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ABSTRACT

Focusing on satellite remote sensing of fine particulate matter PM,s from space, the polarization cross-
fire (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 PM,s remote sens-
ing 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 cal-
ibration 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 PM,s 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 (mf) simultaneously with surface parameters from
the synthetic PCF data, and then the columnar volume-to-extinction ratio of fine particulates (VEy), the
aerosol effective density (oy) 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
PM, 5 retrieval are investigated with the key procedures of PMRS model. In addition, the influences of
improving calibration accuracy of PCF on PM, 5 retrievals are discussed, as well as the retrieval feasibility
of PMyo by PCF strategy.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

sources [1,2]. Particulates with an aerodynamic diameter of less
than 2.5 um can enter the alveoli, and are usually called fine par-

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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ticulate matter (PM) or PM, 5 [3], which can cause human respira-
tory diseases, result in serious immune system diseases, neurolog-
ical 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 high-
ways, airports, etc. [12]
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Then, how to directly and efficiently monitor large-scale atmo-
spheric PM concentration is an important scientific and technolog-
ical problem that needs to be solved urgently. The rapid develop-
ment of satellite remote sensing technology provides a feasible so-
lution for the macro-monitoring of regional atmospheric PM con-
centration [13]. In fact, the remote sensing capability of PM esti-
mates largely depends on the aerosol key parameters detected by
satellites [14-18]. At present, the satellite products of aerosol op-
tical depth (AOD) are relatively mature [1,19,20-27], but the in-
version accuracy of fine particles by satellite still needs to be im-
proved. Therefore, the improvement of the detection capability of
satellite sensors plays an important role in the remote sensing esti-
mation of PM mass concentration. The multi-angle and multispec-
tral 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 ex-
pected to show the detailed characteristics of aerosols by the com-
bination of multispectral or multiangle measurements, which pro-
vides strong support for retrieving the mass concentration of at-
mospheric 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 mea-
surements (including the geometric registration, band configura-
tion 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 Atmo-
spheric 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 in-
strument 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 cross-
track 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 x 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 mea-
surements 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 PM, 5 from space by PCF. For completeness,
we briefly describe the instruments of PCF in Section 2, and then
present the PM, 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 conclu-
sions in Section 6 finally.

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 spec-
ifications 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.
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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 infor-
mation of the atmosphere and the surface in a time-sharing man-
ner. 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 spec-
tral bands are all non-polarized bands, and a dark reference chan-
nel is also included for dark current correction. The new DPCs to
be onboard the GaoFen-5 (02) and DQ-1 satellites are the succes-
sors model of the previous DPC onboard the GaoFen-5 (01) satel-
lite that was launched on May 12, 2018. Although the successor
has remained unchanged in terms of working mode, spectral chan-
nel, and instrument FOV, etc., some adaptive changes have been
made based on the consideration of polarization crossfire, includ-
ing: 1) The number of pixels of the original image sensor is in-
creased from 512 x 512 to 1k x 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 an-
gles 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, split-
amplitude optical remote sensor for simultaneous polarimetric de-
tection, its measurement principle is similar to the Aerosol Po-
larimetry 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 charac-
terizing the circular polarization component of atmospheric scat-
tering 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), Wol-
laston prisms, dichroic beam splitters, focusing lens, interference
filters, dual-element detectors, etc.

One of the pair of telescopes mentioned above is used to
measure | 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 theo-
retically be obtained from the four measured intensities:

I Io + Igo
Q Io — Iso

= 1
) Iys — I35 ()

Vv

where Iy, Igg, I35 and I;35 mean the flux elements of the four chan-
nels, 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

/02 U2
DolLP = Q;, AoLP = larctan(g) (2)

