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Aerosol Properties Over Bright-Retlecting
Source Regions

N. Christina Hsu, Si-Chee Tsay, Michael D. King, Senior Member, IEEE, and Jay R. Herman

Abstract—Retrieving aerosol properties from satellite remote
sensing over a bright surface is a challenging problem in the
research of atmospheric and land applications. In this paper
we propose a new approach to retrieve aerosol properties over
surfaces such as arid, semiarid, and urban areas, where the
surface reflectance is usually very bright in the red part of visible
spectrum and in the near infrared, but is much darker in the
blue spectral region (i.e., wavelength <500 nm). In order to
infer atmospheric properties from these data, a global surface
reflectance database of 0.1° latitude by 0.1° longitude resolution
was constructed over bright surfaces for visible wavelengths using
the minimum reflectivity technique (e.g., finding the clearest
scene during each season for a given location). The aerosol optical
thickness and aerosol type are then determined simultaneously in
the algorithm using lookup tables to match the satellite observed
spectral radiances. Examples of aerosol optical thickness derived
using this algorithm over the Sahara Desert and Arabian Penin-
sula reveal various dust sources, which are important contributors
to airborne dust transported over long distances. Comparisons
of the satellite inferred aerosol optical thickness and the values
from ground-based Aerosol Robotic Network (AERONET)
sun/sky radiometer measurements indicate good agreement (i.e.,
within 30%) over the sites in Nigeria and Saudi Arabia. This
new algorithm, when applied to Moderate Resolution Imaging
Spectroradiometer (MODIS), Sea-viewing Wide Field of view
Sensor (SeaWiFS), and Global Imager (GLI) satellite data, will
provide high spatial resolution (~1 km) global information of
aerosol optical thickness over bright surfaces on a daily basis.

Index Terms—Aerosols, algorithm, desert, remote sensing, satel-
lite applications, terrestrial atmosphere.

1. INTRODUCTION

MONG ALL OF THE natural and manmade types of tro-

pospheric aerosols, mineral aerosols (dust) play an impor-
tant role in climate forcing throughout the entire year [7], [14],
[22]. Due to their relatively short lifetime (a few hours to about
a week), the distributions of these airborne dust particles vary
extensively in both space and time. Consequently, satellite ob-
servations are needed over both source and sink regions for con-
tinuous temporal and spatial sampling of dust properties to study
their climatic and health impact on regional and global scales.
Several recent papers have modeled the direct forcing of such
aerosols using optical properties of aerosols compiled from var-
ious measurements [29], [33]. However, these studies indicate
that there are large uncertainties in estimating both shortwave
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and longwave climate forcing of mineral aerosols. Even the sign
of the net forcing is not well determined.

Many authors have extensively investigated dust properties
over ocean using satellite measurements [27], [30], [34], [37]
as well as some measurements over dark vegetated areas [18],
[19]. However, despite the importance of high spatial resolution
satellite remote sensing measurements of dust near its source,
where the underlying surface is usually bright, they are lacking
because such measurements have been particularly difficult to
make. Over these regions, the surface contribution to the radi-
ance received by a satellite is larger than that over vegetated
areas. Knowledge of dust absorption and the angular proper-
ties due to particle nonsphericity is also unknown. As a result,
estimates of the climatic effect of dust near source regions are
highly uncertain.

There have been several approaches developed to retrieve
aerosol optical properties over the desert, including contrast
reduction (atmospheric blurring) and thermal property tech-
niques [35], [36]. However, since contrast reduction using
visible wavelengths depends on the selection of highly con-
trasted areas as retrieval targets, this approach might not be
straightforward for most desert regions. For thermal techniques,
the separation of the signal due to mineral aerosols from that
due to the background temperature and water vapor signals of
the terrestrial environment can be difficult, particularly over
semiarid regions. UV measurements from the Total Ozone
Mapping Spectrometer (TOMS) instruments also provide
valuable long-term information on the distribution of absorbing
aerosols (such as dust and smoke) over land [8], [12], [38].
In spite of this advantage, however, the UV technique is very
sensitive to the altitude of the aerosol plume [13], [38], and the
spatial resolution of the TOMS instrument is coarse (100 km
average and 50 km at nadir).

The problem of retrieving aerosol properties over bright-re-
flecting surfaces using visible wavelengths is illustrated in
Fig. 1. In essence, the upward radiance received by satellite (or
apparent reflectance) is composed of the contribution from the
light scattered by the atmosphere from the direct solar beam
into the sensor’s field of view without being reflected by the
surface (i.e., atmospheric path radiance), and the contribution
from the reflected radiation of both the direct and diffuse com-
ponents by the surface. Therefore, the ability to retrieve aerosol
properties depends on the relative roles that the atmosphere and
surface play in radiance measurements by satellite.

