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Abstract  Scientific issues relevant to interactions between aerosols and the Asian monsoon climate were discussed and 
evaluated at the 33rd “Forum of Science and Technology Frontiers” sponsored by the Department of Earth Sciences at the 
Chinese Academy of Sciences. Major results are summarized in this paper. The East Asian monsoon directly affects aerosol 
transport and provides a favorable background circulation for the occurrence and development of persistent fog-haze weather. 
Spatial features of aerosol transport and distribution are also influenced by the East Asian monsoon on seasonal, inter-annual, 
and decadal scales. High moisture levels in monsoon regions also affect aerosol optical and radiative properties. Observation 
analyses indicate that cloud physical properties and precipitation are significantly affected by aerosols in China with aerosols 
likely suppressing local light and moderate rainfall, and intensifying heavy rainfall in southeast coastal regions. However, the 
detailed mechanisms behind this pattern still need further exploration. The decadal variation in the East Asian monsoon 
strongly affects aerosol concentrations and their spatial patterns. The weakening monsoon circulation in recent decades has 
likely helped to increase regional aerosol concentrations. The substantial increase in Chinese air pollutants has likely decreased 
the temperature difference between land and sea, which favors intensification of the weakening monsoon circulation. Con-
structive suggestions regarding future studies on aerosols and monsoons were proposed in this forum and key uncertain issues 
were also discussed. 
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1.  Introduction 

Climate change has been a great concern both to govern-
ments and people around the world since the 1980s. On the 
one hand, climate change is affected by natural factors in-
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cluding earth orbit parameters, solar activity, volcanic erup-
tions, and internal climate oscillations. On the other hand, 
climate is also influenced by the by-products of anthropo-
genic activities, such as greenhouse gases (GHGs) and aer-
osols, and land use practices. Presently, many regions suffer 
from floods or droughts, extremely high or low tempera-
tures, high frequent precipitation, and other natural hazards. 
These hazards not only affect people’s lives, but also en-
danger the sustainable development of global economics 
and societies. Of many influencing factors, the biggest un-
certainty is from aerosols. For this reason, scientific issues 
regarding aerosols have been paid more attention in recent 
years (IPCC, 2013). 

Aerosols are liquid or solid particles suspended in the air. 
Atmospheric aerosols come from direct emissions (primary 
sources) or gas-particle conversion processes (secondary 
sources). Aerosol primary sources include burning, dust, 
and biomass emissions, and its secondary formation is in-
volved in the nucleation and growth of multiphase chemical 
processes (Zhang et al., 2004; Zhang, 2010; Zhang R Y et 
al., 2012, 2015). For example, many aerosol species are 
produced by anthropogenic activities, such as coal combus-
tion, vehicular emissions, and residential cooking. Primary 
and secondary aerosols are subjected to physical and chem-
ical ageing, interactions with cloud processes, and 
long-term transport (Zhang Y H et al., 2008).  

Aerosols play great roles in the earth climate system 
through atmospheric radiation, cloud physics, and hydro-
logic cycle processes (IPCC, 2013). The interaction be-
tween aerosols and radiation, or the aerosol direct effect, is 
the mechanism by which aerosols absorb and scatter solar 
radiation, altering the radiation budget (Li et al., 2004; For-
ster et al., 2007; Myhre et al., 2013). The interaction be-
tween aerosols and clouds, or the aerosol indirect effect, is 
the mechanism by which aerosols modify cloud microphys-
ical properties and lifetimes, producing changes in radiation 
and precipitation (Ramanathan et al., 2001; Rosenfeld, 
2000; Rosenfeld et al., 2008; Li et al., 2011a; Tao et al., 
2012). When the liquid water content is held fixed, an in-
crease in the aerosol number concentration increases the 
cloud droplet number concentration, but cloud droplet sizes 
are smaller. This decreases solar radiation over cloudy areas 
and is called the “first aerosol indirect effect” (Twomey, 
1977). An increase in aerosols could inhibit rainfall and 
prolong cloud lifetimes, leading to stronger cloud albedo 
effects. This is called the “second aerosol indirect effect” 
(Albrecht, 1989; Ackerman et al., 1995). Huang et al. 
(2006) pointed out that the daytime air temperature range 
has decreased by 0.7°C due to aerosol indirect effects. The 
aerosol effects mentioned above are likely intensified by 
feedbacks in general circulation. It is a challenging task for 
researchers to find observational aerosol effects, to simulate 
them, and to understand their mechanisms. Overall, if the 
aerosol number increases, cloud particle sizes tend to de-
crease, and rainfall caused by warm clouds is suppressed 
(Albrecht, 1989; Rosenfeld, 2000). On the other hand, aer-

osols postpone the occurrence of rainfall and make clouds 
develop higher into the atmosphere. The conversion of 
cloud phases releases latent heat and triggers convection, 
resulting in further cloud development and more rainfall 
(Andreae, 2004; Lin et al., 2006; Koren et al., 2008; Rosen-
feld et al., 2008; Li et al., 2011a). The ultimate aerosol ef-
fect on clouds and precipitation depends on specific micro-
physics, and dynamic and thermal conditions (Khain et al., 
2008; Fan et al., 2009). 

A large amount of aerosols have been produced due to 
anthropogenic activities since the pre-industrial era. In past 
decades, with the rapid economic growth in China, India, 
and other booming countries, the amount of anthropogenic 
aerosols has quickly increased. As shown by observations 
(Zhang X Y et al., 2012, 2013), aerosol mass concentrations 
in eastern China cities are much higher and only lower than 
some of the South Asian cities on a world scale. Moreover, 
some anthropogenic species (e.g., sulfate, organic carbon, 
black carbon, and nitrate) comprise the bulk of total aero-
sols. Heavy regional aerosol loading not only causes serious 
environmental issues and threatens human health, but it also 
has an impact on weather and climate through aero-
sol-radiation-cloud interactions as noted above. 

