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Abstract: It is known that aerosol and precursor gas emissions over East Asia may be
underestimated by 50% due to the absence of data on regional rural and township industries.
As the most important element of anthropogenic emissions, sulphur dioxide (SO2) can form sulfate
aerosols through several chemical processes, thus affecting the regional and global climate. In this
study, we use the Community Atmospheric Model 5.1 (CAM5.1) to investigate the effects of
anthropogenic aerosols on radiative forcing and the climate over East Asia, taking into consideration
various SO2 emission levels, including double the amount of SO2 emissions over East Asia.
Numerical experiments are performed using high-resolution CAM5.1 with pre-industrial (PI) and
present day (PD) aerosol emission levels, and with PD aerosol emission levels with double SO2

emissions over East Asia (PD2SO2). The simulated aerosol optical depth and surface sulfate
concentrations over East Asia are significantly increased in PD2SO2, which is in better agreement
with the observational results. The simulation results show extensive aerosol direct and indirect
radiative forcing for PD−PI (the difference between PI and PD), which significantly weakens
the large-scale intensity of the East Asian summer monsoon (EASM) and reduces the summer
precipitation. Compared to PD, the aerosol direct radiative forcing is significantly increased in
PD2SO2, whereas the aerosol indirect radiative forcing is markedly decreased due to the inhibition
of cloud formation, especially over North China. The increase in aerosol direct radiative forcing and
decrease in aerosol indirect radiative forcing result in insignificant changes in the total amount of
aerosol radiative forcing. These results also show that the large-scale intensity of the EASM and the
associated summer precipitation are insensitive to the doubling of current SO2 emissions.

Keywords: aerosol direct effect; aerosol indirect effect; summer precipitation

1. Introduction

Industrial emissions of aerosols and aerosol precursor gases over East Asia have greatly
increased in association with rapid economic growth and industrialization over the past several
decades [1]. Many observational and numerical studies have shown that abundant anthropogenic
aerosols can modulate the climate system over East Asia, especially the East Asian summer monsoon
(EASM), through both the aerosol direct and indirect effects [2–4].

The direct and indirect effects of atmospheric aerosols significantly influence the regional
and global climate, including radiation and the microphysical properties of clouds, as well as
precipitation processes [5,6]. For instance, an increase in atmospheric aerosols directly affects the
local and global radiation balance by scattering and absorbing solar and infrared radiation in the
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atmosphere (the “aerosol direct effect”). Atmospheric aerosols, serving as cloud condensation nuclei
or ice nuclei, increase the droplet concentration and decrease the droplet effective radius, which
indirectly increases the cloud albedo [7], reduces the precipitation efficiency and prolongs the cloud
lifetime [8,9], and then exerts negative radiative forcing (the "aerosol indirect effect").

The increasing aerosol loading over South Asia and East Asia in recent decades has prompted
increased research interest in the climatic effects of atmospheric aerosols (including aerosol direct and
indirect radiative forcing) on Asian summer monsoon systems and regional precipitation [2]. It is
evident that changes in the atmospheric circulation of the South Asian summer monsoon induced by
anthropogenic aerosols affect the summer precipitation over South Asia [10,11]. In addition, many
previous studies using multi-scale climate models have shown that large amounts of anthropogenic
aerosols can affect the atmospheric circulation of the EASM and the associated summer precipitation
over East Asia. A global climate model showed that increased black carbon aerosols may cause
increased rainfall in the middle and lower reaches of the Yangtze River and droughts in North
China [12]. Liu et al. [13] used the CAM3.5 model to explore the effects of anthropogenic aerosols
on the EASM system and found a weakening EASM circulation and a prominent decline in rainfall
over eastern China induced by the forcing of anthropogenic aerosols. Other simulation studies
have confirmed the notion of a weakened EASM circulation and reduced precipitation over eastern
China in response to an increased amount of anthropogenic aerosols over East Asia, using the CAM5
model [14], the Coupled Model Intercomparison Project Phase 5 (CMIP5) models with prescribed sea
surface temperature [15], and an online coupled regional climate-chemistry model [16]. Other studies
have emphasized that the effects of aerosols on the EASM and the associated summer precipitation
differ between strong and weak EASM years [17], and between strong and weak EASM stages [18].

