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ABSTRACT

A coupled regional climate and aerosol-chemistry model, RIEMS 2.0 (Regional Integrated Environmental
Model System for Asia), in which anthropogenic sulfate, black carbon, and organic carbon were assumed to be
externally mixed (EM), internally mixed (IM) or partially internally mixed (IEM), was used to simulate the
impacts of these anthropogenic aerosols on East Asian climate for the entire year of 2006. The distributions
of aerosol mass concentration, radiative forcing and hence the surface air temperature and precipitation
variations under three mixing assumptions of aerosols were analyzed. The results indicated that the mass
concentration of sulfate was sensitive to mixing assumptions, but carbonaceous aerosols were much less
sensitive to the mixing types. Modeled results were compared with observations in a variety of sites in East
Asia. It was found that the simulated concentrations of sulfate and carbonaceous aerosols were in accord
with the observations in terms of magnitude. The simulated aerosol concentrations in IM case were closest
to observation results. The regional average column burdens of sulfate, black carbon, and organic carbon,
if internally mixed, were 11.49, 0.47, and 2.17 mg m™2, respectively. The radiative forcing of anthropogenic
aerosols at the top of the atmosphere increased from —1.27 (EM) to —1.97 W m~2 (IM) while the normalized
radiative forcing (NRF) decreased from —0.145 (EM) to —0.139 W mg~' (IM). The radiative forcing and
NRF were ~1.82 W m~2 and —0.141 W mg~" for IEM, respectively. The surface air temperature changes
over the domain due to the anthropogenic sulfate and carbonaceous aerosols were —0.067, —0.078, and —0.072
K, with maxima of —0.47, —0.50, and —0.49 K, for EM, IM, and IEM, respectively. Meanwhile, the annual
precipitation variations were —8.0 (EM), —20.6 (IM), and —21.9 mm (IEM), with maxima of 148, 122, and 102
mm, respectively, indicating that the climate effects were stronger if the sulfate and carbonaceous aerosols
were internally mixed.
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1. Introduction

Aerosols, from both anthropogenic and natural
sources, affect the regional and global climate directly
and indirectly. In highly industrial regions such as
North America, Europe, and East Asia, the emissions
of anthropogenic sulfate and carbonaceous aerosols are
very large (IPCC, 2007). Anthropogenic sulfate and
carbonaceous aerosols, including black carbon (BC)
and organic carbon (OC), are two of the most im-
portant aerosols in these areas. Research focused on
these two kinds of anthropogenic aerosols is becoming

increasingly important. With rapid developments of

economy and industrialization, the emissions of pre-
cursors of anthropogenic aerosols have continued to
dramatically increase in East Asia since the 1980s,
especially in China (Manktelow et al., 2007; Streets
et al., 2008).
pogenic sulfate and carbonaceous aerosols were two

Observations indicated that anthro-

major components of the aerosol mix in Asia in ad-
dition to dust (Bergin et al., 2001; Xu et al., 2002;
Tan et al., 2004). Previous studies generally suggested
that the surface air temperature and precipitation de-
creased in East Asia due to the anthropogenic aerosols
when treated as an external mixture; and these reduc-
tions cannot be ignored (Giorgi et al., 2002, 2003;
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Qian et al., 2003; Gu et al., 2006; Huang et al., 2007;
Han et al., 2008; Zhang et al., 2009a).

The diversity of aerosol types results in a com-
plex mixture of aerosol components. Generally, the
mixing state of aerosols can be divided into external
mixing, internal mixing, and partial internal mixing.
As an extreme, external mixing operates under the
assumption that each aerosol component is physically
separated from the other components. As the other
extreme, internal mixing, aerosols are assumed to be
internally mixed as a homogeneous material reflecting
the chemical and physical average of all the contribut-
ing components. Between the external mixing state
and internal mixing state, the partial internal mixing
state mirrors the real mixing state in the atmosphere
under the assumption that part of each aerosol com-
ponent is internally mixed as a homogeneous mixture
that simultaneously mixes with the remaining aerosols
in an external mixing state.

An internal mixture of aerosols can be produced
if more than one component is involved in the cre-
ation of aerosols. Even if the particles are individ-
ually pure when first produced, there are many pro-
cesses in the atmosphere that can convert an external
mixture to an internal mixture including coagulations,
gas-to-particle reactions, and heterogeneous reactions
onto existing particles. Some observations conducted
in polluted cities of East Asia indicated that BC, OC,
and sulfate could be strongly internally mixed (Moteki
et al., 2007a, b; Shiraiwa et al., 2007, 2008), and sim-
ilar phenomena were also observed in a clean city of
East Asia (Li et al., 2010).

To date, for studies on aerosol effects on climate,
most of the models have treated aerosols as an exter-
nal mixture while a minority assumed internal mixing
(Liao and Seinfeld, 2005) or partial internal mixing
(Stier et al., 2005; Kim et al., 2008; Lu and Bowman,
2010).

The majority of earlier related studies, such as the
studies of Glebard et al. (1980), Warren and Seinfeld
(1985), and Kim and Seinfeld (1990), focused on the
mixture of sulfate and BC, considered the two most
important anthropogenic aerosol components. Fassi-

Fihri et al. (1997) developed an internal and external
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model for sulfate and BC and compared the difference
of optical properties and coagulations between the in-
ternal and external mixtures of these two aerosols. Re-
cently, a detailed aerosol mixing state model was de-
veloped in Lu and Bowman (2010).

Research on externally and internally mixed
aerosols can be extremely difficult due to the com-
plexity and variability of the mixing state. The num-
ber fraction of the internal mixture varies from 0 to
80% with the size of the aerosol particles (Strom et
al., 1992; Naoe and Okada, 2001), increases with the
altitude (Schwarz et al., 2008), and evolves over time
(Moteki et al., 2007b; Shiraiwa et al., 2007).

The morphology of the internal mixture is com-
plex. The most common and elaborate morphology is
a core-shell form in which insoluble BC acts as a core
with soluble sulfate acting as shell (Ebert et al., 2002;
Vester et al., 2007; Worringen et al., 2008).