China is a major monsoon climate region. The tempera-
ture, precipitation, and atmospheric circulation in this re-
gion have distinct seasonal variations. Their changes on 
different time scales have a direct impact on regional 
changes in precipitation and temperature. Consequently, 
China has long been a key region in global climate change 
research. The monsoon circulation has a direct influence on 
the transfer of atmospheric matter such as water vapor and 
raindrops. Aerosol processes are also affected by atmos-
pheric circulation and how they change in time is affected 
by the variation in monsoon circulation. Because of this, 
research on the interaction between aerosols and the East 
Asian monsoon (EAM) has become a hot topic in current 
atmospheric environment and climate change research. 

Studies about the interaction between aerosols and mon-
soons were reviewed and summarized at the 33rd “Frontier 
Science and Technology Forum” sponsored by the Depart-
ment of Earth Sciences at the Chinese Academy of Scienc-
es. The forum brought together domestic and foreign re-
search scientists who shared their insights into the topic at 
hand. Focusing on the importance and urgency of current 
environmental aerosol pollution and the problem of its ef-
fects on climate in China, this study reviews some of the 
progress made concerning the interaction between aerosols 
and weather-climate in the EAM region at home and 
abroad. Rather than being a comprehensive review, this 
paper summarizes the reports presented at the forum in-
cluding the ensuing discussion.  

2.  Characteristics of aerosols and the monsoon 
climate in China 

Unlike long-lived and spatially homogeneous GHGs, trop-
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ospheric aerosols have short lifetimes in the atmosphere, 
and stronger spatio-temporal features. China has the largest 
population in the world and the area over which anthropo-
genic aerosols are present is also the largest in the northern 
hemisphere. Over the past three decades, the economic de-
velopment in China has grown rapidly. This has placed 
great pressure on the regional environment and natural re-
sources. Chinese energy consumption mainly relies on coal. 
Wintertime heating in northern China produces large 
amounts of sulfate, nitrate, and carbonaceous emissions 
(Zhang Q et al., 2009). A wide range of agricultural indus-
tries in eastern China have led to emissions of many aerosol 
precursors, mainly ammonium. In central Asia, including 
northwestern China arid regions, mineral dust is transported 
eastward to downstream regions. Dust aerosols comprise the 
bulk of total aerosols there (Huang et al., 2008a, 2014). The 
industrial, agricultural, and natural activities mentioned 
above have deeply affected the distribution and climatic 
effects of Chinese aerosols. 

To investigate aerosol climate effects in China, many 
large field campaigns have been carried out. Chinese aero-
sol network and international Aerosol Characterization Ex-
periments-Asia observational experiments concerning aer-
osols have been done continuously since 2001 (Zhang et al., 
2002a, 2003). The East Asian Study of Tropospheric Aero-
sols: an International Regional Experiment (EAST-AIRE) 
was conducted in 2005 and 2008 (Li Z Q et al., 2007a, 
2007b, 2011a) and coordinated other existing observational 
projects. Some established aerosol observational networks 
include the Chinese Sun Hazemeter Network jointly estab-
lished by the Chinese Academy of Sciences and University 
of Maryland (Xin et al., 2006, 2007), the Chinese Meteoro-
logical Administration Atmosphere Watch Network 
(CAWNET) (Zhang X Y et al., 2008a, 2008b, 2013), the 
China Aerosol Remote Sensing Network (Che et al., 2009) 
and operational sites for aerosol observations. Continuous 
observations of aerosols, clouds, and radiation have been 
made at some heavily instrumented sites, such as those in 
Beijing, Xianghe, Taihu, and Yuzhong (Li Z Q et al., 
2007a; Huang et al., 2008b; Fan X H et al., 2013). In addi-
tion, there are several completed or ongoing National Basic 
Research Program of China campaigns, e.g., “Atmospheric 
Aerosols and Their Climate Effects”, “Aerosol-cloud-  
radiation Feedbacks and Interactions with Asian Monsoon 
Studies”, “Observational and Modeling Studies of Cloud, 
Aerosol and Their Climate Effects”, “The Physical and 
Chemical Characteristics of Atmospheric Pollutants and Its 
Interaction with the Climate System”, “Decadal Scale 
Global and China’s Atmospheric Composition and Climate 
Change and Its Interactions”, and “The Climate Effect of 
China’s Eastern Coastal Urban Belt and Its Countermeas-
ures”. Many national and departmental projects include ef-
forts to observe aerosols and to study their regional impacts. 
For example, the number of projects with “aerosol” in titles 
increased to 40 in 2013. This shows that studies about aer-

osols have become a new direction for Chinese climate re-
search. 

