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� Residential and industry sectors are the largest contributors to BC levels in China.
� The TOA direct radiative forcing of BC in China is simulated to be 1.22 Wm�2 in 2010.
� Domestic and non-China emissions contribute 75% and 25% to BC forcing, respectively.
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a b s t r a c t

We quantify the contributions from five domestic emission sectors (residential, industry, transportation,
energy, and biomass burning) and emissions outside of China (non-China) to concentration and direct
radiative forcing (DRF) of black carbon (BC) in China for year 2010 using a nested-grid version of the
global chemical transport model (GEOS-Chem) coupled with a radiative transfer model. The Hemispheric
Transport of Air Pollution (HTAP) anthropogenic emissions of BC for year 2010 are used in this study.
Simulated surface-layer BC concentrations in China have strong seasonal variations, which exceed
9 mg m�3 in winter and are about 1e5 mg m�3 in summer in the North China Plain and the Sichuan Basin.
Residential sector is simulated to have the largest contribution to surface BC concentrations, by 5
e7 mg m�3 in winter and by 1e3 mg m�3 in summer, reflecting the large emissions from winter heating
and the enhanced wet deposition during summer monsoon. The contribution from industry sector is the
second largest and shows relatively small seasonal variations; the emissions from industry sector
contribute 1e3 mg m�3 to BC concentrations in the North China Plain and the Sichuan Basin. The
contribution from transportation sector is the third largest, followed by that from biomass burning and
energy sectors. The non-China emissions mainly influence the surface-layer concentrations of BC in
western China; about 70% of surface-layer BC concentration in the Tibet Plateau is attributed to trans-
boundary transport. Averaged over all of China, the all-sky DRF of BC at the top of the atmosphere (TOA)
is simulated to be 1.22 W m�2. Sensitivity simulations show that the TOA BC direct radiative forcings
from the five domestic emission sectors of residential, industry, energy, transportation, biomass burning,
and non-China emissions are 0.44, 0.27, 0.01, 0.12, 0.04, and 0.30 W m�2, respectively. The domestic and
non-China emissions contribute 75% and 25% to BC DRF in China, respectively. These results have
important implications for taking measures to reduce BC emissions to mitigate near-term climate
warming and to improve air quality in China.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Ltd. This is an open access article u
1. Introduction

Black carbon (BC) is an important component of aerosols in the
atmosphere emitted from incomplete combustion of fossil fuel,
biofuel, and biomass (Bond et al., 2013). BC emissions in China
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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accounted for about 25% of the annual global total emission of BC in
recent years (Cooke et al., 1999; Bond et al., 2004; Qin and Xie,
2012; Wang et al., 2012). The annual mean surface-layer BC con-
centrations were measured to be about 11.2 mg m�3 at the urban
sites, 3.6 mg m�3 at the rural sites, and 0.35 mg m�3 at the remote
background sites (Zhang et al., 2008). Measured BC concentrations
during heavily polluted events reached up to 19.8 mgm�3 in Xi'an in
January, 2013 (Zhang et al., 2015). Black carbon as an air pollutant
has harmful impacts on human health (Anenberg et al., 2011;
Janssen et al., 2012), and it also plays an important role in climate
change through its strong absorption of sunlight (Bond et al., 2013;
Intergovernmental Panel on Climate Change (IPCC), 2013).

IPCC (2013) reported that the global and annual mean radiative
forcing value of BC was 0.40 (0.05e0.80) W m�2 between years
1750 and 2011. Regional and global modeling studies have shown
that BC radiative forcing over China is much higher than the global
mean value reported by IPCC (2013). Wu et al. (2008) reported, by
using the Regional Climate Model version 3 (RegCM3), that the
average BC direct radiative forcing (DRF) over eastern China
(20�e50�N, 100�e130�E) was 1.1 W m�2 at the top of the atmo-
sphere (TOA) during 1993e2003. Zhuang et al. (2011), by using the
Regional Climate Chemistry Modeling System (RegCCMs), esti-
mated that the annual mean TOA BC DRF over eastern China
(25�e45�N, 100��130�E) was 0.75 W m�2 in 2006. Recently,
Zhuang et al. (2013) showed that the annual mean BC DRF over
eastern China (20�e50�N, 100�e130�E) was 0.81 Wm�2 at the TOA
in year 2006, with the strongest TOA BC DRF of 6.0 W m�2 over the
Sichuan Basin. With respect to global modeling studies, Chung and
Seinfeld (2005) showed that the year 2000 TOA BC DRF was the
highest (5e6 W m�2) in eastern China by using the Goddard
Institute for Space Studies General CirculationModel II-prime (GISS
GCM II0). Bond et al. (2013) adjusted the absorption optical depth
(AAOD) in the median AeroCom model (Aerosol Comparisons be-
tween Observations and Models) to be consistent with the AERO-
NET retrieval, and found that the highest TOA DRF of BC of about
4Wm�2 was located over eastern China in year 2000. Compared to
the long-lived greenhouse gas CO2, BC has a much shorter lifetime
of days, and therefore BC reduction offers an opportunity to miti-
gate near-term climate change and to improve air quality simul-
taneously (Ramanathan and Carmichael, 2008; Shindell et al., 2012;
Smith et al., 2013). It is thus important to understand the source
attribution of BC in China.

