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ABSTRACT

Reducing ammonia (NHj) volatilization from croplands while satisfying food
demand is strategically required to mitigate haze pollution. However, the global pattern
of NH; volatilization remains uncertain, primarily due to the episodic nature of NHj;
volatilization rates and the high variation of fertilization practices. Here, we improve a
global estimate of crop-specific NH; emissions at a high spatial resolution, using an
updated data-driven model with a survey-based dataset of fertilization scheme. Our
estimate of globally-averaged volatilization rate (12.6% =+ 2.1%) is in line with previous
data-driven studies (13.3% = 3.1%), but results in one quarter lower emissions than
process-based models (16.5% =+ 3.1%). The associated global emissions are estimated
at 14.4 £ 2.3 Tg N, with more than 50% of the total stemming from three stable crops
or 12.2% of global harvested areas. Nearly three quarters of global cropland-NHj;
emissions could be reduced by improving fertilization schemes (right rate, right type,
and right placement). A small proportion (20%) of global harvested areas, primarily
located in China, India, and Pakistan, accounts for 64% of abatement potentials. Our
findings provide a critical reference guide for future abatement strategy design when

considering locations and crop types.
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INTRODUCTION

The food system, including crop and livestock production, is responsible for up to
90% of total ammonia (NH;3) volatilized from the land to the atmosphere!-3.
Atmospheric NHj facilitates the formation of fine particulate matter (PM; s, particles
with an aerodynamic diameters <2.5 pm) containing ammonium sulphate and nitrate
compounds*”’, which adversely impacts air quality® and human health?. Large amounts
of NH; and its aerosol-phase products further lead to nitrogen deposition® and
consequently to soil acidification'?, eutrophication!!"!3, and changes in terrestrial
carbon sinks'* and biodiversity'>. National policies and private sector commitments
now focus on reducing NH; emissions from the food systems. For instance, abatement
options addressing agricultural NHj volatilization have been adopted in the updated
Clean Air Action Plan of Chinal®. In European Union, NH; emissions are limited for
each member country through National Emission Ceilings Directive!®. Due to the
growing food demand, NH; abatement strategies targeting fertilization schemes are not
only critical to improve crop production and to reduce fertilizer waste, but also
important to control PM, 5 pollution and nitrogen depositions!”.

To assess the abatement potentials of NH;3 emissions, it is prerequisite to identify
the volatilization rates (VRs) associated with diverse farming systems and fertilization
practices. However, the quantification of VR (i.e., NH3-N emission per unit of N
fertilizers applied) and relevant emissions remains highly uncertain, primarily
attributable to the episodic nature of NHj; volatilization and the highly spatial variability

of agricultural practices’->!82!, For example, estimates of global cropland-NH;
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volatilization from synthetic fertilizer application by various bottom-up
approaches>!'®1%2! ranged from 9 to 14 Tg N (Table S1). Such differences were as large
as almost two times within the major emitting countries (e.g., China!®?2, Pakistan!%-23,
USA221),

The bottom-up approach is most commonly used approach in research studies and
for the compilation of NH; emission inventories, which is calculated as VRs multiplied
by the amount of N-fertilizers applied**?. Harmonized national NH; inventories are
available for countries in Europe only and the detailed methods were published by the
European Environment Agency?¢. The Intergovernmental Panel on Climate Change
(IPCC), focusing to better understand indirect emissions of nitrous oxide as part of
greenhouse gas (GHG) accounting, uses less extensive algorithms for NH; and hence
assumed constant VRs (Tier 1 approach). Such constant VRs need to be complemented
by detailed approaches. Bouwman et al.?’ proposed a data-driven model that simulated
NH; volatilization incorporating the environmental and practice-related controls of
VRs. This model has been gradually updated over the past two decades by refining the
response of VRs to soil properties and climatic factors as well as fertilization
practices!>?8-30, Another type of approaches, the process-based models (e.g. FAN!321,
DNDC3!32) DLEM-Bi-NH;!?), were developed to better represent physicochemical
processes of NHj transfer across the cropland-atmosphere interface. Both data-driven
and process-based models attempt to simulate the actual emissions situation than a
statistically-based Tier 1 approach are still prone to at least two types of shortcomings.

