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a b s t r a c t
Focusing on satellite remote sensing of ﬁne particulate matter PM2.5 from space, the polarization crossﬁre (PCF) strategy has been developed, which includes the PCF satellite suite and the particulate matter
remote sensing (PMRS) model. Expected to be the ﬁrst dedicated satellite sensor for PM2.5 remote sensing globally, the PCF suite is composed by the Particulate Observing Scanning Polarimeter (POSP) and the
Directional Polarimetric Camera (DPC) together, and will be launched on board the Chinese GaoFen-5(02)
satellite in 2021. Since the cross-track polarimetric measurements of POSP fully cover the multi-viewing
swath of DPC, the sophisticated joint measurements could be obtained from the PCF suite in the range
of 380–2250 nm including intensity and polarization, by the means of pixel matching and the cross calibration from POSP to DPC. Based on the optimal estimation inversion framework and synthetic data of
PCF, the retrieval performances of key aerosol parameters are systematically investigated and assessed
for the PM2.5 estimation by the PMRS model. For the design of inversion strategy for PCF, we ﬁrstly
test the retrievals of aerosol optical depth (AOD), ﬁne mode fraction (FMF), aerosol layer height (H) and
the ﬁne-mode real part of complex refractive index (mfr ) simultaneously with surface parameters from
the synthetic PCF data, and then the columnar volume-to-extinction ratio of ﬁne particulates (VEf ), the
aerosol effective density (ρ f ) and the hygroscopic growth factor of ﬁne-mode particles (f(RH)) are further
obtained by the corresponding empirical relationship. The propagation errors from aerosol parameters to
PM2.5 retrieval are investigated with the key procedures of PMRS model. In addition, the inﬂuences of
improving calibration accuracy of PCF on PM2.5 retrievals are discussed, as well as the retrieval feasibility
of PM10 by PCF strategy.
© 2022 Elsevier Ltd. All rights reserved.

1. Introduction
As an important component of the global atmosphere, aerosols
are composed of solid and liquid particles suspend in the air,
which usually originate from both natural and anthropogenic
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sources [1,2]. Particulates with an aerodynamic diameter of less
than 2.5 μm can enter the alveoli, and are usually called ﬁne particulate matter (PM) or PM2.5 [3], which can cause human respiratory diseases, result in serious immune system diseases, neurological diseases and cardiovascular diseases, etc., and further promote
the occurrence of lung cancer [4,5]. The impact of ﬁne PM is not
only prominent in the ﬁeld of environment [6] and human heath
[7], it also affects the earth-atmosphere radiation balance [8–11]. In
addition, atmospheric PM affect the visibility near the ground, and
thus endanger the safety of public transportation, such as highways, airports, etc. [12]
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Then, how to directly and eﬃciently monitor large-scale atmospheric PM concentration is an important scientiﬁc and technological problem that needs to be solved urgently. The rapid development of satellite remote sensing technology provides a feasible solution for the macro-monitoring of regional atmospheric PM concentration [13]. In fact, the remote sensing capability of PM estimates largely depends on the aerosol key parameters detected by
satellites [14–18]. At present, the satellite products of aerosol optical depth (AOD) are relatively mature [1,19,20–27], but the inversion accuracy of ﬁne particles by satellite still needs to be improved. Therefore, the improvement of the detection capability of
satellite sensors plays an important role in the remote sensing estimation of PM mass concentration. The multi-angle and multispectral polarimetric measurements from ultraviolet (UV) to shortwave
infrared (SWIR) contain a large amount of hidden information of
atmospheric PM expect for AOD, especially other important optical
and microphysical characteristics [28–30]. Thus, polarization is expected to show the detailed characteristics of aerosols by the combination of multispectral or multiangle measurements, which provides strong support for retrieving the mass concentration of atmospheric PM near the ground by satellite remote sensing [31,32].
In order to simultaneously and directly monitor the PM by
the satellite sensing, the polarization crossﬁre (PCF) strategy has
been developed, which includes the PCF satellite suite and the
particulate matter remote sensing (PMRS) model. The polarization
crossﬁre (PCF) satellite suite is based on sophisticated joint measurements (including the geometric registration, band conﬁguration and cross calibration), by the Directional Polarimetric Camera
(DPC) and the Particulate Observing Scanning Polarimeter (POSP)
on board the Chinese GaoFen-5 (02) satellite and Chinese Atmospheric Environmental Monitoring Satellite (DQ-1), which will be
launched in the year of 2021 and 2022, respectively. Inheriting
from the instrument design of Polarization and Directionality of
the Earth’s Reﬂectances (POLDER) series sensors, the ﬁrst DPC instrument has been launched onboard the GaoFen-5 satellite in May
9 of 2018 in a sun-synchronous obit with the spatial resolution
about 3.3 km, and 2 years of global measurements were obtained
[33,34]. The POSP sensor is designed to provide polarimetric crosstrack measurements by the large scanning ﬁeld-of-view (FOV) from
−50° to 50° in the spectral range of 380–2250 nm with the 0.52°
instantaneous FOV (IFOV) and about 6.4 km × 6.4 km nadir spatial
resolution, which can fully cover the swath of DPC. By this means,
these two PCF instruments combined allow for multiangle measurements of polarized radiance with a larger swath.
In this paper, we present the concept design of PCF satellite
suite and the performance assessments of PMRS model that focus
on remote sensing of PM2.5 from space by PCF. For completeness,
we brieﬂy describe the instruments of PCF in Section 2, and then
present the PM2.5 observation method in Section 3. Afterward, the
performance assessments are investigated in Section 4. We provide
the discussion in Section 5 sequentially and summarize the conclusions in Section 6 ﬁnally.

