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Abstract: The coal industry is the largest global emitter of carbon dioxide (CO2). However, recent
data suggests that coal mine methane (CH4) emissions worldwide are higher than those of the oil and
gas industry. Furthermore, the coal industry is less active in reducing methane emissions than the oil
and gas sectors due to lower profitability. Although uncertainties remain in quantifying methane
emissions from mines, the use of satellite observations is revolutionizing the process of monitoring
and improving the accuracy of emission accounting. The methodology presented here allows us to
determine background CH4 concentrations and improve our ability to detect emission events using
Sentinel-5P data. Knowing the background concentrations for the area of interest provides us the
opportunity to track seasonal and annual variations and trends, as well as quickly detect periodic
or accidental emissions from unregulated sources, etc. The methodology and systematic research
applied in this paper for the period of May 2018 to the end of 2022 enables us to detect hundreds of
large-scale emissions of CH4, NO2, and CO from the coal mines in the Kuznetsk Basin (the Kemerovo
region), the largest coal mining area in Russia. We estimated that the amount of these emissions is
significantly higher than the emissions reported by various authors for other coal mining regions
such as Poland and Australia. We found that in cases of high methane quantity there is a positive
correlation between NO2 and CO emissions in time and location. The source of emissions in the study
area is homogeneous, which allows it to be used as a benchmark for building models to estimate and
track emissions in heterogeneous areas.
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1. Introduction

Methane (CH4), nitrogen dioxide (NO2), and carbon monoxide (CO) are amongst
the main air pollutants worldwide [1,2]. They are being emitted by various sources, with
the coal industry being one of the largest global emitters. A growing number of scientific
reports state that coal is the most polluting source of energy and a major cause of the
unprecedented increase in the concentration of greenhouse gases in the atmosphere [3–5].
Emissions of CH4, CO, and NO2 are released into the atmosphere along the entire chain
from the mining of coal to its processing, transport, and combustion.

Methane emissions from coal mining depend on a number of factors such as the
geology of the deposit, the method of coal extraction, the rank of the coal, and more.
Typically, higher rank coal has higher methane content [6]. It is believed that operating
underground mines are responsible for the majority of methane emissions at a global level.
Methane emissions from surface mines are generally much lower [7]. In terms of emission
flux, underground mines are considered as point sources whose emissions are relatively
easier to record, track, and quantify. Surface mines, on the other hand, are considered as
an area source and the recording and quantification of their emissions are considerably
more difficult, since the amount of emissions from open-pit mines is very close to the value
of background methane levels for the specific study area. Uncontrolled emissions from
abandoned mines can also be difficult to detect and problematic to measure.
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CO is another gas emitted by coal mining industries. CO has a short lifetime in
the atmosphere (days to a few weeks) and plays an important role in the formation of
ground-level ozone (O3). In the atmosphere, CO interacts with OH and reduces their
levels. Meanwhile, OH radicals help reduce the lifetime of potent greenhouse gases such as
methane. As a consequence, the reduction of (OH) indirectly increases the global warming
potential of these gases.

Due to its relatively short atmospheric lifetime, CO can be used as a tracer gas in the
assessment of emissions from point sources of air pollution [8,9]. This is particularly useful
when investigating emissions of air pollutants such as CH4, CO, and NO2 in coal mining
areas, where we very often have a combination of many different sources in a relatively
small area, such as oil and gas fields in addition to coal mines. NO2 is highly reactive gas
and, in the presence of OH radicals under solar radiation, contributes to the formation of
tropospheric ozone [10,11]. The main anthropogenic sources of NO2 are thermal power
plants, oil refineries, etc., where the combustion of fossil fuels such as coal, oil, and natural
gas releases large amounts of this gas into the atmosphere.

Spontaneous coal combustion is very common in coal mining areas and releases large
quantities of toxic gases. Significant differences in pollution levels and seasonal behavior
of air pollutants have been found in different regions of the world. The temporal and
spatial behavior of air pollution depends on relevant regional characteristics such as the
topography of the area, local meteorological conditions, and the specific distribution and
nature of local pollution sources [12]. To efficiently combat global warming, we have to
find fast and reliable methods to reduce the presence of the main and most impactful gases
causing the greenhouse effect.

