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1. INTRODUCTION

Satellite  observations have actively joined
traditional model calculations for the estimation of
global aerosol direct radiative effect (DRE) (Yu et al.,
2005) and observed size information (such as the
Angstrém coefficient and the fine-model fraction) has
also been utilized to discriminate ensemble
anthropogenic aerosol from natural aerosol in order to
determine the global radiative effect of anthropogenic
aerosols (Kaufman et al, 2005), termed as the aerosol
direct radiative forcing (DRF). However, it is still
difficult to use satellite observations alone to further
discriminate aerosols into more detailed components
(such as sea salt, dust, sulfate, back and organic
carbons) over the globe as well as to derive their direct
radiative effect/forcing (DRE/DRF). Since aerosol
DRE/DRF from different aerosol components can be
very different (e.g., even the sign of the forcing can be
reversed), an accurate estimation of component
aerosol DRE/DRF becomes important and deserves to
be explored. Here, we propose a new approach of
combining satellite Clouds and the Earth’s Radiant
Energy System (CERES) measured acrosol DRE with
the optical thickness fractions of major aerosol
components from the NASA Goddard Global
Chemistry  Aerosol Radiation and Transport
(GOCART) model to derive the component aerosol
DRE/DREF over global oceans.

2. SATELLITE AND MODEL PRODUCTS

In the proposed analysis, aerosols are divided into
five major components, black carbon (BC), organic
matter (OM), sulfate (SU), dust (DU), and sea salt
(SS). The total aerosol optical thickness (AOT or 7) is
the summation of camponent AOTSs (zror = T3¢ + Tom
tout oyt Ts=) T ).

i=1
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As a first order approximation, BC, OM and SU are
further grouped as anthropogenic aerosols (zyy = ¢ +
tom T Tsy) and DU and SS are grouped as natural
aerosols (zyy = 7py t+ 755). The fractions (r;) of
component aerosol optical thicknesses are determined
by the relationship »; = z/tror (% = T3¢, Tom, Tsus Tous
7ss, Tan, and 7yy). The aerosol optical parameter that
will be used to derive aerosol DRE/DRF in the
proposed approach is the AOT at 0.55pum.

The global MODerate Resolution Imaging
Spectroradiometer (MODIS) AOTs aggregated to the
CERES single scanner footprint (SSF) was used,
which was taken from the daytime Edition-1A
Terra/CERES-MODIS SSF data for the year 2001.
The SSF aerosol data were grided into 1°x1° daily
product and a detailed description can be founded in
Zhao et al. (2005a, b). Daily AOT values from the
GOCART model (Chin et al., 2000, 2002) and an
optimum interpolation approach with the Kalman-
Bucy filter (Yu et al., 2003) were used to fill the gaps
of SSF-MODIS AOT due to the limitation of MODIS
aerosol retrieval (such as over bright surfaces and sun-
glint areas). The merged daily AOTs were further
averaged to obtain monthly mean values. The merged
daily and monthly aerosol optical thicknesses (zror)
were then partitioned into major aerosol components
(7, =BC, OM, SU, DU, SS, AN, NA) by using the
component fractions (r;) from the GOCART model
with 7= r; (GOCART) x zror (merged).

3. METHODOLOGY

A two-step approach is proposed to derive the
component aerosol DRE/DRF. The fist step is to
derive total aecrosol DRE at the top of atmosphere
(TOA) using an approach proposed by Loeb and Kato
(2002). The TOA aerosol DRE for a given day (d) and
given location at latitude (¢) and longitude (¢) is
defined as the following:

AF(d,0,p)=F"(d,0,p)-F“(d,0,p), (1)
where F " (d ,0,p) and F “(d ,6,¢) are the daily
average SW fluxes in the absence and presence of
aerosols, respectively. The AF(d, 6, ¢) is determined
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from instantancous SSF TOA fluxes that are
converted to daily averages over 1° X 1° grids.

To determine F ¢ (d,0,p), the instantaneous
TOA fluxes are converted to a daily average by
applying diurnal albedo model for ocean surface 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
24 hours (Loeb and Kato, 2002; Loeb and Manalo-
Smith, 2005). A simple regression procedure (Loeb
and Kato, 2002) is used to derive F "™ (d,8,¢) .
Specifically, instantancous SSF TOA fluxes are
plotted against the above merged AOTs at 0.55um in
1° solar zenith angle increments. The regression for
each 1° solar zenith angle interval is extrapolated to
zero aerosol optical thickness and the corresponding
solar flux is used for the “no aerosol” flux. A sixth-
order polynomial fit is applied to the “no aerosol”
fluxes for all of the 1° solar zenith angles. The
F"(d,0,p)value for a given area is then
determined by averaging the fluxes retrieved from the
polynomial fit. The value of AF(d, 6, @) is further
averaged to obtain monthly, seasonal, and annual
means, which are the focus of this study.

