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Abstract

A high-resolution estimate of monthly 3-D aerosol solar heating rates and surface so-
lar fluxes in Asia from 2001 to 2004 is described here. This product stems from an
Asian aerosol assimilation project, in which a) the PNNL regional model bounded by
the NCEP reanalyses was used to provide meteorology, b) MODIS and AERONET data5

were integrated for aerosol observations, c) the Iowa aerosol/chemistry model STEM-
2K1 used the PNNL meteorology and assimilated aerosol observations, and d) 3-D
(X−Y −Z) aerosol simulations from the STEM-2K1 were used in the Scripps Monte-
Carlo Aerosol Cloud Radiation (MACR) model to produce total and anthropogenic
aerosol direct solar forcing for average cloudy skies. The MACR model and STEM10

both used the PNNL model resolution of 0.45◦×0.4◦ in the horizontal and of 23 layers
in the troposphere.

The 2001–2004 averaged anthropogenic all-sky aerosol forcing is −1.3 W m−2

(TOA), +7.3 W m−2 (atmosphere) and −8.6 W m−2 (surface) averaged in Asia (60–
138◦ E and Eq. −45◦ N). In the absence of AERONET SSA assimilation, absorbing15

aerosol concentration (especially BC aerosol) is much smaller, giving −2.3 W m−2

(TOA), +4.5 W m−2 (atmosphere) and −6.8 W m−2 (surface), averaged in Asia. In the
vertical, monthly forcing is mainly concentrated below 600 hPa with maxima around
800 hPa. Seasonally, low-level forcing is far larger in dry season than in wet sea-
son in South Asia, whereas the wet season forcing exceeds the dry season forcing in20

East Asia. The anthropogenic forcing in the present study is similar to that in Chung
et al. (2005) in overall magnitude but the former offers fine-scale features and simu-
lated vertical profiles. The interannual variability of the computed anthropogenic forc-
ing is significant and extremely large over major emission outflow areas. Given the
interannual variability, the present study’s estimate is within the implicated range of25

the 1999 INDOEX result. However, NCAR/CCSM3’s anthropogenic aerosol forcing is
much smaller than the present study’s estimate at the surface, and is outside of what
the INDOEX findings can support.

822

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/821/2010/acpd-10-821-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/821/2010/acpd-10-821-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 821–862, 2010

Anthropogenic
aerosol radiative
forcing in Asia

C. E. Chung et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

1 Introduction

Anthropogenic aerosols can modify climate directly by altering the radiative fluxes of the
planet (Coakley and Cess, 1985; Charlson et al., 1991), and indirectly by altering cloud
properties (Twomey, 1977; Albrecht, 1989; Rosenfeld, 2000). Aerosol radiative forcing
is defined as the effect of aerosol, both natural and anthropogenic, on the radiative5

fluxes at the top of the atmosphere (TOA) and at the surface and on the absorption
of solar (and long-wave in case of dust and sea salt particles) radiation within the
atmosphere. The direct effect of aerosols on solar radiation, i.e., direct radiative forcing
(DRF), has been estimated locally as well as globally in recent years.

A common procedure to estimate DRF is the use of simulated aerosol distributions10

as input to a radiative transfer model. Simulated aerosol masses are converted into
aerosol optical properties by empirical/theoretical algorithms, and then converted into
DRF by radiative transfer models. Kinne et al. (2003) summarized this procedure
and also compared various aerosol simulations. As explained in Kinne et al. (2003),
uncertainties in aerosol simulations arise from emission sources, meteorology and15

aerosol/chemistry processing. An independent approach is to use observations of
aerosol optical properties such as aerosol optical depth (AOD) and single scattering
albedo (SSA) to compute DRF. Aerosol observations are available from field cam-
paigns, aerosol observation networks and satellite retrievals. Recent examples of this
approach are Chung et al. (2005)1 and Yu et al. (2006).20

The present study integrates these two approaches by using simulated aerosols
that are nudged towards aerosol observations. This “aerosol observation assimila-
tion” has been conducted before (Collins et al., 2001), and retains advantages of both
approaches. Aerosol simulations offer spatially (X−Y −Z) and temporally continuous
values, while aerosol observations offer presumably better accuracy. In this study, we25

attempt to improve Collins et al. (2001) study by a) employing a high-resolution regional

1Chung et al. (2005) substituted aerosol simulations in areas where aerosol observations
were not available.
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climate model instead of a coarse-resolution global climate model and b) using ground
and satellite aerosol observations. Giorgi et al. (2002) adopted a regional model to
simulateaerosols but did not assimilate aerosol data.

In our study, the regional climate simulation is constrained by global reanalyses
throughout the model domain to provide atmospheric forcings for a regional scale5

chemistry-aerosol model. In turn, the chemistry-aerosol model assimilates ground and
satellite aerosol observations to simulate observationally constrained aerosols. The
simulated aerosols are incorporated in a radiative transfer model to estimate aerosol
radiative forcing. In Sects. 2 and 3 of this paper, we describe this procedure overall,
and we describe the aerosol forcing in detail in Sect. 4. Adhikary et al. (2008) detail10

the aerosol simulation in a parallel study.
The regional domain for our study is Asia. Asia contains about 60% of the world’s

population with rapid economic and industrial growth. It contributes about 30 to 50%
of the anthropogenic aerosol burden and is a major source of black carbon in the
atmosphere. Regional scale modeling is necessary to capture the spatial heterogeneity15

associated with orography and emissions in Asia, and to better resolve atmospheric
and aerosol processes.

