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Abstract. An estimate of monthly 3-D aerosol solar heating of the computed anthropogenic forcing is significant and ex-
rates and surface solar fluxes in Asia from 2001 to 2004 igremely large over major emission outflow areas. Given the
described here. This product stems from an Asian aerosahterannual variability, the present study’s estimate is within
assimilation project, in which a) the PNNL regional model the implicated range of the 1999 INDOEX result.
bounded by the NCEP reanalyses was used to provide mete-
orology, b) MODIS and AERONET data were integrated for
aerosol observations, c) the lowa aerosol/chemistry mode} |ntroduction
STEM-2K1 used the PNNL meteorology and assimilated
aerosol observations, and d) 3-D (X-Y-Z) aerosol simulationsanthropogenic aerosols can modify climate directly by al-
from the STEM-2K1 were used in the Scripps Monte-Carlo tering the radiative fluxes of the planet (Coakley and Cess,
Aerosol Cloud Radiation (MACR) model to produce total 1985; Charlson et al., 1991), and indirectly by altering
and anthropogenic aerosol direct solar forcing for average:loud properties (Twomey, 1977; Albrecht, 1989, Rosenfeld,
cloudy skies. The MACR model and STEM-2K1 both used 2000). Total aerosol radiative forcing is defined as the ef-
the PNNL model resolution of 0.4%0.4° in the horizontal  fect of aerosol, both natural and anthropogenic, on the ra-
and of 23 layers in the troposphere. diative fluxes at the top of the atmosphere (TOA) and at the
The 2001-2004 averaged anthropogenic all-sky aerosasurface and on the absorption of radiation within the atmo-
forcing is —1.3Wn1? (TOA), +7.3WnT? (atmosphere) sphere. Aerosols interact mainly with solar radiation, and
and—8.6 Wn1 2 (surface) averaged in Asia (60—P3Band the direct effect of aerosols on solar radiation, i.e., direct ra-
Equator—45N). In the absence of AERONET SSA assimila- diative forcing (DRF), has been estimated locally as well as
tion, absorbing aerosol concentration (especially BC aerosolylobally in recent years.
is much smaller, giving-2.3 Wi 2 (TOA), +4.5 Wn1 2 (at- A common procedure to estimate DRF is to use sim-
mosphere) and-6.8 WnT2 (surface), averaged in Asia. In ulated aerosol distributions as input to a radiative trans-
the vertical, monthly forcing is mainly concentrated below fer model. This procedure involves converting the simu-
600 hPa with maximum around 800 hPa. Seasonally, lowdated aerosol mass distributions into aerosol optical proper-
level forcing is far larger in dry season than in wet seasonties by empirical/theoretical algorithms, and then generate
in South Asia, whereas the wet season forcing exceeds ththe DRF estimates using radiative transfer models. Kinne et
dry season forcing in East Asia. The anthropogenic forcingal. (2003) summarized this procedure and also compared var-
in the present study is similar to that in Chung et al. (2005)ious aerosol simulations. The uncertainties in aerosol simu-
in overall magnitude but the former offers fine-scale featuredations arise from various factors including emission sources,
and simulated vertical profiles. The interannual variability meteorology and aerosol/chemistry processing (Kinne et
al.,, 2003). An independent approach is to use observa-
tions of aerosol optical properties such as aerosol optical
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sources including field campaigns, aerosol observation net- NCEP reanalyses emission
works and satellite retrievals. This approach has been imple-
mented in Chung et al. (2005&nd Yu et al. (2006).

Aerosol simulations offer spatially (X-Y-Z) and tempo-
rally continuous values, while aerosol observations offer pre-
sumably better accuracy. This study integrates these twa
approaches by using simulated aerosols that are nudged tc
wards aerosol observations. This “aerosol observation assim
ilation” has been implemented earlier in Collins et al., 2001,
and retains main advantages of both approaches. In this
study, we attempt to improve the approach applied in Collins
et al. (2005) study by a) employing a high-resolution regional
climate model instead of a coarse-resolution global climate
model and b) using ground and satellite retrieved aerosol
observations. Giorgi et al. (2002), for example, adopted a
regional model to simulate aerosols but did not assimilate
aerosol data. Fig. 1. Overview of the Asian aerosol assimilation project.

In our study, the regional climate simulation is constrained 1"e project has been a joint_ _effort between s_cripps Institution
by global reanalyses throughout the model domain to prO_of Oceanography (SIO), Pacific Northwest National Laboratory

vide atmospheric forcings for a regional scale chemistr _(PNNL) and the University of lowa. The SIO MACR (Monte-
P 9 9 Y"Carlo Aerosol Cloud Radiation) model took aerosol simulations

?erosc’l model. In turn, Fhe Chem'Stry'aerOS(_)l model .ass'mfrom lowa STEM-2K1 (Sulfur Transport Deposition Model), mete-
ilates ground and satellite aerosol observations to simulatgological variables from the PNNL regional model, and cloud from

observationally constrained aerosol mass concentration anghe ISCCP, so as to produce 2001-2004 aerosol radiative forcing.
aerosol extinction coefficient. These simulated aerosols are

incorporated in a radiative transfer model to estimate aerosol
radiative forcing. In Sects. 2 and 3 of this paper, we describevere then used in the SIO Monte-Carlo Aerosol Cloud Radi-
this procedure overall, and we describe the aerosol forcing iration (MACR) model to simulate anthropogenic aerosol ra-
detail in Sect. 4. Adhikary et al. (2008) described in detail diative forcing.
the regional scale aerosol simulation in a parallel study.

The regional domain for our study is Asia. Asia contains 2-1 (A) PNNL regional climate model
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 blac tate/NCAR Mesoscale Model MMS (Grell et al., 1995).

carbon in the atmosphere. Regional scale modeling is necgge(;ngdeﬂeza:%k:? uzsoe&t_oesdr;::czgenrsg('joligljggm;ég%f;?'z
essary to capture the spatial heterogeneity associated wit "9 N ’ . !
y b P g y East Asia (Leung et al., 2004; Qian and Leung, 2007), and

orography and emissions in Asia, and to better resolve atmo-

spheric processes and the interaction between aerosols al)‘](aund to .generaIIy ngl reproduce a wide range of climatic
meteorological parameters. 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 sum-
mer monsoon rainfall (Qian and Leung, 2007), which was
related to model weaknesses in simulating the interannual

