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Abstract. A new aerosol retrieval algorithm using multi-
angular total and polarized measurements is presented. The
algorithm retrieves aerosol optical depth (AOD), fine-mode
fraction (FMF) for studying the impact of aerosol on climate
change. The retrieval algorithm is based on a lookup table
(LUT) method, which assumes that one fine and one coarse
lognormal aerosol modes can be combined with proper
weightings to represent the ambient aerosol properties. To
reduce the ambiguity in retrieval algorithm, the key charac-
teristics of aerosol model over East Asia are constrained us-
ing the cluster analysis technique based on the AERONET
sun-photometer observation over East Asia, and the fine and
coarse modes are not fixed but can vary. A mixing model
of bare soil and green vegetation spectra and the Nadal and
Breon model for the bidirectional polarized reflectance fac-
tor (BPDF) were used to simulate total and polarized surface
reflectance of East Asia. By applying the present algorithm
to POLDER measurements, three different aerosol cases of
clear, polluted and dust are analyzed to test the algorithm.
The comparison of retrieved aerosol optical depth (AOD)
and fine-mode fraction (FMF) with those of AERONET sun-
photometer observations show reliable results. Preliminary
validation is encouraging. Using the new aerosol retrieval al-
gorithm for multi-angular total and polarized measurements,
the spatial and temporal variability of anthropogenic aerosol
optical properties over East Asia, which were observed dur-
ing a heavy polluted event, were analyzed. Exceptionally
high values of aerosol optical depth contributed by fine mode
of up to 0.5 (at 0.865 µm), and high values of fine-mode frac-
tion of up to 0.9, were observed in this case study.

1 Introduction

The impact of aerosol on climate change is considered as one
of the main uncertainties in climate modeling, which has led
to large efforts for improving their global monitoring (An-
derson et al., 2003; Andreae et al., 2005; Charlson et al.,
1969; IPCC, 2007). Climate change research requires knowl-
edge of anthropogenic component of aerosol, which can be
considered as an external cause of climate change (Charl-
son et al., 1992; Hansen et al., 1997). To obtain an estimate
of aerosol direct radiative forcing (DRF), a measure of the
anthropogenic aerosol loading and knowledge of their size
distributions and refractive indices are needed (Hansen et al.,
1998; Haywood and Boucher, 2005; Bellouin et al., 2005).

Even though the significance of aerosol in climate change
is well recognized and several efforts have been made to
model their characteristics, there exist large uncertainties
(Kaufman et al., 2002; Costa et al., 2004; Bellouin et al.,
2008). One of the greatest challenges in studying aerosol
impacts on climate is the immense diversity, not only aerosol
size, composition, and origin, but also in spatial and temporal
distribution (Bates et al., 2001; Dubovik et al., 2002a, 2008).
One consequence of this heterogeneity is that the impact of
aerosol on climate change must be understood and quantified
on a regional rather than just a global-average basis (Delene
and Ogren, 2002; Mishchenko and Geogdzhayev, 2007).

Yet most assessments of aerosol DRF are based only on
climate models since satellite instruments do not directly
measure the anthropogenic aerosol properties. Although
models are compared and validated against observations,
their estimates of aerosol DRF remain uncertain (Chin et al.,
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2002; Hansen et al., 2011). Kaufman et al. (2005) estimated
aerosol anthropogenic component over ocean from MODIS
measurements, which use the aerosol optical depth and the
fine-mode fraction of aerosol over ocean to derive the an-
thropogenic optical depth.

The fine-mode fraction of aerosol retrieved by satellite is
unfortunately not considered reliable over land surfaces (An-
derson et al., 2005, 2006), where the main aerosol sources
are located, because of the difficulty in discriminating the
aerosol contribution from the ground in top of the atmo-
sphere measurements (Diner et al., 2005; Hauser et al.,
2005; Kokhanovsky et al., 2007, 2010; Mishchenko and
Geogdzhayev, 2007). The multi-angle polarized measure-
ments provide an alternative and robust approach for the
study of aerosols over land (Deuzé et al., 2001; Chowdhary
et al., 2005; Hasekamp and Landgraf, 2005, 2007; Cheng
et al., 2011). Indeed, the polarized surface contribution is
smaller than, or equal to, the atmospheric contribution (Wa-
quet et al., 2009b; Litvinov et al., 2010). Moreover, polar-
ization measurements are highly sensitive to aerosol proper-
ties as shown in different experimental and theoretical stud-
ies (Mishchenko and Travis, 1997; Cheng et al., 2010).
Retrievals of aerosol properties from multi-angular, multi-
spectral, and polarized measurements can take advantage of
the different angular and polarized reflectance signatures of
the surface and aerosol properties (Deuzé et al., 2001; Wa-
quet et al., 2007, 2009a; Litvinov et al., 2011). Deuzé et
al. (2001) developed POLDER retrieval algorithm only using
polarized reflectance at two visible spectral channels oriented
on rapid operational processing. Dubovik et al. (2011) devel-
oped a retrieval algorithm as an attempt to enhance aerosol
retrieval by emphasizing statistical optimization in inversion
of data from satellite sensors with spectral multi-angle po-
larimetric observations using statistically optimized inver-
sion algorithm, which are time-consuming and challenging
for implementation until now. Hasekamp et al. (2011) simul-
taneously retrieved aerosol properties and ocean parameters
based on the PARASOL measurements over the ocean.

