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Abstract

The Sanjiang Plain (SJP), one of the major rice producing regions in China, is an important

source of methane (CH4) emissions. However, there have been large uncertainties in the

estimates of CH4 emissions from this area during the past few years. In this study, we esti-

mated CH4 emissions using a process-based model derived by rice area, CH4 flux, land sur-

face temperature (LST), and the ratio of precipitation (P) and evapotranspiration (ET) in rice

paddies in the SJP during the rice growing seasons in 2000, 2006, and 2010, respectively.

The results showed that the total area of rice fields was 1.64 million ha in 2010, which was

approximately 35 and 13% higher than in 2000 and 2006, respectively. The average LST

was 22.1˚C in 2000 which was higher than in 2006 (21.6˚C) and 2010 (21.5˚C). Monthly ET

and P displayed similar seasonal and annual variability. The monthly ET was 61.7, 66.5,

and 63.0 mm month-1 and P was 85.1, 80.6 and 85.9 mm month-1 during the rice growing

seasons in 2000, 2006, and 2010, respectively. The averaged CH4 flux rates were 24.83,

24.63, and 24.59 ton km-2, and the estimated mean annual CH4 emissions from rice paddies

were 0.30, 0.36, and 0. 40 Tg yr-1 in 2000, 2006, and 2010, respectively. The CH4 emissions

displayed obvious spatial variations that decreased from east to west in the SJP, and were

mainly affected by temperature. The results will improve our understanding of the inter-

annual and spatial variations of CH4 emissions and provide a more accurate regional budget

of CH4 emissions from rice paddies in the Sanjiang Plain.

Introduction

The rising atmospheric concentrations of methane (CH4) play an important role in global

warming. Methane has a relative global warming potential 35 times higher than that of carbon
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dioxide (CO2), with unique radiative properties and a short residence time in the atmosphere

[1, 2]. Agriculture is an important source of CH4, and accounts for approximately 52% of

global anthropogenic CH4 emissions [3]. Rice paddies has been identified as one of major agri-

cultural source of atmospheric CH4 [4, 5]. Global CH4 emissions from rice fields are 21–30 Tg

yr-1 [6], and account for more than 10% of the total CH4 emissions in the atmosphere [7].

Therefore, it is important to estimate CH4 emissions, and to reduce the uncertainties in CH4

emissions from rice paddies at regional and global scales.

The Sanjiang Plain (SJP) which is drained by the Songhuajiang, Ussuri, and Heilongjiang

rivers, is a typical paddy rice region in China [8–11]. Previous reports have indicated that the

area of paddy rice fields increased from 1.07 million ha in 2000 to 1.43 million ha in 2006

[11, 12], which represents a dramatic increase of approximately 35%. By 2010, the area of

paddy rice fields in the SJP region accounted for more than 10% of the total rice cropping

area in China [12, 13]. Many efforts have been made to characterize CH4 emissions from rice

paddy in the SJP [12–15]. Early field measurements indicated that mean flux rates of CH4

emissions from rice paddy in the SJP varied from 0.05 to 24.37 mg m-2 h-1, with a mean value

of 6.67 mg m-2 h-1 [15]. Wang et al. [13] estimated CH4 emissions using the area expansion

method and obtained an estimation of 0.10 Tg yr-1 for cold paddy fields in the SJP regions.

However, area expansion method may ignore the importance of environmental and soil con-

ditions in the processes of CH4 generation from rice fields [16–18]. With an understanding

of the processes of CH4 generation, the Denitrification and Decomposition (DNDC) model

was developed and further modified to simulate CH4 emissions from rice fields in the SJP

[11, 12, 19, 20]. Zhang et al. [11, 12] used the DNDC model to estimate CH4 emissions as

0.50, 0.71, and 0.49 Tg yr-1 from paddy fields in the SJP in 2000, 2006, and 2010 with a cell

size of 10 × 10 km. Attempts have been made to explain the regional variations of CH4 emis-

sions in these studies, but the input data of these models has a low spatial and temporal

resolution.

