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Abstract

We present a method for simultaneously retrieving aerosol and surface parameters from ground-based and satellite observations collocated in
space and time. We show that a combination of down and up-looking observations provides sufficient measurement constraints for characterizing
both aerosol and surface properties with minimal assumptions. In order to employ this concept in AERONET processing, the standard inverse
algorithm [Dubovik, O. & King, M. D. (2000), A flexible inversion algorithm for retrieval of aerosol optical properties from sun and sky radiance
measurements. Journal of Geophysical Research, 105, 20673–20696] has been modified to retrieve surface reflectance in addition to aerosol
parameters when co-incident satellite measurements are available.

The method was applied to observations of smoke and desert dust over the Mongu (Zambia) and Solar Village (Saudi Arabia) AERONET sites
respectively. The AERONET data were complemented by available observations from the MISR, MODIS, and POLDER-2 satellite sensors. The
retrieved bidirectional reflectance factor (BRF) and surface albedo comparison shows good agreement between results obtained using observations
from different satellites.

The robustness of themethod is tested by analyzing surface albedo time series retrieved during periods of high aerosol optical depth variability and
low seasonal changes in surface reflectance. The analysis shows that the performance of retrieval algorithm is stable under different aerosol loadings.
It is shown that much of the observed surface albedo temporal variability could be attributed mostly to the combined uncertainty in satellite
radiometric calibration and aerosol vertical distribution for Mongu and to differences in satellite angular sampling on different days for Solar Village.

The sensitivity of surface retrievals to assumptions on aerosol vertical distribution and aerosol particle shape are analyzed. It is found that the
maximum error in retrieved surface albedo at 0.44 μm is 0.035 for aerosol optical depth 0.85 at 0.44 μm. For aerosol optical depths lower than
∼0.7 the error in retrieved surface albedo is less than 0.02. Analysis of particle shape assumptions on surface retrievals showed that aerosol
particle non-sphericity significantly affects the angular shape of BRF, but not the surface albedo.

Finally, the sensitivity of AERONET aerosol retrievals to uncertainty in assumed surface reflectance is analyzed by comparing aerosol retrievals
obtained with different surface assumptions. It is found that the uncertainty in surface reflectance model employed in the version 1 AERONET
operational algorithm is larger than was previously assumed in [Dubovik, O., Smirnov, A., Holben, B. N., King, M. D., Kaufman, Y. J., Eck, T. F., &
Slutsker, I. (2000), Accuracy assessment of aerosol optical properties retrieved from AERONET sun and sky radiance measurements. Journal of
Geophysical Research, 105, 9791–9806] and may have more significant effect on the retrieved aerosol properties than was documented in that work.
In particular, larger errors were encountered for the real part of the refractive index (∼0.05–0.07 increase) and maximum of the particle size
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distribution (∼20% decrease) retrievals for the Mongu case, when the aerosol optical depth was relatively small (∼0.4 at 0.44 μm). The retrieved
single scattering albedo uncertainties were within the error bars (0.03) estimated in [Dubovik, O., Smirnov, A., Holben, B. N., King,M. D., Kaufman,
Y. J., Eck, T. F., & Slutsker, I. (2000), Accuracy assessment of aerosol optical properties retrieved from AERONET sun and sky radiance
measurements. Journal of Geophysical Research, 105, 9791–9806], with the exception of the 0.44 μm retrievals for the desert dust case when they
increased by ∼0.09 and 0.07 for low and high aerosol loadings respectively.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Detailed information on aerosol optical properties is im-
portant for understanding aerosol radiative forcing, and impact
on climate change (e.g. Charlson et al., 1992; Hansen et al.,
1997, 2000; Intergovernmental Panel on Climate Change
(IPCC), 2001; Ramanathan et al., 2001; Tegen et al., 1996).
Due to their high temporal and spatial variability, atmospheric
aerosol monitoring presents a difficult task, and thus significant
efforts have been made to improve aerosol characterization
by using in situ measurements (e. g. Anderson et al., 2003;
Haywood et al., 2003; Reid et al., 1998), ground-based remote
sensing (e. g. Holben et al., 2001), satellite observations (e. g.
Kaufman et al., 2002a; King et al., 1999), and aerosol transport
modeling (e. g. Chin et al., 2002; Ginoux et al., 2001; Tegen
et al., 1997).

Satellite remote sensing is an efficient way to monitor aero-
sol properties on a global scale. Today satellite sensors perform
diverse observations of up-welling radiation reflected by the
earth–atmosphere system including multi-wavelength, multi-
angle, and polarimetric measurements (e. g. King et al., 1999).
In general, it is difficult to uniquely derive the complete set of
aerosol parameters (particle size distribution, aerosol loading,
complex refractive index, and shape) from satellite measure-
ments alone, and a number of additional assumptions are re-
quired to constrain some of the aerosol properties. For example,
satellite aerosol retrieval algorithms commonly rely on a pre-
selected set of aerosol models and choose a model or mixture of
candidate models based on the best fit of the measurements to
the radiative transfer calculations (e. g. Kaufman et al., 1997a)
or define a solution space that includes all mixtures in the set
that meet the acceptance criteria (Kahn et al., 2001; Martonchik
et al., 1998). Once the best-fit model or space is identified, it is
used as a basis for providing a set of integral aerosol char-
acteristics such as optical depth coupled with effective size (e. g.
Remer et al., 2002) and/or aerosol absorption (e. g. Kahn et al.,
2005; Torres et al., 2005). However, the scientific community
anticipates that future satellite missions equipped with higher
spectral and angular coverage of multi-angle and polarimetric
capabilities will provide yet more detailed aerosol character-
ization (Mishchenko et al., 2004).

Both surface reflection and aerosol backscattering affect the
top-of-atmosphere radiances measured by satellites. Therefore
the main challenge in satellite aerosol retrieval is to separate the
contributions from the surface and atmosphere. Traditionally
aerosol retrieval algorithms rely on measurement scenarios
corresponding to low surface reflectivity. For example, the
effect of uncertainty in surface properties is less important in
satellite retrievals over ocean (excluding glint region) in visible
and in near-IR (e.g. Kaufman et al., 1997b; Remer et al., 2005;
Tanre et al., 1997) and over land in near-UV portions of the
spectrum (e. g. Torres et al., 1998). Also, some surface types,
such as dense vegetation have low reflectance in the blue and
red regions (Kaufman & Sendra, 1988). In these cases the
retrievals either assume the surface reflectance using reflectance
databases (e. g. Hsu et al., 2004; Torres et al., 1998) or rely on
surface reflectance correlation between the visible and middle-
IR spectral regions (Kaufman et al., 2002b). Utilization of
satellite observations in the visible and near-IR over arid or
unvegetated surfaces presents a more challenging task because
the satellite signal is dominated by a large surface contribution
(Kaufman et al., 1997a). Multi-angle and polarimetric satellite
observations allow better characterization of aerosol over these
types of surfaces. For example, the Multi-angle Imaging Spec-
troradiometer (MISR) algorithm distinguishes between aerosol
and surface contributions based on differences in surface and
atmosphere angular reflectance signatures (Diner et al., 2005).
The polarization and Directionality of the Earth's Reflectances
(POLDER) retrieval relies on the differences in polarization
properties of atmospheric and surface signals (Deuze et al.,
2001).

