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Abstract 29 

Excessive ammonia (NH3) emitted from nitrogen (N) fertilizer applications in global croplands 30 

plays an important role in atmospheric aerosol production, resulting in visibility reduction and 31 

regional haze. However, large uncertainty exists in NH3 emission estimates from global and 32 

regional croplands, which utilize different data and methods. In this study, we have coupled a 33 

process-based Dynamic Land Ecosystem Model (DLEM) with the bi-directional NH3 exchange 34 

module in the Community Multiscale Air-Quality (CMAQ) model (DLEM-Bi-NH3) to quantify 35 

NH3 emissions at the global and regional scale, and crop-specific NH3 emissions globally at a 36 

spatial resolution of 0.5° × 0.5° during 1961−2010. Results indicate that global NH3 emissions 37 

from N fertilizer use have increased from 1.9±0.03 to 16.7±0.5 Tg N yr-1 between 1961 and 2010. 38 

The annual increase of NH3 emissions shows large spatial variations across the global land 39 

surface. Southern Asia, including China and India, has accounted for more than 50% of total 40 

global NH3 emissions since the 1980s, followed by North America and Europe. Rice cultivation 41 

has been the largest contributor to total global NH3 emissions since the 1990s, followed by corn 42 

and wheat. In addition, results show that empirical methods without considering environmental 43 

factors (constant emission factor in the IPCC Tier 1 guideline) could underestimate NH3 44 

emissions in the context of climate change, with the highest difference (i.e., 6.9 Tg N yr-1) 45 

occurring in 2010. This study provides a robust estimate on global and regional NH3 emissions 46 

over the past 50 years, which offers a reference for policy-makers and farmers to optimally 47 

manage nitrogen fertilizer practices for compromising air quality and food security.  48 
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Introduction 50 

Over the past century, a large quantity of chemical N fertilizer was produced using the 51 

Haber-Bosch process that converts atmospheric dinitrogen gas (N2) to ammonia (NH3). Mineral 52 

fertilizer application in cropland contributed to the rapid increase in food production, which 53 

supported the fast global population growth (Erisman et al., 2008, Gruber & Galloway, 2008). 54 

Human-caused reactive N (typically from agricultural systems) was at least twice the rate of 55 

naturally created terrestrial N in 2010 (Ciais et al., 2014). These excess reactive N compounds in 56 

terrestrial ecosystems play a role in the emission of N-containing gases, including oxides of 57 

nitrogen (N2O and NOx), and NH3 

Agricultural activities account for approximately 80~90% of total anthropogenic NH

(Tian et al., 2016). The high output of these N-containing 58 

gases remains a matter of great concern to human and environmental health (Behera et al., 2013).  59 

3 60 

emissions (Bouwman et al., 1997, Zhang et al., 2010). There are two major sources for NH3 61 

emissions: volatilization from livestock manure and mineral fertilizer application (Asman et al., 62 

1998, Bouwman et al., 1997). A large amount of NH3 from synthetic N fertilizer is lost to the 63 

atmosphere where short-distance transport can return it to the land by wet or dry deposition 64 

(Asman et al., 1998). With substantial increases in manure production and chemical N fertilizer 65 

consumption, deposition of reactive N has increased across many regions of the globe. For 66 

example, the average atmospheric N deposition in this century was twenty-fold higher than that 67 

in the pre-industrial period (Dentener, 2006). This increased N deposition has contributed to 68 

eutrophication, acidification, and loss of biodiversity in the global ecosystem (Erisman et al., 69 

2008). Moreover, NH3 is one of key precursors for aerosol (PM2.5) formation in the atmosphere 70 

that could adversely affect respiratory and cardiovascular systems, and contribute to visibility 71 

reduction and regional haze (Pinder et al., 2007, Seinfeld & Pandis, 1998). For these reasons, a 72 

robust understanding of the magnitude and spatiotemporal patterns of global NH3

This study mainly focused on NH

 emissions 73 

from agricultural activities is essential.  74 

3 emissions from synthetic N fertilizer application. Mineral 75 

N fertilizer contributed 10−15% of the total estimated NH3 emissions (45~75 Tg N annually) 76 

from terrestrial ecosystems at the end of the last century (Matthews, 1994). Bouwman et al. 77 

(1997) estimated global NH3 emissions in 1990 as ~54 Tg N yr-1 with synthetic N fertilizer 78 

application accounting for ~16.7% (9 Tg N yr-1). This estimate was comparable to the 8.5 Tg N 79 
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yr-1 of Schlesinger and  Hartley (1992). Riddick et al. (2016) provided an estimate of global NH3 80 

emission of 12 Tg N yr-1 from N fertilizer for the year 2000. Previous studies have mainly 81 

focused on one-year annual NH3 emission estimates. Although Riddick et al. (2016) presented 82 

seasonal estimates of global NH3 emissions, their simplification of agricultural practices (e.g., no 83 

double cropping) along with not considering rice cultivations introduces large uncertainties in 84 

their seasonal estimates. Thus, studies of global inter-annual and crop-specific NH3

Emission factors (EF) and process-based models are two major approaches for quantifying 87 

global or regional NH

 emissions 85 

are still needed.  86 

3 emissions from N fertilizer use. The EF represents the percentage of 88 

applied N fertilizer that volatilizes as NH3, which varies with synthetic N fertilizer types. 89 

Constant values are often assumed for EFs used to build emission inventories at the global and 90 

regional scale, such as the Emission Database for Global Atmospheric Research (EDGAR, 91 

Olivier et al., 2002) and the National Emission Inventory (NEI, Reis et al., 2009) of the United 92 

