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ABSTRACT

In this paper, a novel algorithm for aerosol optical depth(AOD) retrieval with a 1 km spatial resolution
over land is presented using the Advanced Along Track Scanning Radiometer (AATSR) dual-view capa-
bility at 0.55, 0.66 and 0.87 µm, in combination with the Bi-directional Reflectance Distribution Function
(BRDF) model, a product of the Moderate Resolution Imaging Spectroradiometer (MODIS). The BRDF
characteristics of the land surface, i.e. prior input parameters for this algorithm, are computed by extracting
the geometrical information from AATSR and reducing the kernels from the MODIS BRDF/Albedo Model
Parameters Product. Finally, AOD, with a 1 km resolution at 0.55, 0.66 and 0.87 µm for the forward and
nadir views of AATSR, can be simultaneously obtained.

Extensive validations of AOD derived from AATSR during the period from August 2005 to July 2006 in
Beijing and its surrounding area, against in-situ AErosol RObotic NETwork (AERONET) measurements,
were performed. The AOD difference between the retrievals from the forward and nadir views of AATSR
was less than 5.72%, 1.9% and 13.7%, respectively. Meanwhile, it was found that the AATSR retrievals
using the synergic algorithm developed in this paper are more favorable than those by assuming a Lambert
surface, for the coefficient of determination between AATSR derived AOD and AERONET mearured AOD,
decreased by 15.5% and 18.5%, compared to those derived by the synergic algorithm. This further suggests
that the synergic algorithm can be potentially used in climate change and air quality monitoring.
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1. Introduction

Aerosols exhibit large spatio-temporal variations
on both regional and global scales due to their diverse
sources and complicated compositions. The meteo-

rological conditions further alter the distribution and
lifespan of aerosols, even resulting in aerosol plumes
transported across thousands of miles.

Currently, aerosol properties have widely been de-
termined by ground-based measurements, which are
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restricted to small spatial coverage. For example,
based on observational data for dust-carried elements
in aerosol particles of different deserts, loess and in-
land regions of China, the sources, transport and de-
position of Asian dust were determined (Zhang et al.,
1993; Zhang and An, 1997).

However, monitoring air quality on regional scales
requires heterogeneous aerosol data that are often pro-
hibitively expensive to acquire by ground-based mea-
surements, although it can be used to characterize the
relationship between size distribution, temporal varia-
tion of atmospheric aerosols, relative humidity and the
Richardson number (Zhang et al., 2001). As a result,
satellite-based remote sensing has become an alterna-
tive powerful tool.

Taking the limitation of ground-based measure-
ments into account, the application of various space-
borne data in deriving aerosol properties has been at-
tempted since 1965 (Rozenberg et al., 1965), hence
diverse algorithms have been presented to retrieve
aerosols from satellite data in the last few years (King
et al., 1999).

In reality, the atmospheric radiation field is affected
by surface reflection from the underlying medium;
thereby most aerosol retrieval algorithms over land re-
quire homogenous and dark surfaces, like a body of wa-
ter or dense dark vegetation. The algorithm adopted
operationally by the National Aeronautics and Space
Administration (NASA) is the Dense Dark Vegetation
(DDV) technique (Kaufman et al., 1997; Remer et al.,
2005), which only holds true for land surfaces with a
low reflectance. The retrieval accuracy is claimed to
be ∆τ = ±0.05±0.15τ with a 10-km resolution (τ de-
notes aerosol optical depth, namely AOD). However,
the Moderate Resolution Imaging Spectroradiometer
(MODIS) AOD product cannot discriminate dense
haze, and tends to be inaccurate over land with high
reflectance or snow cover (Engel-Cox et al., 2004). Fur-
thermore, Wang et al. (2007) demonstrated that the
MODIS aerosol products lacked universal applicability
over China, due to extensive spatial coverage, the het-
erogeneity of the land surface and various aerosol mod-
els in different regions. Fortunately, the DEEP BLUE
algorithm developed by Hsu et al. (2004) can be used
to derive aerosol optical properties over bright targets
like bright urban areas and deserts, which serve as sep-
arate and complementary parameters to the MYD04
aerosol product.

