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Abstract  In this study, we used the NCAR CAM3.0 model to study the climate effects of both decadal global Sea Surface Tem-
perature (SST) changing and the increasing aerosol concentration in East Asia in boreal spring. In the decadal SST changing experi-
ment, a prominent sea surface cyclone anomaly occurred west of the Northwest Pacific warming SST. The cyclone anomaly is con-
ductive to anomalous rising motion and more rainfall over the Northwest Pacific and southeast coast areas of China, but less rainfall 
in central China. Caused by the only aerosol concentration increasing, the change of climate in East Asia is totally different from that 
induced by the regime shift of SST around 1976/77 with the same model. The sulfate and black carbon aerosol concentrations were 
doubled respectively and synchronously in East Asia (20˚–50˚N, 100˚–150˚E) to investigate the climate effects of these two major 
aerosol types in three experiments. The results show that, in all three aerosol concentration changing experiments, the rainfall during 
boreal spring increases in North China and decreases in central China. It’s worth noting that in the DTWO experiment, the rainfall 
diminishes in central China while it increases in the north and southeast coast areas of China, which is similar to observations. From 
the vertical profile between 110˚E and 120˚E, it is found that sulfate and black carbon aerosols first change the temperature of lower 
troposphere owing to their direct radiative effect, and then induce secondary meridional circulation anomaly through the different 
dynamic mechanisms involved, and at last generate precipitation and surface temperature anomalous patterns mentioned above. 
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1 Introduction 
In East Asia, the spring rainfall is of great importance 

for crop’s early growing and agriculture water resource 
control, which extends from South China to the mid- 

North Pacific. Xin et al. (2006) found that there has been 
a significant decrease of the late spring (21 April–20 May) 
precipitation over central and South China (26˚–31˚N, 
110˚–122˚E) since the late 1970s. Especially in 2011, a 
major lack of spring rainfall has led to severe drought in 
central China, which has reduced the important waterway 
of Huai River to about one-sixth of its normal size. And 
the water levels of many lakes in central China were also 
reported to have reduced to the ‘dead level’. The trend 
pattern of the spring observed precipitation from 1960 to 
1990 (31 years) is shown in Fig.1. 

It can be seen that there are increased rainfalls along 
the southeastern coast areas of China and North China, 
while along the Yangtze River in central China, there is a 
continuous belt of diminished rainfall (Yang and Lau,  
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2004; Xin et al., 2006; Kim et al., 2007; Endo et al., 
2009). Previous studies indicated that the change of sea 
surface temperature (SST), especially the basin warming 
trend of SST in the Indian and Northwest Pacific Oceans, 
may be connected to this precipitation changing (Yang 
and Lau, 2004). Xin et al. (2006) explored the North At-
lantic Oscillation (NAO) changing in the preceding win-
ter leading to the obvious upper troposphere cooling and 
less spring rainfall over East Asia. And Kim et al. (2007) 
showed that the global aerosols increasing can also lead 
to the precipitation changing over central and Southeast 
China during the boreal spring. So besides the regime 
shift of SST (Nakamura et al., 1997; Nathan et al., 1997; 
Zhang et al., 1997), the change of East Asia aerosol con-
centration may be also important in rainfall trend of ob-
servation over the East Asia (Lee and Kim, 2011), espe-
cially considering the express industrialization and ur-
banization along the Yangtze River in East China in re-
cent years (Fig.2). 

