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Abstract Human activities have caused considerable perturbations of the nitrogen (N) cycle, leading to
a ~20% increase in the concentration of atmospheric nitrous oxide (N,O) since the preindustrial era.
While substantial efforts have been made to quantify global and regional N,O emissions from cropland,
there is large uncertainty regarding how climate change and variability have altered net N,O fluxes at
annual and decadal time scales. Herein, we applied a process-based dynamic land ecosystem model
(DLEM) to estimate global N,O emissions from cropland driven by synthetic N fertilizer application and
multiple environmental factors (i.e., elevated CO,, atmospheric N deposition, and climate change). We
estimate that global cropland N,O emissions increased by 180% (from 1.1 + 0.2 to 3.3 + 0.1 Tg N year™';
mean +1 standard deviation) during 1961-2014. Synthetic N fertilizer applications accounted for ~70% of
total emissions during 2000-2014. At the regional scale, Europe and North America were two leading
regions for N,O emissions in the 1960s. However, East Asia became the largest emitter after the 1990s.
Compared with estimates based on linear and nonlinear emission factors, our results were 150% and 186%
larger, respectively, at the global scale during 2000-2014. Our higher estimates of N,O emissions could
be attributable to the legacy effect from previous N addition to cropland as well as the interactive effect of N
addition and climate change. To reduce future cropland N,O emissions, effective mitigation strategies
should be implemented in regions that have received high levels of N fertilizer and regions that would be
more vulnerable to future climate change.

1. Introduction

The accumulation of terrestrial biogenic methane (CH,) and nitrous oxide (N,O) induced by anthropogenic
activities has offset the cooling effect due to carbon dioxide (CO,) uptake by plants, resulting in a net warm-
ing effect on the climate system (Tian et al., 2016). The warming potential of N,O is 265-298 times higher
than CO, on a 100-year timescale (Ciais et al., 2013; Myhre et al., 2013). In addition, N,O resides in the atmo-
sphere for 116 + 9 years and is also a reactant that can deplete stratospheric ozone (Nevison & Holland, 1997;
Prather et al., 2015). Compared to the preindustrial era, atmospheric N,O concentration has increased from
275 to 331 parts per billion (ppb) as of 2018 (Hall et al., 2007; Prinn et al., 2018). Recently, the Global N,O
Model Inter-comparison Project (NMIP, Tian et al., 2019) reported that global soil N,O emissions have
increased from 6.3 + 1.1 Tg N year™" in the preindustrial period to 10.0 + 2.0 Tg N year " over the period
of 2007-2016.

As of 2010, human-induced inputs of reactive nitrogen (Nr) were at least two times larger than naturally
fixed N (Ciais et al, 2013). Reactive N production increased from approximately 15 Tg N year "
(Tg = 10" g) in 1900 to 156 Tg N year ' in 1995 and further increased to 187 Tg N year ' in 2005
(Galloway et al., 2008). Due to rapid Nr increases from different sources (e.g., agriculture, industry, and
biomass burning), anthropogenic N,O emissions have grown steadily and were estimated to be
69 Tg N year™* (ranging from 2.7 to 11.1) in 2006 (Ciais et al., 2013; Reay et al., 2012). Among increased
anthropogenic N,O emissions, agricultural activities are the dominant source due to widespread synthetic
N fertilizer and manure usage in croplands (Davidson, 2009; Reay et al., 2012; Syakila & Kroeze, 2011;
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Tian, Xu, Canadell, et al., 2020). Between 2001 and 2011, annual N,O emissions from synthetic fertilizer
increased by 37% based on data from the Food and Agriculture Organization Corporate Statistical
Database (FAOSTAT) (Gerber et al., 2016). Tremendous efforts have been made to estimate global and
regional N,O emissions from agricultural systems; however, the proportion of N,O emissions associated
with fertilizer remains largely uncertain (Davidson, 2009; Tian et al., 2018, 2019). In NMIP simulations,
synthetic N fertilizer contributed 2.0 + 0.8 Tg N year " and accounted for 54% of increased terrestrial
N,O emissions during 2007-2016 relative to the preindustrial period (Tian et al., 2019). However, differ-
ent estimates with large uncertainty ranges also appeared in other studies (Crutzen et al., 2016;
Davidson, 2009; Gerber et al., 2016; Mosier et al., 1998; Reay et al., 2012; Saikawa et al., 2014). Large
uncertainties of these estimates were associated with approaches used to identify and quantify globally
important sources of N,O (Davidson, 2009). The two main approaches were bottom-up (inventory, sta-
tistical extrapolation of local flux measurements, and process-based modeling) and top-down (atmo-
spheric inversion) methodologies (Davidson & Kanter, 2014; Tian et al., 2016). For example, Tian
et al. (2016) synthesized estimates of global N,O fluxes derived from different top-down and
bottom-up studies for agriculture and waste during 1981-2010. Their results indicated that estimates
from bottom-up methods (4.6 + 0.2, 5.5 + 0.7 Tg N year ') were much higher than top-down estimates
(41 + 0.6, 44 + 0.6 Tg N year ") in the 1990s and 2000s.

Emission factors (EFs), which vary in different sectors of N,O emission sources, were developed by the
Intergovernmental Panel on Climate Change (IPCC) as a common means to evaluate emissions at
country scales and were applied to develop several bottom-up inventories (e.g., Emission Database for
Global Atmospheric Research [EDGAR; Olivier et al., 2002], Global Emission Inventory Activity
[GEIA, http://www.geiacenter.org/], and FAOSTAT [http://www.fao.org/faostat/en/]). However, it
should be noted that there are large uncertainties in these N,O emission estimates when default EFs
are applied at national or global scales (Crutzen et al., 2016; Davidson, 2009; Smith et al., 2012).
Ground-based observations are an important approach to estimate N,O emissions from specific sites,
which could provide relatively accurate estimates for developing EFs models and validating results from
process-based models (Rapson & Dacres, 2014). In addition, process-based models are essential tools in
assessing and predicting feedbacks of terrestrial ecosystems related to climate change (Reynolds &
Acock, 1997; Tian et al., 2019). Nitrous oxide is biologically produced in soils during denitrification
and nitrification (Wrage-Monnig et al., 2018); these processes are mainly driven by soil conditions, such
as soil temperature, moisture content, pH, and substrate availability (mineral N and organic C) (Brotto
et al.,, 2015; Butterbach-Bahl et al., 2013; Firestone & Davidson, 1989; Goldberg & Gebauer, 2009;
Rowlings et al., 2015), as well as human management practices such as synthetic N fertilizer, manure
application, irrigation, and tillage (Cai et al., 1997; Ding et al., 2010; Rice & Smith, 1982). Compared
to constant EFs in the IPCC guidelines, process-based models are necessary for their capability to study
spatiotemporal variability of N,O emissions under changing circumstances such as environmental factors
and management practices in global croplands.