Owing to the high reflectance and heterogeneity of
the underlying surface and the high spatio-temporal
variation of aerosols suspended in the air, AOD re-
trieval over land, particularly over high reflective land,
remains a challenge. Attempts at retrieving AOD over
high reflective land have continued, such as the Con-

trast Reduction method (Tanré et al., 1988), which
made the assumption of invariability of the land sur-
face reflectance during the time interval of two differ-
ent satellite images. Tang et al. (2005) developed a
novel AOD retrieval method especially for bright land
surfaces, by exploiting the synergy of the Terra and
Aqua MODIS data, in which the assumption should
be made of the invariance of both the wavelength ex-
ponent of the aerosols and the bidirectional surface re-
flectance during the time intervals between Terra and
Aqua overpasses. Liang et al. (2006) developed an
improved aerosol estimation algorithm from MODIS
based on a sequence of imagery over land surfaces, es-
pecially “bright surfaces” within a period of time, in
terms of the assumption that surface properties are
relatively stable and atmospheric conditions vary dra-
matically.

In contrast to single-view sensors and their short-
comings and limitations, multi-angle imaging radiome-
ters offer the potential to improve the separation of
scattering and attenuation from land surfaces (North
et al., 1999). This indeed, would improve the retrieval
accuracy of aerosol loading. Attempts at using such
radiometers have been ongoing since the 1990s. Multi-
angle satellite radiometry was first used by Martonchik
and Diner (1992). Later, dual-view data from the
Along Track Scanning Radiometer 2 (ATSR-2) were
employed to retrieve aerosol optical properties (Flow-
erdew and Haigh, 1995; North et al., 1999; Veefkind et
al., 2000). The Advanced Along Track Scanning Ra-
diometer (AATSR), the immediate successor to ATSR-
2, was also applied successfully (Grey et al., 2006).
Other novel multi-angle sensors, such as the Multi-
angle Imaging SpectroRadiometer (MISR) (Diner et
al., 2001; Kahn et al., 2001) and the Polarization and
Directionality of Earth’s Reflectance (POLDER) sen-
sor (Deuzé et al., 1999), are being used as well.

There exist diverse problems in all the above-
mentioned algorithms, resulting in a low accuracy of
the derived AOD. Therefore, accounting for the full
coupling between the land surface Bi-directional Re-
flectance Distribution Function�BRDF�and the at-
mospheric scattering has been shown to be important
(Vermote, 1997), and may be a potential alternative
to enhance the inversion accuracy.

As an attempt to retrieve AOD over land, in this
paper we proposed a synergic algorithm to retrieve
AOD over land using the dual-angle measurements
of AATSR, in conjunction with separate BRDF char-
acteristics of the underlying land surface from the
MODIS BRDF product. The text below is organized
as follows. In section 2, a brief discussion of the al-
gorithm’s physical basis is presented, followed by a
description of the retrieval algorithm to derive AOD.
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The linear semi-empirical kernel-driven BRDF model
is introduced as well, in order to derive AOD from
AATSR data by coupling the Earth-atmosphere sys-
tem. Various data used in this work and the retrieval
experiments are described in section 3. Validations of
AOD at 0.55, 0.66 and 0.87 µm of AATSR acquired
during the period August 2005 to July 2006 over Bei-
jing and its surrounding area were performed against
AERONET measurements in section 4. Intercompar-
ison between AOD from the synergic algorithm devel-
oped in this paper and that by assuming a Lamber-
tian surface was done as well in this section. Section
5 draws some preliminary conclusions and develops a
proposal for future work.

2. Algorithm

A key problem in aerosol retrieval is to distinguish
between surface and atmospheric contributions to sig-
nals observed by satellite sensors. A major contribu-
tion in the surface-related variability is due to the non-
Lambertian nature of the Earth’s surface reflectance
and the fact that for a polar orbiting sensor, the il-
lumination/observation geometry varies considerably
between successive observations of the same area.

