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a b s t r a c t

The effects of dust particle aspect ratios on single- and multiple-scattering processes are
studied using the spheroidal model in order to obtain a better understanding of the
radiance and polarization signals at the top of the atmosphere (TOA) under various dust-
aerosol-loading conditions. Specifically, the impact of the particle aspect ratio on the
polarization state of the TOA radiation field is demonstrated by comparing the normalized
polarized radiances observed by the POLDER (POLarization and Directionality of the
Earth's Reflectances) instrument on board the PARASOL (Polarisation et Anisotropie des
Reflectances au sommet de l'Atmosphère, couples avec un Satellite d'Observation
emportant un Lidar) satellite with the corresponding theoretical counterparts. Further-
more, presented are the aspect ratio values inferred from multi-angular polarized
radiance measurements of Saharan and Asian dust by the POLDER/PARASOL.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Atmospheric aerosol affects the radiation budget of the
Earth–atmosphere system, both directly by a magnitude
comparable to the radiative effect of greenhouse gases [1]
and indirectly by acting as cloud nuclei [2]. Due to the
significant spatial and temporal variations in its microphy-
sical and chemical properties, aerosol has been recognized
as a significant source of the uncertainties that afflict global
climate models [3,4]. Mineral dust aerosol, originating from
arid and semi-arid regions, contribute a major portion of
atmospheric aerosol mass loading [5]. The estimated global
annual mineral dust aerosol emission is between 1604 and
1960 Tg [6]. Depending on the particle size and influenced
by gravitational settling, the atmospheric lifetime of mineral
dust aerosol may vary from a few hours to several years [7].
After being lifted into the atmosphere, mineral dust aerosol
may be transported thousands of miles by large-scale
circulation and may affect both regional and global climate
[2,6,7]. Quantification of the radiative effects of mineral
dust aerosol requires global scale property measurements,
which can be achieved only by satellite remote sensing.

Retrieval of the mineral dust aerosol properties from
satellite measurements relies on our knowledge of dust
particle single-scattering properties, including the single-
scattering albedo, extinction coefficient, and scattering phase
matrix [8,9]. Unfortunately, in laboratory measurements, the
phase matrix can be obtained only at specific wavelengths
and in limited angular scattering regions, for example, 31 to
1771 [10], because experimentally measuring the forward
and backward scattering is difficult to do in the visual region
of the spectrum. Therefore, some important parameters,
such as the asymmetry factor, cannot precisely be deter-
mined. Theoretical simulations of the scattering of light by
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real dust particles are also impractical. From electron micro-
scope imaging and energy-dispersive spectroscopy, dust
particles are generally found to be irregular in shape and
inhomogeneous in composition [11], which pose a pro-
nounced challenge to the simulation of light scattering.
Numerical techniques, such as the discrete-dipole approx-
imation (DDA) [12,13], may be suitable for modeling com-
plicated morphologies; however, in the visible spectral
region, these methods are impractical for coarse mode dust
particles with relatively large size parameters. The computa-
tional burden becomes even more severe when ensemble
averaging over the particle size distribution and orientation
is necessary for practical applications. The simple spherical
mineral dust aerosol model, which has an exact theoretical
solution based on the Lorenz–Mie theory, has been exten-
sively used in aerosol property retrieval, but evidence has
shown that the spherical shape assumption leads to sub-
stantial errors in retrieving aerosol optical thicknesses and in
estimating the climate forcing effect of mineral dust aerosols
[14–17]. To account for the non-sphericity of dust particles,
the spheroidal model has been developed and has signifi-
cantly improved aerosol property retrieval [18–20]. In the
spheroidal model, the aspect ratio, defined as the ratio of the
major axis to the minor axis of the spheroid, is introduced in
addition to the particle size [21]. Special attention must be
called to the fact that, even with modern parallel computa-
tion, obtaining the single-scattering properties of particles
lacking an axis of symmetry is computationally costly.
In practice, relatively simple morphologies are assumed to
model the optical properties of dust particles. For example,
a mineral dust aerosol database based on the ellipsoid model
has been developed, which allows for fast retrieval of the
single-scattering properties of randomly oriented poly-
disperse dust particles [22].