Sulfate and black carbon are two of the most important 
anthropogenic aerosols, which will lead to a direct aerosol 
radiative forcing, and will change atmosphere circulation 
and regional water cycle (Ramanathan et al., 2001). The 
sulfate aerosol is characteristic of radiation scattering 
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(negative radiative forcing), and then would lead to a 
cooling surface (Ramanathan et al., 2005). However, the 
radiative effect of black carbon aerosol is quite different, 
for it could warm the atmosphere by absorbing the solar 
radiation (Liu et al., 2009). Liu et al. (2009) also recog-
nized that sulfate aerosol reduces surface temperature and 
precipitation in large parts of China during both summer 
and winter time, with weakened summer monsoon. Kim 
et al. (2007) showed that the cooling of the land surface 
and reduction in rainfall over central East Asia is caused 
by the radiative forcing of sulfate aerosol. Menon et al. 
(2002) suggested that black carbon aerosol can lead to the 
increased summer rainfall in south China, and drought in 
North China, but the contrary conclusion is reached by 
Zhang et al. (2009). The results of Lau et al. (2006) sug-
gest that the enhancements of rainfall and Indian summer 
Monsoon over northern India are caused by the increasing 
of black carbon emission during late spring. Jiang et al. 
(2013) studied the different effects of sulfate and BC on 
East Asia summer rainfall using CAM5.0 model; they 
found that the noticeable effect of temperature changes 
from BC is on reducing the low-level cloud fraction, and 
they also discussed the circulation and summer precipita-
tion changes induced by the temperature change in East 
Asia. By using the CAM5.1 model, Hu and Liu (2013) 
gave the effects of different climate forcing such as aero-
sols, greenhouse gases and SST on the decadal variation 
of late spring precipitation in South China. And they 
found the change of the global total aerosol concentration 
could lead to the decreasing trend of late spring precipita-
tion in South China from 1950 to 2000. So, considering 
the climate effect of aerosol on the East Asia summer and 
winter monsoons, large numbers of experiments have been 
done, but the conclusion is still uncertain (Chung et al., 
2002; Kim et al., 2006; Gu et al., 2006; Meehl et al., 2008; 
Liu et al., 2009; Lee and Kim, 2011; Liu et al., 2011; 
Yoon et al., 2010; Zhang et al., 2010; Zhao et al., 2010). 

There are already a number of researches on illuminat-
ing the trend of East Asia Summer Monsoon, which may 
be caused by the global sea surface temperature changing 
or the climate effect of aerosols. However, there are only 
fewer researches concerning the mechanism of precipita-
tion trend in spring, which is so important for agriculture 
and water source management in East Asia. In this work, 
we try to address the following questions: what is the 
respective and integrative climate effect of East Asia sul-
fate and black carbon aerosols in spring? Considering the 
different radiative effects of sulfate and black carbon 
aerosols, would they produce opposite climate effects? 
What would happen to the precipitation climate change 
over East Asia if the global decadal SST shift is the only 
forcing, and would this induced climate change be similar 
to that caused by the aerosols changing in the same 
model? 

The Section 1 of this article introduces the model we 
used and the model experiments. The second part de-
scribes the climate changes resulting from aerosols con-
centration changing and SST regime shift, and the last 
one tries to give an explanation and conclusion. 

 

Fig.1 Spatial distribution of spring precipitation trends 
during 1960–1990. The triangles and solid circles de-
note the value of the trends, while the open circles de-
note that trend is significant at 90% confidence level 
(Unit: mm per decade). 

 

Fig.2 Differences of the DMSP/OLS nighttime light 
value between 2010 and 1992. 

2 Data and Model 
2.1 Data and Methods 

The observed rainfall data used in this paper include 
hourly precipitation from 160 national reference clima-
tological stations, and the daily data from 600 basic me-
teorological observation stations. After strict quality con-
trol, we retained the daily precipitation data of 594 Na-
tional Meteorological Stations from 1960 to 1990. Thus 
we get the China spring rainfall trend changes in 1960– 

1990. 
We also used the United States military meteorological 

satellite program/linear scanning service system (Defense 
Meteorological Satellite Program/Operational Linescan 
System, DMSP/OLS) night-light data in this paper. The 
DMSP/OLS data is from the American Geophysical Data 
Center (http://ngdc.noaa.gov/eog/), the spatial resolution 
being 1 km. In this dataset the low intensity light of city 
area can be detected from the dark rural background. 
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Therefore, the DMSP/OLS data can be used as a repre-
sentation of human activities (Wang et al., 2012). In this 
paper, we use the difference of DMSP/OLS image be-
tween 2010 and 1992 to highlight the rapid growth of the 
industrial city in East Asia region (100˚–150˚E, 20˚–50˚N) 
in recent twenty years. 