However, Cao et al. [19] pointed out that aerosol and precursor gas emissions may be
underestimated by 50% due to the absence of data on regional rural and township industries.
In addition, compared with satellite observations, the global climate model mainly captures the
seasonal and spatial variations in the aerosol optical depth (AOD) over East Asia, but underestimates
the AOD by more than 50% in this region [20] due to the underestimation of anthropogenic aerosol
emissions. As an important element of anthropogenic emissions, sulphur dioxide (SO2) can form
sulfate aerosols through some chemical processes, and can thus affect the regional and global climate.
Here, we double the amount of SO2 emissions over East Asia, which may be much closer to the
actual levels of East Asian anthropogenic emissions, and further study their effect on the climate over
East Asia. We use the Community Atmospheric Model 5.1 (CAM5.1) with pre-industrial (PI) and
present day (PD) aerosol emissions, and with PD aerosol emissions including double SO2 emissions
over East Asia (PD2SO2).

The rest of the paper is organized as follows. A brief description of the CAM5.1 model and
the observed data are presented in Section 2. Section 3 presents the simulation results for the effects
of aerosols on radiative forcing and the climate with different SO2 emission levels over East Asia.
The discussion and conclusions are summarized in Sections 4 and 5, respectively.

2. Model and Data

2.1. The CAM5.1 Model

The CAM5.1 model is the atmospheric component of the Community Earth System Model
(CESM 1.0.3), and is documented in more detail in Neale et al. [21]. For the size distribution
of aerosols, three lognormal modes with Aitken, accumulation, and coarse modes (3-mode modal
aerosol scheme, MAM3) have been coupled into the CAM5.1 model to simulate internal mixtures of
dust, sea-salt, sulfate, primary organic matter and black carbon [20]. The MAM3 aerosol scheme
was shown to capture the spatial and seasonal variations in the AOD over East Asia compared
with the satellite observations, although the modeled AOD values were significantly lower than
the observational results at urban sites [20]. The CAM5.1 model contains a detailed treatment of



Atmosphere 2016, 7, 99 3 of 12

a new two-moment bulk stratiform cloud microphysics scheme and the aerosol indirect effect with
comprehensive descriptions of the droplet activation and ice nucleation of cloud droplets [22]. A
complete set of physics packages was selected to allow for effective investigation of different aerosol
effects including the direct, semi-direct, and indirect effects of aerosols [23,24]. We use the finite
volume dynamical core for transport calculations with a higher horizontal resolution of 0.9◦ in
the latitudinal direction and 1.25◦ in longitudinal direction, and with 30 levels from the surface to
2 hPa. The increased horizontal resolution model improves the simulation of aerosol indirect
radiative forcing compared with observations [25]. We carry out three experiments covering 20 years
with a 1-year spin up, with the only difference being the treatment of aerosols and precursor gas
emissions. We perform numerical experiments with PI and PD aerosol emissions, and with PD aerosol
emissions including double the amount of SO2 emissions over East Asia (PD2SO2).

2.2. Observed Data

The AOD is an index reflecting aerosol optical properties, derived from the Moderate Resolution
Imaging Spectroradiometer on board the Terra satellite (Terra MODIS). To evaluate the corresponding
simulation results in this study, we use the Terra MODIS level-3 monthly AOD in the 0.55 mm
channel [26] for the March 2000 to December 2014. The Terra MODIS monthly AOD data have
a spatial resolution of 1◦ latitude by 1◦ longitude. The monthly mean of the surface mass
concentration, including mineral, sulfate, organic carbon, elemental carbon, nitrate, and ammonium
aerosols, is derived from the observational data of the China Meteorological Administration (CMA)
Atmosphere Watch Network (CAWNET) described by Zhang et al. [1]. From 2006 to 2007, the 24-h
aerosol filter samples were collected every three days at the CAWNET stations, which are operated by
the CMA. Here, we only use the observed data on the sulfate surface concentration from 11 stations
in our study area (20◦N−45◦N, 100◦E−130◦E), as described in the following section.