Firstly, some crucial environmental factors were not adequately considered in the
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models, particularly for diversified farming systems and fertilization practices!-?"-28,
Secondly, systematic error associated with data-driven and process-based models are
partially due to the uncertainties in the data on fertilization schemes (e.g., rate, type,
timing, placement)!'?2133, Because high-resolution, crop- and fertilizer-specific data of
N inputs are not typically available at regional or global scales from ground
observations, disaggregation of national-scale data is usually performed!!8:19.21.27.28,
Current models are therefore subject to the uncertainties not only in estimating
emissions, but also in identifying global hotspots of abatement potentials.

Here, we aim to improve the global cropland-NH; emissions and abatement
potentials in the year 2000. NH; emissions from the application of synthetic fertilizers,
manure and crop residues returned to croplands were considered. The data-driven
models were first updated by constraining the observed response of crop-specific VRs
to soil and climatic attributes and fertilization practices based on globally-distributed
field measurements. Its performance depends on the density and representativeness of
site-level observations and the quality of gridded predictor data. We then developed
global gridded maps of crop-specific fertilization schemes that were disaggregated from
sub-national surveys. Our models finally provided a crop-specific, sub-national
assessment on how fertilization practices interact with soil and climatic attributes to
generate the global patterns of cropland-NH; emissions and associated abatement

potentials.

MATERIALS AND METHODS

We first compiled site-based flux observations to constrain a data-driven model

ACS Paragon Plus Environment



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

Environmental Science & Technology

for NH; VR by crop. By combining the data-driven model and the new 5-arc-minute
resolution data of fertilization schemes, we quantified the VRs and relevant emissions
from 21 crop groups, but focused on the top ten crops and regions (nine individual
countries plus the European Union) that contribute the most of global NH; emissions.
We further estimated cropland-NH; emission intensity as total volatilization per total
kilocalorie of production proposed by Carlson et al.33, and provided insights into the
tradeoffs between food security and air quality improvements. Moreover, we assessed
the abatement potentials by crop and location through scenario-based simulations.
Observations. Cropland-NH; VRs observations were collected from 171 stations
globally from peer-reviewed literatures (Figure S1). Literatures with studies back to
1970 were reviewed through Web of Science and Google Scholar. We collected data
from croplands (i.e., the FAQO's ‘Arable land and permanent crops’), and excluded data
from other land-use categories. Data from croplands (i.e., the FAO's ‘Arable land and
permanent crops’) with the exclusion from other land-use categories were retrieved.
Most of data (99%) were collected from micrometeorological techniques (mass balance
methods and integrated horizontal flux method) and chamber-based (static, dynamic
and wind tunnel) field studies, and only 1% from laboratory or greenhouse incubation
studies (Figure S2). Moreover, data without a zero-N control or using controlled-release
fertilizers or nitrification inhibitors or urease inhibitors were excluded. Final datasets
include 1165 observations of cropland-NH; VR, twice the size of previously compiled
datasets!?® (Data S1). VR for each non-zero N application rate (N, kg NH;3-N ha™') is

defined as the difference between NH; volatilization at the application rate (¥, kg NH;-
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N ha™!) and control (Vy, kg NH3-N ha™!) divided by N, i.e., VR = (Vy —Vg)/N.

