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Abstract: Methane (CHy) is not only an important greenhouse gas next to carbon dioxide (CO,), but
also an important chemically active gas. Under the background of climate warming, the measurement
of CHy4 emissions from terrestrial ecosystems in China is not only very important for exploring the
impact of climate change on the ecological environment, but also of great significance for the in-
depth study of ecosystem carbon cycling. In this study, we used the Emission-Factor Approach to
estimate CH, emissions from terrestrial ecosystems in China from 2010-2020 and explored the spatial
distribution characteristics of CHy emissions. The estimated CH,4 emission inventory of terrestrial
ecosystems with 0.05 spatial resolution on monthly time scale is in good agreement with the results
of the latest emission inventory. It is estimated that CHy emissions from terrestrial ecosystems in
China are 19.955 Tg yr~!, including 18.61% (3.713 Tg yr~!) from vegetation, 21.47% (4.285 Tg yr 1)
from wetlands and 59.92% (11.957 Tg yrfl) from paddy fields, with the largest contribution from
paddy fields. The regions with high CHy4 emissions from terrestrial ecosystems in China are mainly
located in the central, eastern and southeastern regions of China, and show a decreasing trend from
southeast to northwest. The CH, emission from terrestrial ecosystems in China has obvious seasonal
variation characteristics, with the lowest emission in January (0.248 Tg month™1) and the highest
emission in August (3.602 Tg month~1). The emissions are high in summer and autumn and low in
spring and winter. CHy emissions from terrestrial ecosystems in China showed an overall upward
trend from 2010-2020.

Keywords: China; terrestrial ecosystem; CH4 emission inventory; spatiotemporal variations

1. Introduction

Methane (CHy,) is the second most important greenhouse gas (GHG) in the atmosphere
after carbon dioxide (CO,), accounting for more than 20% of the total greenhouse gases [1].
According to the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment
Report, the global warming potential of CHy is 28 times that of CO, over a 100-year period,
and its residence time in the atmosphere is about 9.1 years [2]. The latest findings from the
World Meteorological Organization’s Global Atmosphere Watch Program point out that as
of 2019, the average global atmospheric concentration of CHy is 1877 % 2 ppb, reaching
260% of pre-industrial levels, and is still rising at an average rate of 7.3 ppb per year over
the last decade. Its radiative forcing contribution to the growth of global radiative forcing
of greenhouse gases reaches 16% [3]. Compared with CO,, CHy has higher global warming
potential and shorter retention time in the atmosphere. Compared with controlling CO;,
quickly and effectively controlling the increase of CHy content in the atmosphere can
quickly slow down the recent global warming so as to improve the global ecosystem and
reduce global economic losses. In addition to climate benefits, reducing CH, emissions
will also reduce surface ozone generation, which can improve human health and crop
production [4,5].
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China is located in the high value area of atmospheric CHy concentration, so it is of
great significance to study and estimate the main sources of atmospheric CHy [6,7]. The
ecosystem of China is complex and diverse, and it is a key region where Eurasia has a
great impact on global climate change. Under the background of climate warming, the
measurement of CHy emissions from typical terrestrial ecosystems in China is not only very
important to explore the impact of climate change on the ecological environment, but also
of great significance to the in-depth study of ecosystem carbon cycles. The latest data on
the global CHy budget from 2000-2017 show that about 40% of global CH, emissions to the
atmosphere come from natural sources (mainly vegetation and wetlands) and about 60%
from anthropogenic sources (mainly paddy fields, livestock, coal mining, municipal solid
waste (MSW) treatment and biomass burning) [1]. Among them, vegetation and wetlands
in natural sources and paddy fields in anthropogenic sources together constitute terrestrial
ecosystems, which are strongly correlated with the environment and have obvious spatial
differentiation characteristics and seasonal variation trends. Therefore, a systematic and
comprehensive estimation of CHy emissions from terrestrial ecosystems in China and the
establishment of a CHy emission inventory with high spatial and temporal resolution are
important for understanding the changes in atmospheric CH, concentrations and providing
data support for China’s emission reduction strategy.

