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Dust Radiative Effects Over Global Oceans
Sundar A. Christopher and Thomas A. Jones

Abstract—Using one year of Moderate Resolution Imag-
ing Spectroradiometer (MODIS) and Clouds and the Earth’s
Radiant Energy System (CERES) data, we provide a satellite-
based assessment of top-of-atmosphere (TOA) cloud-free short-
wave and longwave dust radiative effects over global oceans from
the Terra satellite. Over global cloud-free oceans, the dust net
radiative effect is −0.7 ± 0.2 W · m−2, and the TOA dust short-
wave radiative effect (SWRE) dominates the longwave radiative
effect (LWRE). Globally, the annual mean dust contribution to the
total MODIS level 2 aerosol optical thickness (AOT, at 550 nm)
is about 30% with a dust SWRE of −0.7 ± 0.2 W · m−2

and LWRE of 0.03 ± 0.02 W · m−2. Averaged over all sea-
sons, the cloud-free diurnal mean dust radiative efficiency is
−33 ± 5 W · m−2 · τ −1, and there is a remarkable linear rela-
tionship between the CERES SWRE and the MODIS AOT. This
is the first satellite-based assessment of dust net radiative effect
over the global oceans and will serve as a useful constraint for
numerical modeling analysis.

Index Terms—Aerosol, Clouds and the Earth’s Radiant Energy
System (CERES), direct radiative effect (DRE), dust, Moderate
Resolution Imaging Spectroradiometer (MODIS), Terra.

I. INTRODUCTION

NATURAL and anthropogenic aerosols are major contrib-
utors to the radiation balance of the Earth–atmosphere

system. They reflect and absorb incoming solar radiation (the
direct effect), and they also influence cloud properties, cloud
lifetime, and precipitation patterns (the indirect effect). Sig-
nificant progress has been made in understanding the role of
aerosols in climate largely in part to high-quality satellite and
ground-based and suborbital data coupled with advances in
numerical modeling of aerosols [1]–[3].

Although detailed aerosol classifications exist, broad
categorizations denote dust and marine (or sea salt) as
natural aerosols, whereas black carbon, organic carbon,
and sulfate from man-made sources are collectively called
as anthropogenic aerosols [4]. There remain considerable
uncertainties in determining the anthropogenic influences
on dust aerosol production [5], [6]. In this letter, we are
primarily interested in the direct radiative effect (DRE) of
dust aerosols since worldwide dust emissions can range from
1000–3000 Tg/year [7] and significantly affect the radiation
balance not only over deserts but also far downwind of
these source regions [8]. We examine the spatial distribution
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of dust aerosols over the global oceans (60◦ N–60◦ S),
using Moderate Resolution Imaging Spectroradiometer
(MODIS) data from the Terra satellite, and then calculate the
change in top-of-atmosphere (TOA) shortwave and longwave
radiation between cloud and aerosol-free (called clear-sky) and
dust aerosol conditions using Clouds and the Earth’s Radiant
Energy System (CERES) data. The dust component of the
total aerosol optical thickness (AOT) is retrieved using the
methods described by Kaufman et al. [9]. We label this the dust
net direct radiative effect (NRE), which is the sum of the
shortwave radiative effect (SWRE) and the longwave radiative
effect (LWRE) from dust aerosols only. We restrict our study
over the global oceans, since techniques for estimating the
DRE of dust over land have yet to reach its maturity. Our recent
study examined the dust DRE over the Atlantic using seven
years of satellite data, and we concluded that 20% of the SWRE
was cancelled by the LWRE and dust significantly increased
the albedo over the Atlantic [10]. The current study represents
an extension to a global domain to provide a quantitative
analysis of both the dust SWRE and LWRE since a global
survey of both the SWRE and LWRE over global cloud-free
oceans is still lacking from an observational perspective.