Through these comprehensive experiments, Chinese sci-
entists have obtained a large number of aerosol datasets, 
which provide a good basis for studying aerosol climate 
effects. Based on observations, the composition and spa-
tio-temporal characteristics of atmospheric aerosols are re-
vealed in China. Observations show that some aerosol mass 
concentrations over eastern Chinese mega-cities are only 
lower than those in South Asia. Figure 1 shows that mineral, 
sulfate, organic carbon, nitrate, ammonium, and black car-
bon aerosols make up 35%, 16%, 15%, 7%, 5%, and 3%, 
respectively, of the bulk of total particles with diameters 
less than 10 mm (PM10), resulting in scattering-cooling cli-
mate effects (Zhang X Y et al., 2012). Organic aerosols 
have a higher ratio in China than in Europe and North 
America. The ratios of secondary aerosols are about 55% 
and 60% in Chinese urban and rural regions, respectively. 
Other aerosol compositions are also similar in northern 
China and in Yangtze and Pearl River Delta (PRD) cities 
except for mineral aerosols (Zhang Y H et al., 2008; Zhang 
X Y et al., 2012). Heavy aerosol loading in China is also 
reflected in satellite retrievals of aerosol optical depth 
(AOD). Recent satellite datasets show that high AOD re-
gions are mainly located in the North China Plain, the Si-
chuan Basin, central China, and the Yangtze and PRD re-
gions. AOD over north China and the middle and lower 
reaches of the Yangtze River is much larger than over other 
regions in wintertime (Luo et al., 2014). Moreover, the 
AOD over eastern China is much larger than that over Eu-
ropean and North American regions (Shindell et al., 2013). 
Observations further show that AOD heights can reach 2–3 
km and that fine-mode aerosols are dominant (Li et al., 
2009; Xia et al., 2013). High concentrations of aerosols are 
also behind the fog-haze episodes that frequently occur in 
eastern China cities (Ma et al., 2012; Sun et al., 2014). 
Thus, more attentions should be paid to aerosol issues. 

Aerosols have clear regional features in terms of spatio- 
temporal characteristics. Their chemical and micro-physical 
characteristics are also strongly affected by local emissions 
and ambient factors. For the densely populated and highly 
industrial Beijing and Tianjin mega-city regions, 70% of 
aerosols are internally mixed with two or three other aerosol 
types (Li and Shao, 2009). The aerosol deliquescence point 
is shifted early after mixing, but its hygroscopic ability 
weakens (Shi et al., 2012). 

The EAM system is not just a circulation system over the 
East Asian with distinct seasonal evolution, but rather a 
regional climate system involving the processions of ocean, 
land surface, snow and ice, as well as the Tibetan Plateau 
(Huang et al., 2007; Wu et al., 2012). Many nature factors 
and anthropogenic factors can exert influences on it. The 
EAM region is one of the most vulnerable areas to climate 
variability in the world. The frequent climate disasters (such 
as droughts and floods, severe cold spells, severe hot waves, 
precipitation extremes, etc.) have caused serious damage to 
human life and property together with social development in  
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Figure 1  Annually-averaged mass concentrations (median of the box plot) 
of aerosol chemical species and their percentage (open circles) of PM10 in 
China. After Zhang X Y et al., 2012. 

the East Asian. For example, the food loss in China can 
reach about 200×108 kg and the economic loss over 200 
billion yuan each year due to these disasters (Huang, 2004). 
These disasters mentioned above have also caused a serial 
of social and environmental problems. All these are in-
volved with the impact of climate change. The variation of 
aerosol over the East Asian region is an important factor 
affecting climate change. Therefore, the variation of aerosol 
over the East Asian region and its impact on the EAM cli-
mate are attracting more and more concerns. 

3.  The impacts of aerosols on weather and cli-
mate over China 

Many studies have addressed the influence of aerosols on 
the Asian monsoon climate, especially over South Asia 
(e.g., Lau and Kim, 2006; Bollasina et al., 2011). However, 
due to the complexity of the factors affecting the EAM cli-
mate, there are many difficulties in simulating the long-term 
climate variation over China by current climate models. The 
present research on this influence is largely focused on the 
quantitative analysis of measurements and on numerical 
simulations based on climate models (Menon et al., 2002; 
Li L J et al., 2007; Niu et al., 2010; Li H M et al., 2010; 
Song et al., 2014), but no explicit conclusions have been 
reached yet. Since it is a huge challenge to quantify the in-
fluence of aerosols on weather and climate over China, this 
study briefly reviews relevant researches done at home and 
abroad from the two aspects of weather and climate, and 

points out some widely accepted results.  

3.1  The impacts of aerosols on regional meteorological 
systems 

Previous studies have revealed that clouds and precipitation 
are associated with aerosol concentrations, especially in 
regions polluted by aerosols throughout the year. Based on 
long-term observation-based aerosol and cloud datasets 
collected at the South Great Plains (SGP) site, Li et al. 
(2011a) have analyzed the effects of aerosols on cloud and 
precipitation under different meteorological conditions. In 
wet (dry) regions and seasons, the emission of aerosols 
could enhance (suppress) the development of clouds, thus 
increasing (decreasing) the frequency and intensity of pre-
cipitation and inducing more floods (droughts) (Figures 2 
and 3). This conclusion is further confirmed by analyzing 
global satellite data (Niu and Li, 2012), which suggests that 
the conclusion is not confined to the SGP site, but can be 
applied to other regions in the world, especially tropical 
regions. For deep mixed-phase clouds, cloud-top tempera-
tures are significantly negatively correlated with increasing 
aerosol loading, while no significant correlation is found for 
uniformly liquid clouds (Niu and Li, 2012). Ding et al. 
(2013) analyzed air pollution-weather interactions based on 
observational evidence and regional model results in the 
Yangtze River Delta area during May and June of 2012. 
They found that the presence of pollution aerosols can result 
in a decrease in solar radiation, sensible heat, and surface 
temperature, leading to changes in local short-term rainfall 
processes. In addition, the competition between direct and 
indirect effects of aerosols has been shown to affect clouds 
and precipitation (Fan et al., 2008). 

