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UMR-CNRS 8518, Villeneuve d’Ascq, France

(Received 11 July 2008; revised 9 February 2009)

ABSTRACT

Aerosol optical properties over Beijing and Xianghe under several typical weather conditions (clear sky,
light haze, heavy pollution and dust storm) are derived from POLDER (POLarization and Directionality
of the Earth’s Reflectances)/PARASOL (Polarization and Anisotropy of Reflectances for Atmospheric Sci-
ences coupled with Observations from a Lidar) multi-directional, multi-spectral polarized signals using a
more reliable retrieval algorithm as proposed in this paper. The results are compared with those of the
operational retrieval algorithm of POLDER/PARASOL group and the ground-based AERONET (AErosol
RObotic NETwork)/PHOTONS (PHOtométrie pour le Traitement Opérational de Normalisation Satelli-
taire) measurements. It is shown that the aerosol optical parameters derived from the improved algorithm
agree well with AERONET/PHOTONS measurement. The retrieval accuracies of aerosol optical thickness
(AOT) and effective radius are 0.06 and 0.05 µm respectively, which are close to or better than the required
accuracies (0.04 for AOT and 0.1 µm for effective radius) for estimating aerosol direct forcing.
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1. Introduction

Because of high surface reflectivity and spatial vari-
ability, satellite remote sensing of aerosol properties
is much more difficult over land than over ocean.
The problem has been approached in several ways,
for example, using thermal contrast over desert areas
(Legrand et al., 1989), via the reflectance over dense
dark vegetation (Kaufman et al., 1997), from data over
inland lakes (Mao et al., 2001; Zhang et al., 2003), via
the adjacency effect of the aerosols (Tanré et al., 1992;
Holben et al., 1992), and by exploiting the small reflec-

tion of land surfaces in the UV wavelengths (Herman
et al., 1997; Torres et al., 2002).

The multi-directional, multi-spectral polarized
satellite sensor POLDER can acquire global observa-
tions of the polarization and directionality of solar ra-
diation reflected by the earth-atmosphere system. The
polarized light reflected by ground targets is small and
stable enough to allow for correction in TOA mea-
surements (Deuzé et al., 1993), so POLDER has pro-
vided a unique opportunity for aerosol remote sensing
over land surfaces. Data collected by POLDER al-
lows us to derive the total aerosol optical thickness and
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the Ångström exponent, an indicator of particle size,
which is deduced from the spectral optical thickness
(Deuzé et al., 2000; Vachon et al., 2004). Moreover,
when the viewing geometry is suitable, POLDER can
discriminate large spherical marine aerosols from non-
spherical desert aerosols, retrieve the effective radius
of the accumulation and coarse modes, and provide an
estimate of the real part of the refractive index (Her-
man et al., 2005).

POLDER operational retrievals over land are
mainly sensitive to small particles such as the aerosols
created by anthropogenic pollution or biomass burn-
ing (Leroy et al., 1997; Deuzé et al., 2001; Sano, 2004).
Validation against AERONET/PHOTONS observa-
tions over eastern Asia have shown that the Ångström
exponent of the POLDER operational algorithm seems
to be overestimated (Fan et al., 2008). In addition, dis-
crepancies appear because of the overestimation of the
surface polarization model, especially over urban areas
(Holzer-Popp et al., 2008). For reduction of this de-
viation, an improved retrieval algorithm is developed,
focusing on the Beijing region in the paper, using a
surface polarization model validated over the Inner
Mongolian steppe and an aerosol model considering
the effective radius and effective variance. The im-
proved algorithm is tested over sites at Beijing and
Xianghe under several typical weather conditions, and
some results are derived from POLDER data.

The paper is structured as follows: the POLDER
instrument is briefly introduced in the second section.
A description of the operational retrieval scheme ap-
plied to POLDER aerosol products is given, and the
improved retrieval algorithm is presented in the third
section. Retrieval results and some discussion are
given in the fourth section. The work is summarized
in the fifth section.

