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ABSTRACT

Nine months of the Clouds and the Earth’s Radiant Energy System (CERES)/Tropical Rainfall Measuring
Mission (TRMM) broadband fluxes combined with the TRMM visible infrared scanner (VIRS) high-resolution
imager measurements are used to estimate the daily average direct radiative effect of aerosols for clear-sky
conditions over the tropical oceans. On average, aerosols have a cooling effect over the Tropics of 4.6 6 1 W
m22. The magnitude is ø2 W m22 smaller over the southern tropical oceans than it is over northern tropical
oceans. The direct effect derived from CERES is highly correlated with coincident aerosol optical depth (t)
retrievals inferred from 0.63-mm VIRS radiances (correlation coefficient of 0.96). The slope of the regression
line is ø232 W m22 t21 over the equatorial Pacific Ocean, but changes both regionally and seasonally, depending
on the aerosol characteristics. Near sources of biomass burning and desert dust, the aerosol direct effect reaches
225 to 230 W m22. The direct effect from CERES also shows a dependence on wind speed. The reason for
this dependence is unclear—it may be due to increased aerosol (e.g., sea-salt or aerosol transport) or increased
surface reflection (e.g., due to whitecaps). The uncertainty in the tropical average direct effect from CERES is
ø1 W m22 (ø20%) due mainly to cloud contamination, the radiance-to-flux conversion, and instrument cali-
bration. By comparison, uncertainties in the direct effect from the Earth Radiation Budget Experiment (ERBE)
and CERES ‘‘ERBE-like’’ products are a factor of 3–5 times larger.

1. Introduction

Recent studies have demonstrated the potential influ-
ence of aerosols on top-of-atmosphere (TOA) and sur-
face radiation budgets (Kiehl et al. 2000; Haywood and
Boucher 2000). Aerosols affect the radiation budget di-
rectly by scattering and absorbing solar and thermal
infrared radiation (Haywood et al. 1999; Satheesh et al.
1999), and indirectly by modifying the microphysical
and radiative properties of clouds (Twomey 1974; Coak-
ley et al. 1987; Albrecht 1989; Kaufman and Fraser
1997; Ackerman et al. 2000). The present study focuses
on the TOA direct radiative effect of aerosols over ocean
derived from the Clouds and the Earth’s Radiant Energy
System (CERES) instrument on board the Tropical
Rainfall Measuring Mission (TRMM) spacecraft.

The direct radiative effect of aerosols at the TOA has
previously been studied by combining satellite and in
situ measurements over specific regions (Bergstrom and
Russell 1999; Satheesh et al. 1999), from aircraft (Hig-
nett et al. 1999), and by using satellite retrievals (King
et al. 1999) as input to a radiative transfer model that
computes TOA fluxes (e.g., Boucher and Tanré 2000).
Only a handful of studies have actually used broadband
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satellite measurements to study the direct radiative ef-
fect of aerosols. Minnis et al. (1993) used broadband
Earth Radiation Budget Experiment (ERBE) measure-
ments (Barkstrom 1984) to estimate the radiative forcing
by volcanic aerosols following the eruption of Mount
Pinatubo. Christopher et al. (1996) used ERBE to es-
timate the instantaneous forcing by smoke aerosols over
South America. Haywood et al. (1999) compared gen-
eral circulation model (GCM) estimates of the direct
effect with that inferred from ERBE. Satheesh et al.
(1999) compared more recent TOA flux estimates from
the CERES ‘‘ERBE-like’’ product with model calcu-
lations initialized using detailed in situ aerosol mea-
surements over the Kaashidhoo Climate Observatory
during the Indian Ocean Experiment (INDOEX). Chris-
topher et al. (2000) and Li et al. (2000) used CERES
and TRMM visible infrared scanner (VIRS) measure-
ments to estimate direct radiative forcing from biomass
burning aerosols over Central America.

Broadband measurements, such as from the ERBE
(Barkstrom 1984) and the CERES instruments (Wielicki
et al. 1996), eliminate the need for simplified model or
empirical techniques that convert spectral fluxes from
one or more imager channels to a broadband flux. In
addition, since broadband instruments generally have
onboard calibration sources, they tend to have better
calibration accuracy and stability (Priestley et al. 2000)
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than imagers. Many imagers used to study aerosols have
no onboard calibration at visible wavelengths [e.g., Ad-
vanced Very High Resolution Radiometer (AVHRR);
Polarization and Directionality of the Earth’s Reflec-
tances (POLDER)]. Consequently, broadband fluxes de-
duced from techniques that use multiple-channel imager
radiances can suffer from larger calibration errors (Mis-
chchenko et al. 1999). The main limitation of current
broadband satellite measurements is their coarse spatial
resolution; ERBE had a footprint size of ø40 km (equiv-
alent diameter), and CERES/TRMM had a resolution of
ø10 km at nadir. The lower spatial resolution makes it
difficult to screen subfootprint-scale clouds from the
analysis. Another major limitation involves the conver-
sion of satellite radiances to fluxes. This is a source of
uncertainty for all radiance-based approaches.

