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2009) . £ [ETE 2009 4E % 5 OCO  (Orbiting Carbon
Observatory) RISJE, T 2014 4F w2 & 5 0CO-2
(Crisp %, 2008). H[ETF 2016 4F B3 & btk DA
TanSat, X2 bR 55 3 L ] FHF 0L R 2= Sk
B TAE (YangZs:, 2020).

AT i 2 AR s D' i R I Al 1) A% R 2
WA T T 1) Hh 4 J0t e A S R = 53 Sy SR 2T A RN
PORLL A2 . T AZE ShHER R co, EE AT
PRI LR, PRI b 2 Y K CO, R B W2 H iy
5 A 5 (Nelson F10° Dell, 2019) . ST IT4L
AMRES T LT AMEM (Crevoisier &, 2009) X} T
ML R AR CO U &, 2 T
GOSAT., OCO-2. TanSat % TV & () K< CO, &M .
S I ST 2T /MG 32 BRI TR AP Y €O, o F IR
18 4 IO 6 S B F s TR 52 S5 118 P B 0% i i 1T T B
(1) CO,MOETE , 25 BESEPR R H W . U
SR, 2 e AL FP (Full Physics)
AR AR B KRR CO, M E 07 (Rodgers, 2000
BuchwitzZ#, 2000; BuchwitzZ#, 2006), HEjEZE
KB BT T 1.61 um BT 9 CO, M AT, Ik
AR T RS 2 AV R R TE A R, T AT
HME SRR T AT 0.76 pm BEIT B 4805 A D B
(0, AP BY) FILT 2.06 wm B Y CO, 58 W Wi I BE
(SCO, Iz B ) Sk Bh 1.61 wm B9 CO, 55 W W Ik Bt
(WCO, e Br) A7

A5 00 4 B R 3G 2 JE T Rodgers
(2000) 2 H PR AR T o o am A 2% A W7 5
BRI 28 UNARTEVS R DU BRI =
5, HEBRB WIS, AR5 0
T VU e A A R AORS . W B S B R K
FER e, A HRTE R DR IR S SRR
144 1Y) 4 B I v A 1 A AL 4 5 1] NASA AT BA 1
ACOSHE % (0'Dell %, 2012) ., JEEEH4E K2
i UoL-FP3 ¥ (Bosch %%, 2006). HAH) NIES-
FPH¥E (Tanaka %5, 2016) . fif 22 K43 BF 5% i Al
T8 [ < Wy 2 2 T 2% BE Y RemoTec 575 (Schepers
4, 2012), HEHY TanSat TR HETE (Yang%E,
2020; Wang%‘i‘f , 2020; Hong%, 2022) &,

CO,ERAHIR G S BB /N, — B
B Y5 X BT B CO, R TR IR A
XCO, (column-average dry—air mole fraction of CO,)
1 A8 Ak A B F H A St i 8/ (Schneising 45
2008) . PRI R T R A BRI % AR e B W ) B 3k

WAL AR BAF S PR I T 5K, RAUXCO, TLAR 18 J%
S AR B ORI, il 2R E] 1% (294 ppm)
(Miller 5%, 2007). 7EMTLLAMIEBL, IR BEHURAL
WL R XCO, S i 1 e FE AR 22T . X2 N TE
RAR GG S RE v, AR RS v, B 68 S 4 RO
SR SRR T 2R ) TR A R AR 42 B 1 A
ABHE, 00 RS BN 800 i T AR AR PR AR AU AN T
EPER

