
IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 61, 2023 4107617

Impact of Orbital Characteristics and Viewing
Geometry on the Retrieval of Cloud Properties
From Multiangle Polarimetric Measurements
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Abstract— Clouds play an important role in the radiative
energy balance of the Earth–atmosphere system. Compared with
traditional optical satellite sensors, polarimetric sensors combine
multiangle, multipolarization, and multispectral information, dis-
playing the advantages of high spatial and temporal resolutions
and global coverage. Such remote sensing measurements improve
the accuracy of cloud properties retrieval. Due to the observation
characteristics of passive satellites, even a tiny variation in
position will result in a great change in the observation geometry.
A large number of studies have shown that the scattering angle
is very crucial for the polarization characteristics retrieval of
reflected light. In this study, we analyze the dependence of the
remote sensing retrieval implementation of different cloud char-
acteristics on the observed scattering angle coverage, considering
both ice and water clouds. Three satellite sensors—POLarization
and Directionality of the Earth’s Reflectance-3/Polarization and
Anisotropy of Reflectance for Atmospheric Sciences coupled
with Observations from a Lidar (POLDER-3/PARASOL), Direc-
tional Polarimetric Camera/GaoFen-5 spacecraft (DPC/GF-5),
and DPC/GF-5(02)—were selected to compare their scattering
angle coverages and the number of angular measurements
at equatorial, middle, and high latitudes. The requirements
for angular polarized and nonpolarized observations varied
depending on the retrieval of cloud properties. The impact of
orbital characteristics and viewing settings was investigated for
cloud detection (C-Det), cloud phase classification, and cloud
microphysical properties retrieval. Finally, an analytical model
to comprehensively evaluate the effective angular measurements
according to the orbital characteristics and viewing settings was
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developed to facilitate the future design of similar sensors for
cloud remote sensing.

Index Terms— Cloud retrieval, directional polarimetric camera
(DPC), observation geometry, POLarization and Directionality of
the Earth’s Reflectance-3 (POLDER-3), polarization multiangle
payload, scattering angle.

I. INTRODUCTION

CLOUDS have a two-sided nature. As an indispensable
and significant aspect of the Earth system, clouds have

been widely used in the monitoring, analysis, and predic-
tion of climate change, atmospheric circulation, the Earth’s
hydrologic cycle, and the radiative energy balance of the Earth-
atmosphere system [1], [2], [3], [4], [5], [6], [7], [8], [9],
[10]. However, they significantly hinder the signal transmis-
sion between satellite sensors and ground facilities, generally
affecting the quality of remote sensing images [11], [12].
The importance of clouds is self-evident, and their accurate
and effective observation has been frequently studied. The
polarization multiangle imager is widely regarded as a crucial
device for providing multidimensional information for global
and regional cloud retrieval. The simultaneous spectral, angu-
lar, and polarization information of atmospheric radiation that
it provides can maximize the sensitivity of observational data
to fine cloud parameters [13]. Compared with traditional opti-
cal satellite payloads, the polarization multiangle observation
payload couples multiangle, multipolarization, and multispec-
tral information, displaying the advantages of high spatial
and temporal resolution, real-time continuity, regional-scale
monitoring, and global coverage [14]. Moreover, it addresses
gaps in information relating to polarization characteristics and
observation angles [15]. The polarization multiangle observa-
tion payload improves the accuracy of cloud characterization
and has become a vital source of information for the stereo
detection of cloud characteristics [16], [17], [18].

There has been substantial global progress in the
development of polarized multiangle payloads over the
past 30 years. These advancements include: 1) gradual
increase in polarization observation bands of payloads; 2)
growing number of angles at which the load can be observed
continuously on the same ground target; and 3) progressive
improvements in the spatial resolution of the payload. Fig. 1
shows polarized multiangle loads that have been launched
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Fig. 1. Development status of polarized multiangle payloads (launched or
completed missions).

or completed missions, the fairly typical of which are:
Polarization and Anisotropy of Reflectance for Atmospheric
Sciences coupled with Observations from a Lidar (PARASOL)
of France and the China National Space Administration High-
resolution Earth Observation System series of satellites,
GaoFen-5 (GF-5). The POLarization and Directionality of
the Earth’s Reflectance-3 (POLDER-3) carried by PARASOL
was developed based on POLDER-1 and POLDER-2. With
POLDER-3, the number of observation angles of a ground
target can be as high as 16; the central wavelengths of the
polarization bands are 490, 670, and 865 nm; and the spatial
resolution is 6 × 7 km at nadir [19], [20], [21].

Using the directional polarimetric camera (DPC) carried by
GF-5 or GF-5(02), the number of observation angles can reach
12 and 17; the central wavelengths of the polarization bands
are 490, 670, and 865 nm; and the spatial resolution increases
to 3.3 km at nadir [20], [22]. Finally, the multiviewing,
multichannel, multipolarization imager (3MI) developed by the
European Space Agency is specifically designed for character-
izing aerosols and clouds; the imager has undergone improve-
ments as scientists anticipate incorporating it on the European
Organisation for the Exploitation of Meteorological Satellites
(EUMETSAT) Polar System-Second Generation (EPS-SG)
platform from 2022 to 2040. With 3MI, the number of obser-
vation angles for a ground target is approximately 10–14 with
nine polarization bands (the central wavelengths include 410,
443, 490, 555, 670, 865, 1370, 1650, and 2130 nm) [23], [24].