Fig. 1 shows the simulated apparent reflectances at the top of
atmosphere as a function of surface reflectance at 490 nm for
aerosols with single-scattering albedos (wg) of 0.91, 0.96, and
1.0. The aerosol optical thickness (7,) = 1.0. If the aerosol is
nonabsorbing [denoted by the black dotted line (wy = 1.0)], the
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Fig. 1. Simulated apparent reflectance (atmosphere + surface) at the top of the

atmosphere at 490 nm, as a function of surface reflectance for various values of
the aerosol optical thickness 7, and single-scattering albedo wq. The black solid
line represents the apparent reflectance without aerosol, and the black dotted,
green, and red lines represent the apparent reflectance with 7, = 1.0. The
vertical lines denote the critical values of surface reflectance where the presence
of aerosol cannot be detected by satellite for selected values of wy.

contrast in apparent reflectance between the heavy dust and no
dust condition is diminished over bright surfaces. Therefore, the
apparent reflectance is not sensitive to changes in nonabsorbing
aerosol loading over such surfaces. On the other hand, if the
aerosol absorbs sunlight, its presence would brighten the total
reflectance over dark targets and darken the reflectance over
high reflecting targets, as indicated by the green (wo = 0.96)
and red (wp = 0.91) lines. Since the critical values of surface
reflectance (denoted by vertical dashed lines), where the total re-
flectance is not affected by the presence of aerosols, depend on
the aerosol absorption [17], [20], retrievals of aerosol properties
near these values contain large errors. Previous algorithms that
use only wavelengths greater than 600 nm, therefore, have sig-
nificant difficulty in retrieving aerosol properties over bright-re-
flecting surfaces.

This effect can be observed in the satellite imagery acquired
over the Sahara Desert by the Sea-viewing Wide Field of view
Sensor (SeaWiFS) (cf. Fig. 2). This scene covers areas over
Morocco, part of the Atlantic coast, Algeria, Mauritania, and
Mali as observed on February 10, 2001. The reflectance in
the 670-nm band is significantly brighter than those at the
412- and 490-nm channels. We adjust the dynamical range
of the grayscale used in these images from 412-670 nm to
better contrast the atmospheric features against the background
surfaces. According to the 412-nm image [Fig. 2(b)], a major
dust plume occurred near the center of Algeria (on the right
side of the image). Also observed were several narrow thin dust
plumes near the border between Mauritania and Mali (on the
center and left side of the image). However, these dust features
become less discernible as the wavelength becomes greater
and are actually impossible to discern at 670 nm [Fig. 2(d)]
or longer wavelengths at which the surfaces are quite bright.
Some of the thin plumes are completely indistinguishable in the
670-nm image.

a) R(670, 555, 412 nm)

b) R(412 nm)

<) R(490 nm) d) R(670 nm)

Fig. 2. SeaWiFS images over northeast Africa on February 10, 2001. The
dynamical ranges of the grayscale used in (b)—(d) are individually adjusted
to optimize the appearance of atmospheric features against the background
surfaces.

Because of these difficulties, the resulting coverage of
aerosol retrievals over desert areas is lacking in the current
Moderate Resolution Imaging Spectroradiometer (MODIS)
algorithm. MODIS instruments aboard the EOS Terra and
Aqua spacecraft are uniquely designed (wide spectral range,
high spatial resolution, and near daily global coverage) to
study cloud and aerosol properties with high accuracy [23].
Fig. 3 shows the 2.1-um surface reflectance, or white-sky
albedo, as a function of season derived from MODIS using the
operational land algorithm [28], [32]. Operationally, MODIS
aerosol retrievals over land use the dark-target approach [18],
[19], and no retrievals are performed when the 2.1-pm surface
reflectance is above 0.15. This means that MODIS currently
provides no aerosol retrievals for large land areas, particularly
over ones containing significant dust sources.

We have developed a new algorithm designed to retrieve
aerosol properties over bright-reflecting surfaces using data
from either SeaWiFS or the two MODIS instruments currently
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Fig. 3.

MODIS retrieved surface reflectance at 2.1 g#m for 16-day periods beginning (top left) in January 1, 2001, (top right) April 7, 2001, (bottom left) July 12,

2001, and (bottom right) September 30, 2001. Note the missing data due to persistent cloud cover or seasonal snow.

in orbit. The calibration and SNR of these sensors are suffi-
ciently accurate to minimize sensor effects on our retrievals
[2], [23]. Our algorithm, known as Deep Blue, alleviates the
bright-surface problem outlined above by employing radiance
measurements from the blue channels to infer the properties
of aerosols. Both surface and cloud effects are accounted for
in Deep Blue, and as shown later in this paper, the surface
reflectance at 412 nm is below the critical values for dust in
most desert regions. In the following sections, we will describe
the Deep Blue algorithm and analyze its performance and
error budget. We will also compare retrieved aerosol optical
thicknesses over the Sahara Desert and Arabian Peninsula,
calculated using Deep Blue and radiance measurements from
SeaWiFS with optical thicknesses derived from ground-based
sun photometer measurements.

II. DESCRIPTION OF THE DEEP BLUE ALGORITHM

To retrieve aerosol properties over the desert, we employ a
polarized radiative transfer model [4] to compute the reflected
intensity field, which is defined by

71'](/1,7 Ho, ¢)

1
o Fo )

R(.U’ Ho, QS) =
where R is the normalized radiance (or apparent reflectance),
Fy is the extraterrestrial solar flux, I is the radiance at the top of
the atmosphere,  is the cosine of the view zenith angle, 1 is

the cosine of the solar zenith angle, and ¢ is the relative azimuth
angle between the direction of propagation of scattered radiation
and the incident solar direction.