I 2 Q

According to the requirements of PCF, the POSP instrument
has been configured with 9 spectral wavelength bands, and con-
structed with 3 pairs of 6 independent telescopes for simultane-
ous polarimetric detection. The POSP measures wavelength bands
of 380, 443 and 670 nm with the first telescope pair, 410, 490 and
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Table 1
Specifications of the PCF suite.
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No. POSP DPC Main application
Central Spectral Polarization Central wave- Spectral Polarization
wavelength bandwidth(nm) 1/Q/U length(nm) bandwidth 1/Q/U
(nm) (nm)
1 380 20 YES - - - Aerosol layer height,
absorbing aerosol
2 410 20 YES - - - Absorbing aerosol
3 443 20 YES 443 20 NO Aerosol, sea color
4 490 20 YES 490 20 YES Aerosol, surface
albedo, clouds
5 - - - 565 20 NO Surface albedo
6 670 20 YES 670 20 YES Aerosol properties
7 - - - 763 10 NO Cloud, aerosol layer
8 - - - 765 40 NO height
9 865 40 YES 865 40 YES Land aerosol, cloud,
surface
10 - - - 910 20 NO Water vapor
1 1380 40 YES - - - Cirrus
12 1610 60 YES - - - Dust Aerosol
13 2250 80 YES - - - Dust aerosol,
surface-atmosphere
decoupling
PCF
\ Position 1
Position 2 Flight Direction
DPC

,f\ DPC Image

POSP Cross-track Scanning

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 refer-
ence 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 on-
board absolute radiometric calibration with a rationing radiometer
(RR) added for tracking its possible degradation.

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

cross-track scanning. To facilitate the joint inversion and cross cali-
bration of the DPC and POSP on the same platform, spectral wave-
length band and the FOV matching are basically needed [39]. Cor-
respondingly, the effect of spectral matching errors can be mini-
mized by the consistency processing of the filters of the two in-
struments 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 in-
tegration process and its coarser resolution, it is difficult to achieve
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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 sys-
tematic 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 asyn-
chronous errors between the two motors. At the same time, we
set the DPC rotation speed reasonably to obtain synchronous ac-
quisition of the specific channels of the DPC every time the POSP
scans at nadir. Secondly, we use the higher original image resolu-
tion of the DPC (the original pixel number of the CCD detector is
1k x 1Kk, and the resolution is 1.7 km at nadir) for geometric pre-
cision correction, and the actual spatial response function of the
POSP is used to achieve its FOV matching with the DPC to ob-
tain the POSP geometric correction parameters for systematic devi-
ations. Thus, the FOV matching processing between the POSP and
DPC can be realized. Thirdly, the sinusoidal projection and multi-
angle 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 measure-
ments 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.

2.2. On-board cross calibration

Since the POSP has a complete on-board radiometric and po-
larimetric calibration system, it can achieve relatively high on-
board calibration accuracy, with the expected on-board radiomet-
ric calibration accuracy (Al) and polarimetric calibration accuracy
(ADoLP) corresponding to within 3% and 0.005, respectively; while
the DPC does not have on-board calibration capabilities with the
expected accuracy of Al < 5% and ADoLP < 0.02 before cross-
calibration. Therefore, the POSP can be used as a reference sensor,
and the cross-calibration of the two sensors can be achieved by es-
tablishing a transfer relationship between the common wavelength

bands of the POSP and DPC. Correspondingly, the theoretically ex-
pected radiometric and polarimetric accuracy of DPC can reach Al
< 4% and ADoLP < 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 polariza-
tion 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 fur-
ther minimized by the combined processing of the central wave-
length and bandwidth of the filters in both instruments and ac-
curate measurement of the relative spectral response. In compari-
son, FOV matching between the PCF suite is the core issue of the
on-board cross calibration in data preprocessing, especially for ge-
ometrically 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 in-
evitably cause a drag effect in its FOV. In order to solve this prob-
lem, 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 mod-
eling of the two remote sensors is another core task. Milinevsky
et al. proposed a ScanPol-to-MSIP (Scanning Polarimeter to Multi-
spectral Imaging Polarimeter) cross-calibration model for the FOV
matching area of the two sensors in Aerosol-UA Ukrainian mis-
sion [41-43]. Besides, Zhu et al. proposed an AirPOSP-to-SIPC (Air
Particulate Observing Scanning Polarimeter to Simultaneous imag-
ing 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 dis-
cussed in this paper.

3. PM2.5 observation method
3.1. PMRS model

Based on the vertical distribution of atmospheric particles, hy-
groscopicity and mass extinction efficiency, a relatively universal



Z. Li, W. Hou, J. Hong et al.

Table 2
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The key aerosol parameters obtained from the observation strategy of PCF for PMRS model.