Previous studies mainly focused on estimating N,O emissions from synthetic fertilizer or manure appli-
cations through EFs regardless of environmental factors (Gerber et al., 2016; Shcherbak et al., 2014; Yan
et al., 2003), or based on statistical models (Bouwman et al., 2002; Davidson, 2009; Wang et al., 2020;
Zhou et al., 2015). Large uncertainties remain in understanding how annual and decadal climate change
and variability affected N,O emissions from croplands at global and regional scales. In addition, several
newly developed spatial data sets of synthetic N fertilizer application in cropland published in the past
decade can be used to examine its impact on cropland N,O emissions. In this study, we applied the
Dynamic Land Ecosystem Model (DLEM, Tian et al., 2011) to investigate long-term N,O emissions at
global and sectoral scales driven by environmental factors and N inputs during 1961-2014. The objec-
tives of this study were to (1) provide a time-series estimate of N,O emissions from global cropland;
(2) examine spatial variability of cropland N,O emissions during 1961-2014; (3) attribute factorial
contributions to increases in N,O emissions; and (4) investigate uncertainties associated with various
N input data sets. The global change factors evaluated in this study included climate change and
variability, elevated atmospheric CO, concentration, atmospheric N deposition, and fertilizer N applica-
tion in croplands.
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2. Materials and Methods
2.1. Model Description

DLEM was designed to track key biological processes of CO,, CHy, N,O, and NO production and their
exchange between the terrestrial ecosystem and atmosphere at time steps ranging from daily to yearly
(Tian et al., 2011). DLEM is characterized by cohort structure, multiple soil layer processes, coupled C,
water, and N cycles, enhanced land surface processes, and dynamic linkages between terrestrial and riverine
ecosystems. In DLEM, the cycles of C, N, and water are fully coupled for simulating the hydrological, biogeo-
chemical fluxes, and pool sizes at multiple scales in space from site to region to globe (Tao et al., 2014).
Nitrogen is essential in all biological processes of DLEM simulations. It exchanges between land ecosystem
and its surroundings through deposition, leaching and runoff, N-containing gas emissions as well as harvest.
Available N changes in DLEM rely on the difference between N inputs (i.e., N deposition, fertilization and
biological N fixation) and N outputs (i.e., N leaching and runoff, N,O, NO, and N, emissions, and NHj; vola-
tilization). The effluxes of N are also influenced by environmental factors, such as temperature, moisture,
and soil properties. Forms of reactive N in DLEM include organic N stored in biomass, labile N stored in
plants, organic N stored in soils and litter/woody debris, dissolved soil organic N, and soil inorganic N
(Lu & Tian, 2013; Tian, Xu, Pan, et al., 2020. Our previous work has shown a detailed description of trace
gas modules (Dangal et al., 2019; Lu & Tian, 2013; Tian et al., 2010; Xu et al., 2017; Zhang et al., 2016), bio-
logical processes of crops and plants (i.e., photosynthesis and evapotranspiration) (Pan et al., 2014, 2015),
biogeochemical processes in soils (i.e., nitrification, denitrification, and decomposition) (Xu et al., 2017;
Yang et al., 2015), and agricultural managements in the DLEM agricultural module (Ren et al., 2011, 2020;
Tian et al., 2012; Xu et al., 2018, 2019; Zhang et al., 2018).

2.2. Input Data

Data sets used to simulate cropland N,O emissions included (i) environmental factors such as climate, atmo-
spheric CO, concentration, and atmospheric N deposition; (ii) topography and soil properties; and (iii)
dynamic cropland distribution maps and land management practices (i.e., synthetic N fertilizer application,
irrigation, rotation, harvest, and crop residue return). All input data sets for driving model simulations in
this study were at a spatial resolution of 0.5° X 0.5° latitude/longitude. This study included biological N fixa-
tion by crops but excluded manure N inputs in cropland.

Climate data were a fusion of Climatic Research Unit (CRU) and NCEP/NCAR reanalyzed data sets
(version 7) at the global scale between 1901 and 2014. The time-series climate data showed large interannual
variations, while an overall increasing trend of annual temperature and precipitation was found during
1961-2014 (Figure Sla in the Supporting Information). The monthly CO, concentration data set was
obtained from National Oceanic and Atmospheric Administration (NOAA) extended GLOBALVIEW-CO,
(http://www.esrl.noaa.gov/gmd/ccgg/globalview/co2/), spanning from 1900-2015. Atmospheric CO, con-
centration increased from 319 ppm to 398 ppm at a rate of 1.5 ppm year™ " (Figure S1b). We obtained two
sets of atmospheric N deposition data (i) from the atmospheric chemistry transport model (Wei et al., 2014)
that providled NH,-N and NO,-N deposition rates with interannual variations constrained by
EDGAR-HYDE N emission data (van Aardenne et al.,, 2001) and (ii) from the International Global
Atmospheric Chemistry (IGAC)/Stratospheric Processes and Their Role in Climate (SPARC) Chemistry-
Climate Model Initiative (CCMI) N deposition fields (Eyring et al., 2013). The former data set grew continu-
ously at a rate of 0.76 Tg N year™ > (R* = 0.99), while the latter increased at a faster rate of 1.1 Tg N year™ >
(R* = 0.99) between 1961 and 1990 but stabilized thereafter until 2014 (Figure S2a).

Elevation, slope, and aspect were derived from global 30 arc-second elevation products (GTOPO30; https://
Ita.cr.usgs.gov/GTOPO30), and soil texture was derived from the FAO Soil Database System (Reynolds
et al., 2000). The spatial distribution of major crop types was identified according to the global crop geo-
graphic distribution map at 5’ X 5" resolution (Leff et al., 2004) and the country-level FAOSTAT agricultural
census as well as the regional-level census for China and India (Banger et al., 2015; Ren et al., 2011). Global
irrigation distribution was developed by incorporating a global irrigation map, a historical gridded crop dis-
tribution map, and agricultural census (Ren et al., 2020). We assumed that the irrigation treatment was con-
ducted in irrigated dry farmland and paddy fields and that the irrigation date was the point when soil
moisture of the top layer dropped to 30% of maximum available water (i.e., field capacity minus wilting

XU ET AL.

