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ABSTRACT

We present regional simulations of aerosol properties, direct radiative forcing and aerosol climatic
effects over China, and compare the simulations with observed aerosol characteristics and climatic
data over the region. The climate simulations are performed with a regional climate model, which
is shown to capture the spatial distribution and seasonal pattern of temperature and precipitation.
Aerosol concentrations are obtained from a global tracer-transport model and are provided to the
regional model for the calculation of radiative forcing. Different aerosols are included: sulfate, organic
carbon, black carbon, mineral dust, and sea salt and MSA particles. Generally, the aerosol optical
depth is well simulated in both magnitude and spatial distribution. The direct radiative forcing of the
aerosol is in the range –1 to –14 W m−2 in autumn and summer and −1 to –9 W m−2 in spring
and winter, with substantial spatial variability at the regional scale. A strong maximum in aerosol
optical depth and negative radiative forcing is found over the Sichuan Basin. The negative radiative
forcing of aerosol induces a surface cooling in the range –0.6 to –1.2 ◦C in autumn and winter, –0.3
to –0.6 ◦C in spring and 0.0 to –0.9 ◦C in summer throughout East China. The aerosol-induced
cooling is mainly due to a decrease in daytime maximum temperature. The cooling is maximum and
is statistically significant over the Sichuan Basin. The effect of aerosol on precipitation is not evident
in our simulations. The temporal and spatial patterns of the temperature trends observed in the second
half of the twentieth century, including different trends for daily maximum and minimum temperature,
are at least qualitatively consistent with the simulated aerosol-induced cooling over the Sichuan Basin
and East China. This result supports the hypothesis that the observed temperature trends during the
latter decades of the twentieth century, especially the cooling trends over the Sichuan Basin and some
parts of East China, are at least partly related to the cooling induced by increasing atmospheric aerosol
loadings over the region.

1. Introduction

Atmospheric aerosols can influence climate directly
by scattering and absorbing solar radiation and in-
directly by modifying the microphysical and opti-
cal properties of clouds. Human activities represent
an important source of airborne particulate material
(IPCC, 2001), and indeed some studies have found
substantial radiative forcing on the climate system by
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aerosols of anthropogenic origin (Rodhe, 1999; Pen-
ner, 2001; Ramaswarmy, 2001). A number of global
models have calculated the direct and indirect radia-
tive forcing of aerosols, mostly of anthropogenic ori-
gin (e.g. sulfate and soot), based on aerosol concentra-
tions simulated with global chemical transport models
coupled with General Circulation Models (GCMs) or
driven by observed reanalysis data (e.g. Haywood and
Ramaswamy, 1998; Barrie et al., 2001; Ghan et al.,
2001a,b).

A region where the effects of anthropogenic
aerosols are especially important is East Asia, one
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of the most populated and rapidly developing regions
during the last decades. The ever-growing human ac-
tivities have led to a rapid and continued increase in
the emission of aerosol precursors (Wei, 1995; Ren
et al., 1997). A number of studies (e.g. Hayami and
Ichikawa, 1995; Phadnis et al., 1998; Qian et al.,
2001) have simulated the transport and distribution
of aerosols over East Asia based on trajectory analysis
or three dimensional tracer models.

In particular, a series of recent studies investigated
the role of anthropogenic aerosols in modifying the
climate of East Asia with the use of a coupled re-
gional climate/chemistry aerosol model. The model-
ing system was developed by Qian and Giorgi (1999)
and Qian et al. (2001) by coupling a regional climate
model (RegCM; Giorgi et al., 1993a,b) and a simpli-
fied version of a sulfur chemistry model based on a full
chemistry-transport model (RADM; Chameides et al.,
1999; Luo et al., 2000a). The coupled modeling sys-
tem incorporated radiatively active aerosols, such as
sulfate and soot. Using this model, Giorgi et al. (2002;
2003) (hereafter referred to as G0203) completed a
series of regional simulations aimed at investigating
the direct and indirect radiative forcing and climatic
impacts of anthropogenic sulfate and fossil fuel soot
over East Asia. They found that the direct effects of
anthropogenic sulfate produces a surface cooling of
−0.1 to −0.7 ◦C, which is maximum over the Sichuan
Basin of southwest China and it is statistically signif-
icant over various areas of China. When both direct
and indirect effects were included the surface cooling
was enhanced, it locally exceeded –1 ◦C and it was
statistically significant over more extended regions of
China. The direct forcing was dominant in the cold
season, while the indirect effect forcing was domi-
nant in the summer monsoon season, when precipi-
tation and cloudiness are maximum over East China.
These results were generally consistent with the ob-
served temperature record over East China during the
last decades (Qian and Giorgi, 2000).

The primary shortcoming of the G0203 studies was
that their model only included anthropogenic sulfate
and fossil-fuel soot. The mass concentration of fossil-
fuel soot was crudely estimated by assuming a linear
relationship between soot and sulfate concentration.
The assumption of external aerosol mixing was used in
their model. In reality, however, soot (or black carbon,
BC), originates not only from fossil-fuel consumption,
but also from biomass burning (Penner, 2001). Fur-
thermore, other aerosols, such as organic carbon (OC),
mineral dust (Liousse et al., 1996; He et al., 2001) over

land and sea salt and methane sulfonic acid (MSA)
over ocean, are abundant over East Asia. Chameides
et al. (1999) and G0203 crudely assessed the effects
of these other aerosols by doubling the sulfate concen-
tration or optical depth in a series of sensitivity experi-
ments. However, different aerosols may have different
spatial and temporal distributions. Furthermore, car-
bonaceous aerosols have optical properties different
from sulfate. While sulfate and OC mostly reflect so-
lar radiation back to space, BC is a good absorber of
solar radiation, and thus induces heating of the lower
troposphere. Therefore, they have different effects on
the vertical structure of the atmosphere and possibly
on the hydrologic cycle of the region (Ramanathan
et al., 2001; Menon et al., 2002). It is thus evident that
a simple doubling of the sulfate concentration can-
not properly reproduce the effects of other types of
aerosols.

