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Aerosol Optical Depth and Land Surface Reflectance
From Multiangle AATSR Measurements: Global
Validation and Intersensor Comparisons

William M. F. Grey, Peter R. J. North, Sietse O. Los, and Ross M. Mitchell

Abstract—This paper presents the results and satellite inter-
comparisons for the retrieval of aerosol optical depth (AOD)
and land surface bidirectional reflectance using the Multian-
gle Advanced Along-Track Scanning Radiometer (AATSR). The
algorithm developed is based on inversion of a physical model of
light scattering that requires no a priori knowledge of the land
surface. The model is evaluated for a number of sites around
the world to test its operation over a range of aerosol types
and land covers including dark and bright surfaces. Valida-
tion is performed using Aerosol Robotic Network ground-based
sun-photometer measurements and by intercomparison with in-
dependent estimates of AOD derived from spaceborne instru-
ments including Multiangle Imaging Spectroradiometer (MISR),
Moderate Resolution Imaging Spectroradiometer (MODIS), and
Total Ozone Mapping Spectrometer (TOMS) aerosol products.
Results show good agreement (Pearson’s correlation coefficient
72 = 0.70 for all sites combined) between the AATSR-derived
estimates of AOD and the sun-photometer measurements. There
is also a high correlation (r? = 0.84) between the AATSR- and
MISR-derived AOD estimates, but the correlations of the AAT-
SR-derived AOD with MODIS-derived AOD and TOMS aerosol
index are lower. In addition, the ability of the sensor to dis-
criminate between different aerosol types is evaluated. Moreover,
the estimates of the aerosol properties are used for atmospheric
correction of the top-of-atmosphere reflectance. The AATSR sur-
face reflectances are compared with the MODIS bidirectional re-
flectance distribution function/Albedo and MISR surface products
and are shown to correspond with root-mean-square errors of 0.03
and 0.06 or better, respectively. The retrieval method is applied on
an image basis resulting in an image of surface reflectance and a
separate map of AOD. A map of AOD at 550 nm covering the Sahel
and southern Sahara region is presented to demonstrate operation
at regional and potentially global scales.

Index Terms—Advanced Along-Track Scanning Radiometer
(AATSR), aerosol optical depth (AOD), atmospheric correction,
bidirectional reflectance, multiangle.

I. INTRODUCTION

HE REFLECTANCE at optical wavelengths measured by
a satellite radiometer consists of solar radiation scattered
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by both the surface and atmosphere in the line-of-sight of the
sensor. To make full use of the information content of these
top-of-atmosphere (TOA) observations, the atmospheric and
surface scattering contributions of the satellite signal need to be
decoupled. Obtaining the surface scattering component of the
signal is necessary to allow observations to be compared over
time [1] and for quantitative measurements of biophysical prop-
erties of vegetation [2]-[4]. Failure to remove the atmospheric
signal results in uncertainties in derived land surface parameters
and in any intercomparison of the measurements. However,
retrieving the land surface bidirectional reflectance of optical
data is a major problem, primarily due to the uncertainty in
estimating scattering by atmospheric aerosols [5].

Aerosols have a significant impact on the Earth’s climate
both directly, by scattering and absorbing the incoming radia-
tion from the sun, and indirectly, by influencing cloud formation
and albedo [6], [7]. These atmospheric particles, which include
both natural and anthropogenic sources, are estimated to have a
net negative forcing effect on the Earth’s radiation budget in the
range —0.5 to —2.5 W/m?2, which is comparable in magnitude
to positive forcing caused by anthropogenic greenhouse gases
(4+2.0 to +2.5 W/mz) [8], [9]. In addition, modification of
the magnitude and directionality of the downwelling radiation
is thought to have a significant role in plant photosynthesis
[10], [11]. Despite the importance of the role that aerosols play
in the Earth’s climate forcing, they remain a major uncertainty
in climate modeling [12], [13]. This is in part due to the lack
of accurate and repetitive measurements at global scales [14].
Moreover, the residence time of aerosols in the atmosphere
is short (of the order of a few days); consequently, their
distribution and composition are highly variable. Aerosols are
particularly difficult to monitor because frequent observations
at global scales are required to properly characterize aerosol
dynamics and their sources.

Satellite remote sensing offers a viable means for routinely
measuring aerosols over very large areas. For instance, the
Advanced Very High Resolution Radiometer (AVHRR) is used
operationally for measuring aerosols over oceans [15], [16] but
has been less successful over land where the surface is brighter
and more temporally variable [17]. Another instrument that has
a long-term archive of aerosol measurements is Total Ozone
Mapping Spectrometer (TOMS). TOMS has been providing
global observations of aerosol on a daily basis for more than
20 years. These aerosol estimates are derived using satellite
radiances in the ultraviolet region and are based on a quantity
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known as the aerosol index (AI). The Al is a function of aerosol
optical depth (AOD) as well as single-scattering albedo and
aerosol layer height and is particularly sensitive to absorbing
aerosols [18], [19]. However, there are large uncertainties in the
TOMS Al principally because the instantaneous field of view
of the sensor is large (50 x 50 km at nadir), resulting in a high
likelihood of subpixel cloud contamination [5]. Aerosol esti-
mates from Moderate Resolution Imaging Spectroradiometer
(MODIS) have also been retrieved based on spectral separation
of the surface and atmospheric signal [20], [21].

Single-look approaches do not provide all the information
needed for remote sensing of aerosols [5]. To address this issue,
a number of instruments, such as Polarization and Directional-
ity of the Earth’s Reflectances (POLDER), Multiangle Imaging
Spectroradiometer (MISR), Along-Track Scanning Radiometer
(ATSR-2), and Advanced Along-Track Scanning Radiometer
(AATSR), have been developed with the enhanced capabil-
ity of acquiring simultaneous multiangle observations through
different path lengths, allowing the atmospheric properties to
be inferred. Retrievals of aerosol properties have previously
been demonstrated in a number of studies based on multi-
look observations of MISR [22], [23], POLDER [24], and
ATSR-2 [25]-[28]. The advantage of the multilook approach
over single-look methods is that assumptions are not required
about the land surface spectral properties; thus, aerosols can
potentially be retrieved over any surface.

In this paper, multilook AATSR measurements are used for
retrieving AOD and bidirectional reflectance over land without
a priori knowledge of land cover. AATSR was launched by
the European Space Agency (ESA) onboard Envisat in March
2002 and is one of a series of satellite instruments with the
purpose of providing a well-calibrated long-term global data
set of satellite data for climate research [29]. To all practical
intents, the instrument is identical to its predecessor, the ATSR-
2 sensor launched in 1995, and provides continuity to the
ATSR-1 and ATSR-2 data sets. One of the benefits of these
missions is that a long time series of aerosol measurements
spanning more than a decade can be obtained. The AATSR
acquires two near-simultaneous observations of the same area
of the Earth’s surface at a viewing angle of 55° (forward
view at the surface) and then approximately 120 s later at an
angle close to vertical (nadir view). The observations made in
forward view are more influenced by atmospheric scattering
and absorption than in the nadir view because the path length
is approximately twice that of the nadir view. The swaths are
approximately 500 km wide, and the nominal size of each
pixel at nadir is 1 x 1 km. There are seven spectral bands,
but only the four bands in the visible and near infrared (555,
660, 870, and 1610 nm) are used for aerosol retrieval. These
spectral bands are narrow (approximately 20 nm) and avoid
atmospheric water vapor absorption regions in the electromag-
netic spectrum.

