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ABSTRACT: There is increasing evidence indicating the critical
role of ammonia (NH3) in the formation of secondary aerosols.
Therefore, high quality NH3 emission inventory is important for
modeling particulate matter in the atmosphere. Unfortunately,
without directly measured emission factors (EFs) in developing
countries, using data from developed countries could result in an
underestimation of these emissions. A series of newly reported
EFs for China provide an opportunity to update the NH3
emission inventory. In addition, a recently released fuel
consumption data product has allowed for a multisource, high-
resolution inventory to be assembled. In this study, an improved
global NH3 emission inventory for combustion and industrial sources with high sectorial (70 sources), spatial (0.1° × 0.1°), and
temporal (monthly) resolutions was compiled for the years 1960 to 2013. The estimated emissions from transportation (1.59
Tg) sectors in 2010 was 2.2 times higher than those of previous reports. The spatial variation of the emissions was associated
with population, gross domestic production, and temperature. Unlike other major air pollutants, NH3 emissions continue to
increase, even in developed countries, which is likely caused by an increased use of biomass fuel in the residential sector. The
emissions density of NH3 in urban areas is an order of magnitude higher than in rural areas.

■ INTRODUCTION

Air pollution is a major environmental concern for large
transition economies, primarily because of rapid industrializa-
tion, high population density, and poor implementation of
environmental legislation.1 It is well-known that air pollution
can severely impact health by causing respiratory disease, heart
disease, stroke, and cancer.2 According to the latest estimates,
global ambient air pollution alone can cause more than three
million premature deaths each year.3 Although ambient NH3
concentrations are much lower than those of major air
pollutants, such as sulfur dioxide, ambient NH3 not only
contributes to inorganic PM2.5 (particulate matter with an
aerodynamic diameter of less than 2.5 μm) directly but also
plays an important role in secondary organic aerosol formation
by interacting with gaseous phase organic acids and forming
condensable salts.4

NH3 is emitted mainly from livestock, fertilizers, fuel burning,
natural vegetation, and the ocean.5 To quantify its emission,
emission inventories have been compiled and used for
modeling and assessment. The first of the three global-scale
inventories of NH3 was developed by Bouwman et al. in 1990.
This 1° × 1° inventory considers the major sources of NH3,

including data from animal populations, synthetic nitrogen
fertilizers, biomass burning, and natural sources.5 The ACCMIP
(Atmospheric Chemistry and Climate Model Intercomparison
Project) has developed another global-scale inventory com-
posed of 0.5° × 0.5° data sets for anthropogenic and biomass
burning emissions.6 The third inventory was developed by the
Emissions Database for Global Atmospheric Research
(EDGAR) and is the most commonly used. The latest version
(v4.3.1) provides estimates of the global 0.1° × 0.1°
anthropogenic emissions from 1970 to 2010 based on publicly
available statistics.7 There are also a number of global-,
regional-, and country-scale inventories, such as HTAPv2
(0.1° × 0.1°, 2008, 2010) for the globe,8 NEI (0.1° × 0.1°,
2008, 2011 and 2014) for the United States,9 and REAS (1° ×
0.1°, 2000−2008),10 Xin’s (1 × 1 km, 2006)11 and Cao’s (0.5°
× 0.5°, 2007)12 inventories for China. Like many other bottom-
up emission inventories, a major source of uncertainty of those
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for NH3 inventories is a lack of activity and emission factor
(EF) data for developing countries. For example, without
directly measured EFs for motor vehicles in developing
countries, the EFs previously reported for developed countries
were used for developing countries, leading to significant
underestimates.11 Newly published data on both fuel
consumption and EFs in developing countries, especially
those for the transportation and residential sectors in
China,13−15 provide an opportunity to improve the inventory.
NH3 emissions from various combustion and industrial

sources account for no more than one-fifth of the global total.5

However, they are critical for air quality modeling and public
health assessment because of their contribution to the presence
of secondary ammonium in PM2.5, particularly in urban areas16

where most of the exposure and health impacts occur, as well as
for their important role in gas-phase clustering17 and aerosol
nucleation and growth,18−20 especially in the early stage of
atmospheric aging of the emissions. NH3 mixing ratios down to
100 ppt or less may lead to a more than 100−1000-fold
increase in the nucleation rate of sulfuric acid particles.21 Pre-
existing NH3 in combustion sources, such as gasoline vehicle
exhaust, can greatly enhance new particle formation during
photochemical aging immediately after emission.22

