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ABSTRACT

This study uses data collected from the Clouds and the Earth’s Radiant Energy System (CERES) and the
Moderate Resolution Imaging Spectroradiometer (MODIS) instruments to determine Saharan dust broadband
shortwave aerosol radiative forcing over the Atlantic Ocean near the African coast (158–258N, 458–158W). The
clear-sky aerosol forcing is derived directly from these data, without requiring detailed information about the
aerosol properties that are not routinely observed such as chemical composition, microphysical properties, and
their height variations. To determine the diurnally averaged Saharan dust radiative forcing efficiency (i.e.,
broadband shortwave forcing per unit optical depth at 550 nm, W m22 ), two extreme seasons are juxtaposed:21t a

the high-dust months [June–August (JJA)] and the low-dust months [November–January (NDJ)]. It is found that
the top-of-atmosphere (TOA) diurnal mean forcing efficiency is 235 6 3 W m22 for JJA, and 226 6 321t a

W m22 for NDJ. These efficiencies can be fit by reducing the spectrally varying aerosol single-scattering21t a

albedo such that its value at 550 nm is reduced from 0.95 6 0.04 for JJA to about 0.86 6 0.04 for NDJ. The
lower value for the low-dust months might be influenced by biomass-burning aerosols that were transported
into the study region from equatorial Africa. Although the high-dust season has a greater (absolute value of the)
TOA forcing efficiency, the low-dust season may have a greater surface forcing efficiency. Extrapolations based
on model calculations suggest the surface forcing efficiencies to be about 265 W m22 for the high-dust21t a

season versus 281 W m22 for the low-dust season. These observations indicate that the aerosol character21t a

within a region can be readily modified, even immediately adjacent to a powerful source region such as the
Sahara. This study provides important observational constraints for models of dust radiative forcing.

1. Introduction

In the Sahara and bordering regions, aeolian processes
mobilize and suspend considerable quantities of aero-
sols in the atmosphere. Of the total global production,
estimates of which vary between 1000 and 3000 Tg yr21

(Andreae 1995; Duce 1995), more than half generally
originates over West Africa (Mbourou et al. 1997).
Much attention has been paid to the Saharan dust ra-
diative forcing during the recent decade. Observational
analyses have been based on in situ ground or airborne
measurements (Li et al. 1996; Fouquart et al. 1987;
Quijano et al. 2000; Haywood et al. 2001), surface ra-
diometer measurements (Diaz et al. 2001; Dubovik et
al. 2002), dust transport models and satellite observa-
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tions (Weaver et al. 2002), and combined satellite mea-
surements of aerosol loading and top-of-atmosphere
(TOA) broadband fluxes (Hsu et al. 2000; Loeb and
Kato 2002; Christopher and Zhang 2002).

Here we examine the seasonal dependence of the Sa-
haran dust aerosol radiative forcing over the Atlantic
Ocean near the African coast (158–258N, 458–158W)
using satellite data from the Clouds and the Earth’s Ra-
diant Energy System (CERES) and the Moderate Res-
olution Imaging Spectroradiometer (MODIS). While
previous studies have explored the aerosol radiative
forcing for a specific period, we seek to explicitly ex-
plore its seasonal variation by contrasting two seasons:
a high-dust period from June–August (JJA), and a low-
dust period from November–January (NDJ). We will
show that aerosol character can undergo a profound sea-
sonal change that affects the aerosol radiative forcing.
We approach this question by deriving the clear-sky dust
aerosol forcing directly from these data. Thus we do
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not require detailed information about aerosol properties
that are not routinely observed, such as chemical com-
position, microphysical properties, and their height var-
iations. This is achieved by correlating the aerosol op-
tical depth estimate from MODIS with broadband fluxes
from CERES on a pixel-to-pixel basis for each solar
zenith angle. The regression slope thus obtained is the
TOA aerosol forcing efficiency (radiative forcing per
unit aerosol optical depth). Additionally, this informa-
tion with the constraints of MODIS effective radii en-
ables diagnosing the effective aerosol single-scattering
albedo that would match this forcing efficiency. By ap-
plying this single-scattering albedo to a model, we can
estimate the forcing efficiency at the surface. These data
will provide useful information to diagnose the effects
of the aerosol on the regional-scale energy balance.

In section 2, we describe the criteria for choosing CE-
RES and MODIS data used in this study. In section 3,
we discuss the regression approach for obtaining the forc-
ing efficiency and the results. We discuss sources of un-
certainty in section 4, and conclusions in section 5.

2. Data

The Earth Observing System Terra satellite was
launched on 18 December 1999. It is a multi-instrument
platform that carries the MODIS and CERES sensors.
Terra has a sun-synchronous orbit with the orbit period
of 98 min, and a ground-track repeat cycle of 16 days.