Extensive research has been conducted by domestic and international scholars in
estimating emissions from major sources of CHy from terrestrial ecosystems in China,
such as vegetation [8,9], wetlands [10-12], and paddy fields [13,14]. At the same time, a
number of scholars have estimated a comprehensive CHy emission inventory in China
that includes multiple emission sources [15-19]. Although there have been a large number
of studies on the estimation of CH4 emissions, there are few studies on the estimation of
CHy4 emissions from long-term terrestrial ecosystems based on pixel scale and monthly
scale in China. Most existing inventories of CH4 emissions from terrestrial ecosystems
in China are estimated based on data from the China Statistical Yearbook, mostly on an
annual and provincial basis, which cannot truly reflect the spatially divergent characteristics
and seasonal trends of CH, emissions [20]. Therefore, based on the published research
literature, remote sensing data and existing statistical data, we estimated the monthly
CHj emissions of China’s terrestrial ecosystem from 2010-2020. We also developed a map
of CH, emissions from terrestrial ecosystems at high spatial resolution (0.05° x 0.05°)
monthly time scales in China, which can be used to further explore the spatially divergent
characteristics and seasonal trends of CH, emissions from terrestrial ecosystems in different
regions of China. This high spatiotemporal resolution CH4 emission inventory can help us
to better understand the CH, budget of regional terrestrial ecosystems and provide reliable
input data for atmospheric transport and chemical models.

2. Materials and Methods

The data used in this study are mainly MODIS remote sensing data, meteorological
data, and data from others’ studies. The data used to estimate CH, emissions in this
study and their detailed descriptions are shown in Table 1. Since some data have different
spatial resolutions, we resampled some data to 0.05° x 0.05° spatial resolution by bilinear
interpolation in order to maintain consistency.

Table 1. Data used to estimate CH, emissions in this study.

Data Set Required Data Information
MODIS/Terra Land-Surface Temperature /Emissivity Surface temperature ! 0.05% ?l.l(cl)Sr‘:t,hZIg]lO—ZOZO,
MODIS/Terra + Aqua Land Cover Type L3 Land cover type 2 0.05° x 0.05°, 20102020, yearly
MODIS/Terra Vegetation Indices L3 NDVI 3 0.05% Sr.l(git,hzlglo—zozo,
GPCP (Global Precipitation Climatology Project) Rainfall 2:5% x2.5%, 2010-2020,

monthly
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Table 1. Cont.
Data Set Required Data Information

MODIS/ Terra Net Primary Production Gap-Filled L4 Net Primary Production 5 500 m x 500 m, 20102020, yearly

Spatial distribution map of wetlands in China Wetland map © 1 km x 1 km, 2000

Sunshine hours data in China Sunshine hours 7 0.05% > 0.05%, 2010-2020,
monthly

Remote sensing monitoring data set of land use status Crop type 8 1km x 1 km, 2015

and farmland ripening system in China

1 From MOD11C3 https:/ /ladsweb.modaps.eosdis.nasa.gov/ (accessed on 20 December 2021); 2 From MCD12C1
https:/ /ladsweb.modaps.eosdis.nasa.gov/ (accessed on 21 December 2021); 3 From MOD13C2 https:/ /ladsweb.
modaps.eosdis.nasa.gov/ (accessed on 20 December 2021);  From Global Precipitation Climatology Project
https:/ /www.ncei.noaa.gov/data/ (accessed on 21 December 2021); 5 From MOD17A3HGF v061 https:/ /ladsweb.
modaps.eosdis.nasa.gov/ (accessed on 15 March 2022); ¢ From [21]; 7 This data is generated by spatial interpo-
lation from the sunshine hours data of surface meteorological stations. Sunshine hours data come from China
Meteorological Science data Center https://data.cma.cn/ (accessed on 22 March 2022); 8 From Resource and
Environmental Science and data Center of the Chinese Academy of Sciences http://www.resdc.cn/Default.aspx
(accessed on 25 March 2022).

