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ABSTRACT: The quantification of nitrogen oxide (NOx) emissions is critical
for air quality modeling. Based on updated fuel consumption and emission
factor databases, a global emission inventory was compiled with high spatial
(0.1° × 0.1°), temporal (monthly), and source (87 sources) resolutions for the
period 1960 to 2014. The monthly emission data have been uploaded online
(http://inventory.pku.edu.cn), along with a number of other air pollutant and
greenhouse gas data for free download. Differences in source profiles, not
global total quantities, between our results and those reported previously were
found. There were significant differences in total and per capita emissions and
emission intensities among countries, especially between the developing and
developed countries. Globally, the total annual NOx emissions finally stopped
increasing in 2013 after continuously increasing over several decades, largely
due to strict control measures taken in China in recent years. Nevertheless, the peak year of NOx emissions was later than for
many other major air pollutants. Per capita emissions, either among countries or over years, follow typical inverted U-shaped
environmental Kuznets curves, indicating that the emissions increased during the early stage of development and were restrained
when socioeconomic development reached certain points. Although the trends are similar among countries, the turning points of
developing countries appeared sooner than those of developed countries in terms of development status, confirming late-move
advantages.

■ INTRODUCTION

Nitrogen oxides (NOx, including NO and NO2) are important
components of tropospheric chemistry1 and play key roles in
the formation of ozone and secondary inorganic aerosols.2

Although NOx have been among the air pollutants of greatest
concern and under regulation in many countries for decades,3,4

they remain major contributors to current air pollution due to
rapid increases in fossil fuel consumption and uneven
development among countries.5

To quantify the sources and effects of NOx in the
environment and provide necessary information for mitigation
strategies, emission inventories of major air pollutants including
NOx have been compiled at global and regional scales.2,6−13

These data products provide critical inputs to atmospheric
chemical transport modeling for quantifying major air
pollutants such as PM2.5 (particles with aerodynamic sizes
less than 2.5 μm) and ozone.14,15 Among the commonly used
global inventories, EDGARv4.3 provides 0.1° × 0.1° spatially
resolved annual emission data for anthropogenic and biomass
burning sources from 1970 to 2010, with monthly data available
for 2008 and 2010.6 Although monthly data are available in
both RETRO5 and POET16 for NOx from both anthropogenic
and biomass burning sources, the spatial resolutions are 0.5° ×

0.5° and 1° × 1°, respectively, and data after 2000 are
unavailable. For atmospheric chemical transport simulation and
population exposure assessment, high spatial (0.1° or better)
and temporal (monthly or daily) resolutions are preferred.
Among the most important uses of emission inventories of

air pollutants is the identification of major emission sources and
the development of cost-effective control strategies. In that
sense, inventories with detailed source information can help.
Recently, a global energy consumption data product (PKU-
FUEL) with detailed source information was compiled by our
group17 and used to develop a series of high-resolution
inventories for CO, CO2, BC, OC, PM2.5, PM10, SO2, NH3, Hg,
and polycyclic aromatic hydrocarbons.17−23 The current
version of the product includes detailed source information
for more than 80 sources, with 0.1° spatial and monthly
temporal resolutions.24 Compared with the inventory from
EDGAR, we focused more on detailed source information for
residential sector. In addition, an emission factor (EF, the mass
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of a pollutant emitted per unit of activity) database for NOx
from various sources was updated based on a thorough
literature review, and country-specific EFs were generated
based on either regression modeling25 or technology division
methods.26 More detailed data are preferred in the future for
large countries where regulations vary within countries.
In this study, by using the source strength and EF data, a

global NOx emission inventory with 0.1° × 0.1° spatial and
monthly temporal resolutions and covering 87 detailed sources
was compiled for the period 1960 to 2014. Monte Carlo
simulation was used throughout the process to address and
quantify the uncertainties of the estimations. The results were
analyzed for geospatial and temporal variations in total
emissions, per capita emissions and emission intensities.