MODIS (Kaufman et al. 2000) has a viewing swath
width of 2330 km, and views the entire surface of Earth
in 36 spectral bands (0.4–14 mm). MODIS aerosol prod-
ucts have undergone a rapid update since their first re-
lease in August 2000. The current version 3 provides
nearly global coverage starting November 2000. For this
study, we used a 14-month series of the version 3 prod-
ucts spanning a period from November 2000 to Decem-
ber 2001. We use the MODIS level 2-v3 products
(MOD04pL2) that have a 10-km spatial resolution at
nadir. The parameters used include the 550-nm wave-
length aerosol optical depth (AOD) over ocean, aerosol
effective radius, solar zenith angle, and scattering angle.

CERES has three channels: a shortwave channel to
measure reflected sunlight, a longwave channel to mea-
sure Earth-emitted thermal radiation in the 8–12-mm
‘‘window’’ region, and a total channel to measure all
wavelengths of radiation (Wielicki et al. 1996). The
resolution of CERES-Terra is 20 km at nadir. To ex-
amine TOA shortwave flux, we use the CERES (Earth
Radiation Budget Experiment) ERBE-like Science
Product (ES8) dataset. The ES8 parameters used are the
TOA shortwave flux (wavelength range 0.3–5.0 mm),
the solar zenith angle, and the scene type. We only use
clear-sky measurements over the ocean (‘‘clear ocean’’
scene type).

a. Solar zenith screening

Estimates of instantaneous aerosol radiative forcing
are quite sensitive to the solar zenith angle (Rajeev and
Ramanathan 2001; Haywood et al. 2001; Loeb and Kato
2002). We first examine the consistency of the solar
zenith angles recorded by the MODIS and CERES in-
struments. The measurements are collocated at a 0.28
3 0.28 grid for a test region from 908N to 908S and
908W to 908E using a method similar to Rajeev and
Ramanathan (2001). The CERES and MODIS data lo-
cated within each grid are binned. The CERES 20-km
resolution is already equivalent to 0.28 at the central
latitude of the test region. MODIS data has the equiv-
alent resolution of 0.18 and multiple measurements with-
in each 0.28 bin are averaged. We apply an additional
constraint that the MODIS and CERES solar zenith an-
gles must agree within 0.58, which removes approxi-
mately 4% of the points.

b. MODIS AOD

Our study region is over the Atlantic Ocean northwest
of the Sahara (158–258N, 458–158W). Figure 1 shows
the MODIS AOD (550 nm) distributions over the target
area for two extreme cases: during a high-dust month
(July 2001), and a low-dust month (December 2000).
The AOD values in Fig. 1 are the average of all the
observations per month within each 0.28 3 0.28 grid
over the oceanic regions within our study region. In
July (Fig. 1a), dense dust plumes stream out of the north-
western Africa coastal region, with AOD even reaching
1.0. The dust plumes spread westerly toward the remote
Atlantic. By contrast in December (Fig. 1b), the AOD
in the study area dwindles to 0.15.

Atmospheric circulation and aerosol lifetime are crit-
ical factors that control the distribution and transport of
aerosols over the ocean. The dust transport is signifi-
cantly dominated by the prevailing wind in the low tro-
posphere (Li and Ramanathan 2002). Figure 2 gives a
seasonal mean wind field in the 700-mb layer for two
periods: JJA, and NDJ. During JJA a strong easterly
wind is driven by differential heating between land areas
in the Saharan desert and adjacent ocean areas; the high-
est wind speed is up to 12 m s21. In NDJ, however, the
wind speed decreases to about 2 m s21 in the study
region, which limits the dust transport. [Data are from
the National Centers for Environmental Prediction–Na-
tional Center for Atmospheric Research (NCEP–NCAR)
reanalysis available from the National Oceanic and At-
mospheric Administration–Cooperative Institute for Re-
search in Environmental Sciences (NOAA–CIRES) Cli-
mate Diagnostics Center.]

The annual variation of the MODIS AOD within the
study region is shown in Fig. 3 on a monthly mean
basis. (The monthly average is determined from the dai-
ly regional averages, where each regional average is
determined from an average of the 0.28 binned data.) A
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FIG. 1. MODIS aerosol plumes for our study region in (a) Jul 2001 and (b) Dec 2000. The
aerosol optical depth at 550 nm is given by the color scale at the right.

clear seasonal cycle is seen with heavy dust events dur-
ing JJA, and a low aerosol loading in NDJ. Even though
the aerosol loading is less in NDJ, the AOD over the
study area is still as large as 0.15, which is 3 times
higher than the average value (0.05) expected over the
remote North Atlantic area (Husar et al. 1997). This
suggests that African aerosols affect the region in any
season. In February, a secondary AOD peak is found
that reaches 0.4. It is not an occasional episode, as the
February plume has captured attention for years (Husar
et al. 1997; Ellis and Merrill 1995; Li et al. 1996). The
AOD and wind flow in February 2001 are illustrated in
Fig. 4, which show that the northward spread of the
aerosol plumes basically follows the wind speed gra-
dient. This suggests that the second aerosol plume is
linked to the periodic African biomass burning events,
given by the MODIS fire detection product (available
online at http://rapidfire.sci.gsfc.nasa.gov/productsprr.
html).

