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Abstract China is likely the world's largest anthropogenic source of methane emissions, with coal mine
methane (CMM) being the predominant contributor. Here, we deploy 2 years of satellite observations to survey
facility-level CMM emitters in Shanxi, the most prolific coal mining province in China. A total of 138 detected
episodic events at 82 facilities are estimated to emit 1.20 (+0.24/—0.20, 95% CI) million tons of methane per
year (Mt CH,/yr) during 2021-2023, roughly equivalent to 4.2 times the integrated flux from the Permian
plumes and four times of the integrated flux from the Four Corners plumes, two of the world's largest hotspots
for oil and gas methane emissions. This work reveals the heavy-tailed distribution characteristic of CMM
emission sources for the first time, with 20% of emitters contributing approximately 50% of total emissions.
Comparison with the Global Energy Monitor (GEM) inventory reveals that the GEM estimate is about 4.1 times
our estimate.

Plain Language Summary This study examines methane emissions from coal mines in Shanxi,
China, identified as a significant source of global methane, a potent greenhouse gas. Using satellite data over 2
years, we found 138 detected episodic events at 82 facilities in Shanxi emitting an estimated 1.2 million tons of
methane annually, far exceeding emissions from known global hotspots in the oil and gas sectors. Our analysis
shows that a small percentage of these facilities contribute to the majority of emissions. The results, which
challenge previous estimates from environmental monitoring organizations, underscore the need for direct,
observational methods to accurately assess and address methane emissions. This work aims to guide efforts in
mitigating climate change by identifying key areas for reducing methane release.

1. Introduction

Methane (CH,) is responsible for around 30% of the rise in global temperatures since the Industrial Revolution,
second only to carbon dioxide (Masson-Delmotte et al., 2021). The rapid increase in atmospheric methane
concentrations in recent years is of concern (Lan et al., 2022), likely due to concurrent increases in emissions from
fossil fuel extraction and microbial sources (Jackson et al., 2020; Peng et al., 2022; Thompson et al., 2018; Turner
et al., 2019). Success in meeting the Paris Agreement and Global Methane Pledge depends greatly on the
accessible, credible, and comparable Greenhouse Gas Inventory (GHGI). GHGIs reported by official public
bodies, such as to the UN Framework Convention on Climate Change (UNFCCC), are typically constructed using
bottom-up (BU) approaches in which activity data (e.g., number of facilities) are multiplied by emission factors
(e.g., methane emitted per facility) (Buendia et al., 2019). However, significant discrepancies exist between these
inventories and measurement-based estimates, both at the national and facility levels (Z. Chen et al., 2022;
Irakulis-Loitxate et al., 2021; Lu et al., 2023; Sadavarte et al., 2021; Shen et al., 2022; Zhang et al., 2020).
Advances in satellite monitoring technologies have enabled the quantification of individual methane emission

HAN ET AL.

1of 11


https://orcid.org/0000-0003-2561-3244
https://orcid.org/0000-0003-1474-7888
https://orcid.org/0000-0001-7593-1860
https://orcid.org/0000-0003-1510-6089
mailto:peisipand@whu.edu.cn
https://doi.org/10.1029/2024GL109065
https://doi.org/10.1029/2024GL109065
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GL109065&domain=pdf&date_stamp=2024-05-25

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL109065

sources and attribution to specific facilities. Accurate accounting of methane emission with satellite measure-
ments is of vital importance to verifing GHGI independently and globally, and facilitating targeted action,
boosting our understanding of methane emissions (Jacob et al., 2022).

The latest report from the Intergovernmental Panel on Climate Change highlighted challenges and opportunities
for mitigating methane (Core Writing Team & (eds.), 2023), with a special emphasis on reducing methane
emissions from the fossil-fuel industry given their substantial contribution, cost-effectiveness and rapid response
(Hmiel et al., 2020; Kemp & Ravikumar, 2021; Lin et al., 2019; Nisbet et al., 2020). Much of the previous
research has focused on methane emissions from the oil and gas sector (Y. Chen et al., 2022; Duren et al., 2019;
Ehret et al., 2022; Irakulis-Loitxate et al., 2021, 2022; Lauvaux et al., 2022; Lyon et al., 2016; Omara et al., 2022;
Yu et al., 2022), with limited attention to coal mine methane (CMM). However, CMM may actually be a bigger
contributor than oil or gas (Tate, 2022), with emissions set to grow considerably in the coming years (Kholod
et al., 2020; Miller et al., 2019). CMM refers to methane emitted during coal extraction, which escapes from coal
seams and is often siphoned off through ventilation systems to ensure a safe environment for miners.

