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ABSTRACT

Ammonia (NH3) and methane (CH4) emissions from agricultural cropping systems in China have substantially
impacted environmental quality and climate change, which become the key sector for synergizing pollution
control and carbon reduction. However, the experiences of synergistic NHs and CH4 emission governance at fine
scales in this sector are still lacking. Here, we estimated NH; and CH4 emissions from agricultural cropping
systems in China in 2019 and identified regional characteristics of these emissions using advanced spatial
analysis techniques. Subsequently, we developed an innovative synergistic mitigation zoning identification
method to establish targeted and spatially differentiated reduction measures, addressing a critical gap in miti-
gation strategies for agricultural cropping systems in China. The results showed that NHz and CH4 emissions from
the three most important crops were 3.04 Tg N yr'! and 8.13 Tg C yr'}, respectively. NHs and CH, emissions
exhibited the highest values in Eastern China, but the highest emission densities of NHz (49.8 kg N ha! yr'!) and
CH, (394 kg C ha yr'!) were observed in Northwest and South China, respectively. Further, bivariate local
indicators of spatial association (LISA) maps revealed that the middle and lower reaches of the Yangtze River
were hotspots for simultaneous high emissions of NH3 and CHj. Finally, based on the identified eight categories
of zones, region-specific mitigation measures were proposed, including improved fertilization practices, irriga-
tion methods, and straw management. These targeted, spatially differentiated mitigation strategies provide a
reference framework and feasible approach for synergistic pollution control and carbon reduction in China’s
agricultural sector.

1. Introduction

Additionally, it can affect biodiversity and water eutrophication
(Clarisse et al., 2009; Paerl et al., 2014). CHy is the second largest

Ammonia (NH3z) and methane (CH4) emissions from agricultural
cropping systems have profound impacts on environment and climate.
Spatially precise regionalization of NHs and CH4 from agricultural
cropping systems and proposing targeted and differentiated control
strategies are effective approaches to achieve pollution reduction and
carbon mitigation. As a major alkaline gas in the atmosphere, NH3 reacts
with acidic gases (e.g., SOz and NOy) to generate secondary aerosols,
which can not only contribute to haze pollution (Fu et al., 2017), but
also exert a cooling effect on the climate by influencing the global ra-
diation budgets (Behera et al., 2013; Henze et al., 2012; IPCC, 2021).
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greenhouse gas responsible for climate change (IPCC, 2021), while it
also contributes to pollution episodes and adverse health effects by
promoting the formation of tropospheric ozone (O3) (Fiore et al., 2002;
Kirschke et al., 2013; Turner et al., 2016). Over 80 % of NH3 and 40 % of
CH4 in China are emitted from agriculture, of which up to 46 % of NHs
and 40 % of CHy4 are caused by the agricultural cropping systems (Chen
et al.,, 2022b; Li et al., 2021a). The urgency of the climate and envi-
ronmental crises requires a shift to net-zero emissions in agriculture
cropping systems, targeting not only the reduction of greenhouse gas
emissions but also the synergistic optimization of the carbon and
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nitrogen nexus (Rosa and Gabrielli, 2023; Pan et al., 2022). Ongoing
enhancements in cropland management practices will contribute to
improved air quality, climate change mitigation and sustainable agri-
culture (Nayak et al., 2015; Ti et al., 2019).

Estimating NH3 and CH4 emissions accurately from agricultural
cropping systems is crucial for developing effective emission reduction
strategies. Previous estimates were mainly based on emission factors
(EFs) (Ma, 2020; Wang et al., 2022), empirical regression model simu-
lations (Sun et al., 2020; Wang et al., 2021a), and process-based model
simulations (Chu et al., 2023; Zhang and Chen, 2014). The Intergov-
ernmental Panel on Climate Change provides standardized EFs for NH3
and CH4 emissions. However, this method has high uncertainties as it
cannot reflect the high variety of climate, soil and agricultural man-
agement practices factors (Xu et al., 2019). Further, empirical regression
models have been developed to incorporate these factors into emission
estimations. Wu et al. (2021) and Sun et al. (2020) employed stepwise
regression models to estimate NH3 volatilization from farmlands and
CH4 emissions from rice paddies in 2015 in China, respectively.
Nevertheless, the accuracy of empirical regression models heavily relies
on the quality and representativeness of the input data (Sun et al., 2020),
and selecting appropriate independent variables to explain variations in
the dependent variable poses a challenge in establishing accurate
models.

Instead, process-based models have the superiority to simulate C and
N biogeochemistry, considering various driving factors in agricultural
cropping systems, such as biogeochemical processes, meteorological
fields, soil properties and management practices, to compensate for the
limitations of the mentioned methods. These process-based models
include DeNitrification-DeComposition Model (DNDC) (Li et al., 2002),
Water Heat Carbon Nitrogen Simulatorl Model (WHCNS) (Shi et al.,
2022), Dynamic Land Ecosystem Model (DLEM) (Zhang et al., 2020a)
and DayCent (Parton et al., 1998). For example, DNDC has been widely
applied to estimate NH3, CHy, N2O, and other gas emissions from various
crops by integrating biogeochemical processes (including nitrification,
denitrification, and fermentation), plant growth and agricultural man-
agement (Wang et al., 2021b; Yang et al., 2022, 2021). Moreover, to
reduce the uncertainties of fine-scale zoning results, it is important to
utilize simulation outputs from a single model to ensure data consis-
tency. Therefore, we use the DNDC to comprehensively evaluate NH3
and CHy4 emissions from the three most important crops in China.

Facing the escalating global challenge of environmental pollution
and climate change, scholars have conducted extensive research on NHg
and CHy4 to devise mitigation strategies (Ocko et al., 2021; Xu et al.,
2024b). The Implementation Plan of Agricultural Non-point Source Pollu-
tion Control and Supervision Guidance issued in 2021 emphasized the
importance of precise agricultural zoning management (MEE — Ministry
of Ecology and Environment of the People’s Republic of China, 2021).
However, there is currently a lack of targeted and spatially differentiated
synergistic mitigation strategies for NHs and CH4 emissions in agricul-
tural cropping systems. Existing studies have only focused on individual
gas emission characteristics (Ma, 2020; Pan et al., 2018; Zhang and
Chen, 2014; Zhang et al., 2022), with little research integrating NH3 and
CH,4 emissions. Research on zoning control based on the NH3 and CHy
emission characteristics in agriculture is even more limited. Various
policy strategies have been proposed to mitigate NH3 and CH4 emissions
from the agricultural sector in China (Li et al., 2023; MARA — Ministry of
Agriculture and Rural Affairs of the People’s Republic of China, 2022).
These include specific measures for controlling NH3 and CH4 emissions
from farmlands. However, due to differences in climatic conditions,
agricultural production, and other factors in different regions, the
effectiveness of these emission reduction measures may be limited,
making their implementation on a broader scale challenging. The
effectiveness of NH3 and CH,4 emission reduction measures in various
regions needs to be evaluated. Considering the complexity of the spatial
interaction relationship between NH3 and CH4 emissions (such as
double-high emissions, high NH3 emissions, and high CH4 emissions)
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and the variations in environmental pollution control efforts or agri-
cultural production among different regions, there is an agent need to
carry out research on the differentiated strategies for synergistic miti-
gation of NH3 and CHy4 emissions at the grid scale.

Given the aforementioned knowledge gaps, existing research has
been insufficient to provide specific and precise policy recommenda-
tions for synergistic mitigation in China’s agricultural cropping systems.
To address these gaps, the main objectives of this study are: (1) to
evaluate NH3 and CH,4 emissions from the agricultural cropping systems
in China in 2019 using the DNDC model; (2) to compare distinctive
regional characteristics of NH3 and CH4 emissions using geospatial
statistical analysis, identifying both common and individual regional
hotspots; and (3) to propose an innovative synergistic mitigation zoning
identification method combining NH3 and CH4 emission densities, the
bivariate LISA mapping and environmental pollution control investment
levels to provide specific agricultural management practice guidance.
The spatially differentiated synergistic mitigation strategies proposed in
this study provide scientific evidence and policy insights for promoting
the synergy of pollution control and carbon reduction in the agricultural
sector, specifically crop production, and for achieving net-zero
emissions.

2. Data and methods
2.1. DNDC model

The DeNitrification-DeComposition (DNDC) model is a biogeo-
chemical model used to trace the cycle of C and N in agricultural systems
(Li, 2007; Li et al., 1992). The DNDC model incorporates a compre-
hensive suite of biophysical and biogeochemical processes that govern C
and N transport and transformation in plant-soil-climate systems (Li
et al., 2011). It has been widely applied to simulate NH3 emissions,
greenhouse gas emissions, and yields of crops such as rice, wheat, and
maize (Abdalla et al., 2020; Guo et al., 2023; Zhou et al., 2023). The
DNDC model consists of six interacting sub-models: soil climate, plant
growth, decomposition, nitrification, denitrification, and fermentation
(Li et al., 1997). The “soil climate” sub-model simulates soil tempera-
ture, moisture, and Eh profiles using soil and meteorological data. The
“plant growth” sub-module simulates the crop growth dynamics based
on crop characters, climate, soil properties, and management practices.
The “decomposition” sub-model mainly describes the decomposition
process of soil organic matter. The “nitrification” sub-model tracks
growth of nitrifiers and oxidation of ammonium to nitrate. The “deni-
trification” sub-model simulates the reduction of NO3 to NO5, NO, N,O,
and Ny under the action of denitrifying bacteria. The “fermentation”
sub-model simulates methane production, oxidation, and transport
under submerged conditions (Li, 2000; Li et al., 2011).

The DNDC model calculates liquid-phase NH3 concentration based
on NHj and OH’ concentrations. Soil gas-phase NH3 concentration is
directly controlled by liquid-phase NH3 concentration and soil temper-
ature. Volatilization of NH3 to the atmosphere are a function of soil air-
filled porosity and clay content (Balasubramanian et al., 2017; Li, 2000).
Methane fluxes are predicted by modeling CH4 production, oxidation,
and emission processes. CH4 production rate is a function of soil organic
carbon (SOC) or dissolved organic carbon (DOC), soil redox potential
(Eh), and temperature. CH4 oxidation rate depends on soil CH4 con-
centration and redox potential (Eh). CHy is emitted from soil to atmo-
sphere primarily via plant-mediated transport or ebullition (Guo et al.,
2023; Tang et al., 2024).

The 2019 NH3 and CH4 emissions from China’s three principal grain
crops were simulated using the latest DNDC95 version (http://www.
dndc.sr.unh.edu/) at a 0.25° x 0.25° spatial resolution, excluding
emissions from natural soils and livestock. Meteorological, soil, crop and
management parameters were assigned to each grid, assuming that the
attributes within each grid were uniform. Daily NH3 and CH4 emission
fluxes were estimated for each grid, with cumulative emissions
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calculated over each crop’s growing period. Here, we focused on major
cropping systems comprising the three most important crops: rice (early,
late, and single-season), maize, and wheat (spring and winter).

2.1.1. Input data for the DNDC model

The input data for the DNDC model includes geographic data (site
name, latitude, etc.), meteorological data (daily maximum and mini-
mum temperatures, daily precipitation), soil data (land use types,
texture types, bulk density, clay content, etc.), crop data (crop types,
planting and harvesting dates, etc.), and fertilizer application data
(number of applications, application dates, amounts of fertilizer applied,
etc.). In this study, some parameters were set to default values within the
model (Table S1).

Meteorological data were obtained from climatic stations of the
China Meteorological Administration (https://data.cma.cn/, daily value
dataset of Chinese ground climate data (V3.0)). According to the loca-
tion of the meteorological stations, China was divided into more than
800 polygons using the Tyson polygon method. Each polygon corre-
sponds to a meteorological station, and the meteorological data of all
grids within the polygon are equal to the data of the meteorological
station. Soil data were obtained from Harmonized World Soil Database v
1.2 (http://www.fao.org/land-water/databases-and-software/hwsd/en
/) with a spatial resolution of 1 km x 1 km.

The spatial distribution maps of each crop were derived from Li et al.
(2021a) and Monfreda et al. (2008). Provincial-level data on the
planting area and fertilizer application rates for these three most
important crops were obtained from the China Agricultural Yearbook
2020 (NBS — National Bureau of Statistics, 2020a) and the National Data
on the Cost and Profit of Agricultural Products 2020 (NDRC — National
Development and Reform Commission of China, 2020). Referring to the
Fertilizer Pure Amount Conversion Table (www.moa.gov.cn), the obtained
fertilizer application rates per acre were converted into pure nitrogen.
Every crop was set to be fertilized three times, with application dates
determined based on critical phenological periods (Li et al., 2021a; Zhao
et al., 2023). The application of farmyard manure or green manure was
not considered due to a lack of detailed statistical data (Liu et al., 2022b;
Wang et al., 2021b). The planting (transplanting) and harvesting dates
for the three most important crops were sourced from Zheng (2015).

