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Abstract: Atmospheric methane (CH4) is an important greenhouse gas that can reflect variations of
CH4 emissions and sinks. This study aimed to detect spatial and temporal variations of atmospheric
CH4 concentrations in China during 2003–2021 based on CH4 column-averaged dry-air mole fraction
(XCH4) products from three satellites, namely, Scanning Imaging Absorption Spectrometer for
Atmospheric Chartography (SCIAMACHY), Greenhouse Gases Observing Satellite (GOSAT), and
Copernicus Sentinel-5 Precursor (S5P). The results revealed that XCH4 observed from three satellites
showed high agreement in spatiotemporal variations and demonstrated good consistency with
ground station measurements. The correlation coefficients (r) between the three satellites were
0.72 and 0.73, and the correlation coefficients for the ground stations were 0.79, 0.66, 0.03, 0.21, 0.70,
and 0.80. The spatial distribution of XCH4 in China was generally high in the east and low in the
west and close to that of CH4 emissions, indicating that CH4 emission sources dominated the spatial
variations of atmospheric XCH4. From 2003 to 2006, XCH4 remained stable with an annual growth
rate of 0.51 ppb·yr−1 and then abruptly increased with an overall growth rate of 6.96 ppb·yr−1. There
were obvious seasonal changes in XCH4, with peaks in autumn and summer and nadir in winter
and spring. These seasonal variations of XCH4 were related to CH4 emissions from rice planting.
Rice cultivation areas generally had high XCH4 concentrations, and the growth cycle of rice plants
significantly contributed to seasonal variations of XCH4 in the main rice planting areas. These results
provide scientific data that could encourage decision-makers to enact policies and processes to reduce
methane emissions.

Keywords: methane; SCIAMACHY; GOSAT; Sentinel-5P; China

1. Introduction

Methane (CH4) is an important greenhouse gas, second only to carbon dioxide [1]. The
radiative forcing of CH4 is more than 80 times that of carbon dioxide. From 1750 to 2020,
the increasing ratio of CH4 concentrations was more than three times that of CO2 [2,3]. This
rapid increase in atmospheric CH4 deserves much attention; however, spatial and temporal
variations of methane emissions have not been well understood [4]. As China is one of
the countries with the largest carbon emissions, it is critical to understand temporal and
spatial variations of atmospheric CH4 concentrations to help formulate effective emission
reduction strategies.

Several techniques have been developed to measure atmospheric CH4 concentra-
tions, including ground-based, aircraft, and satellite monitoring. Among these methods,
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satellites can observe temporal and spatial variations of CH4 concentrations on a regional
or global scale [5]. Several sensors can provide CH4 concentrations, such as the Atmo-
spheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS), Atmospheric
Infrared Sounder (AIRS), Infrared Atmospheric Sounding Interferometer (IASI), Michelson
Interferometer for Passive Atmospheric Sounding (MIPAS), Scanning Imaging Absorption
Spectrometer for Atmospheric Chartography (SCIAMACHY), Greenhouse Gases Observ-
ing Satellite (GOSAT), Tropospheric Emissions Spectrometer (TES), and TROPOspheric
Monitoring Instrument (TROPOMI) mounted on Copernicus Sentinel-5 Precursor (S5P).
Since 2002, these satellites have provided gridded daily or monthly data products on CH4
concentrations in the atmosphere on a global capacity. CH4 column-averaged dry air mole
fractions (XCH4) is defined as the total column amount of CH4 divided by the total column
amount of dry air, and it is often used to study variations of atmospheric CH4.

These satellite observations have been used to study spatial and temporal distri-
bution of CH4 concentrations in the atmosphere and their driving forces on a regional
scale. Based on SCIAMACHY, Zhang analyzed the spatial distribution of XCH4 in China
during 2003–2005 [6], Kavitha studied the trends in XCH4 over the Indian region during
2003–2009 [7], and Frankenberg reported trends and variability of XCH4 globally during
2003–2009. Based on GOSAT, Qin preliminary assessed XCH4 variations in China dur-
ing 2010–2012 [8], Kivimäki analyzed the average XCH4 between latitudes 44.43◦ S and
53.13◦ N during 2009–2017 [9], and Islam detected XCH4 trends in Western Canada for
the period 2009–2019 [10]. Zhang studied XCH4 spatial distribution in China using S5P
during 2018–2021 [11]. Most of these studies used observations from one satellite to study
the long-term variations of CH4 in China over no more than 10 years due to the limited life
cycle of one single satellite.

Fortunately, although these satellites carried different instruments to observe CH4
in the atmosphere, the CH4 concentrations from different satellites presented relative
consistency. For example, Zou found that the correlation coefficients of CH4 columns
from AIRS and GOSAT were more than 0.8 and that the difference was larger in high-
latitude regions than in lower-latitude regions [12]. Hu presented a comparison of XCH4
products from S5P and GOSAT that showed excellent consistency [13]. Zhang found that
atmospheric CH4 from AIRS, SCIAMACHY, and GOSAT were in good agreement with
those from ground-based measurements [14]. These studies highlight the potential of
studying long-term variations based on serious observations from satellites.

In the present study, we aimed to obtain an overall insight on spatiotemporal trends
of CH4 based on monthly XCH4 products from multiple satellite observations, namely,
SCIAMACHY, GOSAT, and S5P. The rest of the paper is structured as follows. Section 2
introduces data sources and methods, Section 3 demonstrates the accuracy and consistency
of satellite data on XCH4 and analyzes spatiotemporal variations of XCH4 concentrations
in China. The effects of rice planting on the seasonal cycle of XCH4 are then evaluated, and
the analysis is summarized in Section 4.

