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[1] Using 30 days of half-hourly, high temporal resolution GOES 8 imager data and
radiative transfer calculations, dust aerosol optical thickness (AOT) was retrieved over the
Atlantic Ocean (14�N � 26�N, 73�W–63�W) during the Puerto Rico Dust Experiment
(PRIDE). Dust aerosol size distributions and complex index of refraction inferred from
ground-based measurements (1.53–0.0015i at 0.55 mm), which were used in Mie
calculations and a plane-parallel discrete ordinate radiative transfer model (DISORT) to
compute look up tables for AOT retrievals. Using a combination of spectral, spatial, and
temporal tests, a dust detection algorithm was developed from the GOES 8 imager data.
The degradation of the signal response relative to the prelaunched calibration of the GOES
8 visible channel was 39% in July 2000 and the GOES 8 AOT detection limit was
estimated to be 0.04 in AOT (0.67 mm). The satellite-retrieved AOT were then compared
with AOT values derived from ground-based Sun photometer (SP) sites. The comparison
showed that GOES 8 retrieved AOT are in good agreement with the SP derived
values, with linear correlation coefficient of 0.91 and 0.80 for the two sites. The GOES 8
monthly mean 0.67 mm AOT (0.19 ± 0.13, 0.22 ± 0.12) over the two SP sites matched the
monthly mean SPAOT values (0.23 ± 0.13, 0.22 ± 0.10). The linear correlation between the
GOES 8 retrieved AOT and the aircraft derived values from particle probe data and
airborne Sun photometer AATS-6 measurements were 0.88 and 0.83, respectively. Besides
the uncertainties from the nonspherical effect of dust aerosols, sensitivity studies showed
that the uncertainties (�t) of the GOES 8 retrieved AOT values were mainly from the
uncertainties due to the imaginary part of refractive index (�t = ±0.05) and surface
reflectance [�t = ±(0.02 � 0.04)]. This paper demonstrates the application of
geostationary satellites to detect and retrieve dust AOT even at low to moderate AOTs.
The GOES 8 imager with high temporal resolutions also captures aerosol diurnal variation
in this study that can further reduce the uncertainties in the current aerosol forcing
estimations caused by the high temporal variations of AOT, thereby playing a
complementary role with global AOT retrievals from polar orbiting satellites. INDEX
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1. Introduction

[2] Dust aerosols are major contributors to aerosol load-
ing in the atmosphere [D’Almeida, 1987]. The global source
strength of dust aerosols is estimated to be 1000–5000
million tons per year [Duce, 1995]. Aerosol particles
perturb the Earth radiation budget and hence climate
through two different mechanisms. Aerosols directly affect
the extinction of solar and infrared radiation by the scatter-
ing and absorption processes in the atmosphere. Aerosols
also affect the formation and microphysics of clouds by
serving as cloud condensation nuclei (CCN) [Twomey,
1977; Kaufman and Nakajima, 1993], thus producing an
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indirect effect on the Earth’s energy budget. Because of the
high spatial and temporal variations of dust aerosols and
their properties, it is difficult to quantify the direct radiative
effect [Fouquart et al., 1987; Claquin et al., 1998; Liao and
Seinfeld, 1998]. Therefore large uncertainties still exist in
the assessment of dust radiative effects on climate [Sokolik
and Toon, 1996; Intergovernmental Panel on Climate
Change (IPCC ), 2001]. Estimation of global radiative
forcing by mineral dust ranges from �0.6 to +0.4 W m�2

[IPCC, 2001]. The magnitude and sign of the direct
radiative effect of dust aerosols on climate, is still uncertain
[Fouquart et al., 1987; IPCC, 2001, Hasen and Lacis,
1990].
[3] Satellite measurements, because of their large spatial

coverage and continuous observations, are a useful tool for
detecting aerosols and retrieving aerosol properties [e.g.,
Stowe et al., 1997]. The global aerosol optical thickness
(AOT) over the ocean has been retrieved from one visible
channel (ch1) of the advanced very high resolution radiom-
eter (AVHRR) [Rao et al., 1989; Ignatov et al., 1995], two
channels of AVHRR [Wagener et al., 1997; Mishchenko et
al., 1999; Higurashi and Nakajima, 1999], two channels of
the visible and infrared scanner (VIRS) [Ignatov and Stowe,
2000] and two UV channels of the Total Ozone Mapping
Spectrometer (TOMS) [Torres et al., 2002]. Recently, both
multispectral data from the Moderate Resolution Imaging
Spectrometer (MODIS) and four-wavelength multiangle
data from Multiangle Imaging Spectroradiometer (MISR)
have been used to retrieve the global AOT over ocean and
land [Tanré et al., 1997; Kaufman et al., 1997; Chu et al.,
2002; Diner et al., 2001]. Current AOT retrievals from polar
orbiting satellites are able to capture aerosol outbreaks from
various regional sources such as dust aerosols from the
Sahara desert and smoke aerosols from South America and
South Africa [Jankowiak and Tanré, 1992; Higurashi and
Nakajima, 1999; Christopher et al., 2000]. Although polar
orbiting platforms are useful for retrieving aerosol proper-
ties, their low temporal resolution (�1 or 2 views per day of
a given site) makes it difficult to capture the diurnal aerosol
variations. Levin et al. [1980] reported that the dust AOT (at
wavelength 0.65 mm) could change by a factor of two in less
than two hours during the passage of a dust front. Further
uncertainties in the current retrievals also result from the
assumed aerosol refractive index [Claquin et al., 1998], size
distributions [Tegen and Lacis, 1996], shape [Mishchenko et
al., 1997], measurement calibrations, and surface reflec-
tance [see King et al., 1999, and references therein].
[4] The new generation of GOES imagers [Menzel and

