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Impacts of Asian summer monsoon on seasonal and interannual
variations of aerosols over eastern China
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[1] China is located in a large monsoon domain; variations in meteorological fields
associated with the Asian summer monsoon can influence transport, deposition, and
chemical reactions of aerosols over eastern China. We apply a global three‐dimensional
Goddard Earth Observing System (GEOS) chemical transport model (GEOS‐Chem)
driven by NASA/GEOS‐4 assimilated meteorological data to quantify the impacts of the
East Asian summer monsoon on seasonal and interannual variations of aerosols over
eastern China. During the summer monsoon season, four channels of strong cross‐
equatorial flows located within 40°E–135°E are found to bring clean air to China from the
Southern Hemisphere. These channels have the effect of diluting aerosol concentrations in
eastern China. In the meantime, rain belts associated with the summer monsoon move
from southeastern to northern China during June–August, leading to a large wet deposition
of aerosols. As a result, aerosol concentrations over eastern China are the lowest in
summer. Sensitivity studies with no seasonal variations in emissions indicate that the
Asian summer monsoon can reduce surface layer PM2.5 (particles with a diameter of
2.5 mm or less) aerosol concentration averaged over eastern China (110°E–120°E,
20°N–45°N) by about 50–70%, as the concentration in July is compared to that in January.
We also compare simulated PM2.5 concentrations in the weak monsoon year of 1998
with those in the strong monsoon year of 2002, assuming same emissions in
simulations for these 2 years. Accounting for sulfate, nitrate, ammonium, black carbon,
organic carbon, as well as submicron mineral dust and sea salt, surface layer PM2.5

concentration averaged over June–August and over eastern China is 7.06 mg m−3 (or 44.3%)
higher in the weak monsoon year 1998 than in the strong monsoon year 2002, and the
column burden of PM2.5 is 25.1 mg m−2 (or 73.1%) higher in 1998 than in 2002.
As a result, over eastern China, the difference in summer aerosol optical depth between
1998 and 2002 is estimated to be about 0.7. These results have important implications
for understanding air quality and climatic effects of aerosols in eastern China.

Citation: Zhang, L., H. Liao, and J. Li (2010), Impacts of Asian summer monsoon on seasonal and interannual variations of
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1. Introduction

[2] Aerosols are major air pollutants in the atmosphere.
They also influence climate change directly by absorbing
and scattering radiation and indirectly by changing cloud
properties [Intergovernmental Panel on Climate Change
(IPCC), 2007]. With the rapid economic development in
China over the past two decades, concentrations of aerosols

and aerosol precursors are now among the highest in the
world [van Donkelaar et al., 2006; X.‐Y. Zhang et al.,
2007]. Understanding the roles of aerosols over China in
air quality and climate change requires a full understanding
of their seasonal and interannual variations.
[3] China is located within the largest monsoon (Asian

monsoon) domain in the world. In May–September every
year, the Asian summer monsoon prevails; strong cross‐
equatorial winds flow from the Southern Hemisphere (SH)
to the Northern Hemisphere (NH), bringing warm and moist
air from the oceans to eastern China. Rain belts and asso-
ciated deep convection that stretch for thousands of kilo-
meters move from southeastern to northern China during
this time period. In the months November to March, the
Asian winter monsoon prevails; strong northerlies in high
latitudes bring cold and dry air to eastern China. While such
seasonal variations are about the same every year, the
strength of the Asian monsoon exhibits large interannual
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variations as a result of the interactions between atmosphere
and oceans [Webster et al., 1998]. These seasonal and
interannual variations in meteorological fields associated
with the Asian monsoon can influence aerosols over eastern
China by influencing transport, chemical reactions, and
deposition of aerosols.
[4] Measurements have suggested that Asian summer

monsoon is influential on seasonal variations of aerosols.
Ground measurements in a number of cities over eastern
China showed that aerosol concentrations are generally the
lowest in summer [Qin et al., 1998; He et al., 2001; Ye et
al., 2003; Dan et al., 2004; Sun et al., 2004; Wang et al.,
2005; Duan et al., 2006; Cao et al., 2007]. Measurements
of meteorological parameters and aerosols at the Maldives in
the Indian Ocean indicated that clean air from the SH leads
to low aerosol concentrations at the Maldives in the wet
summer monsoon season [Corrigan et al., 2006]. Although
these studies suggested that the Asian summer monsoon has
a large impact on aerosols, no previous studies, to our
knowledge, have quantified the impact of the Asian summer
monsoon on seasonal and interannual variations of aerosols
over eastern China.
[5] Compared to the studies that have examined the im-