To understand the climatic effects of aerosols over
East Asia, a number of studies have attempted to
identify the climate signal associated with increasing
aerosol amounts using observed climate and aerosol
concentration records for the last decades. Li et al.
(1995) conducted a limited analysis of the temperature
record over the Sichuan province and speculated that
the cooling effects due to the aerosol might be respon-
sible for the observed decrease in temperature over the
area. Xu (2001) analyzed radiation and climate data
and argued that changes in the mid-summer rain belt
in central East China may be related to increasing SO2

emissions in China. Based on an analysis of temporal
and spatial patterns of pollutant emissions, observed
aerosol extinction coefficient, sunshine duration and
surface air temperature records for the past 45 years,
Qian et al. (1996), Qian and Giorgi (2000) and Kaiser
and Qian (2002) hypothesized that the observed cool-
ing trends are at least partially related to the increase
of anthropogenic aerosols over China.

All these modeling and observational studies clearly
show that atmospheric aerosols of anthropogenic and
natural origin have likely affected the climate of East
Asia in a significant way and will likely continue to
do so in the future. They also show the difficulty of
studying this issue due to the varied nature and char-
acteristics of the aerosol involved and the limitations
of present modeling tools and observation records.

This work extends previous studies by combining
more comprehensive modeling and observational tools
to improve our understanding of the effects of aerosol
on climate conditions in China. On the modeling side,
we include the radiative effects of six types of primary
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natural and anthropogenic aerosols within the frame-
work of a regional climate model. Unlike G0203, the
aerosol concentrations are not calculated within the
regional model but are produced by off-line simula-
tions with a global chemistry-aerosol model. Giorgi
et al. (2002) showed that local aerosol/climate feed-
backs play only a secondary role in determining the
aerosol concentrations, so that an off-line approach is
suitable to address this problem.

By incorporating a larger set of natural and anthro-
pogenic aerosols, our simulations can be more realis-
tically compared to the observed climatic record. In
this paper we utilize a range of more comprehensive
observed datasets and analysis tools to determine the
effect of increasing aerosols in the historical temper-
ature record over the region. At present, our model
only includes the direct aerosol effects. Giorgi et al.
(2003) clearly show that indirect effects can be impor-
tant in affecting the surface climate signal, particularly
in the warm season, and we plan to address this issue
in future work.

2. Model and simulation strategy

2.1. Regional climate model description

The regional climate model used in this study is
based on Version 3 of the Penn State/NCAR Mesoscale
Model MM5 (Grell et al., 1993). Leung et al. (2003a)
describe the modifications made to MM5 for regional
climate application. A 20-yr regional climate simu-
lation driven by the NCEP/NCAR reanalyses for the
western U.S. was found to compare very well with
observations (Leung et al., 2003a,b). After perform-
ing several short sensitivity runs to guide the se-
lection of physics parameterizations, the following
schemes were selected for our experiments over East
Asia: the improved CCM2 radiative transfer scheme
(Briegleb, 1992; Ghan et al., 2001b), the Grell cumu-
lus convection parameterization (Grell et al., 1993),
the Reisner mixed-phase cloud microphysics scheme
(Reisner et al., 1998), the counter-gradient boundary
layer scheme (Hong and Pan, 1996; Troen and Mahrt,
1986), and the Oregon State University Land Surface
Model (Chen et al., 1996).

2.2. Aerosol parameterization

Aerosols in the model are represented by a set of
modes characterized by log-normal particle size dis-

Table 1. Table Aerosol mode chemical components,
geometric standard deviation (σ g), and nominal geo-
metric mean diameter size distribution, DgN

Mode Chemical components σ g DgN (µm)

Aitken Sulfate, MSA, OC, BC 1.6 0.026
Accumulation Sulfate, MSA, OC, BC, 1.8 0.11

sea-salt, soil dust
Coarse sea-salt Sea-salt, sulfate, MSA 2.0 2.0
Coarse soil dust Soil dust, sulfate 1.8 1.0

tributions. The size distribution of each mode is deter-
mined by the number concentration, the mass of each
component, and the width of the distribution. Four
aerosol modes are currently treated: Aiken, accumula-
tion, coarse sea-salt and coarse soil dust. Table 1 lists
the chemical components and geometric properties of
each mode. The optical properties of each chemical
component are listed in Table 2. While internal mixing
of chemical components is assumed within each mode,
the modes themselves are externally mixed. In gen-
eral, the primary particles are externally mixed near
their sources, but aged aerosols become more inter-
nally mixed.

One of the most important factors contributing to the
radiative properties of aerosol is water uptake. We use
the Kohler theory to represent the hygroscopic growth
(Ghan et al., 2001b). For each aerosol mode we ex-
press water uptake in terms of relative humidity, the
surface mean dry radius, the relative contributions of
each component of the aerosol to the total particle hy-
groscopicity, and the water on the aerosol from the
previous time step.

We estimate the radiative forcing of aerosols by cal-
culating the net downward radiative flux at the top of
the atmosphere (F) twice in a simulation, once with
aerosol scattering and absorption included (Faer), and
once with aerosol effects neglected (Fnoaer). The direct
forcing of aerosols (Fdirect) can then be determined
from the difference between Faer and Fnoaer. As men-
tioned, the indirect radiative effects of aerosols are not
included in this study.