2.2 Model and Experiments 

In this paper, the Community Atmosphere Model (CAM) 
3.0 (http: // www . cesm . ucar . edu / models / cesm1.0 / cam / ), 
which is released by the National Center for Atmospheric 
Research (NCAR), is used to investigate the impacts of 
aerosols concentration increase and the SST regime shift 
on the East Asia climate changing. CAM3.0 itself con-
tains an atmosphere model (Collins et al., 2004, 2006) 
and a well-developed land surface model (CLM 3.0) de-
scribed in Oleson et al. (2004) and Dickinson et al. (2006). 
Not only can CAM3.0 be operated independently on at-
mospheric processes, but it can also be coupled with other 
earth process modules such as ocean, sea ice and ecology. 
In the model, there are 26 vertical levels using σ–P coor-
dination and T42 horizontal resolution and the top 
boundary of this model is at 2.917 hPa level. Also, in the 
model initialization there are 3D five aerosol (sulphate, 
dust, sea-salt, organic carbon and black carbon) species 
and the optical parameters from MATCH (Barch et al., 
2000; Rasch et al., 2000; Smith et al., 2001; Zender et al., 
2003; Mahowald et al., 2003; Liousse et al., 1996; Cooke 
et al., 1999). From model evaluation of Liu et al. (2009), 
the model is capable of reproducing the global main cli-
matic characteristics. Thus we could use this model to do 
this study. 

Not only the simulations of various studies (Lamarque 
et al., 2010; Meehl et al., 2008) but the observations 
(Kim et al., 2006; Chung et al., 2005) proved that aero-
sols in East Asia (100˚–150˚E, 20˚–50˚N), especially sul-
fate and black carbon aerosols, have a prominent increase 
due to human activities (Fig.2). Consequently, we inves-
tigate the climate effects resulting from adding aerosols     
in this area (100˚–150˚E, 20˚–50˚N). To understand     
the climate effect of aerosol, previous studies always 
made a comparison between the results with and without 
one certain specific aerosol. In this paper, we think over 
the concentration increasing of the sulfate and black car-
bon aerosols in East Asia (100˚–150˚E, 20˚–50˚N), with 
the influence of anthropogenic emissions taken into ac-
count. 

The model experiments are divided into five groups (as 
in Table 1): the first one is called CTRL, which is inte-
grated for 20 years with climatological monthly mean 
global sea temperature and the climatological global 
aerosols concentration after the industrial revolution, and 
the 20-years mean MAM (March, April, and May) state is 
used for comparing. The second one is also integrated for 
20 years using the same forcing but doubling the sulfate 
aerosol concentration in East Asia, the group called 
DSUL. Differing from the second one, the third experi-
ment (DBC) doubles the black carbon aerosol concentra-

tion in the same region. In the fourth experiment, both the 
sulfate and black carbon aerosols are doubled synchro-
nously, and the experiment is named DTWO, The last 
experiment is integrated for 20 years twice, with two 10- 

year means climatological global SST (1977–1986 and 
1967–1976) and climatological aerosol concentration as 
in CTRL. The difference state (1977–1986 minus 1967– 

1976) of two 10-year mean MAM is called SST experi-
ment. In many studies, the detailed trend and variability 
of SST in global ocean have been documented. Just as the 
description in Zhang et al. (1997) and Xue et al. (2003), 
the SST differences between the mean values of 1977– 

1986 and 1967–1976 show that warming SST anomalies 
exist over the western tropical Pacific and tropical Indian 
Ocean, while cooling SST anomalies occupy the central 
North Pacific. 

Table 1 Model experiments for MAM 
(March, April, and May) 

Group Experiment design 

1 (CTRL) 
Mean MAM state with climatological SST and 
aerosols concentration 

2 (DSUL) 
Mean MAM state of doubling East Asia sulfate 
aerosol concentration minus CTRL 

3 (DBC) 
Mean MAM state of doubling East Asia black 
carbon aerosol concentration minus CTRL 

4 (DTWO) 
Mean MAM state of doubling two kinds of 
aerosol synchronously in East Asia minus CTRL

5 (SST) 
The MAM state difference between two different 
climatological SST (1977–1986 and 1967–1976) 
forcing experiment 