The results in the present study are the products of a Colyariations of the large scale monsoon circulation in a large

laborative project between Scripps Institution of Oceanogra-mOdel domain. To ameliorate this problem, simple nudging

phy (SI0), Pacific Northwest National Laboratory (PNNL), V&S applied to constrain the Iarge_sc_ale <_:ircu|ation Qf fche re-
and the University of lowa. As Fig. 1 illustrates, the PNNL gional model by a global reanalysis in this study. Similar to

regional climate model simulates meteorological variablesflndlngs reporte(_j by others (e.g., von Storch, 2000; Castro et
that were used by the University of lowa chemistry trans- al., 2,005)' nudging was found to improve the anomaly cor-
port model STEM-2K1 (Sulfur Transport dEposition Model; relat!o_n b_etwgen the _obser\_/ed anq S|mulateq m_o_nthly mean
version 2001) to simulate aerosol. The regional meteorologp_rec'p'tat'on’ in a_\dd_mon to 'mproving the_varlab|_llty of the
ical variables simulated by the PNNL model as well as theS|mulated precipitation at the daily and diurnal time scales.

aerosol extinction coefficients simulated by the STEM-2K1 The_ S|mul_at|o_n, however, lacks precipitation in t_he Qangghc
Plain, which is related to model weaknesses in simulating

Lsubstituted aerosol simulations in areas where aerosol observ2foPagating mesoscale convective systems from the Bay of
tions were not available. Bengal.
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The PNNL regional climate model is based on the Penn

2 The Asian aerosol assimilation project
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Fig. 2. Total (natural + anthropogenic) AOD (Aerosol Optical Deptffg) Monthly AOD observation in March, 2001, from the satel-
lite MODIS instrument. (b) Locations for monthly AERONET AOD data in March 200({c) March 2001 AOD adjusted with scattered
ground observations AERONETd) Simulated AODs by the STEM-2K1 model (March, 200X¥) AOD simulation after assimilating
MODIS+AERONET AOD.

The regional climate model was applied at 60km hor- The simulation was driven by lateral boundary conditions
izontal grid resolution with 23 vertical levels for the do- and SSTs from the NCEP/NCAR global reanalysis (Kistler
main shown in Fig. 2. The regional climate simulation was et al., 2001) using a simple relaxation scheme that blends
initialized on 1 September 1998 and ran through 31 De-the global reanalysis and the model solution over a 15-grid
cember 2005. The physics parameterizations used in thipoint wide buffer zone in the lateral boundaries. To pro-
study include the Kain-Fritsch cumulus convection schemevide a larger constrain on the large scale circulation, winds
(Kain and Fritsch, 1993), the Reisner mixed phase cloud mi-and temperature simulated by the model were continuously
crophysics scheme (Reisner et al., 1998), the Communitynudged towards the global reanalysis throughout the domain.
Climate Model (CCM3) shortwave and longwave radiation A nudging coefficient of X10~°s~! was used between the
scheme (Kiehl et al., 1994), a nonlocal boundary layer transsimulated planetary boundary layer and the model top. Over
fer scheme (Hong and Pan, 1996), and the Noah land surfadde ocean, the nudging coefficient increases from zero at the
model (Chen and Dudhia, 2001). surface to 510~° s~ at the top of the boundary layer and

remains constant above to allow nudging of winds and tem-
perature throughout the atmospheric column.
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Three hourly outputs for all the three-dimensional mete-from EDGAR database (Olivier and Berdowski, 2001) were
orological variables and two-dimensional surface variablesused to fill the extended geographical areas.
were archived to provide atmospheric conditions for driving  The interannually varying emissions were not available for
the STEM-2K1 model (to be explained in the next subsec-the 2001-2004 period studied in this paper. Since we con-
tion). Adhikary et al. (2007) used the same meteorologicalstrained aerosol mass through AOD and SSA assimilations
model outputs from this simulation for 2004-2005 to sim- (described later in Sect. 3), any influence due to changes in
ulate aerosols over Asia. They evaluated the aerosol simuemissions that are reflected in the observed AOD, should be
lations against observations collected from the Atmospheriaeflected in our constrained aerosol distributions. We have
Brown Cloud-Post-Monsoon Experiment (ABC-APMEX) studied and evaluated the impact of the interannual variabil-
over two sites including the Kathmandu Observatory and thety in meteorology and emissions on sulfur trends in Asia (Z.
Hanimaadhoo Observatory in the Maldives. The regional cli-Lu et al., 2010) and this work indicates that during this time
mate model was found to provide realistic meteorological period that our constrained results did capture the observed
conditions for simulating aerosols over the two sites. Le-trends in sulfur, with the meteorological variability contribut-
ung and Qian (2008) provide a more detailed evaluation ofing significantly to the observed variability in observed,;SO
the regional climate simulation, particularly focusing on pre- and sulfate.
Cipitation variations at the diurnal, seasonal, and interannual Monthly varying emissions of carbonaceous aerosols from

time scales. biomass burning are included in this study based on pub-
lished emission datasets (var der Werf et al., 2006). The
2.2 (B) U. lowa STEM-2K1 model carbonaceous aerosol emissions from biomass burning used

in this study were interpolated fron? & 1° resolution to the

The Sulfur Transport dEposition Model (STEM-2K1) was model domain. The emissions of sea salt are based on the
used to generate the three-dimensional aerosol diStribUtiO”ﬁarameterization of Gong (2003). Dust emissions are calcu-
from 2001 to 2004. The model version used in this study|gted online based on the methodology discussed by Tang
was developed in 2001 and hence the model name STEMet ). (2004). The emissions of carbonaceous and sulfate
2K1. The STEM-2K1 has been extensively used previ-aerosols are assumed to be in the sub-micron range (diameter
ously to study aerosols and trace gases during this time pe= 1 m). Sea salt emissions are calculated for fine mode (less
riod in South and Southeast Asia (Adhikary, et al., 2007;than 2.5 um) and coarse mode (2.5 gndiameter<10 pum).
Carmichael, et al., 2003; Guttikunda, et al., 2005; Tang, etpyst emissions are modeled using two size bins: submi-
al., 2004). This is the first time that STEM-2K1 has been ¢ron and super micron @um diameter<10 um). Sulfate
used to simulate aerosol mass concentration over multiplynd sea salt aerosols are treated as a function of relative hu-
years such that average annual aerosol distribution with i“midity while other aerosols are not. We did not include ni-
tra/interannual variability can be analyzed. trates and secondary organics. In the case of nitrates it con-