pacts of the Asian summer monsoon on aerosols, more at-
tention has been paid to study the role of aerosols in
influencing the Asian summer monsoon. Menon et al.
[2002] reported that atmospheric heating by increasing
concentrations of black carbon aerosol in Asia might be
responsible for the “southern flooding and northern
drought” in China, the pattern of changes in rainfall asso-
ciated with the weakening of the Asian summer monsoon
since the late 1970s. Ramanathan et al. [2005] showed
using a general circulation model that global dimming by
the scattering and absorption of aerosols led to a long‐term
(multidecadal) weakening of the South Asian monsoon by
altering the meridional temperature gradient between the
Asian land mass and the Indian Ocean. Recently, Lau et al.
[2006] reported that the absorbing aerosols (mineral dust
and black carbon) can intensify the Indian monsoon through
the so‐called “Elevated‐Heat‐Pump” effect. They found
based on observation that anomalously high concentrations
of absorbing aerosols during the premonsoon season can
lead to the formation of a warm‐core upper level anticyclone
over the Tibetan Plateau, influencing the development of the
monsoon and the subsequent monsoon rainfall in India [Lau
and Kim, 2006].
[6] Because of the two‐way aerosol‐monsoon interactions

mentioned above, quantifying the spatial distribution and
temporal variation of aerosols in China is very important for
studies of air quality and climate change. In this work we
assess the impacts of Asian summer monsoon on seasonal
and interannual variations of aerosols in eastern China using
the global chemical transport model GEOS‐Chem driven by
the assimilated meteorological fields. We give a brief de-
scription of the GEOS‐Chem model and all the numeral
experiments in section 2. Section 3 presents the simulated
seasonal variation of aerosols in eastern China. Section 4
identifies the major factors associated with the Asian sum-
mer monsoon that have large impacts on seasonal variation
of aerosols in China. In section 5 we quantify the impact of
the Asian summer monsoon on interannual variation of

aerosols by comparing aerosol concentrations over eastern
China simulated in a weak monsoon year with those simu-
lated in a strong monsoon year. Sections 3–5 focus on an-
thropogenic aerosols. Section 6 examines seasonal and
interannual variations of aerosols in eastern China with
further consideration of mineral dust and sea salt aerosol.

2. Model Description and Numerical Experiments

2.1. GEOS‐Chem Model

[7] We simulate aerosols using the global chemical
transport model GEOS‐Chem (version 7.3.6, http://acmg.
seas.harvard.edu/geos) driven by the assimilated meteoro-
logical fields from the Goddard Earth Observing System
(GEOS) of the NASA Global Modeling and Assimilation
Office (GMAO). All the simulations are driven by GEOS‐4
meteorological fields with a horizontal resolution of 4° lat-
itude by 5° longitude. The original vertical resolution of
GEOS‐4 meteorological fields is 55 levels, extending from
the surface up to 0.01 hPa. In order to minimize the amount
of memory required to run GEOS‐Chem, we select to run
with a reduced vertical resolution of 30 levels (the original
layers above ∼50 hPa are lumped together online). The
GEOS‐Chem model includes a fully coupled treatment of
tropospheric ozone‐NOx‐VOC chemistry and sulfate (SO4

2−,
nitrate NO3

−, ammonium (NH4
+), organic carbon (OC),

black carbon (BC), mineral dust, and sea salt aerosols [Park
et al., 2003, 2004; Alexander et al., 2005; Fairlie et al.,
2007]. Simulation of BC and OC in GEOS‐Chem is de-
scribed by Park et al. [2003]. A 10% carbon yield of OC
from biogenic terpenes [Park et al., 2003] is applied to
global terpene emission inventory that depends on vegeta-
tion type, monthly adjusted leaf area index, and temperature
[Guenther et al., 1995]. The implementation of sulfate/ni-
trate/ammonium is described by Park et al. [2004]. Parti-
tioning of total ammonia and nitric acid between the gas and
aerosol phases is calculated using the ISORROPIA ther-
modynamic equilibrium model [Nenes et al., 1998]. Aerosol
and gas phase simulations are coupled through formation of
sulfate and nitrate, heterogeneous chemistry, and aerosol
effects on photolysis rates [Martin et al., 2003]. Heteroge-
neous reactions include hydrolysis of N2O5 on different
types of aerosols [Evans and Jacob, 2005] and irreversible
absorption of NO3, NO2 and HO2 on wet aerosols [Jacob,
2000]. The model simulates submicron and supermicron
sea salt [Alexander et al., 2005], and dust aerosol in four
size bins (0.1–1.0, 1.0–1.8, 1.8–3.0, and 3.0–6.0 mm dry
radius) [Fairlie et al., 2007].

2.2. Dry and Wet Deposition

[8] The aerosol wet deposition scheme in the GEOS‐
Chem follows that of Liu et al. [2001], which includes
scavenging in convective updrafts, rainout and washout
from convective anvils and large‐scale precipitation, and
return of chemical species to the atmosphere following
evaporation. It has been extended to predict wet deposition
of soluble gases on the basis of effective Henry’s law par-
titioning in warm clouds, retention efficiency upon droplet
freezing in mixed clouds, and surface coating or conden-
sation of ice crystals in cold clouds [Mari et al., 2000]. For
the scavenging of aerosols, sulfate, ammonium, nitrate, and
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hydrophilic OC and BC aerosols are assumed to be fully
soluble. Hydrophobic OC and BC are assumed to be in-
soluble. Following Cooke et al. [1999], we assume that
ambient conversion of OC and BC from hydrophobic to
hydrophilic occurs with an exponential decay lifetime of
1.15 days. Dry deposition of aerosols and gases is based on
a standard resistance‐in‐series model dependent on local
surface type and meteorological conditions [Wesely, 1989]
and implemented as described by Wang et al. [1998].