■ MATERIALS AND METHODS
Emission Sources and Inventory. A total of 87 detailed

sources, including 74 combustion sources, and 13 non-
combustion industrial sources, were distinguished (Supporting
Information (SI) Table S1). The emission inventory from 1960
to 2014 at a spatial resolution of 0.1° × 0.1° and monthly
temporal resolution (for residential, open-field crop residues,
and wildfire) was compiled. The total emissions for a given
month and specific grid was the sum of the emissions from all
individual sources, which was a product of the corresponding
fuel quantities (activity strengths) and EFs.
Fuel and Activity Data. Fuel consumption data from

PKU-FUEL,17 which was updated to include more source types
and encompass a longer period of time (from 1960−2014),
were adopted. The major improvements in PKU-FUEL were
that (1) subnational disaggregation energy data based on
county (China, the United States, and Mexico), 0.5° (European
countries), or province/state (India, Canada, Turkey, Australia,
Brazil, and South Africa) were used to reduce spatial biases
induced by nonequal per capita energy consumption within
large countries17 and that (2) detailed residential energy
consumption data were updated for rural China based on a
nationwide energy survey (more than 34 000 households) and
solid fuel weighing campaign (more than 1600 households). It
was found that the consumption of biomass fuels in rural China
reported by IEA were grossly in error.27 A time-for-space
substitution method developed by Chen et al.24 was applied to
simulate monthly variations in residential energy consumption.
Monthly data for open-field crop residue burning and wildfire
were directly from Global Fire Emissions Databases.28

Noncombustion industrial activity data were obtained from
the World Steel Association,29 U.S. Geological Survey,30 and a
number of previous studies.17,22,31 The lime, cement, and coke
production activities were spatially allocated based on a
previously used procedure.17 For other noncombustion
industrial sources, the activity data were disaggregated based
on industrial coal consumption.19

EF Data. Over 1000 EFs from various sources were collected
from the literature, including those published in recent years.
Due to high variations among the EFs for individual sources, an
effort was made to generate country and time specific EFs for
individual sources. The method was similar to those used
previously.20,23 In brief, for industry, energy production, and
motor vehicles, the technology split method was bor-
rowed;23,26,32 detailed information are provided in SI Tables
S2−S6. The method proposed by Bond et al. uses weighted
means of EFs of major technologies for a given activity, using
fractions of individual technologies as the weighting factors.26

With limited data available at a global scale, this is the best
choice.

Uncertainty Analysis. To address the uncertainty of the
inventory, a Monte Carlo simulation was performed. The
output contribution of a given source was created after 10 000
repeated computations based on randomly generated fuel
(activity) and EF data via a priori distributions with known
coefficients of variation (CVs). The energy consumption CVs
varied between 5% and 30%, and a log-normal distribution was
assumed.21 The CVs of the EFs were derived from the data
collected in this study. The CVs for the technology split ratios
were also obtained from our database. To characterize the
uncertainty, the results are presented as medians and
interquartile ranges.

■ RESULTS AND DISCUSSION
Global Emissions and Source Profiles in 2014. It was

estimated that the global total annual emissions of NOx from
combustion and industrial sources in 2014 was 129 Tg.
According to the results of the Monte Carlo simulation, the
uncertainty range of the estimation, expressed as an
interquartile range, was 115−148 Tg. The relative contributions
of the activity and EF data to the overall uncertainty were 25%
and 75%, respectively, indicating that the EF data were the
major source of the uncertainty. The total emissions estimated
in this study were close to those reported by EDGAR. For
example, the total global anthropogenic emission of NOx in
2010 was 115 Tg, which is almost identical to the 113 Tg
reported in the latest versions of EDGARv4.3 (the latest
available data are for 2010).
SI Figure S1 shows the relative contributions of the major