The STEM-2K1 for this study uses the PNNL regional tributes less than 5% to the aerosol mass in Asia. We know
model to drive the aerosol transport. The domain size anC{hat SOA (Secondary Organic Aeroso|) can be an important
resolution of the STEM-2K1 model are the same as those okource of aerosol mass. However the uncertainties in primary
the PNNL model as in Fig. 2. In this study we have usedOC emissions as well as secondary production remain very
the STEM-2K1 tracer model. All the aerosols are treated|arge. We have compared our OC calculated values with OC
as externally mixed in STEM-2K1 tracer model. The model and OM observations, and in terms of mass they are very
simulates the mass of sulfate, BC, OC, dust (fine and coarsejonsistent. We have included the hygroscopic growth based

and sea salt (fine and coarse) aerosols. The dry depositiogn OC, but do not include explicitly that portion due to SOA.
of aerosols was modeled using the “Resistance in Series Pa-

rameterization” (Wesley et al., 2000). The wet deposition 0f2.3 (C) SIO MACR model
aerosols was calculated as a loss rate based on precipitation
rate obtained from PNNL regional model. Further details 3-D aerosol extinction coefficients for each aerosol specie
of the wet scavenging and aerosol aging calculations can bgimulated by the STEM-2K1 were averaged monthly as in-
found in Adhikary et al. (2007). put for the Monte-Carlo Aerosol Cloud Radiation (MACR)
Anthropogenic emission inventory used in this study is model. The MACR model was originally developed and
primarily from the emission inventory developed for the validated during the INDian Ocean EXperiment (INDOEX)
2001 NASA Transport and Chemical Evolution over the (Satheesh et al., 1999; Podgorny et al., 2000; Podgorny
Pacific (TRACE-P) intensive field campaign (Streets et al.,and Ramanathan, 2001; Ramanathan et al., 2001) to com-
2003). These emission estimates have been used extensivghyte solar fluxes and aerosol direct radiative forcing (DRF).
in Asian modeling studies and have been evaluated againsthung et al. (2005) upgraded the model (see their study for
data obtained in comprehensive field experiments (Hueberthe model details). For this study, we further upgraded the
et al., 2003; Carmichael et al., 2003). Since this study do-model by i) adjusting spatial domain and vertical coordinate
main is bigger than the TRACE-P domain, emission dataand ii) modifying gas absorption coefficients. Aerosol data

Atmos. Chem. Phys., 10, 6006824 2010 www.atmos-chem-phys.net/10/6007/2010/



C. E. Chung et al.: Anthropogenic aerosol radiative forcing in Asia 6011

other than aerosol extinction coefficients were computed awalues. MODIS retrieved products also include fine mode
in Chung et al. (2005). AODs and coarse mode AODs. This size separation was
To account for cloud influences on aerosol radiative forc-also used for the present study. The large uncertainty in
ing, we took climatological cloud data from ISCCP (In- anthropogenic and natural emission estimates is one of the
ternational Satellite Cloud Climatology Project) D2 prod- main motivations for constraining model-derived aerosol dis-
uct (Rossow and Schiffer, 1999), as in Chung et al. (2005)tributions with these aerosol observations. The MODIS and
and then modified them using the MODIS cloud fraction AERONET AODs reflect spatial and temporal (including in-
(MODO08.M3). In this data integration, we used a higher- terannual) variations in regional emissions (as well as trans-
resolution (2x1°) and year-to-year variations in MODIS port and removal processes).
overall cloud fraction, while retaining cloud separation into  The aerosol data assimilation method is described in de-
low, mid, high and deep convective, and cloud optical prop-tail in Adhikary et al. (2008). The current study improved
erties in ISCCP. Temperature and pressure fields were obthe assimilation procedure slightly and a summary is given
tained from the PNNL regional model and monthly averagedhere. MODIS and AERONET observations are assimilated
for input. The MACR model was run to produce monthly with STEM-2K1 aerosol calculation using optimal interpo-
aerosol forcing from 2001 to 2004. The anthropogenic por-|ation technique initially developed for meteorological appli-
tion was calculated by removing sea salt and dust contribucations (Lorenc, 1986). The optimal interpolation method-
tions in aerosol extinction coefficients. The STEM-2K1 pro- ology for assimilating satellite data has also been imple-
vides aerosol extinction coefficient for each aerosol speciesmented in other chemical transport models such as ROSE
Though treating all the dust particles as natural is a crudgResearch for Ozone in the Stratosphere and Its Evolution)
approximation, the overall errors from such an assumptiorand MOZART2 (Khattatov, et al., 2000). We implemented
appear small compared to other assumptions and approximahe optimal interpolation technique similar to the methodol-
tions in the present study. We plan to refine our calculationogy described by Collins et al. for INDOEX aerosols us-
in the future. ing their MATCH model (Collins et al,, 2001). There are,
however, some differences in our assimilation methodology,
which are discussed later. First we present the mathemat-
3 Overview of aerosol data assimilation ical relationship between the posterior aerosol distribution

) ] . (analysis) with the model predicted aerosol (background) and

towards the observed aerosol data. Assimilated aerosol

data are Daily Level 2 AOD products from MODIS (MOD-

erate Imaging Spectro-radiometehttp:/modis.gsfc.nasa.  Tm =Tm +K (7o —HTp). (2)

gov/) and monthly Level 2 AODs/SSAs from AERONET

(AErosol RObotic NETwork;http://aeronet.gsfc.nasa.gpv/ 7, is the posterior AOD whiler,, andz,,, are the observed
Daily MODIS data were converted into monthly values, and and modeled AOD respectivelX is the Kalman gain ma-
monthly AERONET/MODIS data were interpolated onto the trix and H is a linear interpolator from model space to ob-
STEM-2K1 resolution before assimilation. The accuracy of servation space. Since we have transformed the observed
MODIS AODs was assessed in numerous studies by comaQp into the STEM-2K1 model grid, thel matrix is simply
paring MODIS AODS with AERONET AODs (Chung etal., the identity matrix. The< matrix is calculated based on the

2005; Abdou et al., 2005; Ichoku et al., 2005). The accuracyhackground and observation error covariance matrices and is
of AERONET AODs was addressed by Eck et al. (1999) andqefined by Eq. (2).

Schmid et al. (1999). AERONET SSAs were compared with

in-situ observations in studies such as Corrigan et al. (2008), )

Leahy et al. (2007), Johnson et al. (2009). Kim and Ra-K —BH” (HBHT+0) )
manathan (2008) found that MODIS aerosol data are accu-

rate enough as input for radiative flux simulation within in- HereB andO th . i f the back
strumental errors. Since AERONET observations are consid! '€ ¢ > and® are ne error covariance matrices or the back-
ered more accurate than MODIS observations, using MODISerou.nd and the obseryauon fields re.specuvely. .DEtaHEd dis-
and AERONET observations to nudge aerosol simulation ap_cussmr) and assumptlon useq to denveBkmwdQsmulated
pears acceptable for the scope of the present study. absorbing and matrices are discussed by Collins et al. (2001).