SRy 1 s O RS RIS X AU XCO, TS S i 2
L, ENSb BRI TAFRR RIS . Butz
4 (2009) 7E S XCO, [ 3 B vp % s B A0
o BE AR L OB /NS ) B R AT S
die 26 M1 S BLAE AU IROL % J B AOD (Aerosol
Optical Depth) i 0.5 IS0 S HUE &80 % XCO, 2
AR MR ZE/INT 1%, H 5% 25 AN Bl 3 s HR
RN R 2 1 ek AR T & AR AE A . Nelson FI
0’ Dell (2019) K M ER T R 1 S 35 775 b 3k 0L ) 2%
4 5 7 GEOS-5 (Goddard Earth Observing System
Model, Version 5) H3EHCAY A0 1) S 0A i Se 5 fm
S ACOS iRk, 18 ML e R s
SALHE XCO, 19 S R 22 H1 2.12 ppm [ 2 1.83 ppm,
1B 2 RS AT R BRAT 1) S0 I A A TR Y AN W o
PRS2 BR o B0k 4 W B 38 A0 AT RETE AT L1 4l
T EREAMSEAE IR RPN, &
MEA5 K2 E0RG BB [/, Nelson 2 (2016) 42
Hh AR il — R 40 4 BRI Ak BT B R s R
W TR FEal b, I M2 (clear—sky) 7 &
JE 15 HE A5 1) R 4y JHL P 9 N R AR 2 9 45 2R, T
HHEGTBE R AR, Zeng 55 (2018) ffi HGiE
Sr1Ei (Spectral Sorting Approach), F|H 0CO-2 11
B O, A U B 8 G UL A5 45 B i AOD i
WEEE ALH (Aerosol Layer Height) , A
U b 220 1 A R T A5 R, R E TR A LI IX
(Zeng &, 2017) 1 74 48 W S 4T 1 B X (Zeng
S5, 2020a) HENRAIE, AR/ BRI
IO 3 HUH XCO, S IR

FU 423K CO, T8 R S A7 1Y) — A B el
T2 U0 A S I M AR 1) b DX ) R XC O, S T 4
BT AR S LS . Frey 5% (2021) ]
TR XCO, B 4585 A1 T AR W 40K L TE Gobabeb
VDI R A WL 54 I 4% COCCON  (COllaborative
Carbon Column Observing Network ) 5 [f7 X 328 5
MEEEEFTXT LG, &3 GOSAT LA XCO, [ i 4
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P i 1.2—2.6 ppm (£ 0.5%, 1 B3 2 52 B o7
i R PIE S VR 50%) . OCO-2 [l 46 7= i fid 725 0.4—
1.4 ppm. 7 LA Gobabeb Y07 ) COCCON Wi 3%
B, TR YR AE 17X 1Y P 0C0-2 12 7%
Y XCO, 858, L3545 201742 H 6 H % 2021 4
4 715 HEg3L 27 MILECES R . 45 R 7R 0CO-2 1Y
XCO, Sz 18 45 B AR G v, F 2948 X% 22 20
176 ppm, ¥JI7MRER2EZ) N 2.08 ppm. SR T10
R b FHIX A XCO, TR I 78 235 SR A
IR, H AT S AR T, X T
B XCO, B 8 B — A ME R 3 25 i A 58 36
(Nelson f10Dell, 2019; Butz%¥, 2009; ZhangZ¥,
2016) , XAl 22 5 VB X 1Y e B2 3 4 3 LA 2
YDA ST IR PR IS RO B VAR DG, (H H v 4 52
HLEEH AT I . 7ESEBR AR X CO, 4 BRI
H, VAR IR R A AE . 45 0CO-2 TLAE L2
7= A B RA BE LA SCR (ATBD) ®on, EST
VR EZE Y g b 2B S I XIS A A A5 AR U B 38
B B R PP, A IR R U ALES . P
o [ PE AL B KR A ML 1K, 53 AM AR R IR
T ARG DAL A 5 [ VE L b b 56 Ml X TR
PHPEHEBAE  (https: //docserver. gesdisc. eosdis.nasa. gov/
public/project/OCO/OCO_L2_ATBD.pdf[2023-07-24])
AT, V0 A R B EAT R UXCO, S I A
A Z 00 00 S B ) PR 3R o % b AR A TR Y 5 Tl AL
) ) R BRA 0T LU 42 R A BRORUXCO, B9 e 13
KEIZ o R R T AR S A T V0 B 2 b i R (A
55 [ 1 307 4 o S SR Je vw L BAT IR P ek R
BEBIFPE | KA R R AT 2R A TR R
2R E R T AE ) RERHRL, AR IR IR
M 2 3 AT JC 2k [ gk HL 20 200 5 GE A TA R RN i R 1
T8

