observations during the 
freezing period (Figure 5). The main reason for the latter 
finding is that with decreasing shortwave radiation in winter, 
the soil temperatures of all layers decrease. When the soil 
temperature is below 0°C and the soil liquid-water content 
is greater than the maximum allowable liquid-water content, 
soil begins to freeze. Freezing releases latent heat, which 
limits the fall in soil temperature. However, as the soil 
freezes much faster in the model than in reality, soil is soon 
completely frozen. From then on, the soil temperature 
mainly varies with the air temperature, leading to a lower 
simulated soil temperature compared with the observed soil 
temperature during the freezing period. The root cause may 
be that the freezing rates for freezing and thawing periods 
greatly differ. 

3.3  Results obtained using the modified freezing rate 

In section 3.2, we deduced that the soil water has very dif-
ferent freezing rates for freezing and thawing periods. A 
sensitivity test (test 3) was designed to verify whether and 
to what degree a change in freezing rate affects the simula-
tion results. In this test, the freezing rate remains the same 
during the thawing stage (February to June) while it is arbi-
trarily halved during the freezing stage (October to Decem-
ber). 

Results show that the simulated soil temperatures of all 
layers obviously improve with the modified CLM3.0 and 
are closer to observations (Figure 6), while simulation of the 
soil liquid-water content does not vary greatly. The main 
reason is that the freezing rate is evidently lower during the 
freezing stage in test 3. In other words, the rate of increase 
in ice content is less, which delays the ultimate freezing of 
soil water. This slows down the freezing of soil. The liq-
uid-water content of soil decreases slowly, which prevents 
heat loss in soil. The heat capacity of water is greater than 
that of ice, and more liquid water in soil prevents the soil 
temperature decreasing quickly. Therefore, the simulated 
soil temperature is higher than that obtained in test 2. 

The most immediate effect of changing the soil freezing  
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Figure 5  Comparison of observations (obs, heavy line) with soil temperature simulated with a change in the freeze-thaw critical temperature (test 1, dot 
line) and no change (test 2, fine line). The letter “a” in each figure represents the soil temperature and “b” stands for the soil liquid-water content. Numbers 1, 
2 and 3 represent the soil depths of 20, 40 and 60 cm, respectively. 

rate is likely to be a change in the soil ice content. The heat 
conduction of ice is 4 times that of water, and the heat ca-
pacity of water is twice that of ice. Therefore, the change in 
soil ice content directly affects the upward and downward 
heat flux, and further affects the whole-system net energy. 
According to the calculation of soil temperature after phase 
change in CLM3.0 as introduced in section 3.1, we know 
that the net energy greatly affects the calculation of soil 
temperature. Changing the freezing rate affects the soil 
temperature, while it reveals the limitations of the algorithm 
used for the calculation of soil temperature in the case of a 
phase change. In the case of a phase change, it is difficult to 

obtain a numerical solution. We therefore suggest using the 
total enthalpy of soil and total quality of soil water as pre-
dictands to avoid the problem of obtaining a numerical so-
lution. 

4  Discussion and conclusion  

The land-surface model CLM3.0 was employed to simulate 
the soil water and thermal processes at a site in Suli, Qing-
hai Province, from February 1 to December 31, 2009. The 
capability of the model was examined by comparing the  
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Figure 6  Comparison of observations (obs, heavy line) with soil temperature simulated with the modified freezing rate (test 2, dot line) and without (test 3, 
fine line) during the freezing period. The letter “a” in each figure represents the soil temperature and “b” indicates the soil liquid-water content. Numbers 1, 2 
and 3 represent soil depths of 20, 40 and 60 cm, respectively. 

model results with observations. In addition, the critical 
freeze-thaw temperature was modified according to phase 
equilibrium equations. The following results were obtained. 

(1) The exchange of soil water and heat was well simu-
lated by CLM3.0. However, some limitations need to be 
addressed; e.g. the simulated soil temperature is higher than 
that observed and the ultimate thawing date is earlier than 
that observed during melting. The simulated soil tempera-
ture is a little lower than that observed and the ultimate 
freezing of deep soil is earlier than observed. Overall, the 
simulation of freezing is better than that of melting and the 
simulation of the shallow layer is better than that of deeper 

layers. 
(2) The critical freeze-thaw temperature for certain liq-

uid-water content can be calculated according to the phase 
equilibrium equation. With less liquid water content, the 
higher the sand content and the higher the critical freeze- 
thaw temperature, and vice versa. The critical freeze-thaw 
temperature approaches the freezing point as the liquid wa-
ter content increases, but it is always below the freezing 
temperature. 

(3) As the soil critical temperature for thawing decreases, 
the process of soil melting at a certain temperature below 
the freezing point is well simulated by CLM3.0. Because 
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the frozen soil melts when the soil temperature is below 0°C, 
the melting absorbs energy, and the thermal capacity of wa-
ter is greater than that of ice, thus limiting the rate of in-
crease in soil temperature and the rate of melting. The soil 
temperature simulated with the modified freeze-thaw 
scheme is thus lower than that obtained previously during 
the melting process, and the results are a closer match to 
observations. 

(4) A sensitivity test shows that the freezing rate during 
freezing differs greatly from that during melting, with the 
former being lower than the latter, and the soil in the upper 
layers freezes more quickly than that in the lower layers. 
This provides a basis for improving the frozen-soil model in 
the future.  

There are limitations to applying a land-surface model to 
plateau areas because of the complexity of terrain. The 
simulation of soil temperature and moisture has been nota-
bly improved using CLM3.0 with the modified freeze-thaw 
scheme. However, compared with observations, the simu-
lated melting of shallow soil layers is slow, and the adjust-
ment of the freezing rate is subjective, indicating that there 
are limitations to the calculation of soil temperature as 
phase change occurs. The occurrence of phase change 
makes it difficult to obtain a numerical solution. We there-
fore suggest using the total enthalpy of soil and the total 
quality of soil water as predictands to avoid the problem of 
obtaining a numerical solution. The numerical test was only 
carried out at a single point with the default surface dataset 
in this paper; therefore the observational soil properties 
were required and more tests should be carried out at dif-
ferent plateau stations and in various areas to enhance our 
understanding of the hydrothermal influence in cold re-
gions. 
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卫星遥感海表温度资料和高度计资料的变分同化 
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境国家重点实验室(中国科学院南海海洋研究所), 广东 广州 510301 

摘要: 利用国家气候中心正在发展的第二代全球海洋资料同化系统(BCC_GODAS2.0), 针对多变量同化的协调性

问题, 发展了一种基于三维变分框架(3DVAR)下的高度计和海表温度(SST)相互约束的同化方法。该方法使海面高

度和 SST资料在同一个动力约束关系下进行同化。在一般方法中, 海面高度和 SST观测项是代价函数中 2个独立

的观测项, 海面高度项引入动力高度计算公式, 海表温度项用统计关系进行垂向投影。在代价函数的实际求解的

计算过程中, 虽然其总体积分效应受海面高度观测的约束, 但整个水柱中各层温盐分析变量的调整是无序的。针

对这个问题, 文章提出一种新的同化方案。该方案将 SST的观测项并入海面高度观测项中, 海面高度的一部分, 确

切说是上层海洋部分, 由 SST 决定, 因此至少在 SST 的统计关系能影响到深度的上层海洋, 在代价函数的求解过

程中, 温盐的调整是受较强的统计关系约束的, 而这种统计关系的有效性已经在很多 SST 的同化试验中被其他学

者广泛应用并证明。利用该方法, 对 1993—1997年的 AVHRR卫星遥感海表温度资料进行变分同化试验, 用 TAO、

OISST和 SODA数据集进行检验证明, 通过对卫星遥感资料的同化能够有效改进对海洋温度和盐度的估计。海洋

表层的月平均温、盐度的总均方根误差相对同化前分别降低了 0.67℃和 0.2‰。在混合层中, 同化效果较好。 

关键词: 海洋资料同化; 三维变分; 海表温度; 高度计; 遥感资料; 垂向投影 
中图分类号: P731    文献标识码: A    文章编号: 1009-5470(2011)03-0001-08 

Variation assimilation using satellite data of sea surface temperature and altimeter  

XIAO Xian-jun1, HE Na2, ZHANG Zu-qiang1, LIU Huai-ming3, WANG Dong-xiao4 
1. National Climate Center, Beijing 100081, China; 2. Beijing Meteorological Observatory, Beijing 100089, China; 3. Nanjing Uni-
versity of Information Science and Technology, Nanjing 210044, China; 4. State Key Laboratory of Oceanography in the Tropics 
(South China Sea Institute of Oceanology, CAS), Guangzhou 510301, China 

Abstract: A new method for assimilating altimeter and sea surface temperature (SST) data was developed for the second gen-
eration Global Ocean Data Assimilation System of the Beijing Climate Center. The method allows the altimeter and SST data 
to be assimilated under one dynamic constraint based on the three-dimensional variation (3DVAR). In the cost function, the 
background was temperature and salinity from the model. The analytical variables were temperature and salinity. The sea sur-
face high and SST were from the observations. The formula of steric high was introduced in the observation term. Because the 
steric high formula only constrained the integral of temperature and salinity in a water column from sea level to 1000 m, it will 
be unprincipled for the adjustment about the temperature and salinity analytics in the calculation of iteration absenting being 
short of accurate describing of vertical error covariance. Unfortunately we could not obtain the accurate covariance. To resolve 
this problem, the authors put the SST observation into the sea surface high observation term, making one part of the steric high 
be determined by the SST. So at least in the upper ocean, the adjustment of temperature and salinity is constrained by the SST 
according to appropriately chosen vertical relationship for them, which was already shown to be possible in many methods for 
SST assimilation. This new method was applied in the BCC_GODAS2.0. Five years (1993−2002) of assimilation experiment 
was performed to test this method, with the assimilation of AVHRR SST and TOPEX/Poseidon altimeter data. The experiment 
showed this method was successful. The root-mean-square errors for monthly temperature and salinity were reduced 0.67℃ 
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and 0.2 psu, respectively compared with the results without the assimilation. All the results were evaluated with independent 
observations or reanalysis data, such as TAO, OISST and SODA data. The improvement was significant, particularly in the 
mixed layer. 
Key words: ocean data assimilation; three dimensional variation (3DVAR); sea surface temperature (SST); altimeter; satellite 
data; dynamic constrain  
 

卫星遥感技术的迅猛发展, 提供了更为丰富的
海洋观测数据, 也为海洋资料同化开启了新的研究
领域。相对于传统的浮标或潜标观测资料, 卫星遥
感资料具有覆盖全球、高分辨率、能及时获取的优

点, 因此对于业务同化应用有较高价值。然而, 卫星
对海洋的观测只局限于表层或者近表层。例如最广

泛应用的海表温度(SST)资料 , 如果直接放到同化
函数中, 不作其他动力或统计的考虑, 观测资料的
效应将很快被耗散, 同化难以达到预期效果[1]。在海

洋卫星遥感资料的同化中, 垂向投影技术一直是研
究的重点问题[2−7]。 

目前, 单变量的卫星遥感资料的垂向投影同化
技术研究较多。然而, 随着卫星遥感资料种类的丰
富 , 一个同化系统中必然涉及多种遥感资料的同
化。多变量的垂向投影同化技术成为我们需要考虑

的问题。 
从产生平衡的初始条件的目的出发, 资料同化

中关注较多的是多变量的背景误差协方差矩阵设计

问题。例如在集合卡曼滤波(EnKF)同化中, 利用经
验正交函数在一个约化的子空间计算误差协方差 , 
可以得到较为复杂的多变量协方差结构, 然而会带
来秩缺乏的问题[8−9]。在实际同化应用中, 最为普遍
的方法还是直接引入动力约束关系, 如地转关系、
非线性温盐关系等的引入[10−14]。变量约束关系的引

入, 既有利于海洋模式的平衡, 也是对资料信息的
进一步挖掘, 能产生更好的预报结果。对于变分同
化来说, 动力约束关系可以在代价函数中较为自然
地引入, 因此是动力约束同化方案的最好载体。 

国家气候中心正在发展的第二代全球海洋资料

同化系统 (BCC_GODAS2.0), 是建立在三维变分
(3DVAR)的框架上, 因此本研究选用该系统进行高
度计和 SST资料的同化方法试验。BCC_GODAS2.0
选用的状态变量是温度和盐度, 其代价函数中背景
项有 2 项, 分别是温度和盐度, 观测项包括海面高
度项和 SST 项。第 3 项观测项是 ARGO 和 GTS 上
的温盐廓线观测 , 由于这项与本文研究内容无关 , 
在试验中我们关掉了此项, 其效应在此不作考虑。
SST 的观测项是用统计关系进行垂向相关投影。海
面高度的观测项中, 引入了动力高度计算公式约束

温盐的调整。然而我们应该注意到, 动力高度公式
是表示海表到约 1000m深度的温盐的积分关系。也
就是说, 这个公式只能约束 0—1000m 的温盐的积

分值, 因此在我们求解代价函数的计算过程中, 各
层的温盐的调整是无序的。我们一般情况下是假定

观测背景误差协方差是空间不相关的, 因此它对各
层温盐无法约束。而背景误差协方差虽然有垂向分

量, 但是它只能通过分析变量对各层关系作间接的
很弱的约束。我们知道, 背景误差协方差很难准确
表示变量的真实相关关系。针对这个问题, 我们提
出一种新的同化方案。该方案将 SST的观测项并入
海面高度观测项中。海面高度的一部分, 确切说是
上层海洋部分, 由 SST 决定。因此, 至少在 SST 的
统计关系能影响到的深度的上层海洋, 在代价函数
的求解过程中, 温盐的调整是受较强的统计关系约
束的, 而这种统计关系的有效性已经在很多 SST 的
同化试验中被其他学者广泛应用并证明。利用此方

法, 对AVHRR海表温度和 T/P高度计两种资料进行
1993—2002 年的同化试验, 通过各种独立资料的检
验, 验证了该方法的可行性。 

本文第 1 节将对所用海洋模式和观测资料作一
简单介绍, 第 2节重点介绍所用同化方法, 第 3节是
同化试验结果分析, 最后是结论和讨论。 

1  模式及资料介绍 

本文研究所用的 MOM4 模式使用了全球
Tripolar 格点, 纬向分辨率约为 1°, 经向分辨率在
29°30′S—29°30′N 间的区域从赤道(1/3)°渐变至 1°, 
其他区域为 1°, 模式垂向分为 50 层, 5—225m 以
10m间隔等间距分层。225m以下的层次呈不等距分
布, 深度越深, 间隔越大, 变幅从 11m增至 366m。
洋底地形数据集采用的是 72°S—72°N 之间区域的
卫星数据、美国 NOAA的 5′全球地形数据(ETOPO5)
以及北冰洋世界海底地形图(IBCAO)三者的综合数
据资料, 模式最深处到达 5500m。动力学和热力学
条件采用美国环境预报中心(NECP)的月平均再分
析资料和大气的海温驱动资料[15]。 

为验证高度计资料和海表温度资料的协调同化

方案, 本文用于同化的观测资料有 2 种: 一种是海
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表温度资料, 另一种是高度计资料。同化中使用的
是 Altimeter Ocean Pathfinder TOPEX/Poseidon 9.2
版数据集的沿轨卫星高度计海表动力高度资料, 其
空间分辨率为 6km。将资料沿轨道作 3 次五点滑动
平均后插值到 60km 间隔上, 以避免资料过密使同
化时矩阵条件数过大、不易收敛的问题。系统中同

化的卫星海表温度观测资料是 NOAA/NASA 的

AVHRR 海表温度(SST)数据, 此数据源自 NASA 的
JPL (National Aeronautics and Space Administration 
Jet Propulsion Laboratory)数据中心(http://podaac.jpl. 
nasa.gov/), 本文所采用的数据为其 216 号产品
——AVHRR Pathfinder SST 5版本中日平均升轨的
候平均数据(以下简称 AVHRR SST), 该数据的水平
分辨率为 4km。根据 NASA 提供的 AVHRR质量控
制文件, 分为 0 级(最差)—7 级(最好)。本文选取质
量等级为 1级(含)以上的 SST数据。 

2  同化方案 

本文基于 MOM4 海洋模式建立了一个全球海
洋资料同化系统 , 该系统采用三维变分方法 [16-18], 
可以同化的观测资料包括中国气象局GTS线路上的
温盐资料、ARGO资料、卫星遥感 SST资料、卫星
遥感高度计资料等。 

同化分析过程分为两步。第一步是在沿卫星高

度计轨道的剖面上同化高度计和 SST观测资料。高
度计观测垂向投影采用下面的动力高度计算的约束

关系[19]:  

0

0 0 0 0
0 0 0 0

( ) ( )mZ ρ T,S,Z ρ T ,S ,Z
h(T,S)

ρ (T ,S ,Z )
−

=−∫    (1) 

其中 T0和 S0是参考温度和盐度, 分别为 0℃和 35‰,  

Z0是参考深度, 取为 1000m。T、S、ρ分别代表温度、
盐度和密度, Zm表示不动层深度（本文中取 1000m）。
海表温度只在混合层中投影, 根据混合层中温度沿
深度相关性构建投影算子, 在海表观测 SST 与模式
温度相关性为 1, 相关性按温度沿深度递减率建立, 
在实际计算中当相邻两层温度递减率高于 0.6 时, 
认为相关为 0。SST 和海表高度如果分别作为独立
的观测项进入代价函数, 需要定义各自的观测误差
协方差矩阵, 定义不合适常常会引入额外的误差。
因此, 我们用 SST 垂向投影得到的温度和通过温盐
约束关系得到的盐度计算混合层动力高度 hc。总的

动力高度, 即模式长期积分得到的平均动力高度和
高度计观测的海表高度异常之和, 等于混合层下的
温盐计算的动力高度 h和 hc之和。hc的深度完全由

SST 的投影深度决定。代价函数如下, 其控制变量
为 T、S:  

T 1 T
b T b b b

T 1
c s b m o

c s b m o

S( ) ( ) ( )

( (
)

J − −

−

= − − + − − +

+ − − +

− −

1

,

) (

( , ) ( , ( )) ) ( , )
( ( ))

T T E T T S S E S S

h T S h T S T h h O h T S
h T S T h h (2)

 

(2)式中, T、S 分别是温度、盐度向量分析场; Tb、

Sb分别是由模式得到的温度、盐度背景场; hm是由

模式得到的平均海表动力高度; ho 是由卫星高度计

资料得到的海面动力高度异常; H 表示温盐计算得

到的海表动力高度; O为观测误差协方差矩阵; ET和

ES分别为温度和盐度的背景误差协方差矩阵; hc为

卫星遥感海表温度投影计算得到的动力高度约束 ; 

Ts是 SST观测值。 

这个方法最显著的优点是 , 卫星遥感观测的

SST 不但能通过垂向相关投影影响上层的温度, 并

且能通过动力高度约束项 hc约束下层的温盐分析。

一般 SST 的直接投影到达的影响深度只有 100m 左

右, 但是本方法通过动力高度的计算, 将 SST 影响

进一步向下投影, 扩大其影响深度到 1000m。其次, 

该方法对于 2 种观测资料, 只需要定义一个观测误

差协方差矩阵, 降低了人为因素影响的风险。 

第二步, 对于每一个模式水平层, 求下面代价

函数的极小值。 
T

b T b
T

b S b
T

O T O

O S O
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1
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其中 T和 S分别是一水平层上的温度、盐度向量分
析场; Tb、Sb 分别是由模式得到的一水平层上的温

度、盐度向量背景场; TO和 SO分别是水平层上温度

和盐度的“伪观测”向量; BT和 BS分别是该水平层

上温度、盐度的背景误差协方差; OT和 OS分别是该

水平层上温度、盐度的观测误差协方差; H为观测算
子, 是一个双线性插值算子。 

背景误差协方差采用高斯型, 形式如下:  

      Δ Δexp
2 2

2 2
x y

x yB A
L L

⎛ ⎞⎟⎜ ⎟⎜= − − ⎟⎜ ⎟⎜ ⎟⎟⎜⎝ ⎠
        (4) 

其中 A 为背景误差方差, 对于温度取 2.0, 盐度取

0.15‰。∆x和∆y为两水平点在 x和 y方向上的距离; 

Lx和 Ly表示不相关尺度, 对于温度取 Lx＝450km、

Ly＝650km, 对于盐度取 Lx＝420km、Ly＝510km。

温度、盐度的观测误差方差分别取 0.1、0.05。 

668



4 热 带 海 洋 学 报 Vol. 30, No. 3 / May, 2011 

 

3  同化结果分析 

本文选择的比较资料为 NCEP 的海表温度再分
析资料 OISST_V2(简称 OISST)、TOGA/TAO (in-
ternational tropical ocean and global atmosphere/ 
tropical atmosphere ocean)阵列中的海温观测以及美
国马里兰大学的 Simple Ocean Data Assimilation海
洋再分析数据集(简称 SODA)。 

从 1993—1997 这 5 年平均的温盐分布(图 1)来
看, 同化后的 SST 与 OISST 整体分布非常相近, 模
拟的结果在赤道西太平洋暖池地区存在一个明显的

30℃高温区, 同化后此高温区消失。同化后 27℃等
温线较同化前也明显地平滑, 整体分布均和 OISST
观测结果接近。盐度的改善体现在南、北副热带海

域的高盐区, 在这些区域模拟的盐度普遍偏高, 最
大能达到 37‰, 同化之后盐度的分布与 SODA资料
集更加吻合。温盐的偏差分布(图 2)较明显地体现出
同化系统的作用。同化温度前, 在西北太平洋日本
岛附近, 大西洋西北部北美洲东岸, 印度洋南部和
太平洋南部存在温度的偏差大值区, 最大的偏差值
有 5℃甚至以上, 经过同化后, 这些偏差大值均被

有效减小, 全球 SST海温与 OISST的观测结果基本
控制在±2℃之间, 虽然在日本岛东部地区和北美洲
东岸仍有一些偏差较大值存在, 但比起模拟, 该区
域的偏差值减小得很多, 且偏差绝对值的最大值也
降到 3.5℃以内。这些局部地区(包括高纬地区)同化
改善不大的原因, 可能是卫星遥感资料在这些地方
缺测较多或者质量不好。首先, 这两种遥感资料在
60°以外的较高纬度都没测量。其次, 我们同化所
用的 AVHRR 海表温度资料是红外资料, 受云的影
响, 会有相当部分缺测。受潮汐影响, 高度计资料在
近岸效果也不好, 导致我们的同化结果在这些地方
提高有限。如何提高这些地方的同化效果是我们今

后的工作中要重点考虑的问题。模拟与 SODA 的盐
度偏差几乎大部分区域都在±1‰以上, 特别是在赤
道东太平洋、印度洋和大西洋, 盐度的最大偏差能
达到±2‰甚至以上, 同化后这些偏差大值区基本控
制在了±0.8‰以内, 盐度有如此好的改善作用, 一部
分原因也是由于模式模拟盐度偏差本身就比较大。 

垂向海温我们用模拟、同化和 SODA再分析资

料集进行比较, 图 3a、b 分别是模拟与 SODA、同 

 

图 1  1993—1997年平均的温度(℃)、盐度(‰)的海表分布 
a.温度的模拟结果; b.盐度的模拟结果; c.温度的同化结果; d.盐度的同化结果; e. OISST; f. SODA 

Fig.1  Distribution of SST (℃)，sea surface salinity (SSS) (psu) averaged from 1993 to 1997, with (a) for simulation result of 
SST, (b) for simulation result of SSS, (c) for assimilation result of SST, (d) for assimilation result of SSS, (e) for OISST, and (f) 
for SODA 
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图 2  1993—1997年平均的海表温度(℃)、海表盐度(‰)偏差分布图 
a.模拟温度与 OISST; b.模拟盐度与 SODA盐度; c.同化温度与 OISST; d.同化盐度与 SODA盐度 
Fig. 2  Distribution of SST bias ( ), ℃ SSS bias (psu) averaged from 1993 to 1997, with (a) for simulated temperature and 
OISST, (b) for simulated salinity and SODA salinity, (c) for assimilated temperature and OISST, and (d) for assimilated salin-
ity and SODA salinity 

 

图 3  1993—1997年平均温度( )℃ 、盐度(‰)沿纬向平均的垂直剖面 
a. 模拟温度−SODA温度; b. 模拟盐度−SODA盐度; c. 同化温度−SODA盐度; d. 同化盐度−SODA盐度 

Fig. 3  Vertical section of temperature (℃) and salinity (psu) along latitude averaged form 1993 to 1997, with (a) for simu-
lated temperature minus SODA temperature, (b) for simulated salinity minus SODA salinity, (c) for assimilated temperature 
minus SODA temperature, and (d) for assimilated salinity minus SODA salinity 
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化与 SODA 的温度和盐度偏差图。可以看出, 同化
后整体的温度偏差要比模拟的平均小 0.5 , ℃ 同化后

盐度的整体偏差较同化前降低 0.2‰, 在 300m 以上
区域都有比较好的改善, 在 300m以下南北纬 30°之
间的区域改善不大。尽管改进了垂向投影方法, 对
100m 以下次表层的改善有所提高, 但是海洋中下
层的改善仍然有赖于次表层观测资料的加入, 仅靠
在表层观测的海洋遥感资料, 难以得到海洋整层的
完美调整。 
 为了进一步验证同化在热带太平洋地区对温度

的改善情况, 将模拟与同化结果插值到 TOGA-TAO
的观测点上, 与其进行单点的比较。图 4分别给出 6
个不同时次 6个位置上的温度廓线图。可以看出, 模
拟的温度偏差与 TAO观测的偏差相对较大, 特别是
在温跃层下方, 在几个点的温度观测时间序列图(图
5)中也证实了同化对 300m 以上海域的温度场产生

了正面影响, 虽然在 300m 以下同化后的温度较模

拟温度更接近于观测温度, 但偏差还是较大, 有待
改进。 

图 6是 1993—1997年平均全球海洋温、盐均方
根误差(Root Mean Squared Error, RMSE)的垂向分
布图。表层的温度我们仍用 OISST 作为观测数据, 
从第 2层开始用 SODA作为对比数据。从年平均来
看，表层、100m到 750m的层次同化后对温度的改
善效果比较显著, 表层的 RMSE在同化前为 1.45 , ℃

同化后为 0.78 , ℃ 减少了 0.67℃。 

4  小结 

本文基于国家气候中心正在发展的新一代海洋

资料同化系统, 发展了卫星高度计资料和卫星遥感

海表温度资料的协调同化方案。该方案首先考虑了

卫星遥感的海洋观测资料同化中的垂向投影问题。 

 

图 4  试验结果与独立的 TAO资料的垂直温度廓线 
a. 1993-10 (170°W, 5°S); b. 1994-09 (125°W, 5°S); c. 1995-11 (140°W, 2°S); d. 1996-04 (155°W, 5°N); e. 1996-05 (180°W, 0°N); f. 1997-06 (165°E, 
0°N)  
Fig. 4  Vertical temperature profile between test results and TAO, with short dashed lines for TAO, dotted lines for simulation, 
and solid lines for assimilation. 
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图 5  模拟、同化和 TAO的温度 
a. 点 140°W、0°N, 10m深度; b. 点 155°W、0°N, 50m深度; c. 点
180°W、2°S, 300m深度。 

Fig.5 Temperature of simulation, assimilation, and TAO, 
with (a) for 140°W, 0°N at 10 m, (b) for 155°W, 0°N, at 50 
m, and (c) for 180°W, 2°S, at 300 m. Short dashed lines are 
for TAO, dotted lines are for simulation, and solid lines are 
for assimilation. 
 

对高度计资料引入动力垂向投影方案, SST 资料采
用统计相关垂向投影。方案进一步考虑两种观测资

料的协调同化问题, 在动力高度计算项里, 将 SST
观测作为一个强约束引入到代价函数中。这种方案

使 SST 的垂向投影深度增加, 动力上也和高度计更
为协调 ,  并且还简化了运算 ,  对于两种观测资料 ,  

 

图 6  1993—1997 年平均全球海洋温度(a)、盐度(b)的均
方根误差垂直分布 
Fig. 5  Vertical distribution of temperature (℃) and salinity 
(psu) RMSE averaged from 1993 to 1997. Dot-dashed lines 
are for  simulation minus SODA, and solid lines are for 
assimilation minus SODA. 

 
只需要定义一个观测误差协方差矩阵。 

利用本文发展的同化方案, 对 T/P 高度计资料

和 AVHRR 海表温度产品进行了全球的 5 年资料同

化试验, 分别用 TAO、OISST和 SODA数据集检验

同化效果。试验结果证明, 通过对卫星遥感资料的

同化, 能够有效改进对海洋温度和盐度的估计。海

洋表层的月平均温、盐度的总均方根误差相对同化

前分别降低了 0.67℃和 0.2‰, 尤其对热带太平洋暖

池地区海域和东、西沿岸地带的温度、盐度场的修

正比较显著。在混合层中同化效果较好。对于近岸

或高纬的结果改善, 应该更多地依赖于浮标资料的

同化。 
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ABSTRACT

Based on the National Climate Center (NCC) of China operational seasonal prediction model results
for the period 1983–2009 and the US National Weather Service Climate Prediction Center merged analy-
sis of precipitation in the same period, together with the 74 circulation indices of NCC Climate System
Diagnostic Division and 40 climate indices of NOAA of US during 1951–2009, an analogue-dynamical tech-
nique for objective and quantitative prediction of monsoon precipitation in Northeast China is proposed
and implemented. Useful information is extracted from the historical data to estimate the model forecast
errors. Dominant predictors and the predictors that exhibit evolving analogues are identified through cross
validating the anomaly correlation coefficients (ACC) among single predictors, meanwhile with reference of
the results from the dynamic analogue bias correction using four analogue samples. Next, an optimal config-
uration of multiple predictors is set up and compared with historical optimal multi-predictor configurations
and then dynamically adjusted. Finally, the model errors are evaluated and utilized to correct the NCC
operational seasonal prediction model results, and the forecast of monsoon precipitation is obtained at last.
The independent sample validation shows that this technique has effectively improved the monsoon precip-
itation prediction skill during 2005–2009. This study demonstrates that the analogue-dynamical approach
is feasible in operational prediction of monsoon precipitation.

Key words: analogue-dynamical prediction, monsoon precipitation, correction of errors, dynamic and
optimal configuration
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1. Introduction

In recent decades, due to frequent occurences of
various weather disasters, short-term climate predic-
tion becomes an important issue that has attracted in-
creasing attention worldwide. China is located in East
Asia with complicated natural conditions, where both
the amount of precipitation and the distribution of

the rain belt are controlled by the East Asian summer
monsoon (Zhu, 1934). Monsoon precipitation anoma-
lies can lead to large-scale droughts and floods, and
thus significantly impact on the socio-economic devel-
opment and people’s daily life. Seasonal prediction
of precipitation has been the top priority of disaster
prevention and reduction in China. Under the back-
ground of global warming, increasing economic loss is
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caused by climate anomalies and extreme weather
events, so improving the accuracy of seasonal climate
prediction is imperative.

Northeast China lies in the dry and warm conti-
nental monsoon climate zone. Large amounts of data
reveal that the summer floods and droughts and ex-
treme weather events are fairly active in recent years.
There are signs indicating that there is an increasing
trend of frequency for droughts and floods. With re-
gard to the causes of monsoon precipitation in North-
east China, plenty of investigations have been done.
The relevant studies show that geographical locality of
the subtropical high ridge, the Northeast China cold
vortex, and the Arctic dipole anomaly has significant
correlations with summer rainfall in Northeast China
(Sha and Guo, 1998; He et al., 2006; Wu et al., 2008).
Liu et al. (2003) analyzed the relationship between
seasonal variations of 500-hPa geopotential height in
the North Pacific Oscillation (NPO) region (25◦–70◦N,
140◦W–150◦E) and precipitation in Northeast China.
They found that summer precipitation over Northeast
China is above normal when the 500-hPa geopotential
height in the NPO region in the previous winter is in
the negative phase, and vice versa. Sun and An (2003)
found when the equatorial central-eastern Pacific SST
has a positive (or negative) departure distribution and
the SST over the west wind drift region has a negative
(or positive) departure distribution from last summer
to the preceding spring, then Northeast China tends
to have more (or less) precipitation than normal in
summer as a whole. Bai (2001) pointed out when the
winter SST in North Atlantic turns warm in the south
and cold in the north, it will bring about more pre-
cipitation in summer over Northeast China, and the
reverse is also true. In addition to the atmospheric
circulation and the SST anomalies that affect summer
precipitation in Northeast China, many studies show
that the snow cover over Eurasia, the Qinghai-Tibetan
Plateau and East Asia in pre-winter also affects sum-
mer rainfall in Northeast China (Zhai and Zhou, 1997;
Chen and Song, 2000).

On the whole, the factors and mechanisms af-
fecting the monsoon precipitation in Northeast China
have been proved to be comprehensive and compli-
cated, especially for operational prediction. On the

one hand, there are some key factors that influence
monsoon precipitation of Northeast China, which have
not yet been identified. On the other hand, given all
the impact factors under consideration, usually for a
particular region, the monsoon precipitation is the re-
sult of multi-factor co-action, and in different time pe-
riods the configuration or combination of the factors
is different. Therefore, it is necessary to use available
historical data to explore the formation mechanism of
monsoon precipitation so as to improve the monsoon
precipitation prediction level in Northeast China.

Statistical and dynamic methods are two basic
methods used in short-term climate prediction. Both
methods have their own advantages and shortcom-
ings. In general, dynamical seasonal prediction has
a limited skill and falls behind the high expectation.
The general consensus is that statistical and dynamic
methods should be combined and developed together
(Chou, 2003). The problem of how to effectively inte-
grate the two methods has been extensively researched
(Thomas, 1970; Mo and Straus, 2002; Tippett et al.,
2005). Gu (1958) put forward the importance and the
feasibility of introducing historical data into numer-
ical prediction. Chou (1986) discussed the principle
on how to combine statistical and dynamical methods
in the long-term climate prediction. Various predic-
tion methods based on different principles have been
proposed, such as utilizing multiple-instant observa-
tions in numerical weather forecast models (Zheng and
Du, 1973; Chou, 1974), analogue-dynamical prediction
(Qiu et al., 1989; Huang and Wang, 1991; Huang et
al., 1993), and the methods based on the atmospheric
self-memorization (Cao, 1993; Gu, 1998; Feng et al.,
2001; Bao et al., 2004). Numerical experiments proved
that these methods can improve the prediction skill.

In recent years, with increased observational data
and improvement in numerical models, short-term cli-
mate prediction has rapidly developed (Ren and Chou,
2005, 2007; Zheng et al., 2009), but the current oper-
ational prediction level is not high enough, so further
improvement is still needed (Wang, 2001; Barnston et
al., 2005; Ren and Chou, 2007).

This study aims to conduct precipitation predic-
tion over Northeast China (40◦–55◦N, 110◦–135◦E; to-
tal 77 grids) based on the analogue-dynamical method.
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Through searching for analogues to the initial field
in history, dynamical model errors can be estimated
by the corresponding analogous errors. A new tech-
nique called changeable/dynamic and optimal config-
uration of multiple predictors for monsoon precipita-
tion analogue-dynamical prediction is proposed and
experimented.

2. Data

The National Climate Centre (NCC) of China has
established an operational short-term climate predic-
tion system (Ding et al., 2002; Li et al., 2005). The
model horizontal resolution is about 1.875◦×1.875◦.
In this study, hindcast and predicted precipitation
data (after being interpolated to a 2.5◦×2.5◦ grid) for
a total of 27 yr (1983–2009) from the NCC operational
seasonal prediction model are used. Note that only
ensemble mean results for June–August from the in-
tegrations beginning at the end of February in each
year are selected. The CPC (Climate Prediction Cen-
ter, National Weather Service, U. S.) Merged Analysis
of Precipitation (CMAP) data are taken as observa-
tion, and then the model errors, namely, the discrep-
ancies between the model and the CMAP data, are
obtained. Analogues are selected from the 74 circula-
tion indices from the NCC Climate System Diagnostic
Division and the 40 climate indices from NOAA of US.

3. Basic principle of the analogue-dynamical

prediction

In essence, the numerical prediction model is an
initial value problem of a set of partial differential
equations, which are expressed as follows:

⎧
⎨
⎩

∂ψ

∂t
+ L(ψ) = 0,

ψ(x, t0) = ψ0(x),
(1)

where ψ(x, t) is the model state vector to be predicted;
x and t, respectively, are the vector in spatial coordi-
nate and time; L is the differential operator of ψ, which
corresponds to a real numerical model; t0 denotes the
initial time; and ψ0 is the initial value. The value ψ or
its function P (ψ) at t > t0 can be obtained by numer-
ical integration. Then the exact model that the real

atmosphere satisfies can be written as

∂ψ

∂t
+ L(ψ) = E(ψ), (2)

where E is the error operator that expresses the er-
rors of the real numerical model. From the dynamical
point of view, the historical data can be regard as a
series of special solutions that satisfy Eq. (1).

Numerical model is an approximation of the be-
havior of the actual atmosphere. Scientists have de-
voted to the enhancement of climate models; however,
existing models are still far from being sufficiently pre-
cise in prediction. Such efforts are generally carried
out by directly improving the model’s physical para-
meterization schemes, numerical methods, and so on,
thus to reduce the model errors. Nonetheless, no mat-
ter how the model develops, the errors will remain
inevitable and even substantial. In fact, although we
do not know the exact solutions that control the atmo-
spheric motion, we possess a large number of observa-
tion data that are actually a series of special solutions.
Thus, we can utilize the information of historical ana-
logues to estimate model errors, thereby to compen-
sate the model deficiencies and reduce the model er-
rors.

The atmosphere is a forced dissipative nonlinear
system. The system adjusts to external forcing. Long-
term operational prediction experiences have shown
that, with alike initial and boundary conditions, the
evolutions of the atmosphere are also alike. Therefore,
for any initial value, we can utilize the model error
information of historical analogue, assuming that the
prediction field is a small perturbation superposed on
the historical analogue, so the current model predic-
tion errors can be estimated by the corresponding er-
rors of historical analogues. In other words, the prob-
lem is transformed from improving the dynamical pre-
diction of numerical models into the inverse problem of
utilizing historical data to estimate current unknown
model errors based on known historical analogical in-
formation.

4. Method

The mechanisms for monsoon precipitation are
different in different regions, which means that each
region has its own precipitation impact factors. Even
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under the same external forcing, due to lack of knowl-
edge of the internal physical processes, defects in phys-
ical parameterization schemes, and so on, the response
pattern and model prediction errors may also vary for
different regions. But for a given region, under the
analogous external forcing, the model errors will be
analogous on certain timescales. Thus, we can uti-
lize the analogue error correction method to correct
the model results. The current study is based on
the principle of analogue-dynamical prediction, aim-
ing at improving the monsoon precipitation prediction
accuracy of the NCC operational seasonal prediction
model. Figure 1 shows the flowchart of the analogue-
dynamical prediction of monsoon precipitation based
on dynamic and optimal multi-predictor configuration.

First, according to the 1983–2009 CMAP data
and precipitation data from the NCC operational sea-

sonal prediction model, the model errors in the re-
cent 27 years are obtained. Subsequently, 114 cli-
mate indices are taken as 1368 predictors, and 4
cases of historical analogues are selected based on
the analogue-dynamical principle. For each predic-
tor, cross-validation is carried out. After sorting these
predictors according to their cross-validation ACCs
and the evolving analogous scheme, the predictors
that exhibit evolving analogues are identified. With
these predictors, multi-factor configuration and cross-
validation are carried out again, and then the opti-
mal multi-factor configuration is obtained. Combined
with the recent historical optimal multi-factor config-
uration, the steady optimal multi-predictor configura-
tion in a prediction period is eventually determined.
At last, based on this final optimal multi-predictor
configuration and the analogue-dynamical prediction

Fig. 1. Flowchart of the analogue-dynamical prediction of monsoon precipitation based on dynamic and optimal

configuration of multiple predictors.
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method, the model errors are estimated, by which the
model prediction results are corrected and the model
prediction results are obtained.

4.1 Analogue selection

The analogue-dynamical prediction results are di-
rectly influenced by the selection of analogues. Appro-
priate selection of historical analogues and their num-
bers can effectively improve the prediction skill. In
general, within a certain time frame, the more anal-
ogous the initial fields to history, the more closer the
model climate evolution and model errors to history
and past model errors. Thus, selection of the right his-
torical analogues are very important. The Euclidean
distance is taken as the historical analogue selection
criterion, and historical model errors for the four most
analogous cases are averaged as the prediction model
errors (Bao et al., 2004; Ren and Chou, 2007). The
related algorithm is shown as follows:

AI =

⎡
⎢⎢⎢⎣

k∑
i=1

wi(ϕ′
ij − ϕ′

ik)2

k∑
i=1

wi

⎤
⎥⎥⎥⎦

1
2

, (3)

where AI denotes the Euclidean distance, ϕ′
ij and ϕ′

ik

represent two fields at different times (j and k), and
wi is the weight coefficient. The smaller AI is, the
more analogous the initial field to the historical field.
In view of the basic theory of analogue-dynamical pre-
diction, four historical analogues are selected, and then
the prediction model errors can be expressed as:

Ê(ψ0) =
4∑

j=1

bjÊ
(
ψ̃j

)
/

4∑

j=1

bj =
4∑

j=1

ajÊ(ψ̃j), (4)

where Ê(ψ̃j) is the model error with respect to his-

torical analogue ψ̃j , aj = bj/
4∑

j=1

bj is the normalized

weight coefficient, and bj is the coefficient to be deter-
mined.

4.2 Selection of regional predictors

A number of previous studies have been carried
out to find out predictors that impact on the mon-
soon precipitation in Northeast China (Zhai and Zhou,
1997; Sha and Guo, 1998; Chen and Song, 2000; Bai,
2001; Liu et al., 2003; Sun and An, 2003; He et al.,

2006; Wu et al., 2008). In the current study, 74 circu-
lation indices from NCC and 40 climate indices from
NOAA are used as predictors. The distribution of cir-
culation indices varies with months. Therefore, the
response of the short-term climate prediction model is
different under different circulation conditions which
are supplied as the boundary or external forcing to
the model. A climate index can be considered as 12
predictors following 12 months, so 114 climate indices
can be viewed as 1368 predictors (impact factors).

The selection of regional monsoon precipitation
predictors should follow these basic principles: 1) these
factors should have clear physical meanings; 2) they
should be correlated with the model errors. Predic-
tors are often different in different periods of time, so
the prediction skills of predictors in different periods
of time vary. Taking into account the above consid-
erations, the principle and process for selection of op-
timal multiple predictors are given as follows (taking
the prediction in 2009 as an example):

1) Selecting the factors that affect regional mon-
soon precipitation by sorting ACC values. By pro-
cessing cross-validation on single factor in the three
periods: 1983–2006, 1983–2007, and 1983–2008, the
factors are sorted according to cross-validation ACCs
in each period. The reason why the prediction of
2009 only considers the previous three periods is that
the summer rainfall in Northeast China has about
2–4-yr periodic variations (Sun et al., 2000), and a
more stable forecasting skill can be achieved for the
analogue-dynamical prediction based on the optimal
multi-predictor configuration from the previous three
periods.

2) Determining the dominant factor. Select at
least one factor that can obviously improve the ACC
from sorted factors in the above three periods and
nominate it the dominant factor. The single factor
cross-validation shows that, for a given area, the dom-
inant climatic factor varies from time to time and its
contribution to precipitation is stable, thus this fac-
tor is chosen as the dominant factor (for example, the
EPO in April).

3) Determining the factors with the evolving ana-
logues. For different periods, factors that always play
an important role in the rainfall prediction should be
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a priority. From the single factor cross-validation ACC
or the correlation coefficient between the factors and
observed monsoon precipitation, it can be seen that
there are many factors impacting monsoon precipita-
tion in Northeast China. The questions are: what
factor is dominant and which factor only shows a false
correlation? To solve these problems, the concept of
“evolving analogues” is brought forth. The results
show that adopting the evolving analogues to select
regional predictors is one of the reliable ways in im-
proving the precipitation prediction skill. It removes
those factors that have nothing to do with the pre-
cipitation in this region. Meanwhile, the process of
determining the factor with the evolving analogues is
essential for selecting only one factor from a climate
index. This greatly reduces the degrees of freedom of
prediction factors. The process of selecting the fac-
tor with the evolving analogues is as follows: 1© For
a given period of time, select all the factors that have
larger ACCs for predictions using the analogue error
correction than those using the systematic bias correc-
tion; 2© find the factors that originate from the same
climate index. For a climate index, if many of the
factors from it (in different months) have the ability
to improve the monsoon prediction skill, then we can
say this climate index has the evolving analogues. For
the same climate index, only the factor corresponding
to the greatest ACC is considered. For simplicity, we
take the factor corresponding to the highest ACC as
the evolving analogous factor.

4) Determining the optimal multi-predictor con-
figuration. From the factors with the evolving ana-
logues in each period, the configuration of optimal fac-
tors is identified through the cross-validation of ACC.
Taking the common optimal factors in each period and
establishing the regional impact factor set, then the
optimal multi-predictor configuration is finalized.

For selection of multi-factor configuration, as a
result of large amount of data and large degree of free-
dom, the calculation work load is huge. Additionally,
the noise in the multiple factors and the correlation be-
tween factors will lead to nonlinear growth of errors.
Mo and Straus (2002) show that, by utilizing EOF
decomposition, the degree of freedom can be reduced
greatly while the influence of noise can be eliminated
effectively; essentially the dimension of the factors is
decreased.

EOF decomposition of the multi-factor field ψm×n

can be expressed as:

ψm×n = Vm×nTn×n, (5)

where m and n are the space and time dimensions re-
spectively. Vm×n is the normalized orthogonal base
field, and Tm×n the time coefficients field for princi-
pal components (PCs). For simplicity, only the first
h (h < m) PCs that jointly explain about 80% of the
total variance are used:

ψm×n = Vm×nTn×n ≈ Vm×hTh×n. (6)

4.3 Sensitivity of the number of predictors

As we know, in short-term climate prediction, for
a linear system, the more historical data we use, the
better the prediction is. However, for a nonlinear sys-
tem, the prediction skill will not depend on data quan-
tity but on particularity of data. The atmosphere is
a nonlinear complex system and it will be an effec-
tive way to utilize the dynamic optimal multi-predictor
configuration to compress the degree of freedom by ex-
tracting the component predictability so as to improve
short-term prediction skill.

Figure 2 shows the sensitivity of ACC to the
number of predictors in three periods: 1983–2006,
1983–2007, and 1983–2008. The multi-factor cross-
validation is done in each period. It is seen that, for
the analogue-dynamical monsoon precipitation predic-
tion, it is not true that the more predictors, the better
the prediction. On the whole, with the increase of
number of predictors, the ACC increases at first and

Fig. 2. ACC versus number of predictors for three time

periods.
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then decreases. When the number of predictors in-
creases from 1 to about 10, the ACC in each period
of time increases rapidly to a high value. When it
expands to 40 or so, the ACCs for the three periods
achieve relatively stable values and maintain a high
prediction skill. After more impact factors are brought
in, the ACC decreases rapidly. Moreover, it can be
seen from Fig. 2 that the cross-validation of ACC for
any single factor is below 0.2, while for the optimal
multi-factor configuration it is generally above 0.35,
some even reaching 0.4, implying the optimal multi-
actor configuration is skillful than any single factor.
Therefore, the optimal multi-factor configuration is an
effective way in short-term climate prediction.

4.4 Physical properties of predictors

With the analogue-dynamical prediction method
and optimal multi-predictor configuration, we made a
hindcast of monsoon precipitation in Northeast China
in 2009. The validation results are given in Table 1.
Note that only the factors in January are taken as the
factors in the same year while the factors from Febru-
ary to November are taken as the factors of last year.
The ACCs in Table 1 are cross-validation results for
1983–2008. The correlation coefficients are between
the predictors and the PC1 of observed monsoon pre-
cipitation/the NCC seasonal prediction model errors
in Northeast China.

For the analogue-dynamical prediction of mon-
soon precipitation in Northeast China, the dominant
predictor is the East Pacific Oscillation (EPO) index,
also known as the East Pacific-North Pacific pattern
(EP-NP) (Bell and Janowiak, 1995), in last April. The
cross-validation shows that for this single predictor,
the average ACCs in periods 1983–2006, 1983–2007,
and 1983–2008 are 0.14, 0.15, and 0.14, respectively,
ranking the second highest, and the highest correla-
tions, respectively. This well indicates the importance
of this predictor in monsoon precipitation prediction
in Northeast China.

Figure 3 shows the relationship between the
anomaly percentages of EPO in last April and the PC1
of monsoon precipitation in Northeast China. Figure
4 gives distributions of the correlation coefficients be-
tween the EPO in last April and observed monsoon
precipitation/model errors. Especially, from Fig. 4, it

Fig. 3. The relationship between the EPO in April and

the PC1 of monsoon precipitation in Northeast China. All

values are anomaly percentage, and the climate value is

the average from 1983 to 2002.

can be seen that monsoon precipitation and model er-
rors in Northeast China have a strong correlation with
the EPO in last April, especially in south of North-
east China, with values passing the 0.01 confidence
test over parts of the region. Therefore, the EPO in
last April is indeed a factor that impacts on the mon-
soon precipitation in Northeast China. Since the NCC
operational seasonal prediction model has an accurate
description of climate state, the distribution of the cor-
relation coefficient between the predictor and model
prediction errors is accordant with that between the
predictor and observed monsoon precipitation. This
is also true for other predictors (figure omitted).

Due to the complexity and nonlinear characteris-
tics of the atmosphere, dominant predictor and evolv-
ing analogues are selected by cross-validation of ACCs
instead of from the correlation coefficient between the
factor and the observed precipitation or model predic-
tion errors. In general, the regional monsoon precipi-
tation is the result of joint effects of multiple factors,
and the fact that the factors have a high correlation co-
efficient with observational precipitation or model pre-
diction errors does not mean a good prediction skill.
This may be the reason why the impact factors we se-
lected are different from those of previous researchers
(Zhai and Zhou, 1997; Chen and Song, 2000; He et al.,
2006; Wu et al., 2008). It can be seen from Table 1,
the correlation coefficient between the EPO in last
April and PC1 of observed precipitation or model
prediction errors in Northeast China are 0.33 and
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Fig. 4. Distributions of the correlation coefficient between the EPO in April and (a) observed monsoon precipitation,

and (b) model errors in Northeast China.

Table 1. The optimal multi-predictor configuration for prediction of monsoon precipitation in Northeast China
in 2009

Month Predictors
Cross-validation Correlation coefficient with PC1 of

ACC observed precipitation/model errors

1 Intensity of the East Asian trough 0.08 –0.20/–0.08

2 Northern position of the subtropical high over the 0.02 –0.18/ 0.15

South China Sea

4 EPO 0.14 0.33/–0.11

4 North Tropical Atlantic SST 0.05 –0.38/ 0.21

6 Pacific warm pool 0.01 –0.35/ 0.35

7 India-Burma trough –0.02 –0.11/–0.03

10 Ridge position of the subtropical high over India 0.001 –0.42/ 0.41
∗10 Area-averaged precipitation for Arizona and New Mexico –0.005 –0.16/ 0.27

∗http://www.esrl.noaa.gov/psd/data/climateindices/list/

–0.11, respectively. Although both of them could not
pass the 0.05 confidence test, its cross-validation ACC
is the largest; whereas the correlation coefficient be-
tween the ridge of the subtropical high over India
in last October and PC1 of observed precipitation or
model prediction errors in Northeast China passes the
0.05 confidence test, but the ACC is only 0.001. Thus,
by use of the single-factor cross-validation ACC, se-
lection of regional impact factors is more direct and
effective.

In addition, the relationship between the PC1 of
eight predictors in Table 1 and the monsoon precip-
itation in Northeast China is analyzed here (see Fig.
5). With EOF decomposition of the eight predictors,
the first 5 PCs’ cumulative explained variance already
reaches 80%, with each accounting for 37%, 20%, 12%,
11%, and 9% of the total variance, respectively. The
relationship between the PC1 of eight predictors and
the monsoon precipitation in Northeast China is obvi-

ously different from that of the EPO in last April (see
Fig. 3). The correlation coefficient for the former is

Fig. 5. The relationship between monsoon precipitation

in Northeast China and the configuration of eight indices.

All values are the anomaly percentage of PC1 after EOF,

and the correlation coefficient r = –0.31.
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–0.31, but for EPO is 0.31. The average cross-
validation ACC from 1983 to 2008 for the 8-predictor
configuration is 0.18, better than the systematic bias
correction prediction and the analogue error correc-
tion prediction using the only predictor of EPO in last
April, for which ACCs are –0.08 and 0.14, respectively.
The improvement also shows in the correlation coef-
ficients: for the systematic bias correction the value
is –0.17, while for the analogue errors correction it
reaches 0.14, showing a higher prediction skill.

5. Results of the independent sample valida-

tion

There are only 27-yr data that can be used in
analogue-dynamical prediction experiments, so it is
difficult to select a much better historical analogue
that excludes the abnormal predictors in certain years.
Taking the impact of the length of historical data on
the selection of historical analogues into consideration,
in this paper, independent sample validation experi-
ments were only carried out in the recent 5 years from
2005 to 2009. Figure 6 shows both ACC and RMSE
from the independent sample validation. Based on the
principles of analogue selection, according to values of
the Euclidean distance, cases for 5 yr are selected and
ordered as first, second, third, and fourth analogues

in Table 2 (the data in the brackets are the ACC of
monsoon precipitation between analogue year and the
year of hindcast).

It can be seen from the independent sample val-
idation of ACCs in Fig. 6a that, compared with
the systematic bias correction, the ACCs from the
analogue error correction under the optimal multi-
predictor configuration are mostly increased effec-
tively, except for 2005 and 2006 in the hindcast of
2005–2009 in Northeast China. The ACCs in the rest
3 years are higher, changing from –0.24, –0.08, and
0.09 to 0.13, –0.06, and 0.32, respectively. In 2005,
though the ACC from the analogue error correction
is smaller, but it still reaches 0.18. As to RMSE, it
can be seen from Fig. 6b that, compared with the
systematic bias correction, the analogue error correc-
tion does not make the RMSE reduced significantly
in these 5 years, except 2007. The RMSEs of the
rest 4 years increase slightly; the reasons herein need
to be further investigated. The ACCs between ana-
logue years and prediction years are shown in Ta-
ble 2. The ACC values between the first analogue
year and prediction years are positive except for 2007.
This clarifies that the analogue-dynamical prediction
of monsoon precipitation based on the optimal multi-
predictor configuration is reasonable and potentially
useable.

Table 2. Analogue years of the independent sample validation

Prediction year First analogue Second analogue Third analogue Fourth analogue

2005 2003(0.06) 1991(–0.08) 2001(0.46) 1997(–0.33)

2006 2005(0.07) 2002(–0.02) 2001(–0.08) 1990(–0.34)

2007 1988(–0.06) 2003(0.20) 1984(0.50) 1989(0.29)

2008 1988(0.26) 1992(–0.07) 1989(0.05) 1984(0.05)

2009 2000(0.36) 2002(0.42) 1992(0.22) 2004(–0.12)

Fig. 6. ACC (a) and RMSE (b) of the independent sample validation. Red and green bars represent results from the

systematic bias correction and the anologue error correction, respectively.
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6. Conclusions and discussion

Aiming at improving the skill of the NCC seasonal
prediction model that uses available historical data,
and through searching for analogues to the initial field
in the historical data, dynamical model prediction er-
rors can be estimated according to the model predic-
tion errors corresponding to historical analogues. By
using the CMAP data from 1983 to 2009 and precip-
itation data in the same period from the NCC op-
erational seasonal prediction model, we have identi-
fied predictors and found historical analogues based on
40 climate indices from NOAA and 74 circulation in-
dices from NCC Climate System Diagnostic Division.
Through sorting the predictors according to the cross-
validation ACC, we found out the dominant factors
and implemented the evolving analogue scheme, then
the optimal multi-factor configuration is used, and a
new technique called the analogue-dynamical predic-
tion based on changeable/dynamic and optimal config-
uration of multiple predictors is proposed. Experimen-
tal monsoon prodictions were made over Northeast
China. Sensitivity tests based on the cross-validation
ACC were carried out, which showed that the multi-
predictor configuration in monsoon precipitation pre-
diction is feasible and practical. The results of the in-
dependent sample validation from 2005 to 2009 show
that this method can effectively improve the monsoon
precipitation prediction ability of the NCC operational
seasonal prediction model in Northeast China. But
even in these five years, the ACC average is only 0.05,
at about the same level with that of the present op-
erational short-term climate prediction. That is to
say, it is not enough to improve the NCC operational
seasonal prediction model by only using this method.
Like other statistical prediction methods, the ACC in
these five years is unstable, and it is shown that there
is still a long way to go for improving the short-climate
prediction skill. In addition, the impact mechanism of
the identified factors on the precipitation needs to be
investigated as well.
‘
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Abstract. Quantitative evaluations of the impacts of climate
change on water resources are primarily constrained by un-
certainty in climate projections from GCMs. In this study we
assess uncertainty in the impacts of climate change on river
discharge in two catchments of the Yangtze and Yellow River
Basins that feature contrasting climate regimes (humid and
semi-arid). Specifically we quantify uncertainty associated
with GCM structure from a subset of CMIP3 AR4 GCMs
(HadCM3, HadGEM1, CCSM3.0, IPSL, ECHAM5, CSIRO,
CGCM3.1), SRES emissions scenarios (A1B, A2, B1, B2)
and prescribed increases in global mean air temperature (1◦C
to 6◦C). Climate projections, applied to semi-distributed hy-
drological models (SWAT 2005) in both catchments, indi-
cate trends toward warmer and wetter conditions. For pre-
scribed warming scenarios of 1◦C to 6◦C, linear increases
in mean annual river discharge, relative to baseline (1961–
1990), for the River Xiangxi and River Huangfuchuan are
+9% and 11% per +1◦C respectively. Intra-annual changes
include increases in flood (Q05) discharges for both rivers as
well as a shift in the timing of flood discharges from sum-
mer to autumn and a rise (24 to 93%) in dry season (Q95)
discharge for the River Xiangxi. Differences in projections
of mean annual river discharge between SRES emission sce-
narios using HadCM3 are comparatively minor for the River
Xiangxi (13 to 17% rise from baseline) but substantial (73 to
121%) for the River Huangfuchuan. With one minor excep-
tion of a slight (−2%) decrease in river discharge projected
using HadGEM1 for the River Xiangxi, mean annual river

Correspondence to:H. Xu
(xuhm@cma.gov.cn)

discharge is projected to increase in both catchments under
both the SRES A1B emission scenario and 2◦ rise in global
mean air temperature using all AR4 GCMs on the CMIP3
subset. For the River Xiangxi, there is substantial uncertainty
associated with GCM structure in the magnitude of the rise
in flood (Q05) discharges (−1 to 41% under SRES A1B and
−3 to 41% under 2◦ global warming) and dry season (Q95)
discharges (2 to 55% under SRES A1B and 2 to 39% under
2◦ global warming). For the River Huangfuchuan, all GCMs
project a rise in the Q05 flow but there is substantial uncer-
tainty in the magnitude of this rise (7 to 70% under SRES
A1B and 2 to 57% under 2◦ global warming). Differences in
the projected hydrological changes are associated with GCM
structure in both catchments exceed uncertainty in emission
scenarios. Critically, estimated uncertainty in projections of
mean annual flows is less than that calculated for extreme
(Q05, Q95) flows. The common approach of reporting of cli-
mate change impacts on river in terms of mean annual flows
masks the magnitude of uncertainty in flows that are of most
importance to water management.

1 Introduction

Global warming induced by rising concentrations of green-
house gases is changing global climate patterns (Bates et
al., 2008). Warming of the atmosphere observed over sev-
eral decades is associated with the changes in hydrological
systems globally and at the basin scale. These changes in-
clude: precipitation patterns and extremes; the amount and
generation of river flow; the frequency and intensity of flood
and drought; and, by extension, the quantity and quality of

Published by Copernicus Publications on behalf of the European Geosciences Union.685
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freshwater resources (Xu and Singh, 2004; Juen et al., 2007).
The magnitude and spatial distribution of changes in climate
combined with characteristics of specific basins determine
which impacts are the most important at a regional scale
(Menzel, 2002; Matondo et al., 2004; Wilby et al., 2006;
Hagg et al., 2007).

China has experienced changes in climate that include ris-
ing air temperatures and more variable precipitation. Such
changes have been linked to an increased occurrence of flood
events in southern China and more frequent droughts in
northern China (Wang et al., 2005). The most important and
direct impact of climate change is changes to the availabil-
ity of water resources. Previous research indicates that the
discharge of large rivers in China has decreased since 1950
along with more frequent drought and flood events (Zhang et
al., 2007; Wang et al., 2008).

The Yangtze River and Yellow River are historically, cul-
turally, and economically of critical importance to Southern
and Northern China. The Yangtze River is 6300 km long
and has a basin area 1.8 million km2 which primarily expe-
riences a subtropical, monsoon climate. The Yellow River
is 5464 km long and has a basin area of 0.8 million km2, that
mainly comprises arid and semi-arid environments. The con-
trasting climates and landscapes of these basins give rise to
very different hydrological regimes. The inter-comparison
of responses in both basins to climate change is, therefore,
expected to be indicative of many regions in China.

Mean annual precipitation in the Yangtze River basin
is about 1070 mm and mean annual river discharge is
∼976 km3, equivalent to a specific discharge of 542 mm. An-
nual per capita water availability decreased from 2700 m3 in
1980 to 2100 m3 in 2005. Previous studies (Zhang et al.,
2006, 2008; Jiang et al., 2007) show that there has not been a
significant change in annual precipitation but an increase in
the number of extreme (10th percentile) precipitation events
is observed (Su et al., 2008). Greater variability in precip-
itation has intensified floods and prolonged droughts. Spa-
tial and seasonal changes in precipitation have also been ob-
served. Increased precipitation has been detected in middle
and lower reaches of the Yangtze River in summer whereas
a decrease in precipitation is observed in the upper reaches
of the basin near the Three Gorges Dam site in autumn (Xu
et al., 2008). Although no significant trend was detected for
annual runoff in the Yangtze River basin during 1961–2000,
a significant positive trend in flood discharges was found in
the middle and lower basin over the same period.

Mean annual precipitation in the Yellow River is 470 mm
and mean annual river discharge is∼58 km3, equivalent to
a specific discharge of 73 mm. The basin can be classified
as water scarce as this river discharge represents annual per
capita water availability of less than 1000 m3 (Pereira et al.,
2007). Previous studies (Fu et al., 2004; Liu et al., 2008;
Huang et al., 2009) indicate trends toward higher air temper-
atures in the Yellow River basin during the past 50 years. Fu
et al. (2004) find no significant trend in annual precipitation

from 1951 to 1998 whereas others (Xu and Zhang, 2006; Liu
et al., 2008; Huang et al., 2009) indicate precipitation has
decreased over slightly different time periods (1961–2006,
1957–2006, and 1951–2000). Declines are especially appar-
ent in spring, summer and autumn as well as preferentially in
the southeastern part of the basin. These decreases are cal-
culated after allowing for human uses (Fu et al., 2004; Wang
et al., 2006). Applying climate projections generated from
four GCMs (HadCM3, CGCM2, CCSR and CSIRO) for one
emission scenario (SRES B2), Xu et al. (2009) estimate a
reduction mean annual streamflow over the period 2010 to
2099 in a headwater catchment of the Yellow River Basin.

Current understanding of impacts of climate change on
water resources is complicated by uncertainty in both climate
projections and the simulation of hydrological responses to
climate perturbations (Prudhomme et al., 2003; Treut et al.,
2008; Minvill et al., 2008). The main objective of this study
is to quantify uncertainty in climate change impacts on river
discharge, in two sub-catchments of the Yangtze and Yellow
River basins under contrasting climate regimes (semi-arid,
humid). The hydrological model used here is Soil and Wa-
ter Assessment Tool (SWAT) model, which is a physically
based semi-distributed hydrological model that operates on a
daily time step. Baseline climate that derives from detrended
monthly CRU TS3.0 datasets (Mitchell and Jones, 2005) for
the period during 1961–2005, were used for calibrating and
validating the SWAT model. We quantify uncertainty in pro-
jections of climate change on river discharge by applying a
range of climate scenarios using different GCMs (subset of
IPCC AR4 GCMs), emission scenarios (SRES A1B A2, B1,
B2) and prescribed increases in global mean air temperature
(1 to 6◦C), including the 2◦C threshold of ‘dangerous’ cli-
mate change (Todd et al., 2010). Daily climate datasets used
to drive SWAT model were generated by a weather generator
(Arnell, 2003).

2 Study area and datasets

2.1 Basin description

The River Xiangxi and River Huangfuchuan were selected
as meso-scale catchments representative of the humid and
semi-arid climates that predominate across the Yangtze and
Yellow River basins, respectively. The River Xiangxi is one
of the longest tributaries supplying the Three Gorges Reser-
voir (TGR) in Hubei Province. Eutrophication in the River
Xiangxi strongly influences water quality in the TGR. The
River Huangfuchuan is responsible for substantial soil ero-
sion with annual sediment yields of∼50 million tonnes to
Yellow River. The location of the two sub-catchments is
shown in Fig. 1; physical characteristics of both are given
in Table 1. The River Xiangxi is 94 km long and orig-
inates in the Shennongjia forest region with a catchment
area of 3099 km2. The River Huangfuchuan is 137 km long
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Fig.1. Location of selected sub-catchments in Yangtze and Yellow River Basins and climate stations (black circle), discharge stations (black 
triangle), and Climate Research Unit (CRU) grid nodes (grey square). 

 

Fig. 1. Location of selected sub-catchments in the Yangtze and Yellow River Basins and climate stations (black circle), discharge stations
(black triangle), and Climate Research Unit (CRU) grid nodes (grey square).

Table 1. Characteristics of the study catchments.

Huangfuchuan Xiangxi

Location

River system Yellow River Yangtze River
Latitude 39.2◦ ∼ 39.9◦ N 31.0◦ ∼ 31.7◦ N
Longitude 110.3◦ ∼ 111.2◦ E 110.5◦ ∼ 111.1◦ E

Topography

Elevation range (m) 836–1458 100–3072
Catchment size (km2) 3246 3099

Climate

Climate region Semi-arid humid
Mean annual precipitation (mm) 388 1100
Mean annual temperature (◦) 7.5 15.6

Runoff

Annual mean (mm) 53 688

that encompasses the transition from the Erdos Desert to the
Loess Plateau with a catchment area of 3246 km2.

The River Xiangxi catchment lies in the subtropical re-
gion and experiences a humid climate near the Three Gorges
Dam. Mean annual precipitation observed from 1961 to 2004
is 1100 mm and is characterised by a dry winter and a sum-
mer monsoon from May to September. Mean annual air tem-
perature from 1961 to 2004 is 15.6◦C and ranges from 12◦C
to 20◦C. The River Xiangxi catchment is typical of northern
sub-tropic landscapes with high relief. Mountainous areas
are covered by forests. The main agricultural crops (rice,
wheat) are grown in valleys. Terraced fields are often used
for corn, potatoes and tea. Limestone soils predominate in

headwater areas whereas brown and yellow-brown soils oc-
cur in the lowlands. The shallow soils with low humus con-
tent promote erosion and transport of particle-boundP as
well as leaching of soluble N-fractions by interflow and sur-
face runoff. To prevent soil erosion, terraces and mulching
are practised but substantial nutrient fluxes to the river con-
tribute to eutrophication.

The River Huangfuchuan has a semiarid climate and fea-
tures pastoral farming in Northern China. Mean, annual pre-
cipitation observed from 1961 to 2000 is 388 mm. Mean an-
nual air temperature from 1961 to 2000 is 7.5◦C and ranges
from 6.9◦C and 9.7◦C. The River Huangfuchuan is repre-
sentative of the “hill-gully” landscape of the northern Loess
Plateau. The watershed is mainly covered by grassland or
bush land with fragmentary woodland. The main agricul-
tural crops, maize and millet, are grown in the sloping cul-
tivated land. The soils are subject to considerable water and
wind erosion. The River Huangfuchuan which has experi-
enced soil erosion and land desertification, is considered to
be comparatively vulnerable to climate change.

2.2 Available data

Spatial data used in the study include a digital elevation
model (DEM), land use, soil type, and climatic data. A dig-
ital elevation model with a scale of 1: 250 000 was prepared
by the China Fundamental Geographic Information Center.
Spatial soil data with a scale of 1:1 000 000 derive from En-
vironment and Ecology Scientific Data Center of western
China, National Natural Science Foundation of China. Soil
properties were generated from the Soil Attribute Data Set
which based on “Soil Species of China” and other sources
with total information includes 7300 soil profiles collected
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Table 2. Mean and stand deviation (SD) of the posterior distribution resulting from application of the ParaSol technique.

Parameters Canmx Esco ChK2 Surglag CN2 Biomix AlphaBF

Mean 0.46 0.83 141.77 4.24 43.71 0.11 0.89
SD 0.60 0.19 8.49 1.98 8.02 0.14 0.09

For description of the parameters see Xu et al. (2010).

from all over China. Land use is an important input pa-
rameter to SWAT as it influences runoff generation (Wu and
Johnston, 2007). There is, however, limited land-use data for
both catchments. Modelling of baseline and projected river
discharge consequently do not consider changes in land-use
and it as acknowledged that some disparities between sim-
ulated and observed discharge may be attributable to land-
use change during the simulation period. The most recent
land-use maps for the River Xiangxi compiled by the Hubei
Land Management Bureau in the 1990s, were used to repre-
sent catchment land use. In the River Huangfuchuan, natural
vegetative cover of grassland and woodland was converted
to farmland from the 1950s to 1970s; restoration of artifical
grassland and bush land has occurred since the late 1990s.
Land-use records from the Inner Mongolia Autonomous Re-
gion Department of Land and Resource in the 1980s were
used to represent catchment land use.

Monthly streamflow records for the Xiangshan gauging
station of River Xiangxi and Huangfu gauging station of
River Huangfuchuan were obtained from Water Year Books
and are available for periods 1961–1994 and 1954–1997 re-
spectively. Climate data used in this study during 1961–
2005 are gridded (0.5◦ × 0.5◦) CRU TS3.0 monthly datasets
(Mitchell and Jones, 2005), which included monthly precip-
itation total and monthly average as well as maximum and
minimum air temperatures.

3 Methodology

3.1 Hydrological model: SWAT

The Soil and Water Assessment Tool (SWAT) model is a
physically based, semi-distributed, basin scale, continuous-
time hydrological model that operates on a daily time step. In
SWAT, basins are divided into multiple subwatersheds which
are further subdivided into hydrologic response units (HRUs)
that consist of homogeneous land use, management, and soil
characteristics. The overall hydrological balance is simulated
for each HRU including precipitation, irrigation water, infil-
tration, soil water redistribution, evapotranspiration, lateral
subsurface flow, and return flow (Gassman et al., 2007). Ap-
plications of SWAT occur worldwide and include direct as-
sessments of anthropogenic, climate change and other influ-
ences on a wide range of water resources. In China, SWAT

has been used to simulate river discharge and sediment trans-
port in sub-catchments of the Yellow River such as the Lushi
and Heihe rivers for sediment simulation (Hao et al., 2004;
Cheng et al., 2007), and in sub-catchments of Yangtze River
such as Poyang Lake and small watershed in the TGR area
for streamflow and soil erosion simulation (Guo et al., 2008;
Shen et al., 2009).

3.2 Calibration and validation of hydrological model

Model parameterization was specified using the Arcview
GIS interface for SWAT. The Xiangxi and Huangfuchuan
catchments were divided respectively into 10 and 13 sub-
watersheds based on the DEM and the location of river gaug-
ing stations. After considering land use and soil characteris-
tics, the River Xiangxi catchment was divided into 195 HRUs
and River Huangfuchuan was divided into 314 HRUs. Poten-
tial evapotranspiration was calculated using the Hargreaves
function (Hargreaves et al., 1985); surface runoff was esti-
mated by a modification of the SCS curve number method
(USDA-NRCS, 2004), and routing processes were estimated
by the Muskingum method (Neitsch et al., 2005).

The employed SWAT model had recently been cali-
brated and validated for the River Xiangxi using monthly
river discharge observations for the periods 1970–1974 and
1976–1986 (Xu et al., 2010). The ParaSol autocalibration
routine (van Griensven and Meixner, 2007) embedded in
AVSWAT2005 was used to improve the fit between simu-
lated and observed discharge and to assess parameter uncer-
tainty. Autocalibration considered the seven most sensitive
parameters in the hydrological model. Summary statistics
are reported in Table 2. Each parameter solutions shows very
similarly good values of the Nash-Sutcliffe efficiency (Ens)
(not shown) and small standard deviations of the estimated
model parameters (Table 2). In this study, the SWAT mod-
els were re-calibrated for 1961–1990 baseline period using
monthly river discharge from Xiangshan gauging station of
River Xiangxi and Huangfu gauging station of River Huang-
fuchuan, and validated with recent monthly river discharge
data (1991–1994 Xiangxi; 1991–1997 Huangfuchuan). The
performance of the SWAT2005 model was evaluated using
statistical analyses to compare the quality and reliability of
the predicted discharge with observed records. Summary
statistics included the mean discharge (Q), coefficient of de-
termination (R2), and Nash-Sutcliffe efficiency (Ens). The
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Table 3. Goodness of fit for SWAT simulations in River Xiangxi and River Huangfuchuan (QobsandQsim are observed and simulated mean
monthly discharge in m3 s−1).

Huangfuchuan Xiangxi

Qobs Qsim Ens R2 Qobs Qsim Ens R2

Calibration 3.2 4.4 0.64 0.61 34.1 32.2 0.43 0.44
Validation 4.8 5.1 0.66 0.66 40.1 37.1 0.56 0.57

observed and modelled flow duration curve and monthly
discharge for the 1961–1994 period for River Xiangxi and
1961–1997 period for River Huangfuchuan are presented in
Fig. 2. The calibrated SWAT model was used in the climate
scenarios modeling for the two sub-catchments.

Model performance over the calibration and validation
periods is generally acceptable, with efficiencies ranging
from 0.61 to 0.66 for River Huangfuchuan and 0.43 to 0.56
for River Xiangxi (Table 3). The performance staticsEns
and R2 are poorest for River Xiangxi in the calibration
period with 0.43 and 0.44 respectively. Simulated mean
monthly river discharge is overestimated (37% and 6%) for
the River Huangfuchuan and underestimated (6% and 7%)
for the River Xiangxi over both calibration and validation
periods. The frequency distributions of simulated river dis-
charge in both sub-catchments closely approximates those of
the observed discharge records as indicated by flow duration
curves. Peak flows of the River Xiangxi are very slightly
underestimated (Fig. 2a and b). The model is capable of re-
producing the observed flow for River Xiangxi (1961–1994)
and Huangfuchuan (1961–1997) as showed in Fig. 2c and d.

3.3 Climate change scenarios

The generally good performance over the calibration and val-
idation periods, suggest that the model can be used to sim-
ulate the impact of climate change scenarios. In addition to
assessing projected changes in mean annual river discharge,
we also changes in high and low monthly runoff, expressed
as Q05 and Q95 respectively, where for example, Q05 is the
runoff exceeded only 5% of the time.

Climate projections for temperature and precipitation were
generated using the ClimGen pattern-scaling technique de-
scribed in Osborn (2009) and Todd et al. (2010). Scenar-
ios were generated for (1) greenhouse-gas emission sce-
narios (A1B, A2, B1, B2) and (2) prescribed increases in
global mean temperature of 1, 2, 3, 4, 5, and◦C using the
UKMO HadCM3 GCM as well as (3) A1B emission sce-
nario and prescribed warming of 2◦C (“dangerous” climate
change) using six additional GCMs from the World Climate
Research Programme (WCRP) Coupled Model Intercompar-
ison Project phase 3 (CMIP3) multi-model dataset: CC-
CMA CGCM3.1, CSIRO Mk30, IPSL CM4, MPI ECHAM5,
NCAR CCSM3.0, and UKMO HadGEM1.

 

 

 

 

 
 

Fig.2. Observed and simulated river discharge in River Xiangxi(1961-1994, a: flow duration curve; c: monthly discharge) and River 
Huangfuchuan (1961-1997, b: flow duration curve, d: monthly discharge). Fig. 2. Observed and simulated river discharge in River Xiangxi
– 1961–1994,(a) flow duration curve;(c) monthly discharge –
and River Huangfuchuan for 1961–1997,(b) flow duration curve,
(d) monthly discharge.
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Fig.3. (a) Projected changes in annual mean temperature (℃) and annual precipitation (%), (b) annual and (c) monthly discharge for HadCM3 
prescribed warming scenarios. 

 
 

(c)

Fig. 3. (a)Projected changes in annual mean temperature (◦) and annual precipitation (%),(b) annual and(c) monthly discharge for HadCM3
prescribed warming scenarios.

4 Results

4.1 Uncertainty in the magnitude of prescribed
increases in global mean air temperature

Figure 3a indicates that for the chosen sub-basins precipita-
tion is projected by HadCM3 to increase at a near-linear rate
with a rise in global mean air temperature of 1◦C to 6◦C.
Annual precipitation is projected to increase, relative to base-
line, by 6% to 35% for the River Xiangxi and 9% to 53% for
the River Huangfuchuan. Along with linear increases in pre-
cipitation, preferential increases in air temperature relative to
global mean are also projected (e.g. 8.5◦C in River Xiangxi
and 9.1◦C in River Huangfuchuan for a 6◦C rise in global
mean air temperature (Fig. 3a).

Mean annual river discharge is estimated to increase in
both the Xiangxi and Huangfuchuan catchments under pre-
scribed increases in global mean air temperature projected
by HadCM3 (Fig. 3b). Increases in mean annual river dis-
charge with rising air temperatures are, however, non-linear
(Fig. 3b). Under rises of 1◦C to 3◦C, the trend in rising river
discharge for the River Xiangxi is lower than that estimated

for warming of 4◦C to 6◦C; the reverse is observed for the
River Huangfuchuan. Substantial changes in intra-annual
river discharge are associated with the non-linear response in
annual river discharge to increasing global mean air temper-
ature (Fig. 3c). Monthly flow is projected to increase in all
months and there is a shift in flood season (high flows) from
summer to autumn for the River Xiangxi. The low (Q95)
flow increases dramatically (24% to 93%) for the River Xi-
angxi and the high (Q05) flow increases substantially (13% to
64%) but in a non-linear fashion for the River Huangfuchuan.

4.2 Uncertainty associated with different SRES
emissions scenarios

Figure 4a shows the changes in mean climate projected by
HadCM3 for each of the four SRES scenarios (A1B, B1, B2,
A2) in both study catchments. Increases in mean annual tem-
perature range from 2.5◦ to 3.4◦ for the River Xiangxi and
from 2.7◦ to 3.6◦ for the River Huangfuchuan. The highest
increases occur under the A1B emission scenario for both
basins. Projected precipitation increases by∼10% with little
variance between emission scenarios for the River Xiangxi.
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Fig.4. (a) Projected changes in annual mean temperature (℃) and annual precipitation (%), (b) annual and (c) monthly discharge for HadCM3 
different emission scenarios. 
 

(c)

Fig. 4. (a)Projected changes in annual mean temperature (◦) and annual precipitation (%),(b) annual and(c) monthly discharge for HadCM3
different emission scenarios.

For the River Huangfuchuan, precipitation is projected to in-
creases by 20 to 28% relative to baseline with slightly greater
differences between the four emission scenarios. These pro-
jected changes in climate give rise to substantially differ-
ent increases in river discharge (Fig. 4b). The magnitude
of changes for annual discharge varies from 13 to 17% for
the River Xiangxi and from 73 to 121% for the River Huang-
fuchuan. The projected monthly discharge for River Huang-
fuchuan under different SRES emission scenarios increases
throughout the year (Fig. 4c). There is only minor uncer-
tainty in the magnitude for the rise in the Q05 flow (10 to
17%) and the Q95 flow (45 to 55%) for the River Xiangxi
whereas high (Q05) flows increase considerably (70 to 90%)
for the River Huangfuchuan.

4.3 Uncertainty in GCM structure for SRES A1B
emission scenario

Figure 5a shows the projected changes in climate under
the A1B emission scenario for the priority subset of seven
AR4 GCMs. The projected annual mean temperature in-
creases for all GCMs under SRES A1B but ranges from ap-
proximately 2◦ (CSIRO, HadGEM1 and CCSM3.0 GCM) to

3.4◦ (HadCM3, IPSL and ECHAM5 GCM) for the River
Xiangxi and from∼2.2◦ (CSIRO and CCSM3.0 GCM) to
3.8◦ (HadCM3 and ECHAM5 GCM) for the River Huang-
fuchuan. Projected changes in mean annual precipitation for
the River Xiangxi are minor (< ±2% from baseline) for three
GCMs (CCSM3.0, CSIRO, ECHAM5) but show moderate
increases of 7 to 12% for four GCMs (HadCM3, CGCM31,
HadGEM1, IPSL). Projected changes in mean annual pre-
cipitation for the River Huangfuchuan are minor (< 5%
from baseline) for two GCMs (CSIRO, ECHAM5), moder-
ate (12 to 17% from baseline) for four GCMs (CCSM3.0,
HadGEM1, CGCM3.1, IPSL) and substantial (27%) for
HadCM3. In contrast, there is considerably less variation
in projected increases in annual mean temperature for both
basins. Projected changes in precipitation between basins
reveal large differences. For example, the CCSM3.0 GCM
projects a decrease in precipitation of−2% for River Xi-
angxi and an increase in precipitation of +17% for the River
Huangfuchuan. Indeed, this trend is robust as all GCMs
project greater increases in precipitation for the River Huang-
fuchuan than the River Xiangxi.
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Fig.5. (a) Projected changes in annual mean temperature (℃) and annual precipitation (%), (b) annual and (c) monthly discharge under SRES 
A1B across 7 GCMs 
 

(c)

Fig. 5. (a) Projected changes in annual mean temperature (◦) and annual precipitation (%),(b) annual and(c) monthly discharge under
SRES A1B across 7 GCMs.

Following precipitation projections, hydrological mod-
elling shows a consistent increase in river discharge for the
two sub-basins though with substantial disparities between
GCMs. HadGEM1 is the only GCM to project a decrease
in annual mean discharge (Fig. 5b). For the River Xiangxi,
the ensemble mean (of GCMs) is an increase of 9% in mean
annual river discharge; HadGEM1 projects a decrease of
−2% in annual discharge whereas the other GCMs project
increases ranging from 2 to 17%. For the River Huang-
fuchuan, the ensemble mean is an increase of 34% in mean
annual river discharge; HadCM3 projects the largest increase
in mean annual discharge (73%) whereas the other GCMs
project increases ranging from 11 to 42%.

Relative to projected changes in mean annual river dis-
charge, there is less consistency in projections of intra-annual
river discharge in both catchments (Fig. 5c). For the River
Xiangxi, all GCMs project a rise in the low (Q95) flow but
they range from 2 to 55%. There is also a near-uniform rise
(HadGEM1 excepted) in projections of high (Q05) flows but
there is substantial uncertainty in the magnitude of these rises
for the River Xiangxi (−1 to 41%) and River Huangfuchuan
(7 to 70%).

4.4 Uncertainty in GCM structure for 2 ◦ rise in global
mean air temperature

Uncertainty in projected changes in climate under a 2◦ rise in
global mean air temperature associated with the priority sub-
set of AR4 GCMs is shown in Fig. 6a. Preferential increases
in mean, annual temperature are evident in both the River
Xiangxi and River Huangfuchuan. The rise ranges from 2.2◦

for the HadGEM1 GCM to 2.8◦ for the IPSL GCM in River
Xiangxi. For the River Huangfuchuan, the rise ranges from
2.3◦ for CGCM31 GCM to 3.0◦ for HadCM3 GCM. Dif-
ferences between GCMs in projections of mean annual pre-
cipitation are greater than that for temperature. Projected
changes in mean annual precipitation, relative to baseline,
vary from a−2% decrease for HadGEM1 to a 12% increase
for HadCM3 in River Xiangxi and from a 1 to 19% in-
creases for ECHAM5 and CCSM3.0 GCMs respectively for
the River Huangfuchuan.

An increase in mean annual river discharge in both basins
under a 2◦C rise in global mean air temperature is a ro-
bust projection using all GCMs (Fig. 6b) except HadGEM1
(slight decrease). For the River Xiangxi, the ensemble mean

Hydrol. Earth Syst. Sci., 15, 333–344, 2011 www.hydrol-earth-syst-sci.net/15/333/2011/692



H. Xu et al.: Climate change on river discharge in sub-catchments of Yangtze and Yellow River Basins, China 341
Figures 

 

(a)

(b)

Figures 

 
 
Fig.6. (a) Projected changes in annual mean temperature (℃) and annual precipitation (%), (b) annual and (c) monthly discharge under 2℃ 
warming scenarios across 7 GCMs 
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Fig. 6. (a)Projected changes in annual mean temperature (◦) and annual precipitation (%),(b) annual and(c) monthly discharge under 2◦

warming scenarios across 7 GCMs.

projection (of GCMs) is an increase in mean annual dis-
charge of 10% relative to baseline and ranges from 2.5%
for ECHAM5 to 19% for CCSM3.0. For the River Huang-
fuchuan, the ensemble mean projection is a 33% increase
in mean annual river discharge which ranges from 9% for
ECHAM5 to 60% for CCSM3.0. Projected intra-annual
(seasonal) changes in river discharge for the River Huang-
fuchuan indicate an earlier (July) peak flow relative to base-
line (August) for CGCM31 and HadCM3 and an increase in
peak discharges in July for the other GCMs (Fig. 6c). All
GCMs project a rise in the Q05 flow but there is uncertainty
in the magnitude of this rise (2 to 57%) for River Huang-
fuchuan. For the River Xiangxi, all GCMs with one excep-
tion (HadGEM1) project a rise in the Q05 flow (Fig. 6c);
uncertainty ranges from−3 to 41%. Uncertainty in the mag-
nitude of the rise in the Q95 flow ranges from 2 to 39%.

5 Discussion

The assessment of the impacts of climate change on river dis-
charge in a humid subtropical sub-basin of the Yangtze River
and a semi-arid temperate sub-basin of the Yellow River

reveals near-uniformity in projections of greater mean annual
river discharge. There is, however, substantial uncertainty in
the magnitude of projected increases in river discharge that
is primarily associated with GCM structure, magnitude of
global warming, and emission scenarios. The greatest uncer-
tainty in the projected changes in river discharge stems from
the choice of GCM from the priority subset of seven AR4
GCMs. With the exception of projections of a slight (−2%)
decrease in river discharge from HadGEM1, mean annual
river discharge increases under both the SRES A1B emission
scenario and 2◦ rise in global mean air temperature irrespec-
tive of the applied GCM. This finding is unique among the
catchments examined on five continents reported in this spe-
cial issue (Arnell, 2010; Hughes et al., 2010; Kingston and
Taylor, 2010; Kingston et al., 2010; Nobrega et al., 2010;
Singh et al., 2010; Thorne, 2010). Differences in hydrolog-
ical projections between the SRES emission scenarios pro-
jected by HadCM3 are comparatively minor (13 to 17% in-
crease relative to baseline) for the River Xiangxi but sub-
stantial for the River Huangfuchuan (73 to 121% increase
relative to baseline). The differences result primarily from
differences in projections of precipitation in both basins.

www.hydrol-earth-syst-sci.net/15/333/2011/ Hydrol. Earth Syst. Sci., 15, 333–344, 2011693



342 H. Xu et al.: Climate change on river discharge in sub-catchments of Yangtze and Yellow River Basins, China

Warmer and wetter scenarios for the River Huangfuchuan
are projected to increase river discharge substantially which,
if properly managed, could serve to alleviate current water
scarcity. The projected increase in peak flows (Q05) in the
River Huangfuchuan serves to exacerbate soil erosion. The
general increase in peak flow (Q05) and low flow (Q95) in
River Xiangxi is expected to increase the fluxes of non-point
source pollution and sediment to river channel by runoff. In-
creased river discharge could serve to dilute point-source pol-
lution and increase the likelihood that environmental flows
are realized (Shao et al., 2008; Li et al., 2009). Increasing
river discharge has important implications for the manage-
ment of water resources in both catchments. Increases in
mean flow expand available water resources but the rise in
peak flows (Q05) in both basins will increase flood frequency
and flood risk. Adaption measures need to consider projected
changes in both mean and extreme (Q05, Q95) flows and un-
certainties therein.

6 Conclusions

Uncertainty in the impact of climate change on river dis-
charge in two representative catchments in the Yangtze River
(Xiangxi) and the Yellow River (Huangfuchuan) basins as-
sociated with GCM structure, emissions scenarios and pre-
scribed increases in global mean temperature has been quan-
tified. The first notable conclusion from this work is the near-
uniform consistency in the direction of the climate change
signal of increased river discharge observed in both basins
associated with seven CMIP3/IPCC-AR4 GCMs, four SRES
emissions scenarios (A1B, A2, B1, B2), and prescribed in-
creases of 1◦C to 6◦C in global mean air temperature.
Substantially greater increases in river discharge relative to
baseline are consistently projected for the semi-arid, River
Huangfuchuan catchment in north China compared to the
sub-tropical humid, River Xiangxi catchment in south China.
There is, however, substantial uncertainty in the magnitude
of projected increases in river discharge resulting from cli-
mate change. The greatest source of uncertainty in hydrolog-
ical projections in both catchments is GCM structure (choice
of GCMs). Our results provide an indication of the rela-
tive magnitude of uncertainty in current projections of hy-
drological change in sub-basins of the Yangtze River and the
Yellow River, and highlight the importance of using multi-
model (GCM) evaluations of climate change impacts on wa-
ter resources. Although the priority subset of senven GCMs
was specifically selected to represent the expected range of
uncertainty in GCM projections, uncertainty would be ex-
pected to increase if a larger number of GCMs had been em-
ployed. Similar to other studies in this issue (Arnell, 2010;
Kingston and Taylor, 2010; Thorne, 2010), noted differ-
ences in projections of mean river discharge and intra-annual
(seasonal) flows question the representivity of using mean
flows to represent hydrological change to water managers as

changes in extreme flows (e.g. Q05, Q95) are far more criti-
cal.
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EE 年来中国铁路运输行业的大气污染物排放
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摘要! 铁路是中国重要的交通运输方式$但中国至今尚无铁路运输行业大气污染物排放的报道B根据中国铁路部门逐年统计

数据$采用基于燃料消耗量的排放因子法$估算了 "#$) g’(($ 年中国铁路机车大气污染物排放量$并分析了大气污染物排放强

度及其变化B结果表明$** 年来中国铁路机车烟尘(50’ (60和 67\*排放量逐年降低$分别由 "#$) 年的 *)"‘(%( *#‘#$( &E‘%( 和

&E‘)* 万 9降至 ’(($ 年的 $‘&$( "‘"E( *‘%$ 和 ’‘%E 万 9$年均减排量分别为 "(‘$(( "‘’"( ’‘)* 和 ’‘)% 万 9B但 ,09排放量呈上升

趋势$由 "#$) 年的 *‘E& 万 9增至 ’(($ 年的 #‘&* 万 9$年均增加 (‘’( 万 9B烟尘(50’ (60和 67\*的排放强度呈现明显的降低趋

势$其值分别由 "#$) 年的 %&‘%’( $‘&"( "%‘)E 和 "%‘)’ h"( iE HU)"9)HF# i"降至 ’(($ 年的 (‘)E( (‘(&( (‘’) 和 (‘"& h"( iE

HU)"9)HF# i" $,09的排放强度在 (‘) g(‘& h"(
iE HU)"9)HF# i"范围内波动B中国铁路运输行业大气污染物排放量占全国总排放

量的比重较低$加上其排放强度还逐年降低$因此可以说铁路运输是中国交通运输领域中理想的节能减排运输方式B
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A%K J+&*,!6:A8CKCA;PC<M’ ;7L7F79AS@’ CAKN7;;>9C89’ M779’ 50’ ’ 60’ 67\*’ ,09

!!交通运输工具会排放多种大气污染物$50’ 和
,09等气体是影响大气环境质量的重要污染物$受

到科学家和公众的普遍关注 *" g)+B50’ 可对呼吸系

统造成伤害$还可导致硫酸型烟雾 *%$$+ $,09和 60

可以引发城市光化学烟雾污染 *&$#+B在我国交通运
输行业的大气污染物排放研究方面$主要关注城市
机动车的排放问题 *"( g"E+ $而对包括火车(飞机(船舶
在内的非道路移动源的排放问题研究较少 *")+B在铁
路运输中$蒸汽机车燃烧原煤(内燃机车耗用柴油均
会直接排放 60(,09(50’(67\*"碳氢化合物#和烟
尘等大气污染物B虽然目前已有一些内燃机车气态
污染物排放测定工作 *"%$"$+ $但对我国整个铁路运输

行业的大气污染物排放量及排放强度变化的研究工
作还未见报道$ *( 多年来$我国铁路运输密度(组
织方式(能源消费结构不断变化$本研究针对我国铁
路运输行业的自身特点$基于我国铁路行业逐年的
统计数据来估算大气污染物排放量$探讨了 *( 多年
来我国铁路运输行业的大气污染物排放规律及其强
度变化$讨论了铁路运输行业大气污染物排放占全
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国排放总量的比重及其变化$以期为估算我国交通
行业大气污染物排放清单提供依据B

MN数据来源与计算方法

MOM!数据来源及说明
本研究中 "#$) g’(() 年的原始数据来自铁路

统计部门逐年的 %全国铁路统计资料汇编&资料$
’((% g’(($ 年的数据来自文献*"&+B数据内容主要
有机车运用指标(机车工作量等统计数据以及每年
的货物周转量和旅客周转量B我国铁路机车分为 *
种类型! 蒸汽机车(内燃机车和电力机车B蒸汽机车
燃煤(内燃机车燃烧柴油会直接排放 60(,09(50’(
67\*和烟尘等大气污染物$电力机车因使用电力而
达到了大气污染物的,零排放-$所以本研究只考虑
蒸汽机车和内燃机车排放量及其强度B
MOP!机车大气污染物排放量计算方法

机车大气污染物排放量的估算采用基于燃料消
耗量的排放因子法$我国铁路的蒸汽机车和内燃机
车有多种型号$但在年度统计上$只有整个蒸汽机车
或内燃机车的燃料消耗总量$没有对不同型号机车
的燃料消耗状况进行分门别类地统计B若要获得不
同型号机车的燃料消耗状况和污染物排放水平$不
仅十分困难$而且意义不大$采用燃料消耗总量和平
均排放因子来定量分析我国铁路机车污染物排放状
况更实际一些B同时$适当的排放因子对获得可靠的
估算结果较为重要$从我国已有的研究工作来
看*")$"# g’"+ $在分行业和分燃料的污染物排放因子选
择上$铁路行业的排放因子均引用国外 ’( 世纪 $( 年
代中期的数据$事实上我国铁路运输的组织方式(燃
料结构与国外相差较大$因此造成一定的误差和不确
定性B在本研究中$采用我国铁路行业自己通过试验
测定获得的排放因子来估算大气污染物排放量将较
为合理$从而可获得较为可靠的估算结果B蒸汽机车
的 60(,09(50’(67\*和烟尘年排放量计算公式为!

