1007-4619(2022)11-2219-15

/.

£8 £ 3 77 15 IR S B 38 T K S
B R E

Ryt=EE

R, BRR, AR, TV, TRE

L E R B 15 1
2. hEBLA B

SRR T WA R R S A S E EAT SR, NG 264003;
WA AT LR A R S SR %=, S 264003;
3. ME AL E AR LB =, BRIl 518055

B E: R ERICHIEE AOD (Aerosol Optical Depth) T3 & JE& S i A (O ME S 2 —, 24 A7 K £ R i
TR — PR R BT S VA, (A S Y 23 SR A I S e S I DX LA R AN e e o AR SCRH G B R P
51 MODIS BRDF/Abledo ™= fi , 38 128 25 #5248 3 A ) fie /N 3R A 1A 23 8 i Sy A 43 T b3 BRDFJRIR BRI 28
SRR o W RE G T R A ) S S SRR ) A i T AR R B A IR S AR, L S 5 B A Sk 3K
ST RSN, ST R R BRDF W R I BRI . BT IZAE, UL W EE R X IF R T
Landsat 8 OLI &S S i 546, I AERONET $th J5 UL B85 Kz 5 B {385 R s 3 52 S SR K00 900 J2 2 435 S i 0B A
LNXFE, S5, HrA e T AR s X S G X e I ERIR 22 4R N L TN 84.6%/86.0% , ] LU 30035 1)
AR R X AOD By Al o JE a5 MODIS B ™= i (MODO4/MCD19A2) Xt lt, B3R AOD 5 AERONET
LI ELA O (0 — S0, STl R T A R AR IR 22 4R N5 L& DT, DB, DTDB M2 MATAC 7= &4 2r SR T
46.8% . 13.9% . 14.7% I 4.4%, HA RS 80E T MODIS =5 o B8 1l L3RI 500 m 25 8] 433 AOD, fELR

National Remote Sensing Bulletin & & 5 4

>Z

Pras(a) OSBRI AT (R R, o 1 SR XIS Yol A0S 4 L ey 0 A5 el A 1 9 0
R : URBOCHREE, T RN, UKL, MODIS, Landsat 8 OLI

FESES: P2

SR BERE, SR8, X8, TE, TRE 2022. B4 R7 0 KN BT R SBERALZEEBERE. BRFHR, 26

(11) : 2219-2233

Tian X P, Gao Z Q, Liu Q, Wang D and Wang Y Q. 2022. Retrieval of aerosol optical depth over urban area by
coupling the characteristics of surface directional reflection. National Remote Sensing Bulletin, 26 (11) : 2219-2233

[DOI1:10.11834/jrs.20210217]

1 51 7

S BOGE# R E AOD  (Aerosol Optical Depth)
VE R A O RV E ) B SR —, e
AR 22 70 A 5 B R URb A T R
T SR R BB X S R R RE A I AR Y
ARCEA T B, 73 S S 3l 5 DA 52 i) S 3
RN ERENRZ— (B#F 5, 2022), B
RKSWIATE N ERFA AL EZ . &
LA R R R, AR S A b R I 3
SPRAES RS 25 5 A TR RISk, B g

Wi BEA: 2020-06-27; FERA: 2021-03-27

Al (Kaufman 55, 1997; Levy %%, 2013), £ KK
SHRBER AL (Hsu %5, 20135 H{FMS %, 2018).
LB G ER G # (Tang 55, 2005; Vermote 45,
2007) . HlLA% == 5k (PR 4%, 20205 Su 7%,
2020) 45, SIFBGERCIER T —1F S s
&

I MW R S R AL IS
WL EABREN AR R, HRERLaIZ KR
SEEM AT BN ER S, Kaufman 55 (1997) #2140
TIE T UMYX 9 DT (Dark Target) 5%
Levy 5§ (2013) J&F DT, 456 8UR M K83

BEE&TH: BRALRPESE (55 :42206240,31870468 ) ; 111 A4 H AARH: A4 (435 : ZR2020QDO055 ) ; LI AR H AR A 4 F i H

(%5 : ZR2020KF031)

E—EEE N RN, W5 o KRB R . E-mail: xptian@yic.ac.cn
WS EE T ik, WFFT 5 1) o f 18 JR% g J2 7 1 SN FH 4% . E-mail: zqgao@yic.ac.cn



2220 National Remote Sensing Bulletin #2454k 2022, 26(11)

LLANA— AR AR R, S T MODIS “UHA ™ i
(MODO4) Ml 5546/ E7=, HATE & &£ C6.1 fA
FRTAE (2018) K DTSEIH T Himawari-8 1L
R, OSSR T BTHEBEHLIX AOD S . DTSk REWS LA
B ERG B AR B A e M 3R 25 AOD R L, Wi
AR I TR R R s ) B R R, BN Ah R
P th T 2P T AR o A Bl R 1 R A
Hsu%% (2004, 2013) #2ih T3 HI T se X i DB
(Deep Blue) %1% ; PhARAE (2016) ] £ 4F
MODIS 1 3 J5z 5 56 7 ity A 2l 1 3% s S 4 506 10 #5040
£, $2H T HARLS (High—resolution Aerosol Retrieval
algorithm based on a priori Land Surface reflectance
database support) #%, JFHH T GF-1 PMS %1%
JE 4% ; Lyapustin 55 (2018) #2 H i) MAIAC  (Multiangle
implementation of atmospheric correction) 5 15 A& T
ARk R R R B 05 — O RO B, Rk
SR FH 20 25 B 1) ) 470 580 S S <00 85, R I 3R
B R S v R R A R IR R, AT
P 9B T MODIS 1 km 43 B 3 S0 K™
(MCD19A2) A7

LA DT, DB K HARLS 5532 M8 15 b 2 by 45 11
[ P S ) A AR, 7 P el e v el ) 3t 3
S ARAL AT I [E] AL AT O o 3 A B IS A i A X
B AN K, AHAETS 0] SRR TR | MR 254
SEA T ML X, 23 A 1 b 3R 2 50220 T AN 1 2
KIFEE (Wei 55, 2019), B(fdf AOD SR #5
. T A FRIEA, H GRS 5 A [
R I 23 A8 S, L MR O 1) S S o A R AR
BB AR A5 3 i &2 24 A1 IR XE  (Gatebe 1 King,
2016) . TAEk, NSNS L ETEHR AL
Jr T V£ %71, Diner % (2005) F A MISR
1R A 22 0 B 22 Tl WL A A A, A S IR 22 R
Bk s 3R A5 B, SEE T B B AR U5 1) R 5 Y
AOD JZ 3l 5 Shi %% (2017) J& T LU AR 6 B2 4 AL 55
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Radiometer) 1588 AOD M b 3% iz i 8 [A] 25 K Jit
b 2 J5 ) B G AT B B 8 43 A bR %0 BRDF
(Bidirectional Reflectance Distribution Function) %
I, Xue4§ (2009) it MODIS BRDF/Albedo /i
(MCD43) MR IENF, HET AATSRALEGR T
A ST 1) A A R UL KA, B T bR B i
5 Yang 55 (2014) FI I B3 el 565 % i T o A5
R, [A I 3 3R BT AOD 1 Angstrom 38 8015 B, ;

Tian & (2018) 45 & 2 2 56 4% 9K o)) 453 7 A 55 1
FRGTF, ST T HL X AOD R 5 She 45
(2019) FIFH MCD43 2 it AL EAF B, SC8 T
Himawari—8 AHIfZ 825 (1) AOD Fl s 3% 2 1 KBk &
I