3. Results

3.1. Comparison between Observation and Model

Figure 1 shows the spatial distribution of the AOD (550 nm) and compares the mean AOD
values in summer over East Asia derived from MODIS and the CAM5.1 model (PD, PD2SO2 and PI).
According to the MODIS-derived values in Figure 1a, East Asia has high AOD values, reaching 0.5 or
higher in North China, due to the high anthropogenic emissions over East Asia. The PI simulation
shows a large AOD in the Arabian Sea and Northwest China, which is directly related to dust aerosol
loadings in these local regions, as shown in Figure 1d. The PD simulation shows a larger AOD over
East Asia due to anthropogenic emissions (Figure 1b) compared to PI. However, it should be noted
that the AOD values from PD are significantly lower than those derived from MODIS (Figure 1e).
Liu et al. [20] argued that the AOD underestimation was probably due to the underestimation of
anthropogenic aerosol emissions over Asia, including East Asia. Doubling the level of SO2 emissions
over East Asia (PD2SO2) causes a significant increase in the AOD estimation (Figure 1c), which is
much closer to the observed results from MODIS (Figure 1e).

Figure 2 shows the spatial distribution of the surface sulfate concentration in summer derived
from the model, including the PD and PD2SO2 experiments, and compares the mean values from
11 CAWNET stations and the model. For the PD experiment, we can see that the surface sulfate
concentration is high over East Asia due to the large anthropogenic sulfate loadings (Figure 2a),
and is similar to the spatial distribution of the AOD in Figure 1b. However, the simulated surface
sulfate concentration is again lower than that derived from the 11 CAWNET stations in Figure 2c.
When the level of SO2 emissions over East Asia is doubled (PD2SO2), the surface sulfate concentration
significantly increases over East Asia (Figure 2b), which is in better agreement with the observed
results from the 11 CAWNET stations (Figure 2c).
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In general, we can see that the simulated AOD and surface sulfate concentration over East Asia
can be significantly increased by doubling the level of SO2 emissions (PD2SO2), and the results are
more consistent with the observational results derived from MODIS and the 11 CAWNET stations in
Figures 1 and 2.

(e)

Figure 1. Spatial distribution of the aerosol optical depth (AOD) (550 nm) in summer derived from
(a) MODIS; (b) present day (PD); (c) PD2SO2; and (d) pre-industrial (PI). The box indicates the East
Asian region defined in this study (20◦N−45◦N, 100◦E−130◦E); (e) Comparison of the mean AOD in
summer over East Asia between MODIS and the model, where the error bars represent the standard
deviation of AOD.
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Figure 2. Spatial distributions of the surface sulfate concentration in summer derived from (a) PD
and (b) PD2SO2, where the locations with small circles are the observed stations over East Asia
(1, Chengdu; 2, Dalian; 3, Gaolanshan; 4, Gucheng; 5, Jinsha; 6, LinAn; 7, Nanning; 8, Panyu;
9, Taiyangshan (Changde); 10, Xian; 11, Zhengzhou); (c) Comparison of the observed and modeled
surface sulfate concentration in summer over East Asia.