Purdom, 1994] have improved spatial and spectral capabil-
ities that can be used for cloud property retrievals [e.g.,
Greenwald and Christopher, 2000], biomass burning fire
detection [e.g., Prins et al., 1998] and smoke AOT retrieval
[e.g., Zhang et al., 2001; Christopher and Zhang, 2002;
Christopher et al., 2002; Knapp et al., 2002]. One distinct
advantage of geostationary satellites is the high temporal
resolution when compared to polar orbiting satellites. The
major goal of this paper is to demonstrate the ability of
geostationary satellite measurements from the GOES 8 im-
ager for detecting dust aerosols and retrieving their AOT.
Specifically, aerosol refractive index of dust aerosols that
was used in our radiative transfer calculations is derived
through Mie calculations by using size distributions mea-

sured from the ground and the light scattering measurements
made during PRIDE. Dust AOT values are retrieved from
GOES 8 imager data by using a look-up table (LUT)
approach [Zhang et al., 2001; Christopher and Zhang,
2002]. The GOES 8 retrieved AOT are then compared with
the Sun Photometer (SP) AOT values from the Aerosol
Robotic Network (AERONET) [Holben et al., 1998] and the
6-channel Ames Airborne Tracking Sunphotometer (AATS)
AOT values from aircraft [Livingston et al., 2003]. Finally,
sensitivity studies are used to estimate the uncertainties in
the GOES 8 retrieved AOT due to assumptions in refractive
index, size distribution, and surface reflectance.

2. Data and the Area of Study

[5] In July 2000, the Puerto Rico Dust Experiment
(PRIDE) was conducted in Puerto Rico and its vicinity
[Reid et al., 2003a]. One of the major goals of this field
experiment was to study the radiative properties of dust
aerosols that were transported from the Saharan desert to the
Puerto Rico region. The measurements are described in Reid
et al. [2003a].
[6] The ground-measured aerosol size distributions and

their optical properties, such as scattering and absorption
coefficients, were obtained from two particle sizers and
aerosol light scattering and absorption measurements, re-
spectively. The two particle sizers cover a range from 0.003
to 15 mm with 152 spectrum intervals, and measure the
aerosol size distributions every 20 min. Aerosol light
scattering was measured using TSI# Integrating Nephelom-
eter Model 3563 [Anderson et al., 1996]. The instrument
performs a geometrical integration of the angular distribu-
tion of scattered intensity, such that scattering coefficient of
the air (molecular plus aerosols) can be measured with the
combination of a Lambertian light source and an orthogonal
light detector [Anderson et al., 1996]. This instrument was
calibrated weekly using carbon dioxide [Maring et al.,
2000]. Light scattering data was corrected for instrument
nonidealities using the method outlined by Anderson and
Ogren [1998]. Aerosol light absorption was measured by
making measurements of diffuse reflectance off high vol-
ume bulk aerosol filters.
[7] During the PRIDE field campaign, dust particle

vertical distributions were regularly measured in the vicinity
of Puerto Rico by the SSC-SD Navajo on twenty-one flights
during the 28 June through 24 July study period [Reid et al.,
2003a]. The Navajo carried navigational, pressure, temper-
ature, and dew point instrumentation and also used wing
mounted Particle Measuring Systems (PMS) Forward Scat-
tering Spectrometer Probe (FSSP-100), and a Passive Cav-
ity Aerosol Spectrometer Probe (PCASP-100X). Nominally,
the PCASP and FSSP measure particle sizes between 0.1–
3.0 mm and 0.75–18 mm, respectively. However, as dis-
cussed by Reid et al. [2003b], optical particle counters
suffer from severe sizing errors when measuring coarse
mode dust (diameters > 2 mm), and here the FSSP is used as
a coarse mode particle counter only to give the relative
vertical distribution of the dust. The SSC-SD Navajo was
also equipped with the six-channel NASA Ames Airborne
Tracking Sunphotometer (AATS-6) to measure aerosol
optical thickness at 380, 451, 526, 864, and 1021 nm plus
water vapor (940 nm band) [Matsumoto et al., 1987;
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Livingston et al., 2003]. Vertical profiles of AOT can yield
bulk light extinction coefficients during cloud free condi-
tions. To account for contamination by cirrus and some
cumulus clouds, and to improve vertical resolution, PMS
probe data was used with airborne AOT data as a constraint
to derive aerosol extinction coefficients.
[8] Half-hourly GOES 8 data at 13 time periods (1301,

1331, 1401, 1431, 1531, 1601, 1631, 1701, 1731, 1901,
1931, 2001 and 2031 UTC) from 28 June to 26 July 2000
were used (data at 1501, 1801, and 1831 UTC were not
available). The GOES 8 imager has channels with half-
power response bandwidths of 0.52–0.72 mm (channel 1),
3.79–4.04 mm (channel 2), 6.47–7.06 mm (channel 3),
10.2–11.2 mm (channel 4) and 11.6–12.5 mm (channel 5).
The instantaneous geometric field of view (IGFOV) is 1.0
� 1.0 km in channel 1 and 4.0 � 4.0 km in channel 4 and
channel 5. The derived sampled subpoint spatial resolution
(SSR) of channel 1 is 0.57 � 1 km and for channel 4 and
channel 5 is 2.3 � 4 km [Menzel and Purdom, 1994].
[9] The visible band of GOES 8 has no on board calibra-

tion, and has undergone signal degradation due to the
accumulation of material on the scanning mirror [Ellrod et
al., 1998]. The calibration uncertainty in the visible band is
found to be one of the largest sources of error in aerosol
optical thickness retrievals [e.g., Geogdzhayev et al., 2002].
However, previous studies have successfully retrieved cloud
and aerosol properties from the GOES imager by using
proper vicarious methods for estimating the effect of degra-
dation [Greenwald and Christopher, 2000; Zhang et al.,
2001; Christopher and Zhang, 2002]. In this study, we

account for the GOES 8 visible channel signal degradation
using the calibration formula recommended by Rao et al.
[1999]. The degradation ratio (i.e., one minus the ratio of
reflectance using the prelaunch coefficient to that using the
postlaunch coefficient) of 39% was used.
[10] The total column AOT (quality assured, version 2.0)

derived from two AERONET sites, Roosevelt Road (RR,
18.20�N, 65.60�W) and La Paguera (LP, 17.97�N,
67.05�W), are used to compare against the GOES 8 retrieved
AOT values. The AERONET SPs measure direct solar
radiation at 340 nm, 380 nm, 440 nm, 500 nm, 670 nm,
870 nm, and 1020 nm [Holben et al., 1998]. The measured
solar radiance is then used to infer the column AOT by
using a cloud screening process and an inversion algorithm
based on Beer-Lambert-Bouguer Law [Smirnov et al., 2000;
Holben et al., 1998]. The attenuation due to Rayleigh
scattering and the absorption of ozone are estimated and
removed. The uncertainty in the retrieved AOT is on the
order of 0.01 [Holben et al., 1998; Smirnov et al., 2000].
[11] Figure 1 shows a GOES 8 ch1 image from 28 June

2000 at 1145 UTC. Also, superimposed on this image is the
conceptual model of the summer dust transport [Rapp,
1976; Karyampudi et al., 1999]. The area of study is shown
in the rectangle marked as A. During the summer months,
dust from Africa is transported into the continental United
States as it circulates clockwise around the semipermanent
‘‘Bermuda’’ high-pressure zone (denoted by H in Figure 1)
[Rapp, 1976; Westphal et al., 1987; Perry et al., 1997;
Karyampudi et al., 1999]. The two SP sites at LP and RR
both reported AOT values of 0.5 at 0.67 mm on this day.

