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Abstract

Particulate solar absorption is a critical factor in determining the value and even sign
of the direct radiative forcing of aerosols. The heating to the atmosphere and cooling
to the Earth’s surface caused by this absorption are hypothesized to have significant
climate impacts. We find that anthropogenic aerosols play an important role around5

the globe in total particulate absorption of solar radiation. The global-average anthro-
pogenic fraction in total aerosol absorbing optical depth exceeds 65% in all seasons.
Combining the potentially highest dust absorption with the lowest anthropogenic ab-
sorption within our model range, this fraction would still exceed 47% in most seasons
except for boreal spring (36%) when dust abundance reaches its peak. Nevertheless,10

dust aerosol is still a critical absorbing constituent over places including North Africa,
the entire tropical Atlantic, and during boreal spring in most part of Eurasian continent.
The equality in absorbing solar radiation of dust and anthropogenic aerosols appears
to be particularly important over Indian subcontinent and nearby regions as well as
North Africa.15

1 Introduction

Light-absorbing aerosols heat the atmosphere while cooling the Earth’s surface. They
contribute a positive component to the total direct radiative forcing (DRF) of all aerosols
at the top of the atmosphere (TOA). The forcing feature along with its dynamic and
thermodynamic effects of absorbing aerosols is thus different than that of scattering20

aerosols such as sulfate. Benefited from increasing surface measurements and satel-
lite retrievals in recent years, the estimation of total aerosol extinction of solar radiation
through both scattering and absorption, measured by aerosol optical depth (AOD; Se-
infeld and Pandis, 1998), has been greatly improved. However, without a good estima-
tion of the absorbing fraction of this extinction, the quantity and even the sign in some25

cases of aerosol DRF, a critical factor in climate research (e.g., Andreae et al., 2005),

6572

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/6571/2009/acpd-9-6571-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/6571/2009/acpd-9-6571-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 6571–6595, 2009

Particulate
absorption of solar

radiation

C. Wang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

will be still difficult to define.
Mineral dust and carbonaceous particles (especially the dark ones, or back carbon,

BC) are two major particulate absorbing constituents. Tegen et al. (1997) estimated
that dust contributes about 21–48% and black carbon contributes about 3–5% to the
global total aerosol AOD. The absorbing strength (e.g., absorbing extinction per unit5

mass of aerosols) of dust is much lowered than that of BC. However, the high atmo-
spheric abundance of dust in particular over specific regions could still cause a consid-
erable absorption of sunlight. The warming to the atmosphere caused by particulate
absorption could affect local cloud formation and precipitation (e.g., Ackermann et al.,
2000; Koren et al., 2004, 2008). Persistent existence of such a local warming could10

further influence atmospheric circulations in large scales, leading to a climate impact
beyond the region where the actual warming occurs. It has been suggested that the
solar absorption by BC could significantly alter the distribution of precipitation over the
tropical Intertropical Convergence Zone (ITCZ), ranging from Pacific, Atlantic, to Indian
Oceans as well as Indian summer monsoon regions (e.g., Chung and Ramanathan,15

2003; Wang, 2004, 2007; Robert and Jones, 2004; Chung and Seinfeld, 2005; Lau
and Kim, 2006; Ramanathan et al., 2007; Meehl et al., 2008). Previous studies have
also hypothesized that the heating to the atmosphere by dust could affect atmospheric
circulation and precipitation in particular over Sahel and tropical Atlantic Ocean (e.g.,
Prospero and Lamb, 2003; Dunion et al., 2004; Lau et al., 2006; Yoshioka et al., 2007).20

Modeling studies have indicated that the climate sensitivity to radiative forcing of ab-
sorbing aerosols is different than that of relatively well-mixed greenhouse gases (e.g.,
Wang, 2004; Robert and Jones, 2004; Feichter et al., 2004; Chung and Seinfeld, 2005;
Hansen et al., 2005; Lau et al., 2008). Despite the rapidly growing number of studies in
recent years on the climatic effects of absorbing aerosols, the interesting issue of the25

relative importance of dust and anthropogenic aerosols in the total particulate absorp-
tion of solar radiation has rarely been addressed.

