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Abstract. Methane (CHy) is the second most important well-mixed greenhouse gas after carbon dioxide (CO»)
and its accurate monitoring supports China’s “dual carbon” goals. Satellites enable global CH4 monitoring using
various sensors and retrieval techniques. The XCO, proxy method derives the column-averaged dry-air mole
fraction of CH4 (XCH4) from the XCH4/XCO; ratio and an independent XCO; estimate, exploiting the over-
lapping absorption bands of CHy and CO;, near 1.6 um and assuming similar vertical distributions to reduce
common retrieval errors. In this study, four XCO, proxy methane products, GOSAT SRPR, OCPR, FOCAL
Proxy, and GOSAT-2 SRPR, are evaluated using Total Carbon Column Observing Network (TCCON) ground-
based observations at the Hefei and Xianghe sites in China. GOSAT products show lower bias and RMSE at
Xianghe than at Hefei, while GOSAT-2 products are similar at both sites, with lower bias, RMSE, and standard
deviation compared with the GOSAT products and approximately 51 % of retrievals meeting GCOS require-
ments. All products, except OCPR, overestimate XCH4 at Hefei and underestimate XCH, at Xianghe, due to
XCO; model errors and spatial differences associated with regional and local methane emissions affecting both
sites. Furthermore, the overestimation of the ratio implies that the fundamental assumption of the XCO, proxy
method is not fulfilled, primarily due to systematic positive biases in the satellite-retrieved XCHy used in the
proxy calculation. This study provides key error characteristics and spatial-seasonal biases in current satellite
proxy methane products over China, supporting future retrieval optimization.
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1 Introduction

Methane (CHy), as the world’s second-largest anthropogenic
greenhouse gas after carbon dioxide (CO,), exerts a profound
impact on the Earth’s climate (Hansen and Sato, 2001). Since
the end of the 20th Century, the rapid increase of globally
averaged CHy concentrations has attracted widespread inter-
national concern, prompting numerous countries, including
China, to establish “carbon neutrality” and “carbon peak”
targets (Van Soest et al., 2021). Following the Sixth Assess-
ment Report (AR6), released by the Intergovernmental Panel
on Climate Change (IPCC) in 2023, global surface temper-
atures are undergoing significant shifts. The global surface
temperature for the period 2011-2020 increased by 1.09 °C
relative to 1850-1900, with human activities contributing
an estimated 1.07 °C. Well-mixed greenhouse gases (GHGs)
contributed an estimated 1.0-2.0 °C to warming, which was
partially offset by anthropogenic aerosol cooling (IPCC,
2023). Recent data from the World Meteorological Organi-
zation (WMO) (WMO, 2025) indicates that the 2024 global
mean near-surface temperature reached 1.55 +0.13 °C above
pre-industrial levels, marking the first calendar year in the
175-year observational record with an annual mean temper-
ature exceeding 1.5 °C. It should be noted that this single-
year value is significantly influenced by natural variability
such as El Nifio events, and does not indicate that the long-
term warming trend of the climate system has systematically
crossed the 1.5 °C threshold set by the Paris Agreement. The
latest 2025 climate report (WMO, 2026) records a slight tem-
perature drop to 1.43 °C, while the overall warming trend and
climate imbalance continue to worsen. As CHy has a much
shorter atmospheric lifetime than CO;, its rapid reduction is
more achievable and could mitigate ~ 0.3 °C of warming on
short term at no additional cost (UNEP and CCAC, 2021).
Although the atmospheric concentration of CHy is less than
1 % of that of CO;, the 20-year Global Warming Potential
(GWP20) for fossil and non-fossil CHy is 82.5 and 79.7 times
that of CO,, while the 100-year GWP (GWP100) stands at
29.8 and 27.0 (IPCC, 2021). The Global Methane Pledge
(GMP) proposes a 30 % reduction in methane emissions by
2030 to mitigate the rate of global warming (Predybaylo et
al., 2025). China, currently the world’s largest methane emit-
ter, plays a decisive role in these efforts (Alvarez et al., 2018;
Tian et al., 2022).

As a potent greenhouse gas, the accurate quantification of
methane emissions is important for climate mitigation and a
critical factor for nations to fulfill international emission re-
duction responsibilities (Costantiello et al., 2025). Satellite
remote sensing, characterized by its extensive spatial cov-
erage and consistent global measurement standards, has be-
come a core instrument for monitoring methane concentra-
tions (Jacob et al., 2016). However, satellite observations
are limited to spectral radiance intensities. Retrieving XCHy
mole fractions (i.e. the vertical column density of CHy di-
vided by the vertical column density of dry air) requires high-
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precision algorithms to solve the radiative transfer equation,
which accounts for atmospheric and surface optical proper-
ties (Bovensmann et al., 1999). While satellite data provide
the basis for concentration monitoring, determining emis-
sions further necessitates inversion models that accurately
describe atmospheric physical transport processes. Conse-
quently, the development of efficient and robust retrieval al-
gorithms poses a central challenge in satellite methane re-
mote sensing research. To support such climate actions, the
Global Climate Observing System (GCOS) has set stringent
requirements for column-averaged dry-air methane (XCHy)
observations, specifying a breakthrough measurement uncer-
tainty (2-sigma) of 10 ppb and a long-term stability of 2 ppb
per decade (GCOS, 2022).

Satellite retrieval methods for methane are primarily cat-
egorized into two categories: physics-driven methods and
data-driven methods. Physics-driven methods are based on
radiative transfer theory, extracting concentration informa-
tion by simulating the absorption and scattering of solar radi-
ation within the atmosphere. A Full Physics (FP) algorithm
(Hu et al., 2016; Lorente et al., 2022) constructs rigorous
radiative transfer equations and employs iterative optimiza-
tion techniques to simultaneously retrieve methane concen-
trations and auxiliary parameters, such as aerosol properties
and surface albedo, thereby achieving an optimal estima-
tion of the atmospheric state. To enhance computational ef-
ficiency, certain physical methods adopt specific simplifica-
tion strategies. Differential Optical Absorption Spectroscopy
(DOAS) (Buchwitz et al., 2000; Schneising et al., 2008;
Schneising et al., 2019) focuses on the Beer-Lambert Law
to extract narrow-band gas absorption signals through spec-
tral filtering, while the Photon Path Length Probability Den-
sity Function (PPDF) (Oshchepkov et al., 2008; Andrey et
al., 2013) utilizes probability distribution functions from a
statistical physics perspective to describe the equivalent path
length of photons, correcting for optical path offsets induced
by multiple scattering. Data-driven methods — such as ma-
chine learning and deep learning algorithms — bypass explicit
physical formulations, but utilize large-scale datasets to iden-
tify complex nonlinear mappings between observed spectra
and methane concentrations, offering a highly efficient alter-
native for large-scale data processing (Lippert et al., 2026;
Brence et al., 2023; Mauceri et al., 2022).

The Proxy method (Parker et al., 2015, 2020) serves as a
simplified retrieval scheme within the physics-driven frame-
work. The Proxy method requires the use of a sensor which
measures high-resolution spectra over a wavelength range
that is sensitive to both gases (in this case CHy and CO;)
in close proximity. Taking advantage of the overlapping ab-
sorption bands of CH4 and CO, near 1.6 pm and assuming
similar vertical distributions, the spectral radiances observed
by the sensor in this waveband have traversed similar optical
paths, which is thus assumed to ensure similar atmospheric
perturbations and surface effects. By retrieving the vertical
column densities or column-averaged dry air mole fractions
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(XCH4 and XCO») and calculating the ratio (XCH4/XCO»),
systematic optical path errors induced by aerosol scattering,
surface reflection, and other atmospheric effects are effec-
tively eliminated. The XCO, Proxy method discussed in this
study, refers to the retrieval of XCH,, by multiplication of the
ratio with an independent estimate of XCO,, such as XCO»,
model data. As compared to XCHy, XCO; is relatively sta-
ble and therefore serves as a reliable reference for accurate
XCHjy retrieval. Due to its robust physical performance when
addressing complex atmospheric interference, the Proxy al-
gorithm has been extensively implemented across multiple
major satellite missions (Schepers et al., 2012). Compared
with conventional full-physics retrievals, this method ex-
hibits lower sensitivity to instrument-level inconsistencies
(e.g., radiometric calibration drift and spectral band mis-
matching), and is more robust against instrument-related bi-
ases, making it more suitable for long-term dataset retrievals.
In addition, its inherent tolerance to moderate aerosol scat-
tering significantly improves the effective data yield, espe-
cially in complex atmospheric environments (Chevallier et
al., 2010a; Parker et al., 2015).

In this study, the quality of different products resulting
from application of the XCO; Proxy method to retrieve
XCHy from GOSAT and GOSAT-2 observations over China
will be evaluated through comparison with ground-based
data from the Total Carbon Column Observing Network (TC-
CON) sites at Hefei and Xianghe. The results of this compar-
ison are expected to provide a scientific basis for the monitor-
ing and assessment of methane emissions in China, thereby
contributing data and analysis results from satellite observa-
tions over China to global methane emission research.

2 Data

2.1 GOSAT/GOSAT-2

In this study, data products are used from the Green-
house Gases Observing Satellite (GOSAT) and its succes-
sor, GOSAT-2. GOSAT was launched on 23 January 2009,
through a joint effort by the Japan Aerospace Exploration
Agency (JAXA), the Japanese Ministry of the Environment
(MOE), and the National Institute for Environmental Stud-
ies (NIES). GOSAT was the world’s first scientific satellite
dedicated to the precise monitoring of CO;, and CHy con-
centrations from space (Yokota et al., 2009). Its core sci-
entific mission aims to fill greenhouse gas monitoring gaps
over oceans and remote regions via high-frequency global
observations, to accurately assess carbon sources and sinks
at sub-continental scales, and to improve the understanding
of global carbon cycle mechanisms and their impacts on cli-
mate change (Butz et al., 2011). GOSAT operates in a sun-
synchronous quasi-recurrent orbit at an altitude of approxi-
mately 666 km and an inclination of about 98°, with a local
equator crossing time at 13:00 & 15 min and a revisit period
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of 3d, ensuring high-frequency coverage for most parts of
the Earth.