H 30T A2 ) S TR A g e, L R
S SRR 220 0 R X, B0 AOD Sz 8 45 A7 1R 28 )
HEEEE2E | AT PRRAR RS B AT BN T A
AR, Tian 4% (2021a) @i #E G IE DA 4R S 1E
T ) A TR R 2 20 06 R R SR R B H L MODIS
BRDF JEAR P S 6 K41 45 A 3K 2 1) b 36 2 8508 o
Jiik, SEBL T MODIS B8 s I B R i . 5
WEZ A AR RN AL B A% 1038 FH M, ARSI T
B FE AR B, L) Landsat 8 OLI by 5048 5
FEAL U HB X T & AOD S S5, F% i i i P 1)
A REIR 2 AT E =T, it AERONET (Aerosol
Robotic Network ) ¥l /5 045 & 5 MODIS S IS P i
ZE XK FLBGAIE, ACG 3 T A R S 5T X AOD J2
HORE R, RBAE I T R KRR A 15 YL B IR iR
PRPE LA S HE -

2 KR
2.1 HTEEE

AERONET {E 31— 4235k b 545 0 e W ) 28
AT SEBR A B SIS SO (Holben 25, 1998)
N TR LTE 2 55 FOGIEE R 0.34—1.06 um
() AOD 15 BL,  [R]B BRIE I B AN PR AIR (&Y
0.01—0.02) K ymiffalsr#E% (2915 min) (Smirnov
45, 2000). AERONET#; AOD F=§h4r k34 . JEth
Level 1.0%#s . 23 = K0 Level 1.5 54k K ™A% i
HEH M Level 2.0 8045 . H A, & Version 3
(V3) JRATE V2 IERH b, 2o 4G I K B0 I i 42 il
EIE— 2tk (Giles %, 2019), AERONET 2
)z T AOD T2 R EEH (Chu 55, 2002;
Sayer 55, 2014) ., AHFFEIHLE T HF5EIX 2013 4F—
2018 4F Beijing (BJS) . Beijing_CAMS (BJC) .
Beijing RADI (BJR) ¢ Xianghe (XHS) 4 >3 5
V3 AOD %l . Hivh, BJS. BJC K XHS i i K
Level 2.0, BJR U4 &K Level 1.5 %045

22 ERBEIE
Landsat 8 fifi#h T8 &2 T 20134E2 H 11 H & 5 7+
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%5, $5%% OLI (Operational Land Imager) M TIRS
(Thermal Infrared Sensor) WMEEES . OLI(E/RES
A A WSCENRLR LT AN OB, IR %E N 185 km, HE
Vi 16 d, =S [E173HER K 30 m, HAMA RS —
15 m PR AN B . W5 AT 2013 4F—
2018 4F = F T 85/ OLL Ui HEAT AOD J 8 52 565
B 64 5. MODISAZIERARHEE T Terra J Aqua
TRE, HETIZEREAA 40 2B RSEG= M. A
SCA# FH 9 MODIS 7= S L 35 . AOD 7= i (MODO4,
MCD19A2) . M3 [ 5 % 7 i (MODO09A1) K Hh

7 BRDF #% 9K 3l B 8 R 4 i (MCD43A1) . H
Hr, MODO4 AR R FH 1) S i 33 AN [\ 43 4 DT, DB
Ko 5 Fl4 B9 DTDB AOD 7=, Hias ] 7y #r R 1y
710 km; MCDI9A2 7= i % FH MATIAC B %, 23 |H]
Iy HEF 1 kmo MODO9AT Kz MCD43A1 77 i 25 [H]
SYHERI N 500 m, (FHZBIRN = SA T R R
SR BG4 Ko 2% BRDF IERFE R IK T8 45, 2>
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TV W T W g R e M T R I JER B T A
==

H.Sh o

F1 WRAERRMERERYEFAER

Table 1 Details of ground and remote sensing data used in the study

2 et P ) 58k 7 B 23 [ /I [h) 4373 Bl 42k
AERONET — 15 min Version 3, Level 1.5/2.0 AOD
Landsat 8 OLI — 30 m/16—day Calibrated radiances
Optical_Depth_ Land_And_Ocean 10 km/daily DT AOD (QA =3)
MODO4 Deep_Blue_Aerosol_Optical_Depth_550_Land_Best_Estimate 10 km/daily DB AOD (QA =2, 3)
AOD_550_Dark_Target_Deep_Blue_Combined” 10 km/daily DTDB AOD (QA =3)
MCD19A2 Optical_Depth_055" 1 km/daily MAIAC AOD (QA = 0)
MODO09A 1 sur_refl_b03" 500 m/8-day HFR ST (QA = 0)
MCD43A1 BRDF_Albedo_Parameters_Band3" 500 m/daily BRDF i (QA =0)

T e *3ROR RN T 50 A 00 B 1) ST AR IR A, QA = Quality Assurance flag,

3 JEE5IE

3.1 EREFEE

TR A% RS WL B () K2 T TOA (Top Of
the Atmosphere) AMfEHSEE K B THL RS KIH
BT BT S, I ARy, — AR IR TR
SUE L (RRRST0 , o5—aR o W2 K My
TR A RGNS RS BIRATUZ . R
SRS A R R A AL L 0 3 O LA I, 3

T(0.)- R(0.0,.0) T(6,) - 1,4(0.) - 1.,(6.) - |R(6.6..9)|- 5

AR WA . SR, LS MR 45 1) Sk
B RARIMAR, HRIMA B R E] TOA f 5T
RORESE, BEMTRZIA AOD . o TS MR AR A
T TOA FA, QindE (2001) 21 1% iR I7
Ir) 52 St AR Ve 1) 6 S A% B 455 8 CASBIR  (Correction
for Anisotropic Surface Bldirectional Reflection) , %
B R S d Re o o BAT AR Ar ok, OF A
Gy AL RS R E B AR 2, TOA S R
(pron) TIRIRH

pTOA(9=79\9¢) = p0(0=,0\,¢>) +
K, T(6). T(0,) W KRIF T, EArBEERIE
M, R(6., 60,, )N ETHRIE [ .
T(6.)=[t.(6.) 2.(6.)].
T(6,) = [1a(6.) 1.(6.)]
rd<l(es’9m§0) rdl,(esa@s)
R(6.6,,¢)= (3)
( 90) rhd(en §Dv) Ty
K, 0.0, 0.0 o Ko R A RKHRXTIM ., &
TR KT . KBH L AL 5 r i B AR xot

(2)

(1)
I -ry-p

A RS R B R, TR AR
dAr IR RS R (). ATUE
H, 2t (1) MRS A ES BB SA N (1)
KABH, A0HE R AE SRR S 10 R A Bt
I (p,). KEBILRIER(p). K FA7HY
Bt % (1,(0.)). KA FATIBS B R (1,(0,)). K
AT B (1,(0,)) RS AT B %
(0,(0,)); 2) HIFRZHL, AAFEHFE T I —)7 16 K 5T
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B (ry) s LR (r,) . 2BIK—T7
SR (ry, BEEETr,) FCEBR—PERGE
(ry» BIEAZS S IEE WSA (White—Sky Albedo) ).