The continuous development of polarization multiangle pay-
loads has led to enhanced performance and improvements
in the accuracy of cloud characterization, mainly in the
retrieval of parameters such as cloud masks, cloud optical
thickness (COT), cloud top pressure, cloud top height, and
cloud microphysical properties (cloud droplet size distribution,
C-DSD, and cloud phase). Currently, the development of
multiangle polarization payloads is rapidly advancing, and
more satellite payloads will be launched in the future. For
example, the Hyper-Angular Rainbow Polarimeter 2 (HARP2)
developed by the University of Maryland/Baltimore County
(UMBC) in the United States is to be launched by Pre-Aerosol,
Clouds, and ocean Ecosystem mission (PACE) satellites on
January 2024; National Aeronautics and Space Administration

(NASA)’s Multi-Angle Imager for Aerosols (MAIAs) device
was originally scheduled to launch in 2022 aboard the Orbital
Test Bed (OTB)-2 spacecraft, which is now launching at a
date to be determined; further examples include the Amer-
ican Spectro-Polarimetric Experiment One (SpexOne), the
Ukrainian Scanning along track Polarimeter (ScanPol) and
MultiSpectral Imaging Polarimeter (MSIP), and the European
Union’s Multi-Angle Polarimeter (MAP) [13], [25], [26], [27],
[28], [29], [30].

Since POLDER is the first satellite payload in the world
to combine multispectral with multipolarization and multi-
angle information, many remote sensing studies of cloud
characteristics are based on POLDER data. Studies have
shown that traditional single-view instruments cannot capture
the instantaneous distribution of angular radiance [31], [32],
[33], while polarized multiangle loads, such as POLDER,
can provide almost synchronous bidirectional reflectance [34].
This has been proven to be useful for characterizing the
angular variability of the reflectance of targets (aerosol, cloud,
atmospheric water vapor content, and so on) and provides
a better evaluative ability [35], [36]. The multiangle obser-
vation method also makes it possible to broaden the fixed
cloud microphysical conditions and directly retrieve the single-
scattering phase function [37], [38], [39]. Cheng et al. [40]
found that multiangle polarization characteristics can be used
to effectively identify the cloud phase and, subsequently,
accurately distinguish between ice and water clouds. Bréon
and Goloub [41] reported that, due to the polarized radiation
characteristics of single scattering by cloud droplets, the
POLDER-polarized light image exhibited cloud-bow charac-
teristics in the scattering angle range of 150◦–170◦, indicating
that the C-DSD has a narrow range and that POLDER’s mul-
tiangle polarimetric measurements can allow for the accurate
retrieval of the C-DSD. Through precise analysis, Chepfer
et al. [42] concluded that the polarized reflectance is highly
sensitive to the type of cirrus ice crystals in the scattering
angle range of 60◦–110◦. In another study, Goloub et al.
[43] showed that the angular polarization feature can be used
to accurately distinguish between spherical and nonspherical
particles, such as water and ice clouds, and provided a
thorough analysis of the normalized polarized radiance as a
function of the scattering angle. Di Girolamo et al. [44] noted
that the distribution of plane-parallel clouds is closely related
to the solar zenith angle and provided a reference for the
conditions of considering ocean–water clouds as plane-parallel
clouds through the combination of multiangle and multispec-
tral information. Zeng et al. [45] analyzed the variation of
the cloud cover observed by Moderate-Resolution Imaging
Spectroradiometer (MODIS) and POLDER instruments using
the satellite zenith angle and additionally found that different
positions of the orbit, such as the edge and center of the swath,
also affect the cloud cover observations. Alexandrov et al. [46]
and Knobelspiesse et al. [47] studied the variation of the polar-
ization characteristics of different types of clouds using the
scattering angle to verify the sensitivity of multiangle polar-
ization measurements to the optical characteristics of clouds;
they proposed measuring the observed polarization cloud-bow
features (scattering angle in the range of 135◦–165◦) and
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applying the corresponding inverse transform to accurately
retrieve the C-DSD via a parameter-free cloud-bow Fourier
transform method. In another study, van Diedenhoven et al.
[48] demonstrated the dependence of the single-scattering
degree of linear polarization on the scattering angle, aspect
ratio, and roughness of the hexagonal ice crystal model. Shang
et al. [49] discovered that the use of a scattering angle in
the range of 137◦–165◦ rather than the range of 145◦–165◦

in POLDER’s official products for C-DSD retrievals can
greatly reduce the uncertainty caused by cloud inhomogeneity.
He et al. [50] conducted a sensitivity analysis by observing
geometric parameters (the observation zenith, solar zenith,
and relative azimuth angles) to reveal their influence on the
optical properties of the top of the atmosphere. In summary,
the observational geometric elements, such as the satellite orbit
characteristics, scattering angle, and observation zenith angle,
affect (whether directly or indirectly) the spectral and polarized
radiation characteristics of clouds and are instrumental in the
retrieval of cloud characteristics.

Studies have revealed that satellite observations differ from
ground-based observations [51], [52]. Small changes in posi-
tion lead to significant changes in the observational geometry
because of the long distances from observation targets in
satellite observations [19]. At the same time, the polarization
characteristics of reflected light display high sensitivity to the
observation angle [53]. However, no systematic analysis could
be found in previous studies; thus, this article focuses on the
influence of the observation angle and orbital position on cloud
retrieval, and a systematic and detailed analysis is conducted
to fill in the research gaps.