Although realistic dust particles may have far from spher-
oidal geometries and, indeed, the limitations of the spheroidal
model have been recognized [23–25], the mean aspect ratio
provides a good measure to quantify the particle non-
sphericity and other complexities, which are essential to the
estimation of dust forcing in the atmosphere [26]. In fact, dust
particle models, which are completely different in terms of
particle shape, are able to approximately reproduce the
measured dust particle phase matrices [27,28]. Thus, a simpler
spheroid-like model can be used and the detailed shape effect
can be included through the use of the aspect ratio. Ground
based measurements have also shown that the mean aspect
ratio behavior is related to the relative humidity [29]; there-
fore, including this parameter in global aerosol retrieval is
desirable.

The sensitivity of space-borne radiometric observations
to dust particle shape has been examined in several
studies. Substantial variations in dust aerosol microphysi-
cal properties, such as particle size, refractive index, and
shape, may pose severe problems in aerosol retrieval from
multispectral single-viewing-angle radiance measure-
ments [30]. Observations from multi-angle radiometry,
e.g., the Multi-angle Imaging SepctroRadiometer (MISR),
have been found to relieve the problem and to distinguish
different mineral dust types over dark water [31–33].
However, due to relatively bright surfaces that may dimin-
ish the signal from the mineral dust aerosol, the retrieval
of particle shape information over land from space-borne
observations has seldom been reported. Light scattered
by atmospheric molecules and dust particles is strongly
polarized and the angular features are sensitive to the dust
microphysical properties; whereas, light scattered by land
surfaces is weakly polarized and spectrally gray in the
visible spectral range [34]. The combined multi-angular
radiance and polarized radiance measurements have been
suggested to be able to derive aerosol properties with
sufficient accuracy to be used for long-term global climate
research, even when the land surface properties are
unknown [35].

We present a theoretical study of the sensitivity of
multi-angular and polarization measurements by POLDER/
PARASOL to the mean aspect ratio of dust aerosols. A vector
radiative transfer code based on the adding-doubling prin-
ciple is developed to simulate the transfer of polarized
radiation in the atmosphere. The modeling results are
compared with POLDER/PARASOL observations over dust
aerosol source regions. Section 2 reports the single-
scattering properties of ensemble averaged poly-disperse
dust aerosols based on the spheroidal model. Section 3
describes the vector radiative transfer model. Section 4
presents a sensitivity study of polarized signals at the top of
the atmosphere (TOA) to dust microphysical properties.
Section 5 presents the mean aspect ratio values of Saharan
and Asian dust aerosols inferred from the POLDER/PARASOL
measurements. The conclusions of this study are found in
Section 6.

2. Single-scattering properties of mineral dust aerosols

In order to cover a wide range of wavelengths, particle
sizes, and aspect ratio values to derive the single-
scattering properties of dust particles without incurring a
tremendous computational burden, we employ an existing
tri-axial ellipsoidal mineral dust aerosol database [15]. The
development of the database combined the intrinsic
merits of several light-scattering computational methods,
including the Lorenz–Mie theory, the T-matrix method,
the Amsterdam DDA (ADDA), and an improved geometric
optics method (IGOM), in terms of their complimentary
capabilities to compute the single-scattering properties
over a rather broad parameter space. Furthermore, the
database formatted the single-scattering properties of
randomly oriented ellipsoidal particles, such as the extinc-
tion cross-sections, the single-scattering albedos, and the
phase matrices, into a kernel form [36]. Through the pre-
calculated kernels stored in the database, the ensemble
averaged single-scattering properties of poly-dispersed
ellipsoidal particles can be efficiently derived. In this study,
we model dust particles as prolate spheroids only. As a test
of the sensitivity of the single-scattering properties to the
aspect ratio for both fine mode and coarse mode mineral
dust aerosols, Fig. 1 illustrates the kernel elements related
to the polarized phase function P12 at a visible wavelength
of 670 nm. The results show that, for the fine mode
particles, an increasing aspect ratio leads to a decrease in
the polarization at side scattering angles. Note, the radii of
the equivalent-volume spheres for the fine mode particles
are smaller than the incident wavelength. For the coarse
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mode case, where the particle radii are comparable to the
visible spectrumwavelengths, the angular variations of the
polarization state display an oscillation feature. Particles
with smaller aspect ratios tend to display larger oscilla-
tions in the scattered light polarization state. However, the
oscillations are largely averaged out and no pronounced
Fig. 1. Elements of kernel matrices –K12(Θ;r,a/b,mr,mi,λ) for different aspect ratio
is set to be 1.53þ0.0013i according to the AERONET observations for desert dust
0.1 μm (left panel) and 1.0 μm (right panel) to respectively represent fine mode

Fig. 2. Comparison of the phase functions and polarized phase functions of typ
centered at the averaged aspect ratio: a delta function (“Single”), a Gaussian fun
effect is observable when the poly-disperse dust aerosol
particle size distribution is considered.