source sectors to anthropogenic NOx emissions in 2010, which
are compared with those from EDGARv4.3 (no data for later
years). The global source pattern of NOx emission is very
different from those of most other combustion originated air
pollutants. Unlike those released as fuel components during
combustion such as carbon dioxide (CO2), sulfur dioxide
(SO2), and metals or generated as incomplete combustion
products, including carbon monoxide (CO), organic carbon
(OC), black carbon (BC), primary particulate matter (PM),
and polycyclic aromatic hydrocarbons (PAHs), NOx are
primarily generated by high temperature reactions.33 Therefore,
power stations and motor vehicles were the most important
emission sources of NOx, contributing 29% and 29% of the
total emission at a global scale. The relative importance of these
two source categories was one reason that we compiled detailed
source data for them. Other important source sectors were
navigation (19%) and industry (17%). Although residential fuel
consumption plays a significant role in the emissions of all
incomplete combustion products such as OC, BC, PM, and
PAHs, this sector contributed only 5% of the total NOx
emissions due to the rather low temperatures in residential
stoves. Although the total quantity of NOx emissions estimated
in this study is very close to that from EDGAR, the detailed
source profiles differ between the two, which can lead to
significant differences in spatial distributions. If the sources
excluded in our study such as soil emission and manure
management are not considered (approximately 10% of the
total including direct soil emission, rail transportation, manure
in pasture and paddock, and manure management), the
contributions of motor vehicles and navigation in our study
(29% and 19%) were higher than those of EDGAR (27% and
14%). For motor vehicles, relatively high EFs were used in this
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study for the countries where no control measures are being
taken.32 Our estimate of emissions from motor vehicles in
China was higher than that from EDGAR (EDGARv4.3) but
generally agree well with those recently reported in a NOx
emission study in China.2,13 In addition, a recently reported
increasing trend in navigation emissions was adopted in this
study.34,35

Difference among Countries. Of the total emissions,
except those from navigation and aviation, which cannot be
allocated to specific countries, 23% and 77% were from
developed and developing countries (based on definitions of
World Bank36) in 2014, respectively. The main reason for the
larger contributions from the developing countries was their
larger populations. In fact, the per capita annual emission of
NOx in developed countries (21.8 kg/cap) was almost twice
that in developing countries (13.1 kg/cap), even in 2014, and
the differences were even higher in previous years. Globally, the
average per capita annual emission was 14.4 kg/cap.
Similar to per capita NOx emissions, the source profiles were

also very different among countries. On average, the relative
contributions of motor vehicles (33%) and power stations
(39%) in the developed countries were much higher than those
(27% and 29%) in the developing countries. This is not
surprising because per capita car ownership and electricity
consumption in developed countries (0.60/cap and 8994
KWh/cap) were much higher than those in developing
countries (0.096/cap and 1967 KWh/cap) in 2014.37,38 In
contrast, residences and industry counted more in developing
countries (5% and 23%) than in developed countries (4% and
14%) (SI Figure S2), likely because the contributions of the
secondary sector to the economy are relatively high and the
efficiencies of residential energy usage are relatively low in
developing countries.23,38

Similar to the global total, the source profiles for both
developed and developing countries revealed in this study
differed from EDGAR’s (SI Figure S3). For example, excluding
other sources (such as trains and fertilization) that were not
included in our inventory, the relative contributions of the
residential sectors in the developing countries were 7% in both
our data and in the EDGARv4.3 data. The differences in the
source profiles between the developing and developed
countries were strongly associated with socioeconomic develop-
ment status. In fact, there were significant positive correlations
between per capita NOx emissions from power stations,
industry, or transportation and per capita GDP or income (p
< 0.05). No such dependencies were found for residential
emissions.
The log-transformed dependences on per capita GDP and

income are shown in SI Figure S4. Although the regression fits
using simple linear functions were all statistically significant (p
< 0.05), the relationships were not necessarily linear. It is
especially true that the model cannot be extrapolated to predict
future trends, and a leveling-off trend can already be seen for
the power generation, industrial, and transportation sectors in
developed countries.
If the log-transformed per capita total emissions from power

stations, industry, and transportation are plotted against the
log-transformed per capita GDPs for all individual countries in
2014, an inverted U curve can be seen in a bubble diagram, and
the size of the bubble is proportional to country population
(Figure 1). A similar relationship can be obtained by replacing
GDP with income. Although incomplete at the high per capita
GDP end (right side of the curve), it is a typical environmental

Kuznets curve (EKC), and per capita emissions would continue
to decrease as per capita income increases above 105 USD. By
fitting the data with a binomial function, the turning point of
per capita GDP was calculated as approximately 60 000 USD.
However, the turning point appears to be approximately 10 000
USD based on the date points, rather than the fitting result. In
fact, a binomial function may not be a good choice to fit the
trend in the first place. Similar trends in PM, SO2, and BC
emissions in various countries have been reported in the
literature.39,40 However, it appears that the turning points for
SO2 and BC are earlier (lower per capita GDP). Technically
and economically, controlling NOx emissions is more difficult
than controlling most other air pollutants. Removing gaseous
phase emissions is always more difficult than removing
particulate phase emissions such as PM and BC, which can
be removed gravitationally, electrically or by filtration. On the
other hand, SO2 is more reactive than NOx in the process.
Another reason is that the pollution and adverse impacts of
other pollutants such as PM and SO2 are more visible than
those of NOx.
In addition to per capita emissions, the emission intensities

