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ABSTRACT: Numerical simulations were conducted for 1960–2000 to estimate the direct effects of
aerosols on temperature and precipitation in East Asia. Radiative forcing and regional climatic effects
of total combined aerosol — including sulfate, dust, black carbon, and organic carbon — over the East
Asian region were investigated using the NCAR Community Atmospheric Model, Version 3.1.
Surface dimming is revealed by the simulated negative radiative forcing at the surface, and the most
distinct dimming can exceed 30 and 25 W m–2 under clear and all sky conditions, respectively; dimming cools the surface by 1.5 K in most regions in the study domain. Air column temperatures
increase in northern India and northwestern and northern China, and decrease in other areas. The
profiles of air temperature show similar trends in different areas, with a decrease below 850 hPa and
an increase in the middle of the troposphere. The finding of increases in vapor content and precipitation in northern and northwestern China contradicts recent trends of flooding in the south and
drought in the north of China, which have been attributed to the effects of aerosol absorption in some
simulation studies. In our study, significant precipitation increases by a maximum of 9% in northern
and northwestern China, while it decreases by up to 12% in the southern part of the Tibetan Plateau,
the Sichuan Basin, and most of southern, southeastern, and northeastern China.
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1. INTRODUCTION
The global mean direct radiative forcing (RF) induced by aerosol lies around –0.5 ± 0.4 W m–2 (Forster
et al. 2007). The RF of aerosol — contributions from
sulfate, black carbon (BC), organic carbon (OC), and
dust — is lower than that of carbon dioxide, which
is 1.66 ± 0.17 W m–2, but it is sufficient to affect the
climate.
Some studies in China report the main ingredients of
aerosol as sulfate, dust, BC, OC, and sea salt (He et al.
2001, Xu et al. 2002, Ye et al. 2003, Han et al. 2008).
Aerosol over most of Asia is close to Atmospheric
Brown Cloud (ABC) characteristics (Ramanathan et al.

2007a), roughly 75% of which is of anthropogenic
origin (Ramanathan et al. 2001).
ABC with a visible absorption optical depth as low as
0.02 is sufficient to enhance solar heating of the lower
atmosphere by as much as 50% (Ramana et al. 2007,
Ramanathan et al. 2007b). Over most of East Asia, the
annual mean excessive solar heating in the atmosphere
exceeds 10 W m–2, and over the ABC hotspots it exceeds
15 W m–2 (Jayaraman et al. 2006). The amount of direct
and global solar radiation reaching the surface has decreased in many regions of China during the past half
century (Luo et al. 2001, Xu et al. 2001, Liang & Xia 2005,
Qian et al. 2006, 2007). Similar dimming has been reported in South Asia (Vinoj et al. 2004, Dumka et al. 2006).
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The earliest study of aerosol effects on temperature
in East Asia using regional climate models (RCMs)
considered only the direct effect of sulfate (Qian &
Giorgi 1999). Later, a chemistry model was coupled
into RCMs and the effects of several aerosol types
were simulated (Giorgi et al. 2002, 2003, Qian et al.
2003, Wang et al. 2003). Giorgi et al. (2002) found that
the simulated temperature trends induced in China by
sulfate and soot were consistent with observations in
recent decades. Giorgi et al. (2003) demonstrated that
under current sulfur emissions, direct effects of anthropogenic sulfate are the most important during the cold
season, while indirect effects dominate in the warm
season. Qian et al. (2003) used an RCM driven by offline aerosol data from a global chemistry–aerosol
model to simulate the effects of aerosols on climate
over East Asia. Their results indicate that a negative
RF induces surface cooling, mainly due to the decrease
in maximum temperature during the daytime. Huang
et al. (2006) investigated the second indirect effect of
aerosol and found that the diurnal temperature range
decreases by –0.7°C in the industrialized parts of China.
Changes in precipitation in China have distinctive
regional and seasonal patterns (Zhai et al. 2005), especially for the significant decreases of annual total precipitation in northeastern, northern and central western China, accompanied by increases in southern,
central eastern and western China (Ding et al. 2007).
Giorgi et al. (2002) found that aerosol-induced RF and
surface cooling tend to inhibit precipitation over East
Asia, although this effect is relatively small in their
simulations. Indirect effects of sulfate largely inhibit
precipitation, especially during the summer (Giorgi et
al. 2003). With comprehensive types of aerosol considered in their climate model, Qian et al. (2003) found
little effect of aerosol on precipitation. Some simulations relate changes in precipitation in East Asia to the
effects of absorption aerosol (Menon et al. 2002, Wu et
al. 2004, 2008, Ramanathan et al. 2005), in spite of the
uncertainty in the simulation of rainfall trends. In addition, the reduction of precipitation in east central
China during the last 40 yr is strongly correlated to
high aerosol concentrations (Zhao et al. 2006). Gu et al.
(2006) found that the inclusion of BC in their simulations did not produce the ‘northern drought/southern
flooding’ pattern which has become frequent in China
during the past 50 yr.
In the present study, the NCAR Community Atmospheric Model, Version 3.1 (CAM3) was used to estimate the combined direct effects of sulfate, BC, OC,
and dust (including their RF), and the change in temperature and precipitation in East Asia. Section 2
describes the model and simulation strategy; Section 3
presents the results of a control simulation; Section 4
describes the results of RF; Section 5 addresses the

