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Abstract An interactive system coupling the Beijing
Climate Center atmospheric general circulation model
(BCC_AGCM2.0.1) and the Canadian Aerosol Module
(CAM) with updated aerosol emission sources was devel-
oped to investigate the global distributions of optical
properties and direct radiative forcing (DRF) of typical
aerosols and their impacts on East Asian climate. The
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simulated total aerosol optical depth (AOD), single scat-
tering albedo, and asymmetry parameter were generally
consistent with the ground-based measurements. Under all-
sky conditions, the simulated global annual mean DRF at
the top of the atmosphere was —2.03 W m~2 for all
aerosols including sulfate, organic carbon (OC), black
carbon (BC), dust, and sea salt; the global annual mean
DRF was —0.23 W m~? for sulfate, BC, and OC aerosols.
The sulfate, BC, and OC aerosols led to decreases of 0.58°
and 0.14 mm day ' in the JJA means of surface tempera-
ture and precipitation rate in East Asia. The differences of
land-sea surface temperature and surface pressure were
reduced in East Asian monsoon region due to these aero-
sols, thus leading to the weakening of East Asian summer
monsoon. Atmospheric dynamic and thermodynamic were
affected due to the three types of aerosol, and the south-
ward motion between 15°N and 30°N in lower troposphere
was increased, which slowed down the northward transport
of moist air carried by the East Asian summer monsoon,
and moreover decreased the summer monsoon precipita-
tion in south and east China.

Keywords AGCM - Aerosol - Radiative forcing -
Climate effects - East Asian monsoon

1 Introduction

Both natural processes and anthropogenic activities con-
tribute to global climate changes. The latter has played an
important role in the significant changes in atmospheric
components since the beginning of industrialization. Cur-
rently, the aerosol climate effects (especially the interac-
tions among aerosols, radiation, and clouds) remain one of
the largest uncertainties in model simulation and climate
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change assessment (IPCC 2007). Aerosols can affect cli-
mate in several ways. Firstly, aerosol particles can directly
scatter or absorb infrared and solar radiation, thereby dis-
turbing the energy budget of the earth-atmosphere system
(Houghton et al. 1996; Haywood and Ramaswamy 1998).
Secondly, aerosol particles acting as cloud condensation or
ice nuclei can change cloud microphysical and radiative
properties and cloud lifetimes, and hence indirectly affect
the climate (Twomey 1977; Albrecht 1989; Ramaswamy
et al. 2001; Lohmann and Feichter 2005; IPCC 2007).
Thirdly, the absorbing aerosol particles located in cloud
layers can strengthen evaporation processes in clouds and
thus decrease cloud cover through strongly absorbing solar
radiation and heating the atmosphere. This is referred to as
the semi-direct effect of aerosols (Hansen et al. 1997,
Ackerman et al. 2000). Additionally, absorbing aerosols can
be transported over long distances by atmospheric circula-
tion and be deposited onto remote snow/ice surfaces where
they may reduce the snow/ice surface albedo and hence
increase melting (Warren and Wiscombe 1980; Hansen and
Nazarenko 2004; Jacobson 2004; Flanner et al. 2007).

Atmospheric aerosols include sulfate, black carbon
(BC), organic carbon (OC), and nitrate, which are mostly
produced by human activities, and sea salt and soil dust,
which mostly emit naturally. There are five dominant
source regions of anthropogenic aerosols: East and South
Asia, Western Europe, eastern U.S., South America, and
central Africa (Streets et al. 2003; IPCC 2007). The sources
of soil dust aerosol mainly locate in deserts and semi-desert
regions, such as the Sahara in Africa and deserts of Central
and West Asia. Anthropogenic dust sources have been
increasing since industrialization because of desertification
in some areas (Zhang et al. 2008). Sea salt aerosols are
mostly distributed over oceans. Some field studies, such as
the Cloud Indirect Forcing Experiment (CIFEX; Wilcox
et al. 2006), the Aerosols over China and their Climate
Effect (Zhang 2007), the East Asian Regional Experiment
(EAREX; Nakajima et al. 2007), have investigated aerosol
properties and radiative effects. Satellite data have also
been used to estimate the global direct radiative forcing
(DRF) of aerosols. Using the latest version of MODIS
products, Bellouin et al. (2008) estimated the global annual
mean DRF at the TOA with respect to present-day natural
aerosols was —1.30 and —0.65 W m ™2 in clear-sky and all-
sky conditions, respectively. Myhre (2009) estimated the
anthropogenic aerosol DRF of —0.3 W m™2, with an
uncertainty of —0.2 W m ™2, by combining a global aerosol
model and satellite observations.

