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The Clouds and the Earth's Radiant Energy System (CERES) data has been used by several studies to calculate the
top of atmosphere (TOA) shortwave aerosol radiative forcing (SWARF) of biomass burning aerosols over land.
However, the current CERES angular distribution models that are used to convert measured TOA radiances to
fluxes are not characterized by aerosols. Using our newly developed empirical angular models for smoke aerosols
we calculate the SWARF over South America for eight years (2000-2008) during the biomass burning season. Our
results indicate that when compared to our new angular distribution model-derived values, the instantaneous
SWAREF is underestimated by the CERES data by nearly 3.3 Wm™2. Our studies indicate that it is feasible to devel-
op angular models using empirical methods that can then be used to reduce uncertainties in aerosol radiative
forcing calculations. More importantly, empirically-based methods for calculating radiative forcing can serve as
a benchmark for modeling studies.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Biomass burning is a major source of tropospheric aerosols. Nearly
80% of all biomass burning takes place in the tropics (Hao & Liu, 1994;
Ito & Penner, 2004), largely due to agricultural burning (Crutzen
& Andreae, 1990; Vermote et al, 2009) and producing more than
100 teragrams of aerosols. Biomass burning in South America consti-
tutes almost 30% of the world's total activities (Guyon et al., 2005) and
about half of this is transported over long distances (Andreae et al.,
2001) and dominates the carbonaceous aerosol load in the southern
hemisphere (Koch, Bond, Streets, & Unger, 2007). These aerosols modify
the radiation balance of the earth-atmosphere system through different
mechanisms. Through the direct effect, they scatter and absorb the in-
coming solar radiation thereby reducing the amount of solar radiation
reaching the ground or by redistributing energy through the atmo-
sphere (Haywood & Boucher, 2000). Through the indirect effect, they
also modify cloud properties, change rainfall patterns and alter lifetime
of clouds (Ackerman et al., 2000; Jones & Christopher, 2010; Kaufman &
Fraser, 1997; Marengo, Jones, Alves, & Valverde, 2009; Reid, Hobbs,
Rangno, & Hegg, 1999; Rosenfeld & Woodley, 2000). Due to absorption
of solar radiation, smoke aerosols also heat the tropospheric air column
(Koren, Kaufman, Remer, & Martins, 2004) thereby changing atmo-
spheric circulation patterns (Zhang et al.,, 2009) and surface processes
(Moraes, Franchito, & Brahmananda Rao, 2004). It is therefore
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important to study the direct and indirect aerosol effects because of its
significant role on the Earth's climate (CCSP, 2009; IPCC, 2007).

The radiative effect of biomass burning aerosols is usually described
in terms of top of atmosphere (TOA) shortwave aerosol radiative forcing
(SWARF) that is defined as the change in the reflected radiative flux be-
tween clear and aerosol skies (e.g. Christopher, Chou, et al., 2000). Since
biomass-burning aerosols are largely dominated by sub-micron fine
mode particles, their impact in the longwave is negligible (Kaufman
et al,, 2000). Observation based methods of calculating SWARF have
been reported in several studies (e.g. Yu et al., 2006). There are many
empirical approaches for calculating the radiative forcing of biomass
burning aerosols. These calculations have been made from (1) surface
measurements (e.g. AERONET) coupled with radiative transfer (RT) cal-
culations (e.g. Procopio et al., 2004), (2) in situ aircraft measurements
(e.g. Bergstrom, Pilewskie, Schmid, & Russell, 2003), (3) satellite obser-
vations coupled with radiative transfer calculations (e.g. Ichoku et al.,
2003), and (4) broadband satellite observations such as the Earth Radi-
ation Budget Experiment (ERBE) or Clouds and the Earth's Radiant En-
ergy System (CERES) (e.g. Christopher, Chou, et al., 2000; Christopher,
Kliche, Chou, & Welch, 1996). Global models have also been used to cal-
culate smoke aerosol forcing (e.g. lacobellis, Frouin, & Somerville, 1999).

