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Abstract. Multi-angle polarimetry has been recognized as
the most effective configuration to retrieve aerosol param-
eters from space. In this study, we developed a numeri-
cal inversion algorithm that simultaneously retrieves aerosol
optical depth (AOD), single scattering albedo (SSA), and
land surface albedo (expressed as the Directional Hemi-
spherical Reflectance, DHR) from multi-angle polarimet-
ric observations of China’s Directional Polarimetric Cam-
era (DPC) onboard the Gaofen-5 satellite. As one of the few
multi-angle polarimetric sensors in operation, DPC provides
multi-spectral polarized measurements at up to 12 view-
ing angles, offering unique advantages for retrieving mul-
tiple aerosol parameters. With sensitivity experiments us-
ing the VLIDORT radiative transfer model, we first clari-
fied that SSA retrieval with an uncertainty of 0.03 requires
degree of linear polarization (DOLP) observation uncertain-
ties below 0.01 with carefully designed viewing geometries.
Subsequently, an optimization-based algorithm was imple-
mented to minimize discrepancies between simulated and
observed multi-angle scalar reflectance and DOLP. The al-
gorithm performs well on the simulated dataset, with corre-
lation coefficients of SSA (when AOD > 0.4) reaching 0.65.
When laboratory calibration uncertainties representative of
the DPC are introduced, retrieval performance degrades ac-
cordingly. Retrieval using DPC measurements and valida-
tion against AERONET observation also demonstrated ro-
bust performance. Retrieved AOD achieved a correlation co-
efficient of 0.75 with AERONET, comparable to operational
satellite products such as those from MODIS. The correlation
coefficient of SSA under high aerosol loading (AOD > 0.4)
is approximately 0.3, matching the precision of Polariza-
tion and Directionality of the Earth’s Reflectances instru-

ment (POLDER) SSA products, the previous best satellite-
based SSA products. Regional and global results captured
spatiotemporal aerosol variability of typical pollution events,
including biomass burning plumes and dust transport tracks.
The DHR results also align closely with MODIS-derived
DHR (bias = 0.001). This work not only advances DPC’s ca-
pability for comprehensive aerosol characterization globally,
but also provides a physically interpretable framework for
global aerosol and surface monitoring.

1 Introduction

Aerosol properties are of significant importance in both cli-
mate change research and atmospheric environmental stud-
ies (Albrecht, 1989; Ramanathan et al., 2001; Li et al.,
2022a). Satellite remote sensing has emerged as a critical
tool for acquiring comprehensive global aerosol observa-
tions (Dubovik et al., 2019; Liu et al., 2021). Over the past
decades, numerous spaceborne sensors have been employed
for global aerosol observation, providing long-term data that
serve as crucial references for estimating aerosol radiative
effects (Diner et al., 1998; Mishchenko et al., 2007; Torres
et al., 2007; Dubovik et al., 2011; Levy et al., 2013). Ear-
lier sensors, such as MODIS, primarily offered single-angle
scalar observations for each pixel with limited information
content, typically only capable of retrieving column load-
ing of aerosols (Aerosol Optical Depth, AOD) while requir-
ing assumed surface reflectance and other aerosol properties
such as Single Scattering Albedo (SSA) which reflects the
scattering and absorbing properties of aerosols (Levy et al.,
2007b, 2013).

Published by Copernicus Publications on behalf of the European Geosciences Union.



2556

Recently, multi-angle polarimetric sensors could provide
both intensity and polarization measurements of radiation
at multiple viewing angles for individual pixels, signifi-
cantly enhancing the information available for the retrieval of
aerosol parameters (Dubovik et al., 2019). The multi-angle
observations facilitate the separation of surface and aerosol
contributions, while polarization signals exhibit heightened
sensitivity to aerosol scattering and absorbing properties
(Dong et al., 2024). Consequently, multi-angle polarimet-
ric observations have emerged as one of the most promis-
ing satellite remote sensing techniques for retrieving a se-
ries of aerosol and surface parameters on a global scale
(Mishchenko and Travis, 1994; Mishchenko et al., 2010).
This potential has been demonstrated by algorithms de-
veloped for the world’s first operational spaceborne multi-
angle polarimetric sensor, Polarization and Directionality
of the Earth’s Reflectances instrument (POLDER), which
achieved comprehensive retrieval of multiple parameters in-
cluding AOD, SSA, and surface reflectance (Chen et al.,
2020; Dubovik et al., 2011; Hasekamp et al., 2011, 2024;
Li et al., 2019). These achievements underscore the signifi-
cant capability of multi-angle polarimetric sensors in advanc-
ing aerosol remote sensing. After the retirement of POLDER
in 2013, operational spaceborne multi-angle polarimetric ob-
servations became limited. The launch of the Directional Po-
larimetric Camera (DPC) onboard Gaofen-5 in 2018 intro-
duced a new source of multi-angle polarimetric measure-
ments. These observations have supported developments in
SSA retrievals in recent years.

The DPC has eight spectral channels spanning 443—
910 nm and can provide up to 12 viewing angles, with three
channels (490, 670, and 865 nm) offering measurements of
both Q and U linear polarization components, theoretically
enabling SSA retrieval (Li et al., 2018). Many aerosol re-
trieval studies based on DPC/GaoFen-5 observations have
reported high-quality AOD retrievals (with correlation coef-
ficients up to 0.9 against ground-based measurements; Wang
et al., 2021; Jin et al., 2022; Ge et al., 2022). Several studies
have also extended the retrieval to additional aerosol optical
properties, including SSA. For example, Fang et al. (2022)
applied the RemoTAP algorithm to DPC observations to re-
trieve AOD over China, fine-mode AOD, and SSA over east-
ern China. Dong et al. (2024) employed machine learning
methods to retrieve global land SSA. Jin et al. (2024) imple-
mented the GRASP algorithm for SSA retrieval over ocean
from DPC-2/GaoFen-5(02) observations. Ji et al. (2025) and
Zhang et al. (2025b) also applied the RemoTAP algorithm to
retrieve SSA from DPC-2/GaoFen-5(02) observations. Nev-
ertheless, compared with AOD, global SSA retrievals based
on DPC/GaoFen-5 observations have been less frequently
reported. Moreover, although machine learning approaches
have demonstrated strong performance, they are typically
data-driven and rely on the availability of representative
training samples, without explicitly modeling the underlying
physical mechanisms. As a result, their performance may de-
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crease in regions or conditions with limited observations. On
the other hand, studies applying physically based inversion
methods to DPC/GaoFen-5 observations for global SSA re-
trieval are still relatively limited. Further efforts are therefore
needed to extend such physically based approaches on the
global scale.

This study develops a numerical inversion algorithm based
on DPC multi-angle polarimetric observations to retrieve
global AOD, SSA, and surface parameters, providing in-
sights into global aerosol and surface properties. The remain-
der of this paper is organized as follows. Section 2 describes
the data, methods, and experiments conducted in this study.
Section 3 presents the main results, including sensitivity ex-
periments, validation using simulated data and DPC observa-
tions, and regional and global maps of the retrieved parame-
ters. Section 4 discusses the results and concludes the paper.