Recent studies based on observations suggest that the in-
crease in aerosol loading plays a role in changing cloud 
physical characteristics and thunderstorm activities. Aerosol 
effects on precipitation and thunderstorms in Shanxi Prov-
ince, China have been investigated using long-term obser-
vational datasets from land stations. From this data, Yang et 
al. (2013a) found that aerosol microphysical effects could 
reduce orographic precipitation. When there is more pollu-
tion in the atmosphere, the suppressive effect of aerosols on 
light precipitation over the plains becomes stronger and the 
frequency of thunderstorms in the Guanzhong plain area is 
decreased (Yang et al., 2013a, 2013b). However, in south-
east China, there is more orographic precipitation as air 
pollution increases (Yang and Li, 2014). These opposite 
responses to increasing air pollution levels may be due to 
the aerosol type dominant over the region in question. For 
example, concentrations of mineral and black carbon aero-
sols are higher in northwest China than in southeast China. 
Therefore, radiative and thermal effects dominate in north-
west China, while the enhancement of deep convective 
clouds due to the cloud albedo effect dominates in southeast 
China. 
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Figure 2  Changes in cloud thickness with concentration of condensation nuclei (CCN) in (a) all seasons and (b) summer. (After Li et al., 2011a). 

 
Figure 3  Changes in (a) rainfall frequency and (b) rain rate distribution with concentration of condensation nuclei (CCN). After Li et al., 2011a. 

The impacts of aerosols on local cloud physical process-
es, precipitation, and lightning can be found in some heavily 
polluted regions. A seven-year analysis of precipitation, 
lightning flashes, and visibility from 2000 to 2006 has been 
carried out using data from the PRD region of China (Wang 
et al., 2011). The accumulated heavy rainfall (>25 mm per 
day) and frequency of lightning strikes are inversely corre-
lated to visibility, and the spatial distributions of AOD and 
lightning are consistent (Wang et al., 2011). The Weather 
Research and Forecasting (WRF) model has been used to 
simulate a mesoscale convective system that occurred on 
March 28, 2009 in the PRD region (Wang et al., 2013a). 
Simulations suggest that precipitation and the lightning po-
tential index are enhanced by about 16% and 50%, respec-
tively, under polluted aerosol conditions (Wang et al., 
2011). The elevated aerosol loading suppresses light and 
moderate precipitation (less than 25 mm per day), but en-
hances heavy precipitation (Figure 4). More intensified 
convection occurs under polluted aerosol conditions (Wang 
et al., 2013b). 

3.2  The impacts of aerosols on regional climate fea-
tures 

From the 1960s to the late 1990s, the surface downwelling 

solar radiation over China has been significantly reduced 
(Luo et al., 2001; Shi et al., 2008), but the cloud amount has 
not changed much (Qian et al., 2007). Li Z Q et al. (2010) 
estimated the nationwide annual mean aerosol radiative 
forcing as 0.4 W m2 at the top of the atmosphere, 15 W 
m2 at the surface, and 15 W m2 inside the atmosphere. 
Hence, the solar radiation change over China is likely due to 
the increase in aerosol loading. This is confirmed by the 
temperature changes observed over China, i.e., temperatures 
are generally increasing over China, but the magnitude of 
the warming is smallest in eastern China where the pollu-
tion level is higher. Strong atmospheric and surface aerosol 
radiative forcing can alter atmospheric stability and circula-
tion significantly. An atmospheric model simulation has 
shown that the aerosol radiative forcing over China exerts 
large influences on the atmospheric circulation, surface pres-
sure, temperature, humidity, and fog over China (Niu et al., 
2010). Based on an observational analysis and long-term 
cloud-resolving model simulations, Fan J W et al. (2013) 
proposed a new theory that it is the combined microphysical 
and thermodynamic effects of aerosols that control the cloud 
development.  

Based on a climate model simulation, He et al. (2013) 
have shown that the increase in aerosol loading contributes  
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Figure 4  (a) Percentage of grid areas under each precipitation category 
over the entire model domain. (b) Percentage of the precipitation amount in 
each category over the total precipitation amount. Dark blue corresponds to 
the polluted atmosphere and red corresponds to the clean atmosphere. After 
Wang et al., 2013a. 

directly to the summer surface cooling over eastern China. 
Precipitation over China during the past few decades has 
shown a significant long-term trend, namely, that there is a 
“southern-flood-northern-drought” (SFND) pattern over 
eastern China where it is densely populated and where in-
dustrial and agricultural practices are highly developed, and 
a general “light rainfall decreases and heavy rainfall in-
creases” trend over China. These changes may be due to 
many factors, including those involved with complex aero-
sol-cloud interactions (Li et al., 2011b; Qian et al., 2009). If 
these climate changes are related to aerosols, it will influ-
ence the future use of water resources and the sustainable 
development of the economy and society of this country. 

3.3  The impacts of aerosols on atmospheric circulation 

Many studies have revealed that aerosols have large influ-
ences on climate and atmospheric circulation. Influences on 
the climatology and long-term trends in cloud physics, 
temperature, and precipitation over China have increasingly 
become the focus of many studies. 

The specific influences of aerosols on China are closely 
related to regional aerosol properties, weather, climate, and 
terrain, but are also largely controlled by the regional at-
mospheric circulation, namely, the monsoon circulation. In 
summer, along with the warm and moist air, strong surface 
heat fluxes and moist potential energy are favorable for the 
development of strong convection. Under these conditions, 
aerosols can likely reinforce convection and precipitation 

(Rosenfeld et al., 2008; Li et al., 2011b). By contrast, aero-
sols likely suppress convection and precipitation in winter. 
Wind shear is another factor that constrains the climate ef-
fect of aerosols. Weak wind shear is in favor of the aerosol 
effect, and strong wind shear hinders the aerosol effect (Fan 
et al., 2009). Wind shear may also be affected by the mon-
soon, forming the following feedback: surface wind is re-
duced by aerosols, but high-level wind remains almost un-
changed, so that wind shear is enhanced and convection is 
suppressed by aerosols. The enhanced wind shear does not 
support the transfer and diffusion of aerosols from the sur-
face to higher into the atmosphere. So, aerosol effects (in-
cluding radiative and microphysical effects) will be intensi-
fied, further enhancing wind shear and suppressing convec-
tion (Fan et al., 2009). 