2 The Asian aerosol assimilation project

The results in the present study are the products of a collaborative project between
Scripps Institution of Oceanography (SIO), Pacific Northwest National Laboratory20

(PNNL), and the University of Iowa. As Fig. 1 illustrates, the PNNL regional climate
model simulates meteorological variables that were used by the University of Iowa
chemistry transport model STEM-2K1 (Sulfur Transport dEposition Model; version
2001) to simulate aerosols. The regional meteorological variables simulated by the
PNNL model as well as the aerosol extinction coefficients simulated by the STEM-2K125

were then used in the SIO Monte-Carlo Aerosol Cloud Radiation (MACR) model to
simulate anthropogenic aerosol radiative forcing.
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2.1 PNNL regional climate model

The PNNL regional climate model is based on the Penn State/NCAR Mesoscale Model
MM5 (Grell et al., 1995). The model has been used to simulate regional climate of the
US (e.g., Leung et al., 2003; Gustafson and Leung, 2007) and East Asia (Leung et
al., 2004; Qian and Leung, 2007), and found to generally well reproduce a wide range5

of climatic regimes in those regions. The model domain was expanded for this study.
A major weakness, however, was found in simulating the interannual variations of the
East Asian summer monsoon rainfall (Qian and Leung, 2007), which was related to
model weaknesses in simulating the interannual variations of the large scale monsoon
circulation in a large model domain. To ameliorate this problem, simple nudging was10

applied to constrain the large scale circulation of the regional model by a global reanal-
ysis in this study. The interannual variability simulation improved.

The regional climate model was applied at 60 km horizontal grid resolution with 23
vertical levels for the domain shown in Fig. 2. The regional climate simulation was
initialized on 1 September 1998 and ran through 31 December 2005. The physics pa-15

rameterizations used in this study include the Kain-Fritsch cumulus convection scheme
(Kain and Fritsch, 1993), the Reisner mixed phase cloud microphysics scheme (Reis-
ner et al., 1998), the Community Climate Model (CCM3) shortwave and longwave ra-
diation scheme (Kiehl et al., 1994), a nonlocal boundary layer transfer scheme (Hong
and Pan, 1996), and the Noah land surface model (Chen and Dudhia, 2001).20

The simulation was driven by lateral boundary conditions and SSTs from the
NCEP/NCAR global reanalysis (Kistler et al., 2001) using a simple relaxation scheme
that blends the global reanalysis and the model solution over a 15-grid point wide buffer
zone in the lateral boundaries. To provide larger constrain on the large scale circula-
tion, winds and temperature simulated by the model were continuously nudged towards25

the global reanalysis throughout the domain. A nudging coefficient of 5·10−5 s−1 was
used between the simulated planetary boundary layer and the model top. Over the
oceans, the nudging coefficient increases from zero at the surface to 5·10−5 s−1 at the
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top of the boundary layer and remains constant above to allow nudging of winds and
temperature throughout the atmospheric column.

Three hourly outputs for all the three-dimensional meteorological variables and two-
dimensional surface variables were archived to provide atmospheric conditions for driv-
ing the STEM-2K1. Adkihary et al. (2007) used the same meteorological model outputs5

from this simulation for 2004–2005 to simulate aerosols over Asia. They evaluated the
aerosol simulations against observations collected from the Atmospheric Brown Cloud-
Post-Monsoon Experiment (ABC-APMEX) over two sites including the Kathmandu Ob-
servatory and the Hanimaadhoo Observatory in the Maldives. The regional climate
model was found to provide realistic meteorological conditions for simulating aerosols10

over the two sites.

2.2 U. Iowa STEM

The Sulfur Transport dEposition Model (STEM-2K1) was used to generate the 3-D
aerosol distributions from 2001 to 2004. The model version used in this study was
developed in 2001 and hence the model name STEM-2K1 (hereafter referred to as15

STEM). The STEM has been extensively used previously to study aerosols and trace
gases during this time period in South and Southeast Asia (Adhikary et al., 2007;
Carmichael et al., 2003; Guttikunda et al., 2005; Tang et al., 2004). This is the first
time that STEM has been used to simulate high resolution (both spatial and temporal)
aerosol concentration over multiple years such that average annual aerosol distribution20

with intra/interannual variability can be analyzed.
The STEM for this study uses the PNNL regional model to drive the aerosol transport.

The domain size and resolution of the STEM model are the same as those of the PNNL
model as in Fig. 2. The STEM simulates BC (black carbon), OC (organic carbon), sul-
fate, dust and sea salt. Further details of the STEM parameters are discussed else-25

where (Adhikary et al., 2007). Here we present important highlights. Anthropogenic
emission inventory used in this study is primarily from the emission inventory developed
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for the 2001 NASA Transport and Chemical Evolution over the Pacific (TRACE-P)
intensive field campaign (Streets et al., 2003). These emission estimates have been
used extensively in Asian modeling studies and have been evaluated against data
obtained in comprehensive field experiments (Huebert et al., 2003; Carmichael et
al., 2003). Since this study domain is bigger than TRACE-P domain, emission data5

from EDGAR database were used to fill the extended geographical areas (Olivier and
Berdowski, 2001). The anthropogenic emissions were held constant during the 4-
year period, as only recently have the emission estimates for 2006 been produced
(Zhang et al., 2009). The growth in SO2 and BC emissions from 2001 to 2006 for
Asia is estimated at ∼35% and ∼10%, respectively. Monthly varying emissions of10

carbonaceous aerosols from biomass burning are included in this study based on
published emission datasets (var der Werf et al., 2006). The carbonaceous aerosol
emission from biomass burning from 2001 to 2004 was used and interpolated from
a 1◦×1◦ resolution. The emissions of sea salt are based on the parameterization
of S. L. Gong (Gong, 2003). Dust emissions are calculated online based on the15

methodology discussed by Tang et al. (2004). The emissions of carbonaceous and
sulfate aerosols are assumed to be in the sub-micron range (diameter<1 µm). Sea
salt emissions are calculated for fine mode (less than 2.5 µm) and coarse mode
(2.5 µm<diameter<10 µm). Dust emissions are modeled using two size bins: sub-
micron and super micron (1µm<diameter<10 µm). Sulfate and sea salt aerosols are20

treated as a function of relative humidity while other aerosols are not.