The method used to estimate CH, emissions from terrestrial ecosystems in China
in this study is the emission-factor approach, which is a method proposed by the IPCC
to estimate GHG emissions and is widely used today. The basic idea is to construct
activity density data and emission factor for each emission source according to the emission
inventory list, and use the product of activity density data and emission factor as the
emission estimation value of the emission item. The calculation formula is as follows:

Emission =Y (AD(;j) x EF;j)) @

where Emission is the total CHy emission from the current emission source; i and j are
pixel positions; AD is activity density data (Specific uses and inputs of individual sources
directly related to CH4 emissions); EF is emission factor (the amount of CH, gas released
y g
per unit of a given emission source, also known as the emission rate). CHy emissions from
terrestrial ecosystems are the sum of CHy emissions from each source. The main sources of
CH,4 emissions from terrestrial ecosystems are shown in Figure 1.
y g
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Figure 1. Main sources of CH4 emission from terrestrial ecosystem in China.
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2.1. Vegetation

CHy4 has been found to be produced by plants in an aerobic environment, and it is
estimated that this contributes 10-30% of the total global emissions [9]. CHy is released
from normally growing vegetation, as well as from deciduous or dying vegetation, and
CHy4 release from vegetation is very sensitive to temperature. Between 30-70 °C, the release
of CH,4 approximately doubles for every 10 °C increase in temperature. In addition, the
rate of CHy emission from both normally growing and decayed phytomasses increased
significantly under insolation conditions [22]. The results of the study by Keppler et al. [22]
pointed out that the CH, emission rates of different plant bodies (normally growing and
withered plant bodies) under different light conditions have an exponential relationship
with temperature and presented the first equation for estimating vegetation CH, emissions.
Afterward, Parsons et al. [23] found that replacing net primary productivity (NPP) in
Keppler’s model with leaf biomass could improve the estimation accuracy of CH4 emission
from vegetation. In addition, Zhang et al. [8] proposed the conversion relationship between
NPP and leaf biomass. Based on the existing research results, Gong et al. [19] integrated the
results of Keppler, Parsons and Zhang and improved the estimation method of vegetation
CH,4 emissions, which made the estimation results of vegetation CHy emissions more
accurate. In this study, we use the improved estimation method of Gong et al. The formula
is as follows: [19].

ERmonfliv(i,j,t) = 19860.023“1"]"” X hsun(i,j,t) + 30‘760'041T(i'j't) X (24 X da]/t - hsun(i,j,t))/ (2)

ER o —tit(ijry = 166" BT 0N s oy + 02209 GI0 5 (24 5 dayy — hgyiin), (3)
biOﬂ”lﬂSS,”j’t =2X fz,] X Ci,]‘ X NPP,'/]‘,t x 12, (4)
Emission; j; = biomass;jt X (ERyon—tio(ijt) + ERmon—tit(ijt)) ®)

where i and j represent pixel horizontal and vertical coordinates and ¢ represents month;
ERyuon—tio(i jr) and ERyon—1it(i j,1) Tepresent CHy emission rates (ng CHy g~ ! dry weight
month™1) of normal growing plants and litter plants, respectively; T(i,j,t) stands for
surface temperature (°C); K, (; ;1) represents sunshine hours (h month~1); day; denotes the
number of days in month ¢; biomass; ; ; denotes the leaf biomass of vegetation (g m~2); fij
and c;; denote the conversion factors between NPP and biomass and between leaf biomass
and biomass, respectively, as shown in Table 2; Emission; ;; denotes the CHy emission flux

from vegetation (mg CHy m~2 month1).

Table 2. Conversion factors between leaf biomass and biomass and biomass and NPP for different
vegetation types in China.

Vegetation Type Leaf Biomass/Biomass (c) Biomass/NPP (f)
Coniferous forest 0.069 9.478
Broadleaf forests 0.055 7.5
Mixed forest 0.063 8.06
Shrubs 0.142 2.633
Grassland 0.341 2.017
Sparse vegetation 0.112 2.0

The data in the table are from the literature [8].