The primary payload aboard GOSAT is the Thermal and
Near-infrared Sensor for Carbon Observation (TANSO),
which consists of two components: the Fourier Transform
Spectrometer (TANSO-FTS) and the Cloud and Aerosol Im-
ager (TANSO-CAI) (Yokota et al., 2009). TANSO-FTS mea-
sures radiation in four spectral bands including the near in-
frared band at 0.76 pm (oxygen absorption band), two Short-
Wave Infrared (SWIR) bands at 1.6 um (CO, and CHy ab-
sorption bands) and 2.0 um (CO;), and a wide Thermal In-
frared (TIR) band extending from 5.5 to 14.3 um. The spec-
tral resolution of the SWIR bands (Bands 1-3) is approx-
imately 0.27 cm™! (full width at half maximum, FWHM).
Spectra of reflected solar radiation and thermal radiation
emitted by the Earth-atmosphere system are analyzed and the
intensities of characteristic absorption lines are used to re-
trieve the total columns and vertical distributions of the con-
centrations of CO; and CHy. The nadir footprint diameter of
TANSO-FTS is approximately 10.5km (Kuze et al., 2016).
TANSO-CALI utilizes four channels with wavelengths rang-
ing from the visible to the near-infrared to simultaneously
acquire cloud and aerosol information along the observation
path at spatial resolutions of 0.5 to 1.5 km. This information
is used to filter out contaminated data and perform atmo-
spheric corrections (Yokota et al., 2009). Over land, the in-
struments primarily use a nadir observation mode, whereas,
over ocean they observe in the sun glint to capture solar spec-
ular reflection to improve the signal-to-noise ratio. GOSAT’s
design objective is to control the relative observation preci-
sion of CO, and CHy4 within 4 ppm (approximately 1 %) and
34 ppb, respectively, providing robust scientific data support-
ing the implementation of global climate agreements and the
formulation of carbon emission reduction policies (Butz et
al., 2011).

GOSAT-2 was launched on 29 October 2018, and operates
in a sun-synchronous quasi-recurrent orbit at an altitude of
approximately 613 km with a local equator crossing time at
13:00 and a revisit period of 6d. GOSAT-2 was developed
to continue and enhance the global greenhouse gas observa-
tion capability of GOSAT, with improvements in sensor de-
sign and observation efficiency and a slightly better signal-to-
noise ratio (Suto et al., 2021; Imasu et al., 2023). Its core pay-
load is TANSO-FTS-2, with an expanded spectral coverage
of five bands, adding the capability to detect carbon monox-
ide (CO). The SWIR bands have a spectral sampling inter-
val of 0.2cm™!, with FWHM values better than 0.4 cm™!
for Band 1 and 0.27cm™! for Bands 2 and 3. The mission
was designed with target uncertainties of 0.5 ppm for CO,
and 5 ppb for CH4 over a 500 km spatial mesh and with a
I-month observational period (Imasu et al., 2023; ESA eo-
Portal, 2026).

GOSAT/TANSO-FTS performs discrete grid observations
and revisits the same nominal observation points every 3d,
with a three-point cross-track sampling pattern used for
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routine observations since August 2010 (Japan Aerospace
Exploration Agency et al., 2011). In contrast, GOSAT-
2/TANSO-FTS-2 has a 6d revisit cycle and employs a fully
programmable pointing system, allowing more flexible spa-
tial sampling. Its intelligent pointing function can redirect the
line of sight toward nearby clearer areas when clouds are de-
tected around the scheduled footprint, increasing the number
of clear-sky retrievals over land by approximately 1.8 times
relative to standard pointing. However, intelligent pointing
is switched off over calibration/validation (Cal/Val) sites and
user-specified sites in current GOSAT-2 operations to enable
repeated observations of the same target locations (Suto et
al., 2021).

2.2 TCCON data

TCCON (Wunch et al., 2015; Laughner et al., 2024) is a
global network of ground-based Fourier Transform Spec-
trometers (FTS) that measure direct near-infrared solar spec-
tra within the 4000-9000 cm™~! range, with temporal high-
resolution. At these wavelengths, adverse effects of high
uncertainties associated with scattered light are avoided.
These spectra are used to retrieve vertical column densities
of a variety of gases, such as CO,, CH4, N2O, HF, CO,
H>0, and HDO, using a non-linear least-squares spectral
fitting algorithm. Ground-based FTS observations achieve
exceptionally high precision; the single measurement pre-
cision for XCO; is approximately 0.15% (~ 0.6 ppm) and
for XCHy it is 0.2% (~ 4ppb) (Toon et al., 2009). For
the GGG2020 retrieval framework underlying the current
data release, the estimated error budgets are below 0.16 %
(~ 0.6 ppm) for XCO, and below 0.4 % (~ 7 ppb) for XCHy4
for solar zenith angles below 82° (Laughner et al., 2024).
These high-precision observational data serve as a reference
for the validation of satellite-retrieved greenhouse gas prod-
ucts such as CO;, and CHy. The TCCON observations used in
this study were obtained from the GGG2020.1 data release, a
minor update to the GGG2020 product released in June 2026
(GGG2020 Data Changes, 2026).

Established in 2004, TCCON joined the WMO Global At-
mosphere Watch (GAW) as a contributing network in 2009.
Currently, China hosts two TCCON stations: the Hefei sta-
tion and the Xianghe station (Hong et al., 2024).

2.2.1 Hefei

The Hefei station is located within the campus of the Anhui
Institute of Optics and Fine Mechanics, Chinese Academy
of Sciences (AIOFM-CAS), in the western suburbs of Hefei,
Anhui Province, China. The site is adjacent to the 207.5 km?
Shushan Lake (the Dongpu Reservoir) to the southwest (see
Fig. 1a) (Wang et al., 2017). The immediately adjacent, ex-
tensive water surface acts as a natural buffer, effectively mit-
igating direct interference from localized urban emissions.
The region is characterized by prevailing southeasterly winds
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in summer and northwesterly winds in winter. Relevant infor-
mation is provided in Table 1.

Hefei was the first observation station in China that joined
TCCON. The instrumentation includes a high-resolution
FTS (IFS125HR, Bruker, Germany), a solar tracker (Tracker-
A Solar 547, Bruker, Germany), and a meteorological sta-
tion (ZENO 3200, Coastal Environmental Systems, USA).
Since its installation in April 2014, the instrument has oper-
ated almost continuously, with the exception of a two-months
data gap between December 2014 and February 2015 due
to scanner issues. Prior to 27 July 2015, only near-infrared
(NIR) solar spectra were collected; since then, NIR and mid-
infrared (MIR) solar spectra have been collected alternately
during routine observations (Wang et al., 2017). The core
measurement objectives of this station include the total col-
umn concentrations and vertical mixing ratio profiles of CO;,
CHy, and other key greenhouse gases (Zhou et al., 2022).
The Hefei site is also part of the Sun-Sky Radiometer Obser-
vation Network (SONET), employing a sun photometer to
track aerosol optical characteristics synchronously (Li et al.,
2018).

2.2.2 Xianghe

The Xianghe station is located in Daluotun Village, Shuyang
Town, Xianghe County, Hebei Province, China. Relevant
information is provided in Table 1. The station is run by
the Institute of Atmospheric Physics, Chinese Academy of
Sciences. Situated approximately 50 km east of Beijing and
70km north of Tianjin, the station is located at a trans-
portation and transit hub within the Beijing-Tianjin-Hebei
region (see Fig. 1b) (Ran et al., 2016). Xianghe County ex-
periences a mid-latitude monsoon climate, characterized by
prevailing southeasterly winds in summer and northwesterly
winds in winter. The maximum summer temperature can
reach 38 °C, while the minimum winter temperature drops
to —10 °C. Precipitation mainly occurs in the summer, with
occasional extreme precipitation events when daily rainfall
exceeds 100mm. The surface type surrounding the station
consists of desert and rock, with flat terrain typical of rural
areas. There are small towns, farmland, and irrigated agri-
cultural zones in the vicinity of the Xianghe station. The re-
gion is influenced by emissions from significant greenhouse
gas sources, particularly of anthropogenic origin, and is fur-
ther influenced by emissions from major cities such as Bei-
jing and Tianjin, resulting in a certain degree of air pollution.
Heavy pollution occurs under weather conditions conducive
to the formation of haze. The geographical location of the Xi-
anghe station makes it a critical site for studying greenhouse
gas emissions and atmospheric pollution in North China. Op-
erating since 1974, the station was upgraded in June 2018
with a high-resolution FTS (Bruker IFS 125HR, Germany)
and a solar tracker for solar absorption measurements. This
system primarily measures XCO,, XCH4 and XCO (Ji et
al., 2020; Zhou et al., 2022). Additionally, a CIMEL CE318
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Figure 1. Locations of the TCCON stations used in this study: (a) Hefei site and (b) Xianghe site. Sources: Copernicus Sentinel-2 | Powered

by Esri.

Table 1. TCCON site information.

Site Geographical Location, elevation — Data availability Surface Albedo  Reference
Hefei 31.9°N, 117.17°E, 30 m 2 November 2015-31 December 2025 0.15-0.35 Wang et al. (2017)
Xianghe 39.8°N, 116.96°E, 36 m 14 June 2018-31 December 2024 0.15-0.45 Yang et al. (2020)

sun photometer (Cimel Electronique, France) has been op-
erational at the site as part of the Aerosol Robotic Net-
work (AERONET), providing synchronous measurements of
aerosol optical properties (Li et al., 2007).

2.3 CO, Proxy retrieval algorithms and data products

Based on the principles detailed in the introduction, the
XCO; Proxy algorithm retrieves XCHy4 by calculating the
ratio of the columns retrieved in the 1.65um (CH4) and
1.61 um (CO,) absorption bands to cancel out common opti-
cal path errors. The final XCHy is derived as follows:

XCH4',raw

XCHg4 (Proxy) = XCO ra x XCO3 (model) €))]
where XCO; (model) represents the independent XCO; es-
timate derived from atmospheric transport models. This
model-based value serves as a reliable reference to scale the
retrieved ratio into absolute XCHy4, while ensuring robust-
ness against scattering interference. XCHy rayw and XCO2 raw
represent the directly retrieved column-averaged dry-air
mole fractions of CH4 and COg, respectively.