East Asia is a unique area in terms of photochemistry and
aerosol loading. More research is clearly needed to better
understand and accurately quantify East Asian regional cli-
mate effects. One of the more critical problems is the lack
of data characterizing the optical and physical properties of
tropospheric aerosols and their temporal and spatial distribu-
tions. The research presented in this paper aims to prospect
the possibility of simultaneously retrieving the spectral AOD
and fine-mode fraction (FMF) using polarized remote sens-
ing and to characterize the optical and physical properties
of tropospheric aerosols and their temporal and spatial dis-
tributions over East Asia. In Sect. 2 the retrieval algorithm
for spectral AOD and fine-mode fraction (FMF) using multi-
angular, multi-spectral, total and polarized remote sensing
measurements is introduced. The description of the aerosol
optical properties and surface reflectance over East Asia are
also presented in Sect. 2. In Sect. 3, three different aerosol

cases of clear, polluted and dust are analyzed to test the al-
gorithm. Analysis and validation of the results are presented
in Sect. 4. In Sect. 5, the spatial and temporal variability of a
heavy polluted event over East Asia were analyzed using the
algorithm. The conclusions of the paper are summarized in
Sect. 6.

2 Aerosol retrieval algorithm

2.1 The East Asian regional aerosol retrieval algorithm

Over land surface, the PARASOL aerosol operational re-
trieval is based on polarized measurements at 0.670 and
0.865 µm (Deuze et al., 2001). Contrary to the total radi-
ances, polarized reflectance of surfaces is small and fairly
spectrally independent (Nadal and Breon, 1999; Maignan et
al., 2009), and the atmospheric contribution is larger than
the surface polarized reflectance. As discussed by Deuze et
al. (2001), utilization of only polarized observations allows
one to derive aerosol properties and to avoid the challenging
issue of separation of surface and aerosol contributions into
the total reflectance. The aerosol operational algorithm over
land is based on a best fit between polarized measurements
at 0.670 and 0.865 µm and look-up tables of simulated satel-
lite signals pre-computed for aerosol within the accumulation
mode and underlying surface contributions, which can make
rapid operational processing of satellite images.

The aerosol models used in the land operational algo-
rithm are considering aerosols within only the accumula-
tion mode (fine mode), and the contribution of the coarse
mode is neglected. Although larger aerosol particles, such as
desert dust, almost do not polarized sunlight and are there-
fore hardly detected from polarization measurements, the
coarse mode can contribute to the polarization and may lead
to misinterpretation of the retrieved AOD. The refractive in-
dex is taken equal to 1.47–0.01i, which corresponds to a
mean value for aerosols resulting from biomass burning or
pollution events (Dubovik et al., 2002a). The surface con-
tribution depends on the surface type, bare soils or vege-
tated areas, and is estimated from a relationship using empir-
ical coefficients adjusted for the different classes of land sur-
faces according to the main IGBP (International Geosphere-
Biosphere Programme) biotypes and the NDVI.

The PARASOL operational algorithm has successfully
provided valuable aerosol retrievals from POLDER observa-
tions; however, the operational retrieval algorithm over land
only considered aerosols within the accumulation mode (fine
mode) and the contribution of the coarse mode is neglected.
This may lead to misinterpretation of the retrieved AOD, re-
turning only fine mode AOD, not total AOD, and definitely
not fine mode fraction. To avoid this problem, the proposed
retrieval algorithm uses the best combination LUT with fine
and coarse mode aerosol model based on AERONET sun-
photometer observation over the East Asian region. This
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Table 1. Dimensions of LUTs for aerosol retrieval.

Variable name No. of entries Entries

Wavelength 3 0.490 µm, 0.675 µm, 0.870 µm
Solar zenith angle (degree) 21 0, 4, 8, ...., 80
View zenith angle (degree) 21 0, 4, 8, ..., 80
Relative azimuth angle (degree) 37 0, 5, 10, ..., 180
AOD 10 0, 0.1, 0.2, 0.3, 0.5, 0.8, 1.0, 1.2, 1.5, 2.0
FMF 11 0, 0.1, 0.2, ..., 1

study is focusing on an improvement of the aerosol model
to reflect local characteristics and its integration within the
retrieval procedure. The two main aerosol parameters (AOD
and FMF) were simultaneously retrieved using POLDER
measurements (Deschamps et al., 1994) to study the aerosol
effect on climate change.

The algorithm uses the total and polarized radiances at
0.670 and 0.865 µm and assumes that the size distribution
follows a combination of two lognormal aerosol size distri-
butions, one in the fine or accumulation mode and one in the
coarse mode. The important advantage of the multi-angular,
multi-spectral, total and polarized radiation measurements
enables us to retrieved aerosol optical depth with size infor-
mation simultaneously.