c. MODIS aerosol effective radius

Scattering and absorption by airborne particles
strongly depend on their size. Effective radius, reff , is
used to quantify, in a single value, the size of a po-
lydispersed particle size distribution. The effective ra-
dius is the surface-weighted size of equivalent spher-
ical particles, which is a measure of the total volume
to the surface area for a distribution of aerosol particles
(Hess et al. 1998). MODIS provides an estimate of the
aerosol effective radii, which will be used to constrain
the diurnal flux integration and estimate the single-
scattering albedo. Uncertainties in the MODIS effec-
tive radii and their effects on the analyses are discussed
in section 4.

Figure 5 shows the frequency distributions of the
MODIS effective radii for the dust seasons (JJA and
NDJ). The number of observations during JJA is less
than NDJ because more cloudy days occur during the
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FIG. 2. Mean wind field (m s21) at 700 mb for (a) the high-dust season months (JJA), and (b)
the low-dust season (NDJ). Arrows indicate the wind vector, and the color indicates the wind
speed.

warmer season. For NDJ, the effective radii are all
concentrated around 0.55 mm. The distributions during
JJA are much broader than for NDJ, and the average
effective radii for July and August increase by about
0.35 mm to about 0.9 mm. June has a mode that is more
similar to the NDJ period than to neighboring months
July and August. The reason for this dissimilarity is
uncertain, but might be related to June being a tran-
sition month when the aerosol properties are under-
going a seasonal shift. Note, for example, that the larg-
est standard deviations in AOD occurred during June
(Fig. 3).

3. Methodology

a. Aerosol forcing efficiency

The top-of-atmosphere (TOA) direct radiative forcing
(DF) of aerosols for cloud-free sky is defined as

DF 5 F 2 F ,na a (1)

where Fna is the broadband shortwave (SW) flux in the
absence of aerosols, and Fa is the flux in the presence of
aerosols. The aerosol forcing efficiency ( f e) is the radiative
forcing produced by a unit of AOD (W m22 ). Many21ta

prior studies have determined DF by modeling the aerosol-
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FIG. 3. Seasonal variation of the MODIS monthly mean AOD (550
nm) in our study region, the northwest of Africa (158–258N, 458–
158W) from Nov 2000 to Dec 2001. Vertical bars for each month
indicate one standard deviation of the daily variability.

free flux, Fna. However, such an approach assumes that
the model will reproduce the aerosol-free flux as seen by
the instrument when in fact there may be modeling or
instrumental offsets (Satheesh and Ramanathan 2000;
Conant 2000). We avoid modeling Fna by taking the de-
rivative of the expression (1) with respect to a narrowband
AOD, ta, to get the instantaneous efficiency f e(u) as (Ra-
jeev and Ramanathan 2001)

f (u) 5 d(DF)/dt 5 2dF /dt .e a a a (2)

Thus by treating the efficiency (i.e., the slope), biases
are removed from the analysis. The instantaneous forc-
ing efficiency is a function of the solar zenith angle,
and the next section describes how we obtain it from
the MODIS data. Section 3c explains how instantaneous
forcing efficiencies are used to compute diurnally av-
eraged forcing efficiencies that are more relevant to cli-
mate studies of the earth’s energy balance.

Note that following the convention of earlier studies
(e.g., Satheesh and Ramanathan 2000; Conant 2000;
Rajeev and Ramanathan 2001) the forcing efficiency is
defined as the derivative of the broadband shortwave
flux with respect to a narrowband AOD (in our case, at
550 nm). It might seem more consistent to use a broad-
band, spectrally averaged AOD to evaluate the deriv-
ative of the broadband flux; however, sufficient multi-
spectral AODs are not available to provide a shortwave
broadband average. Aerosol spectral AODs tend, in gen-
eral, to be broad and smoothly varying (especially for
large dust particles); thus, it is reasonable to use the
value at 550 nm as an ‘‘index’’ because of the large
amount of shortwave energy incident at (or near) this
wavelength, and the corresponding effect of this energy
on the broadband CERES flux.

b. Slope determination

The value Fa is represented by the instantaneous CE-
RES TOA fluxes, which are collocated with, ta, the
MODIS AOD at 550 nm. For convenience, Fa is con-
verted into TOA albedo by dividing by the TOA in-
stantaneous solar flux incident at each pixel location.
Figure 6 shows scatterplots of clear-sky CERES SW
albedos versus ta for our study region in July 2001 (a
high-dust month) and November 2000 (a low-dust
month). Because TOA albedo depends strongly on the
solar zenith angle, the solar zenith angles for each plot
are limited to be within a 58 interval: 208–258 for July,
and 408–458 for November (for this illustration, differ-
ent ranges are used per month to adjust for the difference
in solar declination angle in order to show the typical
patterns per season). The relative large scatter seen in
Fig. 6 is due to the uncertainties in the models used to
convert radiances to TOA albedo, cloud contamination,
and other factors discussed in section 4.