2.2. Wetland

CH4 emission from natural wetlands has obvious seasonal variation, even in places
with similar climate, vegetation and topography [24]. Natural wetlands in China can
be divided into peatlands, freshwater marshes, swamps and salt marshes, and the CHy
emission factors vary among different types of wetlands. According to the research results
of Ding et al. [10], the relationship between CHj emission rate and temperature and
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precipitation in different types of natural wetlands is shown in Table 3. Based on the
research results of Ding, the equation for CH4 emissions from wetlands is as follows: [19].

4
.. Sy
Emission; j; = type x day; x 24 x k; 3 X ERy(ij ) (6)

where i and j represent pixel horizontal and vertical coordinates and ¢ represents month;
Emission; j; indicates wetland CHy emission flux; type indicates whether the pixel is a
wetland (represented by 0 and 1); day; denotes the number of days in month ¢; S is the area
of wetland type k, and S is the total area of all wetland types (obtained by summing the
area of four types of wetlands); ERy; ;) is the CHy emission factor of the wetland (Table 3).

Table 3. CH4 Emission factors and area of different types of wetlands in China.

Wetland Type Area (km?) ER (mg CHym—2h1)
Freshwater marsh 24,977 0.663 x T +2.227 x P — 7.342
Peatland 42,349 2.96
Swamp 2561 0.05
Salt marsh 24,086 0

In the table T is the surface temperature and P is the rainfall. The data in the table were obtained from the
literature [10].

2.3. Paddy Fields

The rate of CH4 emission from paddy fields is related to numerous factors, such
as rice irrigation level, soil type, fertilizer application, temperature and tillage practices.
Fu et al. [14] estimated rice CH, emission factors (Table 4) for each province in China based
on rice irrigation level, soil type, fertilizer application and tillage practices. Based on the
method provided by IPCC (2006), Gong et al. [19] constructed a model for paddy field CHy
emissions using vegetation indices to represent rice growth conditions. In this study, we
used the model of Gong et al. to estimate CH4 emissions from paddy fields. We also used
the CH, emission factors from the paddy fields of Ding et al. The formula is as follows: [19].

Emission;j; = ERy; ) X

NDVI;
ij A 7 dayy X type; @)

meany(NDVI; ;

where i and j represent pixel horizontal and vertical coordinates and ¢ represents month;
k represents the type of paddy field; Emission; j; is the CHy emission flux from paddy field;
ERy,j) is the CHy emission factor of paddy field; meany(NDVI; ;) is the mean NDVI value
of the current paddy field; type; ; x indicates the type of paddy field.

Table 4. CH,4 emission factor (ER) of different ripening rice in different provinces of China.

Paddy Field ER (kg CH; hm~2 d-1) Paddy Field ER (kg CH; hm~2 d-1)
Province Province
Early Rice Late Rice Double Season Rice Early Rice Late Rice Double Season Rice
Beijing - - 1.26 Hubei 2.06 3.9 2.06
Tianjin - - 1.08 Hunan 173 3.41 173
Hebei - - 1.46 Guangdong 177 5.16 177
Shanxi - - 0.63 Guangxi 1.46 491 1.46
Inner Mongolia - - 0.85 Hainan 1.58 4.94 1.58
Liaoning - - 0.88 Chongqing 0.77 1.85 0.77
Jilin - - 0.53 Sichuan 0.77 1.85 0.77
Heilongjiang - - 0.79 Guizhou 0.6 2.1 0.6
Shanghai 1.46 2.75 1.46 Yunnan 0.28 0.76 0.28
Jiangsu 1.89 2.76 1.89 Tibet - - 0.65
Zhejiang 1.69 3.45 1.69 Shaanxi - - 1.19
Anhui 1.97 2.76 1.97 Gansu - - 0.65
Fujian 091 5.26 091 Qinghai - - -
Jiangxi 1.82 4.58 1.82 Ningxia - - 0.7
Shandong - - 2.0 Xinjiang - - 1
Henan - - 17

The data in Table 4 come from the literature [19].
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3. Results
3.1. Spatial Patterns of CHy Emissions

