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Figure 51. GOSAT and GOSAT-2 XCHas observations for the month of October 2019 along with surface
observation sites used in inversion (violet circles in the upper panel).
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Figure 53. Number of GOSAT-2 observations in 10°x10° grids for the 2019-2022 period for each month.
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Figure S4. RMSE and BIAS for prior and optimized forward simulations for GOSAT and GOSAT-2 for the
validation sites. The site codes with three-digit extensions are for aircraft data, with the site code showing
the station code with the altitude bin appended in units of hundred meters. Site codes with two digits
show the tower with digits showing height in units of ten meters.
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Figure S5. The number of surface observation sites in each 10°x10° grids to show the spatial
representativeness of observation sites. A large part of Asia, Africa, Australia, and South America is not
covered by surface observation stations.
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Figure S6. Monthly fraction (defined as total XCHa retrievals/ total observations) of successful retrievals
for GOSAT and GOSAT-2 over East Asia (80-125E; 20-55N) for the analysis period.
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Figure S7. The monthly climatological mean of the XCHa field from GOSAT and GOSAT-2 over the east
asian domain (100-135E; 15-50N) showing the mean difference between the products. The colors indicate

the observations count in thousands per month for GOSAT and GOSAT-2. The difference (GOSAT-

GOSAT-2) of XCHa4 is also shown.

Estimating the effect of seasonal sampling bias between GOSAT and GOSAT-2

In order to calculate the BIAS due to sampling differences (lower data count for GOSAT during the
cloudy season), we randomly subsampled the GOSAT-2 XCHa4 data to match the data count to that of

GOSAT in a month. We selected a region (SE Asia) that is tropical and prone to seasonal sampling biases.

The area mean of the sub-sampled GOSAT-2 data approximates the loss of cloud screening in GOSAT

data. So the difference between the mean of total GOSAT-2 and sub-sampled GOSAT-2 over the selected
region provides approximately the bias in GOSAT due to seasonal sampling biases. We apply this bias in

a regression equation relating the monthly difference in GOSAT and GOSAT-2 XCHs (AXCHa) and the
corresponding posterior total flux difference (AFlux) in inversion. The regression was weighted by

uncertainty both in AXCH: and AFlux. We take this regression fit as a measure of inversion sensitivity to

XCHas changes duw to lower successful retrievals in GOSAT during cloudy season. By converting the
AXCHzs to flux we arrive at approximately 7.3 Tg/year change in posterior total in this region.
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Figure S8. A) The region marked by the red rectangle shows the analysis region. B) monthly time series of
AXCHas and AFlux over the marked region. C) regression of AXCH4 and AFlux. The red line shows the

mean bias over this region due to sampling biases in GOSAT, green line shows the corresponding flux
change in Tg/month

Table S1. Details of surface/ship/aircraft observations used in this study.

Site Name Latitude | Longitude | Sampling type Lab References
NOAA,

ALT Alert, Nunavut 82.45 -62.51 surface-flask CSIRO (Lan et al., 2024)
ALT Alert, Nunavut 82.45 -62.51 surface-in situ ECCC (Worthy et al., 2003)
AMS Amsterdam Island -37.80 77.54 surface-flask NOAA (Lan et al., 2024)

Aircraft Observation of

Atmospheric trace gases by (Schuldt et al., 2021)
AOA JMA aircraft-flask JMA 8/23/2025 5:26:00 PM
ASC Ascension Island -7.97 -14.40 surface-flask NOAA (Lan et al., 2024)
ASK Assekrem 23.26 5.63 surface-flask NOAA (Lan et al., 2024)
AZR Terceira Island, Azores 38.77 -27.38 surface-flask NOAA (Lan et al., 2024)
BHD Baring Head Station -41.41 174.87 surface-flask NOAA (Lan et al., 2024)
BHD Baring Head Station -41.41 174.87 surface-in situ NIWA (Lowe et al., 1991)

(Lopez and Ramonet,

BIS Biscarrosse 44.38 -1.23 surface-in situ LSCE 2024)
BMW Tudor Hill, Bermuda 32.26 -64.88 surface-flask NOAA (Lan et al., 2024)
CBA Cold Bay, Alaska 55.21 -162.72 surface-flask NOAA (Lan et al., 2024)

