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Abstract: Methane is the second most important greenhouse gas after carbon dioxide. The intensity
and distribution of methane source/sink in China are unknown. We collected the column-averaged
dry air mixing ratio of CH4 (abbreviated as XCH4 hereafter) from TROPOMI for the period from
2018 to 2021, to study spatial distribution and temporal change of atmospheric CH4 concentration,
providing clues and foundations for understanding the source/sink in China. It was found that
the distribution of XCH4 is roughly high in the East, low in the West, high in the South and low in
the North. Additionally, an evidently positive linear relationship between XCH4 and population
density was witnessed, suggesting anthropogenic emissions may account for a large portion of total
methane emissions. XCH4 exhibits evident seasonal characteristics, with the peak in summer and
trough in winter, regardless of the different regions. Moreover, we used XCH4 anomalies to identify
the emission sources and found its great potential in the detection of methane emission from mining
plants, landfill, rice fields and even geological fracture zones.

Keywords: methane; TROPOMI; China

1. Introduction

China set its carbon neutrality target in 2020, claiming to peak its carbon emissions by
2030 and achieve net zero carbon emissions by 2060 [1]. Methane is the second most impor-
tant greenhouse gas after carbon dioxide directly influenced by anthropogenic activity, and
its radiative forcing is close to that of all other non-CO2 greenhouse gases combined in time
and space [2]. Methane has more than 80 times the warming power of carbon dioxide over
the first 20 years after it reaches the atmosphere [3]. Even though CO2 has a longer-lasting
effect, methane currently sets the pace for warming [4]. Recent studies confirmed that the
atmospheric concentration of CH4 reached an unprecedented level since records began,
exhibiting an accelerating upward trend [5]. However, unlike CO2 emissions, methane
emissions have not been well understood in both developed and developing countries [6–8].
For example, China, to date, has not yet compiled its own CH4 emission inventory. Hence,
there is a large gap between China’s carbon neutrality ambition and the reality, considering
methane emissions. Consequently, understanding the temporal and spatial distribution of
the atmospheric concentration of CH4 in China is of great significance, and is an urgently
critical step for subsequent compilation of CH4 emission inventory.

For an insight into the spatial and temporal distributions of atmospheric CH4 con-
centrations, several studies have been conducted using observations obtained by different
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platforms and techniques. Previously, researchers used XCH4 provided by SCIAMACHY
and AIRS to study the spatial–temporal variations of CH4 over China and infer methane
emissions [9–14]. Wu monitored the temporal and spatial variation characteristics of atmo-
spheric CH4 concentrations in China, from 2002 to 2016, using atmospheric infrared detector
(AIRS), and found hot spots of XCH4 in Northern Xinjiang, Northeast Heilongjiang and
Northwest Sichuan [15]. Since the launch of the GOSAT satellite, XCH4 dataset provided by
GOSAT soon became a widely used product to monitor atmospheric CH4 concentrations at a
large spatial scale due to its better performance. Since then, satellite-derived XCO2 products
have been validated with XCO2 observations obtained by ground-based networks consist-
ing of Fourier transform spectrometers (FTSs), demonstrating reliable performances [16–19].
Compared with the above sensor data, TROPOMI (the tropospheric monitoring instru-
ment) has its unique advantages, providing XCH4 products with a much higher spatial
resolution, a better coverage as well as rapid revisits. Previous studies have shown that
XCH4 products of TROPOMI exhibit an adequate reliability and accuracy [20–22]. There-
fore, many research teams used TROPOMI data for CH4 observation [23–26]. However,
XCH4 of TROPOMI is more affected by surface albedo and has larger biases compared to
GOSAT [27].

XCH4 products from TROPOMI provide a new and valuable opportunity to gain
insight into the temporal and spatial variations of CH4 in China. Moreover, its wider cover-
age and finer spatial resolution enable us to further explore the feasibility of identifying
CH4 emission hotspots on a small scale, such as oil fields [28] and mineral exploration.