States. Numerous efforts have been made to determine EFs for NH3 emissions at the regional 93 

scale (e.g., Europe, United States, and China). However, robust estimations at the global scale 94 

and on crop-specific NH3 emissions globally over historical time series are lacking. Moreover, 95 

large uncertainties still exist for monthly and annual NH3 emission estimates in previous studies 96 

(Riddick et al., 2016, Xu et al., 2016, Zhou et al., 2016). The most widely applied EF of 10% 97 

was reported in the Intergovernmental Panel on Climate Change (IPCC) Tier 1 guidelines. Other 98 

studies provided global mean EFs ranging from 14 to 21% (Beusen et al., 2008, Bouwman et al., 99 

2002, FAO & IFA report, 2001). However, these studies based on constant EFs were one-year 100 

estimates that did not consider how NH3

Process-based models are another popular approach for estimating NH

 emissions respond to climate change and variability.  101 

3 emissions. For 102 

instance, the bi-directional NH3 exchange module has been incorporated into the US 103 

Environmental Protection Agency’s (EPA) Community Multiscale Air-Quality model (CMAQ, 104 

Byun &  Schere, 2006) and coupled with the United States Department of Agriculture’s (USDA) 105 

Environmental Policy Integrated Climate (EPIC) agroecosystem model (Bash et al., 2013, 106 

Massad et al., 2010, Nemitz et al., 2000) to estimate seasonal and annual NH3 emissions from 107 

synthetic N fertilizer applications. The Flow of Agricultural Nitrogen (FAN) process model has 108 

been combined within the Community Land Model 4.5 to compute the reactive N flows and NH3 109 
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emissions (Riddick et al., 2016). Our previous study incorporated the bi-directional NH3 110 

exchange module in CMAQ within the Dynamic Land Ecosystem Model (DLEM, Tian et al., 111 

2011) (DLEM-Bi-NH3) and applied this model to estimate NH3

The current study applied the DLEM-Bi-NH

 emissions from Asian 112 

agricultural systems for 1961−2014 (Xu et al., 2018).  113 

3 module to estimate NH3 emissions from 114 

synthetic N fertilizer application in global croplands from 1961 to 2010. The objectives of this 115 

paper were to: (1) investigate spatial and temporal variations of NH3 emissions; (2) examine the 116 

impact of climate factors on NH3 emissions driven by four historical climate datasets; (3) 117 

analyze crop-specific NH3 emissions from global croplands; and (4) compare global NH3

Materials and methods 120 

 118 

emissions from model simulations with estimates from EFs in the IPCC Tier 1 guideline. 119 

General description of the DLEM model 121 

The DLEM model is a highly integrated process-based ecosystem model that makes daily, 122 

spatially-explicit estimates of carbon, nitrogen and water fluxes and pool sizes within both 123 

natural and human-dominant ecosystems, and also simulates the exchanges of major greenhouse 124 

gases (GHGs) between terrestrial ecosystems and the atmosphere at site, regional, and global 125 

scales (Tian et al., 2011, 2015). This is accomplished by combining five model components: 1) 126 

biophysical characteristics, 2) plant physiological processes, 3) soil biogeochemical cycles, 4) 127 

vegetation dynamics, and 5) land use and disturbances. Biophysical characteristics component 128 

simulates water and energy fluxes in terrestrial ecosystems and their interactions with the 129 

environment. The plant physiological process component simulates all essential processes of 130 

plant growth, such as photosynthesis, respiration, allocation, and evapotranspiration. The 131 

biogeochemical cycle processes component includes processes of decomposition, nitrogen 132 

mineralization/immobilization, nitrification/denitrification, fermentation, and other major 133 

biochemical processes in soils. The land use and disturbance component simulates the impact of 134 

natural and human disturbances on water and nutrient fluxes and storages in the land biosphere. 135 

Daily crop growth and trace gas exchanges between agroecosystems and the atmosphere is also 136 

simulated in the agricultural module of DLEM (DLEM-AG). The model is also capable of 137 
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estimating crop productivity (net primary production) and yield. Detailed descriptions of DLEM-138 

AG can be found in Ren et al. (2011) and Tian et al. (2012a, 2015).  139 

Greenhouse gas (GHG) emissions estimated by DLEM model have been validated against 140 

field observations and measurements at various sites in the historical period (Lu & Tian, 2013, 141 

Tian et al., 2010, Tian et al., 2011, Xu et al., 2017). The DLEM model has also been used to 142 

predict GHG emissions, carbon and nutrient fluxes, and global net primary production driven by 143 

climate data obtained from several General Circulation Models for the period 2011−2099 (Pan et 144 

al., 2014, Ren et al., 2015, Tian et al., 2012b). Simulated results of water, carbon, and nutrients 145 

fluxes and storages derived from DLEM model were also compared with estimates from various 146 

approaches at regional, continental, and global scales (Tian et al., 2015, Yang et al., 2015). 147 

These previous efforts demonstrate that DLEM model can realistically simulate the 148 

biogeochemical cycles in soils at various spatiotemporal scales.  149 

Description of the DLEM-Bi-NH3 

In the DLEM model, NH

module 150 

4
+ inputs (e.g., synthetic N fertilizer) to soils are subjected to NH3 151 

volatilization, plant and microbial uptake, nitrification, and N leaching that result in variable 152 

amounts of NH4
+ over time. In detail, soil NH4

+ decreases due to soil immobilization, 153 

nitrification, anaerobic ammonium oxidation, NH3 volatilization, organic and inorganic N 154 

leaching and runoff, while NH4
+ increases due to soil mineralization, biological N2 fixation, 155 

nitrate ammonification, N deposition, and fertilizer/manure N application. These processes are 156 

regulated by environmental factors (e.g., soil temperature, moisture, pH) and vegetation (e.g., 157 

crop type, NH4
+ uptake). Different soil organic pools and decomposition processes, and how 158 

they affect NH4
+ budgets in soils can be found in Tian et al. (2015) and Xu et al. (2018). The 159 

