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Abstract

A two-step approach of combing CERES/MODIS shortwave (SW) flux and aerosol optical thickness (AQT) at 0.55tm with the
component AQT fractions from a 3-D aerosol model is used to derive top of atmosphere (TOA) component aerosol direct radiative effect
(ADRE) over the Asian region for the clear-sky condition. The annual mean values of ADRE for the region are +0.55+0.1W/m?* for
black carbon (BC); -1.23+0.39W/m? for organic carbon (OC); -3.81+0.71W/m? for sulphate (SU); -3.16x0.45W/m? for dust (DU);
-0.64+0.55W/m? for sea salt (S8}; -3.98+0.57W/m? for anthropogenic aerosol (AN); -4.37+1.11W/m? for natural aerosol (NA);
and -8.37+1.69W/m? for total aerosols (TOT), Both anthropogenic and natural aerosol direct radiative effects in the region are much
higher than their global counterparts. Validations have also been performed by comparing our component ADRE computation with
the radiative transfer calculations for the ABRONET sites and the ACE-Asia field campaign.
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L. INTRODUCTION

Tropospheric aerosols, due to their regional nature, cause
the largest uncertainties in assessing the climate forcing of
atmospheric constituents associated with anthropogenic
activity(IPCC,2007). The excessive amounts of trace gases
and aerosol particles have been released into the atmosphere
in the Asian region due to the fast development of regional
economy during the past three decades. This has caused
irreversible changes/damages to the air quality and climate in
the Asian region, which becomes a unique area for the study of
the effect of modernization on the Earth environment. In this
paper, we study aerosol direct radiative effect (ADRE), defined
as the effect of both natural and anthropogenic aerosols on the
radiative fluxes, in the Asian region. Specifically, we analyze the
ADRE for different aerosol components so that the
anthropogenic impact can be evaluated. Due to the advance of
satellite aerosol measurement in recent years, satellite aerosol
observations have been actively used to estimate regional and
global ADRE for the ensemble anthropogenic aerosols. However,
it is still difficult using satellite observations alone to further
derive ADRE for more detailed aerosol components, such as sea
salt (88), dust (DU), sulphate (8U), black carbon (BC) and organic
carbon (OC), over a continental region heavily influenced by
aerosols with complex chemical and optical properties, such as
Asia. Here, we derive top-of-atmosphere (TOA) ADRE for
different aerosol components on clear-sky condition over the
Asian continent by combing satellite measured shortwave (SW)
radiation flux and aerosol optical thickness (AOT) with the
component AOT fractions from a 3-D aerosol model.

IL SATELLITE AND MODEL PRODUCTS

We divide aerosols into five externally mixed components:
BC, OC, SU,DU, and S8S. The total AOT (or 7) is the sum of the

5
five component AOTs (7 . =Z 7; ). Moreover, BC, OC, and
SU are further grouped as antfll}gpogenic aerosols (AN) after
removing the natural organic carbon (OCn) and natural
sulphate (SUn). The natural aerosols (NA) are determined by
subtracting the AN from the total aerosols. To facilitate the
validation using the AERONET observation, we group BC,
OC, and SU plus accumulation mode of dust (DUa) and sea
salt (SSa) as fine mode (FIN) aerosols. Then, the coarse mode
aerosols (CR) are determined by subtracting the FN from the
total aerosols, The fraction (r;} of individual component AOT
for BC, OC, SU, DU, S8, AN, NA, BN, and CR is determined
using the relationship r, = 7,/ (i = BC, OC, SU, DU, 85, AN,
NA, IN, and CR). The monthly averaged AOT at 0.55im {or
Tyss) from the Goddard Global Ozone Chemistry Aerosol
Radiation and Transport (GOCART) model (Chin M, et al.,
2000) is used for the determination of r, in the current study.

