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a b s t r a c t 

Focusing on satellite remote sensing of fine particulate matter PM 2.5 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 2.5 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 2.5 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 ( m 

f 
r ) simultaneously with surface parameters from 

the synthetic PCF data, and then the columnar volume-to-extinction ratio of fine particulates ( VE f ), 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 

PM 2.5 retrieval are investigated with the key procedures of PMRS model. In addition, the influences of 

improving calibration accuracy of PCF on PM 2.5 retrievals are discussed, as well as the retrieval feasibility 

of PM 10 by PCF strategy. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

As an important component of the global atmosphere, aerosols 

re composed of solid and liquid particles suspend in the air, 

hich usually originate from both natural and anthropogenic 
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ources [ 1 , 2 ]. Particulates with an aerodynamic diameter of less 

han 2.5 μm can enter the alveoli, and are usually called fine par- 

iculate matter (PM) or PM 2.5 [3] , which can cause human respira- 

ory diseases, result in serious immune system diseases, neurolog- 

cal diseases and cardiovascular diseases, etc., and further promote 

he occurrence of lung cancer [ 4 , 5 ]. The impact of fine PM is not

nly prominent in the field of environment [6] and human heath 

7] , it also affects the earth-atmosphere radiation balance [8–11] . In 

ddition, atmospheric PM affect the visibility near the ground, and 

hus endanger the safety of public transportation, such as high- 

ays, airports, etc. [12] 

https://doi.org/10.1016/j.jqsrt.2022.108217
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
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Then, how to directly and efficiently monitor large-scale atmo- 

pheric PM concentration is an important scientific and technolog- 

cal problem that needs to be solved urgently. The rapid develop- 

ent of satellite remote sensing technology provides a feasible so- 

ution for the macro-monitoring of regional atmospheric PM con- 

entration [13] . In fact, the remote sensing capability of PM esti- 

ates largely depends on the aerosol key parameters detected by 

atellites [14–18] . At present, the satellite products of aerosol op- 

ical depth (AOD) are relatively mature [ 1 , 19 , 20–27 ], but the in-

ersion accuracy of fine particles by satellite still needs to be im- 

roved. Therefore, the improvement of the detection capability of 

atellite sensors plays an important role in the remote sensing esti- 

ation of PM mass concentration. The multi-angle and multispec- 

ral polarimetric measurements from ultraviolet (UV) to shortwave 

nfrared (SWIR) contain a large amount of hidden information of 

tmospheric PM expect for AOD, especially other important optical 

nd microphysical characteristics [28–30] . Thus, polarization is ex- 

ected to show the detailed characteristics of aerosols by the com- 

ination of multispectral or multiangle measurements, which pro- 

ides strong support for retrieving the mass concentration of at- 

ospheric PM near the ground by satellite remote sensing [ 31 , 32 ].

In order to simultaneously and directly monitor the PM by 

he satellite sensing, the polarization crossfire (PCF) strategy has 

een developed, which includes the PCF satellite suite and the 

articulate matter remote sensing (PMRS) model. The polarization 

rossfire (PCF) satellite suite is based on sophisticated joint mea- 

urements (including the geometric registration, band configura- 

ion and cross calibration), by the Directional Polarimetric Camera 

DPC) and the Particulate Observing Scanning Polarimeter (POSP) 

n board the Chinese GaoFen-5 (02) satellite and Chinese Atmo- 

pheric Environmental Monitoring Satellite (DQ-1), which will be 

aunched in the year of 2021 and 2022, respectively. Inheriting 

rom the instrument design of Polarization and Directionality of 

he Earth’s Reflectances (POLDER) series sensors, the first DPC in- 

trument has been launched onboard the GaoFen-5 satellite in May 

 of 2018 in a sun-synchronous obit with the spatial resolution 

bout 3.3 km, and 2 years of global measurements were obtained 

 33 , 34 ]. The POSP sensor is designed to provide polarimetric cross- 

rack 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 °
nstantaneous FOV (IFOV) and about 6.4 km × 6.4 km nadir spatial 

esolution, which can fully cover the swath of DPC. By this means, 

hese two PCF instruments combined allow for multiangle mea- 

urements of polarized radiance with a larger swath. 

In this paper, we present the concept design of PCF satellite 

uite and the performance assessments of PMRS model that focus 

n remote sensing of PM 2.5 from space by PCF. For completeness, 

e briefly describe the instruments of PCF in Section 2 , and then 

resent the PM 2.5 observation method in Section 3 . Afterward, the 

erformance assessments are investigated in Section 4 . We provide 

he discussion in Section 5 sequentially and summarize the conclu- 

ions in Section 6 finally. 

. Instruments of PCF 

.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 

latform and can cover the almost coincident observation regions 

ith the same swath width about 1850 km. Table 1 lists the spec- 

fications of PCF suite, while Fig. 1 shows the schematic diagram 

f PCF. In addition, Fig. 2 illustrates instrument assembly drawing 

f the PCF suite, which is precisely composed by the DPC and the 

OSP sensors. 
2 
The DPC is a POLDER-type polarization remote sensor, which 

ses a large FOV optical system and a wheel to switch the spectral 

nd polarimetric channels to obtain the polarized radiation infor- 

ation of the atmosphere and the surface in a time-sharing man- 

er. The DPC contains 15 detection channels, as shown in Table 1 , 

overing a total of 8 spectral bands from 443 to 910 nm, of which 

90, 670, 865 nm are polarization bands, and each polarization 

and uses 3 polarimetric channels (0 °, 60 °, 120 °), the other spec- 

ral bands are all non-polarized bands, and a dark reference chan- 

el is also included for dark current correction. The new DPCs to 

e onboard the GaoFen-5 (02) and DQ-1 satellites are the succes- 

ors model of the previous DPC onboard the GaoFen-5 (01) satel- 

ite that was launched on May 12, 2018. Although the successor 

as remained unchanged in terms of working mode, spectral chan- 

el, and instrument FOV, etc., some adaptive changes have been 

ade based on the consideration of polarization crossfire, includ- 

ng: 1) The number of pixels of the original image sensor is in- 

reased from 512 × 512 to 1k × 1k to achieve a better field of 

iew match between DPC and POSP; 2) The number of multiple 

ngles has been significantly increased, and 9 − 17 multiple an- 

les can be obtained in most cases; 3) The DPC motor drive clock 

nd sampling timing has been optimized based on the demand for 

imultaneous observation of the two PCF instruments. 