3 Simulation Results 
3.1 Climatological Features 

As proved by Liu et al. (2009), CAM3.0 is capable of 
simulating the spring rainfall in East Asia, and the simu-
lated spring rainfall in CTRL mostly appears in central 
China and along the eastern coast of China as observed. 
When the concentration of aerosol is doubled, the results 
of group 2, 3 and 4 (Figs.3a, b, c) all reveal that the pre-
cipitation in East Asia diminishes in the south but in-
creases in the north, with 38˚–39˚N as the demarcation 
line. Comparing these results, we also found that the pre-
cipitation variation caused by the concentration changing 
of sulfate aerosol (DSUL) is more significant than that 
caused by black carbon aerosol (DBC). Especially in the 
experiment with both two aerosol concentrations doubled 
synchronously (DTWO), the rainfall decreases in central 
China but increases over the southeast of China, being 
just the same as the observations (Xin et al., 2006; Kim     
et al., 2007). When it comes to the 850 hPa wind field 
changing, anomaly induced by the sulfate aerosols is also 
stronger than that induced by black carbon aerosols. And 
the prevailing convergence exists north of 38˚N over 
mainland China, while divergence is in the south. De-
tailed explanation concerning the wind change would be 
given in Part 2.2. For the surface temperature, a demarca-
tion line always exists around 35˚–36˚N in the aerosol 
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experiments (Figs.4a, b, c), and opposite temperature 
anomalies are present on the both sides of this demarca-
tion line (the demarcation line of black carbon aerosol 
doubling experiment exists a little south). In the DSUL 
experiment, the strongest and widest temperature chang-
ing appears, and obvious surface warming exists in the 
Yangtze River Basin and South China, while cooling in 
Inner-Mongolia and northeastern China. Similar distribu-
tion characteristics also can be found in the distribution of 
low cloud amount anomalies. But to the contrary, the 
warming surface temperature anomalies exist in the re-
gion with decreased low cloud cover, and cooling anoma-
lies are consistent with the increased low cloud amount. 

Wang et al. (2000) proposed a teleconnection mecha-
nism to explain the effect of ENSO like SST anomalies 
on East Asian climate. This mechanism indicates the im-
portance of the strength of the anticyclonic anomaly over 
Northwest Pacific. In addition to the SST anomaly in the 
tropical Pacific, SST anomalies in other oceanic regions, 
especially the South China Sea and the Indian Ocean, are 
also found to be very important to the East Asian Summer 
Monsoon variation (Huang and Lu, 1989; Shen and Lau, 
1995; Nitta and Hu, 1996; Wu et al., 2003). The regime 
shift of SST around 1976/77 can also affect the spring 
rainfall over East Asia (Fig.3d). The figure shows that the 
precipitation reduces over almost the whole Chinese 
Mainland, while increasing over the Arabian Sea, South 
China Sea and southeast coast of China. And a cyclone 

anomaly appears in the lower altitude west of the north-
west Pacific and South China Sea warming SST (Yang 
and Lau, 2004). In the SST experiment, warm surface 
temperature anomaly appears in the northeastern China 
and Inner-Mongolia, while a weak cooling appears over 
the central-west China (Fig.4d). 

Previous studies convince us that the most important 
direct effect of aerosols is on the clear sky downward 
solar radiation when the concentration of aerosols alters. 
For the three groups of aerosol experiments, the reduction 
of the clear sky net solar flux at surface (Fig.5) could be 
seen easily, especially when the two aerosols concentra-
tion doubled synchronously (DTWO).  

Thus, both sulfate and black carbon aerosol can cut 
down the clear sky downward solar radiation. From the 
clear sky net solar flux in the atmosphere (Fig.6), a nota-
ble heating effect is procured after doubling black carbon 
aerosol concentration, while almost no alteration is ob-
served in the sulfate aerosol changing experiment, which 
tells us that only the black carbon aerosol contributes to 
heating the atmosphere.  

The surface latent heat flux anomalies (Fig.7) agree 
well with the precipitation anomalies (the total precipita-
tion of convective, large-scale and shallow convection) in 
DBC experiment. This indicates that the variation of pre-
cipitation in DBC is mainly caused by the surface latent 
heat release, and then warms atmosphere in the mid- alti-
tude. For the DSUL, DTWO and SST experiments, the 

 

Fig.3 The precipitation (shaded, Units: mm d−1) and 850 hPa wind (vector, Units: m s−1) differences in spring com-
pared with those in CTRL. The experiments are designed as in the East Asia area; (a) doubling of black carbon (b) 
doubling of sulfate aerosol (c) doubling of both aerosol synchronously, and (d) the experiment with only decadal 
SST shift around 1976/77. All variables are significant at 90% t-test confidence level.