change of temperature and precipitation induced by
aerosol; Section 6 discusses the conclusions.

2. MODEL AND DATA
CAM3 has a T42 spectral truncation (roughly 2.8° ×
2.8° horizontal resolution) and a 26-level hybrid sigmapressure coordinate system (Collins et al. 2004), with
the top of the model atmosphere at 3.54 hPa. Due to the
distinct effect of sea surface temperature (SST) to East
Asian climate, CAM3 is driven by a time-dependent
monthly mean SST and sea-ice concentration dataset
in the current simulation, with improved results compared to its old version (Hurrell et al. 2006). The major
shortcoming of the model is that the simulated 500 hPa
heights are higher than the observed heights throughout the tropics and subtropics, which is consistent with
a slight warm bias in the tropical troposphere (Hack et
al. 2006).
In this study, two different CAM3 integrations from
1960–2000 are performed with the spin-up time of the
first 10 yr. The control simulation (CN) includes the
forcing from sulfate, BC, OC, dust, and sea salt, and
the aerosol simulation (AR) only includes the forcing
from sea salt. The same parameters are used in both
simulations, and concentrations of greenhouse gases
are held constant at 1990 levels. To analyze the effects
of total combined aerosol on climate, the 30 yr mean
from the CN simulation is compared to that of the AR.
The 3-dimensional time-dependent distributions of
sulfate, BC, OC, and dust are included in the model
with the prescribed dataset. The aerosol dataset is
from an aerosol assimilation system (Collins et al. 2001,
2002) integrated for present-day conditions, in which
the Model for Atmospheric Chemistry and Transport
(MATCH) (Rasch et al. 1997) and an assimilation of
satellite retrievals of aerosol optical depth are used
including anthropogenic and natural sources for aerosol. The direct effects of tropospheric aerosols on solar
fluxes and heating rates are included under the aerosol
external mixture assumption, and indirect effects are
not included in the model.
Figs. 1 & 2 show the annual and seasonal aerosol
optical depth at 550 nm wavelength used in the simulations, respectively; the annual mean reaches a maximum of 0.27 in the middle reaches of the Yangtze
River, and the Yellow and Huai River basins. The
greatest optical depth is in the low reaches of the
Yangtze River in spring with a maximum of 0.4; the
maximum moves northward to the Yellow and Huai
River basins in summer. In autumn and winter, the
greatest optical depth lies in the Sichuan Basin, with
maxima of 0.24 and 0.45, respectively. The modeling
results agree with satellite monitoring data (Collins et
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Fig. 1. Annual mean aerosol optical depth in East Asia at 550 nm wavelength in the simulation. (a) Annual mean of total combined
aerosol (shaded) and sulfate (contours); frames show the 4 study regions described in Tables 1 & 2. (b) Annual mean of sum of
black carbon (BC) and organic carbon (OC) (shaded) and dust (contours)