For each dataset, we recorded information on five broad categories, i.e., crop-
specific VR, climate (air temperature and air flow rate within the chambers), soil pH
for upland crops or ponded water pH for rice paddies, fertilization scheme (rate, type,
and placement), and experimental parameters (latitude, longitude, planting and
harvesting dates). VR, air flow rate, fertilization, and experimental parameters were
either derived based on statements in the literature sources, or supplemented by direct
information obtained from authors. The remaining variables were extracted from the
global data layers (CRU TS V4.0334, HWSD v1.2%) based on geographic coordinates
and growing seasons since they were inconsistent from various studies. Note that wind
speed (ug.1, where 0.1 m was assumed as the height of the chambers) was transferred
based on the literature mentioned air flow rate using an empirical calibration equation
from micrometeorological techniques3. It was further converted to the value at the
height of 10 m (uq() based on a power law calculation (i.e. w19 =1ug1 X (10/0.1)%,
where a was set as 0.1 and 0.15 for rice paddies and upland due to the different surface
roughness?’, respectively.

Model. We estimated NH; VRs separately for upland crops and rice paddies as a
function of meteorological conditions, soil properties, and fertilization scheme. This
type of function has been widely applied in previous bottom-up estimates>*-3%-38 as
follows:

VRix =VRY X f(pHi) X f(Ayj) X f(uip) X f(Tin) X fF(Mi), (1a)

ViimVRix X Nip X Hy (Ib)
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where VR;; is NH; volatilization rate for crop i in grid £. i=1 to 21, corresponding to
different crops (Table S2). V, N, and H represent NH; volatilization, total N application
rate and harvested area, respectively. VR is averaged from available VR data, roughly
corresponding to the baseline of VR under reference condition (i.e., chamber-based
using urea applied through broadcasting with soil pH of 7 and air temperature of 20°C
for upland crops or of 26°C for paddy rice, Data S1 and Table S3). f(pH), f(A), f(w),
f(T),and f(M) represent the correction coefficients that reflect the effects of pH, air
temperature and wind speed (u¢) during the period of crop growth, fertilizer type, and
placement on VR, respectively. The form of f(pH) and f(A) was determined as an
exponential function because pH governs the NHj™-aqueous NHj equilibrium and
temperature modulates the reaction velocities related to both equilibrium and transfer
across the water-air interface®. The form of f(u) was determined as a logarithmic
function due to the existence of a threshold of NHj volatilization induced by wind3!'4%-
42 The form of f(T) and f(M) were determined based on the observations from
manipulation experiments using the ordinary least-square method, which were in
general consistent with previous meta-analysis**#* (Table S4). More details on the
quantification of VR® and correction coefficients were provided in Text S1, Table S5
and Figure S3.

Mapping. The global patterns of crop-specific NH; VRs and associated emissions
for the year 2000 were simulated using the updated data-driven models and global
gridded datasets at 5 arc-minute spatial resolution. A Monte Carlo simulation was used

to estimate the overall uncertainty of cropland-NHj volatilization by varying all of the
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input data and parameters (Text S2). Crop-specific harvested areas at 5-arc-minute
resolution in 2000 were obtained directly from the EARTHSTAT dataset*. Mean daily
air temperature and wind speed (at 10 m) over the growing season were acquired from
the CRU TS V4.0334 climate dataset (0.5°x0.5°) and TerraClimate dataset (2.5'x2.5")*,
respectively, where the growing season in each grid cell was identified as the period
between the planting and harvesting dates obtained from Sacks et al*’. For crops
without a gridded crop calendar, we assumed that they grew throughout the whole year.
Soil pH (pHy) were extracted from the Harmonized World Soil Database (HWSD) v1.2
(1x1 km)?3. This data can be used directly for upland crops, but has to be converted into
pH in ponded water (pH,) for paddy rice. Based on previous observations*®, we
modeled pH,, as a function of pH, and N application rate, i.e., pH,, = 0.0012 +0.0002

X N + pHgs + 0.2056 ¥3:3342 (R2=0.51, n=25, p<0.01; Figure S4). Both climate and
soil properties were re-gridded to a resolution of 5’ x 5’ using a first-order conservative
interpolation method®.