Using multiangle observations is complicated by the fact
that surface bidirectional reflectance at optical wavelengths is
dependent on the sun and sensor geometries. There has been
continuing interest in this problem due to the need to normalize
measurements acquired at a variety of sun and sensor positions
[30], to obtain hemispherically integrated parameters such as
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albedo [31], and to make use of information in the angu-
lar domain to improve estimates of land surface biophysical
properties [32]. Variations in reflectance between simultaneous
multiangular measurements of the ground are due to surface
scattering in addition to the difference in atmospheric path
length and scattering phase function.

To separate the atmospheric properties and surface re-
flectance from multiangle measurements, both the angular vari-
ations due to atmospheric effects and surface scattering need
to be taken into account. To achieve this, North et al. [27]
developed a simple physical model of light scattering that is
pertinent to the dual-angle sampling of AATSR. It has been
shown that estimates of AOD over land using the ATSR-2
optical channels can be retrieved using this model, but there has
been very little validation of these AOD estimates. In addition,
studies have been limited to local or regional areas, such as
boreal forests [33] or temperate regions [34].

This paper examines the potential of the dual-angle retrieval
method applied to AATSR for quantitative mapping of aerosols
over different land surfaces globally. Testing is performed over
a representative range of land covers, aerosol sources, latitudes,
and solar and viewing geometries using ground-based sun-
photometer measurements of AOD for comparison. Intersensor
comparisons with the estimates of AOD derived from the
MISR and MODIS instruments and with the TOMS Al product
are also carried out. These AATSR-derived estimates of the
aerosol properties are used for atmospheric correction of the
TOA reflectance, allowing land surface bidirectional reflectance
to be retrieved. The AATSR-derived surface reflectances are
compared with the MODIS bidirectional reflectance distribu-
tion function (BRDF)/Albedo and MISR surface products. The
dual-angle retrieval method is also applied on an image basis
to a single AATSR scene. Moreover, to demonstrate that the
method can potentially be implemented at a global scale and
to examine spatial coherence of the results, a regional-scale
map of AOD at 550 nm covering the Sahel and southern Sahara
region is presented.

II. SURFACE SCATTERING MODEL

The TOA radiance is a fraction of both the atmospheric
and surface scattering. For multiangle measurements of TOA
radiance, both the spectral and angular information can be
used solve the inverse problem and enable separation of the
atmospheric and surface scattering contributions to the ob-
served signal. If the land surface were Lambertian, then the
differences between the measured radiances from the different
viewing positions could be attributed to atmospheric scattering
only. However, natural surfaces are almost always anisotropic.
Thus, we need to consider how the bidirectional reflectance
factor (BRF) of the land surface changes with the viewing
and illumination geometries to decouple the atmospheric and
surface scattering contributions with any accuracy. We note
here that the BRF is defined as the ratio of surface-leaving
radiance to the radiance from a Lambertian reflector under
the same illumination conditions. North et al. [27] present a
physical model of light scattering that can be used to retrieve
land surface bidirectional reflectance and atmospheric aerosol
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properties without recourse to a priori information of the land
surface properties.

The ratio of surface directional reflectance at different view-
ing positions has shown to be approximately spectrally invari-
ant in the optical bands of the ATSR-2 and AATSR [25], [26],
[35], [36] and MISR instruments [37]. This is because the
scattering elements of the surface are much larger than light
at optical wavelengths; thus, the angular variation of surface
reflectance is dominated by wavelength-independent geometric
effects. The model-based retrieval approach of North ef al. [27]
is an extension of this assumption, taking into account the
variation of diffuse light with wavelength. This is predicated
on the theory that scattering by atmospheric aerosols increases
the diffuse contribution of light at the surface. The anisotropy is
reduced when the diffuse irradiance is high because the contrast
between shadowed and sunlit surfaces decreases. Anisotropy
is similarly dependent for bright targets, owing to the mul-
tiple scattering of light between the surface elements. The
atmospheric scattering elements including aerosols and gas
molecules are comparable in size to the wavelength of light
at optical wavelengths. As a result, the effect of atmospheric
scattering on the anisotropy will be a function of wavelength.
Considering these contributions results in a physical model of
spectral change with the viewing angle [27]

Rmod(Aa Q) = (1 - D()‘)) P(Q)UJ(}\)

yw(A)
1-g

+ [DA) +g(1=DA)] M)
where g = (1 — y)w()), A is the wavelength, € is the viewing
geometry (forward or nadir view in the cases of ATSR-2 and
AATSR), Ru0q is the modeled BRF, v is the fraction con-
tributing to higher order scattering, D is the fraction of diffuse
irradiance, P is a structural parameter, and w is a spectral
parameter. The first and second terms of (1) refer to direct and
diffuse scattering, respectively.

Experiments with a large data set of natural surface re-
flectances performed in [27] have shown that a fixed value of
0.3 for « can be used. The model separates the angular effects
of the surface into two components, namely: 1) a structural
parameter P that is dependent only on the view direction and
2) the spectral parameter w that is dependent only on the wave-
length. P(€2) and w(\) are free parameters that are retrieved.
By inversion, this model of surface scattering has been shown
theoretically to lead to a tractable inversion method, which is
potentially more robust than the simple assumption of angular
invariance alone [27] and which may be applied arbitrary
to spectral wavebands [38]. The model has been applied to
ATSR-2 [33] and can be applied to any set of multiangle
measurements.

This model of surface scattering does not fully reconstruct
the BRDF, and the shape of the BRDF is not prescribed. In-
stead, the model is a parameterization of the BRDF that allows
us retrieve surface reflectance at the two viewing positions for
the four AATSR channels. Models of the BRDF are generally
not invertible given only two directional observations. The
angular reflectance of a wide variety of natural land surfaces
has been shown to fit this simple model in sensitivity studies
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[27]. In contrast, reflectance that is a mixture of atmospheric
and surface scattering does not fit this model well. As a result,
the model can be used to estimate the degree of atmospheric
contamination for a particular set of reflectance measurements
and to find the atmospheric parameters that allow retrieval of a
realistic surface reflectance.

AATSR channel radiance is provided as TOA reflectance
using onboard calibration. Our aim is to retrieve the parameters
characterizing the atmospheric aerosol and ground reflectance
from the cloud-free AATSR TOA reflectance data for the four
visible and near-infrared (NIR) bands in both the nadir and
forward views by using this model of surface scattering. This
is achieved through inversion of the Second Simulation of the
Satellite Signal in the Solar Spectrum (6S) radiative transfer
model [39]. However, this inverse problem is underconstrained
inasmuch as it has fewer measurements than output model
parameters that need to be retrieved. To constrain the model
so that AOD is the only unknown atmospheric parameter,
assumptions must be made concerning the other aerosol optical
properties, including phase function, single-scattering albedo,
and scattering and extinction coefficients. In practice, a range
of models representing generalized aerosol types are used to
constrain the inverse problem [22].