The approach of the present study is to combine satellite
observations with collocated ground-based measurements. Such
a combination of data enables the separation of aerosol and
surface signals. Indeed, the reflected signal is sensitive to both
surface reflectance and aerosol backscattering, whereas the
transmitted radiation is primarily sensitive to aerosol. Therefore,
using combined up- and down-looking observations allows one
to simultaneously retrieve the properties of both aerosol and
surface with minimal assumptions. In this paper we describe the
effort to develop an algorithm for such retrievals, with the
objective of deriving new information from ground-based and
satellite aerosol observations. Observations of the direct and
diffuse transmitted radiation are routinely performed at more
than 180 worldwide locations by the AERosol Robotic NET-
work (AERONET) of ground-based sun- and sky-scanning
radiometers (Holben et al., 1998). The wide spectral and angular
range of measurements allows the AERONET inversion al-
gorithm to retrieve an extended set of aerosol parameters, such
as particle size distribution, complex refractive index, and single
scattering albedo, while making fewer assumptions about aero-
sol properties than are used in satellite remote sensing (Dubovik
& King, 2000). Based on this retrieval approach and the long
record of AERONET aerosol measurements, a climatology of
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the physical and optical properties of key aerosol types has been
developed (Dubovik et al., 2002). However, the AERONET
aerosol retrieval relies on an assumed surface reflectivity
which is one of the factors contributing to the uncertainty of
the derived aerosol properties (Dubovik et al., 2000). There-
fore, developing an algorithm that inverts a combination of
AERONET observations with coincident satellite measure-
ments could improve the accuracy of aerosol retrieval and, at the
same time, provide information about surface reflectance at
AERONET sites.

This paper presents an algorithm that retrieves surface re-
flectance properties (bidirectional reflectance factor, and surface
albedo) in addition to aerosol parameters (size distribution,
complex refractive index, and single scattering albedo) from
AERONET data combined with available satellite observa-
tions. For this study we utilized observations from POLDER-2
(ADEOS-2 satellite), MISR, and MODIS (Terra satellite) since
these sensors were specifically designed for aerosol and surface
characterization. Such an approach aims to maximize the po-
tential fusion of AERONET and satellite observations to com-
pare with common approaches relying on the products of
AERONET retrievals alone (Sinyuk et al., 2003).

The paper is organized as follows: Section 2 describes the
retrieval algorithm and the technical characteristics of the mea-
surements used for the joint inversion. In Section 3 we present
example retrieval results and discuss algorithm robustness by
analyzing time series of surface albedo retrieved under different
atmospheric conditions. The sensitivity of surface retrievals to
the assumptions on aerosol vertical distribution and aerosol
particles shape is also discussed. Section 4 analyzes the sen-
sitivity of ground-based aerosol retrievals to the assumptions on
surface reflectance. The final section presents a summary and
conclusions.

2. Retrieval method

2.1. Measurements

The algorithm retrieves aerosol and surface information from a
combination of spatially and temporally collocated AERONET
and satellite observations. The number and the values of the
wavelengths as well as viewing geometry employed for inversion
may vary depending on the satellite observations selected. There-
fore, we present a brief discussion of the AERONET and satel-
lite data used in this study. Table 1 summarizes the technical
characteristics of each type of measurement.
Table 1
Data sets used for joint inversion

Data set Type of measurements Number of
spectral bands

Wavelengths used in
this study, μm

AERONET Optical depth 4 0.44, 0.67, 0.87, 1.02
Sky radiance, almucantar 4 0.44, 0.67, 0.87, 1.02
Sky radiance, principal plane 4 0.44, 0.67, 0.87, 1.02

POLDER TOA radiance 3 0.44, 0.67, 0.87,
MISR TOA radiance 3 0.45, 0.67, 0.87
MODIS TOA radiance 4 0.443, 0.67, 0,87, 1.02
AERONET radiometers measure aerosol optical depth (from
direct sun measurements) and sky radiances using two different
observation sequences for acquiring sky radiances: almucantar
and principal plane scans (Holben et al., 1998). Almucantar
measurements are taken at the elevation angle of the Sun
whereas principal plane observations are performed in the Sun
azimuthal plane. Optical depth combined with almucantar mea-
surements in four standard AERONET spectral bands (see
Table 1) is considered as the basic set of ground-based ob-
servations. However, for high Sun elevations, principal plane
observations are used instead of almucantar due to the limited
range of scattering angles for almucantar measurements, which,
according to Dubovik et al. (2000), reduces the aerosol retrieval
accuracy. The accuracy of the AERONET aerosol optical depth
measurements is ∼0.01 for the wavelength≥0.44 μm (Eck
et al., 1999) and the uncertainty in measured sky radiances due
to calibration error is ∼5% (Holben et al., 1998).

Observations from three different satellites are selected for
combining with AERONET measurements: POLDER-2,
MISR, and MODIS. POLDER-2 aboard the ADEOS-2 satellite
is a wide field-of-view sensor that takes measurements of top-
of-the atmosphere radiance in six spectral channels and degree
of linear polarization in three spectral channels (Deschamps
et al., 1994). Due to the wide field-of-view POLDER observes
any surface point from about 14 different view directions as the
satellite passes over a target. Furthermore, after a few days, the
successive orbits provide a complete picture of the target BRF
(Deschamps et al., 1994). In this study, we use POLDER ra-
diance measurements in only the three spectral channels spe-
cifically designed for aerosol characterization (see Table 1).
POLDER radiometric calibration accuracy is between 2% up to
4% from the blue to near-infrared channels (Goloub et al.,
1999).

The MISR instrument aboard the Terra spacecraft has both
multi-wavelength and multi-angle measurement capabilities
(Diner et al., 1998). It is equipped with nine cameras pointing in
different directions, which observe the reflected radiation field
at nine different view zenith angles, each camera making mea-
surements in four spectral bands (see Table 1). In this study we
use only the three spectral channels which closely match those
of AERONET observations. The absolute radiometric calibra-
tion for MISR is b4% according to Bruegge et al. (2006-this
issue).

MODIS, also aboard the Terra satellite, performs single view
angle observations in a wide spectral range providing images in
36 spectral channels (King et al., 1992). Furthermore, during a
Number of view
angles

Range of scattering angles

1 N/A
27 Depends on solar Zenith angle. Maximum range: ∼3°–150°
33 Maximum range: ∼3°–140°
14 ∼70°–170°
9 ∼60°–160° (for mid-latitudes)
1 ∼70°–170° (1 angle each day)
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16-day period MODIS is capable of building up several se-
quential angular views of a given surface target (Schaaf et al.,
2002). In this study, we use the MODIS measurements in four
spectral bands that are the closest to those of AERONET sun-
photometers (see Table 1). The uncertainties in the MODIS
measured reflectance in the visible and mid-infrared channels
are less than 2% (Guenther et al., 2002).

Due to the their multi-directionality, measurements from
MISR and POLDER sensors are expected to supplement
AERONET observations better than one-directional MODIS
observations, and therefore are considered as the basic data sets
for joint inversion. However, in situations when MISR and
POLDER coincident data are not available then the MODIS
observations are used.

Both ground-based and satellite observations are cloud
screened before inferring aerosol and surface information. The
cloud-free data are identified by cloud screening algorithms of
both AERONET (Smirnov et al., 2000) and the corresponding
satellite instruments.

Satellite and ground-based observations are collocated in
space by selecting the satellite pixel nearest to the AERONET
site location. Then the ground-based measurements closest in
time to the satellite overpass, and separated by no more than
30 min, were used for joint processing.