In this study, the impact of both of these limitations
is reduced by using the more advanced CERES Single
Satellite Footprint (SSF) product. The CERES SSF
merges temporally and spatially collocated VIRS radi-
ance measurements over each CERES footprint to iden-
tify cloud-free CERES fields of view. We demonstrate
the improved effect of this change by comparing the
direct effect based on scene identification from the CE-
RES SSF with that deduced from the CERES ERBE-
like product, which uses algorithms developed for
ERBE but applied to CERES. Uncertainties in the ra-
diance-to-flux conversion are reduced by a new set of
angular models from multiangle CERES radiance mea-
surements.

While it would be desirable to separate the anthro-
pogenic effect of aerosols from their total effect, this
remains highly uncertain from satellite measurements
alone. Boucher and Tanré (2000) showed that estimates
of the anthropogenic effect based on simple threshold
techniques (e.g., using aerosol optical depth and the
Ångstöm coefficient) were strongly dependent on the
choice of the thresholds. As a result, the present analysis
focuses only on the ‘‘total’’ effect of aerosols at the
TOA.

2. Observations

The TRMM satellite was launched on 27 November
1997. The CERES instrument on board suffered a volt-
age converter anomaly in August 1998, and was turned
off after 8 months of science data collection in Septem-
ber 1998. CERES/TRMM was turned back on in March
2000 in order to acquire data overlapping with the two
CERES instruments aboard the Terra spacecraft,
launched 18 December 1999. Unfortunately, the CE-
RES/TRMM instrument acquired only one more month
of science data before the voltage converter anomaly
caused irreparable damage to electronic components
downstream of the converter. In this study, all nine
months of CERES/TRMM measurements are consid-
ered. We use the CERES/TRMM SSF TOA/Surface
Fluxes and Clouds product from January to August

1998, and from March 2000, between 358S and 358N.
The CERES SSF product combines CERES measure-
ments of reflected shortwave (SW), emitted longwave
(LW) and emitted window (WN) radiances and fluxes
with coincident VIRS retrievals of aerosol and cloud
properties. VIRS aerosol and cloud properties are con-
volved over the CERES footprint with the CERES point
spread function. Also included in this product are me-
teorological fields based on the European Centre for
Medium-Range Weather Forecasts (ECMWF) data as-
similation analysis (Rabier et al. 1998). The CERES
instrument has a resolution at nadir of approximately
10 km (equivalent diameter) and operates in three scan
modes: cross-track, along-track, and rotating azimuth
plane (RAP) mode, where the instrument scans in ele-
vation as it rotates in azimuth. The VIRS instrument is
a five-channel imaging spectroradiometer that measures
radiation at 0.63, 1.61, 3.78, 10.8, and 12.0 mm. VIRS
is similar to the AVHRR instrument but has a 2.11-km
resolution at nadir compared to 1.1 km for AVHRR.

3. Methodology

The top-of-atmosphere direct radiative effect of aero-
sols for a given location at latitude l and longitude c
on a given day (d) is defined as follows:

DF(l, c, d) 5 F (l, c, d) 2 F (l, c, d),na a (1)

where na(l, c, d) is the daily average SW flux in theF
absence of aerosols, and a(l, c, d) is the daily averageF
SW flux in the presence of aerosols. The DF(l, c, d)
is determined from instantaneous CERES TOA fluxes
that are converted to daily averages over 18 3 18 regions.
To avoid problems with specular reflection from the
ocean surface, the analysis is restricted to solar zenith
angles less than 608, viewing zenith angles less than
708, and glint angles (angle between reflected ray and
specular ray for a flat ocean) greater than 408.

a. Daily average flux with aerosols [ a(l, c, d)]F

Instantaneous fluxes are estimated from CERES
broadband unfiltered radiances (Loeb et al. 2001) by
dividing the radiances with anisotropic factors that ac-
count for the angular dependence of the radiance over
the cloud-free ocean scene. These anisotropic factors
are predetermined empirical angular distribution models
(ADMs) that were constructed from nine months of CE-
RES/TRMM cloud-free ocean observations. Separate
clear-ocean ADMs were defined for four intervals of
wind speed corresponding to the 0–25th, 25th–50th,
50th–75th, and 75th–100th percentiles of the wind speed
probability density function. These correspond to wind
speed intervals of approximately ,3.5, 3.5–5.5, 5.5–
7.5, and .7.5 m s21. For a given wind speed interval,
wk, the ADM is defined as follows:

pI (w , u , u, f)k oR(w , u , u, f) 5 , (2)k o F(w , u )k o
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FIG. 1. Albedo against solar zenith angle for the ‘‘no aerosol’’
atmospheric condition inferred from CERES (open circles) and theory
at three different wind speeds. The thick line is a fifth-order poly-
nomial fit to the CERES result.