Measurements have been used to attribute sources of BC.
Observational studies have analyzed possible sources of BC at
several unban sites in China (Li et al., 2005; Tao et al., 2009; Chen
et al., 2013; Zhuang et al., 2014; Zhang et al., 2015). Tao et al.
(2009) found that the major sources of BC in Guangzhou were
industry-coal and vehicle emissions in the winter of 2007, by
analyzing the correlations between observed concentrations of BC
with those of SO2, NO2, and NO. Zhuang et al. (2014) suggested that
the emissions of BC in Nanjing weremainly from the combustion of
biofuel, industry-coal, and vehicle-gasoline, considering the high
correlation coefficients (exceeding 0.7 in most seasons in 2012)
between observed concentrations of BC and CO. Zhang et al. (2015)
found that fossil and biomass burning emissions accounted for
about 75% and 25% of BC in four Chinese cities (Beijing, Shanghai,
Guangzhou, and Xi'an) during an extreme haze episode in January
of 2013, by analyzing the accelerator mass spectrometry mea-
surements of the radiocarbon isotope (14C), since radiocarbon
measurements provide a powerful tool for determining fossil and
non-fossil sources of carbonaceous aerosols. Such observational
studies, however, were usually limited to a particular time period or
location or could not provide quantitative estimates.

Regional and global models have been used to quantify the
region-based or sector-based contributions to air quality (e.g., Park
et al., 2003; Saikawa et al., 2009; Jeong et al., 2011; M. Huang et al.,
2012; Kulkarni et al., 2014) or radiative forcing (e.g., Koch et al.,
2007; Shindell et al., 2008; Unger et al., 2008; Anenberg et al.,
2011; Streets et al., 2013). By performing sensitivity simulations
with the nested version of the GEOS-Chem model, Jeong et al.
(2011) reported that anthropogenic emissions in Korea and China
contributed 78% and 20%, respectively, to BC concentrations in
Korea during March 2006 to February 2007. M. Huang et al. (2012)
estimated region contributions to BC concentrations in North
America (NA) in summer of 2008 using the Sulfur Transport and
dEposition Model (STEM), and found that over 80% of surface BC
concentrations in NA were from domestic emissions except in the
northwestern America. Because of the long-range transport,
30e80% of column BC concentrations in northwestern America
were from non-NA emissions. Kulkarni et al. (2014) reported, on the
basis of the simulation with the STEM model, that residential and
transport emissions were the most important sectors that
contributed to mean BC concentrations in Central Asia during April
2008 to July 2009 (each contributed about 30% to BC concentra-
tions), followed by emissions from industry (contributed about 20%
to BC concentrations). Streets et al. (2013), by using the Goddard
Institute for Space Studies (GISS)-E2 chemistry-climate model and
recent emission inventories, examined the contributions from the
major emission sectors in China and India to radiative forcing. They
found that the DRF due to all aerosols and O3 from residential
combustion in China reached 1.5e2 W m�2 over most regions in
China. No studies, to our knowledge, have examined sector and
region contributions to concentration and DRF of BC in China.

The goal of this study is to quantify the contributions from the
major emission sectors in China and non-China emissions to con-
centration and DRF of BC in China, by using the nested-grid version
of the global chemical transport model (GEOS-Chem) and the
anthropogenic emission inventory for year 2010 designed for the
Task Force on Hemispheric Transport of Air Pollution project
(HTAP; http://www.htap.org/). Model description and numerical
experiments are presented in Section 2. Section 3 shows simulated
surface-layer BC concentrations, simulated absorption aerosol op-
tical depth (AAOD) of BC, and model evaluation. Sector and region
contributions to BC concentration and DRF in China are presented
in Sections 4 and 5, respectively.

2. Model description and numerical experiments

2.1. GEOS-Chem model

We simulate BC concentrations by using the one-way nested-
grid GEOS-Chem model (version 9-01-03; http://acmg.seas.
harvard.edu/geos/) driven by the assimilated GEOS-5 meteorolog-
ical fields from the Goddard Earth Observing System (GEOS) of the
NASAGlobal Modeling and Assimilation Office (GMAO). The version
of the model used here has a horizontal resolution of 0.5� latitude
by 0.667� longitude for Asia (11�Se55�N, 70�e150�E) and 47 ver-
tical layers up to 0.01 hPa. Tracer concentrations at the lateral
boundaries are provided by a global GEOS-Chem simulation with
horizontal resolution of 4� latitude by 5� longitude (Chen et al.,
2009).

The simulation of BC in the GEOS-Chemmodel was described by
Park et al. (2003). BC is represented in the model by two tracers of
hydrophobic BC and hydrophilic BC. It is assumed that 80% of
freshly emitted BC is hydrophobic and becomes hydrophilic with an
e-folding time of 1.15 days (Cooke et al., 1999; Park et al., 2005). The
wet deposition scheme of BC in GEOS-Chem was originally
described by Liu et al. (2001), including scavenging in convective
updrafts, as well as in-cloud (only for hydrophilic BC) and below-
cloud scavenging (for both hydrophilic and hydrophobic BC) from

http://www.htap.org/
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convective and large-scale precipitation. We also include in the
present study an improved scheme of BC scavenging by cold clouds
and snow following Wang et al. (2011). Dry deposition of aerosols
uses the resistance-in-series scheme of Wesely (1989), which is
dependent on local surface type and meteorological conditions.

