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[1] We investigated the effects of man-made air pollutants on the climate of East Asia,
focusing on eastern China where anthropogenic aerosol concentrations are rapidly
increasing. The increasing emission of anthropogenic aerosols causes serious air pollution
episodes and various effects on the climate in this region. It is therefore necessary to
quantify the contribution of aerosols to the change in the radiation budget and the cloud
field. Our purpose of this study is to evaluate the sensitivity of anthropogenic aerosols
and other anthropogenic factors such as greenhouse gas (GHG) upon the radiative forcing.
Then an aerosol transport model coupled to a general circulation model and an ocean
mixed-layer model was used to investigate the relationships among the anthropogenic
aerosol forcing, GHG forcing, surface radiation budget, and cloud field. Our simulation
results showed that copious anthropogenic aerosol loading causes significant decrease
in the surface downward shortwave radiation flux (SDSWRF), which indicates that a
direct effect of aerosols has the greatest influence on the surface radiation. It is found from
our model simulations that low-level clouds increase but convective clouds decrease due
to reduced convective activity caused by surface cooling when anthropogenic aerosol
increases, and GHG increase has an insignificant effect on SDSWRF but a significant
effect on the cloud field. In other word model simulations suggested that the aerosol
forcing mainly causes a reduction of SDSWRF, whereas the change in the cloud field is
influenced both anthropogenic aerosol and GHG effects. Thus this work demonstrated
with sensitivity experiments the importance of aerosols to cause significant climate effects
in the East Asian region, though further study is needed because our study is based on
results from one specific model and limited data analysis.
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1. Introduction

[2] Asia is the largest and most populous region in the
world, in which industrial activity and fossil fuel usage are
increasing rapidly [IEA, 2004; REAS, 2006]. It is well
known that the aerosol distributions of Asia are complex
due to inhomogeneous emissions of sulfuric, carbonaceous,
and other aerosols associated with rapid economic growth
and especially fuel burning [Qian et al., 2001; Tie et al.,
2005]. The abundance of mineral dust aerosols in this
region further complicates the aerosol optical properties
[Nakajima et al., 1989, 2003; Mukai et al., 2004].
[3] The global map of the continental haze particle

concentration determined from visibility data compiled at
surface weather stations also indicates the presence of high
concentrations of haze particles around East Asia [Husar et
al., 2000; Luo et al., 2001]. Recent MODIS (Moderate

Resolution Imaging Spectroradiometer) remote sensing
technology has produced detailed and accurate distributions
of the aerosol optical thickness (AOT) in eastern China,
which is larger than those observed in the eastern United
States and Canada, and western Europe [Chu et al., 2003].
[4] The increasing emission of anthropogenic aerosols

causes serious air pollution episodes and various effects on
the climate in this region by the aerosols interacting with the
radiation budget by directly absorbing and scattering the
solar radiation [Charlson et al., 1991; Penner et al., 1994],
and by them indirectly modifying the optical properties and
lifetimes of clouds [Twomey, 1974; Albrecht, 1989]. Anal-
yses of the observational data show a long-term decreasing
trend in the surface downward shortwave radiation flux
(SDSWRF) and in the sunshine duration in the last several
decades in this region [Xu, 2001; Kaiser and Qian, 2002;
Liu et al., 2004; Che et al., 2005; Cheng et al., 2005;
Hayasaka et al., 2006]. Furthermore, data for the clear-sky
condition indicate that increased air pollution is mainly
responsible for this decreasing trend. However, we see more
difficulties in interpreting the decreasing trend in the whole-
sky condition because past reports suggested that the cloud
coverage also has decreased in this region [Kaiser 1998,
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2000; Qian et al., 2006] which can produce a counter effect
of increasing SDSWRF and sunshine duration. It is also
necessary to understand why the cloud coverage has de-
creased in this region despite the strong cloud-lifetime effect
caused by air pollution.
[5] Sensitivity experiments based on model simulations