2. POLDER on-board PARASOL satellite

POLDER-1/2 on board the ADEOS-I and
ADEOS-II (Advanced Earth Observation Satellite)
spacecrafts are no longer acquiring data because of
solar panel failure of the platform. The PARASOL
satellite is a part of the so-called “A-train” series, and
carries the POLDER-3 instrument consisting of a wide
field-of-view telecentric optics, a rotating wheel with
spectral and polarizing filters, and a 274×242 two-
dimensional CCD (Charge Coupled Device) detector
array (Deschamps et al., 1994). The polarization mea-
surements are done at three wavelengths (490, 670,
and 865 nm). Three elements of the Stokes parameter
(I, Q, and U) are obtained. The directional measure-
ments cover up to 51◦ in the along-track direction and
up to 43◦ in the cross-track direction. The ground
pixel size is about 5×6 km2 at nadir. Multiple angle

viewing is achieved by overriding successive images of
the same spectral band. Thus, in a single satellite
pass, any target within the instrument swath can be
observed quasi-simultaneously from up to 16 viewing
angles.

3. Algorithm description

3.1 POLDER/PARASOL operational retrieval
scheme

According to the (Deuzé et al., 2001) approach
developed for POLDER aerosol retrievals over land,
RP, TOA, the polarized reflectance at top of atmo-
sphere (TOA) can be expressed as follows:

RP, TOA = RP, surfT + RP, atmos (1)

where RP, surf and RP, atmos are, respectively, the sur-
face and atmospheric contributions, and T stands for
the atmospheric transmittance. The surface polarized
reflectance, RP, surf , is modeled using a semi-empirical
surface model and considered to be spectrally flat. The
surface polarization models for POLDER-1/2 (Bréon
et al., 1995) and POLDER/PARASOL (Nadal and
Bréon, 1999) are shown in formulae (2–3) and (4), re-
spectively.

Rp,VEG(θs, θv, φ)=
Fp(cos γ0)

4(cos θs+cos θv)
(NDVI > 0.3)

(2)

Rp,SOIL(θs, θv, φ)=
Fp(cos γ0)

4 cos θs cos θv
(NDVI 6 0.1) (3)

Rp(θs, θv, φ)=ρ

[
1−exp

(
−β

Fp(cos γ0)
cos θs+cos θv

)]
(4)

θs and θv in the above formulae are the solar zenith
angle and the viewing zenith angle respectively, and
φ is the viewing azimuth angle relative to the sun di-
rection. Fp(cos γ0) denotes the Fresnel reflectance, as
follows:

Fp(cos γ0) =
1
2

(∣∣∣∣∣
cos γ0 −

√
n2 − 1 + cos2 γ0

cos γ0 +
√

n2 − 1 + cos2 γ0

∣∣∣∣∣

2

−
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n2 cos γ0 −

√
n2 − 1 + cos2 γ0

n2 cos γ0 +
√

n2 − 1 + cos2 γ0

∣∣∣∣∣

2 )
,

(5)

where γ0 is the incidence angle that is one half of the
phase angle; and n is the complex refractive index of
the medium whose imaginary part is zero and whose
real part is dependent on the wavelength (λ) as in for-
mula (6) (Vanderbilt and Grant, 1985):

n(λ) = 1.4576 + 0.0209λ−1.48 . (6)
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When NDVI (Normalized Difference Vegetation In-
dex) is larger than 0.3, the vegetation surface model
[Rp,VEG(θs, θv, φ)] in formula (2) is used as an estimate
of the surface polarized reflectance; when NDVI is
lower than 0.1, the bare soil model [Rp,SOIL(θs, θv, φ)]
in formula (3) is used. For intermediate values, a lin-
ear combination is applied. In formula (4), ρ and β
are empirical constants.

For POLDER/PARASOL operational data pro-
cessing, the pure atmospheric contribution (RP, atmos)
is computed with a radiative transfer code for a given
geometry (θs, θv, φ), at 670 and 865 nm (Deuzé et
al., 1989), a set of 10 aerosol models assuming spher-
ical particles, and a set of increasing AOT (τa). Each
aerosol model is described by a monomodal lognormal
size distribution (with geometric standard deviation
σ=0.40) and various modal radii ranging from 0.05
to 0.15 µm (associated Ångström exponent α ranging
from 3.0 to 1.8). The refractive index (m) is 1.47-0.01i
corresponding to small particle absorption.