Recently, global fuel consumption data products (PKU-
FUEL) with high sectorial (over 70 sources), spatial (0.1° ×
0.1°), and temporal (daily) resolutions have been released,23,24

and cover the period from 1960 to 2013. These data products
were compiled based on subnational energy data (county data
for the United States, China, and Mexico; provincial data for
eight large countries, including India and Canada; and 0.5
degree data for European countries) from IEA and country
databases and disaggregated to 0.1 degree.23 For the residential
sector, a time-for-space substitution method was developed to
simulate a monthly variation of electricity use and fuel
consumption in individual countries.24 Based on the product
and a newly updated NH3 EF database, a high-resolution
emission inventory of NH3 was compiled for combustion and
industrial sources. Source contributions and spatiotemporal
variations of the emissions are discussed, and differences
between rural and urban areas are addressed.

■ MATERIALS AND METHODS
The inventory was compiled through a bottom-up procedure.
Fuel consumption and EF data were collected from 70 detailed
combustion and industrial sources to include the most recently
published literature. The differences in the EFs among
countries and years were considered. The uncertainty of the
inventory was addressed using a Monte Carlo simulation.
Emission Sources. A total of 65 combustions and five

industrial sources (i.e., open hearth furnace, catalytic cracking,
lime production, fertilizer production, and synthetic ammonia
production) were included (Supporting Information (SI) Table
S1). The combustion sources were classified into six sectors:
power generation, industry, residential sector, transportation,
agriculture, and wildfires.
Fuel Consumption. Fuel consumption and production

data from 1960 to 2011 were obtained from PKU-FUEL, which
has subnational energy consumption data for many large
countries (e.g., county data for China, the United States, and
Mexico; 0.5 degree data for European countries; and
provincial/state data for India and Canada) and compiled to
reduce the spatial bias caused by the population disaggregation
from using country data.23 The data product covers 70 sources

at a spatial resolution of 0.1° × 0.1°. In this study, energy data
from IEA was added for 2012 and 2013. Since subnational data
were not available for these two years, most of our discussions
are based on the results for 2011. A set of recently developed
models based on the time-for-space substitution method was
adopted for simulating monthly variations of energy con-
sumption in the residential sector.24 In brief, a hypothesis (the
same factors affect both spatial and temporal variations of
residential energy consumption) was successfully tested, and a
set of regression models were developed based on spatial
(country or provincial) data and applied to predict temporal
(monthly or daily) variations. For wildfire and open-field crop
residue burning, the activity data with intra-annual variations
were obtained from the Global Fire Emissions Database
(GFED).25,26

EFs and Other Data. EFs for various sources were collected
through a thorough literature review (SI Table S1). Large
variations among the reported values were expected. A high
overall uncertainty includes both spatiotemporal variabilities
and true uncertainty (those from measurement and calculation
errors). By quantitatively characterizing spatial (among
countries) and temporal (interannual and seasonal) variations,
the overall uncertainty could be subsequently reduced and the
emissions better resolved, both spatially and temporally. Newly
published EFs for residential solid fuel combustion and
transportation in China were collected and used to replace
the previous data that was borrowed from developed countries,
resulting in a substantial improvement. It is notable that the
remaining uncertainty due to a lack of data for other major
developing countries can be further reduced by collecting data
from these countries. For emissions from the industrial and
energy production sectors, the technology split method was
adopted from Bond et al.27 The ratios of improved woodstoves
were obtained from Shen et al.28 SI Table S1 shows the EFs
adopted in this study. Data on population and Gross Domestic
Product (GDP) were obtained from the World Bank.29 Heating
degree day (HDD) values were calculated following processes
described in Chen.24

Compilation of the Inventory. Based on fuel con-
sumption and EF data, NH3 emissions with 0.1° × 0.1° and
monthly resolutions (residential, wildfire, and open-field crop
residue burning) were derived for all sources in 224 countries
and territories from 1960 to 2013.