MODIS onboard the Terra satellite gives near-global cov-l.n Eqs_. (3) ".in.d (4) we simply res_tate the mathematical rela-
erage on a monthly scale while AERONET is a ground basec}'onSh'p defining thé andO mgtrlces anq the yalues of the.
observation network. Spatially continuous monthly MODIS parameters thatwe have used in our a§3|m|lat|on Process sim-
AODs and sparsely-distributed monthly AERONET AODs ilar to the ones suggested for assimilating INDOEX aerosols.
were integrated as in Chung et al. (2005), where the pat-
tern of MODIS AODs was combined with AERONET AOD O =(f,1, +80)2| (©)

www.atmos-chem-phys.net/10/6007/2010/ Atmos. Chem. Phys., 10, 60222010
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Heree, (equal to 0.04) is the minimum Root Mean Square tering AOD values are calculated using empirical equations
(RMS) error of the observation anf} (equal to 0.5) is the that take into account the scattering and absorbing character-
fractional error in observed AOD.refers to identity matrix.  istics of each aerosol specie, which are then used to calculate
modeled SSA. We also found that the simulated SSA val-

d)%—"_dyz' ues were governed mostly by BC AOD. Since AERONET

21§V SSAis not available at 500 nm, we interpolated the available
’ AERONET SSAs at different wavelengths onto at 550 nm,
Hereeg,, is the minimum RMS uncertainty in the modeled and compared it with simulated SSA. We found that the sim-
AOD, which is set to 0.1 and,, the fractional error in  ulated SSA values showed a systematic positive bias averag-
the model AOD, is set to 0.5. Variables andd, are the  ing around~0.05. We applied a SSA bias correction (0.05)
horizontal distance between two model grid points (equal tofor locations with total AOD>0.3 and dust AOD<0.5 across
50km) andl,, is the horizontal correlation length scale for the whole domain. The effect of nudging the aerosol simu-
errors in the model fields which is set to 250 km (five grid lation towards AERONET SSA using this approach will be
cells). discussed later.

The methodology for generating the assimilated aerosol Figure 2 illustrates the overall assimilation procedure for
distributions is as follows. First, STEM-2K1 predicts three March 2001. Monthly AODs from MODIS are shown in
dimensional aerosol mass concentrations every three hoursig. 2a. The MODIS AODs were corrected with AERONET
for all four years. This output is then averaged to pro- AODs, referred to as “MODIS + AERONET AOD” for
duce monthly-mean three dimensional aerosol distributionsbrevity here (Fig. 2c), as in Chung et al. (2005). Note that
These distributions are then used to calculate AOD usinghe number of AERONET sites in the domain changes from
aerosol chemical compound specific extinction cross secmonth to month from 4 to 22. Figure 2b displays AERONET
tions at 550 nm. The extinction cross section parametersites that give AOD for March 2001. The STEM-2K1 sim-
used in STEM-2K1 are reported in Penner et al. (2001). Theulated AODs before any aerosol data assimilation are dis-
STEM-2K1 generated AODs are then used for assimilationplayed in Fig. 2d. After the assimilation, the final AODs are
of the AODs derived from MODIS observations, corrected shown in Fig. 2e. The final AODs, which were used as in-
with AERONET AODs as mentioned earlier. Our method- put to the aerosol radiative forcing calculations as discussed
ology differs from Collins et al. (2001) in that we also as- next, appear similar to the MODIS+AERONET AODs where
similate sea salt aerosol while their work chose to keep thehe latter are available. If both MODIS and AERONET
modeled sea salt distribution fixed. Another difference in ourdata were missing for a grid cell, the predicted aerosol con-
assimilation technique is that we utilize both the coarse modecentrations and AODs remained unchanged. Our data as-
(total minus fine mode) and fine mode AOD available from similation technique is in a way a tool for transition from
MODIS. Due to the high uncertainty associated with MODIS MODIS+AERONET AOD areas to their gaps. Even in ar-
fine mode fraction over land, we have limited the assimila-eas where MODIS+AERONET AOD exists, our assimila-
tion process to include the MODIS AOD fine mode fraction tion technique provides additional valuable information such
over ocean only. In this methodology, if there is no fine modeas aerosol vertical profiles and composition needed to accu-
fraction available at a model grid point, then the assimilationrately compute anthropogenic aerosol radiative forcing.
is done only using total AOD. We chose to adjust the anthro- The forward model (before assimilation) predictions of
pogenic aerosols, namely sulfate, black carbon and organidOD show that the STEM-2K1 model is able to capture
carbon using the observed fine mode AOD, while dust andnany of the major features shown in the observed distribu-
sea salt are adjusted based on the assimilated coarse motiens, including high values over the major emission sources
AOD. We chose not to separate out sea salt and dust intand outflow regions. March is a high dust month and the
fine and coarse modes in the assimilation step because of tt&TEM-2K1 model for March 2001 shows high AOD over
large uncertainty associated with resolving the dust and seand downwind of the major dust source regions, includ-
salt into size bins based on effective radii. To avoid propa-ing East Asia and the Middle East. The dust predictions
gating this uncertainty further in the assimilation method, seafor March and April of 2001 in East Asia have previously
salt and dust were adjusted using coarse mode/total AODbeen discussed in detail, including comparison with obser-
We have studied the sensitivity of our final results on this as-vations of aerosol mass and composition obtained during the
sumption and find that the results are essentially unchangedRACE-P and ACE-Asia experiments (Tang et al., 2004a,b),
At each time step and model layer the mass mixing ratios ofwhere the simulations were shown to be reasonably con-
the aerosols are adjusted by the ratios of monthly assimilatedistent (withind-30%) with aircraft observations. After as-
AOD to monthly simulated AOD. similation, the final AOD distribution closely matches the

Finally we used the available AERONET SSA data to ad- observation-based distributions.
just the absorbing aerosols (BC and dust). The simulated In Fig. 3, the simulated and then nudged AODs in our
AOD products are calculated using aerosol optical propertiestudy are compared to the GOCART (Georgiatech-Goddard
at 550 nm wavelength. The simulated absorbing and scatGlobal Ozone Chemistry Aerosol Radiation and Transport)