The atmosphere-surface system is assumed as plane par-
allel, so the optical properties of atmosphere and surface
depend only on the vertical coordinate (Hansen and Travis,
1974). A vector radiative transfer model is used with the cor-
responding geometry (θs , θv, ϕ) for the given aerosol optical
depth and other aerosol optical properties (single scattering
albedo, asymmetry parameter). In this study, the RT3 vector
radiative transfer mode (Evans and Stephens, 1991) is used,
which simulates radiation fields in the atmosphere-land sys-
tem assuming plane parallel atmosphere.

A lookup tables (LUT) approach is adopted to retrieve
AOD and FMF. The LUTs are constructed based on ex-
tensive analysis of aerosol optical properties obtained from
AERONET sun-photometer observations (Holben et al.,
1998).

The algorithm of this paper assumes that one fine and
one coarse lognormal aerosol mode can be combined with
proper weightings to represent the ambient aerosol proper-
ties (Remer et al., 2005). There are six fine modes and six
coarse modes in the algorithm. In order to improve the ac-
curacy of aerosol retrieval using remote sensing, the fine and
coarse aerosol mode size distribution are determined based
on extensive analysis of aerosol optical properties obtained
from AERONET sun-photometer observations (Dubovik and
King, 2000) over East Asia.

The inversion is based on determining which of the
36 combinations of fine and coarse aerosol models and their
relative optical contributions best mimics the TOA spectral
polarized measurements. The total and polarized reflectance
from each mode is combined as follows (Wang and Gordon,
1994):

RLUT (τ, θs, θv, ϕr) = FMF · Rfine (τ, θs, θv, ϕr)

+ (1 − FMF) · Rcoarse(τ, θs, θv, ϕr) (1)

whereRLUT (τ , θs, θv, ϕr) is the weighted average total and
polarized reflectance of an atmosphere with a pure fine mode
and optical depth and the total and polarized reflectance of
an atmosphere with a pure coarse mode with the same optical
depth.

The dimensions of calculated LUT are summarized in
Table 1.

Figure 1 represents the flowchart of POLDER algorithm
to simultaneously retrieve aerosol optical properties. In the
algorithm, cloud pixels are detected and masked out first
since the accuracy of aerosol properties retrievals is sub-
ject to cloud masking due to its strong signal. To deter-
mine clear sky pixels and heavy aerosol plumes, cloud pixels
were filtered out using the POLDER clear sky discrimina-
tion method (Bŕeon, and Colzy, 1999), which used relaxed
threshold value and the 3× 3 pixel technique or inhomoge-
neous cloud detection.

From the LUT of total reflectance, TOA reflectance at
0.490 µm and surface reflectance contribution, the initial to-
tal AOD are retrieved using the least mean squares fitting
method. After that, the initial total AOD, LUT of po-
larized reflectance, TOA polarized reflectance at 0.675 µm,
0.870 µm, and surface polarized reflectance contribution are
used to retrieve the FMF for combination of fine- and coarse-
mode, and the adjusted total AOD.

The retrieval algorithm employs the least mean squares fit-
ting method in the form of a series of numerical iteration
procedures to search for the computed total and polarization
reflectance that best match the measured total and polarized
reflectance. The residual term is defined as:
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Fig.1. Flowchart of aerosol optical properties from multi-angular, multi-spectral, total and 

polarized radiation measurements from POLDER 
Fig. 1. Flowchart of aerosol optical properties from multi-angular,
multi-spectral, total and polarized radiation measurements from
POLDER.
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16∑
n=1

[
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0.490µm
comp (λ, AOD, FMF, µs, µv, 1φ)

− R
0.490µm
mea (λ, AOD, FMF, µs, µv, 1φ)

]2
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comp (λw, AOD, FMF, µs, µv, 1φ)

− R
p
mea (λw, AOD, FMF, µs, µv, 1φ)

]2
(2)

wherew is the number of spectral bands, andn is the scatter-

ing angle observations for each pixel.R
0.490µm
comp andR

0.490µm
mea

are computed and measured total reflectance at 0.490 µm;
R

p
comp andR

p
mea are computed and measured polarized re-

flectance at 0.675 µm and 0.870 µm, respectably.µs is the
cosine of solar zenith angle,µv is the cosine of view zenith
angle, and1φ is the relative azimuth angle, respectively. A
liner mixing model of vegetation and bare soil spectra (von
Hoyningen et al., 2003) were used to estimated surface re-
flectance, while the Nadal and Breon (1999) was used to es-
timate the polarized reflectance.

2.2 Sensitivity study

In order to test the ability of the inversion algorithm, we have
studied the relationship between the polarized reflectance
at 0.675 µm, 0.870 µm based on the numerical simulation

Table 2. Detailed parameters of fine model and coarse model.

Aerosol rm (µm) S m (0.675 µm) m (0.870 µm)
models

Fine 0.192 0.504 1.47–0.010i 1.47–0.010i
Coarse 2.580 0.568 1.53–0.003i 1.53–0.003i
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Fig. 2. Two-dimensional polarized reflectance correlation diagram
in terms of the FMF (0.0, 0.2, 0.4, 0.6, 0.8, 1.0) and AOD (0.0,
0.1, 0.2, 0.3, 0.5, 0.8, 1.0, 1.2, 1.5, 2.0) for two wavelengths of
0.675 µm, 0.870. µm in the calculation for a solar zenith angle is
50◦, a satellite viewing angle is 30◦, and the azimuth relative angle
is 180◦, the type of the surface is black surface.

