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Table 1 Basic parameters of sensors

POSP
380 nm, 410 nm, 443 nm, 490 nm, 670 nm, 865 nm,
1380 nm, 1610 nm, 2250 nm

Equipment parameter DPC
443 nm, 490 nm, 565 nm, 670 nm, 763 nm,
765 nm, 865 nm, 910 nm
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Fig. 2 PSOP observation geometry used in research. (a) Observation geometry; (b) scattering angle distribution
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Table 2 Aerosol model parameters

s . m, m; Teit/ F
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Fig. 3 Aerosol volume size distribution
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Table 3 Surface model parameters

Surface type fio (1) 3 k, C Loy
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Fig. 5 Surface simulation results varying with observation geometry angle. (a) BRDF; (b) BPDF
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Fig. 6 Simulation result varying with observation geometry angle. (a) Apparent reflectivity ; (b) apparent polarized reflectivity
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Fig. 8

Jacobian result of vegetation surface intensity observation varying with H under different observation geometries. (a) Fine-

dominated AOD of 0. 8; (b) coarse-dominated AOD of 0. 8; (¢) fine-dominated AOD of 0. 2; (d) coarse-dominated AOD of 0. 2
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Table 6 DFS of H at A-I and AV-IP schemes
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Fig. 9 Jacobi simulation results under different aerosol and vegetation surface conditions. (a) (¢) Different aerosol conditions;

(b)(d) different surface conditions
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Fig. 10 Analysis of information content results under different surface conditions. (a) Vegetation; (b) bare soil
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Fig. 12 Posterior error varying with aerosol model parameters at 380 nm band. (a)(b) Posterior error; (¢)(d) reduction value of posterior
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intensity measurement; (c)(d) adding 380 nm wave band intensity and polarization measurements; (e)(f) difference of posterior

error reduction between two observation schemes

AN FERR MR b U410 nm B 8% 5
W2 B R TR B R . 2 H>3 km I, B0
410 nm P Be o J3E R A 0 8 0 I 56 % 22 B 203 BE
WA

5 %%

W58 5 F OF #ie F s B 40 0 7 i, R 40
22 AN % B 380 nm A1 410 nm 1 i 415 A5 $8L 00 300 K 4, X
ALH #EAT T HUBE A 58 o X e 38 58 K Z T POSP
TE L2 AN FNT 48 A0 8 19 ALH R PEBE AT T 42 51T
i FFEEERUNT .

1) 4 A 484 380 nm P Bt T 38 J8% ALH Jx
B S B R, POSP B3¢ b al LU i 45 & ik 5 £

P B A S i ALH AR B

2) Bifi % T35 00 000 0 S A B A G K, SO0 £ 2K bR
Ve H A U BE 5 AT o 0 T b 2 28 R R R i
UKL MBS A I R R AR RS 3
T S R Ok UL AR HE Y ALH AR B i D
TCiE el P bt 2 I, 25 & HAE 2~3 km 5 FBI B, J5
YR 25 T MR O B3, RN 2R IR E M DR
A 52 30t T EL AT TR 2 M5 B A

3) 3 2k 3 8 Ah 380 nm i 4R 38 1 K i i ALH
S, ALH B 5 iR 2RI T 5~301 A 43, &
B 6 A0 O B O B 00k HAG R R iR 221 B TR
YRR . R Bl T 28 AN B 410 nm i B
TP {5 BN A, J5 560 R 2 BN EAL T 7~10 411 4

0601003-13



(3) [ wm bare soil
== vegetation

F

Error reduction of H /%
O = N W A Ol o =

s

Error reduction of H /%
S = DN W s o3

10 156 20 25 3.0 35 40 45 50

H /km
©19 mbare soil =mvegetation
= .

T 8
St

15

=
go.
=

=

g 4
P

E

= 2 ?

fom

(=}
-
—
(=]

Error reduction of H /%

1.0 15 20 25 30 35 40 45 5.0
H /km

fine-dominated

& 43 % & 6 H1/2023 £ 3 B /KR

8
== bare soil

[e)

[=2]

'S

[\

== vegetation

. ‘. + + ‘.