are necessary to understand the effects of anthropogenic
climate forcing by aerosols and greenhouse gases (GHG)
upon the radiation budget and the cloud field of the Asian
region, as also suggested by past studies [Kiehl and Briegleb,
1993; Taylor and Penner, 1994; IPCC 2001]. For this
purpose we utilize an atmospheric general circulation model
(AGCM) with an aerosol transport and radiation model and
an ocean mixed-layer model. Also, we focus on eastern
China, where available observational data indicate the pres-
ence of large anthropogenic emissions.
[6] Our model in this study is described in section 2, and

the derived results are analyzed in section 3. The effects of
anthropogenic aerosols on the surface radiation budget are
presented in section 3.1, and the effects of aerosols and GHG
on the cloud field are investigated in sections 3.2 and 3.3. The
simulation results are compared with observations in
section 4, and conclusions are drawn in section 5.

2. Model

[7] The model in this study was a three-dimensional
aerosol transport-radiation model (SPRINTARS; Takemura

et al. [2000, 2002, 2005]), driven by the AGCM developed
by CCSR (Center for Climate System Research), NIES
(National Institute for Environmental Studies), and FRCGC
(Frontier Research Center for Global Change) [K-1 Model
Developers, 2004]. The simulated aerosol optical properties
are in reasonable agreement with observations. Takemura et
al. [2002] reported that the mean differences between the
simulation and observations are less than 30% for the

Figure 1. Simulated annual mean aerosol optical thicknesses at 550 nm in eight regions of China as
Western China (W): 40–45�N, 75–100�E; Tibet plateau (30–40�N, 75–100�E); Northern central China
(NC): 35–45�N, 100–110�E; Southwestern China (SW): 20–35�N, 100–110�E; Southern China (S):
20–25�N, 110–120�E; Eastern China (E): 25–35�N, 110–122�E; Northern China (N): 35–45�N, 110–
125�E; Northeastern China (NE): 45–50�N, 110–125�E. Values from experiments using anthropogenic
aerosol emission data in the preindustrial (left circles) and in the present-day (right circles).

Figure 2. Changes in the annual mean cloud optical
thickness. Values represent differences in the simulation
results using anthropogenic aerosol emission data between
the present-day (2000) and the preindustrial era (1850).
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optical thickness in most regions. A simplified mixed-layer
ocean was used to simulate the sea surface temperature
(SST) change due to aerosols and GHG using the prescribed
surface heat flux. The SPRINTARS incorporates sulfate,
carbonaceous, sea salt, and mineral dust aerosols, the first
three of which are assumed to acts as cloud condensation
nuclei that generate cloud droplets whose number increases
with the number of nuclei. The effective radius and precip-
itation rate of cloud droplets were parameterized depending
on the number of cloud droplets [Ghan et al., 1997; Abdul-

Razzak et al., 1998; Abdul-Razzak and Ghan, 2000;
Takemura et al., 2005]. The cloud droplet number concen-
tration originating form aerosols is diagnosed as follows:

Nc ¼ Na
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Figure 3. Same as Figure 2 but for the annual mean SDSWRF (W/m2).

Figure 4. Same as Figure 2 but for summer (June, July, and August; JJA) and winter (December,
January, and February; DJF): (a) AOT and (d) SDSWRF (W/m2).
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where Nc and Na are cloud droplet and aerosol number
concentrations; w is the updraft velocity; rm and sa are the
mode radius and standard deviation of the aerosol particle
size distribution; A and B are the coefficients of the
curvature and solute effects, respectively; a and b are
functions with the saturated water vapor mixing ratio,
temperature, and pressure; G is a function with the water
vapor diffusivity, saturated water vapor pressure, and
temperature; f1, f2, and b depend on the standard deviation
of the aerosol particle size distribution. The cloud droplet
effective radius reff is then calculated depending Nc as
follow:

reff ¼ k
3rl

4prwNc

� �1
3

; ð2Þ

where rl, rw and k are respectively the air density, cloud
water mixing ratio, water density and empirical constant.
Then the precipitation rate P is parameterized depending on
Nc [Berry, 1967] as follows:

P ¼ � dl

dt
¼ arl2

b þ g
Nc

rl

; ð3Þ

where constants are set as a = 0.01, b = 0.12 and g = 1 �
10�12. These parameterizations show that the cloud droplet

effective radius decreases (the first indirect effect) with
increasing amount of aerosols. A reduced number of
particles increases the cloud lifetime and hence decreases
the precipitation rate (the second indirect effect). The
accuracies of simulated aerosols, cloud, and precipitation
fields have already been validated on a global scale using
chemical data and AERONET sky radiance data [Takemura
et al., 2000, 2002, 2005].
[8] The following three model simulations of equilibrium

experiments were performed to investigate the impact of
aerosols and GHG based on present-day emission data
(represented by 2000) and the preindustrial-era emission
data (represented by 1850) provided by Johns et al. [2003]
and CCSR/NIES/FRCGC [Nozawa et al., 2005]: (Exp. 1)
anthropogenic aerosol (sulfate and carbonaceous aerosol
from fuel burning) emissions and GHG concentrations for
the present-day, (Exp. 2) anthropogenic aerosol emissions
for the preindustrial era and GHG concentrations for pres-
ent-day, and (Exp. 3) anthropogenic aerosol emissions and
GHG concentrations for the preindustrial era. We assumed
no emissions of carbonaceous aerosols and sulfate aerosol
originating from fossil fuels for the preindustrial era and
emissions of carbonaceous aerosol originating from biofuel
and agricultural activities for the preindustrial era to be
about a tenth of that for the present-day. The same emis-
sions database of volcanic SO2 from continuous eruptions,
carbonaceous aerosol from biomass burning, and the ter-
pene emitted from plants as one of the OC were used in all
experiments. Each experiment required integration for at
least 20 years before equilibrium was reached, with the
subsequent 30 years being investigated. The anthropogenic-
aerosols impact (AI), GHG impact (GI), and total anthro-
pogenic impact (including both anthropogenic aerosols and
GHG; AGI) were evaluated from the differences between
Exp. 1 and Exp. 2, Exp. 2 and Exp. 3, and Exp. 1 and
Exp. 3, respectively. So, these simulations indicate the
results of sensitivity test.

3. Results

3.1. Aerosol Effects on the Surface Radiation Budget

[9] Figure 1 presents simulated annual mean AOT at a
wavelength of 550 nm for eight regions of China in the
experiment using anthropogenic aerosol emission data in
the preindustrial (left circles) and the experiment using
anthropogenic aerosol emission data in the present-day
(right circles). The pie chart in each panel shows contribu-
tions of aerosol types in each period, with the circle
diameter corresponding to the total amount of aerosols (on
an arbitrary scale). It is found that the simulated aerosol
concentrations in the present-day in eastern and southern
produce an annual mean AOT with contributions of 90%
from sulfate and carbonaceous aerosols, and less than 10%
from dust and sea salt aerosols. The dominance of anthro-
pogenic components such as sulfate and carbonaceous
aerosols in these regions is consistent with the presence of
heavy industrial activity and fuel burning [Chu et al., 2003;
Akimoto et al., 2006]. In contrast, the annual mean total
AOT was less than 0.1 over eastern China in the preindus-
trial era. Figure 1 indicates that the total AOT increased
four- to fivefold from the preindustrial era to the present-
day, with a tendency of increase getting greater at locations

Figure 5. Same as Figure 2 but for the annual mean
(a) total cloud coverage and (b) the low-level cloud
coverage [%].
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nearer to sources of the aerosol sources in eastern China,
caused primarily by increases in sulfate and carbonaceous
aerosols associated with fuel burning. This increase in the
aerosol loading causes changes in the number of cloud
droplets and hence in the cloud optical thickness, as shown
in Figure 2 over a wide area from eastern China to Japan.
This figure shows that the change in the cloud optical
thickness reaches 40 near the main source of aerosol
emissions. Note that the distribution of the cloud change
differs slightly from that of the AOT change shown in
Figure 1, which indicates that the cloud-field change is
caused not only by aerosol indirect effects but also by other
mechanisms as described in section 3.2. The SDSWRF-
change field shown in Figure 3 reflects all the changes in
AOT and cloud optical thickness shown in Figures 1 and 2.
It also depends on the cloud coverage change as shown in
Figure 5 as discussed later. Figure 3 shows that SDSWRF
decreases by 15 W/m2 over the large area of eastern China
as is shifted to the oceanic region as compared with the
AOT-change field.
[10] Figure 4 indicates that the changes in AOT and

