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Abstract

Excessive ammonia (N# emitted from nitrogen (N) fertilizer applications in global croplands
plays an important role in atmospheric aerosol production, resulting in wsiatiuction and
regional haze./However, large uncertaieiists in NH3 emission estimates from globahd
regional creplands, which utilize different data and methods. In this studgavexoupled a
processhased Dynamic Land Ecosystem Model (DLEM) with thelibéctional NH; exchange
module in.the"Community Multiscale AQuality (CMAQ) model (DLEMBI-NH3) to quantify

NH3; emissionsat the global and regional scale, and esppcific NH3; emissions globallat a
spatial reSolution of 0%x 0.5 during 196%+2010.Resultsindicate that global NElemissions
from N fertilizer usehaveincreased fron1.9+0.03to 16.70.5Tg N yr* between 1961 and 2010.
The annual.increase of NHemissions shosvlarge spatial variationacross the global land
surface Southern Asia, including China and Indigsaccounted for more than 50% of total
global NH; emissions since the 1980s, followed by North America and Europe. Rice cultivation
has beerthe largest contributor to total global Nidmissions since the 1990s, followed by corn
and wheat._In_addition, results show tkeatpirical methods withoutonsidenmg environmental
factors (comstant emission factor in the IPCC Tier 1 guideline) could underestimate NH
emissions®in the context alimate changewith the highest difference (i.e.,9%Tg N yr?)
occurring in 2010This studyprovides a robust estimaten global and regional Nglemissions
over the past 50 years, which offers a reference for polakers and farmers to optimally

manage nitrogen fertilizer practicks compromisingair qualityand food security.
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I ntroduction

Over the past centyr a large quantity of chemical N fertilizer was producssihg the
HaberBosch process thabnvertsatmospheric dinitrogen gas §\to ammonia (NH). Mineral
fertilizer=applieation in cropland contributed to the ramdrease in food production, which
supported the fagjlobal populatiorgrowth (Erismanet al., 2008, Gruber & Galloway, 2008)

Humancaused reactive N (typically from agricultural systems) was at least twice the rate of

naturaly createderrestrialN in 2010(Ciaiset al., 2014) These excess reactive N compounds in
terrestrial ecosystems play a role in the emission -ebiMaininggases, including oxides of
nitrogen (NO©=and NQ), and NH (Tian et al., 2016). The high output of thesedsntaining

gases remains a matter of great concefiutnan and environmaithealth(Beheraet al., 2013).

Agriculturalhactivities account for approximately 80~90% of total anthropogenig NH
emissions(Bouwmanet al., 1997, Zhangt al., 2010) There are two major sources for NH
emissions:, volatilizatiofrom livestock manure and mineral fertilizer applicat{@&smanet al.,
1998, Bouwmaret al., 1997). A large amount of NHrom synthetic N fertilizer is lost to the
atmosphere where shatistance transportan return it to the lantly wet or dry deposition
(Asmanet.al., 1998) With substantial increases in manure production and chemical N fertilizer
consumptien; deposition of reactive N has increased acnasy regions of the globe. For
example, the average atmospheric N depasitidhis century was twentfold higher tharthat

in the preindustrial period (Dentener, 2006). This increased N deposition has contributed to

eutrophicationy, acidification, and loss of biodiversity in the global ecosydEeismanet al.,
2008) Moreove, NHsis one ofkey precursas for aerosol (PMs) formation in the atmosphere
that could adversely affect respiratory and cardiovascular systems, and certwilwisibility
reduction and regional haZBinderet al., 2007, Seinfeld &Pandis, 1998). Fahese reasons, a
robust understanding of the magnitude and spatiotemporal patterns of glopanhssions

from agricultural activities is essential.

Thissstudy mainly focused on NHemissions from synthetic N fertilizer application. Mineral
N fertilizer contributed 1615% of the total estimated NHmissions (45~75 Tg N annually)
from terrestrial ecosystems at the end of the last ceriMagthews, 1994) Bouwmanet al.
(1997) estimated global Nklemissions in 1990 as ~54 Tg N'ywith synthetic N fertilizer
application accounting for ~16.7% (9 Tg N'yr This estimate was comparable to tHe By N
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yr' of Schlesinger and Hartley (1998iddicket al. (2016)provided an estimate of global NH
emission of 12 Tg N yf from N fertilizer for the year 2000. Previous studies have mainly
focused on ongear annual NhKl emission estimage Although Riddick et al. (2016) presented
seasonal estimates of global Nemissions, the simplification of agricultural practices (e.g., no
double croppingrlong with not considering rice cultivations introduces large uncertainties in
their seasonal estimatebhus, studies of global intemnual and crogpecific NH; emissions

are still'needed:

Emission factors (EF) and procdsszsed models are dmmajor approaches for quantifying
global or regional NH emissions from N fertilizer use. The EF represents the percentage of
applied N fertilizer that volatilizes as NHwhich varies with synthetic N fertilizer types.
Constant values are often assumedBFs used to build emission inventorasheglobal and
regional secalesuch as the Emission Database for Global Atmospheric Research (EDGAR,
Olivier et al., 2002)and the National Emission Inventory (NReiset al., 2009 of the United
States.Numerous efforts have been made to determine EFs farevtissions athe regional
scale (e.g., Europe, United States, and China). However, robust estinsttbesglobal scale
and oncropspecific NH3; emissions globallyver historical time series aracking. Moreover,
large uncertainties still exist for monthly and annual;N¥rhission estimates in previous studies
(Riddick et-al©;*2016, Xuet al., 2016, Zhouet al., 2016). The most widely applied EF of 10%
was reported in the Intergovernmental PaneCbmate Change (IPCC) Tier 1 guidelines. Other
studies provided global mean EFs ranging frontol21%(Beuseret al., 2008, Bouwmaset al.,
2002,FAQ & IFA report, 2001). However, these studies based on constant EFs wereaone

estimates that.did not consider how Nétnissions respond to climate chaage variability

Processhased models are another popular approach for estimating eltissions. For
instance, _the bdirectional NH exchange module has been incorporated into the US
Environmental Protection Agency’s (EPA) Community Multiscale-@uality model (CMAQ,
Byun & Schere, 2006and coupled with the United States Departmemtgrfculture’s (USDA)
Environmental_Policy Integrated Climate (EPIC) agroecosystem m@#eh et al., 2013,
Massadet al., 2010, Nemitzet al., 2000)to estimate seasonal and annualsMkhissions from
synthetic N fertilizer applications. The Flow of Agricultural Nitrogen (FAN) process model has
been combined within the Community Land Model 4.5 to compute the reactive N flows and NH
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emissions(Riddick et al., 2016). Our previous study incorporated thedipectional NH
exchange module in CMAQ within the Bgmic Land Ecosystem Model (DLEMjan et al.,
2011) (DLEM-Bi-NH3) and applied this model to estimate NHmissions from Asian
agricultural systems for 1962014 (Xu et al., 2018).

The current study applied the DLEBI-NH3; moduleto estimate NH emissionsfrom
synthetic N fertilizer application in global croplands from 1961 to 2010. The objectivibss
paperwereto: (1) investigate spatial and temporal variations of Mhhissions; (2gxaminethe
impact ofg€limate factors on NHemissions driven by four historical climate datasets; (3)
analyze crogspecific NH; emissions from global croplands; and (4) compare globat NH

emissions from'model simulations with estimates from EFs in the IPCC Tier 1 guideline.

M aterials and methods

General description of the DLEM model

The DLEM._model is a highly integrated procdmsed ecosystem model that makes daily,
spatiallyexplicit estimates of carbon, nitrogen and water fluxes and pool sizes within both
natural and ‘humadominant ecosystems, and also simulates the exchanges of major greenhouse
gases (GHGs) between terrestrial ecosystems and the atmosphere at site, regional, and global
scalegTianet al., 2011, 201k This is accomplished by combining fimeodelcomponents: 1)
biophysical charderistics, 2) plant physiological processes,s8il biogeochemical cycles, 4)
vegetation_dynamics, and 5) land ws® disturbancesBiophysical characteristics component
simulatestwater and energy fluxes in terrestrial ecosystems and their interadtiorthewv
environment“The plant physiological process component simulates all essential processes of
plant growth;”such as photosynthesis, respiration, allocation, and evapotranspiration. The
biogeochemical cycle processes component includes processesamfipdsition, nitrogen
mineralization/immobilization, nitrification/denitrification, fermentation, and other major
biochemical processes in soils. The land usedistdrbancecomponent simulates the impact of
natural and,human disturbances on water and nutrient fluxes and storagesind thesphere.

Daily crop growth and trace gas exchanges between agroecosystems and the atmosphere is also

simulated in the agricultural matk of DLEM (DLEM-AG). The model is also capable of
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estimating crop productivity (net primary production) and yield. Detailed descsptiodDLEM-
AG can be found ifRRenet al. (2011) andlianet al. (2012a, 2015).

Greenhouse gas (GHG) emissions estimaedLEM model have been validated against
field observations and measurements at various sites in the historical (heri@dTian, 2013,
Tian et al.#2010, Tianet al., 2011, Xuet al., 2017) The DLEM model has also been used to
predict GHG=emissions, carbon and nutrient fluxes, and global net primary produotem ks
climate data obtained from several General Circulation Models for the periodZ80®B{Panet
al., 2014, Reret al., 2015, Tianet al., 2012). Simulated results of water, carbon, andrients
fluxes andistorages derived from DLEM model were also compared with estimates from various
approaches /at regional, continental, and global s¢dies et al., 2015, Yanget al., 2015)
These previous efforts demonstrate that DLEM model can stieally simulate the

biogeochemical cyctan soils atvariousspatiotemporal scales.
Description of the DLEM-Bi-NH 3 module