B TR0 TLARS e e R A RR T f AN TR, | R
AIRENIEE AT RE N A . 2 R 4D A8 i R —
R R p Zlm, [RI=0, 2 (1) n]faifk B
BT prop HEALL, B

0.)-p,-7l6,
punl0.0.6)=pi(0.0,¢)+ “) L) (o)

L, 2(6.). 7(0,) HRAFAT. FATREHE,

o1 (1) ATR, FETHER poo, I ZHA E 5 R
AR R BRENSRASE L S RA
KGR SR RS EORE AR L] &A%,
) ] 5 A5 A2 i AR T 51 ) 2 ) o 7 A 4R 5% LUT
(Look—Up Table) -8R0, LUT &S KA
331G MRS B G i > 28 50 A% 9K Sl A
Ko Hey S B 2 BRDF B AR A 1~ 5t 56 5 40 4 Al 55
BT

32 MiRRHEMGE

321 fHEER

Hb e XF H W% U Y B SR B TR Y 5 ) A
BRDF RJ LA 5 3t 4 4% s 3 B 53 9 2% 1) 53 M R AR
(5KI% 4%, 2015). MRAGHAIEEFHA, BRDF
LIRSk Vo BIINEZY v SIS S 2T vy BILY G i
LB RS, il T2 R, HAEA
—EMYRHEX, B3 Z WA (Lucht 5,
2000), JEHOEELEAZIRSEAY, H AT £R 0L
R BOIMABUFTAIE 2
ral0.0,.0,1) = £, (M) + £u(V) K, (6.6, ¢) +

[ MK,(6..6..9)

A, A NP Koo K, 200 D PR EIUR A pR 2R
JUREARLREL [ fua Befos WIEFREL, 51013
ANAS 0] [F) PR RIS RO BTG oA O o WE5E
KW, PHiFREY (Ross—Thick) FNZ=[CHibE H 2
¥ (LiSparse—-R) #% pREA A4 X 0 #1468 J) B
I (Pokrovsky #l1 Roujean, 2003), MODIS BRDF/
Albedo ki L IEJER ] TR A

A R B EEAL B, X B) i,
Ker,, o LU U445, Strahler 5% (1999) i iek
KL ath T 2GR (6), K241
T 2 IS R

(5)

r(av 99) :f;sn(/\)(g(),isu + gl.isnez + gZ,isngz) +
fvol()\)(go,ml + 8,0+ g2,\,n|03) + (6)
féeo(/\)(go.geu + glegeoaz + gZ.geUHS)

®2 zWmig, = gox t gl,koz + gz,ko3 REHYEE
Table 2 Coefficients for the polynomial
& =8 t gl,k02 + gz,k03

SR k=iso k= Ross=Thick k= LiSparse-R
8o,k 1.0 -0.007574 -1.284909
&k 0.0 -0.070987 -0.166314
82k 0.0 0.307588 0.041840
I 1.0 0.189184 -1.377622

322 MIRERBIEEMERZE

HI DL BT, 2 (4) rph 3 St SR Ak AR Y O
SR A% R BN . MCD43AL = i AR AL 3 4>
BARE, B R rh Rk B 2 M R,
HAE RIS BN EME R BN R R 2 A
B ) F B A J2 B AU T s TR A AR
P % (Liang 5%, 2002), HZ =, m#4
S, PR AR TR R SRR R AR AR R, R
SEAESR T (Tian 5, 2021b). Bk, Z3CF]
FHA S ] JF 51 MCD43A1 7™ iy, o B BlAR 5% 78 4
i AE 51 B /N — 3 1l i1 DCT-PLS  (Discrete Cosine
Transform—Penalized Least Square regression) Hf %5
UE P FE AT AR G (Garcia 45, 2010), JfR
JH 5 M2 R TE R ARG BRDF TR FE /S R F (44
HUMZIEIR T2 A, = fo/fuos JTUGARIEARA
oA =fo /) PEATSEIR BRI (Tian
4, 2021a).

DCT-PLS 557 ) S A R AE S it 2o 153 5% 22 °F
T3 1 R 5 WS- B KRS 32 190 285 550 3K - 1 K 4
REE, HM W R BB (Garcia 55, 2010).
Ry WAV Bk S (B B RS FEAE XN 4065 0 O 2, AT %
ARG BC A TR A, Dk S {1 i g AR (B A AR
Jo e B R A Ry o X LB Xiao 55 (2015)
T B RS Ml S S R B B >R FH Y Bisquare AL PR X
AT 73
323 WRABMBEHRER

T R BRI s, AU 2013 4 —
2017 4F B 5% [X. MCD43A1 F= i M & T 8 d [a] b .
500 m 3 PR K3 BRDF JLIRFE 75 H TS B B 4
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Fig. 1 A priori dataset of BRDF shape factor parameters

over Beijing and surrounding areas
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Beijing and surrounding areas
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2005) . BFFERBL, bt KR b DX R AT
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dataset of BRDF shape factor parameters compared to
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Fig. 4 Flowchart of AOD retrieval in this study
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Fig. 5 Comparisons of spatial distributions of AOD obtained by different algorithms (May 12th, 2013)

4.2 HEEWIE

by I AT B A A R A ER R
VSR E s, TR R PR B ] — e s
[i) 3 B AV B 255 A5 IR A0 o 1) R T ORS00 5 ek 565
T R, WX TR A ICEL (Yang 4%,
2014) . — MR HR I 25 1] DC Fe 56 s Ay 36 it o7 J]
— 2B R/ TN R S P SAEAE B ST
P[] DG JE 566 s oAb T B2 o 5% i i — S FRF 1) B %)
AT S P A R B 2 (. (Levy 55, 2010)
I, fERLmubid e, 7 SO0 S 45 R k17
5%5 23 (A AL, X AERONET 3 s 804 E 47 T2
B BTG 30 min B[] CP AR B, SRy E ARG

BREORE R, R I Fe bR s DT S
(N), MXRZRE (R), ¥Rz (RMSE) K&
XK+ (0.05+0.15XA0D,, 0ne) Y 2R 2 EE
(Expected Error) o 4h, k43 M 535 04 e Al AR
MO0, B EERZL LI (Within) B 806 B
3 AR PWE, 7EEERZEZ DL I (Above) FILL
T (Below) Ms5XF 5 L4351 F5 4 PAE F PBE

4.2.1 AERONETI&iE

i1 T BJS. BJC & BJR 3ifi i M 26 28 R4 R Ik i
H3ANuh Sl S8t . 2 o159 LR 5 R,
BJS. BIC M BJR ¥ i N33~ 39, 41, 37, XHS
Vi N =43, BT, A0 BIS. BJC M BJR ¥



2226 National Remote Sensing Bulletin

ERAIR 2022,26(11)

A R T sl o X LA T R AR PE MY, XHS 3 4 A
SRR S A ATV T

P 6 JEE 7 1 3T sl A AN [ 2 96 B9k S i (5
TH] SEE R L2 S, 2l S G 2k
g1 14k, BAEL N EEIREL; Wbl
LA H, AOD_HARLS (6 (c¢)) #4515 b
(PWE = 73.5%, R = 0978, RMSE = 0.164) [t
AOD_WSA (K6 (b)) fHA#E (PWE = 65.8%,
R =0.977, RMSE = 0.173), Wi# PAE{E /% A

222%. 27.4%, WELRFSHIHA 119, 1.21, £
WX AOD Y7 e B fli o 6 (a) M Bk i e
Sazi g Rt g R, ATUEL, MEHEEAERER
—%E (R=0.986, RMSE =0.102), PWE {53
84.6%, % AOD_WSA. AOD_HARLS 43 4% T
18.8%. 11.1%. AOD_BRDF %% 5 ok 36 3= B K 9 77
XF e Al A R, H PAE =14.5%, Lt AOD_
WSA. AOD_HARLS /3K T 12.9% . 7.7%.