NH3 volatilization process described in the DLEM-Bi-NH3 

In the DLEM-Bi-NH

module can affect crop growths as 160 

well as other N-involving processes within agricultural soils in the DLEM model after synthetic 161 

N fertilizer was applied (see Text S1).  162 

3 module, the overall emission flux of NH3 (Femis

                                            F

) varies daily after 163 

synthetic N fertilizer was applied to soils and is calculated as follows: 164 

emis = Cc / (Ra + 0.5 Rinc)                                              (1) 165 
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where Cc is the canopy NH3 compensation point, Ra is aerodynamic resistance, and Rinc is 166 

aerodynamic resistance within the canopy. Ammonia fluxes are given in μg m−3 s-1, while units 167 

for all compensation points and the above resistances are μg m−3 and s m-1, respectively. Other 168 

major equations of the DLEM-Bi-NH3 module can be found in Supplementary Material and Xu 169 

et al. (2018). The DLEM-Bi-NH3

In this study, we considered 10 crop types including rice, corn, wheat, soybean, cotton, millet, 172 

sorghum, groundnuts, barley, and rapeseed globally. In addition, we included different crop 173 

rotation systems (e.g., rice-wheat, rice-rice, corn-wheat, and soybean-wheat). Fertilizer timings 174 

were determined based on previous literatures (see Text S1 in Xu et al. (2018) and Text S2 & 175 

Table S1 of this study). While using the DLEM-Bi-NH

 module has been validated using field observations at multiple 170 

sites globally (see Table S2 in Xu et al. (2018)).  171 

3 module, fertilizer application mainly 176 

consisted of adding NH4
+ and was independent of fertilizer types. The pH value of soil after N 177 

fertilizer application was taken as 7.5 (Massad et al., 2010). Fertilizer application methods (e.g., 178 

basal or topdressing) were not considered in this study. We assumed fertilizer remains at the 179 

surface layer (top 5 cm) when applied to soils (Massad et al., 2010). In reality, emissions are 180 

sensitive to fertilizer types (e.g., Yan et al., 2003, Zhou et al., 2016), to pH value (e.g., Sommer 181 

& Olesen, 1991), and to specific agricultural practices (e.g., Fu et al., 2015, Ju et al., 2009, Zhou 182 

et al., 2016). It is very likely that these factors might reduce NH3

Input data description 184 

 emission estimates. 183 

Input datasets for the DLEM-Bi-NH3 simulations include a natural vegetation map, land use 185 

change (LUC), synthetic N fertilizer application, atmospheric CO2 concentration, and time series 186 

of climate at a spatial resolution of 0.5° × 0.5°. The developed natural vegetation map was based 187 

on SYNMAP (Jung et al., 2006), which rendered fractions of 47 vegetation types in each 0.5° 188 

grid. These 47 vegetation types were converted to 15 plant functional types for use in the DLEM 189 

through a cross-walk table with a spatial pattern that can be found in Pan et al. (2015) and Xu et 190 

al. (2017). Cropland distribution datasets were developed by aggregating 5-arc minute resolution 191 

HYDE v.3.2 global cropland distribution data (Klein Goldewijk et al., 2017) to the resolution  of 192 

0.5° × 0.5° latitude/longitude. Spatially-explicit LUC data for 1900−2005 was retrieved from 193 

high-resolution remotely sensed data, field surveys and contemporary LUC patterns reported in 194 
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China’s National Land Cover Datasets (Liu &  Tian, 2010, Lu et al., 2012, Ren et al., 2012); this 195 

dataset has been updated to the year 2010. The land-use change dataset for India was developed 196 

from remote sensing datasets available from the Advanced Wide-Field Sensor of Resourcesat-1 197 

during 2005−2009 in combination with three inventory datasets during 1880−2010 to reconstruct 198 

LUC at 5-arc minute resolution during 1880−2010 (Tian et al., 2014). Land-use change datasets 199 

of China and India were aggregated to 0.5° to replace HYDE v.3.2 for both regions from 1900 to 200 

2010. Cropland spatial distribution within each grid for 1961 and 2010 are shown in Figure S1. 201 

A spatially-explicit time-series dataset of agricultural N fertilizer use was developed through 202 

spatializing IFA-based country-level N fertilizer consumption according to crop specific N 203 

fertilizer application rates, crop type distribution, and historical cropland distribution during 204 

1960−2013 (Lu & Tian, 2017).  205 

Half-degree daily climate data (e.g., average, maximum, minimum air temperature, 206 

precipitation, relative humidity, and shortwave radiation) were derived from CRUNCEP climate 207 

forcing data (Wei et al., 2013). Long-term average climate datasets (1901 to 1930) were used to 208 

represent the initial climate state in 1900. Three additional climate datasets (PGMFD v.2, 209 