The DPC is a POLDER-type polarization remote sensor, which
uses a large FOV optical system and a wheel to switch the spectral
and polarimetric channels to obtain the polarized radiation information of the atmosphere and the surface in a time-sharing manner. The DPC contains 15 detection channels, as shown in Table 1,
covering a total of 8 spectral bands from 443 to 910 nm, of which
490, 670, 865 nm are polarization bands, and each polarization
band uses 3 polarimetric channels (0°, 60°, 120°), the other spectral bands are all non-polarized bands, and a dark reference channel is also included for dark current correction. The new DPCs to
be onboard the GaoFen-5 (02) and DQ-1 satellites are the successors model of the previous DPC onboard the GaoFen-5 (01) satellite that was launched on May 12, 2018. Although the successor
has remained unchanged in terms of working mode, spectral channel, and instrument FOV, etc., some adaptive changes have been
made based on the consideration of polarization crossﬁre, including: 1) The number of pixels of the original image sensor is increased from 512 × 512 to 1k × 1k to achieve a better ﬁeld of
view match between DPC and POSP; 2) The number of multiple
angles has been signiﬁcantly increased, and 9 − 17 multiple angles can be obtained in most cases; 3) The DPC motor drive clock
and sampling timing has been optimized based on the demand for
simultaneous observation of the two PCF instruments.
2.1.1. POSP instrument principle
The POSP is a spaceborne multi-spectral, split-aperture, splitamplitude optical remote sensor for simultaneous polarimetric detection, its measurement principle is similar to the Aerosol Polarimetry Sensor (APS) in the failed launch of Glory Mission
[35,36]. By following the scene linear polarization state, the POSP
employs a pair of telescopes to measure the ﬁrst three elements
of Stokes vector (I, Q and U), while the fourth element V characterizing the circular polarization component of atmospheric scattering is typically at least two orders of magnitude smaller than
that characterizing the linear polarization one and is considered
to be essentially useless for the retrieval of atmospheric aerosols
[37]. Taking the POSP optical system with a pair of optical paths as
an example, which includes the scanning mirrors and telescopes
(integrated by telescope lens, ﬁeld stops and collimator lens), Wollaston prisms, dichroic beam splitters, focusing lens, interference
ﬁlters, dual-element detectors, etc.
One of the pair of telescopes mentioned above is used to
measure I and Q parameters of Stokes vector, while the other
measures I and U elements. The polarization azimuth between the
two telescopes in the pair is strictly limited to 45° in this optical
system of POSP. Therefore, the elements of Stokes vector can theoretically be obtained from the four measured intensities:

⎡ ⎤

⎡

⎤

I
I0 + I90
⎢Q ⎥ ⎢ I0 − I90 ⎥
⎣U ⎦ = ⎣I − I ⎦
45
135
V
0

(1)

where I0 , I90 , I45 and I135 mean the ﬂux elements of the four channels, respectively, and are all measured with the linear polarizer
elements. Correspondingly, the degree of linear polarization (DoLP)
and azimuth angle of linear polarization (AoLP) can be expressed
as

2. Instruments of PCF
2.1. Instrument conﬁguration



The PCF suite is a precise combination and matching of DPC
[33] and POSP instruments, which are carried on the same satellite
platform and can cover the almost coincident observation regions
with the same swath width about 1850 km. Table 1 lists the speciﬁcations of PCF suite, while Fig. 1 shows the schematic diagram
of PCF. In addition, Fig. 2 illustrates instrument assembly drawing
of the PCF suite, which is precisely composed by the DPC and the
POSP sensors.

DoLP =

Q2 + U2
1
U
, AoLP = arctan
I
2
Q

(2)

According to the requirements of PCF, the POSP instrument
has been conﬁgured with 9 spectral wavelength bands, and constructed with 3 pairs of 6 independent telescopes for simultaneous polarimetric detection. The POSP measures wavelength bands
of 380, 443 and 670 nm with the ﬁrst telescope pair, 410, 490 and
2
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Table 1
Speciﬁcations of the PCF suite.
No.

POSP

DPC

Main application

Central
wavelength
(nm)

Spectral
bandwidth(nm)

Polarization
I/Q/U

Central wavelength(nm)

Spectral
bandwidth
(nm)

Polarization
I/Q/U

1

380

20

YES

–

–

–

2
3
4

410
443
490

20
20
20

YES
YES
YES

–
443
490

–
20
20

–
NO
YES

5
6
7
8
9

–
670
–
–
865

–
20
–
–
40

–
YES
–
–
YES

565
670
763
765
865

20
20
10
40
40

NO
YES
NO
NO
YES

10
11
12
13

–
1380
1610
2250

–
40
60
80

–
YES
YES
YES

910
–
–
–

20
–
–
–

NO
–
–
–

Aerosol layer height,
absorbing aerosol
Absorbing aerosol
Aerosol, sea color
Aerosol, surface
albedo, clouds
Surface albedo
Aerosol properties
Cloud, aerosol layer
height
Land aerosol, cloud,
surface
Water vapor
Cirrus
Dust Aerosol
Dust aerosol,
surface-atmosphere
decoupling

Fig. 1. The schematic diagram of PCF.

865 nm with the second pair, and 1380, 1610 and 2250 nm by the
third pair.
To maintain the on-orbit detection accuracy throughout the
mission, four on-board calibrators are arranged in the scan plane
around the POSP scanning mirrors, including the polarized reference assembly (PRA), the unpolarized reference assembly (URA),
the dark reference assembly (DRA), as well as the solar reference
assembly (SRA) [38]. Among them, the calibrators PRA and URA
are used for on-board polarimetric calibration, the DRA is used to
establish a zero-radiation reference, while the SRA is used for onboard absolute radiometric calibration with a rationing radiometer
(RR) added for tracking its possible degradation.

cross-track scanning. To facilitate the joint inversion and cross calibration of the DPC and POSP on the same platform, spectral wavelength band and the FOV matching are basically needed [39]. Correspondingly, the effect of spectral matching errors can be minimized by the consistency processing of the ﬁlters of the two instruments that the ﬁlter coatings are treated in the same way in
the design and processing technology to ensure the consistency
of their spectral bandwidth and central wavelength, and by the
measurement of the relative spectral response functions. As for the
FOV matching, the main sources of the spatial mismatch between
the two instruments include the stability and speed drift of the
motors, as well as the systematic deviation of geolocation. Among
them, the former may lead to the disorder of the spatial matching
relationship between the two instruments, and at the same time
cause the data processing algorithm to be complicated; while for
the latter, due to the drag effect of the POSP on the FOV for the integration process and its coarser resolution, it is diﬃcult to achieve

2.1.2. Polarization crossﬁre implementation strategy
Both the DPC and POSP are driven by motors when observing
the earth, in which the motor of the DPC is used for sequential
switching of 15 channels, while the other is used for the POSP
3
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Fig. 2. Instrument assembly drawing of the PCF suite onboard DQ-1 satellite.

higher accurate geometric correction, which inevitably has a systematic deviation from the DPC.
To this end, a series of design and optimization processes have
been carried out in engineering and data processing. Firstly, we use
the POSP motor speed signal as the clock source of the DPC motor
driver unit after being processed by the phase-locked loop (PLL),
so that the DPC motor speed changes synchronously as the POSP
motor speed drifts in order to avoid the accumulation of asynchronous errors between the two motors. At the same time, we
set the DPC rotation speed reasonably to obtain synchronous acquisition of the speciﬁc channels of the DPC every time the POSP
scans at nadir. Secondly, we use the higher original image resolution of the DPC (the original pixel number of the CCD detector is
1k × 1k, and the resolution is 1.7 km at nadir) for geometric precision correction, and the actual spatial response function of the
POSP is used to achieve its FOV matching with the DPC to obtain the POSP geometric correction parameters for systematic deviations. Thus, the FOV matching processing between the POSP and
DPC can be realized. Thirdly, the sinusoidal projection and multiangle matching of the DPC images are processed after the pixel
merging is completed, and the POSP geometrically corrected data
is projected to the same grid as the DPC. By this means, the data
sets of PCF are ﬁnally generated.
Therefore, compared with the isolated measurements of DPC,
the joint polarimetric measurements of PCF are extended to UV
and near-UV centered in 380 nm and 410 nm, in order to retrieve
the aerosol layer height. Meanwhile, the polarimetric measurements are extended to SWIR centered in 1610 nm and 2250 nm,
which can be used for surface-atmosphere decoupling and dust
aerosol retrieval. Furthermore, the on-board cross calibration from
POSP to DPC can be carried out, which will be discussed detailedly
in Section 2.2.

