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ETHREYETHEBRAOD FHEREBGIM & %
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R HUERELE S E BB, KT 410083

& E: MODIS 3 km DT (Dark Target) TESHBOGYIEEE AOD (Aerosol Optical Depth) i fh 2 12 i
FRATGYMEI, ARAZ SO BRG], B GoTH R ™ | Bz m AR RS, AHLE, MODIS 10 km
DT_DB_Combined AOD %4/ & Kl & DT H DB (Deep Blue) PAFPf &R, —EFLRE ER % MODIS 3 km DT
AOD i 7= 5 1 i 25 7 5 B SR FE T B R e, (B3 BRI, Ak, 2RI A R IR A 2T AR A S bR
SR AR ZE IR 22 52, MODIS AOD iCHiE 7 o B2 [ B o A7 A6 Z 30 PR RRAE o AR SRR U DL B il IXC
Ji5i K2 AOD Z=45 28 A4, I/ MODIS 10 km DT_DB_Combined AOD %3 ™ fitv i 22 21 1F F (#8458 3+ 52 i #5548, BGIM
(Bias—corrected Geostatistical Inverse Model) [ X BB WF5Y o 58 [ B 5] A AERONET i 3 04 il %5 $5 A1 MODIS
3 km DT AOD ¥ 7= S AE S W B 45 R B 46 % S5 AR R e bR o . 25 R 3R 0. 75 25 R 404 1E T 24 il MODIS
3 km DT_DB_Combined AOD 5 10 km DT_DB_Combined AOD . 3 km DT AOD 54 7 i (i 4 %P4 BEAH Y, B31F R24)
5 0.79. 070, 0.71; FH. 4H Lt MODIS 3 km DT AOD % 4% /= &b, Z= 795 I 22 & 84 1E F ) MODIS 3 km
DT_DB_Combined AOD % #5 5 HAH ¢ R £ n] 35 0.93; 78 i (0] B 75 B AN 45 ) 7 55 B 05 18 7T 43 S48 7 11.219% A
11.44%, Fd | W22 3 5 IR0 B35 0 DF5E45 JLUE S BGIM & RUBE 359k n A %50 fil 43 MODIS
3 km DT_DB_Combined AOD %4, 42 MODIS 3 km AOD 7= & B4 I 23 %8 25 B8, 3 7] i 410 ) .45 MODIS 10 km
DT_DB_Combined AOD #5477 i 27 PE A B AR

KR K, AOD, FERE, BGIM, BIEgiil, HUEts
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KV EAIEE AOD  (Aerosol Optical Depth)
AR O R A 5 ) BRI RSy, R AR
RAEME R E Y PESH, AOD Bds) 1z i ]
TR SR R 45, 2017) . BB
FEIE (AWK A5, 2016) . MR RIS A (Xie
85, 2015) SFJ5 0. ARG BRI, LA R IR T
BeRe BnT DLORRD B 0 R X — sk, I
KRR 23 ] ELE WL (Zou 55, 2017; AU 55,
2006) o AT AFEOK, € E KA A ALK s NASA
(National Aeronautics and Space Administration) &

i 73 F DT (Dark Target) . DB (Deep Blue) .

FE B EA: 2019-10-26; FEIZA: 2020-06-03

DT_DB_Combined (Dark_Target_Deep_Blue_Combined )
F1 MAIAC (Multiangle Implementation of Atmospheric
Correction) FLi%: 1) MODIS AOD 4™ i (https: //
ladsweb. modaps. eosdis. nasa. gov/search/ [2019-10-
26] ). T MATAC 5595 B 1 AOD 4 4
[B] 533K B (Lyapustin 55, 2018), H7E 4 [ b
DG UEHRS BE B (Liu %%, 2019) . DTHILHIEH.
ARHT . BRPRFNEE R DAY AU BB 5 SRTTTE T 5
TR VDB T T AR B AR Y
se R (LHREAF) MK (Hsu 4§, 2004;
Munchak %5, 2013), DT 53 52 8 4K B9 AOD ¢
REE, BotiRRZ (L 5E, 2016). MLL
ZF, DBEIEATARAET AOD 7 i TESE IR M IX