30F y=1.090x-0.001 30} y=1210:-0.022 308 1=1.190+-0.013
N=117 s = o =
2.5t  R=0986 ) ¢ 25p R=0977 ! g 25 P N
: : / [ RMSE=0.173 - S R=0978 L
RMSE=0.102 J 5 RMSE=0.164 -
29 . 1 20 .~ 20 o
= o7 ’ pit ’ p o/ % .
Lg L5 vy . % 1.5 LS L5
S S : ¢ S ¥ o
<10t Ml < 10¢ o/ <o e
y B - e within EE=65.8% i /ot .
o5l w};thm EE_?:?E?‘ a5k =R above EE=27.4% o/ within EE=73.5%
: /.6 above EE=14.5% - A below EE=6.8% 05r &y above EE=22.2%
g below EE=0.9% . A below EE=4.3%
0 f 1 1 1 1 1 1 0 II 1 1 1 1 1 1 0 L4 1 1 1 1 1
0 05 10 15 20 25 30 0 05 10 15 20 25 30 0 05 10 15 20 25 30
AODIE&fH AODJEfH AODJEE
(a) ASCH (b) WA S i 45 (¢) HARLS 7%
(a) The proposed method (b) WSA-derived method (¢) HARLS method
® BIC ® BR ® BIS

K6 oAl (BJS.BJC K BIR) A A5 AERONET X HL B A]
Fig. 6 Scatter plots of AOD retrievals against AERONET measurements from urban stations of BJS, BJC and BJR

(&1 7 S XHS A 9 3l A [A] 505 R B AOD
T 5 1 T SR X EE s L, R T LR
AOD_BRDF ¥ ¥ e (PWE = 86.0%, R =0.991,
RMSE = 0.086), PWE % AOD_WSA &% AOD_HARLS
Ay SR T 20.9% F19.3%; H Yk AOD_HARLS
(PWE =76.7%,R = 0.985,RMSE = 0.119) ,AOD_WSA
RN E ek (PWE = 65.1%, R=0.976, RMSE =
0.165) ., Skriivhfi—FE, AOD_BRDF R
W AR ILAEXT AOD = Ak g4, 3L PAE A Lt AOD_
WSA. AOD_HARLS/35IMIK T 18.6%. 9.3%-

Pt B, FEIRTT SRR b X, A< S 42
H A S T BAL R JA T A A b R B B (Rl
FHWSA S 5530 H;) Tt HARLS B ik iyl , 205
AOD 38 SR S
4.2.2 5MODIS 7= @3ttt

K8 (a)—8 (d) #4H T AOD_BRDF 5 MODIS
DT. DB. DTDB A MATAC = 5 78 3% 17 3 o iR 8 J

XPH, Horhar e g R Rk RO A R, A
FH N /9 MODIS 7= it o WIEI 8 AT LLE 1, DT,
DB. DTDB J& MAIAC 5.7k N 435k 47, 79, 61 K&
92, FHILKE P, MATAC 5 10 30 1 Hb X 3
Py, HAR A DB, DT A PaE i 2,
{H Y% /N T4 3C AOD_BRDF 45 % (N = 117, I
K6)., 5DTHEZEAIL, AOD_BRDF 53zl BA
R —2 M. R 0.97532 %% 0.996, RMSE fH
H 0154 F%°8 0.117, FE LA T DT AL
i fli, PAE H 57.4% /N3] 10.6%, PWE$£& T
46.8%; DB 5 DTDB % % ) PWE 43 %1 °& 70.9% |
62.3%, SiXPIF AL, AOD_BRDF [FHEA AN
) i B OKS B4 FF, PWE 4> B4 5 T 13.9% K&
14.7% 520G BE A B8 v [l R e BLAE X i A R 4
23, PAE 20 BRI T 5.1% & 14.7%. MODIS
AR, MATAC B3 A8 30 T 3l LA o 3 O RS
B (PWE =79.3%), ASCHiH LS Z AL PWE #2
T 4.4%, KSEEWRA /INERERTE



¥

FHAE NG 25 . R -G H ey 1) Sz S AR 10 30 T s X 78 I )l 2 P e JR it 2227
30 3=1.120x-0.009 ,'l 3.0r  »=1.200x+0.020 l,', 30 y=1.150x-0.006 ,,',
Nea3 K N=43 / N=43 P
2.5 R=0.991 L’ 25 R=0.976 25l R=0.985
RMSE=0.086 )/ L RMSE=0.170 a L7 RMSE=0.120 Y 7
of 2.0 2.0
m 2.0 . - iﬂi VA L Fou Y o
p 7 # pit % # ot A 5
X115 2 X 15 6/ X 1.5+ 2/,
a 7 . a Re a 7Y
@) 7 ,/ o ° L’ (@) .7 ,,’
<10 o <10 il <10}
e within EE=86% o« ,/’ within EE=65.1% ”9' ,/, within EE=76.7%
0.5 A2 above EE=14% 05¢ ol above EE=32.6% 0.5+ b e above EE=23.3%
48 below EE=0% 7 below EE=2.3% 2 below EE=0%
o . o . . . gL
0 05 10 15 20 25 30 0 05 10 15 20 25 3.0 0 05 10 15 20 25 30
AOD&(E AODWI &#1H AODJIEE
(a) AL (a) IR B S it 25 (¢) HARLS 39k
(a) The proposed method (a) WSA-derived method (¢) HARLS method
P17 XHSAE B0 R #2555 AERONET X FU U 5]

9 /R T AR LR 5 MODIS AOD 7 i 7
XHS AE P 28 O H o a5 3 3 5% e ml
PIE N, DTEIEERGUIXA THRAME (PWE =
68.4%) (K9 (a)). DT. DB X DTDB H.L7E XHS
i SO0 AOD [FIFEFEFE A IRSE, PAE 7301 31.6% .
41.9% }% 48.3%. ‘5 DT, DB M DTDBAHI, A SCHr
SRRAE I SRS FEEAT R IR FE BT . PAE 43 5 A%
T 21.1%. 22.5% % 27.6%, PWE &t 21.1%,

Fig. 7 Scatter plots of AOD retrievals against AERONET measurements from vegetation station of XHS

SR 5 S EA S — Sk

WAL UL E AR B, AR SR B WSA
AR S HARLS 503 i 8 48 R LA T g MG 2
i1 T AOD_BRDF., AOD_WSA K AOD_HARLS J i
Hd B LUT AR, PR, B 080 i JORS B i 4
E MRS EAG B . Ak, R
T KA s o, 2 R B L MODIS 7= 5 4 18
FHME AT LA R0k A8 > i =00 1 128 Jak e v A

HEE S MATACHH LY, PWE K 82.9%, {HHEAH LX) Rl
IR (0.992) KH/MYRMSE (0.085), FKEHH
7 V.
3.0F  1=1240x-0.041 & 3.0F »=1.120x-0.006 J
N=47, R=0.996 ,/’ N=79, R=0.988 //
5L RMSE=0.117 [’ ] 55l RMSE=0.076 Y o
G , Jithin EE=84.8% ° y y
within EE=89.4% / - within EEZ54.8% J .
B g . above EE=15.2% P d
20 above EE=10.6% /[ ,/ 20l below EE=0% J ,//
s below EE=0% Y e P 7 L’
K 4 s & 7 L’
X 151 e X 15F %’ s
a Pis a 4 Pia
2 % 2 %
Lok o o FL064eH0.098 Lol 7Y 07 y=1154x+0.004
- o ’ N=47, R=0.975 : oI - ’ N=79, R=0.945
L RMSE=0.154 o L. RMSE=0.140
7 y/ 7’
05F . within EE=42.6% 0.5+ . within EE=70.9%
[~ ’ above EE=57.4% ;w' above EE=20.3%
0y below EE=0% Bl below EE=8.8%
18 1 1 1 1 1 1 1 1 1 1 1 1
0 05 10 15 20 25 30 0 05 1.0 15 20 25 30
AOD | &1 AODI &1
(a) ACEIEE DT 5 (b) ACHEY 5 DB