To obtain the instantaneous slope of albedo in terms
of ta for each solar zenith angle bin, three fitting pro-
cedures were tested. The first procedure is linear-direct
fitting, where a linear regression is performed on all of
the points (the line in Fig. 6). The second procedure is
binned-mean fitting: the TOA albedos are binned by
narrow AOD intervals (0.02), an average albedo is com-
puted for each bin, and a linear fit is performed on the
averages (solid squares). The third procedure is binned-
minimum fitting: for each narrow AOD interval, only
the minimum TOA albedo for each bin is used (solid
triangles). Both binning procedures require a minimum
of 200 points to create a bin. (The AOD axis stops at
0.5 in Fig. 6a and at 0.25 in Fig. 6b because there are
not enough points within the 0.02 AOD intervals beyond
those points that meet this criterion; however, the linear-
direct fitting uses all points including those beyond the
axes cutoffs.) As can be seen in Fig. 6, the three ap-
proaches produce similar slopes. As the solar zenith
angle increases, more of the radiation is scattered into
the upward hemisphere and, hence, enhances the slope
(forcing) (Hignett et al. 1999; Loeb and Kato 2002;
Haywood et al. 2001). We find that the linear-direct
fitting follows this behavior the best of the three, with
slopes that increase nearly monotonically with solar ze-
nith angle (i.e., the slopes are least affected by scatter
within the data). The binned-mean fitting is only 22.3%
different on average from the linear-direct fitting. The
binned-minimum fitting is most susceptible to scatter
and differs from the linear-direct fitting on average by
13%. Therefore, we use the linear-direct fitting approach
to derive the forcing efficiency in this study.

c. Diurnal average forcing efficiency

Figure 7 shows the albedo slopes versus solar zenith
angle as obtained from the direct fitting procedure for
the low-dust months (November and December 2000,
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FIG. 4. Illustration of the northward aerosol invasion upon the study area coming from the
biomass-burning regions in Feb 2001. (a) MODIS aerosol optical depth (550 nm) distribution,
and (b) the 700-mb wind flow pattern from the NCEP–NCAR reanalysis; arrows indicate the
wind vector, and the color indicates the wind speed.

and January 2001), and the high-dust months (June,
July, and August 2001). The uncertainty in the slopes
fitted by the linear-direct method (e.g., Fig. 6) are pro-
vided at each point by an error bar. (The average cor-
relation coefficients of the albedo–AOD relationships
are around 0.62 for NDJ and JJA, with values mostly
ranging between 0.5 and 0.75 for both seasons and a
minimum and maximum of 0.35 and 0.78.) Because the
range of AOD is less for the NDJ low-dust months than
for JJA, the scatter may cause a greater uncertainty in
the slope fitting for NDJ. As can be seen, Terra’s sun-
synchronous orbit limits the solar zenith angles available
within our study region. The solar declination angle
decreases in the latter part of the year and broadens the
range of solar zenith angles for NDJ, but still not suf-
ficiently to span the full range needed to evaluate the

diurnal average forcing efficiency. Thus, we employ a
fitting procedure that is constrained by these observa-
tions in order to obtain values for the full range of solar
zenith angles that are needed to evaluate the diurnal
average forcing efficiency.

The fitting procedure uses calculations by the Santa
Barbara discrete ordinate radiative transfer (DISORT)
Atmospheric Radiative Transfer (SBDART) program
(Ricchiazzi et al. 1998), which allows setting the spec-
tral aerosol optical properties such as the extinction co-
efficient, single-scattering albedo, and asymmetry fac-
tor. The vertical distribution is specified in terms of an
aerosol density profile (Hess et al. 1998) that decreases
exponentially from 0 to 6 km by a scale height of 2 km,
from 6 to 12 km by a scale height of 8 km, and from
12 to 35 km by a scale height of 99 km. The units used
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FIG. 5. Frequency distributions of MODIS aerosol effective radii within our study region for
months NDJ and JJA.

