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Abstract: Using the 2006 Global Emissions Data and 2011 NCEP Final Analysis data as the initial and 
boundary condition, we simulated the three-dimensional distribution of atmospheric chemical pollutants 
(such as sea salt, PM10, COx, SO2, NOx, O3, etc) during the onset stage of South China Sea (SCS) summer 
monsoon from 25 April to 25 May in 2011 over the monsoon area of 70°–160°E, 0°–40°N. Simulation 
results shows that, many changes have taken place in the distribution of atmospheric chemical pollutants 
near 950 hPa and 400 hPa due to the enhancement of the westerlies and southerlies over the SCS as a result 
of the monsoon outbreak. Especially, the concentration of pollutants over the SCS is much higher than that 
over other places because of the strong wind convergence near the surface in situ. Moreover, the vertical 
distribution of pollutants is also greatly affected by the westerlies and southerlies in the onset process of 
SCS summer monsoon. Meanwhile, the concentration over land is much greater than that at sea in 
pre-monsoon period, while the difference between land and sea in the concentration of most pollutants 
decreases greatly with the onset of SCS summer monsoon. 
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1  INTRODUCTION 

Recently, the atmospheric pollution is becoming 
serious because of the development of the 
industrialization process and the anthropogenic 
activities including the agriculture and the traffic, as 
well as the emission of various exhaust gas, dust 
particles and mineral substance resulted from the 
desertization (Dong et al.[1]; Zhao et al.[2]; Sun et al.[3]; 
Zeng et al.[4]; Xi et al.[5]; Pu[6]; Liu and Yu[7]). 
Therefore, the issue of atmospheric pollution has 
attracted more and more attentions. With the fast 
progress of computer science many studies have 
investigated the distribution of atmospheric pollutants 
to understand their preliminary characteristics by 
numerical simulation (Meng et al.[8]; Wang et al.[9]; 
Lu et al.[10]; Zhao and Li[11]; Zhong and Tan[12]; Wu 
and Du[13]; Ma and Sun[14]; Luo and Li[15]; Luo and 
Yang[16]). But considering the close association 
between the transportation and diffusion of 

atmospheric pollutants and the weather condition (i.e., 
wind direction and speed) in many scales (Li et al.[17]; 
Liang et al.[18]; Li et al.[19]), the distribution of 
atmospheric pollutants is sensitive to the changes in 
general circulation induced by the synoptic (or climate) 
systems. 

The Asian monsoon is the strongest and most 
typical monsoon over the world in the perspective of 
climate (Li and Zhang[20]). And the Asian summer 
monsoon starts over the South China Sea (SCS) and 
the adjacent region, then advances to the South Asia 
and the East Asia gradually (Li and Zhang[21]). Thus 
the researches on the SCS summer monsoon are of 
great importance for examining the large-scale 
transportation and the diffusion of atmospheric 
pollutants. Much achievement of the SCS summer 
monsoon has been obtained (Huang et al.[22]; Wang et 
al.[23]; Liu et al.[24]; Chen et al.[25]; Li and Liang[26]; 
Fan and Guo[27]; Gao and Zhu[28]; Chen and He[29]; 
Zhu et al.[30]; Hu et al.[31]; Liu et al.[32]; Wei et al.[33]; 
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Jiang et al.[34]; Zhu et al.[35]; Ding et al.[36]; Lan et 
al.[37]; Xu et al.[38]; Tan et al.[39]; Li et al.[40]; Liang et 
al.[41]; Feng et al.[42]; Gao and Liang[43]; Li and 
Zhang[44]; Liu et al.[45]; Song et al.[46]; Lv et al.[47]; 
Krishnam et al.[48]; Tao and Chen[49]; Chan and 
Chen[50]), and we have a relevant comprehensive 
understanding on its activities. Zheng et al.[51] found 
out that the extinction characteristics of aerosol in 
Guangzhou was decreased following an increment 
process during the active episode of SCS summer 
monsoon. Hou and Zhu[52] pointed out that the 
monthly mean maximum of ozone over different 
regions in spring ascribed to the propagation of East 
Asian summer monsoon occurred at different time. 
Wang et al.[53] proposed that the black carbon over the 
South Asia could influence both the onset and 
strength of South Asian summer monsoon and the 
intensity of East Asian summer monsoon. 
Furthermore, the relationship between the monsoon 
rainfall and circulation and the aerosol has been 
investigated by Lau and Kim[54] and Yoon et al.[55]. 
However, little research has been conducted on the 
transportation and diffusion of atmospheric pollutants 
induced by SCS summer monsoon onset. And such 
study will be significant for further understanding the 
interaction between the monsoon activity and 
transportation of atmospheric pollutants, as well as the 
related mechanisms. This paper aims to analyze the 
characteristics of atmospheric pollutants in the onset 
stage of SCS summer monsoon in 2011 by the 
numerical simulation. 