B@, )= (fmTm +gm)2exp|:— (4)
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model (Chin et al., 2002) simulated AODs during March— in the year 2005. The most recent data for the same 2001—
May (MAM period). Our AODs produced with regional 2004 period (accessed in October 2009 from the AERONET
scale model and a formal assimilation procedure displaywebsite) have updated and expanded values and this newer
more fine scale features than the GOCART AODs. InAERONET AOD data are referred to as “AERONET-new” in
South Asia, aerosols trapped in the Indo-Gangetic valleyFig. 5. In this study, we chose not to include the “AERONET
are simulated in our study, and in East Asia, our simulatednew” in the assimilation process and instead use it as an in-
AODs are not dispersed as far towards Korea and Japadependent data set to evaluate the assimilation results.
as are GOCART AODs. Figure 3 also displays MAM pe- As seen in Fig. 5, the assimilated AOD distributions are
riod AODs from Chung et al. (2005) which gives a pre- shown to capture the seasonal variability over a wide range
vious observation-based estimate of aerosol radiative forcef conditions from sites dominated by wind blown dust (Al
ing. Chung et al. (2005) AODs resemble aspects of bothDhafra), to sites at island locations in the outflow from major
the present study calculations and GOCART simulations. Incontinents (Male and Okinawa) , to sites in major urban areas
next section, we will discuss the difference with Chung et (Kanpur and Chulalongkorn). The computed surface; M
al. (2005) estimates in detail and their impact on estimateds compared to available observations from the ABC project
aerosol radiative forcing. and the EANET (2004) monitoring network. The 4-year an-
The four-year mean assimilated model distribution of nual PMg distribution is shown in Fig. 4, where high Ryl
AOD is shown in Fig. 4. Also shown are the anthropogenic values are found throughout Asia as a result of wind blown
(BC+OC+SQ) AOD and BC AOD distributions, along with  dust, open burning and anthropogenic activities. The@M
the PMyo surface mass concentration averaged over the studpbservations are rather limited during these years; however
period. The anthropogenic contribution from fossil and bio- the model is able to capture regional differences and vari-
fuel combustion dominates over most of Asia as seen fromability over a wide geographical area. Additional discussion
the high anthropogenic and BC AOD values at locationsof the aerosol composition and the component contributions
around heavily populated and industrialized areas includingo AOD in these computed fields are available in Carmichael
Indo-Gangetic plain and East China. The open biomass burnet al., (2009).
ing is the major contributor to the high values of anthro-  Of particular interest from a radiative forcing perspective
pogenic AOD seen over Southeast Asia. The largest impactis the estimation of BC distributions and AOD. A compar-
of dust and its outflow can be seen clearly in the highhM ison of predicted surface BC mass concentrations at ABC
concentrations over the Middle East and Western China. Asites has been presented and discussed in Adhikary et al.,
distinguishing feature of Asia is a large contribution of BC (2007), where the model was shown to accurately predict the
to total AOD throughout much of Asia. Using AODs from BC observed at Hanimadhoo (seasonality and magnitude),
Chung et al. (2005), we find that BC in Asia (60—28and  and to underpredict peak values in Kathmandu. Recently BC
Equator-45N) is about 3 times as large as global mean BC estimates using global aerosol models have been compared
while total aerosol AOD in Asia is only 2 times as large as with observations under the AeroCom project (Koch et al.,
global mean AOD. 2009). In general, the BC mass and AOD predicted by these
An evaluation of the STEM-2K1 model skill in the for- models for the Asia sub-domain were found to be biased low
ward mode in calculating AOD and aerosol mass concentraby a factor of two. Our assimilated field of BC AOD shown
tions and composition against a year long data set for 2005n Fig. 4, which takes into consideration AERONET SSA
available from the ABC project and an AERONET site in in the assimilation, compares well with the AERONET and
South Asia is presented in Adhikary et al., (2007). The OMI derived absorption AOD (AAOD) (see Fig. 3 Koch et
model was shown to be able to capture the seasonal trendsd., 2009). For example, the AAODs from AERONET are in
and magnitude of the observed AOD at both the Kanpur andhe 0.02 to 0.03 range in the outflow regions around India and
Hanimaadhoo sites. This study also reported that the STEMChina, and above 0.05 in the Indo Ganges plain, and in the
2K1 modeled fine to coarse mode aerosol mass ratio agree@hina megacity influenced regions around Beijing, Shanghai
with the seasonal variation of observed angstrom exponenand the Pearl River Delta.
(an indicator of aerosol size) at Hanimaadhoo. An evalua- The OMI data was not available for the 2001-2004 period
tion of the STEM-2K1 assimilated distributions along with studied in this paper as OMI was launched only in 2004. So
an analysis of their sensitivity to the optimal interpolation we could not compare our results with OMI. However, we
technique was presented in detail in Adhikary et al. (2008).have compared the simulated AOD values to the available
In the present study, we have used the same optimal interpcAERONET products during the study period. Figure 6 shows
lation technique with minor modifications. Illustrative results the comparison of various AERONET products including
are shown in Fig. 5, where computed AOD and surfaca®M AOD, coarse/fine mode AOD, SSA and AAOD at Kanpur.
are compared with observations. Observations in Fig. 5 arédt is important to note that the assimilation process did not
from AERONET AODs, MODIS AODs and EANET PM. include the AERONET AOD at Kanpur and therefore pro-
The AERONET AOD data for 2001-2004 period used in this vide an independent evaluation of the model prediction skills.
assimilation were downloaded from the AERONET website The AOD (total, coarse, fine) values used here correspond to
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a) MAM period AOD: MODIS+AERONET c)

. = I‘r‘_-"-~:, L,

Fig. 3. Total (natural + anthropogenic) AOD simulation in comparison with that in Chung et al. (2005) and the GOCART AOD simulation
(on 2.5 x2°). AERONET/MODIS integrated AODs are also sho@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.