Parameters Meaning Measurement principle Retrieval strategy

AOD Aerosol optical depth Multispectral, multiangle, intensity and [33,

FMF Fine-mode fraction polarization of PCF 49]

H Equivalent parameter of aerosol layer 380(P), 410(P) nm of PCF [50-52]
height

VE{(FMF) columnar volume-to-extinction ratio Based on the relationship of FMF [17, 18]
of fine particulates

pf(mﬁ) Effective density of fine-mode Based on the real part of complex refractive [15]
particles index (mf)

f(RH) Hygroscopic growth factor Based on the real part of complex refractive Eq. (6)

index (mf)

parameterization scheme can be established to realize the con-
version from the total column AOD to PM mass concentration
near the ground, with the assumption that the distribution func-
tions 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 nonlin-
ear relationship between aerosol extinction and volume concentra-
tion [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 sta-
tions 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 pa-
rameterization scheme also means that multiple parameters are re-
quired 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 satel-
lite 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 PM, 5 re-
mote sensing model as follows [17,18]:

PM, 5 = AOD T

(3)

in which, there are 5 key parameters to retrieve the PM,s 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, VE; is the fine-mode columnar
volume-to-extinction ratio, oy means the aerosol effective density
of fine-mode particles, f(RH) means the hygroscopic growth fac-
tor related to the chemical component and the relative humidity.
Correspondingly, above factors can be considered as the own pa-
rameters of aerosols, which also can theoretically be obtained si-
multaneously 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 VE; is usually dependent on the FMF and can
be represented by the form of quadratic polynomial of FMF [18],
while pf also has a relationship with the real part of complex re-
fractive index of fine particulate (mf). Thus, as long as these 4
key aerosol parameters, including AOD, FMF, H and mf, are firstly
retrieved by PCF satellite remote sensing, and then other 3 key
aerosol parameters VEy, oy and f{RH) can be further calculated eas-
ily. Fig. 3 illustrates the evaluation scheme of the PM, s retrieval
potential from PCF measurements, in which, the item of multiply-
ing AOD and FMF is usually noted as fine-mode AOD (AODy) and
can be directly retrieved from polarimetric sensors [33].

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

h(z) = Aexp (—4In2(z — H.)* /o ?). (4)

where H, is the aerosol layer height and corresponds to the center
height of the Gaussian function, c means the width of the aerosol
height distribution with a typical value in the range of 100 m to
2000 m in this study, but the value of o is fixed in retrieval due
to insufficient information content for inversion test, and A repre-
sents 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(H,,o), here g is the function of H
and o, which means the ratio of AOD and the extinction efficient
near surface.

As mentioned above, another key parameter VE; is usually de-
pendent on FMF. Thus, the fine-mode AOD can be converted to vol-
ume concentration with multiplying by VE;. Zhang and Li (2015)
firstly confirmed the relationship of FMF-VE; can be expressed as
follows [18]:

VE; = 0.2887FMF? — 0.4663FMF +0.356 (0.1 < FMF < 1.0)
(5)

We assumed the real part of complex refractive index of dry
fine particles ml;v dry and water mf | er s constant value of 1.53
and 1.33, respectively [59-61]. Then, the hygroscopic growth fac-
tor can be calculated from the mf of wet and dry fine particles as

follow

mf — mf
FRH) =1/(1- " (6)
r.water mr.dry

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 (mf) based on satellite [15].
The following empirical function was used in this study to calcu-
late the density of fine mode aerosol.

(mi) =1 _
(m{)2 +2

where mf represents the fine-mode my, ¢ and d were fitted param-
eters with ¢ = 0.19 and d = 0.9.

c-pg, (7)

3.2. Inversion strategy

Following the optimal-estimation (OE) based inversion frame-
work, the cost function J(x) can be represented as
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Jo) =3Iy —Fx.b)]' S;! [y-Fxb)] + 3 (x—x:)" §;' (x— %)
(8)

where y means an observation vector of PCF, F means a forward
model, X means a state vector of the retrieval, b means the corre-
sponding 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, S; represents the observation error co-
variance matrix and is determined by the measurement error and
model error together, X, is the a priori estimate of state vector, and
S. corresponds to the error covariance matrix of a priori state vec-
tor. For the retrieval of those parameters contained in state vec-
tor, we minimize the objective function J(x) optimally subject to
(s.t.) the lower bound 1 and upper bounds u by optimized itera-
tions [1,33,62], that is

min J(x)
stl<x<u 9)