In this paper, we report a study based on the aerosol-climate models that analyzes
the solar absorptions of carbonaceous aerosols, with or without mixing with sulfate,
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and dust particles in different seasons. We then examine the relative importance of
each of these two types of aerosols in the total particulate solar absorption over the
globe.

2 Methods

We use aerosol absorbing optical depth (AAOD thereafter) to represent the solar ab-5

sorption potential of aerosols. For a given atmospheric layer with a path of ∆z, it can
be derived as:

AAOD(λ) =

z+∆z/2∫
z−∆z/2

Dmax
p∫
0

Eabs(λ,Dp,m)nm(Dp, z)dDpdz (1)

Here λ is wavelength, Eabs is the mass absorption extinction coefficient, nm is aerosol
mass distribution function, and Dp is aerosol size (Seinfeld and Pandis, 1998). It can10

be derived for a given layer or the entire atmospheric column. Note that traditionally
the term of “thickness” is used for the former case and “depth” for the latter case. Here
we use “depth” throughout the text for convenience. When Eabs is replaced with mass
extinction coefficient Eext, Eq. (1) derives AOD. To save the length of the paper, the
AOD and AAOD values of the 550 nm waveband, a typical band to represent the vis-15

ible range in literature, are presented unless otherwise indicated. It can be seen that
AAOD is a quantity describing the total aerosol extinction through absorption, depend-
ing solely on the properties of aerosols. Therefore, it can be used to conveniently
compare the absorbing capacities of different aerosols.

In this study, we have used climatological AOD and AAOD distributions derived from20

multi-year average using the models driven by prescribed sea surface temperature
(SST) and emissions without interannual variation. The AOD and AAOD of anthro-
pogenic aerosols used in this study is derived based on the results of an aerosol-
climate model (Kim et al., 2008) developed from the Community Atmospheric Model
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version 3 (CAM3), a component of the Community Climate System Model (CCSM) of
National Center of Atmospheric Research (NCAR) (Collins et al., 2006). The model in-
cludes seven anthropogenic aerosol types (modes), separated by size, chemical com-
position, and mixing state; namely 3 external sulfate (nucleation, Aitken, and accumu-
lation), one each of external BC and organic carbon (OC), one internal mixture with BC5

as the core and sulfate as the shell (MBS), and one internal mixture of OC and sulfate
(MOS). Each of these modes has a prognostic size distribution. The model calculates
aerosol microphysical, chemical, and radiative processes based on the size, chemical
composition, and also mixing state of these particles. The model results have been
compared with satellite, surface, and aircraft measurements. A good agreement be-10

tween modeled and observed data is seen in most of these comparisons except for
events influenced by episodic pollutants (Kim et al., 2008). The AOD and AAOD of
anthropogenic aerosols at each model grid are calculated by combining contributions
from all the aerosol modes. Among these modes, sulfate modes dominate the AOD
while external BC and MBS mixture dominate the AAOD. External OC and MOS mix-15

ture contribute a smaller fraction in AAOD. The calculation is done based on 3-year
means of modeled results. The new addition to the work of Kim et al. (2008) is the
adoption of a monthly-varied biofuel emission of BC and OC. The BC biofuel inventory
is from the monthly BC biomass burning data of the Global Emission Inventory Activity
(GEIA) (http://www.geiacenter.org). The OC biofuel emission was derived by scaling20

the biofuel BC emission by a factor of 6 (Bond et al., 2004). The annual BC and OC
emissions are 6.1 Tg/yr and 36.9 Tg/yr for the biofuel emissions, and 8.6 Tg/yr and
20.8 Tg/yr for the fossil fuel emission, respectively.