The spatial distribution of CH4 emissions from terrestrial ecosystems in China is
shown in Figure 2. The high-value (>18.0 g CHy m~2 yr~!) areas of CH, emissions from
terrestrial ecosystems are mainly located in East and Central China. Combined with
Figure 3, it can be seen that the spatial distribution of CHy emissions from terrestrial
ecosystems in East and Central China are similar to those from paddy fields, indicating
that the main source of CH4 emissions from terrestrial ecosystems in this region is paddy
fields. CH4 emissions from terrestrial ecosystems in Qinghai-Tibet Plateau in China mainly
show a point distribution, which is similar to the spatial distribution of CH4 emissions
from wetlands, indicating that wetlands are the main contributors to CH4 emissions from
terrestrial ecosystems in the Qinghai-Tibet Plateau. The regions with low CHy4 emissions
(<2.0 g CHy m~2 yr~!) in Figure 2 cover almost the whole map, and their spatial distribution
is similar to that of vegetation CH4 emissions in Figure 3, which shows that vegetation
CH, emissions cover almost the whole region of China, and the CH4 emissions are high in
the southeast region and low in the northwest region. Overall, the regions with high CHy
emissions (>1.0 g CHy m 2 yr~!) from terrestrial ecosystems in China are mainly located
in northeastern, central, eastern and southeastern China, with a decreasing trend from
southeast to northwest. This trend is similar to that of vegetation coverage, precipitation
and temperature from the southeast to the northwest of China.

80°E 100° E 120°E 140° E
45° N+
r45° N
0° N+
? F30° N
Emissions (g/m”2/yr) Y L.
Emo-o008 [ ]1.00-200 \"/ g’igyu
[ 0.08 - 0.26 [ 2.00 - 4.00 AN T ]
77 0.26 - 0.59 [ 4.00 - 18.00 [ o
-
15° N+ [70.59 - 1.00 M >18.00 Lisony

80°E 100° E 120° E

Figure 2. Spatial distribution of terrestrial ecosystem CH,4 emission in China.

3.2. Temporal Patterns of CHy Emissions

The estimated results show that the average annual CH4 emission of terrestrial ecosys-
tem in China is 19.955 Tg, in which vegetation, wetland and paddy fields are 3.713 Tg,
4.285 Tg and 11.957 Tg, respectively. The CHy contribution of the three major emission
sources is 18.61% (vegetation), 21.47% (wetland) and 59.92% (paddy field), respectively.
Monthly CHjy emissions from China’s terrestrial ecosystem from 2010-2020 are shown
in Table 5.
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(a) Vegetation

(b) Wetland i (c) Paddy fields

Emissions (g/m”2/yr),

Figure 3. (a) Map of CH, emissions from vegetation; (b) Map of CH, emissions from wetland;
(c) Map of CHy4 emissions from paddy fields.

Table 5. Monthly and total CHy emissions from terrestrial ecosystems in China, 2010-2020.

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Now. Dec. Total
2010 0262 0320 0760 0968 1367 2293 3535 3585 3182 2575 0381 0300 19.530
2011 0177 0293 0675 1.013 1334 2375 3527 3599 3125 2559 0409 0249 19.335
2012 0197 0252 0774 1105 1415 2397 3562 3599 3118 2597 0375 0.262 19.653
2013 0242 0301 0872 1.070 1450 2509 3612 3556 3.091 2573 0409 0290 19.977
2014 0310 0304 0911 1202 1452 2468  3.662 3.640 3229 2632 0426 0273 20.510
2015 0259 0302 0838 1140 1418 2442 3527 3603 3144 2681 0387 0255 19.996
2016 0255 0302 0845 1.166 1443 2507 3595 3558 3117 2700 0393 0314 20.194
2017 0271 0314 0768  1.027 135 2245 3388 3571 3303 3.037 0387 0286 19.955
2018 0252 0272 0872 1154 1463 2464 3585  3.628 3.083 2545 0403 0.262 19.984
2019 0236 0294 0853 1.156 1364 2444 3565 3.609 3103 2534 0406 0297 19.861
2020 0271 0340 0919 1135 1441 2566  3.641 3.670 3207 2,631 0440 0245 20.507

The temporal resolution of this study was on a monthly time scale, and the resulting
CHj4 emission inventory (Table 5) can be used to explore intra-annual trends in CHy
emissions from terrestrial ecosystems. CH, emissions from terrestrial ecosystems in China
have obvious seasonal variation characteristics, with low emissions in spring and winter
and high emissions in summer and autumn. As shown in Figure 4, emissions were
lowest in January (average 0.248 Tg month 1), then gradually increased to a maximum in
August (average 3.602 Tg month ') and then gradually decreased to December (average
0.276 Tg month~!). The main reason is that CH, emission factors from vegetation, wetland
and rice emission sources are related to natural factors with seasonal variations, such as
temperature, precipitation, sunshine hours, and NPP.