BEEWHE : HEHRRAES (95 :41871317) 5 K I S A K KA S &5 (45 : 2016 YFC0206205) 5 H i K 2# A5 9K shit-%) (S

5:2018CX016)
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BY 7 55 % (Kaufman 5%, 1997; Wei %%, 2019) ;
1M &4 T DT A1 DB 5.3 () MODIS 10 km DT_DB_
Combined AOD %4 W 7] F 2 7% %4h MODIS 3 km DT
(Dark Target) AOD ™= fh7ERT 25 3 55 % . M L
A (Levy %, 2013; TiFbk %, 2019), =
[i] e RUFE T3 ¥ = R 3 — Tl B A 3 R 2 —
BRI DL R R | AR BE R S B e/ R
. ¥R EE (Huth, 2002; Duan %,
2019; Stathopoulou FI Cartalis, 2009) . Zhao %
(2019) RHIFEALARM T 25280 76 MODIS 10 km
AOD Bl F& RFE 3 0.01°x0.01° 43 #E %, (H H 45
R 5 AERONET #1 3£ AOD 11 % iE R* Y Ky 0.36;
Wang ¢ (2013) iz H #1481t 2% I i A L GIM
(Geostatistical Inverse Model) ¥ 23 [a] 43 B R N
0.5°%0.5° A4 Terra—MISR AOD 5 %5 [0 43 #HE% Ay 1°x1°
1Y) Terra—MODIS AOD il 15 I B ]XUBE 45 3] 23 [] 43 H¢
#0.25°%0.25° 42k AOD 2345, H 438 X HIE
SR R

SR, WF5T % BE DT 38 3% L 76 b 32658 B M X
KES B DT AOD (45 5 AERONET Hit JE i il
HER R B MR —8hE (Li%e, 2009), H
HTREKRHASKREZZETm (RE F,
2016) , MR RO A AR R T R 22
fii 4% MODIS AOD 4l 7™ i b A7 78 2215 1k 25 5%
(3KGE, 2018). AT RUELE R F I DT AOD %%
5 . DT_DB_Combined AOD %45 177 75 bifi 22715 48 fk
e % (ERJC %, 2012; De Leeuw %,
2018).,

XPUE, A SCHURE A M4 i S A 5 20 i
7% Z BT & MODIS 10 km DT_DB_Combined AOD
P A ARERERESY, RN s i A .

2 BlE5 Ik

2.1 AREER

SRS M X b A AR LT A, S miE L,
R E VAR AR IR SRR, SRS
P ZHLIXAER CEEARET, LR A
DAL M . AR A B o 3 JE A A bR
W KRN, EETREZN, HFE
RIMZW, KBEHRFKDW, XFER LT, Bk
VLA AMEA AT, WARI . s IX 5 S
o W O [ 4 Ol S R R 2013 A A3 A5 PM,

AERIUR BE M 97 we/m®, 2017 4E PM, - 29k B2 AH L
20134 B R T 39.6%, {HAT 2 E %S S i5 el
JEEE A X e, ELA A HEROW S X AOD /Y 5T
[l

2.2 HIEIERTANE

MODIS AOD %k #i# >k H TERRA-MODIS C006
Level 2 (https://ladsweb.nascom.nasa, gov/[ 2019-10-
26]) 4 DT H DB #Y 10 km DT_DB_Combined AOD
7 AR R ROBE A 5T 00 S A 8HE o RIET, 3 km DT
AOD 7= i FH T 3 km DT_DB_Combined AOD % ¥z i
ARG 5600, B8 i) ) 85 O 2013-01-01—2017-
12-31., MODIS AOD 7= fily 2% H )2 2 854 4% =X HDF
(Hierarchical Data Format) SCAF45 12465, M T
IDL i 5 % HDF $048 AT 4% 52 . P45 DL S CER A
GHAE o NI DR B A A, AR A B R A
ArcGIS Mt 25 8] 73BT T EL 07 356 A% o £ 2 il A 7
QA=3 ] AOD i N A 2L AODH .

