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Light-absorbing organic carbon (OC), sometimes known as Brown Carbon (BrC), has been recognized as
an important fraction of carbonaceous aerosols substantially affecting radiative forcing. This study firstly
developed a bottom-up estimate of global primary BrC, and discussed its spatiotemporal distribution and
source contributions from 1960 to 2010. The global total primary BrC emission from both natural and
anthropogenic sources in 2010 was 7.26 (5.98e8.93 as an interquartile range) Tg, with 43.5% from
anthropogenic sources. High primary BrC emissions were in regions such as Africa, South America, South
and East Asia with natural sources (wild fires and deforestation) contributing over 70% in the former two
regions, while in East Asia, anthropogenic sources, especially residential solid fuel combustion,
accounted for over 80% of the regional total BrC emissions. Globally, the historical trend was mainly
driven by anthropogenic sources, which increased from 1960 to 1990 and then started to decline. Res-
idential emissions significantly impacted on emissions and temporal trends that varied by region. In
South and Southeast Asia, the emissions increased obviously due to population growth and a slow
transition from solid fuels to clean modern energies in the residential sector. It is estimated that in
primary OC, the global average was about 20% BrC, but this ratio varied from 13% to 47%, depending on
sector and region. In areas with high residential solid fuel combustion emissions, the ratio was generally
twice the value in other areas. Uncertainties in the work are associated with the concept of BrC and
measurement technologies, pointing to the need for more studies on BrC analysis and quantification in
both emissions and the air.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Brown carbon (BrC) is a part of organic carbon (OC) with
strongly wavelength-dependent light absorption properties [1e3].
The light absorptivity of BrC increases as the wavelength shortens
from the visible to ultraviolet ranges [4,5]. It was estimated that the
absorption of BrC at 440 nm was about 40% of the absorption
induced by the black carbon (BC), whereas at 675 nm, the pro-
portion was less than 10% [6]. The radiative forcing raised by BrC
absorbance was estimated at about þ0.25 W m�2 (~19% of the
absorption by anthropogenic aerosols). One study showed that by
including BrC absorption in the model, the global mean radiative
forcing at the top of the troposphere would increase
ier B.V. on behalf of Chinese Soci
access article under the CC BY-NC-
from �0.08 W m�2 to þ0.025 W m�2 [7]. Besides the significant
impacts on the climate, BrC is sometimes a concern due to its
adverse impacts on human health [8e11].

BrC can be formed in both primary fuel combustion processes
and secondarily in the atmosphere [12e15]. High BrC loadings in
the air were often reported in areas or periods with strong biomass
burning influences [7,16]. For example, in areas with major biomass
burning and biofuel combustion, the ambient BrC loading generally
exceeds 2 mg m�2, with the fraction of BrC in OC around 40%e50%.
In southern Africa, the loading was as high as 15e20 mg m�2 [7].

Fractions of light-absorption OC in OC are often discussed,
however, there are limited estimates currently available. A few
studies are from OC (or BC) inventories with an assumed ratio of
BrC [17e20], or using measured emission factors (EFs) along with
energy activity data [21e24]. Following the former approach, Lin
et al. (2014) assumed the primary organic aerosols from biomass
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burning and biofuel combustion was all light absorption in evalu-
ating BrC contribution to radiative forcing. Feng et al. (2013)
adopted a fraction of 92% BrC in OC generated from biomass
burning and biofuel combustion, and 0% in primary emissions from
fossil fuel combustion, resulting in an estimate of about 30.3 Tg in
2000 and a global mean burden of 0.65 mg m�2 in the atmosphere
[7]. Following the approach using activity data and corresponding
EFs, Jo et al. (2016) [20] estimated that globally the primary BrC
emissions from biomass burning and biofuel combustion in 2000
were 3.9 ± 1.7 Tg and 3.0 ± 1.3 Tg, respectively, with relatively high
emissions in South America, South and East Asia. Sun et al. (2017,
2021) estimated that the primary BrC emissions from residential
coal and biomass burning in Chinawere 592 Gg and 712 Gg in 2013,
respectively [21,22]. For natural sources, Evangeliou et al. (2019)
estimated that the open fire in Greenland between July 31 and
August 21, 2017, yielded about 141 tons of BrC [23]. Available
studies focused only on one sector like residential burning emis-
sions, while spatiotemporal differences in emissions are rarely
evaluated.