Figure 1. Enhanced GOES 8 ch1 image on 28 June 2000 at 1145 UTC. The conceptual model [Rapp,
1976] shows how dust from Africa can be transported into the continental United States as it circulates
clockwise around the semipermanent ‘‘Bermuda’’ high-pressure zone (H) [Perry et al., 1997]. Also
shown are the Sun glint area (circle) and two study areas (box A and B, see text). The two SP
measurements at La Paguera (marked as point LP) and Roosevelt Road (marked as RR) reported an AOT
of 0.5 on this day.
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Figure 1 also shows the Sun glint area and another study
area marked as B that was used to study the GOES 8 dust
detection limit (see section 4).

3. Methodology

[12] Our retrieval method is based on a look-up table
(LUT) approach [Zhang et al., 2001; Christopher and
Zhang, 2002; Christopher et al., 2002]. Radiative transfer
calculations are used to precompute the radiance as a
function of AOT for a range of Sun-satellite viewing
geometry and surface reflectance values. The dust AOTs
are retrieved when the best fit is obtained between the
GOES 8 reflectance of dust pixels and the LUT reflectance.
[13] The sea surface reflectance is inferred from the clear

sky reflectance at the top of atmosphere (TOA) by using a
minimum composite method [Moulin et al., 1997; Zhang et
al., 2001]. The glint geometry is filtered out based on the
Cox and Munk [1954] model calculations, in which a typical
sea surface wind of 7 m s�1 was assumed that is also a good
approximation for PRIDE [Reid et al., 2003a]. The uncer-
tainties in obtaining sea surface reflectance and its effect on
the GOES 8 AOT retrievals are discussed in section 6.
[14] Dust optical properties are determined by dust com-

plex refractive index, size distribution, and the shape of
particles. Because of the large temporal and spatial vari-
ability of aerosol properties [Levin et al., 1980; Schütz and
Jaenicke, 1974], there are uncertainties in the current
aerosol optical depth retrieval methods [King et al., 1999].
Both the size distribution and refractive index of dust
aerosols can change during the transport of dust from Africa
due to preferential loss of larger particles, sea salt mixing
[Patterson et al., 1977] or NSS (non-sea-salt) sulfate mixing
[Savoie et al., 1989]. The inferred imaginary part of the
refractive index (Ni) of pure Saharan dust decreased from
0.009 to 0.002 (at 0.5 mm) due to mixing with sea salt
aerosols during the transport process from Africa to Barba-
dos (13.13�N, 59.41�W) near the surface in the marine
boundary layer (MBL) [see Patterson et al., 1977, Figure 4].
The dust particle size depends on the prevailing meteoro-
logical conditions such as wind speed and humidity [Schütz
and Jaenicke, 1974] and the distance from its source
because of deposition or the gravity effect [Patterson,
1981]. For instance, 75% of the large particles (>10 mm)
of dust aerosols from the Sahara desert can be redeposited in
the source area, leaving 25% to reach the ocean 1500 km
away. [Schütz and Jaenicke, 1974].
[15] Previous studies have shown that dust aerosols over

Puerto Rico are neither typically marine nor continental in
nature [Volz, 1970]. The dust aerosols are usually mixed
with marine aerosols [Savoie et al., 1989]. The ground-
based size distribution measurements during PRIDE show
that the dust aerosols over Puerto Rico have a larger fraction
of small particles (less than 1 mm) and a smaller fraction of
large particles (larger than 1 mm) compared to the dust
aerosols in the Saharan source regions in different mete-
orological conditions (e.g., sand storm, wind carried, and
background, Figure 2). The observed size distributions are
shown in the inset of Figure 2, where the solid lines
represent days when the SP retrieved AOT were larger than
0.4 and shaded lines represent days when the SP measured
AOT were smaller than 0.2. Figure 2 shows that when AOT

becomes larger, the number of particles with radius larger
than 1mm are also larger, implying that dust is a major
component of the increased AOT. The averaged size distri-
bution from 22 days and three trilognormal size distribu-
tions for dust aerosols in Sahara desert in different
meteorological conditions [D’Almeida, 1987] are also
shown in Figure 2. In this study, the measured mean size
distribution from 22 days is converted to a qualognormal
distribution (dotted line in Figure 2) using the formula
suggested by Davies [1974]:

dNCi rð Þ
d log r

¼ NCiffiffiffiffiffiffi
2p

p
logsi

exp �
log r � log rg
� �2

2 logsið Þ2

 !
;

dNC rð Þ
d log rð Þ ¼

X
i¼1;4

dNCi rð Þ
d log rð Þ

ð1Þ

where rg is geometric mean radius, s is the standard devi-
ation, NCi(r) is the number concentration corresponding to
ith mode. The four geometric radii (rg) are 0.02 mm, 0.09 mm,
0.38 mm, and 1.2 mm respectively with corresponding s
values of 1.71, 1.40, 1.42, and 1.37, and corresponding
percentage of each mode (NCi /NC ) is 69.972%, 28.829%,
1.072%, and 0.127%. The derived qualognormal (qualog-
normal indicates that there are four single lognormal modes