The direct effects of anthropogenic aerosol on cli-
mate are primarily determined by the optical prop-
erties of the ensemble of aerosols, which in turn are
determined by the size, morphology and chemical com-
position of the particles. The optical properties of in-
ternal mixtures are different from those of pure aerosol
components (Lesins et al., 2002; Stier et al., 2006;
Schwarz et al., 2008). BC can strongly absorb solar
radiation and is estimated to be the second largest
contributor to global warming after carbon dioxide
(IPCC, 2007).

scatters radiation and effectively increases albedo, it

While non-absorbing sulfate mainly

may also have acted to partly offset the effects of the
absorption of BC as an external mixture. When sul-
fate and BC are internally mixed, the absorption of
the mixture is greater than that of the pure sulfate
component, and the ability of the internal mixture to
scatter radiation is much greater than that of BC. The
differences in optical properties between the external
and internal mixtures of sulfate and BC have been dis-
cussed in several previous studies (Lesins et al., 2002;
Stier et al., 2006; Schwarz et al., 2008; Shiraiwa et al.,
2008). Lesins et al. (2002) found that the discrepancy
of the extinction coefficient, single scattering albedo,
and asymmetry factor between the external and in-

ternal mixtures reached as much as 25%-50%. Stier
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et al. (2006) and Schwarz et al. (2008) found an in-
crease in the absorption coefficient of BC when it was
considered as internally mixed instead of externally
(2008) also found that the

absorption of the internal mixture containing BC was

mixed. Shiraiwa et al.

greater than that of the external mixture by a fac-
tor of 1.5 to 1.6 based on observations in East Asia.
As the optical properties of an aerosol mixture change
in different mixing states, the direct effect of multi-
component aerosols subsequently changes.

In addition to influencing the direct effect of
aerosol, the mixing assumption influences the indirect
effect by altering the deliquescence, water solubility,
and size distribution of an aerosol mixture and, conse-
quently, its efficiency of serving as cloud condensation
nuclei (CCN), by which aerosols affect the radiative
properties of clouds (Chung and Seinfeld, 2005).

To date, there has not been a comprehensive ex-
amination of the sensitivity of climate effects to the
mixing assumptions made in a regional climate model
for anthropogenic sulfate and carbonaceous carbon,
including BC and OC. This paper focuses on the dis-
crepancies of concentrations of anthropogenic sulfate,
BC, and OC, and, hence, the radiative forcing and im-
pacts on climate due to anthropogenic aerosols under
the assumptions of an internal mixing state, external
mixing state or partial internal mixing state. Section 2
contains brief descriptions of the model, experimental
design, and data used in the model. The results are
presented in Section 3, and the discussion and conclu-

sions are found in Section 4.

2. Model description and experimental de-

sign

2.1 Model description

The regional climate model used in this study was
the Regional Integrated Environmental Model System
for Asia (RIEMS 2.0), developed by the START Re-
gional Center for Temperate East Asia (START TEA
RC) in Beijing, China (START: System for Analysis,
Research, and Training) (Fu et al., 2000). RIEMS 2.0
is based on the third version of the fifth-generation
Pennsylvania State University /National Center for At-
mospheric Research mesoscale model (MM5v3) (Fu et
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al., 2000). The model processes include a state of the
art surface physics package (BATS le), a Hostlag ex-
plicit planetary boundary layer formulation, a Kuo-
Anthes cumulus parameterization, a modified radia-
tion package (CCM3), as well as chemical, hydrologi-
cal, and biological processes.

The model has been used to simulate regional cli-
mate in East Asia and performs well (Fu et al., 2005;
Xiong et al., 2003, 2006, 2009; Xiong, 2004). Xiong
et al. (2006) conducted a continuous 10-yr simulation
over Asia from 1 July 1988 to 31 December 1998 using
RIEMS and found that the model could well repro-
duce the spatial pattern and seasonal cycle of surface
temperature and precipitation as compared with ob-
servations. The ability of RIEMS to simulate extreme
monsoon rainfall over the Yangtze River valley was
examined in the study of Xiong (2004). A continuous
22-yr simulation was also conducted using RIEMS 2.0
in the study of Xiong et al. (2009), the results indi-
cated its ability to simulate the summer monsoon over
Fast Asia.

The chemical aerosol model is coupled online with
the climate model (Liu et al., 2010). The distribution
of aerosol concentrations calculated by the chemical-
aerosol model is passed to the radiation package CCM3
in the climate model to simulate the direct climate ef-
fect and, simultaneously, to the cloud parameteriza-
tion process of the climate model to compute the first
indirect climate effect of anthropogenic aerosols using
the scheme presented in Hegg (1994).

2.2 Mixing assumptions

Three aerosol species were considered in this
study: anthropogenic sulfate, BC, and OC, and three
mixing assumptions were made in the simulations: ex-
ternal mixing (EM), internal mixing (IM), and partial
internal mixing (IEM) states. Table 1 describes each
assumption. The mass ratio of the internal mixture
is presented as follows: R = M, /M, where R is a
parameter independent of particle size in the present
study, Mi,s denotes the mass of internal mixture, and
M denotes the total mass of aerosols. For the extreme
cases of external and internal mixing assumptions, R
= 1and R = 0, respectively. In the internal mixing as-

sumption, the concentrations of anthropogenic sulfate
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and carbonaceous aerosols calculated by the chemical
aerosol module were summed as one kind of internally
mixed aerosol (IMA). Subsequently, the distribution of
IMA was simultaneously passed to the radiation pack-
age CCM3 and to the cloud parameterization process
of the climate model to compute the indirect radiative
forcing effects of IMA.

Table 1. List of experiments

Experiment Aerosol species Mass ratio of IMA
BASE Background aerosols 0
EM Sulfate, BC, and OC 0
M IMA 1
IEM Sulfate, BC, OC, and IMA 0.5

For the partial internal mixing state, we assumed
that halves of the aerosol mass of each aerosol com-
ponent were internally mixed, so the mass ratio of the
internal mixture neither evolved with time nor varied
with other factors such as altitude. The mass fraction
of the internal mixture was therefore 50% or R = 0.5.
Consequently, half-masses of sulfate, BC, and OC cal-
culated by the chemical aerosol module were added to
substitute for IMA. As mentioned before, the number
ratio of internal mixture varies with the size distribu-
tion and altitude. Strom et al. (1992) and Fassi-Fihir
et al. (1997) found that the number ratio of the inter-
nal mixture was approximately 50% on the submicron
(2008) and
Vester et al. (2007), the mean value of R of aerosol

scale. In the studies of Schwarz et al.
particles with submicron size was larger than 0.4 al-
though it varied with altitude. Therefore, according to
the fact that anthropogenic aerosol particles are gen-
erally of submicron size, fixing R at 0.5 is reasonable
here.