2 Data and Methods
2.1 DPC Measurements

DPC is China’s first operational spaceborne multi-angle po-
larimetric sensor, successively launched on the Gaofen-5
satellite in May 2018, on Gaofen-5(02) satellite in 2021, and
on Dagqi-1 satellite in 2022, respectively (Dai et al., 2024; Li
et al., 2022b). Although these instruments are based on the
same overall design concept, minor differences exist in their
specific configurations. This study uses measurements from
the DPC instrument onboard the Gaofen-5 satellite launched
in May 2018, as the data from the subsequent DPC instru-
ments onboard Gaofen-5(02) and Dagqi-1 are not yet well
calibrated. The DPC/Gaofen-5 features a spatial resolution
of 3.3 km and achieves multi-angle observations of the same
target through along-track scanning, with up to 12 viewing
angles (typically exceeding 9 angles) for most pixels. The
sensor provides measurements across 8 spectral bands (443,
490, 565, 670, 763, 765, 865, and 910nm) from visible to
near-infrared wavelengths, including polarized observations
at 490, 670, and 865 nm (Li et al., 2018). Six months of DPC
Level 1 data, encompassing April, July, and October 2019, as
well as January—March 2020, are used in the retrieval in this
study. The AERONET, MODIS, as well as other auxiliary
data are selected from the same periods.

The laboratory calibration errors of DPC are within 5 %
for normalized radiance and within 0.02 for the degree of
linear polarization (DOLP) measurements (Li et al., 2018).
However, after launch, DPC exhibited a gradual change in
radiometric sensitivity, primarily due to aging of the opti-
cal components. This drift is dependent on both wavelength
and field of view and can introduce increasing systematic bi-
ases if not properly corrected. Studies show potential radio-
metric drift up to 23 % (Zhu et al., 2022) and DOLP errors
possibly exceeding 0.04 (Qie et al., 2021). The radiometric
response of DPC is progressively drifting over time and is
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realted to VZA. Zhu et al. (2022) developed a method based
on Rayleigh scattering over the ocean to correct this drift.
In deep ocean regions with very low aerosol loading and
low surface reflectance, the TOA radiance observed by satel-
lite sensors is dominated by atmospheric Rayleigh scatter-
ing, which can be accurately simulated using radiative trans-
fer models. By comparing simulated radiances with DPC
observations over such regions, Zhu et al. (2022) provided
monthly VZA-dependent calibration coefficients at 443, 490,
565, and 670 nm. The uncertainty associated with the calibra-
tion method is about 1 %—7 % (depending on the wavelength
and VZA). In this study, these Rayleigh scattering-based cal-
ibration coefficients are applied to correct DPC’s scalar re-
flectance at 443, 490, 565, and 670 nm.

2.2 Auxiliary Data

Some auxiliary data are needed to characterize surface re-
flectance and other related processes. Prior to the inversion
process, we matched these auxiliary data with DPC observa-
tions. These auxiliary data used in the retrieval are listed in
Table 1. Specifically, for land surface, monthly 0.05° NDVI
data from MODIS/Aqua observations are matched to calcu-
late surface polarized reflectance. For water surfaces, hourly
0.25° ERAS5 global wind speed and wind direction data
(Hersbach et al., 2020), monthly ocean salinity data from
the GLBu0.08 dataset (Cummings and Smedstad, 2013), and
monthly averaged 4km resolution chlorophyll concentra-
tion products from MODIS/Aqua observations are matched
to compute the surface reflectance (O’Reilly and Werdell,
2019). Considering the relatively minor influence of aerosol
phase matrices on the inversion (Su et al., 2021; Zhang et al.,
2024), the phase matrices from the aerosol models clustered
by Levy et al. (2007a) are utilized in the retrieval. This ap-
proach ensures comprehensive representation of surface and
atmospheric conditions, enhancing the accuracy and reliabil-
ity of the retrieval process.

2.3 AERONET AOD and SSA

The AERONET is a ground-based aerosol remote sensing
network, providing long-term observations of aerosol opti-
cal and microphysical properties, covering most of the con-
tinental areas around the world (Holben et al., 1998). The
AERONET AOD observations are derived from direct so-
lar radiation and the SSA products are retrieved from diffuse
sky radiance (Dubovik and King, 2000). The AOD measure-
ments are available at multiple wavelengths ranging from
340 to 1640 nm, depending on the site and instrument con-
figuration, whereas the SSA products are provided at four
wavelengths at 440, 675, 870 and 1020 nm. These products
are very accurate with an AOD uncertainty of 0.01 (visible)—
0.02 (UV) and an SSA uncertainty of 0.03 (Giles et al., 2019;
Sinyuk et al., 2020), and are often used to validate satellite
products. However, as the quality control of Level 2.0 in-
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version products requires AOD > 0.4, many stations do not
have extensive Level 2.0 SSA records. Considering the data
quality and data availability, this study utilizes the Version 3
all-point (individual measurement) Level 2.0 AERONET
AOD data derived from direct-sun observations, along with
quality-controlled Level 1.5 almucantar SSA retrievals from
sky radiance measurements. The quality-controlled Level 1.5
SSA are firstly derived from Level 1.5 observations by apply-
ing all the Level 2.0 quality control criteria except the AOD
threshold (e.g., SZA > 50°, sky error <5 %, and coincident
Level 2.0 AOD measurements). In subsequent sections, dif-
ferent AOD thresholds were applied for screening purposes.

2.4 MODIS Albedo

Since AERONET does not retrieve surface albedo, the vali-
dation of the DPC retrieved surface parameters is performed
using the daily surafce products from the MCD43C1 dataset
which are derived from MODIS/Terra and MODIS/Aqua ob-
servations (Schaaf et al., 2002). The MCD43C1 dataset uti-
lizes the RossThick-LiSparse (RTLS) kernel-driven model to
characterize land surface reflectance (Schaaf et al., 2002),
which can be represented as:

R;.(60,0,¢) = Kiso(A) + Kyol fvol (60, 0, d)
+ngofgeo (60,06, 9). (D

In Eq. (1), the terms Kjso(A), Kyo1(A) fyvol and Kgeo(R) feeo
represent isotropic, volumetric, and geometric-optical sur-
face scattering at wavelength A, respectively. Here, Kijso (1),
Kyvo1(A), and Kgeo(A) are the spectral intensity param-
eters of the three components, while fyo1(6p,6,¢) and
feeo(60,0,¢) are Ross-thick and Li-sparse kernel func-
tions, respectively. In our retrieval algorithm, we utilize the
wavelength-dependent RTLS model (Litvinov et al., 2011),
which can expressed as:

R;. (60,0, ¢)

= K()\)|:1 + kyol fvol (60,6, @) +kgeofgeo (60,0, ¢)]s (2)

where K (1) is a wavelength dependent intensity parameter,
whereas kyol and kgeo are wavelength independent parame-
ters. The terms kyo1 K (1) and kgeo K (1) in Eq. (2) correspond
t0 Kyo1(A) and Kgeo(A) in Eq. (1), respectively.