2.3 SIO MACR model

3-D aerosol extinction coefficients simulated by the STEM were averaged monthly as
an input for the Monte-Carlo Aerosol Cloud Radiation (MACR) model. The MACR
model was originally developed and validated during the INDian Ocean EXperiment25

(INDOEX) (Satheesh et al., 1999; Podgorny et al., 2000; Podgorny and Ramanathan,
2001; Ramanathan et al., 2001) to compute solar fluxes and aerosol direct radiative
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forcing (DRF). Chung et al. (2005) upgraded the model (see their study for the model
details). For this study, we further upgraded the model by i) adjusting spatial domain
and vertical coordinate and ii) modifying gas absorption coefficients.

To account for cloud influences on aerosol radiative forcing, we took climatological
cloud data from ISCCP (International Satellite Cloud Climatology Project) D2 product5

(Rossow and Schiffer, 1999), as in Chung et al. (2005), and then modified them using
the MODIS cloud fraction (MOD08 M3). In this data integration, we used a higher-
resolution (1◦×1◦) and year-to-year variations in MODIS overall cloud fraction, while
retaining cloud separation into low, mid, high and deep convective, and cloud optical
properties in ISCCP. Temperature and pressure fields were obtained from the PNNL re-10

gional model and monthly averaged for an input. The MACR model was run to produce
monthly aerosol forcing from 2001 to 2004. The anthropogenic portion was calcu-
lated by removing sea salt and dust contributions in aerosol extinction coefficients. The
STEM model provides aerosol extinction coefficient for each aerosol species. Though
treating all the dust particles as natural is a crude approximation, the overall errors from15

such an assumption appear small compared to other assumptions and approximations
in the present study. We plan to refine our calculation in the future.

3 Overview of aerosol data assimilation

In this study, the STEM aerosol simulation was nudged towards the observed aerosol
data. The aerosol data assimilation method is described in detail in Adhikary et20

al. (2008). The current study improved the assimilation procedure slightly and a sum-
mary is given here.

Assimilated data are Daily Level 2 AOD products from MODIS (MODerate Imag-
ing Spectro-radiometer) and Level 2 AODs from AERONET (AErosol RObotic NET-
work). MODIS onboard the Terra satellite gives near-global coverage, while AERONET25

is a ground based observation network. Spatially continuous MODIS AODs and
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sparsely-distributed AERONET AODs were integrated as in Chung et al. (2005), where
the pattern of MODIS AODs was combined with AERONET AOD values. Chung et
al. (2005) also give detailed information about AERONET and MODIS observations.
MODIS retrieved products also include fine mode AODs and coarse mode AODs. This
size separation was also used for the present study. The large uncertainty in aerosol5

related estimates of anthropogenic and natural emission estimates is one of the main
motivations for constraining model-derived aerosol distributions with these observa-
tions. The MODIS and AERONET AODs reflect spatial and temporal (including inter-
annual) variations in regional emissions (as well as transport and removal processes).
Additionally, Kim and Ramanathan (2008) found that MODIS aerosol data are accurate10

enough as input for radiative flux simulation within instrumental errors.
MODIS and AERONET observations are assimilated with STEM aerosol calcula-

tion here using optimal interpolation technique initially developed for meteorological
applications (Lorenc, 1986). The optimal interpolation methodology for assimilating
satellite data has also been implemented in other chemical transport models such15

as ROSE (Research for Ozone in the Stratosphere and Its Evolution) and MOZART2
(Khattatov et al., 2000). We implemented the optimal interpolation technique similar to
the methodology described by Collins et al. for INDOEX aerosols using their MATCH
model (Collins et al., 2001). There are, however, some differences in our assimilation
methodology, which are discussed later. First we present the mathematical relationship20

between the posterior aerosol distribution (analysis) with the model predicted aerosol
(background) and satellite based observation (observation) in Eq. (1):

τ′m = τm+K(τo−Hτm) . (1)

τ′m is the posterior AOD while τo, and τm, are the observed and modeled AOD, respec-
tively. K is the Kalman gain matrix and H is a linear interpolator from model space to ob-25

servation space. Since we have transformed the observed AOD into the STEM model
grid, the H matrix is simply the identity matrix. The K matrix is calculated based on the

829

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/821/2010/acpd-10-821-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/821/2010/acpd-10-821-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 821–862, 2010

Anthropogenic
aerosol radiative
forcing in Asia

C. E. Chung et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

background and observation error covariance matrices and is defined by Eq. (2):

K=BHT (HBHT +O)−1 . (2)

Here B and O are the error covariance matrices of the background and the observation
fields, respectively. Detailed discussion and assumption used to derive the B and O
matrices are discussed by Collins et al. (2001). In Eqs. (3) and (4) we simply restate5

the mathematical relationship defining the B and O matrices and the values of the
parameters that we have used in our assimilation process similar to the ones suggested
for assimilating INDOEX aerosols.

O= (foτo+εo)2I (3)

Here εo (equal to 0.04) is the minimum Root Mean Square (RMS) error of the obser-10

vation and fo (equal to 0.5) is the fractional error in observed AOD. I refers to identity
matrix.

B(dx,dy )= (fmτm+εm)2exp

[
−
d2
x +d2

y

2l2
xy

]
(4)

Here εm is the minimum RMS uncertainty in the modeled AOD, which is set to 0.1
and fm, the fractional error in the model AOD, is set to 0.5. Variables dx and dy are15

the horizontal distance between two model grid points (equal to 50 km) and lxy is the
horizontal correlation length scale for errors in the model fields which is set to 250 km
(five grid cells).

The methodology for generating the assimilated aerosol distributions is as follows.
First, STEM predicts three dimensional aerosol concentrations every three hours for20

all four years. This output is then averaged to produce monthly-mean three dimen-
sional aerosol distributions. These distributions are then used to calculate AOD using
chemical specie specific extinction coefficients. The extinction coefficient parameters
used in STEM are reported in Penner et al. (2001). The STEM generated AODs are
then used for assimilation of the AODs derived from MODIS observations, corrected25
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with AERONET AODs as mentioned earlier. Our methodology differs from Collins et
al. (2001) in that we also assimilate sea salt aerosol while their work chose to keep the
modeled sea salt distribution fixed. Another difference in our assimilation technique
is that we utilize both the coarse mode (total minus fine mode) and fine mode AOD
available from MODIS. In this methodology, if there is no fine mode fraction available5

for the model grid point, then the assimilation is done only using total AOD. We chose
to adjust the anthropogenic aerosols, namely sulfate, black carbon and organic carbon
using the observed fine mode AOD, while dust and sea salt are adjusted based on the
assimilated coarse mode AOD. At each time step and model layer the mass mixing
ratios of the aerosols are adjusted by the ratios of monthly assimilated AOD to monthly10

simulated AOD. Finally we used the available AERONET SSA data to adjust absorbing
aerosols. The effect of nudging the aerosol simulation towards AERONET SSA will be
further discussed later.