SDSWRF show significant seasonal variation between
summer (June, July, and August) and winter (December,
January, and February). The region of large AOT extends
from southwestern to northeastern China and to Japan in
summer, whereas the enhanced AOT is limited to near the
source area in winter. It should be noted that anthropogenic

aerosol emissions from source areas were assumed to be
constant (i.e., without seasonal variation) in the model
simulations. The significant seasonal change in AOT must
therefore be due to variations in the photochemical reaction
process and transportation process. Photochemical reactions
are active in summer, with more sulfate aerosols produced
from SO2, while aerosol particle generation is modest in
winter near the source region. Furthermore, aerosol particles
are lifted to higher altitudes in summer than in winter, which
allows them to be transported farther and with a longer
residential time in summer. Similar to the seasonal differ-
ence in the AOT-change distribution, the area of reduced
SDSWRF is larger in summer than in winter as shown in
Figure 4b. The simulated seasonal difference in the AOT-
change field is supported by the AOT distributions derived
from the TERRA/MODIS satellite imager, which also
shows a wider AOT distribution in summer [Chu et al.,
2003]. However, there are noticeable differences between
SDSWRF and AOT-change distributions that are more
distinct than those in the annual mean distributions in
Figures 1 and 3. Although not shown in a figure, this
difference is caused by the cloud-coverage-change field
differing from the AOT-change field. A wide region from
eastern to northeastern China is covered with thick clouds in
the model simulation in summer. Additionally, the cloud-
coverage maximum over China occurs in summer [Li et al.,

Figure 6. Vertical distributions of annual mean cloud water concentrations (mg/kg) averaged over
110–120�E. Top panels represent the result of the control run, and bottom panels are the same as for
Figure 2. Left and right panels represent convective cloud and large-scale condensation cloud, respectively.
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2004]. This enhancement in the cloud optical thickness and
coverage further decreases SDSWRF in this region.

3.2. Cloud Field Change by Aerosol Effects

[11] The previous section indicates that the aerosol load-
ing results in complicated changes in the cloud coverage. In
this section we consider how cloud changes are produced.
Figure 5 indicates the change in the coverage of total and
low-level cloud (under 680 hPa). The low-level cloud
coverage increases with the concentration of anthropogenic
aerosols, as explained by an enhanced indirect (cloud
lifetime) effect caused by the increase in anthropogenic
aerosols. The cloud droplet number concentration increases
by the aerosol number concentration increase and precipi-
tation rate decrease shown in equations (1) and (3). This
feature appears clearly in the vertical distribution of clouds
in Figure 6, which presents the annual mean vertical
distribution of the cloud water concentration change in-
duced by AI averaged over eastern China from 110�E to
120�E. The large-scale condensation-cloud water increases
in the lower atmosphere around the area where anthropo-
genic aerosol emissions increase (Figure 6b). However, the
change in the total cloud coverage differs from that for low-
level cloud. In our model the aerosol second indirect effect
is treated only in large-scale condensation clouds. Therefore
the convective-cloud water decrease evident in the figure
appears to be caused by mechanisms other than the aerosol
first and second indirect effects. Figure 7 is the same as
Figure 6 except that it shows the summer and winter
averages. The decrease in the convective-cloud water is

clear in summer, but there is very little convective-cloud
water in winter over China.
[12] A candidate mechanism is the weaker convection