of a country, either defined as anthropogenic emissions of NOx
per quantity of energy consumed (EIe) or per GDP created
(EIg), are indicators of energy efficiency or control
effectiveness. The EIs of NOx for individual countries are
mapped in SI Figure S5, which reveals even more significant
differences among countries, especially the difference between
the developing and developed countries. In 2014, the average
EIe were 0.20 kg/GJ and 0.13 kg/GJ for developing and
developed countries, respectively, and the differences were even
larger for the average EIg values, which were 1.41 g/USD and
0.44 g/USD for the developing and developed countries in
2014, respectively. For the developing countries, in addition to
relatively low energy efficiencies and productivities, the
relatively low outputs of the tertiary industries were an
important reason for the relatively low EIe and EIg.

Spatial Distribution. The geographical distribution of the
NOx emission densities in 2014 is shown in Figure 2 at a 0.1° ×
0.1° spatial resolution. The source contribution profiles,
including six sectors of power generation, industry, residential,
transportation, noncombustion industry, and open-field bio-
mass burning (agriculture residue and natural vegetation), are
also illustrated as inserted bar charts for 11 major regions: East
Asia, South and Southeast Asia, West and Central Asia, Europe,
North America, Central America, South America, East and
South Africa, West and Central Africa, North Africa, and
Oceania. The areas of the pies are proportional to the average

Figure 1. Relationship between per capita emission of NOx and per
capita GDP, both of which have been log-transformed.
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emission densities, and the regions are ranked in descending
order from left to right. In general, the geospatial distribution of
the NOx emission densities is very much like those of other
major air pollutions such as primary PM2.5,

19 black carbon,22

and PAHs,21 with extremely high emission densities in eastern
China and northern India and relatively high emission densities
in Europe and the eastern United States. A primary difference
from the distribution patterns of emissions of incomplete
combustion products such as BC and OC is the relatively low
emissions of NOx from wildfires in Africa and Brazil. Of the 11
regions, East Asia, Europe, South and Southeast Asia and North
America were the top emitters and contributed 69% of the
global total. Approximately 30% of global NOx emissions were
from East Asia, in which China is the dominant contributor.
As shown in the pie charts in Figure 2, the emission profiles

also differed greatly among the regions. For example, in East
Asia, mainly in China, industry, thermal power stations, and
transportation ranked highest among all sectors and accounted
for 43%, 28%, and 25% of the total emissions, respectively. In
India, power stations (44%) and transportation (24%)
contributed even more to the total NOx emissions, followed
by industry (21%). In comparison, the top emission sources in
North America and Europe were power stations (38% and
50%) and motor vehicles (35% and 23%), whereas the
industrial sector was not important due to the higher ratios
of tertiary industries and stricter control standards.38 In most of
Africa and Australia, nonanthropogenic sources dominated

NOx emissions, whereas industry, power generation, and
transportation provided much smaller fractions than in other
regions due to low population densities and rich vegetation
coverage. In addition, slow economic development was another
cause for Africa. Although the hottest emission regions were in
China and India, the relatively high emissions were due to
relatively high population densities. As discussed previously, the
per capita emissions of NOx in the developing countries were
much lower than those in the developed countries. As a result,
after normalizing by population density, the per capita NOx
emissions densities were relatively evenly spatially distributed
(SI Figure S6), indicating that the spatial variations in the total
emissions were primarily governed by population density.
Again, the high per capita emission densities in coastal areas of
Australia, south and middle Africa, the southwest United States,
and central Brazil were associated with forests or prairie fires in
areas with low population densities.
Although cities are often referred as places with severe air

pollution, emissions in rural areas are not necessarily low. To
distinguish urban and rural emissions, an urban-mask was
applied to spatially separate the emissions.41 It was found that
approximately two-thirds of the NOx emissions occurred in
rural areas, with per capita emissions in urban and rural areas of
10.2 kg/cap and 18.0 kg/cap, respectively. According to the
results shown in SI Figure S7, per capita NOx emissions from
the industrial and transportation sectors in rural areas were
higher than those in urban areas, likely due to the heavy traffic

Figure 2. Geospatial distributions of NOx emission densities, with the exception of aviation in 2014. The source profiles of the emissions in various
regions are shown as pie charts.