Quantitatively understanding the different aerosol effects
on climate through observation is very difficult due to the
large spatial variations in aerosol concentrations. An
atmospheric general circulation model (AGCM) coupled
with an aerosol chemical and transport model is therefore a
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useful tool with which to study aerosol climate effects. The
feedback between climate and aerosols can be considered
using an interactively coupled system. Liao et al. (2004)
simulated the global annual mean forcing due to all aerosols
as —0.72 W m 2 at the top of the atmosphere (TOA) and
—4.04 W m~? at the surface. The Laboratoire de Météo-
rologie Dynamique GCM coupled with a multi-component
aerosol module was used to estimate the global annual
average DRF and got a value of —1.04 W m™? at the TOA
due to total aerosols in all-sky condition (Reddy et al. 2005).
The GISS climate model embedded with a detailed aerosol
microphysical scheme, called MATRIX, was used to esti-
mate the net aerosol direct effect of —1.78 W m™2 at the
TOA (Bauer et al. 2010). Posselt and Lohmann (2009) found
that the total anthropogenic aerosol effect decreased by
0.5-0.9 W m~2 when employing a prognostic rain scheme
in the global climate model ECHAMS which represented a
more physical treatment of the warm rain precipitation
process. AGCMs coupled with ocean models have also been
used to study the effects of aerosols on climate. Allen and
Sherwood (2010) showed a large-scale land-sea contrast,
with general increases in ocean clouds, and decreases in land
clouds due to anthropogenic aerosol. They also indicated
that the net solar radiation at the surface would increase if
absorbing aerosols decrease mid-level clouds, and this is the
dominant effect. Several studies showed that aerosols could
decrease the solar flux arriving at the surface, causing sur-
face cooling through direct and indirect effects (Takemura
et al. 2005; Kristjansson et al. 2005; Ming and Ramaswamy
2009). Koch et al. (2009) found that the global cooling from
aerosol direct and indirect effects was —0.2 and —1.0°C,
respectively. The net aerosol cooling effect was about half
as large as the greenhouse gas warming. The obvious local
characteristics of aerosol emissions have a significant effect
on regional climate (Li et al. 2010). The advection of war-
mer air heated by BC from South and East Asia over the
Himalayas contributes to a warming of about 0.6°C (annual
mean) in the lower and mid-troposphere of the Himalayan
region (Ramanathan et al. 2007). Vertical redistribution of
energy caused by aerosols may change the atmospheric
thermodynamics and atmospheric circulation significantly.
In monsoon regions, aerosols have an important influence on
the monsoon circulation and precipitation (Lau and Kim
2006; Wang et al. 2009a, b). Menon et al. (2002) studied the
climate effects of BC aerosols in the Asian monsoon region,
and showed that the phenomenon of “northern drought/
southern flooding’’ that has often occurred in summer dur-
ing the past 50 years in China may be related to BC aerosols.
However, some studies also indicated the BC or carbona-
ceous aerosols didn’t produce the aforementioned precipi-
tation pattern (Gu et al. 2006; Zhang et al. 2009). Liu et al.
(2009) simulated the effect of aerosol on monsoon using an
aerosol-climate offline GCM, and demonstrated that the
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direct effects of sulfate and BC aerosols in China both
weakened the East Asian winter and summer monsoons.
Ji et al. (2011) also found that the anthropogenic aerosols
over South Asia had an impact on the Indian summer
monsoon onset and precipitation. Observation showed that
increased dust and BC loading from local sources in
northern India during late spring may lead to an advance of
the rainy periods and subsequently an intensification of the
Indian summer monsoon (Lau et al. 2006). Using CALIPSO
lidar satellite data, Kuhlmann and Quaas (2010) found that
aerosol plumes reduced the pre-monsoon seasonal (March—
April-May) average shortwave radiation throughout the
Asian monsoon region by between 20 and 30 W m™ 2.

To more accurately estimate the DRF due to aerosols
and understand their climatic response, we coupled an
AGCM developed by the National Climate Center of the
China Meteorological Administration [NCC/CMA; the
Beijing Climate Center (BCC) BCC_AGCM2.0.1; Wu
et al. 2008] to a size-segregated multi-component aerosol
module [the Canadian Aerosol Module (CAM)] developed
by Gong et al. (2002, 2003). We simulated the optical
properties of typical aerosols and compared the results to
Aerosol Robotic Network (AERONET) and China Aerosol
Robot Sunphotometer NETwork (CARSNET) observa-
tions. The DRF of aerosols and their effects on East Asian
climate are discussed based on the above coupled model.
Both of sea surface temperature (SST) changes and aero-
sols have important effects on the Asian monsoon (Lestari
and Iwasaki 2006; Randles and Ramaswamy 2008). The
advantage of this work is that the coupling AGCM is used
with an interactive aerosol model and a slab ocean model,
which allow the responses of aerosol to climate changes
and responses of SSTs to aerosol forcing comparing with
the previous studies by Lau et al. (2006), Gu et al. (2006),
Chung and Ramanathan (2006), Randles and Ramaswamy
(2008), and Liu et al. (2009) who used either the prescribed
aerosol masses or AODs or SSTs.

Section 2 introduces the BCC_AGCM2.0.1, the CAM,
and our numerical experimental design. Section 3 shows
the global distributions of different species of aerosol
column burden and optical properties simulated by the
coupled model and compares them to observations. The
DREF of aerosols and their effects on East Asian summer
climate are also described. Finally, the discussion and
summary are given in Sect. 4.

2 Model description and experimental design

2.1 Atmospheric general circulation model

The BCC_AGCM2.0.1 was developed by the NCC/CMA
based on the Community Atmosphere Model Version 3

(CAM3) developed by the National Center for Atmo-
spheric Research (NCAR). In this study BCC_AGCM2.0.1
was coupled with a slab ocean model which is from Hansen
et al. (1984). The model uses horizontal triangular trun-
cation at wavenumber 42 (T42, approximating 2.8° x 2.8°)
and vertical hybrid o-pressure coordinates similar to
CAM3, which includes 26 vertical layers with the top layer
at a pressure of 2.9 hPa. The shortwave radiation is
parameterized by a 19-spectral-band scheme that uses a
two-stream o-Eddington approximation (Briegleb 1992).
The cloud fraction was derived from diagnostic relation-
ships introduced by Slingo (1987), with variations descri-
bed by Hack et al. (1993), Kiehl et al. (1998), and Rasch
and Kristjansson (1998). The parameterization of non-
convective cloud processes has been described by Rasch
and Kiristjansson (1998), with updates by Zhang et al.
(2003). The shallow and upper-level convection used the
parameterization from Hack (1994). The radiation param-
eterization of liquid water clouds was taken from the
scheme given by Slingo (1989). Monthly mean climato-
logical data from 1971 to 2000 on a Gaussian grid,
obtained from the National Centers for Environmental
Prediction (NCEP) reanalysis products, were used as the
initial model state. The geographical distribution of sea
surface temperature was prescribed based on the 21-year
(1981-2001) climatology (available online from http://
www/ccsm.ucar.edu/models/atmcam/docs/description).
Compared to CAM3, a few improvements have been
implemented in BCC_AGCM2.0.1. The dynamics in the
model differs significantly from the Eulerian spectral for-
mulation of the CAM3, and reference stratified atmospheric
temperature and surface pressure were introduced into the
governing equations to improve calculation of the pressure
gradient force and the gradients of surface pressure and
temperature (Wu et al. 2008). The major modifications to
the model physics included a new convection scheme
(Zhang and Mu 2005), a dry adiabatic adjustment scheme in
which potential temperature is conserved (Yan 1987), a
modified scheme to calculate sensible heat and moisture
fluxes over open ocean that considers the effect of ocean
waves on latent and sensible heat fluxes (Wu et al. 2010),
and an empirical equation to compute the snow cover
fraction (Wu and Wu 2004). The model provides overall
improvements to climate simulations in comparison to
CAM3, especially for simulating the tropical maxima/sub-
tropical minima of precipitation, wind stress, and sensible
and latent heat fluxes at the ocean surface (Wu et al. 2010).