China is the largest coal producer in the world (IEA, n.d.-a), with over 10,000 operating coal mines in 2011 (State
Administration of Mine Safety (SACMS). Compilation of National Coal Mine Methane Level Identification for
2011, 2012) and about 5,000 operating coal mines in 2019 (National Energy Administration). Provincial coal
mine production capacity announcement for 2019, n.d.). The IEA estimates that China's CMM emissions are
20.2 Mt in 2022, accounting for about half of the global CMM emissions (IEA, n.d.b). Shanxi is the province with
the highest coal production and the largest number of coal mines in China. Its coal production is approximately
equal to the combined output of the United States, Russia, and Australia. The CMM emissions in Shanxi are
estimated to be between 5.8 and 13.1 Mt/yr (Liu et al., 2021; Peng et al., 2023; Scarpelli et al., 2022; Tate, 2022).
Comprehensive CMM survey in Shanxi facilitates the specific emission factor (EF) updates and the opportunity
to tackle these emissions.

In this work, we perform the first large-scale and high-resolution survey of CMM emitters over Shanxi, using
spaceborne imaging spectrometer observations, supplemented by ground-based measurements for validation. We
expose 82 anthropogenic methane emitters from space, captured by the Advanced Hyperspectral Imager (AHSI)
onboard China's Gaofen-5B (GF5B), and identify different categories of these coal mines. And we apply the
integrated methane enhancement (IME) method to estimate the emission rates. Lastly, We compare the satellite-
derived methane emission rates with some bottom-up inventories.

2. Materials and Methods

2.1. Methane Inventories

In addition to some publicly available inventories like CEDS (O'Rourke et al., 2021) and EDGAR (Monforti
Ferrario et al., 2021), we also collected basic information (including coal mine names and annual production) for
649 coal mines from the Shanxi Energy Bureau. Among them, 248 coal mines reported more detailed information
including gas levels and mining depths. We obtained the locations of these 649 coal mines using the Baidu Maps
API (https://Ibsyun.baidu.com/) and represented them in the WGS coordinate system. It's worth noting that the
State Administration of Coal Mine Safety provided information on China's coal mines in 2011, of which there
were more thane 10,000 coal mines in China. Over the past decade, China's coal production grew by 60% while
the number of coal mines decreased by 53%. This was mainly due to China's coal industry capacity reduction
policy, which led to the closure of coal mines with low efficiency coal production. Therefore, bottom-up in-
ventories of CMM emissions created based on this data should be used with caution.

The Global Coal Mine Tracker data set from Global Energy Monitor (GEM) provides information on the world's
operating coal mines and their associated annual production capacity. This continuously updated data set in-
tegrates information from a wide range of sources, including government statistics, company reports, national and
international NGO publications, and media reports. For this study, the data set (accessed in May 2022) was used to
obtain key parameters for coal mines in Shanxi Province, including geospatial coordinates, production capacities,
operation status, and owning companies. This allowed comprehensive characterization of the province's coal
mining landscape to support the spatial attribution of detected methane enhancement signals.
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2.2. Space-Based Observations

We use the hyperspectral data from the GaoFen-5B (GF5B) satellite operated by the China Center for Resources
Satellite Data and Application (CCRSDA), which has almost the same sensor parameters as GF5. GF5B is
equipped with the Advanced Hyperspectral Imager (AHSI) and has a local overpass time of ~13:30. AHSI
provides 330 spectral channels of feature spectral information with 60 km width, 30 m spatial resolution, and 400—
2,500 nm spectral range (spectral resolution: 5-10 nm) since its launch in September 2021. We obtain a total of
165 images between October 2021 and February 2023 to cover Shanxi Province. We retrieve methane column
enhancements quantitatively using methane absorption features in the shortwave infrared (SWIR) at 2,110—
2,450 nm. The retrieval is limited by the heterogeneous or dark surfaces. Our identification of methane plumes in
the enhancement maps is based on visual inspection.