The variation in the polarized radiation characteristics of
different cloud types with the scattering angle is simulated
and the sensitivity of the former to the latter is systematically
analyzed. On this basis, the observational data of three polar-
ization multiangle loads of the POLDER-3, DPC/GF-5, and
DPC/GF-5(02) sensors are investigated and the variation of the
scattering angles and their values at different positions of the
orbit is explored. In addition, the influences of the polarization
multiangle observation payload orbit and observation angle
on cloud characteristics retrieval are explored by considering
the effective scattering angle range in the retrieval of cloud
characteristics. This article strives to provide an effective
reference for the development of multiangle, multipolarization,
and multispectral satellite payloads and implementation of
cloud retrieval. Section II describes the polarization multian-
gle observational dataset and analytical methods used here.
Section III presents the main experimental results and discus-
sion, including the influence of the scattering and on cloud
retrieval and the investigation of the distribution law of the
polarized multiangle load orbit scattering angle. In Section
IV, a comprehensive scattering angle simulation and analytical
model are proposed. Finally, Section V summarizes the main
findings of the study.

II. MATERIALS AND METHODS

A. POLDER Data

The POLDER-3 sensor, developed by Centre National
d’Etudes Spatiales (CNES) and launched from a PARASOL

satellite in September 2004, was used to analyze the char-
acteristics of light reflected by the Earth and its atmosphere
for nine years to better understand the role of clouds and
aerosols in climate formation, with the observation mission
ending in October 2013. The POLDER-3 sensor improved
upon POLDER-1 and POLDER-2 sensors, which consists
of three main components, namely, an array charge-coupled
device (CCD) detector, a runner bearing a polarization and
spectral filter, and a wide field-of-view telecentric optical path.
The CCD detector matrix provides a spatial resolution of
almost 6 km at the subsatellite point. When over a target, the
POLDER-3 instrument can perform, from the solar radiation
reflected by the target channel, nine spectral bands (with center
wavelengths of 443, 490, 565, 670, 763, 765, 865, 810, and
1020 nm), and up to 16 consecutive multiangle observations.
By adding a polarizer to the filter, the polarization information
of the target for three of the nine spectral bands (with central
wavelengths of 490, 670, and 865 nm) can be obtained.
The polarization information is primarily described by the
Stokes parameters I , Q, and U . The specific instrument
characteristics of the POLDER-3 sensor are given in Table I
[17], [35].

B. DPC Data

DPC, as China’s first multiangle polarized Earth observation
satellite sensor, is onboard the GF-5 satellite, which launched
in May 2018 and is mainly used for the characterization of
cloud and aerosol optical and physical information in the
areas of atmospheric environmental monitoring and climate
change research, where the high accuracy of atmospheric
corrections of remote sensing data is critical. It provides a new
perspective for future studies of the interaction between the
Earth–atmosphere system and the cloud feedback mechanism.
The GF-5 satellite is in a sun-synchronous orbit with an
inclination of 98◦, and the local transit time is 1:30 P.M.
The DPC and POLDER-3 have nearly the same spectral and
polarized observation band settings; the difference is that the
band with a center wavelength of 1020 nm is canceled in the
DPC. However, the nadir spatial resolution of DPC is 3.3 km,
which is significantly improved compared with POLDER-3.
The DPC can continuously capture, at a minimum, nine
series of images with different observation angles for the
same target on an orbit (with the specific instrument features
shown in Table I. The GF-5(02) satellite with a DPC was
also successfully launched in September 2021. Compared with
DPC/GF-5, the number of observation angles was increased
(n ≤ 17), while the remaining parameters were unchanged
[13], [15].

In this article, the primary data of DPC/GF-5 at 2 P.M.
on March 2, 2020 and that of DPC/GF-5(02) at 2 P.M.
on November 15, 2021 were selected for the experiment.

C. Principles of Multiangle Polarization Observation

The polarized state of light can be described by the four
Stokes parameters I , Q, U , and V . However, elliptical polar-
ization is rarely produced by sunlight reflected by natural
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TABLE I
POLDER-3, DPC, HARP2, AND 3MI INSTRUMENT FEATURES

surfaces and scattered by the atmosphere; thus, the param-
eter V is sufficiently small to be negligible relative to the
remaining three parameters. Both POLDER-3 and the DPC
have three polarized bands (490, 670, and 865 nm), each of
which contains three polarized channels (0◦, 60◦, and 120◦).
By combining the three polarized channels, the Stokes vectors
I , Q, and U of the top-of-the-atmosphere electromagnetic
field in the satellite sensor field of view can be obtained,
and the observed values of these vectors can be used to
invert the atmospheric parameters. For each polarization band
of the multiangle polarization load, the radiometric values of
the three polarization channels (0◦, 60◦, and 120◦) are denoted
as L1–L3, respectively, from which the expressions in the
following equation can be obtained:

L ′

n =
2
3
(L1 + L2 + L3)

L ′

np =
4
3

√
L2

1 + L2
2 + L2

3 − L1L2 − L2L3 − L1L3

(1)

where L ′
n is the total incident emissivity and L ′

np is the polar-
ization emissivity. Equation (1) can be rewritten by assuming
that there is linearly polarized light in the detector direction
and defining S0 = 2(L1 + L2 + L3)/3, S1 = 2(2L1 − L2 − L3)/√

3, S2 = 2(L2−L3)/
√

3, and S3 = 0; in this way, the relation
L ′

n = S0 and L ′
np = (S2

1 + S2
2)

1/2 can be used [22].