The kernels stored in the database describe the single-
scattering properties of individual dust particles, averaged
over a very narrow size bin, at a fixed wavelength. Con-
sidering that atmospheric dust aerosols are poly-dispersed
s a/b, where the considered wavelength is 670 nm and the refractive index
. The radii of the equivalent volume spheres at the centers of the bins are
and coarse mode particles.

ical poly-dispersed dust particles with different aspect ratio distributions
ction (“Gaussian”), and a squared function (“Flat”).



Fig. 3. Polarized phase functions of typical poly-dispersed dust particles with various averaged aspect ratios for the POLDER/PARASOL 670P band.
The particle size distribution is assumed to be a bi-modal log-normal distribution and the parameters are taken from the AERONET desert dust
measurements [51].

X. Huang et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 151 (2015) 97–109100
and the sensitivity of a satellite instrument as well as the
solar spectrum may vary with respect to the wavelength
within a spectral band of the instrument, the single-
scattering properties over a particle size distribution NðrÞ
and the spectral band of the instrument must be averaged
by considering the solar spectrum SðλÞ at the TOA and the
instrumental response function f ðλÞ, where r is the radius of
the equivalent-volume sphere (hereafter referred to as
radius for simplicity), and λ is the wavelength. The narrow-
band bulk scattering properties can be obtained in the form

Cext=sca=absða=bÞ
� �

¼
R λmax
λmin

R ln rmax
ln rmin

Cext=sca=absðr; a=b;mr ;mi; λÞdNðrÞd ln rf ðλÞSðλÞd ln rdλR λmax
λmin

R ln rmax
ln rmin

dNðrÞ
d ln rf ðλÞSðλÞd ln rdλ

;

ð1Þ

PðΘ; a=bÞ� �¼
R λmax
λmin

R ln rmax
ln rmin

~PðΘ; r; a=b;mr ;mi; λÞdNðrÞd ln rf ðλÞSðλÞd ln rdλR λmax
λmin

R ln rmax
ln rmin

Cscaðr; a=b;mr ;mi; λÞdNðrÞd ln rf ðλÞSðλÞd ln rdλ
;

ð2Þ
where ~PðΘ; r; a=b;mr ;mi; λÞ is the un-normalized phase
matrix defined as

~PðΘ; r; a=b;mr ;mi; λÞ ¼ Cscaðr; a=b;mr ;mi; λÞPðΘ; r; a=b;mr ;mi; λÞ:
ð3Þ

In Eqs. (1) and (2), the aspect ratio distribution variance with
respect to the particle size is assumed to be uniform. For
example, the particle size distribution can be separated from
the corresponding particle shape (quantified in terms of the
aspect ratio) distribution. Due to the smaller sizes of the fine
mode particles compared with visible wavelengths, their
aspect ratios are less important and, for simplicity, using the
same aspect ratio distribution for both the fine and coarse
modes is reasonable. Moreover, instead of considering the
detailed aspect ratio distribution of dust particles [36], only
the averaged aspect ratio is taken into account. The simpli-
fication is justified, as illustrated by Fig. 2, that the phase
function and the polarized phase function of an ensemble of
dust particles are relatively unaltered, at the backscattering
angles of interest, as long as the averaged aspect ratio of the
ensemble of dust particles is not changed, regardless of the
details of the aspect ratio distribution.

Fig. 3 shows the typical narrowband bulk polarization
properties of desert mineral dust aerosols with various
averaged aspect ratios. The dominant mass loading of
coarse mode dust particles in a desert region diminishes
the polarization at side scattering angles. In comparison
with the kernels of coarse mode dust particles, the
polarization oscillations with the scattering angle are
smoothed though the averaging process. Note that the
negative peak around 1701 for the near-spherical particle
with an aspect ratio of 1.06 is preserved and can be used to
distinguish non-spherical particles from quasi-spherical
particles.