Figure 2 illustrates the overall assimilation procedure for March 2001. Monthly AODs
from MODIS are shown in Fig. 2a. The MODIS AODs were corrected with AERONET15

AODs, referred to as “MODIS+AERONET AOD” for brevity here (Fig. 2b). Note that
the number of AERONET sites in the domain changes from month to month from 4 to
22. The STEM simulated AODs before any aerosol data assimilation are displayed in
Fig. 2c. After the assimilation, the final AODs are shown in Fig. 2d. The final AODs,
which were used as input to the aerosol radiative forcing calculations as discussed next,20

appear similar to the MODIS+AERONET AODs where the latter are available. The
STEM simulated AODs replaced the gaps for locations where MODIS+AERONET AOD
values are missing. Our data assimilation technique is in a way a tool for transition from
MODIS+AERONET AOD areas to their gaps. Even in areas where MODIS+AERONET
AOD exists, our assimilation technique provides additional valuable information such25

as aerosol vertical profiles and composition needed to accurately compute aerosol
radiative forcing.

The forward model (before assimilation) predictions of AOD show that the STEM
model is able to capture many of the major features shown in the observed
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distributions, including high values over the major emission sources and outflow re-
gions. March is a high dust month and the STEM model for March 2001 shows high
AOD over and downwind of the major dust source regions, including East Asia and
the Middle East. The dust predictions for March and April of 2001 in East Asia have
previously been discussed in detail, including comparison with observations of aerosol5

mass and composition obtained during the TRACE-P and ACE-Asia experiments (Tang
et al., 2004), where the simulations were shown to be reasonably consistent with air-
craft observations. After assimilation, the final AOD distribution closely matches the
observation-based distributions.

In Fig. 3, the simulated and then nudged AODs in our study are compared to the GO-10

CART (Georgiatech-Goddard Global Ozone Chemistry Aerosol Radiation and Trans-
port) model (Chin et al., 2002) simulated AODs during March–May (MAM period). Our
AODs produced with a higher resolution regional model and a formal assimilation pro-
cedure display more fine scale features than the GOCART AODs. In South Asia,
aerosols trapped in the Indo-Gangetic valley are simulated in our study, and in East15

Asia, our simulated AODs are not stretched as far to Korea and Japan as are GO-
CART AODs. Figure 3 also displays MAM period AODs from Chung et al. (2005) used
in a previous estimate of aerosol radiative forcing. Chung et al. (2005) AODs resem-
ble aspects of both the present study calculations and GOCART simulations. In next
section, we will discuss the difference with Chung et al. (2005) estimates in detail and20

their impact on estimated aerosol radiative forcing.
The four-year mean assimilated model distribution of AOD is shown in Fig. 4. Also

shown are the anthropogenic AOD and BC AOD distributions, and the average PM10
surface mass concentration. The anthropogenic contribution from fossil and biofuel
combustion dominates over most of Asia, with the largest impacts from dust and open25

burning found in the Middle East and the western China, and Southeast Asia, respec-
tively. A distinguishing feature of Asia is a large contribution of BC to total AOD through-
out much of Asia.
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An evaluation of the STEM model skill in the forward mode in calculating AOD and
aerosol mass concentrations and composition against a year long data set for 2005
available from the ABC project and an AERONET site in South Asia is presented in
Adhikary et al. (2007). The model was shown to be able to capture the seasonal trends
and magnitude of the observed AOD at both the Kanpur and Hanimaadhoo sites. This5

study also reported that the STEM modeled fine to coarse mode aerosol mass ra-
tio agreed with the seasonal variation of observed angstrom exponent (an indicator
of aerosol size) at Hanimaadhoo. An evaluation of the STEM assimilated distributions
along with an analysis of their sensitivity to the optimal interpolation technique was pre-
sented in detail in Adhikary et al. (2008). In the present study, we have used the same10

optimal interpolation technique with minor modifications. Illustrative results are shown
in Fig. 5, where computed AOD and surface PM10 are compared with observations.
Observations in Fig. 5 are from AERONET AODs, MODIS AODs and EANET PM. The
AERONET AODs obtained in 2005 were used as input for the aerosol data assimila-
tion implemented in this study. Recently obtained AERONET AOD data have updated15

and expanded values, and this newer AERONET product is referred to as “AERONET
new” in Fig. 5. We use “AERONET new” as an independent data set to evaluate the
assimilation results.

As seen in Fig. 5, the assimilated AOD distributions are shown to capture the
seasonal variability over a wide range of conditions from sites dominated by wind20

blown dust (Al Dhafra), to sites at island locations in the outflow from major continents
(Male and Okinawa), to sites in major urban areas (Kanpur and Chulalongkorn). The
computed surface PM10 is compared to available observations from the ABC project
and the EANET (2004) monitoring network. The 4-year annual PM10 distribution is
shown in Fig. 4, where high PM10 values are found throughout Asia as a result of wind25

blown dust, open burning and anthropogenic activities. The PM10 observations are
rather limited during these years, however the model is able to capture regional dif-
ferences and variability over a wide geographical area. Additional discussion of the
aerosol composition and the component contributions to AOD in these computed fields
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are available in Carmichael et al. (2009).
Of particular interest from a radiative forcing perspective is the estimation of BC

distributions and AOD. A comparison of predicted surface BC mass concentrations at
ABC sites has been presented and discussed in Adhikary et al. (2007), where the
model was shown to accurately predict the BC observed at Hanimadhoo (seasonality5

and magnitude), and to underpredict peak values in Kathmandu. Recently BC esti-
mates using global aerosol models have been compared with observations under the
AeroCom project (Koch et al., 2009). In general, the BC mass and AOD predicted
by these models for the Asia sub-domain were found to be biased low by a factor of
two. Our assimilated field of BC AOD shown in Fig. 4, which takes into considera-10

tion AERONET SSA in the assimilation, compares well with the AERONET and OMI
derived absorption AOD (AAOD) (see Fig. 3 in Koch et al., 2009). For example, the
AAODs from AERONET are in the 0.02 to 0.03 range in the outflow regions around
India and China, and above 0.05 in the Indo Ganges plain, and in the China megacity
influenced regions around Beijing, Shanghai and the Pearl River Delta.15