Figure 2. Averaged dust aerosol size distribution observed
over 22 days during PRIDE. A qualognormal size
distribution is derived from these observations (as shown
by the dotted line). Also shown are three other Sahara dust
aerosol distributions [D’Almeida, 1987].
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as defined in equation (1) to compose the whole size
distribution) size distribution produces an effective radius
(reff) value of 0.72 mm. The value of reff is smaller than that
of continental dust (e.g., from 1.5 mm to 2.5 mm [Kaufman
et al., 2001]) but is similar to results (0.6 mm) from a
previous study over Puerto Rico [Volz, 1970].
[16] The refractive index of dust aerosols is not well

known, and several discrepancies in the current literature
have been reported [e.g., Sokolik et al., 1993; Kaufman et al.,
2001]. Previous studies used the dust aerosol refractive index
suggested by Patterson et al. [1977] that yielded a single
scattering albedo (w0) value of 0.80 at 0.6 mm [D’Almeida,
1987]. The mean Ni of Patterson’s refractive index between
0.3 mm and 0.70 mm is 0.008, in which there is a strong
dependence on the wavelength (e.g., Ni is 0.025 at 0.3 mm
and 0.0038 at 0.7 mm) [Patterson et al., 1977]. The World
Climate Program (WCP) value of the dust refractive index is

1.53–0.008i [WCP, 1983], that is similar to the Patterson
refractive index. Moulin et al. [1997] found the best agree-
ment between Meteosat- and Sun photometer-derived dust
optical thickness when the refractive index is 1.5–0.01i.
Recently, using the Sea-viewing Wide Field-of-view Sensor
(SeaWiFS) satellite data and the Simulation of the Satellite
Signal in the Solar Spectrum (5S) radiative transfer model
[Moulin et al., 2001], a value of 1.53–0.001i for the Saharan
dust over the Atlantic Ocean has been used. A refractive
index value of 1.53–0.001i at 0.67 mm in the visible band is
also used by Kaufman et al. [2000] to retrieve the AOT for
Saharan dust over land. With such small values of Ni, the w0

calculated from Mie theory is larger than 0.95 when using
several typical size distributions summarized by Moulin et
al. [1997]. High values of w0 (0.97 at 0.64 mm) were also
inferred from both ground measurements and satellite meas-
urements [Kaufman et al., 2001].
[17] In this paper, we derive the refractive index of dust

mixed aerosols by fitting calculated radiative properties to
ground measurements. Since the daily dust size distribution
was available during PRIDE, we calculated the dust absorp-
tion coefficient from Mie theory using a range of different
values of the imaginary part of the dust refractive index
(Figure 3a). We then compared the calculated results with the
observed absorption coefficients from ground-based mea-
surements. Figure 3a shows that the refractive index value of
1.53–0.0015i at 0.55 mm provides the best agreement with
the observed values. The comparison between the observed
scattering coefficient (sobs) and the calculated scattering
coefficient (scal) using a refractive index value of 1.53–
0.0015i has a linear correlation coefficient of 0.92 with the
equation:

scal ¼ 1:11� sobs þ 5:25 ð2Þ

[18] Although the calculated scattering coefficient values
are highly correlated with the measured scattering coefficient
values, Mie calculations underestimate the total measured
scattering coefficient about 20%. Our calculations also show
that a change of ±0.03 in real part of refractive index (Nr)
from a nominal value of 1.53 will lead to a change in
calculated scattering coefficient within 2%, which still un-
derestimate the measured scattering coefficient even after
considering the maximum measurement uncertainties (10%
[Anderson et al., 1996]). Maring et al. [2000] also reached
similar conclusions for the dust aerosols over Canary Island,
and ascribed this underestimation to the nonspherical shape
of dust particles. Observation has shown that dust aerosols
are not entirely spherical [Kalashnikova and Sokolik, 2002;
Mishchenko et al., 1995]. Such nonspherical effect can result
in large errors in the satellite AOT retrievals, especially at
certain scattering angles [Mishchenko et al., 1997]. However,
since current parameters for aspect ratio and particle shape of
nonspherical particles are very limited, we assumed that the
dust particles were spherical, and used a refractive index
value 1.53–0.0015i at 0.55 mm in our aerosol model. The
uncertainty in our retrievals due to the nonspherical effect and
the refractive index is discussed in section 6.
[19] For the GOES 8 visible channel, under cloud free

conditions, the radiative processes contributing to the mea-
sured radiance are gas absorption, the scattering process in
the atmosphere (Rayleigh scattering and Mie scattering), and

Figure 3. (a) Scatterplot of observed dust absorption
coefficient with calculated absorption coefficient for
different refractive index. (b) Scatterplot of observed dust
scatter coefficient with calculated scatter coefficient for
refractive index of 1.53–0.0015i. (Mm = 106 m).
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the scattering processes at the surface. In this study, a discrete
ordinate radiative transfer (DISORT) model [Ricchiazzi et
al., 1998] was used to consider the multiple scattering
processes. A typical tropical profile [McClatchey et al.,
1971] with total water vapor of 4.117 gcm�2 and total ozone
of 0.253 atm-cm were used. Since GOES 8 ch1 covers a
spectral range of 0.22 mm, the spectral response function of
the GOES 8 imager was used in the radiative transfer cal-
culations. The refractive index at 0.67 mm is 1.53–0.001i and
the effective w0 is 0.98 in GOES ch1 wavelength spectrum.
Those results are similar to those used in previous studies
(e.g., 1.58–0.002i at 0.69 mm [Carlson and Benjamin, 1980];
w0 of 0.95 [Fouquart et al., 1987]). The aerosol radiative
parameters (w0, extinction coefficient and the Legendre
coefficient of the aerosol phase function) from Mie calcu-
lations are then input to the DISORT model. Several values
ranging from a pure molecular atmosphere (AOT = 0) to a
very turbid atmosphere (AOT = 2) [Tanré et al., 1988] were
considered in the construction of the LUT.