Fig. 2. Seasonal change in aerosol optical depth in East Asia at 550 nm wavelength in the simulation. (a) Total combined aerosol
in spring (shaded) and summer (contours). (b) Total combined aerosol in autumn (shaded) and winter (contours)

al. 2001). Sulfate contributes the greatest proportion to
total optical depth, followed by carbonaceous aerosol
(BC + OC). Sulfate has a similar pattern to total combined aerosol in almost all domains. The pattern of carbonaceous aerosol is also similar to total combined
aerosol, but carbon constitutes a smaller proportion of
total aerosol in southern than in northern China. Dust
aerosol is highest in western China and northern India,
and lowest in eastern China. Optical depth of aerosol
used in this simulation is listed in Table 1; the rectangles in Fig. 1a show the regions studied.

3. CONTROL SIMULATION
Evaluating the basic climatic simulations, Fig. 3
shows the simulated sea surface pressure and NCEP
reanalysis data in winter and summer, respectively.

The pressure patterns agree with the reanalysis data in
most parts of the model domain. However, the simulation is 4–6 hPa higher than the NCEP data, except for
in the northwestern part of the domain in winter and in
the western part in summer. Simulated geopotential
heights at different levels are also represented well by
the model (data not shown).
Table 1. Optical depth of aerosol components and total
aerosol for the regions shown in Fig. 1, and for all China

North
Northwest
South
Southwest
All China

Sulfate

Carbon

Dust

Sea salt

Total

0.15
0.06
0.13
0.10
0.09

0.04
0.01
0.04
0.05
0.03

0.01
0.02
0.01
0.01
0.02

0
0
0.01
0
0

0.20
0.09
0.19
0.16
0.14
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Fig. 3. Simulated sea surface pressure (hPa) (shaded) and NCEP data (contours) in (a) winter and (b) summer

The model also captures the pattern of skin temperature in winter and summer (Fig. 4). However, in winter the simulation is 2–4°C warmer than the NCEP
data except for northern India, and the difference
between simulations and observations is statistically
significant in most parts of the Chinese mainland (data
not shown). The results indicate low reliability of the
temperature simulation for the Chinese mainland in
winter, and further improvement is necessary. In summer the simulation is 2–4°C cooler than the NCEP data
in northern and northeastern China, accompanied by
the 2–6°C positive bias in other areas. The difference
in summer is statistically insignificant in most regions
(data not shown).
Grid rainfall data of the Global Precipitation Climatology Project (GPCP) is used to compare with the simulation results (Adler et al. 2003) (Fig. 5). For the total
precipitation in summer, the observation data show

that the main rainfall region lies in India and the vicinity of the Tibetan Plateau with a maximum of 11 mm
d–1, and the simulation captures this despite a shift of
the maximum rainfall center to the southwest corner
of the domain. In addition, biases in northeastern and
northwestern China are small. The pattern of total precipitation in summer (Fig. 5a) is mainly due to convective precipitation, especially in the southern part of the
domain, and the maximum of large-scale precipitation,
which is remarkably smaller than convective precipitation, lies in central China. The annual mean precipitation in the simulation agrees with the observations in most regions except for the difference in the
coastal region of southern China, where the model
fails to reproduce the rainfall center in Guangdong and
Hainan provinces. Similarly, a significant proportion of
annual total precipitation (Fig. 5d) is from convective
precipitation for the region south of 30° N.

Fig. 4. Simulated sea surface temperature (skin temperature, in K) (shaded) and NCEP data (contours) in (a) winter and (b) summer

Wu et al.: Aerosol effects in East Asia

79

Fig. 5. Precipitation (mm d–1) (a,b) in summer and (c,d) annual mean, from simulated and Global Precipitation Climatology Project
(GPCP) data. (a,c) Total precipitation from simulation (shaded) and GPCP (contours); (b,d) convective (shaded) and large-scale
precipitation (contours)