Since SWAREF is the radiative impact across the entire solar spectrum
ranging from approximately 0.2-4 pm, for methods that require de-
tailed radiative transfer (RT) calculations, wavelength dependent infor-
mation of aerosol optical depth, single scattering albedo (wg), and
asymmetry parameter (g) are required. These calculations also need
other information on surface albedo (o) and meteorological conditions
such as vertical distribution of temperature and water vapor. Some
studies provide SWARF for cloud-free conditions whereas others
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account for clouds by scaling the cloud-free values by appropriate cloud
cover (Ross, Hobbs, & Holben, 1998). Further complications arise during
these comparisons because some studies report SWARF for instanta-
neous conditions for a fixed solar zenith angle (Christopher et al.,
1996) while others use an approximation to convert instantaneous
SWARF to diurnally averaged values (Procopio et al., 2004; Zhang,
Christopher, Remer, & Kaufman, 2005b).

Examples of satellite broadband observations are from the ERBE and
CERES instruments where broadband radiance (Wm™—2 sr™!) measure-
ments are made in the entire shortwave rather than in narrow wave-
length intervals (Wielicki et al, 1996). The radiance measurements
are converted to TOA shortwave (SW) (0.3-5 pm) fluxes using angular
distribution models called ADMs (Loeb & Manalo-Smith, 2005; Wielicki
et al,, 1996; Zhang, Christopher, Remer, & Kaufman, 2005a). Compre-
hensive ADMs have been developed for surface and cloud conditions
in the CERES data stream (Loeb & Manalo-Smith, 2005) but not for aero-
sols. One of the problems is due to the large footprint of CERES where
accurate aerosol identification is not possible; therefore smoke aerosols
are identified using ‘narrowband’ observations (e.g. Moderate resolu-
tion Imaging Spectroradiometer MODIS) and then the SWARF is
obtained by using the CERES fluxes (e.g. Patadia, Gupta, Christopher, &
Reid, 2008).

Prior studies have directly used the CERES fluxes from pixel level
data to estimate the SWARF of biomass burning aerosols (Patadia
etal., 2008). To accurately convert the CERES radiances to fluxes angular
models that account for the anisotropy of the scene are necessary
(Li, Christopher, Chou, & Welch, 2000; Zhang et al., 2005a). However,
over land, the current CERES data sets do not use aerosol ADMs to
convert the radiances to fluxes. To improve upon the current CERES
shortwave flux calculations over biomass burning regions with high
concentrations of smoke aerosols, we developed empirical smoke
ADM:s that are described in Patadia, Christopher, and Zhang (2011). A
prior study used radiative transfer calculations with a range of biomass
burning aerosol properties to calculate smoke ADMs (Li et al., 2000) and
reported that when theoretical smoke ADMs were used, the difference
between the SWARF estimated from the two datasets was nearly
10 Wm™ 2. With the launch of the CERES with instruments that operat-
ed in several modes including the rotating azimuth plane, Patadia et al.
(2011) developed empirical angular models from CERES data for bio-
mass burning aerosols in the Amazon. The cloud free empirical angular
distribution models (EADMs) developed as part of the current study fur-
ther used AOT information from MODIS to quantify forcing efficiencies.
Patadia et al. (2011) showed that the shortwave radiative flux available
from the CERES data set is different from the shortwave flux derived
using the empirical angular distribution models. These differences
have implications for the observation-based estimates of shortwave
aerosol radiative forcing. In this paper, an evaluation of the instanta-
neous shortwave aerosol radiative forcing (SWARF) calculated from
the two shortwave flux datasets (i.e. from CERES-SSF and from our
EADM) is presented. We further compare our results with prior work.
Such comparisons and studies are needed since one of the goals of the
CERES project when it was conceived was to develop empirical angular
models to convert the radiances to fluxes thereby reducing the assump-
tions and uncertainties in the final radiative forcing products.