3. Radiative transfer model

To simulate the solar reflectance observed by a satellite
sensor, we choose a multilayered plane-parallel atmo-
sphere coupled with the surface. The multiple scattering
due to dust aerosols and other atmospheric particles are
fully considered by using a vector radiative transfer
equation (VRTE). For a thin aerosol layer over ocean, the
radiative transfer process is easily solved using only the
first few order-of-scattering terms. The Fourier series
expansion of the radiation field at the TOA converges
rapidly for regularly shaped and small effective sized
maritime absorbing aerosols. The ocean surface reflection
can be considered with the well-tested Cox–Munk rough
ocean surface model as a good approximation, and the
reflected radiance is generally negligible outside the sun
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glint region [37–39]. For optically thick aerosol layers over
land, particularly over a dust aerosol source region, the
corresponding radiative transfer simulation must incorpo-
rate much higher orders of scattering and thus requires
significant computational time. Furthermore, because land
surfaces are brighter and cannot be ignored for visible
channels, complicated and diverse surface conditions are
Fig. 4. Comparison of the computational time required between de
Haan's model and the TAMU model for the calculation of the TOA
reflectance at 670 nm of aerosol layers of optical depth 2 and with
various particle sizes to reach the same precision (e.g., 10�6) in the same
computational condition. The number below each double arrow shows
the ratio of the computation time of de Haan's model to that of the TAMU
model for the specific size.

Fig. 5. Comparison between de Haan's code and the TAMU code of I and Q com
depth 2 with an effective particle radius 6.3 μm at the TOA and in the princip
azimuthal angle is 1801, while the positive value is for the 01 azimuthal angle.
inevitable in the radiative transfer simulation. To address
these issues, a rigorous radiative transfer model (hereafter
referred to as the TAMU model) was developed based on
the adding-doubling principle [40]. To optimize the TAMU
model in terms of computational efficiency, many numer-
ical techniques have been applied, such as, the separation
of the first order scattering, the Delta-M/Delta-Fit trunca-
tion with the first order scattering correction [41,42], and
the application of a linear algebra package for the super-
matrix multiplications. Fig. 4 compares the computational
efficiency of the TAMU model with one developed by de
Haan et al. [40]. The evidence shows the TAMU model to
be more efficient, particularly in cases involving coarse
mode aerosols with large effective particle radii. For an
effective particle radius of 6.3 mm, the computational
accuracies of the two models are compared in Fig. 5 for
an incident solar zenith angle of 601. Overall, the relative
discrepancies of the I component of the Stokes vector at
the TOA are generally less than 0.02% with the maximum
difference in the exact backward direction (e.g., viewing
zenith angle �601). The discrepancies of the Q component
of the Stokes vector are usually less than 10�6, which is an
order of magnitude smaller than the absolute discrepan-
cies of the I component, with the maximum difference in
the horizontal direction. However, in this specific case, the
TAMU model is more than 16 times faster.

To account for the surface contribution to the TOA
reflectance measurements, we consider the radiative
transfer in a coupled atmosphere-surface system. The
reflection properties of a surface can be described by a
4�4 bi-directional reflection distribution function (BRDF)
ponents of the reflected radiation at 670 nm by an aerosol layer of optical
al plane. The negative sign of the viewing zenith angle denotes that the
The incident solar zenith angle is assumed to be 601.
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matrix Rsrf as

Iðμ;φÞ ¼ 1
π

Z 2π

0
dφ0

Z 1

0
dμ0μ0Rsrf ðμ;φ;μ0;φ0ÞI0ðμ0;φ0Þ; ð4Þ

where I0ðμ;φÞ is the Stokes vector of the radiation incident
on the surface, and I μ;φ

� �
is the Stokes vector of the

radiation reflected by the surface. If no atmosphere is
present and the solar flux F0 in direction ðμ0;φ0Þ is directly
incident on the surface, Eq. (4) becomes

Iðμ;φÞ ¼ μ0

π
Rsrf ðμ;φ;μ0;φ0ÞF0: ð5Þ

To fully consider the interaction between the atmosphere
and the surface, the reflection matrix of the coupled
atmosphere-surface system is calculated with the follow-
ing adding equations:

Q ð1Þ ¼ Rn

atmRsrf ; ð6Þ

Q ðpþ1Þ ¼Q ð1ÞQ ðpÞ; ð7Þ

Q ¼ ∑
1

p ¼ 1
Q ðpÞ; ð8Þ

D¼ TatmþQEatmþQTatm; ð9Þ

U¼ RsrfEatmþRsrfD; ð10Þ

Ratmþ srf ¼ RatmþEatmUþTn

1U; ð11Þ

where Ratm and Tatm, respectively, are 4� 4 matrices
representing the diffuse reflection and transmission prop-
erties of the atmosphere when light is incident on the top;
Rn

atm and Tn

atm are the corresponding matrices for the case
of light incident on the bottom; and, the 4� 4 diagonal
matrix Eatm indicates the direct transmission of the atmo-
sphere which is defined as