GSWP3, and WFDEI_WFDEI) with 0.5° × 0.5° resolution of daily climate data were obtained 210 

from the Inter-Sectoral Impact Model Integration and Intercomparison Project (ISI-MIP 2.1). All 211 

data are available at the ISI-MIP website (www.isimip.org). The monthly CO2 concentration 212 

dataset obtained from NOAA extended GLOBALVIEW-CO2

Model simulation experiments and implementation 215 

 spanned the time period of 1900 to 213 

2010 (http://www.esrl.noaa.gov/gmd/ccgg/globalview/co2/). 214 

Six simulation experiments were conducted to achieve our objectives. Implementation of the 216 

DLEM-Bi-NH3 simulation included three steps: (1) equilibrium run, (2) spin-up run, and (3) 217 

transient run. All datasets that used to drive the model in the equilibrium run were in 1900. The 218 

equilibrium state was assumed to reach when intra-annual variations of carbon, nitrogen, and 219 

water storage were less than 0.1 g C/m2, 0.1 g N/m2 and 0.1 mm, respectively, during two 220 

consecutive 50 years in each grid. The long-term mean climate data for 1901 to 1930 were used 221 

to represent 1900 climate. Following the equilibrium run, the model was spun-up by de-trended 222 

climate data (1901 to 1930) to allow smoother model mode transitions from equilibrium runs to 223 

transient runs more smoothly (i.e., three spins with 10-year climate data each time). Finally, the 224 
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model was run in the transient mode using daily climate data, CO2 concentration, N fertilizer 225 

application, and LUC inputs for the 1901 to 2010 time period. We conducted three simulation 226 

experiments (S1, S2, and S3) driven by CRUNCEP climate forcing data to investigate the 227 

response of global NH3 emissions to temperature and precipitation changes in the historical 228 

period (Table 1). The difference in NH3 emissions simulated by S3 and S1 experiments refers to 229 

the climate effects: the difference between S2 and S1 experiments reflected temperature effects 230 

and precipitation effects was from the difference between S3 and S2 experiments. To estimate 231 

the NH3

Results  234 

 emission response to different climate datasets, four simulation experiments (S3−S6) 232 

were conducted, driven by different climate datasets during 1901−2010. 233 

Temporal changes in global NH3

We quantified NH

 emissions  235 

3 emissions from global croplands associated with synthetic N fertilizer 236 

application during 1961−2010. Model simulations showed a significant increase in annual mean 237 

global NH3 emissions (Fig. S2). Compared to the 1960s (2.8±1.5 Tg N yr-1), we estimated an 238 

increase of 12.0±0.8 Tg N yr-1 (436%) in NH3 emissions associated with a 71.4 Tg N yr-1 239 

increase in mean N fertilizer applied to croplands in the 2000s driven by four different climate 240 

datasets (S3−S6). Error bars, ±2 standard deviation (s.d.) calculated from simulation results 241 

based on four different climate datasets. The highest global mean NH3 emission was estimated at 242 

16.7±0.5 Tg N yr-1 in 2010. Total NH3 emissions associated with different climate datasets 243 

varied with a maximum value for WFDEI.GPCC (17.0 Tg N yr-1) and a minimum value for 244 

CRUNCEP (16.5 Tg N yr-1) in 2010. Global NH3 emissions positively responded to increased N 245 

fertilization whose temporal trends were similar to N fertilizer input trends. Thus, although 246 

climate is an important factor that affects NH3 emissions from global croplands, the rapid 247 

increase in synthetic N fertilizer applications was the more dominant factor impacting the rise in 248 

global NH3

Spatial pattern of global NH

 emissions in the past half-century.  249 

3

Ammonia emissions varied widely across countries and regions. The magnitude of differences 251 

between regions became larger with the increase in global N fertilizer-induced NH

 emissions  250 

3 emissions 252 

during 1961−2010 (Fig. S3). In the 1960s, major sources were North America and Europe, which 253 
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contributed to 70% of total annual emissions at an estimated rate of 0.3 to 0.5 g N m-2 yr-1 (Fig. 254 

1). Emission rates from remaining grids of different continents stayed within 0~0.05 g N m-2 yr-1. 255 

In the 1980s and 1990s, a large NH3 emission increases were found in all continents of the 256 

Northern Hemisphere, especially in southern Asia, where NH3 emission rates were as high as 257 

1.5~2.0 g N m-2 yr-1. Total contributions from North America and Europe was 43.2% in the 258 

1980s and 34.2% in the 1990s. The largest variation in spatial patterns were in the 2000s (Fig. 1). 259 

Southern Asia contributed 61.1% of total emissions. The highest emission rate was found in the 260 

North Plain of China, which was greater than 3.0 g N m-2 yr-1 (Fig. S3). With expansion of 261 

cropland and increased N fertilizer consumption in the Southern Hemisphere, all continents 262 

showing substantial increases in NH3 emission rates (within a mean range of 0~0.05 g N m-2 yr-263 
1 in the 1960s) shifted to a range of 1.0~1.5 g N m-2 yr-1 

From a continental perspective, North America, Europe, and southern Asia were the three 265 

major NH

in the 2000s.  264 

3 emissions regions in the 1960s (i.e., 1.0±0.5, 0.9±0.4, and 0.6±0.5 Tg N yr-1, 266 

respectively). Only Europe showed a declining emission trend since the 1980s, with a mean 267 

decrease rate of ~0.6 Gg N yr-1 (1Gg = 1×10-3 Tg). The decadal change in NH3 emissions from 268 

North America was slight since the 1980s. In contrast, southern Asia became the leading emitter 269 

with a mean increase rate of ~225.8 Gg N yr-1 during 1980−2010 (Fig. 2). In the 1960s, NH3 270 

emissions from South America, Africa, and Oceania were 0.06±0.05, 0.08±0.04, and 271 