:’;<
!’=>;
"(*

""#

式中$:’;为蒸汽机车 ’年所排放的 ;种大气污染物数
量"万 9#$!’为蒸汽机车 ’年的原煤消耗量"万 9#$
>;为蒸汽机车 ;种大气污染物的排放因子B烟尘的
排放因子采用大连机车厂的试验数据$为 "&$ UOHU$
60(50’(,09和 67\*的排放因子分别为

*’’+ ! E)
UOHU( "# h? UOHU( "‘) UOHU和 E) UOHU$其中 ? 为燃
煤的含硫量"j#$有研究表明我国原煤平均含硫量
为 "‘"’j *"#+ $因此 ? 取 "‘"’jB

内燃机车的 60(,09(50’(67\*和烟尘年排放
量计算公式为!

@’;<
A’=B;
"(*

"’#

式中$@’;为内燃机车’年所排放的;种大气污染物数
量"万 9#$A’为内燃机车 ’年的燃油消耗量"万 9#$
B;为内燃机车 ;种大气污染物的排放因子B内燃机

车 60(,09(50’ 的排放因子采用蔡惟瑾等
*"%+对 *

种内燃机车试验测试的平均值$其值分别为 $‘"
UOHU( )(‘* UOHU( ’‘’ UOHUB内燃机车的烟尘和
67\*排放因子采用铁道部劳动卫生研究所及铁道

机车车辆研究所的试验数据 *’’+ $其排放因子分别为
")‘’ UOHU和 )‘" UOHUB

我国铁路机车的大气污染物年排放量为蒸汽机
车和内燃机车的年排放量之和$即为!

C’;<:’;D@’; "*#
式中$C’;为我国铁路机车 ’年所排放的 ;种大气污染
物数量"万 9#$:’;和 @’;的含义见公式""#和"’#B
MOE!机车大气污染物排放强度的计算方法

在铁路运输统计中$通常采用换算9)HF作为计
量全部周转量的单位"简称!9)HF#$并规定全部周
转量"换算9)HF# k货物周转量"9)HF# a旅客周转
量"人)HF# *’*+B由于铁路燃料消耗统计没有将货运
消耗和客运消耗分开进行统计$针对我国铁路运输
行业特点$本研究设定机车某种大气污染物排放强
度为单位全部周转量的排放量$具体为每万换算
9)HF的污染物排放量B根据每年蒸汽机车和内燃机
车承担的牵引工作量比例$估算出这 ’ 类机车承担
的全部周转量$然后求得我国铁路机车的大气污染
物排放强度B

PN我国铁路机车大气污染物排放量及排放强度

POM!排放量
"#$) g’(($ 年我国铁路机车的烟尘(50’(60

和 67\*的排放量变化基本相似$均呈降低态势’
"#$) g"#&E 年的排放量较高$并呈小幅上下波动$
其中 "#&E 年的排放量最大$ "#&) 年以后排放量逐
年大幅跌落B具体而言$烟尘由 "#$) 年的 *)"‘(% 万
9降至 ’(($ 年的 $‘&$ 万 9$年均减排量达 "(‘$( 万
9B"#$) g"#&E 年烟尘的年均排放量达 *)"‘&& 万 9$
"#&E 年高达 *%$‘(" 万 9’ "#&) g’(($ 年年均降低
"%‘"’ 万 9"降幅为 E‘Ej#$其中 "##$ 年降至 "(( 万
9以下$’((’ 年以后降至 "( 万 9以下*图 ""C#+B就
50’ 来说$其排放量由 "#$) 年的 *#‘#$ 万 9降至

&"’"
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’(($ 年的 "‘"E 万 9$年均减排 "‘’" 万 9B"#$) g
"#&E 年 50’ 的年均排放量达 E(‘" 万 9$ "#&E 年高
达 E"‘&" 万 9’ "#&) g’(($ 年年均降低 "‘&* 万 9$其
中 "##E 年降至 ’( 万9以下$ "### 年以后降至 ) 万9
以下$ ’((’ g’(($ 年年均排放量维持在 "‘" 万 9左
右*图 "" Q#+B就 60而言$其排放量由 "#$) 年的
&E‘%( 万 9降至 ’(($ 年的 *‘%$ 万 9$年均减排 ’‘)*
万 9B"#$) g"#&E 年 60的年均排放量达 &E‘#( 万 9$
"#&E 年高达 &&‘%& 万 9’ "#&) g’(($ 年年均降低
*‘&’ 万 9$其中 "##* 年降至 )( 万 9以下$ "### 年以
后降至 "( 万 9以下$ ’((’ g’(($ 年年均排放量维
持在 *‘)E 万 9左右 *图 " "L#+B67\*排放量则由
"#$) 年的 &E‘)* 万 9降至 ’(($ 年的 ’‘%E 万 9$年均
减排 ’‘)% 万 9B"#$) g"#&E 年 67\*的年均排放量
达 &E‘$$ 万 9$ "#&E 年高达 &&‘E$ 万 9’ "#&) g’(($
年年均降低 *‘&) 万 9$其中 "##* 年降至 )( 万 9以
下$ "### 年以后降至 "( 万 9以下$ ’((’ g’(($ 年
年均排放量维持在 ’‘)) 万 9左右*图 ""@#+B** 年
来$由于大规模地淘汰能效低(排放强度大的蒸汽机
车$同时大量运用能效高(排放强度相对较低的内燃
机车和,零排放-的电力机车$使得我国铁路运输行
业的烟尘(50’(60和 67\*排放量逐年下降$也使
我国铁路行业在客货运输量不断增大的情形下取得
了,运输量增加$排放量降低-的好成绩$为减少我
国交通运输行业的大气污染物排放做出了贡献B

与烟尘(50’(60和 67\*这 E 种大气污染物排
放量变化不同$ "#$) g’(($ 年我国铁路机车 ,09排
放量逐年上升$其值由 "#$) 年的 *‘E& 万 9升至
’(($ 年的 #‘&* 万 9$年均增长量达到 (‘’( 万 9"增
幅为 )‘$j#B其中$ "#$& 年的排放量超过 E 万 9$
"#&) 年超过 ) 万 9$ "#&$ 年超过 % 万 9$ "##" 年超
过 $ 万 9$ "##) 年超过 & 万 9$ ’((E 年超过 # 万 9$
’(($ 年接近 "( 万 9*图 ""?#+B
POP!排放强度

就大气污染物排放强度而言 "图 "#$ "#$) g
’(($ 年我国铁路机车烟尘(50’(60和 67\*这 E 种
污染物的排放强度逐年降低$变化趋势也基本相似B
烟尘 的 排 放 强 度 由 "#$) 年 的 %&‘%’ h"( iE

HU)"9)HF# i" 降 至 ’(($ 年 的 (‘)E h "( iE

HU)"9)HF# i"$年均降低 ’‘"* h"( iE HU)"9)HF# i"$
其中 "#&" 年降至 )( h"( iE HU)"9)HF# i" 以下$
"##$ 年降至 "( h"( iE HU)"9)HF# i"以下$ ’((’ 年
以后降至 " h"( iE HU)"9)HF# i"以下*图 ""C#+B50’
的排放强度由 "#$) 年的 $‘&" h"( iE HU)"9)HF# i"

降至 ’(($ 年的 (‘(& h"( iE HU)"9)HF# i"$年均降低
(‘’E h"( iE HU)"9)HF# i"$其中 "#&E 年降至 ) h
"( iE HU)"9)HF# i"以下$ "##$ 年以后降至 " h"( iE

HU)"9)HF# i"以下$ ’((’ g’(($ 年年均排放强度维
持在 (‘(& h"( iE HU)"9)HF# i"左右 *图 " " Q#+B就
60而言$其排放强度由 "#$) 年的 "%‘)E h"( iE

HU)"9)HF# i" 降 至 ’(($ 年 的 (‘’) h "( iE

HU)"9)HF# i"$年均降低 (‘)" h"( iE HU)"9)HF# i"$
其中 "#&) 年降至 "( h"( iE HU)"9)HF# i" 以下$
"##’ 年降至 ) h"( iE HU)"9)HF# i"以下$ "### 年以
后降至 " h"( iE HU)"9)HF# i"以下$ ’((’ g’(($ 年年
均排放强度在 (‘’% h"( iE HU)"9)HF# i"左右 *图 "
"L#+B67\*排放强度则由 "#$) 年的 "%‘)’ h"( iE

HU)"9)HF# i" 降 至 ’(($ 年 的 (‘"& h "( iE

HU)"9)HF# i"$年均降低 (‘)" h"( iE HU)"9)HF# i"$其
中 "#&) 年降至 "( h"( iE HU)"9)HF# i"以下$ "##’ 年
降至 ) h"( iE HU)"9)HF# i"以下$ "### 年以后降至 "
h"( iE HU)"9)HF# i"以下$ ’((’ g’(($ 年年均排放强
度只有 (‘"# h"( iE HU)"9)HF# i"左右*图 ""@#+B

图 MN我国铁路机车的烟尘&"CP &-C&=C!

和 -":#逐年排放量及强度

=AUB"!388>C;M779$ 50’ $ 60$ ,09C8? 67\*@FAMMA78M

C8? 9:@AKA89@8MA9A@M7R9:@;7L7F79AS@MA8 6:A8C

"#$) g’(($ 年我国铁路机车 ,09的排放强度

#"’"
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在 (‘)( g(‘&( h"( iE HU)"9)HF# i"范围内波动$平
均排放强度为 (‘%) h"( iE HU)"9)HF# i"*图 ""?#+B
"#$) g’(($ 年 ,09的排放强度与烟尘(50’(60和
67\*这 E 种大气污染物变化不同$其变化可分为 *
个阶段! "#$) g"#&* 年属于下降阶段$其值由 "#$)
年的 (‘%& h"( iE HU)"9)HF# i"降低到 "#&* 年的 (‘)$
h"( iE HU)"9)HF# i"$ 年 均 降 低 (‘("E h"( iE

HU)"9)HF# i"’ "#&E g"### 年属于缓慢上升阶段$其
值由 "#&E 年的 (‘)% h"( iE HU)"9)HF# i"升至 "### 年
的 (‘$E h"( iE HU)"9)HF# i"$年均增加 (‘("’ h"( iE

HU)"9)HF# i"’ ’((( g’(($ 年属于缓慢下降阶段$其
值由 ’((( 年的 (‘$* h"( iE HU)"9)HF# i"降至 ’(($ 年
的 (‘%$ h"( iE HU)"9)HF# i"B

EN讨论

在我国环境状况逐年统计资料中$大气污染物
中只有 50’ 和烟尘的全国逐年排放量数据较为连续
和完整B根据文献 *’E g’$+中对我国 "#&) g’(($
年 50’ 和烟尘排放量的统计数据$结合本研究的计
算结果可看出$我国铁路机车 50’ 排放量占全国
50’ 排放量的比重很小! "#&) g’(($ 年平均比重只
有 "‘(*j$并且还逐年降低$由 "#&) 年的 *‘"’j降
至 ’(($ 年的 (‘()j$年均降低 (‘"Ej*图 ’ "C#+B
就烟尘排放量比重来看*图 ’" Q#+$ "#&) g’(($ 年
我国铁路机车烟尘排放量占全国排放量比重也不
大$平均为 "(‘"j$由 "#&) 年的 ’&j降至 ’(($ 年
的 (‘&j$年均降低 "‘’EjB其中$ "#&) g"##( 年平
均比重较大$达 ’*j$但 "##) 年降至 "(j以下$
’((’ 年降到不足 "j$综合上述结果可以看出$我国
铁路运输行业所排放的 50’ 和烟尘占全国总排放量
的比重较低$加上其排放强度还逐年降低*图 ""C#
和 ""Q#+$因此$可以说铁路运输是我国交通运输领
域中理想的节能减排运输方式B

据田贺忠等 *’&+的研究$"##"("##& 和 "### 年我
国生物质燃料燃烧排放的 50’ 分别为 *&‘"( *"‘’
和 **‘’ 万 9$上述年份我国铁路机车 50’ 排放量均
低于生物质燃烧的排放量$分别只有前者的 $’j(
’’j和 "’jB水泥工业是多种大气污染物的重要排
放源$ "##) 和 ’(() 年我国水泥工业 50’ 排放量分

别为 E%‘$( 万 9和 &%‘(# 万 9*’#+ $对应年份我国铁路
机车 50’ 排放量分别只有水泥工业排放量的
*)‘$j和 "‘*jB

我国 ,09排放量统计上十分薄弱$直到 ’((% 年
才纳入国家环境统计范围中$因此全国及行业的

图 PN铁路机车 "CP 和烟尘排放量占全国排放量的比重

=AUB’!V@KL@89CU@M7R50’ C8? M779@FAMMA78M7R

9:@;7L7F79AS@M979:@979C;@FAMMA78MA8 6:A8C

,09排放量数据只能在部分研究工作中获得 "表
"#B通过比较发现$我国铁路机车 ,09年排放量占全
国总排放量比重很小$不到 "j "平均值仅为
(‘$*j#B"##"( "##& 和 "### 年我国生物质燃料燃
烧排放的 ,09分别为 )E‘#( E)‘) 和 E)‘* 万 9*’&+ $上
述年份我国铁路机车 ,09排放量分别只有前者的
"*j( "&j和 "#jB"##) 和 ’(() 年我国水泥工业
,09排放量分别为 #)‘’( 万 9和 ’&%‘%$ 万 9*’#+ $对
应年份我国铁路机车 ,09排放量只有水泥工业的

&j和 *jB田贺忠等 *’(+研究表明 "##$ 年我国交通
运输行业排放了 "*(‘&% 万 9,09$ "##$ 年我国铁路
机车共排放了 &‘)$ 万 9,09$只占交通运输行业排
放总量的 %‘)jB

表 MN铁路机车 =C!排放量占全国排放量比重

2CQ;@"!V@KL@89CU@M7R,09@FAMMA78 7R9:@;7L7F79AS@M

979:@979C;@FAMMA78MA8 6:A8C

年份
!全国排放量数据
!及来源O万 9

全国排放量
均值O万 9

占全国排放
量比重Oj

"#&( !E$% *’"+ E$% (‘&%
"#&& !$&E‘# *"#+ $&E‘# (‘&*

"##(
!&E( *’(+ ’ &E’‘’ *"#+ ’
!&’$‘* **(+ ’ #)E **"+

&%)‘# (‘$#

"##) !" "*( *’"+ ’" "##‘" **"+ " "%E‘% (‘%#
"##% !" ’(* *’"+ " ’(* (‘%&
"##$ !" "%$ *’"+ " "%$ (‘$*
"##& !" ""& *’"+ " ""& (‘$E

’(((
!" *$"‘# **(+ ’" ""’‘" **’+ ’
!" "*) ***+

" ’(%‘* (‘$*

’((% !" )’E *’$+ " )’E (‘%)
’(($ !" %E* *’$+ " %E* (‘%(

(’’"
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!!就 60而言$27877HC等 **E+估计我国 "##( 年的
60排放量为 & $E(万 9$ 59K@@9M等 **"+ 的估算值为
# $#)万 9$取平均值为# ’%&万 9$59K@@9M等 **"+估算的
我国 "##) 年 60排放量为"" ’%$万 9$王丽涛等 **)+

通过 60排放清单估算我国 ’((" 年60排放量为 "‘)
h"(E 万 9$即我国铁路机车 "##(( "##) 和 ’((" 年的
60排放量分别只占全国总排放量的 (‘$j( (‘*j和
(‘(EjB"##) 年和 ’(() 年我国水泥工业 60排放量
分别为 &%E‘** 万 9和" #&$‘#$万 9*’#+ $对应年份我国
铁路机车 60排放量只有水泥工业的 E‘’j和 (‘’jB
59K@@9M等**"+认为 "##) 年我国交通运输行业排放的
60占全国总排量的 ’’j$为’ E$&‘$万 9$按此数估算
的话$ "##) 年我国铁路机车 60排放量仅占全国交
通运输行业排放量的 "‘)jB

图 EN铁路电气化率与蒸汽和内燃机车承担的工作量比例及污染物减排量间的关系

=AUB*!67KK@;C9A78M7R@;@L9KARALC9A78 KC9@PA9: 9:@9KCL9A78 NK7N7K9A78 7RM9@CFC8? ?A@M@;;7L7F79AS@M$ C8? PA9: CAKN7;;>9C89M@FAMMA78 K@?>L9A78

在 ’( 世纪 &( 年代中期以后$内燃机车和电力
机车逐渐大幅度取代蒸汽机车$#( 年代末期至今$
进入电力机车取代内燃机车的阶段B由于电力机车
使用电力本身不会直接排放大气污染物$即减少了
铁路运输行业的大气污染物排放$其减排量可采用
替代算法来估算$即采用内燃机车承担电力机车的
牵引工作量而直接排放的大气污染物的数量B
"#$) g’(($ 年$我国铁路电气化率逐步升高$ 铁路
电气化率与蒸汽和内燃机车承担的工作量比例呈线
性负相关*图 * "C#+$电气化率与污染物减排量之
间呈线性正相关关系*图 *+$今后几年里随着一批
客运专线的建成$我国电气化铁路规模会更高$因此
我国铁路运输行业的大气污染物排放量还会不断降
低B根据我国中长期铁路网调整规划$到 ’(’( 年我

"’’"
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国铁路电气化率要达到 %(j以上 **%+ $可以推算到
’(’( 年$我国铁路运输行业的烟尘(50’(60(,09和
67\*的排放量将分别减少 "(‘"( "‘E%( E‘$"( **‘"
和 *‘E 万 9B

为了保障铁路运输的安全$我国铁路运营组织
实行,全国一盘棋-$通过 "& 个铁路局来对运营工
作进行管理$没有分地区或省市进行管理B张礼俊
等 *")+基于客货周转量(我国内燃机车平均燃油消耗
量和国外的排放因子$估算了珠三角地区铁路机车
’((% 年 50’(,09和 60排放量$其值分别为 $)#‘E
9( ’ $%(‘# 9和 ’(#‘$ 9$结合本研究 ’((% 年的排放
量数据可知$其值占全国的比例分别只有 %‘$j(
’‘&j和 (‘%jB本研究是对中国铁路运输行业大气
污染物排放总体状况的初步核算$由于我国不同地
区铁路的线路条件(列车运行速度(电化率等因素的
不同$导致不同铁路局的燃料消耗和污染物排放也
有较大差异$但限于统计资料的缺乏和多数列车跨
局运行的事实$目前要实现分不同铁路局甚至不同
地区或省市来对我国铁路运输行业的污染物排放进
行分解还较为困难$这也是下一步研究的重点B

QN结论

""#"#$) g’(($ 年$我国铁路机车的烟尘(50’(

60和 67\*的排放量均呈降低态势B烟尘由 "#$) 年
的 *)"‘(% 万 9降至 ’(($ 年的 $‘&$ 万 9$年均减排
"(‘$( 万 9’ 50’ 由 "#$) 年的 *#‘#$ 万 9降至 ’(($
年的 "‘"E 万 9$年均减排 "‘’" 万’ 60由 "#$) 年的
&E‘%( 万 9降至 ’(($ 年的 *‘%$ 万 9$年均减排 ’‘)*
万 9’ 67\*则由 "#$) 年的 &E‘)* 万9降至 ’(($ 年的
’‘%E 万 9$年均减排 ’‘)% 万 9B但 ,09排放量逐年上
升$其值由 "#$) 年的 *‘E& 万 9升至 ’(($ 年的 #‘&*
万 9$年均增长 (‘’( 万 9B

"’#就大气污染物排放强度来说$ "#$) g’(($
年我国铁路机车烟尘(50’(60和 67\*这 E 种污染
物的排放强度逐年降低B烟尘由 "#$) 年的 %&‘%’ h
"( iE HU)"9)HF# i" 降 至 ’(($ 年 的 (‘)E h"( iE

HU)"9)HF# i"$ 50’ 由 "#$) 年 的 $‘&" h "( iE

HU)"9)HF# i" 降 至 ’(($ 年 的 (‘(& h "( iE

HU)"9)HF# i"$ 60 由 "#$) 年 的 "%‘)E h "( iE

HU)"9)HF# i" 降 至 ’(($ 年 的 (‘’) h "( iE

HU)"9)HF# i"$67\*排放强度则由 "#$) 年的 "%‘)’

h"( iE HU)"9)HF# i" 降至 ’(($ 年的 (‘"& h"( iE

HU)"9)HF# i"$,09的排放强度则在 (‘%) h"( iE

HU)"9)HF# i"上下波动B

"*#我国铁路运输行业所排放的 50’(烟尘(
,09和 60量占全国总排放量的比重很低$且所占比
重还呈降低态势$与其他行业排放量相比$我国铁路
运输行业所排放的大气污染物量也较小B
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文章编号: 1674-7070( 2011) 01-0036-11

不同温室气体排放情景下
未来中国地面气温变化特征

闫冠华1，2 李巧萍3 邢超2

摘要
采用 20 多个参与政府间气候变化

委员会第 4 次评估报告( IPCC AR4) 的全
球气候模式，在 20 世纪气候模拟试验和
SRES B1、A1B 和 A2 3 种排放情景下进行
数值集合分析，结果表明未来中国大陆的
气温变化有着明显的时间和空间差异． 21
世纪，中国大陆年平均气温呈显著升高趋
势，至 2099 年平均增温范围为 2. 5 ～ 4. 9
℃，高于全球平均值． 冬季升温明显高于
其他季节，年较差呈减小趋势． 21 世纪前
期，变暖预估值受排放情景假设或模式
敏感性的影响较小，不同排放情景和不
同模式之间的预估结果一致，中国大陆
平均增温范围为 0. 88 ～ 0. 92 ℃，21 世纪
中期以后这种差异逐渐增大，增暖范围
为 2. 44 ～ 4. 28 ℃ ． 相对于 1980—1999 年
平均气候场，中国大陆平均升温值在 20
世纪 50 年代前后达到 2 ℃，此后，A1B
及 A2 情景下中国大陆气温快速升高，在
21 世纪 60 年代末达到或超过 3 ℃，但区
域差异明显，升温值达 2 ℃ 的时间由北
至南在不同排放情景下相差 10 ～ 30 a，
东北、西北地区将成为未来受气温升高
影响最为敏感的地区．
关键词

温室气体排放情景; 地面气温; 变化
特征
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0 引言

最近的观测事实表明，1906—2005 年全球平均气温上升了 0. 74
℃［1］，期间我国气候变化也呈现出显著的变暖特征，与全球气候变暖

的趋势一致． 根据 1905—2001 年以我国东部台站为主观测到的最高

和最低温度，得到的我国平均气温增加率为 0. 81 ℃ / ( 100 a) ，比全球

同期增温略高． 近 50 a 我国平均气温升高以北方为主，最高升温速率

达 0. 8 ℃ / ( 10 a) ，最大升温出现于东北北部、内蒙古、塔里木盆地，从

全球范围看，这里也是增温最显著的地区之一［2-4］，且无论是季节变

化还是年变化，都具有一定的复杂性［5］．
政府间气候变化专门委员会( IPCC) 2007 年发布的第 4 次评估报

告( IPCC AR4) ［1］指出，全球平均地面气温升高超过 90% 的可能性是

由于人为温室气体排放引起的． 根据国际上 20 余个气候模式对未来

气候的预估结果，在 6 种 SRES 排放情景下，到 21 世纪末，全球地表

的平均增温将为 1. 1 ～ 6. 4 ℃，海平面上升 0. 18 ～ 0. 59 m( 与 1980—
1999 年相比) ． 在未来 20 a 中，气温大约以 0. 2 ℃ / ( 10 a) 的速度升

高，即使所有温室气体和气溶胶的浓度稳定在 2000 年的水平上不变，

气温也要以约 0. 1 ℃ / ( 10 a) 的速度继续升高［1，6］．
全球气候变暖对自然生态和人类生存环境产生了显著的影响．

例如: 冰川湖泊范围扩大，数量增加; 许多由冰川和积雪供水的河流

的径流量和早春最大溢流量增大; 许多地区湖水和河水温度升高，并

影响到水质; 永冻区地表不稳定性增加; 动植物的地理分布向高纬度

和高海拔地区推移; 生物的物候期提前． 气候变化甚至还威胁到人类

健康，如热浪造成的死亡率和一些传染病的发病率有所上升［7-8］．
2004 年欧盟一些科学家率先提出了“2 ℃ 升温阈值”的概念，认

为 2 ℃是人类社会可以容忍的最高升温． 2005 年，国际气候变化特别

工作组发表了一份名为《应对气候挑战》建议书，建议书中指出: 如果

升温幅度超过 2 ℃界限，气候突变的可能性和危险性会大大增加，如

农业严重歉收，粮食安全的风险加大; 水资源将严重短缺等． 为此，必

须控制温室气体质量分数不超过 4 × 10 －4，由此将 2 ℃ 升温阈值与

“气候变化危险水平”直接联系起来． 这一切都为中国的减排带来了

巨大的压力． IPCC AR4 第 2 工作组的报告指出: 增温从 1. 5 ℃ 到

2. 0 ～ 2. 5 ℃的过程中，遭受水资源短缺威胁的人口将会从目前的近 6
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亿增加到 24 ～ 31 亿，这其中包括中国和印度的一些

大城市; 温度超过 2 ℃，全球遭遇沿海洪涝、饥饿、疟
疾、水短缺的人数将大大增加［7］． 熊伟等［9-10］的研究

也指出，从温度来看，如果不考虑肥效和相应的适应

措施，平均温度升高 2. 0 ～ 2. 5 ℃左右将导致我国 3
大作物的单产水平持续下降，影响到我国未来的粮

食安全． 如果气温升高 3 ℃，在降水不变的情况下，

长度不足 4 km 的青藏高原冰川将消融［11］．
尽管欧盟等提出的 2 ℃升温阈值的科学性还有

待进一步研究证实，但全球地面气温的升高确实已

经并将继续影响人们赖以生存的地球环境，特别是

对中国这样的发展中国家来说，在应对气候变化挑

战的同时，还要承受来自国际社会的减排压力． 因

此，未来百年，中国大陆地面气温变化及区域特征如

何，所谓的温度阈值出现的时间和空间，是否存在特

别脆弱的地区或区域，这些变化特征与全球平均状

况有何异同，是目前需要回答的科学问题． 本文借助

国家气候中心整编发布的 IPCC AR4 多模式集合的

全球气温资料，分析 21 世纪中国平均地面气温变化

的时空特征，分析未来中国大陆及各气候分区升温

幅度分别达到 2、2. 5、3 ℃ 出现的时间和区域特征，

为气候变化影响评估提供科学基础，为国家制定可

持续发展计划提供决策依据．

1 资料、方法及区域划分

本文分析采用参与政府间气候变化委员会第 4
次评估报告( IPCC AR4) 的全球 20 多个气候模式提

供的 20 世纪气候模拟结果 ( 1901—2000 年) 及 21
世纪( 2001—2099 年) 在 SRES B1、A1B、A2 3 种排

放情景下的预估结果 ( 由国家气候中心整编和发

布) ． 参加 IPCC 第 4 次评估报告的模式代表了当前

国际上主要先进气候模式的最新版本，较之参与

IPCC 第 3 次评估报告的模式均有较大的改进，相应

的情景试验设计也更加合理． 这些模式精度高，参数

化方案更合理，采用了更新的数值方法，模式的更多

详细信息可参见 http:∥www-pcmdi． llnl． gov / ipcc /a-
bout － ipcc． php． 文中所用 20 世纪气候场的模拟及 21
世纪不同情景下的预估结果是将这些单模式结果统

一插值到同一分辨率下( 1. 0° × 1. 0°) ，并采用多模

式集合的方法，即仅通过算术平均得到的多模式集

合结果． 不同 SRES 情景下，月平均资料模式集合平

均值所用的模式数量如下: SRES A1B 共 17 个模式，

SRES A2 共 16 个模式，SRES B1 共 17 个模式，这些

模式的基本特征及集合资料说明参见 http: ∥ncc．
cma． gov． cn． 为便于与 IPCC AR4 中的全球平均变化

相比较，文中采用了多模式集合的 1980—1999 年平

均场作为 20 世纪基准气候场．
文中也使用了中国 743 站同期地面气温的观测

资料，以检验模式对平均气候场的模拟性能． 在将模

式结果与观测进行比较时，将台站的观测资料插值

在与模式结果相同的格点上．
为了考察模式和观测结果之间的差距，计算了

模式的均方根偏差:

DRMS = 1
n∑

n

i = 1
( xi，m － xi，obs )槡

2 ． ( 1)

式( 1) 中: xi，m为模式的气候平均第 i 个月的物理量;

xi，obs为观测的气候平均第 i 个月的物理量; n 为资料

长度; DRMS 为模 式 结 果 与 观 测 结 果 之 间 的 均 方 根

偏差．
本研究所选区域覆盖了包括青藏高原在内的整

个中国大陆及周边地区，范围为 70 ～ 140°E，15 ～
55°N． 此外，为了全面考察中国地面气温变化的区域

特性，将中国大陆分为 6 个主要气候区( 图 1) : A 区

为东北区，主要包括东北三省和内蒙古北部; B 区为

华北区，主要为华北平原; C 区为华东区，主要指长

江中下游地区; D 区为华南区，包括广东、广西、湖南

等地; E 区为西北区，包括内蒙古东部、陕西、宁夏、
甘肃、青海和新疆等地; F 区为西南区，包括西藏、四
川、云南和贵州等地．

图 1 研究区域及分区

Fig． 1 Distribution of the researched regions and sub-regions

2 中国地面气温的模拟检验

关于 IPCC AR4 中采用的全球模式对中国降水、
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东亚 季 风 等 的 模 拟 性 能 已 有 较 多 的 检 验 和 分

析［12-15］，认为大部分模式基本上能够模拟出中国东

部地区降水的季节进退，但不同模式对东亚季风降

水的空间分布模拟差异较大，多模式集合一般优于

大部分单个模式的结果．
此处仅对模拟的地面气温进行检验． 图 2 给出

了 1980—1999 年中国台站实测及 IPCC AR4 多模式

集合的中国冬季、夏季平均地面气温及模式的均方

根偏差． 由图 2 可见: 冬季我国大陆温度梯度较大，

南部平均温度可达 15 ℃，而我国最北方地区平均温

图 2 模拟和观测的 1980—1999 年地面气温及模式的均方根偏差( 单位: ℃ )

Fig． 2 Mean surface air temperature during 1981—1999 from observation and simulation and model's
root-mean-square error ( units: ℃ )

度可低至 － 27 ℃，除青藏高原外，等温线基本上与纬

圈平行; 比较模拟场和实测场可见，模式较好地模拟

出了我国冬季平均气温随纬度的阶梯分布，但模拟的

温度比观测值偏冷，这也是目前模式在东亚地区模拟

中普遍存在的偏差［16-17］; 长江以南地区温度偏高、塔
里木盆地温度偏高以及青藏高原地区温度偏低是夏

季中国地表气温的几个主要特征，模式较好地模拟了

夏季气温的主要区域特征． 从图 2 中给出的模式均方

根误差也可看到( 图 2e—f) : 模式对东部地区的模拟

性能较好，在华北、长江中下游及华南地区的模拟偏
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差较小; 对西部地区模拟偏差较大，特别是青藏高原

地区; 夏季的模拟偏差小于冬季． 姜大膀等［18］计算了

17 个模式及其集合结果与 CRU 观测资料之间的空间

相关系数，最小为 0. 948，最高可达 0. 992，可见，模式

对地面气温场模拟的空间差异很小，均能较好地反映

模式的空间分布特征． 大部分模式对地面气温年际变

率及线性趋势也有一定模拟能力［19］．

3 未来中国地面气温变化特征

图 3 给出了中国大陆及 6 个分区域 2001—2099
年在 3 个主要排放情景下多模式集合的地面气温变

化情况． 需要说明的是，为了消除年变化的影响，本

文在给出未来温度变化的时间序列演变图时对资料

进行了 9 a 滑动平均处理． 由图 3 可见，未来各区域

平均地面气温在 3 种排放情景下均呈显著升温趋

势． 东北地区的升温幅度最大，西北地区次之，华南

地区最小． 相对于模式气候场，B1 排放情景下各区

域平均升温速率范围为 0. 20 ～ 0. 24 ℃ / ( 10 a) ，区

域之间的差异不明显，到 2099 年升温幅度为 2. 03 ～
2. 68 ℃ ; A1B 排放情景下各区域平均升温速率范围

为 0. 33 ～ 0. 44 ℃ / ( 10 a) ，东北地区升温速率最大，

到 2099 年升温幅度为 3. 12 ～ 4. 26 ℃ ; A2 排放情景

下各区域平均升温速率范围为 0. 36 ～ 0. 51 ℃ / ( 10
a) ，区域之间的差异明显增大，到 2099 年升温幅度

为 3. 68 ～ 5. 26 ℃，与江志红等［20］的分析结果基本

一致． 从图 3 中还可以看出，A1B 作为中等排放情

景，尽管该情景下 CO2 排放浓度仅在 2030 年前高于

A2 情景，但可能是由于气温变化对 CO2 浓度具有持

续或是滞后的响应，因此，该情景下中国大部分区域

升温幅度在 2050 年前比 A2 情景略偏高．
从季节变化特征来看( 图 4 给出 21 世纪 3 种排

放情景下各区域月平均气温的变化曲线) ，东北、西

图 3 21 世纪区域年平均地面气温距平变化曲线

( 相对于 1980—1999 年)

Fig． 3 Time series of regional surface air temperature
departure( relative to 1980—1999)

图 4 21 世纪区域月平均地面气温距平变化曲线

( 相对于 1980—1999 年)

Fig． 4 Monthly mean surface air temperature departure
in sub-regions( relative to 1980—1999)
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北升温的季节变化较其他地区明显，华南地区升温

的季节差异较小． 大部分区域冬季升温幅度明显高

于其他季节，个别区域例外，如西北地区在 3 种排放

情景下 6—9 月的升温幅度均高于其他月份． 需要指

出的是，考察 21 世纪前期、中期、后期各区域平均气

温变化的季节变化( 图略) 发现，冬季、夏季增温幅

度的差异逐渐增大，即冬季增温越来越明显于夏季，

因此，未来气温的年较差将呈减小趋势．
图 5、6 分别给出了 21 世纪 20 年代和 40 年代

东亚地区年平均地面气温的空间变化图． 可见，3 种

排放情景下地面气温距平场等值线呈经向分布，高

纬度地区增温幅度明显高于低纬度地区，这一特征

图 5 21 世纪 20 年代年平均地面气温变化

( 相对于 1980—1999 年; 单位: ℃ )

Fig． 5 Surface air temperature changes in 2020s
( relative to 1980—1999; unit: ℃ )

图 6 21 世纪 40 年代年平均地面气温变化

( 相对于 1980—1999 年; 单位: ℃ )

Fig． 6 Surface air temperature changes in 2040s
( relative to 1980—1999; units: ℃ )
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与 IPCC AR4 的结论相一致． 21 世纪前期( 2020 年

前) 不同情景之间升温值差别较小，黄河流域升温范

围约 1. 0 ～ 1. 2 ℃，长江流域地区约为 0. 8 ～ 1. 0 ℃，

华南地区略低，青藏高原地区升温较显著，新疆天山

以北地区升温幅度高达 1. 3 ℃ ． 不同季节之间温度

变化存在较明显差异( 图略) ． 冬季 3 种情景下较普

遍的特征是: 除黄河以南地区温度变化与年平均一

致外，东北地区、华北北部地区升温幅度较年平均偏

高，东北地区最高升温值可达 1. 8 ℃，西部地区较年

平均偏低，但夏季则表现为西部地区升温较为明显．
21 世纪 40 年代 3 种排放情景下中国大陆地面气温

增值普遍在 1 ℃以上，高、低纬之间升温差异可高达

1 ℃，显著升温区主要位于东北、西北、西南地区，且

不同情景下升温差异较大，B1 情景下升温幅度最

小，A1B 和 A2 情景下升温幅度明显增大，高、低排放

情景下黄河以北的大部分地区升温幅度达到 2 ℃ ．
冬季在 A1B 和 A2 情景下黄河流域及其以北地区升

温值均达到 2 ℃以上，东北地区最高值可达 2. 8 ℃ ．
夏季升温最明显的地区仍位于高原西北部及新疆地

区，最高升温值可达2. 4 ℃ ． 与以往研究相比［21-22］，

这两个阶段大陆的升温值比 IPCC 第 3 次评估报告

( IPCC TAR) 中多模式或单模式的结果略偏低． 参加

IPCC AR4 的模式和参加 IPCC TAR 的模式相比在物

理过程参数化方案、模式空间分辨率等方面均有较

大的改进，相应的情景试验设计也更加合理，因此预

估结果的不确定性在一定程度上有所减小．
表 1 给出了 21 世纪前期、中期、末期全球和中

国平均地面气温增暖的预估结果． 表 1 中结果为各

时段年平均地面气温相对于 1980—1999 年平均的

变化值，其中全球预估结果引自 IPCC AR4［1］． 可见，

所考察的 3 种排放情景下，中国平均地表增暖幅度

均高于 IPCC AR4 给出的最佳估算值． 此处对中国大

陆的分析结果与 IPCC AR4 给出的全球结果中一致

性的特点是: 21 世纪前期，变暖预估受不同排放情

景假设或不同模式的敏感性的影响较小，3 种排放

情景之间的升温幅度相差较小，全球平均增温范围

在 0. 64 ～ 0. 69 ℃，中国为 0. 88 ～ 0. 92 ℃，但是到 21
世纪中、后期，不同排放情景下各区域升温差异逐渐

明显，如 2088—2099 年，全 球 增 温 范 围 为 1. 79 ～
3. 13 ℃，中国为 2. 44 ～ 4. 28 ℃，A2 高排放情景下，

气温变化对二氧化碳浓度增加的响应更加显著． 由

此可见，中国未来不同时期的升温幅度均高于全球

平均． 中国大陆气温变化特征存在较大区域差异，至

2099 年，在 B1、A1B 和 A2 这 3 种排放情景下，各区

域平均的温度增幅分别为: 东北地区 2. 68 ～ 5. 26
℃，华 北 地 区 2. 46 ～ 4. 65 ℃，长 江 中 下 游 地 区

2. 23 ～ 4. 10 ℃，华南地区 2. 03 ～ 3. 68 ℃，西北地区

2. 70 ～ 5. 10 ℃，西南地区为 2. 56 ～ 4. 67 ℃ ． 可见，东

北、西北地区与其他区域相比，未来面临地面气温大

幅度增加带来的压力更大，可能成为气候变化影响

更加脆弱的地区． 以往的研究也对西北地区未来气

候变化较为关注［23-24］］，这些研究结果均揭示了未来

西北地区显著的增温趋势，尽管研究中也指出未来

西北地区降水量可能增加，但在较大幅度的增温背

景下未来该区仍可能面临干旱的威胁．

表 1 21 世纪全球和中国平均地表增暖预估结果

Table 1 Projected global and China averaged surface
warming in the 21st century

时期 SRES 全球增暖 /℃ 中国增暖 /℃

2011—2030 年

B1 0. 66 0. 88

A1B 0. 69 0. 90

A2 0. 64 0. 92

2046—2065 年

B1 1. 29 1. 76

A1B 1. 75 2. 52

A2 1. 65 2. 25

2080—2099 年

B1 1. 79 2. 44

A1B 2. 65 3. 71

A2 3. 13 4. 28

图 7 给出的单个模式对东北地区 21 世纪前期

和后期地面气温的预估结果( 其他地区图略) 进一步

说明: 21 世纪前期，不同模式、不同排放情景之间的

预估结果差异较小，气温变暖受温室气体排放假设

及模式设计的敏感性较小; 但随着时间的推移，21
世纪中期( 图略) 各情景及各单个模式之间的差别开

始逐渐增大; 到 21 世纪后期( 图 7b) ，B1、A1B、A2 3
种排放情景的升温差异明显增大，不同模式之间最

大升温差异也可高达 5 ℃ ． 这不仅体现了 21 世纪中

后期地面气温对温室气体浓度值的响应差异，也揭

示了预估结果不确定性的存在． 模式的个体性能及

其对温室气体的敏感程度各不相同，其中，GFDL －

CM2 － 1 的预估结果偏高，CSIRO － MK3 － 0 的预估结

果偏低． 为了考察模式之间的差异，本文计算了不同

模式结果之间的标准差，以 2011—2030 年为例，东

北地区模式间的标准差在 B1、A1B 和 A2 情景下分

别为 0. 582、0. 825 和 0. 591 ℃ ． 由此可见，尽管多模

式集合在一定程度可以减小预估结果的不确定性，
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图 7 单个模式对未来东北地区地面气温的预估结果

Fig． 7 Projected future temperature departure relative to 1980—1999 from each single model

但单个模式的模拟性能对集合结果的影响仍值得

考虑．

4 21 世纪不同升温幅度出现的时间分析

IPCC AR4 第 2 工作组报告指出［4］，未来全球地

表平均气温的持续升高将可能引发全球气候系统的

许多变化． 主要表现在淡水资源、生态系统、粮食生

产、工业、人居环境、社会、健康等诸多领域． 例如，未

来气候变化对亚洲的影响主要包括: 到 2050 年，中

亚、南亚、东亚和东南亚地区的淡水供应将趋于紧

张，特别在大河流域; 沿海地区，特别是人口密集的

南亚、东亚和东南亚三角洲地区，发生洪涝的风险将

极大地增加; 伴随着城市化、工业化和经济发展的加

速，气候变化将增加对自然资源和环境的压力; 在东

亚、南亚和东南亚地区，洪涝和干旱所引发的腹泻的

发病率和死亡率将增加． 因此，本节主要分析未来中

国大陆平均气温升幅达 2、2. 5 和 3 ℃ 的时间和区

域，为气候变化影响研究提供依据．
图 8 给出了 3 种排放情景下未来中国年平均地

面气温升温值达 2 ℃ 的时空分布． 由图 8 可见: B1
情景下，长江以北大部分地区升温值达 2 ℃ 的时间

出现在 2070 年前后，东北、西部地区略偏早，青藏高

原地区最早，约在 2055 年升温值达到 2 ℃，华南地

区升温最为缓慢，至 2090 年以后达到 2 ℃ ; A1B 情

景下，各区升温值达 2 ℃ 的时间较 B1 情景明显偏

早，中国大陆在 2060 年之前全部达到 2 ℃，西部地

区最早，在 2040 年前后即可达到 2 ℃ ; A2 情景下升

温速率在 21 世纪中前期略缓于 A1B 情景，大部分区

域升温值到 2 ℃的时间与 A1B 情景相比滞后 5 a，但

整个大陆地区升温值仍然在 2065 年前达到 2 ℃ ． 本

文也考察了不同排放情景下地面气温升高 2. 5 ℃和

3. 0 ℃ 的时间 ( 图 9 仅给出升温值达 2. 5 ℃ 的情

况) ． 可见，B1 情景下，长江以北地区在未来百年升

温值可达到或超过 2. 5 ℃，东北地区和高原地区偏

早，其余大部分地区在 21 世纪末可超过 2. 5 ℃，且

A1B 情景下在 21 世纪不会出现升温幅度超过 3 ℃
的情况． A1B 情景下各区升温值达 2. 5 ℃ 的时间与

A2 情景相近，大部分地区出现 2. 5 ℃ 的时间比 A2
情景提前 5 a 左右． 从 3 ℃升温阈值出现时间来看，

A1B 情景和 A2 情景下约在 2090 年前整个大陆升温

值均达到或超过 3 ℃，A1B 情景下东北地区和青藏

高原南部地区更是在 2055 年前后就达到 3 ℃ ．
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图 8 平均地面气温增温值达 2 ℃的年份

F ig． 8 The year when mean surface temperature rise by 2 ℃
图 9 平均地面气温增温值达 2. 5 ℃的年份

F ig． 9 The year when mean surface temperature rise by 2. 5 ℃

表 2 进一步统计了各区域未来百年升温值分别

达到 2、2. 5、3 ℃的时间，表中符号 ‘—’表示在所研

究的时段尚未出现． 可见，B1、A1B、A2 3 种排放情景

下中国大陆平均地面气温升温值达 2 ℃的时间分别

在 2065 年、2046 年、2051 年，东北和西北地区偏早，

华北地区、西南地区居中，华南地区最晚，由北至南

相差 10 a 左右，特别是 B1 情景下，南北差异更明

显． B1 情景下 21 世纪中国大陆平均气温升幅不超

过 3 ℃，但在另 2 种排放情景下均在 21 世纪 60 年

代末开始先后达到或超过 3 ℃ ． 特别是东北、西北、
华北地区在 21 世纪中期开始面临地面气温的显著

增加，成为未来受气温升高影响最敏感的地区． 虽然

气温增加在一定程度上可能延长这些地区农作物的

播种期或生长期，但同时干旱、热浪及农作物害虫等

方面的负面影响可能会更大，这些地区未来将可能

面临气候变化引发的更加严峻的影响，需要研究未

来气候变化影响与区域持续发展之间的联系，提高

环境决策水平［25］．
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表 2 不同排放情景下区域平均地面气温增温值

分别达到 2、2. 5 和 3 ℃的年份

Table 2 The year of mean surface temperature rise separately
by 2，2. 5 and 3 ℃ under 3 emission scenarios

情景 区域
年份

增温达到
2. 0 ℃

增温达到
2. 5 ℃

增温达到
3. 0 ℃

B1

东北地区 2059 2074 —

华北地区 2067 2092 —

长江中下游地区 2073 — —

华南地区 2093 — —

西北地区 2064 2087 —

西南地区 2066 2091 —

中国大陆 2065 2092 —

A1B

东北地区 2042 2050 2060

华北地区 2046 2054 2069

长江中下游地区 2051 2061 2076

华南地区 2058 2072 2093

西北地区 2041 2052 2063

西南地区 2047 2055 2068

中国大陆 2046 2054 2067

A2

东北地区 2047 2054 2065

华北地区 2051 2062 2070

长江中下游地区 2058 2067 2078

华南地区 2063 2075 2083

西北地区 2048 2058 2066

西南地区 2052 2062 2070

中国大陆 2051 2061 2069

5 小结

未来中国大陆气温升高对农业、经济、水资源、
生态、人体健康等诸多方面有着重要的影响． 文中采

用参与 政 府 间 气 候 变 化 委 员 会 第 4 次 评 估 报 告

( IPCC AR4) 的全球 20 多个气候模式在 20 世纪气

候模拟试验和 SRES B1、A1B 和 A2 3 种排放情景下

数值模拟结果的集合分析表明，未来中国大陆的气

温变化有着明显的时间和空间差异． 主要结论如下．
1) 21 世纪，中国大陆年平均气温呈显著升高趋

势，3 种排放情景下至 2099 年平均增温范围为 2. 5
～ 4. 9 ℃，高于全球平均． 东北、西北地区增温幅度

较大，华南地区最小． 从季节尺度来看，大部分地区

增温幅度都表现为冬季升温明显高于其他季节，年

较差呈减小趋势．
2) 21 世纪前期，变暖预估受排放情景假设或模

式敏感性的影响较小，不同排放情景和不同模式之

间的预估结果一致，中国大陆增温范围为 0. 88 ～
0. 92 ℃，但从 21 世纪中期以后这种差异逐渐增大，

21 世纪后期增暖范围为 2. 44 ～ 4. 28 ℃ ．
3) 中国大陆平均升温值在 20 世纪 50 年代前

后达到 2 ℃，随后，A1B 及 A2 情景下中国大陆气温

快速升高，在 21 世纪 60 年代末达到或超过 3 ℃，但

区域差异明显，升温值达 2 ℃ 的时间由北至南在不

同排放情景下可相差 10 ～ 30 a，东北、西北地区将成

为未来受气温升高影响最为敏感的地区．
IPCC AR4 中采用的气候模式较第 3 次评估报

告已经有较大的发展，但从目前的分析仍可以看到，

不同排放情景、不同模式之间的预估结果仍有较大

差异，特别是对于 21 世纪中、后期的预估结果，这种

差异更加明显． 未来气候变化预估的不确定性问题

极其复杂，主要包括来自模式的不确定性( 如气候模

式对云反馈、海洋热吸收、碳循环反馈等过程的描述

差别及模式模拟性能导致的不确定性) 以及来自未

来温室气体排放情景的不确定性( 如对化石燃料排

放、固定源排放、流动源排放等温室气体排放量估算

的不确定性以及对与温室气体相关的各种政策影

响、未来人口增长、经济增长、技术进步、新型能源开

发及管理结构变化等影响估算的不确定性) ，由此可

见，预估问题中不确定性的研究仍需要进一步加强．
另外，由于全球气候模式的空间分辨率还普遍较低，

针对中国区域气候的分析还需要考虑使用各种降尺

度方法得到更加详细的区域特征．

致谢: 本研究所使用的全球气候模式气候变化预估

数据，由国家气候中心研究人员对数据进行整理、分
析和惠许使用． 原始数据由各模式组提供，PCMDI
( Program for Climate Model Diagnosis and Intercom-
parison) 负 责 搜 集 归 类，由 WGCM ( JSC /CLIVAR
Working Group on Coupled Modelling) 组织下进行，

多模式数据集的维护由美国能源部科学办公室提供

资助． 在此一并表示衷心感谢!

参考文献
References

［1］ IPCC． Summary for policymakers of climate change
2007: The physical science basis［M］∥Contribution of
Working GroupⅠto the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change． Cambridge:
Cambridge University Press，2007

［2］ 秦大河，丁一汇，苏纪兰，等． 中国气候与环境演变: 上
卷: 气候与环境的演变与预测［M］． 北京: 科学出版

44
闫冠华，等． 不同温室气体排放情景下未来中国地面气温变化特征．

YAN Guanhua，et al． Future surface air temperature changes in China under different greenhouse gas emission scenarios．

712



社，2005: 507-555
QIN Dahe，DING Yihui，SU Jilan，et al． Climate and envi-
ronment changes in China: Vol． I: Climate and environ-
ment changes in China and their projections［M］． Bei-
jing: Science Press，2005: 507-555

［3］ Ding Y H，Ren G Y，Zhao Z C，et al． Detection，causes
and projection of climate change over China: An overview
of recent progress［J］． Advances in Atmospheric Sci-
ences，2007，24( 6) : 954-971

［4］ 左洪超，吕世华，胡隐樵． 中国近 50 年气温及降水量
的变化趋势分析［J］． 高原气象，2004，23( 2) : 238-244
ZUO Hongchao，L Shihua，HU Yinqiao． Variations trend
of yearly mean air temperature and precipitation in China
in the last 50 years［J］． Plateau Meteorology，2004，23
( 2) : 238-244

［5］ 邓自旺，闵锦忠，张勇． 中国近 50 a 气候变化复杂性
分析［J］． 南京气象学院学报，2001，24( 2) : 186-193
DENG Ziwang，MIN Jinzhong，ZHANG Yong． Complexity
of climatic change in China in the last 50 years［J］． Jour-
nal of Nanjing Institute of Meteorology，2001，24 ( 2 ) :
186-193

［6］ 秦大河，陈振林，罗勇，等． 气候变化科学的最新认知
［J］． 气候变化研究进展，2007，3( 2) : 63-73
QIN Dahe，CHEN Zhenlin，LUO Yong，et al． Updated un-
derstanding of climate change sciences［J］． Advances in
Climate Change Research，2007，3( 2) : 63-73

［7］ IPCC． Climate change 2007: Impacts，adaptation and vul-
nerability［M］∥Contribution of Working Group Ⅱ to the
Fouth Report of the Intergovernmental Panel on Climate
Change． Cambridge: Cambridge University Press，2007

［8］ 林而达，吴绍洪，戴晓苏，等． 气候变化影响的最新认
知［J］． 气候变化研究进展，2007，3( 3) : 126-131
LIN Erda，WU Shaohong，DAI Xiaosu，et al． Updated un-
derstanding of climate change impacts［J］． Advances in
Climate Change Research，2007，3( 3) : 126-131

［9］ 熊伟，林而达，居辉，等． 气候变化的影响阈值与中国
的粮食 安 全［J］． 气 候 变 化 研 究 进 展，2005，1 ( 2 ) :
84-87
XIONG Wei，LIN Erda，JU Hui，et al． A study of the
threshold of climate change impact on food production in
China［J］． Advances in Climate Change Research，2005，
1( 2) : 84-87

［10］ 熊伟，居辉，许吟隆，等． 气候变化对中国农业温度阈
值影响研究及其不确定性分析［J］． 地球科学进展，
2006，21( 1) : 70-76
XIONG Wei，JU Hui，XU Yinlong，et al． The threshold of
temperature increase due to climate change for Chinese
agriculture and its uncertainties［J］． Advances in Earth
Science，2006，21( 1) : 70-76

［11］ 刘奇勇，郑景云，葛全胜． IPCC 关于水资源风险的评
估 综 述 ［J］． 安 徽 农 业 科 学，2008，26 ( 32 ) :
14267-14270
LIU Qiyong，ZHENG Jingyun，GE Quansheng． IPCC as-
sessment on the risk of water resource［J］． Journal of An-
hui Agricultural Sciences，2008，26( 32) : 14267-14270

［12］ Sun Y，Solomon S，Dai A，et al． How often does it rain
［J］． Journal of Climate，2006，19: 916-934

［13］ 张莉，丁一汇，孙颖． 全球海气耦合模式对东亚季风降
水模拟的检验［J］． 大气科学，2008，32( 2) : 261-276
ZHANG Li，DING Yihui，SUN Ying． Evaluation of pre-
cipitation simulation in east Asian monsoon areas by cou-
pled ocean-atmosphere general circulation models［J］．
Chinese Journal of Atmospheric Sciences，2008，32 ( 2 ) :
261-276

［14］ 孙颖，丁一汇． IPCC AR4 气候模式对东亚夏季风年代
际变化的模拟性能评估［J］． 气象学报，2008，66 ( 5 ) :
765-780
SUN Ying，DING Yihui． Validation of IPCC AR4 climate
models in simulating interdecadal change of East Asian
summer monsoon［J］． Acta Meteorologica Sinica，2008，
66( 5) : 765-780

［15］ 江志红，陈威霖，宋洁，等． 7 个 IPCC AR4 模式对中国
地区极端降水指数模拟能力的评估及其未来情景预
估［J］． 大气科学，2009，33( 1) : 109-120
JIANG Zhihong，CHEN Weilin，SONG Jie，et al． Projec-
tion and evaluation of the precipitation extremes indices
over China based on seven IPCC AR4 coupled climate
models［J］． Chinese Journal of Atmospheric Sciences，
2009，33( 1) : 109-120

［16］ Jiang D B，Wang H J，Lang X M． Evaluation of East Asi-
an climatology as simulated by seven coupled models
［J］． Advances in Atmospheric Sciences，2005，22 ( 4 ) :
479-495

［17］ Zhou T J，Yu R C． Twentieth-century surface air tempera-
ture over China and the global simulated by coupled cli-
mate models［J］． Journal of Climate，2006，19 ( 22 ) :
5843-5858

［18］ 姜大膀，张颖，孙建奇． 中国地区 1 ～ 3 ℃ 变暖的集合
预估分析［J］． 科学通报，2009，54( 24) : 3870-3877
JIANG Dabang，ZHANG Ying，SUN Jianqi． Ensemble
projection of 1-3 ℃ warming in China［J］． Chinese Sci-
ence Bulletion，2009，54( 24) : 3870-3877

［19］ 刘敏，江志红． 13 个 IPCC AR4 模式对中国区域近 40
a 气候模 拟 能 力 的 评 估［J］． 南 京 气 象 学 院 学 报，
2009，32( 2) : 256-268
LIU Min，JIANG Zhihong． Simulation ability evaluation of
surface temperature and precipitation by thirteen IPCC
AR 4 coupled climate models in China during 1961—
2000［J］． Journal of Nanjing Institute of Meteorology，
2009，32( 2) : 256-268

［20］ 江志红，张霞，王冀． IPCC-AR4 模式对中国 21 世纪气
候变 化 的 情 景 预 估［J］． 地 理 研 究，2008，27 ( 4 ) :
787-799
JIANG Zhihong，ZHANG Xia，WANG Ji． Projection of
climate change in China in the 21st century by IPCC-
AR4 Models［J］． Geographical Research，2008，27 ( 4 ) :
787-799

［21］ 姜大膀，王会军，郎咸梅． SRES A2 情景下中国气候未
来变化的多模式集合预测结果［J］． 地球物理学报，
2004，47( 5) : 776-784

54
学报: 自然科学版，2011，3( 1) : 36-46

Journal of Nanjing University of Information Science and Technology: Natural Science Edition，2011，3( 1) : 36-46

713



JIANG Dabang，WANG Huijun，LANG Xianmei． Mutimo-
del ensemble prediction for climate change trend of China
under SRES A2 scenario［J］． Chinese Journal of Geo-
physics，2004，47( 5) : 776-784

［22］ 许吟隆． 中国 21 世纪气候变化的情景模拟分析［J］．
南京气象学院学报，2005，28( 3) : 323-329
XU Yinlong． Analyses on scenario simulations of the 21st
century climate change in China［J］． Journal of Nanjing
Institute of Meteorology，2005，28( 3) : 323-329

［23］ 徐影，丁一汇，赵宗慈，等． 我国西北地区 21 世纪季节
气候变 化 情 景 分 析［J］． 气 候 与 环 境 研 究，2003，8
( 1) : 19-25
XU Ying，DING Yihui，ZHAO Zongci，et al． A scenario of
seasonal climate change of the 21st century in Northwest

China［J］． Climatic and Environmental Research，2003，8
( 1) : 19-25

［24］ 徐影，丁一汇，李栋梁． 青藏地区未来百年气候变化
［J］． 高原气象，2003，22( 5) : 451-457
XU Ying，DING Yihui，LI Dongliang． Climatic change o-
ver Qinghai and Xizang in 21st century［J］． Plateau Me-
teorology，2003，22( 5) : 451-457

［25］ 殷永元． 全球气候变化对区域持续发展的影响: 研究
方法探讨［J］． 南京气象学院学报，1999，22( 增刊 1) :
465-471
YIN Yongyuan． Impact of global climate change on re-
gional sustainable development: Discussion of research
method［J］． Journal of Nanjing Institute of Meteorology，
1999，22( sup1) : 465-471

Future surface air temperature changes in China under
different greenhouse gas emission scenarios

YAN Guanhua1，2 LI Qiaoping3 XING Chao2

1 School of Atmospheric Sciences，Nanjing University of Information Science ＆ Technology，Nanjing 210044
2 China Meteorological Administration Training Center，Beijing 100081

3 National Climate Center，China Meteorological Administration，Beijing 100081

Abstract Based on IPCC AR4 outputs simulated by multi-model for 20th century and future projection under
SRES B1，A1B and A2 green emission scenarios，the surface air temperature changes in the 21st century are ana-
lyzed． It is revealed that the surface temperature presents different spatial and temporal features over China． Annual
mean temperature will rise by 2. 5-4. 9 ℃ at the end of the 21st century under 3 Scenarios，and the enhancement
magnitude is larger than global mean． In addition，the warming magnitude in winter will be larger than in the other
seasons，the annual range of temperature is expected to decrease in the future． The projection results are consistent
between the different emission scenarios and models in the first half of the 21st century，with the warming magnitude
being 0. 88-0. 92 ℃ ． However，the projected temperature becomes more sensitive to the scenarios and models since
mid of the 21st century． By the end of the 21st century，the temperature will increase by about 2. 44-4. 28 ℃ ． Rela-
tive to 1980—1999，annual mean temperature over China will rise by 2 ℃ around 2050，then the temperature will
increase more quickly under SRES A1B and A2 scenarios and reach or exceed 3 ℃ at the end of 2060s． The tem-
perature changes differently with regions，and the year of temperature rise above 2 ℃ in Southern regions will be lat-
er for about 10-30 years than that in Northern regions over China． Affected by the rising temperature，Northeast Chi-
na and Northwest China will be the most sensitive regions in the future．
Key words greenhouse gases emission; surface air temperature; change features
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@8(A/BC)% GLJSĝLHg@5JS<G" LGJA?@JASE Sg?SMLBL<<S<G" 6<L5A6AJ@JASE" 6<LMA5JASE

&"7+% Q"/%!/;5

!

2<S:L5JGK66S<JLM fHJDL16L5A@B15ALEJAgA5VLGL@<5D RKEM SgPLJLS<SBSFA5@B2KfBA5;LBg@<L2<SgLGGASE Sg,DAE@!Z<@EJdS/Zb-b"!!)!%!!=#"JDL

d@JASE@Bd@JK<@B15ALE5LRSKEM@JASE Sg,DAE@!Z<@EJdSG/*!)#=!*!"*!Q+!Q="# @EM JDLd@JASE@BTLH3L5DESBSFHVLGL@<5D @EM ]LeLBS6?LEJ

2<SF<@?SgJDLPAEAGJ<HSg15ALE5L@EM 3L5DESBSFHSg,DAE@!Z<@EJdSG/"!!#\0,"Q\!$" "!!Q\0,=$\!*#/

( ,S<<LG6SEMAEF@KJDS</9&?@AB% gL<FFBI5?@/FSe/5E

727



　第２６卷第１期
２０１１年１月

灾　害　学
ＪＯＵＲＮＡＬＯＦＣＡＴＡＳＴＲＯＰＨＯＬＯＧＹ

Ｖｏｌ２６Ｎｏ１
Ｊａｎ２０１１

北京地区极端温度事件的变化趋势和年代际演变特征


杨　萍１，刘伟东１，侯　威２

（１中国气象局北京城市气象研究所，北京　１０００８９；２国家气候中心，北京　１０００８１）

摘　要：利用北京地区２０个气象观测站１９７８－２００７年逐日平均温度资料，分析了近３０年北京地区极端温度事件
的变化趋势以及年代际空间演变特征。研究结果显示，北京观象台近３０年的两次迁站对研究极端温度事件并无太
大影响；近１０年夏季显著的热岛效应，是城区极端高温事件发生频次明显高于其他地区的重要原因；尽管北京地
区冬季平均温度的空间分布形态变化甚微，并始终存在着明显的热岛效应，但城区极端低温事件的发生频次有可

能发生了与热岛效应无关的突变过程。

关键词：北京地区；极端高温事件；极端低温事件；年代际演变；热岛效应

中图分类号：Ｐ４２３３　　文献标识码：Ａ　　文章编号：１０００－８１１Ｘ（２０１１）０１－００６０－０５

０　引言

关于城市气候的诸多研究中，城市热岛效应

研究得最多［１－３］。不同时段、不同国家的不同城

市都或多或少地受到城市热岛效应的影响［４－５］。

若从对城市发展的影响以及城市对极端事件的承

载能力来看，城市中极端气候事件的研究显得更

为迫切和重要［６－８］。分析极端事件在城市中的长

期变化趋势、空间演变特征具有非常重要的现实

意义。

北京城区是典型的“热岛”，其热岛强度比中

国沿海城市明显，城市热岛增强的结果是造成冬

季寒冷期缩短和夏季炎热期增强，城市高温热浪

等灾害更加频繁［９］。对于北京地区温度的已有研

究侧重于对热岛效应的探讨以及城郊温度的对比

分析，对城市中极端事件气候特征的研究较少。

本文以北京地区极端温度事件为研究对象，讨论

了近３０年北京地区极端温度事件的变化趋势及年
代际的空间演变特征。

１　资料

１９７８年后，北京地区２０个常规气象站具有较
为完整的观测资料。本文使用的资料为国家信息

中心提供的 １９７８－２００７年北京地区 ２０个常规站

（图１）逐日平均温度资料。为尽可能消除测站海拔
高度上存在的差异对温度造成的影响，对北京地

区２０站的日平均温度资料按照０６℃／１００ｍ的垂
直递减率统一订正到海平面高度。

图１　研究选用的北京地区２０个台站分布示意图

本文基于日平均温度资料定义极端温度事

件［１０］，采用国际上通用的百分位阈值法［１１］。具体

定义为：将１９７８－２００７年夏季（冬季）日平均温度
资料按从小到大（从大到小）排序，取第９０百分位
作为极端高（低）温事件的上（下）阈值，超过上

（下）阈值的定义为极端高（低）温事件。

２　１９７８年以来北京地区极端温度事
件的变化趋势

　　北京观象台（５４５１１）为国家基准站，通常使用

 收稿日期：２０１０－６－２３
基金项目：北京市气象局“北京优秀人才项目”（２００６１Ｄ０２００８０００６０）；国家自然科学基金项目（４０９７５００６，４１００５０４３）
作者简介：杨萍（１９８１－），女，汉族，江苏兴化人，博士，主要从事城市气候和极端气候事件的研究Ｅｍａｉｌ：ｐｙａｎｇ＠ｉｕｍｃｎ
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该台站的气象数据代表北京地区。１９７８年以来北
京观象台发生过两次较大的迁站，不少研究表明

北京观象台数据包含了明显的城市效应［１２］，迁站

因素是否会对该地区极端事件的气候特征造成影

响，值得进行对比和分析。

有研究表明北京地区２０个常规气象站属于同
一气候区，其气象要素统计平均值可代表北京地

区接近于真实状态的气候特征［１３］。基于此，采用

北京地区２０个常规站极端温度事件年频次的平
均值作为参考序列，对比分析基于观象台资料的

极端温度事件的发生频次。具体结果如图 ２所
示，其中实线为参考序列，虚线为北京观象台的

结果。

图２　极端温度事件发生频次的变化趋势

图２显示，１９９０年代中期以后，极端高温事
件的频次呈现明显的上升趋势，１９８０年代末以前
极端低温事件频次呈现较为明显的下降趋势，之

后以震荡波动为主。对比观象台时间序列与参考

序列的结果发现，尽管北京观象台发生过两次迁

站，但利用观象台资料研究近３０年极端温度事件
的发生频次，无论从逐年结果还是从线性倾向率

来看，基于观象台的时间序列与基于全区平均的

参考序列基本一致，可见迁站对极端温度事件发

生频次的影响甚微。

３　极端温度事件的年代际演变特征

大量统计事实表明，北京地区具有明显的城

市热岛效应［１４］，那么在此气候背景下的极端温度

事件发生频次空间分布形态及其年代际演变特征

如何？基于此，本文分别统计了 １９７８－１９８７年、
１９８８－１９９７年、１９９８－２００７年这三个时段北京地

区２０个站极端温度事件发生频次的年代际空间分
布图，并分析了其年代际演变特征。

３１　极端高温事件发生频次的年代际演变特征

图３为北京地区极端高温事件年代际演变的空
间分布图。图３中大于等于所处时段全区平均发生
频次的等值线用实线标识，反之则为虚线。观象

台的位置用“★”标出。

图３　北京地区极端高温事件发生频次空间分布

图３显示，近３０年北京地区极端高温事件发
生频次的高值中心具有明显的年代际差异。１９７８－
１９８７年，极端高温事件发生频次的高值区主要位
于北京北部的汤河口、上甸子、佛爷顶以及北京

１６
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西南部的霞云岭和斋堂；１９８８－１９９７年，高值区
为以怀柔为中心的广大北方地区，西部尤其是西

部偏南的大部分地区为低值区；１９９８－２００７年的
分布格局与１９７８－１９８７年具有较对称的反相关系，
在１９７８－１９８７年时段中的高值区成为了 １９９８－
２００７年的低值区域，该时段的高温中心之一位于
石景山工业密集区，这与郑祚芳等人得到的夏季

高温日的高值中心较为吻合［１４］。

有文献根据与观象台距离的远近区别城区和

郊区［１５］，按此定义，丰台、大兴等均可纳入城区

范围。通过比较不同年代际之间城区极端高温事

件发生频次的空间分布特征发现，１９７８－１９８７年，
城区极端高温事件的发生频次均低于北京全区的

平均水平，１９８８－１９９７年，其中与平均水平相当，
１９９８－２００７年，其值明显高于北京全区的平均态。
这种年代际演变特征说明在最近的十年中，北京

城区极端高温事件的发生频次呈现明显增大的趋

势。已有研究指出，气候平均值及变率的改变有

可能造成异常温度频次的改变［１０］，北京地区夏季

气温平均态与极端高温事件的空间演变是否有联

系，针对此问题我们给出了１９７８－２００７年每１０年
夏季平均温度空间距平分布图，如图４所示，其中
实线为正距平，虚线为负距平。

图４显示，图４ａ和图４ｂ空间分布格局非常
相似，东部以负距平为主，西北以正距平为主。

１９９８－２００７年夏季平均温度正距平的区域更加集
中，集中在城区周围，这与图３ｃ的结果存在较好
的对应关系，这可能说明了近 １０年城区热岛效
应更加明显，热岛效应很可能是导致该时段内极

端高温事件发生频次明显高于其他地区的主要

原因。

３２　极端低温事件的年代际演变特征
类似地，图５给出了北京地区极端低温事件年

代际演变的空间分布。

图５显示，１９７８－１９８７年，城区的朝阳和城
郊平谷形成两个高值中心，高值区主要覆盖于东

北部东南部一带；１９８８－１９９７年，高值中心移至
西南位置的霞云岭站附近；１９９８－２００７年，西南
地区的霞云岭等地的发生频次保持了前一个年代

际的高值状态，而以怀柔为中心的北方大部从上

个年代际的低值中心转变为高值中心，城区的发

生频次与全区平均发生频次相当。对比不同年代

际之间城区极端低温事件发生频次的空间分布特

征发现，１９７８－１９８７年，城区的发生频次均高于
北京全区的平均水平；１９８８－１９９７年，其发生频

图４　北京地区夏季平均温度空间距平分布

次均低于北京全区的平均水平；１９９８－２００７年，
发生频次又有上升的趋势，其值接近于北京全区

的平均态。这种年代际变化表明，与 １９７０、１９８０
年代相比，１９９０年代以后北京城区极端低温事件
的发生频次经历了先减小后增加的变化过程。与

极端高温事件的讨论类似，图 ６给出了 １９７８－
２００７年冬季平均温度年代际空间距平分布图。

图６显示，冬季平均温度距平的年代际空间分
布差异很小，北部山区为气温的小值区域，包含

城区在内的西部和南部在内均为气温偏暖区。１９９８
－２００７年，城区热岛中心有增强的趋势，但整体
而言没有明显的年代际差异。而冬季极端低温事

２６
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图５　北京地区冬季极端低温事件发生频次空间分布

件在不同年代际之间的空间分布差异非常明显，

从ＳＥ－ＮＷ走向（１９７８－１９８７年）过渡到 ＳＷ－ＮＥ
走向（１９８８－１９９７年）再过渡到 ＳＷ－ＮＥ中心的走
向（１９９８－２００７年）。这种年代际空间演变特征和
冬季平均温度空间分布特征没有明显的联系，可

能说明了冬季城市热岛效应对极端低温事件的影

响不明显，即局地城市热岛效应对北京地区极端

低温事件的影响不明显，城区的极端低温事件发

生频次存在着与热岛效应相互独立的突变过程。

这可能是因为冬季北京地区主要在大陆西伯利亚

季风的控制之下，城市气候的小尺度变化并没有

影响大尺度的气候变化。

图６　北京地区冬季平均温度距平空间分布图

４　结论

本文以北京地区极端温度事件为重点，讨论

了近３０年北京地区极端温度事件的变化趋势以及
年代际的空间演变特征，具体结论如下：

（１）北京观象台极端温度事件发生频次与北京
全区平均发生频次的差别不大，这可能说明观象

台近３０年两次迁站对研究极端温度事件并没有直
接显著的影响；

（２）近１０年北京城市热岛效应更加明显，热
岛效应很可能是导致了该时段内极端高温事件发

３６
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生频次明显高于其他地区的主要原因；

（３）极端低温事件年代际空间演变特征和冬季
平均温度空间分布特征没有明显的联系，说明尽

管近几十年北京地区冬季热岛效应明显，但城区

的极端低温事件发生频次仍旧存在突变的可能性，

且与热岛效应的增强无关。
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我国降水和气温的分级概率时空分布特征

杨小波１）２）３）　陈丽娟２
）　刘芸芸２

）

１）（中国气象局成都高原气象研究所，成都６１００７２）

２）（国家气候中心 中国气象局气候研究开放实验室，北京１０００８１）

３）（四川省气候中心，成都６１００７２）

摘　　要

采用全国１６０站１９５１—２００９年月降水和气温资料，分析了短期气候预测业务评分办法中六级要素概率时空分布

特征，并以１月、７月为代表获得了不同地区、不同级别降水和气温异常发生频率。结果表明：降水和气温的六级异常

分布存在显著空间不均匀性和年代际变化特征，１９８０—２００９年，北方降水在１月出现特少、特多等级和７月出现特

少、偏少等级的概率较大，南方降水出现６个等级的概率基本相同；全国气温在１月和７月出现正常略低、正常略高和

偏高等级的概率较大。１９８０—２００９年与１９５１—１９７９年相比，全国１月降水为特多、偏多等级和７月降水为偏少等级

的站数明显增加，全国１月气温为正常略高、偏高和特高等级的站数明显增加，呈明显的年代际变化特征。

关键词：降水；气温；分级概率；时空分布；气候预测

引　言

随着国民经济的迅速发展，社会更加迫切需要

准确和丰富的短期气候预测服务产品［１］。而分析降

水和气温的分级概率时空分布特征，可以获得不同

地区、不同量级降水和气温的异常发生频率，这可以

作为一种背景性信息为气候预测评估和预测产品制

作提供非常有用的参考，也为极端气候的预测提供

了基础信息，有利于短期气候预测服务水平的提高。

在全球气候变暖背景下［２］，关于多种气象要素

极端特性变化的研究有很多［３１０］。Ｅａｓｔｅｒｌｉｎｇ等指

出［１１１２］，全球最低气温、最高气温有明显的上升趋

势，而我国气温的变化趋势与全球基本一致［１３１５］。

唐红玉等［１６］研究表明，我国年平均最高气温的变化

特征呈现北方增暖明显、南方变化不明显的特征，各

地年平均最低气温呈明显的变暖趋势。与此同时，

许多研究也分析了极端降水的变化情况。Ｚｈａｉ等研

究指出［１７］，我国南方极端降水事件增加趋势明显，

我国北方极端降水事件减少趋势明显，蔡敏等［１８］研

究也有类似结论。王小玲等［１９］发现，降水量的趋势变

化主要由强降水量的变化引起，降水频率变化对降水

量趋势的贡献远大于强度变化，趋势变化主要由频率

的趋势产生。此外，全球气候存在明显的年代际变化

特征［２０］，在我国则表现为长江、淮河流域２０世纪７０

年代末后降水明显增多，而华北地区降水明显减

少［２１］，我国东部季风区中的“北涝南旱”型在２０世纪

７０年代末后转为“南涝北旱”型
［２２］。这些研究成果提

示预报员在气候预测业务和服务中要以发展的眼光

看待预报因子和预报对象。

多数研究成果［２３２７］主要集中于极端气温、降水

的分析，实际上在气候预测业务中面对的是从正常

到异常的多级情况，如何为决策者提供丰富的预测

信息具有实际应用价值。本文采用中国气象局预报

与网络司下发的《短期气候预测质量分级检验办

法》①中对降水、气温的六级分级定义和评分办法，分

析各月各要素的六级概率时空分布特征，以期为预报

员进行气候预测时综合考虑年代际变化、年际变化和

季节内变化特征提供重要参考信息，同时也对气候预

测质量检验方法的特点和合理性提出建议。

２０１０１１１８收到，２０１１０６０７收到再改稿。

资助项目：国家科技部科技支撑项目（２００７ＢＡＣ２９Ｂ０４和２００９ＢＡＣ５１Ｂ０５），公益性行业（气象）科研专项（ＧＹＨＹ２００９０６０１５）

 通信作者，Ｅｍａｉｌ：ｃｈｅｎｌｊ＠ｃｍａ．ｇｏｖ．ｃｎ

① 关于下发《短期气候预测质量分级检验办法》的通知．气预函〔２００９〕１４１号．２００９．
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１　资料与方法

本文采用国家气候中心常规业务中使用的

１９５１—２００９年我国１６０站月降水、气温资料，根据

《短期气候预测质量分级检验办法》中对降水、气温

等级划分标准（表１），以２０％和５０％的阈值将降水

划分为特少、偏少、正常略少、正常略多、偏多、特多

共６个等级，以１℃和２℃的阈值将气温划分为特

低、偏低、正常略低、正常略高、偏高、特高共６个等

级。针对６个等级的评分办法如表２所示。可以看

到，预报等级与实况相符时，单站评分为１００分；预

报等级与实况不符时，如果预报为正常等级，而实况

与预报相差１个等级，则得分在１００分基础上减２０

分，相差两个等级减４０分；但如果预报为异常等级

而实况也为异常等级，但预报与实况相差１个等级，

则单站评分为８０分基础上再加１０分的加权奖励

分。六级异常是针对０呈对称分布，得分对应分级

预测与实况的关系也呈对称分布。表２的评分办法

强调了级别预测正确的重要性，且对异常级别预报

正确的情况有加权奖励。在这种评分思路下，如何

清楚地了解降水、气温在不同级别下的时间和空间

分布特征对预测和服务非常必要。

表１　降水和气温趋势预测六级评分制用语及等级划分标准

犜犪犫犾犲１　犜犺犲狋犲狉犿犻狀狅犾狅犵狔狅犳狊犻狓犾犲狏犲犾狊犮狅狉犻狀犵犿犲狋犺狅犱犪狀犱狋犺犲

犮犾犪狊狊犻犳犻犮犪狋犻狅狀狊狋犪狀犱犪狉犱狊狅犳犲犪犮犺犾犲狏犲犾犳狅狉狆狉犲犮犻狆犻狋犪狋犻狅狀犪狀犱狋犲犿狆犲狉犪狋狌狉犲狆狉犲犱犻犮狋犻狅狀

预测用语 Δ犚／％ Δ犜／℃

特少（特低） Δ犚≤－５０ Δ犜≤－２．０

偏少（偏低） －５０＜Δ犚≤－２０ －２．０＜Δ犜≤－１．０

正常略少（正常略低） －２０＜Δ犚＜０ －１．０＜Δ犜＜０

正常略多（正常略高） ０≤Δ犚＜２０ ０≤Δ犜＜１．０

偏多（偏高） ２０≤Δ犚＜５０ １．０≤Δ犜＜２．０

特多（特高） ５０≤Δ犚 ２．０≤Δ犜

　　　　　　　　　　　注：Δ犚为降水距平百分率；Δ犜为气温距平。

表２　单站降水和气温趋势预测六级评分制评分表

犜犪犫犾犲２　犜犺犲狊犻狓犾犲狏犲犾狊犮狅狉犻狀犵犿犲狋犺狅犱犳狅狉狆狉犲犮犻狆犻狋犪狋犻狅狀犪狀犱狋犲犿狆犲狉犪狋狌狉犲狆狉犲犱犻犮狋犻狅狀狊犪狋狅狀犲狊狋犪狋犻狅狀

实况
预测

特少（特低） 偏少（偏低） 正常略少（正常略低） 正常略多（正常略高） 偏多（偏高） 特多（特高）

特少（特低） １００ ８０＋１０ ６０ ２０ ０ ０

偏少（偏低） ８０＋１０ １００ ８０ ４０ ２０ ０

正常略少（正常略低） ６０ ８０＋１０ １００ ６０ ４０ ２０

正常略多（正常略高） ２０ ４０ ６０ １００ ８０＋１０ ６０

偏多（偏高） ０ ２０ ４０ ８０ １００ ８０＋１０

特多（特高） ０ ０ ２０ ６０ ８０＋１０ １００

　　限于篇幅，本文以１月和７月作为代表进行重

点分析。这里主要采用了概率统计方法，分析了气

候发生年代际转折后１９８０—２００９年１月和７月降

水和气温的六级概率空间分布特征，并在此基础上

对比了１９５１—１９７９年和１９８０—２００９年气温和降水

不同等级概率的年代际变化。这里采用的概率统计

原理为犘（犃）＝犿／狀，其中犘（犃）为事件犃出现的

频率值，狀是总事件发生的总数，犿表示事件犃 发生

的总次数。具体到本文，犘（犃）为某一等级出现的频

率值，狀为资料长度，犿是该等级在狀年内出现该等

级的总次数。本研究可为预报员做分级预报提供重

要的背景信息。

２　降水和气温分级概率时空分布特征

２．１　１９８０—２００９年１月和７月降水分级概率空间

分布特征

均方差能够反映出气候要素值的波动振幅大

小，均方差高值区域易出现异常等级气候事件，均方

差低值区域易出现正常等级气候事件。因此，这里

首先给出了我国１月和７月降水距平百分率的均方

差图（图１）。由于我国目前的短期气候预测业务是
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以距平百分率作为预报对象（表１），因此这里计算

的是降水距平百分率均方差。图１表明，１月降水

距平百分率均方差高值区主要分布于我国西藏及北

方大部地区，低值区主要分布于我国南方地区；７月

均方差高值区主要分布于我国西藏及西北地区，低

值区主要分布于我国东部地区。对比１月和７月均

方差分布后发现，１月均方差要明显大于７月，且北

方要明显大于南方。这说明１月易发生异常等级降

水事件，且北方发生异常等级降水事件的概率要明

显大于南方。

图１　１９８０—２００９年１月和７月我国降水距平百分率的均方差（单位：％）

Ｆｉｇ．１　Ｔｈｅｓｔａｎｄａｒｄｄｅｖｉａｔｉｏｎｏｆｐｒｅｃｉｐｉｔａｔｉｏｎｐｅｒｃｅｎｔａｇｅａｎｏｍａｌｉｅｓｉｎ

ＣｈｉｎａｉｎＪａｎｕａｒｙａｎｄＪｕｌｙｆｒｏｍ１９８０ｔｏ２００９（ｕｎｉｔ：％）

　　不同等级降水出现概率对预报降水趋势的量级

具有重要参考价值。这里参照表１的降水等级划分

标准，给出了１９８０—２００９年１月降水六级概率分布

图（图２）。图２表明，１月降水出现特少、特多等级

概率大于２０％的高值区主要分布于东北、内蒙古、

华北、黄淮、西北、西南地区西部以及华南沿海，部分

地区出现概率超过５０％。１月我国降水出现偏少、

正常略少、正常略多、偏多等级的概率相对较小。对

比图１ａ也可以看出，特多和特少等级的高概率区域

对应均方差高值区，而低概率区则对应均方差低值

区。综合以上分析可知，１月我国北方降水出现特

多、特少等级的概率较大，出现偏少、正常略少、正常

略多、偏多等级的概率较小，而我国南方大部分地区

出现６个等级的概率接近。

　　１９８０—２００９年７月降水的六级概率分布（图３）

表明，７月降水出现特少等级概率大于２０％的高概

率区主要分布于西北地区、内蒙古、江南大部；偏少

等级的高概率区主要分布于东北、华北、黄淮、内蒙

古、西北地区中东部、西南地区以及江南地区；特多

等级概率大于２０％的高概率区主要分布于新疆、西

藏西部、江淮以及华南沿海地区。７月降水基本未

出现正常略少、正常略多、偏多等级的高概率区域。

对比图１ｂ也可以看出，特多和特少级的高概率区域

对应了均方差高值区。综合以上分析可知，７月北

方降水出现特少、偏少等级的概率较大，而南方地区

出现偏少、特多的概率略占优势。

　　综合上面分析可知，１９８０—２００９年１月北方降

水出现特少、特多等级的概率较大，且部分地区出现

特少等级概率接近５０％；７月北方降水出现特少、偏

少等级的概率较大。１月和７月南方降水出现６个

等级的概率比较接近。对比１月和７月降水概率空

间分布特征后还可以发现，１月出现异常等级概率

要明显高于７月。以往短期气候预测业务人员倾向

于正常等级的趋势预报，几乎不考虑预报异常等级。

然而在全球气候变暖的大背景下，降水异常事件频

发，而预报员发布的预测信息多数为正常等级，直接

影响到降水预测准确率的提高，同时也大大降低了

预测服务的效果。现行的短期气候预测评分标准更

着重强调等级预报的正确性，并在此基础上增加了

对预报异常等级的加权奖励。因此，针对现行短期

气候预测业务评分标准和服务需求，并综合考虑年

代际气候变化背景，在有利的年际、季节内变化特征

和预测因子、预测方法的支持下，对于一些出现异常

等级降水概率比较高的区域（如北方部分地区），给

出异常等级趋势预报的把握比较大。
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图２　１９８０—２００９年１月我国降水六级概率分布（单位：％）

（阴影区表示概率分布超过２０％的区域）

Ｆｉｇ．２　Ｄｉｓｔｒｉｂｕｔｉｏｎｓｏｆｔｈｅｓｉｘｌｅｖｅｌｐｒｏｂａｂｉｌｉｔｙｏｆｐｒｅｃｉｐｉｔａｔｉｏｎ

ａｎｏｍａｌｉｅｓｉｎＪａｎｕａｒｙｆｒｏｍ１９８０ｔｏ２００９（ｕｎｉｔ：％）

（ｔｈｅｓｈａｄｅｄａｒｅａｄｅｎｏｔｅｓｔｈｅｐｒｏｂａｂｉｌｉｔｙｏｖｅｒ２０％）

２．２　１９８０—２００９年１月和７月气温分级概率空间

分布特征

１９８０—２００９年１月和７月我国气温的均方差

分布（图４）表明，１月气温均方差异常高值区主要集

中于我国北方及西藏地区，均方差低值区主要分布

于我国南方地区。相比于１月，７月气温的均方差明

显减小，且北方地区气温的均方差也要明显大于南

方。以上分析说明，１月北方大部地区气温变化剧

烈，容易出现极端气温事件，而南方气温波动相对较

小；７月全国气温波动都较小。

　　参照表１中气温等级划分标准，本文绘制出了

１９８０—２００９年１月我国气温的六级概率分布图（图

５）。图５表明，１月出现正常略低等级概率大于２０％

的高概率区主要分布于华北、黄淮、江淮、江汉、华南、

西藏东部、西南地区东部；正常略高等级的高概率区

主要位于华北、西北、西南、江南、华南、江淮、黄淮及
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图３　１９８０—２００９年７月我国降水六级概率分布（单位：％；其他说明同图２）

Ｆｉｇ．３　Ｄｉｓｔｒｉｂｕｔｉｏｎｓｏｆｔｈｅｓｉｘｌｅｖｅｌｐｒｏｂａｂｉｌｉｔｙｏｆ

ｐｒｅｃｉｐｉｔａｔｉｏｎａｎｏｍａｌｉｅｓｉｎＪｕｌｙｆｒｏｍ１９８０ｔｏ２００９（ｕｎｉｔ：％；ｏｔｈｅｒｓｓａｍｅａｓｉｎＦｉｇ．２）

图４　１９８０—２００９年１月和７月全国气温均方差（单位：℃）

Ｆｉｇ．４　ＴｈｅｓｔａｎｄａｒｄｄｅｖｉａｔｉｏｎｏｆｔｅｍｐｅｒａｔｕｒｅｉｎＣｈｉｎａｉｎＪａｎｕａｒｙａｎｄＪｕｌｙｆｒｏｍ１９８０ｔｏ２００９（ｕｎｉｔ：℃）
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图５　１９８０—２００９年１月全国气温六级概率分布（单位：％；其他说明同图２）

Ｆｉｇ．５　Ｄｉｓｔｒｉｂｕｔｉｏｎｓｏｆｔｈｅｓｉｘｌｅｖｅｌｐｒｏｂａｂｉｌｉｔｙｏｆｔｅｍｐｅｒａｔｕｒｅ

ａｎｏｍａｌｉｅｓｉｎＪａｎｕａｒｙｆｒｏｍ１９８０ｔｏ２００９（ｕｎｉｔ：％；ｏｔｈｅｒｓｓａｍｅａｓｉｎＦｉｇ．２）

江汉地区，其中长江流域地区的正常略高等级出现

概率达到４０％左右；偏高等级的高概率区主要位于

西藏、西北地区中东部及华南沿海地区；特高等级的

高概率区主要位于新疆北部、东北大部地区。１月

气温出现特低、偏低等级的高概率区在全国都较少。

综合上面分析可知，１月全国气温出现正常略低、正

常略高的概率较大，出现偏高等级的概率次之，而出

现特低、偏低、特高等级的概率相对较小。

　　图６为１９８０—２００９年７月我国气温的六级概

率分布。图６表明，７月气温基本以正常略低、正常

略高等级为主，其中大部地区出现正常略低、正常略

高的概率大于３０％，尤其是南方部分地区正常略高

等级出现概率大于４０％以上。与之相反，７月我国

气温基本未出现特低、偏低和特高等级的高概率区。

７月气温出现偏高等级的高概率区主要位于西北地

区中东部、西藏、内蒙古和江南北部地区。从以上分

析可知，７月全国气温主要集中于正常略低、正常略

高和偏高３个等级，而特低、偏低和特高气温等级出

现的概率很小。同时，对比图４与图５、图６后发

现，１月和７月气温均方差高值中心都主要分布于

我国北方地区，然而全国大部地区气温都集中于正

常略低、正常略高和偏高３个等级，因此评分办法中

的六级气温得到的均方差分布特征与六级的概率分

布特征有较大的差异。气温的六级分布特征在时间
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和空间上表现出明显的不对称。

　　综合上面分析可知，１９８０—２００９年１月和７月

降水距平百分率均方差能较好反映出降水六级概率

分布特征，而１月和７月气温均方差不能很好反映

出气温六级概率分布特征。从气温六级概率空间分

布特征看到，１月和７月出现正常略低、正常略高和

偏高等级的概率较大，而出现特低、偏低、特高等级

的概率较小。虽然现行预报评分标准对异常等级气

温预报也有额外加权奖励，但是从１月和７月全国

气温六级概率空间分布特征来看，我国大部地区气

温基本都处于正常等级之中，基本不会出现异常等

级情况。因此，结合现行的气温评分标准和气温六

级概率分布特点，并同时考虑年代际、年际尺度的气

候背景，１月、７月全国大部地区气温出现正常略低、

正常略高和偏高等级的概率较高，而特低、偏低和特

高等级出现概率低，呈现明显的偏态分布。业务人

员在进行气候预测服务时应充分考虑这种气候特

征。

图６　１９８０—２００９年７月全国气温六级概率分布（单位：％；其他说明同图２）

Ｆｉｇ．６　Ｄｉｓｔｒｉｂｕｔｉｏｎｓｏｆｔｈｅｓｉｘｌｅｖｅｌｐｒｏｂａｂｉｌｉｔｙｏｆ

ｔｅｍｐｅｒａｔｕｒｅａｎｏｍａｌｉｅｓｉｎＪｕｌｙｆｒｏｍ１９８０ｔｏ２００９（ｕｎｉｔ：％；ｏｔｈｅｒｓｓａｍｅａｓｉｎＦｉｇ．２）

２．３　气温和降水概率年代际变化特征

全球气候在２０世纪７０年代末期发生了显著的

年代际变化。为了揭示气候年代际变化对气温、降

水概率分布的影响，本文还对比了１９５１—１９７９年和

１９８０—２００９年两个时间段中降水和气温的差别，分

别计算出这两个时段降水和气温６个等级概率大于
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２５％的站数（如图７所示）。由图７可知，１９８０—