2.2. Retrieved parameters

The aerosol information retrieved is similar to that derived
by the standard AERONET retrieval algorithm (Dubovik &
King, 2000; Dubovik et al., 2000). It includes the aerosol
volume size distribution in the total atmospheric column, and
aerosol complex refractive index at both AERONET and satel-
lite spectral channels. Using this microphysical information,
single scattering albedo is calculated as a function of wave-
length. The retrieval method assumes no restrictions on the
number of modes or the type (e.g. log-normal, etc.) of the
aerosol size distribution, which is parameterized by values in 22
independent size bins in the range: 0.05≤ r≤15 μm, where r
represents particle radius. Also, no predetermined spectral de-
pendence is assumed in the retrieved aerosol complex refractive
index. Only spectral and size smoothness constraints are used,
preventing unrealistic oscillations in either parameter (Dubovik
& King, 2000). The aerosol is modeled as a mixture of homo-
geneous spherical particles with the exception of desert dust
cases where accounting for particle non-sphericity is necessary.
The desert dust aerosol is modeled as a mixture of randomly
oriented polydisperse spheroids (Mishchenko et al., 1997) with
shape (aspect ratio) distribution fixed, based on a desert dust
polarimetric measurements analysis (see details in the paper by
Dubovik et al. (2006)). Detailed discussion of the assumptions
used in aerosol model parameterization (for example, assigning
the same complex refractive index to all size bins) and their
impact on retrieval results can be found in (Dubovik et al., 2000).

In addition to aerosol properties, the method also retrieves
spectral bidirectional reflectance factors (BRF) and surface
albedo. For inversion purposes it is important to describe bi-
directional surface reflectance in terms of a limited number of
parameters, which can be done with a number of analytical
models reported in the literature (e. g. Lucht & Roujean, 2000;
Roberts, 2001). For this study the Rahman–Pinty–Verstraete
(RPV) model (Rahman et al., 1993) was employed. This model
performs well over a variety of land surface covers (e. g.
Maignan et al., 2004; Privette et al., 1997; Rahman et al., 1993).
This is a three-parameter semi-empirical model, based on the
product of three functions: (i) a modified Minnaert function
(Minnaert, 1941) which is a combination of the view and
illumination zenith angles, (ii) a one-term Henyey and Green-
stein function (Henyey & Greenstein, 1941) accounting for the
phase function of the scattering elements, and (iii) a hot spot
function describing the increase of surface reflectance in the
direction of the illumination:

qSð#1;u1;#2;u2Þ ¼ q0
cosk−1#1cosk−1#2

ðcos#1 þ cos#2Þ1−k
FðgÞ½1þ RðGÞ�

ð1Þ
FðgÞ ¼ 1−H2

½1þH2−2Hcosðk−gÞ�1:5 ð1aÞ
cosg ¼ cos#1cos#2 þ sin#1sin#2cosðu1−u2Þ ð1bÞ
1þ RðGÞ ¼ 1þ 1−q0
1þ G

ð1cÞ
G ¼ ½tan2#1 þ tan2#2−2tan#1tan#2cosðu1−u2Þ�1=2 ð1dÞ

where ϑ1, φ1 and ϑ2, φ2 represent zenith and azimuth angles
for illumination and observation directions respectively, g is the
phase angle. Eqs. (1), (1a), (1b), (1c), and (1d) constitute the
RPV model which describes the surface bidirectional reflec-
tance in terms of three independent parameters: ρ0, k, and Θ.
The parameters ρ0 and k represent the intensity of the surface
reflectance and the level of surface reflectance anisotropy,
respectively. The coefficient Θ determines the relative amount
of forward and backward scattering. In our approach the para-
meters ρ0, k, and Θ are retrieved for the satellite spectral chan-
nels. The following ranges of variability of these parameters
were assumed based on results of fitting of field observations by
the RPV model (e. g. Rahman et al., 1993):

0:001Vq0V0:99 ð2aÞ

0:1VkV1 ð2bÞ

−0:5VHV0:5 ð2cÞ

No specific restrictions on spectral dependence of these
parameters are assumed other than spectral smoothness con-
straints. The RPV parameters are retrieved from combinations
of AERONET measurements with MISR and/or POLDER
multi-directional observations. Then the BRF and surface albedo
are calculated. For a joint AERONET/MODIS inversion, the

http://dx.doi.org/10.1029/2005JD006619
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Lambertian approximation is used since MODIS lacks same
day multi-angle capability to retrieve BRF from one day only.

2.3. Retrieval algorithm

The inversion implementation is similar to that used in the
standard AERONET retrieval algorithm. Therefore, we present
just a brief description of the basic principles of the approach.
Additional details can be found in Dubovik and King (2000),
Dubovik et al. (2000), and Dubovik (2004).

According to the general inversion strategy adopted in
Dubovik and King (2000), the results are derived from a
complex data set that includes both the AERONET and satellite
measurements and a priori data constraining the retrieval
results. The inversion algorithm is designed as multi-term Least
Squares Method (Dubovik, 2004) that searches for the best fit of
the theoretical model to several measurement and a priori data
sets. It is statistically optimized to minimize the effect of ran-
dom errors, and takes into account the different levels of ac-
curacy of the data from different sources. The method assumes a
log-normal error distribution for all input data, i.e., all mea-
surements and retrieved parameters are analyzed in logarithmic
space. The best solution corresponds to a minimum of the
following quadratic form (Dubovik, 2004; Dubovik & King,
2000; Dubovik et al., 2000):

WðaÞ ¼ 1
2

X9
k¼1

gk ½f⁎k−f kðaÞ�T ðWkÞ−1½f⁎k−f kðaÞ�
n o

; ð3Þ

where the vector a contains the retrieved parameters: the loga-
rithms of the retrieved values of the size distribution function in
nodal points, the logarithms of the real and imaginary parts of
the aerosol refractive index at the wavelengths selected, and the
logarithms of the RPV model parameters at the wavelengths
selected. According to Eq (2c) RPV parameter Θ can take
negative values. Therefore for working in logarithmic space a
simple transformation (1+Θ) was used. The vectors fk⁎ and fk(a)
represent measurements of k-th type and fitting respectively.
The vector f1 corresponds to the logarithms of optical depth
τ(λ) at the selected wavelengths, the vectors f2 and f3 cor-
respond to the logarithms of the AERONET IAER(λ,ϑ) and
satellite ISAT(λ,ϑ) radiance measurements at the selected wave-
lengths and angles, respectively, the vector f4 includes the size
distribution smoothing function values at the nodal points, the
vectors f5 and f6 contain the aerosol complex refractive index
(real and imaginary part) smoothing functions, respectively, and
f7, f8, and f9 are the smoothing functions for the RPV model
parameters. The matrices Wk are the weighing matrices of
random errors in the individual data sets. The Lagrange
multipliers γk are defined from statistical considerations and
represent the relative contributions of the k-th type measure-
ments to the joint data set

gk ¼
e22
e2k
; ð4Þ

where εk
2 denotes the variance of errors for the data vector fk⁎. In

the retrieval algorithm the quadratic form (3) is normalized to
the error of AERONET sky measurements ε2
2, using the

following expression (Dubovik & King, 2000)

2WðaÞ
ðNf −NaÞ ¼ e22; ð5Þ

where Nf is the number of values in all vectors fk⁎, and Na is the
number of retrieved parameters.

To derive aerosol and surface information from the combined
data set, the radiative characteristics of the atmosphere are
modeled in the retrieval algorithm (Dubovik et al., 2000). The
modeling was done using a version of the Discrete–Ordinate
radiative transfer code by (Nakajima & Tanaka, 1986, 1988)
that accurately accounts for bi-directional surface reflectance,
molecular and aerosol multiple scattering. Weak gas absorption
(ozone) is accounted for from climatological data (Holben et al.,
1998). Accounting for the vertical variability of aerosol prop-
erties is important for correctly modeling atmospheric radiation.
The standard AERONET retrieval algorithm adopts a simple
model of a homogeneous atmosphere that assumes constant
aerosol properties within the entire atmospheric column. It
constitutes a reasonable assumption for almucantar measure-
ments, since all atmospheric layers are always viewed with
similar geometry. In contrast, both AERONET measurements in
the principal plane and satellite observations are sensitive to
aerosol vertical distribution at short wavelengths (e. g. Gordon,
1997; Holben et al., 1998; Quijano et al., 2000). In this study a
range of aerosol vertical distributions was assumed. The par-
ticular aerosol vertical profiles selected for our retrievals are
described in Section 3.1.