Hi13E AOD %04 K Fl AERONET "< %5 I8 )t 2 J5
FEXRIN BT, I 22437 T 0.01—0.02 (Che 5%,
2019), ALK EAEXT TR AOD 7= i L AL
R RO 55 R AT 4 X 96 E (Ichoku 45, 2002) . A%
SCHEHUN F 5 B X ) Beijing, Beijing—CAMS .
XiangHe % 3 /3£ 35k 25 AERONET Level 2.0 7% i,
[ BF 48 31 Terra T A 3 58 HT 5 30 min AERONET b
5L AOD 4E BE A AR N, R PR,
WiV Syl 5 S TR I AOD {E IE R R BR, 155
HBUE ol S B A bR . R T TR
AOD 7 i i AT A LLE . % 500 nm F1 675 nm i il
fib i) AERONET b3 AOD % T+ Angstrom 5 53 (4
851 550 nm il AL AY AOD ¥4 (ChuZF, 2002).
1F 5 Terra MODIS AOD #E47 Bt 25 87 11 VG g 1) 1o 72
i, PEHL Terra T2 3 55 0T 5 30 min B9 AOD £(#51y
{5 AERONET 3 #5 J& [l 50 kmx50 km JL N (
Rl TS UL 5 >5) 19 AOD (R T fE I (E HE T
PCRC (2= 4%, 2020).

2.3 BGIMMEREE LERHE

23.1 ERBAOD = fmiRE L EEAFL

b3 AOD B 48 1F h BAB ] T2 1IE1& )& AOD
77 AT R AETE R 25 (Schaap 4, 2008) . {H
PRt i AOD 3y s B B0, — M TG T 0 4 Ry ORUEE X
BT B R 22 2 IE, AR fE T S gl s i i & T
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VLU, MRE S . WIE . B ERN R
FIw 22 20 IERE A (Malakar 25, 2012), {H7ERHLR
JE T RS, 2 25 7 2 [B) AR 6 A2 TR
DLAT . 3R 55 S R W PO &, &
RUBE b S o e s e B e 2, DR mT R G R
i 2 21 IEABEAY .

fl.j.t) =&, )]
Kb, fHmEL R, (i,7) MBI AOD = %

43°00'N

42°00'N

41°00'N

40°00'N

39°00'N

38°00'N

37°00'N

JLPLE, AT, e AURAR TN B G 25 R AL

e MR

& = avg(| z— AODW,|) (2)
b, 2AREARFEZEN T nx1 BrHUEE 2 9ER 1 AOD
WG, EIZ SCHY MODIS 10 km DT_DB_Combined
AOD #t#ii5, AOD,,, fRFE AR 217 F AERONET Hi
e AOD ¥ .
B

|*| 5 avg 7 A8 Fe 48 X 5 - ¥ (H

40°30'N

40°00'N

36°00'N

114°00'E  116°00'E  118°00'E

116°00E
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LT i A RS e e a2 o e o

BT mUHSEH X 3R AERONET 3 507341 [4]
Fig.1 ~ Ground AERONET sites distribution map in Beijing=Tianjin—Hebei region. N is the number of AOD values matched by ground

AERONET sites and satellite observations, and the brackets are the latitude and longitude coordinates of the sites

2.3.2 BGIMPER EREAIE

BT G i R RURE Dy vk S DA S TB) P U7 22
BEECN TR iE IO T B (RROK R A,
2015), {HENA[ TALGERIEE D . GIM R
T3 R AE AT 4 (6 A [] I 25 1 40 fORU B 5 R RS IR
JE R R hE Y A5 ] PR J7 25 R A ZE 5 (Kitanidis,
1995), X5 HA A AR 23 BER AOD %X
i — B A 2 [ 401 AP AE 22 SR AAAF S (Guang
55, 2008) . HUE b, ANIESHEREAE 7 22
T ZHOF AR, GIM 3 RS A5 AT 3 2o 24 o
P KA SR % (Restricted Maximum Likelihood—
Inverse Modeling, REML-Inverse Modeling) AhE g
T PR WP 7 288 24 (Kitanidis, 1995)
PRIt VERAEER KSR AL, GIM AR A5 7 v Y 40
T HER A R S AN e AR AT A B i it i 4
Iy PERBAE AR RO . R, D222 IE T Y GIM
(Bias—corrected GIM) BERIT] LA T ARXFR

z—& =Hs +v 3)
A, s AR mx 1 Bran il i (e, R i 22 R AL

2 1E N MODIS 3 km DT_DB_Combined AOD; »ft3#
PIE A 0 (ORI RIERAR VC MO 1R 2% 5 H 2 i85 4 HE R0
5500 0 R0 1) nxeme By W SR 6 L R SRR i
Wang % (2013) B TAE, (RBOHBEI & 16 2 T /Y
20 TR TR (L s X REDRE 00 48 2 BAT AR W) ook, B0 H
JI K385 59 53 A5