bands of the POSP and DPC. Correspondingly, the theoretically expected radiometric and polarimetric accuracy of DPC can reach I
≤ 4% and DoLP ≤ 0.01 after cross-calibration, respectively.
As shown in Table 1, there are four common wavelength bands
in the band conﬁguration of PCF suite, including three polarization bands. With these two sensors of PCF assembled on the same
satellite platform, the scene and observation geometric consistency
errors caused by time-matching related errors can be minimized
as much as possible. Meanwhile, for the common bands of the
two instruments, the effect of spectral matching errors can be further minimized by the combined processing of the central wavelength and bandwidth of the ﬁlters in both instruments and accurate measurement of the relative spectral response. In comparison, FOV matching between the PCF suite is the core issue of the
on-board cross calibration in data preprocessing, especially for geometrically sensitive polarization measurements. The POSP sensor
works in a cross-track scanning mode, and resetting integrators
used as low-pass ﬁlters in its signal conditioning circuits will inevitably cause a drag effect in its FOV. In order to solve this problem, a FOV matching approach has been proposed by considering
the real spatial response function, in which the effectiveness was
veriﬁed with in-ﬂight experiments for the POSP [40].
In addition to data preprocessing, the cross-calibration modeling of the two remote sensors is another core task. Milinevsky
et al. proposed a ScanPol-to-MSIP (Scanning Polarimeter to Multispectral Imaging Polarimeter) cross-calibration model for the FOV
matching area of the two sensors in Aerosol-UA Ukrainian mission [41–43]. Besides, Zhu et al. proposed an AirPOSP-to-SIPC (Air
Particulate Observing Scanning Polarimeter to Simultaneous imaging Polarization Camera) cross-calibration method and veriﬁed it
by in-ﬂight experiments in China [39], which is similar to the
cross-calibration of PCF suite. While for the non-overlapping area
of
the FOV, the geometric difference between the scene and the
sensor at the time of observation by the two remote sensors will
adversely affect the polarization cross calibration results. Therefore,
the cross-calibration approach to spread the FOV of POSP to the
full FOV of DPC needs to be further studied, which will not be discussed in this paper.

2.2. On-board cross calibration
Since the POSP has a complete on-board radiometric and polarimetric calibration system, it can achieve relatively high onboard calibration accuracy, with the expected on-board radiometric calibration accuracy (I) and polarimetric calibration accuracy
(DoLP) corresponding to within 3% and 0.005, respectively; while
the DPC does not have on-board calibration capabilities with the
expected accuracy of I ≤ 5% and DoLP ≤ 0.02 before crosscalibration. Therefore, the POSP can be used as a reference sensor,
and the cross-calibration of the two sensors can be achieved by establishing a transfer relationship between the common wavelength

3. PM2.5 observation method
3.1. PMRS model
Based on the vertical distribution of atmospheric particles, hygroscopicity and mass extinction eﬃciency, a relatively universal
4
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Table 2
The key aerosol parameters obtained from the observation strategy of PCF for PMRS model.
Parameters

Meaning

Measurement principle

Retrieval strategy

AOD
FMF
H

Aerosol optical depth
Fine-mode fraction
Equivalent parameter of aerosol layer
height
columnar volume-to-extinction ratio
of ﬁne particulates
Effective density of ﬁne-mode
particles
Hygroscopic growth factor

Multispectral, multiangle, intensity and
polarization of PCF
380(P), 410(P) nm of PCF

[33,
49]
[50–52]

Based on the relationship of FMF

[17, 18]

Based on the real part of complex refractive
index (mfr )
Based on the real part of complex refractive
index (mfr )

[15]

VEf (FMF)

ρ (

f
f mr

)

f(RH)

parameterization scheme can be established to realize the conversion from the total column AOD to PM mass concentration
near the ground, with the assumption that the distribution functions are ideal for vertical direction and hygroscopic growth factor
[16,44–47]. The introduction of multiple parameterization schemes
can effectively solve the signiﬁcant nonlinear relationship between
aerosol extinction and mass concentration, and even the nonlinear relationship between aerosol extinction and volume concentration [18]. This method was built based on the physical mechanism,
which does not rely on ground PM concentration observations and
in still applicable to those areas without ground observation stations by satellite remote sensing. By the multiple-parameterization
scheme, particles with speciﬁc diameter size are separated from
total suspended particles, and the near-ground optical contribution
is separated from aerosol optical depth. However, the multiple parameterization scheme also means that multiple parameters are required to participate in calculation, and the PMRS model results
will also be affected by the uncertainties of input key parameters.
Therefore, inversion products with high-precision from the satellite plays a vital role in improving the PM retrieval accuracy from
PMRS model.
The following remote sensing formula was obtained from a
semi-empirical physics model for remote sensing ground-level
mass concentration of ﬁne particulate matter, named by PM2.5 remote sensing model as follows [17,18]:

P M2.5 = AOD

F MF · V E f · ρ f
H · f (RH )

Eq. (6)

The aerosol vertical model driven by the equivalent parameter
of aerosol layer height (H) was used to simplify the aerosol vertical distribution in the real atmosphere. The aerosol relative distribution with altitude is assumed as a Gaussian function [51,53–58],
and can be written in the form of

h(z ) = A exp −4 ln 2(z − Hc )2 /σ 2 ,

(4)

where Hc is the aerosol layer height and corresponds to the center
height of the Gaussian function, σ means the width of the aerosol
height distribution with a typical value in the range of 100 m to
20 0 0 m in this study, but the value of σ is ﬁxed in retrieval due
to insuﬃcient information content for inversion test, and A represents a normalization factor. The Gaussian function of aerosol layer
distribution can usually peak at the surface or below, and we just
consider the part above the surface for the inversion test in this
study [50,51]. In addition, H = g(Hc ,σ ), here g is the function of Hc
and σ , which means the ratio of AOD and the extinction eﬃcient
near surface.
As mentioned above, another key parameter VEf is usually dependent on FMF. Thus, the ﬁne-mode AOD can be converted to volume concentration with multiplying by VEf . Zhang and Li (2015)
ﬁrstly conﬁrmed the relationship of FMF-VEf can be expressed as
follows [18]:

V E f = 0.2887F MF 2 − 0.4663F MF + 0.356 (0.1 ≤ F MF ≤ 1.0)
(5)

(3)

We assumed the real part of complex refractive index of dry
ﬁne particles mfr,dry and water mfr,water as constant value of 1.53
and 1.33, respectively [59–61]. Then, the hygroscopic growth factor can be calculated from the mfr of wet and dry ﬁne particles as
follow

in which, there are 5 key parameters to retrieve the PM2.5 mass
concentration near the ground, AOD represents the aerosol optical
depth, FMF represents the ﬁne mode fraction, H is the equivalent
parameter of aerosol layer height, VEf is the ﬁne-mode columnar
volume-to-extinction ratio, ρ f means the aerosol effective density
of ﬁne-mode particles, f(RH) means the hygroscopic growth factor related to the chemical component and the relative humidity.
Correspondingly, above factors can be considered as the own parameters of aerosols, which also can theoretically be obtained simultaneously by a multi-parameter inversion strategy [26,48] and
will be discussed detailly in Section 3.2. In addition, Table 2 lists
the key aerosol parameters can be obtained from the observation
strategy of PCF for PMRS model.
In particular, the VEf is usually dependent on the FMF and can
be represented by the form of quadratic polynomial of FMF [18],
while ρ f also has a relationship with the real part of complex refractive index of ﬁne particulate (mfr ). Thus, as long as these 4
key aerosol parameters, including AOD, FMF, H and mfr , are ﬁrstly
retrieved by PCF satellite remote sensing, and then other 3 key
aerosol parameters VEf , ρ f and f(RH) can be further calculated easily. Fig. 3 illustrates the evaluation scheme of the PM2.5 retrieval
potential from PCF measurements, in which, the item of multiplying AOD and FMF is usually noted as ﬁne-mode AOD (AODf ) and
can be directly retrieved from polarimetric sensors [33].

f (RH ) = 1/ 1 −

mfr − mfr,dry
mfr,water − mfr,dry



(6)

Consequently, the volume concentration can be converted to
mass concentration by multiplying density. The research in Wei
et al. (2021) showed the practicability of deriving density from the
real part of complex refractive index (mfr ) based on satellite [15].
The following empirical function was used in this study to calculate the density of ﬁne mode aerosol.

mfr
mfr

2
2

−1
+2

= c · ρfd ,

(7)

where mfr represents the ﬁne-mode mr , c and d were ﬁtted parameters with c = 0.19 and d = 0.9.
3.2. Inversion strategy
Following the optimal-estimation (OE) based inversion framework, the cost function J(x) can be represented as
5
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Fig. 3. Evaluate scheme of the PM2.5 retrieval potential from PCF.

T

T
1
−1
J (x ) = 12 [y − F(x, b )] S−1
 [y − F (x, b )] + 2 (x − xa ) Sa (x − xa )

As for the simulation of PCF, which can be combined by the
measurements of DPC and POSP as:

(8)

yPCF = [yDPC , yPOSP ]T

where y means an observation vector of PCF, F means a forward
model, x means a state vector of the retrieval, b means the corresponding vector of aerosol model, in which x contains the variables
of state being retrieved and b contains the variables of state that
are assumed. In addition, Sε represents the observation error covariance matrix and is determined by the measurement error and
model error together, xa is the a priori estimate of state vector, and
Sa corresponds to the error covariance matrix of a priori state vector. For the retrieval of those parameters contained in state vector, we minimize the objective function J(x) optimally subject to
(s.t.) the lower bound l and upper bounds u by optimized iterations [1,33,62], that is

For the surface reﬂectance model setting in inversion, an improved bidirectional reﬂectance distribution function (BRDF) model
is used in order to decrease the number of retrieved multispectral
BRDF parameters [33,63,64], which can be represented in the form
as

rλ (θ0 , θv , ϕ ) = f (λ )[1 + k1 fgeom (θ0 , θv , ϕ ) + k2 fvol (θ0 , θv , ϕ )]
(14)
where f(λ) represents the wavelength-dependent model parameter,
k1 and k2 are the wavelength-independent linear model parameters, which correspond to the coeﬃcients of geometric-optical kernel (fgeom ) and volumetric kernel (fvol ). The values of both kernels
only depend on the observation geometry (θ 0 ,θ v ,ϕ ), in which, θ 0
and θ v are the solar zenith angles and viewing zenith angle respectively, ϕ is the relative azimuth angle calculated by the solar
azimuth angles (ϕ 0 ) and viewing azimuth angle (ϕ v ). Meanwhile,
a bidirectional polarized reﬂectance distribution function (BPDF)
model developed by Maignan et al. (2009) was also integrated in
the surface reﬂectance matrix, which mainly depends on a free linear model parameter C, the normalized difference vegetation index
(NDVI) and the observation geometry [65,66].
For the inversion from PCF measurements, we deﬁne the state
vector as

min J (x )
s.t.l ≤ x ≤ u

(9)

For the multi-angular, multispectral, intensity and polarimetric
measurements of DPC in PCF suite, the measurements at 5 wavelength bands are used, including 443, 490(P), 565, 670(P), and
865(P) nm, which can be denoted as λ3 , λ4 , λ5 , λ6 and λ9 in sequence. In addition, the denoted bands λ4 , λ6 and λ9 are for polarization detection, while λ3 and λ5 represent the only intensity
measurements. Consequently, the observational vector y of DPC
can be deﬁned as in the form of

yDPC = [yv1 , yv2 , · · · , yvm ]T

(13)

(10)

xPCF = [AOD(λ0 ), F MF (λ0 ), H, mfr (λ0 ), f (λ1 ),

and

v

v

v

v

v

v T

yv j = Iλj , · · · , Iλj , Iλj , DoLPλ j , · · · , DoLPλ j , DoLPλ j
3

6

9

3

6

9

· · · , f (λ6 ), f (λ9 ), f (λ12 ), f (λ13 ), k1 , k2 , C]T

, ( j = 1, · · · , m )

mfr

where AOD, FMF and
are all selected at the reference
wavelength λ0 = 550 nm, which will be detailedly discussed in Section 4.1, H means the aerosol layer height, f(λ) is
the wavelength-dependent surface parameter of improved BRDF
model, k1 and k2 are the wavelength independent linear model parameters [33,63], and C is the only free linear parameter of BPDF
model and depends on the surface type [65]. Correspondingly, the
state vector for PCF totally include 4 aerosol parameters, 11 BRDF
parameters and 1 BPDF parameter.
Based on the degree of freedom for signal (DFS) results for information content analysis in the previous work [28,33,34,67,68],
the information content of aerosol parameters (including AOD,
FMF, mfr ) and surface parameters (including f(λ), k1 , k2 , C) are all
suﬃcient. However, for the parameters of aerosol vertical distribution in Eq. (4), only the DFS of center height Hc can meet the