Giving the lack of spatiotemporally resolved results from all
combustion sources, the current limited estimation of BrC needs to
be improved, including the missing sources and more reliable
datasets adopted. In this study, based on the fuel-consumption data
product (PKU-FUEL), EF databases of BrC, and the BrC/OC ratios for
those without directly measured BrC Efs, we first developed a
bottom-up country-level global emission inventory of primary BrC.
A total of 76 detailed sources in six sectors (Table S1) from 1960 to
2010 were compiled. Temporal and spatial variations of the BrC
emissions and the fractions of primary BrC in OC are discussed.
Uncertainties in the estimates are addressed. The inventory would
be valuable for studies on global or regional radiative forcing
modelling and countermeasures on co-controls of both health and
climate-relevant compounds.

2. Method

2.1. Emission inventory development

Although there are debates on the concept of BrC [25e27], we
think it is reasonable that BrC consists of special compounds whose
mass can be estimated or calculated. Several methods are available
in the literature on measuring BrC or specific chemical composi-
tions [12,16,22,28e31]. Results from these methods, such as the
mass of water- or methanol-soluble carbon, the mass estimated
from the light absorption coefficient and mass absorption effi-
ciency, and the mass of several specific chromophores, like N-
containing compounds and humic-like substance, can vary largely
and may not be comparable. The present study adopted a bottom-
up approach to estimate BrC, which is from the activity level (i.e.,
quantities of energy consumed or amounts of materials produced)
and the corresponding emission factors (mass of targets per fuel
mass or per production). Natural emissions from forest fires and
five anthropogenic sectors, including power plants, industry, agri-
culture, transportation, and residential sources, are considered.

Energy consumption data were mainly comprised of national
statistics and the International Energy Agency database [32e36].
For BrC EFs (EFBrC), several studies reported values for combustion
sources [5,21,22,37e41]. As noted above, results for these studies,
although limited, are sometimes not comparable due to different
measurement methods. Measurement of specific chromophores
only assesses a small fraction of BrC, thus these Efs are not included
in the present estimate. Besides directly measured BrC mass, some
studies reported the ratio of BrC to OC in emission exhausts. These
ratios were also collected and compiled into a database to estimate
EFBrC from OC EFs (Table 1 and details in Table S1). As there are
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limited data on EFBrC, uncertainties in the EFs would consequently
contribute largely to the uncertainty of the emissions inventory.

Historical changes in the BrC emissions from 1960 to 2010 were
estimated based on the sector- and fuel-specific energy consump-
tion over time, EFBrC, and impacts of technology changes such as
installation of end-of-pipe treatment facilities and upgrading of
stoves on the EFs of BrC and/or OC. For the power plants and in-
dustry sectors, the EFBrC of coal depends on the combination of
boilers (e.g., pulverized coal or stoker) and dust removal equipment
(e.g., uncontrolled cyclones, wet scrubber, electrostatic precipitator,
or fabric filter). These ratios vary spatiotemporally, as described in
Huang et al. (2014) [42,43]. In the residential sector, bituminous
coals in China were divided into chunk and honeycomb briquettes
with differentiated EFs. While in areas other than China, because of
unavailable data, we assumed that the use of honeycomb briquettes
was negligible [43]. The ratios of woodstoves, improved wood-
stoves, and fireplaces burning biomass fuels are from Bond et al.
(2004) and Shen et al. (2013a) [44,45].

2.2. Uncertainty analysis

A Monte Carlo simulation was run 10,000 times to characterize
the overall uncertainty. The fuel consumption was assumed to be
uniformly distributed, with coefficients of variation of 10%, 20%,
30%, 20%, and 30% for power plants, industry, residential, trans-
portation, and open biomass burning, respectively [36]. The log-
normally distributed EFBrC can be taken directly from the data-
base (Table S1), and a variation coefficient of 50% was assumed for
the penetration rates of dust removal facilities in power plants and
industry sectors.

