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Abstract  Climate and climate change have always been a research focus of atmospheric sciences. This paper summaries
research efforts, achievements and international contributions of the Chinese scientific community on climate and climate
change over the past 70 years. The review is based on papers published officially in national or international scientific journals,
and is organized to cover six aspects: (1) general climate studies; (2) impact of the Qinghai-Tibetan Plateau; (3) impact of the
East Asian monsoon; (4) influences of teleconnection oscillation and westerlies; (5) climate dynamics and development of
climate models; and (6) climate change. It is, however, to be noted that the present review can not be considered as an exhaustive

one, since there is a huge body of literature in the field.
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1. Introduction

Climate and climate change have always been a research
focus of atmospheric sciences. Climate refers to the statistic
state of the atmosphere over a long period of time and for a
certain location on Earth, which includes both mean and
extreme conditions of various weather processes and events
over the years. Climate is changing due to changes in solar
radiation, surface conditions, atmospheric circulation, and
human activity. Climate change refers to the change of long-
term mean in a specific location, in a region or globally. It
includes changes in both spatial and temporal scales. It is
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often measured by changes of certain properties related to
average weather conditions. It distinguishes from weather
variation by its longer time scale.

This paper first reviews the significant progress brought by
Chinese scientists in climate studies over the past 70 years.
The Qinghai-Tibetan Plateau, standing in western China, is
the highest orography in the world. It has important influ-
ences on the evolution of global atmospheric circulation and
plays an important role in climate change and climatic
anomalies in China for its both dynamic and thermodynamic
aspects. The research on the influence of the Qinghai-Tibetan
Plateau on climate change has always been a key scientific
topic. Chinese scientists have made pioneering and original
scientific achievements in this field, which largely promoted
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the research on the impact of the Qinghai-Tibetan Plateau on
the regional climate in China. This paper focuses on the
progress in this field in Section 3.

Monsoon is an important circulation system for the global
climate. China is located in the East Asian monsoon region.
Interannual and interdecadal variations of the East Asian
monsoon can lead to climate disasters such as drought, flood,
and heat-wave in China. This research field saw a lot of
interesting achievements brought by Chinese scientists. This
paper reviews works on the East Asian monsoon in Section
4. China is a very active country in studying the impact of
teleconnection patterns and perturbations from the westerlies
on the regional climate in East Asia and has made remark-
able achievements, which will be presented in Section 5.

Chinese scientists attached great importance to climate
dynamics and conducted a series of systematic researches.
They have established a theoretical framework for climate
dynamics. The development and application of climate sys-
tem modeling is a significant part of modern climatology.
China has a long history of climate modeling. In fact, since
the late 1970s, climate models have been developed and
applied to simulating climate processes. The works on cli-
mate dynamics and climate modeling will be reviewed in
Section 6. One of the most important progress in atmospheric
sciences in the 20th century is that scientists and govern-
ments all around the world have realized the human-induced
global warming and its influence on the global environment.
Additionally, they have realized that climate change is a
result of the interactions among multi-spheres in the Earth’s
system. This paper discusses the progress of Chinese scien-
tists in this field in Section 7.

Finally, the major results from the past work are sum-
marized and prospective scientific issues are proposed in
Section 8. Of course, there are specialized review papers in
other fields, including the biosphere, the cryosphere, etc.,
related to the topic of climate change. In this paper, we focus
on the atmosphere research and the above-mentioned aspects
are not covered.

2. General climate studies

Climate research is largely based on statistical analyses of
long-term data, including paleoclimate proxy data, historical
climate record, and the reanalysis data in modern times.
Chinese scientists made statistical analyses of climate
changes in temperature and precipitation (drought and flood)
based on long-term data. They systematically studied the
formation mechanisms of climate disasters and extreme
climate events, which laid the physical foundation for cli-
mate disaster prediction in China.

Based on the geographical phenomena described in re-
levant literature, including the decline in Arctic sea ice, the
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northward shift of the southern boundary of tundra in the
Soviet Union, the retreat of global mountain glaciers and
snow lines and the sea-level rise, Zhu (1962) first proposed
the idea of gradual warming of climate in the 20th century in
the field of international climate research. His research fur-
ther suggests that changes in the intensity of solar radiation
may be the major cause of climate vacillation. When the
sunspots are intensified, the ozone layer of the Earth’s at-
mosphere absorbs a large amount of ultraviolet light, which
can affect the global atmospheric circulation, and further
influence the distribution of temperature and rainfall on the
Earth’s surface. The relationship between solar radiation and
the climate on the Earth’s surface is very complex. Based on
historical and archaeological excavation materials, Zhu
(1973) analyzed the temperature variations in China over the
past 5000 years and pointed out that in the first 2000 years,
the annual average temperature was about 2°C higher than
that of today. After that, the annual average temperature
fluctuated by 2—3°C. The cold period occurred in 1000BC,
AD400, AD1200, and AD1700. Each cycle of fluctuation
lasted about 400 to 800 years, with small cycles of 50 to
100 years within the larger cycle. The causes of large fluc-
tuations were mainly controlled by solar radiation, while the
causes of small fluctuations were related to atmospheric
circulation activities (Figure 1).

After Zhu, Chinese scientists have also produced a large
number of results via data analysis. Wu and Lin (1978)
analyzed the historical climate change in Tibet based on the
tree-rings data and changes in natural signs. They pointed out
that in the past hundreds of years, Tibet has been in a warm
and dry period, and the temperature trend in Tibet is gen-
erally in line with that of East China, especially since the
warming trend in 17th century. Wang et al. (1978) analyzed
climate change over the past 6000 years based on the pollen
data in the cultural sites in Shanghai. They found that there
were three warm-humid and two cold-dry phases between
5460 BP and 2500 BP. Wang and Zhao (1979) analyzed the
drought and flood data of China in the past 500 years. They
found a cycle of 36-year drought and flood in East China,
especially in the lower reaches of the Yangtze River. They
further discovered that the equatorial central Pacific region
was closely related to the cyclical changes of drought and
flood in China. Zhang and Zhang (1979) also analyzed the
warm-humid and cold-dry climate changes in the past
500 years. They found that there were significant fluctuation
cycles of 2040 years and 200 years in addition to the fluc-
tuation of 2-5 years in climate change in China.

Yao (1982) used modern statistics to analyze drought and
flood records in China based on historical documents over
the past 500 years. He elaborated the statistical variance
characteristics of climate data, periodic cycle characteristics
and the statistical theory and means to obtain these char-
acteristics. Using 26 sequences of drought and flood ranking
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Figure 1 Snow line in Norway over the past 10000 years (solid line) and the temperature of China in the past 5000 years (dotted line). Source: Zhu (1973).
The snowline height is measured in meters; the current height of the Norwegian snow line is about 1600 meters. The temperature is measured in Celsius; the 0
line is taken as the current temperature level. The scale of horizontal time is exponential; the scale decreases to the left.

and a combined winter temperature index sequence in China
since the year of 1471, Zhen and Feng (1985) analyzed the
relationship between the precipitation variability and aver-
aged temperature over the past 500 years. They found that
the precipitation variability and average temperature in
China were negatively correlated. Namely, the climate was
more unstable in the cold phase, especially in the Little Ice
Age, when the extreme climate was more frequent.

Based on historical documents, Wang and Wang (1987)
established a relationship between the drought/flood classi-
fication and the observed precipitation over the same period.
Thus, they restored the continuous climate series of
equivalent annual precipitation variability with quantitative
properties in the Central Plains region of China for more than
2200 years. At the same time, they combined the historical
research and modern analysis methods to obtain the pre-
cipitation variation in the Central Plains region of China for
more than 5000 years. Zhang and Crowley (1989) published
the historical climate records of China and the climate re-
construction data of nearly a thousand years. They made a
valuable summary of the existing studies and a comprehen-
sive review of how to obtain climate information through the
descriptive historical documents. Since the 1990s, great
progress has been made in the research on climate change in
China based on the development and utilization of climatic
proxy data.

Wang and Gong (2000) analyzed the climatic character-
istics of four typical periods (Megathermal Period, Medieval
Warm Period, Little Ice Age and Modern Warming Period)
of climate change in China in the past 10000 years. They
found that the temperature during the Megathermal Period
was more than 2°C higher than the average temperature in
the past 100 years and that the 20th century was the warmest
century in the past 12 centuries, which was 0.5°C higher than

the average temperature in the past 1200 years.

Wang et al. (2005) reconstructed a continuous historical
record of Asian monsoon over the past 9000 years based on
the oxygen isotope records of a cave in South China. They
found a good correlation between the climatic monsoon os-
cillations and solar activities in both decadal- and centennial-
scale. Based on the stalagmite records, Cai et al. (2010)
found that the East Asian monsoon experienced a significant
change during the Last Glacial Maximum. According to
other stalagmite data, it is indicated that summer monsoon
precipitation in East Asia changed differently in Holocene.
Li et al. (2013) used tree-ring data to analyze the changes in
ENSO over the past seven centuries. They found that ENSO
activity was most active in the late 20th century, which was
the response to global warming.

As one of the most vulnerable regions to climate change
around the world, China suffers severely from climatic dis-
asters due to climate anomalies, especially droughts and
floods. The research on the formation mechanism and pre-
diction theory of the climatic disasters are the important
frontier scientific issues (Huang et al., 2003; Huang, 2006).
The distribution characteristics of major climatic disasters
(drought, flood, and sandstorm) in China were obtained by
the statistics of climate data from 1951 to 1990. Drought
mainly occurs in Northwest and North China. Northwest
China, where droughts can occur all year round, is classified
as an arid climate with low annual precipitation. The pre-
cipitation in North China displays significant seasonal and
interannual variations, and drought often occurs in spring
and summer. The frequency of flood, which occurs once
every 5 years, is slightly lower than the drought in China.
The flood is mainly distributed in the middle and lower
reaches of the Yangtze River and the coastal region of
Southeastern China. For example, heavy floods occurred in
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the Yangtze River Basin in the summer of 1954, 1980, and
1991. In particular, catastrophic floods struck the Yangtze
River Basin, Nenjiang River, and Songhuajiang River Basins
in the summer of 1998. Sandstorms mainly occur in spring.
The Tarim Basin in Southern Xinjiang, the Hexi Corridor,
Ningxia, and the West of Inner Mongolia are the high-fre-
quency areas of Sandstorms. Sandstorm occurs for up to 30—
50 days annually. Sandstorm affects a wide range of areas.
Most areas in the north of the Huaihe River are affected by
sandstorms or blowing sand (Zhou Z J et al., 2002).

Since 1949, two heavy floods occurred in the Yangtze
River Basin and Huaihe River Basin in 1945 and 1998.
Comprehensive analysis shows that the anomalous circula-
tion during the flood in the Yangtze River and Huaihe River
Basin in 1954 was manifested in the splitting of East Asian
jets, which was caused by the formation and maintenance of
the Okhotsk high. As a result, the upper frontal zone over
East Asia was about ten degrees latitude south of the cli-
matological location. In addition, the axis of Pacific sub-
tropical high was also to the south of climatological location,
leading to the persistence of precipitation (Chen, 1957).
Combined with the formation process of the heavy floods in
the Yangtze River Basin in the summer of 1998, a climato-
logical model of flood occurrence in the Yangtze River Basin
was proposed (Huang, 2006): When the heat content of the
tropical western Pacific Ocean is lower than normal, the El
Nifio event is weakening or the La Nifia event is developing.
Meanwhile, the convection activity around the Philippines
weakens and the Qinghai-Tibetan Plateau is covered with
heavy snow in winter and spring for a long time. Under this
circumstance, the western Pacific subtropical high is west-
ward and southward, which is conducive to the maintenance
of the summer monsoon rain belt in the Yangtze River Basin
and Huaihe River Basins. The low-pressure trough of mid-
latitude westerly is located above the Inner Mongolia and
northwest China, which is conducive to a southward move-
ment of the weak cold, thus keeps the Meiyu front in the
Yangtze River and Huaihe River for a long time. In addition,
the 30-60-day low-frequency oscillation from the Indian
Ocean to the Yangtze River Basin is both strong and fre-
quent, making the strong water vapor transport from the Bay
of Bengal and the South China Sea converge in the Yangtze
River Basin. As a result, extreme heavy floods occur in the
Yangtze River Basin.

Zou et al. (2005) calculated the Palmer Drought Index of
China from 1951-2003. They found that the arid area in
North China had extended significantly during this period.
Except Northwest China, most parts of North China have
experienced severe persistent drought since the late 1900s.
According to the comprehensive analysis of observation and
dynamic theory, since the second half of the 1970s, there
have been interdecadal warming in the central and eastern
tropical Pacific, namely the El Nifio phenomenon. As a re-
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sult, the Asian summer monsoon and water vapor transport
in East China from south to north were both weakened, re-
sulting in sustained and severe persistent drought in North
China. There are significant changes in the northern hemi-
sphere summer since the late 1970s. The East Asia deep
trough was eastward and the continental high pressure ex-
tended eastward, which caused the summer climate anoma-
lies in heat and drought (Huang, 2006). In addition, the depth
of snow cover on the Tibetan Plateau has been increasing
since the second half of the 1970s, which was unfavorable to
precipitation in the Yangtze River Basin. Yu et al. (2004)
found a unique cooling trend in the troposphere in East Asia
during the summer of July and August, which was most
significant near 300 hPa in the upper troposphere. Mean-
while, the upper westerly jet over East Asia was southward
and East Asian summer monsoon was weakened. Eventually,
the drought in north China and flood in the Yangtze River
Basin were both intensified.

In recent years, the frequency of droughts in northeast
China has increased. Especially in the summer of 2014,
northeast China suffered from the severest drought in the
past 60 years. Wang and He (2015) found that synergistic
effects of the significantly enhanced Pacific-Japan tele-
connection pattern, the southward subtropical high, the de-
creased East Asian summer monsoon circulation and the
Eurasian teleconnection type enhanced by Arctic sea ice
changes caused the extreme drought in Northeast China.
With global warming, Arctic sea ice anomalies have also
become a key factor leading to the increasingly severe ex-
treme drought events in northern China (Li et al., 2018).

Wang et al. (1995, 2003) analyzed the climatic data of
northern China and revealed the spatiotemporal distribution
characteristics of dust storms. Also, they revealed the climate
background and the underlying surface condition of the dark
storms that frequently occur in April and May in Northwest
China. Dust storm occurs mainly in hyper-arid, arid and
semi-arid areas, which are associated with desert and de-
sertified land; Northwest China is an arid and semi-arid re-
gion. The East Asian subtropical westerly jet axis is located
around 35°N, which is the primary cause of the strong wind
in the northwest. The solar radiation flux on the ground
gradually increases; the atmospheric stratification in the
lower troposphere becomes more unstable. Convection is
prone to occur in the afternoon, which provides an effective
way for the downward momentum transportation of the jet
stream.

Sun et al. (2001) summarized and analyzed the dust storm
reports in China over the past 40 years. They found that dust
storms in China were mainly affected by frontal systems and
Mongolian cyclones. Dust storms mainly come from the
Gobi Desert and the Taklimakan Desert, and dust storms
from different sources have different characteristics. Qian et
al. (2002) analyzed the relationship between dust weather in
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China and precipitation, temperature and disturbance vortex.
They found that the frequency of dust weather in China is
closely related to the temperature of the lower atmosphere in
winter and the cyclone activity in spring.