3.2. Aerosol Effects on Cloud Properties and Radiative Forcing

In this subsection, we compare the difference in the aerosol-induced changes in cloud properties
and radiative forcing over East Asia between PD−PI and PD2SO2−PI in Table 1. The increase in
anthropogenic aerosols (PD−PI) significantly increases the liquid water path and the cloud droplet
concentration by 20.90 g·m−2 and 2.49 × 106 cm−2, respectively. In contrast, the cloud droplet
effective radius in PD is markedly decreased by −1.39 µm, compared to PI (10.01 µm). The changes
in these cloud properties are consistent with the notion that anthropogenic aerosol activation forms
more cloud droplets, and reduces the conversion efficiency of cloud droplets to raindrops, which
results in smaller cloud droplets and an increase in the liquid water path [13,18,27]. The amount
of cloud, including low, mid-level, high, and total cloud cover, induced by aerosols shows an
insignificant change from the mean values over East Asia for PD−PI in Table 1. However, Figure S1
shows the spatial differences in the amount of cloud induced by aerosols. The amount of cloud
is slightly decreased over North China, which has the largest AOD and aerosol concentration.
When SO2 emissions over East Asia are doubled (PD2SO2), the increase in the liquid water path and
the cloud droplet concentration are also enhanced compared with PD. The cloud droplet effective
radius in PD2SO2 further decreases by −1.51 µm, compared to −1.39 µm in PD. Furthermore,
increasing aerosols (PD2SO2) significantly reduces the amount of cloud including low, mid-level,
high, and total cloud cover, especially over North China (Figure S1). There are two main mechanisms
by which increasing SO2 over East Asia suppresses the formation of clouds. First, the larger AOD
over East Asia can cool the surface, stabilize the boundary layer, suppress the convective motion and
decease the upward vertical velocity (Table 1) [13], which can effectively suppress the formation of
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clouds. Second, the larger AOD over East Asia can decrease the surface temperature, increase the
sea level pressure over East Asia, and cause weaker changes to the EASM circulation [18], which
can decrease the water vapor flux from the ocean (Table 1). The decrease in water vapor flux can
significantly suppress the formation of clouds over East Asia. Noted that the increase in the liquid
water path and cloud droplet concentration is mainly due to the aerosol indirect effect, whereas the
decrease in cloud cover (especially over North China) results from the dynamic response of aerosol,
which suppresses the cloud formation.

Table 1. Descriptive statistics for liquid water path (LWP), column cloud droplet concentration
(CDNUMC), cloud droplet effective radius at 850 hPa (Re), low cloud cover (CLDLOW), mid-level
cloud cover (CLDMED), high cloud cover (CLDHGH), total cloud cover (CLDTOT), intergraded water
vapor flux (WVF), intergraded water vapor flux convergence (WVFC), and 500 hPa vertical velocity
(OMEGA) in summer over East Asia (20◦N−45◦N, 100◦E−130◦E) for PI and the corresponding
difference for PD−PI and PD2SO2−PI. The symbol (*) represents a statistically significant difference
at the 0.05 level between PD and PI or PD2SO2 an PI (two-tailed).

PI PD−PI PD2SO2−PI

LWP (g·m−2) 77.10 20.90 * 22.35 *
CDNUMC (106 cm−2) 1.29 2.49 * 2.81 *

RE (µm) 10.01 −1.39 * −1.51 *
CLDLOW (%) 29.39 0.23 0.06
CLDMED (%) 25.76 0.04 −0.14
CLDHGH (%) 58.30 −1.63 −0.97
CLDTOT (%) 68.33 −0.90 −0.53

WVF (kg·m−1·s−1) 180.25 −14.19 * −14.65 *
WVFC (10−5 kg·m−2·s−1) −3.68 0.55 * 0.58 *
OMEGA (0.01 × Pa·s−1) −2.56 0.40 * 0.45 *

The decrease in the effective radius of cloud droplets and increase in the liquid water
path can effectively enhance the cloud optical depth and exert negative cloud radiative forcing.
Anthropogenic aerosols can alter the energy and radiation balance at the surface and the top of the
atmosphere (TOA) by aerosol direct radiative forcing (ADF) and aerosol indirect radiative forcing
(AIF). The ADF herein is simply described as the difference in the clear-sky radiative flux from
simulations with and without anthropogenic aerosols, where the clear-sky radiative flux is calculated
as a diagnostic with clouds neglected. The AIF is defined as the difference in the cloud radiative
forcing from simulations with and without anthropogenic aerosols. Here, the AIF is the total sum
of the aerosol first and second indirect radiative forcing, and the semi-direct radiative forcing [23].
It is also noted that the estimation of the ADF and AIF is biased because it does not take account of
the surface albedo forcing, where two additional diagnostic calculations (the whole-sky and clear-sky
radiative flux with aerosol scattering and absorption neglected at TOA) in global climate models can
solve this problem [24].

