%435 F 18 H1/2023 £ 9 B/ ¥ ¥R

KA B TR AL AR NLE IR S L sE 20 8

ME, ZEE Y, #E KEY, SEY, A0, MERY, K%', £48 7 &AL, ki, &2,
HE R A

U E R AR B AT R AR S A B B R IR AR D TR K T 080, dbat 100101
S E BB K, JEET 100049
* O K 2 PR S Ui A B, L JE W 241003
SR E LR AE AR S BE, LR 1R 2211165
AL R B REVERF ST T, dbAT 100143;
RA FADEARAR, Jbnt 100094

=,

WE SERSEABMEESEMHEC 28 T 2RI 3 T HEa ok, KA b (CH) MR8 —His F
Th, HET 2 ERCE B T35 29 1895, 7X 1077, in I CH, 2= Bk AE B Vi B {E b — Skt (CO,) i 29 27~30 1% , PR X KA CHL Y
M Ay B D A A A R R R N e D RV R IR R S, T DA B A B i s
3 PR H AR 55 00 R CH MR W, 3E L, 1 2 06 KR CHL RN TR Je A% Ja% 1) & R it AT Ao B 5 4 21, N30 1
SPZL AN, 300 3T Hb CH, e 8 738 1k T A 4508 4 9 3 2 I 20 A5 I, 73] DL g 8 JRGHOG & 8 AR 45 (MERLIN) {0 5E
B 3 SRR, CHL, 2480 14 S35 25 1) 43 98 R4 T 28 5~10 km, AR MRS BEAR TH 2 10X 10 " RAN, JE 825 i I 25 0 o ks

J3E 0 3 8 WL — A A B4 AR S W7 5 J 5 SR, 0 % 2 A Sl S T B vk W DU B L3 Y A 1 R B BRSBTS U A e 2, e
R B 5w L 5 R I 1 A R B SOEDORT BE 2 IR B T 0. 326 s ddJim L 4 A R CHL TR 38 IR R BIDIR 5 006 H A 1)

g 95 R, X CH, I B2 308 ORI S 3 T 90 1) 2 e e 4 AT i 4

%%‘:

50, B A B R CH, T 18 B R s it — 2 1

R RAUERG MBREE BRHE REAUA Wb RSk

FESEKS P412 XERFRERS A

1 5l &

ARk, AR AZ B E AN T R B AR
T — RGN IR BT At 2 [l B, X 28 09 A 7= A T At &
K SR T R, e 4 N 26 [ T If A E Rk
F T 5 RN S B A Bk AR R OE R R Ak g
H e (CH,) J& — Fh 31 22 Hosm 8 il = AR, A Tl
ik, KRR CH, & & —HFERE LT, CH & &
FE 21 T 20 0 A X A2, fH A 2007 48 I i X %18 3
K, 2014 4F DR B S R . 202148, KA Y
CH, & 43 #0235 3 1895. 7X 107, bk Tk #E iy 1if 19
KFE T162% Y. RE RS CH AR L
AR (CON MM 2™, {5 CHL7E 100 4F P 1Y
EERA R W REME (GWP) J& CO, 1 27~30F5" . HHT,
AT b T AR A3 KRN 5 20 4R B A 0 1R AR A CHL AR
FALKTF CO, B — KRS AR, e R4 FER B
RE R Y238 R E .

DOI: 10.3788/A0S230429

CH, 7E & Bk KA 19 43 A 3 AR SF 3. DS 14Ok
FLALEER CH, & s 00 8 & TR Bk, X & o 280
CHL R X A3 A e b 2Bk, DU R L v & B F AR
A5 [ R ol X, R HER R O 2 o Ak I IR
Hi S T CHLHERCE . 2k K384 CHLHEROR
H R iG 8, AR K RE R AR B A e AR R L
ATBRRE Tl A 72 R W b B R 5 g A A R
AR CH, 20 5 0] 4 5 3 b HE R L P Bl 7K 28 48 HE i st
BSR4 AR R Tk A DL I PR
Fe P A BAR KA CH R R Z H 2 Hf %
B JR e N 2 Bk B 3 A B 2 (OHD) &1k, 2005 &
T 90 %6, Ho Al Y )45 455 SF 3t J2 v 19 6 b 24 B g, B
AT (CH MR MR TR OCD) A L, Ao idH
8 AL LA BT AR e Ak s By A

T 6 A% 3R B 38 V)7 R, CHL R 20 8 8 2% .
20214F 8 A, B B A B4k T 1712 i 25 (IPCCHEE R
AT AL 45 & O E T CH, W HE 0y & 2 5 a3