3. Results and discussion

3.1. Global BrC emission in 2010

The global total BrC emission from both natural and anthropo-
genic sources in 2010 was estimated at 7.26 (5.55e10.2 as an
interquartile range) Tg, with approximately 43% from anthropo-
genic sources (Fig. 1). Among various anthropogenic sources,
emissions from the residential sector were predominant at 2.34
(1.76e3.31) Tg, comprising up to ~74% of the total anthropogenic
emissions. The residential sector has been recognized as an
important global primary OC and BC source [42,46e48]. A high
contribution from residential emissions was associated with
abundant biomass fuels burned in low-efficiency stoves, and lack-
ing abatement facilities [5,48e50]. BrC from the residential sector
was largely burning bituminous coal, firewood, and crop residue,
contributing to 26%, 24%, and 32% of residential BrC emissions,
respectively. Following the residential sector, the second-largest
anthropogenic source of primary BrC was from the agricultural
sector. This sector contributed 23% of the anthropogenic BrC,
mostly from the open burning of agriculture wastes. Emissions
from other anthropogenic sources were minor, accounting for <5%
of total anthropogenic BrC emissions on the global average. There
were significant spatial differences in BrC emissions and sector
contributions.

The spatial distribution of the annual BrC emissions in 2010 is
illustrated in Fig. S1. High BrC emissions existed in Africa, South and
Southeast Asia, East Asia, and South America, at 2.99 (2.28e4.23)
Tg, 1.33 (1.02e1.88) Tg, 1.09 (0.83e1.55) Tg, and 1.01 (0.77e1.43) Tg,
respectively. BrC emissions in Africa and South America were
dominated by natural emissions. In the Republic of the Congo,
Angola, and Brazil, the three largest emission countries, natural
emissions accounted for nearly 80%e90% of the total. In Asia,
anthropogenic emissions were dominant, and high emissions were



Table 1
Summarized mean ratio of BrC/OC for different fuels from different sectors. Details can be found in Table S1.

Fuel Sector
Power Plants Industry Residential Transportation Agriculture Natural

Coal 0.16 0.30 0.50 e e e

Oil 0.05 0.05 0.05 0.05 0.05 e

Gas 0.02 0.02 0.02 e e e

Waste 0.30 0.30 0.50 e 0.50 e

Biomass 0.30 0.30 0.2/0.3a 0.50 e 0.10/0.25a

a The ratio differed on fuel types.

Fig. 1. Relative contributions of different sectors (pie chart) and fuels (bar chart) to the
primary BrC emissions globally and in several regions in 2010: a, East Asia; b, North
America; c, Europe; d, South and Southeast Asia; e, South America; f, Africa; g, Global.
(Note: the bar chart only included the percentage of coal and biomass, the other three
fuel typesdgas, oil, and industry processdare not shown in this figure.)
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from the residential sector. In South and East Asia, the residential
BrC accounted for over 70% of the total anthropogenic emissions,
followed by agricultural emissions (about 25%). But the fuel shares
in the residential sector varied across the countries. In China, coal
combustions contributed the most to the residential BrC, while in
India, indoor biomass burning was the largest contributor to the
residential BrC. In Europe and North America, the BrC emissions
were 0.34 (0.26e0.48) Tg and 0.21 (0.16e0.30) Tg, respectively,
with 37% and 58% from natural sources, while the residential sector
was still the largest anthropogenic source.

Fig. 1 also shows the relative shares of different fuels in
anthropogenic emissions. Globally, most BrC was from biomass
fuels (75%), followed by coals (24%). On the global scale, biomass
fuels were consumed in residential (64%), industry (19%), and
agricultural (8%) sectors, but BrC emissions from the biomass
burning in these three sectors contributed to 68%, 1%, and 31% of
the total biomass BrC emissions. This trend is due to the distinct
3

emission factors among these sectors. Coals were largely consumed
in the power plants, however, BrC from coal combustion was
mostly from the residential sector. This is due to the more efficient
burning conditions and complete end-treatment measures in po-
wer plants. The other energies contributed less than 2% to the BrC
globally. For each region, biomass fuels were the largest contrib-
utor, apart from East Asia, where the BrC emissions were largely
from coal combustion.
3.2. Historic change trend in BrC emission