To further verify the simulated aerosol in this study beyond AOD, we examine BC
(Black Carbon) concentration vertical structures in Fig. 6. BC vertical structure is an
extremely important component of aerosol data in calculating anthropogenic aerosol
radiative forcing and 3-D aerosol heating rate. From 6 March to 31 March 2006, Mal-
dives Autonomous UAV (Unmanned Aerial Vehicle) Campaign (MAC Campaign) took20

place (Ramana et al., 2007; Corrigan et al., 2007; Ramanathan et al., 2007). The
MAC yielded BC concentration vertical structures over 73.18◦ E and 6.78◦ N in most of
March 2006, and we calculated the monthly mean. Figure 6 compares the BC data
from the MAC with the present study calculation at a nearby grid. First, it is encourag-
ing that the observed BC concentration magnitude is approximately in the simulation25

range. Second, the observed BC is maximum around 1500–2000 m height as a result
of blending boundary layer aerosol structure data and lifted aerosol structure data. The
simulated BC vertical profile at a nearby grid, however, tends to show boundary-layer
structures. On the other hand, the simulated BC concentration near the surface is not
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particularly stronger than the simulated concentrations above the boundary layer, and
we find this feature an improvement. Textor et al. (2006) reported vertical profiles of
simulated aerosols from various models (see Fig. 10 of Textor et al., 2006) where near-
surface aerosol concentrations are far stronger than those above the boundary layer.
Third, there is a large interannual variation of BC concentration at this location. More5

discussion on interannual variability follows in the next sections.

4 Anthropogenic aerosol forcing

The SIO MACR model was used to convert aerosol extinction coefficients into aerosol
radiative forcing. The anthropogenic portion of the computed direct aerosol radiative
forcing is shown in Fig. 7 and subsequent figures. In these figures, forcing estimates10

are for all skies and not for clear skies.
Figure 7 displays the 2001–2004 averaged forcing at the surface, in the atmosphere

and at the top of the atmosphere (TOA). F (TOA), i.e., aerosol forcing at the TOA, is
negative for the entire domain (Fig. 7a). Negative values are particularly pronounced in
the Northern Indian Ocean. F(S) and F(A) have comparable magnitudes and opposite15

signs. As a result, F(S) and F(A) are much larger than F (TOA) in magnitude, since
F(TOA)=F(S)+F(A). F(S) mirrors F(A) except over the Persian Gulf. F(S)/F(TOA) as in
Fig. 7d shows the relative importance of atmospheric forcing. In South Asia and most
coastal areas, F(S)/F(TOA) is noticeably big.

Chung et al. (2005) also estimated direct anthropogenic aerosol forcing by using20

MODIS+AERONET AODs and AERONET SSAs. Recently, Myhre (2009) evaluated
global direct aerosol forcing estimates in IPCC Assessment Report IV and placed
Chung et al. (2005) estimate at the best accuracy. The present study differs from Chung
et al. (2005) in many respects. We use aerosol data assimilation to deal with data gaps
and provide vertical structures while Chung et al. (2005) assumed uniform vertical25

aerosol profiles and used GOCART aerosol simulation to fill the gaps. Plus, this study
employed high-resolution models. The result differences between the current study
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and Chung et al. (2005) are summarized in Table 1. Averaged over Asia (60–138◦ E
and Eq. −45◦ N), the present study finds the TOA forcing to be −1.3 W/m2 in compar-
ison with −1.1 W/m2 from Chung et al. (2005). In the atmosphere, this study yields
+7.3 W/m2 while Chung et al. (2005) gives +8.0 W/m2. We repeated the MACR model
without the BC component in order to calculate the BC radiative forcing. We did this,5

given accelerating interests in the role of BC since Ramanathan and Carmichael (2008)
reported the global direct BC TOA forcing to be +0.9 W/m2 using Chung et al. (2005)
calculations. Note that the global anthropogenic CO2 forcing is only about 1.6 W/m2

(IPCC Assessment Report IV; Ramanathan and Carmichael, 2008). Our current BC
TOA forcing estimate in Asia is +2.1 W/m2 when Chung et al. (2005) gives +2.3 W/m2.10

Differences between these two estimates are overall very small.
The fact that the present study and Chung et al. (2005) give very similar estimates

despite a number of different steps taken indicates that aerosol observation is the pri-
mary importance in calculating direct aerosol forcing. To be sure, we computed anthro-
pogenic aerosol forcing without using AERONET SSAs also, and obtained surprisingly15

less BC concentration. As a result, the Asia-averaged anthropogenic aerosol forc-
ing was −2.3 W/m2 at TOA, +4.5 W/m2 in the atmosphere and −6.8 W/m2 at the sur-
face without using AERONET SSAs. BC forcing was +1.2 W/m2 at TOA, +4.4 W/m2

in the atmosphere and −3.2 W/m2 at the surface, compared with +2.1 W/m2 at TOA,
+7.3 W/m2 in the atmosphere and −5.2 W/m2 at the surface with AERONET SSAs in20

Table 1. This sensitivity test points to extreme importance in using aerosol absorption
observations. The results with AERONET SSAs are what we consider more accu-
rate and are reported in the figures. Figure 8 shows F(A) at 775 hPa in the months
of January, April, July and October. F(A), i.e., aerosol forcing in the atmosphere, is
another source of diabatic heating and is able to burn low-level clouds and/or disturb25

atmospheric circulation quickly. 775 hPa F(A) varies from almost zero to 1.0 K/day or
more, and as such exhibits strong spatial gradients. Superimposed on F(A) in Fig. 8 are
contours representing climatological precipitation derived by Xie and Arkin (1996). F(A)
maxima tend to be located away from highly precipitating areas, but notable exceptions
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include F(A) over the Indo-Gangetic valley in July. In spite of monsoon precipitation,
aerosol concentration is large over there, because of week to two weeks long monsoon
breaks (intervals between rain events).