2. Materials and Methods
2.1. Materials
2.1.1. Satellite-Observed Atmospheric XCH4

SCIAMACHY on board ENVISAT (Environmental Satellite) was launched in March
2002 [15]. The spectral information in 2360–2385 nm at spectral resolutions of 0.2 nm was
used to retrieve data on CH4. XCH4 was inversed from the proxy algorithm by applying
WFM-DOAS to a small spectral fitting window in SCIAMAHCY. This method assumes that
the scattering effect is offset in the CH4 to CO2 column ratio and that prior estimation of the
CO2 column is accurate enough to reliably recalculate the CH4 column according to this
ratio [16]. The SCIAMACHY monthly XCH4 data (from January 2003 to December 2011)
used in this study were provided by Bremen University in Germany and were retrieved by
the WFM-DOAS algorithm [15,17–19].



Atmosphere 2022, 13, 1362 3 of 20

GOSAT was launched on 23 January 2009 with the aim of estimating global distribu-
tions and temporal variations of greenhouse gas emissions. It was equipped with TIR and
NIR Sensor for Carbon Observation Fourier Transform Spectrometer (TANSO-FTS) and
Cloud and Aerosol Image (CAI). The TANSO-FTS measures greenhouse gases, while the
CAI detects clouds and aerosols [20–22]. This study used XCH4 data from the bias-corrected
FTS level 2 CH4 products (v02.95) from January 2010 to December 2021.

S5P was the first Copernicus mission and provided data on atmospheric CH4 con-
centration that have high sensitivity to the lower atmosphere and high spatiotemporal
resolution to facilitate understanding of methane sources and sinks. It was launched on
13 October 2017 carrying a single instrument, TROPOMI. For this study, we used S5P RPRO
(L2) CH4 products from January 2019 to August 2019 with a spatial resolution of 7 × 7 km2

and products from August 2019 to December 2021 with a spatial resolution of 5.5 × 7 km2.
These were stored in net CDF format, and pixels with qa_value < 0.8 were filtered to ensure
data quality.

2.1.2. Ground Observations of CH4 Concentrations from WDCGG

The ground observations of CH4 from the World Data Centre for Greenhouse Gases
(WDCGG) were used to evaluate the satellite observations. WDCGG is one of seven Global
Atmosphere Watch Program (GAW) world data centers responsible for archiving green-
house gas monitoring. The estimated precision of measurements of CH4 concentrations is
±0.2% [23]. We obtained monthly measurements of CH4 concentrations from six ground
stations located in and close to China. Lulin (LLN), Shangdianzi (SDZ), and Waliguan
(WLG) are located in China [24], while Anmyeon do (Amy), Pha Din (PDI), and Ulaan UUL
(UUM) are located in areas near China. Monthly data from 2003 to 2021 was collected, and
CH4 concentrations that deviated by two times the standard deviation were excluded to
ensure data quality. More specific information about the six stations is shown in Table A1.

2.1.3. CH4 Emissions from EDGAR

The gridded CH4 emissions database in China was from the Emissions Database
for Global Atmospheric Research (EDGAR), which is a widely used inventory for an-
thropogenic emissions of greenhouse gases on Earth. EDGAR provides CH4 emission
estimation from sector-specific grid maps at 0.1◦ × 0.1◦ resolution with yearly, monthly,
and hourly data using the IPCC methodology. This study collected data on yearly CH4
total emissions from all sectors and monthly sector-specific grid maps for 2003–2018.

2.1.4. Enhanced Vegetation Index from MODIS

As an optimized vegetation index, enhanced vegetation index (EVI) is less influenced
by the atmosphere or underlying surface, has improved sensitivity in high biomass areas,
and can be used to estimate the gross primary production of paddy rice [25]. The EVI in
China was from the National Aeronautics and Space Administration. The dataset used a
MODIS-specific synthesis method to remove low-quality pixels to ensure product quality,
with temporal resolutions of 16 days and one month and spatial resolutions of 250 m, 500 m,
1 km, and 0.05◦. In this study, we used monthly MODIS-based EVI from 2003 to 2021 with
spatial resolution of a 0.05◦ × 0.05◦ grid.

2.1.5. Rice-Harvested Area from EARTHSTAT

The gridded dataset of rice-harvested area was provided by University of Minnesota
and University of British Columbia. This dataset was created by collecting census statistics
at the national, state, and county levels. The database describes the average fractional
proportion of rice paddy crop areas at a spatial resolution of 10 km × 10 km and could
represent the complete and detailed source of spatial agricultural systems in existence.
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2.2. Methods
2.2.1. Inverse Distance Weighted Interpolation Method

The inverse distance weighted (IDW) interpolation method accounts for the reciprocal
relationship between distance and weight, which can interpolate in an exact and smooth
way to estimate the value of an unobserved point [26]. The IDW function is as follows:

Ve = ∑n
i=1 wivi (1)

where Ve is the point (xe,ye) to be evaluated, vi (i = 1, 2, . . . , n) is the observation point
(xi,yi) involved in interpolation around (xe,ye), and wi is the weight coefficient that can be
calculated as follows:

Wi =
d−p

ej

∑n
i=1 d−p

ej

(2)

where n is the number of points involved in interpolation, dej is the distance between (xe,ye)
and (xi,yi), and p = 1 or 2 and represents the function of reciprocal or reciprocal squares of
distance, respectively. The IDW method was utilized for the area without a value to help
generate the monthly average XCH4 grid datasets for SCIAMACHY, GOSAT, and S5P with
a grid resolution of 0.5◦ × 0.5◦.