The East Asian summer monsoon (EASM) has weakened 
during the late 1970s and 1990s, inducing the formation of 
the SFND precipitation pattern over eastern China (Hu, 
1997; Wang, 2001; Yu et al., 2004, 2008; Yu and Zhou, 
2007; Zhou et al., 2009a). Menon et al. (2002) have sug-
gested that the increase in black carbon emissions contrib-
utes to the precipitation pattern. However, Meehl et al. 
(2008) have argued that the influence of black carbon on the 
Indian monsoon is significant, while its influence on the 
EASM is relatively weak because natural variability may 
play a dominant role. Zhou et al. (2008, 2013) have also 
supported the notion that the weakening of the EASM is 
mainly due to the tropical ocean’s warming related to the 
phase shift of the Pacific Decadal Oscillation (PDO). Both 
the EASM index and North China precipitation are closely 
related to the PDO (Figure 5(a) and (b)). Corresponding to 
the weakening of the EASM, the SFND pattern is seen over 
eastern China (Figure 5(c)). In addition, Li H M et al. 
(2010) have found that the observed weakening of the 
EASM can be reasonably reproduced by an atmospheric 
general circulation model (AGCM) forced by the observed 
sea surface temperature (SST), which is mainly due to the 
tropical ocean’s warming along with the positive phase of 
the PDO (Figure 6(a)–(c)). Li H M et al. (2010) have also 
suggested that the total effect of aerosols slightly enhances, 
rather than weakens, the EASM (Figure 6(d)). This conclu-
sion is consistent with Li L J et al. (2007), which was based 
on the Institute of Atmospheric Physics/LASG AGCM, but 
different from Menon et al. (2002) who argued that the in-
crease in black carbon aerosols favors the SFND precipita-
tion pattern over eastern China. An important assumption is 
made by Menon et al. (2002) to explain these differences, 
namely, that the type of aerosol over China belongs to the 
“dark” aerosol category (aerosol single-scattering albedo 
(SSA)=0.85). However, according to satellite and surface 
observations, the aerosol SSA has large temporal and spatial 
variations over China. On average, aerosol absorption is 
weaker than that assumed by Menon et al. (2002). The na-
tional mean SSA is about 0.90 (Lee et al., 2007). Based on     
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sensitivity experiments using SSA=0.90, the SFND pattern 
cannot be reproduced. Zhang H et al. (2009) have found that 
the total direct effect of sulfate, organic carbon, and black 
carbon aerosols do not contribute to the SFND pattern, 
which is further confirmed by Zhang L et al. (2012) who 
used an updated emissions dataset and a climate model in-
corporating aerosol processes. 

Zhang H et al. (2012) and Wang et al. (2014a) have sug-
gested that the increase in aerosols weakens the EAM and 
suppresses convection along 30°N in China (Figure 7), fa-
voring enhanced atmospheric stability. Jiang et al. (2013) 
have used a climate model to show that anthropogenic aer-
osols suppress precipitation over North China. Based on the 
latest Coupled Model Intercomparison Project Phase 5 
(CMIP5) models, Song et al. (2014) have compared the 
different influences of natural forcing (solar activity and 
volcanic eruption) and anthropogenic forcing (GHGs and 
aerosols) on the decadal weakening of the EASM. The ob-
served weakening of the EASM during 1958–2001 is partly 
reproduced in the all-forcing runs, but with much weaker 
magnitudes. Although the weakening of the EASM circula-
tion can be reproduced, the SFND pattern cannot be cap-

tured in the all-forcing runs (Figure 8(a) and (b)). Compari-
sons of results from different forcing runs show that aero-
sols largely weaken the EASM circulation, while GHGs 
slightly enhance the EASM circulation (Figure 8(d) and (f)). 
Due to the heavy pollution over China, the surface cooling 
caused by aerosols is evident, leading to a weakened 
land-sea thermal contrast and a high sea-level pressure 
anomaly over North China (Figure 9). A decrease in cold air 
outbreaks and the weakening of northwesterly winds are 
also related to the increase in aerosols (Niu et al., 2010). 
Based on the above research conclusions, it is clear that 
there exist large uncertainties concerning the influence of 
aerosols on the EAM circulation. It is urgent to identify the 
influences of different types of aerosols and to overcome 
the influence of model uncertainties on the scientific con-
clusions. 

The air pollution caused by aerosols over China not only 
affects regional weather systems, but also couples with 
convective systems downstream through long-range 
transport, and leads to intensified Pacific storm tracks 
(Zhang et al., 2007; Li et al., 2008). Wang et al. (2014b) 
have suggested that Asian (including China) pollution’s  

Figure 5  (a) Normalized July EASM index derived 
from NCEP/NCAR reanalysis based on Guo (1983). The 
green line shows the PDO index. (b) Normalized July 
precipitation amount averaged over North China 
(35°–43°N, 110°–122°E, 23 stations are included). The 
green line shows the PDO. (c) Linear trends in July pre-
cipitation during 1951–2012 (units: mm a1). The green 
box outlines the north China region (35°–43°N, 
110°–122°E). PDO indices are obtained from 
http://jisao.washington.edu/pdo/PDO.latest. After Zhou et 
al., 2013. 
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Figure 6  Time series of the EASM index (EASMI, bars) and its trend 
(dashed lines) from (a) the NCEP/NCAR reanalysis, (b) the ERA-40 rea-
nalysis, (c) CAM3 GOGA runs forced by the global SST, and (d) CAM3 
GOGAI minus GOGA runs, which represent GHG and aerosol forcing. 
The EASMI is defined as the normalized zonal wind shear between 850 
and 200 hPa averaged over 20°–40°N and 110°–140°E. Also shown are the 
slopes of the trend ((b), change per 50 years). After Li H M et al., 2010. 

long-range transport can intensify winter mid-latitude storm 
tracks, and further influence global atmospheric circulation 
and climate.  