The Rapid Radiative TransferModel for GCMs (RRTMG) has been
coupled online with the GEOS-Chem model as described by Heald
et al. (2014). The RRTMG solves the radiative transfer equation in
14 shortwave bands and 16 longwave bands that cover from
230 nm through 56 mm. We calculate instantaneous shortwave and
longwave radiative fluxes every 3 h. The DRF of BC is calculated by
calling RRTMG twice with and without the presence of BC. The
optical properties (extinction coefficient, single scattering albedo,
asymmetry factor) of BC are calculated by using the Mie Theory,
assuming that BC has a log-normal size distribution with a geo-
metric mean radius of 0.02 mm and a geometric standard deviation
of 1.6. We assume that dry BC particles are spherical with a
refractive index of 1.75e0.44i at 550 nm and a density of 1 g cm�3,
following Q. Wang et al. (2014). The DRF of BC is calculated by
calling RRTMG twice with andwithout the presence of BC. It should
be noted that the difference in radiative flux with and without BC is
sometimes referred to as BC direct radiative effect, but it is about
the same as BC DRF because anthropogenic emissions account for
more than 99% of BC emissions in China (Lu et al., 2011).

2.2. BC emissions

The global anthropogenic emissions of BC are from Bond et al.
(2007), as implemented into the GEOS-Chem by Leibensperger
et al. (2012). The global biomass burning emissions of BC are
taken from the Global Fire Emissions Database version 3 (GFEDv3)
inventory (van der Werf et al., 2010). Anthropogenic emissions of
BC in the nested domain (70e150�E,10�Se55�N) are overwritten by
the HTAP anthropogenic emissions for year 2010 (Janssens-
Maenhout et al., 2015; http://edgar.jrc.ec.europa.eu/htap_v2/
index.php?SECURE¼123). The HTAP emission inventory does not
have emissions from biomass burning; biomass burning emissions
of BC in China are taken from Lu et al. (2011). The total biomass
burning emission from GFEDv3 over China is about 15 Gg C for
2010, which is much smaller than the value of 109 Gg C (Table 1)
from Lu et al. (2011). T. Fu et al. (2012) also reported that biomass
burning emissions retrieved from satellite burnt area observations
(Song et al., 2010; van der Werf et al., 2006, 2010) largely under-
estimated the seasonal agriculture waste burning in China. Fig. 1
shows the horizontal distribution of the anthropogenic emissions
of BC and Table 1 summarizes the emissions of BC in China from five
major sectors (energy, industry, residential, transportation, and
biomass burning) on an annual basis. The annual total BC emission
is 1840 Gg C in China, inwhich emissions from residential, industry,
transportation, biomass burning, and energy sectors account for
48.5%, 29.9%,14.7%, 5.9%, and 1.0%, respectively. The emissions of BC
from all sectors have monthly values available. Emissions from
Table 1
Summary of annual BC emissions in China (Unit: Gg C yr�1, 1 Gg¼ 109 g). Values in the par
sectors.

Reference Year Energy Industry

HTAP (This work) 2010 18 (1.0%) 550 (29.9%)
Lu et al. (2011) 2010 21 (1.1%) 501 (27.1%)
Qin and Xie (2012) 2009 11 (0.6%) 735 (39.1%)
Lu et al. (2011) 2008 19 (1.1%) 510 (28.6%)
Wang et al. (2012) 2007 51 (2.6%) 646 (33.1%)
Zhang et al. (2009) 2006 36 (2.0%*) 575 (31.8%)

a HTAP has no biomass burning emissions of BC in China; biomass burning emissions
aircraft and shipping are small and hence not considered in our
study.

We also summarize in Table 1 the recent estimates of BC
emissions in China from the literature. The annual BC emission and
contributions from individual sectors in the HATP inventory are
comparable to those in other inventories. The HTAP emissions used
in our simulation thus well represent the current understanding of
BC emissions from each emission sector in China.

2.3. Numerical experiments

To identify the sector and region contributions to concentration
and DRF of BC in China, we perform the following GEOS-Chem
simulations:

(1) CTRL: The control simulation with global BC emissions from
all sectors;

(2) no_IND: The same as the CTRL simulation except that BC
emissions from industry sector in China are set to zero.

(3) no_ENG: The same as the CTRL simulation except that BC
emissions from energy sector in China are set to zero.

(4) no_RES: The same as the CTRL simulation except that BC
emissions from residential sector in China are set to zero.

(5) no_TRAS: The same as the CTRL simulation except that BC
emissions from transportation sector in China are set to zero.

(6) no_BB: The same as the CTRL simulation except that BC
emissions from biomass burning in China are set to zero;

(7) no_China: The same as the CTRL simulation except that BC
emissions from all sectors in China are set to zero.

The contributions to BC from each Chinese sector of industry,
energy, residential, transportation, and biomass burning can be
quantified by (CTRL e no_IND), (CTRL e no_ENG), (CTRLeno_RES),
(CTRLe no_TRAS), and (CTRL e no_BB), respectively. The results
from no_China simulations represent the impacts of non-China BC
emissions. Then sector and region contributions to BC in China are
obtained by assuming that the BC concentrations simulated in the
CTRL simulation are the sum of the contributions from the five
domestic sectors and non-China emissions. All simulations are in-
tegrated for the period of 1 January to 31 December of year 2010
after a 3-month spin up of the model.