0.014±0.012 Tg N yr-1, respectively. South America and Africa showed a large increase in NH3 272 

emissions since the 1990s, with a mean rate of ~42.4 and ~10 Gg N yr-1, respectively. Oceania 273 

showed an increasing trend with a mean rate of ~7.5 Gg N yr-1. Ammonia emissions have been 274 

highly concentrated since 1988, with more than 50% of emissions sourced from southern Asia. 275 

The highest emission in North America, southern Asia, and Europe was estimated as 2.46±0.09 276 

in 1991, 10.21±0.5 in 2009, and 2.30±0.03 Tg N yr-1 

Intra-annual changes of global and regional NH

in 1990, respectively. 277 

3

In terms of intra-annual variation, we only focused on emissions in the 2000s driven by one 279 

climate dataset (CRUNCEP). There were two peaks (March−April−May and June−July−August) 280 

of global NH

 emissions 278 

3 emissions from N fertilizer applications during 2000−2010 (Fig. S4), which 281 

contributed about 72% of total N fertilizer-induced emissions. In contrast, 282 

December−January−February contributed least and accounted for less than 10% of total 283 
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emissions. The NH3 emissions during June−July−August showed an increasing trend during 284 

2000−2010. Meanwhile, the seasonal contribution of NH3 emissions varied for the different 285 

continents (Fig. 3). In Asia, the estimated NH3 emissions in winter (December to February), 286 

spring (March to May), summer (June to August), and autumn (September to November) 287 

accounted for 5.9%, 22.2%, 56.6%, 15.3% of the annual emission, respectively. In North 288 

America, the estimated NH3 emissions in winter, spring, summer, and autumn accounted for 289 

3.7%, 64.9%, 19.2%, 12.2% of the annual emission, respectively. In Europe, the estimated NH3

From December to February, regions close to the tropics (±30°) were significant sources of 293 

NH

 290 

emissions in winter, spring, summer, and autumn accounted for 1.6%, 63.2%, 0.3%, 34.9% of 291 

the annual emission, respectively.  292 

3 emissions (e.g., Northeast and South India, South Africa, and Brazil; Fig. 3). From March 294 

to May, the emissions shifted to the Northern Hemisphere, where North America, Europe, and 295 

southern Asia were the largest sources of global NH3 emission; this was especially true for the 296 

Midwestern United States, Europe, North Plain of China, and North India (Fig. 3). In addition, 297 

regions within the northern tropics acted as NH3 sources (e.g., Mexico and Southeast Asia). In 298 

summer, the Northern Hemisphere continuously acted as the largest NH3 source. Moreover, NH3 299 

emissions were substantial in the entire area of India and the North, Northeast, and Southeast 300 

Plain of China, and most countries in Southeast Asia. However, there was a slight emission 301 

associated with Europe and the Midwestern United States. From September to November, NH3

Crop-specific NH

 302 

emissions covered all continents of the Earth’s surface.  303 

3

From a crop-type perspective, we identified four major global crops (rice, corn, wheat, and 305 

soybean) and estimated NH

 emissions  304 

3 emissions from these crops due to synthetic N fertilizer application 306 

during 1961−2010. These four crops accounted for 67% of the total emission during the 1960s, 307 

among which wheat and corn were the two main sources (Fig. 4). In the 2000s, the largest source 308 

of NH3 emissions was from rice (23.5%), followed by wheat (22.8%), and corn (21.9%) (Fig. 4). 309 

Soybean only accounted for less than 10% of the global annual total NH3 emissions from 1961 310 

to 2010 (Fig. 4). The transition of global NH3 emissions from wheat and corn to rice, wheat, and 311 

corn was due to area expansion and increased fertilizer use in rice cultivation from 1961 to 2010 312 

in the context of global warming. 313 
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Comparisons with the estimate by the IPCC Tier1 guideline methodology 314 

The IPCC Tier1 guideline methodology used a constant EF of 10% to estimate global NH3 315 

emissions from synthetic N fertilizer use; i.e., emissions are equal to 10% of annual applied 316 

fertilizer amounts. Herein, global NH3 emission from synthetic N fertilizer use was estimated to 317 

be 1.0 and 9.9 Tg N yr-1 in 1961 and 2010, respectively, based on the EF proposed in the IPCC 318 

Tier1 guideline methodology. In contrast, the simulated results from the DLEM in both years 319 

were nearly two times higher than the IPCC EF estimates (Fig. S2). The spatial patterns of EF-320 

based results differed from those of our model simulations (Figs. 1 & S5). In the 1960s, NH3 321 

emissions from most regions based on DLEM simulations were slightly larger than IPCC EF 322 

estimates (mean range of 0−0.3 g N m-2 yr-1) except for northern Europe and western United 323 

States. During the 1980s and 1990s, DLEM results were far larger than EF-based results in most 324 

regions across the globe (i.e., the upper and eastern Midwest of the United States and southern 325 

Asia, especially China, India, and Pakistan). The negative difference between EF-based and 326 

DLEM NH3 emissions became much larger in some regions (i.e., northern and the upper eastern 327 

Europe, and the western United States) compared to differences in the 1960s. Also, negative 328 

differences appeared in western China (where most drylands are located), which was as low as 329 