The top of the atmosphere (TOA) angular spectral
reflectance at a wavelength results from: scattering of
radiation within the atmosphere without interaction
with the surface (known as the “atmospheric path re-
flectance”), the reflection of radiation off the surface
that is directly transmitted to the TOA (the “surface
function”), and the reflection of radiation from outside
the sensor’s field of view (the “environment function”).
The environment function is neglected. Therefore, a
common method for determining the atmospheric con-
tribution to the satellite signal is to make an assump-
tion about the surface reflectivity or albedo (Borde
and Verdebout, 2003).

Moreover, the signals onboard satellites definitely
contain information from both the surface properties
and the atmospheric constituents. It remains an ill-
poised problem, and in order to solve it, various math-
ematical algorithms have been developed to decouple
them successfully (King et al., 1999).

The present study is rather undertaken to prospect
the possibilities of retrieving the AOD over land
by coupling the MODIS BRDF parameter product
and the AATSR bi-angular TOA radiance measure-
ments, through solving the traditional integrodifferen-

tial radioactive transfer equation developed by Chan-
drasekhar (1960). Based on the general solution to
this equation given by Kontratyev (1969), and under
the assumption of no thermal radiation and a plane-
parallel atmosphere, Xue and Cracknell (1995) pro-
posed a formula describing the relation between the
ground surface reflectance A and the TOA reflectance
A′, as shown in Eq. (1).

A =
(A′b − a) + a(1 − A′)e(a−b)ξτλ

0 sec θ′

(A′b − a) + b(1 − A′)e(a−b)ξτλ
0 sec θ′ , (1)

where a = sec θ and b = 2, ξ is the backscattering co-
efficient, typically 0.1. The atmospheric optical depth
mainly consists of the molecular Rayleigh scattering
and the aerosol scattering.

The simplest way to examine the spectral depen-
dence of aerosol particles is implemented by using the
Angstrom power law given by

τa = βλ−α , (2)

where α is the wavelength exponent, β is the turbidity
parameter and λ is the wavelength (Angstrom, 1964;
Shaw et al., 1973). The value of α depends on the ratio
of the concentration of large to small aerosols and β
represents the total aerosol loading in the atmosphere,
which primarily depends on the large particle abun-
dance. The values of α and β are obtained by the
least square fit of the spectral optical depths on a log-
log scale.

For the molecular Rayleigh scattering τM,λ(∞),
Linke (1956) has given an approximate expression,
which is sufficiently accurate for most applications in
remote sensing as follows (next page):

τM,λ(∞) = 0.00897λ−4.09. (3)

Therefore the total extinction in the whole atmo-
spheric column can be described as

τ0 = τa + τM = βλ−α + 0.00897λ−4.09. (4)

Meanwhile, an assumption should be made of the in-
variance of the wavelength exponent α throughout
about 2 minute intervals between the nadir and for-
ward views of AATSR to the same surface target.

Now, if we substitute dual-angle AATSR 2 visible
spectral bands, centered at wavelengths of 0.55, 0.66
and 0.87 µm, respectively, into Eq. (1), we can obtain
6 nonlinear equations as follows:

AN,λi =
(A′

N,λi
b − aN) + aN(1 − A′

N,λi
)e(aN−b)ξ(0.00897λ−4.09

i +βNλ−α
i )

(A′
N,λi

b − aN) + b(1 − A′
N,λi

)e(aN−b)ξ(0.00897λ−4.09
i +βNλ−α

i )
(5)



976 A SYNERGIC ALGORITHM FOR RETRIEVAL OF AOD OVER LAND VOL. 26

AF,λi =
(A′

F,λi
b − aF) + aF(1 − A′

F,λi
)e(aF−b)ξ(0.00897λ−4.09

i +βFλ−α
i ) sec( 55

180 π)

(A′
F,λi

b − aF) + b(1 − A′
F,λi

)e(aF−b)ξ(0.00897λ−4.09
i +βFλ−α

i ) sec( 55
180 π)

(6)

where AN,λi , AF,λi respectively stand for the obser-
vation of the nadir and forward views; i=1, 2, 3 re-
spectively stand for the visible/near infrared wave-
lengths centered at 0.55, 0.66 and 0.87 µm, respec-
tively. aN = sec 0 = 1, aF = sec π55/180 and b = 2
(the upward traveling radiation can be considered as
isotropic scattering at a first approximation of scatter-
ing, if particular situations with specular reflection are
excluded).