Remote sensing technology is capable of providing more accurate paddy field data, with

spatially explicit information when compared to the inadequate and problematic census data

[21, 22]. The rice paddy cover was mapped based on nine Landsat thematic mapper (TM)

images acquired in 2006, with a total area of 1.44 million ha using the visual interpretation

method [12]. Remote sensing techniques provide near-real-time and high spatial resolution

data products related to global environmental variables, such as land surface temperature

(LST) and evapotranspiration (ET). Agarwal et al. [23] presented a large—scale model inte-

grating field data with Moderate Resolution Imaging Spectroradiometer (MODIS) derived

LST and ET data to estimate CH4 emissions from rice paddies, which provided better insights

into the regional variations of CH4 emissions. Akumu et al. [24] improved this model to esti-

mate CH4 emissions from wetlands in North-Eastern New South Wales. However, there have

been few estimates of CH4 emissions from rice paddies in China based on remote sensing data

and field observations, from which CH4 emissions could be extrapolated from the site scale to

a larger spatial dimension.

Driven by the market demand for high quality rice in China, more dryland crop such as

corn or soybeans have been converted to wetland crops (mainly rice) in northern China in

recent decades. This kind of rapid land-use transformation could alter the national greenhouse

gases (GHGs) inventory currently and even in the near future. Updating the land-use and

mapping the consequent GHGs emissions are becoming an urgent task for quantifying the

global warming impacts induced by cropland. In this present study, we aim to: (1) analyze the

spatial characteristics of CH4 emissions and estimate the CH4 emissions from SJP based on sat-

ellite data; and (2) explore the impact of various factors on CH4 emissions during the rice

growing season at regional scale.

Satellite data based estimation of methane emissions from rice paddies
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Materials and methods

Study area

This study was conducted in the SJP, which is the highest latitude region for rice cultivation in

the world. The SJP covers an area of 10.93 million ha and is located in the eastern part of Hei-

longjiang Province. It is located between 48.5˚ and 43.8˚N latitude and 129.2˚ and 135.1˚E

longitude (Fig 1). The region is a low plain that features an alluvial formation due to the con-

fluence of the Heilongjiang, Songhua, and Ussuri rivers, and lies at 45 to 60 m geographic ele-

vation above sea level with a gentle and flat topographic relief. During the period of 1980–

2010, the annual mean temperature in the area ranged from 2.6 to 5.2˚C, and annual precipita-

tion (P) ranged from 330 to 850 mm and was mainly concentrated in June through August

[11].

The SJP has a temperate humid and semi humid continental monsoon climate. Tempera-

tures and P are high in the summer in this region. Crops can obtain sufficient calories and

water in the vigorous growth period. In the 1990s, the large-scale development of irrigated rice

cultivation began in the region. According to remote sensing image data, the region’s rice

planting area reached 1.64 million ha in 2010. The single-season rice is grown predominantly

from May to October in this region.

Data source

To obtain the observed mean CH4 flux for paddy rice in the SJP during the growing season, we

screened the Chinese National Knowledge Infrastructure and Web of Science for relevant

papers. In the studies identified, the observed CH4 fluxes were measured using a static cham-

ber-gas chromatograph technique at the Sanjiang Mire-Wetland Experimental Station of the

Chinese Ecosystem Research Network (133˚310 E, 47˚350 N) from 2001–2006. Each sampling

point was located at a distance of 3 m from the previous sampling point. Gas samples were

measured twice at one week intervals in the entire paddy rice growing season from late May to

early October.

Temperature and ET data were obtained from MODIS (S1 File). The MOD11 daily data

was retrieved at 1 km pixels by the generalized split-window algorithm in seven thermal infra-

red bands. The MOD16 ET products can be used to calculate the regional soil water status;

hence, it provides key information for water resource management. With long-term ET data,

the effects of climate changes on regional water resources and land surface energy changes can

be quantified. According to the geographical position of the SJP, we choose the satellite track

numbers, h26v04 and h27v04, which fully covered the whole area. We made use of the

improved 8-day MOD11A2 (LST) and monthly MOD16A2 (ET) products from the National

Aeronautics and Space Administration website (http://modis.gsfc.nasa.gov/). We estimated

8-day LST, and used these estimates to obtain mean monthly temperature. P data was derived

from the Goddard Earth Science Data and Information Services Center measured by the tropi-

cal rainfall measuring mission (TRMM) satellite (S1 File) (http://trmm.gsfc.nasa.gov/). The

rice planting area in the SJP was determined by Landsat thematic mapper (TM) remote sens-

ing imagery provided by Yuan Zhang acquired in 2000–2010 (S1 Table). These Landsat

TM images accessed from the EarthExplorer Interface (http://edcsns17.cr.usgs.gov/

EarthExplorer/).