The clear-sky narrow band MODIS radiances are converted
to broadband SW radiances by applying a narrow-to-
broadband conversion. The converted broadband radiances
are used fo determine TOA SW fluxes using empirical Angular
Distribution Models (ADMs) developed from CERES(Locb N
G, et al., 2005). The TOA SW fluxes are further used to derive
TOA ADRE (which is defined as the difference between SW
radiative fluxes in absence and presence of aerosol in cloud-
free conditions) following the approach used in Loeb and
Manalo-Smith(Loeb N G, et al., 2005). The final TOA ADRE
productis in 1° x 1° spatial resofution and will be called CERES/
MODIS ADRE product hereafter. The MODIS Collection 4
aerosol product (MODO4) is used to determine daily TOA
ADRE for year 2001, which is further averaged to obtain
monthly mean values with a spatial resolution of 1° x 1°, The
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final monthly averaged AOT (%op) at 0.551m are partitioned
into major aerosol components (7, i=BC, OC, SU, DU, §§, AN,
NA, FN, and CR)} by using the component fractions (r;) from
the GOCART model with 7,= r, (GOCART)x T15{MCODIS). The
resultant component AOTs from the partitioning are used to
derive component ADRE as introduced in the Section IIL

Both CERES TOA SW fluxes and MODIS AOTs are used in
the following ADRE analysis. Aerosol information is also
needed to drive TOA SW fluxes from the observation of
satellite CERES instrument. Since CERES and MODIS
instruments are on the same EOS satellite platform, the MODIS
aerosol products are naturally selected in the CERES data
processing for determining CERES TOA SW fluxes. However,
there is always a delay for including the newest MODIS products
into CERES data processing. We have noticed that MODIS
aerosol product has been improved in current Collection 5
compared to the last Collection 4, especially over the land(Li Z,
et al., 2007). However, the most recent version of CERES data
contains only MODIS Collection 4 aerosol product and Collection
5 aerosol product will be included in the next round of CERES
data processing. To avoid inconsistence between the aerosol
information used for determine CERES SW fluxes and that used
in current partitioning calculation, we decide to still use the
MODIS Collection 4 AOT data in current analysis.

m. METHODOLOGY

A two-step approach(T X-P Zhao, et al., 2007) is used for
deriving TOA component ADRE for clear-sky condition over
the Asian region. The first step is to derive total ADRE and
the second step is to partition the total ADRE into each aerosol
component. The method used by Loeb and Manalo-Smith
{Loeb N G, et al., 2005) is adopted as the first step. The TOA
ADRE for a given day (d) and given location at latitude(8 )
and longitude(¢) is given by

AF(d,0,9)=F"(d.0,9)-F°(d.6.9) (1)
where F ™ and F ®are the daily averaged TOA upward SW fluxes
in the absence and presence of aerosols, respectively. They
are determined from instantaneous TOA SW fluxes (" and
F¢) in several steps. First, the narrowband clear-sky MODIS
radiances are converted to broadband SW radiances (I) by
applying a three-channel narrow-to-broadband regression
conversion. Then, Ig, is further used to determine F* with the
CERES ADMs. More detailed description can be found in Loeb
and Manalo-Smith(Loeb N G, et al., 2005).

Over ocean, F™ is inferred from the relationship between SW
TOA flux and MODIS 7. In each 1°-interval of solar zenith
angle (SZA) where data are available, F° are plotted against
Ty.55 and a regression line is fit to the data, the intercept of the
regression line—i.e., the TOA flux extrapolated to zero AOT—
approximates the mean “no aerosol flux” as a function of
SZA. Over land, F™ is computed from broadband Fu-Liou
radiative transfer model(Fu Q, et al., 1993) calculations for a

molecular atmosphere with input surface spectral albedos
from the MODIS Filled Land Surface Albedo (FLSA) product
(Moody E G, et al., 2005). The instantaneous TOA fluxes
(F™and F7) then converted to a 24-hour mean TOA fluxes by
applying diurnal albedo models to estimate what the reflected
SW flux would be at all local times of the day assuming no
changes in aerosol or surface properties, and averaging these
fluxes over the full 24-hour of local time. The daily averaged
ADRE is further averaged to obtain monthly mean TOA total
ADRE in 1° x 1° spatial resolution.