2.2 Aerosol module
The Canadian Aerosol Module (CAM), a size-segregated

multi-component aerosol algorithm, was developed by
Gong et al. (2002, 2003). It includes processes for the
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emission, transport, chemical transformation, cloud inter-
action, and deposition of atmospheric aerosols. Five aero-
sol species were taken into account, including sulfate, BC,
OC, soil dust, and sea salt. We used updated source
emissions that were derived primarily from AeroCom data.
These included the surface emission rate of both natural
and anthropogenic aerosols: BC and OC (Van der Werf
et al. 2004; Bond et al. 2004), SO, and sulfate (Van der
Werf et al. 2004; Cofala et al. 2005), and dimethyl sulfide
(DMS; Kettle and Andreae 2000 for ocean data; Nightin-
gale et al. 2000 for air-sea transfer). Additional emission
data were obtained from the Emission Database for Global
Atmospheric Research (EDGAR) version 3.2, 1995, data-
base (Olivier et al. 2002; http://www.mnp.nl/edgar). The
sea salt module was developed by Gong et al. (2002), and
the soil dust scheme was from Marticorena and Bergametti
(1995). The model included an online sulfur chemistry
module, in which H,S, DMS, SO,, and H,SO, are prog-
nostic variables, but the concentrations of OH, O3, H,O,,
and NOj are prescribed offline from the MOZART/NCAR
model (Brasseur et al. 1998; Hauglustaine et al. 1998).
There are two common methods for representing parti-
cle size distributions in models: the modal and sectional
representations. In the modal representation, each aerosol
is represented by an analytical modal distribution function
(e.g., Binkowski and Shankar 1995; Ghan et al. 2001). In
the sectional representation, the aerosol size distribution is
generally approximated by a set of contiguous, non-over-
lapping, and discrete size bins (e.g., Gong et al. 1997;
Jacobson 1997; Meng et al. 1998). This representation of
aerosol size distribution is used for its flexibility in treating
processes including multi-component interactions such as
coagulation, condensation, and chemistry (Gong et al.
2003). The concentrations and optical properties of aero-
sols can be calculated more accurately according to the
given size bins. In our model, the aerosol size spectrum
was divided into 12 bins with radii between 0.005-0.01,
0.01-0.02, 0.02-0.04, 0.04-0.08, 0.08-0.16, 0.16-0.32,
0.32-0.64, 0.64-1.28, 1.28-2.56, 2.56-5.12, 5.12-10.24,
and 10.24-20.48 pum. The effective radius of the aerosols
was taken as the average value in each bin. The hygro-
scopic growth of soluble aerosol particles was also taken
into account. The aerodynamic size of the particles was
taken from Kohler theory to be in equilibrium with the
ambient relative humidity. A cloud module with explicit
microphysical processes was incorporated to simulate
cloud droplet activation and subsequent aerosol-cloud-
raindrop interaction, as well as cloud chemistry. Within a
size bin, internally mixed aerosols were assumed for all
aerosol types except the freshly emitted (at the source grid)
insoluble components (BC and soil dust). These were
assumed to be externally mixed for one integration time
step in each grid cell. The number densities of externally
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mixed components were calculated at every time step in
the source grid and then used to obtain the externally mixed
aerosol activation and radiative forcing (Ayash 2007).

2.3 Optical properties of aerosol

The aerosol optical properties (extinction coefficient, single
scattering albedo, and asymmetry parameter) were calcu-
lated using Mie scattering theory. The refractive indices of
dry aerosols were adopted from D’ Almeida (1991), and the
Mie scattering code of Wiscombe (1980) was used. Table 1
lists the refractive indices and densities of dry aerosols.
Sulfate, OC, and sea salt particles are hygroscopic, and
therefore their size distribution and particle shape may
change when they are mixed with water vapor in the
ambient air. This can lead to alterations of their refractive
indices and corresponding radiative properties. Figure 1
shows the radius growth of the three species of hygroscopic
aerosol particles with increasing relative humidity calcu-
lated according to Kohler theory. In this calculation, the
relative humidity is first divided into 10 bins: 0.0, 0.45, 0.5,
0.6, 0.7, 0.8, 0.9, 0.95, 0.98, and 0.99. Then the radii of wet
aerosol particles in each size bin are obtained for these
relative humidity bins. The wet particle densities and
refractive indices consisting of real and imaginary parts are
obtained according to volume-weighted method, respec-
tively. New size-segregated aerosol optical properties,
namely the extinction coefficient, single scattering albedo,
and asymmetry parameter, were calculated for all 19
spectral bands and each of the 10 relative humidity bins
using Mie scattering theory (Wiscombe 1980). These were
then incorporated into the BCC_AGCM?2.0.1 instead of the
original bulk scheme. Therefore, the aerosol optical pro-
perties for any relative humidity at each time step could be
obtained through linear interpolation. Finally, the optical
depth of each aerosol type for each spectral band was
calculated according to formula by Liou (2004).

2.4 Experimental design
Our aim was to explore the effects of three types of aero-

sols mainly produced by human activities including sulfate,
BC, and OC on East Asian summer climate, including both

Table 1 The refractive index and densities of dry aerosols

Component  Refractive index (4 = 0.55 um)  Density (kg m73)
Sulfate 1.43-1.0 x 1078 1,769.0
BC 1.75-0.44 i 1,500.0
oC 1.53-0.0059 i 1,300.0
Dust 1.53-0.008 i 2,650.0
Sea salt 1.5-97 x 1077 2,170.0
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Fig. 1 The radius growth of the three species of hygroscopic aerosol
particles with increasing relative humidity

direct and semi-direct effects. To this end, two experiments
were conducted: (i) all five species of aerosol were con-
sidered (EXP1); (ii) only soil dust and sea salt aerosols
were included (EXP2). The differences between the results
of EXP1 and EXP2 (EXPI1 minus EXP2) were regarded as
the effects of sulfate, BC and OC aerosols on the climate.
In each experiment, the interactive system coupling the
BCC_AGCM2.0.1 and CAM has run for 60 years. There
was a spin-up period covering the first 30 years, during this
period the climate gradually changes. But after that, the
simulated climatology had reached a new equilibrium, and
we consequently analyzed the last 30 years of each 60-year
simulation. The instantaneous DRFs due to total aerosols
and individual species were calculated in an additional
experiment. Only radiative forcing is estimated with the
prescribed SSTs and sea ice according to the general
method of calculating the radiative forcing with AGCMs
(Hansen et al. 2002; Takemura et al. 2005).