In this study, four proxy XCHy products derived from
three distinct algorithms were selected: OCPR, SRPR, and
FOCAL Proxy, with SRPR products from application to both
GOSAT and GOSAT-2 data. The basic specifications of these
products are summarized in Table 2. Detailed descriptions of
the principles underlying each algorithm are provided in the
following subsections.

https://doi.org/10.5194/acp-26-15223-2026

2.3.1 OCPR XCHy, algorithm

The OCPR (OCO-2 Proxy) algorithm was developed by the
University of Leicester and is currently maintained by the
Institute of Environmental Physics (IUP) at the University
of Bremen. The algorithm is based on the University of
Leicester retrieval framework originally developed for the
Orbiting Carbon Observatory (OCO) and OCO-2 missions
and subsequently adapted to process GOSAT SWIR spec-
tra as part of the Copernicus Climate Change Service (C3S)
greenhouse gas suite (Boesch and Di Noia, 2024, 2023).
Technically, OCPR employs a decoupled retrieval strategy —
distinct from coupled schemes — by independently retriev-
ing XCHy and XCO; from the 1.65 um (CHy) and 1.61 um
(COy) bands before calculating their ratio to mitigate light-
path errors. The independent estimate of XCO, used in the
OCPR algorithm is the median of multi-model ensemble
XCO; model data from GEOS-Chem (Bey et al., 2001; Pe-
ters et al., 2007), NOAA Carbon Tracker (Peters et al., 2007),
and LMDZ/MACC-II (Hourdin et al., 2006; Inness et al.,
2013). Comparison of the v9.0 product used in this study
with TCCON shows a bias, and a fixed global correction fac-
tor of —9.06 ppb has been officially adopted to compensate
for the observed mean bias (Parker et al., 2020).

The OCPR data product was validated against ground-
based TCCON observations, as detailed in the Product User
Guide and Specification (PUGS) (Boesch and Di Noia,
2023). For land observations between April 2009 and De-
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Table 2. Proxy XCH4 Products used in this study.
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Satellite Spatial resolution ~ Product Version  Time span Bias correction
SRPR XCHy v2.3.9 January 2016-December 2023 Wu (2021b)
GOSAT @ 10.5km OCPR XCHgy4 v9.0 January 2016-December 2022 Boesch and Di Noia (2023)
FOCAL Proxy XCH4 v3.0 November 2021-December 2023  Noél et al. (2022)
GOSAT-2  &9.7km SRPR XCHy4 v2.2.0 February 2019-December 2025 Barr et al. (2025)

cember 2017, the mean bias and standard deviation of the
XCH4 OCPR product are —1.25 and 13.81 ppb (Boesch and
Di Noia, 2023).

The spatial distributions of XCH4 across the study area,
retrieved from GOSAT using the OCPR algorithm, are pre-
sented in Fig. 2 as seasonal averages in each of the years 2016
to 2022. The maps in Fig. 2 show the significant year-to-year
increase of XCHy, with strong seasonal differences, and spa-
tial variations across China with a pronounced “high in the
southeast and low in the northwest” pattern. High XCHy4 oc-
curs primarily over densely populated and highly industri-
alized regions in Southeast China. The seasonal variations,
with highest concentrations during the summer and lowest
during the spring, are closely related to wetland methane
emissions (East et al., 2024). The spatiotemporal variations
stem not only from anthropogenic emissions, such as indus-
trial and agricultural activities, but are also significantly mod-
ulated by the seasonal enhancement of biogeochemical pro-
cesses, wetland emissions (East et al., 2024) and rice cultiva-
tion (Shen et al., 2024).

2.3.2 SRPR XCHy algorithm

The SRPR (SRON-RemoTeC Proxy) algorithm was de-
veloped by the Space Research Organization Netherlands
(SRON) (Wu, 2021a; Butz et al., 2009; Butz et al., 2010).
SRPR employs a non-scattering forward model together with
a coupled retrieval scheme that simultaneously fits CH4 and
CO; within a single state vector to ensure consistent light-
path treatment; however, the 1.6 um band is treated as two
separate spectral windows. To derive the final XCHy product,
XCO; from the CAMS model (Lloret et al., 2024; Agusti-
Panareda et al., 2023; Chevallier et al., 2010b) is incorpo-
rated as the independent estimate. In this study, the GOSAT
(Version 2.3.9) and GOSAT-2 (Version 2.2.0) products are
utilized (Table 2).

To ensure the required high precision, the SRPR XCHy
products undergo a systematic bias correction. Following the
bias correction of the SRFP Full Physics XCHy product, a
linear bias correction model was established for land obser-
vations:

XCHycorr = XCHy X (a +b x «) 2)
where « represents the retrieved albedo at 1600 nm (Barr et

al., 2025). XCHycorr is the corrected result, while XCHy4 is
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the original result before correction. In the Proxy product,
the use of the non-scattering forward model makes the bias
in XCHy almost insensitive to surface albedo, which is a con-
sequence of the exclusion of an aerosol model in the state
vector. The result is a minimal b value and a nearly constant
bias correction across varying levels of surface albedo («).

The precision of the GOSAT SRPR product exhibits sig-
nificant mode dependency with the high-gain mode show-
ing the best quality. For GOSAT, correction coefficients are
tuned by gain mode: high-gain mode (low albedo): a =
0.9869, b = 0.01788; medium-gain mode (high albedo): a =
0.98446, b = 0.01892 (Wu, 2021b). For both satellites the
correction parameters were determined by a regression fit to
minimize the difference with TCCON observations (Barr et
al., 2025).

The GOSAT-2 SRPR XCHy product used in this study was
released in September 2026. In a recent publication, Barr
et al. (2025) applied quality filtering to the GOSAT-2 prod-
uct based on a random forest model, which significantly im-
proved the product. A further improved version is underway,
following the release of an updated L1b product version.

The spatial distributions of GOSAT and GOSAT-2 SRPR
derived XCHy4 are presented in the maps in Figs. Al and A2
(see Appendix A), showing seasonal averages for the years
2016-2023 (GOSAT) and 2019-2025 (GOSAT-2).

2.3.3 FOCAL Proxy XCHg4 algorithm

The Fast atmospheric traCe gAs retrieval (FOCAL) algo-
rithm has been developed by the IUP, University of Bremen
(Noél et al., 2021). Within its forward model, FOCAL incor-
porates a single scattering layer approximation to simulate
the atmospheric light path. This mechanism explicitly ac-
counts for the scattering effects of aerosols and thin clouds
during the simultaneous retrieval of XCH4 and XCO; to-
tal columns (Noél et al., 2022). To derive the final proxy
XCHy data, the ratio of these retrieved columns is multi-
plied with independent XCO; estimates from the SLIMCO2
model (Reuter et al., 2020) following the normalization pro-
cedure outlined in Sect. 2.2.

To account for the non-linear residual biases and the un-
derestimation of error bars inherent in the proxy method,
the ITUP Bremen team has implemented a two-step post-
processing calibration for the FOCAL Proxy XCHy product
(Version 3.0), consisting of bias correction and uncertainty
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Figure 2. Maps of seasonal mean of GOSAT OCPR XCHy for the years 2016-2022. GOSAT data courtesy of JAXA/NIES/MOE.

recalibration (Noél et al., 2022). The bias correction utilizes a
Random Forest Regression model with 10 predictors such as
retrieved water vapor, solar zenith angle, and solar-induced
chlorophyll fluorescence to refine the retrieved XCHy. Sub-
sequently, the uncertainty recalibration is performed via a
linear function to ensure that the final uncertainty parame-
ters accurately reflect the dispersion of the retrieved values
relative to the reference benchmark:

AX =dc + bcAXretr (3)

where A X represents the raw uncertainty generated by
the proxy method. The coefficients are set to a. = 7.951 ppb
and b, = 0.67 to ensure that the corrected uncertainty real-
istically reflects the dispersion of the retrieved values rel-
ative to the reference data (Noél et al., 2021, 2022). Vali-
dation against TCCON data demonstrates that the FOCAL
Proxy XCH4 product exhibits exceptional retrieval accuracy.
For the GOSAT satellite, the mean bias of single observa-
tions is approximately —2.10 ppb with a standard deviation

https://doi.org/10.5194/acp-26-15223-2026

of 13.59 ppb. The seasonally averaged spatial distributions of
the GOSAT FOCAL Proxy XCH4 product over China for the
years 2021-2023 are presented in Fig. A3 of Appendix A.

2.4 Aerosol Optical Depth (AOD) Supplementary Data

To evaluate the influence of aerosol loading on the retrieval
accuracy of greenhouse gases, AOD data were incorporated
in this study as a key auxiliary parameter. The AOD data
were obtained from Sun photometers from the SONET site
(Li et al., 2018) in Hefei and the AERONET site (Holben et
al., 2001, 1998; Li et al., 2007; Xuehua et al., 2015) in Xi-
anghe. Sun photometers provide AOD from direct sun mea-
surements, at a range of wavelengths, every 15 min during
daylight hours. Figure 3 presents the daily mean time se-
ries of ground-based AOD at 1640 nm for the Hefei (orange)
and Xianghe (blue) sites. The Hefei data set suffers from an
approximately four-year data gap between 2018 and 2022,
while data at the Xianghe station are available for the peri-
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Figure 3. Daily mean time series of ground-based AOD at 1640 nm
for the Hefei (orange) and Xianghe (blue) sites.

ods from March 2019 to June 2020 and from July 2022 to
December 2023. The Xianghe site is a typical urban/indus-
trial background station, whereas, the Hefei site represents a
low-aerosol background. However, during most of the avail-
able measurement periods shown in Fig. 3, AOD values at
the Xianghe site are generally lower than those at the Hefei
site. At Xianghe, high-AOD pollution events are often asso-
ciated with extensive cloud cover, which can reduce the avail-
ability of quality-assured AERONET observations. Conse-
quently, some very high-AOD observations may be excluded
by AERONET cloud screening, leading to an underrepresen-
tation of these events in the available data (Eck et al., 2018).