The second step is to partition the total ADRE into each aerosol
component using the method proposed in Zhao et al.(T X-P
Zhao, et al., 2007). For non- or weakly-absorbing components
(such as OC, SU, DU, S§, NA, and CR), their direct radiative
effect is determined from
AF,(m,0,9) = AF (m,8,@)x (e " —DHe™ -1)
(i=0C, SU,DU, SS, NA, and CR) (2)

where m indicates monthly mean. For strong absorbing BC, its
ADRE is obtained by subtracting the ADRE of OC, SU, DU,
and S8 from the total ADRE. For absorbing AN or FN
component, their ADRE is determined by subtracting the NA
or CR ADRE from the total ADRE according to

AF o e (1,0, 90) = AF (. 0,0) — AFyp o cp (11,6, 00) (3)
In the current study, the analysis is confined to the Asian
region (10°N-50°N; 50°E~150°E) and year 2001 and our focus
is on the examination of seasonal and annual mean distributions
of component ADRE for the region.

IV. RESULTS

Figure 1 displays the distribution of annual mean ADRE and
the corresponding AOT for the Asian region. Strong negative
ADRE is observed over the eastern and north-western China,
south-east Asia, the Arabian Sea, and the northern India in
Figure 1(b). These patterns are consistent with those of AOT
distribution shown in Figure 1(a). The regional annual mean
AOT/ADRE of total aerosols is 0.343/-8.374 (W/m?).

Figure 2 plots the distributions of annual mean ADRE and AOT
for the anthropogenic and natural aerosol components. The
anthropogenic aerosols are mainly located over the eastern China,
south-east Asia, and the northern India and strong negative
ADRE is also observed in these areas. The natural aerosols are
mainly located in the north-western China and the Arabian Sea
and produce a strong negative ADRE accordingly. The regional
annual mean AOT/ADRE of AN and NA is 0.165/-3.985 (W/nr)
and 0.177/-4.373 (W/m?), respectively.

Figure 3 further displays the distribution of TOA ADRE for
BC, OC, SU, DU, 8§, and total aerosols, The strong negative
ADRE over the eastern China (see Figure 3(a)) is mainly due
to the contribution of suifate (Figure 3(f)}. The negative ADRE
over the south-east Asia and the northern India is mainly
from the contribution of SU and OC. The strong negative
ADRE over the Arabian Sea is due to the contributions of
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Figure 2. Distribution of annual mean AOT at 0.55pm ((a) & (c)) and TOA ADRE ((b) & (d)) for the anthropogenic (AN) and
natural (NA) aerosol components

DU, SU, OC, and SS. The negative ADRE over the north-
western China is from the contribution of DU. ADRE of BC is
positive and the highest values are located in the Arabian
Sea, the north-eastern China, and the northern India. The
regional annual mean AOT/ADRE of BC, OC, SU, DU, SS,
and total aerosols is 0.018/+0.549 (W/m?), 0.039/-1.230 (W/
m?), 0.130/-3.808 (W/m?), 0.137/-3.157 (W/m?), 0.019/-0.644
(W/m?), and 0.343/-8.374 (W/m?), respectively.

The seasonal and annual mean values of TOA component ADRE
is shown in Figure 4. ADRE of BC, OC, DU, SU, and total aerosol
is strongest in Spring (MAM). BC, SU, and total aerosols show

aminimal ADRE in Fall (SON) while ADRE of OC reaches minimum
in Summer (JJA). ADRE of SU and SS show very minor seasonal
change but ADRE of DU shows strong seasonal changes. These
season variations of component ADRE are consistent with the
seasonal variations of aerosol loading (AOT) and emissions
(Streets D G, et al., 2003).