The inversion is achieved through iteration of a two-stage
numerical process [27], the schematic of which is presented
in Fig. 1. The first stage is to retrieve a set of eight ground
reflectance values and estimates of diffuse irradiance at the four
wavelengths given an initial estimate of the atmospheric aerosol
model and AOD at 550 nm by inversion of the 6S radiative
transfer model. The best fit of the two structural parameters
P(nadir) and P(forward) and four spectral parameters w(555),
w(660), w(870), and w(1610) to (1) are found by using the
iterative minimization method of Powell [40]. The second stage
uses Brent line minimization [40] to converge on the optimum
value for AOD. For each iteration, each estimate of AOD results
in a different set of surface reflectance values. The optimum
value of AOD is the best fit of surface reflectances to (1) and is
attained by minimizing the error function E\ g

[Rsurf(Aa Q) - Rmod()\y Q)}z (2)

[
M
B

Emod

where R,,,04 is the surface reflectance estimated using (1) based
on the best fit values of the parameters P and w and Ryt
is the surface reflectance calculated using 6S given the TOA
reflectance Ry, and the estimated atmospheric profile. Surface
reflectance is related to the TOA reflectance by [39]
/
— & (3)
1+ R, .S
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where 6, is the solar zenith angle, 6, is the view zenith angle,
¢s is the solar azimuth angle, ¢, view azimuth angle, S is the
atmospheric spherical albedo, and R}, is
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Fig. 1. Model inversion scheme to find the optimum AOD and land surface

reflectance. This is achieved through iteration of a two-stage numerical process.
The first stage uses Powell minimization to find the parameters P and w that
minimizes Ey,oq. The second stage uses Brent line minimization to converge
on the optimum value for AOD.

where Rty is the intrinsic atmospheric reflectance and 7'(6;)
and T'(6,) denotes downward and upward transmittances,
respectively.

The inversion procedure is applied to AATSR TOA re-
flectance. The derived parameters include a set of eight surface
BRFs at four wavelengths and two angles, AOD at 550 nm
and an estimate of the tropospheric aerosol model that falls
into one of five compositional categories including continental
(predominantly composed of dust-like particles), urban, mar-
itime (sea salts), biomass (carbonaceous smoke particles), and
desert dust. The optical properties of the continental, maritime,
and urban models are calculated from a mixture of the basic
components in Table I [39], [41], [42]. The biomass aerosol
model is based on sun-photometer measurements taken in the
Amazon [39], and the desert model assumes spherical particles
and corresponds to background conditions described in [43].
We derive AOD at 550 nm because 6S parameterizes AOD by
its value at 550 nm. AOD at other wavelengths are calculated
according to the aerosol model determined during the inversion.

We do not prescribe the atmospheric aerosol model depend-
ing on location and time of year. Instead, the inversion is
performed using each of the five atmospheric aerosol models
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TABLE 1
BASIC AEROSOL COMPONENTS OF THE CONTINENTAL, MARITIME,
AND URBAN AEROSOL MODELS WITH MIXING RATIOS

Dust-like ~ Water soluble  Oceanic  Soot
Continental ~ 0.70 0.29 0.01
Maritime 0.05 0.95
Urban 0.17 0.61 0.22

separately and then selecting the candidate model on the basis
of best fit by minimization of F,,,q. The accuracy of the
AOD estimates will depend on how well the aerosol model
characterizes the atmospheric profile, and it assumes that the
aerosol model that best characterizes the atmospheric profile
will minimize F\,,q. The flexibility in the selection of aerosol
model allows us to take account of the spatial and temporal
variability of aerosol microphysical characteristics.

III. DATA

The model of surface scattering is applied to AATSR TOA
reflectance data. A range of other data is also used in our
analyses to allow for comparison and validation of the resulting
AATSR aerosol and surface parameters, including Aerosol
Robotic Network (AERONET)-derived aerosol properties, the
TOMS AI, and the MODIS and MISR aerosol and surface
products.

The surface scattering model is applied to cloud-free land
surfaces within every AATSR image for which coincident sun-
photometer measurements of AOD are available. Cloud-free
AATSR image data for 19 test sites from around the world
were acquired from ESA for the time period between July
2002 and March 2004. This comprises more than 200 level
1b gridded brightness temperature and reflectance (GBTR)
images. Nominally, the AATSR instrument revisits the same
area approximately once every six days at the equator, but
the effective coverage is less because of clouds. In addition,
32 AATSR striplines covering the Sahel and southern Sahara
region are acquired for March 2003 to produce a monthly
composite of AOD.

The test sites were selected to coincide with the sites of per-
manent AERONET ground-based sun-photometer instruments
[44]. AERONET is a global network of ground-based sun-
photometers that measures solar and sky radiance from which
AOD, single-scattering albedo, and particle-size distribution
and other aerosol properties can be derived. These ground-
based measurements were used for testing of the AATSR-
derived estimates of AOD. The selected test sites represent a
range of land surface types and aerosol sources between 53° N
and 35° S (Fig. 2). In the majority of cases, the sun-photometer
measurements were taken within approximately 1 h of the
corresponding AATSR image acquisitions. Level 2 AERONET
data that have been cloud-screened and quality-assured were
used in the analysis [45]. To allow direct comparison with
the satellite-derived aerosol estimates, the sun-photometer mea-
surements were interpolated to 550 nm using

T = BA* )

where 7y is the AOD at wavelength A, (3 is the optical depth
parameter, and « is the Angstrom exponent. The § and «
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Fig. 2. World map of AERONET sites corresponding to acquired AATSR
scenes. Over 200 images from 19 sites around the world at a range at latitudes
and variety of land covers for different aerosol sources were acquired.

parameters were found by the least squares fit to the sun-
photometer data in the spectral domain at wavelengths for
which estimates of AOD were retrieved. The Angstrom expo-
nent is a measure of the dependence of AOD with wavelength
and tends to decrease with particle size. For fine- (effective
radius < 0.1 um) and accumulation-mode (effective radius >
0.1 pm and < 1 pm) aerosol particles, such as those derived
from biomass burning, the radiation at shorter wavelengths are
more influenced by aerosol scattering than at longer wave-
lengths, and thus, the AOD is higher at shorter wavelengths. For
coarse particles (effective radius > 1 pm) including sea salts
and desert dust that are typically larger than the wavelength of
visible and NIR light, the Angstrdm exponent is small, and the
AOD tends to be relatively constant at optical wavelengths.

For intersensor comparisons of aerosol products, global
TOMS measurements of Al resampled to 1.25° x 1° from the
Earth Probe satellite were also acquired. In addition, level 2
aerosol products of MODIS and MISR were acquired for a
subset of these sites. For the daytime overpass, the Terra
(platform of MODIS and MISR) and Envisat (platform of
AATSR) satellites cross the equator at around 10:30 A.M. and
10:00 A.M. local time, respectively; therefore, the MODIS and
MISR observations are almost coincident with the AATSR
measurements. For the MISR product, measurements of AOD
at 558 nm are provided with a sample spacing of 17.6 km
every nine days at the equator [46], but at higher latitudes, the
revisiting frequency is higher. The MODIS product provides
daily coverage at a nominal spatial resolution of 10 x 10 km
using prescribed aerosol models over land [21], [47]. A range
of aerosol parameters are retrieved including estimates of AOD
at 550 nm.