2.5 Validation Methods and Metrics

To quantitatively evaluate the accuracy and reliability of dif-
ferent retrieval algorithms, five key statistical metrics are in-
troduced in this study: mean bias (Bias), root-mean-square
error (RMSE), Pearson’s correlation coefficient (R), centered
root-mean-square error (CRMSE), and Normalized Standard
Deviation (NSD). RMSE is used to quantify the overall dif-
ference between satellite retrievals and ground-based obser-
vations, accounting for both systematic bias and random fluc-
tuations. CRMSE filters out the influence of the mean bias to
specifically measure the variability of retrieval values relative
to their own mean. These metrics are calculated as follows:

1
Bias = N ; (Xproxy,i - XTCCON,i) “)
1 N
RMSE = N Z(Xproxy‘i - XTCCON,i)2 (5)
i=1
- -
Oproxy = ﬁ Z(Xproxy,i - Xproxy)2 (6)

i=1
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Zi:[(Xproxy,i - Xproxy)(XTCCON,i — XTCCON)
N X 2
i= )
\/Z 1(Xproxy i Xproxy) S

\/ YL (Xtecon. — Xtecon)?
CRMSE =

R =

(7

N
J i Z [(Xproxy,i - Yproxy) - (XTCCON,i - YTCCON)]2 (8)
i=1
Oproxy

OTCCON
where N represents the total number of matched data points,
Xproxy,i denotes the ith XCHy retrieved by the satellite proxy
algorithm, Xtccon,; is the corresponding TCCON reference
data, Xproxy and Xtccon represent their respective arith-
metic means and oproxy and orccon denote the standard de-
viations of the retrieved XCH4 and the TCCON reference
data.

The validation results are evaluated against the standards
defined by the GCOS (GCOS, 2022), which stipulates a tar-
get accuracy of 10 ppb for XCHy4 products to support climate
change studies.

NSD = )

3 Validation against TCCON

In this study, the quality control protocols specified in the
respective product user manuals are strictly followed for all
satellite datasets to ensure data reliability. Only observations
with a quality flag of zero (xch4_quality_flag=0) are se-
lected for analysis, representing the highest retrieval quality.
This filtering process inherently incorporates a series of rig-
orous screening criteria, including constraints on the conver-
gence metric, SNR thresholds, and the exclusion of samples
with extreme aerosol loading or significant surface albedo
fluctuations (Boesch and Di Noia, 2023; Wu, 2021b; Barr
and Borsdorff, 2023).

The XCH4 data products retrieved from GOSAT and
GOSAT-2 data, using the four proxy CHy retrieval algo-
rithms discussed in Sect. 2.2, have been validated versus the
TCCON reference data at the Hefei and Xianghe stations.
GOSAT and GOSAT-2 observations were selected when the
satellite footprint centers were within +2.5° in both latitude
and longitude of each TCCON station, and for each overpass
a spatial mean was calculated for all valid pixels within the
matching area (Parker et al., 2020). TCCON measurements
were averaged within +2h of the satellite overpass time to
account for short-term atmospheric variability and ensure a
robust temporal match.

Given that the Xianghe station is situated within the pol-
luted Beijing-Tianjin-Hebei region, local emissions can lead
to significant increases in near-surface concentrations. Such
local emission plumes can be sensitively detected by ground-
based instruments, but due to spatial averaging effects, satel-
lite observations often fail to capture localized enhance-
ments. This discrepancy in spatial representativeness can in-
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troduce validation errors, thus, it is essential to filter out data
affected by local pollution. In the Xianghe region, anthro-
pogenic incomplete combustion is the primary source of co-
emitted CO and CHy4, while biogenic sources like agriculture
or wetlands have less influence on short-term variability. As
demonstrated in Yang et al. (2020), a strong positive correla-
tion (R = 0.82) exists between the daily anomalies of XCO
(AXCO) and XCH4 (AXCH,). Following the methodology
of Yang et al. (2020), AXCO was used as a reliable diag-
nostic tracer to screen the data for regional pollution events.
First, the data were detrended for seasonal and long-term
variations and AXCO anomalies were used to represent net
deviations from the background. Based on the analysis of
the AXCO variations, +36 ppb was selected as the threshold
value above which pollution occurs and these events were
excluded for further analysis.

The XCO, Proxy method consists of three parts as ex-
plained in Sect. 2.2 and shown in Eq. (1). The first step is the
retrieval of XCHy4 and XCO, and determine the ratio of the
results. The second step is to determine an independent esti-
mate of XCO», and the final XCH4 result is obtained by the
multiplication of this ratio with the independent estimate of
XCO;. Below, each of the products is evaluated by compar-
ison with TCCON reference data. We first validate the final
XCH4 product retrieved using the XCO, Proxy method de-
scribed by Eq. (1) in Sect. 3.1, followed by an assessment of
the individual intermediate components in Sect. 3.2 and 3.3.

3.1 Validation of XCHg4

Time series of XCH4 at the Hefei (a—d) and Xianghe (e-h)
sites are presented in Fig. 4. The datasets include four satel-
lite retrieval products — OCPR, SRPR, FOCAL Proxy (indi-
cated as FOCAL), all applied to GOSAT, and SRPR (2SRPR)
applied to GOSAT-2 — together with ground-based TCCON
observations. To capture the long-term evolution and inter-
annual fluctuations of XCHy, a non-linear composite regres-
sion model was fitted to the data points:

y(t) =ag+ay x t +ax x sin(2rwt +a3), (10)

where y(¢) denotes the fitted XCH4 concentration at time ¢,
and 7 is the time in fractional years. ag—3 represent the free fit
parameters, which are iteratively determined using the non-
linear least squares regression method.

Figure 4 shows distinct seasonal cycles at both sites, with
concentrations peaking in summer and autumn and minima
in spring and winter. The number of ground-based observa-
tions at the Xianghe site is larger than at Hefei, which is at-
tributed to its more advantageous meteorological conditions
(Lorente et al., 2022). The methane concentrations at Hefei
are larger than at Xianghe. The temporal variations of all four
satellite products closely trace those of the TCCON observa-
tions, at both sites, but with some clear deviations too. At the
Hefei site, the number of matched data samples was small
between 2018 and 2021, which renders the evaluation of the
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data products more sensitive to outliers than in Xianghe, re-
sulting in significant dispersion and larger uncertainty en-
velopes (shaded areas).

To quantitatively evaluate these observations, site-specific
scatter-density plots of the satellite products versus TCCON
observations are provided in Fig. 5 and the statistical met-
rics are provided in Table 3. The scatter-density plots show
distinctly different bias at Hefei and Xianghe: all products
show a systematic overestimation (positive bias) in Hefei,
whereas at the Xianghe site, the bias for all products except
OCPR is negative. In particular, the GOSAT OCPR XCHy is
overestimated at the Hefei site (Fig. 4a), with a bias as high
as +13.1ppb and 61.9 % of the data pairs above the GCOS
requirement of =10 ppb (33.5 % within the GCOS require-
ments), in spite of the high correlation (R = 0.937). This sys-
tematic offset is clearly visible in Fig. 4 throughout the whole
year. At the Xianghe site, the performance of the OCPR al-
gorithm is better, with 50.2 % of the data within the 10 ppb
GCOS requirement.

The comparison of the GOSAT SRPR product with the
TCCON data shows that the RMSE and SD are similar, the
correlation R is higher at Hefei than at Xianghe and there
are large differences between the bias and the compliance
with GCOS requirements. SRPR significantly overestimates
XCHy4 in Hefei, with 43.6 % of the observations above the
GCOS requirements (42.6 % within), resulting in a positive
bias of +7.0 ppb. In Xianghe the compliance with the GCOS
requirements is slightly higher (44.0 %), but a large underes-
timation is observed with 42.1 % of the data points below the
GCOS requirements and a negative bias of —6.8 ppb.

The evaluation of the GOSAT FOCAL Proxy product
shows that more than 50 % of the data points meet the GCOS
requirements at both sites. However, the short time series
provide a limited number of observations that precludes ro-
bust statistical results and makes it difficult to effectively
neutralize random errors through averaging. This product ex-
hibits the lowest correlation (R = (0.8) at both sites.

Overall, the performance of the three GOSAT products is
comparable overall, although their performance characteris-
tics vary across different metrics and between the two sites,
with no single product consistently outperforming the others
at both sites. OCPR shows relatively high correlations but
a pronounced positive bias at Hefei, while FOCAL has the
highest proportion of data meeting the GCOS requirement
at both sites but relatively low correlations. SRPR generally
shows intermediate performance among the three GOSAT
products across the evaluated metrics.

To further assess the performance differences between
GOSAT and GOSAT-2 based on the same SRPR product,
Fig. 6 and Table 4 compares GOSAT SRPR with GOSAT-
2 SRPR over the common time range at each site. The
performance of the GOSAT-2 SRPR is better than GOSAT
SRPR, with the lower RMSE (9.7-10.6 ppb), lower SD (9.0-
10.3 ppb) and the higher correlation (R ~ 0.9) at both sites.
In Hefei, 75.6 % of the data points fall within the GCOS
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Figure 4. Time Series of XCHy data retrieved by each algorithm (see legend and text), against TCCON reference data for the Hefei (a—d) and
Xianghe (e-h) sites. The blue scatter points represent the XCO, Proxy XCHy4 products, the red scatter points denote the TCCON reference
data, and the curves are the corresponding fitted lines calculated using Eq. (10). The shaded area represents the 1 standard deviation of the

corresponding data points.

Table 3. Main statistics of the four Proxy XCH4 products of GOSAT versus TCCON ground-based observations for the Hefei and Xianghe

sites.
Product GOSAT OCPR GOSAT SRPR GOSAT FOCAL
Proxy

Metric Hefei Xianghe Hefei Xianghe Hefei Xianghe
Bias (ppb) 13.060 6.218 7.055  —6.777 4123  —2.482
RMSE (ppb) 18.148 16.328 | 16.507 18.137 | 16.646 17.226
R 0.937 0.862 0911 0.837 0.803 0.769
SD (ppb) 12.600 15.072 | 14.924 16.823 | 16.128 17.046
N 194 275 195 318 80 129
GCOS: Above (%) 62.9 38.5 43.6 13.8 28.7 16.3
10 b‘ Within (%) 335 50.2 42.6 44.0 53.8 55.0

PPY " Below (%) 4.6 113 | 138 21| 175 28.7

target; however, a systematic overestimation is observed at
Hefei, with 20.7 % of the data pairs above the GCOS require-
ments and a positive bias of 4+3.7 ppb. At the Xianghe site
69.9 % of the data points meet the GCOS requirements, but
20.6 % fall below this range, resulting in a negative bias of
—2.5ppb.