For the multi-angular, multispectral, intensity and polarimetric
measurements of DPC in PCF suite, the measurements at 5 wave-
length bands are used, including 443, 490(P), 565, 670(P), and
865(P) nm, which can be denoted as A3, A4, A5, Ag and Ag in se-
quence. In addition, the denoted bands A4, Ag and Ag are for po-
larization detection, while A3 and As represent the only intensity
measurements. Consequently, the observational vector y of DPC
can be defined as in the form of

Yorc = [yt ¥ Y] (10)
and

, . , _ o
v =[L, - L}, [ DoLP}’, ..., DoLP,’, DoLP']", (j=1,---,m)

(11)

where the superscript v; means the sequence of multi-viewing an-
gle, 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

Yrosp = [IM’ ’IM’I)»fs’1197111271)»13’DOLPM’

.-, DoLP,,, DoLP,, DoLP;,, DoLP;_,, DoLP, ,]" (12)

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

Yrce = [Vorc, Yrosp 1" (13)

For the surface reflectance model setting in inversion, an im-
proved 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

.60, Oy, @) = fF(A)[1 + ki fgeom (B0, Ov. ©) + k2 fuo1 (B0 By, 9)]
(14)

where f(A) represents the wavelength-dependent model parameter,
ki and k, are the wavelength-independent linear model parame-
ters, which correspond to the coefficients of geometric-optical ker-
nel (fgeom) and volumetric kernel (fy,). The values of both kernels
only depend on the observation geometry (6,0v,¢), in which, 6,
and 6, are the solar zenith angles and viewing zenith angle re-
spectively, ¢ is the relative azimuth angle calculated by the solar
azimuth angles (o) and viewing azimuth angle (¢y). 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 lin-
ear 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

Xpcr = [AOD(Ao). FMF (o), H, mE(Ro). f(11).
<o (), F(ha), F(A12), fF(M13), ki, ko, CTT (15)

where AOD, FMF and mf are all selected at the reference
wavelength Ag = 550 nm, which will be detailedly dis-
cussed in Section 4.1, H means the aerosol layer height, f{A) is
the wavelength-dependent surface parameter of improved BRDF
model, k; and k, are the wavelength independent linear model pa-
rameters [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 in-
formation content analysis in the previous work [28,33,34,67,68],
the information content of aerosol parameters (including AOD,
FMF, mf) and surface parameters (including f{A), kq, k, C) are all
sufficient. However, for the parameters of aerosol vertical distri-
bution in Eq. (4), only the DFS of center height H. can meet the
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Table 3
Effective radius and variance of each mode for forward simulation and inversion.

Fine-mode aerosols Coarse-mode aerosols

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
Tett (um) 0.094 0.163 0.282 0.882 1.759
Vett (uum) 0.130 0.130 0.130 0.284 1.718

retrieval demanding, while the width o still is difficult to be re-
trieved due to insufficient information content [53,69,70]. There-
fore, we exclude the parameter o from the retrieval state vector,
and then assume a fixed value of o equal to 2000 m for inver-
sion test in this study. Besides, the spatially-distributed width of
the vertical profile of aerosol concentration can be further glob-
ally obtained based on statistical methods from the climatology
measurements of Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) [55,58,71].

4. Performance assessment
4.1. Assessment framework

To investigate theoretical capability of PCF measurements for
the retrieval of aerosol key parameters, the inversion tests are car-
ried out based on the synthetic measurements simulated by fol-
lowing 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 instru-
ment calibrations and signal-to-noise ratio (SNR) are also consid-
ered. 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 repre-
sents the aerosol model is a multimodal distribution instead of a
bimodal distribution, and each mode has fixed size distribution pa-
rameters with a fixed effective radius and effective various [76].