Figure 3. Temporal trends in the total (A), anthropogenic (B), and nonresidential biomass (C) emissions of NOx from 1960 to 2014. Interquartile
ranges (25th to 75th) from the Monte Carlo simulation are shown in shadows. The results are compared with those reported in the literature.
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on highways and because many industrial parks in developing
countries are located in rural areas. Because urban emissions are
centralized in relatively small areas with high populations, the
adverse impacts on human health in urban areas are much
stronger than those in rural regions.
Historical Emission Trends. Like all other major air

pollutants, emissions of NOx increased over most of the years
covered in this study. The increasing trend slowed down
gradually and did not terminate until very recently. Figure 3
shows historical trends in total, anthropogenic, and non-
anthropogenic emissions of NOx from 1960 to 2014. As shown
in Figure 3a, the total worldwide NOx emissions very probably
reached a peak value recently in 2013. Although there were
similar decreases that lasted for only one or two years, and data
for 2015 and 2016 are not available yet, the decreasing trend
since 2013 suggests a turning point, which is also supported by
other evidence. For example, coal consumption in China has
continuously decreased since 2014,42 and serious and effective
efforts have been undertaken in China toward denitration at all
major power plants.43 Moreover, the global average per capita
GDP was approximately 10 000 USD in 2013,38 similar to the
results shown in Figure 1, which were derived based on per
capita NOx emissions from country data. Nevertheless, the
turning point in the historical trend of total NOx emissions was
later than those of several other major air pollutants such as
SO2,

44 BC,22 and PAHs.21 Another piece of evidence is that
some historical variations were often caused by random
changes in wildfires such as the decreases from 1970 to 1971
and 1992 to 1993. On the other hand, nonanthropogenic
emissions actually increased from 2013 to 2014 (Figure 3c),
against the decrease in anthropogenic emissions. In terms of
origins, NOx, which is formed at high combustion temper-
atures,33 is very different from most other air pollutants, which
are either incomplete combustion products formed during
burning processes such as CO, BC, OC, and PAHs or released
fuel components, including SO2 and metals. The declining
emissions of incomplete combustion products in recent years
are largely due to transitions in energy mixes in China and
other developing countries,45 and the reduced emissions of SO2
can be attributed to desulfurization facilities that have been
extensively installed in power stations and industrial facilities.46

In comparison, efforts on NOx emission control are relatively
slow. In addition, denitration of automobile tail gases is neither
easy nor cheap. Fortunately, the continuously increasing trend
has finally been contained in recent years, mainly due to stricter
controls on emissions from power generation and motor
vehicles in large developing countries such as China,43 whereas
the emissions in developed countries occurred decades ago. For
example, China began to adopt EU emission standards for
motor vehicles in 2000 and stricter NOx emission standards for
power plants (GB13223−2011) and the iron and steel industry
(DB13/2169−2015).47,48 Although the emissions from non-
anthropogenic sources (Figure 3c) accounted for a rather small
fraction of the total emissions (10−20%), they contributed
significantly to the fluctuations among years, whereas the
anthropogenic emission changed more smoothly over years
(Figure 3b). The variations in wildfire emissions were very
much climate dependent. Typical examples include high
emissions during the periods of 1982−1983 and 1991−1994,
when strong EI Nino resulted in high temperatures and
drought in South and East Africa, which favored the occurrence
of wildfires.49,50

For comparison, the trends of NOx emission reported by
other sources such as EDGARV4.3, POET,16 RETRO,5 and
ACCMP10 for anthropogenic sources and EDGARV4.2,51