2.2.2. A Linear Sinusoidal Trend Model with a Seasonal Component

A linear sinusoidal trend model has been widely used to detect long-term trends and
seasonal variations of atmospheric components. This model was used to simulate the
trends of atmospheric SO2, CH4, and NO2 in China [27–29]. The long-time trends of XCH4
concentrations over China from January 2003 to December 2021 were simulated using a
linear sinusoidal trend model.

The model formula is as follows:

Yi = A + BXi + C sin(DXi + E) + Mi (3)

where Yi represents the monthly XCH4 concentrations (ppb) at month i; Xi is the number
of months after January 2003; Mi is the residual; and A, B, C, D, and E are the function
parameters.

2.2.3. Mann–Kendall Test and Theil–Sen Estimator

The Mann–Kendall (MK) test is a nonparametric time-series trend test method that
does not need the measured values to obey the normal distribution and is not affected by
missing values and outliers [30]. It is suitable for trend significance test of long-time series
data. Based on the time-series variables (x1, x2, . . . xn), the statistic variable S is calculated
as follows:

S = ∑n−1
i=1 ∑n

i=1 sgn
(

xj − xi
)

(4)

with the sample size n > 10, the standard normal test statistic ZMK is calculated using the
following equation:

ZMK =


S√

Var(S)
, (S > 0)

0, (S = 0)
S+1√
Var(S)

, (S < 0)
(5)

where Var(S) is the variance and is calculated using the following equation:

Var(S) =
n(n− 1)(2n + 5)−∑

g
p=1 tp

(
tp − 1

)(
2tp + 5

)
18

(6)

where p is the number of tied (same data observed) groups, and tp denotes the number of
ties (same data observed) of extent p. A positive value of ZMK indicates an upward trend,
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and a negative value of ZMK indicates a downward trend. The absolute value of ZMK is
greater than or equal to 1.28, 1.64, and 2.32, indicating that the upward and downward
trend of this sequence has passed the significance test of 90%, 95%, and 99% reliability,
respectively [31].

The Theil–Sen estimator is a robust nonparametric statistical trend calculation method
with high computational efficiency and insensitive to measurement errors and outlier
data [32]. Based on the time-series variables (x1, x2, . . . xn), the Theil–Sen slope β can be
calculated as shown in Equation (7):

β = Median
( xj − xi

j− i

)
∀j > i (7)

The nonparametric Mann–Kendall and Theil–Sen slopes have been widely used in the
fields of environment, hydrology, meteorology, and climatology by various authors [33–35].

3. Results and Discussion
3.1. Validation of Satellite XCH4 Accuracy and Consistency

The observed CH4 concentrations at six stations from WDCGG were used to test
whether the XCH4 data from satellite observations could reflect temporal variations and
spatial distributions of CH4 in the atmosphere (see Figure 1 and Table 1). The scatter plots
showed there was good consistency between satellite-observed XCH4 concentrations and
ground-observed CH4 concentrations except for PDI and SDZ. These results showed that
satellite-observed XCH4 could indicate spatiotemporal variations of atmospheric CH4 at
the four sites. The low correlation coefficient (r) at PDI and SDZ might be because there
were only a few valid ground observations and we synthesized the monthly mean CH4
concentrations from satellite observation and ground observation to analyze their relevance.
SDZ is located in Beijing, one of the biggest cities in China, where human activities and
industrial production have more influence on ground-level CH4 concentrations than atmo-
spheric CH4 [36]. PDI is in Vietnam, where CH4 might be affected by tropical long-distance
atmospheric transmission [37].

Figure 1. Scatter plots of satellite-observed XCH4 concentrations and ground-level observations of
CH4 concentrations; red: SCIAMACHY, green: GOSAT, blue: S5P.



Atmosphere 2022, 13, 1362 6 of 20

Table 1. The correlation between satellite-observed XCH4 concentrations and ground measurement
of CH4 concentrations.

Sites Satellites Regression R p RMSE N

AMY
SCIAMACHY y = 0.39x + 1047.77 0.27 0.04 52.21 61

GOSAT y = 0.65x + 584.04 0.69 <0.01 77.24 128
S5P y = 0.27x + 1331.06 0.37 0.08 34.32 23

LLN
SCIAMACHY y = 0.07x + 1686.86 0.03 0.84 19.77 43

GOSAT y = 0.678x + 583.08 0.75 <0.01 21.64 125
S5P y = 0.35x + 1205.98 0.40 0.07 14.59 22

PDI
SCIAMACHY

GOSAT y = −0.06x + 1986.99 0.10 0.44 56.39 63
S5P y = 0.08x + 1721.49 0.13 0.57 35.84 21

SDZ
SCIAMACHY y = 0.01x + 1794.79 0.01 0.98 41.58 20

GOSAT y = 0.26x + 1312.77 0.43 <0.01 65.06 59
S5P

UUM
SCIAMACHY y = 0.04x + 1692.94 0.04 0.73 57.43 92

GOSAT y = 0.66x + 552.70 0.73 <0.01 75.49 116
S5P y = −0.47x + 2758.41 0.40 0.28 20.98 9

WLG
SCIAMACHY y = 0.98x − 39.40 0.41 <0.01 52.72 98

GOSAT y = 1.06x − 203.27 0.84 <0.01 68.03 126
S5P y = 1.72x − 1484.19 0.81 <0.01 26.07 20

Figure 1 shows that the observed CH4 concentrations were obviously higher than
the satellite measurements of XCH4 concentrations. This is because ground-level CH4
concentrations are more influenced by emissions than those in the atmosphere as CH4
can be transported in the direction of atmospheric movement after being emitted into the
atmosphere. Its concentrations show decreased gradient in the vertical directions, with the
highest CH4 concentrations often occurring at the surface [38]. Table 1 shows that CH4 from
ground measurements showed more consistency with XCH4 from GOSAT and S5P than
from SCIAMACHY. The lowest correlation coefficient between GOSAT and ground mea-
surements was 0.69, the highest correlation coefficient between SCIAMACHY and ground
measurements was 0.41, and the correlation between S5P and ground measurements were
between the two satellites.