to specify the aerosol density are arbitrary, since the
overall profile is scaled by the user-specified total ver-
tical optical depth (Ricchiazzi et al. 1998). The spectral
aerosol optical properties are generated using the Op-
tical Properties of Aerosols and Clouds (OPAC) model
(Hess et al. 1998) from which we adopt the OPAC size
distribution and refractive index for each component.
The OPAC refractive indices of the aerosol components
are mostly from d’Almeida et al. (1991), which partly
refer to Shettle and Fenn (1979), and are corrected with
respect to different sources in a few cases (Koepke et
al. 1997). The size distributions are modeled using log-
normal distributions that are a function of Rmod and s.
The OPAC aerosol types used and their Rmod and s are
(mm): water soluble (0.0306, 2.24), sea salt accumu-
lation mode (0.416, 2.03), sea salt coarse mode (3.49,
2.03), mineral accumulation mode (0.39, 2.0), mineral
coarse mode (1.90, 2.15), mineral transported (0.50,
2.2), and soot (0.0118, 2.00). The Rmod for the water
soluble and sea salt components have a slight relative
humidity dependence, and the values provided here are
at 80% RH. The surface relative humidity is obtained
from the NCEP–NCAR reanalyses (75% for NDJ and
80% for JJA), and the SBDART ‘‘tropical’’ atmospheric
profile is used above that. (For additional aerosol in-
formation on the OPAC aerosol properties, see Hess et
al. 1998).

A series of candidate aerosol models are constructed
by systematically changing the mixing ratios of the aero-
sol types, while requiring that the resulting aerosol ef-
fective radius match the MODIS retrieval for each pe-
riod. The effective radius constraint for each season is
the average of its three monthly modes given in Fig. 5.
For JJA the concentrations of the mineral dust, water-

soluble and sea salt components were varied, and soot
needed to be included for NDJ in order to match the
slopes. The component compositions for each of the
models in terms of mixing ratio are, respectively for
JJA and NDJ, 63%–49% for the mineral component,
8%–15% for the water soluble, and 29%–34% for the
sea salt. Soot was included for NDJ at 2%. The mixing
ratios of the aerosol components are kept constant with
height. These models are used in SBDART, via optical
depth in increments of 0.1 from 0.0 to 1.0, to generate
d(albedo)/dta curves that are compared to the obser-
vations. The constraints applied to the aerosol model
fitting are stringent in that the simulated slopes must
match the absolute magnitude (vertical offset in the
curves), their variation with solar zenith angle, and
match the MODIS-retrieved effective radius. The model
that best fits the magnitude (offset) and solar zenith
angle variation of the observed d(albedo)/dta is selected
for each season, based on the minimum rms between
the observations and calculations. (Assumptions and un-
certainties in the aerosol modeling are discussed in sec-
tion 4.)

The models providing the best fits for the JJA and
NDJ periods are shown in Fig. 7. The associated single-
scattering albedos at 550 nm are, respectively, 0.95 6
0.04 and 0.86 6 0.04. The uncertainties are determined
from the local derivative in forcing efficiency with re-
spect to single-scattering albedo obtained from our aero-
sol models, attributing all of the uncertainty in forcing
efficiency to that in the single-scattering albedo (which
thus represents an upper limit). For comparison, we also
plot the results for the OPAC oceanic aerosol model.
Clearly, the conservative scattering (v0 5 1.0) of the
oceanic aerosols generates slopes that are much higher
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FIG. 6. Scatterplot of the CERES clear-sky TOA albedo and the
collocated MODIS aerosol optical depth over ocean for our study
region. The three fitting approaches used (indicated in the legend)
are described in the text. (a) Jul 2001 for solar zenith angles 208–
258. Total number of collocated points is 9915. (b) Nov 2000 for
solar zenith angles 408–458. Total number of collocated points is
19 008.

than the other curves, providing a poor match to the
observations.

The d(albedo)/dta curves are integrated to obtain the
diurnal average forcing efficiency, f e, using (Rajeev and
Ramanathan 2001),

2 h0S d d(albedo)0 0f 5 cos(u) du, (3)e E1 2 [ ]2p d dt a2h0

where S0 (51367 W m22) is the mean solar flux per
unit area at nadir for the mean Earth–Sun distance (d0),
d is the earth–sun distance for the given day of year,
and h0 is the hour angle at sunrise and sunset. For this
integration, the mean solar geometry used is from 15
July for JJA, and 15 December for NDJ.

We find the TOA diurnal forcing efficiency to be 235

6 3 W m22 for JJA, which reduces to 226 6 321t a

W m22 for NDJ. The uncertainties are derived from21t a

the standard deviation of the best-fit curve around the
observed points (8% and 13%, respectively, for JJA and
NDJ). The seasonal mean aerosol optical depths are,
respectively, 0.36 6 0.16, and 0.16 6 0.06. Thus, the
corresponding diurnal mean TOA aerosol forcing av-
eraged over the 3-month seasons are 212.6 6 6 W m22

for JJA and 24.2 6 2 W m22 for NDJ. Although the
absolute magnitude of TOA forcing efficiency for JJA
is larger than for NDJ, the greater atmospheric absorp-
tion (lower single-scattering albedo) for NDJ translates
into it having a greater impact on the surface forcing
efficiency. Our model estimates that the absolute mag-
nitude of the surface forcing efficiency increases from
265 W m22 for the high-dust season (JJA) to 28121t a