There are several methods for studying the DRE of aerosols
including numerical modeling simulations, satellite-derived
AOT (e.g., MODIS) coupled with radiative transfer calcula-
tions, or combining the AOT with broadband flux data sets
(e.g., CERES) that do not require radiative transfer calculations.
Yu et al. [1] provide a review of the strengths and limitations
of various methods. Even with the satellite-based approaches,
most studies report the DRE of all aerosols, and no distinction
is made between dust and other aerosol types. This letter is
focused on combining the MODIS AOT with CERES mea-
surements, thereby avoiding radiative transfer calculations, and
we also separate the dust AOT from the total AOT to provide
the dust DRE over the global oceans. Previous studies that
have used satellite data to assess the dust DRE were regionally
focused over the Atlantic Ocean during June–August [11],
whereas global estimates of dust DRE are from numerical
modeling simulations [12]. Satellite data sets can serve as a
useful constrain for these models and also serve as an important
tool for model validation. Therefore, one of the objectives of
this letter is to use current satellite data such as the MODIS
and CERES that are already available as a merged data set
called the CERES Single Satellite Footprint (CERES SSF) to
determine on a global scale (cloud-free oceans only) how dust
aerosols perturb the TOA shortwave and longwave radiation. A
second motivation for this letter stems from a new technique
that was developed by Kaufman et al. [9], which is to separate
the total MODIS AOT into dust, sea salt, and anthropogenic
components based on fine mode fraction (FMF) values that
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Fig. 1. Dust AOT from the MODIS for (a) DJF 2000–2001, (b) MAM 2001, (c) JJA 2001, and (d) SON 2001. Also shown are the major deserts in tan over the
continents.

are simultaneously retrieved along with the column AOT. The
FMF allows the separation of dust, sea salt, and anthropogenic
aerosols based on aerosol size that has enabled the calculation
of the radiative forcing of anthropogenic aerosols over the
global oceans [13] and the dust DRE over the Atlantic Ocean
[10]. In this letter, we use the same technique reported in [9] and
[10] but to study dust DRE over the global oceans. Furthermore,
we not only provide mean values of dust DRE but also examine
the sensitivity of the dust DRE to the uncertainties in FMF
assumptions.

II. METHODS AND RESULTS

Our primary data set is the CERES SSF (FM-1, Edition 2B)
from December 2000 to November 2001. The MODIS aerosol
properties (collection 4) such as AOT and FMF at 0.55 µm
are convolved within the CERES footprint using point spread
functions. To separate dust from the total column AOT, we
follow the methods outlined in [9], and we partition the fluxes
based on methods outlined in [10]. The total AOT is defined as
the sum of dust (DU), sea salt (SS), and anthropogenic (AN)
components. Each aerosol type is assumed to have distinct
FMF characteristics [9]. The FMF of anthropogenic aerosols is
0.90 ± 0.05, dust aerosols is 0.50 ± 0.05, and sea salt is
0.03 ± 0.10 [9]. Using the observed MODIS FMF and a
maritime AOT calculated from surface wind speed, it is possible

to solve for the dust AOT as a function of total AOT, sea salt
AOT, and assumed aerosol-type FMF values listed above [9].
Further references to AOT will refer to the dust component
only, unless otherwise stated.

Fig. 1(a)–(d) shows the spatial distribution of dust AOT for
December 2000–February 2001 (DJF), March 2001–May 2001
(MAM), June 2001–August 2001 (JJA), and September
2001–November 2001 (SON), respectively. Some of the major
deserts’ ecosystems are also superimposed on this plot (in tan).
Some interesting features include the high dust AOT values
during MAM and JJA over the Atlantic and Indian Oceans
due to dust from the Saharan and Arabian Deserts [14]. Other
features include the increased dust concentrations off the East
coast of China due to transport of dust aerosols from the Gobi
and Taklamakan Deserts in Asia, and dust from the Kalahari
Desert in southern Africa. Note that since we are interested in
dust AOT values within the CERES pixel, some of the features
seen in higher resolution aerosol products such as the MODIS
may not be seen in Fig. 1. Combined over the four seasons, dust
contributes about 30% to the total MODIS level 2 AOT of 0.15
with the highest values during JJA 2001. Identification of dust
pixels using fixed thresholds is not without its problems. For
example, there are a few pixels in JJA south of 50◦ S that are
probably marine aerosols being labeled as dust, although the
number of spurious pixels represents only a small fraction of
the total dust AOT sample. Therefore, to quantitatively assess
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Fig. 2. CERES TOA dust SWRE versus dust AOT from the MODIS for 13 regions over the global cloud-free oceans as a function of season. The major deserts
are shown in yellow over the continents. A linear fit through the points for each season is also indicated for DJF in blue, MAM in green, JJA in red, SON in
magenta, and the global mean value is in black. Also indicated in each panel are the shortwave dust efficiencies.

the uncertainties in using FMF to separate dust from sea salt in
a more rigorous manner, we apply random perturbations to the
FMF definitions of each aerosol type listed above, with each
perturbation bounded by the uncertainty estimates listed in [9].
Using a data set comprised of 500 random simulations, it was
observed that dust SWRE could vary up to ±25% based on the
FMF uncertainty alone.