This discussion shows that the performance of GOSAT-2
SRPR is overall better than that of the other three products,
with lower bias, RMSE and SD. When the matching radius
is expanded from £2.5 to £5° (Appendix B), the statisti-
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cal metrics of the products show varying degrees of change
(Fig. B2). Nevertheless, GOSAT-2 SRPR still exhibits the
best overall performance among the four products, indicat-
ing that the relative performance of the products is broadly
robust to the choice of matching radius.

The biases of the four Proxy XCH4 products relative to
TCCON observations, averaged in XCH4 bins of 25 ppb, are
presented in Fig. 7 as a function of the TCCON-reference
XCHy4. At the Hefei site, the mean biases of the four Proxy
XCHy4 products generally exhibit a positive offset, with vari-
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Figure 5. Scatter density plots of GOSAT XCHy data retrieved by each algorithm (as indicated along the vertical axes) against TCCON
reference data for the individual Hefei (a—c) and Xianghe (d—f) sites. The density of the data points in % are color coded following the color
bars to the right. Validation metrics are presented in the legend at the top-left. The dashed line indicates the 1 : 1 reference, with the grey
shaded area representing an envelope of 10 ppb, consistent with the GCOS precision requirements for XCHy4. The correspondence with the
GCOS requirements is presented in the legend in the lower right corner, where “Within” denotes the percentage of data points within the
GCOS envelope, while “Above” and “Below” represent the proportions of points falling above and below this range, respectively.

ations primarily concentrated between 0 and 20 ppb, except
for SRPR for which the mean bias is slightly negative in
the two largest bins. The biases are largest for the lower
XCH4 and overall decreases with increasing XCHy. The
GOSAT FOCAL Proxy (brown) covers a narrower concen-
tration range, with a notable absence of observation data
in the low-to-medium range (< 1900 ppb); the error bars
are significantly larger at the high concentrations, indicating
higher retrieval uncertainty. OCPR (blue) shows an overall
higher bias, averaging between 10 and 20 ppb. For GOSAT
SRPR (orange) the mean bias variations for XCHy smaller
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1900 ppb are similar to those of OCPR, but decreases toward
zero as XCHy concentrations increase further. The mean bias
of the GOSAT-2 SRPR product (magenta) is smaller overall
and generally fluctuates around zero.

At the Xianghe site the biases are smaller than at Hefei,
as indicated above. The mean bias of all products except
GOSAT-2 SRPR decrease with increasing XCHy4 and be-
come negative when XCHy4 exceeds 1900 ppb, particularly
for GOSAT SRPR and the GOSAT FOCAL Proxy. In con-
trast, the mean bias of GOSAT-2 SRPR generally fluctuates
around zero.

Atmos. Chem. Phys., 26, 1522315256, 2026



15234
2100 100
bias = 1.021 ppb
2050! SD = 15.179 ppb 90
RMSE = 15.214 ppb 80
= R =0.742 y
20001 N = i
@ N=86 ¥ 70
= 1950 A 60
= :')"‘ - 50
» 1900 :'/* . 40
% 1850 30
4 Above : 29.1% 20
18001 Within : 44.2%
¢ Below : 26.7% 10
17 @ 0
3950 1800 1850 1900 19502000 2050 2100
TCCON XCH4 (ppb)
2100 100
bias = 3.651 ppb
2050| SD =9.066 ppb 90
. RMSE = 9.773 ppb 0
) R=0.928
82000/ N=g 7 70
= 1950 e 60
S r'4 50
1900 S
g P2 40
% 1850 i Hefei 30
Above : 20.7% 20
1800f Within : 75.6%
b’ Below : 3.7% 10
17 ( ) 0
3%50 1800 1850 1900 1950 2000 2050 2100
TCCON XCHy (ppb)

X. Jiang et al.: Evaluation of the GOSAT/GOSAT-2 XCO» proxy XCH, product

2100 100
bias = -10.792 ppb
2050! SD = 17.918 ppb 90
RMSE = 20.917 ppb 80
R =0.762
"8.2000| N = 134 . : 70
1950 60
g 50
1900 40
E 30
(% 1850 Xianghe
Above : 13.0% 20
1800{ Within : 30.4%
& Below : 56.5% 10
. °) 0
39501800 1850 1900 19502000 2050 2100
TCCON XCHg (ppb)
2100 100
bias =-2.523 ppb
2050! SD =10.269 ppb 90
. RMSE = 10.574 ppb 30
) R=0.936 ’
§:2000 N =306 & 70
~ (3
:3)' 1950 60
50
>
= 1900 40
= 30
(((]J 1850 Xianghe
Above : 9.5% 20
1800{ Within : 69.9%
d Below : 20.6% 10
. Ad) 0
3950 1800 1850 1900 1950 2000 2050 2100
TCCON XCHyg (ppb)
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(a) Hefei site; (b) Xianghe site. Error bars indicate the standard deviation of the bias in each bin. The colors indicate the four different proxy

algorithms, see legends.

The variations in the biases of the satellite-retrieved XCHy
as function of the TCCON reference XCHy data during dif-
ferent seasons are presented for the two sites in Fig. 8. The
number of valid matchups (n) for each product and season
is also shown in the figure. The sample availability varies
among seasons, particularly at the Hefei site, where the num-
ber of observations in summer is relatively small for all four
products (n = 12-32). The data range varies across seasons,
reflecting the higher concentrations in summer and autumn
than in winter and spring; notably, the mentioned large varia-
tions occur during summer. At the Hefei site (Fig. 8a—d), the
positive bias of GOSAT OCPR is most prominent with high
values across the entire XCH4 range during spring and sum-
mer. The various proxy products show smaller fluctuations

Atmos. Chem. Phys., 26, 1522315256, 2026

of the mean bias among the four data sets during autumn and
winter. GOSAT-2 SRPR generally exhibits small biases with
limited variations across seasons, except at high XCHy con-
centrations in summer, where the error bars become notably
larger. The relatively small summer sample size may partly
contribute to the larger variability represented by these error
bars.

At the Xianghe site (Fig. 8e—h), GOSAT OCPR shows
positive biases in the low-to-medium concentration ranges,
while other products fluctuate around the zero line. Except
for GOSAT-2 SRPR, the other products all present a con-
sistent decrease as XCHy increases, manifesting as negative
biases at high concentrations.
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Figure 8. As Fig. 7, but broken down by season, for the Hefei (a—d) and Xianghe (e-h) sites. In spring the data are averaged over March,
April and May (a, e), in summer over June, July and August (b, f), in autumn over September, October and November (¢, g) and in winter
over December, January and February (d, h). The values of n in the legends denote the number of valid Satellite — TCCON matchups used

for each seasonal analysis.

Table 4. As Table 3, but for GOSAT SRPR and GOSAT-2 SRPR
over their common observation period.

Product GOSAT SRPR ‘ GOSAT-2 SRPR

Metric Hefei  Xianghe ‘ Hefei Xianghe
Bias (ppb) 1.021 —-10.792 | 3.651  —2.523
RMSE (ppb) 15.214 20917 | 9.773 10.574
R 0.742 0.762 | 0.928 0.936
SD (ppb) 15.179 17.918 | 9.066 10.269
N 86 184 82 306
~ Above (%) 29.1 13.0 20.7 9.5
?OCOE Within (%) 442 304 75.6 69.9
pp Below (%) 26.7 565 | 3.7 206

The four Proxy products at the Hefei and Xianghe sites
are further evaluated through the Taylor diagram plotted in
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Fig. 9, using the correlation coefficient (R, Eq. 7), the Cen-
tered Root-Mean-Square Error (CRMSE, Eq. 8) and the Nor-
malized Standard Deviation (NSD, Eq. 9). The mean bias is
excluded from this evaluation to focus on the statistical con-
sistency and precision of the products.

In the Taylor diagram, the distance of the OCPR RMSE
to the reference point (star, where R = 1 and NSD = 1), rep-
resenting the CRMSE, is relatively small, in spite of having
the highest bias value in Table 3. This confirms that the high
OCPR RMSE is primarily driven by systematic bias rather
than by random fluctuations. At the Xianghe site, all prod-
ucts except GOSAT SRPR are generally distributed close
to NSD = 1, indicating that their variability amplitudes are
comparable to that of the TCCON observations. At the Hefei
site, GOSAT FOCAL Proxy (squares) shows lower precision
and stability, with an NSD significantly greater than 1.0, indi-
cating substantially larger variability than the TCCON obser-
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Figure 9. Taylor diagram of CO, Proxy XCH, products relative
to TCCON reference data. Blue and red markers denote the Hefei
and Xianghe sites, respectively, with different symbols indicating
the XCHy proxy products as indicated in the legend. The radial dis-
tance from the origin represents the Normalized Standard Deviation
(Normalized SD). The azimuthal angle denotes the Correlation Co-
efficient (R). The Centered Root Mean Square Error (CRMSE) is
indicated by the gray dashed concentric semicircles centered at the
reference point (the geometric distance to the reference point).

vations. Notably, GOSAT SRPR shows relatively low NSD
values at both sites, indicating smaller standard deviations
than the TCCON observations.

3.2 Validation of XCO» estimates used in the proxy
algorithms

The four XCO, proxy algorithms discussed in this paper use
different independent estimates of XCO; for the final calcu-
lation of XCHy4 (Eq. 1), based on different models as indi-
cated in the algorithm descriptions. In this section, the XCO,
estimates used in the proxy algorithms are evaluated versus
TCCON reference data. For the FOCAL proxy, the XCO,
estimates are not directly accessible within the satellite prod-
ucts, therefore only the model results for the other three prod-
ucts are validated.

The time series of the model XCO, data used in the
GOSAT SRPR proxy algorithm is presented in Fig. 10, to-
gether with the TCCON XCO; data at the Hefei and Xianghe
sites. Similar time series for the OCPR and GOSAT-2 SRPR
products are presented in Fig. A6 (Appendix A). The time
series show seasonal variations similar to those of XCHy4 in
Fig. 4, but with a phase lag of approximately six months.
XCO; peaks by the end of winter and early spring and min-
ima occur by the end of summer and early autumn. This
phase shift is attributed to the asynchronous seasonal vari-
ations in the sources and sinks of CH4 and CO;: the peak of
CH4 emissions occurs in summer due to vigorous microbial
methanogenesis from organic matter decomposition (East et
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al., 2024), whereas the peak of CO; uptake occurs in sum-
mer due to robust photosynthesis, resulting in the observed
minimum by the end of summer (Yuan et al., 2019).

