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ABSTRACT: Black carbon (BC) plays an important role in both
climate change and health impact. Still, BC emissions as well as the
historical trends are associated with high uncertainties in existing
inventories. In the present study, global BC emissions from 1960 to
2007 were estimated for 64 sources, by using recompiled fuel
consumption and emission factor data sets. Annual BC emissions had
increased from S5.3 (3.4—8.5 as an interquartile range) to 9.1 (5.6—14.4)
teragrams during this period. Our estimations are 11—16% higher than
those in previous inventories. Over the period, we found that the BC
emission intensity, defined as the amount of BC emitted per unit of
energy production, had decreased for all the regions, especially China
and India. Improvements in combustion technology and changes in fuel
composition had led to an increase in energy use efficiency, and
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subsequently a decline of BC emission intensities in power plants, the residential sector, and transportation. On the other hand,
the BC emission intensities had increased in the industrial and agricultural sectors, mainly due to an expansion of low-efficiency
industry (coke and brick production) in developing countries and to an increasing usage of diesel in agriculture in developed

countries.

Bl INTRODUCTION

Black carbon (BC) warms the Earth system by absorbing
sunlight and emitting infrared radiation, and by decreasing the
ice/snow albedo.! With a direct radiative forcing of +0.4 (+0.05
to +0.8) W m ™ for BC from fossil fuel and biofuel suggested in
the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC)," BC had become an important
warming species in addition to carbon dioxide and methane. In
addition to its effect on climate, BC is an important component
in ultrafine particles in air and a strong absorbent for various
toxic chemicals, and it is thus associated with a number of
adverse health impacts.>® Therefore, any efforts to reduce BC
emission can lead to the dual benefit of slowing down global
warming and of protecting human health.**

In the bottom-up approach to construct the emission
inventories, BC emissions are calculated from the statistics of
fuel consumption and BC emission factors (EFpc) defined as
BC emitted per fuel consumed or product produced by a given
activity.”” With a large number of data required, BC emission
inventories are always associated with high uncertainties due to
data limitation. For example, EFy values for a particular source
could vary greatly under different conditions of combustion.”®
It has been recognized that EFy. of many sources in the
industrial, transportation, and residential sectors are signifi-
cantly variable among countries, especially between developing
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and developed countries.””"*® Unfortunately, most EFy¢ used in

the development of BC emission inventories are measured in
developed countries, whereas developing countries contribute
predominantly to the global total BC emissions.®” In fact, the
results in atmospheric transport models using existing BC
inventories always underestimate atmospheric BC concen-
trations as well as light absorption compared with in situ
measurements.'' ™' Therefore, continuous efforts have been
made to improve the inventory by compiling more data and
using new methods.”'*"*7?° Turco et al.'* derived the first
estimate of global total BC emission (2.2—22 Tg/yr). Bond et
al.” developed a global BC inventory taking into consideration
the variation of EFp- among different fuel types, combustion
sources, and emission control technologies. They also provided
an uncertainty range of 4.3—22 Tg/yr by using a method to
combine uncertainties of different error sources.” Novakov et
al."® made the first attempt to estimate BC emissions back to
the 19th century. Bond et al.” studied the historic BC emissions
from 1850 to 2000 by tracking the change of technology. The
methodology used by Bond et al’ had been adopted to
generate a historical gridded BC inventory, which was adopted
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to run the climate models for the Climate Model Intercompar-
ison Program #5 in support of the IPCC Fifth Assessment
report."* > Recently, a high resolution (spatial and sectoral)
BC emission inventory for the year 2007 (PKU-BC-2007)*!
was developed following the method by Bond et al,”” with a
detailed fuel consumption data product (PKU-FUEL-2007)>*
and the compiling of recently published EFp: data measured
for developing countries. The inventory was used to model
ambient air concentrations which were in better agreement
with field observations.*"