In the present study, we collected XCH4 products from TROPOMI for the period from
2018 to 2021, analyzed the temporal and spatial distribution patterns of the atmospheric
CH4 concentrations in China and tried to identify the plausible reasons behind such
distribution patterns. Different spatial analysis techniques, such as correlation analysis,
spatial autocorrelation, high-low cluster and cold-hot spot analysis, were utilized to achieve
our goals.

The remaining parts of this work are organized as follows. Section 2 introduces
data sources and processing methods. Section 3 demonstrates the spatial and temporal
distribution of atmospheric CH4 concentrations in China over land. Additionally, we also
present the CH4 anomalies in some typical places in this section. We discuss the outcomes
and plausible reasons in Section 4. Finally, we summarize the whole work in Section 5.

2. Materials and Methods
2.1. Data Source

The XCH4 product used in this study was provided by TROPOMI, a multispectral
sensor carried on the Sentinel-5p, of which the spatial resolution is 0.01 radians and the
revisit period is 17 days. In this study, the monthly XCH4 products in China, spanning
from May 2018 to May 2021, were acquired from GES DISC (NASA Goddard earth sciences
data and the Information Services Center, https://disc.gsfc.nasa.gov/, accessed on 10
November 2021). The seasonal and yearly XCH4 products, spanning from March 2020 to
March 2021, were acquired via the GEE (Google Earth engine) platform. The earliest date
for the XCH4 product provided by the GEE platform is March 2019, and that for GES DISC
is May 2018. Therefore, the latter was chosen for the temporal variation analysis to provide
a sufficiently long time span. Herein, the spring period is defined as March, April and May;
the summer period is defined as June, July and August; the autumn period is defined as
September, October and November and the winter period is defined as December, January
and February. The XCH4 product provided by the GEE is the level-3 product. The minimum
value is 1491 ppbv (parts per billion) and the maximum value is 2352 ppbv. The angle
resolution is 0.01 radian and the spatial resolutions at the nadir points are 3.5 × 7 km2 and
7 × 7 km2 in the study period. For convenience, the spatial resolutions were resamples to
10 × 10 km2 on the GEE platform. The value of each pixel in the final output data is the
average of all the pixels in the given grid with a certain time period. The data retrieved
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from GEE was filtered with the condition that the QA value (data reliability) was better
than 0.5.

In this work, we selected four study areas (as Figure 1 shows): TARIM Basin
(78◦ E–88◦ E, 37◦ N–42◦ N), Sichuan Basin (103◦ E–108◦ E, 28◦ N–32◦ N), Central China
(110◦ E–118◦ E, 26◦ N–32◦ N) and North China (114◦ E–119◦ E, 32◦ N–37◦ N). The time
period is from May 2018 to May 2021.
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Figure 1. Location of the four study areas.

2.2. Data Processing Method
2.2.1. Correlation Analysis

The correlation analysis is used to measure the correlation between the two variables.
This paper uses the correlation coefficient to reflect the correlation between population
density and CH4 concentration. The value of the correlation coefficient is between 1 and
−1. The number 1 means that the two variables are completely linear in correlation, while
−1 means that the two variables are completely negative in correlation. Additionally, zero
means that the two variables are not correlated. The more the data tends to zero, the weaker
the correlation.

2.2.2. Spatial Autocorrelation Analysis

Spatial autocorrelation refers to the potential interdependence of some variables in
the same distribution area between the observed data [29]. Moran’s I, Z-score and p-value
were recognized as the indices to evaluate the significance.

The value of Moran index I is between −1 and 1; less than zero indicates a negative
correlation; equal to zero indicates statistically uncorrelated and greater than zero indicates
a positive correlation [30]. Moran’s I index is calculated as follows:

I =
n
S0

•
∑n

i=1 ∑n
j=1 wi,jzizj

∑n
i=1 zi

2 (1)

where zi is the deviation of element i’s attribute and its average value (xi − x), wi,j is the
spatial weight between elements i and j, n is the total counts of elements and S0 is the
aggregation of all spatial weights:

S0 = ∑n
i=1 ∑n

j=1 wi,j (2)

The p-value represents the probability that the observed spatial pattern is created by a
random process. When the p-value is very small, it means that the observed spatial pattern
is unlikely to arise from random processes. The Z-score represents the multiple of the
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standard deviation. The larger the value of the Z-score is, the higher the confidence that it
is unlikely to occur from the random process.