(LUT) as a function of aerosol optical depth, and FMF
(Fig. 2). The solar zenith angle is 50◦, the satellite view-
ing angle is 30 ˚ , and the azimuth relative angle is 180◦.
The solid lines represent constant FMF (from 0.0 to 1.0),
while the symbols on the solid lines represent different AOD
(from 0.0 to 2.0). The parameters of aerosol models are listed
in Table 2. The type of surface is black surface, so the contri-
bution of surface to reflectance and polarized reflectance can
be neglected.

From the 2-dimensional diagram for a given geometry, it
is noted that there is a strong sensitivity of the combination
of polarized reflectance at 0.675 µm, 0.870 µm to FMF when
the AOD is confirmed. The sensitivity to FMF decrease with
the AOD decrease, and the accuracy of retrieved FMF is very
low when the AOD is smaller than 0.1 at 0.870 µm. There
is also a strong sensitivity of the combination of polarized
reflectance at 0.675 µm, 0.870 µm to AOD when the FMF is
confirmed, especially for higher FMF (fine aerosol mode),
and the sensitivity to AOD decrease with the AOD increase,
which means it is very hard to accurately detect the AOD
with AOD lager than 1.5 at 0.870 µm. The sensitivity to FMF
is larger than that of AOD, so the FMF can be retrieved using
the initial total AOD from radiance measurements, and then
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the adjusted total AOD can be retrieved using the FMF. The
accuracy of the FMF can be accepted when the AOD is larger
than 0.1 at 0.870 µm, and the AOD cannot be detected when
the AOD is larger than 1.5 at 0.870 µm.

2.3 Aerosol models over East Asia

Aerosols with different properties originate from various
sources: sea-salt particles, desert dust, biomass burning
and industrial combustions. Aerosols are characterized by
their shape, their size, their chemical composition and total
amount, which in turn determine their radiative properties. In
a good approximation, the optical properties of a particle are
determined by the refractive index and size distribution. The
refractive index depends on the chemical composition of the
particles.

Wang and Gordon (1994) described a method by which
the aerosol component of the radiance at TOA can be synthe-
sized from the radiances generated by individual components
of the aerosol size-refractive-index distribution. The method
is exact in the single-scattering approximation and usually re-
produces the aerosol contribution with an error<2–3 % (and
only rarely >3–4 %) for aerosol optical thickness as large
as 0.5 at 865 nm. Only when the aerosol is strongly absorb-
ing can the method fail. They concluded that the method can
provide a basis for the estimation of aerosol properties with
Earth-orbiting sensors.

In this paper, we used the Wang and Gordon method to
calculate the aerosol component of the radiance at TOA by
synthesizing the radiances generated by individual compo-
nents of the fine mode and coarse mode. The aerosol size
distribution used in this study for the fine and coarse model
is the mono-modal lognormal size distribution described as
follows by Eq. (3),

dV (r)

d ln r
=

C

S
√

2 π
exp

(
−

[ln (r/rm)]2

2 S2

)
, (3)

whereC is the volume concentration,rm is the volume me-
dian logarithm of the radius, andS is the standard devia-
tion of the logarithm of the radius. In order to improve the
aerosol model of retrieval algorithm to reflect local charac-
teristics, the detailed parameters of fine model and coarse
model size distribution of this study are retrieved from the
regional aerosol modes of East Asia based on the AERONET
measurements.

Lee and Kim (2010) have studied the aerosol models using
the cluster analysis technique (Omar et al., 2005) based on
the AERONET sun-photometer observation over East Asia.
They defined six aerosol optical modes with the bimodal log-
normal size distribution. Each aerosol model has somewhat
different values of refractive index at particular wavelengths,
median particles radius, and standard deviation of size dis-
tribution. The six cluster aerosol models of East Asia can
represent realistic possibilities of the aerosol properties. The

Table 3. Detailed parameters of fine model and coarse model.

Aerosol rm (µm) S m (0.675 µm) m (0.870 µm)
models

Fine 1 0.219 0.531 1.480–0.0086i 1.485–0.0088i
Fine 2 0.257 0.535 1.483–0.0074i 1.483–0.0078i
Fine 3 0.208 0.619 1.549–0.0024i 1.537–0.0023i
Fine 4 0.192 0.504 1.458–0.0100i 1.468–0.0102i
Fine 5 0.177 0.474 1.472–0.0088i 1.482–0.0090i
Fine 6 0.162 0.538 1.535–0.0037i 1.536–0.0036i
Coarse 1 2.724 0.583 1.480–0.0086i 1.485–0.0088i
Coarse 2 2.580 0.568 1.483–0.0074i 1.483–0.0078i
Coarse 3 2.915 0.618 1.458–0.0100i 1.468–0.0102i
Coarse 4 2.265 0.656 1.472–0.0088i 1.482–0.0090i
Coarse 5 2.286 0.594 1.535–0.0037i 1.536–0.0036i
Coarse 6 2.241 0.531 1.549–0.0024i 1.537–0.0023i

The size distribution parameters are based on a lognormal distribution. “m” is the

refractive index at the 0.675, 0.870 µm wavelengths.

detailed parameters of the fine and coarse model of this study
are retrieved from the six cluster aerosol models of East Asia,
which are described in Table 3.