2.1.2. Evaluation of simulated ammonia and methane emissions

We used the ground-based measurements of NHs and CH4 from
public papers to evaluate the accuracy of DNDC simulation. Field
measurements on NH3 and CH4 emissions were collected from websites
such as CNKI and Web of Science, using keywords such as ‘Ammonia
volatilization’, ‘NH3’, ‘methane’, ‘CHy4’, and ‘experiment’, screened ac-
cording to certain criteria (Supplementary Sections S1). We finally ob-
tained 32 data pairs of NHg fluxes from 29 studies (Table S2) and 30 data
pairs of CH4 fluxes from 26 studies (Table S3) over a time span of
1992-2020. These NH3 and CH4 observation data mainly covered the
typical intensive cultivated areas of the three most important crops,
representing the overall simulated NH3 and CH4 emissions from DNDC
across China. Observed values were compared with simulated values in
the corresponding grid based on the observation point’s geographic
location.

2.2. Bivariate spatial correlation analysis of NHz and CHy4

Spatial autocorrelation effectively reveals distribution characteris-
tics and relationships of spatial data, for example by using Moran’s I
index. Local Moran’s I is the most commonly used local indicators of
spatial association (LISA) statistic (Anselin, 1995). Bivariate LISA, based
on Local Moran’s I, identifies the degree of spatial autocorrelation at
specific locations for different variables and generates cluster maps to
reveal spatial correlations between two variables (Anselin et al., 2002;
Lee, 2001; Ogneva-Himmelberger and Huang, 2015). This method has
been extensively applied in air and soil pollution studies, such as
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examining spatial relationships between PM; 5 concentrations and CO5
emissions (Li et al., 2020), and between heavy metals and polycyclic
aromatic hydrocarbons (PAHs) concentrations (Wu et al., 2019a). In this
study, we employed bivariate local Moran’s I to characterize the spatial
interaction of NH3 and CH4 emissions. The analysis used gridded emis-
sion data (0.25° x 0.25° resolution) for NHs and CH4 simulated by the
DNDC model, encompassing over 16,000 grids. The bivariate local
Moran’s I (Ii;) is calculated as follows:

n
Lo=Z.y wZ
=1

where Zi = (XL — X)/s2, Z’l = (XJI - E> /s?. Xi is the value of NH3
emissions at grid i; XJI is the value of CH4 emissions at neighboring grid j.
Their units are t N and t C, respectively. Xy and X; are the average values
of NH3 and CH4 emissions, respectively; s,% and 512 means the variances of
NH;3 and CH4 emissions, respectively; n represents the total number of
samples in the study area; and wj is the spatial weight matrix, which can
be represented based on a distance weighting between locations i and j.
Ii; can quantitatively measure the degree of association between NHj3
emissions in grid i and CH4 emissions in neighboring grid j. A high
positive Ii; represents that the location under study has values similar to
its neighbors, either both high or both low. A high negative Iy; represents
that the location under study is obviously different from the values of its
surrounding locations. [;;=0 represents no spatial correlation between
NHj3 and CH4 emissions.

We used Geoda (http://geodacenter.github.io/) to calculate the
bivariate Local Moran’s I. The statistical significance of bivariate Local
Moran’s I was tested using 999 permutations, and the significance level
was p < 0.05, which can ensure robustness in identifying spatial patterns
and relationships (Anselin, 1995; Biswas et al., 2024).

2.3. Synergistic mitigation zones of NHs and CH, in agricultural cropping
systems

Based on bivariate LISA analysis, although we have identified the
spatial interaction of NHz and CHy4, considering the variations in envi-
ronmental governance intensity across different regions, further zoning
based on bivariate LISA maps was necessary. We proposed an innovative
synergistic mitigation zoning identification method and divided the
zones using three indicators: (1) whether the NH3 and CH4 emission
densities exceeded the standards. This study defined the total NHjg
emissions from the three most important crops/total planting area of the
three most important crops (32 kg N ha! yr'!) and the total CH, emis-
sions from paddy fields/total planting area of rice (274 kg C ha! yr'!) in
China in 2019 as the standard values to measure the average NH3 and
CH4 emission densities in each grid, respectively. Due to the lack of
corresponding standard values in the relevant literature, we chose to use
the average emission densities for our assessment; (2) the bivariate LISA
map of NHs and CHy4, which reflected different combinations of their
spatial distributions; (3) the proportion of environmental pollution
control investment, we judged the level of environmental pollution
control investment by whether it exceeded the national average (1.2 %
yr'1). If the proportion of environmental pollution control investment in
a region was above the national average, it was considered high;
conversely, it was considered low. The proportion of environmental
pollution investment to GDP is a crucial indicator of how seriously an
area prioritizes environmental protection. A reasonable proportion of
environmental pollution investment can effectively reduce NH3 and CHy4
emissions from agriculture, and differential management should be
implemented to avoid high environmental pollution control costs in
areas with lower agricultural gas emissions and insufficient control in
areas with higher agricultural gas emissions. Data on the proportion of
environmental pollution control investment which covered all anthro-
pogenic sectors at the city level were sourced from the China Urban
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Statistical Yearbook (NBS — National Bureau of Statistics, 2020b) and
various provincial and municipal statistical yearbooks, environmental
statistics bulletins, etc.

According to the combination of the three indicators, eight types of
collaborative control zones can be classified (Table 1). For example, if
the NH3 and CH4 emission densities in a region exceeded the standards,
the bivariate LISA map showed a high-high area, and the proportion of
environmental pollution control investment in GDP was low, this area
was a Double-high emissions investment insufficient zone.

3. Results

3.1. Total amount and source of NH3 and CH4 emissions from
agricultural cropping systems

The total NHs and CH4 emissions from the three most important
crops in China in 2019 simulated by the DNDC model were 3.04 Tg N yr’
! and 8.13 Tg C yr}, respectively. Table 2 presents a quantitative com-
parison of this study with other research results, our findings were close
to previous research (NHs: 2.23-3.49 Tg N; CH4: 7.33-8.97 Tg Q).
Moreover, a comparison between the model simulations and field
observation data (Fig. 1) revealed high accuracy in our results (the R? of
NH;3 and CH4 were 0.80 and 0.81, respectively).

Obvious contribution variances from different crops in NH3 and CHy4
emissions were identified. For NH3 emissions, values from rice, maize,
and wheat were 1.12, 1.41, and 0.50 Tg N, respectively. The average
NHj emission density from the three most important crops was 32.1 kg N
ha! yr'!, with rice having a higher emission density (37.7 kg N ha! yr'!)
than maize (34.2 kg N ha'! yr'!) and wheat (21.1 kg N ha! yr'!). Studies
indicate that paddy fields generally have higher ammonia volatilization
losses than upland fields (Liu et al., 2022a; Xu et al., 2024a), due to
accelerated urea hydrolysis under flooding conditions (Hayashi et al.,
2006). Additionally, the higher emission density of maize compared to

Table 1
Zone division conditions for NH3 and CHy4 synergistic mitigation.

NH3 and CHy Bivariate Proportion of Classification Results
emission LISA map environmental
densities: pollution control
Exceed investment:
standards High or Low
NHj and CHy high-high Low Double-high
yes emissions investment
insufficient zone
NH3 and CHy high-high High Double-high
yes emissions poor
governance
zone
NH; yes high NH3-low Low High NH3 emissions
CH4 or investment
high-high insufficient zone
NH;3 and CHy4 high NH3-low Low
yes CH4
NHj; yes high NHs-low  High High NH3 emissions
CH4 or poor governance
high-high zone
NH;3 and CH4 high NH3-low  High
yes CH,4
CH4 yes low NH3-high Low High CH,4 emissions
CH4 or investment
high-high insufficient zone
NH3 and CH4 low NH3-high Low
yes CHy4
CHy4 yes low NH3-high ~ High High CH4 emissions
CH,4 or high- poor governance
high zone
NH;3 and CH4 low NH3-high ~ High
yes CH4
No low-low High or Low Clean zone
Others Potential risk zone
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Table 2

Comparison of estimated NH3 and CH, emissions from the three most important
crops with other studies (The unit of NHz emissions is Tg N yr'!, the unit of CH,
emissions is Tg C yr™).

Gas type Base year Total References

NH3 2010 3.33 Xu et al. (2024a)
2015 3.49 Wau et al. (2021)
2016 2.23 Li et al. (2021a)
2018 3.27 Xu et al. (2021)
2018 3.46 Ma et al. (2022)
2019 3.04 This study

CH4 1981-2010 7.89 Tian et al. (2018)
2015 7.33 Huang et al. (2019)
2015 8.59 Gong and Shi (2021)
2010-2020 8.97 Yang and Shi (2022)
2020 7.34 Duan et al. (2023)
2019 8.13 This study

wheat is mainly attributed to its fertilization dates being concentrated in
spring and summer, and the high temperature can enhance NH;3 vola-
tilization (Yang et al., 2015). In contrast, wheat is generally fertilized in
spring and autumn during lower temperature. For CH4 emissions, values
from early, late, and single-season rice were 0.94, 2.30, and 4.90 Tg C,
respectively. The average CH,4 emission density from rice paddies was
274 kg Cha! yr'!, with late rice having an emission density of 462 kg C
ha! yr'l, which was 2.19 times and 1.91 times that of early rice (211 kg
C ha' yr'!) and single-season rice (242 kg C ha yr'l), respectively,
similar to the findings of Wang et al. (2021b) (1.85 and 1.76 times). It is
reported that high temperature stimulates CH4 emission (Yue et al.,
2005), while excessive nitrogen application can inhibit CH4 emission
(Yao et al., 2012). This may have contributed to the differences in
emission densities among different rice. Single-season rice was the
largest contributor to CH4 emissions (60.3 %), a result of its large
cultivation area.

3.2. Spatial distribution pattern of NHs and CHy4 emissions

The total NHs and CH4 emissions from the three most important
crops in China in 2019 exhibited significant spatial variability (Fig. 2).
High NH3 emissions were predominantly concentrated in the Northeast
Plain, North China Plain, and the middle and lower reaches of the
Yangtze River Plain. High CH4 emissions were predominantly concen-
trated in the middle and lower reaches of the Yangtze River Plain and
South China. The region with the highest NH3 and CH4 emissions was
East China, calculated to be 815 Gg N and 3090 Gg C, respectively,
accounting for 27.0 % and 38.5 % of total national emissions. The three
provinces with the highest NH3 emissions were Heilongjiang (255 Gg N),
Jiangsu (246 Gg N), and Henan (215 Gg N). The three provinces with the
highest CH4 emissions were Hunan (967 Gg C), Anhui (960 Gg C), and
Hubei (920 Gg Q).

The emphasis of our study was on the NH3 and CH4 emission den-
sities in each region (Fig. 3). Generally, the southern region exhibited
higher NH3; and CH4 emission densities compared to the northern re-
gion, with NH3 and CH,4 emission densities in the south 1.25 times and
12.3 times those in the north, respectively. Studies show that NH3 and
CH,4 emissions are significantly positively correlated with air tempera-
ture (Wu et al., 2021; Zhang et al., 2011). In terms of region, South
China had the highest CH4 emission density in China, reaching 394 kg C
ha! yr'l. Despite the relatively lower total NH3 emissions in Northwest
China, accounting for only 11.06 % of the national total NH3 emissions,
its emission density was the highest as high as 49.8 kg N ha! yr?,
ranking first nationwide. This phenomenon can be attributed to the
excessive use of nitrogen fertilizers in the region, with an average ni-
trogen application rate of 273 kg N ha™® yr! for the three most important
crops, surpassing other regions in China. A significant portion of nitro-
gen that is not absorbed by crops is directly converted into NH3 emis-
sions into the atmosphere. In terms of province, Shanghai had the
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measured and simulated cropland NH;3 emissions; (c) Scatterplots between the measured and simulated cropland CH4 emissions.
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Fig. 2. Spatial distribution of 2019 (a) total NH3 emissions from three most important crops and (b) total CH4 emissions from paddy fields.

highest NH3 emission density. Despite its small cultivated area (115 x
10° ha), which accounted for only 0.12 % of the national total cultivated
area, the NH;3 emission density was as high as 74.1 kg N ha~! yr'!, 2.3
times the national average, mainly due to its nitrogen application rate
being 1.4 times higher than the national average. Hainan had the highest

CH,4 emission density at 599 kg C hal yrl, 2.19 times the national
average, attributed to its humid and warm climate. Specifically,
although Heilongjiang cultivated a large area of rice (3.81 x 10° ha), the
CH,4 emissions were not significantly high due to its lower emission
density (93.1 kg C ha! yr'!) compared to other provinces, consistent
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Fig. 3. Provincial (a) Total NH3 emissions and emission density; (b) Planting area of three most important crops; (c) Total CH4 emissions and emission density; (d)

Planting area of paddy field.

with other studies (Gong and Shi, 2021; Wang et al., 2021b). The air
temperature of Heilongjiang was far below the average temperature,
which may be the main reason for the low CH4 emission density.