AR (3) A 2 AR INAR s (1Y) 5 A T A
S, T LT R T KA -

HOH' + R HX I
l (HX)' 0}[M} [X?} @
() W EET, RO R 0 (U Hh 7 2
BEFE, XS B mxn ALE, M AE—A pxm B
k& A A% (Kitanidis, 1995), X A mxp [z
RARHIRE, WE LI p MR R A E R, R
A, ASCH SR — W siE 0 (Wn8x8) 2
P AA A B — A AR AR A S . TR BGIM
AL, A X O —A 2 18 . Q Al
TR 2 [ 7 25005 8, SRR B Oy 2448
HIFIR (Michalak 28, 2004), EHZH0R BUE Bk
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KAL B AR s A FE L
L= hnly|+
ﬁ%%ﬁﬁ%ﬂﬁﬁ,%%$ﬁﬁEE%¢
® (5) th, E=¢' -y HX(X'H'y'HX) X'H'y",
% =HQH" + R, X TR (5), AICEFEM
FEBE (19 AOD 43 ¥ S B0 Ak 53 2 ] b 7 22 AT S84
WM, SRIG R ZcAE L L R BOR % (Byrd
2 1999)

K=t (4). (5), BEAESM)E, ErliHE
(e s X HARH RNV, sk (6) 5
A (7)) Pis:

s=A(z-(v-8)) (6)

V.=-XM + Q - QH"A (7)
Krf, VR AOCER RN s a5 oo R I A
W PE T 2.

2.4 HEEIIGIE

A ST DA %] 55 30E 55 AE X 5 uE ANy T, F
51 A7 6] 7 75 B 5 e) 7 35 B PN AR X BGIM B
EIF I E . 46 %) 5 iE $5 MODIS 10 km DT_DB_
Combined AOD %45 . MODIS 3 km DT AOD % ¥ .
MODIS 3 km DT_DB_Combined AOD } fii 25 % % 2|
1E T MODIS 3 km DT_DB_Z=75 Combined AOD, 43
5 AERONET $b 3 AOD 4k JF J K B 56 . ik
MkE 728 (R) . MXREE (R). 2 (Bias)
MBI (RMSE) 28 GeiH4E bR bF o A5 U 40 ik
KR, SRR B AT,
i(AODM -4A0D,,)
R =1-- (®)
EMmmrﬂﬁmY

=1

%| X'H'y'| + lZTEz Q)

2( AOD_, - AOD ,)(AOD,,, - AOD )
=1

/Z(AOD — 20D, )22(/100 - 40D,
i=1

R =

©)
N 2
(40D, - A0D,,)
RMSE = | =1 - (10)
N
Bias = %E(AODM _ AOD;,E,(,) (11)
i=1

KX, A0D,, 5 AOD, 53 5] 5y AERONET b Jt
AOD. & JE& MODIS AOD 7= i 8% MODIS AOD % K.

FE¥HE . AOD .., 5 AOD ., %3 %5 AERONET Hb &
AOD 14 1H . 3% /& MODIS AOD 7= f 5 MODIS
AOD By~ F-¥1H .