The analysis by Zhang and Ren (2003) shows that dust
storm days had decreased during 1954-2001, especially in
spring. The direct natural causes are the reduction in the
average wind speed and windy days in the sand source areas
and the occurrence areas, the increases in precipitation in the
main dust source areas, especially in spring and pre-winter,
and the increase in atmospheric humidity and soil moisture
due to the increased precipitation in the sand source areas.
Dust frequency in spring is significantly positively correlated
with wind speed in the occurrence region and negatively
correlated with precipitation and soil moisture anomaly in
the previous period, and the regional vegetation index in the
areas from the border of China and Mongolia to Taklamakan
desert in spring (Liu et al., 2004). In the spring of 2000, the
frequency of dust weather increased sharply, which had
caused extensive impacts. The reason was that: the increase
and decrease in the windy days are the reflections of the
periodic climate change. The sharp increase in heavy dust
weather is due to the peak of the anti-El Nifio event. The
partial improvement and overall deterioration of the surface
coverage are also another important reason for the occur-
rence of severe dust weather. The dusty weather affecting
North China mainly originates from the midwestern of Inner
Mongolia and northwest Hebei Province. The dust source
and the surface dust along the transport path are the main
body of dust. The bare soil and building construction dust in
urban expansion areas provide the material source of local
blowing sand (Ye et al., 2000). The dynamic condition of
blowing sand in a sandstorm is related to the climatic factors,
such as cold air activity in spring. It is also significantly
correlated with the anomalies of the dry soil layer coverage
and friction velocity in North China (Zhou X J et al., 2002).

Fan and Wang (2004) pointed out that the Antarctic Os-
cillation and its related meridional teleconnection, as well as
the atmospheric circulation anomalies of Pacific, are also
important causes of spring dust weather in northern China.
Using the historical dust-fall records, historical climate data
and modern meteorological records, the distribution map of
dust-fall locations in China in the last 3000 years and the
curve of dust-fall frequency in the last 1700 years were
analyzed. The results show that the historical locations of
dust-fall are very close to the distributions of loess as well as
the modern suspended dust days. Additionally, the frequent
periods of dust-fall usually correspond with the cold and dry
climate periods. The dust storm activities in China and
Mongolia have fluctuated in the past 50 years. The main
reasons for the fluctuation of dust activity include the
changes in desertification environment and atmospheric
circulation, the latter of which is more dominant (Song et al.,
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Studies on smog days in recent years show that the number
of smog days in winter in East China remained basically
unchanged from 1980 to 1999, but it increased rapidly be-
tween 2000 and 2012. Among the possible climate factors,
the changes in cover range of the Arctic sea in autumn, the
local precipitation in winter and the surface wind speed are
the three important factors that modulate the haze pollution
(see Figure 2) (Wang and Chen, 2016). Recent studies show
that the occurrence of winter haze pollution in northern
China is related to changes in snow cover in Eurasia, and the
relationship between the two was significantly enhanced
after the mid-1990s (Yin and Wang, 2018). With a better
understanding of the mechanism of haze pollution weather,
the predictive ability of haze weather has also been sig-
nificantly improved in recent years (Yin and Wang, 2016,
2017).

3. Impact of the Qinghai-Tibetan Plateau

The Qinghai-Tibetan Plateau, standing in the west of China,
is the highest and largest plateau in the world. It exerts a
substantial impact on the global evolution of atmospheric
circulation and plays a dominant thermodynamic and dy-
namic role in climate change and climate anomalies. Since
the 1950s, Chinese scientists have been concerned with the
impact of the unique topography of the Qinghai-Tibetan
Plateau on atmospheric circulation, weather, and climate.
They first proposed the theory of dynamic and thermo-
dynamic effects of the topography of the Qinghai-Tibetan
Plateau, showing that the Qinghai-Tibetan Plateau forcing
led to the enhancement of the coupling between the circu-
lation of the lower and upper troposphere and enhancement
of the coupling between the circulation of the tropical and
subtropical monsoon. They systematically explained the
significant impact of the dynamic and thermodynamic ef-
fects of the Qinghai-Tibetan Plateau on the interdecadal,
interannual and intra-seasonal variations of the Asian mon-
soon. Chinese scientists pioneered the Qinghai-Tibetan Pla-
teau Meteorology and established the leading position of
China in the study of plateau meteorology around the world.
The Qinghai-Tibetan Plateau Meteorology with the ther-
modynamic and dynamic effects of the Qinghai-Tibetan
Plateau at its core has become one of the important research
fields in climatology.

Since then, supported by several large projects, Chinese
scientists have carried out comprehensive research on multi-
scale atmospheric coupling processes from ground layer to
stratosphere, centering on the modulation of atmospheric
circulation by the plateau topography, influence of the
change in land-atmosphere coupling system on the plateau
on global energy and water cycle, and the influence me-
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Figure 2 Time series for winter haze days (red curve), summer haze days (blue curve) and total energy consumption (bar) for (a) region R1 (30°N—40°N)
and (b) region R2 (south of 30°N) in east of 109°E of mainland China. Source: Wang and Chen (2016).

chanism of disastrous weather and climate in China (Zhao et
al., 2018). Great progress has been achieved, which has
greatly promoted the development of atmospheric sciences
and interdisciplinary research of geosciences in the frontier
research field of the Qinghai-Tibetan Plateau.

As early as the 1950s, Yeh (1950) proposed that the Qin-
ghai-Tibetan Plateau had a significant diffluence effect on
the westerlies. Two distinct westerly jets form in the north
and south of the plateau and converge in the east of the
plateau, thus forming the strongest westerly jet in the
northern hemisphere over Japan. Gu (1951) pointed out that
the dynamic influence of the Qinghai-Tibetan Plateau on
westerly circulation was manifested in several aspects: bar-
rier effect, fluctuation inhibition effect, jet diffluence effect
and convergence effect. Ye et al. (1957) first proposed that
the dynamic and thermodynamic effects caused by the to-
pography of the plateau were equally important to the at-
mospheric circulation. The atmospheric circulation is an
entirety of the interaction between the dynamic disturbance
of the plateau topography and the thermodynamic causes of
the land-sea distribution. The atmospheric circulation on the
plateau is dominated by ascending motions in summer and
descending motions in winter. It is certain that the plateau is a
heat source in summer and a cold source in winter (Figure 3).
The dynamic effect of the topography is closely related to the
airflow over the mountains. Although the topography is

fixed, the influence of the Qinghai-Tibetan Plateau on at-
mospheric circulation shows seasonal variations due to the
seasonal variations of the airflow over the plateau. For ex-
ample, in summer, the westerly jet has moved to the north of
the plateau. In this situation, the plateau no longer diverges
the westerly. The plateau inhibition and barrier effects that
are often observed in winter disappear. Instead, the south-
west monsoon in India moves northward, forming a thermal
low in India and a southwest vortex on the east side of the
Qinghai-Tibetan Plateau (Ye, 1952). The Qinghai-Tibetan
Plateau has a strong seasonal impact on the atmospheric
circulation. This proposal of this concept is a significant
contribution of Chinese scholars to international scientific
research; it corrected the view of the international meteor-
ological community that the terrain had a constant influence
on the atmospheric circulation.

The Qinghai-Tibetan Plateau also has an important impact
on the Asian climate. Ye and Gao first proposed that Qin-
ghai-Tibetan Plateau not only had a significant dynamic
impact but also exerted important thermodynamic impact on
the formation and variation of East Asian atmospheric cir-
culation. The activity and stability of the south and north jets
caused by the topography of the Qinghai-Tibetan Plateau
have a great influence on precipitation in the South and East
China. The Meiyu weather in China is affected by the con-
vergence of two airflows in the south and north plateau in the
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Figure 3 The averaged flow field of 3 km ((a) winter, (b) summer). Source: Ye et al. (1957). The entire line represents 4 m s'; the half-line represents
2ms’ speed below 1 m s is not marked with lines. The numbers in brackets represent the height (km); dotted lines indicate the streamline at different
heights; the slender dotted lines represent topographic contour; the inner circle refers to contour over 5 km; middle circle refers to contour over 3 km; outer
circle refers to contour over 1.5 km. The shaded area refers to the vertical speed (winter: w>0, the rest w<0; summer: w<0, the rest w>0). The 4 numbers in the
middle of the plots refer to the average speed of descending (winter) and ascending (summer) of the four equal areas.

Yangtze River and Huaihe River Basin (Tao and Chen,
1957). The formation and intensity of the East Asia major
trough in winter are closely related to the dynamic and
thermodynamic effects of the plateau (Yang et al., 1980).
Reiter and Ding (1980) pointed out that the Qinghai-Tibetan
Plateau had a great impact on the generation of planetary
waves, which belong to the quasi-stationary Rossby wave
pattern. The role of large topography in the formation of
planetary waves can be explained by the conservation of
potential vorticity. Luo et al. (1983) pointed out that the
forcing dynamics of the Qinghai-Tibetan Plateau was dif-
ferent from that of the Rocky Mountains, resulting in more
frequent zonal circulation in East Asia than in North
America. The dynamic effects of the Tibetan Plateau in
summer have a significant impact on the subtropical mon-
soon in East Asia (Zhu and Yang, 1990; Zhu and Hu, 1993).
The theory, observation, and model simulation experiments
carried out by Wu et al. (2007) showed that in the winter
half-year, the asymmetric dipole stationary wave can be in-
duced by the dynamic forcing of Qinghai-Tibetan Plateau on
the westerly airflow. The anticyclone on the north side of the
Qinghai-Tibetan Plateau transports warm air to mid-latitude
Eurasia and cold air to northern and northeastern China. As a
result, the inland in middle-high latitudes is warmer than the
coastal areas in winter. The cyclonic circulation in the south
side of the plateau transported dry air from low-latitude to
India and warm-humid air to the Indo-China Peninsula,
leading to the formation of regional dry and wet climate in
tropical winter. In spring, the airflow on the north and south
sides of the plateau converge in southern China, leading to
the formation of early spring rain in South China. Mean-
while, the air-sea-land interaction among the plateau and
South Asia formed a spring warm pool in Bay of Bengal,

which determined the first outbreak of Asian summer mon-
soon in the eastern Bay of Bengal (Figure 4).

The surface thermal condition of Qinghai-Tibetan Plateau
has a very important impact on the climate anomalies in the
northern hemisphere. The anomalies of heat source over the
Qinghai-Tibetan Plateau in summer can cause anomalous
atmospheric circulation in the middle and high latitudes of
the Northern Hemisphere. In summer, during the years when
the heating on the Qinghai-Tibetan Plateau is strong (weak),
the pumping effect on the warm and humid air in the lower
layer and the emission effect of the upper atmosphere to the
surrounding areas are strengthened (weakened). Thus, the
above-mentioned effects can influence the circulation of the
plateau and its surrounding areas as well as the large-scale
circulation system of the Asian monsoon region (Liu et al.,
2002; Zhu et al., 2018).

At the height of plateau, the change from a cold source in
winter to a heat sources in summer in the plateau can cause
the seasonal transition from the cold high to the thermal low,
resulting in the monsoon phenomenon (Xu and Gao, 1962).
The impact of topography of Tibetan plateau on summer
monsoon circulation is dominated by the thermodynamic
effects. The enhancement and variation of heat sources over
the Qinghai-Tibetan Plateau will cause the enhancement of
the South Asian high and the resulted conjoint changes
(Zhang et al., 2002; Liu et al., 2007; Ren et al., 2019). The
deepening of troughs in northern China is prone to cause cold
summer in Northeastern China and northern Japan, as well as
strengthen the high pressure over Okhotsk Sea and cause
trough in Alaska (Huang, 1985a, 1985b). Fu and Fletcher
(1985) pointed out that the Qinghai-Tibetan Plateau was a
heat source and the eastern tropical Pacific was a heat sink.
The temperature difference between the two areas had great
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Figure 4 The formation of warm pool in Bay of Bengal (a), the outbreak of monsoon vortex (b), and the activation of the winter vortex under the co-effects
of Qinghai-Tibetan Plateau forcing and land-sea thermal contrast in south Asia in spring. Source: Wu et al. (2012a).

modulation on the south Asian summer monsoon. Land-sea
distribution and the thermodynamic effect of large typo-
graphy in Asia have an important impact on the East Asian
monsoon (Wu et al., 2012b, 2012c¢). Southeastern China is
strongly affected by monsoon, and the monsoon in North
China is weak. There is a monsoon boundary between China
and India, which is related to the influence of the Qinghai-
Tibetan Plateau. The transformation of the monsoon is clo-
sely related to the formation and disappearance of the
southern branch jet stream of the plateau (Zhang, 1959). The
Indian monsoon region and Pacific zone of trade wind have
significantly different characteristics. In the monsoon region,
vertical monsoon circulation rises in the northern plateau and
sinks in the southern plateau, which may be closely related to
the direct heating effect of the plateau (Chen et al., 1964). An
experiment of fluid mechanics simulation on the influence of
the heating effect of the Tibetan Plateau on the atmospheric
circulation in East Asia was performed. The results indicated
that the formation of Qinghai-Tibet high was mainly due to
the plateau heating in the middle parts of the troposphere.
The formation and activity of southwest monsoon were also

closely related to the plateau heating (Ye and Zhang, 1974).
The Qinghai-Tibetan Plateau playing a crucial role in mod-
ulating the intra-seasonal and interannual variations of Asian
monsoon (Wu and Ni, 1997). The thermodynamic forcing of
the Qinghai-Tibetan Plateau significantly regulates the
spring rains in southern China and leads to the formation of
quasi-biweekly oscillations of high pressure in South Asia
during summer (Pan et al., 2013; Liu et al., 2007).

Xu et al. (2015) investigated the influence of thermo-
dynamic “drive” of Qinghai-Tibet topography on the rain
band, water vapor transport characteristics and their inter-
decadal variations in eastern China. The results are as fol-
lows: (1) The topography of plateau in western China has
sharpened the land-sea thermal contrast. The topography of
plateau results in the northeast extension of the season var-
iation of land-atmosphere thermal contrast, which evolves
synchronously with the northwest extension of the monsoon
rain band from the southeast coast. Both of them seem to
have a “dynamic attraction” to the intra-seasonal evolution.
(2) The temporal-spatial variation characteristics of rain
band in eastern China and the trend of monsoon intensity



1522 Huang J, et al.

change are both affected by the anomalies of heat source
intensity in the Qinghai-Tibetan Plateau. Water vapor
transport path from low latitude ocean to land and its in-
tensity are also affected by the anomalies of heat source
intensity in Qinghai-Tibetan Plateau. The spatial distribution
of precipitation variability in China is “flood in the north and
drought in the south” during the years when the plateau heat
source is strong. The spatial distribution follows the patterns
of “flood in the south and drought in the north” during the
years when the heat source is weak. (3) The correlation
vector between the heat source of Qinghai-Tibetan Plateau
and water vapor flux in the lower-middle reaches of Yangtze
River Basin in summer is similar to the significant differ-
ences in water vapor convergence areas between Snowy
years and less snowy years in Qinghai-Tibetan Plateau. The
winter snow cover in Qinghai-Tibetan Plateau might sig-
nificantly affect the structure of the subsequent summer
transport for the Meiyu rainfall in the lower reaches of the
Yangtze River. (4) The interdecadal variation of precipitation
in China showed a trend of “flood in the south and drought in
the north”, while the trend in northwestern China is “getting
humid in the west”. Due to the increase in snow depth in the
Qinghai-Tibetan Plateau in the past 20 years (1984-2004),
the atmospheric heat source of the Qinghai-Tibetan Plateau
has been continuously weakened, which is one of the im-
portant reasons for the formation of the climate pattern of
“flood in the south and drought in the north” in eastern China
(Zhu'Y X et al., 2007; Liu et al., 2012). However, in recent
10 years (2004-2014), the apparent heat source on the Qin-
ghai-Tibetan Plateau in spring declined and then rebounded,
resulting in a turning trend of the precipitation pattern of
“flood in the south and drought in the north” in eastern
China.