500 nm, while the observed SSA and AAOD were interpo-observed BC concentration magnitude is approximately in
lated. The modeled values (at 550 nm) are able to capture thihne simulation range. Second, the observed monthly BC is
seasonality and variability seen in the observed AOD in allmaximum around 1500-2000 m height as a result of blend-
modes, but with a low bias. For example the model under-ing boundary layer aerosol structure data and lifted aerosol
predicts the peak AOD values seen around April-May 2003 structure data. In other words, MAC observations for each
which represents the peak dry season associated with higfight show either a boundary-layer structure or lifted aerosol
dust emissions. Another instance is the underprediction oftructure, and monthly mean mix these two profiles. The
fine mode AOD during the post monsoonal period (Septem-simulated BC vertical profile at a nearby grid, however, tends
ber through December). Our predicted SSA at 550 nm is bito show boundary-layer concentrated structures. On the other
ased high by~0.03 and the corresponding AAOD values are hand, the simulated BC concentration near the surface is not
biased low by~25% with maximum bias during the post particularly stronger than the simulated concentrations above
monsoonal period, which is consistent with the trend seen irthe boundary layer. Third, there is a large interannual vari-
fine mode AOD. ation of BC concentration at this location. The profiles pre-
sented in this figure have to be carefully considered. The
UAV profiles for several days are presented as a monthly av-

vertical structures in Fig. 7. BC vertical structure is an ex- €r@g9€ and compared with a monthly mean profiles derived

tremely important component of aerosol data in calculating™om the model. The model results for multiple years show
anthropogenic aerosol radiative forcing and 3-D aerosol heatthat the interannual variability due to meteorology on the
ing rate. From 6 to 31 March 2006, Maldives Autonomous amount of BC reaching this location is very large. For 2003
UAV (Unmanned Aerial Vehicle) Campaign (MAC Cam- March, we show more clearly the variability in vertical pro-
paign) took place (Ramana et al., 2007; Corrigan et al., 20081:i|es v_vithin the month by plotting profiles_ for a few specific
Ramanathan et al., 2007). The MAC yielded BC concentra-days in March. We see that during certain periods the model
tion vertical structures over 73.18 & 6.78 N in most of does produce profiles with vertical structure with BC maxi-
March 2006, and we calculated the monthly mean. Figure 7UMS in layers 2-3km above the surface. More discussion
compares the BC data from the MAC with the present studyon interannual variability follows in the later sections.
calculation at a nearby grid. First, it is encouraging that the

To further verify the simulated aerosol in this study be-
yond AOD, we examine BC (Black Carbon) concentration
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Fig. 4. Four-year mean model fields after assimilation of AOD, anthropogenic AOD, BC AOD and surfageiiés concentration (pgin

4 Anthropogenic aerosol forcing curacy. The present study differs from Chung et al. (2005)
in many respects. Aerosol data assimilation in the present
The SIO MACR model was used to convert aerosol extinc-study was used to deal with data gaps and provide verti-
tion coefficients into aerosol radiative forcing. The anthro- cal structures while Chung et al. assumed uniform verti-
pogenic portion of the computed direct aerosol radiative forc-cal aerosol profiles and used GOCART aerosol simulation
ing is shown in Fig. 8 and subsequent figures. In these fig1o fill the gaps. Plus, this study employed high-resolution
ures, forcing estimates are for all skies and not for clear skiesmodels. The comparative outputs of the current study and

Figure 8 displays the 2001-2004 averaged forcing at thé-ung et al. (2005) are summarized in Table 1. Averaged
surface, in the atmosphere and at the top of the atmosphe/@/€l Asia (60-138E & Equator—4fr5T:2\|)_, the present study
(TOA). F(TOA), i.e., aerosol forcing at the TOA, is negative finds the TOA forcing to be-1.3 W/nt in comparison with

for the entire domain (Fig. 8a). Negative values are particu-_l'lw,/mz from Chung et al. (2005). In the atmosphere, this
larly pronounced in the northern Indian Ocean. F(S) (forc-Study yields +7.3W/thwhile Chung et al. gives +8.0 W/n

ing at the surface) and F(A) (forcing in the atmosphere) haveRemoving cloud, we obtained clear-sky forcing estimates as
comparable magnitudes and opposite signs. As a result, F(S)€ll- The present study gives4.2 W/n¥ for TOA forcing

and F(A) are much larger than F(TOA) in magnitude, sinceWhen Chung et al. (2005) gave2.3W/n?, indicating that
F(TOA) = F(S) + F(A). F(S) mirrors F(A) except over the using MODIS cloud increases anthropogenic aerosol forcing
Persian Gulf. F(S)/F(TOA) as in Fig. 8d shows the relative & TOA over ISCCP cloud.

importance of atmospheric forcing. In South Asia and most e repeated the MACR model without the BC compo-

coastal areas, F(S)/F(TOA) is noticeably large. nent in order to calculate the BC radiative forcing. We did
Chung et al. (2005) also estimated direct anthropogeniahis, given accelerating interests in the role of BC since Ra-

aerosol forcing by using MODIS + AERONET AODs and manathan and Carmichael (2008) reported the global direct

AERONET SSAs. Recently, Myhre (2009) evaluated global BC TOA forcing to be +0.9 W/rhusing Chung et al. (2005)

direct aerosol forcing estimates in IPCC Assessment Reportalculations. Note that the global anthropogenic,G&rc-

IV and placed Chung et al. (2005) estimate at the best acing is only about 1.6 W/rh (IPCC Assessment Report 1V
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Fig. 5. AOD (left panels) and surface P)g 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. The AERONET new denotes the AOD values used for evaluation of the model prediction skills. Further details
of the “AERONET new” are described in the text.

Ramanathan and Carmichael, 2008). Using ECHAMS5, we The fact that the present study and Chung et al's (2005)
obtained anthropogenic G@orcing to be close to 1.6 W/tn  give very similar estimates despite a number of different
as averaged in Asia. Our current BC TOA forcing estimatesteps taken indicates that aerosol observation is the pri-
in Asia is +2.1 W/n? when Chung et al. gives +2.3W#n  mary importance in calculating direct aerosol forcing. To

Over Asia both estimates give BC forcing larger than anthro-be sure, we computed anthropogenic aerosol forcing with-
pogenic CQ forcing. out using AERONET SSAs also, and obtained surprisingly
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Table 1. Aerosol radiative forcing averaged in Asia (60-18and Equator—45N). 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), ii) different aerosol-chemistry models used to fill up aerosol data gaps, and iii) different cloud observations.