In our algorithm, we assume that the underlying surface is
Lambertian and homogeneous. As a result, the total radiance at
the top of the atmosphere can be written as a function of surface
reflectance

T A,
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2
where Ro(p, 1o, ¢) represents the path radiance, T is the trans-
mission function describing the atmospheric effect on upward
and downward radiance, A, is the Lambertian reflectance, and
s is the spherical albedo of the atmosphere for illumination from
below. From this formulation, a set of lookup tables was gener-
ated for a variety of sun-sensor geometries to simulate the radi-
ances received by a satellite.

An overview of our retrieval algorithm is shown in the
dataflow diagram in Fig. 4. Before the aerosol retrieval pro-
cessing begins, we first screen out scenes for the presence of
clouds. Currently, the Deep Blue algorithm is not retrieving
cloud-contaminated pixels. The surface reflectance for a
given pixel is then determined for the 412-, 490-, and 670-nm
channels from a database based upon its geolocation. The 412-,
490-, and 670-nm radiances are then compared to radiances
contained in a lookup table with dimensions consisting of the
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Fig. 4. Flowchart for aerosol optical property retrieval over bright surfaces.

solar, satellite, and azimuth angles, the surface reflectance,
aerosol optical thickness, and single-scattering albedo. A
maximum-likelihood method is used to match the appropriate
values of aerosol optical thickness and single-scattering albedo
to the measured radiances. We provide details for each of these
procedures in the sections below.

A. Cloud Screening

To minimize the cloud contamination problem on our aerosol
retrieval, we apply the spatial variance method to the radiance
at 412 nm over a 3 x3 pixels spatial domain. We chose the
412-nm channel because the surface reflectivity at 412 nm is
usually darker over land compared to the reflectivity at other
longer wavelength channels, allowing more contrast between
cloud-free and cloudy pixels. In addition, to distinguish thick
dust layers from clouds, we also utilize a computed Deep Blue
aerosol index (DAI) [15] defined in a manner similar to the
TOMS aerosol index

I 1
DAI = —100 [loglo <%i> —logy, <ﬁ> } 3)
meas calc

where I,,..s 18 the reflectance measured from the satellite and
I .1c is the reflectance calculated from the lookup tables as-
suming a Rayleigh scattering atmosphere. The concept of this
DAI basically takes advantage of the fact that the spectral depen-
dence of cloud reflectance is flat in the visible spectrum because
of very little droplet absorption in this wavelength range. In con-
trast, there is a strong spectral dependence of dust reflectance,
due to extra dust absorption at the shorter visible wavelength,
particularly at the blue channels.

The combination of these two procedures has proven rea-
sonably effective in screening out cloudy pixels. However, thin
cirrus clouds often appear to be as smooth as aerosol layers and
are difficult to separate from aerosols using existing SeaWiFS
channels.

For applications to MODIS data on the Terra and Aqua space-
craft, considerable skill in cloud screening is available using the
cloud mask algorithm described by Ackerman et al. [1]. This al-
gorithm classifies each pixel as either confident clear, probably
clear, probably cloudy, or cloudy, and uses a series of threshold
tests applied to 17 of the 36 MODIS bands to identify the pres-
ence of clouds in the instrument field-of-view. The specific tests
executed are a function of surface type, including land, water,
snow/ice, desert, and coastal, and are different during the day
and night. Each cloud detection test returns a confidence level
that the pixel is clear ranging in value from 1 (high confidence
clear) to 0 (low confidence clear). Tests capable of detecting
similar cloud conditions are grouped together and a minimum
confidence is determined for each group. The final cloud mask
is then determined from the product of the results from each
group. This approach is clear-sky conservative in the sense that
if any test is highly confident that the scene is cloudy, the final
clear sky confidence is 0. The first eight bits of the cloud mask
provide a summary adequate for many processing applications.
Examples of the application of the cloud mask to scenes com-
posed of desert, coastal, and water ecosystems can be found in
[23] and [31].

Over desert regions during the daytime, the cloud mask algo-
rithm makes use of six spectral tests that utilize nine different
spectral bands, including the brightness temperature at 13.9 pm,
reflectance threshold at 1.38 pm, especially sensitive to thin
cirrus clouds, and visible threshold and brightness temperature
difference tests that help distinguish bright surface features in
the visible from heavy aerosol, dust, and clouds.

B. Surface Reflectivity Database

In order to retrieve aerosol properties, accurate knowledge
of the underlying surface reflectance is important, particularly
over arid and semiarid regions. The current MODIS aerosol re-
trieval algorithm over land uses the dark-target approach [18],
[19]. It assumes the ratio of surface reflectance between 0.47 pym
(0.64 pm) and 2.1 pm is 0.25 (0.5). This assumption is valid for
most vegetated land surfaces [3]. However, over desert regions,
land surface reflectance significantly deviates from this assump-
tion. To obtain the surface reflectance information required by
our aerosol retrieval algorithm, we generated a database of sur-
face reflectivity using the minimum reflectivity technique [9],
[24].