where (wk, uo, u, f) is the 9-month mean radiance forI
a given interval of solar zenith angle uo, viewing zenith
angle u, and relative azimuth angle f; F(wk, uo) is the
corresponding flux determined by integration of (wk,I
uo, u, f) over all upwelling directions. The wind speeds,
which correspond to the 10-m level, are based on Spe-
cial Sensor Microwave Imager (SSM/I) retrievals that
have been ingested into the ECMWF data assimilation
analysis. Instantaneous fluxes are determined as follows:

pI(u , u, f)oF̂ 5 , (3)
thR (w , I )kR(w , u , u, f)k o th[ ]R (w , I )k

where Rth(wk, I) and Rth(wk, ) are theoretically derivedI
anisotropic factors inferred from the measured CERES
radiance I(wk, uo, u, f) and the mean radiance (wk, uo,I
u, f) used to derive R(wk, uo, u, f). The ratio of the-
oretical anisotropic factors in Eq. (3) is introduced in
order to account for the influence of aerosol optical
depth on the anisotropy of the scene. Aerosol properties
in the model calculations are based on the maritime
tropical model of Hess et al. (1998). To ensure that this
correction does not introduce a bias in the overall mean
flux, fluxes estimated from Eq. (3) are normalized so
that the mean estimated flux in each wind speed interval
matches the flux F(wk, uo) determined by integrating
(wk, uo, u, f) over all upwelling directions.I

Each instantaneous flux is converted to a daily av-
erage by estimating what the corresponding flux would
be under the same conditions at all other times of the
day. To estimate the flux at any given time, directional
models (Young et al. 1998) of normalized TOA albedo
as a function of solar zenith angle are applied. The di-
rectional models are derived from the empirical ADMs
described above. Each day, daily average fluxes a(l,F
c, d) are sorted into 18 latitude 3 18 longitude regions.
While the assumption that aerosol conditions remain
constant throughout the day may be inappropriate for
episodic aerosols such as biomass burning and dust out-
breaks, it is a reasonable assumption in average aerosol
conditions, since diurnal variations are small (Holben
et al. 2001).

b. Daily average flux with no aerosols [ na(l, c, d)]F

Since aerosols are always present in the atmosphere,
na(l, c, d) cannot be measured directly from satelliteF

measurements. Instead, na(l, c, d) is inferred by aF
simple regression procedure. Instantaneous TOA fluxes
from CERES are plotted against VIRS 0.63-mm aerosol
optical depths in 18 solar zenith angle increments. VIRS
0.63-mm aerosol optical depths are retrieved using the
second-generation National Oceanic and Atmospheric
Administration (NOAA)/National Environmental Sat-
ellite, Data, and Information Service (NESDIS) algo-
rithm (Stowe et al. 1997), which has been implemented

in the CERES SSF production code. The intercept for
these regressions—that is, the TOA flux extrapolated to
zero aerosol optical depth—approximates the ‘‘no aero-
sol flux’’ [Fna(uo)] in each 18 solar zenith angle incre-
ment. Figure 1 shows the albedo corresponding to
Fna(uo) against solar zenith angle. Also shown is a fifth-
order polynomial fit (thick solid line) to this curve, and
discrete ordinate (DISORT) radiative transfer model
(Stamnes et al. 2000) calculations that account only for
molecular scattering and absorption using k-distribution
tables from Kato et al. (1999, thin lines). The calcula-
tions assume a tropical atmosphere with ocean surface
bidirectional reflectance based on a routine
(‘‘OCEABRDF’’) from the 6S radiative transfer code
(Vermote et al. 1997), which accounts for specular re-
flection (Cox and Munk 1955), wind speed dependent
whitecaps (Koepke 1984), and below-water surface re-
flectance (Morel 1988). Here, wind speeds of 2, 5, and
10 m s21 are assumed. The model results in Fig. 1 are
within 3% (or ø2 W m22) of Fna(uo) at solar zenith
angles between 108 and 608, and 5% elsewhere. Similar
results are obtained when a midlatitude summer atmo-
sphere is considered. This excellent agreement between
theory and observation suggests that the model surface
optics are well characterized in the calculations. The

na(l, f, d) for a given region is determined by av-F
eraging fluxes evaluated using the polynomial fit in Fig.
1 at all times of the day.