Methane (CH4) is the second most abundant greenhouse gas after carbon dioxide
(CO2). Its concentration in the atmosphere has increased at an accelerating rate in recent
years and it is one of the reasons for the observed acceleration of climate warming. To
slow down climate change in the short term, it is vital that emissions of this greenhouse
gas is reduced rapidly in the current decade [13]. The atmosphere’s methane budget is
the sum of all the individual sources and sinks that determine the amount of methane in
the atmosphere on a particular day. However, accurate quantification of this budget is a
major challenge [14]. This is one of the most important aspects for meeting international
climate commitments, but many of the existing methane inventory systems at the national
level are not sufficiently reliable [7]. Accurately determining atmospheric methane levels
from all sources, both locally and globally, requires the development and application of
advanced tracking technologies and scientific methods. An essential part of the process
of quantifying the global methane budget is to investigate the dynamics of changes in
methane concentrations and fluxes from a given emission source, as well as the mechanisms
of uptake and transport. An important step in this direction is the development of detailed
inventories of anthropogenic sources of methane and other important air pollutants such as
carbon monoxide (CO) and nitrogen dioxide (NO2), and their nature and location [15]. For
that reason, the quality of emission monitoring and reporting systems needs to be greatly
improved. Methane, CO, and NO2 emissions vary widely between sectors and countries.
There are several options for tracking emissions with varying degrees of accuracy [16]. It
is important that monitoring and reporting programs take into account the spatial and
temporal variability of emission fluxes. The choice of monitoring sites and the frequency of
measurements are critical to the reliability of the results obtained [7].

A comprehensive review of available inventories of anthropogenic methane emissions
has been compiled by the Global Carbon Project [17], with the two largest sources being
agriculture and fossil fuels [18]. The fossil fuel industry is one of the largest sources of
anthropogenic methane emissions to the atmosphere, primarily due to the gas and oil
sectors (throughout the extraction-to-combustion chain). However, coal mining is relatively
less studied and is likely to contribute significantly more to the levels of this greenhouse
gas [19]. This finding becomes even more pronounced when considering the impact of
abandoned coal mines, which continue to emit methane long after closure.
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The recording and estimation methods used, the type, frequency, and density of data,
consideration of orographic and meteorological factors, and other factors play a significant
role in interpreting the data obtained for monitoring air pollution. Each approach has its
strengths and limitations and it is therefore important that the objectives of the emissions
study are adequately formulated and tailored to the information available.

Satellite technology is the most promising method for monitoring air pollutant emis-
sions and reporting systems over the last few years. This is due to the rapid quantitative
and qualitative development of this technology, including quantity and speed of infor-
mation processing, broad range of applications, etc. [20,21]. Satellite remote sensing is
providing increasingly better results in establishing emission profiles; it is very useful for
mid- and long-term monitoring, and is crucial in tracking whether emission targets are
being achieved [22]. With the fast development of satellite technology for remote sensing
of atmospheric pollution, studies are increasingly focusing on the energy sector, especially
coal mining. However, the success of research and its applicability for practical purposes
depend on the resolution of the satellite data used. Satellite data is distinguished by both
advantages and disadvantages in terms of its spatial and temporal resolution.

The primary purpose of low and medium spatial resolution satellites is not to identify
and quantify emissions from point sources, but rather to study emissions of gaseous
pollutants such as methane, CO, and NO2 from facilities and sites over large areas, and
to track and analyze their medium and long-range transport. It is mainly a detection
technique, because each measurement from a satellite is a snapshot of the gas concentration
in the atmospheric column over the area of the image [22–24]. There are a number of
important factors that have an impact on the range of applications and data quality of
atmospheric remote sensing satellites. These include the presence of cloud cover over
the study area, low albedo, wind, missing pixels, high aerosol content in the atmosphere,
surface topography, high mountain areas, etc. All of these factors have varying degrees
of influence. An additional negative influence is the presence of high levels of particulate
matter in coal mining areas. The absence of pixels in satellite imagery is an important
and consistent feature of satellite imagery, particularly for the measurement of methane
emissions. It is therefore crucial to determine the percentage of available data for each
study area in time and space.