Estimation of CH4 emissions

A model based on the CH4 production process was used to estimate the CH4 emission. In this

study, CH4 emissions due to various factors were considered, including soil moisture, rice

Satellite data based estimation of methane emissions from rice paddies
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extent, and temperature. Temperature related factors are used to model the change in micro-

bial activity and growth rate is used as a function of temperature [23]. Soil moisture content

directly affects CH4 production by creating a low redox potential and anaerobic soil environ-

ment for methanogens [23, 25].

To determine emissions of CH4, we developed a simple model that was modified from

Agarwal [23] and Akumu [24]:

ECH4
¼ Eobs � Ft � A � fw ð1Þ

Fig 1. Location of the Sanjiang Plain (SJP) in China.

https://doi.org/10.1371/journal.pone.0176765.g001
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Where Eobs is the observed CH4 flux from rice, Ft is an expression of the temperature, A is the

area of rice, and fw is ratio of precipitation to evaporation.

Ft is calculated by

Ft ¼
FðTsÞ
FðTsÞ

ð2Þ

FðTsÞ ¼
e0:334ðTs� 23Þ

1þ e0:334ðTs� 23Þ
ð3Þ

Ts ¼ LST � 0:02 � 273:15 ð4Þ

Where LST is land surface temperature, FðTsÞ is the mean of F(Ts) from rice paddies in San-

jiang Plain.

fw is calculated by:

fw ¼
P

ET
ðP < ETÞ

1 ðP > ETÞ

8
<

:
ð5Þ

Where P is precipitation and ET is evapotranspiration. If precipitation is higher than evapora-

tion, it is assumed that the water are saturated in soil for a given period [24].

We simulated CH4 emissions by modifying the model pixel by pixel across the whole rice

paddy area in the SJP. We estimated CH4 emission rates and total CH4 emissions at the cell

scale in a 1 × 1 km grid.

Data analysis

In this article, all data processing is based on ArcGIS 10.1 (Esri Inc., USA). We have carried on

the coordinate system definition, resampling and basic spatial processing. The spatial distribu-

tion of CH4 emission in the SJP is presented using the ArcGIS 10.1 (Esri Inc., USA) driven

model. The statistical analyses of the CH4 emission were carried out by zonal statistics using

ArcGIS 10.1 (Esri Inc.,USA), the seasonal variation of CH4 emission fluxes were drawn using

SigmaPlot 12.5 (Systat Software Inc., USA).

Results

Observed CH4 flux and the area of rice paddies

We selected the average methane emissions from paddy fields across the entire growing season

in different experimental fields in the SJP from published paper as observed CH4 flux [13–15,

26]. The mean CH4 emission rate under conventional fertilizer application in the SJP was 5.92

mg m-2 h-1. The main rice planting areas were located near river basins, including upstream of

Anbang River, Songhua River, Raoli River and Xingkai Lake, and Muleng River Basin (Fig 2).

These regions have large areas available for rice cultivation because the fertile soil and provi-

sion of irrigation facilities provide favorable conditions for rice planting. Using visual interpre-

tation technique on clear TM images in 2000–2010, we map the rice paddy cover in the

domain 2000, 2006, and 2010 [20, 21]. The area of rice paddy planted in the SJP was 1.21, 1.45,

and 1.64 million ha in 2000, 2006, and 2010, respectively, which was almost identical to the val-

ues reported in previous studies [20, 21]. The SJP has contained more than 1.2 million ha of

paddy rice since 2000.

Satellite data based estimation of methane emissions from rice paddies
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The increase trend in the change of total area of rice paddy was observed within the SJP,

with the increasement of 2.8 and 2.9% during the periods of 2000 to 2006, and from 2006 to

2010, respectively. The extension of the rice area was mainly concentrated in the northeast of

Songhua River and Flexure River Basin, and gradually expanded further northeast in the 10—

year from 2000 to 2010.

Fig 2. The distribution of rice paddies in the Sanjiang Plain (SJP) in 2000, 2006, and 2010.

https://doi.org/10.1371/journal.pone.0176765.g002
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Environmental factors controlling CH4 emissions from rice paddies

During the entire growing season from May to October, the average temperature was 22.08,

21.55, and 21.53˚C in 2000, 2006, and 2010, respectively (Table 1). The low to high mean

monthly temperature range was 7.13–30.1˚C, 11.7–25.4˚C, and 11.5–29.9˚C during the entire

growing season in 2000, 2006, and 2010, respectively. These figures show an obvious trend in

the seasonal variation, with higher temperatures generally occurring in June and July (Fig 3).