The morphology of the internal mixture parti-
cles in the internal mixing and partial internal mix-
ing assumptions is a core-shell model where the spher-
ical particle is made of two concentric regions: the
shell and the core, each with its own uniform refrac-
tive index. The optical properties, and specifically
the extinction coefficient, single scattering albedo,
and asymmetry factor, were calculated by the Mie
model for core-shell particles (BHCOAT) developed
by Joseph (1993) and based on Bohren and Hoffman
(1983). In the BHCOAT code, refractive indices of

shell and core required user input. Soluble sulfate was
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assumed to act as the shell, and the mixture of BC and
OC acted as the core in the present study. The sulfate
shell had a refractive index of 1.53-0i, while a simple
volume average of the individual refractive indices was
used to simultaneously compute the refractive index of
the BC-OC core in the model, as follows:

mgcVac + mocVoc

Meore =
Vic + Voc
_ BecVee + RocVoc . IscVie + locVoc
Ve + Voc Vec+ Voo

where meore indicates the refractive index of the mixed
core of BC and OC, mpc and moc denote the refrac-
tive indices of BC and OC, respectively, and Rpc,oc
and Ipc.oc are the real part and image part of the
indices, respectively. The refractive indices of BC and
OC are 1.56-0.471 and 1.52-0i, respectively.

2.3 Experimental design

The model domain covers East China and its ad-
jacent areas (16.2°-44.1°N, 93.4°-132.4°E) with a hor-
izontal grid size of 60 km. There are 16 vertical layers
and the model top is 100 hPa.

This study used 2006 NCEP/NCAR reanalysis
data at 6-h intervals as driving fields and boundary
The
Asia inventory dataset with the reference year of 2006,
taken from Zhang et al. (2009b), a study developed in
support of NASA’s INTEX-B (Intercontinental Chem-
ical Transport Experiment-phase B) mission, was used
for the emissions of SOy, NOx, CO, NH3, BC, OC,
and VOCs.
included anthropogenic emissions and accounted for

conditions for the climate model calculation.

Emission sectors of this dataset only

power plants, industry, residential, and transporta-
tion. The grid size of the dataset is 0.5 degrees.

We conducted four model runs (BASE, EM, IM,
and TEM) as listed in Table 1, which span the period
from 1 January to 31 December 2006. The simula-
tion results spanning from 11 January to 31 Decem-
ber 2006 were analyzed. The control run (BASE) only
contained background aerosols without any anthro-
pogenic aerosols. EM treated anthropogenic sulfate
and carbonaceous carbon aerosols as a complete exter-
nal mixture, whereas IM treated aerosols as a complete

internal mixture. In the IEM experiment, 50% of the
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aerosol mass was considered to be internally mixed.
3. Model simulation and results

3.1 Distributions of aerosols under different

mixing assumptions

Figure 1 shows the distributions of annual aver-
age sulfate column burden for the cases of EM, IM,
and IEM. The large column burden mainly occurred
over East China, but there was also some sulfate con-
centrated in the atmosphere over the ocean adjacent
to the east coast of China, indicating that the sulfate
or SO, precursor of sulfate was transported by wind
to the ocean. The regions with a larger column bur-
den of sulfate were the Sichuan basin, Hunan, Jiangxi,
and Zhejiang provinces, located south of the Yangtze
River. The column burden of sulfate was generally

larger than 20 mg m~2 in these regions, with a max-
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imum of 38.9 mg m~2 for the EM case. The column
burden in the IM case was larger than the EM case,
and it was especially significant in regions where sul-
fate was highly concentrated. The maximum value in
the IM case was 79.5 mg m~2, almost twice that of the
EM case. The maximum value in the IEM case was
61.5 mg m~2. The regional average column burdens
of sulfate for EM, IM, and IEM were 6.15, 11.49, and
10.29 mg m~2, respectively.

The mean column burden of sulfate presented
here was generally larger than the global average sim-
ulated by the GCM models presented in the studies of
Ghan et al. (2001), Kiehl et al. (2000), and Jacobson
(2001a), which ranged from 2.33 to 4.0 mg m~2. In
those previous studies, East Asia was a region with
an obviously high sulfate concentration. The mean
column burdens of sulfate in East Asia simulated by

other regional climate models were also much greater

90 100 110

Fig. 1. The annual mean column burden (mg m™?2) of sulfate for (a) EM, (b) IM, and (c) TEM cases, and (d) IM-EM.

IM—EM denotes the difference between IM and EM.
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than the global average value. For instance, Zhang
et al. (2009a) found that the mean column burden of
sulfate over East Asia was as much as 20 mg m~2, and
Qian et al. (2003) found that the mean column bur-
den over China was 17 mg m~2. The regional average
column burden for the IM case in this study was closer
to the results of Zhang et al. (2009a) and Qian et al.
(2003) than to those of the EM case.

It is noteworthy that the mean concentrations of
sulfate for EM, IM, and IEM were distinctly differ-
ent. The mean concentration of sulfate for the IM
case or the IEM case was larger than that for the
EM case, which was consistent with previous stud-
(2008) found that when internal
mixtures were included in the model, the total mass

ies. Kim et al.

of sulfate was increased from 0.72 to 0.80 Tg. Lu
and Bowman (2010) used a detailed aerosol mixing
state model to simulate the concentrations of multi-
component aerosols and found that both the mass con-
centration and the number concentration of sulfate in
the internal mixing mode are larger than those in the
external mode. The increase in sulfate presented here
may have been caused by a discrepancy of meteorolog-
ical conditions as a result of different mixing assump-
tions made in the simulations. Sulfate was consid-
ered to be sensitive to meteorological conditions such
as temperature and precipitation. Liu et al. (2007)
showed very large differences of the simulated aerosol
fields when driving the same aerosol module with dif-
ferent meteorological datasets, including those of the
finite-volume general circulation model (FVGCM), the
NASA Goddard Global Modeling and Assimilation Of-
fice (GMAO), and the NASA Goddard Data Assimila-
tion Office (DAO). Sulfate with FVGCM was 40% less
than with DAQO, due to greater levels of precipitation.

Figures 2 and 3 show the annual column burden
of BC and OC, respectively. As seen in Fig. 2, BC
was also mainly centralized in East China, with the
highest concentrations occurring in the Sichuan basin
and Shanxi Province. The column burdens of BC in
the Sichuan basin and Shanxi were larger than 2.1 mg
m~2, with maxima of 2.8 (EM) and 3.0 mg m~2 (IM).
The large amount of the fossil fuels consumed in North
China, especially in Shanxi Province, produced high
concentrations of BC there. The large concentration
occurring in Sichuan was mainly due to the topograph-
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ical effect of the basin.