Based on the observations and numerical simulation, it is
found that the dynamic and thermodynamic effects of the
plateau also have an important impact on the drought and
dust weather on the north side of the plateau in early summer.
During the outbreak of monsoon in early summer, it provides
a favorable condition for the coming of the rainy season on
the east side of Qinghai-Tibetan Plateau, as well as the
drought in the Hexi Corridor on its north side (Zhen and Yan,
1994). Due to the strong flow around the Qinghai-Tibetan
Plateau and the relatively high frequency of cold front pro-
cesses, the dust transport to the south is more vigorous,
which results in the frequent dust weather on the northeast
side of the Qinghai-Tibetan Plateau (Jiang and Chen, 2008).
In summer, the entire troposphere over the Qinghai-Tibetan
Plateau is dominated by updraft. The airflow climbs up to the
plateau along the slopes around the plateau and rise to the
upper troposphere and the lower stratosphere. Around this
height of the atmosphere, Qinghai-Tibetan Plateau is con-
trolled by the powerful South Asia high, where the airflow
diverges. In addition, the convective activities are also active
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on the plateau in summer. All these characteristics conduce
to the convergence of materials around the plateau and low-
altitude pollutants to the plateau. They rise to the lower
stratosphere and radiate to the surroundings, which provides
a favorable circulation background for the occurrence of
low-value ozone center over the Qinghai-Tibetan Plateau in
summer. The Qinghai-Tibetan Plateau in summer may be an
important channel for the transport of pollutants from the
lower troposphere to the stratosphere in East Asia (Zhou et
al., 2004, 1995).

Yao et al. (2013) have made new achievements and in-
novations in fieldwork, indoor analysis, and scientific theory
by studying the relationship between the environmental
change and global change of climate recorded by the ice
cores on the Qinghai-Tibetan Plateau. They pioneeringly
established a quantitative model of the relationship between
stable oxygen isotope ratio and temperature during pre-
cipitation in the Qinghai-Tibetan Plateau, which corrected
the theoretical model conjecture of western scholars. The
climate change characteristics of Qinghai-Tibetan Plateau
over the past 100000 years and a series of major abrupt cli-
mate change events are clarified by the high-resolution ice
core record (with an interval of 50 years) (Yao et al., 2008).
The variation characteristics of methane concentration in
mid-latitude regions recorded by ice core and its relationship
with climate change suggest that the amplitude of variation
of atmospheric methane concentration in the Qinghai-Tibe-
tan Plateau is higher than that in the polar regions. The
variation of monsoon strength will have an important impact
on the variation of methane concentration (Yao et al., 2002).
Yao et al. revealed the relationship between the change in ice
core microbial community density and climate change, and
proposed new indicators for studying paleoclimate change
through microbial variations (Yao et al., 2016). They also
suggested that the enhancement of the westerly wind and the
weakening of the monsoon were the main driving forces for
the glacier retreat on the Qinghai-Tibetan Plateau and its
surrounding areas (Yao et al., 2012).

4. Impact of East Asian monsoon

Monsoon is an important circulation system in the global
climate system, which is formed by the difference in heat
absorption and release between land and sea (Zhu, 1934).
China is located in the East Asian monsoon region. Pre-
vailing winds and precipitation in East Asian monsoon sys-
tem both change with seasons. Interannual and interdecadal
changes and anomalies in the East Asian monsoon region
have caused frequent and severe weather disasters in China,
including droughts, floods, heatwave, low temperature, sleet
and freezing, etc. (Huang R H et al., 2014). Chinese scientists
have developed research on the influence of the Qinghai-
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Tibetan Plateau on atmospheric circulation, weather, and cli-
mate. They proposed the thermal adaptation theory and
“Sensible Heat driven Air-Pump” theory to explain the in-
fluence of the Qinghai-Tibetan Plateau, which proved the
difference between land-sea thermal contrast and the topo-
graphy over their contribution to the formation of different
branches of Asian summer monsoon system. They pioneer-
ingly divided the onset of Asian summer monsoon into three
stages of organic connection and proved that due to the strong
geostrophy and baroclinity at mid-high latitudes, the char-
acteristics of air-sea interaction were significantly different
from those of the tropics (Wu et al., 1997, 2007; Wu and
Zhang, 1998, Wu et al., 2015). Chinese scientists have made
original and leading achievements internationally in monsoon
research, especially in East Asian monsoon research.

Since the 1980s, the vigorous development of climate re-
search has promoted the research on East Asian monsoon.
Tao and Chen (1987) first pointed out that the East Asian
monsoon was independent of the South Asian monsoon.
There were both connections and differences between the
two monsoons. They first proposed the concept of the East
Asian monsoon system. The East Asian monsoon system is
not only prevailed by the southerly in summer and northerly
in winter, but also composed of several circulation systems.
The East Asian summer monsoon system includes the
southwest monsoon flow from India and the Bay of Bengal,
the Australian cold high, the cross-equatorial flow along
100°E, South China Sea monsoon trough, the western Pacific
subtropical high and the easterly airflow to its south, the
Meiyu, mid-latitude westerly disturbance, etc. The East
Asian winter monsoon includes the Siberian high, the
northerly airflow over East Asia and the East Asian major
trough. Recent studies have pointed out that the East Asian
monsoon is different from the South Asian and North Aus-
tralian monsoons in terms of wind field structure, annual
cycle of monsoon in summer and winter, and water vapor
transport characteristics. Thus, the concept of the East Asian
monsoon climate system was proposed. The East Asian
monsoon system is more than a seasonal circulation system
over East Asia. It is also a regional climate system affected
by sea, land, ice, snow, and plateau. Its changes are related to
the changes of the sea-land-atmosphere coupling system.
The system includes: (1) in the atmosphere, the Asian
monsoon circulation, western Pacific subtropical high and
mid-latitude disturbances, etc. in the atmosphere; (2) in the
ocean the thermodynamic effects of the tropical western
Pacific warm pool and the Indian Ocean on the monsoon, the
tropical Pacific ENSO cycle, etc. in the ocean; (3) in litho-
sphere, the dynamic and thermal effects of Qinghai-Tibetan
Plateau on monsoons (mainly on land surface), Eurasian
snow cover (especially Qinghai Tibet-plateau snow cover),
land-air temperature difference in arid and semi-arid areas
and polar ice, etc. (Figure 5) (Huang et al., 2004, 2007,
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2012). Chinese scientists have made important contributions
to international climate research, which are mainly on wes-
tern Pacific warm pool, the interaction between ENSO and
the East Asian monsoon, and the thermodynamic and dy-
namic effects of the Qinghai-Tibetan Plateau on the East
Asian monsoon.

The establishment of monsoon circulation mainly relies on
nonlinear effects and large-scale external forcing (Yang and
Wang, 1989). Wu et al. (1997, 2007) pointed out that the
seasonal variation of atmospheric heat sources that caused
the updrafts over the Qinghai-Tibetan Plateau, especially the
seasonal variation of surface heat sources, was an important
driving force for the seasonal transition of the Asian mon-
soon circulation. The rising-cooling effect of the plateau in
winter caused the air in the upper atmosphere to sink, slide
down the plateau slope and diverge in all directions. In
summer, the strong surface sensible heat of the plateau slope
drives the warm and humid air around to converge to the
plateau, and rise over the plateau along the plateau slope,
forming clouds and precipitation. Like an air-pump, this
plateau heat-driven winter emission and summer pumping on
the lower atmosphere (TP-SHAP: Tibetan Plateau- Sensible
Heat driven Air-Pump) adjusts the seasonal changes of Asian
atmospheric circulation, affects the climate pattern of Asia,
and regulates the outbreak and evolution of Asian summer
monsoon (Wu and Zhang, 1998; Wu et al., 2015).

Wu et al. (2012b, 2012¢) showed that the entire Asian
summer monsoon was regulated by the thermodynamic ef-
fects of sea-land distribution and topography. The East Asian
summer monsoon was jointly controlled by the land-sea
thermal contrast and the Qinghai-Tibetan Plateau forcing
(Figure 6). Li (1988) and Li et al. (1988) first pointed out
that, the East Asian monsoon anomalies in winter were
clearly related to the El Nifio event. The strong anomaly in
East Asian monsoon during winter had an activation effect
on the occurrence of El Nifio events. Subsequently, Li
(1990b) made an important conclusion about the interaction
between East Asian monsoon anomalies in winter and El
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Figure 6 Schematic diagram of the basic structure of South Asia summer monsoon. Source: Wu et al. (2012b).

Nifio and presented some related major physical processes.
The above results have been applied in ENSO prediction in
the late 1990s, and the numerical simulation (Li and Mu,
1998) also confirmed the results of data analysis. Ju and
Slingo (1995) used the model to explore the relationship
between ENSO and Asian summer monsoon and found that
the response of large-scale summer monsoon circulation to
different phases of ENSO was very sensitive. They proposed
that the meridional shift of ITCZ in the eastern Indian Ocean
and western Pacific in early spring was the key physical
process that determined the influence of ENSO on the Asian
monsoon in summer.

Huang et al. (1996) proposed a conceptual model of the
interaction between ENSO and Asian monsoon: When
ENSO occurs, the sea surface temperature in the central and
eastern equatorial Pacific is higher than normal, and the
convection is abnormally active in the Central Pacific, which
influences the teleconnection wave-train. Thus, the East
Asian monsoon is influenced. Conversely, when the East
Asian monsoon and the Australian monsoon change, the
westerly anomaly is continuously spread to the west-central
equatorial Pacific region by the Eurasian teleconnection
wave-train. The enhancement of local westerly anomalies

will trigger the Kelvin wave and Rossby wave in the ocean,
which in turn provides a necessary ocean fluctuation con-
dition for the ENSO cycle. At the maturity of ENSO in
winter, the anomalous response of the atmospheric circula-
tion to ENSO will change the Asian winter monsoon and the
Oceania summer monsoon. Meanwhile, ENSO will affect
the precipitation or snowfall on the Qinghai-Tibetan Plateau
in winter and spring, resulting in the change of the land-sea
thermal contrast during the ENSO decaying period in sum-
mer, thus causing the anomaly of the Asian summer mon-
soon (Tao and Zhang, 1998). Liu and Ding (2007) conducted
in-depth research on the outbreak mechanism of summer
monsoon through the analysis of land-sea thermal contrast,
intra-seasonal oscillation, etc. They proposed the key factors
for the outbreak of Asian tropical summer monsoon in cli-
matology. On this basis, they presented a conceptual model
of the early outbreak of the summer monsoon in the tropical
East Indian Ocean- Indochina Peninsula-South China Sea
(Figure 7).

Some studies on the major changes in the East Asian
summer monsoon and winter monsoon in recent decades
show that the main changes in summer monsoon and summer
climate are: After the end of the 1970s, the interdecadal time
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Figure 7 Schematic diagram of the outbreak mechanism of the Asian summer monsoon. Source: Liu and Ding (2007).

scale of the East Asian summer monsoon weakened; summer
precipitation increased in the Yangtze River Basins and
Huaihe River Basins and decreased in North China accord-
ingly; after 1992, summer precipitation increased in South
China; after 1999, the summer precipitation in the middle
and lower reaches of the Yangtze River decreased, while the
summer precipitation in the Huaihe River Basin increased;
there exists instability in the correlation between the inter-
annual variations of East Asia summer monsoon and ENSO
(Wang and Fan, 2013; Wang et al., 2011). Li et al. (2010)
used NCAR CAM3 and GFDL AM2.1 to reveal the reason
for the interdecadal variations of East Asian summer mon-
soon and summer precipitation in the second half of the 20th
century. They pointed out that the warming of sea surface
temperature in tropical regions, especially in the middle
eastern Pacific Ocean, was the main cause of this change.
The direct effects of greenhouse gases and aerosols increased
the land-sea thermal contrast and also affected the East Asian
summer monsoon circulation. The global air-sea coupled
atmospheric circulation model is used to explore the influ-
ence of the Atlantic Multidecadal Oscillation (AMO) on the
Asian summer monsoon. The simulation results are con-
sistent with the observed climate change in China corre-
sponding to different AMO phases (Lu et al., 2006). Wang et
al. (2013) used the coupled model to reproduce the inter-
decadal weakening of the East Asian summer monsoon in the
late 1970s and the accompanying phenomenon of “flood in
the South and drought in the North” in eastern China. They
further pointed out that human activities were important for
the interdecadal variations of the East Asian summer climate.

The main changes in winter monsoon and winter climate

include the weakening of East Asian winter monsoon and its
interannual variability after the mid-1980s and the weaken-
ing of the correlation between the interannual variability of
the winter monsoon and ENSO after the mid-1970s. Based
on the CMIP5 multi-model results, it is found that changes in
human activities and natural external forcing factors are
highly likely to be the key factors for the reduction of the
interannual variability of winter monsoon in East Asia after
the mid-1980s (Miao et al., 2018). There exists instability in
the correlation between the interannual variations of East
Asia summer monsoon and ENSO. The Pacific-East Asian
teleconnection circulation anomaly is likely to be an im-
portant cause of the instability of the above-mentioned
ENSO and East Asian winter monsoon (He and Wang,
2013). Wang et al. (2008) studied the influence of the
modulation of the interdecadal oscillations in the Pacific
Ocean on the East Asian winter monsoon. They pointed out
that when PDO was in a positive phase, ENSO had no sig-
nificant correlation with the East Asian winter monsoon;
when PDO was in the negative phase, the ENSO had a very
strong influence on the East Asian winter monsoon. The
global terrestrial monsoon precipitation showed an overall
weakening trend from 1951 to 2000. This trend can be re-
produced by an atmospheric circulation model driven by the
observations of sea surface temperature data. It is indicated
that the weakening of monsoon precipitation could be de-
duced from the response of the atmosphere to the sea surface
temperature (Zhou et al., 2008).