4. RADIATIVE FORCING
Annual mean RF of total combined aerosol at the
top of the atmosphere (TOA) under all-sky conditions
(Fig. 6a) is largely negative, except for some positive
values over southern China and the northeastern part
of the domain. RF at TOA is statistically significant
only in northwestern China and India. Distinct surface
dimming can be found in most regions in the domain
under all-sky conditions, except for Japan and adjacent regions having positive RF. Surface dimming can
exceed 10 W m–2 in central and northern China, with a
maximum of 15 W m–2. The most distinct dimming
occurs in the Indian Peninsula, with >25 W m–2. Statistically significant regions cover almost the entire domain,
except for the Tibetan Plateau, Japan and adjacent
areas, and areas close to the Philippines, which
enhances the reliability of the observed dimming

effects in East Asia. Surface dimming can be due to (1)
scattering and absorption of radiation by aerosol, and
(2) absorption enhancement in the air column from
multiple reflection between the clouds and aerosol.
RF is negative under clear sky conditions. Extreme
RF at TOA occurs in the middle and low reaches of
the Yangtze River, with –12 W m–2, and RF exceed
–6 W m–2 throughout eastern China. The statistically
significant regions almost cover the whole domain
except for the Tibetan Plateau. RF at the surface under
clear sky conditions has a similar pattern as that at
TOA, but is twice as high in most regions. Significant
dimming in China can reach –25 W m–2 in the lower
Yangtze River, and the maximum can exceed –30 W
m–2 in some parts of India. Surface dimming under allsky is weaker than it under clear sky conditions in most
regions, probably due to increased absorption in the
air column resulting from multiple reflection between
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Fig. 6. Annual mean of radiative forcing (W m–2) induced by total combined aerosol. Shaded: Areas with significant difference
(t-test, p = 0.90)

cloud and aerosol layers (Haywood & Shine 1997, Liao
& Seinfeld et al. 1998).
Regional mean RF under clear sky is more distinct
than all-sky conditions, and surface dimming is stronger
than RF at TOA (Table 2). The most distinct RF occurs
in northern China, especially for surface dimming. For
Table 2. Radiative forcing (annual mean, W m–2) induced by
total combined aerosol for the regions shown in Fig. 1, and for
all China; values in parentheses are for clear sky
Solar
Top of the atmosphere
North
–3.18 (–9.54)
Northwest –2.16 (–3.83)
South
–0.45 (–9.56)
Southwest –0.21 (–8.12)
All China
–2.59 (–7.04)

Infrared

Total

–0.36 (–0.93)
–0.71 (–0.75)
1.73 (–0.03)
0.75 (–0.31)
–0.34 (–0.63)

–3.54 (–10.47)
–2.87 (–4.58)0
1.28 (–9.59)
0.55 (–8.43)
–2.92 (–7.67)0

Surface
North
–11.37 (–18.20) –2.55 (–1.80) –13.91 (–19.99)0
Northwest –6.14 (–8.07) –2.36 (–1.46) –8.51 (–9.53)0
South
–7.20 (–16.45) 0.26 (–0.08) –6.94 (–16.52)
Southwest –7.44 (–15.51) 0.09 (–0.17) –7.35 (–15.68)
All China
–9.23 (–13.92) –1.49 (–1.01) –10.73 (–14.92)0

China overall, annual mean surface dimming is 11 W
m–2 under all-sky and 15 W m–2 under clear sky conditions; based on the difference between RF at TOA and
the surface, the RF of the atmosphere is 7.25 W m–2
under clear sky and 7.81 W m–2 under all-sky conditions. The difference of 0.56 W m–2 between clear and
all-sky conditions is possibly due to absorption
enhancement in the air column between clouds and
aerosol. On the other hand, the direct absorption of
aerosol can account for the bias between RF at TOA
and SRF under clear sky conditions, which corresponds to RF of the atmosphere (7.25 W m–2 for the
Chinese mainland). In the two parts of atmospheric RF,
the direct absorption by aerosol is much larger than the
enhancement absorption by the air column between
the cloud and the aerosol layer. Solar RF is a considerable proportion of total RF at both TOA and surface,
and the proportion of infrared RF in total RF is <10%
for most regions (Table 2), which shows that aerosol
leads to the warming of the daytime temperature. This
effect is different from greenhouse gases, which lead
to increases in both day- and nighttime temperatures.
The dimming at the surface in solar bands is nearly the
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same as the net RF under both clear and all-sky conditions, which reflects that the optical character of total
combined aerosol mainly leads to scattering. This can
be explained by the bigger proportion of sulfate in total
combined aerosol.
RF at TOA and the surface is negative in all seasons
(Fig. 7). Seasonal changes in RF are similar in northern
and northwestern China, with highest RF in summer
and lowest in winter. Seasonal trends are weaker in
southern and southwestern China, with highest RF
values in spring and lowest in summer. Absolute values are greater at the surface (Fig. 7b) than at TOA
(Fig. 7a), due to absorption by aerosol.