The particle size distribution for each mode is assumed to be
lognormal:

2
dN(r) _ N, 1 ( Inr-Inr,
din(r) — \/E(l)nag exXp [_2< Inog g) } (16)

where Ny is the total number concentration of particles of each
mode, g and o are the geometric number mean radius and stan-
dard deviation of each mode, respectively. We can further convert
the geometric parameters rz and o to the effective radius reg and
the effective variance ves by the equation as [77,78]

Tefr = g exp(3In%ay) 17)
Vet = exp(InZoyg) — 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.
Therefore, the fraction of spherical particles ( fS‘ph) of coarse-mode
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 uni-
formly by the form of

mf ¢ = mﬁ,c_ki.mif. c (18)
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where m; and m; represent the real and imaginary part, the su-
perscript f and c represent the fine mode and coarse mode, re-
spectively. 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 refrac-
tive index for Mode 4-5. Therefore, we do not need to retrieve the
wavelength-dependent parameters mf(1) and mc(1) directly, but
try to construct them by the equation of

mie() = 3 af mie (L) (19)
_k:I k k

where mi and my (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 oz,i‘c in the in-
version by SRON. Here, by following the assumptions of fine-mode
and coarse-mode aerosols setting in SRON, mg (A) and mg (A) rep-
resent the standard spectral complex refractive index of the inor-
ganic matter and the black carbon, respectively; while m§(A) and
m§ (A) corresponds to the standard spectral complex refractive in-
dex for the dust and the inorganic matter, respectively.

Correspondingly, the retrieval state vector in Eq. (15) can be
equivalent to the form of

X =[ Ng.N3.N3.Ng. N3, af. ah. a5, a5, fS. H, f(R),
o+ f(R6). F(Ro). f(A12). f(A13). k1. ko, CTT (20)

where N}, N2, N3, N¢ and N3 mean the total number of particles of
five modes, oc{ and ag are the fine-mode component coefficients
to construct the complex refractive index, af and o5 are the corre-
sponding coarse-mode component coefficients, fsfph 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

_ 12 3 4 5 .1 2 3 5
b =10, e Tetr. et Teter Teer Verrs Verr: Vetrs Vet Varr M1 (A).
mb (L), m§ (1), m§M)]" (21)

where o is the layer width of Gaussian function for aerosol height
sctributi 1,2 3 .4 5 ; ;
distribution, 1, r5g, g Toe and 12 are the effective radius of five

; ; 1 12 3 .4 5
modes listed in Table 3, Vg, Vi, Vg, Vage and 12 correspond to the

effective variance, mf (1), m (1), m§(1) and mS(1) are the stan-
dard spectral refractive index defined in Eq. (18).

Based on the retrieval state vector x and predefined aerosol
model b the spectral aerosol optical depth 7i()A) of each mode can
be further calculated by [78]

Ti(A) =Ny G (V). (i=1.2,---.5) (22)

where Ceyx: is the extinction cross-section, and equals to the prod-
uct result of geometric cross-section and extinction efficiency fac-
tor. Consequently, the spectral AOD, fine-mode AOD and FMF can
be obtained by

AOD(L) = 3 Ti(0)
i=1

AODy() = Y- Ti(h) (23)

i=1
FMF () = 29501

The synthetic measurements of PCF are also simulated by SRON
based on five assumed aerosol modes [76] by considering the the-
oretical measurement errors of PCF, which are mainly affected the
instrument SNR and calibrations errors (Al and ADoLP). Table 5
shows the combined parameters of assumed true aerosol and sur-
face properties, which are generated stochastically in the reason-
able ranges. In order to determine the relative total number con-
centration between all 5 modes, the random results of fine-mode
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Table 4

The elements in state vector for the inversion test by SRON.
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Parameter name

Elements in X

Aerosol Aerosol loading Né, (i=1,2,---.,5
properties Coarse-mode spherical fraction Sfph

Refractive index coefficients a{, ag, (k=1,2)

Aerosol layer height H
Surface Scaling parameter for BPDF model C
properties Coefficient of Li sparse kernel kq

Coefficient of Ross thick kernel ko

BRDF scaling parameters foi=1,--- 6,9 12, 13)

Number of aerosol parameters 11

Number of surface parameters 12

Length of the state vector 23
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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 sam-
ples).