The AOD and AAOD of mineral aerosols (dust aerosols) are derived based on the
model climatology from the Model of Atmospheric Transport and Chemistry (MATCH)25

driven by the National Center for Environmental Prediction/National Center for Atmo-
spheric Research (NCEP/NCAR) reanalysis data (Mahowald et al., 1997; Kistler et al.,
2001) with the Dust Entrainment and Deposition Model (Zender et al., 2003), as de-
scribed in more detail in Luo et al. (2003). The model explicitly predicts dust properties
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in four size bins. The model results have been extensively compared to the observa-
tions from daily to annual time scale (Luo et al., 2003; Mahowald et al., 2003; Hand et
al., 2004; Luo et al., 2004; Mahowald et al., 2008). These comparisons suggest that
the model does a good job in capturing the annual mean and seasonal cycle of dust
across a wide range of locations, but that the fine fraction is overestimated (e.g., Hand5

et al., 2004). We revised the size distribution following new data here, because of the
importance of the dust aerosol size on optical properties to make the data more con-
sistent with available observations (e.g., Reid et al., 2003; Grini et al., 2004; Hand et
al., 2004; Mahowald et al., 2004, 2006a). We use here the same size distributions as
in Mahowald et al. (2006a) for the 4 size bins, which were a result of a correction based10

on the new data done without rerunning the simulation, assuming the transport of dust
to be linear. The indices of refraction have been derived from Patterson (1981) for
the visible wavelengths, Sokolik et al. (1993) for the near infrared, and Volz (1973) for
the infrared. The imaginary part of indices of refraction in the visible wavelength were
scaled to match the new estimates of Sinyuk et al. (2003) and Dubovik et al. (2002) for15

the region from 0.33 to 0.67 µm. These estimates are based on satellite and surface-
based field observations and may still be susceptible to biases due to measurement
errors and contaminations.

In calculating the total AOD data, we have also used climatological output (10-
year mean) of CAM3 sea salt model for the current climate (Mahowald et al., 2006b).20

The model includes 4 size bins (0.2–1.0, 1.0–3.0, 3.0–10.0, 10.0–20.0 mm diameter).
A source parameterization developed by Gong et al. (1997) with a correction for hu-
midity biases following Andreas (1998) was adopted. The mass going into each size
bin is wind speed and relative humidity independent, and is 2%, 21%, 49% and 28%
of the total source, for size bins 1–4, respectively. The loss mechanisms for sea-salt25

aerosols include gravitational settling, turbulent dry deposition and wet deposition and
are parameterized within the model, including the effects of hygroscopic growth on
gravitational settling rates (Seinfeld and Pandis, 1998; Rasch et al., 2001). Optical
depths are calculated using a humidity dependence in the optical parameters (Hess et
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al., 1998; Collins et al., 2002). The output was originally gridded at T42 resolution (2.8
by 2.8 degree horizontally) and remapped into CAM3 grids before AOD was calculated.
Due to limited contribution of sea salt to the total AAOD, we did not include it in such
calculations.

The calculated total AOD and AAOD combining both anthropogenic and dust5

aerosols have been compared with measurements made in 74 stations of the Aerosol
Robotic Network (AERONET; http://aeronet.gsfc.nasa.gov/; Holben et al., 1998)
across the globe, overlapped with AOD derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS; http://modis.gsfc.nasa.gov/; Remer et al., 2005) satellite
data in a 5-year period over 2000–2004. The criterion of selecting these stations from10

total AERONET inventory is that each of them has at least 9 months of continued
measurements during 1999–2003. In addition, we have used the AOD and AAOD
data of carabonceous, sulfate, mineral dust, and sea salt from the Goddard Chem-
istry Aerosol Radiation and Transport (GOCART; Chin et al., 2000), based on 5-year
means over the period of 2000–2004. GOCART model is an atmospheric transport15

model of multi-component of aerosols based on a single moment (mass only) scheme.
Its results have been extensively compared with surface and satellite data (e.g., Chin
et al., 2002). Clear correlation and reasonably good agreement between our results
and AERONET, MODIS data as well as GOCART results are found (Fig. 1).