Emissions of BC change temporally because both fuel
consumption and EFpc change over time.”'" In the past 3
decades, the total annual fuel consumption in China has more
than quadrupled,”® making China the number one emitter of
both CO, and BC.”** In contrast, the coal consumption in
Europe has declined since 1985 primarily due to the favor of
oil/ gas.10 The values of EFpc for many combustion sources
have been decreasing in developed countries because of
implementation of stricter standards and improvement of
exhaust control technologies. For example, EFyc for on-road
vehicles in the United States decreased by more than 1 order of
magnitude over the past 40 years.”> Replacement of old
industrial facilities can also substantially reduce BC emissions. A
typical example is the phasing out of beehive coke ovens in
China since 1996 when these ovens were banned.”® Thanks to
this new regulation, the average EFp: of coke production in
China has decreased by more than two fold.””*®

In this study, annual BC emissions from 64 sources in 222
countries/territories were estimated for the period from 1960
to 2007 and compared with those reported previously. As one
of many efforts to reduce uncertainty of BC emission inventory,
recently reported EFy, especially those measured in China for
residential solid fuel stoves in simulated kitchens or on
site,” ™" were included in this study. Although these data
have been used in some regional inventories,”**>** they are not
included in existing global inventories.”'*'*™>° Fuel con-
sumption and technology division data in China were updated
by using the provincial, instead of national data. Finally, the
emission uncertainties were characterized following a Monte
Carlo approach for the first time in the global BC inventory.

B METHODOLOGY

Emission Sources. A technology-based method developed
by Bond et al.”” and used by Wang et al.*"*” was followed to
calculate BC emissions from 1960 to 2007 in this study.
Emission sources of BC belong to the six sectors that are power
plants, industry, residential/commercial (residential hereafter),
transportation, agriculture, and wildfires, and five fuel categories
of coal, petroleum, natural gas, solid waste, and biomass. They
were further divided into 64 types of combustion, as defined in
a previous paper.”” In addition, BC emissions from non-
combustion industrial processes including coke production,
petroleum refinery, and brick production were also considered.

Fuel Consumptions. Annual consumptions of various fuels
from 1960 to 2007 were taken from the International Energy
Agency (IEA) data set,” except for natural gas flaring,* brick
production,*® aluminum production,*’ nonorganized waste
incineration,*® firewood consumptions,49 agriculture waste
combustion in the field (see below), and shipping (global
total).>® National consumptions of coal, oil, natural gas, and
solid biofuels in China were taken from the provincial data in a
local energy statistics™ for a 7period from 1980 to 2007, which
differ from the IEA data set.” For biomass burning in wildfires,

we used the Global Fire Emissions Database version 3
(GFED3) data set for the period from 1997 to 2007,%* and
the RETRO (reanalysis of the tropospheric chemical
composition over the past 40 years) biomass burning emission
reconstruction data set for the period from 1960 to 1996.%* The
amount of agricultural residues burned in the field were
calculated from the crop production by species (wheat, rice,
cotton, beans, maize, and others) in China®* and other
countries,* region-specified production-to-residue ratios,>®
and the percentage of field burned residues.”