Parameters Range

Fine-mode AOD
Coarse-mode AOD

0.005 ~ 0.7 at 550nm
0.005 ~ 0.3 at 550nm

Spherical index 0~1.0
Aerosol layer height (m) 1000 ~ 6000
Width of height (m) 100 ~ 2000

Components of fine mode
Components of coarse mode
Surface parameter

Mix of inorganic matter and black carbon
Mix of dust and inorganic matter
Mix of soil and grass

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 deter-
mine the value of coarse-mode AOD. Correspondingly, the first 3
elements of Stokes vector were simulated at a satellite representa-
tive height of about 800 km. Here, we assumed the radiance error
Al = 4% and a polarization error ADoLP = 0.01 for DPC sensor af-
ter cross calibration of PCP, as well as Al = 3% and ADoLP = 0.005
for POSP sensor, with the form of a relative error (Al) and an abso-
lute error (ADoLP), respectively [33,34,81]. By considering the cal-
ibration error as the measurement error, the synthetic measure-
ment vector of PCF (ypcr) has been systematically obtained with
the random noise added.

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 scat-
tering angle (®) for expected PCF observation is mainly between
80° and 180° in most cases, we set the theoretical observation ge-
ometries in the principal plane with a solar zenith angle 6, = 41°
for simplicity, which can cover the similar wide-range scattering
angle from 83° to 179°. The synthetic measurements of each sam-
ple contain at least 9 viewing angles spaced between +56° from
nadir in the principal plane for the PCF-DPC and one randomly-
given viewing zenith angle (6, = 20°) between the large scanning
FOV of +50° for the PCF-POSP.

4.2. Aerosol parameters retrieval

In order to evaluate the inversion accuracy of key aerosol pa-
rameters, the statistical parameters including the root mean square
error (RMSE) and mean absolute error (MAE) are employed to-
gether, as well as the correlation coefficient (R2). Fig. 5 shows the
key aerosol parameters that related to the PM, 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
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Fig. 5. Scatterplot of the retrievals of AOD (a), FMF (b), H (c), and mf (d) versus the truth results for synthetic scenes, in which the 3 key parameters AOD, FMF and mf are

normalized at 550 nm.

to 0.017 and 0.038, respectively. Meanwhile, the correlation coef-
ficients (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 ran-
domly in the range of 1000 m to 6000 m with the width o varying
randomly from 100 m to 2000 m by following the Gaussian distri-
bution in the forward simulations, while the value of o is fixed
to 2000 m in the inversion test because of the insufficient infor-
mation content. Besides, we assume that only one aerosol layer is
presented in the atmosphere. Fig. 5(c) shows the scatterplot of re-
trieved H results versus the truth aerosol layer heights, in which
RMSE is 777.3 m, MAE is 564.5 m and R? is 0.83, respectively.
Here, the retrievals of aerosol layer heights are mainly depend-
ing on intensity and polarization measurements of PCF-POSP in the

UV and near-UV wavelength channels in this assessment [52]. Be-
sides, the 763 and 765 nm O, A-band channels of DPC could po-
tentially provide significant additional constraint on aerosol height
[53,70], which will make higher precision aerosol layer height re-
trieval possible and provide favorable support for PM, 5 retrieval
by PMRS model in our further study [51]. Moreover, Fig. 5(d) show
the scatterplot of retrieved mf versus truth results at wavelength
550 nm, in which, the RMSE is 0.024, MAE is 0.018, and R? is 0.67.
In natural environment, the value of m; is generally greater than
or equal to 1.33 (e.g. the pure water) at 550 nm. Among these par-
ticles that are composed of the same dry composition, the larger
the value of m; is, the drier of the aerosols usually will be. How-
ever, particles with a high dry m; (e.g., ammonium sulfate) can
take up water and still have an effective m; that is significantly
greater than dry particles with a naturally lower m; (e.g. sea salt).

4.3. PM2.5 mass concentration
Based on PMSE model, the PM;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 PM;s results
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Fig. 6. The scatterplot of the assumed truth and the retrieved PM, 5 results with an
expected error (EE) of £(30%PM,s + 15) ug m ~ 3.

calculated by assumed key aerosol parameters without error, while
the retrieval values on the Y-axis represent PM, 5 results retrieved
from PCF synthetic data by considering the accumulation of errors
in inversion. Correspondingly, the MAE is 5.21 ug m=3 and the
RMSE is 7.88 ug m~3 for scatterplot of 500 sample points, respec-
tively. Meanwhile, the slope (1.16) and bias (1.82 ug 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%PM,5 + 15) ug 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
R? of 0.91) between the assumed truth and retrieved PM, 5 values.
It should be note that several results with large relative errors are
extreme cases in synthetic data (for example, extreme case with
PM,s5< 1 ug m=3 and AODy is about 0.25), which is unlikely ap-
pearing in the real atmosphere.