3 Results20

When combining contributions from dust and anthropogenic aerosols, the highest
AAOD values in all seasons appear over North Africa, spatially extending into tropical
Atlantic Oceans. Other high centers throughout all seasons are over Arabian Sea to
Indian subcontinent and the east coast of China. Seasonal high centers of AAOD with
value equal to or higher than 10−2 include Amazonia (in June to August or JJA), South25

Africa (JJA and September to November or SON), Australia (SON), and North Amer-
ica (JJA) (Fig. 2). In addition, there are also several belts with relatively high AAOD
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spreading from land to open waters particularly in the tropics and subtropical regions.
Note that even in these high AAOD centers throughout all year long, the actual AAOD
values there still vary significantly with seasons.

Some of the above-indicated high centers of AAOD are known to be associated with
dust sources. However, these regions are often under the influence of anthropogenic5

aerosols as well. In order to examine the relative importance of dust and anthropogenic
aerosols in solar absorption, we have derived the distributions of fractional contribution
of anthropogenic AAOD in the total AAOD during various seasons (Fig. 3, the upper
panels). The area-weighted global and seasonal mean value of this fraction is 0.72
(DJF), 0.65 (MAM), 0.80 (JJA), and 0.75 (SON), respectively, with an annual mean of10

0.73. This suggests that the anthropogenic aerosols dominate the AAOD in most of
the regions. In comparison, dust contribution to AOD is much more significant. When
combining dust and anthropogenic AOD, the anthropogenic fraction is much smaller
over the dust-influenced areas, and the coverage of these low anthropogenic fraction
regions is also larger comparing to the case of AAOD (Fig. 3, the lower panels). How-15

ever, outside the dust-influenced regions, anthropogenic fraction in AOD has nearly
the same dominance as in AAOD. In addition, over the remote oceans, anthropogenic
fraction is also high due to sulfate aerosols largely from DMS oxidation. When weigh-
ing in the sea salt aerosols, the global mean anthropogenic, dust, and sea salt fraction
in total AOD calculated based on area-means of our models is 0.4, 0.12, and 0.48,20

respectively, while 0.59, 0.18, and 0.23 of GOCART model (we calculated the values
using area-mean method based on the original data), respectively. The corresponding
values listed in Tegen et al. (1997) are 0.57, 0.35, and 0.08. All three results show
the similar substantial contribution from anthropogenic aerosols to the total AOD while
differing most significantly in non-absorbing sea salt contribution. Nevertheless, we25

hence demonstrate that the anthropogenic aerosols make the largest global contribu-
tion to both total AOD and AAOD.

We do realize that, however, uncertainties exist in modeled aerosol abundance as
well as optical properties. To provide a potential range of modeling results for above
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estimations of anthropogenic fraction in AAOD, besides the baseline results we have
also calculated a low estimation by combining the lowest anthropogenic AAOD with
the highest dust AAOD, and a high estimation by combining the highest anthropogenic
AAOD with the lowest dust AAOD, all based on possible configurations in our models.
It has been indicated in Kim et al. (2008) that lowering carbonaceous emissions is5

the most effective way to reduce the anthropogenic AAOD. In addition, for the same
emissions it could lead to a slightly higher AAOD by adopting a single moment (mass
only) aerosol model using prescribed geometric size and assuming all aerosol con-
stituents are external mixtures. Thus, we derive our low anthropogenic AAOD distribu-
tion by using the model run driven by a lower anthropogenic carbonaceous emission10