3. Simulated BC and model evaluation

3.1. Simulated surface-layer concentrations of BC

Fig. 2 shows simulated seasonal mean surface-layer concentra-
tions of BC in the CTRL simulation for 2010. The regions with high
BC concentrations are consistent with the areas with high BC
emissions (Fig. 1). Simulated BC concentrations are the highest in
December-January-February (DJF), with concentrations exceeding
9 mg m�3 in the North China Plain, the Sichuan Basin, and central
entheses are the relative contributions to total BC emission from individual emission

Residential Transportation Biomass burning Total

893 (48.5%) 270 (14.7%) 109 (5.9%)a 1840
936 (50.6%) 283 (15.3%) 109 (5.9%) 1850
777 (41.3%) 241 (12.8%) 117 (6.2%) 1881
888 (49.7%) 259 (14.5%) 110 (6.1%) 1786
988 (50.7%) 188 (9.6%) 78 (4.0%) 1951
1002 (55.3%) 198 (10.9%) N.A. 1811

are taken from Lu et al. (2011).

http://edgar.jrc.ec.europa.eu/htap_v2/index.php?SECURE=123
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Fig. 1. Horizontal distribution of annual anthropogenic emissions (Gg C yr�1) of BC in China for year 2010. The sub-regions examined in this study are also shown, including two
emission regions of North China (109�e122�E, 30�e42�N) and South West (101�e109�E, 25�e32�N), four low emission regions of South China (109�e122�E, 22�e30�N), Central
West (101�e109�E, 32�e41�N), North East (119�e131�E, 43�e50�N), and North West (81�e91�E, 41�e47�N), as well as one clean region of Tibet Plateau (81�e99�E, 30�e36�N).

Fig. 2. Simulated seasonal mean surface-layer concentrations (mg m�3) of BC in 2010 from the CTRL simulation. Colored circles denote seasonal mean BC concentrations measured at
14 sites of the China Meteorological Administration (CMA) Atmosphere Watch Network (CAWNET) (Zhang et al., 2012).
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southern China (e.g., Hubei province). Simulated BC concentrations
are the lowest in June-July-August (JJA), with values of 1e5 mg m�3

in a large fraction of eastern China. The lowest BC concentrations in
JJA can be attributed to the reduced emissions from domestic
heating (Lu et al., 2011) and the enhanced wet deposition during
summer monsoon (Zhang et al., 2010). The magnitudes and dis-
tributions of BC simulated in our study are similar to those simu-
lated in T. Fu et al. (2012) and Wang et al. (2013).

We evaluate simulated BC concentrations by using the mea-
surements taken from January 2006 to December 2007 at 14 sites of
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the China Meteorological Administration (CMA) Atmosphere
Watch Network (CAWNET) (Zhang et al., 2012). The locations of the
CAWNET sites are shown in Fig. 2. Fig. 3a compares the simulated
versus observed seasonal mean surface-layer concentrations of BC.
The simulated BC concentrations have a normalized mean bias
(NMB) of �37% (Fig. 3a). The bias in our model results is smaller
than the low bias of �56% (at rural and background sites) in T. Fu
et al. (2012). The total biomass burning emission of BC in China in
our study is 109 Gg C for 2010, very close to the value of 110 Gg C in
T. Fu et al. (2012). We use HTAP emissions for year 2010 in this
work, while T. Fu et al. (2012) used Intercontinental Chemical
Transport Experiment-Phase B (INTEX-B) emissions for year 2006.
Although the annual total emission is about the same in these two
inventories, BC emissions in the HTAP emission inventory are lower
in North China by 3.8% and higher in South China by 3.0% relative to
the INTEX-B emissions, (Fig. S1 in the supplementary material),
leading to different biases as compared with measurements.
Simulated seasonal mean BC concentrations show high correlation
(r ¼ 0.69) with the observed values (Fig. 3a), indicating that the
model can capture the spatial distributions and seasonal variations
of BC in China. It should be noted that the observed surface-layer BC
concentrations were from years of 2006e2007, while the CTRL
Fig. 3. (a) Comparisons of simulated seasonal mean concentrations of BC with mea-
surements. Simulated values are seasonal averages in 2010 from the CTRL simulation,
while the measurements were taken from January 2006 to December 2007 at 14 sites
of the China Meteorological Administration (CMA) Atmosphere Watch Network
(CAWNET) (Zhang et al., 2012). (b) The same as (a) except that the measurements
include annual mean surface-layer BC concentrations (multi-year averages) at addi-
tional sites as listed in the supplementary material (Table S1). Also shown is the y ¼ x
line (dashed) and linear fit (solid line and equation). Normalized mean bias
(NMB) ¼ 100% � P ðMieOiÞ=POi, where Mi and Oi are the simulated concentration
and observed value at site i, respectively. r is the correlation coefficient between
simulated and measured concentrations.
simulation is carried out for year 2010. Our test simulation with
both emissions and meteorology of year 2006 shows that the dif-
ferences in simulated BC concentrations between the CTRL simu-
lation and the test case are small (See Fig. S2 in the supplementary
material).