We first created a set of lookup tables using a polarized ra-
diative transfer model [4] to simulate the radiances for a range
of solar and viewing geometries at the top of the atmosphere
that encompass measurements from a satellite. In these calcula-
tions we assumed that the radiance was dominated by Rayleigh-
scattering and bounded by a Lambertian surface. The Lambert-
equivalent reflectivity (LER) is then calculated for each pixel
using these lookup tables by matching the surface albedo to the
measured satellite radiance. For clear sky conditions (i.e., pure
molecular scattering atmosphere), the LER is equivalent to A
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(Left) Example of a precalculated land surface reflectivity database of 0.1° latitude X 0.1° longitude resolution at 412- and 670-nm channels using 1-km

SeaWiFsS radiances for February 2000. Areas that do not have enough samples to achieve statistical significance due to persistent cloud cover are represented by
white color. (Right) Spectral variations of surface reflectivity at six SeaWiFS channels from visible to near-infrared wavelengths for February 2000 (blue diamonds)

and June 2000 (red triangles).

in (2). To minimize cloud contamination problems, we also ap-
plied our cloud screening method to this dataset to alleviate the
effects of cloud edges on the estimation of the surface albedo.
LER values were obtained for six of the SeaWiFS channels
(i.e., 412, 443, 490, 510, 670, and 865 nm) and were then
sorted into a 0.1° latitude x 0.1° longitude grid for each

month of the year. To minimize angular effects due to the
surface bidirectional reflectivity on the determination of the
surface reflectivity database, we only include samples taken
near nadir (i.e., view angle < 30°). Cloud shadows potentially
could also lead to false low reflectance pixels in the satellite
measurements, which could result in a surface reflectivity that
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Fig. 6. Simulated normalized reflectance at 670 nm as a function of viewing angle and aerosol optical thickness for surface reflectances of (a) 0.15, (b) 0.30,
(c) 0.40, and (d) 0.50. The aerosol optical thickness is (solid line) 0.0, (dashed line) 0.5, and (chain-dashed line) 1.0. We assumed the single-scattering albedo
wo = 1.0 at 670 nm. The maximum instrumental view angles for both MODIS and SeaWiFS is 55°.

is too dark. However, longer wavelengths are more susceptible
to this problem than shorter wavelength because there is more
diffuse light at the shorter wavelength. To mitigate the effects
of cloud shadows, the 412-nm surface reflectivity database is
obtained first by finding the minimum value of the 412-nm
LER for the same grid box within a given month. The databases
for other wavelengths are then determined by calculating LER
values at each wavelength for the same scene as the one with a
minimum value at 412 nm.

Examples of regional maps of the resulting surface reflec-
tivity database for northern Africa and the Arabian Peninsula
at 412 and 670 nm for February 2000 are shown in Fig. 5 (left).
This comparison shows that the 412-nm surface reflectivity is
much darker than that at 670 nm. The spectral surface reflectiv-
ities from 412—-865 nm for the four desert regions indicated by
the white boxes in Fig. 5 (left) are depicted in Fig. 5 (right). To
examine the seasonal variation of the surface reflectivity over
the desert, we include in these plots the reflectivity spectra ob-
tained from two different seasons: February (blue diamonds)
and June (red triangles). As expected, there is little seasonal
variability in the surface albedo of each desert region. Among all
the deserts in the Sahara, the Bodele Depression of Chad is the
brightest at 412 nm and exhibits a relatively flat spectral shape.
This indicates that there is more white-colored material in this
region when compared to the other three more reddish-colored
deserts in the right panel of Fig. 5.

As mentioned in the previous section (cf. Fig. 1), when this
surface reflectance approaches a critical value, the aerosol-
induced modification of the apparent reflectance received by
the satellite is negligible. To investigate the limiting reflectance
where change in the apparent reflectance caused by aerosol
loading is no longer detectable by satellite measurements, we
performed radiative transfer simulations using the dust model
described in the section below. The results for the 670-nm
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Fig. 7. Effective phase function of dust particles as a function of scattering

angles used in the algorithm, compared to the retrieved values of 670-nm
channel from AERONET measurements at Ilorin, Nigeria, and values
assuming Mie scattering. For the Mie calculations, the refractive index
(m) = 1.55 — 0.0 4. Size parameter (2770 /) is about 10.

channel are shown in Fig. 6. Thedifferent lines correspond
to different amounts of aerosol loading (solid, dashed, and
chain-dashed lines represent the calculations of 7, values of
0.0, 0.5, and 1.0, respectively). The single-scattering albedo
is assumed to be 1.0. For this calculation we also use an
“effective” dust phase function described in Fig. 7 in the next
section. From these results, we can see that at 670 nm the
contribution of dust to the apparent reflectance can be separated
from no-aerosol conditions at a surface reflectance of up to
0.30. At 0.40, the contrast between dust-laden and nonaerosol
condition diminishes at high view angles. The instrumental
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view angles for both MODIS and SeaWiFsS is up to 55°. This
analysis indicates that, assuming no absorption at 670 nm,
dust retrievals at this channel can be obtained at a surface
reflectance of 0.40 when 7, is greater than 0.7. Near the dust
source regions, 7, is often observed to exceed this value.