The thermal state of the warm pool and the convective
activity over it have a significant effect on the interannual
variation of the East Asian summer monsoon. When the sea
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surface temperature (SST) of the warm pool is higher than
normal, the convective activities are vigorous in the east of
the Philippines and the western Pacific subtropical high
moves northward. As a result, the summer precipitation in
East Asia is lower than normal. Especially, the Yangtze River
Basin and Huaihe River Basin in China, Korean Peninsula,
and Japan are prone to drought. And vice versa. The influ-
ence of El Nifio on the East Asian monsoon depends on the
convective activities in the western Equatorial Pacific region,
while the convective anomaly in the western Pacific is lar-
gely controlled by the anomalies of SST in the equatorial
Pacific region (Zhang et al., 1996). There is a significant
interaction between the East Asian winter monsoon and
tropical oceans, and the air-sea coupling system associated
with East Asian winter monsoon may be a self-sustaining
mode (Ji et al., 1997). The SST of the Atlantic Ocean can
trigger two wave-trains. One is the Eurasian wave train,
which strengthens the low-level monsoon depression and
high-level anti-cyclonic circulation in the East Asian mon-
soon region; the other wave train extends from the Atlantic
Ocean to the northern Arabian Sea, resulting in a local
anomaly of the monsoon circulation in western India (Yang
et al., 1992).

Zhang and Zuo (2011) found that soil moisture anomalies
in the areas from the middle and lower reaches of the
Yangtze River to the vast areas of North China had an im-
portant impact on surface energy balance. Anomalous moist
soils increase the surface evaporation, which reduces surface
air temperatures. The decrease in surface temperature in late
spring will reduce the land-sea thermal contrast. This will
cause the anomalous enhancement of the western Pacific
subtropical high and the weakening of the East Asian mon-
soon. The subtropical high is also in the south of its normal
location, which will increase rainfall in the Yangtze River
Basin. On the contrary, the anomalous weakening of the East
Asian summer monsoon causes the southward drift of the
western Pacific subtropical high towards the Yangtze River
basin, resulting in anomalous decreasing precipitation in
eastern China.

Arctic sea ice is also associated with East Asian summer
monsoon. When polar ice in the arctic Greenland Sea-
Barents Sea increases, the Indian peninsula monsoon, and
East Asian summer monsoon circulation are strengthened,
and precipitation in southeast China decreases. Polar ice can
be regarded as the thermal forcing source of the underlying
surface in high latitude areas, which can cause the baroclinic
response of the atmospheric circulation in the monsoon re-
gion (Yang et al., 1994). The cold air activity in the mid-
latitudes of the southern hemisphere has a quasi-40-day
periodicity, which can become a periodic external forcing of
the summer monsoon in the northern hemisphere. By in-
creasing Musklin high or Australian high, the cross-equa-
torial airflow is strengthened and the northern hemisphere
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summer monsoon is more active (He and Chen, 1989). Zeng
and Li (2002) conducted statistics on reanalysis data and
found that the seasonal variation of the atmospheric circu-
lation and the cross-equatorial airflow were mainly caused
by the annual variation of incident solar radiation due to the
obliquity of the ecliptic. The planetary-scale heat convection
circulation is the “first driving force” of the tropical mon-
soon, and the quasi-stationary planetary wave caused by the
surface thermal difference is the “second driving force”.
Lau and Nath (2012) used the atmospheric circulation
model (CM2.1) to study the air-sea interaction related to the
climatological characteristics and interannual variability of
the South Asian monsoon and found that precipitation and
SST signal have a tendency to migrate northward. The en-
hanced monsoon precipitation is accompanied by a decrease
in short-wave radiation income and an increase in upward-
latent heat flux, as well as ocean cooling. The northward
advancement and southward retreat of the East Asian mon-
soon rain band are consistent with the annual cycle of East
Asian winter and summer monsoon (Huang et al., 2004).
Chinese scientists have discovered early that the precipita-
tion anomalies in eastern China have a mode like “—, +, = or
“+, —, +”. Huang et al. (2011a, 2011b, 2004, 2007) pointed
out that the droughts and floods in the Yangtze River Basin
or the Yangtze River and Huaihe River Basin are related to
the intra-seasonal changes in the northward movement of the
East Asian monsoon. In the years when the tropical western
Pacific is warmer and the convective activity in the Phi-
lippines is more vigorous than normal, the summer monsoon
precipitation in the Yangtze River Basin or the Yangtze-
Huaihe Basin is weaker than normal, which often leads to
drought. On the contrary, in the years when the convective
activity of the Philippines is weaker and the tropical western
Pacific is colder than normal, the summer monsoon pre-
cipitation in the Yangtze River Basin or the Yangtze-Huaihe
Basin is relatively stronger than normal, which often leads to
severe floods. In this situation, the precipitation in North
China is relatively low, which leads to drought. The inter-
annual variation of the East Asian summer monsoon pre-
cipitation not only exhibits the temporal quasi-biennial os-
cillation temporally, but also has obvious meridional tripolar
mode of “—, +, =" or “+, —, +” spatially. The tripolar mode
can well reflect the distribution of the climatic disasters of
droughts and floods in China along the meridional tripolar.
With the decline of the monsoon, the meridional distribution
of precipitation anomalous from north to south changes from
“+, —, +7 to “—, +” (Ding et al., 2008, 2009), that is, the
precipitation anomaly pattern of “flood in the south and
drought in the north”. Li and Zeng (2002) presented a unified
definition of the monsoon index. In the previous research,
different monsoon indices in different monsoon regions
around the world are defined correspondingly to characterize
their changes. The unified monsoon index is based on the
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standardized seasonal variability of the wind field and can
well reflect the seasonal and interannual variability of
monsoons in different regions.

Both summer monsoon and winter monsoon are strong in
East Asia. Strong winter monsoon not only brings cold wave,
snow disaster and freeze injury to the Mongolian Plateau,
northwest China, north China, northeast China, the Korean
Peninsula, and Japan, but also brings sandstorms or blowing
sand weather to the above areas. It will also bring strong
convective activities and rainstorm to Southeast Asia (Huang
R H et al,, 2014). Chen et al. (2000) defined an East Asian
winter monsoon index (EAWM index), which can well in-
dicate the intensity of the interannual variation of East Asian
winter monsoon. The variation of the East Asia winter
monsoon will bring warm or cold winter to East Asia.
Snowstorms and cold waves frequently occur in East Asia
during cold winter. In inter-decadal scale, the integrated in-
dex of East Asian winter monsoon (EAWMII) defined by He
and Wang (2012) can better indicate the comprehensive
characteristics of East Asian winter monsoon, which reflects
the interdecadal weakening of the East Asian winter mon-
soon after the mid-1980s. And this weakening has also
brought warm winter to East Asia for many years (Huang et
al., 2007).

5. Influences of teleconnection oscillation and
westerlies

Since the 1950s, China has conducted many internationally
leading researches on the variations of atmospheric circula-
tion. Chinese scientists first proposed that the seasonal
conversion of atmospheric circulation in East Asia was
abrupt, which improved and developed Rossby’s theory of
geostrophic adjustment of atmospheric movement (Ye,
1957). They developed the theories of semi-geostrophic
adjustment, spherical atmospheric adjustment, and geos-
trophic adaptation with external forcing, etc. They also put
forward the East Asian/Pacific type (EAP type) tele-
connection and its theory of the summer atmospheric
anomalies in the northern hemisphere to explain how the
summer drought and flood in China is affected. Chinese
scientists are the first to reveal the mechanism of the influ-
ence of El Nifio on the East Asian monsoon through the
anticyclonic anomaly in the northwest Pacific (Zhang et al.,
1996).

The research on the ENSO-centered tropical air-sea in-
teraction and its impact on global atmospheric circulation
and climate anomalies has confirmed that the air-sea inter-
action is one of the strong signals of interannual climate
change (Fu, 1987). Chen (1977, 1982, 1983) pointed out that,
the westward extension of the spring equatorial cold water
and the warm water expansion along the west coast of South
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America were closely related to the summer precipitation in
China. The variation of equatorial sea surface temperature is
mainly controlled by the lower subtropical anticyclone in the
southeast of the North Pacific. The feedback of the equatorial
sea surface temperature to the subtropical high is mainly in
the vicinity of the tropospheric subtropical high-pressure
center in the central Pacific Ocean. Fu (1979) calculated the
averaged zonal and meridional circulation in the equatorial
Pacific during the period of large-scale anomalous warming
and cooling of the equatorial sea surface using wind data.
The results showed that the variation of the sea surface
temperature in the eastern equatorial Pacific had a significant
impact on the two vertical circulation cells, and the long-
term changes of the North Pacific subtropical high were in-
fluenced by the interaction of the two circulation cells. Li and
Lau (2012) used the coupled atmospheric circulation model
to study the dynamic mechanism of the teleconnection be-
tween the El Nifio and ENSO, and the North Atlantic Os-
cillation (NAO) in late winter. Observations and simulations
both indicate that the NAO is in a negative phase in late
winter during the El Niflo event, while NAO is in a positive
phase during La Nifia events. In the winter of El Nifio, due to
the relatively strong warming of sea surface temperature in
the eastern equatorial Pacific region, the eastward expansion
of the vortex activity is intensified by the enhanced near-
surface baroclinic system. Wang et al. (1983) studied the
relationship between the formation of atmospheric circula-
tion anomalies and the air-sea interaction. They pointed out
that the ocean was the heat source in the obvious ocean
current area, which has an important influence on the for-
mation of atmospheric circulation anomalies; while in the
non-current area of mid-ocean, the ocean was controlled by
the atmospheric circulation instead. Zhang et al. (2017)
proposed that the Rossby wave over the tropical western
Pacific during El Nifio caused an anomalous anticyclone
over the western Pacific. They further revealed the me-
chanism that the influence of El Nifio on the precipitation in
China is through the abnormal anticyclone over the north-
west Pacific. These researches laid a foundation for Chinese
scholars to study ENSO and its impact on climate change in
China and filled China’s research gap in ENSO, one of the
most important climate variability research fields.

Zhou et al. (2009) first pointed out the reasons for the
westward extension of the western Pacific subtropical high
since the late 1970s: The change of Walker circulation
caused by the warming of sea surface temperature in the
Indo-Western Pacific led to the decrease in convection in
central and east Pacific in the tropics, which affected the
western Pacific subtropical high through the ENSO/Gill
mode. If the averaged zonal variation of geopotential height
was removed, the Western Pacific subtropical high would
show the characteristics of eastward retreat after the late
1970s (Huang et al., 2015). Huang et al. (2018) found that the
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relationship between the western Pacific subtropical high
and the Asian summer monsoon showed significant inter-
decadal changes in the late 1990s. Its connection with the
East Asian summer monsoon weakened, while its connection
with the South Asian summer monsoon significantly in-
creased. Huang and Wu (1989), Jin and Tao (1999) all
pointed out that the impact of the ENSO events in different
phases on summer precipitation in the Yangtze River-Huaihe
River Basin was completely different: During the develop-
ment of ENSO in summer, the convection in the western
Pacific was inhibited, and the western Pacific subtropical
high moved southward. This led to more precipitation in The
Yangtze River-Huaihe River Basin, while the precipitation in
South China was relatively less. It was the exact opposite in
the decline phase of ENSO in summer. The precipitations in
quasi-normal years of ENSO in the north of Yangtze River
shows positive deviation. Except for a few areas in Jiangnan,
precipitation distribution is generally normal.

The ENSO warm phase also has a good correspondence
with winter precipitation in China. Zhang et al. (1996, 1999,
2002) pointed out that El Nifio had a more significant impact
on the precipitation in China during its mature stage. During
the mature stage, there was more precipitation in southern
China during the winter, spring and autumn, and more pre-
cipitation in the Yangtze and Huaihe River Basins in summer
(Figure 8). Zhang et al. (1996, 1999, 2002) first revealed the
mechanism of El Nifio’s influence on the East Asian mon-
soon through the northwest Pacific anticyclone anomaly.
They pointed out that in the fully developed period of El
Nifio, the anomalous convective cooling over the tropical
western Pacific stimulated the response of the tropical at-
mosphere of Rossby wave. As a result, anomalous antic-
yclones are generated in the western North Pacific, which
strengthened the southerly winds along the East Asian coast,
thus affecting the East Asian monsoon. They also proposed
that the water vapor transport anomaly accompanied by the
anomalous anticyclone in the Northwest Pacific converged
in southern China, resulting in an increase in atmospheric
precipitable water and a significant increase in precipitation
in southern China. This mechanism explains the physical
mechanism of the delayed effect of ENSO on East Asian
summer monsoon, which has not been solved internationally.
The neighborhood response of atmospheric circulation pre-
cipitation to sea surface temperature anomalies in different
regions indicates that the sea surface temperature in the
eastern equatorial Pacific is warmer, and the response field of
tropical atmospheric circulation is eastward, which has little
impact on the weather in China. The mid-equatorial Indian
Ocean sea surface temperature is warmer, which leads to less
rain in South China and more rain in Yangtze-Huaihe Basins.
The Sea surface temperature in the northwest Pacific and the
western equatorial Pacific is warmer, which leads to more
rain in south China and less rain in Yangtze-Huaihe Basins
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(Wu and Liu, 1995; Wu et al., 1995; Liu et al., 2016).

Studies show that sea surface temperature anomalies in
other areas can also have an impact on the climate in China.
The characteristics of Pacific Decadal Oscillation (PDO) in
the ocean and its correlation with East Asian atmospheric
circulation and the variability of the climate in China indicate
that PDO is closely related to the interdecadal variability of
the climate in China. The phase change of PDO can directly
affect the atmospheric circulation in East Asia and modulate
the spatial distribution pattern of summer monsoon pre-
cipitation in eastern China (Zhu et al., 2011, 2015). In ad-
dition, the influence of ENSO events at different stages on
summer climate anomalies in China is obviously modulated
by PDO (Zhu and Yang, 2003). The interannual variations of
the North Atlantic Oscillation (NAO) and the North Pacific
Oscillation (NPO) are related to the interdecadal variations
of the climate in China. The amplitudes of both NAO and
NPO increased significantly in the 1960s, which can explain
the abrupt climatic events in the northern hemisphere in the
1960s (Li and Li, 2000). Li and Wang (2003a) defined a new
NAO index based on the difference in the normalized zonal
mean sea level pressure anomalies of the North Atlantic (80°
W=30°E) between the two latitudes (35°N-65°N). The study
on the relationship between the Atlantic Multi-decadal Os-
cillation (AMO) and the winter climate in eastern China
shows that the AMO warm phase corresponds to the decadal
warm winter in eastern China with more precipitation in the
north and less precipitation in the south. It is the exact op-
posite in the cold phase (Li and Bates, 2007). Sui et al. (2008)
used model simulation to study the effect of sea surface
temperature on tropical convective radiation cooling. When
the surface temperature difference between warm pool and
cold pool increases from 2.5°C to 3.5°C, the warm pool
convection is enhanced. The radiation-driven subsidence
area increases with the increase in sea surface temperature
difference between warm current and cold current, thus en-
hancing the mass exchange between warm current and cold
current. Lin et al. (2013) used the observation data during the
experiment to establish a new ocean coupling potential in-
tensity index through a comprehensive analysis of ocean
temperature data. The index can be used as an effective new
index to improve the estimation and prediction of the max-
imum intensity of tropical cyclone (TC). There is a very low-
frequency air-sea coupled-wave in the tropics, and its ac-
tivity can directly determine the intensity of tropical intra-
seasonal oscillations. The intra-seasonal oscillation intensity
in the South China Sea and the western Pacific is negatively
correlated to the summer precipitation in southern China (Li
and Li, 1997).