(a) The proposed method vs DT

(b) The proposed method vs DB



2228 National Remote Sensing Bulletin #2454k 2022, 26(11)
P/ Vi
30 y=1.220x-0.020 & 30F y=1.162x-0.015 /,
N=61, R=0.992 7 N=92, R=0.987 J
s, G y
25k RMSE=0.114 /) 1 25k RMSE=0.09 g w
within EE=77% % 2 within EE=83.7% ) -
above EE=23% 4 . above EE=15.2% ® /) oad
7 . 4, P
201 below EE=0% Y, 77 20 belowEE=1.1% @& Y e
i ~ . i ¥ .
I . I o) e
X 15t e X 15F 7 7z
a ’ v aQ ’ ¢
2 3 7 % 4
Lol R 3=1.132x+0.034 Lok L7 y=1277x-0.061
: oy/ o’ N=61, R=0.983 ’ 7 N=92, R=0.971
/. RMSE=0.117 y, ‘ot RMSE=0.144
0.5 o within EE=62.3% 0.5 8] within EE=79.3%
2 above EE=37.7% o above EE=12%
below EE=0% below EE=8.7%
0r 0 Fy
1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 05 10 15 20 25 30 0 05 10 15 20 25 30
AODI &1 AODI &1
(c) &S5 DTDB ™ i (d) ASCHE L5 MAIAC ™
(¢) The proposed method vs DTDB (d) The proposed method vs MAIAC
o ASLH: © MODIS/ f#

8 WIS S MODIS AUA ™ il X LE ]
Fig. 8 Scatter plots of the new method vs. MODIS AOD retrievals against AERONET measurements from urban stations of BJS, BJC
and BJR

4.3 AHEHES

43.1 iR RZMN

ARSCH AL . WSA R 3CHF S HARLS 53k
K FHAS [) 1 3% B2 5 23841k 550 5% m& i4E 47 AOD 2
B0 25 1 T BIS B XHS v s 5 £ i 7 1, S
RIS 6,= 08B J7 10 =7 1) RT3 (ryy) o F3k-
BERR R (ry,, WSA) S MODO9ATL 7™ i & W2
B () BERBHRTM (0,) MZAEN . r,
JEIE i F 1 b 3 BRDF JEAR IR 7 2le 6 B 4 1)

308 y=1.113x-0.010 5
N=19, R=0.994 %
RMSE=0.074 % L

5 within EE=89.5% /' I
above EE=10.5% s 2

20k below EE=0% 4 /,’

i ” .
% ,/ P e
X 151 /2 7
a e/ S
e #
v’ 4
10k L7 y=1.254x+0.004
s N=19, R=0.989
e RMSE=0.155
0.5+ e’ within EE=68.4%
v above EE=31.6%
‘ below EE=0%
0 4
1 1 1 1 1 1 1
0 0.5 1.0 15 20 25 30
AODMI & 18
(a) ALEIES DT

(a) The proposed method vs DT

X (6) RIS, 10 M HARLS Sl F A0 3 3
R, INEIR AT LIE 1, BIS. XHS ¥4 AW, 75
FOV T 0, B AR A (0=6,) B
AN, TECCHGET s B K A 0.064 . 0.048, Pl
&0, Ak, WIS A, fH AR R B 2 0.030,
Landsat 8 AR 17/515 J 163/47 B}, OLI % 4% Al
1% 0. B3E 200 20°—65" (K 10 k) . #Ei%fM
FEWN, PR, (EA AR O 0.025, B, 78
AOD S W AN 5 18 e A B AR 1 o) b 2% 2 S
RAG TS b 2 R R I iR 2%

30+ y=1.132x-0.001
N=31, R=0.988
55| RMSE=0.083
within EE=80.6% e
above EE=19.4% o
2.0} below EE=0% I
7’
X 15F ,,’
S e .
. L7 )=1.145x+0.037
10 e © - _ _
. N=31, R=0.945
i RMSE=0.160
05 £, within EE=54.8%
2 above EE=41.9%
gl below EE=3.3%
7 1 1 L 1 1 L
0 05 10 15 20 25 30
AODJ &
(b) AICHEA DB 7

(b) The proposed method vs DB



FELAE NG 55« R 2 0 1) 52 S M 0 0 s DX A8 O A M R i J 2 i

2229

7 7
30F  )=1.127x+0.003 s 30F  y=1.114x+0.001 K
N=29. R=0.988 # N=35, R=0.992 7
Vi 7’
5| RMSE=0.086 £ L 55| RMSE=0.085 L ,
“[ within EE=79.3% /s . “|  within EE=82.9% » /it 7
above EE=20.7% V) o above EE=17.1% . -~
2oL below EE=0% 47 T . 20+  below EE=0% # - i
@ s i v
A’D’E( "’ . % % ,/ # ’
X 15¢ 4, 7 X 151 A il
=) o/ /¢ P a 4 P
) . ) & .
< %/ .0 y=1218x+0.053 < . /7 y=1286x-0.053
10+ ’ =79 R= 1.0 o/ - . 3
PY Y’ . 2 N=29, R=0.967 ol v N=35, R=0.979
/4 RMSE=0.179 2 RMSE=0.164
05k y. within EE=51.7% 05k A within EE=82.9%
s above EE=48.3% A above EE=11.4%
» i
below EE=0% below EE=5.7%
0F 0
1 1 1 1 1 1 1 1 1 1 1 1
05 10 15 20 25 30 0 05 10 15 20 25 30
AOD 18 AODI &8
() AL S DTDB 7 il (d) ASCEE 5 MALAC ™

(¢) The proposed method vs DTDB

o KRSk

© MODIS/™
K19 XHSAE B RiA S LS MODIS "R 7 i X L]
Fig. 9  Scatter plots of the new method vs. MODIS AOD retrievals against AERONET measurements from vegetation station of XHS

(d) The proposed method vs MAIAC

oosh 432 ZTEREEREEMN

oot F T b 2R S T A 1, A B TR
=004} W& M FRE I (Pl %, 2016) . ASCH
® 0.03F H Landsat 8 OLI 30 m 75 [A] 43 HE R 0 S i A e
0.02+ Bff;o.om XZS:O,MS ; A T R TR R 2 T 500 m 4 B SE 0 E e
oolr e U M D $o o1 T OLUHCHE b5 40 B S 7 12 LR —

/(\Q /‘OQ /g)Q /D‘Q /,\,’B /,»Q /\Q AN\ (»Q %Q N ‘)Q S

RPHRTIA
LR A 'vopoy ™ T e BJS e XHS
B0 I F T 187 [ A [R) 1 3R 2 S5 25 B FH K T30 1Y) 22 1k
(6,=0")

Fig. 10 Variation of surface reflectances with solar zenith

angle in the principal plane for 6, of 0°

WSA [ 5% 2 H5:% AOD J2 i % HARLS ByE7E
S s A g 0 vy, B r0e Y9 R SEAR, H BIS
Ko XHS 1 36 s 7y (/N T 1o PRI, BT 6 3T
il A5 R 7 AR 5 T AOD_WSA H AOD_HARLS
AT E M FEEREE R A TR SRR E
D Tt B A 1 K Y A N E
Fetk, S EON RGO U S5 0T 1l 3R B o 2 2 A
BOR 255 . 78 AOD S e iof 2 v i SR A 1 B — £y 2
oG R G ok Z i R AT B, K S 4 RO Ok
BMRIRZE,

AR, S R ol OLI s 23 ] A3 3 8 T R
JE 2] 5 e R B A R 9 500 m 2y HE R, ERAES
i 32 BB 1 26 L S 3R kAR AR AR, T S )
AOD JZ i .