Fig. 2 shows historical changes in the global total BrC emissions,
which were significantly driven by the anthropogenic emission
changes, while natural emissions contributed presumably to
random peaks in the total emissions. Generally, anthropogenic
emissions increased from 1960 to 1990, reaching an emissions peak
of 3.73 Tg year�1, then showing a slowly decreasing trend until
2010. The anthropogenic emissions in 2010 (3.16 Tg year�1) were
about 30% higher than that in 1960 (2.40 Tg year�1). The temporal
changes were expectedly distinct across different regions (Fig. 3).
The change in the emissions trend in East Asia, which contributed
to about 30% of the global total, was similar to the global total
emissions. Reduced emissions from 1990 were largely associated
with the switch to clean energy and stove upgrades in the resi-
dential sector, a major source of BrC in East Asia. In South and
Southeast Asia, the BrC emissions were found to continuously in-
crease during the study period, and this trend is expected to
continue over the next several years. The fast population growth
and relatively slow switching tomodern household energies lead to
continuously high biomass consumption and consequently
increased BrC emissions [22,51,52]. Emissions from North America
and Europe were declining, with the emissions in 2010 accounting
for only one-third of those in 1960. The decreasing trend was
largely attributed to less coal usage after more utilization of mod-
ern energies in the residential sector.

Historical changes in the total BrC were dominated by the
changes in the residential sector, which was the largest anthropo-
genic source of BrC. Residential BrC emissions in East Asia and
European regions have declined obviously since the peak emission
in 1990 (Fig. 3). The decline in East Asia was due to less biomass
consumption and improved residential stove efficiencies. The res-
idential biomass consumption in 2010 was only half of that in 1990,
and residential EFs also lowered by 8% due to stove upgrades.While
in Europe, the residential emissions decreased due to the replace-
ment of coal with clean modern energies [53,54]. The residential
coal used in Europe in 2010 was only 12% of that in 1960, but res-
idential gas consumption increased by more than 40 times [32,33].
Residential emissions from the South, Southeast Asia, and Africa
were continuously increasing with the growth of population and
high reliance on biomass fuels. For example, in India, the popula-
tion in 2010 increased by about 2.6 times compared to that in 1960
[55].

Agricultural emissions, as the second-largest source of BrC,



Fig. 2. Temporal changes of global primary BrC emissions in different sectors: a, Natural sector; b, Residential sector; c, Agriculture; d, Power plants; e, Industry; f, Transportation.
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generally increased during the study period. Agricultural emissions
were mostly concentrated in South Asia and East Asia. Although
some countries had policies and controls on open agricultural
waste burning in fields [56e58], more yields and consequently high
agricultural wastes consumption [59] along with the fast growth of
the global population led to a net increase of global BrC emissions
from the agricultural sector. Industrial BrC emissions declined since
the middle 1990s, mainly due to reduced coal use in coking and
brick production, and then the industrial BrC emissions were nearly
stable since early 2000. BrC emissions from the power plants and
transportation sector both showed declining trends, especially after
the 1970s, although their contribution to the global total emissions
was minimal. The amount of energy consumed in these two sectors
increased by 7.3 and 5.1 times, respectively. However, benefiting
Fig. 3. Temporal changes of continental primary BrC emissions, including natural, residentia
East Asia; b, South and Southeast Asia; c, Africa; d, Europe; e, North America; f, South Am
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from the improved combustion efficiencies, strict emission control
standards, and end-of-pipe control facilities [60e64], showed a net
decline in BrC emissions from these two sectors by assuming these
factors affect BrC similarly to OC.

As mentioned above, biomass burning was the largest emitter of
BrC. On the global scale, biomass BrC emissions had a constantly
increasing tendency, yet the growth rate reduced since 1990 and
maintained relatively stable emissions at about 2.35 Tg year�1