(Bond et al., 2004; 8 Tg for BC and 33.8 Tg for OC in annual emissions, or a 44% and
a 38% reduction from our baseline run, respectively; see Kim et al., 2008). The high
anthropogenic AAOD distribution is derived using the current baseline run result but
calculating AAOD using a single-moment and external mixing procedure (Kim et al.,
2008). For dust aerosols, we have used various scenarios corresponding to different15

size distributions and mineralogical compositions in particular the amount of hematite
based on Jeong and Sokolik (2007) to derived the upper and lower bounds of optical
properties regarding solar absorption for each dust bin. These two sets approximate
a bulk single scattering albedo value (combing all 4 bins) of 0.68 and 0.94 (compared
to 0.89 in the baseline calculation), representing, respectively the maximum and mini-20

mum estimation of dust solar absorption. These two sets of parameters are then used
to derive the high and low dust AAOD distributions. The high and low estimations of
global-mean anthropogenic fraction in the total AAOD along with the baseline results
are listed in Table 1. The low estimations are generally equal to or higher than 0.47
except for boreal spring (0.36), implying that anthropogenic aerosols account nearly25

half of the combined AAOD in most of the time.
Despite this dominance of anthropogenic aerosols in global-mean particulate solar

absorption, dust still plays a critical role in several regions including North Africa, At-
lantic Ocean between tropics and 30◦ N, Arabian Sea, South America below 40◦ S,

6579

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/6571/2009/acpd-9-6571-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/6571/2009/acpd-9-6571-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 6571–6595, 2009

Particulate
absorption of solar

radiation

C. Wang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Australia, and Arctic region. In particular in our low estimation the dust contribution to
total AAOD is higher than 80% over these regions (Fig. 4). The annual mean distri-
bution show that anthropogenic fraction outside of the major dust-influenced regions
are about the same in all three cases, significantly higher than 0.8 (Fig. 4). During the
boreal spring, the contribution of dust in solar absorption over most of the Eurasia in5

our baseline estimation is comparable to (actually higher in the low estimation) that of
anthropogenic aerosols. Nevertheless it becomes less important in the rest seasons.
Note that the absolute value of total AAOD over Eurasia does not change significantly
from boreal spring to fall (Fig. 2). It is the increase of anthropogenic AAOD occurring
in the boreal summer and fall that fills in the deficit left by decreasing dust AAOD. In-10

terestingly, anthropogenic fraction of total AAOD over the Polar Regions change from
below 0.4 in low estimation, to about 0.5 in the base estimation, and then to above 0.6
in our high estimation (Fig. 4), reflecting a relatively high abundance of dust than black
carbon in these places.

We also find that dust contributes more substantially to the total AAOD in the low-15

ermost troposphere than in the rest of the atmosphere (Fig. 5). In opposite, anthro-
pogenic aerosols dominate AAOD in the upper troposphere. In the middle free tropo-
sphere, the contribution of dust to total AAOD in our baseline results merely exceeds
50% over any place even the dust source regions. Interestingly, our baseline estima-
tion shows that anthropogenic aerosols dominate the aerosol solar absorption over20

east coast of China throughout all seasons, even including the boreal spring when dust
abundance peaks there.

Wang (2007) suggests that the BC absorption in east most Pacific and western Pa-
cific tropics might exert a forcing to the lower atmosphere, affect the strength of Walker
circulation, and thus cause a redistribution of convective precipitation over the entire25

Pacific, a mechanism much similar to that of ENSO events. Our results demonstrate
that over the above-mentioned two regions, anthropogenic aerosol contributes con-
stantly over 90% in total particulate solar absorption (Figs. 3 and 4), supporting the
base of the hypothetic role of BC in causing redistribution of precipitation in Pacific

6580

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/6571/2009/acpd-9-6571-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/6571/2009/acpd-9-6571-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 6571–6595, 2009