In the BLEM model, NH" inputs(e.g., synthetic N fertilizerjo soilsare subjected tdlH3
volatilization,splant and microbial uptake, nitrificatioand N leaching thatesultin variable
amounts=of NH" over time. In detail, gl NH,;" decreases due to soil immobilization,
nitrificationy”anaerobic ammonium oxidation, BHolatilization, organic and inorganic N
leaching and runoff, while NH increases due to soil mineralization, biological fikation,
nitrate ammonification, N deposition, and fertilizer/manure N application. These processes are
regulated by=environmental factors (e.g., soil temperature, moisture, pH) andtioagét.g.,
crop type,"NH" uptake). Different soil organic pools and decomposition processes, and how
they affect NH™ budgets in soils can be found Tiian et al. (2015) andXu et al. (2018). The
NH3 volatilization process described in the DLEBiFNH3; modulecan affectcrop growths as
well asother Ninvolving processewithin agriculturalsoilsin the DLEM modelafter synthetic

N fertilizer was appliedsee Text S1)

In the DLEMBi-NH3; module,the overall emission flux of Nkl (Femis) varies daily after

syntheticN fertilizer was applied to soils armglcalculated as follows:

Femis= Cc / (Ra + 0.5 Rinc) (1)
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where C; is the canopy NE compensation pointR, is aerodynamic resistance, aRy. is
aerodynamic resistance within the canopy. Ammonia fluxes are given in ug m >s*, while units

for all compensation points and the above resistances are pg m > and s i, respectively. Other
major equations of the DLENBiI-NH3; modulecan be found irBupplementary Mterial andXu

et al. (2018).Fhe DLEM-Bi-NH3; module has been validated using field observations at multiple
sites globally(see Table S2 iXu et al. (2018)).

In this'study, we considered 10 crop types including rice, corn, wheat, soybean, cottdn, mille
sorghum, groundnuts, barley, and rapeseed globally. In addition, we included diffengnt cr
rotation systems (e.g., riceheat, ricerice, cornawheat, and sdyeanwheat). Fertilizer timings
were determined based on previous literaiseeText S1 inXu et al. (2018) andText S2 &
Table S1lof.this. study. While using the DLEMBIi-NH3 module, fertilizer application mainly
consisted ,of.adding NH and was independent of fertilizer types. The@tue of soil after N
fertilizer application was taken as {Massadet al., 2010) Fertilizer application methods (e.qg.,
basal or topdressing) were not considered in this stbly.assumed fertilizer remains at the
surface layer (top 5 cm) when applied to s@Massadet al., 2010) In reality, emissions are
sensitive to.fertilizer types (e.oran et al., 2003, Zhowet al., 2016), to pH valuée.g.,Sommer
& Olesen, 1991), and to specific agricultural practices (Ewgef al., 2015, Jwet al., 2009, Zhou
et al., 201§-Itis very likely that these factors might reduce J\#tnission estimates.

| nput data description

Input datasets for the DLEMI-NH3 simulations include anatural vegetation map, land use
change (LUC), synthetic N fertilizer application, atmospherig €@hcentration, and time series

of climate at.a.spatial resolution of ©:60.5°. The developed natural vegetation map was based
on SYNMAP(Junget al., 2006) which rendered fractions of 47 vegetation types in each 0.5
grid. These 47 vegetation types were converted to 15 plant functional types for use in the DLEM
through a crossvalk table with a spatial pattern that can be founBanet al. (2015) andXu et

al. (2017) Cropland distribution datasets were developed by aggregatingriinute resolution
HYDE v.3.2 global cropland distribution datiélein Goldewijk et al., 2017)to the resolution of

0.5° x 0.5° latitude/longitude Spatiallyexplicit LUC data for 19002005 was retrieved from

highresolution remotely sensed data, field surveys and contemporary LUC patterns reported i
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China’s National Land Cover Datasétsu & Tian, 2010, Luet al., 2012, Reret al., 2012) this
dataset has been updated to the year 2010. Theutendhange datadet India was developed
from remote sensing datasets available from the Advanced Wbtk Sensor of Resourcesht
during 2005-2009 in combination with three inventory datasets during 43800 to reconstruct
LUC at Saresminute resolution during 188P010(Tian et al., 2014). Laneuse change datasets

of China and.ndia were aggregated td®@dbreplace HYDE v.3.2 for both regions from 1900 to
2010. Cropland spatial distributiomthin each grid for 1961 and 2010 are shown in Figure S1.
A spatially-explicit timeseries dataset of agricultural N fertilizer use was developed through
spatializing, IFAbased countrevel N fertilizer consumption according to crop specific N
fertilizer application rates, crop type distribution, and historical cropland distribution during
1960-2013(Lu & Tian, 2017)

Half-degree' daily climate data (e.g., average, maximum, minimum air temperatur
precipitation, relative humidity, and shortwave radiafiorere derived from CRUNCEP climate
forcing data(Wel et al., 2013). Longterm average climate datasets (1901 to 1930) were used to
represent the initial climate state in 1900. Three additional climate datasets (PGMFD v.2,
GSWP3pand-WFDEI_WFDEI) with ®5< 0.5 resolution ofdaily climate data were obtained
from the IntefSectoral Impact Model Integration and Intercomparison ProjeciMIBI2.1). All
data are available at the IBlIP website (www.isimip.org). The monthly GQroncentration
dataset obtained from NOAA extended GLOBALVIE®D, spanned the time period of 1900 to
2010 (http://www.esrl.noaa.gov/gmd/ccgg/globalview/co2/).