3. Results

We applied this retrieval method to joint sets of ground-
based and satellite observations over two AERONET sites:
Mongu, Zambia during August 2003 and Solar Village, Saudi
Arabia during June 2003. These sites represent different aerosol
types. Over Mongu the atmospheric loading is dominated by
biomass burning aerosols, whereas at the Solar Village, it is
dominated by desert dust. Due to the relatively small solar
zenith angles corresponding to the time of satellite overpass for
the selected sites (∼40° for Mongu and∼16° for Solar Village),
the AERONET principal plane measurements were used for the
ground-based observations.

3.1. Aerosol vertical distribution

Before processing the data, we refined our assumptions about
aerosol vertical distribution. As a starting point, micro-pulse
lidar network (MPLNET) observations performed during
SAFARI 2000 field campaign at Mongu were used (e. g.
Campbell et al., 2003; McGill et al., 2003). These observations
over the Mongu are available at the MPLNET website (http://
mplnet.gsfc.nasa.gov) and exhibit a variety of shapes, and highly
temporally variable aerosol vertical distributions. Based on a
large number of cases, we used the following general features to
model the aerosol vertical distribution: 1) aerosol is mostly

http://mplnet.gsfc.nasa.gov
http://mplnet.gsfc.nasa.gov


Fig. 1. Normalized extinction profiles used to model aerosol vertical
distribution. Solid line and lines with solid and open circles depict homogeneous
aerosol distribution and Gaussian aerosol profiles with maximum at ground level
and at 3 km respectively.
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concentrated within 4 km of sea level, and 2) the range of vertical
profiles could be separated into roughly three different groups.
The first group includes aerosol vertical distributions having
maximum aerosol concentration close to ground level, and,
represents local fires. The second and third groups combine
elevated layers and well-mixed aerosol, respectively, and could
be typical of transported smoke. Based on this information, we
selected three different aerosol vertical distributions, presented
in Fig. 1: a homogeneous distribution with 4 km width, and two
Gaussian profiles with 1 km width and maximum aerosol
concentrations at ground level and at 3 km respectively.
Performing retrievals for each selected profile allows us to
analyze the influence of the aerosol vertical distribution on the
retrieval results.

In modeling aerosol vertical distribution only the variability
of aerosol concentration is assumed. Other aerosol properties
(particle size distribution, complex refractive index) are
considered to be constant. Since assumed profiles are rep-
Fig. 2. An example showing simultaneous fits to the
resentative of rather general scenarios of the aerosol vertical
distribution, they are also used to model vertical variability of
aerosol at Solar Village, where lidar data are not available.

3.2. Fitting of the measurements

As mentioned in Section 2, our retrieval approach is based on
the simultaneously fitting a joint set of observations with a
theoretical model. Therefore, the quality of fit is the most
important criterion for identifying successful retrievals. Retrie-
vals are considered successful only if residual values calculated
by Eq. (5), are no greater than 3–5%, the expected measure-
ments accuracy. Figs. 2 and 3 present examples of fitting of the
AERONET and satellite observations at the Mongu site.

3.3. Examples of surface retrievals

This section focuses on surface BRF and albedo retrievals as
new retrieval products compared to aerosol parameters rou-
tinely provided by AERONET. In the analysis of retrieved
surface properties, we compare retrievals from joint observa-
tions of AERONET and different satellites to the MISR surface
reflectance product for the same or similar observation times.
This strategy tests the consistency of different retrievals.

Fig. 4 presents BRF (left panel) and surface albedo (right
panel) retrieved at the Mongu site, assuming a homogeneous
vertical aerosol distribution (see Fig. 1). In this example and
throughout the paper the term surface albedo stands for direc-
tional hemispherical reflectance (DHR). This quantity is cal-
culated after removing atmospheric scattering effects and
constitutes an intrinsic surface property (e. g. Pinty et al.,
2005). Before inverting the data, MISR and MODIS spatial
resolutions were aggregated to 6 km by 6 km, to match the
spatial resolution of POLDER at nadir. In the left panel, the
BRFs retrieved from the joint observations of AERONET with
POLDER and MISR are compared to the MISR operational
retrieval. The results are presented in the plane defined by the
MISR viewing directions, which is close to the solar principal
AERONET (left) and MISR (right) observations.



Fig. 3. An example showing fits to the POLDER (left) and MODIS (right) observations.
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plane (Fig. 5). Fig. 4a shows that for all the spectral channels,
the retrievals produce consistent BRF angular shapes, including
a hot-spot maximum near 40° view angle (the solar zenith angle
∼40°). The agreement in reflectance magnitude changes with
spectral channel and observation set. The MISR and AERO-
NET/MISR retrievals agree closely with each other at all of the
wavelengths, as do the POLDER and AERONET/POLDER
retrievals. However, the MISR- and POLDER-based retrieval
pairs do not agree as well at longer wavelengths. This discrep-
ancy must be due to differences in the MISR and POLDER
signals because observations from the same sensors provide
consistent results. Among the possible factors responsible for
the MISR–POLDER observation discrepancies are differences
in angular sampling (Fig. 5), satellite pixel geo-location, spatial
resolution, and radiometric calibration. The difference in an-
gular sampling could possibly explain some of the discrepancies
in magnitude of reflectance at BRF maximum, because the
Fig. 4. BRF and surface albedo retrievals at the Mongu site. A
POLDER observation plane is farther from the solar principal
plane and the hot-spot position as illustrated by Fig. 5. It would
require a rather large difference in radiometric calibration to
generate a disagreement of this magnitude. Some of the dif-
ferences between MISR and POLDER-based BRF retrievals
could be explained by a difference in satellite pixels geo-loca-
tion and spatial resolution; these are especially important due to
surface heterogeneity at the Mongu site (Fig. 6). These factors,
however, are less important for the consistency of POLDER-
based retrievals because POLDER-2 observes the same part of
the Earth surface every four days.

The right panel of Fig. 4 shows the surface albedos cor-
responding to the retrieved BRFs. It also presents surface albedo
retrieved from the combination of AERONET and MODIS data
by using the Lambertian approximation. As with the BRFs, the
surface albedo retrievals derived from different observations
agree at short wavelengths. At the longer wavelengths, the
homogeneous aerosol vertical distribution was assumed.



Fig. 5. Angular sampling of the MISR, POLDER, and MODIS observations
used for the joint inversion at the Mongu site. The radius represents viewing
zenith angle in degrees, and the polar angle, the relative azimuth between the
Sun and view directions. The diamond represents the average Sun position for
the data sets so the solar principal plane is along 0°–180° axis.

Fig. 6. Photograph taken at the AERONET site at Mongu, Zambia.
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MISR and AERONET/MISR retrievals are higher than those
from the AERONET/POLDER combination, which reflects the
behavior of the corresponding BRF.