30f16

85U8017 SUOWWIOD dAIIERID 3|qeol|dde au Aq peunob ake SapILe YO 8SN JO SonJ o} ATeiqiTaUIIUO /8|1 UO (SUONPUOD-PUB-SLUBI D" AB| 1M AReIq1[Bu [UO//ScNY) SUOTIPUOD Pue SWiB 1 84} 88S *[£202/70/TZ] U0 ARIqITaulluO A9]1M ‘8058WwWoD JO Juewiedsd eeoN Aq 869900990202/620T 0T/10p/wiod" A |im Are.qpujuo'sqndnBe;/:sdny woly pepeojumod ‘ZT ‘0202 ‘vZz6rv6T


http://www.esrl.noaa.gov/gmd/ccgg/globalview/co2/
https://lta.cr.usgs.gov/GTOPO30
https://lta.cr.usgs.gov/GTOPO30

o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Global Biogeochemical Cycles 10.1029/2020GB006698

point) during the growing season (Ren et al., 2011; Zhang et al., 2016). Our study included 10 major crop
types (i.e., rice, corn, wheat, soybean, cotton, millet, sorghum, groundnuts, barley, and rapeseed) and differ-
ent crop rotation systems (e.g., rice-wheat, rice-rice, corn-wheat, and soybean-wheat). Fertilizer timings
were determined based on previous literature (see Supporting Information Appendix S1 in Xu et al., 2018
and Supporting Information Appendix S2 and Table S1 in Xu et al., 2019).

We obtained three spatially explicit time-series data sets of synthetic N fertilizer use at a resolution of
0.5° x 0.5° latitude/longitude from (i) Lu and Tian (2017), (ii) Nishina et al. (2017), and (iii) Zaehle
et al. (2011). Lu and Tian (2017) developed the data sets through spatializing IFA-based country-level N fer-
tilizer consumption amount according to crop specific N fertilizer application rates, distribution of crop
types, and historical cropland distribution during 1960-2013. Nishina et al. (2017) generated data sets by
incorporating country-level annual total N fertilizer consumption and fraction of NH,* (and NO;™) in N fer-
tilizer inputs from FAOSTAT during 1960-2010. Zaehle et al. (2011) developed their data set based on
country-level annual N fertilizer use from FAOSTAT during 1961-2005. All above-mentioned data sets
assumed that country-level synthetic N fertilizer amounts obtained from FAOSTAT were applied to crop-
lands rather than agricultural systems (croplands and pastures). Based on country-scale data of N fertilizer
application to pastures (Lassaletta et al., 2014), we separated cropland N fertilizer application from pastures
in these three N fertilizer data sets. Since data provided by Lassaletta et al. (2014) was from 1960 to 2009, we
assumed that there was no N fertilizer used in pastures before 1960 and that applications of N to pastures
during 2010-2014 remained similar to 2009. Three data sets showed high consistence in temporal trends
and in magnitudes at the global scale but diverged in spatial patterns over the period of 1961-2014. This dif-
ference between three data sets was attributable to different methodologies and different land use data sets
that were used. Synthetic N fertilizer application in global cropland increased from 12 + 1.0 Tg N year™*
(mean +1 standard deviation) in 1961 to 108 Tg N year™ ' in 2014 at an average rate of 1.7 Tg N year >
(R? = 0.97) (Figure S2b). In 1961, all three data sets showed consistently higher N inputs in Europe than
the rest of world, however, with an obvious divergence in spatial patterns in the United States: in Lu and
Tian (2017), the spatial distribution was almost uniform with a hotspot detected in Wisconsin and
Nebraska; in Nishina et al. (2017), a smaller N input was shown in the Midwest, but this pattern was reversed
in Zaehle et al. (2011). In 2005, N inputs increased worldwide compared to 1961. However, spatial patterns in
the three data sets differed considerably, especially in regions with a higher amount of N input such as
Europe, India, China, and the United States (Figure S3).

In DLEM simulations, synthetic N fertilizer (units: grams of N per square meter of cropland;
g N m™~>cropland) was applied in each grid cell where cropland area was not equal to zero. We multiplied
cropland area (units: m?) by cropland N,O emissions (g N m~2-cropland) in each grid cell after model simu-
lations were finished and summed up gridded emissions to obtain the global total N,O emission during
1961-2014. Cropland distribution data sets at a spatial resolution of 0.5° developed by aggregating the 5
resolution History Database of the Global Environment (HYDE v3.2) global cropland distribution data dur-
ing 1860-2016 (Klein Goldewijk et al., 2017) were used to develop gridded data sets of fertilizer N application
rates in Lu and Tian (2017) The cropland distribution data set at a resolution of 0.5° X 0.5° used to generate N
fertilizer application rates in Nishina et al. (2017) and Zaehle et al. (2011) was obtained from the Harmonized
Global Land Use map (LUHa) v1.0 for 1860-2005 (Hurtt et al., 2011) that was adapted from HYDE v3.1
(Klein Goldewijk et al., 2010).

2.3. Experimental Design

Implementation of DLEM simulations included three steps: (1) equilibrium run; (2) spin-up run; and (3)
transient run. In the first stage of the DLEM simulation, we applied long-term mean climate data from
1901 to 1920 and other data sets in 1900 as inputs (including CO, concentration and N deposition) to run
the model to reach an equilibrium state. The equilibrium state was assumed to be reached when innerann-
ual variations of C, N, and water storage were less than 0.1 g C m_z, 01gN m_z, and 0.1 mm, respectively,
during two consecutive 50 years. After this stage, the model was spun up driven by detrended climate
data (1901 to 1920) to eliminate system fluctuations due to model shifting from equilibrium to transient runs
(i.e., three spins with 20-year climate data each time). Finally, the model was run in transient mode. At this
stage, seven simulation experiments were designed to evaluate N,O emissions under various scenarios to
identify contributions of environmental factors (Table 1).
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Table 1
Design of Simulation Experiments
Experiment Climate CO, Atmospheric N deposition Synthetic N fertilizer
Reference (S0) 1900 1900 1900 1900
All Combined (Sl)a 1901-2014 1901-2014 1901-2014 1901-2014
No Climate (S2) 1900 1901-2014 1901-2014 1901-2014
No CO, (S3) 1901-2014 1900 1901-2014 1901-2014
No atmospheric N deposition (S4) 1901-2014 1901-2014 1900 1901-2014
No synthetic N fertilizer (S5) 1901-2014 1901-2014 1901-2014 1900