Data Analysis and Uncertainty Characterization. SPSS
software was used to conduct statistical analysis at a significance
level of 0.05. Correlation analysis between residential emissions
and population was conducted. A multivariate regression model
was used to quantify the dependence of total emissions on
temperature and socioeconomic parameters. A Monte Carlo
simulation was used to simulate the overall uncertainty. To
calculate emissions from a given activity as a product of two
multipliers of fuel consumption and EF, the multipliers were
randomly generated from a priori uncertainty distributions with
given coefficients of variation (CVs); the output distribution
was created after 1000 calculations. The CVs of the EFs
(241%) and energy consumptions (17.4%), which were
obtained from our database, suggested that variations in the
EFs were the largest contributors to the overall uncertainty,
partially because EFs for residential and transportation sectors
in China were used for all developing countries. When the
technology split method was used for the activities with a
combined EF value derived from EFs of specific technologies,
the CV for the technology split ratios, which were obtained

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b03694
Environ. Sci. Technol. 2017, 51, 2821−2829

2822

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03694/suppl_file/es6b03694_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03694/suppl_file/es6b03694_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03694/suppl_file/es6b03694_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03694/suppl_file/es6b03694_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b03694


from our database, was 1.59%. The medians and interquartile
ranges derived from the simulations were used to estimate
emissions and characterize the uncertainty of the results,
respectively.

■ RESULTS AND DISCUSSION

NH3 Emissions from Combustion and Industrial
Sources. The global total emission of NH3 from combustion
and industrial sources was 8.77 Tg (5.05−18.7 Tg, as the
interquartile range) in 2011. The relative contribution of these
sources to the total of all sources was 11.8% in 2010.7 Although
they accounted for approximately one-eighth of overall NH3
emissions, these sources dominate the emissions in urban areas
and rural villages, where the majority of people live. In addition,
they contributed significantly to the seasonal variations of
emissions, a fact that is critical for chemical transport modeling.
In comparison with the inventory from EDGARv4.3.1 (7.53

Tg for 2010, biomass burning was excluded in the latest version
of EDGAR4.3.1), our data (5.92 Tg) are 21.4% lower.7 Large
differences were identified in the detailed source profiles. The
major differences occur in transportation and residential
sectors. Emissions for transportation (1.59 Tg) sectors derived
in this study is 2.2 times higher than those in EDGAR (0.50
Tg). This difference likely occurs because the recently reported
EFs for China were used to replace the data previously
borrowed from developed countries. In addition, residential fuel
consumption data in China was fully updated based on a large-
scale survey that included over 34 000 households. Based on
the activity data from GFED,26 our estimate of wildfire
emission (2008) is 3.17 Tg. In contrast, the value in EDGAR
v4.2 is 5.98 Tg, which is 87% higher than our value.7 In fact, our
estimate of NH3 emissions from wildfire and deforestation fire
(3.44 Tg in 2011) was very close to that provided by GFED
(3.39 Tg).30 Such differences in residential, transportation, and
wildfire emissions would explain a substantial difference in
spatial distribution. Notably, the total NH3 emissions from all
anthropogenic combustion sources (5.82 Tg in 2011) is
approximately 340% of that reported by the ACCMIP (1.67
Tg).6 Without having access to the detailed data and
calculations that were used in the ACCMIP, we suggest that
this difference is due to the varying EFs for developing
countries. A result similar to that of ACCMIP6 would be
derived if we simply borrowed the EFs from developed

countries to calculate emissions in developing countries. A
detailed comparison can be found in SI Figure S1. It is expected
that the calculated emissions for developing countries are more
accurate when EFs are directly measured in developing
countries instead of using EFs that are borrowed from
developed countries.
The relative contributions of major anthropogenic sectors to