SRS KX CO, b BE S i 1 822 T4 A
R, HAES IR, AR A AE T AE
S RAXCO,RIHTI AT RIYIRZE . 58I —
AR TR) R, AR SRk TR W 1) A S A A A R T AR
XCO, 2B R E , TR IR VA S U
RN X KA XCO, S s ma AL, DA VD Xy
BRI ST, RIT XCO, B H B 22 1Y T /e LA
SR Ak AR AR W TR A R TR R R B
TSRS

2 RAHE S AL S T AR AR
2.1 iEEHMEWEER

T 16 0 S 1 o A R A DL 5 S 1 B A\ B 3R A
RACIRAS DA S AR S8 00 S8 T T WL 5]
(o S B, R DR XCO, BT ARV i
O o RGBT IR TR A SR W B 1) A B
22 B J7 152 R TSRO T Bl A B 55 I 2R i
1T RERIZEZ (Line—By-Line) 15, DIAHIKRH
e RZHE it i, I a2t e
HICAR A 45 5 A% B B8 LIDORT  (Linearized Discrete
Ordinate Radiative Transfer) (Spurr, 2002). #XTM
XA AR R FEIS , 2 BT R T 2]
Tl MR ST A PR R AL AR (Buchwitz
4 2000; Frey%‘?, 2021; Spurr, 2002), BELEI
AR R I A BRI RGE1R2E

AW R FH AL T R A0 G A o3 o A
PCA (Principal Component Analysis) 4 5 1% i 15
Al (0-PCA). O-PCA LAYy Natraj % (2005)
$EH, J5 M KopparlaZs (2016, 2017) #Ef7eldt L)
T B [ B i il = SR SO . Somkuti 5
(2017) UEWT T O-PCA AR P H 45 R i )\
TR WL 3 B XCO,0 O-PCA FE 7 32 22 )
AR T W WA ) D 2 I B AE — S AR B TR
X4, ] 3 A BT O R D B 2R Y
ok, LUINPRGR SHE f i A B . O-PCA BLRIAT
3NFEIPEE, W

(1) 5 H 2S-ESS 8 SHZ A A (Spurr A1
Natraj, 2011) X Bt N A9 REAS 60 s A 7 Hesk 0
i REAE X B AR B B A e TR, A B A T
(R HE 2 L TE . 2S-ESS B AU i FHY s B A 05 A R
O 0 TR0 B BT, O R A i oA
(Two—Stream) TH5ZWHIST . 2S-ESSBIAIFEHLIK
B S £, BUREAURE RIS E SRR
R T BCAF AR, R A D B 5 SR
(Zhang%ﬁ, 2015; Zeng%, 2020b; Xi%:, 2015).

(2) FH F B3 3 M 7 A — A S R A
KA IE R EL

(3) B bR R IE R ECS 2S-ESS Fi 5
TR AR 5 AR T, B 2 RA5 R hG B 0 R e DG
% (SomkutiZE, 2017).
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2.2 HEIEEBEL

221 BNHHENE

A F LT WCO, i B R i CO, 73 AR EE
10, A B BRI 0,70 TAEWREE o Oy 1ALl LS
KA FRICIRGL, FRATBR T % R RS
PR, ARSI P BN FE 2T L
SR TR . A I AT AR KL AR DR /N o3 JOH
LA (Coarse Mode) FIAHFEZS (Fine Mode) X
%, HoroHRESAFEEE (seasalt) KA
2 (dust) KB MBS NEFEA LK (organic

carbon) SIAEM . Bk (black carbon) = I& Kl
Wi R £ (sulfate) T . AN [A) 28 B9 B U0 i
TE AOD ., HLUR BT I B 28 SSA (Single Scattering
Albedo) FIHCR A PRECAF LT EATAE 2257 . A SCHE
FEUD AR A B0, TR AT S 52 38 T 2
GBS IR R TT o b2 S IR SRR <0 i vl 5
A 5 W AR A Y, PRI AR SO BB R A
S P T, DX TR XoF 542 s P Sk i b, DX A Sy b
MR AR MR I 50 R AT B LB . B s 410
BILF T