Temperature reached a maximum in June in 2000 and 2010, while the maximum temperature

Table 1. Temperature and Ft from paddies of in the Sanjiang Plain (SJP).

Year Temperature (˚C) Ft

Max Min Average std Max Min Average std

2000 27.6 18.3 22.08 4.0 1.9 0.4 1.0 0.19

2006 27.3 17.8 21.55 4.3 2.1 0.4 1.0 0.20

2010 26.8 18.4 21.53 3.2 2.0 0.5 1.0 0.15

https://doi.org/10.1371/journal.pone.0176765.t001

Fig 3. Seasonal changes of temperature, precipitation (P), and evapotranspiration (ET) from May to

October.

https://doi.org/10.1371/journal.pone.0176765.g003
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delayed for a month in 2006. The lowest temperature occurred in October during the rice

growing seasons. The temperature distribution had obvious regional variation (Fig 4). The

spatial range of the average temperature over the whole growing season was 18.3–27.6˚C,

17.8–27.3˚C, and 18.4–26.8˚C in 2000, 2006, and 2010, respectively.

The factor Ft, which is an expression of the temperature, and displayed a decreasing trend

from west to east. The Ft ranged from 0.41–1.93, 0.40–2.10, and 0.46–2.04 in the entire grow-

ing seasons of 2000, 2006, and 2010, respectively (Table 1). Relative higher Ft values (> 1.55)

were located in a few pixels sparsely distributed in the downstream area of Ampang River, the

Muling River Basin, and the Ken River Basin, accounting for 8.3, 6.9, and 4.4% of the whole

SJP in 2000, 2006, and 2010, respectively (Fig 5). In contrast, lower values (< 1) for large

patches of rice were concentrated in the east and the northwest, covering more than half of the

whole rice growing area. In 2006, the maximum Ft was 2.1, which was higher than the maxi-

mum values in 2000 and 2010, which were 1.93 and 2.04, respectively. However, the minimum

Ft in 2000 was much higher than in 2006 and 2010. The standard deviation of Ft was 0.19,

0.20, and 0.15 in 2000, 2006, and 2010, respectively.

Fig 4. Spatial distribution of temperature (˚C) in 2000, 2006, and 2010.

https://doi.org/10.1371/journal.pone.0176765.g004
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Mean precipitation was 85.1, 80.6, and 85.9 mm month-1 over the whole growing season in

2000, 2006, and 2010, respectively (Table 2). P had obvious regional and seasonal differences

in the rice growing season, and presented a similar unimodal pattern of seasonal change to

that of temperature (Figs 3 and 6). The low to high range of mean monthly P was 55.0–172.0,

35.2–187.2, and 28.0–198.1 mm month-1 during the whole growing season in 2000, 2006, and

2010, respectively (Fig 3). Large-intensity rainfall events were mainly concentrated in July and

August, when P was close to or higher than 130 mm month-1 (Fig 3). P in the eastern areas was

significantly higher than in the western areas in 2000, 2006, and 2010, respectively (Fig 6). The

spatial range of the mean P was 61.5–106.8, 70.4–107.9, and 70.4–112.5 mm month-1 during

Fig 5. Spatial distribution of Ft in 2000, 2006, and 2010.

https://doi.org/10.1371/journal.pone.0176765.g005

Table 2. Evapotranspiration (ET), precipitation (P) and fw from paddies in the Sanjiang Plain (SJP).

Year ET (mm month-1) P (mm month-1) fw

Max Min Average std Max Min Average std Max Min Average std

2000 108.1 36.5 61.7 7.8 106.8 61.5 85.1 8.8 1.0 0.75 1.0 0.18

2006 100.6 39 66.5 7.1 107.9 70.4 80.6 9.8 1.0 0.70 1.0 0.20

2010 102.7 34.0 63.0 7.3 112.5 70.4 85.9 9.5 1.0 0.90 1.0 0.19

https://doi.org/10.1371/journal.pone.0176765.t002
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the entire growing season in 2000, 2006, and 2010, respectively. Moreover, P showed a signifi-

cant decreasing trend from the coast to inland.