“Experiments designed to study impacts of three different fertilizer data sets and two different N deposition data sets in global croplands on N,O emissions are
included in S1 simulations: S1-1: Synthetic N fertilizer use from Lu and Tian (2017); S1-2: Synthetic N fertilizer use from Nishina et al. (2017); S1-3: Synthetic N
fertilizer use from Zaehle et al. (2011); S1-4: Atmospheric N deposition from Wei et al. (2014); and S1-5: Atmospheric N deposition from CCMI

The DLEM simulation was from 1901 to 2014. However, in this study, we mainly focused on analyses of the
period when N fertilizer use became widespread (i.e., 1961-2014). In the reference run (S0), all driving forces
were kept at the 1900 level to track model drift and internal fluctuations, which provided background N,0O
emissions with little human perturbation. All essential data sets were considered as inputs in the all com-
bined runs (S1), which can provide N,O emissions due to human management and changing environmental
factors. In the remaining simulations (S2-S5), temporal changes of input factors were included, while one
specific factor was set at the 1900 level. The difference between S1 and any simulation in S2-S5 represents
the factorial impact on N,O emissions during 1901-2014 (Table 1). For example, “No climate” (S2; all
combined without climate change) had climate data kept constant at the 1900 level while all other factors
changed. The difference between S1 and S2 represents the impact of climate change and its interactions with
other environmental changes on N,O emissions. The overall change induced by four factors was the
difference between S1 and SO simulations (defined as AN,O,y). The change associated with each factor
was defined as AN,Ogerori. The relative contribution (%) of each factor to the overall change in N,O
emissions was described as AN,Ogciori/AN>O,y, and the interactive effect was calculated as
(ANZOall - Z:ANZOfactori)/ANZOall~

3. Results

3.1. Model Performance Evaluation

In situ observations were selected to evaluate model performance in modeling N,O emissions in response to
multiple N fertilizer addition levels for rice, wheat, corn, barley, soybean, cotton, sorghum, and pearl millet
(Table S1). Overall, there was general agreement and strong correlation between observed and modeled N,O
emissions for three major crops (i.e., rice, wheat, and corn). In addition, we observed a roughly rising trend
of N,O emissions with increased synthetic N fertilizer application in both observations and simulations at
site level. However, there was a large range of observed and modeled N,O emissions from the control experi-
ments with no N addition for these three crops at different sites (Figure 1). For example, observed wheat
emissions varied from 0.1 to 2.17 kg N ha™" compared to a range of 0.15 to 0.83 kg N ha™" in modeled results.
In addition, both observed and modeled N,O emissions varied considerably at different levels of synthetic N
fertilizer application (Figure 1). For example, observed corn N,O emissions were as high as
513 + 0.94 kg N ha™! when receiving synthetic N fertilizer at 291 kg N ha™", while the modeled value
was 4.63 + 1.3 kg N ha™". Overall, there was a large difference between observed and modeled N,O in
response to N addition at some sites for all three crops (Figure 1). For instance, when corn received synthetic
N fertilizer at 250 kg N ha™, N,O emission was 5.10 + 0.73 kg N ha™' in our simulation compared to
1.07 + 0.6 kg N ha™" for field observation. In contrast, another corn site receiving synthetic N fertilizer at
250 kg N ha™' had observed N,O emissions of 3.89 + 2.07 kg N ha™' compared to simulated results of
1.71kg N ha™".

3.2. Temporal Patterns of N,O Emissions From Global Cropland During 1961-2014

Background emissions represent N,O emissions from global cropland regardless of impacts induced by all
factors and were kept constant (~0.4 Tg N year™! from the SO simulation) during 1961-2014. Overall, N,O
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Figure 1. Comparison of observed and simulated N,O emissions in response to different levels of synthetic N fertilizer for rice, wheat, and corn. In the lower three
panels, blue “X” represents model simulated N,O emissions, while red “+” represents observed N,O emissions previously reported in the literature. The
information on site location, synthetic N fertilizer application rate, year, and N,O values can be found in Table S1.

emissions from global cropland showed a rapid increasing trend since 1961 (Figure 2). Cropland N,O
emissions increased by 185% between 2000 and 2014 compared to the 1960s. Global N,O emissions
increased from 1.0 + 0.2 to 2.6 + 0.1 Tg N year ' at a rate of 0.07 Tg N year > (R* = 0.99) during
1961-1990. This was followed by a slight increase from 2.6 + 0.1 to 3.2 + 0.1 at a rate of 0.03 Tg N year™ >
(R* = 0.90) during 1991-2014.

We partitioned the Earth land surface into 11 regions: Africa, South America, North America, Europe, North
Asia, Oceania, South Asia, East Asia, West Asia, Central Asia, and Southeast Asia (Figure 3). Europe and
North America were two leading continents for N,O emissions and contributed 57% of the global total emis-
sion in the 1960s, followed by South America, East Asia, and South Asia. In total, East Asia and South Asia
contributed less than 20% of the global total emission. Nitrous oxide emissions from North America and
Europe showed a slight increase between 1960 and 1989, with an obvious decrease found in Europe after
the 1980s. A slight decrease was also noted in North and Central Asia during 1980-2014. All remaining
regions showed a fast-growing trend of N,O emissions since the 1960s, especially South Asia and East
Asia. During 2000-2014, however, N,O emissions in both regions (i.e.,, South Asia and East Asia)
accounted for 37% of total emissions, which was roughly equivalent to contributions from both North
America and Europe (38%).

3.3. Spatial Patterns of N,O Emissions From Global Croplands During 1961-2014

The spatial pattern of N,O emissions showed large discrepancies in the past five decades (Figure 4). In the

1960s, N,O emission rates as high as 0.25 g N m ™2 year™* were found in North America and Europe. In con-

trast, N,O emission rates in most regions of East Asia and South Asia were as low as 0.04 g N m ™2 year™ .
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Figure 2. Annual total N,O emissions from global cropland during
1961-2014. The uncertainty range was +1 standard deviation from
simulation results driven by different data sets of N inputs. Uncertainty of
cropland N,O emissions due to three different data sets of synthetic N
fertilizer application covers the period 1961 to 2010. The smaller
uncertainty range between 2011 and 2014 is due to using two different
data sets of atmospheric N deposition without synthetic N fertilizer
application data.