２００９年，１月降水特多、偏多等级和７月降水偏少等

级的站数要明显多于１９５１—１９７９年，１月降水特少

等级和７月降水特少、正常略少等级的站数要明显

少于１９５１—１９７９年，而１月降水偏少、正常略少、正

常略多等级和７月偏多、特多等级的站数变化不大。

１９８０—２００９年１月气温特低、偏低、正常略低等级

的站数明显少于１９５１—１９７９年，而正常略高、偏高

和特高等级的站数明显多于１９５１—１９７９年。两个

时段７月气温６个等级的站数都没有太大变化。以

上分析同时表明，全球变暖引起降水、气温等级分布

的改变在冬季最显著，需要引起预报员关注。

　　降水特少、特多等级和气温特低、特高等级的概

率分布在很大程度上反映了气温、降水极端事件发

生的频率。１９８０—２００９年与１９５１—１９７９年全国降

水特少、特多等级的概率差值分布可以很好地表现

不同年代降水异常等级的变化特征（图８）。图８表

明，１月和７月降水特少等级概率的显著负值区域

图７　１月和７月的降水与气温六级概率大于２５％的站数

Ｆｉｇ．７　Ｔｈｅｎｕｍｂｅｒｏｆｓｔａｔｉｏｎｓｗｈｅｒｅｔｈｅｓｉｘｌｅｖｅｌｐｒｏｂａｂｉｌｉｔｙｏｆ

ｐｒｅｃｉｐｉｔａｔｉｏｎａｎｄｔｅｍｐｅｒａｔｕｒｅａｎｏｍａｌｉｅｓｇｒｅａｔｅｒｔｈａｎ２５％ｉｎＪａｎｕａｒｙａｎｄＪｕｌｙ

图８　１９８０—２００９年与１９５１—１９７９年全国降水概率的差值分布（单位：％）

（阴影区表示达到０．１显著性水平）

Ｆｉｇ．８　Ｐｒｅｃｉｐｉｔａｔｉｏｎｐｒｏｂａｂｉｌｉｔｙａｎｏｍａｌｉｅｓｂｅｔｗｅｅｎｔｈｅｐｅｒｉｏｄｓｏｆ１９８０—２００９ａｎｄ

１９５１—１９７９（ｕｎｉｔ：％）（ｔｈｅｓｈａｄｅｄａｒｅａｄｅｎｏｔｅｓｐａｓｓｉｎｇｔｈｅｔｅｓｔｏｆ０．１ｌｅｖｅｌ）
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主要分布于西南东部、江南等地区，其出现概率下降

了２０％左右；而北方大部为未通过显著性检验的正

值区域，其出现概率上升了１０％左右。１月和７月

降水特多等级概率的显著性负值区主要分布于内蒙

古、西北部分地区等地；正值区主要分布于江淮、江

南等地区。综合以上分析可知，１月和７月降水特

少等级概率在我国南方地区有下降趋势，在北方地

区有上升趋势，而降水特多等级概率在我国南方地

区有上升趋势，在北方地区有下降趋势。以上结论

与文献［２３２７］结果一致。

　　１９８０—２００９年与１９５１—１９７９年的气温特低、

特高等级的概率差值分布（图９）表明，１月气温特低

等级概率为全国一致的负距平区，且显著性负值区

主要分布于北方地区，即气温特低、特高等级出现概

率下降了１０％以上。与之相反，１月气温特高等级

概率表现为全国一致的正距平区，且显著性正值区

也主要分布于北方地区，其出现概率上升了１０％以

上。７月气温出现特低、特高等级概率基本没有明

显的变化。从上面分析可知，１月我国大部地区出

现气温特低等级的概率在降低，而出现气温特高等

级的概率在上升，这一年代际变化趋势在北方尤为

显著。７月全国气温特低、特高等级的概率基本维

持不变。同时，这也说明我国夏季气温增暖不显著，

而冬季气温增暖显著，并且北方地区异常增暖幅度

要明显大于南方。以上结论与文献［１３１６］结果较

一致。

图９　１９８０—２００９年与１９５１—１９７９年全国气温概率的差值分布（单位：％）

（阴影区表示达到０．１显著性水平）

Ｆｉｇ．９　Ｔｅｍｐｅｒａｔｕｒｅｐｒｏｂａｂｉｌｉｔｙｄｉｆｆｅｒｅｎｃｅｓｂｅｔｗｅｅｎｔｈｅｐｅｒｉｏｄｓｏｆ１９８０—２００９ａｎｄ１９５１—１９７９（ｕｎｉｔ：％）

（ｔｈｅｓｈａｄｅｄａｒｅａｓｈｏｗｓｐａｓｓｉｎｇｔｈｅｔｅｓｔｏｆ０．１ｌｅｖｅｌ）

　　综上所述，与１９５１—１９７９年相比，１９８０—２００９

年１月降水特多、偏多等级和７月降水偏少等级的

站数增加明显，１月降水特少等级和７月降水特少、

正常略少等级的站数减少明显；１９８０—２００９年时段

１月气温特低、偏低、正常略低等级的站数明显减

少，１月气温正常略高、偏高和特高等级的站数明显

增加，而７月气温６个等级的站数基本无变化。同

时，１月和７月降水特少等级概率在我国南方地区

有年代际下降趋势，在北方地区有上升趋势，而降水

特多等级概率在我国南方地区有年代际上升趋势，

在北方地区有下降趋势。１月我国大部地区出现气

温特低等级的概率在降低，而出现气温特高等级的
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概率在上升，这一变化趋势在北方尤为显著。７月

我国气温特低、特高等级的概率基本维持不变。这

也说明我国夏季气温增暖不显著，而冬季气温增暖

显著，并且北方地区增暖幅度要明显大于南方。

降水和气温分级概率特征在时间上表现出显著

的年代际变化，从侧面反映出气候背景的变化对降

水和气温预报趋势的影响，预测因子的选择也要随

年代际变化特征而更新。因此在短期气候预测业务

中，除了要考虑月、季尺度和年际尺度的变化外，还

需要结合降水和气温的六级概率分布特征，考虑年

代际变化对降水和气温趋势的影响，通过多时间尺

度综合集成来提高气候预测、评估及服务水平。

３　结论和讨论

本文利用中国气象局预报与网络司下发的《短

期气候预测质量分级检验办法》中对降水、气温的分

级定义和评分办法，采用国家气候中心常规业务中

使用的１９５１—２００９年全国１６０站月降水、气温资

料，分析了各月降水、温度在不同年代际背景下的六

级概率时空分布特征，并以１月和７月作为代表进

行了重点分析，得到了如下结论：

１）下发的短期气候预测质量分级标准和评估办

法是针对正负异常对称分布要素设置的，而实际降

水和气温的六级异常分布存在显著的空间不均匀性

和年代际变化特征。

２）１９８０—２００９年，北方１月降水特少、特多等

级和７月降水特少、偏少等级出现的概率较大。南

方降水在１月和７月出现６个等级的概率比较接

近。１月和７月我国气温出现正常略低、正常略高

和偏高等级的概率较大。这种概率分布特征提示预

报员要慎重分析小概率事件出现的原因及其影响。

３）１９８０—２００９年与１９５１—１９７９年相比，１月降

水特多、偏多等级和７月降水偏少等级的站数明显

增加。１月气温正常略高、偏高和特高等级站数也

明显增加，而７月气温六级等级站数基本无变化。

以上结果说明六级概率分布的年代际变化特征在全

球变暖背景下引起降水、气温等级分布的改变在冬

季最显著。

４）１９８０—２００９年与１９５１—１９７９年相比，１月和

７月降水特少（特多）等级概率在我国南方（北方）地

区有下降趋势，在北方（南方）地区有上升趋势。１

月我国大部地区出现气温特低（特高）等级的概率在

降低（上升）；７月气温特低、特高等级的概率基本维

持不变。这种气候变化的年代际背景提示预报员在

集成预测结果时要考虑年代际信号变化的影响。

５）针对现行短期气候预测业务评分标准，结合

年代际气候变化背景，在有利的年际和季节内变化

特征支持下，北方地区降水趋势应给出异常量级的

预报信息，而南方地区预报指示意义相对不明显。

全国气温出现正常略低、正常略高和偏高３个等级

的概率较高。

现行气候预测评分标准侧重于分级预报的准确

率，尤其支持异常等级降水和气温的预测。因此该

评分方法鼓励提升气候预测的服务效果。降水六级

概率时空分布特征基本符合正负异常对称分布，其

六级评分制比较合理。但气温六级概率时空分布特

征呈现出明显的偏态分布，六级评分不能很好反映

出实际情况，应适当改进。

此外，现行评分方法未考虑到降水和气温的空

间不均匀性和年代际变化特征，忽视了不同地区出

现不同等级要素异常的概率不同所造成的预测难度

的差异。近年来已经有研究将概率权重引入天气预

报评估方法之中［２８２９］，另外对比无技巧预报（如气候

预报、持续性预报）的技巧评分［３０］，也可以不同程度

地解决区域差异的问题，因此现行气候预测评分可

以引入其他评估方法的优点并进一步合理化。
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杨小波，王永光，梁潇云．１１月气候异常型及前期环流信号．应用气象学报，２０１１，２２（３）：２７５２８２．

１１月气候异常型及前期环流信号

杨小波１）２）３）　王永光２
）　梁潇云２

）

１）（中国气象局成都高原气象研究所，成都６１００７２）

２）（国家气候中心，北京１０００８１）　３
）（四川省气候中心，成都６１００７２）

摘　　要

利用全国１６０站１９５１—２００８年１１月温度、降水资料和同期秋季ＮＣＥＰ／ＮＣＡＲ５００ｈＰａ高度场再分析资料，分

析了我国东部季风区１１月暖湿、暖干、冷湿、冷干年同期环流特征，并对同期、前期环流特征进行了差异狋检验。结

果表明：暖型（冷型）同期环流对应乌拉尔山阻塞高压不明显（明显），欧亚中高纬度地区盛行纬向（经向）环流；干型

（湿型）同期环流对应西太平洋副热带高压偏弱（强）、偏东（西）。差异狋检验分布特征表明：在亚洲中高纬度地区，

暖干、冷湿型（暖湿、冷干型）同期环流主要表现为南北（东西）气压场的差异；暖干、冷湿型的前期和同期环流特征

分别具有ＥＵ（Ｅｕｒａｓｉａ）和反ＥＵ遥相关距平结构，而暖湿、冷干型前期和同期环流特征分别具有反ＰＮＡ（Ｐａｃｉｆｉｃ／

ＮｏｒｔｈＡｍｅｒｉｃａｎ）和ＰＮＡ遥相关距平结构。

关键词：冷暖；干湿；环流型；ＥＵ；ＰＮＡ

引　言

２０世纪８０年代后期以来，在我国冬季变暖的年

代际背景下，也出现过１９９５／１９９６，１９９９／２０００，２００４／

２００５，２００７／２００８年４个冷冬的年际异常，低温雨雪

灾害异常事件也时有发生。如２００８年１月１０日—２

月２日，我国南方发生了４次大范围的低温雨雪冰冻

灾害；２００９年１１月我国出现了秋末以来大范围的雨

雪天气，此次过程降水量之大、持续时间之长均为历

史同期罕见，给我国经济、社会造成了重大影响。近

６０年来，典型的冷湿年曾发生过５次（１９６２，１９６７，

１９８１，１９９３，２０００年），华北平原、黄淮、江淮、江南、西

北地区东部和内蒙古西部降水偏多５成至１．５倍，内

蒙古西部更是偏多２～３倍。与此同时，长江中游以

北地区气温普遍偏低１～２℃，华北南部、汉水中下游、

江南西部、内蒙古西部偏低超过２℃。

近年来许多研究也开始关注我国冷冬和暖冬的

异常变化［１６］，分析了我国异常冷、暖冬年的大气、海

洋等影响因子［７１０］。东亚强冬季风时，我国冬季为

冷、干气候，大气环流具有强 ＷＰ（ＷｅｓｔｅｒｎＰａｃｉｆｉｃ）

型、弱ＥＵ遥相关型的特征
［１１］。纪立人等［１２］进一步

分析了厄尔尼诺事件与北太平洋／北美区的ＰＮＡ

型密切，拉尼娜事件与ＥＡＷＭ（东亚冬季风）流型的

强东亚冬季风环流型相联系。陈见等［１３］分析春季

广西凝冻时指出东亚经向环流和南支槽活跃的影

响；杨素英等［１４］分析东北冬季气温时指出强西伯利

亚高压对应东北冷冬；黄露菁等［１５］分析广东春季冷

暖环流特征时指出，特暖年西风指数偏强，副热带高

压偏强。不过以往的研究多侧重于暖冬或冷冬的变

化，并未涉及到冷冬或暖冬年东部季风区温度和降

水的整体配置情况，对冷暖、干湿年的月温度、降水

趋势前期环流特征的探讨较少，尤其是对前期年际

信号影响大范围冷暖、干湿的研究更少。因此，针对

以上问题，本文在综合考虑温度、降水的配置下，得

到１１月暖湿、暖干、冷湿、冷干年的同期５００ｈＰａ高

度场的分布特征，并在此基础上分析了同期和前期

５００ｈＰａ高度场的显著性差异。

２０１００３１０收到，２０１１０２２８收到再改稿。

资助项目：国家科技支撑计划项目（２００９ＢＡＣ５１Ｂ０４）

 通信作者，Ｅｍａｉｌ：ｙｇｗａｎｇ＠ｃｍａ．ｇｏｖ．ｃｎ
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１　资料和方法

本文采用的资料包括：① 全国１６０站１９５１—

２００８年１１月温度、降水资料；② ＮＣＥＰ／ＮＣＡＲ

１９５１—２００８年９月、１０月、１１月逐日５００ｈＰａ高度

场再分析资料。

本文选取我国东部季风区６４站１１月温度、降

水资料，去除其９年以上长期趋势变化，得到仅含９

年以下时间尺度变化的温度、降水新序列。在此基

础上，分别计算我国东部季风区６４站温度和降水的

正距平站数，并对其进行标准化处理，得到１９５５—

２００４年温度、降水正距平站数序列，分别记为犛１ 和

犛２，来代表全国温度、降水的年际变化。犛１＋犛２ 大

值定为暖湿年，小值定为冷干年；犛１－犛２ 大值定为

暖干年，小值定为冷湿年。同时，本文也对高度场滤

去９年以上的年代际趋势变化。需要特别指出的

是，本文所用资料仅保留９年以内尺度的年际变化

部分，这样可以最大限度消除气候变暖对犛１＋犛２，

犛１－犛２ 的影响，获得较准确的冷暖干湿年份。同

时，这也突出了气候要素年际变化部分，对月、季气

候预测有更好的指示意义。

以标准化处理后的犛１＋犛２ 和犛１－犛２ 大于１．５

倍标准差和小于－１．５倍标准差为标准，确定出具

体的暖干、冷湿、暖湿、冷干年，得到４种不同温度、

降水配置型的同期５００ｈＰａ高度距平场特征。同

时，通过差异显著性狋检验方法可以获得不同典型

年前期和同期５００ｈＰａ高度距平场显著性差异区

域。

２　环流分型

本文首先参照第１章的方法，计算去除９年以

上年代际变化的全国１６０站１１月温度、降水的正距

平站数序列，分别记为犛′１和犛′２，并据此计算了犛′１

（犛′２）和去除９年以上年代际变化的全国１６０站１１

月温度（降水）的相关系数（图１），以此来检验选取

研究区域的合理性。从图１ａ看到，犛′２与降水未通过

信度检验的相关区主要分布于西南地区东部、东北

大部、内蒙古中东部以及新疆部分地区，犛′２与降水

的显著正相关区主要分布于我国华南、华中、华东、

华北以及西北地区大部。从图１ｂ可知，犛′１与温度

的负相关区主要分布于青藏高原南部部分地区，而

我国其余大部地区为显著正相关区。图１还表明，

温度整体的代表性要明显高于降水，这说明降水的

分布特征远比温度复杂。综合以上分析，犛′１和犛′２能

较好地反映出我国东部季风区温度、降水演变特征，

但不能反映我国西部地区和东北地区的变化，因此，

以下分析都以我国东部季风区６４站（图中方框内区

域）计算的犛１ 和犛２ 进行讨论。

图１　１９５５—２００４年犛′２与全国１６０站１１月降水的相关系数（ａ）和犛′１与全国１６０站１１月温度的相关系数（ｂ）

（阴影区为信度超过９５％的区域）

Ｆｉｇ．１　Ｔｈｅｃｏｒｒｅｌａｔｉｏｎｏｆ犛′２ｔｏｐｒｅｃｉｐｉｔａｔｉｏｎｏｆ１６０ｓｔａｔｉｏｎｓｉｎＮｏｖｅｍｂｅｒ（ａ）ａｎｄ犛′１ｔｏｔｅｍｐｅｒａｔｕｒｅ

ｏｆ１６０ｓｔａｔｉｏｎｓｉｎＮｏｖｅｍｂｅｒ（ｂ）ｄｕｒｉｎｇ１９５５—２００４（ｔｈｅａｒｅａｐａｓｓｉｎｇｔｈｅｔｅｓｔｏｆ９５％ｌｅｖｅｌｉｓｓｈａｄｅｄ）

　　犛１＋犛２ 和犛１－犛２ 的序列如图２所示。根据

犛１＋犛２（图２中实线）大小，定义典型暖湿年为

１９６１，１９６５，１９７２，１９８２，１９９０年；典型冷干年为

１９６９，１９７９年。同理，根据犛１－犛２（图２中虚线）大

小，定义典型暖干年为１９８０，１９９８年；典型冷湿年

为１９６２，１９６７，１９８１，１９９３，２０００年。普查历年温

度、降水配置情况后发现，这里所选典型年份都能较

好地反映出实况分布特征。
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图２　近５０年来犛１＋犛２（实线）和

犛１－犛２（虚线）的时间演变序列

Ｆｉｇ．２　Ｔｈｅｔｉｍｅｓｅｒｉｅｓｏｆ犛１＋犛２（ｓｏｌｉｄｌｉｎｅ）

ａｎｄ犛１－犛２（ｄａｓｈｅｄｌｉｎｅ）ｉｎｒｅｃｅｎｔ５０ｙｅａｒｓ

３　同期环流特征

为了揭示同期大气环流异常对温度和降水的影

响，图３分别给出了暖干年平均和冷湿年平均的１１

月５００ｈＰａ高度距平场。当出现暖干型环流时（图

３ａ），欧洲、西伯利亚、北太平洋地区为负距平区，中

亚至日本纬向带以及低纬大部为正距平区。这表明

乌拉尔山地区未出现阻塞高压，欧亚中高纬地区为

“南高北低”的环流形势，盛行纬向环流，不利于北方

强冷空气活动。此类型环流分布易导致我国大部地

区温度偏高、降水偏少。与之相反，当出现冷湿型环

流时（图３ｂ），我国北方大部地区、鄂霍次克海、贝加

尔湖地区以及整个低纬度地区为负距平区，我国东

部至日本地区、东北太平洋以及乌拉尔山为正距平

区。这表明乌拉尔山地区出现阻塞高压，欧亚中高

纬度地区自西向东为“正负正”的环流形势，经向

环流发展，有利于北方强冷空气的活动，负距平区南

扩，锋区南压。此类型环流分布导致我国大部地区

温度偏低、降水偏多。

图３　暖干年平均（ａ）和冷湿年平均（ｂ）的１１月５００ｈＰａ高度距平场（单位：ｇｐｍ；阴影区为负值区）

Ｆｉｇ．３　Ｔｈｅｍｅａｎｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔａｎｏｍａｌｙｏｆｗａｒｍａｎｄｄｒｙｙｅａｒｓ（ａ），

ｃｏｌｄａｎｄｗｅｔｙｅａｒｓ（ｂ）ａｔ５００ｈＰａｉｎＮｏｖｅｍｂｅｒ（ｕｎｉｔ：ｇｐｍ；ｔｈｅｎｅｇａｔｉｖｅｉｓｓｈａｄｅｄ）

　　图４分别给出了暖湿年平均与冷干年平均的１１

月５００ｈＰａ高度距平场。当出现暖湿型环流时（图

４ａ），欧洲至乌拉尔山地区、鄂霍次克海以北、中国西

部地区为负距平区，东亚地区为正距平区。这表明：

乌拉尔山地区未出现阻塞高压，东亚大槽偏弱，欧亚

中高纬度地区为“东高西低”的环流形势，不利于强冷

空气的活动；同时，西太平洋副热带高压偏强、偏西，

有利于引导水汽北上进入我国，此类型环流分布导致

我国温度偏高、降水偏多。当出现冷干型环流时（图

４ｂ），东亚地区为负距平区，乌拉尔山至我国西部地

区、鄂霍次克海地区为正距平区。这表明：乌拉尔山

和鄂霍次克海地区有阻塞高压，东亚槽偏强、偏西，欧

亚中高纬度地区为“西高东低”的环流形势，盛行经向

环流，有利于北方强冷空气南下活动，此类型环流分

布导致我国温度偏低、降水偏少。

为了进一步认清图３、图４中典型环流场的显

著差异区，本文利用狋检验方法，分别给出了１１月

暖干型与冷湿型和暖湿型与冷干型的５００ｈＰａ高度

场的差值分布（如图５所示）。图５ａ表明，暖干型与

冷湿型的显著差异区主要分布于东亚槽区、乌拉尔
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山、欧洲西岸及北大西洋副热带地区，为ＥＵ遥相关

型。这种分布说明暖干型与冷湿型在亚洲地区主要

表现为中高纬度地区南北气压场的异常。图５ｂ表

明，暖湿型与冷干型的显著差异区主要位于乌拉尔

山、东亚、西北太平洋、东北太平洋、北美西部、墨西

哥湾附近地区，表现出反ＰＮＡ的遥相关特征。这

种分布说明在亚洲中纬度地区主要表现为东西气压

场的差异。

图４　暖湿年平均（ａ）和冷干年平均（ｂ）的１１月５００ｈＰａ高度距平场（单位：ｇｐｍ；阴影区为负值区）

Ｆｉｇ．４　Ｔｈｅｍｅａｎｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔａｎｏｍａｌｙｏｆｗａｒｍａｎｄｗｅｔｙｅａｒｓ（ａ），

ｃｏｌｄａｎｄｄｒｙｙｅａｒｓ（ｂ）ａｔ５００ｈＰａｉｎＮｏｖｅｍｂｅｒ（ｕｎｉｔ：ｇｐｍ；ｔｈｅｎｅｇａｔｉｖｅｉｓｓｈａｄｅｄ）

图５　１１月５００ｈＰａ高度场的狋检验值分布（阴影区为信度超过９０％的显著差异区）

（ａ）暖干年平均与冷湿年平均偏差，（ｂ）暖湿年平均与冷干年平均偏差

Ｆｉｇ．５　Ｔｈｅ狋ｔｅｓｔｏｆｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔａｎｏｍａｌｙｏｆｗａｒｍａｎｄｄｒｙｙｅａｒｓｔｏｃｏｌｄａｎｄｗｅｔｙｅａｒｓ（ａ），

ｗａｒｍａｎｄｗｅｔｙｅａｒｓｔｏｃｏｌｄａｎｄｄｒｙｙｅａｒｓ（ｂ）ａｔ５００ｈＰａｉｎＮｏｖｅｍｂｅｒ

（ｔｈｅａｒｅａｐａｓｓｉｎｇｔｈｅｔｅｓｔｏｆ９０％ｌｅｖｅｌｉｓｓｈａｄｅｄ）

　　综上所述，暖型（冷型）环流对应乌拉尔山阻塞

高压不明显（明显），欧亚中高纬度地区盛行纬向（经

向）环流；干型（湿型）环流对应西太平洋副热带高压

偏弱（强）、偏东（西）。这一结论与文献［１５１６］得到

的结果相符。同时，狋检验值分布特征表明，暖干、

冷湿型在亚洲地区主要表现为南北气压场的差异，

暖湿、冷干型在亚洲地区主要表现为东西气压场的

差异。狋检验结果还表明用犛１，犛２ 方法计算得到的

４个典型环流型具有一定的代表性，各个特征环流

型之间存在明显的差异。
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４　前期环流特征

前期大气环流演变发展会造成后期环流的异

常，因此，为了揭示出前期环流有预报指示意义的关

键区，利用不同滑动时段５００ｈＰａ逐日高度场资料

（仅保留了９年以下年际变化），计算了暖干型与冷

湿型的前期高度场偏差狋检验分布值。从图６可以

看到，当超前时段为９月６日—１０月５日时，欧洲、

贝加尔湖以北地区高度场为负值显著性差异区，欧

洲西岸、北非、乌拉尔山以东、日本海以东地区以及

北大西洋副热带地区为正值显著性差异区。即乌拉

尔山高压脊、欧洲上空低压槽偏强，东亚沿岸的低压

槽偏弱，鄂霍次克海上空无阻塞高压发展，表现出近

似ＥＵ的遥相关波列特征；当超前时段为９月１１

日—１０月１０日时，狋检验值基本维持９月６日—１０

月５日的分布特征；当超前时段为９月１６日—１０

月１５日和９月２１日—１０月２０日时，ＥＵ遥相关波

列特征更加明显，北非至乌拉尔山地区正高度距平

向东伸展，即将与鄂霍次克海上空的正距平连成一

片，欧洲和西西伯利亚地区负高度距平也将连成一

片，中高纬度地区表现出“南高北低”的环流型。从

以上分析可知，超前时段为９月１６日—１０月１５日

和９月２１日—１０月２０日的高度距平场具有较好

的显著性差异区，差异区主要分布于欧洲西岸、北

非、欧洲、乌拉尔山以南地区，表现出显著的ＥＵ遥

相关波列特征。

图６　不同时段暖干年平均与冷湿年平均的前期５００ｈＰａ高度场偏差狋检验值分布

（阴影区为信度超过９０％的显著差异区）

Ｆｉｇ．６　Ｔｈｅ狋ｔｅｓｔｏｆｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔａｎｏｍａｌｙｏｆｗａｒｍａｎｄｄｒｙｙｅａｒｓｔｏｃｏｌｄ

ａｎｄｗｅｔｙｅａｒｓａｔ５００ｈＰａｉｎｄｉｆｆｅｒｅｎｔｌｅａｄｔｉｍｅ（ｔｈｅａｒｅａｐａｓｓｉｎｇｔｈｅｔｅｓｔｏｆ９０％ｌｅｖｅｌｉｓｓｈａｄｅｄ）
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　　图７为暖湿型与冷干型的前期高度场偏差狋检

验分布值。当超前时段为９月６日—１０月５日时，

乌拉尔山、北美西部、夏威夷群岛附近高度场为负值

显著性差异区，鄂霍次克海、东北太平洋以及墨西哥

湾附近高度场为正值显著性差异区，表现出近似反

ＰＮＡ的遥相关波列特征；当超前时段为９月１１

日—１０月１０日和９月１６日—１０月１５日时，显著

差异区基本维持９月６日—１０月５日的分布特征，

北美南部的正距平北移，北太平洋的正距平增强，表

现出近似反ＰＮＡ的遥相关波列特征；当超前时段

为９月２１日—１０月２０日时，东亚槽区的正值显著

性差异区明显增强，欧亚地区从西到东为“负正

负”的环流型。对比图５ｂ可以看出，超前时段为９

月６日—１０月５日、９月１１日—１０月１０日、９月１６

日—１０月１５日和９月２１日—１０月２０日的高度场

显著差异区与图５ｂ中东亚至太平洋、北美地区的分

布特征非常类似。

图７　不同时段暖湿年平均与冷干年平均的前期５００ｈＰａ高度场偏差狋检验值分布

（阴影区为信度超过９０％的显著差异区）

Ｆｉｇ．７　Ｔｈｅ狋ｔｅｓｔｏｆｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔａｎｏｍａｌｙｏｆｗａｒｍａｎｄｗｅｔｙｅａｒｓｔｏｃｏｌｄ

ａｎｄｄｒｙｙｅａｒｓａｔ５００ｈＰａｉｎｄｉｆｆｅｒｅｎｔｌｅａｄｔｉｍｅ（ｔｈｅａｒｅａｐａｓｓｉｎｇｔｈｅｔｅｓｔｏｆ９０％ｌｅｖｅｌｉｓｓｈａｄｅｄ）

５　小　结

本文利用全国１６０站温度、降水资料和ＮＣＥＰ／

ＮＣＡＲ５００ｈＰａ高度场再分析资料，分析了东部季

风区１１月暖湿、暖干、冷湿、冷干年同期环流特征，

并对同期、前期环流特征进行了差异狋检验，得到如

下结论：

１）温度正距平站数（犛′１）代表了除青藏高原南

部部分地区以外的全国大部地区温度，降水正距平
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站数（犛′２）代表了除西南地区东部、东北、内蒙古中

东部以及新疆部分地区以外的全国大部季风区降

水。

２）暖型（冷型）环流对应乌山阻塞高压不明显

（明显），欧亚中高纬度地区盛行纬向（经向）环流；干

型（湿型）环流对应西太平洋副热带高压偏弱（强）、

偏东（西）。

３）狋检验值分布特征表明：暖干（冷湿）型在亚

洲地区主要表现为中高纬度南北气压场的差异，具

有ＥＵ（反ＥＵ）遥相关距平结构；暖湿（冷干）型在亚

洲主要表现为中高纬度地区东西气压场的差异，具

有反ＰＮＡ（ＰＮＡ）遥相关距平结构。

４）超前时段为９月６日—１０月５日、９月１１

日—１０月１０日和９月１６日—１０月１５日的暖干

（冷湿）型具有显著差异区，表现出显著的ＥＵ（反

ＥＵ）遥相关波列特征；超前时段为９月１１日—１０

月１０日、９月１６日—１０月１５日和９月２１日—１０

月２０日的暖湿（冷干）型具有显著差异区，表现出近

似反ＰＮＡ（ＰＮＡ）的遥相关波列特征。

对于暖湿型、冷干型在亚洲主要表现为中高纬

度地区东西气压场的差异，即欧亚经向环流对应冷

干、纬向环流对应暖湿，过去研究较多；但对于冷湿

（暖干）型环流的差异，则在分析前兆信号时，一方面

表现为高纬度高度场偏高（低）、中低纬度高度场偏

低（高），处于ＡＯ的负（正）位相，导致大范围气温偏

低（高）；同时，乌拉尔山高度场也偏低（高）；另一方

面，青藏高原高度场偏低（高），南支槽偏强（弱），致

使暖湿气流偏强（弱），东部大范围降水偏多（少）。
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小兴安岭红松径向生长对未来气候变化的响应

尹摇 红1,*, 王摇 靖2, 刘洪滨1, 黄摇 磊1,朱海峰3

(1. 中国气象局国家气候中心,北京摇 100081; 2. 中国农业大学资源与环境学院,北京摇 100193;

3. 中国科学院青藏高原研究所,北京摇 100085)

摘要:基于 SRES A1B 温室气体排放情景,由全球气候模式 (MPI_ECHAM5) 产生的逐日气候模拟数据驱动 TREE鄄RING 树轮生

态机理模型,模拟了小兴安岭红松(Pinus koraiensis)树木径向生长变化。 结果表明:在 A1B 情景下,随着大气 CO2浓度的不断增

加以及局地气温的不断升高,红松树木生长开始和结束时间显著提前,2011—2060 年比 1961—2010 年径向生长开始时间平均

提前约 5d 左右,生长结束时间平均提前约 3d 左右。 红松树木的径向生长量不断增加,2011—2060 年比 1961—2010 年径向生

长量平均增加约 35% ,径向生长量的增加主要是 CO2施肥作用的结果,在不考虑 CO2施肥效应下,只考虑降水量变化使树木径

向生长量增加约 2% ,而未来 50a 的气温变化使树木径向生长量相对于 1961—2010 年减少约 23% 。
关键词:小兴安岭;红松;树轮生态机理模型;气候变化

A research on the response of the radial growth of Pinus koraiensis to future
climate change in the XiaoXing忆AnLing
YIN Hong1,*, WANG Jing2, LIU Hongbin1, HUANG Lei1, ZHU Haifeng3

1 National Climate Center, China Meteorological Administration, Beijing 100081, China

2 College of Resources and Environmental Sciences, China Agricultural University, Beijing 100193, China

3 Institute of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing 100085,China

Abstract: Climate change has had a significant impact on forest ecosystem. Pinus koraiensis is one of precious tree species
in Northeast China. The coniferous and broadleaved mixed forest dominated by pine is the representative vegetation type in
XiaoXing忆AnLing of China. Under the climate change background, studying the response of the growth of Pinus koraiensis to
climate change is important to understand the climate change impact on forest ecosystem. Simulation models as effective
tools for assessing the climate change impact have been applied widely in different regions over the world. A process鄄based
ecological mechanism model ( TREE鄄RING) had been verified for simulating the radial growth of Pinus koraiensis in
XiaoXing忆AnLing of China. The results showed that simulated phenology was well coincident with observed phenology.
There was a high correlation between simulated and observed cell series of Pinus koraiensis. Based on the validated TREE鄄
RING model, the study simulated the growth trend of Pinus koraiensis in XiaoXing忆AnLing under future climate scenarios
and explored the response mechanism of tree growth to climate change, which is helpful to understand climate change
impact, alleviate the negative effects of climate changes on tree growth and provide references for policy鄄making related to
addressing the climate change.

For this study, we intend to use TREE鄄RING model to simulate the growth of Pinus koraiensis in the XiaoXing忆AnLing
based on a middle medium emissions climate change scenario ( SRES A1B) generated by global climate model (MPI_
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ECHAM5) from 1961 to 2060. The meteorological data including daily maximum temperature, daily minimum temperature
and daily precipitation with the resolution of 1毅伊1毅 was interpolated to Yichun meteorological station (47毅73忆N,128毅92忆E,
240. 9 m. a. s. l) with the method of Bilinear interpolation. The analysis on the variation characteristics of climate factors
from 1961 to 2060 showed that atmospheric CO2 concentration will continue to increase and reach 563 mg / L in 2060.
Maximum and minimum temperature will have a fluctuating rising tendency while precipitation will change slightly.

TREE鄄RING droved by climate data model was run for 100 years from 1961 to 2060. The simulated results showed that
under the SRES A1B emission scenarios, with the increase in atmospheric CO2 concentration and air temperature, the
beginning and end dates of Pinus koraiensis growth will advance significantly in the XiaoXing忆AnLing from 2011 to 2060
with a mean advance of 5 days in the beginning date and 3 days in the end date compared with 1961—2010. Annual radial
growth period will prolong by about 2 days in the future fifty years. The radial growth rate will be increased by 35% in
2011—2060 compared with 1961—2010, which is mainly due to the effect of CO2 fertilization. The individual change in
precipitation will increase tree radial growth by about 2% while the individual change in air temperature will decrease tree
radial growth by 23% . Sensitivity analyses were performed to see the response of the model under variable climatic
environmental conditions. The results show that rising air temperature in spring (March and April) increases tree growth
rate significantly, however, rising air temperature in summer ( June鄄August ) decreases tree growth rate when air
temperature was increased by 1益 and CO2concentration and precipitation were not changed.

Key Words: XiaoXing忆AnLing; Pinus koraiensis; REE鄄RING Eco鄄physiological model; Climate change

2007 年政府间气候变化专门委员会( IPCC)发布的第四次评估报告指出,全球变暖已经是不争的事实。
在不同的 SRES 温室气体排放情景下,到 21 世纪末,全球地表平均气温可能上升 1. 8益—4. 0益 [1]。 全球气候

变暖趋势加剧使得我国极端天气气候事件发生频率可能增加;降水分布不均现象更加明显,强降水事件发生

频率增加;干旱区范围可能扩大;海平面上升趋势进一步加剧[2]。 气候变化潜在地影响我国的农牧业、森林

与自然生态系统、水资源和海岸带等。 已观测的气候变化对森林生态系统的影响现象表现为,气候变暖促使

植物物候期提前[3鄄5],生长期延长,加上大气 CO2浓度增加形成的“施肥效应冶,使得森林生态系统的生产力增

加[6],如 Zhou 等基于卫星数据研究表明,1981—1999 年欧亚大陆北部和北美洲北部植被活力显著增长,生长

期延长[7]。 基于生态系统模型的模拟研究表明气候变暖下中国东部亚热带、温带北界普遍北移[8];中国东北

主要森林类型发生显著变化[9鄄10];CO2 浓度倍增后, 中国森林生产力将有所增加,增加的幅度因地区不同

而异[11]。
红松是东北地区的珍贵树种,以红松为主的针阔叶混交林是我国小兴安岭地区最具代表性植被类型。 森

林在应对气候变化中扮演着重要角色,既可以作为温室气体的储藏库和吸收源,又可能因毁林、森林退化、火
灾等,成为温室气体的排放源。 同时,森林本身也会受到气候变化的显著影响。 在未来气候变化情景下,小兴

安岭地区红松树木的生长状况如何变化,对于加深理解气候变化的影响具有重要的意义。 模型模拟是进行气

候变化影响定量评价的方法之一,已有研究基于 TREE鄄RING 树轮生态机理模型对采自小兴安岭红松树轮样

本建立时间序列的统计量子样本信号强度 SSS(Subsample Signal Strength)大于 0. 9 时随机选取的 9 棵树,18
个样芯进行了模拟,模拟的生育期和物候观测比较一致,红松树木细胞模拟序列和实测序列具有较好的相关

性[12]。 本研究在此基础上,模拟了未来气候情景下小兴安岭红松树木的生长趋势,从树木生长的物候、径向

生长、气候因子对树木生长的影响方面探讨了树木生长对气候变化的响应机制,对于理解和认识气候变化,减
缓气候变化带来的负面效应,以及应对气候变化政策的制定提供参考依据。
1摇 研究地区与研究方法

1. 1摇 自然概况

小兴安岭森林资源丰富,树种较多。 其中红松为主的针阔叶混交林是小兴安岭主要森林资源。 本文的研
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图 1摇 采样点和气象站示意图

摇 Fig. 1摇 Schematic diagram of sampling site and meteorological

station摇

究区在丰林国家级自然保护区(48毅02忆—48毅12忆N,128毅
58忆—129毅15忆E),位于我国小兴安岭南部北坡,黑龙江

省伊春市五营区五营林业局境内,地带性植被为温带针

阔叶混交林,总面积 18400 hm2,是中国目前保存最完

整、最典型的原始红松林保护区(图 1)。 全区地形平

缓,海拔 280—683 m,夏季湿润多雨,冬季严寒少雪。
分析伊春气象站 1958—1998 年资料显示该地区平均年

降水量在 450—1000 mm 之间,6—8 月份降水在 230—
700 mm 之间,约占全年降水量的 65% 。 年平均气温在

1益左右,其中 1—3 月、11 月和 12 月份平均气温都在

0益 以下, 5 月 到 9 月 份 平 均 气 温 一 般 大 于 10益
以上[12]。
1. 2摇 数据与方法

1. 2. 1摇 数据资料

2000 年 IPCC《排放情景特别报告》发布了一系列新的排放情景,即 SRES 情景,SRES 设计了 4 种世界发

展模式,其中 A1B 是各种能源平衡发展下的未来温室气体排放情景[2]。 本文利用全球气候模式 MPI_
ECHAM5 输出的 A1B 排放情景下 1961—2060 年,空间分辨率是1毅伊1毅的逐日最高气温、最低气温、逐日降水

量资料,利用双线性插值到各气象站点,由于伊春气象站(47毅73忆N,128毅92忆E,海拔 240. 9m)是距离采样点最

近的气象基准站,因此本文利用伊春气象站的逐日预估资料对小兴安岭红松树木径向生长对未来气候变化的

响应进行模拟研究。
1. 2. 2摇 模型描述

本文所使用的 TREE鄄RING 模型是描述树木形成层生长过程的模型[13]。 模型描述的外部环境对树木的

影响主要是在形成层区域具有生命活动的细胞,影响细胞的线性生长率和细胞的分裂周期。 树木的光合产物

含量 f(S)、温度 f(T)和树木的水分平衡 f(W)状态 3 个因素控制相对生长速率[12,14鄄15]。 其中 CO2浓度变化对

树木光合作用的影响表示为:

p = Pm
Ca - a

b - a + PmRc ,摇 PmRc 逸 Ca - a

p = Pm,摇 摇 摇 摇 摇 摇 摇 PmRc 臆 Ca

ì

î

í

ïï

ïï - a

(1)

公式(1)中 a 和 b 分别为胞间 CO2补偿点和饱和点,模型取值分别为 1. 5 mmol / m3和 10. 5 mmol / m3。 Ca为空

气中 CO2浓度。 Rc为叶片中 CO2扩散阻力,Rc =姿R,姿 为 CO2扩散阻力 Rc与水汽扩散阻力 R 的比率:
Pm = Pmax f(T) f( I) (2)

式中,Pmax为潜在的最大光合速率,f( I)为光照 I 对光合速率的影响,满足 Michaelis鄄Menten 方程:

f ( )I = I
I + I*

(3)

式中,I*为 Michaelis鄄Menten 常数。
2摇 结果与分析

2. 1摇 小兴安岭地区未来气候变化状况

在 A1B 情景下 2011—2060 年该地区气候因子以及 CO2浓度变化趋势如图 2 所示,从图 2 中可见,未来

50a 小兴安岭地区 CO2浓度持续增加,2060 年达到 563mg / L,年最高和最低气温都呈波动上升趋势,而降水量

的变化较小。 进一步对春季(3、4 月和 5 月)、夏季(6、7 月和 8 月)、秋季(9、10 月和 11 月)和冬季(12、1 月和

2 月)的气温和降水每 10a 的变化进行深入分析显示(表 1):最高和最低气温在春、夏、秋和冬季也持续升高,

5437摇 24 期 摇 摇 摇 尹红摇 等:小兴安岭红松径向生长对未来气候变化的响应 摇

755



http: / / www. ecologica. cn

其中最高气温年代际变化显示秋季升温最大,之后依次是春季、冬季和夏季。 春季最高气温 21 世纪 30 年代

温度比 20 年代要略微偏低。 夏季最高气温 21 世纪 20 年代比 10 年代略有降低。 秋季和冬季最高气温都是

40 年代比 30 年代略有降低。 最低气温年代际变化显示秋季气温升温最高,之后依次是冬季、春季和夏季。
其中夏季最低气温 21 世纪 20 年代比 10 年代略有偏低,冬季 21 世纪 40 年代比 30 年略有偏低。 降水的年代

际变化分析显示,秋季、春季和夏季降水略有降低,其中秋季降低最大,春季和夏季次之,冬季降水略有增加,
总体上看各季节降水变化的幅度较小。

/(
m
g/
L)

图 2摇 A1B 情景下各气候因子及 CO2浓度的变化趋势

Fig. 2摇 Changes in climatic factors and CO2 concentration under SRES A1B climate scenario

表 1摇 A1B 情景下伊春气象站 2011—2060 年的每 10a 尺度气候要素变化

Table 1摇 Decadal change of climate factors under SRES A1B scenario in Yichun from 2011 to 2060

要素
Elements

季节
Season

年份 Year

2011—2020 2021—2030 2031—2040 2041—2050 2051—2060
最高气温 / 益 春 Spring 4. 20 5. 11 4. 79 6. 36 7. 23
Maximum temperature 夏 Summer 22. 28 21. 86 22. 36 23. 33 24. 14

秋 Autumn 6. 38 7. 02 7. 63 7. 51 10. 03
冬 Winter -17. 27 -16. 89 -15. 63 -15. 93 -14. 32

最低气温 / 益 春 -5. 30 -4. 61 -4. 59 -3. 58 -2. 41
Minimum temperature 夏 14. 50 14. 43 14. 55 15. 51 16. 01

秋 -1. 49 -1. 23 -0. 69 -0. 41 1. 70
冬 -24. 96 -24. 58 -23. 42 -23. 46 -21. 93

降水量 / mm 春 2. 43 2. 26 2. 49 2. 13 2. 14
Precipitation 夏 4. 07 4. 24 4. 32 4. 52 3. 79

秋 1. 79 1. 18 1. 56 1. 53 1. 44
冬 0. 49 0. 53 0. 57 0. 47 0. 62
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2. 2摇 未来气候情景下小兴安岭红松树木径向生长物候期变化

模型中径向生长开始定义为形成层区域细胞被激活,形成层细胞体积开始增大的日期(从 1 月 1 日开始

算起),生长结束的日期为最后一个细胞原生质消逝,进入休眠状态的日期。 利用 A1B 排放情景下全球气候

模拟资料输出 1961—2060 年气候资料计算得到的,1961—2010 年小兴安岭红松树木径向生长开始期平均为

第 126 天,生长结束期平均为第 284 天,2011—2060 年红松树木径向生长开始期平均为第 121 天,生长结束期

平均为第 281 天。 从红松树木径向生长开始和结束日期 1961—2060 年变化趋势的线性回归统计检验来看

(图略),红松树木径向生长开始和结束时间显著提前,2011—2060 年比 1961—2010 年径向生长开始时间平

均提前约 5d 左右,径向生长结束时间平均提前约 3d 左右,未来 50a 径向生长期约延长 2d 左右。 树木径向生

长形成的树木年轮是树木形成层周期活动的结果,形成层活动受到多种因素影响,其中在温带地区,温度是影

响树木生长开始时期最重要的因素,当春季气温达到一定高度时,形成层细胞才能开始活动[16]。 前期的研究

结果也显示,该地区的红松树木生长开始时期主要受到气温变化控制[12]。 从未来气候变化情景数据来看,春
季气温不断升高,如 21 世纪 50 年代比 10 年代春季气温升高约 3益的情况下,树木的生长开始时间约提前

6郾 5d(表 2)。 很多研究表明,春季物候变化与气温变化密切相关,徐雨晴等[17] 分析了北京近 50a 春季物候变

化及其对气候变化的响应,近 10a 来北京春季物候持续偏早,北京春温升高开花期提前,春温每升高 1益,开
花期平均提前 3. 6d,春季树木开花物候与春季气温的年际、年代际的波动基本对应。 郑景云等[18] 根据中国

科学院物候观测网络 26 个观测点的物候资料,分析显示我国木本植物的物候变化提前与春季增温有关。 本

文所用的树轮年轮宽度资料与气象站点的相关分析,也表明了生长初期的气温变化对树木生长影响很大[12]。
而树木径向生长结束时间,也就是形成层休眠期从整体来看与气温升高没有直接关系。 研究显示,树木的径

向生长的时间主要由形成层开始日期决定[19]。 由于春季气温升高,使得树木形成层生长开始时间提前,由形

成层生长自身的遗传因素决定,因此树木开花、结果以及形成层生长的结束日期也会提前。 观测研究显示,只
有气温达到一定的高度时树木径向生长才开始,而生长达到一定时间,尽管温度较高,树木的径向生长仍然会

停止[20]。 当然秋季气温较高,对于延迟树木叶的脱落,增加光合累积具有重要的作用。 而光合累积将有利于

树木下一年的生长。 从该地区树木生长情况可见,生长结束日期在 10 月上旬,而 10 月份气温与下一年的树

轮宽度相关显著[12]。

表 2摇 A1B 情景下小兴安岭红松 10a 平均径向生长期变化

Table 2摇 Decadal average change in radial growth period of Pinus koraiensis in Xiao Xing忆AnLing under SRES A1B climate scenario

生长阶段
Growth stages

年份 Year

2011—2020 2021—2030 2031—2040 2041—2050 2051—2060

生长开始 Growth start 124. 8 122. 7 123. 4 117. 8 118. 3

生长结束 Growth end 283. 1 283. 3 276. 8 283. 7 277. 6

生长期 Growth periods / d 158. 3 160. 6 153. 4 165. 9 159. 3

2. 3摇 未来气候情景下小兴安岭红松树木径向生长状况

模型模拟如图 3a 显示在 A1B 排放情景下,小兴安岭红松树木的径向生长量在明显增加,2011—2060 年

比 1961—2010 年的径向生长量平均增加约 35% 。 径向生长量不断增加的趋势,也说明了小兴安岭红松在未

来气候变化情景下材积量的不断增加,树木固碳能力在显著提高,这对降低大气中 CO2含量,缓解由于温室气

体引起的气候变暖能够起到一定作用。 赵俊芳等[21] 模拟显示未来平衡发展(A1B)气候变化情景下,2003—
2049 年东北森林生态系统净初级生产力呈波动上升趋势,东北森林的吸碳总量在不断增加。 杨书运等[22] 的

研究结果也表明,从 2005—2044 年中国森林的碳储存能力在提高。 吴祥定等[23]根据树木年轮指数与气象记

录之间的相关性,建立回归方程,推算在未来全球气候变暖情景下树木的径向生长量和材积量显示,年平均气

温升高分别达到 1、2、3益,吉林长白落叶松径向生长量分别增加 9. 2% 、15. 7% 、22. 3% ,材积量则分别增加

24. 4% 、44. 7% 、66. 3% ,在贡嘎山区径向增加量则分别为 5. 3% 、10. 1% 、14. 7% ,材积量分别为 13. 9% 、
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27郾 3%和 41. 6% ,也与本文的研究结果基本一致。

摇 图 3摇 A1B 情景下小兴安岭红松树木的径向生长趋势 ( a),

2011—2060 年与 1961—2010 年 CO2值相等的树木径向生长趋势

(b)

Fig. 3摇 Radial growth trend of Pinus koraiensis under SRES A1B

climate scenario (a), Radial growth trend with the equality CO2

of 2011—2060 year and 1961—2010 year (b)

从很多研究结果中,都可以看出一个共同点,就是

气候变化使树木的生长量增加。 树木生长对不同气候

因子的响应是怎样的,可以借助模型进行深入研究。 本

文假定 2011—2060 年的 CO2 浓度值与 1961—2010 年

相同,代入模型进行模拟结果如图 3b 所示,通过图 3a
和 3b 对比,可以看出 CO2 对树木生长的助长作用,在
2011—2060 年 CO2 浓度与 1961—2010 年相等的情况

下,2011—2060 年比 1961—2010 年树木径向生长量减

少了 21% ,说明未来 50a 的气温或降水变化使树木的

生长速率降低,当 CO2 浓度在 1961—2010 年的基础上

增加 33 滋mol / mol,可以弥补由 2011—2060 年气温或降

水变化引起的树木径向生长速率降低。 通过模拟进一

步显示,在 2011—2060 气温和 CO2 浓度与与 1961—2010 年保持不变的情况下,只降水发生变化的情况下使

树木径向生长量比 1961—2010 年平均增加约 2% 。 而在 2011—2060 年的降水和 CO2 浓度与 1961—2010 年

保持不变的情况下,气温变化使树木的径向生长量比 1961—2010 年平均减少约 23% ,说明温度过高会抑制

树木生长。
由于该地区未来 50a 降水变化趋势较小,而气温升高趋势明显,因此本文对树木生长对气温变化的响应

的敏感性进一步模拟分析,利用模型对 1961—2010 年在降水和 CO2浓度不变的情况下,对每月的平均温度分

别增加 1益进行模拟,结果与 1961—2060 年气温不变时模拟的红松树木径向生长量比较发现(表 3),3 月和 4
月温度升高树木径向生长量分别增加约 2. 5%和 3. 7% ,而 6、7 月和 8 月份气温升高树木生长量分别降低了

约 5郾 3% 、6. 8%和 5. 5% ,其它月份的生长量变化不大,说明该地区在各月份升温相同的情况下,树木径向生

长速率的降低主要由夏季 6、7 月和 8 月份的气温升高引起。 分析显示这主要与光合作用对气温变化的响应

有关,光合过程中的暗反应是由酶所催化的化学反应,因而受温度影响[24], Peng 等[25] 模拟研究了几种树种

生物量随温度的变化曲线可以看出,树木的总生物量在一定的温度范围内,随温度的升高而增加,但是斜率逐

渐变小,生物量达到最大值之后,随温度的增加而降低,斜率逐渐变大。 在一定的温度范围内,生物量的值变

化较小且接近最大值,这个温度范围为光合最适温度,模型设定的最适温度范围为 15—25益。 其中 3、4 月份

温度在光合作用最低温度到最适温度下限之间,光合速率随温度的增加线形增加,因此这几个月份温度增加,
树木的径向生长速率增大。 而 6、7、8 月份温度在最适温度上下限范围内,随着温度的增加,光合速率变化较

小,而随着气温升高,呼吸消耗却在加剧,树木的径向生长速率降低。

表 3摇 1961—2010 年的逐月气温增加 1益时模型模拟的红松径向生长变化

Table 3摇 Simulated radial growth change rate under rising monthly temperature by 1 益 from 1961 to 2010

月份 Month 1 2 3 4 5 6 7 8 9 10 11 12

树木径向生长变化 / %
The change rate in radial growth -1. 0 -0. 4 2. 5 3. 7 0. 4 -5. 3 -6. 8 -5. 5 -1. 8 1. 4 -1. 5 -0. 1

摇 摇 “-冶表示减少

3摇 结论与讨论

本文应用 TREE鄄RING 树轮生态机理模型对我国小兴安岭红松在未来气候变化 A1B 情景下的树木径向

生长状况进行了模拟,探讨了气候变化对红松树木生长的影响机制。 通过模拟研究得出以下结论:在各种能

源平衡发展(A1B)的未来气候变化情景下,小兴安岭红松树木生长开始和结束时间不断提前,2011—2060 年

比 1961—2010 年生长开始时间平均提前约 5d 左右,生长结束时间平均提前约 3d 左右。 红松树木的径向生
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长量不断增加,2011—2060 年比 1961—2010 年径向生长量平均增加 35% ,径向生长量的增加主要是 CO2施

肥作用的结果,2011—2060 年气温和 CO2 浓度与 1961—2010 年保持不变的情况下,只考虑降水变化使树木

生长量增加约 2% ,而未来 50a 的气温变化使树木径向生长量相对于 1961—2010 年减少约 23% 。 在 1961—
2010 年降水和 CO2浓度保持不变,逐月气温升高 1益的情况下,主要是春季 3、4 月气温升高使树木生长量增

加明显,而夏季 6、7、8 月气温升高使树木相对生长量降低。
在本研究中也值得注意这样一个问题即本文假设的情景是考虑 CO2对树木生长的施肥作用存在长期效

应下未来气候变化对树木生长的影响,是对未来气候变化的一种情景预估。 CO2施肥作用是否具有长期效应

是一个存在争议的问题,一些文献已经证实了 CO2 施肥作用的长期效应,如 Ainsworth 和 Long 基于大量的

FACE 试验观测数据分析发现,CO2浓度增加会提高植物的光合能力[26];Liberloo 等对杨树连续 6a 的 CO2增加

试验显示,CO2施肥作用具有长期效应[27]。 许多研究已经对 CO2对树木生长施肥作用的缺乏长期效应现象进

行了解释,树木生长的立地条件限制根系生长[28] 和土壤氮肥的缺乏都会限制 CO2 的施肥作用[29鄄30],根据采

样点的实际考察,红松树木生长立地条件好,生长季树木生长茂盛,叶片颜色不存在黄叶现象,模型认为土壤

氮素养分充足,该地区树木生长不会受到土壤氮肥的限制。
致谢:国家气候中心对全球气候模式气候变化预估数据进行整理、分析和惠许使用。 原始数据由各模式组提

供,由 WGCM( JSC / CLIVAR Working Group on Coupled Modelling) 组织 PCMDI ( Program for Climate Model
Diagnosis and Intercomparison)搜集归类。 多模式数据集的维护由美国能源部科学办公室提供资助
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ABSTRACT

The present study examined the diurnal variations of summer precipitation in the Beijing area by using
subdaily precipitation and wind observations. A combined effect of topography and urbanization on the
characteristics of diurnal variations was suggested. It was shown that stations located in the plain area
exhibited typical night rain peaks, whereas those in the mountainous area exhibited clear afternoon peaks of
precipitation diurnal variations. The precipitation peaks were associated with wind fields around the Beijing
area, which were found to be highly modulated by mountain-valley circulation and urban-country circulation.
The lower-tropospheric wind exhibited a clear diurnal shift in its direction from north at 0800 LST to south
at 2000 LST, which reflected mountain-valley circulation. The transitions from valley to mountain wind
and the opposite generally happened after sunset and sunrise, respectively, and both occurred earlier for the
stations located closer to mountains. By comparing the diurnal variations of precipitation at stations in a
northeast suburb, an urban area, and a southwest suburb, it was revealed that the northeast suburb group
had the highest normalized rainfall frequency, but the southwest group had the lowest from late afternoon to
late evening. On the contrary, in the early morning from about 0200 to 1000 LST, the southwest group and
urban group had the highest normalized rainfall frequency. This pattern might originate from the combined
effects of mountain-valley topography and urbanization.

Key words: diurnal variations, precipitation, mountain-valley circulation, urban effect, Beijing area
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1. Introduction

The diurnal variation of precipitation is one of the
fundamental characteristics of weather and the climate
system. Basically arising from diurnal variation of so-
lar radiation and affected by dynamical backgrounds
from very local to large-scale, a precipitation event

tends to happen during a specific period of time in a
day. In spite of the fact that much research has been
done in recent decades, the ability of climate models to
simulate diurnal variations of precipitation still needs
to be improved. Therefore, more and more research
focuses on the diurnal variations of precipitation, be-
cause it is acknowledged as one of the representative
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features required to diagnose local climate systems and
to verify the performance of climate models (Zhou et
al., 2008).

Previous research showed that for the warm sea-
son (May to September), nocturnal (2000–0800 LST)
precipitation predominated over the Tibetan Plateau,
Southwest China, and Northwest China, whereas day-
time (0800–2000 LST) precipitation predominated
over Northeast China and Southeast China (Yu et
al., 2007a; Yin et al., 2009). An early morning peak
is distinct in central eastern China, which is mainly
caused by frequent precipitation occurrences of rela-
tively long duration (Yu et al., 2007b). This morning
peak tends to be strengthened (weakened) along with
the advancement (retreat) of the East Asian monsoon
trough (Yin et al., 2009). Research on the diurnal vari-
ations of precipitation over southeastern China further
revealed the mechanism of an enhanced early morning
peak associated with the diurnal variation of monsoon
activity (Chen et al., 2009a, 2009b). Additionally,
cloud radiative forcing was suggested as one of the pri-
mary factors in modulating the diurnal cycle of rainfall
when the diurnal cycle in the southwestern and south-
eastern parts of southern contiguous China were com-
pared (Li et al., 2008a). Diurnal variations of surface
flow over central eastern China were also revealed, and
the contribution of the diurnal surface wind to the di-
urnal feature of precipitation was previously discussed
(Yu et al., 2009; Chen et al., 2010). Furthermore, it
was found that diurnal variations exhibited long-term
change (Fujibe et al., 2006). For example, hourly pre-
cipitation records during 1961–2004 from the Beijing
Nanjiao observatory station indicated that convective
rainfall events of relatively short duration in the af-
ternoon and early evening increased while relatively
long duration events during the night and early morn-
ing decreased remarkably in forty recent years (Li et
al., 2008b). The afternoon peak caused by convective
precipitation was believed to be enhanced by the in-
tensification of the urban heat island (Fujibe et al.,
2006).

Beijing is situated at the northwestern part of the
North China Plain, surrounded by mountains to the
north, northwest, and west of the area (see Fig. 1).
Therefore, it has been recognized that mountain-valley
circulation significantly influences the local climate in
the region around Beijing (Hu et al., 2005; Sun, 2005;
Li and Shu, 2008; Wang et al., 2008a). Associated
with the diurnal variation of precipitation, Wu (1993)
suggested that the precipitation in the mountainous
area of Beijing, Tianjin, and Hebei Province exhibited
a clear afternoon peak from convective precipitation,
whereas that in the plain area exhibited a nighttime
peak (Wu, 1993). Lin (1995) made a general conclu-

Fig. 1. Stations with hourly precipitation and six-hourly
surface wind data in this study. Squares stand for the sta-
tions in Northeast group, stars for those in Urban area
and triangles for those in Southwest group.

sion that stations in convex topography were prone to
have more precipitation in the daytime, whereas those
with concave topography have more nocturnal precip-
itation. The mountain-valley circulation around Bei-
jing and its mechanism have been well described. In
addition, Beijing is one of the most urbanized regions
in the world, and more than 15 million people reside in
the urban plain area, so it has been suggested that the
urban heat island effect is also likely to have an influ-
ence on the diurnal variations of precipitation around
the Beijing area. Sun and Yang (2008) showed that
most mesoscale torrential rain processes induced by
the combined influence of topography and urban cir-
culation easily occurred in front of mountains in the
evening or in the early morning. The amount and
frequency of rainfall tends to be larger in urban cen-
ters and downwind areas than in the surrounding ar-
eas, especially for relatively intense convective rainfall
in summer (Collier, 2006; Zheng and Liu, 2008) This
effect, however, is not confirmed in the Beijing area
in the existing literature by Sun and Shu (2007) and
Wang et al. (2008b). One possibility is that the in-
dicators for seasonal rainfall amount and rainfall days
used in these two studies may be not sensitive indices
for convective rainfall processes.

The objectives of this research were to investigate:
(1) diurnal variations of precipitation in Beijing and
its adjacent area based on hourly precipitation data in
summer from 26 stations; (2) mountain-valley circula-
tion using lower- and upper-level National Centers for
Environmental Prediction (NCEP) final analysis wind
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data and in situ surface observation wind data; (3) ur-
ban effects on rainfall using hourly precipitation as the
indicator; and (4) possible effects of mountain-valley
topography and urban effects on diurnal variations of
precipitation.

2. Data and method

Hourly precipitation data from 1990 to 2007 from
26 automatic weather stations, of which 20 stations
were located in the Beijing municipality and the other
six belonged to neighboring Hebei Province (Fig. 1,
Tables 1 and 2), were utilized. About 72.5% of annual
precipitation occurs in summer (June-July-August,
JJA in short) in the Beijing area due to the East Asian
monsoon (Wang et al., 2008c), so only data in summer
were analyzed in this study. The data loss rate, which
was defined as percent of hours without observation di-
viding by total hours during 1990–2007, ranged from
0.5% to 24.5% with an average of 9.4%. Diurnal vari-
ations of precipitation can be characterized by the fre-
quency, amount, and intensity of precipitation (Zhou
et al., 2008). Present study utilized the diurnal vari-

ation of precipitation frequency. Our previous study
(Yin et al., 2009) suggested that diurnal patterns of
precipitation frequency and amount were quite simi-
lar except that the afternoon maximum of precipita-
tion amount was relatively higher due to intense con-
vective precipitation in the afternoon. The frequency
of hourly precipitation was defined as the number of
rainfall hours divided by the total observation hours
by using Eqs. (1) and (2). To facilitate the compar-
isons among stations in suburban and urban areas, the
hourly occurrences were normalized by dividing them
by the 24-h means following Yin et al. (2009) [Eq. (3)].

fn =

D∑
d=1

cd,n

D
(1)

cd,n =
{

0, pd,n < 0.1
1, pd,n > 0.1 (2)

FN,n =
24fn

24∑
n=1

fn

(3)

Table 1. Information on the stations analyzed in the study.

Percent of
hours without Annual average Percentage

Latitude Longitude Altitude observation during 1971–2000 of night rain
Station No. Station Name (◦N) (◦E) (m) (%) (mm) (%)

54399 Haidian 39.98 116.28 46.3 12.6 582.3 53.3
54433 Chaoyang 39.95 116.48 36.5 9.7 581.7 55.7
54511 Guanxiangtai 39.80 116.47 32 14.7 571.9 57.2
54514 Fengtai 39.87 116.25 56.3 6.9 567.0 53.9
54398 Shunyi 40.12 116.63 39.5 15.8 603.2 54.8
54412 Tanghekou 40.73 116.63 333.7 24.0 485.1 44.9
54416 Miyun 40.38 116.87 73.1 24.5 638.7 55.7
54419 Huairou 40.32 116.63 60.6 7.5 670.2 51.9
54421 Shangdianzi 40.65 117.12 286.5 22.1 627.6 54.2
54424 Pinggu 40.15 117.10 29.4 11.6 641.1 54.3
54431 Tongxian 39.92 116.63 26.9 9.2 562.0 57.5
54594 Daxing 39.75 116.33 41.3 7.4 552.6 55.8
54501 Zhaitang 39.97 115.68 441.1 4.5 464.2 43.6
54505 Mentougou 39.92 116.12 93.6 9.5 601.4 54.9
54596 Fangshan 39.70 116.00 48.9 1.9 582.8 56.0
54597 Xiayunling 39.73 115.73 409.1 24.2 640.6 54.7
54406 Yanqing 40.45 115.97 489 8.6 441.8 45.0
54499 Changping 40.22 116.22 79.7 6.2 542.9 49.5
54410 Foyeding 40.60 116.13 1216.9 3.8 535.5 45.9
54513 Shijingshan 39.93 116.18 70.8 11.1 558.0 54.1
54502 Zhuozhou 39.48 115.97 36.5 0.5 563.8 56.1
54510 Dachang 39.88 116.98 16.5 1.6 590.6 50.9
54512 Gu’an 39.43 116.28 23.8 0.8 548.2 54.9
54515 Langfang 39.50 116.70 14.3 2.0 555.3 55.2
54520 Sanhe 39.97 117.08 19.4 1.5 607.2 53.0
54521 Xianghe 39.77 116.98 13.5 2.4 580.8 50.7
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Table 2. Information on precipitation and wind data used in the study.

Data type Number of stations Length of series

Hourly precipitation data 26 JJA, 1990–2007
Six-hourly wind data 26 JJA, 1990–2007

Hourly wind data 20 JJA, 2005–2007
NCEP final analysis data 38◦–43◦N, 113◦–119◦E JJA, 2000–2007

In Eqs. (1)–(3), n is the LST expressed in hours, d is
the number of observation days, fn is the frequency of
precipitation, cd,n is a counter (units: mm h−1), pd,n

is the hourly precipitation amount, and FN,n is the
normalized precipitation frequency.

Six-hourly zonal and meridional wind, from the
NCEP final analysis of 1◦× 1◦ spatial resolution data,
in summer (June to August) from 2000 to 2007 were
analyzed to show the characteristics of lower- and
upper-level wind profiles (Table 2). Six-hourly in situ
observations of wind speed and wind direction from
1990 to 2007 for 26 stations were also analyzed to re-
veal surface wind fields (Table 2). Hourly wind data
from 2005 to 2007 for 20 stations (selected by the cri-
teria with data loss less than 1%) were also collected
to detect diurnal variations of wind (Table 2).

3. Results and Discussion

3.1 Diurnal variations of precipitation

First, the general feature of diurnal variations
of precipitation in the regions around the Beijing
area was examined in Fig. 2. Overall, most stations
had more precipitation in the nighttime (2000–0800
LST) than in the daytime (0800–2000 LST) except
for several stations located in the foot of the west-
ern and northwestern mountainous areas: Zhaitang,
Tanghekou, Yanqing, Foyeding (the percentages of
night rain for these stations were 43.6%, 44.9%, 45%,
45.9% and 49.5%, respectively, see Table 1). In par-
ticular, diurnal patterns of precipitation frequency at
Zhaitang,Tanghekou, and Yanqing showed clear after-
noon and early morning peaks (Fig. 2a). These three

Fig. 2. Diurnal variations of precipitation frequency in summer for 26 stations in Beijing and its surrounding area: (a)
six stations in the mountainous area; (b) four stations close to mountainous area; (c) ten stations in the plain in Beijing
municipality; (d) six stations in the plain in Hebei province close to southeastern part of Beijing municipality.
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Fig. 3. Spatial distribution of hourly precipitation occurring frequency (%) grouped by intensity:
(a) 0–5 mm h−1; (b) 5–10 mm h−1; (c) 10–25 mm h−1; (d) over 25 mm h−1.

stations were located on the lee slope of the western
and northern mountainous areas where the annual pre-
cipitation was relatively lower compared with other
stations (Table 1). The other three stations in Fig.
2a, Shangdianzi, Xiayunling, and Foyeding, were also
located in the western and northern mountainous ar-
eas, but their precipitation frequencies were generally
higher, especially for the period from late night to
early morning. The diurnal patterns of these six sta-
tions seem to be attributed to their local topography.
They are located in the mountainous areas, where the
surface is easily heated by incoming solar radiation
during the daytime, and this may induce convective
precipitation in the afternoon more frequently.

Diurnal patterns of precipitation frequency for the
remaining 20 stations located in the plain area (Figs.
2b, c, and d) exhibited high probability from 1800 LST
to 0600 LST. Most of these 20 stations in Beijing and
its adjacent area also exhibited an afternoon peak at
about 1800–1900 LST and an early morning peak at
0600 LST. However, neither peak was very obvious
due to relatively continuous higher rainfall probability
during the nighttime. There were still some small dif-

ferences among the stations in the plain area. First,
the stations close to the piedmont windward slopes
tend to have relatively higher precipitation frequency
in the daytime. Second, for stations in the northeast-
ern part of the Beijing Plain, the frequency from 1800
to 0200 LST tends to be higher (Fig. 2c), which is
more clearly seen in the spatial distribution of hourly
precipitation frequency (Fig. 3). The frequency dis-
tribution of hourly precipitation less than 5 mm h−1,
which is defined as the rainfall hours with intensity
less than 5 mm h−1 dividing by total hours with ob-
servations, exhibits a high value in the areas close to
piedmont windward slopes from southwest to north-
east (Fig. 3a), while the high probability values of
hourly precipitation over 5 mm h−1 tends to move to
the northeastern part of the Beijing Plain (Figs. 3b,
c, and d). The possible reason for this pattern will be
discussed in the next section.

3.2 Related circulation

From the wind profile based on the NCEP final
analysis data, it was demonstrated that the tropo-
spheric circulation around Beijing exhibits a diurnal
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Fig. 4. Wind profile using NCEP final analysis data averaged over grids (40◦N, 116◦E) and
(40◦N, 117◦E) and surface wind field using six-hourly in situ observation wind data in JJA:
(a) wind profile at 0800 LST; (b) wind profile at 2000 LST; (c) surface wind field at 0800
LST; (d) surface wind field at 2000 LST. The heights are 1000 hPa, 975 hPa, 950 hPa, 925
hPa, 900 hPa, 850 hPa, 800 hPa, 750 hPa, 700 hPa, 650 hPa, 600 hPa, 550 hPa, 500 hPa,
450 hPa, 400 hPa, 350 hPa, 300 hPa for horizonal axes for (a) and (b). The length of lines
denotes vector wind speed and the arrows denote the direction which the wind blowing to.

reversal of wind direction, which may be related to
the mountain-valley circulation (Figs. 4a, b). At
0800 LST, wind in the lower troposphere was northerly
(Fig. 4a), while it was strongly southerly at 2000 LST
(Fig. 4b). Recalling that the mountainous regions
are located to the north and northwest of Beijing, the
northerly wind at 0800 LST and southerly wind at
2000 LST seem to represent the so-called down-valley
and up-valley wind, respectively. The reversal of wind
direction is confined in the lower troposphere, from the
surface up to the 800 hPa level. In the upper level,
strong westerly or northwesterly wind prevails both at
0800 LST and at 2000 LST.

This reversal of wind direction is also confirmed
by the in situ surface wind observation for the 26
stations during 1990–2007. The wind directions for
most stations are opposite between 0800 LST and 2000
LST (Figs. 4c, d). At 0800 LST, surface wind tends
to be from the northern and western mountainous
areas, while at 2000 LST, surface wind is from the
southern valley area. At 0200 LST and 1400 LST,

wind directions are not so homogeneous, but it seems
that wind directions point to the city center, which
may be attributed to urban-country circulation (fig-
ures not shown). Furthermore, additional details of
diurnal variations of surface wind are examined based
on hourly wind data. It is found that the transition
time from the up-valley wind to down-valley wind af-
ter sunset is quite different among stations, as is that
from down-valley wind to up-valley wind after sun-
rise. The transition time is earlier for the stations
closer to mountains as shown in Fig. 5. For Shangdi-
anzi, Miyun, Shunyi, Zhuozhou, and Gu’an (Figs. 5a,
b, c, e, f), the transition time from southerly wind to
northerly wind is about 1900, 2000, 2300, 0100, and
0200 LST respectively; that from northerly wind to
southerly wind is about 0800, 1100, 1100, 1100, and
1200 LST, respectively. The wind direction does not
change until 0700 LST for Daxing (Fig. 5d), which is
possibly attributed to urban-country circulation. Dax-
ing is located to the south of the urban area, where the
country wind in the night points to the city center from
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Fig. 5. Diurnal variations of wind for 6 stations: (a) Shangdianzi; (b) Miyun; (c)
Shunyi; (d) Daxing; (e) Zhuozhou and (f) Gu’an. The length of lines denotes vector
wind speed and the arrows denote the direction which the wind blowing to.

the south.

3.3 Possible effects of mountain-valley circu-
lation and urbanization

As suggested by the diurnal variations of surface
wind around the Beijing area, the urban and coun-
try winds may affect diurnal changes in local circula-
tion and further affect precipitation. To detect the ur-
ban effect on diurnal variations of precipitation in Bei-
jing, eleven representative stations in the plain area are
grouped into three regions which represent the south-
west suburbs, the urban area, and the northeast sub-
urbs (Fig. 1). The southwest suburb group includes
Zhuozhou, Gu’an, and Langfang; the urban group
includes Haidian, Fengtai, Tongxian, Guanxiangtai,
and Daxing; and the northeast suburb group includes
Miyun, Pinggu, and Shunyi (see Fig. 1). These sta-
tions are selected because they are relatively far from
mountainous areas. Note that Chaoyang station is not

selected because it is surrounded by trees and cannot
represent the urban climate anymore (Wang and Hu,
2006). Huairou station is not selected because its lo-
cation has been changed since 1996 and the tempera-
ture shows a decreasing trend since 1990, which is not
consistent with the increasing trend of other stations
in the Beijing Plain. Overall, from late afternoon to
late evening, the normalized frequency for the north-
east group exhibits the highest probability and that
for the southwest group exhibits the lowest. On the
contrary, in the morning from about 0200 to 1000 LST,
the southwest group and urban group show higher nor-
malized probability than the northeast group (Fig. 6).
Figure 6 supports that the differences among three
groups are quite obvious during 1900–2300 LST and
0400–0800 LST.

The higher occurrence of nighttime rain in Bei-
jing is presumed to be mainly attributed to mountain-
valley circulation. Insummer, southerly and southeast-
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Fig. 6. Diurnal variations of normalized precipitation
occurring frequency for three groups of station in the
northeast (blue line), urban area (red line) and southwest
(green line) respectively and diurnal variation of wind for
these stations (black line). The solid blue, red and green
lines stand for the values averaged over stations in the
same group; The error bars stand for the standard devi-
ation among stations in the same group; The length of
black lines denotes vector wind speed and the arrows de-
note the direction which the wind blowing to. Northeast
group includes Miyun, Pinggu, and Shunyi; urban group
includes Haidian, Fengtai, Tongxian, Guanxiangtai and
Daxing; and southwest group includes Zhuozhou, Gu’an
and Langfang.

erly winds originating from the prevailing East Asian
monsoon circulation supply a lot of moisture for pre-
cipitation, which seems to be one of the prerequisites.
In the afternoon, the divergence at the 950 hPa level
is negative in the western and northern mountainous
areas, which indicates that upward motions are devel-
oping and coincident with the afternoon peak of diur-
nal precipitation variations in this area. At the same
time, the downward motion leads to a low probabil-
ity of precipitation over the plain (Figs. 7a, b). After
sunset, wind becomes mountainous, and, thus, rela-
tively cool air from mountainous rural areas converges
in the warmer plain urban areas (Fig. 7c), possibly
causing the nocturnal precipitation maximum in the
plain, similarly suggested by Jiang and Liu (2007). At
0800 LST, the convergence remains over the plain but
is substantially weakened (Fig. 7d).

Also, diurnal variations of precipitation in the Bei-
jing area show some modulation from the urbaniza-
tion effect. The urban heat island is known to in-
crease the thermal difference between mountains and
plains (Lin and Yu, 2005), which may further enhance
the so-called Mountain-Plains Solenoid (MPS). From
1400 LST to 0200 LST, the northeast group shows
the highest normalized precipitation probability, while

the southwest group shows the lowest, but the oppo-
site situation is found from 0200 LST to 1400 LST
(Fig. 6). This pattern may be attributed to the com-
bined effects of mountain-valley topography and ur-
banization. Namely, in the afternoon, when the sur-
face wind is from south, the probability of rainfall in
the urban center and downwind area (northeast sub-
urbs now) increase (Fig. 6). On the contrary, in the
early evening around 2000 LST, when valley wind be-
gins to change to mountainous wind for stations in
the northeastern part of the Beijing Plain, resulting
winds from the west, northwest, and northeast begin
to converge in the plain. Thus the northeastern area,
where Miyun, Shunyi, and Pinggu are located, can
likely be the convergence point, where it is easily to
trigger precipitation. The convective rain triggered by
the convergence of cool mountainous winds and the
warm urban atmosphere seems to induce heavy rain
intensity in the northeastern part of the Beijing Plain,
where the hourly precipitation with an intensity higher
than 5 mm h−1 exhibits highest frequency. As the
wind direction begins to change in the urban area and
southwest suburb after 0100 LST, the corresponding
precipitation probabilities in these areas also increase
rapidly. Therefore, the normalized frequency of rain-
fall in the urban and downwind area (southwest sub-
urbs now) is found to be higher than that in the north-
east area in the early morning during 0400–0800 LST.
This transition of the highest normalized precipitation
probability within a day (from the northeast area in
the afternoon and evening to the southwest area in the
morning) may induce insignificant differences between
upwind and downwind areas if the indicator is daily or
seasonal precipitation as shown in studies by Sun and
Shu (2007) and Wang et al. (2008b).

4. Conclusion

The present study has investigated detailed char-
acteristics of the diurnal variation of precipitation in
Beijing and suggested possible influences from local-
ized circulation characteristics induced by mountain-
valley topography and urbanization effects. The spa-
tial variations of precipitation are generally influenced
by large-scale systems, local topography, and LUCC
(land-use and land-cover change). The effect of large-
scale systems on precipitation distribution could be
generally regarded as the same within a city scope.
The difficulty is how to distinguish and separate the
effect of topography from urban effects on diurnal vari-
ations of precipitation, which is necessary when the
effects of human activities on climate change are to
be evaluated. We will further explore this by using
a longer series of hourly data and utilizing mesoscale
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Fig. 7. Spatial distribution of the 950 hPa divergence (colored) and wind vec-
tors based on the NCEP final analysis data in JJA during 2000–2007 at (a)
1400 LST, (b) 2000 LST, (c) 0200 LST and (d) 0800 LST.

model experiments. The study may be useful for re-
fining short-range precipitation forecasts and, further,
be a benefit for urban drainage system planning and
water resources protection in the Beijing area.
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我国热带气旋潜在影响力指数分析
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摘要：利用热带气旋路径资料和灾情资料，综合考虑热带气旋的频数、强度、范围以及持续时间，
建立热带气旋潜在影响力指数，分析了 1949-2009年我国热带气旋的潜在影响力的空间格局和
年际变化特征，并以0608号超强台风“桑美”为例分析了该指数与灾害损失、过程极大风速、过程
雨量的关系。研究结果表明：1949-2009年间，我国的热带气旋的潜在影响力呈现出弱减少的趋
势，这种趋势并不显著，但各阶段性的趋势比较明显；近20年来，我国海南、广东、广西等华南沿
海受热带气旋潜在影响力在下降，而浙江、福建、台湾等东南沿海省份受热带气旋潜在影响力在
上升；潜在影响力指数最高的区域主要分布在台湾、海南、广东沿海、福建沿海以及浙江南部沿
海等地；TCPI与灾害损失、过程极大风速、过程降水量等有较好的相关性，并都通过了0.01的显
著性检验。
关键词：热带气旋；潜在影响力指数；桑美；中国；西北太平洋

1 引言

热带气旋 (Tropical Cyclone, TC) 是一种发生在热带或副热带海洋上的气旋性涡旋,常
伴有狂风、暴雨和风暴潮,是一种破坏性很强的天气系统，具有发生频次高、影响范围广、突
发性强、成灾强度大等特征。主要影响我国的东南沿海地区，这些地区人口稠密、经济发达、
社会财富高度密集，是我国的最严重的自然灾害之一。TC灾害带来的影响十分巨大[1-4]，如
2006 年强热带风暴“碧利斯”在福建省霞浦县登陆，共造成 843 人死亡，直接经济损失达
348.3亿元[5]。根据我国最新的热带气旋等级标准，将热带气旋划划分为6个等级：热带低压
(10.8~17.1 m/s)，热带风暴 (17.2~24.4 m/s)，强热带风暴 (24.5~32.6 m/s)，台风 (32.7~41.4 m/
s)，强台风 (41.5~50.9 m/s) 和超强台风 (≥ 51.0 m/s)[6]。

为了研究大西洋 TC 活动特征，Gray 提出了飓风破坏潜力指数 (Hurricane Destruction
Potential，HDP，又称为台风破坏潜力Typhoon Destruction Potential，TDP)，HDP被定义为某
时期内所有每6小时强度达到飓风级别 (即最大风速达32.7m/s) 的TC中心附近最大风速的
平方之和[7-8]；Bell等指出，HDP指数仅局限于强度较大的TC系统，没有考虑较弱的TC系统，
在HDP的基础上，Bell等将热带风暴级别的TC系统也加入了计算，并将改进过的指数定义
为 累 积 气 旋 能 量 指 数 Accumulated Cyclone Energy (ACE) [9]；Emanuel 在 能 量 耗 散
(Dissipation of Power) 的 概 念 基 础 上 提 出 了 潜 在 破 坏 力 指 数 (Index of Potential
destructiveness，PDI)[10]，该指数是TC中心附近最大风速的立方在整个TC生命史期间的积
分。这些指数综合考虑了TC强度、频数以及持续时间，克服了以往的研究单独分析TC强度
及频数的限制。但是这些均是针对TC自身而言，无法判断TC对某一地区的潜在影响状
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况。对于TC对某地区影响的基本气候特征，在目前研究中[11-14]，仅仅是分析登陆或影响频
数、强度等，这无法综合表达TC对该地区的影响。由于TC的影响范围广，有可能出现TC中
心未经过该区域但同样能够对该区域造成较大影响的情况。因此在研究TC对区域的影响
时，只考虑有TC中心经过的情形显然是不够全面。本文综合考虑了热带气旋的频数、强度、
范围以及持续时间等因素，建立热带气旋潜在影响力指数 (Tropical Cyclone Potential
Impact，TCPI)，分析了 1949-2009年我国热带气旋的潜在影响力的空间格局和年际变化特
征，并以2006年超强台风“桑美”为例分析了该指数与灾害损失、过程极大风速、过程雨量的
关系。

2 数据来源与研究方法

2.1 资料来源
本文所用的热带气旋最佳路径资料来自中国气象局主编的《热带气旋年鉴》或《台风年

鉴》[15]，该年鉴收集了每年西北太平洋和我国南海每次热带气旋路径资料，包括每 6小时的
TC中心位置以及中心附近最大平均风速、中心气压等。热带气旋的灾害损失资料来自于中
国气象局《年气候影响评价》和《中国气象灾害年鉴》[5]，这两类文献收集了每次热带气旋导致
的灾害影响，包括受灾人口、死亡人口、直接经济损失、倒塌房屋、损毁房屋、受灾面积等。
2.2 指数的定义

为了解某地区受TC潜在影响的特征，定义基于地区分析的热带气旋潜在影响力指数:

TCPI =∑
i = 1

N

∑
j = 1

M

bj(ajv̄i)
2 (1)

式中：i = 1，…，N，表示某次TC过程对某地区 (面状) 影响的次数 (以每6小时作一次统
计)，j = 1,…，M，表示TC不同的影响区域，即在不同的区域TC的影响强度有差别，以系数a
为权重；v̄i 为该次平均的TC中心附近最大平均风速；b表示某地区受TC影响的面积权重，
若该地区完全在TC某影响区域内，则 b为1，若部分在，则依影响范围，b取值在0至1之间，
若不在，则 b取值为 0。若将该地区各年TC过程中的TCPI进行累加，得到年TCPI指数，利
用此指数可以分析该地区受热带气旋潜在影响的年际变化特征。
2.3 分析方法

TCPI计算的关键在于 a、b权重系数的确定，本文以 0608号
超强台风“桑美”登陆时的 6小时路径线段为例，取 1°×1°网格为
研究区域，来具体地介绍TCPI的计算过程。

参考文献[16]，依据平均的TC中心附近最大平均风速 v̄ ，定
义如下扫描半径d (因参加范围计算所涉及到的点的位置均为经
纬度，所以d的单位取为度)，具体的取值半径见表1。

确定TC的影响范围是以TC路径点为圆心，以确定的长度为
半径进行扫描，所得到的圆即为该点对应的影响范围。那么，6小
时路径线段所构成的影响范围则是以线段上各点所对应的影响
范围的叠加，则最终得到的图形是由以线段长度为长，2倍扫描半
径为宽的长方形和分别以两个端点为圆心的半圆构成。

图 1给出了“桑美”登陆时的 6小时路径线段，此段 v̄ 的数值为 52.5m/s，则相应的 d为 5
度。按照上述方法得到此6小时“桑美”的影响范围，即图1中最外围的点圈。考虑到TC对
不同地区的影响程度不同，分别以1至4度为扫描半径，再建立4个大小不一的点圈，定义最
内层点圈的TC影响强度权重a为1，次内层除去最内层区域的a为4/5，依次类推，则最外层
除去次外层的区域，a取值为1/5。其他时段依据d的值划定相应的d个影响区域，再按照上
述方法确定a值。

表1 我国热带气旋中心附近
最大风速所影响的半径距离
Tab. 1 The affected radius

distances from the center of TC
by their maximum wind speed in

China

速度v (m/s) 半径d (o) 
v < 17.2 d = 2o 
17.2 ≤ v < 24.5 d = 3o 
24.5 ≤ v< 32.7 d = 4o 
v≥ 32.7 d = 5o 
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3期 尹宜舟 等：我国热带气旋潜在影响力指数分析

为了得到权重 b 的值，在
1°×1°的单元格内，以0.1度为间
隔取81个点，若经过统计，该单
元格在权重系数为a1的TC影响
区域有 k1 个点，则定义该单元
格在该 TC 影响区域的面积权
重系数 b1 为 k1/81；若 k1 = 0，则
b1 = 0；若k1 = 81，即表示该单元
格完全在此影响区域内，b1 = 1，
此时在其他的影响区域 b 取值
就为0。

已知 a、b值后，就可以求出
这一时段 TC 对相关区域的影
响状况，再将其他时段的影响
进行累加，则可得到相关区域
的TCPI数值。当然在实际的计
算中，可以根据精度要求调整
单元格的大小以及单元格内点
的设置。若研究的区域是一个
不规则的地区，则以合适的间
隔取点，所得点数即相当于上
文单元格内得到的总点数，然
后采用上述方法计算在TC影响过程中该不规则地区的TCPI数值。

下文分析中，若研究区域为单元格，则其大小为0.5°×0.5°，以每隔0.05°取点，每单元格
内共81个点；若为县级研究区域，以每隔0.05°取点，若以我国陆地为研究区域，以每隔0.1°
取点，得到相应范围内的点。

3 结果分析与讨论

3.1 我国热带气旋潜在影响力指数的年际变化
为 了 研 究 我 国 年

TCPI 指数的年际变化特
征，我们以 0.1 度为单位
在我国行政区域 (不包括
海洋) 内取点，共得到
95950个点。利用上文提
到 的 方 法 ，对 我 国 的
TCPI 指数进行逐次逐年
累加，以 1971-2000 年平
均值为气候基准值来分
析年 TCPI 的年际变化
特征。

图2给出了我国逐年
TCPI 指数的变化趋势，

图1 TCPI计算方法示意图 (中央实线段为“桑美”登陆时的6小时线
段, 点圈为不同的影响区域, 方格为1×1°, 方格内以0.1度取点)

Fig. 1 Calculation scheme for TCPI (The central real line is the 6 hours' track

when Saomai made landfall. Dashed circles are for different impacted regions.