3 Results

3.1 Global distribution of simulated aerosol
column burden

Figure 2 shows the global distributions of annual mean
column burden of simulated sulfate, BC, OC, soil dust, and
sea salt compared with AEROCOM_MEDIAN (Textor
et al. 2006; Schulz et al. 2006; Kinne et al. 2006). The main
precursors of sulfate aerosol were SO,, volcanic eruptions,
and biological sources, especially the DMS oxidation of
marine plankton. The maximum values of sulfate aerosol
column burden were mainly located in East Asia, espe-
cially south, east, and north China, as well as southeastern
U.S., Europe, and India. The maximum burden value was

about 10 mg m~> (Fig. 2a). The high sulfate aerosol
column burden in these continental areas is attributable to
their large industrial SO, emissions. Over oceans, there
was an extended distribution of sulfate aerosols due to
long-distance transport of terrestrial sulfate and marine
DMS oxidation. The simulated global annual mean sulfate
column burden was 1.74 mg m 2.

BC is produced from the incomplete combustion of
hydrocarbons, including fossil fuels, biofuels, and biomass.
Maximum BC column burdens appeared over Asia and
central Africa with a maximum value of approximately
1.4 mg m~? (Fig. 2b). These regions have recently expe-
rienced rapid urbanization and industrialization, which
have triggered soaring carbon consumption by increasing
populations and intense traffic emissions. Secondary high
values of 0.8 mg m~2 were located in parts of India-Bengal
and central South America. In contrast, there was com-
paratively little BC column burden in southeastern U.S.,
western Europe, and Australia. The simulated global
annual mean of BC column burden was 0.14 mg m™2.

OC is produced during the complete combustion of
biomass or fossil fuels. The highest column burdens of OC
occurred in the central regions of South America and
Africa, with a maximum burden exceeding 18 mg m™2 in
Africa (Fig. 2¢). This may be caused by the full combus-
tion of carbonaceous material due to the dry conditions in
the tropics. There were also obvious OC concentrations
over Southeast Asia, India, Australia, and southeastern
U.S. The simulated OC concentrations were low in Europe,
mainly because secondary organic aerosols, the primary
components of OCs, were not taken into account in our
model. The simulated global annual mean of OC column
burden was 1.31 mg m 2.

The dust column burdens were mainly located in the
North African Sahara region and West Asia, with a maxi-
mum value as high as 1,000 mg m 2 (Fig. 2d). The sec-
ondary value of more than 100 mg m~2 was located in
Inner Mongolia and the Xinjiang region of China. The
simulated global annual mean dust column burden was
40.8 mg m™ 2.

The distributions of sea salt aerosol covered almost the
entire ocean (Fig.2e). Large column burdens mainly
occurred over the oceans between 30° and 60° in both the
Southern Hemisphere (SH) and Northern Hemisphere (NH)
with values exceeding 20 mg m~2. The simulated global
annual mean sea salt column burden was 14.7 mg m™>.

Figures 2f—j show the corresponding global distributions
of annual mean column burden in AEROCOM_MEDIAN.
As can be seen from these figures, the magnitude and
distribution of the simulated sulfate, sea salt and dust
column burdens generally agreed with those of AERO-
COM_MEDIAN, but the simulated dust burdens in Sahara
and West Asia and sea salt burdens between 30° and 60°S
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were larger than the corresponding AEROCOM_
MEDIANSs. The values and ranges of simulated BC and OC
column burdens were smaller than those of AEROCOM_
MEDIAN, especially in West Europe, North America and
East Asia. Compared with observations and other modeling
results (i.e. AEROCOM), the simulated BC and OC con-
centrations from this model are low and the ratio of dry to
wet depositions is different from other models. We have
done a series of model experiment to examine the perfor-
mance of the model. Firstly, we checked the budget
information of the model in terms of emission and atmo-
spheric burden. Table 2 is a summary of the budget
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information for a number of reference models. For exam-
ple, the emission of BC in our model is just a little over half
of GISS model (Koch 2001), and the atmospheric burden
of BC from our model is also about half of that for GISS
model. And compared with the IPCC-TAR, the BC emis-
sion in AEROCOM is lower (Dentener et al. 2006). It
seems that the BC and OC bias from our model is largely
from the emission underestimation compared with other
models. Furthermore, all types of aerosols are treated as the
internal mixture in this model and their wet depositions
are calculated with the same parameterization scheme.
In reality, due to its hydrophobic nature, BC should be less
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Table 2 Summary of the global

Emission (Tg year™")

Burden (Tg) References

emission and burden of BC Model
Our study 7.7
GISS 12.41
MIRAGE 14.0
LMDZT 10.5
The results of AEROCOM are ~ GOCART 13.7
from the website http://nansen. PNNL 11.4
ipsl.jussieu.fry/AEROCOM/ IPCC-TAR 12.3

0.07 Dentener et al. (2006)
0.14 Koch (2001)

0.22 Easter et al. (2004)
0.19 Reddy et al. (2005)
0.27 AEROCOM

0.19 AEROCOM

Dentener et al. (2006)

data.html

removed by wet deposition than hydrophilic aerosols
(i.e. sulfate). This also results in under-estimate of BC
concentrations. Additionally, the secondary organic aero-
sols (SOAs) are not included in our model which can lead
to underestimation of simulated OC concentration. As to
the dry to wet deposition ratios, we found that the differ-
ence was from the size distributions of primary emissions
of BC and OC. The change of the primary BC size distri-
bution can change the dry and wet deposition ratios. In this
paper, the model uses a sectional representation to simulate
the aerosol size distributions with 12 size bins and uses a

mass mean diameter (MMD) “0.1 um” as the size distri-
bution of primary BC emissions. After we changed the
MMD to 0.24 um, the ration of dry to wet deposition has
been changed to the value similar to most of other models
(Table 3).