2.3. Emissions

[9] Global emissions of ozone precursors, aerosol pre-
cursors, and aerosols in the GEOS‐Chem generally follow
Park et al. [2003, 2004], except that anthropogenic emis-
sions (including emissions from power, industry, residential,
and transportation) in the Asian domain are updated to David
Streets’ 2006 emission inventory (http://www.cgrer.uiowa.
edu/EMISSION_DATA_new/index_16.html). The monthly
variation of emissions from each emission sector in China is
taken from Q. Zhang et al. [2007]. Table 1 summarizes the
annual emissions of SO2, NH3, NOx, BC, and OC in the entire
Asian domain (60°E–155°E, 10°N–55°N) and eastern China
(110°E–120°E, 20°N–45°N). Monthly variations of emis-
sions (anthropogenic plus natural emissions) of these species
averaged over eastern China are shown in Figure 1. Emis-
sions of SO2, BC, and OC are the highest in winter months
because of winter energy use. Emissions of NOx are slightly
higher in summer than in winter, because of the relatively
larger emissions from lightning and soil in summer. Emis-

sions of NH3 are the highest in summer, because NH3 from
sources such as fertilizer application and domesticated ani-
mals are the maximum at high temperatures [Aneja et al.,
2000; Park et al., 2004]. Emission schemes for sea salt and
mineral dust follow those of Alexander et al. [2005] and
Fairlie et al. [2007], respectively, with emissions calculated
based on the GEOS meteorological fields.

2.4. Numerical Experiments

[10] Concentrations of aerosols are determined by both
emissions and meteorological fields. For the purpose of this
work, we perform five numerical experiments using the
GEOS‐Chem model: (1) 2001EmAnn is a control simula-
tion driven by the GEOS‐4 meteorological fields for the
period of 1 January to 31 December of year 2001, allowing
monthly variation of emissions of all species; (2) 2001EmJan
is a simulation that is the same as 2001EmAnn, except that
anthropogenic emissions of all species are fixed at January
values throughout the simulation for year 2001; (3) 2001EmJul
is a simulation that is the same as 2001EmAnn, except that
anthropogenic emissions of all species are fixed at July values
throughout the simulation for year 2001; (4) 1998EmAnn is a
simulation that is the same as 2001EmAnn, except that the
simulation is driven by the GEOS‐4 meteorological fields for
the period of 1 January to 31 December of year 1998; and
(5) 2002EmAnn is a simulation that is the same as
2001EmAnn, except that the simulation is driven by the
GEOS‐4 meteorological fields for the period of 1 January to
December 31 of year 2002.
[11] Simulations 1–3 are performed for year 2001, because

2001 is an ordinary year in terms of monsoon strength [Li
and Zeng, 2002, 2003, 2005]. Since anthropogenic emis-
sions in eastern China are the highest in winter and lowest in
summer [Q. Zhang et al., 2007], by fixing emissions at
January values in 2001EmJan or at July values in
2001EmJul, seasonal variations of aerosols simulated in
2001EmJan and 2001EmJul represent the influences of
changing meteorological fields associated with the Asian
summer monsoon. Note that emissions outside Asia domain

Table 1. Summary of Annual Emissions of Aerosols and Aerosol
Precursors in Asia and Eastern Chinaa

Species Asia Eastern China

SO2 (Tg S yr−1) 26.55 11.79
aircraft 0.01 <0.01
anthropogenic 23.40 11.68
biomass burning 0.33 <0.01
biofuel 0.16 0.05
volcanoes 1.96 0.00
ship 0.69 0.05

NH3 (Tg N yr−1) 21.58 5.24
anthropogenic 16.40 4.72
natural 2.87 0.30
biomass burning 1.50 0.03
biofuel 0.81 0.20

NOx (Tg N yr−1) 16.87 5.77
aircraft 0.09 0.01
anthropogenic 10.95 5.01
biomass burning 1.78 0.03
biofuel 1.31 0.35
fertilizer 0.21 0.05
lightning 1.34 0.11
soil 1.18 0.20

OC (Tg C yr−1) 16.65 2.86
anthropogenic 4.63 1.58
biomass burning 6.18 0.11
biofuel 3.75 0.99
biogenic 2.09 0.17

BC (Tg C yr−1) 4.60 1.58
anthropogenic 2.84 1.29
biomass burning 0.75 0.01
biofuel 1.01 0.28

aAsia domain: 60°E–155°E, 10°N–55°N; eastern China: 110°E–120°E,
20°N–45°N.

Figure 1. Monthly variations in emissions of SO2 (Tg S
month−1), NH3 (Tg N month−1), NOx (Tg N month−1), OC
(Tg C month−1), and BC (Tg C month−1) over eastern China.
Values shown are the sum of anthropogenic and natural emis-
sions, with sources of emissions listed in Table 1. Natural
emissions are estimated based on the GEOS‐4meteorological
fields of 2001.
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