Particulate
absorption of solar

radiation

C. Wang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

ITCZ.
The roles of absorbing anthropogenic aerosols on Indian summer monsoon circula-

tion have been recently hypothesized (e.g., Ramanathan et al., 2005; Lau et al., 2006;
Kim et al., 2006; Wang, 2007; Meehl et al., 2007; Lau et al., 2008). It has been also
suggested that Sahel dust could influence circulation and precipitation in tropical At-5

lantic ITCZ and West Africa monsoon region (e.g., Prospero and Lamb, 2003; Dunion
et al., 2004; Yoshioka et al., 2007). We find that the fractional contribution of anthro-
pogenic aerosols to the total AAOD varies in seasons over Indian subcontinent and
surrounding regions. Dust (mainly from Mideast deserts) and anthropogenic aerosol
each plays a different role in different seasons over this region. From boreal fall to10

winter, anthropogenic aerosols dominate the particulate absorption over both Arabian
Sea and the subcontinent (Fig. 3). Dust mainly occupies lowermost troposphere away
from the subcontinent while absorbing anthropogenic aerosol stays over the land and
well extends vertically into the free troposphere (Fig. 6). However, during the pre-
monsoon and monsoon season (MAM and JJA), high dust AAOD zone penetrates into15

the land area and makes a contribution quantitatively comparable to that of anthro-
pogenic aerosols in the total AAOD (Fig. 6). Note that in the boreal spring, distributions
of dust and anthropogenic AAOD appear to overlap each other over the Indian subcon-
tinent. Their combined absorption concentrates from surface to about 600 hPa. Due to
precipitation scavenging, the abundance of absorbing anthropogenic aerosols during20

the summer monsoon season is reduced in the above-mentioned atmospheric layer
over the land. The high centers of anthropogenic AAOD is elevated along the slope
of the Tibetan Plateau. Dust AAOD in this season still distributes close to the surface,
however, with evidently lower value. Our result along with other similar ones (e.g., Kim
et al., 2006; Lau et al., 2008) all suggest that the solar absorption by dust aerosols25

can not be neglected when studying the influence of particulate absorption on Indian
summer monsoon circulation.

Over the North Africa and West Africa monsoon regions, clear seasonality in com-
ponent AAOD distributions has been found (Fig. 7). Specifically through the months
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of JJA, anthropogenic AAOD distribution has two high centers due to biomass burning
from different sources. Interestingly, the high center of anthropogenic AAOD always
overlap with that of dust AAOD except for the months of SON, indicating that anthro-
pogenic aerosol can be a critical component in causing particulate absorption even
inside the dust plumes. This also suggests a mixing between anthropogenic and dust5

aerosols to be possible within these plumes.

4 Conclusions

We find that anthropogenic aerosols play an important role around the globe in total
particulate absorption of solar radiation. The global average anthropogenic fraction in
total aerosol absorbing optical depth exceeds 65% throughout all seasons in our base-10

line and high estimation and accounts more than 47% except during the boreal spring
in our low estimation. The contribution of anthropogenic aerosol in particulate solar
absorption can been found even inside heavy dust plumes out of Africa. However, dust
aerosols are still a critical absorbing constituent in several places including North Africa,
the entire tropical Atlantic, and during boreal spring in most part of Eurasian continent.15

The equality in solar absorption of dust and anthropogenic aerosols appears to be par-
ticularly critical over Indian Subcontinent and nearby regions as well as North Africa,
where the summer monsoon circulation and precipitation are hypothesized to be in-
fluenced by atmospheric warming and surface cooling caused by absorbing aerosols.
Absorbing aerosols exert a positive direct forcing at the top of atmosphere, in opposite20

to the general cooling effect of scattering aerosols over the warming caused by green-
house gases. A good estimation of the quantity and even the sign of aerosol direct
radiative forcing can be only established with a better understanding of the strength of
particulate solar absorption, arguably the most uncertain property of aerosols.