3.2 Simulated aerosol optical properties
Figure 3a shows the global annual mean distribution of the

simulated total AOD at 550 nm. The highest AOD values
(0.4-0.7) were found over the Sahara Desert, followed by
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Table 3 The global budget of BC for different mass mean diameter (MMD)

MMD (um) Burden (Tg) Emission (Tg year_l) Dry deposition (%) Wet deposition (%)
0.1 0.07 7.7 59 41
0.24 0.071 7.7 29 71
global mean = 0.07 .. .
(a) Arabia in West Asia (0.2-0.4). These were both due to the
large contribution from soil dust. The AODs in east China
oON were usually more than 0.1. They reached a maximum
20N value of more than 0.2 in north China, which was larger
than that for most other continental areas, except for those
EQ mentioned above. The AOD values were around 0.1 in
developed countries such as those in North America and
30s west Europe and ranged from 0.05 to 0.1 over the oceans
between 30° and 60° in both hemispheres, due to the
608 contributions from sea salt and sulfate. In terms of the
— ; . | global mean, soil dust aerosols had the largest optical depth
180 20w 60w 0 B0 120E 180 () (28), followed by sea salt (0.026), sulfate (0.01), OC
0.010.030.05 0.1 02 0.3 0.4 05 0.6 0.7 (0.005), and BC (0.0006). Figure 3b, c represent the global
global mean = 0.98 annual mean distributions of simulated single scattering
(b) albedo and the asymmetry parameter at 550 nm for all
60N aerosols, respectively. The single scattering albedos were
around 0.92 and the asymmetry parameters were in the
30N range of 0.58-0.66 in East Asia, South Asia, and South
America, where carbonaceous aerosols are a major aerosol
EQ component, and in North Africa and West Asia, where the
305 soil dust is dominant. However, in North America, where
the sulfate burden is high, the single scattering albedo and
60S asymmetry parameter were around 0.96 and 0.68, respec-
_ tively. This was also the case in Europe, where the two
150 SoW 3 S0E | 20 3,  variables were around 0.97 and 0.7, respectively. Over
oceans, the single scattering albedo approached 1.0, and the
0-920.950.94 0.95 0.96 0.97 0.98 0.99 1 asymmetry parameters ranged from 0.74 to 0.9 due to the
(©) _global mean = 0.74 scattering effect of sea salt aerosols.
ey Figure 4 compares the monthly mean AODs between
GON £ - the simulation and measurement from CARSNET at six
sites: Beijing (116.5°E, 39.8°N), Lin’an (119.73°E,
30N 30.3°N), Pudong (121.5°E, 31.3°N), Dunhuang (94.7°E,
40.15°N), Ejinaqi (101.1°E, 42°N), and Lasa (91.1°E,
B 29.7°N). The simulated values were close to the minimum
308 limit of observations at Beijing and Dunhuang, and the
magnitude and seasonal variation of simulated AODs
60S agreed closely with the observations at Ejinaqi. However,

1 120w 60w ) 60E 120E 80

0.58 0.6 0.62 0.64 0.66 0.68 0.7 0.72 0.74 0.76 0.78 0.8

Fig. 3 The global annual mean distributions of simulated a total
AOD, b single scattering albedo and ¢ asymmetry parameter at
550 nm
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the simulated values were lower than the observed values
at Lin’an, Pudong, and Lasa, which can partially be
attributed to the lack of nitrate and ammonium aerosols.
The simulated total AODs were compared with the
ground-based sun photometer measurements from AER-
ONET in Fig. 5. Figure 5a—c show comparisons at sites in
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Fig. 4 Comparisons of simulated total AOD (dashed line) with those
measured (solid line) at 6 CARSNET sites at 550 nm. The error bar
indicates the standard deviation of observed optical depth. The

East Asia. The modeled total AODs over Beijing (116.3°E,
40°N) and Gosan (126.2°E, 33.3°N) agreed reasonably
with measurements of seasonal variation. Both showed
higher magnitudes in spring and summer, which were
slightly higher than the minimum limit of the observed
values at these sites. The simulated values in Osaka
(135.6°E, 34.7°N) were lower than the observations in
spring and summer, most likely because of the weaker
transport of aerosols from China and omission of nitrate
and ammonium aerosols in the model.

Figure 5d—h compare the modeled and measured AODs
at the sites that were mainly influenced by soil dust aero-
sols. As can be seen from the comparison of the Hamin
(54.3°E, 23°N) site in West Asia, the model could capture
the seasonal variations fairly well, including a peak from
June to August. However, the simulated values were higher
in summer (July) and lower in winter than those of AER-
ONET. The magnitude and seasonal variation of the sim-
ulated AODs agreed closely with those observed at
Dalanzadgad (104.4°E, 43.6°N) in Mongolia and at the
IER_Cinzana (5.9°W, 13.3°N), Saada (8.2°W, 31.6°N),
and La_laguna (16.3°W, 28.5°N) sites in Africa. However,
the values were slightly higher than the maximum limit of
observations at La_laguna in spring.

Figure 5i—k exhibited similar properties at three sites in
Europe that were mostly affected by sulfate: Venice
(12.5°E, 45.3°N), Davos (9.8°E, 46.8°N), and Laegeren
(8.4°E, 47.5°N). The magnitude and seasonal variation of
simulated AODs agreed well with the observations at
Davos, and the simulated values were close to the

CARSNET data are from China Meteorological Administration
Aerosol Remote Sensing NETwork

minimum limit of observations at Venice and Laegeren.
The deviations of simulations from observed values in
Europe were also partially due to SOAs being ignored in
the model.

Figure 51-n show comparisons at sites in North America
where sulfate and dust aerosols dominate. As can be seen
for Ames (93.8°W, 42°N), Bondville (88.4°W, 40°N), and
Sevilleta (106.9°W, 34.4°N), the simulated AODs agreed
reasonably with measurements from November to March,
but approached the minimum limit of the observations in
other months. At the same time, the model tended to
underestimate AODs in South America (Fig. 60, p), likely
because of the low carbonaceous aerosol emissions shown
by the model in that region.

Finally, Fig. 5q, r give AODs for remote oceanic sites:
Dunedin (170.5°E, 45.9°S) and Lanai (156.9°W, 20.7°N).
The model system reproduced the seasonal variations of
AODs well, but it obviously overestimated the AOD at
Dunedin during May and September and underestimated
the values at Lanai between April and June. The AODs of
other months were in the range of the measurements.