Figure 9 displays the vertical structure of F(A) in South Asia in February. F(A) at
850 hPa and F(A) at 700 hPa appear similar with different magnitudes. Vertical cross5

sections at 76◦ E and at 20◦ N show most of the forcing between the surface and
600 hPa with maxima around 800 hPa. It is interesting to note that maximum aerosol
heating rate is often located far above the surface when the simulated aerosol concen-
tration is largest near the surface. To our belief, this is because absorbing aerosols
above low-level clouds lead to larger solar heating rate than the same aerosols below10

clouds. Note that simulated aerosol concentration near the surface is only slightly larger
than those between 800 and 900 hPa. If aerosol concentration is uniform vertically as
assumed in Chung et al. (2005), aerosol solar heating rate would have conspicuous
maximum values around 800 hPa. As seen from Fig. 6, observed aerosol concentra-
tion peaks above 1km over Maldives. This would lead to a very large aerosol solar15

heating rate above 1km. The importance of aerosol solar hearing rate vertical profile
in affecting surface temperature and precipitation was examined by Chung and Zhang
(2004) who demonstrated that climatic effects of absorbing aerosols are very sensitive
to the vertical profile of aerosols. The vertical structure of F(A) in East Asia is quite
similar to that in South Asia (Fig. 9).20

Figures 11 and 12 demonstrate year-to-year variability of F(S) (aerosol forcing at the
surface) in South Asia and East Asia. The interannual variability in F(S) is quite sizable,
and very large in some areas. Averaged over 40–100◦ E and Eq. −20◦ N, January–
March average of F(S) fluctuates from −6.2 W/m2 (2004) to −14.7 W/m2 (2002), giving
the 4 year mean −11.1 W/m2 (Table 2). At a single grid point, interannual variability25

can be even greater, as seen in Fig. 6. Interannual variability is also large in East
Asia (Fig. 10). The Yellow Sea and East Sea (i.e., Sea of Japan) areas show very
large interannual variability but not the eastern Cina where there is a lot of industrial
capacity. Similarly, over South Asia, large interannual variability occurs downstream.
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Observations collected downstream should be collected for many years in order to give
reliable climatological estimates.

The vertical profile of climatological atmospheric forcing for the dry season (January–
March) is contrasted with that for the wet season (June–August) in Fig. 13. For South
Asia, the forcing is largest between 1 km and 2 km from the surface. Observational5

studies with the UAV Campaign over the Maldives showed that aerosol solar heating
reach peak values slightly above 2 km (Ramana et al., 2007; Corrigan et al., 2007),
roughly consistent with our simulation. The dry season near-surface forcing is a factor
of 3 larger than the wet season forcing in our estimate. In case of East Asia, seasonal
variation is the opposite. The wet season forcing is larger. Strong seasonality in the10

South Asian heating seems largely due to seasonal variation in meteorological condi-
tions since surface emission of aerosol precursors maintains similar values throughout
a year. In East Asia, the wet season is associated with higher anthropogenic AODs,
corresponding comparably to higher heating. This is due to anthropogenic aerosols
soaring in summer every year. This period has the weakest flow and the strongest15

secondary aerosol production, both leading to extended periods between precipitation
events with high aerosol loadings. These computation results need further corrobora-
tion from observation studies.

In Fig. 14, we compare our F(S) estimate with Chung et al. (2005) and the CCSM3
simulation for March–May (MAM) period. The CCSM3 (Community Climate System20

Model Version 3) (Collins et al., 2006) is the state-of-the-art NCAR (National Center for
Atmospheric Research) coupled model. We ran the CCSM3 with and without BC, OC
and sulfate aerosols, and took the difference. The CCSM3 was run in a mode in which
observed SSTs and standard land surface output replaced the ocean and land surface
model components. The F(S) estimates in our study and Chung et al. (2005) are much25

greater than the simulation by the CCSM3. Chung et al. (2005) estimate is overall
similar to the estimate in the present study in magnitude. However, the present study
offers much detailed features that can be useful as input for regional climate modeling.
The annual mean F(S) shows similar relationship between the present study, Chung et
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al. (2005) and the CCM3 simulation. Please note that our anthropogenic computation
was obtained by taking the difference between the total-aerosol run and natural-aerosol
run, just like in the CCSM3 experiment.

5 Summary and discussion

Here, we have sought to synthesize a collaborative study between Scripps Institution5

of Oceanography (SIO), Pacific Northwest National Laboratory (PNNL), and the Uni-
versity of Iowa. In our collaboration, i) the PNNL regional model bounded by the NCEP
reanalyses provided meteorology in Asia, ii) SIO integrated MODIS and AERONET
data for aerosol observations, iii) the Iowa aerosol/chemistry model STEM-2K1 used
the PNNL meteorology to simulate aerosols and the STEM aerosol simulation was10

nudged towards aerosol observations, and iv) SIO converted the aerosol simulation
into total and anthropogenic aerosol direct solar radiation forcing (DRF) for average
cloudy skies. To our knowledge, the present study is the first attempt to employ a re-
gional model in an aerosol data assimilation mode. This paper has also described the
calculated anthropogenic aerosol radiative forcing (DRF).15