A global gridded crop-specific fertilization scheme dataset for the year 2000 was
specifically developed for this study, including the rate, type, and placement of N inputs.
First, we acquired the total N application for 15,790 global administrative units>,
mainly based on the sub-national statistics of synthetic fertilizer application rates
obtained from local statistical agencies in 38 countries. Gridded data of manure
applications from Zhang et al.>!, and the country-level statistics of crop residues applied
to croplands were taken from FAOSTAT?>. It should be noted that all fertilizer inputs

represent the amount applied only to croplands, livestock housing and manure storage
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are excluded. Second, to calculate the crop-specific N application rates, we allocated
total N inputs for 21 specific crops for each administrative unit based on the previously-
developed proportions of total fertilizer use by crop from the EARTHSTAT dataset
(5'x5")®. Third, we further allocated the proportion of 11 types of synthetic fertilizers
for all crops based on the 113 provincial or state-level statistics for China®3, USA>*, and
India*>> and the IFA’s national statistics for all other countries®® (Figure S5). N
application rates by crop and fertilizer were then disaggregated into grid maps at 5-arc-
minute spatial resolution following the EARTHSTAT’s harvested area distributions
within each of the administrative units. To exclude unrealistic values, the maximum
combined synthetic + manure + crop residues N-application rate was set to be 1,000 kg
N ha! based on results from previous studies™.

Last, we determined the fraction of different placement methods in each grid cell
according to fertilizer type and tillage practice. Anhydrous ammonia and N solutions,
which are commonly injected, are deeply placed and totally incorporated into soils,
respectively, whereas for other synthetic fertilizer application we simply assumed that
the broadcasting techniques were applied’®. Manure and crop residues are usually
applied before sowing or transplanting and afterwards are incorporated linearly in
response to tillage fraction'-”. Data of no-tillage fraction by crop and province (or state)
were publicly available for China (2000-2008)8 and the USA (1989-2008)°. Country-
level no-tillage fractions were further obtained for another 46 countries from the
FAOSTAT?>? and EUROSTAT databases®. For other countries, the no-tillage fraction

(n;) was estimated by the predictive equation calibrated by abovementioned data, i.e.,
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n; = 0.0190 *§3954y,% — 0.0226 ¥3:3110y,, + 0.0331 133195 (n =70, R2=0.802, p <
0.001), where y, is the cropland area per capita of rural population3?©! in country » that
represents the spatial variation of labor availability for tillage activity (Figure S6). All
the crops share the same no-tillage proportion at country-level for counties except
China and the USA.

Abatement potential assessment. We developed three scenarios to identify the
global hotspots of NHj3 abatement potentials. The three scenarios aimed to assess the
effectiveness of improved fertilization schemes (e.g. right quantity, type, and
placement): (i) scenario 1 where total N input were reduced to achieve the crop-specific
N use efficiency (NUE) targets determined by Zhang et al.®> without decrease in crop
yields (S1); (ii) scenario 2 where the proportion of two alkaline fertilizers (i.e., ABC
and urea) was capped at the same level as that in the USA in 2000 (i.e., 21.8% of total
synthetic fertilizers)** and all fertilizers except anhydrous ammonia were incorporated
in soils (S2); (iii) S1+S2 representing the combination of scenarios 1 and 2. Note that
our objective was to assess the abatement potentials, rather than to optimize the
measures considering technical or socio-economic barriers. For scenario 1, we first
estimated the global cropland N surplus (Ng,) by grid and crop as the sum of N inputs
(fertilizers, manure, biological fixation, and atmospheric depositions) minus N outputs
(Nyieta)- Biologically fixed N and Nyiq were calculated based on the crop yield data
from EUROSTAT databases (0.5'x0.5") and the parameters (nitrogen fixation rate and
N content by crop) from previous studies®>. Atmospheric depositions of N were

extracted from the IGAC/SPARC Chemistry-Climate Model Initiative® (0.5°x0.5°)
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over global croplands. Second, we estimated the reduction in N surplus (ANg,) by
increasing NUE to be the crop-specific targets (NUE,), 1.e., ANy = Ngw — Nyield -
(1/NUE,; — 1). We finally used the data-driven model to quantify the NH; emissions
by crop using the reduced N application rate where applicable, i.e., N — AN, and

thereby the NH; VR as well as abatement potentials by crop.