3.3. Spatial interactions between NH3 and CHy4

Bivariate LISA maps can clearly show the spatial interaction rela-
tionship of NH3 and CHy4. Due to the influence of planting structure and
management practices, the clustering patterns of combined NHs and
CH4 can be presented as five categories on a bivariate LISA map: high-
high, low-low, high-low, low-high, and not-significant (Fig. 4). The
high-high cluster patterns were aggregated mainly in the middle and
lower reaches of the Yangtze River, the Sichuan Basin, East China, and
some parts of eastern Heilongjiang. Among these regions, the middle
and lower reaches of the Yangtze River (including Jiangsu, Zhejiang,
Anhui, Shanghai, Jiangxi, Hubei, and Hunan) exhibited a more
concentrated high-high clustering, accounting for approximately 29.1 %
and 60.0 % of the national NH3; and CH4 emissions, respectively. This
occurrence was largely attributed to the intensive cultivation of rice in
this region, which accounted for over half of rice cultivation in China in
2019 (NBS — National Bureau of Statistics, 2020a). The high NHs-low
CH4 region was mainly distributed in northern China and parts of
Yunnan, where the high NH3 emissions were dominated by maize and
wheat. The high N fertilizer application rates and minimal CH4 emis-
sions during the growth of dryland crops led to these cluster patterns.

The low NH3-high CH4 region was mainly distributed in southern China,
where the high CH,4 emissions were dominated by double cropping rice,
potentially influenced by water and fertilizer management practices in
paddy fields (Gu et al., 2022; Yang et al., 2020). The low-low clusters
were aggregated in northwestern and southwestern China. Moreover, a
majority of grids fall into the “not significant” category, where the local
Moran’ I cannot effectively compare the emissions in sub-regions
(Anselin, 1995; Li et al., 2021b). In other words, there was no signifi-
cant spatial correlation between local NH3 emissions and nearby CHy4
emissions.

In summary, the distinct spatial clustering patterns identified
through bivariate LISA analysis offer valuable and objective insights into
the spatial interactions and distribution of NHs and CH,4 emissions across
different regions of China. It could provide basic information for syn-
ergistic mitigation zoning.

3.4. Synergistic mitigation zoning and policy recommendations

Refined zoning is crucial for achieving precise control of NH; and
CH4 emissions and optimizing the allocation of environmental pollution
control investment. We first sorted out the current major NH3 and CHy
emission reduction measures and reduction potentials in agricultural
cropping systems (Table 3). For the mitigation efficiency of specific
reduction strategies, we first selected results from meta-analyses. Next,
we prioritized results from field experiments with multiple control
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Fig. 4. Bivariate LISA mapping of NH; and CH4.

groups. Based on the zoning results, agricultural systems, climate con-
ditions, and agricultural economics of each region, we have developed
differentiated and locally applicable control strategies for emission
reduction (Fig. 5).

The characteristics and emission reduction strategies of each zone
were summarized as follows:

(1) Double-high emissions investment insufficient zone and Double-
high emissions poor governance zone: The Double-high emissions
investment insufficient zone accounted for 19.6 % of the total area of
the Double-high emissions zone, mainly concentrated in Xinyang
City in Henan Province, Liuan City and Hefei City in Anhui Province,
and so on. Taking Xinyang City as an example, the proportion of
environmental pollution control investment in Xinyang City was the
lowest among cities with insufficient investment, standing at only
57.9 % of the national average level. The lack of funds may result in
insufficient capacity to address pollution from agricultural cropping
systems. Double-high emissions poor governance zone accounted for
a significantly higher proportion (80.4 %) of the Double-high emis-
sions zone compared to Double-high emissions investment insuffi-
cient zone, mainly concentrated in Jiangsu, Guangdong, Guangxi,
and eastern Anhui. In Jiangsu Province, for instance, the proportion
of environmental pollution control investment was 1.39 times the
national average level; however, the high emission trends of NH3 and
CH4 have not been alleviated, with NH3 and CH4 emissions ac-
counting for 8.16 % and 10.6 % of the national emissions, respec-
tively. Higher investments were likely to be allocated to pollution
control in sectors such as industry. Therefore, these regions need to
strengthen the management and supervision of investment projects

in agricultural governance, seek optimal reduction measures, and
ensure the maximization of investment utilization.

Priority should be given to NHs and CH4 mitigation measures with
lower cost or labor inputs. For example, measures such as controlled
irrigation and optimized N and water management have been shown
to achieve synergistic reduction of NH3 and CH4 emissions from
paddy fields (Liang et al., 2017; Xu et al., 2012; Yang et al., 2012).
Furthermore, higher-cost slow/controlled-release urea and biochar
can be applied in poor governance zone to achieve synergistic
reduction of NH3 and CH4 emissions (Guo et al., 2019; Sun et al.,
2019; Wang et al., 2019). It is necessary to increase subsidies or in-
vestments to purchase such fertilizers or soil amendments. In the
plains of the middle and lower reaches of the Yangtze River, where
rice cultivation is concentrated and facility agriculture is well
developed, nitrogen fertilizer deep placement and the promotion of
rice-fish or rice-shrimp co-culture can be employed to alleviate the
local situation of double-high emissions (Fang et al., 2023; Liu et al.,
2022¢, 2015, 2020b). Combined strategies for NH3 and CH,4 reduc-
tion can also be used to mitigate double-high emissions in specific
regions. Taking Jiangsu as an example, the application of urease
inhibitors has been shown to reduce NH3 emissions (Sha et al.,
2022), while water-saving irrigation techniques (alternating wetting
and drying, controlled irrigation) and the cultivation of high yields
and low methane emissions rice varieties can reduce CH4 emissions
(Qin et al., 2015; Wang et al., 2020a).

(2) High NH3 emissions investment insufficient zone and High NH3
emissions poor governance zone: High NH3 emissions investment
insufficient zone was mainly distributed in Inner Mongolia, Xinjiang,
Hunan, Yunnan, and other places. High NHj3 emissions poor
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Table 3

Emission reduction measures of NH3 and CH, in agricultural cropping systems.
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Crop type No.

Optimization direction

Concrete measure

NHj3 mitigation
efficiency (%)

CH,4 mitigation
efficiency (%)

Reference

Rice (€8] Fertilizer type Slow/Controlled-release urea 65 20 Guo et al. (2019)
paddy
2) Fertilizer type Composted livestock manure ? NA 56 Chen et al. (2011)
3 Fertilizer type Substituting manure for mineral N # 36 — Xia et al. (2021)
(©))] Tillage method No-tillage © - 23 Maucieri et al. (2021)
5) Irrigation method Controlled irrigation * 14 79 Xu et al. (2012); Yang
et al. (2012)
6) Irrigation method Alternating wetting and drying ? NA 38 Wang et al. (2020a)
() Straw management Straw strip-mulched onto the field NA 32 Ma et al. (2009)
surface ?
®) Straw management Application during non-rice growing NA 24-43 Xie et al. (2010)
season P
9 Straw management Rotten straw return /Cow-digested straw NA 34-72 Wang et al. (2023)
return ?
10) Fertilization practice Nitrogen fertilizer deep placement ? 15-45 36-39 Liu et al. (2015); Liu et al.
(2020b)
an Fertilization practice Nitrogen reduction ? 39-55 - Zhu et al. (2021)
aa2) Rice cultivar Rice varieties with high yields and low NA 27 Qin et al. (2015)
methane emissions *
(13) Integrated water and fertilizer Optimized N and water management ? 28 21 Liang et al. (2017)
management
(14)  Soil additives Biochar ? 20 20-51 Sun et al. (2019) Wang
et al. (2019)
(15) Soil additives Urease inhibitor P 37 NA Sha et al. (2022)
(16)  Planting pattern Rice-aquaculture co-culture systems * 16-20 14 Liu et al. (2022c) Fang
et al. (2023)
(17)  Planting pattern Drained in the winter or paddy-upland NA 42-56 Shi et al. (2010)
rotation °
(18) Planting method Direct seeding crop establishment ® NA 16-54 Corton et al. (2000)
(19)  Sowing Date Optimizing delayed sowing ? NA 30 He et al. (2023)
Upland (20)  Fertilizer type Substituting manure for mineral N 49-50 NA Ren et al. (2022)
crop fertilizer ®
21) Fertilizer type Slow-release fertilizer 66-79 NA Hu et al. (2020b)
(22)  TIrrigation method Drip irrigation ? 34 NA Wang et al. (2020b)
(23)  Straw management Straw returning ? 37-39 NA Lyu et al. (2020)
(24)  Fertilization practice Nitrogen fertilizer deep placement * 64 NA Hu et al. (2020b)
(25) Fertilization practice Irrigation after fertilization ? 83 NA Viero et al. (2017)
(26) Fertilization practice Nitrogen reduction ? 24 NA Liu et al. (2020a)
(27)  Soil additives Urease inhibitor * 41-96 NA Sha et al. (2020)
(28) Soil additives Biochar ? 35 NA Wu et al. (2019b)
(29) Planting method 30-64 NA Shangguan et al. (2012)

Ridge furrows with plastic film mulching
a

Note: “a” indicates that the data were from the results of the field experiment, and “b” indicates that the data were from the results of a meta-analysis; “-” denotes that
implementing a reduction strategy for NH3 or CH4 may potentially increase emissions of another gas.

governance zone was mainly distributed in Gansu, Shaanxi, Hunan,
Guangxi, and other places.

For Northwest China and Inner Mongolia, with relatively low NHs
emissions, and the planting area is small, accounting for only 11.8 %
of the country, it is relatively easy to improve the current situation of
high NH3 emissions. Some simple and economic measures like
reducing nitrogen fertilizer use, combining organic and inorganic
fertilizers, using urease inhibitors, and returning straw to the field
can be implemented (Liu et al., 2020a; Lyu et al., 2020; Ren et al.,
2022; Sha et al., 2020). In addition, given the shortage of water re-
sources in the north, ridge furrows with plastic film mulching and
drip irrigation technologies can be promoted (Shangguan et al.,
2012; Wang et al., 2020b). Nitrogen fertilizer deep placement and
optimized N and water management can reduce the high levels of
NH3 emissions in southern China from rice fields.

(3) High CH4 emissions investment insufficient zone and High CHy4
emissions poor governance zone: Overall, the level of environmental
pollution control investment in the high CH4 emissions zone was
relatively high, with the poor governance zone being 6.33 times that
of the investment insufficient zone. Therefore, High CH4 emissions
poor governance zone should be the focus of attention. For instance,
CH4 emissions from rice fields in Hubei reached as high as 920 Gg C,
ranking third in China. The proportion of environmental pollution

control investment across the entire province exceeded the national
average by 38.0 %. In such areas, it is essential to ensure sufficient
investments for implementing scientific and reasonable emission
reduction measures to reduce CH4 emissions from rice paddies.
Considering the universal irrigation methods in China such as
seasonal continuous flooding (F), flooding-drainage-reflooding (F-D-
F), and flooding-drainage-reflooding-moist (F-D-F-M), as well as the
critical impact of water management on CH4 emissions from rice
(Qian et al., 2023; Zou et al., 2007), promoting water-saving irri-
gation techniques, adopting optimized N and water management,
and planting rice varieties with high yields and low methane emis-
sions are universally applicable mitigation measures (Liang et al.,
2017; Qin et al., 2015; Wang et al., 2020a; Xu et al., 2012). Because
of the characteristics of the hot and humid climate in South China, it
is advisable to adjust the planting pattern to rice-upland rotation or
multi-cropping. In the Sichuan-Chongqing area, the winter paddy
field accounts for a large proportion, so the planting pattern of
draining water in the leisure season or rice-upland rotation can be
implemented (Shi et al., 2010). Additionally, effective management
of straw residues can play a crucial role in improving soil chemical
properties and reducing CH4 emissions from rice fields (Lv et al.,
2023; Sanchis et al., 2012). Practices such as straw strip-mulched
onto the field surface, rotten straw return or cow-digested straw
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Fig. 5. Synergistic mitigation zones of NHz and CHj in agricultural cropping systems in China. The numbers in the figure represent the various mitigation strategies
in Table 3.

return can effectively reduce CH4 production (Ma et al., 2009; Wang
et al., 2020a). In paddy-wheat rotation areas like Hubei, considering
the application of straw during non-rice growing season is also a
viable option (Xie et al., 2010).