NH3 emissions in 2011 are shown in SI Figure S1, where data
for the global total, developing countries and developed
countries are presented individually. Detailed source data for
2011 are found in SI Table S2, and multiple year and seasonal
data will be available soon at http://inventory.pku.edu.cn/.
Globally, the residential sector accounted for almost half of the
total combustion and industrial emissions, which was
dominated by biomass fuel burning. In fact, the residential
sector is not only the major emission source of anthropogenic
combustion NH3 but also the major source of uncertainty in
emission estimates because of the high uncertainty in both fuel
consumption and EFs. According to our estimates, the
uncertainty of NH3 EFs for the residential and industrial
emission sources is as high as 205% in terms of CV, which is
largely caused by the high variation in EF values reported in the
literature. In addition, the source profiles were varied between
the developed and developing countries, though emissions from
the residential sectors ranked first for both. The relative
contribution of industrial sources in developed countries is
more important than in developing countries. Although
transportation is a much more important source in developing
countries than in developed countries, the total number of
vehicles in the former was less than that in the latter.

Geographical Variation and Differences among
Countries. With highly spatially resolved fuel consumption
data products (PKU-FUEL) and a country-specific EF database
available for all sources, NH3 global emissions from combustion
and industrial sources were mapped for each of the 70 sources
at a 0.1° × 0.1° resolution. Using Monte Carlo simulations, a
distribution, instead of a single number, was generated for each
of the 0.1° × 0.1° grids, providing valuable information for
further uncertainty analysis. A map of the annual global total
NH3 emissions from combustion and industrial sources is
shown in Figure 1 for 2011 (detailed spatial data are not
available for 2012 and 2013). The map can be separated into 70
layers, which, in turn, can be recombined into various source

Figure 1. Geographical distribution of NH3 emissions from combustion and industrial sources. Frequency distributions of NH3, sulfur dioxide, and
black carbon emissions of all grids are compared in the inserted panel in the bottom-left corner. The distributions were based on log-transformed
and standardized grid data.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b03694
Environ. Sci. Technol. 2017, 51, 2821−2829

2823

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03694/suppl_file/es6b03694_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03694/suppl_file/es6b03694_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03694/suppl_file/es6b03694_si_001.pdf
http://inventory.pku.edu.cn/
http://dx.doi.org/10.1021/acs.est.6b03694


categories for different purposes. Such flexibility is valuable for
making decisions when mitigation measures must be taken for
specific sources. Similar to other major air pollutants, such as
sulfur dioxide and black carbon,15 hot areas of anthropogenic
NH3 emissions from combustion and industrial sources can be
identified for regions with high population densities, including
eastern China, the Indian subcontinent, Brazil, central Africa,
West Europe, and the eastern United States. Nevertheless, as
shown in the frequency distribution diagram in Figure 1
(inserted panel in the left-bottom corner), a central tendency of
combustion and industrial NH3 emissions was similar to that of
black carbon but not as strong as that of sulfur dioxide, which is
likely due to a heavy contribution from residential sources.
Although the total emissions were generally dependent on

the population density, significant spatial variation in per-capita
emissions can still be observed, as shown in SI Figure S2 for
2011. The spatial variation of per-capita emissions was much
less than that of the emission density. In fact, the calculated
CVs were 123% and 30% for emission densities and per-capita
emissions, respectively, indicating the total population as a
dominant influence. The spatial difference in per-capita
emissions was likely caused by temperature and the source
profile pattern. In general, per-capita emissions in cold regions
were much higher than those in warm regions because more
fuel is required for heating the cold areas in the winter. Typical
examples were relatively high per-capita emissions in north
China, north Europe, and the southern region of South
America in comparison to other areas of China, south Europe,
and northern regions of South America, respectively. A typical
example of source profile influence can be observed in
Southeast Asia, where heating activities are not required at
all, but biomass emissions are dominated by cooking fuels.31