4. Dust Detection Using the GOES 8 Imager

[20] To retrieve dust AOT, we must first remove clouds
from the GOES 8 imager data. We then define the dust

detection limit as the minimal AOT (t) required to produce
an increment of one digital count (DC) for clear sky over
seawater (i.e., dt/dDC) [Moulin et al., 1997]. Figure 4 shows
the histogram of the GOES 8 DC values at 1315 UTC for
different days with different dust loading conditions (i.e., for
SP measured AOT > 0.48 and AOT < 0.1) in the box marked
as B in Figure 1. For comparison purposes, the histogram of
DC in cloud-free and cloudy conditions are also shown in
Figures 4d and 4h, respectively. The AOT value from SP
measurements and the peak DC values are also shown in
each figure. The peak DC value increases when AOT
increases. The peak DC and AOT (t) have a linear correla-
tion coefficient of 0.79 with the equation:

t ¼ 0:043DC � 1:885 ð3Þ

[21] We therefore estimated that the dust detection limit
for GOES 8 during PRIDE is 0.04. When compared to the
Meteosat 4 detection limit of 0.06 [Moulin et al., 1997], the
GOES 8 detection limit is better due to the higher radio-
metric resolution (10 bits) of the GOES 8 visible imager
compared to Meteosat (6 bits).
[22] If the increased DC is converted to reflectance, the

ch1 reflectance increases by about 2.5% � 3.5% due to dust

Figure 4. Histogram of ch1 raw digital count value at 1301 UTC on heavy dust loading (AOT > 0.48)
and light dust loading (AOT < 0.1) events at 1301 UTC on (a) 28 June 2000, (b) 29 June 2000, (c) 21
July 2000, (d) clear sky from the monthly mean composite, (e) 11 July 2000, (f ) 19 July 2000, (g) 24 July
2000, and (h) 3 July 2000. The AOT values are from the SP measurements. The frequency for DG larger
than 100 has been amplified 100 times for display purposes.
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aerosol loading. This enhanced effect is small when com-
pared to the effect of dust near the coast of Africa [Liu et al.,
2003]. The histogram of the GOES 8 ch1 reflectance in
Figure 4 shows that the reflectance of dust pixels is about
7% but always less than 15%. As an example, the reflec-
tance of cloudy pixels on 3 July 2000 was around 30%. The
clear sky TOA ocean reflectance estimated from the mini-
mum composite method ranges from 1% to 5% with most
values centered around 3.3%. The above analysis shows
that the signature of dust aerosols from GOES 8 imagery
over the Puerto Rico region is small, making satellite
detection of dust aerosols a challenging task even over a
dark ocean background.
[23] Since the dust AOT over Puerto Rico was less than

0.5 during the study period (based on SP measurements),
the dust signature was not very pronounced in infrared or
visible imagery. Therefore it is necessary to develop a
reliable technique to identify dust aerosols from the GOES
8 imager. We used a combination of ch1, ch4 and ch5
along with spatial and temporal tests. Figure 5 shows the
steps used in identifying dust aerosols. First, the GOES
8 channel 4 and channel 5 images are segmented into 3 � 3
arrays. A ch5 brightness temperature (T5) threshold test is
first used. A pixel is labeled as cloudy if T5 < 278 K in the
3 � 3 array. The second test checks for the standard
deviation of ch4 (sT4) and ch5 (sT5) brightness temperature
values. If sT4 or sT5 is larger than 2K, this 3 � 3 array is
classified as cloudy. The third test uses a daily temperature

contrast. First, the daily highest T4 (T4max) and T5 (T5max)
value in each 3 � 3 array is obtained for 13 time periods
from that day. Then, if the daily temperature contrast of a
3 � 3 array, T4max–T4 or T5max–T5, is larger than 6K, the
array is assumed to be cloudy.
[24] In the second step, we first calculated the standard

deviation of the ch1 reflectance for the 3 � 3 1-km pixels
array (sR1) inside each corresponding IR box. If sR1 of a
pixel is larger than 0.8%, the pixel is assumed to be cloud
contaminated. If the cloud fraction is larger than 55% (i.e.,
65 out of 144 pixels), the box is rejected. The reliability of
the dust detection algorithm is checked by visually com-
paring selected visible images to the cloud-cleared images.
Although cloud edges and optically thin clouds do pose
problems, the detection algorithm captures the dust events
well.

5. Results

[25] Before we compare the GOES 8 AOT retrievals with
the AERONET Sunphotometer (SP) derived AOT values, it
is important to examine the differences between these two
retrievals. The GOES 8 has a wide field of view (roughly
1.0 � 1.0 km at nadir) and a broad spectral band (0.52 mm
� 0.72 mm). The SP observes on a scale of several meters
with approximately 0.8� full angle field for the measure-
ments of direct Sun and has a narrow wavelength interval
on the order of 0.01mm [Holben et al., 1998].
[26] In this study, because of the high temporal resolution

of GOES 8 data, the time match between AERONET and
GOES 8 is within 15 min. Since both SP sites in this study
are close to the coast; the GOES 8 pixels that are about 8 km
from the SP sites [Moulin et al., 1997; Tanré et al., 1997]
are used in this inter-comparison to avoid contamination
from the land surface, high content chlorophyll, or turbid
waters [Spinrad et al., 1994]. Specifically, 144 visible pixels
within a 3 � 3 IR box centered at 17.76�N, 66.75�W and
18.28�N, 65.47�W were chosen for the LP and RR sites
respectively. First the mean and standard deviation of the SP
AOT in each corresponding GOES 8 observation period
(±15 min) was obtained. Then we collocated these points
with the GOES 8 pixels that were already cloud-cleared by
using the cloud screening method described in section 4.
Table 1 lists the number of points used in the cloud-clearing
process. A total of 866 GOES 8 data points were obtained
over the RR and LP AERONET sites, out of which 73.8%
were rejected; either because the GOES 8 and SP data do
not match each other within ±15 min, or because GOES
8 points have Sun glint contamination (test 1). There are
also some cases where the GOES 8 has an AOT value but
AERONET does not, because their cloud clearing methods

Table 1. Number of Data Points Used as a Function of the Cloud-

Clearing Algorithma

Site Latitude Longitude
Total
Points Test1 Test2 Test3 Points

Roosevelt Road 18.20�N 65.60�W 433 323 45 15 50
La Paguera 17.97�N 67.05�W 433 316 42 12 63

aTest1, number of points rejected due to lack of temporal collocation
within ±15 min of Sunphotometer data and the Sun glint contamination;
Test2, number of points rejected due to possible cloud contamination by use
of IR check; Test3, number of points rejected due to the high cloud fraction
determined by the ch1 3 � 3 standard deviation.