The North China Plain and central India showed slightly higher emission
rates, which were still lower than 0.22 g N m™2 year™'. Relatively
higher emission rates were also found in Argentina in the 1960s. During
2000-2014, N,O emission rates increased in most regions of the world.
East Asia and South Asia showed a large increase in N,O emission rates
(higher than 0.35 g N m™2 year™ "), and a similar increase was also noted

in North America, Europe, and West Asia.

3.4. Factorial Contributions of N,O Emissions From
Global Cropland

At the global scale, application of synthetic N fertilizer was a dominant
factor (74%), while the other three factors shared a similar small contribu-
tion to the total emission increase in the past five decades. The interactive
effect of four factors was positive and increased total N,O emissions by
~13% (Figure 5). Climate variability exerted a large interannual variation
in N,O emissions (Figure S4), with a slightly increasing rate of
0.006 Tg N year > (R* = 0.92) during 1961-2014. Rising atmospheric
CO, concentration continuously accelerated N,O emissions in global
croplands, which was at an increasing rate of 0.008 Tg N year >
(R* = 0.90). Nitrogen deposition increased N,O emissions at an average
rate of 0.005 Tg N year > (R* = 0.98) between 1961 and 1991 and showed
a slower increase at a rate of 0.002 Tg N year™2 (R* = 0.75) thereafter until
2014 (Figure S4). Global cropland N,O emissions due to synthetic N ferti-

lizer applications on average grew at a rate of 0.06 Tg N year™2 (R* = 0.99) and 0.02 TgN year 2 (R* = 0.85)
during 1961-1990 and 1991-2014, respectively (Figure S4).

From a regional perspective, N,O emissions due to synthetic N fertilizer varied considerably during
1961-2014. East Asia, Europe, and North America were the top three regions accounting for fertilizer
N-induced emissions during the past five decades. Europe and North Asia showed a declining trend of
N,O emissions after the 1980s, while all Asian regions (except for Central Asia) showed a rapid increasing
trend since the 1960s. Asia (except for North Asia) accounted for 51% of global total emissions during
2000-2014. East Asia and South Asia were two dominant emitters contributing more than 82% of total

1.5

N,O Emission(Tg N yr')

o
4]
L

1960s

1980s 2000-14

Figure 3. Decadal N,O emissions at regional scales in the 1960s, 1980s, and 2000-2014. We included average N,O
emissions from all sources of N inputs with consideration of environmental effects. The uncertainty range was +1
standard deviation from simulation results driven by different data sets of N input.
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Figure 4. Spatial distributions of total N,O emissions from global cropland
in the 1960s and 2000-2014. We included average N,O emissions from

all sources of N inputs and environmental factors.
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Figure 5. Relative contributions of driving factors to decadal N,O
emissions from global croplands. N,O emissions attributed to fertilizer
use and N deposition were based on average emission amounts from
different N input data sets. The S1 experiment considered N,O emissions
changes induced by four factors. In counterfactual scenarios (S2—S5), we
held one factor at the 1900 level while changing all other factors during
1901-2014. The all-combined line represents the overall change (i.e.,
difference between S1 and S0), which was not equal to the summed effects
of counterfactual experiments due to interactive effects (see section 2.3).

emissions in Asia. Compared to the 1960s, N,O emissions in five Asian
regions (East, South, Southeast, West, and Central Asia) increased by
1,460% during 2000-2014 (Figure S5). Regional climate change
substantially increased cropland N,O emissions from North America
and Europe despite large interannual variability during 1961-2014. In
contrast, climate change slightly decreased emissions from South and
Southeast Asia during 2004-2014 (Figure S6).

3.5. Uncertainty of N,O Emissions From Different N Inputs

In our study, DLEM was driven by two data sets of atmospheric N deposi-
tion and three data sets of synthetic N fertilizer application in global crop-
land during 1961-2014. The difference in N,O emissions induced by two
atmospheric N deposition data sets from experiments S1-4 and S1-5 was
relatively smaller at the global scale (~0.02 Tg N year™") for the period
of 1961-2014. At the global scale, simulated N,O emission from synthetic
N fertilizer was highest (2.4 Tg N year ') for the S1-2 experiment,
followed by 2.1 Tg N year™" for the S1-1 experiment during 1961-2010,
and was least (20 Tg N year ') for the S1-3 experiment during
1961-2005. From a regional perspective, large uncertainties of N,O
emissions induced by synthetic N fertilizer remain in some regions
(i.e., Europe, North America, South Asia, and East Asia) with higher
amounts of N addition during 1961-2014 (Figures S5 and S7). Nitrous
oxide emissions from European cropland from three model experiments
(ie., S1-1, S1-2, and S1-3) showed an obvious difference during
1960-1990. A relatively large uncertainty also exists for Africa,
Southeast Asia, and South America that received much less N additions
(Figures S5 and S7). Among the 11 regions, simulated N,O emissions from
African cropland soils were associated with the largest uncertainty, espe-
cially between 1970 and 2010 (Figure S7).

4. Discussion

4.1. Comparison With Previous Studies Based on EFs

Emission factors were one of the major approaches for estimating N,O
emissions from global and regional croplands in the past several decades.
The widely used EFs in the IPCC 2006 Tier 1 Guideline were assumed to
remain constant (0.3% for paddy rice, 1% for all other crops) for all coun-
tries across the globe. However, recent studies have argued that the IPCC
approach underestimated direct emissions from global soils (Smith
et al., 2012). Davidson (2009) provided an EF (2.5%) for N,O emissions
from synthetic N fertilizer based on the entire pattern of increasing N,O
concentrations since 1860 and his estimate including direct and indirect
sources was 2.2 Tg N year™" in 2005. Our global estimate of synthetic N
fertilizer induced direct N,O emissions (2.1 + 0.1 Tg N year™ ") with indir-
ect emissions (~0.1 Tg N year™") from global rivers estimated by Yao
et al. (2020) agreed with the estimate of Davidson (2009).