A B 1IE J& 48 % MODIS 3 km DT AOD %4t 5
Z= W 22 A B4 IE T B9 MODIS 3 km DT_DB_
Combined AOD 73 iZE 4 ST, W4 B4 21
AOD G ICMH TS, BUEZE T 22 REAIE T
MODIS 3 km DT_DB_Combined AOD 5 MODIS 3 km
DT AOD 7E AR =5 Y AH SRR B . [RIAE R R,
Bias. RMSE %451 -8RI TR BE VRN

25 |A) 8 55 B S NP 9T X & H A 3G e g
SR XN EGITTE G E A, sk (12) BF
TN o BRI 5 TR FE RS X N &5 T HE 2013—
2017 4R A BUE I KB P 5 B KED (D=1826)
E e, st (13) PR,

s(k) =87 < 1009 (12)

T L,,)=P(i’%x 100% (13)

o, (i) M AODIRTTALE , kN REL
3 HERE

31 RERBHSTISME

18 1 %F % 2 U BE B9 1346 XF AERONET i %
AOD 5 MODIS 10 km DT_DB_Combined AOD /E 2%,
K22 AR NI R 0.145 . 522 4 0.039 1) IE 2
o3, Hﬁf%ﬁ%m%ﬁ*ﬁ/}‘zw SR, 1R,
FXTTH . B, A3 w2 LLBCEs R, =N
VERC A B, Im2ZE I ER K, 150.26,

%1 MODIS 10 km DT_DB_Combined AOD 5

AERONET 3£ AOD [E f{R =

Table 1 Deviation between MODIS 10 km
DT_DB_Combined AOD and AERONET

= Bifi i % UN Y gy
# 0.13 0.03 457
=2 0.26 0.05 222
T 0.13 0.02 284
% 0.11 0.04 383

32 WEBIEERIEERSH

HXRURERILIE 2. fE 2 (o) ATHI, 5O
SLH X 2013 4F 1 H—2017 4F 12 H 18] 3k 1 D Ve fic
MODIS 3 km DT_DB_Combined AOD 5 AERONET
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HiFE AOD S5 XF 1463 4~ 5% AOD fEL 1) RMSE
0.26, Bias # 0.155, R*>40.67, R} 0.92, i
MODIS 3 km DT_DB_Combined AOD [ R Ji it 35 45
RKGEEE, BE2 (o) 5E2 (a) f12 (b) #
— 4% F Al 41, MODIS 3 km DT_DB_Combined
AOD X% J¥ B AT MODIS 10 km DT_DB_Combined
AOD 5 Ji£ 0.70 F1 MODIS 3 km DT AOD #% i 0.71,
{H 5 AERONET #f & AOD VT fit /5 % B & 42 7+ &=
1463 Xf . XfEHE 2 (¢) 5K 2 (b), MF
MODIS 10 km DT_DB_Combined AOD, %5 [] /33 %
i 10 km $2& 7+ % 3 km; A I T MODIS 3 km DT
AOD, Bias M 0.188 T [ £ 0.155, T T 0.033.
RimE 2 (a) —K2 (o) TUFEH, 5
AERONET Hbi F£ AOD #f b , MODIS 10 km
DT _DB_Combined AOD 44§ . MODIS 3 km DT AOD
B4 Kol i GIM [ REE 43 2] A9 MODIS 3 km
DT_DB_Combined AOD {3k fFE & M4, X =2
P 30 T b X3 T DT 8509 S 3 T 9 1) I 4 e
B bR S TR I T Ml 2 R RORAG LA AN
WisEE (WangZ8, 2017). MAh, stdEsEffE b4
[ 25 S5 e fig M A Xz —, SR IR L
KR E (Lg%, 2013), 1fif MODIS KA &2
THUR R P E 1 b DX S B TR A TS S
ST MR RS RE A E , X L2 MODIS 10 km
DT_DB_Combined AOD & MODIS 3 km DT AOD
P EAE A R 22— (GkGE, 2018) . il
o2 (d) 95 2 R Y IE R MODIS 3 km
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B2 SCHGIE P EL 8 A TR 2 (d) RS
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AR IR LS R UL 4 nf A, EHmER
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By o — 07 T R N Ok AE B 2R R A
T 5 A R R A, AR 2 b XS PR 1 A
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Fig. 2 Absolute validation results
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Fig.3 Ten fold cross validation results

Z A5 i 22 & B4 1E F MODIS 3 km DT_DB_
Combined Z514) AOD Z5 5 WLIEI 5., 1T 5 RS b X
gt . AL, 1SR A X5 AN S
T R R X AOD R S AR B S . Hopt it
FLHLIX AOD Zr i A B i 2= e AR fb, R4
Fr T HARST, mEFEA TR KHER A
WAL, XTI AN OB . A= TG
%, HERERES T IKAIE R
(FBEL %, 2014); HZ AOD ¥EIUKR T H F W
FBEZEFHIHIX Fy 2 AR5 (Kh 45, 2015);