RESULTS

Emissions. In 2000, globally averaged cropland-NH;3 VR was estimated as 12.6 +
2.1% (mean =+ standard deviation, Figure 1). Our estimates of VRs were within the
range of previous results of data-driven models at both global (9.7% ~17.0%) and
regional scales (Figure 1). This is also aligned the Tier 1 default of 2019 refinement to
IPCC guidelines (12.1%, VR weighted by fertilizer types, Data S1)**. However, the
VRs estimated by our new model were ~24% lower than the mean values of process-
based models at a global scale. Similar discrepancies were mainly found in the USA
and EU, but not in China, India or Pakistan where the estimates were highest in the
world (Figure 1). In addition, cotton and rice had the largest VRs (23.7% =+ 1.9% and
15.1% £ 7.7%, respectively, Figure 2a), followed by sugar crops (13.4% = 1.2%), wheat
(13.3% £ 1.0%), and maize (12.7% = 1.1%). The smallest VRs were found for oil crops

(10.5% £ 0.9%) and other cereals (9.1% + 2.1%).

<<Figure 1>>

Our estimate also suggests that NH; VRs were significantly different from one
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region to another (Figure 2a), yet the patterns were generally similar among major crops
(Figure S7). VRs from Pakistan, Iraq, India, and the North China Plain were twice as
large as the global average, largely due to the favorable environmental conditions for
NH; volatilization with more alkaline soils and higher air temperature during growing
seasons. In contrast, VRs from South America, Southeast Asia, and Oceania were about
50% below the global average since the soil pH is quite low (~5.5) in these regions. In
other regions like the USA and EU, VRs were relatively small (~6.4% and ~5.0%)
mainly due to the wide use of liquid fertilizers (e.g., N solutions and anhydrous
ammonia) and acid fertilizers (e.g., ammonium nitrate, calcium ammonium nitrate, and

ammonium sulfate), plus the prevalence of acidic soils in these regions (Figure S5).

<<Figure 2>>

Our estimate suggests that the global cropland-NH; emissions (14.4 + 2.3 Tg N)
represented nearly one third (31%) of the total global anthropogenic NH; emissions in
2000%. This quantity was equivalent to 13-18% of crop N uptake (including grass) and
25%-31% of the N losses through leaching and runoff estimated by previous studies®%3
(Table S6). The top ten emitting crops accounted for 93% of global emissions, in which
21% of the total were from paddy rice, 21% from wheat, 15% from maize, and 12%
from vegetables and fruits (Figure 2b). The spatial distribution of cropland-NHj
volatilization by crop was similar to those of VRs (Figure S7 and S8), but emission

hotspots were amplified in high-N-rate regions (>150 kg N ha™!). More than 50% of
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the global NH; emissions were from 12.2% of the croplands (Figure S9). The highest
emission regions were concentrated in China, India, Pakistan the USA and EU,
contributing 71% of global emissions (see details in Table S7).

Emission intensities. We further defined the global mean emission intensity3 as
the cropland-NHj volatilization divided by total kilocalorie production. The latter was
quantified based on the gridded crop production from the EARTHSTAT database*> and
the calorie conversion factors by crop and country3?. Global mean emission intensity
was estimated as 1.28 + 0.21 mg NH;-N kcal™!. Regions with the highest intensity were
Pakistan, India, Iraq, the North China Plain, and those near the border between the
United States and Mexico (Figure 2c). We further found that cropping practices
contributed disproportionately to NH; volatilization and crop kilocalories (Figure 3a).
In general, crops used for food (e.g., rice, wheat) tend to have high emission intensities,
whereas crops mainly for non-food uses (e.g., maize, soybean, barley) are associated
with lower emission intensities. For example, rice (1.8 +0.93 mg NH3-N kcal™!), which
is highly concentrated in Asia accounted for 21% of these cropland emissions, while
suppling only 15% of total crop kilocalories. Maize, producing 19% of total crop
kilocalories, generated only 15% of cropland emissions.