Model simulation experiments and implementation

Six simulation experiments were conducted to achieve our objectives. Impléoremtathe
DLEM-BIi-NH3 simulation included three steps: (1) equilibrium run, (2) sginrun, and (3)
transient runw=All datasets that used to drive the model in the equilibrium runna960. The
equilibrium=state was assiedto reachwhen intra-annual variation®f carbon, nitrogen, and
water storage were less than 0.1 g €/Mm1 g N/ni and 0.1 mm, respectively, during two
consecutive 50yyears in each gtie longterm mean climate data for 1901 to 198€éreused
to represent 1900 climaté-ollowing the equilibrium run, the model was spum by detrended
climate data (1901 to 1930) to all@moothemodel moddransitionsfrom equilibrium runs to

transient runs more smoothly (i.éhreespins with 10year climate data each tim&jinally, the
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225 model was run in the transient mode using daily climate data,d0@centration, N fertilizer

226  application, and LUC inputs for the 1901 to 2010 time period. We conducted three isimulat
227 experiments(S1, S2, and S3) driven by CRUNCEP climate forcing data to investigate the
228 response of global NfHemissions to temperature and precipitation changes in the historical
229 period (Table,1)The difference in NHl emissions simulated by S3 and S1 experimentssréde

230 the climate effectshe difference between S2 and S1 experismssftected temperature effects
231 and precifation effects was from the difference between S3 anéXp2rimentsTo estimate

232 the NH; emission response to different climate datasets, Sooulation experiments (S$6)

233  were conducted, driven by different climate datasets during-2200D.
234 Results

235 Temporal changesin global NH3; emissions

236 We quantified=NH emissions from global croplands associated with synthetic N fertilizer
237 applicationrduring 19612010. Model simulations showed a significant increase in annual mean
238 global NHs emissions (Fig. S2). Compared to the 19608+1.5Tg N yr?), we estimated an

239 increase ofl2:0+0.8Tg N yr'! (436%) in NH; emissions associated with74.4 Tg N yr?

240 increase in"mean N fertilizer applied to croplands in the 2000s driven by four differeateclim
241 datasets (S356). Error bars £2 standard deviations(d.) calculatedfrom simulation results

242  based orour different climate dataset$he highest global mean NHmission was estimated at
243 16.7+0.5Tg=N=yr' in 2010. Total NH emissions associated with different climate datasets
244 varied with a maximum value for WFDEL.GE (17.0 Tg N yr') and a minimum value for

245 CRUNCEP(16.5Tg N yr?) in 2010. Global NH emissions positively responded to increased N
246 fertilization_ whose temporal trends were similar to N fertilizer input trends. Thus, although
247 climate js'.an.important factohat affects NH emissions from global croplands, the rapid
248 increase in“synthetic N fertilizer applications was the more dominant factor impacting the rise in

249 global NHs'emissions in the pabtlf-century.
250 Spatial pattern of global NH 3 emissions

251 Ammoniaemissions varied widely across countries and regions. The magnitude of differences
252 between regions became larger with the increase in global N feriicieced NH emissions

253 during 196132010 (Fig. S3). In the 1960s, major sources were North America and Europe, which
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254  contributed to 70% of total annual emissions at an estimated rate of 0.3 to 0.5 g (fig.

255 1). Emission rates from remaining grids of different continents stayed within 0~0.05%yN'm

256 In the 1980s and 1990s, a large Nemissionincreases were found in all continents of the
257 Northern Hemisphere, especially in southern Asia, wherg &tHission rates were as high as
258 1.5~2.0 g N.iif yr’. Total contributions from North America and Europe was 43.2% in the
259 1980s and\34.2% in the 1990$€Tlargest variation in spatial patterns were in the 2000s (Fig. 1).
260 Southern 'Asia“contributed 61.1% of total emissions. The highest emission rate was fdwnd in t
261 North Plain"ef*China, which was greater than 3.0 g R yn' (Fig. S3). With expansion of
262 cropland and increased N fertilizer consumption in the Southern Hemispherentatients

263 showing substantial increases in Nemission rates (within a mean range of 0~0.05 g \ym

264 'in the 1960s)sshifted to a range of 1.0~1.5 g Rym*in the 2000s.

265 From a continental perspective, North America, Europe, and southern Asia wéinecthe

266 major NHg=emissions regios in the 1960s (i.e., 1.0+0.5, 0.9+0.4, and 0.6#Dg5N yrt

267 respectively)=Only Europe showed a declining emission trend since the 1980s, waina m
268 decrease [rate of ~0.6 Gg N'\.Gg = &10° Tg). The decadal change in Nidmissions from

269 North America was slight since the 1980s. In contrast, southern Asia became the leading emitte
270 with a mean“increase rate of ~225.8 Ggm\ guring 19862010 (Fig. 2). In the 1960s, N4

271 emissions==fram South America, Africa, and Oceania were 0.06+0.05, 0.08+0.04, and
272 0.014+0.012 Tg N yt, respectively. South America and Africa showed a large increase 4n NH
273 emissions since the 1990s, witimean rate of ~42.4 and0 Gg N yf', respectively. Oceania

274  showed ah increasing trend with a mean rate of ~7.5 Gg*NAynmonia emissions have been

275 highly concentrated since 1988, with more than 50% of emissions sourced from southern Asia.
276  The highest emission in North America, southern Asia, and Europe was edtimsa?.46+0.09

277 in 1991,:40:2240.5 in 2009, and 2.30+0.03 Tg Nigr1990, respectively.