2. Data and methods

A brief description of the data sets used for SWARF estimation is
presented here for the sake of completeness, but the reader is referred
to Patadia et al. (2011) for a more complete description. The area
of study is within 0-20°S and 40-70°W in South America, where bio-
mass burning is prevalent during the dry season (August-October)
(e.g. Bevan, North, Grey, Los, & Plummer, 2009; Ito & Penner, 2004;
Prins, Feltz, Menzel, & Ward, 1998). Empirically-calculated SWARF re-
quires observations of reflected solar radiative flux in conjunction
with aerosol measurements so that the change in radiative fluxes

due to aerosols can be analyzed. The SWARF is defined as the dif-
ference in the radiative fluxes in the absence and presence of aerosols
(e.g. Patadia et al., 2008). The MODIS mid-visible AOT in the pixel
level CERES product, which is the point spread function weighted
(PSF-WTD) value in the CERES footprint, is used to identify the presence
of aerosols. The CERES-SSF product contains the collection 4 MODIS
AOT. The shortwave radiative flux information is used from two
sources: (1) Shortwave flux from CERES SSF product and (2) Shortwave
flux derived using empirical ADMs (Patadia et al., 2011). The CERES SSF
product used in this study is the Edition2B_Rev1 Single Scanner Foot-
print TOA/Surface Fluxes and Clouds (SSF) product (Geier et al., 2001).
Apart from the fluxes in shortwave, the SSF product also contains radi-
ative fluxes in two other channels of the CERES instrument (window
(8-12 ym) and total (0.2-100 um) channels). There are four CERES in-
struments, two each onboard Terra (Flight Models 1 and 2) and Aqua
(Flight Models 1 and 2) satellites. The CERES SSF product combines ra-
diation measurements from the CERES instruments with simultaneous
measurements of scene information (e.g. cloud and aerosol property)
from MODIS on Terra and Aqua respectively. At the time the analysis
for this paper was conducted, the CERES-SSF product contained the col-
lection 4 MODIS AOT. All available CERES SSF from August-October of
2000-2008 are used in this study. Cloud cover information from the
CERES SSF product (see Gupta, Patadia, & Christopher, 2008) is used to
remove cloudy pixels. Data with cloud fraction greater than 99.5% is
flagged as cloudy and is eliminated. For every 0.5 x 0.5 degree
latitude-longitude grid, a regression relation is formed between the
AOT and shortwave flux data in the grid. The y-intercept of regression
relation gives the clear sky flux value (e.g. Patadia et al., 2008). The ro-
bustness of this technique is fully detailed in Patadia et al. (2008).

Two different forcing values are obtained from the two shortwave
flux data sets mentioned above. In the rest of the paper, the SWARF cal-
culated using CERES-shortwave flux will be referred to as SWARF-
CADM and SWARF derived from our new angular models (Patadia
etal., 2011) will be referred to as SWARF-EADM. To facilitate inter-com-
parison of the forcing from the two data sets, the calculations are done
for the same pixels.

3. Results and discussion

The results are organized as follows. We first show the spatial distri-
bution of aerosols from Terra-MODIS over the area of study and com-
pare the MODIS AOT values used in this study with the AERONET
retrievals that are widely considered as the standard for AOT assess-
ments. We then show the spatial distribution of SWARF calculated
using the CERES data and those derived from our empirical methods.
Then, the relationship of SWARF with aerosol optical depth (forcing ef-
ficiency) from both methods is assessed. A comparison of our results
with previous studies is then presented.