Polarized multiangle loads are often characterized by the
normalized reflectance Ln , and the normalized emissivity Ln

is equal to the product of the reflectance R of the surface of
the atmospheric system and the cosine of the solar zenith angle
µ0(cosθ0), as shown in the following equation:

Ln(µ, µ0, ϕ, ϕ0) = µ0 R(µ, µ0, ϕ, ϕ0). (2)

The reflectance R can be calculated as shown in the
following equation:

R(µ, µ0, ϕ, ϕ0) =
π I (µ, µ0, ϕ, ϕ0)

E0µ0
(3)

where I (µ, µ0, ϕ, ϕ0) is the emissivity and E0µ0 is the
irradiance of incident unpolarized light (or solar irradiance).
Similarly, the polarization reflectance is defined in terms of
the normalized polarization emissivity; in other words, the
normalized polarization emissivity Lnp = (Q2

+ U 2)
1/2 is

equal to the polarization reflectance R multiplied by µ0 [54],
as given by the following equation:

Lnp(µ, µ0, ϕ, ϕ0) = µ0 Rp(µ, µ0, ϕ, ϕ0)

=

π

√
Q2

i + U 2
i

E0
. (4)
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Fig. 2. Schematic of positions of different angles in satellite observation
geometry.

In this article, the polarization reflectance and the polariza-
tion phase function are used to show the sensitivity of the cloud
polarization radiation characteristics to the scattering angle.

D. Satellite Observation Geometry and Scattering Angle

The observation geometry of a satellite is a solid geometric
figure formed by the incident light from the Sun, the reflected
light received by the satellite sensor, the target, and the satellite
sensor when the satellite is observed. It includes the following
angle parameters: the solar zenith angle θ0, view zenith angle
θν , solar azimuth angle φ0, view azimuth angle φν , relative
azimuth angle φ, and scattering angle 2. Usually, geometric
parameters of satellite observations other than the scattering
angle are included in the observation data. The positions of
the angles in the observation geometry of a satellite are given
in Fig. 2.

The angle between the incident light and the scattered light
is called the scattering angle, which is significant in the process
of cloud retrieval. The effective scattering angle range can
provide important information for the retrieval of different
cloud parameters. The scattering angle can be calculated as
shown in the following equation:

cos 2 = cos θ0 × cos θν + sin θ0 × sin θν × cosφ

= µµ′
+

√
(1 − µ2)(1 − µ′2) cos φ. (5)

The experimental process used in this article is shown in
Fig. 3, which is divided into three main parts. The first part
focuses on simulating the variations in polarized radiative
properties of liquid water cloud and ice cloud with differ-
ent scattering angles using the ARTDECO radiative transfer
model. In addition, it analyzes the sensitivity of these prop-
erties to scattering angles. In the second part, based on the
observations of three polarized multiangle loads [POLDER-3/
PARASOL, DPC/GF-5, and DPC/GF-5(02)], the distribution
of scattering angles, scattering angle ranges, and scattering
angle densities for their whole orbits and six local repre-
sentative regions is calculated, counted, and analyzed. The

first two parts are both performed in connection with the
effective scattering angle ranges of five cloud parameters
retrieval summarized in Section III-A. Finally, in the third part,
we develop a comprehensive analytical model for evaluating
the validity of load scattering angles in retrieval of different
cloud parameters, with a view to providing a reference for the
development of polarized multiangle payloads.

III. RESULTS

A. Sensitivity Analysis of Cloud Polarization Radiation
Characteristics

The scattering angle holds significant importance in cloud
retrieval as it is utilized in a wide range of cloud parameter
retrieval algorithms. Whether directly or indirectly, the scat-
tering angle or its range is incorporated into the majority of
these algorithms to ensure precise and reliable results. The
effective scattering angle range can provide easily resolved
information for cloud characteristics retrieval. The sensitivity
of the polarized radiative properties (polarized phase function
and polarized reflectivity) of liquid water clouds and ice
clouds to the scattering angle is first analyzed based on the
ARTDECO radiative transfer model in conjunction with the
effective scattering angle range of cloud parameter inversion.

1) Polarized Phase Function to Scattering Angle: The
response of the polarization phase function of liquid water
cloud droplets with different effective radii and variances to
the scattering angle at 865 nm was simulated using the Mie
scattering theory. For the simulation of ice clouds, we use
the inhomogeneous hexagonal monocrystal (IHM) model as
the basic shape of ice crystal particles [55], [56]. The IHM
model defines ice crystals as hexagonal prisms with bubbles
or aerosol particles inside, and the bubbles or aerosols obey
a standard 0-distribution, whose exact form is determined by
the effective radius reff, and the effective variance (EV) veff.
The propagation of light on the surface and inside of ice
crystals is calculated by geometrical optics methods, Monte
Carlo theory, and Mie scattering theory. The shape of the IHM
is defined by the aspect ratio Q(L/2R), where L is the height
of the hexagonal prism and R is the radius of the base of
the hexagonal prism, and the size of the IHM is expressed by
the radius Rv of the equivalent spherical volume. Also, the
mean free path length ⟨ℓ⟩ indicates the random distribution of
bubbles or aerosol particles in the ice crystal particles. In this
article, the ice crystal hexagonal prism is set to contain only
air bubbles in the simulation. The simulation results are shown
in Figs. 4–6.

By consulting relevant literature and data, the effective
scattering angle ranges corresponding to the retrieval of
four common cloud parameters are obtained as follows:
1) C-DSD: 135◦–165◦; 2) cloud phase 1 (C-Phase1): 60◦–120◦

and cloud phase 2 (C-Phase2): 80◦–165◦; 3) cloud ray pressure
(C-RayPressure), 80◦–120◦; 4) 443-nm band cloud detec-
tion [C-Det(443 nm)]: 80◦–120◦; and 5) 865-nm band C-Det
[C-Det(865 nm)]: 135◦–150◦. These are shown in Table II and
the corresponding positions are shown in Figs. 4, 5 and 6.

Fig. 4(a)–(d) shows the variation of polarized phase function
with scattering angle corresponding to different effective radii
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Fig. 3. Experimental flowchart.