(11)
where the superscript vm means the sequence of multi-viewing angle, and m means the number of used multiangle measurements.
Here, I means the intensity component and the deﬁnition of DoLP
is the same as Eq. (2).
While for the single-viewing, multispectral and polarimetric
measurements of POSP integrated in PCF suite, 8 wavelength bands
centered in 380(P), 410(P), 443(P), 490(P), 670(P), 865(P), 1610(P)
and 2250(P) nm are employed, and the observational vector y of
POSP can be represented as

yPOSP = [Iλ1 , · · · , Iλ4 , Iλ6 , Iλ9 , Iλ12 , Iλ13 , DoLPλ1 ,
· · · , DoLPλ4 , DoLPλ6 , DoLPλ9 , DoLPλ12 , DoLPλ13 ]T

(15)

(12)
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Table 3
Effective radius and variance of each mode for forward simulation and inversion.
Fine-mode aerosols

reff (μm)
veff (μm)

where mr and mi represent the real and imaginary part, the superscript f and c represent the ﬁne mode and coarse mode, respectively. Besides, we assume that the ﬁne-mode aerosols have
the same spectral complex refractive index for Mode 1–3, and the
coarse-mode aerosols have another same spectral complex refractive index for Mode 4–5. Therefore, we do not need to retrieve the
wavelength-dependent parameters mf (λ) and mc (λ) directly, but
try to construct them by the equation of

Coarse-mode aerosols

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

0.094
0.130

0.163
0.130

0.282
0.130

0.882
0.284

1.759
1.718

retrieval demanding, while the width σ still is diﬃcult to be retrieved due to insuﬃcient information content [53,69,70]. Therefore, we exclude the parameter σ from the retrieval state vector,
and then assume a ﬁxed value of σ equal to 20 0 0 m for inversion test in this study. Besides, the spatially-distributed width of
the vertical proﬁle of aerosol concentration can be further globally obtained based on statistical methods from the climatology
measurements of Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) [55,58,71].

mf,c ( λ ) =

4.1. Assessment framework



√ N0
2π ln σg

exp − 12

ln r−ln rg
ln σg

2

reff = rg exp

σ

5
ln2 g
2

veff = exp ln2 σg − 1

c

= mfr,c + i · mfi,

c

(20)

where N01 , N02 , N03 , N04 and N05 mean the total number of particles of
ﬁve modes, α1f and α2f are the ﬁne-mode component coeﬃcients
to construct the complex refractive index, α1c and α2c are the correc
sponding coarse-mode component coeﬃcients, fsph
is the spherical
fraction of coarse-mode aerosols, and the deﬁnitions of BRDF and
BPDF parameters are same as Eq. (15). The detailed elements of
state vector by SRON are further listed in Table 4. Subsequently,
the aerosol model vector b can be represented as
1
2
3
4
5
b = [σ , reff
, reff
, reff
, reff
, reff
, v1eff , v2eff , v3eff , v4eff , v5eff , mf1 (λ ),

mf2 (λ ), mc1 (λ ), mc2 (λ )]T

(21)

where σ is the layer width of Gaussian function for aerosol height
1 , r 2 , r 3 , r 4 and r 5 are the effective radius of ﬁve
distribution, reff
eff eff eff
eff
modes listed in Table 3, v1eff , v2eff , v3eff , v4eff and v5eff correspond to the



(16)

effective variance, mf1 (λ ), mf2 (λ ), mc1 (λ ) and mc2 (λ ) are the standard spectral refractive index deﬁned in Eq. (18).
Based on the retrieval state vector x and predeﬁned aerosol
model b the spectral aerosol optical depth τai (λ ) of each mode can
be further calculated by [78]
i
τai (λ ) = N0i Cext
(λ ), (i = 1, 2, · · · , 5)

(22)

where Cext is the extinction cross-section, and equals to the product result of geometric cross-section and extinction eﬃciency factor. Consequently, the spectral AOD, ﬁne-mode AOD and FMF can
be obtained by

(17)

⎧
5

⎪
AOD(λ ) =
τai (λ )
⎪
⎪
⎨
i=1

In this study, the multimode retrieval based on ﬁve modes are
used with ﬁne modes (Mode 1–3) and coarse modes (Mode 4–
5), the corresponding effective radius and effective variance are
listed in Table 3 [79]. For the ﬁne-mode aerosols, we assumed
they are all spherical and composed by the inorganic matter with
black carbon; while for the coarse modes, we assumed they are
non-spherical and composed by the dust with inorganic matter.
c ) of coarse-mode
Therefore, the fraction of spherical particles ( fsph
aerosols also needs to be included in the retrieval state vector
[26,75].
While for the complex refractive index of ﬁne-mode (Mode 1–
3) and coarse-mode (Mode 4–5) aerosols, they can be written uniformly by the form of

mf,

(19)

c
α1f , α2f , α1c , α2c , fsph
, H, f (λ1 ),

· · · , f (λ6 ), f (λ9 ), f (λ12 ), f (λ13 ), k1 , k2 , C]T

where N0 is the total number concentration of particles of each
mode, rg and σ g are the geometric number mean radius and standard deviation of each mode, respectively. We can further convert
the geometric parameters rg and σ g to the effective radius reff and
the effective variance veff by the equation as [77,78]



αkf,c mfk,c (λ )

x = [ N01 , N02 , N03 , N04 , N05 ,

To investigate theoretical capability of PCF measurements for
the retrieval of aerosol key parameters, the inversion tests are carried out based on the synthetic measurements simulated by following the PCF satellite observation mode. The spectral response
functions of DPC and POSP instruments are respectively applied,
a perfect spatial match of two instruments are assumed, and the
corresponding theoretical random noises affected by the instrument calibrations and signal-to-noise ratio (SNR) are also considered. The SRON (Netherlands Institute for Space Research) forward
model and inversion codes with a multimode setup are used in
this study [72–75]. Here, the multimode setting in SRON represents the aerosol model is a multimodal distribution instead of a
bimodal distribution, and each mode has ﬁxed size distribution parameters with a ﬁxed effective radius and effective various [76].
The particle size distribution for each mode is assumed to be
lognormal:

=

k=1

where mfk and mck (k = 1, 2) are the standard spectral refractive
index from the work of the D’Almeida et al. [80], thus we only
have to retrieve the mode component coeﬃcients αkf,c in the inversion by SRON. Here, by following the assumptions of ﬁne-mode
and coarse-mode aerosols setting in SRON, mf1 (λ ) and mf2 (λ ) represent the standard spectral complex refractive index of the inorganic matter and the black carbon, respectively; while mc1 (λ ) and
mc2 (λ ) corresponds to the standard spectral complex refractive index for the dust and the inorganic matter, respectively.
Correspondingly, the retrieval state vector in Eq. (15) can be
equivalent to the form of

4. Performance assessment

dN (r )
d ln (r )

2


3


AODf (λ ) =
τai (λ )
⎪
⎪
i=1
⎪
⎩
Df ( λ )
F MF (λ ) = AO
AOD(λ )

(23)

The synthetic measurements of PCF are also simulated by SRON
based on ﬁve assumed aerosol modes [76] by considering the theoretical measurement errors of PCF, which are mainly affected the
instrument SNR and calibrations errors (I and DoLP). Table 5
shows the combined parameters of assumed true aerosol and surface properties, which are generated stochastically in the reasonable ranges. In order to determine the relative total number concentration between all 5 modes, the random results of ﬁne-mode

(18)
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Table 4
The elements in state vector for the inversion test by SRON.