Cambridge Bay, Nunavut
CBY Territory 69.13 -105.06 surface-in situ ECCC (Worthy et al., 2003)
CGO Cape Grim, Tasmania —40.68 144.69 surface-flask NOAA (Lan et al., 2024)
CHL Churchill, Manitoba 58.74 -93.82 surface-in situ ECCC (Worthy et al., 2003)
CHR Christmas Island 1.70 -157.15 surface-flask NOAA (Lan et al., 2024)




Centro de Investigacion de

CIB la Baja Atmosfera (CIBA) 41.81 -4.93 surface-flask NOAA (Lan et al., 2024)
UNIURB,
ICOS-ATC, (Cristofanelli and
CMN Mt. Cimone Station 44.19 10.70 surface-in situ CNR-ISAC Trisolino, 2020)
CONTRAIL
(Comprehensive
Observation Network for
CON TRace gases by AlrLiner) aircraft-flask NIES, MRI (Machida et al., 2008)
CPS Chapais, Quebec 49.82 -74.98 surface-in situ ECCC (Worthy et al., 2003)
CPT Cape Point -34.35 18.49 surface-flask NOAA (Lan et al., 2024)
(Schuldt et al., 2021)
CPT Cape Point -34.35 18.49 surface-in situ SAWS 8/23/2025 5:26:00 PM
CRZ Crozet Island -46.43 51.85 surface-flask NOAA (Lan et al., 2024)
CEDA, MPI-
CVO Cape Verde Observatory 16.86 —-24.87 surface-in situ BGC (Kozlova, 2020)
CYA Casey, Antarctica -66.28 110.52 surface-flask CSIRO (Etheridge et al., 2021)
(Schuldt et al., 2021)
DRP Drake Passage shipboard-flask NOAA 8/23/2025 5:26:00 PM
DSI Dongsha Island 20.70 116.73 surface-flask NOAA (Lan et al., 2024)
EGB Egbert, Ontario 44.23 -79.78 surface-in situ ECCC (Worthy et al., 2003)
EIC Easter Island -27.16 -109.43 surface-flask NOAA (Lan et al., 2024)
ERS Ersa 42.97 9.38 surface-in situ LSCE (Delmotte et al., 2025a)
Estevan Point, British (Schuldt et al., 2021)
ESP Columbia 49.38 -126.54 surface-flask CSIRO 8/23/2025 5:26:00 PM
Estevan Point, British
ESP Columbia 49.38 -126.54 surface-in situ ECCC (Worthy et al., 2003)
FKL Finokalia 35.34 25.67 surface-in situ ECPL (Delmotte et al., 2025b)
FSD Fraserdale 49.88 -81.57 surface-in situ ECCC (Worthy et al., 2003)
ICOS-ATC, (ICOS R, 2021; Kubistin
GAT Gartow 53.07 11.44 surface-in situ HPB et al., 2025a)
GMI Mariana Islands 13.39 144.66 surface-flask NOAA (Lan et al., 2024)
GUY GuyaFlux 5.28 -52.91 surface-in situ EcoFoG
HAT Hateruma 43.16 145.50 surface-in situ NIES (Tohjima et al., 2002)
HBA Halley Station, Antarctica -75.61 -26.21 surface-flask NOAA (Lan et al., 2024)
HPB Hohenpeissenberg 47.80 11.02 surface-flask NOAA (Lan et al., 2024)
ICOS-ATC, (ICOS RI, 2021; Kubistin
HPB Hohenpeissenberg 47.80 11.02 surface-in situ HPB et al., 2025b)
ICOS-ATC, (Heliasz and Biermann,
HTM Hyltemossa 56.10 13.42 surface-in situ LUND-CEC 2025; ICOS R1, 2021)
HUN Hegyhatsal 46.95 16.65 surface-flask NOAA (Lan et al., 2024)
In-service Aircraft for a KIT/IMK-ASF, | (Schuldt et al., 2021)
IAGOS | Global Observing System aircraft-flask IAU 8/23/2025 5:26:00 PM
In-service Aircraft for a KIT/IMK-ASF, | (Schuldt et al., 2021)
IAGOS | Global Observing System aircraft-in situ MPI-BGC 8/23/2025 5:26:00 PM
ICE Storhofdi, Vestmannaeyjar 63.40 -20.29 surface-flask NOAA (Lan et al., 2024)
Inuvik, Northwest
INU Territories 68.32 -133.53 surface-in situ ECCC (Worthy et al., 2003)
(Delmotte and Ramonet,
VI Ivittuut 61.21 -48.17 surface-in situ LSCE 2025)