5. CHANGE IN TEMPERATURE AND PRECIPITATION
5.1. Temperature
Temperature changes induced by RF are shown in
Fig. 8. Maximum and mean skin temperatures have
similar patterns, with extreme cooling on the Tibetan
Plateau (up to –4 and –1.5 K, respectively). The change
in maximum and mean skin temperatures is statistically significant in most of the domain except on the
Tibetan Plateau, and it is similar to the pattern in RF
(Fig. 6). The change in minimum temperature (Fig. 8b)
is in agreement with Fig. 8a,c, except that significant
decreases occur in southern and southeastern China;
decreases are generally –0.5 to –1 K. The change in
minimum temperature is statistically insignificant in
most central and northern regions in the domain. The
temperature range changes by –1.5 to –2 K in northern
China, and –0.9 to 0.3 K in other regions (positive values in the western part of Xinjiang Province, eastern
edge of the Tibetan Plateau, and part of northeastern
China); the most notable decrease is –3 K in India
(Fig. 8d). However, changes are not significant. Sur-
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face air temperatures have a similar pattern to skin
temperature and show much weaker changes induced
by aerosol.
Overall, aerosol leads to a decrease in mean skin
temperature in the western part of northwest and
northeast China, mainly by a reduction in minimum
temperature. A similar reduction is found in the Indian
Peninsula, southwestern, central, southern, northern
and the eastern part of northwest China. The decrease
in minimum temperature is also more remarkable than
that in maximum temperature in these regions. Also,
the regions with a significant reduction in maximum
temperature are much larger than in the case of minimum temperature, and the statistically significant regions of mean temperature are almost the same as the
temperature decreased regions. This confirms that
aerosol has a cooling effect in East Asia, which agrees
with the negative RF (Fig. 6). The decrease in minimum temperature contributes distinctly to the reduction in mean temperature in the regions investigated
(Table 3).
Skin temperature decreases in all months (Fig. 9), except for an increase in southwestern China in March.
The strongest decreases are in January, April and
October in northern and northwestern China (–1.5 K in
northwest China in January), and in winter in southern
and southwestern China. The reduction in temperature is more notable in autumn and winter.
Air column temperature (mass-weighted mean temperature) increases by 0.12 K in northern India, northeastern and northwestern China, and southern Japan.
Temperature decreases in other regions, with extreme
values of –0.2 K in the northern edge of the domain
and –0.06 to –0.12 K in the Indian and Indochinese
peninsulas. There is a significant reduction in February and August for all areas, and weak temperature
rises in March and April for all regions and in October
for all regions except northern China (Fig. 10). The rise

Fig. 7. Seasonal change in radiative forcing (W m–2) under clear sky conditions averaged over the simulation period. (a) Top of
the atmosphere, (b) surface
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Fig. 8. Change in (a) maximum, (b) minimum and (c) mean skin temperature, and (d) monthly range of skin temperature (K)
averaged over the simulation period. Hatched: statistically significant change (2-tailed t-test, p = 0.90)

of annual mean air column temperature is 0.05 K in
northern and northwestern China, and a weak decrease in southern and southwestern China (Table 3).
There is a 0.01 K rise in air column temperature in the
Chinese mainland, accompanied by a 0.34 K reduction
in skin temperature.
Change in temperature can affect atmospheric stability. Air temperature is reduced close to the surface and
tropopause, and increases in the middle of troposphere

(Fig. 11). The strongest decrease in the bottom of the
atmosphere lies in northern China, while the increase is
most noticeable in northern and northwestern China.
These changes near the surface and in the middle of the
troposphere increase the stability in the lower atmosphere, especially in northern China, while the stability
in the upper troposphere is reduced due to the temperature rise near the tropopause. The changes in atmospheric stability may affect convection and precipitation.