The Spring Predictability Barrier (SPB) is one of the basic
characteristics of ENSO prediction. As for the causes of SPB
in the world, meteorologists agreed that SPB was an intrinsic
property of the ENSO system before the 1990s. However, in
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Figure 8 The time series of seasonal precipitation anomalies (solid line) and seasonal NINO sea surface temperature (dotted line) in (a) winter (December,
January and February), (b) spring (March, April and May), (¢) summer (June, July and August), and (d) Autumn (September, October and November) in
1951-1993. M refers to the mature period of El Nifio. Source: Zhang et al. (1999).

the 21st century, a new view has been put forward that, SPB
is caused by the combination of the climatic annual cycle, the
ENSO event itself, and the specific spatial structure of the
initial error (Mu et al., 2007). The discovery of the specific
spatial structure of the initial error provides a new idea for
improving the ENSO predicting technique. In other words,
by optimizing the ENSO observation network in a specific
region, the influence of SPB can be reduced, and the pre-
diction skill of ENSO can be effectively improved (Duan and
Mu, 2018). Subsequently, Mu et al. (2015) conducted a series
of in-depth studies on target observations of high-impact air-
sea environmental events (ENSO, Indian Ocean dipole,
Kuroshio path variation, etc.). The results showed that, if the
initial field error was reduced in the area of large value

disturbance determined by the fastest-growing initial error
and the optimal early signs of these events, the prediction
technique of these events would be greatly improved. Due to
the spatial similarity between the optimal early signs and the
fastest growing initial error, additional observations in the
same sensitive region can not only help to capture the early
signals of the above abnormal events but also effectively
reduces the initial errors, thus improving the prediction skills
of the event. Wang et al. combined the paleoclimatic simu-
lation study with modern climate change research to reveal
the instability of the correlation between the East Asian
summer monsoon and ENSO and the interdecadal variations
of the East Asian monsoon system (Wang, 2002). The sig-
nificant impacts of the Hadley circulation, the Antarctic
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Oscillation (AO) and the North Atlantic Oscillation (NAO)
on east Asian climate were pointed out (Fan and Wang, 2004;
Sun and Wang, 2012). The idea and method of tropical si-
milarity and interannual incremental climate prediction were
proposed, which significantly improved the climate predic-
tion level of East Asian climate and typhoon activities (Wang
et al., 2012a).

Atmospheric circulation, especially the atmospheric tele-
connection oscillation over Asia and the western Pacific, is
another important factor affecting the climate in China. In the
1950s, Chinese scholars conducted voluminous international
leading research on atmospheric circulation changes. Ye et
al. (1958) analyzed a large number of evolution facts of
atmospheric circulation in East Asia and proposed that the
seasonal conversion of atmospheric circulation in East Asia
was abrupt. Every year in June and October, abrupt changes
take place in atmospheric circulation in the northern hemi-
sphere. The change of atmospheric circulation in June is
characterized by the sudden northward transition of the east-
west wind belt, and then the typical summer circulation
pattern is established. In October, the east-west wind belt
suddenly moves southward, and then the high-level flow
pattern is a typical winter circulation pattern. This discovery
is more than 20 years earlier than the nonlinear mutation of
atmospheric circulation proposed by many international
scholars in the 1980s. How is the quasi-geostrophic equili-
brium formed in Rossby’s theory of geostrophic adjustments
of atmospheric motion? Yeh (1957) pointed out that for
large-scale motion, the wind field adjusts to the pressure
field, and for small-and-medium-scale motion, it is the ad-
justment of the pressure field to the wind field, which is a
problem of motion scale. Zeng (1963a, 1963b, 1983) used
complete nonlinear equations of dynamics and thermo-
dynamics to reveal the internal mechanism of the continuous
destruction of geostrophic adjustment processes and the
geostrophic equilibrium in atmospheric motion. The theory
of Rossby and Ye of the geostrophic adjustment process in
the movement of atmosphere and ocean has been developed.
The direction of the adjustment process depends on the
disturbance scale and a characteristic scale determined by the
environment. In the case of barotropy, this characteristic
scale is the Rossby deformation radius; In the case of bar-
oclinicity, it also depends on the stratification state and on the
vertical structure of the disturbance. Therefore, the problem
of long-term debate on the relationship between wind field
and pressure field in meteorology is solved, and the most
systematic adjustment theory of wind field and pressure field
is established. Furthermore, the geostrophic adaptation pro-
blem is evolved to the adjustment problem in the rotating
atmosphere, and some basic rules of various atmospheric
movements from global scale to mesoscale system are de-
rived. This theory is an important achievement recognized at
home and abroad. Huang and Sun (1992) and Nitta si-
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multaneously proposed that the thermal state of tropical
western Pacific warm pool and the convective activity over
the warm pool play an important role in the interannual and
intra-seasonal changes of the East Asian summer atmo-
spheric circulation and climate. The East Asia/Pacific (EAP)
teleconnections affecting summer atmospheric anomalies in
the northern hemisphere which affect the summer drought
and flood in China is proposed.

In winter, there are two jet streams over China, one in the
north of the Qinghai-Tibetan Plateau, the other one is in the
south. The southern jet stream is the most important, whose
speed increases in the direction of the flow (Yeh, 1950). In
summer, there are three basic airflows that form the three-
dimensional airflow over the Asian continent: Mid-latitude
westerlies, tropical and subtropical easterlies in the upper
atmosphere, and southwest monsoons below the easterlies.
From spring to summer, there is a sudden change in the
atmospheric circulation over Asia. At the same time, the
southwest monsoon in India and the Meiyu period in China’s
Yangtze River Basin begin to appear (Tao and Chen, 1957).
The beginning and ending of the Meiyu period in East Asia
are regular and closely related to the seasonal variation of
atmospheric circulation over Asia. The beginning date of the
Meiyu period coincides with the establishment date of the
Indian monsoon in Kolkata, and the end date is close to the
date when the upper westerly jet over Japan disappears and
the easterly appears. The revelation of this phenomenon has
improved our understanding and forecasting ability of the
variation law of Meiyu in East Asia (Figure 9) (Tao et al.,
1958).

Wang (1962) studied the changes in the location of the
teleconnection oscillations in East Asia over the years and
compared it with the climatic oscillation in China. The re-
sults showed that the location of the teleconnection oscilla-
tions in East Asia changed significantly over a 35-year
period, and the change in the locations of oscillations is
closely related to the change of temperature and precipitation
in many stations in China. The polar vortex activity in the
northern hemisphere has an important impact on the sus-
tained low temperature in China. When the northern hemi-
sphere polar vortex breaks into two centers and the center in
north Asia is the stronger one, a sustained period of low
temperature will subsequently occur in China (Mou et al.,
1975). Fu (1979) pointed out that there are two basic types of
average meridional circulation in the tropical Pacific: the
classical Hadley circulation circle and Hadley anti-circula-
tion circle. In fact, they are the manifestation of alternate
winter and summer monsoon in this region, but they also
have nonseasonal long-term changes and oscillations. Gong
and Ho (2002) found that the summer precipitation in the
middle and lower reaches of the Yangtze River and the
eastern part of China experienced an obvious interdecadal
transition in the late 1970s, which was consistent with the
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Figure 9 The distribution of 300 hPa winds in Shanghai from June to August 1956 (The vertical dotted line represents the end date of the Meiyu period).

Source: Tao et al. (1958).

abrupt change in 500 hPa geopotential height field. Zhu et al.
(2011) analyzed that precipitation in eastern China increased
in the Huanghuai River Basin and precipitation in Yangtze
River Basin decreased from 2000 to 2008, which was closely
related to the interdecadal variations of the circulation field
(jet axis, subtropical high and water vapor path) and sea
surface temperature (Pacific interdecadal oscillation, PDO).

In summer, the northward movement of rain-band in
mainland China is closely related to the northward retreat of
the westerly belt and the corresponding weakening of the
westerly belt (Tao and Chen, 1957). The blocking process is
a persistent anomaly of atmospheric circulation in the wes-
terly belt. The upward transport of quasi-stationary planetary
waves and the interaction with the basic airflow are one of
the reasons for the formation and maintenance of the
blocking situation (Zou and Huang, 1988). The circulation
pattern of East Asian summer precipitation and the summer
precipitation in the middle and lower reaches of the Yangtze
River are affected by the geopotential height of Ural
Mountains and the Okhotsk Sea. Especially, the anomalous
precipitation during the Meiyu period in East Asia is closely
related to the establishment of the blocking pattern in mid-
high latitudes. When Okhotsk sea high pressure is estab-
lished and stabilized, the anomaly fields of middle and high
latitudes in Asia and the eastern part of East Asia are likely to
form anomaly waves of “+, —, +,”. This pattern and its in-
teraction often cause high precipitation in Meiyu period in
East Asia. On the contrary, when the Okhotsk Sea is con-
trolled by low-pressure, the anomaly field in the middle and
high latitudes of Asia and the eastern East Asia is likely to
form an anomaly wave train of “—, +, —”, which is not
conducive to the precipitation during the Meiyu period in
East Asia (Zhang and Tao, 1998).

The analysis of the dynamic mechanism of the interaction

between the disturbance and zonal airflow during the sea-
sonal abrupt change of the atmospheric circulation in the
Northern Hemisphere shows that the northward jump of the
subtropical jet is closely related to the enhanced transport of
mid-latitude disturbance energy to the subtropical tropo-
pause. The direction of such transport is restricted by the
zonal airflow structure (Zhang and Zhou, 1988). When the
Qinghai-Tibetan Plateau geopotential height is higher than
normal, the potential height in the western Pacific is also
high. Therefore, the western Pacific subtropical high is
westward and northward, causing more precipitation in
northern China and higher temperatures in the areas from
North China to the Yangtze River. On the contrary, the
southern region is rainy, and the temperature in the areas
from the North China to the Yangtze River is low, indicating
that the summer precipitation and temperature changes in
China are closely related to the long-term oscillation of the
potential height field of the Qinghai-Tibetan Plateau (Zhao,
1995). There is a significant correlation between the summer
precipitation in India and the 500 hPa geopotential height in
East Asia. Therefore, an Indian-East Asian teleconnection
type (IEA type) is formed. To some extent, the IEA type
affects the longitude of the subtropical high ridge and the
average height anomaly over mainland China in summer.
The Indian summer monsoon has a large amount of con-
densation latent heat release to stimulate the regional tele-
connection type, namely the IEA type, which affects the
average geopotential height field in East Asian summer.
When the Indian summer monsoon is strong, the geopoten-
tial height field in East Asia is high. The subtropical high is
easy to be northwestward or mainland China is controlled by
positive geopotential height anomaly. Yangtze-Huaihe Basin
is prone to drought, and vice versa (Dai et al., 2002). Li and
Wang (2003b) proposed an improved zonal index (ZI) for
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characterizing the atmospheric circulation in the Northern
Hemisphere. The index is used to measure the “seesaw”
phenomenon of atmospheric mass fluctuation between mid-
latitude (35°) and high-latitude (around 65°) regions on the
hemispheric scale. The analysis shows that Ferrer circulation
is the primary signal that affects ZI.

The long-term changes of the six major teleconnection
oscillations in the northern hemisphere in the past 110 years
and the relationship between the oscillations and the Chinese
climate are studied. It is found that there is a significant
negative correlation between the intensity of Siberia high
pressure and the winter temperature in China, but a good
positive correlation between the North Pacific high pressure
and winter precipitation in China (Zhu et al., 1997). The
long-term changes of the atmospheric circulation in the
northern hemisphere show that the WA, PNA types show
obvious trend and interdecadal trend. The WA type has a
negative trend while the PNA type has a positive one. At the
same time, the intensity of the meridional circulation in Asia
and the Eurasia region suddenly weakened in 1983. This
interdecadal change in atmospheric circulation and tele-
connection intensity is an important cause of winter climate
change in China (Shi, 1996). The interdecadal variations of
the East Asian winter monsoon are closely related to the
regional model changes of the atmospheric circulation and
the Pacific Sea Surface Temperature (SST). When the
Northern Hemisphere Annular Mode/Arctic Oscillation
(NAM/AO) and Pacific Decadal Oscillation (PDO) are in its
negative (positive) phase, the East Asian winter monsoon is
strong (weak), but winter temperature in China is low (high)
(Ding et al., 2014). Since 2008, the frequent period of re-
gional extreme cold events in China, atmospheric circulation
has been achieved through a quasi-barotropic wave Rossby
wave train across Eurasia. When the blocking in the Ural
region is anomalously strong, the wave train is not only
transported upward to the stratosphere but also be trans-
ported to the east significantly. It will cause a negative
geopotential height anomaly in East Asia, which will
strengthen the East Asian trough and enhance the East Asian
winter monsoon (Tan and Chen, 2014).

Gong and Wang (1999) gave an index that can objectively
characterize Antarctic Oscillation (AO). It was defined as the
zonal mean sea level pressure difference between 40°S and
65°S. The AO or SAM (Southern Annular Mode) helps to
clarify the climate mechanism in the southern hemisphere,
which is an important contribution of Chinese scientists in
this field. Since then, Gong (1999) used reanalysis data to
study the temperature and precipitation changes in the Ant-
arctic region under the background of global warming, and
its relationship with the atmospheric circulation in the mid-
high latitudes of the southern hemisphere. He points out that
the Antarctic temperature has an upward trend in winter,
spring, and autumn, but a downward trend in summer. The
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annual average temperature is also rising. The precipitation
has an increasing trend in all seasons and throughout the
year. On an interannual scale, the annual mean temperature,
and precipitation are negatively correlated with the Antarctic
Oscillation (SAM) index, and the ways and extent of the
Antarctic Oscillation impact on different regions are also
different. From the long-term trend, the temperature, pre-
cipitation, and the Antarctic Oscillation Index all have an
upward trend, indicating that global warming affects the
Antarctic Oscillation from a larger time scale and spatial
scale.

From the perspective of large-scale circulation systems,
Chen et al. (2019) believe that the Asian continent can be
basically divided into “Westerlies Asia” mainly controlled
by mid-latitude westerly circulation and “Monsoonal Asia”
controlled by monsoon circulation. Westerlies Asia has a
relatively dry climate in the early Holocene, relatively humid
in the mid-late Holocene, and a “dislocation phase” or “anti-
phase” with the monsoon climate change in Asia (Chen et al.,
2008, 2016). Namely, there is a significant climate change
“dominant modes of westerly” in this region on the sub-
orbital scale unlike the monsoon region (Figure 10). In the
past thousand years of characteristic, the hydrological cli-
mate variability of Westerlies Asia is also significantly dif-
ferent from Monsoonal Asia in terms of the spatial pattern
(Chen et al., 2010). The external drive of the climate system
(Northern Hemisphere solar radiation) is the dominant factor
in the formation of the “dominant modes of westerly” on the
suborbital scale. And the “dominant modes of westerly” on
the centennial-decadal scale is mainly controlled by the in-
ternal variability of the climate system (global teleconnec-
tion/silk road teleconnection) (Chen and Huang, 2017).