2.3. Experiment design

The model domain encompasses most of China and
adjacent ocean areas. It is centered at 32.0◦N and
107.5◦E, with a horizontal grid spacing of 60 km
(Fig. 1). The model includes 23 vertical levels ex-
tending up to 100 mbar. The period of simulation
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Table 2. For each aerosol chemical component, ν (the number of ions into which the salt disassociates), φ

(the osmotic coefficient), ε (the soluble mass fraction), ρ (the material density), M (the molecular weight of the
aerosol material), B (the hygroscopicity) and the refractive index for solar and infrared wavelengths

Refractive index

Component ν φ ε ρ M B Solar Infrared

Water 1.00 18 1.33+0.0i 1.18+0.68i
Ammonium sulfate 3 0.7 1.0 1.77 132 0.51 1.53+0.0i 1.98+0.06i
MSA 3 0.7 1.0 1.48 96 0.58 1.53+0.0i 1.98+0.06i
Sea salt 2 1.0 1.0 1.90 59 1.16 1.50+0.0i 1.50+0.01i
Soil dust – – 0.13 2.60 – 0.14 1.50+0.002i 1.62+0.12i
Organic carbon – – – 1.00 – 0.14 1.55+0.0i 1.70+0.07i
Black carbon – – – 1.7 – 5 × 10−7 1.90+0.60i 2.22+0.73i

Fig. 1. Regional model domain and topography used in the regional simulations. Units are m, with contour interval of 200 m.
Also shown are two regions for subcontinental scale analysis: SB, Sichuan Basin; EC, East China.

is from 1 April 1994 to 31 May 1999. The first
two months of simulations are not used in the anal-
ysis to allow for spin-up of the model. Large-scale
meteorological and surface data (e.g. sea surface tem-
perature) from the European Center for Medium-
Range Weather Forecast Tropical Ocean Global At-
mospheres (ECMWF-TOGA) analyses are used to
construct the initial and boundary conditions for the
regional model. These boundary conditions include
12-hourly large-scale temperature, atmospheric mois-
ture, winds, geopotential height, surface pressure and
sea surface temperature, all spatially interpolated hor-
izontally and vertically from the analyses grids and
pressure levels to that of MM5.

The climatic effects of aerosols, both natural and
anthropogenic, are assessed by comparing two experi-

ments for the full 5-yr simulation periods. In the first, or
control experiment (CON), the aerosol concentration
is set to zero in the radiation calculations. In the second,
or aerosol direct effect experiment (DIR), monthly av-
eraged mass and number concentrations of six types of
dry aerosol particles are prescribed in the radiation cal-
culations based on a 1-yr simulation performed with
the global chemical transport model MIRAGE (Model
for Integrated Research on Atmospheric Global
Emissions).

MIRAGE is composed of two fully coupled atmo-
spheric models: the Pacific Northwest National Lab-
oratory (PNNL) Global Chemistry Model (GChM,
Luecken et al., 1991; Benkovitz et al., 1994) and
the PNNL version of the National Center for Atmo-
spheric Research (NCAR) Community Climate Model
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(CCM2) (Hack et al., 1993). GChM incorporates
emissions of trace gases and primary aerosols from
anthropogenic and natural sources and simulates pro-
cesses of transport, gas-phase and aqueous-phase con-
version, condensation, nucleation and coagulation, dry
deposition and wet removal. When running in cou-
pled mode, the CCM2 uses the aerosol fields from
GChM in the computation of radiative scattering and
absorption, and cloud droplet nucleation. GChM in
turn uses transport and cloud/precipitation fields from
the CCM2 in the computation of the aerosol fields.
The winds, temperature and surface pressure used by
GChM are nudged to the ECMWF reanalysis data. In
this study, MIRAGE is only run for one year, from
June 1994 to May 1995 at T42 (approximately 2.8◦ ×
2.8◦) resolution.

Because of the strong dependence of hygroscopic
growth on relative humidity (RH), for RH above 90%
even very small biases in the simulated RH can se-
riously affect the hygroscopic growth of aerosols.
Ghan et al. (2001b) found that the simulated RH by
MIRAGE exceeds 99% much more often than the
ECMWF-analyzed RH, so they prescribed relative
humidity based on ECMWF reanalysis in MIRAGE
when calculating the hygroscopic effects of aerosols.
In this study, relative humidity calculated directly by
MM5 is used to calculate the hygroscopic growth.

2.4. Datasets

Through a bilateral agreement between the U.S.
Department of Energy and the China Meteorological
Administration on joint research on “Global and re-
gional climate change” (Riches et al., 2000), aerosol
and climate datasets for China have been made avail-
able to enable the investigation of the role of anthro-
pogenic aerosols in climate change. Two sets of ob-
served climatic data, including daily maximum and
minimum surface temperature and daily mean temper-
ature and precipitation, have been used to analyze the
climate conditions of China. The first dataset, devel-
oped by the National Climatic Data Center (NCDC),
includes data from over 600 stations in China for 1994–
1999 and is used to validate the simulated regional
climate.

The second dataset, developed by the Climate Re-
search Unit (CRU) of the East Anglia University (New
et al., 2000), consists of monthly-averaged global sur-
face air temperature and precipitation data covering
the period 1954–1998 at 0.5 degree spatial resolution.
This is used to evaluate the long-term trends of tem-

perature and precipitation. New et al. (2000) provides
estimates of uncertainty associated with this climato-
logical data.

Aerosol optical data used in this study include the
aerosol optical depth (AOD) and the surface aerosol
extinction coefficient (AEC). The AOD data, de-
scribed by Luo et al. (2000b; 2001), are multiple-year
averages for 45 stations in China. The AEC data, which
includes monthly averages for the full 5-yr simulation
period over 625 stations in China, are retrieved from
the visual range data using the method described by
Middleton (1954).

3. Control simulation

3.1. Climate simulation

In this section we discuss the results of the
control run to evaluate the model basic climatol-
ogy. Figure 2 shows the 5-yr mean warm season
(June–July–August) and cold season (December–
January–February) temperature in the simulation and
observations. The simulated surface air temperature
patterns generally agree well with the observations
throughout most of China. In JJA, the simulated tem-
perature is close to the observed over northern China.
The temperature patterns over Northeast China, Inner
Mongolia, and the Xinjiang area are well captured.
The simulation is, however, 2–3 ◦C cooler than ob-
served in southern China and parts of central China.
In DJF, the strong latitudinal temperature gradient is
well simulated, but the model exhibits a cold bias of
−2 to −3 ◦C over most areas of China.