Figure 6 summarizes the comparisons of the single
scattering albedo and asymmetry parameter between the
simulations and observations at 52 AERONET sites at
550 nm. The biases of the simulated single scattering
albedos were less than (.04 at most sites, with overesti-
mation in general (Fig. 6a). The mean difference between
simulated and observed single scattering albedos was 4%,
but extreme deviations exceeded 7% at some sites in
western Europe, North and South America and northern
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Fig. 5 Same as in Fig. 5 but for AERONET observations

Africa due to the underestimation of the BC concentration.

asymmetry parameters was 5%, with the largest biases
around 10% at some sites in Africa.

The errors in the above comparison were caused by
various factors, including errors in the source emissions,

The model simulated the asymmetry parameters well, with
reasonable agreement with measurements (Fig. 6b). The
mean difference between the simulated and observed
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observational instruments, limitations in the model reso-
lution and the implementation of physical processes in the
model. In addition, nitrate and ammonium aerosols and
SOAs were not included.

3.3 Direct radiative forcing of aerosols

Instantaneous radiative forcing calculations were per-
formed online with the AGCM-aerosol coupled system.
Figure 7 shows the annual mean distributions of the
simulated DRF of each aerosol species at the TOA under
all-sky and clear-sky conditions. Generally, sulfate aerosols
caused negative radiative forcing at the TOA due to their
strong scattering under all-sky conditions (Fig. 7a). The
highest DRFs of sulfate, with a maximum value exceeding
—1.0 W m~2, occurred in East Asia and North America
due to large industrial emissions of SO, and sulfate parti-
cles. The second strongest DRFs were about —0.5 W m™>
in India and western Europe. Long-distance transport of
sulfate aerosols from the continent and the oxidation of
DMS in the ocean caused negative forcing over the ocean.
The simulated global annual mean of sulfate DRF at the
TOA was —0.19 W m~2, which was consistent with
the estimations of —0.19 W m~2 by Koch (2001) and
—0.21 Wm™? by Takemura et al. (2005).

BC can absorb solar radiation, generating positive
radiative forcing at the TOA under all-sky conditions
(Fig. 7b). The region with the largest DRF was East Asia,
especially south and east China, where the maximum value
reached approximately +1.0 W m~2 The large DRF of
BC in that region was mainly caused by local fossil fuel
and biomass burning. The DRFs exceeded +0.5 W m ™2 in
most of central Africa and were attributable to the natural
burning of carbonaceous materials. BC DRFs were mainly
above +0.1 W m~? in western Europe, eastern U.S., and
South America. There was also positive forcing at the high
latitudes of more than 60°N, resulting from long-distance
transport of BC emitted at lower latitudes. The simulated
global annual mean of BC DRF at the TOA was
+0.1 W m~2, close to the results of +0.08 W m™2 esti-
mated by Pitari et al. (2002) but much smaller than the

+0.32 W m? reported by Takemura et al. (2005) and
+0.61 W m™ estimated by Hansen et al. (2005). In this
study, the assuming external mixing states of black carbon
aerosols could potentially lead to an underestimate of BC
forcing (Bond and Bergstrom 2006).

The main optical property of OC is its scattering of solar
radiation. This results in negative DRF at the TOA under
all-sky conditions (Fig. 7c). The distributions of the DRF
of OC were basically consistent with those of BC but with
negative values. The largest DRFs of OC occurred in
central Africa, where maximum values exceeded
—1.0 W m~2. Other regions with large OC DRF included
South America, Southeast Asia, North America, and
Europe. DRFs in these regions were generally between
—0.2 and —1.0 W m~2 The transport distance of OC is
generally much farther than that of BC because of the
strongly hydrophilic properties of OC. This implies that the
spatial extent of the forcing due to OC is larger than that of
BC. The simulated global annual mean of OC DRF at the
TOA was —0.15 W m™2, which agreed closely with the
results of —0.18 W m™2 estimated by Chung and Seinfeld
(2002), —0.14 W m~ 2 by Koch (2001), and —0.1 W m >
by Takemura et al. (2005).

Soil dust is another kind of aerosol that scatters solar
radiation. It usually causes negative DRF at the TOA under
all-sky conditions (Fig. 7d). However, the absorbing effect
of dust on longwave radiation was not considered in this
work. The largest forcing mainly occurred over West Asia,
north China, and especially northern and western Africa. In
those regions, maximum forcing exceeded —10 W m™>
because of the large dust loading, high surface albedo, and
abundance of large-scale stratus clouds that cause multiple
scattering of solar radiation (Schumacher and Houze 2006).
The simulated global annual mean DRF of dust at the
TOA was —0.9 W m_z, which was smaller than those of
AEROCOM models (e.g. —0.75 W m~2 by GISS, —0.6 by
LSCE, and —0.54 by UMI; IPCC 2007).

Sea salt aerosols produced negative forcing globally at
the TOA under all-sky conditions because of their scat-
tering properties (Fig. 7e). The largest forcing by sea salt
occurred over the oceans between 30° and 60° in both

@ Springer



1686 H. Zhang et al.: Simulation of direct radiative forcing of aerosols
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Fig. 7 Annual mean distributions of the simulated DRF (W m’z) due to a sulfate, b BC, ¢ OC, d soil dust and e sea salt at the TOA under all-
sky (left) and clear-sky (right) conditions

hemispheres. The maximum cooling of —2.0 W m~Zinthe  at the TOA was —0.83 W m 2. However, there are still
model was very similar to the results obtained by Liao et al. large uncertainties in sea salt forcing, and previous esti-
(2004). The simulated global annual mean DRF of sea salt ~ mates of the global annual mean of this forcing range from
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Fig. 7 continued

—0.31 (Takemura et al. 2002) to —1.1 W m~2 (Grini et al.
2002).

The strength and extension of the DRF due to various
scattering aerosols may be less under all-sky conditions
than under clear-sky conditions, as seen in Fig. 7. How-
ever, the sign of the forcing becomes opposite for
absorbing aerosols such as BC. Therefore, it is concluded
that the presence of clouds can enhance positive forcing
and weaken negative forcing at the TOA, which is con-
sistent with the results of Zhang et al. (2009). Table 4 lists
the simulated annual hemispherical and global mean DRF
by each species of aerosol components at the TOA and
surface under all-sky and clear-sky conditions. The annual
mean DRFs for three types of aerosol mainly produced by
human activities including sulfate, BC, and OC were
obviously higher in the NH than in the SH, and the DRFs
were higher at the surface than at the TOA due to the
multiple scattering and absorption of solar radiation by

X 10 global mean = —1,42 W/m2
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EQ-
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Sea salt
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aerosols in the atmosphere. The simulated global annual
means of the DRFs at the TOA due to all aerosols and three
types of aerosol (sulfate, BC and OC) were —2.03 and
—0.23 W m ™2 under all-sky conditions, respectively.