.1.1. POSP instrument principle 

The POSP is a spaceborne multi-spectral, split-aperture, split- 

mplitude optical remote sensor for simultaneous polarimetric de- 

ection, its measurement principle is similar to the Aerosol Po- 

arimetry Sensor (APS) in the failed launch of Glory Mission 

 35 , 36 ]. By following the scene linear polarization state, the POSP 

mploys a pair of telescopes to measure the first three elements 

f Stokes vector ( I, Q and U ), while the fourth element V charac-

erizing the circular polarization component of atmospheric scat- 

ering is typically at least two orders of magnitude smaller than 

hat characterizing the linear polarization one and is considered 

o be essentially useless for the retrieval of atmospheric aerosols 

37] . Taking the POSP optical system with a pair of optical paths as 

n example, which includes the scanning mirrors and telescopes 

integrated by telescope lens, field stops and collimator lens), Wol- 

aston prisms, dichroic beam splitters, focusing lens, interference 

lters, dual-element detectors, etc. 

One of the pair of telescopes mentioned above is used to 

easure I and Q parameters of Stokes vector, while the other 

easures I and U elements. The polarization azimuth between the 

wo telescopes in the pair is strictly limited to 45 ° in this optical 

ystem of POSP. Therefore, the elements of Stokes vector can theo- 

etically be obtained from the four measured intensities: 
 

 

 

I 
Q 

U 

V 

⎤ 

⎥ ⎦ 

= 

⎡ 

⎢ ⎣ 

I 0 + I 90 

I 0 − I 90 

I 45 − I 135 

0 

⎤ 

⎥ ⎦ 

(1) 

here I 0 , I 90 , I 45 and I 135 mean the flux elements of the four chan-

els, respectively, and are all measured with the linear polarizer 

lements. Correspondingly, the degree of linear polarization (DoLP) 

nd azimuth angle of linear polarization (AoLP) can be expressed 

s 

oLP = 

√ 

Q 

2 + U 

2 

I 
, AoLP = 

1 

2 

arctan 

(
U 

Q 

)
(2) 

According to the requirements of PCF, the POSP instrument 

as been configured with 9 spectral wavelength bands, and con- 

tructed with 3 pairs of 6 independent telescopes for simultane- 

us polarimetric detection. The POSP measures wavelength bands 

f 380, 443 and 670 nm with the first telescope pair, 410, 490 and 
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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 wave- 

length(nm) 

Spectral 

bandwidth 

(nm) 

Polarization 

I/Q/U 

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 

height 8 – – – 765 40 NO 

9 865 40 YES 865 40 YES Land aerosol, cloud, 

surface 

10 – – – 910 20 NO Water vapor 

11 1380 40 YES – – – Cirrus 

12 1610 60 YES – – – Dust Aerosol 

13 2250 80 YES – – – Dust aerosol, 

surface-atmosphere 

decoupling 

Fig. 1. The schematic diagram of PCF. 
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65 nm with the second pair, and 1380, 1610 and 2250 nm by the 

hird pair. 

To maintain the on-orbit detection accuracy throughout the 

ission, four on-board calibrators are arranged in the scan plane 

round the POSP scanning mirrors, including the polarized refer- 

nce assembly (PRA), the unpolarized reference assembly (URA), 

he dark reference assembly (DRA), as well as the solar reference 

ssembly (SRA) [38] . Among them, the calibrators PRA and URA 

re used for on-board polarimetric calibration, the DRA is used to 

stablish a zero-radiation reference, while the SRA is used for on- 

oard absolute radiometric calibration with a rationing radiometer 

RR) added for tracking its possible degradation. 

.1.2. Polarization crossfire implementation strategy 

Both the DPC and POSP are driven by motors when observing 

he earth, in which the motor of the DPC is used for sequential 

witching of 15 channels, while the other is used for the POSP 
3 
ross-track scanning. To facilitate the joint inversion and cross cali- 

ration of the DPC and POSP on the same platform, spectral wave- 

ength band and the FOV matching are basically needed [39] . Cor- 

espondingly, the effect of spectral matching errors can be mini- 

ized by the consistency processing of the filters of the two in- 

truments that the filter coatings are treated in the same way in 

he design and processing technology to ensure the consistency 

f their spectral bandwidth and central wavelength, and by the 

easurement of the relative spectral response functions. As for the 

OV matching, the main sources of the spatial mismatch between 

he two instruments include the stability and speed drift of the 

otors, as well as the systematic deviation of geolocation. Among 

hem, the former may lead to the disorder of the spatial matching 

elationship between the two instruments, and at the same time 

ause the data processing algorithm to be complicated; while for 

he latter, due to the drag effect of the POSP on the FOV for the in-

egration 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. 
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igher accurate geometric correction, which inevitably has a sys- 

ematic deviation from the DPC. 

To this end, a series of design and optimization processes have 

een carried out in engineering and data processing. Firstly, we use 

he POSP motor speed signal as the clock source of the DPC motor 

river unit after being processed by the phase-locked loop (PLL), 

o that the DPC motor speed changes synchronously as the POSP 

otor speed drifts in order to avoid the accumulation of asyn- 

hronous errors between the two motors. At the same time, we 

et the DPC rotation speed reasonably to obtain synchronous ac- 

uisition of the specific channels of the DPC every time the POSP 

cans at nadir. Secondly, we use the higher original image resolu- 

ion of the DPC (the original pixel number of the CCD detector is 

k × 1k, and the resolution is 1.7 km at nadir) for geometric pre- 

ision correction, and the actual spatial response function of the 

OSP is used to achieve its FOV matching with the DPC to ob- 

ain the POSP geometric correction parameters for systematic devi- 

tions. Thus, the FOV matching processing between the POSP and 

PC can be realized. Thirdly, the sinusoidal projection and multi- 

ngle matching of the DPC images are processed after the pixel 

erging is completed, and the POSP geometrically corrected data 

s projected to the same grid as the DPC. By this means, the data

ets of PCF are finally generated. 

Therefore, compared with the isolated measurements of DPC, 

he joint polarimetric measurements of PCF are extended to UV 

nd near-UV centered in 380 nm and 410 nm, in order to retrieve 

he aerosol layer height. Meanwhile, the polarimetric measure- 

ents are extended to SWIR centered in 1610 nm and 2250 nm, 

hich can be used for surface-atmosphere decoupling and dust 

erosol retrieval. Furthermore, the on-board cross calibration from 

OSP to DPC can be carried out, which will be discussed detailedly 

n Section 2.2 . 