In this study, the Directional Hemispherical Reflectance
(DHR, also known as black sky albedo), which represents
surface albedo in the absence of atmospheric scattering ef-
fects, is computed using the three intensity parameters of the
RTLS model (Sinyuk et al., 2007). Considering the differ-
ences in the spectral bands between MODIS and DPC ob-
servations, the DHR from MODIS is linearly interpolated to
the wavelengths of DPC channels. The accuracy of DPC’s
surface parameter retrievals is evaluated by comparing the
retrieved DHR with interpolated MODIS DHR.
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Table 1. Auxiliary data used in the research.

Variable Data Source Spatial Resolution ~ Temporal Resolution
NDVI MODIS/Aqua  0.05° Monthly

Wind speed and wind direction ERAS 0.25° Hourly

Salinity GLBu0.08 0.08° Monthly
Chlorophyll concentration MODIS/Aqua  4km Monthly

2.5 VLIDORT Radiative Transfer Model

The Vector Llnearized Discrete Ordinate Radiative Trans-
fer (VLIDORT) model is a vector radiative transfer model
that accounts for multiple scattering in real atmospheres. It
simulates Stokes vectors and their linearized matrices (Jaco-
bians) at arbitrary altitudes and viewing geometries, provid-
ing radiative simulations for satellite remote sensing appli-
cations and serving as an effective forward model in numer-
ical inversion algorithms (Spurr, 2006). The model allows
user-defined atmospheric layering with customizable layer
heights and optical properties (including total optical depth,
SSA, and Legendre expansion coefficients of phase matrix
for both aerosols and gases). It calculates output radiation at
selected layers and viewing angles along with corresponding
Jacobian matrices with respect to surface parameters and the
three key atmospheric optical parameters: AOD, SSA, and
phase matrix expansion coefficients. In this study, VLIDORT
was employed for sensitivity experiments and served as the
forward model in the numerical inversion algorithm.

2.6 Retrieval algorithm

Polarimetric multi-angle observations provide both polariza-
tion and angular information, enabling the retrieval of mul-
tiple parameters such as AOD, SSA, and surface reflectance
from a single pixel. However, the system is strongly nonlin-
ear and high-dimensional, thus the inverse problem is very
difficult to solve analytically and should be addressed using
iterative numerical approaches.

The relationship between satellite observations and the pa-
rameters to be retrieved can be expressed as:

y=F(x)+e, 3

where y represents the satellite observations, such as the
Stokes vectors at various bands and viewing angles; x is the
state vector, which includes the parameters to be retrieved,
such as AOD, SSA, and surface reflectance; F is the forward
model, also known as the observation operator, which maps
the state vector to the observation space, and is often repre-
sented by a radiative transfer model in aerosol retrieval algo-
rithms; and ¢ is the error term, encompassing both observa-
tion uncertainties and forward model uncertainties. Numer-
ical inversion aims to find a state vector X such that F(x)
closely matches y, with X being the final retrieval result.
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The cost function is constructed as:
J(x) = E[y —Fx)] S.' [y —F)]
1
+ 5 —x0) TS (x = x0), )

where S, is the covariance matrix of observation errors, xg
is the vector of a priori estimates, and S, is the covariance
matrix of the errors in a priori estimates. The process of solv-
ing for X based on optimization theory involves minimizing
J (x). This minimization is achieved through iterative meth-
ods, with the direction of each iteration determined by the
gradient descent of J(x):

Ved (x) = —K'S [y —Fx)] +S; ! (x —x0). (5)

Here, K is the Jacobian matrix of F(x), representing the par-
tial derivatives of F(x) with respect to the components of x:

a fi(x)

3Xj

Ki,j =

(6)

This iterative approach ensures that the retrieval process
converges to a solution that optimally balances the obser-
vational data and a priori knowledge, providing robust es-
timates of the target parameters.

The measurement vector, y, is constructed with calibrated
scalar reflectance at 443, 490, 565, and 670, as well as DOLP
at 490 and 670 nm from several angles. The DOLP is calcu-
lated according to Eq. (7):

/2
DOLP = U—+Vz @)
1
The number of available viewing angles of scalar and polari-
metric measurements varies among pixels. However, most
pixels are observed from more than 9 viewing angles. Pix-
els with fewer than 9 viewing angles, which are primarily
located near the scan edges, were therefore excluded. For the
remaining pixels, observations from the first 9 viewing an-
gles were used in the retrieval to maintain a fixed number
of viewing angles for all pixels. Consequently, the scalar re-
flectance and DOLP at each wavelength consist of measure-
ments acquired from 9 viewing angles. The measurement er-
ror covariance matrix, Se_l, is determined by measurement
errors of DPC. Although previous studies have suggested that
observational errors of DPC increased after launch (Qie et al.,
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2021; Zhu et al., 2022), the magnitude of this increase has
not been quantitatively characterized. Therefore, this study
adopts the official pre-launch laboratory calibration errors,
namely 5 % radiance errors and 0.02 DOLP errors (Li et al.,
2018), as the observational errors used to construct the mea-
surement error covariance matrix. The usage of DPC mea-
surements and their corresponding error specifications are
summarized in Table 2.

The state vector, x, is composed of aerosol and surface
parameters. Particularly, for land surfaces, the state vector x
consists of AOD (t (1)), SSA (w (1)), kernel intensity param-
eters of RTLS model (K (1), kyol, and kgeo in Eq. 2), and the
scale factor of BPDF-NDVI model (C in Eq. 8), which is
used for polarized surface reflectance estimation (Litvinov et
al., 2011; Maignan et al., 2009):

Cexp(—tanay)exp(—v) Fp (ay,m)

) , ®)
(cosfg + cosB)

Ry (60,6, ) =

where R, is the polarized reflectance, o is the incidence an-
gle, v is the NDVI, m is the refractive index and is fixed to
1.5, and C is the scale factor and is the only free linear param-
eter of the model. For water surfaces, only t(A) and w()) are
retrieved as components of the state vector x, and the New
Cox—Munk model is implemented to compute the surface re-
flectance (Spurr, 2006). The wavelength-dependent parame-
ters, T(A), w(A), and K()), are retrieved at 443, 490, 565,
and 670 nm, corresponding to the wavelengths at which DPC
observations are used to construct the measurement vector.
For AOD and SSA, the a priori state vector and its associ-
ated error covariance matrix are prescribed as fixed values,
derived from the mean and variance of AERONET measure-
ments. The a priori estimates of surface properties are also
fixed, with their errors defined by the corresponding ranges
of variability. The use of fixed a priori values is intended to
provide a controlled and consistent configuration for eval-
uating the inherent performance of the retrieval algorithm.
Details of the a priori values and associated errors are sum-
marized in Table 3.