278 Intra-annual changes of global and regional NH 3 emissions

279 In terms_ofsintraannual variation, we onljocused on emissions in the 2000s driven by one
280 climate dataset (CRUNCEP). There were two pebllkea¢h-April—-May andJune-July-Augus)

281 of global NH; emissions from N fertilizer applications during 26Q010 (Fig. S4), which
282 contributed about 72% of totalN fertilizer-induced emissions. In contrast,

283 DecemberJanuaryFebruary contributed least and accounted for less than 10% of total
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emissions. The NElemissions duringlune-July-August showed an increasing trend during
2000-2010. Meanwhile, the seasonal contribution of ;N¢issions varied for the different
continents (Fig. 3). In Asia, the estimated Nemissions inwinter (December to~ebruary)

spring (March to May, summer (June to Augu$f and autumn (September to November)
accountedsfor,5.9%, 22.2956.6%, 15.3% of the annual emission, respectively. In North
America, the.estimated NHemissions inwinter, spring, summer, and autumn accounted for
3.7%, 64.9%, 19.2%, 12.2% of the annual emission, respectively. In Europe, the estimated NH
emissions inwinter, spring, summer, and autumn accounted for 1.6%, 63.2%, 0.3%, 34.9% of

the annual emission, respectively.

From Decembertto February regions close to the tropics (¥3Qvere significant sources of
NH3; emissions-(e.g., Northeast and South India, South Africa, and Brazil, Fkyo®&). March
to May, the.emissions shifted to the Northern Hemisphere, where North America, Europe, and
southern Asia were the largest sources of globa} Blidission; this was pscially true for the
Midwestern United States, Europe, North Plain of China, and North India (Fig. 3). troaddi
regions within the northern tropics acted ass$blurces (e.g., Mexico and Southeast Adia).
summey.the ,Northern Hemisphere continuouabited as the largest Nldource. Moreover, N§
emissios weressubstantiaih the entire area of India and the North, Northeast, and Southeast
Plain of ‘China; and most countries in Southeast Asia. However, there was a sliggibemi
associated with Europend the Midwestern United Statésom Septembeto November NH;

emissions covered all continents of the Earth’s surface.
Crop-specific NH 3 emissions

From a croptype perspective, we identified four major global crops (rice, corn, wheat, and
soybeanhnd estimated Nglemissions from these crops due to synthetic N fertilizer application
during 196%2010. These four crops accounted for 67% of the total emission during the 1960s,
among whiech-wheat and corn were the two main sources4)Fig the 2000sthe largest source

of NH3; emissions was from rice (23.5%), followed by wheat (22.8%), and corn (21.9%4)Fig.
Soybean onlysaccounted for less than 10% of the global annual tota¢iidsions from 1961

to 2010 (Fig4). The transition of global Nklemissions from wheat and corn to rice, wheat, and
corn was due to area expansion and increased fertilizer use in riceticuitivam 1961 to 2010

in the context of global warming.
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314 Comparisonswith the estimate by the IPCC Tier1 guideline methodol ogy

315 The IPCC Tierl guideline methodology used a constant EF of 10% to estimate glohal NH
316 emissions from synthetic N fertilizer use; i.e., emissions are equal to 10% of annual applied
317 fertilizer amounts. Herein, global NHemission from synthetic N fertilizer useasestimated to

318 be 1.0 and™9:9g N yr'in 1961 and 2010, respectively, based on the EF proposed in the IPCC
319 Tierl guideline*methodologyn contrast, the simulated results from the DLEM in both years
320 were neatly two times higher than the IPCC EF estim&igs S2). The spatial patterns of EF

321 Dbased results,differed from those of our model simulations (Figs. 1 & S5). In the NMOs

322 emissionsifrom most regions based on DLEM simulations were slightly ldrgerlPCC EF

323 estimates/(mean range of®3 g N n¥ yr') except for northern Europe and western United

324  States. During the 1980s and 1990s, DLEM results were far larger thlbase# results in most

325 regions across/the globe (i.e., the upper and eastern Midwest of the United Stateghaard s

326 Asia, espe@lly“China, India, and Pakistan). The negative difference betweeba&®d and

327 DLEM NH3z"emissions became much larger in some regions (i.e., northern and the upper eastern
328 Europe, and the western United States) compared to differences in the 1960s.eéddiven

329 differences appeared in western China (where most drylands are located), which was as low as
330 1.0 g N n¥ s The largest difference in Nfemissions (i.e., per grid) appeared in the 2000s in

331 northerf“lndia=(> 5.0 g N ™ yr"). In the Southern Heisphere, DLEM results were

332 continuously higher than IPCC EF estimates and the positive differences between these two

333 approachesbecame larger during 128110.