.2. On-board cross calibration 

Since the POSP has a complete on-board radiometric and po- 

arimetric calibration system, it can achieve relatively high on- 

oard calibration accuracy, with the expected on-board radiomet- 

ic calibration accuracy ( �I) and polarimetric calibration accuracy 

 �DoLP) corresponding to within 3% and 0.005, respectively; while 

he DPC does not have on-board calibration capabilities with the 

xpected accuracy of �I ≤ 5% and �DoLP ≤ 0.02 before cross- 

alibration. Therefore, the POSP can be used as a reference sensor, 

nd the cross-calibration of the two sensors can be achieved by es- 

ablishing a transfer relationship between the common wavelength 
4

ands of the POSP and DPC. Correspondingly, the theoretically ex- 

ected 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 

n the band configuration of PCF suite, including three polariza- 

ion bands. With these two sensors of PCF assembled on the same 

atellite platform, the scene and observation geometric consistency 

rrors caused by time-matching related errors can be minimized 

s much as possible. Meanwhile, for the common bands of the 

wo instruments, the effect of spectral matching errors can be fur- 

her minimized by the combined processing of the central wave- 

ength and bandwidth of the filters in both instruments and ac- 

urate measurement of the relative spectral response. In compari- 

on, FOV matching between the PCF suite is the core issue of the 

n-board cross calibration in data preprocessing, especially for ge- 

metrically sensitive polarization measurements. The POSP sensor 

orks in a cross-track scanning mode, and resetting integrators 

sed as low-pass filters in its signal conditioning circuits will in- 

vitably cause a drag effect in its FOV. In order to solve this prob- 

em, a FOV matching approach has been proposed by considering 

he real spatial response function, in which the effectiveness was 

erified with in-flight experiments for the POSP [40] . 

In addition to data preprocessing, the cross-calibration mod- 

ling of the two remote sensors is another core task. Milinevsky 

t al. proposed a ScanPol-to-MSIP (Scanning Polarimeter to Multi- 

pectral Imaging Polarimeter) cross-calibration model for the FOV 

atching area of the two sensors in Aerosol-UA Ukrainian mis- 

ion [41–43] . Besides, Zhu et al. proposed an AirPOSP-to-SIPC (Air 

articulate Observing Scanning Polarimeter to Simultaneous imag- 

ng Polarization Camera) cross-calibration method and verified it 

y in-flight experiments in China [39] , which is similar to the 

ross-calibration of PCF suite. While for the non-overlapping area 

f the FOV, the geometric difference between the scene and the 

ensor at the time of observation by the two remote sensors will 

dversely affect the polarization cross calibration results. Therefore, 

he cross-calibration approach to spread the FOV of POSP to the 

ull FOV of DPC needs to be further studied, which will not be dis- 

ussed in this paper. 

. PM2.5 observation method 

.1. PMRS model 

Based on the vertical distribution of atmospheric particles, hy- 

roscopicity and mass extinction efficiency, a relatively universal 
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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 Aerosol optical depth Multispectral, multiangle, intensity and 

polarization of PCF 

[ 33 , 

49 ] FMF Fine-mode fraction 

H Equivalent parameter of aerosol layer 

height 

380(P), 410(P) nm of PCF [50–52] 

VE f (FMF) columnar volume-to-extinction ratio 

of fine particulates 

Based on the relationship of FMF [ 17 , 18 ] 

ρ f ( m 

f 
r ) Effective density of fine-mode 

particles 

Based on the real part of complex refractive 

index ( m 

f 
r ) 

[15] 

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

index ( m 

f 
r ) 

Eq. (6) 
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arameterization scheme can be established to realize the con- 

ersion from the total column AOD to PM mass concentration 

ear the ground, with the assumption that the distribution func- 

ions are ideal for vertical direction and hygroscopic growth factor 

 16 , 44–47 ]. The introduction of multiple parameterization schemes 

an effectively solve the significant nonlinear relationship between 

erosol extinction and mass concentration, and even the nonlin- 

ar relationship between aerosol extinction and volume concentra- 

ion [18] . This method was built based on the physical mechanism, 

hich does not rely on ground PM concentration observations and 

n still applicable to those areas without ground observation sta- 

ions by satellite remote sensing. By the multiple-parameterization 

cheme, particles with specific diameter size are separated from 

otal suspended particles, and the near-ground optical contribution 

s separated from aerosol optical depth. However, the multiple pa- 

ameterization scheme also means that multiple parameters are re- 

uired to participate in calculation, and the PMRS model results 

ill also be affected by the uncertainties of input key parameters. 

herefore, inversion products with high-precision from the satel- 

ite plays a vital role in improving the PM retrieval accuracy from 

MRS model. 

The following remote sensing formula was obtained from a 

emi-empirical physics model for remote sensing ground-level 

ass concentration of fine particulate matter, named by PM 2.5 re- 

ote sensing model as follows [ 17 , 18 ]: 

 M 2 . 5 = AOD 

F MF · V E f · ρ f 

H · f ( RH ) 
(3) 

n which, there are 5 key parameters to retrieve the PM 2.5 mass 

oncentration near the ground, AOD represents the aerosol optical 

epth, FMF represents the fine mode fraction, H is the equivalent 

arameter of aerosol layer height, VE f is the fine-mode columnar 

olume-to-extinction ratio, ρ f means the aerosol effective density 

f fine-mode particles, f ( RH ) means the hygroscopic growth fac- 

or related to the chemical component and the relative humidity. 

orrespondingly, above factors can be considered as the own pa- 

ameters of aerosols, which also can theoretically be obtained si- 

ultaneously by a multi-parameter inversion strategy [ 26 , 48 ] and 

ill be discussed detailly in Section 3.2 . In addition, Table 2 lists 

he key aerosol parameters can be obtained from the observation 

trategy of PCF for PMRS model. 

In particular, the VE f is usually dependent on the FMF and can 

e represented by the form of quadratic polynomial of FMF [18] , 

hile ρ f also has a relationship with the real part of complex re- 

ractive index of fine particulate ( m 

f 
r ). Thus, as long as these 4

ey aerosol parameters, including AOD, FMF, H and m 

f 
r , are firstly 

etrieved by PCF satellite remote sensing, and then other 3 key 

erosol parameters VE f , ρ f and f ( RH ) can be further calculated eas-

ly. Fig. 3 illustrates the evaluation scheme of the PM 2.5 retrieval 

otential from PCF measurements, in which, the item of multiply- 

ng AOD and FMF is usually noted as fine-mode AOD (AOD f ) and 

an be directly retrieved from polarimetric sensors [33] . 
5 
The aerosol vertical model driven by the equivalent parameter 

f aerosol layer height (H) was used to simplify the aerosol verti- 

al distribution in the real atmosphere. The aerosol relative distri- 

ution with altitude is assumed as a Gaussian function [ 51 , 53–58 ],

nd can be written in the form of 

 ( z ) = A exp 

(
−4 ln 2 ( z − H c ) 

2 
/ σ 2 

)
, (4) 

here H c is the aerosol layer height and corresponds to the center 

eight of the Gaussian function, σ means the width of the aerosol 

eight distribution with a typical value in the range of 100 m to 

0 0 0 m in this study, but the value of σ is fixed in retrieval due

o insufficient information content for inversion test, and A repre- 

ents a normalization factor. The Gaussian function of aerosol layer 

istribution can usually peak at the surface or below, and we just 

onsider the part above the surface for the inversion test in this 

tudy [ 50 , 51 ]. In addition, H = g ( H c , σ ), here g is the function of H c 

nd σ , which means the ratio of AOD and the extinction efficient 

ear surface. 