Figure 5. Flowchart showing the cloud clearing procedure
for GOES 8.
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are different. Nearly 10% of the GOES 8 pixels were
rejected due to the possible cloud contamination from the
IR check (test 2), and 3% of the pixels were rejected due to
the high cloud fraction determined from the sR1 (test 3). A
total of 113 points remained for the final comparisons.
[27] Figure 6 shows the scatterplot of the GOES 8 calcu-

lated AOT versus the ground-based SP AOT values for LP
(Figure 6a) and RR (Figure 6b) for an effective w0 (at
0.67 mm) value of 0.98. The vertical and horizontal error
bars denote the standard deviation in space (GOES 8, 3 � 3
IR box) and time (SP, within ±15 min). The lack of a
horizontal bar indicates that the standard deviation is small.
Also shown in the inset of Figures 6a and 6b are the
frequency distributions of the SP and GOES 8 retrieved
AOT for each site. For LP the mean and standard deviation
of GOES 8 and SP AOT in Figure 6a are 0.22 ± 0.12 and

0.22 ± 0.10, respectively, with a linear correlation coeffi-
cient of 0.80. The mean and standard deviation of the GOES
8 and SP AOT values for RR site in Figure 6b are 0.19 ±
0.13 and 0.23 ± 0.13, respectively, with a linear correlation
coefficient of 0.91. Considering the GOES 8 detection limit
(0.04), the GOES 8 retrievals are in good agreement with SP
derived values. The AOT spatial variations from GOES
8 retrievals are larger than the temporal variations of SP
AOTs and the regression lines show that the GOES 8 AOTs
over estimate the SP AOTs on the order of 0.06 � 0.08 in
low AOT conditions. One possible explanation for this is
that there is still residual coastal effect which result in
relative large variation of surface, and this residual effect
could be dominant uncertainties in the low AOT conditions.
[28] To further validate the GOES 8 retrievals, we com-

pare the AATS-6 aircraft-derived AOT [Livingston et al.,
2003] with the GOES 8 AOT values. Thirteen AATS-6
points were obtained from 21 flights when the Navajo flew
within 100 m of the ocean surface and the flight time is
centered on GOES 8 half-hourly observation times within
2 min. However, by restricting the analysis to cases where
GOES 8 pixels are within the area of AATS-6 measure-
ments, three points were rejected. One is due to the lack of
corresponding GOES 8 data and the other two are labeled as
cloudy pixels by our algorithms. The remaining 10 points
are then compared with the mean GOES 8 AOT values in
the Navajo 2-min flight regions. Figure 7 shows that the
GOES 8 AOT has a good linear relationship with AATS-6
measurement (R = 83%). However the GOES 8 AOT values
systemically overestimated the AATS-6 AOT by about 0.09.
Such overestimation could originate from the subpixel
cloud effect and the uncertainties of the aerosol model used
in the retrievals (see section 6). On the other hand, the
AATS-6 measured AOT is the mean AOT over the aircraft
flight line, while the GOES 8 measured is the AOT values

Figure 7. Comparison of dust AOT derived from GOES 8
with the aircraft AATS-6 measurements. The solid line is
the least squares fit. The AATS-6 AOT at 0.67 mm is
calculated using a cubic spline fit.

Figure 6. Comparison of dust AOT derived from GOES 8
with ground SP measurements over (a) La Paguera and
(b) Roosevelt Road in Puerto Rico. The long dashed line
denotes the one-to-one correspondence. The solid line is the
least squares fit.
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in the area of at least one GOES 8 pixel (about 1 km2).
Therefore GOES 8 AOT has a larger standard deviation of
about 0.05 in Figure 7.
[29] Since a polar orbiting satellite, such as the AVHRR,

passes through a specific area once during the day in the
tropical regions, it can capture only one phase of any AOT
diurnal cycle. If the area is covered by Sun glint or clouds,
the possibility of daily observation will be decreased. For
example, the daily mean AOT at Roosevelt Road is 0.35

with daily variations of 0.21 (from 0.24 to 0.45) on 20 July
2000. Because of the high temporal resolution of the GOES
8 imager, more opportunities are available for observing
aerosols and retrieving AOT. Figures 8a and 8b show the
AOT retrievals from GOES 8 retrieval and the AERONET
measurements versus time over LP and RR in Puerto Rico,
respectively. These results show that the GOES 8 imager
has the ability to capture the diurnal AOT variations. For
instance, the SP on LP site reported changes in AOT on

Figure 8. Scatterplot of dust optical thickness from GOES 8 retrieval and the AERONET
measurements versus time over (a) La Paguera and (b) Roosevelt Road in Puerto Rico.
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23 July 2000 from 0.19 at 1301 UTC to 0.31 at 1901 UTC.
The GOES 8 retrieved AOT values varied from 0.22 to 0.33
during this time. However, there are several GOES 8 AOT
values that overestimate the SP derived AOT. This could be
due to cloud contamination or other uncertainties (see
section 6).
[30] The monthly mean AOT derived from the GOES

8 imager over the study region during PRIDE is shown in
Figure 9. The spatial distribution of AOT shows high values
of AOT in the southeast corner and low AOT in the
northwest corner. This spatial distribution shows the effect
of northeast trade wind on the dust transport [Westphal et
al., 1987; Prospero, 1999]. The dust circulates clockwise
around the semipermanent ‘‘Bermuda’’ high-pressure center
(22�N, 62�W) during each summer (see Figure 1) [Perry et
al., 1997; Rapp, 1976]. The spatial distribution in Figure 9
is consistent with results from the AVHRR optical thickness
product [Stowe et al., 1997] shown by Reid et al. [2003a].
The monthly mean GOES AOT value in the study area is
0.26 which is also consistent with AVHRR monthly mean
AOT of 0.25 at the Puerto Rico region in July 2000 [Reid et
al., 2003a]. The averaged AOT in the study area shows a
diurnal cycle with minimum at local noon and maximum in

the early morning and later afternoon [Christopher et al.,
2003].