Figure 3 shows the spatial distribution of the ADF and AIF, and the aerosol total radiative
forcing (ADF + AIF) at TOA. Because of the large AOD over East Asia induced by anthropogenic
aerosol emissions (PD), there is a large ADF over East Asia (Figure 3a). The AIF in Figure 3c mostly
shows negative radiative forcing over East Asia, but positive radiative forcing over North China.
The aerosol total radiative forcing is the total sum of ADF and AIF, which is shown as negative
radiative forcing over East Asia in Figure 3e. With the doubling of SO2 emissions over East Asia
(PD2SO2), the ADF is markedly increased in Figure 3b because of the significant increase in the
AOD over East Asia (Figure 1c). The difference in the results can also been seen in Figure 4, where
the ADF is −1.54 W·m−2 for PD−PI and the corresponding value is −2.80 W·m−2 for PD2SO2−PI
over East Asia. The AIF decreases with the doubling of SO2 emissions over East Asia due to the
inhibition of the cloud formation, especially over North China (Figure 3d), which can also been seen
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in Figure 4 (−3.92 W·m−2 for PD−PI and −3.07 W·m−2 for PD2SO2−PI over East Asia). The aerosol
total radiative forcing (PD2SO2−PI) only increases slightly in Figure 3f as a result of the decreased
AIF, which is −5.46 W·m−2 for PD−PI and −5.87 W·m−2 for PD2SO2−PI over East Asia in Figure 4.

In general, the simulated results show that there is a large ADF and a large AIF for PD−PI,
which results in greater aerosol total radiative forcing. With the doubling of SO2 emissions over East
Asia (PD2SO2), the simulated ADF significantly increases in comparison with PD, whereas the AIF
markedly decreases due to the inhibition of cloud formation. These changes in the ADF and AIF
result in a slight change in the aerosol total radiative forcing due to the decreased AIF in PD2SO2.
Our results suggest that the ADF, AIF, and aerosol total radiative forcing increase significantly with
increasing aerosol emissions under clean backgrounds over East Asia. However, with increasing
aerosol emissions under polluted backgrounds over this region, the ADF continuously increases,
whereas the AIF decreases due to the inhibition of cloud formation, indicating that the aerosol total
radiative forcing cannot be changed significantly.

Figure 3. Spatial distribution of (a, b) aerosol direct radiative forcing (ADF, W·m−2), (c, d) aerosol
indirect radiative forcing (AIF, W·m−2), and (e, f) aerosol total radiative forcing (ADF + AIF, W·m−2)
in summer for PD−PI and for PD2SO2−PI, respectively. The dots represent the grid points where the
changes pass the two-tailed t-test at the 5% significance level. The box indicates the East Asian region
defined in this study (20◦N−45◦N, 100◦E−130◦E).



Atmosphere 2016, 7, 99 8 of 12

0

-2

-4

-6

-8

-5.46
-5.87

-3.07

-3.92

-2.80

ADF+AIFAIF

 PD-PI
 PD2SO2-PI

ADF

-1.54

Figure 4. Mean values of aerosol direct radiative forcing (ADF, W·m−2), aerosol indirect radiative
forcing (AIF, W·m−2), and aerosol total radiative forcing (ADF + AIF, W·m−2) in summer over East
Asia (20◦N−45◦N, 100◦E−130◦E) for PD−PI and for PD2SO2−PI.