Technology Divisions. Bond et al.”” developed a method
to consider the technology division, which was used in our
previous studies”"”” and was followed in this study to account
for the technology splits in different countries during the period
from 1960 to 2007. Accordingly, 17 of the 64 emission sources
with a large spread of EFyc were divided into subcategories, so
that the adequate EFgpc could be applied to each individual
subcategory. These emission subcategories are coal combustion
in power plants and industrial boilers, brick kilns, coke
production, on-road motor vehicles (diesel and gasoline),
residential firewood, residential coal, and agriculture residue
burned in the field. Detailed information on these technology
divisions are listed in Table S1 (Supporting Information). In
brief, coal consumptions in power plants and industrial boilers
were divided into technologies of two types of combustion
boilers (pulverized-coal or stoker/cyclone boilers) and three
types of control facilities (cyclone, scrubber, electrostatic
precipitators). The share of each technology was determined
by S-shaped curves with the associated parameters taken from
Bond et al.” The data of briquette used in the residential sector
were compiled for China by province for the period from 1980
to 2007 and by the nation from 1960 to 1979.>" Since there are
only data for four countries excluding China and the average
fraction of briquette in residential coal is less than 3%, the
briquette used in countries other than China was ignored. For
brick kilns, 10% and 100% tunnel kilns were used for
developing and developed countries, respectively.”> For coke
ovens, the ratios of beehive to recovery battery coking in China
were derived for each year from local statistics,"*® and
constant ratios were applied for other developing countries
(20%) and all developed countries (0). For on-road emissions
of diesel and gasoline motor vehicles, a fraction of 10% and 5%
of superemitters7’9 (vehicles with high EFg: due to poor
maintenance), were adopted for developing and developed
countries, respectively. For normal gasoline powered motor
vehicles, the fractions of four-stroke vehicles were derived by
region from the International Road Federation data set.>” For
firewood, we assumed that 75% of this fuel was burned in
fireplaces in Euro7pe and North America, and the other 25% was
burned in stoves.” In other countries, it was assumed that all the
firewood was burned in stoves. Agriculture residues were
classified into six different types: crop straws of wheat, rice,
cotton, beans, maize, and others, based on the production data
in China and other countries.*”>*

Emission Factors for BC (EFgc). An EFp data set was
compiled from a literature survey of 121 references (57 of them
are listed in Supporting Information, Table S2 and the rest are
given in a previous study®®). Many of these EFp>">>3%7#%55
added were measured in developing countries, which have not
been used in existing global BC inventories. Since the direct
measurements of EFyc are very limited, the reported emission
factors of element carbon measured using the thermal method
were also adopted as estimation of EFyc. It should be noted
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Figure 1. Historical annual BC emissions in the residential sector (A), industrial sector (B), and motor vehicles (C) from 1960 to 2007. The
emissions are shown for China (red), other developing countries (blue), developed countries (green), and global total (black).

that uncertainty thus introduced cannot be avoided. After a
review of data collected based on the same principle described
in previous studies,””® we included a total of 706 EFyc
measured in 13 countries (four developing countries and nine
developed countries) during a period from 1985 to 2011. We
accounted for the spatial and temporal variations of EFy. for
motor vehicles and coke production: for normal gasoline (four-
stroke) and diesel vehicles, regression models were developed
based on per capita gross domestic product (GDP) to predict
EFy for individual countries in different years;>® the emission
factors of fine particles from battery coking ovens were also
predicted by a regression model based on per capita GDP,*’
and then converted into EFpc using a constant BC-to-fine
particles ratio (0.9).® For the remainder of the sources, since
the reported EFyc are generally log-normally distributed,””®
means and standard deviations of log,,-transformed EFg were
derived (see Supporting Information, Table S2) and used in
calculating the BC emissions and estimating the uncertainties
(see below).

Uncertainty Analysis. A Monte Carlo simulation consist-
ing of 1000 calculations of the BC emission inventory was run
to characterize the uncertainty based on the variations of both
fuel consumptions and EFgc. The uncertainty in fuel was
assessed by assuming uniform distributions with fixed
coefficients of variation (30% for nonorganized waste
incineration,” 20% for residential biofuel,” 20% for open
biomass burning,*> 15% for shipping,”® and 10% for other
sources®%"). Log-normal uncertainty distributions were
applied for EFy. with standard deviations (see above). The
Monte Carlo simulation generated estimates of the emissions
and their uncertainty through the medians and the interquartile
ranges (Rs).

B RESULTS AND DISCUSSION

Historical Trends of BC Emissions from Various
Sectors. On the basis of the fuel consumptions and EFj,
annual BC emissions from residential, industrial, and on-road
motor vehicles from 1960 to 2007 were calculated for all
countries. Figure 1 shows the temporal trends of global total
BC emissions, together with emissions in China, other
developing countries, and developed countries. Annual BC
emissions for all 222 countries/territories are listed in the
Supporting Information Excel file.