3.4 Effect of sulfate, BC and OC aerosols on the East
Asian summer monsoon

The East Asian summer monsoon plays a controlling role
in the summer climate in East Asia, where the emissions of
sulfate, BC and OC aerosols are the highest in the world.
The large aerosol burden inevitably affects the temperature
structure and atmospheric circulation by changing the
radiation fields and thereby also affects the East Asian
summer monsoon and regional climate. The results
obtained in this work showed that the summer season
(June, July, August: JJA) average DRFs due to the afore-
mentioned three types of aerosol in East Asia (20°-40°N,
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Table 4 Simulated annual hemispherical and global mean DRF due to different aerosol components at the TOA and surface under all-sky and

clear-sky conditions (W m?)

All sky Clear sky

NH SH Global NH SH Global
Sulfate —0.28 (-0.3) —0.1 (=0.11) —0.19 (-0.21) —0.68 (-0.71) —0.26 (-0.27) —0.47 (-0.49)
BC +0.12 (—-0.24) +0.06 (—0.15) +0.1 (=0.19) +0.09 (-0.32) +0.03 (-0.18) +0.06 (—0.25)
oC —0.16 (-=0.27) —0.13 (-0.21) —0.15 (-0.24) —0.39 (-0.52) —0.27 (-0.36) —0.33 (-0.44)
Dust —-1.7 (=3.8) —0.13 (=0.21) —0.9 (-1.98) —2.6 (—4.8) —0.2 (-0.29) —1.42 (=2.55)
Sea salt —0.61 (-=0.71) —-1.0(-1.2) —0.83 (-0.94) —1.1(-1.3) —2.0(=22) —1.54 (-1.72)
Sulfate + BC + OC —0.23 (-0.59) —0.73 (—1.13)
All aerosols —2.03 (—3.63) —3.84 (-5.61)

The values in parentheses represent the corresponding surface forcing
NH northern hemisphere, SH southern hemisphere

(a) (b)
60N — BON
~0.9 by,
50N *7 = o3 —0.6 50N 1
?"* R
4NN 5 = 0.9 40N
ST 2t § ' A
* —0,6
30N > 30N -
: -0.6— |
/—/
20N H{ <3 p 0.3 20N+
O y,
0
o ! %, o
EQ ' ' x = EQ . . . . . .

70E 80E 90E 100E 110E 120E 130E 140E 150E

70E  80E 90E 100E 110E 120E 130FE 140E 150E

Fig. 8 The differences of JJA mean a surface temperature (°C) and b surface pressure (Pa) between EXP1 and EXP2. The shade indicates a

confidence level of 90% from the T-test

100°-140°E) at the TOA and surface were —1.4 and
—3.3 W m 2, respectively, leading to decreases of 0.58°C
and 0.14 mm day ' in the JJA means of surface temper-
ature and precipitation rate in this area, respectively.
Figure 8 shows the changes of the JJA mean surface
temperature and surface pressure in East Asian monsoon
region due to sulfate, BC and OC aerosols. Any species of
aerosol, whether absorbing or scattering, will decrease the
solar radiative flux arriving at the surface and hence the
surface temperature. A decrease of surface temperature was
seen almost everywhere in East Asian monsoon region, but
the decrease of surface temperature over land was obvi-
ously stronger than that over sea (Fig. 8a). The cooling
over land at most areas of East Asia exceeded —0.6°C,
especially in north China and central and east China with a
magnitude of —0.9°C or so due to the huge loading of
aerosols. The cooling in the west Pacific was below

@ Springer

—0.6°C. The distribution of surface temperature changes
over land basically agreed with the results reported by Liu
et al. (2009) which considered the sulfate and BC aerosols
in a GCM, whereas the changes over oceans is contrary to
the results by Liu et al. (2009) because they used the
prescribed SST in their GCM. As can be seen from the
change of surface pressure in JJA (Fig. 8b), surface pres-
sure was increased dramatically in the central and east
China due to cooling over land, whereas surface pressure
over the ocean on the south of China was reduced which
could be relative to the changes of wind field and local
circulation (Figs. 9, 11). The formation of East Asian
summer monsoon is mainly due to contrast of land-sea
temperature and pressure. Figure 8 showed that the dif-
ferences of land-sea surface temperature and pressure were
weakened in East Asian monsoon region due to the effect
of aerosols, thus leading to the weakening of East Asian
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Fig. 9 The differences of JJA mean wind field at 850 hPa (vector)
between EXP1 and EXP2. The shade shows the differences of
moisture flux divergence between EXP1 and EXP2 are negative
integrated from 850 to 700 hPa

summer monsoon. The temperature changes are significant
at a 90% confidence level in most arecas of East Asian
monsoon region, whereas the confidence level of pressure
changes was not significant here.

East Asian summer monsoon has a typical feature on
summer wind field at 850 hPa. The southwest and south
winds prevail in south and east China in summer, which
carries warm and moist air into China from ocean and
induces precipitation. As can be seen from the change of
wind field at 850 hPa in JJA (Fig. 9), the enhanced
northeasterly flow in south and east China due to sulfate,
BC and OC aerosols distinctly weakened the intensity of
the southwest summer monsoon, and moreover the mois-
ture flux divergence in lower atmosphere was strengthened.
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Thus, the monsoon precipitation is suppressed in most
areas of south and east China and over the nearby oceans
(Fig. 10b). Generally, the increase (or decrease) of surface
latent heat flux corresponds to the increase (or decrease) of
precipitation. The decrease of surface temperature led to
the reducing of surface evaporation and latent heat flux in
south and east China (Fig. 10a), which caused less moist
air into atmosphere and reduced the precipitation. How-
ever, the change of precipitation wasn’t consistent with that
of surface latent heat flux over the South China Sea, which
could mainly caused by the changes of wind field and
circulation. A cyclonic circulation formed over the west
Pacific and South China Sea at 850 hPa and the moisture
flux convergence in lower atmosphere in the south of the
cyclonic was obviously strengthened (Fig. 9), which
increased the vertical transport of water vapor and pre-
cipitation. This indicated that the effect of dynamic on
precipitation was predominant over ocean. The changes of
precipitation in East Asian monsoon region in this paper
were consistent with the results by Lau et al. (2006) due to
the effect of five aerosol species including sulfate, BC, OC,
soil dust, and sea salt.