It is important to note that data consistency between satellites has been proven in
previous studies, so the specific value of the observation difference was not the main
research objective of this study. However, considering that the systematic error between
different satellites in China has not been studied and that this is important for the accuracy
of spatiotemporal distribution through satellites with different time coverage, the uncer-
tainty caused still needs to be discussed. The uncertainty of satellite observation is mainly
due to the observation modes, CH4-retrieved algorithms, the instruments themselves, and
height sensitivities [39–41]. The specific parameters of the three satellites are shown in
Table 2. The reliability of the satellite itself should be determined before considering the
differences between satellites. The accuracy of SCIAMACHY was verified by ground-based
FTS measurements [42,43] and model simulation [44], with the overall error being below
5%. The relative deviation between GOSAT and China’s Hefei Station was about 0.34% [45],
while GOSAT XCH4 data was consistent with aircraft-based measurements with a standard
deviation of 14.9 ppb [46]. For S5P, the data was compared with COCCON and TCCON
measurements, and the systematic difference was in the range of 3–6% on average [47–49].
These results show the reliability of satellite measurements, but the error between different
satellites requires further comparison of the satellite products. Hu showed a comparison
between GOSAT and S5P on the global scale and found an excellent agreement with a mean
difference of 13.6 ppb [13]. Monteil performed a comparison between SCIAMACHY and
GOSAT and found a remarkable agreement [50]. This suggests that the quality of satellite
XCH4 data is comparable on a global scale. However, the consistency of satellite XCH4
products in China is still uncertain.
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Table 2. Main parameters of three satellites.

Satellite SCIAMACHY GOSAT Sentine-5P

Launch time Mar, 2002 Jan, 2009 Oct, 2017
Orbit(km) 772 666 824

Accuracy(ppb) - 37 5.6
Spectral coverage(um) 0.21–2.38 0.76–14.33 0.27–0.775

2.305–2.385
CH4 band(um) 2.36–2.38 1.56–1.72 0.25–1.0

5.56–14.33
Swath(km) 960 640 2600

Spatial resolution(km) 32 × 60 10.5 7 × 5.5
limn sounders

Viewing Model nadir looking nadir lloking nadir looking
occulation mode

CH4 algorithm WFM-DOAS Optimization
algorithm WFM-DOAS

To analyze the deviations of XCH4 products from different satellites over China,
we compared their observation results during the overlap time in Figure 2. The results
showed that, on the pixel scale, the bias between SCIAMACHY and GOSAT ranged
from −55 to 65 ppb with an average of 2.36 ppb, and the bias between S5P and GOSAT
ranged from −45 to 38 ppb with an average of 1.90 ppb. At a pixel scale, the scatter plot
showed that the mean XCH4 concentrations of SCIAMACHY and GOSAT were 1792.34 and
1794.94 ppb with a correlation coefficient of 0.73. The mean XCH4 concentrations of S5P
and GOSAT were 1874.39 and 1873.58 ppb, respectively, and the correlation coefficient was
0.72. These results indicated that the overall observations of different satellites in China
were highly consistent.

Figure 2. Comparison of XCH4 concentrations from different satellites. (a) The XCH4 bias calculated by
subtracting GOSAT data from SCIAMACHY data during the overlap time (January 2010 to December
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2011); (b) the XCH4 bias calculated by subtracting GOSAT data from S5P data during the overlap
time (January 2019 to December 2021); (c) scatter plots of the monthly averaged XCH4 concentrations
between GOSAT and SCIAMACHY during the overlap time (January 2010 to December 2011); and
(d) scatter plots of the monthly averaged XCH4 concentrations between GOSAT and S5P during the
overlap time (January 2019 to December 2021).

3.2. Spatial Distribution Patterns of Atmospheric XCH4 across China

To analyze the spatial distribution patterns of XCH4 across China, the spatial distri-
bution of multi-year-averaged XCH4 concentrations from three satellites and the multi-
year-averaged CH4 emissions from EDGAR are illustrated in Figure 3. The range, average,
and standard deviation of XCH4 concentrations from SCIAMCHY, GOSAT, and S5P were
1728 to 1835, 1777, and 18.52 ppb; 1784 to 1858, 1818, and 21.01 ppb; and 1819 to 1924, 1873,
and 17.26 ppb, respectively. The spatial distributions of XCH4 from the three satellites were
close, but SCIAMACHY and S5P provided more detailed information than GOSAT. The
XCH4 concentrations showed greatly spatial variation in different regions of China and
presented spatial cluster in different regions. Overall, there were low XCH4 concentrations
in western China and high concentrations in eastern China (109–122◦ E, 20–41◦ N). Because
CH4 is a long-lived gas that can exist in the atmosphere for 12.5 years, the spatial varia-
tions of atmospheric CH4 concentrations might reflect the accumulation of CH4 emissions
and transportations.

Figure 3. Spatial distribution of multi-year averages of atmospheric XCH4 and CH4 emissions over
all of China. (a) XCH4 concentrations from SCIAMACHY (January 2003 to December 2010); (b) XCH4

concentrations from GOSAT (January 2011 to December 2018); (c) XCH4 concentrations from S5P
(January 2019 to December 2021); and (d) CH4 emission from EDGAR (2003 to 2018).