The intra-annual trends of CH4 emissions from each emission source in terrestrial
ecosystems are shown in Figure 4, with significant seasonal variation in CH, emissions
from vegetation, wetlands and paddy fields. Vegetation CH; emissions are related to
temperature, biomass, and sunshine hours. The higher the temperature, the longer the
sunshine hours, and the greater the vegetation NPP, the higher the CH,4 emissions from
vegetation. Emissions are high in July and August because of lush vegetation growth, high
temperatures and long sunshine hours, with average emissions reaching 0.430 Tg month~!,
about 2.7 times higher than emissions in January (0.159 Tg month~!). CH4 emissions from
wetlands are mainly affected by temperature and precipitation. The higher the temperature
and precipitation, the higher the CH4 emissions from wetlands. CH4 emissions from
wetlands peaked in July, at an average of 0.684 Tg month~!, which was 7.7 times that
of January’s (average 0.089 Tg month~!) because most parts of China had the highest
temperatures and precipitation in June, July and August. The paddy field mainly emits
CHy in the rice growing season, and the CHy emission factors of different types of rice
are different. The better the rice growth condition, the higher the CH4 emission. The CHy4
emission factor of late rice (growing mainly from July to October) was higher than that of
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early rice (growing mainly from March to June) and double cropping rice mainly emits
CHy,4 from June to October, so July to October is the peak of CH4 emission from paddy
fields. There is no rice cultivation from November to February, so there is no CH4 emission

from

by
=

paddy fields during these months.
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Figure 4. (a) Monthly CH, emissions from terrestrial ecosystems; (b) Monthly CH4 emissions from
vegetation; (c) Monthly CHy4 emissions from wetland; (d) Monthly CH4 emissions from paddy fields.

3.3. Intra-Annual Spatial and Temporal Distribution of CHy Emissions

The CHy4 emissions of terrestrial ecosystems not only have obvious seasonal variation
characteristics in time, but also have different spatial distribution in different seasons.
Figure 5 shows the spatial distribution characteristics of monthly CH4 emissions from
China’s terrestrial ecosystem. It can be seen that in January, CH4 emissions were only
slightly distributed in China’s southern border provinces, and from January to July, CHy4
emissions gradually extended from south to north, covering most areas of the country in
July, and CH,4 emissions per unit area reached the highest. Since then, it began to fade from
north to south from July and August to December, and only a small amount was distributed
in the southern border areas, such as the Yunnan and Hainan provinces in December. The
main reason for this spatial distribution change is that the temperature, precipitation and
vegetation growth in China have similar spatial distribution characteristics in different sea-
sons. CH, emissions from terrestrial ecosystems in China have seasonal spatial distribution
characteristics during the year. From spring to winter, CH4 emissions show periodic spatial
variation characteristics of “from south to north, from north to south”.
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Figure 5. (a-1) Monthly CH,4 emission distribution map of terrestrial ecosystem in China.