C. Aerosol Model Selections

The creation of libraries containing realistic aerosol models is
the most difficult and critical component in developing a satel-
lite aerosol retrieval algorithm, especially for nonspherical dust
particles. Since there are more unknown aerosol parameters than
actual pieces of information obtained by the sensor, aerosol re-
trievals from satellite are an ill-posed inverse problem. In addi-
tion, because of the technical complexity in making such mea-
surements, there are few in situ measurements of aerosol scat-
tering and absorption for dust particles from either laboratory
or aircraft platforms to form the basis for aerosol models. The
reported measured values often vary widely from each other,
and the nonspherical shape of aerosols adds even more uncer-
tainty to the aerosol property retrieval due to the unknown an-
gular properties affecting the scattering phase function.

In this study, we created aerosol libraries using values that
cover most of the range of the “bulk” properties representative
of each aerosol type. We then used these aerosol properties with
our radiative transfer model [4] to generate lookup tables used
in the aerosol retrievals. The radiative transfer code includes full
multiple scattering and takes into account polarization. The ne-
glect of polarization in the radiative transfer code could lead to
significant errors in the calculated radiances at 412 and 490 nm
for Rayleigh-scattering atmospheres [25]. The parameters used
in our aerosol model generation for each aerosol type include
aerosol optical thickness, single-scattering albedo, and phase
function. In order to save computational time, we divided the
globe into several sectors and assumed that mixed aerosols only
occur in certain geographic regions. In the following sections,
we discuss how our algorithm works under different aerosol
conditions.

1) Retrieval for Dust Aerosols: For regions over the Sahara
(north of 13° N) and the Arabian Peninsula, we assume that the
dominant aerosol type is mineral dust. To account for the effect
of nonspherical dust particle shapes, an “effective phase func-
tion” was used in the dust models instead of one calculated by
assuming Mie scattering for particle sizes representative of dust
aerosols. This “effective phase function” was previously derived
empirically to give the best fit of the satellite retrieved 7, using
our SeaWiFS aerosol algorithm over ocean to the measured 7,
by the ground-based Aerosol Robotic Network (AERONET)
sunphotometer site at Cape Verde. The same set of the “effec-
tive phase function” values was also applied to satellite radi-
ances obtained over ocean during ACE-Asia campaign and pro-
vides reasonable agreements between our satellite-retrieved 7,
and measured 7, from aircraft and R/V cruise during Asian dust
events [16]. Fig. 7 is a comparison of the dust “effective phase
function” used in our algorithm with that calculated at 670 nm
using Mie theory with the refractive index (m) of 1.55 — 0.0 ¢
and a log-normal size distribution (rg = 1 ym, o = 1.45 pym).
Superimposed are values of the aerosol phase function derived
from ground-based AERONET sun and sky measurements (for
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Angstrom exponent <0.5) using retrievals for nonspherical par-
ticles [5], [6] at Tlorin, Nigeria, averaged over the month of Feb-
ruary 2000. One can see that values of the phase function from
our dust model and the AERONET retrievals are larger in the
side-scattering direction and are smaller in the backscattering
direction, when compared to values calculated assuming Mie
scattering from spherical particles.

For estimating single-scattering albedo, a set of values (i.e.,
0.87,0.91, 0.94, 0.96, 0.98, and 1.0) that represent the general
range of dust properties was used to generate lookup tables at
both 412 and 490 nm. We assume that there is very little absorp-
tion for dust particles at 670 nm (i.e., single-scattering albedo
(670 nm) = 1.0) [6]. The Angstrom exponent was set to zero
for the spectral shape of aerosol optical thickness, and the ver-
tical profile of the aerosol layer was assumed to be a Gaussian
distribution with a peak at 3 km and a width of 1 km.

Because the problem of high surface reflectance at 670 nm
limits the retrieval for medium and low dust loading, as discussed
above, the Deep Blue algorithm takes a two-step approach to
determine the aerosol properties. For heavy dust loading, the
algorithm executes a three-channel technique. Fig. 8 describes
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the methodology of this three-channel dust retrieval algorithm,
in which the relationship of apparent reflectances between two
channels is shown as a function of 7, and wq for 412 versus
670 nm (top panel) and for 490 versus 670 nm (bottom panel).
Since we assume a value of zero for the Angstrom exponent,
the values of 7, in Fig. 8 are the same for 412, 490, and 670 nm.
This assumption is based upon the aerosol climatology using
AERONET sun photometer data, which shows that the values
of Angstrom exponent are generally less than 0.2 for medium to
heavy dust loading (i.e., 7o > 0.5) [11]. The viewing geometry
and surface reflectivity used in these calculations correspond to
SeaWiFS measurements taken on February 26, 2000 over the
region bounded by the latitudes 18° to 20° N and longitudes
6° to 6.4° E. For single-scattering albedo values ranging from
0.91 to 1.0, the apparent reflectance at 412 and 490 nm increases
as 7, increases for surface reflectivity values derived over this
region. The slope between the 412- and 670-nm reflectance
also becomes larger as the single-scattering albedo increases.
Superimposed on these plots are the corresponding SeaWiFS
pixels (denoted by the blue circles) obtained over the region.