2.2.3. High–Low Cluster Analysis and Cold–Hot Spot Analysis

The high–low cluster analysis can measure the clustering degree of high or low values,
which is actually used to measure the density of high values or low values in the study
area.

The cold–hot spot analysis is used to identify the significant spatial clustering of high
values (hot spot) and low values (cold spot). This tool creates a new output feature class for
each feature in the input feature class using the Z-scores, p-value and confidence intervals.
If the Z-score of the feature was high and the p-value was small, it would indicate that there
is a high-value spatial clustering. On the contrary, if the Z-score is low and negative and
the p-value is small, it indicates that there is a spatial cluster with a low value. The higher
(or lower) the Z-score, the greater the degree of clustering. If the Z-score is close to zero, it
indicates that there is no obvious spatial clustering.

2.2.4. Time Series Data Processing Method

When studying the temporal trend of CH4 emissions in China, four regions with
large CH4 emissions (TARIM Basin, Sichuan Basin, Central China and North China) were
selected, so as to ensure there were adequate datasets to participate in the monthly mean
value calculation. Therefore, we can eliminate the occurrence of accidents and ensure the
reliability of the results. In processing the monthly average data of the study area, firstly,
reading the data within the longitude and latitude of the study area and QA-value is greater
than 0.75. Then, eliminate the data with large distances from the mean value (the absolute
value of subtracting the mean is greater than 30) in the data of this month, to ensure the data
variance within one month is reasonable, because the CH4 concentration will not change
much within one month. Finally, the monthly average value of XCH4 was calculated using
the remaining data.

3. Results
3.1. Spatial Distribution of XCH4

Figure 2 shows the distribution of the average XCH4 within China for two years from
2019 to 2021. Figure 2 shows that the overall XCH4 in China is high in the East, low in the
West, high in the North and low in the South. In particular, XCH4 is lower in the Inner
Mongolia Autonomous Region and Northeast China, above 45◦ N latitude, than in other
places. North China, Central China, South China, the Sichuan Basin and TARIM Basin are
areas with relatively high XCH4, while the Northeast and Qinghai–Tibet Plateau witnessed
relatively low XCH4. XCH4 takes values in the range of 1753 to 1978 ppm. Figure 3 shows
the population distribution in China. The spatial distribution of the population exhibits a
similar pattern with the XCH4. The vast majority of the population is distributed in the
east of the Heihe–Tengchong Line, of which North China is the most densely populated
place. The place with the highest CH4 concentration in China, shown in Figure 2, is also
North China. In addition, Central China and the Sichuan Basin are also places with a
high CH4 accumulation and high population density. To quantify this apparently existing
correlation, we performed a correlation analysis between the population density and the
XCH4 concentration at the provincial scale. Such an analysis was performed by selecting
all the provinces in the east of the Heihe–Tengchong Line to eliminate the sampling bias
due to insufficient observations in the western provinces. We took each province as the
unit of calculation. The horizontal coordinate is the mean population density and the
vertical coordinate is the XCH4 annual mean. It yielded a high correlation with R of
0.84, as shown in Figure 4, for which it can be considered that the CH4 concentration
and population density are positively correlated. The determination coefficient of the
XCH4 population relationship is 0.7, suggesting the population distribution can largely
explain the spatial distribution characteristics of XCH4. A previous study indicated that
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85% of methane emissions are related to human activities in China [31]. Given that there
is a positive relationship between XCH4 and methane emissions, satellite-derived XCH4
products also suggest that anthropogenic emissions are probably the main source of the
methane emissions in China. The population density could be a good proxy to map a
gridded methane inventory with a high resolution in the future.