We plotted standard deviational ellipses of CH4 emissions from terrestrial ecosystems
in China for each season as shown in Figure 6. From spring to summer, the center of the
ellipse moves to the northeast, and the azimuth of the long axis of the ellipse decreases
from 84.8-71.4°. This indicates that CH, emissions from northern terrestrial ecosystems
are increasing in summer and lead to a spatial distribution of CH4 emissions close to the
“southwest-northeast” direction. At the same time, both the long and short axes of the
ellipse are increasing, indicating that the distribution range of CH4 emissions is gradually
becoming larger from spring to summer. From summer to autumn, the center of the
ellipse began to move southward, and both the major axis and the minor axis of the ellipse
began to decrease, indicating that the center of gravity of CH4 emissions from terrestrial
ecosystems began to move southward, and the distribution range of CH4 emissions began
to narrow. From autumn to winter, the center of the ellipse continues to move southward,
and the long and short axes of the ellipse continue to decrease. This indicates that the range
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of terrestrial ecosystem CHy emissions continues to shrink, and the center of gravity of
terrestrial ecosystem CHy4 emissions continues to shift southward.
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Figure 6. Standard deviational ellipse of seasonal variation of CH4 emission from terrestrial ecosystem
in China.

4. Discussion
4.1. Relationship between Interannual Variation Trend of CHy Emissions and Air Temperature

In this study, CH4 emissions from terrestrial ecosystems in China were estimated from
2010-2020, and the interannual trends are shown in Figure 7. It can be seen that the overall
CH,4 emissions from terrestrial ecosystems in China are increasing from 2010-2020, with
CH,4 emissions peaking in 2014 and 2020. CH,4 emissions grew the fastest between 2011
and 2014, which is consistent with the trend of sustained and rapid increase in average
air temperature in China from 2011-2014. The trends in annual mean air temperature in
China from 2010-2020 are more consistent with the trends in CH4 emissions from terrestrial
ecosystems in China. Overall, the higher the temperature, the higher the CH4 emissions
from terrestrial ecosystems. The Pearson correlation coefficient r was calculated for these
two sets of data, and an r of 0.70 was obtained, indicating that the CH4 emissions from
terrestrial ecosystems in China from 2010-2020 were highly linearly correlated with the
annual mean air temperature.

4.2. Comparison with the Results of Other Studies

The results of CH, emissions from the three major sources of terrestrial ecosystems
(vegetation, wetlands and rice) estimated in this study are compared with the results of The
People’s Republic of China Second Biennial Update Report on Climate Change (CSBUR),
Emissions Database for Global Atmospheric Research (EDGAR v5.0, EDGAR v6.0, EDGAR
v7.0), The People’s Republic of China Third National Communication on Climate Change
(CTNC) and other available studies.
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Figure 7. Annual methane emission from terrestrial ecosystem and average Air Temperature in China.
(China’s average Air Temperature data come from China Climate Bulletin from 2010-2020).

On the whole, the estimated results of this study are in good agreement with the
research results of the Gong S and Shi Y (2021), EDGARv5.0, EDGARv6.0 and EDGARv7.0
data sets. The vegetation CH4 emissions in the 2015 results of this study were about
0.82 Tg lower than the vegetation CH,4 emissions in the results of the study by Gong S and
Shi Y (2021), and the rice CH4 emissions were about 0.71 Tg higher than the results of the
study by Gong S, Shi Y (2021). The average annual CH4 emissions from paddy fields in the
EDGAR data were about 14 Tg, which was about 2 Tg higher than the results of this study.
The estimated CHy4 emissions from wetlands by Huang et al. (2019) and Zhang et al. (2016)
were 2.92 Tg (lower than 1.21 Tg in this study) and 4.90 Tg (0.65 Tg higher than in this
study). The CH,4 emissions of paddy fields from Huang et al. (2019) and EDGAR dataset
were 9.77 Tg (lower than 2.38 Tg in this study) and 14.16 Tg (higher than 2.01 Tg in this
study). Gong S and Shi Y (2021) conducted 20,000 Monte Carlo simulations to quantify
the uncertainty of CH4 emission estimates for each emission source with 95% confidence
intervals, and calculated emission ranges of 5.67-18.26, 1.98-7.31, and 2.34-6.29 for paddy
fields, vegetation, and wetlands [19]. In this study, the method improved by Gong S and
Shi Y (2021) is used to estimate CH, emissions from vegetation, wetland and paddy fields.
The results have higher temporal and spatial resolution, and the estimated results are also
within the range of high reliability. As shown in Table 6, this study has comprehensive
advantages over other existing studies in terms of spatiotemporal resolution and time
series. A total of 40 validation data from other studies had an overall Pearson correlation
coefficient of 0.91 with this study (Figure 8). In addition, this study is an emission estimation
model based on pixel scale and monthly time scale, and the estimation results of this study
are closer to the real situation than the traditional annual emission estimation models.
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Figure 8. The comparison with other studies. Other research data in the figure come from:
EDGAR v6.0 [25]; EDGAR v5.0 [26]; Gong et al. (2021) [19]; Huang et al. (2019) [18]; CSBUR [27];
Chen et al. (2013) [28]; Peng et al. (2016) [16]; CTNC [29]; Zhang et al. (2014) [12]; Wei et al. (2016) [30];
EDGAR v7.0 [31].