The residential sector is the most important anthropogenic
BC emission source (Figure 1A). From 1960 to 1988, global
BC emissions from the residential sector had increased by 37%
from 2226 to 3021 gigagram (Gg). After 1988, the total
emissions leveled off but seem to increase again since the mid-
1990s to reach another peak of 2956 Gg in 2006. The global

upward trend of residential BC emissions before 1988 was
primarily controlled by rising emissions from developing
countries, due to rapid population grow‘ch.62 After 1988, even
though the population of developing countries continued to
increase (reaching 1.32 and 5.62 billion in China and all
developing countries, respectively, in 2007),** annual BC
emissions showed a decrease in most developing countries due
to fuel shifts in urban areas. In China, for instance, residential
coal in cities had been gradually replaced by gas/oil after
1988.°> Meantime, in rural areas, the consumption of firewood,
straw, and coal also decreased since the mid-2000s, largely due
to a decrease in rural population caused by urbanization.” As a
result, the percentage of traditional solid fuels in the residential
sector of developing countries had decreased from 82% in 1960
to 70% in 2007 (see Supporting Information, Figure S1). These
trends should be accounted for when predicting the future
trend of BC emissions.

For the industrial sector (including diesels used in
agriculture), the global total emissions were increasing gradually
before 1990, even though the emissions from developed
countries began to decrease slowly by the end of the 1970s
(Figure 1B). This is consistent with that reported by Bond et
al.” and Junker and Liousse.'® Thereafter, the emissions surged
around 1991, due to rapid economic development and fast
growth of energy demand in China. Among all activities, rapid
expansion of beehive coke ovens due to increased market
demand contributed a large share to this jump (see Supporting
Information, Figure S2), which was not found in previous
global inventories without using local statistics for this source.
Because of the extremely high EFgpc, beehive coke ovens
contributed 25% of the total BC emissions in China in 1996,
even though only 1.2% of the energy was consumed by this
activity.”” As a result, global BC emissions in the industrial
sector peaked (1516 Gg) in 1997. In 1996, the Coal Law was
enforced in China and beehive coke ovens were banned.”®
Although full compliance with this regulation took several
years, and not all the beehive ovens in China had disappeared
until the beginning of this century,*® a sharp decline in the
emissions was observed during this period (Figure 1B). After
2000, BC emissions from this sector in China remained roughly
stable, but the increase in other developing countries was
accelerated.

For motor vehicles (Figure 1C), BC emissions in developed
countries showed a broad hump peaking around 1978, driven
by two opposite forces of an increasing motor vehicles number
but decreasing EFpc per vehicle.’® For developing countries,
the emissions were increasing continuously over the period,
reflecting an increase in the number of vehicles (0.86 and 172
million in 1960 and 2010, respectively64). Although the EFpc
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for motor vehicles in developing countries also decreased since
the 1990s°° the increase in vehicle number has so far
overridden the reduction of EFyc. In China, for example, the
number of motor vehicles increased from 13 million in 2000 to
78 million in 2010.°° In addition, a variation in the share of
gasoline vs diesel vehicles also influenced the trend. For
example, due to policy favoring diesel vehicles and the
availability of small diesel engines to engines in cars, the ratio
of diesel to gasoline vehicles increased from 0.48 to 1.5 in
Europe and from 0.06 to 0.38 in North America during the
1960—2007. This shift leads to 4.3% fewer CO, emissions, but
59% greater BC emissions, which should be considered for
assessing the short versus long-term impacts on climate.’’”
Relationship of Trends in BC Emission and Energy
Production. Figure 2 shows the temporal trends of the energy

o)
(=3
S

9

5] N
N A on B agriculture
8 i : | power plant
E transportation -2 _DOWSI s
b 400 agriculture Z 6 wildfire
g £
o) \S
2 QO transportation
m
S 200 = 3
it H residential
g -
g o . industry
1960 1970 1980 1990 2000 1960 1970 1980 1990 2000