The variation of XCH4 exhibits an evident seasonal characteristic. Figure 5 shows the
distribution of XCH4 in China in four seasons. We can find that the XCH4 distribution in
different seasons is similar with its annual distribution. Overall, the CH4 concentration is
higher in summer and autumn than that in spring and winter. Different regions exhibit
different seasonal characteristic. For example, in North China, the XCH4 is typically high in
summer and autumn, low in spring and winter and the concentration changes significantly.
In Northern Heilongjiang, XCH4 is low in all seasons, and there is no large gap in the CH4
concentration in all seasons. However, it can also be observed that the XCH4 in this place is
high in summer and winter, and low in spring and autumn, with the highest levels in winter
and the lowest in spring, which is different from the other places. In the Qinghai–Tibet
Plateau, due to the high terrain, complex terrain and lack of observation data, the variation
of XCH4 in the four seasons cannot be observed in the Figure.
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We utilized the spatial autocorrelation analysis, high–low cluster analysis and cold–hot
spot analysis to gain an insight into understanding the spatial distribution characteristics
of XCH4. The spatial autocorrelation analysis yielded a Moran index I of 0.78 and a Z-score
of 2060, with a p-value less than 0.01, indicating a positive spatial correlation of XCH4
with high confidence. It is thus considered that there should be clustering in the spatial
distribution of XCH4. Additionally, the geographically adjacent regions tend to have the
same properties in terms of XCH4 distribution.

Figure 6 shows the results obtained by the cluster analysis. Figure 6 demonstrates
that there are high–high clusters in the middle and east of China, the TARIM Basin and
JUNGGAR Basin, and low–low clusters in the east of Inner Mongolia, north of Heilongjiang,
east of the three northeastern provinces and east of Gansu and Hainan. There is no
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significant clustering in the west of Inner Mongolia and the area where Inner Mongolia and
the three northeastern provinces connect. There are few high–low clusters and low–high
clusters, which exist in sporadic areas at the junction of the high value and low value. In
Western Sichuan and the Qinghai–Tibet Plateau, cluster analysis cannot be carried out due
to the lack of data.
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In addition, the analysis of the cold and hot spots was also carried out to measure the
density of the high values or low values in China in Figure 7. The spatial distribution of
CH4 in China is more scientifically verified by the cold and hot spot analysis map. With
99% confidence, we believe that the central and eastern parts of China, the central parts
of the three northeastern provinces, the TARIM Basin, the JUNGGAR Basin, the Sichuan
Basin and the EJINA Banner in western Inner Mongolia are the hot spots of CH4 emissions.
With 99% confidence, we also believe that the central and eastern parts of Inner Mongolia,
the eastern parts of the three northeastern provinces and Hainan Island are the cold spots
of CH4 emissions. Only in a few places is there no significant indication of cold spots or
hot spots.
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3.2. Temporal Variation of CH4 in China

As XCH4 products are inadequate in several places every month from May 2018 to
May 2021 in China, we selected 4 representative areas to study the temporal variation
characteristics of CH4 concentrations in China. The selection criterion is that the area has
sufficient data (data availability ratio is better than 50%) to calculate the monthly average
concentration every month. Four areas were selected: North China, Central China, the
Sichuan Basin and the TARIM Basin. Figure 8 shows the temporal trend of the mean XCH4
in the above four regions.
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Figure 8a–d illustrate that there are evident periodical characteristics with a period of
one year in all four regions. XCH4 is rising at different growth rates in four regions. The
greatest annual growth of XCH4 was witnessed in Central China, while the smallest was
witnessed in the TARIM Basin. From the perspective of seasonal variation, XCH4 reaches
its peak in August or September and then falls to its valley in January or February. The
differences between the maximum and minimum XCH4 levels within one year, vary from
58 ppb (in the Sichuan Basin) to 82 ppb (in Central China), implying that the intensity of
terrestrial ecosystem methane emissions varies significantly across regions.

We can then conclude from the above results that both the annual growth and the
amplitude of XCH4 vary in terms of different regions, which suggest that there is an evident
spatial heterogeneity in the methane emissions regardless of natural and anthropogenic
emissions.