As mentioned above, another key parameter VE f is usually de- 

endent on FMF. Thus, the fine-mode AOD can be converted to vol- 

me concentration with multiplying by VE f . Zhang and Li (2015) 

rstly confirmed the relationship of FMF- VE f can be expressed as 

ollows [18] : 

 E f = 0 . 2887 F M F 2 − 0 . 4663 F MF + 0 . 356 ( 0 . 1 ≤ F MF ≤ 1 . 0 ) 

(5) 

We assumed the real part of complex refractive index of dry 

ne particles m 

f 
r , dry 

and water m 

f 
r , water as constant value of 1.53 

nd 1.33, respectively [59–61] . Then, the hygroscopic growth fac- 

or can be calculated from the m 

f 
r of wet and dry fine particles as 

ollow 

f ( RH ) = 1 / 

( 

1 −
m 

f 
r − m 

f 
r , dry 

m 

f 
r , water − m 

f 
r , dry 

) 

(6) 

Consequently, the volume concentration can be converted to 

ass concentration by multiplying density. The research in Wei 

t al. (2021) showed the practicability of deriving density from the 

eal part of complex refractive index ( m 

f 
r ) based on satellite [15] .

he following empirical function was used in this study to calcu- 

ate the density of fine mode aerosol. (
m 

f 
r 

)2 − 1 (
m 

f 
r 

)2 + 2 

= c · ρd 
f , (7) 

here m 

f 
r represents the fine-mode m r , c and d were fitted param- 

ters with c = 0.19 and d = 0.9. 

.2. Inversion strategy 

Following the optimal-estimation (OE) based inversion frame- 

ork, the cost function J ( x ) can be represented as 
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Fig. 3. Evaluate scheme of the PM 2.5 retrieval potential from PCF. 
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J ( x ) = 

1 
2 [ y − F ( x , b ) ] 

T 
S −1 
ε [ y − F ( x , b ) ] + 

1 
2 ( x − x a ) 

T S −1 
a ( x − x a ) 

(8) 

here y means an observation vector of PCF, F means a forward 

odel, x means a state vector of the retrieval, b means the corre- 

ponding vector of aerosol model, in which x contains the variables 

f state being retrieved and b contains the variables of state that 

re assumed. In addition, S ε represents the observation error co- 

ariance matrix and is determined by the measurement error and 

odel error together, x a is the a priori estimate of state vector, and 

 a corresponds to the error covariance matrix of a priori state vec- 

or. For the retrieval of those parameters contained in state vec- 

or, we minimize the objective function J ( x ) optimally subject to 

s.t.) the lower bound l and upper bounds u by optimized itera- 

ions [ 1 , 33 , 62 ], that is 

min J ( x ) 

s . t . l ≤ x ≤ u (9) 

For the multi-angular, multispectral, intensity and polarimetric 

easurements of DPC in PCF suite, the measurements at 5 wave- 

ength bands are used, including 443, 490(P), 565, 670(P), and 

65(P) nm, which can be denoted as λ3 , λ4 , λ5 , λ6 and λ9 in se- 

uence. In addition, the denoted bands λ4 , λ6 and λ9 are for po- 

arization detection, while λ3 and λ5 represent the only intensity 

easurements. Consequently, the observational vector y of DPC 

an be defined as in the form of 

y DPC = [ y v 1 , y v 2 , · · · , y v m ] 
T (10) 

nd 

 

v j = 

[
I 
v j 
λ3 

, · · · , I 
v j 
λ6 

, I 
v j 
λ9 

, DoLP 
v j 
λ3 

, · · · , DoLP 
v j 
λ6 

, DoLP 
v j 
λ9 

]T 
, ( j = 1 , · · · , m ) 

(11) 

here the superscript v m 

means the sequence of multi-viewing an- 

le, and m means the number of used multiangle measurements. 

ere, I means the intensity component and the definition of DoLP 

s the same as Eq. (2) . 

While for the single-viewing, multispectral and polarimetric 

easurements of POSP integrated in PCF suite, 8 wavelength bands 

entered in 380(P), 410(P), 443(P), 490(P), 670(P), 865(P), 1610(P) 

nd 2250(P) nm are employed, and the observational vector y of 

OSP can be represented as 

 POSP = [ I λ1 
, · · · , I λ4 

, I λ6 
, I λ9 

, I λ12 
, I λ13 

, DoL P λ1 
, 

· · · , DoL P λ4 
, DoL P λ6 

, DoL P λ9 
, DoL P λ12 

, DoL P λ13 
] T (12) 
b  

6 
As for the simulation of PCF, which can be combined by the 

easurements of DPC and POSP as: 

 PCF = [ y DPC , y POSP ] T (13) 

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

roved bidirectional reflectance distribution function (BRDF) model 

s used in order to decrease the number of retrieved multispectral 

RDF parameters [ 33 , 63 , 64 ], which can be represented in the form

s 

 λ( θ0 , θv , ϕ ) = f ( λ) [ 1 + k 1 f geom 

( θ0 , θv , ϕ ) + k 2 f vol ( θ0 , θv , ϕ ) ] 

(14) 

here f ( λ) represents the wavelength-dependent model parameter, 

 1 and k 2 are the wavelength-independent linear model parame- 

ers, which correspond to the coefficients of geometric-optical ker- 

el ( f geom 

) and volumetric kernel ( f vol ). The values of both kernels

nly depend on the observation geometry ( θ0 , θv , ϕ), in which, θ0 

nd θv are the solar zenith angles and viewing zenith angle re- 

pectively, ϕ is the relative azimuth angle calculated by the solar 

zimuth angles ( ϕ0 ) and viewing azimuth angle ( ϕv ). Meanwhile, 

 bidirectional polarized reflectance distribution function (BPDF) 

odel developed by Maignan et al. (2009) was also integrated in 

he surface reflectance matrix, which mainly depends on a free lin- 

ar 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 

ector as 

 PCF = [ AOD ( λ0 ) , F MF ( λ0 ) , H, m 

f 
r ( λ0 ) , f ( λ1 ) , 

· · · , f ( λ6 ) , f ( λ9 ) , f ( λ12 ) , f ( λ13 ) , k 1 , k 2 , C] T (15) 

here AOD , FMF and m 

f 
r are all selected at the reference 

avelength λ0 = 550 nm, which will be detailedly dis- 

ussed in Section 4.1 , H means the aerosol layer height, f ( λ) is

he wavelength-dependent surface parameter of improved BRDF 

odel, k 1 and k 2 are the wavelength independent linear model pa- 

ameters [ 33 , 63 ], and C is the only free linear parameter of BPDF

odel and depends on the surface type [65] . Correspondingly, the 

tate vector for PCF totally include 4 aerosol parameters, 11 BRDF 

arameters and 1 BPDF parameter. 