V. VALIDATION

Both surface AERONET observations and field campaign
measurement are used to validate our results.
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Figure 4. Seasonal and annual mean values of
TOA component ADRE

A. AERONET observation

A Fu-Liou radiative transfer model(Fu Q, et al., 1993) is used to
calculate the monthly mean TOA ADRE over the AERONET
sites by using aerosol optical properties (including AOT, single
scattering albedo, asymmetry factor, and size distribution)
observed from AERONET and surface reflectance(Moody E G,
et al., 2005) obtained from MODIS observations as inputs for the
model. The monthly mean ADRE computation for the AERONET
sites is performed not only for total aerosols but also for fine and
coarse mode aerosols if their optical properties are available from
the AERONET observations. This radiative transfer calculation

is considered as the reference for our validation. According to
Zhou et al.(Zhou M, et al., 2005), three AERONET sites (Anmyon,
NCU_Taiwan, and Shirahama) have been selected over the East
Asia for the radiative transfer calculation due to their long
temporal coverage and high quality. Please refer to Zhou et al.
(Zhou M, et al., 2005) for a detailed description on the selection
of AERONET sites and the radiative transfer calculation. We
select monthly aerosol climatology from the AERONET
observation over the eastern Asia, which is influenced mainly
by the fine model aerosols of the pollution. A window of +2°
latitude/longitude around each AERONET site is used for
sampling the monthly mean TOA CERES/MODIS ADRE and the
averaged value for the window is compared with the radiative
transfer calculation for the site. Specifically, the probability
distribution functions (PDF) of ADRE from the reference radiative
transfer calculation and the CERES/MODIS calculation for the
AERONET sites are compared to examine the statistical agreement
between the two approaches. The ensemble PDF of ADRE from
the radiative transfer calculation over the three AERONET sites
are compared with the CERES/MODIS calculation in Figure 5
for the FN mode component, which is the dominant component
over the region. The plot is generated from 32 monthly match-
ups between the two calculations over the three AERONET
sites. The mean difference, RMS difference, and mode
difference between the two PDFs are 0.69, 2.82, and 0.0 (W/
m?), respectively. The correlation of a linear regression for
the match-ups between the two calculations is 72% and



84 Tom X.-P. Zhao: Study of Component Aerosol Direct Radiative Effect over the Asian Region

Pollution in East Asia

0.6
—Acronet(FN)
0.5 —Ceres/Modis(FN)
0.4
a
& 0.3
0.2
0.1
» ;
-25 -20 -15 -10 -5 0 5

AF(W/m?)

Figure 5. Comparison of the PDF of ADRE of fine mode (FN)
aerosols from the radiative transfer calculation based on the
AERONET observations with the CERES/MODIS calculation
over the ensemble AERONET sites in the East Asia

associated standard error is 0.1W/m®. The good agreement in
the ADRE PDF and linear regression for BN aerosols between
the two calculations suggests the partitioning approach
introduced in Section I11 for deriving component ADRE works
very well in the Asian region.

B. Field Campaigns

The Asian Pacific Regional Aerosol Characterization Experiment
(ACE-Asia) performed in late March through May 2001 over the
East Asia and the Northwest Pacific was to determine and
understand the properties and controlling factors of the aerosol
in the anthropogenically modified atmosphere of the East Asia
and the Northwest Pacific and to assess their relevance for
radiative forcing of climate (Huebert B J, et al., 2003). The
compilation of the data from the observations and model
calculations for the experiment can also be used to verify our
partitioning calculation for the ACE-Asia region.

A column multiple-scattering Monte Carlo radiation model was
developed based on the compilation of the microphysical,
chemical, optical, and lidar data during the ACE-Asia(Conant B
C, et al., 2003). For a region of 100°E~150°E, 20°N-50°N, this
model was used to calculate the averaged component ADRE
over the time period 5-15 April 2001 for the mean meteorological
and aerosol profiles. The model values averaged over the oceanic
area in the domain are compared with our CERES/MODIS
computation in Figure 6. The ADRE partitioning tendency of the
model calculation and the CERES/MODIS computation is
consistent with SU contributes the most followed by DU, OC,
SS, and BC, respectively. The difference of individual component
ADRE between the Monte Carlo radiation model calculation and
the CERES/MODIS computation are within the standard error of
the CERES/MODIS component ADRE.