Emission intensity was also dependent on locations (Figure 3b). For example,
Pakistan was the third largest emitter, while having the highest emission intensity (6.91
+ 0.54 mg NH3-N kcal ™). In contrast, the USA and EU supplied one third of total crop
kilocalories, but contributed less than 11% of cropland-NH; emissions. Emissions

intensities were at 0.39 ~ 1.59 mg NH;-N kcal™! in developed countries, but were
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substantially larger in developing countries (1.17 ~ 6.91 mg NH3-N kcal™'). We also
find considerable subnational heterogeneity of NH; emission intensities by crop (Figure

S10).

<<Figure 3>>

Abatement potentials. Reductions in N inputs and VRs are two approaches to
mitigate cropland-NH; emissions. When achieving the crop-specific NUE targets
determined by Zhang et al.%% (S1), global cropland-NH; emissions would be reduced by
7.5 Tg N, accounting for 52.1% of the total (14.4 Tg N) in the year 2000 (Table S8).
When conducting fertilizer type adjustment and universal use of deep placement
together (S2), global cropland-NH; emissions would be reduced by 7.1 Tg N (or 49.4%
of the total) (Table S8). When combining the measures from both scenarios (S1+S2),
the abatement potentials would increase to 10.8 Tg N, contributing to 75.1% of the
global cropland-NHj emissions (Table S8). Based on our spatially-explicit estimates, a
small proportion (20%) of global harvested areas accounts for ~63% of global
abatement potentials regardless of scenarios (Figure 4a, b, and c). Such 20% of global
harvested areas contribute more proportion of abatement potentials for wheat (66-70%)
and vegetables and fruits (63-66%), but less for the other crops (<54%). In other words,
large NH; reductions could be achieved in a small part of croplands, depending on the
gap between current and targeted fertilization schemes (i.e., rate, type, and placement),

crop mix, and local environmental conditions.
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<<Figure 4>>

For S1, most of abatement potentials (7.5 Tg N) were concentrated in Asia where
the NUE needs to be substantially improved (Figure 5a), with 32% of the potential in
China (2.4 Tg N), 26% in India (2.0 Tg N), and 8% in Pakistan (0.6 Tg N). Parts of the
croplands in Mongolia, South America and Sub-Saharan Africa may need to reduce
NH; emissions by more than half to meet their crop-specific NUE targets (Figure 5b).
The abatement potentials in China increased up to 2.7 Tg N for S2, accounting for 38.7%
of the total potentials (7.1 Tg N), while for Pakistan and India, the potential decreased
down to 0.37 and 1.5 Tg N, respectively (Figure 5c). Such discrepancies were attributed
to larger applications of alkaline fertilizers and surface broadcasting in China, implying
that more than a half of NH; emissions should be reduced primarily in this country
(Figure 5d). Despite no significant differences in the spatial patterns of abatement
potentials between three scenarios (Figures 5a, ¢, and e), more than 70% of global
harvested areas had the abatement potentials to that are over 50% of their NH;

emissions (Figure 5f).

<<Figure 5>>

DISCUSSION

In this study, we demonstrated the potentials of using data-driven VRs and survey-

