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FEEE Y (Yan %, 2017a),

H Hf FMF £ 7= 5 2224 . (1) AERONET
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Algorithm) , H % I G 2% J& £ AOD  (Aerosol
Optical Depth) EHEIH5HAFE] (0 Neill %, 2003).
M FME 77 i B BCERG RE, AR AR, &

Wi BEE: 2020-07-15; FEPZAR: 2021-04-12

B F TR R T M SR R (Li 4%, 20203
Che % , 2018) . (2) MODIS (Moderate Resolution
Imaging Spectroradiometer) FMF 5=, 3T HiR
Ik, A EMER (Levy 58, 2010), KR
B HE T I PML A B TR 0K (Zhang R Li, 2015) .
Zhao 5§ (2017) %4 fil MODIS F1 AERONET %)
FMF 7= i DL 32 #% PM,, 3% J& A 5 . (3) POLDER
(POLarization and Directionality of the FEarth’ s
Reflectances) FMF 7= &, % JH GRASP & i
(Romén %, 2018; Torres %5, 2017) JZ i35,
r ] X TE 45 AR 2 B 5 b O B A
R —8E (Wei 25, 2020), J& H B R 1)
FMF 7= 8o 646, YanZE (2017b, 2019) ¥ SDA
778 T MODIS (8 AOD 77y, [ Y FMF 7Kg
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FLEAOD, HFMf35I FMF, Sk b, B4 FMEF 4K
a7 it A B, LA B R I A
SRR, O EEXE DL 2 L PRI R oK

4k POLDER &/ 4% J5 . Fo# i 41 fE 1 A9 24
T SRy A T 1 SR U Y 2 J 7 1) (Dubovik 4
2019) . HEE 55 TR DPC (Directional
Polarimetric Camera) (Gu Fll Tong, 2015) . TanSat
T # #1% CAPI (Cloud and Aerosol Polarimetric
Imager) (Chen %5, 2017a) F1HJ-2 T A &M
PSAC (Polarized Scanning Atmospheric Corrector)
(Hou 4%, 2019), #BE & fwfkill i fE S . IR I5
DA Fo £ e ik B2 1 R A 4R I ST 2 1 RRUFE AL
T HIR K P AT LT /M B AN 1610 nm A iR &, X
TR 5 AU I B i A T AR TH B (Qie 55,
2015), WRIH R FMF SR AL TR RE . B R ST
b, SDATLLJE TR &% I, MODIS i H
b 1 B FH # $% % LUT (Look Up Table) S {8 ,
GRASP B L T HALAh11 OE (Optimal Estimation )
i (Rodgers, 2000), fH AERONET Jz i 5 ¥
(Dubovik fl King, 2000) &R, J& T4y
f4x S 5 o LUT SO R3S e i o 22 3k
PR, M2 F—ERE (Kim 45, 2018), OF
T A W LUT 5 5 S e Y BRI S RS 3, il s
AR, BORBAR (Diner 4, 2012; Jeong
4, 2016) . M T OEB M e, [ AR GBI
FASR AEEIE 81 A 3 (Chen %5, 2017b; Zheng
%, 2019), T OE 2 HHE QL AN BT 2040 i fic
D 1) FMF SO B8 A FRRR AT .

AR SCH P A 214 M4 0, 25 1) oA I
B s, BT OF IiESE (Li %%, 2018a),
PE T — RS 5 EE AL IR BE DOLP (Degree of
Linear Polarization) /Y FMF S0 )ik, H
T T 2L A M I 15 B B T8 1 i = S B B SCHE
PRl A BIF 5 A7 P 9 A 5% S A2 f R A 0 3t i
R THUWL A X T Qi 41 WL 0 5 L, - v I 5 30
Xt FMEF S50 5 B Usk: , i o SR & ot
DR 2 X B HEA TN, 90 TR S 3 Bk i T A P A
—HE, eSS PRERE RE M AR S