(5) Clean zone: Mainly distributed in Tibet, Qinghai, and other areas
where crop cultivation is small or unsuitable, accounting for 37 % of
the national land area. These areas should maintain their current
status to prevent the generation of NH3 or CH4 emissions.

(4) Potential risk zone: Mainly distributed around regions with high
NHj emissions, high CH4 emissions, or Double-high emissions. The
potential risk zone was large, occupying over 45 % of China’s land
area. To prevent becoming new high NH3 or CH,4 emissions hotspots,
these areas should be prioritized for prevention and control by
strengthening the monitoring of NH3 and CH,4 emissions from culti-
vation, as well as improving the management of agricultural

4. Discussion
4.1. Uncertainties in NHs and CH4 emissions

NH;j and CH,4 emissions from the three most important crops in China
were simulated by the DNDC model. The total NH3 and CH4 emissions in

production. 2019 were 3.04 Tg N yr'! and 8.13 Tg C yr}, respectively, which fall
within the range of previous estimates (Table 2). We also evaluated the
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Fig. 6. Sensitivities of different variables for estimating (a) NH3 emission densities and (b) CH4 emission densities. T: air temperature ( °C) (from “baseline-1" to
“baseline+1"). P: precipitation (mm) (from 0.8 to 1.2 times the baseline). Den: soil bulk density (g cm™) (from 0.8 to 1.2 times the baseline). pH: soil pH (from 0.8 to
1.2 times the baseline). Clay: soil clay content (%) (from 0.8 to 1.2 times the baseline). SOC: soil organic carbon content (kg C kg'l) (from 0.8 to 1.2 times the
baseline). Fer: nitrogen fertilizer application (kg N ha™) (from 0.8 to 1.2 times the baseline). The orange line represented average observations value. The black line
represented average simulated value in the baseline scenario.
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model performance based on the ground-based measurements over the
period 1992-2020. The simulated NH3 and CH4 emissions are generally
consistent with the measurement (NHs: R2:0.80, RMSE =8.90 kg N
ha™!, n = 32; CHy: R?=0.81, RMSE =66.2 kg C ha™! n = 30) (Fig. 1).

Sensitivity analysis was employed to assess the response of the DNDC
simulated results to variation in input parameters (Qin et al., 2013). We
conducted one baseline simulation and multiple scenario simulations
with altered input parameters. Seven major input parameters were
selected for the analysis: air temperature, precipitation, soil bulk den-
sity, soil clay content, soil pH, soil organic carbon (SOC) content, and
nitrogen fertilizer application (Balasubramanian et al., 2017; Chu et al.,
2023; Xu et al., 2023) (Fig. 6). These scenario simulations were per-
formed across all observation sites to ensure representation. In each
scenario, we adopted a single-factor variation method, wherein only one
parameter was adjusted while maintaining others constant.

In general, annual NH3 and CH4 emission densities were within +35
% and +25 %, respectively (Fig. 6). Changes in temperature and the
fertilizer applied to the three grain crops in China in the last decade were
within +0.5 °C and +15 %, respectively, with relatively small changes.
Therefore, the simulation results from a single year can be considered
representative of the emission patterns in recent years. In future
research, we will further use a climatology for the DNDC model simu-
lation to study interannual variations in emissions.

Fertilizer application greatly affects NHs emissions, a 20 % increase
in nitrogen fertilizer application could cause a 35 % increase in NHg
emission density. Excessive use of nitrogen fertilizer is mostly lost
through volatilization (Ahmed et al., 2017). In addition, soil pH and SOC
had a positive impact on NH3 emissions, while clay content inhibited
NH3 emissions, resulting in changes in NH3 emissions within +10 %. An
increase in air temperature and bulk density significantly increases CHy4
emissions, with a 1 °C increase in air temperature and a 20 % increase in
soil bulk density causing 14 % and 22 % increases in CH4 emissions,
respectively. High temperature significantly promotes the activity of
organic matter fermentation (Yvon-Durocher et al., 2014), while high
bulk density impedes soil permeability leading to oxidation of produced
CH4 (Hu et al., 2020a; Zhang et al., 2012), which ultimately promotes
CH4 emissions. SOC and clay content also play an important role in CHy
emissions, causing CH4 emission density variations in the range of +7 %.

4.2. Limitations and implications of NHs and CH4 mitigation strategies in
agricultural cropping systems

This study established spatially differentiated strategies for syner-
gistic pollution control and carbon reduction in China’s agricultural
cropping systems. The proposed mitigation strategies aimed to address
the negative impacts of agricultural cropping systems on the environ-
ment and climate, providing integrated guidance for policymakers.
Here, we focused on NH3 and CH4 emissions from major cropping sys-
tems comprising the three most important crops. Although only rice
emits CH4, however, maize (25.9 %) and wheat (14.8 %) are the sig-
nificant sources of NH3 emissions in Chinese agricultural cropping sys-
tems (Li et al., 2021a), which cannot be ignored. We recognized that
livestock is also a major source of agricultural NHs and CH4 emissions
(Duan et al., 2023; Li et al., 2021a), and manure application indirectly
affects crop emissions. However, given that the version of the DNDC
model used in this study is unable to quantify NHs and CH4 emissions
from livestock, and due to the lack of detailed statistical data on the
application of farmyard manure or green manure (Liu et al., 2022b;
Wang et al., 2021b), emissions related to livestock were not considered
in this study. In the future, livestock-related NH3 and CH4 emissions
should be incorporated for a comprehensive assessment to provide
guidance for pollution reduction and carbon mitigation across the entire
agricultural sector.

Although cropping systems also emit nitrogen oxides (NOy) and
nitrous oxide (N20), again with negative impacts on climate and the
environment (Chen et al., 2022a; IPCC, 2021; Jacob et al., 1996).
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However, NOy emissions from the agricultural sector account for only
0.06 % of total emissions (Kim et al., 2023), which has a minimal
impact. N2O, on the other hand, is a long-lived greenhouse gas (> 100
yr) compared to CHy (12 yr), and the benefits of reducing its emissions
are not significant in the short term. Therefore, we focused on exploring
mitigation strategies for NHs and CHy4, which are prominent in agri-
cultural cropping systems. This would lead to more immediate and
significant effects in mitigating climate change and reducing environ-
mental pollution (Ocko et al., 2021; Saunois et al., 2016).

We sorted out the current major NH3 and CH4 mitigation measures,
most of which effectively reduce emissions (Table 3). The DNDC model
was not used to test these strategies due to challenges in obtaining
detailed agricultural management information for various regions. For
instance, determining precise nitrogen fertilizer reduction amounts or
optimal nitrogen-to-organic fertilizer ratios for each region is difficult.
Future studies should employ the DNDC model to quantify the specific
emission reduction potentials of these strategies. To ensure practical
applicability, the mitigation strategies we selected were relatively low-
cost and easy to implement at the spatial scale. For example, the
average market price of organic and controlled-release fertilizers are
only USD 157/t and USD 357/t (Zhang et al., 2020b), respectively.
Measures with higher costs or limited applicability were excluded. In the
future, the economic feasibility of implementing these mitigation mea-
sures needs to be further investigated through a cost-benefit analysis. In
addition, attention should be paid to potential trade-offs and synergies
between the various gases emitted from cropland when implementing
NHj and CH4 mitigation strategies. Although few strategies may lead to
more other air pollutants or greenhouse gases (e.g., controlled irrigation
significantly reduced CH4 emissions by 79 % but slightly raised NyO
emissions by 10 %) (Yang et al., 2012), it is important to note that most
of the suggested strategies have co-benefits. Specifically, our recom-
mendation aimed at curbing NH3 emissions, such as reducing N nitrogen
fertilizer application, would decrease N2O and NOy emissions as well
(Cui et al., 2024; Gu et al., 2023; Pan et al., 2022). This synergistic effect
underscores the potential for our proposed strategies to contribute to
broader environmental benefits beyond just NH3 and CH4 mitigation.

This study primarily proposes spatially oriented mitigation strategies
for NH3 and CH4 emissions from agricultural cropping systems, with an
emphasis on annual-scale approaches. Although intra-annual variations
influence strategy implementation, developing specific, temporally
refined emission reduction strategies is complex. Future research should
address the impact of intra-annual temporal changes on mitigation
strategies.

5. Conclusions

Differentiated and region-specific synergistic mitigation strategies
are essential for addressing climate change and reducing environmental
pollution However, there remains a significant research gap in the field
of agricultural cropping systems regarding such strategies. Therefore,
our study employed an integrated approach combining agricultural
process modeling (DNDC model), spatial statistical analysis (Bivariate
LISA method), and zoning mitigation strategies. This multifaceted
methodology enables the establishment of targeted and spatially
differentiated farmland management practices, thus contributing to the
development of more effective and localized mitigation strategies in
agricultural settings.

The total amount of NH3 and CH4 emissions from the three most
important crops were estimated to be 3.04 Tg N yr! and 8.13 Tg Cyr?tin
China in 2019, respectively. Bivariate LISA mapping revealed distinct
regional hotspots for both combined and individual NHs and CHy4
emissions. Notably, the middle and lower reaches of the Yangtze River
emerged as common hotspots of NH3 and CH4 emissions. Based on the
identification of eight zone categories, region-specific emission mitiga-
tion strategies were developed. These strategies emphasize the imple-
mentation of effective management practices in farmland, particularly
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optimized fertilization, irrigation, and straw management.

Our findings indicate significant potential for mitigating NHs and
CH,4 emissions from agricultural cropping systems. Future research
should focus on comprehensively assessing and quantifying the poten-
tial impacts and net benefits of implementing these NH3 and CH4 miti-
gation strategies. Additionally, we recommend conducting cost-benefit
analyses to evaluate the economic feasibility of various farmland man-
agement practices. This holistic approach will ensure the development
of sustainable and economically viable mitigation strategies for agri-
cultural emissions.

CRediT authorship contribution statement

Baojie Li: Writing — original draft, Software, Methodology, Data
curation, Conceptualization. Wanglijin Gu: Writing — review & editing,
Resources, Conceptualization. Yongqi Zhao: Resources, Investigation.
Zhifei Zhang: Resources. Xiaorui Wang: Resources. Yunkai Yang:
Data curation. Zhihui Shen: Investigation. Hong Liao: Supervision.
Qing Zhu: Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This research has been supported by the supported by the National
Natural Science Foundation of China [No. 42361144876, 42377393]
and the Jiangsu Science Fund for Carbon Neutrality [No. BK20220031].

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.agrformet.2024.110250.

References

Abdalla, M., Song, X., Ju, X., Topp, C.F.E., Smith, P., 2020. Calibration and validation of
the DNDC model to estimate nitrous oxide emissions and crop productivity for a
summer maize-winter wheat double cropping system in Hebei. China. Environ.
Pollut. 262, 114199. https://doi.org/10.1016/j.envpol.2020.114199.

Ahmed, M., Rauf, M., Mukhtar, Z., Saeed, N.A., 2017. Excessive use of nitrogenous
fertilizers: an unawareness causing serious threats to environment and human
health. Environ. Sci. Pollut. Res. 24, 26983-26987. https://doi.org/10.1007/
s11356-017-0589-7.

Anselin, L., 1995. Local indicators of spatial association—LISA. Geog. Anal. 27 (2),
93-115. https://doi.org/10.1111/j.1538-4632.1995.tb00338.x.

Anselin, L., Syabri, L., Smirnov, O., 2002. Visualizing multivariate spatial correlation
with dynamically linked windows. In: Proceedings, CSISS Workshop on New Tools
for Spatial Data Analysis. Santa Barbara, CA.

Balasubramanian, S., Nelson, A., Koloutsou-Vakakis, S., Lin, J., Rood, M.J., Myles, L.,
Bernacchi, C., 2017. Evaluation of DeNitrification DeComposition model for
estimating ammonia fluxes from chemical fertilizer application. Agric. For. Meteorol.
237, 123-134. https://doi.org/10.1016/j.agrformet.2017.02.006.

Behera, S.N., Sharma, M., Aneja, V.P., Balasubramanian, R., 2013. Ammonia in the
atmosphere: a review on emission sources, atmospheric chemistry and deposition on
terrestrial bodies. Environ. Sci. Pollut. Res. 20, 8092-8131. https://doi.org/
10.1007/511356-013-2051-9.