At the Hefei site (Fig. 10a), the uncertainties (shaded ar-
eas) for both the SRPR modeled XCO, and the TCCON ref-
erence data between 2018 and 2021, as well as in 2023, are
much larger than at other times, due to the sparsity of co-
incident observation points during these periods. The time
series show that the model XCO; are initially slightly larger
than the TCCON observations, whereas in later years the TC-
CON observations are larger. At the Xianghe site (Fig. 10b),
the modeled XCO, data are noticeably smaller than the TC-
CON reference data, especially during the spring peaks, with
gradually increasing differences toward the end of the time
series.

The time series at both TCCON sites show the evolution
of the model XCO; resulting in a very pronounced underes-
timation in 2023. This is primarily attributable to the sharp
surge in emissions driven by the rapid recovery of socio-
economic activities in the post-pandemic era (Ahmed and
Stern, 2023), which was not captured because the CAMS
model values used by the SRPR algorithm only extended to
2015 and were subsequently extrapolated year by year using
the 2016 growth rate (3 ppm), rather than reflecting actual
emission changes (Wu, 2021b).

The time series observations are confirmed by the scatter
density plots of the XCO; model data used in the GOSAT
SRPR XCHjy retrieval algorithms versus the TCCON refer-
ence data presented in Fig. 11 for both the Hefei and Xianghe
sites. Results for other products are presented in Fig. AS (see
Appendix A). The data for the Hefei site (Fig. 11a) show two
clusters, one for low XCO, (402—409 ppm) where the esti-
mates used in SRPR are slightly overestimated, as in Fig. 10a
at the beginning of the time series, and one for higher XCO;
(415421 ppm) where the estimates used in SRPR are un-
derestimated, resulting in an overall bias of —0.49 ppm. At
the Xianghe site only one cluster is observed and the model
XCOgjestimates used in SRPR are underestimated resulting
in an overall bias of —2.40 ppm. The fraction within the
GCOS requirements is low at both sites. The RMSE at the
Hefei site (2.25ppm) is smaller than at the Xianghe site
(3.66 ppm). These discrepancies contribute to the uncertainty
in the retrieval process.

Density scatterplots for the OCPR and GOSAT-2 SRPR
XCHy retrieval algorithms and TCCON reference data in
Fig. A5 show somewhat different characteristics which vary
across algorithms and by site. Like SRPR, OCPR shows two
clusters at the Hefei site and a single cluster at the Xianghe
site, with a small overestimation in both cases. The GOSAT-
2 SRPR algorithm does not show a clear under- or overesti-
mations (Fig. A5b and d), resulting in a small positive bias
at Hefei (0.68 ppm) and a small negative bias at Xianghe
(—1.12 ppm). The fractions within the GCOS requirements
(54.6 % at Hefei and 36.8 % at Xianghe) are larger than for
other data products.
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3.3 Validation of XCH,4/XCO: ratio

Time series of the XCH4/XCO; ratios determined using
the GOSAT SRPR CO; proxy algorithm are presented in
Fig. 12, together with ratios determined from the TCCON
observations. Results for GOSAT-2 SRPR (2SRPR) and
OCPR products are presented in Fig. A6 (see Appendix A).
XCH4/XCO; ratios cannot be directly extracted from the
FOCAL proxy product datasets. The time series in Figs. 12
and A6 show a distinct seasonal variation with maxima in
summer and autumn and minima in winter and spring, simi-
lar to the XCHy4 time series in Fig. 3. XCH4 governs the sea-
sonal variation of the ratio time series because the relative
amplitudes are much larger for XCHy than for XCO;. The
data in Fig. 12 show that the large uncertainties observed at
the Hefei site between 2018 and 2022 are primarily due to the
small number of valid Satellite — TCCON matchups, mainly
due to the limited availability of TCCON observations within
the £2 h temporal collocation window.

It is evident that the ratios used in the SRPR XCO, proxy
algorithm are systematically larger than the ratios derived
from the TCCON reference observations. This is also clearly
observed in the density scatter plots between the ratios of the
retrieval results and the TCCON reference data in Fig. 13.
Results for other products are presented in Fig. A7 for both
sites separately (see Appendix A). These density scatterplots
confirm the substantial and consistent systematic positive bi-
ases at both sites, for all three proxy XCH4 products. The bias
at the Hefei site (0.066 ppbppm™') is somewhat larger than
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that at the Xianghe site (0.053 ppbppm™!). Despite the sys-
tematic overestimation, the SRPR product shows extremely
high correlation with the TCCON reference data (R of 0.911
and 0.918, respectively), and its data fluctuation character-
istics are highly synchronized with those of the reference
data. Furthermore, the data in Fig. A7 show that the OCPR
and GOSAT-2 SRPR algorithms are consistent with GOSAT
SRPR in terms of retrieval trends and bias characteristics.

In the analysis of the ratios, all proxy XCHy products
exhibited a pronounced and systematic positive bias across
both sites. Consequently, we conducted a separate analysis
on the XCHy raw and XCOy 4w values (referred to hereafter
as raw XCH4 and raw XCO,, respectively), the directly re-
trieved quantities used to form the proxy ratio in Eq. (1); the
time series of GOSAT and GOSAT-2 SRPR are presented in
Figs. A8 and A9 of Appendix A, while the respective scatter-
plots are displayed in Figs. A10 and A11. Both GOSAT and
GOSAT-2 SRPR raw XCHy4 exhibit a slightly positive bias,
which is notably more pronounced at the Xianghe site. For
the raw XCO; of the GOSAT SRPR product, a systematic
negative bias is observed, which gradually decreases in mag-
nitude as TCCON XCO; increases. Conversely, GOSAT-2
SRPR exhibits a distinct positive bias that increases with in-
creasing TCCON XCO,;. Furthermore, both satellite gener-
ations show a stronger seasonality than the TCCON refer-
ences across both sites, with large uncertainties. These find-
ings indicate that the persistent overestimation observed in
the proxy ratios is predominantly governed by the devia-

Atmos. Chem. Phys., 26, 1522315256, 2026



15238

b
o0

XCH4/XCO>
b
N

(a) Hefei

&
0

»
=

XCH4/XCO>

X. Jiang et al.: Evaluation of the GOSAT/GOSAT-2 XCO» proxy XCH, product

SRPR
TCCON

(b)

4'421016 2017 2018 2019 2020 2021 2022 2023 2024
Year

4‘é016 2017 2018 2019 2020 2021 2022 2023 2024

Year

Figure 12. As Fig. 4, but for time series of XCH4/XCO; ratios determined using the GOSAT SRPR CO; proxy algorithm at the Hefei (a)

and the Xianghe (b) sites.

44 46 48 50 52
TCCON XCH4/XCO (ppb/ppm)

SRPR XCH4/XCO3 (ppb/ppm)

52 ; 100

fé\ bias = 0.066 ppb/ppm

S | SD=0.027 ppm 90
o =
5.0 gl\;[%lg"0.072 ppb/ppm 80
g . 70
S | N=195

Q ®e 60
@) o g

QO 4.8 ° .P’/,o’ 50
S ot

¥ ol 40
>

o Above : 92.8% 20
Saal Within :  7.2%

@ (@) Below: 0.0% 10

52 5 100
bias = 0.053 ppb/ppm 90
SD = 0.030 ppm
5 0| RMSE =0.061 ppb/ppm 80
Y R=0.918
N=318 R 70
60
4.8 S %
-4 50
0.9 ]
7 g 40
4.6 o/‘f 30
L Xianghe
. 4 Above : 83.6% 20
4.4 Within : 15.7%
: (b) Below : 0. 10
s 0

44 46 48 50 52
TCCON XCH4/XCO, (ppb/ppm)

Figure 13. As Fig. 5, but for the XCH4/XCO; ratios determined using the GOSAT SRPR algorithm at the Hefei (a) and the Xianghe (b)
sites. The grey shaded area represents an envelope of +0.025 ppbppm™ 1 which is derived from the GCOS precision requirements for XCHy

(10 ppb) and XCO, (1 ppm) through the error propagation formula.

tions in raw XCH4. Consequently, the fundamental assump-
tion underlying the application of the XCO, Proxy method —
that scattering-induced errors cancel out between the two
species — is not fully fulfilled in real-world observations.
Hence, empirical post-retrieval corrections based on TCCON
observations are indispensable for delivering accurate final
products. Additionally, since the raw comparisons reveal a
distinct time dependence (as shown in Figs. A8 and A9), the
bias corrections must be adjusted and updated regularly.

4 Influence of aerosols on XCH,4

As described in Sect. 2.2, the proxy method is based on the
assumption that effects of surface reflectance and aerosols
on the retrieval results are the same for XCH4 and XCO,,
when these mixing rations are retrieved using the same in-
strument at the same time and at close wavelengths and thus,
cancel out in the ratio XCHy4/XCO; (Barr et al., 2025). The
ratio is multiplied with XCO; obtained from an independent
method to determine the actual XCH4. However, as shown
from the comparison with the TCCON-derived ratio, there
is a substantial bias in the SRPR derived ratios at both the
Hefei and Xianghe sites (Sect. 3.3). In this section we inves-
tigate whether this bias may be caused by a residual influ-
ence of aerosols, after filtering the data by using XCO as a
tracer to filter out significant anthropogenic pollution events
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(AXCO < 36 ppb) (see Sect. 3). To this end, the bias in the
retrieved XCHy is evaluated by comparison with AOD at
1640 nm, averaged during +30 min of the satellite overpass.
Figure 14 shows the mean bias in XCHy4 retrieved using each
of the four proxy algorithms as function of AOD, where the
bias is averaged in AOD bins with a bin width of 0.1.