W m22 for the low-dust season (NDJ), or a 25%21t a

enhancement. These estimates of the surface forcing
efficiency depend on model assumptions such as the
aerosol height and, thus, involve more uncertainty than
the TOA forcing efficiencies that are constrained di-
rectly by TOA measurements. However, assuming that
such factors are similar between the two seasons, the
relative difference in the surface forcing efficiencies for
the JJA and NDJ periods should be captured by our
estimates. This would suggest that the surface forcing
for the two seasons could be similar, since the difference
in seasonal surface forcing efficiencies would be par-
tially compensated by the opposing differences in mag-
nitudes of the seasonal average AODs.

d. Comparison with literature

The spectral variation of the aerosol single-scattering
albedos estimated from the models for the JJA and NDJ
seasons are shown in Fig. 8, which are compared to
values from the literature. (For a discussion of uncer-
tainties in the model-estimated spectral single-scattering
albedos, see section 4.) Variations in the mineral com-
position of dust can have a profound impact on its op-
tical properties (Sokolik and Toon 1999), which can be
different between source regions. Thus, we limit our
comparison only to those studies that treat Saharan dust.
Quijano et al. (2000) used a high-level, explicit mineral
optical model to compute the Saharan values, which
they contrasted (not shown) to those computed for the
Afghan region. Diaz et al. (2001) retrieved their value
from surface-based, spectral sun photometer measure-
ments taken from May to July. Haywood et al. (2001)
used aircraft in situ nephelometer and particle soot ab-
sorption photometer measurements from two flights tak-
en late April and early May. Kaufman et al. (2001)
retrieved their value from Landsat satellite images from
May and April. Also presented in Kaufman et al. (2001)
are the National Aeronautics and Space Administration
(NASA) Aerosol Robotic Network (AERONET) re-
trievals (Dubovik et al. 2000, 2002) from June to Au-
gust.
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FIG. 7. Variation of the observed clear-sky albedo slopes, d(albedo)/dta, with the cosine solar
zenith angle (symbols) for (a) NDJ and (b) JJA. The albedo slopes are related to the aerosol
forcing efficiency based on Eq. (3). The green and red curves show, respectively, the simulated
albedo slopes using a single-scattering albedo (at 550 nm) of 0.95 and 0.86. The blue curve
indicates the simulated result for the oceanic aerosol (conservative scattering).

Our JJA single-scattering albedo values (0.95 6 0.04
at 550 nm) agree best with the less absorbing estimates
by Kaufman et al. (2001) and the AERONET retrievals
therein. For the NDJ period, our single-scattering albedo
decreases to a value (0.86 6 0.04 at 550 nm) that is
more consistent with those reported by Quijano et al.

(2000), Diaz et al. (2001), and Haywood et al. (2001).
Our spectral albedos for NDJ are similar to that by Diaz
et al. (2001) and Haywood et al. (2001). Spectral dis-
similarities could be related to differences in the dust
size distribution, and the refractive index of the mineral
compounds used. Past investigations suggest that dust
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FIG. 8. Comparison of the wavelength dependence of the single-scattering albedos deduced
in this study to values for Saharan dust obtained from the literature.

single-scattering albedos lower than 0.9 (at 500 nm)
would be associated with high amounts of hematite, an
absorbing species (Sokolik and Toon 1996, 1999; Li et
al. 1996). Further, Husar et al. (1997) and Diaz et al.
(2001) suggested that this region might involve a mix-
ture of dust and biomass-burning aerosols from equa-
torial Africa. This idea is supported by the MODIS Rap-
id Response System, which reveals a high frequency of
fire spots in equatorial Africa during NDJ. Thus, the
penetration of biomass-burning aerosols into the region
might also contribute to these lower values.

Several studies have previously determined the aero-
sol forcing for Saharan dust for a study region similar
to ours (Hsu et al. 2000; Quijano et al. 2000; Diaz et
al. 2001; Haywood et al. 2001; Loeb and Kato 2002;
Christopher and Zhang 2002). Unfortunately, we were
not able to directly compare our forcing efficiencies to
these other studies because of differences in the time of
year studied, or in the type of forcing property reported.
For example, the forcing properties reported for this
region include instantaneous forcing, diurnal average
forcing, and instantaneous forcing efficiency; but none
of these other studies report diurnal average forcing ef-
ficiency. Forcing depends to first-order on the aerosol
optical depth and, should the optical depth be different
between studies (as they almost always are), a direct
comparison is not possible. Instantaneous forcing values
will also depend critically on the solar zenith angle. The
diurnal average forcing efficiency, however, is by def-
inition insensitive to the aerosol optical depth and is far
less sensitive to solar geometry (although dramatically
different solar geometries can have an effect). For these
reasons, we recommend using diurnal average forcing

efficiency as the property that enables the most direct
comparison of forcing values between studies.