Based on the degree of freedom for signal (DFS) results for in- 

ormation content analysis in the previous work [ 28 , 33 , 34 , 67 , 68 ],

he information content of aerosol parameters (including AOD, 

MF, m 

f 
r ) and surface parameters (including f ( λ), k 1 , k 2 , C ) are all

ufficient. However, for the parameters of aerosol vertical distri- 

ution in Eq. (4) , only the DFS of center height H c can meet the



Z. Li, W. Hou, J. Hong et al. Journal of Quantitative Spectroscopy & Radiative Transfer 286 (2022) 108217 

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 

r eff ( μm ) 0.094 0.163 0.282 0.882 1.759 

v eff ( μm ) 0.130 0.130 0.130 0.284 1.718 
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etrieval demanding, while the width σ still is difficult to be re- 

rieved due to insufficient information content [ 53 , 69 , 70 ]. There-

ore, we exclude the parameter σ from the retrieval state vector, 

nd then assume a fixed value of σ equal to 20 0 0 m for inver-

ion test in this study. Besides, the spatially-distributed width of 

he vertical profile of aerosol concentration can be further glob- 

lly obtained based on statistical methods from the climatology 

easurements of Cloud-Aerosol Lidar with Orthogonal Polarization 

CALIOP) [ 55 , 58 , 71 ]. 

. Performance assessment 

.1. Assessment framework 

To investigate theoretical capability of PCF measurements for 

he retrieval of aerosol key parameters, the inversion tests are car- 

ied out based on the synthetic measurements simulated by fol- 

owing the PCF satellite observation mode. The spectral response 

unctions of DPC and POSP instruments are respectively applied, 

 perfect spatial match of two instruments are assumed, and the 

orresponding theoretical random noises affected by the instru- 

ent calibrations and signal-to-noise ratio (SNR) are also consid- 

red. The SRON (Netherlands Institute for Space Research) forward 

odel and inversion codes with a multimode setup are used in 

his study [72–75] . Here, the multimode setting in SRON repre- 

ents the aerosol model is a multimodal distribution instead of a 

imodal distribution, and each mode has fixed size distribution pa- 

ameters with a fixed effective radius and effective various [76] . 

The particle size distribution for each mode is assumed to be 

ognormal: 

dN ( r ) 
d ln ( r ) 

= 

N 0 √ 

2 π ln σg 
exp 

[
− 1 

2 

(
ln r−ln r g 

ln σg 

)2 
]

(16) 

here N 0 is the total number concentration of particles of each 

ode, r g and σ g are the geometric number mean radius and stan- 

ard deviation of each mode, respectively. We can further convert 

he geometric parameters r g and σ g to the effective radius r eff and 

he effective variance v eff by the equation as [ 77 , 78 ] 
 

r eff = r g exp 
(

5 
2 

l n 

2 σg 

)
v eff = exp 

(
l n 

2 σg 

)
− 1 

(17) 

In this study, the multimode retrieval based on five modes are 

sed with fine modes (Mode 1–3) and coarse modes (Mode 4–

), the corresponding effective radius and effective variance are 

isted in Table 3 [79] . For the fine-mode aerosols, we assumed 

hey are all spherical and composed by the inorganic matter with 

lack carbon; while for the coarse modes, we assumed they are 

on-spherical and composed by the dust with inorganic matter. 

herefore, the fraction of spherical particles ( f c 
sph 

) of coarse-mode 

erosols also needs to be included in the retrieval state vector 

 26 , 75 ]. 

While for the complex refractive index of fine-mode (Mode 1–

) and coarse-mode (Mode 4–5) aerosols, they can be written uni- 

ormly by the form of 

m 

f , c = m 

f , c 
r + i · m 

f , c (18) 

i 

7 
here m r and m i represent the real and imaginary part, the su- 

erscript f and c represent the fine mode and coarse mode, re- 

pectively. Besides, we assume that the fine-mode aerosols have 

he same spectral complex refractive index for Mode 1–3, and the 

oarse-mode aerosols have another same spectral complex refrac- 

ive index for Mode 4–5. Therefore, we do not need to retrieve the 

avelength-dependent parameters m 

f ( λ) and m 

c ( λ) directly, but 

ry to construct them by the equation of 

m 

f , c ( λ) = 

2 ∑ 

k =1 

αf , c 
k 

m 

f , c 
k 

( λ) (19) 

here m 

f 
k 

and m 

c 
k 

( k = 1, 2) are the standard spectral refractive

ndex from the work of the D’Almeida et al. [80] , thus we only 

ave to retrieve the mode component coefficients αf , c 
k 

in the in- 

ersion by SRON. Here, by following the assumptions of fine-mode 

nd coarse-mode aerosols setting in SRON, m 

f 
1 
(λ) and m 

f 
2 
(λ) rep- 

esent the standard spectral complex refractive index of the inor- 

anic matter and the black carbon, respectively; while m 

c 
1 
(λ) and 

 

c 
2 
(λ) corresponds to the standard spectral complex refractive in- 

ex for the dust and the inorganic matter, respectively. 

Correspondingly, the retrieval state vector in Eq. (15) can be 

quivalent to the form of 

 = [ N 

1 
0 , N 

2 
0 , N 

3 
0 , N 

4 
0 , N 

5 
0 , α

f 
1 , α

f 
2 , α

c 
1 , α

c 
2 , f 

c 
sph , H, f ( λ1 ) , 

· · · , f ( λ6 ) , f ( λ9 ) , f ( λ12 ) , f ( λ13 ) , k 1 , k 2 , C] T (20) 

here N 

1 
0 
, N 

2 
0 
, N 

3 
0 
, N 

4 
0 

and N 

5 
0 

mean the total number of particles of

ve modes, αf 
1 

and αf 
2 

are the fine-mode component coefficients 

o construct the complex refractive index, αc 
1 

and αc 
2 

are the corre- 

ponding coarse-mode component coefficients, f c 
sph 

is the spherical 

raction of coarse-mode aerosols, and the definitions of BRDF and 

PDF parameters are same as Eq. (15) . The detailed elements of 

tate vector by SRON are further listed in Table 4 . Subsequently, 

he aerosol model vector b can be represented as 

 = [ σ, r 1 eff , r 
2 
eff , r 

3 
eff , r 

4 
eff , r 

5 
eff , v 

1 
eff , v 

2 
eff , v 

3 
eff , v 

4 
eff , v 

5 
eff , m 

f 
1 ( λ) , 

m 

f 
2 ( λ) , m 

c 
1 ( λ) , m 

c 
2 ( λ) ] T (21) 

here σ is the layer width of Gaussian function for aerosol height 

istribution, r 1 
eff 

, r 2 
eff 

, r 3 
eff 

, r 4 
eff 

and r 5 
eff 

are the effective radius of five

odes listed in Table 3 , v 1 
eff 

, v 2 
eff 

, v 3 
eff 

, v 4 
eff 

and v 5 
eff 

correspond to the

ffective variance, m 

f 
1 
(λ) , m 

f 
2 
(λ) , m 

c 
1 
(λ) and m 

c 
2 
(λ) are the stan-

ard spectral refractive index defined in Eq. (18) . 