The data in Fig. 14 shows the distinct regional differences
in bias characteristics relative to AOD between the Hefei and
Xianghe sites. At the Hefei site, the mean XCHybias is pos-
itive over the whole AOD range for all four products. For
AOD below approximately 0.4, the biases generally remain
within about 0—15 ppb and show a slight overall decreasing
tendency with increasing AOD. For AOD > 0.5, the num-
ber of retrieval data points is sparse (mainly single retrieval
results in each AOD bin and only for GOSAT OCPR and
SRPR) with a monotonously increasing bias; the biases un-
der these high-AOD conditions are predominantly positive,
with some values exceeding 20 ppb. At the Xianghe site, all
products are predominantly negatively biased, with the bi-
ases generally tending to become more negative as AOD
increases. The GOSAT OCPR bias is predominantly posi-
tive, with the mean bias decreasing from approximately +5
to +10ppb under low-AOD conditions to values close to
zero as AOD increases. GOSAT SRPR shows the most pro-
nounced negative bias, which becomes increasingly negative
with increasing AOD and decreases to below —20 ppb at an
AOD of approximately 0.4. GOSAT-2 SRPR exhibits rela-
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tively small biases, with values close to zero at low AOD and
decreasing slightly to approximately —5 to —10 ppb as AOD
increases; at AOD > 0.4, the negative bias becomes smaller
again and shifts toward zero. GOSAT FOCAL proxy is also
predominantly negatively biased and, despite some fluctua-
tions, shows an overall tendency toward more negative values
with increasing AOD. When AOD exceeds 0.3, the scarcity
of valid observation samples leads to a scattered data dis-
tribution, making the analysis in high-aerosol environments
highly susceptible to individual outliers. Notably, the biases
for these high-AOD situations are consistently positive at the
Hefei site, whereas at the Xianghe site they are negative.

5 Discussion

5.1 Time Series Analysis of Bias

Time series of relative bias (defined below, Eq. 11) for
XCH4, model XCO;, and the XCH4/XCO; ratio at the Xi-
anghe site are presented in Fig. 15 and for the Hefei site they
are presented in Fig. A12 (Appendix A). The relative XCHy4
bias is defined by Eq. (11):

X proxy — XTCCoN
XTCCcoN

relative bias = x 100 % (11)
where Xproxy and Xtccon represent the XCHy values re-
trieved from the satellite and the TCCON ground-based ob-
servations, respectively. The relative bias provides a normal-
ized metric to assess the percentage deviation of satellite re-
trievals from the ground-based benchmark and is used here
to facilitate a comparison between the three data products
used in the XCH4 proxy algorithm (Eq. 1). To elucidate the
origins of the retrieval errors, the contributions of different
components to the results from each algorithm are quantita-
tively assessed using linear decomposition. Using Eq. (1), the
impact of each component on the final retrieval accuracy can
be quantitatively assessed through the linear decomposition
of relative biases:

12)

where §y represents the relative bias of X. Higher-order
terms are neglected here.

dXCH, & 0XCO, + Sratio
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For the GOSAT OCPR product (Fig. 15a), the ratio bias
generally fluctuates around zero, whereas the model XCO,
bias becomes predominantly positive after approximately
2020. During the same period, the final XCHy4 bias is also
mainly positive. The short-term variations in XCHy gener-
ally resemble those of the ratio bias, while the model XCO;
bias varies more smoothly.

For the GOSAT SRPR algorithms (Fig. 15b), the model
XCO; bias is generally negative, whereas the ratio bias re-
mains positive during most of the time series. Between 2018
and 2022, the two components have opposite signs and par-
tially compensate for each other, resulting in a final XCHy
bias that remains close to zero. From late 2022 onward, the
negative model XCO; bias increases markedly, reaching ap-
proximately —1.0 % to —1.5 %, while the ratio bias remains
positive but smaller in magnitude. Consequently, the final
XCHy4 bias also becomes markedly negative during this pe-
riod. This pronounced decrease is attributed to the limited
temporal availability of the model data.

For GOSAT-2 SRPR (Fig. 15¢), the biases of both com-
ponents are generally smaller in magnitude than those of
GOSAT SRPR. The model XCO, bias is mainly negative,
whereas the ratio bias is generally close to zero or moder-
ately positive. During 2021-2022, the biases of both compo-
nents are relatively small, and the final XCHy bias are there-
fore also close to zero. In 2023, the negative model XCO,
bias increases, accompanied by a negative bias in the final
XCHy4. Around 2024, the positive ratio bias increases, while
the magnitude of the negative final XCH4 bias decreases. To-
ward the end of the time series, all three relative biases grad-
ually approach zero.

Overall, the comparison shows that the negative bias at the
Xianghe site around 2023 is mainly associated with the sub-
stantially negative bias in model XCO, during the same pe-
riod. Overall, the final Proxy XCHy bias is related not only
to the magnitudes of the biases in the retrieved XCH4/XCO»
ratio and model XCO,, but also to whether the two compo-
nents compensate or reinforce each other. A small final bias
may therefore arise either from small biases in both compo-
nents or from cancellation between biases of opposite signs.
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Figure 15. Time series of the relative bias for GOSAT OCPR (a), GOSAT SRPR (b), GOSAT-2 SRPR (c¢) at the Xianghe site. Relative bias

is calculated using Eq. (11).

5.2 Spatial Analysis of Bias

As analyzed in Sect. 3.1, extending the spatial domain to a
broader £5° spatial extent introduces substantial spatial vari-
ation, and therefore we adopted a £2.5° spatial extent. While
Table 3 provides the mean bias averaged over the +2.5° val-
idation area, spatial variability may still persist inside this
spatial extent. Therefore, the influence of this localized spa-
tial variation within the selected spatial extent on the over-
all comparison results was evaluated. To this end, the study
area was partitioned into 0.1° x 0.1° latitude-longitude grids.
Individual residuals, obtained by subtracting the correspond-
ing TCCON measurements from each matched satellite ob-
servation, were projected into the grid cells based on their
geographic coordinates. To eliminate random noise from in-
dividual observations and represent the overall bias level of
the region, the median value of all matched data point resid-
uals within a single grid cell was calculated as the represen-
tative value for that grid cell. These values were then plotted
using a color scale representing the XCHy bias. The spatial
distributions of the biases for the four XCHy4 products at the
Xianghe site are presented in Fig. 16, and for the Hefei site
in Fig. A13 (Appendix A).

The data in Fig. 16a shows the occurrence of the largest
positive biases for the OCPR XCHy product around the Xi-
anghe site and especially to the south, with median val-
ues ranging between 410 and +30 ppb. While Table 3 pro-
vides an overall mean bias of 6.3 ppb for the validation area,
Fig. 16a demonstrates that this single statistical value masks
significant intra-region variability. Specifically, the strong
overestimation over the southern regions is partially offset
by the negative biases distributed across the northern parts
of the domain. The GOSAT SRPR XCHy bias is generally
negative near the site but transitions to overestimation in the
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southern region. The GOSAT-2 SRPR XCH4 product around
Xianghe is distributed over a closer range to the TCCON
site, with an overall negative bias. The data coverage of the
GOSAT FOCAL Proxy XCHy4 product is sparse and gen-
erally shows a negative bias to the northwest of the site,
while to the southwest the biases are mostly positive. The dis-
tinct spatial heterogeneities and the shift toward positive bi-
ases observed in the southern areas across these products are
likely due to the strong spatial gradients of XCH4. Compared
with the other products, OCPR may include more observa-
tions over urban or potentially methane-enhanced areas to
the south of the Xianghe site, where satellite footprints may
capture higher XCHy4 concentrations than those measured at
the TCCON site, contributing to its extensive positive biases.
This spatial discrepancy primarily reflects the inherent rep-
resentation errors between the localized TCCON point mea-
surements and the larger footprints of satellite observations
within the matching domain. Notably, the spatial consistency
of the GOSAT-2 product is significantly improved compared
to the other GOSAT products. As detailed in Sect. 2.3.2, the
GOSAT-2 b parameter (0.00158) is smaller, which minimizes
the influence of surface albedo variations on XCHy retrieval
results.

Similar plots of the spatial variation of the biases at the
Hefei site are presented in Fig. A13. These data show that
positive biases dominate in the inland areas to the west of the
site, whereas slightly negative biases are found in the coastal
regions to the northeast.

Statistical analysis in Sect. 3.1 reveals a significant sys-
tematic discrepancy in XCHy retrieval biases between the
two sites: a prevalent overestimation at the Hefei site and a
general underestimation at the Xianghe site (with the excep-
tion of OCPR). Given its proximity to anthropogenic emis-
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Figure 16. Spatial variation of the median XCH, biases (see text for explanation) around the Xianghe site on a 0.1° by 0.1° latitude-longitude

grid.

sion sources in the North China Plain, the TCCON measure-
ments at Xianghe likely exceed the regional background lev-
els captured by satellite sampling (Yang et al., 2020), leading
to a negative offset. At the Hefei site, the satellite tracks pri-
marily pass over the western inland areas, where methane
concentrations are relatively high (Fig. 2). Due to this geo-
graphic offset, satellite observations capture the higher con-
centrations to the west rather than matching the local TC-
CON reference levels, leading to an overestimation.

These spatial differences indicate that regional and lo-
cal methane emissions may affect the representativeness of
satellite—TCCON comparisons at both sites. As the satel-
lite observations used in this study were not acquired in tar-
get mode over Hefei and Xianghe (Suto et al., 2021), the
£2.5° matching domain includes measurements from dif-
ferent locations that may be influenced by different emis-
sion and transport conditions. The uneven distribution of an-
thropogenic methane emissions produces spatial variations
in atmospheric CHy concentrations, particularly in urban
and emission-intensive regions of northern China (Han et
al., 2025). Methane emitted from urban and other emission-
intensive areas can be transported and dispersed by atmo-
spheric processes, with variations in wind fields, vertical at-
mospheric motions, and terrain influencing the spatial distri-
bution of methane enhancements (Gao et al., 2026; Zheng
et al., 2026). These processes may contribute to spatial dif-
ferences in XCH4 between satellite footprints and TCCON
observations.

https://doi.org/10.5194/acp-26-15223-2026

6 Conclusions

Four Proxy XCH4 satellite retrieval products (GOSAT
OCPR, SRPR, FOCAL Proxy, and GOSAT-2 SRPR) were
evaluated using ground-based observation data from the TC-
CON sites in Hefei and Xianghe, China. All products effec-
tively capture the long-term increase of XCH4 in China and
the distinct seasonal cycles (maxima in summer/autumn and
minima in spring/winter). Spatially, they consistently capture
the distinct south-to-north and east-to-west variations, show-
ing a prominent “high in the southeast and low in the north-
west” pattern.