Eatm ¼ exp �τatm
μ

� �
1; ð12Þ

where τatm is the optical thickness of the atmosphere, μ is
the absolute value of the cosine of the zenith angle of the
incident beam, and 1 is the 4� 4 identity matrix. Here,
products among matrices differ from the usual matrix
product but are defined as

AB� 1
π

Z 2π

0
dφ″

Z 1

0
dμ″μ″Aðμ;μ″;φ�φ″ÞBðμ″;μ0;φ″�φ0Þ:

ð13Þ
Numerically, evaluation of an integral such as the one in
Eq. (13) is very time-consuming. By expanding each matrix
in terms of the azimuthal angle into a Fourier series
summation, integrations over the azimuthal angle can be
reduced. If a matrix Aðμ;μ';φ�φ0Þ obeys the symmetry
relation:

Aðμ;μ0;φ�φ0Þ ¼ΔAðμ;μ0;φ0 �φÞΔ; ð14Þ
which is true if the particles in the scattering medium are
randomly oriented and mirror-symmetric in the scattering
plane, the matrix can be expanded as
Aðμ;μ0;φ�φ0Þ ¼ 1
2

∑
1

m ¼ 0
ð2�δm;0Þ � Δþmðφ�φ0Þ�

Amðμ;μ0Þð1þΔÞ

þΔ�mðφ�φ0ÞAmðμ;μ0Þð1�ΔÞ	; ð15Þ
where

Δ¼ diagð1;1; �1; �1Þ; ð16Þ

ΔþmðφÞ ¼ diagð cos mφ; cos mφ; sin mφ; sin mφÞ; ð17Þ

Δ�mðφÞ ¼ diagð� sin mφ; � sin mφ; cos mφ; cos mφÞ;
ð18Þ

and the m-th Fourier component is given by

Amðμ;μ0Þ ¼ 1
2π

Z 2π

0
dðφ�φ0Þ Δþmðφ�φ0Þ�

þΔ�mðφ�φ0Þ	Aðμ;μ0;φ�φ0Þ: ð19Þ

For the m-th Fourier component, Eqs. (6)–(11) hold by
adding the superscript m and expressing the product as

AmBm � 2
Z 1

0
dμ″μ″Amðμ;μ″ÞBmðμ″;μ0Þ; ð20Þ

which can be computed following the super-matrix form-
alism suggested by de Haan et al. [40]. To optimize the
computational efficiency, the first order scattering contri-
bution is separated in the calculation to accelerate the
convergence of the Fourier series. For example,

Ratmþ srf ðμ;μ0;φ�φ0Þ ¼ Rð1Þ
atmþ srf ðμ;μ0;φ�φ0Þþ1

2
∑
1

m ¼ 0
ð2�δm;0Þ

� Δþmðφ�φ0Þ

Rm
atmþ srf ðμ;μ0Þ�Rð1Þm

atmþ srf ðμ;μ0Þ
h i

ð1þΔÞ

þΔ�mðφ�φ0Þ Rm
atmþ srf ðμ;μ0Þ�Rð1Þm

atmþ srf ðμ;μ0Þ
h i

ð1�ΔÞ
o
ð21Þ

where

Rð1Þ
atmþ srf ðμ;μ0;φ�φ0Þ ¼ Rð1Þ

atmðμ;μ0;φ�φ0Þ

þexp �τatm
μ

�τatm
μ0

� �
Rsrf ðμ;μ0;φ�φ0Þ; ð22Þ

Rð1Þm
atmþ srf ðμ;μ0Þ ¼ Rð1Þm

atm ðμ;μ0Þþexp �τatm
μ

�τatm
μ0

� �
Rm
srf ðμ;μ0Þ:

ð23Þ
The surface BRDF in this work is adapted from the
parameterization of Liou et al. [43] based on the reflec-
tance of a vegetated surface and a sand surface measured
by Suomalainen and Peltoniemi [44]. Both bidirectional
reflectance and degree of the linear polarization measure-
ments are considered to account for the polarized aniso-
tropic features of the land surface. The parameterized
surface BRDF model can be expressed as

Rsrf ðμ;μ0;φ�φ0Þ ¼

A A12 0 0
A12 A 0 0
0 0 0 0
0 0 0 0

0
BBB@

1
CCCA; ð24Þ

where A is a constant and A12 is in the form of:

A12 ¼ �C
cos �1μ

π
cos ðφ�φ0Þ ð25Þ
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with a constant parameter C to distinguish different sur-
face polarization scenarios.