Aerosol
properties

Surface
properties

Parameter name

Elements in X

Aerosol loading
Coarse-mode spherical fraction

N0i , (i = 1, 2, · · · , 5)
c
f sph

Refractive index coeﬃcients
Aerosol layer height
Scaling parameter for BPDF model
Coeﬃcient of Li sparse kernel
Coeﬃcient of Ross thick kernel
BRDF scaling parameters
Number of aerosol parameters
Number of surface parameters
Length of the state vector

αkf , αkc , (k = 1, 2)

H
C
k1
k2
f(λi ),(i = 1, , 6, 9, 12, 13)
11
12
23

Fig. 4. The corresponding polar plot for the PCF-DPC and PCF-POSP geometry.

Table 5
Parameters to create for the synthetic measurements (based on 500 random samples).
Parameters

Range

Fine-mode AOD
Coarse-mode AOD
Spherical index
Aerosol layer height (m)
Width of height (m)
Components of ﬁne mode
Components of coarse mode
Surface parameter

0.005 ∼ 0.7 at 550nm
0.005 ∼ 0.3 at 550nm
0 ∼ 1.0
1000 ∼ 6000
100 ∼ 2000
Mix of inorganic matter and black carbon
Mix of dust and inorganic matter
Mix of soil and grass

Based on a set of typical observation geometries are shown in
the Fig. 4, there are 500 synthetic samples used for performing
the investigations of PCF. For the reason that the range of scattering angle ( ) for expected PCF observation is mainly between
80° and 180° in most cases, we set the theoretical observation geometries in the principal plane with a solar zenith angle θ 0 = 41°
for simplicity, which can cover the similar wide-range scattering
angle from 83° to 179°. The synthetic measurements of each sample contain at least 9 viewing angles spaced between ±56° from
nadir in the principal plane for the PCF-DPC and one randomlygiven viewing zenith angle (θ v = 20°) between the large scanning
FOV of ±50° for the PCF-POSP.
4.2. Aerosol parameters retrieval

AOD (Mode 1–3) in the range of 0.005 ∼ 0.7 and coarse-mode AOD
(Mode 4–5) in the range of 0.005 ∼ 0.3 are used. Among them, the
relative concentrations of Mode 1–3 are randomly distributed to
constrain the value of ﬁne-mode AOD, while the random relative
concentrations of Mode 4–5 are also randomly adjusted to determine the value of coarse-mode AOD. Correspondingly, the ﬁrst 3
elements of Stokes vector were simulated at a satellite representative height of about 800 km. Here, we assumed the radiance error
I = 4% and a polarization error DoLP = 0.01 for DPC sensor after cross calibration of PCP, as well as I = 3% and DoLP = 0.005
for POSP sensor, with the form of a relative error (I) and an absolute error (DoLP), respectively [33,34,81]. By considering the calibration error as the measurement error, the synthetic measurement vector of PCF (yPCF ) has been systematically obtained with
the random noise added.

In order to evaluate the inversion accuracy of key aerosol parameters, the statistical parameters including the root mean square
error (RMSE) and mean absolute error (MAE) are employed together, as well as the correlation coeﬃcient (R2 ). Fig. 5 shows the
key aerosol parameters that related to the PM2.5 retrieval from the
PCF measurements. Fig. 5(a) and (b) illustrate the AOD and FMF
retrieval results versus the truth results all at 550 nm for inversion
test, respectively. For the inversion test by SRON, the ﬁrst three of
the ﬁve aerosol modes can be considered as the ﬁne modes, and
other two are the coarse modes [76]. For the calculation of FMF,
the extinction coeﬃcients of the ﬁne particle modes are added up
and divided by total extinction. The retrieval uncertainties are very
small for both error evaluation parameters, in which the RMSE
is 0.024 for AOD and 0.08 for FMF, while the MAE corresponds
8
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Fig. 5. Scatterplot of the retrievals of AOD (a), FMF (b), H (c), and mfr (d) versus the truth results for synthetic scenes, in which the 3 key parameters AOD, FMF and mfr are
normalized at 550 nm.

to 0.017 and 0.038, respectively. Meanwhile, the correlation coefﬁcients (R2 ) are 0.99 for the AOD and 0.88 for the FMF. In our
inversion test, the AOD retrieval results have a good consistency
with the reference AOD in most value ranges, but scatterplot of the
FMF results are relatively discrete in the low value area. However,
the FMF ≥ 0.8 case is usually dominated by the anthropogenic
aerosols, which also corresponds to the main application scenario
of PCF satellites. For the case of low FMF, natural sand and dust
are still the majority, which is not the main case considered in this
study.
The values of aerosol layer heights (H) are assumed varying randomly in the range of 10 0 0 m to 60 0 0 m with the width σ varying
randomly from 100 m to 20 0 0 m by following the Gaussian distribution in the forward simulations, while the value of σ is ﬁxed
to 20 0 0 m in the inversion test because of the insuﬃcient information content. Besides, we assume that only one aerosol layer is
presented in the atmosphere. Fig. 5(c) shows the scatterplot of retrieved H results versus the truth aerosol layer heights, in which
RMSE is 777.3 m, MAE is 564.5 m and R2 is 0.83, respectively.
Here, the retrievals of aerosol layer heights are mainly depending on intensity and polarization measurements of PCF-POSP in the