FkZE AOD ¥JME T RS2 RN RIS I, KA
BRI CGRBL %, 2018); AN AT GUHE
X H Z BNV S, IS T ERKE,
PLAODEBAL  (ZEFI 45, 2009) . MBS T
HF, UMK AOD B R LA T RS,

34 MEBBZERTUR

K6 (a) F/m20134F1 H—2017412 A 5
4 [X % H MODIS 3 km DT AOD #1755 f 2% 2 51
2] IE ' MODIS 3 km DT_DB_Combined AOD %5 [a] 75
WG RE; B6e (b) REHE ML TRIAE M
25 ()7 S5 AR TR . X 6 (a) AR AOD
B 4 2 [0 55 B A A v A, RN O 25 R AR
2 1E F B9 MODIS 3 km DT_DB_Combined AOD %5 [i]
7 55 B AT NASA & A i) MODIS 3 km DT AOD
PR B AR T, 7E 2013 AE—2017 4R [A] E 4 HE
T 11.44%, B H$E 75 KAE AT 535 60.00% . H 52
Hb e BT BT MR BV RS R, 44 2= MODIS 3
km DT AOD V-3 25 [0 8 55 B fe Ik, UM 9.81%, 1M
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Seasonal deviation correction enhanced BGIM downscaling algorithm for
remote sensing AOD products

LIANG Yu,ZOU Bin,FENG Huihui,LIU Ning

School of Geosciences and Info-physics, Central South University, Changsha 410083, China

Abstract: Satellite MODIS Acrosol Optical Depth (AOD) products based on Dark Target (DT) retrieval algorithm at 3 km resolution have
been widely used in the ground air pollution monitoring. However, due to the limitations of DT retrieval algorithm, these products missed a
large number of pixels with low spatiotemporal coverage and limited accuracy. By contrast, MODIS 10 km DT DB _Combined AOD
products integrate products based on DT and Deep Blue (DB) retrieval algorithms. However, to some extent, DT _DB_Combined AOD
products can make up for the coverage and accuracy shortcomings of MODIS 3 km DT AOD data products, the resolution of which is low.
Moreover, affected by the seasonal variation of aerosol component sources and the seasonal error of surface reflectance estimation, the
accuracy of MODIS AOD data products also exhibits seasonal variation. This study takes Beijing-Tianjin-Hebei region as the experimental
area and uses MODIS 10 km DT_DB_Combined AOD products as the material. Geostatistical Inverse Model (GIM) downscaling method,
which considers the spatial covariance function differences of AOD data products at different scales, is introduced. At the same time, to
consider the seasonal variation characteristics of AOD, the seasonal bias correction model for the MODIS 10 km DT_DB_Combined AOD
products using accurate AERONET monitoring data is developed. On this basis, the Bias-corrected GIM (BGIM) downscaling algorithm
coupled with seasonal bias correction model is further proposed. The AERONET ground observation data and MODIS 3 km DT AOD
products are employed as the absolute and relative evaluation reference for the BGIM downscaling results. Results show that the absolute
evaluated accuracies of the downscaled MODIS 3 km DT _DB_Combined AOD data, 10 km DT _DB_Combined AOD, and 3 km DT AOD
data products are relatively close; the corresponding R* values are 0.79, 0.70, and 0.71, respectively. Compared with MODIS 3 km DT AOD
products, the relative evaluated R result of the seasonal corrected MODIS 3 km DT DB _Combined AOD data is higher than 0.93. In
addition, the temporal coverage and spatial coverage are increased by 11.21% and 11.44%, respectively. The spatial coverage in spring and
winter is relatively higher among four seasons. The results confirm that the BGIM downscaling algorithm can not only effectively improve
the resolution and accuracy of MODIS 10 km DT DB_Combined AOD products, but also promote the spatiotemporal coverage compared
with MODIS 3 km AOD products.

Key words: remote sensing, AOD, downscaling, BGIM, spatial-temporal statistics, Beijing-Tianjin-Hebei
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