Polarized reflectances are computed for increasing
values of τa and for each aerosol model. The best
agreement (i.e., minimum difference) between com-
puted and measured spectral polarized reflectances
provides AOT and Ångström exponent estimates.

3.2 The improved retrieval algorithm

For illustrating the sensitivity of the scattering
phase matrix to the aerosol size distribution, the four
size distributions Hansen and Travis, 1974; Duan, 2001
with the same effective radius (reff=0.125 µm) and ef-
fective variance (νeff=0.25) are considered. As shown
in the Fig. 1, these are the Hansen-Gamma distri-
bution, Junge distribution, monomodal lognormal dis-
tribution and bimodal lognormal distribution, respec-
tively.

The phase function (the left panel of Fig. 2) and
polarized phase function (the right panel of Fig. 2, also

  
10-3 10-2 10-1 10010-310-210-1100101102 reff=0.125µm,νeff=0.25size  distribution radius (Micron)

Bimodal lognormalMonomodal lognormalHansen_GammaJunge
     Fig. 1. The four kinds of aerosol size distribution with

the same effective radius and effective variance.

called the F12 element of the scattering matrix) of the
four size distributions for three polarized channels of
the POLDER instrument are computed using the Mie
code. The phase functions of the different size distri-
butions are very close at the three wavelengths, and so
are the polarized phase functions. The computational
results in Fig. 2 show that the different size distribu-
tions with the same reff and νeff yield similar scattering
characteristics. This conclusion is consistent with that
presented by Hansen and Travis (1974). Thus, the size
distribution dependent on effective radius and effective
variance is used in the improved algorithm.

The Hansen-Gamma size distribution shown in for-
mula (7) is used in the forward model:

n(r) = Crα exp (−βrγ) (7)

In formula (7),

C =
γβ(α+1)/γ

Γ
(

α+1
γ

) , γ = 1 ,

α =
1− 3νeff

νeff
, β =

1
reffνeff

,

where reff and νeff are the effective radius and the ef-
fective variance respectively.

The atmospheric contribution (RP, atmos) is com-
puted with a vector radiative transfer model called
RT3 developed by Evans and Stephens (1991) and im-
proved by Han (1999) and Fan (2006). The improved
RT3 model decomposes the atmosphere into eight lay-
ers. For aerosols, the scale height is 2 km. Aerosol
optical thickness follows an exponential decay from 0
to 2 km. Above the aerosol scale height, the optical
thickness at every layer is provided by the standard at-
mosphere. The surface polarized reflectance, RP, surf ,
is modeled using a surface model presented by Han
(1999) in formula (8) and validated by the polariza-
tion measurements over the Inner Mongolian steppe.

Rp(θs, θv, φ) =
K

4(cos θs + cos θv)
×

{
1− exp

[
− LAI(cos θs + cos θv)

2 cos θs cos θv

]}
×

Fp(cos γ0) . (8)

In (8), K is the corrected coefficient of leaf surface,
assumed as a constant ranging from 0 to 1, and the
leaf area index (LAI) is assumed to be a constant with
a value of 3.2.
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     Fig. 2. Phase function (left panels) and polarized phase function (right panels) of dif-

ferent size distributions with the same effective radius (reff=0.125 µm) and effective
variance (νeff=0.25) for three polarized channels of the POLDER instrument.

4. Retrieval results and discussion

4.1 POLDER/PARASOL level 1 polarization
data

The data used in this study are POLDER/PARASOL
Level 1 products, including calibration, radiometric,
and geometric processing. The normalized polarized
reflectance is defined by the second and third Stokes
parameters (Q and U), as follows:

Rp =
π
√

Q2 + U2

Es cos θs
, (9)

where Es is the solar irradiance at TOA. Similarly,
the first Stokes parameter, I, is converted into total
reflectance:

R =
πI

Es cos θs
. (10)

The satellite viewing geometry and some auxiliary
data are also given by the Level 1 data. The scat-

tering angle Θ is computed for the viewing and solar
geometry by

cosΘ = cos θs cos θv + sin θs sin θv cos(φs − φv) , (11)

where φs and φv are, respectively, the solar and view-
ing azimuth angles.