UV and near-UV wavelength channels in this assessment [52]. Besides, the 763 and 765 nm O2 A-band channels of DPC could potentially provide signiﬁcant additional constraint on aerosol height
[53,70], which will make higher precision aerosol layer height retrieval possible and provide favorable support for PM2.5 retrieval
by PMRS model in our further study [51]. Moreover, Fig. 5(d) show
the scatterplot of retrieved mfr versus truth results at wavelength
550 nm, in which, the RMSE is 0.024, MAE is 0.018, and R2 is 0.67.
In natural environment, the value of mr is generally greater than
or equal to 1.33 (e.g. the pure water) at 550 nm. Among these particles that are composed of the same dry composition, the larger
the value of mr is, the drier of the aerosols usually will be. However, particles with a high dry mr (e.g., ammonium sulfate) can
take up water and still have an effective mr that is signiﬁcantly
greater than dry particles with a naturally lower mr (e.g. sea salt).
4.3. PM2.5 mass concentration
Based on PMSE model, the PM2.5 retrieval results (shown in
Fig. 6) can be obtained from PCF synthetic data by PMRS model.
The assumed truth values on the X-axis represent PM2.5 results
9
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on PM2.5 estimations and these corresponding errors. The X-axis
represents the assumed truth (input) values, and the Y-axis represents the corresponding retrieval results. The result of multiplying
AOD and FMF is used to calculate the extinction contribution of
PM2.5 , a good correlation (with R2 of 0.99) and a slight deviation
was found in Fig. 7(a) suggesting the good consistency between the
input and output values of AOD × FMF. Hence, small uncertainties
were caused by the size cutting procedure.
As for volume visualization procedure in Eq. (5), the AOD is
converted to volume concentration through VEf (FMF) model. The
relatively large uncertainty of FMF, especially for small FMF retrievals, can be transferred directly to VEf values, which caused
some plots were far away from 1:1 line in Fig. 7(b). The mass
density weighting procedure in Fig. 7(d) was realized by using the
f
semi-empirical relationship between ρ f and mr in Eq. (7). Since
the small ﬂuctuation ranges of VEf and ρ f , the uncertainties caused
by the volume visualizing procedure, and weighting procedure, are
both relatively small. The bottom isolation procedure is conducted
by using PCF retrievals of aerosol layer height through Eq. (4).
Then, the ratio of extinction coeﬃcient near the ground to the total
aerosol optical depth can be obtained. The ﬁtting line of the scattering plots in Fig. 7(c) has a slope close to 1 and a small offset.
Compared with the other procedures, there is a higher cost performance of effectively improving the accuracy of aerosol layer height
retrieval.
As for the hygroscopic growth factor drying procedure in
Fig. 7(e) was realized by Eq. (6). Here, the real part of the refractive
index is used to approximately estimate the f(RH) from satellite.
The uncertainties of f(RH) may come from the retrieval errors of
the input mfr , or the assumed value of the dry particulate matter.
The aerosol hygroscopic properties of aerosol particles are related
to their chemical composition. Under the same environmental humidity, the hygroscopic growth factors of different aerosol types
are obviously different ranging from 1.0 to 3.0 [83]. If the chemical
composition of particles is the same, with the increase of ambient
humidity, the value of hygroscopic growth factor will also increase
[84]. Direct humidity correction from satellite data depends on the
development of sensors and the improvement of inversion techniques in the future.

Fig. 6. The scatterplot of the assumed truth and the retrieved PM2.5 results with an
expected error (EE) of ±(30%PM2.5 + 15) μg m − 3 .

calculated by assumed key aerosol parameters without error, while
the retrieval values on the Y-axis represent PM2.5 results retrieved
from PCF synthetic data by considering the accumulation of errors
in inversion. Correspondingly, the MAE is 5.21 μg m−3 and the
RMSE is 7.88 μg m−3 for scatterplot of 500 sample points, respectively. Meanwhile, the slope (1.16) and bias (1.82 μg m−3 ) of the
ﬁtting line implies that most scattering plots are close to 1:1 line.
The research of Zhang et al. (2020) has pointed out that the PMRS
model has an expected error (EE) of ±(30%PM2.5 + 15) μg m−3
[82]. In this study, the proportion of the samples involved within
the EE lines is about 96.6%, and there is a good correlation (with
R2 of 0.91) between the assumed truth and retrieved PM2.5 values.
It should be note that several results with large relative errors are
extreme cases in synthetic data (for example, extreme case with
PM2.5 < 1 μg m−3 and AODf is about 0.25), which is unlikely appearing in the real atmosphere.
In general, the PM2.5 retrieval results by PMRS model mainly
depend on the retrieval uncertainties of corresponding key aerosol
parameters. The above tests have assumed that the inversion
knowns key aspects of the simulated system of PMRS are relative perfect, and thus the results may inevitably overestimate PM2.5
to certain extent. In a comprehensive view, the inherent assumptions of PMRS model additional to the retrieval uncertainties of the
inputs, can contribute to the estimation error of PM2.5 in Fig. 6.
These main assumptions include: (1) the volume-to-extinction ratio is ﬁtted as a function of FMF; (2) the mass density is approximate to a function of the real refractive index based on the
electromagnetic polarization; (3) the real refractive index is also
used to approximately determine the hygroscopic growth factor;
(4) the simulated Gaussian model is served as the aerosol proﬁle;
(5) the dependence of the particle properties (such as aerosol particle size) on vertical proﬁle is neglected. Subsequently, the inﬂuence of PMRS model on PCF’s ability to retrieve PM2.5 will be further discussed in the next section.

5.2. Error propagation on PM2.5 by PCF
Along with the semi-empirical physics model for PM2.5 estimate
by Eq. (3), the modeling errors originating from retrieval set up
with the parameters in Table 5 inevitably constitute a signiﬁcant
PM2.5 error sources, which mainly include: (1) the width of Gaussian distribution proﬁle is ﬁxed in the retrieval but simulated with
a variety across two magnitudes (from 0.1 - 2 km); (2) the ﬁne
and coarse aerosol modes are relatively ﬁxed in their size distribution; (3) two aerosol types are modiﬁed from a particular combination of dust/inorganic aerosols and black carbon/inorganic aerosols;
(4) limited surface type that mixes soil and grass.
In order to investigate the propagated errors of the PMRS model
by PCF for the PM2.5 , we assume the independent errors for PMRS
model and input parameters in this study. Based on the error propagation theory, total errors on PM2.5 can be written as

2 
2 
2 
2
P M 2 . 5
AOD
F MF
H
mfr
=
+
+
+
+ (PMRSmodel )2
f
P M2.5

AOD

F MF

H

mr

(24)
5. Discussion

AOD
MF
where AOD
, FFMF
, HH and

5.1. PMRS model procedure inﬂuence on PCF’s PM2.5

mfr
mfr

represent the mean relative er-

ror of four key aerosol parameters retrieved by SRON, respectively,
in which H already contains the propagated errors from Hc and σ
with assumed Gaussian function of aerosol layer distribution. Besides, PMRSmodel means the model error of PMRS, which cover

The PMRS model itself inevitably has certain uncertainties.
Fig. 7 (a-e) actually represent the impact of above ﬁve procedures
10
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Fig. 7. The errors propagation of PMRS model procedures including (a) size cutting procedure, (b) volume visualization procedure, (c) bottom isolation procedure, (d) mass
density weighting procedure, and (e) hygroscopic growth factor drying procedure.