An overview of the retrieval algorithm is illustrated in
Fig. 1, which mainly involves the following three steps:

1. Data preprocessing. This involves three primary opera-
tions: calibration of DPC scalar observations, removing
cloud/ice/snow pixels (Dong et al., 2024), and match-
ing auxiliary data (including NDVI, wind speed, salin-
ity, and chlorophyll concentration) with DPC observa-
tions. Pixels with glint angle <40° over ocean are also
excluded, because enhanced specular reflection at small
glint angles reduces the aerosol information content and
may introduce geometry-dependent artifacts.

2. Iterative inversion. The calibrated and screened DPC
observations, matched auxiliary data, and a priori es-
timates of target parameters are then fed into the VLI-
DORT radiative transfer model for iterative inversion.

https://doi.org/10.5194/amt-19-2555-2026

Auxiliary data
Aerosol: Phase matrix
Land: NDVI
Ocean: Wind, Salinity,
chlorophyll concentration
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(Kernel intensity)
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(AOD, SSA)
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;i gradient
Jacobians

|
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| |

SSA, and surface kernels

Data Post-processing

Figure 1. Flowchart for the DPC retrieval algorithm.

The algorithm minimizes the cost function defined in
Eq. (4) using an iterative Gauss—Newton method to ob-
tain the final retrieval results.

3. Data post-processing. The retrieved parameters would
be screened for further validation and mapping.

2.7 Sensitivity Experiment

To assess an important advantage of multi-angle polarime-
try, the capability of SSA retrieval, we first investigate the
sensitivity of both scalar and polarized reflectance to SSA. A
series of radiative transfer simulations using the VLIDORT
model for several DPC channels (443, 490, 565, 670, and
865 nm) under varying geometric parameters was conducted.
By perturbing SSA within the AERONET precision (30.03)
under a given set of aerosol and surface models, we analyzed
changes in top-of-atmosphere (TOA) scalar and polarized re-
flectance to evaluate the sensitivity of outgoing radiation to
SSA. The 0.03 SSA variation in our sensitivity analysis was
chosen for two reasons. First, it corresponds to the reported
uncertainty of precise AERONET SSA products, which of-
ten serve as a benchmark for validating satellite retrievals
(Dubovik et al., 2000; Sinyuk et al., 2020). Second, the re-
quirement to constrain aerosol radiative forcing in climate
studies necessitates an SSA uncertainty below 0.03 (GCOS,
2016; Popp et al., 2016). Consequently, this accuracy repre-
sents a target for satellite remote sensing of SSA, which has
not been met by most available products.

The sensitivity experiments employed the moderately ab-
sorbing aerosol model characterized by Levy et al. (2007a)
for two distinct surface types, namely vegetation and bare
soil, as described by Litvinov et al. (2011). The simulations

Atmos. Meas. Tech., 19, 2555-2574, 2026
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Table 2. DPC measurements used for the retrieval.

Z. Zhang et al.: Retrieval of aerosol and surface properties from DPC

Measurement Wavelength Uncertainty Number
of Angles

Scalar reflectance (1) 443, 490, 565, and 670nm 5% 9

DOLP 490 and 670 nm 0.02 9

Table 3. State vector elements, prior values, uncertainty settings, and parameter ranges used in the algorithm.

Parameter  Prior Value  Uncertainty Range Description

T(X) 0.2 0.5 0.001-5.0  Aerosol Optical Depth (AOD)

w(A) 0.92 0.1 0.7-1.0 Single Scatterin Albedo (SSA)

K@) 0.1 0.3 0.001-0.7  Isotropic parameter in the RTLS model
kyol 0.1 2.0 0.01-5.0 Volumetric parameter in the RTLS model
kgeo 0.1 0.4 0.01-0.7 Geometric parameter in the RTLS model
C 6.2 5.0 0.01-10.0  Scale factor of the BPDF-NDVI model

A =443, 490, 565, and 670 nm.

were conducted under a series of SZA, VZA, and RAA, as
listed in Table 4. These simulations aim to reveal the observa-
tion accuracy required for accurate SSA retrieval from multi-
angle polarimetric measurements, and provide guidance for
the design of viewing angle.

2.8 Retrieval Experiment Using Simulated Data

Before applying the retrieval algorithm to DPC observations,
we conducted a series of retrieval experiments using simu-
lated data to validate the performance of the algorithm. Since
the uncertainties of DPC measurement largely exceed lab-
oratory calibration results and are difficult to quantify (Qie
et al., 2021; Zhu et al., 2022), the advantage of simulated
datasets lies in their controllable radiative errors and the
elimination of model uncertainties. The simulated dataset
was constructed using aerosol parameters derived from daily
AERONET observations selected within an 8 km radius of
DPC overpass locations to represent typical aerosol condi-
tions observed by DPC. The corresponding viewing geom-
etry, including SZA, VZA, and RAA, was taken from the
matched DPC observations and used in the radiative sim-
ulations, thereby accounting for the actual scattering angle
distribution of DPC observations. Given that the majority of
AERONET stations are located over land, the validation in
this study primarily focuses on the retrieval performance for
land aerosol and surface parameters. To construct the sim-
ulated dataset, DPC observations were first matched with
AERONET measurements and MODIS surface parameters
(RTLS parameters and NDVI) around the station. Subse-
quently, a sampling of these matched results was performed,
and the sampled AOD, SSA, and surface parameters were
used as “true values” to generate TOA scalar and polarized
reflectances via VLIDORT simulations. These simulated re-
flectances were then treated as satellite observations and fed
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into the retrieval algorithm to retrieve aerosol and surface
parameters. Finally, the retrieved parameters were compared
with the “true values” used in the simulation to evaluate the
inherent retrieval capability of the algorithm. This approach
ensures a controlled assessment of the algorithm’s perfor-
mance while minimizing uncertainties arising from the lack
of knowledge about actual observational errors.

2.9 Validation of the Retrieval Results

After conducting the sensitivity experiment and the retrieval
experiment using simulated data, we applied the retrieval al-
gorithm to DPC observations to derive global AOD, SSA,
and DHR. The retrieved products were then systematically
evaluated at three spatial scales to assess the algorithm’s
effectiveness with DPC observations and characterize spa-
tiotemporal variations of aerosol and surface properties. At
site scale, the retrieved parameters were spatiotemporally
matched with AERONET ground-based measurements for
validation. We averaged the retrieved parameters within an
8km radius of each AERONET station. The AERONET
AOD data was selected and averaged within a 30 min win-
dow around the DPC overpass, whereas the AERONET daily
SSA data was applied to compare against the retrievals. Sev-
eral widely used statistical indicators, including the corre-
lation coefficient (R), the linear regression equation (slope
and intercept), the bias, the mean absolute deviation (MAD),
and the root-mean-square error (RMSE), were considered for
validation. The regional-scale analysis focused on the algo-
rithm’s capability to detect and characterize specific pollu-
tion events, including biomass burning episodes and dust out-
breaks. Globally, we examined the spatiotemporal patterns of
AOD, SSA, and DHR to assess their consistency with known
atmospheric processes and surface characteristics.
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Table 4. Simulation parameter settings.