4.2 Construction of Look-Up Table (LUT)

The effective variance of the Hansen-Gamma size
distribution is fixed to 0.20, and the aerosol complex
refractive index is (1.50− 0.01i). The effective radius
ranges from 0.01 to 1.00 µm with steps of 0.01 µm. The
AOTs at 670 and 865 nm range from 0.01 to 1.00 and
0.01 to 0.80 with steps of 0.01. According to the view-
ing geometry of POLDER (θs, θv, φ), the polarized
reflectances {RP cal[τλ, reff(λ),Θi]} at different view-
ing angles are calculated to form a LUT, where the
subscript “P cal” denotes the calculated polarized re-
flectances.
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4.3 Aerosol optical properties retrieval

The cloud-free POLDER pixels selected according
to the cloud-screening algorithm of Bréon and Colzy
(1999) are considered, and a preliminary correction of
the influence of gaseous absorption (Leroy et al., 1997)
is performed. To reduce the noise level, the aerosol
algorithm is applied to 3×3 POLDER cloud-free pix-
els. The pixel-averaged polarized reflectance at 670
and 865 nm is denoted by RP mea(λ, Θi), where the
subscript “P mea” denotes the measured polarized re-
flectances by POLDER/PARASOL; and here the sub-
script i ranges from 1 to Ndir, which is the number of
the available viewing angles.

In order to find the unknowns reff(λ) and τλ, the
following criterion is used:
√√√√ 1

Ndir

Ndir∑

i=1

[RP cal(τλ, reff(λ),Θi)−RP mea(λ, Θi)]26ε .

(12)

All the cases of rk
eff(λ) and τk

λ with superscript k
the solution number conforming to the discriminant
(12) are found based on the minimum difference be-
tween the LUT {RP cal[τλ, reff(λ),Θi]} and satellite
measurements [RP mea(λ, Θi)]. The averaged values
rk
eff(λ) and τk

λ in formulae (13) and (14) for all the
solutions are the retrieved effective radius and AOT,
respectively. The standard deviations of the two pa-

rameters {σ[rk
eff(λ)] and σ(τk

λ )} provide the uncertain-
ties of retrieval results. The Ångström exponent can
be derived from the AOT at 670 and 865 nm.

reff(λ) = reff(λ)± σ[rk
eff(λ)] (13)

τλ = τk
λ ± σ(τk

λ ) (14)

The clear sky (3 Septmber 2005 and 8 October
2005), light haze (3 March 2006 and 20 April 2006),
dust storm (17 May 2006), and heavy pollution (4
November 2005) days over Beijing (39.98◦N, 116.38◦E)
and Xianghe (39.75◦N, 116.96◦E) are selected to test
the improved retrieval algorithm. The satellite view-
ing geometry over Beijing and Xianghe for these days
is shown in Figs. 3a and 3b, respectively. The aver-
aged solar zenith angles of satellite measurements are
33.45◦, 49.30◦, 57.35◦, 47.88◦, 31.08◦, and 22.44◦, re-
spectively, in Beijing for the 6 days. The values are
33.33◦, 49.32◦, 57.26◦, 47.74◦, 31.05◦, and 22.41◦, re-
spectively, in Xianghe. The number of available view-
ing directions ranges from 14 to 15 for these cases.

The derived AOT (Fig. 4a) and effective ra-
dius (Fig. 4b) using the improved algorithm from
6-day POLDER/PARASOL measurements of over-
passes at Beijing and Xianghe are compared
with those of AERONET/PHOTONS and the
POLDER/PARASOL group retrievals. It is notable
that the POLDER/PARASOL group provided the
AOT only at 865 nm. The consistency between the0306090120150180210 240 270 300 3300204060800204060800306090120150180210 240 270 300 330020406080020406080 °°°°° ° ° ° °°°°°°°° °°°°°°°
°° °°  Sep.3,2005,θs=33.33° Oct.8,2005,θs=49.32° Nov.4,2005,θs=57.26° Mar.3,2006,θs=47.74° Apr.20,2006,θs=31.05° May 17,2006,θs=22.41°