3.3. Aerosol Effects on East Asian Climate

It is known that the southerly monsoonal winds in the lower troposphere dominate the East
Asian monsoon region in summer, which can bring a large amount of water vapor to this region
from the Pacific and Indian Oceans. Hence, the averaged meridional wind at 850 hPa in East Asia
in summer is adopted to measure the large-scale intensity of the EASM [18]. Figure 5a shows
the difference in the summer 850 hPa wind field between the PD and PI experiments (PD−PI).
The southerly winds over East Asia in the PD simulation are weaker than those in the PI simulation,
suggesting that the atmospheric circulation of the EASM can be significantly weakened due to
anthropogenic aerosols. The large-scale intensity of the EASM decreases by −0.41 m·s−1 (by −9.3%)
with the increase in anthropogenic aerosols in Table 2. It is evident that anthropogenic aerosols result
in a decrease in the surface temperature (−0.35 ◦C) and an increase in the sea level pressure (0.43 hPa)
over East Asia. This further leads to a reduction in the land-sea thermal and pressure gradients, thus
weakening the atmospheric circulations of the EASM and suppressing the water vapor transport from
the ocean into East Asia. These aerosol-induced changes are consistent with the previous results from
Liu et al. [13] Jiang et al. [14], Wang et al. [15], Wang et al. [16] and Xie et al. [18].

Figure 5b shows the weakening of the EASM with the doubling of SO2 emissions over East Asia,
where the large-scale intensity of the EASM is decreased by −0.43 m s−1 (−9.7%) in Table 2. However,
two points of comparisons are evident between PD−PI and PD2SO2−PI in Figure 5 and Table 2. First,
the decrease in the large-scale EASM intensity only changes from −0.41 m·s−1 (−9.3%) to −0.43 m·s−1

(−9.7%) with doubling of SO2 emissions over East Asia. Second, the area of the aerosol-weakened
EASM that passes the two-tailed t-test at the 5% significance level is not much larger for PD2SO2−PI
than that for PD−PI. Hence, the weakening of the EASM is not significantly enhanced when SO2

emissions over East Asia are doubled (PD2SO2), compared with PD. Due to the slight change in the
aerosol total radiative forcing, the decrease in surface temperature and increase in sea level pressure
over East Asia are not significantly increased when the SO2 emissions are doubled (Table 2).

Figure 6 shows the difference in summer precipitation (including convective and large-scale
precipitation) caused by anthropogenic aerosols between PD−PI and PD2SO2−PI. With increased
anthropogenic aerosols (PD), the summer precipitation is significantly suppressed over East Asia in
Figure 6a, with a reduction of −0.54 mm day−1 (or −9.3%) in Table 2. With the doubling of SO2

emissions over East Asia, the reduction in summer precipitation is not significantly enhanced due
to insignificant changes in the weakening of the EASM. Hence, our results show that the large-scale
intensity of the EASM and the associated summer precipitation are insensitive to the doubling of SO2

emissions over East Asia in comparison with PD.
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Figure 5. Difference in summer mean 850 hPa winds (m s−1) for (a) PD−PI and (b) PD2SO2−PI.
The grey shaded area represents the grid points where the changes pass the two-tailed t-test at the 5%
significance level, and the yellow shaded area indicates the plateau above 2000 m. The box indicates
the East Asian region defined in this study (20◦N−45◦N, 100◦E−130◦E).

Figure 6. Difference in summer precipitation (mm day−1) for (a) PD−PI and (b) PD2SO2−PI. The dots
represent the grid points where the changes pass the two-tailed t-test at the 5% significance level.
The box indicates the East Asian region defined in this study (20◦N−45◦N, 100◦E−130◦E).

Table 2. Descriptive statistics for surface temperature (TS), sea-level pressure (SLP), large-scale
EASM intensity (EASMI), and surface precipitation (PRECT) in summer over East Asia (20◦N−45◦N,
100◦E−130◦E) for PI and the corresponding difference (including the percent change in EASMI and
PRECT) for PD−PI and PD2SO2−PI.