2.3. Methane Retrievals

We perform the methane column enhancement (AXCH,) retrieval with matched filter (MF) method, an approach
often used by previous works on spaceborne detection. MF retrieve AXCH, by minimizing a cost function, the
difference between observed and modeled spetrum. The methane column enhancements referred to here represent
the difference between the methane column concentration (XCH,) and the background. We model the back-
ground radiance as a multivariate Gaussian with mean y and ¢. These parameters are estimated on a per-column
basis given the different radiative responses of the detector elements in different across-track. According to Beer
Lambert's law, the spectrum affected by the methane concentration enhancement (x,,) can be modeled as,

X, = xpe KA 1

Here x,. is the background spectrum, which is not affected by the methane concentration enhancement. Ac is the
methane column enhancements and £ is the unit methane absorption coefficient, which is extracted from simu-
lated radiance by the MODTRAN model, following Pei et al. (2023). Then Ac can be retrieved by fitting the
observed radiance spectrum (x) and modeled radiance spectrum (x,,) in the SWIR spectral region:

Ty—1

Ac = (x —Tu)_IE Js @)
k' X pk

We define a polygon to isolate the plume from the background based on visual inspection. We estimate methane

emission rates (Q) in kilograms per hour (kg/h) based on the retrieved methane column enhancements in the last

step. The Q is calculated using IME method, an approach often used by previous works. The IME method relates

the total plume mass detected downwind of the source to the emission rate by

N
IME = ) AQA;, 3)

i=1

where AQ, and A, are the methane column mass enhancement (kg/m?) and area (m?) of the ith pixel, respectively.
N is the number of total pixels. Following Varon et al. (2018), we relate IME and Q as

Uy - IME

Q=T (4)

where U, is the effective wind speed (m/s) and L is the square root of the masked plume area (m). The U, is
derived from the measurable 10m wind speed U, as

Uy = 0.34- Uy + 0.44, (5)

This empirical relationship between U, and U, is estalished from a set of large eddy simulations (Irakulis-
Loitxate et al., 2021). U10 data are taken from the GEOS-FP data set (Molod et al., 2012).
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Figure 1. CMM point sources detected in Changzhi by GF5B. Emissions are size-coded and color-coded according to their emission rates in the main panel (a). Plume
examples colored by methane column enhancements are shown in small panels (b—h). All of these emissions are associated with ventilation shafts, identified by satellite
visible images and verified by ground crews.

3. Results
3.1. Spatial Pattern of Point Sources

Here we capitalize on 2 years of (from 2021.10 to 2023.02) cloud-free hyperspectral observations from GF5B to
derive methane column enhancements at hyperfine resolution to identify and quantify the world's main CMM
hotspot, down to the point sources. Figure S1 in Supporting Information S1 offers an overview of the study region,
with 156 available GF5B images covering all coal mines in Shanxi province at least once over the 2-year period.
We retrieved methane enhancement maps from the shortwave infrared spectra using the widely used matched
filter algorithm. The hyperfine resolution of 30 m was sufficient to identify plumes and attribute them to ground
facilities. Through careful examination of the methane enhancement maps, aided by visible satellite imagery and
wind data, we identified a total of 138 individual methane plumes emanating from 82 distinct point sources over
Shanxi. Figures S2-S4 in Supporting Information S1 provides definitive spectral evidence that methane is the
primary contributor to the detected spectral differences. Several typical examples of methane plumes over
Changzhi are shown in Figure 1.
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Figure 2. Inventories and satellite observations at grid level and facility level. (a) Bottom-up coal mine methane (CMM) inventory with 0.1 X 0.1° resolution from
EDGARV6 (Monforti Ferrario et al., 2021). (b) Bottom-up CMM inventory from Global Energy Monitor. (c) Methane column enhancement with 5.5 x 7 km? pixel
resolution derived from TROPOMILI. (d) CMM emitters detected by GF5B in Shanxi. Cities in Shanxi are denoted in panel (b) with the purple ellipse showing roughly the

Qinshui Basin.

The Qingshui basin (including cities of Changzhi, Jincheng and Yangquan) is considered to be the largest coalbed
methane (CBM) production basin in China, accounting for 60% of China's total production in 2017 (Zhang
et al., 2022). Our result reveals a high density of methane emitters over this area, which together respresent ~65%
of the total detected point sources. Changzhi alone contains 34 (41%) point sources. Among them, 19 (56%) are
found to be associated with coal mine vents. Establishing effective gas extraction and utilization systems is
especially critical in China, where coal accounts for a major share of energy supply, in order to ensure safe
operations, reduce environmental impacts, and harness energy resources. Several of these point sources have been
detected by satellites in previous studies and their instantaneous emissions quantified using the PRISMA satellite
(Guanter et al., 2021). To confirm these point sources, we conducted field measurements with the PICARRO
equipment in Changzhi, and there were significant concentration peaks downwind of the detected point sources
(see Figure S5 in Supporting Information S1). However, quantifying point source emissions using ground-based
in-situ measurements remains challenging, thus we only performed qualitative analysis here.