For the visible channels of the POLDER/PARASOL, the
absorption and Rayleigh scattering from atmospheric
molecules are small but cannot be ignored. In spite of
the small optical thicknesses, the contribution of the
molecular Rayleigh scattering to the polarized radiance
measurements is significant due to strongly polarized
scattered light in side-scattering directions when the
wavelength is considerably larger than the sizes of gas
molecules. The effects are exactly taken into account with
the line-by-line radiative transfer model (LBLRTM) [45],
where the high-spectral-resolution molecular absorption
and Rayleigh scattering optical thicknesses are calculated
from the standard atmospheric profiles by considering up
to 39 major atmospheric gases based on spectral lines
from the HITRAN database [46]. The narrow band optical
depth for a particular channel of the POLDER/PARASOL can
be approximately obtained by integrating the high-
spectral-resolution transmittance weighted by the
response function f ðλÞ of the channel:

τRayleigh=absorption ¼ � log

R λmax
λmin

exp �τRayleigh=absorptionðλÞf ðλÞdλ
� �

R λmax
λmin

f ðλÞdλ

0
@

1
A;

ð26Þ
where λmin and λmax are the lower and upper limits of the
band wavelengths.

4. Sensitivity study

For a clear pixel, the multi-angular radiance and polar-
ized radiance measurements at the TOA are affected by the
surface BRDF, aerosol optical thickness, and the single-
scattering properties fundamentally determined by aero-
sol particle size, aerosol complex refractive index, and the
particle aspect ratio. However, the methods in which these
factors affect the measurements are distinct.

As is shown in Fig. 6, both the radiance (I) and the
degree of linear polarization (�Q/I) at the TOA are sensitive
Fig. 6. Influence of the aerosol optical thickness on radiance and degree of linea
zenith angle is 601. The aerosol model is the bi-modal spheroidal model based
to variations in aerosol optical thickness. When the
aerosol optical thickness increases, the radiance I at the
TOA increases which is contrary to the magnitude of the
angular variations of the �Q/I values. The explanation is
that multiple scattering tends to enhance the intensity
of the backscattering, but to diminish the polarization
feature of the reflected light. However, the effect is no
longer present when the optical thickness becomes so
large that the corresponding radiative transfer process
enters into the diffuse region, where both the radiance
and the degree of linear polarization approach their
asymptotic values [47].

The effects of aerosol particle size on the radiation at
the TOA are presented in Figs. 7 and 8. The radiance I
shows little sensitivity to the particle size around the nadir
viewing direction (e.g., the viewing zenith angle range
from �301 to 301), compared to the quantity �Q/I. As the
aerosol particle size increases, the value of �Q/I generally
decreases in both the fine mode and coarse mode cases.
When the median particle radius of the fine mode aerosols
decreases, �Q/I becomes less positive for the viewing
zenith angle range from �301 to 01, as illustrated in the
right panel of Fig. 7. When the median particle radius of
the coarse mode aerosols decreases, �Q/I becomes more
negative for the viewing zenith angle range from 01 to 301,
as evident from the right panel of Fig. 8.

Fig. 9 illustrates the influence of the real part of the
refractive index of mineral dust aerosols on the TOA
radiance and polarized radiance measurements. While
there is a slight decrease in the I component when the
particle becomes optically softer, that is, the real part of
the refractive index becomes smaller, the value of �Q/I
significantly increases in the viewing zenith angle range
from �301 to 01. The corresponding sensitivity studies for
the imaginary part of the refractive index were not carried
out, because mineral dust aerosols, particularly aerosols
over a desert region, are usually so weakly absorbing in the
visible spectrum that the typical value of the imaginary
part of the refractive index is too small to induce a
pronounced effect on radiometric measurements.
r polarization at the TOA and in the principal plane when the incident solar
on the AERONET retrieval results.



Fig. 7. Influence of the median particle radius of fine mode aerosols on radiance and the degree of linear polarization at the TOA and in the principal plane
when the incident solar zenith angle is 601. The aerosol optical thickness is assumed to be 0.5 and the aerosol model is the bi-modal spheroidal model
based on the AERONET retrieval results.