3.3. Anomaly of CH4 and Its Significance

Compared with the XCH4 itself, its anomaly can better highlight potential methane
emissions because the background concentrations that are determined by regional scale
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emissions and transportations are subtracted. The XCH4 anomaly was defined and ex-
tracted from the original products based on Equation (3):

V0 = V − Vm (3)

where V is the original XCH4 retrieval, Vm is the median of V in the given region (methane
emission anomaly Study area) in a month and V0 is the resultant anomaly.

After extracting the XCH4 anomalies, we further used such products to explore
hotspots that were likely related with methane emissions. In this section, we focus on four
representative methane-emitting regions to explore the ability of the XCH4 anomaly to
identify methane emissions.

3.3.1. Mining Operations

Shanxi Province is a major energy province of China, mainly for coal mining. Figure 9
demonstrates the spatial distribution of XCH4 anomalies in Shanxi. We can see that XCH4
anomalies exceed 40 ppb in parts of Shanxi, such as in Yangquan, Changzhi and Jincheng.
All these regions are famous for their coal mines. The results indicate that XCH4 anomalies
derived from TROPOMI products can be used to map XCH4 enhancements due to methane
emissions related to coal mining at a city scale. Furthermore, we tried to identify strong
point sources of methane due to the mining industry using XCH4 anomalies.
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Figure 9. High CH4 concentrations in Yangquan, Changzhi and Jincheng.

Figure 10 shows a typical positive XCH4 anomaly in the southern Ejina Banner
(100.0◦ E, 41.1◦ N) of Alxa League, the Inner Mongolia Autonomous Region, the junc-
tion of Inner Mongolia and Gansu. The visual interpretation of a high resolution image
indicates that the plant is located in the middle of the Gobi desert where other methane
emissions are rare. Figure 10 shows that there is an XCH4 anomaly of about 40 ppb in the
surroundings of an open pit coal mine. We can thus conclude that the aXCH4 products of
TROPOMI have great potential to identify strong point source methane emissions when
not influenced by other methane fluxes.
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Figure 10. A stable high value anomaly of CH4 at the border of Inner Mongolia and Gansu.

3.3.2. Landfill

Figure 11 shows a high value anomaly of CH4 in the north of Jinan (117.01◦ E, 36.86◦ N).
Through high-resolution satellite images, we found a large-scale landfill site in the north-
western part of the built-up area of the city. Furthermore, a higher anomaly with a larger
area at the northwestern region coincides with a number of oil and gas storage tanks.
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3.3.3. Rice Producing Area

Figure 12 shows a close-up of the CH4 distribution in Wuhan and Xiaogan. It can be
clearly seen that there is a large area of high CH4 value at the junction at the west of the
Caidian District in Wuhan and the south of Hanchuan City in Xiaogan. The high value
area is connected to a large area, which is 20–40 ppb higher than the background. The
Jianghan Plain was a large lake 2000–3000 years ago, and then gradually evolved into a
plain area. Compared to the plains of North and Northeast China, large wetlands still exist
in the Jianghan Plain today [32]. These wetlands have been artificially modified to form
large areas of rice fields. Fish and shrimp are also extensively farmed in these rice fields
and have become an important source of local economy. According to the report from the
European Commission, wetlands and rice account for more than 30% of the total global
methane emissions [33]. Gong et al. found that paddy fields accounted for 19% of the total
emissions [31]. Through high-resolution satellite images, it can be seen that there are a
large areas of paddy fields in this area. Meanwhile, there are no other known sources of
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methane emissions in the area, as illustrated in Figure 12. Therefore, such anomalies could
be direct evidence for paddy fields. Similar XCH4 anomalies caused by paddy fields are
also seen in other major rice producing areas, such as Hunan, Anhui and Northeast China.
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3.3.4. Geological Structure

Figure 13 shows that there is an evident CH4 anomaly in the west (79.8◦ E, 41◦ N) of
the Aksu region. The region is inaccessible and there are hardly any signs of anthropogenic
activity. High-resolution satellite images show a very distinctive large fold phenomenon.
At the same time, the black rock layers suggest that the area is likely to be rich in coal and
natural gas. Hence, such an XCH4 anomaly is likely related with CH4 leakage due to the
fault zone.
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4. Discussion

Anthropogenic methane emissions may account for a high proportion of total methane
emissions in China. It is can be observed that the spatial distribution of XCH4 is basically
consistent with the population distribution in China. In Eastern China, there is a dense
population and more human activity. That area exhibits a high level of XCH4. The Qinghai–
Tibet Plateau, northern Inner Mongolia and northern Heilongjiang are sparsely populated
and have fewer human activities. Those regions correspondently exhibit a low level of
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XCH4. Xinjiang may be an exception. Despite its low population density, its well-developed
oil and gas industry has led to relatively high levels of XCH4 in the region.