The complex refractive index and size distributions as
given by aerosol models were used to study the scatter-
ing properties of aerosol particles (single scattering albedo,
asymmetry parameter and the phase matrix). The fine aerosol
models are assumed to be spherical particles which can use
the Mie model (Wiscombe, 1981) to calculate the scattering
properties of the model. The coarse aerosol models are as-
sumed to be spheroids particles which can use the T-matrix
and geometric-optics-integral-equation to calculate the scat-
tering properties of the model (Dubovik et al., 2002b).

2.4 Surface reflectance

A precise estimate of the radiation (including polarization
of radiation) reflected by the surface is crucial for remote
sensing of aerosol properties over land. The operational
aerosol retrieval algorithm by Deuze et al. (2001) over land
relies only on the PARASOL measurements of polarized re-
flectance and, correspondingly, it does not consider the de-
tailed directional scattering properties of total reflectance by
land surface.

The modeling of the reflectance by the land sur-
face has been adjusted to the needs of newly developed
POLDER/PARASOL retrieval. A liner mixing model of veg-
etation and bare soil spectra (von Hoyningen et al., 2003)
was used to estimated surface reflectance using the follow-
ing expression:

ρsurf(λ) = ω
[
NDVI · ρVeg(λ) + (1 − NDVI) · ρSoil(λ)

]
(4)

whereλ is the wavelength,ρVeg(λ) and ρSoil(λ) are spec-
tral reflectance of “green vegetation” and “bare soil”, respec-
tively. ω is the empirical weighting factor for the surface
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Table 4. Detailed parameters of Nadal and Breon model.

Surface type NDVI α × 100 β

0–0.15 0.70 120

Forest 0.15–0.3 0.75 125
≥0.3 0.65 120
0–0.15 1.50 90

Shurbland 0.15–0.3 0.95 120
≥0.3 0.70 140
0–0.15 1.30 90

Low vegetation 0.15–0.3 0.95 90
≥0.3 0.75 130

Desert 0-0.15 2.5 45
≥0.15 2.5 45

reflectance level at 0.66 µm, which can be used tune spectral
surface reflectance.

This method is useful in surface reflectance determina-
tion because it accounts for the dependence of the surface
reflectance on the vegetation fraction and scattering angle.
Thus, the method enables the investigation of AOT over
land, yielding the regional turbidity situation as well as the
identification of aerosol sources like large cities, large fire
plumes, haze, small scale dynamical events and also thin cir-
rus clouds.

Many experimental studies have shown that surface-
polarized reflectance is mainly generated by single reflec-
tion of incident radiation off surface facets. Most theoreti-
cal models developed for approximating observed BPDF are
based on the Fresnel equations of light reflection from the
surface. For example, Nadal and Breon have proposed sim-
ple two-parameter non-linear function of the Fresnel reflec-
tion for characterization of atmospheric aerosol over land
surface based on POLDER observations of land surface.
Based on these observations, the bidirectional polarized re-
flectance distribution functions (BPDF) of different surface
have been developed for vegetation cover and bare soil.

The choice of BPDF model is of crucial importance be-
cause land surface exhibit a wide variety of architecture and
radiative properties. In this study, the experimental model
of Nadal and Breon (1999) – based on NDVI classification
– was used to estimate the polarized reflectance in study re-
gion. From the observations collected by the POLDER in-
strument between November 1996 and June 1997, Nadal and
Bren developed a semi-empirical model of the surface polar-
ized reflectance:

Rsurf
p (θs, θv, ϕr) = α

[
1 − exp

(
−β

Fp(γ )

µs + µv

)]
(5)

where α and β are empirical coefficients that are deter-
mined by the normalized difference vegetation index of the
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RGB image (0.44, 0.565, 0.675m) capture by POLDER-20/03/2010 

 

Total AOD at 0.870m 

 

FMF 

Fig.3 Retrieved products from multi-angular, multi-spectral, total and polarized measurements on 

March 20, 2010 

Fig. 3. Retrieved products from multi-angular, multi-spectral, total
and polarized measurements on 20 March 2010.

observed surface and the ground type classification given by
high space resolution airborne remote sensing data. Table 4
shows the detailed parameters of Nadal and Breon model cor-
responding to typical surface type.