6. Climate dynamics and development of cli-
mate models

In the international science community, the development of
climate dynamics and climate system model originated in the
1970s and constitutes the theoretical basis and numerical
tools for modern climatology research. The development and
application of the climate system model is an important di-
rection of modern climatology. Chinese scientists attach the
utmost importance to climate dynamics research. They per-
fected the CISK-wave theory for tropical atmospheric intra-
seasonal oscillations, and proposed an appropriate theory and
dynamic mechanism for atmospheric low-frequency tele-
connection. In addition, they established a theoretical fra-
mework for studies of climate dynamics. Since the late
1970s, they began to develop climate models and applied
them to studies of climate processes and to climate predic-
tions.

Tropical sea surface temperature anomalies (SSTAs),
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Figure 10 Dominant modes of westerly. Source: Chen et al. (2019).

especially those related to ENSO, have long been valued by
Chinese scholars because they can cause changes in atmo-
spheric circulation and thus changes of climate patterns in
China. Zhu et al. (1981) studied the dynamic instability
caused by sea temperature disturbance using a coupled
model involving a two-layer baroclinic atmosphere and a
two-layer ocean. Their results show that the most important
physical factors for the development of sea temperature
disturbance are the oceanic Sverdrup transport, the heat ex-
changed between the mixed layer and deep layers, and the
regulation effect of clouds on short-wave radiation. The main
horizontal scale of disturbance development is
3000-6000 km, and the time scale is months or even years.
Zhang et al. (2013) used Argo data to improve the physical
process parameterization scheme in the ocean dynamic
model, which effectively improved the ability of the ocean
model to simulate the real ocean and the ability to predict El
Nifio/La Nifia. Li (1987) used a non-linear dynamic system
coupling ocean and atmosphere to analyze autonomous
properties of the system under stationary forcing and non-
autonomous properties under periodic forcing. Some char-
acteristics of coupled ocean-atmosphere oscillations and in-
terannual variations of atmospheric circulation can thus be
elaborated.

By developing a nonlinear temperature-salt coordinated
assimilation scheme and using altimetry data to adjust tem-
perature and salinity of their model, Zhang et al. (2013) es-
tablished a global ocean data variational assimilation system
that can integrate various oceanographic observations in-
cluding Argo data, Which completes their global coupled
ocean-atmosphere model. Jin and Zhu (1988a, 1988b) used a
topography-forced quasi-geostrophic barotropic atmosphere
and an interactive surface sea temperature to establish an air-

sea coupled system. With simplification through low-order
spectral decomposition and multi-scale analysis, this coupled
ocean-atmosphere system could then be solved analytically
in the phase space, which showed two types of stable equi-
librium states in the ocean-atmosphere system. This result
was then used to explain some characteristics of long-term
circulation anomalies. Huang and Chou (1989) explored the
dynamic mechanism of the formation of analogous rhythms
phenomena by using a coupled ocean-atmosphere model in
the form of analog deviation. It is pointed out that the ana-
logous rhythms phenomena are generated due to in-
homogeneous oscillations of analog deviation disturbances
caused by nonlinear coupling interactions in the air-sea
system under the forcing of seasonal variation of the monthly
averaged circulation.

Miao and Liu (1989) studied the occurrence and devel-
opment of air-sea coupled instability for ENSO. They
pointed out that under high sea surface temperature back-
ground, the wave-CISK mechanism involving latent heat
release, sea-surface evaporation, and sensible heat flux can
cause positive feedback in the air-sea coupled system, which
stimulates the very low frequency and strong instability of
the air-sea coupled Kelvin wave. This result of air-sea cou-
pling instability can well explain the occurrence, develop-
ment, and evolution of the 1982/1983 ENSO event. Zhang
(1995) found that the coupled Kelvin wave propagating
eastward can be unstable. Due to the air-sea interaction, a
coupled Kelvin wave propagating westward can be gener-
ated in the long-wave part. Properties of the coupled Kelvin
wave are closely related to parameters tuned in the model.
When the frequencies of free waves differ significantly in the
atmosphere and in the ocean, properties of the coupled waves
are very close to those of the free waves without air-sea
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interaction. Strong air-sea coupling and instability can occur
only when the free waves in the atmosphere and the ocean
have similar frequencies. In addition, phase evolution of
ENSO is also significantly affected and modulated by ex-
ternal forcing factors outside the climate system such as solar
wind and strong volcanic eruptions (He et al., 2018; Wang et
al., 2018). Li (1985) first introduced the cumulus convection
heating feedback mechanism into the dynamics of the intra-
seasonal oscillations in the tropical atmosphere, and also
found for the first time that the cumulus convection heating
feedback (CISK, Conditional Instability of Second Kind)
was an important dynamic mechanism that can stimulate the
intra-seasonal oscillations of the tropical atmosphere. Fur-
ther research by Li (1993, 1996a) pointed out that, with the
cumulus convection heating feedback, the tropical atmo-
sphere can produce CISK-Rossby waves. These waves can
propagate westward or eastward and disperse energy.
Therefore, it is believed that the CISK-Rossby wave is an
important excitation and driving mechanism for the 30—60-
day oscillation of the atmosphere outside the equator (Figure
11). These studies improved the CISK-wave theory of the
tropical atmospheric intra-seasonal oscillation. Li (1996b)
studied the dynamic characteristics of evaporation-wind
feedback. It is found that the evaporation-wind feedback it-
self cannot be a dynamic mechanism of atmospheric intra-
seasonal oscillation. It can explain the activity of tropical
intra-seasonal oscillations only when it is combined with the
CISK mechanism. Li et al. (2002) used a theoretical model to
further the dynamic mechanism of tropical intra-seasonal
oscillations. The model includes cumulus convection heating
feedback (CISK), the evaporation-wind feedback as well as
the air-sea coupling. Results show that the cumulus con-
vection heating feedback is the most important driving factor
for the tropical intra-seasonal oscillations. However, the air-
sea coupling is beneficial to the frequency reduction of the
excitation wave. Therefore, it may also become the dynamic
mechanism of the tropical atmosphere ISO. Low-frequency
oscillations at mid-high latitudes and in the tropics are
mainly related to and interact with each other through low-
frequency wave trains. Among those wave trains, the low-
frequency East Asia-Pacific teleconnection (EAP) and Pa-
cific-North American teleconnection (PNA) are the main
“pathways” that connect low-frequency oscillations in the
tropics and those at mid-high latitudes (Li, 1990a). The mid-
latitude air-sea interanion is the key process for the formation
of interdecadal signals (e.g. PDO). However, a mid-latitude
system has generally a dynamic structure with low (high)
pressure located above cold (warm) sea surface, which
cannot be explained by the dynamic theory. How an anomaly
of mid-latitude sea surface temperature affects the atmo-
sphere has not been understood clearly.

Chinese scholars (Fang and Yang, 2011, 2016; Wang et al.,
2016; Xiao et al., 2016; Yao et al., 2016; Wang et al., 2017;
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Yao et al., 2017) found that mid-latitude SST influences the
atmosphere via the dynamic forcing of transient eddies in
relation to ocean fronts, low-level baroclinicity, and atmo-
spheric instability. These works established a dynamic fra-
mework in which transient eddies operate actively for
unstable mid-latitude air-sea interactions. They help to de-
velop the thermal-driven air-sea interaction dynamics and
lay an important theoretical foundation for clarifying the
cause of strong interdecadal oscillations in the air-sea sys-
tem. Yang and Huang (1993) showed that there are two kinds
of responses of summer atmosphere to tropical sea surface
temperature and Arctic sea ice anomalies. One is from the
direct thermal forcing, and the other is from indirect forcing
in relation to interactions between the external forcing and
atmospheric internal dynamics. The physical processes of the
snow cover of Eurasia in spring and the sea surface tem-
perature of the western Pacific Ocean in summer affecting
the precipitation in China have been studied. The result
shows that spring snow in Eurasia can excite the tele-
connection wave train in the atmosphere at 500hPa. The
excited wave trains can last from spring to summer, which
causes high pressure to control northern China and weak low
pressure to control the south. This makes the precipitation
appear in southern China. The increase in the sea surface
temperature of the western North Pacific in summer can
reduce the land-sea thermal contrast, which weakens the
summer monsoon, leading to an increase in precipitation in
southern China (Zhang et al., 2008).

China has been involved, since a long time, in climate
modeling activities. The late 1970s saw the development of
first climate models. Ji and Chao (1979) established a zon-
ally averaged air-sea coupled model considering various
processes of non-adiabatic heating in the atmosphere and
feedback processes to the ocean. The system exhibits a long
period (longer than a month) oscillation, and the length of the
period depends on the depth of the ocean mixed layer, the
latitude of the ocean, and the strength of various physical
processes. With the help of equations describing the inter-
relationship between precipitation and ground temperature or
air temperature based on the atmospheric water balance and
the earth-atmosphere system heat balance, Tang et al. (1982,
1988) established a seasonal precipitation forecasting model.
They produced good results using ground temperature to
predict the precipitation amount of the wet season. Zeng
(1985) published a comprehensive review of studies on nu-
merical modeling in atmospheric sciences, including theo-
retical basis and numerical techniques. Zhang et al. (1986)
published their studies on the sensitivity of the dynamic
framework to initial values, which serves as a part of a series
of basic studies to establish a numerical model of the at-
mospheric general circulation. They mainly presented three
kinds of sensitivity test of the dynamic framework of the
model. Huang and Wang (1991) considered the dynamic
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forecast field as a small perturbation superimposed on the
historical one. With such a consideration, they succeeded to
establish a mixed analogic and dynamic seasonal numerical
forecasting model taking into account air-sea interactions.
With that model, they carried out a seasonal forecasting
experiment for a total of 8 years from 1981 to 1988. The
forecasting performance was revealed higher than that of the
statistical-similarity forecast. A global terrestrial hydro-
logical model developed by Sun and Lu (1989) can realis-
tically depict the exchange process of energy, moisture, and
momentum between complex underlying surface (including
vegetation cover) and the atmosphere. Its aim was to provide
a land-water heat exchange model that can be coupled to the
atmospheric circulation model. Scientists have established
different models from different perspectives, conducting a
series of basic research on the development of climate
models in China.

Very early, Chou (1974) already used the concept of
functional analysis and variational method in numerical
forecasting issues. Later, guided with basic theories and
methodological approaches, Chou (1986, 1989) revealed
some main difficulties of climate prediction in relation to main
characteristics of the climate system. He also theoretically
proved the equivalence of the atmospheric pressure field
evolution and the thermal condition of the underlying surface,
which lays a theoretical foundation for solving the initial value
problem of climate prediction. These works largely promoted
statistical-dynamic modeling for seasonal prediction. Fur-

thermore, Chou (1994) and Chou et al. (1994) proposed and
studied the qualitative theory of atmospheric dynamics
equations, namely the asymptotic dynamics of the long-term
evolution of the atmosphere. These innovative climatic dy-
namics theories reveal the overall and global behavior of
nonlinear atmospheric dynamics equations, which studies
climate formation and climate change from a dynamic per-
spective. In response to the particularity of climate issues, they
introduced the latest mathematical achievements, chaos the-
ory, cell mapping theory and bifurcation theory, and com-
prehensively studied the nonlinear characteristics of climate
systems, evolution mechanisms, predictability problems and
climate status prediction methods based on new concepts and
new methods. They initially formed the quasi-dynamic-quasi-
random theory of the climate system, which is a new devel-
opment of climate dynamics.

By carefully analyzing and considering the multi-scale
characteristics of the climate system, Chinese scientists have
proposed numerous theories explaining the dynamics of the
climate system. Furthermore, they used such theories to
elaborate climate prediction methodology suitable for pre-
dicting the monsoon variability in China. In 1985, Zeng
presented China’s first climate system model involving at-
mospheric circulation, oceanic circulation, land surface
process and their coupling (Zeng, 1985). Some of the mod-
eling developments, such as “Standard State Deduction
Method”, “Square-Conservative Format” and “Free Sea
Surface Scheme” are of high originality in the international
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community. This numerical platform, with complete self-
consistent coupling, is still in use by a large community.
Zeng was the leader in building the first numerical climate
prediction system. In 1989, the system was successfully used
in the cross-season summer drought and flood forecast in
China. These works not only have great significance at basic
science level, but also are of great application values, pro-
viding important tools for Chinese studies in atmospheric
science, climate science and even environmental science
(Zeng et al., 2003a, 2003b). Zeng has been advocating the
development of the National Big Science Device-Earth
System Numerical Simulation Device with many other
Chinese veteran scientists since 2009. This ambitious plat-
form is planned to be completed in 2022. The Earth System
Numerical Simulation Device will promote the inter-
disciplinary and integration between different disciplines of
the Earth system. In addition, it will accelerate the overall
leap of China’s Earth System Science to the international
first-class level.

In the early 2000s (Ding et al., 2004), the National Climate
Center of China Meteorological Administration established
the first generation of a comprehensive climate model for
operational prediction, filling a gap in China’s climate
community. This system includes a Coupled General Cir-
culation Model (CGCM), a High-Resolution East Asian
Regional Climate Model (RegCM_NCC) and five simplified
ENSO Prediction Models (SAOMS) for global climate pre-
dictions at seasonal-annual time scales. The global air-sea
coupled model and the regional climate model are nested to
provide high-resolution East Asian seasonal climate predic-
tions (Ding et al., 2004). Zeng et al. (2008) outlined the
current status of the Earth system dynamics model devel-
opment in China. In general, the existing climate system
model has already been able to simulate the global climate
pattern under current and paleoenvironment conditions, and
can even be used to do short-term climate forecasts for
seasonal-annual time-scale and to simulate scenarios for
global warming trends. However, there are still some un-
certainties or biases to be eliminated in simulations or pre-
dictions. For example, the clouds, radiation, and related
processes in the atmosphere are very complex, and the de-
scription and simulation of atmospheric boundary layer
processes, ocean mixing processes and complex surface
characteristics need to be further improved to be more pre-
cise and accurate.

Piao et al. (2010) argue that climate change will have
important impacts on China’s water resources and agri-
culture. Future regional climate models must improve the
responses of farmland to climate, disease, livestock, and at-
mospheric composition. Peng et al. (2013) analyzed the ef-
fects of daytime and nighttime warming asymmetry on
global northern warming through photosynthesis and re-
spiration, and pointed out that such asymmetric daily
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warming changes need to be taken into account in the global
carbon cycle pattern.

Im et al. (2018) evaluated the performance of the MIT
regional climate model (MRCM) to simulate the temporal
and spatial structure of the diurnal variation of rainfall in the
western Maritime Continent. The simulated climatological
characteristics were compared with the TRMM 3B42 3-hour
observation. The analysis focuses on the regional char-
acteristics of diurnal variation of rainfall characterized by
variables of phase and amplitude, and the emphasis is on the
difference between land and sea. Both simulations can cap-
ture the main features of the similarity of daily precipitation
changes to TRMM observations in several respects. Studies
have shown that the increase in resolution is evident in the
improvement of the simulation results.