ET from rice fields had an obvious seasonal variation in accordance with the P in the SJP

during the rice growing seasons of 2000, 2006, and 2010, respectively (Fig 3). The low to high

range of mean monthly ET was 32.1–111.0, 28.9–129.5, and 14.5–160.0 mm month-1 during

the whole growing season in 2000, 2006 and 2010, respectively (Fig 3). Changes in ET followed

a similar trend to P and temperature, peaking in July and August. Due to the influence of solar

radiation, temperature, wind speed, and other factors, the spatial distribution of ET was obvi-

ous in the SJP (Fig 7). High ET (> 62 mm month-1) occurred in the east in 2000. ET declined

from east to west. In 2006, high ET was mainly observed in a broad area of the northeast. In

2010, ET was high in most parts of the SJP, and was higher than in 2000 and 2006.

CH4 emissions in the SJP

The statistical analysis showed that average CH4 emissions were 21.3 tons for every grid cell in

2010, which was higher than in 2000 (21.2 tons) and 2006 (21.0 tons) (Table 3). There were sig-

nificant differences in the CH4 emissions among grid cells (Fig 8). Higher emissions (>32

Fig 6. Spatial distribution of precipitation (P: mm month-1) in 2000, 2006 and 2010.

https://doi.org/10.1371/journal.pone.0176765.g006

Satellite data based estimation of methane emissions from rice paddies

PLOS ONE | https://doi.org/10.1371/journal.pone.0176765 June 6, 2017 10 / 16

https://doi.org/10.1371/journal.pone.0176765.g006
https://doi.org/10.1371/journal.pone.0176765


tons) were found in the north-central area of the SJP, while lower emission rates were concen-

trated in the east and northwest areas. The distribution of CH4 emissions had clear regional

differences (Fig 8). The spatial range of the CH4 emission was 9.9–41.7, 8.0–46.2, and 11.5–

41.1 ton km–2 over the entire growing season of 2000, 2006, and 2010, respectively.

As a consequence of the local management practices for rice paddies in the SJP, the total

CH4 emissions were estimated to be 0.30, 0.36, and 0.40 Tg yr-1 in the 2000, 2006, and 2010,

respectively (Table 3). The CH4 emission rates ranged from 11.48 to 48.53 ton km–2 in 2000,

with a mean of 24.83 ton km–2. The CH4 emission rates ranged from 9.32 to 53.84 ton km–2 in

Fig 7. Spatial distribution of evapotranspiration (ET: mm month-1) in 2000, 2006, and 2010.

https://doi.org/10.1371/journal.pone.0176765.g007

Table 3. Estimated results of CH4 emission from paddies of Sanjiang Plain (SJP).

Year CH4 emission rates (ton km–2) Total CH4 emission (Tg yr-1)

Max Min Average

2000 48.53 11.48 24.83 0.30

2006 53.84 9.32 24.63 0.36

2010 47.83 13.34 24.59 0.40

https://doi.org/10.1371/journal.pone.0176765.t003

Satellite data based estimation of methane emissions from rice paddies
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2006, with a mean of 24.63 ton km–2. In 2010, the paddy rice emissions of CH4 were lower

than in the other two years investigated at 24.59 ton km–2 (Table 3).

Discussion

Comparison of CH4 estimation with other studies

In this study, we used both relatively high resolution MODIS and TRMM data, such as LST,

ET, and P, and field observed CH4 fluxes to estimate CH4 emissions during the growing season

in the SJP. The spatial structure and magnitude of CH4 emissions were well-represented. We

considered the effects of moisture and temperature on CH4 production in the process of CH4

estimation. Both the CH4 emissions and the environmental factors that influence them had an

obvious spatial heterogenity in rice paddies. For rice paddy throughout the entire SJP, CH4

emissions were mainly concentrated around the 30 ton km-2 level, with this level accounting

for 95, 93, and 98% of the entire planting area in 2000, 2006, and 2010. Higher (>32 ton km-2)

and lower (<15 ton km-2) CH4 emissions accounted for less than 1% of the entire planting

Fig 8. Spatial distribution of CH4 emissions (tons) from paddy rice at the 1 × 1 km grid cell scale in 2000,

2006, and 2010.

https://doi.org/10.1371/journal.pone.0176765.g008
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area. P and ET are important factors to measure the degree of soil water saturation [24]. How-

ever, the results show that for the artificial paddy field, the soil water content is saturated in

both flooding and non-flooding periods. Therefore, the temperature is assumed the important

role that contributed to the spatial variation of CH4 emissions from paddy fields. The tempera-

ture was mainly concentrated below 24˚C, which accounted for 92, 95, and 98% of the entire

planting area in 2000, 2006, and 2010. Higher (>25˚C) and lower (<15˚C) temperatures also

accounted for less than 1% of the entire planting area.