2 PR

2.1 HIEEE
LR E (DOLP) ZHZEM MRy H .

XPFoR B, DOLPYESy “MHXTMIGE" &, 7EWL
W75 T R AR B A E R AR #E (Yan 55, 2018)
BT, 58 AN e e 5% 24, i AE 440—
1640 nm P KB E PN, DOLP GEM% 4 5] 0.005 1t £ X}
w2E (Li 48, 2018b). 1E MR K IR FEERY
HESE, DOLP XKL+ RSF R ARAE & Uk, fig
g EE E IR LS BU S (Li 58, 2009;

Chen %, 2018). DOLP 1] L) i 1 Stokes % & ¥ Hif
3N
2+U2
DMfziQT—— (1)

K, DA E, QFU N RIR S .

XoF 48 At 41 5 00 ) ) AR, AR OR
ALY R R S AL A UNL-VRTM  (UNified
Linearized Vector Radiative Transfer Model) #4758
SHEEE (Wang 48, 2014), UNL-VRTM GEf
B2 5 LI TLART AN 3% () 5 S A R B (Stokees
Jotg), IHIEETE Y Stokes & X TR IA IR S5
MUK A B (Jacobian matrix) , JE% A A F OF 2
BRI (Hou %, 2016 412017), HIhW
H TR E W5 (Hou 58, 20205 Xu %,
2015).

XFF AT G AR, KA 1 AR Ak 2 AR
T A R T B LR 2AREE RR E
SR AN B 2 T 52 W 42 /N (Dubovik T King,
2000)., WFFEFEH], DOLP 4 0.2 LA K BAYK B i R
KA 0.85 THHL T, Hu Xt T 47 e % 3 A8 JC 52 iy
(Li %, 2006). KM, TEATAELIRARSCR T
BRI R s, I 220 W% s 5 i i %o 000 O 30 ) D%
R, X R LA, AR SR s o A
B, bR BN 2 km,

ARAIF T R FHORUASE 25 450 o 850 o A1 T XA R <
VIR TS A I O«

v & v

dlnr i=1/\/Elna';
Kb, Voo r Mo, 205 S IA TR MR RS | (K
B AR 22, BfMbri FoR SR ReF
FHOCH R IR E—20, RO #IRE o 0]
Pl FR it Ea s (Xa 55, 2013):
o 3V,0..(A
7 :fr;-f( ) (3)
K, Q. WRBBIHEICHCRN T, ABCER .

exp( (lnr—lnriv)) (2)

21n? 0';
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A, S WU R 2 W 7 22550 5 %, FS, 2300 %
e g At T AR 22 By 22 B, R T I R NS
RS BTG S R 2EW R AR -1 M
“T7 3 AR MR R 4 sy MIENAL R
B (Xudg, 2015) ExCA M r B aE T Wi 22
I B 158 2 X BT B 0 o AR PR () 2 — A
ALk, HAR R ] AN -
VJ(x)=K'S]'[F(x) - yl+yS(x - x,) (8)
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Fig.1 ~ The flowchart of the optimal estimation inversion

23 HWEREFESHIRE

23.1 SRAKERSH

T IAHH TR IE BRI S5 H
t, REIRL TG S8 CARCER r, A L
W v, K HALEHEIX AERONET 3 5 245 W &
ey geit . EAT BT m, R m ok AT
Zhang 55 (2016b) 7 A BURBLA S I AUl
M T FMF R AE TORREDR FIR AR B, B SE
JRES A AT D 3k 475 FMF SE B, )40 FMEF KT 0.8
FORMBE TR, W5 Y BRI
FMF/NTF 0.5 FAE TR F R 3R RIA, b
AV

1 HRERANSBRERSH

Table 1 Parameter settings of aerosol model

[ T /pm Vegp m, m;
RS 0.155 0.284 1.476 0.0096
LA 2.213 0.482 1.487 0.0043
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232 WMILMEE