Table 6. Comparison with other research results in spatiotemporal resolution and time series.

Spatial Resolution Time Resolution Time Series

This study 0.05° x 0.05° Month 2010-2020

EDGAR v7.0 [31] 0.1° x 0.1° Month 1970-2021

EDGAR v6.0 [25] 0.1° x 0.1° Month 1970-2018

EDGAR v5.0 [26] 0.1° x 0.1° Month 1970-2015
Gong et al. (2021) [19] 0.05° x 0.05° Month 2015
Huang et al. (2019) [18] Province Year 2015
Chen et al. (2013) [28] Province Year 2008

Peng et al. (2016) [16] 0.1° x 0.1° Year 1980-2010
Zhang et al. (2014) [12] Province Year 2007

In Table 6, Province means that the research results are presented in provincial units.

5. Conclusions

In this study, CHy emissions from terrestrial ecosystems in China were estimated,
and an inventory of CH, emissions from gridded 0.05° spatial resolution monthly time
scale terrestrial ecosystems was obtained. The inventory is in good agreement with the
results of the latest emission inventory, and can be used to partly explain the temporal and
spatial variation of atmospheric CHy concentration in China. The average annual CHy4
emissions from terrestrial ecosystems in China are estimated to be 19.955 Tg, of which
3.713 Tg, 4.285 Tg and 11.957 Tg are from vegetation, wetlands and paddy fields, respec-
tively. The CHy4 contribution of the three major emission sources is 18.61% (vegetation),
21.47% (wetlands) and 59.92% (paddy fields) respectively, and the paddy fields is the main
emission source.

The regions with high CH4 emissions from terrestrial ecosystems in China are mainly
located in the central, eastern and southeastern regions of China and show a decreasing
trend from southeast to northwest. CHy emission from vegetation is widely distributed, but
the emission per unit area is relatively low. High value areas of vegetation CH4 emissions
are mainly located in the southern part of China. The regions with high CH4 emissions
from wetlands are mainly located in the Tibet, Heilongjiang and Qinghai provinces. CHy
emissions from rice are widely distributed in the south and northeast of China, in which
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the middle and lower reaches of the Yangtze River, Pearl River Delta and Chengdu Plain
are the main emission areas in the south.

The interannual trends in CH4 emissions from terrestrial ecosystems in China are
very similar to the trends in mean annual air temperature. The correlation coefficient
between the two reaches 0.7, and CHy emissions are high in years with high average annual
temperatures. CHy emissions from terrestrial ecosystems in China as a whole continue to
increase over the period 2010-2020. CH4 emissions from terrestrial ecosystems in China
have obvious seasonal variation characteristics. Emissions were the lowest in January, with
an average of 0.248 Tg, and the highest in August, with an average of 3.602 Tg, about
14.5 times that of January. The overall emissions showed the seasonal characteristics of
high in summer and autumn and low in spring and winter. Spatially, CH4 emissions extend
northward from the south, covering almost the entire region of China by July, and then
gradually fade from north to south. This is the spatial variation of CH,4 emissions from
terrestrial ecosystems in China during the year.

Our estimated CHy emission inventory of Chinese terrestrial ecosystem with high
temporal and spatial resolution is of great significance to the study of global CH, budget,
CHy4 traceability, global temperature change, ecosystem carbon cycle in the context of global
warming. The inclusion of termite emissions, soil uptake, and permafrost emissions could
be considered in subsequent studies to further improve this emission inventory.
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