It should be noted, however, that the von Hoyningen et
al. (2003) and Nadal and Breon (1999) formulations, chosen
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RGB image (0.44, 0.565, 0.675m) capture by POLDER-06/10/2010 

 

Total AOD at 0.870m 

 

FMF 

Fig.4 Retrieved products from multi-angular, multi-spectral, total and polarized measurements on 

October 06, 2010 

 

Fig. 4. Retrieved products from multi-angular, multi-spectral, total
and polarized measurements on 6 October 2010.

as primary models for BRDF and BPDF in the present algo-
rithm, have limited accuracy (e.g. see Litvinov et al., 2010,
2011). For example, the von Hoyningen et al. (2003) method
with using NDVI is that NDVI calculated from top of at-
mosphere radiances is affected by aerosol. In heavy aerosol
loading, NDVI decreases and the fraction of bare soil will
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RGB image (0.44, 0.565, 0.675m) capture by POLDER-25/10/2010 

 

Total AOD at 0.870m 

 

FMF 

Fig.5 Retrieved products from multi-angular, multi-spectral, total and polarized measurements on 

October 25, 2010 

4. Analysis and validation 

Fig. 5. Retrieved products from multi-angular, multi-spectral, total
and polarized measurements on 25 October 2010.

be artificially increased. In order to improve the accuracy
of the von Hoyningen et al. (2003) method, the NDVI were
derived from the PARASOL measurements on the clear-sky
conditions over a 30 day period.
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 Fig.6. Comparison of Total AOD and FMF retrieved present regional algorithm with those of 

AERONET observations at Beijing and Xianghe from September to December in 2010. 

 

Fig. 6. Comparison of Total AOD and FMF retrieved present regional algorithm with those of AERONET observations at Beijing and
Xianghe from September to December in 2010.

3 Retrieval results

To evaluate the performance of the developed algorithm,
three different aerosol cases are selected, and retrieval of
aerosol optical depth and fine-mode fraction is performed
by using TOA multi-angular, multi-spectral, total and polar-
ized measurements. Figures 3–5 show the false-color images
captured by the POLDER on PARASOL satellite, AOD, and
FMF from the developed algorithm on 20 March, 6 October,
and 25 October in 2010, respectively.

Figure 3 shows dust case on 20 March 2010 with thick
yellowish aerosol layer in the true-color image. The AOD at
0.870 µm increases over 1.0, and the FMF ranges from 0.2
to 0.3 inferring mixed cases dominate with coarse-mode.
Figure 4 shows the thick aerosol layer with AOD over 1.0 is
observed over North China Plain with grayish and brownish
color in true-color image. The FMF ranges from 0.6 to 0.9
representing the dominance of fine mode aerosol. Figure 5
shows the thin aerosol layer with AOD about 0.2 and FMF
about 0.6 inferring mixed cases. From Figs. 3–5, we can see
the spatial variability distribution of the three different cases
in Northeast China.

4 Analysis and validation

It is essential to have highly accurate ground-based mea-
surements to evaluate the aerosol optical properties de-
rived using satellite remote sensing. To estimate the accu-
racy of the regional algorithm, the results (Total AOD and
FMF) were compared to AERONET sun-photometer mea-
surements (Kleidman et al., 2005) at Beijing and Xianghe,
respectively.

For theses comparison, the useful ground measurement
needs the following conditions to be met: approximate si-
multaneity between satellites overpass and sun-photometer
measurements (30 min before and after the overpass of the
sensor), cloudless conditions and good quality sun pho-
tometer data. These spatially-averaged Total AODs and
FMFs from regional algorithm and temporally-averaged
Total AODs and FMFs from AERONET measurements
were used to validate the regional algorithm. The re-
trieval AODs are in good agreement with that from the
ground based sun photometer measurements with a lin-
ear slope of 0.939 at Beijing and 0.850 at Xianghe, the
correction coefficient ofR × R = 0.8025 at Beijing and
R × R = 0.9291 at Xianghe, respectively (Fig. 6). Figure 6
shows a correlation between FMFs retrieved from regional
algorithm and AERONET sun-photometer measurements
(liner slope = 0.5277,R × R = 0.5607 at Beijing and liner
slope = 0.6086,R × R = 0.6360 at Xianghe). This prelimi-
nary validation is encouraging. However, the limited number
of cases means that further, more comprehensive validations
are needed.

In order to compare the products from regional algorithm
with the products (fine mode AOD) from operational algo-
rithm of PARASOL, the fine mode AOD of regional algo-
rithm were retrieved from total AOD and FMF. Figure 7
shows the spatial distributions of the fine AOD from regional
algorithm (left-hand side column) and operational algorithm
(right-hand side column) for the three aerosol cases (clean,
polluted, and dusty cases), respectively. The products from
regional algorithm provide much more detail than those from
operational algorithm, although the products exhibited a sim-
ilar fine AOD distribution. The products from operational
algorithm are lower that the products of regional algorithm,
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Fine AOD from regional algorithm            Fine AOD from operational algorithm 

Fig.7. Fine AOD from regional algorithm (Left) and operational algorithm (Right) for an Asian dust 

case (Upper) on March 20, 2010, a polluted case (Middle) on October 06, 2010, and a clean 

case (Lower) on October 25, 2010, respectively. 