We also evaluate simulated BC concentrations by using addi-
tional measurements. Besides the measurements at the 14 CAW-
NET sites of Zhang et al. (2012), measured annual mean surface-
layer BC concentrations (multi-year averages) at additional 30
sites are available from T. Fu et al. (2012), He et al. (2014), and
Zhuang et al. (2014). All the measurements are compiled and listed
in the supplementary material (Table S1). Fig. 3b shows the scatter
plot of observed and simulated annual mean BC concentrations.
The simulated BC concentrations have an average bias of �31% as
compared with all the BC measurements available, and the corre-
lation coefficient between simulated and observed values is 0.65.
The low bias of simulated BC can be attributed to the un-
derestimates of BC concentrations at sites such as Dunhuang, Lhasa,
Jinchang, and Xining, which are located in west of 105�E (Fig. 3b).

We compare simulated monthly mean surface BC concentra-
tions with observed values from Zhang et al. (2012) in Fig. 4. The
model agrees well with observations at Jinsha, Linan, Long-
fengshan, Naning, Taiyangshan, and Zhengzhou, although low
biases are found at Jinsha and Taiyangshan in winter. Observed BC
concentrations were high in winter and low in summer at most
sites. This seasonality is well captured by the model except at
Dalian, Gucheng, and Panyu. The model underestimates BC con-
centrations at Xian, Dunhuang, and Lhasa, which may result from
the underestimates of local anthropogenic emissions at these
western sites.

Note that BC DRF can be influenced by its vertical profile but few
aircraft observations of BC vertical profile are available in China. The
simulated vertical profiles of BC from the GEOS-Chem model have
been evaluated by using datasets from aircraft campaigns for the
regions of the Northwest Pacific, North America, and the Arctic in
previous studies (Park et al., 2005; Drury et al., 2010; Wang et al.,
2011).

3.2. Simulated AAOD of BC

Fig. 5 shows the simulated seasonal mean AAOD of BC from the
CTRL simulation. AAOD is calculated as (1�SSA) � AOD, where SSA
and AOD are the column single scattering albedo and aerosol op-
tical depth, respectively. Corresponding to the simulated seasonal
variations in BC concentrations, AAOD values are the highest in DJF
and lowest in JJA. Over eastern China, the maximum AAOD values
are about 0.06e0.08 in DJF and 0.03e0.05 in other three seasons.
Over the Sichuan Basin, simulated BC AAOD reaches highest values
of 0.07e0.09 in DJF.

Since the calculation of DRF of BC is highly sensitive to simulated
AAOD, it is essential to evaluate the magnitudes and seasonal var-
iations of AAOD simulated in our model. The observed AAOD in
China are available from the Aerosol Robotic Network (AERONET)
(Holben et al., 2001). The AERONET sites with retrieved monthly
AAOD, the observed BC AAOD values in year 2010, and the averages
of BC AAOD over the years with datasets available are listed in
Table 2. To compare with model results, BC AAOD at 550 nm are
obtained by interpolating measured AAOD at 440 nm and 675 nm,
as described in Bond et al. (2013). Note that BC AAOD is estimated
by removing AAOD of mineral dust aerosol from the AERONET
retrieved AAOD, assuming that the absorption by fine-mode aero-
sols is primarily from BC while the absorption by larger particles
(diameter > 1 mm) is principally from dust. Following Bond et al.
(2013), dust AAOD is calculated from the retrieved size distribu-
tion (diameter > 1 mm) provided by the AERONET and a prescribed



Fig. 4. Comparisons of simulated monthly mean concentrations (mg m�3) of BC with measurements. Black dotted lines are simulated values in 2010 from the CTRL simulation, while
the red dots are measurements (thin red vertical lines indicate the standard deviations) during January 2006 to December 2007 at 14 sites of the China Meteorological Admin-
istration (CMA) Atmosphere Watch Network (CAWNET) (Zhang et al., 2012). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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refractive index of 1.55 þ 0.0015i.
Compared to AERONET measurements at year 2010, simulated

BC AAOD values have low biases at all the AERONET sites, with the
low biases exceeding 50% at 4 sites (SACOL, Polytechnic U., Hok Tsui,
and Chen-Kung U.) (Table 2). We also compare in Table 2 the
simulated BC AAOD with the averages of the AERONET measure-
ments over the years with datasets available. Compared to the
multi-year averages of the measured AAOD at the 10 sites, our
simulated BC AAOD show normalized mean bias (NMB) of �47%,
which is higher than the NMB reported by Q. Wang et al. (2014). Q.
Wang et al. (2014) showed that the year 2009 BC AAOD simulated
in the GEOS-Chem model had an NMB of �32%, as the modeled BC
AAOD values were compared to the multi-year averages of derived
BC AAOD at the global AERONET sites. We attribute the large low
biases in simulated BC AAOD to both the underestimation of BC
concentrations in China and the large uncertainties associated with
the derived AERONET BC AAOD. Because of the contributions from
organic carbon and fine dust to fine-mode AAOD, the derived BC
AAOD is likely biased high and the subsequent uncertainty on fine-
mode AAOD can be as large as 40e50% (Bond et al., 2013).
Fig. 6 compares the derived monthly mean BC AAOD with the