  °°° °°°° ° ° ° ° ° °°° (b) Xianghe
 Sep.3,2005,θs=33.45° Oct.8,2005,θs=49.30° Nov.4,2005,θs=57.35° Mar.3,2006,θs=47.88° Apr.20,2006,θs=31.08° May 17,2006,θs=22.44°

(a) Beijing
   Fig. 3. Polar diagram of the POLDER/PARASOL viewing geometry in (a) Beijing and (b) Xi-

anghe for the days used in the retrievals, where the radius of the plot is the viewing zenith angle
ranging from 0◦ to 80◦ and the polar angle of the plot is the viewing azimuth angle relative to the
sun direction ranging from 0◦ to 360◦.
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 Fig. 4. (a) The AOT and (b) effective radius retrieved by the improved method are com-
pared with those of AERONET/PHOTONS and the POLDER/PARASOL group.

Table 1. Comparison of Ångström exponents from POLDER/PARASOL retrievals using the operational algorithm and
the improved method (P Improved), as well as with AERONET/PHOTONS measurements in Beijing.

Date

3 Sep 2005 8 Oct 2005 4 Nov 2005 3 Mar 2006 20 Apr 2006 17 May 2006 Standard
(Clear) (Clear) (Pollution) (Haze) (Haze) (Dust) Deviation

AERONET/ 1.13 1.13 1.24 1.34 0.79 0.06 −
PHOTONS
POLDER/ 1.81 1.81 1.81 2.30 1.81 1.81 1.12
PARASOL
P Improved 1.25 2.3 0.42 1.18 0.71 0.51 0.68

POLDER/PARASOL operational retrieval and the
AERONET/PHOTONS results is very poor, since the
correlation coefficient and slope are only 0.21 and 0.03.
The AOTs at the two wavelengths retrieved by the
improved method (P Improved) are closer to those
of the AERONET/PHOTONS ground-based measure-
ments. The correlation coefficients are close to 1 and
the slopes increase to about 0.60. It can be seen
from Fig. 4b that there is general good agreement
on effective radius between the improved method and
AERONET/PHOTONS. In addition, the retrieved ef-

fective radii at 670 and 865 nm on the same day are
very close, which is consistent with the definition that
effective radius is independent of wavelength.

The comparisons of Ångström exponents for
Beijing and Xianghe are shown in Tables 1 and
2. If the AERONET/PHOTONS measurements
are regarded as true values, the standard devia-
tions of the Ångström exponents retrieved by the
POLDER/PARASOL operational scheme and the
improved method are, respectively, 1.12 and 0.68
for Beijing. Equivalent results are found at Xi-

Table 2. Comparison of Ångström exponents from POLDER/PARASOL retrievals using the operational algorithm and
improved method (P Improved), as well as with AERONET/PHOTONS measurements in Xianghe.

Date

3 Sep 2005 8 Oct 2005 4 Nov 2005 3 Mar 2006 20 Apr 2006 17 May 2006 Standard
(Clear) (Clear) (Pollution) (Haze) (Haze) (Dust) Deviation

AERONET/ 1.13 1.25 1.00 1.42 1.08 0.06 −
PHOTONS
POLDER/ 1.81 2.30 1.81 2.42 2.30 1.81 1.25
PARASOL
P Improved 0.46 0.99 1.08 0.74 0.75 0.68 0.54
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anghe, where the standard deviations are, respec-
tively, 1.25 and 0.54. It can be seen that the de-
rived Ångström exponents are also improved gener-
ally. However, the Ångström exponents derived from
the improved method are very different from those
of AERONET/PHOTONS on 8 October 2005 and 4
Novembor 2005 over Beijing, and on 3 September 2005
over Xianghe. For the clear days with low AOT (8 Oc-
tober 2005 over Beijing and 3 September 2005 over Xi-
anghe), the large discrepancies may have resulted from
the effect of the surface polarization contribution, since
the surface contribution is relatively more important
in this condition. Minor errors in surface polarization
can lead to high errors in the Ångström exponent. For
the days with high AOT (4 November 2005, 3 March
2006), the high uncertainty of the retrieved AOT re-
sults in errors in the Ångström exponent. The accu-
racy of the retrieved Ångström exponent from satellite
is still poor, and hence improvement of size retrieval
is an urgent subject for POLDER/PARASOL (Sano,
2004).