In general, the PM, 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 rela-
tive perfect, and thus the results may inevitably overestimate PM, 5
to certain extent. In a comprehensive view, the inherent assump-
tions of PMRS model additional to the retrieval uncertainties of the
inputs, can contribute to the estimation error of PM,5 in Fig. 6.
These main assumptions include: (1) the volume-to-extinction ra-
tio is fitted as a function of FMF; (2) the mass density is ap-
proximate 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 par-
ticle size) on vertical profile is neglected. Subsequently, the influ-
ence of PMRS model on PCF’s ability to retrieve PM, s will be fur-
ther discussed in the next section.

5. Discussion
5.1. PMRS model procedure influence on PCF's PM2.5

The PMRS model itself inevitably has certain uncertainties.
Fig. 7 (a-e) actually represent the impact of above five procedures
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on PM, 5 estimations and these corresponding errors. The X-axis
represents the assumed truth (input) values, and the Y-axis repre-
sents the corresponding retrieval results. The result of multiplying
AOD and FMF is used to calculate the extinction contribution of
PM, 5, a good correlation (with R% 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 x 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 VE{FMF) model. The
relatively large uncertainty of FMF, especially for small FMF re-
trievals, can be transferred directly to VE; 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
semi-empirical relationship between p; and m{ in Eq. (7). Since
the small fluctuation ranges of VE; and py, 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 scat-
tering 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 perfor-
mance 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{lRH) may come from the retrieval errors of
the input mf, 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 hu-
midity, 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 tech-
niques in the future.

5.2. Error propagation on PM2.5 by PCF

Along with the semi-empirical physics model for PM, 5 estimate
by Eq. (3), the modeling errors originating from retrieval set up
with the parameters in Table 5 inevitably constitute a significant
PM, 5 error sources, which mainly include: (1) the width of Gaus-
sian 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 distribu-
tion; (3) two aerosol types are modified from a particular combina-
tion 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 PM, 5, we assume the independent errors for PMRS
model and input parameters in this study. Based on the error prop-
agation theory, total errors on PM; 5 can be written as

2 2 2 2
APMs 5 AAOD AFMF AH Amf )
5 _ = APMR
PMy 5 \/(AOD) +(FMF) +(1—1) +(rng +( Smodet)
(24)
AAOD  AFMF  AH Amf ive er-
where 5555, . Gr and —F represent the mean relative er:

ror of four key aerosol paramete;s retrieved by SRON, respectively,
in which AH already contains the propagated errors from H, and o
with assumed Gaussian function of aerosol layer distribution. Be-
sides, APMRS,;;;,4e; means the model error of PMRS, which cover
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the total uncertainty of PMRS model regardless the uncertainties Table 6
of measurement parameters for PM, 5 retrieval [18] The individual errors of 4 key aerosol parameters for PMRS model and result of

. . . tion.
Correspondingly, Table 6 lists the input parameter errors for error propagation

PMRS model and result of error propagation, in which, the individ- Error source Individual errors

ual errors of 4 key aerosol parameters (AOD, FMF, H and mf) are 4 AOD 11.75%

based the retrieval results in Fig. 5, and the retrieval error of AOD key FMF 14.88%

has been adjusted by the actual inversion results of SRON [76]. aerosol H 20.56%
. - P parameters mf 8.15%

Moreover, the relative error of PMRS model is set to an empirical PMRS model error 34.00%

value with 34%, which has been detailedly discussed in the work Total error 2477%

of Zhang & Li (2015) [18], and uncertainties from other sources

1
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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 in-
put parameter errors (retrieval errors of AOD, FMF, H and mf),
and the total error of PM, 5 by PCF is about 44.77% in this study,
which can be regarded as the an upper bound for the retrieval er-
ror of PM, 5 with the actual PCF measurements in most case. Be-
sides, Li et al. (2016) have used in-situ measurements to estimate
PM;s based on PMRS model, in which the total error of PM;s
was around the value of 31% [17]. Therefore, the error envelope of
+(30%PM, 5 + 15) ug/m3 in Fig. 6 is reasonable for inversion test
in this study.