Izana, Tenerife, Canary

1Z0 Islands 28.31 -16.50 surface-flask NOAA (Lan et al., 2024)
Izana, Tenerife, Canary (Gomez-Pelaez et al.,
1ZO Islands 28.31 -16.50 surface-in situ AEMET 2006)
ICOS-ATC, (Emmenegger et al., 2025;
JE] Jungfraujoch 46.55 7.99 surface-in situ HESJG, EMPA | ICOSRI, 2021)
ICOS-ATC, (ICOS R, 2021; Kubistin
KIT Karlsruhe 49.09 8.42 surface-in situ HPB et al., 2025¢)
(ICOS RI, 2021; Marek et
KRE Kresin u Pacova 49.58 15.08 surface-in situ ICOS, CAS al., 2025)
KUM Cape Kumukahi, Hawaii 19.56 -154.89 surface-flask NOAA (Lan et al., 2024)
LEF Park Falls, Wisconsin 45.95 -90.27 surface-flask NOAA (Lan et al., 2024)
NOAA, (Schuldt et al., 2021)
LEF Park Falls, Wisconsin 45.95 -90.27 surface-pfp UofWI 8/23/2025 5:26:00 PM
NOAA,
LEF Park Falls, Wisconsin 45.95 -90.27 tower-in situ UofWI (Andrews et al., 2014)
ICOS-ATC, (ICOS RI, 2021; Kubistin
LIN Lindenberg 52.17 14.12 surface-in situ HPB et al., 2025d)
LLN Lulin 23.47 120.87 surface-flask NOAA (Lan et al., 2024)
LTO Lamto 6.22 -5.03 surface-in situ LSCE (Tiemoko et al., 2021)
(Schuldt et al., 2021)
MAA Mawson Station, Antarctica | —67.62 62.87 surface-flask CSIRO 8/23/2025 5:26:00 PM
High Altitude Global
MEX Climate Observation Center | 18.98 -97.31 surface-flask NOAA (Lan et al., 2024)
Mace Head, County
MHD Galway 53.33 -9.90 surface-flask NOAA (Lan et al., 2024)
MID Sand Island, Midway 28.22 -177.37 surface-flask NOAA (Lan et al., 2024)
NOAA, (Lan et al., 2024; Schuldt
MLO Mauna Loa, Hawaii 19.54 -155.58 surface-flask CSIRO et al., 2021)
MLO Mauna Loa, Hawaii 19.54 -155.58 surface-in situ NOAA (Dlugokencky et al., 1995)
(Schuldt et al., 2021)
MNM Minamitorishima 24.28 153.98 surface-in situ JMA 8/23/2025 5:26:00 PM
Farol De Mae Luiza
NAT Lighthouse -5.80 -35.19 surface-flask NOAA (Lan et al., 2024)
NMB Gobabeb -23.58 15.03 surface-flask NOAA (Lan et al., 2024)
ICOS-ATC, (ICOS RI, 2021; Lehner,
NOR Norunda 60.09 17.48 surface-in situ LUND-CEC 2025)
NWR Niwot Ridge, Colorado 40.05 -105.59 surface-flask NOAA (Lan et al., 2024)
(Schuldt et al., 2021)
NWR | Niwot Ridge, Colorado 40.05 -105.59 surface-pfp NOAA 8/23/2025 5:26:00 PM
Observatoire de Haute
OHP Provence 43.93 5.71 surface-in situ OsU (Blanc et al., 2025)
Observatoire perenne de ICOS-ATC, (ICOS RI, 2021; Ramonet
OPE I'environnement 48.56 5.50 surface-in situ LSCE et al., 2025a)
OXK Ochsenkopf 50.03 11.81 surface-flask NOAA (Lan et al., 2024)
ICOS-ATC, (ICOS RI, 2021; Kubistin
OXK Ochsenkopf 50.03 11.81 surface-in situ HPB et al., 2025¢e)
Pallas-Sammaltunturi,
PAL GAW Station 67.97 24.12 surface-flask NOAA (Lan et al., 2024)
(Hatakka, 2025; ICOS RI,
Pallas-Sammaltunturi, ICOS-ATC, 2021)
PAL GAW Station 67.97 24.12 surface-in situ FMI
PDM Pic du Midi 42.94 0.14 surface-in situ LSCE (ICOS RI, 2021)