The AATSR-derived estimates of surface reflectance are
compared with the atmospherically corrected MOD43B1
MODIS BRDF/Albedo product and the BRF parameters con-
tained in the MISR level 2 surface reflectance product. MODIS
images the Earth in 36 spectral bands and provides daily global
coverage at high latitudes due to its wide swath width of
2300 km. Although MODIS only images the target from a
single viewing position on each orbit, it is capable of acquiring
measurements from different viewing positions for a target due
to overlap between the images obtained on separate orbital
overpasses over a period of a few days [48]. The MODIS
BRDF/Albedo product is modeled from observations acquired
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over a period of 16 days and sampled at a nominal 1 km. In con-
trast, MISR is capable of imaging the same point on the Earth’s
surface near simultaneously from nine different viewing posi-
tions in the along-track direction at four wavelengths centered
at 446, 558, 672, and 866 nm. MISR is configured such that one
radiometer points in the nadir direction and eight radiometers
point at oblique angles relative to the Earth’s surface both in the
forward and aft directions with viewing angles of 26.1°, 45.6°,
60.0°, and 70.5° [49]. The MISR surface product contains a
number of parameters sampled at 1.1 km, including the BRF at
the nine view directions and four wavelengths.

A. AATSR Preprocessing

Before applying the dual-view retrieval to the AATSR data,
the data were preprocessed to remove artifacts that may cause
the algorithm to fail. To reduce noise and minimize the effect of
coregistration errors between the nadir and forward looks of the
AATSR instrument, pixels within a 15 x 15 km area of the lo-
cation of the corresponding AERONET test site were averaged.
In addition, the dual-angle retrieval approach is very sensitive to
cloud-contaminated pixels. Therefore, a rigorous cloud mask is
applied to each pixel within the 15 x 15 km area to ensure that
the algorithm is implemented only on cloud-free pixels. Pixels
containing cloud were identified by applying a set of tests to the
NIR and thermal channels as described in [50] and [51]. The
resulting averaged pixel is only considered to be cloud-free if
more than 40% of the pixels within the area are not identified
as cloud. This is a rigorous cloud mask that occasionally causes
more cloud obfuscation than necessary, particularly over bright
surfaces with very high aerosol concentrations.

IV. RESULTS AND DISCUSSION
A. Comparisons With Sun-Photometer Measurements

To test the accuracy of the AATSR-derived estimates of AOD
at 550 nm, these measurements were compared with data ac-
quired by the AERONET sun-photometers. Of the AATSR data
that were acquired, there are 227 cloud-free coincident mea-
surements of AOD between the AATSR and sun-photometers
representing 19 sites around the world. These data are presented
in Fig. 3, and a site-by-site summary of the statistics is given in
Table II. There is close correlation between the sun-photometer
and satellite-derived measurements of AOD. The overall
Pearson’s correlation coefficient r? for all sites combined is
0.70, although the absolute error of the residuals increases
with increasing AOD. The root-mean-square error (rmse) of all
the data is 0.16, but when only values of aerosol opacity less
than 0.5 (as measured by the sun-photometers) are considered,
the rmse is reduced to 0.09. There is also little evidence of
systematic error in the estimates of AOD as the mean AOD over
all AERONET measurements is 0.27 compared with a mean of
the AATSR-derived AOD estimates of 0.26.

Differences between the sun-photometer and AATSR-
derived estimates of AOD may be due to a number of fac-
tors including the small time differences between acquisition
of sun-photometer measurements and the satellite overpass,
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Sun-photometer AOD at 550 nm

AATSR AOD at 550 nm

Fig. 3. Comparison of AATSR-derived estimates of aerosol optical thickness
(AOT) at 550 nm with sun-photometer measurements for all sites. The dashed
line represents the 1: 1 line.

undetected subpixel cloud contamination, the selection of an
aerosol model that does not properly characterize the at-
mospheric scattering, and heterogeneity of the land surface
within the 15 x 15 km area of AATSR observations. Oc-
casionally, the inversion does fail, and this is possibly due
to unrealistic characterization of atmospheric aerosols by the
selected model. Failure to converge may be also due to an
inappropriate model of surface scattering for some cases.

The performance of the retrieval algorithm differs across
the sites. Table II shows that the Pearson’s r? between
the AERONET- and AATSR-derived estimates of AOD vary
widely from 0.39 at Mongu to 0.93 at Lille. The algorithm tends
to perform best (i.e., where there is good agreement between
the AERONET- and AATSR-derived estimates of AOD and
residual error is low) over homogeneous vegetated areas with
relatively low reflectances in the visible channels, such as
Lille, Cart Site, Jabiru, and Konza. For these sites, the best
fit aerosol model is biomass. The algorithm also performs well
over heterogeneous semiarid land covers such as Ouagadougou
in the Sahel. Moreover, accurate retrievals of AOD can be
obtained over bright desert surfaces including Solar Village,
Saudi Arabia. This is an important result because bright targets
provide a robust test for the retrieval algorithm. For arid regions,
the surface has high reflectance in the visible channels (0.37 at
660 nm); consequently, the relative contribution of atmospheric
scattering to the top of atmosphere radiance is small, resulting
in lower sensitivity to aerosols and potentially greater uncer-
tainly in the derived estimates of AOD. Single-look sensors
generally have difficulty in measuring aerosols over these land
surfaces [20], but multilook sensors such as AATSR and MISR
can retrieve AOD over bright surfaces [52]. Some sites typically
have a low atmospheric aerosol content; hence, the signal is
small relative to the residual error resulting in low r2. However,
the rmse is low for many of these sites; thus, the estimate
is reliable.

To illustrate the capability of AATSR for routine moni-
toring of aerosols, a time series of AOD was retrieved for
the Ouagadougou site in the West African Sahel over an
18-month period from August 2002 to January 2004 (Fig. 4).
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Over this period, 25 cloud-free AATSR acquisitions were avail-
able; the remaining acquisitions were either contaminated by
cloud or did not coincide with sun-photometer measurements.
The AATSR and sun-photometer measurements are well corre-
lated, where 2 = 0.77 on the basis of best fit for the aerosol
model. The AOD tends to be high all year round with particu-
larly high levels of AOD of greater than 1 during March 2003.
It is possible to infer the type of aerosol from the AERONET
retrievals of the Angstrom exponent. At Ouagadougou, the
Angstrom exponent tends to be low (typically < 0.2), indi-
cating that the particles are large and spectrally neutral. This
corresponds to the presence of dust throughout most of the year,
including the AOD peak of March 2003. The primary aerosol
type of this region is dust that has been transported from the
Sahara Desert by the Harmattan winds. Between December and
February, this region can also be affected by biomass-burning
aerosols that have been produced from fires in the savanna
vegetation. Smoke aerosols from biomass burning are small,
typically of the order of a few tenths of microns, and have
higher Angstrom exponents [53].

The AATSR retrieval method was also developed to esti-
mate other aerosol properties based on the best fit of a range
of aerosol scattering models in the inversion procedure. For
some of the sites, realistic parameters are obtained for a given
land surface and likely aerosol source. These sites include:
1) Ilorin, which is located in the semiarid Sahelian zone and
dominated by desert-dust aerosols; 2) Tomsk, which is located
in the Siberian boreal forest and dominated by smoke aerosols
from biomass burning; and 3) Jabiru, which is located on the
Northern Australian coast and contains a mixture of biomass
and maritime aerosols. However, this method does not reliably
predict the correct aerosol model for the majority of sites.