Present study Present study Present study Chung et al. Chung et al. (2005) Chung et al.
(anthropogenic  (clear sky; (BC aerosol) (2005) (clear sky; anthro- (2005)
aerosol) anthropogenic (anthropogenic  pogenic aerosol) (BC aerosol)
aerosol) aerosol)
TOA —1.3W/n? —4.2 +2.1 -1.1 -2.3 +2.3
Atmosphere +7.3 +8.1 +7.3 +8.0 +9.4 +7.6
Surface —-8.6 —-12.3 5.2 -9.1 -11.7 -5.3
Comparison of AERONET with STEM at Kanpur (India) BC concentration (March)
50 3 . 3 — Marcl
R M~ B =V N\ E
sl ’gﬁ’ 4 AERONETfine AGD venne March 28 2003
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5 32 = s Fig. 7. Monthly BC (black carbon) concentration comparison (in
E o > . " > units ofpg/rﬁ). Blue line displays the MAC observation data
g o2 > 2 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
o g(‘}g " ¥ T . % o .00,“ & (73.38 E and 6.8 N) in March 2001, March 2002, March 2003 and
< 005l oy ~ & ot 0 o . March 2004, respectively.
2 004 * » be
T 0.02
Mol \ e ing AERONET SSAs. BC forcing was +1.2 Wt TOA,
sl h RV Yy N " +4.4 W/n? in the atmosphere and3.2 W/n? at the surface,
osal ty Ty 1 NS compared with +2.1 W/fat TOA, +7.3W/n? in the atmo-
T e T e R R L EE P R L e P e T L EEF T T .
AEEYE35 38003 E85E35380203E83E353892a3883845350248 sphere and-5.2 W/n? at the surface with AERONET SSAs
v po Ll ki in Table 1. This sensitivity test relfects the growing impor-

] ] ) ) tance of using aerosol absorption observation to constrain the
Fig. 6. Comparison of AERONET products with the simulated g 1ateq distributions. The results with AERONET SSAs
values at Kanpur India during the 2001-2004 study period. Al are what we consider more accurate and are reported in the

the AERONET products except SSA and AAOD are obtained at_. . .
500nm. The observed AAOD and SSA are interpolated values.flgures' However it should be noted that the simulated SSA

The modeled values are obtained at 550 nm. The modeled anthrc(—after assimilation and SSA bias correction) are still biased

pogenic AOD denotes sum of SO4+BC+OC AODSs. high when compared to observations at Kanpur as seen in
the Fig. 6, suggesting that the adjusted absorbed AOD could

lead to conservative estimates of forcing calculated by radia-
less BC concentration. As a result, the Asia-averaged anthrotive transfer model.
pogenic aerosol forcing was2.3 W/nt at TOA, +4.5 W/n? Figure 9 shows F(A) at 775 hPa in the months of January,
in the atmosphere and6.8 W/nt at the surface without us-  April, July and October. F(A), i.e., aerosol forcing in the
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Fig. 8. Anthropogenic direct aerosol radiative forcing averaged over -ePruary (averaged from 2001 to 2004).
the entire 2001-2004 period. In this and subsequent figures, the
forcing estimates are for cloudy skies.
Figure 10 displays the vertical structure of F(A) in South
77510 da (i) 7 , Asia in February. F(A) at 850 hPa and F(A) at 700 hPa ap-
R L e ' pear similar with different magnitudes. Vertical cross sec-
tions at 76 E and at 20N show most of the forcing between
the surface and 600 hPa with maximum around 800 hPa. It is
interesting to note that maximum aerosol heating rate is of-
ten located far above the surface when the simulated aerosol
concentration 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 below 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
‘ ey Chung et al. (2005), aerosol solar heating rate would have
R S O . - conspicuous maximum values around 800 hPa. As seen from
L e Fig. 7, observed aerosol concentration peaks above 1km over
Maldives. This would lead to a very large aerosol solar heat-
Fig. 9. Monthly anthropogenic aerosol radiative forcing averaged ing rate above 1km. The importance of aerosol solar hearing
from 2001 to 2004. Contours are observed climatological precipi-rgte vertical profile in affecting surface temperature and pre-
ta_ltion iq un_its o_f mm/da_y. I\_lot_e that the PNNL m_odgl precipitation cipitation was examined by Chung and Zhang (2004) who
simulation in this study is similar to the observation in pattern. demonstrated that climatic effects of absorbing aerosols are
very sensitive to the vertical profile of aerosols. The vertical

atmosphere, is another source of diabatic heating and is ab fructure of F(A) in East Asia is quite similar to that in South
to burn low-level clouds and/or disturb atmospheric circula- sia (Fig. 11).

tion quickly. 775hPa F(A) varies from almost zero to 1.0  Figures 12-13 demonstrate year-to-year variability of F(S)
K/day or more, and as such exhibits strong spatial gradients(@erosol forcing at the surface) in South Asia and East
Superimposed on F(A) in Fig. 9 are contours representing cliAsia. The interannual variability in F(S) is quite sizable,
matological precipitation derived by Xie and Arkin (1996). and very large in some areas. Averaged over 40°EOR

F(A) maximum tends to be located away from highly pre- Equator-20N, January-March average of F(S) fluctuates
cipitating areas, but notable exceptions include F(A) over theffom —6.2 W/n¥ (2004) to—14.7 W/nt (2002), giving the
Indo-Gangetic valley in July. In spite of monsoon precipi- 4 year mean-11.1Wi/n? (Table 2). At a single grid point,
tation, aerosol concentration is large over there, because dhterannual variability can be even greater, as seen in Fig. 6.

week to two weeks long monsoon breaks (intervals betweednterannual variability is also large in East Asia (Fig. 13).
rain events). The Yellow Sea and East Sea (i.e., Sea of Japan) areas show

very large interannual variability but not the eastern China
where there is a lot of industrial capacity. Similarly, over

a) 775hPa dQ (January) unit=K/day ~ ¢)

b) 775hPa_dQ_(April)

4on 3“:"};” -
‘w,'ﬁ‘, ¥
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Table 2. Anthropogenic aerosol radiative forcing averaged over the INDOEX domain (40EL@8d Equator—20N) 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 alsc
show the range from an estimate for each year.

INDOEX results (Ramanathan et al. 2001) Chung et al. (2005) Present study NCAR/CCSM3
TOA —2.5~+0.5 W/n? -2.9 —3.6 (-4.5~-1.9) -11
Atmosphere +7.6 +7.6 (+4:3+10.4) +4.5
Surface —18~-14 -10.5 -11.1(-14.~-6.2) -5.6
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Fig. 11. Anthropogenic aerosol forcing in the atmosphere for May
(averaged from 2001 to 2004).

South Asia, large interannual variability occurs downstream. .