The regions with high XCH4 concentrations were mainly distributed in Central China,
East China, Sichuan Basin in Southwest China, and Beijing Tianjin Hebei region in North
China, where the XCH4 concentrations were approximately 29 ppb higher than China’s
average. The secondary high areas were found in South China, some regions of Northeast



Atmosphere 2022, 13, 1362 9 of 20

China, some regions of Tibet bordering India, and the Tarim Basin. The XCH4 concentra-
tions in these areas were approximately 9 ppb higher than China’s average. The lowest
XCH4 were in the Qinghai Tibet Plateau and Inner Mongolia Plateau, where the concentra-
tions were approximately 17 ppb lower than China’s average.

In terms of EDGAR CH4 emission spatial distribution in Figure 3d, the spatial dis-
tribution pattern of satellite-observed XCH4 was highly consistent with CH4 emission,
indicating XCH4 observed by satellite could reflect the spatial distribution of methane
emissions. Regions with high XCH4 concentrations were mostly distributed near areas of
high population density, large energy consumption, developed industrial activities, and
large rice-growing areas.

To further analyze the contribution of CH4 emission from different sectors to the
spatial distribution of high XCH4 concentrations, we obtained the sector-specific CH4
emission from EDGAR. The XCH4 sources were divided into six categories according
to the IPCC code: energy manufacturing, coal/oil/gas production, industrial process,
agricultural animal (including enteric fermentation and manure management), agricultural
soil (including rice cultivation and field burning of agricultural residues), and waste
disposal (See Figure A1). China emitted about 80,000 Gg·yr−1, of which about 50% came
from coal and oil exploitation, 30% from agricultural emissions, 15% from waste treatment,
and others were mainly from industrial emissions and energy consumption.

Coal and oil exploitation emissions were at a very low level in most parts of China and
mainly distributed in Shanxi, northwest Xinjiang, and other coal or oil fields, presenting
highly spatial clusters. For agricultural emissions, rice cultivation emissions were mainly
distributed in Sichuan Basin, Northeast China, and some regions of Northeast China, while
enteric fermentation and manure management emissions were mainly distributed in North
China. Waste disposal emissions areas were mainly distributed in densely populated areas,
such as North China, Sichuan, Jiangsu, and Guangdong. This shows that CH4 emissions
from different sources present different spatial clusters and further explains the spatial
variations of XCH4 concentrations across China. We also computed the share of individual
sectors in methane emissions (Figure A2). The main emission sources differed from the
north to the south, with industrial-related emissions dominant in the north and agricultural
emissions dominant in the south. Oil and coal mining in the northern region accounted for
the main part of methane emissions, especially in Heilongjiang, Shanxi, Liaoning, Hebei,
and Tibet. The rice emissions dominated anthropogenic emission in Southeast China, such
as Zhejiang, Jiangsu, Jiangxi, Hunan, and other major rice planting areas.

For the Sichuan Basin and Southeast China (109–122◦ E, 20–34◦ N), including Jiangsu,
Anhui, Hubei, Jiangxi, Fujian, Zhejiang, Guangdong, and Yunnan, high value of XCH4 con-
centrations in these areas were mainly caused by emissions from rice planting. These areas
with high agricultural soil CH4 emissions, with total emissions reaching 10,732 Gg·yr−1,
accounted for about 78% of China’s total agricultural soil emissions. These areas and the
surrounding environment have appropriate temperature, sufficient sunlight and water,
and rich organic nutrients, which provide good environmental conditions for the growth
of rice and breeding of methanogens.

The Beijing Tianjin Hebei region has a large population, heavy industry, and serious
waste pollution. Emissions in this region was mainly dominated by animal husbandry
and waste disposal, with emissions from these sources reaching 2087 and 2475 Gg·yr−1,
accounting for 23% and 19% of China’s total emissions, respectively. Energy manufacturing
was also relatively high in this area, but the emission level was low. Shanxi is the major
energy-producing area in China, and the CH4 emissions caused by the exploitation of coal
accounted for more than half of China’s total coal/oil/gas production emission. For the
high XCH4 concentrations in Northeast China, its spatial distribution was highly consistent
with agricultural emissions and waste management. Northeast China has been a major
rice planting area with many industrial bases producing substantial CH4 emissions. In
the Tarim Basin, the high XCH4 concentrations observed might be due to the Tarim, Tahe,
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and Baolang oilfields, which are distributed in the Tarim Basin, with the coal/oil/gas
production emission reaching 1772 Gg·yr−1.

3.3. Temporal Variation of Atmospheric XCH4 across China

The linear sinusoidal trend-fitting model was employed to simulate temporal vari-
ations of XCH4 concentrations in China during 2003–2021, and a high R2 (0.93, p < 0.01)
was obtained (Figure 4). In January 2003, the simulated XCH4 concentration was about
1747 ppb, which increased 0.58 ppb·month−1 to December 2021. The monthly XCH4 con-
centration amplitude in the annual cycle was 14.15 ppb, indicating XCH4 concentrations
had obvious seasonal variations over a one-year cycle. Comparing the fitting coefficients
among satellite-observed XCH4 concentrations over China and ground measurement from
WDCGG stations (Table 3), the amplitude of seasonal variations and the growth trend
were quite different in each site. Overall, the XCH4 concentrations increased from 2003 to
2021 with obvious seasonal variation cycles each year. Therefore, it is necessary to describe
temporal characteristics from long-term annual trends and seasonal variations.

Figure 4. Linear sinusoidal trend model fitting results of the monthly mean XCH4 concentrations
over China from January 2003 to December 2021.

Table 3. Comparison of the linear sinusoidal trend mode parameters for China and the ground stations.