The second step is to determine component aerosol
DRE/DRF. According to Boucher et al. (1998),
Boucher and Tanré¢ (2000), and Bellouin et al. (2003),
the DRE/DRF of non- or weakly-absorbing aerosols
is, to a good approximation, proportional to (e'-1).
Based on this empirical relationship, we partition
AF(d, 6, ¢) first into a natural component AFy,(d, 6,
) according to,

AF,, (d,0,0) = AF(d,0,p)x (e ™ —1) /(e " =1)>(2)
due to a weak absorption of the natural aerosols
(SS+DU). This relationship implicitly assumes that
the forcing efficiency (or forcing per unit of AOT) of
natural component at TOA is equal to that of total
aerosols. This assumption is justified by some recent
research findings. For example, according to Zhang et
al. (2005a,b), small fine mode fraction (n<0.6) relates
to large particles such as sea salt and dust particles (or
natural aerosols). Their estimated forcing efficiency
for these particles is about 5% higher (more negative)
than the average (or total) aerosol forcing efficiency.
Large fine mode fraction (n>0.8) relates to smaller
particles like smoke and pollutant aerosols (or
anthropogenic aerosols). Their estimated forcing
efficiency for these particles is about 10% lower (less
negative) than the average aerosol forcing efficiency.
Kaufman et al. (2005) found that forcing efficiency of
more absorbing aerosols such as smoke particles is
about 20% on average lower (less negative) than the
average aerosol forcing efficiency with an uncertainty
of about 30%. To avoid the relatively large error

caused by our assumption for absorbing aerosols, we
propose to further derive anthropogenic component
AF(d, 6, ¢) by subtracting the natural component
from the total forcing, i.e. AFp(d, 6, p) = AF(d, 6, ¢) -
AFy4(d, 0, ¢). Thus, the uncertainty in the forcing of
anthropogenic component is reduced and is close to
that of natural component.

Using the same procedure, AF(d, 6, ¢) can be
partitioned into a sea salt component AFs(d, 6, @), a
sulfate component AFsi(d, 6, ¢), a dust component
AFpy(d, 0, @), and an organic matter component
AFou(d, 6, ¢) since they are either non-absorbing or
weakly-absorbing. The uncertainty in the partition of
sulfate component should be close to sea salt
component (~5%) due to their similar non-absorbing
characteristics. The same assumption is also applied to
organic matter and dust component with an
uncertainty of about 10% due to their similar weakly-
absorbing  characteristics. Subtracting  these
components from AF(d, 6, ¢) and the remaining is
considered as a black carbon component AFz(d, 6, ¢).
If we assume the uncertainties in all subtracted
components are independent, the square root for the
addition of squares of these independent uncertainties
can be considered as the uncertainty in AFp(d, 0, @)
(~16%). This large uncertainty is not unexpected by
subtracting two big terms to derive a smaller term.
The daily component values can be further averaged
to obtain their monthly, seasonal, and annual mean
values. The results are summarized in the next section.
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Figure 1. Global distribution of annual mean 0.55um
AOT (top) and TOA aerosol DRE/DRF (bottom)
derived from the CERES/SSF data for anthropogenic
(AN) and natural (NA) aerosol components.
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4. RESULTS AND DISCUSSIONS

Figure 1 displays the global distributions of annual
mean aerosol DRE/DRF and the corresponding AOTs
for the anthropogenic and natural aerosol components.



Relatively strong negative forcing of anthropogenic
aerosols are mainly located in the east coast of China,
the Bay of Bengal, the Arabian Sea, and the west coast
of central-south Africa, which is consistent with the
enhanced aerosol loadings due to either bio-mass
burning or industrial pollutions over these regions.
The major negative DRE of natural aerosols occurs
mainly over the west coast of Africa due to dust
particles and over the oceans on the middle latitude of
the SH and the high latitude of the NH due to sea salt.
The global mean values of AF are -1.6W/m® for
anthropogenic component and -3.6W/m? (-2.6W/m? of
sea salt and -1.1W/m’ of dust) for natural component
and the corresponding AOT values are 0.027 for
anthropogenic component and 0.053 (0.036 of sea salt
and 0.016 of dust) for natural component.

In Figure 2, annual mean TOA aerosol DRE derived
using the proposed approach from the SSF data of
2001 is compared with the calculation (Yu et al.,
2003, 2004) from the Fu-Liou broadband radiation
model (using the merged standard MODIS and
GOCART aerosol fields). Their general patterns in
global distribution compare reasonably well. Detailed
comparison is performed over 13 selected regions
over the globe and the results are summarized in Table
1. Except in regions 3 and 7 (due to less samples), the
difference of SSF values and calculated values are less
than l.OW/mz, which are much smaller than their
standard divisions (STD).
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Figure 2. Comparison of annual mean TOA aerosol
DRE of (a) SSF data and (b) Fu-Liou radiation model
calculation.