The OC distribution pattern, shown in Fig. 3,
was similar to that of BC as a result of the homology
of BC and OC. Usually, BC and OC are emitted into
the atmosphere simultaneously. BC is produced from
the insufficient combustion of biomass or fossil fuels,
while OC is produced by the complete combustion and
the conversion of volatile organic compounds and hy-
drocarbon chemical reactions. The column burden of
OC was larger than that of BC by a factor of 3 to 5
over the domain. The column burden of OC was larger
than 4.0 mg m~2 in Shanxi Province and larger than
7.5 mg m~2 in the Sichuan basin, with a maximum of
8.3 mg m~2 for IM. BC and OC were also concentrated
over the ocean, indicating the long-distance transport
of carbonaceous aerosols.

The patterns of BC and OC in the present study
were consistent with those in previous studies (Qian et
al., 2001, 2003; Han et al., 2008; Zhang et al., 2009a).
Han et al. (2008) simulated the distributions of car-
bonaceous aerosols by use of coupled regional climate
models and indicated that BC and OC were mainly
concentrated in the Sichuan basin, the lower reaches
of Yangtze River, and Shanxi Province. Zhang et al.
(2009a) found similar results by using a global climate
model.

The distributions of BC and OC are almost the
same in EM, IM, and ITEM. Figures 2 and 3 show the
differences between IM and EM and point to slight in-
creases in both BC and OC over the Huanghai Sea.
BC and more than half of OC compounds are emit-
ted directly from the source and are considered pri-
mary aerosols. The distributions and concentrations
of these primary aerosols are mainly affected by atmo-
spheric circulation instead of temperature and precipi-
tation. BC and OC are therefore much less sensitive to
temperature and precipitation than sulfate. The mean
column burdens of BC and OC for EM, IM, and TEM
suggest slight discrepancies due to mixing assumptions
and are shown in Table 2.

The annual mean column burdens of BC and OC
over the domain were 0.4624+0.008 and 2.16240.07
mg m~2. Additionally, the average column burden
of primary OC was 1.25640.018 mg m~2 while that
of secondary OC was 0.89640.001 mg m~—2. Qian et
al. (2003) concluded that the mean column burdens
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of BC and OC were 0.8 and 8 mg m~2 over East
(2008) showed that

the column burdens of BC were approximately 4-8

Asia, respectively. Han et al.

and 8-12 mg m~2 in the regions where the carbona-
ceous aerosols were highly concentrated. Zhang et al.
(2009a) found that the column burden of OC was as
much as 10 mg m~2 in the Sichuan basin. When com-
pared with previous results, however, the results in
this study presented smaller column burdens of car-
bonaceous aerosols. This is due to the exclusion of
nature biomass emissions in this study in exchange for
a focus solely on anthropogenic emissions.

The ratio of OC burden to BC burden was ap-
proximately 4.6, a result consistent with Zhang et al.
(2009a), which indicated that the mean column bur-
den of OC was larger than that of BC by a factor
of 4.0. The surface concentrations of BC and OC
were 1.04540.5 ug m™3 and 2.2440.03 pg m~3, re-
spectively. The OC/BC ratio was 2.14+0.02, similar
to the results of Novakov et al. (2005), which analyzed

90 100 110
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the published data of observations in China indicating
an OC/BC ratio of 2.39+0.47.

Table 2 lists the regional average column burdens
of sulfate, BC, POC, SOC, and total OC. The dispar-
ity in BC was less than 4% and 1% in OC. In contrast,
the disparity in sulfate was much larger.

Table 2. Average column burden of anthropogenic

aerosols (mg m™2)

EM IM IEM
Sulfate 6.145 11.494 10.291
BC 0.453 0.470 0.468
POC 1.259 1.274 1.264
SOC 0.896 0.895 0.898
oC 2.155 2.169 2.162

Note: black carbon (BC), primary organic carbon (POC),
secondary organic carbon (SOC), and organic carbon (OC).

3.2 Comparison of modeled aerosol concentra-
tions with observations

Prior to this study, observations of the surface
concentrations of sulfate or carbonaceous aerosols were

=

120°E

90 100 110

0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4

-0.2 0 0.2

—0.6 —0.4

Fig. 2. Asin Fig. 1, but for BC (mg m~?).
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Fig. 3. Asin Fig. 1, but for OC (mg m™?).

still limited in East Asia.

ments of sulfate and carbonaceous aerosol concentra-

In this study, measure-

tions at a variety of locations in East Asia were col-
lected, as shown in Table 3. The observations pre-
sented here were conducted in 25 cities in China and 3
cities in Korea. These measurements were carried out
in or around 2006. Table 3 shows that observations
were higher than modeled results at most measure-
ment sites. The model always underestimated the sur-
face concentrations because of the exclusion of natu-
ral sources of sulfate and carbonaceous aerosols in this
study. Nevertheless, the modeled results agreed with
observations in magnitude over the majority of the
measurement sites. For locations with high altitudes
like Lhasa (3663 m), Dunhuang (1139 m), Lanzhou
(2057 m), and Zhengbeitai (1135 m), the model un-
derestimated the surface concentrations by a factor of
101 to 102. The observation of Lhasa was conducted

in a measurement site located in the downtown area,
which covers only 60 km?. The observed concentra-
tions could not, therefore, be replicated by a cell av-
erage of the model with the grid size of 60 km. The
Dunhuang, Lanzhou, and Zhengbeitai sites were ru-
ral. The mean variances of BC mass concentrations
between simulated results and observations were 45%
(EM) and 43% (IM). For OC, the variances were 59%
for both EM and IM. The discrepancies for sulfate
were smaller than for carbonaceous aerosols, which
were 36% (EM) and 28% (IM). In sum, the simulated
results for IM were somewhat closer to the observa-
tions than EM results.