Biswas, S., Mondal, S., Banerjee, A., Alam, A., Satpati, L., 2024. Investigating the
association between floods and low birth weight in India: using the geospatial
approach. Sci. Total Environ. 912, 169593. https://doi.org/10.1016/j.
scitotenv.2023.169593.

Chen, R, Lin, X., Wang, Y., Hu, J., 2011. Mitigating methane emissions from irrigated
paddy fields by application of aerobically composted livestock manures in eastern

11

Agricultural and Forest Meteorology 358 (2024) 110250

China. Soil Use Manage 27 (1), 103-109. https://doi.org/10.1111/j.1475-
2743.2010.00316.x.

Chen, T., Zhang, P., Ma, Q., 2022a. Smog Chamber Study on the Role of NOy in SOA and
O3 Formation from Aromatic Hydrocarbons. Environmental Science & Technology:
ES&T.

Chen, Z., Jacob, D.J., Nesser, H., Sulprizio, M.P., Lorente, A., Varon, D.J., Lu, X., Shen, L.,
Qu, Z., Penn, E., Yu, X., 2022b. Methane emissions from China: a high-resolution
inversion of TROPOMI satellite observations. Atmos. Chem. Phys. 22 (16),
10809-10826. https://doi.org/10.5194/acp-22-10809-2022.

Chu, Q., Xing, Y., He, W,, Yan, L., Li, D., Cao, L., Sha, Z., 2023. Modeling ammonia
emissions and abatement potential from the rice-wheat rotation fields using the
calibrated DNDC model: a case study in Shanghai, China. Atmos. Environ. 305,
119782. https://doi.org/10.1016/j.atmosenv.2023.119782.

Clarisse, L., Clerbaux, C., Dentener, F., Hurtmans, D., Coheur, P.-F., 2009. Global
ammonia distribution derived from infrared satellite observations. Nat. Geosci. 2 (7),
479-483. https://doi.org/10.1038/ngeo551.

Corton, T.M., Bajita, J.B., Grospe, F.S., Pamplona, R.R., Assis, C.A., Wassmann, R.,
Lantin, R.S., Buendia, L.V., 2000. Methane Emission from Irrigated and Intensively
Managed Rice Fields in Central Luzon (Philippines). Nutr. Cycling Agroecosyst. 58
(1), 37-53. https://doi.org/10.1023/A:1009826131741.

Cui, X., Bo, Y., Adalibieke, W., Winiwarter, W., Zhang, X., Davidson, E.A., Sun, Z.,
Tian, H., Smith, P., Zhou, F., 2024. The global potential for mitigating nitrous oxide
emissions from croplands. One Earth. 7 (3), 401-420. https://doi.org/10.1016/j.
oneear.2024.01.005.

Duan, Y., Gao, Y., Zhao, J., Xue, Y., Zhang, W., Wu, W., Jiang, H., Cao, D., 2023.
Agricultural Methane Emissions in China: inventories, Driving Forces and Mitigation
Strategies. Environ. Sci. Technol. 57 (36), 13292-13303. https://doi.org/10.1021/
acs.est.3c04209.

Fang, X., Wang, C., Xiao, S., Yu, K., Zhao, J., Liu, S., Zou, J., 2023. Lower methane and
nitrous oxide emissions from rice-aquaculture co-culture systems than from rice
paddies in southeast China. Agric. For. Meteorol. 338, 109540. https://doi.org/
10.1016/j.agrformet.2023.109540.

Fiore, A.M., Jacob, D.J., Field, B.D., Streets, D.G., Fernandes, S.D., Jang, C., 2002.
Linking ozone pollution and climate change: the case for controlling methane.
Geophys. Res. Lett. 29 (19). https://doi.org/10.1029/2002GL015601, 25-1-25-4.

Fu, X., Wang, S., Xing, J., Zhang, X., Wang, T., Hao, J., 2017. Increasing Ammonia
Concentrations Reduce the Effectiveness of Particle Pollution Control Achieved via
SO, and NOy Emissions Reduction in East China. Environ. Sci. Technol. Lett. 4 (6),
221-227. https://doi.org/10.1021/acs.estlett.7b00143.

Gong, S., Shi, Y., 2021. Evaluation of comprehensive monthly-gridded methane
emissions from natural and anthropogenic sources in China. Sci. Total Environ. 784,
147116. https://doi.org/10.1016/j.scitotenv.2021.147116.

Gu, B., Zhang, X., Lam, S.K., Yu, Y., Van Grinsven, H.J., Zhang, S., Wang, X., Bodirsky, B.
L., Wang, S., Duan, J., 2023. Cost-effective mitigation of nitrogen pollution from
global croplands. Nature 613 (7942), 77-84. https://doi.org/10.1038/541586-02.2-
05481-8.

Gu, X., Weng, S., Li, Y.e., Zhou, X., 2022. Effects of Water and Fertilizer Management
Practices on Methane Emissions from Paddy Soils: synthesis and Perspective. Int. J.
Environ. Res. Public Health. https://doi.org/10.3390/ijerph19127324.

Guo, C., Ren, T., Li, P., Wang, B., Zou, J., Hussain, S., Cong, R., Wy, L., Lu, J., Li, X., 2019.
Producing more grain yield of rice with less ammonia volatilization and greenhouse
gases emission using slow/controlled-release urea. Environ. Sci. Pollut. Res. 26 (3),
2569-2579. https://doi.org/10.1007/511356-018-3792-2.

Guo, Y., Zhang, G., Abdalla, M., Kuhnert, M., Bao, H., Xu, H., Ma, J., Begum, K.,
Smith, P., 2023. Modelling methane emissions and grain yields for a double-rice
system in Southern China with DAYCENT and DNDC models. Geoderma 431,
116364. https://doi.org/10.1016/j.geoderma.2023.116364.

Hayashi, K., Nishimura, S., Yagi, K., 2006. Ammonia volatilization from the surface of a
Japanese paddy field during rice cultivation. Soil Sci. Plant Nutr. 52 (4), 545-555.
https://doi.org/10.1111/j.1747-0765.2006.00053.x.

He, H., Dang, H., Liu, C., Wang, Y., Wu, Z., Hu, Z., Li, Q., 2023. Optimizing delayed
sowing date decreases methane emissions from paddies and ensures the
comprehensive benefits of rice production. Eur. J. Agron. 151, 127001. https://doi.
0rg/10.1016/j.eja.2023.127001.

Henze, D.K., Shindell, D.T., Akhtar, F., Spurr, R.J., Pinder, R.W., Loughlin, D.,

Kopacz, M., Singh, K., Shim, C., 2012. Spatially refined aerosol direct radiative
forcing efficiencies. Environ. Sci. Technol. 46 (17), 9511-9518. https://doi.org/
10.1021/es301993s.

Hu, H., Hu, B., Zhang, X., Liu, Z., Liu, J., Ci, E., 2020a. Effects of no-tillage years and re-
tillage times on soil bulk density and rice growth in paddy fields. Chinese Agric. Sci.
Bull 36, 1-7 [in Chinese].

Hu, M., Dong, W., Wang, W., Gokul, G., Peter, M., Hu, C., 2020b. The effects of deep
application of nitrogen fertilization on ammonia volatilization in a winter wheat/
summer maize rotation system in the North China Plain. Chinese Journal of Eco-
Agriculture 28 (12), 1880-1889. https://doi.org/10.13930/j.cnki.cjea.200290 [in
Chinese].

Huang, M., Wang, T., Zhao, X., Xie, X., Wang, D., 2019. Estimation of atmospheric
methane emissions and its spatial distribution in China during 2015. Acta Scientiae
Circumstantiae 39 (5), 1371-1380. https://doi.org/10.13671/j.hjkxxb.2018.0463
[in Chinese].

IPCC, 2021. Climate Change 2021: The Physical Science Basis. Contribution of Working
Group I to the Sixth Assessment Report of the Intergovernmental Panel On Climate
Change. Cambridge University Press, Cambridge, United Kingdom.

Jacob, D.J., Heikes, B.G., Fan, S.M., Logan, J.A., Mauzerall, D.L., 1996. Origin of ozone
and NOx in the tropical troposphere: a photochemical analysis of aircraft


https://doi.org/10.1016/j.agrformet.2024.110250
https://doi.org/10.1016/j.envpol.2020.114199
https://doi.org/10.1007/s11356-017-0589-7
https://doi.org/10.1007/s11356-017-0589-7
https://doi.org/10.1111/j.1538-4632.1995.tb00338.x
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0004
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0004
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0004
https://doi.org/10.1016/j.agrformet.2017.02.006
https://doi.org/10.1007/s11356-013-2051-9
https://doi.org/10.1007/s11356-013-2051-9
https://doi.org/10.1016/j.scitotenv.2023.169593
https://doi.org/10.1016/j.scitotenv.2023.169593
https://doi.org/10.1111/j.1475-2743.2010.00316.x
https://doi.org/10.1111/j.1475-2743.2010.00316.x
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0009
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0009
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0009
https://doi.org/10.5194/acp-22-10809-2022
https://doi.org/10.1016/j.atmosenv.2023.119782
https://doi.org/10.1038/ngeo551
https://doi.org/10.1023/A:1009826131741
https://doi.org/10.1016/j.oneear.2024.01.005
https://doi.org/10.1016/j.oneear.2024.01.005
https://doi.org/10.1021/acs.est.3c04209
https://doi.org/10.1021/acs.est.3c04209
https://doi.org/10.1016/j.agrformet.2023.109540
https://doi.org/10.1016/j.agrformet.2023.109540
https://doi.org/10.1029/2002GL015601
https://doi.org/10.1021/acs.estlett.7b00143
https://doi.org/10.1016/j.scitotenv.2021.147116
https://doi.org/10.1038/s41586-022-05481-8
https://doi.org/10.1038/s41586-022-05481-8
https://doi.org/10.3390/ijerph19127324
https://doi.org/10.1007/s11356-018-3792-2
https://doi.org/10.1016/j.geoderma.2023.116364
https://doi.org/10.1111/j.1747-0765.2006.00053.x
https://doi.org/10.1016/j.eja.2023.127001
https://doi.org/10.1016/j.eja.2023.127001
https://doi.org/10.1021/es301993s
https://doi.org/10.1021/es301993s
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0027
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0027
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0027
https://doi.org/10.13930/j.cnki.cjea.200290
https://doi.org/10.13671/j.hjkxxb.2018.0463
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0030
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0030
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0030

B. Lietal

observations over the South Atlantic basin. Journal of Geophysical Research
Atmospheres 101 (D19). https://doi.org/10.1029/96JD00336.

Kim, S., Kim, J., Hu, H., Jang, M., Lee, J.-B., Hong, S.C., Kim, O., Woo, J.-H., 2023.
Update of the year 2019 modeling emission inventory in China. Asian J. Atmos.
Environ. 17 (1), 20. https://doi.org/10.1007/s44273-023-00012-x.

Kirschke, S., Bousquet, P., Ciais, P., Saunois, M., Canadell, J.G., Dlugokencky, E.J.,
Bergamaschi, P., Bergmann, D., Blake, D.R., Bruhwiler, L., 2013. Three decades of
global methane sources and sinks. Nat. Geosci. 6 (10), 813-823. https://doi.org/
10.1038/ngeo1955.

Lee, S.-I., 2001. Developing a bivariate spatial association measure: an integration of
Pearson’s r and Moran’s I. J. Geogr. Syst. 3, 369-385. https://doi.org/10.1007/
$101090100064.

Li, B., Chen, L., Shen, W., Jin, J., Wang, T., Wang, P., Yang, Y., Liao, H., 2021a. Improved
gridded ammonia emission inventory in China. Atmos. Chem. Phys. 21 (20),
15883-15900. https://doi.org/10.5194/acp-21-15883-2021.

Li, C., 2000. Modeling trace gas emissions from agricultural ecosystems. Methane
emissions from major rice ecosystems in Asia 259-276. https://doi.org/10.1007/
978-94-010-0898-3_20.

Li, C., 2007. Quantifying greenhouse gas emissions from soils: scientific basis and
modeling approach. Soil Sci. Plant Nutr. 53 (4), 344-352. https://doi.org/10.1111/
j.1747-0765.2007.00133.x.

Li, C., Frolking, S., Crocker, G.J., Grace, P.R., Klir, J., Korchens, M., Poulton, P.R., 1997.
Simulating trends in soil organic carbon in long-term experiments using the DNDC
model. Geoderma 81 (1), 45-60. https://doi.org/10.1016/50016-7061(97)00080-3.