SRy S 53 BT A 8] T RUBE T >R 1) S 3 N 1 a2
PE, FRA1T TS IX 3 ALY (B . AT
bR HARME ) 2 (B R AL X TOA J2 %
KRR, WE 11 (a) iR, IWHRATLIE
3Fh 4 R 30 m FHBE # 500 m 4 FER, H TOA
F2 5 246 %5F 22 {8 43 514 0.0029 . 0.0017 F10.0013 .
B 11 (b) kB 4 59 i 55 RS 400 35 B A
[l AOD J 3 3¢ I 5 551 T IR LR 4 %, Y
AOD < 150, #fH . AT HiZe Al E SR B 4
A4 0.040, 0.034 F10.052, HIt, FREW
2 Gt A ik 25 5 %F ) AOD iR 22 4 0.073,
0.050 F10.025. A UL A T b 22 7 T RS i



2230 National Remote Sensing Bulletin

ERAIR 2022,26(11)

FEY AOD IR ZE RO, XAl e i Tt atH X%
Mo 23 0] S VR A SRR S v, TR T
Y R F) WS S 3 22 S B B

0.16 -

0.15

M‘W‘IA

[0.1498
014}

= 013F M
X 0.1277

= 0,12 10.1248
®

0.11

fll? —OAO()‘)I 0.1004

0.09 -

1 1 1 1 1 1 1 1 1 1 1
30 100 200 300 400 500 600 700 800 900 1000
FE3HEE /m

(a) AN[FIZS 18] ROBEF RS R ERAEAS

(a) Resampling results of TOA reflectance at different

spatial scales

023} B

A~
0.21F L
AT
./
0.19 y et
. Ko m
® A
X 0.17 ao® -
= ,x‘ s o
i’ ~ m
(]
0.15 p .’
/r a AOD<L.5
o 3=0.052x+0.110, R=0.998
0.13F i. 3=0.040x+0.136, R=0.999
-... $=0.034x+0.149, R=0.999
0.11F
NN NI ]
AOD

(b) 2 AOD Z&F T AN [l b 3R Sz S5 8068 o SRV B A 3

(b) TOA reflectance at different surface reflectances
and AODs

o Bt A NI
EI11 A (Al RBEHA5 X AOD S IH A B2 52 i 554 43 Mt

Fig. 11 Simulation analysis of spatial scale conversion effect

= EARME

on AOD inversion accuracy

5 45 &

AR S AR WA RS S A i T ) A AR R
Z W IR B AR R DL b 3 2 6 B 4 IR B
FIb RS H R T, SEEL T % 3K BRDF 200
B S I 38 S 8 . A Landsat 8 OLI (46 £ b

SUHL X HEAT T RS, SRR RIS .

(1) ) F & s} 6] 5 41 MODIS BRDF/Albedo 7
b, TS BAR 5% A M 0 A T A /N T Al i
(DCT-PLS) 7S JEUSAEMHE T 8 d[H]F% . 500 m
Gy HEEHFE BRDF IR R TG /R IR e s 45 45 .

(2) FIH MODTRAN 5 4 S & A QA4 2 7 3
HRISEERE, BT8R, 4561584
i) 107 PR AR R T PR b A R

(3) 3 3k 43 B AE B0 4 5 A% i i ) A5 A K >
W IR SRR AT, SEEE T PR AL ) — R LR
£, $RH T B BRDF AW 4 AOD S 3 34 v
MG e SR I R A A

(4) FETARSCHE LS T Landsat 8 OLI £ 4
FEAL U HLIX AOD J 8 52 55 3 55 WP B i e it
K HARLS B3k R i 45 R iy a8 O L, g5 5868,
A e T W X R AL N R AR T
84.6%/86.0% , 4 | B Aif WG PP AL VA B B T 18.8%/
20.9% F111.1%/9.3% . 1T 3 P55 S v >k FH AH
[ LUT, PR, 73800 B R e 2 b 3R S 8
HAEE T

(5) il 25 MODIS DT, DB, DTDB & MAIAC
AV IS T i A8 SURT LY, I B3 A 3 T B AT i A
PRI 5 SO B4 A — B0 R RS B

(6) WESHIRY, M THERTNRIHSR
FORE AR U] 1 F R I R E R K, 1
AOD S Ho s 26 oo AR DA A, T — A
J& Bl A RS S RO 2 R R, S R RN
Bk

222 3Tk (References)

Chen J, Ma L, Chen X H and Rao Y H. 2016. Research progress of
spectral mixture analysis. Journal of Remote Sensing, 20(5):1102-
1109 (MR, i, Mgl Be ki . 2016, IR Aot iR J
R R L3 K R, 20(05): 1102-1109) [DOIL: 10.11834/jrs.
20166169]

Chu D A, Kaufman Y J, Ichoku C, Remer L A, Tanré D and Holben B
N. 2002. Validation of MODIS aerosol optical depth retrieval
over land. Geophysical Research Letters, 29(12): 1617-1620
[DOI: 10.1029/2001GL013205]

Diner D J, Martonchik J V, Kahn R A, Pinty B, Gobron N, Nelson D L
and Holben B N. 2005. Using angular and spectral shape similari-
ty constraints to improve MISR aerosol and surface retrievals

over land. Remote Sensing of Environment, 94(2): 155-171 [DOI:



FEARING 45 R 3 3 T ) 2 S AR P P it DX R D' 7 V5 8 SR

¥

2231

/

10.1016/j.r5¢.2004.09.009]

Garcia D. 2010. Robust smoothing of gridded data in one and higher
dimensions with missing values. Computational Statistics and Da-
ta Analysis, 54(4): 1167-1178 [DOI: 10.1016/j.csda.2009.09.020]

Gatebe C K and King M D. 2016. Airborne spectral BRDF of various
surface types (ocean, vegetation, snow, desert, wetlands, cloud
decks, smoke layers) for remote sensing applications. Remote
Sensing of Environment, 179, 131-148 [DOI: 10.1016/j.rse.2016.
03.029]

Ge BY, Yang L K, Chen X F, Li Z Q, Mei X D and Liu L. 2018. Study
on aerosol optical depth retrieval over land from Himawari-8 data
based on dark target method. Journal of Remote Sensing, 22(1):
38-50 (BT, I, MRG0, 421050, MEAE4C, X142 . 2018. I
b7k ¥ Himawari-8 1k T2 B0 00 IS . 18 IR 3R, 22
(1): 38-50) [DOL: 10.11834/jrs.20187033]

Giles D M, Sinyuk A, Sorokin M G, Schafer J S, Smirnov A, Slutsker
I, Eck T F, Holben B N, Lewis J R, Campbell J R, Welton E J,
Korkin S V and Lyapustin A 1. 2019. Advancements in the Aero-
sol Robotic Network (AERONET) Version 3 database - automat-
ed near-real-time quality control algorithm with improved cloud
screening for Sun photometer aerosol optical depth (AOD) mea-
surements. Atmospheric Measurement Techniques, 12(1): 169-
209 [DOI: 10.5194/amt-12-169-2019]

Holben B N, Eck T F, Slutsker I, Tanré D, Buis J P, Setzer A, Vermote
E, Reagan J A, Kaufman Y J, Nakajima T, Lavenu F, Jankowiak I
and Smirnov A. 1998. AERONET-A federated instrument net-
work and data archive for aerosol characterization. Remote Sens-
ing of Environment, 66(1): 1-16 [DOI: 10.1016/S0034-4257(98)
00031-5]

Hsu N C, Jeong M J, Bettenhausen C, Sayer A M, Hansell R, Seftor C
S, Huang J and Tsay S C. 2013. Enhanced Deep Blue aerosol re-
trieval algorithm: the second generation. Journal of Geophysical
Research: Atmospheres, 118(16): 9296-9315 [DOI: 10.1002/jgrd.
50712]

Hsu N C, Tsay S C, King M D and Herman J R. 2004. Aerosol proper-
ties over bright-reflecting source regions. IEEE Transactions on
Geoscience and Remote Sensing, 42(3): 557-569 [DOI: 10.1109/
TGRS.2004.824067]

Jia C, Sun L, Chen Y F, Zhang X K, Wang W Y and Wang Y J. 2020.
Inversion of aerosol optical depth for Landsat 8 OLI data using
deep belief network. Journal of Remote Sensing, 24(10): 1180-
1192 (BEEL, IVbK, BRATY, SkIEBAS, F A, Tk . 2020, IREE
EAE 0 25 B3 T Landsat 8 OLI AR G2 R JEE 3 A4,
24(10): 1180-1192) [DOI: 10.11834/jrs.20200048]