Sites A B C D R2 RMSE

China 1747 0.55 −14.15 1.53 0.93 10.08
AMY 1843 0.71 18.95 1.63 0.87 16.98
LLN 1780 0.61 20.71 1.15 0.80 16.68
PDI 1842 0.70 46.96 1.30 0.61 29.54
SDZ 1881 0.63 30.66 3.75 0.41 32.54

UUM 1836 0.54 16.75 1.07 0.91 11.30
WLG 1817 0.54 6.54 3.83 0.91 10.96

3.3.1. Long-Term Annual Trends of XCH4 Concentrations across China

Before the satellite observations, CH4 concentrations were assessed through ground
measurement, aircraft sampling, and polar ice core samples. The data revealed a significant
increase in CH4 levels since the 1850s. The global CH4 growth rate showed a decreasing
trend from 1980 to 2000, then stabilized from 1999 to 2006, and has been increasing since
2007 [51–56]. It should be noted that measurements from sparse distribution can reflect the
global average trend, and analyzing the growth of spatial distribution requires continuous
satellite observations.

To analyze the annual trends of XCH4 concentration variations over China during
2003–2021 on the grid, we used a nonparametric Mann–Kendall test to examine the mono-
tonic trends of XCH4 concentrations and then computed the Theil–Sen slope over grids that
passed the Mann–Kendall test to obtain the annual growth rate map of XCH4 concentra-
tions (Figure 5). Because all pixels over China had a significant XCH4 concentration growth
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trend (p < 0.1), a nonparametric Theil–Sen slope estimator was used to compute the slope of
XCH4 concentrations, and the growth rate of XCH4 ranged from 4.07 to 9.77 ppb·yr−1. The
slope of XCH4 concentrations showed obvious latitudinal gradient distribution, presenting
high slope in the south and low slope in the north (Figure 5c). This may be due to the
obvious growth of human activities in the low latitude region, which has been the main
population migration area in the last two decades. Regions with high growth rates were
mainly distributed in Southeast China, the junction of Hubei, Sichuan, and Shanxi, where
there have been large population activity and oil and gas exploitation. The Yunnan border,
Tibet border, and Tarim Basin also had relatively high growth, which was perhaps caused
by long-distance air mass transmission and the increasing rate of CH4 concentrations in the
mid-upper troposphere [27,57].

Figure 5. Spatial distribution of the annual rate of increase in XCH4 concentrations from 2003 to 2021.
(a) Mann–Kendall trend test map for XCH4 concentrations over China; (b) Theil–Sen slope trend map
for XCH4 concentrations over China; (c) Theil–Sen slope distribution at different latitudes, varying
by 0.5◦.

The spatial distribution of the growth of different types of CH4 emissions in China
was calculated to analyze the driving factors of XCH4 concentrations (Figure A3). Unlike
XCH4, the growth of CH4 emissions was not obvious in some regions and some sources
and even showed a downward trend. Among these different CH4 emission sources, agri-
cultural soil and coal/oil/gas production had the most significant upward trend. Studies
have shown that global CH4 emission from coal mining increased about 17 Tg·yr−1, with
dominant contribution from China [58]. With the improvement of agricultural production
technology, management of fertilization measures, and rice expansion and intensification,
CH4 emissions from rice have inevitably increased [59]. China’s rapid productivity has con-
tributed to an increase in energy exploitation, consumption, and industrial production. In
Shanxi, Shaanxi, and other major coal resource development provinces as well as in North
China, where heavy industry dominates, increased energy consumption and anthropogenic
activities have led to increased CH4 emissions.

Further analysis of the long-term annual trends of XCH4 concentrations over China
was conducted on a regional scale. China was divided into seven regions based on the
geographic division rules, and the annual average XCH4 concentrations in each region
are shown in Figure 6. The bias of XCH4 concentrations between different regions was
complex for SCIAMACHY and S5P observations but stable for GOSAT. This may be because
coverage from GOSAT was relatively low and the spatial details were erased during inverse
distance interpolation. XCH4 concentrations were higher in CC, SC, and EC compared to
NE, NC, SW, and NW. XCH4 concentrations in SW was lower than NE and NC before 2014,
exceeded NC after 2015, then exceeded NE after 2018. The XCH4 concentrations in SC, SW,
and CC all decreased in 2006. CC rose in 2007 and 2008, decreased in 2009, and has been
rising again since then. SC increased until 2015, decreased in 2016, and has been increasing
again, while SW has presented an increasing trend since 2006. Previous studies have shown
that global atmospheric CH4 remained stable in the early 2000s and increased again after
2006 [60]. Similar trends of XCH4 were found in China, where XCH4 concentrations in
the seven regions remained stable during 2003–2006 and even slightly decreased (with
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an average annual growth rate of 0.51 ppb·yr−1) but then increased after 2006 (with an
average annual growth rate of 7.87 ppb·yr−1).

Figure 6. Annual averages of XCH4 concentrations in the seven regions and China overall from
2003 to 2021.

3.3.2. Seasonal Cycle of XCH4 Concentrations across China

From the three satellites, the average XCH4 concentrations in China decreased from
December to February, then increased, peaked in August, and decreased again. The peak
XCH4 concentrations occurred in summer (August), and the minimum value was in spring
(February) (Figure 7). The seasonal cycle of XCH4 concentrations is determined by the
combined effects of CH4 emission sources and sinks [2]. Atmospheric oxidation is the
main CH4 sink, and elimination from OH in the troposphere is the main mechanism of
atmospheric CH4 loss, accounting for about 85–90% [61]. As the concentrations of OH
radicals are basically stable with little seasonal variation, the oxidation-cleaning effect of
OH radicals have a weak impact on the seasonal variation of XCH4 concentrations [62].
Meanwhile, the seasonal variation of CH4 emission in rice fields, wetlands, and marshes
is obvious. Temperature is a major factor in the anaerobic decomposition process and the
release of methane by microorganisms in biological sources. Therefore, high temperatures
and increase in microbial activity and quantity in summer may have contributed to the
identified CH4 emission peaks [63].