Fig. 7. Fine AOD from regional algorithm (left panel) and operational algorithm (right panel) for an Asian dust case (upper panel) on
20 March 2010, a polluted case (middle panel) on 6 October 2010, and a clean case (lower panel) on 25 October 2010, respectively.

probably due to the uncertainty in the aerosol model and sur-
face reflectance.

In order to compare the products from regional algorithm
and those from operational algorithm, the fine AODs were
compared to fine AOD from AERONET sun-photometer
measurements at Beijing and Xianghe, respectively. Fig-
ures 8 and 9 show the correlation between fine AOD
from operational algorithm and regional algorithm and fine
AOD from AERONET measurements at Beijing and Xi-
anghe, respectively. The liner slope of regional algorithm

is 0.948,R × R = 0.853 at Beijing and 1.228,R × R = 0.973
at Xianghe, while the liner slope of operational algorithm
is 0.588,R × R = 0.928 at Beijing and 0.555,R × R = 0.878
at Xianghe.

5 Application

To evaluate the performance of the developed algorithm, a
polluted aerosol event over East Asia, which is observed on
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Fig.8. Comparison of Fine AOD retrieved present algorithm with those of operational algorithm at 

Beijing from September to December in 2010. 

 

Fig.9. Comparison of Fine AOD retrieved present algorithm with those of operational algorithm at 

Xianghe from September to December in 2010. 

5. Application 

To evaluate the performance of the developed algorithm, a polluted aerosol event 

over East Asia, which is observed on November 15-22, 2010, is selected. East Asia is 

affected by aerosols with different optical properties from fine- to coarse mode. The 

retrieval of AOD and FMF is performed using TOA multi-angle total and polarized 

reflectance from POLDER onboard PARASOL satellite. 

Fig.10 shows the false-color images captured by the POLDER on PARASOL 

Fig. 8. Comparison of fine AOD retrieved present algorithm with
those of operational algorithm at Beijing from September to De-
cember in 2010.

15–22 November 2010, is selected. East Asia is affected
by aerosols with different optical properties from fine- to
coarse mode. The retrieval of AOD and FMF is performed
using TOA multi-angle total and polarized reflectance from
POLDER onboard PARASOL satellite.

Figure 10 shows the true-color images captured by the
POLDER on PARASOL satellite over the East Asia dur-
ing 15–22 November 2010. The thickest of the gray-brown
aerosols conforms to the North China Plain and the mountain
landscape to its south, obscuring the coastlines of Bo Hai and
the Yellow Sea. The featureless gray-brown aerosols are so
thick that the ground is not visible in parts of the North China
Plain.

The fine-mode fraction (FMF), and aerosol optical depth
contributed by fine mode (Fine AOD) retrieved using Total
AOD and FMF, are shown in Figs. 11–12, respectively, ex-
cept for the 19 November and 21 November due to the cloud
contaminated.

From Fig. 11, we can see that the FMF increased from 0.4
on 15 November to 1.0 on 18 November, and then decreased
from 0.9 on 20 November to 0.4 on 22 November. From
Fig. 12, we can see that the Fine AOD increased from 0.1
on 15 November to 0.5 on 18 November, and then decreased
from 0.3 on 20 November to 0.1 on 22 November. Figures 11
and 12 show the development of a polluted aerosol event dur-
ing the 15–22 November 2010.
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Beijing from September to December in 2010. 

 

Fig.9. Comparison of Fine AOD retrieved present algorithm with those of operational algorithm at 

Xianghe from September to December in 2010. 

5. Application 

To evaluate the performance of the developed algorithm, a polluted aerosol event 

over East Asia, which is observed on November 15-22, 2010, is selected. East Asia is 

affected by aerosols with different optical properties from fine- to coarse mode. The 

retrieval of AOD and FMF is performed using TOA multi-angle total and polarized 

reflectance from POLDER onboard PARASOL satellite. 

Fig.10 shows the false-color images captured by the POLDER on PARASOL 

Fig. 9. Comparison of fine AOD retrieved present algorithm with
those of operational algorithm at Xianghe from September to De-
cember in 2010.

6 Conclusions

The regional climate change of East Asia is affected by
aerosols not only due to their large amount but also due to
their different optical properties, from fine mode to coarse
mode, causing different impacts. To obtain the regional cli-
mate effect of aerosol over East Asia, a measure of the an-
thropogenic aerosol optical properties are needed.

The main scientific objective of this paper aims to prospect
the possibility of simultaneously retrieving the aerosol opti-
cal depth and fine-mode fraction (FMF) using polarized re-
mote sensing, and to characterize the optical and physical
properties of tropospheric aerosols and their temporal and
spatial distributions over East Asia in order to study the an-
thropogenic aerosol optical properties over East Asia.

The algorithm of Dubovik et al. (2011) allows the retrieval
of both the optical properties of aerosol and underlying sur-
face over land, which can provide more detailed information
about aerosol properties, including the particle size distribu-
tion, complex refractive index, and parameters characteriz-
ing aerosol particle shape and vertical distribution. But the
algorithm of Dubovik is based on the optimized inversion,
which requires applying complex multi-variable inversion al-
gorithms. Such methods are time-consuming and challeng-
ing for implementation.