The cell is 1°×1° and get points in the cell with an interval of 0.1°)

年 变化值
1949 -149
1950 -242
1951 -79
1952 20
1953 190
1954 13
1955 -150
1956 95
1957 -55
1958 69
1959 101
1960 229
1961 150
1962 102
1963 91
1964 209
1965 -29
1966 92
1967 -39
1968 -16
1969 -71
1970 -111
1971 222
1972 2
1973 143
1974 38
1975 79
1976 2
1977 -95
1978 30
1979 -86
1980 0
1981 -52
1982 -27
1983 -77
1984 -67
1985 213
1986 78
1987 -97
1988 -99
1989 51
1990 152
1991 15
1992 -67
1993 -9
1994 186
1995 -55
1996 -48
1997 -90
1998 -215
1999 -79
2000 -47
2001 70
2002 -154
2003 -51
2004 -49
2005 197
2006 28
2007 9
2008 152
2009 26
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图2 1949-2009年我国年TCPI指数年际变化图 (相对于1971-2000年)
Fig. 2 Variety of yearly TCPI from 1949 to 2009 for China

(relative to the average from 1971 to 2000)
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从 1949-2009 年，我国的台
风潜在破坏力呈现出弱减
少的趋势，这种趋势并不显
著。但各阶段性的趋势比
较明显，从 1949 年至 1960
年代中后期，我国年 TCPI
指数呈现的是上升的趋势，
1960年代末期至 1990年代
中期则为下降趋势，从1990
年代中期开始为上升趋
势。这与登陆中国的热带
气旋略有减少，但减少趋势
不明显基本一致。

我们进一步计算了各省行政区域对我国 61年来TCPI的贡献值及所占比率 (表 2)。从
表 2可以看出，广东省的贡献最大，达到 26.2%，这可能与热带气旋在广东登陆的比例有关
系，在广东省登陆的热带气旋占我国登陆热带气旋总数的36.8%，在沿海省份中占第一位[17]，
而台湾、福建、广西、海南、浙江各省的贡献率依次为16%、15%、10.3%、9.8%、9.4%。以上省
份贡献值之和占全国的87%。

图3分别给出了浙江、福建、台湾、广西、广东、海南6个省从1949-2009年TCPI逐年贡献

表2 1949-2009年各省对我国61年TCPI指数之和的贡献值及比率
Tab. 2 Contributions and ratios in various provinces of the sum of TCPI

from 1949 to 2009 for Chinese TCPI

省份 相对 
贡献值 

比率 
(%) 

省份 相对 
贡献值 

比率 
(%) 

省份 相对 
贡献值 

比率 
(%) 

山西  1.85 0.01 吉林  88.53 0.44 浙江 1881.20  9.44 
北京  2.30 0.01 上海  92.85 0.47 海南 1954.46  9.81 
天津  3.65 0.02 辽宁  99.29 0.50 广西 2050.01 10.29 
贵州 21.60 0.11 黑龙江 145.54 0.73 福建 2996.03 15.03 
河北 27.57 0.14 山东 168.27 0.84 台湾 3192.55 16.02 
内蒙古 29.66 0.15 湖南 182.66 0.92 广东 5214.48 26.17 
河南 37.89 0.19 安徽 332.25 1.67    
云南 51.74 0.26 江苏 482.61 2.42    
湖北 56.65 0.28 江西 813.22 4.08 总计总计总计总计 19927.79 100 

注：香港、澳门并入广东省计算，贡献值和比率保留两位小数。 

浙江 比率 福建 比率 台湾 比率
1949 1.93 17.940 1949 -30.7 6.475 1949 -9.04 18.407
1950 -26.3 2.363 1950 -36.54 6.725 1950 -27.65 16.408
1951 -12.95 6.377 1951 -21.16 8.599 1951 -13.98 10.905
1952 -6.49 6.420 1952 -6.89 10.312 1952 9.82 14.775
1953 29.31 11.328 1953 33.97 14.908 1953 37.41 15.248
1954 -24.7 1.019 1954 -33.82 2.343 1954 -21.34 5.617
1955 -16.59 6.902 1955 -32.72 5.300 1955 -10.46 17.672
1956 44.44 17.613 1956 45.09 21.044 1956 59.12 24.035
1957 -23.91 1.585 1957 -8.6 12.607 1957 29.97 26.720
1958 17.03 11.707 1958 49.83 23.722 1958 41.08 21.003
1959 35.23 15.170 1959 80.79 29.321 1959 105.13 34.744
1960 16.5 8.173 1960 57.32 18.132 1960 55.1 17.409
1961 22.05 10.747 1961 53.25 20.329 1961 100.47 30.090
1962 8.14 8.663 1962 41.22 19.807 1962 71.19 26.569
1963 5.72 8.302 1963 31.34 17.911 1963 19.46 14.568
1964 11.95 7.615 1964 -19.54 4.184 1964 -20.36 3.701
1965 -16.34 4.085 1965 4.03 15.889 1965 29.54 24.188
1966 36.25 15.769 1966 55.33 23.751 1966 32.04 17.618
1967 -23.39 1.684 1967 -8.27 12.018 1967 14.27 19.544
1968 -20.36 2.565 1968 -6.85 11.564 1968 13.2 17.677
1969 -17.3 4.383 1969 19.91 25.045 1969 42.01 33.354
1970 -26.7 0.659 1970 -28.34 6.436 1970 -23.88 7.773
1971 -12.2 2.946 1971 24.45 12.263 1971 29.1 12.807
1972 14.33 13.327 1972 1.96 13.673 1972 -20.72 6.000
1973 -19.9 1.775 1973 8.46 10.886 1973 -18.85 4.563
1974 1.54 8.358 1974 -27.79 3.878 1974 -11.56 7.977
1975 6.49 8.736 1975 24.65 16.735 1975 25.43 16.498
1976 -19.07 2.819 1976 -13.19 8.894 1976 -11.29 8.950
1977 -0.55 12.424 1977 9.48 23.040 1977 6.91 21.102
1978 14.7 12.360 1978 -29.38 3.510 1978 -7.66 9.293
1979 7.83 15.609 1979 -19.36 9.640 1979 -10.7 12.659
1980 -21.41 2.099 1980 25.42 21.165 1980 5.38 14.285
1981 8.82 13.936 1981 -15.42 9.865 1981 -3.8 13.607
1982 -8.15 6.886 1982 -14.07 9.499 1982 23.59 21.935
1983 -13.67 6.022 1983 -12.94 11.968 1983 -19.69 8.421
1984 -11.8 6.528 1984 -27.87 5.484 1984 -17.77 8.851
1985 47.42 14.272 1985 22.84 12.171 1985 1.23 7.759
1986 -10.8 4.376 1986 5.02 11.805 1986 43.2 21.054
1987 0.05 12.853 1987 -7.8 15.424 1987 5.92 20.913
1988 0.04 12.908 1988 -25.19 7.504 1988 -22.43 7.982
1989 28.72 15.457 1989 -13.69 7.578 1989 -5.48 9.345
1990 42.96 15.161 1990 88.61 27.784 1990 32.77 15.494
1991 -26.39 0.501 1991 2.36 13.243 1991 8.21 14.489
1992 -6.65 8.582 1992 -0.52 16.442 1992 11.46 20.557
1993 -28.05 0.000 1993 -19.14 7.293 1993 -25.41 4.689
1994 52.61 16.072 1994 50.05 18.245 1994 44.55 16.807
1995 -16.14 4.569 1995 -16.42 9.629 1995 -13.96 9.913
1996 -22.33 2.134 1996 4.38 17.122 1996 -9.24 11.400
1997 9.17 16.452 1997 -14.65 11.877 1997 -18.66 9.344
1998 -20.46 7.533 1998 -19.77 21.586 1998 -9.74 29.833
1999 -25.21 1.199 1999 5.04 19.651 1999 -21.11 7.888
2000 28.18 20.931 2000 4.43 17.104 2000 10.44 18.701
2001 2.76 7.970 2001 20.77 16.113 2001 53.52 24.140
2002 -1.41 16.465 2002 -17.13 15.074 2002 -26.41 8.276
2003 -21.14 2.606 2003 -25.17 6.167 2003 -11.12 10.818
2004 36.58 24.153 2004 20.22 23.073 2004 32.54 27.034
2005 73.56 19.803 2005 74.4 22.592 2005 54.72 18.421
2006 19.73 13.903 2006 45.12 25.211 2006 9.65 14.389
2007 33.99 19.074 2007 46.5 27.061 2007 42.91 25.429
2008 10.03 8.140 2008 37.55 16.903 2008 73.62 24.246
2009 2.45 8.925 2009 22.45 18.720 2009 2.1 12.262
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浙江 比率 福建 比率 台湾 比率
1949 1.93 17.940 1949 -30.7 6.475 1949 -9.04 18.407
1950 -26.3 2.363 1950 -36.54 6.725 1950 -27.65 16.408
1951 -12.95 6.377 1951 -21.16 8.599 1951 -13.98 10.905
1952 -6.49 6.420 1952 -6.89 10.312 1952 9.82 14.775
1953 29.31 11.328 1953 33.97 14.908 1953 37.41 15.248
1954 -24.7 1.019 1954 -33.82 2.343 1954 -21.34 5.617
1955 -16.59 6.902 1955 -32.72 5.300 1955 -10.46 17.672
1956 44.44 17.613 1956 45.09 21.044 1956 59.12 24.035
1957 -23.91 1.585 1957 -8.6 12.607 1957 29.97 26.720
1958 17.03 11.707 1958 49.83 23.722 1958 41.08 21.003
1959 35.23 15.170 1959 80.79 29.321 1959 105.13 34.744
1960 16.5 8.173 1960 57.32 18.132 1960 55.1 17.409
1961 22.05 10.747 1961 53.25 20.329 1961 100.47 30.090
1962 8.14 8.663 1962 41.22 19.807 1962 71.19 26.569
1963 5.72 8.302 1963 31.34 17.911 1963 19.46 14.568
1964 11.95 7.615 1964 -19.54 4.184 1964 -20.36 3.701
1965 -16.34 4.085 1965 4.03 15.889 1965 29.54 24.188
1966 36.25 15.769 1966 55.33 23.751 1966 32.04 17.618
1967 -23.39 1.684 1967 -8.27 12.018 1967 14.27 19.544
1968 -20.36 2.565 1968 -6.85 11.564 1968 13.2 17.677
1969 -17.3 4.383 1969 19.91 25.045 1969 42.01 33.354
1970 -26.7 0.659 1970 -28.34 6.436 1970 -23.88 7.773
1971 -12.2 2.946 1971 24.45 12.263 1971 29.1 12.807
1972 14.33 13.327 1972 1.96 13.673 1972 -20.72 6.000
1973 -19.9 1.775 1973 8.46 10.886 1973 -18.85 4.563
1974 1.54 8.358 1974 -27.79 3.878 1974 -11.56 7.977
1975 6.49 8.736 1975 24.65 16.735 1975 25.43 16.498
1976 -19.07 2.819 1976 -13.19 8.894 1976 -11.29 8.950
1977 -0.55 12.424 1977 9.48 23.040 1977 6.91 21.102
1978 14.7 12.360 1978 -29.38 3.510 1978 -7.66 9.293
1979 7.83 15.609 1979 -19.36 9.640 1979 -10.7 12.659
1980 -21.41 2.099 1980 25.42 21.165 1980 5.38 14.285
1981 8.82 13.936 1981 -15.42 9.865 1981 -3.8 13.607
1982 -8.15 6.886 1982 -14.07 9.499 1982 23.59 21.935
1983 -13.67 6.022 1983 -12.94 11.968 1983 -19.69 8.421
1984 -11.8 6.528 1984 -27.87 5.484 1984 -17.77 8.851
1985 47.42 14.272 1985 22.84 12.171 1985 1.23 7.759
1986 -10.8 4.376 1986 5.02 11.805 1986 43.2 21.054
1987 0.05 12.853 1987 -7.8 15.424 1987 5.92 20.913
1988 0.04 12.908 1988 -25.19 7.504 1988 -22.43 7.982
1989 28.72 15.457 1989 -13.69 7.578 1989 -5.48 9.345
1990 42.96 15.161 1990 88.61 27.784 1990 32.77 15.494
1991 -26.39 0.501 1991 2.36 13.243 1991 8.21 14.489
1992 -6.65 8.582 1992 -0.52 16.442 1992 11.46 20.557
1993 -28.05 0.000 1993 -19.14 7.293 1993 -25.41 4.689
1994 52.61 16.072 1994 50.05 18.245 1994 44.55 16.807
1995 -16.14 4.569 1995 -16.42 9.629 1995 -13.96 9.913
1996 -22.33 2.134 1996 4.38 17.122 1996 -9.24 11.400
1997 9.17 16.452 1997 -14.65 11.877 1997 -18.66 9.344
1998 -20.46 7.533 1998 -19.77 21.586 1998 -9.74 29.833
1999 -25.21 1.199 1999 5.04 19.651 1999 -21.11 7.888
2000 28.18 20.931 2000 4.43 17.104 2000 10.44 18.701
2001 2.76 7.970 2001 20.77 16.113 2001 53.52 24.140
2002 -1.41 16.465 2002 -17.13 15.074 2002 -26.41 8.276
2003 -21.14 2.606 2003 -25.17 6.167 2003 -11.12 10.818
2004 36.58 24.153 2004 20.22 23.073 2004 32.54 27.034
2005 73.56 19.803 2005 74.4 22.592 2005 54.72 18.421
2006 19.73 13.903 2006 45.12 25.211 2006 9.65 14.389
2007 33.99 19.074 2007 46.5 27.061 2007 42.91 25.429
2008 10.03 8.140 2008 37.55 16.903 2008 73.62 24.246
2009 2.45 8.925 2009 22.45 18.720 2009 2.1 12.262
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图3 主要省份1949-2009年TCPI逐年贡献值 (相对于1971-2000年) 及比率 (相对于全国) 变化图
Fig. 3 Contributions (relative to the average from 1971 to 2000) and ratios of the TCPI of China in some provinces
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值 (相对于 1971-2000 年) 及比
率 (相对于全国)。福建、台湾两
省贡献值的变化曲线与全国的
相似，从 1949年至 1960年代中
后期，贡献率呈上升的趋势，
1960年代末期至1990年代初则
为下降趋势，从 1990 年代则表
现为上升趋势；浙江省贡献值
变化从 1949 年至 1990 年代初
比较平缓，1990 年代中期以来
为上升趋势；从 1949 年至 1960
年代中后期，海南、广西、广东
三省贡献值变化均为上升趋
势，1970 年代初以来海南表现
为下降趋势，广西则在 1960 年
代末之后为略下降趋势，广东
省则从 1960 年代末期至 1990
年代中期为下降趋势，之后变
化平缓。总体来讲，海南、广
西、广东三省的比率近 20年来表现为下降的趋势，而浙江、福建、台湾表现为上升的趋势。
这反映了我国海南、广东、广西等华南沿海受热带气旋潜在的影响在下降，而浙江、福建、台
湾等东南沿海受热带气旋潜在的影响在上升，这可能与近20年来，我国北抬热带气旋增加、
西进热带气旋减少有关。相关方面的研究也证明了这一点，随着全球气候变暖，台风登陆位
置有向中部移动的趋势，
西北太平洋台风在生命史
中强度达最强时的位置有
向北移动的趋势[18-19]。
3.2 我国热带气旋潜在

影响力区域分布
我 们 计 算 了 1949-

2009 年逐年、逐个台风的
TCPI,并将每个单元格的
TCPI 进行累加求后，再进
行平均，得到 1949-2009 年
61 年间我国平均 TCPI 的
分布 (图4)。从图4可以看
出，我国东南沿海和中部
多数省份都能够受到 TC
的影响，主要影响区域在
我国的东南沿海地区。我
们根据TCPI指数对全国受
TC影响的区域划分为 5个
等级，年平均 TCPI 指数最
高为 15000 以上属于一级

图4 1949-2009年我国年平均TCPI分布
Fig. 4 The spatial pattern for average regional typhoon potential impacts

from 1949-2009
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表3 2000-2008年间65个TCs TCPI值和直接经济损失
Tab. 3 The relationship between direct economic losses and TCPI

for 65 TCs during 2000-2008 in China
TC编号 LOSS TCPI TC编号 LOSS TCPI TC编号 LOSS TCPI 
0004  190 11.65 0308   56  6.65 0604 9597 34.97 
0008   75 21.77 0309   69  6.14 0605 1585 32.59 
0010 1305 61.18 0311   20  5.29 0606 2167 50.65 
0012 1337 17.68 0312  918 67.43 0608 5417 89.51 
0013  742 16.89 0313  718 32.16 0703   23  7.70 
0014  936  9.07 0320  470 13.72 0707  608 18.87 
0016  394 15.26 0407  114 11.38 0709 2295 56.28 
0102 1311 35.10 0411    9  2.23 0713 2214 75.57 
0103 1869 50.62 0414 5694 67.53 0714   55  3.42 
0104 4825 39.99 0418  907 45.45 0715  137 10.22 
0105   12  0.42 0421   84  5.35 0716 2570 51.80 
0107  251 47.16 0505 3000 54.58 0801  198 22.88 
0108  985 24.33 0508   11  8.11 0806  669 20.94 
0114  561 25.42 0509 5021 84.27 0807  326 23.29 
0116   17  8.35 0510  838 24.79 0808 1954 63.62 
0205  425  9.57 0513 4275 49.79 0809  497 18.23 
0212 1644 24.17 0515 3927 64.75 0812 1075 30.23 
0214  838 24.44 0516   31  1.16 0813   35 12.35 
0216 2342 39.07 0518 3398 56.41 0814 3342 92.10 
0218  100  8.69 0519 2174 30.12 0815   49  7.99 
0220  319 11.53 0601 2311 52.37 0817   22  7.07 
0307  950 63.79 0602    8  0.62    
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的区域，主要分布在我国的台湾省，热
带气旋潜在影响力最高，热带气旋的
影响最严重，是我国热带气旋危险性
最高的地区；其次为海南、广东沿海、
福建沿海、浙江南部沿海地区，TCPI
指数在 8000~15000之间，是我国遭受
热带气旋仅次于台湾的地区，也是中
国大陆遭受热带气旋影响最严重的区
域，这些地区热带气旋强度强、频率
高，是我国大陆热带气旋危险性最高
的地区；TCPI 指数在 1000~8000 之间
属于第三级，主要分布在广西东南部、
广东北部、福建中西部、浙江、上海等
地，这些地区热带气旋强度强、频率
高，热带气旋的影响也较为严重，属于
热带气旋危险性较高的地区；第四级
的TCPI指数在100~1000之间，主要分
布在广西北部、湖南南部、江西、安徽、
江苏、山东半岛、辽东半岛等地，热带气旋破坏潜力指数低，热带气旋强度小，频率较低，热带
气旋能够产生一定的影响，但影响的程度远小于第三级区域，属于热带气旋危险性较低的地
区；第五级的TCPI指数在 1~100之间，主要包括云南东南部、贵州、湖南北部、古北河南、山
东西部、河北、北京、天津、内蒙古东部、辽宁中北部、吉林、黑龙江中南部等地，热带气旋破坏
潜力指数极低，热带气旋强度小，频率也低，属于热带气旋危险性低的地区。
3.3 TCPI指数与我国热带气旋灾害损失的关系

为了进一步分析TCPI与灾害损失之间的关系，我们选取2000-2008年间有直接经济损
失 (LOSS) 的 65个TC，这 65个TC基本上都是登陆我国。灾害损失经过价格指数的修订，
TCPI指数和灾害损失都是每次台风过程产生的，并且是影响区域的累计之和。表3给出了
65个TC影响我国期间的LOSS记录以及相应的TCPI值，经过统计发现两者的相关系数达
0.67，通过了99.9%的信度检验，两者高度相关，表明TCPI指数在一定程度上能够反映热带
气旋的直接经济损失。
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3000 - 6000

6000 - 9000

9000 - 13450

图5“桑美”影响我国期间的TCPI分布
Fig. 5 TCPI distribution during the impacted period of Saomai in China

(a) 雨量 ( mm) (b) 最大日极端风速 (m/s)

(a) (b)

图6“桑美”过程雨量 (a ) 及过程最大日极端风速 (b )
Fig. 6 Accumulated precipitation (a) and maximum daily extreme wind speed (b) during the process of "Saomai"

372

786



3期 尹宜舟 等：我国热带气旋潜在影响力指数分析

3.4 2006年“桑美”台风的潜
在影响力分析
2006年 8月 10日 0608号

台风“桑美”在浙江省苍南县
沿海登陆，登陆时中心附近最
大风速达60 m/s，中心气压为
920 hPa，其破坏性极大，超出
了人们的承受能力，因灾死亡
483 人，直接经济损失达到
196.58亿元，其中浙江、福建、
江西、湖北的损失分别127.3、
63.55、5.5、0.23 亿元 [5]。根据
本文的计算方法，我们计算了

“桑美”台风过程的潜在影响
力分布 (图 5)，从图中可以看
出，台风中心经过的地方,其
潜在影响力比较大，随着台风
的强度增加，台风的潜在破坏
力也明显增加，在登陆点浙江
省苍南县的破坏潜力达到
10373，破坏力极强，登陆后强
度迅速减弱，其潜在的影响力
也相应减小。“桑美”对台湾、
浙江、福建三省的潜在影响较
大，江西、安徽、上海、江苏、湖
北等地处于其潜在的影响范
围之内，也造成了一定影响。

图 6 给出了根据气象台
站监测到的台风“桑美”降水
和大风的分布[20]，通过研究发
现，此次TC过程中，过程雨量
带以及主要极大风速带均处
于潜在影响区内，同时两者的
大值中心与TCPI的大值中心分布较为一致。因此
TCPI对于单个“桑美”过程来说，可以给出受其潜在
影响的范围及相对程度。

我们收集了“桑美”台风过程中 32个县的直接
经济损失情况，进一步分析了有直接经济损失
(LOSS) 记录的县市的LOSS与过程雨量 (RAIN)、过
程极大风速 (WIND) 的相互关系 (表 4)。通过分析
发现：LOSS与TCPI、过程雨量、过程极大风速相关
系数分别为0.636、0.717、0.704，而TCPI与过程雨量
及过程极大风速相关系数分别为 0.566、0.881，都达
到了0.01的显著性水平 (表5)。因此，TCPI在一定程度上能反映出LOSS的状况。

编号 县区市 直接经济损失 
(万元) 

TCPI 过程雨量 
(mm) 

过程极大风速 
(m/s) 

1 邵武市     77 2816  63  9.5 
2 罗源县     80 7048 * 23.2 
3 建瓯市   1167 4884  95 11.8 
4 武夷山市   1360 3817  92 12.0 
5 屏南县   2050 5706  81 16.4 
6 政和县   4667 5804  63 15.9 
7 柘荣县  13670 8028 261 40.2 
8 宁德市  17660 7272  69 21.0 
9 霞浦县  42728 8283 161 * 
10 福安市  61000 7735 189 28.3 
11 寿宁县  61500 7408 233 29.1 
12 周宁县 110000 7190 181 26.4 
13 福鼎市 327230 8764 262 43.2 
14 铅山县   2310 3167  48 10.2 
15 南昌市市辖区   2850 1027  78 11.7 
16 高安市   3100  513 130 10.1 
17 金溪县   5933 1894 * 13.5 
18 临海市    500 6359  26  8.8 
19 云和县    714 6117  68 15.8 
20 青田县   1141 6879  93 20.3 
21 丽水市   1223 5395  34 12.0 
22 洞头县   2688 9640  80 28.3 
23 玉环县   4720 6915  40 30.0 
24 龙泉市   5635 5289  45 19.0 
25 乐清市   6400 6878  85 18.5 
26 温州市市辖区   6793 8140  93 26.5 
27 景宁畲族自治县  12400 7166 - - 
28 瑞安市  17271 8525 - 33.0 
29 文成县  37240 7920 175 23.9 
30 庆元县  71000 6123 103 20.0 
31 泰顺县  94500 7833 132 35.7 
32 平阳县  95340 8842 265 30.0 

-表示数值缺失，不参加相关系数的计算 

表4“桑美”台风县级直接经济损失与TCPI、过程降水量 (RAIN)、
过程极大风速 (WIND)的关系

Tab. 4 The relationship between direct economic losses and TCPI, the
precipitation, and maximum extreme wind speed during the period of

Typhoon Saomai

表5“桑美”台风灾情损失与TCPI、过程
降水量、过程极大风速的相互系数

Tab. 5 The matrix of correlations coefficient
between LOSS and TCPI, RAIN and WIND
 LOSS TCPI RAIN WIND 
LOSS 1 0.636** 0.717** 0.704** 
TCPI 0.636** 1 0.566** 0.881** 
RAIN 0.717** 0.566** 1 0.615** 
WIND 0.704** 0.881** 0.615** 1 

**表示在0.01水平上达到显著相关, Correlation is 
significant at the 0.01 level (2-tailed) 
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4 结论

本文通过综合考虑热带气旋的影响频数、强度、范围以及持续时间等因素，建立热带气
旋潜在影响力指数，分析了1949年以来我国热带气旋的潜在影响力的空间格局和年际变化
特征，并以0608号超强台风“桑美”为例分析了该指数与灾害损失、过程极大风速、过程雨量
的关系，得到出如下结论：

(1) 从1949-2009年，我国的热带气旋的潜在影响力呈现出弱减少的趋势，这种趋势并不
显著。但各阶段性的趋势比较明显，从 1949年至1960年代中后期，我国年TCPI指数呈现的
是上升的趋势，1960年代末期至1990年代中期则为下降趋势，之后为上升趋势。

(2) 广东省对我国累计TCPI贡献最大，达到26.2%，台湾、福建、广西、海南、浙江各省的
贡献率依次为 16%、15%、10.3%、9.8%、9.4%。近20年来，我国海南、广东、广西等华南沿海
受热带气旋潜在影响力在下降，而浙江、福建、台湾等东南沿海省份受热带气旋潜在影响力
在上升。

(3) 热带气旋对我国东南沿海和中部多数省份都有潜在的影响，但主要影响区域在我国
的东南沿海地区。潜在影响力指数最高的区域主要分布在台湾、海南、广东沿海、福建沿海
以及浙江南部沿海等地。

(4) 通过热带气旋潜在影响力指数与直接经济损失之间的关系，两者的相关系数达0.67,
具有高度的相关性，表明TCPI指数能够在一定程度上反映热带气旋的经济损失。

(5)“桑美”台风对台湾、浙江、福建三省的潜在影响力大，江西、安徽、江苏、上海、湖北等
地也处在其潜在影响的范围内；TCPI与灾害损失、过程极大风速、过程降水量等有较好的相
关性，并都通过了0.01的显著性检验。

本文依据路径资料分析了热带气旋的潜在影响力，其中所利用的资料也是风的速度，尚
未考虑到热带气旋的降水特征，在今后的研究中要结合其他资料来修订该指数，以便更好地
反映热带气旋对我国的潜在影响力；同时要通过更多热带气旋个例的分析，在TCPI与灾害
损失程度、TCPI造成灾害的阈值等方面做进一步深入分析研究。
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Study on Tropical Cyclone Potential Impact Index in China

YIN Yizhou1, 2, XIAO Fengjin1, LUO Yong1, ZHAO Shanshan1

(1. National Climate Center, CMA, Beijing 100081, China;

2. Institute of Atmospheric Physics, CAS, Beijing 100029, China)

Abstract: Based on tropical cyclone traces and disasters information, considering the tropical
cyclone frequency, intensity, scope and duration, the study established the Tropical Cyclone
Potential Impact Index (TCPI). It also analyzed the spatial pattern and interannual variations of
TCPI for China during 1949-2009. As an example, the Super Typhoon "Saomai" (No.0608) was
selected to analyze the relationship between TCPI and the direct economic losses, total rainfall,
and maximum wind speed. The research had the following results: China's TCPI presented a
weak decreasing trend during 1949-2009 and this trend was not significant, but in different
phases the decreasing or increasing trend was more significant. The tropical cyclones potential
impact decreased in coastal provinces of southern China such as Hainan, Guangdong and
Guangxi while it increased in southeastern coastal provinces such as Zhejiang, Fujian and
Taiwan in recent 20 years. Highest TCPI is mainly observed in Taiwan, Hainan, Guangdong
coast, Fujian coast and southern Zhejiang coast. TCPI has good correlation with the direct
economic losses, rainfall and maximum wind speed, and the correlation is significant at the 0.01
level.
Key words: tropical cyclone; potential impact index; Saomai; China; Northwest Pacific
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2008 年“2． 28”低纬高原强对流成因诊断与数值模拟
*

尤 红1，2，肖子牛3，艾永智1
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摘要: 利用常规观测、NCEP1° × 1°再分析资料和中尺度 WRF 模式，对低纬高原云南 2008 年“2． 28”强对流

进行成因诊断和数值模拟研究，结果表明: 此次复杂强对流在春季低温冷冻灾害和位势稳定背景下，由强垂直

风切变、低层潮湿和足够水汽供应以及强抬升机制共同作用造成． 过程中，强对流由强斜压不稳定释放诱发在

低层湿舌附近; 冰雹、雷雪上空 － 20 ℃温度层在 450 hPa 层上少动，0 ～ － 20 ℃温度梯度是冰雹大于雷雪的; 降

雹的饱和水汽团高度比雷雪高; 垂直干位涡反映了对流层高层强位涡高值的强干冷西北气流向低层、低纬传送

和中低层小位涡西南暖湿急流交汇特征． WRF 模拟结果佐证了位势稳定条件下存在强垂直风切变会发生剧烈

对流的事实，水平风、抬升凝结高度和最大对流有效位能等可为判断云南有无强对流及其种类提供参考依据．
关键词: 强对流天气; 冰雹; 雷雪; 垂直风切变; 对流有效位能; 抬升凝结高度; 数值模拟
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2008 年 2 月 27 日夜间至 29 日凌晨，云南大部

交替出现强雷暴局地强冰雹和雷雪复杂强对流天

气，其中北部、东部有强降温和降雪． 为云南有气象

观测以来所罕见． 雷电、大风和冰雹等是云南最常

见气象灾害，这些空间尺度小、生命期短、对流强烈

的气象灾害发生时，常常会造成重大人员伤亡和重

大经济损失． 对于雷暴、雹暴等强对流天气的研究

和模拟，已有许多气象工作者进行了探讨［1 － 5］，对

出现概率极少的雷雪天气，以前研究少且侧重环流

背景 和 物 理 机 制［6 － 7］ 方 面． 目 前 云 南 学 者 许 美

玲［8］、尤红［9］等的数值模拟研究多是基于云南暴

雨的，段旭等［10］应用湿位涡理论对云南冰雹做了

诊断分析，郭荣芬等［11］利用加密自动站、雷达等多

种探测资料综合分析了 2008 年“2． 28”云南罕见

“雷打雪”过程中雷达回波和地面温、压、湿的中尺

度特征，而用 WRF 对云南冰雹、雷暴等强对流过

程同时进行模拟和成因诊断未见报道． 本文利用常

规观测、NCEP1° × 1°再分析资料和 WRFV3． 0． 1 诊

断、模拟 2008 年 2 月 28 日云南强对流过程，深入

探讨其成因和 WRF 模拟能力，丰富预报员对此类

复杂天气的认识．

1 大环流形势影响背景

“2． 28”强对流过程开始前 500 hPa 上( 图略)

N － S 向南支低槽在 85°E 附近，中高纬 95°E 有 N
－ S 向北支西风槽，其后有强冷温度槽，温度槽后

等温线与西风槽后等高线交角近 90°; 强对流天气

期间，强冷平流作用致使南支低槽和北支西风槽经

向度增大，两槽线转为 NE － SW 向并连为一体，槽

后盛行携有强冷平流的 14 m·s － 1 以上西北风，云

南上空为南支槽前 20 m·s － 1以上的西偏南暖湿急

流控制; 700 hPa 上 93°E 附近有南支槽，云贵高原

处于槽前 12 m·s － 1以上低空西南急流区中，高层

强冷平流推动作用下川滇切变增强、南移到重庆、
西昌至巴塘一线，西昌有低涡中心． 700 hPa 低涡切

变、地面西路冷空气南下和 500 hPa 低槽东南移诱

发“2． 28”复杂强对流过程．

2 “2． 28”冰雹、雷雪强对流成因

2． 1 强垂直风切变特征 垂直风切变增强有利于

* 收稿日期: 2010 － 03 － 15
基金项目: 国家重点基础研究发展规划项目( 2009CB421504) 资助; 国家自然科学基金资助项目( 40975032) ．
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790



上升、下沉气流在相当长的时间内共存，在造成上

升气流倾斜的同时增强中层干冷空气的吸入，使得

对流风暴进一步加强和发展［12］． 分析昆明雷雪( 图

1a) 和玉溪冰雹上空( 图 1b) 水平风时间高度剖面

发现，27 ～ 29 日两站自低层到高层均为西南或西

偏南风，28 日 20: 00 ～ 29 日 02: 00 昆明雷雪间，地

面有冷空气南下影响昆明，700 hPa 以下低层的风

向出现逆时针旋转为东南风，而 700 hPa 以上层仍

为西南气流，表明低层存在较大的风向曲率和利于

加强风暴旋转潜势的垂直风切变，到 29 日 02: 00
昆明近地层转为偏北气流控制这直接导致 03: 00
时后天气迅速转晴． 28 日 08: 00 玉溪降雹前不仅

低层风向曲率增大且对流层高层西南风风速迅速

增大，这种水平风垂直分布使得低层暖湿气流源源

不断地输送到发展中的上升气流中并加强移过风

暴的旋转，是有利于组织完好对流风暴发展的强垂

直风切变的典型分布［12］，28 日 14: 00 后玉溪上空

中高层偏南风分量减小、逐渐转为偏西风，天气也

相应好转，可见冰雹是发生在中低层西南急流影响

区中且存在强垂直风切变环境．
2． 2 不稳定特征 过程中昆明探空站 T － lnp 图

( 图略) 上，Ek 为负稳定能量，大气呈对流性稳定状

态即低层有冷空气活动和垂直方向上对流受到抑

制． 过程中 800 hPa θse 沿 24°N 的时间变化图 2a
上，槽前西南暖湿急流高能区和冷高控制的低能气

团间的 θse等值线密集区( 能量锋) 一直在 102° ～
103°E 间少动，过程中冰雹、雷雪发生在能量锋附

近．

图 1 2008 年 2 月 27 日 00UTC ～ 29 日 00UTC 昆明( a) 和玉溪( b) 水平风的高度 －时间剖面图( 单位: m·s －1 )

Fig． 1 The time － height cross － section of wind field over Kunming( a) and Yuxi( b) ( unit: m·s － 1 ) from 27 to 29 February
2008

图 2 2008 年 2 月 27 日 00UTC ～ 29 日 00UTC 沿 24°N 的 800 hPa θse ( a，单位: K) 和强对流发生区( 23． 9 ～ 25°N、
101． 9 ～ 103°E) 平均温度( b，单位℃) 的时间高度剖面

Fig． 2 The θse on 800 hPa along 24°N( a，unit: K) and the time － height cross － section of temperature above the severe convec-
tion area( b，unit: ℃ ) from 00UTC February 27 to 00UTC February 29，2008
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前人研究认为，－ 20℃ 温度层高度在 400 hPa
等压面高度附近或以下时有利于成雹［13］． 分析过

程中 冰 雹、雷 雪 强 对 流 发 生 区 ( 23． 9° ～ 25° N，

101． 9° ～ 103°E，下同) 平均温度的时间变化图 2b
发现，28 日 00: 00 前 － 20℃ 温度层高度在 400 ～
350 hPa 间，之后迅速下降到 400 hPa 层下并一直

维持在 450 hPa 层上少动． 表明了本区域处于强不

稳定区，有产生冰雹对流天气可能，冰雹发生时段

相应 0℃线在 675 hPa，而雷雪时 0℃线下降到 725
hPa，0 ℃层到 － 20 ℃层温度梯度是冰雹大于雷雪

的．
2． 3 潮湿环境和强水汽输送特征 这次特殊强对

流天气与潮湿环境场和充足水汽供应密切相关． 过

程中比湿沿 25°N 的时间垂直剖面图上( 图略) ，

100° ～ 103°E 间的近地层为 9 ～ 12 × 10 －3 g /g 比湿

大值区并向上层伸展形成一个明显的湿舌，该湿舌

向东移动时，其上部逐渐向东北方向倾斜，28 日

08: 00 和 20: 00 湿舌在 102° ～ 103°E 间活动，滇中

正是处于湿舌线附近．
雷雪发生地昆明相对湿度变化( 图 3a) 充分反

映出了地面冷锋和中低空的西南急流的活动特征，

27 日 20: 00 开始中低空的西南暖湿急流影响强对

流发生区域，昆明站相对湿度迅速增大于 28 日

02: 00 接近饱和，80%线伸展到 400 hPa 层附近，分

别在 450，600，750 hPa 层附近有饱和中心; 之后到

16: 00 对流层中层出现小的相对湿度区; 20: 00 冷

空气自东向西入侵，昆明一带地面东北风达 6 ～ 8
m·s － 1，600 hPa 以下层相对湿度再次于 28 日 20:

00 ～ 29 日 02: 00 间在 700 hPa 出现大饱和中心，昆

明上空的 0℃线从 720 hPa 下降到 800 hPa 层，期间

近地层饱和水汽和东移的湿舌在锋面动力抬升作

用下以及近地层 0℃气温，为昆明雷雪强对流天气

产生创造了有利条件． 而冰雹发生地玉溪( 图 3b)

相对湿度表现是 28 日 02: 00 ～ 12: 00 间中低层为

水汽大值，冰雹发生时段中，600 hPa 层附近为饱和

中心，400 ～ 550 hPa 层间有相对湿度小值向下层入

侵，出现相对湿度梯度大值区，即冰雹是由低槽前

干、湿气流交汇引发的． 这与前面垂直风切变环境

分析结论一致． 相应强对流区 800 hPa 附近有最强

的小于 － 30 × 10 －6 g·cm －2·hPa －1·s － 1水汽辐合

中心，中低层西太平洋到孟加拉湾南部到云南为大

水汽通量带，强对流过程中低层存在大水汽输送和

强水汽辐合，西太平洋和孟加拉湾为此次强对流过

程的水汽源地．
2． 4 抬升条件

2． 4． 1 垂直螺旋度特征 分析强对流区域平均垂

直螺旋度时间剖面图 4 可见: 27 日 20: 00 ～ 28 日

12: 00 强雷暴、冰雹发生时段，650 ～ 400 hPa 的对

流层中层间为强负螺旋度区，550 hPa 上有小于

－ 1． 8 × 10 －6 Pa·s － 2的强负中心，相应对流层上层

和 800 ～ 650 hPa 间分别为 2 个弱正值区，垂直区

间较小的对流层中低层 800 ～ 400 hPa 间为低正上

负配置，下正值远小于上负值中心即旋转与沿旋转

轴方向运动剧烈造成强冰雹、雷暴天气; 之后低层

正值增大并向中高层伸展，对流层中层的强负区减

弱消失，28日14 : 00后800 ～ 250 hPa间全部转为

图 3 2008 年 2 月 27 日 00UTC ～ 29 日 00UTC 昆明( a) 和玉溪( b) 相对湿度时间 －垂直剖面( 单位: %)

Fig． 3 The time － height cross － section of Kunming( a) and Yuxi( b) relative humidity( unit: % ) from 00UTC February 27 to
00UTC February 29，2008
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正螺旋度控制区，对流层高层为弱负值区，700 hPa
和 450 hPa 上分别有 2 个强正值中心，在低层正值

中心迅速增大和向上层伸展期间，昆明市出现罕见

雷雪天气． 对应弱垂直上升运动首先出现在 400
hPa 层以下，27 日 20: 00 ～ 28 日 08: 00 间中低层的

垂直速度迅速增强并向高层伸展到 250 hPa，－ 0． 7
Pa·s － 1最强上升中心在 600 hPa 上，之后垂直速度

缓慢减弱，表明影响系统活动为此次强对流过程提

供了强的动力抬升机制．

图 4 2008 年 2 月 28 日雷雪、冰雹区域的平均垂直螺

旋度( 单位: 10 －6Pa·s －2 ) 的时间 －垂直剖面

Fig． 4 The time － height cross － section of average vertical
helicity ( unit: 10 －6 hPa·s － 2 ) in the thunderstorm
snow and hailstorm field on 28 February 2008

2． 4． 2 干位涡垂直分布特征 沿 102． 5°E 的干位

涡垂直剖面图( 图 5) 上可见: 过程前北部的 27° ～
32°N 间的对流高层为强位涡高值区，强对流区上

空 500 hPa 以上层为 5 ～ 15 × 10 －1 PVU 的位涡相

对小值区，700 ～ 500 hPa 间为小负位涡中心; 强对

流发生期间，中高纬对流层高层强高位涡中心向低

纬、低层输送，强对流区整层位涡值迅速增大到 5
～ 30 × 10 －1 PVU，大增值幅度在 400 hPa 以上层．

以上变化表征了对流层高层到低层的气流活动特

征，强位涡高值中心对应的对流层高层强干冷西北

气流向低层和低纬传送，和中低层小位涡的西南暖

湿急流交汇导致了此次冷环境下的罕见强对流过

程．

3 数值模拟和分析

3． 1 数值模拟方案设计 用 WRFV3． 0． 1 版本采

用 3 重双向嵌套方案模拟此次过程，第 1 重水平分

辨率 90 km，格点数为 70 × 60，覆盖了 5° ～ 50°N，

60° ～ 140°E 区域; 第 2 重水平分辨率 30 km，格点

数为 61 × 61，覆盖了 18° ～ 33°N，94 ～ 114°E 区域;

第 3 重水平分辨率 10 km，格点数为 97 × 97，覆盖

了 20° ～ 30°N，97° ～ 107°E 的“2． 28”强对流天气

发生区． 第 1 重采用 Thompson 微物理过程方案、
Betts － Willer － Janjic 积云参数化方案; 第 2 重采用

Thompson 微 物 理 过 程 方 案、Kain － Fritsch ( new
Eta) 积云参数化方案; 第 3 重采用 WSN 6 － class
graupel 微物理过程方案、Grell － Devenyi ensemble
积云参数化方案． 其余的辐射、近地面和边界层均

采用: Rrtm 长波辐射方案、Dudhia 短波辐射方案、
Monin － Obukhov 地 面 层 物 理 过 程 方 案、Thermal
diffusion 陆面参数过程和 YSU 边界层方案． 初始场

选取 NCEP 1° × 1°再分析资料，起始时间 2008 年 2
月 27 日 08 时，积分 48 h，3 重嵌套均是每隔 6 h 更

换侧边界条件． 使用 RIP 和 ARWpost 软件对模式

输出结果进行后处理． 由于此次强对流过程中冰雹

和雷雪空间尺度小，以下重点分析第 3 重水平分辨

率 10 km 模拟结果来佐证其模拟能力．

图 5 2008 年 2 月 28 日 08: 00( a) ，20: 00( b) 两个时次的沿 102． 5°E 的位势涡度垂直剖面( 单位: 10 －1PVU)

Fig． 5 The vertical cross sections of PV ( unit: 10 －1PVU) along 102． 5°E at 08BJT( a) and 20BJT( b) February，2008
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3． 2 垂直风场和抬升凝结高度模拟结果 图 6a，

b 是第 3 重每 3 h 强对流发生地玉溪和昆明的垂直

风时间变化模拟结果． 图中可见过程中昆明、玉溪

上空全部为西南气流区，风速随高度明显增大，低

层风向曲率明显比对流层中高层大，这种水平风垂

直分布特征预示未来环境风场有利于组织完好的

对流风暴发展． 对比实况图 1，表明该方案模拟出

了强对流发生期间的强垂直风切变环境．
由两地抬升凝结高度随时间变化模拟结果图

6c，d 发现，强对流时段内两地抬升凝结高度处于

相对偏低的高度，其中玉溪冰雹发生前 6 h 内先迅

速抬升后降低，高度从玉溪站( 海拔高度 1 716． 9
m) 地面层以上 1 500 m 上升到 2 400 m 再下降到

1 500 m，高度平均每小时变化幅度达到 300 m; 冰

雹期间抬升凝结高度在 1 500 ～ 1 600 m 即在 700
hPa 层附近少动; 而昆明雷雪开始前抬升凝结高度

则先缓慢抬升后降低，高度从 2 500 m 下降到 800
m 用了近 9 h，高度平均每小时变化幅度为 189 m，

昆明雷雪时抬升凝结高度相对更低在其地面以上

1 100 ～ 1 400 m 间，可见冰雹发生时其饱和水汽团

所在高度比雷雪时高，水汽饱和中心所在位置高度

变化幅度是冰雹比雷雪更剧烈． 对比实况图 3 发现

模拟抬升凝结高度结果能较好地预示强对流上空

饱和空气团所在位置和强对流天气类型．
3． 3 最大对流有效位能模拟结果 从冰雹、雷雪

发生地最大对流有效位能时间变化分布图 7 可见，

2 月 28 日 08: 00 前玉溪和昆明上空的最大 CAPE
变化剧烈，时而迅速上升，时而迅速降低，期间地面

实况是间歇性晴好天气和强雷暴; 玉溪强冰雹发生

期间有 16 J·kg －1的能量释放，这与实况上冰雹是

发生在中低层西南暖湿急流影响时对应，而昆明雷

雪期间几乎没有能量释放过程，表征了地面冷空气

活动和位势稳定的实况． 过程中模拟结果虽没有强

最大 CAPE 释放，但模拟出了强垂直风切变环境，

强垂直风切变环境下动力效应可加强上升气流强

度，强烈上升运动常常能够在较小的 CAPE 中得以

图 6 第 3 重嵌套模拟的水平风场( 昆明 a，玉溪 b; 单位: m·s －1 ) 和抬升凝结高度( 昆明 c，玉溪 d; 单位: meters
AGL) 的时间演变图

Fig． 6 The time － height cross － section of horizontal wind ( Kunming: a，Yuxi: b; unit: m·s － 1 ) and lifted condensation level
( Kunming: c，Yuxi: d; unit: meters AGL) of the third doman
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图 7 第 3 重嵌套模拟的玉溪( a) 和昆明站( b) 的最大对流有效位能时间变化图( 单位: J·kg －1 )

Fig． 7 The time section of maximum convective available potential energy of Yuxi( a) and Kunming( b) ( unit: J·kg －1 )

发展并产生强对流天气． 即 WRF 模拟结果佐证了

此次强冰雹、雷雪过程是在小的最大 CAPE 和强垂

直风切变环境下发生剧烈对流的事实．

4 小 结

对 2008 年“2． 28”春季罕见冰雹、雷雪复杂强

对流天气成因诊断和 WRF 数值模拟研究后，得到

以下几点结论．
( 1) “2． 28”春季罕见冰雹、雷雪复杂强对流

是由 500 hPa 南支槽与高原西风槽合并成的强 NE
－ SW 向低槽、700 hPa 上低涡切变、强西南低空急

流和地面冷空气共同造成．
( 2) 此次复杂强对流发生在强垂直风切变、低

层潮湿和足够的水汽供应以及强抬升机制条件下．
强垂直风切变促使倾斜对流发展，使低空上升运动

加强，不断输送水汽和不稳定能量． 锋面与急流相

互作用促使强斜压不稳定强烈释放，导致罕见雷

雪、冰雹天气． 强对流大多发生在低层湿舌附近，西

太平洋和孟加拉湾是过程的水汽源地．
( 3) 冰雹、雷雪发生地上空的 － 20℃温度层高

度在 450 hPa 层上少动，0℃ 层到 － 20℃ 层的温度

梯度是冰雹大于雷雪的，降雹时的饱和水汽团所在

高度比雷雪的高． 该过程是 1 次典型的无对流有效

位能条件支撑下，由强垂直风切变动力效应引发的

局地强对流风暴个例．
( 4) 过程中垂直干位涡表征了对流层高层位

涡高中心的强干冷西北气流向低层和低纬传送，和

中低层小位涡西南暖湿急流交汇的特征． 强冰雹发

生期间，对流层中低层 800 ～ 400 hPa 间相对较小

的垂直区间存在低正上负的经典垂直螺旋度配置．
( 5) 文中 WRF 模拟方案输出的强垂直风切变

环境和相对湿度饱和中心低层所在位置与实况分

布基本一致，表征出冰雹发生地上空饱和水汽团高

度比雷雪高，抬升凝结高度变化幅度冰雹更剧烈的

特征． WRF 数值模拟佐证了位势稳定条件下存在

强垂直风切变会发生剧烈对流的事实．
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Diagnotistic analysis and numerical simulation of severe convection on February 28，
2008 in low － latitude plateau

YOU Hong1，2，XIAO Zi-niu3，AI Yong-zi1

( 1． Department of Atmosphereic Science，Yunnan University，Kunming 650091，China;

2． Meteorological Abservatory of Yuxi，Yuxi 653100，China;

3． National Climate Center，China Meteorological Administration，Beijing 100081，China)

Abstract: Using the convention observed data，the NCEP1° × 1° grid point material，the mesoscale numeri-
cal model WRF，the severe convection in low － latitude plateau on February 28，2008 has been diagnotistic ana-
lysed and numerical simulated． The result shows that the severe convection，which occurred under the Spring low
temperature，freezing calamity and potential stability condition，cause include strong vertical wind shear，wet low
level，adequate vapor served and severe lift movement． In this extremely convection process，severe convection re-
sult in the rapid release of strong absolute baroclinic instability，which happen about the wet lingua of low level．
The negative twenty degree celsius layer over hailstorm，thunderstorm snow region on 450 hPa level，the tempera-
ture gradient between zero and negative twenty degree celsius of hailstorm is bigger than the thunderstorm snow’
s，the saturated vapor location of hailstorm is higher． Vertical dry potential vorticity ( PV) takes on the characteris-
tic of the upper troposphere high PV of strong dry and cold northwest air tends downwards to the low － level and
low － latitude，which join with the worm，wet southwest jet on middle and low － level． The WRF simulation
scheme in the test has good simulated capability，the case that strong vertical wind shear can cause sever convec-
tion under potential stability condition are well validated，the simulation results by WRF meso － scale numerical
model such as horizontal wind，lifted condensation level and max convective available potential energy can well
indicate the occurrence and kind of strong convection in Yunnan．

Key words: severe convection; hailstorm; thunderstorm snow; vertical wind shear; convective available poten-
tial energy; lifted condensation level; numerical simulation
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中国旱涝格局演变（1961―2050 年） 
及其对水资源的影响 

翟建青1，曾小凡2，姜  彤1 
（1．中国气象局国家气候中心，气候变化中心，北京 100081；2．华中科技大学 水电学院，武汉 430074） 

 
摘  要：利用中国气象局提供的 483 个气象站 1961―2000 年月降水数据以及 ECHAM5/MPI-OM 气候模式输出的
1961―2050 年月降水数据，分别计算其月 SPI 值，分析中国过去 40 年来及未来 3 种排放情景（A2：温室气体高

排放情景；A1B：温室气体中排放情景；B1：温室气体低排放情景）下旱涝格局的演变；同时分析了 8个水文站

径流变化百分率与对应流域 SPI 平均值的相关关系。结果显示：过去 40 年来中国有一条由东北向西南延伸的干旱

趋势带，A2 情景下，这条干旱带将持续存在，A1B 情景下，贯穿中国中部及南部沿海区域呈湿润化趋势，B1 情

景下，中国东部将出现“北涝南旱”的旱涝格局。研究认为：SPI 指数与径流量变化百分率有较好的相关关系，

可以对中国未来水资源的研究提供一定的参考。 

关键词：ECHAM5/MPI-OM；SPI 旱涝指数；旱涝格局；未来情景 

中图分类号：P467                   文献标识码：A                 文章编号：1001-5221（2011）03-0237-06 
 
伴随着人口的增长和经济的发展，水资源越来

越成为制约全球经济和社会发展的主要因素。中国
是水资源相对短缺的国家，人均水资源占有量只有
世界人均水平的 1/4，而且由于水资源时空分布不
均，经济社会高速发展及水环境恶化，中国水资源
短缺的矛盾十分突出[1]。气候变化及其对水资源的
影响已引起国内学者和有关部门的高度重视[2]。已
有研究表明：在过去的 100 年，中国大陆地区的平
均温度呈明显上升趋势，降水变化的空间特征比较
明显[3]。气温和降水的变化必将影响到旱涝事件,我
国学者对此进行了许多相关研究：马柱国等利用
1951―2006年中国区域160个站的月降水及月平均
气温资料，对中国区域近 56 年来区域干旱化特征进
行了研究[4]；翟盘茂等的研究表明，1951―2003 年，
中国干旱化面积总体上趋于增加，但趋势不显著，
区域差异比较大，并且分析得出降水量是我国干旱
变化的最主要因素[5]。 

收稿日期：2010-11-18；修订日期：2011-02-22 

基金项目：国家自然科学基金项目（NSFC 41001021）；山东省水资源与水环境重点实验室开放基金项目（WRISD0901） 

作者简介：翟建青（1980―），男，山西省祁县人，博士后，主要从事气候变化与旱涝灾害研究，（E-mail）zhaijianqing1980@gmail.com。 

本文利用已有的月降水观测数据及 ECHAM5
全球气候模式输出的未来 3种排放情景下月降水数
据，对比分析了 1961―2000 年及 2001―2050 年中
国旱涝格局的演变及旱涝指数与径流量变化的相关
关系，以期为中国水资源的管理利用和研究提供一
定的参考。 

1  数据和方法 

1.1  数据来源 

研究从全国气象站中选取了 483 个气象站的月
降水数据（1961-01―2000-12），这主要是考虑到
数据时间序列的一致性，并对所选气象站的实测数
据进行了均一性检验，气象站点位置如图 1所示。 

 
  1．松花江流域；2．辽河流域；3．海河流域；4．黄河流域；5．淮

河流域；6．长江流域；7．珠江流域；8．东南诸河流域；9．西南诸河

流域；10．西北内陆河流域 

图 1  中国十大流域及气象站示意图 

Fig.1  Ten large river basins and meteorological stations in China  
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未来情景研究则采用德国马普气象研究所提供
的大气海洋环流模式（ECHAM5/MPI-OM）输出的
降水量月数据（1961-01―2050-12）。 
ECHAM5/MPI-OM模式同时耦合海冰和陆面过

程模式，采用较高的模式分辨率对地球系统的未来
气候进行预测，其中大气模式采用T63 的网格，水
平网格分辨率为 1.875°×1.875°，垂直分 31 层。新
模式更新了可预报的气溶胶模块，对云覆盖重新进
行了参数化过程，同时对云里面的冰和水进行了不
同的过程处理，大大提高了对降水过程的模拟[6]。
中国水利部水文局提供了八大流域 8个水文站的年
径流数据（表 1）。 

1.2  研究方法 
由于干旱成因及其影响的复杂性，很难找到一

种普遍适用各种用途的干旱指数，因此应用于不同
需求的各种干旱指数得到了发展[7]。本文主要采用
McKee等发展的标准降水指数（SPI），该指数的优
点是计算简单，可反映不同时间尺度的干旱[8]，详

细计算方法见参考文献[8-9]。SPI通过计算给定时间
尺度的累积概率，能够在多个时间尺度上进行计算，
从而不仅可以监测短期的水分变化，也可以监测长
期的水分动态，SPI各级旱涝指标见表 2[9]。本文计
算的SPI时间尺度为 12 个月。 

表 2  SPI 指数旱涝等级 

Tab. 2  Classification of drought based on SPI 

旱涝等级 SPI 指数值 旱涝等级 SPI 指数值 
极端旱 ≤-2.0 中等涝 1.0~1.49 
严重旱 -1.99~-1.5 极端涝 1.5~1.99 
中等旱 -1.49~-1.0 严重涝 ≥2.0 
正常 -0.99~0.99   

根据观测和 ECHAM5 模式输出的月降水数据
计算其月 SPI 指数值，利用线性倾向率计算其变化
趋势，并分析了 8个水文站径流量变化百分率与水
文站汇水区平均 SPI 指数的相关关系。旱涝格局空
间图采用反距离加权插值法（Inverse Distance 
Weighted，简称 IDW）插值成图。径流量变化百分
率（A）计算公式如下： 

表 1  流域及水文站信息 

Tab.1  Information of river basins and hydrologic stations 

流域名称 流域面积/104km2 水文站名称 水文站集水面积/104km2

松花江流域 93.48 佳木斯 52.8 
辽河流域 31.42 铁岭 12.1 
海河流域 32.01 雁翅 4.4 
黄河流域 79.51 花园口 73 
淮河流域 33 吴家渡 12.1 
长江流域 180 大通 170.5 

珠江流域 57.9 高要 35.2 
东南诸河流域 24.46 竹岐 5.5 

ix xA
x


                            （1） 

式中，xi为第i年径流量， x 为多年平均径流量。 

2  模型验证 

通过对比实验期（1961―2000 年）ECHAM5 模
式与 483 站同期观测年降雨量空间分布格局，验证
模型对中国降雨量空间分布特征的模拟能力，结果
如图 2。

 

 

图 2  年降雨量空间分布图（A. 气象站观测值；B. ECHAM5 模拟值） 

Fig.2  Spatial distribution of annual precipitation in China（A. observed data；B. simulated data） 

由图 2可知，ECHAM5 模式较好地反映了中国 年降雨量由东南向西北逐渐减少的空间分布特征；
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但各等级降雨量空间区域分布范围有一定差别，如
年降水量低于 50 mm的区域不同；此外，ECHAM5
模式模拟的最大降雨量位于中国西南地区，与观测
事实不符。这可能是由于该模式过高地估计了陡峭
山坡一线的降水以及亚洲夏季风所导致的降水[10]。 
将中国年平均降雨量与ECHAM5模式模拟值进

行比较（图 3），可以看出：ECHAM5 模式模拟的中

国年平均降水量变化同实测值有一定的相似性，特
别是在 1980 年以后趋势更趋一致。这种变化的原因
可能是由于在 1979―1980 年，北半球的大气和海洋
环流经历了一次较明显的突变，而ECHAM5 模式对
东亚夏季风降水变化的主要动力和热力学机制把握
不够造成的[11]。 

可见，ECHAM5 全球气候海洋耦合模式对中国
降雨量的模拟虽存在一定的不足,但仍具有一定的
模拟能力。 
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3  旱涝格局趋势演变及其对水资源的
影响 

3.1  旱涝格局趋势演变 

在计算 483 个气象站 1961―2000 年月 SPI 指
数的基础上,计算每个站点月 SPI 指数的线性趋势,
并插值成图(图 4-a)；同样地,在对 ECHAM5 模式提
供的 3 种情景下 2001―2050 年格点月降水量计算
SPI 指数的基础上，得出每个格点月 SPI 指数的线
性趋势，插值得到SPI指数趋势空间分布图（图4-b、
c、d）。趋势负值代表趋于干旱，正值表示趋于湿润。

图 3  中国降水量变化（相对于 1961―1990 年） 

Fig.3  Precipitation change in China during 1960-2000（Compared with 
averaged during 1961-1990） 

 

 

图 4  1961―2000 年观测到旱涝趋势及模式模拟 2001―2050 年 3 种情景下旱涝趋势 

Fig.4  Trend of drought and flood observation during 1961-2000 and three scenarios from 2001 to 2050 
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由图 4-a可知，1961―2000 年中国存在一条由
东北向西南方向的干旱趋势带，包括松花江、辽河、
海河和黄河流域的南部，淮河流域北部，通过长江
流域中部到达珠江流域西部；西北诸河流域的西北
部及长江流域中下游则趋于湿润。这同施雅风等关
于我国西北由暖干向暖湿转变的研究结果一致[12]。 
由图 4-b 可知，A2 情景下，2001―2050 年中

国也存在一条由东北向西南方向过渡的干旱带，主
要包括松花江流域南部、辽河流域大部、海河流域
及黄河流域北部，并穿过长江流域中部到达珠江流
域；而中国西北及长江流域的鄱阳湖流域及东南诸

河流域则趋于湿润。 
由图 4-c 可知，A1B 情景下，湿润化区域集中

于中国中部地区，主要包括黄河流域南部，穿过长
江流域中部接南部沿海。 

由图 4-d 可知，B1 情景下，松花江流域北部，
辽河、海河流域南部，黄河流域东部及淮河流域北
部出现湿润化趋势；出现了“北涝南旱”的空间格局。 
3.2  干旱指数与水资源 

截取水文站集水面积内格点并计算其平均 SPI
指数，与对应水文站年径流量变化百分率作比较，
结果如图 5。张建云等对我国十大河流的径流量研

 
图 5  径流变化百分率（实线）同流域平均 SPI（虚线）关系 

Fig.5  Relations between percentage of runoff variation (solid line) and averaged SPI (dotted line) 
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究表明：近 50 年中国主要江河的实测径流量均呈下
降趋势，其中海河、黄河、辽河、松花江实测径流
量下降明显[13]。由图 5 可以看出：8 个水文站中位
于北方流域的 4 个水文站径流量有明显的下降趋
势，而除海河流域雁翅站外其它 7个水文站径流变
化百分率与相应汇水区内平均SPI值有相似的变化
趋势，说明SPI平均值对径流变化有很好的指示作
用。 

计算径流变化百分率与平均SPI值的相关系数
（表 3），可以看出，除雁翅站的相关系数没有达到
置信水平外，其它所有站点的径流变化百分率与平
均SPI值的相关系数均达到 99%的置信水平。海河流
域雁翅站相关系数低可能是由于该站处于海河流域
人类活动最为严重的子流域，水利工程建设、水土
保持、种植结构变化等改变了流域的自然形态，引
起流域调蓄能力增强，植物蒸散发强度增大，从而
使得地表径流量减少[14]。 

由上述分析可知，8 个水文站径流变化百分率
与流域平均 SPI 指数有较好的相关关系，分别计算
此 8 个水文站所在流域未来三种情景下 SPI 指数序
列 MK 趋势，可从一定程度上反映 8 个流域未来径
流变化趋势特征（表 4）。 

由表 4可知，地处北方的松花江流域、辽河流
域、海河流域和黄河流域径流变化表现为：在 A2
情景下，径流量呈下降趋势；在 A1B 和 B1 情景下

则表现为上升趋势。其中松花江流域在 B1 情景下
通过了 90%显著性检验，海河流域在 A2 情景和 B1
情景下都通过了 95%显著性检验，黄河流域则在
A1B 情景下通过 99%显著性检验、B1 情景下通过了
90%显著性检验；淮河流域和长江流域在 3 种情景
下都呈径流增加趋势，其中淮河流域在 A1B 情景下
通过 90%显著性检验，B1 情景下通过 99%显著性
检验，而长江流域则仅在 A1B 情景下通过 95%显著
性检验；珠江流域在 A2和 B1 情景下呈径流微弱减
少趋势，且没有通过显著性检验，而在 A1B 情景下
则表现为径流量明显增加，且通过了 99%显著性检
验；东南诸河流域在 A2 和 A1B 情景下表现为微弱
增加趋势，B1 情景下则为微弱减少趋势，且 3种情
景下都没有通过显著性检验。 
3.3  不确定性分析 

未来气候变化预估存在一定的不确定性。这主
要是因为用于预估未来气候变化的大气环流模式存
在局限性，如模式计算稳定性、参数化的有效性、
物理过程描述的合理性等[15]；此外，由于大气环流
模型输出的分辨率相对于局部地区比较低也导致预
估存在一定的不确定性；最后，目前还没有很好的
办法能够区分人类活动或自然进程对气候变化的贡
献，使得预估有更大的难度。 

表 3  水文站径流变化百分率与汇水区内平均SPI 值 

相关系数 

Tab. 3  Correlation coefficients between the percentage of runoff variation 
and annual averaged SPI 

水文站 相关系数 水文站 相关系数 
佳木斯 0.85** 吴家渡 0.79** 
铁岭 0.75** 大通 0.76** 
雁翅 0.04 高要 0.82** 
花园口 0.72** 竹岐 0.47** 

注：**表示达到 99%置信度水平（双尾检验）。 

 

SPI指数作为众多旱涝指数之一，其优点是计算
所需的输入量——降水资料较易获取，也避免了机
理模型复杂的计算和大量经验性参数输入；但该指
数不涉及干旱机理，也没有考虑气温、蒸发对干旱
的影响[9]，所以该指数用于分析未来水资源量的变
化趋势时存在一定的不确定性。 

4  结语及讨论 

综上研究，得出如下主要结论： 
1）在 A2 情景下，中国旱涝格局继续延续现有

格局，同样存在由东北延伸到西南的干旱带，但分
布区域略有差异。A1B 情景下，中国贯穿中部地区
及南部沿海出现湿润化趋势，其余地区有干旱化倾
向。B1 情景下，中国东部地区将有可能从过去的“北
旱南涝”格局转变为“北涝南旱”。 

表 4  水文站所在流域平均SPI 值 2001―2050 年序列
Mann-Kendall 趋势检验 

Tab.4  MK-test for averaged SPI of river basins during 2001-2050 

排放情景 松花江 辽河 海河 黄河 淮河 长江 珠江 东南诸河
A2 -0.33 -0.84 -1.83** -0.45 0.12 0.24 -0.2 0.69 
A1B 1.06 0.98 0.36 2.6*** 1.29* 1.84** 2.6*** 0.78 
B1 1.50* 0.53 1.79** 1.29* 2.64*** 0.36 -0.59 -0.55

注：*表示通过 90%置信度检验；**表示通过 95%置信度检验；***

表示通过 99%置信度检验。 

2）对 8个流域的研究表明，SPI 旱涝指数与径
流量变化百分率相关关系良好，可从一定程度上反
映出中国未来水资源的变化特征，对中国未来水资
源的合理利用及管理有一定参考意义，但其仍存在
一定的不确定性。 

为进一步研究未来中国水资源变化趋势特征，
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利用 IPCC 第五次评估报告提出的多种全球气候模
式预估结果，通过计算流域 SPI 干旱指数的方法，
可充分考虑到未来各流域水资源变化的多种可能
性；同时，由于 SPI 指数的局限性，可开展利用水
文模型模拟未来水资源变化特征的研究工作。 
致谢：中国气象局国家气象信息中心及德国马

普气象研究所提供了计算所需数据，德国波茨坦气

候影响研究所提供 SPI 计算程序，在此一并感谢！ 
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Evolution of Drought and Flood Pattern and Its Effect on Water Resources  
in China from 1961 to 2050 

 
ZHAI Jianqing1，ZENG Xiaofan2，JIANG Tong1 

（1．National Climate Center，China Meteorological Administration，Beijing 100081，China； 

2．Huazhong University of Science and Technology，Wuhan 430074，China） 

 
Abstract: With the monthly data of 483 weather stations during 1961-2000 and the precipition data derived from 
ECHAM5/MPI- OM climate model for 1961-2050, the monthly SPI (Standard Precipitation Index) are caculated, 
and evolution of drought and flood pattern in last 40 years and that for three kinds of future greenhouse gas 
emission scenarios(A2: high emission scenario; A1B: medium emission scenario; B1: low emission scenario) are 
analyzed, as well as the correlation between the runoff percentage in 8 hydrologic stations and corresponding SPI. 
The results show that: there was a drought trend zone which extended from northeast to southwest in the past 40 
years in China, Under scenario A2, this drought zone would still exist; Under scenario A1B, a wet zone would 
spread in middle part of China; Under scenario B1, flood might occur in northern part while drought in southern 
part in east China. It is concluded that there is a good correlation between SPI and the percentage of runoff 
change. 
Key words：ECHAM5/MPI-OM；Standardized Precipitation Index；drought and flood pattern；future scenarios 
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摘要　　１８２３年（清道光三年）我国发生大范围、多流域的严重雨涝，这是在小冰期寒冷气候背景下的重大气象灾

害和极端气候事件。文章依据历史文献记载复原了 １８２３年的气候实况并绘图显示，指出该年我国华北夏季雨期

长、多大雨，北京 ６～８月雨日 ５３天、降水量 ６６３ｍｍ超过现代（１９７１～２０００年）平均值 ５成；长江中下游全年多雨，

梅雨期长、低地积涝 ４个多月，比 １８０４年的水灾更严重；华南夏秋多雨。各地主要降雨时段由南向北的递次推迟，

显示我国雨带的季节性移动特点。海河、黄河、长江、珠江诸流域发生雨涝灾害、粮棉减产甚至失收，还有疫疾流

行，政府实施赈济。该年的天气气候特点与大范围持续多雨的 １９５４年极为相似，且二者都发生在太阳活动周的极

小值年和中等强度的厄尔尼诺结束之后。
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当今，关于极端气候事件的问题备受关注，但极

端事件的认定标准尚无定论，一致的看法只是将之

归于“发生概率很低的事件”。而极端降水事件的

认定要复杂些，它不仅仅由年、季雨量的多少来决

定，还可由降水强度、降水持续时间以及发生季节的

异常而被认定。我们固然可以采用年、季降水量负

距平低于某界限值（例如－２σ或 σ为方差）来确定
极端干旱事件，但却不宜仅仅由降水量高于同一界

限值（如＋２σ）的正距平值来确定极端降水事件，因
为如罕见的暴雨强度、次数、雨期的起讫日期等也属

于低发生概率，也应引为判据。至于极端的雨涝灾

害事件的认定又更为复杂，它与降水量、地形、河道

状况有密切关系，只是降水量过多仍是产生雨涝灾

害的主要原因。笔者根据历史气候记载，和我国东

部的千年干湿指数区域序列，选出若干历史上的重

大雨涝事件，它们皆是由异常的、持续强降水而酿成

流域性的或跨流域的严重雨涝灾害。尽管对这些事

件尚不能像现代降水事件那样按其雨量和降雨强度

来进行排序，但以这些事件在历史上的罕见程度，可

认为这些事件符合“发生概率很低”的要求，可以归

入极端气候事件之列，本文所论的１８２３年的雨涝事

件即其中之一。１８２３年在我国大范围多雨的特点
在《中国近五百年旱涝分布图集》

［１］
中已清楚显示，

本文依据多种科学资料对此个例的气候实况、社会

影响、外界因子等细作剖析。

１８２３年（清道光三年）我国东部大范围持续多
雨，造成严重的雨涝灾害和粮棉减产失收。这极端

雨涝事件出现在小冰期寒冷气候的背景下，对该个

例的剖析正好可以为当代温暖气候背景下的极端雨

涝事件提供对比。此事件具有代表性，有助于全面

认识我国极端灾害事件的特点。

１　１８２３年雨涝实况

依据我国历史文献中有关 １８２３年天气气候和
灾害状况的记载 ２７７条（出自 ２６８种古籍），对该年
的天气实况作复原推断。这些历史气候记录引自

《中国三千年气象记录总集》
［２］
，是经系统采集和勘

校的，文中用引号标示。它们出自 ３９种古籍，其书
名和版本详见文献［２］，本文中不再标注。

１８２３年的雨涝特点概括为：华北夏季雨期长、
多大雨，长江中下游自春至秋持续多雨，华南夏秋多

雨。历史记载的 １８２３年夏－秋出现大雨和持续多
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图 １　１８２３年历史记载的夏－秋大雨发生地域（深蓝色所示）

Ｆｉｇ１　Ｄｉｓｔｒｉｂｕｔｉｏｎｓｏｆｐｅｒｓｉｓｔｅｎｔｐｒｅｃｉｐｉｔａｔｉｏｎａｒｅａｓ（ｂｌｕｅ）ｉｎ１８２３ｏｖｅｒＥａｓｔＣｈｉｎａ

雨的地域如

书书书

图１所示，其空间绘图单元为县。
华北夏季多雨。北京、天津、河北各地夏季持续

大雨，河北东部和中部雨期较长，如卢龙、新城等地

皆“霪雨四十余日”，河北南部雨期稍短，如内丘“自

五月二十七日起至六月二十七日（７月 ５日 ～８月 ３
日）大雨三十日”。华北的持续降雨区还包括河南

北部，但这些地方至８月９～１０日还有暴雨，如武陟
县“至七月初四、五等日又复大雨滂沱，连宵达旦”。

据北京的逐日天气记录———清代宫庭文档北京“晴

雨录”资料判读，１８２３年北京的主要雨期是 ６月
４日至８月 ２４日。由北京“晴雨录”的逐月雨量推
算和雨日研究

［２］
知，该年 ６～８月降水量 ６３３ｍｍ，比

多年（１７２４～２０００年）平均值 ４４７ｍｍ高出 １８６ｍｍ，
也比现代（１９７１～２０００年）平均值 ４２３ｍｍ高出
２１０ｍｍ；雨日达５３天，比多年平均值多 １０天、比现
代（１９７１～２０００年）平均值３５３天多１７７天；降雨
时数 ３５６小时，比多年（１７２４～１９０３年）平均值多
１３１小时。

长江中下游自春至秋持续多雨。上海附近地区

的历史记述如“春二月苦雨至夏五月始略止，七月

又苦雨，禾稼尽淹，九月亦如之”（历史记载的月份

为农历，用汉字表示，以下同）、“夏四月阴雨至八月

止，晴止数日，五月二十日大雨平地水高三、四尺”

等。由历史记载推知太湖流域的降雨有两个集中时

段：第一降雨时段为４月５日 ～７月６日，这期间多
次出现强降水“大雨如注”，其发生日期分别是 ４月
５日（二月二十四日）、６月 ２４～２７日（五月十六至
十九日）、６月２９～３０日（五月二十一和二十二日）。
江苏靖江—南通一线以南、浙江北部、安徽沿长江地

区皆在同一雨区内，大雨时段大致相近，如安徽旌德

“四月中旬至五月二十日大雨如注，日夜不绝，七月

复大雨”，大雨集中发生在 ５月 ２１日 ～６月 ２８日；
偏西地点的大雨时段开始稍迟，如江西波阳“自五

月初八日雨至二十六日止”，其大雨集中发生在 ６
月１６日 ～７月４日。第二降雨时段为 ８月 ７日 ～９
月９日（七月初二至八月初五），其间有台风带来的
多次暴雨，如 ８月 ７日（七月初二日）夜，台风登陆
嘉兴“暴雨如注、平地水深数尺”，次日暴风雨即肆

虐江苏之吴江、青浦、靖江、泰县等地。其他的台风

暴雨还出现在８月１４日（七月初九）、９月 ３日（七
月二十九日）和９月９日（八月初五）。历史记载如
嘉善“七月初二、初九大风雨，水骤涨，较五月增尺

余”、吴江“七月甲戌又大风雨，水骤涨二尺余，圩岸

尽圮”，这表明第二个降水时段的天气过程雨量更

大。

书书书

图２列示南、北方 ８个地点的部分降雨集中时
段，从中可见各地降雨时段的开始和结束时间由南

０３
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图 ２　１８２３年各地春夏主要降雨时段由南向北的递次推迟

Ｆｉｇ２　Ｔｈｅｍａｉｎｒａｉｎｙｓｐｅｌｌｏｆｓｐｒｉｎｇｓｕｍｍｅｒｆｏｒ８ｐｌａｃｅｓｉｎ１８２３

向北的递次推迟，显示我国雨带由春到夏的季节性

向北移动的特点。

华南各地夏秋多雨。广东多处地方有夏秋多雨

的记载，如广宁“夏四月至秋七月连雨”、肇庆、郁南

“夏五月至秋七月大雨水”、四会“秋七月大雨”等

等；福建政和“五月大雨”、罗源等地“八月淫雨”；

而海南省的多雨特点并不突出，仅有“秋八月雨颇

透地，九月风雨淋漓”的记载。

２　雨涝和伴生灾害

２１　涝灾

　　１８２３年久雨和降雨过多、过猛引起海河、黄河、
长江和珠江干流、支流水位急速上涨或决溢，以致漂

屋害稼、沙压田亩等灾害多多发生。夏－秋季，华北
发生决溢的河流计有滹沱河、遝河、浑河、漳河、滦

河、卫河、大清河、子牙河、永定河等，“直隶百余州

县皆成巨浸”，天津“田禾尽没，南城外行舟”，迁安

县“大水入城”，河南境内沁河漫溢。长江下游各地

主要是大雨水涨、圩岸圯毁、低地淹没成灾，扬州、靖

江等地６月１１日（五月十五日）后的大雨又遇江潮
泛溢，故加剧水患的危害。长江中游的湖北、湖南发

生大水、堤溃河溢、淹没农田庐舍的地点很多，仅江

西省即有“夏五月南昌等十三县大水”的记载。该

年遭受涝灾的地域如图３所示
１８２３年涝灾的一个特点是积水长久不退，这加

剧了水患之危害。华北平原因土地长时浸泡以致唐

县、元氏县等地 “平地生泉，水流皆月余”。长江下

游积水最严重，如松江府“水溢不退计四月余”，青

浦县“水大于嘉庆九年（１８０４年）三尺，而退更迟”；
江苏太仓“至初冬四乡犹巨浸，农不得耕”，吴江县

等地“乾隆三十四年（１７６９年）、嘉庆九年（１８０４年）
皆被水患，旋即退减，未有积水至五十日久如今日

者”，吴县“浸霪汨没越九旬”；浙江嘉兴府“潦水骤

涨泛溢，堤岸低处田庐尽没，数月不退，禾苗三次被

淹”，直到“八月间江苏开刘家河泄水，九月始渐消

去”；安徽宿松县“大水经冬始退”。江西余干县竟

然也“禾稼淹没殆尽，水浸月余”。

值得注意的是１８２３年的灾情因其前期 １８２２年
的水灾而加重。１８２２年夏秋河北和黄河中下游地
区即已多雨酿成大范围水灾，河北 １８２２年“大雨时
行、田禾被淹，被水者八十州县之多”。连绵大雨等

也引起河南“沁河决”、“各地川渠尽溢”等灾害。

２２　疫病

１８２３年大范围雨涝灾害伴有疫疾流行是这次
雨洪灾害引人关注之点。疫区大致有两片（

书书书

图３红
色区），北方的瘟疫出现在河北、山西、辽宁，南方的

福建、湖南、广东、广西、云南有“绞肠痧”等疫病流

行。至于这瘟疫与雨涝灾害的关联尚不清楚，因为

早在１８２２年，山东、河南、陕西、四川、广东、广西多
处地方已有瘟疫发生，１８２３年雨灾发生之前，河北
卢龙、文安等地即已有“四月瘟疫盛行，死者相继，

吊唁不通”的记载。

２３　粮、棉歉收和赈济

１８２３年久雨和水灾致使农作受损严重。华北
各地多有诸如淫雨害稼、禾稼荡尽，以及米价增倍、

１３

805



第　　四　　纪　　研　　究 ２０１１年

图 ３　１８２３年水灾发生地域（浅蓝）和疫病发生区（红色）

Ｆｉｇ３　Ｄｉｓｔｒｉｂｕｔｉｏｎｓｏｆａｒｅａｓｓｕｆｆｅｒｉｎｇｆｌａｓｈｆｌｏｏｄｓ（ｌｉｇｈｔｂｌｕｅ）ａｎｄｐｅｓｔｉｌｅｎｃｅ（ｒｅｄ）ｉｎ１８２３ｏｖｅｒＥａｓｔＣｈｉｎａ

斗米千钱、民扫草实为食之类的记载。长江下游夏

季的久雨和气温偏低，因此时正值水稻和棉花的生

长期，故减产甚至失收，松江府“禾豆、木棉、瓜果皆

不熟”，浙江嘉兴“潦水数月不退，禾苗三次被淹，秋

禾大半无收”，其他如早禾歉收、秋谷大半无收、木

棉尽坏、禾稼不实、民多饥死的记载也为江浙各地多

见，更有棉花的“尽偃于泥淖”而失收，以致“木棉荒

而花价贵昂，百斤之值八千余文”。

１８２３年的大范围雨灾、水灾危害深重，江苏、浙
江的水灾被称为“百年未有之灾也”，对此，中央和

地方政府采取了一系列的赈灾措施。例如九月二十

二日的圣谕“免直隶通州二十七州县水灾额赋。赈

直隶通州等四十州县、山东临清等五州县水灾。加

赈江西德化县、湖北黄梅县、河南武陟等五县水灾。

给江苏仪征等四县、湖北江陵等三县水灾口粮。蠲

缓山东临清等十六州县卫、直隶蓟州五十州县水灾

新旧额赋，河南武陟县、湖北黄梅县水灾额赋及屯坐

各卫应征新旧额赋，并给修屋费”。又如对北京“降

旨令于五城分设厂座，发给仓贮米五万石，平价粜

卖，下诏各地给予赈济或减免田赋”；又如对河北玉

田县“诏成灾七、八分村庄极贫者给赈二个月，次贫

者给赈一个月”；再如河北任丘“自十月至十二月共

赈米二万七千二百三十九石，银六万一千五百七十

二两”等；再如六月安徽“奉上谕铜陵、无为、繁昌、

芜湖、当涂等五州县，因本年雨水过多，著加恩将被

水军民一体给予抚恤”、七月“给江苏太仓等 １７厅
州县水灾一月口粮”；八月嘉兴府“奉恩旨地丁漕米

分别蠲缓，发帑赈给农民三月口粮”；八月“奉上谕：

安徽省滨江各州县被水较重，米价渐昂，前赴四川、

湖广、江西等省采作购买米十万石，分运灾区减价平

粜”，十月，奉上谕：本年安徽省夏雨连旬，江潮涨

发，其无为等三十二州县并屯坐各卫被淹，盱眙等六

州县高田被旱、低田被淹，又凤阳县被旱，经该抚查

勘，灾分轻重，分别和恳恩施，著照所请，加恩将被水

被旱成灾六、七、八、九之分之无为、铜陵、当涂、宣

城、南陵、芜湖、繁昌、望江、桐城、和州、怀宁、宿松、

贵池、青阳、东流、庐江、巢县、含山、全椒等十九州

县，及屯坐各卫灾民灾军均按成灾分数照例分别给

赈。”等等不一一列举。此外，各地方政府也采取一

些赈济措施，如江苏 “自院司以下均各捐廉助赈。

是冬，人情尚得安静，凡有田之家，大小粒米无收，粮

亦停征。”等等

３　气候概况和可能的影响因子

３１　气候概况　

　　１８２３年多雨且低温寒冷。该年我国东部地区

２３
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春夏秋持续多雨，仅黄淮地区有局地短时干旱。华

北北部的雨期较南部长约 １０天。据清代宫廷“晴
雨录”资料的推算结果

［３］
，北京夏季（６～８月）的降

雨日数和雨量分别较近３０年（１９７１～２０００年）平均
值多出５成和接近 ５成，而降雨时数则高于多年平
均值６成以上。长江流域梅雨期长，梅雨开始早，可
由苏州等地的记述“三月三日（４月１３日）至五月二
十日连雨（６月２８日）”认为有异常的早梅雨提早于
４月１３日就开始了，综合其他记载可认为常梅雨期
止于７月６日，还可能有所谓“二度梅雨”始于 ８月
上旬持续１个月之久。当年的台风活动虽无完整的
记录，但沿海地带的一些强降水显然是台风活动的

影响所致，如８月７日、８月１４日、９月３日和９月９
日的暴雨等等。

１８２３年全年气温偏低。春季多雪和寒冷的记
载表明气温偏低：早春山东、河南、江西 “大雪连

月”，春三月河北、山西有霜灾；夏季长江下游地区

阴雨低温、上海地区“七月天气如冬”江西余干县

“八月，风冻愈加”表明８月、９月份即有强冷空气活
动；秋季山西早霜，冬季湖北、湖南“大雪寒甚”且降

雪时间长、持续月余，还有四川大雪、上海冻雨危害

等。

值得注意的是上述的 １８２３年的气候概况与现
代全国大范围多雨的 １９５４年很类似：１９５４年海河
流域 ６～８月总雨量＞７００ｍｍ，出现夏涝；长江中下
游及其以南的广大地区雨季开始早、持续时间长、雨

量大，长江流域的梅雨期长达 ５０天、梅雨量为常年
的３倍［４］

；长江中下游和华南秋季冷空气活跃，９～
１０月先后遭遇寒露风天气［４］

。

３２　可能的外界影响因子

１８２３年气候如此异常，其成因必然备受关注，
但是 １８２３年尚没有大气环流场、海温场的资料，所
以，那些用于现代气候异常成因分析的天气动力学

方法本文不可能采用。故以下仅对其可能的外界影

响因子———太阳活动、火山活动、海温状况等试作些

讨论，并将这些外部条件与雨涝事件的对应关系，和

已有的研究结论作些对照。

太阳活动 ：据太阳活动记录
［５］
知，１８２３年正值

太阳活动周第 ７周的极小年（ｍ），太阳黑子相对数
仅为１８。这是自１７４９年以来２００多年间的次极低
值。

火山活动：由世界火山活动记录
［６］
知，１８２２年

３月日本 Ｕｓｕ火山爆发（喷发强度指数 ＶＥＩ＝４）和

１０月爪洼 Ｇａｌｕｎｇｇｕｎｇ火山爆发（ＶＥＩ＝５），这是中、
低纬度重大火山喷发事件。至于这些火山喷发物与

１８２３年我国大范围多雨事件的关联尚难轻易断言。
海温条件：由厄尔尼诺事件历史年表

［７］
知，

１８２３年正处于两个中等强度的厄尔尼诺事件之间，
这两次厄尔尼诺事件分别出现在 １８２１年和 １８２４
年，因此可被视为厄尔尼诺事件的前一年或事件结

束之后，即非厄尔尼诺年。尽管近些年已有许多关

于厄尔尼诺与我国降水关系的研讨，指出厄尔尼诺

的不同发展阶段和中国降水的季节分布特征

等
［８，９］
，认为厄尔尼诺现象对中国降水有重要影响，

但主要不在发生的当年，而是次年
［１０］
等等。然而，

笔者由厄尔尼诺历史记录
［７］
获知的信息却仅限于

１８２３年为非厄尔尼诺年而已，不过值得注意的是，
这个非厄尔尼诺年与我国大范围多雨的对应关系正

和现有的关于我国降水与厄尔尼诺事件的研究结论

一致，如陈菊英等的研究
［１１］
指出１９５１～１９８５年的９

例厄尔尼诺年次年的我国 ６～８月降水量距平合成
图显示出我国大范围多雨的特点；另外，笔者

［１２］
得

出的１５００～１９９０年的 １０１例中等以上强度的厄尔
尼诺事件结束后的 “非厄尔尼诺年”的旱涝等级合

成图，也同样显示出全国大范围多雨的特点，认为在

厄尔尼诺结束之后较多地对应于我国大范围多雨。

有趣的是，上述可能影响１８２３年气候的外界因
子和２０世纪最严重的大范围多雨年１９５４年的外界
因子作对比，二者竟然很相似：１）１９５４年也是太阳
活动极小年，处于太阳活动周第 １９周的 ｍ位相，年
平均太阳黑子相对数仅为 ４４，１月太阳黑子数仅
０２［５］，是１８２３年以来的最小值；２）１９５４年处于中
等强度的厄尔尼诺事件（１９５３年 Ｍ＋级）之后和强
厄尔尼诺事件（１９５７～１９５８年 Ｓ级）之前［７］

，正是

“非厄尔尼诺年”。

４　结语

我国１８２３年的大范围、多流域严重雨涝是在小
冰期寒冷气候背景下的重大气象灾害和极端气候事

件。利用历史文献记载复原当年雨涝实况，讨论了

当年的天气特点、伴生灾害、社会影响。还对其可能

的外部影响因子作初步探讨，并与２０世纪我国最严
重的雨涝年份１９５４年作了对比，以期有助于增进我
们对极端气候事件的认识。研究指出：

（１）１８２３年我国华北雨期长、多大雨，长江中下
游自春至秋持续多雨，华南夏秋多雨，海河、黄河、长

江、珠江诸流域发生雨涝灾害，南、北方主要降雨时
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段由南向北的递次推迟，显示我国雨带的季节性移

动的特点。

（２）１８２３年北京、天津、河北各地夏季持续大雨
４０余天。北京 ６～８月降水量 ６３３ｍｍ，高出现代
（１９７１～２０００年）平均值 ２１０ｍｍ、超过近 ５成；６～８
月雨日５３天，比现代平均值多 １７７天，超过 ５成。
长江下游多处低地积水长达４个多月，比１８０４年的
水灾更严重。

（３）１８２３年大范围粮食歉收，长江下游因久雨、
低温和积涝，水稻大半无收、棉花绝收、粮棉价格飞

涨。政府对各地饥荒采取赈济措施。

（４）１８２３年在河北等８省伴有疫疾流行。但疫
疾流行与雨涝是否有关联的问题尚未作探讨。

（５）１８２３年气温偏低、冷气团活跃：春季多雪、
寒冷，夏季阴雨低温，秋季早霜，冬季大雪、冻雨严

寒，梅雨开始早、持续时间长、雨量大，这些特点与

２０世纪最严重的多雨年１９５４年极为相似。
（６）从外界影响因子看，１８２３年位于太阳活动

周的极小值位相，该年又是厄尔尼诺现象结束后的

非厄尔尼诺年，这些特点与异常多雨的 １９５４年相
似。

致谢　感谢审稿专家对文章提出的修改意见。
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天山乌鲁木齐河源 1号冰川致冷效应的小气候观测
*

张东启
1, 2

, � 明 � 镜 3
, � 魏文寿 2

( 1� 中国气象科学研究院, 北京 � 100081; � 2� 中国气象局 乌鲁木齐沙漠气象研究所, 新疆 � 乌鲁木齐 � 830002;

3� 国家气候中心, 北京 � 100081 )

摘 � 要: � 高山冰川以其下垫面的致冷效应形成独特的冰川小气候。为研究冰川小气候特征, 2007

年 7月在天山乌鲁木齐河源 1号冰川表面及末端冰碛上架设 5台自动气象站,并进行了为期一个

月的基本气象要素的观测。以观测数据为基础,描述和分析了与冰川致冷效应有关的冰川区温度

与湿度变化特征、冰面逆温、温跃现象、冰川风现象, 并就冰川致冷效应对局地对流性降水的可能影

响进行了初步分析。

关 键 词: � 天山乌鲁木齐河源 1号冰川; 小气候观测; 致冷效应

中图分类号: � P463. 25� � � 文献标识码: A� � � 文章编号: 1000- 6060( 2011) 03- 0449- 09( 449~ 457)

� � 山地冰川与周围裸露山坡、冰碛物、草原草甸等

相比, 具有热传导率低、反射率大、热发射率高、表面

水汽含量低等特点,使冰川表面产生致冷效应,并由

此引发了冰川下垫面不同于周围其它性质下垫面的

局地小气候效应
�1- 7�
。理论上讲,正是这些小气候

效应使得冰川改变了大气下垫面的温度和湿度状

况,并通过影响上层大气的温湿场和风场而对高山

区的降水产生了一定程度的影响
�6- 9�
。对山地冰川

小气候的研究工作主要集中在冰面微气象观

测
�10- 16�

、冰川区降水观测与校正
�17 - 19�

、冰面能量平

衡观测
�20- 23�

等方面。但是山地冰川作为气候系统

的一部分,对山区气候的作用, 尤其是对高山区降水

量的影响却较少有人涉及。本文主要侧重于对高山

区降水可能产生影响的冰川小气候效应方面的观测

与研究,如冰川与非冰川之间的温跃现象、逆温现

象、冰川风以及冰川区的温度和湿度特征和降水量

的变化等。

1� 资 料

2007年 7月 15日 ~ 7月 17日,先后在天山乌

鲁木齐河源 1号冰川表面和冰川周围架设了 5台相

同型号的自动气象站 (图 1)。自动气象站的编号分

别为 S1- S5,其中,自动气象站 S1位于 1号冰川东

支末端前缘的冰碛上,距离 1号冰川东支末端 50 m,

海拔高度 3 740 m, 下垫面为岩石和砂土。 S2位于

距离 1号冰川东支末端约 500 m的冰碛垅上, 海拔

高度 3 733 m,下垫面为高山草甸。S3和 S4安装在

1号冰川东支中部海拔 3 881 m处的冰面上的同一

个支架上,距冰川末端约 500 m, 下垫面为裸露的冰

面。两个自动气象站的传感器上下垂直排列, S3位

于上层, S4位于下层。 S5位于冰川平衡线附近, 距

冰川末端约 800 m, 海拔高度为 3 980 m, 下垫面为

积雪。S1、S2和 S3自动气象站具有温度、湿度、

图 1� 自动气象站位置示意图

F ig. 1� The sketch m ap o f AW S sites
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气压、太阳辐射、风向、风速等传感器, S5自动气象

站与前三个自动站相比, 缺少太阳辐射传感器, 而

S4自动气象站仅具有温度、湿度传感器。除 S4外,

其它各个自动气象站的各种气象传感器安装在距离

地面 (或者冰雪面 ) 1. 5 m的高度上, 而 S4的温度、

湿度传感器安装在距离冰面 0. 5 m的高度上。

自动气象站每 5 m in采集一组数据,包括 5 m in

平均值和极值以及极值出现的时间等信息。5个自

动气象站的数据采集时间从 7月 15日 16�00(北京

时间, 下同 )到 7月 17日 17�00不等,而结束时间也

在 8月 16日和 8月 17日的不同时间, 为了便于统

一计算和比较,本文中使用的气象数据全部统一到

从 7月 18日 0�00起,到 8月 16日 23�55止,共 30 d

的观测资料,其中每台自动气象站采集到 8 640组

5 m in平均值数据。另外本文中还引用了新疆气象

局大西沟气象站 (以 DXG表示, 海拔 3 539 m ) 2007

年 7~ 8月份部分自动气象站的数据, 尽管两种自动

气象站类型不同,但经过 24 h的对比观测 ( 8月 16

日 17�38 ~ 17日 17�38, 每分钟采集一组数据 ) ,

1 440组数据的比较显示, 与大西沟自动气象站数

据相比,本项目所采用的自动气象站温度平均读数

偏高 0. 17 � ,相对湿度读数平均偏低 0. 64% , 24 h

记录的降水量分别为 2. 03 mm和 2. 2 mm, 上述偏

差不影响本文所涉及数据的分析结果, 因此对引用

的大西沟自动气象站的数据未做任何订正。

2� 结果与讨论

2. 1� 温度

从 7月 18日 ~ 8月 16日共 30 d的观测期间

(这段时间冰川正处于消融期内 ) , 所有自动气象站

观测到的气温在绝大多数情况下都在 0 � 以上, 其

中非冰川下垫面上的三个站 0 � 以上的气温比例超

过 90%, 而冰川下垫面上的三个站则在 85% ~ 90%

之间 (表 1)。从高山草甸到接近冰川平衡线处离地

面高度都为 1. 5 m的五个气象站平均气温 DXG >

S2> S1> S3> S5, 表明从冰川谷地到冰川上部平均

温度逐渐降低。从温度的波动幅度看,非冰面下垫

面上自动气象站的温度波动要大于冰川下垫面上自

动气象站温度的波动幅度。如 DXG、S2和 S1三个

自动气象站一个月的温度标准偏差分别为 4. 01、

3. 74和 3. 76,而 S3、S5两站的标准偏差分别为

3. 06和 2. 73,说明越接近冰川上部温度波动越小。

为了更深入了解不同下垫面的温度变化特征,按照当

地日出和日落的时间划分白天和夜间,即以 8�00~

20�00为白天,以 20�00~次日 8�00为夜间,对各个

自动气象站之间的温度进行统计, 可以看到:非冰川

表面各站点的白天、夜晚和昼夜温差接近冰川表面

各站点的 1. 5~ 2倍,昼夜温差基本上随海拔的升高

而降低, 最高值是位于高山草甸上的 DXG站, 昼夜

温差达 3. 82 � , 最低值是位于冰川平衡线附近的

S5, 昼夜温差仅 1. 52 � 。而处于同一地点的两个自

动站则位置低的比位置高的昼夜温差更大。这些都

表明不同性质下垫面辐射特征存在较大的差异。而

基本位于同一海拔高度的 S1比 S2昼夜温差要大一

些则可能是受到所处位置和地形的影响。

2. 2� 冰面逆温现象

逆温现象是指近冰面空气层中温度的垂直分布

随高度而递增的现象。这种逆温现象是由冰雪下垫

面较强的反射率、长波辐射能力以及冰面蒸发耗热

等因素引起的
�3, 5�
。逆温现象的强弱与云量、风速

表 1� 自动气象站描述及温度统计

Tab. 1� D escription of AW Ss and their tem perature statistics

自动站编号 DXG S2 S1 S3 S4 S5

海拔高度 /m 3 539 3 733 3 740 3 881 3 881 3 980

下垫面特征 高山草甸 岩石和砂土 裸露的冰面 积雪

传感器距地面高度 /m 1. 50 1. 50 1. 50 1. 50 0. 50 1. 50

白天平均温度 /� 8. 86 7. 23 7. 11 4. 81 4. 17 3. 89

夜间平均温度 � 5. 04 4. 38 4. 12 2. 57 1. 86 2. 37

观测期间平均温度 /� 6. 96 5. 81 5. 62 3. 69 3. 02 3. 13

观测期间昼夜温差 /� 3. 82 2. 84 2. 98 2. 25 2. 32 1. 52

大于 0 � 数据比例 /% 96. 20 94. 60 92. 40 87. 20 85. 40 87. 90

标准偏差 4. 01 3. 74 3. 76 3. 06 3. 00 2. 73

450� � � � � � � � � � � � � � � � � � � 干 旱区 地 理 � � � � � � � � � � � � � � � � � 34卷
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等天气因素有关。云量多、风速大, 则温度梯度减

小,反之增大。逆温现象是冰川致冷效应的反映,以

前的研究指出,夏季 1号冰川冰面附近 ( 1. 5 m以下 )

的温度梯度相当于一般自由大气的 200倍以上
�4�
。

为了研究冰川表面不同高度上的气温差异,在

1号冰川东支海拔 3 881 m处的冰面上的同一个支

架上安装 S3和 S4两个自动气象站, S3和 S4的各

种气象传感器分别安装在距离冰面 1. 5 m和 0. 5 m

的高度上。从图 2可以看到,上下层气温差异非常

明显。统计结果显示, 绝大部分时间 ( 98. 03% )上

层气温高于下层气温, 即从冰面到冰面上空至少

1. 5 m处几乎整个观测时段都存在非常明显的逆温

现象。30 d的观测数据表明, 上下层之间平均温差

为 0. 67 � 。上下层之间日平均气温之差最小为

0. 11 � , 最大为 1. 61 � , 而 5 m in平均气温数据显

示上下层之间的温度差异最大达到 4. 6 � 。逆温现

象受云量的影响很大,晴天冰面上逆温现象明显,如

7月 20日和 8月 14日上下层之间日平均温差为

1. 03 � 和 1. 61 � ;而降雪天或者阴天冰面上逆温

现象减弱,如 7月 28日和 8月 12日上下层之间日平

均温差分别仅为 0. 25 � 和 0. 49 � (图 3) ,反映无水

汽影响时冰面蒸发耗热对逆温现象贡献较明显。

图 2� 冰面逆温现象

F ig. 2� Tem perature inve rsion on g lac ie r sur face

图 3� 不同天气状况下的冰面逆温现象
(蓝色和红色虚线分别表示 S3和 S4站的日温度变化,黑色实线表示 S3 - S4温度之差 )