Wi EHE . 2023-01-02; f&EHHEI: 2023-03-03; RABH: 2023-03-24; MEEHZHB: 2023-05-08

BEE£mMB . EZEE SV LR (2020YFE0200700)
BIS1EE . lizq@radi.ac.cn

1899904-1


https://dx.doi.org/10.3788/AOS230429
mailto:E-mail:lizq@radi.ac.cn
mailto:E-mail:lizq@radi.ac.cn

1513 47 R

PESS RAE 11 H RS S MBS B A AR AL HE SR
NG )T 42 (COP26) W], i B AN R T4
BR H be 0 fE 7K 35 (Global Methane Pledge) , & £ %
2030 4F H 9 CH, /Y HE L i % 20204589 70% o TR,
57 AE O AR K AR T (b 3606 FAE 21 4D 20 44
SRALSAEAT S ARG BT R B B E S ), B AR ISR 7E CH,
WCHES T A AE . ZE S W5 B CHL HEOY T4
BRAR B2 (1) 5 3 52w, A SR R B CHL s HEAT 8h /& 21
g 20 4E AR A B AT ., f ok, TR R I CHL U
HETAE K A A A0 17 & R LR, i85 H A R
2060 4Bk Hr A H bR Y SCHE N 2

KA CHHEM EZA 3F 7, BV I AL AT
BRI . ML R I A A B B © 2 R LA R R
S 4% (TCCON) R AR 43 728 Ak #8145
(NDACC) "M MR By Wl ik & o HL#E 7 , t &
T — R G EEDZE, WHL R O A A Ok 5 Y
(ALIAS) “/HI — 48 ALIAS (ALIAS- 11 )™ #L#& 7]
UG /21 Ah A% 6 3% A (AVIRIS-Classic) ™ il F — 1%
AVIRIS(AVIRIS-NG) ™ | F KSR & 9 5 40 1)
TN R G (UCATS) W4 B8R 5 FHL 2
L TG P v, (H R 2 ) 7 55 Y0 LA PR, BB T R
M RIS 320 22 [ AR A B BRI, RE 08 7E 42
BRI AT FR AR 1 ok RO O e ek F b
I T 7.5 N = I N ¢ O = Gl s R T
SR

YT TR N 1% 22 e B, TR 1 TR L K
SCHHEMM Wy, 2H MEER BHA &

Solar backscatter (SWIR)

&5 43 % % 18 H1/2023 £ 9 A /%23
KA EAHAR &5 T 2 WA CHARWRE )1 i T A,
IF HL PRI B A ke o i 280 8 DK B b o il o . 5t
() R, 45 Fofr 265 704 T3 5% A2 e A 7 B 3k | 2% Jeé A n ok
F5 o AR IR B BORA I Bk ) TR AL B (AT
B bl s 0 R R CHL 1 B 28 A8 Ak R JHE Sk /=i A2 A 1 52
M, BEF CH, T AL 3 9 = UK B A F 5 % CH, T
B8 RN RO AT A A . A X 45 S B AR Y CHL AR
W TR 55 A% B AT WL B 5 SR e, o) L B 7R g g il A 1k
VEAT UL, IF X CH, 1A 18 J8%ORN Ji 38 AF 90 1) 2 i it
P ILEEE B E N CH, TR I i 58 TAE Y 5 22
RIEHRAE— 5%

2 TEJEHL I b TR AL e

FI T3 3 SR AR X AR CH, R AT 4830 14 7 9 ]
Gy R 9 B i RO Bl a8 R 9k gh i R R EARE T
1.65 um A1 2. 3 um A %6 7 2T /b (SWIR) A 8 pum 22 47 )
LT AN (TIR) P B . i, CHL 3 I Bk 20 1% 8% %t
AFVE 3B 7 BB AT 1% SR 2 RN O 21 AR I A% o R 4T
HIME [ 1 P R T O AR B B, B Ak
e TR A DU ok R BIER B E AT A . 3 g i BT I
DL CH, 38 8O 75 1K 45 (MERLIN) g £% 36 19 44 J8% 2%
B & SRS, 5 RS AR S g i, DO AT R
W Lo 13k 3R =0y X o AN R R I
KGR ELE KR L EZREK B 2R TFEX
AR T A TR & FUE s 78 25 8] 4y B 5 55815 4y
R A IX 5

A
TB(/'.,TI)a’r
dr
B(A.T)) Il
Thermal emission (TIR) Lidar (SWIR)

1 BB CH, A R b g™

Fig.1 Comparison of satellite observations of atmospheric methane in different ways'"”