Recent studies including field experiments and meta-analysis indicated
that EFs varied with N additions, cultivation practice, and environmen-
tal conditions (Shcherbak et al., 2014; Zhou et al., 2015). The 2019
refinement to IPCC 2006 Guidelines for National Greenhouse Gas
Inventories also emphasized the role of climate in determining EF: the
revised EFs in wet and dry climates are 1.6% and 0.5% of synthetic N
inputs, respectively (IPCC, 2019). Shcherbak et al. (2014) found a
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nonlinear response of N,O emissions to N additions in most crops. The
nonlinear response was also noted in a recent inversion-based estimate
(Thompson et al., 2019). Gerber et al. (2016) applied linear (0.89%) and
nonlinear EFs (0.77%) to compare fertilizer and manure N-induced N,0
emissions at global, country, and crop-type scales in 2000. Based on lin-
ear and nonlinear EFs provided in Gerber et al. (2016) and three N fer-
tilizer application data sets, global emissions were calculated as 0.8 and
0.7 Tg N year™ ", respectively, during 2000-2014. Our results for syn-
thetic N fertilizer (2.0 + 0.1 Tg N year ') were 150% and 186% higher
than estimates based on linear and nonlinear EFs, respectively, at the
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w
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T . R2=0.68 global scale during 2000-2014. Wang et al. (2020) reported a similar esti-

0 _ 3 ‘ ‘ . . ‘ 0 mate (0.82 + 0.34 Tg N year ") using a flux upscaling model (a statisti-
135 14 145 15 155 16 165 17 175 cal model-SRNM) evaluated by cross-validation with EF data from 180
Temperature (°C) globally distributed chamber-based N,O flux observation sites. The esti-

Figure 6. Cropland N,O emissions response to global warming during mat.ed N0 e.m.issions by Wang et al. (2020) included N inputs (i.e.., syn-
1961-2014. The correlation between average global annual cropland thetic N-fertilizer, livestock manure, and crop residues applied to
temperature and simulated N,O emissions considering annual changes in ~ cropland) and environmental conditions (i.e., climate factors). Our
the four factors (i.e., S1 experiment results; demonstrated as “x”), and higher estimates compared to statistical model-based estimates can be
the correlation between average global annual cropland temperature and  expjained by the following two reasons. First, cropland N addition from
simulated N,O emissions due to the climate impact (i.e., S1 minus S2; . . . . .
demonstrated as “0)”). previous years was possibly a(?cumulated in soils and lost either through
N gases (e.g., N,O) or leaching/runoff, defined as “the legacy effect”
(Tian, Xu, Canadell, et al., 2020) or “background” anthropogenic
emissions (Wang et al., 2020). This effect is captured by the process-based terrestrial biosphere models,
but not by two statistical models. For example, if we added “background” anthropogenic emissions
(1.52 + 0.16 Tg N yearfl, Kim et al,, 2013) into the estimate from Wang et al. (2020), the summed
value (2.35 + 0.38 Tg N year ") was roughly comparable to 2.43 + 0.31 Tg N year " that was the sum
of our estimate from synthetic N fertilizer (1.96 + 0.16 Tg N year ) and the NMIP estimate
(ie., 047 + 0.26 Tg N year ") from manure N application during 1990-2014. However, “background”
anthropogenic emissions based on previous meta-analyses have large uncertainties due to limited data
collection, and the estimated value could vary with climate change and land-use intensification (Kim
et al., 2013). Second, warming may promote cropland N,O emissions since (i) it can benefit crop growth
and enhance root respiration; (ii) it can speed N mineralization; and (iii) it could directly stimulate the
activity and abundance of denitrifers and nitrifiers (Li et al., 2020). Our modeled results indicate that
warming could have accelerated soil nitrification and denitrification processes, resulting in increases in
N,O emissions with rising N addition to cropland soils (Figure 6; Parn et al., 2018; Tian et al., 2019).
Through comparisons to the aforementioned studies, the global total emission in this study is higher than
the EF methodology and can serve as the upper boundary in assessing impacts of synthetic N fertilizer on
N,O emissions.

4.2. Comparison With NMIP Models

Results from the NMIP simulations were compared with our S1-S5 simulation since these two simulations
were driven by the same data forcings. Our study included all factors considered in NMIP except for land
cover change (LCC). The LCC effect on N,O fluxes involves reduction due to the long-term effect of reduced
mature forest area and emissions due to the post-deforestation pulse effect (Tian, Xu, Canadell, et al., 2020).
However, we accounted for annual expansion of cropland area to guarantee the total amount of applied fer-
tilizer during the study period. Since the LCC effect was not considered in our study, we subtracted this effect
(i.e., SE4 and SE5) from NMIP SE2 simulations to make the comparison. There were six process-based ter-
restrial biosphere models in NMIP including DLEM (Tian et al., 2019). Here, we compared the DLEM simu-
lation in this study with that in NMIP and found an identical result at the global scale (Figures S8 & S9).
However, the magnitude of regional N,O emissions was divergent. We observed 0.05 Tg N year™* and
0.04 Tg N year ' higher emission in North America and South America, respectively, with
0.09 Tg N year ' lower emission in Europe compared to DLEM results reported in NMIP between 1961
and 2014. Moreover, our estimate of DLEM-based N,0 emissions over East Asia and NMIP agreed well in
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magnitude but diverged in interannual variability during 2004-2014. The regional emissions discrepancy
was associated with different versions of climate data used to drive the DLEM model (Figures S10 and
S11) as well as different experimental designs (Table 1 and Table 1 in Tian et al., 2019). For instance, N,O
emissions due to climate change were 10 times lower in NMIP than in our study. It is possible that the impact
of climate change on N,O emissions was enlarged from the interaction with increased cropland N addition
(i.e., synthetic N fertilizer and atmospheric N deposition).

There remain large uncertainties in cropland N,O emissions simulated by the six process-based terrestrial
biosphere models at global and regional scales (Figures S8 and S9). Simulation results from the six models
showed an increasing trend of global cropland N,O emissions (but to divergent extents) between 1961 and
2014; similar highest emissions were from DLEM and VISIT, similar moderate emissions were from
ORCHIDEE-CNP and OCN, and similar lowest emissions were from LPX-Bern and ORCHIDEE. The
DLEM and VISIT models gave notably higher estimates for Europe, North America, East Asia, and South
Asia, which collectively contributed over 80% of the global total cropland N,O emissions estimated by both
models. The ORCHIDEE-CNP and OCN models showed faster increases in emissions from Asian regions
(East, South, and Southeast Asia) compared to other models, exceeding estimates from VISIT and DLEM
models in the late 2000s. Although global estimates from ORCHIDEE and LPX-Bern models were consis-
tent, regional emissions varied considerably. The ORCHIDEE model showed a high estimate for Europe
and North Asia, while the LPX-Bern model showed high emissions for South America, South Asia, and
East Asia. We observed a rising trend of N,O emissions from all models in South Asia except for
ORCHIDEE. In addition, four models showed faster increasing N,O emissions in East Asia except for
ORCHIDEE and LPX-Bern. The five models showed a similar pattern of interannual variability but to
different degrees, whereas VISIT exhibited a different pattern of interannual variability to a larger extent.
The difference in global cropland N,O emissions between the six models is attributable to different model
structure configurations and parameterization in cropland (Tian et al., 2018, 2019). For example, DLEM
parameterized cropland processes by crop species, while crops in VISIT are grouped into paddy, generic
C; crop (e.g., wheat), and warm C4 crop (e.g., corn) (Tian et al., 2019). In addition, missing or simplified
management practices (e.g., irrigation, tillage, and crop residue return) in models could cause large
uncertainties in simulating cropland N,O emissions. Therefore, improving model representation of key
N,O flux processes in cropland is of utmost importance.