POC Pacific Ocean shipboard-flask NOAA (Lan et al., 2024)
PSA Palmer Station, Antarctica -64.77 -64.05 surface-flask NOAA (Lan et al., 2024)
ICOS-ATC,
PUY Puy de Dome 45.77 2.97 surface-in situ LSCE (Colomb et al., 2025)
RGL Ridge Hill 52.00 -2.54 tower-in situ UNIVBRIS (Stanley et al., 2025)
RPB Ragged Point 13.17 -59.43 surface-flask NOAA (Lan et al., 2024)
ICOS-ATC,
RUN La Réunion -21.08 55.38 surface-in situ LSCE (De Maziere et al., 2025)
SEY Mabhe Island —4.68 55.53 surface-flask NOAA (Lan et al., 2024)
Southern Great Plains, (Schuldt et al., 2021)
SGP Oklahoma 36.61 -97.49 surface-in situ LBNL-ARM 8/23/2025 5:26:00 PM
SHM Shemya Island, Alaska 52.71 174.13 surface-flask NOAA (Lan et al., 2024)
SMO Tutuila -14.25 -170.56 surface-flask NOAA (Lan et al., 2024)
ICOS-ATC, (ICOSRI, 2021;
SMR Hyytiala 61.85 24.29 surface-in situ UHELS Mammarella, 2025)
NOAA,
SPO South Pole, Antarctica -89.98 -24.80 surface-flask CSIRO (Lan et al., 2024)
SUM Summit 72.60 -38.42 surface-flask NOAA (Lan et al., 2024)
ICOS-ATC, (ICOS RI, 2021; Larmanou
SVB Svartberget 64.26 19.78 surface-in situ SLU and Marklund, 2025)
SYO Syowa Station, Antarctica -69.01 39.59 surface-flask NOAA (Lan et al., 2024)
SYO Syowa Station, Antarctica -69.01 39.59 surface-in situ TU (Aoki et al., 1992)
Hydrometeorological
TIK Observatory of Tiksi 71.60 128.89 surface-flask NOAA (Lan et al., 2024)
Hydrometeorological (Schuldt et al., 2021)
TIK Observatory of Tiksi 71.60 128.89 surface-in situ FMI, MGO 8/23/2025 5:26:00 PM
(ICOS RI, 2021; Kubistin
ICOS-ATC, et al., 2025f)8/23/2025
TOH Torfhaus 51.81 10.54 surface-in situ HPB 5:26:00 PM
ICOS-ATC, (ICOS RI, 2021; Ramonet
TRN Trainou 47.96 211 surface-in situ LSCE et al., 2025b)
USH Ushuaia -54.85 -68.31 surface-flask NOAA (Lan et al., 2024)
UTA Wendover, Utah 39.90 -113.72 surface-flask NOAA (Lan et al., 2024)
ICOS-ATC, (Hatakka and Laurila,
UTO Uto 59.78 21.37 surface-in situ FMI 2025; ICOS RI, 2021)
WGC Walnut Grove, California 38.27 -121.49 surface-pfp NOAA, LBNL | (Andrews et al., 2017)
WGC Walnut Grove, California 38.27 -121.49 tower-in situ NOAA, LBNL | (Andrews et al., 2014)
Weizmann Institute of
Science at the Arava
WIS Institute, Ketura 29.96 35.06 surface-flask NOAA (Lan et al., 2024)
WSA Sable Island, Nova Scotia 43.93 -60.01 surface-in situ ECCC (Worthy et al., 2003)
YON Yonagunijima 24.47 123.02 surface-in situ JMA (Tsutsumi et al., 2006)
(ICOS RI, 2021; L. Myhre
et al.,, 2021; Lan et al.,
NOAA, ICOS- | 2024)
ZEP Zeppelin 78.91 11.89 surface-flask ATC, NILU

Table S2. Details of the observations used for validation of inversion.