Fig. 8. Influence of the median particle radius of coarse mode aerosols on radiance and the degree of linear polarization at the TOA and in the principal
plane when the incident solar zenith angle is 601. The aerosol optical thickness is assumed to be 0.5 and the aerosol model is the bi-modal spheroidal
model based on the AERONET retrieval results.

Fig. 9. Influence of the real part of the refractive index of mineral dust aerosols on radiance and the degree of linear polarization at the TOA and in the
principal plane when the incident solar zenith angle is 601. The aerosol optical thickness is assumed to be 0.5 and the aerosol model is the bi-modal
spheroidal model based on the AERONET retrieval results.
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As shown in Fig. 10, both the radiance and the degree of
linear polarization are sensitive to aspect ratio variations,
but in different angular regions and in different ways.
At angles around the exact backscattering direction (e.g.,
the scattering angle range from 1801 to 1501 corresponding
to the viewing zenith angle range from �601 to �301), the
radiance I decreases as the aspect ratio increases from
unity; and, at side-scattering angles (e.g., the scattering
Fig. 10. Influence of the mineral dust aerosol aspect ratio on radiance and the de
incident solar zenith angle is 601. The aerosol optical thickness is assumed to be
AERONET retrieval results.

Fig. 11. Influence of land surface properties on the radiance and the degree of linea
zenith angle is 601. The left two figures are for an optically thin aerosol layer scena
optically thick aerosol layer scenario with optical thickness 1.0. The aerosol model is
angle range from 1201 to 601 corresponding to the viewing
zenith angle range from 01 to 601), the –Q/I changes from
negative to positive when the particles change from quasi-
spherical to non-spherical.

Given the land surface BRDF model described in the
previous section, the land surface properties are parameter-
ized by factors A and C in Eqs. (24) and (25), which res-
pectively represent the reflection and polarization properties
gree of linear polarization at the TOA and in the principal plane when the
0.5 and the aerosol model is the bi-modal spheroidal model based on the

r polarization at the TOA and in the principal plane when the incident solar
rio with aerosol optical thickness 0.1, while the right two figures are for an
the bi-modal spheroidal model based on the AERONET retrieval results.
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of the land surface. Without an atmosphere above the land
surface, the physical meaning of A and C can be simply
interpreted as the surface albedo and the maximum degree
of linear polarization of the surface. For example, A¼0.07
represents a dark land surface, such as a vegetated ground,
and A¼0.40 represents a bright land surface, such as a sand
ground; C¼0.05 represents a neutral polarization land sur-
face, while C¼0.10 represents a land surface with some
polarization features. As is shown in Fig. 11, the radiance
measurements at the TOA are sensitive to the surface reflec-
tion A but not to the polarization surface C regardless of the
optical thickness of the aerosol layer above the land surface.
The explanation is that the Q component of natural light in
the atmosphere is usually 1 or 2 orders of magnitude smaller
than the I component. However, when an optically thin
aerosol layer exists above the land surface, the degree of
linear polarization shows a strong dependence on the polar-
ization of the land surface; however, the degree of linear
polarization is insensitive to the polarization properties of the
land surface when the optical thickness of the aerosol layer is
as large as 1.0. The TOA polarized radiance measurements are
only sensitive to the scattering properties of the top portion of
an optically thick scattering medium.
Fig. 12. The top two figures are the MODIS/Aqua RGB images for the Sahara D
figures are the corresponding aerosol optical thickness distributions retrieved u
5. Dust particle aspect ratio inferred from space-borne
polarized radiance measurements

The multi-angular radiance and polarized radiance mea-
surements from the POLDER/PARASOL provide an unprece-
dented opportunity to study the aspect ratio of mineral dust
aerosols. Launched in December 2004, the POLDER on board
the PARASOL satellite is an orbiting instrument that provides
radiance measurements at nine bands (443, 490, 565, 670,
763, 765, 865, 910, and 1020 nm) and linear polarization
measurements at three bands (490, 670, and 865 nm) in up to
16 directions per pixel with a moderate nadir resolution of
6 km�7 km [48]. The multi-angular normalized radiances
Lðθs;θv;ϕÞ and polarized radiances Lpðθv;θs; ϕÞ in the
POLDER/PARASOL level 2 Earth Radiation Budget, Water
Vapor, and Cloud products are considered in this study. The
definition of Lðθs;θv;ϕÞ and Lpðθv;θs; ϕÞ are given by

Lðθs;θv;ϕÞ �
πI
F0

ð27Þ

Lpðθv;θs;ϕÞ � sgn
π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2þU2

q
F0

cos θsþ cos θv

cos θs
; ð28Þ
esert (left) and Northwest China (right) on April 1, 2010. The lower two
sing the MODIS Deep Blue aerosol retrieval algorithm.