At Ouagadougou, the desert-dust, biomass, and maritime
aerosol models were selected on the basis of best fit for re-
trievals on individual dates. Although dust and biomass repre-
sent probable aerosol types, it is unlikely that sea-salt aerosols
are present in significant quantities here. More likely is that the
aerosol type has been incorrectly attributed to maritime instead
of desert dust. Banizombou has a similar aerosol climatology
to Ouagadougou, i.e., it is also influenced by desert dust, yet
the dust aerosol model has not been selected on any date at this
site. The industrialized areas of Beijing (China), Chulalongkorn
(Bagnkok, Thailand), Kanpur (northern India), Lille (north-
east France), Mexico City (Mexico), Oostende (Belgium), and
Pimai (Thailand) are major sources of urban aerosols. However,
the aerosol model that has been selected on the basis of best
fit for these sites is biomass. It is evident that the model has
difficulty discriminating urban from biomass aerosols, both of
which tend to be composed of absorbing particles. Mongu,
Zambia, is dominated by smoke from agricultural biomass
burning [54], but there is also some windblown soil, which
may account for the low Angstrém exponent in some of the
AERONET retrievals [53]. It is unlikely that maritime aerosols
can ever be observed there. Alta Floresta, which is located
in the Amazon, is also influenced by aerosols from biomass
burning. Although the biomass aerosol model is selected by the
retrieval algorithm for many cases, the maritime aerosol model
is selected on some dates, which is clearly inappropriate for
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TABLE II
SUMMARY OF STATISTICS OF INTERCOMPARISONS BETWEEN AATSR AND SUN-PHOTOMETER ESTIMATES OF AOD.
ITALICIZED 72 VALUES ARE STATISTICALLY SIGNIFICANT AT THE 95% CONFIDENCE LEVEL

Site Land Time Number r? RMSE Best-fit Mean Rurt Maximum Mean
Cover period of aerosol for forward AOD AOD
samples model view at 660 nm

Alta Floresta, Brazil Primary forest, 12/08/02- 11 0.53 022 Biomass & 0.08 1.13 0.41

(-9.9°N, -56.0°E) agriculture 26/09/03 Maritime

Banizoumbou, Niger Arid 18/10/02- 14 0.64 0.27 Biomass & 0.27 1.12 0.58

(13.5°N, 2.7°E) 17/09/03 Maritime

Beijing, China Urban 01/05/03- 3 0.76 0.17 Biomass 0.10 0.69 0.47

(40.0°N, 116.4°E) 21/09/03

Cart Site, US Prairie, 09/05/03- 11 0.81 0.04 Biomass 0.08 0.30 0.13

(36.6°N, -97.4°E) agriculture 09/03/04

Chulalongkorn, Thailand Urban, 20/04/03- 4 0.58 0.15 Biomass 0.09 0.49 0.39

(13.7°N, 100.5°E) tropical 02/12/03 Continental

Tlorin, Nigeria Urban, 24/12/02- 3 0.97 0.14 Desert 0.08 0.89 0.71

(8.3°N, 43°E) arid 09/01/03

Jabiru, Australia Sparse 24/03/03- 11 0.77 0.05 Maritime &  0.09 0.37 0.14

(-12.7°N, 132.9°E) forest 01/10/03 Biomass

Kanpur, India Urban 23/03/03- 14 0.83 0.21 Biomass 0.14 1.64 0.56

(26.5°N, 80.4°E) 07/03/04

Konza, US Prairie 25/09/02- 20 0.87 0.04 Biomass 0.08 0.35 0.13

(39.1°N, -96.6°E) 27/12/03

Lake Argyle, Australia Semi-arid 15/12/02- 24 0.43 0.05 Maritime 0.14 0.28 0.08

(-16.1°N, 128.7°E) rangeland 21/02/04 Biomass

Lille, France Urban, 14/08/02- 8 0.90 0.03 Biomass 0.08 0.32 0.15

(50.6°N, 3.1°E) agriculture 07/12/03

Mexico City, Mexico Urban 06/05/03- 2 Biomass 0.12 0.58 0.55

(19.3°N, -99.2°E) 22/05/03

Mongu, Zambia Savannah 02/12/02- 19 0.39 0.17 Des., Bio. 0.10 0.82 0.24

(-15.3°N, 23.2°E) 04/11/03 & Mar.

Oostende, Belgium Urban, 14/08/02- 7 0.59 0.08 Biomass 0.07 0.43 0.24

(51.2°N, 2.9 °E) agriculture 22/09/03

Ouagadougou, Burkina Faso Semi-arid, 31/08/02- 25 0.77 0.17 Des., Bio. 0.19 1.74 0.44

(12.2°N, -1.4°E) Tropical 28/01/04 & Mar.

Phimai, Thailand Urban, 11/04/03- 4 0.46 0.16 Biomass 0.11 0.79 0.42

(15.2°N, 102.6°E) tropical 31/12/03

Solar Village, Saudi Arabia Arid 04/10/02- 29 0.93 0.22 Desert & 0.37 0.98 0.25

(24.9°N, 46.4°E) 09/03/04 Maritime

Tinga Tingana, Australia Arid 14/12/02- 14 0.59 0.05 Maritime &  0.36 022 0.09

(-29.0°N, 140.0°E) 26/09/03 Urban

Tomsk, Russia Boreal forest 15/05/03- 4 0.74 0.08 Biomass 0.06 0.36 0.22

(56.5°N, 85.0°E) 28/08/03

All sites 31/08/02- 227 0.70 0.16 1.64 0.27
09/03/04

this site. The maritime aerosol model is also selected on many
occasions at the desert sites Tinga Tingana, Solar Village, and
Lake Argyle, whereas on other occasions, the more appropriate
desert-dust model is selected. The Southern Great Plains Cart
Site and Konza Prairie are characterized by low AOD with
clean continental aerosols; nevertheless, the biomass-burning
aerosol model is selected in all cases. Occasionally, smoke from
burning of vegetation is present.

The AATSR retrieval method has difficulty identifying the
most appropriate aerosol type. The main problem is that the
aerosol models are too generalized and more site-specific mod-
els are required. In particular, the nonspherical scattering of
the dust particles is not considered in our AATSR retrievals.
Models that take into account the nonsphericity of the dust
particles more accurately predict the optical properties, but
this is difficult to incorporate in remote sensing retrievals [55].
As a result of the inaccurate representation of the desert-
dust aerosol model, the algorithm may choose a different
aerosol model. Studies have shown that nonsphericity can be
artificially simulated by a high concentration of fine particles
[55], [56] and by strong absorption [57]. These two factors

could force the algorithm to choose strongly absorbing fine- and
accumulation-mode biomass aerosols instead of nonabsorbing
coarse dust particles. The problem is also recognized in the
MISR [58], MODIS [21], and TOMS [59] retrievals of aerosol
properties.