Due to the spatial characteristics of atmospheric processes, air pollution can be studied
at different scales. For global phenomena, such as dust storms, satellite data with low spatial
resolution and a wide spatial window are most appropriate [25]. Temporal changes in air
pollutant concentrations can occur quickly if they are directly influenced by air currents. To
fully investigate such processes, data with temporal resolution on the order of hours are
required. Satellite data with such high temporal resolution are rarely available. Medium
spatial resolution satellites can quickly scan large areas and therefore quickly identify all
the overshoots in an area. However, using satellites to quantify atmospheric emissions
depends on the resolution of meteorological networks [26,27]. Therefore, caution should be
exercised when using medium-resolution satellite data for emission quantification as they
have a relatively high degree of uncertainty [22]. A higher number of measurements over a
given area will reduce the range of errors and improve the precision of the results obtained.
Nevertheless, extracting meaningful and useful information from the full annual stream of
satellite data requires focused and efficiently structured hardware and software processing
and analysis. Such an integrated system has the capability to determine background levels
of gaseous pollutants and detect the presence of periodic and episodic high emission levels.

The main objective of this study is to investigate the spatial and temporal behavior of
CH4, CO, and NO2 in coal mining areas and the percentage of TROPOMI (TROPOspheric
Monitoring Instrument is the satellite instrument on board the Copernicus Sentinel-5
Precursor satellite) product data available for the respective study area. So far, several
scientific reports have focused on emissions from coal mining areas in Australia, Poland,
China, and the United States [5,28,29]. However, many countries with a large share of global
coal mining and processing remain unexplored [3], especially with respect to methane
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emissions. Moreover, a significant part of officially reported emissions in these countries
may be questionable [3]. Russia’s Kuznetsk Basin (the Kemerovo region) is a notable
example for an under-explored coal mining area. In addition, the Kuznetsk Basin can be
regarded as a nearly homogenous source of emissions from coal mining industry. For
both these reasons, we select this region as a study area of the present research. Potential
applications where the obtained results can be used include data assimilation [30–33],
inputs to regional and continental atmospheric transport models, meteorological grid
models for the simulation of atmospheric processes, etc.

2. Materials and Methods
2.1. Study Area: Kemerovo Region, Russia

Despite being the largest coalfield area in Russia and one of the largest in the world,
the Kemerovo region remains one of the most under-explored regions, presenting an oppor-
tunity for further scientific investigation and discovery. It contains about 1/3 of the world’s
known coal reserves [3,34] and is located in the south-western part of Siberia. It is also
home to Russia’s largest and deepest coal mine, the Raspadskaya mine. The administrative
area of Kemerovo region (Figure 1) covers an area of approximately 95,000 km2, with the
coal mining area (the Kuznets Basin) between the cities of Kemerovo in the north and
Novokuznetsk in the south covering an area of approximately 26,000 km2. Due to the lack
of official information on the exact location of coal mines in Kuzbass, this study relied on
data from Global Energy Monitor (GEM) [3,35] to generate a geolocalised map of 86 mines
for analysis purposes.
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2.2. TROPOMI Data and Observations

This study utilized information from the TROPOMI sensor on the Sentinel-5P satellite,
which is a product of the European Space Agency and operates in a sun-synchronous orbit.
With a bandwidth of 2600 km, a local flyby time of about 13 h, and a spatial resolution
of 7 × 5.5 km2 (as of August 2019; 7 × 7 km2 since the start of the mission), its data are
open access and available 2 to 4 days after their acquisition, daily [36–38]. The value for
methane XCH4 is the column mean dry molecular fraction and is a product of L2 level
(user data). It is expressed in parts per billion (ppb). Only cloud-free data were used
for the study, and pixels with optical thickness > 0.07 and albedo in SWIR < 0.02 were
removed. These filtering thresholds are consistent with SRON recommendations for data
use [39]. The Sentinel-5P data are published in netCDF format and have irregular geometry,
requiring geo-referencing [40]. This process is carried out in two stages using Sentinel’s
image processing product, SNAP [41]. The study area was cropped according to the input
data from the topography of the area after geo-referencing. Sentinel-5P data acquired
between May 2018 and December 2022 were used in the research. Thus far, the combined
emissions of methane, CO, and NO2 in this coal mining region have not been studied using
TROPOMI satellite data simultaneously.