The primary finding is that Asia-averaged anthropogenic forcing from the present
study is similar to that from Chung et al. (2005) which also used MODIS and AERONET
data. When AERONET SSAs were not used, our aerosol assimlation yielded much less
BC concentration which led to much less warming forcing in the atmosphere and much
less cooling forcing at the surface. Only with AERONET SSAs, is the present study20

able to match the computation in Chung et al. (2005). Since the present study employs
high-resolution regional modeling, it offers fine-scale structures of aerosol forcing and
simulated vertical profile – features not available in Chung et al. (2005). The accuracy
of the global anthropogenic direct aerosol forcing estimate in Chung et al. (2005) was
recognized by Myhre (2009).25

Another progress in this study is the vertical structure of the calculated aerosol con-
centration and atmospheric aerosol forcing. As Textor et al. (2006) showed, aerosol
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concentrations in typical aerosol simulation models are concentrated near the surface.
Our simulated aerosols also have the largest concentration near the surface but have
relatively uniform profiles from the surface to 700 hPa, in closer agreement with obser-
vation studies (Ramana et al., 2007; Corrigan et al., 2007; Ramanathan et al., 2007).
The calculated anthropogenic aerosol forcing in the atmosphere is mostly between the5

surface and 600 hPa with maxima around 800 hPa. Our aerosol forcing has maxima
above surface, due mainly to low-level cloud that amplifies aerosol forcing above it. Dif-
ferent vertical structures of forcing, though the vertical integrations might be the same,
can give very different climate responses. Chung and Zhang (2004) demonstrated that
the direct aerosol heating of near-surface air increases Convective Available Potential10

Energy (CAPE) whereas the heating above boundary layer decreases CAPE. Further-
more, absorbing aerosols located within low cloud can burn cloud condensate therein
(so-called aerosol semi-direct effect; Ackerman et al., 2000), thereby increasing solar
radiation reaching the surface. Near-surface concentrated aerosols in typical aerosol
simulation models, if implemented into global climate models, would likely paint a mis-15

leading picture of the climatic effects of aerosols.
Although the anthropogenic aerosol forcing estimate in the present study is similar, in

an Asia-averaged sense, to that of Chung et al. (2005), these two estimates are much
greater than the simulated forcing by the CCSM3. How accurate is each estimate?
The Indian Ocean Experiment (INDOEX) integrated comprehensive observations and20

led to aerosol forcing estimates over the South Asian area for 1999 (Ramanathan et
al., 2001). We take the INDOEX results as a benchmark foraerosol forcing evaluation.
In Table 2, we compare anthropogenic aerosol forcings obtained from the INDOEX,
Chung et al. (2005), the present study and the CCSM3. Chung et al. (2005) estimate
for 2001–2003 and the present study’s for 2001–2004 are somewhat smaller than the25

1999 INDOEX results at the surface, and the CCSM3 calculated forcing is even smaller.
To gain insight into the differences in forcing estimates, we looked at the present study’s
aerosol forcing in each year. The surface forcing was −12.8 W/m2 in 2001, −14.7 in
2002, −10.9 in 2003 and −6.2 in 2004, giving a range of −14.7 ∼−6.2 W/m2. The
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interannual fluctuation is very large and furthermore the INDOEX result is within our
forcing estimates. Thus, it is concluded that the INDOEX results do not nullify the
present study’s estimate or Chung et al. (2005) but substantially undermine the credi-
bility of the CCSM calculation.
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Table 1. Aerosol radiative forcing averaged in Asia (60–138◦ E and Eq. −45◦ N). This table
compares the present study’s calculations with those derived from Chung et al. (2005). Both
studies used the MODIS and AERONET aerosol observations while the primary differences
are i) aerosol vertical profile simulated by a high-resolution model in this study (as opposed to
a prescribed uniform aerosol profile in Chung et al., 2005) and ii) different aerosol-chemistry
models used to fill up aerosol data gaps.

Present study Present study Chung et al. (2005) Chung et al. (2005)
(anthropogenic aerosol) (BC aerosol) (anthropogenic aerosol) (BC aerosol)

Toa −1.3 W/m2 +2.1 −1.1 +2.3
Atmosphere +7.3 +7.3 +8.0 +7.6
Surface −8.6 −5.2 −9.1 −5.3
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Table 2. Anthropogenic aerosol radiative forcing averaged over the INDOEX domain (40–
100◦ E and Eq. −20◦ N) for the January–March period. The forcing estimate for the year 1999
from the INDOEX (Indian Ocean experiment) is shown along with Chung et al. (2005) estimate
for 2001–2003, the present study’s estimate for 2001–2004 and the CCSM calculation. For the
present study’s estimate, we also show the range from an estimate for each year.

INDOEX results Chung et al. (2005) Present study NCAR/CCSM3
(Ramanathan et al., 2001)

TOA −2.5∼+0.5 W/m2 −2.9 −3.6 (−1.9∼−4.5) −1.1
Atmosphere +7.6 +7.6 (+4.3∼+10.4) +4.5
Surface −18∼−14 −10.5 −11.1 (−14.7∼−6.2) −5.6
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Figure 1.  Overview of the Asian aerosol assimilation project.  The project has been a joint 

effort between Scripps Institution of Oceanography (SIO), Pacific Northwest National Laboratory 

(PNNL) and the University of Iowa.  The SIO MACR (Monte-Carlo Aerosol Cloud Radiation) 

model took aerosol simulations from Iowa STEM (Sulfur Transport dEposition Model), 

meteorological variables from the PNNL regional model, and cloud from the ISCCP, so as to 

produce 2001�2004 aerosol radiative forcing. 

 

Fig. 1. Overview of the Asian aerosol assimilation project. The project has been a joint ef-
fort between Scripps Institution of Oceanography (SIO), Pacific Northwest National Laboratory
(PNNL) and the University of Iowa. The SIO MACR (Monte-Carlo Aerosol Cloud Radiation)
model took aerosol simulations from Iowa STEM (Sulfur Transport dEposition Model), meteo-
rological variables from the PNNL regional model, and cloud from the ISCCP, so as to produce
2001–2004 aerosol radiative forcing.
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Figure 2.  Total (natural + anthropogenic) AOD (Aerosol Optical Depth).  A) Monthly AOD 

observation in March, 2001, from the satellite MODIS instrument.  B) March 2001 AOD 

adjusted with scattered ground observations AERONET.  C) Simulated AODs by the STEM-

2K1 model (March, 2001).  D) AOD simulation after assimilating MODIS+AERONET AOD. 