Figure 2 illustrates inventory and satellite observations at the grid level and facility level. The XCH, observations
are spatially consistent with the inventory, except for northern Shanxi (mainly Datong and Shuozhou). This
indicates the inventory may be overestimated in this region, and our results further verify this view. Although the
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bayesian-based flux inversion can adjust the prior fluxes based on the concentration observations and atmospheric
transport model, the biased prior fluxes and wrong spatial distribution would pose great challenges for the
inversion. In this work, despite limitations in directly observing the coal mines, we surmise that coal mines in the
north emit far less methane than might be expected. It is worth noting that in Shanxi, 8 out of the 9 coal mines with
annual production exceeding 10 million tonnes are located in northern Shanxi (Datong and Shuozhou). Figure S6
in Supporting Information S1 illustrates CMM extraction volume and utilization rate in China from 2005 to 2018.
We speculate that the underestimation of CMM inventories in the north may be due to lack of consideration of
CBM exploitation or underestimation of emission factors for the specific coalfield type. Methane emissions
during the coal mining can be greatly reduced due to the “CBM extraction first, coal mining second” strategy
(Zhang et al., 2022). This strategy not only increases energy supply (including both coal and coalbed methane) but
also reduces methane emissions. To our knowledge, a large coal mine in the north has made major breakthroughs
in gas extraction and purification technologies in recent years (Tao et al., 2019). Unlike CO, emission inventories,
compilation of CMM inventories need to take account of not only coal production and emission factors, but also
prior CBM extraction and CMM recovery rates.

3.2. Emission Intensity and Categorization of Point Sources

Distinguishing between highly intermittent and highly persistent point sources would be beneficial for deter-
mining emission factors, inferring annual emissions and potential mitigation actions. Owing to the 16-day revisit
cycle and clouds effect, point sources were effectively sampled at most 10 times (average 4.6 times) during 2-year
observation, showing 43% average persistance. This represents the frequency of plume detection (f = M/N),
where M is the number of plumes detected at that source location and N is the number of overpasses over that
location. Sufficient overpasses and low detection limit allowed for the persistence-weighted mean emission rate
for each source using the methodology described in Cusworth et al. (2021). Table S1 in Supporting Informa-
tion S1 shows mean emission rate for different persistent levels. We find that persistent sources (f= 1) constitute
13.4% of the total point sources, but are responsible for 32% of total emissions. These point sources are considered
to be persistent leaks that require attention and emission curbs by the relevant authorities. Conversely, 33 (40%)
highly intermittent sources (f < 0.25) accounted for 22% of the total emissions, which may be attributed to easily
predictable emissions due to routine mining. Low-emission sources (0-500 kg/hr) accounted for 17% of all
detected facilities and were highly intermittent (average f = 0.26). In contrast, detected sources above 4,000 kg/hr
accounted for only 9% of the detected facilities but were more persistent (average f = 0.89).

Figures 3a and 3b and Figure S7 in Supporting Information S1 shows the distribution of persistence-adjusted
emission rates from all the detected plumes in Shanxi Province. Overall, the emission rates of 138 individual
plumes range from 474 to 19,290 kg/hr, which follow a lognormal distribution, a heavy-tail characteristic. The top
20% of sources contributed approximately 50% of the total emissions, with emission rates greater than 2,500 kg/
hr. Previous works have reported heavy-tailed characteristics of the methane emission distribution from the oil
and gas industry. To our knowledge, this work represents the first characterization of the CMM landscape through
direct observations on a regional scale. However, we acknowledge satellite observations have greater detection
limits compared to airborne imaging spectrometers. Our plume detection only represents instances when
instantaneous emission rates exceeded detection limit at satellite overpass times. This implies that our
persistence-adjusted emission rates are conservative estimates. The absence of an identifiable plume under cloud-
free conditions may be due to emission rates below detection limits. Capturing intermittent nature and accurately
inferring that annual emissions require frequent observations with lower detection limit (Cusworth et al., 2021;
Frankenberg et al., 2016) or continuous ground-based observations (Qin et al., 2023).