4. Uncertainties

The methodology used to determine the diurnal forc-
ing efficiencies boils down to three steps: 1) the
d(albedo)/dta slopes per solar zenith angle bin are de-
termined directly from the CERES and MODIS data; 2)
an aerosol model is constructed, constrained to the
MODIS effective radius, that matches the magnitude of
the d(albedo)/dta slopes and their variation with solar
zenith angle bin; 3) the model-generated curves, which
provide the interpolation between the solar zenith angles
and extrapolation beyond the angles that are directly
accessible from the data, are integrated to yield the di-
urnal forcing efficiencies. The uncertainties and implicit
assumptions within these steps are discussed in this sec-
tion.

The d(albedo)/dta slopes are a principal parameter in
the analysis and, as seen in Fig. 6, the current measuring
and retrieving techniques produce scatter in the plots of
the CERES TOA shortwave albedo and the MODIS
AOD. This degree of scatter is somewhat typical and
can be seen in similar studies. Two factors that may
contribute to this scatter are the CERES ‘‘ERBE-like’’
scene identification, and the angular distribution models
(ADMs) used for the radiance-to-flux conversion. Loeb
and Kato (2002) estimate that the uncertainties in the
average, direct radiative effects for the CERES ERBE-
like product are about 3–5 W m22 and are caused mainly
by cloud contamination, the radiance-to-flux conver-
sion, and instrument calibration. Further, the possible
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presence of a soot–dust mixture during NDJ may further
complicate selecting an appropriate ADM. While the
scatter is evident in Fig. 6, we note that the slope method
we used to determine the aerosol forcing efficiencies
would remove the systematic bias that these factors may
incur. The three fitting methods tested yield similar re-
sults, which suggest that the effects of the scatter are at
least partly managed by the slope fitting, and the linear-
direct method used is the least sensitive to scatter. Still,
the combination of the scatter plus the reduced range
of AOD for the low-dust months might lead to a greater
uncertainty in the NDJ slope. Thus, the scatter and its
effect on the slopes are considered to be the primary
source of uncertainty for the forcing efficiency.

The effects of this uncertainty are felt by the analysis
through the model d(albedo)/dta (Fig. 7) that fit the
observations and extrapolate beyond the solar zenith
angles directly accessible. The constraints applied to the
aerosol model fitting are stringent in that the simulated
slopes must match the absolute magnitude (vertical off-
set in the curves), their variation with solar zenith angle,
and match the MODIS-retrieved effective radius. The
uncertainty in the observed slopes is translated into the
uncertainty in the selection of the model used for fitting,
which could affect the shape of the curve at the large
solar zenith angles where observations are not available.
It is for this reason that our uncertainty is determined
from the rms between the fit and the observations that,
in essence, provides an uncertainty ‘‘envelope’’ for the
fitted curve.

While we are careful in constructing our aerosol mod-
els, it is possible that a slightly different combination
of aerosol parameters could also produce a close fit to
the observations, but whose angular behavior may be
different at large solar zenith angles. In addition, other
model uncertainties might affect the smoothly varying
angular behavior, such as the aerosol height profile.
While the profile used is representative of that com-
monly found in the atmosphere, an upward or downward
shift in the profile could perturb the aerosol scattering
properties slightly from those that matched the obser-
vations. Such differences would be magnified at higher
solar zenith angles (because of the longer optical path);
however, their total effect on the forcing efficiency
would be moderated by the corresponding cosine de-
crease in incident solar radiation. Thus, a dominant fac-
tor affecting the forcing efficiencies is the observed
points near low (overhead) solar zenith angles. The pro-
nounced vertical offset between the JJA and NDJ ob-
servations signifies a clear difference in the aerosol char-
acter between the seasons. Even if such uncertainties
are manifested and produced a bias, the relative seasonal
differences should stand.

Implicit within the fitting of the broadband slopes is
the spectral variation of the model aerosol properties.
Within each season, it stands to reason that, to first order,
the aerosol flow from the strong source regions should
produce a similar aerosol character for the period. As

noted before, aerosol spectral properties tend, in general,
to be broad and smoothly varying (especially for large
dust particles). Our fitting procedure is likely most sen-
sitive to the aerosol properties in the vicinity of 550 nm
because of the large amount of shortwave energy in-
cident at (or near) this wavelength, and the correspond-
ing effect of this energy on the broadband CERES flux.
The degree of aerosol spectral variation allowed in the
model is constrained by using the MODIS-retrieved ef-
fective radius. As seen in Fig. 8, the estimated spectral
variations in the single-scattering albedo for our two
seasons both show a similar gradual change with wave-
length (not an abrupt structure), and this general pattern
is supported by two other studies shown. In addition to
the single-scattering albedo uncertainty provided at
550 nm (which may be an upper limit), we estimate that
the spectral uncertainty may increase at wavelengths
significantly far from the energetic 550-nm region.