10 15 20 25 30 35 40 45 50
H /km

=mbare soil

mmvegetatio:

H ' '

1.0 15 20 25 30 35 40 45 5.0
H /km

coarse-dominated

14 W A10 nm I 2 X I 3R 22 520 . (a) (b) S I 410 nm 8 B 3 I 4 5 (o) (d) S 410 nm 38 B 58 J32 110 9 00+
Fig. 14 Effect of adding 410 nm measurement on posterior error. (a)(b) Adding 410 nm band intensity measurement; (¢)(d) adding

410 nm band intensity and polarization measurements

SUJUHE N T H AR AARE ALH /Y B {5 8 i .

AR bR A, 3T ot i BRDF B R | i ik
BPDF 5 51 Al i §% 58 Kk S 3 A5 28 A £ ], POSP 1% J&
FRAE 2N il B H A b R A LI A B 7 A [ 36 5 0
gy R A B ALH J 3 M f8 (DFS K F
0.5), [FEIW,¥E M ALH 8 HERAR 25 5 97 e, 7] L)
R R 2 WS T — 2 ks
oy 7 BEORG 4  ALH S A R HE 2R, ) R A 41 58 kO %
Xof A i A1 T s BB A I 9 G A S S S Btk AT b 7S
o

B &S A UNL-VRTM (www.unl-vrtm.org) 49 FF &
# The University of lowa #) £ & # 4% #= University of
Maryland, Baltimore County % # B & ¥ d= 5 32 4 49 3
AXH, R, AfFEARFRERGEEAHALR
FRPEFTAN AL FREGEZFEAEZL.

Z £ x #t

[1] Zhang L., Li Q B, Gu Y, et al. Dust vertical profile impact on
global radiative forcing estimation using a coupled chemical-
transport-radiative-transfer model[J].
and Physics, 2013, 13(14): 7097-7114.

[2] Zhang Y, Li Z Q. Remote sensing of atmospheric fine
particulate matter (PM, ;) mass concentration near the ground

Atmospheric  Chemistry

from satellite observation[J]. Remote Sensing of Environment,
2015, 160: 252-262.

[3] WangHF, LiZQ, LuY, etal. Observational study of aerosol-
induced impact on planetary boundary layer based on lidar and

0601003-14

(4]

(6]

(7]

(8]

(9]

[10]

sunphotometer in Beijing[J]. Environmental Pollution, 2019,
252: 897-906.

Yang Z F, Wang J, Ichoku C, et al. Mesoscale modeling and
satellite observation of transport and mixing of smoke and dust
particles over northern sub-Saharan African region[J]. Journal of
Geophysical Research: Atmospheres, 2013, 118(21): 12139-
12157.

Winker D M, Vaughan M A, Omar A, et al. Overview of the
CALIPSO mission and CALIOP data processing algorithms[J].
Journal of Atmospheric and Oceanic Technology, 2009, 26(11):
2310-2323.

Xu X G, Wang J, Wang Y, et al. Passive remote sensing of
aerosol height{M]//Islam T, Hu Y X, Wang J. Remote sensing
of aerosols, clouds, and precipitation. Amsterdam: Elsevier,
2018: 1-22.

Chen X, Xu X G, Wang J, et al. Can multi-angular polarimetric
measurements in the oxygen-A and B bands improve the
retrieval of aerosol vertical distribution? [J]. Journal of
Quantitative Spectroscopy and Radiative Transfer, 2021, 270:
107679.

Hou W Z, Wang H F, Li Z Q, et al. Preliminary sensitivity
study of aerosol layer height from synthetic multiangle
polarimetric remote sensing measurements[J]. The International
Archives of the Photogrammetry, Remote Sensing and Spatial
Information Sciences, 2019, XLII-3/W9: 63-69.

B, Th2%, MRG0, A5 TR I 41 A U 58 G S U
Ot o T8 JRE B AU R Y R [T]. 21 Ah 5 2 R A 4, 2016,
35(5): 569-577.

Qie L I, Ma Y, Chen X F, et al. Aerosol model assumption:
the retrievals of aerosol optical depth from satellite near-infrared
polarimetric measurements[J]. Journal of Infrared and Millimeter
Waves, 2016, 35(5): 569-577.

Wu L. H, Hasekamp O,
remote sensing of aerosol layer height using near-UV multiangle
polarization measurements[J]. Geophysical Research Letters,

van Diedenhoven B, et al. Passive



& 435 F 6H1/2023 £ 3 B/HFEIR

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

2016, 43(16): 8783-8790.