It is very difficult to simultaneously retrieve AOD
at 0.55, 0.66 and 0.87 µm since a single AATSR mea-
surement with 3 wavelengths and dual views corre-
sponds to 6 equations with 9 unknowns (that is AN,λ1 ,
AN,λ2 , AN,λ3 , AF,λ1 , AF,λ2 , AF,λ3 , βF, βN, and α),
which is a typical ill-posed inversion problem. With-
out any a priori information, it is almost impossible
for us to analytically derive the unknown parameters
from Eqs. (5) and (6). Flowerdew and Haigh (1995),
however, assumed that the ratio of ‘dual angle’ surface
reflectance depends only on the geometry of measure-
ments of the satellite sensor and is independent of the
wavelength, which is formulated as follows:

k =
AF

AN
(7)

where k represents the ratio of the forward view to
the nadir view reflectance, and k is independent of
the wavelength. Using the geometrical conditions of
AATSR, combined with the MODIS BRDF product,
the reflectance can be reduced using the linear kernel-
driven BRDF model (Roujean et al., 1992) as follows:

R(θs, θv, φ, λi) =fiso(λi) + fvol(λi)Kvol(θs, θv, φ)+
fgeo(λi)Kgeo(θs, θv, φ) (8)

where fiso(λi), fvol(λi) and fgeo(λi) represent the pa-
rameters extracted from the MODIS BRDF product,
Kgeo(θs, θv, φ) and Kvol(θs, θv, φ) are the RossThick
and the LiSparse kernels, respectively. The first, sec-
ond and third term of the right hand in Eq. (8) rep-
resent isotropic, volumetric scattering, and geometric
scattering contribution from surface, respectively. The
full derivations can be found in (Wanner et al., 1995).
Here, kernels can be described as a function of the
collocated AATSR geometry.

Meanwhile, by assuming the BRDF of the land sur-
face to be constant during the time intervals between
MODIS and AATSR overpasses, the k value mainly
derived from Eq. (8) is equal to that derived from
AATSR, as formulated with Eq. (9).

AF,λi

AN,λi

= k =
RF

RN
(9)

This relationship may be exploited directly to give
a constraint for AOD retrieval by forcing the retrieved
bidirectional reflectance to have a consistent angular
variation across the wavebands specified, even though
the magnitude of the reflectance may vary greatly.
Now the formidable equation can be solved by nu-
merical approximation based on the Broyden iterative
method (Broyden, 1965; William, 1992), thus simulta-
neously retrieving AOD at 0.55, 0.66 and 0.87 µm of
the AATSR forward view and nadir view, respectively.

3. Data and experiment

Due to the algorithm first proposed here, as many
as possible AATSR observations, in conjunction with
in-situ AERONET data, are required as long as possi-
ble. In our work, one year of AATSR observations,
MODIS BRDF/Albedo Model Parameters Product
and coincident in-situ AERONET data during the pe-
riod from August 2005 to July 2006 were collected,
which covered Beijing, China and its surrounding area.
Experiments were carried out using the abovemen-
tioned data to validate the algorithm as well. Fur-
thermore, the validation methods and results will be
described in detail in section 4. While the data re-
quired in the algorithm developed in this paper will
be expounded on as follows.

3.1 AATSR data

The AATSR conical scan allows two successive ob-
servations to be made of the same land surface within
about a 2-minute interval, by measuring the radiance
at approximately the nadir and 55◦ forward (along-
track) views. The instantaneous field of view (IFOV)
is approximately 1 km for the nadir view and 4 km
for the forward view, with a swath width of 500 km
(nadir). AATSR has three visible channels centered
at 0.55, 0.66 and 0.87 µm, intended for applications in
AOD retrieval experiments used in this study.

The MODIS BRDF/Albedo Model Parameters
Product has the temporal cycle of 16 days, and it as-
sumes the BRDF to be consistent during the cycle.