F ig. 3� Temperature inversions at different w eathe r cond ition

( B lue and red dased line den ote temperatu re variation of AW S S3 and S4 respectively; so lid black lin e d enotes

the temp erature d ifference b etw een AW S S3 and S4)
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晴朗的天气, 逆温现象在夜间 (主要是后半夜至早

晨太阳升起之前这段时间 )最为显著, 白天随着太

阳高度角的上升,冰面逆温现象逐渐减弱,到当地时

间的中午以后上下层温度差异达到最小, 然后再随

着太阳的落山逆温现象又逐渐明显起来。而在阴天

或者下雪的天气,冰面逆温现象随时间的变化规律

不太明显, 但总的看来也是夜间逆温比白天明显

(图略 )。夜间冰面逆温更加显著的现象也可以从

表 1中昼夜温差数据中反映出来, 整个观测期间夜

间的上下层平均温差 0. 71 � ,大于白天的平均温差

0. 64 � 。

2. 3� 温跃现象

温跃现象即温度 �跃动�, 指温度随平面空间或

随高度的突变现象。特别是在由非冰川表面过渡到

冰川表面时,温度梯度突然增大,甚至接近或超过干

绝热梯度的现象
�16�
。这种温跃现象, 主要是由于冰

川的冷却作用加大了气温差异所致
�23�
。从本次观

测 5个自动气象站的资料来看 (图 4) , 处于同一性

质的下垫面上的自动站之间的温度垂直递减率差异

不大, 如 DXG站与 S2和 S1之间的温度垂直递减率

分别是 - 0. 59 � /100 m和 - 0. 66 � /100 m,而同

处于冰川表面的 S5与 S3之间的温度垂直递减率仅

为 - 0. 57 � /100 m,比自由大气的温度垂直递减率

还要小一些。不同性质的下垫面上的自动站之间的

温度垂直递减率比自由大气的温度垂直递减率要大

得多。例如,位于冰舌上部的 S3与位于冰舌前端的

S1之间的温度垂直递减率 30 d的平均值为

- 1. 37 � /100 m,这个结果比白重瑗根据 1983年 7

月 5日 ~ 20日观测资料求得的冰舌中上部的温度

垂直递减率 - 1. 176 � /100 m还要大
�3�
。位于冰

川上部的 S5与 S1之间为 - 1. 04 � /100 m,也大于

自由大气中 - 0. 67 � /100 m的温度垂直递减率。

位于冰川表面的 S5、S3与距离冰川末端约 500 m处

草垫上的 S2之间的温度垂直递减率则更大,分别为

- 1. 08 � /100 m和 - 1. 43 � /100 m。如此大的温

度垂直递减率表明,对于同一对流云团来说,不管它

以干绝热还是湿绝热方式从非冰川下垫面上空上升

到冰川下垫面上空,冰川下垫面始终是一个冷源,较

大的温度差异很可能会加速暖湿气团从非冰川下垫

面向冰川下垫面的流动, 对暖湿气团起到了一种类

似 �吸拉�的作用,也为冰川上空成云致雨 (雪 )创造

了条件。

图 4� 不同站点之间的温度跃动值

F ig. 4� Tem pera ture jum p values betw een different AW Ss

� � 按照白天和黑夜对各个自动气象站之间的温度

垂直递减率进行统计计算, 从结果可以看到, 除 S2

和 S1之间外,其他各个自动气象站之间的温度垂直

递减率都遵循基本相同的规律,即白天大、夜间小,

这与本地区的局地对流天气的发展过程是一致

的
�24�
。比较特殊的是, 均位于非冰川表面的 S2和

S1之间的相对高度差仅有 7 m,但它们之间的温度

差异却非常大, 如平均垂直递减率高达 - 2. 69 � /

100 m,说明处于冰川前端的 S1受到沿冰川表面下

沉流动的冷空气 (冰川风, 后面的 2. 5节还要详细

论述 )的影响非常明显,尤其是在夜间,冰川表面的

下沉气流聚集在冰舌前缘的冰川与冰碛物包围形成

的小盆地之中,使得 S1处的夜间平均温度比 S2处低

0. 26 � ,导致 S2与 S1之间的夜间温度垂直递减率

高达 - 3. 71 � /100 m。

2. 4� 相对湿度

位于冰面和非冰面上空 1. 5 m处的 5个自动气

象站的相对湿度记录没有表现出很明显的差异, 观

452� � � � � � � � � � � � � � � � � � � 干 旱区 地 理 � � � � � � � � � � � � � � � � � 34卷

813



测期间的相对湿度平均值在 64% ~ 69%之间, 且它

们的变化趋势也非常一致。总的来说各站相对湿度

在晴天小,而阴雪天气大。但位于冰川表面上同一

位置但不同高度上的自动站记录显示, 冰川表面上

下层之间存在明显的相对湿度的差异。如图 5显

示, S3和 S4的湿度传感器分别位于冰面上 1. 5 m

处和 0. 5 m处,在大部分时间 ( 76. 53% ), 1. 5 m处

的相对湿度 < 0. 5 m处的相对湿度,即冰川表面上

干下湿,这段时间内上层平均相对湿度要比下层低

4% ;有 13. 38%的时间上下层相对湿度一致, 仅有

10. 08%的时间上层相对湿度大于下层相对湿度,而

这段时间内上层平均相对湿度要比下层高 1%。在

晴朗的天气,冰面上相对湿度小但波动幅度较大,如

7月 30日和 8月 14日冰面相对湿度日平均值分别

为 37%和 35%, 在 10% ~ 80%之间波动,而上下层

之间的差值波动也较大,在 - 20% ~ 5%之间波动,

日差异平均值分别 - 5. 3%和 - 7. 7% ;而阴雪天气,

冰面上相对湿度大但波动幅度较小,如 7月 28日和

8月 12日冰面相对湿度日平均值均为 84% , 在

60% ~ 100%之间波动,而上下层之间的差值波动也

很小,波动幅度基本上不超过 5% ,日差异平均值分

别为 - 0. 3%和 - 1. 3%。

图 5� 冰川表面 1. 5 m处和 0. 5 m处相对湿度的差异 ( S3- S4)

F ig. 5� Relative hum idity d ifferences between AW S S3 ( 1. 5 m ) and S4 ( 0. 5 m )

2. 5� 冰川风

冰川风也是由于冰川的致冷作用形成的一种气

流现象。由于冰川的致冷作用, 使近冰面空气冷却

下沉, 密度较大的冷空气沿冰川表面向下流动就形

成了冰川风。冰川风的大小与冰川规模、天气状况

有关
�11- 12�

。

沿冰川流动方向从下而上, 四个自动气象站的

风向玫瑰图如图 6所示。总的看来观测期间冰川上

各站自始至终受到冰川风和地形的影响。 S5位于

冰川最上部接近冰川积累区,这里的风向以南北向

为主, 而自冰川积累区沿冰面向下的偏南风 (这里

指 SW、SSW、S、SSE和 SE风向总和, 下同 )与沿冰面

向上吹的偏北风 (这里指 NW、NNW、N、NNE和 NE

风向的总合, 下同 )占全部风向总频率的比例分别

为 45. 3%和 25. 5% , 显然偏南风更占主导优势; 位

于冰川中下部的 S3风向也是以偏南风为主导风向,

偏南风和偏北风分别占全部风向总频率的 48. 3%

和 25. 7%。与 S5相比,这里风向主导 ( SSW )与冰

川流动方向更加一致; 与 1号冰川末端流动方向和

冰川谷地方向一致,位于冰川末端 S1自动气象站的

风向转为东西向为主导风向, 而偏西风 (这里指

W SW、W和WNW风向总和,下同 )的比重 ( 42. 6% )

比偏东风 (这里指 ENE、E和 ESE风向总和, 下同 )

的比重 ( 35. 6% )稍大,表明观测时段内该处的风向

是从冰面向下吹向冰川谷地的冰川风稍占优势; 距

离冰川末端稍远一些的 S2处的风向与 S1一样, 仍

然以东西向为主,但与 S1相比, 沿谷地向上的偏东

风的比重稍微增加, S2处偏东风和偏西风的风向频

率分别占全部风向总频率的 37. 5%和 43. 8%。

通过分析 4个自动气象站风向的日变化, 可以

看到在不同的位置上风向的日夜变化规律是不一致

的。按照白天和黑夜对各个自动气象站的风向进行

划分和统计。结果显示位于冰川中上部的 S3和 S5

站不论白天还是夜间, 主导风向均是沿冰川表面向

下吹的冰川风 (偏南风 )。其中, S3白天偏南风和偏

北风的比例分别是 45. 4%和 27. 5%, 夜间偏南风和

偏北风的比例分别是 43. 4%和 24. 7%; S5白天偏

南风和偏北风的比例分别是 40. 3%和 30. 5%, 夜间
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图 6� 四个自动气象站的风向玫瑰图

F ig. 6� W ind rose Cha rt at four AW Ss

图 7� 4个自动气象站的白天和夜间的风向玫瑰图

F ig. 7� W ind rose chart a t fourAW Ss in day and n ight

偏南风和偏北风的比例分别是 51. 1% 和 19. 7%。

显然, 在夜间这两个站点以下降的冰川风 (偏南风 )

占绝对优势,相对于夜间, 这两个站点白天沿冰面上

升的风向比例比夜间稍微大一点, 但下降的冰川风

仍然是占优势的。而位于冰川末端的 S1和冰川谷

内的 S2自动气象站, 相反的风向频率在白天和夜间

互占优势,即白天这两个站以沿谷地向冰川表面吹

的谷风 (偏东风 )稍占优势,而夜间则以与白天相反

的沿冰川表面吹向冰川谷地的冰川风 (偏西风 )占

绝对优势 (图 7)。在白天, S1站偏东风与偏西风的

比例分别是 44. 6%和 31. 5% , S2站偏东风与偏西

风的比例分别是 42. 6%和 33. 9%; 而到了夜间, S1

站偏东风与偏西风的比例分别是 31. 9%和 52. 2% ,

S2站偏东风与偏西风的比例分别是 31. 0%和 54. 5%。

从风速统计结果来看, S1、S2、S3、S5, 4个站的

平均风速基本在 2 m /s左右,非冰川下垫面上的风

速稍大于冰川下垫面上的风速, 风速有从冰川末端

向冰川中上部逐渐减小的趋势。在不同方向上的主

导风速、日平均风速等变化都不大, 没有明显规律

性,这里就不再详细描述。

2. 6� 降水

造成天山乌鲁木齐河源区降水的天气过程可以

分为三类:高空槽前, 地面冷锋入侵;高空西风带小

波动和地面闭合小高压掠过; 高空脊控制下的天

气
�24�
。这里笼统地把前两类天气过程归为系统性

天气过程,把后一类归为局地对流性天气。冰川下

垫面的致冷作用对系统性天气过程带来的降水基本

起不到影响作用 (这里不讨论地形对降水的影响 ) ,
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而只对局地对流性天气过程的降水产生影响。本文

在上述基础上分析河源区不同地点的降水情况。

对河源区 DXG、S2、S1、S3, 4个站 7月 18日

8�00~ 8月 16日 20�00的降水量按照白天 ( 8�00~

20�00)和夜间 ( 20�00~次日 8�00)进行了整理和计

算 (表 2), 从该时段的降水总量看, 上述 4个气象站

记录到的降水总量有随高度逐渐减少的趋势。但考

虑到本地区在降雪的情况下降水量观测误差增

大
�17- 18�

,首先把负温情形下的降水量去除,即如果

各个观测时段内 ( 12 h)有一个以上的自动站平均温

度低于 0 � , 那么四个自动站在该时段的降水量均

不列入计算范围;然后在冰川下垫面的致冷作用对

系统性天气过程带来的降水不起影响作用的假定条

件下, 把系统性天气过程带来的降水量去除 (这里

把四个自动站 12 h记录同时超过 10 mm的降水量

作为系统性天气过程带来的降水 )。最终结果显

示,局地对流性降水并没有出现随海拔高度的升高

而降低的现象,而是随海拔升高而逐渐增大,到冰川

末端 ( S1)处达到最大, 而这里正是冰川致冷作用导

致的温跃值最大之处,然后从冰舌前缘沿冰川表面向

上降水量又有所减少, 但冰面上 S3处的局地对流性

降水降水量仍然比 DXG要大。这里值得指出的是,

随着海拔高度的升高, 降水中以雪的形式出现的比

重逐渐加大,如作者几次观测到尽管气温高于 0 � ,

冰川表面的降水仍然以降雪的形式出现, 这就增大

了该处降水量的观测误差,因此不排除冰川表面的

实际降水量比本文给出的观测值要更大一些的可能

性。上述数据表明冰川下垫面的致冷效应对局地对

流性降水产生了一定的影响,使降水量似乎随着与

冰川距离的接近而增大, 但更确切的结论还需要用

其他更为准确的观测方式和观测值来得出
�17- 19�

。

表 2� 乌鲁木齐河源区不同站点的降水量

( 2007年 7月 18日 ~ 8月 16日 )

Tab. 2� Precip itation of differen t AW Ss at theH eadw ater

of Urum qi R iver( Ju .l 18- Aug. 16, 2007)

自动站编号 DXG S2 S1 S3

降水总量 /mm 141. 1 134. 2 134. 4 100�

去除负温天气后降水量 /mm 109. 4 115� 123� 99. 2

去除系统性天气过程降水量 /mm 53. 8 69. 2 77. 2 61. 6

白天降水量 /mm 35. 4 53. 6 61. 4 53. 2

夜间降水量 /mm 18. 4 15. 6 15. 8 8. 4

日�夜降水量比率 /% 192. 3 343. 6 388. 6 633. 3

从表 2中还可以看到, 局地对流性降水主要发

生在白天,白天与夜间降水量的比率随海拔高度的

上升迅速增大,到冰川中部其比率更高达 6. 3�1, 这

与河源区对流性天气的发展过程一致
�24�

, 也表明冰

川下垫面的致冷效应对局地对流性降水产生的影响

是白天大于夜间。

3� 结 论

通过对天山乌鲁木齐河源区 1个月的气象观测

的计算分析,结果表明冰川下垫面的存在对该区域

的小气候产生了比较明显的影响。如冰川的致冷效

应使冰面与非冰面之间存在明显的温跃现象, 从冰

川谷地到冰舌末端的气温垂直递减率最大, 可达

- 2. 69 � /100 m,是自由大气中的平均气温垂直递

减率的 3倍多,冰舌末端到冰川中部的气温垂直递

减率也高达 - 1. 37 � /100 m。冰雪的高辐射特征

使得冰川表面 1. 5 m 以下存在非常显著的逆温现

象, 1. 5 m处比 0. 5 m 处的气温 (取 30 d平均 )高

0. 67 � 。观测期间各自动站风向主要受到冰川风和

地形的影响。冰面上两个站点始终以沿冰面下降的

风 (冰川风 )为主,而非冰川下垫面上两个自动气象

站的风向除受到冰川风和地形的双重影响而改变主

导方向外,白天和夜间的主要风向频率也发生变化,

在白天以沿谷地向冰川表面吹的谷风稍占优势, 而

夜间则以沿冰川表面吹向冰川谷地的冰川风占更大

优势。

冰川下垫面的致冷效应导致的温跃现象、冰面

逆温以及冰川风等很可能对局地对流性降水产生了

一定程度的影响。几个自动气象站的降水数据分析

表明,局地对流性降水量并没有出现随海拔高度的

升高而降低,而是逐渐升高, 到冰川末端达到最大,

似乎出现随着与冰川距离的接近而增大的现象。对

这一问题的深入探讨还需要大量更为细致和准确的

观测和研究工作。
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体人员在野外考察和观测期间的无私帮助; 感谢新
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月份部分自动气象站资料。金爽同学、中国科学院

冰冻圈科学国家重点实验室的刘宇硕和杜文涛同学
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作,在此深表谢意。
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headwater of UrumqiR iver, T ianshanM ountains
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( 1 Ch ineseA cademy of Me teorological S ciences, B eijing 100081, C hina; 2 In st itu te of D esertM eteorology,

C hinaM eteorolog ica lAdm inistra tion, Urumqi 830002, X in jiang, Ch ina; 3N ationa l Cl im ate Cen ter, B eijing 100081, China )

Abstract: G lacier m icroc lim ate com es into be ingw hen there ex istm ounta in g lac iers in tem perate lat itudes and they

interact w ith surrounding environm ent through the g lac ier coo ling effec.t L ittle stud ies focused on the glacier coo ling

effect. To study the characteristics o f g lac ierm icroclim ates related to g lacier coo ling effec,t especially effects on lo�
ca l precipitation, five Autom atic W eather Stations ( AW S) w ere estab lished at the surface o f No. 1 glacier, the

headw ater of theU rum qiR iver, the T ianshan M oun tains in Ju ly, 2007, and basicm eteorolog ical dataw ere collect�

ed for 30 days. The tem perature and hum idity characteristics and g lac ier coo ling effect re la ted phenom ena are de�
scribed and analyzed based on these data. Onem onth observat ion data indicate that the ex istence of glacier surface

has a d istinct im pact on localm icroclim ate of the surround ing reg ion, including loca l tem perature, hum idity, w ind

direction and convective prec ip itat ion. Temperature jum p ex ists betw een g lacier and non�g lacier surface and the

vertical tem perature descend ing rate is - 1. 37 � /100 m from the g lacia l valley to the g lac ier tongue, wh ich is

m uch larger than tha t in free atm osphere ( about 0. 67 � /100 m ) . The tem perature jump graduates aw ay on the

connatura l surface such as glacier surface and alpine m eadow. There is a distinct inversion layer betw een the

he ights of 1. 5 m and 0. 5 m on the glac ier surface atm ost observation t im es, the average tem perate at 0. 5 m height

is 0. 67 � low er than tha t at 1. 5 m he igh.t The inversion layer w as in fluenced strong ly by cloud covers and w ind

speed. G enera lly, it ism ore d istinct on clear days than on c loudy or snow ing days and so fo rth on n ighttim e than on

day tim e. The relat ive hum id ity at 1. 5 m he ight is sm a ller than that a t 0. 5 m height above the g lacier surface and it

var ies in different w eather conditions. W ind d irection statist ica l analyses ind icate tha t a ll AW S 's w ind directions

w ere influenced by g lacier breeze and topography during the observat ion period, and the glac ier breeze dom inates

on the g lacier surface w ith tw o- AW S for whole day. In the g lac ial valley w ith tw o- AW S, the va lley w ind and

glacier breeze dom inate alternately in the day tim e and n ightt im e. The g lacier coo ling effect has a po tent ia l influ�

ences on local convect ive precipitation . A cursory partition m ethod w as applied to the precipitation data of the re�

search reg ion and the result ind icates that them ore c loser to the g lac ier, the m ore convect ive precipitation occurs.

But it s' a com plicated phenom enon, and the inf luence of topography is not excluded. M orem eticulous and precise

observation and research work is necessary to discuss th is topic in depth.

KeyW ords: No. 1 g lacier; H eadw ater o fU rum q iR iver; T ianshan M ounta ins; m icroclim ate obversat ion; g lac ier

coo ling effect
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摘要    PFCs 和 SF6 作为臭氧消耗物质(ODSs)的部分替代物质, 近年来排放量大大增

加, 作为控制排放的人造长寿命温室气体已经被列入《京都议定书》. 本文采用最新的

分子吸收数据库 HITRAN2004 中 PFCs 最主要的两种化合物 C2F6和 CF4的吸收截面和

SF6 的吸收截面数据, 利用吸收系数重排法, 建立了它们的不同谱带精度(998-带和 17-

带)的相关 k-分布计算方案, 比较了不同方案对计算结果的影响. 在此基础上, 采用高

精度的 998-带辐射计算方案研究了它们晴空大气和有云大气下的瞬时辐射效率和平流

层调整的辐射效率, 以及它们的全球增温潜能(GWP)和全球温变潜能(GTP). 本文的研

究表明: C2F6, CF4和 SF6在有云大气下的平流层调整的辐射效率分别为 0.346, 0.098 和

0.680 W m−2 ppbv−1(ppbv 表示体积比为十亿分之一); 自工业革命到 2005 年的辐射强迫

分别为 0.001, 0.007 和 0.004 W m−2; 根据 IPCC(2007)给出的排放情景, 到 2100 年的辐

射强迫分别为 0.008, 0.036 和 0.037 W m−2. C2F6, CF4和 SF6相对于 CO2的 100 a 的全球

增温潜能 GWP 分别为 17035, 7597 和 31298; 100 a 的脉冲排放的全球温变潜能 GTPP 分

别为 22468, 10052和 40935; 持续排放的全球温变潜能GTPS分别为 16498, 355和 30341. 

与其他长寿命人造温室气体一道, 它们对全球变暖的长期影响不容忽视. 

关键词   

PFCs SF6 辐射强迫 

全球增温潜能(GWPs) 

全球温变潜能(GTPs) 

相关 k-分布 

  

 
 
由于臭氧消耗物质(ODSs)会导致平流层臭氧损

耗, 《蒙特利尔协议》控制了这类化合物的生产和排

放. 作为 ODSs 的替代品, PFCs 和 SF6 等化合物由于

不含溴原子或氯原子, 对平流层臭氧没有威胁, 因此

在过去的几十年中, 排放量大大增加. 同时, 由于它

们也是非常强的温室气体, 作为控制排放的人造长

寿命温室气体已经被列入《京都议定书》. PFCs 和

SF6 以下两个特性使它们成为有效的温室气体. 首先, 

它们具有相当长的大气寿命, 例如 CF4的大气寿命长

达 50000 a, 一旦排放, 将在大气中停留 50000 a之久. 

工业革命前, CF4的自然背景浓度约为 40 pptv(pptv表

示体积比为万亿分之一), C2F6和 SF6在大气中并不存

在. 工业革命以来, 这些气体在大气中的含量迅速增

加. 最新的观测数据表明 [1], CF4 的大气含量为 74 
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pptv; C2F6 的大气含量为 2.9 pptv; SF6 的大气含量为

5.6 pptv. 其次, PFCs 和 SF6 的吸收光谱主要位于“大

气窗区”内, 对地面长波辐射有很强的吸收, 因而改

变了这一光谱区域大气的吸收性质, 对地气系统向

外空的辐射冷却产生了很大的影响[2]. 单个 PFCs 和

SF6的分子吸收地球辐射能量的效率比单个 CO2分子

高出数千倍. 因此, 即使少量的这类气体排放就可能

对温室气体总的辐射强迫做出较大贡献, 并由此对

地球辐射平衡和气候产生持续的影响[2].  

为了研究人造长寿命温室气体浓度增加对全球

变暖的贡献, 很多学者研究了 PFCs 和 SF6 的辐射强

迫. 这些研究使用了不同的分子吸收数据库, 包括

Spectroscopy and Warming Potentials of Atmospheric 
Greenhouse Gases (SWAGG)[3], High-resolution 
Transmission Molecular Absorption (HITRAN)[4,5]和

Ford Motor Company[6,7]等. 所采用的辐射方案主要

是带宽 5 或 10 cm−1 的窄带模式[3,4,6,7]. 为了得到更加

准确的结果, 在更新的谱吸收资料基础上, 本文利用

高精度 998-带辐射方案[8,9]和相关 k-分布方法[10]建立

了 PFCs 和 SF6 的新的辐射传输方案.  

1  谱吸收资料和模式介绍 

HITRAN 分子吸收资料集是国际科学界公认和

被广泛应用于大气辐射传输计算的基础资料. 该数

据库每 4 a 左右更新一次 , 经 HITRAN1986, 

HITRAN1992 和 HITRAN2000 发 展 到 目 前 的

HITRAN2004 版本. 本文采用 HITRAN2004 中在严

格的实验室条件下测得的不同温度和压强下 C2F6, 

CF4 和 SF6 的红外吸收截面资料. 首先, 通过分析吸

收系数对压力和温度的依赖关系, 分别对已知温度

和压力下的吸收系数进行线性插值, 得到 22 个压力

和 3 个温度下的吸收截面. 22 个压力分别是 0.01, 

0.0158, 0.0215, 0.0251, 0.0464, 0.1, 0.158, 0.215, 0.398, 
0.464, 1.0, 2.15, 4.64, 10.0, 21.5, 46.4, 100.0, 220.0, 
340.0, 460.0, 700.0 和 1013.25 hPa; 三个温度分别为

160 , 260 和 320 K, 它们基本上覆盖了实际地球大气

能出现的范围. 以压强为例, 在同一个温度下, 对于

待插压强的上下两个已知压强上的吸收系数进行线

性插值, 得到该温度, 该压强下的吸收系数. 与以前

研究中普遍使用的某一温度和压强下的积分吸收截

面[3,6,11]相比, 更准确地考虑了温度和压强的影响. 随

着 HITRAN 资料的进一步完善, 温度和压强组合增

加, 使用该处理方法能够得到更准确的结果. 

图 1 给出了 HITRAN2004 中 C2F6, CF4 和 SF6 的

典型吸收截面图(温度为 296 K, 压强为 1013.25 hPa). 

由图 1 可见, C2F6 在 1220~1285 cm−1 区间有一个较强

的吸收带, 在 1061~1165 cm−1 区间有一个较弱的吸

收带; CF4 在 1250~1290 cm−1 区间有一个很强的吸收

带; SF6 在 925~955 cm−1 区间有一个变化剧烈的吸收

带. 它们共同的吸收特点是在较窄的谱带中有较强

的吸收. 

Zhang 等[8] 的 17 带辐射方案将长波区间 10~ 

2680 cm−1(3.7~1000 μm)分为 8 个带, 每个带上的 k-

间隔数量不等, 见表 1. Zhang 等[9]的 998 带辐射方案

将长波区间 10~2680 cm−1 平均分为间隔为 5 cm−1 的

534 个窄带, 每个带上的 k-间隔数量 2~16 不等, 谱带

划分和 k-间隔数量详见 Zhang 等[9]. 模式中包括了 5

种主要温室气体: H2O, CO2, O3, N2O 和 CH4, 还考虑

了 4 种 CFCs 化合物: CCL4, CFC-11, CFC-12 和

CFC-13, 并假设这些 CFCs 在大气中混合均匀. 由表

1可见, 17带辐射方案中, C2F6, CF4和 SF6主要吸收位

于第 4 到第 6 带. 在 998 带辐射方案中, C2F6 在第

211~231 带和第 243~255 带共 34 个带上均有吸收, 

CF4在 249~256 带上有吸收, SF6在 184~190 带上有吸

收. 因此, 高光谱精度的 998 带辐射方案几乎考虑了 

表 1  17-带结构 

带 区间(cm−1) k-间隔数量 吸收气体 

1 10~250 4 H2O 

2 250~550 4 H2O 

3 550~780 11 H2O, CO2 

4 780~990 5 H2O, CCl4, CFC-11, CFC-12, CFC-13, SF6 

5 990~1200 5 H2O, O3, CFC-11, CFC-12, CFC-13, C2F6 

6 1200~1430 5 H2O, N2O, CH4, CFC-13, C2F6, CF4 

7 1430~2110 5 H2O 

8 2110~2680 2 H2O, CO2, N2O 
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这些气体所有的强弱带吸收, 计算结果比 17 带的结

果更加精确, 可以作为 17 带辐射方案计算结果的参

考[9]. 本文首先计算了 17 带和 998 带辐射方案中, 22

个压力和 3 个温度下所有 k-分布间隔点上的有效吸

收系数[10,12], 作为辐射模式的输入. 对辐射通量和加

热率的计算, 采用六种模式大气: 热带大气(TRO),中

纬度夏季大气(MLS), 中纬度冬季大气(MLW),亚极

夏季大气(SAS), 亚极冬季大气(SAW)和美国标准大

气(USS). 整层大气分为 100 层, 垂直分辨率为 1 km, 

地面高度设为 0 km, 大气顶为 100 km. 模式中热辐

射传输采用二流近似算法[13]. 

为了计算平流层调整的辐射强迫, 本文利用迭

代法对 998 带辐射传输模式进行了改进. 图 2 给出了

迭代法的流程图, 图中ξ为收敛值, Δt 为迭代的时间 

步长, 单位为 d, 本文取为 1 d. 如果满足收敛条件, 

即可认为平流层经过调整达到了新的辐射平衡. 0 到

0.1 ppbv 的扰动是为了保留 PFCs 的弱吸收特性, 然

后再通过线性比例计算得到 1 ppbv 扰动引起的全球

平均的辐射强迫[14], 即全球平均的辐射效率, 用这种

方法计算大气含量明显小于 1 ppbv 的痕量气体的辐

射强迫更加合适. 

2  C2F6, CF4和 SF6的辐射强迫 

瞬时辐射强迫的定义为: 由于某种温室气体浓

度或其他因子的变化造成的对流层顶净辐射通量的

变化[1]. 调整的辐射强迫的定义为: 在保持地表和对

流层温度不变的情况下, 通过调整平流层的温度结 

图 1  C2F6(a), CF4(b)和 SF6(c)的吸

收截面 

温度为 296 K, 压强为 1013.25 hPa 
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图 2  计算流程图 

构, 使平流层达到辐射平衡时, 对流层顶的净辐射通

量的变化[1]. 根据温室气体辐射强迫的定义, 正的辐

射强迫将使对流层和地面系统变暖, 引起地表平均

温度升高; 负的辐射强迫使对流层和地面系统变冷, 

引起地表平均温度降低. 因此, C2F6, CF4 和 SF6 大气

含量的变化对全球气候系统的影响可以通过计算它

们的辐射强迫来估计.  

云是影响气体辐射强迫的一个重要因子. 本文

根据国际卫星云气候计划(ISCCP)D2 数据, 其时间范

围为 1983~2007 年, 全球网格分辨率为 2.5°×2.5°[15],  

得到不同云态, 云顶压力和光学厚度的 15 类云的云

量和云水含量等资料. 热带,中纬度和亚极大气的云

量,云水含量分别是 0°~30°, 30°~60°和 60°~90°N 的纬

向平均, 见表 2. 其中低云的高度为 1~2 km, 中云的

高度为 4~5 km, 高云的高度为 10~12 km. 低云 Cu, 

Sc, St 和中云 Ac, As, Ns 等 6 种云的云粒子相态有水

云和冰云两种, 冰云的平均有效半径为 30 μm, 水云

为 10 μm[16]. 模式利用了这些云参数输入辐射传输模

式来考虑云的影响, 计算中, 地表发射率设为 1.0.  

通过以上三种大气得到有云大气下的平流层调

整的辐射效率, 所采用的计算方法与[16]相似, 只是用

辐射效率代替了辐射加热率: 
15

clear
1

(1 ) ,
i i

i

RE C RE C RE
=

= + −∑         (1) 

其中 Ci 为每类云的云量, C=ΣCi 是总云量, REclear 和 

REi分别表示晴空和有云(云类型为 i)大气下的辐射效

率. 然后, 通过公式(2)计算全球平均的有云大气下

调整的辐射效率[3]: 

mean tro mid

sub

1 3 1
2 2 2

3 1 ,
2

⎛ ⎞
= × + − ×⎜ ⎟⎜ ⎟

⎝ ⎠
⎛ ⎞

+ − ×⎜ ⎟⎜ ⎟
⎝ ⎠

RE RE RE

RE

       (2) 

其中, REmean 是全球平均辐射效率 , REtro, REmid 和

REsub 分别表示热带、中纬度和亚极大气的辐射效率. 

表 3 列出了 998 带辐射方案计算的 C2F6, CF4 和 

表 2  云参数 

热带大气 中纬度大气 亚极大气 
云类 

云量(%) 
水/冰含量 

(g m−3) 
有效半径 

(μm) 
云量(%) 

水/冰含量 
(g m−3) 

有效半径 
(μm) 

云量(%) 
水/冰含量 

(g m−3) 
有效半径 

(μm) 
积云(水云) 11.43 0.03 10 9.50 0.03 10 2.43 0.03 10 

层积云(水云) 9.38 0.07 10 10.48 0.09 10 5.36 0.11 10 

层云(水云) 0.75 2.47 10 2.26 2.79 10 5.17 4.11 10 

积云(冰云) 0.00 0.01 30 2.03 0.03 30 3.42 0.04 30 

层积云(冰云) 0.00 0.20 30 1.12 0.17 30 5.76 0.22 30 

层云(冰云) 0.00 5.90 30 0.30 4.26 30 2.85 3.76 30 

高积云(水云) 5.55 0.05 10 2.55 0.05 10 0.38 0.06 10 

高层云(水云) 4.43 0.09 10 3.67 0.10 10 0.82 0.13 10 

雨层云(水云) 1.14 0.07 10 1.66 0.08 10 1.03 0.10 10 

高积云(冰云) 0.95 0.06 30 9.02 0.09 30 9.48 0.10 30 

高层云(冰云) 0.18 0.14 30 6.43 0.18 30 12.99 0.22 30 

雨层云(冰云) 0.06 0.11 30 2.20 0.11 30 4.93 0.10 30 

卷云(冰云) 15.36 0.01 30 13.27 0.01 30 6.49 0.01 30 

卷层云(冰云) 5.25 0.06 30 6.89 0.08 30 1.59 0.09 30 

卷积云(冰云) 2.49 0.27 30 3.54 0.25 30 0.64 0.24 30 
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SF6 晴空大气下的瞬时辐射效率和平流层调整的辐射

效率以及有云大气下的平流层调整的辐射效率, 其

中, 晴空大气下的结果是六种模式大气结果的算术

平均值, 有云大气的结果是上面三种大气的区域加

权平均值. 同时, 表 3还列出了 IPCC的结果[1]作为参

考. 通过对比表 3 中晴空大气下瞬时辐射效率和平流

层调整后的辐射效率, 可以看出, 经过平流层调整, 

C2F6, CF4和 SF6的辐射效率分别增加了 5%, 3%和 5%. 

平流层温度调整对辐射强迫的作用是增大或是减小, 

取决于平流层温度调整后, 温度廓线对对流层顶净

辐射通量的影响[4]. 以 C2F6 为例, 图 3 给出 17 带和

998 带辐射方案在六种模式大气下, 气体 0.1 ppbv 的

扰动在长波区间引起的辐射加热率. 加热率随着模

式大气的不同而变化, 但同一个辐射传输方案(17 带

或 998 带)下的加热率量级一致, 并且有相似的垂直

分布. 同时也可以看出, 两种辐射方案下, USS 的结

果都接近其他结果的平均值. 对比图 3 中两种辐射方

案的结果, 17 带辐射方案计算的加热率明显小于 998

带的计算结果, 这是因为 998 带辐射方案能够全面考

虑气体的强弱吸收, 而 17 带辐射方案由于谱带划分

宽, k-间隔数量少, 对 C2F6 这类吸收带较窄的气体的

计算精度较低. 同时, 由于USS的结果接近其他结果

的平均值, 以下就以 USS 的结果为例进行分析. 因此, 

本文对 998 带辐射方案下 USS 的加热率进行分析得

出, C2F6 的加热率从地面到 5 hPa 左右的平流层下部

都是正值, 在这些大气层上起加热作用. 当平流层经

过调整达到新的平衡后, 平流层下部向对流层的向

下辐射通量增加, 引起对流层顶的辐射强迫增加. 同

理, 表 3 中 CF4 和 SF6 的平流层调整的辐射效率也比

相应的瞬时辐射效率大.  

表 3 中 C2F6, CF4 和 SF6 区域平均的有云大气下

平流层调整的辐射效率分别比晴空下的结果小 24%, 

18%和 25%. 这是因为这类气体的光学厚度较小, 云

引起的向上辐射通量的减少对它们的辐射强迫有较

大的影响[4]. 

本文 C2F6, CF4 和 SF6 有云大气下的平流层调整 

 

 

图 3  17 带(a)和 998 带(b)辐射方案中六种模式大气下 0.1 ppbv C2F6扰动的加热率 

表 3  C2F6, CF4和 SF6的辐射效率 

气体 
晴空瞬时辐射效率 

(W m−2 ppbv−1) 
晴空调整的辐射效率 

(W m−2 ppbv−1) 
有云调整的辐射效率 

(W m−2 ppbv−1) 
IPCC[1] 

(W m−2 ppbv−1) 

C2F6 0.433 0.453 0.346 0.26 

CF4 0.116 0.119 0.098 0.1 

SF6 0.869 0.909 0.680 0.52 
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的辐射效率分别为 0.346, 0.098 和 0.680 W m−2 ppbv−1, 

与 IPCC的结果[1]相比, 差别分别为 33%, −2%和 31%.

分子谱吸收资料, 辐射模式和云方案的不同都是引

起这些差别的原因. 首先, 本文采用了 HITRAN2004

数据库中C2F6, CF4和 SF6的分子吸收截面资料, 其中, 

C2F6 的积分吸收截面与 Sihra 等[6]的结果差别为 1%, 

CF4 的积分吸收截面与 Hurley 等[7]的结果差别同样

为 1%, SF6 的红外吸收截面资料则与黄兴友[5]的结果

完全相同, 对辐射效率结果的影响不会太大. 本文采

用的基于相关 k-分布法的 998 带辐射方案与先前研

究较为普遍使用的窄带模式相比, 998 带辐射方案更

全面地考虑了这些气体的强弱吸收带, 因此, 本文的

计算的辐射效率偏大. 此外, 由于云对辐射效率的影

响较大, 不同作者采用了不同的云方案也会引起辐

射效率计算的差别.  

自工业革命以来, C2F6, CF4 和 SF6 的大气含量持

续增加, IPCC 给出 C2F6, CF4 和 SF6 最新的大气含量

值分别为 2.9, 76 和 5.6 pptv[1], 其中, CF4 的大气含量

中有 40 pptv 是自然源产生的. 根据 C2F6, CF4 和 SF6

的大气含量和本文计算的辐射效率, 它们引起的辐

射强迫为分别约为 0.001, 0.007 和 0.004 W m−2. IPCC

排放情景特别报告 SRES 给出了它们在十种不同排

放情景下的大气含量[2], 本文计算了它们在十种不同

排放情景下的大气含量的平均值 , 以此计算 C2F6, 

CF4 和 SF6 在未来 100 a 的辐射强迫的变化, 如图 4

所示. 图 4 中, 随着大气含量的增加, C2F6, CF4和 SF6

引起的辐射强迫迅速增加, 到 2100 年, 它们的辐射

强迫分别约为 0.008, 0.036 和 0.037 W m−2, 分别是它

们当前辐射强迫的 8 倍, 5 倍和 9 倍左右. 

3  C2F6, CF4和SF6的全球增温潜能GWP和
全球温变潜能 GTP 

在上文给出的辐射效率的基础上 , 本文根据

GWP 和 GTP 的定义, 建立了计算 C2F6, CF4 和 SF6 的

GWP 和 GTP 模型, 用该模型计算了它们未来 20, 100

和 500 a 的 GWPs 和 GTPs.  

GWP 的定义是瞬时脉冲排放 1 kg 化合物 x, 在

一定的时间范围内引起的辐射强迫的积分相对于脉

冲排放等量参考气体(一般为 CO2)在同一时间范围内

的辐射强迫的积分. 公式如下[1]:  

 

图 4  C2F6, CF4和 SF6从 2010 年到 2100 年的辐射强迫 

0 0

0 0

( )d [ ( )]d

GWP ,

( )d [ ( )]d

TH TH

x x

x TH TH

r r

RF t t a x t t

RF t t a r t t

= =
∫ ∫

∫ ∫
        (3) 

/( ) e ,tx t τ−=                (4) 

0( ) exp ,i
i i

t
r t a a

α
⎛ ⎞

= + −⎜ ⎟
⎝ ⎠

∑          (5) 

其中, TH 是时间范围(本文为 20, 100 和 500 a), t 表示

时间, RFx 和 RFr 分别表示化合物 x 和参考气体 CO2

的辐射强迫, ax 和 ar 分别表示相应的辐射效率, x(t)和

r(t)分别表示化合物 x 和参考气体 CO2 的时间响应函

数, 公式(4)中的τ表示大气寿命, 单位为 a, 公式(5)

中采用的 CO2时间响应函数是 IPCC 给出的最新版本

公式, 其中 a0, ai 和αi 均为给定计算参数, 详见文献

[1].  
GWP 概念[17]自提出以来, 研究者就对它提出了

质疑. 首先, GWP不能简单地用在所有对气候有影响

的化合物上, 相对于寿命较长的气体而言, 全球平均

的 GWP 不能很好地体现寿命较短的气体对气候的影

响. 其次, 它也不能区分气体不同大气寿命的影响. 

再者, GWP 只表现了不同气体脉冲排放在一个给定

时间范围内的辐射强迫的积分的比值, 不能给出气

体对地表温度变化的直接影响, 即, GWP不能指示地

表温度变化随时间的变化[18,19]. Shine 等[20]提出了一
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个新的评估概念: 全球温变潜能(GTP), 并被 IPCC采

用[1]. 它的定义为: 在脉冲排放 1 kg 化合物 x 或者以

1 kg a−1递增的持续排放化合物 x, 在给定的一段时间

TH 内造成的全球平均地表温度的变化与参考气体

r(这里指二氧化碳)所造成的相应变化之比. 脉冲排

放和持续排放的 GTP 分别表示为 GTPP 和 GTPS[20]. 

公式如下: 

GTP ,
TH

TH x
x TH

r

T

T

Δ
=

Δ
              (6) 

其中, TH 表示时间范围(这里为 20, 100 和 500 a); ΔTx

和ΔTr 分别表示化合物 x 和 CO2 引起的全球平均地表

温度变化, 它们可以通过求解全球平均地表温度变

化ΔT 与辐射强迫ΔF 之间的公式[20]得到: 

d ( ) ( )
( ) ,

d

T t T t
C F t

t λ
Δ Δ

= Δ −          (7) 

其中, t 表示时间, C 是系统的热容量, λ是气候灵敏度

参数.  

脉冲排放和持续排放的绝对全球温变潜能分别

记为 AGTPP 和 AGTPS, 表示在初始时刻排放的气体

在时间 t 时刻引起的地表温度的变化, 单位为 K kg−1

和 K (kg a−1) −1. 故脉冲排放和持续排放的 GTP 也可

以分别表示为[20],  

2

P
P

P
CO

AGTP
GTP ,

AGTP
x=              (8) 

2

S
S

S
CO

AGTP
GTP .

AGTP
x=              (9) 

计算 GWP 和 GTP 所需要的参数为气体 x 和 CO2 的

辐射效率和时间响应函数. 这里采用前文计算 C2F6, 

CF4 和 SF6 的辐射效率, C2F6, CF4 和 SF6 和 CO2 的时

间响应函数以及 CO2 的辐射效率都取自 IPCC[1], 气

候灵敏度参数, 热容量等参数取值与 Shine 等[20]相同. 

表 4列出了C2F6, CF4和SF6的20, 100和500 a的GWP, 

脉冲排放的GTPP和持续排放的GTPS, 同时还列出了

IPCC 的 GWP 值[1]作为比较.  

由表 4 的 GWP 值可以看出, 对于脉冲排放等量 

的气体, C2F6, CF4 和 SF6 对气候变化的贡献是 CO2 的

上万倍. 对 100 a 的时间范围, 本文计算的 C2F6, CF4

和 SF6 结果分别比 IPCC 的结果[1]大 40%, 3%和 37%. 

通过对公式(3)的分析得出, GWP 计算主要与四个参

数直接相关, 即气体的辐射效率和时间响应函数以

及参考气体 CO2 的辐射效率和时间响应函数, 它们

共同作用造成 GWP 值的计算差别. 本文经分析可以

得出, GWP 的差别主要是因为 C2F6, CF4 和 SF6 辐射

效率的不同造成的.  

GTPP的主要物理意义与GWP相同, 最大的区别

在于, GTPP给出的结果是在一定时间范围内, 等量排

放 C2F6, CF4, SF6 这些气体和 CO2 分别引起的地表温

度变化的比值, 而 GWP 给出的是在一定时间范围内, 

等量排放这些气体和 CO2 分别引起的辐射强迫时间

积分的比值. 前者直接表示了在相同的时间内, 1 kg 

的这些气体排放相对于 1 kg CO2 排放引起的地表温

度变化. 由于 C2F6, CF4 和 SF6 在工业生产中广泛适

用, 其实际排放量持续增加, GTPS恰恰考虑了气体持

续排放对地表温度的变化产生的相对影响 , 所以 , 

GTPS 可以为国家针对目前持续排放这类温室气体的

特定工业和农业进行政策和产业调整提供很好的评

价方法. Shine 等[20]通过数学推导说明了在时间跨度

较大的情况下, GTPS 和 GWP 有相似的数学表达式, 

因而得到的结果也相近, 本文的结果也验证了这个

结论, 如表 4. 同时, Shine 等[20]也指出, 同样采用公

式(7)计算的 GTPP 和 GTPS, 后者的结果要比前者准

确. 因此, GTPS 的概念清晰, 计算所需参数较少, 结

果准确, 同时排放条件也更符合实际大气情况, 是目

前最佳的评价方法. 

本文计算了C2F6, CF4, SF6在未来 500 a内的绝对

全球温变潜能 AGTPP 和 AGTPS, 表示这些气体脉冲

排放或者持续排放在未来 500 a 内引起的地表温度变

化, 见图 5. 由图 5(a)可见, 脉冲排放的气体在排放

初期会迅速引起地表温度持续增加, 并且在排放后

50 a左右达到一个最大值, 然后地表温度开始缓慢恢 

表 4  本文计算的 C2F6, CF4和 SF6的 20, 100 和 500 a GWP, GTPP, GTPS 和 GWP[1] 

气体 在大气中寿命 a) GWP 
20/100/500 a 

GWP[1] 

20/100/500 a 
GTPP 

20/100/500 a 
GTPS 

20/100/500 a 
C2F6 10000 11614/17035/25955 8630/12200/18200 12530/22468/34975 10909/16498/25732 

CF4 50000 5163/7597/11761 5210/7390/11200 5572/10052/15694 4849/7355/11655 

SF6 3200 21520/31298/45744 16300/22800/32600 23202/40935/56856 20224/30341/45399 
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图 5  C2F6, CF4和 SF6脉冲排放(a)和持续排放(b)引起的温度变化 

复; 图 5(b)显示, 持续排放的气体自排放时刻起, 它

们引起的地表温度的变化基本呈直线上升, 这是因

为 C2F6, CF4 和 SF6 能够在大气中停留相当长的时间, 

持续排放会导致大气累积含量持续增加, 引起的地

表温度变化也持续增加. 通过图 5 可以看出, 气体持

续排放引起的地表温度变化要比其脉冲排放引起的

相应值大三个数量级, 对地表温度变化的影响要大

得多. 如果对目前工业中 C2F6, CF4 和 SF6 的生产, 使

用和排放不加以控制, 它们的持续排放对地表温度

变化的影响将持续增大, 并且很难得到恢复. 

4  结论 

本文采用 HITRAN2004 资料计算了基于相关 k-

分布法的 17 带和 998 带长波辐射方案中 C2F6, CF4 和

SF6 的有效吸收系数. 讨论了不同辐射方案对 C2F6, 

CF4 和 SF6 的辐射强迫计算的影响. 工业革命前到

2005 年, C2F6, CF4 和 SF6 总的辐射强迫约为 0.012 W 

m−2, 到 2100 年, 将达到 0.081 W m−2, 与其他长寿命

温室气体一道, 它们会对未来的全球变暖做出贡献. 

利用高光谱的 998 带长波辐射方案得出, 有云大气下

C2F6, CF4 和 SF6 的平流层调整的辐射效率分别为

0.346, 0.098 和 0.680 W m−2 ppbv−1, 与 IPCC 的结果[1]

相比, 差别分别为 33%, −2%和 31%.  

本文还基于 C2F6, CF4 和 SF6 更新的辐射效率计

算了 20, 100 和 500 a 的 GWPs 和 GTPs, 然后, 分别

计算了它们脉冲排放和持续排放在未来 500 a 内引起

的地表温度变化. 结果表明, C2F6, CF4 和 SF6 的 20, 

100 和 500 a GWP 和 GTP 分别是等量排放 CO2 的成

千上万倍, 对全球变暖有长期和持续的影响. 通过比

较和分析指出, GTPS 是评价人造长寿命温室气体排

放对全球气候变暖的最佳方法. 
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Abstract An interactive system coupling the Beijing

Climate Center atmospheric general circulation model

(BCC_AGCM2.0.1) and the Canadian Aerosol Module

(CAM) with updated aerosol emission sources was devel-

oped to investigate the global distributions of optical

properties and direct radiative forcing (DRF) of typical

aerosols and their impacts on East Asian climate. The

simulated total aerosol optical depth (AOD), single scat-

tering albedo, and asymmetry parameter were generally

consistent with the ground-based measurements. Under all-

sky conditions, the simulated global annual mean DRF at

the top of the atmosphere was -2.03 W m-2 for all

aerosols including sulfate, organic carbon (OC), black

carbon (BC), dust, and sea salt; the global annual mean

DRF was -0.23 W m-2 for sulfate, BC, and OC aerosols.

The sulfate, BC, and OC aerosols led to decreases of 0.58�
and 0.14 mm day-1 in the JJA means of surface tempera-

ture and precipitation rate in East Asia. The differences of

land-sea surface temperature and surface pressure were

reduced in East Asian monsoon region due to these aero-

sols, thus leading to the weakening of East Asian summer

monsoon. Atmospheric dynamic and thermodynamic were

affected due to the three types of aerosol, and the south-

ward motion between 15�N and 30�N in lower troposphere

was increased, which slowed down the northward transport

of moist air carried by the East Asian summer monsoon,

and moreover decreased the summer monsoon precipita-

tion in south and east China.

Keywords AGCM � Aerosol � Radiative forcing �
Climate effects � East Asian monsoon

1 Introduction

Both natural processes and anthropogenic activities con-

tribute to global climate changes. The latter has played an

important role in the significant changes in atmospheric

components since the beginning of industrialization. Cur-

rently, the aerosol climate effects (especially the interac-

tions among aerosols, radiation, and clouds) remain one of

the largest uncertainties in model simulation and climate
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change assessment (IPCC 2007). Aerosols can affect cli-

mate in several ways. Firstly, aerosol particles can directly

scatter or absorb infrared and solar radiation, thereby dis-

turbing the energy budget of the earth-atmosphere system

(Houghton et al. 1996; Haywood and Ramaswamy 1998).

Secondly, aerosol particles acting as cloud condensation or

ice nuclei can change cloud microphysical and radiative

properties and cloud lifetimes, and hence indirectly affect

the climate (Twomey 1977; Albrecht 1989; Ramaswamy

et al. 2001; Lohmann and Feichter 2005; IPCC 2007).

Thirdly, the absorbing aerosol particles located in cloud

layers can strengthen evaporation processes in clouds and

thus decrease cloud cover through strongly absorbing solar

radiation and heating the atmosphere. This is referred to as

the semi-direct effect of aerosols (Hansen et al. 1997;

Ackerman et al. 2000). Additionally, absorbing aerosols can

be transported over long distances by atmospheric circula-

tion and be deposited onto remote snow/ice surfaces where

they may reduce the snow/ice surface albedo and hence

increase melting (Warren and Wiscombe 1980; Hansen and

Nazarenko 2004; Jacobson 2004; Flanner et al. 2007).

Atmospheric aerosols include sulfate, black carbon

(BC), organic carbon (OC), and nitrate, which are mostly

produced by human activities, and sea salt and soil dust,

which mostly emit naturally. There are five dominant

source regions of anthropogenic aerosols: East and South

Asia, Western Europe, eastern U.S., South America, and

central Africa (Streets et al. 2003; IPCC 2007). The sources

of soil dust aerosol mainly locate in deserts and semi-desert

regions, such as the Sahara in Africa and deserts of Central

and West Asia. Anthropogenic dust sources have been

increasing since industrialization because of desertification

in some areas (Zhang et al. 2008). Sea salt aerosols are

mostly distributed over oceans. Some field studies, such as

the Cloud Indirect Forcing Experiment (CIFEX; Wilcox

et al. 2006), the Aerosols over China and their Climate

Effect (Zhang 2007), the East Asian Regional Experiment

(EAREX; Nakajima et al. 2007), have investigated aerosol

properties and radiative effects. Satellite data have also

been used to estimate the global direct radiative forcing

(DRF) of aerosols. Using the latest version of MODIS

products, Bellouin et al. (2008) estimated the global annual

mean DRF at the TOA with respect to present-day natural

aerosols was -1.30 and -0.65 W m-2 in clear-sky and all-

sky conditions, respectively. Myhre (2009) estimated the

anthropogenic aerosol DRF of -0.3 W m-2, with an

uncertainty of -0.2 W m-2, by combining a global aerosol

model and satellite observations.

Quantitatively understanding the different aerosol effects

on climate through observation is very difficult due to the

large spatial variations in aerosol concentrations. An

atmospheric general circulation model (AGCM) coupled

with an aerosol chemical and transport model is therefore a

useful tool with which to study aerosol climate effects. The

feedback between climate and aerosols can be considered

using an interactively coupled system. Liao et al. (2004)

simulated the global annual mean forcing due to all aerosols

as -0.72 W m-2 at the top of the atmosphere (TOA) and

-4.04 W m-2 at the surface. The Laboratoire de Météo-

rologie Dynamique GCM coupled with a multi-component

aerosol module was used to estimate the global annual

average DRF and got a value of -1.04 W m-2 at the TOA

due to total aerosols in all-sky condition (Reddy et al. 2005).

The GISS climate model embedded with a detailed aerosol

microphysical scheme, called MATRIX, was used to esti-

mate the net aerosol direct effect of -1.78 W m-2 at the

TOA (Bauer et al. 2010). Posselt and Lohmann (2009) found

that the total anthropogenic aerosol effect decreased by

0.5–0.9 W m-2 when employing a prognostic rain scheme

in the global climate model ECHAM5 which represented a

more physical treatment of the warm rain precipitation

process. AGCMs coupled with ocean models have also been

used to study the effects of aerosols on climate. Allen and

Sherwood (2010) showed a large-scale land-sea contrast,

with general increases in ocean clouds, and decreases in land

clouds due to anthropogenic aerosol. They also indicated

that the net solar radiation at the surface would increase if

absorbing aerosols decrease mid-level clouds, and this is the

dominant effect. Several studies showed that aerosols could

decrease the solar flux arriving at the surface, causing sur-

face cooling through direct and indirect effects (Takemura

et al. 2005; Kristjansson et al. 2005; Ming and Ramaswamy

2009). Koch et al. (2009) found that the global cooling from

aerosol direct and indirect effects was -0.2 and -1.0�C,

respectively. The net aerosol cooling effect was about half

as large as the greenhouse gas warming. The obvious local

characteristics of aerosol emissions have a significant effect

on regional climate (Li et al. 2010). The advection of war-

mer air heated by BC from South and East Asia over the

Himalayas contributes to a warming of about 0.6�C (annual

mean) in the lower and mid-troposphere of the Himalayan

region (Ramanathan et al. 2007). Vertical redistribution of

energy caused by aerosols may change the atmospheric

thermodynamics and atmospheric circulation significantly.

In monsoon regions, aerosols have an important influence on

the monsoon circulation and precipitation (Lau and Kim

2006; Wang et al. 2009a, b). Menon et al. (2002) studied the

climate effects of BC aerosols in the Asian monsoon region,

and showed that the phenomenon of ‘‘northern drought/

southern flooding’’ that has often occurred in summer dur-

ing the past 50 years in China may be related to BC aerosols.

However, some studies also indicated the BC or carbona-

ceous aerosols didn’t produce the aforementioned precipi-

tation pattern (Gu et al. 2006; Zhang et al. 2009). Liu et al.

(2009) simulated the effect of aerosol on monsoon using an

aerosol-climate offline GCM, and demonstrated that the

H. Zhang et al.: Simulation of direct radiative forcing of aerosols
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direct effects of sulfate and BC aerosols in China both

weakened the East Asian winter and summer monsoons.

Ji et al. (2011) also found that the anthropogenic aerosols

over South Asia had an impact on the Indian summer

monsoon onset and precipitation. Observation showed that

increased dust and BC loading from local sources in

northern India during late spring may lead to an advance of

the rainy periods and subsequently an intensification of the

Indian summer monsoon (Lau et al. 2006). Using CALIPSO

lidar satellite data, Kuhlmann and Quaas (2010) found that

aerosol plumes reduced the pre-monsoon seasonal (March–

April–May) average shortwave radiation throughout the

Asian monsoon region by between 20 and 30 W m-2.

To more accurately estimate the DRF due to aerosols

and understand their climatic response, we coupled an

AGCM developed by the National Climate Center of the

China Meteorological Administration [NCC/CMA; the

Beijing Climate Center (BCC) BCC_AGCM2.0.1; Wu

et al. 2008] to a size-segregated multi-component aerosol

module [the Canadian Aerosol Module (CAM)] developed

by Gong et al. (2002, 2003). We simulated the optical

properties of typical aerosols and compared the results to

Aerosol Robotic Network (AERONET) and China Aerosol

Robot Sunphotometer NETwork (CARSNET) observa-

tions. The DRF of aerosols and their effects on East Asian

climate are discussed based on the above coupled model.

Both of sea surface temperature (SST) changes and aero-

sols have important effects on the Asian monsoon (Lestari

and Iwasaki 2006; Randles and Ramaswamy 2008). The

advantage of this work is that the coupling AGCM is used

with an interactive aerosol model and a slab ocean model,

which allow the responses of aerosol to climate changes

and responses of SSTs to aerosol forcing comparing with

the previous studies by Lau et al. (2006), Gu et al. (2006),

Chung and Ramanathan (2006), Randles and Ramaswamy

(2008), and Liu et al. (2009) who used either the prescribed

aerosol masses or AODs or SSTs.

Section 2 introduces the BCC_AGCM2.0.1, the CAM,

and our numerical experimental design. Section 3 shows

the global distributions of different species of aerosol

column burden and optical properties simulated by the

coupled model and compares them to observations. The

DRF of aerosols and their effects on East Asian summer

climate are also described. Finally, the discussion and

summary are given in Sect. 4.

2 Model description and experimental design

2.1 Atmospheric general circulation model

The BCC_AGCM2.0.1 was developed by the NCC/CMA

based on the Community Atmosphere Model Version 3

(CAM3) developed by the National Center for Atmo-

spheric Research (NCAR). In this study BCC_AGCM2.0.1

was coupled with a slab ocean model which is from Hansen

et al. (1984). The model uses horizontal triangular trun-

cation at wavenumber 42 (T42, approximating 2.8� 9 2.8�)

and vertical hybrid r-pressure coordinates similar to

CAM3, which includes 26 vertical layers with the top layer

at a pressure of 2.9 hPa. The shortwave radiation is

parameterized by a 19-spectral-band scheme that uses a

two-stream d-Eddington approximation (Briegleb 1992).

The cloud fraction was derived from diagnostic relation-

ships introduced by Slingo (1987), with variations descri-

bed by Hack et al. (1993), Kiehl et al. (1998), and Rasch

and Kristjansson (1998). The parameterization of non-

convective cloud processes has been described by Rasch

and Kristjansson (1998), with updates by Zhang et al.

(2003). The shallow and upper-level convection used the

parameterization from Hack (1994). The radiation param-

eterization of liquid water clouds was taken from the

scheme given by Slingo (1989). Monthly mean climato-

logical data from 1971 to 2000 on a Gaussian grid,

obtained from the National Centers for Environmental

Prediction (NCEP) reanalysis products, were used as the

initial model state. The geographical distribution of sea

surface temperature was prescribed based on the 21-year

(1981–2001) climatology (available online from http://

www/ccsm.ucar.edu/models/atmcam/docs/description).

Compared to CAM3, a few improvements have been

implemented in BCC_AGCM2.0.1. The dynamics in the

model differs significantly from the Eulerian spectral for-

mulation of the CAM3, and reference stratified atmospheric

temperature and surface pressure were introduced into the

governing equations to improve calculation of the pressure

gradient force and the gradients of surface pressure and

temperature (Wu et al. 2008). The major modifications to

the model physics included a new convection scheme

(Zhang and Mu 2005), a dry adiabatic adjustment scheme in

which potential temperature is conserved (Yan 1987), a

modified scheme to calculate sensible heat and moisture

fluxes over open ocean that considers the effect of ocean

waves on latent and sensible heat fluxes (Wu et al. 2010),

and an empirical equation to compute the snow cover

fraction (Wu and Wu 2004). The model provides overall

improvements to climate simulations in comparison to

CAM3, especially for simulating the tropical maxima/sub-

tropical minima of precipitation, wind stress, and sensible

and latent heat fluxes at the ocean surface (Wu et al. 2010).

2.2 Aerosol module

The Canadian Aerosol Module (CAM), a size-segregated

multi-component aerosol algorithm, was developed by

Gong et al. (2002, 2003). It includes processes for the
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emission, transport, chemical transformation, cloud inter-

action, and deposition of atmospheric aerosols. Five aero-

sol species were taken into account, including sulfate, BC,

OC, soil dust, and sea salt. We used updated source

emissions that were derived primarily from AeroCom data.

These included the surface emission rate of both natural

and anthropogenic aerosols: BC and OC (Van der Werf

et al. 2004; Bond et al. 2004), SO2 and sulfate (Van der

Werf et al. 2004; Cofala et al. 2005), and dimethyl sulfide

(DMS; Kettle and Andreae 2000 for ocean data; Nightin-

gale et al. 2000 for air-sea transfer). Additional emission

data were obtained from the Emission Database for Global

Atmospheric Research (EDGAR) version 3.2, 1995, data-

base (Olivier et al. 2002; http://www.mnp.nl/edgar). The

sea salt module was developed by Gong et al. (2002), and

the soil dust scheme was from Marticorena and Bergametti

(1995). The model included an online sulfur chemistry

module, in which H2S, DMS, SO2, and H2SO4 are prog-

nostic variables, but the concentrations of OH, O3, H2O2,

and NO3 are prescribed offline from the MOZART/NCAR

model (Brasseur et al. 1998; Hauglustaine et al. 1998).

There are two common methods for representing parti-

cle size distributions in models: the modal and sectional

representations. In the modal representation, each aerosol

is represented by an analytical modal distribution function

(e.g., Binkowski and Shankar 1995; Ghan et al. 2001). In

the sectional representation, the aerosol size distribution is

generally approximated by a set of contiguous, non-over-

lapping, and discrete size bins (e.g., Gong et al. 1997;

Jacobson 1997; Meng et al. 1998). This representation of

aerosol size distribution is used for its flexibility in treating

processes including multi-component interactions such as

coagulation, condensation, and chemistry (Gong et al.

2003). The concentrations and optical properties of aero-

sols can be calculated more accurately according to the

given size bins. In our model, the aerosol size spectrum

was divided into 12 bins with radii between 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 lm. The effective radius of the aerosols

was taken as the average value in each bin. The hygro-

scopic growth of soluble aerosol particles was also taken

into account. The aerodynamic size of the particles was

taken from Kohler theory to be in equilibrium with the

ambient relative humidity. A cloud module with explicit

microphysical processes was incorporated to simulate

cloud droplet activation and subsequent aerosol-cloud-

raindrop interaction, as well as cloud chemistry. Within a

size bin, internally mixed aerosols were assumed for all

aerosol types except the freshly emitted (at the source grid)

insoluble components (BC and soil dust). These were

assumed to be externally mixed for one integration time

step in each grid cell. The number densities of externally

mixed components were calculated at every time step in

the source grid and then used to obtain the externally mixed

aerosol activation and radiative forcing (Ayash 2007).

2.3 Optical properties of aerosol

The aerosol optical properties (extinction coefficient, single

scattering albedo, and asymmetry parameter) were calcu-

lated using Mie scattering theory. The refractive indices of

dry aerosols were adopted from D’Almeida (1991), and the

Mie scattering code of Wiscombe (1980) was used. Table 1

lists the refractive indices and densities of dry aerosols.

Sulfate, OC, and sea salt particles are hygroscopic, and

therefore their size distribution and particle shape may

change when they are mixed with water vapor in the

ambient air. This can lead to alterations of their refractive

indices and corresponding radiative properties. Figure 1

shows the radius growth of the three species of hygroscopic

aerosol particles with increasing relative humidity calcu-

lated according to Kohler theory. In this calculation, the

relative humidity is first divided into 10 bins: 0.0, 0.45, 0.5,

0.6, 0.7, 0.8, 0.9, 0.95, 0.98, and 0.99. Then the radii of wet

aerosol particles in each size bin are obtained for these

relative humidity bins. The wet particle densities and

refractive indices consisting of real and imaginary parts are

obtained according to volume-weighted method, respec-

tively. New size-segregated aerosol optical properties,

namely the extinction coefficient, single scattering albedo,

and asymmetry parameter, were calculated for all 19

spectral bands and each of the 10 relative humidity bins

using Mie scattering theory (Wiscombe 1980). These were

then incorporated into the BCC_AGCM2.0.1 instead of the

original bulk scheme. Therefore, the aerosol optical pro-

perties for any relative humidity at each time step could be

obtained through linear interpolation. Finally, the optical

depth of each aerosol type for each spectral band was

calculated according to formula by Liou (2004).

2.4 Experimental design

Our aim was to explore the effects of three types of aero-

sols mainly produced by human activities including sulfate,

BC, and OC on East Asian summer climate, including both

Table 1 The refractive index and densities of dry aerosols

Component Refractive index (k = 0.55 lm) Density (kg m-3)

Sulfate 1.43–1.0 9 10-8 i 1,769.0

BC 1.75–0.44 i 1,500.0

OC 1.53–0.0059 i 1,300.0

Dust 1.53–0.008 i 2,650.0

Sea salt 1.5–9.7 9 10-9 i 2,170.0
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direct and semi-direct effects. To this end, two experiments

were conducted: (i) all five species of aerosol were con-

sidered (EXP1); (ii) only soil dust and sea salt aerosols

were included (EXP2). The differences between the results

of EXP1 and EXP2 (EXP1 minus EXP2) were regarded as

the effects of sulfate, BC and OC aerosols on the climate.

In each experiment, the interactive system coupling the

BCC_AGCM2.0.1 and CAM has run for 60 years. There

was a spin-up period covering the first 30 years, during this

period the climate gradually changes. But after that, the

simulated climatology had reached a new equilibrium, and

we consequently analyzed the last 30 years of each 60-year

simulation. The instantaneous DRFs due to total aerosols

and individual species were calculated in an additional

experiment. Only radiative forcing is estimated with the

prescribed SSTs and sea ice according to the general

method of calculating the radiative forcing with AGCMs

(Hansen et al. 2002; Takemura et al. 2005).

3 Results

3.1 Global distribution of simulated aerosol

column burden

Figure 2 shows the global distributions of annual mean

column burden of simulated sulfate, BC, OC, soil dust, and

sea salt compared with AEROCOM_MEDIAN (Textor

et al. 2006; Schulz et al. 2006; Kinne et al. 2006). The main

precursors of sulfate aerosol were SO2, volcanic eruptions,

and biological sources, especially the DMS oxidation of

marine plankton. The maximum values of sulfate aerosol

column burden were mainly located in East Asia, espe-

cially south, east, and north China, as well as southeastern

U.S., Europe, and India. The maximum burden value was

about 10 mg m-2 (Fig. 2a). The high sulfate aerosol

column burden in these continental areas is attributable to

their large industrial SO2 emissions. Over oceans, there

was an extended distribution of sulfate aerosols due to

long-distance transport of terrestrial sulfate and marine

DMS oxidation. The simulated global annual mean sulfate

column burden was 1.74 mg m-2.

BC is produced from the incomplete combustion of

hydrocarbons, including fossil fuels, biofuels, and biomass.

Maximum BC column burdens appeared over Asia and

central Africa with a maximum value of approximately

1.4 mg m-2 (Fig. 2b). These regions have recently expe-

rienced rapid urbanization and industrialization, which

have triggered soaring carbon consumption by increasing

populations and intense traffic emissions. Secondary high

values of 0.8 mg m-2 were located in parts of India-Bengal

and central South America. In contrast, there was com-

paratively little BC column burden in southeastern U.S.,

western Europe, and Australia. The simulated global

annual mean of BC column burden was 0.14 mg m-2.

OC is produced during the complete combustion of

biomass or fossil fuels. The highest column burdens of OC

occurred in the central regions of South America and

Africa, with a maximum burden exceeding 18 mg m-2 in

Africa (Fig. 2c). This may be caused by the full combus-

tion of carbonaceous material due to the dry conditions in

the tropics. There were also obvious OC concentrations

over Southeast Asia, India, Australia, and southeastern

U.S. The simulated OC concentrations were low in Europe,

mainly because secondary organic aerosols, the primary

components of OCs, were not taken into account in our

model. The simulated global annual mean of OC column

burden was 1.31 mg m-2.

The dust column burdens were mainly located in the

North African Sahara region and West Asia, with a maxi-

mum value as high as 1,000 mg m-2 (Fig. 2d). The sec-

ondary value of more than 100 mg m-2 was located in

Inner Mongolia and the Xinjiang region of China. The

simulated global annual mean dust column burden was

40.8 mg m-2.

The distributions of sea salt aerosol covered almost the

entire ocean (Fig. 2e). Large column burdens mainly

occurred over the oceans between 30� and 60� in both the

Southern Hemisphere (SH) and Northern Hemisphere (NH)

with values exceeding 20 mg m-2. The simulated global

annual mean sea salt column burden was 14.7 mg m-2.

Figures 2f–j show the corresponding global distributions

of annual mean column burden in AEROCOM_MEDIAN.

As can be seen from these figures, the magnitude and

distribution of the simulated sulfate, sea salt and dust

column burdens generally agreed with those of AERO-

COM_MEDIAN, but the simulated dust burdens in Sahara

and West Asia and sea salt burdens between 30� and 60�S
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Fig. 1 The radius growth of the three species of hygroscopic aerosol

particles with increasing relative humidity
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were larger than the corresponding AEROCOM_

MEDIANs. The values and ranges of simulated BC and OC

column burdens were smaller than those of AEROCOM_

MEDIAN, especially in West Europe, North America and

East Asia. Compared with observations and other modeling

results (i.e. AEROCOM), the simulated BC and OC con-

centrations from this model are low and the ratio of dry to

wet depositions is different from other models. We have

done a series of model experiment to examine the perfor-

mance of the model. Firstly, we checked the budget

information of the model in terms of emission and atmo-

spheric burden. Table 2 is a summary of the budget

information for a number of reference models. For exam-

ple, the emission of BC in our model is just a little over half

of GISS model (Koch 2001), and the atmospheric burden

of BC from our model is also about half of that for GISS

model. And compared with the IPCC-TAR, the BC emis-

sion in AEROCOM is lower (Dentener et al. 2006). It

seems that the BC and OC bias from our model is largely

from the emission underestimation compared with other

models. Furthermore, all types of aerosols are treated as the

internal mixture in this model and their wet depositions

are calculated with the same parameterization scheme.

In reality, due to its hydrophobic nature, BC should be less

(a)

(c)

(b)

(d)

(e)

(f)

Fig. 2 The global distributions of annual mean column burden of simulated a sulfate, b BC, c OC, d soil dust and e sea salt. The f–j are the

corresponding distributions of AEROCOM_MEDIAN (mg m-2)
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removed by wet deposition than hydrophilic aerosols

(i.e. sulfate). This also results in under-estimate of BC

concentrations. Additionally, the secondary organic aero-

sols (SOAs) are not included in our model which can lead

to underestimation of simulated OC concentration. As to

the dry to wet deposition ratios, we found that the differ-

ence was from the size distributions of primary emissions

of BC and OC. The change of the primary BC size distri-

bution can change the dry and wet deposition ratios. In this

paper, the model uses a sectional representation to simulate

the aerosol size distributions with 12 size bins and uses a

mass mean diameter (MMD) ‘‘0.1 um’’ as the size distri-

bution of primary BC emissions. After we changed the

MMD to 0.24 um, the ration of dry to wet deposition has

been changed to the value similar to most of other models

(Table 3).

3.2 Simulated aerosol optical properties

Figure 3a shows the global annual mean distribution of the

simulated total AOD at 550 nm. The highest AOD values

(0.4–0.7) were found over the Sahara Desert, followed by

(i)

(j)

(g)

(h)

Fig. 2 continued

Table 2 Summary of the global

emission and burden of BC

The results of AEROCOM are

from the website http://nansen.

ipsl.jussieu.fr/AEROCOM/

data.html

Model Emission (Tg year-1) Burden (Tg) References

Our study 7.7 0.07 Dentener et al. (2006)

GISS 12.41 0.14 Koch (2001)

MIRAGE 14.0 0.22 Easter et al. (2004)

LMDZT 10.5 0.19 Reddy et al. (2005)

GOCART 13.7 0.27 AEROCOM

PNNL 11.4 0.19 AEROCOM

IPCC-TAR 12.3 Dentener et al. (2006)
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Arabia in West Asia (0.2–0.4). These were both due to the

large contribution from soil dust. The AODs in east China

were usually more than 0.1. They reached a maximum

value of more than 0.2 in north China, which was larger

than that for most other continental areas, except for those

mentioned above. The AOD values were around 0.1 in

developed countries such as those in North America and

west Europe and ranged from 0.05 to 0.1 over the oceans

between 30� and 60� in both hemispheres, due to the

contributions from sea salt and sulfate. In terms of the

global mean, soil dust aerosols had the largest optical depth

(0.028), followed by sea salt (0.026), sulfate (0.01), OC

(0.005), and BC (0.0006). Figure 3b, c represent the global

annual mean distributions of simulated single scattering

albedo and the asymmetry parameter at 550 nm for all

aerosols, respectively. The single scattering albedos were

around 0.92 and the asymmetry parameters were in the

range of 0.58–0.66 in East Asia, South Asia, and South

America, where carbonaceous aerosols are a major aerosol

component, and in North Africa and West Asia, where the

soil dust is dominant. However, in North America, where

the sulfate burden is high, the single scattering albedo and

asymmetry parameter were around 0.96 and 0.68, respec-

tively. This was also the case in Europe, where the two

variables were around 0.97 and 0.7, respectively. Over

oceans, the single scattering albedo approached 1.0, and the

asymmetry parameters ranged from 0.74 to 0.9 due to the

scattering effect of sea salt aerosols.

Figure 4 compares the monthly mean AODs between

the simulation and measurement from CARSNET at six

sites: Beijing (116.5�E, 39.8�N), Lin’an (119.73�E,

30.3�N), Pudong (121.5�E, 31.3�N), Dunhuang (94.7�E,

40.15�N), Ejinaqi (101.1�E, 42�N), and Lasa (91.1�E,

29.7�N). The simulated values were close to the minimum

limit of observations at Beijing and Dunhuang, and the

magnitude and seasonal variation of simulated AODs

agreed closely with the observations at Ejinaqi. However,

the simulated values were lower than the observed values

at Lin’an, Pudong, and Lasa, which can partially be

attributed to the lack of nitrate and ammonium aerosols.

The simulated total AODs were compared with the

ground-based sun photometer measurements from AER-

ONET in Fig. 5. Figure 5a–c show comparisons at sites in

(a)

(b)

(c)

Fig. 3 The global annual mean distributions of simulated a total

AOD, b single scattering albedo and c asymmetry parameter at

550 nm

Table 3 The global budget of BC for different mass mean diameter (MMD)

MMD (um) Burden (Tg) Emission (Tg year-1) Dry deposition (%) Wet deposition (%)

0.1 0.07 7.7 59 41

0.24 0.071 7.7 29 71
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East Asia. The modeled total AODs over Beijing (116.3�E,

40�N) and Gosan (126.2�E, 33.3�N) agreed reasonably

with measurements of seasonal variation. Both showed

higher magnitudes in spring and summer, which were

slightly higher than the minimum limit of the observed

values at these sites. The simulated values in Osaka

(135.6�E, 34.7�N) were lower than the observations in

spring and summer, most likely because of the weaker

transport of aerosols from China and omission of nitrate

and ammonium aerosols in the model.

Figure 5d–h compare the modeled and measured AODs

at the sites that were mainly influenced by soil dust aero-

sols. As can be seen from the comparison of the Hamin

(54.3�E, 23�N) site in West Asia, the model could capture

the seasonal variations fairly well, including a peak from

June to August. However, the simulated values were higher

in summer (July) and lower in winter than those of AER-

ONET. The magnitude and seasonal variation of the sim-

ulated AODs agreed closely with those observed at

Dalanzadgad (104.4�E, 43.6�N) in Mongolia and at the

IER_Cinzana (5.9�W, 13.3�N), Saada (8.2�W, 31.6�N),

and La_laguna (16.3�W, 28.5�N) sites in Africa. However,

the values were slightly higher than the maximum limit of

observations at La_laguna in spring.

Figure 5i–k exhibited similar properties at three sites in

Europe that were mostly affected by sulfate: Venice

(12.5�E, 45.3�N), Davos (9.8�E, 46.8�N), and Laegeren

(8.4�E, 47.5�N). The magnitude and seasonal variation of

simulated AODs agreed well with the observations at

Davos, and the simulated values were close to the

minimum limit of observations at Venice and Laegeren.

The deviations of simulations from observed values in

Europe were also partially due to SOAs being ignored in

the model.

Figure 5l–n show comparisons at sites in North America

where sulfate and dust aerosols dominate. As can be seen

for Ames (93.8�W, 42�N), Bondville (88.4�W, 40�N), and

Sevilleta (106.9�W, 34.4�N), the simulated AODs agreed

reasonably with measurements from November to March,

but approached the minimum limit of the observations in

other months. At the same time, the model tended to

underestimate AODs in South America (Fig. 6o, p), likely

because of the low carbonaceous aerosol emissions shown

by the model in that region.

Finally, Fig. 5q, r give AODs for remote oceanic sites:

Dunedin (170.5�E, 45.9�S) and Lanai (156.9�W, 20.7�N).

The model system reproduced the seasonal variations of

AODs well, but it obviously overestimated the AOD at

Dunedin during May and September and underestimated

the values at Lanai between April and June. The AODs of

other months were in the range of the measurements.

Figure 6 summarizes the comparisons of the single

scattering albedo and asymmetry parameter between the

simulations and observations at 52 AERONET sites at

550 nm. The biases of the simulated single scattering

albedos were less than 0.04 at most sites, with overesti-

mation in general (Fig. 6a). The mean difference between

simulated and observed single scattering albedos was 4%,

but extreme deviations exceeded 7% at some sites in

western Europe, North and South America and northern
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Fig. 4 Comparisons of simulated total AOD (dashed line) with those

measured (solid line) at 6 CARSNET sites at 550 nm. The error bar
indicates the standard deviation of observed optical depth. The

CARSNET data are from China Meteorological Administration

Aerosol Remote Sensing NETwork
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Africa due to the underestimation of the BC concentration.

The model simulated the asymmetry parameters well, with

reasonable agreement with measurements (Fig. 6b). The

mean difference between the simulated and observed

asymmetry parameters was 5%, with the largest biases

around 10% at some sites in Africa.

The errors in the above comparison were caused by

various factors, including errors in the source emissions,
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Fig. 5 Same as in Fig. 5 but for AERONET observations
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observational instruments, limitations in the model reso-

lution and the implementation of physical processes in the

model. In addition, nitrate and ammonium aerosols and

SOAs were not included.

3.3 Direct radiative forcing of aerosols

Instantaneous radiative forcing calculations were per-

formed online with the AGCM-aerosol coupled system.

Figure 7 shows the annual mean distributions of the

simulated DRF of each aerosol species at the TOA under

all-sky and clear-sky conditions. Generally, sulfate aerosols

caused negative radiative forcing at the TOA due to their

strong scattering under all-sky conditions (Fig. 7a). The

highest DRFs of sulfate, with a maximum value exceeding

-1.0 W m-2, occurred in East Asia and North America

due to large industrial emissions of SO2 and sulfate parti-

cles. The second strongest DRFs were about -0.5 W m-2

in India and western Europe. Long-distance transport of

sulfate aerosols from the continent and the oxidation of

DMS in the ocean caused negative forcing over the ocean.

The simulated global annual mean of sulfate DRF at the

TOA was -0.19 W m-2, which was consistent with

the estimations of -0.19 W m-2 by Koch (2001) and

-0.21 W m-2 by Takemura et al. (2005).

BC can absorb solar radiation, generating positive

radiative forcing at the TOA under all-sky conditions

(Fig. 7b). The region with the largest DRF was East Asia,

especially south and east China, where the maximum value

reached approximately ?1.0 W m-2. The large DRF of

BC in that region was mainly caused by local fossil fuel

and biomass burning. The DRFs exceeded ?0.5 W m-2 in

most of central Africa and were attributable to the natural

burning of carbonaceous materials. BC DRFs were mainly

above ?0.1 W m-2 in western Europe, eastern U.S., and

South America. There was also positive forcing at the high

latitudes of more than 60�N, resulting from long-distance

transport of BC emitted at lower latitudes. The simulated

global annual mean of BC DRF at the TOA was

?0.1 W m-2, close to the results of ?0.08 W m-2 esti-

mated by Pitari et al. (2002) but much smaller than the

?0.32 W m-2 reported by Takemura et al. (2005) and

?0.61 W m-2 estimated by Hansen et al. (2005). In this

study, the assuming external mixing states of black carbon

aerosols could potentially lead to an underestimate of BC

forcing (Bond and Bergstrom 2006).

The main optical property of OC is its scattering of solar

radiation. This results in negative DRF at the TOA under

all-sky conditions (Fig. 7c). The distributions of the DRF

of OC were basically consistent with those of BC but with

negative values. The largest DRFs of OC occurred in

central Africa, where maximum values exceeded

-1.0 W m-2. Other regions with large OC DRF included

South America, Southeast Asia, North America, and

Europe. DRFs in these regions were generally between

-0.2 and -1.0 W m-2. The transport distance of OC is

generally much farther than that of BC because of the

strongly hydrophilic properties of OC. This implies that the

spatial extent of the forcing due to OC is larger than that of

BC. The simulated global annual mean of OC DRF at the

TOA was -0.15 W m-2, which agreed closely with the

results of -0.18 W m-2 estimated by Chung and Seinfeld

(2002), -0.14 W m-2 by Koch (2001), and -0.1 W m-2

by Takemura et al. (2005).

Soil dust is another kind of aerosol that scatters solar

radiation. It usually causes negative DRF at the TOA under

all-sky conditions (Fig. 7d). However, the absorbing effect

of dust on longwave radiation was not considered in this

work. The largest forcing mainly occurred over West Asia,

north China, and especially northern and western Africa. In

those regions, maximum forcing exceeded -10 W m-2

because of the large dust loading, high surface albedo, and

abundance of large-scale stratus clouds that cause multiple

scattering of solar radiation (Schumacher and Houze 2006).

The simulated global annual mean DRF of dust at the

TOA was -0.9 W m-2, which was smaller than those of

AEROCOM models (e.g. -0.75 W m-2 by GISS, -0.6 by

LSCE, and -0.54 by UMI; IPCC 2007).

Sea salt aerosols produced negative forcing globally at

the TOA under all-sky conditions because of their scat-

tering properties (Fig. 7e). The largest forcing by sea salt

occurred over the oceans between 30� and 60� in both
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hemispheres. The maximum cooling of -2.0 W m-2 in the

model was very similar to the results obtained by Liao et al.

(2004). The simulated global annual mean DRF of sea salt

at the TOA was -0.83 W m-2. However, there are still

large uncertainties in sea salt forcing, and previous esti-

mates of the global annual mean of this forcing range from

(a)
Sulfate

(b) BC

(c)
OC

All-sky Clear-sky

Fig. 7 Annual mean distributions of the simulated DRF (W m-2) due to a sulfate, b BC, c OC, d soil dust and e sea salt at the TOA under all-

sky (left) and clear-sky (right) conditions
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-0.31 (Takemura et al. 2002) to -1.1 W m-2 (Grini et al.

2002).

The strength and extension of the DRF due to various

scattering aerosols may be less under all-sky conditions

than under clear-sky conditions, as seen in Fig. 7. How-

ever, the sign of the forcing becomes opposite for

absorbing aerosols such as BC. Therefore, it is concluded

that the presence of clouds can enhance positive forcing

and weaken negative forcing at the TOA, which is con-

sistent with the results of Zhang et al. (2009). Table 4 lists

the simulated annual hemispherical and global mean DRF

by each species of aerosol components at the TOA and

surface under all-sky and clear-sky conditions. The annual

mean DRFs for three types of aerosol mainly produced by

human activities including sulfate, BC, and OC were

obviously higher in the NH than in the SH, and the DRFs

were higher at the surface than at the TOA due to the

multiple scattering and absorption of solar radiation by

aerosols in the atmosphere. The simulated global annual

means of the DRFs at the TOA due to all aerosols and three

types of aerosol (sulfate, BC and OC) were -2.03 and

-0.23 W m-2 under all-sky conditions, respectively.

3.4 Effect of sulfate, BC and OC aerosols on the East

Asian summer monsoon

The East Asian summer monsoon plays a controlling role

in the summer climate in East Asia, where the emissions of

sulfate, BC and OC aerosols are the highest in the world.

The large aerosol burden inevitably affects the temperature

structure and atmospheric circulation by changing the

radiation fields and thereby also affects the East Asian

summer monsoon and regional climate. The results

obtained in this work showed that the summer season

(June, July, August: JJA) average DRFs due to the afore-

mentioned three types of aerosol in East Asia (20�–40�N,

(d) 
Soil dust

(e)
Sea salt

Fig. 7 continued
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100�–140�E) at the TOA and surface were -1.4 and

-3.3 W m-2, respectively, leading to decreases of 0.58�C

and 0.14 mm day-1 in the JJA means of surface temper-

ature and precipitation rate in this area, respectively.

Figure 8 shows the changes of the JJA mean surface

temperature and surface pressure in East Asian monsoon

region due to sulfate, BC and OC aerosols. Any species of

aerosol, whether absorbing or scattering, will decrease the

solar radiative flux arriving at the surface and hence the

surface temperature. A decrease of surface temperature was

seen almost everywhere in East Asian monsoon region, but

the decrease of surface temperature over land was obvi-

ously stronger than that over sea (Fig. 8a). The cooling

over land at most areas of East Asia exceeded -0.6�C,

especially in north China and central and east China with a

magnitude of -0.9�C or so due to the huge loading of

aerosols. The cooling in the west Pacific was below

-0.6�C. The distribution of surface temperature changes

over land basically agreed with the results reported by Liu

et al. (2009) which considered the sulfate and BC aerosols

in a GCM, whereas the changes over oceans is contrary to

the results by Liu et al. (2009) because they used the

prescribed SST in their GCM. As can be seen from the

change of surface pressure in JJA (Fig. 8b), surface pres-

sure was increased dramatically in the central and east

China due to cooling over land, whereas surface pressure

over the ocean on the south of China was reduced which

could be relative to the changes of wind field and local

circulation (Figs. 9, 11). The formation of East Asian

summer monsoon is mainly due to contrast of land-sea

temperature and pressure. Figure 8 showed that the dif-

ferences of land-sea surface temperature and pressure were

weakened in East Asian monsoon region due to the effect

of aerosols, thus leading to the weakening of East Asian

Table 4 Simulated annual hemispherical and global mean DRF due to different aerosol components at the TOA and surface under all-sky and

clear-sky conditions (W m-2)

All sky Clear sky

NH SH Global NH SH Global

Sulfate -0.28 (-0.3) -0.1 (-0.11) -0.19 (-0.21) -0.68 (-0.71) -0.26 (-0.27) -0.47 (-0.49)

BC ?0.12 (-0.24) ?0.06 (-0.15) ?0.1 (-0.19) ?0.09 (-0.32) ?0.03 (-0.18) ?0.06 (-0.25)

OC -0.16 (-0.27) -0.13 (-0.21) -0.15 (-0.24) -0.39 (-0.52) -0.27 (-0.36) -0.33 (-0.44)

Dust -1.7 (-3.8) -0.13 (-0.21) -0.9 (-1.98) -2.6 (-4.8) -0.2 (-0.29) -1.42 (-2.55)

Sea salt -0.61 (-0.71) -1.0 (-1.2) -0.83 (-0.94) -1.1 (-1.3) -2.0 (-2.2) -1.54 (-1.72)

Sulfate ? BC ? OC -0.23 (-0.59) -0.73 (-1.13)

All aerosols -2.03 (-3.63) -3.84 (-5.61)

The values in parentheses represent the corresponding surface forcing

NH northern hemisphere, SH southern hemisphere

(a) (b)

Fig. 8 The differences of JJA mean a surface temperature (�C) and b surface pressure (Pa) between EXP1 and EXP2. The shade indicates a

confidence level of 90% from the T-test
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summer monsoon. The temperature changes are significant

at a 90% confidence level in most areas of East Asian

monsoon region, whereas the confidence level of pressure

changes was not significant here.

East Asian summer monsoon has a typical feature on

summer wind field at 850 hPa. The southwest and south

winds prevail in south and east China in summer, which

carries warm and moist air into China from ocean and

induces precipitation. As can be seen from the change of

wind field at 850 hPa in JJA (Fig. 9), the enhanced

northeasterly flow in south and east China due to sulfate,

BC and OC aerosols distinctly weakened the intensity of

the southwest summer monsoon, and moreover the mois-

ture flux divergence in lower atmosphere was strengthened.

Thus, the monsoon precipitation is suppressed in most

areas of south and east China and over the nearby oceans

(Fig. 10b). Generally, the increase (or decrease) of surface

latent heat flux corresponds to the increase (or decrease) of

precipitation. The decrease of surface temperature led to

the reducing of surface evaporation and latent heat flux in

south and east China (Fig. 10a), which caused less moist

air into atmosphere and reduced the precipitation. How-

ever, the change of precipitation wasn’t consistent with that

of surface latent heat flux over the South China Sea, which

could mainly caused by the changes of wind field and

circulation. A cyclonic circulation formed over the west

Pacific and South China Sea at 850 hPa and the moisture

flux convergence in lower atmosphere in the south of the

cyclonic was obviously strengthened (Fig. 9), which

increased the vertical transport of water vapor and pre-

cipitation. This indicated that the effect of dynamic on

precipitation was predominant over ocean. The changes of

precipitation in East Asian monsoon region in this paper

were consistent with the results by Lau et al. (2006) due to

the effect of five aerosol species including sulfate, BC, OC,

soil dust, and sea salt.

Figure 11 shows the changes of JJA mean temperature

and vertical meridional circulation zonally averaged

between 105�E and 120�E due to the aerosols. The figure

clearly indicated the responses of atmospheric dynamic and

thermodynamic on the aerosol effects. As can be seen from

Fig. 11a, aforementioned three species of aerosol led to the

decrease of temperature in whole troposphere, which

indicated the total feature of these aerosols was scattering

over China. The reduce of temperature in the lower

atmosphere was smaller than that in mid and high atmo-

sphere to the south of 15�N which was beneficial to the

(b)(a)

Fig. 10 The differences of JJA mean a surface latent heat flux (W m-2) and b precipitation (mm day-1) between EXP1 and EXP2. The shade
indicates a confidence level of 90% from the T-test

Fig. 9 The differences of JJA mean wind field at 850 hPa (vector)

between EXP1 and EXP2. The shade shows the differences of

moisture flux divergence between EXP1 and EXP2 are negative

integrated from 850 to 700 hPa
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enhancing of vertical ascending motion, whereas the con-

trary changes occurred between 15�N and 30�N which

enhanced the atmospheric stability and suppressed con-

vective motions. The local meridional circulation was

changed with the atmospheric temperature changes

(Fig. 11b). A clockwise rotation appeared between 10�N

and 30�N in which ascending motion developed between

10�N and 15�N and subsidence motion developed between

15�N and 30�N, leading to the weakening of the normal

summer meridional circulation here which poses as a

counter-clockwise rotation (Liu et al. 2009). The increased

subsidence between 15�N and 30�N strengthened the

southward motion in lower troposphere, which weakened

the northward transport of warm and moist air carried by

the East Asian summer monsoon. This result accorded with

the changes induced by sulfate reported by Liu et al.

(2009). Ultimately, the decrease of moist air and increase

of subsidence led to the decrease of monsoon precipitation

between 15�N and 30�N in south and east China.

It should be noted that the absorbing BC and scattering

OC masses were underestimated obviously in East Asia by

this model, which will necessarily affect simulated climatic

effect of aerosols over Asia. Menon et al. (2002) showed

that absorbing BC aerosol could increase precipitation over

southern China and decrease precipitation over northern

China. Chung and Ramanathan (2006) indicated that BC

aerosol could heat the troposphere and enhance vertical

convection over the North Indian Ocean and Indian

subcontinent, causing an increase in monsoon precipita-

tion. Randles and Ramaswamy (2008) also found that an

enhanced monsoon circulation associated with increased

higher absorption aerosol optical depth resulted in the

increase of low-level convergence, upward motion, and

precipitation, whereas increase of only scattering aerosols

weakened the monsoonal circulation and inhibited precip-

itation. Both of the underestimation of scattering OC and

absorbing BC aerosols will have more complicated effects

on the local climate of China.

4 Conclusions

An interactive coupled climate-aerosol model consisting of

the BCC_AGCM2.0.1 and the Canadian Aerosol Module

(CAM) was developed at the NCC/CMA. The magnitude

and distribution of the simulated sulfate, sea salt and dust

column burdens generally agreed with those of AERO-

COM_MEDIAN, but the simulated values and ranges of

simulated BC and OC column burdens were obviously

smaller than those of AEROCOM_MEDIAN, especially in

West Europe, North America and East Asia. These biases

can be largely from the emission underestimation in our

model compared with other models, and moreover the

SOAs are not included in our model.