3.3 Optical depth of aerosols under different

mizring assumptions

Satellite instruments, such as the Moderate Res-
olution Imaging Spectroradiometer (MODIS) and the
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Location Sulfate BC OoC Measurement Reference
Obs EM IM Obs EM IM Obs EM IM period

Chengdu(30°39'N, 104°2.4'E) / 37.36 28.84 11.1 7.38 4.87 33.4 13.93 14.36 2006 Zhang et al., 2008
Dalian(38°54’N, 121037.8’E) / 7.14 7.52 5.3 3.41 3.25 17.7 5.46 5.36 2006 Zhang et al., 2008
Dunhuang(40°9’N, 94°40.8'E) / 0.2 0.19 4.1 0.05 0.03 29.3 0.26 0.26 2006 Zhang et al., 2008
Gaolanshan(36°0’N, 105°51'E) / 2.96 295 3.7 1.59 1.31 18.2 2.69 2.68 2006 Zhang et al., 2008
Gucheng(39°7.8’N, 115048/E) / 15.34 17.81 12 6.24 5.84 42.2 8.64 8.53 2006 Zhang et al., 2008
Jinsha(29°37.8'N, 114°12'E) / 13.54 13.85 3.2 3.17 3.24 14.3 5.58 5.66 2006 Zhang et al., 2008
Lhasa(29°40'N, 91°7.8'E) / 0.12 0.12 3.7 0.08 0.05 21 0.18 0.18 2006 Zhang et al., 2008
Lin’an(30° 18'N, 119°44’E) / 15.08 13.64 4.80 4.53 4.62 14.90 7.64 7.67 2006 Zhang et al., 2008
Nanning(22°49’N, 108°21'E) / 6.15 6.03 3.70 1.50 1.33 15.30 3.35 3.33 2006 Zhang et al., 2008
Panyu(23°0'N, 113°21'E) / 15.40 10.07 9.30 3.99 2.39 21.00 6.85 6.79 2006 Zhang et al., 2008
Changde(29° 10.2’N, 111042.6’E) / 10.23 12.01 2.30 3.48 3.35 11.1 8.62 8.70 2006 Zhang et al., 2008
Xi’an(34°25.8/N, 108058.2’E) / 20.40 11.87 14.20 4.54 2.99 42.8 5.49 5.63 2006 Zhang et al., 2008
Zhengzhou(34°47'N, 113°41'E) / 16.13 16.68 9.40 7.73 6.82 25.3 10.47 10.52 2006 Zhang et al., 2008
Taiyuan(37°52’N, 112034’E) / 25.28 15.37 4.70 9.22 6.54 18.60 10.72 10.75 2006 Meng et al., 2007
Lanzhou(36°08’N, 103°41'E) 9.8 021 021 / 006 006 / 020 0.21 2006 Pathak et al., 2009
Daihai(40°37’N, 112035/E) / 4.43 4.87 3.10 1.93 1.66 19.9 2.8 2.79 2005-2007 Han et al., 2008
Deokjeok (37°13'N, 126°9'E) 6.00 296 3.6 1.00 0.81 1.16 3.80 1.53 1.58 2005-2007 Kim et al., 2009
Gosan (33017’N, 126° 10’E) 6.00 260 3.16 0.80 0.57 0.88 2.70 1.21 1.19 2005-2007 Kim et al., 2009
Zhuzhang(ZSOOO'N7 99043/E) 1.60 1.40 1.46 0.34 0.12 0.17 3.10 1.74 1.75 2004-2005 Qu et al., 2009
Hongkong(22°16'N, 114° 10’E) 8.69 842 6.99 2.14 1.44 1.34 4.25 3.43 3.44 20042005 So et al., 2007
Zhenbeitai(38°26’N, 109012’E) / 1.31 1.84 4.00 0.49 0.52 11.90 0.94 0.97 2004-2005 Zhang et al., 2008
Shangdianzi(40°39’N, 117007/E) / 6.9 7.35 2.5 292 3.28 10.40 4.51 4.46 2004-2005 Zhang et al., 2008
Beijing(39°48’N, 116°28'E) 26.30 28.75 16.15 5.40 12.45 6.87 31.30 12.86 12.64 2004 Xie et al., 2008
Guangzhou(23°8’N7 113016’E) 27.80 15.40 10.10 7.10 4.00 2.40 22.40 6.90 6.80 2004 Andreae et al., 2008
Seoul(37°30/N, 127°OO/E) 5.77 4.68 2.97 291 3.65 1.93 9.45 6.41 6.43 2003-2006 Heo et al., 2009
Taipei(25°02’N, 121°26'E) 6.40 4.21 6.84 1.60 1.49 1.72 5.00 3.56 3.64 2002-2008 Chang et al., 2010
Beijing(39°48’N, 116028’E) 18.46 28.75 16.15 / 12.456.87 / 12.86 12.64 2001-2006 Okuda et al., 2008
Hamgzhou(30016’N7 120009’E) 20.10 15.08 13.64 4.06 4.53 4.62 21.41 7.64 7.67 2001-2002 Cao et al., 2009
Beijing(39°48’N, 116°28'E) 14.64 28.75 16.15 9.40 12.45 6.87 25.30 12.86 12.64 19992000 He et al., 2001
Shanghai(31°14’N, 121°28'E) 14.02 11.29 15.02 6.49 5.04 5.43 14.89 9.62 9.69 19992000 Ye et al., 2003
Hongkong(22°16’N7 114010’E) / 842 6.99 4.66 1.44 1.34 8.89 3.43 3.44 19982001 Yu et al., 2004

Slash denotes that no observation is available for reference.

Multi-angle Imaging Spectroradiometer (MISR), and
ground-based instruments, such as aerosol lidar, have
been used to measure the total aerosol optical depth
(AOD). Anthropogenic AOD could not be directly de-
rived from these measurements because they also in-
clude natural source. Estimates of the anthropogenic
AOD were therefore predominately based on numeri-
cal models as suggested by Yu et al. (2006). The dis-
tributions of AOD (at 550 nm) due to anthropogenic
sulfate and carbonaceous aerosols in three different
cases, as well as the pattern of AOD differences be-
tween IM and EM, were illustrated in Fig. 4. As
can be seen, AODs were higher in eastern China and
the Sichuan basin where anthropogenic aerosols were
highly concentrated in different cases. The AOD in
the IM case was larger than that in the EM case over

the simulated region, due primarily to the higher con-
centration of sulfate in IM than that in EM. The an-
nual averages of AOD for IM, IEM, and EM were
0.109, 0.096, and 0.063, respectively. The average
AODs over East Asia calculated by RIEMS 2.0 were
larger than those computed by the global models, as
listed in Table 3. However, the AOD results using
only anthropogenic sulfate and carbonaceous aerosols
as presented in this study were smaller than those
derived from satellite and ground-based observations,
such as MODIS and the Aerosol Robotic Network
(AERONET) data, which were, comparatively, con-
tributed by total aerosols, presented in the studies of
Adhikary et al. (2008), Yu et al. (2006), and Chung
et al. (2010). The results in Yu et al. (2006) showed
that the annual average AOD was about 0.14 over
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Fig. 4. Aecrosol Optical Depth (AOD) for (a) EM, (b) IM, and (c) IEM cases, and (d) IM-EM. IM-EM denotes the

difference between IM and EM.

global ocean derived from MODIS, whereas the annual
average AOD over global land derived from MISR, was
about 0.23. The fraction of anthropogenic AOD was
about 47%+9% over land and 21%=+7% over ocean.
Consequently, the anthropogenic AOD could be de-
rived as 0.1140.02 over global land and 0.03+0.01 over
global ocean, respectively. Zhou et al. (2005) showed
the mean values of AERONET AOD at 550 nm as 0.25
over East Asia for fine-mode aerosols, which can be a
surrogate for deriving anthropogenic AODs because
anthropogenic aerosols are predominantly submicron
in size. A qualitative rather than quantitative compar-
ison between AOD simulations and observations was
made in this study.