3.2 MODIS BRDF/Albedo Model Parameters
Product

The MOD43B1 BRDF/Albedo Model Parame-
ters Product can provide parameters required for the
RossThickLiSparse Reciprocal BRDF model [shown in
Eq. (8) as well] taken in this study at 1 km spatial
resolution on a 16-day cycle. In order to georeference
the MOD43B1 parameter product to the AATSR data,
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the product consistent with AATSR acquired for the
same time period August 2005 to July 2006 is selected,
assuming the invariability of the BRDF shape during
the 16-day time period. Allowing for Eq. (9), 24 total
sets of parameters at 0.55 µm can be directly used in
a forward model of the BRDF formulation in Eq. (8)
for all specified wavelengths.

3.3 AERONET

AERONET (AErosol RObotic NETwork) is a fed-
erated optical ground-based aerosol monitoring net-
work and data archive supported by NASA’s Earth
Observing System and expanded by federation with
many non-NASA institutions distributed over land
and ocean around the world, which measures the
aerosol properties over land and ocean throughout the
world at 0.34, 0.38, 0.44, 0.50, 0.67, 0.87 and 1.02
µm, respectively. Moreover, the network imposes stan-
dardization of instruments, calibration and process-
ing (Holben et al., 1998). The highest-level product
(level 2.0), which is cloud-screened (Smirnov et al.,
2000) and quality assured with an estimated accuracy
of 0.01–0.02 (Eck et al., 1999), was used in validations
against AOD retrievals from AATSR measurements in
this study.

3.4 Retrieval experiment

The AATSR satellite images covering the same
spatial range of 38.00◦–41.04◦N and 114.42◦–117.46◦E
were acquired for the time period August 2005 to July
2006. Owing to the requirements of co-registration be-
tween the AATSR and MODIS BRDF/Albedo Model
Parameters Product with a 16-day temporal resolu-
tion, the number of AATSR images amounts to 24.
The following atmospheric conditions like haze, dust
and clear sky were meanwhile, taken into account as
well in selecting AATSR to validate the algorithm de-
veloped in section 2. The co-located ground-based
AERONET level 2.0 aerosol measurements for the
same period over the study area should be obtained
as well.

Due to the fact that the algorithm is not suit-
able for cloud-contaminated pixels, the first step in
the retrieval of AOD by combining the AATSR and
BRDF/Albedo Model Parameters Product was to
screen out the cloud-contaminated pixels by using the
screening method developed by Stowe (1991). The al-
gorithm was then applied to the TOA reflectance data
from the forward and nadir views of AATSR, respec-
tively.

BRDF values were calculated by the RossThick-
LiSparse Reciprocal BRDF model [c.f. Eq. (8)],
in which the parameters were extracted from the
MOD43B1 BRDF/Albedo Model Parameters Prod-

uct, and kernel values were estimated from geo-
metrical information of AATSR. Then, by combin-
ing the reflectance, geometry information from the
AATSR measurements and BRDF from the MODIS
BRDF/Albedo Model Parameters products, based on
the algorithm described in section 2, the AOD can be
retrieved successfully.

Meanwhile, to testify the importance of the cou-
pling of the surface BRDF and atmospheric scattering
in this algorithm, AOD retrievals by assuming the un-
derlying surface to be Lambert were performed as well,
which was implemented simply by assigning unity to
k of Eq. (9). Furthermore, inter-comparisons between
them were made as well.

4. Results and validation

In this section, we will mainly present the results
of the AOD retrieval experiment on the basis upon one
year (i.e. August 2005 to July 2006) of comparisons
between 1 km resolution AOD derived from AATSR
in conjunction with the MODIS BRDF product and
in-situ measurements obtained during the same time
period from AERONET data at the Beijing site.

4.1 Validation against AERONET

As a rule, the validation of satellite derived geo-
physical products is difficult because satellite obser-
vations cover much larger areas than in-situ measure-
ments (Lucht et al., 2000). A key problem arising from
such different measurement scales is whether a single
ground measurement represents the mean value for a
pixel at the satellite scale (Tian et al., 2002). Any-
where, accounting for the heterogeneity of the under-
lying land surface and the need to reduce the uncer-
tainty induced by the dual-angle geometry of AATSR,
we averaged AOD over a 3×3 pixel region, centered at
the Beijing AERONET site to reduce noise and min-
imize the effect of co-registration errors between the
nadir and forward observations of the AATSR instru-
ment.