Due to the variable meteorology and heterogeneous terrain, emission estimates from individual plumes can have
high uncertainties, mainly from wind speed errors. However, the overestimations and underestimations of in-
dividuals caused by the variable conditions tend to cancel out in aggregate statistically. Most emissions are
intermittent, and we assume individual snapshots are randomly distributed in time. This means our long time-
series and large-scale observations provide statistical samples of the regional large emitters, enabling repre-
sentative annual regional emission estimates, albeit with significant uncertainty (Frankenberg et al., 2016;
Irakulis-Loitxate et al., 2021). Summing up all emissions yields a regional total of ~1.20 Mt/yr, explaining about
16% of the previously reported total of 7.74 Mt/yr (Scarpelli & Jacob, 2019). The warming effect of 1.2 Mt of
methane emissions is equivalent to 98.4 Mt of carbon dioxide, which is roughly equivalent to Czechia's national
CO, emissions (101.54 Mt) in 2022. Although we can only probe extreme point sources, we still surmise the
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point sources detected in Shanxi Province. The numbers next to the pie chart indicate the percentage of total emissions detected in each category. (d) Comparison of
regional flux estimates detected over Shanxi and Changzhi by the GF5B-AHSI, over the Four Corners region by AVIRIS-NG, and over the Permain Basin by GF5-
AHSI. Error bars correspond to the 95% confidence interval in regional flux estimates.

bottom-up inventories may be overestimated for this region, according to the almost non-detection of emitters in
northern Shanxi mentioned previously, as well as the comparison with facility-level inventories in the next
section. Given the retrieval complexity and intermittent of point sources, the uncertainty of regional total flux
obtained from complete theoretical error propagation may not be meaningful. Instead, we carried out a
nonparametric bootstrap analysis, following Frankenberg et al. (2016). This yielded a 95% confidence interval of
0.98 Mt/yr to 1.44 Mt/yr for the total regional emissions in Shanxi. Figure 3d compares the total emissions from
the extreme point sources in Shanxi, Changzhi, Permian Basin (Irakulis-Loitxate et al., 2021), and Four Corner
region (Frankenberg et al., 2016), which are 1.2, 0.58, 0.28, and 0.3 Mt/yr respectively. The integrated flux from
Shanxi plumes is roughly 4.2 times that of the Permian Basin and four times that of the Four Corners region. Here
integrated flux from plumes refer to the total emissions from the detected plumes rather than the total emissions
over the corresponding area. The annual emission from Four Corner region, with an area of about 3,200 km?, is
0.3 Mt/yr (0.23-0.39 Mt/yr 95% confidence interval) (Frankenberg et al., 2016), whereas the annual emission
from Changzhi, with an area of about 14,000 km?, is 0.58 (0.40-0.80 Mt/yr 95% confidence interval) Mt/yr. The
aforementioned results are derived using persistence-adjusted emission rates. However, locally calm winds or
heterogeneous dark terrain can lead to higher lower detection limits, meaning that small emission point sources
can no longer be detected. Neglecting plume detection frequencies and extrapolating aggregated emission dis-
tributions yields a 2.85 (+0.38/—0.35) Mt/yr estimate for total regional emissions.

According to field surveys and Google Earth imagery analysis, we categorized ground facilities into five types:
ventilation shafts, drainage systems, open-pit coal mines, mine post-processing, and composite. Ventilation shafts
refer to methane extracted from underground coal mines that is directly released into the atmosphere to mitigate
mining hazards. The drainage system pumps gas from the coal seam or mining area to the surface for reuse by
drilling, using boreholes, pipes and vacuum pumps. However, some fraction of methane may leaks into the at-
mosphere due to equipment issues or unstable concentration of extracted methane. The key difference from
drainage systems is that no pipelines or gas tanks are visible around ventilation shafts, suggesting no intention of
CMM recovery. Figure 3c shows the categorization results for the 82 point sources. Our results indicate that
ventilation shafts contribute overwhelmingly to total emissions and source numbers, with the top 1 emission
source being ventilation shafts. The three open-pit coal mines and 17 mine post-processing facilities account for
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regression of the data, with the equation of this best-fit line shown on the

plot.

point source sums. Overall, the spatial patterns of CMM discussed above are
consistent with bottom-up inventories based on production data and emis-
sion factor in most regions. These bottom-up inventories give Shanxi
province emissions estimates of 6.2-10.5 Mt/yr for 2,020, 5.1 to 8.8 times
our summed estimate from the 82 point sources detected.