Further comparison of our component aerosol
DRE/DREF values with more model and observational
estimates is given in Table 2. Our values for SS, DU,
and SU are somewhat smaller than the GCM
simulation. SU value is slightly larger than the recent
model simulations and DU is slightly higher than the
recent observations. Our OM value agrees well with
the recent model simulations but lower than the GCM

value. Our value for BC, +0.04W/m? is much lower
than the GCM and the recent model values. This is
probably due to the uncertainty associated with our
partitioning of BC through a subtraction of two big
terms to derive a smaller term.

SSF (W/m?) Model
Regions (W/m’) AFs
Lat Lon AFs STD | AFy | STD | -AFy
) )
30N- 90W- 5.9 30 | 63 | 29 0.44
60N 180W
30N- OW- 48 29 [ -56 | 21 0.88
60N 90W

30N- 0E-90E -10.9 11.6 | -42 3.6 -6.70
60N

30N- 90E- -7.6 6.4 -8.4 3.2 0.73
60N 180E
ON- 90W- -4.3 2.8 -4.2 1.1 -0.07
30N 180W
ON- OW- -7.4 44 7.6 3.1 0.25
30N 90w

ON- 0E-90E -8.9 5.0 -5.7 44 -3.19
30N

ON- 90E- -5.4 4.7 4.5 1.9 -0.94
30N 180E

0S-308 90W- 2.2 1.3 -3.0 0.3 0.84
180W

0S-30S OW- 32 3.2 -3.6 1.9 0.45
90W

0S-30S | 0E-90E -3.0 2.1 -3.7 1.8 0.68

0S-30S 90E- -2.7 4.0 -3.2 1.1 0.52
180E

30S- 180W- -5.9 34 -5.6 1.7 -0.30
60S 180E

globe ocean -5.2 4.2 -4.5 3.1 -0.70

Table 1. Comparison of annual mean TOA aerosol
DRE (or AF) derived from the CERES/SSF satellite
data and the Fu-Liou radiation model calculation over
the global oceans and in 13 selected regions
recommended by the Climate Change Science
Program (CCSP) Working Group on Aerosol
Properties and Their Impacts on Climate.

There are several major uncertainties associated
with our estimates. First is caused by potential sub-
pixel cloud contamination, the magnitude can be about
1.25W/m? (or 25%). This value is obtained by relax
the strong clear condition from 99% to 95% in our
selection of SSF pixels for the analysis (Zhao et al.,
2005a, b). Second is the uncertainty in the derived
total AF, which is mainly due to the error in the
determination of 7 "~ (Loeb and Kato, 2002) and the
value can be up to 1W/m?* (about 20% of our annual
mean value) according to their estimation. The third is
associated with the assumption in our partitioning
which is about 5% for SS and SU, 10% for DU and
OM, and 16% for BC as discussed in Section 3.
Assuming the uncertainty associated with cloud
contamination and derivation of total AF is
independent, the final uncertainty for AF becomes



32%. Further assuming this 32% is carried over in the
partition, the final uncertainty is 37% for SS and SU,
42% for DU and OM, and 48% for BC. The real
uncertainties in our derived values of aerosol
DRE/DRF are expected larger than our preliminarily
estimates if errors associated with the CERES cloud
screening scheme and the GOCART model simulation
of the major aerosol components are included, which
is out the scope of this study.

AF (W/m?)
AC SSF | GCM! Recent Recent
Observations® Models®

BC +0.04 +0.17 — +0.15—+0.45
OM | -0.48 -1.02 — -0.15—-0.65

SU -1.09 -1.65 — -0.21 —-0.96
DU -1.09 -1.12 -0.80 -

SS -2.55 -3.27 -4.85 —

AN -1.64 -2.10 -0.76 —

NA -3.56 -4.75 -5.65 —
Total | -5.20 -6.85 -3.8—-6.5 23—-4.7

(-5.5) (-3.2)

Table 2. Comparison of global and annual mean TOA
aerosol DRE/DRF for the major aerosol components
(AC) over ocean derived from the CERES/SSF data
with other observational and model-based estimates.
[Notes: 'GCM values are taken from Haywood et al.
(1999). > °A range is given for the total AF (taken
from Yu et al., 2005) with the mean value in a
parenthesis. The component values of observation are
from Bellouin et al. (2005) while the model-based
values are from Adams et al. (2001); Schulz et al.
(2005); Takemura et al. (2005)].

In summary, Terra CERES/MODIS-SSF SW flux
data have been combined with GOCART model
output and a SSF/MODIS-GOCART merged total
AOT product to derive TOA component aerosol
DRE/DRF over the global oceans for clear-sky
conditions through a two-step approach. The derived
global means of total acrosol DRE/DRF over ocean in
Spring, Summer, Fall, Winter, and annual average are
respectively -6.09, -4.69, -4.38, -5.19, and -5.20W/m>.
These values agree well with the other 23
observational and model values collected in Yu et al.
(2005). The derived annual mean values of component
aerosol DRF over global oceans are summarized in
Table 2.
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