Observations collected downstream should be collected for

many years in order to give reliable climatological estimates. JoN
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. 14. For South Asia,

the forcing is largest between 1km and 2km from the sur-

face. Observational studies with the UAV Campaign over the

Maldives showed that aerosol solar heating reach peak val-

ues slightly above 2km (Ramana et al., 2007; Corrigan et al., -

2008), roughly consistent with our simulation. The dry sea- R

son near-su.rfac.e forcing IS a factor of 3 larger than t,he WetFig. 12. Anthropogenic aerosol forcing at the surface in units of

season forcing in our estimate. In case of East Asia, seag—2.

sonal variation is the opposite. The wet season forcing is

larger. Strong seasonality in the South Asian heating seems

largely due to seasonal variation in meteorological conditions

since surface emission of aerosol precursors maintains simi- In Fig. 15, we compare our F(S) estimate with Chung

lar values throughout a year. In East Asia, the wet season i§t al's (2005) and the CCSM3 simulation for March-May

associated with higher anthropogenic AODs, correspondingMAM) period. The CCSM3 (Community Climate System

comparably to higher heating. This is due to anthropogenidviodel Version 3) (Collins et al., 2006) is the state-of-the-art

aerosols soaring in summer every year. This period has th&lCAR (National Center for Atmospheric Research) coupled

weakest flow and the strongest secondary aerosol produdnodel. The CCSM3 uses aerosol simulation by MATCH

tion, both leading to extended periods between precipitatiofModel for Atmospheric Transport and CHemistry). We ran
events with high aerosol loadings. These computational rethe CCSM3 with and without BC, OC and sulfate aerosols,

sults need further corroboration from observation studies. and took the difference. The CCSM3 was run in a mode in
which observed SSTs and standard land surface output re-
placed the ocean and land surface model components. The
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Fig. 15. Comparison of anthropogenic aerosol forcing at the sur-
Fig. 14. Vertical profile of climatological anthropogenic aerosol face: F(S), in units of Wm2. (a) F(S) averaged from March to
forcing in units of K/day. Plotted are area averages for South AsiaMay and from 2001 to 2004 in this stud§p) MAM (March, April,
(70°-90° E and 5-25 N) and East Asia (115-125 E and 30— May) period F(S) from Chung et al. (2005) estimgi®. MAM pe-
40° N). riod F(S) from the NCAR CCSM3.0. Shown in all the panels are
average-sky aerosol forcing estimates.

F(S) estimates in our study and Chung et al. are much greater

than the simulation by the CCSM3. Chung et al.'s (2005) es-5 Summary and discussion

timate is overall similar to the estimate in the present study

in magnitude. However, the present study offers much deHere, we have sought to synthesize a collaborative study

tailed features that can be useful as input for regional cli-between Scripps Institution of Oceanography (SIO), Pacific

mate modeling. The annual mean F(S) shows similar relaNorthwest National Laboratory (PNNL), and the Univer-

tionship between the present study, Chung et al. (2005) andity of lowa. In our collaboration, i) the PNNL regional

the CCM3 simulation. Please note that our anthropogenianodel bounded by the NCEP reanalyses provided meteo-

computation was obtained by taking the difference betweerrology in Asia, ii) SIO integrated MODIS and AERONET

the total-aerosol run and natural-aerosol run, just like in thedata for aerosol observations, iii) the lowa aerosol/chemistry

CCSM3 experiment. model STEM-2K1 used the PNNL meteorology to simu-
late aerosols and the STEM-2K1 aerosol simulation was
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nudged towards aerosol observations, and iv) SIO converted999 (Ramanathan et al., 2001). We take the INDOEX re-
the aerosol simulation into total and anthropogenic aerosokults as a benchmark for aerosol forcing evaluation. In Ta-
direct solar radiation forcing (DRF) for average cloudy skies. ble 2, we compare anthropogenic aerosol forcings obtained
To our knowledge, the present study is one of very few at-from the INDOEX, Chung et al. (2005), the present study and
tempts to employ a regional model in an aerosol data assimthe CCSM3. Chung et al. (2005) estimate for 2001-2003 and
ilation mode. This paper has also described the calculatethe present study’s for 2001-2004 are somewhat smaller than
anthropogenic aerosol radiative forcing (DRF). the 1999 INDOEX results at the surface, and the CCSM3
The primary finding is that Asia-averaged anthropogeniccalculated forcing is even smaller. To gain insight into the
forcing from the present study is similar to that from Chung differences in forcing estimates, we looked at the present
et al. (2005) which also used MODIS and AERONET data. study’s aerosol forcing in each year. The surface forcing was
When AERONET SSAs were not used, our aerosol assimla—12.8 W/n? in 2001, —14.7 in 2002,—10.9 in 2003 and
tion yielded much less BC concentration which led to much—6.2 in 2004, giving a range of14.7~ —6.2 W/n?. The
less warming forcing in the atmosphere and much less coolinterannual fluctuation is very large and furthermore the IN-
ing forcing at the surface. Only with AERONET SSAs, is DOEX result is within our forcing estimates. Thus, it is con-
the present study able to match the computation in Chung etluded that the INDOEX results do not nullify the present
al. (2005). Since the present study employs high-resolutiorstudy’s estimate or Chung et al. (2005) but substantially un-
regional modeling, it offers fine-scale structures of aerosoldermine the credibility of the CCSM calculation.
forcing and simulated vertical profile — features not available
in Chung et al. (2005). The accuracy of the global anthro-AcknowledgementsThe present study was initiated when Chung
pogenic direct aerosol forcing estimate in Chung et al. (2005X(first author) was at Scripps Institution of Oceanography, in re-
was recognized by Myhre (2009). sponse to a collaborative NASA project between Scripps Institution
Another progress in this study is the vertical structure ofof Oceanography (SIO), Pacific Northwest National Laboratory

the calculated aerosol concentration and atmospheric aerosg NN'—)(’j EI‘:”d thefusr:iéefrsit);hof '%WT" T!:E ﬁ“th‘t’rs are i”dﬁbti‘:]_to
. i Im an eng o or their nelp wi Iterature searcn. IS
forcing. As Textor et al. (2006) showed, aerosol concentra ork was supported by a NASA grant (NNGO4GC58G), USA.

tions in typical aerosoI.SImuIatlon models are concentrate he Pacific Northwest National Laboratory is operated for the
near the SL!rface. Our simulated aerosols also h_ave the _Iargegts Department of Energy by Battelle Memorial Institute under
concentration near the surface but have relatively uniformeoniract DE-AC06-76RLO 1830. Additional funding in finishing
profiles from the surface to 700hPa, in closer agreementhe study came from the Academy of Finland Center of Excellence
with observation studies (Ramana et al., 2007; Corrigan eprogram (project number 1118615), Finland, and Research Agency
al., 2008; Ramanathan et al., 2007) than some of AEROfor Climate Science (RACS 2010-2011), Korea.

COM models. The calculated anthropogenic aerosol forc-

ing in the atmosphere is mostly between the surface andrdited by: B. Vogel

600 hPa with maximum around 800 hPa. Our aerosol forc-

ing has maximum above surface, due mainly to low-level
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