Figure 2. Global temporal trends of annual energy productions (A)
and BC emissions (B) in various sectors from 1960 to 2007.

consumptions and associated BC emissions from 1960 to 2007
from six sectors. Global BC emissions from all sources were
5386 (3434—8488 as Ry;) and 9052 (5598—14437) Gg in 1960
and 2007, respectively. Anthropogenic BC emissions amounted
to 3196 Gg in 1960 and increased by 110% to an all time high
of 6708 Gg by 2007. Meanwhile, annual anthropogenic energy
production increased from 112 EJ in 1960 to 492 EJ in 2007,
that is, a 339% increase. Previous studies found that the
emissions were increasing before 1990, which leveled off
thereafter.”'®** Our study confirmed this fact, but moreover,
noticed some unrevealed fluctuations due to technology
changes in China. For example, the transfer of coal to oil/gas
in Chinese cities in the late 1980s led to an emission peak in
1987 (7835 Gg). Similarly, the increase of beehive coking ovens
in early 1990s followed by a control since 1996 resulted in a
first-increasing and later-decreasing trend in the global total
emissions in that decade.

The changes in EFgc for various sectors are reflected in
trends of BC emission intensities, defined as the amount of BC
emitted per unit of energy production. Changes of BC emission
intensities since 1960 are shown in Figure 3. Among various
sectors, BC emission intensities decreased dramatically in
power plants (—44%), residential sector (—38%), and trans-
portation (—48%) during this period, owing to the fuel shift as
well as technology improvements. For instance, the percentage
of residential energy produced by oil and gas had increased
from 62% to 90% in developed countries and from 18% to 30%
in developing countries over the period. Meantime, improve-
ment in combustion technology is also important, especially for
transportation. For example, the EFpc of motor vehicles had
decreased because of the introduction of the exhaust catalytic
converter,®® the enhancement of transmission configuration of
diesel engines,69 and the application of injection timing
retardation technology.”® By contrast, the increase of some
high-emission activities brought the emission intensity up in the
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Figure 3. Global trends in BC emission intensities (defined as the
amount of BC emitted per unit of energy production) in various
sectors and on average for all anthropogenic sources from 1960 to
2007.

industrial and agricultural sectors. For instance, during 1960—
2007, the production of coke and brick in China, with relatively
high EFy, had increased by 35 and 8 folds.>' Similarly, the
global consumption of diesel in agriculture had increased by 5
folds during this period.>> However, the overall BC emission
intensity for all anthropogenic sectors had decreased by 52%,
more than those of all the individual sectors, due to the increase
in the fraction of fuel consumed in power plants.
Comparison with Previous BC Emission Inventories.
The historical trend in global anthropogenic BC emissions from
this study (PKU-BC) is compared with previous estimates over
the period in Figure 4. The best estimations as medians and
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Figure 4. Comparison of annual anthropogenic BC emissions from
1960 to 2007 between this study (PKU-BC) and those previously
reported, including ACCMIP,'® MACCity,'"””® SPEW by Bond et
al,”?™ GAINS,"” and Junker and Liousse.’® The annual BC emissions
and uncertainties are shown as median values (red line) and Rs,
(shaded area) from a Monte Carlo simulation. Annual emission data
are available for MACCity (purple line) and from Junker and Liousse
(blue line), while SPEW (green solid circles) and ACCMIP (yellow
solid circles) provide emissions with a S-year and 10-year resolution,
respectively. GAINS (blue solid circles) provides estimates for 2 years
(1990 and 2000).

uncertainties as Ry, derived from a Monte Carlo simulation in
PKU-BC are compared with those in ACCMIP'® and
MACCity'*?® prepared for the Atmospheric Chemistry and
Climate Model Intercomparison Project, those in SPEW
(Speciated Pollutant Emissions Wizard) by Bond et al,””"!
those reported by Junker and Liousse,'® and those in GAINS
(for 1990 and 2000)."”