Li, C., Frolking, S., Frolking, T.A., 1992. A model of nitrous oxide evolution from soil
driven by rainfall events: 1. Model structure and sensitivity. J. Geophys. Res.: Atmos.
97 (D9), 9759-9776. https://doi.org/10.1029/92jd00509.

Li, C., Qiu, J., Frolking, S., Xiao, X., Salas, W., Moore, B., Boles, S., Huang, Y., Sass, R.,
2002. Reduced methane emissions from large-scale changes in water management of
China’s rice paddies during 1980-2000. Geophys. Res. Lett. 29 (20). https://doi.org/
10.1029/2002 gl015370.

Li, H., Qiu, J., Wang, L., Yang, L., 2011. Advance in a terrestrial biogeochemical
model—DNDC model. Acta Ecol. Sin. 31 (2), 91-96. https://doi.org/10.1016/j.
chnaes.2010.11.006.

Li, J., Zeng, W., Wan, X., 2023. Management and Reduction Techniques Strategies of
Ammonia Emission in Agricultural Sectors in China. Agronomy. https://doi.org/
10.3390/agronomy13102555.

Li, Y., Cui, Y., Cai, B., Guo, J., Cheng, T., Zheng, F., 2020. Spatial characteristics of CO2
emissions and PM 5 concentrations in China based on gridded data. Appl. Energy
266, 114852. https://doi.org/10.1016/j.apenergy.2020.114852.

Li, Y., Wang, X., Gong, P., 2021b. Combined risk assessment method based on spatial
interaction: a case for polycyclic aromatic hydrocarbons and heavy metals in Taihu
Lake sediments. J. Cleaner Prod. 328, 129590. https://doi.org/10.1016/j.
jclepro.2021.129590.

Liang, K., Zhong, X., Huang, N., Lampayan, R.M., Liu, Y., Pan, J., Peng, B., Hu, X., Fu, Y.,
2017. Nitrogen losses and greenhouse gas emissions under different N and water
management in a subtropical double-season rice cropping system. Sci. Total Environ.
609, 46-57. https://doi.org/10.1016/j.scitotenv.2017.07.118.

Liu, B., Huang, L., Huang, J., Huang, G., Jiang, X., 2022a. Research progress toward and
emission reduction measures of ammonia volatilization from farmlands in China.
Chinese Journal of Eco-Agriculture 30 (6), 875-888. https://doi.org/10.12357/
cjea.20210820 [in Chinese].

Liu, D., Song, C., Xin, Z., Fang, C., Liu, Z., 2022b. Spatial patterns and driving factor
analysis of recommended nitrogen application rate for the trade-off between
economy and environment for maize in China. J. Environ. Manage. 322, 116099.
https://doi.org/10.1016/j.jenvman.2022.116099.

Liu, L., Zhang, X., Xu, W., Liu, X., Li, Y., Wei, J., Wang, Z., Lu, X., 2020a. Ammonia
volatilization as the major nitrogen loss pathway in dryland agro-ecosystems.
Environ. Pollut. 265, 114862. https://doi.org/10.1016/j.envpol.2020.114862.

Liu, T., Li, C., Tan, W., Wang, J., Feng, J., Hu, Q., Cao, C., 2022c. Rice-crayfish co-culture
reduces ammonia volatilization and increases rice nitrogen uptake in central China.
Agric. Ecosyst. Environ. 330, 107869. https://doi.org/10.1016/j.agee.2022.107869.

Liu, T.Q., Fan, D.J., Zhang, X.X., Chen, J., Li, C.F., Cao, C.G., 2015. Deep placement of
nitrogen fertilizers reduces ammonia volatilization and increases nitrogen utilization
efficiency in no-tillage paddy fields in central China. Field. Crops. Res. 184, 80-90.
https://doi.org/10.1016/j.fcr.2015.09.011.

Liu, T.Q., Li, S.H., Guo, L.G., Cao, C.G., Li, C.F., Zhai, Z.B., Zhou, J.Y., Mei, Y.M., Ke, H.J.,
2020b. Advantages of nitrogen fertilizer deep placement in greenhouse gas emissions
and net ecosystem economic benefits from no-tillage paddy fields. J. Cleaner Prod.
263, 121322. https://doi.org/10.1016/j.jclepro.2020.121322.

Lv, L., Gao, Z., Liao, K., Zhu, Q., Zhu, J., 2023. Impact of conservation tillage on the
distribution of soil nutrients with depth. Soil. Tillage Res. 225, 105527. https://doi.
org/10.1016/j.still.2022.105527.

Lyu, H., Ma, X, Yang, G., Feng, Y., Ren, G., Li, N., Xie, C., Xu, H., 2020. Effect of straw
returning on ammonia emissions from soil in a wheat-maize multiple cropping
system in the Guanzhong region. China. Chinese Journal of Eco-Agriculture 28 (4),
513-522. https://doi.org/10.13930/j.cnki.cjea.190627 [in Chinese].

Ma, J., Ma, E., Xu, H., Yagi, K., Cai, Z., 2009. Wheat straw management affects CH4 and
N20 emissions from rice fields. Soil Biol. Biochem. 41 (5), 1022-1028. https://doi.
org/10.1016/j.s0ilbio.2009.01.024.

Ma, R., Yu, K., Xiao, S., Liu, S., Ciais, P., Zou, J., 2022. Data-driven estimates of fertilizer-
induced soil NH3, NO and N3O emissions from croplands in China and their climate
change impacts. Global Change Biol 28 (3), 1008-1022. https://doi.org/10.1111/
gcb.15975.

12

Agricultural and Forest Meteorology 358 (2024) 110250

Ma, S., 2020. High-resolution assessment of ammonia emissions in China: inventories,
driving forces and mitigation. Atmos. Environ. 229, 117458. https://doi.org/
10.1016/j.atmosenv.2020.117458.

MARA - Ministry of Agriculture and Rural Affairs of the People’s Republic of China,
2022. Implementation Plan for Agricultural and Rural Emission Reduction and
Carbon Sequestration.

Maucieri, C., Tolomio, M., McDaniel, M.D., Zhang, Y., Robatjazi, J., Borin, M., 2021. No-
tillage effects on soil CHy fluxes: a meta-analysis. Soil. Tillage Res. 212, 105042.
https://doi.org/10.1016/j.still.2021.105042.

MEE - Ministry of Ecology and Environment of the People’s Republic of China, 2021.
Implementation plan of agricultural non-point source pollution control and
supervision guidance.

Monfreda, C., Ramankutty, N., Foley, J.A., 2008. Farming the planet: 2. Geographic
distribution of crop areas, yields, physiological types, and net primary production in
the year 2000. Global Biogeochem. Cycles 22 (1). https://doi.org/10.1029/2007
gb002947.

Nayak, D., Saetnan, E., Cheng, K., Wang, W., Koslowski, F., Cheng, Y.-F., Zhu, W.Y.,
Wang, J.-K., Liu, J.-X., Moran, D., 2015. Management opportunities to mitigate
greenhouse gas emissions from Chinese agriculture. Agric. Ecosyst. Environ. 209,
108-124. https://doi.org/10.1016/j.agee.2015.04.035.

NBS - National Bureau of Statistics, 2020a. China Agricultural Yearbook 2020. China
Agriculture Press.

NBS - National Bureau of Statistics, 2020b. China City Statistical Yearbook 2020. China
Statistics Press.

NDRC - National Development and Reform Commission of China, 2020. National Data
on the Cost and Profit of Agricultural Product 2020. China Market Press.

Ocko, I.B., Sun, T., Shindell, D., Oppenheimer, M., Hristov, A.N., Pacala, S.W.,
Mauzerall, D.L., Xu, Y., Hamburg, S.P., 2021. Acting rapidly to deploy readily
available methane mitigation measures by sector can immediately slow global
warming. Environ. Res. Lett. 16 (5), 054042. https://doi.org/10.1088/1748-9326/
abf9c8.

Ogneva-Himmelberger, Y., Huang, L., 2015. Spatial distribution of unconventional gas
wells and human populations in the Marcellus Shale in the United States:
vulnerability analysis. Appl. Geogr. 60, 165-174. https://doi.org/10.1016/j.
apgeog.2015.03.011.

Paerl, H.W., Gardner, W.S., McCarthy, M.J., Peierls, B.L., Wilhelm, S.W., 2014. Algal
blooms: noteworthy nitrogen. Science (1979) 346 (6206). https://doi.org/10.1126/
science.346.6206.175-a, 175-175.

Pan, S., He, K., Lin, K., Fan, C., Chang, C., 2022. Addressing nitrogenous gases from
croplands toward low-emission agriculture. npj Clim. Atmos. Sci. 5 (1), 43. https://
doi.org/10.1038/541612-022-00265-3.

Pan, Y., Tian, S., Zhao, Y., Zhang, L., Zhu, X., Gao, J., Huang, W., Zhou, Y., Song, Y.,
Zhang, Q., Wang, Y., 2018. Identifying Ammonia Hotspots in China Using a National
Observation Network. Environ. Sci. Technol. 52 (7), 3926-3934. https://doi.org/
10.1021/acs.est.7b05235.

Parton, W.J., Hartman, M., Ojima, D., Schimel, D., 1998. DAYCENT and its land surface
submodel: description and testing. Global Planet. Change 19 (1-4), 35-48. https://
doi.org/10.1016/50921-8181(98)00040-X.

Qian, H., Zhu, X., Huang, S., Linquist, B., Kuzyakov, Y., Wassmann, R., Minamikawa, K.,
Martinez-Eixarch, M., Yan, X., Zhou, F., Sander, B.O., Zhang, W., Shang, Z., Zou, J.,
Zheng, X., Li, G., Liu, Z., Wang, S., Ding, Y., van Groenigen, K.J., Jiang, Y., 2023.
Greenhouse gas emissions and mitigation in rice agriculture. Nature Reviews Earth &
Environment 4 (10), 716-732. https://doi.org/10.1038/s43017-023-00482-1.

Qin, X., Li, Y.e., Wang, H,, Li, J., Wan, Y., Gao, Q., Liao, Y., Fan, M., 2015. Effect of rice
cultivars on yield-scaled methane emissions in a double rice field in South China.
J. Integr. Environ. Sci. 12 (supl), 47-66. https://doi.org/10.1080/
1943815X.2015.1118388.

Qin, X., Wang, H., Li, Y., McConkey, B., Lemke, R., Li, C., Brandt, K., Gao, Q., Wan, Y.,
Liu, S., 2013. A long-term sensitivity analysis of the denitrification and
decomposition model. Environmental modelling & software 43, 26-36. https://doi.
org/10.1016/j.envsoft.2013.01.005.

Ren, F., Sun, N., Misselbrook, T., Wu, L., Xu, M., Zhang, F., Xu, W., 2022. Responses of
crop productivity and reactive nitrogen losses to the application of animal manure to
China’s main crops: a meta-analysis. Sci. Total Environ. 850, 158064. https://doi.
org/10.1016/j.scitotenv.2022.158064.

Rosa, L., Gabrielli, P., 2023. Achieving net-zero emissions in agriculture: a review.
Environ. Res. Lett. 18 (6), 063002. https://doi.org/10.1088/1748-9326/acd5e8.
Sanchis, E., Ferrer, M., Torres, A.G., Cambra-Lopez, M., Calvet, S., 2012. Effect of Water
and Straw Management Practices on Methane Emissions from Rice Fields: a Review
Through a Meta-Analysis. Environ. Eng. Sci. 29 (12), 1053-1062. https://doi.org/

10.1089/ees.2012.0006.

Saunois, M., Jackson, R., Bousquet, P., Poulter, B., Canadell, J., 2016. The growing role
of methane in anthropogenic climate change. Environ. Res. Lett. 11 (12), 120207.
https://doi.org/10.1088/1748-9326,/11/12/120207.

Sha, Z., Ma, X., Loick, N., Lv, T., Cardenas, L.M., Ma, Y., Liu, X., Misselbrook, T., 2020.
Nitrogen stabilizers mitigate reactive N and greenhouse gas emissions from an arable
soil in North China Plain: field and laboratory investigation. J. Cleaner Prod. 258,
121025. https://doi.org/10.1016/j.jclepro.2020.121025.

Sha, Z., Ma, X., Wang, J., Li, Y., Xu, W., Tang, A., Goulding, K., Liu, X., 2022. Model the
Relationship of NHs Emission with Attributing Factors from Rice Fields in China:
Ammonia Mitigation Potential Using a Urease Inhibitor. Atmosphere. https://doi.
org/10.3390/atmos13111750.