Fig. 14. Angular distribution of normalized polarized radiance measured
by POLDER/PARASOL on April 1, 2010 over the Sahara Desert, compared
with simulations using mineral dust aerosol models of various aspect
ratios. The color coding represents the probability to obtain a certain
measurement at a particular scattering angle. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 15. Angular distribution of normalized polarized radiance measured
by POLDER/PARASOL on April 1, 2010 over Northwest China, compared
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where θv is the viewing zenith angle, θs is the solar zenith
angle, ϕ is the relative azimuthal angle between the solar and
viewing directions, F0 is the incident solar flux at the TOA, and
the sign (sgn) of Lpðθv;θs; ϕÞ is determined by the angle
between the direction of the polarization and the normal
direction of the scattering plane [49]. If twice the angle is
either in the first or the fourth quadrant, the sign is positive;
otherwise, the sign is negative.

To exclude the land surface influence and the effect due
to a variance in aerosol optical thickness, only dusty pixels
covered with optically thick aerosol layers are considered.
Because the highly reflective land surface in the visible
spectrum may blur the satellite signal associated with the
dust aerosols, dusty pixel detection is achieved using the
MODIS Deep Blue aerosol product, which takes advantage
of the fact that the land surface becomes darker in the
MODIS Deep Blue channels due to the relatively strong
absorption of the dust aerosols in the near UV spectrum
[50]. A comparison of MODIS RGB images and the dis-
tribution of the corresponding aerosol optical thicknesses
at 675 nm derived in the MODIS Deep Blue product is
shown in Fig. 12. The left two figures are for the Sahara
Desert on April 1, 2010, where a strong dust storm can be
observed around 21East and 121North. The right two
figures are for Northwest China on the same day, where
the Taklimakan Desert and the Gobi Desert, believed to be
the sources of Asian dust aerosols, can be identified in the
granule.

The dusty pixels detected by MODIS/Aqua are spatially
and temporally collocated with POLDER/PARASOL to obtain
the multi-angular radiance and polarized radiance measure-
ments. The Sahara Desert results corresponding to the left
panel of Fig. 12 are shown in Figs. 13 and 14, where radiance
and polarized radiance measurements for dusty pixels with
optical thicknesses larger than 0.8 are plotted. Since the
surface reflectances as well as the aerosol optical thicknesses
may vary significantly among the dusty pixels, the measured
normalized radiance seems completely random over the
scattering angle range; nevertheless, the measured normal-
ized polarized radiance shows a strong angular dependence.
Fig. 13. Angular distribution of normalized radiance measured by
POLDER/PARASOL on April 1, 2010 over the Sahara Desert. The color coding
represents the probability to obtain a certain measurement at a particular
scattering angle. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

with simulations using mineral dust aerosol models of various aspect
ratios.
Moreover, such an angular dependence can be well fit by
simulations using the dust aerosol model with a mean aspect
ratio of 2.5.

The multi-angular normalized polarized radiance for
Northwest China observed by POLDER and corresponding
to the right panel of Fig. 12 is shown in Fig. 15. The
normalized polarized radiance diverges into two branches:
one is the same as the Sahara case which can use the dust
aerosol model with a mean aspect ratio of 2.5; the other,
unlike the Sahara scenario, can be simulated by the dust
aerosol model with a mean aspect ratio of 1.25.

6. Conclusions

We study the sensitivity of the multi-angular radiance
and polarized radiance measurements made by POLDER/
PARASOL to the aspect ratio of dust aerosols by using the
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spheroidal model. Specifically, we employ a database of
the single-scattering properties of mineral dust particles
and a vector radiative transfer model to investigate, in
detail, the sensitivity of multi-angular radiance and polar-
ized radiance measurements to the dust aerosol properties
and the land surface properties. From the collocated
MODIS Deep Blue product and the PARASOL level 2 Earth
Radiation Budget, Water Vapor, and Clouds product, the
aspect ratios of Saharan and Asian dust are inferred. The
radiation effect of Saharan dust is closely reproduced by
the spheroidal aerosol model with a mean aspect ratio of
2.5, but Asian dust exhibits two branches, which corre-
spond to mean aspect ratio values of 1.25 and 2.5.
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