Site Name Latitude | Longitude | Sampling Lab References
type
AMT | Argyle, Maine 45.03 -68.68 | surface-flask NOAA (Lan et al., 2024)
AMT | Argyle, Maine 45.03 -68.68 | surface-pfp NOAA (Schuldt et al., 2021)
8/23/2025 5:26:00 PM
CAR | Briggsdale, Colorado aircraft-pfp NOAA (McKain, 2024)
CFA Cape Ferguson, Queensland -19.28 147.06 | surface-flask CSIRO (Schuldt et al.,
2021)8/23/2025 5:26:00
PM
CMA | Offshore Cape May, New aircraft-pfp NOAA (McKain, 2024)
Jersey
CRV | Carbon in Arctic Reservoirs aircraft-pfp NOAA (Sweeney et al., 2016)
Vulnerability Experiment
(CARVE)
CRV | Carbon in Arctic Reservoirs 64.99 -147.60 | surface-pfp NOAA (Andrews A. et al., 2024)
Vulnerability Experiment
(CARVE)
CRV Carbon in Arctic Reservoirs 64.99 -147.60 | tower-in situ NOAA (Andrews A. et al., 2024)
Vulnerability Experiment
(CARVE)
ESP Estevan Point, British aircraft-pfp NOAA (McKain, 2024)
Columbia
ETL East Trout Lake, Saskatchewan aircraft-pfp NOAA (McKain, 2024)
ETL East Trout Lake, Saskatchewan 54.35 -104.99 | surface-insitu | ECCC (Schuldt et al., 2021)
8/23/2025 5:26:00 PM
HIL Homer, Illinois aircraft-pfp NOAA (McKain, 2024; Sweeney
etal, 2015)
INX INFLUX (Indianapolis Flux 39.58 -86.42 surface-pfp NOAA (Andrews et al., 2023)
Experiment)
LEF Park Falls, Wisconsin aircraft-pfp NOAA (McKain, 2024)
LEW | Lewisburg, Pennsylvania 40.94 -76.88 | surface-pfp NOAA (Schuldt et al., 2021)
8/23/2025 5:26:00 PM
LMP Lampedusa 35.52 12.63 | surface-flask NOAA (Lan et al., 2024)
LMP Lampedusa 35.52 12.63 | surface-insitu | ICOS-ATC, (Di Sarra et al., 2021;
ENEA ICOSR], 2021)
MBO | Mt. Bachelor Observatory 43.98 -121.69 | surface-pfp NOAA (Schuldt et al., 2021)
8/23/2025 5:26:00 PM
MQA | Macquarie Island -54.48 158.97 | surface-flask CSIRO (Schuldt et al., 2021)
8/23/2025 5:26:00 PM
MWO | Mt. Wilson Observatory 34.22 -118.06 | surface-pfp NOAA (Schuldt et al., 2021)
8/23/2025 5:26:00 PM
NHA | Offshore Portsmouth, New aircraft-pfp NOAA (McKain, 2024)
Hampshire (Isles of Shoals)
PFA Poker Flat, Alaska aircraft-pfp NOAA (McKain, 2024)
RTA Rarotonga aircraft-pfp NOAA (McKain, 2024)
SCA Offshore Charleston, South aircraft-pfp NOAA (McKain, 2024)
Carolina
SCT Beech Island, South Carolina 33.41 -81.83 | surface-pfp NOAA, (Schuldt et al., 2021)
SRNL 8/23/2025 5:26:00 PM
SCT Beech Island, South Carolina 33.41 -81.83 | tower-in situ NOAA, (Andrews et al., 2014)
SRNL
SGP Southern Great Plains, aircraft-pfp NOAA (McKain, 2024)
Oklahoma
STR Sutro Tower, San Francisco, 37.76 -122.45 | surface-pfp NOAA, (Schuldt et al., 2021)
California LBNL 8/23/2025 5:26:00 PM




TGC | Offshore Corpus Christi, Texas aircraft-pfp NOAA (McKain, 2024)
THD | Trinidad Head, California aircraft-pfp NOAA (McKain, 2024)
THD | Trinidad Head, California 41.05 -124.15 | surface-flask NOAA (Lan et al., 2024)
WBI West Branch, Iowa aircraft-pfp NOAA (McKain, 2024)
WBI West Branch, Iowa 41.72 -91.35 | surface-pfp NOAA (Schuldt et al., 2021)
8/23/2025 5:26:00 PM
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