1.0 g N m-2 yr-1. The largest difference in NH3 emissions (i.e., per grid) appeared in the 2000s in 330 

northern India (> 5.0 g N m-2 yr-1

 We compared crop-specific NH

). In the Southern Hemisphere, DLEM results were 331 

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

approaches became larger during 1961−2010. 333 

3 emissions estimated by DLEM and IPCC EF during 334 

1961−2010 (Fig. 4). Rice, wheat, and corn were three dominant crops responsible for the 335 

significant increase in NH3 emissions from global croplands due to application of synthetic N 336 

fertilizer. Overall, DLEM NH3 emissions from rice cultivation tended to increase faster than 337 

wheat and corn during 1961−2010 (Fig. S6). During the 1960s, the increasing rate of NH3 338 

emissions from rice, wheat, and corn according to DLEM were 0.83, 0.65, and 0.68 Tg N 339 

decade-1, respectively. In contrast, the increased rate for these crops based on the IPCC EF was 340 

0.43, 0.36, and 0.44 Tg N decade-1

Discussion 342 

, respectively.  341 

Comparisons with other studies 343 
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We compared our model results against previous studies based on EFs and process-based models 344 

at the global and regional scale. In our study, a general EF was calculated as modeled emissions 345 

divided by total N fertilizer applied across the global. At the global scale, the DLEM-simulated 346 

mean NH3 emission in 2000 was 13.6±0.5 Tg N, which was ~14% higher than the FAN model 347 

estimates of Riddick et al. (2016) (Table 2). In comparison, the DLEM-simulated mean EF was 348 

17.6%, which is slightly lower than their simulation (EF: 19%) in 2000. Although both studies 349 

are based on model simulations, our estimates are different for two major reasons: 1) model 350 

structures and parameters in both studies differed significantly; and 2) input datasets and 351 

fertilization timings were from various sources. For example, total synthetic N inputs and spatial 352 

patterns in our study were generated by Lu and Tian (2017), while Riddick et al. (2016) 353 

determined synthetic fertilizer application rates based on data provided by Potter et al. (2010). 354 

The estimated global NH3 emission from synthetic N fertilizer was ~9 Tg N yr-1 in 1995 based 355 

on the EF calculated by Bouwman et al. (2002), which was 27% lower than our estimate (12.4 356 

Tg N yr-1

At the country scale, several studies have estimated NH

; Table 2). Consequently, the estimated EF in Bouwman et al. (2002) was lower than 357 

the EF in our study for the same year. Differences between these studies were due to the 358 

synthetic N fertilizer dataset and estimate methodology. Generally, process-based model 359 

estimates of this study and previous estimate by Riddick et al. (2016) are higher than EF-based 360 

estimates (Table 2). 361 

3 emissions from warm regions (e.g., 362 

China, India, and United States) using various approaches; however, there are large uncertainties 363 

with these estimates. Comparisons of estimated NH3 emissions from synthetic N fertilizer 364 

applications in China and India from different studies were listed in Xu et al. (2018). Calculated 365 

2002 NH3

Climate effects on NH

 emissions in the United States (based on the CMAQ-EPIC model) were 73.68% lower 366 

than our estimates (Bash et al., 2013). However, our 2008 estimate was similar to the NEI 2008 367 

value (Rao et al., 2013).  368 

3

By performing DLEM simulations based on four climate datasets from 1961−2010, we found 370 

that annual differences between various climate datasets were the primary factors affecting 371 

differences among simulation results. Annual estimates from CRUNCEP were lowest among all 372 

results driven by the other three climate forcing datasets. Additionally, differences rose with 373 

 emissions at spatiotemporal scales 369 
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increasing temperature during 1980−2010. Our simulated results show that climate effects on 374 

NH3 emissions increased largely from 33.1 Gg N yr-1 in 1961 to 566.5 Gg N yr-1 in 2010, with 375 

substantial year-to-year variations. The average impact of climate variation is about 3%, ranging 376 

from 0% to 7% of annual total NH3 emissions due to inter-annual variations during the period of 377 

1961−2010. The increasing trend and variations in NH3 is closely associated with increasing 378 

global annual temperature with large inter-annual variations. We found that annual NH3 379 

emissions increased with rising temperature and exhibited large inter-annual variations (Fig. 5). 380 

Temperature increase was a dominant factor that promoted climate effects in global NH3 381 

emissions. In most years, precipitation had a negative impact on increasing annual emissions to a 382 

small extent. This highlights the necessity to consider climate factors when estimating NH3

Previous studies emphasized that NH

 383 

emissions from agricultural soils. 384 

3 volatilization from N fertilizer application depends 385 

strongly on localized environmental factors; however, this impact has not been investigated at 386 

the global and regional scale, and on crop-specific emissions globally (Fu et al., 2015, Huang et 387 

al., 2012, Zhang et al., 2011). Agricultural systems are complex due to the combination of 388 

human management and climate effects. Thus, process-based models could be an effective 389 

approach to address NH3 exchange processes (Sutton et al., 2013). However, the EF used in the 390 

IPCC Tier 1 guideline was a constant value regardless of regional variations affected by 391 

environmental factors. Our study provides comprehensive comparisons of crop-specific NH3 392 

emissions from global croplands between a constant EF and process-based models at the global 393 

and regional scale. Results showed that differences between the two approaches increased from 394 

1.0 Tg N yr-1 to 6.9 Tg N yr-1 during 1961−2010. The largest positive difference was found in 395 

regions with warmer climates and/or with higher N fertilizer applications (e.g., southern Asia and 396 

North America; Fig. 4). Negative differences were found in regions with dry or cold climates 397 

(e.g., Northern Europe and western North America), which indicates that climate effects in these 398 

regions could retard NH3 emissions. In our simulations, environmental factors (i.e., climate, soil 399 

properties, and cropland management strategies) were applied to simulate NH3 emissions in each 400 

grid to better reflect NH3 emission processes in real agricultural systems. Utilizing a constant EF 401 

without considering environmental factors could, to some extent, underestimate NH3 emissions 402 

in the context of global warming. Similarly, Zhou et al. (2016) found that the estimated annual 403 
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NH3