We also compared the simulated daily maximum
(Tmax) and daily minimum (Tmin) temperature with ob-
servations (not shown). In JJA, similar to the mean
temperature, both Tmax and Tmin simulated by the
model are 2–3 ◦C colder than observed. In DJF, the
simulated Tmax is close to observations except for a
warm bias of 1–2 ◦C over central China. However, the
simulated Tmin is 3–6 ◦C colder than observed over
most areas of China. It is thus clear that in DJF the
cold bias of the simulated mean surface air tempera-
ture is mainly due to the bias of Tmin.

Figure 3 shows the simulated and observed precipi-
tation in JJA and DJF. Precipitation over China is low
in winter and high in summer in association with the
East Asia monsoon. The model captures this seasonal
pattern very well. More specifically, precipitation is
generally well simulated by the model in summer,
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Fig. 2. Simulated (CON experiment) and observed seasonal mean surface air temperature during warm (June–July–August,
JJA) and cold (December–January–February, DJF) seasons. Shading interval is 3 ◦C for JJA and 4 ◦C for DJF.

except for an underprediction of the maximum rain-
fall over the lower reaches of the Yangtze River, South
Korea and southern Japan. The simulated Meiyu rain-
band associated with the East Asian summer mon-
soon shows a realistic narrow banded structure with a
northeast–southwest orientation, heavy precipitation
centers near the southwest corner of the rainband, and
intense precipitation in the southern China coastal re-
gions and Taiwan. However, the rainband lacks the
intensity found in the observations. During winter, the
differences between simulated and observed precipi-
tation are relatively minor.

3.2. Aerosol simulation

3.2.1. Aerosol composition. Figure 4 shows the
spatial distributions of the annual mean column mass
in the four modes for sulfate, OC, BC, dust, sea salt,
MSA, water in aerosol and their total sum. As men-

tioned, the aerosol concentration is simulated by the
MIRAGE model and used as input to the MM5. The
sulfate burden exhibits a minimum over west China
and Tibet and a maximum over the Sichuan Basin and
the area encompassing the Huabei region in north-
east china, the Yellow Sea and Korea. This distribu-
tion is consistent with that obtained in the regional
model simulations of Qian et al. (2001) and G0203
and the global model simulations by Penner (2001)
and Barrie et al. (2001). The burden of BC and OC
is maximum over the Huabei region, and the spatial
distribution patterns of the two carbon aerosol types
is similar. The mass of soil dust is primarily located
over north and northwest China and is maximum in
spring (March–June), the season of maximum occur-
rence of dust storms over northern and/or northwest
China (Qian et al., 1999). Sea salt is mainly located
over the ocean and coastal areas, and it decreases lat-
itudinally. The mass of MSA is lower than that of all
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Fig. 3. Similar to Fig. 2 but for precipitation. Shading interval is 1 mm d−1.

other aerosols and is mainly distributed over ocean and
high-latitude areas. The mass of water in aerosol ex-
hibits a pronounced maximum over the Sichuan Basin
due to the combination of maximum water vapor, rel-
ative humidity and sulfate over the basin.

Table 3 summarizes the monthly and annual mean
column mass of dry particles for the six chemical
components and the total particle numbers in the four
modes averaged over the China domain (20–45◦N, 80–
130◦E). In the MIRAGE simulations sulfate is the pri-
mary aerosol over China and accounts for 60–70%
in mass for both the accumulation and aitken modes.
The mass of dry sulfate is greater in the warm season
(June–October) for all modes. OC accounts for about
20% of the aerosol mass in the aitken mode, 30% in the
accumulation mode and it is relatively high in the cold
season. The seasonal cycle and spatial distribution of
BC are closely tied to the patterns of OC, but the mass
of BC is about one-tenth that of OC. The MSA, soil
dust and sea salt only account for a very small fraction

in the accumulation and aitken modes, while sulfate
only accounts for less than 1% in the dust and sea-salt
mode. These results are qualitatively consistent with
limited observations of aerosol composition in some
specific regions or sites in China (Su et al., 1989; He
et al., 2001).

The particle number is maximum in the accumu-
lation mode and accounts for over 60% of the total
particle number. Second in abundance is the aitken
mode, which accounts for close to 40% of the total
particle number. The number of particles in the accu-
mulation and aitken mode is two and five orders of
magnitude higher than in the dust mode and sea salt
mode, respectively. However, the total aerosol mass
in the accumulation mode, which is close to that of
the dust mode, is an order of magnitude higher than
in the sea salt mode and three orders of magnitude
higher than in the aitken mode, respectively, because
of the different size and density of particles. It should
be noted that the mass of water in aerosol is not
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Fig. 4. Annual mean total column mass simulated by MIRAGE for sulfate, organic carbon (OC), black carbon (BC), dust,
sea salt (NACL), MSA, water in aerosol and total sum. Units mg m−2.
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Fig. 5. Simulated (top) and observed (bottom) seasonal mean aerosol extinction coefficient (AEC) during JJA and DJF.
Shading interval is 0.1 K m−1.

included in Table 2. The actual mass of aerosol in the
accumulation mode is possibly much larger than that
in any other modes, since most of the highly soluble
sulfate aerosol is in the accumulation mode.

3.2.2. Aerosol optical properties. Figure 5 shows
the patterns of simulated and observed surface aerosol
extinction coefficient (AEC) for JJA and DJF, respec-
tively. Both observed and simulated AEC are averaged
over the 5-yr simulation period. The model generally
captures the observed aerosol spatial patterns in both
JJA and DJF. In JJA, the region of maximum AEC
extends from southwest to northeast China, with max-
ima over the Huabei region and the Bo Sea in North-
east China. The AEC is, however, generally underpre-
dicted over south China and overpredicted over north
China.

In DJF, the simulated AEC is largely lower than ob-
served over east, south and north China. A reason for
this bias is probably related to the different heights
of the simulated and observed AEC. The simulated

AEC corresponds to average values at the bottom at-
mospheric model layer, which has a thickness of about
50 m. Conversely, the observed AEC reflects the ex-
tinction properties at about 1.5 m height, since it is re-
trieved from surface visual range data. Therefore, the
observed AEC possibly includes the effects of lifted
dust near the surface, especially during the dry seasons
(e.g. winter and fall). Another possible reason for the
discrepancy between simulated and observed AEC is
that a few measurements in special weather condition
days (e.g. fog) are not excluded in the observed AEC,
although data quality control methods are applied in
retrieving the AEC.