&1 AETERBEM BN BRI A

Table 1 Introduction of input data in the simulations using forward model

ESy) et

filiig

KAERIEL  6GG2020 By i 551: (Laughner 55, 2023)

WS A A T KA

R R I T OCEOE 2 HITR AN (HIgh—resolution TRANs-

WCO, B % S fk - CO,. FIEE(CH,) /K5 (H,0) K
(HDO)4;0, A P BEN % 1§k 0,.H,0

TR AR

mission molecular absorption database ) (Rothman 4%, 2009)

R A I A . A BV X O, A B b

R IR 0C0-2 L2 Lite 5di ™ & (0 Dell %, 2012) TN 034, WCO, W Bty 0.45; il L X 0, A i
Beh L I IR 0.21, WCO, 3 Be M 0.18
, IR W CO, BB MM AOD 15 0, A S BN AT
W AV AT R B4 53 MERRA Mod : :
B SRR RERE BT BT MERRAero. (Modemn e "0 o) o b o i s AOD 1 0, A U BE W 11 0.2 £
AOD Era Retrospective analysis for Research and Applications Aerosol - . . . .
. . o (https : //docserver.gesdisc.eosdis.nasa.gov/public/project/
Reanalysis) (Rienecker, 2011)
0CO/0CO_L2_ATBD.pdf)
ALH JIAH BT 25 B (4 SRR B bk O/ 5 34 MiniMPL (Mini Micropulse  ALH 932974 0.7 kmo 28 190K 5 A% 2B
Lidar) W Ec4f (Zeng %5, 2021) YIRS, T 25 A SR T B2t R sl M bl ok
CIRERIAL G R BNk e R W e il v R R I i L MERRAero H 1 AOD fE 4 A HE , 388 52 finAS 1 225K i
GOCART(Georgia Institute of Technology—Goddard Global Ozone SSA. SSA Il H MEEFIE , B AR AT RO, AR
SSA Chemistry Aerosol Radiation and Transport) (Chin 4%, 2002) 5 53 i F M AR S SO I SSA 208 0.951, ARSI
MERRAero JBE SSA #9709 0.518
PLAOD FiI SSA SR/ A, 3 i ISP R
BUAHMEL  GOCART 5 MERRAero o iw,w%$ j( Pk é ,liijfﬁ PoP.
AR PR AT, SR A AT S i
Kuruez K PFHYG1E S Toon 28 A GFIT # A v (1 K BH AR 55 5 i 5 GOSAT T2 i 52 2L 5 5 (Yokota 55, 2009) .
pNEEEYE S (https ://mark4sun.jpl.nasa.gov/toon/solar/solar_spectrum.html YT R 3 B st ) 347 R 24 Hb s ) TE - 22 A, DR b A A 9T

[2023-07-24])

P R BHK T f SZA (Solar Zenith Angle) A 15°

3 WCO,BOETERF R T s
e B U 13753 A

T LRKRAHFMT, W O-PCA 48 5L Fi
RUAS 3 48 59 52 OG5 . FRATLL WCO, Uk Bt [l N
6219.8 em™ B I (14—~ W WS 2k 451 o A SRS IS R P
AL R RS g (& 1), Hof ALH 3%
B R0.2 km, XHFAHIFEM AOD, Hu R BRM A,
BURAE A 2 0 K BH A S BE it 58 4 M 2% S 56 1 B
T EAR BRI, i G (continuum level,
0 DS AAR R AT RT 0 222 W% P S S 1) e B ) A