TABLE II
EFFECTIVE SCATTERING ANGLE INTERVAL FOR RETRIEVAL OF COMMON CLOUD PARAMETERS

(CER) of liquid water cloud droplets for EV of 0.01, 0.03,
0.09, and 0.29, respectively. When the EV is constant, the

polarization phase function curves of cloud droplets with
different effective radii almost coincide in the scattering angle
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Fig. 4. Variation of polarization phase function corresponding to different water cloud parameters with the scattering angle. (a) EV = 0.01, (b) EV = 0.03,
(c) EV = 0.09, (d) EV = 0.29, (e) CER = 3 µm, (f) CER = 10 µm, (g) CER = 17 µm, and (h) CER = 24 µm.

range of 30◦–130◦, but the polarization phase function curves
fluctuate more in the scattering angle range of 130◦–180◦. With
the increase of the effective radius of the cloud droplets, the
fluctuation range of the polarization phase function is widened
and the degree of fluctuation is more intense.

As shown in Fig. 4(a), the polarized phase function fluctua-
tion range is between −0.2 and 0.15 when the CER is 3 µm,
and then, the band range increases from −0.1 to 0.5 when
the CER increases to 24 µm. With the increase of CER,
the scattering angle corresponding to the first peak of the
polarization phase function curve is gradually shifted to the
left, and the first peaks of the curve appear at 150◦, 142◦,
141◦, and 140◦ for CER of 3, 10, 17, and 24 µm, respectively.
It can be seen that when the EV value is 0.01, the curve has
four peaks in the scattering angle range of 130◦–180◦, and the
first peak is located around 140◦, which is called the “first
rainbow.” When the EV value is 0.01, 0.03, and 0.09, the
fluctuation ranges of the polarized phase function are −0.12 to
0.1, −0.1 to 0.1, and −0.09 to 0.09, respectively, while when
the EV value is 0.29, the fluctuation ranges are only −0.09 to
0.06, i.e., the fluctuation ranges are gradually decreasing with
the increase of EV value.

Fig. 4(e)–(h) shows the variation of the polarized phase
function with the scattering angle corresponding to the value
of EV when the effective radius of the liquid water cloud

droplet is 3, 10, 17, and 24 µm, respectively. When the CER
is small, the effect of EV on the polarized phase function is
large; with the increase of CER, the polarized phase function
curves for different EVs converge. In addition, the fluctuation
of the curves decreases with the increase of EV. For example,
in Fig. 4(f), when the CER is 10 µm, the polarized phase
function curves with EV of 0.01 show eight peaks in the
scattering angle range of 130◦–180◦. However, when the EV
value is increased to 0.29, the polarized phase function curve
shows only two peaks in the same scattering angle range, and
the range of fluctuation is smaller than that of the EV value
of 0.01.

Fig. 4 indicates that the effective scattering angle range can
provide richer information for the retrieval of cloud parame-
ters. Considering the C-DSD as an example, in the scattering
range of 137◦–165◦, the variations between liquid water clouds
of different CERs and EVs can be notably identified. This
significantly improves the efficiency and effect of the cloud
parameter retrieval algorithm and greatly benefits the retrieval
of cloud characteristics.

The simulation results of the ice clouds are shown in Fig. 5,
and it is easy to find that the polarized phase function of ice
cloud has two obvious peaks mainly at the scattering angles
of 22◦ and 46◦, which are the common 22◦ halo and 46◦ halo.
The peak of the 22◦ halo decreases with the gradual increase
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Fig. 5. Variation of polarized phase function corresponding to different ice cloud parameters with the scattering angle. Parameters varied are (a) aspect ratio
Q, (b) mean free path ⟨ℓ⟩, (c) effective radius reff, and (d) EV veff. When changing one parameter, the other parameters remain unchanged.

of Q, ⟨ℓ⟩, reff, and veff parameters. In addition, it can be found
that ⟨ℓ⟩ and reff have a greater influence on the polarized phase
function, which changes more significantly with the variation
of these two parameters. Compared with water clouds, the
variation of the polarized phase function with scattering angle
for ice clouds is relatively less pronounced.

2) Polarized Reflectivity to Scattering Angle: Under the
conditions of λ = 0.490, 0.670, and 0.865 µm, cloud droplets
with different effective radii and COT values are selected to
analyze the variation rule of the normalized polarized reflec-
tivity of cloud droplets with scattering angle. The method for
calculating the normalized polarized reflectance was described
in Section III-A. Fig. 6(a), (c), and (e) shows that under
the condition of a constant optical thickness, the normalized
polarized reflectivities of water cloud droplets with varying
effective radii are markedly distinct in the scattering angle
range of 135◦–155◦. As the wavelength decreases, the normal-
ized reflectance of the effective radii of water cloud droplets
tends to be consistent. Considering the case where λ =

0.490 µm and COT = 1, in the scattering angle range of
135◦–155◦, the peaks of the normalized polarized reflectance
of cloud droplets with a CER of 5, 10, 20, and 30 µm
appear at 142◦, 142◦, 139◦, and 139◦, respectively, and the
peak value increases gradually from 0.04 to 0.06. When
the CER is held constant, barring the normalized polarized
reflectance of cloud droplets with different optical thicknesses
in the scattering angle range from 120◦ to 135◦, which is
nearly equal, dissimilarities occur in other regions of the
curves. For scattering angles less than 120◦, the normalized
reflectance decreases with increasing optical thickness, and for
angles greater than 135◦, the normalized reflectance increases
with increasing optical thickness. The same is true for the

normalized reflectance curves with wavelengths of 0.670 and
0.865 µm. As can be seen from Fig. 6(g)–(i), the normalized
polarization phase functions of the ice clouds do not show
large differences.