For thick dust layers, our algorithm uses the maximum-like-
lihood method with lookup tables to solve for the values of 7,
and single-scattering albedo at 412 and 490 nm simultaneously,
which give the best fit to the satellite measured radiances at these
three channels. However, Fig. 6 indicates that for 7, less than
0.7, the apparent reflectance begins to lose sensitivity to changes
in dust loading at 670 nm. For these conditions, we switch to the
two-channel approach employing a lookup table technique that
is illustrated in Fig. 9. In this figure, apparent reflectances are
calculated as a function of aerosol optical thickness and optical
property. The values of 7, are also assumed to be the same for
both 412 and 490 nm. This assumption is valid for Angstrom
exponents less than 0.5, which encompasses most types of dust
particles observed near dust sources by AERONET [11]. We use
two different aerosols, one with a “whiter” color (wg = 0.98 and
0.99 at 412 and 490 nm, respectively), and one with a “redder”
color (wp = 0.91 and 0.95 for 412 and 490 nm, respectively).
The actual lookup table in the algorithm is composed of radi-
ances for dust models that are chosen to represent variations in
the redness of different dust sources. The algorithm basically
determines 7,, and the redness of the dust aerosol (i.e., the ratio
of “whiter” dust to “redder” dust) simultaneously by matching
the measured radiances with those in the table. The single-scat-
tering albedo for the two wavelengths is then derived from this
ratio.

The procedures to retrieve dust aerosols are summarized as
following.

Step 1) A two-channel retrieval of 7, and dust redness using
the dust models depicted in Fig. 9.

Step 2) If the retrieved 7, from Step 1) is greater than 0.7, a
three-channel retrieval algorithm is applied.

If the retrieved 7, from Step 1) is less than 0.7, the retrieval
will stop and report the retrieved 7, and wq at 412 and 490 nm.

2) Retrieval for Mixture of Dust/Smoke Aerosols: Every
year, during the months of December to February, dust often
blows over the Sahel region, mixing with smoke generated
from the seasonal biomass burning activity [21]. To retrieve the
aerosol properties under the condition of mixed aerosol types
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Fig. 9. Simulated apparent reflectances as a function of aerosol optical
thickness for 412- versus 490-nm channel. Two dust types are used, one with
“whiter” color (wo = 0.98 and 0.99 at 412 and 490 nm, respectively), another
with “redder” color (wo = 0.91 and 0.95 at 412 and 490 nm, respectively).
The view geometry and surface reflectivities are the same as in Fig. 8.

found in this region, we assume that the radiance received by
the satellite is described by

Ra(t, o, @) = a RY (1, 1o, ) + (1 — a) RS (1, 110, ) (4)

where RL, and R are the radiances of the dust and smoke
modes, respectively, and « is the ratio of the contributions from
the dust and smoke modes to the total radiance. In our algorithm,
we use the maximum-likelihood method with our lookup tables
to solve for the values of a and aerosol optical thickness at 470
nm that give the best fit to the satellite measured radiances at
both 412- and 490-nm channels.

The real and imaginary part of the refractive index at 412 and
490 nm for the aerosol models used in mixed aerosol situations
are listed in Table I. For the dust model, we use the dust phase
function described above. For the smoke models, we assume
spherical particles and a log-normal size distribution with the
mode radius 79 = 0.14 pm and width o = 1.45 pm.

To investigate the validity of the approach illustrated in (4),
we compared the 412-nm radiances to the 490-nm radiances cal-
culated using the aerosol characteristics of the dust and smoke
models presented in Table I. The vertical profile of an aerosol
layer is assumed to be a Gaussian distribution with a peak at
3 km and a width of 1 km. We also compared these two calcu-
lated radiances using different mixtures of the two models. From
the results, presented in Fig. 10 for two different viewing condi-
tions, it is clear that the radiance ratio from the two channels as
a function of aerosol optical thickness is distinctly different be-
tween the two aerosol models, meaning that results from these
two types of aerosol are easily distinguishable.

III. D1SCUSSION OF UNCERTAINTIES

A. Surface Reflectivity

The surface contribution over deserts dominates over the
atmospheric contribution when aerosol loading is small.
Therefore, the percentage error in the retrieved aerosol optical
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TABLE 1
CHARACTERISTICS OF AEROSOL PROPERTIES USED IN THE MODELS FOR DIFFERENT TYPES OF AEROSOLS