Kaufman Y J, Wald A E, Remer L A, Gao B C, Li R R and Flynn L.
1997. The MODIS 2.1-um channel-correlation with visible reflec-
tance for use in remote sensing of aerosol. IEEE Transactions on
Geoscience and Remote Sensing, 35(5): 1286-1298 [DOI: 10.
1109/36.628795]

Levy R C, Mattoo S, Munchak L A, Remer L A, Sayer A M, Patadia F
and Hsu N C. 2013. The Collection 6 MODIS aerosol products
over land and ocean. Atmospheric Measurement Techniques, 6
(11): 2989-3034 [DOTI: 10.5194/amt-6-2989-2013]

Levy R C, Remer L A, Kleidman R G, Mattoo S, Ichoku C, Kahn R
and Eck T F. 2010. Global evaluation of the Collection 5 MODIS
dark-target aerosol products over land. Atmospheric Chemistry
and Physics, 10(21): 10399-10420 [DOI: 10.5194/acp-10-10399-
2010]

LiZQ,XieY S, Zhang Y, Li L, Xu H, Li K T and Li D H. 2019. Ad-
vance in the remote sensing of atmospheric aerosol composition.
Journal of Remote Sensing, 23(3): 359-373 (2= 1E 5%, #f— W8, 5k
e, A, VERE, UL, BARNE . 2019, RAVR IR 43 i A
ik . BB, 23(3): 359-373) [DOI: 10.11834/jrs.20198185]

Liang S L, Li X W and Wang J D. 2013. Quantitative remote sensing:
Idea and algorithm. Beijing: Science Press (ZEMIIAK, 2= /N3C, T4
H. 2013, EHEEL MUS S Jbat B AL

Liang S L, Fang H L, Chen M Z, Shuey C J, Walthall C, Daughtry C,
Morisette J, Schaaf C and Strahler A. 2002. Validating MODIS
land surface reflectance and albedo products: methods and prelim-
inary results. Remote Sensing of Environment, 83(1/2): 149-162
[DOI: 10.1016/S0034-4257(02)00092-5]

Lucht W, Schaaf C B and Strahler A H. 2000. An algorithm for the re-
trieval of albedo from space using semiempirical BRDF models.
IEEE Transactions on Geoscience and Remote Sensing, 38(2):
977-998 [DOI: 10.1109/36.841980]

Lyapustin A, Wang Y J, Korkin S and Huang D. 2018. MODIS Collec-
tion 6 MAIAC algorithm. Atmospheric Measurement Techniques,
11(10): 5741-5765 [DOI: 10.5194/amt-11-5741-2018]

Omar A H, Won J G, Winker D M, Yoon S C, Dubovik O and McCor-
mick M P. 2005. Development of global aerosol models using
cluster analysis of Aerosol Robotic Network (AERONET) mea-
surements. Journal of Geophysical Research: Atmospheres, 110
(D10): D10S14 [DOI: 10.1029/2004JD004874]

Pokrovsky O and Roujean J L. 2003. Land surface albedo retrieval via
kernel-based BRDF modeling: I. Statistical inversion method and
model comparison. Remote Sensing of Environment, 84(1): 100-
119 [DOI: 10.1016/S0034-4257(02)00100-1]

Qin W H, Herman J R and Ahmad Z. 2001. A fast, accurate algorithm
to account for non-Lambertian surface effects on TOA radiance.
Journal of Geophysical Research: Atmospheres, 106(D19): 22671-
22684 [DOTI: 10.1029/2001JD900215]

Sayer A M, Munchak L A, Hsu N C, Levy R C, Bettenhausen C and
Jeong M J. 2014. MODIS Collection 6 aerosol products: Compari-
son between Aqua’s e-Deep Blue, Dark Target, and “merged” da-
ta sets, and usage recommendations. Journal of Geophysical Re-
search: Atmospheres, 119(24): 13965-13989 [DOI: 10.1002/
2014JD022453]

She L, Xue Y, Yang X H, Leys J, Guang J, Che Y H, Fan C, Xie Y Q



2232 National Remote Sensing Bulletin

ERAIR 2022,26(11)

and Li Y. 2019. Joint retrieval of aerosol optical depth and surface
reflectance over land using geostationary satellite data. IEEE
Transactions on Geoscience and Remote Sensing, 57(3): 1489-
1501 [DOI: 10.1109/TGRS.2018.2867000]

Shi SY, Cheng T H, Gu X F, Chen H, Guo H, Wang Y, Bao F W, Xu B
R, Wang W N, Zuo X, Meng C and Zhang X C. 2017. Synergy of
MODIS and AATSR for better retrieval of aerosol optical depth
and land surface directional reflectance. Remote Sensing of Envi-
ronment, 195: 130-141 [DOI: 10.1016/j.rse.2017.04.010]

Smirnov A, Holben B N, Eck T F, Dubovik O and Slutsker I. 2000.
Cloud-screening and quality control algorithms for the
AERONET database. Remote Sensing of Environment, 73(3):
337-349 [DOL: 10.1016/S0034-4257(00)00109-7]

Strahler A H, Lucht W, Schaaf C B, Tsang T, Gao F, Li X W, Muller J
P, Lewis P and Barnsley M. 1999. MODIS BRDF/Albedo Prod-
uct: Algorithm Theoretical Basis Document Version 5.0. MODIS
Documentation

Su T N, Laszlo I, Li Z Q, Wei J and Kalluri S. 2020. Refining aerosol
optical depth retrievals over land by constructing the relationship
of spectral surface reflectances through deep learning: Applica-
tion to Himawari-8. Remote Sensing of Environment, 251:
112093-112107 [DOI: 10.1016/j.rse.2020.112093]

Sun L, Wei J, Bilal M, Tian X P, Jia C, Guo Y M and Mi X T. 2016.
Aerosol optical depth retrieval over bright areas using Landsat 8
OLI images. Remote Sensing, 8(1): 23-36 [DOI: 10.3390/
rs8010023]

Sun L, Yu HY, Fu Q Y, Wang J, Tian X P and Mi X T. 2016. Aerosol
optical depth retrieval and atmospheric correction application for
GF-1 PMS supported by land surface reflectance data. Journal of
Remote Sensing, 20(2): 216-228 (P, T-2x7k, fHifiae, T {d, 1
R, KT 2016. HuZR SSH A i STHE Y GF-1PMS I
2R B R R AR IE L 3 2], 20(2): 216-228) [DOL: 10.
11834/jrs.20165052]

Tang J K, Xue Y, Yu T and Guan Y N. 2005. Aerosol optical thickness
determination by exploiting the synergy of TERRA and AQUA
MODIS. Remote Sensing of Environment, 94(3): 327-334 [DOI:
10.1016/j.rse.2004.09.013]

Tian X P, Liu Q, Gao Z Q, Wang Y Q, Li X H and Wei J. 2021a. Im-
proving MODIS aerosol estimates over land with the surface
BRDF reflectances using the 3-D discrete cosine transform and
RossThick-LiSparse models. IEEE Transactions on Geoscience
and Remote Sensing, 59(12): 9851-9860 [DOI: 10.1109/TGRS.
2020.3048109]

Tian X P, Gao Z Q, Liu Q., Wang Y Q and Li X H. 2021b. Estimation
of BRDF model kernel weights under an a priori knowledge-aid-
ed constraint. Remote Sensing Letters, 12(2): 146-155 [DOI: 10.
1080/2150704X.2020.1823036]