Another important route by which aerosols influence the 
China climate is through ocean feedbacks. For example, the 
Indian Ocean has warmed up during the past 50 years, 
which is correlated with the westward shift of the western 
North Pacific subtropical high, an important component of 
the EASM (Zhou et al., 2009b). The Indian Ocean warming 
is directly affected by anthropogenic aerosols mainly 
through their indirect effect, which significantly offsets the 
SST warming magnitude caused by GHGs (Dong et al., 
2014; Dong and Zhou, 2014). 

4  The impacts of the EAM on aerosols 

The formation, distribution, maintenance, and change in 
local aerosols are influenced by meteorological conditions. 
Changes in the intensity of the EAM can directly affect the 
transport and lifetimes of a wide variety of aerosols.  

4.1  The effects of the winter monsoon on the distribu-
tion of aerosols 

High aerosol concentrations have led to heavy fog-haze 
pollution. After the year 2000, more haze days have oc- 
curred in most regions across the Chinese mainland due to 
increasing emissions of aerosols when compared to the  
1970s and 1980s (Wu et al., 2010). The contributions of 
aerosol emissions and its precursor gases, as well as the 
population density, to reduced visibility because of hazy 
conditions in different regions of eastern China have been 
analyzed by Niu et al. (2010) and Zhang X Y et al. (2012). 
Increased emissions from human activities have resulted in 
more haze in eastern China (Zhang X Y et al., 2012). The 
EAM circulation could also play a potential role.  

 

 
Figure 7  Simulated 850-hPa wind changes forced by (a) simulated aerosol increases in 2000. Shaded areas shows where differences in moisture flux di-
vergence integrated from 850 to 700 hPa are negative (after Zhang H et al., 2012) and (b) the decrease in aerosols from 2000 to 2100 based upon the RCP45. 
After Wang et al., 2015. 
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Figure 8  Linear trends in sea-level pressure (SLP) (shaded; hPa (44 year)1) and 850-hPa winds (vectors; m s1 (44 year)1) in JJA during 1958–2001. (a) 
Observations (SLP and 850-hPa winds from ERA40), (b) all-forcing run, (c) anthropogenic-forcing run, (d) GHG-forcing run, (e) natural-forcing run, (f) 
aerosol-forcing run of the multi-model ensemble. The green boxes in (a) and (b) outline northern China (32°–42°N, 105°–122°E). The dotted areas indicate 
that the precipitation trends are statistically significant at the 10% level. After Song et al., 2014. 

During recent years, heavy fog-haze events in the North 
China Plain during winter have been associated with a weak 
winter monsoon (Niu et al., 2010). Observations have 
shown that a large amount of local aerosols can reduce in-
coming solar radiation, which enhances regional atmos-
pheric stability, and favors the accumulation and condensa-
tion of, and increase in aerosols (Li et al., 2010; Liu et al., 
2012). The weaker East Asian winter monsoon (EAWM) 
reduces the transport of local aerosols from North China to 
other regions (Zhao et al., 2013; Zhang et al., 2013). A 
heavy fog-haze event of strong intensity, long duration, and 
extensive coverage occurred in eastern China in January 

2013 (Zhang et al., 2014). The weak EAWM and the anom-
alous southerly winds in the middle and lower troposphere 
created conditions that were favorable for the transport of 
more water vapor to eastern China where fog and haze were 
concentrated (Zhang et al., 2014). In addition, the associated 
weaker upper westerly jet lead to the reduction of the verti-
cal shear in horizontal winds, which weakened synoptic 
disturbances and the vertical mixing of the atmosphere, and 
increased the stability of surface air (Zhang et al., 2014). 
The anomalous southerly winds in the middle and lower 
troposphere made the transport of fog and haze outside of 
the affected region difficult. All these anomalous monsoon  
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Figure 9  (a) Scatterplot of SLP averaged over northern China (32°–42°N, 
105°–122°E) as a function of SAT averaged over eastern China (28°–38°N, 
105°–122°E) in JJA during 1958–2001. Observations are from the GISS 
surface temperature analysis (GISTEMP). The domain average has been 
subtracted and is shown in the top right corner. (b) SAT trends averaged 
over eastern China (28°–38°N, 105°–122°E) from observations, the 
all-forcing run, the anthropogenic-forcing run, the GHG-forcing run, the 
aerosol-forcing run, and the natural-forcing run of the multi-model ensem-
ble. After Song et al., 2014. 

circulations are conducive to the maintenance and devel-
opment of fog and haze over eastern China. Based on 
long-term observation data (1972–2014), Li et al. (2015) 
have found that the interannual variation in wintertime 
fog-haze days across central and eastern China is closely 
related to the EAWM. More (less) wintertime fog-haze days 
happen when the EAWM is weak (strong). 

The increase in aerosols can also modulate the thermo-
dynamic structure of the atmosphere and regulate atmos-
pheric circulation through dynamic responses. For example, 
the extreme haze episodes that repeatedly shrouded Beijing 
during the winter of 2012–2013 is mainly attributed to the 
suitable meteorological conditions that were present at the 
time (Zheng et al., 2014). Guo et al. (2014) have further 
analyzed the evolution of organic aerosols during the haze 
episodes of 2013 in Beijing. They found that meteorological 
conditions such as wind speed and direction are the key 
factors controlling the periodic cycle of local fog-haze 
events. Northwesterly and northeasterly winds in winter 
directly contribute to the clearance of pollution in North 
China. These studies suggest that the EAWM is important 
for the transport, duration, and dissipation of local aerosols.  