The simulated optical depth, single scattering albedo,

and asymmetry parameter of total aerosols (including sul-

fate, BC, OC, dust, and sea salt) at 550 nm were basically

consistent with AERONET observations, except for an

obvious underestimation over South America. The mean

relative errors of the simulated single scattering albedo and

asymmetry parameter against observations were 4% and

5%, respectively. The magnitude and seasonal variation of

the simulated AODs agreed closely with CARSNET

observations at Ejinaqi, Dunhuang, and Beijing, but the

simulated values were slightly lower than observations at

Lin’an, Pudong, and Lasa. Ammonium and nitrate aerosols

were not included in the present model, which led to lower

simulated AODs in some regions and seasons.

(a) (b)

Fig. 11 The differences of JJA mean a temperature (�C) and b vertical meridional circulation zonally averaged between 105�E and 120�E

between EXP1 and EXP2. The shade indicates a confidence level of 90% from the T-test
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The simulated global annual means of DRF due to total

aerosols and three types of aerosol including sulfate, BC,

and OC at the TOA were -2.06 and -0.23 W m-2,

respectively, under all-sky conditions. The global annual

means of sulfate, BC, and OC DRF at the TOA were

-0.19, ?0.1, and -0.15 W m-2, respectively. Clouds can

decrease the extension and strength of the DRF for scat-

tering aerosols, but increase them for absorbing aerosols

such as BC.

The summer seasonal average DRFs due to three types

of aerosol (sulfate, BC, and OC) in East Asia at the TOA

and surface were -1.4 and -3.3 W m-2, respectively,

leading to decreases of 0.58�C and 0.14 mm day-1 in the

JJA means of surface temperature and precipitation rate in

this area, respectively. The differences of land-sea surface

temperature and surface pressure were reduced in East

Asian monsoon region due to the effect of these aerosols,

thus leading to the weakening of East Asian summer

monsoon. The enhanced northeasterly flow in south and

east China at 850 hPa due to sulfate, BC and OC aerosols

distinctly weakened the intensity of the southwest summer

monsoon, and suppressed the monsoon precipitation in

most areas of south and east China and over the nearby

oceans. The local meridional circulation was also affected

due to these aerosols, and a clockwise rotation appeared

between 10�N and 30�N. The increased subsidence

between 15�N and 30�N strengthened the southward

motion in lower troposphere, which weakened the north-

ward transport of warm and moist air carried by the East

Asian summer monsoon, and moreover decreased the

summer monsoon precipitation in south and east China.

In addition, the model also does not simulate nitrate and

SOA, both of which are the important components of

aerosols in some parts of Asia. The decrease of land surface

temperature in some areas may be larger if taking account

these scattering aerosols into in this model, which could

more significantly weaken East Asian summer monsoon.

But it needs further investigations in the next.
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We developed a new radiation parameterization of hydrofluorocarbons (HFCs), using

the correlated k-distribution method and the high-resolution transmission molecular

absorption (HITRAN) 2004 database. We examined the instantaneous and stratospheric

adjusted radiative efficiencies of HFCs for clear-sky and all-sky conditions. We also

calculated the radiative forcing of HFCs from preindustrial times to the present and for

future scenarios given by the Intergovernmental Panel on Climate Change Special

Report on Emission Scenarios (SRES, in short). Global warming potential and global

temperature potential were then examined and compared on the basis of the calculated

radiative efficiencies. Finally, we discuss surface temperature changes due to various

HFC emissions.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrofluorocarbons (HFCs) have been widely used in
industry since 1990 as part of efforts to replace ozone-
depleting substances (ODSs) such as chlorofluorocarbons
(CFCs), and emissions of HFCs have increased greatly in
recent years. However, HFCs are potent greenhouse gases
associated with global warming and are included in the
Kyoto Protocol of the United Nations’ Framework Con-
vention on Climate Change (http://www.unfccc.int). Two
main properties of HFCs make them potent greenhouse
gases: they have relatively long lifetimes, and their
absorption region is located in the 8–12 mm atmospheric
window. HFCs of industrial importance have lifetimes
ranging from 1.4 to 270 years [1] and can remain in the
atmosphere long after being emitted. Hence, HFCs
have accumulated in the atmosphere, and increasing

concentrations may significantly alter the climate. The
observed mixing ratios of HFCs can be explained by
anthropogenic emissions, such as those associated with
refrigerants and detergents [2]. Observational data show
that HFC concentrations have increased rapidly since
preindustrial times, with especially rapid rates of increase
since the 1990 s [1–3]. The atmospheric abundances of
HFC-134a and HFC-152a increased from 0.015 and
0.09 pptv in the 1990s to 35 and 3.9 pptv in 2005,
respectively. Similarly, observed concentrations of
HFC-32, HFC-125, and HFC-143a were 3 pptv in 2005,
3.7 pptv in 2005, and 3.3 pptv in 2003 [1]. The atmospheric
window is not only in a transparent region for the major
greenhouse gases (e.g., CO2, H2O, and O3) but also in the
large Earth’s terrestrial emission region. Absorption of
terrestrial radiation by HFCs located in the window can
change the atmospheric properties of this spectral region
and significantly affect the ‘‘cooling to space’’ of the
earth-atmosphere system [2]. The absorptive efficiency of
a single HFC molecule is many thousands of times greater
than that of carbon dioxide (CO2). Therefore, even very
small amounts of these gases emitted to the atmosphere
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can make large contributions to the total radiative forcing
of the climate system and thus produce long-lasting
effects on the radiative energy balance of the earth-atmo-
sphere and global climate change [2]. Radiative forcing
has been used to denote an externally imposed perturba-
tion in the radiative energy budget of the Earth’s climate
system, while the global warming potential (GWP) is one
type of simplified index based on the climate system in a
relative sense. Both have been employed in the Kyoto
Protocol as metrics for quantitative comparison.

To investigate the effects of increasing contributions of
human-made long-lived greenhouse gases on global
warming, many researchers have studied the radiative
forcing of HFCs and other replacements for ODSs [4–11].
Recent studies have used various databases of absorption
cross-sections, including the spectroscopy and warming
potentials of atmospheric greenhouse gases (SWAGG)
[7–9], high-resolution transmission molecular absorption
(HITRAN) [8–10], and Ford Motor Company [9–11]
databases. The radiation models employed have included
the broadband model [8] and narrowband model
[5–7,10,11]. However, because previous studies have used
different absorption cross-section datasets and radiation
models, large uncertainties exist in the final results of the
calculated radiative forcing. For HFC-134a, which has the
highest atmospheric abundance of HFCs, calculated
radiative forcing has differed by as much as 37% [4,8],
whereas HFC-152a, HFC-125, HFC-143a, HFC-32, and
HFC-134 results have shown differences of 47%, 49%,
49%, 72%, and 17%, respectively [7–11]. The spectral
absorption cross-sections of HFCs have been updated in
HITRAN 2004 [12]. This study builds on those new
parameterizations with a correlated k-distribution meth-
od according to a high-accuracy band-dividing method
(998-band) [13,14], with the aim of reducing the
uncertainties noted above.

Section 2 provides a brief description of the dataset
and radiative transfer model; in Section 3, the global
mean radiative efficiencies of HFCs for all-sky conditions
are calculated with the 998-band method. Finally, the
radiative forcings due to concentration changes of HFCs
since preindustrial to present times and for the future 100
years are calculated. Section 4 discusses the GWPs and
global temperature potentials (GTPs) of HFCs and ana-
lyzes surface temperature changes due to pulse and
sustained HFC emissions. Conclusions are summarized in
Section 5.

2. Introduction to the dataset and radiative transfer
model

The molecular absorption database HITRAN is gener-
ally accepted by the international scientific community
and is widely used to provide inputs to radiative transfer
models. The database is updated approximately every
4 years, and has developed from the previous HITRAN
1986, HITRAN 1992, HITRAN 1996, and HITRAN 2000
versions to the present HITRAN 2004 version. The infrared
absorption cross-sections of HFCs from HITRAN 2004
used in this paper were measured under different

combinations of temperatures and pressures. First, we
analyzed the dependence of the absorption cross-sections
on different temperatures and pressures; the absorption
cross-sections under 22 pressures and three temperatures
were then obtained by linearly interpolating the cross-
sections at known temperatures and pressures. The
following 22 pressures were obtained from the interpola-
tion of mid-latitude atmospheric profiles provided by the
US Air Force Geophysics Laboratory: 0.01, 0.0158, 0.0215,
0.0251, 0.0464, 0.1, 0.158, 0.215, 0.398, 0.464, 1.0, 2.15,
4.64, 10.0, 21.5, 46.4, 100.0, 220.0, 340.0, 460.0, 700.0, and
1013.25 hPa. The three temperatures were 160, 260, and
300 K. These values were intended to cover the range
of the Earth’s atmosphere. For example, for the pressure,
the absorption coefficients to be obtained at the above-
prescribed pressures were calculated by linearly inter-
polating the two absorption coefficients at the two known
neighboring pressures under the same temperature. The
effects of different temperatures and pressures on
absorption cross-sections can be better considered by
this method than by using integrated absorption cross-
sections of HFCs obtained under one given temperature
and pressure condition, as has been widely used in
previous studies [7,9,11]. In the future, we will be able
to more accurately calculate absorption cross-sections of
halocarbons under more temperatures and pressures as
the HITRAN database is further improved and more
temperature and pressure conditions are provided.

To show how different input data affect the modeled
radiative transfer results, Table 1 lists integrated
absorption cross-sections of HFCs obtained using the
HITRAN 2004 data and corresponding values from the
Intergovernmental Panel on Climate Change [1]. Using
HITRAN 2004, the reference temperature was 296 K and
wavenumber regions of each of HFC were all obtained from
HITRAN 2004. For the IPCC [1] dataset, HFC-32, HFC-134,
HFC-134a, and HFC-152a were measured at 296 K and were
from the Ford Motor Company dataset; wavenumber
regions were 200–2000 cm�1 for HFC-32 and HFC-134a,
450–2000 cm�1 for HFC-134, and 700–2000 cm�1 for
HFC-152a. Further, HFC-125 and HFC-143a were
measured at 253 K and were obtained from SWAGG;
their wavenumber regions were 0–3000 cm�1. As shown
in Table 1, the integrated absorption cross-sections of
HFC-32, HFC-125, and HFC-134a in HITRAN 2004 were

Table 1
Comparison between integrated absorption cross-sections of this work

and IPCC (2007).

Gases Integrated cross-section (10�17 cm2

molecule�1 cm�1)

This work Adopted in IPCC

(2007)

HFC-32 5.24 5.77

HFC-125 16.12 16.73

HFC-134 11.37 10.57

HFC-134a 12.38 13.07

HFC-143a 14.0 12.01

HFC-152a 6.89 6.87
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smaller than those of the IPCC [1], whereas the HFC-134,
HFC-143a, and HFC-152a values were larger than those
given by the IPCC [1]. Additionally, comparing this work
and previous studies, the differences in the integrated
absorption cross-sections of HFCs among past studies
have generally been within 10% except for HFC-143a. For
HFC-134a, the integrated absorption cross-sections in this
work were 2%, 9%, and 5% less than those reported by
Pinnock et al. [5], Highwood and Shine [7], and Gohar
et al. [11], respectively. For HFC-143a, the values used
here were 14% and 17% higher than those of Pinnock
et al. [5] and Highwood and Shine [7], respectively.

The 998-band method was designed as an algorithm
for atmospheric remote sensing (see http://www.ccsr.
u-tokyo.ac.jp/�clastr/index.html, Open-CLASTR) and has
been discussed in detail by Zhang et al. [14]. By this
method, bands are divided as follows. The longwave
region of 10–2680 cm�1 is divided into 534 narrow bands
regularly spaced with an average interval of 5 cm�1, and
the k-intervals in each band are optimized with a
minimum of 2 and a maximum of 16. According to Goody
and Yung [15] and Peixoto and Oort [16], each narrow
band contains almost all observed absorptive gases, as
much as possible so as to include the weakest band in the
998-band method [14]. In this study, we first calculated
the effective absorption coefficients of HFCs at all
k-intervals in the 998-band division by the correlated
k-distribution method [17,18] at 22 pressures and three
temperatures; these values were then used as inputs in
our radiation model. Radiative flux and heating rate were
calculated under six model atmospheres: tropical (TRO),
mid-latitude summer (MLS), mid-latitude winter (MLW),
subarctic summer (SAS), subarctic winter (SAW), and US
Standard (USS) atmospheres. Each atmosphere was
divided into 100 layers with a vertical resolution of
1 km, the surface at 0 km, and the top of the atmosphere
(TOA) at 100 km. The thermal radiation transfer was
solved using a two-stream algorithm developed by

Nakajima et al. [19]. The global mean radiative efficiency
was obtained by averaging the results of the six model
atmospheres arithmetically.

To calculate the stratospheric adjusted radiative for-
cings of HFCs, the 998-band method was improved in this
work using an iterative method. Fig. 1 provides a
schematic illustration of the iterative method, where x is
convergence value, and Dt is the time-step iteration with
a unit of days (here, we used 1 day). If the convergence
condition is satisfied, then the new radiative equilibrium
in the stratosphere is assumed to be reached after the
adjustment. Perturbation of HFCs from 0 to 0.1 ppbv is
used to maintain their weak limit and then to obtain their
radiative forcing due to 1 ppbv perturbation [20], i.e., the
radiative efficiency by linear scaling. This method is suited
for calculating radiative forcing due to trace gases having
concentrations significantly less than 1 ppbv [9].

3. Radiative forcing due to HFCs

The World Meteorological Organization (WMO [21])
has defined instantaneous radiative forcing as the change
of net radiative flux at the tropopause due to a variation in
the concentration of greenhouse gases or other factors.
Adjusted radiative forcing has been defined by the IPCC
[22] as the change of net radiative flux at the tropopause
after allowing stratospheric temperatures to readjust to
radiative equilibrium, but with surface and tropospheric
temperatures held fixed. According to the definition of
radiative forcing, positive radiative forcing makes the
troposphere and surface system warmer, leading to an
increase in the surface temperature; in contrast, negative
radiative forcing makes the troposphere-surface system
cooler, leading to a decrease in the surface temperature.
Therefore, the radiative forcing of HFCs can be used to
estimate their effects on the global climate system due to
their concentration changes.

Fig. 1. Schematic for stratospheric adjusted radiative forcing.
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In model atmospheres, HFCs are assumed to be well
mixed; however, in reality, their concentrations could vary
with height due to their varying lifetimes of 1.4–270 years
in the atmosphere [1]. Sihra et al. [9] noted that the vertical
distributions of HFCs concentrations have some effects on
their radiative forcing and proposed an empirical coefficient
called the lifetime correction factor for lifetimes greater than
0.25 years to include such effects: 1�0.241� t�0.358, where
t is lifetime (in years). Although there are still some errors in
the radiative forcing calculation after such corrections, the
errors after these corrections should become smaller than
before [9]. Thus, we conducted lifetime corrections of
HFCs after calculating the stratospheric adjusted radiative
efficiencies.

Clouds can have a great effect on the radiative forcing
due to gases. We used annually varying monthly mean
cloud fields constructed from the International Satellite
Cloud Climatology Project (ISCCP) D2 dataset [23], which
contains cloud fractions and cloud water content for 15
cloud types according to cloud phase states, cloud top
pressures, and cloud optical depths with a spatial
resolution of 2.51�2.51 from July 1983 to June 2007.
The cloud fractions and cloud water content for tropical,
mid-latitude, and subarctic atmospheres are zonal mean
values between 01N and 301N, 301N and 601N, and 601N
and 901N, respectively, as listed in Table 2. The mean
effective radius is assumed to be 30 mm for ice clouds, but
10 mm for liquid clouds [24]. We added these cloud
parameters into our radiation transfer model to consider
cloud effects. The thermal surface emissivity was set to
1.0 in our radiative transfer calculations.

For the above three atmospheres, we derived the
stratospheric adjusted radiative efficiency in all-sky
conditions; our formula was similar to that given by Yang
et al. [24] but instead of the radiative heating rate,

RE¼
X15
i ¼ 1

CiREiþð1�CÞREclear ð1Þ

where Ci is the cloud amount for each cloud type, C=
P

Ci
is the total cloud amount, and REclear and REi are the

radiative efficiencies for clear sky and cloudy sky,
respectively (with cloud type i). Next, we calculated the
area-averaged stratospheric adjusted radiative efficiencies
[7] due to HFCs for the all-sky condition, using the
formula

REmean ¼
1

2
� REtroþ

ffiffiffi
3

p

2
�1

2

 !
� REmidþ 1�

ffiffiffi
3

p

2

 !
� REsub

ð2Þ

where REmean is the global mean radiative efficiency, and
REtro, REmid, and REsub are the radiative efficiencies
for tropical, mid-latitude, and subarctic atmosphere,
respectively.

Table 3 lists the global mean instantaneous radiative
efficiencies for clear sky, the stratospheric adjusted
radiative efficiencies for clear-sky and all-sky conditions,
and the lifetime adjusted radiative efficiencies of HFCs for
all sky, where the values for clear sky are averaged from
the results of six model atmospheres and the values for all
sky are area-averaged as above. The IPCC [1] values are
also included in Table 3 for comparison; and the HFC
lifetimes are from the IPCC [1]. As indicated in Table 3, the
calculated stratospheric adjusted radiative forcing of HFCs
are up to 8% larger than the corresponding instantaneous
radiative forcing for the same 0.1 ppbv perturbation in
clear sky. The effect of stratospheric adjustment on
radiative forcing depends on whether the adjustment
induces a heating or a cooling of the lower stratosphere,
which can produce an increase or a decrease in thermal
infrared emissions from the lower stratosphere to the
troposphere, respectively [8]. Taking HFC-134a as an
example, the integrated heating rates for the whole
longwave region caused by 0.1 ppbv perturbations for
six model atmospheres are shown in Fig. 2. The heating
rates vary with different model atmospheres, but their
magnitudes are almost the same and their vertical
distributions are similar for the six atmospheres. The
calculated heating rate profile of HFC-134a for USS was
near the middle of the results for other atmospheres, and
we thus chose the USS results as an example in the

Table 2
Cloud conditions derived from ISCCP D2 dataset.

Types Tropical atmosphere Mid-latitude atmosphere Subarctic atmosphere

Cloud

amount (%)

Water or ice

content (g/m3)

Effective

radius (mm)

Cloud

amount (%)

Water or ice

content (g/m3)

Effective

radius (mm)

Cloud

amount (%)

Water or ice

content (g/m3)

Effective

radius (mm)

Cu(water) 11.43 0.03 10 9.50 0.03 10 2.43 0.03 10
Sc(water) 9.38 0.07 10 10.48 0.09 10 5.36 0.11 10
St(water) 0.75 2.47 10 2.26 2.79 10 5.17 4.11 10
Cu(ice) 0.00 0.01 30 2.03 0.03 30 3.42 0.04 30
Sc(ice) 0.00 0.20 30 1.12 0.17 30 5.76 0.22 30
St(ice) 0.00 5.90 30 0.30 4.26 30 2.85 3.76 30
Ac(water) 5.55 0.05 10 2.55 0.05 10 0.38 0.06 10
As(water) 4.43 0.09 10 3.67 0.10 10 0.82 0.13 10
Ns(water) 1.14 0.07 10 1.66 0.08 10 1.03 0.10 10
Ac(ice) 0.95 0.06 30 9.02 0.09 30 9.48 0.10 30
As(ice) 0.18 0.14 30 6.43 0.18 30 12.99 0.22 30
Ns(ice) 0.06 0.11 30 2.20 0.11 30 4.93 0.10 30
Ci(ice) 15.36 0.01 30 13.27 0.01 30 6.49 0.01 30
Cs(ice) 5.25 0.06 30 6.89 0.08 30 1.59 0.09 30
Dc(ice) 2.49 0.27 30 3.54 0.25 30 0.64 0.24 30
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following analysis. As shown in Fig. 2, the heating rates of
HFC-134a for USS are positive from the surface to the
lower stratosphere at a height of approximately 3 hPa,
which could cause a warming effect on these levels.
Therefore, the down-radiative flux from the lower
stratosphere to the troposphere would be increased
when the stratospheric temperatures reach a new
equilibrium, resulting in an increase in the radiative
forcing. Therefore, the stratospheric adjusted radiative
forcing of HFC-134a due to 0.1 ppbv perturbation is 4%
larger than its instantaneous forcing (see Table 3). For the
same reason, the stratospheric adjusted radiative forcings
of other HFCs in Table 3 are all larger than their
corresponding instantaneous forcings.

The area-averaged stratospheric adjusted radiative
efficiencies of HFCs for the all-sky condition in Table 3
show that clouds could reduce the adjusted clear-sky
radiative forcing for the same perturbation by as much as
25%. HFCs absorb in the weak line limit [20]; therefore,
their optical depths are small, and the impact of clouds on

their radiative forcing is large due to smaller upward
irradiance during all-sky conditions, in agreement with
the results of Jain et al. [8].

Table 3 also gives the final global mean radiative
efficiencies of HFCs after lifetime corrections on the basis
of the stratospheric adjusted radiative efficiencies for the
all-sky case. The differences in the radiative efficiencies
brought about by the lifetime correction are closely
related to the lifetime; that is, the shorter the lifetime,
the larger the difference becomes. Thus, HFC-152a with
the shortest lifetime shows the largest difference (�21%),
whereas HFC-143a with the longest lifetime has the
smallest difference (approximately �5%). This result
indicates that lifetime corrections should be considered
in HFC radiative forcing calculations. We know that the
lifetimes of most HFCs are less than 52 years, with the
exception of HFC-23. Therefore, the effect of lifetime on
the forcing of HFCs cannot be ignored, especially for
very short-lived HFCs. The differences between our
input data and IPCC [1] values are less than 10%, except

Table 3
A comparison of instantaneous radiative efficiency, stratospheric adjusted radiative efficiency, lifetime adjusted radiative efficiency, and the radiative

efficiency in IPCC (2007) for HFCs.

Gases Instantaneous

radiative efficiency

for clear sky/

W m�2 ppbv�1

Stratospheric

adjusted radiative

efficiency for clear

sky/W m�2 ppbv�1

Stratospheric

adjusted radiative

efficiency for all-sky/

Wm�2 ppbv�1

Lifetime adjusted

radiative efficiency

for all-sky/

Wm�2 pbv�1

Radiative efficiency

in IPCC (2007)/

W m�2 ppbv�1

HFC-32 0.189 0.195 0.147 0.127 0.11

HFC-125 0.401 0.421 0.318 0.295 0.23

HFC-134 0.329 0.356 0.304 0.272 0.45

HFC-134a 0.294 0.307 0.232 0.210 0.16

HFC-143a 0.291 0.304 0.231 0.217 0.13

HFC-152a 0.214 0.223 0.168 0.132 0.09
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Fig. 2. Heating rates of 0.1 ppbv perturbation of HFC-134a for six model atmospheres.
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for HFC-143a, as shown in Table 1. Cloud effects could
produce a maximum difference in radiative forcing due to
HFCs of –25%. The differences in the radiative efficiencies
of HFCs between the final results in this work and those of
the IPCC [1] range from �40% to approximately +67%.
These differences likely arose from differences in the
spectral input data for HFCs, cloud effects, lifetime
corrections, etc.

For comparison, Table 4 presents the radiative forcing
from preindustrial times to 2005 as calculated in this
work and as given by IPCC [1], and from preindustrial
times to 2000 as given by IPCC/TEAP [2]. Present-day
concentrations of HFCs [1] are also listed in Table 4 for
reference. It should be noted that the concentration of
HFC-143a in 2005 was based on observational data of
about 3.3 pptv with an increasing rate of 0.5 pptv yr�1 in
2003 [2]. As shown in Table 4, the total radiative forcing
due to the five kinds of HFCs considered in this work from
preindustrial times to 2005 was about 0.0103 W m�2,
which is 37% larger than the value of 0.0075 Wm�2

given by the IPCC [1] and 232% larger than the value of
0.0031 Wm�2 from preindustrial times to 2000 reported
by the IPCC/TEAP [2].

The SRES has given ten scenarios for changes in HFC
concentrations. We used the average value of these ten
scenarios to calculate HFC radiative forcings in the future
90 years. Fig. 3 shows the calculated average value of the
concentration and corresponding radiative forcings of

HFCs. In Fig. 3(a), the concentration of HFCs from 2010 to
2100 increases significantly. The largest abundance and
highest rate of increase are shown for HFC-134a, which is
projected to reach approximately 900 pptv by 2100.
Fig. 3(b) indicates that the corresponding radiative
forcings of HFCs will increase rapidly in the next 90
years due to increases in their concentrations. The total
radiative forcing will increase by approximately 1500%,
from about 0.015 Wm�2 in 2010 to about 0.23 W m�2 in
2100. The greatest contribution (�80%) to total radiative
forcing will be from HFC-134a.

4. GWPs and GTPs of HFCs

On the basis of the updated radiation efficiencies given
above, we developed GWP and GTP models for HFCs. We
then used these models to calculate the GWPs and GTPs of
HFCs in the future 20, 100, and 500 years.

According to GWP’s definition, its formula is given
as [1]

GWPx ¼
R TH
0 RFxðtÞdtR TH
0 RFrðtÞdt

¼
R TH
0 ax½xðtÞ�dtR TH
0 ar½xðtÞ�dt

ð3Þ

xðtÞ ¼ e�t=t ð4Þ

rðtÞ ¼ a0þ
X
i

ai exp � t

ai

� �
ð5Þ

Table 4
Radiative forcing of HFCs since 1750.

Gases Abundance IPCC

(2007)/pptv

Radiative forcing in this

work (1750–2005)/W m�2

Radiative forcing in IPCC

(2007) (1750–2005)/W m�2

Radiative forcing in

IPCC/TEAP (1750–2000)/Wm�2

HFC-32 3 0.0004 0.0003 0.0000

HFC-125 3.7 0.0011 0.0009 0.0003

HFC-134a 35 0.0074 0.0055 0.0024

HFC-143a 4.3 0.0009 0.0004 0.0002

HFC-152a 3.9 0.0005 0.0004 0.0002
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Fig. 3. Changes in HFCs abundances (a) and corresponding radiative forcings (b) from 2010 to 2100.
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where TH is the considered time horizon (i.e., 20, 100, and
500 years in this study), and t is the time. The terms RFx
and RFr are the radiative forcings due to agent x and CO2,
respectively. The terms ax and ar are the radiative
efficiencies due to an one-unit increase in the atmospheric
concentration of gas x and CO2, respectively. x(t) and r(t)
are the respective time-decaying functions of pulses of the
injected gas x and CO2, where t is the lifetime of gas x in
formula (4). The CO2 time-decaying function, as used in
formula (5), was adopted from the IPCC [1]; in the
function, a0, ai, and ai are parameters for the calculation
(detailed values have been reported by the IPCC [1]).

Researchers (e.g., [25,26]) have widely debated the
concept of GWP since its introduction in the first IPCC
Assessment Report [27]. First, GWP values cannot be
easily developed for all substances that have an impact on
climate; there are also serious limitations in using global
mean GWPs to assess the possible climate impacts of
short-lived species and in comparing those impacts to
those of the long-lived greenhouse gases; further, the
effects of the different lifetimes of gases cannot be
distinguished [1]. Second, GWPs only express equivalence,
in terms of the integrated radiative forcing over a chosen
time horizon, of pulse emissions of different gases; GWPs
do not give the contribution of different gases to
increasing temperatures [26]. This implies that GWPs
are not necessarily equivalent in terms of the temporal
evolution of temperature change [25,26,28,29]. The con-
cept of GTP was proposed by Shine et al. [30] and adopted
by the IPCC [1]. Following the convention of the IPCC to
quote GWP relative to CO2, GTP is defined as the ratio of
the global temperature changes over the time horizon of a
gas x and the reference gas CO2 for a pulse emission (1 kg
at t=0) and sustained emission (1 kg yr�1). The GTP from
a pulse emission and sustained emission are expressed
here as GTPP and GTPS, respectively. GTP was given by
Shine et al. [30] as

GTPTH
x ¼ DTTH

x

DTTH
r

ð6Þ

where TH is the considered time horizon (here, 20, 100,
and 500 years), and DTx and DTr are the global mean
surface temperature changes caused by gas x and CO2,
respectively, which can be obtained from the following
formula, as a simple relationship between the global
mean surface temperature change, DT, and the global
mean radiative forcing DF, as follows [30]:

C
dDTðtÞ
dt

¼DFðtÞ�DTðtÞ
l

ð7Þ

In the above equation, t is time, C is the heat capacity of
the system, and l is a climate sensitivity parameter, which
indicates the change in equilibrium surface temperature
per unit radiative forcing.

The absolute global temperature potentials for pulse
and sustained emissions are expressed as AGTPP and
AGTPS, respectively, indicating the temperature changes
at time t due to 1 kg emission at t=0 with units K kg�1

and constant 1 kg yr�1 increase in emissions between t=0
and t in units of K (kg yr�1)�1, respectively. The GTPs for
pulse and sustained emissions can also be expressed by
the following equations, respectively [30]:

GTPP ¼ AGTPP
X

AGTPP
C

ð8Þ

GTPS ¼ AGTPS
X

AGTPS
C

ð9Þ

The parameters required for calculating GWP and GTP
are radiative efficiencies and time-decaying functions of
HFCs and CO2. Here, we used our calculated radiative
efficiencies of HFCs; the time-decaying function of HFCs
and CO2 and the radiative efficiency of CO2 data
were obtained from the IPCC [1]. The heat capacity of
the system and climate sensitivity parameter required for
the calculation of GTP were the same as those used
by Shine et al. [30]. Table 5 lists the GWPs, GTPPs for
pulse emissions, and GTPSs for sustained emissions of
HFCs with time horizons of 20, 100, and 500 years,
respectively; GWPs given by the IPCC [1] are also listed for
comparison.

The GWPs of HFCs given in Table 5 indicate that their
contributions to climate change are hundreds to thou-
sands of times larger than that of the same emission of
CO2. Further, in general, for the same time horizon, longer
lifetimes of HFCs correspond to greater GWPs. Note that
by the GWP metric, the HFCs shown in Table 5 seem to
still have effects on the climate system beyond their
lifetime scopes. For example, the GWP value for HFC-143a
with a lifetime of 52 years is 2850 for the 500-year
horizon, indicating that the GWP metric may largely
overestimate the long-term effects of HFCs on climate
change. In contrast, the new metric of GTP has been
significantly improved in this aspect. The GWP values of
HFCs found in this study and those of the IPCC [1] over the
100-year time horizon differ in the range +21 to 75%.
Here, special attention should be given to the fact that the
IPCC [1] listed the values of radiative efficiencies and GWPs
of HFCs from IPCC/TEAP [2], but renewed the radiative

Table 5
Comparisons between GWPs, GTPPs, and GTPSs of HFCs in this work and the GWPs of HFCs in IPCC (2007) with time horizons of 20, 100, and 500 years,

respectively. Here, the lifetime in the calculation is given for reference.

Gases Lifetime/yr GWP 20/100/500 (yr) GWP in IPCC (2007) 20/100/500 (yr) GTPP 20/100/500 (yr) GTPS 20/100/500 (yr)

HFC-32 4.9 2727/817/254 2330/675/205 1670/2/0 3469/885/257

HFC-125 29 8235/4713/1513 6350/3500/1100 8004/1113/0 8362/5008/1532

HFC-134 10 5345/1820/566 3200/1100/330 4007/10/0 6098/1791/573

HFC-134a 14 5080/1966/612 3830/1430/435 4406/55/0 5538/2125/619

HFC-143a 52 9940/7829/2850 5890/4470/1590 10124/4288/3 9764/8107/2885

HFC-152a 1.4 649/191/59 437/124/38 273/0/0 914/207/60
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efficiencies of CO2 at the same time. Thus, our calculations
used the radiative efficiencies of CO2 with the updated
background concentration listed in the IPCC [1]. We used a
different time-decaying function of CO2 from that listed in
the IPCC [1] (i.e., [2]) but adopted its renewed function [1]
and the same time-decaying functions of HFCs as before
(i.e., [2]). Therefore, the radiative efficiencies for both HFCs
and CO2 and the time-decaying function of CO2 together
are the main causes for the difference in GWP calculations.
The background concentration of CO2 increased from
365 ppmv in 1998 to 378 ppmv in 2005, leading to a
difference of �9% in the radiative efficiency of CO2. With
the improvement of the time-decaying function of CO2

from IPCC/TEAP [2] to IPCC [1], the differences of GWPs
over time horizons of 20, 100, and 500 years between the
old and new time-decaying function of CO2 are 0%, 1%, and
�1%, respectively. The differences of the radiative efficien-
cies of HFCs between this work and the IPCC [1] are in the
range �40% to approximately +67%. Therefore, we can
conclude from the above analyses that the GWP differences
are mainly attributable to the computation of radiative
efficiencies of HFCs.

The physical meaning of GTPP is almost the same as
that of GWP; the most significant difference between
them is that GWP is the ratio of the integrated radiative
forcing caused by 1 kg HFCs to that caused by 1 kg CO2

over a given time horizon, whereas GTPP is the ratio of the
surface temperature change caused by 1 kg HFCs to that
caused by 1 kg CO2 over a given time horizon, which
directly reflects the surface temperature change caused
by HFCs relative to CO2 over the same time horizon. In
Table 5, for the 20-year time horizon, the GTPPs of HFCs
are all less than their corresponding GWPs except for
HFC-143a, which has a relatively long lifetime; the shorter
the lifetime of a gas is, the greater is the difference
between its GTPP and GWP. For the 100-year and 500-year
time horizons, the GTPPs of all HFCs are much less than
their corresponding GWPs, and all of the 500-year GTPPs
are nearly zero. This result matches that found by Shine
et al. [30] and implies that the GTP metric is a good
measure for short-lived species, whereas GWP usually
significantly overestimates the effect of pulse-emitted
short-lived species on long-term climate change. The
100-year GTPP of HFCs in Table 5 indicates that the
emitted substances will have been broken down in
the atmosphere beyond their lifetimes during the
integrated time horizon, which will reduce their accumu-
lated concentration and thus decrease their effects on the
surface temperature changes. Therefore, the GTPPs for the
100-year time horizon are much smaller than those for
the 20-year time horizon. Taking HFC-152a, which has a
short lifetime of 1.4 years, as an example, its 100-year
GTPP is approximately zero, showing that the surface
temperature change caused by the pulse emission of 1 kg
HFC-152a at the initial time is zero, i.e., it has no effect on
surface temperature over the 100-year period. For the
same reason, because 500 years is much longer than the
atmospheric lifetime of all HFCs, all 500-year GTPPs of
HFCs are nearly zero. Therefore, GTPP not only directly
reflects the surface temperature change due to pulse
emission of a substance, but also expresses more clearly

the effect of atmospheric lifetime on the surface tem-
perature change.

HFCs are widely used in industrial production, and
emissions of HFCs have increased nearly constantly in
recent years. GTPS considers the effect of the sustained
emission of gases on the surface temperature change;
thus, GTPS could provide a good metric for assessing
regulatory policies for some special industries and
agricultural activities that produce sustained emissions
of these gases. Table 5 also gives the GTPS values
calculated in this study. Shine et al. [30] experimentally
verified that GTPSs calculated from formula (7) are more
accurate than GTPPs from the same formula. Although
GTPS and GWP are based on quite different concepts, as
can be seen in Table 5, the differences between GWP and
GTPS values are less than those between GWPs and GTPPs
for the same gas over the same time horizon, and the
difference between GTPS and GWP decreases as the time
horizon increases. The difference between the 500-year
GTPS and GWP of HFCs is only about 1%. Shine et al. [30]
explained that GTPS and GWP have a similar mathema-
tical expression if the time horizon is long enough, so that
their results are similar to each other. Because GTPs
measure surface temperature change more directly than
do GWPs, the sustained emission condition is more
suitable to the actual situation. Further, because it is
convenient to obtain GTPS with almost the same
parameters (e.g., radiative efficiency, lifetime) as GWP,
GTPS is a much better metric for evaluating the effect of
gas emissions on climate change compared to GWP and
GTPP.

We calculated the 500-year AGTPP and AGTPS of HFCs
by formula (7) to estimate the surface temperature
change caused by pulse and sustained emissions of
HFCs during the future 500 years. Fig. 4 shows the
results. Fig. 4(a) illustrates that the surface temperature
change caused by pulse emission of HFCs reaches a peak
value rapidly at the initial stage of emission and then
recovers to zero over time. The recovery rate is related to
the atmospheric lifetime of HFCs; for example, HFC-152a
with the shortest lifetime recovers most rapidly, whereas
HFC-143a with the longest lifetime has the slowest
recovery rate. Fig. 4(b) shows that the surface
temperature change caused by sustained emission of
HFCs increases over the whole emission process, but
increases greatly at the initial stage of emission; the
large initial increasing rate is then followed by slow
and smooth increase. Additionally, Fig. 4(b) indicates
that the time required from the initial time of emission to
a nearly zero rate of surface temperature change is
also related to atmospheric lifetime. The required time
increases with the increase of lifetime. This means
that sustained emission of HFCs can cause a rapid
increase in their concentrations in the atmosphere at
the initial stage. Then, because the emitting and
breakdown of HFCs occurs simultaneously beyond their
lifetimes, their production and decomposition rates tend
to balance each other, making their accumulated
atmospheric concentration stable. Thus the induced
surface temperature change will eventually arrive at a
new stable level.
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5. Conclusions

The effective absorptive coefficients of HFCs were
calculated with HITRAN 2004 using the correlated
k-distribution method and the 998-band division method.
The total radiative forcing due to HFCs (except HFC-134)
calculated by the 998-band method was approximately
0.0103 W m�2 from preindustrial time to 2005 and will
become 0.23 Wm�2 by 2100. This result indicates that
HFCs will affect climate change significantly in the future.
The global mean stratospheric adjusted radiative efficien-
cies of HFCs for all-sky conditions were calculated based
on their radiative forcing after lifetime corrections; values
ranged from 0.127–0.295 Wm�2 ppbv-1.

The GWPs and GTPs of HFCs for 20-, 100-, and
500-year time horizons were then each calculated on
the basis of the updated radiative efficiencies calculated in
this study. Next, we conducted detailed comparisons
among the GWPs and GTPPs of pulse emissions, and the
GTPSs of sustained emissions, of HFCs. The surface
temperature changes were calculated with AGTPs caused
by pulse and sustained emissions of HFCs during the
future 500 years. The results show that the contributions
of HFCs to future climate change are hundreds to
thousands of times greater than the contributions of the
same emission of CO2; thus HFCs will have a long-term
impact on global warming. Finally, this paper also shows
that GTPS is an optimal metric for assessing the long-term
effects of HFC emissions on global climate change.

Acknowledgements

The authors would like to thank Prof. Qiang
Fu, Department of Atmospheric Science, University of
Washington for his suggestion to the stratospheric
adjusted radiative forcing scheme used in this work and

Miss Zhongping Shen and Miss Ruoyu Zhang, National
Climate Center for their calculations of the cloud method
used in this work and edit to the text and figures of this
manuscript. This work is supported by the National
Natural Science Foundation of China (Grant no.
40775006) and the Special Foundation for Climate Change
(Grant no. 2010-2200509).

References

[1] IPCC. In: Climate change 2007: the physical science basis.
Contribution of working group I to the fourth assessment report
of the intergovernmental panel on climate change. Cambridge, UK
and New York, NY, USA: Cambridge University Press; 2007 .
Available from:/http://www.ipcc.ch/ipccreports/ar4-syr.htmS.

[2] IPCC/TEAP. In: Safeguarding the ozone layer and the global climate
system: issues related to hydrofluorocarbons and perfluorocarbons.
Cambridge: Cambridge University Press; 2005. Available from:
/http://www.ipcc.chS.

[3] IPCC. In: Climate change 2001: the scientific basis. Contribution of
working group I to the third assessment report of the inter-
governmental panel on climate change. Cambridge, UK: Cambridge
University Press; 2001.

[4] Shi GY. Global warming potential due to CFCs and their substitutes.
Chin J Atmos Sci 1992;16(3):345–52.

[5] Pinnock S, Hurley MD, Shine KP, Wallington TJ, Smyth TJ. Radiative
forcing of climate by hydrochlorofluorocarbons and hydrofluor-
ocarbons. J Geophys Res 1995;100(23):227–38.

[6] Christidis N, Hurley MD, Pinnock S, Shine KP, Wallington TJ.
Radiative forcing of climate change by CFC-11 and possible
CFC replacements. J Geophys Res 1997;D16(19):597–609102
1997;D16(19):597–609.

[7] Highwood EJ, Shine KP. Radiative forcing and global warming
potentials of 11 halogenated compounds. J Quant Spectrosc Radiat
Transfer 2000;66:169–83.

[8] Jain AK, Briegleb BP, Minschwaner K, Wuebbles DJ. Radiative
forcings and global warming potentials of 39 greenhouse gases. J
Geophys Res 2000;105(D16):20,773–90.

[9] Sihra K, Hurley MD, Shine KP, Wallington TJ. Updated radiative
forcing estimates of 65 halocarbons and nonmethane hydrocar-
bons. J Geophys Res 2001;D17(20):493–505106 2001;D17(20):
493–505.

[10] Huang XY. Study on global warming potential of greenhouse gas.
Ph.D. Thesis. Institute of Atmospheric Physics, Chinese Academy of
Sciences. 2001. Chinese.

0 100 200 300 400 500
Time / Years

0

20

40

60

80

Te
m

pe
ra

tu
re

 c
ha

ng
e 

/
10

-1
3  K

HFC-32
 HFC-125
 HFC-134
HFC-134a

 HFC-143a
 HFC-152a 

0 100 200 300 400 500
Time / Years

0

2

4

6

Te
m

pe
ra

tu
re

 c
ha

ng
e 

/ 
10

-1
0  K

HFC-32
 HFC-125
 HFC-134
HFC-134a

 HFC-143a
 HFC-152a 

Fig. 4. Temperature changes due to a pulse emission of 1 kg of HFCs (a) and sustain emission of 1 kg yr�1 of HFCs (b).

H. Zhang et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 112 (2011) 220–229228

859



Author's personal copy

[11] Gohar LK, Myhre G, Shine KP. Updated radiative forcing estimates
of four halocarbons. J Geophys Res 2004;109:D01107, doi:10.1029/
2003JD004320.

[12] Rothman LS, Jacquemart D, Barbe A, Benner DC, Birkd M, Brown LR,
et al. The HITRAN 2004 molecular spectroscopic database. J Quant
Spectrosc Radiat Transfer 2005;96:139–204. Available from:
/http://www.cfa.harvard.edu/HITRAN/S.

[13] Zhang H, Shi GY, Nakajima T, Suzuki T. The effects of the choice of
the k-interval number on radiative calculations. J Quant Spectrosc
Radiat Transfer 2006;98(1):31–43.

[14] Zhang H, Suzuki T, Nakajima T, Shi GY, Zhang XY, Liu Y. Effects of band
division on radiative calculations. Opt Eng 2006;45(1) 016002-10.

[15] Goody RM, Yung YL. In: Atmospheric radiation. New York: Oxford
University Press; 1989.

[16] Peixoto JP, Ooert AH. In: Physics of climate. New York: Am. Inst. of
Phys.; 1992.

[17] Shi GY. An accurate calculation and representation of the infrared
transmission function of the atmospheric constituents. Ph.D.
Thesis. Tohoku University of Japan. 1981.

[18] Zhang H, Nakajima T, Shi GY, Suzuki T, Imasu R. An optimal
approach to overlapping bands with correlated k distribution
method and its application to radiative calculations. J Geophy.
Res 200310.1029/2002JD003358.

[19] Nakajima T, Tsukamoto M, Tsushima Y, Numaguti A, Kimura T.
Modeling of the radiative process in an atmospheric general
circulation model. Appl Opt 2000;39(4):869–78.

[20] Freckleton RS, Pinnock S, Shine KP. Radiative forcing of halocarbons: a
comparison of line-by-line and narrow-band models using CF4 as an
example. J Quant Spectrosc Radiat Transfer 1996;55:763–9.

[21] WMO. Atmospheric Ozone 1985, Assessment of our understanding
of the processes controlling its present distribution and change,
vol. I, WMO Global Ozone Research and Monitoring Project, Report
no.16. 1986.

[22] IPCC. In: Climate change 1995: the science of climate change (the
SAR). Cambridge, United Kingdom and New York, NY, USA:
Cambridge University Press; 1996.

[23] Rossow WB, Schiffer RA. Advances in understanding clouds from
ISCCP. Bull Am Meteorol Soc 1999;80(2):261–87.

[24] Yang Q, Fu Q, Austin J, Gettelman A, Li F, Vömel H. Observed and
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We developed two radiation parameterizations with different resolutions (17-band and 998-band) for perfluorocarbons (PFCs) 
and sulfur hexafluoride (SF6) using the updated High-resolution Transmission Molecular Absorption (HITRAN) 2004 database 
and the correlated k-distribution method. We analyzed the impacts of the two radiation schemes on heating rates. Then we 
studied their instantaneous radiative efficiency, stratospheric adjusted radiative efficiency, global warming potential (GWP), 
and global temperature potential (GTP), for both clear- and all-sky conditions using a high-resolution radiation scheme. We 
found that the stratosphere-adjusted radiative efficiencies of C2F6, CF4, and SF6 for the whole sky were 0.346, 0.098, and 0.680 
W m−2 ppbv−1, respectively. Radiative forcing from the industrial revolution to 2005 was 0.001, 0.007, and 0.004 W m−2, re-
spectively; and was predicted to rise to 0.008, 0.036, and 0.037 W m−2, respectively, by 2100, according to emission scenarios 
provided by the IPCC. The GWPs of C2F6, CF4, and SF6 are 17035, 7597, and 31298, respectively, for a time horizon of 100 
years relative to CO2. Their GTPs of pulse and sustained emissions, GTPP and GTPS, are 22468, 10052, and 40935 and 16498, 
7355, and 30341, respectively, for a 100-year time horizon. 

PFCs, SF6, radiative forcing, global warming potential (GWP), global temperature potential (GTP), correlated 
k-distribution 
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Because ozone-depleting substances (ODSs) can decrease 
ozone concentration in the stratosphere, their production 
and emission has been controlled by the Montreal Protocol. 
The replacements of ODSs, perfluorocarbons (PFCs) and 
sulfur hexafluoride (SF6), do not contain Br or Cl atoms and 
thus pose no threat to stratospheric ozone. However, PFC 
and SF6 concentrations in the atmosphere have increased 
greatly over the past few decades, and they have been listed 
as controlled greenhouse gases in the Kyoto Protocol be-
cause they strongly absorb radiation. Several characteristics 

of PFCs and SF6 explain their classification as strong 
greenhouse gases. First, they have a considerably long life-
time. For example, the lifetime of CF4 in the atmosphere is 
50,000 years. Before the industrial revolution, the back-
ground concentration of CF4 was about 40 pptv, and there 
was no C2F6 or SF6. However, these gases have increased 
rapidly since the industrial revolution, especially recently. 
The latest observational data show atmospheric concentra-
tions of CF4, C2F6, and SF6 of 74, 2.9, and 5.6 pptv, respec-
tively [1]. Second, the absorption spectra of PFCs and SF6 
are located mainly within an “atmospheric window”. Thus, 
they strongly absorb terrestrial longwave radiation. Conse-
quently, atmospheric absorption in this spectral region has 
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changed and the outward longwave radiation (OLR) of the 
surface-atmosphere system may have been influenced sig-
nificantly [2]. Because the absorption efficiency of single 
PFC and SF molecules is thousands of times greater than 
that of CO2 molecules, they could make significant contri-
butions to the total radiative forcing of the Earth system, 
even if their concentration in the atmosphere is not so large. 
Hence, they may have a strong effect on the terrestrial ra-
diation balance and global climate change [2]. 

To evaluate the contribution of long-lived human-made 
greenhouse gases to global warming, many studies of the 
radiative forcing due to PFCs and SF6 have been performed. 
Of these, different absorption cross-section databases have 
been used, including the Spectroscopy and Warming Poten-
tials of Atmospheric Greenhouse Gases (SWAGG) [3], the 
High-resolution Transmission Molecular Absorption 
(HITRAN) database [4, 5], and the Ford Motor Company 
database [6, 7]. The radiation schemes used are mainly 5 or 
10 cm−1 narrowband models [3, 4, 6, 7]. To obtain more 
accurate results, new PFCs and SF6 radiation schemes have 
been developed in this work on the basis of the high-   
accuracy 998-band scheme [8, 9] with the updated HITRAN 
2004 database using the correlated k-distribution method 
[10]. 

1  Introduction to spectral absorption data and 
models 

The HITRAN molecular absorption database is widely used 
as basic input for radiative transfer models. It has been up-
dated periodically from HITRAN 1986, HITRAN 1992, and 
HITRAN 2000 to the present HITRAN 2004. In this paper, 
the infrared absorption cross-section data of C2F6, CF4, and 
SF6 from HITRAN 2004, which were measured under dif-
ferent temperatures and pressures under strict conditions in 
laboratories, are used. We used linear interpolation to pro-
duce absorption coefficients at 22 pressures and 3 tempera-
tures from the database. The 22 pressures were 0.01, 0.0158, 
0.0215, 0.0251, 0.0464, 0.1, 0.158, 0.215, 0.398, 0.464, 1.0, 
2.15, 4.64, 10.0, 21.5, 46.4, 100.0, 220.0, 340.0, 460.0, 
700.0, and 1013.25 hPa. The three temperatures were 160, 
260, and 320 K. This covers the entire range of possible  

atmosphere conditions. Compared with the integrated ab-
sorption cross-sections for one temperature and pressure 
that were commonly used in previous studies [3, 6, 11] this 
approach allowed us to account for the effect of temperature 
and pressure on a cross-section more accurately.  

Figure 1 shows the typical absorption cross-sections of 
C2F6, CF4, and SF6 vs. wavenumber at 296 K and 1013.25 
hPa. There are two absorption bands of C2F6 with the 
strongest located in the 1220–1285 cm−1 region, another is 
in the 1061–1165 cm−1 region. There is a very strong ab-
sorption band for CF4 in the 1250–1290 cm−1 region. SF6 
has broad absorption over the whole longwave region that 
varies significantly with wavenumber. 

According to the 17-band scheme of Zhang et al. [8], the 
longwave region of 10–2680 cm−1 (3.7–1000 µm) is divided 
into eight bands with different k-intervals (Table 1). In the 
998-band scheme of Zhang et al. [9], the longwave region 
of 10–2680 cm−1 is divided into 534 narrow bands at a mean 
interval of 5 cm−1, on each of which the k-intervals vary 
from 2 to 16. The spectral band division and k-intervals 
were described by Zhang et al. [9] in detail. This scheme 
includes the major greenhouse gases, CO2, H2O, N2O, O3, 
and CH4, and four CFCs, i.e., CCL4, CFC-11, CFC-12, and 
CFC-13, are also considered. These CFCs are assumed to be 
evenly mixed in the atmosphere. Table 1 shows that the 
absorption of C2F6, CF4, and SF6 is located mainly in bands 
4–6 in the 17-band scheme. In the 998-band scheme, there 
are a total of 34 absorption bands for C2F6 (bands 211–231 
and 243–255). For CF4 the absorption is in bands 249–256, 
and for SF6 the absorption is in bands 184–190. Therefore, 
almost all the weak absorption bands have been considered 
in the high-accuracy 998-band scheme. The 998-band 
scheme is more accurate than the 17-band scheme and 
hence can be used as a reference for intercomparison [9]. 
First, we calculated the effective absorption coefficients [10, 
12] for 22 pressures and 3 temperatures at all the k-intervals 
in the 17- and 998-band schemes. We then incorporated 
them into our radiative transfer model as inputs. Radiative 
fluxes and heating rates were calculated using six model 
atmospheres: tropical (TRO), mid-latitude summer (MLS), 
mid-latitude winter (MLW), sub-arctic summer (SAS), 
sub-arctic winter (SAW), and United States standard (USS). 
The whole atmosphere was divided into 100 layers with a 

Table 1  Band limits for the 17-band scheme 

Band Region (cm−1) k-interval number Gase 

1 10–250 4 H2O 

2 250–550 4 H2O 

3 550–780 11 H2O, CO2 

4 780–990 5 H2O, CCl4, CFC-11, CFC-12, CFC-13, SF6 

5 990–1200 5 H2O, O3, CFC-11, CFC-12, CFC-13, C2F6 

6 1200–1430 5 H2O, N2O, CH4, CFC-13, C2F6, CF4 

7 1430–2110 5 H2O 

8 2110–2680 2 H2O, CO2, N2O 
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vertical resolution of 1 km. The surface height was set at 0 
km and the top of atmosphere (TOA) was set at 100 km. 
The two-stream approximation [13] was used in our radia-
tive transfer model. 

To calculate the stratospheric adjusted radiative forcing 
for the 998-band scheme, we used an iterative method. The 
calculation schematic is shown in Figure 2, in which ξ is the 
convergence value and Δt is the time step iteration (we used 
1 day here). If the convergence condition is satisfied, the 
new radiative equilibrium of the stratosphere is reached 
after adjustment. The disturbance of 0–0.1 ppbv was used to 
keep the weak absorption properties of PFCs and SF6. The 
global mean radiative forcing due to 1 ppbv disturbance was 
then calculated by linear scaling [14], i.e., the global mean 
radiative efficiency. This method is more suitable for the 
calculation of radiative forcing due to trace gases with con-
centrations less than 1 ppbv. 

2  Radiative forcing of C2F6, CF4, and SF6  

The instantaneous radiative forcing was defined as the  

 
Figure 2  Schematic of the stratospheric adjusted radiative forcing 
method. 

change of net radiation flux at the tropopause due to the 
variation of a greenhouse gas or other factors [1]. The 
stratospheric adjusted radiative forcing was defined as the 

Figure 1  Variation of absorption cross-
sections with wavenumber. (a) C2F6, (b) CF4,
and (c) SF6, for temperature of 296 K and pres-
sure of 1013.25 hPa. 

863



 Zhang H, et al.   Sci China Earth Sci   May (2011) Vol.54 No.5 767 

change of net radiation flux at the tropopause through ad-
justment of the thermal structure of the stratosphere to ra-
diative equilibrium when the temperature at the surface and 
in the troposphere remains constant [1]. According to the 
definition of radiative forcing of greenhouse gases, positive 
radiative forcing will make the surface-troposphere system 
warmer, leading to an increase in the mean surface tem-
perature. In contrast, negative radiative forcing will make 
the surface-troposphere system cooler, leading to a decrease 
in the mean surface temperature. Therefore, the effect of the 
change of atmospheric concentration of C2F6, CF4, and SF6 
on the global climate system can be estimated by calculat-
ing their radiative forcing. 

Clouds have an important influence on the radiative 
forcing due to gases. In this paper, the cloud cover and 
cloud water content for 15 cloud categories at different 
cloud phases, cloud top pressures, and cloud optical depths 
were obtained from the International Satellite Cloud Cli-
mate Project (ISCCP) D2 dataset during 1983–2007, with a 
global grid resolution of 2.5°×2.5° [15]. The values of cloud 
cover and cloud water content in the tropical, mid-latitude, 
and sub-arctic zones are the corresponding latitudinal means 
of 0°–30°, 30°–60°, ad 60°–90°N, respectively (Table 2). 
The heights of low, middle, and high clouds were put be-
tween 1–2, 4–5, and 10–12 km, respectively. Low clouds 
included Cu, Sc, and St, whereas middle clouds included Ac, 
As, and Ns. There are two kinds of phases of water and ice 
for these low and middle clouds. The mean effective radii of 
ice and water clouds are 30 and 10 µm, respectively [16]. In 
our radiative transfer model, these cloud parameters were 
used as inputs for cloudy and all-sky cases, so as to consider 
the effect of clouds in our calculation. We set the surface 
emissivity to 1.0.  

Given the three atmospheres described above, the strato-

spheric adjusted radiative efficiency for the all-sky case was 
calculated using a method similar to that proposed by Yang 
et al. [16]. Here, the radiative efficiency replaced the heat-
ing rate in the formula: 

 
15

clear
1

(1 ) ,
i i

i

RE C RE C RE
=

= + −∑  (1) 

where Ci is cloud cover for each cloud category, C=ΣCi is 
the total cloud cover, and REclear and REi are the radiative 
efficiencies for clear and cloudy atmospheres, respectively 
(cloud category: i). Then, the global mean adjusted radiative 
efficiency for the all-sky case was calculated by eq. (2) [3]:  
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where REmean is the global mean adjusted radiative effi-
ciency and REtro, REmid, and REsub are the adjusted radiative 
efficiencies in the tropical, mid-latitude, and sub-arctic 
zones, respectively. 

In Table 3, the instantaneous and adjusted radiative effi-
ciency of C2F6, CF4, and SF6 for clear sky and their adjusted 
radiative efficiency for all-sky are shown using the 998- 
band scheme. Of these, the result for clear sky is the arith-
metic mean of the values of the six model atmospheres, 
whereas that for all-sky is the zonal area weighted average 
of the above three model atmospheres. Additionally, the 
corresponding values from the IPCC [1] are also listed as a 
reference in Table 3. The radiative efficiencies of C2F6, CF4, 
and SF6 are shown to have increased by 5%, 3%, and 5%, 
respectively, after stratospheric adjustment, by comparison 

Table 2  Cloud parameters 

Tropical atmosphere Midlatitude atmosphere Subarctic atmosphere 

Type Cloud amount 
(%) 

Water or ice 
content (g m−3) 

Effective radius 
(μm) 

Cloud 
amount (%) 

Water or ice 
content 
(g m−3) 

Effective radius 
(μm) 

Cloud 
amount (%) 

Water or ice 
content 
(g m−3) 

Effective radius 
(μm) 

Cu (water) 11.43 0.03 10 9.50 0.03 10 2.43 0.03 10 

Sc (water) 9.38 0.07 10 10.48 0.09 10 5.36 0.11 10 

St (water) 0.75 2.47 10 2.26 2.79 10 5.17 4.11 10 

Cu (ice) 0.00 0.01 30 2.03 0.03 30 3.42 0.04 30 

Sc (ice) 0.00 0.20 30 1.12 0.17 30 5.76 0.22 30 

St (ice) 0.00 5.90 30 0.30 4.26 30 2.85 3.76 30 

Ac (water) 5.55 0.05 10 2.55 0.05 10 0.38 0.06 10 

As (water) 4.43 0.09 10 3.67 0.10 10 0.82 0.13 10 

Ns (water) 1.14 0.07 10 1.66 0.08 10 1.03 0.10 10 

Ac (ice) 0.95 0.06 30 9.02 0.09 30 9.48 0.10 30 

As (ice) 0.18 0.14 30 6.43 0.18 30 12.99 0.22 30 

Ns (ice) 0.06 0.11 30 2.20 0.11 30 4.93 0.10 30 

Ci (ice) 15.36 0.01 30 13.27 0.01 30 6.49 0.01 30 

Cs (ice) 5.25 0.06 30 6.89 0.08 30 1.59 0.09 30 

Cc (ice) 2.49 0.27 30 3.54 0.25 30 0.64 0.24 30 
 

864



768 Zhang H, et al.   Sci China Earth Sci   May (2011) Vol.54 No.5 

between the instantaneous radiative efficiency and the ad-
justed radiative efficiency for clear sky in Table 3. The 
change of radiative forcing after stratospheric temperature 
adjustment depends on the effect of the temperature profile 
after the net radiation flux at the tropopause has been ad-
justed [4]. Taking C2F6 as an example, the heating rates 
caused by a disturbance of 0.1 ppbv in the longwave region 
for the six model atmospheres calculated by both the 
17-band and 998-band schemes are listed in Figure 3. The 
heating rate profiles varied with the model atmospheres, but 
the magnitudes of these heating rates are consistent with 
each other in the same radiation scheme (17-band or 
998-band) and show a similar vertical distribution. Figure 3 
shows that the heating rates of the 17-band scheme were 
significantly less than those of the 998-band scheme. This 
was because the strong and weak absorptions were all in-
cluded in the 998-band scheme, whereas the band division 
was too broad and the k-intervals too few in the 17-band 
scheme, reducing the calculation accuracy. The USS results 
were close to the average of all results for the six model 
atmospheres and are thus further analyzed here as an exam-
ple. The heating rate of C2F6 in the USS atmosphere with 
the 998-band scheme was positive from the surface to the 
lower stratosphere (about 5 hPa). When a new thermal bal-
ance was reached after stratospheric adjustment, the down- 
ward radiation flux from the lower stratosphere to the tro- 

posphere increased. This caused an increase in the radiative 
forcing at the tropopause. In a similar way, the strato-
spheric-adjusted radiative efficiencies of CF4 and SF6 were 
also greater than their corresponding instantaneous radiative 
efficiencies (see Table 3). 

As shown in Table 3, the regional means of the strato-
sphere-adjusted radiative efficiencies of C2F6, CF4, and SF6 
for all-sky were 24%, 18%, and 25% less than the corre-
sponding values for clear sky, respectively. This was be-
cause the optical thickness of these greenhouse gases is very 
thin, and thus the decrease in the upward radiative flux 
caused by clouds has a significant effect on their radiative 
forcing [4]. 

We found that the stratosphere-adjusted radiative effi-
ciencies of C2F6, CF4, and SF6 for the all-sky case were 
0.346, 0.098, and 0.680 W m−2 ppbv−1, respectively, with 
corresponding differences of 33%, −2%, and 31% from 
those reported by the IPCC [1]. The different input spectral 
absorption data, radiation schemes, and cloud schemes were 
the main causes of these differences. First, the absorption 
cross-section data of C2F6, CF4, and SF6 from HITRAN 
2004 were used in this work. The calculated integrated ab-
sorption cross-section of C2F6 was different from that used 
by Sihra et al. [6] by 1%. There was also a difference of 1% 
between the integrated absorption cross-section of CF4 and 
that used by Hurley et al. [7]. The absorption cross-section 

 

 
Figure 3  Heating rates of a 0.1 ppbv C2F6 perturbation for six model atmospheres using the 17-band (a) and 998-band (b) schemes. 

Table 3  Radiative efficiencies of C2F6, CF4 and SF6 

Gase 
Instantaneous radiative 
efficiency for clear sky 

(W m−2 ppbv−1) 

Stratospheric adjusted radia-
tive efficiency for clear sky 

(W m−2 ppbv−1) 

Stratospheric adjusted radia-
tive efficiency for all-sky 

(W m−2 ppbv−1) 

Radiative efficiency 
in IPCC [1] (W m−2 ppbv−1) 

C2F6 0.433 0.453 0.346 0.26 

CF4 0.116 0.119 0.098 0.1 

SF6 0.869 0.909 0.680 0.52 
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data of SF6 were the same as those given by Huang [5], 
showing that the input absorption cross-section data have no 
significant influence on the radiative forcing results. The 
998-band scheme used in this work considered the strong or 
weak absorption bands more accurately than previous gen-
erally used narrow-band models, and thus the calculated 
radiative efficiencies in this work were larger. Moreover, 
clouds had a significant effect on the radiative efficiency; 
the difference in the radiative efficiency could be caused by 
different cloud schemes used by different researchers.  

Since the industrial revolution, the atmospheric concen-
trations of C2F6, CF4, and SF6 have been gradually increased. 
According to the IPCC [1], the new concentrations of C2F6, 
CF4, and SF6 are 2.9, 74, and 5.6 pptv, respectively. Of 
these, the atmospheric concentration of 40 pptv for CF4 
comes from natural sources. According to the concentra-
tions of C2F6, CF4, and SF6 and the radiative efficiencies 
calculated in this paper, C2F6, CF4, and SF6 have caused 
radiative forcing of 0.001, 0.007, and 0.004 W m−2, respec-
tively, since 1750. Ten kinds of atmospheric scenarios for 
C2F6, CF4, and SF6 were given in the IPCC’s Special Report 
on Emissions Scenarios (SRES) [2]. The mean atmospheric 
concentrations of C2F6, CF4, and SF6 for these 10 scenarios 
are calculated here. On this basis, the changes in the radia-
tive forcing of C2F6, CF4, and SF6 for the next 100 years 
were calculated (see Figure 4). By 2100, the radiative forc-
ing values for C2F6, CF4, and SF6 were predicted to become 
0.008, 0.036, and 0.037 W m−2, respectively; or about 8, 5, 
and 9 times as much as at present.  

3  GWP and GTP of C2F6, CF4, and SF6 

The GWP and GTP calculation models for C2F6, CF4, and 

 

 

Figure 4  Radiative forcing of C2F6, CF4, and SF6 from 2010 to 2100. 

SF6 were built according to the definitions of GWP and 
GTP in this work, based on the radiative efficiencies given 
above. The models predicted the GWPs and GTPs of these 
gases in the next 20, 100, and 500 years. 

The GWP is a measure of the relative radiative effect of a 
given substance compared to another, integrated over a 
chosen time horizon. It is defined as the ratio of the 
time-integrated radiative forcing from the instantaneous 
release of 1 kg of a trace substance x relative to that of 1 kg 
of a reference gas (CO2). The eq. (1) is 
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TH is the considered time horizon (i.e., 20, 100, and 500 
years in this study), and t is the time. RFx and RFr are the 
radiative forcing due to agent x and CO2, respectively. ax 
and ar are the radiative efficiencies due to a one-unit in-
crease in the atmospheric concentration of gas x and CO2, 
respectively. x(t) and r(t) are the respective time-decaying 
functions of pulses of the injected gas x and CO2, where τ  
is the lifetime of gas x in eq. (4). The CO2 time-decaying 
function, as used in eq. (5), was adopted from the IPCC [1]. 
In the function, a0, ai, and αi are parameters for the calcula-
tion (detailed values have been reported by ref. [1]). 

Ever since the concept of the GWP was first proposed 
[17], it has been questioned by researchers. First, the GWP 
cannot be used simply for all compounds that affect climate. 
Relative to long-lived gases, the mean global GWP cannot 
show the influence of short-lived gases on climate well. 
Second, it cannot differentiate the influence of different 
gases in a lifetime. The GWP simply shows the ratio of the 
integrated radiative forcing of different gas pulse emissions 
within a given time horizon. It cannot show the direct in-
fluence of gases on the surface temperature, i.e., it cannot 
show how the surface temperature varies with time [18, 19]. 
Shine et al. [20] proposed the GTP as a new metric, and it 
was adopted by the IPCC [1]. The GTP is defined as the 
ratio of the global temperature change over the time horizon 
of a gas x and the reference gas CO2 for a pulse emission (1 
kg at t=0) and sustained emission (1 kg year−1). The GTPs 
from a pulse emission and sustained emission are expressed 
here as GTPP and GTPS, respectively. The GTP was given 
by Shine et al. [20] as 
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Δ
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where TH is the time horizon considered (here, 20, 100, and 
500 years), and ΔTx and ΔTr are the global mean surface 
temperature changes caused by gas x and CO2, respectively. 
These can be obtained from the following formula as a sim-
ple relationship between the global mean surface tempera-
ture change ΔT and the global mean radiative forcing ΔF 
[19]: 
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where, t is time, C is the heat capacity of the system, and λ 
is a climate sensitivity parameter, which indicates the 
change in equilibrium surface temperature per unit radiative 
forcing.  

The absolute global temperature potentials for pulse and 
sustained emissions are expressed as AGTPP and AGTPS, 
respectively, indicating the temperature changes at time t 
due to 1 kg emission at t = 0 with units K kg−1 and constant 
1 kg year−1 increase in emissions between t=0 and t in units 
of K (kg year−1) −1, respectively. The GTPs for pulse and 
sustained emissions can also be expressed by the following 
equations, respectively [20]: 
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The calculation of GWP and GTP requires the radiative 
efficiency of gas x and CO2 and the time-decaying function. 
Here, the radiative efficiencies of C2F6, CF4, and SF6 are 
from our work as calculated above. The time-decaying 
functions of C2F6, CF4, SF6, and CO2 and the radiative effi-
ciency of CO2 are obtained from the IPCC [1], with the 
same values of such parameters as climate sensitivity and 
heat capacity as used by Shine et al. [20]. In Table 4, the 
GWP of C2F6, CF4, and SF6 for the next 20, 100, and 500 
years, the GTPP of the pulse emission, and the GTPS of the 
sustaining emission are listed. The GWP values reported by 
the IPCC [1] are also listed for comparison.  

The GWP values in Table 4 show that the contributions 
of C2F6, CF4, and SF6 to climate change are thousands of 

times larger than that of CO2. On the 100-year time horizon, 
the values for C2F6, CF4, and SF6 increased by 40%, 3%, 
and 37%, respectively, compared with those of the IPCC [1]. 
From the analysis of eq. (3), the calculation of the GWP 
was mainly and directly related to the four parameters, i.e., 
the radiative efficiency and time-decaying function of the 
considered gases and those of the reference gas CO2, the 
combined effect of which leads to the difference in the 
GWP calculation. Our analysis shows that the GWP differ-
ence is caused mainly by the different radiative efficiencies 
of C2F6, CF4, and SF6. 

The main physical meaning of GTPP is almost the same 
as that of GWP. GTPP is the ratio of the change in the sur-
face temperature caused by the emissions of C2F6, CF4, and 
SF6 to that caused by the equal emission of CO2 in a given 
time horizon. It clearly shows the change of surface tem-
perature caused by C2F6, CF4, and SF6 relative to CO2 in the 
same time horizon. GWP is the ratio of the integrated radia-
tive forcing due to these gases to that due to the equal emis-
sion of CO2 in a given time horizon. C2F6, CF4 and SF6 are 
widely used in industrial processes and their cumulated 
concentration in the atmosphere has increased rapidly in 
recent years. GTPS does consider the relative effect of sus-
taining the emission of these gases on the surface tempera-
ture change, and could therefore be a good metric to esti-
mate greenhouse gas emission. GTPS can provide a good 
reference for adjusting policies for certain industries to limit 
the emission of these kinds of greenhouse gases. Shine et al. 
[20] demonstrated that GTPS and GWP can be expressed by 
a similar equation over a relatively long time horizon, with 
similar calculated results. We came to the same conclusion 
in this work (see Table 4). Shine et al. [20] also noted that 
both GTPP and GTPS are calculated from eq. (7), and that 
the results for the latter are more accurate than those for the 
former. Therefore, GTPS is based on a clear concept, fewer 
parameters are needed for its calculation, it is more accurate 
than other metrics, and the emission is consistent with that 
in the real atmosphere case. Therefore, this metric is opti-
mal for estimating the emission of human-made long-lived 
greenhouse gases.  

Here the absolute GTP (AGTPP and AGTPS) of C2F6, 
CF4, and SF6 has been calculated to estimate the surface 
temperature change caused by pulse and sustaining emis-
sions over the next 500 years (see Figure 5). As shown in 
Figure 5(a), pulse emission can result in the continuous in- 
crease of surface temperature rapidly in the initial stage, 
reaching a peak after 50 years of emission. Thereafter, the 

Table 4  20-, 100- and 500-year GWP, GTPP, GTPS of C2F6, CF4 and SF6 in this work and their GWP in IPCC [1] 

Gas 
Lifetime 

(yr) 
GWP 

20/100/500 yr 
GWP IPCC [1] 
20/100/500 yr 

GTPP 
20/100/500 yr 

GTPS 
20/100/500 yr 

C2F6 10000 11614/17035/25955 8630/12200/18200 12530/22468/34975 10909/16498/25732 

CF4 50000 5163/7597/11761 5210/7390/11200 5572/10052/15694 4849/7355/11655 

SF6 3200 21520/31298/45744 16300/22800/32600 23202/40935/56856 20224/30341/45399 
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Figure 5  Temperature changes caused by pulse emission (a) and sustained emission (b) due to C2F6, CF4, and SF6. 

surface temperature begins to decrease slowly or remains 
constant. Figure 5(b) shows that the surface temperature 
change caused by sustained emission increases linearly after 
the initial time. This is because C2F6, CF4, and SF6 can stay 
in the atmosphere for a long time. Hence, sustained emis-
sions increase their concentration and thus cause continuous 
surface temperature increases. Figure 5 shows that the sur-
face temperature change caused by sustained emission is 
two orders of magnitude larger than the corresponding val-
ues caused by pulse emission, with a significant effect on 
the surface temperature change. If the production, consump-
tion, and emission of C2F6, CF4, and SF6 in current indus-
tries are not controlled, the changes in surface temperature 
caused by sustained emission will increase constantly.  

4  Summary 

In this paper, the effective absorption coefficients of C2F6, 
CF4, and SF6 were calculated from the HITRAN 2004 data-
base using both 17-band and 998-band schemes based on 
the correlated k-distribution method. We also discussed the 
effect of different radiation schemes on the radiative forcing 
calculation of C2F6, CF4, and SF6. From the industrial revo-
lution to 2005, the total radiative forcing of C2F6, CF4, and 
SF6 has been about 0.012 W m−2. However, total radiative 
forcing was predicted to reach 0.081 W m−2 by 2100, indi-
cating that these gases will contribute to global warming in 
the future, together with other long-lived greenhouse gases. 
Using the accurate 998-band scheme, we calculated the 
stratosphere-adjusted all-sky radiative efficiencies of C2F6, 
CF4, and SF6 as 0.346, 0.098, and 0.680 W m−2 ppbv−1, re-
spectively, with corresponding differences of 33%, −2%, 
and 31%, compared with those in the IPCC [1]. 

Based on the updated radiative efficiencies of C2F6, CF4, 
and SF6, we calculated the GWP and GTP in the next 20, 
100, and 500 years to be thousands of times greater than 
those of the equal emission of CO2. We also calculated the 
surface temperature change caused by their pulse and sus-
tained emissions over the next 500 years. These gases will 
have a long-term sustained effect on global warming in the 
future. Our results show that GTPS is a better metric to es-
timate the effect of human-made long-lived greenhouse 
gases on the global climate. 
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０．０１ｃｏｎｆｉｄｅｎｃｅｌｅｖｅｌ，ａｎｄｔｈｅｃｏｎｔｒｉｂｕｔｉｏｎｓｏｆｔｈｅｕｒｂａｎｅｆｆｅｃｔｔｏｔｈｅｏｖｅｒａｌｌｃｈａｎｇｅｓｏｆｔｈｅ

ａｎｎｕａｌｍｅａｎｅｘｔｒｅｍｅｉｎｄｉｃｅｓｓｅｒｉｅｓａｌｌｒｅａｃｈ１００％，ｉｎｄｉｃａｔｉｎｇｔｈａｔｔｈｅｃｈａｎｇｅｓｏｂｓｅｒｖｅｄａｒｅ

ｏｖｅｒｗｈｅｌｍｉｎｇｌｙｃａｕｓｅｄｂｙｔｈｅｕｒｂａｎｅｆｆｅｃｔ．Ｄｕｅｔｏｔｈｅｕｒｂａｎｅｆｆｅｃｔ，ｃｏｌｄｎｉｇｈｔｓａｎｄＤＴＲ

ｓｉｇｎｉｆｉｃａｎｔｌｙｄｅｃｒｅａｓｅ，ａｎｄｗａｒｍｎｉｇｈｔｓａｎｄｍｅａｎｍｉｎｉｍｕｍｔｅｍｐｅｒａｔｕｒｅｓｉｇｎｉｆｉｃａｎｔｌｙｉｎｃｒｅａｓｅｆｏｒ

ａｌｌｓｅａｓｏｎｓ（ｓｉｇｎｉｆｉｃａｎｔａｔｔｈｅ０．０１ｃｏｎｆｉｄｅｎｃｅｌｅｖｅｌ）．Ｔｈｅｕｒｂａｎｅｆｆｅｃｔｓｏｎｔｒｅｎｄｓｏｆｔｈｅｉｎｄｉｃｅｓ

ｓｅｒｉｅｓｏｆｍｅａｎｍｉｎｉｍｕｍｔｅｍｐｅｒａｔｕｒｅａｎｄｍｅａｎＤＴＲａｒｅｔｈｅｌａｒｇｅｓｔｉｎｗｉｎｔｅｒｔｉｍｅ，ａｎｄｔｈｅｕｒｂａｎ

ｅｆｆｅｃｔｓｏｎｔｒｅｎｄｓｏｆｔｈｅｉｎｄｉｃｅｓｓｅｒｉｅｓｏｆｗａｒｍｎｉｇｈｔｓａｒｅｍａｉｎｌｙｉｎｓｕｍｍｅｒｔｉｍｅ．Ｉｔｉｓｅｓｓｅｎｔｉａｌｔｏ

ｐａｙ ｍｏｒｅａｔｔｅｎｔｉｏｎｔｏｔｈｅｕｒｂａｎｅｆｆｅｃｔｓｏｎｅｘｔｒｅｍｅｔｅｍｐｅｒａｔｕｒｅｉｎｄｉｃｅｓｔｒｅｎｄｓｏｆＣｈｉｎａ

ｍｅｔｅｏｒｏｌｏｇｉｃａｌｓｔａｔｉｏｎｓｎｅａｒｂｉｇｃｉｔｉｅｓｌｉｋｅＢｅｉｊｉｎｇ．

犓犲狔狑狅狉犱狊　Ｅｘｔｒｅｍｅｃｌｉｍａｔｅ，Ｅｘｔｒｅｍｅｔｅｍｐｅｒａｔｕｒｅｉｎｄｉｃｅｓ，Ｃｌｉｍａｔｅｃｈａｎｇｅ，Ｕｒｂａｎｅｆｆｅｃｔ，ＢｅｉｊｉｎｇＳｔａｔｉｏｎ

１　引　言

极端天气气候事件频率和强度的变化受到科学

界、政府部门和公众的极大关注．Ｋａｒｌ等人
［１］的研

究表明，美国和前苏联地区的平均最低气温在过去

几十年有明显的上升趋势，平均高温气温的变化区

域性较强，大范围看无明显的变化趋势；Ｐｌｕｍｍｅｒ
［２］

指出，澳大利亚平均最低气温呈上升趋势，而平均最

高气 温 的 变 化 趋 势 则 很 弱；Ｆｒｉｃｈ 等 人
［３］和

Ａｌｅｘａｎｄｅｒ等人
［４］对极端气候事件指标进行了研

究，结果表明在近５０年全球陆地区域夏季暖夜频次

显著增加，冬季冷夜频次和霜冻日数显著减少．

对中国地区的研究表明，近几十年全国平均最

高气温略有增加，而最低气温显著升高，气温日较差

显著减小［５，６］，且在各个季节中冬季最低气温上升

最明显［７，８］；中国北方夜间气温极端偏低的日数显

著趋于变少，白天气温极端偏高的日数有所增多，日

最低气温小于０℃的日数显著减少
［９，１０］；谢庄等

人［１１］指出，１９４０～１９９０年北京地区最低气温明显上

升，最高气温反而下降，结果导致日较差减少；Ｙａｎ

等人［１２］发现１９４０～１９７０年北京地区极端冷事件频

率在减少，极端暖事件频率在增加．

早先的研究还发现，城市热岛效应等因素对于

城市附近气象台站观测到的地面平均气温趋势变化

具有明显的影响［１３～１８］．在华北地区，由于受城市化

影响国家基准气候站和基本气象站网观测的年平均

地面气温上升幅度非常明显，城市化对全部增温趋

势的贡献率达到了３７．９％
［１８］．城市化因素对北京地

区国家基准气候站和基本气象站年平均气温变化的

影响更加显著［１７］．

由于迄今大多数研究中所用各类极端气温指数

均由日最高和最低气温记录导出，上述研究结果暗

示，城市化对全球陆地区域地面极端气温指数变化

趋势可能具有明显的影响［１９］．但到目前为止，这个

问题还没有引起足够重视，对于单站和区域尺度极

端气温变化序列中的城市化影响分析还很少，尤其

没有对国家基准气候站和基本气象站观测的极端气

温事件频率变化趋势进行过系统评价．最近，周雅清

等人［２０］利用华北地区２５５个气象站资料，分析了

１９６１～２０００年城市化对各类气象台站平均最高和

最低气温变化趋势的影响，发现国家基本、基准站观

测的年平均最低气温上升趋势中，城市化造成的增

温为０．２０℃／１０ａ，对全部增温的贡献率达５２．６％，
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从一个较大区域尺度上证明了最低气温观测记录中

存在着十分明显的城市化影响．此外，季崇萍等

人［２１］发现北京市夜间热岛强度明显大于日间，暗示

北京站记录到的夜间最低气温上升可能在一定程度

上是城市热岛强度增加的结果．因此，有必要在早先

研究的基础上，进一步分析评价城市化因素对单站

和区域平均的极端气温指数变化趋势可能产生的

影响．

本文根据北京地区５个乡村气象站和北京站最

近４９年日最高、最低气温资料，计算分析北京站和

乡村站平均的年、季极端气温指数的变化趋势，并对

北京站各极端气温指数的城市化影响及城市化影响

贡献率进行定量估计．

２　资料和方法

采用北京地区共６个气象站的逐日最高、最低

气温资料，资料来源于国家气象信息中心．其中，北

京、上甸子和霞云岭站资料选用时段为１９６０～２００８

年，佛爷顶、斋堂和汤河口气象站由于开始观测时间

较晚，仅有３０～３４年不等的记录．此外，一些站还存

在少量缺测现象，但缺测数据仅占总数据量的

０．２７％，不影响资料的可靠性．台站分布情况见图１，

其基本信息列于表１．人口信息来自中国统计局
［２２］．

图１　（ａ）北京站和北京地区乡村站的分布；（ｂ）北京站在市区的位置

Ｆｉｇ．１　（ａ）ＴｈｅｄｉｓｔｒｉｂｕｔｉｏｎｏｆＢｅｉｊｉｎｇｓｔａｔｉｏｎａｎｄＢｅｉｊｉｎｇａｒｅａｒｕｒａｌｓｔａｔｉｏｎｓ；

（ｂ）ＬｏｃａｔｉｏｎｏｆＢｅｉｊｉｎｇｓｔａｔｉｏｎｉｎｔｈｅｃｉｔｙ

表１　北京地区气象台站信息

犜犪犫犾犲１　犐狀犳狅狉犿犪狋犻狅狀犪犫狅狌狋犿犲狋犲狅狉狅犾狅犵犻犮犪犾狊狋犪狋犻狅狀狊犻狀犅犲犻犼犻狀犵犪狉犲犪

台站号 站名 经度（°Ｅ） 纬度（°Ｎ） 海拔（ｍ） 开始记录年份 １９６０年以来迁站情况 台站类型 常住人口（１０３）［２２］

５４５１１ 北京 １１６．４７ ３９．８０ ３１ １９１３ １９６５年１月 基本站 ７１２２．７

１９６９年１月

１９７０年７月

１９８１年１月

１９９７年４月

５４５９７ 霞云岭 １１５．７２ ３９．７２ ４０８ １９５９ 一般站 山区

５４５０１ 斋堂 １１５．６７ ３９．９７ ４４０ １９７４ 一般站 ６．８

５４４１０ 佛爷顶 １１６．１３ ４０．６０ １２２５ １９７８ 一般站 山区

５４４１２ 汤河口 １１６．６２ ４０．７２ ３３２ １９７４ 一般站 ６．５

５４４２１ 上甸子 １１７．１２ ４０．６５ ２９３ １９５８ １９８８年１月 一般站 山区

　　为进一步保证气温资料的质量，对观测数据再

次进行了质量控制．质量控制按以下步骤进行：（１）

最高气温减去最低气温为负值则标记为错误值，且

最高气温和最低气温均按照缺测值处理．经检验本

数据集中不存在此类错误值；（２）超出平均值４倍标

准差的记录被标记可疑值，根据邻近台站的对应记
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录进行人工判断，合理的记录保留，不合理的记录按

缺测值处理．在此数据集中出现了９个可疑值，与周

围台站资料进行对比，确定存在１个不合理值，并按

缺测值处理；（３）所有缺测值取本站１９７１～２０００年

的平均值，资料序列不足３０年的，取１９７１～２０００年

期间记录存在年份的平均值．

北京和上甸子站发生过迁移．上甸子站１９８８年

１月迁移１次，经纬度略有改变，高度增加约２０ｍ．

本文采用滑动狋检验方法分别对上甸子站最高、最

低气温和气温日较差序列进行了均一性检测，但在

上述迁站时间附近未发现有跃变点，因此决定不做

订正．由于已经对作为国家基本站的北京站进行了

均一性检验和订正［２３］，因此未对其进行检验和处理．

本文选取１９７１～２０００年为气候参考期，资料序

列不足３０年的取参考期内所有年份的平均值．表２

列出了本文所分析的极端气温指数［４］，其中高温日

数的阈值鉴于研究区域的差异确定为３５℃．

百分位指数定义的方法：将某站１９７１～２０００年

中同日的最高（低）气温资料按升序排列，得到该日

第９０（１０）个最高（低）气温的百分位值，照此方法可

得到３６５个最高（低）气温的第９０（１０）个百分位值．

百分位值在一年内的分布情况可能不连续，因此采

用５日滑动平均对其进行处理，将滑动平均后的百

分位值作为极端高（低）温事件的上（下）阈值．如果

某日的最高气温超过了该日极端气温事件的上阈

值，则认为该日出现了极端高温事件；同理，如果某

日的最低温度低于该日极端气温事件的下阈值，则

认为该日出现了极端低温事件．

乡村站的选取综合参考初子莹等人［１７］和周雅

清等人［１８］的方法．初子莹等人
［１７］对１９７９～２０００年

北京地区２０个台站年和季节平均气温做经验正交

函数分解（ＥＯＦ），认为空间函数第二特征向量指示

城市热岛效应或土地利用等局地因素对地面气温的

影响，并将年和季节平均气温ＥＯＦ第二特征向量均

为负值的站作为“乡村”站；周雅清等人［１８］根据台站

记录和人口数据，要求台站附近居民点的常住人口

数量最多不能超过８万．最后从２０个台站中筛选出

霞云岭、斋堂、佛爷顶、汤河口和上甸子等５个乡村

站．首先建立各单站月极端气温指数的距平序列，在

此基础上计算北京站和乡村站季节、年平均极端气

温指数距平序列的线性趋势；然后将北京站和乡村

站平均的趋势进行比较，得到城市化影响和城市化

影响贡献率．对极端气温指数序列变化趋势的估计

采用最小二乘法计算．季节划分的方法是：１，２月和

上年１２月为冬季，３～５月为春季，６～８月为夏季，

９～１１月为秋季．

为了定量评价城市化对极端气温指数变化趋势

的影响，参照周雅清等人［２０］定义如下术语：

城市化影响：指由于城市热岛效应加强等因素

引起的城市附近台站极端气温指数线性趋势的变

化，用Δ犡ｕｒ表示．设犡ｕ为城市站极端气温指数的变

化趋势，犡ｒ为乡村站极端气温指数的变化趋势．城

市化影响（Δ犡ｕｒ）的表达式为

Δ犡ｕｒ＝犡ｕ－犡ｒ， （１）

当Δ犡ｕｒ＞０时，表示城市化影响使极端气温指数上

升或增加；当Δ犡ｕｒ＝０时，表示城市化影响为０；当

Δ犡ｕｒ＜０时，表示城市化影响使极端气温指数下降

或减少．

表２　极端气温指数
［４］的定义

犜犪犫犾犲２　犜犺犲犱犲犳犻狀犻狋犻狅狀狅犳犻狀犱犻犮犲狊犳狅狉犲狓狋狉犲犿犲狋犲犿狆犲狉犪狋狌狉犲
［４］

指数名称 代码 定义 单位

１．霜冻日数 ＦＤ０ 第犼时期内日最低气温犜狀犻犼＜０℃（其中下标为第犼时期第犻日）的日数 ｄ

２．结冰日数 ＩＤ０ 第犼时期内日最高气温犜狓犻犼＜０℃（其中下标为第犼时期第犻日）的日数 ｄ

３．高温日数 ＳＵ３５ 第犼时期内日最高气温犜狓犻犼＞３５℃（其中下标为第犼时期第犻日）的日数 ｄ

４．冷夜日数 ＴＮ１０Ｐ 第犼时期内第犻日的最低气温犜狀犻犼小于１０％分位数（以每滑动５日为中心）的日数 ｄ

５．暖夜日数 ＴＮ９０Ｐ 第犼时期内第犻日的最低气温犜狀犻犼大于９０％分位数（以每滑动５日为中心）的日数 ｄ

６．冷昼日数 ＴＸ１０Ｐ 第犼时期内第犻日的最高气温犜狓犻犼小于１０％分位数（以每滑动５日为中心）的日数 ｄ

７．暖昼日数 ＴＸ９０Ｐ 第犼时期内第犻日的最高气温犜狓犻犼大于９０％分位数（以每滑动５日为中心）的日数 ｄ

８．平均最高气温 ＭＡＴ 第犼时期内日最高气温犜狓犻犼的平均值 ℃

９．平均最低气温 ＭＩＴ 第犼时期内日最低气温犜狀犻犼的平均值 ℃

１０．平均日较差 ＤＴＲ 第犼时期内日最高气温犜狓犻犼与最低温度犜狀犻犼之差的平均值 ℃
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　　城市化影响贡献率：指城市化影响对城市附近

台站极端气温指数趋势变化的贡献率，即城市化影

响在城市附近台站极端气温指数趋势变化中所占的

比率，用犈ｕ 表示．城市化影响贡献率（犈ｕ）的表达

式为

犈ｕ＝狘Δ犡ｕｒ／犡ｕ狘×１００％

＝狘（犡ｕ－犡ｒ）／犡ｕ狘×１００％， （２）

考虑到使城市化影响贡献率０≤犈ｕ≤１００％，所以

取了绝对值．当犈ｕ＝０时，表示城市化对城市站极

端气温指数的变化趋势没有贡献；当犈ｕ＝１００％时，

表示城市站极端气温指数的变化完全是由城市化影

响造成的．实际计算当中，少数情况下犈ｕ 可能超过

１００％，说明可能存在某种尚未认清的局地因子影

响，但这种情况均按１００％处理．

３　结果分析

３．１　城市和乡村站极端气温指数变化趋势

表３给出了１９６０～２００８年５个乡村站平均和

北京站极端气温指数变化趋势．图２为１９６０～２００８

年５个乡村站和北京站年极端气温指数距平值及变

化趋势．年结冰日数、高温日数、冷昼日数、暖昼日

数、平均最高气温等极端气温指数在北京站和在乡

村站变化趋势相似，均表现为极端低温事件减少，极

端高温事件增多．北京站的年霜冻日数和冷夜日数

显著减少，趋势分别为－５．４５ｄ／１０ａ和－１５．９ｄ／１０ａ，

而暖夜日数和平均最低气温显著增加，趋势分别为

１３．７９ｄ／１０ａ和０．６７℃／１０ａ，所有变化趋势均通过

了０．０１水平的显著性检验；但乡村站年霜冻日数、

冷夜日数、暖夜日数和平均最低气温等极端气温指

数均无显著性变化．因此，平均最高气温和基于最高

气温的极端气温指数在城市和乡村具有相似的变

化，但不是所有变化趋势都通过了显著性检验；而平

均最低气温和基于最低气温的夜间极端气温指数在

城市发生了显著的变化，但在乡村没有经历明显变

化．尽管平均最高气温都表现为增加，但由于北京站

平均最低气温大幅下降，乡村站平均最低气温没有

明显变化，因此北京站气温日较差显著减小，而乡村

站气温日较差显著增大．

由于霜冻日数、结冰日数和高温日数等极端事

件季节性强，故本文只分析其年变化情况．其他极端

气温指数在各个季节与年平均变化趋势相近（表３

和图２）．各个季节冷昼日数、暖昼日数、平均最高气

温等极端气温指数在北京站和在乡村站变化趋势方

向相同，且均表现为极端低温事件减少，极端高温事

件增多．冷昼日数和平均最高气温在冬季变化最明

显，暖昼日数在冬、秋季变化最显著．北京站冷夜日

数四季均显著下降，暖夜日数、平均最低气温四季均

显著上升，变化趋势均通过了０．０１显著性水平检

验，其中冷夜日数、平均最低气温在冬季变化最明

显，暖夜日数在夏季变化最显著．乡村站四季冷夜日

数、暖夜日数、平均最低气温的变化都不显著，但气

温日较差四季均出现显著性增大．

３．２　城市化影响分析

表４和图３给出了北京站年极端气温指数趋势

变化中的城市化影响和城市化影响贡献率．１９６０～

２００８年，城市化造成北京站年霜冻日数、冷夜日数

显著减少，暖夜日数和平均最低气温显著增加，城市

表３　１９６０～２００８年北京地区乡村站和北京站极端气温指数变化趋势（单位：犱／１０犪或℃／１０犪）

犜犪犫犾犲３　犜狉犲狀犱狊狅犳犲狓狋狉犲犿犲狋犲犿狆犲狉犪狋狌狉犲犻狀犱犻犮犲狊狅犳狉狌狉犪犾狊狋犪狋犻狅狀狊犪狀犱犅犲犻犼犻狀犵犛狋犪狋犻狅狀犳狅狉１９６０～２００８（狌狀犻狋：犱／１０犪狅狉℃／１０犪）