WA . RAUBORL Y W AR BIUE BR T SE[D ). A HE - o [E 3 2
AR, 2019: 23-41.

Yang H C. On-orbit calibration of particulate matter polarimetry
suits[D]. Hefei: University of Science and Technology of China,
2019: 23-41.

Hou W Z, Wang J, Xu X G, et al. An algorithm for
hyperspectral remote sensing of aerosols. 1. Development of
theoretical framework[J]. Journal of Quantitative Spectroscopy
and Radiative Transfer, 2016, 178: 400-415.

Hou W Z, Wang J, Xu X G, et al. An algorithm for
hyperspectral remote sensing of aerosols. 2. Information content
analysis for aerosol parameters and principal components of
surface spectra[J]. Journal of Quantitative Spectroscopy and
Radiative Transfer, 2017, 192: 14-29.

Chen X, Wang J, Liu Y, et al. Angular dependence of aerosol
information content in CAPI/TanSat observation over land:
effect of polarization and synergy with A-train satellites[J].
Remote Sensing of Environment, 2017, 196: 163-177.

Xu X G, Wang J,
microphysical properties from AERONET photopolarimetric

Zeng J, et al. Retrieval of aerosol

measurements. 2. A new research algorithm and case

demonstration[J]. Journal of Geophysical Research:
Atmospheres, 2015, 120(14): 7079-7098.

Rodgers C D. Inverse methods for atmospheric sounding: theory
and practice[M]. Singapore: World Scientific, 2000: 256.
IR, Bl L, AR . 4 LS TR 2 A 1 i U A BIL e
Mot S 3 A RO 5 R 22 A0 AT (D). W B A AT, 2019,
68(4): 040701.

Zheng F X, Hou W Z, Li Z Q. Optimal estimation retrieval for
directional polarimetric camera onboard Chinese Gaofen-5
satellite: an analysis on multi-angle dependence and a posteriori
error[J]. Acta Physica Sinica, 2019, 68(4): 040701.

Hou W Z, Wang J, Xu X G, et al. Improving remote sensing of
aerosol microphysical properties by near-infrared polarimetric
measurements over vegetated land: information content analysis
[J]. Journal of Geophysical Research: Atmospheres, 2018,
123(4): 2215-2243.

Spurr R J D. VLIDORT: a linearized pseudo-spherical vector
discrete ordinate radiative transfer code for forward model and
retrieval studies in multilayer multiple scattering medialJ].
Journal of Quantitative Spectroscopy and Radiative Transfer,
2006, 102(2): 316-342.

Spurr R, Wang J, Zeng J, et al. Linearized T-matrix and Mie
scattering computations[J]. Journal of Quantitative Spectroscopy
and Radiative Transfer, 2012, 113(6): 425-439.

Xu X G, Wang J. UNL-VRTM, a testbed for aerosol remote
applications[M]//
Kokhanovsky A. Springer series in light scattering. Cham:
Springer, 2019: 1-69.

Wang J, Xu X G, Ding S G, et al. A numerical testbed for

remote sensing of aerosols, and its demonstration for evaluating

sensing: ~ model  developments  and

retrieval synergy from a geostationary satellite constellation of
GEO-CAPE and GOES-R[J]. Journal of Quantitative
Spectroscopy and Radiative Transfer, 2014, 146: 510-528.
VWM RS, R, A R O IR 40 O B A R M
SEET] T EEOE, 2019, 46(7): 0704002.

Ling M C, Song M X, Hong J, et al. Design and validation of
space adaptability for particulate observing scanning polarization
[J]. Chinese Journal of Lasers, 2019, 46(7): 0704002.

[24]

[25]

[26]

(27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

0601003-15

RO, Az e A , 2RI B, 45 i 41 451408 450 0 9 2000 5 6 15 45
RO 624, 2019, 39(11): 1112002,

Zhu S S, Yang H C, Li Z Y, et al. Polarization detection test
and result analysis of scanning polarimeter[J]. Acta Optica
Sinica, 2019, 39(11): 1112002.