Zhou et al. (2018) reviewed the history and progress of the
atmosphere-ocean coupled model FGOALS2 developed by
the Key Laboratory of Numerical Modeling for Atmospheric
Sciences and Geophysical Fluid Dynamic, Institute of At-
mospheric Sciences in the Chinese Academy of Sciences
(LASG/IAP) during 2010-2014. FGOALS2 showed good
performance and improvement in terms of cloud amounts,
short-wave and long-wave radiative forcing, and simulation
of ENSO. In addition, the model better reproduced the sea-
sonal cycle of the equatorial Pacific region, and significantly
improved the simulation of the southerly wind component in
the northwest Pacific monsoon trough and the East Asian
summer monsoon (EASM). The model also improved the
simulation of the inter-annual variation of EASM, and the
Atlantic meridional overturning circulation (AMOC) was
perfected as well. The simulation of the distribution of sea
ice in the northern hemisphere and its seasonal variation was
significantly enhanced (Figure 12). Wu et al. (2013) reported
the research and development achievements and operational
progress of the 2nd-generation short-term climate prediction
model system of the National Climate Center. The assim-
ilation performance of temperature and sea salt of the sec-
ond-generation ocean data assimilation system, is generally
better than that of the Ist-generation. The 2nd-generation
monthly dynamic extension prediction system is based on
the National Climate Center atmospheric circulation model
BCC-AGCM2.2, and it entered the quasi-operational stage in
August 2012. The 2nd-generation seasonal prediction model
system was established based on the climate system model of
National Climate Center, BCC-CSM1.1(m), and was put into
pre-operation at the end of 2013. A preliminary evaluation
shows that the second-generation of monthly dynamic ex-
tension prediction model system and the seasonal climate
prediction model system respectively have certain predictive
ability for the climate variability at pentad-, 10-day-, month-,
season-, and even inter-annual scale. The prediction skill of
precipitation, temperature, circulation and other factors of
the 2nd-generation is generally higher than that of the Ist-
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Figure 12 The schematic diagram of the development history of the
LASG/IAP air-sea coupled model. Source: Zhou et al. (2018).

generation prediction system.

The Earth system model is becoming an irreplaceable tool
for studying the characteristics and behaviors of the current
climate, understanding its past evolution, and predicting its
future changes. Five climate system models from China
participated in the 5th Coupled Model Intercomparison
Project (CMIP5), which are (1) the FGLALS climate system
model from the IAP/CAS, (2) two models from the National
Climate Center: the climate system model BCC-CSM and
the Earth System Model BCC-ESM, (3) Earth System Model
BNU-ESM from Beijing Normal University, (4) Earth Sys-
tem Model FIO-ESM from the First Institute of Oceano-
graphy, Ministry of Natural Resources. These five models
show good performance on many aspects, including average
climate, variability from intra-seasonal oscillation to annual
variation of ENSO, global and East Asian monsoons, 20th-
century climate evolution characterized by temperature
changes, and major atmospheric teleconnections. However,
there are large differences in the sensitivity of models to
increase of greenhouse gases (Zhou et al., 2014; Chen et al.,
2014). Based on performances of all CMIP5 models, it seems
that there is still room for further progress for all Chinese
participating models, especially when compared to interna-
tional leading models. Under the ongoing CMIP6 research
program, other Chinese research institutions have success-
fully joined the modeling community, including the Chinese
Academy of Meteorological Sciences and the Nanjing Uni-
versity of Information Science and Technology.

7. Climate change

One of the important advances in atmospheric science in the
20th century is that scientists and governments around the
world have realized that ongoing global warming has caused
changes in the Earth’s environment. This issue has not only
attracted great attention from the scientific community, but
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also the people and governments around the world and has
become one of the international diplomatic concerns (Ye,
1996). As a result, the research on global climate change and
its impact on the environment have rapidly developed
globally, and it has now become an important direction of
atmospheric science (Huang R H et al., 2014). One of the
breakthroughs in atmospheric sciences since the late 1970s is
that people have realized that climate change is not only
formed by dynamic and thermodynamic processes that occur
within the atmosphere, but more importantly is the interac-
tions of Earth’s atmosphere, oceans, snow ice and land sur-
face (Huang et al., 1996; Huang, 2001, 2006). In 1988, the
United Nations Intergovernmental Panel on Climate Change
(IPCC) was established. As a member of IPCC, Chinese
scientists participated in and presided over the preparation of
the IPCC Assessment Report. The IPCC st Assessment
Report and the Supplementary Report were released in 1992.
The report first stated that the concept that “continuous ac-
cumulation of anthropogenic greenhouse gas emissions in
the atmosphere will lead to climate change”. This report
directly contributed to the entry into force of the United
Nations Framework Convention on Climate Change in 1994.
As the co-chair of the IPCC Working Group I, Qin Dahe
participated in and successfully organized the IPCC scien-
tific assessment activities. He made great contributions to the
construction and dissemination of important scientific con-
clusions that human activities are affecting the Earth’s cli-
mate. Thus, it has laid a solid foundation for mankind to
actively respond to climate change (Qin et al., 2002, 2005,
2014, 2018; Qin and Stocker, 2014).

The research by Chinese scientists on the evolution of
climate and environment in China and the assessment of
environmental evolution in western China has produced a
wide range of influences, and promoted the continuous
progress of research on climate change domestically and
internationally. Therefore, they made outstanding contribu-
tions to the promotion of global change research. In the field
of climate change research, Chinese scientists have achieved
many world-leading research results, so the voice of China is
becoming more and more powerful.

Observation records show that since 1951 the average
temperature in China has risen by 1.38°C, with an increasing
rate of 0.23°C per decade. The warming since the 1980s is
particularly significant. The warming rate of Arctic region
over the past 10 years is twice as high as estimated in the
IPCC’s fifth report, so the warming in the polar area has
contributed significantly to the global warming speed over
the past 10 years, instead of slowing down the global
warming. The semi-arid region has experienced the most
significant warming in the world except for the Arctic region
in the past 100 years. Especially, in arid and semi-arid re-
gions at a mid-high latitude in the northern hemisphere, the
temperature increases by 1.67°C, which is twice the average
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global land warming, contributing 45% of the global
warming (Huang J P et al., 2017, 2014). The average global
temperature increase from 1999 to 2008 is close to zero, but
the average temperature in this decade is still the highest in
the recent 30 years. The average temperature increase in
China is 0.4-0.5°C/10 yr. Global and Chinese observation
records confirm that global warming still continues (Wang et
al., 2010).

Under the background of global warming, the annual
average temperature in China has increased significantly in
the past 100 years, and the temperature rise is slightly higher
than the global average. The trend of precipitation is not
obvious, but the spatial characteristics of precipitation
changes are distinct and relatively stable. The frequency and
intensity of major extreme weather and climate events in
China have changed evidently in the past 50 years (Duan et
al., 2006; Ren et al., 2005; Wang et al., 2012b). Global
warming has slowed down since 1998, but the Qinghai-Ti-
betan Plateau has shown an accelerated warming trend. The
accelerated warming of the plateau has caused the snow to
melt rapidly. With the significant increase in precipitation,
the plateau heat source has shown a weakening trend (Duan
et al,, 2016). In the region east of 100°E in China, ar-
idification has been the prevailing trend in the past 50 years.
The regions with significant aridification are distributed in
the northwestern region, the whole of North China and the
southeastern part of the Northeast region. The aridification
trend in these areas is closely related to the continuous re-
duction of precipitation. Another important reason for the
aggravation of drought and its expansion is the continuous
rise in temperature (Fu and Ma, 2008). The interannual and
interdecadal variations and seasonal differences of the
average surface moisture index (1951-1997) in the two ty-
pical arid regions of North China and Northwest China in-
dicate that the interannual and interdecadal variations in the
Northwest and North China are basically opposite. The for-
mer has a tendency to become wet while the latter shows a
drying trend. The drying trend in North China mainly occurs
in summer and autumn. But in the northwest, except the
autumn in the east and summer in the west, there is a ten-
dency to become wet in other seasons (Figure 13) (Ma and
Fu, 2001). The analysis of three climate mutations during the
instrument observation period found that the decadal climate
mutation is closely related to global temperature variations.
The monsoon region is sensitive to climate mutation. The
climate mutation is a globally large-scale climate event with
the spatial structure of planetary-scale (Fu, 1994).

Since the 1980s, the global warming problem caused by
the increase in atmospheric concentrations of CO, and other
greenhouse gases has become one of the important research
hotspots in international sciences of the Earth. Liu et al.
(2005) compared the millennium long-term integrated cli-
mate simulation test of the Global sea-air coupled model,
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ECHO-G, with the temperature reconstruction data of east-
ern China. The results show that at the millennium scale,
solar radiation and volcanic activities are the main factors in
modulating the global and regional temperature change.
However, the change in greenhouse gas content in the recent
century-scale plays a more important role in rapid warming.
Wang and Zeng (1992) and Wang et al. (1992) applied the
two-layer atmospheric circulation model from the Institute of
Atmospheric Physics to simulate the ice age July climate.
Comparing with the present July simulation results, the ice
age atmosphere is found to have a substantially lower tem-
perature, precipitation and cloud cover, higher sea-level
pressure, especially the temperature at high latitude land
region of Northern Hemisphere and the Antarctic. There are
some common characteristics between the CO, induced cli-
matic changes and the ice age surface condition-induced
climatic changes, which may enlighten our understanding of
how the climate system responds to external forcing. The ice
age climate would have been changed little if the CO, con-
tent is set at modern value, which shows the problem of CO,
sensitivity should be studied by means of coupled models.

The two-layer global atmospheric circulation model is
coupled with the mixed layer sea model of 60-meter depth
and the thermodynamic sea ice model to simulate the modern
climate (1xCQO,) and the climate of double CO, content. It is
pointed out that after the CO, content doubles, the global
surface temperature rises by 1.75°C. And there are large
regional and seasonal differences in global climate change.
The temperature increase in the high latitude area of the
northern hemisphere and the Antarctic region is larger, and
the temperature increase in the terrestrial region is greater
than that in the marine region. Generally speaking, pre-
cipitation increases in the tropics and high latitude areas
while decreases in the subtropical zone. Based on multiple
sets of observation and reanalysis data, it has also been found
that changes of CO, over the past 60 years have also con-
tributed significantly to the interdecadal variations of East
Asian climates (Zhu et al., 2016). Ding et al. (2006) find that
the annual CO, emissions in China are increasing, and the
aggregation of positive radiative forcing of greenhouse gases
is the main cause of climate warming. The predictions of
climate change in the 21st century indicate that in the next
20-100 years, the surface temperature in China will increase
significantly, and precipitation will also increase. Specifi-
cally, the increase in the intensity of extreme precipitation
has made an important contribution to the increase in pre-
cipitation in China in the next 100 years (Chen and Sun,
2013).

Huang et al. (2016, 2017) put forward a feedback me-
chanism between land-atmosphere interaction and ar-
idification. It was found that surface warming and
destruction of underlying vegetation by human activities
would inhibit soil carbon storage, which would release more
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Figure 13 The variation and trend test of average surface moisture index during flood season in 1951-1997. (a) North China, (b) Northwestern China, (c)
east region of Northwestern. The thin lines indicate the original time series; the thick lines indicate 10-year moving averaged. Source: Ma and Fu (2001).

CO, to the atmosphere and aggravate regional aridification.
It is estimated that the expansion of the arid and semi-arid
regions will accelerate under the high-emission scenario in
the future. The dry land will cover more than 50% of the
global land area by the end of the century, and 3/4 expansion
will occur in developing countries. When the global average
temperature increase reaches 2°C, the temperature in arid
and semi-arid areas will increase by 3.2—4°C, which will
cause severe climate disasters (Figure 14). Zhang W et al.
(2018) studied the CMIP5 model data and finds that reducing
the limit of global warming from 2°C to 1.5°C will greatly
reduce the damage caused by disasters of extreme pre-
cipitation events in the populated monsoon region, especially
in South Africa, followed by South Asia and East Asia; In
addition, the population exposure of extreme drought in
China will also be significantly reduced (Chen and Sun,
2019). Im et al. (2018) studied and evaluated the future
changes in thermal stress response to different emissions
scenarios in the western maritime continental region. The
daily maximum wet bulb temperature was tested. The max-
imum reduction in the wet-bulb temperature of the plain and
coastal areas was relatively small, but that of mountainous
area was relatively large. The temperature prediction in
RCP8.5 scenario is higher than that in the RCP4.5 scenario,
so the importance of controlling greenhouse gas emissions to
reduce adverse effects on human health and heat-related
deaths is particularly evident. Ren et al. (2005) system-
atically analyzed the temporal and spatial characteristics of
the evolution of the main surface climatic elements in the
mainland China since 1951 and found that the increase in
atmospheric greenhouse gas concentration caused by human
activities may affect the climate in China for the past
50 years to some extent.

Atmospheric aerosols affect the radiation budget of the
earth-atmosphere system and further affect the climate of
Earth through direct, semi-direct and indirect effects. In
addition, the presence of aerosol particles will also cause
changes in the atmospheric heating rate and cooling rate,
directly affecting the atmospheric dynamic process. Atmo-
spheric aerosols such as sand and dust may also carry nu-
tritive salt. When they precipitate into the ocean, they will
affect the primary productivity of the ocean and the exchange
flux of the radioactive gas between the sea and the air, and

thus affect the ocean and global carbon cycle, and ultimately
exert an important impact on the climate system of the Earth
(Shi et al., 2008). Systematic observations of the dust and
sand confirm that the dust aerosol can accelerate the eva-
poration of cloud droplets and the reduction of cloud water
path in the low-level water cloud by absorbing solar radia-
tion. This semi-direct effect has played an important role in
aggravating the aridification in the semi-arid regions of
northwest China (Huang J P et al., 2014).

A significant effect of aerosols on the monsoon is reflected
in the large-scale darkening phenomenon in South Asia and
East Asia, namely the overall reduction in solar radiation
reaching the ground. The forcing mechanism of aerosols on
the East Asian and South Asian summer monsoons is dif-
ferent. Despite the influence of pollution emissions, the in-
crease in haze day in China is also closely related to the
change in East Asian monsoons (Wu et al., 2016; Li, 2016).
Lau et al. (2006) used the GCM model to simulate the ra-
diation effects of aerosols on the Tibetan Plateau. The results
show that the transported dust aerosols and the local an-
thropogenic aerosols emitted from the Ganges Plain cause a
temperature inversion at the upper troposphere by heating
the atmosphere. Then the Indian monsoon is affected, thus
causing the rainy season to advance. On the southern slope of
the Qinghai-Tibetan Plateau, aerosols can be lifted up to an
altitude of 5 km. Therefore, these aerosol particles can ab-
sorb solar radiation to heat the atmosphere, so that the cloud
cover, deep convective activities, and precipitation are in-
creased and the melting of snow in northern India is ac-
celerated (Lau et al., 2010). The effects of anthropogenic
aerosols on the Asian summer monsoon are mainly caused
by the response of atmospheric thermal and dynamic pro-
cesses. The effect of elevated anthropogenic aerosol con-
centrations changes the distribution of atmospheric heat
sources, thereby changing the thermal structure of the
monsoon region and weakening the heating in the area of
southeastern China and the northern part of the Indo-China
peninsula. Finally, the weakening of the summer monsoon
intensity is caused (Guo et al., 2017).