HU et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2015 14: 585-595 

 

589

 

Fig.4 The surface temperature (contour, Units: K) and low cloud amount (shaded, Units: %) differences in spring 
compared with those in CTRL. The experiments are designed as in the East Asia area (a) doubling of black carbon 
(b) doubling of sulfate aerosol (c) doubling of both aerosol synchronously, and (d) the experiment with only SST 
decadal shift around 1976/77. All variables are significant at 90% t-test confidence level. 

 

Fig.5 The differences of clear sky net solar flux at the surface in spring for the experiments of (a) doubling of 
black carbon aerosol (b) doubling of sulfate aerosol (c) doubling of both aerosol synchronously in the East Asia 
area, respectively. The Units of the flux is W m−2. All variables are significant at 90% t-test confidence level. 
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Fig.6 The differences of net solar flux in the atmosphere of clear sky for the experiments of (a) doubling of black 
carbon aerosol (b) doubling of sulfate aerosol, and (c) doubling of both aerosol synchronously in the East Asia 
area, respectively. The Units of the flux is W m−2. All variables are significant at 90% t-test confidence level. 

 

Fig.7 The latent heat flux (shaded, Units: W m−2) differences in spring compared with those in CTRL. The ex-
periments are designed for the East Asia area; (a) doubling of black carbon aerosol (b) doubling of sulfate aerosol 
(c) doubling of both aerosol synchronously, and (d) the experiment with only SST decadal shift around 1976/77. 
All variables are significant at 90% t-test confidence level. 
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patterns of surface latent heat flux changing are different 
from the change of the total precipitation, since we get 
stronger atmosphere advection anomalies in these experi-
ments. The surface sensible heat flux anomalies (Fig.8) in 
four experiments are dominated totally by the surface tem-     
perature anomalies. The warmer (colder) surface temper-    
ature anomaly leads to a positive (negative) upward sen-
sible heat flux anomaly.  

On the whole, the three experiments with aerosol con-
centration changing get the similar pattern of precipitation, 
surface temperature, and heat flux, while the decadal SST 
changing leads to quite different patterns in the same 
model. In the aerosol experiments, the precipitation 
shows increasing over the north China and southeast 
coast of China while decreasing over the central-south 
China; the surface temperature shows warming in South 
China and cooling in the north China, and the surface 
sensible heat flux increases in the central-south China and 
decreases in the north accompanied with the surface tem-
perature (especially in the DSUL experiment). Previous 

studies have suggested that sulfate aerosol has negative 
effect on surface temperature, and black carbon aerosol 
has both negative and positive effect, which can also be 
seen from Figs.5 and 6. The prominent surface warming 
in the central-south East Asia in the aerosols experiments 
disagrees with the pattern of aerosol concentration 
changing. Therefore, at least it is not the aerosol’s direct 
radiative effect that changes the surface temperature. If 
taking a look at the lower cloud change, we could find 
that it matches with the alteration of surface temperature 
closely, and the surface temperature warms (cools) where 
the lower cloud amount draws down (grows). In the SST 
experiment, the rainfall decreases over almost the whole 
Mainland of China but increases over Southeast Asia. The 
surface temperature cools in the south but warms in the 
north, respectively. But why is there a similar rainfall 
pattern in the three different aerosol experiments, espe-
cially considering the opposite radiative effects between 
sulfate and black carbon aerosols? And what is the dy-
namical process in the SST experiment?

 

Fig.8 The sensible heat flux (shaded, Units: W m−2) differences in spring compared with those in CTRL. The 
experiments are designed for the East Asia area; (a) doubling of black carbon aerosol (b) doubling of sulfate 
aerosol (c) doubling of both aerosol synchronously, and (d) the experiment with only decadal SST decadal 
shift around 1976/77. All variables are significant at 90% t-test confidence level. 

3.2 Dynamical Process 

To understand the dynamical process of climate effects 
caused by the aerosol concentration and SST changing, 
the vertical structure of circulation and temperature 
anomalies of zonal averaged mean of 110˚–120˚E are 
given (Fig.9).  