(Fig. s2). Before 1990, the increase in biomass BrC emissions was
mostly due to increased emissions from East Asia, South Asia, and
Southeast Asia. For example, in China and India, biomass BrC
emissions nearly doubled from1960 to 1990. After 1990, as biomass
emissions from East Asia declined, increased emissions from South
Asia, Southeast Asia, and Africa offset the decline in East Asia,
l, transportation, agriculture, industry, and power plants sources in different regions: a,
erica.
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resulting in nearly steady global biomass BrC emissions. BrC
emissions from coal combustion rose slowly until 1990 and then
decreased gradually. This tendency was mostly dominated by res-
idential coal combustion emissions. Although coals were largely
consumed in power plants, their BrC emissions were smaller
compared to residential emissions. Globally in 2010, about 75.3% of
the coal was combusted in power plants [32,33], but 95% of the BrC
emissions from coal combustion was from the residential sector.
Coal BrC emissions from Europe declined significantly since 1990,
while in East Asia it also decreased but not as significant as that in
Europe. The consumption of other energies (e.g., gas and oil)
increased substantially by about five times from 1960 to 2010,
while their contribution was rare.
3.3. Spatially resolved fractions of primary BrC in OC

Globally, in primary OC emissions from combustion sources, BrC
makes up around 20%, with very slight changes (within �2%
to þ4%) over the study period from 1960 to 2010. The calculated
overall average ratios of BrC in OC (BrC/OC) in the anthropogenic
and natural sources were about 29% (±2%) and 16% (±2%), respec-
tively. The BrC/OC expectedly varied significantly among different
sectors. The fraction was the highest in the agricultural sector, at
~47% (±1%). This trend was primarily due to higher fractions of BrC
emissions in the field burning agriculture wastes. In the residential
sector, the fraction of BrC in primary OC was 32% (within ±2%
fluctuation). This relatively high ratio was attributed to the domi-
nant emission sources of solid fuels in residential use. The BrC/OC
values in emissions from power plants, industry, and transportation
sectors were 15% (±2%), 8% (±2%), and 3% (±1%), respectively. These
sector differences in the BrC fractionwere attributed to distinct fuel
shares. In power plants, coal combustion contributed to about 70%
BrC leading to higher values of BrC/OC, while in transportation, the
BrC/OC ratio was much lower. Resulting from high oil combustion
contributions.

The BrC/OC ratio also varied across regions due to different
energy structures in each sector (Fig. 4). In areas with higher con-
sumptions of solid coal and biomass fuels in residential and agri-
cultural sectors, the BrC/OC was generally higher. For example, in
Asia, where over 97% of the BrC emissions were from the residential
sector (e.g., coal and solid biomass) and agricultural burning, the
BrC/OC ratio average was ~28% in 2010. This ratio did not signifi-
cantly change over the study period. In China and India, the BrC/OC
ratio values in 2010 were 33% and 27%, respectively, with tiny
fluctuations over time. The high proportions were also explained by
the high reliance on biomass and coals in the residential sector. It
was previously reported that in samples from coal and biomass
burning, the BrC/OC ratios could be as high as 53% and 32%,
Fig. 4. Distributions of country-level BrC/OC ratios from different regions in 2010.
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respectively [5,37].
In Europe, the BrC/OC ratio in emissions from all sources was

18% in 2010, and generally showed a declining trend over time, with
fluctuations associated with natural emissions changes. The
declining trend was much more obvious if looking into the BrC/OC
in emissions from the anthropogenic sources, which was about 36%
in 1960 but 28% in 2010. The transition to modern energies from
traditional solid fuels in the residential sector led to the obvious
decline in the BrC/OC in Europe. For instance, in Germany and
Russia, the proportion of gas consumption increased from 3% to 62%
and from 1% to 89% during the study period of 1960e2010, whereas
the overall average ratio of BrC/OC decreased by 10% and 18%,
respectively.

In Africa and South America, the BrC/OC values were around 18%
(±1%) and 16% (±2%), respectively, and did not change significantly
over time. In these two areas, natural sources comprised largely of
the total BrC emissions, and consequently, the ratio of BrC/OC in all
source emissions was close to the ratio in the natural source
emissions, which did not show significant temporal changes with
only about ±1% fluctuation. If looking into emissions from the
anthropogenic sources, it contributed much less to the total BrC
relative to the natural sources. This observation revealed that the
BrC/OC in South America generally increased due to increased
emissions from agricultural waste burning.