2561

Parameter Values used in Simulations
Wavelength (nm) 443, 490, 565, 670, 865
Solar Zenith Angle (°) 0, 15, 30, 45, 60

Viewing Zenith Angle (°) 0, 15, 30, 45, 60

Relative Azimuth Angle (°)

0, 30, 60, 90, 120, 150, 180

AOD 0.001,0.1,0.25,0.5,0.75, 1.0, 1.5, 2, 3,5

SSA 0.8, 0.82, 0.84, 0.86, 0.88, 0.90, 0.92, 0.94, 0.96, 0.98, 1.00
Surface Albedo 0.01, 0.05,0.1,0.2,0.3, 0.5

Scale Factor of BPDF 0.1,2,4,8

NDVI 0.1

Phase Matrix Moderate, Strong, Weak absorbing type

3 Results

3.1 Sensitivity of Scalar and Polarimetric
Measurements to SSA

Figures 2 and 3 present the sensitivity analysis of key aerosol
and surface parameters, where Fig. 2 focuses on the scalar
reflectance and Fig. 3 further examines the DOLP. Previous
studies have already investigated the sensitivity of TOA re-
flectance to aerosol and surface properties (Su et al., 2021;
Sayer et al., 2016), here we also considering sensitivity of
DOLP. The results indicate that AOD and surface reflectance
exhibit strong sensitivity in both intensity and polarization,
suggesting that these quantities are well constrained by the
observations. In contrast, the phase matrix shows the weak-
est sensitivity and is markedly smaller than that of the other
parameters, which supports the practical use of a fixed phase
matrix in the inversion. SSA shows non-negligible sensitiv-
ity, but its magnitude is substantially lower than that of AOD
and surface albedo, implying that SSA retrieval is inherently
more difficult and more sensitive to observational uncertain-
ties. The sensitivity of the observations to SSA becomes
more pronounced at higher AOD, indicating that it is pos-
sible to retrieve SSA under high-loading conditions. Given
the high sensitivity of the observation geometry, it is there-
fore necessary to assess the sensitivity of SSA to variations
in geometry.

Figures 4 and 5 illustrate the relative changes in TOA
scalar reflectance (A7) and the changes in DOLP (ADOLP)
respectively when the SSA varies by £0.03 under an aerosol
loading of AODjs50 = 0.5. The angular dependence of A7 and
ADOLP exhibits comparable behavior for the two different
surface types across most bands. Despite minor differences
in magnitude and angular distribution, the changes in / and
DOLP induced by the prescribed SSA perturbations exhibit
similar overall patterns for the two land surface models con-
sidered. For all five bands, A has the same sign as ASSA,
suggesting that an increase (or decrease) in SSA would lead
to an increase (or decrease) in scalar reflectance. This aligns
with the relationship between SSA and aerosol scattering,
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thereby affecting scalar reflectance. Overall, as the scattering
angle increases, Al gradually decreases, indicating reduced
sensitivity to SSA.

ADOLP also varies with scattering angle, but its response
to SSA differs by wavelength (Fig. 5). At scattering angles
near 180°, ADOLP becomes negligible, indicating low sen-
sitivity to SSA. For the three shorter wavelengths (443, 490,
and 565 nm), ADOLP exhibits an opposite sign to ASSA,
decreasing (increasing) with an increase (decrease) in SSA.
As the scattering angle decreases from 180°, ADOLP first
increases and then decreases, reaching its maximum around
90°. Within the scattering angle range of 60—140°, ADOLP
remains above 0.005 and is relatively sensitive to SSA varia-
tions in this range. As the scattering angle further decreases,
the magnitude of ADOLP also diminishes. The 865 nm band
shows negligible ADOLP, suggesting minimal sensitivity to
SSA at longer wavelength. The behavior of ADOLP for the
670 nm band is generally similar to that of the 443, 490, and
565 nm bands, except that ADOLP undergoes a sign reversal
near 100°. It should be noted that the relationship between
ADOLP and scattering angle shown in Fig. 5 is based on
conditions of AODss50=0.5 and ASSA = +0.03. Under dif-
ferent aerosol conditions, ADOLP may exhibit variations,
but the overall trend remains similar. Specifically, shorter
wavelengths show more pronounced changes in DOLP, and
ADOLP follows a more consistent pattern with respect to
scattering angle.

It is important to consider the magnitudes of A/ and
ADOLP when SSA varies by £0.03, as they reflect the re-
quired observational precision to achieve accurate SSA re-
trievals with uncertainties of 0.03. Under both vegetation
and bare soil conditions with AODssg = 0.5, the magnitudes
of AT across all bands and scattering angles are generally
within 5 %. This range aligns with the typical scalar observa-
tion uncertainties of spaceborne sensors, including those of
DPC, suggesting that retrieving SSA with 0.03 uncertainty
is challenging under a scalar observation uncertainty of 5 %.
The values of ADOLP are even smaller, with the most sensi-
tive bands showing a change of only 0.01 at 90°. This implies
that an SSA retrieval with an uncertainty of 0.03 requires a
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Figure 3. Same as Fig. 2, but for distributions of standard deviation (SD) of DOLP.

DOLP precision of 0.01, with additional constraints on ob-
servation angles. Considering that the laboratory calibration
uncertainty of DPC’s DOLP measurements is already 0.02,
and accounting for potential instrument drift after launch, the
actual observational uncertainty may exceed 0.04, according
to our experiment, it is very difficult to obtain high qual-
ity SSA retrieval from DPC observations. However, since
DPC’s observational uncertainties and required precision are
roughly of the same order of magnitude, its measurements
can still be used for SSA retrieval to a certain extent, although
with reduced precision.

Atmos. Meas. Tech., 19, 2555-2574, 2026

3.2 Retrieval Experiment Using Simulated Data

The accuracy of the retrieved SSA is strongly dependent
on aerosol loading, and reliable SSA inversion is generally
achieved only when aerosol optical depth is sufficiently high.
For this reason, the validation applied an AOD-based screen-
ing criterion using AOD443 (AOD at 443 nm). Only SSA re-
trievals with AODy43 > 0.4 were retained, consistent with the
AERONET fine-mode filtering criterion. This criterion was
applied uniformly throughout the analysis, independent of
the wavelength at which AOD or SSA was evaluated.
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Figure 5. Same as Fig. 4, but for the changes in DOLP.