3.1. Inter-comparison of aerosol optical thickness

The new empirical angular distribution models developed in Patadia
et al. (2011) are characterized by the point spread function weighted
MODIS aerosol optical thickness. Since the CERES footprint is larger
than that of MODIS, the CERES pixel level products use point spread
function (PSF) weighting to convolve the MODIS AOT values into the
CERES pixel. These AOT values are used to calculate the SWAREF in this
paper and therefore are not the same as the level 2 MODIS AOT data.
We evaluate the representativeness of this data by comparing it against
ground based AOT retrievals from AERONET. Fig. 1 shows the compari-
son between AERONET AOT and the PSF-weighted MODIS AOT. The
map shows an 8 year (2000-2008) seasonal (August-October) com-
posite of the spatial distribution of AOT in the study region. Note that
our comparisons are all done for AOT within the CERES footprint and
are therefore different than other comparisons of the level 2 MODIS
aerosol products (Levy et al., 2010). The study region can be broadly
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Fig. 1. Comparison of aerosol optical thickness from ground based AERONET instruments and from satellite based MODIS instrument over AERONET stations in South America. The MODIS
AOT is point spread AOT over CERES footprint from the CERES-SSF product. The map shows clear sky a composite of AOT in the study region during August-October of 2000-2007.

classified into rainforest, mixed (broadleaf and savanna) and Cerrado
(grassland) regions (Prins & Menzel, 1994). The AOT shows a gradient
from the west to east with highest AOTs (>0.25) in the rainforest region
of the Amazon basin and decreasing AOTs from the Savanna (0.1-0.25)
to the Cerrado (<0.1) region. Note that these spatial distributions are
rather complex and dependent upon not just aerosol sources but
advection due to winds, hygroscopic growth, and other factors. The
AOT depends on the concentration, optical and microphysical proper-
ties of aerosols (Kaufman et al., 1997; Reid, Eck, et al., 2005; Reid,
Koppmann, Eck, & Eleuterio, 2005). The AOT inter-comparisons are
shown for all those locations (black dots in the map) for which collocat-
ed data was available during the study period. The correlation coeffi-
cient (R) value ranging from 0.95 to 0.98 suggests the robustness of
the PSF-weighted MODIS AOT (in the CERES product) used in this
study. The AOT in the CERES data set is largely from the MODIS collec-
tion 4 data with few months (Aug-Oct, 2006-2008) of data from collec-
tion 5. The MODIS collection 4 algorithm for aerosol retrieval over land

assumes a single aerosol model over entire South America with single
scattering albedo value of 0.9 (Remer et al., 2005). This moderately ab-
sorbing aerosol model is assumed throughout the year with no seasonal
changes. Comparison of MODIS collection 4 with AERONET shows that
72% retrievals over South America falls within the MODIS uncertainty
limits with 21% mean difference in MODIS and AERONET AOTs (Remer
et al., 2005). However, in collection 5, aerosol models are defined for
each season. Also, collection 5 MODIS retrievals make use of absorbing
type of aerosols (SSA = 0.85) over south-east of Amazon, but every-
where else it is the same as used in collection 4 data (Levy, Remer,
Mattoo, Vermote, & Kaufman, 2007).

3.2. Inter-comparison of shortwave aerosol radiative forcing
In Patadia et al. (2011) a comparison between the shortwave

fluxes from the CERES pixel level product and that derived using
the empirical angular distribution models (EADMs) showed that the
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CERES shortwave flux for AOT below ~0.3 is higher than shortwave flux Since the EADM:s are characterized by AOT, the difference in shortwave

from EADM and for AOT > 0.3, it is lower. As described in Section 3.1, fluxes can be attributed to the AOT; and therefore, region specific smoke
Fig. 1 shows that AOT > 0.3 pertains to the Amazon region with broad- angular models are used in this study to convert radiances to fluxes.
leaf forest area while AOT < 0.3 mostly belongs to the Savanna region. These differences, however, have implications for the shortwave aerosol
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Fig. 2. The three columns show (a) spatial distribution of point spread weighted AOT (b) shortwave aerosol radiative forcing derived from CERES shortwave fluxes and (c) shortwave aero-
sol radiative forcing derived using shortwave fluxes from empirical angular distribution models in the study region during August-October of 2001-2005 (minus 2004). The SWAREF pat-

terns from EADM are in better agreement with the AOT patterns in (a).
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radiative forcing (SWARF). To investigate the differences in SWARF
from the two datasets, we calculate the cloud-free SWARF using
methods described in Section 2 above.