Shangguan, Y.X., Shi, R.P., Li, N., Han, K., Li, H.K., Wang, L.Q., 2012. Factors influencing
ammonia volatilization in a winter wheat field with plastic film mulched ridges and
unmulched furrows. Environmental Science 33 (6), 1987-1993. https://doi.org/
10.7606/].issn.1000-7601.2011.05.29 [in Chinese].


https://doi.org/10.1029/96JD00336
https://doi.org/10.1007/s44273-023-00012-x
https://doi.org/10.1038/ngeo1955
https://doi.org/10.1038/ngeo1955
https://doi.org/10.1007/s101090100064
https://doi.org/10.1007/s101090100064
https://doi.org/10.5194/acp-21-15883-2021
https://doi.org/10.1007/978-94-010-0898-3_20
https://doi.org/10.1007/978-94-010-0898-3_20
https://doi.org/10.1111/j.1747-0765.2007.00133.x
https://doi.org/10.1111/j.1747-0765.2007.00133.x
https://doi.org/10.1016/S0016-7061(97)00080-3
https://doi.org/10.1029/92jd00509
https://doi.org/10.1029/2002 gl015370
https://doi.org/10.1029/2002 gl015370
https://doi.org/10.1016/j.chnaes.2010.11.006
https://doi.org/10.1016/j.chnaes.2010.11.006
https://doi.org/10.3390/agronomy13102555
https://doi.org/10.3390/agronomy13102555
https://doi.org/10.1016/j.apenergy.2020.114852
https://doi.org/10.1016/j.jclepro.2021.129590
https://doi.org/10.1016/j.jclepro.2021.129590
https://doi.org/10.1016/j.scitotenv.2017.07.118
https://doi.org/10.12357/cjea.20210820
https://doi.org/10.12357/cjea.20210820
https://doi.org/10.1016/j.jenvman.2022.116099
https://doi.org/10.1016/j.envpol.2020.114862
https://doi.org/10.1016/j.agee.2022.107869
https://doi.org/10.1016/j.fcr.2015.09.011
https://doi.org/10.1016/j.jclepro.2020.121322
https://doi.org/10.1016/j.still.2022.105527
https://doi.org/10.1016/j.still.2022.105527
https://doi.org/10.13930/j.cnki.cjea.190627
https://doi.org/10.1016/j.soilbio.2009.01.024
https://doi.org/10.1016/j.soilbio.2009.01.024
https://doi.org/10.1111/gcb.15975
https://doi.org/10.1111/gcb.15975
https://doi.org/10.1016/j.atmosenv.2020.117458
https://doi.org/10.1016/j.atmosenv.2020.117458
https://doi.org/10.1016/j.still.2021.105042
https://doi.org/10.1029/2007 gb002947
https://doi.org/10.1029/2007 gb002947
https://doi.org/10.1016/j.agee.2015.04.035
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0062
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0062
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0063
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0063
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0064
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0064
https://doi.org/10.1088/1748-9326/abf9c8
https://doi.org/10.1088/1748-9326/abf9c8
https://doi.org/10.1016/j.apgeog.2015.03.011
https://doi.org/10.1016/j.apgeog.2015.03.011
https://doi.org/10.1126/science.346.6206.175-a
https://doi.org/10.1126/science.346.6206.175-a
https://doi.org/10.1038/s41612-022-00265-3
https://doi.org/10.1038/s41612-022-00265-3
https://doi.org/10.1021/acs.est.7b05235
https://doi.org/10.1021/acs.est.7b05235
https://doi.org/10.1016/S0921-8181(98)00040-X
https://doi.org/10.1016/S0921-8181(98)00040-X
https://doi.org/10.1038/s43017-023-00482-1
https://doi.org/10.1080/1943815X.2015.1118388
https://doi.org/10.1080/1943815X.2015.1118388
https://doi.org/10.1016/j.envsoft.2013.01.005
https://doi.org/10.1016/j.envsoft.2013.01.005
https://doi.org/10.1016/j.scitotenv.2022.158064
https://doi.org/10.1016/j.scitotenv.2022.158064
https://doi.org/10.1088/1748-9326/acd5e8
https://doi.org/10.1089/ees.2012.0006
https://doi.org/10.1089/ees.2012.0006
https://doi.org/10.1088/1748-9326/11/12/120207
https://doi.org/10.1016/j.jclepro.2020.121025
https://doi.org/10.3390/atmos13111750
https://doi.org/10.3390/atmos13111750
https://doi.org/10.7606/j.issn.1000-7601.2011.05.29
https://doi.org/10.7606/j.issn.1000-7601.2011.05.29

B. Lietal

Shi, S., Li, Y., Liu, Y., Wan, Y., Gao, Q., Zhang, Z., 2010. CH4 and N2O emission from rice
field and mitigation options based on field measurements in China: an integration
analysis. Scientia Agricultura Sinica 43 (14), 2923-2936. https://doi.org/10.3864/].
issn.0578-1752.2010.14.011 [in Chinese].

Shi, X., Li, X., Guo, C., Feng, P., Hu, K., 2022. Modeling ammonia volatilization following
urea and controlled-release urea application to paddy fields. Comput. Electron.
Agric. 196, 106888. https://doi.org/10.1016/j.compag.2022.106888.

Sun, J., Wang, M., Xu, X., Cheng, K., Yue, Q., Pan, G., 2020. Re-estimating methane
emissions from Chinese paddy fields based on a regional empirical model and high-
spatial-resolution data. Environ. Pollut. 265. https://doi.org/10.1016/].
envpol.2020.115017.

Sun, X., Zhong, T., Zhang, L., Zhang, K., Wu, W., 2019. Reducing ammonia volatilization
from paddy field with rice straw derived biochar. Sci. Total Environ. 660, 512-518.
https://doi.org/10.1016/j.scitotenv.2018.12.450.

Tang, Y., Qiao, Y., Ma, Y., Huang, W., Komal, K., Miao, S., 2024. Quantifying greenhouse
gas emissions in agricultural systems: a comparative analysis of process models. Ecol.
Modell. 490, 110646. https://doi.org/10.1016/j.ecolmodel.2024.110646.

Ti, C., Xia, L., Chang, S.X., Yan, X., 2019. Potential for mitigating global agricultural
ammonia emission: a meta-analysis. Environ. Pollut. 245, 141-148. https://doi.org/
10.1016/j.envpol.2018.10.124.

Tian, Z., Niu, Y., Fan, D., Sun, L., Ficsher, G., Zhong, H., Deng, J., Tubiello, F.N., 2018.
Maintaining rice production while mitigating methane and nitrous oxide emissions
from paddy fields in China: evaluating tradeoffs by using coupled agricultural
systems models. Agric. Syst. 159, 175-186. https://doi.org/10.1016/j.
agsy.2017.04.006.

Turner, M.C., Jerrett, M., Pope III, C.A., Krewski, D., Gapstur, S.M., Diver, W.R.,
Beckerman, B.S., Marshall, J.D., Su, J., Crouse, D.L., 2016. Long-term ozone
exposure and mortality in a large prospective study. Am. J. Respir. Crit. Care Med.
193 (10), 1134-1142. https://doi.org/10.1007/510640-022-00750-6.

Viero, F., Menegati, G.B., Carniel, E., Silva, P.R.F.d. and Bayer, C., 2017. Urease inhibitor
and irrigation management to mitigate ammonia volatilization from urea in no-till
corn. Revista Brasileira de Ciéncia do Solo 41, e0160567. https://doi.org/10.1590/1
8069657rbcs20160567.

Wang, B., Cai, A., Song, C., Qin, X., Liu, S., Li, Y.e., 2023. CHy4 reduction in rice paddy:
technology, challenge and strategy. Chinese Journal of Agricultural Resources and
Regional Planning 44 (10), 10-19. https://doi.org/10.7621/cjarrp.1005-
9121.20231002 [in Chinese].

Wang, C., Cheng, K., Ren, C., Liu, H., Sun, J., Reis, S., Yin, S., Xu, J., Gu, B., 2021a. An
empirical model to estimate ammonia emission from cropland fertilization in China.
Environmental Pollution 288, 117982. https://doi.org/10.1016/j.
envpol.2021.117982.

Wang, C., Shen, J., Liu, J., Qin, H., Yuan, Q., Fan, F., Hu, Y., Wang, J., Wei, W, Li, Y.,
Wu, J., 2019. Microbial mechanisms in the reduction of CH4 emission from double
rice cropping system amended by biochar: a four-year study. Soil Biol. Biochem. 135,
251-263. https://doi.org/10.1016/j.s0ilbio.2019.05.012.

Wang, H., Zhang, Y., Zhang, Y., McDaniel, M.D., Sun, L., Su, W., Fan, X., Liu, S., Xiao, X.,
2020a. Water-saving irrigation is a ‘win-win’ management strategy in rice paddies —
With both reduced greenhouse gas emissions and enhanced water use efficiency.
Agric. Water Manage. 228, 105889. https://doi.org/10.1016/j.agwat.2019.105889.

Wang, Y., Li, S., Liang, H., Hu, K., Qin, S., Guo, H., 2020b. Comparison of Water- and
Nitrogen-Use Efficiency over Drip Irrigation With Border Irrigation Based on a Model
Approach. Agronomy.

Wang, Y., Tao, F., Yin, L., Chen, Y., 2022. Spatiotemporal changes in greenhouse gas
emissions and soil organic carbon sequestration for major cropping systems across
China and their drivers over the past two decades. Sci. Total Environ. 833, 155087.
https://doi.org/10.1016/j.scitotenv.2022.155087.

Wang, Z., Zhang, X., Liu, L., Wang, S., Zhao, L., Wu, X., Zhang, W., Huang, X., 2021b.
Estimates of methane emissions from Chinese rice fields using the DNDC model.
Agric. For. Meteorol. 303, 108368. https://doi.org/10.1016/j.
agrformet.2021.108368.

Wu, H,, Li, Y., Xie, Z., Sun, J., Smith, P., Cheng, K., Fan, P., Yue, Q., Pan, G., 2021.
Estimating ammonia emissions from cropland in China based on the establishment of
agro-region-specific models. Agric. For. Meteorol. 303. https://doi.org/10.1016/j.
agrformet.2021.108373.

Wu, S., Zhou, S., Bao, H., Chen, D., Wang, C., Li, B., Tong, G., Yuan, Y., Xu, B., 2019a.
Improving risk management by using the spatial interaction relationship of heavy
metals and PAHs in urban soil. J. Hazard. Mater. 364, 108-116. https://doi.org/
10.1016/j.jhazmat.2018.09.094.

Wu, Y., Li, F., Zheng, H., Hong, M., Hu, Y., Zhao, B., De, H., 2019b. Effects of three types
of soil amendments on yield and soil nitrogen balance of maize-wheat rotation
system in the Hetao Irrigation Area. China. J. Arid Land 11 (6), 904-915. https://
doi.org/10.1007/s40333-019-0005-x.

Xia, Y., Wang, S., Sun, P., Chen, X., Shen, J., Wang, H., Xiao, Z., Li, X., Yang, G., Yan, X.,
2021. Ammonia emission patterns of typical planting systems in the middle and
lower reaches of the Yangtze River and key technologies for ammonia emission
reduction. Chinese Journal of Eco-Agriculture 29 (12), 1981-1989. https://doi.org/
10.12357/cjea.20210247.

Xie, Z., Liu, G., Bei, Q., Tang, H., Liu, J., Sun, H., Xu, Y., Zhu, J., Cadisch, G., 2010. CO,
mitigation potential in farmland of China by altering current organic matter
amendment pattern. Sci. China Earth. Sci. 53 (9), 1351-1357. https://doi.org/
10.1007/511430-010-4014-z.

Xu, D., Zhang, Z., Nie, T., Lin, Y., Li, T., 2023. Simulation Study of CH4 and N2O Emission
Fluxes from Rice Fields in Northeast China under Different Straw-Returning and
Irrigation Methods Based on the DNDC Model. Water. (Basel) 15 (14), 2633. https://
doi.org/10.3390/w15142633.

13

Agricultural and Forest Meteorology 358 (2024) 110250

Xu, H,, Liu, S., Ding, J., Wang, J., Liu, L., 2024a. Mapping crop-specific emission factors
highlights hotspots of ammonia mitigation in China. Sci. Total Environ. 908,
168157. https://doi.org/10.1016/j.scitotenv.2023.168157.

Xu, J., Peng, S., Yang, S., Wang, W., 2012. Ammonia volatilization losses from a rice
paddy with different irrigation and nitrogen managements. Agric. Water Manage.
104, 184-192. https://doi.org/10.1016/j.agwat.2011.12.013.