The monthly changes in six different categories of CH4 emissions are shown in
Figure A4. Among these emissions, agricultural soil had the most obvious seasonal changes,
with emissions reaching the maximum in summer and the lowest in spring and winter.
However, industrial emissions, energy consumption, and other emissions impacted by hu-
man activities were not associated with significant seasonal changes. Previous studies have
shown that rice planting emissions is the key factor leading to maximum average CH4 con-
centrations in summer [64,65]. Higher temperature and humidity provide good conditions
for growth of rice paddies and increase the rate of root decay to provide abundant substrates
for CH4 production, while flooded rice paddies help biomass-related methanogens release
CH4 [66]. In winter, with drainage and drying of the fields, CH4 emissions from paddy
fields are greatly reduced. Meanwhile, CH4 emissions from natural sources, including
wetlands, frozen soil, biomass combustion, and plants, are also at low levels in winter.
Individually and combined, these environmental and human factors could affect seasonal
variations of XCH4 concentrations, leading to the pattern of high CH4 concentrations in
warm season and low CH4 concentrations in cold season.
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Figure 7. Spatial distributions of the seasonal averages of XCH4 concentrations across China
in the four seasons from SCIAMACHY (2003–2010), GOSAT (2011–2018), and S5P (2019–2021).
(a1–a4) Spring, summer, autumn, and winter data from SCIAMACHY; (b1–b4) spring, summer,
autumn, and winter data from GOSAT; (c1–c4) spring, summer, autumn, and winter data from S5P;
(d) monthly variations of XCH4 concentrations over China.

3.4. Influence of Rice Paddy on Atmospheric XCH4 across China

Atmospheric CH4 mainly come from natural ecology and human activities. CH4
emissions caused by human activities is considered the dominant contributor, with CH4
emissions from rice cultivation playing an important role in anthropogenic CH4 emis-
sions [67]. As one of the most populous countries, China’s rice planting area accounts for
about 20% of the world’s total. Moreover, 90% of the rice fields is fully irrigated, which
makes CH4 emissions more frequent [68,69]. Studies have shown that CH4 emissions from
rice in China account for about 29% of the global paddy field emissions [69]. Therefore, it is
essential to explore the effect of rice paddies in the spatial distribution and seasonal cycle
of atmospheric XCH4 observed by satellite over China.

Analysis of the spatial distribution consistency between rice paddies and XCH4 con-
centrations is illustrated in Figure 8. China’s rice growing areas are mainly distributed in
the Southeast, and the hotspots of XCH4 concentrations were linked to the distribution of
areas of rice paddies. Over the last two decades, the average XCH4 concentration in areas
in China with rice paddies was about 1820 ppb, while the average XCH4 concentration in
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areas without rice paddy cover was about 1799 ppb. We further divided the rice planting
areas into seven grades [65]. As rice planting density increased in China, the concentration
of XCH4 also increased. In areas where the proportion of rice paddy was less than 0.5%,
the average XCH4 concentration was 1802 ppb. In areas where the proportion of rice paddy
was larger than 40%, the average XCH4 was 1840 ppb (Figure 8b).

Figure 8. Relationship between rice paddies and XCH4 concentrations. (a) Spatial distribution of
rice paddy areas in China and the four regions of interest (ROIS); (a1) Single cropping rice S1 and
S2; (a2) Double cropping of rice D1 and D2; (b) XCH4 concentrations at seven areas with different
proportions of rice paddies (1–7 correspond to <0.5%, 0.5–1%, 1–5%, 5–10%, 10–20%, 20–40%, and
>40%, respectively); (c–f) The monthly average of XCH4 concentrations and enhanced vegetation
index (EVI) on rice paddy pixels (rice area >10%) in four regions of interest (ROIs) of S1, S2, D1, and
D2, respectively.

We then analyzed the seasonal cycle consistency of paddy rice growth and XCH4
concentrations. The EVI from MODIS was used to indicate rice plant growth and ex-
plore and quantify the seasonal relationship between the growth of paddy rice and XCH4
concentrations. We selected four typical high-density rice planting areas in China with
different cropping systems to explore the seasonal variations of XCH4 concentrations and
rice growth (Figure 8c–f). The seasonal variations of XCH4 had one peak per year in two
regions in Northeast China and two peaks in two regions in Southeast China. The time
consistency between XCH4 and EVI peak indicated the influence of rice growth on XCH4
concentrations. A single cropping system is used on the Sanjiang Plain in Northeast China,
where both XCH4 and EVI had a single peak between July and September with correlation
coefficients of 0.58 and 0.64, respectively (Figure 8c,d). The middle-lower Yangtze Plain
in Southeast China is mainly planted with double cropping rice, and there are three crops
a year in some areas. Here, there were two peaks around June and September, and the
correlation coefficients were 0.44 and 0.71, respectively. Further, we computed the seasonal
correlation between XCH4 and EVI on each paddy’s grid (rice density greater than 0.1)
to analyze the spatial distribution pattern of seasonal consistency of rice growth and EVI
(Figure A5). XCH4 concentrations and EVI showed a significant positive correlation in the
rice planting areas, thereby proving the strong relationship between paddy growth and
XCH4. Regions in China dominated by single rice crops, such as Sichuan Basin, central
China, and Liaohe Plain, had high statistically significant positive correlation coefficients.
On the Yangtze River delta plain in East China, double cropping rice is more common, with
mixed crops during the rotation period and a low Pearson coefficient. This could be affected
by the different rice planting times, which lead to more complicated seasonal variations.
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4. Conclusions

Satellite observation is a powerful way to study atmospheric methane concentration,
but the lifecycle of a single satellite limits long-term study. Based on the XCH4 product from
three satellites (SCIAMACHY, GOSAT, and S5P), we analyzed spatiotemporal variations of
atmospheric CH4 in China during 2003–2021 while accounting for the impact of variability
of emission sources. The observations from SCIAMACHY, GOSAT, and S5P satellites in
China were highly consistent (r = 0.72, 0.73, p < 0.01), and all three XCH4 data sources
showed good agreement with ground measurements.