Crop-type scale comparisons demonstrated the importance of environmental impacts on NH

 emission in China using a nonlinear model was 40% greater than that derived from the 404 

IPCC Tier 1 guideline.  405 

3 406 

emissions. Our study provides evidence that NH3 emissions were crop-type dependent and were 407 

dominated by location and N fertilizer requirements. Crops such as barley grown at high 408 

latitudes where temperatures were much lower than in the tropics contributed half of total 409 

emissions compared to calculations based on the IPCC EF. In our study, emissions from rice-410 

cultivated regions (primarily in East, South, and Southeast Asia) were two times higher than 411 

IPCC EF estimates and showed an increasing trend (Figs. 4 & S6). Although not the largest 412 

receiver of global N fertilization in 2010 (Zhang et al., 2015), rice was the top-ranking crop 413 

contributing to global NH3 emissions, followed by corn and wheat. A possible explanation is that 414 

high temperature is the dominant factor that accelerates NH3 emissions from rice cultivation. 415 

However, Bouwman et al. (2002) mentioned that NH3

Climate effects are of great importance and should be considered when estimating NH

 volatilization from wetland rice systems 416 

is complicated since it is dependent on rice height, aquatic biota growth that regulates floodwater 417 

pH, and N fertilizer application timing and approaches.  418 

3 419 

emissions. By performing with/without climate and temperature-only simulations, we were able 420 

to evaluate the contribution of different climate factors to the increase in global NH3

Causes of intra-annual variations at regional scales 424 

 emissions 421 

during the historical period. Simulation results indicated that temperature was the dominant 422 

factor behind increased emissions (Fig. 5).   423 

Intra-annual NH3 emissions are highly correlated to dates and N fertilizer application 425 

amounts. Overall, rice, corn, and wheat received more than 50% of the world’s synthetic N 426 

fertilizer (Heffer, 2013) and were the three major NH3 emission sources that account for ~65% 427 

of total emissions during 1961−2010 in this study. In Asia, the estimated NH3 emissions were 428 

highest from summer (June to August), accounting for 56.6% of the annual emission. Higher 429 

summer emissions were associated with cultivation periods and N fertilizer application timings 430 

(see detailed description in Xu et al. (2018) Text S1). Rice cultivation areas in East, South, and 431 

Southeast Asia contributed 89% of the world total (Yan et al., 2003). In this study, rice fields 432 

were the largest contributor to total Asian emissions since rice is the major cereal crop cultivated 433 
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in sub-tropical and tropical regions of Asia (East, South, and Southeast Asia) that use large 434 

amounts of fertilizer each summer (Aulakh et al., 2001, Mahajan et al., 2012, Zou et al., 2005). 435 

For example, rice cultivation in China, India, Indonesia, Vietnam, Thailand, Bangladesh, and 436 

Philippines represented 16%, 30%, 45%, 60%, 45%, 83%, and 48% of total N fertilizer applied 437 

to all crops for each country, respectively (Heffer, 2013). As discussed above, warmer 438 

temperature during summer can stimulate NH3 emissions in these regions thereby resulting in 439 

higher NH3

In contrast, spring (March to May) accounted for about 60% of annual emissions in North 441 

America and Europe due to high fertilizer use for corn and winter/spring wheat. Corn is 442 

generally cultivated in April and May in northern mid-latitudes, winter wheat is usually planted 443 

in the fall (September and October), and spring wheat is generally planted in late spring (Sacks et 444 

al., 2010, USDA NASS, 2010). We identified fertilizer timings according to field experiments, 445 

where N fertilizer was applied to corn and spring wheat at or before planting in spring, and the 446 

following March for winter wheat (Alluvione et al., 2010, Guy & Gareau, 1998, Kunzová & 447 

Hejcman, 2009, Lopez-Bellido et al., 2007). For example, corn and wheat cultivations 448 

represented 47% and 13%, respectively, of total N fertilizer applied to all crops in the United 449 

States, and 13% and 29%, respectively, of total N fertilizer applied to all crops in European 450 

countries (Heffer, 2013). 451 

 emissions from fertilizer use.  440 

Uncertainties and future work 452 

Although other studies focused on regional and global estimates of NH3 emissions from 453 

synthetic N fertilizer application, large uncertainties associated with estimation approaches still 454 

remain. A process-based dynamic ecosystem model is a fundamental means to investigate 455 

agricultural system response to N fertilizer inputs as impacted by all environmental factors. 456 

Compared to static EFs in the IPCC Tier 1 guideline, results from our DLEM-Bi-NH3 module 457 

could provide estimates of annual NH3 emission fluctuations as affected by climate factors to 458 

better reflect real NH3

Ammonia volatilization from croplands is sourced from biological degradation of organic 462 

compounds and from synthetic and organic fertilizers yielding NH

 volatilization processes. However, uncertainties in this study should be 459 

associated with N fertilizer datasets and timing of N fertilizer applications should be addressed in 460 

future work. 461 

4
+ (Bouwman et al., 2002). 463 
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Thus, nitrogen fertilizer types can have significant impacts on NH3 volatilization processes. As 464 

indicated in Nishina et al. (2017), synthetic N fertilizer consists of NH4
+ and nitrate (NO3

−), but 465 

the NH4
+/ NO3

− ratio in N fertilizer inputs shows obvious differences at spatiotemporal scales. 466 