The sensitivity study show that the polarized reflectance of
670 nm and 865 nm has notably higher sensitivity to the de-
tails of aerosol optical depth and fine mode fraction, which
means that the look-up table algorithm works efficiently
for these two channels because they are sensitive to the

Atmos. Meas. Tech., 5, 501–516, 2012 www.atmos-meas-tech.net/5/501/2012/



T. Cheng et al.: Aerosol optical depth and fine-mode fraction retrieval over East Asia 511

23 
 

Nov 15, 2010 Nov 16, 2010

Nov 18, 2010Nov 17, 2010

Nov 19, 2010 Nov 20, 2010

Nov 21, 2010 Nov 22, 2010  
Fig.10 RGB images (0.44, 0.565, 0.675m) over East Asia captured by POLDER during December 

15-22, 2010. Fig. 10. RGB images (0.44, 0.565, 0.675 µm) over East Asia captured by POLDER during 15–22 December 2010.

scattering of both fine and coarse mode aerosols. In or-
der to study the optical and physical properties of tropo-
spheric aerosols and their temporal and spatial distributions
over the East Asia, a new aerosol retrieval algorithm using
multi-angular total and polarized measurements based on the
look-up tables of simulated satellite signals pre-computed for
some limited selected scenarios of aerosols and underlying

surface combinations is presented. The algorithm retrieves
aerosol optical depth (AOD), fine-mode fraction (FMF) for
studying the impact of aerosol on climate change.

To reduce the ambiguity in retrieval algorithm, the key
characteristics of aerosol model over East Asia are con-
strained using the cluster analysis technique based on the
AERONET sun-photometer observation over East Asia. The
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Fig.11. Aerosol fine-mode (FMF) over the East Asia during December 15-22, 2010, except for 

November 19, and November 21 due to cloud contaminated. 
Fig. 11. Aerosol fine-mode (FMF) over the East Asia during 15–22 December 2010, except for 19 and 21 November due to cloud contami-
nated.

fine aerosol models are assumed to be spherical particles
which can use the Mie model to calculate the scattering
properties, while the coarse aerosol models are assumed
to be spheroids particles which can use the T-matrix code
to calculate the scattering properties. A mixing model of

bare soil and green vegetation spectra and the Nadal and
Breon model for the bidirectional polarized reflectance fac-
tor (BPDF) were used to simulate total and polarized surface
reflectance of East Asia. In order to improve the accuracy
of the BRDF and BPDF method, the NDVI were derived
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Fig.12. Aerosol optical depth contributed by fine mode (Fine AOD) over East Asia during 

December 15-22, 2010, except for November 19, and November 21 due to cloud contaminated. 

Fig. 12. Aerosol optical depth contributed by fine mode (Fine AOD) over East Asia during 15–22 December 2010, except for 19 and
21 November, due to cloud contaminated.

from the PARASOL measurements on the clear-sky condi-
tions over a 30 day period.

By applying the present algorithm to POLDER measure-
ments, three different aerosol cases of clear, polluted and
dust are analyzed to test the algorithm. The comparison of

retrieved aerosol optical depth (AOD) and fine-mode fraction
(FMF) with those of AERONET sun-photometer observa-
tions show reliable results. Preliminary validation is encour-
aging. Using the new aerosol retrieval algorithm for multi-
angular total and polarized measurements, the spatial and
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temporal variability of anthropogenic aerosol optical prop-
erties over East Asia, which were observed during a heavy
polluted event, were analyzed.

The proposed algorithm for retrieving the anthropogenic
aerosols optical properties using multi-angular total and
polarized measurements has demonstrated its potential for
studying the climate effect of aerosol. However, the limited
cases examined so far make comparison difficult, and further
validations are needed.
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Wielicki, B., Winker, D., and Yu, H.: An ”A-Train” strategy for
quantifying direct aerosol forcing of climate, B. Am. Meteorol.
Soc., 86, 1795–1809, 2005.

Anderson, T. L., Wu, Y., Chu, D. A., Schmid, B., Redemann,
J., and Dubovik, O.: Testing the MODIS satellite retrieval of
aerosol fine-mode fraction, J. Geophys. Res., 110, D18204,
doi:10.1029/2005JD005978, 2006.

Bates, T. S., Quinn, P. K., Coffman, D. J., Johnson, J. E., Miller,
T. L., Covert, D. S., Wiedensohler, A., Leinert, S., Nowak, A.,
and Neus̈ub, C.: Regional physical and chemical properties of
the marine boundary layer aerosol across the Atlantic during
Aerosols99: An overview, J. Geophys. Res., 106, 20767–20782,
2001.

Bellouin, N., Boucher, O., Haywood, J., and Reddy, M.: Global
estimates of aerosol direct radiative forcing from satellite mea-
surements, Nature, 438, 1138–1140,doi:10.1038/nature04348,
2005.

Bellouin, N., Jones, A., Haywood, J., and Christopher, S.
A.: Updated estimate of aerosol direct radiative forcing
from satellite observations and comparison against the Hadley
Centre climate model, J. Geophys. Res., 113, D10205,
doi:10.1029/2007JD009385, 2008.
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