c. Clear-ocean scene identification

To identify clear-ocean scenes, a cloud mask (Trepte
et al. 1999; Minnis et al. 1999) is applied to the VIRS
pixel data. Briefly, the CERES cloud mask uses data
from five VIRS channels to determine whether individ-
ual pixels contain cloud, glint, smoke, or fire signatures.
The algorithm also ingests several parameters including
clear-sky brightness temperature, reflectance, and their

Unauthenticated | Downloaded 04/18/21 12:59 PM UTC



15 JUNE 2002 1477L O E B A N D K A T O

FIG. 2. (a) Direct radiative effect of aerosols and (b) mean VIRS 0.63-mm aerosol optical depth from nine months of CERES and VIRS
observations.

standard deviation. The algorithm involves a three-step
analysis of each pixel. The first step is a simple IR test
that flags the pixels that are so cold they must be a
cloud. Over ocean, this condition occurs if the VIRS
10.8-mm channel brightness temperature is more than
108C below the ocean surface skin temperature. The
second step involves a series of three tests comparing
the pixel to a known background or clear-sky value for
reflectance, brightness temperature, and infrared/near-
infrared difference. The threshold values for these tests
are determined from several sources, including empir-
ically derived clear-sky albedo maps, surface skin tem-
perature from numerical weather analyses, atmospheric
temperature and humidity profiles (also from numerical
weather analyses), and empirical spectral surface emis-
sivity maps (Trepte et al. 1999). If all three tests unan-
imously determine the pixel to be clear, this pixel is
labeled ‘‘strong’’ clear. If one or two tests fail, a series
of relaxed tests are applied to determine whether or not
the pixel can be labeled as ‘‘weak’’ clear.

Two additional threshold tests are also considered.

The first is a spatial homogeneity test applied to VIRS
pixels: if the maximum and minimum 0.63-mm reflec-
tance from a 2 3 2 VIRS pixel array differs by more
than a threshold value of 0.003, the pixels are considered
potentially cloud contaminated. A second test identifies
pixels with a 3.78-mm channel reflectance .0.03 as also
potentially cloud contaminated. Thresholds for these
tests are selected based on the analysis of Stowe et al.
(1999).

If all VIRS pixels within a CERES footprint pass the
reflectance, brightness temperature, and infrared/near-
infrared difference tests, and more than 50% pass the
spatial homogeneity and 3.78-mm channel reflectance
tests, these footprints are considered clear and are in-
cluded in the analysis. Section 5 examines uncertainties
in the aerosol direct radiative effect due to cloud con-
tamination.

4. Results
Figure 2a shows the direct radiative effect of aerosols

based on Eq. (1) for all nine months of CERES/TRMM
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FIG. 3. Latitudinal distribution of the direct radiative effect of aero-
sols and VIRS 0.63-mm aerosol optical depth.

FIG. 4. The 18 regional daily mean direct radiative effect of aerosols
against VIRS 0.63-mm aerosol optical depth for 108S–208N and 1808–
908W. Solid line is a linear regression fit through all data points.

FIG. 5. (a) Slope and (b) intercept of CERES albedo against VIRS
aerosol optical depth as function of solar zenith angle over KCO
between Jan–Apr 1998 and May–Aug 1998.

observations. The mean VIRS 0.63-mm aerosol optical
depth for the same period is shown in Fig. 2b. Areas
of maximum aerosol direct radiative effect are clearly
evident near Central America due to biomass burning,
and west of the Sahara Desert associated with wind-
blown, dust. In these regions, the 9-month mean aerosol
direct effect can be greater than 220 W m22 with VIRS
0.63-mm aerosol optical depths as high as 1.0. Minima
in the 9-month mean aerosol direct radiative effect ap-
pear along the equatorial Pacific and Indian Oceans
where easterly trade winds are ,5 m s21 (not shown).
The direct radiative effect in these regions is typically
22 W m22 and VIRS 0.63-mm aerosol optical depths
range from 0.05 to 0.1. Latitudinal distributions of the
direct radiative effect of aerosols and VIRS 0.63-mm
aerosol optical depth are shown in Fig. 3. In both cases,
a marked contrast between the northern and southern
tropical oceans is evident. The direct radiative effect in
the south is 23.6 compared to 25.5 W m22 in the north.
The corresponding VIRS 0.63-mm aerosol optical
depths are 0.11 and 0.17, respectively. Over all the Trop-
ics, the average direct radiative effect is 24.6 W m22

and the average VIRS 0.63-mm aerosol optical depth is
0.14.