The model correctly captures the most pronounced
AEC maximum over the Sichuan Basin. This max-
imum is related to a maximum emission of aerosol
precursors in this region (e.g. sulfur dioxide; Streets
and Waldhoff, 2000). Furthermore, the abundant water
vapor in the region facilitates the hygroscopic growth
of soluble aerosol (e.g. sulfate). Local circulations
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924 Y. QIAN ET AL.

Fig. 6. Monthly mean aerosol extinction coefficient (AEC) based on observation and regional simulation. Units are K m−1.
(The time interval of the x-axis is month. For example, 1995 represents January 1995).

are likely another reason for the AEC maximum in
the Sichuan Basin. Sheltered from large-scale winds,
the basin is subject to persistent thermal inver-
sions and stagnant conditions, which prevent effi-
cient dispersion of locally produced aerosols. The
AEC maximum over the Sichuan Basin was also
found in previous observations (Li et al., 1995; Luo
et al., 2000b; Qian and Giorgi, 2000) and model-
ing studies (Zhou et al., 1998; Chameides et al.,
1999; Qian et al., 2001). In the simulation, the AEC
amounts over west China in both JJA and DJF are
underpredicted.

Figure 6 shows the variation of monthly mean AEC
in the observations and simulation averaged over the
Sichuan Basin (SB) and East China (EC) regions
shown in Fig. 1. Over the EC region, the observed AEC
is minimum in summer (around 0.22) and maximum
in winter (around 0.33), a pattern consistent with the

Fig. 7. Simulated and observed annual mean aerosol optical depth (AOD).

seasonal cycle of precipitation. In the summer, most
aerosols are rapidly scavenged by the monsoon precip-
itation so that the atmospheric lifetime of aerosols is
shorter than in the winter (Qian et al., 2001). The sim-
ulated AEC is generally close to the observed AEC
except in winter, when the underestimation is up to
100% (see Fig. 5). The seasonal cycle of AEC is poorly
simulated by the model over East China.

In the SB region, the AEC ranges from 0.2 to 0.4
in the observations with a more pronounced seasonal
cycle than over East China. The model captures this
seasonal cycle of the AEC well. The mean AEC for
DJF from the observations is 0.374, which is very close
to the simulated value (0.372). However, a stronger
variability of AEC is found in the simulation during
winter.

Simulated and observed annual mean aerosol opti-
cal depths (AOD) are shown in Fig. 7. The observed
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AOD at 0.55 µm is obtained from the AOD at 0.75 µm
according to the procedure followed by Luo et al.
(2000b; 2001) for 45 stations over China, which is
based on the method provided by Chameides et al.
(1999). The simulated annual AOD generally agrees
well with observations both in magnitude and spatial
distribution except for an overestimation over central–
east China. The observations show that the AOD over
most areas of China is greater than 0.5 except for a few
coastal regions in south and East China. Maximum val-
ues of up to 0.8 are found over the Sichuan Basin. In
Southwest China, the AOD gradually decreases from
the Sichuan Basin to Laos. These features are repro-
duced well by the model. Note that the successfull
simulation of the AOD is not inconsistent with the
model underprediction of AEC, since the AEC refers
to the surface layer, while the AOD accounts for the
aerosol found in the entire atmospheric column. The
successful simulation of the AOD provides a reliable

Fig. 8. Simulated aerosol direct radiative forcing (ADRF) for MAM (March–April–May), JJA (June–July–August, JJA),
SON (September–October–November) and DJF (December–January–February). Shading interval is 2 W m−2.

foundation for estimating the radiative forcing and cli-
matic effects of aerosols.

4. Climatic effects of aerosols

4.1. Simulated radiative forcing

The radiative forcing is defined as the change in
the radiation balance of the surface–troposphere sys-
tem imposed by external factors without any feedback;
it is independently calculated in the DIR simulation
based on two radiation calculations as described in
section 2.2. Figure 8 shows the average aerosol direct
radiative forcing (ADRF) for MAM (March–April–
May), JJA, SON (September–October–November)
and DJF. The ADRF is mostly negative because the
incident solar radiation is reflected back to space by
the aerosol particles (e.g. sulfate and OC) that domi-
nate in this region. However, the ADRF varies spatially

Tellus 55B (2003), 4
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in the range –1 to –14 W m−2 in SON and JJA and −1
to –9 W m−2 in MAM and DJF. Regions of maxi-
mum negative ADRF generally correlate with regions
of maximum AOD.

Maximum negative ADRF occurs in all seasons over
the Sichuan Basin in response to the maximum aerosol
loading there. Additional maxima are also found over
East China in DJF and SON and Northeast China in
MAM and JJA. However, we also find maximum neg-
ative ADRF over the Japan Sea, Northeast China and
the Bay of Bengal where aerosol loadings are relatively
low. The ADRF depends quite strongly on relative hu-
midity (Kiehl and Rodhe, 1995), which is high over
the oceans and coastal areas. The simulated spatial dis-
tribution of the ADRF in Fig. 8 generally agrees with
previous simulations using general circulation models
(Haywood et al., 1997; Kiehl et al., 2000; Ramaswamy,
2001) and regional climate models (G0203).

Table 4 shows the seasonal and annual mean change
of radiative forcing and other climatic variables. The
annual mean ADRF is –6.77 W m−2 averaged over
SB and –5.11 W m−2 averaged over East China. Sub-
regional averaged of ADRF in both SB and East China
is usually 30–70% higher in SON and DJF than in
MAM and JJA.