AAEMR, VR, TN, AF . — b R AR A S R A 2 K
RAIBNES B J7 7% CN104316440A[P]. 2015-01-28.
LiZQ, XuH, Qie L L, et al. Method for detecting atmospheric
aerosol parameters by polarization crossfire of space-borne
sensors: CN104316440A[P]. 2015-01-28.

LiZ Q, Hou W Z, Hong J, et al. The polarization crossfire
(PCF) sensor suite focusing on satellite remote sensing of fine
particulate matter PM, ; from space[J]. Journal of Quantitative
Spectroscopy and Radiative Transfer, 2022, 286: 108217.
ARRURL . [ - 15 40 4l 38 XE bR G HE B R BFFE (D] A I8 v [ R
FHORKZ, 2020: 41-42.

Zhu S S. Research on key technologies of polarization cross
calibration on the same platform[D]. Hefei: University of Science
and Technology of China, 2020: 41-42.

AR PR i 4 58 I 7S S UE O B R BIF ST (D] AL v A2
FARK, 2021: 28-29.

LiZ Y. Key technology research of polarization crossfire aviation
verification[D]. Hefei: University of Science and Technology of
China, 2021: 28-29.

Xu X G, Wang J. Retrieval of aerosol microphysical properties
from AERONET photopolarimetric measurements. 1. Information
content analysis[J]. Journal of Geophysical Research:
Atmospheres, 2015, 120(14): 7059-7078.

Ge B Y, Mei X D, LiZ Q, et al. An improved algorithm for
retrieving high resolution fine-mode aerosol based on polarized
satellite data: application and validation for POLDER-3[J].
Remote Sensing of Environment, 2020, 247: 111894.

Litvinov P, Hasekamp O, Cairns B. Models for surface
reflection of radiance and polarized radiance: comparison with
airborne  multi-angle photopolarimetric  measurements  and
implications for modeling top-of-atmosphere measurements[J].
Remote Sensing of Environment, 2011, 115(2): 781-792.
Maignan F, Bréon F M, Fédele E, et al. Polarized reflectances
of natural surfaces: spaceborne measurements and analytical
modeling[J]. Remote Sensing of Environment, 2009, 113(12):
2642-2650.

Hou W Z, Li Z Q, Yang D,
multispectral remote sensing of aerosols based on surface
spectral reconstruction by PCA[J]. Proceedings of SPIE, 2021,
11763: 117631X.

Hou W Z, Mao Y L, Xu C, et al. Study on the spectral
reconstruction of typical surface types based on spectral library
Proceedings of SPIE,

et al. Hyperspectral and

and principal component analysis[J].
2019, 11023: 110232T.

KA B . KT TR 22 Ay Al R UL 1) S0 e £ 2 B e A S
WE5E[D]. dbst: i EREBE R, 2019: 37-39.

Zheng F X. Study on aerosol multi-parameter optimization
inversion based on satellite multi-angle polarization observation
[D]. Beijing: University of Chinese Academy of Sciences, 2019:
37-39.
Ding S G,
oxygen A and B bands: sensitivity study and information content

Wang J, Xu X G. Polarimetric remote sensing in

analysis for vertical profile of aerosols[J]. Atmospheric

Measurement Techniques, 2016, 9(5): 2077-2092.



& 43% % 6 H/2023 £ 3 B/REHR

Information Content Analysis on Passive Remote Sensing Imaging
Retrieval of Aerosol Layer Height Based on Spaceborne Polarization
Crossfire

Gu Haoran'”, Li Zhenggiang™”', Hou Weizhen®’", Liu Zhenhai', Qie Lili*, Li Yinna®’,
Zheng Yang’, Shi Zheng*’, Xu Hua®’, Hong Jin', Ma Jinji', Chen Zhenting’
'School of Geography and Tourism, Anhui Normal University, Wuhu 241000, Anhui, China;
*State Environmental Protection Key Laboratory of Satellite Remote Sensing, Aerospace Information Research
Institute, Chinese Academy of Sciences, Beijing 100101, China;
‘University of Chinese Academy of Sciences, Beijing 100049, China;
‘Anhui Institute of Optics and Fine Mechanics, Hefei Institutes of Physical Science, Chinese Academy of Sciences,
Hefei 230031, Anhui, China;

*School of Information Engineering, Kunming University, Kunming 650214, Yunnan, China
Abstract