334 We compared croeppecific NH; emissions estimated by DLEM and IPCC EF during
335 1961-2010"(Fig.4). Rice, wheat, and corn were three dominant crops responsible for the
336 significant increase in Nflemissions from global croplands due to application of synthetic N
337 fertilizer. Overall, DLEM NH emissions from rice cultivation tended to increase faster tha
338 wheat and corn during 1962010 (Fig. S6). During the 1960s, the increasing rate o NH
339 emissions _frem rice, wheat, ambrn according to DLEM were 0.83, 0.65, and 0.68 Tg N
340 decad?, fespectively. In contrast, the increased rate for these crops batiesl IBCC EF was

341 0.43,0.36, and 0.44 Tg N decddeespectively.

342 Discussion

343 Comparisonswith other studies
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We compared our model results against previous studies based on EFs andoasextssodels

atthe global and regional scale our study, aeneral EF was calculated as modeled emissions
divided by total N fertilizer applied across the global. At the globaksthé DLEMsimulated

mean NH_emission in 2000 was 136.5 Tg N, which was ~14% higher than the FAN model
estimates oRiddick et al. (2016)(Table 2). In comparison, the DLEMmulated mean EF was
17.6%, which_is slightly lower than their simulation (EF: 19%) in 2000. Although both studies
are based“on"model simulations, our estimates are different for two major reasons: 1) model
structures™and“parameters in both studies differed significantly; and 2) input deatasets
fertilization timings were from various sources. For example, total synthetic N inputs and spatial
patterns i Qur study were generated Lhy and Tian (2017) while Riddick et al. (2016)
determined-synthetic fertilizer application rates based on data providedtteyet al. (2010)

The estimated global NHemission from synthetic N fertilizer was ~9 Tg N*yn 1995 based

on the EF calculated bgouwmanet al. (2002),which was 27% lower than our estimate (12.4

Tg N yr*; Table 2). Consequently, the estimated EBauwmanet al. (2002)was lower than

the EF ingourystudy for the same year. Differences between these studies were due to the
synthetic ‘N “fertilizer dataseaind estimate methodologyGenerally, processased model
estimatesef this study and previous estintgtdRiddicket al. (2016)are higher than Ebased
estimates«(Table 2).

At the country scale, several studies have estimategdiissions fronwarmregions (e.g.,
China, Indiag=and United States) using various approaches; however, there are latgatiese
with these estimates. Comparisons of estimated; Miissions from synthetic N fertilizer
applications'in China and India from different studiesealested inXu et al. (2018) Calculated
2002 NH; ‘emissions in the United States (based on the CNERQC model) were 73.68% lower
than our.estimate@ashet al., 2013). However, our 2008 estimate was similar to the NEI 2008
value Raoetal;; 2013).

Climate effects on NH 3 emissions at spatiotemporal scales

By performing DLEM simulations based on four climate datasets from-28d0, we found
that annual differences between various climate datasets were the primary factors affecting
differences amongmulation results. Annual estimates from CRUNCEP were lowest among all

results driven by the other three climate forcing datagetditionally, differences rose with
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increasing temperature during 192010. Our simulated results show that climate effext
NH3 emissions increased largely from 33.1 Gg Nipr1961 to 566.5 Gg N {rin 2010, with
substantial yeato-year variationsThe average impact of climate variation is about 3%, ranging
from 0% to 7% ,of annual total NfEmissions due to intemnual variations during the period of
1961-2010+TFhe increasing trend and variations in Nid closely associated with increasing
global annualdtemperature with large irtéemual variations. We found that annual ;NH
emissiongncreased with rising temperaguand exhibited large int@nnual variations (Figb).
Temperature increase was a dominant factor that promoted climate éffegtsbal NH;
emissions., In most years, precipitation had a negative impact on increasing arissiainsno a
small extent/This highlights the necessity to consider climate factors when estimating NH

emissions from agricultural soils.

Previous_studies emphasized that J\blatilization from N fertilizer application depends
strongly onlocalized environmental factor®wever, this impact has not been investigated at
the global "andregionalscale andon crop-specificemissions globallyFu et al., 2015, Huanggt
al., 2012, Zhanget al., 2011). Agricultural systems are complex due to the combination of
human managemerand climate effects. Thus, procdsssed models could be an effective
approach to address Nixchange processéSuttonet al., 2013) However, the EF used in the
IPCC Tier=L=guideline was a constant value regardless of regional variati@eseaffy
ervironmental factors. Our study provides comprehensive comparisooépecific NH;
emissions from’ globatroplandsbetween a constant EF and proeleased modelat the global
and regional scale. Results showed that differences between the two approaches increased from
1.0 Tg N yi-t0.6.9Tg N yr* during 19632010. The largest positive difference was found in
regions,with.warmer climates and/or with higher N fertilizer applications (e.g., southern Asia and
North America; Fig.4). Negative differencewere found in regions with dry or cold climate
(e.g., Northern"Europe and western North America), which indicates that climate effects in these
regions could retard NgHemissions. In our simulations, environmental factors (i.e., climate, soil
propertiesand cropland management strategies) were applied to simulaterhissions in each
grid to better reflect Nglemission processes in real agricultural systems. Utilizing a constant EF
without considering environmental factors could, to some extent, urideatsiNH; emissions

in the context of global warming. SimilarlZhouet al. (2016)found that the estimated annual
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NH3 emission in China using a nonlinear model was 40% greaterthlarderived fromthe
IPCC Tier 1 guideline.