2  DATA DESCRIPTION 

The annual mean Global emissions data 
(including dust, sea salt, and biomass burning) in 
2006 and the 4 times per day NCEP Final Analysis 
data in 2011 with a horizontal resolution of 1°×1° 
were treated as the initial and boundary condition of 
WRF-Chem 3.0 model. The CO2 concentration is 270 
ppm before the industrial revolution in 1850, and it is 
387 ppm in 2008. It increases 117 ppm during the 160 
years, say that the raising rate is 0.73 ppm per year. 
Then the variation of climatological emissions is weak 
enough to ignore within 5 years. And the error 
induced by using the boundary values of sea salt, 
PM10, COx, SO2, NOx and O3 in 2006 is acceptable 
when simulating the distribution of atmospheric 
pollutants in 2011. In addition, the model is outputted 
every 6 hours, and the chemical scheme is ADM2 
chemical mechanism and MADE/SORGAM aerosols, 
while the GOCART RACM_KPP emissions is used as 
the diffusion parameter. Here the simulating period is 
selected from 25 April to 25 May and from 10 
September to 20 October in 2011. The former is for 
the episode before and after the SCS summer 
monsoon onset, and the latter represents the time 

before and after the ending of SCS summer monsoon. 
The simulating region is within 70°–160°E, 0–40°N. 
Thus we can investigate the 3-dimensional 
distribution of sea salt, PM10, COx, SO2, NOx and O3 
in the monsoon region by analyzing the simulating 
results. 

3  DISTRIBUTION OF ATMOSPHERIC 
POLLUTANTS DURING THE ONSET 
STAGE OF SCS SUMMER MONSOON 
FROM APRIL 25 TO MAY 25 IN 2011 

3.1  Near the surface (at 950 hPa) 

The onset time of SCS summer monsoon is 8 May 
in 2011, presenting that the southerly and westerly are 
prevailing over the SCS at Pentad 26 when the local 
convection is strong. During the onset period of SCS 
summer monsoon, the zonal wind in the lower 
troposphere is changed from easterly to westerly. The 
concentration of CO, NO2, SO2, O3, sea salt and PM10 
is increased to the south of 30°N in the pre-monsoon 
stage. On 8 May when the SCS summer monsoon 
builds up, three high value centers of atmospheric 
pollutants concentration appear in the regions with 
low value center of TBB where the monsoon 
convection is flourishing. The centers of atmospheric 
pollutants concentration could maintain for a moment 
after the SCS summer monsoon onset (Fig.1). Fig.2 
shows that the strong southwesterly flows into the 
region marked by red rectangle from its southern edge, 
then they arrive at 15°N. In the meantime, the outflow 
over this region from the edges is weak. Thus the 
atmospheric pollutants brought by the strong 
southwesterly are stacked in the red rectangle area. 
Whereas the weak southwesterly stays at 5°N before 
the SCS summer monsoon onset. Therefore, it is 
speculated that the high concentration of atmospheric 
pollutants in the red rectangle region is ascribed to the 
enhancement of westerly and southerly and the 
northward and eastward movement of jet stream 
accompanied by the monsoon onset. Moreover, note 
that the low-layer zonal wind is turned from the 
easterly in pre-monsoon stage to the westerly after the 
monsoon onset. Then the strong cyclonic flow is 
converged in the blue rectangle area. Also the inflow 
is strong on the southern and eastern edges of this 
region, but only is the weak outflow on the northern 
edge. The strong inflow results in the accumulation of 
atmospheric pollutants over this region. As a result, 
the high concentration of atmospheric pollutants over 
the SCS is primarily attributed to the transition of 
zonal wind from easterly to westerly over the SCS in 
the lower troposphere before and after the SCS 
summer monsoon onset. Similarly, the strong 
southwesterly blows into the blue rectangle area from 
its southern edge with the strong northerly from its 
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northern edge, bringing the atmospheric pollutants 
into this region form the high concentration of 
atmospheric pollutants. Whereas, before the onset of 
SCS summer monsoon, the northerly to the north of 
this region could not cross 40°N, and the strong 

southwesterly is located near 35°N. Hence the belt of 
high concentration of atmospheric pollutants shifts 
3°–5° southward and intensifies with the onset 
process of SCS summer monsoon.

 

    
Figure 1. Horizontal distribution of sea salt before the SCS summer monsoon onset (a: 06UTC on 26 April in 2011, b: 00UTC on 8 
May in 2011, units: ppmv).