As for the temporal domain of validation, since the
AERONET sun photometer samples the direct and
sky radiance at different wavelengths from AATSR, in
order to compare AERONET and AATSR retrieved
AOD, the AERONET AOD of the 24 days consis-
tent with AATSR acquirements at Beijing (39.98◦N,
116.38◦E) have to be determined at wavelengths of
0.55, 0.66 and 0.87 µm, respectively. Here a second
order polynomial fit in the logarithm of wavelength
was applied, which was thought as an effective tool for
the majority of validation studies (e.g., Ignatov et al.,
1995; Knapp and Stowe, 2002). Furthermore, to make
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Fig. 1. Scattergrams of AERONET AOD at the Beijing
site (39.98◦N, 116.38◦E) in relation to AOD retrieved
from co-located nadir view measurements of AATSR (up-
per panel), forward view measurements of AATSR (lower
panel), respectively. The black line means the fitted linear
regression curve (the wavelengths of 0.55, 0.67 and 0.87 µm
are all included).

sure that they were co-located in the temporal domain
with each other, AERONET data were averaged us-
ing measurements observed within 30 minutes of the
AATSR overpass, which implied that the AATSR im-
ages without AERONET observations falling within
30 minutes of the AATSR overpass cannot be selected
for validations. The requirements of the temporal fre-
quency of AERONET reduced the number of AATSR
available for validations, accounting for why 24 images,
in some degree, were selected during a year period.

The intercomparisons of AOD were based upon the
144 measurements at the collocated AERONET Bei-
jing site for the 24 days. Figure 1 showed scatter-
grams of the AERONET AOD at Beijing (39.98◦N,
116.38◦E) in relation to AOD retrieved from the co-
located nadir view measurements of AATSR and the
forward view measurements of AATSR, respectively.
Significant correlation was found with a determinant
coefficient of 0.91 and 0.92 for the nadir view and for-
ward view of AATSR, respectively. The AOD differ-

Fig. 2. Scattergrams of AOD retrieved from the nadir
AATSR in relation to those from the forward AATSR at
0.55, 0.66 and 0.87 µm over Beijing (region of 3×3 pixel),
respectively. The black line represents the fitted linear re-
gression curve.

ence (defined as |(Meanλi,Forward − Meanλi,Nadir) ×
100/Meanλi,Nadir|%, where Meanλi,Forward denotes
mean value of AOD derived at forward view at wave-
length λi, while Meanλi,Nadir for mean value of AOD at
nadir view at wavelength λi) between the dual views of
AATSR at 0.55, 0.66 and 0.87 µm, is less than 5.72%,
1.9% and 13.7%, respectively. This demonstrates that
high consistency exists between AOD retrieved from
the forward and nadir views of AATSR, respectively,
largely due to the fact that the AOD from the forward
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Fig. 3. Relative error of AOD retrieved from the forward
(solid square) and nadir views (solid triangle) of AATSR,
respectively, as a function of wavelength.

Fig. 4. Scattergrams of AERONET AOD at the Beijing
site (39.98◦N, 116.38◦E) in relation to the Lambert AOD
retrieved from the co-located nadir view measurements
of AATSR (upper panel), forward view measurements of
AATSR (lower panel), respectively. The black line means
the fitted linear regression curve (the wavelengths of 0.55,
0.67 and 0.87 µm are all included).

AATSR has been normalized by secπ55
180 , as shown in

Eq. (6).
There exists strong correlation between AOD from

the forward and nadir views of AATSR at 0.55, 0.66
and 0.87 µm, respectively, as clearly shown in Fig. 2.

The averaged relative error of AOD retrieved from
dual views of the AATSR images increased with the
increasing wavelength, as illustrated in Fig. 3. It is
showed in Fig. 3 that the averaged relative error at
0.55, 0.66 and 0.87 µm of the nadir view of AATSR
is 7.8%, 12%, and 25%, respectively, while 9.1%, 13%,
and 29.2%, respectively, for the forward view. The
accuracy at the visible wavelength of 0.55 and 0.66
µm are, therefore, much better than that in the near
infrared wavelength, and the nadir and forward view
AATSR were comparative in the retrieval accuracy of
AOD.