Croptype scale comparisomemonstrated the importance of environmental impacts on NH
emissions: Ouristudy provides evidence thag Ehhissions were crefype dependent and were
dominated”byslocation and N fertilizer requirements. Crops such as barley growghat hi
latitudes wheretemperatures were much lower themthe tropics contributed half of total
emissions,;compared to calculations based on the IPCC EF. In our study, emissiorisefro
cultivatedregions (primarily in East, South, and Southeast Asia) were two times higher than
IPCC EF ‘estimates and showed an increasing trend #i§sS6). Although not the largest
receiver of global N fertilization in 201(Zhanget al., 2015) rice was the&op-ranking crop
contributing to global NH emissions, followed by corn and wheat. A possible explanation is that
high temperature is the dominant factor that accelerates édtissions from rice cultivation
However, Bouwmaret al. (2002)mentioned that NEl volatilization from wetland rice systems
is complicatedssince it is dependent on rice height, aquatic biota growth thateedoladwater

pH, and N fertilizer application timing and approaches.

Climate-effects are of great importance and should be considered when estimating NH
emissions. By-performing with/without climate and temperatunlg simulations, we were able
to evaluate the contribution of different climate factors to the increase inl gélaaemissions
during the historical period. Simulatiaesults indicated that temperature was the dominant

factor behind increased emissions (Fp.
Causes of Intra-annual variations at regional scales

Intra-annual NH3 emissions are highly correlated to dates and N fertilizer application
amounts. sOverall, rice, corn, and wheat received more than 50% of the world’s syNthetic
fertilizer (Heffery 2013) and were the three major Neimission sources that account for ~65%
of total emissions during 1962010 in this study. In Asia, the estimated Néinissions were
highestfrem summer June to Augu$t accounting for 56.6% of the annual emission. Higher
summer emissions were associated with cultivation periods and N ferdiipécation timings
(see detailed description Ku et al. (2018)Text S1). Rice cultivation areas in East, South, and
Southeast Asia contributed 89% of the world t¢¥dn et al., 2003) In this study, rice fields

were the largest contributor to totasiAn emissions since rice is the major cereal crop cultivated
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in subtropical and tropical regions of Asia (East, South, and Southeast Asia) thatrgese la
amounts of fertilizeeach summefAulakh et al., 2001, Mahajaret al., 2012, Zouwet al., 2005)

For example, rice cultivation in China, India, Indonesia, Vietnam, Thailand, Bangladesh, a
Philippines represented 16%, 30%, 45%, 60%, 45%, 83%, and 48% of total N fertilizedappli
to all crops.for each country, respectively (Heffer, 2013). As dsstlsabove, warmer
temperature_during summer catimulateNH3; emissions in these regions thereby resulting in

higher NHs"emissions from fertilizer use.

In contrast, springMarch to May)accounted for about 60% of annual emissions in North
America and_Ewpe due to high fertilizer use for corn and winter/spring wheat. Corn is
generally Cultivated in April and May in northern miatitudes, winter wheat is usually planted
in the fall (September and October), and spring wheat is generally planted in lat Spciegt
al., 2010, USDA NASS, 2010). We identified fertilizer timings according to field exgerisn
where N fertilizer was applied to corn and spring wheat at or before plantipgng,sand the
following Mareh for winter wheatAlluvione et al., 2010, Guy & Gareau, 1998, Kunzova &
Hejcman,/ 2009, LopeBellido et al., 2007). For example, corn and wheat cultivations
represented 47% and 13%, respectively, of total N fertilizer applied to all iraps United
States, and*43% and 29%, respectivelytotal N fertilizer applied to all crops in European
countries (Heffer, 2013).

Uncertainties and future work

Although other studies focused on regional and global estimates ef edtissions from
synthetic N, fertilizer application, large uncertaintiescasated with estimation approaches still
remain. A procesbased dynamic ecosystem model is a fundamental means to investigate
agricultural system response to N fertilizer inputs as impacted by all environmental factors.
Compared to static EFs in the IPQ@r 1 guideline, results from our DLERI-NH3; module

could provide estimates of annual BEmission fluctuations as affected by climate factors to
better reflectsreal NElvolatilization processes. However, uncertainties in this study should be
associatedwwith N fertilizer datasets and timing of N fertilizer applications should be addressed in

future work.

Ammonia volatilization from croplands is sourced from biological degradationgainar

compounds and from synthetic and organic fertilizers yielding NBouwmanet al., 2002)

This article is protected by copyright. All rights reserved



464
465
466
467
468
469
470

471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487

488
489
490
491
492
493

Thus, nitrogen fertilizer types can have significant impacts og Witilization processes. As
indicated inNishinaet al. (2017) synthetic Nfertilizer consists of Ni" and nitrate (N@), but

the NH;*/ NO3™ ratio in N fertilizer inputs shows obvious differences at spatiotemporal scales.
Our study-treated N fertilizer as a total input for N\blatilization regardless of the fraction of
NH4" and did=not distinguish N fertilizer typéBashet al., 2013, Fuet al., 2015). In future
studies, identifying N fertilizer types and treating them as different N sources would be desirable

since our assumption could overestimate globa} Hidissions.