The retrieval results for the noise-free simulated dataset
are presented in Fig. 6. The retrieved AOD and DHR show
good agreement with the true values, with points tightly clus-
tered around the 1 : 1 line. Across the four bands, the AOD
correlation coefficients are approximately 0.97, while the
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DHR correlations exceed 0.95 at 443, 565, and 670 nm. Con-
sistent with these patterns, AOD errors remain small, with
RMSE ranging from 0.04 to 0.06, bias between —0.004 and
0.013, and MAD ranging from 0.03 to 0.04. DHR errors are
of comparable quality, with RMSE close to 0.01, bias be-
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tween 0.001 and 0.005, and MAD around 0.01. In compari-
son, SSA retrieval is less accurate even after screening. For
cases with AODuy43 > 0.4, the SSA correlation is approxi-
mately 0.6-0.7, and about 55 %—65 % of the retrievals fall
within the +0.03 error envelope (EE). The corresponding
SSA RMSE ranges from 0.03 to 0.04, with bias between 0.01
and 0.02 and MAD of approximately 0.03.

When laboratory calibration uncertainties representative
of the DPC are introduced, specifically 5 % for radiance and
0.02 for DOLP, retrieval performance degrades as shown in
Fig. 7. The degradation is evident for all parameters, with
AOD RMSE increasing to 0.06-0.09, bias shifting to 0.02—
0.05, and MAD increasing to 0.04—0.07. DHR errors also in-
crease, with RMSE of 0.02-0.04, bias up to 0.01, and MAD
around 0.02. The impact is most pronounced for SSA. Un-
der the same AOD443 > 0.4 screening, the SSA correlation
decreases to approximately 0.4—0.5 and the fraction within
the +0.03 EE drops to about 50 %. The SSA RMSE in-
creases to 0.04-0.05, while bias remains between 0.01 and
0.02 and MAD increases to 0.03-0.04. This behavior is ex-
pected because SSA has a relatively limited dynamic range,
which makes its inferred variability more susceptible to mea-
surement noise. It should also be noted that the screening
uses the retrieved AODy43, rather than the true values. Con-
sequently, the addition of noise perturbs the retrieved AOD
and can change the number of SSA retrievals retained after
filtering.

Overall, the algorithm yields good retrieval performance
for both the noise-free simulations and the simulations with
added calibration uncertainties, which supports the effective-
ness of the proposed inversion framework. The introduction
of noise leads to a systematic degradation in retrieval quality,
and the reduction is most evident for SSA, consistent with
its limited dynamic range and higher sensitivity to measure-
ment errors. As the uncertainties in actual DPC observations
are expected to be larger than the laboratory calibration er-
rors considered here, it is reasonable to anticipate that SSA
retrievals from real DPC measurements may exhibit lower
accuracy than the simulation-based results, particularly un-
der conditions of moderate aerosol loading.

3.3 Retrieval results on DPC measurements

Validation using the simulated datasets supports the effec-
tiveness of the inversion algorithm. This section further as-
sesses its performance using actual DPC measurements and
evaluates the retrievals against AERONET AOD and SSA
and MODIS DHR data. The AERONET and MODIS data
were interpolated to the DPC wavelengths, and the valida-
tion results are presented in Fig. 8.

Overall, retrievals from real DPC observations are consis-
tent with the simulation-based results, with substantially bet-
ter performance for DHR and AOD than for SSA. The re-
trieved DHR exhibits moderate to strong correlations with
MODIS, with correlation coefficients ranging from 0.75 to
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0.93 depending on wavelength, and the agreement generally
improves toward longer wavelengths. The associated error
magnitudes remain small, with RMSE of approximately 0.03
and MAD of approximately 0.02. The retrieved AOD agrees
reasonably well with AERONET, yielding a correlation co-
efficient of about 0.75, with RMSE of 0.14-0.20, MAD
of 0.08-0.13, and bias of 0.02-0.07. This performance is
slightly lower than that reported for the operational MODIS
AOD products (Levy et al., 2010), but it is comparable in
terms of AOD correlation to the DPC retrievals reported by
Dong et al. (2024), who obtained a correlation coefficient of
0.76 for AOD at 670 nm. The strong agreement for DHR at
longer wavelengths is also consistent with Dong et al. (2024),
who reported a DHR correlation coefficient of 0.93, rein-
forcing that surface reflectance parameters are relatively well
constrained by the DPC measurements in this spectral range.

In contrast, SSA retrievals from the present physics-
based inversion show substantially weaker agreement with
AERONET. For cases with AODg443 > 0.4, the retrieved SSA
has a correlation coefficient of approximately 0.3, with
RMSE of 0.05-0.08, and only about 40 %—45 % of retrievals
fall within the +0.03 EE. This performance differs markedly
from the machine-learning based approach of Dong et al.
(2024), which reported an SSA correlation coefficient of 0.75
and 73 % of retrievals within the +0.03 EE. One plausible
explanation is that data-driven models can be more tolerant
to certain types of observational errors because they implic-
itly learn empirical mappings from noisy measurements to
target variables, provided that the training data adequately
represent the noise characteristics. By contrast, the present
retrieval relies on explicit radiative transfer consistency be-
tween measurements and the forward model, which makes
it more sensitive to unmodeled instrument errors and resid-
ual calibration uncertainties, particularly for SSA (Zheng
et al., 2019). As shown in Sect. 3.1, even under relatively
high aerosol loading, an SSA perturbation of 0.03 induces
only about a 5 % change in scalar reflectance and a change
in DOLP of less than 0.02, implying limited sensitivity. In
practice, DPC DOLP uncertainties may exceed 0.04, and al-
though calibration can reduce systematic biases in scalar re-
flectance, random errors can remain substantial, which fur-
ther constrains the SSA accuracy. In addition, the reference
data used for validation are themselves uncertain. Unlike the
simulations, which are compared with a prescribed truth,
AERONET SSA has an uncertainty of approximately 0.03,
which can further reduce apparent agreement. Applications
with real DPC observations may also be affected by addi-
tional modeling uncertainties that are absent in the internally
consistent simulation framework, although such effects are
likely secondary compared with measurement and reference
uncertainties.

Nevertheless, satellite-based SSA retrievals remain chal-
lenging and typically exhibit relatively low accuracy. The
SSA correlation obtained in this study, which is approxi-
mately 0.3, is comparable to the regional SSA retrievals from
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Figure 6. Validation results of AOD (top), SSA(center), and Directional Hemispherical Reflectance (DHR, bottom) at 443, 490, 565, and
670 nm, based on noise-free simulated datasets.