Retrievals of AOD at Ouagadougou were also performed by
preselecting the desert-dust aerosol model (see Fig. 4). These
estimates of AOD compare well with the AOD estimates based
on the best fit aerosol model. However, prescribing the most
appropriate aerosol model does not always result in improved
estimates of AOD. This is because the algorithm is relatively in-
sensitive to aerosol type in many cases [33]. In other situations,
the accuracy of the AOD estimates can be reduced because we
are constraining the retrieval to an imposed aerosol type that
may be a poorer representation of the atmospheric profiles than
the model chosen by best fit.

B. Intersensor Comparisons of AOD

Intersensor comparisons with the estimates of AOD derived
from the MISR and MODIS instruments and with the TOMS
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Fig. 4. Time series of AOD for the Ouagadougou site in the West African
Sahel over an 18-month period from August 2002 to January 2004. The
AATSR-derived estimates of AOD calculated using both the best fit and
prescribed desert-dust aerosol models and the corresponding sun-photometer
measurements are presented. The AATSR and sun-photometer measurements
are well correlated (2 = 0.77 for the best fit model) and show a peak of AOD
during March 2003 due to desert dust.
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Fig. 5. Intersensor comparisons of AATSR estimates of AOT with MODIS

(for Alta Floresta, Cart Site, Ilorin, Jabiru, Konza, Ouagadougou, Lille, Oost-
ende, Lake Argyle, and Mongu sites) and MISR (for Cart Site, Jabiru, Konza,
Lille, Mongu, Oostende, Ouagadougou, and Solar Village sites) measurements
of AOD and TOMS AI (for Ouagadougou only). There is a systematic bias in
the MODIS retrievals of AOD. The dashed line represents the 1 : 1 line.

Al product are performed as an additional means of cross-
validation. The results of the intersensor comparisons are pre-
sented in Fig. 5 and Table III. The AATSR- and MISR-derived
AODs show a high degree of correlation, where 72 = 0.84 for
the eight sites for which coincident observations of AOD were
acquired. There is high correlation between the two instru-
ments’ estimates of AOD for almost all the sites except Mongu,
where some of the AATSR estimates of AOD are known to
be inaccurate given their low correlation with the AERONET
estimates, and Jabiru, where the residual error is low.

The overall correlation between the AATSR- and MODIS-
derived estimates of AOD are lower (12 = 0.48), although at
some sites, there is good agreement between the two instru-
ments’ estimates of AOD. There is also systematic deviation
between the AATSR and the MODIS retrievals. Mean AOD
over all MODIS measurements is 0.28 compared with a mean
of the AATSR-derived AOD estimates of 0.16. Given that
there is little bias between the AERONET, AATSR, and MISR
estimates and AOD, then the systematic error is due to MODIS
overestimation of AOD at these sites. A similar bias has also
been observed by Abdou et al. [60] and Chu et al. [61] during
their evaluations of the MODIS aerosol product over land.
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The overall correlation between AATSR AOD and the TOMS
Al is poorer than for comparisons with MODIS and MISR
(r? = 0.38). This is because the Al is a function of several
other factors such as the height of the aerosol layer and single-
scattering albedo in addition to the AOD. In addition, TOMS is
not sensitive to low-altitude aerosols [18].

C. Surface Reflectance and Intersensor Comparisons

The technique is used to correct remotely sensed data for
atmospheric scattering effects and to retrieve bidirectional sur-
face reflectance. Bidirectional reflectance is calculated from
TOA reflectance on basis of the AATSR-derived estimates of
AOD and the best fit aerosol model for all sites. The surface
reflectance may be increased or decreased when compared to
the TOA reflectance, as in the case of the 550-nm channel
(see Fig. 6). This is because of differences in the satellite and
solar geometries, the albedo of the surface, and the scattering
and absorbing properties of the atmosphere [62].

The sensitivity of the AATSR-derived surface reflectance to
differences in estimates of AOD was also examined. Surface
reflectance calculated based on the AATSR-derived estimates
of AOD were compared with: 1) surface reflectance calcu-
lated using sun-photometer estimates of AOD and 2) surface
reflectance calculated based on the atmospheric correction of
Rayleigh scattering and gaseous absorption only, i.e., scatter-
ing and absorption of aerosols were not corrected for. Re-
sults show that there is very little difference in the surface
reflectance calculated by implementing the inversion using
either sun-photometer or AATSR-derived estimates of AOD
(see Table IV) The rmse between bidirectional reflectance
calculated using the different estimates of AOD is less than
0.01 for the infrared channels. The visible bands are more
sensitive to differences in the estimates of AOD particularly in
the forward view direction, owing to longer atmospheric path,
and at 550 nm, due to greater scattering.

The uncertainty in the AATSR-derived estimates of surface
reflectance are compared with retrievals from the MODIS
BRDF/Albedo product and the MISR BRF. We have selected
images from multiple dates within 2002 and 2003 for a subset of
the sites to incorporate surfaces with a range of reflectances in
the analysis. These sites include Ouagadougou, Solar Village,
Cart Site, Konza, Mongu, and Lille. Although MODIS images
the Earth’s surface in 36 spectral bands, only four of these
wavebands corresponding to the AATSR channels shown in
Table V are pertinent to this study. Likewise, only three of the
four MISR and AATSR spectral channels allow for comparison.

AASTR, MODIS, and MISR have different angular sampling
regimes, making direct comparisons between the BRFs of the
three instruments difficult given that the BRFs vary according
to the viewing and illumination geometries. The forward and
nadir AATSR bidirectional surface reflectances are compared
directly with the MISR surface reflectance for the 60° forward
(Cf) and nadir (An) views, respectively. Although the MISR
Cf and An views do not correspond exactly with the AATSR
forward and nadir views, their geometries match closely given
that the acquisitions are ~30 min apart and the solar zenith
angle is also similar. For the MODIS and AATSR comparisons,
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TABLE III
SUMMARY OF STATISTICS OF INTERSENSOR COMPARISONS OF AATSR ESTIMATES OF AOT WITH MODIS AND MISR MEASUREMENTS
OF AOD AND TOMS AL ITALICIZED 72 VALUES ARE STATISTICALLY SIGNIFICANT AT THE 95% CONFIDENCE LEVEL

Site MISR MODIS TOMS
No. of 2 RMSE | No. of rZ RMSE | No. of r2 RMSE
samples samples samples of Al

Alta Floresta 5 0.89 0.12 8 0.60 0.87
Banizoumbou 10 0.15 0.78
Beijing 3 0.01 1.15
Cart Site 3 0.99 0.01 6 0.89 0.08 9 0.50 1.14
Chulalongkorn 2

Ilorin 1 1

Jabiru 10 0.08 0.02 8 0.02 0.14 8 0.21 1.07
Kanpur 15 0.07 0.89
Konza 14 0.75 0.05 15 0.77 0.10 19 041 1.32
Lake Argyle 13 0.33 0.28 20 0.15 0.83
Lille 10 0.72 0.02 5 0.12 0.11 8 0.69 2.07
Mexico City 1

Mongu 10 0.16 0.12 12 0.46 0.20 17 0.49 1.14
Qostende 1 3 0.84 0.14 7 0.01 1.48
Ouagadougou 16 0.89 0.11 9 0.69 0.12 25 0.55 0.63
Phimai 5 0.29 1.11
Solar Village 3 0.60 0.07 29 0.31 1.13
Tinga Tingana 9 0.15 0.83
Tomsk 2

All sites combined | 67 0.84 0.08 77 0.48 0.17 198 0.38 1.09
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Fig. 6. Scatter plot of AATSR TOA reflectance versus bidirectional surface
reflectance in nadir and forward views at all sites. The dashed line represents
the 1:1 line.