B. Scattering Angle Distribution in the Whole Track

Based on the observation geometry of the satellite—the
observed zenith, solar zenith, and relative azimuth angles of
the whole orbit data of the POLDER-3/PARASOL, DPC/GF-5,
and DPC/GF-5(02) loads—the scattering angle for each pixel
is extrapolated. The angle data of these three sensors have
14, 12, and 17 layers, respectively. Calculations and statistical
analysis revealed that although the multiangle polarization load
data exhibit scattering in each layer, the angular distribution
is slightly different, while the general distribution remains
the same. Furthermore, with the continuous increase in the
number of layers, the effective value of the observation angle
continues to decrease; thus, the ninth, fifth, and fourth layers
of data were randomly selected for analysis. The second
layer of the whole orbit scattering angle distribution of the
POLDER-3/PARASOL, DPC/GF-5, and DPC/GF-5(02) sys-
tems is shown in Fig. 7.

From the scattering angle distribution of the entire
POLDER-3 orbit, the higher scattering angles are mostly
distributed at low latitudes, and the scattering angles near the
equator are mostly between 80◦ and 180◦, that is, the scattering
angle gradually decreases from 80◦ to 180◦ near the equator
to 20◦ with increasing latitude. At the same time, the track
color gradually warms from cooler to warmer as it moves
from east to west, that is, the scattering angle of the east
side of the POLDER orbit is generally smaller than that of
the west side, and the scattering angle of the east side of the
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Fig. 6. Variation of polarization reflectance of cloud droplets with different effective radii and optical thicknesses as a function of the scattering angle. (a)–(f)
Simulation results of water clouds. (g)–(i) Ice clouds results.

Fig. 7. Scattering angle distribution of the whole orbit of (a) POLD-
ER-3/PARASOL on July 26, 2013, (b) DPC/GF-5 on March 2, 2020, and
(c) DPC/GF-5(02) on November 15, 2021.

orbit is mainly concentrated in the range of 0◦–100◦, while
the scattering angle of the west side of the orbit is mainly
concentrated in the range of 100◦–180◦.

The scattering angle distribution of the whole orbit of DPC
is similar to that of POLDER-3. The scattering angle decreases

from the center of the orbit to the north, south, and east sides
of the orbit and increases toward the west side of the orbit,
and the scattering angle above 140◦ is mainly distributed in the
equatorial region of the west side of the orbit (more than 60◦).
The scattering angle distribution pattern of the whole orbit
of DPC(02) is slightly different, and the distribution of the
north–south scattering angle is the same as that of POLDER-3
and DPC, but the distribution of the east–west scattering angle
is opposite to the former two. The north–south scattering angle
distribution is the same as that of POLDER-3 and DPC, but
the east–west scattering angle distribution is opposite to the
first two.

C. Distribution of Scattering Angle Range in Local Areas

Based on the analysis of the approximate distribution of
scattering angles, six representative rectangular areas with
greater cloud cover were selected on the three polarized
multiangle load orbits: NW, in the west of the northern high-
latitude area; NE, the eastern side in the northern high-latitude
area; SW, on the west side of the southern high-latitude region;
SE, on the east side of the southern high-latitude region; TW,
on the west side of the equatorial region; and TE, on the
east side of the equatorial region. The specific latitude and
longitude ranges are shown in Table III.
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TABLE III
LATITUDE AND LONGITUDE RANGES OF SELECTED REGIONS ON POLARIZATION MULTIANGLE LOAD TRACK

1) POLDER-3/PARASOL: The distribution of the six
selected rectangle areas on the POLDER-3/PARASOL track
is shown in Fig. 8(g). For each pixel, the multidirectional
acquisition method of the polarization multiangle sensor pro-
vides multiple views distributed between the minimum and
maximum values, that is, different observation angles. The
scattering angles can be calculated from the observation
angles. By extracting the maximum and minimum values of all
scattering angles for each pixel, the scattering angle range of
a pixel is obtained. The distribution of the scattering angle
range of the selected areas is shown in Fig. 8(a)–(f). The
minimum value of all scattering angles of each pixel is used
as the horizontal axis coordinate, and the maximum value is
used as the vertical axis coordinate. The colorbar represents
the color codes based on the number of points, and the
blue line segment, representing the case where the maximum
and minimum values are equal (1:1 diagonal), indicates the
corresponding position of the scattering angle of a single-view
sensor.

From Fig. 8, it can be seen that the scattering angle and
scattering angle range of area c (TW) are the largest, which are
larger than those of area a (NW) and area e (SW); meanwhile,
the scattering angles of area b (NE) and area f (SE) are also
lower than those of area d (TE). Longitudinally, the scattering
angles of regions b, d, and f are overall smaller than those
of the left three regions at the same latitude and the range of
scattering angles.

2) DPC/GF-5: The distribution of the six selected rectan-
gular areas on the DPC/GF-5 track is shown in Fig. 9(g), and

that of the scattering angle range in the selected areas is shown
in Fig. 9(a)–(f).

Fig. 9 shows that the scattering angle ranges corresponding
to the four high-latitude regions a, b, e, and f are lower than
those of the two regions c and d near the equator, highlighting
the advantages of polarization, multiangle loading, and multi-
directional information. In addition, the maximum scattering
angles are about 80◦–180◦ for regions a, c, and e, around
60◦–160◦ for regions d and f, and 100◦–160◦ for region b. The
maximum scattering angles for the regions around the equator
are around 60◦–160◦. The maximum scattering angles are
significantly higher around the equator than at higher latitudes
and are about 20◦ higher in regions b, d, and f in the western
region than in the eastern region.