2.3. Methodology

The relatively high percentage of missing pixels is one of the main problems in study-
ing air pollutant emissions from medium-resolution satellite data. This is particularly the
case for methane, but it is also true for NO2 and CO, depending on the latitude. It is there-
fore important to determine what data are available for the study area in terms of time (for
each day) and space (% completeness of the available pixels in the image). Several studies
quantifying the effect of missing pixels on the resulting methane endpoints have been
published in the scientific literature. One very useful result [22] shows that the uncertainty
largely depends on the variation of methane levels in the study area. In cases where the
background methane is relatively stable, the removal of significant amounts of data still
results in low uncertainty levels. Conversely, in areas with high background variability
(possibly due to the presence of a large intermittent emission source), we tend to see much
higher uncertainty even with less missing data. An analysis of the amount of available data
from the TROPOMI sensor on the Sentinel 5P satellite was performed for the Kemerovo
region of Russia for the full period of this study, from May 2018 to December 2022.

Background levels are one of the most critical indicators to monitor when studying air
pollutants such as methane, NO2, and CO. The knowledge of background levels for the
study area makes it possible to explore seasonal and annual trends in their variation, to
quickly detect periodic or occasional small- to average- volume emissions from unregu-
lated sources, as well as track transport from other areas or a series of processes such as
scavenging capacity, etc. During the process of determining background concentrations, a
fundamental task in image processing and analysis techniques [22], it is important to take
into account local topographic features (areas of uniform topography and low elevation)
and key local atmospheric characteristics (humidity, wind rose, etc.).

For the Kemerovo region, Russia, these requirements form a study area of about
36,000 km2 with a maximum altitude of 557 m, concentrated entirely around the coal mines
(Figure 2). This area is subjected to an integrated analysis on a weekly basis in order to
determine the background level of methane using the equation:

XCH4 f n = k ∗ µ − (k − 1) ∗ x, (1)

where XCH4 f n is the background methane value, µ is the median, and x is the mean of the
dataset. The factor k in Equation (1) is predetermined. For the purpose of this work, after a
preliminary analysis to estimate the error, we use k = 3 as a more precise value. This is a
very popular technique for automatic image analysis in background determination and
astronomical object retrieval [22,42]. This approach is iterative (it consists of one or more
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iterations), since the sigma-cropping is carried out in one or more steps. The first step is to
compute the standard deviation σ (Equation (2)).
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The standard deviation is determined using the equation:

σx =

√
∑i(xi − x)2

n − 1
, (2)

where x is the mean of the dataset, xi—the ith element of the dataset, n—the size of
the dataset.

The next step is to remove all pixels that do not fall within the interval of ±3σ around
the median value µ. For a result of more than 95% of the pixels in this interval, the
Equation (1) is applied, which gives the background value of methane for the study
area. The same method can be applied by replacing XCH4 f n in Equation (1) with XCO f n
and XNO2 f n, respectively, to determine the background concentrations of CO and NO2.
Background levels were calculated for each day of the four-year study period. A 3σ filter
was then applied to detect emission events. The aim is to find clusters exceeding at least
three times the standard deviation value σ for that calculation cycle. These areas need to
have at least eight pixels (for each individual polygon subjected to filtering) that exceed the
background by at least 3σ values to be considered as having an emission event. Any pixels
that do not meet this condition are eliminated from further inspection.

The advantage of this approach lies in the relatively fast processing time performed
in the R statistical and mathematical data processing environment. This is especially true
when extracting information from large datasets, such as the image files acquired daily by
the TROPOMI sensor.
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3. Results
3.1. Data Availability

Summary statistics of data availability for the study area (the Kuznetsk Basin, Ke-
merovo region) over the entire research period (May 2018–December 2022) are shown
in Figure 3.
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The graphs clearly show that for all four and a half years in the area there were no
methane readings from the TROPOMI sensor in the months of November, December, and
January. The percentage of availability ranges from 27% to 77% for the remaining months.
The dense cloud cover over the study area is the main reason for the complete lack of data
for the winter months of November to January. It is important to note that the temporal
and spatial density of data for CO and NO2 is significantly higher for the Kemerovo region
study area. Therefore, it is not necessary to perform such a statistical analysis. Another
peculiarity with regard to the TROPOMI methane data is the fact that a significant number
of the images for the research area have a low or medium density of pixels. To qualify as
valid data, we required that at least 10 pixels be clustered in the area analyzed. In most
cases, the period from February to October provided sufficient data for the calculation, as
the background calculation was performed on a weekly basis.