In North America, the BrC/OC ratio in emissions from all sources
was around 13% within �2% to þ4% fluctuation over time. Less coal
use and higher utilization of clean modern energies resulted in
relatively low BrC/OC values in this region. The BrC/OC ratio in the
anthropogenic emissions at the beginning was 20% in 1960 and
decreased to 13% in 1970. This decrease was mainly due to the
increased sharing of clean modern energies in the residential
sector. Although there was a continual transition to clean energies
in the residential sector, the increased emissions from agricultural
waste burning led to a net increase in the BrC/OC from anthropo-
genic sources in North America that rebounded to 23%. Such tem-
poral trends were observed in both the United States and Canada.

3.4. Discussion, implications, and limitation

With growing concerns about climate impacts, some studies
estimated BrC emissions for specific sources (e.g., residential sector
and natural sources) in one year. It is believed that anthropogenic
BrC is largely produced from burning traditional solid fuels, espe-
cially biomass fuels. Based on OC emission inventories in the
literature and the calculated mass ratio of BrC to OC, Jo et al. (2016)
simulated that globally primary BrC emissions from biomass
burning and biofuels were about 3.9 ± 1.7 Tg and 3.0 ± 1.3 Tg in
2000, respectively [20]. Our estimates of BrC from natural sources
and agricultural open biomass burning in 2000 was 3.8 (2.88e5.41)
Tg, which was close to 3.9 ± 1.7 Tg by considering uncertainties. The
BrC emission from biofuels, including firewood and crop residues
used as residential energies, was about 1.4 (1.1e2.0) Tg in 2000 in
the present study, which was about half of the estimate by Jo et al.
(2016). We noted that the BrC/OC ratio in their estimates (0.442 for
firewood and 0.652 for crop residue) was nearly twice of ours. To
obtain ratio of BrC to OC in estimating BrC, Jo et al. (2016) calculated
the ratio of BrC/BC from the modified combustion efficiency and
absorption Ångstr€om exponent and then multiplied it by the BC/OC
in the literature. In the present study, we first used the directly
measured BrC EF, and secondly, the ratio of BrC/OC by fuel type and
sector in the literature for those without measured BrC EFs.

There were a few estimates of BrC emissions from natural
sources. From typical burn depths assumed and BrC EFs from peat
fires, Evangeliou et al. (2019) [23] estimated that the open fire in
Greenland from July 31 to August 21 in 2017 yielded ~141 tons of
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BrC in the air. Our present country-level estimates cannot be
directly compared with this number. Our estimates of BrC from
natural sources was 4.1 Tg globally in 2010, of which over 82% was
discharged from Africa and South America, which was about 1.3
times than anthropogenic BrC in the same year.

For country-specific emissions, there were several estimates of
BrC from the residential sector in China. Cai et al. (2014) estimated
that the BrC emissions from residential coal and open agricultural
biomass burning were 95.2 ± 73.7 and 175.4 ± 27.8 Gg, respectively,
in 2000, based on the BrC/BC ratios calculated from typical source
samples and the previously reported BC emissions in that year. The
latter was close to the 195.4 (148.8e277.7) Gg in our present study,
however, the former was much less than our estimate of 522.5
(397.8e741.0) Gg for residential coal combustion. This difference
was mainly due to different BrC EFs, of which ours was about five
times higher than those used in this reference. The BrC/BC ratiowas
the light-absorption ratio in the visible range that ignores the
strong absorption of BrC in the ultraviolet range. In addition, the
emission of BC in this reference was probably underestimated by
assuming a higher ratio of honeycomb briquettes (40% in 2000)
used in China. In another estimate of BrC from residential coal
combustion by Sun et al. (2017) [21], the result of 592 Gg was close
to our estimate of 485 (369e690) Gg, but Sun et al. (2021) [22]
estimated a high emission of 712 Gg BrC from indoor biomass
burning in 2013. Recently, Zhu et al. (2021) [19] estimated BrC
emissions in China based on the BC inventory [65] and reported
that in 2018, the national total of BrC was 3.42 Tg, with 71%,14% and
15% from the residential sector, vehicle emission, and open biomass
burning, respectively. Our estimates showed that in 2010, resi-
dential emissions contributed to 74% of the national total BrC
emissions, which was also close to the proportion estimated by Zhu
et al. (2021). However, from the declining trend observed in the
present study, we expected that the national total BrC emissions in
2018 would be less than the 1.04 (0.79e1.48) Tg in 2010 and would
be much less than the estimate of 3.42 Tg by Zhu et al. (2021).
Besides the differences in the EF database, residential fuel con-
sumption data, especially those for non-commercial biomass fuels,
affected the emission discrepancies significantly. These differences
are primarily due to the transition to clean modern energies, like
gas and electricity for cooking over the past several decades. It has
been revealed that household biomass consumption declined
significantly, which was not accurately captured in some national
statistical data [66e68]. Therefore, emission estimates based on the
residential energy from the national statistics or database from IEA
failed to capture the declining trends and consequently over-
estimated residential biomass emissions of most products of
incomplete combustion.