This was also true for France.32

The influence of these two factors can be quantified by
conducting a multivariate regression analysis and testing the
significance of the independent variables. The temperature
associated with heating can be expressed by HDD values
(degree·day). The energy mix and, consequently, the emission
profile were strongly associated with economic development,
which can be quantified by per-capita GDP (GDPcap, USD) and
urbanization rate (U, %, increasing rate of urban population).
The total anthropogenic NH3 emissions from combustion and
industrial sources (Etotal, logGg) can be quantified using the
following equation for individual countries based on the
standardized data:

= + +

+ +

E P0.025log(GDP ) 0.978 0.003U

0.007HDD 0.003

total cap

=R 0.9762

Where, P (people) is population, and over 97% of the variation
among countries can be explained by these parameters. The
predominant influence of total population is expected, as it is
consistent with the significant difference between the calculated
CVs for total and per-capita emissions. If residential and
nonresidential sectors are modeled separately, emissions from
the nonresidential sector are mainly affected by economic
development in addition to population. Both the urbanization
rate and HDD values have positive influences on residential
emissions because of differences in the energy mix between
urban and rural residents, as well as heating needs. The small
but positive slope of U is likely due to an increase in

transportation fuel consumption. It should be noted that the
possibility of multicollinearity in the model cannot be
completely excluded.

= − + +

+ −

E P0.009log(GDP ) 0.968 0.037U

0.019HDD 0.006

residential cap

=R 0.9712

= + − ×−E GDP P0.064log( ) 0.917 8.88 10non residential cap
8

=R 0.8412

Similar relationships have been reported for energy
consumption and emissions of other pollutants.24 In 2011,
developing countries contributed more than five times (5.17
Tg) the total anthropogenic emissions from combustion and
industrial sources in developed countries (0.88 Tg). The
anthropogenic emissions in developing countries were
dominated by solid fuels, especially biomass burning in the
residential sector (46.6% of the total anthropogenic sources),
followed by the transportation sector (29.7%); both were
significantly underestimated in previous studies, likely because
of a lack of EF data for developing countries. The difference in
per-capita anthropogenic NH3 emissions between developing
(0.92 kg/cap) and developed countries (0.85 kg/cap) was
smaller than that of the total emissions (1.36 vs 1.27 kg/cap)
because of the larger population in developing countries.
SI Figure S3 shows the geographical distributions of emission

intensities in terms of energy consumption (g/GJ) (top panel)
and GDP (g/USD) (bottom panel). Globally, the average
emission intensities in terms of energy consumption and GDP
were 19.0 g/GJ and 0.027 g/USD in 2011, respectively. The
differences in emission intensities among countries, particularly
between developed (8.74 g/GJ and 0.014 g/USD) and
developing (34.53 g/GJ and 0.041 g/USD) countries, were
dramatic, indicating large differences in population, energy mix,
and energy efficiency.33 For example, the large differences in
overall emission intensities between China (11.9 g/GJ and 0.12
g/USD) and India (23.5 g/GJ and 0.20 g/USD) were largely
caused by their differences in residential emission intensities
(i.e., 52.4 g/GJ and 0.027 g/USD for China, and 64.5 g/GJ and
0.054 g/USD for India).
Source profiles of total NH3 emissions for 12 world regions

are shown in Figure 2. All 70 sources are combined into six
sectors, and detailed information on all sources is listed in SI

Figure 2. Source profiles of total NH3 emissions for 12 regions
including the Caribbean, Central America, Oceania, West and Central
Africa, North Africa, North America, South America, East and South
Africa, Europe, West and Central Africa, East Asia, and South and
Southeast Asia.
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Table S3. Wildfire accounted for a large portion of the
emissions in Oceania, Africa, and South America.26 Residential
sources were the largest contributors to emissions in Asia and
Europe due to high population densities. The highest
contribution from transportation occurred in West and Central
Asia, and residential emissions also ranked first in Europe,
where approximately a quarter of the total energy consumption
occurred in this sector.31,32 The contribution from industry was
relatively high in East Asia, including China. Such detailed
source information can provide valuable information for those
involved in formulating abatement strategies.
Temporal Trends of Anthropogenic Combustion and