2.1 LIS DEFfERES

KA CHHE 8 pm £ 4 W 24 I Be &l R
TR AT, IF 2R B AR IR B R S8 &k A . PRt CHL MR 2 1Y
A5 Ak 23 KA FE Y AR A 38 A RE I AT S v
CH, YR B . L A £ 23 Tk — R H gk 47 i,
L H A& CHARMRE 71 o & LJR/R T [ Py oh 7Y (1) 44
21 b T 5 FUE AR 1 g o

1996 4 8 A , H1 H A< B¢ J5 ML 32 B 41 21 (JAROS)
TF K 0w 2 Bk WL TR (ADEOS) i 2h & 5 7t =5,
HEHEEZT -MREUETHN (IMG), IMG & —
A RS NI 1 e L AR e 2T AN (FTIR) , Al AR
W CO, CH,  N,O 45 i %= SR /K- 43 A 5 1l B 56
k. IMGH 3B, 5 1 3.3~14. 7 pm 635
Bl o, i o Be 1 (3.3~4.3 pm) 1k Bt 3 (5.0~

1899904-2



8 42 ik

GF-5/AHSI (2018)
PRISMA/HYC (2019)

% 43% £ 18 #1/2023 £ 9 A/kZFFR

10 DEnMAPIHSI (2022) Aqual/AIRS
EMIT (2002)
(2022) Metop-SG A/
- IASI-NG Envisat/SCIAMACHY
g -,\cn‘;?:e"r (2024) ADEOS/MG || (2002)
= (2023-) (1996)  MetOp/IASI
= 1E AuralTES (2008)
2 [GHGSat Cco2M (2004) .
= C (2016) (2025-) Sentinel-5lUVNS o o i%':ﬁé’
2 ] (2024 TANSO-3 (2003)
- MethaneSAT —~ TanSat-2 = (2024-)
T UI0E 20239 Q) (az':;zz-) 5;;2':;')‘;7’ FY-3D/GAS(2019)
£ : 2019 GF-S/GMI2018) [ LyuncheassWIR
(2" - FY-3HIGAS-2 GOSAT-2/ GOSAT/ O Planned/SWIR
(2024-)
I TANSO-FTS-2 TANSO-FTS D Launched/TIR
(2018) (2009)
1/100 [ MERLIN (O Planned TR
1/1000 Lt -
© e O remeneme
0 1/10 1 10 100 1000
Spatial resolution /km
Notes: when the length and width of sensor pixels are inconsistent, the spatial resolution was drawn by the maximum;
the spatial resolution of SCISAT-1/ACE-FTS was drawn on the limb mode.
K2 CH, T RALIE G 25 0] 7 B OGiE o M
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Table 1 Performance of typical thermal infrared satellites and sensors at home and abroad
. . . . Spectral L
Satellite/ Launch Country /' Altitude / Methane ) Spatial o
) resolution / ) Precision
sensor date union km band /pm resolution
nm
4%
; . August ]
ADEOS/IMG 1996 Japan 803 7.8 0.91 8 km X 8 km (Clerbaux ez al. ,
o 2003)
. _ H:13.5km 1.5%
Aqua/AIRS May 2002  United States 705 7.6 6.33 .
V:1km (Xiong et al. , 2010)
<25%
SCISAT-1/ August . 3.46-3.83, H:500 km, )
Canada 650 0.12 (De Maziere et al. ,
ACE-FTS 2003 6.84-8.03 V:l-2km
2007)
. _ _ 0.53 kmXx5.3 <3.5%
Aura/TES July 2004 United States 705 7.64-7.74 0.59
km (Wechtetal., 2012)
October European 1.20%
MetOp/IASI . 827/817 7.14-8.33 2.96 4 km > 12 km )
2006 Union (Xiong et al. , 2013)
MetOp -SG A/ European _
2024 . 835 3.7, 7.7 1.48 4 km X4 km —
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Table 2 Typical short-wave infrared satellites and sensors at home and abroad
: . Spectral
Satellite/ Launch ) Altitude /' Methane ) ) ) o
Country/union resolution / Spatial resolution Precision
sensor date km band /pm
nm
1. =0
Envisat/ European o
March 2002 . 800 1.63-1.67 1.48 60 km X 30 km (Frankenberg ez
SCIAMACHY Union
al. , 2006)
0.7}
GOSAT/ - - 0
. January 2009 Japan 666 1.6 0.05 10.5kmx10.5km  (Kuze eral. ,
TANSO-FTS
2016)
GOSAT-2/ October _ 0.26%
) Japan 613 1.67 0.05 9.7kmX9.7km
TANSO-FTS-2 2018 (NIES, 2021)
0.8}
Sentinel-5P/ October European %
) ) 824 2.3 0.25 7 km X 5.5 km (Lorente et al. ,
TROPOMI 2017 Union
2021)
GF-5/GMI May 2018 China 708 1.65 0.07 10. 3 km X 10. 3 km —
FY-3D/GAS January 2019 China 836 1.65,2.3 0.07,0.14 10 km X 10 km —
GOSAT-GW/ 0.5%
2024 Japan 666 1.6 0.2 10 km/1-3 km
TANSO-3 (NIES, 2021)
. European _
Sentinel-5/UVNS 2024 . 8175 1.67, 2.3 0.25 7 km X7 km —
Union
0.53%
. _ European )
CO2M 2025 . 602 1.65 0.3 2 km X2 km (Sierk ez al. ,
Union
2021)
FY-3H/GAS-2 2024 China 836 1.6,2.3 0.07,0.10 3 km X3 km —
0.53%
TanSat-2 2025 China — 2.3 0.11 <2 kmX2km (Liuezal.,
2022)
0.95%
) 2016/2020/ i . o
GHGSat Canada 512-550 1.63-1.67 0.3-0.7 25mX25m (Jervis et al.
2021/2022
2021)
3.3%
. (Trakulis-
GF-5/AHSI May 2018 China 708 2.11-2.45 10 30 m X 30 m .
Loitxate et al. ,
2021)
7.8%
(Trakulis-
PRISMA/HYC  March 2019 Ttaly 615 2.11-2.45 10 30mXx30m .
Loitxate et al. ,
2021)
3%-7%
EnMAP/HSI April 2022 Germany 653 2.2-2.4 10 30 mx30m (Cusworth ez
al., 2019)
EMIT July 2022 United States 400 2.2-2.4 7-10 60 m X 60 m —
0.1%
MethaneSAT 2023 United States — 1.60-1.68 0.3 100 m <400 m (Rohrschneider
etal., 2021)
Carbon Mapper 2023 United States 400 2.3 5 30 mX30m —