DPC observations reported by Fang et al. (2022). It is also pability for SSA retrieval under pollution conditions. There-
consistent with the reported performance of the POLDER/- fore, it is promising to identify pollution events and char-
GRASP SSA products, which are widely regarded as among acterize major aerosol types using DPC observations. This
the most reliable satellite-based SSA datasets to date and section examines the retrieval results for a representative
show correlation coefficients of 0.32-0.53 when evaluated biomass burning and dust event respectively as identified
against AERONET (Chen et al., 2020). In summary, these from true-color images from MODIS and VIIRS.

comparisons indicate that the proposed algorithm produces Figure 9 presents the true-color image of a fire event in
AOD and DHR retrievals from DPC observations that are southern Africa on 6 July 2019, along with the retrieved AOD
strongly consistent with AERONET and MODIS products, and SSA from DPC observations. The true-color image re-

respectively, and that it also provides a reliable, though more veals dense vegetation and numerous smoke plumes, which
limited, capability for SSA retrieval under the applied screen- should be primarily composed of black carbon (BC) and or-
ing conditions. ganic carbon (OC) from biomass burning. The AOD retrieval

based on DPC observations effectively identifies the spa-
3.4 Retrieval Results during Typical Pollution Events tial distribution of these smoke plumes, highlighting higher

aerosol loading in the central, northwestern, and northeast-
As discussed previously, the retrieval algorithm demonstrates ern areas, while lower aerosol concentrations are observed in
good performance for AOD retrieval and exhibits certain ca-  the southwest and southeast areas. The retrieved AOD also
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Figure 7. Same as Fig. 6, but with Gaussian noise added to the simulated dataset (5 % for I and 0.02 for DOLP).

reflects the northwest-southeast orientation of these plumes, of aging SSA was typically ~ 0.9 or higher. In regions with
demonstrating good detection capability for this pollution higher AOD, the aerosol signal is stronger, leading to better-
event. This pattern is also consistent with other satellite AOD constrained SSA retrievals with reduced uncertainty. Under
products (see the Supplement). The retrieved SSA values are these conditions, the retrieved SSA values are systemati-
mostly low across the region, typically below 0.9, consis- cally lower and exhibit greater spatial consistency, consistent
tent with the strong absorption properties of biomass burn- with the presence of strongly absorbing aerosols. Overall,
ing aerosols, which contain high proportions of BC and/or the retrieval results effectively capture the spatial variability
OC. The relatively higher SSA values in Fig. 9c are mainly in aerosol loading and absorption associated with biomass-
located at the edges of the biomass-burning plumes, where burning events.

AQD is relatively low and the SSA retrieval has larger uncer- Figure 10 presents a dust event in northern Africa on 2 Oc-
tainty. In these regions, the retrieved SSA (typically around tober 2019. Coastal pixels are excluded from the retrieval
0.92-0.95) is weakly constrained and therefore more sensi- because they cannot be clearly classified as land or ocean,
tive to the assumed a priori values. Such SSA values suggest leading to missing values near coastlines. SSA values in low-
moderately absorbing aerosols and may reflect the influence AOD regions are also screened due to low reliability. The
of possible mixing and aging processes near the plume edges, meridional discontinuities in Fig. 10b, ¢ primarily originate
consistent with Kleinman et al. (2020), who reported that from abrupt changes in the observed radiance between suc-
near-fire smoke had SSA of ~0.8-0.9, while after ~1-2h cessive cross-track scans of DPC, rather than from the re-
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Figure 8. Comparison of retrieved AOD (top) and SSA (center) with AERONET observations, and comparison of retrieved DHR (bottom)
with the MODIS product.

(a) True color (b) 443 nm AOD (c) 443 nm SSA
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Figure 9. Biomass burning event on 6 July 2019 over southern Africa. (a) True-color image from MODIS and VIIRS. (b) Retrieved 443 nm
AOD from DPC observations. (¢) Retrieved 443 nm SSA from DPC observations. The true color image covers the same geographic region as

panels (b) and (c). The true color image is provided by NASA, downloaded from https://worldview.earthdata.nasa.gov/ (last access: 16 June
2025).
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Figure 10. Same as Fig. 9, but with dust event on 2 October 2019 over northern Africa. The true color image is provided by NASA,
downloaded from https://worldview.earthdata.nasa.gov/ (last access: 16 June 2025).

trieval algorithm itself. These discontinuities arise when the
instrument switches from one cross-track scan to the next,
during which the distribution of viewing angle changes. Due
to aging of the DPC optical components, the radiometric re-
sponse exhibits VZA-dependent drifts. Consequently, varia-
tions in viewing-angle distribution lead to variations in the
magnitude of this drift, leading to radiance inconsistencies
between adjacent scans. Although radiometric calibration is
applied prior to the retrieval, the VZA-dependent residual er-
rors cannot be completely eliminated. These residual radio-
metric differences ultimately result in the meridional strip-
ing patterns seen in the retrieval results. The true-color im-
age shows intense dust activity in the western part of the
region, with some dust transported over the ocean. The re-
trieved AOD from DPC observations effectively captures the
high dust loading in this area, particularly the spiral distri-
bution of aerosols over the ocean, which aligns well with the
true-color image and indicates the transport of dust from land
to sea. The retrieved SSA values in this region are mostly
around 0.92, consistent with typical dust SSA. Thus, the re-
trieval results also successfully identify this dust event.

In summary, the retrieval algorithm demonstrates good ca-
pability for identifying the two pollution events by character-
izing the loading and absorbing property of biomass burning
and dust aerosols. These results provide valuable references
for pollution event detection and aerosol type monitoring.

3.5 Global Retrieval Results

To examine the spatiotemporal variability of aerosol and sur-
face parameters, we further investigate the global and sea-
sonal distribution of retrieved parameters. Figures 11-13
show the global distributions of 443nm AOD, SSA, and
land DHR retrieved from DPC observations for April, July,
and October 2019, and January 2020, by gridding the pixel
level retrievals to a 0.5° grid resolution. Results for other
wavelengths could be found in the Supplement. Overall, the
AOD retrievals effectively capture major aerosol source re-
gions (Fig. 11), the spatiotemporal distribution of SSA aligns
with regional emission characteristics (Fig. 12), and DHR
closely matches local surface types (Fig. 13). The patterns of
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AOD, SSA, and DHR are highly consistent with other satel-
lite products such as MODIS, OMI, and POLDER (Chen et
al., 2020; Heald et al., 2014; Schutgens et al., 2021), and are
also in line with previous studies applying DPC observations
(Dong et al., 2024).