GEOS-Chem simulations at 10 AERONET sites. At Beijing and the
two adjacent sites (Xianghe and Xinglong), the model captures
fairly well the declining trend of observed BC AAOD fromwinter to
spring, although simulated AAOD values show low biases in Beijing
in spring and in those two adjacent sites in spring and winter. The
retrieved BC AAOD from AERONET sites are likely overestimated
over North China in spring due to the high concentrations of
mineral dust aerosol in this season (Zheng et al., 2005). The model
reproduces the observed BC AAOD at Beijing and Xianghe in July
and August, but does not capture the peak AAOD values of
0.08e0.10 in June when the harvest practice is active. Several
studies (e.g., Li et al., 2008, 2010; X. Huang et al., 2012) have re-
ported that crop residual burning (wheat straw) is a significant
source of carbonaceous aerosols in June in North China Plain.
Emissions from crop residual burning might have been under-
estimated in the emission inventory we used. At Taihu, Hefei, and
Shouxian (located in Yangtze River Delta and its adjacent regions),



Fig. 5. Simulated seasonal mean BC absorption aerosol optical depth (AAOD) at 550 nm in 2010 in China from the CTRL simulation.

Table 2
Observed and simulated annual mean BC absorption aerosol optical depth (AAOD) at 10 AERONET sites in China.

Site Region Lat. (�N) Long. (�E) Elev.(m) Year BC AAOD

Year 2010 Obs.a Multi-year Obs.b Modelc

Beijing Urban 39.98 116.38 92.0 2005e2014 0.060 0.061 0.034
Xianghe Rural 39.75 116.96 36.0 2005e2012 0.055 0.060 0.039
Xinglong Rural 40.40 117.58 970.0 2006e2012 0.040 0.033 0.030
Taihu Rural 31.42 120.22 20.0 2005e2012 0.033 0.054 0.025
Hefei Urban 31.91 117.16 36.0 2005e2008 N.A. 0.050 0.032
Shouxian Rural 32.56 116.78 22.7 2008 N.A. 0.039 0.036
SACOLd Rural 35.95 104.14 1965.8 2006e2012 0.029 0.032 0.007
Chen-Kung U.e Urban 23.00 120.22 50.0 2007e2010 0.016 0.016 0.006
Hok Tsuif Rural 22.21 114.26 80.0 2007e2010 0.054 0.041 0.011
Polytechnic U.g Urban 22.30 114.18 30.0 2005e2014 0.063 0.053 0.011

a Derived AERONET BC AAOD for 2010.
b Multi-year averages of the derived AERONET BC AAOD over years with datasets available.
c Simulated BC AAOD from the CTRL simulation for 2010.
d SACOL: Semi-Arid Climate and Environment Observatory of Lanzhou University.
e Chen-Kung U. site is located in Chen-Kung University, Tainan City, Taiwan.
f Observations at Hok Tsui were carried out only from March to June in 2010.
g Polytechnic U. is located in Hong Kong Polytechnic University, Hong Kong.

K. Li et al. / Atmospheric Environment 124 (2016) 351e366 357
simulated BC AAOD values agree well with the observations in all
seasons. In northwestern China, the simulated BC AAOD is signifi-
cantly underestimated at SACOL. The large low bias at this site can
be attributed to the large uncertainties in the derived BC AAOD, due
to the observed high concentrations of mineral aerosol in north-
western China (Zhang et al., 2012). In southeast coastal China, both
observed and simulated BC AAOD show high peaks in March at the
sites of Hok Tsui, Polytechnic U., and Chen-Kung U., but the model
tends to underestimate BC AAOD at Hok Tsui and Polytechnic
University throughout the year possibly because of the un-
derestimates of local anthropogenic emissions and biomass
burning emissions in Southeast Asia. The high AAOD at these sites
in March is influenced by the long-range transport of biomass
burning emissions from Southeast Asia (J. Fu et al., 2012; Huang
et al., 2013; Lin et al., 2014).

4. Sector and region contributions to BC concentrations

Fig. 7 shows the simulated contributions to surface-layer BC
concentrations from five domestic emission sectors (residential,
industry, energy, transportation, and biomass burning) and non-
China emissions, based on the six sensitivity simulations
described in Section 2.4. In the North China Plain and the Sichuan
Basin (the densely populated regions), residential sector is the
largest contributor to surface BC concentrations. Residential emis-
sions contribute to surface-layer BC concentrations by 5e7 mg m�3



Fig. 6. Comparisons of monthly mean BC AAOD from AERONET retrievals with those from the CTRL simulation at the ten AERONET sites. Black lines are simulated BC AAOD for 2010,
the asterisks are the AERONET BC AAOD in year 2010, and red dotted lines are multi-year averages of the AERONET BC AAOD over years with datasets available (marked on top right
corner of each panel). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in DJF and by 1e3 mg m�3 in JJA, reflecting the strong emissions
from winter heating (Lu et al., 2011) and enhanced wet deposition
during summer monsoon (Zhang et al., 2010). The contribution
from industry sector is the second largest and shows relatively
small seasonal variations; the emissions from industry sector lead
to BC concentrations of 1e3 mgm�3 in the North China Plain and the
Sichuan Basin. The contribution from transportation sector is the
third largest. The maximum impacts of emissions from trans-
portation are located in the North China Plain, which are in the
range of 1e2 mg m�3 in DJF and of 0.5e1 mg m�3 in JJA. The
contribution from energy sector is relatively small, contributing to
surface-layer BC concentrations by less than 0.1 mg m�3 across
China. Biomass burning emissions contribute less than 0.5 mg m�3