Figure 4 shows the relationship between the daily
mean CERES direct radiative effect of aerosols and
VIRS 0.63-mm average aerosol optical depth for 18 re-
gions over the Pacific Ocean between 108S–208N and
1808–908W. The two are highly correlated (correlation
coefficient 0.96) and clearly show the influence of aero-
sols on TOA radiation, with values as high as 280 W
m22 (VIRS 0.63-mm aerosol optical depth of 2.5). As
the aerosol optical depth approaches zero, the direct
effect should also approach zero—in Fig. 4 it reaches
0.06 W m22, which is ø1.3% (relative) of the tropical
average aerosol direct radiative effect. The slope of the
linear fit through the points—or the radiative effect of
tropical aerosols per unit optical depth—is 232.1 W
m22 t 21. In contrast, Satheesh and Ramanathan (2000)
obtained a value of 225 W m22 t 21 during the INDOEX
campaign in a highly polluted period. The reason for

the difference is likely due to increased aerosol absorp-
tion in the polluted air during INDOEX. To illustrate,
Fig. 5a shows the solar zenith angle dependence in the
derivative of aerosol direct radiative effect (in terms of
albedo a) with VIRS 0.63-mm aerosol optical depth
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FIG. 6. Spatial and temporal variation of (a) the direct radiative effect and (b) VIRS 0.63-mm aerosol optical depth for biomass burning
aerosols near Mexico for latitudes between 158 and 258N and the indicated longitudes.

(Da/Dt) over the Kaashidoo Climate Observatory
(KCO) between January–April and May–August 1998.
The January–April period over KCO is associated with
highly polluted air from the Indian subcontinent (Sath-
eesh and Ramanathan 2000), whereas cleaner conditions
prevail during the May–August period due to increased
precipitation and a shift in wind direction from north-
easterly to southerly. Figure 5a shows smaller Da/Dt
during the polluted January–April period compared to
the cleaner May–August period. This is consistent with
what is expected theoretically: smaller Da/Dt is asso-
ciated with larger particles and/or increased particle ab-
sorption; larger Da/Dt occurs when particles are small
and/or less absorbing. As expected, the no aerosol con-
dition—represented by the intercept in Fig. 5b—shows
little or no difference for these two time periods. East
of the Indian subcontinent (for 08–208N, 608–808E), the
daily average flux per unit VIRS 0.63-mm aerosol op-
tical depth for these two periods is 226.8 W m22 t 21

for January–April (consistent with Satheesh and Ra-
manathan 2000), and 229.4 W m22 t 21 for May–Au-
gust 1998.

To examine the influence of biomass burning aerosols
on TOA radiation during a dramatic fire event, we con-
sider the 1998 Central American fires that occurred dur-
ing a period of prolonged drought over Central America
and southern Mexico (Peppler et al. 2000). Figure 6
shows the spatial and temporal variation of the aerosol
direct radiative effect and the corresponding VIRS 0.63-
mm aerosol optical depth for three longitude intervals
off of the coast of Mexico. The region farthest from the
source of the biomass burning, between 1408 and 1208W,
has a minimum direct radiative effect of 22.4 W m22

(aerosol optical depth of 0.08) in January, and a max-

imum in June of 25 W m22 (aerosol optical depth of
0.14). Between 1208 and 1008W, the radiative effect
ranges from 22.5 W m22 (aerosol optical depth of 0.09)
in January to 218 W m22 (aerosol optical depth of 0.58)
in May. Closest to the source region, between 1008 and
908W, a minimum of 24.7 W m22 (aerosol optical depth
of 0.17) occurs in January—likely due to urban pol-
lution in Mexico City—to a maximum of 232.5 W m22

(aerosol optical depth 0.96) in May due to biomass burn-
ing. These results are consistent with Christopher et al.
(2000) who found instantaneous SW forcing over the
same region and period of ø268 W m22, which cor-
responds roughly to a daily mean of 234 W m22.

When the direct radiative effect of aerosols is strat-
ified by wind speed, a small yet systematic trend is
observed. Figure 7 shows the direct radiative effect
against wind speed for regions with mean VIRS 0.63-
mm aerosol optical depths ,0.25 for 158–258N and 908–
1808W. As shown, the direct radiative effect becomes
more pronounced over this region as wind speeds be-
come stronger. This trend may be physical, as one might
expect more sea-salt aerosol generation with increasing
wind speed (Blanchard and Woodcock 1980; Hoppel et
al. 1990; Flamant et al. 1998), or it could be due to
increased transport of aerosols from source regions. Al-
ternately, this trend may instead be an artifact of the
retrieval. For example, at large wind speeds, whitecap
coverage may increase the observed reflectance from
the surface, which can be misinterpreted as an increase
in the aerosol direct effect. Haywood et al. (1999) found
a similar trend in their comparison of the direct radiative
effect of aerosols based on ERBE measurements. In that
case, regions where the direct radiative effect was a
maximum coincided with regions where the wind speed
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FIG. 7. Aerosol direct radiative effect against wind speed for 18
regions with mean VIRS 0.63-mm aerosol optical depths ,0.25 for
158–258N and 908–1808W. Solid line is a second-order polynomial
fit through all data points. FIG. 8. Sensitivity of aerosol direct radiative effect to clear-sky

scene identification. The CERES SSF result corresponds to CERES
footprints with all VIRS pixels passing the reflectance, brightness
temperature, and infrared/near-infrared difference tests, and more
than 50% passing the spatial homogeneity and 3.78-mm channel re-
flectance tests. Adjacent lines correspond to the case where the per-
centage of VIRS pixels passing the spatial homogeneity and 3.78-
mm channel reflectance tests is 0% or more (lower gray line) and
100% (upper gray line). Open circles show the direct effect using
SSF fluxes with scene identification from the CERES/TRMM ERBE-
like product. Solid triangles show the direct effect when both TOA
fluxes and scene identification are from the ERBE-like product.