3) DPC/GF-5(02): The six regions of the DPC/GF-5(02)
load track are the same as those of POLDER-3 and the
DPC, as shown in Fig. 10(g). Similar to the previous two
sensors, the scattering angle range for high-latitude regions
is smaller compared to the low-latitude equatorial regions,
and the maximum scattering angle is also smaller. Scattering
angle and overall scattering angle range on east side of
DPC/GF-5(02) track are smaller than those on the west side.

To clarify the results and facilitate their comparison, the
range of scattering angles in six regions of the orbit of the
three multiangle polarized payloads is shown in the form of
histograms, as shown in Fig. 11. The scattering angles of
the high-latitude regions are lower than those of the low-
latitude regions, and the relative situation of the scattering
angles on the east and west sides of the orbits is clearer in
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Fig. 8. Distribution of selected regions and their scattering angle ranges for the POLDER-3/PARASOL orbit on July 26, 2013.

Fig. 9. Distribution of the selected regions and their scattering angle ranges for the DPC/GF-5 orbit on March 2, 2020.

larger areas. The multidirectional acquisition method of the
multiangle polarization load entails a significantly larger range

of scattering angles than that of the unidirectional acquisition
method. The richness of the angle information is maximized,
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Fig. 10. Distribution of the selected regions and their scattering angle ranges for the DPC/GF-5(02) orbit on November 15, 2021. (a)–(f) Six selected local
regions NW, NE, TW, TE, SW, and SE, respectively. (g) Distribution of the six regions in the whole track.

Fig. 11. Comparison of scattering angle distribution in the selected regions
of multiangle polarization load orbits.

and the collected cloud characteristics are more accurate and
display enhanced retrieval accuracy.

D. Distribution of the Whole Orbit Scattering Angle Range

The distribution of the scattering angle range of the whole
orbits of the three multiangle polarization loads of POLDER-3/
PARASOL, DPC/GF-5, and DPC/GF-5(02) was statistically
analyzed in this article, as shown in Fig. 12.

Fig. 12. Distribution of the whole orbit scattering angle range under
polarization multiangle loads.

The whole orbit scattering angle distributions of the three
loads reveal that the scattering angle range of the whole orbits
of POLDER-3, DPC(02), and DPC is distributed between
20◦ and 160◦. However, regarding the number of scattering
angles, that of the entire orbit of DPC and DPC(02) is greater
than the total number for POLDER. In addition, the upper
left corner of the scattering region has the largest range of
scattering angles, mostly between 80◦ and 180◦, and this type
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Fig. 13. Histograms of the whole-track scattering angle density distribu-
tions of polarized multiangle loads. (a) POLDER-3/Parasol. (b) DPC/GF-5.
(c) DPC/GF-5(02). (d) Whole-track scattering angular density distribution
curves of the three loads.

of region maximizes the acquisition of multiangle information.
According to the analysis in Section III-A, such regions tend
to be located at the center of low-latitude orbits.

In the cloud characteristics retrieval algorithm, not only
is the specific angle range crucial to the parameter retrieval
accuracy and results, but the angle distribution density within
the specific range also influences retrieval result. The angle
distribution density was statistically analyzed, as shown in
Fig. 13. Within the effective range of scattering angles for
C-Phase, C-DSD, and C-Det (865 nm), those of DPC and
DPC(02) are significantly higher than that of POLDER-3
However, it is not difficult to see that due to the fact that the
total number of angles of DPC/GF-5(02) is higher than that
of DPC, even though the density distributions of DPC and
DPC(02) are approximate, and even if the density distribution
of DPC is slightly higher than that of DPC(02) at the peak, the
number of scattering angles in the effective scattering angle
inversion range of DPC(02) is still higher than that of DPC.

Statistical analysis revealed that the total number of scatter-
ing angles of the entire orbit of DPC(02) is 51 283 923, which
is significantly higher than that of POLDER-3 (8 575 291) and
DPC (22 836 886). This is because the maximum number of
observable angles of DPC(02) can reach up to 17, while the
maximum number of observable angles of POLDER-3 and
DPC is 16 and 12, respectively. The higher the number of
observation angles, the greater the number of scattering angles
in the whole orbit. Within a given range, the distribution
density of load angles increases as the number of observation
angles increases.

IV. ANALYTICAL MODEL

In the process of observation evaluation of satellite payload
design, one of the first problems to be solved is whether
the target observation area is within the range that can be
covered by observation during satellite operation, and when
the target observation area is adjusted to the range that can be

Fig. 14. Scattering angle simulation results. (a) Solar zenith angle = 40◦.
(b) Solar zenith angle = 60◦. (c) Solar zenith angle = 80◦.

covered by the satellite according to the time and the satellite
orbital parameter, then the evaluation of the effectiveness of
the cloud parameter retrieval observation in the study can be
carried out. The time and satellite orbit parameters are used as
inputs to calculate the relative azimuths of solar information
(solar zenith angle and solar azimuth) and satellite information
(satellite zenith angle and satellite azimuth) in conjunction
with the geographic location of the target object or target area,
and the results are used as inputs for calculating the scattering
angles, which are further used to assess the effectiveness of
cloud parameter retrieval.

Based on the above analysis, we have established a rela-
tively comprehensive analytical model for effective scattering
angle prediction, which can predict the scattering angle cov-
erage that can be observed at a certain location based on
satellite observation information (satellite zenith angle and
satellite azimuth angle) and solar information. The coverage
of the effective scattering angle range for cloud parameter
retrieval at the location is comprehensively assessed from
five aspects: C-Det, cloud phase identification, C-RayPressure
retrieval, and C-DSD retrieval. By predicting the coverage of
the scattering angle and evaluating the validity of the scattering
angle in the study area, it is possible not only to check
whether the area is suitable for cloud characteristics retrieval
but also to remove the parts that are not useful for the retrieval
of a specific cloud parameter in advance, avoiding data
redundancy.