flow caused by the surface cooling due to an increase in
aerosols, especially in summer as shown in Figure 8a. This
figure shows the change in winds during summer when
anthropogenic aerosols increase (i.e., AI). An increase in
aerosols causes surface cooling by reducing SDSWRF,
especially from northeastern China to Japan in summer.
The updraft flow in this region becomes weaker due to
strong surface cooling and stronger downdraft flow in
central China. Moreover, the change in 850-hPa winds
weakens the characteristic southwesterly winds blowing
from the west coast of India. This suggests that the eastern
Asian summer monsoon circulation is attenuated by AI.
This trend agrees with the result of Iwasaki and Kitagawa
[1998] reporting that a lower low-level temperature due to
an aerosol increase weakens the summer monsoon circula-
tion, which decreases the total cloud coverage in summer
over southern China due to weaker convective activity. On
the other hand, the large-scale condensation cloud domi-
nates in winter and the cloud coverage change pattern
becomes similar to that of the aerosol increase because of
the dominance of aerosol indirect effects.
[13] Table 1 indicates the seasonal change in total and

low-level cloud coverage in the following climatic regions
as defined by Liu et al. [2004]: northern China defined as
the region including Beijing (35–45�N, 110–125�E), east-
ern China the region in the mid-to-lower reaches of the
Yangtze River (25–35�N, 110–122�E), and southern China

Figure 7. Same as Figure 6 but for the averaged values over summer (JJA) and winter (DJF).
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which is the region south of 25�N (20–25�N, 110–120�E).
The low-level cloud coverage increases in almost all sea-
sons in all the regions, especially in southern and eastern
China during winter. This characteristic spatial and seasonal
dependence is mainly caused by the aerosol indirect effect
due to large anthropogenic emissions in these areas. On the
other hand, the total cloud coverage decreases in southern

and eastern China from summer to autumn, which is mainly
due to surface cooling caused by the significant decrease in
SDSWRF.

3.3. Cloud Field Change by GHG Effects

[14] The climate forcing by greenhouse gases is greatly
different from that by the anthropogenic aerosols. Also,
hence the simulated results are different from each other
increasing greenhouse gases warm the surface while in-
creasing aerosols cool the surface. Therefore the change in
the cloud coverage induced by increases in greenhouse gas
differs from that in aerosols. Changes in the seasonal and
annual mean values of the cloud coverage induced by
increases in GHG in the three regions are shown in
Table 1. The low-level cloud coverage tends to decrease
when GHG increase in all the regions, although the mag-
nitude of the change is smaller than that induced by
aerosols. The change in the total cloud coverage induced
by increases in GHG is almost the opposite of that due to
the aerosol increase. When GHG increases, the annual mean
cloud coverage decreases in northern and eastern China.
This fact is seemed to be at least partially induced by
decreases in the relative humidity as shown in Figure 9
which presents the vertical distribution of the annual mean
relative humidity for the change induced by GI averaged
over (110–120�E) in the region (20–50�N).
[15] However, from summer to autumn, the total cloud

coverage increases over southern and eastern China with the
enhancement of high-level clouds. This seasonal change in
the total cloud coverage is connected to the change in the
East Asian monsoon circulation due to the increase in GHG,
such as a stronger summer monsoon as also proposed by
Kimoto [2005].

4. Comparison With Observations

[16] In this section we compare the model simulation
results presented in the preceding sections with observed
changes in the cloud coverage and SDSWRF. Kaiser [1998]
reported that the trend in the annual mean midday cloud
coverage during 1951–1994 was �1.0% per decade in
eastern China. In order to compare our simulation results
with this observed long-term change, Figure 10 indicates

Figure 8. Pressure velocity (10�2 Pa/s) at 400 hPa
(shadow) and wind vector (m/s) at 850 hPa (vectors) in
summer for the control run (upper panel) and the simulated
change induced by AI (lower panel).

Table 1. Seasonal and Annual Mean Changes in Total Cloud Coverage (%) and Low-Level (Under 680 hPa)

Cloud Coverage (%) Induced by AI and GI Averaged Over Each Region in Chinaa

MAM JJA SON DJF YR

AI total cloud coverage N 1.3 3.2 1.3 0.9 1.7
E 3.0 0.5 �2.2 1.8 0.8
S 1.6 �1.3 �4.4 1.9 �0.5

low-level cloud coverage N 0.1 0.6 0.3 0.1 0.3
E 2.0 0.4 �0.2 2.7 1.2
S 1.5 0.4 0.9 3.2 1.5