Dust episodes are also one of the severe kinds of weather 
phenomena that influence our country. Studies have shown 

that the intensity of the EAWM has a large impact on the 
transport of dust and the frequency of dust events that occur 
in the following spring (Zhang et al., 1993, 2005). High dust 
loadings decrease the thermal contrast between the Eurasian 
continent and the surrounding oceans, making dust storms 
subside (Zhang et al., 2002b). When dust is transported to 
the Pacific Ocean, it can enter the free troposphere and be 
transported by westerly winds. This transport across the 
Pacific Ocean is closely related to the large-scale variations 
in atmospheric circulation (Zhang et al., 1997). 

4.2  The impacts of the EASM on aerosols 

As an important component of the climate system, the 
EASM has a large influence on the long-range transport and 
distribution of aerosols. Moisture transport, along with the 
monsoon, also affects the climate effects of aerosols. 

Liu et al. (2011) have reported that the Asian summer 
monsoon can affect the distribution of aerosols in China. 
Based on numerical and observational datasets, Yan et al. 
(2011) have found that under similar surface emission sce-
narios, the aerosol concentration and AOD are higher over 
southern China in the weaker monsoon years, but in the 
following stronger monsoon years, they expand to North 
China. The EASM is also accompanied by strong moisture 
transport, increasing the atmospheric humidity over eastern 
China in the summer. Compared to Europe and North 
America, the stronger summer atmospheric moisture condi-
tions over East Asia enhance the aerosol hygroscopic effect 
and further increase AOD and strengthen direct radiative 
forcing (Li et al., 2012, 2014). As shown in Figure 10, the 
sulfate loading over Europe peaks in the 1970s and is higher 
than the projected maximum over East Asia; however, due 
to more abundant air moisture over East Asia and resulting 
stronger sulfate hydroscopic effect, AOD over East Asian is 
larger than Europe. Further, considering the dominance of 
sulfate in aerosol loading, anthropogenic aerosol direct ra-
diative forcing at clear-sky TOA is also larger over East 
Asia than Europe. This suggests that the aerosol radiative 
forcing over East Asia is not only related to the aerosol 
amount, but also to the local moisture conditions. 

The influence of the monsoon on aerosols is evident on 
seasonal, inter-annual, and decadal time scales, but pub-
lished works about this are few. Zhang et al. (2010a) have 
used the global three-dimensional atmospheric chemistry 
transfer model called GEOS-Chem to investigate the influ-
ences of different Asian summer monsoon systems and 
strong/weak monsoons on Asian aerosol concentrations at 
seasonal and inter-annual time scales. Their results showed 
that the seasonal change in monsoons is important for the 
seasonal change in aerosol concentrations. The influence of 
the summer monsoon on aerosol concentrations is larger 
than the seasonal change in aerosol emissions, leading to 
higher aerosol concentrations in the winter than in the 
summer over China. This is contrary to the seasonal change 
in aerosols over eastern North America. The EASM was   
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Figure 10  (a) Seasonal variation of observed climatological precipitable water (mm), time series of (b) sulfate atmospheric loading (mg m–2), (c) sulfate 
aerosol optical depth (AOD) and (d) total anthropogenic aerosol direct radiative forcing (W m–2) at clear-sky TOA relative to the PI (1850s) averaged over 
Europe (EU), East Asia (EA), North America (NA) and global domains. Here, long-term sulfate loading is from NCAR CAM-Chem model; the AOD and 
direct radiative forcing are calculated using LASG/IAP AGCM and the AOD is the averaged value for the shortwave band (0.50–0.625 μm); the anthropo-
genic aerosol species include black carbon, nitrate, sulfate and organic carbon; RCP4.5 and RCP8.5 denote middle and high emission scenarios in the future. 
After Li et al., 2014. 

also found to be negatively correlated with aerosol concen-
tration over eastern China. In the weak monsoon year of 
1998, the aerosol concentration was significantly higher 
than in the strong monsoon year of 2002. The aerosol flux 
transport related to monsoon winds is stronger than the wet 
deposition induced by monsoon precipitation. Zhang et al. 
(2010b) have reported that the source of ~50%–70% of or-
ganic carbon above 700 hPa over eastern China in spring-
time is biomass burning in South Asia. Along with the 
transport effect of the South Asian summer monsoon, sur-
face pollutants over South Asia are transported to high lev-
els of the atmosphere. These pollutants will affect eastern 
China and even North America (Wang et al., 2014a, 2014b). 

Previous studies commonly attribute the increase in aer-
osol concentrations in recent years to the large emissions 
generated by rapid economic growth. However, recent 
studies stress the importance of the monsoon’s decadal var-
iability. Using the GEOS-Chem model, Zhu et al. (2012) 
have shown that the weakening of the EASM contributed to 
the increase in aerosols over eastern China during recent 
decades. Even though anthropogenic emissions during the 
last 60 years are kept fixed, aerosol concentrations in east-
ern China can be about 20% higher in the weakest monsoon 
years than in the strongest monsoon years due to the decadal 
weakening of the EASM (Figure 11). These results provide 
a new way of understanding how aerosol concentrations can 
be so high in China (Chin, 2012).  

5.  Countermeasures to take and further re-
search suggestions 

In summary, interactions between air pollutants (aerosols) 
and monsoons is a major frontier scientific issue in the 
realm of atmosphere and global climate change research. 
The formation of atmospheric pollution and its intensity are 
tightly connected to meteorological conditions (Mu and 
Zhang, 2014). There are strong interactions between aero-
sols and monsoons. However, because observations and 
models have their limitations, large uncertainties still exist 
in understanding the above interaction studies. Further 
studies are therefore needed to reduce these uncertainties. 