Chung et al. (2010) assimilated MODIS AOD
and AERONET AOD data for the period 2001-2004
and found that East China and the Sichuan basin
were the regions with the highest AODs. Similar re-
sults were also presented in the study of Adhikary et
al. (2008) using the mean MODIS AOD data with
AERONET corrections. The distributions of AOD

shown in Fig. 4 generally followed those patterns in
Chung et al. (2010) and Adhikary et al. (2008) in
East Asia, with smaller AOD values by a factor of 2.
Additionally, the simulated patterns and AOD values
were consistent with the simulation results in Huang
et al. (2007) and Chung et al. (2010). Huang et al.
(2007) simulated the AOD of anthropogenic sulfate
and carbonaceous aerosols and found that the AOD
was maximized over the Sichuan basin and exhibited
a broad region of over 0.3 extending to northeastern
China. The anthropogenic AODs contributed by an-
thropogenic sulfate and carbonaceous aerosols were
simulated by Chung et al. (2010) using the integrated
MODIS and AERONET data and were about 0.4-0.5
over the Sichuan basin and 0.35-0.45 over East China,
which were similar to the results of this study.

3.4 Radiative forcing of aerosols under differ-

ent miring assumptions

As Kim et al. (2008)
assumption was one of the major factors causing

suggested, the mixing
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different estimates of the total radiative forcing (RF)
when more than one aerosol component was intro-
duced into the model. Some previous studies have
investigated the variation between the external and in-
ternal mixing assumptions (Haywood and Shine, 1995;
Jacobson, 2001a; Lesins et al., 2002; Stier et al., 2006;
Schwarz et al., 2008) and found that the surface RF
was decreased dramatically when BC was internally
mixed. Lesins et al. (2002) and Schwarz et al. (2008)
suggested that the absolute value for RF at the top
of the atmosphere caused by the external mixture of
sulfate and BC was larger than that caused by an in-
ternal mixture. Using offline climate models or con-
ceptual radiative models, these studies have focused
on the variations in the optical properties of aerosol
mixtures but ignored variations in aerosol mass. The
RF values would also vary with the aerosol mass con-

centrations predicted by the aerosol model. Lesins et
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al. (2002) suggested that studies applied to predicting
aerosol mass concentrations from general circulation
models were needed to quantify the influence of the
mixing assumptions on the RF and its implications
for the anthropogenic influence more reliably. In the
present study, we overcome these shortcomings with
an online coupled aerosol-climate model.

This study considered both direct and indirect ra-
diative forcing. The radiative forcing here was under
an all-sky condition at the top of the atmosphere if not
with any additional explanation. Figure 5 shows the
distribution of the annual mean RF values due to an-
thropogenic sulfate and carbonaceous aerosols at the
top of the atmosphere (TOA). The patterns of radia-
tive forcing for different simulating cases were closely
consistent with those of AOD and were similar to the
The RF at TOA was negative

over the domain with extreme values of —4.61, —8.15,

burdens of aerosols.

-8 -7 =6 -5 —4 -3 -2 -1 0

Fig. 5. Radiative forcing (W m~?2) at the TOA for (a) EM, (b) IM, (c) TEM cases, and (d) IM-EM. IM-EM denotes

the difference between IM and EM.
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and —7.12 W m~2 for EM, IM, and IEM, respectively,
suggesting that it would result in global cooling as a
sum in either EM or IM. The magnitude of RF in the
IM case was always larger than that in EM across the
domain. The annual mean values for IM, IEM, and
EM were ~1.97, -1.82, and —1.27 W m~2, respectively.

The impacts of relative humidity on the optical
properties of aerosols were taken into consideration in
RIEMS 2.0. This consideration consequently resulted
in large negative RF values over the ocean adjacent to
the east coast of China due to high relative humidity
in that region. Penner et al. (1998) found an increase
in the RF of sulfate due to a decrease in relative hu-
midity. When the humidity was restricted to lower
than 90%, the mean RF increased from —0.81 to —0.55
W m~2.

Figure 6 shows the monthly mean values of RF
for EM, IM, and IEM. July and May were the months
with the highest RF values: —4.03 W m~2 in July and
-3.49 W m~2 in May for IM. The values and varia-
tions of RF were lower in autumn and winter. Larger
RF values resulting from internal mixtures rather than
external mixtures appeared in most months.

The variations of RF between IM and EM were
negative over the whole domain. As can be seen in
Figs. 1 and 5, the pattern of the difference in RF be-
tween IM and EM was similar to that of sulfate bur-
den. Such a similarity in pattern implied that changes
in sulfate burden may cause changes in RF values.

As described in the fourth Assessment Report
of the Intergovernmental Panel on Climate Change
(IPCC, 2007), the global average estimates of direct
and indirect RF of anthropogenic aerosols were —0.1

2 and 0.3 to approxi-

to approximately —0.9 W m™
mately 1.8 W m™2, respectively. Previous modeled
results and observations showed that the RF due to
anthropogenic sulfate and carbonaceous aerosols was
larger than ~1 W m~2 over East Asia (Penner et al.,
1992; Hansen et al., 2002; Giorgi et al., 2003; Chung
et al., 2005; Schulz et al., 2006; Huang et al., 2007).
Giorgi et al. (2003) estimated that the direct radiative
forcing due to sulfate over China was —7 to approxi-
mately -1 W m~2 and that the sums of direct forcing
and indirect forcing were up to —3.93 W m~2 in win-

ter and —11.77 W m~2 in summer over East China.
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It further indicated that the sums of direct and in-
direct forcing reached up to —7.02 W m~2 in winter
and -10.52 W m~2 in summer over the Sichuan basin.
Chung et al. (2005, 2010) also obtained a similar re-
sult, which indicated that the absolute value of RF
was higher than -2 W m~2 over most regions of East
Asia due to anthropogenic aerosols. The annual mean
RF over East China reached up to -6 W m~2. Huang
et al. (2007) showed that anthropogenic aerosol RF
was —1.91 to approximately —1.41 W m~2 on average
over East Asia. The results in the present study were
consistent with these estimates.