GI total cloud coverage N �1.1 �4.0 �2.0 0.8 �1.6
E �3.6 1.0 0.3 �4.2 �1.6
S �1.3 3.6 5.6 �0.2 1.9

low-level cloud coverage N 0.2 �0.1 �0.2 0.1 0.0
E �0.6 0.3 �0.4 �0.7 �0.4
S 0.0 �0.5 �1.0 �1.8 �0.8

aNorthern China (N: 35–45�N, 110–125�E), Eastern China (E: 25–35�N, 110–122�E) and Southern China (S: 20–25�N,
110–120�E) for the spring season (MAM: March, April, and May) and the fall season (SON: September, October, and
November), respectively.
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changes in the model results induced by AI, GI, and AGI,
and surface-observed trends of the annual mean cloud
coverage [Kaiser, 1998] in the same three regions as in
Table 1. As also shown in Table 1, the annual mean total
cloud coverage increases from a negative to a positive value
with increasing latitude from south to north due to a larger
decrease in the high-level clouds in southern regions,
especially in summer. In contrast, the annual mean total
cloud coverage decreases in northern and eastern China
induced by GI. The cloud coverage increases in southern
China due to a significant increase in high-level clouds.
These AI- and GI-induced changes in cloud coverage
compensate each other so as to reduce the magnitude of
the total cloud coverage change induced by both factors
(AGI). Thus the annual mean cloud coverage increases by
about 1.3% in southern China, decreases by about 0.8% in
eastern China, and does not change in northern China. On
the other hand, most stations in China show statistically
significant decreases in the cloud coverage. These observed
trends are less consistent with the modeled trends in the
three regions. However, it should be noted that the simu-
lated change in cloud coverage induced by GI is more
inconsistent with the observed trend. Inclusion of AI brings
the simulated cloud coverage change trend closer to the
observed trend. The high-level cloud coverage change due
to SST change, as discussed in the previous section, is
especially important in AI. Inclusion of only the aerosol
indirect effect, which increases the low-level clouds, makes
the simulation results less consistent with the observed
trend. It should be remembered that our simulation results
are from equilibrium experiments, which tend to overesti-
mate the impacts, and which may at least partially explain
the differences between the observed and simulated results.
[17] Figure 11 compares between observed and simulated

SDSWRF changes at the following sites in China: Lanzhou

(36.63�N, 103.53�E) in north-central China, Shenyang
(41.44�N, 123.27�E) and Beijing (39.56�N, 116.17�E) in
northern China, Chengdu (30.4�N, 104.01�E) in southwest-
ern China, Wuhan (30.37�N, 114.08�E) in eastern China,
and Guangzhou (23.08�N, 113.09�E) in southern China.
The black dots in the figure indicate the measured SDSWRF
change trend from 1961 to 2000 in China provided by the
China Meteorological Administration. The observations
indicate a decreasing trend in SDSWRF, with the value
reaching more than –20 W/m2 in industrial areas over the
40 years at all sites. Figure 11 indicates that the model
simulation is consistent with the site dependence of the
observed trends, though the absolute values from the

Figure 9. Vertical distribution of annual mean relative humidity (%) averaged over 110–120�E for the
simulated change induced by GI.

Figure 10. Changes in the annual mean cloud coverage
(%) in the same three regions as in Table 1. Hatched, dark
grey, and open bars indicate simulated changes induced by
AI, AGI, and GI, respectively. Black dots represent the
changes in the observed cloud coverage (%) from 1951 to
1994 and bars indicate standard errors.
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simulation underestimate the observed trend by 30–50%. It
should again be noted again that the model simulations are
equilibrium experiments, which would be expected to be
different from the values obtained in transient experiments.
We therefore conclude that our model underestimates the
observed negative trends of SDSWRF, and future studies
should be attempted to identify the underlying reason for
this discrepancy. One possible reason is an underestimation
of the emission inventory near large cities, because the
spatial resolution of our emission inventory is of order of
100 km. The other point to be recognized in the figure is
that aerosol effects are the dominant factor changing the
SDSWRF at all the sites in China without significant GI
effects as also indicated in the earlier sections. The GHG
influence on the SDSWRF is mostly caused through
changes in the cloud coverage, because the AOT changes
little over China when GHG increased in our simulations.
[18] Figure 12 shows the annual mean SDSWRF in the