Fig. 2 shows the spatial distribution of AOT (Fig. 2a) and SWARF
(Fig. 2b, ¢) during August-October of 2001-2005. In Fig. 2b the
SWAREF is derived from CERES shortwave fluxes; and in Fig. 2(c), the
SWAREF is derived from EADM (Patadia et al., 2011). As described in
the previous section, a west to east gradient can be seen in both AOT
and SWAREF spatial distributions. For all the years, a visual comparison
of SWARF from Fig. 2b and c against the AOT map (Fig. 2a) shows that
the radiative forcing spatial pattern from EADM is in better agreement
with the AOT pattern in Fig. 2a. Also, SWARF from EADM is higher
than those obtained from the CERES fluxes since an aerosol scene
appears brighter in the shortwave when compared to a clear sky
scene without aerosols. The CERES angular distribution models that
are constructed for every month and for every 1 x 1 degree latitude-
longitude region are region specific and capture the contrast between
these two scenes with differing brightness. When a beam of light is in-
cident on aerosol particles suspended in the air, the light is redistributed
in all angular directions (Mie scattering) with a dominant lobe in the
forward scattering direction. Since the anisotropy in the scattered radi-
ation caused by aerosols is not captured by the CERES ADMs, the magni-
tude and gradients in the estimated fluxes do not compare well with the
AOT. Since the empirical angular distribution models developed in this
study pertain to the biomass burning season and are characterized by
AOT, the gradients in fluxes and hence the SWARF from EADM fluxes
are in better agreement with AOT. This example shows the need to char-
acterize the ADMs with aerosol information such as the AOT.

An inter-comparison of the pixel level SWARF during August-
October of 2000-2007 derived from CERES shortwave fluxes (SWARF-
CADM) and shortwave fluxes from empirical angular distribution
models (SWARF-EADM) is shown in Fig. 3a. The inset shows the
frequency distribution (%) of the SWARF-EADM and SWARF-CADM
differences. The SWARF-EADM is higher than SWARF-CADM, except
over bright regions (surface albedo > 0.16) with low aerosol loading
(AOT < 0.03). The relationship of aerosol forcing with AOT from SSF
(square) and EADM (solid circles) datasets is shown in Fig. 3b. The
insets show the frequency distribution (%) of SWARF-EADM and
SWARF-CADM. For the AOT thickness range of 0.0-0.6, Fig. 3b shows
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that the SWARF from EADM fluxes has a larger slope, which indicates
a larger radiative forcing efficiency (defined as the slope of the relation
between SWARF and AOT or in other words it is the SWARF per unit op-
tical thickness). It is noted that the clear sky (AOT < 0.1) SWARF from
the two datasets is nearly the same. Since the empirical ADMs in this
study are characterized by aerosol optical thickness and surface albedo
(SALB), differences in SWARF are expected to vary with both parame-
ters. The analysis of the difference in SWARF magnitudes with AOT
and surface albedo is shown in Fig. 4. The AOT values in the figure are
the center values of AOT bins [0,0.05,0.1,0.15,0.2,0.25,0.3,0.4,0.5,0.6].
Each point in the figure represents the average SWARF difference in
AOT and SALB bins [0.1, 0.12, 0.13, 0.14, 0.16, 0.18]. Fig. 4 shows that
for SALB and AOT range of the data, SWARF estimated using fluxes
from EADM (SWARF EADM) is greater than the SWARF estimated
from CERES SSF shortwave fluxes (SWARF CADM). This SWAREF differ-
ence increases with increase in AOT. Since the EADMs used to derive
fluxes are characterized by AOT, the differences are expected to increase
with increase in AOT. For AOT values <0.1, the difference is <2 Wm ™2
and increases to between <5 Wm™?2 for AOT < 0.3. When AOT is >0.3,
the difference is between 5 and 10 Wm™2. In Patadia et al. (2011), we
found that for AOT less (more) than 0.3, the shortwave flux from
EADM was less (higher) than the CERES SSF shortwave flux. This is at-
tributed to the differences in aerosol information used in estimating
the anisotropic factors (Zhang et al.,, 2005a). From Fig. 4, it is also
noted that, in all the AOT bins, the differences are larger (smaller)
when SALB is low (high). For example, for 0.1 < SALB < 0.12 the
SWAREF difference ranges between 1 and 10 Wm ™2 while the range de-
creases to 0.5-6 Wm™ 2 when SALB > 0.16. This variation in SWARF dif-
ferences with respect to surface albedo could be attributed to the
following. For a given aerosol type (e.g. constant single scattering albe-
do), the contrast between the surface and the aerosol field governs its
radiative effect (see Patadia, Yang, & Christopher, 2009 and references
therein). When the surface is brighter (darker), then the radiative effect
of a given aerosol is smaller (larger). For example over a densely vege-
tated area, the aerosol forcing is higher since the contrast between the
surface and aerosol is high. Therefore, over a given geographic region,
the changes in both surface and aerosol characteristics are important
to aerosol radiative forcing. If the radiative fluxes used for estimating
SWARF do not account for the aerosols, the uncertainty associated
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Fig. 3. A comparison of the pixel level shortwave aerosol radiative forcing during August-October of 2000-2007 derived from CERES shortwave fluxes (SWARF-SSF) and shortwave fluxes
derived using empirical angular distribution models (SWARF-EADM). Inset shows the frequency distribution (%) of the difference in EADM and CADM SWAREFs. (b) Comparison of the
SWARF-AOT relation from CADM (square) and EADM (solid circles) datasets. Insets show the frequency distribution (%) of the SWARFs from EADM and CADM. This figure shows the im-
plication of the differences in SWARF from the two datasets. The larger slope of SWARF from EADM fluxes indicates a larger radiative forcing efficiency.
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0.18].