TABLE IV
SUMMARY OF STATISTICS OF COMPARISONS BETWEEN SURFACE
REFLECTANCE CALCULATED USING THE ESTIMATES OF AOD
DERIVED FROM AATSR AND SUN-PHOTOMETERS AND
SURFACE REFLECTANCE CALCULATED WITHOUT
CORRECTING FOR SCATTERING AND ABSORPTION
OF AEROSOLS. THE 72 VALUES ARE SIGNIFICANT
AT THE 99% CONFIDENCE LEVEL

Nadir Forward

Band (nm) r2  RMSE r2  RMSE
AERONET 7550 versus AATSR 1550

555 0.97 0.012 0.88 0.026
660 0.99 0.008 0.97 0.019
870 0.99 0.003 099 0.007
1610 0.99 0.002  0.99 0.005
AATSR 7550 versus 7550 = 0

555 0.91 0.025  0.69 0.055
660 0.98 0.017 092 0.041
870 0.99 0.007 098 0.015
1610 0.99 0.004  0.99 0.010

we use the MODIS BRDF/Albedo parameters to reconstruct the
surface reflectance for the corresponding geometry of colocated
AATSR observations.

A mathematical model of surface scattering can be used to
describe the surface anisotropy [48]. The parameters that de-
scribe the BRDF shape are derived by inversion of a scattering
model against angular observations of reflectance. Once these
parameters are known, the bidirectional reflectance may be
reconstructed for any viewing and solar positions by driving the
model in the forward mode. In this way, MODIS retrieves the
surface BRDF/Albedo parameters by fitting a three-parameter

OVERLAP BETWEEN THE AATSR, MISR, AND MODIS SPECTRAL
BANDS. NIR AND SWIR DENOTE NEAR AND SHORTWAVE
INFRARED, RESPECTIVELY

AATSR MISR MODIS

Band  Wavelength | Band  Wavelength | Band  Wavelength

No. (nm) No. (nm) No. (nm)
Blue 1 423-458 3 459-479
Green | 1 545-565 2 543-558 4 545-565
Red 2 647-669 3 663-678 1 620-670
NIR 3 855-875 4 853-878 2 841-876
SWIR | 4 1580-1640 6 1628-1652

semiempirical kernel-driven BRDF model to a set of multiangle
BRF measurements [63]. MODIS is a single-look instrument,
but the offset in the overlap between the Terra orbits allows
the angular domain to be well sampled in the across-track
direction. The BRDF model is the weighted sum of a constant
isometric fis, term and the volumetric fyo1 and geometric fgeo
Ross—Thick—Li—Sparse kernel-driven terms [48]

Rsurf(eva 057 (bv - ¢sa >‘) = fiso(A) + fvol(A)Kvol

X(eva 957 d)v - ¢57 )‘) + fgeo(/\)ngo(gvv 95, ¢v - ¢s> )\) (6)
where K., and Ky, are the Ross-Thick and Li-Sparse
kernels that describe the volumetric and geometric scat-
terings, respectively. Previous studies have shown that the
Ross—Thick-Li—Sparse model is a good representation of the
BRDF shape of natural surfaces [63]. The geometric, volu-
metric, and isotropic parameters are provided in the MODIS
BRDF/Albedo product and allow reconstruction of reflectance
for any viewing and illumination geometries.

The MISR BRF and MODIS bidirectional reflectances that
have been reconstructed to the AATSR viewing and illumi-
nation geometries are compared with AATSR bidirectional
reflectance for colocated observations on the corresponding
dates. The mean bidirectional surface reflectance within a
15 x 15 km area for a given site is calculated for all data sets to
minimize pixel misregistration between the three data sets. The
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Fig. 7. Scatter plot of AATSR surface bidirectional surface reflectance in the
nadir and forward views versus MODIS reflectance reconstructed at the corre-
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Solar Village, Cart Site, Konza, Mongu, and Lille sites. The dashed line
represents the 1: 1 line, and the summary of statistics is presented in Table V1.
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Fig. 8. Scatter plot of AATSR versus MISR surface bidirectional surface
reflectance in the nadir and forward views at the Ouagadougou, Solar Village,
Cart Site, Konza, Mongu, and Lille sites. The dashed line represents the 1:1
line, and the summary of statistics is presented in Table VI.

AATSR, MISR, and MODIS data sets used here are all sampled
at approximately 1 km.

The AATSR, MISR, and MODIS estimates of bidirectional
surface reflectance are in good agreement, as illustrated in
Figs. 7 and 8 and Table VI. The scatter plots of the MODIS
versus AATSR-derived estimates of bidirectional surface re-
flectance show that the residual errors are small and the points
are located close to the 1:1 line for all spectral bands. The
MODIS and AATSR estimates of bidirectional reflectance
agree to an rmse of 0.03 or better. AATSR bands 1-3 slightly
overestimate bidirectional reflectance when compared with
MODIS, where the mean error is better than 0.02, whereas
band 4 slightly underestimates reflectance. Agreement between
AATSR and MISR is not as high as between AATSR and
MODIS. This is most likely due to differences in angular
sampling between the observations. In contrast with MODIS
comparisons, AATSR-derived bidirectional reflectance tends
to underestimate the BRF when compared with MISR at red
wavelengths by about 0.01.

Differences between the AATSR, MISR, and MODIS esti-
mates of bidirectional surface reflectance are due to a number of
factors. First, the spectral bands and spectral response functions
between the instruments do not match exactly (see Table V).
Others have applied an empirical correction to account for
this difference [64], but no such spectral adjustment is ap-
plied here. Second, there will be some geometric registration
errors between the different instruments, although we have
used the mean bidirectional surface reflectances over a small
area. Third, the bidirectional surface reflectance from all three
instruments have all undergone atmospheric correction with
their own inherent uncertainties in their characterization of the
atmospheric profile and aerosol retrieval. This is main source of
error in the MISR surface retrievals [49]. Fourth, the MISR and
AATSR bidirectional surface reflectance comparisons are ac-
quired with slightly different illumination and viewing geome-
tries. Fifth, there are errors associated with the fit of the MODIS
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TABLE VI
SUMMARY OF STATISTICS OF COMPARISONS BETWEEN AATSR AND
MODIS AND MISR BIDIRECTIONAL SURFACE REFLECTANCE. WHEN
ME Is NEGATIVE, AATSR ESTIMATES ARE LARGER THAN MISR
AND MODIS AND VICE VERSA. THE 12 VALUES ARE
SIGNIFICANT AT THE 99% CONFIDENCE LEVEL

Band number Nadir Forward
AATSR  MODIS ME RMSLE 72 ME RMSE 72
I 4 -0.01  0.02 096 0.00 0.02 0.93
2 1 -0.01  0.02 098 -0.01 0.03 0.97
3 2 -0.01  0.02 094 -0.02 0.03 0.89
4 6 0.00  0.02 097 0.01  0.03 0.94

MISR
2 1 0.00 0.73 0.04 0.0I  0.66 0.04
3 2 0.01  0.84 005 001 081 0.06
4 3 0.00  0.66 0.05 0.01 044 0.06

BRDF model to observed angular measurements of bidirec-
tional surface reflectance. Finally, there may be some changes
in the biophysical properties of the vegetated surfaces over the
16-day period for which the MODIS BRDF/Albedo is derived
when compared with the AATSR-derived instantaneous surface
reflectances. For the AATSR and MISR comparisons of surface
reflectance, temporal differences in vegetation is not an issue
because the data are acquired within ~30 min of each other.