In terms of site-specific validation, the performance of
the GOSAT products (OCPR, SRPR, FOCAL Proxy) is bet-
ter at Xianghe, whereas the GOSAT-2 SRPR product ex-
hibits comparable performance across both sites. GOSAT
OCPR shows the most severe systematic overestimation at
the Hefei site. GOSAT SRPR exhibits opposite bias signs
at the two sites. Although the GOSAT FOCAL Proxy per-
forms relatively well in the low-to-medium concentration
range (> 50% meeting GCOS requirements at both sites),
it is constrained by a limited sample size, leading to larger
error bars at high concentrations. Within the common vali-
dation period, GOSAT-2 SRPR shows the lowest RMSE and
the highest correlation at both sites, with 75.6 % and 69.9 %
of the data within the GCOS target range. Expanding the spa-
tial matching range affects the quantitative validation metrics
because of increased spatial representativeness differences,

Atmos. Chem. Phys., 26, 15223—15256, 2026
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but the overall relative performance of the products remains
broadly consistent.

Component decomposition shows that the final Proxy
XCHy bias results from the combined effects of biases in the
retrieved XCH4/XCO, ratio and the XCO; model. A small
final XCH4 bias may arise from compensation between com-
ponent biases of opposite signs. Therefore, product perfor-
mance depends not only on the magnitude of the bias in each
individual component, but also on the temporal stability of
the error balance between the two components. Analysis of
raw constituents indicates that the ratio overestimation is pri-
marily driven by the positive bias in raw XCHy, while raw
XCO; exhibits systematic biases (negative for GOSAT, de-
creasing with concentration; positive for GOSAT-2, increas-
ing with concentration). This demonstrates that the proxy
method’s error-cancellation assumption is not fully met, ne-
cessitating experimental post-retrieval corrections. The spa-
tial analysis further indicates that these discrepancies are
also driven by the spatial inconsistency between satellite and
ground-based measurements. At the Hefei site, the satellite
tracks pass over areas with high methane concentrations to
the west of the site, leading to the occurrence of positive bias.
At the Xianghe site, TCCON point measurements are signifi-
cantly higher than the regional background captured by satel-
lite footprints, leading to a systematic underestimation. The
data presented indicate that the two TCCON sites in China
are affected by local and regional emission sources which,
together with variations in horizontal and vertical transport,
result in inhomogeneous distributions of XCH,4 which in turn
affect the representativeness of satellite—TCCON compar-
isons.

The influence of aerosols on the retrieval results should
be eliminated by using the CO, Proxy method. However, the
evaluation of the influence of AOD (at 1640 nm) shows the
occurrence of an AOD-dependent bias at both sites, but with
distinctly different effects. At the Hefei site, the XCH4 bi-
ases are predominantly positive and decrease slightly with
increasing AOD at 1640 nm below 0.4. At the Xianghe site,
OCPR remains positively biased but approaches zero as
AQOD increases, whereas the other products show negative
biases that generally become more pronounced with increas-
ing AOD. Furthermore, the GOSAT-2 SRPR products show
high stability under low aerosol concentrations at both sites.

Overall, GOSAT-2 SRPR provides the highest accuracy
and correlation under stringent spatial matching conditions,
within the validation conditions examined in this study, indi-
cating its potential for refined regional methane monitoring
in China. GOSAT OCPR exhibits a notable systematic pos-
itive offset, it effectively captures consistent spatiotemporal
trends and can serve as a reference for long-term dynamic
analysis. However, in practical applications, the limitations
of this method must be fully considered. The core assumption
of the XCO, Proxy method — namely, that scattering-induced
errors are eliminated when simultaneous measurements are
used with the same sensor — is not fully met. The persis-
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tent overestimation in proxy ratios is predominantly driven
by the positive bias in raw XCHg4. Furthermore, the evalu-
ation of AOD effects reveals significant, site-specific resid-
ual biases, directly demonstrating that the method’s ability to
eliminate aerosol-induced errors is limited. Therefore, empir-
ical corrections are essential and must be regularly updated
to account for the distinct temporal variations observed in
the raw biases. It should also be noted that the present val-
idation is limited to the Hefei and Xianghe TCCON sites.
Although the two sites represent different atmospheric con-
ditions, they cannot fully characterize the performance of
satellite products across China. The site-dependent biases
identified in this study indicate that satellite XCHy prod-
ucts may exhibit regionally varying performance. Therefore,
broader multi-site validation and region-specific bias correc-
tion are needed to further improve satellite-based methane
monitoring in China. In addition, regional and local methane
emissions introduce spatial representativeness uncertainties
into satellite—TCCON comparisons. Methane enhancements
are influenced by three-dimensional atmospheric transport,
while cloud and aerosol conditions can affect the availability
of valid satellite retrievals, resulting in uneven spatial sam-
pling. These effects cannot be fully accounted for by simple
filtering based on surface wind direction and speed. Future
validation studies should therefore consider the combined in-
fluence of atmospheric transport, emission-related concen-
tration gradients, and observation sampling to better distin-
guish spatial representativeness errors from satellite retrieval
biases. Since the accuracy of Proxy products is inherently
constrained by the XCO, model accuracy, future applications
should prioritize differential bias correction schemes across
different climate zones and improve the spatiotemporal res-
olution and local emission representation of models in high-
emission regions, thereby providing more reliable data sup-
port for refined methane monitoring in China.
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Appendix A: Supplementary Validation Results

Appendix A provides figures supplementary to those in the
main text, offering a comprehensive evaluation of the re-
trieval performance for the four products across both site en-
vironments while limiting the number of similar figures.
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Figure A1. Maps of seasonal mean GOSAT SRPR XCHy for the years 2016-2023.
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Figure A2. Maps
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Figure A3. Maps of seasonal mean GOSAT FOCAL Proxy XCHy for the years 2021-2023.
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Figure A4. As Fig. 4, but for model XCO, data used in GOSAT OCPR and GOSAT-2 SRPR XCHy retrieval algorithms (see text), compared
with TCCON data over Hefei (a, b) and Xianghe (c, d) sites.
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Figure A5. As Fig. 5, but for XCO; model data retrieved by the GOSAT OCPR and GOSAT-2 SRPR XCHy retrieval algorithms for the
Hefei (a, ¢) and Xianghe (b, d) sites.
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Figure A7. As Fig. 5, but for XCH4/XCO; ratios determined using the GOSAT OCPR and GOSAT-2 SRPR XCHjy retrieval algorithms for
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Figure A8. As Fig. 4, but for the raw XCH, used to calculate the ratios for the SRPR retrieval algorithms.
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Figure A9. As Fig. 4, but for the raw XCO, used to calculate the ratios for the SRPR retrieval algorithms.
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Figure A10. As Fig. 5, but for the raw XCHy4 used to calculate the ratios for the SRPR retrieval algorithms.
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Figure A12. As Fig. 15, but for Hefei site.
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Figure A13. As Fig. 16, but for Hefei site.

Appendix B: Results from Alternative Matching
Schemes

In addition to the spatial matching scheme used in the main
text (with data averaged within a +2.5° spatial window), also
a broader spatial matching scheme has been incorporated
with GOSAT and GOSAT-2 observations averaged within a
+5° spatial window centered at each TCCON site. For each
satellite overpass, a spatial representative value was derived
by averaging all valid pixels within this window. TCCON
measurements were averaged within a £2 h window relative
to the satellite overpass time, thereby accounting for short-
term atmospheric variability. Final data pairs were strictly fil-
tered to retain only those instances where valid satellite and
ground-based measurements co-existed within these defined

spatiotemporal windows. The validation results are shown in
Figs. B1-B3.
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Figure B1. As Fig. 4, but for the £5° spatial matching condition.

100
90

2100 100 2100
bias = 10.188 ppb bias = 4.057 ppb
200! SD =13.277 ppb 90 050! SD=16.138 ppb
RMSE - 16.736 ppb 30 RMSE — 16.640 ppb
= R=0.930 = R=0.899 .
%2000 N=257 70 %2000 N=292
1950 60 1950
O 50 O
z 1900 40 ;< 1900
e B [
S 1850 30 1850
18001 20 18001
17502 2 (1)0 17 ®)
$%/50 1800 1850 1900 1950 2000 20502100 %50 1800 1850 1900 1950 200020502100
TCCON XCHy (ppb) TCCON XCHy (ppb)
2100 100 2100
bias = 5.767 ppb bias = -5.394 ppb
2050! SD = 16857 ppb 90 050! SD=18.830 ppb
RMSE = 17.816 ppb 30 RMSE = 19.588 ppb )
R=0.833 % 2 R=0.793
820001 N 2330 7 4 70 "B2000| N=382 i
1050 60 1950
50 O
z 1900 40 Z 1900
(-9 -9
Q1850 30 1850
20
1800 1o 180
17 (©) 0 17 Y 0
§9/50 1800 1850 1900 1950 200020502100 $9/50 1800 1850 1900 1950 2000 2050 2100

TCCON XCHy (ppb)

Figure B2. As Fig. 5, but for the £5° spatial matching condition.
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Figure B3. As Fig. 7, but for the £5° spatial matching condition.

Data availability. The GOSAT OCPR XCHyg (v9.0), and
GOSAT SRPR XCHy (v2.3.9) datasets used in this study
were obtained from the Copernicus Climate Data Store
(CDS) (https://doi.org/10.24381/cds.b254 1918, Copernicus
Climate Change Service, Climate Data Store, 2018). The
GOSAT FOCAL Proxy XCHy (v3.0) data product was sourced
from the University of Bremen, Institute of Environmental
Physics (IUP), Carbon and Greenhouse Gas Group (https:
/Iwww.iup.uni-bremen.de/~ghguser/gosat_focal/NRT_v3.0/data/,
last access: 20 October 2026). The GOSAT-2 SRPR XCHgy
(v2.2.0) dataset was obtained from the SRON Scientific
GOSAT-2 Level 2 Data Products for XCHy4 archive on Zen-
odo (https://doi.org/10.5281/zenodo.22637354, SRON Netherlands
Institute for Space Research, 2026).

The TCCON data are available at https://tccondata.
org/ (last access: 20 October 2026). The specific
datasets are  available via  their = respective = DOlIs:
https://doi.org/10.14291/tccon.ggg2020p1.hefei01.R1
(Liu et al., 2026) (Hefei) and
https://doi.org/10.14291/tccon.ggg2020p1.xianghe01.RO (Zhou et
al., 2026) (Xianghe).

The AERONET data are available at https://aeronet.gsfc.nasa.
gov/ (last access: 20 October 2026). And the SONET data are made
available by request through a data use agreement and application
form with Dr. Li Li (email: lili3 @radi.ac.cn).
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