A5 Ve 3% L (TANSO-FTS-2) . ‘E#Hi# T SIF A1 CO Y R AR ROEIE S RN T 0.2 em L EHE T
PRI E B B2 55 75 MR b, (A5 05 == AR kG 0.75~0.77 pm., 1.56~1.69 pm. 1.92~2.38 pm Fl
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5.6~14. 30 pm (5 Fl, CH, M % O 7E 1. 67 pm Kt
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53 0 02 270~495 nm 1Y £ 50 -7T LG OG % X 4 (UV-
VIS) | 675~775 nm 4 3 25 4b % 3% X 3 (NIR)
2305~2385 nm Ay JH % 2L 4 Ot 3% X 3 (SWIR) .
TROPOMIf# H 2. 3 pm Bt 19 56 3% 5 B #E47 CH,
W OGTE 4 B2 0. 25 nm, SRS BE AT 3K 0.8% 77,
124 A1k, TROPOMIARK SR &t AL 1 36 AR d5e e it 2 ]
53 B 2 e v B R U G i =2 — |, H CHL R 8™
WAFHN T .

5tk [ i, e e AE CHL 3 I 7 T & R R
2018 4FE 5 H & B Fh 25 i GF-5 T A & 3% 18 7 4> 8 KB}
R mrh R i 2 ik B R R m 0 LA B
S A S R RS i e AT 2 L ) 4 B
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a L 20194F 1 A R R BT — IR LR
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Hod il B 2 A4 24 0] L CH, B98I, Aocs 14 43591 4
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FFY-3D ¥ 24 3% [ ik W i #5244 17 sk
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Sy HERA 0.3 nm, HEMRS FE WUUHE A F 10X 10777

i 3K # 1E B0 AR DG PR OUL I 355 ( GeoCarb) 4T 45 J&:
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145, il 45 # faf EMIT F 2022 4 7 A 14 H i SpaceX
55 25 R b #b 25 i 55 4 55 (CRS-25) & 41, If 9 2 4
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K HEE AR G ARG AR RS ' 80X
LA X B CH HERCHE AT RS W . MethaneSAT
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Fi () RORG B2 3z 2 PRI . OB IR R0 T AL 32 B R
VR A2 H BT E] B, G HI 599 = 1A IS T4,
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Fig.3 Schematic of a two-frequency integrated path differential absorption lidar measurement™”
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X X(‘()lv (%)

Kco,
2 een, Fl oo, 3 5 CHLH CO, Y A S i H0%5 i
T A A CHU P B W T R . X o, S HhSEER
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Fig.4 Schematic of a neural network with 2 hidden layers
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Abstract

Significance  Global climate governance and greenhouse gas emission reduction are of great urgency. The volume
fraction of atmospheric methane (CH,) has been rising continuously since the industrial revolution and is now averaging
about 1895. 7X 10 ? globally. In addition, since the global warming potential of CH, is about 27-30 times higher than that
of carbon dioxide (CO,), the monitoring of atmospheric CH, becomes the focus and hotspot of carbon emission reduction.