F 245 T AT 1 A AUA R SR A OUL I LA 35
RBHKTIA 9 60°, ML K TH A 9 07 (R THOULI A
ER I (2 A BN EE e TS B = A T IR VRS
A P 2 T AN T B AU T 7 RIS (] ) A o
FEAE Bt . AOD DA 0.1 2] 3.0 454k, RAE T A[F S
Je & A OL, 0.1 %] 1 Z A AOD [a]F 0.1, 132
Z M) B% 0.2, 0.2 5 3 Z [M]i] [ 0.4, FMF Z40
0.05%]0.99224k, #1£0.05.

F2 AIEEMRNILARSBRIZE
Table 2 Observation geometry and aerosol settings in the

forward simulation

S8 {H
IR BH R T6 £ 60°
WL K T3 £ 0" (K ITUMLIIAR )
AHXE 5 102 A 0° (K FH 717 )
AOD@550nm 0.1—3.0
FMF 0.05—0.99

233 MNEMEEEEE

LI [ 25ty FHSMER S 5 B2 R DOLP W Ff 2 A7 AN
(v 0 %) 00 2 ol , R e s e R
T 5B, DOLP &4 7 4 B, k3
No TERZEWE M, X FomEmE, WA
M e BN 5%, T BRI A, W R 0.4
TEOLT e X D 5ok B2 AT QR B AE 0.005 (#7 it 5
4, 2019), P, AHESE DOLPAHXT IR 22 &0 I
R 1%, RIE (7) ATAN, TE R AR AN TR S R
o, SEIRAR TR E s e B SO A . %
JE RS AR R B ANHf e v, el iR 22
B2 M 100% (Hou 5, 2017). WLl & . Sz i &
R 22 00 7 25 06 B B Al i ln 36 3 s, Hip,
diag(I) KRR EERAE, DI T ITRIER
FRERXT LR, B AT RIARTE

3 R 5550

3.1 HEERSH

ETRIME2HNSEE, [ UNL-
VRTM A5 3577 i 3 K ORI =R 5 B . (&2 4%
MR T IR T I A T AN (] A e ' 2 I B R AN [
PR L A IR TR A T R 28 O S i =
(FE2 (a)) FmIRME (B2 (b)) MBHIEE R,

HEARAREI AOD, YAARBREN R FMF. H & 2 AT %0

(1) X TR & K25 OGRS R B RS <
WA )2 AOD B34 in i 5% , 7E AOD i 2.5
B3R B RAE, ARG 28/, ZEARTR] AOD 1 1
T, RZS Ay RE A A B A 3G im0 .
i AOD 1§ 8L, 5 B2 £ 52 FMF 48 {1 (1) 52
BN,

(2) X TLmIRENE: HE2 (b) A%,
1490 nm EBL, DOLP BE SV B 28 1 15 fin i 122
N, AHARE FMFBUYE T, DOLPZARfE AR, X
2 Wz ik B 2t () A8 AL 22 AOD AR AL T [,
IMi%F FMF 2808 (AU £ 670 nm., 870 nm Fll
1610 nm P B, HMF AODEBL R, DOLP B FMF [
S BRSNS 3 R A E O . DOLP Y i/ IME 5
FMF X/NE %, 670 nm. 870 nm A1 1610 nm iX 34>
P B DOLP (1 d5e/ME 53500 H BAE FMF 2 0.1, 0.2
0.7 ik . FRIARAL P K A HER, DOLP S/ M fir
X FME B K . 302 TAE I 2040 870 nm
AP LLAE 1610 nm B, HURLF 0 I A i 4
STHERAEAT TR WG (490 nm #1670 nm) A It s,
RIS 2T A1 ik B 49 08 3000 e L ASE 285 A= i e B Sy UK
#£ 1610 nm 317 B, DOLP 1728 b 22ty FMF (1945 £k
I, 5490 nm fA7E 3 25 R, R PR B
FMF 250892846 FE X AOD B8 Ak S UK