across China, except in September-October-November (SON). The
highest concentrations from biomass burning are 0.5e1 mg m�3 in
the North China Plain in SON, because of the large agricultural
waste burning (Cao et al., 2006). Compared with domestic emis-
sions, non-China emissions contribute relatively small to surface-
layer concentrations of BC in China. The maximum contributions
from non-China sources are simulated to be 0.1e0.5 mg m�3 in
southwestern China in March-April-May (MAM) and DJF (Fig. 7),
owing to the high biomass burning emissions in Southeast Asia that



Fig. 7. Simulated contributions to surface-layer concentrations of BC (mg m�3) from five domestic emission sectors in China (residential, industry, energy, transportation, and
biomass burning) and non-China emissions for year 2010.
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can be transported to the adjacent regions in the boundary layer
(Jian and Fu, 2014).

Fig. 8a shows the simulated contributions to surface-layer BC
concentrations from five domestic emission sectors and non-China
emissions that are averaged over the sub-regions, including two
emission regions of North China (NC, 109�e122�E, 30�e42�N) and
South West (SW, 101�e109�E, 25�e32�N), four low emission re-
gions of South China (SC, 109�e122�E, 22�e30�N), Central West
(CW, 101�e109�E, 32�e41�N), North East (NE, 119�e131�E,
43�e50�N), and North West (NW, 81�e91�E, 41�e47�N), as well as
one clean region of Tibet Plateau (TP, 81�e99�E, 30�e36�N). The
domains of these sub-regions are shown in Fig. 1. In DJF, residential
emissions are dominant in both high emission regions (NC and SW)
and low emission regions (SC, CW, and NE), which contribute to
surface-layer BC concentrations in these sub-regions by about
60e70%. In MAM, JJA, and SON, residential and industry emissions
are the two major sources that contribute to surface BC concen-
trations in all regions except in NW and TP, and the contributions
are comparable between industry (23e46%) and residential
(24e58%) emissions. The contribution from transportation is about
10e15% throughout the year in all sub-regions except for TP. On an
annual mean basis, the contributions from transportation emis-
sions are the highest in SC (15%), NC (14%), and NE (14%). Over TP,
transportation sector contributes 6e9% to surface BC concentra-
tions. The contributions from domestic biomass burning emissions
are the largest in SON and are estimated to be 9%, 7%, 12%, 7%, 11%,
and 9%, respectively, in NC, SW, SC, CW, NE, and NW. The contri-
butions from the non-China emissions are the highest over TP,
which are calculated to be 71%, 76%, 68%, and 64% (Fig. 8a), in DJF,
MAM, JJA, and SON, respectively. Our results over TP are consistent



Fig. 8. Relative contributions (%) to (a) surface-layer BC concentration and (b) all-sky DRF of BC at the TOA from five domestic emission sectors in China (residential, industry,
energy, transportation, and biomass burning) and non-China emissions over the seven sub-regions as defined in Fig. 1.
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with those from previous studies. By using a back-trajectory
approach, Lu et al. (2012) reported that emissions in China
accounted for 9% (34%) of BC transported to the TP in winter
(summer).

Because the vertical distribution of BC is very important for the
calculation of BC DRF, we show in Fig. 9a the simulated vertical
profiles of BC mass concentration from both the CTRL and no-China
simulations. The contributions from non-China emissions to ver-
tical profiles of BC are shown in Fig. 9b (no_China � 100%/CTRL).
The non-China emissions influence vertical profiles of BC from the
surface to about 6 km altitude in the regions of SC, SW, NE, and NW,
and influence the vertical profile of BC throughout the troposphere
in TP (Fig. 9a). The large impacts on profiles of BC in SC and SW in
spring result from the transport of biomass burning emissions from
Southeast Asia. On a seasonal mean basis, the non-china emissions
contribute to BC concentrations at 5 km altitude by 20e50% in NC,
20e80% in SC and SW, 40e75% in CW, about 40% in NE, and >80% in
NW and TP, and the percentage contributions generally increase
with altitudes. Previous studies have shown that the direct radia-
tive forcing efficiency of BC (radiative forcing exerted per gram of
BC) increases with altitude due to the radiative interactions with
clouds, other aerosols, and ambient air (Samset and Myhre, 2011,
2015; Samset et al., 2013), and BC above 5 km accounts for 41 ± 14%
of the global BC DRF (Samset et al., 2013). Our results highlight the
impacts of non-China emissions on vertical profiles and hence DRF
of BC in China, even over the regions with high domestic emissions
(e.g., SW).
5. Sector and region contributions to direct radiative forcing
of BC

Fig. 10 shows the simulated seasonal mean all-sky DRF of BC at
the top of the atmosphere (TOA) for 2010. The strongest BC DRF is
simulated to occur in DJF, with high forcing values of 8e11 W m�2

in the Sichuan Basin, 6e8 W m�2 over the North China Plain and
central southern China (e.g., Hubei and Hunan provinces). In MAM,
the strongest BC DRF of 4e6Wm�2 is simulated in southern China.
The locations of maximum DRF in JJA and SON are about the same
as those in DJF, and the maximum forcing values of 5e6Wm�2 and
4e5 W m�2 are simulated in JJA and SON, respectively.