For a mine-level comparison, we have also compared our detected emissions against the bottom-up inventory
provided GEM (see Section 2). Of these 82 detected sources, only 18 sources passes the position match test (less
than 600 m). This suggests that the coal mine locations provided by GEM may differ from the actual release
locations. Figure 4 demonstrates the comparison results of these 18 coal mines, which exhibits high correlation
with an R of 0.77. GEM estimates are on average 4.1 times our observed emissions, suggesting potential over-
estimation in other bottom-up approaches. In addition to determining emission factors specific to coal field types
and mining depth, future CMM inventory compilation should account for pre-mining CBM utilization as well as
CMM recycling. Additionally, we scraped the locations of 689 coal mines in Shanxi using the Baidu Maps API
based on mine names from the Shanxi Energy Bureau. However, the detected source locations differed sub-
stantially from the API-derived points, which mark coal company offices far from actual ventilation shafts. This
highlights that future inventory compilation cannot solely rely on company office coordinates from maps.

4. Conclusions and Discussion

Our satellite-based approach has enabled the first provincial-scale survey of CMM point sources across Shanxi,
China's top coal-producing region. The 30-m resolution GF5B imaging spectrometer used in this study has proven
to be effective for detecting, quantifying and attributing strong methane plumes to their facility origins. We
identified 82 major emitters using matched filter method, largely clustered in the southeast Changzhi city.
Employing the IME method to estimate emission rates, our findings reveal emission intensities ranging from 474
to 19,290 kg/hr, highlighting the heavy-tail distribution of CMM emissions in Shanxi Province. The top 20% of
sources contributed approximately 50% of the total emissions, with emission rates greater than 2,500 kg/hr.

Our results underscore the significant discrepancies between existing bottom-up Greenhouse Gas Inventories
(GHGISs) and measurement-based estimates, especially in coal mining areas in northern Shanxi. It is important to
note that the total emissions reported in this work refer to the integrated flux from plumes, distinct from total
emissions reported in bottom-up inventories and top-down inversions. This is the primary reason for the sub-
stantial differences between our total emissions and those reported previously. Mine-level comparison with the
GEM inventory preliminarily reveals that there is an overestimation of the inventory by a factor of about 4.1.
Previous top-down studies typically reveal that emissions inventories are underestimated in most regions (Kort
et al., 2014; Sadavarte et al., 2021; Wei et al., 2023). However, in the Shanxi region, our findings contradict this
trend. Recent top-down inversion studies also suggests overestimation in the inventory for the Shanxi region
(Shen et al., 2023; Zhang et al., 2022). We suggest that the overestimation of bottom-up inventories is associated
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with extraction of CBM. The strategy of “extracting CBM before coal mining” may lead to sizable reduction in
methane emissions during the coalmining phase.

The findings emphasize the critical value of satellite observations for independently verifying and globally
monitoring GHGI, offering crucial data for the quantification and attribution of CMM emissions, thereby sup-
porting targeted mitigation measures. Significantly, this study delineates the intermittent characteristics of
methane emissions across various facility types and highlights the critical role of ventilation shafts. These shafts
not only predominate in terms of the emitter count but also in their contribution to the aggregate emissions. This
insight underscores the importance of persistence factors in determining emission factors, inferring annual
emissions, and identifying potential mitigation actions.

However, attention must be given to the uncertainties associated with retrieved concentration enhancements,
which are influenced by limitations in spectral resolution and signal-to-noise ratio. Additionally, the heteroge-
neous surface of Shanxi results in a higher detection limit, posing significant challenges to the automated
extraction of plumes. Consequently, many point sources with low emission rates may remain undetected and
unquantified, leading to conservative estimates of the total emissions.

Going forward, In addition to the operational GF5B, PRISMA, EnMAP and EMIT satellites, upcoming high-
resolution imaging spectrometers such as CHIME, Carbon Mapper and MethaneSAT will further improve the
revisit frequency of methane point source characterization globally. In tandem with densified in-situ monitoring
networks, these observations promise for information for Methane Alert and Response System (MARS) (Guanter
et al., 2023), robust methane inventory compilation and mitigation policy assessments.

Data Availability Statement

The gridded inventories are available from CEDS (O'Rourke et al., 2021) and EDGAR (Monforti Ferrario
et al., 2021). The Global Coal Mine Tracker data set is obtained from GEM, available at https://global-
energymonitor.org/projects/global-coal-mine-tracker/. The U, data is obtained from GEOS-FP data set, avail-
able at https://portal.nccs.nasa.gov/datashare/gmao/geos-fp/das/. The GF5B methane column enhancement data
that support the findings of this study are publicly available Pei (2024). All codes are available at https://github.
com/peisipand/GF5_MF_CH4.
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