In Northern China, there is a large population and frequent human activity, especially
in Beijing, Tianjin, Hebei and Shandong, which have a large population density, developed
industry and consume a large amount of fossil fuels, resulting in a large amount of CH4
accumulation. Several northern provinces are also major livestock provinces. The develop-
ment of livestock will also lead to an increase in CH4 emissions. The high CH4 emission
area in Northeast China may be related to oil field exploitation and a large area of wetlands.
Anthropogenic methane emissions, such as energy activities, livestock, wastewater and
municipal solid waste contribute over 65% of the total emissions in China, according to a
recent study [31]. This explains why XCH4 is positively related with the population.

Figure 8 shows that the XCH4 in China reaches its peak in September every year. Such
a phenomenon is consistent with SCIAMACHY’s observations in China [34]. Chandra,
N et al. indicated that agricultural practices, i.e., paddy fields as well as large scale transport
and chemistry, are responsible for the high methane concentration during that season. The
low XCH4 in winter, namely in December, January and February, is mainly due to the
seasonality of emissions from wetlands, vegetation and rice paddies.

In Central and Southern China, the high XCH4 level is related to the rice paddies and
vegetation. The rice planted in these areas is two or three crops a year, which will emit
a large amount of CH4 into the atmosphere during the rice growth season. The monthly
average XCH4 in Central China changes dramatically within a year, which could be related
to the existence of large areas of paddy fields in this region. In August and September,
rice ripens and releases a large amount of CH4, resulting in the peak of XCH4 in Central
China at this time. After the rice harvest, XCH4 decreases rapidly until January in winter.
Arriving in spring in March, agricultural activities begin to recover and gradually increase,
and then CH4 concentrations began to rise correspondingly. Similar patterns were used for
emissions caused by other vegetation.

Although the TARIM Basin is sparsely populated, there are a lot of energy activities.
The TARIM Basin contains quite rich oil and natural gases. It is an important energy
production base in China and the starting point of the “West–East Gas Transmission” project.
The exploitation of oil and natural gas would leak a large amount of CH4. Therefore, XCH4
in the TARIM Basin are maintained at a high level throughout the year.

The Chengdu Plain, known as the “land of abundance” in the Sichuan Basin, has a
large population. There are many anthropogenic emissions, such as livestock breeding,
energy activities and rice planting, which all contribute to the high XCH4 here. Among
them, energy activities lead to the maintenance of CH4 concentrations in this area at a high
level. Rice planting and livestock breeding are the main causes for seasonal fluctuations in
XCH4 within a year.

5. Conclusions

This paper presented a quantitative study on the temporal and spatial distribution of
CH4 concentrations in China. Our results found that the distribution of XCH4 is roughly
high in the East, low in the West, high in the South and low in the North. Through visual
interpretation and correlation analysis with population data, we concluded that the spatial
distribution of XCH4 in China has a great correlation with the population distribution. In
addition, XCH4 is generally high in summer and low in winter. Furthermore, four regions
with adequate XCH4 observations were selected for time series analysis. We found that
XCH4 generally exhibits a certain temporal periodicity. The cycle is one year, reaching
the peak in summer and the trough in winter. However, some monthly average XCH4
observations are abnormal, and the reasons need to be further explored. This paper also
demonstrated the XCH4 anomaly in China. Evident XCH4 anomalies were witnessed at
coal mining plants, landfills, rice field production areas and coal-bearing geological fracture
zones. In the future, it is a very meaningful task to quantitatively estimate the intensities of
methane sources using XCH4 anomalies.
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