5.3. PM2.5 accuracy dependence on the crossfire calibration of PCF

To analyze the importance of the radiance and polarization ac-
curacy for the aerosol parameters related to PMRS model, we per-
formed aerosol retrievals based on different calibration accuracies.
By fixing the value of Al = 3% and ADoLP = 0.005 for PCF-
POSP, we conduct a test with an assuming ideal radiance accuracy
(AI = 3%) and the changing ADoLP from 0.005 to 0.03 with the in-
terval 0.005 for PCF-DPC, which is different from the actual mea-
surement uncertainty estimates of DPC described in Section 2.2.
Based on the aerosol parameters retrieved from the PCF synthetic
data, we further analyze the PM; 5 mass concentration retrieved by
the PMRS model in Fig. 8. Based on our preliminary simulation re-
sults, as the ADoLP improves from 0.03 to 0.005, the retrieval ac-
curacy of PM, 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 PM; 5
estimation.

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 polarime-
ter (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 PM, 5 from space.
Since the cross-track polarimetric measurements of POSP fully
cover the multi-viewing swath of DPC, the multispectral, multian-
gle, 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 sys-
tematically investigated and assessed for the PM, 5 estimation by
the particulate matter remote sensing (PMRS) model, which fur-
ther demonstrate the feasibility and rationality of the PCF strategy.
In this paper, our work can be summarized as follows.

(1) Based on the PMRS semi-empirical model, there are five key
parameters used to retrieve the PM,s mass concentration
near the ground. Among these key parameters, the columnar
volume-to-extinction ratio VE; is represented as an empirical
function of FMF, while the aerosol effective density oy and
hygroscopic growth factor f(RH) also can be written as func-
tions of mf. Therefore, for the design of inversion strategy
for PCF, we firstly choose to test the retrievals of AOD, FMF,
H and mf together from the synthetic PCF data, and then the
performance assessments of PMRS model are quantitatively
discussed and evaluated in this paper.

With the expected radiance calibration error and polariza-
tion calibration error setting of PCF, and by considering the

(2

—

12

Journal of Quantitative Spectroscopy & Radiative Transfer 286 (2022) 108217

representative observation geometries and various parame-
ters setting, the synthetic data are simulated and these four
key aerosol parameters (AOD, FMF, H and mf) are simul-
taneously retrieved with corresponding surface parameters.
Three statistical parameters including the root mean square
error (RMSE), mean absolute error (MAE) and correlation co-
efficient (R2) are used to evaluate the retrieval results ver-
sus the assumed truth results. For the AOD retrieval, the ex-
pected result of RMSE, MAE and R? corresponds to 0.03, 0.02
and 0.99, respectively; while for the FMF retrieval, the re-
sult of RMSE, MAE and R? is about 0.08, 0.04 and 0.90. Be-
sides, the RMSE, MAE and R? is about 780 m, 570 m and
0.83 for the retrieval of aerosol layer height (H). In addition,
the RMSE, MAE and R? is about 0.03, 0.02 and 0.67 for the
retrieval of mf, in which the correlation coefficient is relative
lower than those results of other 3 aerosol parameters.

(3) The errors propagation to PM, s estimation are also inves-
tigated with corresponding procedures including the size
cutting, volume visualization, bottom isolation, hygroscopic
growth factor drying procedure and weighting procedure se-
quentially, in which the bottom isolation procedure has a
significantly greater weight than other procedures. There-
fore, we can find that improving the retrieval accuracy of
aerosol layer height is much more important. This study pro-
vides an important guiding significance for further improv-
ing the sensor and detection mechanism. In addition, the
influences of improving calibration accuracy on PM, s esti-
mations are discussed, and the RMSE of derived PM, 5 de-
creases monotonically as the improvement of polarization
calibration accuracy.

The PCF suite can observe the global distribution of PM; 5 mass
concentrations. In addition, the PCF can also provide coarse-mode
m; (m¢) and then the effective density of coarse mode particles
could be determined. Meanwhile, the fine-mode VEj, coarse-mode
VE. and suspended particles could be retrieved together by PCF
strategy, in which the strategy to obtain VE. for coarse mode can
refer to the work of Wei et al. (2020) [85]. Therefore, the possi-
bility of PM;q (particulates with an aerodynamic diameter of less
than 10 wm) estimation can be explored based on PCF satellite
measurements and PMRS model in the future.
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