Examples of Solar Village surface retrievals are shown in
Fig. 7, BRF in the left panel, and surface albedo on the right
panel. BRF retrievals are also presented in the plane generated
by the MISR viewing directions. In a contrast to Mongu case,
this plane is almost perpendicular to the solar principal plane, as
illustrated by Fig. 11. This presents the most unfavorable
conditions for BRF retrievals, especially angular shape, because
the main variability of surface reflectance is concentrated in
solar principal plane. In this case, additional assumptions could
be required to constrain the solution. Indeed, our first retrieval
attempts produced BRFs having angular shapes at short wave-
lengths that were significantly different from the BRF angular
shapes at longer wavelengths. In general, some wavelength
dependence of surface reflectance angular anisotropy is ex-
pected due to the spectral dependence of absorption and trans-
mittance of radiation by scattering elements (soil grains, green
leaves etc), which becomes important in the presence of
multiple scattering (e. g. Lyapustin et al., 2006). For example,
this is the case for vegetated surfaces, where transmittance and
absorption of radiation by green leaves are different in visible
and near-infrared parts of solar spectrum (e. g. Deering et al.,
1999). The contribution of multiple scattering within three-
dimensional vegetation structure is significant due, in particular,
to the non-zero transmittance of light by leaves. In the case of
soil surfaces, the absorption of radiation is stronger in the blue
part of spectrum, but there is little transmittance in all wave-
lengths. It reduces the amount of multiple scattered radiation,
and consequently its effect on spectral variability of bi-direc-
tional surface reflectance. This consideration is supported by the
results of Irons et al. (1992) where the spectral similarity in
angular shape of soil bi-directional reflectance factor was
experimentally observed. Therefore, we adopted some con-
straints on the spectral dependence of the BRF shape. This
strategy was suggested by Diner et al. (2005), who found that
forcing spectral invariance of the BRF angular shape improves
MISR aerosol and surface retrievals. Hence, in retrieving sur-
face reflectance at Solar Village we restricted the spectral
variability of the BRF angular shape a priori. Specifically, we
applied limitations on the derivatives of the spectral dependence
of the k and Θ parameters that determine the angular shape of
BRF in the RPV model. The strength of spectral smoothness
constraints is driven by the values of the corresponding
Lagrange multipliers (Eq. (4)) which could be adjusted once
more detailed a priori information on spectral variability of bi-
directional surface reflectance became available. These con-
straints are technically similar to those used by Dubovik and
King (2000) for constraining the spectral variability of the
complex refractive index of aerosol particles. The methodology
of using such constraints is described in details by Dubovik
(2004).

The left panel of Fig. 7 shows that BRF retrievals in the
0.44 μm spectral channel are consistent both in terms of reflec-
tance magnitude and shape. At longer wavelengths, the re-
trievals also agree well, especially at the BRF maximum. Some
discrepancy at the BRF wings could be partly explained by
differences in aerosol characterization. In the case of the joint
inversion, aerosol properties are strongly constrained by
ground-based measurements, whereas satellite-based retrievals
rely on a set of pre-selected aerosol models. The right panel of
Fig. 7 illustrates qualitatively good agreement among the
surface albedo retrievals.



Fig. 7. BRF and surface albedo retrievals at the Solar Village site. A homogeneous aerosol vertical distribution was assumed.

Fig. 8. Surface albedo time series, retrieved from joint AERONETand POLDER
observations, for Mongu during August 2003.

98 A. Sinyuk et al. / Remote Sensing of Environment 107 (2007) 90–108
3.4. Testing algorithm robustness

Aerosol loading, important in itself, is also a key factor
affecting the accuracy of surface reflectance retrievals. Indeed,
the sensitivity of top-of-atmosphere reflectance observations to
surface properties is reduced when aerosol optical depth is high
because the satellite signal is dominated by the aerosol con-
tribution. Therefore, one can expect that the strong aerosol
optical depth variability could affect the stability of BRF
retrievals, for example, by inducing temporal variability in
surface retrievals correlated with significant aerosol loading
variations. In this section we examine algorithm performance
under variable aerosol loading conditions.

We analyzed the time series of surface albedo retrievals
obtained for a time period when no significant variability of
surface reflectance is expected. In addition, high aerosol optical
depth temporal variability during the selected period provides
conditions favorable for testing algorithm robustness. Low
seasonal variability of surface properties is usually expected for
desert surfaces at the Solar Village AERONET site and at the
forest savanna Mongu site in the middle of the dry season
in August (e. g. Holben et al., 2001). The low-temporal-
variability-of-surface-reflectance assumption during certain
time periods is commonly employed by surface characterization
algorithms (e. g. Lyapustin et al., 2006). For instance, MODIS
uses a 16-day period to accumulate observations for BRF
retrievals (Schaaf et al., 2002).

Fig. 8 shows the temporal dependence of surface albedo
retrieved at the Mongu, using the three aerosol vertical
distributions described in Section 3.1. AERONET and POL-
DER observations were selected for the joint inversion because
they provide the largest number of collocated measurements.
The selected time period is characterized by strong temporal
aerosol loading variability; the optical depth at 0.44 μm ranges
from about 0.2 to 1. As is seen from Fig. 8, retrievals at longer
wavelengths are very stable, showing no dependence on aerosol
vertical distribution. In a contrast, at 0.44 μm the retrieved
surface albedo depends on the aerosol profile assumption and
also exhibits peaks correlated with variations in aerosol optical
depth. Such dependence of satellite observations, and conse-
quently surface retrievals, on aerosol vertical distribution can be
explained by contributions from multiple scattering interactions
between aerosol and vertically stable Rayleigh (molecular)
scattering (e. g. Gordon, 1997; Torres et al., 2005). The strength
of these interactions at a particular wavelength depends on the
magnitude of both the Rayleigh and aerosol optical depth. The
Rayleigh optical depth is high in near UV, and rapidly decreases
with wavelength, which explains the different surface retrievals
sensitivity to aerosol vertical distribution in the short and long
spectral channels. In spectral regions having strong Rayleigh
scattering, the sensitivity to aerosol vertical structure increases



Fig. 10. The same as Fig. 8, but for Solar Village site.
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with aerosol optical depth as illustrated in Fig. 8. The effect of
aerosol vertical distribution on surface retrievals is discussed in
the next section.

To better understand the nature of the peaks in surface albedo
temporal dependence at 0.44 μm the retrievals were plotted as a
function of aerosol optical depth in Fig. 9 and the surface albedo
retrievals were separated into two groups by aerosol optical
depth. The first group corresponds to optical depth values less
than 0.5 and the retrieved surface albedo does not exhibit
significant correlation with optical depth: R2 =0.15, 0.003, and
0.009 for the homogeneous aerosol distribution and Gaussian
aerosol profiles with the maxima at the ground level and at 3 km
respectively. The second group combines surface albedos re-
trieved at optical depth larger than 0.5, and demonstrates very
strong correlation: R2 =0.97, 0.93, and 0.72. This simple
analysis shows that at small and moderate aerosol optical
depth the surface retrievals are not significantly affected by
aerosol loading, which however becomes important for aerosol
optical depth above a certain threshold. In the Mongu case, this
threshold value is estimated to be between 0.65 and 0.85 at
0.44 μm, as illustrated by Fig. 9. For longer wavelengths, the
maximum aerosol optical depth is below the estimated limit
(0.54 and 0.30 at 0.67, and 0.87 μm respectively) which explains
the stability of the corresponding surface albedo retrievals.