Meanwhile, the load designer can also better realize the
targeted design of the load according to the purpose of the
load, for example, when the designer prefers to carry out
the retrieval of the cloud microphysical structure through the
observation of the load, the load with better effectiveness
of the retrieval of the C-DSD can be selected according to
our evaluation model to realize the retrieval of the cloud
microphysical structure with higher accuracy.

In Fig. 14, the solar zenith angle is 40◦, 60◦, and 80◦, and the
scattering angle changes are observed when the zenith angle is
between ±60◦ and the relative azimuth angle is between 0◦ and
90◦. As we can see, given an observation zenith angle range,
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Fig. 15. Analysis results of scattering angle effectiveness in selected
regions of the POLDER3/PARASOL, DPC/GF-5, and DPC/GF-5(02) orbits.
(a)–(c) Results for POLDER-3 all-day data on July 26, 2013. (d)–(f) Results
for DPC all-day data on March 4, 2020. (g)–(i) Results for DPC(02) all-day
data on May 30, 2022.

a solar azimuth (solar zenith angle), and a relative azimuth
range, a range of scattering angles for a given position or
region can be obtained. According to the simulation results,
the smaller the Sun zenith angle, the higher the maximum
scattering angle.

With this model, we evaluate the effective scattering angle
coverage of the cloud parameter retrieval over the scattering
angle range of three regions (north, equator, and south) for the
three loads, north represents the area between 50◦N and 60◦N,
south represents the area between 35◦S and 45◦S, and equator
represents the area between 10◦N and 10◦S. The evaluation
results are shown in Fig. 15.

It can be found that among the three regions of the POLDER
orbit, the scattering angle coverage of the north and equator
regions shows high validity in the retrieval of the five cloud
parameters, while the scattering angle coverage of the south
region is less valid than that of the other two regions, and it
only shows good validity in the retrieval of the cloud Rayleigh
pressure and C-Det at 443 nm. This is mainly due to the fact
that the POLDER observations only go up to about 50◦S, and
the south region is already in the more marginal region of the
orbit, as also shown in Fig. 7.

The cloud parameter retrieval validity of DPC in the three
selected regions is almost 100%. In two regions, north and
equator, DPC(02) also demonstrates very high validity. How-
ever, in the south region, the validity of DPC(02) does not
achieve full scores in all five aspects. This can be attributed
to the distribution of the region with a high scattering angle
of DPC(02) for the selected time, which is predominantly in
the middle of the orbit to the north, while the high scattering
angle region of DPC is distributed southward from the center
of the orbit. Nevertheless, it is important to note that DPC(02)

offers more observation angles than both POLDER and DPC,
which is a notable advantage. In the future, the number of
effective observation angles will be included as an additional
evaluation factor.

V. CONCLUSION

The aim of the present research is to analyze the impact of
orbital characteristics and viewing geometry on the retrieval
of cloud properties from multiangle polarimetric measure-
ments by measured data from three polarized multiangle loads
[POLDER/PARASOL, DPC/GF-5, and DPC/GF-5(02)] and
simulated data from radiative transfer mode. At the same time,
we simulate and comprehensively evaluate the effectiveness
of the polarized multiangle loaded orbital scattering coverage
for the inversion of different cloud parameters by building an
analytical model. The main conclusions are given as follows.

According to the simulation results of the ARTDECO radia-
tive transfer model (liquid water cloud-Mie scattering theory
and ice cloud-IHM model), the polarized radiative properties
of clouds are highly sensitive to the scattering angle, and
the polarization phase function and polarization reflectivity of
water clouds change more drastically in the interval of effec-
tive scattering angle of cloud parameter inversion. Polarized
multiangle loads can provide richer angular information, which
greatly improves the accuracy of cloud parameters retrieval.

By analyzing the data of the three payloads POLDER-
3/PARASOL, DPC/GF-5, and DPC/GF-5(02), we found the
scattering angle distribution pattern of the three payloads
orbits.

1) The scattering angle near the equator at low latitude is
distributed between about 140◦ and 180◦, which is much
higher than that of the high-latitude region.

2) The scattering angle distribution shows a “radial,” the
closer to the edge of the orbit, the lower the scattering
angle.

3) For POLDER and DPC, the scattering angle on the west
side of the orbit is higher than that on the east side of
the orbit; for DPC(02), the scattering angle on the east
side of the orbit is higher than that on the west side of
the orbit.

4) The DPC and DPC(02) data have obvious angular advan-
tages in the inversion of cloud droplet spectra.

5) Multiangle information is maximized when the scatter-
ing angle range is maximized.

According to the simulation and evaluation results of the
analytical model, it can be seen that: the smaller the solar
zenith angle is, the wider the coverage of the scattering angle
is, which is more favorable to the inversion of cloud parame-
ters; the polarization multiangle loads are very favorable to the
inversion of cloud parameters, and for the north and equator
regions, the validity of the three loads for the inversion of the
five cloud parameters is all close to 100%. However, due to
the orbital settings and observation angles, there is insufficient
observation information for POLDER being at high latitudes
in the south, and the validity of POLDER in this region is
slightly lower than that of the DPC and DPC(02) angles in
the evaluation results. If the number of observation angles is
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used as an evaluation factor, the advantage of DPC(02) will
be more prominent.
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