R, FEAHR LR I R, AOD YR AN 2 i
FR MWL AT MERSEE, X i
TSRS T W VTR AR R . {H AOD il 36 2
HERXT IS L G A JEH B A, bR R
MR, R R A G I, AT AOD, 253K
FAEMHEMIN; MR R, IR
i, HhnmAoD, S8 EAMER/N. B TR
VIS SSA B (A13K0.95), K A GG R v
DR AR, S R A R, 4
3% 5 G K BH A G AR IO e >, B
P2 2 S S U I D R A R A A R A
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Fig. 1

Schematic diagram of scattering and reflection and radiance simulation near an absorption line at 6219.8 cm™ in the WCO,

band with different surface albedos and AODs (The red lines represent the light reflected directly from surface ; the yellow lines

represent the light scattered by aerosol. The thickness of the line represents the relative magnitude of the radiant energy ;

the thicker the line, the greater the radiant value )
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Ii) £ o0 22 [R]85 JE AT 28 2

y=F(xb)+ & (1)
Arp, FAARIBIME MBI x (45 R i SRR
W . IR SE . MRS b RERAUAR
W . R FH LA A LT SE 2 240G e 2
WL 5% 2 AT [ AR 1% 25 AR N IR 22 ) . 42
b i AR AU A R O 3 R AR N Y HE AT kL
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PACRALARZS ) 2 DAL WD, Fak=Lan T .

GFéj:,b) @)

J AR R R A R DA T 1 F ARG R e e/
PEARAH PR (o) AR HBUR 56 M 3 5 QAR AR A 17

K=

7 (Scaling Retrieval ) K odgers, o
F R R ETE” (Scaling R D), o BeKs (Rodg 2000)
T R 3%
------------------------------------------- E*fi‘:/;“w
KAS RIS ety FHhA bk
. W : S R
5 Nt %%m)\—m AL A TS KBS
O A P o) e
0. HDO) S, D Feb)Herx)'S, ()} e
e ———— e IHUIJEJ*EFU
| [ EmBaT |1 :
b mkdm | SEHT AR :
i P BROCH RS |
1l Kpkig | —— O-PCABUL TERTHAERE | |
: : : y=F(x,b)te
D owkmmE | |
1 1
1 1 S RE BT . it N
i L i | RATERCRGH | . %Eﬁ%ﬁ
R —— i | e |

Kl 4 RAXCO, W R ik
Fig. 4 Flow chart of atmospheric XCO, full physic retrieval algorithm
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ﬂﬂ=x“ﬂy—ﬂ%MF$Ty-ﬂthxg
[x - %, 1S (x - x,)
Kb, w2 de s m i S, RN 5 22 /Y P J7
ZEHRRE S, R R by 25 .
BRECER — U R I AL £ S, BRI T 2 22,
155 Z IR AL T A S R A ) R AE S, BRI T
ZF
FIHZESC A —E 5% (Levenberg—Marquardt)
J7#% (Levenberg, 1944; Marquardt, 1963) /)
AR R, EARIBUR LRI T 28
%= 5+ ((1+9)8 + KISTK) " x
(K'S:(y - F(x.,b)) - S.' (% - x,))
K, ThR iR (R y WA (A H 10,
T35 A A b on] SR DL i AR SO . 2R
Al RHUE RSN, AL
LG IS RO S 3% 2 18] 1Y 22 5 ) HOGIE Y
Rl Sy reduced)(f]mwm (Reduced Chi—Square) %=
N, BRI ETRT () SABEZIL.
HY T (B AL 45 5 3 A ORI A L Sy, PRk B