4.3. Cropland N,0 Emissions From Different N Inputs

Previous studies have shown that N deposition could degrade aquatic ecosystems and human health and
increase GHG emissions (Goulding et al., 1998; Xu et al., 2018, 2019; Yao et al., 2020). In this study, N deposi-
tion accounted for 8% of N,O emissions over the contemporary period. Global N deposition-induced N,O
emission was highly correlated with the changing trend of N input data sets: a continuous increase of emis-
sions driven by Wei et al. (2014); a faster increase between 1961 and 1990; and then a stabilization during
1991-2014 driven by Eyring et al. (2013). The difference between two estimates reached up to
0.08 Tg N year_1 in 2014.

Global synthetic N fertilizer-induced N,O emission was also correlated with tempo-spatial patterns and
changes in N inputs. Due to different land use data sets and methodologies used to generate these three data
sets (Lu & Tian, 2017; Nishina et al., 2017; Zaehle et al., 2011), spatial heterogeneity in N fertilizer use rates
was obvious (Figure S3). The decreasing uncertainty of N,O emissions between 1961 and 2008 is attributable
to more consistence in magnitudes of these three N fertilizer data sets, while no uncertainty was reported
between 2008 and 2014 since only Lu and Tian (2017) covered this time period (see Figure 2 and section 2.2).
Concentrations of NH,* and NO;~ are significant factors that affect N,O production in agricultural soils
since they are necessary substrates for activities of denitrifiers and nitrifiers. The ratio of NH,* to NO5 ™~ var-
ied with different N fertilizer types. In DLEM simulations, this ratio was set constant when the N fertilizer
was applied to cropland. In contrast, Nishina et al. (2017) generated N fertilizer application data sets during
1961-2010 and indicated that the NH,*/NO5 ™ ratio increased as urea consumption increased over the study
period. Simulation results using their data sets were generally higher than results driven by N fertilizer data
sets from Lu and Tian (2017) and Zaehle et al. (2011). Large uncertainties remain for cropland N,O emis-
sions from regions with higher synthetic N fertilizer applications (i.e., Europe, Africa, South Asia, and
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Southeast Asia). Africa also showed a large uncertainty despite much smaller N,O emissions from less N
inputs (Figures S5 and S6). Since the application of synthetic N fertilizer is a dominant source for increased
cropland N,O emission, harmonization of existing data sets may be a better approach to reduce emission
uncertainties due to N inputs.

4.4. Contributions of Multiple Environmental Factors on Changes in N,O Emissions

When studying fertilizer N-induced N,O emissions from cropland, impacts from environmental factors and
management practices should be considered (Gerber et al., 2016; Stehfest & Bouwman, 2006) since these fac-
tors can impact soil conditions and processes that control N,O emissions (Bouwman et al., 2002). The inter-
annual variability of terrestrial N,O flux is driven by climate (Zaehle et al., 2011). Environmental factors
included in this study increased N,O emissions but with different magnitudes. A quantitative assessment
that synthesized the effect of elevated CO, on GHG emissions found that increased concentrations of atmo-
spheric CO, stimulated N,O emissions by 19% (Van Groenigen et al., 2011). Our study found that the impact
of CO, on N,O emissions was 0.3 Tg N year' during 2000-2014 (increasing rate of 0.009 Tg N year™ > with
R* = 0.96 since 1961), which was significantly correlated with the accelerating increase of atmospheric CO,
concentration. This impact contributed to an almost 10% increase in cropland N,O emissions for the period
of 2000-2014. The effect of CO, fertilization on N,O emissions diverges among ecosystems with varied N
limitation strength (Ri & Prentice, 2008). Zaehle et al. (2011) found that CO, fertilization diminished up
to 0.5 Tg N year™" of global N,O emissions from the terrestrial biosphere based on OCN model simulations
during 1860-2005. A decline of agricultural N,O emissions due to rising CO, concentration was also
reported in Kanter et al. (2016) based on GFDL-LM3-N.1 model simulations. In contrast, using meta-analy-
sis, Van Groenigen et al. (2011) found increased atmospheric CO, enhanced N,O emissions from upland
soils (natural and agricultural), which agreed with our modeled results in global cropland. It is possible that
increased CO, enhances crop root biomass and then more labile C (energy source for denitrifiers) enters into
soils, thus stimulating N,O emissions from denitrification (Van Groenigen et al., 2011). In natural ecosys-
tems, model results show that increased CO, decreases soil N,O emissions through enhanced vegetation
N uptake, possibly enhanced N use efficiency, and reduced soil inorganic N (Tian et al., 2019). However,
it is a different story in fertilized cropland soils which usually contain sufficient N for crop uptake and for
denitrifiers or nitrifiers use under increased CO, conditions, thus favoring N,O production. Hence, magni-
tude of the CO, effect on N,O emissions is still poorly understood at the global level. For example, only
DLEM and ORCHIDEE in NMIP show that elevated CO, increased cropland N,O emissions (Tian
et al., 2019).