The Intergovernmental Panel on Climate Change (IPCC) guidelines is considered to be a

baseline assessment. The emissions calculated using the IPCC approach were 0.38, 0.45, and

0.50 Tg yr-1 in 2000, 2006, and 2010 [27]. Zhang et al. [11, 12] used the DNDC model to esti-

mate methane emissions from rice paddies to be 0.50, 0.71, and 0.49 Tg yr-1 in SJP in 2000,

2006, and 2010, which were higher than our simulation results that were in the range of 0.35–

0.46 Tg yr-1. The modeled CH4 emission rates varied over the range of 9.0–54.0 ton km–2 per

year, which was consistent with the CH4 emission rates modeled by Zhang et al. in the SJP,

which varied over the range of 3.0–60.0 ton km–2 per year [11].

Uncertainties in CH4 estimation in SJP

We used a process-based methane emission model to evaluate the CH4 flux from rice fields in

SJP. An advantage of this model is that it combined with a variety of environmental factors,

and makes use of the remote sensing data. However, paddy field as an important anthropo-

genic source of atmospheric CH4, were different from natural wetlands. Variables considered

in the model to evaluate the CH4 flux from rice fields may be environment factors and man-

agement practices [28]. Zhang et al (2011) pointed that the differences were indistinctive in

rice cultivation practices making less variation in CH4 emissions from rice paddy in the SJP

[14]. In this paper, we assumed the general (or average) management practices were identical

in the entire study area. Some uncertainties existed in the modeling results since methane

emissions consisted of three processes, i.e., generation, transmission, and emission. The accu-

racy of an estimation model is closely related to different factors (input parameters) affecting

the various processes of CH4 emissions [29]. The greater the number of input parameters, the

more detail may be provided regarding the mechanism of CH4 emission. In this study, there

were some deficiency in the CH4 emission mechanism and parameter acquisition. We only

considered the environmental factors, including temperature and moisture that affected CH4

production. It would be difficult to express the CH4 emission across a wide range of soil tex-

ture and other soil chemical properties [30–32]. Such a few of input parameters would result

in some uncertainty in the estimated amount of CH4. In addition, we used the few observed

CH4 flux that were available from previous studies in limited number of sites. The spatial scale

limits of observed CH4 flux cannot adequately represent CH4 flux in the entire SJP, and would

further contribute to the uncertainty of the CH4 estimation.

Temperature and ET estimated from MODIS data and P estimated from TRMM had a

wide range of spatial heterogeneity. A higher spatial resolution of input parameters would

express more detail in the spatial variation of the modeling results, and reduce uncertainties of

the final estimation of CH4 emissions. In this study, we selected 1-km resolution remote sens-

ing data, which was superior to other estimation methods based on regional or 10-km dimen-

sions. However, there will still be spatial variations in temperature and ET be not detected.

Remote sensing data as one of the input parameters in the model exists missing values in cer-

tain regions or periods. In this study, we found that the amount of missing data was limited,

and we used the average value of the MODIS data to replace any missing data for the whole

region. In addition, the spatial resolution of P data from the TRMM satellite is different other
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data. Scale mismatch between coarse resolutions of input data may result in substantial bias in

estimation [33]. In addition, the satellite data products can be good inversion of meteorologi-

cal data, but there is always a certain degree of deviation compared with the observed data.

All of these treatments inevitably contributed to the uncertainty of the results. Further study

will conduct to determine the impact of the quality of remote sensing data on regional CH4

emissions.

Conclusions

Methane emissions from rice paddy fields in the SJP, China, were estimated based on remote

sensing data. The results indicated that this method provided reliable estimates of the spatial

distribution of CH4 emissions at the regional scale when compared with the IPCC approach

and previous studies. Moisture and temperature were the main factors affecting the rice paddy

CH4 emissions. The acquisition of high resolutions remote sensing data, such as ET, P and

LST, would further improve the accuracy of CH4 emission estimations. The ET, P and LST

products will be used to estimate CH4 emissions from rice paddies at different regional scales

in future studies. The field observation of CH4 fluxes from paddy fields was an important fac-

tor that influenced the estimations. Therefore, field observation of CH4 fluxes that matched

the remote sensing data will narrow the uncertainty of CH4 estimations.
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