Based on the retrieval state vector x and predefined aerosol 

odel b the spectral aerosol optical depth τ i 
a (λ) of each mode can 

e further calculated by [78] 

i 
a ( λ) = N 

i 
0 C 

i 
ext ( λ) , ( i = 1 , 2 , · · · , 5 ) (22) 

here C ext is the extinction cross-section, and equals to the prod- 

ct result of geometric cross-section and extinction efficiency fac- 

or. Consequently, the spectral AOD, fine-mode AOD and FMF can 

e obtained by 
 

 

 

 

 

 

 

 

 

AOD ( λ) = 

5 ∑ 

i =1 

τ i 
a ( λ) 

AO D f ( λ) = 

3 ∑ 

i =1 

τ i 
a ( λ) 

F MF ( λ) = 

AO D f ( λ) 
AOD ( λ) 

(23) 

The synthetic measurements of PCF are also simulated by SRON 

ased on five assumed aerosol modes [76] by considering the the- 

retical measurement errors of PCF, which are mainly affected the 

nstrument SNR and calibrations errors ( �I and �DoLP ). Table 5 

hows the combined parameters of assumed true aerosol and sur- 

ace properties, which are generated stochastically in the reason- 

ble ranges. In order to determine the relative total number con- 

entration 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. 

Parameter name Elements in X 

Aerosol 

properties 

Aerosol loading N i 0 , ( i = 1 , 2 , · · · , 5 ) 

Coarse-mode spherical fraction f c 
sph 

Refractive index coefficients α f 

k 
, αc 

k 
, ( k = 1 , 2 ) 

Aerosol layer height H 

Surface 

properties 

Scaling parameter for BPDF model C 

Coefficient of Li sparse kernel k 1 
Coefficient of Ross thick kernel k 2 
BRDF scaling parameters f ( λi ),( i = 1, ���, 6, 9, 12, 13) 

Number of aerosol parameters 11 

Number of surface parameters 12 

Length of the state vector 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 sam- 

ples). 

Parameters Range 

Fine-mode AOD 0.005 ∼ 0.7 at 550nm 

Coarse-mode AOD 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 Mix of inorganic matter and black carbon 

Components of coarse mode Mix of dust and inorganic matter 

Surface parameter Mix of soil and grass 
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OD (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 

elative concentrations of Mode 1–3 are randomly distributed to 

onstrain the value of fine-mode AOD, while the random relative 

oncentrations of Mode 4–5 are also randomly adjusted to deter- 

ine the value of coarse-mode AOD. Correspondingly, the first 3 

lements of Stokes vector were simulated at a satellite representa- 

ive height of about 800 km. Here, we assumed the radiance error 

I = 4% and a polarization error �DoLP = 0.01 for DPC sensor af- 

er cross calibration of PCP, as well as �I = 3% and �DoLP = 0.005

or POSP sensor, with the form of a relative error ( �I ) and an abso-

ute error ( �DoLP ), respectively [ 33 , 34 , 81 ]. By considering the cal-

bration error as the measurement error, the synthetic measure- 

ent vector of PCF ( y PCF ) has been systematically obtained with 

he random noise added. 
8 
Based on a set of typical observation geometries are shown in 

he Fig. 4 , there are 500 synthetic samples used for performing 

he investigations of PCF. For the reason that the range of scat- 

ering angle ( ) for expected PCF observation is mainly between 

0 ° and 180 ° in most cases, we set the theoretical observation ge- 

metries in the principal plane with a solar zenith angle θ0 = 41 °
or simplicity, which can cover the similar wide-range scattering 

ngle from 83 ° to 179 °. The synthetic measurements of each sam- 

le contain at least 9 viewing angles spaced between ±56 ° from 

adir in the principal plane for the PCF-DPC and one randomly- 

iven viewing zenith angle ( θv = 20 °) between the large scanning 

OV of ±50 ° for the PCF-POSP. 

.2. Aerosol parameters retrieval 

In order to evaluate the inversion accuracy of key aerosol pa- 

ameters, the statistical parameters including the root mean square 

rror (RMSE) and mean absolute error (MAE) are employed to- 

ether, as well as the correlation coefficient (R 

2 ). Fig. 5 shows the 

ey aerosol parameters that related to the PM 2.5 retrieval from the 

CF measurements. Fig. 5 (a) and (b) illustrate the AOD and FMF 

etrieval results versus the truth results all at 550 nm for inversion 

est, respectively. For the inversion test by SRON, the first three of 

he five aerosol modes can be considered as the fine modes, and 

ther two are the coarse modes [76] . For the calculation of FMF, 

he extinction coefficients of the fine particle modes are added up 

nd divided by total extinction. The retrieval uncertainties are very 

mall for both error evaluation parameters, in which the RMSE 

s 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 m 

f 
r (d) versus the truth results for synthetic scenes, in which the 3 key parameters AOD, FMF and m 

f 
r are 

normalized at 550 nm. 
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o 0.017 and 0.038, respectively. Meanwhile, the correlation coef- 

cients (R 

2 ) are 0.99 for the AOD and 0.88 for the FMF. In our

nversion test, the AOD retrieval results have a good consistency 

ith the reference AOD in most value ranges, but scatterplot of the 

MF results are relatively discrete in the low value area. However, 

he FMF ≥ 0.8 case is usually dominated by the anthropogenic 

erosols, which also corresponds to the main application scenario 

f PCF satellites. For the case of low FMF, natural sand and dust 

re still the majority, which is not the main case considered in this 

tudy. 