 

Fig. 2. Total (natural+anthropogenic) AOD (Aerosol Optical Depth). (a) Monthly AOD obser-
vation in March, 2001, from the satellite MODIS instrument. (b) March 2001 AOD adjusted
with scattered ground observations AERONET. (c) Simulated AODs by the STEM-2K1 model
(March 2001). (d) AOD simulation after assimilating MODIS+AERONET AOD.
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Figure 3.  Total (natural + anthropogenic) AOD simulation in comparison with that in Chung et 

al. [2005) and the GOCART AOD simulation.  AERONET/MODIS integrated AODs are also 

shown (a).  Note that our simulation is 2001�2004 mean while Chung et al.�s calculation was 

for 2001�2003 and the GOCART simulation is averaged from 2000 to 2002. 

 

 

Fig. 3. Total (natural+anthropogenic) AOD simulation in comparison with that in Chung et
al. (2005) and the GOCART AOD simulation. AERONET/MODIS integrated AODs are also
shown (a). Note that our simulation is 2001–2004 mean while Chung et al. (2005) calculation
was for 2001–2003 and the GOCART simulation is averaged from 2000 to 2002.
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Figure 4.  Four-year mean model fields after assimilation of AOD, anthropogenic AOD, BC 

AOD and surface PM10 mass concentration (ug/m3). 

 

Fig. 4. Four-year mean model fields after assimilation of AOD, anthropogenic AOD, BC AOD
and surface PM10 mass concentration (µg/m3).
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Figure 5.  AOD (left panels) and surface PM10 mass concentration (right panels). Modeled 

AOD and PM10 concentration after assimilation, in comparison with MODIS and AERONET 

AODs and EANET PM10 observations at selected sites. The AERONET AODs used in the 

assimilation are also shown. 

 

Fig. 5. AOD (left panels) and surface PM10 mass concentration (right panels). Modeled AOD
and PM10 concentration after assimilation, in comparison with MODIS and AERONET AODs
and EANET PM10 observations at selected sites. The AERONET AODs used in the assimilation
are also shown.
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Figure 6.  Monthly BC (black carbon) 

concentration comparison (in units of µg/m
3).  

Blue line displays the MAC observation data 

over 73.18°E & 6.78°N during March 2006 

[Ramanathan et al. 2007).  Red lines show 

the present model calculation at a nearby grid 

(73.36°E & 6.6°N) in March 2001, March 

2002, March 2003 and March 2004, 

respectively. 

 

Fig. 6. Monthly BC (black carbon) concentration comparison (in units of µg/m3). Blue line
displays the MAC observation data over 73.18◦ E and 6.78◦ N during March 2006 (Ramanathan
et al., 2007). Red lines show the present model calculation at a nearby grid (73.36◦ E and
6.6◦ N) in March 2001, 2002, 2003 and 2004, respectively.
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Figure 7.  Anthropogenic direct aerosol radiative forcing averaged over the entire 2001�2004 

period.  In this and subsequent figures, the forcing estimates are for cloudy skies. 

 

                                                                                                                             

Fig. 7. Anthropogenic direct aerosol radiative forcing averaged over the entire 2001–2004
period. In this and subsequent figures, the forcing estimates are for cloudy skies.
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Figure 8.  Monthly anthropogenic aerosol radiative forcing averaged from 2001 to 2004.  

Contours are observed climatological precipitation in units of mm/day.   Note that the PNNL 

model precipitation simulation in this study is similar to the observation in pattern. 

 

 

Fig. 8. Monthly anthropogenic aerosol radiative forcing averaged from 2001 to 2004. Con-
tours are observed climatological precipitation in units of mm/day. Note that the PNNL model
precipitation simulation in this study is similar to the observation in pattern.
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Figure 9.  Anthropogenic aerosol forcing in the atmosphere for February (averaged from 2001 to 

2004). 

 

Fig. 9. Anthropogenic aerosol forcing in the atmosphere for February (averaged from 2001
to 2004).
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Figure 10.  Anthropogenic aerosol forcing in the atmosphere for May (averaged from 2001 to 

2004). 

 

Fig. 10. Anthropogenic aerosol forcing in the atmosphere for May (averaged from 2001
to 2004).
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Figure 11.  Anthropogenic aerosol forcing at the surface in units of Wm−2. 

 

 

 

Fig. 11. Anthropogenic aerosol forcing at the surface in units of W m−2.
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Figure 12.  Anthropogenic aerosol forcing at the surface in units of Wm−2. 

 

 

 

Fig. 12. Anthropogenic aerosol forcing at the surface in units of W m−2.
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Figure 13.  Vertical profile of climatological anthropogenic aerosol forcing in units of K/day.  

Plotted are area averages for South Asia (70°�90°E & 5°�25°N) and East Asia (115°�125°E & 

30°�40°N).  

 

 

Fig. 13. Vertical profile of climatological anthropogenic aerosol forcing in units of K/day. Plotted
are area averages for South Asia (70–90◦ E and 5–25◦ N) and East Asia (115–125◦ E and
30–40◦ N).
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Figure 14.  Comparison of 

anthropogenic aerosol forcing at 

the surface: F(S), in units of 

Wm−2.  A) F(S) averaged from 

March to May and from 2001 to 

2004 in this study.  B) MAM 

(March, April, May) period F(S) 

from Chung et al.�s (2005) 

estimate.  C) MAM period F(S) 

from the NCAR CCSM3.0.  

Shown in all the panels are 

average-sky aerosol forcing 

estimates. 

 

 

Fig. 14. Comparison of anthropogenic aerosol forcing at the surface: F(S), in units of W m−2.
(a) F(S) averaged from March to May and from 2001 to 2004 in this study. (b) MAM (March,
April, May) period F(S) from Chung et al. (2005) estimate. (c) MAM period F(S) from the NCAR
CCSM3.0. Shown in all the panels are average-sky aerosol forcing estimates.
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