Our study treated N fertilizer as a total input for NH3 volatilization regardless of the fraction of 467 

NH4
+ and did not distinguish N fertilizer type (Bash et al., 2013, Fu et al., 2015). In future 468 

studies, identifying N fertilizer types and treating them as different N sources would be desirable 469 

since our assumption could overestimate global NH3

Timing of N fertilizer application can also be a major factor that controls NH

 emissions. 470 

3 volatilization 471 

from soils. Pinder et al. (2004) indicated that the greatest uncertainty in NH3 missions are 472 

attributable to farming practices. In the DLEM, fertilizer was applied one to four times per year 473 

based on field experiments and literature review (Xu et al., 2018). Except for China and North 474 

America, most regions had a one-time fertilizer application, which could introduce large 475 

uncertainties in global NH3 emission estimates (Table S1). Furthermore, variation in N fertilizer 476 

application timing could affect monthly NH3 emissions at regional scales. Xu et al. (2015) 477 

indicated higher NH3 emissions in China during summer (June to August) and autumn 478 

(September to November) with a peak observed in July that was in agreement with findings of 479 

Zhang et al. (2011). However, those results were inconsistent with the seasonal emission patterns 480 

reported by Fu et al. (2015) and Huang et al. (2012). Fu et al. (2015) pointed out that difficulties 481 

capturing exact fertilization dates could cause the large discrepancy among studies on seasonal 482 

NH3 estimates in China. Gilliland et al. (2003, 2006) investigated seasonal NH3 emissions for 483 

the continental United States and found that emissions were highest in summer followed by 484 

spring since fertilizer application activity peaks during these seasons. Thus, since seasonal NH3

This study provided evidence that climate change could significantly accelerate NH

 485 

emissions are heavily dependent on fertilizer application date, more information on fertilization 486 

timing from field operations is needed to minimize uncertainties.  487 

3 488 

emissions from agricultural systems. However, few studies have focused on NH3 emissions 489 

under future conditions. Sutton et al. (2013) predicted that a 5°C warming could increase global 490 

NH3 emissions by 40%. Sensitivity tests conducted by Riddick et al. (2016) also support 491 

potential accelerated global NH3 emissions due to warming. However, those studies did not 492 

consider other factors that could affect NH3 emissions from soils when attempting to predict the 493 
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responses of NH3 emissions to global warming. In future work, a multi-factor environmental 494 

change framework is required to more accurately predict NH3
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Table 1. Simulation experiment design in this study.  678 

Experiments 
Climate Nitrogen 

Fertilizer 
CO LUC 2 

Source Temperature Precipitation 

Initial 

simulation 
CRUNCEP 

Averaged 

(1901−1930) 

Averaged 

(1901−1930) 
1900 1900 1900 

S1 CRUNCEP 
Averaged 

(1901−1930) 

Averaged 

(1901−1930) 
1901−2010 1901−2010 1901−2010 

S2 CRUNCEP 1901−2010 
Averaged 

(1901−1930) 
1901−2010 1901−2010 1901−2010 

S3 CRUNCEP 1901−2010 1901−2010 1901−2010 1901−2010 1901−2010 

S4 WFDEI.GPCC 1901−2010 1901−2010 1901−2010 1901−2010 1901−2010 

S5 GSWP3 1901−2010 1901−2010 1901−2010 1901−2010 1901−2010 

S6 PGMFD v.2 1901−2010 1901−2010 1901−2010 1901−2010 1901−2010 
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Table 2. Estimates of global NH3 emissions (expressed in Tg N yr-1

Region 

) based on different approaches.  679 

Year Method NH3 Reference  emission 

Global 

2000 
DLEM-Bi-NH

13.6 ± 0.5 
3 This study∗ 

1995 12.4 ± 0.3 

2000 IPCC Tier 1 guideline 7.7 IPCC, 2006 

2000 Process-based model 12.0 Riddick et al. (2016) 

1995 Constant EF 9.0 Bouwman et al. (2002) 

∗

 682 

 Mean ±2 standard deviation (s.d.) calculated from simulation results based on four different climate 680 

datasets.   681 
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Fig. 1 Simulated ammonia (NH3

 685 

) emissions in response to application of synthetic nitrogen (N) fertilizer 683 

in: (a) the 1960s, (b) the 1980s, (c) the 1990s, and (d) the 2000s at a spatial resolution of 0.5 by 0.5 degree.  684 

Fig. 2 The continental-scale estimation of ammonia (NH3) emission in the 1960s, the 1980s, the 1990s, 686 

and the 2000s. Error bars, ±2 standard deviation (s.d.) calculated from simulation results based on four 687 

different climate datasets. All units are Tg N yr-1

 689 

.  688 

Fig. 3 Simulated seasonal mean ammonia (NH3

 693 

) emissions in the 2000s: (a) 690 

December−January−February, (b) March−April−May, (c) June−July−August, and (d) 691 

September−October−November. 692 

Fig. 4 Crop-specific NH3 emissions from synthetic N fertilizer application estimated by the DLEM-Bi-694 

NH3

 696 

 module (a) and the IPCC EF (b).  695 

Fig. 5 Climate effects on ammonia (NH3) emissions during 1961−2010. The temperature impact on 697 

annual NH3 emissions was calculated through the difference between S2 and S1 experiments; the 698 

precipitation impact on annual NH3 emissions was calculated through the difference between S3 and S2 699 

experiments; the temperature difference equals annual average temperature during 1961−2010 minus the 700 

average temperature during 1901−1930.  701 
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