In our estimates, over 60% of the total global BrC emissions were
from Africa and Asia. In Africa, the BrC was largely discharged by
natural sources, while in Asia, anthropogenic emissions (i.e., resi-
dential solid fuel use) contributed largely to the primary BrC. The
recently updated BC emissions inventory showed that Asia also had
high BC emissions [46]. The overlap of high BrC and BC emissions
potentially suggests high radiative forcing in these regions associ-
ated with carbonaceous aerosols. Moreover, in these high emis-
sions regions, the main emission sources of BrC are similar to BC,
indicating that there is potential for co-reductions of BC and BrC
under effective controls of the common sources. Transitions to
clean energy, advanced fuel processing technologies, and upgrad-
ing of stoves in the residential sector may effectively reduce the
emissions of these light-absorbing forcers. There will be significant
co-benefits in response to climate change and protecting human
health.

Primary BrC emissions from different areas had distinct tem-
poral trends suggesting that the BrC spatial distribution would be
6

rather different in the future, which consequently affects the
radiative forcing and ecosystem changes under climate change. For
countries with relatively high BrC emissions, like China, the total
BrC emissions already showed an obvious decreasing trend at an
average rate of ~1.4% year�1 after 1990. This trend is mostly due to
the decreased coal consumption in the residential sector. On the
other hand, in India, it is noted that the total BrC emissions still had
a continuously increasing tendency with a growth rate of ~1.7%
year�1, especially from the biomass burning in the residential and
agricultural sectors. Thus, banning open agricultural biomass
burning and lowering emissions from residential biofuels are
needed in India. Most countries in North America and Europe had
an overall downward trend, by about 50% from 1960 to 2010, and
maintained relatively low emission levels (<60 Gg year�1). Regional
or country-specific well-directed countermeasures should be taken
to reduce BrC emissions, and other climate forcers (e.g., BC).

The present study, for the first time, estimates country-level
primary BrC emissions from 1960 to 2010 and discusses spatio-
temporal characteristics and sectorial changes in driving the tem-
poral and spatial trends. Although uncertainty in the estimates was
quantitatively assessed using the Monte Carlo simulation, there are
relatively high uncertainties in the estimates. Limited data are
available for EFBrC that vary by sources and burning conditions. For
some sources with little to no direct measurements, EFBrC was
calculated from the OC EFs and BrC/OC ratio, but this ratio was kept
the same for different regions. This assumption can hardly hold in
real life. Secondly, impacts on technology changes on the EFs of BrC
were assumed to be the same as OC. These cannot be captured by
the quantitative uncertainty ranges for the estimate reported. Last
but not least, it is important to note that there are different opinions
and debates on the concept of BrC [25e27], and the associated
definitions and measurement methods. Some propose that BrC is
part of OC formed from primary emissions but also secondarily
from atmospheric reactions, and there are interests in character-
izing its chemical compositions andmolecular-level characteristics.
But there are different voices that BrC is not a compound where
mass can be estimated, and it is the intrinsic absorptivity of OC
whose properties are not fixed by time, space, or sources. This study
did not further assess light absorption attributed to BrC. The sci-
entific significance and implication of BrC studies would be much
clearer and useful when its contributions to aerosol light absorp-
tion and radiative forcing effects can be evaluated. This highly relies
on parameters, such as mass absorption efficiencies and absorption
Angstr€om exponent, that usually vary largely in source type and
burning conditions. It is important but challenging to assess the
radiative forcing of BrC and to reduce uncertainties in calculating
aerosol light absorption.
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