Table 3. Changes in temperature (monthly mean, maximum and minimum) and precipitation (annual mean) induced by total
combined aerosol for the regions shown in Fig. 1, and for all China
Skin temperature (K)
Mean
Max.
Min.

North
Northwest
South
Southwest
All China

–0.53
–0.31
–0.29
–0.31
–0.34

–0.37
–0.07
–0.29
–0.27
–0.20

–1.26
–0.67
–0.45
–0.57
–0.71

Air
temp. (K)

0.05
0.05
–0.02
–0.03
0.01

Water vapor
(%)
Content
(g kg–1)
1.62
2.20
–1.60
–1.38
0.47

0.02
0.02
–0.05
–0.04
0.0

Precipitation (mm d–1)
Large
Convective Total
scale
0.0
0.03
–0.05
–0.07
–0.01

–0.12
–0.04
–0.24
–0.23
–0.12

–0.12
–0.01
–0.29
–0.30
–0.13

83

Wu et al.: Aerosol effects in East Asia

5.2. Vapor content

Fig. 9. Seasonal change in skin temperature (K) averaged
over the simulation period

Aerosol-induced RF leads to changes in temperature
and atmospheric stability, which, in turn, lead to
changes in vapor content and precipitation. A marked
decrease in vapor content is found in most parts south
of the Yellow River, and in northern northeast China,
with a decrease up to –2 to –3% (Fig. 12a). There is
also a strong reduction in the coastal regions of southern China (–3 to –5%). North of the Yellow River, there
is an increase of 2 to 5%, especially in northern and
and northwestern China. The most distinct increase in
vapor content lies in northern India with 7 to 10%.
Change of streamline on 850 hPa is shown in Fig. 13,
which is similar to Fig. 12a. There is an anti-cyclone of
vapor transport centered over Bengal induced by
aerosol, which covers southwestern and part of southern China. It reduces vapor flux from the Bengal Sea to
eastern China, but increases vapor flux to the Tibetan
Plateau, Sichuan Basin and northern China. This is
consistent with the significant decrease in vapor content in most of southern China. Another anti-cyclone of
vapor transport is located in the east of the domain.

Fig. 10. Seasonal change in air column temperature (K)
averaged over the simulation period

Fig. 11.Vertical profiles of change in air temperature (K) averaged
over the simulation period (perpendicular line: mean change)

Fig. 12. (a) Change in vapor column burden (shaded, %) and
vapor flux (arrows) below 500 hPa. (b) Seasonal change in
vapor content (%)
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Fig. 13. Change in air column temperature (unit: 0.1 K) and
air flow (arrows) on 850 hPa averaged over simulation period

Stronger southeasterly wind at its southwestern edge
is accompanied by vapor increase in northern China.
The decrease in vapor content in the eastern part of
the domain may be caused by the reinforced northwesterly wind from Siberia. A belt of increased vapor
content extends from the northwest edge of the
Tibetan Plateau to most of northern China, which correlates to the enhancement of southerly wind from the
Indian Ocean. This is a catabatic factor to the drought
in northwestern China in recent years. Vapor content
increases in northern and northwestern China and decreases in southern and southwestern China (Table 3).

Fig. 15. Change in total rainfall (%) averaged over the simulation period. Hatched: statistically significant change (2-tailed
t-test, p = 0.90)

Vapor content is reduced almost in all months in
southern and southwestern China, with a maximum
decrease in February, and it is generally increased in
northern and northwestern China with maxima in
September and August, respectively (Fig. 12b). In the
monsoon season, changes in vapor content in southern
and southwestern China are weaker than in the
drought season.
Vapor increases in northern and decreases in southern China (Fig. 14), opposite to the trends of flooding in
southern and drought in northern China in recent
years. The greatest change lies in the middle and bottom of the troposphere, especially below 800 hPa. In
the region between 35 and 45° N, the vapor content is
increased near the surface with a maximum of 0.2 g kg–1.
Ascending motion occurs in the south to 20° N, and
north of 35° N, which indicates that in most parts of
the southern Chinese mainland, aerosol induces a
descending motion accompanying the reduction of
vapor content in these regions. This pattern of vapor
content and vertical motion should reduce rainfall in
southern China, while increasing rainfall in northern
China.