In Table 4, we compared the burdens of total
anthropogenic aerosol, RF at TOA, and normalized
radiative forcing (NRF) simulated by eight AeroCom
global models (Schulz et al., 2006), four regional mod-
els (Chang and Park, 2004; Chung et al., 2010; Huang
et al., 2007; Wu et al., 2005), and the RIEMS 2.0 under
The AeroCom global
models and two regional models used by Chung et al.
(2010) and Huang et al. (2007) were coupled with de-
tailed aerosol modules, including anthropogenic sul-
fate, BC, and OC, to simulate the direct and indirect
effects of these aerosols. While Chang and Park (2004)
simulated the direct effect of anthropogenic aerosols
and sea salt, Wu et al. (2005) only simulated the di-
rect effect of sulfate. Table 4 shows that the average

different mixing assumptions.

global burdens of anthropogenic aerosols, as simulated
by global models, were always less than the burden
modeled by RIESM 2.0 over East Asia. Additionally,

the RF results of those global models were less than

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0

RFTOI’(W m 2)

Fig. 6. Monthly average of radiative forcing at the TOA
(W m™2) for EM, IM, and IEM cases.
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Table 4. Simulated burden of total anthropogenic sulfate and carbonaceous aerosols (mg m™~2), radiative forcing
(W m™2) at TOA and normalized radiative forcing (NRF) (W mg™!) from 8 global models, 4 regional models, and
the RIEMS 2.0 model under different mixing assumptions in this study

Model Load (mg m~™2) AOD RF at TOA (Wm~2) NRF (W mg~!) Reference

LOA 6.0 0.049 —-0.09 —-0.02 Reddy and Boucher, 2004
GISS 2.8 0.014 -0.11 -0.04 Schulz et al., 2006

UIO GCM 2.7 0.021 -0.11 —0.04 Kirkevag and Iversen, 2002
GATORG 6.4 / -0.12 —-0.02 Jacobson, 2001a

MPI HAM 3.4 0.032 -0.27 —-0.08 Schulz et al., 2006

UMI 4.0 0.028 -0.41 -0.10 Schulz et al., 2006

LSCE 4.8 0.033 -0.28 -0.06 Schulz et al., 2006

ULAQ 3.7 0.030 -0.24 -0.06 Schulz et al., 2006
RegCM2 / 0.149 —4.57 / Huang et al., 2007
PNNL-STEM-MARK / / 1.3 / Chung et al., 2010

MM5 20 / —4.1 -0.22 Chang et al., 2004
RegCM2 2.42 / -0.38 -0.16 Wau et al., 2005
RIEMS(EM) 8.75 0.063 ~1.27 -0.145 This study

RIEMS(IM) 14.13 0.109 -1.97 -0.139 This study

RIEMS(IEM) 12.92 0.096 —-1.82 -0.141 This study

Note that Chang et al. (2004) simulated the direct effect of anthropogenic aerosols and sea salt, and Wu et al. (2005) simulated

direct effect of sulfate.

40°N |-

30

20

—4.5 -3.5 -2.5 -1 0

Fig. 7. Annual surface air temperature changes (107! K) for (a) EM, (b) IM, and (c) IEM cases, and (d) IM-EM.
IM-EM denotes the difference between IM and EM.
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that of RIEMS 2.0 by a factor of 3 to 20. When con-
sidering the NRF, the results presented in this study
were consistent with those in previous studies listed
in Table 4. The values of NRF ranged from —0.02 to
~0.10 W mg~! for different global models, always be-
ing smaller than the NRF obtained by RIEMS 2.0.
The RIEMS 2.0 NRF results were —0.145, —0.139, and
-0.141 W mg~! for EM, IM, and IEM, respectively.
However, the NRF's for EM, IM, and IEM were con-
sistent with the results of other regional models, as
shown in Table 4. The NRF of IM was less than that
of EM, which was consistent with the results in Lesins
et al. (2002). That study suggested that the NRF of
an internal mixture was less than that of an external
mixture, but the result presented here is smaller than
that of Lesins et al. (2002).

3.5 Climate effects of aerosols under different

maixing assumptions

Figure 7 illustrates the annual mean changes in
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surface temperature due to aerosols. The regions with
significant changes in surface temperature were the
middle and lower reaches of the Yellow and Yangtze
Rivers and North China. The variations exceeded 0.25
K in these regions, with maxima of -0.47 K (EM),
-0.49 K (IEM), and —0.50 K (IM). The temperature
differences between IM and EM primarily occurred in
the regions between the Yellow and Yangtze Rivers.
The temperature in IM was lower than in EM in these
regions, but the opposite occurred over the southwest
and northwest regions of China and Mongolia. Re-
gions of significant changes in surface temperature did
not exactly correspond to the regions of RF, indicat-
ing the complexity of aerosol impacts on climate.
Figure 8 displays the impact of anthropogenic
aerosols on annual precipitation. It is apparent that
the total area size of regions with decreases in precipi-
tation is larger than that of regions with precipitation
increases. There were obvious decreases in a band-

Chongqing, Hunan,

shaped region of Guizhou,

Fig. 8. As in Fig. 7, but for annual precipitation changes (10 mm).
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Jiangxi provinces, south of the Yangtze River. The
precipitation reductions in these regions reached 40
mm, with maxima of 148, 122, and 102 mm for EM,
IM, and IEM, respectively, showing a significant de-
crease in Jiangxi Province where temperatures also
decreased remarkably. Conversely, precipitation in-
creased in some parts of South and North China, in-
cluding Shanxi and Guangdong provinces for both EM
and IM.

In this study, we analyzed the climate effects due
to anthropogenic aerosols in four climate sub-domains:
wetness, semi-wetness, aridity, and semi-aridity. The
regionalization of these sub-domains followed the re-
sults of Ma and Fu (2005), in which extreme aridity is
denoted as aridity and extreme wetness as wetness.

Tables 5 and 6 show the annual variations in sur-
face temperature and precipitation in these climate
sub-domains. From Tables 5 and 6, the climate effects
caused by aerosols in all of these sub-domains were de-
creases in both temperature and precipitation for all
cases.