The annual mean ADRF calculated by G0203 was
–4.32 and –2.52 W m−2 averaged over the Sichuan
Basin and East China, respectively, when only anthro-
pogenic sulfate and fossil fuel soot were considered
under present day emissions. However, when dou-
bling the sulfur emission, the concentration of sulfate
and fossil fuel soot also nearly doubled, and the an-
nual mean ADRF over the SB and East China reached
−7.00 and –4.58 W m−2, respectively. These values
are close to those found in our simulations (−6.77 and
–5.11 W m−2), which indicates that the assumption
of doubling sulfate concentrations in G0203 captured

Table 4. Seasonal and annual mean change of daily minimum temperature (Tmin,
◦ C), daily maximum tem-

perature (Tmax,
◦ C), temperature (T, ◦C), Prcp (Precipitation, mm d−1) and aerosol direct radiative forcing

(ADRF, Wm−2)

SB EC

MAM JJA SON DJF Annual MAM JJA SON DJF Annual

T min −0.55 −0.08 −0.31 −0.88 −0.46 −0.36 −0.01 −0.14 −0.73 −0.31
Tmax −0.30 −0.97 −1.63 −1.33 −1.06 −0.49 −0.31 −1.27 −1.21 −0.82
T −0.43 −0.53 −0.97 −1.11 −0.76 −0.42 −0.16 −0.70 −0.97 −0.56
Prcp −0.21 0.04 −0.11 −0.21 −0.12 −0.17 −0.04 0.09 −0.09 −0.05
ADRF −5.25 −5.97 −7.76 −8.10 −6.77 −4.05 −3.73 −6.42 −6.24 −5.11

to a first-order approximation the radiative forcing of
additional aerosols.

However, a further investigation of the seasonal
variation of the ADRF reveals that in G0203 a neg-
ative ADRF maximum is found in the warm season
and a minimum in the cold season, which is consis-
tent with the seasonal cycle of anthropogenic sulfate
burden in their model. Conversely, the ADRF is min-
imum in the warm season and maximum in the cold
season in this study. The ADRF is 35–70% higher in
DJF than that in JJA. One factor leading to this dif-
ference between G0203 and this work is the different
seasonal cycle between sulfate and BC/OC (Table 3).
Therefore, simply doubling the sulfur emission can-
not describe the difference in seasonal cycle between
sulfate and BC/OC burdens.

The spatial distribution of ADRF exhibits a more
complex pattern than that in G0203, as more aerosols
with different spatial distributions are in included in
MIRAGE. The ADRF is larger over north China and
some remote areas than that calculated by G0203,
since dust, sea salt and MSA are not included in their
study.

4.2. Simulated temperature
and precipitation response

Figures 9a–9d show the simulated aerosol-induced
surface air temperature change (the difference between
DIR and CON) in the four seasons. Shading indicates
that the difference is statistically significant at the 90%
confidence level according to a two-tailed t-test. A
general aerosol-induced cooling pattern is found over
most areas of China in all seasons, especially east of
100◦E, with a local maximum over the Sichuan Basin
except for MAM. The cooling is in the range –0.6 to
–1.2 ◦C in SON and DJF, –0.3 to –0.6 ◦C in MAM and
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Fig. 9. Difference in average seasonal surface air temperature (◦C) between the DIR and CON experiments. (a) MAM, (b)
JJA, (c) SON, (d) DJF. Shading indicates areas in which the difference is statistically significant at the 90% confidence level.

0.0 to –0.9 ◦C in JJA over the Sichuan Basin and East
China. One reason for the weaker aerosol radiative
forcing and temperature response in MAM and JJA is
the stronger cloud shading effect during the spring and
summer monsoon seasons. The cooling in SON and
DJF is approximately twice as large as that in MAM
and JJA over the SB region, and 2–5 times higher in
the East China (Table 4). These cooling signals are
consistent with the negative radiative forcing over the
corresponding regions. Because of the pronounced in-
terannual variability and the small sample size (5 yr),
no areas of statistically significant cooling are found
in MAM. However, the aerosol-induced cooling is
statistically significant over the Sichuan Basin and
some areas of East and North China in SON, DJF
and JJA.

Considering only direct effects of anthropogenic
sulfate under present day sulfur emissions, the an-
nual mean surface air temperature change calculated
by G0203 was equal to −0.40 ◦C over the Sichuan

Basin and −0.16 ◦C over East China. When the sul-
fur emission was doubled, the cooling reached −0.70
and −0.30 ◦C, respectively, which is still lower in
magnitude than the cooling of −0.76 and −0.56 ◦C
calculated in this work, especially over East China.
Similarly to the case of ADRF, the primary difference
between the doubled sulfur emission experiment in
G0203 and this work is in the seasonal variation of the
temperature change. For example, the aerosol-induced
temperature change here reaches −0.97 ◦C over East
China in DJF, compared to a corresponding value of
−0.39 oC found by G0203. The difference of temper-
ature change is small between the two studies in JJA.
The seasonal variation of aerosol-induced temperature
response is much stronger in our simulation than in that
of G0203, since more aerosols with different seasonal
cycles are included in our model. It is interesting that
in our simulations both the ADRF and temperature re-
sponse are maximum in DJF and minimum in JJA. In
G0203, although the ADRF was somewhat greater in
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928 Y. QIAN ET AL.

Fig. 10. Difference between DIR and CON for annual mean surface air temperature (T), daily maximum temperature (Tmax),
daily minimum temperature (Tmin) and precipitation. Units are ◦C for temperature and mm d−1 for precipitation. Shading
indicates areas in which the difference is statistically significant at the 90% confidence level.

JJA than in DJF, the temperature change was greater
in DJF, as in our simulations.

Figures 10a–10d show the annual mean change of
surface air temperature (T), daily maximum (Tmax) and
minimum (Tmin) temperature, and precipitation due to
the aerosol direct effects. The mean annual tempera-
ture decreases by 0.3 – 0.9 ◦C over most areas of China,
with a local maximum over the Sichuan Basin. Cool-
ing greater than 0.6 ◦C over the SB and the western
part of East China is mostly statistically significant.