5.3. Precipitation

Fig. 14. Longitudinal cross section of change in vapor content
(g kg–1) averaged over 100°–120° E (contours) and ascending
motion Ω (shaded, hPa s–1) averaged over the simulation period

The change of precipitation is one of the principal
effects induced by aerosol. In recent years, southern
China has experienced more, and northern China has
experienced less precipitation, due to a weakening of
the monsoon. This is possibly related to BC aerosol
(Menon et al. 2002). The weakening of the Indian monsoon due to ABC, BC and OC aerosol is considered
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6. CONCLUSIONS
We performed global climate simulations, and
analyzed direct RF of total combined aerosol and
its regional climatic effects over East Asia. The
main results are:
(1) RF at TOA under clear sky conditions is
negative. RF under all-sky conditions is weaker
than under clear sky conditions in most regions.
Distinct surface dimming is found with the simulated negative RF at the surface, and the
strongest surface dimming can exceed 30 and
25 W m–2 under clear and all-sky conditions,
respectively.
(2) Aerosol cools the surface by negative RF in
Fig. 16. Seasonal change in total rainfall (mm d–1) averaged over the
most regions of the domain. It leads to a decrease
simulation period
in mean skin temperature of –1.5 K in most parts
of East Asia. Air column temperature is also
responsible for changes in Indian monsoon rainfall
affected by aerosol. In northern India, northwestern
(Ramanathan et al. 2005) and absorption aerosol, espeChina, and southern Japan the temperature increases
cially BC, may affect monsoon rainfall in East and
by 0.12 K, with centers in northern India, eastern
South Asia.
northwest China, and the Bohai Sea Basin. TemperaThe changes in total precipitation pattern (Fig. 15)
ture is reduced by 0.2 K in the northern edge of the
agree with the changes in vapor content (Fig. 12), with
domain. In general, temperature is decreased close to
increasing moisture in northern and northwestern
the surface and the tropopause, and increased in the
China and less moisture in southern and northeastern
middle of troposphere, increasing stability in the lower
China. Precipitation increases > 3% are found in westatmosphere.
ern India, the Bengal Sea, most of northwestern and
(3) Vapor content and precipitation increase in
northern China, with a maximum of 12%.
northern and northwestern China, which is opposite to
Precipitation decreases in northeastern China and
the trends of southern flooding and northern drought
regions south of 35° N, including central, southern and
in China in recent years. Precipitation increases mainly
southwestern China with typical values between
in eastern and western India, and in most of northwest–6 and –12%. The belt with increased rainfall in
ern China, with a maximum close to 12%, while
northwestern China results from large-scale rainfall,
decreases appear in southern, southeastern and northwhereas the increase in eastern India is mainly from
eastern China, with a maximum of –18%.
convective precipitation (data not shown). The precipOur results are affected by some limitations: (1) The
itation decrease in southern and northeastern China is
indirect effect of aerosol is not accounted for. (2)
due to a reduction in both large-scale and convective
Aerosol effects on SST are not included; aerosol can
rainfall. Rainfall decreases throughout most of the year
affect the SST gradient in the Indian Ocean and further
in northern and northwestern China (Fig. 16), and the
affect the Indian Monsoon (Ramanathan et al. 2005),
and interactions between SST and aerosol should be
main difference among these regions occurs in the
considered with coupled climate and ocean model
monsoon season. In northwestern China, rainfall increases in summer and autumn, and in northern China
systems in the future. (3) We excluded nitrate and
ammonium aerosol in this simulation, which also have
there is a weak increase in April and autumn. Rainfall
a considerable optical depth, and we only provide
is reduced in almost all months in southern and southsimulation results under an external mixture instead of
western China, especially in August. The decrease in
internal mixture among these aerosols, which can
total rainfall is mainly due to the decrease in convecchange their radiative properties and thus induce
tive precipitation (Table 3). Increases in large-scale
different climatic effects.
precipitation are found only in northwestern China.
The opposite trends between our results and the
results when only BC aerosol is considered (Menon et
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