According to Figs.9a, b, c, the atmosphere temperature 
between 20˚–50˚N has a noticeable changing with cooling 
anomalies to the south of 35˚N but warming to the north 
in the lower-troposphere (below 700 hPa but not the sur-
face) and mid-troposphere. The contrary temperature 
anomalies appear near the land surface (below 900 hPa). 
The sum of the vertical diffusion and solar heating rate 
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near the surface is the determinant of the surface tem-
perature anomalies. For the lower-troposphere, the posi-
tion of cooling anomalies are just associated with that of 
the high aerosol concentration in the model initial condi-
tion. It means that both sulfate and black carbon aerosols 
can lead to the lower-troposphere cooling, while for 
weaker cooling even warming anomalies appear in Figs. 9a, 
b because of the black carbon warming effect. Because of 
the positive rainfall anomalies (Fig.3) with positive latent 
heat flux anomalies, the warming anomalies exist north of 
35˚N in the mid-troposphere of the three aerosol experi-
ments. In the decadal SST changing experiment, warming 
temperature anomalies take up the whole vertical section 
(Fig.9d). The temperature anomalies in the mid- tropo-
sphere are connected with the precipitation anomalies and 

the atmospheric advection anomalies. For the three aero-
sol experiments, positive rainfall anomalies appear north 
of 35˚N and negative anomalies appear in the south part 
(Fig.3). Connected with these precipitation anomalies 
(which releases latent heat anomalies), warming (cooling) 
anomalies appear north (south) of 35˚N in the mid- tropo-
sphere. And obvious vertical circulations are found on 
this section in all the experiments (Fig.9). Around 40˚N, 
rising motions with heavy rainfall appear in the three 
aerosol experiments (Figs.3a, b, c and Figs.9a, b, c), 
while sinking motion exists in the SST experiment. But 
around 30˚N, obvious sinking movement appears in the 
DSUL experiment (Fig.9b) around 30˚N, where the sul-
fate aerosol concentration is high in the model initial 
condition.

 

Fig.9 Latitude-altitude distribution (zonal mean of 110˚–120˚E) of the differences about the heating item (sum of 
short wave heating and vertical diffusion heating, shaded, Units: K d−1), the temperature (contour, Units: K), zonal 
mean westerly wind (the blue dotted line, units: m s−1) and the meridional wind circulation (vector, unit for the merid-
ional wind: m s−1, unit of the vertical velocity: −10−4

 hPa s−1) in spring for the experiments of (a) doubling of black 
carbon (b) doubling of sulfate aerosol (c) doubling of both sulfate and black carbon aerosol synchronously in the East 
Asia area, and (d) the experiment of only SST decadal shift around 1976/77. All variables are significant at 90% t-test 
confidence level. 

Sulfate aerosol only has negative effect to cool the 
whole lower-troposphere, especially around 30˚N. Then 
from the equation of thermal wind (Eq. (1)), we know 
that the meridional temperature gradient is decreased, and 
the whole zonal wind especially at the upper level is 
weakened. 

2 1
T h

z zg
U T

f T


 k ,               (1) 

In the equation f is the Coriolis parameter, T  is the av-
eraged temperature in the atmosphere z2−z1. 

With the geostrophic deviation Eq. (2), north wind 
anomaly emerges (va<0) near the zonal wind jet, and a 
vertically secondary circulation generates sinking motion 
around 30˚N with rising motion around 40˚N (Fig.9b). 
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where ug is the geostrophic zonal wind, f0 is the Coriolis 
parameter in the f plane, and va is the geostrophic devia-
tion meridional wind. 

The vertical circulation decreases rainfall and lower 
cloud amount around 30˚N but increases them around 
40˚N. Since the increasing (decreasing) of lower clouds, 
the downward short wave radiation reduces (strengthens), 
and the surface temperature cools (warms). The increas-
ing rainfall enhances the latent heat release, heats the 
mid-altitude atmosphere in the north of East Asia, and 
then strengthens the local rising motion around 40˚N and 
forms a positive feedback. With the global changing of 
total aerosol and precursor emissions from 1950 to 2000, 
Hu and Liu (2013) also got the obvious drought in the 
central China by using CAM5.1. In their model result, 
they found a significant tropospheric warming to the 
south of 25˚N and cooling around 30˚N in the troposphere. 
Just because of this significant increased temperature 
gradient between the lower and middle latitude, acceler-
ated westerly appears with upward motion to the south of 
25˚N and downward motion to the north, by using the 
same dynamical process we mentioned above. 