was a maximum. To unscramble the various factors that
may explain this relationship, it may prove useful to
examine statistics of remote marine aerosol optical
depth with wind speed from the surface. In that case,
the whitecap effect should be eliminated, but other fac-
tors, such as wind blown dust at the site and other me-
teorological influences, may obscure the results.

5. Uncertainties

One of the largest uncertainties in estimating the di-
rect radiative effect of aerosols from satellite measure-
ments is cloud contamination. As noted in section 3c,
the cloud mask involves several threshold tests to iden-
tify cloud-free CERES footprints. In the present study,
footprints are assumed to be cloud free if all VIRS pixels
within a CERES footprint pass the reflectance, bright-
ness temperature, and infrared/near-infrared difference
tests, and more than 50% pass the spatial homogeneity
and 3.78-mm channel reflectance tests. The direct effect
was also determined using thresholds of 0% and 100%
for the percentage of VIRS pixels within a CERES foot-
print that pass the spatial homogeneity and 3.78-mm
channel reflectance tests. The 0% threshold includes all
footprints that pass the reflectance, brightness temper-
ature, and infrared/near-infrared difference tests, while
the 100% threshold requires all pixels within a footprint
to also pass the spatial homogeneity and 3.78-mm chan-
nel reflectance tests. Figure 8 compares the latitudinal
dependence in the direct effect for a 50% threshold (sol-
id circles) with results based on thresholds of 0% (bot-
tom gray line) and 100% (top gray line). On average,
the difference between the two extreme cases (i.e., 0%
and 100%) is ø0.8 W m22. The direct effect based on
the 50% threshold is closer to the 100% threshold result
(ø0.29 W m22) than it is to the 0% threshold values

(ø0.46 W m22). Unfortunately, it remains unclear how
this error would change with higher-resolution imager
measurements [e.g., 0.25-km Moderate Resolution Im-
aging Spectroradiometer (MODIS) measurements]. The
higher-resolution data would likely significantly im-
prove detection of small-scale and thin clouds, which
would tend to reduce the magnitude of the direct effect.
However, there may also be conditions in which the
current cloud mask is too restrictive and misidentify
thicker aerosol layers for cloud. Clearly, more study is
needed using instruments that are more sensitive to the
presence of cloud [e.g., MODIS, Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CAL-
IPSO)].

For comparison, Fig. 8 also shows how the direct
effect changes when the imager scene identification is
replaced by scene identification from the CERES/
TRMM ERBE-like product (open circles), and when
both the ERBE-like ADMs and scene identification are
used to determine the direct effect (solid triangles). The
ERBE-like product uses the maximum likelihood esti-
mation technique (MLE; Wielicki and Green 1989) ap-
plied to CERES broadband radiances in order to classify
a footprint as either clear, partly cloudy, mostly cloudy,
or overcast. ERBE ADMs were derived from Nimbus-
7 Earth Radiation Budget (ERB) measurements (Suttles
et al. 1988).
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FIG. 9. Relative frequency distributions of multiangle dispersion
parameter (D ) for albedos estimated using the ADMs described in
section 3, clear ocean albedos from the CERES ERBE-like product,
and albedos determined assuming the targets are Lambertian (i.e., no
anisotropic correction).

When ERBE-like clear-ocean scene identification is
used in conjunction with ADMs constructed from the
SSF (open circles), the average direct effect reaches
ø29 W m22, a change of ø24.4 W m22 (or a factor
of 2) over what is obtained when the imager is used for
scene identification. When ERBE-like ADMs are used
with MLE scene identification (solid triangles), the av-
erage direct effect reaches 27.5 W m22, or ø23 W
m22 more than the SSF value. Clearly, this extra ‘‘forc-
ing’’ is caused by cloud contamination. For ERBE, the
cloud contamination problem is even more pronounced
because the ERBE scanner footprint is at least 4 times
larger than a CERES/TRMM footprint. Loeb et al.
(2001) showed that an increase in footprint size by a
factor of 4 causes a 6% increase in clear-sky ocean
radiance using the MLE technique. This occurs because
there is a greater likelihood of encountering undetected
subresolution clouds when the footprint size is large.
Assuming a daily average clear ocean SW flux of 40
W m22, a 6% increase in SW flux due to cloud con-
tamination would increase the ERBS SW flux by 2.4
W m22 above the CERES ERBE-like SW flux. This
means the direct effect for ERBE/ERBS would reach
210 W m22, or ø25.4 W m22 above the SSF value.