Global cropland surface temperature showed a continuous increase since 1961 despite considerable inter-
annual variability (Figure S1a). Zaehle et al. (2011) reported that warming effects increased global N,O emis-
sions by 0.8 Tg N year™* from the terrestrial biosphere during 1860-2005. In our study, climate variability and
change caused an increase of 0.3 Tg N year™ " from global cropland during 2000-2014 (Figures 5 and 6). At
the regional scale, climate change largely increased cropland N,O emissions from North America and
Europe during 1961-2014, which is possibly attributable to temperature increases in both regions
(Figure S10a). A similar positive effect was found in NMIP models but with different magnitudes (Tian
et al., 2019). Warming favors N,O emissions because denitrifiers may adapt to higher temperature (Parn
et al., 2018). A recent meta-analysis found that temperature increased terrestrial N,O emissions by 33%
inclusive of all possible biomes across the globe. Regional climate change slightly decreased cropland N,O
emissions from South and Southeast Asia during 2004-2014 (Figure S6). This decrease might be associated
with substantial precipitation increases in both regions (Figure S10b). For example, regional climate
change in South Asia increased N,O emissions in 2003, but thereafter emissions decreased (Figure S6).
Such decreases occurred in agricultural areas with substantially increased rainfalls during 2004-2014 com-
pared to the year 2003 (Figure S11). However, the N,O decline in West Asia could be attributable to precipi-
tation decreases during 1961-2014 (Figures S6 and S11). Soil moisture regulates N,O emissions since it
highly affects oxygen availability to soil microbes (Butterbach-Bahl et al., 2013). Soil water content that
results in water-filled pore space (WFPS) less than 30% or larger than 80% can suppress N,O production in
soils (Davidson et al., 2000). Overall, elevated CO, and climate change led to increases in N,O emissions from
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global croplands during the past five decades. Merely applying an empirical EF may not catch the interann-
ual variability and the legacy effect of N in N,O emissions.

4.5. Uncertainties and Future Work

Uncertainty in model simulations is influenced by quality of input data, parameterization, and model
structure configuration. Our study showed spatial heterogeneity of cropland N,O emissions driven by
three different data sets. Thus, further improvement of gridded synthetic N fertilizer data through joint
community efforts is necessary to reduce simulation uncertainties. However, uncertainties from the six
different NMIP models were much larger than that due to divergent sources of N inputs (i.e., synthetic
fertilizer and atmospheric deposition). This indicates that improvements in model processes might be as
important as improving the input data set for estimating global and regional cropland N,O emissions.
Cropland N,O emission from animal manure application is a major contributor to increased total emis-
sions (Bouwman et al., 2013; Davidson, 2009; Tian et al., 2019), and has been reported in NMIP (Tian
et al., 2019). Manure-induced N,O in NMIP was driven by a newly developed long-term data set of man-
ure N application in global cropland (Zhang et al., 2017). Here, uncertainty in manure-induced N,O emis-
sions was not investigated since it is difficult to obtain other sets of long-term manure N application data
to drive the DLEM. Such an effort should be undertaken in future investigations when multiple manure
application data sets are available. In addition, other agronomic practices including irrigation, crop rota-
tion, residue return to cropland, and natural disturbance (e.g., insect pests) are simplified in the current
DLEM model. Our study treated synthetic N fertilizer as a total input for simulating cropland N,O emis-
sions and did not distinguish fertilizer type (Xu et al., 2019), which could lead to uncertainties in
DLEM-based estimates. Although our site-level simulations generally agreed with observed N,O emissions
(Figure 1), there were positive or negative discrepancies between observed and simulated N,O in response
to difference levels of synthetic N fertilizer application. Theses discrepancies are possibly attributable to
agronomic practices, climate conditions, soil properties, N leaching/runoff, and the amount of N retained
in soils. In addition, these site-level differences could lead to simulation uncertainties at global and regio-
nal scales. Xu et al. (2017) identified and quantified five key parameters (i.e., maximum nitrification and
denitrification rates, N fixation rate, and adsorption coefficients for soil NH," and NO;~) that dominated
N,O production and fluxes in pre-industrial soils. However, these factors were not considered in
long-term runs of our model. Thus, our future work should include key parameters that affect N,O flux
calculations and different sets of input data. In addition, soil condition (specifically soil water content,
oxygen, and pH) is a key factor that regulates the production and diffusion of N,O in soils (Bouwman
et al., 2002). Therefore, future work should also simulate cropland N,O emissions through use of multiple
sets of climate and irrigation data. Our study, NMIP simulations (Tian et al., 2019), and a recent
meta-analysis (Li et al., 2020) show that temperature increased N,O emissions. However, these
warming-induced N,O emissions were highly variable at global, regional, and biome scales. Moreover,
LCC due to cropland expansion increased global cropland N,O emissions by 0.7 + 0.3 Tg N year ™ during
2007-2016 (Tian et al., 2019). However, the LCC effect remains largely uncertain in different models
where DLEM showed the highest LCC-induced emission (1.3 Tg N year™ "), while OCN showed the lowest
emission (0.4 Tg N year™"). Uncertainty in simulating LCC effects on cropland N,O emissions could be
reduced by improving model representations and validating models using more available site-level obser-
vations. “Background” anthropogenic emissions (legacy effect on soil N,O emissions) are substantial and
highly uncertain (Kim et al., 2013). Although the legacy effect was captured by process-based terrestrial
biosphere models, it is difficult to quantify in our current model simulations. Quantification of legacy
effects will be attempted in our future simulations. Moreover, more in situ experiments are needed to cali-
brate models to reduce model uncertainties.

5. Conclusions

Global food demand increase has boosted N,O emissions to the atmosphere due to intensive agricultural
N inputs by humans. A robust estimate of N,O emissions from global croplands is vital for assessing envir-
onmental and human health impacts. Global N,O emissions from agricultural systems showed an overall
increasing trend with a rate of 0.06 Tg N year™ ' while its spatial pattern displayed large differences from
1961 to 2014. Although North America was a leading emitter in the 1960s, its emission has been surpassed
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by Asia (particularly East Asia and South Asia) since the 1980s. During 2000-2014, the highest emitter
among all regions was East Asia. Synthetic N fertilizer application was the major factor accounting for this
substantial increase. On average, global N,O emissions due to N fertilizer application increased from
0.3+ 0.2 Tg N year ' in 1961 to 2.2 Tg N year " in 2014. We also found that environmental factors including
elevated CO,, atmospheric N deposition, and climate change increased cropland N,O emissions during
1961-2014. Moreover, climate variability explained the large interannual variation in N,O emissions.
Warming and elevated CO, continuously accelerated cropland N,O emissions, while increases in N,O
due to atmospheric N deposition began to level off in the early 1990s. Cropland N,O emissions induced by
synthetic N fertilizer were highly correlated with tempo-spatial patterns and changes in N inputs. The large
uncertainties of N,O emissions in regions like Europe, Africa, South Asia, and Southeast Asia, were asso-
ciated with three data sets of synthetic N fertilizer application. Our study using multiple data sources of N
inputs in cropland showed a smaller uncertainty in N,O emissions compared to uncertainty from six differ-
ent process-based terrestrial biosphere models in NMIP. This discrepancy indicates that it is critical to
improve model representation of key N,O flux processes in cropland.
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