Figure 11 shows the changes of JJA mean temperature
and vertical meridional circulation zonally averaged
between 105°E and 120°E due to the aerosols. The figure
clearly indicated the responses of atmospheric dynamic and
thermodynamic on the aerosol effects. As can be seen from
Fig. 11a, aforementioned three species of aerosol led to the
decrease of temperature in whole troposphere, which
indicated the total feature of these aerosols was scattering
over China. The reduce of temperature in the lower
atmosphere was smaller than that in mid and high atmo-
sphere to the south of 15°N which was beneficial to the
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Fig. 10 The differences of JJA mean a surface latent heat flux (W m~>2) and b precipitation (mm day ') between EXP1 and EXP2. The shade

indicates a confidence level of 90% from the 7T-test
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Fig. 11 The differences of JJA mean a temperature (°C) and b vertical meridional circulation zonally averaged between 105°E and 120°E
between EXP1 and EXP2. The shade indicates a confidence level of 90% from the T-test

enhancing of vertical ascending motion, whereas the con-
trary changes occurred between 15°N and 30°N which
enhanced the atmospheric stability and suppressed con-
vective motions. The local meridional circulation was
changed with the atmospheric temperature changes
(Fig. 11b). A clockwise rotation appeared between 10°N
and 30°N in which ascending motion developed between
10°N and 15°N and subsidence motion developed between
15°N and 30°N, leading to the weakening of the normal
summer meridional circulation here which poses as a
counter-clockwise rotation (Liu et al. 2009). The increased
subsidence between 15°N and 30°N strengthened the
southward motion in lower troposphere, which weakened
the northward transport of warm and moist air carried by
the East Asian summer monsoon. This result accorded with
the changes induced by sulfate reported by Liu et al.
(2009). Ultimately, the decrease of moist air and increase
of subsidence led to the decrease of monsoon precipitation
between 15°N and 30°N in south and east China.

It should be noted that the absorbing BC and scattering
OC masses were underestimated obviously in East Asia by
this model, which will necessarily affect simulated climatic
effect of aerosols over Asia. Menon et al. (2002) showed
that absorbing BC aerosol could increase precipitation over
southern China and decrease precipitation over northern
China. Chung and Ramanathan (2006) indicated that BC
aerosol could heat the troposphere and enhance vertical
convection over the North Indian Ocean and Indian
subcontinent, causing an increase in monsoon precipita-
tion. Randles and Ramaswamy (2008) also found that an
enhanced monsoon circulation associated with increased
higher absorption aerosol optical depth resulted in the
increase of low-level convergence, upward motion, and
precipitation, whereas increase of only scattering aerosols
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weakened the monsoonal circulation and inhibited precip-
itation. Both of the underestimation of scattering OC and
absorbing BC aerosols will have more complicated effects
on the local climate of China.

4 Conclusions

An interactive coupled climate-aerosol model consisting of
the BCC_AGCM2.0.1 and the Canadian Aerosol Module
(CAM) was developed at the NCC/CMA. The magnitude
and distribution of the simulated sulfate, sea salt and dust
column burdens generally agreed with those of AERO-
COM_MEDIAN, but the simulated values and ranges of
simulated BC and OC column burdens were obviously
smaller than those of AEROCOM_MEDIAN, especially in
West Europe, North America and East Asia. These biases
can be largely from the emission underestimation in our
model compared with other models, and moreover the
SOAs are not included in our model.

The simulated optical depth, single scattering albedo,
and asymmetry parameter of total aerosols (including sul-
fate, BC, OC, dust, and sea salt) at 550 nm were basically
consistent with AERONET observations, except for an
obvious underestimation over South America. The mean
relative errors of the simulated single scattering albedo and
asymmetry parameter against observations were 4% and
5%, respectively. The magnitude and seasonal variation of
the simulated AODs agreed closely with CARSNET
observations at Ejinaqi, Dunhuang, and Beijing, but the
simulated values were slightly lower than observations at
Lin’an, Pudong, and Lasa. Ammonium and nitrate aerosols
were not included in the present model, which led to lower
simulated AODs in some regions and seasons.
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The simulated global annual means of DRF due to total
aerosols and three types of aerosol including sulfate, BC,
and OC at the TOA were —2.06 and —0.23 W mfz,
respectively, under all-sky conditions. The global annual
means of sulfate, BC, and OC DRF at the TOA were
—0.19, 40.1, and —0.15 W m_z, respectively. Clouds can
decrease the extension and strength of the DRF for scat-
tering aerosols, but increase them for absorbing aerosols
such as BC.

The summer seasonal average DRFs due to three types
of aerosol (sulfate, BC, and OC) in East Asia at the TOA
and surface were —1.4 and —3.3 W mfz, respectively,
leading to decreases of 0.58°C and 0.14 mm day ' in the
JJA means of surface temperature and precipitation rate in
this area, respectively. The differences of land-sea surface
temperature and surface pressure were reduced in East
Asian monsoon region due to the effect of these aerosols,
thus leading to the weakening of East Asian summer
monsoon. The enhanced northeasterly flow in south and
east China at 850 hPa due to sulfate, BC and OC aerosols
distinctly weakened the intensity of the southwest summer
monsoon, and suppressed the monsoon precipitation in
most areas of south and east China and over the nearby
oceans. The local meridional circulation was also affected
due to these aerosols, and a clockwise rotation appeared
between 10°N and 30°N. The increased subsidence
between 15°N and 30°N strengthened the southward
motion in lower troposphere, which weakened the north-
ward transport of warm and moist air carried by the East
Asian summer monsoon, and moreover decreased the
summer monsoon precipitation in south and east China.

In addition, the model also does not simulate nitrate and
SOA, both of which are the important components of
aerosols in some parts of Asia. The decrease of land surface
temperature in some areas may be larger if taking account
these scattering aerosols into in this model, which could
more significantly weaken East Asian summer monsoon.
But it needs further investigations in the next.
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