(1) In-depth understanding of aerosol physical and 
chemical properties, as well as formation processes, is 
needed. More understanding of how aerosols become cloud 
condensation nuclei (CCN) and ice nuclei, and what their 
optical and microphysical properties are, is also needed. Mu 
and Zhang (2014) proposed some countermeasures con-
cerning fog-haze weather based on the study of the serious 
haze case that took place in January 2013. To better control  
air pollution, they pointed out that it would be useful if 
fog-haze predictions were based on operational weather 
forecasts and if more meteorological factors were taken into 
account. There is still a lack of comprehensive datasets of 
aerosol physical-chemical properties and long-term aerosol-  
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Figure 11  The normalized time series of EASMI (bars, left y-axis) and 
simulated JJA surface-layer PM2.5 concentrations (i.e., mass concentration 
of particles with an equivalent aerodynamic diameter less than 2.5 μm) 
(blue line, right y-axis) averaged over eastern China (110°–125°E, 
28°–45°N) from 1986–2006. The EASMI-GEOS from 1986–2006 (red 
bars) are calculated using GEOS-4 assimilated meteorological data, while 
the EASMI-NCEP from 1948–2010 (green bars) are calculated using 
NCEP/NCAR reanalysis data. The thick dashed line is the 9-year Gaussi-
an-type filtered value of the EASMI-NCEP, which represent the decadal 
variation in the EASM. JJA aerosol concentrations averaged over eastern 
China are not in phase with changes in the EASMI (correlation coefficient 
is 0.65, statistically significant at the 5% level). After Zhu et al., 2012. 

cloud observations. It behooves the community to strength-
en fundamental research in making more observations and 
doing more experiments regarding aerosol physical and 
chemical processes in the monsoon region, as has been done 
in some past intensive field experiments (Li et al., 2007; 
2011) and several ongoing 973 projects. Integrated observa-
tions of aerosol-cloud-radiation parameters could be 
strengthened if ground-based, aircraft, and remote sensing 
equipment was used. Three suggestions to accomplish this 
are: 1) integrate multi-source active and passive remote 
sensing and sampling techniques to obtain aerosol physical, 
optical, and chemical characteristics, CNN, cloud droplet 
spectra, and corresponding ambient parameters in typical 
regions; 2) investigate mechanisms behind conversions 
from different aerosols to CCN, the aerosol hydroscopic 
effect, and nucleating ability and rate; develop mul-
ti-wavelength laser radar and balloon sounding systems to 
get aerosol spectral profiles; develop parameterizations of 
aerosol and CCN spectral distributions to improve climate 
models; 3) develop a series of advanced techniques to ana-
lyze data obtained from ground, aircraft, and balloon-borne 
instruments; collect cloud micro- and macro-physical fea-
ture datasets, including cloud fraction, cloud-top height 
(temperature and pressure), cloud vertical structure, 
cloud-base height, cloud phase, cloud water and su-
per-cooled water contents, cloud water optical depth, and 
effective radius. 

(2) Numerical simulation research on the interactions 
between monsoons and aerosols should be enhanced. Re-
sults from different model simulations often have large dis-
crepancies and even contradictions. The uncertainty of a 
model itself is also a major topic of research. Different 
models respond differently to external forcings such as 
GHGs and aerosols. They also treat indirect climatic effects 

of aerosols and aerosol-cloud-climate interactions differ-
ently, if at all. This directly influences the credibility of 
simulation results. Therefore, it is necessary to enhance 
numerical simulation research on the interactions between 
monsoons and aerosols, to improve the coupling of climate 
models with atmospheric chemistry models, and in particu-
lar, to strengthen bidirectional coupling simulation tests 
about interactions between the EAM climate and aerosols. 
The task of model development includes the consideration 
of models at different scales, such as large eddy models at a 
1-m resolution, cloud-resolving models at a 1-km resolu-
tion, local single-column models, and global climate mod-
els. 

(3) Interdisciplinary research among atmospheric phys-
ics, atmospheric chemistry, and monsoon climate dynamics 
groups should be strengthened. The impact and feedback of 
the Asian monsoon climate in different periods of the past 
as simulated by global and regional climate models which 
contain aerosol indirect, direct, and semi-direct effects, and 
in particular, the impact on monsoon precipitation, and the 
quantitative evaluation of aerosol-precipitation interactions 
in the long term by mesoscale models, needs to be further 
examined. The contributions of natural variability and vari-
ations in external forcings on long-term changes in the 
EAM should be quantitatively estimated. Aerosols can also 
have an influence on monsoon intra-seasonal phase transi-
tions between oscillation active periods and interruption 
periods through the interaction between atmospheric radia-
tion and cloud physical processes. The characteristics of 
monsoon-aerosol interactions at seasonal, interannual, and 
interdecadal scales should also be analyzed. A very im-
portant issue to address in future research is to better de-
scribe monsoon-aerosol interactions and their effect in cli-
mate models. 

Until now, numerous studies have focused on the effects 
of aerosols on atmospheric circulation and meteorological 
factors, but little attention has been paid to the influence of 
monsoons on aerosols. Interactions between aerosols and 
monsoons are two-way and their relationships are compli-
cated and interrelated, which make relevant studies scarce. 
The relative contributions of emissions and atmospheric 
conditions to aerosol pollution are also worth studying. This 
would require the use of a multi-model framework rather 
than cloud parameterization schemes in global climate 
models. Nested models are also a good way to examine in-
teractions between aerosols and monsoons because cloud- 
resolved models with detailed microphysics are first used to 
do regional and seasonal simulations, and to produce the 
adiabatic forcing due to aerosols. This is then used as forc-
ing input into climate models. Breakthroughs in this re-
search field are expected in the near future only if 
cross-disciplinary efforts are made by researchers in the 
fields of atmospheric physics, chemistry, and monsoon cli-
mate dynamics. 
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