4.4 Discussion

Compared with the POLDER/PARASOL opera-
tional aerosol products, the AOT and Ångström ex-
ponent results retrieved by the improved method are
closer to those from AERONET/PHOTONS. The re-
trieved effective radii at 670 and 865 nm are very close
on the same days, which is consistent with the defini-
tion that effective radius is independent of wavelength.

If the dust storm day is excluded, the retrieval ac-
curacies of AOT and effective radius are 0.06 and 0.05
µm respectively, which are close to or better than the
required accuracies (0.04 for AOT, 0.1 µm for effective
radius, Mishchenko et al., 2005) for estimating aerosol
direct forcing.

The improvement on aerosol properties retrieval
can be explained by the following two reasons. First,
the Ångström exponents ranging from 1.8 to 3.0 in
the aerosol model of the POLDER/PARASOL oper-
ational algorithm are overestimated over Beijing be-
cause the statistically averaged Ångström exponent
for 4-year AERONET/PHOTONS data over Beijing
is about 1.2 (Fan et al., 2006). The overestimation of
the Ångström exponents results in the limitation that
fine-mode aerosols are dominant and AOT is under-
estimated. Second, the surface polarized model used
in the improved scheme is different from that of the
POLDER/PARASOL group. The different surface po-
larized models have been given in sections 3.1 and 3.2.

Take the clear day (8 October 2005) over Beijing
for example, the different surface polarized models are
shown in Fig. 5. The surface polarized model used in
the improved scheme was validated by the measur-

 
80 90 100 110 120 130 140 150 1600.0%0.2%0.4%0.6%0.8%1.0%1.2%1.4%   

Surface Polarized Reflectance Scattering Angle(Degree)
 Model showed in the formula (2) Model showed in the formula (4) Model showed in the formula (8)Beijing, Oct.8, 2005

                

Fig. 5. Comparison of surface polarized reflectances
from different surface polarization models over Beijing
on a clear day (8 October 2005).

ements using the CAS/IAP photo-polarimeter dur-
ing the IMGRASS’1998 (Inner-Mongolia GRassland
Atmosphere Surface Study) campaign (Han, 1999).
The surface polarized contribution of the models for
the POLDER/PARASOL operational scheme is higher
than that of the model using the improved algorithm.
Waquet et al. (2007) demonstrated that the surface po-
larization of the POLDER operational scheme is over-
estimated by a few to fifty percent according to the
aircraft polarized observations in France. The overes-
timation of surface polarization leads to AOT underes-
timation in the POLDER/PARASOL operational re-
trieval.

5. Summary

The aerosol optical properties over the Beijing and
Xianghe sites under several typical weather conditions
(clear sky, light haze, heavy pollution and dust storm)
are derived from the POLDER/PARASOL multi-
directional, multi-spectral polarized signals. The
forward model system is improved in the aerosol
model and surface polarization model. The improved
aerosol model based on effective radius and effec-
tive variance is reasonable since it takes account
of the contribution from coarse-mode particles to
some extent. The surface polarization model em-
ployed improved the retrieval, too. The retrieved
AOT at 670 and 865 nm, and the Ångström expo-
nents over the Beijing and Xianghe sites are much
closer to those of AERONET/PHOTONS than the
POLDER/PARASOL operational retrieval.
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Bréon, F. M., D. Tanré, P. Lecomte, and M. Herman,
1995: Polarized reflectance of bare soils and veg-
etation: measurements and models. IEEE Trans.
Geosci. Remote Sens., 33(2), 487–499.

Deschamps, P. Y., F. M. Bréon, M. Leroy, A. Podaire,
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and V. Kalb, 1992: Aerosol retrieval over land from
AVHRR data-application for atmospheric correction.
IEEE Trans. Geosci. Remote Sens., 30, 212–222.

Holzer-Popp, T., M. Schroedter-Homscheidt, H. Bre-
itkreuz, D. Martynenko, and L. Klüser, 2008: Syn-
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