As discussed before, decreased satellite measurement sen-
sitivity to surface properties is a possible reason for the cor-
relation between surface albedo retrieval and aerosol optical
depth. To evaluate that effect, we performed a number of nu-
merical tests. Ground-based and satellite observations were
simulated for aerosol optical depth at 0.44 μm varying from 0.7
to 2.5. These synthetic observations then were used as an input
to the inversion code, and errors in retrieved surface albedo
were analyzed. The analysis showed a significant loss of
sensitivity for values of aerosol optical depth larger than 1.5,
resulting in albedo retrieval errors greater than 0.02. Since the
observed optical depth values at Mongu are lower than 1.5 we
Fig. 9. Dependence of retrieved shortwave surface albedo on aerosol optical
depth, at the Mongu site.
conclude that the correlation of retrieved surface albedo with
optical depth cannot be explained by low satellite sensitivity to
surface reflectance. Instead, we considered the following factors
which could potentially contribute to the positive correlation of
retrieved surface albedo with aerosol optical depth: satellite
calibration errors, uncertainty in aerosol vertical distribution
and shadowing effect (Deering & Eck, 1987). The influence of
the first two factors on surface albedo retrievals was evaluated
by numerical tests using the following strategy. Ground-based
and satellite observations were simulated with a homogeneous
aerosol profile (Fig. 1) for two (minimal and maximal) values of
aerosol optical depth observed at Mongu site. Then constant
biases representing calibration errors have been added to
simulated satellite observations: ±4, 2, and 2% for 0.44, 0.63,
and 0.67 μm respectively (based on estimates from the
POLDER science team). These synthetic data were used as an
input for inversion, and the results were analyzed by comparing
the difference between the values of surface albedo retrieved
under two aerosol loadings to the corresponding difference
observed in the joint retrievals. The effect of uncertainty in
aerosol vertical distribution on surface albedo retrievals was
estimated by inverting synthetic observations with two Gauss-
ian profiles depicted in Fig. 1. The results of numerical tests
showed that positive correlation between the values of retrieved
surface albedo and aerosol optical depth could be achieved only
if the bias in satellite calibration is positive. Negative bias in
satellite calibration resulted in negative correlation of surface
albedo retrievals with aerosol loading regardless of assumed
aerosol profile. In the case of positive calibration bias, the
uncertainty in aerosol vertical distribution explained ∼97% of
surface albedo retrievals variability with aerosol loading ob-
served in the joint retrievals. The absolute error in retrieved
surface albedo at 0.44 μm varied with aerosol profile from
∼0.012 to 0.018 (low aerosol loading) and from∼0.021 to 0.04
(high aerosol loading). The results of numerical tests for longer
wavelength channels showed lower sensitivity of the sur-
face albedo retrievals to the combined uncertainty in satellite



Fig. 11. The same as Fig. 5, but for Solar Village site.
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calibration and aerosol vertical distribution with typical errors
less than 0.01.

Though the remaining 3% in observed variability of re-
trieved surface albedo with aerosol optical depth is at the level
of measurements accuracy we found it useful to mention one
more factor which could potentially contribute to the increase of
retrieved values of surface albedo with aerosol optical depth: the
shadowing effect, observed experimentally by Deering and Eck
(1987). According to Deering and Eck (1987), the effect is
important for surfaces having fractional leaf canopy coverage,
which is the case for Mongu (Fig. 6). For this type of surface,
the shadowing of background (soil, dead brown vegetation) by
the canopy decreases with increased aerosol optical depth, due
to the accompanying increase in diffuse sky irradiance, allowing
more radiation to be reflected by the background. Since the
background reflection in the visible is much higher than the
reflection by green leaves, the surface total scene reflectance
Fig. 12. The same as Fig. 10, but for two groups of POLDER angular sample
will be higher on the hazy days, as less background is covered in
shadows. Evaluation of the shadowing effect contribution is
difficult without estimation of its magnitude, which involves
theoretical modeling of atmospheric radiation interaction with
heterogeneous surface and is beyond the scope of this paper.

The temporal dependence of surface albedo retrieved at Solar
Village from the combination of AERONET and POLDER
observations is presented in Fig. 10. The surface albedo re-
trievals in all spectral channels show temporal variability that is
not correlated with variations in aerosol optical depth. This could
be explained by the difference in POLDER angular sampling for
different days. Fig. 11 shows that in terms of angular sampling,
all the POLDER observations used in the joint inversion can be
separated into two different groups having different sets of
relative azimuth angles: from∼50° to∼300° (group 1) and from
∼120° to ∼230° (group 2). Plotting the retrieval results sep-
arately for each group significantly reduces the temporal vari-
ability of surface albedo, as illustrated in Fig. 12.

Fig. 10 also shows that, in contrast to the Mongu case, the
surface albedo retrieved at 0.44 μm does not exhibit substantial
dependence on the assumed aerosol vertical distribution. This
could be explained by the difference in shortwave surface
albedo for these two sites: 0.06 and 0.14 in average for Mongu
and Solar Village, respectively. In the later case variations in
satellite signal due to changes in aerosol vertical distribution are
less important over a brighter surface reflectance background.
Additionally, aerosol optical depths are not as high for the Solar
Village case and the influence of the assumed vertical aerosol
profile increases as aerosol optical depth increases.

A numerical test for Solar Village was performed to study
whether the effect of the combined uncertainty in satellite cali-
bration and aerosol vertical distribution on the surface albedo
retrievals is consistent with the results of the joint inversion. The
absolute error in 0.44 μm surface albedo retrievals varies with
aerosol profile from ∼0.012 to ∼0.014 and from ∼0.014 to
∼0.024 for low and high aerosol optical depth respectively.
s. The right panel shows retrieval results for group 1, the left for group 2.



Fig. 13. Dependence on the AR parameter of the maximum retrieved surface
albedo difference produced by assumed aerosol vertical distribution. The AR
parameter is defined as the product of the aerosol and Rayleigh optical depths.
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This results in relative variability of the retrieved surface albedo
with aerosol loading on the order of 0.01 or less. For longer
wavelengths the typical error in surface albedo retrievals due to
this combined uncertainty is less than 0.01.

In conclusion, we would like to briefly discuss one more
factor that could affect both aerosol and surface retrievals at
0.44 μm: neglect of polarization in radiative transfer modeling
of atmospheric radiation. According to Lacis et al. (1998) and
Mishchenko et al. (1994), scalar approximation of radiative
transfer (e. g. DISORT used in this study) is known to introduce
errors in computed radiances. The error introduced by the use of
scalar code can reach 5–10% in both directions (over and under
estimation) especially for a clear atmosphere where Rayleigh
scattering dominates (Lacis et al., 1998). This effect is more
critical in the inversion of observations for low optical depth at
0.44 μm since aerosol and the land surface reflectance effect on
upward radiances reduces the overall polarization. The dis-
Fig. 14. Illustration of BRF retrieval sensitivit
crepancies observed in simulated radiances can reach 10% in
the backscattering, however the average bias observed is re-
duced due to a change of sign of the error, and typically is of the
order of 3%. To address that issue we plan to implement a newly
developed vector radiative transfer code (6SV, Kotchenova
et al., 2006) for joint inversion processing in the future.

3.5. Surface retrievals sensitivity to the aerosol model
assumptions

The theoretical assumptions made in radiative transfer
modeling of the Earth–atmosphere system could affect the
accuracy of both the aerosol and surface retrievals. Normally,
these assumptions are difficult to constrain without employing
additional information. In cases when such information is
unavailable or incomplete, the usual approach is to analyze the
sensitivity of retrieval results to the assumptions by varying the
corresponding parameters within physically reasonable ranges.
Here surface retrieval sensitivity to assumptions about aerosol
vertical distribution and particle shape is analyzed.

The absolute differences in surface albedo values retrieved
with different aerosol vertical distribution assumptions were
calculated for all the days and wavelengths of the cases shown
in Fig. 8. Then, the maximum differences were selected and
plotted as a function of the product of the aerosol and Rayleigh
optical depths, which we further reference as parameter AR, in
Fig. 13. This representation makes it possible to quantify the
effect of aerosol vertical distribution on surface albedo retrieval
without explicit dependence on wavelengths used for observa-
tions and demonstrates an exponential-like increase of the
maximum difference with parameter AR. The effect is very
small for long wave retrievals due to low values of Rayleigh
optical depth. At 0.44 μm there is a sharp increase in the
maximum difference with increasing parameter AR, caused by
the combined increase in Rayleigh and aerosol optical depth at
shorter wavelengths. In this case, for a value of parameter AR as
y to assumed aerosol vertical distribution.