年 春 夏 秋 冬

乡村 北京 乡村 北京 乡村 北京 乡村 北京 乡村 北京

霜冻日数 ０．３２ －５．４５

结冰日数 －２．９６ －２．１６

高温日数 ０．５３ ０．２７

冷夜日数 １．９４ －１５．９０ ０．３２ －４．４０ １．５４ －２．９９ ０．６７ －３．５３ －０．６４ －５．３２

暖夜日数 －０．９７ １３．７９ －０．３１ ３．６６ －０．６７ ４．０２ －０．３５ ２．８４ ０．４２ ３．４２

冷昼日数 －３．１８ －４．０３ －０．８５ －１．２３ －０．１８ －０．４８ －０．４６ －０．６４ －１．６８ －１．６０

暖昼日数 ６．７７ ５．７４ １．４９ １．３４ １．８２ １．１４ １．８９ １．６４ １．７５ １．８９

平均最高气温 ０．２８ ０．２３ ０．３１ ０．２９ ０．１６ ０．１１ ０．２３ ０．１９ ０．４４ ０．３８

平均最低气温 －０．０４ ０．６７ －０．０３ ０．７３ －０．１０ ０．４５ －０．１１ ０．５８ ０．１３ ０．９６

平均日较差 ０．３０ －０．４３ ０．３２ －０．４４ ０．２４ －０．３４ ０．３４ －０．３９ ０．２９ －０．５８

　　注： 表示通过０．０５水平的显著性检验，表示通过０．０１水平的显著性检验．
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　５期 张　雷等：城市化对北京气象站极端气温指数趋势变化的影响

图２　１９６０～２００８年北京站（红）和北京地区乡村站（蓝）年平均极端气温指数距平，黑实线为趋势线

Ｆｉｇ．２　Ａｎｏｍａｌｉｅｓｏｆａｎｎｕａｌｍｅａｎｅｘｔｒｅｍｅｔｅｍｐｅｒａｔｕｒｅｉｎｄｉｃｅｓｏｆｒｕｒａｌｓｔａｔｉｏｎｓ（ｂｌｕｅ）ａｎｄＢｅｉｊｉｎｇＳｔａｔｉｏｎ（ｒｅｄ）ｆｏｒ

１９６０～２００８．Ｔｈｅｂｌａｃｋｓｏｌｉｄｌｉｎｅｓｓｈｏｗｔｈｅｌｉｎｅａｒｔｒｅｎｄｓ

化对这些极端气温指数趋势变化的影响都通过了

０．０１显著性水平检验．其中，霜冻日数和冷夜日数序列中

的城市化影响分别为－５．７８ｄ／１０ａ和－１７．８３ｄ／１０ａ，

暖夜日数和平均最低气温序列中的城市化影响分别

是１４．７６ｄ／１０ａ和０．７０℃／１０ａ，城市化影响贡献率

均达到１００％．近４９年北京站结冰日数、高温日数、

冷昼日数、暖昼日数和平均最高气温等极端气温指

数趋势变化中的城市化影响很小，均未通过显著性检

验，分别为０．８０ｄ／１０ａ、－０．２６ｄ／１０ａ、－０．８５ｄ／１０ａ、

－１．０４ｄ／１０ａ和－０．０４℃／１０ａ，对应的城市化影响

贡献率分别为３７．２３％、９８．１５％、２１．０８％、１８．１０％

和１７．７１％．由于平均最低气温受城市化影响显著

上升，因此平均日较差受城市化影响显著减小，且城

市化影响贡献率为１００％．

因此，北京站基于日最低气温的年极端气温指

数变化趋势受城市化影响均很显著，但基于日最高

气温的极端气温指数变化趋势受城市化影响很弱．

由于最高气温指数趋势变化中的城市化影响为弱的

负值，城市化对各相关极端气温指数变化趋势的影

响也是负值，说明城市化因素可能造成北京站白天

最高气温相对乡村站下降了．

从各季节来看，由城市化造成的北京站冷夜日
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数四季均显著减少，暖夜日数、平均最低气温四季均

显著增加，城市化影响都通过了０．０１显著性水平检

验（表４和图３）．平均最低气温的城市化影响在冬

季最大为０．８３℃／１０ａ，城市化影响贡献率为８６．４２％；

而暖夜日数的城市化影响在夏季最显著，达到４．６９ｄ／

１０ａ，城市化影响贡献率为１００％．由于城市化影响造

成四季平均最低气温均显著上升，从而使平均气温

日较差受城市化影响在四季都明显减小，且均通过

了０．０１显著性水平检验，城市化影响贡献率均达到

１００％．冷昼日数、暖昼日数、平均最高气温等极端气

温指数趋势变化中的城市化影响在各季节均未达到

显著性水平．

表４　１９６０～２００８年北京站极端气温指数序列中的城市化影响和城市化影响贡献率

犜犪犫犾犲４　犈犳犳犲犮狋狊狅犳狌狉犫犪狀犻狕犪狋犻狅狀狅狀犲狓狋狉犲犿犲狋犲犿狆犲狉犪狋狌狉犲犻狀犱犻犮犲狊狋狉犲狀犱狊犪狀犱犮狅狀狋狉犻犫狌狋犻狅狀狅犳狌狉犫犪狀犻狕犪狋犻狅狀

犲犳犳犲犮狋狋狅犲狓狋狉犲犿犲狋犲犿狆犲狉犪狋狌狉犲犻狀犱犻犮犲狊狋狉犲狀犱狊犳狅狉犅犲犻犼犻狀犵犛狋犪狋犻狅狀犳狅狉狆犲狉犻狅犱１９６０～２００８

年 春 夏 秋 冬

Ａ Ｂ Ａ Ｂ Ａ Ｂ Ａ Ｂ Ａ Ｂ

霜冻日数 －５．７８ １００．００

结冰日数 ０．８０ ３７．２３

高温日数 －０．２６ ９８．１５

冷夜日数 －１７．８３ １００．００ －４．７２ １００．００ －４．５３ １００．００ －４．２０ １００．００ －４．６８ ８８．０５

暖夜日数 １４．７６ １００．００ ３．９６ １００．００ ４．６９ １００．００ ３．１９ １００．００ ３．００ ８７．６９

冷昼日数 －０．８５ ２１．０８ －０．３８ ３１．１９ －０．３０ ６２．３２ －０．１８ ２８．７０ ０．０８ ４．９９

暖昼日数 －１．０４ １８．１０ －０．１５ １１．３７ －０．６８ ５９．６３ －０．２５ １５．０７ ０．１５ ７．８４

平均最高气温 －０．０４ １７．７１ －０．０２ ７．５５ －０．０５ ４５．３３ －０．０４ ２０．１５ －０．０６ １５．４３

平均最低气温 ０．７０ １００．００ ０．７６ １００．００ ０．５５ １００．００ ０．６９ １００．００ ０．８３ ８６．４２

平均日较差 －０．７３ １００．００ －０．７６ １００．００ －０．５９ １００．００ －０．７３ １００．００ －０．８７ １００．００

　　注：Ａ：城市化影响（单位：ｄ／１０ａ或℃／１０ａ）；Ｂ：城市化影响贡献率（单位：％）．表示通过０．０１水平的显著性检验．

４　讨　论

目前分析城市化对单站或区域平均极端气温事

件影响的工作还很少．有不少研究对陆地区域平均

最高、最低气温和气温日较差的变化进行了分析，发

现地面气温的上升是不对称的，最低气温上升很明

显，而最高气温上升趋势较弱，气温日较差明显变

小［１，１１，２４～２８］．地面气温长期趋势变化的这种“非对称

性”现象在国内外的大量研究中得到证实．谢庄等

人［１１］较早指出北京站最低气温明显上升、而最高气

温反而下降的非对称性变化，这种变化导致气温日

较差显著减少．

陈正洪等［２９］在研究湖北省城市化对平均气温

变化趋势影响的同时，分析了城市热岛效应对平均

最高和最低气温变化趋势的影响及其热岛增温贡献

率，发现１９６１～２０００年城市热岛效应导致城市台站

的年平均最低气温增加速率比最高气温增加速率快

接近１倍，热岛增温贡献率均在７０％以上，但平均

最高气温的热岛增温贡献率更大．周雅清等
［２０］分析

了１９６１～２０００年城市化对华北地区各类城市台站

和国家基准气候／基本气象站平均最高和最低气温

变化趋势的影响，发现城市化对平均最高气温变化

趋势的影响微弱，个别台站和季节甚至可能造成降

温，而对平均最低气温变化趋势的影响非常明显，国

家基准气候／基本气象站观测的年平均最低气温上

升趋势中，城市化影响贡献率达到５２．６％，城市化

影响也是乡村站以外的各类气象台站气温日较差明

显减小的唯一因子．

本文对北京站的分析结果印证了谢庄等［１１］和

陈正洪等［２９］的研究，并且表明城市化对北京站平均

最低气温变化的影响比最高气温变化的影响大得

多；本文研究结果与周雅清等［２０］针对华北地区的分

析结论非常相似，两项研究均指出，１９６０年以来平

均最高气温序列中的城市化影响很弱，而平均最低

气温序列中的城市化影响则十分明显，气温日较差

明显减小趋势完全由城市化因素造成．本文和周雅

清等［２０］的研究说明，长期以来国内外研究者反复证

实的“气温非对称性变化”现象，主要与城市化对常

用观测站网地面最低气温的明显增加效应有关．
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图３　１９６０～２００８年北京站极端温度指数的城市化影响和城市化影响的贡献率

Ｆｉｇ．３　Ｅｆｆｅｃｔｓｏｆｕｒｂａｎｉｚａｔｉｏｎｏｎｅｘｔｒｅｍｅｔｅｍｐｅｒａｔｕｒｅｉｎｄｉｃｅｓｔｒｅｎｄａｎｄｔｈｅｃｏｎｔｒｉｂｕｔｉｏｎｏｆｔｈｅｅｆｆｅｃｔｓｏｆｕｒｂａｎｉｚａｔｉｏｎ

ｔｏｔｈｅｏｖｅｒａｌｌｃｈａｎｇｅｓｆｏｒＢｅｉｊｉｎｇＳｔａｔｉｏｎｆｏｒｐｅｒｉｏｄ１９６０～２００８

　　司鹏等
［３０］对北京站１９６０～２００６年地面气温序列

中的城市化影响进行了分析，发现年平均最高气温、平

均最低气温和平均气温日较差序列中的城市化影响分

别为０．１０８℃／１０ａ、０．２９９℃／１０ａ和－０．１９１℃／１０ａ，

对应的城市化影响贡献率分别为３１．６％、４６．４％和

５７．４％；平均最高气温在春季的城市化影响最明显，

平均最低气温、平均日较差在冬季的城市化影响最

显著．这些分析结果与本文部分一致，但也存在明显

差异．本文分析表明，城市化对北京站平均最低气温

和气温日较差趋势变化的影响更大些，而城市化对

平均最高气温变化的影响则弱得多．造成这种差异

的原因主要在乡村站或参考站点的选取上，也可能

与资料处理方法及线性趋势计算方法不同有一定

关系．

除了分析城市化对平均最高、最低气温和气温

日较差变化趋势的影响外，本文还进一步分析了城

市化因素对基于日最高、最低气温资料的主要极端

气温指数变化趋势的影响．这种分析是迄今国内外

研究中未见报道的．本文的分析表明，城市化对北京

站霜冻日数、冷夜日数和暖夜日数等基于日最低气

温的极端气温指数趋势变化均产生了明显的影响，

而对结冰日数、冷昼日数和暖昼日数等基于日最高

气温的极端气温指数趋势变化影响很小．造成这种

现象的一个原因是白天的城市热岛强度要小于夜

间［２１］，城市热岛强度的这种非对称性致使北京站最

低气温上升迅速，而最高气温上升缓慢，基于日最低

气温的极端气温指数趋势变化显著，而基于日最高

气温的极端气温指数趋势变化较小．另一个可能影

响因子是城乡站上空气溶胶的差异．白天城市内和

近郊区更高浓度的气溶胶减弱了太阳直接辐射和总

辐射，可能在一定程度上消弱甚至抵消了城市热岛

效应的增温作用，致使由于城市热岛效应加强因素
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引起的相对不明显的最高气温上升幅度进一步减

小，相关的极端气温指数变化也很小；夜间城市上空

的气溶胶则减弱了北京站附近的外逸地面长波辐射

和冷却效应，在增强的城市热岛效应基础上，进一步

增强了平均最低气温的上升速率，增强了基于日最

低气温的极端气温指数变化趋势．因此，城市化对城

市站平均气温以及最高、最低气温的影响，至少包含

了城市热岛强度和气溶胶浓度增加两个因素的

作用．

城市化因素不仅对北京站等具有长序列观测资

料的台站地面平均气温变化趋势造成显著影响，也

对基于日最低气温计算的各种极端气候指数序列的

趋势变化具有明显的影响，而且这种影响甚至更突

出．今后在开展与气温有关的极端气候事件频率变

化研究时，要充分注意这个问题．

５　结　论

采用北京地区６个气象站１９６０～２００８年逐日

最高、最低气温资料，分析了北京站和５个乡村站平

均的极端气温指数变化趋势，并检验了城市化因素

对北京站极端气温指数变化趋势的影响及贡献率，

得到以下结论：

（１）北京站年极端气温指数序列中，霜冻日数、

冷夜日数、冷昼日数和平均气温日较差均显著减少，

暖夜日数、暖昼日数、平均最高气温和平均最低气温

均显著上升，这些指数的趋势变化均通过了０．０１显

著性水平检验，其中霜冻日数、冷夜日数、暖夜日数、

平均最低气温、平均气温日较差的变化趋势比冷昼

日数、暖昼日数、平均最高气温的变化趋势更明显，

说明基于日最低气温的极端气温指数比基于日最高

气温的极端气温指数的变化趋势更显著．这些结果

与过去多数研究结论是一致的．

北京地区５个乡村站各极端气温指数虽也发生

了一定变化，但这种变化主要与平均最高气温的明

显上升有关，表现为结冰日数减少、冷昼日数减少、

暖昼日数增加、气温日较差增大，而与最低气温有关

的各项极端气温指数变化趋势均不明显．

（２）北京站年霜冻日数、冷夜日数、暖夜日数和

平均最低气温等极端气温指数序列中的城市化影响

非常显著，分别为－５．７８ｄ／１０ａ、－１７．８３ｄ／１０ａ、

１４．７６ｄ／１０ａ和０．７０℃／１０ａ，对应的城市化影响贡

献率均为１００％；而年结冰日数、高温日数、冷昼日

数、暖昼日数和平均最高气温等极端气温指数序列

中的城市化影响一般很弱，分别仅为０．８０ｄ／１０ａ、

－０．２６ｄ／１０ａ、－０．８５ｄ／１０ａ、－１．０４ｄ／１０ａ和－０．０４℃／１０ａ，

对应的城市化影响贡献率为３７．２３％、９８．１５％、２１．０８％、

１８．１０％和１７．７１％；由于平均最低气温序列中的城市

化影响显著，因此北京站平均气温日较差受城市化

影响显著减小，减少幅度达到－０．７３℃／１０ａ，其城

市化影响贡献率为１００％．

（３）城市化致使北京站的冷夜日数、平均气温日

较差四季均显著减少，暖夜日数、平均最低气温四季

均显著增加，其中冬季的平均最低气温和气温日较

差趋势变化中的城市化影响最明显，而夏季的暖夜

日数趋势变化中的城市化影响最显著；冷昼日数、暖

昼日数和平均最高气温等极端气温指数的城市化影

响在各季节均未达到显著性水平．

因此，北京站基于日最低气温的极端气温指数

变化趋势受城市化影响十分显著，而基于日最高气

温的极端气温指数受城市化影响很小，早先研究发

现的“气温非对称性变化”现象［１１］主要是由于城市

化造成夜间最低气温显著上升所引起的．造成夜间

和白天极端气温指数序列中城市化影响性质与程度

明显差异的原因，可能同城市热岛效应的非对称性

以及城市上空更高浓度的气溶胶影响有关．
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1.  INTRODUCTION

Under the background of global warming, fre-
quencies and intensities of extreme climate events
may either increase or decrease, with obvious re -
gional differences (IPCC 2007). More and more
attention has been paid to the variations and trends
in extreme precipitation (Easterling et al. 2000, Karl
& Easterling 1999). Both frequencies and intensities
of extreme precipitation over mid- and high-latitude
land regions of the North Hemisphere have in -
creased in recent decades (Alexander et al. 2006) and
might be a response to the anthropogenic global
warming (e.g. IPCC 2007, Zhang et al. 2007).

It seems that flood disasters in China, especially
in the eastern part, occurred more frequently in the

late 1990s than during other periods, which brought
enormous economic losses (Wu 2002). In the last
decade, there have been many studies focusing on
extreme precipitation events over China (Zhai et al.
1999a,b, 2005, Yan & Yang 2000, Zhai & Pan 2003,
Qian et al. 2007, You et al. 2010, Dong et al. 2011,
Gemmer et al. 2011). Extreme precipitation exhibits
increasing trends over northwest and southwest
China, the Yangtze River Basin, and south eastern
and southern coast regions of China (Zhai et al.
2005, Yang et al. 2008, You et al. 2010). There are
de creasing trends over Sichuan Basin (You et al.
2010) and northern China (Zhai et al. 2005, Yang
et al. 2008, You et al. 2010), such as the mid-lower
reaches of the Yellow River Basin and the Huaihe
River Basin (Dong et al. 2011). Regional analysis
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shows that abrupt changes occurred in Northeast
and North China (Yang et al. 2008). At the same
time, there were no significant trends for extreme
maximum daily precipitation in most of the 60 sta-
tions analyzed during 1951–1997 over China (Yan
& Yang 2000). Monthly data analysis shows that the
positive and negative trends of precipitation are
significant in all months except December, and
nearly 90% of the driest October months can be
explained by wind directions typical of the East
Asian winter monsoon (Gemmer et al. 2011). The
frequencies of extreme precipitation events in dif-
ferent seasons on a regional scale exhibit significant
interannual and  interdecadal variabilities (Chen et
al. 2009, Ning & Qian 2009). The latent heat flux
over the South China Sea and the sensible heat
flux over the Indochina Peninsula influence extreme
precipitation in different calendar months. These
effects are achieved by the interdecadal increase
of the strengthening convection over South China
through the South China Sea summer monsoon
(Ning & Qian 2009). The annual and  interannual
trends of the 500 hPa geopotential height and
850 hPa horizontal winds over the Eurasian con -
tinent affect Chinese summer extreme wet and dry
events (Weng et al. 2004).

Rapid advances in climate modeling improved the
estimation of climate change during the past de -
cades. Although several climate models reasonably
capture the main characteristics of the spatial distrib-
ution and linear trends of precipitation ex tremes
(Jiang et al. 2009), the coupled climate system mod-
els often lack skill for simulating extreme precipita-
tion (Sun et al. 2006, Kiktev et al. 2003). The projec-
tions of future changes in extreme events, however,
still depend on the climate model. Increases in
extreme precipitation greater than the mean under
increased greenhouse gases have been reported in
many climate models both on global and regional
scales (Pall et al. 2007). The projection of extreme
pre cipitation over China has also been analyzed
based on the output from the Fourth Assessment
Report (AR4) of the Intergovernmental Panel on Cli-
mate Change (IPCC) (Jiang et al. 2009).

Beijing Climate Center Climate System Model ver-
sion 1.0 (BCC-CSM1.0) is a fully-coupled climate
model developed by the Beijing Climate Center. Sev-
eral studies (e.g. Chen 2008, Zhang et al. in press)
show that BCC_CSM1.0 can capture the basic cli-
mate feature of summer atmospheric circulation and
precipitation over East Asia. This study will focus on
the model performance in simulating extreme pre-
cipitation in the last 50 yr. 

2.  MODEL, DATA AND METHODS

2.1.  Model and experiment design

The BCC-CSM1.0 is a global fully-coupled climate
model. It is originated from the Community Climate
System Model version 2 (CCSM2; Kiehl & Gent
2004). The main differences between the BCC-CSM1.0
and CCSM2 are their atmospheric and land surface
model components. For the atmosphere, the BCC-
CSM1.0 uses an atmospheric general circulation
model BCC-AGCM2.0.1 developed by the BCC (for
details see Wu et al. 2008, 2010). It is a spectral model
with horizontal T42 truncation (~2.8125° horizontal
resolution) and 26 layers in the vertical direction. It
performs well in simulating the basic climate of pre-
cipitation, temperature, thermal structure and atmo -
spheric circulation (Wu et al. 2010), intraseasonal
oscillations of zonal wind and precipitation (Dong et
al. 2009), and the Asian−Australian Monsoon (Wang
et al. 2009). The land surface model component in
BCC-CSM1.0 is the Community Land Model (CLM)
v. 3, which displaced CLM v. 2 used in CCSM2 (Dick-
inson et al. 2006). The ocean model (Parallel Ocean
Program [POP]) and ice model (Community Sea Ice
Model version 4 [CSIM4]) are the same as those in
CCSM2. The ocean model POP has 40 vertical levels
and tripolar grids in the horizontal. The longitudinal
resolution is ~1° and the latitudinal resolution is vari-
able with finer resolution (~0.3°) near the equator.

In order to evaluate the capability of BCC_CSM1.0
for historical climate simulation, the 20th century
 historical experiment (20C3M) is carried out. In the
 simulation of 20C3M, BCC-CSM1.0 was forced by ob-
served greenhouse gases, aerosols, solar irradiance,
and volcanic aerosols used in IPCC AR4 ex periments.
A pre-industrial control experiment was carried out
first with the external forcing fixed to the values of
1870, initialized from a present-day control run of
500 yr. With ~100 yr of spin-up, the global mean sea
surface temperature (SST) and sea ice  fraction
became stable, then the 20C3M run was branched
from the pre-industrial control run with year-to-year
changed external forcing from 1870 to 1999, and then
continuously run with the corresponding external
forcing according to SRESB1 (IPCC 2000) until 2010.

2.2.  Data

The observed precipitation data from 1956 to 2009
at 349 rain gauge stations over the eastern part of
China east of 105° E (Fig. 1) are used in this study.
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They were selected from a new dataset with a higher
spatial density, and the quality control has been done
by the National Meteorological Information Center of
China Meteorological Administration (CMA) using
climatic extreme value check, extreme value check,
and internal consistency examination. This dataset
has not been used in extreme precipitation research
before. In order for inter-comparison, the model data
are linearly interpolated into 0.5 × 0.5° gridded
points, and the station observations are interpolated
to the same gridded points using ‘oacres’ function in
the meteorological software Grads.

The National Center for Environmental Prediction/
National Center for Atmospheric Research (NCEP/
NCAR) reanalysis dataset v. 1 (Kalnay et al. 1996) is
used to analyze the atmospheric circulation back-
ground over East Asia. The horizontal resolution of
the data is 2.5 × 2.5°. The monthly precipitation data
from Climate Prediction Center (CPC) Merged Ana -
lysis of Precipitation (CMAP) dataset (Xie & Arkin
1997) is also used in this study. For inter-comparison,
the model output data are linearly interpolated into
the same grid points as the reanalysis data.

2.3.  Extreme precipitation indices and analysis
methods

Daily precipitation intensity was classified into 5
categories: light rain (0.1−9.9 mm d–1), moderate rain
(10.0− 24.9 mm d–1), heavy rain (25.0−49.9 mm d–1),
rainstorm (50.0−99.9 mm d–1), and heavy rainstorm
(≥ 100.0 mm d–1). To consider large-scale differences

in precipitation, we used percentiles to analyse the
precipitation extremes.

The thresholds of extreme precipitation are esti-
mated on the basis of percentiles. First, the time series
of the 95th percentile of daily precipitation amounts
for all rainy days (precipitation ≥1.0 mm d–1) of each
year from 1971 to 2000 are calculated. Then the 30 yr
(1971−2000) mean is regarded as the extreme precip-
itation threshold. The thresholds for separate stations
are different. The nonparametric method is used to
determine the threshold (for details refer to Bonsal et
al. 2001). As for each station, the amount of daily pre-
cipitation (≥1.0 mm d–1) was ranked in ascending
order: X1,X2,…, XN. The probability Pm for each rank
m (m = 1,2,…, N; where N is the length of the record)
can be estimated by:

Pm = (m − 0.31) � (N + 0.38) (1)

Here, Pm is an ascending series. Then the precipi -
tation amount at the 95th percentile (hereafter R95)
can be linearly interpolated from the Pm series. This
method to estimate the percentiles is simple and
avoids any other assumptions of the underlying dis-
tributions (Bonsal et al. 2001).

Then, the number of days with rainfall above R95
(R95p), the total precipitation above R95 (R95pTOT),
and the intensity index of the extreme precipitation
(R95pI) defined as: R95pI = R95pTOT � R95p, can be
calculated. The daily precipi tation intensity index
(SDII) is also used in this work. It is defined as the
rate of total precipitation (PRCPTOT) over total pre-
cipitation days above 1.0 mm d−1 in a year.

The non-parametric Mann-Kendall method (M-K
method) is utilized to test the trend of extreme pre-
cipitation (Mann 1945, Kendall 1948, 1975). It has
been widely used to evaluate statistically significant
trends in hydrological and climatological time series
(e.g. Xu et al. 2004, Zheng et al. 2007). As for the
given time series of xi (i = 1, n), its statistic variable Zc

is introduced as:

(2)
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(5)

Zc > 0 indicates the increase trend and Zc < 0 the
decrease trend, respectively. The magnitude of the
trend (β) is expressed as:

(6)

where Median () is the value in the median location
of a series. A positive value of β indicates an increase
or upward trend; a negative value of β indicates a
decrease or downward trend.

Empirical Orthogonal Function (EOF) analysis (Chel-
ton et al. 1990, North et al. 1995) is used to extract the
spatial modes of extreme precipitation change. We
use the sub-regions according to Li et al. (2011), where
rotating EOF (hereafter REOF) analysis is used in
 partitioning sub-areas. First, the annual precipitation
data series of each station is normalized. Principal com -
ponents analysis is used to extract factors. The REOF
method is to rotate the 20 leading  factors (with >85%
accumulative variance contri bution) by using varimax
orthogonal rotation to make the maximum load in the
least variables. Then Euclidean distance and Pearson’s
correlation coefficient are both used as the measure-
ments of similarity between one station and another in
cluster analysis. The results by 2 different measure-
ments are similar in spatial distribution. Given the
consistency in one region and differences among re-
gions, as well as the size of each area and the climatic
zones used in previous studies (e.g. Wang et al. 2004,
Ding et al. 2008, Huang et al. 2011), mainland China
is divided into 8 sub-regions. In this study, we selected
5 sub-regions in the eastern part of China, with minor
adjustments to the boundaries of each area. The 5
sub-regions are Northeast China (NE) (115−135° E,
42−52° N), North China (NC) (105− 125° E, 35−42° N),
Jiang huai Region (JH) (105− 122° E, 28− 35° N), South
China I (SCI) (105−110° E, 20−28° N) and South China
II (SCII) (110−122° E, 20−28° N). The sub-regions are
generally consistent with previous di visions for the
eastern part of China. South China was divided into 2
regions, which is different from previous studies.

Power spectrum analysis and linear trend analysis
(Wei 1999) are also used in this study.

3.  RESULTS

3.1.  Climatology of precipitation

Simulated precipitation gradually decreases with
the increment of latitude, especially north of 30° N,

which is similar to the observation (Fig. 2). The spa-
tial correlation coefficient between simulation and
ob serva tion over Eastern China is 0.77, while the
root-mean-square error (RMSE) is 336 mm, a large
value. The precipitation in the southern part of east-
ern China is underestimated, whereas in the north-
ern part it is slightly overestimated. The large RMSE
value mainly results from the large negative biases of
the southern part of eastern China. The model fails to
capture the high value area on the South China coast
and sub-high value center in the middle and lower
reaches of the Yangtze River Basin. The position of
PRCPTOT maximum center is shifted to the east of
the Qinghai−Tibet Plateau, which is similar to some
models in CMIP3 (Zhang 2008). The result may be
due to the resolution, treatment of topography or
other reasons (Gao et al. 2006).

The evaluation for summer precipitation simulation
based on CMAP monthly precipitation over East Asia
shows similar results (Fig. 3). The spatial correlation
coefficients between simulated and CMAP summer
precipitation over East Asia (105−140° E, 20−45° N)
and most of East China (105−125° E, 20−50° N) are 0.71
and 0.79 respectively, and the RMSEs are 1.69 and
1.63 mm d−1 respectively. The precipitation north of
30° N is underestimated. In order to explore the attri-
bution of precipitation biases, several circulation
fields were analyzed. The analyses show that the
 simulated local drier air, weaker water vapor trans-
portation, weaker convergence and weaker upward
motion contribute to underestimating precipitation
over this area.

Fig. 3a shows that the local integrated water vapor
in summer in most of Eastern China is underesti-
mated by BCC_CSM1.0, with minimum values below
−12 kg m−2. Over East Asia, the correlation coeffi-
cient between simulation and NCEP reanalysis is
0.94 and the RMSE is 4.12 kg m−2; 51% of the grids
have consistent signs between precipitation biases
and precipitable water biases.

Fig. 3b shows that the vertical integrated water
vapor flux over most of the 105−140° E, 20−32° N area
is underestimated with southward transportation
bias. The consistency of signs between precipitation
biases and vertical integrated water vapor flux biases
is 75%, which indicates the contribution of water
vapor transportation to precipitation biases. Thus the
capability of the model in simulating water vapor flux
is more important for precipitation simulation in
 summer over East Asia.

The dynamic factor is also important for precipita-
tion formation. Fig. 4 shows the longitude−height
section for divergence in summer over 20−30° N.
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Negative values denote convergence and positive
values denote divergence. The height of conver-
gence can be up to 400 hPa in NCEP reanalysis,
while it is only up to 500 hPa in the BCC_CSM1.0
simulation (Fig. 4). The specific values at the lower
levels are greater in the simulation than in the
reanalysis field, which implies that the simulated
convective activity is weaker over this area. The sim-
ulated upward vertical velocities over this area are
less than the observed ones, which implies that the
upward motion is weaker and the deep convection
may be underestimated in BCC_CSM1.0 (data not
shown). The analysis for outgoing longwave radiation
supports this point to some extent (data not shown). 

Fig. 5 shows the bias in frequency of rain for the
1971−2000 mean simulated by BCC_CSM1.0. Fig. 5a
indicates that rainy days with light precipitation are
overestimated over eastern China. The biases are

>90 d over most of eastern China and even up to 180 d
in the coastal area of South China. Fig. 5b shows that
moderate rainy days are underestimated south of the
Yangtze River and in the northeast, but overestimated
over the other regions. The maximum positive bias is
>20 d, which is located at the eastern side of the
 Qinghai− Tibet Plateau. There is a positive bias in the
mid-lower reaches of the Yellow River Basin, with the
maximum >10 d. The negative bias center is located in
South China, and the value is less than −10 d.

For heavy rain (Fig. 5c), the rainy days are under-
estimated over most areas of eastern China except
some regions in the Yellow River Basin. There are
maximum biases (below −10 d) in the South China
coastal area. A negative bias center lies in the south
of the Yangtze River Basin, with the center values
below −8 d. The maximum deviation in the northeast
is below −2 d. For rainstorm and heavy rainstorm, the

Fig. 2. Climatology of annual total precipitation (PRCP-
TOT; in mm yr–1) above 1.0 mm d−1 (1971−2000 mean).
(a) Observation (OBS), (b) simulation (BCC_CSM1.0), (c)
difference (BCC_CSM1.0 −  OBS). COR: spatial correla-
tion coefficient = 0.77. RMSE: root mean square error = 

336 mm relative to observation over eastern China
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Fig. 3. Biases of simulated precipitation (BCC_CSM1.0 data – CMAP data; contours in mm d−1), and (a) atmospheric total pre-
cipitable water (in color; kg m−2) and (b) vertical integrated water vapor flux (in color and vectors; kg m−1 s−1) in Jun−Aug (JJA)
of 1980−1999 (BCC_CSM1.1 data – NCEP reanalysis data). COR: correlation coefficient between simulated and NCEP reanaly-
sis data (colored areas). RMSE: root mean square error of simulated precipitable water relative to reanalysis data. CON: consis-
tent rates of the biases fields between precipitation and precipitable water or water vapor flux. Precipitation is calculated based
on the CMAP monthly precipitation data; circulation fields are calculated based on monthly NCEP I reanalysis data by NCAR 
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rainy days are all underestimated over almost the
whole of eastern China (Fig. 5d,e).

The result is similar to the evaluation of models
under CMIP3 by Sun et al. (2006). The models under
CMIP3 also underestimated the frequency of heavy
or even stronger precipitation events. The precipita-
tion event with a much larger precipitation amount is
often related to the stronger or deep convection
activity. The weaker circulation may have an impor-
tant contribution to the negative biases of heavy pre-
cipitation frequency in BCC_CSM1.0.

3.2.  Climatology of thresholds, frequency and
amount of extreme precipitation

Considering the large spatial difference of precipi-
tation and also the bias of BCC_CSM1.0 in simulat-
ing the absolute rainfall, we use the percentile
method to define the extreme precipitation event.
Here we select the 95th percentile to calculate the
threshold and related statistics.

Fig. 6 shows the observed and simulated thresh-
olds of extreme precipitation events at the 95th per-
centile for 1971–2000. The observation shows that
there are 3 high-value areas in the South China
coast, the middle and lower reaches of the Yangtze
River Basin and North China. The maximum in South
China is >40 mm d−1, and those in North China and
the middle and lower reaches of the Yangtze River
Basin are up to 28 mm d−1 (Fig. 6a).

A comparison between simulation and observa-
tion reveals that the spatial correlation coefficient is
0.74. The model reproduces the high value areas
of thresh olds located in the South China coastal
area and North China, but the maximum values are
underestimated, up to 18 and 16 mm d−1, respectively,

and the biases are −28 and −12 mm d−1, re spectively.
The simulation fails to capture the ob served high
value center in the middle and lower reaches of the
Yangtze River Basin, as well as a little westward
deflection from Bohai Coast to central North China
for the second high value center (Fig. 6b). The RMSE
of the simulation over eastern China is 10.5 mm d−1.
Generally, the model reproduces the high−low value
distri bution of the threshold, although there are neg-
ative biases in the whole of eastern China.

Fig. 7 shows the observed and simulated climatol-
ogy of R95p, as well as the biases of simulated R95p.
The spatial correlation coefficient between simula-
tion and observation is 0.65. In observation, the high
frequency area is located in South China with the
maximum >10 d. In simulation, however, the high
frequency center is shifted northward to the middle
and lower reaches of the Yangtze River Basin, with
maxima >12 d. Moreover, there is another higher fre-
quency area in the east side of the Qinghai−Tibetan
Plateau due to the large bias in precipitation simula-
tion. The simulated R95p are greater than the obser-
vation in most of eastern China except in local areas
in South China. The area with largest biases is located
in the east side of the Qinghai− Tibetan Plateau and
the biases are also much larger in some local areas
between the Yellow River and Yangtze River.

Based on the above analysis, the annual total ex-
treme precipitation above the 95th percentile is calcu-
lated. Fig. 8a,b shows the observed climatology
(1971−2000 mean) of R95pTOT and its proportion in
PRCPTOT. The spatial distribution of R95pTOT is
similar to PRCPTOT (Fig. 2) over Eastern China, with
the characteristic of gradual decrease from south to
north. The annual R95pTOT is >1000 mm in the South
China coast and <100 mm in central Inner Mongolia.
The percentages of R95pTOT in PRCPTOT are >45%
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Fig. 4. Zonal averaged (a) observed and (b) simulated divergence (10−6 s−1) over 20−30° N in Jun−Aug for 1971−2000
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Fig. 5. Biases of climatological (1971−2000 mean) fre-
quency for the following rainfall categories (mm d–1):
(a) light rain (0.1−9.9), (b) moderate rain (10.0−24.9),
(c) heavy rain (25.0−49.9), (d) rainstorm (50.0−99.9)
and (e) heavy rainstorm (>100.0) simulated by
BCC_CSM1.1. Shading: underestimated (gray) and 

overestimated (white)
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in most of eastern China, except for Inner Mongolia
(<36%), with the higher value area in South China
(up to 50%) and gradually decreasing from south to
north. The high portion of extreme precipitation is de-
termined by the method to calculate the threshold.

Fig. 8c shows the simulated climatology of R95pTOT
by BCC_CSM1.0. The simulated R95pTOT north of
32.5° N is greater than the observation, especially in
the central area between the mid−upper reaches of
the Yellow River and Yangtze River. The simulation
south of the Yangtze River, however, is lower than
the observation, especially in the South China coastal
area, with the negative biases (<−500 mm) in the
 center (Fig. 8e). Fig. 8d shows the percentage of
R95pTOT in PRCPTOT simulated by BCC_CSM1.0.
The simulated percentages of R95p TOT in PRCPTOT

are similar to observation in magnitude. There is a
high value center in the middle and lower reaches of
the Yellow River Basin, which is larger than the
observation. The simulated percentage values in
South China, middle reaches of Yangtze River Basin
and the north part of Northeast are slightly lower
than the observation, and most of the bias values are
<4% (Fig. 8f).

3.3.  Spatial feature of extreme precipitation
amount change

Observed (Fig. 9a−c) and simulated (Fig. 9d−f)
EOF modes for R95pTOT change were calculated
for 1956–2009.

Fig. 6. Thresholds of extreme precipitation (mm
d−1) at the 95th percentile in the period of 1971−
2000. (a) Observation (OBS), (b) BCC_ CSM1.0, 

(c) BCC_CSM1.0 − observation
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EOF1 of observed R95pTOT (Fig. 9a) shows that
the change of R95pTOT south of the Yangtze River
has the same tendency as that over the middle part of
Inner Mongolia and the local area of the northeast,
and opposite to that north of the Yangtze River.
EOF1’s variance contribution is 9.4%. The first EOF
mode of T95pTOT simulated by BCC_CSM1.0 cap-
tures the main spatial pattern for observed R95pTOT
change (Fig. 9d), although parts of the negative area
in the southern part of the Yangtze River expands
northwards to the Huaihe River Basin. The variance
contribution of EOF1 is 11.8%, which is greater than
observations.

EOF2 of observed R95pTOT (Fig. 9b) shows that
the change tendency over most of the Yellow River
Basin area is similar to that in the South China coast.

However, the northeast and the area between 25
and 35° N in eastern China show the opposite trend.
The variance contribution is 7.5%. The EOF2 of
R95pTOT simulated by BCC_CSM1.0 also captures
the general observed characteristics, al though there
is some difference in spatial extension (Fig. 9e). The
variance contribution is 8.5%.

EOF3 mode of observed R95pTOT (Fig. 9c) is char-
acterized by the opposite change tendency between
the Jianghuai area and other areas of eastern China.
Its variance contribution is 7.4%. The EOF3 mode of
simulated R95pTOT (Fig. 9f) is characterized by an
opposite change trend between the local area in the
mid−lower reaches of the Yangtze River Basin and
most other areas in eastern China, which is generally
similar to the observation. There is a difference be -
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Fig. 7. Climatology (1971−2000 mean) of number of
days with rainfall above the 95th percentile (R95p).
(a) Observation (OBS), (b) BCC_CSM1.0, (c)
BCC_CSM1.0 − observation (gray: underestimated,
white: overestimated by the simulation). Unit: d
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Fig. 8. Distribution of climatology (1971−2000 mean) for (a,c) total rainfall above the 95th percentile (R95pTOT; mm), (b,d)
R95pTOT as a percentage of total precipitation (PRCPTOT) and (e,f) the biases fields. (a,b) Observation (OBS), (c,d) 

BCC_CSM1.0
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Fig. 9. The first 3 leading Empirical Orthogonal Function (EOF) modes for annual total rainfall above the 95th percentile 
(R95pTOT) during 1956−2009. (a−c) Observation, (d–f) BCC_CSM1.0. (a,d) EOF1, (b,e), EOF2, (c,f) EOF3
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tween simulation and observation along the middle
and lower Yangtze River Basin and weaker change
signals in North China. The variance contribution of
EOF3 is 8.0%, which is greater than observations.

Generally speaking, although BCC_CSM1.0 has
obvious systematical biases in extreme precipitation
indices, the model can reasonably capture the gen-
eral long term change patterns of R95pTOT.

3.4.  Long term trend of extreme precipitation

To analyze the performance of BCC_CSM1.0 in
simulating the long term trend of extreme pre -
cipitation events, linear trend analysis and the non-
parametric Mann-Kendall test were used.

Fig. 10 shows the linear trend coefficient of R95p -
TOT, R95p, R95pI, and SDII during 1956–2009. The
spatial distributions of linear trends of R95pTOT,
R95p, R95pI, and SDII are similar, with opposite lin-
ear trend coefficients between the north (−) and
south (+) of ~33°N, but with more positives in north-
ern areas for R95pI and SDII. The results are similar
to previous research (Pan 2002, Zhai et al. 2005,
Dong et al. 2011).

BCC_CSM1.0 captures the negative trends of
R95pTOT, R95p, and SDII in the northeast, as well
as the positive trends for R95pTOT, R95p, R95pI,
and SDII in the mid-lower reaches of the Yangtze
River Basin (Table 1). But the model fails to capture
the negative trend of R95pI in the northern area.
The opposite linear trends of the 4 indices over most
or part of southern China indicate that the model
has poor performance in simulating the long term
linear trend of extreme precipitation over this area.
The regional averaged anomalies of proportion of
R95p TOT and R95p during the period of 1956−2009
were calculated. As for R95pTOT, there is a signifi-
cant 36-yr period in NE China and a 2.8 yr period in
North China. No significant period is detected in
Jianghuai, South China I, and South China II. The
simulation shows a significant 12 yr period in NE
China, which is shorter than observed, and no sig-
nificant period in the other 4 sub-regions. As for
observed R95p, there is a significant 36 yr period in
NE China and 2.8 and 2.6 yr periods in North
China. No significant period is detected in Jiang -
huai, South China I and South China II. The result
re veals that there is a significant 12 yr period in NE
China, which is shorter than observation. A signifi-
cant 2.8 yr period is detected in South China I. No
significant period is detected in the other 3 sub-
regions.

The Mann-Kendall test for observed regional aver-
aged percentage of R95pTOT (Table 1) shows that
there are significantly decreasing trends at the 0.1
significance level in NE China and North China, and
increasing trends in Jianghuai, South China I and
South China II, but the increasing trends are not sig-
nificant. BCC_CSM1.0 captures the decreasing and
increasing trends in NE China and Jianghuai respec-
tively for R95TOT, although the tendencies are
weaker. The trends, however, are opposite in North
China, South China I, and South China II for both of
simulated R95TOT and R95p.

As for observation, the regional averaged R95p in
North China has a significant decreasing trend at the
0.05 significance level. The R95p in NE China
decreased but the tendency is not significant. Those
in Jianghuai, South China I and South China II have
increased in some extent. The result in North China
is similar to previous studies (Zhai et al. 2005, Dong
et al. 2011), and that in southern China is similar to
that shown in Zhai et al. (2005). BCC_CSM1.0 cap-
tures the decreasing and increasing trends in NE
China and Jianghuai for R95p, with weaker ten -
dencies. The trends, however, are opposite in North
China, South China I and South China II for R95p
in the simulation.

3.5.  Interdecadal change of extreme precipitation
frequency

Observation analysis showed interdecadal change
in the summer climate in East Asia at the end of the
1970s (Hu 1997), and an abrupt change for summer
precipitation in South China (Ding et al. 2008). Prob-
ability density analysis was used to explore the re -
gional interdecadal change of extreme precipitation
frequency in the 5 sub-regions, which has not been
analyzed in previous work. Here we selected 1956−
1979 and 1980−2009 as 2 periods for interdecadal
analysis in NE China, North China and Jianghuai.
In addition, we selected 1956−1979, 1980− 1992, and
1993− 2009 as 3 periods for interdecadal analysis in
South China I and South China II. Probability density
of R95p was calculated for each period in each sub-
region (Fig. 11), and the spatio-temporal mean dur-
ing the 2 or 3 periods for the 5 sub-regions are listed
in Table 2. Generally, the frequency of extreme pre-
cipitation above the 95th percentile in simulation is
higher than that in observation in each sub-region.

In NE China, the model is able to capture the incre-
ment of the regional averaged decadal mean of R95p.
The ob served spatio-temporal averaged frequency
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increases from 7.41 to 7.64 and the simulated results
change from 20.36 to 21.18. The model also captures
the increment in higher frequency range and decre-
ment in mid frequency range but it fails to capture
the decrement in the lower frequency range.

In North China, the model shows inability in simu-
lating the interdecadal change of R95p. Fig. 10b
shows that the observed probability density curve of
R95p shifts to a lower frequency and the spatio-tem-
poral mean value decreases from 6.62 to 6.08. How-
ever, there is no obvious change in the simulation
(Fig. 11g), with similar values in both time periods.

In the Jianghuai area, BCC_CSM1.0 reproduces
the general shift of the probability density curve from

a lower frequency range to a higher one. The spatio-
temporal mean increases in observations and in
 simulation, but the simulated spatio-temporal mean
frequencies are higher than observations.

In South China I, the probability density curve has
a slight shift from a higher frequency range to the
lower one from 1956−1979 to 1980−1992 in the simu-
lation, with the regional R95p mean decreasing. The
change is similar to the observations. The model gen-
erally fails to reproduce the observed shift from a
lower to a higher frequency range from 1980−1992 to
1993− 2009. The regional averaged R95p value in
observations increases, while that in simulation just
has a slight increase.

240

Fig. 10. Linear trends for (a,b) total rainfall above the 95th percentile (R95pTOT; mm decade−1), (c,d) number of days with
rainfall above the 95th percentile (R95p; d decade−1), (e,f) intensity index of the extreme precipitation (R95pI; mm d−1

decade−1), and (g,h) daily precipitation intensity index (SDII; mm d−1 decade−1) over eastern China during 1956−2009. 
(a,c,e,g) Observation (OBS), (b,d,f,h) BCC_CSM1.0
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In South China II, the observed extreme precipita-
tion events above the 95th percentile become more
frequent from 1956−1979 to 1980−1992 and 1993−
2009. However, the simulated spatio-temporal aver-
aged value of R95p tends to decrease. The change is
opposite to the ob servations. The interdecadal ten-
dency is similar to the observations. Generally, the
BCC_CSM1.0 does not reproduce the interdecadal
change feature of R95p in South China II.

The observed increment of extreme precipitation
over South China since 1993 is similar to the work of
Ning & Qian (2009). Here South China is divided into
2 sub-regions and one can find the differences
between South China I and South China II. The R95p
decreased in South China I, but increased in South
China II from 1956−1979 to 1980−1992. The mecha-
nism which causes the difference needs to be studied
in future work.

Region OBS BCC
β Zc β Zc

R95pTOT (% yr–1)
NE China –0.300 –1.69 –0.074 –0.33
North China –0.405 –1.75 0.128 0.60
Jianghuai 0.075 0.66 0.195 1.15
South China I 0.138 1.28 –0.036 –0.18
South China II 0.250 1.45 –0.229 –1.13
R95p (d yr–1)
NE China –0.018 –1.46 –0.016 –0.57
North China –0.019 –1.98 0.003 0.10
Jianghuai 0.003 0.16 0.035 1.12
South China I 0.006 0.37 –0.033 –0.84
South China II 0.024 1.0 –0.039 –0.98

Table 1. Mann-Kendall trend testing for observed (OBS)
and simulated (BCC) total rainfall above the 95th per-
centile (R95pTOT) and number of days with rainfall above
the 95th percentile (R95p) for the 5 sub-regions. β: magni-
tude of the trend (Eq. 6); Zc: test of significance (Eq. 2); 

|Z0.1| = 1.64, |Z0.05| = 1.96

Fig. 10 (continued)
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Fig. 11. Probability density curves for number of days with rainfall above the 95th percentile (R95p) in 5 sub-regions: (a,f) NE
China (115−135° E, 42−52° N), (b,g) North China (105−125° E, 35−42° N), (c,h) Jianghuai Region (105−122° E, 28−35° N), (d,i)
South China I (105−110° E, 20−28° N), (e,j) South China II (110−122° E, 20−28° N). (a−e) Observation, (f−j) BCC_CSM1.0. 

Numbers inside parentheses: spatio-temporal averaged values
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4.  DISCUSSION

Based on daily precipitation during 1956−2009 from
349 rain gauge stations in eastern China, the perfor-
mance of the BCC_CSM1.0 in simulating the regional
extreme precipitation change over eastern China
(east of 105° E) is evaluated. We also obtain  similar re-
sults as previous research about the observation (e.g.
Pan 2002, Zhai et al. 2005, Dong et al. 2011), such as
the frequency and amount of extreme precipitation
decreased in Northeast and North China, and in-
creased in South China during the period of 1956 to
2009.

The 20th century simulation forced by observed
greenhouse gases, aerosols, solar irradiance and vol -
canic aerosols shows that (1) BCC_CSM1.0 repro-
duces the basic feature of observed climatology of
annual total and extreme precipitation over the 95th
percentile, with spatial correlation of 0.77 for both
of them, and (2) BCC_CSM1.0 captures the main
change patterns of yearly accumulated extreme pre-
cipitations above the 95th percentile, although there
are some model biases in the spatial extension and
strength.

There are also some model biases: (1) the annual
to tal and extreme precipitation south of Yangtze
River are underestimated. (2) The frequency of
heavy precipitation (≥ 25.0 mm d–1) over eastern
China is underestimated, but the frequency of light
rain (0.1−10 mm d–1) is overestimated. (3) The long-
term trends of annual extreme precipitation amount
and frequency in the recent 50 yr are opposite to
those from observations in North and South China.
The model also has poor performance in simulating
their interdecadal variations in North and South
China.

The regional differences for extreme precipitation
change is considerable and there are interdecadal
variation signals for extreme heavy precipitation.
Although some encouraging results for extreme pre-
cipitation simulation are obtained, the performance

of BCC_ CSM1.0 needs to be im proved. IPCC AR4
models also have large biases in simulation of precip-
itation resulting from the East Asian summer mon-
soon (EASM) (Sun & Ding 2008). It is therefore a
common task for current climate system models to
improve their performance in simulating the pre -
cipitation over East Asia.

A good simulation of the EASM is very important
for precipitation simulation in East Asia. The proba-
bility of climate extremes is also strongly affected by
atmo spheric circulation and climate variability, such
as Madden−Julian Oscillation, El Niño−Southern Os -
cillation, and Pacific interdecadal variability, in the
global and/or regional scale (Jones et al. 2004, Curtis
et al. 2007, Kenyon & Hegerl 2010).

The climate system model working group in BCC
are devoting themselves to improve the capability of
BCC_CSM. 
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摘　　要

利用１９４８—２００９年ＮＣＥＰ／ＮＣＡＲ逐日高度场和风场再分析资料探讨了平流层各主要层次上环流转型的年

际、年代际时空演变特征。结果表明：北半球平流层冬季环流转为夏季环流的过程是高层环流转型早，低层环流转

型晚，但在各层次上环流转型早晚存在着区域性差异。自新地岛到西伯利亚北部地区的环流转型最早，且该区域

与北半球环流平均转型时间的年际以及年代际特征最相近。北半球平流层环流转型的气候平均时间早于东亚热

带季风爆发时间，从而可能成为季风预测的前兆信号。分析还得到平流层各主要层次环流转型时间具有明显的年

代际特征，环流转型时间呈现由偏晚到偏早、又从偏早到偏晚的变化特征，只是年代际转折年份在不同区域、不同

层次存在差异。此外，平流层环流转型时间普遍存在准２年、准３～６年、准９～１２年以及准２１～２４年的周期，可能

与气候系统其他成员有密切联系。

关键词：平流层大气环流；环流转型时间；气候特征

引　言

平流层对于整个大气环流具有重要作用，平流

层变化通常具有维持时间长、异常出现的时间早于

对流层异常发生的时间等特征。已有许多研究证

明：平流层环流的异常对于对流层天气、气候异常有

一定先兆作用［１６］，从而可为短期气候预测提供前兆

信号。

平流层大气环流的季节变化和环流转型的迟早

及其与对流层的关系一直被人们所关注。平流层冬

夏季节的转换主要体现在极地冷低压与暖高压的转

换以及绕极的西风转为弱东风［７］。依据冬夏环流形

势的显著差异，瞿章等［８９］采用１９６５—１９８４年共２０

年的逐月高度场资料计算了北半球５０ｈＰａ上不同

经度３个纬度带间（６０°～９０°Ｎ，３０°～６０°Ｎ，０°～

３０°Ｎ）的高度梯度反转的日期，以此确定各经度上在

此纬度带的转换日期，研究了５０ｈＰａ上环流特征与

５００ｈＰａ的关联，指出了平流层环流的季节变化具有

在高纬度和低纬度地区出现早、中纬度地区出现晚

的趋势。葛玲等［１０］利用１９６５—１９８６年的高度场和

臭氧资料，计算了３０ｈＰａ上５０°Ｎ以北地区高度场

涡动方差，给出了３０ｈＰａ春季开始的日期及季节转

变早、晚情况下臭氧的异常分布。田荣湘等［１１］采用

１９７９年的全球大气研究计划第１次试验期间的全

球气象资料（ＦＧＧＥＩＩＩｂ），研究了１９７９年平流层大

气环流在季节变化期间，南北半球不同区域的演变

特征。许多研究都表明：平流层环流及环流转型异

常与对流层气候及对流层大气环流系统有联

系［１２１４］，因此有关平流层季节性的环流转换及转换

异常的研究对短期气候预测有重要意义。由于受平

流层观测资料匮乏的限制以及平流层季节转变定义

方法差异的影响，早期对于平流层环流转型的研究

较难从气候及其异常角度清晰地给出平流层各层次

环流转型的时空变化特征及其与对流层的关系，为

此，本文通过对１９４８—２００９年共６２年的 ＮＣＥＰ／

ＮＣＡＲ逐日再分析资料，利用高度梯度反转和风向

转向相结合的方法来确定各层次的环流转型日期，

２０１０１０２８收到，２０１１０４２２收到再改稿。

资助项目：科技部科技支撑项目（２００７ＢＡＣ２９Ｂ０４，２００９ＢＡＣ５１Ｂ０５），９７３项目（２０１０ＣＢ９５０５０１）

 通信作者，Ｅｍａｉｌ：ｃｈｅｎｌｊ＠ｃｍａ．ｇｏｖ．ｃｎ
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分析转型日期的年际、年代际变化特征，研究平流层

环流转型在气候学上的时空变化特点，为分析平流

层环流转型的时空变化特征及其异常与对流层内重

要的天气、气候的具体关系奠定基础。

１　资料和方法

本文所用的资料来自 ＮＣＥＰ／ＮＣＡＲ逐日再分

析资料［１５］，该资料序列时间长度为１９４８年１月１

日—２００９年１２月３１日，垂直方向共１７层（１０００，

９２５，８５０，７００，６００，５００，４００，３００，２５０，２００，１５０，１００，

７０，５０，３０，２０，１０ｈＰａ），水平分辨率为２．５°×２．５°，

要素为位势高度场和纬向风场。

平流层环流在冬夏有显著差异，冬季高度场呈

现南高北低的形势，极地为冷低涡，中高纬度地区主

要盛行绕极西风；而夏季高度场则呈现南低北高形

势，主要盛行东风。根据冬夏的环流差异，本文定义

北半球位势高度场南北每隔５°的梯度差为高度梯

度：

Δ犎λ， ＝犎λ，－犎λ，＋５°。 （１）

式（１）中，λ，分别为经度、纬度，犎λ，为格点（λ，）

处对应的位势高度值。

由于北半球平流层气象要素场（温度场、风场、

高度场等）在５５°Ｎ以北地区的方差都较大，因此选

取（５５°～８５°Ｎ，０～１７７．５°Ｅ，１８０～２．５°Ｗ）的中高纬

度地区作为研究区域。在该区域内，如果高度场呈

南低北高型，即 Δ犎λ，＜０，则计数器 犖λ，＝１；若

Δ犎λ，≥０，则犖λ，＝０。此外，如果该区域内某格点

风场为东风，即犝λ，＜０，则计数器 犕λ，＝１；若

犝λ，≥０，则犕λ，＝０。

当研究区域内的负高度梯度（犖λ，）的格点数和

东风（犕λ，）的格点数占研究区域内总格点数的百分

率（式（２）中犚犎 和犚犝）连续５ｄ都达到８０％（经验

值）以上时，即定义满足以上条件的第１天为平流层

冬季环流转为夏季环流的日期。

犚犎 ＝ ∑
犖λ，

总格点数×
１００％，　

犚犝 ＝ ∑
犕λ，

总格点数×
１００％。 （２）

式（２）中，犚犎 和犚犝 分别为研究区域内的负高度梯

度、东风的格点数占研究区域总格点数的百分率。

文中环流转换时间一般指某年的日序，如１月

１日对应的数值是１，１月３１日对应的数值是３１，２

月１日对应的数值是３２，依次类推。

对北半球平流层高度梯度场的均方差分析显

示，北半球存在３个均方差极大值中心（图１为

１０ｈＰａ上冬季环流转为夏季环流过渡月份的高度梯

度的均方差分布，其他层次以及１—１２月的均方差

分布图略），这３个极值中心为季节变化、气候异常

的敏感区域，因此，除计算北半球环流转型的日期

外，还依据极值中心选定３个代表性区域：１区是从

新地岛到西伯利亚北部地区（５５°～８５°Ｎ，５０°～

１２０°Ｅ），简称为西伯利亚区；２区是以白令海为中

心，从东西伯利亚到加拿大西北部地区（５５°～８５°Ｎ，

１２０°Ｅ～１２０°Ｗ），简称为白令海区；３区是位于大西

洋北部的格陵兰岛地区（５５°～８５°Ｎ，２．５°～６０°Ｗ），

简称为格陵兰区。采用上述同样方法计算出这３个

区域的环流转型日期。

本文采用经验小波分析［１６］研究６２年来环流转

型日期的时频结构，此外还用曼肯德尔法（Ｍ

Ｋ）
［１７］对于多年来的转型时间变化趋势进行突变年

份的检测。

图１　３月１日—６月３０日１０ｈＰａ高度梯度的均方差分布（单位：ｇｐｍ）

Ｆｉｇ．１　Ｔｈｅｍｅａｎｓｑｕａｒｅｄｅｖｉａｔｉｏｎｏｆｔｈｅｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔｇｒａｄｉｅｎｔｆｒｏｍ

１Ｍａｒｃｈｔｏ３０Ｊｕｎｅａｔ１０ｈＰａ（ｕｎｉｔ：ｇｐｍ）
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２　结果分析

２．１　平流层环流转型时间的平均气候特征

图２是１０ｈＰａ的高度梯度和风速气候平均态

的时间经度分布图，可以看出：同层次的高度场梯

度与风速的转换时间相近。其中１０ｈＰａ和２０ｈＰａ

（图略）的冬季环流转为夏季环流的转型日期相近，

平均出现在４月上旬和中旬，３０ｈＰａ（图略）环流转

型时间出现在４月下旬，５０ｈＰａ（图略）环流转型时

间则出现在５月上旬。而夏季环流转为冬季环流的

平均日期则是５０ｈＰａ最早，转型时间为８月初，

３０ｈＰａ转型时间出现在８月中下旬，２０ｈＰａ和

１０ｈＰａ均出现在８月底，但１０ｈＰａ稍晚于２０ｈＰａ。

各层夏季环流维持的时间长度：１０ｈＰａ约为５个

月，２０ｈＰａ超过４个月，３０ｈＰａ为近４个月，维持时

间最短的是５０ｈＰａ，为近３个月（表１）。即层次越

高，夏季环流维持的时间越长；层次越低，夏季环流

维持的时间越短。同时可以看出，在不同的区域，冬

季环流向夏季环流转型的时间也存在差异。西伯利

亚区和格陵兰区所在的经度范围内，环流转型时间

明显较其他区域偏早，且高度梯度和风速的变化相

对于白令海区来说要小很多。白令海区所在的经度

范围内环流转型的时间较其他区域稍晚。

根据已有季风领域的研究，孟加拉湾、中南半岛

和南海是亚洲热带夏季风最早爆发的地区［１８］，其中

南海夏季风平均的爆发时间为５月中下旬
［１９］。而

根据本文的分析，平流层夏季环流转为冬季环流的

平均时间出现在４月上中旬至５月上旬（表１、图

２）。即从气候平均状态上来看，平流层的冬季环流

转为夏季环流的转型时间明显早于东亚热带季风爆

发时间，从而可能成为一个研究东亚季风气候监测、

预测的先兆信号。季风活动与我国夏季降水关系密

切［２０］，因此，平流层环流转型对于汛期气候趋势也

有指示意义。

图２　１０ｈＰａ位势高度梯度（单位：ｄａｇｐｍ）（ａ）以及纬向风（单位：ｍ·ｓ－１）（ｂ）的时间经度分布图

Ｆｉｇ．２　Ｔｉｍｅｌｏｎｇｉｔｕｄｅｅｖｏｌｕｔｉｏｎｏｆｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔｇｒａｄｉｅｎｔ（ｕｎｉｔ：ｄａｇｐｍ）（ａ）

ａｎｄｚｏｎａｌｗｉｎｄ（ｕｎｉｔ：ｍ·ｓ－１）（ｂ）ａｔ１０ｈＰａ

表１　北半球平流层环流转型时间

犜犪犫犾犲１　犜狉犪狀狊犻狋犻狅狀犱犪狋犲狅犳狊狋狉犪狋狅狊狆犺犲狉犻犮

犮犻狉犮狌犾犪狋犻狅狀犻狀犖狅狉狋犺犲狉狀犎犲犿犻狊狆犺犲狉犲

高度／ｈＰａ
冬季环流转为

夏季环流时间

夏季环流转为

冬季环流时间

１０ ４月上中旬 ８月底

２０ ４月上中旬 ８月底

３０ ４月下旬 ８月中下旬

５０ ５月上旬 ８月初

２．２　平流层环流转型日期的年际和年代际特征

２．２．１　平流层环流不同区域和不同层次的平均转

型时间

由表１和表２可知，北半球平流层高层（１０ｈＰａ

与２０ｈＰａ）高度场以及风场最先发生环流反转，并

逐渐向下传播至５０ｈＰａ，前后经历约１个月左右。

表２是北半球以及３个区域不同层次的平均环流转
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型时间，在西伯利亚区内的环流转换明显早于白令

海区。结合３个区域的地理分布可知，东半球环流

转型早于西半球，而西伯利亚区是北半球最先开始

环流转型的地区。对比１０ｈＰａ与２０ｈＰａ上北半球

环流转型时间与不同区域环流转型时间可知，这两

个层次的环流转型时间较为接近，相差约为１～２ｄ，

与３０ｈＰａ环流转型时间相差可达４～６ｄ，而５０ｈＰａ

环流转型的发生时间明显落后于其以上层次环流转

型时间。

表２　不同区域、不同层次的平均环流转型时间

犜犪犫犾犲２　犃狏犲狉犪犵犲狋狉犪狀狊犻狋犻狅狀犱犪狋犲狊犪狋犪犾犾犾犲狏犲犾狊狅犳狋犺犲狉犲犵犻狅狀狊

高度／ｈＰａ 北半球 西伯利亚区 白令海区 格陵兰区

１０ 第１１２天 第１１１．７天 第１３９．９天 第１３９．６天

２０ 第１１３．５天 第１１２．７天 第１３８．７天 第１３７．９天

３０ 第１１８．３天 第１１６．６天 第１４３．４天 第１４０．５天

５０ 第１４５天 第１４１．４天 第１７３．６天 第１５４．４天

２．２．２　不同区域环流转型时间的年际变化

北半球不同层次环流转型时间的年际变率较显

著（图３）。在１０ｈＰａ上环流转型早的年份与转型

晚的年份时间相差可达８０ｄ（表３），其中１９８９年环

流在第７０天（即３月１１日）转型，是６２年中环流转

换最早的一年，比平均时间（第１１２天）早４２天，次

早年为１９６４年和１９６１年，比平均早３７天；最晚是

２００１年，比平均时间晚３８天，次晚年为１９５１年和

１９４９年。２０ｈＰａ环流转型早晚差异最大达８１ｄ（表

３），其中转型最早年为１９９９年（第７０天），次早年为

１９８９年（第７１天）和１９８４年（第７３天）；最晚年为

２００１年，比平均时间晚３８天，次晚年为１９５５年和

１９５１年。在３０ｈＰａ上环流转型最早与最晚年时间

差达８５ｄ（表３），转型最早年为１９９９年（第７０天），

次早年为１９８４年（第７４天）、１９６１（第８４天）年和

１９６４年（第８４天）；转型最晚年为２００１年（第１５５

天），次晚年为１９５５年（第１４８天）。而在５０ｈＰａ上

环流转型早晚年相差８５ｄ（表３），１９７４年转型最早，

转型时间为该年第９６天，次早年为１９９６年和１９７８

年（第１０６天），最晚年为１９８３年（第１８１天），次晚

年为２００６年（第１７９天）。在１０～３０ｈＰａ上环流转

型早晚的年份一致，转型早的年份分别为１９８９年、

１９８４年、１９６１ 年，转型晚的年份为 ２００１ 年，但

５０ｈＰａ与其他３个层次的早晚年份存在较大差异，

其中的原因值得进一步分析。由逐年变化曲线也可

以看出，１０～３０ｈＰａ环流转型时间较为接近，只是

高层转型时间略早于低层，极少数年份例外。此外，

５０ｈＰａ以上各层次转型时间都早于５０ｈＰａ环流转

型时间。

图３　北半球平流层不同层次环流转型时间的逐年变化

Ｆｉｇ．３　ＡｎｎｕａｌｔｒａｎｓｉｔｉｏｎｄａｔｅｓａｔｄｉｆｆｅｒｅｎｔｌｅｖｅｌｓｉｎＮｏｒｔｈＨｅｍｉｓｐｈｅｒｅ

表３　北半球不同层次的最早、最晚转型时间

犜犪犫犾犲３　犈狓狋狉犲犿犲狋狉犪狀狊犻狋犻狅狀犱犪狋犲狊犪狋犪犾犾

犾犲狏犲犾狊犻狀犖狅狉狋犺犲狉狀犎犲犿犻狊狆犺犲狉犲

高度／ｈＰａ 最早转型时间 最晚转型时间

１０ 第７０天 第１５０天

２０ 第７０天 第１５１．５天

３０ 第７０天 第１５５天

５０ 第９６天 第１８１天

　　由于环流转型具有明显的区域性差异，因此在北

半球不同区域环流转型早晚并不一致。图４为北半

球以及３个不同区域在１０ｈＰａ上环流转型时间逐年

变化的对比（其他层次对比图略）。１０ｈＰａ上西伯利

亚区的转型时间平均是第１１１．７天，相对北半球平均

转型时间稍早，最早为１９８９年和１９９９年，均为第７０

天；其次为１９８４年、１９６１年以及１９６４年；转型最晚年
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份为２００１年，为第１５０天；其次偏晚年分别是１９７１，

１９４９，１９８１，１９９０年以及１９９８年。即西伯利亚区转

型偏早年和偏晚年与北半球的环流转型早晚年较为

一致。白令海区１０ｈＰａ上的环流转型时间平均是

第１３９．６天，明显晚于北半球，转型偏早年为１９６４，

１９７６，１９５９年以及１９６１年，转型最晚的年份为１９５１

年，次晚的年份有１９５０，１９６３，１９６０，１９８７，２０００，

２００１年。格陵兰区环流转型最早年份为１９６４年，

次早年份分别为１９５１和１９６１年；最晚年份为１９５１

年，次晚年份分别为２００２和１９５０年。

对比图４中北半球与３个区域的环流转型时间

可见，各区转型日期的年际变化显著。自１９４８年以

来的６２年中，北半球与西伯利亚区环流转型时间较

为相近，白令海区与格陵兰区的环流转型时间较为

接近，且明显晚于北半球和西伯利亚区的环流转型

时间。此外，北半球以及西伯利亚区的环流转型时

间早晚的振幅明显大于另外两个区域转型时间的早

晚振幅。

图４　１０ｈＰａ不同区域环流转型时间的逐年变化

Ｆｉｇ．４　Ａｎｎｕａｌｔｒａｎｓｉｔｉｏｎｄａｔｅｓｏｆｄｉｆｆｅｒｅｎｔｒｅｇｉｏｎｓａｔ１０ｈＰａ

２．２．３　不同区域环流转型时间的年代际变化

环流转型时间的年代际变化特征也较显著，这

在图５环流转型时间逐年变化的线性趋势、二阶多

项式回归趋势以及高斯九点平滑的结果中可得到较

好反映。图５中的二阶回归趋势线以及高斯九点平

滑线反映出北半球１０ｈＰａ上环流转型在近６２年中

经历了季节转换时间由偏晚转为偏早，又转为偏晚

的过程，只是在不同区域转折年份不同。北半球从

２０世纪４０年代末到７０年代中期环流转型逐渐变

早，期间有波动，转型时间的标准化距平在１９７４年

为１．３３，在１９７５年降为－１．６２，两者差值达２．９５；

而在２０世纪７０年代中期至２１世纪初，环流转型时

间逐渐由偏早转为偏晚。当然在此期间也存在一些

小的周期变化，尤其是在２００５—２００６年转型时间的

标准化距平相差达１．７。北半球１０ｈＰａ环流转型

时间的 ＭＫ检验结果图（图６ａ）也显示出在２０世

纪７０年代中期存在突变。在北半球２０ｈＰａ（图６ｂ）

以及３０ｈＰａ环流转型时间的 ＭＫ检验（图略）同样

显示，在２０世纪７０年代中期发生了转折。

对平流层环流转型时间的小波分析（图７）显示

了几个明显的周期特征。北半球１０ｈＰａ上周期为

２年处，等值线较为密集，对应的准２年周期较为明

显。而在周期为１０～１２年的１９７５年处，小波系数

出现了最大值，表明在１９７５年前后环流转型早晚出

现了明显的变化。另外，小波系数图像的周期呈现

出明显的阶段性特征，１９４８—１９７５年准６年、准２２

年的周期显著，而在１９７５—２００９年，９～１２年周期

相对稳定。

西伯利亚区（图５ｂ）、白令海区（图５ｃ）以及格陵

兰区（图５ｄ）的环流转型时间与北半球环流转型时

间（图５ａ）的年代际变化特征相似，即２０世纪７０年

代中期之前环流转型逐渐变早，而７０年代中期之后

环流转型呈现逐渐变晚趋势，但在主要变化特征下

不同区域的环流转型时间又存在阶段性差异。其中

西伯利亚区环流转型时间与北半球的环流转型时间

的年代际变化极为相似，但在２０世纪９０年代以后，

西伯利亚区环流逐渐偏晚的这种趋势弱于北半球变

化趋势。白令海区和格陵兰区除个别年份外，环流

转型的时间早晚变化波动较北半球小很多。

西伯利亚区环流转型时间的小波分析图（图

７ｂ）与北半球的环流转型时间的小波分析图很相似

（图７ａ），并且突变年份也接近。白令海区和格陵兰
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区的环流转型时间的小波分析图（图７ｃ和图７ｄ）与

北半球环流转型时间小波分析图（图７ａ）存在较大

的差异。整体来看，白令海区与格陵兰区都是在

１９６５年以前存在准３～６年的周期，１９６５年以后存

在准２年、准９～１２年以及准２１～２４年左右的周

期。

图５　不同区域１０ｈＰａ环流转型时间的标准化距平（带标记的实折线）、

线性趋势（点划线）、二阶多项式回归趋势（虚线）、高斯九点平滑（实折线）

（ａ）北半球，（ｂ）西伯利亚区，（ｃ）白令海区，（ｄ）格陵兰区

Ｆｉｇ．５　Ｓｔａｎｄａｒｄｄｅｖｉａｔｉｏｎｏｆａｎｎｕａｌｔｒａｎｓｉｔｉｏｎｄａｔｅｓａｔ１０ｈＰａｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔｏｆ

ａｌｌｒｅｇｉｏｎｓ（ｌａｂｅｌｅｄｓｏｌｉｄｌｉｎｅ），ｔｈｅｃｏｒｒｅｓｐｏｎｄｉｎｇｔｏｌｉｎｅａｒｔｒｅｎｄ（ｃｈａｉｎｄｏｔｔｅｄｌｉｎｅ），

ｓｅｃｏｎｄｏｒｄｅｒｐｏｌｙｎｏｍｉａｌｒｅｇｒｅｓｓｉｏｎｌｉｎｅ（ｄｏｔｔｅｄｌｉｎｅ），Ｇａｕｓｓｉａｎ９ｙｅａｒｒｕｎｎｉｎｇａｖｅｒａｇｅｓ（ｓｏｌｉｄｌｉｎｅ）

（ａ）ＮｏｒｔｈＨｅｍｉｓｐｈｅｒｅ，（ｂ）Ｓｉｂｅｒｉａ，（ｃ）ＢｅｒｉｎｇＳｅａ，（ｄ）Ｇｒｅｅｎｌａｎｄ

图６　不同层次环流转型日期的 ＭＫ统计量曲线 （ａ）１０ｈＰａ，（ｂ）２０ｈＰａ

（ＵＦ为顺序时间序列的统计量，ＵＢ为逆序时间序列的统计量）

Ｆｉｇ．６　ＭａｎｎＫｅｎｄａｌｌｓｔａｔｉｓｔｉｃｃｕｒｖｅｓｏｆｓｔａｎｄａｒｄｄｅｖｉａｔｉｏｎ

ｏｆａｎｎｕａｌｔｒａｎｓｉｔｉｏｎｄａｔｅａｔ１０ｈＰａ（ａ）ａｎｄ２０ｈＰａ（ｂ）ｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔｓ

（ＵＦ：ｓｔａｔｉｓｔｉｃｖａｌｕｅｏｆｏｒｄｉｎａｌｄａｔａ；ＵＢ：ｓｔａｔｉｓｔｉｃｖａｌｕｅｏｆｒｅｖｅｒｓｅｄａｔａ）

　　可以发现，在平流层各层次（１０～５０ｈＰａ）不同

区域都存在着显著的准２年、准３～６年、准９～１２

年以及准２１～２４年周期。而这些周期可能与赤道

平流层纬向风的准两年振荡［２１］、海气相互作用［２２］、

太阳活动周期［２３］具有一定联系，值得进一步分析。
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图７　不同区域１０ｈＰａ环流转型时间标准化距平的小波分析

（ａ）北半球，（ｂ）西伯利亚区，（ｃ）白令海区，（ｄ）格陵兰区

Ｆｉｇ．７　Ｗａｖｅｌｅｔａｎａｌｙｓｉｓｓｔａｔｉｓｔｉｃｃｕｒｖｅｓｏｆｓｔａｎｄａｒｄｄｅｖｉａｔｉｏｎｏｆａｎｎｕａｌ

ｔｒａｎｓｉｔｉｏｎｄａｔｅｓａｔ１０ｈＰａｇｅｏｐｏｔｅｎｔｉａｌｈｅｉｇｈｔｏｆｄｉｆｆｅｒｅｎｔｒｅｇｉｏｎｓｉｎ

ＮｏｒｔｈＨｅｍｉｓｐｈｅｒｅ（ａ），Ｓｉｂｅｒｉａ（ｂ），ＢｅｒｉｎｇＳｅａ（ｃ），Ｇｒｅｅｎｌａｎｄ（ｄ）

２．３　平流层环流转型日期的频次统计

图８是不同区域、不同层次环流转型日期在候

时间尺度上发生的频次（以百分率表示）。由北半球

统计结果可以看出，不同层次环流转型时间的频次

分布有显著差异。１０ｈＰａ上环流转型时间分布呈

现双峰型特征，分别在第２１候和第２７候，出现的频

次为１３％。２０ｈＰａ上环流转型时间分布表现为多

峰型特征，其中最高概率出现在第２６候，为１３％，

其次为第２８候，占１０％。３０ｈＰａ上环流转型时间

分布表现为三峰型特征，１６％的年份在第２４候转

型，１３％的年份在第２２候转型，９．７％的年份在第

２８候转型。而５０ｈＰａ上环流转型时间为单峰型特

征，高概率时段主要出现在第２９候至第３４候。

西伯利亚区１０ｈＰａ环流转型时间概率分布呈

现双峰型特征，接近于北半球平均分布特征，主要出

现在第２１候和第２８候；２０ｈＰａ环流转型时间分布

呈现三峰型，主要在第２１候；３０ｈＰａ环流转型时间

呈多峰型分布，主要集中在第２０候到第２９候；

５０ｈＰａ在第２８候，其次是第３１候和第２６候。在

１０ｈＰａ，２０ｈＰａ以及５０ｈＰａ上，此区相对于北半球

环流转型时间的高概率时段要早。

白令海区和格陵兰区环流转型时间概率分布特

征与北半球平均特征差异较大，一般都表现出单峰

型特征，只是环流转型时间的高概率时段相对北半

球以及西伯利亚区偏晚，且概率高。白令海区１０～

３０ｈＰａ上的环流转型时间主要出现在第２８候和第

２９候，只是高层次偏早；５０ｈＰａ上环流转型主要出

现在第３５候，达２４％。格陵兰区１０～３０ｈＰａ主要

出现在第２９候，频次达到２５％以上；５０ｈＰａ环流

转型主要出现在第３６候。

以上分析表明，北半球１０～５０ｈＰａ环流转型日

期出现的高概率时段依次为第２１候、第２６候、第

２２候、第２９候，而西伯利亚区依次为第２１候、第２２

候和第２６候。白令海区和格陵兰区在１０～３０ｈＰａ

都为第２８候和第２９候；而５０ｈＰａ分别为第３５候

和第３６候。各层转型时间的高概率时段分布特征

及其可能的影响值得进一步分析。

７１４　第４期　　　　　　 　　　　 　 　张　灵等：北半球平流层大气环流转型的基本气候特征　　　　　 　　　　 　　　

905



图８　不同区域、不同层次环流转型日期出现频次

（ａ）北半球，（ｂ）西伯利亚，（ｃ）白令海区，（ｄ）格陵兰区

Ｆｉｇ．８　Ｐｅｒｃｅｎｔａｇｅｏｆａｎｎｕａｌｔｒａｎｓｉｔｉｏｎｄａｔｅｓａｔａｌｌｌｅｖｅｌｓｏｆｄｉｆｆｅｒｅｎｔｒｅｇｉｏｎｓ

ｉｎＮｏｒｔｈＨｅｍｉｓｐｈｅｒｅ（ａ），Ｓｉｂｅｒｉａ（ｂ），ＢｅｒｉｎｇＳｅａ（ｃ），Ｇｒｅｅｎｌａｎｄ（ｄ）

３　结论与讨论

利用ＮＣＥＰ／ＮＣＡＲ逐日高度场和风场再分析

资料，定义并计算了平流层各主要层次和代表性区

域环流转型日期，采用小波分析、高斯九点平滑以及

ＭＫ检验等统计方法分析了北半球平流层各主要

层次自冬季环流到夏季环流转型日期的年际、年代

际变化特征，得到以下主要结论：

１）北半球平流层中环流转型最早出现在

１０ｈＰａ和 ２０ｈＰａ，然后经历较短 的 时 间 传 至

３０ｈＰａ。环流平均转型时间在４月下旬之前。南海

夏季风是亚洲热带夏季风建立最早的地区之一，平

均爆发时间（５月中下旬）相对于平流层环流转型的

平均时间晚，因而平流层环流转型时间可能成为一

个研究东亚季风气候监测、预测的先兆信号。

２）环流转型存在着区域性差异，其中以西伯利

亚区各层次环流转型时间最早，北半球平均环流转

型时间次之，白令海区和格陵兰区的环流转型时间

相对较晚，且白令海区略早于格陵兰区。

３）北半球以及３个不同区域的环流转型时间

的年际、年代际变化特征显著，６２年以来的转型时

间均表现出偏晚转为偏早，又由偏早转为偏晚的过

程。其中西伯利亚区与北半球环流转型时间的年际

以及年代际特征相似，而另外两个区域的转型时间

变化特征相似。

４）不同区域、不同层次环流转型时间的周期有

差异，但是都存在着准２年、准３～６年、准９～１２年

以及准２１～２４年的周期。

在平流层中环流的变化以及平流层内有重要作

用的臭氧浓度发生改变，都可能引起高低纬度辐射

的变化，最终导致温度梯度和风场的变化［２４２７］。温

度梯度、风场等的变化与冬夏环流的转型紧密联系。

这说明，臭氧浓度的分布以及变化、太阳辐射的强弱

对于环流转型都有重要影响。太阳活动存在１１年

的变化周期，那么环流转型中的准１０～１２年的周期

是否受太阳活动周期的影响还值得进一步研究。此

外，研究表明［２８］，赤道纬向风的准两年振荡（ＱＢＯ）

对北半球冬季大气环流的影响主要表现在平流层和

对流层上层的中高纬度地区。ＱＢＯ的变化对于平

流层环流转型早晚的影响有待于深入探讨。当然平

流层爆发性增温可以导致温度急剧的增加，造成高

度梯度迅速反转和纬向风转向，成为夏季环流型，尤

其是最后一次爆发性增温对于环流转型早晚有较为

重要的作用［２９３１］。总体说来，平流层环流转型可能

受到太阳活动、臭氧分布、ＱＢＯ以及平流层最后一
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次爆发性增温等因子的影响，这些因子各自对于平

流层环流转型的贡献及影响机制值得深入研究。
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ｔｈｅｎｔｏｌａｔｅａｇａｉｎｉｎｔｈｅｐａｓｔ６２ｙｅａｒｓ．ＰａｒｔｉｃｕｌａｒｌｙｔｈｅｃｉｒｃｕｌａｔｉｏｎｔｒａｎｓｉｔｉｏｎｄａｔｅｉｎＮｏｒｔｈｅｒｎＨｅｍｉｓｐｈｅｒｅ

ａｎｄｉｎＳｉｂｅｒｉａｓｈａｒｅｓｓｏｍｅｓｉｍｉｌａｒｉｔｉｅｓｉｎｉｎｔｅｒａｎｎｕａｌａｎｄｉｎｔｅｒｄｅｃａｄａｌｖａｒｉａｔｉｏｎｓ，ｆｏｒｅｘａｍｐｌｅ，ｔｈｅｔｉｍｅ

ｖａｒｉａｔｉｏｎｓｈｏｗｓｓｉｇｎｉｆｉｃａｎｔｆｌｕｃｔｕａｔｉｏｎｓ，ａｎｄｂｏｔｈｈａｖｅａｔｒａｎｓｉｔｉｏｎｐｅａｋｉｎ１９７５．Ｔｈｅｔｒａｎｓｉｔｉｏｎｄａｔｅｓｉｎ

ＢｅｒｉｎｇＳｅａａｎｄＧｒｅｅｎｌａｎｄａｌｓｏｈａｖｅｔｈｅｓｉｍｉｌａｒｆｅａｔｕｒｅｓ，ｆｏｒｅｘａｍｐｌｅ，ｔｈｅｔｉｍｅｆｌｕｃｔｕａｔｉｏｎｉｓｒｅｌａｔｉｖｅｌｙ

ｓｍａｌｌ．Ｍｏｒｅｏｖｅｒ，ｃｉｒｃｕｌａｔｉｏｎｔｒａｎｓｉｔｉｏｎｄａｔｅｓｖａｒｙｗｉｔｈｔｈｅｈｅｉｇｈｔａｎｄｒｅｇｉｏｎ，ｂｕｔｔｈｅｙａｌｌｈａｖｅａｑｕａｓｉ２

ｙｅａｒ，ａｑｕａｓｉ３ｔｏ６ｙｅａｒ，ａｑｕａｓｉ９ｔｏ１２ｙｅａｒｏｒａｑｕａｓｉ２１ｔｏ２４ｙｅａｒｃｙｃｌｅｗｈｉｃｈｍａｙｈａｖｅｃｌｏｓｅｃｏｎｎｅｃ

ｔｉｏｎｓｗｉｔｈｏｔｈｅｒｍｅｍｂｅｒｓｏｆｔｈｅｃｌｉｍａｔｅｓｙｓｔｅｍ．

犓犲狔狑狅狉犱狊：ｓｔｒａｔｏｓｐｈｅｒｅｃｉｒｃｕｌａｔｉｏｎ；ｃｉｒｃｕｌａｔｉｏｎｔｒａｎｓｉｔｉｏｎｄａｔｅ；ｃｌｉｍａｔｉｃｆｅａｔｕｒｅｓ
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ABSTRACT

The interdecadal change of the relationship between the tropical Indian Ocean dipole (IOD) mode and the
summer climate anomaly in China is investigated by using monthly precipitation and temperature records
at 210 stations in China and the NCEP/NCAR reanalysis data for 1957–2005. The results indicate that
along with the interdecadal shift in the large-scale general circulation around the late 1970s, the relationship
between the IOD mode and the summer climate anomaly in some regions of China has significantly changed.
Before the late 1970s, a developing IOD event is associated with an enhanced East Asian summer monsoon,
which tends to decrease summer precipitation and increase summer temperature in South China; while
after the late 1970s, it is associated with a weakened East Asian summer monsoon, which tends to increase
(decrease) precipitation and decrease (increase) temperature in the south (north) of the Yangtze River.
During the next summer, following a positive IOD event, precipitation is increased in most of China before
the late 1970s, while it is decreased (increased) south (north) of the Yangtze River after the late 1970s.
There is no significant correlation between the IOD and surface air temperature anomaly in most of China
in the next summer before the late 1970s; however, the IOD tends to increase the next summer temperature
south of the Yellow River after the late 1970s.

Key words: tropical Indian Ocean dipole (IOD), summer climate anomaly in China, interannual variability,
interdecadal change
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1. Introduction

It is widely recognized that sea surface tempera-

ture (SST) in the tropical Indian Ocean features con-

siderable variabilities. Observational analyses have

identified two dominant modes in the SST variabil-

ities in the tropical Indian Ocean. One is the uni-

form basin-wide mode closely associated with the El

Niño/Southern Oscillation (ENSO) (Lanzante, 1996;

Klein et al., 1999; Zhou et al., 2004; Tan et al., 2003),

and the other is the so-called Indian Ocean dipole

(IOD) mode (Saji et al., 1999; Webster et al., 1999).

Like the ENSO cycle, the IOD mode is phase-locked

to seasonal cycle, maturing in boreal autumn and de-

caying in winter and next spring (Saji and Yamagata,

2003). The relationship between the IOD mode and

ENSO is quite complicated. Some scientists believed

that the IOD mode is influenced by the ENSO (Allan

∗Supported by the National Natural Science Foundation of China under Grant Nos. 40730953, 40523001, and 40905036, and
National Public Welfare Research Fund of China under Grant Nos. GYHY200706005 and GYHY200806004.
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et al., 2001; Xie et al., 2002; Krishnamurthy and Kirt-

man, 2003; Tan et al., 2004; Zhong et al., 2005), while

others pointed out that it is independent of the ENSO

(Yamagata et al., 2003; Qian et al., 2003). The IOD-

related SST anomalies in the tropical Indian Ocean

can exert significant impacts on the East Asian sum-

mer monsoon and associated summer climate anomaly

in China. Numerical simulations have shown that the

positive SST anomalies in the eastern tropical Pacific

and Indian Ocean tend to weaken the East Asian and

Indian summer monsoons (Zou and Liu, 2002). How-

ever, considering the possible independence of the IOD

mode, we speculate that the impact of the IOD mode

on the East Asian summer climate may be different

from that of the ENSO. Therefore, it is of interest to

probe into the role of the IOD mode in the East Asian

climate variability.

Some observational analyses have revealed a sig-

nificant relationship between the IOD mode and the

summer precipitation anomaly in China. Xiao et al.

(2002) documented that the East Asian trough ap-

pears to be weaker and the western Pacific subtropical

high extends more southward, leading to more pre-

cipitation in South China but less in North China,

when the IOD is in its positive phase. Li and Mu

(2001) pointed out that, during a positive IOD phase,

the anticyclone over the Tibet and the western Pacific

subtropical high are weaker, while the South China

Sea and Indian summer monsoons are enhanced, which

can significantly influence the summer precipitation in

South China. Tang and Sun (2005) showed that dur-

ing a positive IOD phase, the convective activity over

the Philippines is weakened and the East Asian sum-

mer monsoon is stronger with more precipitation in

South China; while during a negative IOD phase, the

atmospheric circulation is characterized by an oppo-

site anomaly pattern with more precipitation between

the Yellow and Yangtze River valleys. Numerical ex-

periments have confirmed the observed impact of the

IOD mode on the climate variability of China (Xiao

et al., 2000; Yan and Zhang, 2004).

The global climate system experienced a remark-

able interdecadal shift in the late 1970s. For exam-

ple, the ENSO features different characteristics during

the pre- and post–1970s (Wang, 1995; An and Wang,

2000), and the relationship between the ENSO and the

summer climate variability in China has also changed

(Torrence and Webster, 1999; Wang, 2002; Xu and

Wang, 2000; Zhu and Yang, 2003). Under such a

background interdecadal shift, the East Asian summer

monsoon also exhibits significant interdecadal varia-

tions with a clear three-dimensional structure over

East Asia (Yu and Zhou, 2007; Yu et al., 2004). An in-

terdecadal cooling in the upper troposphere over East

Asia is found, which tends to strengthen the wester-

lies south of the East Asian jet through an anoma-

lous upper-level cyclone and to weaken the East Asian

summer monsoon through an anomalous lower-level

anticyclone (Yu et al., 2004; Li et al., 2005; Xin et al.,

2006). The tropical Indian Ocean SST variability also

experienced an interdecadal change in the late 1970s.

The first Empirical Orthogonal Function (EOF) of the

tropical Indian Ocean SST anomaly during autumn

displays a uniform basin-wide mode during the pre-

1970s, while a dipole mode during the post-1970s (An-

namalai et al., 2005). It is therefore interesting to

examine the relationship between the IOD mode and

the summer climate anomaly in China under different

decadal backgrounds.

2. Data and method

Monthly precipitation and surface air temper-

ature records at 210 stations in China and the

NCEP/NCAR monthly reanalysis data (Kalnay et al.,

1996) are used in this study. All the data are taken

for the common period 1957–2005 and band-filtered to

retain interannual variability (from 12 mon to 8 yr).

Following Saji et al. (1999), a so-called IOD index is

defined as the area-averaged SST anomaly in the trop-

ical western Indian Ocean (10◦S–10◦N, 50◦–70◦E) and

in which the SST anomaly in the tropical southeast-

ern Indian Ocean (10◦S–0◦, 90◦–110◦E) is subtracted.

The IOD index is calculated for September–November
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(autumn), and the precipitation and temperature

anomalies are computed for June–August (summer).

The sliding correlation in a moving window with a

21-yr width is used to reveal the relationship between

the IOD mode and the summer climate interannual

variability in China. The composite analysis is used

to examine typical summer atmospheric circulation

anomalies over East Asia for positive and negative

IOD events under different interdecadal backgrounds,

respectively.

3. Relationship between IOD and summer cli-

mate anomaly in China

3.1 Summer climate anomaly and autumn

IOD index

Figure 1 shows the spatial distributions of the

sliding correlations between the summer precipitation

anomalies in China and the autumn IOD index on the

interannual timescale. During 1957–1977 (Fig. 1a),

a striking feature is that the summer precipitation

Fig. 1. The sliding correlation coefficients between the summer precipitation anomalies in China and the autumn IOD

index for (a) 1957–1977, (b) 1962–1982, (c) 1967–1987, (d) 1972–1992, (e) 1977–1997, and (f) 1982–2002. Shadings

indicate areas with the confidence level larger than 95%.
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anomalies in most of China are negatively correlated

with the IOD index, while the precipitation anomalies

in northern Xinjiang Autonomous Region and north-

western Heilongjiang Province are positively corre-

lated with the IOD index. During 1982–2002 (Fig.

1f), significant negative correlations are located in the

north of the Yangtze River valley, especially in North

China and the eastern part of Northwest China, while

positive correlations are found in South China and

eastern part of Northeast China. This is consistent

with the result of Xiao et al. (2002). It can be

seen from Figs. 1a–f that the summer precipitation

anomalies between the Yangtze River and Huanghe

valley are consistently negatively correlated with the

IOD index. There is an obvious interdecadal change

from the significant negative to positive correlation

in South China. The spatial pattern of the interan-

nual correlation changed significantly in the late 1970s

(Fig. 1e).

In order to further investigate the inderdecadal

change in the sliding correlations shown above, the

regions with significantly changing correlations are se-

lected and the sliding correlations between the summer

precipitation anomalies averaged over these regions

Fig. 2. The time series of the sliding correlation between the autumn IOD index and the summer precipitation anomalies

averaged over (a) South China, (b) northern Xinjiang, and (c) Hetao. The dotted and dashed lines indicate confidence

levels more than 90% and 95%, respectively.
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and the autumn IOD index are calculated. Three re-

gions are selected to denote South China (21 stations

within 20◦–27◦N, 105◦–120◦E), northern Xinjiang (9

stations), and Hetao (10 stations within 35◦–42◦N,

104◦–110◦E), respectively. Figure 2 shows the time

series of the sliding correlations for the three selected

regions. It can be seen that the correlations between

the IOD index and summer precipitation anomalies in

South China changed significantly from negative val-

ues to positive ones around the end of 1970s (Fig.

2a), while those in northern Xinjiang changed in an

opposite way (Fig. 2b). The IOD index exhibits sig-

nificant negative correlations with summer precipita-

tion anomalies in the Hetao area since the 1980s (Fig.

2c). Overall, the relationships between IOD index and

summer precipitations in China changed significantly

around the end of 1970s. Afterwards, the correlations

tends to strengthen.

Similarly, the sliding correlations between the

summer air temperature anomalies and the autumn

IOD index are calculated to examine the impact of

the IOD on the summer air temperature anomalies in

China under different interdecadal backgrounds (Fig.