The decrease of Tmax is in the range −0.6 to −1.2 ◦C
over East China and up to −1.5 ◦C over the Sichuan
Basin. Areas of statistically significant change in Tmax

are similar to those for the mean temperature (T). The
effect of the aerosol forcing on Tmin is much less ev-
ident compared to Tmax and T , with smaller areas of
statistically significant changes. Table 4 shows that
the annual mean cooling for Tmax is 40–46% more
pronounced than for T and 130–160% than for Tmin.

This result is not surprising. The direct effect of
scattering aerosols (e.g. sulfate and OC) is primarily to
reflect the incident solar radiation back to space, while
the effect of absorbing aerosols (e.g. BC) is to absorb
the solar radiation. Both effects result in a reduction
of the net solar radiation flux at the surface which
in turn cause surface cooling (Chung et al., 2002;
Menon et al., 2002). Generally, the effect of aerosols
on the long-wave radiation is much less pronounced.
Therefore, the aerosol forcing can be expected to af-
fect primarily daytime maximum temperature (e.g.
Harvey, 1995). The simulated aerosol-induced cool-
ing in T is in fact mainly contributed by the daytime
temperature change. The asymmetric response of day-
time and night-time temperature to the aerosol direct
effects suggests that not only mean temperature but
also Tmax (or daytime temperature) and Tmin (or night-
time temperature) should be investigated to identify
the direct effects of aerosols on climate.
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Fig. 11. (a) Yearly coal and total energy consumption (1011

kg yr−1) in China from 1953 to 1997. (b) Spatial distribution
of SO2 emission yearly change rate (mg S m−2 yr−2) during
1953 to 1997. The data are from Ren et al. (1997) and Streets
and Waldhoff (2000).

Unlike Menon et al. (2002), an aerosol effect on
precipitation is not evident in our simulation. Precip-
itation changes induced by aerosol are usually less
than 5% and not statistically significant, as shown
in Fig. 10d. G0203 found a general tendency of the
aerosol-induced surface cooling to decrease precipita-
tion, but also in their simulations when only the direct
effects were included the precipitation response was
small and mostly not statistically significant.

4.3. Aerosol-induced temperature signals
in climate record

The results presented in section 4.2 suggest that at-
mospheric aerosols affect regional climate over China,
even when only the direct effects are included. Contin-
ued and rapid increase of pollutant emission in China
has resulted in a constant rise of aerosol concentration
and optical thickness during the last decades (Qian
and Giorgi, 2000; Luo et al., 2001). Figure 11a shows
the temporal variation of the total energy and coal
consumptions in China from 1953 to 1997. It can be

seen that the energy consumption has increased signif-
icantly since 1953, when measurement data started to
be available. Coal consumption in 1997 was about 20
times larger that in 1953, although the percentage of
coal consumption within the total energy consumption
has been decreasing in recent decades. The increase in
energy consumption shown in Fig. 11a has led to a
rapid increase in the emission of aerosol precursors
(e.g. SO2, Qian and Giorgi, 2000).

Figure 11b shows the spatial distribution of the
yearly increase of SO2 emission rate from 1953 to
1997. An increasing trend of sulfur emission rate is evi-
dent over the Sichuan Basin and East China, especially
over some coastal areas of Northeast China. Because
of the approximate linear relationship between anthro-
pogenic aerosol concentration and pollutant emission
rate (Penner, 2001; G0203), and the relatively short
lifetime of sulfate (Qian et al., 2001), the spatial dis-
tribution and temporal trend in sulfate loading should
be qualitatively similar to that shown in Figs. 11a and
11b. The spatial distribution and temporal trend of OC
and BC should be, to some extent, similar to those of
sulfate (see Fig. 4) since fossil fuel and biomass burn-
ing are the main sources of OC and BC. Therefore, has
this remarkable change of aerosol loading in China left
any signals in the observed climate record of the past
decades?

Figures 12a–12d show the spatial distribution of the
observed trend from 1953 to 1997 for the annual aver-
age surface air temperature (T), Tmax, Tmin, and precip-
itation based on the CRU 0.5 degree monthly obser-
vation land dataset. Shading indicates trends that are
statistically significant at the 90% confidence level. For
the most part, the East Asia region has undergone a sta-
tistically significant warming in the northern regions
of the area (0.6–2.1 ◦C/45 yr) and over the Indochina
peninsula (∼0.6 ◦C/45 yr). Comparing Figs. 12b and
12c, we find that the warming trend for T min is much
more evident than for T max. Areas with statistically
significant warming are much more widespread for
Tmin than for Tmax. All these features, including the
asymmetric trends of daily maximum and minimum
temperature (Karl et al., 1993), are generally consis-
tent with the warming trend observed in the northern
hemisphere during the second half of the twentieth
century, which has been mostly attributed to increas-
ing concentrations of greenhouse gases (IPCC, 2001).

However, exceptions to the large-scale warming
trend are found over the Sichuan Basin and extended
areas of East China. In particular, cooling can be ob-
served over the Sichuan Basin with magnitude in the
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Fig. 12. The spatial distribution of observed trend (Units K 45 yr) from 1953 to 1997 for annual average surface air temperature
(T), daily maximum temperature (Tmax), daily minimum temperature (Tmin) and precipitation (Prcp). CRU monthly data (New
et al., 2000) are used in this figure and Fig. 13. Shading indicates areas in which the trend is statistically significant at the
90% confidence level.

range of −1 to −0.6 oC/45yr for T , −0.3 to −0.9
◦C/45 yr for Tmax and 0 to −0.3 ◦C/45 yr for Tmin.
Therefore the observed cooling trend over this basin
is mainly contributed by the decrease in T max. Over
East China, the trend of T is less than −0.3 ◦C/45 yr.
The trend of Tmax is slightly negative (cooling), but that
of Tmin is positive (warming), with a magnitude in the
range 0–0.6 ◦C/45 yr. Although we do not expect to
find a one-to-one relationship between the simulated
aerosol-induced and observed temperature signals, the
observed cooling trends over these regions, as well as
the fact that a decrease in Tmax is the main contribu-
tion to this cooling, are consistent with the simulated
effects of the aerosol forcing on temperature.