The values of aerosol layer heights ( H ) are assumed varying ran- 

omly in the range of 10 0 0 m to 60 0 0 m with the width σ varying

andomly from 100 m to 20 0 0 m by following the Gaussian distri- 

ution in the forward simulations, while the value of σ is fixed 

o 20 0 0 m in the inversion test because of the insufficient infor-

ation content. Besides, we assume that only one aerosol layer is 

resented in the atmosphere. Fig. 5 (c) shows the scatterplot of re- 

rieved H results versus the truth aerosol layer heights, in which 

MSE is 777.3 m, MAE is 564.5 m and R 

2 is 0.83, respectively. 

ere, the retrievals of aerosol layer heights are mainly depend- 

ng on intensity and polarization measurements of PCF-POSP in the 
9

V and near-UV wavelength channels in this assessment [52] . Be- 

ides, the 763 and 765 nm O 2 A-band channels of DPC could po- 

entially provide significant additional constraint on aerosol height 

 53 , 70 ], which will make higher precision aerosol layer height re- 

rieval possible and provide favorable support for PM 2.5 retrieval 

y PMRS model in our further study [51] . Moreover, Fig. 5 (d) show

he scatterplot of retrieved m 

f 
r versus truth results at wavelength 

50 nm, in which, the RMSE is 0.024, MAE is 0.018, and R 

2 is 0.67.

n natural environment, the value of m r is generally greater than 

r equal to 1.33 (e.g. the pure water) at 550 nm. Among these par- 

icles that are composed of the same dry composition, the larger 

he value of m r is, the drier of the aerosols usually will be. How- 

ver, particles with a high dry m r (e.g., ammonium sulfate) can 

ake up water and still have an effective m r that is significantly 

reater than dry particles with a naturally lower m r (e.g. sea salt). 

.3. PM2.5 mass concentration 

Based on PMSE model, the PM 2.5 retrieval results (shown in 

ig. 6 ) can be obtained from PCF synthetic data by PMRS model. 

he assumed truth values on the X-axis represent PM results 
2.5 
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Fig. 6. The scatterplot of the assumed truth and the retrieved PM 2.5 results with an 

expected error (EE) of ±(30%PM 2.5 + 15) μg m 

− 3 . 
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alculated by assumed key aerosol parameters without error, while 

he retrieval values on the Y-axis represent PM 2.5 results retrieved 

rom PCF synthetic data by considering the accumulation of errors 

n inversion. Correspondingly, the MAE is 5.21 μg m 

−3 and the 

MSE is 7.88 μg m 

−3 for scatterplot of 500 sample points, respec- 

ively. Meanwhile, the slope (1.16) and bias (1.82 μg m 

−3 ) of the 

tting line implies that most scattering plots are close to 1:1 line. 

he research of Zhang et al. (2020) has pointed out that the PMRS 

odel has an expected error (EE) of ±(30%PM 2.5 + 15) μg m 

−3 

82] . In this study, the proportion of the samples involved within 

he EE lines is about 96.6%, and there is a good correlation (with 

 

2 of 0.91) between the assumed truth and retrieved PM 2.5 values. 

t should be note that several results with large relative errors are 

xtreme cases in synthetic data (for example, extreme case with 

M 2.5 < 1 μg m 

−3 and AOD f is about 0.25), which is unlikely ap-

earing in the real atmosphere. 

In general, the PM 2.5 retrieval results by PMRS model mainly 

epend on the retrieval uncertainties of corresponding key aerosol 

arameters. The above tests have assumed that the inversion 

nowns key aspects of the simulated system of PMRS are rela- 

ive perfect, and thus the results may inevitably overestimate PM 2.5 

o certain extent. In a comprehensive view, the inherent assump- 

ions of PMRS model additional to the retrieval uncertainties of the 

nputs, can contribute to the estimation error of PM 2.5 in Fig. 6 . 

hese main assumptions include: (1) the volume-to-extinction ra- 

io is fitted as a function of FMF; (2) the mass density is ap-

roximate to a function of the real refractive index based on the 

lectromagnetic polarization; (3) the real refractive index is also 

sed 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- 

icle size) on vertical profile is neglected. Subsequently, the influ- 

nce of PMRS model on PCF’s ability to retrieve PM 2.5 will be fur- 

her discussed in the next section. 

. Discussion 

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

The PMRS model itself inevitably has certain uncertainties. 

ig. 7 (a-e) actually represent the impact of above five procedures 
10 
n PM 2.5 estimations and these corresponding errors. The X-axis 

epresents the assumed truth (input) values, and the Y-axis repre- 

ents the corresponding retrieval results. The result of multiplying 

OD and FMF is used to calculate the extinction contribution of 

M 2.5 , a good correlation (with R 

2 of 0.99) and a slight deviation 

as found in Fig. 7 (a) suggesting the good consistency between the 

nput and output values of AOD × FMF. Hence, small uncertainties 

ere caused by the size cutting procedure. 

As for volume visualization procedure in Eq. (5) , the AOD is 

onverted to volume concentration through VE f (FMF) model. The 

elatively large uncertainty of FMF, especially for small FMF re- 

rievals, can be transferred directly to VE f values, which caused 

ome plots were far away from 1:1 line in Fig. 7 (b). The mass

ensity weighting procedure in Fig. 7 (d) was realized by using the 

emi-empirical relationship between ρ f and m 

f 
r in Eq. (7) . Since 

he small fluctuation ranges of VE f and ρ f , the uncertainties caused 

y the volume visualizing procedure, and weighting procedure, are 

oth relatively small. The bottom isolation procedure is conducted 

y using PCF retrievals of aerosol layer height through Eq. (4) . 

hen, the ratio of extinction coefficient near the ground to the total 

erosol optical depth can be obtained. The fitting line of the scat- 

ering plots in Fig. 7 (c) has a slope close to 1 and a small offset.

ompared with the other procedures, there is a higher cost perfor- 

ance of effectively improving the accuracy of aerosol layer height 

etrieval. 

As for the hygroscopic growth factor drying procedure in 

ig. 7 (e) was realized by Eq. (6) . Here, the real part of the refractive

ndex is used to approximately estimate the f ( RH ) from satellite. 

he uncertainties of f ( RH ) may come from the retrieval errors of 

he input m 

f 
r , or the assumed value of the dry particulate matter. 

he aerosol hygroscopic properties of aerosol particles are related 

o their chemical composition. Under the same environmental hu- 

idity, the hygroscopic growth factors of different aerosol types 

re obviously different ranging from 1.0 to 3.0 [83] . If the chemical 

omposition of particles is the same, with the increase of ambient 

umidity, the value of hygroscopic growth factor will also increase 

84] . Direct humidity correction from satellite data depends on the 

evelopment of sensors and the improvement of inversion tech- 

iques in the future. 