with SWARF estimates at higher AOT is larger and the gradients in
SWARF may not be representative. In such cases, the confidence in in-
ferring the implications of the SWARF to regional hydrological cycle
and climate is challenging.

3.3. Comparison with previous studies

In this section we report SWARF of biomass burning aerosols from
previous studies. The only study thus far that has addressed SWARF of
biomass burning aerosols using angular models is by Li et al. (2000)
that was based on radiative transfer calculations. Based on the measure-
ment from SCAR-B experiment, Li et al. (2000) constructed smoke
ADMs using discrete ordinate radiative transfer model and applied
them to calculate TOA radiative fluxes in shortwave. They found a root
mean square RMS error of 13 Wm™ 2 between the existing CERES SW
fluxes (that used ERBE ADMs) and the fluxes estimated using their
smoke ADM with a relative error in SWARF estimates of <10%. The
CERES angular models used for calculating TOA fluxes have matured
substantially when compared to the ERBE approach. However, as
noted before, these angular models do not account for aerosols over
land. From the new empirical smoke ADMs in this study, we find that
the CERES derived SWARF is underestimated by ~3.3 Wm—2 when
compared to SWARF derived from the fluxes using our EADMs.
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Table 2 shows a listing of various studies that have reported the TOA
SWARF over regions with biomass burning aerosols using combined
narrowband and broadband satellite observations as used in our
study. We note that it is sometimes difficult to compare our results
with previous work because the areas of the study are different and
the SWAREF is not calculated in the same way. Also, our EADMs that
are used to convert the shortwave radiances to flux are characterized
for AOT < 0.6 and therefore the shortwave radiative fluxes as well as
the SWAREF are limited to AOT ranging from 0.0 to 0.6 only. A more com-
plete comparison should include all ranges of AOT. However, from
Table 2, we find that the 24-hour mean forcing from different studies
generally ranges from —4 to —34 Wm~?2 while AOTs vary between
0.1 and 1.2. In this study, we find that the mean SWARF (for AOT =
0.0-0.6) from CERES is — 8.1 4 4.2 while the SWARF from EADM fluxes
is —11.4 4+ 4.9 (see Table 1). Since the AOT ranges vary from one study
to another, including in our study, a better comparison would be that of
the forcing per unit AOT at 550 nm here also known as the radiative
forcing efficiency. This is the slope between SWARF and AOT. The
mean AOT reported in Table 1 for this study is the mean of the range
of AOT (0.0-0.6) for which EADMs are constructed. From Table 2 we
find that the efficiency from various studies has a range from —22 to
—45 Wm~ 27~ ! with a mean of —34 + 8 Wm~27~!. From 8 years