Rather than displaying the spatial distribution of the dust
SWRE over the global oceans that is highly correlated with
the spatial distribution of dust AOT, we plot the relationship
between dust AOT and diurnally averaged CERES dust SWRE
over 13 regions, as defined in [1], for each season (Fig. 2).
The SWRE is the difference between clear Fclr and aerosol
sky Faer fluxes, and these instantaneous values are obtained
and converted to diurnal averages and also adjusted for sample
biases based on [10]. The slope of the regression relation-
ship between dust AOT and SWRE is defined as the dust
radiative efficiency Eτ [10]. Using this method, Eτ can be
defined as either diurnally averaged SWRE/CERES AOT or
bias-adjusted SWRE/MODIS AOT. Christopher and Jones [10]
report a higher value for Eτ than reported here (−48 versus
−33 W · m−2 · τ−1) due to the bias-adjusted SWRE being
divided by the smaller CERES-level AOT.

Fig. 2 indicates the regions and seasons where dust has the
maximum shortwave radiative impact that indicates increased

albedo over the oceans. They are primarily in the Atlantic
Ocean, Indian Ocean, and over the Mediterranean Sea during
the spring and summer months. A striking feature of Fig. 2
is the remarkable agreement between MODIS dust AOT and
CERES dust SWRE for each region. The relationship is linear
in each region, and particularly for dust, the radiative efficien-
cies do not significantly vary as a function of season. The global
dust Eτ is between −28 and − 37 W · m−2 · τ−1 for AOT with
a mean value of −33 W · m−2 · τ−1 that is within the range
reported by previous regional studies [1]. The global mean
dust SWRE over the cloud-free oceans is −0.7 ± 0.2 W · m−2.
The standard deviation about the mean is largely due to the
uncertainty present in the FMF definitions used to calculate dust
AOT. The LWRE is small and less significant on a global mean
basis with a value of 0.03 W · m−2. However, regionally, over
the Atlantic and Indian Oceans, the longwave effect cancels
the shortwave effect by nearly 20% [10]. To our knowledge,
there are no observational studies that have reported the dust
shortwave and longwave effects over the global oceans, and
therefore, these values are a useful addition for comparison
with modeling simulations. The only study that reported ocean-
only SWRE was by Haywood et al. [15], who used model-
ing simulations and Earth Radiation Budget Experiment data.
Their values for dust SWRE was split into natural and an-
thropogenic dust with each component having a SWRE at the
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TOA of −0.5 W · m−2 with a total dust SWRE of approxi-
mately −1.0 W · m−2, which is within the range reported in
our current study. Similar values were also reported over the
Indian Ocean from a modeling study by Podgorny et al. [16],
with somewhat greater NRE reported near large desert regions
[17]. Overall, the results of this letter agree well with previous
literature.

III. SUMMARY AND CONCLUSION

The major goal of this letter was to separate the dust com-
ponent from the total column AOT from the MODIS over
the global cloud-free oceans and to calculate the TOA radia-
tive effect from dust aerosols using the CERES data. To our
knowledge, there are no studies that report dust DRE over the
global oceans from an observational perspective. We report
the shortwave radiative efficiencies for 13 regions over the
global oceans that can be used for validating numerical simula-
tions. We further tested the uncertainties of our numbers using
500 random simulations of FMF perturbations, and conclude
that the uncertainty on the order of ±25% exists when de-
riving the dust component of SWRE in the manner de-
scribed here. The following are the major conclusions of this
letter.

1) Over the global cloud-free oceans, the dust AOT is about
30% of the total AOT of 0.15.

2) The net radiative effect of dust is −0.7 ± 0.2 W · m−2,
and the LWRE is small and accounts for only 5% of the
shortwave effect.

3) The global shortwave radiative efficiency of dust is
−33 ± 5 W · m−2 · τ−1.

We conclude that the MODIS is an excellent tool for sepa-
rating dust from natural and marine aerosols, and multisensor
approaches must be explored to study global radiative forcing
for different aerosol components—both over land and ocean.
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