Current MODIS retrievals assume that aerosols are
spherical (S. Mattoo 2002, personal communication),
but dust is nonspherical and the associated differences
in the scattering properties may cause biases in the re-
trievals of dust properties. Tanre et al. (2001) found that
dust nonspherical effects on its optical properties are
not significant for the scattering angles less than 1208.
However, Mishchenko et al. (2000) determined that
there can be a factor of 2 difference between the ratios
of the phase functions for spherical and nonspherical
particles at a scattering angle of 1208. Figure 9 shows
that many of the MODIS scattering angles for our study
region are greater than 1208. Specifically, for sample
days in November and July, the pixels with scattering
angles greater than 1208 are, respectively, 67% and 82%
(Fig. 9c). Results from the Puerto Rico Dust Experiment
(PRIDE) quantify errors in the MODIS retrievals of dust
properties, which may be caused by untreated non-
spherical effects (Levy et al. 2003). MODIS retrievals
of AOD at 0.66 mm agreed well with sun photometer
measurements, but produced retrievals that were too
large at 0.47 and 0.55 mm and too small at 0.87 mm.
This results in MODIS particle size retrievals that are
too small compared to the in situ measurements (Levy
et al. 2003). This may explain why the effective radii
shown in Fig. 5 for JJA are much smaller than the 1.5–
2.5-mm value used by Kaufman et al. (2001). Even so,
the relative differences in the MODIS radii between the
JJA and NDJ in Fig. 5 are likely representative, albeit
shifted towards smaller sizes compared to truth. We note
that the MODIS retrievals of flux, AOD, and effective
radius are based on the spherical theory, and that the
SBDART simulations use OPAC parameters that are
also based on spherical theory. Thus, spherical theory
is used to obtain the observed d(albedo)/dta as well as
the model-generated d(albedo)/dta to which the obser-
vations are compared. By being internally consistent
with the use of spherical theory, the modeling should
provide a solution that is radiatively consistent with the
MODIS parameters and, thereby, we minimize the po-
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FIG. 9. Distribution of the MODIS scattering angle (Q) on (a) 15 Nov 2000 and (b) 15 Jul 2001.
(c) Their frequency distributions. Many pixels have a scattering angle greater than 1208, for which
dust nonspherical influences on the retrievals may be important.
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tential impact that nonspherical effects could have on
the interpretation of our slopes and forcing efficiencies.

5. Conclusions

This study examines the dust aerosol radiative forcing
over a study region off the northern coast of the Sahara.
A change in the aerosol forcing efficiency (which is
normalized by the magnitude of the aerosol optical
depth) indicates a change to the radiative character of
the aerosol (e.g., size and/or composition). The top-of-
atmosphere (TOA) diurnal mean forcing efficiency is
235 6 3 W m22 for the high-dust season (June–21t a

August), and 226 6 3 W m22 during the low-dust21t a

season (November–January). The difference in these ef-
ficiencies correspond to reducing the aerosol single-
scattering albedo from 0.95 during the dusty season to
about 0.86 for the low-dust season, and are accompanied
by a reduction in the aerosol effective radius. These
changes might be caused by the invasion of biomass-
burning aerosols from equatorial Africa.

The larger aerosol absorption affects not only the en-
ergy balance at the TOA, but also at the surface. Based
on model extrapolations, the absolute value of the surface
forcing efficiencies may increase from 265 W m22 21t a

for the high-dust season to 281 W m22 for the low-21t a

dust season. The ratios of the surface-to-TOA efficiencies
are, respectively, 1.8 and 3.1, which demonstrate a dra-
matic difference (72%) in how the solar energy is par-
titioned between the TOA and surface for these two cases.
However, it is interesting to note that the surface forcing
for the two seasons could be similar, since the difference
in seasonal surface forcing efficiencies would be partially
compensated by the opposing differences in magnitudes
of the seasonal average AODs.

Our values of the dust single-scattering albedo during
the high-dust period (JJA) are consistent with the less
absorbing value suggested by Kaufman et al. (2001).
However, our lower value during the low-dust season
corresponds to the values suggested by Quijano et al.
(2000), Diaz et al. (2001), and Haywood et al. (2001).
Thus, our results indicate the complexities involved in
prescribing the aerosol properties within a region. These
results show that the aerosol radiative character within
a region can be readily modified, even immediately ad-
jacent to a powerful source region such as the Sahara.
This study provides important observational constraints
for models of dust radiative forcing.

Finally, we note that there are many different types
of properties used to quantify aerosol forcing, which
include instantaneous forcing, diurnal average forcing,
and instantaneous forcing efficiency. However, inter-
comparing these forcing properties between studies is
impossible unless the aerosol optical depth and/or solar
geometry are the same, which they rarely are. To fa-
cilitate comparisons between studies, we recommended
that studies express the aerosol radiative effect in terms
of diurnal average aerosol forcing efficiency, which is

least sensitive to factors such as aerosol optical depth
and solar geometry.
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