Tian X P, Sun L, Liu Q and Li X H. 2018. Retrieval of high-resolution

aerosol optical depth using Landsat 8 OLI data over Beijing. Jour-

nal of Remote Sensing, 22(1): 51-63 ({55, FhFK, X5k, 2= 55
1. 2018c¢. b5 H IX Landsat 8OLI 1= %% [] 73 Wi R A 24 =
B R . TEIRAER, 22(1): 51-63) [DOIL: 10.11834/j1s.20186362]

Tian X P, Liu Q, Song Z W, Dou B C and Li X H. 2018. Aerosol opti-
cal depth retrieval from Landsat 8 OLI images over urban areas
supported by MODIS BRDF/Albedo Data. IEEE Geoscience and
Remote Sensing Letters, 15(7): 976-980 [DOI: 10.1109/LGRS.
2018.2827200]

Vermote E F, Roger J C, Sinyuk A, Saleous N and Dubovik O. 2007.
Fusion of MODIS-MISR aerosol inversion for estimation of aero-
sol absorption. Remote Sensing of Environment, 107(1/2): 81-89
[DOI: 10.1016/j.rs¢.2006.09.025]

Wei J, Li Z Q, Sun L, Yang Y K, Zhao C F and Cai Z X. 2019. En-
hanced aerosol estimations from Suomi-NPP VIIRS images over
heterogeneous surfaces. IEEE Transactions on Geoscience and
Remote Sensing, 57(12): 9534-9543 [DOI: 10.1109/TGRS.2019.
2927432]

Xiao Z Q, Liang S L, Wang T T and Liu Q. 2015. Reconstruction of
satellite-retrieved land-surface reflectance based on temporally-
continuous vegetation indices. Remote Sensing, 7(8): 9844-9864
[DOI: 10.3390/rs70809844]

Xue Y, Guo J P and Zhang X Y. 2009. Aerosol optical thickness retriev-
al over non-Lambertian land surface with synergistic use of
AATSR radiance measurements and MODIS derived Albedo
Model Parameters. Atmospheric Research, 93(4): 736-746 [DOI:
10.1016/j.atmosres.2009.02.013]

Yang L K, Hu X Q, Wang H, He X W, Liu P, Xu N, Yang Z D and
Zhang P. 2022. Preliminary test of quantitative capability in aero-
sol retrieval over land from MERSI-II onboard FY-3D. National
Remote Sensing Bulletin, 26(5): 923-940 (% & )&, #1751, T4,
Ay efts, XU, £, 0 182R, KIS . 2022. M= =% D & MERSI-
Tl 4 788 M S T8 A kB 7 VP AT L B R A, 26(5):923-940)
[DOT: 10.11834/jrs.20210286]

Yang L K, Xue Y, Guang J, Kazemian H, Zhang J H and Li C. 2014.
Improved aerosol optical depth and Angstrom exponent retrieval
over land from MODIS based on the non-lambertian forward
model. IEEE Geoscience and Remote Sensing Letters, 11(9):
1629-1633 [DOI: 10.1109/LGRS.2014.2303317]

Zhang H, Jiao Z T, Dong Y D, Li J Y and Li X W. 2015. Albedo re-
trieved from BRDF archetype and surface directional reflectance.
Journal of Remote Sensing, 19(3): 355-367. (3K &, £5 146, # I
&, ZRAEBE, 7R/ 30 2015, 1 BRDF J5U8S IS5 1) S 56 5640
T A B M 3 S R R A, 19(03): 355-367) [DOL: 10.
11834/jrs.20154131]

Zhu Z, Wang S X and Woodcock C E. 2015. Improvement and
expansion of the Fmask algorithm: cloud, cloud shadow, and
snow detection for Landsats 4-7, 8, and Sentinel 2 images. Remote
Sensing of Environment, 159: 269-277 [DOI: 10.1016/j.rse.2014.
12.014]



¥

FEARING 45 R 3 3 T ) 2 S AR P P it DX R D' 7 V5 8 SR 2233

/

Retrieval of aerosol optical depth over urban area by coupling the
characteristics of surface directional reflection

TIAN Xinpeng'?,GAO Zhiqgiang"?,LIU Qiang’, WANG De'?, WANG Yueqi'’

1. CAS Key Laboratory of Coastal Environmental Processes and Ecological Remediation, Yantai Institute of
Coastal Zone Research, Chinese Academy of Sciences, Yantai 264003, China;
2. Shandong Key Laboratory of Coastal Environmental Processes, Yantai Institute of Coastal Zone Research,
Chinese Academy of Sciences, Yantai 264003, China;
3. Peng Cheng Laboratory, Shenzhen 518055, China

Abstract: Aerosols play an important role in determining the Earth's radiation budget and its impact on climate change. Aerosol optical
depth (AOD) is a crucial fundamental parameter for meteorological observation and a basic optical property of aerosol derived from
satellites. Over land, the aerosol contribution in satellite signals is small compared with the surface, making it difficult to separate the aerosol
path radiance from satellite measurements, particularly over the urban area. In the past several decades, numerous different AOD retrieval
algorithms have been proposed by using different satellite sensors, but most of them do not consider surface anisotropy.

The main purpose of this work is to improve the accuracy of aerosol retrievals and reduce the uncertainty of the operational MODIS
AOD products over mixed surfaces. On this basis, a new generic high-performance aerosol retrieval algorithm is presented and explained.
The new method is developed by coupling the non-Lambertian atmospheric radiative transfer model and semiempirical linear kernel-driven
BRDF model. First, an a priori surface BRDF shape parameter database is constructed using the daily MODIS BRDF/Albedo product by
using penalized least square regression based on a 3D discrete cosine transform (DCT-PLS) method. Then, the estimation of surface
reflectance, including bidirectional reflectance, directional to hemispheric reflectance, hemispheric to directional reflectance, and bi-
hemispheric reflectance (also called white-sky albedo, WSA), is based on this database and kernel-driven BRDF model. The presented
method is tested on the Landsat 8 OLI images around the Beijing area, which features highly heterogeneous surfaces and severe air pollution
problems. AOD retrievals with 500 m resolution can be successfully obtained over dark and bright surfaces.

An accuracy assessment of the new algorithm, WSA-derived and HARLS AOD retrievals against AERONET AOD, from the four
selected stations indicated the superiority of new algorithm, which is reflected in the high PWE and low RMSE. The comparison results
show that the new algorithm is in good agreement with ground-based AOD (R=0.911) compared with the WSA-derived and HARLS AOD
retrievals. Furthermore, the new algorithm and MODIS aerosol algorithms have similar spatial patterns of AOD. The new algorithm
significantly improves the accuracy of aerosol retrievals, which is verified by AERONET AOD data, especially over brighter surfaces,
because surface anisotropy is considered in this algorithm. The new algorithm can provide a detailed AOD spatial distribution over mixed
surfaces and shows high ability in capturing fine-scale features. The new algorithm and MAIAC AOD retrievals have a similar spread of
uncertainty envelopes. However, the new algorithm AOD retrievals have a higher correlation and smaller RMSE than the MAIAC retrievals,
and the number of collections with AERONET for the new algorithm is almost 1.5 times those for MAIAC.

This new AOD retrieval algorithm can provide a possibility for high-precision urban aerosol remote sensing monitoring and solve other
pressing issues, such as long-term trend analysis of urban aerosols and air quality conditions, especially in heavily polluted areas. Based on
the collocated observations, the new algorithm achieved satisfactory retrieval accuracy. However, several issues remain to be solved in the
future. First, the retrieval errors of the MODIS BRDF kernel parameters are also a major source of uncertainty. Second, more analyses of the
aerosol models and model selection are required. Third, the application in other regions and sensors is required in further work to evaluate
the applicability of new algorithm.

Key words: aerosol optical depth, surface anisotropy, kernel-driven BRDF model, MODIS, Landsat 8 OLI
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