Fig. 15. Illustration of surface retrieval sensitivity to assumed particle shape.

Fig. 16. Comparison between the surface albedo retrieved with the joint
inversion, for Mongu and Solar Village, and the surface albedo assumed by
version 1 of the AERONET aerosol retrieval algorithm.
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high as ∼0.15 (aerosol optical depth at 0.44∼0.7 μm), the
maximum difference in retrieved surface albedo due to the
assumed aerosol vertical distribution does not exceed 0.02, the
value often considered as an accepted tolerance error of climatic
models (e. g. Sellers, 1993). Further increase in the parameter
AR produces larger maximum differences, with a peak value of
0.035 for aerosol optical depth close to 0.85.

The aerosol vertical distribution assumption also affects the
retrieved shortwave BRF, as shown in Fig. 14 for two cases
having different aerosol loading. Under low aerosol loading,
changes in aerosol vertical structure result in only minor vari-
ability of both magnitude and angular shape of retrieved short-
wave BRF. For higher aerosol optical depth, the aerosol vertical
distribution significantly affects both the magnitude and the
angular shape of the 0.44 μm BRF, as illustrated by the right
panel of Fig. 14.

Numerous studies indicate the necessity of accounting for
particle non-sphericity in remote sensing of desert dust (e. g.
Dubovik et al., 2003; Herman et al., 2005; Kalashnikova et al.,
2005; Kalashnikova & Sokolik, 2002; Mishchenko et al., 2002).
The reflection of light by aerosol into the backscattering
hemisphere is particularly sensitive to particle non-sphericity.
Therefore, retrieving surface properties from satellite data, with
algorithms that assume spherical particles can misinterpret the
effect of particle non-sphericity as a change in surface
reflectance contribution. To account for aerosol particle non-
sphericity, we use the randomly oriented spheroids model
introduced in (Mishchenko et al., 1997). This simple model
reproduces the main light scattering features of natural mineral
dust particles by choosing the appropriate spheroid shape
distribution (Mishchenko et al., 1997) and was successfully
applied in operational AERONET retrievals (Dubovik et al.,
2002). In this study we use the refined spheroid mixture derived
by Dubovik et al. (2006), from laboratory polarimetric
measurements of Volten et al. (2001).

The particle shape sensitivity analysis was performed by
inverting joint observations at the Solar Village site. To ensure
that aerosol loading is mostly dominated by dust, only ob-
servations having Angstrom exponent less than 0.2 were used.
Retrievals were made using both spheroid and spherical models,
and the surface retrieval differences produced by these particle
shape assumptions were analyzed. The left panel of Fig. 15
shows that non-sphericity strongly affects the shape of the
retrieved BRF, producing a transition from a bowl-like shape for
spheres to a bell-like shape for spheroids. The difference is
significant for all spectral channels, and is due to the difference
in spherical and non-spherical aerosol phase functions. The
right panel of Fig. 15 shows that surface albedo retrievals are
almost independent of particle shape assumptions. This is
consistent with the BRF shapes, since angular differences at
large and small view angles compensate for each other.

4. Sensitivity of AERONET aerosol retrievals to surface
reflectance

The sensitivity of AERONET aerosol retrievals to surface
reflectance was first analyzed in Dubovik et al. (2000). It was
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Fig. 17. Illustration of particle size distribution retrieval sensitivity to different assumed surface reflectivities at the Mongu AERONET site. The left and right panels
present results for low and high aerosol loading, respectively. Error bars estimated in Dubovik et al. (2000) are depicted for the particle size distribution maximum in
the left panel.
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assumed that a 50% range in the prescribed ground albedo was
sufficient to cover the uncertainty in natural surface reflectance
variability. The analysis showed that for a Lambertian surface,
this level of uncertainty does not substantially affect the ac-
curacy of the retrieved aerosol parameters. Fig. 16 shows that
the difference between the surface albedo assumed in the
AERONEToperational retrievals and of albedo produced by the
joint inversion exceeds 50%, reaching ∼100% and 500% for
Mongu and Solar Village, respectively. This suggests that the
effect of surface reflectance assumptions on AERONET aerosol
retrievals should be reevaluated.

To assess the sensitivity of AERONET retrievals to surface
reflectance uncertainty, the observations at Mongu and Solar
Village sites were inverted with three different surface reflec-
tance models: 1) anisotropic reflectance, using the BRF re-
trieved from the joint set of ground-based and satellite
observations; 2) Lambertian reflectance, with surface albedo
Fig. 18. The same as Fig. 17, but for the real part of the refractive index. Error bars fo
calculated from retrieved BRF; 3) Lambertian reflectance, with
surface albedo assumed by version 1 of the AERONET
operational aerosol retrieval algorithm. To avoid retrieval de-
pendence on aerosol vertical distribution only almucantar mea-
surements were used in the analysis. For each site, two sets of
observations, having different aerosol loading conditions, were
selected. The BRF retrieved from the joint observations were
considered the true surface reflectance. Aerosol properties
derived using retrieved BRF are then compared to aerosol
retrievals obtained assuming surface reflectance models 2)
and 3).

Figs. 17, 18, and 19 show the particle size distribution, real
part of refractive index, and single scattering albedo respec-
tively, retrieved at the Mongu site. Each figure has two panels
presenting retrievals for low (left panel) and high (right panel)
aerosol loading. As illustrated by Figs. 17 and 18, the surface
reflectance underestimation (see Fig. 16) results in increased
r the version 1 AERONEToperational algorithm are from Dubovik et al. (2000).



Fig. 19. The same as Fig. 18, but for single scattering albedo.
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fine-mode particle concentration and an accompanying de-
crease in the real part of the refractive index. Apparently, the
algorithm compensates for the lower surface reflectance con-
tribution by increasing the contribution from the aerosols. The
decrease in the real part of the refractive index, coincident with
the increase of fine particle volume concentration, increases
the aerosol phase function at large scattering angles with-
out changing the aerosol optical depth (which is fixed by
AERONET direct-sun observations). The prescribed surface
reflectance uncertainty also decreases the imaginary part of the
refractive index (not shown). All of the above tendencies create
an increase in the retrieved values of single scattering albedo in
the AERONET operational retrieval algorithm version 1, as
illustrated in Fig. 19. It should be mentioned that the results of
numerical tests performed separately (not shown) produced the
same aerosol retrieval dependence on surface assumptions as
presented above.
Fig. 20. The same as Fig. 18,
Both the left and right panels of Figs. 17–19 show close
agreement between BRF based retrievals and retrievals based on
the surface albedo obtained by angular integration of BRF. This
means that at least for the same sun elevation, the Lambertian
surface assumption constitutes a reasonable approximation for
ground-based aerosol retrievals. However, using the same
surface albedo for different sun elevations may not be sufficient
because surface albedo varies as a function of solar zenith angle.

The errors in retrieved aerosol parameters due to surface
model 3) (AERONET operational algorithm, version 1) depend
on aerosol loading magnitude. As illustrated by the right panels
of Figs. 17–19, the errors are smaller for higher aerosol optical
depth, and lie within the error bars estimated by Dubovik et al.
(2000) as a result of perturbation by random measurement
errors, instrumental offsets and biases of the radiation model.
The left panels of the same figures, showing low aerosol optical
depth cases, demonstrate that uncertainties in retrievals of the
but for Solar Village site.
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particle size distribution maximum and retrievals of 0.44 μm
real part of the refractive index exceed the error limits predicted
by Dubovik et al. (2000). The retrieval results for single scat-
tering albedo, however, are very similar for both low and high
aerosol optical depth conditions (Fig. 19). This can be explained
by the fact that opposing tendencies in the variation of particle
concentration and the real part of the refractive index are partly
compensating each other. In this case, the main factor affecting
single scattering albedo is the reduction in the imaginary part of
the refractive index, which is similar for low and high aerosol
loading (∼25% and ∼20% on average for low and high aerosol
loading, respectively). The above results suggest that the
ground-based aerosol retrievals sensitivity to surface reflectance
decreases with increasing aerosol loading.