(3) PR 38 B R ff 4l 245 SR 0 LU Rl 6. e Sk B
B 38 K A BT /)N, T DOLP f4 3% BE ] 262 5 1%
X — s, JEHXT T AR £ A e A
(FMF>0.8), FfiEHEBOGIRRERE N, JLersh
BB DOLP 2 3 TRl WO Bt o

3 UNEEREEEREMEIREREN
Table 3 Definition of observation vector, state vector and

prior estimation error

Hdli e L LI E
y=[1(A) poLP(A)]"
LI [r] SR A = 490, 550, 670, 870, 1610 nm
TR : A = 490, 670, 870, 1610 nm
—— S diag(71?) 0
ez v 0 diag(&3.,, DOLP?)
Py ZEHIE S, -
’ &,=5%, &pop = 1%(FAXTIR2E)
T
S x=[7z FMF]
RE R~ 72 0.01; 001 < FMF < 0.99
2.2 0
E1; iR Vel S, = &7 '7)
Sz -
Py 250 S,

g, =100%, &gy = 100%(HIXFRZE)
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Fig. 2 Simulation of intensity and degree of linear polarization (DOLP) for sky light measurements (vertical upward observation with

the sun zenith angle equaling 60°)

3.2 RESERSWH

BT EE, XF ik OF [ s B kit 47
W BFFE R T 3RO BRI, e B an
FAPR . S RAGIATRZENR BT 1458 B A 4
WA R, MLk e B3R — 3ok, Ss2 /1S3
SR FH R DA 35 8T 0 A 4 it AT Mg 75 X A 400 X000 (e o
w2Edish, FUBEE S, Hep, S2 halig
BEREIEIE , S3 My B AR I A RN Y . S2
S3 122 57 TR B A3 A s el 2 X 52 7 ) BT ek

F4 REMRIHA

Table 4 Data scenarios adopted for inversion test

Frift i
St R TR AR BE LA S i (TC M )
S2 ASUAEE P 588 13 B 8 (B 5% LI 5825 )

S3 SRR AR PRI A B (R 5% 1R 25, ZRAMAIRIE 1% 12 2%)

B3 25 T BB b S3 4 F 7, AOD Al
FMF $#°87 0.6 B, fe Itk Fsz i 3k 8 vl s 5 i 18 A
P B 32 i 35 AR O BSOS AR L o Pl T3 AT
5 FUREADLEL Bt 7 325 4 QR 5 o 2 3 SO0 5B o

TR 5% SR FH S Y 3% 25 4 38 I T 285 R0 o A S AU 5
SEIMME 25 5, s sR 25 Sl
8=(yn—y)ly (10)

K,y RoRESE—UGE I BREE , ¥ 0
B B3 A 15 Rk AR 9 B T 5% 2210k 0.6%,
S3 A A A LB 1) - 24 S TR 25 R 5.2%,
& W e A T 2 T B 1 B 8 AR i 2 AR A B
Fldse/ ME SRt A2, SIS i S50 sh 254
I B AL ) AR G B 55 0 AE i ﬁﬁ%m
— 5k

Bl 425 1 T 550 nm % Bt T AS 6] S5 IOt 27 J5
JEE FNAIRL T L A% 14 110 S5 3 235 SR Fn L S 22 () 11
s, HoE4 (a) A (d) A 5]
AMEOLT B SO 25 5, s 2 SR BB B A 56 R
BRTF 099, HAEAGT R AOD Al FMF 2 j#
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Fig. 3 The iterative process of the optimal estimation inversion
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Fig. 4 The scatter plot of retrieved results versus assumed values
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x5 3MIFERTAODFFMF HFEHREFRE
Table 5 Average inversion error of AOD and FMF