4.2 Comparison with Lambertian surface de-
rived AOD

If we substitute 1 into k on the left side of Eq. (7),
which means that the surface is assumed to be Lam-
bert and the reflectance is constant and independent of
different view angles, AOD can as well be retrieved in
the same channels as the synergic algorithm described
in section 2.

To prove the sensitivity of the synergic algorithm
to the land surface, AOD was derived by assuming
the surface to be Lambert using the same data set as
the synergic algorithm, with other requirements invari-
able.

The following points were obvious from Fig. 4, in
which ground-based AERONET AOD measurements
are compared with those derived from the forward
and nadir view of AATSR, respectively, in the case
of a Lambert surface assumption. On one hand, the
AATSR retrievals using the synergic algorithm devel-
oped in this paper were more favorable than those
by assuming a Lambert surface, for the coefficient of
determination decreased by 15.5% and 18.5% at the
nadir and forward view, respectively, compared with
Fig. 2, which to some extent demands for taking ac-
count of the BRDF characteristics of the land surface.
On the other hand, the Lambert AOD is significantly
correlated with in-situ measurements as well.

4.3 Regional mapping: A case study

Due to the importance of regional AATSR AOD
retrievals in assessing the regional radiative impact of
aerosols based on a climate model, we should map the
regional distribution of AOD.

To investigate the potential of the synergic algo-
rithm of mapping the AOD distribution on a regional
scale, we took AATSR satellite images acquired at
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Fig. 5. Ground-based AOD measurements at different wave-
lengths at the Beijing AERONET site, as a function of time
(UTC) on 28 May 2006.

0242 UTC on 28 May 2006 as an example for in-situ
AERONET AOD, which varied little during the time
period of AATSR overpass (shown in Fig. 5).

Regional AOD retrievals were conducted by assum-
ing the land surface to be Lambert (as shown in Figs.
6a, c, e) and taking into account the BRDF of the land
surface as well (as shown in Figs. 6b, d, f).

The spatial distribution of AOD in this study area
is shown in Fig. 4, in which most AODs in the right
panel of Fig. 4 are more explicitly depicted other than
the left panel. The retrieved AODs (shown in the right
panel of Fig. 4) from the synergic algorithm at the
lower right corner (corresponding to the North China
plain) of the study area at 0.55, 0.66 and 0.87 µm of
AATSR, for example, were higher than that in the left
panel, which otherwise was retrieved by assuming the
land surface to be Lambert. Moreover, in the upper
left corner (corresponding to the mountainous area),
there exist higher AOD values in the right panel than
the left one. i.e., the synergic algorithm can capture
more aerosol information, compared with not consid-
ering the BRDF characteristics of the land surface.
Therefore, the BRDF characteristic of the land surface
cannot be ignored in the retrieval of AOD over land,
especial over heterogeneous areas. Furthermore, the
Lambertian assumption of the land surface in moun-
tainous areas is not acceptable at a 1 km spatial reso-
lution scale.

It can be obviously seen from Fig. 6 that the AOD
value decreases with an increased wavelength. Mean-
while, the spectral variation of AOD is consistent with

the characteristics of an anthropogenic source of the
aerosols, indicating that the anthropogenic activity
can largely attribute to aerosol plumes in this area.
The aerosol optical depth as well as its spectral depen-
dence shows large spatial variations over a compara-
tively small spatial scale over the Beijing area. The
majority of AOD (a matter of 75%) in the study area
of this case is lower than 0.39, even AOD in some ar-
eas cannot be available, basically consistent with the
actual in-situ measurements.

5. Conclusion

A synergic aerosol retrieval method is presented in
this paper that takes advantage of the wide spectral
range and the dual-view capability of AATSR for AOD
retrieval over land by combining the BRDF character-
istics of the land surface. Through one year of AATSR
retrieval validation against in-situ AERONET mea-
surements, the following conclusion can be drawn:

(1) The accuracy of AOD retrieved from the for-
ward and nadir views of AATSR were comparative,
since the AOD difference between the dual views of
AATSR at 0.55, 0.66 and 0.87 µm was less than 5.72%,
1.9% and 13.7%, respectively.