PI PD−PI PD2SO2−PI

TS (◦C) 25.40 −0.35 −0.37
SLP (hPa) 1005.49 0.43 0.45

EASMI (m·s−1) 4.42 −0.41(−9.3%) −0.43(−9.7%)
PRECT (mm·day −1) 5.74 −0.54(−9.3%) −0.61(−10.7%)

4. Discussion

The following three findings are worthy of discussion. First, the simulated values of the
AOD with the doubling of SO2 emissions over East Asia are also lower than the observational
results from MODIS. The reason for the underestimation may be that we only double the SO2

emissions, but not those of other anthropogenic aerosols (including primary organic matter and black
carbon). Doubling primary organic matter and black carbon emissions would further enhance the
simulated AOD, and the results may be much closer to those from MODIS. Second, the AIF has
greater uncertainty than the ADF due to the complexity of aerosol-cloud-radiation interactions [5,6].
Hence, the accurate parametrization of aerosol-cloud-radiation interactions would help to decrease
the uncertainty of the AIF and enhance our understanding of the effects of anthropogenic aerosol
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on the climate over East Asia. Third, it is important to note that we focus on the fast response
to anthropogenic aerosols and do not consider the slow response to sea surface temperature
changes. However, Gangult et al. [28] showed the importance of the slow response induced by
anthropogenic aerosols on the atmospheric circulations of the Asian monsoon and the associated
summer precipitation. It would be interesting to study the slow response induced by aerosols on the
East Asian climate in the future.

5. Conclusions

In this study, we investigated the effects of anthropogenic aerosols on radiative forcing and the
climate over East Asia by considering different SO2 emission levels using the CAM5.1 model. We used
a higher horizontal resolution with 0.9 × 1.25 and the 30 vertical levels, because a higher horizontal
resolution model allows a better simulation of AIF compared with observations [25]. The numerical
experiments in CAM5.1 were conducted with PI and PD aerosol emissions, and with PD aerosol
emissions including double SO2 emissions over East Asia (PD2SO2).

The results show that compared to PD, the simulated AOD and the simulated surface sulfate
concentration over East Asia increase significantly when using the double SO2 emissions over East
Asia (PD2SO2), which is in better agreement with the observational results derived from MODIS
and the 11 CAWNET stations. The simulated results show that there is a large ADF and a large
AIF for PD−PI, which significantly weakens the large-scale intensity of the EASM and reduces the
summer precipitation. The ADF increases significantly when SO2 emissions over East Asia (PD2SO2)
are doubled in comparison with PD, whereas the AIF significantly decreases due to the inhibition
of cloud formation, especially over North China. The increase in the ADF and decrease in the AIF
result in insignificant changes in the aerosol total radiative forcing. The doubling of SO2 emissions
over East Asia suppresses cloud formation through two main mechanisms. First, the larger AOD
over East Asia cools the surface, stabilizes the boundary layer, and suppresses the convective motion
to suppress cloud formation. Second, the larger AOD over East Asia results in a decrease in the
surface temperature, an increase in the sea level pressure over East Asia, and weaker changes in the
EASM circulation, which decreases the water vapor flux from the ocean. The decrease in water vapor
flux from the ocean suppresses the cloud formation over East Asia. These results also show that
compared to PD, the large-scale intensity of the EASM and the associated summer precipitation are
insensitive to the doubling of SO2 emissions over East Asia due to the slight change in the aerosol
total radiative forcing.

Our results suggest that the ADF, AIF, and aerosol total radiative forcing can increase
significantly with increasing aerosol emissions under clean backgrounds over East Asia, which results
in the weakening of the EASM and the reduction of summer precipitation. However, with increasing
aerosol emissions under polluted backgrounds over this region, the ADF continuously increases,
whereas the AIF decreases due to the inhibition of cloud formation, which indicates that the aerosol
total radiative forcing cannot be changed significantly. Hence, there are only slight changes in the
large-scale intensity of the EASM and the associated summer precipitation.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4433/7/8/99/s1,
Figure S1: Difference in the cloud amount (%) including low cloud cover (CLDLOW), mid-level cloud cover
(CLDMED), high cloud cover (CLDHGH) and total cloud cover (CLDTOT) for PD−PI and for PD2SO2−PI.
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