Sensitivity study results for Solar Village are presented in
Figs. 20 and 21 for the real part of the refractive index and single
scattering albedo, respectively. Particle size distribution retrie-
vals are not shown because they do not exhibit any substantial
dependence on surface reflectance. As is seen from Figs. 20
and 21, aerosol retrieval dependence on surface assumptions are
generally similar to those observed in the tests for the Mongu
site (Figs. 17–19). Namely, the retrievals obtained with BRF
and BRF-based surface albedo are in good agreement for both
low and high aerosol loadings, and the effect of surface re-
flectance decreases with increased aerosol optical depth. The
errors in aerosol parameters retrieved by using the AERONET
operational version 1 surface model, however, are larger than in
the Mongu case because the prescribed surface reflectance error
is larger. For example, to compensate for surface albedo under-
estimation, it requires ∼85% and 70% decrease in imaginary
part of the refractive index (0.07 and 0.05 increase in real part of
refractive index) at low and high aerosol loading, respectively.
This produces larger errors in the retrieved real part of the
refractive index than were estimated by Dubovik et al. (2000).
This is also the case for single scattering albedo retrievals at low
aerosol optical depth. However, as shown in the right panel of
Fig. 21, increased aerosol loading brings the single scattering
Fig. 21. The same as Fig. 19,
albedo retrieval errors for the long wave channels within the
error bars of Dubovik et al. (2000).

5. Summary and conclusions

5.1. Retrieval method

A method for simultaneously retrieving aerosol and surface
properties from a combination of ground-based and satellite
observations was developed, taking advantage of complemen-
tary information from up- and down-looking observations of the
same atmospheric column. This approach allows for a robust
retrieval of both aerosol and surface properties.

The method retrieves particle size distribution, complex
refractive index, and single scattering albedo along with bi-
directional surface reflectance. Aerosol retrieval properties are
parameterized in the same manner as in Dubovik and King
(2000). Surface reflectance is modeled using the analytical RPV
formulation (Rahman et al., 1993). The inversion is performed
by a modified version of the AERONET retrieval algorithm,
based on simultaneously fitting the entire data set of measure-
ments and a priori constraints with a theoretical model
(Dubovik & King, 2000).

The method was applied to combinations of AERONET
measurements and observations from MISR, MODIS, and
POLDER-2 satellite sensors over two AERONETsites: primarily
smoke over Mongu, Zambia, and dust over Solar Village, Saudi
Arabia. In all cases, the algorithm fit both ground-based and
satellite observations by the theoretical model to the level of
measurement accuracy (the values of residual were below 3–5%).

5.2. Surface retrievals

Applying the algorithm to AERONET data combined with
observations by different satellite instruments (MODIS, MISR,
and POLDER-2) produced relatively consistent surface prop-
erty retrievals. Specifically, analyzing the retrieval results at
but for Solar Village site.
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Mongu and Solar Village, we found good agreement in both the
angular and spectral characteristics of the retrieved BRF. A
minor observed discrepancy between the MISR and POLDER-
based retrievals in reflectance magnitude at longer wavelengths
at Mongu was likely due to differences in satellite geo-location,
spatial resolution, and angular sampling. To address the ob-
servational limitations of both the MISR and POLDER mea-
surements over Solar Village (the observation planes are far
from solar principal plane), spectral invariance of the BRF
angular shape was employed as an additional constraint. Spe-
cifically, we imposed spectral smoothness constraints on the
RPV model parameters responsible for the angular shape of
BRF. This allowed us to improve the BRF and surface albedo
retrievals at short wavelengths.

5.3. Testing algorithm robustness

The robustness of the algorithm was tested by analyzing time
series of retrieved surface albedo for both selected AERONET
sites during periods with no significant seasonal changes of
surface reflectance and high variability of aerosol loading
(τ(0.44)=∼0.2–1.0 and∼0.28–0.67 at 0.44 μm for Mongu and
Solar Village respectively). At Mongu, the retrievals at long
wavelengths are very stable, having no significant temporal
variability and no dependence on assumed aerosol vertical
distribution. In contrast, retrievals at 0.44 μm showed depen-
dence on the assumed aerosol profile, and exhibited temporal
variability correlated with changes in aerosol optical depth. The
correlation is small for low and moderate aerosol loading but
increases significantly with an increase in aerosol optical depth
above some boundary values between 0.65 and 0.85. This
temporal variability could not be explained by a loss of surface
reflectance sensitivity in the satellite observations, because the
numerical simulations showed that a significant decrease in
surface albedo retrieval accuracy occurs only for τ(0.44) ∼1.5
or higher. The analysis suggests that this correlation can
be attributed to the combined effect of the errors in satellite
radiometric calibration and uncertainty in aerosol vertical
distribution.

Results of similar analysis for Solar Village showed that
surface albedo retrievals at all the wavelengths exhibit some
temporal variability that is not correlated with aerosol optical
depth variability. This dependence can be explained by the
difference in satellite angular sampling for different days. The
surface retrievals at Solar Village did not exhibit substantial
dependence on aerosol vertical distribution, as expected over
the highly reflective desert surface. In addition, the range of
aerosol optical depth was relatively small, which also reduces
the expected influence of aerosol vertical distribution.

5.4. Sensitivity of surface retrievals to assumptions in the
aerosol model

Surface retrieval sensitivity to the aerosol vertical distribu-
tion and aerosol particle shape assumptions was analyzed. The
analysis showed that the assumption of aerosol vertical dis-
tribution affects the surface retrieval only at short wavelengths,
where the error increases with increased aerosol loading. For
example, surface albedo uncertainty due to an assumed aerosol
profile retrieved at 0.44 μm reaches 0.035 for an aerosol optical
depth ∼0.85. However, for a value of aerosol optical depth
∼0.7, the error was lower than 0.02. A similar tendency was
found for the retrieved angular shape uncertainty in the
shortwave BRF. We showed that desert dust aerosol non-
sphericity significantly affects the angular shape of the retrieved
BRF. For example, a transition from a bowl-like BRF shape for
spheres to a bell-like BRF shape for spheroids was observed. At
the same time, we found very weak retrieved surface albedo
dependence on particle shape assumptions.

5.5. Sensitivity of AERONET aerosol retrievals to surface
assumptions

From the joint inversion, the surface BRF retrieval results
were used to reevaluate the AERONET operational aerosol
retrieval uncertainty due to the assumed surface reflectance. The
motivation for this was the fact that results of the surface BRF
retrieval revealed higher uncertainty in AERONET surface
assumptions then those used in sensitivity studies by (Dubovik
et al., 2000). Also, the previous study did not consider the
aerosol retrieval uncertainties caused by neglecting surface
reflectance directionality. Our analysis showed that accounting
for anisotropic surface reflectance is not critical for AERONET
retrievals, whereas the error in surface reflectance magnitude
may have a significant effect on retrieved aerosol properties. For
example, the largest errors were encountered for the real part of
the refractive index (∼0.05–0.07) retrievals, when the aerosol
optical depth was small (∼0.4 at 0.44 μm). The retrieved single
scattering albedo uncertainties were within the error bars (0.03)
estimated in Dubovik et al. (2000), with the exception of the
0.44 μm retrievals for the desert dust case. As expected, dif-
ferences between the AERONET/satellite joint data retrieval
and the AERONET operational aerosol retrieval (which relies
on assumed surface properties) decreased with increasing
aerosol loading.
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