When black carbon aerosol is doubled, the direct dif-
ference is that it has both negative and positive effects, 
which causes weaker temperature cooling and vertical 
circulation anomalies (Fig.9a). So the sinking motion 
around 30˚N becomes inconspicuous while the rising 
motion around 30˚N is still distinct because of the posi-
tive feedback with latent heat flux (Fig.9a). If the two 
aerosol are doubled together, the heating effect of black 
carbon aerosol plays an inverse role to counteract the 
negative surface temperature effect of sulfate aerosol 
south to 30˚N and weakens the sinking motion, while the 
rising motion is strengthened by both the sulfate and 
black carbon aerosol (Fig.9c). So the most significant 
positive precipitation anomaly in the north China appears 
in this experiment (Fig.3c). 

For the SST experiment, the direct impact is on the In-
dian Ocean and Northwest Pacific warming after 1976/77 
(Yang and Lau, 2004). This warming SST anomalies lead 
to positive surface temperature anomalies overhead     
(Fig.4d), and a cyclone anomaly (Matsuno-Gill Pattern) 
(Matsuno, 1966) exists west of the warming Northwest 
Pacific between 20˚–30˚N in the low troposphere (Fig.3d). 
This cyclone anomaly leads to a rising motion around 
25˚N (Fig.9d). So positive precipitation anomalies appear 
over west of the Northwest Pacific by this rising motion 
around 25˚N, and the decreased rainfall with sinking 
anomaly in the north China is caused. In the result of Wu 
et al. (2005), only the decreased precipitation decadal 
changing exists over the central and south China with the 
interannual SST change from 1950 to 2000. 

4 Summary and Discussion 
As a result of the only negative surface temperature ef-

fect of sulfate aerosol, mid-troposphere temperature be-
tween 30˚N to 35˚N reduces remarkably after the sulfate 
aerosol concentration is doubled in DSUL. This tempera-

ture decreasing brings about the decrement of meridional 
temperature gradient, thus leads to a weaker thermal wind 
and further produces southward wind anomaly according 
to geostrophic deviation adjustment. Then a secondary 
vertical circulation is caused by this southward anomaly 
in the mid-troposphere-rising (sinking) motion north 
(south) of the zonal wind jet, which leads to precipitation 
rise in the north and the diminishing in the south. The 
variation of precipitation promotes the convective latent 
heat flux, which warms the mid-altitude atmosphere in 
the north of East Asia. Furthermore, combined with the 
vertical motion, the lower cloud amount decreases in the 
south but increases in the north of East Asia, and conse-
quently the surface temperature changes according to the 
low cloud covering anomaly. 

Compared to sulfate aerosol, black carbon aerosol con-
tributes to lessening the sinking motion in the central of 
East Asia after doubling, because of the warming effect. 
But the rising motion in the north of East Asia is still ob-
vious because of the reciprocity between the latent heat 
flux and the atmosphere rising. So the most notable posi-
tive precipitation anomaly appears in North China in 
DTWO, and at the same time the precipitation is sup-
pressed by sulfate aerosol in the central-south China. 

Through Matsuno-Gill Pattern, a cyclone anomaly ex-
ists over the west of the Northwest Pacific warming SST 
in the lower troposphere by the 1976/77 SST decadal 
changing, which increases the northwards water vapor 
transport and local anomalous rising motion. So, positive 
precipitation anomalies over the southeast coast of China 
and the South China Sea are induced in SST experiment. 

Clearly, there are still some deficiencies in this paper. 
Since only the direct effect of sulfate and black carbon 
aerosols are considered, it is unknown what the climate 
effect is when the indirect effect and other aerosols are 
included. Moreover, the increasing of the aerosol concen-
tration is only limited over East Asia by now, while it is 
unknown what the effect is when global aerosol concen-
tration changes. Our future work might pay attention to 
these points. 
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