(2000-2008) analysis, the forcing per unit AOT (or efficiency) in our
study is found to be —35.2 & 7.8 and —52.3 + 8.0 Wm 27! from
CERES and EADM fluxes respectively (see Fig. 3). We anticipate similar
differences in the efficiencies from the two data sets even if the entire
range of AOT was used. Li et al. (2000) used VIRS/TRMM and CERES ob-
servations over the Amazon region and reported the instantaneous forc-
ing efficiency of —29 Wm~27~'at 0.55 um (Table 2). For a 1998
biomass burning episode in Central America, Christopher, Li, et al.
(2000) used VIRS/TRMM and CERES observations and estimated the
24-hour mean aerosol radiative forcing efficiency of —36 Wm™27~!
at 0.55 pm. The 24-hour mean radiative forcing efficiency of bio-
mass burning aerosols outflow from South Africa was reported to be
—45 Wm™ 21~ !. Comparison of our results with previous studies
indicates that the various studies listed in Table 2 that used ERBE
or CERES fluxes have a forcing efficiency (—34 &+ 8 Wm~2t~1)
similar to what is derived in this study from the CERES fluxes (35.2 +
7.8 Wm~—27~1). Since the ADMs used in ERBE or CERES do not account
for anisotropy due to scattering from aerosols, the forcing or the forcing
efficiency is underestimated.

4. Summary and conclusion

This paper focuses on deriving the impact of smoke ADMs on TOA
shortwave aerosol radiative forcing. For this, we calculate the TOA short-
wave aerosol radiative forcing during the biomass burning season in
South America using TOA (1) CERES shortwave radiative flux observa-
tions and (2) shortwave radiative flux derived using empirical smoke
angular distribution models developed in Patadia et al. (2011). For the
dry season during which biomass burning is at peak (August—October)
in South America, an inter-comparison of 8 years (2000-2008) of

Table 1

Summary of instantaneous SWARF estimated from CERES SSF and EADM.
Year Data points AOT Fclr_CADM Fclr_EADM SWF_CADM SWF_EADM SWARF_CADM SWARF_EADM
2000 52552 0.18 £ 0.15 1573 + 114 151.2 + 126 165.2 + 133 163.8 &+ 14.9 —78 £ 108 —115 4+ 132
2001 173202 0.15 £+ 0.12 149.1 + 109 143.7 + 116 156.6 + 134 155.6 + 15.0 —75 4+ 102 —11.0 + 12.6
2002 158007 0.16 + 0.14 1483 +£ 99 143.3 + 105 157.5 + 145 157.1 £ 16.2 —92 4+ 129 —12.8 + 15.1
2003 175283 0.17 + 0.14 150.8 + 10.9 146.3 + 109 159.6 + 14.6 159.1 + 15.8 —88 + 123 —11.8 + 14.0
2004 21464 0.09 & 0.09 166.8 + 9.5 1613 + 8.9 175.7 £ 154 1728 £ 159 —89 + 144 —104 4+ 153
2005 220719 0.19 £ 0.15 1549 4+ 9.7 149.5 + 9.8 164.1 &+ 14.0 164.2 + 159 —91+ 118 —136 + 142
2006 201161 0.14 + 0.15 150.2 + 9.9 144.5 + 104 1564 + 135 154.7 £ 152 —6.1 &£ 109 —93 + 134
2007 85674 0.18 + 0.17 149.7 + 104 143.7 + 104 156.8 + 124 155.6 + 13.7 —724+99 —109 + 126
Mean 136008 0.16 + 0.05 1534 + 2.8 1479 + 3.9 161.5 + 49 1604 + 5.5 —81 442 —114 + 49
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Table 2