Aerosol 1412/ 1470 T4o0/ 1470  Refractive index  Refractive index ®Q ®Q
Model at 412 nm at 490 nm 412 nm 490 nm
Dust 1.00 1.00 1.55-0.020i 1.55-0.008/ 0.91 0.96
Smoke 1.30 0.92 1.55 - 0.022i 1.55-0.026i 0.90 0.89
0'23, Ag(412 nm) = 0.08 ' ' ] bidirectional reflectivity effects will also introduce angular-de-
L As(490 nm) =0.11 {1 pendent errors in the retrieved 7,, but it is usually larger in the
onk ] specular reflection direction. In our current algorithm, we do
L " . 1 not perform retrievals over such sun-sensor geometries.
T oL e WIS B e | *
N gl | B. Vertical Aerosol Profile
T\g" I i Sensitivity studies indicate that an error of £2 km in the al-
LE. - 1 titude of the aerosol plume results in an error in aerosol optical
< ¢ 7] thickness of 25% at 412 nm and 5% at 490 nm. Our previous re-
= - . search indicates a spread of 2 km between the winter (3 km) and
015 ] summer (5 km) in the altitude of the dust layer over the Saharan
L {  Desert, so we believe that this is a reasonable range to expect
i 1 [13]. This result also indicates that the sensitivity to variations
oggl—e 00 in aerosol height in the retrieved 7, at 412 nm is much less sig-
0.15 0.17 0.19 021 03 . ) . .
P nificant than the technique using UV wavelengths, since the UV
r 1  retrievals have larger Rayleigh scattering effects.
" _ 100% S"“ﬂ‘e_gg:ﬁ SDEEE'(E_ _?_gf_;;;ki _ é_g; SDmu:tk o0 Dus—g €. Farticle Shape
_ TS ] Uncertainty in the phase function of dust due to its non-
E onr 71  spherical shape is a potentially significant source of error in
g r 1  the retrieved 7,. For the geometries applicable to SeaWiFS and
8 023 -4 MODIS, the difference between the phase function of spherical
é I 1 particles using Mie theory and randomly oriented spheroids
i.j onl ] can be as large as 40% [26]. Such differences will lead to large
r 1 errors in the retrieved 7,. The effect of nonsphericity can be
oall 1  incorporated into t.he phase function of our dust model using
: go :i‘; 1 codes that are des1gneq to study such effects [26], [39], once
F Ay 1 L, 0 =10 the shape and aspect ratio of the dust particles are better known.

0.20 0.21 0.22 0.23 0.24 0.25

Reflectance (490 nm)

Fig. 10. Simulated apparent reflectances at 412 and 490 nm as a function of
aerosol optical thickness at 470 nm for various mixtures of smoke and dust
aerosols. The condition is for 85 = 24° when (top panel) § = 0° and (bottom
panel) § = 42°, ¢ = 120°. The surface reflectivity is assumed to be 8% at
412 nm and 11% at 490 nm. The properties of smoke and dust aerosol models
used in the calculations are listed in Table I.

thickness due to errors in surface reflectance is a function of
aerosol optical thickness. Our simulations indicate that for the
average surface reflectance value of deserts, an error of 0.01
in surface reflectance (A;) will result in an error of 20% in
aerosol optical thickness (7,) for 7, = 1.0 and A, = 0.08.
When generating the surface reflectivity database for the aerosol
algorithm, we assume that there is no gaseous absorption or
aerosol extinction at 412, 490, and 670 nm. According to the
AERONET data, the minimum value of 7, is around 0.05 for
sites near dust sources such as Banizoumbou, Niger and Solar
Village, Saudi Arabia [11]. The neglect of these background
values in 7, will lead to an overestimate of A by 0.0025. Surface

IV. RESULTS

We have used the algorithm described above to process radi-
ance data from the SeaWiFS instrument. Fig. 11 shows an ex-
ample of our results over the Sahara Desert and nearby Ara-
bian Peninsula for four days in February 2000. These days were
chosen because ground-based measurements of 7, were avail-
able during this time from an AERONET station located in this
region [10]. Our 7, results were overlaid onto the MODIS “Blue
Marble” image (which represents the cloud-free RGB signa-
ture of the earth’s surface after atmospheric correction). The
opacity of the 7, signal depends on the dust loading; the larger
the loading, the more opaque the image.

Two types of gaps in the aerosol optical thickness can be seen.
The first type is easily identified as the orbital gaps in the cov-
erage of the SeaWiFS instrument. The second type of gap is
caused by the presence of clouds. Three instances of such gaps
are indicated in Fig. 11. In the first instance, shown on February
27, afairly large region directly over western Sahara is obscured
by clouds. In the other two identified instances, on February 28,
the cloud obscuration occurs over much more narrowly focused
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Fig. 11.
February 25-28, 2000.

bands over Mali and Niger. The ability to recognize such cloud
obscuration features in these images indicates that the cloud
screening procedure used in our algorithm is performing quite
well.

Fig. 11 also reveals the evolution of three main dust features
in the region during this time period. In the first, a dust storm
can be seen developing over the western Sahara. By February
28th, dust from this storm flowed off the coast of Mauritania
out over the Atlantic and curled back toward the western coast
of the Iberian Peninsula. In the second, a small, dense plume
of dust developed in the low-lying region where the borders of
Mali, Niger, and Algeria meet. The dust was prevented from
flowing outward by the higher level terrain bounding it on the
west, north, and east. Finally, dust from the Bodele Depression
north of Lake Chad picked up intensity from February 25-28.
This depression, which contains the fine-grain dust indicative of
a dry-lake bed, provides a consistent source of such dust during
most of the year.