6. Sensitivity Analysis

[31] In this section we discuss the sensitivity of the AOT
retrievals due to assumptions made in the aerosol model
and surface conditions. Although sea surface is dark in the
visible and is assumed to be a Lambertian reflector in the
area outside of Sun glint, several factors could change
the sea surface reflectance. These factors include the wind
speed and its consequent white caps effect; the residual
Sun glint contamination effect; the change of the light
leaving the water coming from beneath the sea surface due
to chlorophyll content or high turbidity coastal waters. The
reflectance uncertainty from underlight is about 0.14 ±
0.06% for most open oceans with pigment concentration
less than 0.25 mg m�3 [Gordon and Morel, 1983], and can
be as high as 0.55 ± 0.5% [Ignatov et al., 1995] or 1%
[Wagener et al., 1997] in coastal ocean with high pigment
content. The reflectance from foam under normal sea wind
conditions ranges from 0.03 ± 0.05% [Ignatov et al., 1995]
or 0.06 ± 0.04% [Wagener et al., 1997]. It could be as

Figure 9. Monthly mean AOT at 0.67 mm derived from GOES 8 near Puerto Rico regions during
PRIDE period.
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high as 1% when sea surface wind speed exceeds 15 m s�1

[Gregg and Carder, 1990]. On the basis of these studies,
the variation of the sea surface reflectance is 0.2% �
0.4% in normal conditions, and can reach 1% in some
extreme conditions (e.g., high sea surface wind larger than
15 m s�1 or very high pigment content much larger than
0.25 mg m�3).
[32] To examine the change in GOES 8 retrieved AOT

due to rs, we change rs by ±1%. When AOT is small (<0.2),
the single scattering processes will dominate, which implies
a linear relationship between rs and TOA reflectance. A 1%
change in rs appeared to cause the retrieved AOT to change
by 0.1 and is similar to the result obtained by Wagener et al.
[1997]. The maximum absolute retrieval error in this study
due to the uncertainty of the sea surface is 0.1, with an
average error of 0.02 � 0.04 when a normal variation of
0.2–0.4% in rs is considered.
[33] The real component (Nr) of the dust refractive index

ranges from 1.50 to 1.56 in the visible spectrum [Patterson et
al., 1977]. The typical value of Nr for the aerosol retrieval
over ocean is 1.50 [Ignatov et al., 1995;Wagener et al., 1997;
Mishchenko et al., 1999; Higurashi and Nakajima, 1999].
Previous studies have used Nr values of 1.53 [Kaufman et
al., 2000] and 1.54 [Sokolik et al., 2001] for Saharan dust.
Thereby the relative uncertainty of Nr is small (dNr/Nr <
0.01) compared to variations of Ni, As discussed in section
3, there is a large range of values reported in the literature
for the imaginary component (Ni) of the dust aerosol
refractive index. In previous satellite retrieval algorithms,
the aerosols over ocean were assumed to be nonabsorbing
[Rao et al., 1989]. However, a survey of Ni values from
early light-attenuation measurements shows that Ni may
have a large range from 0.009 to 0.003 or less depending
on different chemical compositions and geographic loca-
tions [Sokolik et al., 1993]. Recently, the retrieval of Ni

from remote sensing measurements showed that the dust
aerosols have reduced absorption in the blue spectrum
[Kaufman et al., 2001; Moulin et al., 2001]. However, this
discrepancy may be due to the measurements and the
mixing of the nonabsorbing aerosols [Sokolik et al., 1993;
Mishchenko et al., 1999]. In this study, a Ni value of 0.0015
was used. This value was derived from the light-scattering
and light-attenuation measurements, which is the effective
imaginary component of the refractive index in the sample
volume.
[34] To evaluate the effect of Ni on our retrievals, we

change the original Ni (0.0015) from 0.003 to zero, while
keeping the size distribution the same. Our calculations
show that AOT could increase by 0.05 as Ni decreases by
0.0015, and vice versa. A change in Ni from 0.003 to zero
leads to a change in the effective w0 value from 0.96 to 1.00.
This will yield a mean AOT in Figure 6b ranging from 0.28
to 0.18. The sensitivity of the retrieved optical thickness to
Ni can be defined as (�t/t)/(�Ni/Ni). If Ni is fixed at 0.015,
our results show that the sensitivity could be 100% for t
less than 0.1 and 20% for t around 0.5. Since AOTwas less
than 0.5 and the averaged value is around 0.25 during
PRIDE, we conclude that our absolute error (�t) due to
uncertainties in Ni is less 0.1 and mean error is about 0.05.
However the relative error (�t/t) is very sensitive for small
AOT retrievals and using a fixed, globally uniform value of
refractive index may result in significant retrieval errors,

especially for low aerosol loading [Mishchenko et al.,
1999].
[35] The radiative transfer model used in this study

considers the multiple scattering of the aerosols, gas ab-
sorption, and molecular scattering and has been well vali-
dated [Ricchiazzi et al., 1998]. Our radiative transfer
calculations do not consider the effect of polarization.
Wagener et al [1997] found that by neglecting the multiple
scattering and polarization effects in radiative transfer
calculations could result in overestimation of AVHRR
AOT retrievals by about 0.015 for AOT less 1. In our
retrievals, we have included multiple scattering, and we
expect the uncertainties due to polarization to be less than
0.003 for AOT values less than 0.5. The atmospheric
temperature and water vapor profile in our model is the
standard tropical summer profile [McClatchey et al., 1972].
The difference in temperature and water vapor values at
each layer between the tropical summer profile and the
aircraft measured profiles [Reid et al., 2003a] are less than
2%. Therefore the retrieval uncertainties in AOT due to the
assumed tropical water vapor loading are small. A typical
value of stratosphere AOT has also been considered directly
in the radiative transfer model [Ricchiazzi et al., 1998].
Since the important gas absorption in GOES 8 ch1 are H2O
and O3, the other uncertainties in the radiative transfer
model are due to the variations in ozone and the aerosol
vertical profile. As Wagener et al. [1997] noted, the stan-
dard deviation of the ozone optical depth over the North
Atlantic oceans is around 0.002 and this effect on AOT
retrieval is negligible. We therefore address the uncertainties
in GOES 8 retrieved AOT due to the assumed aerosol
vertical profile.
[36] The aerosol extinction coefficient vertical profile in

our radiative transfer model varies exponentially with height
[Ricchiazzi et al., 1998]. However, it has been observed by