Top of atmosphere cloud-free shortwave aerosol radiative forcing from combined narrowband and broadband satellite observations.

Reference Area of study Data used/time period/field SWARF AOT and reported  Forcing efficiency SWARF

experiment (Wm~2) wavelength (Wm—2t71) Averaging method
(um)

Christopher et al. (1996) Amazon AVHRR/ERBE —36 Not reported No AOT reported  Over pass
11 images, Aug-Sep 1995

Christopher, Wang, Berendes, Amazon AVHRR/ERBE —26to—33 Not reported No AOT reported  Over pass

Welch, & Yang (1998) Aug-Oct, 1985

Li et al. (2000)* Amazon VIRS/TRMM-CERES —22 1.0 —22/7b63 Over pass
August 1998 (—29/7055)?

Christopher, Chou, et al., 2000 C. America & Gulf of Mexico VIRS/CERES —34 12 —28/T363 24 h mean
4 days, May, 1998 (0.63)* (736/T055)

Christopher & Zhang (2002) South Africa outflow MODIS/CERES-Terra September, — —12.7 0.14 —45/To55 24 h mean®

Biomass burning 2000 (0.55)

Loeb & Kato (2002) Gulf of Mexico VIRS/TRMM-CERES —32 1.0 (0.63) —32/T063 24 h mean
Jan-Aug, 1998& Mar 2000 (—417055) 2

Satheesh & Ramanathan (2000)  Kaashidhoo, India Surface AOT/TRMM-CERES —10 041 —25/To50 24 h mean
Jan-Mar, 1998&1999 (0.50)

Rajeev & Ramanathan (2001) Tropical Indian Ocean AVHRR/TRMM-CERESJan-Mar, NH: —4to—14 >02 <0.2(0.63) —24/T0s0 24 h mean
1997-1999/INDOEX SH: 0 to 6

Markowicz, Flatau, Ramana, Eastern shores, Sunphotometer/Terra-CERES/ —6.6 + 2.1 0.21 —31/T050 24 h mean

Crutzen, & Ramanathan (2002) Greece MINOS experiment, Jul-Aug, 2001 (0.5)
Zhang et al. (2005b) South Atlantic Ocean (SAO) Terra-MODIS/CERES SAO: —4.1 0.11 —37/T355 24 h mean
Indian Ocean (10) Nov-Dec, 2000 and Jan-Feb 2001 10: —5.3 0.15(0.5) —35/Tos5
Patadia et al. (2008) Amazon Terra-MISR/CERES —76 024 —44.2/7955 24 h mean

Aug-Sep, 2000-2006

Note: 24 h mean SWARF is ~0.5 of the instantaneous SWARF (Patadia et al., 2008; Remer & Kaufman, 2006).

¢ Value in parentheses is the forcing efficiency at 0.55 um wavelength.

SWARF-CADM (—8.1 + 42 Wm™2) and SWARF-EADM (—114 +
49 Wm~?2) shows that the instantaneous SWARF is underestimated
by ~3.3 Wm™2 if the ADMs used to convert the shortwave radiances
to flux do not account for aerosols. During the biomass burning season,
a high concentration of smoke aerosols in South America contributes
considerably to the anisotropy in the scattered radiation and therefore
should not be ignored while developing angular distribution models. A
ten-year data set from Terra-CERES is now available that can be used
to build empirical angular models characterized by aerosols over global
land areas similar to the work by Zhang et al. (2005a) for global oceans.
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