GFED, and RETRO for nonanthropogenic sources are also
shown in Figure 3. The estimated total global NOx emissions
during the period from 1960 to 2008 are similar to those from
EDGARv4.2, especially after 1980. As discussed above,
although the total emissions are close to each other, there are
significant difference in source profiles between our inventory
and EDGAR. This is true not only for 2010 but also for other
years. Without data from railway and soil in our study,
emissions from 1960 to 1980 in our inventory were slightly
lower than those from EDGAR. After 1980, however, the
differences were made up by relatively fast increases in
emissions from navigation and transportation due to inclusion
of latest published EF data.34,52 Although the emissions in 1960
estimated by this study agree well with those in ACCMIP, the
increase trends are very different. By the year 2000, the NOx
emission in ACCMIP was approximately 25%−30% lower than
our data. The main reason is difficult to identify without
detailed source and EF information for ACCMIP.10 This is also
true for POET.16 The temporal change trend in NOx emissions
has been captured by numerous studies using satellite remote
sensing image.53−56 Those studies suggest that NOx emissions
for China increased at rates from 7.3 to 8.7% during 1996 to
2006, consistent with our estimation of a 6.4% increased rate
during that period. Similar trends have been revealed using
remote sensing data from GOME and SCIAMACHY for
various regions, including continuous reductions over western
Europe and the United States from 1996 to now54,57 and
decreases starting in recent years in China.58

SI Figure S8 shows the temporal trend in the NOx emissions
from major global sectors, the developed countries, and
developing countries. The trends in total emissions are
shown in Figure S8a−c, and those for the relative contributions
of different sectors are shown in Figure S8d−f. It is interesting
to observe the rapid growth in emissions from navigation
throughout the world. The trend agrees with the rapid increases
in the number of ships and quantity of fuel consumed, likely
due to accelerated globalization in the past.34 There are
significant differences in the temporal trends between the
developed and developing countries (those from navigation
were not assigned to either developed or developing countries).
The emissions in developed countries had leveled off since early
1970s and declined in recent decades, largely due to
stabilization followed by reductions in emissions in the
transportation (motor vehicles) and energy production sectors.
In developed countries, NOx control technologies have been
extensively adopted in coal-fired power plants,59 and strict
regulations on vehicular emissions have been implemented in
recent decades.60−62 In developing countries, however,
emissions from most sectors have generally increased
continuously up to recent years. The total annual anthro-
pogenic emissions of NOx increased almost an order of
magnitude from 7.39 Tg to 67.8 Tg during the study period, in
accordance with rapid economic development and the
expansion of personal car fleets.63,64 Among all sectors, the
only exception was residential emissions, which remained
unchanged over the years. It appears that the increase caused by
population growth was compensated by the residential energy
mix transition from solid fuels to clean energy.65 The relative
contribution of this sector has decreased due to increases in
other emissions. In addition, motor vehicle emissions in
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developing countries appear to have reached a turning point in
2013−2014, driven primarily by regulatory efforts in China.66,67

For both developed and developing countries, the relative
contributions of power and industrial sources are increasing.
Fortunately, rapid increases in the selective catalytic reduction
in Chinese power plants led to a sharp decrease in that sector.43

The temporal trends of EIe and EIg differ from the total
emissions. EIg has decreased approximately 90% from 11.0 g/
USD in 1960 to 0.92 g/USD in 2014 (SI Figure S9), primarily
because of increases in production efficiency. For EIe, however,
the value increased from 0.19 kg/GJ in 1960 to 0.23 kg/GJ in
1983 and then decreased back to 0.18 kg/GJ in 2014. The
fluctuation was driven primarily by an energy mix transition and
increasing mitigation efforts. There were also significant
differences between the developing and developed countries.
For EIe, a rapid decrease after 1990 can be found for the
developed countries, whereas the much slower decrease for the
developing countries did not occur until the turn of the century.
For EIg, the trends for the two country categories were very
similar but with different absolute values.
The dependencies of the per capita emissions of NOx on the

per capita GDPs are shown in Figure 4 for eight representative
countries: the United States, Germany, Japan, Russia, China,
South Africa, Brazil, and India. Similar to the relationships
among countries for a single year, the trends for the individual
countries over years generally also had inverted U-shapes,
indicating that the relationships between emissions and per
capita GDP followed the EKC. Although the data for India are
monotonic, it is very likely the left half of the EKC, and the
turning point has not yet been reached. It is interesting to
compare those countries’ turning points. For the three
developed countries, the turning points appear around per
capita GDPs of 9200 USD (The United States), 14 300
(Germany), and 20 100 USD (Japan). Many efforts have been
made to reduce emissions of various air pollutants, including
those of NOx, in those countries since the 1970s. For example,
the NOx emission standard for diesel vehicles has been reduced
from 13.4 g/kwh (grams per kilowatt-hour) in 1979 to 0.27 g/
kwh in 2010 in the United States, resulting in significant
reductions in emissions.60,68 Similarly, emission standards for
motor vehicles have evolved from EU-I to EU-VI in European
countries,32 and the strict JC08 standard was introduced in
Japan.69 In comparison, the turning points of the countries in
economic transition were approximately 8100 USD (China),
9100 (Russia), 6900 USD (South Africa), 5000 (Brazil), and