Figure 10. Averaged aerosol extinction coefficient vertical
profile during PRIDE and the default profile used in
DISORT. The horizontal lines are standard deviation for
each layer.
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lidar measurements [Chazette et al., 1998; Hamomou and
Chazette, 1998] and balloon-borne scattering measurements
[Dulac and Chazette, 1998] that aerosols are often observed
in complex multilayer structures. The Lidar In-Space Tech-

nology Experiment also has shown that the Saharan dust
layer is inhomogeneous and often characterized by several
dust and cloud layers [Winker et al., 1996]. Figure 10 shows
the aircraft-derived vertical profile of aerosol extinction
coefficient and the default extinction coefficient profile
used in the DISORT model. The PRIDE observations show
that the maximum value of the projected-average extinction
coefficient profile is not at the surface, but 500 m above the
surface and higher when an elevated dust layer is present
[Reid et al., 2003a]. Our calculation shows that the differ-
ences in GOES 8 retrieved AOT when using the default
vertical extinction profile and the aircraft-inferred profile
are on the order of 0.005 because the effective w0 values
used for each layer are the same. To model the radiative
properties of mixed-aerosols, the size distribution, vertical
distribution, and the refractive index of different aerosol
species are needed [Quijano et al., 2000]. Currently, this
type of data is not available, and therefore the effect of
inhomogeneity cannot be estimated. Another way to check
the reliability of the vertical homogeneity assumption in
our retrievals is to compare the GOES 8 AOT with the
AERONET SP AOT and the AOT calculated from aircraft-
derived extinction profile. Figure 11 shows that the com-
parisons between different independent measurements are
in good agreement. For example, using daily averages over
the RR and LP sites, the linear correlation coefficient (R)
between GOES 8 and AOT calculated from extinction
profile is 0.88 while R is 0.89 between the GOES 8 and
AERONET derived values.
[37] Dust aerosols are made of several minerals and

have irregular shapes [Kalashnikova and Sokolik, 2002;
Mishchenko et al., 1995]. Although new methods have been
proposed to calculate the optical properties of nonspherical
particles [Wiscombe and Mugnai, 1988; Mishchenko et al.,
1995] these calculations are seldom used in satellite retriev-

Figure 11. Comparison of daily mean dust AOT from
GOES 8 with ground SP measurements and aircraft
measurements. The solid line denotes the one-to-one
correspondence. The dashed line is the least squares fit
between aircraft AOT and GOES 8 AOT. The dot-dashed
line represents the least squares fit between SP AOT with
the GOES 8 AOT.

Figure 12. Relative errors as a function of scattering angles between (a) GOES 8 and SP AOT at two
AERONET sites (RR and LP) and (b) GOES 8 and AATS6 AOT. A third-order polynomial fit is also
shown. The dot-dashed line is the zero bias line.
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als due to the difficulties in accurately describing particle
shape parameters. Most satellite retrieval algorithms use Mie
calculations [e.g., Tanré et al., 1997; Kaufman et al., 1997,
2000, 2001]. There are small differences for optical cross
sections and single scattering albedos between spherical and
nonspherical particles when reff and the refractive index are
the same [Mishchenko et al., 1997]. Compared to the phase
function of spherical particles, the phase function of non-
spherical particles is much larger at the scattering angle from
90� � 150� and much smaller at scattering angle from 150�
to 180� [Mishchenko et al., 1997]. The difference in phase
function between spherical and nonspherical particles be-
come larger for larger reff, and will result in errors in the AOT
retrievals of nonspherical aerosols from radiance measure-
ments. [Mishchenko et al., 1997]. Levy et al. [2003] note that
the overestimation of the MODIS retrievals when compared
to the AATS-6 AOT values are largely due to the nonspher-
ical effect of dust aerosols. To examine the nonspherical
effect of dust aerosols, we analyze the scattering angle versus
relative error (Figure 12) for the two AERONET sites and
the AATS AOT values for cases where SP and AATS6 AOTs
are larger than background values of 0.07 [Reid et al.,
2003a]. Figure 12 shows that for scattering angles less than
150�, GOES 8 AOT systematically overestimate SP AOT
and for scattering angle larger than 150�, the GOES 8 AOT
slightly underestimate SP AOT. These results generally
agree with previous theoretical studies [Mishchenko et al.,
1997] where the spherical-nonspherical differences in phase
functions changes sign around scattering angle values of
150� and such difference would result in uncertainties in
AOT retrievals from radiance measurements. The relative
error between GOES 8 and AATS6 AOT are smaller when
compared with the GOES 8 vs. AERONET values although
the range of scattering angles are small in this comparison.
These relative errors are due to a combination of assump-
tions from sphericity, surface and aerosol model effects and
further research is needed to quantify the effect of non
sphericity on GOES 8 retrievals.

7. Summary and Conclusions

[38] Using measured aerosol size distributions in Mie
calculations, a refractive index value of 1.53–0.0015i
provides the best fit with light scattering and absorption
measurements during PRIDE. A qualognormal size distri-
bution with an reff value of 0.72mm provided an effective
single scattering albedo value of 0.98 at 0.67 mm that is
consistent with recent studies [Kaufman et al., 2001;Moulin
et al., 2001]. The look-up table is then constructed by using
the results of the Mie calculation in the DISORT model. A
stringent cloud mask and dust detection algorithm is devel-
oped by use of multiple channels, spatial and temporal tests
from the GOES 8 imager. Although GOES 8 visible channel
has undergone significant degradation since launch, our
retrieved AOT from the recalibrated GOES 8 ch1 reflec-
tance are in good agreement with AERONET values. The
GOES 8 monthly mean retrieved AOT (0.19 ± 0.13 and
0.22 ± 0.12) matches the monthly mean AOT from the
ground-based SP observations (0.23 ± 0.13 and 0.22 ±
0.10).
[39] Since GOES 8 only has one visible channel, it is

necessary to make assumptions or use measurements to

describe other parameters including size distribution, refrac-
tive index, and surface reflectance. The main uncertainties
in the GOES 8 retrieved AOT are due to assumptions in Ni

(�t = ±0.05) and rs [�t = ±(0.02 � 0.04)]. The total
uncertainties are ±(0.03 � 0.09) with average value of
±0.06. In another paper, the GOES 8 derived values of
AOT are used to calculate the radiative forcing of dust
aerosols both at the top of atmosphere and at the surface
[Christopher et al., 2003]. Furthermore, the geostationary
imagers provide valuable information in providing the
diurnal variability of dust aerosols.
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