Industrial Emissions. Historically, emissions of NH3 from
anthropogenic combustion and industrial sources increased
steadily from 1960 to 2013. Figure 3 shows the temporal trends
of the annual total and sectorial emissions from anthropogenic
sources for all countries (left panel), developed countries
(middle panel), and developing countries (right panel). For
most other air pollutants, including sulfur dioxide, primary
particulate matter, black carbon, and polycyclic aromatic
hydrocarbons, emissions reached their peak in the 1970s and
have since declined.15,28,33,34 Such global trends were mainly
driven by efforts to reduce emissions in developed countries
since the Clean Air Act was enacted in the United States in the
1970s.35 However, NH3 appears to be an exception. Although
its emission from power stations and industrial sources stopped
increasing after the early 1970s and even decreased after the
2008 recession, total NH3 emissions have continued to increase
greatly because of increased emissions from the residential
sector. In the residential sector, this trend can be explained by
the increased use of biomass fuel in European countries, such as
Germany. For transportation, the rapid emissions increase in
developing countries was driven by an expansion of the vehicle
fleet. In developed countries, the transportation emissions of
NH3 did not change much over these years, while the emissions
of other pollutants from transportation generally decreased.
This can be explained by the introduction of a selective catalytic
reduction technology for motor vehicles, which can reduce
NOx but leads to increased NH3 emissions.36 Although the
total emissions declined slightly after 2008, primarily caused by
the steady decrease in industrial emissions, the trend reversed
and emissions increased again, driven by increasing emissions
from the residential sector. In terms of NH3 emission, it
appears that even developed countries have not reached the
peak of the environmental Kuznets curve.37 At the same time,
developing countries were experiencing the early stages of the
environmental Kuznets curve with an increasing pace.
Population growth is the major cause of the emissions

increase in the residential sector. In fact, significant correlations
were found between residential emissions and total population

for both developing (p < 0.001) and developed (p < 0.001)
countries. This is consistent with the influence of population on
spatial variation, as discussed in the last section. Even more
quickly increasing trends in the industrial and transportation
sectors are caused by the expansion of industrial facilities and
the number of motor vehicles as a consequence of rapid
economic development. For example, the total number of
private cars in China increased from 224 thousand in 1960 to
105 million in 2013,38 and industrial output increased from
0.165 to 56.9 trillion RMB during the same period.39 These
driving forces are almost identical to those that led the spatial
variation quantified in the last section. Chen et al. successfully
tested a hypothesis in which both spatial and temporal
variations of energy consumption and pollutant emissions
were affected by the same sets of factors.24 This hypothesis was
further confirmed by the similarity in the factors that affect both
the spatial and temporal differences in NH3 emissions observed
in this study. It appears that this global trend will continue in
the future if residential emission intensity in major countries is
not substantially decreased, which is much more difficult than
controlling nonresidential sources.
As typical examples, changes in the sectorial emissions of

NH3 in the United States, China, India, Argentina, and
Germany are shown in SI Figure S4. Compared with the
overall trend for developed countries, the total emissions in the
United States began to decrease after 2007, whereas the
emissions in most other developed countries continued to
increase until 2013, driven by an increase in emissions from the
residential sector. Unlike those in the United States, residential
emissions in Europe (e.g., Germany) were relatively high and
continued to increase, which was likely caused by the expansion
of biomass fuel use since the 1980s as a part of the effort to
reduce carbon emissions by using more carbon neutral fuels.31

As expected, the trends observed for the developing countries
are similar to those in China and India. However, emissions in
both the residential and agricultural sectors in China have
leveled off since the early 1990s in large part due to rapid
industrialization and urbanization, which further led to a recent
accelerated increase in industrial emissions. At the same time,
emissions from the transportation sector grew quickly because
of a rapid increase in the total number of vehicles on the road.
Additionally, emissions from various sectors in India continued
to increase steadily. Notably, the trend for India was very
similar to that in China before the 1990s. The emissions were
also energy mix dependent. For example, the residential sector
in Argentina (IEA) is rich in oil and natural gas reserves, thus
almost no coal or biomass fuels were used,31 leading to very low
residential emissions. Global emissions of NH3 from non-
combustion and nonindustrial sources, including livestock and
farming, followed a generally similar trend as those from