A second source of uncertainty involves the radiance-
to-flux conversion [Eq. (3)]. If the ADM is in error, this
will introduce a bias in the direct radiative effect esti-
mate. Unfortunately, the ‘‘true’’ flux from a scene is
usually unavailable. Under limited conditions, one could
use highly accurate flux measurements from SW pyr-
anometers aboard aircraft (Hignett et al. 1999) to com-
pare with satellite-based fluxes (provided spatial and
temporal matching errors are small). Another approach
is to test the consistency in clear-sky instantaneous flux
estimates using multiangle measurements of fixed clear-
sky targets. Since near-simultaneous fluxes estimated
from several different directions over a scene should be
the same, multiangle data provide a powerful tool for
validating the radiance-to-flux conversion. While the
multiangle approach says nothing about the ‘‘absolute’’
accuracy of the fluxes themselves, it does provide a good
indication of how robust the radiance-to-flux estimate
is in different viewing geometries. To perform this test,
CERES measurements from nine days when CERES
was scanning in the along-track direction are consid-
ered. First, SW fluxes from multiangle CERES mea-
surements located over 30-km targets along the ground
track are collected. Typically more than 20 multiangle
CERES measurements are available over a target region.
The imager sees a region from the nadir direction a few
minutes prior/after CERES sees the target from an
oblique viewing zenith angle. Next, instantaneous fluxes
from all viewing directions over the 30-km target re-
gions are converted to albedos. A dispersion parameter
(D), determined from the ratio of the albedo standard
deviation to the average albedo, is obtained for each
30-km target region. If each footprint within the target
region observes the same scene, a perfect ADM would

produce a D of zero since albedo should be independent
of satellite viewing angle. Figure 9 shows relative fre-
quency distributions of D based on fluxes estimated us-
ing the ADMs described in section 3, clear-ocean fluxes
from the CERES ERBE-like product, and fluxes based
on imager scene identification, but assuming the targets
are Lambertian (i.e., no anisotropic correction). As
shown, D values are much lower using the ADMs de-
scribed in section 3 than they are based on ERBE-like
and Lambertian fluxes. Average D values ( ) are typ-D
ically ø2.2% using the ADMs from this study, com-
pared to ø8.8% for the ERBE-like product, and 16.9%
when a Lambertian assumption is used. The ERBE-like
result is likely influenced both by ADM errors and cloud
contamination. To remove the influence of cloud con-
tamination, a fourth case is considered in which only
ERBE-like fluxes over targets identified as clear by the
imager are used in determining D. In that case, de-D
creases to 5.2%, which is still a factor of 2 larger than
results based on the ADMs described in section 3.

To estimate the uncertainty in the mean direct effect
due to ADM errors, flux estimates from all nine months
of CERES/TRMM observations are sorted by viewing
geometry, averaged, and compared with mean fluxes
determined by direct integration of the clear-ocean ra-
diances. A similar approach was used in Loeb et al.
(1999) and Loeb et al. (2000) to estimate flux uncer-
tainties in all-sky conditions. For clear-ocean scenes,
the Helmholtz principle of directional reciprocity is used
for filling in angular bins with missing data. Davies
(1994) and DiGiroloamo and Davies (1998) showed that
while this assumption is questionable under cloudy con-
ditions, it is reasonable for homogeneous scenes, such
as clear ocean. Figure 10 shows the ADM and direct
integration mean flux difference as a function of solar
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FIG. 10. Difference between mean fluxes estimated from ADMs
and fluxes determined by direct integration of mean radiances as a
function of solar zenith angle and viewing zenith angle.

zenith angle and viewing zenith angle (averaged over
all relative azimuth angle bins). From these results,
ADM fluxes are typically lower than direct integration
fluxes by 0.4 W m22 (0.5%). This corresponds to a daily
average error of ø0.2 W m22.