(2) In the visible channels (0.55, 0.66 and 0.87
µm) of AATSR, a favorable agreement between the re-
trieved AOD from AATSR and the collocated ground-
based AERONET data was achieved for the forward
and nadir views, with a coefficient of determination of
0.91 and 0.92 for the nadir view and the forward view
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(a)

(c)

(e)

(b)

(d)

(f)

Fig. 6. AOD regional distributions on 28 May 2006 retrieved by the synergic algorithm (a, c, e), in comparison with
those retrieved by assuming a Lambertian land surface (b, d, f).
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of AATSR, respectively, demonstrating that the syn-
ergic algorithm developed in this paper can potentially
be applied over land.

(3) It was found that the AATSR retrievals us-
ing the synergic algorithm developed in this paper
are more favorable than those by assuming a Lambert
surface, for the coefficient of determination decreased
by 15.5% and 18.5%, compared to those derived by
the synergic algorithm. Understanding well the angu-
lar dependencies of the retrieved AOD, therefore, will
probably enhance the accuracy of AOD retrieval from
satellite measurements.

Of course, further validation in different surface
conditions and atmospheric regimes with sufficient
long period statistics is needed in the near future. Fur-
thermore, the accuracy of the AATSR retrievals and
the experiment of AOD mapping conducted on a re-
gional scale, using the synergic algorithm suggest that
the synergic algorithm can potentially be used to help
narrow the uncertainties associated with aerosol ra-
dioactive forcing of the global climate.
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Tanré, D., C. Devaux, H. Herman, and R. Santer, 1988:
Radiative properties of desert aerosols by optical
ground-based measurements at solar wavelengths. J.
Geophys. Res., 93, 14223–14231.

Tian, Y., and Coauthors, 2002: Multiscale analysis and
validation of the MODIS LAI product I. Uncertainty
assessment. Remote Sens. Environ., 83, 414–430.

Veefkind, J. P., G. de Leeuw, R. B. A. Koelemeijer, and P.
Stammes, 2000: Regional distribution of aerosol over
land derived from ATSR-2 and GOME data. Remote
Sens. Environ., 74, 377–386.

Vermote, E. F., D. Tanre, J. L. Deuze, M. Herman, and J.
J. Morcrette, 1997: Second simulation of the satellite
signal in the solar spectrum, 6S: An overview. IEEE
Trans. Geosci. Remote Sens., 35, 675–686.

Wang, L. L., G. R. Liu, J. Y. Xin, Y. S. Wang, Z. Q. Li,
and P. C. Wang, 2007: Validation of MODIS aerosol
products by CSHNET over China. Chinese Science
Bulletin, 52, 1708–1718.

Wanner, W., X. Li, and A. H. Strahler, 1995: On the
derivation of kernels for kernel-driven models of bidi-
rectional reflectance. J. Geophys. Res., 100, 21077–
21090.

William, H. P., A. T. Saul, T. V. William, and P. F.
Brian, 1992: Numerical Recipes in C: The Art of
Scientific Computing. 2nd ed., Cambridge University
Press, 994pp.

Xue, Y., and A. P. Cracknell, 1995: Operational bi-angle
approach to retrieve the earth surface albedo from
AVHRR data in the visible band. Int. J. Remote
Sens., 16, 417–429.

Zhang, R. J., M. X. Wang, and J. Z. Fu, 2001: Prelim-
inary research on the size distribution of aerosols in
Beijing. Adv. Atmos. Sci., 18(2), 225–230.

Zhang, X. Y., and Z. S. An, 1997: Sources, transport and
deposition of Asian dust. Proceedings of Sixth Chi-
nese Aerosol Conference, China, 68–73.

Zhang, X. Y., R. Arimoto, Z. S. An, T. Chen, G. Y.
Zhang, G. H. Zhu, and X. F. Wang, 1993: Atmo-
spheric trace elements over sources regions for Chi-
nese dust: concentrations, sources and atmospheric
deposition on the loess plateau. Atmos. Environ., 27,
2051–2067.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /CHS ()
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