Xu, P., Li, G., Zheng, Y., Fung, J.C., Chen, A., Zeng, Z., Shen, H., Hu, M., Mao, J.,
Zheng, Y., 2024b. Fertilizer management for global ammonia emission reduction.
Nature 626 (8000), 792-798. https://doi.org/10.1038/541586-024-07020-z.

Xu, R., Tian, H., Pan, S., Prior, S.A., Feng, Y., Batchelor, W.D., Chen, J., Yang, J., 2019.
Global ammonia emissions from synthetic nitrogen fertilizer applications in
agricultural systems: empirical and process-based estimates and uncertainty. Glob.
Chang. Biol. 25 (1), 314-326. https://doi.org/10.1111/gcb.14499.

Xu, X., Ouyang, X., Gu, Y., Cheng, K., Smith, P., Sun, J., Li, Y., Pan, G., 2021. Climate
change may interact with nitrogen fertilizer management leading to different
ammonia loss in China’s croplands. Glob. Chang. Biol. 27 (24), 6525-6535. https://
doi.org/10.1111/gcb.15874.

Yang, G., Guo, Z., Liu, H., Wang, X., Chen, L., 2020. Research progress on factors
affecting ammonia volatilization and its mitigation measures in paddy fields.
Ecology and Environment 29 (9), 1912-1919. https://doi.org/10.16258/j.
cnki.1674-5906.2020.09.02 [in Chinese].

Yang, S., Peng, S., Xu, J., Luo, Y., Li, D., 2012. Methane and nitrous oxide emissions from
paddy field as affected by water-saving irrigation. Physics and Chemistry of the
Earth, Parts A/B/C 53-54 30-37. https://doi.org/10.1016/j.pce.2011.08.020.

Yang, Y., Liu, L., Bai, Z., Xu, W., Zhang, F., Zhang, X., Liu, X., Xie, Y., 2022.
Comprehensive quantification of global cropland ammonia emissions and potential
abatement. Sci. Total Environ. 812, 151450. https://doi.org/10.1016/j.
scitotenv.2021.151450.

Yang, Y., Liu, L., Zhang, F., Zhang, X., Xu, W, Liu, X., Li, Y., Wang, Z., Xie, Y., 2021.
Enhanced nitrous oxide emissions caused by atmospheric nitrogen deposition in
agroecosystems over. China. Environ. Sci. Pollut. Res. 28 (12), 15350-15360.
https://doi.org/10.1007/s11356-020-11591-5.

Yang, Y., Shi, Y., 2022. High spatial and temporal resolution methane emissions
inventory from terrestrial ecosystems in China, 2010-2020. Atmosphere (Basel) 13
(12), 1966. https://doi.org/10.3390/atmos13121966.

Yang, Y., Zhou, C,, Li, N., Han, K., Meng, Y., Tian, X., Wang, L., 2015. Effects of
conservation tillage practices on ammonia emissions from Loess Plateau rain-fed
winter wheat fields. Atmos. Environ. 104, 59-68. https://doi.org/10.1016/j.
atmosenv.2015.01.007.

Yao, Z., Zheng, X., Dong, H., Wang, R., Mei, B., Zhu, J., 2012. A 3-year record of N,O and
CH4 emissions from a sandy loam paddy during rice seasons as affected by different
nitrogen application rates. Agric. Ecosyst. Environ. 152, 1-9. https://doi.org/
10.1016/j.agee.2012.02.004.

Yue, J., Shi, Y., Liang, W., Wu, J., Wang, C., Huang, G., 2005. Methane and nitrous oxide
emissions from rice field and related microorganism in black soil, northeastern
China. Nutr. Cycling Agroecosyst. 73, 293-301. https://doi.org/10.1007/s10705-
005-3815-5.

Yvon-Durocher, G., Allen, A.P., Bastviken, D., Conrad, R., Gudasz, C., St-Pierre, A.,
Thanh-Duc, N., Del Giorgio, P.A., 2014. Methane fluxes show consistent temperature
dependence across microbial to ecosystem scales. Nature 507 (7493), 488-491.
https://doi.org/10.1038/nature13164.

Zhang, B., Chen, G.Q., 2014. China’s CH4 and CO, emissions: bottom-up estimation and
comparative analysis. Ecol. Indic. 47, 112-122. https://doi.org/10.1016/j.
ecolind.2014.01.022.

Zhang, G., Ji, Y., Ma, J., Xu, H., Cai, Z., Yagi, K., 2012. Intermittent irrigation changes
production, oxidation, and emission of CH4 in paddy fields determined with stable
carbon isotope technique. Soil Biol. Biochem. 52, 108-116. https://doi.org/
10.1016/j.s0ilbio.2012.04.017.

Zhang, J., Han, G., Mao, H., Pei, Z., Ma, X., Jia, W., Gong, W., 2022. The Spatial and
Temporal Distribution Patterns of XCHy4 in China: new Observations from TROPOMI.
Atmosphere (Basel) 13 (2), 177. https://doi.org/10.3390/atmos13020177.

Zhang, J., Tian, H., Shi, H., Zhang, J., Wang, X., Pan, S., Yang, J., 2020a. Increased
greenhouse gas emissions intensity of major croplands in China: implications for
food security and climate change mitigation. Glob. Chang. Biol. 26 (11), 6116-6133.
https://doi.org/10.1111/gcb.15290.

Zhang, X., Gu, B., van Grinsven, H., Lam, S.K,, Liang, X., Bai, M., Chen, D., 2020b.
Societal benefits of halving agricultural ammonia emissions in China far exceed the
abatement costs. Nat. Commun. 11 (1), 4357. https://doi.org/10.1038/541467-020-
18196-z.

Zhang, X., Jiang, H., Wang, Y., Han, Y., Buchwitz, M., Schneising, O., Burrows, J.P.,
2011. Spatial variations of atmospheric methane concentrations in China. Int. J.
Remote Sens. 32 (3), 833-847. https://doi.org/10.1080/01431161.2010.517804.

Zhao, Y., Li, B., Dong, J., Li, Y., Wang, X., Gan, C., Lin, Y., Liao, H., 2023. Improved
ammonia emission inventory of fertilizer application for three major crops in China
based on phenological data. Sci. Total Environ. 896, 165225. https://doi.org/
10.1016/j.scitotenv.2023.165225.

Zheng, Y., 2015. Research On the Spatial-temporal distribution of Growth Period of Main
Grain Crops and Its Change in China. Central China Normal University [in Chinese].


https://doi.org/10.3864/j.issn.0578-1752.2010.14.011
https://doi.org/10.3864/j.issn.0578-1752.2010.14.011
https://doi.org/10.1016/j.compag.2022.106888
https://doi.org/10.1016/j.envpol.2020.115017
https://doi.org/10.1016/j.envpol.2020.115017
https://doi.org/10.1016/j.scitotenv.2018.12.450
https://doi.org/10.1016/j.ecolmodel.2024.110646
https://doi.org/10.1016/j.envpol.2018.10.124
https://doi.org/10.1016/j.envpol.2018.10.124
https://doi.org/10.1016/j.agsy.2017.04.006
https://doi.org/10.1016/j.agsy.2017.04.006
https://doi.org/10.1007/s10640-022-00750-6
http://doi.org/10.1590/18069657rbcs20160567
http://doi.org/10.1590/18069657rbcs20160567
https://doi.org/10.7621/cjarrp.1005-9121.20231002
https://doi.org/10.7621/cjarrp.1005-9121.20231002
https://doi.org/10.1016/j.envpol.2021.117982
https://doi.org/10.1016/j.envpol.2021.117982
https://doi.org/10.1016/j.soilbio.2019.05.012
https://doi.org/10.1016/j.agwat.2019.105889
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0094
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0094
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0094
https://doi.org/10.1016/j.scitotenv.2022.155087
https://doi.org/10.1016/j.agrformet.2021.108368
https://doi.org/10.1016/j.agrformet.2021.108368
https://doi.org/10.1016/j.agrformet.2021.108373
https://doi.org/10.1016/j.agrformet.2021.108373
https://doi.org/10.1016/j.jhazmat.2018.09.094
https://doi.org/10.1016/j.jhazmat.2018.09.094
https://doi.org/10.1007/s40333-019-0005-x
https://doi.org/10.1007/s40333-019-0005-x
https://doi.org/10.12357/cjea.20210247
https://doi.org/10.12357/cjea.20210247
https://doi.org/10.1007/s11430-010-4014-z
https://doi.org/10.1007/s11430-010-4014-z
https://doi.org/10.3390/w15142633
https://doi.org/10.3390/w15142633
https://doi.org/10.1016/j.scitotenv.2023.168157
https://doi.org/10.1016/j.agwat.2011.12.013
https://doi.org/10.1038/s41586-024-07020-z
https://doi.org/10.1111/gcb.14499
https://doi.org/10.1111/gcb.15874
https://doi.org/10.1111/gcb.15874
https://doi.org/10.16258/j.cnki.1674-5906.2020.09.02
https://doi.org/10.16258/j.cnki.1674-5906.2020.09.02
https://doi.org/10.1016/j.pce.2011.08.020
https://doi.org/10.1016/j.scitotenv.2021.151450
https://doi.org/10.1016/j.scitotenv.2021.151450
https://doi.org/10.1007/s11356-020-11591-5
https://doi.org/10.3390/atmos13121966
https://doi.org/10.1016/j.atmosenv.2015.01.007
https://doi.org/10.1016/j.atmosenv.2015.01.007
https://doi.org/10.1016/j.agee.2012.02.004
https://doi.org/10.1016/j.agee.2012.02.004
https://doi.org/10.1007/s10705-005-3815-5
https://doi.org/10.1007/s10705-005-3815-5
https://doi.org/10.1038/nature13164
https://doi.org/10.1016/j.ecolind.2014.01.022
https://doi.org/10.1016/j.ecolind.2014.01.022
https://doi.org/10.1016/j.soilbio.2012.04.017
https://doi.org/10.1016/j.soilbio.2012.04.017
https://doi.org/10.3390/atmos13020177
https://doi.org/10.1111/gcb.15290
https://doi.org/10.1038/s41467-020-18196-z
https://doi.org/10.1038/s41467-020-18196-z
https://doi.org/10.1080/01431161.2010.517804
https://doi.org/10.1016/j.scitotenv.2023.165225
https://doi.org/10.1016/j.scitotenv.2023.165225
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0125
http://refhub.elsevier.com/S0168-1923(24)00363-0/sbref0125

B. Lietal

Zhou, H., Wang, Y., Wang, J., Liu, H., Li, H., Guo, J., 2023. Effects of Long-Term
Organic-Inorganic Nitrogen Application On Maize Yield and Nitrogen-Containing
Gas Emission. Agronomy. https://doi.org/10.3390/agronomy13030848.

Zhu, R., Liu, L., Qi, Y., My, J., Jiang, D., Zhang, L., Gao, H., 2021. Responses of ammonia
volatilization and grain yield to nitrogen reduction with synergistic compound

14

Agricultural and Forest Meteorology 358 (2024) 110250

fertilizer in a paddy field. J. Agro-Environ. Sci. 40 (9), 1935-1943. https://doi.org/
10.11654/jaes.2021-0104 [in Chinese].

Zou, J., Huang, Y., Zheng, X., Wang, Y., 2007. Quantifying direct N3O emissions in paddy
fields during rice growing season in mainland China: dependence on water regime.
Atmos. Environ. 41 (37), 8030-8042. https://doi.org/10.1016/j.
atmosenv.2007.06.049.


https://doi.org/10.3390/agronomy13030848
https://doi.org/10.11654/jaes.2021-0104
https://doi.org/10.11654/jaes.2021-0104
https://doi.org/10.1016/j.atmosenv.2007.06.049
https://doi.org/10.1016/j.atmosenv.2007.06.049

	Differentiated strategies for synergistic mitigation of ammonia and methane emissions from agricultural cropping systems in ...
	1 Introduction
	2 Data and methods
	2.1 DNDC model
	2.1.1 Input data for the DNDC model
	2.1.2 Evaluation of simulated ammonia and methane emissions

	2.2 Bivariate spatial correlation analysis of NH3 and CH4
	2.3 Synergistic mitigation zones of NH3 and CH4 in agricultural cropping systems

	3 Results
	3.1 Total amount and source of NH3 and CH4 emissions from agricultural cropping systems
	3.2 Spatial distribution pattern of NH3 and CH4 emissions
	3.3 Spatial interactions between NH3 and CH4
	3.4 Synergistic mitigation zoning and policy recommendations

	4 Discussion
	4.1 Uncertainties in NH3 and CH4 emissions
	4.2 Limitations and implications of NH3 and CH4 mitigation strategies in agricultural cropping systems

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Supplementary materials
	References