Objective As one of the spaceborne detection schemes with the strongest comprehensive aerosol capability at this stage,
the polarization crossfire (PCF) strategy is developed in China. It is composed of the particulate observing scanning
polarimeter (POSP) and the directional polarimetric camera (DPC) and has been carried by China’s Gaofen 5-02 and the
Chinese Atmospheric Environmental Monitoring Satellite (DQ-1), which are launched in 2021 and 2022, respectively. To
explore the detection ability of the POSP based on PCF in the ultraviolet (UV) band for aerosol layer height (ALH), we
study the sensitivity of ALLH with the synthetic data in the UV and near-UV bands and further assess the impact of different
conditions on the information content and posterior error of ALH. It is expected that our findings can be helpful for the

retrieval algorithm development of ALH.

Methods Optimal estimation (OE) theory and information content analysis are employed in this study. OE provides
statistical indicators such as the averaging kernel matrix and the degree of freedom for signal (DFS), which can represent
how much information on the retrieved parameters we can obtain from the satellite measurements. Therefore, combined
with the forward modeling of specific satellite sensor observations, information content analysis is used to provide support
for satellite sensor design and retrieval algorithm development. The advantage is that the retrieval capability can be
quantified without the development of true inversion. Additionally, it provides top-level physics-based guidance on
algorithm design. Firstly, the unified linearized vector radiative transfer model (UNL-VRTM) is used as the forward
model to calculate the normalized radiance and polarized radiance at the top of the atmosphere (TOA), as well as the
Jacobians of TOA results with respect to corresponding parameters. Then, the DFS and posterior error are introduced to
quantify the information content of ALH from the aspects of the intensity and polarization measurements, respectively.
Under the assumption of different surface types, aerosol models, and different typical observation geometry cases, the

sensitivity analysis results for different situations can be finally obtained.

Results and Discussions We analyze the sensitivity variation of ALH with the scattering angle at the solar zenith angle of
40°. The results show that a smaller scattering angle (within 90° to 140°) of the satellite observation geometry is
accompanied by higher sensitivity of Stokes parameter I to scale height H (Fig. 10). After that, we choose a fixed
observation geometry to calculate the DFS under different schemes. The research shows that the DFS of the bare soil is
lower than that of the vegetation surface in the band of 380 nm (Table 6). Generally, the surface reflectance has more
impact on the information content of H in terms of POSP measurements than aerosol optical properties, which leads to the
lowest information content over bare soil. Meanwhile, with the addition of multi-band measurements and constraints of
polarization information, the DFS of ALH is significantly improved (Fig. 11). Different cases indicate that the addition of
intensity and polarization measurements for the retrieval of ALH at 380 nm and 410 nm can improve the H information
effectively, and the posterior error of the ALH retrieval is also reduced by 5-30 percentage points (Fig. 13). It is shown
that the polarization measurement in the UV band has a good constraining effect on the posterior error of H. In addition,
with the addition of intensity and polarization information in the near-UV band of 410 nm, the posterior error is further
reduced by 7-10 percentage points, and the measurements particularly improve the retrieval of ALH when the H value is
low (Fig. 14).
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Conclusions The UV and near-UV bands are important sources of information content for ALH in satellite remote
sensing. Compared with the case only using intensity observations at 380 nm, the addition of polarization detection in the
same band can provide an extra DFS of 0. 06-0. 26 for the retrieval of ALH. Meanwhile, the posterior error is reduced by
5-30 percentage points. Combined with near-UV detection information at 410 nm, the posterior error for the retrieval of
ALH is further reduced by 7-10 percentage points. In particular, the retrieval of ALH at low scale height is improved. In
addition, the sensitivity of observation information to ALH decreases gradually with the increase in the corresponding
scattering angle ranging from 90° to 140°. Moreover, the bare soil case with aerosols dominated by the coarse mode
provides less content information on ALH than the vegetation surface case with aerosols dominated by the fine mode.
Although ALH information between the two types of aerosols shows some distinctions because of their different single-
scattering optical properties, the dependence of information on surface types and the impact of polarization measurements
generally appear similar. The information content analysis shows that the potential capability of the POSP instrument is

good over various surface types and aerosol models on the basis of the use of spaceborne PCF strategy.

Key words atmospheric optics; scanning polarimeter; aerosol layer height; polarimetric remote sensing; information

content analysis
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