1%
S S1 S2 S3
AOD 0.085 1.0 0.30
FMF 0.014 1.4 0.18
A »
4 T 1®

HRAEAC AN R BORITAR FE 1) it 1 R 3R XA AT, OE
S 32 B A IS AR T AR, O 2 R AR
JEE AN ASCERCHR T O 00 5 A0 P S e L R B A7 215
AR A2 (Xa Al Wang, 2015) . 3REU 2
B 2 30 N TE Y 2 S5 A Ak s v AR ) i A
BT e 0 1R R T A B T S8R T Y oK i
(Fedarenka 5%, 2016) . SE55HITHR IR T X i 8 2
By E e . KEBHE G U H A R AR Y
O . A B ST IR AN TR 8 24 B R T 4
B A B, L Y 2% AR B (Dubovik 4
2011),

S A AG T B T 7 43 R FE i R R O e 550
ARAFE, 7% S0 ) o 25 o] P48 R R
IS b HA AR 4t A 4 3R J7 1k 0w A B TORG B
(Jeong %5, 2016). #R1, M TR, FFE
AT Z2 UG S B A ) R SRR A A, AR
R E R . FE R, I EARR
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H Al R = < 0 £0AMim 4R B0 S r, B tAS
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AOD ANAEIEBLS , 2t BEAE A FMF 1 R 3£
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Optimal estimation algorithm research for aerosol fine-mode fraction
retrieval from polarimetric measurements
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Abstract: Monitoring the atmospheric particle pollution is one of priorities for environmental protection. To infer the near-surface fine
particulate matter (PM, ;) mass concentration, acrosol Fine-Mode Fraction (FMF) is an important parameter, which can separate contributions
from smaller and bigger particles in Aerosol Optical Depth (AOD). However, there still have great challenges for the conversion between
FMF and remotely sensed optical measurements. As one of the most promising methods of remote sensing, polarimetry is widely employed
for atmospheric aerosol monitoring, and has a good potential for improving FMF inversion. In order to investigate the contribution of
polarization to the for improved characterization of FMF, an algorithm for FMF retrieval from multispectral intensity and Degree Of Linear
Polarization (DOLP) measurements is proposed in this paper.

The proposed algorithm is based on the Optimal Estimation (OE) inversion theory. The UNified Linearized Vector Radiative Transfer
Model (UNL-VRTM) is adopted as the forward model, and the quasi-Newton approach implemented by the L-BFGS-B code is used to find
the minimum of the cost function. In order to test the performance of the algorithm, synthetic data for ground-based measurements of sky
light, in the conditions of different aerosol optical depth (AOD, from 0.1 to 3.0) and FMF (from 0.05 to 0.95), are simulated. In addition,
near-infrared (NIR) measurements at a wavelength of 1610 nm were introduced to improve the retrieval of coarse mode aerosol. Under the
OE inversion framework, the AOD and FMF can be retrieved simultaneously after several iterations.

Based on the synthetic data, analysis shows that the DOLP is more sensitive to FMF in the NIR band (centered at 1610 nm) than in the
visible band (centered at 490, 550, 670 and 870 nm). Numerical inversion test furtherly show that the algorithm has well self-consistency,
the error of retrieved FMF caused by the algorithm itself is 0.014%. In the case of 5% observation error is considered, the average fitting
residual, differences between the simulations with best inversion results and the measurements, is 5.2%, which is slightly higher than the
intensity observation error (5%). By introducing DOLP measurements into the retrieval, the inversion accuracy improved significantly than
only using the intensity measurements. The retrieval error of AOD has decreased from 1% to 0.3%, and the retrieval error of FMF has
decreased from 1.4% to 0.18%.

These results strongly validate the feasibility and potentiality of the proposed OE inversion method in atmospheric aerosol polarimetric
remote sensing. This mechanism is expected to be a new approach to improving the remote sensing capabilities of PM, ; monitoring.

Key words: remote sensing, degree of linear polarization, aerosol, fine mode fraction, optimal estimation retrieval
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