3.2. Background Tendency of CH4

The filtering procedure was applied to the data quality for the period May 2018–
December 2022 to eliminate files with low or no percentage of pixels present in the imagery,
and the weekly background methane concentrations for methane were obtained as shown
in Figure 4.

As can be seen from the graph in Figure 4, there is a clear tendency towards a sustained
increase in the methane background on an annual basis. In addition, the large amplitudes
of the monthly variations in methane background concentrations are very noticeable. This
is due to the large number of methane super-emitters over a relatively small area.
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Figure 4. Background concentrations of methane in the atmosphere over the Kemerovo region for
the period May 2018–December 2022. Data used–Sentinel-5P.

3.3. Detection of High Methane Emissions Events

The availability of detailed information on the background methane concentrations in
the study area allows to apply a 3σ filter to detect emission events.

The application of this method led to the registration of 339 (Figure 5) methane emis-
sions events on the territory of the Kemerovo region, for the period May 2018–December
2022. Such a high number of detected events is the cause of the high amplitude of monthly
variations of background methane concentrations in the region, shown in Figure 4. The
location of spots with detected high methane emissions overlaps with coal mine locations
in this area. There is no seasonal dependence established in the frequency of these emission
events. Due to the high number of mines located in a relatively small region (Figure 2),
each with varying volumes of coal mined and operating standards, it is very difficult to
identify the specific mines responsible for these high emissions using medium-resolution
satellite data such as the TROPOMI. Further research with higher spatial and temporal
resolution is needed to more accurately estimate the amount of methane released into the
atmosphere and to identify the super-emitters. The TROPOMI data are extremely useful
for recording emission events, as we show in the research reported here. This is particularly
useful for locations with limited access to specific sites, or where information on emissions
from these sites may not be highly reliable.

Figure 6 shows the individual days with high methane emissions in the study area.
A cluster of pixels exceeding 3σ is required to record an emission event. For many of the
days in the study time interval from May 2018 to December 2022, several clusters with
high methane emission values were detected simultaneously on the same day. This is an
indication of the presence of multiple super-emitters in the Kemerovo region.
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Figure 5. Number of registered events of high methane emissions for the period May 2018–December
2022 on a monthly basis in the Kemerovo region, Russia. Data used—Sentinel-5P.
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Figure 6. Cont.



Remote Sens. 2023, 15, 1590 10 of 20Remote Sens. 2023, 15, x FOR PEER REVIEW 10 of 20 
 

 

 

 

 

Figure 6. Days with methane emissions of more than 3σ above the background concentration, 
Kemerovo region, for each year from 2018 to 2022 separately. 

Using the same methodology with 3σ filter to detect high NO2 and CO emission 
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events are associated with high CO and NO2 emissions in the same area. 
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Figure 6. Days with methane emissions of more than 3σ above the background concentration,
Kemerovo region, for each year from 2018 to 2022 separately.

Using the same methodology with 3σ filter to detect high NO2 and CO emission events
in the Kemerovo region study area, 861 and 874 emission events were recorded for May
2018–December 2022, respectively. Figures 7 and 8 show the distribution of these events
on a daily basis for each of the individual years for NO2 and CO, respectively. Another
important result of our calculations shows that nearly all high methane emission events are
associated with high CO and NO2 emissions in the same area.
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Figure 7. Cont.
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Figure 7. Days with NO2 emissions of more than 3σ above the background concentration, Kemerovo
region, for each year from 2018 to 2022 separately.
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Figure 8. Days with CO emissions of more than 3σ above the background concentration, Kemerovo
region, for each year from 2018 to 2022 separately.

The results show that the large monthly variations in the background concentration
of CH4 can be attributed to the presence of a number of super emitters in the study area
of Kemerovo region and to the large number of registered emission events for the studied
period of 4 years and 8 months. Several clusters with high CH4, NO2 and CO emissions
events within the same day are clearly visible in Figures 9–12.
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Figure 9. High CO (left panel) and NO2 (righ panel) emissions, registered on 17 October 2021. Data
used—Sentinel-5P.
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4. Discussion

The results of a study on the emissions of methane, CO, and NO2 in the largest coal
mining area in Russia, the Kuznetsk Basin, have been presented using satellite data from
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the Sentinel-5P satellite of the European Space Agency, with a medium spatial resolu-
tion. This region has been relatively under-studied with regard to atmospheric pollutant
emissions such as methane, NO2, and CO, and has limited potential for obtaining reliable
ground-based measurements from official sources [3]. Therefore, it is extremely impor-
tant to conduct diverse studies and analyses using satellite data with moderate to high
spatial resolution.