>1600 USD (in India, that point has not yet been reached). In
addition, at the turning points, the per capita emissions in the
developed countries (80, 50, and 28 kg for the United States,
Germany, and Japan) were also generally higher than those in
the developing countries (20, 36, and 24 kg for China, South
Africa, and Brazil). The significant difference between the
developed and developing countries suggests that the latter had
learned lessons and borrowed control technologies from the
former, and the late-move advantage has been well demon-
strated. For example, a Chinese standard for motor vehicle
emissions (GB 18352.5−2013), which is similar to Euro V, is to
be introduced in 2017.70 Although it is approximately eight
years later than in European countries, the per capita GDP that
year in China was approximately 9000 USD, equivalent to
those in the UK in 1977, Germany and France in 1978, and
Italy in 1986. There have been previous studies on the EKCs of
the emissions of a variety of air pollutants, including NOx, and
the turning points reported in those studies varied from
12 000−21 800 USD for various countries.40,71

Intra-Annual Variations. By assuming that the NOx
emission seasonality is dominantly governed by the intra-
annual variations in residential fuel consumption and open-field
biomass burning sources, the monthly NOx emissions were
generated and included in the inventory based on monthly
residential energy consumption24 and open-field biomass
burning data.28 The monthly total NOx emission data, which
have a 0.1° × 0.1° spatial resolution from 1960 to 2014, can be
downloaded from our Web site (http://inventory.pku.edu.cn).
Because the monthly residential energy consumption was
quantified based on a set of social-economic parameters using a
space-for-time substitution method,24 daily data can also be
generated, if only the daily data for parameters such as heating-
degree-day and cooling-degree-day can be obtained. For remote
sensing based open-field biomass burning, daily data are also
available.28 In fact, the daily data are necessary for atmospheric
transport modeling. Of course, those data are too large to be
uploaded.
The intra-annual variations in the NOx emissions originated

from seasonal variations in wildfires, open-field straw burning,
and household heating, and the variations were spatially
dependent on variations in harvest seasons, wildfire seasons,
and heating seasons in different regions. The spatial
distributions of such seasonality are shown in SI Figure S10
as coefficients of variation (CVs) for open-field biomass
burning (wildfire and agricultural waste) emissions (SI Figure

Figure 4. Dependence of per capita NOx emissions on GDP for representative countries. The trends are fitted with binomial equations.
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S10a) and residential emissions (Figure S10b). The distribution
patterns of the emissions from wildfires and burning open-field
straw generally agree with those observed in satellite images,
reflecting the distributions of thick forests (such as the taiga in
Russian Siberia), grasslands (such as the savannahs in East
Africa and central Brazil), and crops (such as in eastern
China).28 However, high variations in residential emissions
occurred in high altitude regions, either north or south,
especially in densely populated areas. A similar pattern has been
reported in the literature.9

Citing a few examples, SI Figure S11 shows monthly
variations in NOx emissions worldwide (SI Figure S11a) and in
China (SI Figure S11b), Australia (SI Figure S11c), and Brazil
(SI Figure S11d) in 2014. Because the seasonalities of the
emissions are driven by those of the residential (heating in
winter), agricultural (open-field crop residue burning), and
wildfire (forest and prairie fires) sectors and the NOx is
predominantly from power station, motor vehicles, and
industry, there were slight variations in NOx among the
months. For example, the difference between the highest and
lowest monthly emissions was only 7% globally, which is very
different from the monthly variations in incomplete combustion
products such as PM, BC, and OC, which are primarily or
dominantly from the residential sector.17,19,22 For individual
countries, however, strong seasonality can be found. For
example, very high NOx emissions appeared during the fire
seasons in Australia and Brazil.
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