Figure 3. Historical changes in NH3 emissions from combustion and industrial sources for the world (left panel), developed countries (middle
panel), and developing countries (right panel) from 1960 to 2013. Emissions from the five main sectors, including agriculture, transportation,
residential, industry, and energy, are shown as stacked area charts.
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combustion sources over the same time period.7 Therefore, the
relative contributions of combustion and industrial sources to
the overall anthropogenic emissions were more or less constant,
varying from 11.6% to 13.2% with a mean and standard
deviation of 12.2% and 0.004, respectively (SI Figure S5). In
fact, residential fuel consumption, livestock, and agricultural
production are driven by similar anthropogenic factors of
population and economic growth24 and are relatively difficult to
abate in comparison with industrial and power generation
sources.
For modeling purposes, data on daily, or even hourly,

emissions are required. This is particularly important for NH3,
which plays a critical role in the formation of secondary
aerosols during severe pollution episodes.4 Among the various
emission sources, residential sectors, open-field crop residue
burning, and wildfires are the major contributors to seasonality
among all combustion sources. Of these, fuel consumption
from open-field crop residue burning and wildfires can be
obtained from remote sensing data.40,41 Consequently, there
exists a major data gap in the residential sector because it is a
major source of NH3 combustion emissions. Unfortunately,
residential energy consumption data are only available on an
annual basis (IEA),31 and monthly and daily data are seldom
recorded. Recently, a set of regression models were developed
for simulating intra-annual trends of residential energy
consumption on the global scale by using a space-for-time
substitution method.24 These models were adopted in this
study to calculate monthly residential emissions of NH3 for all
individual countries. Several examples of monthly residential
emissions are presented in Figure 4 for China, the United
States, India, Argentina, and Germany in 2011, all of which
show strong seasonality. Because emissions from power
generation are relatively small, only residential fuels were
considered. For all countries shown here, a single peak can be
found in winter when heating is required. With the models
available, daily variations can also be modeled when the input
data, including HDD values, are available.
As mentioned previously, residential fuel consumption, open-

field crop residue burning, and wildfires are major sources of
seasonal changes in emissions. The seasonal and multiyear
trends of emissions from these activities are compared in SI

Figure S6, using the data from 2011. It appears that wildfire
emissions had a much larger variation than those of both the
residential sectors and open-field crop residue burning in terms
of both intra-annual (left panel) and interannual (right panel)
variations.
In addition to time trends in global total emissions, the

geographical variations of annual emissions changed over time.
Such changes are illustrated in SI Figure S7 as the geographical
distributions of normalized global emissions from all
combustion and industrial sources, except wildfire, in 2002
and 2011 as two sample years. The frequency distributions of
the normalized emissions are also shown in the inserted panel
in SI Figure S7. There are notable changes in the spatial
distributions between the two years, and significant differences
in Africa, South America, China, India, and Southeast Asia can
be clearly observed. The largest peaks of the frequency
distributions, which represent emissions in China and India,
were reduced slightly over the decade. The reduction of
emissions also occurred in developed countries. For example, a
very low peak of emissions in 2011, corresponding to the
western United States and Brazil, was shifted left.

Emissions in Urban and Rural Areas. The high spatial
resolution of the emission inventory enables us to distinguish
emissions between urban and rural areas.23 Figure 5 shows rural
and urban total (left panel) and per-capita (right panel) NH3
emissions from anthropogenic combustion and industrial
sources in developing countries, developed countries and the
entire world. The contributions of the major source sectors to
emissions are shown as stacked bars. Globally, the emissions in
urban and rural areas in 2011 were 2.20 and 4.09 Tg,
respectively. The main difference was caused by emissions from
the residential and agricultural sectors, and the latter occurred
only in the rural areas. The patterns are very different for per-
capita emissions, and the difference between rural (1.14 kg/
cap) and urban (0.71 kg/cap) areas was relatively small. There
was a large difference between rural and urban areas in
developed countries, which is primarily caused by high per-
capita emissions from the agricultural and residential sectors,
and industrial processes. Regarding transportation, per-capita
emissions from urban areas were higher than those from rural
areas in both developing and developed countries.