Cases of high emissions of methane and NO2 have been reported in other coal mining
regions [12,43], but the number and amount of registered emission events is significantly
lower compared to those reported in the current study for the Kuznetsk Basin. The results
of the present research on the detection of emission events for CH4, NO2, and CO can serve
as input data for analyses of air quality or the contribution of these atmospheric pollutants
to regional and global climate change.

In this article, we present a method for determining the background levels of atmo-
spheric pollutants such as methane, NO2, and CO. Knowing this key indicator allows
monitoring of seasonal and annual trends, rapid identification of periodic or unintentional
emissions from unregulated sources, and more. One of the advantages of the presented
method is the relatively fast computational procedures in processing data from daily ob-
servations of Sentinel-5P. Our study showed that it is possible to track annual trends in
methane concentrations despite the relatively low percentage of available data, which is
in good agreement with findings from [2,22,33,44]. The results obtained here regarding
the density of available data provided by TROPOMI can be used as a basis for further
studies and more accurate quantitative assessments of emissions using satellite data with
high spatial resolution. As a result of applied computational and analytical procedures,
hundreds of cases (Figures 6–8) of high methane, NO2, and CO emissions were detected
in the coal mining area of Kuznetsk Basin for the entire study period from May 2018 to
the end of 2022. In agreement with our results, [3] also found a significant increase in
tropospheric NO2 concentration over Kuzbass due to coal mining and processing activities.
Canadian global emissions monitoring company GHGSat reports [45–47] the largest ever
recorded methane leaks from a coal mine in the period from January 2022 to May 2022. The
source, the Raspadskaya mine, is located in the southeastern part of the Kuznetsk Basin
studied by us. Their data, with high spatial resolution, enables more precise calculation of
the amount of emitted methane into the atmosphere. This highlights the importance of the
combined use of satellite data with medium and high spatial resolution for more accurate
identification of point sources, registration of all emission events in the study area, as well
as more precise quantitative determination of emissions. The emission events reported by
GHGSat for the period January 2022–May 2022 are included among those registered by
us for the same period, with the exception of those in January 2022, due to a lack of data
from TROPOMI.

As a result of our research, we have observed periodic events of simultaneous high-
emission clusters of methane (Figures 10–12), as well as NO2 and CO (Figure 9), indicating
the presence of several point sources of emissions. To precisely locate and quantify emis-
sions from these sources, it is recommended to use satellite data with high spatial resolution.
Our findings demonstrate that the large number of emissions events we have recorded is
responsible for the observed upward trend in methane concentrations in the atmosphere
over the studied area, as well as for the large monthly amplitude variations. This conclusion
is consistent with the sustained global increase in methane background reported by other
authors [16–18]. In addition, we have found that the weekly and monthly variability of
CH4 and NO2 are well revealed by the data provided by TROPOMI, which is corroborated
by [29,48].

5. Conclusions

The main objective of this study was to examine the spatiotemporal patterns of CH4,
CO, and NO2 in coal mining regions using TROPOMI data. The methodology used,
allowed for the determination of baseline gas concentrations, tracking of seasonal/annual
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changes, and prompt detection of unregulated emissions. An additional advantage of
this methodology was its ability to track annual trends in methane concentrations despite
the low percentage of available Sentinel-5 data. Over a period of four and a half years,
hundreds of large-scale emissions of CH4, NO2, and CO from the coal mines in the Kuznetsk
Basin (the Kemerovo region) were detected. The research revealed periodic events of
simultaneous high-emission clusters of methane, NO2, and CO, indicating the presence of
several emission sources. One limitation is that satellite data with high spatial resolution
is highly recommended to precisely locate and quantify emissions from these sources.
However, the obtained results showed that the proposed methodology can effectively
analyze air quality or the contribution of these atmospheric pollutants to regional and
global climate change.
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