based gridded fertilization schemes to accurately estimate global cropland-NH;
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emissions. Large discrepancies between our estimates and previous studies may arise
from the differences related to model parameterization and input datasets. First, the
sensitivities of NH; fluxes to environmental or management-related variables, either
for empirical or process-based approaches, were typically validated by limited
observations or manipulation experiments'®!1%2!, In our study, about 1,000
measurements were collected representing a wide range of environmental and
management-related conditions to quantify the baseline and correction coefficients of
VRs. Second, global dataset of N fertilization schemes have not been accurately
quantified in most of previous studies!-!%19-2127.28 For instance, fertilizer types were
either ignored!'® or simply took urea as the default fertilizer for N inputs?!. Although
urea has been widely applied in Asia, it does not in Europe, Sub-Saharan Africa or
Brazil where acid fertilizers, manure, and crop residues accounted for more than 50%
of total N inputs (Figure S5), which might explain the reason why the FAN v1 model
(9%)?! overestimated European NHj volatilization rates by 80% compared to our results
(5%; Figure S11). Fertilizer placement is another key factor influencing the convective
and diffusive transport of fertilizers in the soil®®, which was often assumed as a
universal broadcasting technique for synthetic fertilizers or as an incorporation for
manure returned to croplands!®-21-28, However, fertilizer broadcasting placement is only
popular in Asia, but not in the USA, where ~50% of synthetic fertilizers (anhydrous
ammonia and N solutions) are injected into soils (Figure S5). Taking into consideration
of the difference in broadcasting method in the USA, our estimates of the cropland-

NH; VR in USA was greatly decreased, i.e., 6% [our estimate] compared to 16% [FAN
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v12!] in previous studies, Figure S11). Third, soil or ponded water pH have not been
adequately simulated in some previous studies'®?!. For instance, pH values were fixed
as a constant value (e.g., 7>! or 7.5'%) within a week after fertilization. This assumption
might not be applicable in the North China Plain, India, and Pakistan since the
background soil pH is above 7.5 there. To validate our theory, additional sensitivity
tests (assuming pH = 7) were performed and the test results well explained the
underestimations by the FAN v12! and DLEM-Bi-NH;'° models for the aforementioned
three countries (Text S3 and Figure S11).

Further work needs to be done to determine the reliability of our estimates
compared to the state-of-the-art emission inventories. First, our estimate of VR is
subject to uncertainties due to not accounting for the effects of soil moisture due to
precipitation and irrigation®. Increasing soil moisture would stimulate the rate of
hydrolysis and thereby NHj volatilization®?. However, excessive water inputs may, in
turn, constrain NHj volatilization by eluting fertilizers into the deep soil allowing NH4*
to be adsorbed*. Second, our models do not consider the effect of splitting N fertilizer
application. One-time fertilizer application was assumed in this study, which might not
be the case in China, Europe or USA'. Third, we assumed that synthetic fertilizers,
except anhydrous ammonia and N solutions, were applied through surface broadcasting
following previous studies!-?’-*%. While surface broadcasting is common in China, it
might not be in developed countries3*¢7. Last but not the least, we did not differentiate
the liquid manure application (usually injected into soil) from the solid manure systems,

which may lead to the overestimation of VR. Similarly, we assumed that the VR of crop
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residues was comparable to those of manure. Such assumption may result in the
overestimation of NHj emissions, as crop residues carry less inorganic N and slower
mineralization rate of organic N*.

Despite the aforementioned uncertainties, our assessment provided consistent
metrics that are relevant across scales and useful for identifying the global hotspots of
NH; emissions. Such flexibility is valuable for making decisions when abatement
measures must be taken for specific regions. Reducing excess N application could not
only mitigate NH; volatilization substantially, but also the other reactive N losses to
achieve the targeted NUE. The effective implementation of such measure depends on
how reasonable the technical or socio-economic barriers are addressed. Fertilizer type
adjustment and deep placement, despite a smaller abatement potentials and a less
economic benefits, may be easily accepted to implement in the short term when
providing subsidies to the farmers®®. The choice of different measures also depends on
crop-specific yield response as well as fertilization-related technical support, local
policy interventions, and farmers’ perception®. In addition, our assessment highlights
that total NH; volatilization is largely unrelated to crop productions, suggesting the
potential conflict between air quality and food security goals (Figure 3). Shift in crop
mix based on their emissions intensities could further reduce the overall emission
intensity of croplands. Changing patterns of crop mixes could be realized through
international and national food trades, considering local climate and edaphic conditions,
dietary diversity and the nutritional value of food provision. Targeting abatement

efforts at locations with both high intensities and high emissions is therefore likely to
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be a more effective strategy than focusing solely on large emitters.