Fig. 8. The RMSE of PM2.5 under the different calibration accuracy of DoLP.

Table 6
The individual errors of 4 key aerosol parameters for PMRS model and result of
error propagation.

the total uncertainty of PMRS model regardless the uncertainties
of measurement parameters for PM2.5 retrieval [18].
Correspondingly, Table 6 lists the input parameter errors for
PMRS model and result of error propagation, in which, the individual errors of 4 key aerosol parameters (AOD, FMF, H and mfr ) are
based the retrieval results in Fig. 5, and the retrieval error of AOD
has been adjusted by the actual inversion results of SRON [76].
Moreover, the relative error of PMRS model is set to an empirical
value with 34%, which has been detailedly discussed in the work
of Zhang & Li (2015) [18], and uncertainties from other sources
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Error source

Individual errors

4
key
aerosol
parameters
PMRS model error
Total error

AOD
FMF
H
mfr
34.00%
44.77%

11.75%
14.88%
20.56%
8.15%
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have almost all been considered. By this means, the propagated
error can be calculated from the PMRS model error and the input parameter errors (retrieval errors of AOD, FMF, H and mfr ),
and the total error of PM2.5 by PCF is about 44.77% in this study,
which can be regarded as the an upper bound for the retrieval error of PM2.5 with the actual PCF measurements in most case. Besides, Li et al. (2016) have used in-situ measurements to estimate
PM2.5 based on PMRS model, in which the total error of PM2.5
was around the value of 31% [17]. Therefore, the error envelope of
±(30%PM2.5 + 15) μg/m3 in Fig. 6 is reasonable for inversion test
in this study.

representative observation geometries and various parameters setting, the synthetic data are simulated and these four
key aerosol parameters (AOD, FMF, H and mfr ) are simultaneously retrieved with corresponding surface parameters.
Three statistical parameters including the root mean square
error (RMSE), mean absolute error (MAE) and correlation coeﬃcient (R2 ) are used to evaluate the retrieval results versus the assumed truth results. For the AOD retrieval, the expected result of RMSE, MAE and R2 corresponds to 0.03, 0.02
and 0.99, respectively; while for the FMF retrieval, the result of RMSE, MAE and R2 is about 0.08, 0.04 and 0.90. Besides, the RMSE, MAE and R2 is about 780 m, 570 m and
0.83 for the retrieval of aerosol layer height (H). In addition,
the RMSE, MAE and R2 is about 0.03, 0.02 and 0.67 for the
retrieval of mfr , in which the correlation coeﬃcient is relative
lower than those results of other 3 aerosol parameters.
(3) The errors propagation to PM2.5 estimation are also investigated with corresponding procedures including the size
cutting, volume visualization, bottom isolation, hygroscopic
growth factor drying procedure and weighting procedure sequentially, in which the bottom isolation procedure has a
signiﬁcantly greater weight than other procedures. Therefore, we can ﬁnd that improving the retrieval accuracy of
aerosol layer height is much more important. This study provides an important guiding signiﬁcance for further improving the sensor and detection mechanism. In addition, the
inﬂuences of improving calibration accuracy on PM2.5 estimations are discussed, and the RMSE of derived PM2.5 decreases monotonically as the improvement of polarization
calibration accuracy.

5.3. PM2.5 accuracy dependence on the crossﬁre calibration of PCF
To analyze the importance of the radiance and polarization accuracy for the aerosol parameters related to PMRS model, we performed aerosol retrievals based on different calibration accuracies.
By ﬁxing the value of I = 3% and DoLP = 0.005 for PCFPOSP, we conduct a test with an assuming ideal radiance accuracy
(I = 3%) and the changing DoLP from 0.005 to 0.03 with the interval 0.005 for PCF-DPC, which is different from the actual measurement uncertainty estimates of DPC described in Section 2.2.
Based on the aerosol parameters retrieved from the PCF synthetic
data, we further analyze the PM2.5 mass concentration retrieved by
the PMRS model in Fig. 8. Based on our preliminary simulation results, as the DoLP improves from 0.03 to 0.005, the retrieval accuracy of PM2.5 is gradually improving. However, this improvement
become less obvious when the accuracy is increased to a certain
extent even the calibration of the PCF can reach to 0.005. We will
conduct further research to demonstrate the speciﬁc impact of the
on-orbit calibration on the polarimetric satellite sensors on PM2.5
estimation.

The PCF suite can observe the global distribution of PM2.5 mass
concentrations. In addition, the PCF can also provide coarse-mode
mr (mcr ) and then the effective density of coarse mode particles
could be determined. Meanwhile, the ﬁne-mode VEf , coarse-mode
VEc and suspended particles could be retrieved together by PCF
strategy, in which the strategy to obtain VEc for coarse mode can
refer to the work of Wei et al. (2020) [85]. Therefore, the possibility of PM10 (particulates with an aerodynamic diameter of less
than 10 μm) estimation can be explored based on PCF satellite
measurements and PMRS model in the future.

6. Conclusions
As an innovative polarimetric satellite remote sensing sensor,
the polarization crossﬁre (PCF) suite is based on the sophisticated
joint observations by the particulate observing scanning polarimeter (POSP) and directional polarimetric camera (DPC) on board
GaoFen-5 (02) and DQ-1 satellites to be launched in 2021 and
2022, and focus on satellite remote sensing of PM2.5 from space.
Since the cross-track polarimetric measurements of POSP fully
cover the multi-viewing swath of DPC, the multispectral, multiangle, intensity and polarized measurements could be obtained from
the PCF suite in the range of 380–2250 nm, by the means of pixel
matching and the cross calibration from POSP to DPC. Based on
the optimal estimation inversion framework and synthetic data of
PCF, the retrieval performances of key aerosol parameters are systematically investigated and assessed for the PM2.5 estimation by
the particulate matter remote sensing (PMRS) model, which further demonstrate the feasibility and rationality of the PCF strategy.
In this paper, our work can be summarized as follows.
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(1) Based on the PMRS semi-empirical model, there are ﬁve key
parameters used to retrieve the PM2.5 mass concentration
near the ground. Among these key parameters, the columnar
volume-to-extinction ratio VEf is represented as an empirical
function of FMF, while the aerosol effective density ρ f and
hygroscopic growth factor f(RH) also can be written as functions of mfr . Therefore, for the design of inversion strategy
for PCF, we ﬁrstly choose to test the retrievals of AOD, FMF,
H and mfr together from the synthetic PCF data, and then the
performance assessments of PMRS model are quantitatively
discussed and evaluated in this paper.
(2) With the expected radiance calibration error and polarization calibration error setting of PCF, and by considering the
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