Figure 4. Seasonal variations of NH3 emissions in 2011 from residential fuel combustions in several representative countries.

Figure 5. Comparison of emissions from various sectors between urban and rural areas. The comparisons are performed for all countries (global),
developing countries, and developed countries.
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Typical examples of the differences in anthropogenic
combustion and industrial emissions between rural and urban
areas are shown in SI Figure S8 for China, the United States,
India, Argentina, and Germany in 2011. The difference among
countries is obvious. In China, residential sectors contributed
significantly to emissions for both the urban (53.5%) and rural
(33.1%) areas. The relatively high contribution in rural areas
was caused by large emissions from agricultural activity
(26.8%), transportation (23.7%), and residential biomass
burning (33.1%). In India, residential emissions contributed
even larger fractions to both the urban (67.3%) and rural
(63.0%) areas. For the United States, residential emissions
ranked first in urban areas (47.1%), followed by transportation
emissions (42.7%). In urban areas of Argentina, power plant
emissions ranked first (31.7%), followed by residential
emissions (29.9%), and then transportation (25.2%). Never-
theless, agricultural emissions in Argentina’s rural areas
dominated the profile (97.8%). Residential biomass burning
was also the dominant sector for both urban (54.5%) and rural
areas (47.1%) in Germany.
Because urban areas occupy a much smaller fraction of total

land area, emission densities of NH3 in urban areas of both
developed (274.71 Tg/km2) and developing (623.48 Tg/km2)
countries are more than 1 order of magnitude higher than those
in rural areas (11.58 Tg/km2 and 39.29 Tg/km2 for developed
and developing countries, respectively).
As the most abundant alkaline trace gas in the atmosphere,

NH3 plays a vital role in forming fine particles of light-scattering
sulfates and nitrates through acid−base neutralization.19,46 It
also regulates particle acidity, which is vital in both the aqueous
phase oxidation of SO2

45 and the heterogeneous formation of
secondary organic aerosols.47,48 As discussed previously, the
combustion/industrial NH3 emissions are largely driven by
population, typically peak in wintertime and have much higher
densities in urban areas than in rural areas. These characteristic
emission patterns make combustion/industrial NH3 emissions
important in atmospheric chemistry, particularly in densely
populated and highly industrialized urban areas and in the
winter, when episodes of heavy haze occur frequently in
megacities such as China’s capital, Beijing. In China’s Beijing-
Tianjin-Hebei region, residential emission of primary PM2.5 and
carbonaceous aerosols might dominate over other emission
sources during a heavily polluted winter.49 However, the role of
residential NH3 emission, which is the largest contributor of
combustion/industrial NH3 emissions, is still not fully under-
stood. In the frozen winters of North China, NH3 emissions
from livestock and fertilizer decrease and residential emissions
reach an annual maximum, thus becoming comparatively
distinctive. A recent study confirmed that fossil fuel
combustion-related emissions dominated atmospheric ammo-
nia sources in urban Beijing during severe haze episodes in the
winter of 2013, as evidenced by stable nitrogen isotopes.50

Additionally, in east China’s megacity, Shanghai, higher NH3
concentrations were observed during the summer because of
intense emissions from temperature-dependent agricultural
sources, while NH3 pollution events in spring were associated
with the burning of crop residues, and elevated NH3
concentrations in winter were largely due to climate-
independent vehicle emission.16 The updated combustion/
industrial NH3 emission inventory in this study can be of great
help for developing an observation- or model-based in-depth
understanding of air pollution in megacities, regional air quality
and climate effects induced by air pollutants.42−44
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