three regions in China due to each factor. The aerosol direct
effect is the main contributor to the change in SDSWRF in
the clear-sky condition, while the aerosol indirect effect is
the main factor to cause the difference in the SDSWRF
change in the whole sky from that in clear sky. It is found
that the AI is mostly due to direct effects. On the other hand,
aerosol indirect effects vary between regions. It should be
noted that the indirect effects in our study include not only
ordinary aerosol indirect effects but also general circulation
effects. It is found in this study that the change in the
radiation budget due to the aerosol direct effect and the first
and second indirect effects cause a change in the land and
ocean surface temperature by which a secondary atmospher-
ic general circulation is induced. Thus the SDSWRF change
as well as the cloud field change is very intricate and the
magnitude of aerosol indirect effects is different from region
to region. For instance, such a region covered with a large

cloud amount is susceptible to changes indicated in this
figure.

5. Conclusions

[19] Present sensitivity study using model simulations has
revealed the complicated effects of anthropogenic aerosols
on the climate in China. In our simulations the AOT values
increase by about fivefold over eastern China relative to the
preindustrial era. The observations show a significant neg-
ative change in SDSWRF (of more than �20 W/m2) over
the last 40 years, due mostly to the direct effect of aerosols,
and this has been confirmed by our model simulations.
Furthermore, we found that the change in the aerosol
distribution varies with seasons, which causes the seasonal
changes in AOT, cloud properties, and SDSWRF.
[20] In our model simulations when anthropogenic aero-

sols increase, the low-level cloud coverage increases in all
seasons but the total cloud coverage decreases in summer,
especially over southern China. This decrease appears to be
due to reduced convective activity caused by surface cool-
ing. The annual mean cloud coverage over eastern China

Figure 11. Same as Figure 10 but for the simulated annual
mean SDSWRF (W/m2) at six sites in China: Lanzhou
(36.63�N, 103.53�E), Shenyang (41.44�N, 123.27�E),
Beijing (39.56�N, 116.17�E), Chengdu (30.4�N,
104.01�E), Wuhan (30.37�N, 114.08�E), and Guangzhou
(23.08�N, 113.09�E). Hatched, dark grey, and open bars
indicate simulated changes induced by AI, AGI, and GI,
respectively. Black dots represent the changes in annual
mean observed SDSWRF (W/m2) from 1961 to 2000 and
bars indicate standard errors.

Figure 12. Same as Figure 11 but for the annual mean
SDSWRF (W/m2) in northern, eastern, and southern China.
AI (direct) indicates change in SDSWRF (clear sky), and AI
(indirect) indicates SDSWRF (whole sky) � SDSWRF
(clear sky).
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increases with the marked increase in low-level clouds due
to increasing aerosols. On the other hand, low-level cloud
coverage decreases when GHG increase, and the total cloud
coverage also decreases except in the summer, especially
over southern China. The annual mean cloud coverage
decreases over northern and eastern China and increases
over southern China induced by GI. The observed decrease
in the cloud coverage in China [Kaiser, 1998; Kaiser and
Qian, 2002; Qian et al., 2006] needs both the effects of
aerosols and GHG to be included in the model simulation.
[21] Since the above findings have been drawn in this

study based on a specific model and limited data analysis,
we need more studies of comprehensive simulations with
variety of models to validate against more observational
data in order to accurately explain the observed trends in the
radiation budget and the cloud field. Especially detailed
transient simulations based on fine resolution emission
inventories of aerosols will be important to study the
disagreement between observed and simulated SDSWRF.
It is also needed to study model dependence of the cloud
field change due to the induced general circulation caused
by GHG and aerosol increase with various models including
full-coupled atmosphere and ocean models. However, it is
possible to say that at least the present sensitivity experi-
ments demonstrate a large potential of aerosols to interpret
the observed trends in SDSWRF and cloud coverage in this
region.
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