Other factors influencing the uncertainty in the direct
effect are instrument calibration and the conversion of
filtered SW radiance to unfiltered SW radiance. For CE-
RES/TRMM, the absolute uncertainty in the SW radi-
ances is ø1% (Priestley et al. 2000), which corresponds
to a 0.4 W m22 uncertainty in clear-sky TOA flux, as-
suming a daily average clear-sky flux of 40 W m22. The
uncertainty in the conversion of filtered SW radiance to
unfiltered SW radiance is ø1% (Loeb et al. 2001). As-
suming the error due to cloud contamination is 0.8 W
m22 (corresponding to the difference in flux between
the upper and lower gray lines in Fig. 8 that bound the
CERES SSF aerosol direct radiative effect estimate),
and combining errors from cloud contamination, radi-
ance-to-flux conversion, radiance unfiltering, and cali-
bration, the overall error becomes (0.82 1 0.22 1 0.42

1 0.42)1/2 W m22 or ø1 W m22 (ø20%). Because of
increased cloud contamination associated with the MLE
technique, the uncertainty in the CERES ERBE-like di-
rect effect is approximately 3 W m22. As noted earlier,
the cloud contamination problem for ERBE/ERBS is
even worse due to its larger footprint. In that case, the
error in the direct effect reaches 5.5 W m22.

6. Summary

This study demonstrates how broadband fluxes from
CERES combined with high-resolution imager mea-

surements can be used to estimate the direct radiative
effect of aerosols over ocean. Based on nine months of
CERES/TRMM measurements, the average direct effect
over the tropical oceans is estimated to be 24.6 W m22.
Over the southern tropical oceans, the magnitude of the
direct effect is ø2 W m22 smaller than over the northern
tropical oceans. Boucher and Tanré (2000) obtained a
similar difference globally (1–3 W m22) between the
Northern and Southern Hemispheres, but the absolute
magnitude of their estimates for the global and hemi-
spheric mean direct effect is approximately 1 W m22

larger than that from the present study for the tropical
oceans. The CERES-based direct effect is also found to
be highly correlated with aerosol optical depth retrievals
inferred from 0.63-mm VIRS radiances (correlation co-
efficient of 0.96) with a slope of ø232 W m22 t 21

over the equatorial Pacific Ocean. The slope changes
both regionally and seasonally depending on the aerosol
characteristics, whereas the intercept remains close to
zero, as expected. Temporal and regional changes in the
direct effect near sources of biomass burning reach 225
to 230 W m22, consistent with Christopher et al. (1996).
An unexplained result from the present study is the
cause for the increase in the direct effect on wind speed.
While one might conclude that the increase is related
to wind-induced sea-salt aerosols, another contributing
factor may be increased surface reflection (e.g., due to
whitecaps). A third possibility may simply be due to
increased transport of aerosol from source regions with
wind speed. The uncertainty in the direct effect is es-
timated to be 1 W m22, corresponding to a relative
uncertainty of 20%. This error is a factor of 3–5 times
smaller than errors associated with estimates based on
the ERBE and CERES ERBE-like products.

While the measurements considered in this study can-
not be used to provide accurate estimates of the an-
thropogenic component of the aerosol direct effect over
the Tropics, the combination of CERES/Aqua,1 MODIS/
Aqua, and CALIPSO measurements will significantly
improve our ability to do so. With these measurements,
the anthropogenic aerosol direct effect can be estimated
from CERES fluxes over regions identified as having a
significant anthropogenic component according to trans-
port model back trajectory analyses initialized using
vertical layer information from CALIPSO measure-
ments, and particle size and optical depth information
from MODIS. Furthermore, the higher spatial resolution
of MODIS data combined with CALIPSO’s improved
ability to distinguish cloud from aerosol layers will re-
duce errors due to cloud contamination.

Acknowledgments. The authors would like to thank
Dr. James M. Haywood and Professor James A. Coakley
Jr. for their helpful comments. This research was funded
by the Global Aerosol Climatology Programme (GACP)

1 The Aqua spacecraft, with CERES and MODIS instruments
aboard, was successfully launched on 4 May 2002.

Unauthenticated | Downloaded 04/18/21 12:59 PM UTC



15 JUNE 2002 1483L O E B A N D K A T O

under NASA Grant NAG1-2206 and the Clouds and the
Earth’s Radiant Energy System (CERES) project under
NASA Grant NAG-1-2318.

REFERENCES

Ackerman, A. S., O. B. Toon, D. E. Stevens, A. J. Heymsfield, V.
Ramanathan, and E. J. Welton, 2000: Reduction of tropical
cloudiness by soot. Science, 288, 1042–1047.

Albrecht, B. A., 1989: Aerosols, cloud microphysics, and fractional
cloudiness. Science, 245, 1227–1230.

Barkstrom, B. R., 1984: The Earth Radiation Budget Experiment
(ERBE). Bull. Amer. Meteor. Soc., 65, 1170–1186.

Bergstrom, R. W., and P. B. Russell, 1999: Estimation of aerosol
direct radiative effects over the midlatitude North Atlantic from
satellite and in situ measurements. Geophys. Res. Lett., 26, 1731–
1734.

Blanchard, D. C., and A. H. Woodcock, 1980: The production, con-
centration, and vertical distribution of the sea-salt aerosol. Ann.
N.Y. Acad. Sci., 338, 330–347.
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