Examples of the retrieved single-scattering albedo at 412 and
490 nm are shown in Fig. 12 for two different dust plumes. One
plume (15° to 18° N; 17° to 17.4° E) is downwind of the Bodele
depression, and another (18° to 20° N; 6° to 6.4° E) originates
from the Algeria/Niger border region. The dust properties from
these two sources clearly show distinctly different characteris-
tics. The Bodele depression plume seems to be brighter (higher
reflectance) and whiter (flatten spectral dependence), compared
to the Algeria/Niger plume.

Example of aerosol optical thickness at 490 nm retrieved from our algorithm over the Sahara Desert and nearby Arabian Peninsula during

110 ————

1.05

Bodele Depression Plume

1.00

0.95
Algeria/Niger Plume

0.90

Single Scattering Albedo

0.85

0.80

o75b—~u L b b b
400 450 500 550 600 650 700

Wavelength (nm)

Fig. 12. Example of single-scattering albedo at 412 and 490 nm retrieved from
our algorithm over the region about 100 km downwind of the Bodele depression
on February 2, 2000, and downwind of the Algeria/Niger source on February 26,
2000. The vertical bars represent the standard deviation of the retrieved values
within the selected box.

A. Comparisons to Ground-Based Data

As previously stated, ground-based 7, results for a sunpho-
tometer ground station based in Ilorin, Nigeria, are available
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Fig. 14. Comparison of satellite-derived 7, values for June-July 2000 with
those from the AERONET sunphotometer located at Solar Village, Saudi
Arabia. (Dashed line) Represent the 20% differences. (Two outer solid lines)
Represents 30% differences.

during February 2000. In Fig. 13, we compare results of our 7,
retrieval over [lorin with ground-based measurements of 7, from
the AERONET sunphotometer. The comparisons show that our
retrievals are consistently within 20% of the sunphotometer 7,
measurements. During the dry season, this site is often under the
influence of both Saharan dust and smoke from biomass burning
activities.

To investigate seasonal effects and dust properties over a dif-
ferent region, we also compared our 7, retrievals to sunpho-
tometer measurements taken over Solar Village, Saudi Arabia,
in June and July 2000. This comparison, shown in Fig. 14, also
indicates that our retrievals are generally within 20% of those
from sunphotometer measurements.
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V. CONCLUSION

Satellite imagery over desert areas indicate that aerosol-in-
duced modifications in the signal received by satellites at wave-
lengths longer than 600 nm can only be detected for thick dust
plumes. These red wavelengths were commonly used in pre-
vious aerosol retrieval algorithms for instruments such as the
Advanced Very High Resolution Radiometer onboard the Polar-
orbiting Operational Environmental Satellite (POES) system.
To extend satellite retrievals to thin and moderate dust plumes,
we propose a new approach to retrieve aerosols over bright sur-
faces by taking advantage of the darker properties of such sur-
faces at the blue channels (i.e., 412 and 490 nm for SeaWiFS;
412 and 470 nm for MODIS). Using these shorter wavelength
channels, the presence of aerosols can be determined from satel-
lite data at a much lower aerosol loading compared to retrievals
that use red channels, provided the radiance level does not satu-
rate the sensor gain. However, there is a tradeoff between using
the blue (i.e., 412 and 490 nm) channels and using the red (i.e.,
670 nm) channel. Although the desert surfaces are darker at the
blue channels, the variability of dust optical properties for these
channels is larger than that for the red channel since there is
little absorption of dust at 670 nm. Because of this tradeoff,
the optimal retrieval of aerosol optical thickness and spectral
single-scattering albedo can only be achieved by using infor-
mation from all three channels (412, 490, and 670 nm) obtained
over those pixels that contain thick layers of dust in the atmos-
phere (1, > 0.7).

Analyses of results using the new algorithm show that dust
plumes from some sources (e.g., Bodele depression) absorb
less solar radiation than those from other sources (e.g., those
in Algeria/Niger). Information such as this resulting from the
application of our algorithm will help reduce the uncertainty
in the determination of radiative forcing due to mineral dust
near source regions using a previously developed approach
[14]. This technique can be applied to aerosol retrievals over
bright surfaces such as arid, semiarid, urban, and sparsely
vegetated surfaces. It can also be applied to any future satellite
instruments that have similar features as MODIS or SeaWiFS.
The National Polar-orbiting Operational Environmental Satel-
lite System (NPOESS) program plans to launch a series of
missions that include the Visible/Infrared Imager/Radiometer
Suite (VIIRS). VIIRS is currently under development for
NPOESS and will measure radiances at multiple channels,
including 412, 490, and 670 nm.

With the launch of the first VIIRS sensors scheduled in late
2006 onboard the NPOESS Preparatory Project (NPP) satellite
and future launches scheduled well into the next decade on the
NPOESS series of satellites, the Deep Blue algorithm will be
able to provide an invaluable long-term record of aerosol infor-
mation over bright surfaces for use in climate studies.
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