Timingfof Nifertilizer application can also be a major factor that controls Wihtilization
from soils. Pinder et al. (2004) indicated that the greatest uncertainty in JNhissions are
attributable to farming practices. In the DLEM, fertilizer was appliedtorfeur times per year
based onfieldrexperiments and literature reviw et al., 2018) Except for China and North
America, "most regions had a oetee fertilizer application, which could introduce large
uncertainties in global Nfdemission estimate@able S1) Furthermore, variation in N fertilizer
application timing could affectnonthly NHz; emissions at regional scalesu et al. (2015)
indicated " higher NH emissions in China during summédune to August)and autumn
(September-tosNovember) with a peak observed in July that was in agreemenhdawitsfiof
Zhanget al. (2011) However, those results were inconsistent with the seasonal emission patterns
reported byFuet al. (2015) and Huangt al. (2012).Fu et al. (2015)pointed out that diculties
capturing .exact fertilization dates could cause the large discrepancy among studies on seasonal
NH3 estimates in ChinaGilliland et al. (2003, 2006)nvestigated seasonal NHmissions for
the continental’ United States and found that emissions were highest in susioveed by
spring singesfertilizer application activity peaks during these seasons. Thus, since seagonal NH
emissions-are=heavily dependent on fertilizer application date, more infomneetifertilization

timing from field operatinsis needed to minimize uncertainties.

This study< provided evidence that climate change could significantly acceleraje NH
emissions«from agricultural systems. However, few studies have focused preribsions
under futureeenditionsSuttonet al. (2013)predicted that a“& warming could increase global
NH3; emissions by 40%. Sensitivity tests conductedRigidick et al. (2016) also support
potential accelerated global NHemissions due to warming. However, those studies did not
considerotherfactors that couldaffectNH3 emissions from soilsvhenattemptingto predictthe
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response®f NH3 emissios to global warming In future work, a multfactor environmental
change framework is required to more accurately predics &Hissions at global and regional

scales.
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678 Tablel. Simulation experiment design in this study.
' Climate Nitrogen
Experiments o CO, LuUC
Source Temperature Precipitation Fertilizer
Initial Averaged Averaged
_ _ CRUNCEP 1900 1900 1900
simulation (1901-1930) (1901-1930)
Averaged Averaged
S1 CRUNCEP 19012010 19012010 19012010
(1901-1930) (1901-1930)
Averaged
S2 CRUNCEP  1901-2010 19012010 19012010 19012010
(1901-1930)
S3 CRUNCEP 19012010 19032010 19012010 19012010 19012010
A WFDEI.GPCC 19012010 19032010 19012010 19012010 19012010
S5 GSWP3 19012010 19012010 19012010 19012010 19012010
S6 PGMFDv.2 19032010 19012010 190%+2010 19012010 19012010
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679 Table2. Estimates of global Nglemissions (expressed in Tg Nybased on different approaches.

Region Y ear Method NH 3 emission Reference
2000 ) 13.6 0.5
S DLEM-Bi-NH3 This study
1995 12.4+0.3
Global 2000 IPCC Tier 1 guideline 7.7 IPCC, 2006
2000 Processhased model 12.0 Riddick et al. (2016)
1995 Constant EF 9.0 Bouwmanet al. (2002)

680 * Mean+2 standarddeviation §.d) calculated from simulation results based on four different climate
681 datasets.

682
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683
684

685

686
687
688
689

690
691
692
693

694
695

696

697
698
699
700
701

Fig. 1 Simulated ammonia (N£) emissions in response to application of synthatiogen (N) fertilizer
in: (a)the 1960s(b) the1980s,(c) the1990s, andd) the2000s at a spatial resolution of 0.5 by 0.5 degree.

Fig. 2 The continentakcale estimation of ammonia (WHemission in the 1960¢he 1980s,the 1990s,
andthe 2000s.Error bars, +2 standard deviation (s.d.) calculated from simulation résdés on four

different climate datasets. All units are Tg N'yr

Figp 3 Simulated seasonal mean ammonia (YH emissions in the 2000s: (a)
DecemberJanuaryFebruary, (b) MarchApril-May, (c¢) Juneduly-August, and (d)

SeptembefOctoberNovember.

Fig. 4 Cropspecific NH; emissions from synthetic N fertilizer application estimated by the DIBE:M
NH3; module (a) and the IPCC EF (b).

Fig. 5 Climate.effects on ammonia (NHemissios during 19622010. The temperature impact on
annual NH emissions was calculated through the difference between S2 and S1 experiments; the
precipitation-impact on annual NHmissions was calculated through the difference between S3 and S2
experiments; th temperature difference equals annual average temperature durir@@B&Ininus the

average temperature during 190930.
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