Research has been done to reveal the impacts of dust
aerosols on marine ecosystems and their climate and en-
vironmental effects, as well as the impact of bioaerosols on
human health and their climate effects. The result suggests
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Figure 14 Temporal variation in the global mean Al and the areal coverage of drylands. (a)—(f), global mean Al is shown in a, and areal coverage
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thin black lines are the CPC observations. The thin blue solid (dashed) lines are the CMIP5-EM from the historical and RCP8.5 (RCP4.5) projections. The
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that there is a strong link between dust aerosols and
bioaerosols. Dust can be used as a carrier of microorganisms
in the air. After the dust aerosols affect the marine ecosys-
tem, they will affect the production of bioaerosol over the
sea. The ecological environment and climatic effects of at-
mospheric aerosols are very complicated problems. The at-
mospheric aerosols may also be a double-edged sword. On

the one hand, the increase in the release of mineral dust and
bioaerosol will lead to atmospheric particulate pollution,
which can be a carrier for microorganisms, endangering the
human living environment and physical health; on the other
hand, dust precipitation will promote biological productivity
and affect marine carbon absorption even marine fisheries,
which is beneficial to humans (Shi et al., 2018). Reducing the
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release of anthropogenic aerosols will undoubtedly reduce
the pollution of particulate in the atmosphere, which is
conducive to human living environment and health. How-
ever, scattering aerosols such as sulfate have a strong cooling
effect on the climate system (Figure 15) (Shi et al., 2002).
Therefore, whether the reduction in its emissions will ac-
celerate the process of global warming is also a concern (Shi
et al., 2008). Cai et al. (2017) found that the increase in the
frequency of severe haze in Beijing is consistent with the
trend of the Arctic Oscillation and the weakening of the East
Asian winter monsoon as well as the rapid warming of the
lower troposphere. It indicates the circulation changes
caused by global greenhouse gas emissions will increase the
frequency of severe haze in Beijing.

Based on observational data, Chen and Tung (2014), re-
vealed that the warming slowdown may be due to changes in
energy redistribution within the climate system. Studies
show that sea temperature and salinity in the northern North
Atlantic continued to rise in the late 1990s. Thus, the ocean
thermohaline circulation is enhanced to deliver large
amounts of heat to the deep oceans, slowing global surface
temperature rise. Zeng et al. (2017) found that since 1982,
global greening has slowed the rate of increase in surface
temperature. The cooling effect mainly comes from the in-
crease in total evaporation (70%), the change in atmospheric
circulation (44%) and the weakening rate (21%) of short-
wave transmission. However, the warming effect mainly
comes from the increase in atmospheric long-wave radiation
release (—29%) and the decrease in albedo (—6%). The total
feedback from biophysics associated with global greening
has slowed the global surface warming by 12% over the past
30 years. Chen et al. (2015) used a variety of historical proxy
data in the past thousand years of Central Asian and Chinese
monsoon regions to analyze the spatial characteristics of
climate change in the warm climate period in Middle Ages
and the little ice age period in China and its surrounding
areas. It is found that ENSO may be an important factor
affecting hydrological and climate change in China and its
surrounding areas on the centennial-scale. Tan et al. (2016)
assessed changes of offshore sea surface temperature (SST)
in China and its response characteristics to global climate
change. Studies have shown that during the significant ac-
celeration period of global warming (the 1980s and 1990s),
The average SST of offshore regions in China exhibits a
faster temperature rise characteristic with a rate of 0.60°C/
10 yr, which is more than 5 times the global average
warming rate during the same period; during the warming
hiatus period (1998-2014), the SST of offshore in China
showed a significant downward trend. The interdecadal
variation of SST of the offshore areas in China is consistent
with the phase transition of the Pacific Decadal Oscillation
(PDO). The rapid rise (fall) phase of the SST corresponds to
the maximum period of the positive (negative) phase of
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PDO. PDO may influence the interdecadal variations of
offshore SST in China through East Asian monsoon and
Kuroshio.

Scientists have confirmed the facts of global warming in
the past 100 years from a multi-faceted and multi-angle
perspective. They provided new evidence for human-in-
duced climate warming in the aspects of ocean warming,
water cycle changes, shrinking of the cryosphere, rising sea
level and changes in extreme weather events. They further
confirmed that human activities are the main reason causing
climate warming since the mid-20th century. Estimates of
future climate change using the CMIP5 models and the RCP
scenarios suggest that the increase in greenhouse gas con-
centrations will exacerbate warming (Qin and Stocker, 2014;
Qin, 2018).

The IPCC and World Climate Research Program Seminar
held in 2014 identified eight challenging themes: cloud, cir-
culation and climate sensitivity; understanding and predicting
the extreme weather and climate events; changes in cryo-
sphere; regional climate information; the rise of regional sea
level and its impact on coastal areas; the amount of water
availability; biogeochemistry; understanding the interdecadal
changes; attribution and prediction. These topics cover the
major frontiers of present natural sciences of climate change
(Sun et al., 2013, 2015; Qin et al., 2014; Qin, 2018).

8. Summary and perspective

Seventy years ago, the founding of the People’s Republic of
China opened the historical journey of the great rejuvenation
of the nation. Forty years ago, the curtain of the reform and
opening was pulled aside. Our predecessor endured great
hardships in pioneer work and stupendous changes have ta-
ken place. How time flies! With the national support for
technology and meteorology, Chinese achievements in var-
ious fields of atmospheric sciences have attracted worldwide
attention. Chinese scientists have achieved many outstanding
achievements in the field of climate and climate change,
especially in the research of East Asian atmospheric circu-
lation and monsoon, variation of land-atmosphere coupling
system in Qinghai-Tibetan Plateau and its global climate
effects, climate change, etc. Their achievements are sum-
marized as follows.

(1) Chinese scientists used long-term scale data to statis-
tically analyze the warm and cold periods as well as dry and
flood periods of climate. They also systematically studied the
formation mechanism of climate disasters and extreme
weather events, which laid a physical foundation for climate
disaster prediction in China.

(2) Since the 1950s, Chinese scientists have paid attention
to the influence of the unique terrain of the Qinghai-Tibetan
Plateau on atmospheric circulation and climate. Firstly, the
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Figure 15 Annual averaged ground temperature change due to anthro-
pogenic sulfate (°C). Source: Shi et al., (2002).

classical dynamic and thermodynamic effects theory of the
Qinghai-Tibetan Plateau was proposed. The theory revealed
that the Qinghai-Tibetan Plateau forcing leads to the en-
hancement of the coupling of the circulation of the lower and
upper troposphere and the coupling of the tropical and sub-
tropical monsoon circulation. They systematically elaborated
significant impacts of dynamic and thermodynamic effects
of the Qinghai-Tibetan Plateau on the interdecadal, inter-
annual and intra-seasonal changes of the Asian monsoon.
Systematic studies on the variation of the land-atmosphere
coupling system and its global climate effects on the Qin-
ghai-Tibetan Plateau were developed. They also initiated the
meteorology of the Qinghai-Tibetan Plateau and established
the world-leading position of China in plateau meteor-
ological researches. All these contributions greatly promoted
the development of interdisciplinary fields such as atmo-
spheric sciences and geosciences in the frontier research field
of the Qinghai-Tibetan Plateau.

(3) For the first time in the world, a quantitative model of
the relationship between the stable oxygen isotope ratio in
precipitation and the temperature during precipitation peri-
ods in the whole Qinghai-Tibetan Plateau was established.
The high-resolution ice core record clarifies the climate
change characteristics of the Qinghai-Tibetan Plateau over
the past 100000 years. It is proposed that the variation am-
plitude of atmospheric methane concentration in the Qin-
ghai-Tibetan Plateau is larger than that in the polar region.
The intensity variation of monsoon will have an important
impact on the concentration of methane. They revealed that
the relationship between microbial community density
changes in ice cores and climate change. They also propose
new indicators for studying paleoclimate change through
microbial changes. It is suggested that the strengthening of
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the westerlies and the weakening of the monsoon are the
main driving forces for the glacier retreat in the Qinghai-
Tibetan Plateau and its surrounding areas.

(4) They proposed the thermal adaptation theory and
“Sensible Heat driven Air-Pump” theory to explain the in-
fluence of the Qinghai-Tibetan Plateau, which proved the
difference between land-sea thermal contrast and the topo-
graphy over their contribution to the formation of different
branches of Asian summer monsoon system. They pioneer-
ingly divided the onset of Asian summer monsoon into three
stages of organic connection. They systematically propose
the definition of the East Asian monsoon system and its
variation mechanism. It is pointed out that the two systems of
the East Asian monsoon and the South Asian monsoon are
both connected with and distinct from each other. It proves
that the characteristics of air-sea interaction are significantly
different from those in the tropics due to the strong geos-
trophic and baroclinic properties at mid-high latitudes. Chi-
nese scientists have achieved original and international
leading results on monsoon researches. Especially in the
research of the East Asian monsoon, Chinese scientists are
playing a dominant role internationally.

(5) Since the 1950s, China has conducted voluminous in-
ternational leading research on atmospheric circulation
changes. Firstly, it is proposed that the seasonal transition of
the East Asian atmospheric circulation is abrupt, which
perfected and developed the developed Rossby’s theory of
geostrophic adjustment of atmospheric movement. In addi-
tion, they developed the theories of semi-geostrophic ad-
justment, spherical atmospheric adjustment, and geostrophic
adaptation with external forcing, etc. They also put forward
the East Asian/Pacific type (EAP type) teleconnection and its
theory of the summer atmospheric anomalies in the northern
hemisphere to explain how the summer drought and flood in
China is affected. They are the first in the world to reveal the
mechanism of El Nifio influencing East Asian monsoon
through the anti-cyclone anomaly in the western Pacific.
Firstly, it is proposed that the Asian continent can be basi-
cally divided into “Westerlies Asia” which is mainly con-
trolled by mid-latitude westerly circulation and “Monsoonal
Asia” which is mainly controlled by monsoon circulation.
Westerlies Asia has a relatively dry climate in the early
Holocene, and relatively humid in the mid-late Holocene.
There is a “dislocation phase” or “anti-phase” of climate
changes between Westerlies Asia and Monsoonal Asia.

(6) Chinese scientists are the earliest to propose that the
convective heating feedback is an important mechanism to
stimulate tropical intra-seasonal oscillations. The intra-sea-
sonal oscillation CISK wave theory in tropical atmospheric
is improved, and the theory and dynamic mechanism of at-
mospheric low-frequency teleconnection are proposed. Since
the late 1970s, China has begun to develop climate models
and apply them to simulation studies of climate processes.
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Chinese scientists have established a theoretical framework
for climate dynamics, and have taken the lead in conducting
cross-quarter numerical climate predictions internationally.
They also established a short-term numerical climate pre-
diction system and applied it to summer drought and flood
forecasting business in China. The 2nd generation short-term
climate prediction model system has been put into operation.
5 climate system models from China participated in the
Coupled Model Intercomparison Project, Phase 5.

(7) Chinese scientists have participated in and successfully
organized the IPCC scientific assessment activities, and
made great contributions in efforts to construct and dis-
seminate important scientific conclusions about the anthro-
pogenic impact of the Earth’s climate, thus laying a solid
foundation for human actions to actively respond to the cli-
mate change. With regard to the evolution of climate and
environment in China, the assessment study of environ-
mental evolution in western China has had a wide-ranging
impact on the international community. It promoted the
continuous progress of domestic and international research
on climate change contributed to the progress of global
change research. In the field of climate change, Chinese
scientists have reaped the numerous world-leading fruits.
Thus, the right to speak internationally is becoming more and
more powerful.

Although the research on the climate and the climate
change has produced a series of original and internationally
leading results, there still remain many problems that will
lead the way in the future research on the climate and the
climate change.

(1) Based on existing results, a scientific and reasonable
complete physical image needs to be constituted by ques-
tions of how the dynamic and thermodynamic effects of the
land-atmosphere coupled process on the Qinghai-Tibetan
Plateau affect Asian monsoons and multi-scale disaster
weather systems, etc. The mechanism discussion and nu-
merical simulation verification of the land-atmosphere cou-
pling process of the Qinghai-Tibetan Plateau and the
synergistic effect of the ocean on the global climate should
be carried out under the guidance of the concept of multi-
sphere interaction. There are urgent needs for breakthroughs
in the following fields: the vertical structure of cloud pre-
cipitation in plateau and the temporal and spatial changes of
the latent heat structure; the temporal and spatial changes of
cloud parameters and the effects of radiation budget; and the
precipitation efficiency and the water cycle. The aim is to
obtain innovative research results in the physical mechanism
of the cloud precipitation process on the Qinghai-Tibetan
Plateau.

(2) The East Asian monsoon is also a regional climate
system affected by oceans, land, ice, and plateau. The in-
teraction of these different layers has an important impact on
the anomalies of the East Asian monsoon climate. Especially,
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the impact of the interaction of these layers on the East Asian
monsoon climate in the context of global warming is a sci-
entific issue that needs to be studied in the future. In addition,
the East Asian monsoon is an important member of the
global climate system. The changes in the East Asian mon-
soon also have important feedback effects on global climate
change, which deserves in-depth studies.

(3) With the CMIP5 model as the reference standard, there
is still a big gap between current climate model in China and
the international leading model. The development of high-
resolution models has been slow for a long time, and China is
lagging behind the international average. On the one hand,
there is a lack of sufficient high-performance computing
resources. On the other hand, the level of design and de-
velopment of corresponding software lags far behind the
progress of hardware. Therefore, it is necessary to carry out
integrated researches on the development of climate system
models, and integrate the decentralized researches on the
development, evaluation and application of climate system
models into an organic whole, and develop high-resolution
land-atmosphere coupled climate system models through
extension, crossover and upgrading, making Chinese com-
prehensive level of climate model development and simu-
lation rank among the top in the world.

(4) How much global warming caused by greenhouse gas
generated by human activities will be produced is still a
problem that has not been clarified. Even if there are many
studies, the results of these studies are different and there is
great uncertainty. It may be a major scientific issue in at-
mospheric science and global climate change research in the
future. What are the different responses of global warming to
climate variability in different regions of China? To what
extent does climate change affect air pollution? To what
extent does the latter affect climate change? The warming of
different regions of China, the attribution analysis of drying
or wetting of different regions, and the differences between
these factors and the global climate change factors are all
urgent scientific questions to answer.

(5) With global warming, record-breaking extreme
weather, and climate events occur frequently, which had
widespread and serious impacts on human health, agri-
culture, ecosystems, and infrastructure. The causes and
changes in extreme weather and climate events are complex.
In the context of global warming, how to study the causes
and changes of extreme weather and climate events from the
perspective of multi-factor synergy is a difficult and im-
portant point in international climate research.
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