Food demand is projected to increase substantially by 205033, The solutions to
satisfy the increasing food demand while reducing reactive N losses will require cross-
disciplinary collaborations, such as: (1) developing innovative technology and
management systems for fertilization, irrigation, and tillage to be economically viable
and readily adopted by farmers®?; (2) conducting field-scale comparative experiments
to identify the measures to avoid pollution swapping (a measure designed to address
NHj; emission leads to other reactive N losses; for example, fertilizer incorporation can
reduce NHj3 emissions, but may lead to high nitrate leaching especially for wet
climates®); (3) designing large-scale action plan to advance science-based nutrient
management such as the application of slow-release N fertilizers, promotion of crop
rotation, and sowing of cultivar mixtures’’.

In conclusion, our spatially-explicit cropland-NHj3 emission data could be used to
support and guide the development of such interventions, which may include farmer
education through extension and outreach, scientist-farmer collaboration, national food
policies, and national and international food trade. Moreover, it is critical to apply
regionally-specific approaches to refine NH; volatilization models and mitigate
measures to specific subnational regions. Producers need supports to better manage N
fertilization practice for increasing NUE, and to implement region-specific techniques
to avoid favorable environmental conditions for all reactive N losses. Future research
evaluating the tradeoffs among NHj volatilizations, other reactive N release and food

security should consider both food production and the nutritional value of the food
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production, which is promising to reduce the NH; emission intensity from croplands

globally.

SUPPORTING INFORMATION

Extended explanation of cropland-NH; VR model, model inputs, uncertainty estimates,
comparison with previous estimates, cropland NH; VRs observations, and associated
supplementary Tables and Figures are all available free of charge at http://pubs.acs.org.
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Figures and tables Captions

Figure 1. Comparison of NH; volatilization rate (VR) from our and previous
estimates. The numbers in y-axis represent mean value for each bar. For data-driven
and process-based methods, dots denote the estimates by individual previous studies
(see details in Table S1), and error bars indicate the standard deviation.

Figure 2. Global distribution of cropland-NHj; volatilization rate (VR; a), NH;
emissions (V; b) and emission intensity (EI; c) in 2000. The numbers within the
panels a and b indicate the values of VR and V for the top ten emitting crops.

Figure 3. Cropland-NH; emissions and intensities of the top ten emitting crops
mainly providing calorie (a) and countries (b). Values in brackets represent the share
of global total emission. Dashed lines denote the global average, twice, and triple
intensities.

Figure 4 Cumulative abatement potential of global cropland-NH; emissions under
different scenarios. S1 represents the scenario where total N input were reduced to
achieve the crop-specific NUE targets; S2 represents the scenario where the proportion
of ABC and urea was capped at 21.8% and all fertilizers except anhydrous ammonia
were incorporated in soils; S1+S2 represents the combination of scenarios 1 and 2.
Values in brackets represent the share of cumulative abatement potentials by 20% of
global harvested areas for top ten emitting crops.

Figure 5 Global distribution of NH; abatement potentials under different
scenarios. Left column indicates the quantity of abatement potentials under scenario

S1 (a), S2 (c), and S1+S2 (e); Right column indicates the proportion of abatement
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756  potentials to the NH; emissions under scenario S1 (b), S2 (d), and S1+S2 (f). The
757  definitions of different scenarios can be found in Figure 4. Note that the unit of V
758  differs with that in Figure 2.

759
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Figure 1. Comparison of NH3 volatilization rate (VR) from our and previous estimates.
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Figure 3. Cropland-NH3 emissions and intensities of the top ten emitting crops mainly providing calorie (a)
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Figure 4 Cumulative abatement potential of global cropland-NH3 emissions under different scenarios.
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Figure 5 Global distribution of NH3 abatement potentials under different scenarios.
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