Future studies will further address the issues related to the complicated mixing be-25

tween dust and anthropogenic aerosol constituents and the climatic effects caused by
the absorption of dust and anthropogenic aerosols as well as their mixtures. Mea-
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surements of aerosol solar absorption ranging from in-situ to satellite with reasonable
vertical resolution would greatly advance the efforts.
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Table 1. Global-mean fractions of anthropogenic aerosols in the total (dust plus anthropogenic)
aerosol absorbing optical depth (AAOD).

High Estimation Baseline Estimation Low Estimation

Annual 0.82 0.73 0.47
DJF 0.82 0.72 0.47
MAM 0.77 0.65 0.36
JJA 0.86 0.80 0.56
SON 0.83 0.72 0.47
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Fig. 1. Comparison of modeled AOD and AAOD from our models and the Goddard Global Ozone Chemistry Aerosol
Radiation Transport (GOCART) model, and AOD derived from the Moderate Resolution Imaging Spectroradiometer
(MODIS) satellite data with surface measurements in 74 selected AERONET stations. Solid lines in the figures indicate
the factor-of-two boundaries. AERONET data are 5-year means over 1999–2003. Selected 74 stations all contains at
least 9 months of continual measurements. MODIS AOD are 5-year means over 2000–2004. The GOCART model data
include AOD and AAOD of carabonceous, sulfate, and mineral dust, and are 5-year means over 2000–2004. The data
from our models are 3-year means. The roots of mean square error (RMSE) in monthly mean comparison (12×74
samples) are: AOD MODIS=0.114; AOD GOCART=0.127; AOD of this study=0.139; AAOD GOCART=0.0176;
AAOD of this study=0.0191. The RMSE in annually mean comparison (74 samples) are: AOD MODIS=0.082; AOD
GOCART=0.093; AOD of this study=0.105; AAOD GOCART=0.0094; AAOD of this study=0.0116.
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Fig. 2. Horizontal distribution of column aerosol absorbing optical depth (anthropogenic+dust;
AAOD) in 10−3 averaged in four seasons.
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Fig. 3. (Upper panels): Fraction of aerosol absorbing optical depth (AAOD) of anthropogenic
aerosols in the total AAOD in four seasons. (Lower panels): Fraction of aerosol optical depth
(AOD) of anthropogenic aerosols in the summation of dust and anthropogenic AOD in four
seasons. Data are from the baseline estimation.
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Fig. 4. Anthropogenic fraction of the total aerosol absorbing optical depth (AAOD) derived from:
(upper panel) the low estimation, (middle panel) the baseline estimation, and (lower panel) the
high estimation. All results shown are annual means.
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Fig. 5. Fraction of aerosol absorbing optical depth (AAOD) of anthropogenic aerosols in the
total AAOD as annual means through the entire model atmospheric column (ATM) as well as
within three vertical layers ranging from the planetary boundary layer (Layer 23 and 26), middle
troposphere (Layer 18 to 22), to the upper troposphere (Layer 14 to 17). Data are from the
baseline estimation.
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Figure 6. Aerosol absorbing optical depth of anthropogenic and dust aerosols 
through different seasons over Indian summer monsoon region (50‐100E, 0‐36N). 

Fig. 6. Aerosol absorbing optical depth of anthropogenic and dust aerosols in different seasons
over the Indian summer monsoon region. Data are: (a) zonally (4 upper panels), and (b)
meridionally (4 lower panels), respectively, averaged within a domain bounded by 50–100◦ E
and 0–36◦ N. Data reflect the baseline estimation.
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Figure 7. Zonal distributions of aerosol absorbing optical depth in four seasons over 
the West African monsoon (WAM) region and surrounding areas (30W‐30E, 10S‐
30N). 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Zonal distributions of aerosol absorbing optical depth in four seasons over the West
African monsoon (WAM) region and surrounding areas. Data are zonally averaged within a do-
main of 30◦ W–30◦ E and 10◦ S–30◦ N. Data reflect the baseline estimation.
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