The decrease magnitude of surface temperature
was the largest in the wet region, reaching 0.2 K.
The wet region included South and East China and
the Sichuan basin, where the aerosols were highly con-
centrated. The climate effects in this wet region were
significant. The semi-wet and semi-arid regions had
similar declines in surface temperature, reaching ap-
proximately —0.1 K. The arid region had low concen-
trations of aerosols and exhibited a temperature de-
crease of merely —0.03 K. The decreases for IM were

Table 5. Annual surface temperature variations in

sub-domains

Surface temperature changes (°C) EM M IEM

Aridity -0.032 -0.031 -0.032
Semi-aridity -0.093 -0.116 -0.113
Semi-wetness -0.087 -0.123 -0.102
Wetness —0.230 —0.247 -0.221
China -0.069 -0.078 -0.074

Table 6. Annual precipitation variations in sub-

domains
Precipitation changes (mm) EM M IEM
Aridity -3.0 -3.6 -2.3
Semi-aridity -12.8 —21.4 -12.1
Semi-wetness -50.0 —47.6 —28.5
Wetness -44.3 -39.2 -98.2
China -19.0 —20.5 —23.2
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always larger than those for EM over nearly all of
the sub-domains except in arid regions. The tempera-
ture variations over China were approximately —0.078,
—0.074, and —0.069 K for IM, IEM, and EM, respec-
tively.

The variations in precipitation were more complex
than variations in surface temperature. For EM and
IM, the most dramatic reductions of precipitation oc-
curred in semi-wet regions. The reductions were about
50.0 and 47.6 mm in semi-wet regions for EM and
IM, respectively. The precipitation reductions for EM
were larger than for IM in semi-wet and wet regions
although the opposite was true in semi-arid and arid
regions. As for IEM, the reduction was the largest in
wet regions at 98.2 mm. The variations for IEM were
less than that for IM or EM in the sub-domains when
excluding the wet region.

The seasonal trends of surface temperature
changes were similar for the cases of EM, IM, and TEM.
The surface temperature reductions were maximal in
winter (DJF) and minimal in summer (JJA), consis-
tent with the results of Qian et al. (2003) and Huang
et al. (2007). The declines of precipitation were max-
imal in summer (JJA) and minimal in winter (DJF)
for IM and TEM. Huang et al. (2007) also obtained the
same variation tendency. The magnitudes of surface
temperature and precipitation changes in the study re-
ported by Huang et al. (2007) were larger than those
found in this study, and the trend of variations in pre-
cipitation for EM was opposite to that for IM and EM.

4. Conclusions and discussion

In this paper, we used RIEMS 2.0 to simulate the
distributions of anthropogenic sulfate, BC, and OC
and analyzed their impacts on the East Asian climate
under external mixing, internal mixing, and partial
internal mixing scenarios. Additionally, we analyzed
the discrepancies in concentrations of aerosols and the
resulting climate effects of aerosols. The main conclu-
sions are summarized as follows:

(1) The mass concentration of sulfate was sensi-
tive to mixing assumptions, with the regional aver-
age column burden changing from 6.15 mg m~2 when

externally mixed to 11.45 mg m~2 when internally
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mixed. The column burden of sulfate was 10.29 mg
m~?2 for IEM. Sulfate was primarily distributed over
East China in all simulations.

(2) Carbonaceous aerosols were much less sensi-
tive to the mixing states. The distributions and av-
erage column burdens of carbonaceous aerosols were
similar under various mixing scenarios. For the EM
case, the column burden of BC and OC were 0.45

2 respectively. BC and OC were

and 2.16 mg m~
also mainly concentrated over East China, with the
higher concentrations occurring in the Sichuan basin
and Shanxi Province.

(3) Simulated concentrations of sulfate and car-
bonaceous aerosols agreed with the observations in
magnitude over a variety of measurement sites in East
Asia. The discrepancies for sulfate between modeled
results and observed results were smaller than those
for carbonaceous aerosols. The simulated aerosol con-
centrations were somewhat closer to the observations
for IM than for EM.

(4) The values of radiative forcing at the top of
the atmosphere due to anthropogenic aerosols were al-
ways negative over the domain for all simulated cases.
The RF values were maximal in summer, whereas the
values as well as the variations were less in autumn and
winter. RF values due to internal mixtures were larger
than those of external mixtures in most months, and
RF increased from ~1.27 W m~2 in an external mixing
state to —1.97 W m~2 in an internal mixing state. The
NRF decreased from —0.145 to —0.139 W mg~!.

(5) The climate effects of aerosols were more sig-
nificant when sulfate and carbonaceous aerosols were
internally mixed. The surface air temperature vari-
ations over the domain due to the anthropogenic
aerosols were —0.067, —0.078, and —0.072 K for exter-
nal mixing, internal mixing, and partial internal mix-
ing states, respectively. The changes in annual pre-
cipitation were —8.0 (EM), —20.6 (IM), and —21.9 mm
(IEM) (Table 7). The seasonal trends of surface tem-
perature changes were similar for the three cases, with
maximal reductions in winter (DJF) and minimal re-
ductions in summer (JJA). Meanwhile, precipitation
declines were minimal in winter (DJF) and maximal
in summer (JJA) for IM and IEM. The trend of vari-
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Table 7. Seasonal climate effects due to anthro-

pogenic aerosols

DJF MAM JJA SON Annual

AT (K)

EM —0.145 —0.068 —0.013 -0.041 -0.067
IM -0.146 -0.063 —0.045 —-0.060 -0.078
IEM —0.140 -0.062 —0.039 -0.046 —0.072
AP (mm month—1)

EM —1.449 -0.679 -0.134 -0.411 -0.668
IM -1.047 -1.792 -2.803 -1.210 -1.713
IEM —1.082 -1.770 —2.815 —1.626 —1.823

tions in precipitation for EM was opposite to that for
IM and TEM.

(6) The decrease magnitude of surface temper-
ature was the largest in the wet region due to the
large concentration of aerosols there. The most dra-
matic reductions of precipitation did not occur in the
wet region for EM and IM, but rather appeared in the
semi-wet region. Many factors contributed to the large
uncertainties in the estimates of impacts on climate
due to aerosols, including emissions, heterogeneous re-
actions on existing particles, size spectrum of aerosols,
and the mixing assumptions discussed in this paper.

The mixing assumptions of aerosols adopted in
this study may not represent the real mixing state
in the atmosphere. However, with the comparative
analyses, they provide a useful approximation of vari-
ations in climate effects due to the mixing state. Some
of the more elaborate aerosol mixing production pro-
cesses, such as heterogeneous reactions, have not been
included in models yet. Further studies on these
processes and the representation of a more accurate

mixing state of aerosols are needed.
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