The overall temporal trend derived in this study is similar to
those of ACCMIP,"® MACCity,lg’20 and SPEW,”?! all of
which show a general increase from 1960 to 2007. The only
exception is that reported by Junker and Liousse.'® Based on
their results, the emissions had increased from 1960 to 1988,
followed by a sharp decrease up to 1999.'° As a result, the
annual emissions by Junker and Liousse are 10—24% higher
than our estimates for the period from 1960 to 1988 and 11—
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16% lower than our estimates for the period from 1995 to
2003. Lamarque et al."® had compared different inventories, and
noticed that EF¢ of coal in power plants and industrial boilers
used by Junker and Liousse are higher than other inventories,
which is likely the reason for their high-bias prior to 1988."

Although the general trends in global BC emissions are
similar between this study and previous work, we found annual
BC emissions in this study are higher than those estimated by
ACCMIP,*® MACCity,Ig’20 and SPEW,””'! and close to
estimates by GAINS.'” On average, our annual BC emissions
(median estimate) are 11% and 16% higher than those of
MACCity and SPEW, respectively, mainly due to the
differences in EFy. for residential sources and diesel vehicles
in developing countries. For example, a constant fraction (20%)
of BC in fine particles was used to derive the EFy. for wood
stoves because of the lack of direct measurements for this
source in the inventory by Bond et al.” However, on the basis of
data published recently,” a relatively higher value (40—70%)
was reported. In addition to EFgc, a difference can also be
found in some energy statistics used between our study and
previous inventories. For instance, fuel consumptions in the
United States and China were from the national statistics in the
IEA*® or United Nations’' database in previous invento-
ries,">'%'® while provincial data from local energy statistics
were used in our study. It should be noted that the national fuel
consumptions in China could, to a certain extent, be
underestimated by the IEA database.’®”*

We have similar estimations and the trends of BC emissions
from wildfires with other inventories'® %> (Supporting
Information, Figure S3) because the same published GFED3
data and similar data of EFy. were applied. In a recent study,
Bond et al. constrained the BC emissions based on the
observed BC light absorption, and scaled the bottom-up
estimated BC emissions by factors ranging from 1.1 to 4.1 in
different regions."" The results are compared with ours in Table
1. Although our estimations in East Asia, South Asia, Middle
East, and the global total are higher than those from SPEW,
large differences among those compared can be seen,
suggesting that there is still large room for further improve-
ments in the inventory.

Historical Shifts of BC Emissions and Their Drivers
between Groups of Countries. Temporal trends in the

Table 1. Comparison of BC Emissions (Gg yr~') by Region
among Those Estimated by Bond et al. (SPEW),”"!
Constrained by Observations,'" and Derived from This
Study (PKU-BC)

SPEW”!! from observations'" PKU-BC
2000 2000—2010 2000—2007
North America 420 500 420
Latin America 990 2000 1018
Middle East 80 140 156
Africa 2020 4400 1973
Europe 460 S10 506
EECCA” 550 600 451
South Asia 630 2580 857
East Asia 1450 2820 2076
Southeast Asia 780 2200 703
Pacific 320 1200 202
global 7700 16950 8363

“EECCA for Eastern Europe, Caucasus and Central Asia.

produced energy, BC emissions, and BC emission intensities in
North America, South America, Africa, Europe, and Asia
(China, India, and other Asian countries) are shown in Figure
5. Bond et al” and Novakov et al.'® reported that North
America, Former USSR, and Europe dominated the BC
emissions in the early industrial era (before 1960), and the
emissions in China and other Asian countries increased rapidly
in the latter half of the 20th century. In general, we observed
similar trends (Figure SB). To isolate the driving forces from
increasing fuel consumption and technology changes, we
further studied the evolution of BC emission intensities by
region (Figure SC).