3). The IOD mode exhibits little impact on the sum-

Fig. 3. As in Fig. 1, but for temperature anomalies.

913



134 ACTA METEOROLOGICA SINICA VOL.25

mer temperature anomalies in most of China except

the eastern part of Southwest China during 1957–

1977 (Fig. 3a). During 1982–2002 (Fig. 3f), the

IOD is positively correlated with the summer tem-

perature anomalies north of the Yangtze River val-

ley while negatively correlated with those south of

the Yangtze River valley. The summer temperature

anomalies in Sichuan Province have robust positive

correlations with the IOD (Figs. 3a–f). However,

there is a change from significant negative to positive

correlations in the northern Xinjiang Autonomous Re-

gion, while there is a significant change from positive

correlations to negative ones in South China. The re-

lationships between the IOD and the summer tem-

perature anomalies are significantly changed in the

1970s (Fig. 3e). Yan and Zhang (2004) also found

that the summer air temperature anomalies in north-

western China are higher than normal, especially in

Xinjiang, while lower in South China during a posi-

tive IOD phase.

Similar to Fig. 2, we select two representative

regions: Sichuan basin (17 stations within 28◦–34◦N,

99◦–110◦E) and northern Xinjiang. It can be seen

that the IOD index has persistent positive correlations

with the summer temperature anomalies in Sichuan

basin (Fig. 4a), except during a period of early 1980s

when correlations are not significant. The correlations

in northern Xinjiang changed from negative values to

positive ones at the beginning of 1980s and the cor-

relations tend to be significant since 1987 (Fig. 4b).

Overall, the correlations between the IOD index and

the summer temperature anomalies in both Sichuan

basin and northern Xinjiang changed significantly at

the end of 1970s.

3.2 Autumn IOD index and next-summer cli-

mate anomaly

The sliding correlations between the autumn IOD

index and the next summer precipitation anomalies in

China are shown in Fig. 5. During 1957–1977, the pre-

cipitation anomalies in most parts of China (mainly

South China and northern Southwest China) are pos-

itively correlated with the IOD, while negatively cor-

related in Northeast China and northern Xinjiang

Fig. 4. As in Fig. 2, but for summer temperature anomalies over (a) Sichuan basin and (b) northern Xinjiang.
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Fig. 5. The sliding correlation coefficients between the autumn IOD index and the next summer precipitation anomalies

in China for (a) 1957–1977, (b) 1962–1982, (c) 1967–1987, (d) 1972–1992, (e) 1977–1997, and (f) 1982–2002. Shadings

indicate areas with the confidence level larger than 95%.

(Fig. 5a). During 1982–2002, the precipitation

anomalies are positively correlated with the IOD in

the north of the Yangtze River valley while negatively

correlated in the south (Fig. 5f). This pattern is oppo-

site to that shown in Fig. 1f. The sliding correlations

(Figs. 5a–f) show that the positive correlations are

interdecadally weakened in eastern Northwest China

and northeastern Southwest China. There is a sig-

nificant interdecadal change from positive to negative

correlation in South China while an opposite change

in northern Xinjiang. Therefore, the relationship be-

tween the IOD and the next summer precipitation

anomalies had a significant change from the late 1970s

to the early 1980s (Figs. 5b and 5e).

During 1957–1977, the correlations between the

IOD index and the next summer air temperature
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anomalies are negative in the Hetao area and Sichuan

Province while positive in northern Xinjiang. How-

ever, there is no significant correlation in other regions

of China (Fig. 6a). The summer air temperature

anomalies south of the Yellow River valley are posi-

tively correlated with the IOD during 1982–2002 (Fig.

6f). During 1957–2002, there is no persistent signif-

icant correlation in most parts of China. The corre-

lations are weakened from the late 1970s to the early

1980s (Fig. 6d). Consequently, the relationship be-

tween the IOD and the next summer air temperature

anomalies in China is not robust. The IOD mainly

exerts its impact on those in South China since the

late 1970s.

Hence, the above analyses suggest that the IOD

exerts more impacts on the next summer precipitation

than on air temperature anomalies. Since the early

1980s, a positive IOD event has been related to less

precipitation and higher air temperature in the next

summer in South China.

Fig. 6. As in Fig. 5, but for temperature anomalies.
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4. IOD-related summer atmospheric circulat-

ion anomaly over East Asia

4.1 During the same year

In order to understand the possible physical

mechanism responsible for the IOD-related atmo-

spheric circulation anomalies for different interdecadal

epoches, composites in terms of 9 positive IOD events

(1961, 1963, 1967, 1972, 1977, 1982, 1994, 1997, and

2003; Saji et al., 2003; Yamagata et al., 2003) during

the pre- and post-1970s are made, respectively.

The summer atmospheric circulation anomalies

over East Asia for positive IOD events during the pre-

and post-1970s are shown in Fig. 7. During the pre-

1970s, the composite 200-hPa geopotential height is

anomalously positive over the tropical Indian Ocean

and negative over the Tibetan Plateau (Fig. 7a). This

indicates that the South Asian high is weakened when

the geopotential height over North China, Northeast

China, and Inner Mongolia is strengthened. The pos-

Fig. 7. Composite anomalies of summer 200- (a, d; gpm) and 500-hPa (b, e; gpm) geopotential height, and 850-hPa

wind (c, f; m s−1) over East Asia in the developing phase of a positive IOD event during (a–c) 1957–1977 and (d–f)

1978–2005. Shadings indicate areas with the 95% confidence level.
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itive 500-hPa geopotential height anomalies (Fig. 7b)

are found over the region from North China to Japan

and over the tropical Indian Ocean. There are south-

easterly anomalies over the equatorial Indian Ocean,

westerly anomalies over the region from South Asia to

Southeast Asia, and southerly anomalies over entire

eastern China (Fig. 7c). An anomalous anticyclonic

circulation stretches from the Bay of Bengal to In-

dochina Peninsula, an anomalous anticyclonic circula-

tion occupies east of Japan, an anomalous cyclonic cir-

culation resides over the tropical western Pacific, and

an anomalous cyclonic circulation appears over Mon-

golia. The Indian monsoon, South China Sea mon-

soon, and East Asian monsoon are all strengthened.

Compared to the period 1957–1977, the summer

atmospheric circulation anomalies related to the pos-

itive IOD events during 1978–2005 exhibit an obvious

change over East Asia. As shown in Fig. 7d, at 200

hPa, there are positive geopotential height anomalies

extending from North China to Japan and over the

tropical Indian Ocean, while an anomalous cyclonic

circulation exists over the Tibetan Plateau. At 500

hPa (Fig. 7e), positive geopotential height anomalies

exist from the Lake of Balkhash to Sea of Okhotsk and

negative anomalies exist over the tropical western Pa-

cific. The South Asian high is much more weakened

(Fig. 7d) than during the previous epoch (Fig. 7a).

At 850 hPa (Fig. 7f), the wind anomalies in the tropi-

cal regions are similar to those in Fig. 7c. The tropical

monsoon is enhanced. However, the distinction of Fig.

7f from Fig. 7c is that there are northerly anomalies

over eastern China, which is indicative of weakening of

the East Asian summer monsoon. This is why there is

increase of summer precipitation in South China dur-

ing the post-1970s (Figs. 1e and 1f).

The above analyses suggest that during the de-

veloping phase of an IOD event, summer atmospheric

circulation anomalies over East Asia are considerably

different during the pre- and post-1970s. During the

epoch before 1977, a developing IOD event is associ-

ated with an enhanced East Asian summer monsoon,

inducing southerly anomalies in eastern China and

more precipitation in North China and high temper-

ature in eastern Southwest China. During the epoch

after 1977, a developing IOD event is associated with

a weakened East Asian summer monsoon, inducing

northerly anomalies in eastern China, more precipita-

tion in South China and high temperature in North

China.

4.2 During the next summer

During 1958–1978, the connections between the

IOD events and the next summer atmospheric circula-

tion anomalies are overall weak. The 200-hPa geopo-

tential height (Fig. 8a) is anomalously high over the

region from eastern Lake Baikal to western Japan,

and over the tropical western Pacific. There exists

an anomalous anticyclonic circulation over the region

from eastern Lake Baikal to western Japan. The 500-

hPa geopotential height (Fig. 8b) anomalies are posi-

tive from Northeast China to eastern Japan, and the

northwestern Pacific subtropical high is strengthened.

At 850 hPa (Fig. 8c), the southeasterly anomalies

from the tropical western Pacific affect China. During

1977–2005, the relationship between the IOD and the

atmospheric circulation anomaly in the next summer

is relatively strong. At 200 hPa (Fig. 8d), the South

Asian high is stronger and located more westward. An

anomalous cyclonic circulation is dominant over South

China, and an anomalous anticyclonic circulation ex-

tends from North China to Japan. The western Pacific

subtropical high is stronger and shifts westward (Fig.

8e). At 850 hPa (Fig. 8f), the easterly anomalies

are found to stretch from the tropical western Pacific

to east of India. The tropical summer monsoon is

weakened. The northwestern Pacific subtropical high

is strengthened and located more westward, which fa-

vors less precipitation in South China.

The above analyses indicate that the IOD im-

pacts the next summer climate anomaly in China

through changing the atmospheric circulations over

East Asia. During 1957–1976, a positive IOD event

causes southerly anomalies over South China, Hetao

area, and Sichuan Province, inducing more precipi-

tation in those regions in the next summer. During

1977–2005, a positive IOD event leads to an enhanced

South Asian high and an enhanced western Pacific

subtropical high, resulting in less precipitation in
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Fig. 8. Composite anomalies of summer 200- (a, d; gpm) and 500-hPa (b, e; gpm) geopotential height, and 850-hPa

wind (c, f; m s−1) over East Asia in the following summer of a positive IOD event during (a–c) 1957–1977 and (d–f)

1978–2005. Shadings indicate areas with the 95% confidence level.

South China.

5. Summary

The interdecadal change of the relationship be-

tween the IOD mode and the summer climate anomaly

in China is documented by using sliding correlation

and composite analysis methods based on the monthly

precipitation and temperature records at 210 stations

in China and the NCEP/NCAR reanalysis data during

1957–2005. The results reveal that such a relationship

is robust in some regions, but features interdecadal

changes in other regions. The robust relationship man-

ifests mainly in the significant negative correlations be-

tween the IOD and the summer precipitation anomaly

in the Yangtze River and Yellow River valleys, positive

correlations between the IOD and the summer air tem-

perature anomaly in Sichuan, and positive correlations

between the IOD and the next summer precipitation

anomaly in Sichuan. However, under the interdecadal

shift of the large-scale general circulation in the late
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1970s, the relationship between the IOD and the sum-

mer climate anomaly of China is changed. Before the

late 1970s, a developing IOD event tends to decrease

summer precipitation in most parts of China and in-

crease temperature in Southwest China, while after

the late 1970s, it tends to increase (decrease) pre-

cipitation and decrease (increase) temperature in the

south (north) of the Yangtze River. During the next

summer following a positive IOD event, the precipita-

tion increases in most of China before the late 1970s,

while it decreases (increases) in the south (north) of

the Yangtze River after the late 1970s. There is no sig-

nificant correlation between the IOD and the surface

air temperature anomaly in most of China in the next

summer before the late 1970s. However, the IOD tends

to increase the next summer air temperature south of

the Yellow River after the late 1970s.

The significant difference in the IOD-related at-

mospheric circulation anomalies in East Asia between

the two interdecadal epoches is responsible for the

change of the interannual relationship between the

IOD and the summer climate anomaly in China. Be-

fore the late 1970s, a developing IOD event tends to

enhance the Indian summer monsoon, South China

Sea summer monsoon, and East Asian summer mon-

soon, which leads to less precipitation in South China

but more precipitation in western North China. Af-

ter the late 1970s, a developing IOD event is associ-

ated with an enhanced tropical summer monsoon but

a weakened East Asian summer monsoon, which re-

sults in more precipitation in South China. During the

next summer following a positive IOD event, before

the late 1970s, southerlies prevail over South China,

Hetao area, and Sichuan Province, inducing more pre-

cipitation, while after the late 1970s, the South Asian

high and the northwestern Pacific subtropical high are

stronger and extend westward, causing deficient pre-

cipitation in South China.

The interdecadal change of the relationship be-

tween the IOD and the summer climate anomaly in

China may be influenced by the interdecadal varia-

tions of the IOD itself and the East Asian summer

monsoon. The global climate system, especially in the

Indo-Pacific sector, has experienced a significant in-

terdecadal shift in the late 1970s (Wang, 1995; An

and Wang, 2000; Torrence and Webster, 1999; Wang,

2002). Therefore, the interdecadal change of the re-

lationship between the IOD and the summer climate

anomaly in China may be closely related to the inter-

decadal climate variation of the global climate system.

The detailed mechanism responsible for these facts re-

vealed in this study needs to be further investigated

by using full air-sea coupled general circulation model

in the future.
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摘要  通过对观测资料的分析, 初步探讨了冬季澳大利亚东侧海温和夏季长江流域降水

的关系及可能物理机制. 研究表明, 澳大利亚东侧冬季海温与我国长江流域夏季降水之

间具有同位相变化关系. 当冬季澳大利亚东侧海温变暖时, 随后夏季西太平洋副热带高

压和东亚西风急流位置往往偏南, 我国大陆沿岸低层盛行异常的西南风, 有利于长江流

域降水增多, 反之亦然. 冬季澳大利亚东侧海温对后期夏季东亚大气环流的影响通过两

种途径来实现: (ⅰ) 冬季澳大利亚东侧海温异常信号由于自身的持续性可维持到夏季, 并

通过南北半球遥相关影响东亚夏季大气环流的变化; (ⅱ) 冬季澳大利亚东侧海温偏高时, 

同期西南印度洋海温也易于偏高. 在海气相互作用下, 这种异常信号逐渐向东发展, 并造

成夏季海洋大陆附近海温升高. 海洋大陆海温的升高反过来影响对流活动进而导致东亚

夏季大气环流异常. 

关键词   

澳大利亚东侧海温 

夏季降水 

长江流域 

遥相关 

物理机制 

  

 
我国地处东亚季风区 , 受东亚夏季风活动的影

响, 我国长江流域经常出现干旱或洪涝灾害, 给国民

经济和人民生命财产造成严重损失. 因此, 开展夏季

重大旱涝过程的成因分析和预测理论研究非常重要. 

通过这方面的研究 , 可以深入认识长江流域夏季降

水的变化机理, 并为短期气候预测提供科学依据.  

近 10 多年来, 气象工作者在影响长江流域夏季

降水的前期信号及变化机理方面作了不少研究. 如, 

龚道溢等人[1,2]分析了春季北极涛动变化对随后夏季

长江流域降水的影响, 发现春季北极涛动偏强(弱)时, 

夏季急流位置偏北(南), 长江流域降水偏少(多), 呈

一种反位相变化关系 . 王会军等人 [3,4]的工作揭示 , 

春季欧亚中高纬大气环流异常在夏季东亚大气环流

和降水变化中起着重要作用. 另外, 春季青藏高原积

雪也与长江流域夏季降水具有密切联系 . 春季青藏

高原积雪增多可通过改变土壤湿度影响东亚夏季大

气环流, 最终导致长江流域降水偏多[5]. Zhao 等人[6]

还指出, 春季白令海和鄂霍茨克海海冰面积减少(增

多)可使中国东部夏季降水量增加(减少). 周波涛等

人 [7,8]基于观测资料分析和数值模拟研究, 提出春季

Hadley 环流强度与夏季长江流域降水之间存在显著

的正相关. 春季 Hadley 环流主要是通过影响印度洋-

南海区域海温进而影响长江流域夏季降水异常 . 此

外, 一些研究还揭示, 北半球冬季 WA 遥相关型[9]、

东亚冬季风 [10,11]等的年际变化对夏季长江流域降水

异常也具有明显的影响.  

以上研究从不同角度揭示了影响长江流域夏季

降水的北半球前期信号 . 南半球作为季风发源地之
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一和全球气候系统变化的关键区 , 其大气环流异常

也必然会导致东亚夏季风异常并影响长江流域旱涝. 

研究表明, 南极涛动作为南半球环流的主要模态, 它

的变动对东亚夏季风年际变化以及中国夏季降水变

化具有重要影响 [12~15]. 春季南极涛动增强时 , 长江

流域夏季降水偏多, 反之, 春季南极涛动减弱时, 长

江流域夏季降水则偏少. 高辉等人 [16]的研究还表明, 

5 月南极涛动加强会导致江淮出梅晚和梅雨期加长. 

范可等人 [17]将南极涛动作为一个显著的预测因子 , 

建立了一个长江中下游夏季降水的物理统计预测模

型. 此外, 薛峰等人[12,18]还从年际尺度分析了春季南

半球副热带高压(马斯克林高压和澳大利亚高压)的

变化对长江流域夏季降水的影响 , 发现它们之间为

显著的正相关 , 并且指出这种影响是通过改变西太

平洋副热带高压等来实现的.  

可见 , 南半球大气环流异常对东亚夏季风环流

有显著影响 , 而海温的变化又会对南半球大气环流

产生直接影响 [19,20]. 例如 , 刘舸等人 [20]的研究揭示

澳大利亚东侧海温异常可以影响澳大利亚高压的变

化. 当夏季澳大利亚东侧海温升高(降低)时, 澳大利

亚高压东移或东扩(西缩). 由于南北半球的相互作用

主要是冬半球影响夏半球为主, 那么, 冬季澳大利亚

东侧海温的变化是否对夏季东亚大气环流特别是长

江流域降水存在影响? 如存在 , 其中的物理过程又

是什么? 为此, 基于前人工作, 本文重点研究冬季澳

大利亚东侧海温与长江流域夏季降水的关系 , 并探

讨其中联系的物理机制.  

1  资料 

所用资料包括: (1) 美国国家环境预报中心/大气

研究中心(NCEP/NCAR)的再分析资料 [21], 水平分辨

率为 2.5°×2.5°; (2) 美国国家海洋和大气局(NOAA)

提供的海表温度(SST)[22], 水平分辨率为 2°×2°; (3) 

中国 160 站的月降水总量资料. 研究所用的时间长度

为 1951~2002 年. 文中冬季(DJF)指的是前一年 12 月

和当年的 1与 2月, 春季(MAM)和夏季(JJA)分别为当

年 3~5 月和 6~8 月, 季节划分均相对于北半球而言. 

本文选取 6~8 月长江中下游的 17 站(南京、合肥、上

海、杭州、安庆、屯溪、九江、汉口、钟祥、岳阳、

宜昌、常德、宁波、衢县、贵溪、南昌、长沙)平均

降水量作为长江流域夏季降水指数(YRRI), 以此表

征长江流域夏季降水量的旱涝变化.  

2  澳大利亚东侧冬季海温与长江流域夏季

降水 

图 1(a)是长江流域夏季降水与冬季 SST 的相关

分布. 可见, 澳大利亚东侧海区为显著的正相关, 最

大相关系数超过 0.4, 揭示冬季澳大利亚东侧 SST 异

常偏暖时, 夏季长江流域降水往往偏多. 反之, 冬季

澳大利亚东侧 SST 异常偏冷时, 夏季长江流域降水

往往偏少. 为衡量澳大利亚东侧海区 SST 的变化, 选

取图 1(a)中显著相关区域平均的 SST 作为海温指数

(EASST). 图 1(b)给出了冬季 EASST 与夏季 YRRI 的

时间变化曲线. 如图所示, 两者之间具有同位相变化

特征(相关系数为 0.40, 超过 99%的信度). 从图 1(b)

还可以看到, 冬季 EASST 和夏季 YRRI 在研究时段

内都呈现线性增长的趋势 . 扣除线性趋势后 , 冬季

EASST 和夏季 YRRI 之间的相关系数为 0.35, 仍高于

95%的信度. 因此, 冬季澳大利亚东侧 SST 与长江流

域夏季降水在年际时间尺度上存在显著联系 . 本文

重点研究两者在年际时间尺度上的联系 , 所以在随

后的分析中均扣除了线性趋势.  

为了阐述澳大利亚东侧冬季 SST 和长江流域夏 

 
 

 

图 1  长江流域夏季降水指数(YRRI)与冬季 SST 的相关(a)

及夏季 YRRI(虚线)和冬季 EASST(实线)的标准化时间序列 

以及各自的趋势(b) 
阴影区表示通过 95%信度 
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季降水正相关关系背后的大尺度环流背景 , 分析了

夏季低层水平风场分别与冬季 EASST 和夏季 YRRI

的回归分布(图 2). 图 2(a)显示, 与 YRRI 相关联的

700 hPa 水平风场的变化特征为: 30°N 以南的西太平

洋地区为异常的反气旋型环流 , 东亚热带季风槽区

为东风异常, 梅雨锋区为西风异常, 指示夏季西太平

洋副热带高压偏南. 另外, 在我国东部沿岸盛行异常

的西南风, 有利于水汽从热带向中纬地区输送. 这种

分布特征与张庆云等人 [23]所得的结论相吻合. 他们

的研究指出, 西太平洋上 30°N 以南出现异常反气旋

距平环流时 ,  长江流域夏季降水偏多 .  与冬季

EASST 相联系的低层风场的变化(图 2(b))与图 2(a)揭

示的特征相类似. 即在西太平洋 30°N 以南地区同样

存在异常的反气旋型环流 , 而且我国东部沿岸盛行

异常的西南风气流. 这种分布型态说明, 当澳大利亚

东侧冬季 SST 异常升高(降低)时, 随后夏季 30°N 以

南的西太平洋地区会出现异常的反气旋型(气旋型)

环流, 西太平洋副热带高压偏南(北). 这种环流背景 

  
 

 

图 2  夏季 700 hPa 水平风场与同期 YRRI (a)和冬季 EASST 

(b)的回归分布 
阴影区表示通过 95%信度; A 代表反气旋环流系统 

有(不)利于长江流域降水的发生, 长江流域夏季降水

因而增加(减少). 

东亚西风急流的变化 , 尤其是急流位置的变化

对长江流域夏季降水同样具有重要的影响 . 当急流

位置偏南 (北 )时 , 长江流域降水偏多 (偏少 )[24,25].   

这点可从夏季 200 hPa 纬向风与 YRRI 的回归分布图

(图 3(a))上得到证实. 图 3(a)清楚地显示, 与长江流

域降水偏多相联系的高空大气环流特征表现为 : 

40°N 南北两侧分别为西风异常和东风异常, 昭示西

风急流位置偏南 (西风急流中心的平均位置位于

40°N). 冬季 EASST 与夏季 200 hPa 纬向风的回归分

布(图 3(b))表现出与图 3(a)相一致的特点. 即, 当冬

季 EASST 偏高时, 40°N 以北区域为负值, 高空西风

减弱, 40°N 以南区域为正值, 高空西风加强. 因此, 

东亚西风急流位置较常年偏南 , 与这种环流特征相

对应的正是我国长江流域降水偏多 , 再次印证了冬

季澳大利亚东侧 SST 与夏季长江流域降水的正相关

变化关系.  

 
 

 

 

图 3  夏季 200 hPa 纬向风(m/s)与同期 YRRI (a)和冬季

EASST (b)的回归分布 
阴影区表示通过 95%信度 
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3  可能的物理机制 

从以上分析可知, 澳大利亚东侧冬季 SST 的变

化可以影响后期夏季东亚大气环流系统 , 从而导致

我国长江流域夏季降水出现显著的年际波动. 那么, 

冬季澳大利亚东侧 SST 是通过何种途径影响夏季东

亚大气环流系统的? 其中具体的物理过程又是什么? 

为回答这一问题, 分别计算了冬季 EASST 与同期以

及后期春季和夏季 SST 的相关分布, 结果如图 4 所示. 

从该图上可以看到两个明显的特征 . 一个是澳大利

亚东侧海温信号自身的持续性 . 在澳大利亚东侧海

域, 相关系数从冬季到夏季都为显著的正值, 而且是

逐渐减小的. 另一个是南印度洋海温的发展和东传. 

冬季, EASST 与西南印度洋 SST 具有显著的正相关, 

随后 , 正相关区域逐渐向东移动并在夏季位于海洋

大陆上.  

 
 

 

图 4  冬季 EASST 与冬季(a)、春季(b)和夏季(c) SST 相关的

空间分布 
阴影区表示通过 95%信度 

因此, 澳大利亚东侧 SST 变化可能通过如下两

种途径影响夏季大气环流和降水的变化 . 当冬季澳

大利亚东侧 SST 出现异常时, 一方面由于海温自身

的记忆能力, 这种异常信号可以维持到夏季, 而夏季

澳大利亚东侧的局地 SST 异常可以激发南北半球遥

相关 [26], 进而影响长江流域降水 . 当夏季澳大利亚

东侧 SST 偏高(低)时, 该区域位势高度偏高(低), 这

种气压异常扰动通过 Rossby 波列传播到北半球副热

带地区, 致使西太平洋副热带高压偏强(偏弱)并偏南

偏西(偏北偏东), 结果造成长江中下游地区降水偏多

(少)[20,26]. 另一方面, 当冬季澳大利亚东侧 SST 偏暖

(冷)时, 同期西南印度洋 SST 也异常偏暖(冷). 该异

常信号随后逐渐发展和向东移动 , 并造成夏季海洋

大陆区域 SST 异常, 最终影响夏季大气环流的变化. 

夏季海洋大陆 SST 异常对同期大气环流的影响可由

(90°~140°E, 0°~15°S)(如图 4(c)中矩形框所示)区域平

均的 SST 与散度场的相关分布(图 5)得到佐证. 高层

150 hPa(图 5(a)), 海洋大陆基本上为显著的正相关, 

而在西太平洋地区为显著的负相关. 低层 1000 hPa

的相关分布则相反, 在海洋大陆为显著的负相关, 在

西太平洋地区为显著的正相关(图 5(b)). 这种相关分 
 

 

 

图 5  夏季(90°~140°E, 15°S~0°)平均 SST 与 150 hPa (a)和

1000 hPa (b)散度场相关的空间分布 
阴影区表示通过 95%信度; 图中仅给出大(小)于 0.2(0.2)的 

相关系数值 
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布型态表明, 当海洋大陆夏季 SST 偏暖时, 该地区高

层为异常辐散, 低层为异常辐合, 对流活动旺盛; 而

在西太平洋地区特别是菲律宾以东洋面 , 高层为异

常辐合, 低层为异常辐散, 对流活动减弱, 减弱的对

流活动可以通过 PJ 遥相关波列影响夏季东亚大气环

流和长江流域降水[27,28].  

为进一步探讨澳大利亚东侧 SST 与西南印度洋

SST 的关联 , 选取扣除线性趋势后的标准化冬季

EASST 值大于(小于)1(1)的年份作为正(负)异常组

合进行合成分析. 这样选取的正负 EASST 异常组合

分别有 11 和 8 年. 图 6 是强弱 EASST 年冬季 200 hPa

纬向风的合成差异 . 可见 , 在澳大利亚东侧和南非-

西南印度洋之间存在一个明显的遥相关分布型 (如 

图 6 中粗虚线所示), 这个遥相关型将两个区域的大

气环流变化联系在一起. 当冬季澳大利亚东侧 SST

偏高时 , 该区域高层出现反气旋型环流异常 , 而在 

南非-西南印度洋区域则出现气旋型环流异常, 反之

亦然.  

相应于高空大气环流的变化 , 西南印度洋区域

的低层大气环流也将作出调整. 从图 7(a)可以看到, 

在马达加斯加东侧的西南印度洋出现气旋型环流异

常, 其东北侧为反气旋型环流异常, 两者之间盛行异

常的西北气流. 研究表明, 由风驱动的海洋动力过程

(海水上翻 /下沉和温跃层变化 )是导致西南印度洋

SST 变化的主要原因[29~31]. 因此, 图 7(a)揭示的异常

表层风将会对局地 SST 的变化产生重要影响. 位于

西南印度洋上的气旋型环流北侧的风旋度可驱动向

下的 Ekman 抽吸, 结果使海水潜沉. 同时, 近赤道地

区的东风异常可以激发下沉的海洋 Rossby 波并造成

温跃层加深[30,32]. 这些均有利于西南印度洋 SST 增

暖. 因此, 相应于图 7(a)中的异常表层风分布, 西南

印度洋冬季会出现正的 SST 异常.  
 

 

 

图 6  强弱 EASST 年冬季 200 hPa 纬向风(m/s)的合成差值 
深(浅)阴影区表示通过 95% (90%)的信度 

 

图 7  强弱 EASST 年表层风和 SST(等直线, ℃)的合成差值 
(a) 冬季; (b) 春季; (c) 夏季. 阴影区表示 SST 差异通过 95%的信

度. 为清晰起见, 图中仅给出通过显著性检验的 SST 差值 

 
 
西南印度洋 SST 增暖后又会影响春季表层风的

变化. 春季(图 7(b)), 在海温变暖区域将出现异常的

气旋型环流 , 在其东北侧则出现异常的反气旋型环

流 . 表层风的这种异常分布是大气环流对不对称加

热响应的一种体现 [33]. 另一方面 , 表层风的异常反

过来又可影响到局地 SST 的变化. 与异常气旋型环

流相联系的 Ekman上升流抑制下沉的海洋 Rossby波, 

从而减弱西南印度洋 SST 增暖 , 呈现负反馈关

系 [34,35]. 在苏门答腊和爪哇岛一带为异常的西北气

流. 气候意义下, 该区域盛行东南风, 所以西北风异

常意味着该区域东南风减弱 , 减弱的东南风可以通

过蒸发减少和海流下沉造成海岸带 SST 升高[36,37].  

夏季, 海岸带 SST 异常在风-蒸发-SST 反馈机制

(WES feedback)[38,39]下进一步发展 . 也就是 , 春季
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SST 异常的南北差异(赤道以南增温幅度大于赤道以

北的增温幅度)可在表层强迫出向南的气压梯度力并

产生异常北风. 在科氏力的作用下, 赤道以南(北)的

北风向东(西)偏转形成西北风(东北风)(图 7(c)). 赤道

以南的西北风异常通过减少蒸发和引起海水下沉促

使海洋大陆附近 SST 进一步增暖.  

4  结论 

本文研究了冬季澳大利亚东侧 SST 与我国长江

流域夏季降水的关系. 结果表明, 澳大利亚东侧冬季

SST 与长江流域夏季降水之间存在显著的正相关 . 

与澳大利亚东侧冬季 SST 相关联的东亚大气环流条

件为这一关系的存在提供了背景场 . 当前期冬季澳

大利亚东侧 SST 偏暖时, 夏季西太平洋副热带高压

和东亚西风急流位置偏南 , 我国东部沿岸低层盛行

西南风异常 . 这种环流背景有利于长江流域降水的

发生, 我国长江流域夏季降水因而偏多. 冬季澳大利

亚东侧 SST 偏冷时的情况则相反, 不利于长江流域

降水的发生, 长江流域夏季降水因而减少.  

本文还进一步探讨了前期冬季澳大利亚东侧

SST 与后期夏季东亚大气环流联系的可能物理机制. 

研究揭示, 澳大利亚东侧冬季 SST 异常可能通过其

自身的持续性和南印度洋海温的调制作用影响东亚

夏季大气环流. 当冬季澳大利亚东侧 SST 出现正异

常时, 由于 SST 本身的记忆能力, 这种异常信号一直

维持到夏季 , 并通过南北半球遥相关影响到西太平

洋副热带高压强度和位置的变化 , 进而导致长江流

域夏季降水偏多. 同时, 冬季澳大利亚东侧 SST 增暖

时, 西南印度洋同期 SST 也易于增暖. 两区域的海温

变化可通过大气遥相关波列联系在一起. 随后, 在海

气相互作用下, 西南印度洋 SST 异常增暖信号逐渐

向东发展, 并造成夏季海洋大陆附近 SST 升高, 而海

洋大陆附近 SST 的升高可以通过影响对流活动进而

影响东亚夏季大气环流和降水. 当然, 这只是一个初

步解释. 海气相互作用是一个比较复杂的问题, 冬季

澳大利亚东侧 SST 还可能通过其他途径影响后期大

气环流的变化 . 这有待于今后作更多的分析和采用

先进的气候模式作深入的研究. 
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1.  INTRODUCTION

Extreme climate has recently received more atten-
tion due to its huge impacts on economic and social
development. In the past decade, many analyses
have been conducted on long-term change in
extreme climate events, and a number of scientific
conclusions have been reached (e.g. Easterling et al.
2000, IPCC 2007, Ding et al. 2006). Based on 27
extreme temperature and precipitation indices
defined by the Expert Team of Climate Change
Detection, Monitoring and Index (ETCCDMI), the
global variations in extreme climate have been ana-
lyzed by Alexander et al. (2006). Results showed
widespread significant changes in temperature

extremes associated with warming from 1951 to
2003. More than 70% of the Earth’s land area under-
went a significant reduction in the number of cool
nights and a significant increase in the number of
warm nights. Positive trends occurred in daily mini-
mum  and maximum temperatures over the entire
globe, while the minimum temperature change was
greater. In the analysis of daily temperature and pre-
cipitation indices in Europe from 1946 to 1999, con-
ducted by Klein Tank & Konnen (2003), cool days
(nights) were shown to be significantly reduced,
while warm days (nights) were significantly in -
creased. Similar conclusions have also been drawn
from studies of, e.g. SE Asia, the South Pacific, South
America, and the Asian Pacific region (Manton et al.
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2001, Brabson & Palutikof 2002, Vincent et al. 2005,
Choi et al. 2009).

Chinese studies (Tang et al. 2005, Ding et al. 2006)
show that, in recent decades, increasing trends in
mean maximum temperatures have occurred in
northern China, while weak decreasing or insignifi-
cant trends have occurred in southern China. Mean
minimum temperatures have increased all over
China. Due to the asymmetry of the maximum and
minimum temperature variations, the diurnal tem-
perature range (DTR) showed a downward trend
(Zhou & Ren 2009). Nation-wide cold waves gradu-
ally weakened, frost days were significantly reduced,
warm days (nights) increased, cool days (nights)
decreased, and cool nights showed a more significant
decreasing trend (Zhai & Pan 2003, Ren et al. 2005,
2010a, Liu et al. 2006, Hu et al. 2007). The annual
average number of extreme high temperature events
has increased, while the extreme low temperature
events have decreased (Zhang & Qian 2008). Ex -
treme cold indices varied prominently in winter, and
trends in the temperature indices have strong re -
gional characteristics and seasonal variations in
China (Yan et al. 2002, Qian & Lin 2004, Ding et al.
2009, Yang et al. 2010). According to research results
for North China, East China, and some other regions
(Gong & Han 2004, Ye et al. 2008, You et al. 2008,
Cui et al. 2009, Shi et al. 2009), the variation trends
in cold indices and the warm indices based on per-
centile thresholds for different regions were gener-
ally similar, with certain differences in magnitude.
However, the variation trends for extreme high tem-
perature indices were spatially quite different.

Differences among the studies of long-term varia-
tions in extreme climate events in China resulted pri-
marily from the different periods and areas analyzed
and from the different index criteria used. The adop-
tion of common definitions for such indices could
prove to be beneficial for the comparison of research
results. Further attention should also be given to the
procedure used in dealing with daily temperature
data. The use of inhomogeneous data in previous
studies (e.g. Tang et al. 2005, You et al. 2008, Zhou &
Ren 2009) on changes in extreme temperature events
in China might have contributed to the inconsisten-
cies in their research results.

Applying the homogeneity-adjusted daily maxi-
mum and minimum temperature data from 1961 to
2008 and the internationally comparable extreme
temperature indices recommended by the ETCCDMI
(Zhang & Yang 2004; and also at http:// cccma. seos.
uvic.ca/etccdmi/index.shtml), we have updated ana -
lyses of the spatial and temporal variations over the

past 48 yr in the extreme temperature indices for
mainland China, with a focus on the trends in the
series of indices. In order to understand the possible
biases induced by local human activities in the coun-
try, an urbanization effect on the trends of the ex -
treme temperature indices was preliminarily evalu-
ated for North China. 

2.  DATA AND METHODS

2.1.  Data and quality control

Daily temperature records were chosen from the
China Homogenized Historical Temperature Data -
sets (CHHTD) compiled by the National Meteorolog-
ical Information Center of the China Meteorological
Administration (CMA), including the daily maximum
and minimum temperature data from 1951 to 2008,
which was recorded at national-level ground weather
stations, or national basic meteorological stations and
reference climatic stations (hereinafter referred to as
national stations). The data sets were quality con-
trolled and homogeneity adjusted. The homogeneity
adjustment method was described by Liu & Li (2003)
and Li et al. (2004). In short, it involved selecting time
series from 5 stations that were highly positively cor-
related with the candidate stations, and combining
the 5 temperature series into a reference series. Sub-
sequently, they checked whether significant discon-
tinuous points existed in different candidate series by
comparison with the reference series. The reason-
ableness of the discontinuous points was determined
according to station metadata. Once all the signifi-
cant discontinuities were detected and proved, the
correction value could be obtained from the offsets
derived from the difference series (based on differ-
ences between candidate and reference data).

By investigating metadata of weather stations, it
was found that 328 of 526 stations had relocation
records; 155 stations had been moved once and 173
stations had been moved more than once. Homogene-
ity detection showed that significant discontinuous
points existed in the maximum temperatures of 177
stations and in the minimum temperatures of 213 sta-
tions. Correction was carried out for the discontinuous
points, and the corrected stations then accounted for
34 and 40% of the total, respectively (Li et al. 2004).

The large-scale establishment of stations in China
was started in the mid- to late 1950s, accompanied by
standardized and improved meteorological records,
and thus the data period 1961−2008 was selected for
the present study. According to the criteria that the
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series length is no less than 48 yr and no more than
2% of the data are missing, the data of 526 stations
were finally selected for analysis (Fig. 1).

Quality control was repeated for the homo genized
daily temperature data with Rclimdex software
(Zhang & Yang 2004). Quality control was performed
in 2 steps: (1) if the maximum temperature minus
minimum temperature was negative, the record was
marked as unreasonable and dealt with as a missing
value, and (2) records with standard deviations 4-fold
greater than the average were marked as outliers.
Artificial determination was carried out according to
the corresponding re cords of neighboring stations,
and reasonable records were re tained, while unrea-
sonable ones were dealt with as missing values. After
the check, outliers were detected in 358 stations, of
which 10 daily temperature values of 6 stations were
determined as unreasonable, accounting for 5 per
million of the total records.

2.2.  Definition of extreme temperature indices

If the weather status shows a large deviation from
the mean state it can be termed an extreme event in
a statistical sense. We used 15 extreme temperature
indices (see Table 1), of which 13 are based on defin-
itions by the ETCCDMI and 2 additional indices
involved monthly average maximum and minimum
temperatures. With the period 1971− 2000 taken as
a reference period, Rclimdex software was used to
 calculate the time series and linear trends of the
extreme temperature indices for each station, and the
statistical significance of the trends were evaluated.

The extreme temperature indices were divided into
3 types. The first type was based on original observa-
tion data and fixed thresholds, and was considered
'absolute'. The 4 absolute indices include frost days,
summer days, ice days, as well as tropical nights. Due
to the vast area and complex climate in China, the fol-
lowing considerations were also taken into account.
For the 4 absolute indices, if no record of an extreme
event occurred at a certain station within a period of
two-thirds of the 48 yr, the esti mated linear trend was
considered unreliable, and thus the station was not in-
cluded in the statistics of index time series. The
second index type utilized the means and extremes of
daily maximum and minimum temperatures, termed
extreme value indices, including mean maximum
(minimum) temperature, maximum Tmax (TXx) and
Tmin (TNx), minimum Tmax (TXn) and Tmin (TNn), and
DTR. The third type of indices was based on relative
or floating thresholds, termed the relative indices, in-
cluding cool days (nights) and warm days (nights). In
the calculation of these indices, the 90th (10th) per-
centile of the daily maximum (minimum) temperature
data at a certain station in the period 1971−2000 was
taken as the upper (lower) threshold. If a daily maxi-
mum temperature was greater (less) than the upper
(lower) threshold, then it was considered a warm (cool)
day event. Similarly, if a daily minimum temperature
was greater (less) than the upper (lower) threshold,
then it was considered a warm (cool) night event. The
specific definitions of the indices are listed in Table 1.
In order to facilitate comparisons with other research
results, the percentages of days were converted to the
days with daily maximum (minimum) temperatures
greater (less) than the upper (lower) thresholds.
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2.3.  Statistical analysis

The least squares method was used for calculation
of the linear trend, and the Kendall-tau non-para -
metric test method was adopted for testing the statis-
tical significance of the linear trend (Kendall & Gib-
bons 1981). The average time series for China was
obtained according to the grid area weighted aver-
age method (Jones & Hulme 1996), with a grid size of
2.5° × 2.5°. Seasons were divided into spring (March−
May), sum mer (June−August), autumn (September−
November) and winter (December−February of the
following year), and annual mean (total) values were
those from January to December.

2.4.  Urbanization effect analysis

In order to quantitatively evaluate the urbanization
effect on the linear trend of the extreme temperature
indices, we used a subset of data from 142 surface
temperature reference stations (rural stations) in
China (Ren et al. 2010b, Zhang et al. 2010) to analyze
the difference in index trends between national and

rural stations, with North China as
a case study. The 142 rural stations
were selected from 2400 stations, in -
cluding all of the national stations and
1700 ordinary stations. A number of
indicators were considered, such as
the settlement population near a sta-
tion, the distance of the observational
grounds from city centers, and the
ratio of built-up area to total area
within a radius of 2 km from the obser-
vational grounds (Ren et al. 2010b,
Ren & Ren 2011). North China was
defined as the area between 33–43°N
and 108–120°E, where 84 national sta -
tions and 24 rural stations are located. 

The following terms were defined
with reference to Ren et al. (2008),
Zhou & Ren (2009) and Zhang et al.
(2011). The urbanization effect refers
to the linear trends in extreme tem-
perature indices recorded at urban or
national stations and caused by the
strengthening of the urban heat island
(UHI) effect and other local anthro-
pogenic factors, expressed as ΔXur. Xu

is the linear trend of an extreme tem-
perature index at an urban or national
station, and Xr is the linear trend of an

extreme temperature index at a rural station. The
urbanization effect (ΔXur) is expressed as:

ΔXur = Xu − Xr (1)

If ΔXur > 0, the extreme temperature index series rises
relatively or increases due to the urbanization effect;
if ΔXur = 0, no urbanization effect exists; and if ΔXur <
0, the extreme temperature index series declines rela-
tively or is reduced due to the urbanization effect.

Contribution of the urbanization effect refers to the
proportion of the urbanization effect to the overall
trend of an extreme temperature index series at an
urban or national station, expressed as Eu (in%):

Eu = |ΔXur/Xu| × 100 = |(Xu − Xr)/Xu| × 100 (2)

If Eu = 0, the urbanization effect shows no contribu-
tion to the overall trend of the extreme temperature
index series at the urban or national station; if Eu =
100%, the linear trend of the extreme temperature
index series at the urban or national station is
entirely caused by the urbanization effect. In practi-
cal calculations, Eu may exceed 100% in a few cases,
indicating that unknown local factors might have had
an effect; we adjusted the Eu of such cases to 100%.
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Index Term Definition                                            Linear 
abbreviation                                                              trend

Absolute indices
FD0 Frost days Annual count when TN < 0°C           −3.48
SU25 Summer days Annual count when TX > 25°C          2.69
ID0 Ice days Annual count when TX < 0°C            −2.32
TR20 Tropical nights Annual count when TN > 20°C         2.47

Extreme value indices
TXa Average TX Monthly mean value of TX                0.26
TNa Average TN Monthly mean value of TN                0.40
DTR Diurnal tempera- Monthly mean value of difference    −0.15

ture range between TX and TN                             
TXx Maximum TX Monthly maximum value of TX         0.15
TNx Maximum TN Monthly minimum value of TX         0.25
TXn Minimum TX Monthly maximum value of TN         0.35
TNn Minimum TN Monthly minimum value of TN         0.58

Relative indices
TN10p Cool nights Percentage of days when                   −8.23

TN < 10th percentile
TX10p Cool days Percentage of days when                   −3.26

TX < 10th percentile
TN90p Warm nights Percentage of days when                   8.16

TN > 90th percentile
TX90p Warm days Percentage of days when                   5.22

TX > 90th percentile

Table 1. Extreme temperature indices used in the present study (modified ac-
cording to Zhang & Yang 2004) and their linear trends in mainland China,
1961–2008. All trends in the table are statistically significant at the 0.05 con -
fidence level. Data given as d decade–1 for absolute and relative indices, and
°C decade–1 for extreme value indices. TN: daily minimum temperature; 

TX: daily maximum temperature
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3.  TRENDS OF EXTREME TEMPERATURE
INDICES

3.1.  Absolute indices

The extreme index with a fixed threshold is called
the absolute index. Table 1 shows the linear trends in
extreme temperature indices for mainland China,
and Fig. 2 shows the anomaly time series curves of
absolute indices. Frost days underwent a slight
decrease prior to the mid-1980s, and a rapid decline
after 1987, leading to a reduction of almost 17 d in the
last 48 yr. Similarly, ice days also showed a decreas-
ing trend with significant reduction occurring after
the mid-1980s. However, the variations in ice days
were more moderate than those in frost days. Sum-
mer days showed negative anomalies, mostly prior to
the mid-1990s, but a turning point occurred in 1994,
and positive anomalies prevailed after 1997, with the
maximum being reached in 2006 and 2007. Similar to
summer days, the variations in tropical nights have
also accelerated considerably since 1994, reaching a
maximum in 2005.

Frost days were significantly reduced across the
country (Fig. 3a). This is consistent with the conclu-
sions reached by Zhai & Pan (2003) as well as Qian &
Lin (2004). Ice days occurred in the areas north of
32°N, mainly with a deceasing trend. The areas with
significant reduction were primarily concentrated in
northern China, with scope and degree smaller than

those of frost days (Fig. 3b). Summer days at most sta-
tions in China showed an increasing trend (Fig. 3c),
and the significant increasing trends, >5 d decade–1,
generally occurred in the northeastern part of the
Inner Mongolia Autonomous Region, in the middle
and lower reaches of the Yangtze River, and in most
of Yunnan Province. Tropical nights also mostly
showed an increasing trend, but the areas with sig-
nificant increase were mainly concentrated in east-
ern China, in the southern part of Southwest China,
and in the coastal zone of South China (Fig. 3d).

In summary, absolute cold indices for mainland
China showed a decreasing trend and, in general,
have been declining significantly since the mid-
1980s. However, warm indices mainly showed an
increasing trend, but significant variation occurred
till the mid-1990s. As viewed from a spatial distribu-
tion of trends, cold indices showed a more significant
decreasing trend in northern China, while primarily
in the middle and lower reaches of the Yangtze River
and in the southern part of Southwest China the
warm index significantly increased.

3.2.  Extreme value indices

The temporal variations in annual mean maximum
and minimum temperatures, as well as in DTR, in the
past 48 yr are shown in Fig. 4. Both mean maximum
and minimum temperatures showed increasing trends.
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The maximum temperatures fluctuated prior to the
1990s, and then began to rise significantly. However,
the minimum temperature has steadily risen since
the late 1970s, and the upward trend became more
prominent in the late 1980s. Because of the asymme-
try of maximum and minimum temperature varia-
tions, DTR underwent a significant decrease. How-
ever, the decreasing trend in DTR mainly occurred
prior to the mid-1980s, and became insignificant after
that time. DTR was linearly reduced by 0.72°C in the
country on the whole during the last 48 yr.

Extreme values of daily maximum and minimum
temperatures showed increasing trends, and TNn
rose more significantly. The increasing trend in TNn
was as great as 0.58°C decade−1, while that of TXx
was only 0.15°C decade−1. It is also evident in Fig. 5
that TNn showed an overall increasing trend, with
the trend more obvious in the late 1980s and 1990s.
Since the beginning of the 21st century, however,
TNn has generally been stable or even declining,
with the exception of 2007. TXn varied insignifi-
cantly before the mid-1980s and then rose slowly. Its

variation has been similar to that of TNn since the
mid- to late 1980s. However, TNx and TXx showed
relatively stable variations prior to the mid-1990s,
and after that they rose rapidly and have remained
at a high level since 2000.

As Fig. 6a shows, TXx increased in most areas,
with the general trend <0.5°C decade−1, while the
areas with declining trends were mainly in the south-
eastern part of North China and the middle and
upper reaches of the Yangtze River. Compared with
TXx, the extent with a downward trend shrunk for
TNx (Fig. 6b), while the extent with an upward trend
expanded. The areas with increasing trends >0.5°C
decade−1 were mainly located in northern China.
Compared with TXx and TNx, the extents with rising
trends of TXn and TNn were generally broader. TXn
(Fig. 6c) increased in most areas, especially in North-
east China and in the northern part of Xinjiang
province, with the rising trend >0.5°C decade−1. TNn
(Fig. 6d) rose considerably throughout country, and
the increasing trend was >0.5°C decade−1 in most
regions, with some stations in Northeast China,
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Fig. 3. Trends in the numbers of (a) frost days (FD0), (b) ice days (ID0), (c) summer days (SU25), and (d) tropical nights
(TR20) in mainland China, 1961−2008. Crosses denote that linear trends were unavailable due to the sparseness of the 

extreme temperature events. Data given as d decade–1
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North China, and the northern part of Xinjiang
province reaching 1.0°C decade−1 or even more.

In summary, the mean and maximum and mini-
mum values of daily maximum and minimum tem-
peratures showed overall increasing trends, while
DTR was significantly decreased. The mean maxi-
mum temperature has risen significantly since the
1990s, while the mean minimum temperature began
to rise steadily in the late 1970s, and the trend
became more prominent in the late 1980s. Because
of the asymmetry of maximum and minimum tem -
perature variations, DTR experienced a significant
decline, especially prior to the mid-1980s.

TXn and TNn have increased significantly since
the mid-1980s, while TXx and TNx have increased
rapidly since the mid-1990s. A noteworthy phenome-
non was that TNn and TXn have generally showed a
stable or even declining trend since 2000, while TNx
and TXx have remained at a high level since that
time. Significant upward trends in TXx and TNx
occurred in northern China, while TXx underwent
an obvious downward trend in southern North China
and the middle and lower reaches of the Yangtze
River. TXn and TNn increased significantly across
the whole country, but TNn increased more strongly.

3.3.  Relative indices

Table 1 shows that cool nights (days) significantly
decreased with a trend of –8.23 d decade−1 (–3.26 d
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decade−1) during the period 1961−2008, while warm
nights (days) significantly increased with a trend of
8.16 d decade−1 (5.22 d decade−1). Cool days (nights)
primarily showed positive anomalies before the late
1980s, followed by a rapid decline, and negative
anomalies have been observed for 19 out of 21 yr
since 1987 (Fig. 7a,b). Warm days (nights) showed
negative anomalies for most years before 1987, fol-
lowed by positive and negative anomalies, which
alternated till the early 1990s and substantially in -
creased after 1994, with a negative anomaly occur-
ring in only 1 yr during the last 15 yr (Fig. 7c,d). More
significant changes occurred for cool (warm) nights
than for cool (warm) days. These results are gener-
ally consistent with what Choi et al. (2009) found for
the Asian Pacific region, but the changing trends ob -
tained here are larger, except for cool days, for which
both had similar trends. The trends reported here are
also a little bit larger than those given by previous
Chinese researchers. The difference might have
been due to the different datasets, data processing
methods, and lengths of the time periods used in the
studies.

Spatial characteristics of trends of the relative ex -
treme temperature indices are displayed in Fig. 8.
Cool days significantly declined in northern China,
and the areas with increasing trends were mainly in
Southwest China (Fig. 8a). For cool nights, with a few
exceptions in the eastern part of Southwest China,
more significant decrease was observed in the coun-
try, with most areas registering downward trends of
>5 d decade−1. Northeast China, the northern part of
North China, the eastern part of Northwest China,
and the southern part of Southwest China witnessed
an even larger decrease of >10 d decade−1 (Fig. 8b).
Warm days were reduced in a few stations in the cen-
tral region and the eastern part of Southwest China,
and they significantly increased in other regions,
notably in northern China, in the southern part of
Southwest China, and in coastal areas of South
China, with the increasing trend mostly >5 d de -
cade−1 (Fig. 8c). Warm nights significantly in creased
in most regions, with the increasing trend generally
>5 d decade−1, and the most significant increases can
be seen in Northeast China, North China, Southwest
China, and in South China coastal areas (Fig. 8d).
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Fig. 6. Trends in distributions of (a) maximum Tmax (TXx), (b) maximum Tmin (TNx), (c) minimum Tmax (TXn), and (d) minimum 
Tmin (TNn) in mainland China, 1961−2008. Data given as °C decade–1
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Those areas with reduced cool days (nights) in the
present study were approximately consistent with
the research conclusions reached by Qian & Lin
(2004), in spite of the fact that the geographical
extent in which cool days were significantly reduced
was broader, while that showing an increasing trend
shrunk. Similar situations could be seen for the areas
with increased warm days (nights), except that the
extent in which warm days were significantly in -
creased was broader. The study period selected by
Qian & Lin (2004) was 1961−2000, and urban stations
with populations >500 000 were excluded from their
analysis. These might be the main reasons for the dif-
ferences mentioned above. The decreasing (increas-
ing) trends of the relative cool (warm) indices have
become stronger in the past decade, and the urban-
ization effect on mean and extreme temperatures of
national stations, and particularly of big city stations,
was significant (Ren et al. 2008, Zhou & Ren 2009).

Therefore, the warm extreme indices have signifi-
cantly increased, while the cold extreme indices
have significantly decreased in the country during
the past 48 yr. In addition, the indices related to min-
imum temperature have changed more significantly
than those related to maximum temperature. The fre-
quencies of cool days (nights) showed a rapid decline
after the late 1980s, while the frequencies of warm
days (nights) rose substantially in the mid-1990s. From
a spatial distribution perspective, the relative indices
changed more significantly in northern China.

In examining the seasonal change (Table 2), the
reduction of cool days (nights) mainly occurred in
winter, and the change was the weakest in summer.
The most significant increase in frequencies of warm
days (nights) occurred in autumn and summer.

Cool winter nights (days) and warm summer days
(nights) are good indicators for cold periods and heat
waves in climatic applications. Analysis of the 4 series
of indices reveals that the most significant changes
occurred for cool winter nights and warm summer
nights, with respective trends reaching −10.9 and
9.3 d decade–1 (Table 2, Fig. 9). The frequencies of
cool winter nights (days) were relatively stable
before the mid-1980s, but rapidly declined after 1986
and have generally remained at a low level in the last
2 decades (Fig. 9). The frequencies of warm summer
(nights) days has continuously increased since the
mid-1990s.

Fig. 10a shows that cool winter days significantly
declined across the whole country, and the de -
creasing trends for nearly half of the stations were
>5 d decade−1. The areas with significant reduction
were primarily in northern China, East China, and on

the Qinghai-Tibet Plateau. Cool autumn days were
reduced in most regions of China, but generally with
decreasing trends of <5 d decade−1 (data not shown).
The extents of areas with significantly decreasing
trends were reduced in spring and summer. In sum-
mer, cool days even showed increasing trends at
nearly half of the sta tions (data not shown). The areas
with increasing trends were mainly in Central and
East China. However, cool nights in 4 seasons were
significantly reduced in most regions, especially in
winter (Fig. 10b), and more than half of the stations
showed decreasing trends of >10 d de cade−1. The
areas with significant reductions of cool nights were
generally the same as those with reductions of cool
days, but the intensity was stronger. During the other
seasons, significant reductions in cool nights were
also observed for most of the stations in northern
China, while increasing trends occurred in some sta-
tions in southern China, but only during spring and
summer. It is thus obvious that the frequencies of
winter cold spells tended to decrease significantly in
most regions of China, and a tremendous drop oc -
curred in northern China, East China, and the Qing-
hai-Tibetan Plateau.

For warm autumn days, increasing trends were
observed in most regions, notably in South China
coastal areas, where significant upward trends oc -
curred. Decreasing trends existed for warm winter
and spring days in a few regions of Central and East
China, while the areas with significant increases
were mainly distributed on the Qinghai-Tibet Plateau
and in the western part of Southwest China. Except
for Central China and a part of South China in which
a decreasing trend was observed for warm summer
days (Fig. 10c), increasing trends were shown in most
of the remaining regions, especially in North China,
Northwest China, and in South China coastal areas.
Warm nights for all seasons showed increasing trends
across the whole country, and the significant in -
crease not only occurred in North China and South-

Cool Cool Warm Warm 
nights days nights days

(TN10p) (TX10p) (TN90p) (TX90p)

Spring −7.6* −2.5* 8.1* 4.9*
Summer −7.0* −1.40 9.3* 4.8*
Autumn −7.9* −4.3* 7.0* 5.7*
Winter −10.9*0 −5.4* 7.7* 5.3*

Table 2. Linear trends in seasonal cool nights and warm
days in mainland China, 1961−2008. Data are given in d
decade–1. *: statistically significant at the 0.05 confidence 

level
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west China, but also in South China during summer
and autumn. The stations at which warm summer
nights were significantly increased were more exten-
sively distributed (Fig. 10d), implying an increasing
frequency of summer heat waves at some stations.

4.  DISCUSSION

We have shown in the present study that, for main-
land China on the whole, the indices of extreme
warm temperatures have generally evidenced in -
creasing trends, while indices of extreme cold tem-
peratures have shown more significant decreasing
trends. Overall these observations are consistent
with the findings in previous publications (Yan et al.
2002, Zhai & Pan 2003, Gong & Han 2004, Qian & Lin
2004, Tang et al. 2005), in spite of the fact that the
country-averaged linear trends of the index series
reported here are usually a bit stronger than those in
the previous studies, mainly due to the different data
processing methods used and time periods analyzed.

A major issue is the possible urbanization effect on
the series of extreme temperature indices. According
to analysis of the urbanization effect on mean maxi-
mum and minimum temperature trends in North
China during the period 1961−2000 conducted by
Zhou & Ren (2009), an insignificant urbanization
effect existed on the maximum temperature at na -
tional stations and at stations with populations of
<500 000. However, the region-averaged annual mean
minimum temperature series for the national stations
in North China was significantly affected by urban-
ization, with the contribution of urban warming to
overall warming reaching >50% (Zhou & Ren 2009).
The urbanization effect on the minimum temperature
series of medium-sized and small city stations was
somewhat weaker, but also statistically significant.
Large urbanization effects on the extreme tempera-
tures at the national stations in Shanghai and Beijing
have also been reported by Cui et al. (2009) and
Zhang et al. (2011). Significantly higher extreme
maximum and minimum temperatures, and signifi-
cantly more high-temperature days were found in
the urban area of Shanghai than in its suburbs, while,
since the 1980s, low temperature days in the urban
area have been significantly reduced compared to
those in the suburbs (Cui et al. 2009). In the case of
Beijing station, frost days, cool nights, and DTR were
significantly reduced between 1960 and 2008 due to
the urbanization effect, while warm nights and mean
minimum temperature increased significantly (Zhang
et al. 2011). The above research results indicate that

urbanization had impacts not only on daily and
monthly mean temperatures at the national stations,
but also particularly on the daily mean maximum and
daily minimum temperatures and the resulting series
of extreme temperature indices.

In order to better understand the magnitude of the
urbanization effect on series of extreme temperature
indices in a larger region, we chose North China as a
case study to compare differences in a few extreme
temperature indices between national stations and
rural stations. Table 3 shows the extreme tempera-
ture indices of national and rural stations, as well as
the urbanization effect and the contribution of the
urbanization effect in North China during the period
1961−2008.

It is clear from Table 3 that the changes of the
indices related to minimum temperatures were more
significant for the national stations than for the rural
stations. The urbanization effect on the index series
was statistically significant at the 0.05 confidence
level for the negative trends of frost days, DTR, cool
nights, and cool days, and for the positive trends of
summer days, tropical nights, TNx, TNn, and warm
nights. For these indices, the contributions of the
urbanization effect to the overall trends were also
large, ranging from 10 to 100%. The largest contri-
butions come from tropical nights, DTR, TNx, and
TNn, which all reached >50%, with DTR reaching
100%. This means that the significant decrease in
DTR observed for the national stations in North
China was entirely caused by urbanization. This is an
interesting finding because previous studies attri buted
most of the observed decrease in DTR to in creasing
cloud cover and atmospheric/soil moisture (Dai et
al. 1999, Easterling et al. 2000, Duan & Wu 2006) and
to the possible influence of aerosols in industrial
regions (Stone & Weaver 2003, Zhou et al. 2009).

The urbanization effect exacerbated the trends of
the cold and warm indices related to Tmin. However,
the urbanization effects of the Tmax-related tempera-
ture indices were usually milder and generally did
not pass the significance test at the 0.05 confidence
level; this situation results from the fact that the
urbanization effect on maximum temperature was
much weaker and statistically less significant. An
insignificant negative urbanization effect on the
trends in maximum temperature and warm days
might have resulted from the cooling effect of pollu-
tants near the national stations as compared to rural
stations. These results are basically consistent with
our previous analysis of maximum and minimum
temperature changes in North China using a differ-
ent dataset of rural stations (Zhou & Ren 2009).
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It is not clear at present how much effect urbaniza-
tion processes will have on the series of extreme tem-
perature indices with respect to the national stations
in mainland China on the whole. This will be further
investigated in our future studies. However, the case
of North China implies that the urbanization effect
will be not negligible, and more attention should be
given to this issue in future studies of global and
regional extreme temperature change.

5.  CONCLUSIONS

In the present paper, analysis was carried out on
the temporal changes in 15 extreme temperature
indices for mainland China during the last 48 yr. The
following conclusions were drawn:

(1) Cold indices, i.e. frost days and ice days, showed
a significant decreasing trend, especially after the
mid-1980s. However, warm indices, i.e. summer days
and tropic nights, generally showed an insignificant
increas ing trend, in spite of the fact that a significant
 rising trend did occur after the mid-1990s. The fre-
quencies of cold events decreased more significantly
in northern China, while the frequencies of warm
events increased significantly only in the middle and
lower reaches of the Yangtze River and in southern
Southwest China.

(2) The mean and maximum (minimum) values of
daily maximum and minimum temperatures showed
overall increasing trends, and DTR decreased sig -

nificantly. The mean maximum
temperature began to rise sig-
nificantly after the 1990s, while
the mean minimum tempera-
ture had begun to steadily
rise as early as the late 1970s.
The reduction in DTR mainly
occurred before the mid-
1980s, however, and the change
there after became insignifi-
cant. TXn and TNn signifi-
cantly increased after the mid-
1980s, while TXx and TNx did
not increase until after the mid-
1990s. TXx and TNx in north-
ern China rose significantly,
but a downward trend was ob-
served in the middle and lower
reaches of the Yangtze River
and in Southwest China. TXn
and TNn significantly increased
across the whole country.

(3) Although the warm indices increased signifi-
cantly and cold indices decreased significantly, the
series of the relative indices related to minimum tem-
perature changed more significantly than those
related to maximum temperature. The significant
reduction of cool nights and days occurred after the
late 1980s, while the significant increase of warm
nights and days occurred after the mid-1990s. The
most significant changes in cool nights and days
were in northern China, and the warm nights and
days in creased more substantially in Southwest
China and in the coastal areas of South China.

(4) The significant reduction of cool days and nights
mostly occurred in winter, and the frequencies of
warm days and nights increased more significantly in
autumn and summer. Warm summer days and nights
increased more prominently in North China and in
the coastal areas of South China. Thus, the winter
cold spells tended to decline considerably in most
regions of China, notably northern China, East China,
and on the Qinghai-Tibet Plateau. The days with
extreme high temperatures increased in most regions,
mainly in summer, while the nights with extreme
high temperatures increased more significantly, re -
sulting in an increase of summer heat waves.

(5) The case study of North China proved that
urbanization intensified the downward trend in cold
index series and the upward trend in warm indices
related to minimum temperature. The urbanization
effect on the series of extreme temperature indices
was statistically significant for the downward trends
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National Rural Urbaniza- Contribution 
station station tion effect (%) of urbaniza-

(Xu) (Xr) (ΔXur) tion effect (Eu)

Absolute index
Frost days (FD0) −4.17* −2.29* −1.88* 45.1
Summer days (SU25) 2.52* 2.24* 0.28* 11.1
Ice days (ID0) −2.32* −2.56* 0.24 −10.3
Tropical nights (TR20) 2.31* 0.83* 1.48* 64.1

Extreme value index
Diurnal temperature range (DTR) −0.17* 0 −0.17* 100.0
Maximum TX (TXx) 0.04 0.06 −0.02 −50.0
Maximum TN (TNx) 0.26* 0.1* 0.16* 61.5
Minimum TX (TXn) 0.36* 0.34* 0.02 5.6
Minimum TN (TNn) 0.61* 0.3* 0.31* 50.8

Relative index
Cool nights (TN10p) −8.61* −4.85* −3.76* 43.7
Cool days (TX10p) −3.43* −3.07* −0.36* 10.5
Warm nights (TN90p) 8.07* 4.20* 3.87* 48.0
Warm days (TX90p) 3.83* 3.91* −0.08 −2.0

Table 3. Comparison of linear trends in series of extreme temperature indices between
the national and rural stations in North China, 1961−2008. Data given as days or 

degrees Celsius per decade. *: statistically significant at the 0.05 confidence level
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in frost days, DTR, cool nights, and cool days, and for
the upward trends in summer days, tropical nights,
TNx, TNn, and warm nights. For these indices, the
contributions of the urbanization effect to the overall
trends ranged from 10 to 100%, with the largest con-
tributions coming from tropical nights, DTR, TNx,
and TNn. The decrease in DTR at the national sta-
tions in North China was caused entirely by urban-
ization. However, the urbanization effect was rather
weaker on the trends in the indices related to maxi-
mum temperatures. The case analysis shows that the
urbanization effect on the trends in the series of
extreme temperature indices should not be ignored
for mainland China, and more attention needs to be
given to the issue in future studies.
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訫圆园员员 中国物理学会 悦澡蚤灶藻泽藻 孕澡赠泽蚤糟葬造 杂燥糟蚤藻贼赠 摇 澡贼贼责院 辕 辕 憎怎造蚤曾遭援 蚤责澡赠援 葬糟援 糟灶
园愿怨圆园员鄄员摇摇摇摇

基于偏态分布的百分位估计公式的建立鄢

周摇 云员冤 摇 侯摇 威圆冤覮 摇 钱忠华员冤 摇 何文平圆冤

员冤渊扬州大学物理科学与技术学院袁扬州摇 圆圆缘园园怨冤
圆冤渊国家气候中心袁北京摇 员园园园愿员冤

渊圆园员园 年 员园 月 圆缘 日收到曰 圆园员员 年 圆 月 圆愿 日收到修改稿冤

摇 摇 顺序统计量将累积概率与数据排序后的位置建立相关联系袁可用于估计数据分布的累积概率援 鉴于不同气候

要素概率分布存在着不同程度的偏态特征袁基于偏态分布条件下的累积概率函数袁通过理论推导和数值模拟

建立了与偏态指数相关的位置参数的回归模型袁从而给出了基于数据偏态特征的经验百分位估计公式援 利用

员怨愿园 年要圆园园怨年全球夏季逐日平均温度资料袁进一步对比分析了偏态百分位估计方法与 允藻灶噪蚤灶泽燥灶 方法下得到的

第 怨园 个百分位值所对应的温度排序后位置的差异援

关键词院 顺序统计量袁 偏态分布袁 百分位

孕粤悦杂院 怨圆郾 远园郾 宰糟

鄢国家自然科学基金渊批准号院源园怨猿园怨缘圆袁源员园园缘园源猿冤和国家科技支撑计划渊批准号院圆园园苑月粤悦圆怨月园员冤资助的课题遥
覮 通讯联系人援 耘鄄皂葬蚤造院 澡燥怎赃憎岳 泽燥澡怎援 糟燥皂

员郾 引 言

员怨苑苑 年袁允藻灶噪蚤灶泽燥灶咱员暂运用经验排序法给出了基

于数据排序后所处位置的累积概率分布的经验估

计援 根据该经验估计袁对于长度为 灶 的时间序列袁将
这 灶 个元素按升序排列袁则发生小于或等于排序后

第 皂 个元素的概率为

责 越 皂 原 园郾 猿员
灶 垣 园郾 猿愿 援 渊员冤

若时间序列长度 灶 等于 员园园袁那么第 怨园 个百分位值

对应的数据排序后的位置为 怨园郾 远缘袁介于元素 曾怨园渊责
越 愿怨郾 猿缘豫 冤 与 曾怨员渊责 越 怨园郾 猿缘豫 冤 之间援 渊员冤式在应

用时无需时间序列的具体统计模型袁且计算方便袁
近年来被广泛应用于各种极端事件百分位阈值的

估计以及回归时间的确定等研究中咱圆要远暂 援 但值得注

意的是袁只有当所分析的数据服从或近似服从高斯

分布时袁利用渊员冤式才能得到较准确的结果咱苑袁愿暂 援 当
某一要素所服从的概率分布函数已知时袁则可给出

在这一特定分布下累积概率的经验百分位值估计援
如 郧燥藻造 等咱怨暂给出了广义极值分布条件下的经验百

分位估计式袁该估计式不仅与数据排序后的位置有

关袁而且还与广义极值分布中的形状参数相关联援

大气系统是一个复杂的耗散的非 线 性 系

统咱员园要员苑暂 袁数学模型总是不可能与实际情况完全一

致援 在研究温度时间序列时袁通常以高斯分布作为

其统计模型袁但事实上对于不同的地区袁温度序列

所表现出的高斯分布特征存在着不同程度的偏态

性质袁若一概以高斯分布作为其统计模型袁势必会

在统计及相关的分析过程中带来较大偏差袁而偏态

分布函数可以用偏态指数来表征偏态分布的特征袁
从很大程度上可以避免这一问题咱员愿暂 援 本文以偏态分

布函数作为温度时间序列的统计模型袁针对偏态分

布条件下的累积概率分布函数袁通过理论推导和数

值模拟建立了温度序列偏态分布条件下的经验百

分位估计公式袁从而给出与偏态指数相关的经验百

分位值估计援 并进一步对比分析了 员怨愿园 年要圆园园怨
年全球各格点夏季逐日平均温度资料的第 怨园 个百

分位值所对应的温度顺序统计量位置在偏态百分

位估计方法和 允藻灶噪蚤灶泽燥灶 估计方法咱员暂下的异同援

圆郾 资料和方法

圆郾 员郾 资摇 摇 料

本文使用的温度资料来自美国国家环境预报
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中心和美国国家大气研究中心联合发布的全球逐

日平均温度再分析资料渊地面资料冤袁分辨率为 圆郾 缘毅
伊 圆郾 缘毅袁选取 员怨愿园 年要圆园园怨 年夏季逐日平均温度

为研究对象援

圆郾 圆郾 偏态概率密度函数

采用偏态分布函数作为全球 员怨愿园 年要圆园园怨 年

夏季逐日平均温度资料的统计模型袁其概率密度函

数为

枣渊曾冤 越 员
圆仔滓渊滋 原 葬冤

伊 藻曾责
⎛

⎝
⎜
⎜ 原

曾 原 葬
滋 原 葬( ) 姿 原 员( ) 圆

圆滓圆姿圆

⎞

⎠
⎟
⎟

曾 原 葬
滋 原 葬( ) 姿原员 援 摇渊圆冤

渊圆冤式由经偏态数据在 月燥曾鄄悦燥曾 变换后所满足的正

态假定条件推导而来袁其中 葬 为对温度时间序列的

平移量袁对每个格点上的平移量袁本文取为与各格

点 员怨愿园 年要圆园园怨 年夏季逐日平均温度最小值偏差

为 园郾 员 益的值袁以保证经过 月燥曾鄄悦燥曾 变换得到的数

据皆为正值曰 滋为原始温度时间序列的均值曰 滓为经

月燥曾鄄悦燥曾 变换后新序列的标准差曰 姿 为 月燥曾鄄悦燥曾 变换

中通过极大似然法求得的偏态指数袁用它表征概率

分布的偏态性质援 如图 员 所示袁当 姿 约 员 渊图 员渊葬冤冤袁
表明温度时间序列呈正偏分布袁分布的右侧平缓袁
左侧陡峭曰当 姿 跃 员 渊图 员渊遭冤冤袁表明温度时间序列

呈负偏分布袁其分布特征与正偏分布相反援 姿 值偏

离 员 越大袁表明分布的偏态性越显著援

图 员摇 偏态分布示意图摇 渊葬冤正偏分布型袁渊遭冤负偏分布型

摇 摇 当 姿 越 员袁 表明温度时间序列呈高斯分布袁左右

两侧对称袁此时渊圆冤式即可转化为高斯分布函数

枣渊曾冤 越 员
圆仔滓渊滋 原 葬冤

藻曾责 原 渊曾 原 滋冤圆

圆滓圆渊滋 原 葬冤圆( ) 援渊猿冤
摇 摇 图 圆 为 员怨愿园 年要圆园园怨 年全球各格点夏季逐日

平均温度的偏态指数分布情况援 从图 圆 可以看出袁全
球大部分地区呈现负偏袁即 姿 跃 员袁 表明夏季发生的

最概然温度渊偏态分布函数的概率密度最大处所对

应的温度袁即最有可能发生的温度事件冤普遍高于

温度序列的均值袁夏季更倾向于发生高于均温的温

度事件袁而低于均温的温度事件的极端程度相对较

高袁且不容易发生援 其中在 远园毅杂 附近负偏呈现比较

明显的带状分布袁该区域最概然温度与平均温度的

偏离更为明显曰而在极地以及赤道附近部分地区则

呈现正偏分布袁夏季更易发生低于均温的温度事件援

圆郾 猿郾 偏态分布函数

偏态分布函数可由渊员冤式偏态概率密度函数积

分得到袁

云渊曾冤 越 乙曾
葬
枣渊曾冤凿曾
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图 圆摇 员怨愿园 年要圆园园怨 年全球夏季逐日平均温度的偏态指数的空间分布

越 乙曾
葬

员
圆仔滓渊滋 原 葬冤

伊 藻曾责
⎛

⎝
⎜
⎜ 原

曾 原 葬
滋 原 葬( ) 姿 原 员( ) 圆

圆姿圆滓圆

⎞

⎠
⎟
⎟

曾 原 葬
滋 原 葬( ) 姿原员凿曾

越 乙曾
葬

员
圆仔滓姿

藻曾责
⎛

⎝
⎜
⎜ 原

曾 原 葬
滋 原 葬( ) 姿 原 员( ) 圆

圆姿圆滓圆

⎞

⎠
⎟
⎟

伊 凿 曾 原 葬
滋 原 葬( ) 姿 援 渊源冤

令

赠 越 曾 原 葬
滋 原 葬( ) 姿袁

代入渊源冤式可得

云渊曾冤 越 乙赠
园

员
圆仔姿滓

藻曾责 原 渊赠 原 员冤圆

圆滓圆姿圆( )凿赠 援 渊缘冤

根据指数函数二次幂的积分公式

云渊曾冤 越 员
滓 圆仔乙藻曾责 原 渊曾 原 滋冤圆

圆滓圆( )凿曾
越 员

圆 员 垣 藻则枣 曾 原 滋
滓 圆

⎛
⎝
⎜

⎞
⎠
⎟

⎛
⎝
⎜

⎞
⎠
⎟袁 渊远冤

可得

云渊曾冤 越 员
圆 藻则枣 赠 原 员

姿滓 圆
⎛
⎝
⎜

⎞
⎠
⎟ 垣 藻则枣 员

姿滓 圆
⎛
⎝
⎜

⎞
⎠
⎟

⎛
⎝
⎜

⎞
⎠
⎟援 渊苑冤

这里 藻则枣渊窑冤 为误差函数袁

藻则枣渊曾冤 抑 曾
曾 员 原 藻曾责 原 曾圆 源 辕 仔 垣 琢曾圆

员 垣 琢曾圆( ) 援 渊愿冤
可以由渊愿冤式近似求解误差函数袁其中 琢 抑园郾 员源援

猿郾 理论基础

猿郾 员郾 顺序统计量

允藻灶噪蚤灶泽燥灶咱员暂对累积概率给出形如 孕皂 越 皂 垣 葬
灶 原 遭

的估计袁这为样本中某一元素对应的百分位与其排

序后的位置两者之间建立联系援 这里参数 葬 和 遭 即

为对与百分位值相应的排序后第 皂 个元素位置的

微调袁称为位置参数袁需要基于顺序统计量的相关

理论来推导并求解位置参数 葬 和 遭 援 对样本的 灶 个

元素袁按从小到大排序为 曾员 臆 曾圆 臆噎臆 曾皂 臆噎臆
曾灶袁 则排序后的序列或其中的部分称为顺序统计

量袁它主要用于构造样本的经验分布袁并估计经验

分布的百分位值援
设样本序列的概率密度函数和分布函数分别

为 枣渊曾冤 和 云渊曾冤袁 用 员园园琢 代表百分位渊 园 约 琢 约
员 冤袁累积概率 云渊孜琢冤 越 琢 援 若分布函数 云 已知袁则任

意 琢 对应的百分位值 孜琢 均可直接确定援 但实际应用

中更容易获知样本的经验分布袁如何用 曾皂 来估计

孜琢袁 即对百分位值作经验估计袁找出 责 与第 皂 个顺

序统计量 曾皂 之间的关系袁使得 责 越 云渊曾皂冤袁 是一个

需要解决的问题援
设原始的 灶 个顺序统计量之间相互独立袁其对

应的累积概率分别为 赠员 越 云渊曾员冤袁 噎袁 赠灶 越 云渊曾灶冤袁
因分布函数 云 为连续单调递增函数袁有
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赠员 臆 噎 臆 赠皂 臆 噎 臆 赠灶袁 渊怨冤
则 赠 沂 咱园袁员暂袁 服从 园要员 之间的均匀分布咱员怨暂 袁即

枣渊赠冤 越 员袁
云渊赠冤 越 赠 援

渊员园冤

赠皂 即可视为位于 咱园袁员暂 之间且呈均匀分布的 灶 个顺

序统计量中的第 皂 个元素援 将第 皂 个顺序统计量出

现 赠皂 的概率密度函数表示为 枣皂渊赠皂冤 援 赠皂 仅作为顺序

统计量中的某一个元素发生 赠皂 的概率为 枣渊赠皂冤曰 假

设在 赠皂 之前袁 灶 个样本量中有 皂 原 员 个元素值小于

赠皂袁 其发生概率为
灶浴

渊皂 原 员冤浴渊灶 原 皂冤浴云渊赠皂冤皂原员曰 余

下大于 赠皂 的 灶 原 皂 个元素的发生概率为 渊员 原
云渊赠皂冤冤 灶原皂 援 因为假设了 灶 个样本量之间相互独立袁
故在 灶 个顺序统计量中第 皂 个元素值为 赠皂 的发生

图 猿摇 第 皂 个顺序统计量的概率密度分布特征摇 渊葬冤高斯分布袁渊遭冤正偏分布袁渊糟冤负偏分布

概率为

枣皂渊赠皂冤 越 灶浴
渊皂 原 员冤浴渊灶 原 皂冤浴枣渊赠皂冤

伊 云渊赠皂冤皂原员渊员 原 云渊赠皂冤冤 灶原皂

越 灶浴
渊皂 原 员冤浴渊灶 原 皂冤浴
伊 渊赠皂冤皂原员渊员 原 赠皂冤 灶原皂 援 渊员员冤

同理袁当已获知样本 喳曾札 的具体分布模型袁在 灶个顺

序统计量中出现 曾皂 的概率可表示为

早皂渊曾皂冤 越 灶浴
渊皂 原 员冤浴渊灶 原 皂冤浴枣渊曾皂冤

伊 云渊曾皂冤皂原员渊员 原 云渊曾皂冤冤 灶原皂 援 渊员圆冤
渊员圆冤式将依赖于 曾 的分布情况援

猿郾 圆郾 基于偏态分布的第 皂 个顺序统计量的分布

特征

摇 摇 采用以上介绍的方法袁计算得到 员怨愿园 年要圆园园怨
年夏季逐日平均温度序列的概率密度函数 枣渊曾冤
渊渊圆冤式冤及其分布函数 云渊曾冤 渊渊苑冤式冤袁代入渊员圆冤
式后可得到基于偏态分布的第 皂 个顺序统计量的

概率密度分布 早皂渊曾冤 援 图 猿 所示为基于高斯分布尧
正偏分布以及负偏分布下的第 皂 个顺序统计量的

概率密度分布袁横坐标为顺序统计量分布的累积概

率 云渊曾冤袁 图中以样本量 灶 取为 猿园袁 皂 分别取 员袁圆袁
源袁员园袁员缘袁圆园袁圆苑袁圆怨袁猿园援

由图 猿渊葬冤可见袁当序列具有高斯分布时袁第 员缘
个顺序统计量分布的最高概率密度高于其他顺序
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统计量袁其他顺序统计量的分布关于第 员缘 个顺序统

计量分布近似对称袁即 皂 越 员园 与 皂 越 圆园袁 皂 越 源 与

皂 越 圆苑 等等援 且 皂 的值越大或越小袁越可能出现概

率递减援 图 猿渊遭冤为序列处于正偏分布时第 皂 个顺

序统计量的分布特征袁此时第 员缘 个顺序统计量分布

中的最高概率密度不再高于其他顺序统计量袁而是

出现在第 员园 个顺序统计量中袁其他顺序统计量也不

再关于第 员缘 个顺序统计量对称袁在左右对应的顺序

统计量分布中左侧分布的最概然概率高于右侧援 而
在图 猿渊糟冤中袁当序列处于负偏分布时袁其情况恰与

图 猿渊遭冤相反袁也就是左右对应的顺序统计量分布中

右侧分布的最概然概率高于左侧援

源郾 经验百分位公式的建立

从图 猿 可知袁当序列处于不同的分布型时袁对
该序列第 皂 个顺序统计量的分布特征具有一定的

影响援 而在序列所满足的偏态分布中袁偏态指数是

表征序列偏态程度的量袁据此可以判定袁序列中概

率分布的偏态指数与第 皂 个顺序统计量的分布形

式相关联援 第 皂 个顺序统计量的分布即代表着某

序列第 皂 个元素可能出现的值的分布袁对第 皂 个

元素值进行估计袁即可进一步对第 皂 个元素所对

应的累积概率进行估计袁从而将排序后元素所对

应的位置与其相应累积概率相联系援 而由于第 皂
个顺序统计量在越偏离中间位置的顺序统计量

时袁其分布的偏态程度将越明显袁若以均值作为估

计值袁受极端值的影响也将越显著袁以致越偏离于

最有可能发生的值援 为此袁将第 皂 个顺序统计量分

布中最高概率密度所对应的值作为对第 皂 个元素

的估计值援
下面给出建立基于偏态分布的经验百分位公

式的步骤援
步骤玉摇 选定样本量 灶援
步骤域摇 选定表征不同分布型的偏态指数 姿援
步骤芋摇 在某一分布型下袁对于 灶 个顺序统计

量中第 皂 个值为 曾皂 的概率密度函数可由渊员猿冤式获

得袁以 曾皂 分布函数中最高概率密度所对应的 曾皂 值

作为最有可能发生的第 皂 个顺序统计量袁记为

曾皂渊皂葬曾早皂冤 援
步骤 郁 摇 由 历 史 数 据 的 分 布 函 数 求 解

云渊曾皂渊皂葬曾早皂冤 冤袁 作为对经验百分位 孕皂 的估计援

步骤吁摇 将 孕皂 越 皂 垣 葬
灶 原 遭 写成 灶孕皂 原 皂 越 葬 垣

遭孕皂袁 令 杂皂 越 灶孕皂 原 皂袁 以 孕皂 渊即 云渊曾皂渊皂葬曾早皂冤 冤 冤为
变量袁 杂皂 为因变量渊其中 皂 在 员要 灶 之间取值冤建立

线性回归方程袁得到位置参数 葬 和 遭援
步骤遇摇 在已知样本量的情况下袁选定不同的

分布袁即改变偏态指数袁重复步骤域要步骤吁袁得到

不同的位置参数 葬 和 遭援
步骤喻摇 建立位置参数 葬 和 遭 关于偏态指数 姿

的回归方程援
步骤峪摇 选取不同的样本量袁重复步骤域要步

骤喻援
按照以上步骤袁即可求得偏态分布的百分位

公式援
图 源 为样本量 灶 越 员园园 时袁不同偏态指数 姿 下

杂皂 随 孕皂 的变化援 由图 源 可知袁在 姿 取不同值时袁 杂皂

随 孕皂 变化的曲线满足不同的线性关系袁可由线性拟

合得到位置参数 葬 和 遭袁 且当序列的概率分布从正

偏分布向负偏分布变化渊即偏态指数 姿 值逐渐变

大冤时袁位置参数 葬 有增大的趋势袁位置参数 遭 则有

减小的趋势援

图 源摇 杂皂 随 孕皂 的变化

从图 源 中已经获知袁位置参数 葬 和 遭 随偏态指

数 姿 的变化具有不同的特征袁那么它们之间究竟存

在的是何种关系呢钥 为此袁同样以样本量 灶 越 员园园
为例袁分别建立位置参数 葬 和 遭 随 姿 变化的回归方

程援 图 缘 所示为位置参数 葬 和 遭 随偏态指数 姿 的变

化袁基于曲线拟合袁位置参数 葬 和 遭 均可建立关于 姿
的指数回归方程袁即

葬 越 葬园 垣 葬员藻曾责渊葬圆姿冤袁
遭 越 遭园 垣 遭员藻曾责渊遭圆姿冤 援

渊员猿冤

对位置参数 葬 和 遭 拟合较好的 姿 范围主要集中在
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园郾 缘要猿 之间袁对于负偏以及正偏相对比较严重的情 况袁拟合效果相对较差援

图 缘摇 位置参数 葬 和 遭 随偏态指数 姿 的变化摇 渊葬冤参数 葬袁 渊遭冤参数 遭

表 员摇 不同样本量所得的各项系数

灶 葬园 葬员 葬圆 遭园 遭员 遭圆

员园 园郾 园缘愿缘远 原 园郾 远圆远苑源 原 园郾 怨猿远远源 原 园郾 愿员圆缘缘 园郾 猿怨圆怨园 原 园郾 苑苑员圆远

猿园 园郾 园缘远远怨 原 园郾 缘怨猿远猿 原 园郾 怨员猿缘圆 原 园郾 愿猿园苑远 园郾 猿苑圆苑圆 原 园郾 远愿员圆远

缘园 园郾 园缘源愿员 原 园郾 缘苑怨园园 原 园郾 怨园猿员苑 原 园郾 愿猿源远员 园郾 猿远猿缘源 原 园郾 远缘员愿远

苑园 园郾 园缘员愿猿 原 园郾 缘远愿愿园 原 园郾 怨园园缘园 原 园郾 愿猿愿愿苑 园郾 猿缘愿缘源 原 园郾 远圆园远远

员园园 园郾 园缘园缘苑 原 园郾 缘缘远远缘 原 园郾 愿愿愿猿猿 原 园郾 愿源猿苑愿 园郾 猿缘源源员 原 园郾 缘怨园苑圆

员缘园 园郾 园源怨苑怨 原 园郾 缘源苑猿缘 原 园郾 愿苑愿园苑 原 园郾 愿源怨缘愿 园郾 猿缘员愿猿 原 园郾 缘远园圆猿

摇 摇 表 员 为选取不同的样本量时所得到的位置参数

葬 和 遭 关于偏态指数的回归方程的各项系数援 从表 员
可知袁在不同的样本量下所得的系数虽有所不同袁
但随着样本量不断增加袁它们的差异越来越小援 图 远
显示了各项系数随样本量 灶 的变化关系援 经计算袁在
样本量很大的情况下袁各项系数值可最终收敛于一

个常数袁分别为 葬园 抑 园郾 园源苑怨猿袁 葬员 抑原 园郾 缘源源愿园袁 葬圆

抑原 园郾 愿苑猿怨源袁 遭园 抑原 园郾 愿源怨员缘袁 遭员 抑 园郾 猿缘员愿远袁 遭圆 抑
原 园郾 缘缘圆缘缘 援 而在样本量 灶 逸 猿园园 时袁各项系数的误

差均可控制在 员 伊 员园 原猿 内援 保留上述各项系数小数

点后两位小数袁将其代入 孕皂 越 皂 垣 葬
灶 原 遭 中袁可得偏态

分布下的百分位公式为

孕皂 越 皂 原 园郾 缘源藻曾责渊 原 园郾 愿苑姿冤 垣 园郾 园缘
灶 原 园郾 猿缘藻曾责渊 原 园郾 缘缘姿冤 垣 园郾 愿缘 援 渊员源冤

至此袁已建立与偏态分布相关的经验百分位公式援
值得一提的是袁允藻灶噪蚤灶泽燥灶咱员暂 给出的不考虑具体

分布形式的经验百分位公式袁是以第 皂 个顺序统计

量 曾皂 概率分布的中值作为第 皂 个顺序统计量的估

计值时得到的理论公式曰而同样在不考虑具体分布

形式下袁若以第 皂个顺序统计量 曾皂 概率分布的均值

作为第 皂 个顺序统计量的估计值时袁所得的经验百

分位公式为 责 越 皂
灶 垣 员 援 在考虑偏态分布条件下袁以

第 皂 个顺序统计量 曾皂 概率分布中最概然概率对应

的值作为第 皂 个顺序统计量的估计值袁以此得到基

于偏态分布的经验百分位公式援 当偏态指数 姿 越 员
渊代表左右对称的高斯分布冤袁代入渊员源冤式袁可得 责

越 皂 原 园郾 员苑缘
灶 垣 园郾 远缘 袁 其位置参数 葬 和 遭 与以中值和平均
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图 远摇 系数 葬园 袁遭园 袁葬员 袁遭员 袁葬圆 袁遭圆 随样本量 灶 的变化摇 渊葬冤葬园 袁渊遭冤遭园 袁渊糟冤葬员 袁渊凿冤遭员 袁渊藻冤葬圆 袁渊枣冤遭圆

值作为估算值时均有所不同援 由此可知袁即使都是

在对称分布下袁若处理方法不同其位置参数也会有

所不同援

缘郾 偏态与 允藻灶噪蚤灶泽燥灶 方法相同百分位

下温度顺序统计量位置的比较

摇 摇 允藻灶噪蚤灶泽燥灶 百分位估计式渊渊员冤式冤虽是在不考虑

具体分布的情况下获得袁但在一定的条件下有其适

用性袁是一种比较常用的百分位值估计方法援 在统

计模型存在一定的偏态特征时袁所得偏态分布下的

经验百分位公式渊渊员源冤式冤可针对不同概率分布条

件下的百分位值进行估计援 在一定的样本数据下对

于某一特定的百分位袁允藻灶噪蚤灶泽燥灶 百分位估计方法中

对应的顺序统计位置也是确定的袁但偏态百分位估

计方法中随偏态程度的不同对应的顺序统计量位

置也会有所不同援 在大气科学中常根据研究的需

要袁将温度资料的第 怨园 个尧第 怨缘 个尧第 怨怨 个等一些

百分位值作为极端高温的阈值咱缘袁远袁圆园暂 袁在此方法下百

分位值所对应的温度在排序后序列中所处的位置

将决定阈值的大小袁文中取温度序列的第 怨园 个百分

位值进行研究援 在温度资料满足偏态分布的条件

下袁第 怨园 个百分位值所对应的温度在排序后序列中

的位置将由于偏态程度的不同而有所差异援
利用渊员冤和渊员源冤式袁对 员怨愿园 年要圆园园怨 年全球各

格点夏季逐日平均温度资料进行百分位估计袁比较

这两种方法得到第 怨园 个百分位值对应的温度在排

序后序列中位置的差异袁将此位置差异用 驻皂 表示袁
其分布如图 苑 所示援 因 员怨愿园 年要圆园园怨 年夏季日平均

温度资料存在一定的偏态特征袁故其在偏态分布条件

与 允藻灶噪蚤灶泽燥灶 估计下的第 怨园 个百分位值所对应的排

序后序列中位置差值的分布与图 圆 中偏态指数的分

布具有紧密的联系援 当偏态指数越小时袁其对应的位

置差值越大袁在处于正偏的赤道附近部分地区袁即亚

洲大陆北部尧非洲北部及其东部海域以及南美附近海

域袁位置差值在 园郾 员 乃至 园郾 员缘 以上援 在处于负偏的地
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区袁位置差值在 园郾 员 以内袁在 远园毅杂 附近以及北极地 区袁即负偏比较明显的地区袁位置差值在 园郾 园缘 以内援

图 苑摇 偏态与 允藻灶噪蚤灶泽燥灶 方法下第 怨园 个百分位值所对应的位置差异 驻皂 的分布

远郾 结 摇 论

本文以偏态分布函数作为温度时间序列的统

计模型袁针对原始数据序列偏态分布条件下的累积

概率函数袁通过理论推导和数值模拟建立了偏态分

布下的经验百分位公式援 对基于偏态分布的顺序统

计量给出简单的经验百分位值估计援 通过相关推导

和计算表明袁偏态分布下的经验百分位公式与表

征偏态程度的偏态指数相关袁利用本文得到的百分

位公式可以更精确地估计不同分布下的百分位值援
对全球各格点夏季逐日平均温度资料的应用比较

表明袁当正偏分布越明显袁即偏态指数越小时袁与
允藻灶噪蚤灶泽燥灶 公式对应的温度顺序统计量位置相差

越大援
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