D. Regional-Scale Retrievals

The dual-angle retrieval method is applied on an image-
basis to an entire 500 x 500 km AATSR scene. To improve
computational efficiency, precalculated lookup tables (LUTSs)
were created using the 6S radiative transfer model. The values
within the LUTs are composed of the fraction of diffuse irradi-
ance, incident surface radiance, atmospheric transmittance, and
spherical albedo, allowing us to retrieve the aerosol properties
and bidirectional surface reflectance. The parameters in the
LUTs are dependent on the solar and viewing geometries and
the atmospheric profile. The LUTs are constructed using 6S at
the four visible and NIR bands of AATSR in four dimensions
and indexed with AOD at 550 nm (from O to 3 at 0.05 intervals),
solar zenith angle (from 20° to 80° at 10° intervals), view zenith
angle (from 0° to 60° at 10° intervals), and relative azimuth
angle |¢s — ¢,| (from 0° to 180° at 20° intervals). The LUTs
were generated for several candidate aerosol models.

During operation, values are estimated in the LUTSs using
multidimensional interpolation. By using LUTs, there will in-
evitably be a small decrease in the accuracy of the retrieved
measurements compared with performing on-the-fly inversions,
but the method gives an ~60-fold increase in speed [65].
To further improve efficiency, AOD is retrieved on a sparse
grid (every ten pixels in the across-track direction and every
ten pixels in along-track direction) across the scene, and values
in between are spatially interpolated. Surface reflectance is
calculated for every pixel. Given the atmospheric parameters
contained in the LUTs, we can calculate the surface reflectance
for the four AATSR channels at the two viewing positions
using (3).

This LUT approach has previously been applied to dark
vegetated surfaces [33]. Here, it is shown that image-based and
regional-scale retrievals can be performed over heterogeneous
land covers with high bidirectional reflectance. An AATSR
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Fig. 9. TOA false color image acquired by AATSR over a region in the
Sahel on January 5, 2003. The image covers are area of approximately
500 x 500 km. A smoke plume is visible in the southeast of the image.
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Fig. 10. AATSR image of surface reflectance after atmospheric correction.

false color image of an area of the Sahel covering Burkina
Faso, which includes the Ouagadougou site acquired on January
5, 2003, is shown in Fig. 9. The region contains semiarid
and arid land cover in the north and subtropical land in the
south. A large aerosol plume in the southeast of the image is
clearly evident in the forward 555-nm channel. Here, the AOD
is as high as 0.8. The result of the inversion is an image of
bidirectional surface reflectance (Fig. 10) and a separate map
of AOD (Fig. 11) that was produced using the biomass aerosol

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 44, NO. 8, AUGUST 2006

2°W 0°E
| 0.1 AOD 0.8
= -
b — 2
> -
¥ -3
- Ouagadougou] -~
- - —— — — — Y N
o] 4
0 150
l—l—l—ﬁ(m ‘
2°W 0°E
Fig. 11. Retrieved image of AOT at 550 nm. There is a high spatial variation,

with AOD ranging from 0.1 to 0.8 within the 500 x 500 km region.
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Fig. 12. Map of AATSR retrieved AOT at 550 nm of the Sahel and southern
Sahara during March 2003. The mosaic is made up from thirty-two 500-km-
wide AATSR striplines. AOD is higher (greater than 1.5) within Nigeria and
Cameroon.

model. The resulting bidirectional surface reflectance image
contains very little scattering due to the atmosphere.

This image is mainly composed of desert dust and biomass
aerosols. At the Ouagadougou AERONET site, the aerosol is
predominantly composed of desert dust as inferred by the low
Angstrom values. However, the aerosol plume in the southeast
portion of the image over the vegetated area has most likely
been derived from anthropogenic biomass burning of vegetation
in the Sahel. Between December and February of each year, the
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savanna vegetation in the Sudanian zone is burned to clear the
land for agricultural cultivation.

This approach is extended from image-based to regional-
scale retrievals. Thirty-two relatively cloud-free AATSR
striplines covering the Sahel and southern Sahara region are
used to produce a monthly composite of AOD for March 2003
(Fig. 12). The inversion using the LUTs is implemented on
each of the striplines. A spatially and temporally composited
mosaic of the all striplines for AOD at 550 nm is presented
in Fig. 12. The mosaic has a pixel size of 5 arc min (0.083°).
AOD is calculated for each stripline, and then, the value of each
pixel within the composite is calculated from the spatial and
temporal mean of the nearest neighbours from each stripline.
AOD cannot be retrieved for areas where no cloud-free data
are available within the one-month period. Within Nigeria and
Cameroon, there are high levels of AOD, owing to elevated
levels of desert dust in the atmosphere.

The time taken to process an AATSR stripline will vary de-
pending on the extent of cloud cover, the resolution at which the
AQOD estimates are retrieved and on the computer hardware. For
instance, it took approximately 12 h to process the 32 AATSR
striplines to produce the composite image of AOD in Fig. 12
at a pixel size of 5 arc min using a single prescribed aerosol
model. The processing was performed on a personal computer
with an Intel Xeon 2.8-GHz microprocessor and 1 GB of
double data rate 266 memory. This demonstrates the capability
of the LUT approach for retrieving AOD operationally at re-
gional and global scales using relatively modest computational
resources.

V. CONCLUSION

AOD and bidirectional reflectance over land are derived
using a physical model of light scattering that requires no
a priori knowledge of the land surface. The algorithm applied
to multiangle AATSR data was implemented for a number of
sites around the world to test its operation over a range of
land covers and aerosol types. Results show good agreement
(r%2 = 0.70 for all sites combined) between the AATSR-derived
estimates of AOD and sun-photometer measurements. The
retrieval performs best over vegetated land covers for biomass
aerosol types. AOD can also be accurately retrieved over bright
desert targets. Intersensor comparisons with the estimates of
AOD derived from the MISR and MODIS instruments and
with the TOMS Al product were also performed. There is high
correlation between AATSR-derived AOD and MISR-derived
aerosol estimates, where 72 = 0.84, but the correlation of the
AATSR-derived AOD with MODIS-derived AOD and TOMS
Al is lower. Discrimination between aerosol types was tested
but was found to be only partially successful.

Aerosol measurements can also be used for atmospheric
correction of remotely sensed data, allowing surface reflectance
to be compared over time. This is useful because AATSR
and archived ATSR-2 data provide a long time series of
global observations spanning more than a decade. The AATSR-
derived surface reflectances were compared with the MODIS
BRDF/Albedo and MISR surface products and were shown to
correspond with rmse of 0.03 and 0.06 or better, respectively.
A map of AOD covering the Sahel and southern Sahara region
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was produced to demonstrate that AOD and surface reflectance
can be retrieved at regional and potentially global scales.
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