Globally, the increase of energy productions was faster than
that of BC emissions. As discussed above, this occurs because
most of the increase in energy is in power plants with lower
EFyc than other sources. In India for instance, energy
production increased steadily over the period 1960—2007
(Figure SA), driving an increase of BC emissions. However, the
growth of the energy (4% per year) was faster than that of BC
emissions (2% per year). The trends in other Asian countries
(except China and India) were similar to India. In China, even
though both energy and BC emissions increased, the emission
intensity decreased faster than that in India during 1960—2007.
In fact, a decrease of BC emission intensity in China is the
largest among all countries/groups of countries shown in
Figure SC. In 1960, the Chinese BC emission intensity was as
high as 83 Gg/EJ, and was divided by a factor of 4 to a value of
21 Gg/EJ in 2007. This decrease has even accelerated since
1996 due to fuel shifts and technology changes (see above). In
contrast, the trend of BC emission intensity in Africa was
similar to that of India for the period from 1960 to the later
1980s. By 2007, the BC emission intensity in Africa was the
highest due to a large amount of biofuel consumption. In North
America and Europe, the BC emission intensities decreased
slowly after 1970. By 2007, the emission intensity of North
America (4.3 Gg/EJ]) and Europe (6.8 Gg/EJ) were similar to
each other and were approximately 20—30% of those in China
and India. The regional difference in the trend of BC emission
intensity among regions, as shown in Figure SC, reflects the
shifts in the share of each region to global energy as well as to
BC emissions. For example, the contribution to global energy
had decreased from 37% to 21% in North America, but
increased from 21% to 44% in Asia. Meantime, the contribution
to BC emissions decreased from 14% to 6.8% in North
America, but increased from 38% to 60% in Asia.

Figure 6 panels A and B show the geographical distributions
of annual anthropogenic BC emission density (emission per
unit area over grid cells with population density >1 cap per km®
using the 2007 gridded population data set”) between 1960
and 2007. Since the emission density over only populated areas
are shown, high values are found not only in countries with
large emissions, but also in countries with population highly
concentrated in small cities, such as Egypt and Libya (Figure
6B). The differences by sector are shown in Figure S4. The
difference between 2007 and 1960 is shown in Figure 6C.
Junker and Liousse'® reported that there was a fast increase in
the BC emission density in semideveloped countries, such as
China and India, and a decrease over North America and
Europe. This trend were also found in our study. Globally, a
large increase of BC emission densities occurred in developing
countries, such as Cambodia (+0.37 g/(m?/yr)), China (+0.30
g/(m*/yr)), and India (+0.13 g/(m’/yr)), while a large

decrease was found in developed countries like UK (-11 g/
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Figure 5. Trends in annual energy production (A), annual BC emission (B), and anthropogenic BC emission intensity (C) in various regions/
countries (North America, South America, Africa, Europe, China, India, and other Asian countries) from 1960 to 2007.
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Figure 6. Comparison of geographical distributions of annual anthropogenic BC emission density (emission per unit area over grid cells with
population density >1 cap per km” using the 2007 gridded population data set”®) between 1960 and 2007. (A) Country-average BC emission density
in 1960, (B) country-average BC emission density in 2007, (C) differences in country-average BC emission densities between 2007 and 1960.

(m*/yr)), Denmark (—0.27 g/(m?/yr)), and Netherlands
(-0.21 g/mz/yr) due to the reasons discussed above.
Implications. With the newly compiled fuel consumption
and EFp data set, time series of global BC emissions were
generated in this study, which provide information for climate
forcing study, human exposure assessment, and abatement
strategy development. Similar to previous studies, we confirmed
that BC emissions in developed countries have decreased
significantly in the past. In developing countries, even though
total BC emissions have increased continuously, the BC
emission intensities have started to decrease due to the
improvements in technology and the change in fuel
composition. Such a trend will eventually lead to a decrease
in total BC emissions in the near future. In addition, rapid
urbanization rates in China and also other developing countries
in economic transitions are favorable for BC emission
reduction. It is also noted that fuel consumptions in residential
and agricultural sectors have the highest BC emission
intensities, and subsequently the highest reduction potential.
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