3.2  In the upper troposphere (at 400 hPa) 
The simulating results point out that the 

distribution of sea salt, PM10, CO, NO2, SO2 and O3 in 
the upper troposphere is also affected by the evident 
changes of circulation before and after the SCS 
summer monsoon onset. There are 4 areas with high 
value of PM10 before the SCS summer monsoon onset 
(Fig.3). One is near the Philippines, and the other 
three high value belts are situated in the area of 
(110°–130°E, 30°–35°N), to the south of 25°N along 
85°–110°E, and over the western Pacific (110°–145°E, 
25°–35°N), respectively. 

Before the SCS summer monsoon onset, the 
upper-level jet stream crossing the three high-value 
belts acts as the steady transportation source of 
atmospheric pollutants to make the wind converge 
within the long and narrow belts, where the 
concentration of atmospheric pollutants is high 
(Fig.4a). While after the SCS summer monsoon onset, 
the wind is weak to the south of 25°N, the westerly jet 

stream settled near 20°N withdraws northward to the 
north of 25°N (Fig.4b). Hence the two belts of high 
concentration of atmospheric pollutants between 5°N 
and 30°N are merged with the high value of 
atmospheric pollutants concentration near the 
Philippines to form a large area of high concentration 
of atmospheric pollutants, which covers the whole 
region over (90°–150°E, 5°–30°N). Meanwhile the 
high concentration belt between 30°N to 35°N is 
maintained and strengthened. On one hand, the strong 
jet stream to the north of 25°N could bring the 
atmospheric pollutants to the south of 25°N. On the 
other hand, the pollutants produced by human 
activities are stored to the south of 25°N without 
favorable convective condition. As a result, the 
concentration of atmospheric pollutants is increasing 
in this region.

 

(b) (a) 
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Figure 2. Horizontal distribution of 925-hPa wind field at 00UTC on 8 May in 2011 (m/s). 

 

    
Figure 3. Horizontal distribution of PM10 before the SCS summer monsoon onset (a: 12UTC on 1 May in 2011, b: 18UTC 13 on 
May in 2011, units: ug/m3).

The distribution of sea salt resembles that of 
atmospheric pollutants (Fig.5). Specifically, only two 
high value belts of sea salt exist over the Southwest 
China–Bay of Bengal between 5°N and 23°N near 
85°E and near the Philippines (120°–145°E) before 
the SCS summer monsoon onset, respectively. 
Subsequently the low-layer convergence is generated 
over the SCS after the summer monsoon onset. Then 
the atmospheric pollutants are uplifted to the upper 
troposphere by the ascending flow. Finally the two 
high value belts are combined into a high 
concentration of sea salt over the SCS (90°–135°E, 
5°–35°N). 
3.3  Vertical distribution 
3.3.1  DISTRIBUTION OF VERTICAL CROSS SECTIONS 

The vertical cross section of NO2 along 23.2°N at 
12UTC on 10 May in 2011 is shown in Fig.6. A high 

value region between 400 and 100 hPa is situated over 
the area from 115°–135°E, and the other two high 
value centers are located to the west of 125°E from 
the surface to 750 hPa and to the east of 145°E above 
400 hPa, respectively. It is also shown that there are 
two westerly centers settling to the west of 125°E 
from surface to 400 hPa and to the east of 145°E 
above 400 hPa, corresponding to the two centers of 
NO2 (Figure omitted). During the SCS summer 
monsoon onset, the collocation between westerly and 
NO2 distribution indicates that the NO2 is affected by 
the westerly, which could influence the distribution of 
SO2, NO and O3 over the two regions with high 
concentration.

 

(b) (a) 
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Figure 4. Horizontal distribution of 400-hPa wind field in NCEP reanalysis dataset (a: 12UTC on 1 May in 2011, b: 18UTC on 13 
May in 2011, units: m/s). 
 

    
Figure 5. Horizontal distribution of sea salt before the SCS summer monsoon onset (a: 18UTC on 30 April in 2011, b: 18UTC on 10 
May in 2011, units: ppmv)

Figure 7 is the vertical distribution of NO2 along 
113.28°E at 12UTC on 10 May in 2011. It is 
presented that a high concentration center is located 
between 21°N and 41°N from surface to 600 hPa. It is 
also seen that this high concentration center is 
corresponding to a maximum of southerly, implicating 
the evident effect of southerly on the distribution of 
NO2 in this area (Figure omitted). Also in some region 
the southerly maximum is consistent with the high 
concentration center of SO2, O3 and PM10, 
respectively. 
3.3.2  DIFFERENCE OF VERTICAL STRUCTURE BETWEEN LAND 
AND SEA BEFORE AND AFTER THE SCS SUMMER MONSOON 
ONSET 