The XCH4 concentrations in China generally showed great spatial variation with high
values in the east and low values in the west. This was due to different regional CH4
emission sources, with industrial-related emissions dominant in the north and agricultural
emissions dominant in the south. XCH4 concentrations over China increased significantly
from 2003 to 2021, with the trends being stable from 2003 to 2006 and then increasing until
2021. The XCH4 concentrations showed obvious seasonal cycles in China, with higher
values in summer than in winter. This seasonal change was highly correlated with the rice
growth cycle.

These findings are helpful for predicting possible feedback due to global warming
and scientifically formulating emission reduction strategies. XCH4 is the comprehensive
result of methane emissions, absorption, transportation, and mixing in the atmosphere
and is not fully equivalent to methane emissions. Therefore, further research is required to
specifically identify the estimation of methane emissions from XCH4.
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Appendix A

Table A1. Observed greenhouse gas information by WDCGG station.

Station Name Longitude (◦) Latitude (◦) Elevation (m) Time in This Study

AMY 36.54 126.33 42 January 2003–December 2020
LLN 23.47 120.87 2862 August 2006–December 2020
PDI 21.57 103.52 1466 January 2014–November 2020
SDZ 40.65 117.12 287 September 2009–September 2015

UUM 44.44 111.09 992 January 2003–October 2020
WLG 36.29 100.90 3810 January 2003–December 2020

https://www.iup.uni-bremen.de/sciamachy/NIR_NADIR_WFM_DOAS/products/
https://www.iup.uni-bremen.de/sciamachy/NIR_NADIR_WFM_DOAS/products/
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https://www.gosat.nies.go.jp/en/index.html
https://disc.gsfc.nasa.gov/
https://gaw.kishou.go.jp/
http://edgar.jrc.ec.europa.eu/archived_datasets.phpghg
https://modis.gsfc.nasa.gov/data/dataprod/
http://www.earthstat.org/
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Figure A1. Spatial distribution of the annual mean of CH4 emission of six categories from EDGAR
over China during 2003–2018 (g m−2 a−1). (a) Energy manufacturing (including public electricity
and heat production, petroleum refining, manufacture of solid fuels and other energy industries,
mobile, solid fuel transformation, distribution of oil products, natural gas, iron and steel production,
manufacturing industries and construction (ISIC), civil aviation, road transportation, railways, other
transportation, navigation, and other sectors); (b) coal/oil/gas production (including coal mining,
oil exploration, oil production, oil transport, oil refining/storage, venting, and flaring); (c) indus-
trial process (including chemical industry, iron and steel production, and ferroalloys production);
(d) agricultural animal (including enteric fermentation and manure management); (e) agricultural
soil (including rice cultivation, agricultural soils, and field burning of agricultural residues); (f) waste
disposal (including solid waste disposal on land, waste incineration, and wastewater handling).

Figure A2. The share of individual sectors in the production of methane emission from EDGAR over
China. (a) Spatial distribution of the share of individual sectors in the production of methane emission;
(b) The share of individual sectors in the production of methane emission at provincial Scale. The
abbreviations of provinces are as follows: BJ, Beijing; TJ, Tianjin; SH, Shanghai; CQ, Chongqing; HB,
Heibei Province; HuB, Hubei Province; HN, Henan Province; HuN, Hunan Province; HaN, Hainan
Province; SX, Shanxi Province; SaX, Shaanxi Province; GZ, Guizhou Province; XZ, Tibet Autonomous
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Region; NX, Ningxia Hui Autonomous Region; GX, Guangxi Zhuang Autonomous Region; GD,
Guangdong; YN; Yunnan Province; SC, Sichuan Province; XJ, Xinjiang Uygur Autonomous Re-
gion; ZJ, Zhejiang Province; JX, Jiangxi Province; JS, Jiangsu Province; AH, Anhui Province; QH,
Qinghai Province; SD, Shandong Province; HLJ, Heilongjiang Province; JL, Jilin Province; LN,
Liaoning Province; FJ, Fujian; NM, Inner Mongolia Autonomous Region; GS, Gansu Province; GZ,
Guizhou Province.

Figure A3. Spatial distribution of the annual rate of increase in methane emission of six cate-
gories from EDGAR over China during 2003–2018 (mg m−2 a−1). (a) Energy manufacturing;
(b) coal/oil/gas production; (c) industrial process; (d) agricultural animal (including enteric fermen-
tation and manure management); (e) agricultural soil (including rice cultivation and field burning of
agricultural residues); (f) waste disposal.

Figure A4. Monthly variations of methane emission of six categories from EDGAR over China.

Figure A5. Spatial patterns of correlation coefficients between the seasonal atmospheric methane
concentration and rice growth. (a) The spatial distributions of Pearson’s correlation coefficients
between XCH4 and EVI; (b) The spatial distributions of significance levels of Pearson’s correlation
between XCH4 and EVI.
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