Satellite remote sensing features fast detection speed, wide coverage, and rich information. It can conduct continuous
and stable observations of atmospheric CH, with high temporal and spatial resolution and high precision on a global scale
and can provide verification and support for the "bottom-up" emission inventory.

Relying on the rapid development of satellite detection technology and the urgency to reduce greenhouse gas
emissions, a large number of satellites with CH, detection capabilities have emerged in the past two decades. The
detection technology has become more mature with increasingly higher detection accuracy. Additionally, corresponding
algorithms of various satellite sensors have also made a huge leap forward. Rapid advances in both sensors and algorithms
enable us to better monitor the temporal and spatial variability of atmospheric CH, and its impact on climate change.

With the purpose to promote the further development of CH, satellite remote sensing and retrieval research and realize
the dual carbon target, it is necessary to summarize and discuss the existing research progress and future development

trends, which can provide scientific and technological support for China’s low-carbon sustainable development.

Progress Firstly, the development of atmospheric CH, satellites and sensors is reviewed and introduced. Early sensors
mainly rely on the thermal infrared band of about 8 um for CH, detection, and typical representatives include IMG, AIRS,
and TASI (Table 1). Subsequently, a series of passive short-wave infrared sensors represented by SCIAMACHY,
TANSO-FTS, and TROPOMI are developed. They rely on CH, characteristic bands near 1.6 pm and 2.3 pm for
detection and are more sensitive to changes in near-surface CH, concentration. Among them, the high-resolution imaging
spectral sensors and platforms represented by GHGSat, AHSI, and MethaneSAT also take advantage of their high
spectral resolution and high spatial resolution to monitor the CH, point source emissions. There is no doubt that new
energy is injected into the development of CH, satellite remote sensing (Table 2). In recent years, active detection

represented by the methane remote sensing lidar mission (MERLIN) has also developed rapidly, effectively making up for
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the shortcomings of passive remote sensing detection with improved detection efficiency.

Subsequently, the principles, application conditions, and retrieval accuracy of different sensor algorithms are
summarized. From the early DOAS algorithm, proxy algorithm, and PPDF algorithm, to the most commonly employed
full-physical algorithm with the highest precision at this stage, the physical algorithms have been continuously improved
with enhanced efficiency and accuracy. The full-physical algorithms represented by NIES-FP, UoL-FP, RemoTeC,
RemoTAP, TAPCAS, and FOCAL have an accuracy of 6X107°. At the same time, with the rapid development of
computer technology and artificial intelligence, various new algorithms, such as neural network algorithms, are also
emerging, which can almost complete the real-time retrieval of CH,. These methods have also brought breakthroughs to

CH, retrieval.

Conclusions and Prospects In the future, CH, detection satellite sensors will continue to develop toward the goal of high
temporal and spatial resolution, high precision, high accuracy, and continuous observation. Many high-performance
satellites such as MethaneSAT, Sentinel-5, and CO2M are under planning (Fig. 5). Furthermore, the construction of the
satellite network should be stepped up to meet the demands of CH, global high-precision detection. Correspondingly, new
requirements are put forward for the accuracy, coverage, and calculation speed of CH, observation data and retrieval
products. For the most accurate full-physical algorithm at present, the adoption of more accurate forward radiative transfer
models and prior information, collaborative retrieval and correction of clouds and aerosols, and multi-satellite joint
retrieval and verification are all important means for algorithm improvement.

With the accelerated global climate governance and reduced greenhouse gas emissions, more and more countries have
formulated and implemented a series of CH, emission reduction measures, and China has also proposed the dual carbon
target, which is steadily advancing. However, the issues of climate governance and carbon emissions are very complex,
and to some extent have even become the focus of competition among countries. In this context, the development of
China's atmospheric CH, satellite remote sensing cannot be slackened and should be highly valued and vigorously
developed to seize opportunities. China has deployed the launch of the next-generation carbon satellite task, which will
implement the main passive observation, and significantly broaden the range of detection time and space. Finally, the
spatial and temporal resolution is improved to promote an effective amount of data and realize the full range of high-

precision detection, thus providing a solid foundation and strong support for realizing a dual carbon target.

Key words atmospheric remote sensing; sensors; carbon emission reduction; greenhouse gas; methane; retrieval

algorithms
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