The trend in precipitation for 1953–1997 is gener-
ally small and not statistically significant (Fig. 12d).
This is also consistent with the simulation of aerosol
effects on precipitation, which is shown in Fig. 10d.

It is difficult clearly to identify and attribute the
aerosol-induced signal in the long-term temperature
record, because the observed trends may include the
effects of natural climate variability (e.g. ENSO), in-
creased greenhouse gas concentrations, and other hu-
man activities such as land use and land cover change.
In an attempt to extract the aerosol signal, differ-
ent modes of variability in the temperature record
are decomposed using Principal Component Analysis.
Figure 13 shows the time series of the first and sec-
ond principal components (PC), and the corresponding
spatial distributions of the empirical orthogonal func-
tion (EOF) based on summer mean temperature from
1953 to 1997. The time series of the first PC explains
26.9% of the total variance, and displays a strong in-
terannual variability. The time series of the second PC
explains about 15.1% of the total variance, and shows
a significant decreasing trend, which is consistent with
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Fig. 13. Time series (top) of the principal component (PC) and the spatial distribution (bottom) of the first and second EOF
(empirical orthogonal function) for summer mean temperature from 1953 to 1997.

the temporal cooling trend associated with the contin-
ued increase in aerosol loading over China. The spa-
tial pattern of the second EOF shows a regional max-
imum over the Sichuan Basin and East China. This
indicates that these regions, which are characterized
in the model by the most pronounced aerosol cool-
ing (Fig. 10), also contribute most significantly to the
observed cooling trend found in the second PC (see
Fig. 13). This suggests that the spatial pattern of the
observed temperature trend in China is consistent with
the temperature signal induced by the aerosol effect.

5. Conclusions and discussion

We have presented regional simulations of climate,
aerosol physical and optical properties, direct radia-
tive forcing and regional climatic effects of different
natural and anthropogenic aerosols over China. We
also analyzed the pollutant emissions and observed cli-
matic data during the latter decades of last century in
China. By comparing the simulations and the analysis
of the observed record, we provide further evidence of
possible relations between the observed climatic sig-

nals and aerosol trends over the region. Our primary
conclusions can be summarized as follows:

1. The overall spatial distribution and seasonal pat-
terns of temperature and precipitation are well simu-
lated by the regional climate model, except for a cold
bias of 2–3 ◦C for mean temperature (the same as for
Tmax and Tmin) over most parts of China in JJA and a
cold bias of 3–6 ◦C for Tmin in DJF.

2. Sulfate and OC are the first and second primary
aerosols in the accumulation and aitken modes. The
seasonal cycle and spatial patterns of BC are tied to
those of OC. Soil dust amounts are maximum in spring
and are mainly distributed over Northwest China. The
model generally captures the spatial patterns of AEC
and AOD.

3. The radiative forcing of aerosol is in the range
−1 to –14 W m−2 in SON and JJA and −1 to –9 W
m−2 in MAM and DJF. It is characterized by substan-
tial spatial variability at the regional scale. In partic-
ular, a strong maximum in negative radiative forcing
corresponding to maximum aerosol optical depths is
found in all seasons over the Sichuan Basin, where pol-
lutant emission as well as relative humidity are high,
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and stagnant atmospheric conditions inhibit pollutant
dispersion.

4. The negative aerosol direct radiative forcing in-
duces surface cooling, which is maximum in SON and
DJF (−0.6 to −1.2 ◦C) and minimum in MAM (−0.3
to −0.6 ◦C) and JJA (0.0 to −0.9 ◦C) over the Sichuan
Basin and East China due to more significant effects of
cloud and precipitation in the summer and spring. The
aerosol-induced cooling is mainly contributed by a de-
crease in maximum daytime temperature. The cooling
is most pronounced and statistically significant over
the Sichuan Basin. The effect of aerosol on precipita-
tion is not statistically significant in our simulations.

5. The spatial patterns of temperature trends ob-
served in the second half of the twentieth century,
including the different trends in daily maximum and
daily minimum temperature and an EOF analysis of
the observed data, are consistent with the simulated
aerosol-induced cooling over the Sichuan Basin and
East China. Our results support the hypothesis that the
observed temperature trends during the latter decades
of the twentieth century, especially the cooling trends
over the Sichuan Basin and some parts of East China,
are at least partly related to the cooling induced by in-
creasing atmospheric aerosol loadings. Aerosols that
originate from the emission of anthropogenic pollu-
tants have been increasing in concentration over China
since the middle of the twentieth century.

6. G0203 captured to a first-order approximation
the mean annual ADRF by doubling the current-day
sulfur emissions. However, the seasonal cycle of the
ADRF in their simulations was different from those
we obtain because of the contribution of non-sulfate
aerosols. The mean annual surface air temperature
change calculated by G0203 is lower than that in this
study, especially over East China. The seasonal vari-
ability of temperature effect of aerosol is stronger
in our simulation than that in G0203, since more

aerosols with different seasonalities are included in our
model.

A number of limitations should be taken into ac-
count in evaluating our results. The primary one is that
indirect aerosol effects are not accounted for. Giorgi
et al. (2003), show that the indirect effects of sulfate
are in the same direction as the direct effects and can
therefore further amplify the aerosol-induced surface
cooling. They also show that the indirect effects are es-
pecially important in the warm season over East Asia,
when cloudiness and precipitation are maximum be-
cause of the onset and development of the monsoon.
A second source of uncertainty is that our simulations
do not account for regional-to-global feedbacks, i.e.
they can only represent the local climatic impacts of
the aerosol forcing. Third, any biases by the MIRAGE
model in simulating aerosol distributions would affect
the regional model. In particular, no interannual vari-
ation of aerosol concentration was considered in our
experiments, since MIRAGE provided data only for
one year. Uncertainties in estimating aerosol concen-
trations in MIRAGE are described in detail by Ghan
et al., (2001a, b, c).
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