VI. DISCUSSION AND SUMMARY

There are some uncertainties in our estimation of TOA
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Figure 6. Comparison of TOA component ADRE from a radiation
model calculation(Conant, B. C., et al., 2003) with that from the
CERES/MODIS computation over the period 5-15 April 2001
during the ACE-Asia Campaign for the oceanic area in the domain
of 20°-50°N; 100°-150°E. +spatial standard error of the CERES/
MODIS values is displayed with the vertical error bars.
The total ADRE of the model is the simple summation
of the individual components

component ADRE due to several error sources. The first error
source is associated with the TOA SW clear-sky fluxes, which
includes three contributors: uncertainties in the conversion of
clear-sky MODIS radiances to broadband SW radiances;
uncertainties in the radiance-to-flux conversion (or ADM model);
and uncertainties due to cloud contamination. The second error
source is the uncertainty associated with the derivation of F™.
Their contribution to the uncertainty of TOA total ADRE from
the CERES/MODIS observation is about ~1.69 (W/m?) or 24.7%
of the total ADRE(T X-P Zhao, et al., 2007). There are also two
major error sources for the TOA component ADRE. The first is
the error inherited from TOA total ADRE discussed above. We
assume the 24.7% relative uncertainty in the TOA total ADRE is
propagated equally into individual components. The second
error source associated with the TOA component ADRE is the
partitioning uncertainty introduced in Section 3 for individual
aerosol components. According to Zhao et al.(2007), the
partitioning uncertainty is at least 0.080W/m? for BC and 0.312,
0.409,0.233,0.136, 0.055, and 0.107 (W/m?) for OC, SU, DU, SS,
AN, and NA, respectively. If we assume they are independent
from the uncertainty inherited from the total ADRE, the final
uncertainties associated with our approach for determining
component ADRE should be 0.10, 0.39, 0.71, 0.45, 0.55, 0.57,
1.11, and 1.69 (W/m?) for BC, OC, SU, DU, SS, AN, NA, and total
aerosols, respectively. The annual mean values of ADRE over
the Asian region are +0.55W/m? for black carbon; —1.23W/m? for
organic carbon; —3.81'W/m? for sulphate; —3.16W/m? for dust;
—0.64W/m? for sea salt; —3.98W/m? for anthropogenic aerosol;
—4.37W/m? for natural aerosol; and —8.37W/m? for total aerosols.
They are much higher than their global counterparts, +0.25W/m?
(BC), -0.97W/m? (0C), -2.32W/m? (SU), —1.57W/m? (DU),
—2.16W/m? (SS),—2.38W/m*(AN),—4.46W/m? (NA), and —6.84W/
m? (TOT), derived over the globe by using the same approach
(Zhao T X-P, et al., 2008). These results are evidence to the
damages/changes on the air quality and climate in the Asian
region due to excessive industrial emissions associated with the
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fast development of regional economy during the past three
decades.

The development of global aerosol models is now at a stage
that simulated global annual mean AOT value is not only in
good agreement with each other but also in good agreement
with AERONET observations(Kinne S, et al., 2006). However,
there are still large differences in component aerosol optical
thickness simulated by different global aerosol models(Kinne
S, et al., 2006; Textor C, et al., 2006), especially for natural
component (SS and DU) due to their various emission
inventories. Our analysis is not immune from this uncertainty
in the component aerosol optical thicknesses associated with
model simulations, which needs to be improved gradually along
with the advancement of global aerosol modeling. The
GOCART model AOT simulation is one of the models that
compare best with the surface AERONET observation(Kinne
S, et al,, 2006). Its performance has also been well documented
in the literature(Chin M, et al., 2002; Chin M, et al., 2004) and
interested readers can refer to the references for more detailed
information. Detailed discussions for the possible influence
of GOCART model uncertainties on the estimate of ADRE from
the two-step approach can be found in a previous work of
Zhao et al.(T X-P Zhao, et al., 2007).

The final uncertainties in the component ADRE might be targer

than our current estimates since our analysis is directly
influenced by the uncertainty in the GOCART model simulation
of major aerosol components associated with the current state
of global aerosol modelling. To further narrow the uncertainties
in the estimation of regional and global component ADRE in
the future, an integration of multivariate and multidimensional
information from diverse satellite sensors, ground-based
instruments, and models is necessary
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