“

{9 o B RH N, ASRAER A
2
reducedy o, = 1 =
channel
- )
Ly = F(xb) 'S [y = F(xb)]
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Table 2 O, A band retrieval without considering aerosol :

true values of state vector elements, a priori values,

a priori errors, and retrieval results

WEREICE KIS SRR JBRRE sk
0,(LBL) R £ [H 7 1.0 1.1 0.1 0.752
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R IER 0.34 0.3 0.01 0.306
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Fig. 5 Retrieval of the O, A band without considering aerosol
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Table 3 O, A band retrieval considering aerosol: true
values of state vector elements, the a priori values,

the a priori errors, and retrieval results
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Table 5 WCO,band and O, A band joint retrieval : true
values of state vector elements, the a priori values, the

a priori errors, and retrieval results
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ALH (km) 0.7 0.8 0.1 0.812
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Fig. 9 Example of retrieval results based on joint WCO, band and O, band retrieval
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Fig. 10 Schematic diagram of mechanism of dust aerosol

scattering effect on XCO, inversion over bright surface
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Quantifying the scattering effect of dust aerosols on satellite remote
sensing retrievals of atmospheric carbon dioxide

HUA Jiancong,ZENG Zhaocheng

Institute of Remote Sensing and Geographic Information System, School of Earth and Space Sciences, Peking University,
Beijing 100871, China

Abstract: Carbon dioxide (CO,) is an important greenhouse gas. Satellite remote sensing of atmospheric CO, has the advantages of long-
term and wide spatial range observation, which is crucial for verifying emission reduction strategies to cope with global warming. Aerosol
scattering in the atmosphere is considered a major obstacle for remote sensing retrieval of CO, with high accuracy. Previous studies have
shown that over areas with high surface albedo, such as desert regions, satellite retrievals of atmospheric column-average dry-air mole
fraction of CO, (XCO,) are systematically overestimated, and the bias can reach 50% of the allowable error to meet the practical application
requirements. However, sufficient understandings and quantitative analysis of the systematic bias are still lacking. Focusing on this difficult
problem, this thesis analyzes and quantifies the bias of XCO, retrievals caused by the scattering effect of dust aerosol over desert regions
using an accurate atmospheric radiative transfer model and a retrieval algorithm based on optimal estimation. This study starts from three
important representative variables of aerosols, including aerosol optical depth (AOD), aerosol layer height (ALH), and single scattering
albedo (SSA), to illustrate the physical mechanism of dust aerosol scattering effects on XCO, remote sensing retrievals. From the perspective
of spectral radiance generated from forward radiative transfer model, increasing AOD leads to a decrease in the spectrum continuum level
(defined as radiance of channels where gas absorption can be neglected) in the case of high surface albedo through its extinction effect.
Increasing ALH causes reduced relative absorption depth (defined as the ratio of radiance difference between continuum level and
absorption channels to continuum level), which is closely related to the XCO, retrievals. From the perspective of retrieval model, this thesis
conducts separate retrieval experiments using the O, A band and the WCO, band, respectively, and joint retrieval experiment using both
bands. Results show that the underestimation of AOD or ALH of dust aerosols or the overestimation of SSA in satellite retrieval algorithms
can be possible causes of the overestimation of XCO, over deserts. Specifically, (1) in the case of not considering aerosol in the retrieval
algorithm, XCO, retrievals are overestimated by more than 1% when the actual AOD is larger than 1.0; (2) when AOD is underestimated by
a value between 0.3 and 0.5, XCO, retrievals are overestimated by 0.15%—1.28%; (3) when ALH is underestimated by more than 0.6 km,
XCO, retrievals are overestimated by more than 1%; (4) when SSA is overestimated, XCO, retrievals are also overestimated but by no more
than 0.15%. These simulation experiments reveal that accurate aerosol information is crucial to achieving accurate atmospheric XCO,
retrievals. Additionally, this thesis discusses the impact of potential “critical albedo” on retrievals and demonstrates that its effect is probably
the cause of the bias in extracting useful aerosol information from CO, monitoring satellites. This thesis proposes that this difficult problem
can be addressed when observations from aerosol-observing instruments are included in actual retrievals to further constrain the aerosol
information to improve the accuracy of XCO, retrievals.
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