Specifically, high AOD values are concentrated in the ma-
jority of aerosol source regions such as East Asia, South
Asia, Africa, the Arabian Peninsula, and northern South
America (Fig. 11). Despite using different surface assump-
tions for land and ocean, the AOD spatial distribution ex-
hibits strong continuity, including the westward transport
of Sahara dust in the northern Africa (Engelstaedter et al.,
2006) and the spread of aerosols from land to the ocean
in pre-monsoon over South Asia (Satheesh and Srinivasan,
2002). The distributions of SSA (Fig. 12) reflect the scatter-
ing and absorption properties of aerosols in different regions,
highlighting aerosol composition features. Low SSA values
are retrieved in Central Asia, Africa, the Arabian Penin-
sula, central Australia, and western North America, indicat-
ing stronger aerosol absorption in these areas. Among these,
Central Asia, northern Africa, and the Arabian Peninsula
are major dust source regions (Ginoux et al., 2012; Habib
et al., 2019), where low SSA is primarily associated with
dust emissions. Biomass burning regions in southern Africa,
northern South America, western North America, and Aus-
tralia, also exhibit low SSA values, which are mainly associ-
ated with BC and/or OC emissions (Eck et al., 2023; Iglesias
et al., 2022; Mallet et al., 2024; Pan et al., 2020; Yang et al.,
2021). In contrast, Europe and eastern North America exhibit
higher SSA values due to dominant anthropogenic emissions
of scattering-type fine particles (Li et al., 2016; Ramanathan
et al., 2001; Wei et al., 2024; Zhang et al., 2025a).

The spatial distribution of DHR (Fig. 13) aligns well with
local surface types (Yang et al., 2017). Regions such as South
America, southern Africa, Europe, Siberia, and eastern North
America show lower DHR in summer, reflecting dense veg-
etation coverage in this season. Conversely, Central Asia,
West Africa, and the Arabian Peninsula exhibit higher DHR
due to desert surfaces with higher reflectivity. Some regions
in western North America and central Australia also exhibit

https://doi.org/10.5194/amt-19-2555-2026
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Figure 12. Same as Fig. 11, but for 443 nm SSA.

high DHR values, consistent with the drier soil associated
with arid climate condition there.

Additionally, the global distributions of AOD, SSA, and
DHR across different months effectively capture the sea-
sonal variations in aerosol and surface properties. For in-
stance, high-latitude regions in the Northern Hemisphere ex-
hibit higher DHR in winter than that in summer, reflect-
ing drier conditions and reduced vegetation coverage dur-

https://doi.org/10.5194/amt-19-2555-2026

ing winter. In West Africa, intense dust activity during the
summer months corresponds to higher AOD (Fig. 11a, b),
while AOD is relatively lower in other seasons (Fig. 11c, d).
Biomass burning in southern Africa primarily occurs during
dry seasons (Mallet et al., 2024; Pan et al., 2020), such as
in July when lower SSA values are derived from DPC ob-
servations (Fig. 12b). The elevated AOD in northern South
America in October (Fig. 11c) is linked to active wildfires
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Figure 13. Same as Fig. 11, but for 443 nm DHR.

during that season (Pan et al., 2020). Notably, while Aus-
tralia generally exhibits low AOD, significantly higher AOD
was observed in January 2020, associated with strong wild-
fires that began in late 2019. Figure 11d shows the eastward
transport of aerosols from Australia, forming a distinct high-
AOD band over the Southern Oceans, where SSA also shows
lower values. The anomalously high AOD over the South-
ern Ocean in January 2020 reaches values of up to 0.5 in
some regions, consistent with independent data sources (e.g.,
MODIS AOD, see Supplement). Our DPC retrieval results
successfully capture these extreme events.

4 Discussion and Conclusion

Satellite-based retrieval of comprehensive aerosol and sur-
face properties remains a challenging work due to limitations
in observational information and the lack of constraints of
unknown parameters. Multi-angle polarimetric observations
represent a great advancement in this regard, as their great
information content enables the retrieval of multiple param-
eters, including aerosol absorption and surface reflectance
(Dubovik et al., 2019). While some studies using DPC obser-
vations have demonstrated robust AOD retrievals (Ge et al.,
2022; Jin et al., 2022; Wang et al., 2021), progress in SSA re-
trieval was still quite limited, with no operational global SSA
products currently available from DPC observations.

This study developed a numerical algorithm to retrieve
global AOD, SSA, and DHR based on DPC observations,
achieving results with reasonable accuracy. Our work pro-
vides insights into the potential of multi-angle polarimetric
observations for the retrieval of aerosol and surface proper-
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ties, deriving high quality AOD and DHR retrieval and reli-
able SSA retrieval. The ability to reliably retrieve SSA from
space has profound implications for more accurate assess-
ment of aerosol radiative effects and environmental impacts,
representing an important advancement in atmospheric re-
mote sensing capabilities. The sensitivity experiments and
global-scale results presented here also offer insights into
future development of spaceborne multi-angle polarimetric
Sensors.

The sensitivity analysis of scalar and polarimetric obser-
vations to SSA in this work demonstrates that accurate SSA
retrieval with an uncertainty of 0.03 requires DOLP observa-
tion uncertainties below 0.01 even with optimally designed
viewing geometries. The laboratory calibration uncertainty
of DPC’s DOLP measurements is roughly on par with this
requirement (Li et al., 2018), theoretically enabling SSA re-
trieval. The performance of our algorithm on simulated data
further indicates that, within DPC’s designed precision, SSA
retrieval is feasible, with correlation coefficients between re-
trieved and “true” 443 nm SSA reaching 0.8 when AOD ex-
ceeds 0.5. However, retrieval based on multi-angle polar-
ization observations is highly sensitive to measurement un-
certainties (Zheng et al., 2019). Since launch, DPC’s op-
tical components have aged, significantly increasing scalar
and polarimetric uncertainties (potentially exceeding 10 %
for scalar reflectance and 0.04 for DOLP) without effective
evaluation or correction methods (Qie et al., 2021; Zhu et
al., 2022), which partially explains the difficulty in achiev-
ing high-precision SSA retrieval from DPC measurements.
In our global validation against AERONET observations,
the SSA correlation coefficient reaches approximately 0.38
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when 443nm AOD > 0.4, comparable to the regional re-
trieval results reported by Fang et al. (2022). The POLDER/-
GRASP SSA product shows correlation coefficients of 0.32—
0.54 for its best-performing 670 nm band when AOD > 0.3
(Chen et al., 2020), also similar to our SSA validation results.

Furthermore, this study derived regional and global dis-
tributions of AOD and SSA from DPC observations, along
with land surface DHR. Regional results effectively iden-
tify pollution events and characterize major aerosol types.
The global AOD also reveals major aerosol source regions,
while the SSA distribution reflects regional aerosol composi-
tion characteristics. The spatial pattern of DHR shows good
agreement with local surface types.

In sum, our retrieval results demonstrate the potential of
DPC observations for comprehensive aerosol and surface
monitoring, despite current limitations in SSA retrieval accu-
racy. Nonetheless, to an accuracy level of AOD and SSA that
meet the requirement of aerosol forcing estimation which re-
quires the uncertainty of SSA to be within 0.03 and that of
AQOD to be within 10 % (Mishchenko et al., 2004; Loeb and
Su, 2010; Zhang et al., 2022), significantly higher quality of
scalar and DOLP measurements are needed than the current
DPC sensor. The information provided by DPC should thus
be considered more qualitative than quantitative. Future im-
provements in sensor design, calibration, as well as retrieval
algorithms may further enhance the precision of aerosol re-
trievals and provide more quantitative products.
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