.2. Error propagation on PM2.5 by PCF 

Along with the semi-empirical physics model for PM 2.5 estimate 

y Eq. (3) , the modeling errors originating from retrieval set up 

ith the parameters in Table 5 inevitably constitute a significant 

M 2.5 error sources, which mainly include: (1) the width of Gaus- 

ian distribution profile is fixed in the retrieval but simulated with 

 variety across two magnitudes (from 0.1 - 2 km); (2) the fine 

nd coarse aerosol modes are relatively fixed in their size distribu- 

ion; (3) two aerosol types are modified from a particular combina- 

ion 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 

y PCF for the PM 2.5 , we assume the independent errors for PMRS 

odel and input parameters in this study. Based on the error prop- 

gation theory, total errors on PM 2.5 can be written as 

�P M 2 . 5 

P M 2 . 5 

= 

√ (
�AOD 

AOD 

)2 

+ 

(
�F MF 

F MF 

)2 

+ 

(
�H 

H 

)2 

+ 

(
�m 

f 
r 

m 

f 
r 

)2 

+ ( �PMR S model ) 
2

(24) 

here �AOD 
AOD 

, �F MF 
F MF , �H 

H and 

�m 

f 
r 

m 

f 
r 

represent the mean relative er- 

or of four key aerosol parameters retrieved by SRON, respectively, 

n which �H already contains the propagated errors from H c and σ
ith assumed Gaussian function of aerosol layer distribution. Be- 

ides, �PMRS means the model error of PMRS, which cover 
model 
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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 PM 2.5 under the different calibration accuracy of �DoLP. 
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Table 6 

The individual errors of 4 key aerosol parameters for PMRS model and result of 

error propagation. 

Error source Individual errors 

4 

key 

aerosol 

parameters 

AOD 11.75% 

FMF 14.88% 

H 20.56% 

m 

f 
r 8.15% 

PMRS model error 34.00% 

Total error 44.77% 
he total uncertainty of PMRS model regardless the uncertainties 

f measurement parameters for PM 2.5 retrieval [18] . 

Correspondingly, Table 6 lists the input parameter errors for 

MRS model and result of error propagation, in which, the individ- 

al errors of 4 key aerosol parameters (AOD, FMF, H and m 

f 
r ) are

ased the retrieval results in Fig. 5 , and the retrieval error of AOD 

as been adjusted by the actual inversion results of SRON [76] . 

oreover, the relative error of PMRS model is set to an empirical 

alue with 34%, which has been detailedly discussed in the work 

f Zhang & Li (2015) [18] , and uncertainties from other sources 
11 
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ave almost all been considered. By this means, the propagated 

rror can be calculated from the PMRS model error and the in- 

ut parameter errors (retrieval errors of AOD, FMF, H and m 

f 
r ), 

nd the total error of PM 2.5 by PCF is about 44.77% in this study,

hich can be regarded as the an upper bound for the retrieval er- 

or of PM 2.5 with the actual PCF measurements in most case. Be- 

ides, Li et al. (2016) have used in-situ measurements to estimate 

M 2.5 based on PMRS model, in which the total error of PM 2.5 

as around the value of 31% [17] . Therefore, the error envelope of 

(30%PM 2.5 + 15) μg/m 

3 in Fig. 6 is reasonable for inversion test 

n this study. 

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

To analyze the importance of the radiance and polarization ac- 

uracy for the aerosol parameters related to PMRS model, we per- 

ormed aerosol retrievals based on different calibration accuracies. 

y fixing the value of �I = 3% and �DoLP = 0.005 for PCF- 

OSP, we conduct a test with an assuming ideal radiance accuracy 

 �I = 3%) and the changing �DoLP from 0.005 to 0.03 with the in-

erval 0.005 for PCF-DPC, which is different from the actual mea- 

urement uncertainty estimates of DPC described in Section 2.2 . 

ased on the aerosol parameters retrieved from the PCF synthetic 

ata, we further analyze the PM 2.5 mass concentration retrieved by 

he PMRS model in Fig. 8 . Based on our preliminary simulation re- 

ults, as the �DoLP improves from 0.03 to 0.005, the retrieval ac- 

uracy of PM 2.5 is gradually improving. However, this improvement 

ecome less obvious when the accuracy is increased to a certain 

xtent even the calibration of the PCF can reach to 0.005. We will 

onduct further research to demonstrate the specific impact of the 

n-orbit calibration on the polarimetric satellite sensors on PM 2.5 

stimation. 

. Conclusions 

As an innovative polarimetric satellite remote sensing sensor, 

he polarization crossfire (PCF) suite is based on the sophisticated 

oint observations by the particulate observing scanning polarime- 

er (POSP) and directional polarimetric camera (DPC) on board 

aoFen-5 (02) and DQ-1 satellites to be launched in 2021 and 

022, and focus on satellite remote sensing of PM 2.5 from space. 

ince the cross-track polarimetric measurements of POSP fully 

over the multi-viewing swath of DPC, the multispectral, multian- 

le, intensity and polarized measurements could be obtained from 

he PCF suite in the range of 380–2250 nm, by the means of pixel

atching and the cross calibration from POSP to DPC. Based on 

he optimal estimation inversion framework and synthetic data of 

CF, the retrieval performances of key aerosol parameters are sys- 

ematically investigated and assessed for the PM 2.5 estimation by 

he particulate matter remote sensing (PMRS) model, which fur- 

her demonstrate the feasibility and rationality of the PCF strategy. 

n 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 2.5 mass concentration 

near the ground. Among these key parameters, the columnar 

volume-to-extinction ratio VE f 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 func- 

tions of m 

f 
r . Therefore, for the design of inversion strategy 

for PCF, we firstly choose to test the retrievals of AOD, FMF, 

H and m 

f 
r 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 polariza- 

tion calibration error setting of PCF, and by considering the 
12 
representative observation geometries and various parame- 

ters setting, the synthetic data are simulated and these four 

key aerosol parameters (AOD, FMF, H and m 

f 
r ) 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 (R 

2 ) 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 

2 corresponds to 0.03, 0.02 

and 0.99, respectively; while for the FMF retrieval, the re- 

sult of RMSE, MAE and R 

2 is about 0.08, 0.04 and 0.90. Be- 

sides, the RMSE, MAE and R 

2 is about 780 m, 570 m and 

0.83 for the retrieval of aerosol layer height (H). In addition, 

the RMSE, MAE and R 

2 is about 0.03, 0.02 and 0.67 for the 

retrieval of m 

f 
r , in which the correlation coefficient is relative 

lower than those results of other 3 aerosol parameters. 

(3) The errors propagation to PM 2.5 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 2.5 esti- 

mations are discussed, and the RMSE of derived PM 2.5 de- 

creases monotonically as the improvement of polarization 

calibration accuracy. 

The PCF suite can observe the global distribution of PM 2.5 mass 

oncentrations. In addition, the PCF can also provide coarse-mode 

 r ( m 

c 
r ) and then the effective density of coarse mode particles 

ould be determined. Meanwhile, the fine-mode VE f , coarse-mode 

E c and suspended particles could be retrieved together by PCF 

trategy, in which the strategy to obtain VE c for coarse mode can 

efer to the work of Wei et al. (2020) [85] . Therefore, the possi-

ility of PM 10 (particulates with an aerodynamic diameter of less 

han 10 μm) estimation can be explored based on PCF satellite 

easurements and PMRS model in the future. 
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