The influence of monsoon on the atmospheric 
pollutants over the ocean is quite different from that 
over the land, so that the vertical distribution of 
pollutants is different over the sea and the land before 
and after the SCS summer monsoon onset (Fig.8). The 
vertical distribution of various pollutants is closely 
associated with the underlying of land and ocean. In 

the pre-monsoon stage, the human activities lead to 
the larger concentration of CO, O3, SO2 and NO2 over 
the land than the counterpart over the ocean from the 
surface to the upper troposphere, and the 
concentration is decreased with increasing height. 
When the SCS summer monsoon onset, the 
strengthened westerly and southerly facilitates the 
convection over the land. Thus the atmospheric 
pollutants concentration is attenuated over the land at 
this moment. In the meantime, the strong convergence 
takes place over the ocean to increase the 
concentration near the sea surface, and then the 
contrast of concentration between land and ocean is 
weakened from the surface to the upper troposphere. 
Specifically, the concentration of SO2, NO2 over the 
land is equal to that over the ocean above 900 hPa, 
while the CO and O3 concentration the land is similar 
to that over the ocean above 500 hPa. However, the 
land-sea contrast of concentration of PM10 and sea salt 
exhibits little change after the SCS summer monsoon 
onset, especially above 900 hPa (Fig.9).

(b) (a) 

(b) (a) 



 

   
Figure 6. Vertical cross section of NO2 along 23.2°N at 12UTC 
on 10 May in 2011 (units: ppmv). 

Figure 7. Vertical cross section of NO2 along 113.28°E at 
12UTC on 10 May in 2011 (units: ppmv). 

 
  

4 CONCLUSIONS 

(1) Before and after the SCS summer monsoon 
onset on 8 May, there are three near-surface high 
value centers of concentration of atmospheric 
pollutants at 950 hPa, corresponding to the low value 
centers of TBB. The westerly and southerly are 
strengthened with the onset process of SCS summer 

monsoon, and the low-level zonal wind is turned from 
easterly to westerly after the summer monsoon onset. 
Then the local cyclonic circulation leads to a strong 
convergence over the SCS, accompanied by the 3°–5° 
southward shifting of the northerly near 40°N and the 
southwesterly near 35°N. The variation of circulation 
is the major reason for the changes in near-surface 
concentration of atmospheric pollutants during the 
SCS summer monsoon onset in 2011.

   
 

    
Figure 8. Vertical profile of CO before the SCS summer monsoon onset (a: 0600UTC on 2 May in 2011, b: 0000UTC on 8 May in 
2011, units: ppmv. Green and black lines are for the land (113.23°E, 23.16°N) and the ocean (113.23°E, 10°N), respectively.) 
 

(b) (a) 
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Figure 9. The same as Fig.8, but for the PM10 (unit: ug/m3).

(2) After the SCS summer monsoon onset, the 
strong jet stream settling to the north of 25°N brings 
the atmospheric pollutants from a distance to the 
region to the south of 25°N. Meanwhile, the 
atmospheric pollutants produced by human activities 
are stacked over this region without favorable 
convective condition. Consequently, the concentration 
of atmospheric pollutants is increased gradually to the 
south of 25°N, especially over the SCS. 

(3) As to the vertical distribution along 23.2°N, 
the high value of concentration of SO2, NO, O3 and 
NO2 is located to the west of 125°E between surface 
and 400 hPa, as well as to the east of 145°E above 
400 hPa. The high value centers are collocated by the 
maximum of westerly, implicating the important 
influence of westerly on the concentration of 
atmospheric pollutants during the SCS summer 
monsoon onset. While the vertical distribution of 
concentration of SO2, O3, PM10 and NO2 along 
113.28°E presents that its high value is consistent 
with the maximum of southerly, thus the effect of 
southerly is more important for the concentration of 
atmospheric pollutants over this region with the onset 
process of SCS summer monsoon. 

(4) In the pre-monsoon stage, the concentration 
of atmospheric pollutants is decreased with increasing 
height. And the declining range is associated with the 
category of atmospheric pollutants. In horizontal the 
concentration of atmospheric pollutants is stronger 
over the land than that over the ocean because of the 
human activities. When the SCS summer monsoon 
builds up, the convection is intensified to attenuate the 
concentration of atmospheric pollutants over the land. 
Meanwhile, it is increased over the ocean due to the 
strong convergence in situ. As a result, the land-sea 

contrast of concentration of most kinds of atmospheric 
pollutants is weakened evidently after the SCS 
summer monsoon onset. 
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