The comparisons of our simulated BC DRF in China with the
values reported in previous studies are shown in Table 3. On an
annual mean basis, our simulated BC DRF averaged over all of China
is 1.22 W m�2 and the regional maximum values reach about



Fig. 9. (a) Simulated vertical profiles of BC mass concentration (mg m�3) from the CTRL simulation (solid lines) and the no-China simulation (with non-China emissions alone,
dashed lines) that are averaged over the seven sub-regions defined in Fig. 1. (b) The contributions of non-China emissions to vertical BC mass concentrations (no_China � 100%/
CTRL) over the seven sub-regions. The unit of vertical axis is km, and the four seasons of DJF, MAM, JJA, and SON are represented by purple, green, black, and red colors, respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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5e6 W m�2, which are at the high end of the values obtained in
previous modeling studies. The annual BC emission over China is
the highest in our work (1840 Gg) among the studies listed in
Table 3, but the simulated BC DRF also depends on other factors
such as concentration, vertical profile, optical properties (associ-
ated with refractive index, mixing state, and particle size of BC), as
well as local conditions of surface albedo and clouds (Liao and
Seinfeld, 1998). Compared to the global annual mean DRF values
of BC (0.4 W m�2), tropospheric ozone (0.4 W m�2), and carbon
dioxide (1.82 W m�2) reported by IPCC (2013), the simulated BC
DRF averaged over China (1.22 W m�2) is quite significant.
Fig. 11 shows the simulated contributions to all-sky BC DRF at
TOA from five domestic emission sectors and non-China emissions.
The spatial distributions of BC DRF mimic those of concentrations
(Fig. 7). In DJF, the simulated DRF values from residential sector are
below 1.0 W m�2 in most areas of western China (west of 105� E),
3e5Wm�2 in eastern China (e.g., Hubei and Henan provinces), and
even reach 6e7 W m�2 in the Sichuan Basin. In JJA, the DRF from
residential sector decreases to its minimum of the year of about
1e2 W m�2 over the North China Plain and Sichuan Basin. The DRF
from industry sector shows relatively small seasonal variations,
with the forcing values of about 0.5e2 W m�2 in the North China



Fig. 10. Simulated seasonal mean all-sky direct radiative forcing (DRF) of BC (W m�2) at the top of the atmosphere (TOA) in year 2010.

Table 3
Comparison of the simulated annual mean all-sky BC DRF at the top of the atmosphere in China in this work with the values reported in previous studies.

Reference Model Year BC emission in
China Tg yr�1

Extinction coefficient
at 550 nm m2 g�1

Region DRF (W m�2)

Annual meana Maximum valueb

This study GEOS-Chemc 2010 1840 8.5 All of China 1.22 5e6
(100�e130�E, 20�e50� N) 1.46

Zhuang et al. (2011) RegCCMS 2006 1811 10 (100�e130�E, 25�e45�N) 0.75 6
Zhuang et al. (2013) RegCCMS 2006 1811 10 (100�e130�E, 20�e50�N) 0.81 6
Q. Wang et al. (2014) GEOS-Chemd 2009 1811 11.3e 5e7.5
Chang and Liao (2009) GISS GCM II0 2000 1600f 12.5 (95�e125�E, 18�e45�N) 0.58
X. Wang et al. (2014) GEOS-Chemg 2010 1508 8.2/9.6 4
Chung et al. (2012) MACR modelh 2001e2009 1489 N.A. 7
Chung and Seinfeld (2005) GISS GCM II0 2000 1489 12.5 5e6
Myhre et al. (2009) Oslo CTM2 2004 1420 13.0 3e4
Bond et al. (2013) AeroCom Model Ii 2000 1420 8.9 4
Wu et al. (2008) RegCM3 1993e2003 1005 12.5 (105�e120�E, 32�e50�N) 1.10 3

a Annual mean BC DRF averaged over the region shown in this table.
b Maximum value means the largest BC DRF found over the domain of China.
c DRF is calculated online using RRTMG, with BC refractive index of 1.75e0.44i and density of 1 g cm�3.
d DRF is calculated offline using a radiative transfer model (RTM) of Wang et al. (2008), with BC refractive index of 1.76e0.47i and density of 1 g cm�3.
e Shown here is mass absorption coefficient (MAC). MAC ¼ MEC � (1eSSA), where MEC and SSA are the mass extinction coefficient and single scattering albedo of BC

calculated from the Mie code, respectively.
f Emissions are summed over (18��45�N, 95��125�E).
g DRF is calculated online using RRTMG, with BC refractive index of 1.95e0.79i and density of 1.8 g cm�3. Emissions are scaled up by 16% compared with emissions of Bond

et al. (2007). Extinction coefficient is 8.2 m2 g�1 for fossil fuel BC and 9.6 m2 g�1for biofuel/biomass burning BC.
h Monte-Carlo Aerosol Cloud Radiation (MACR) model. DRF is calculated by using observed BC AOD from the AERONET.
i Aerosol Comparisons between Observations and Models. BC DRF is the median in AeroCom models with simulated AAOD adjusted to be consistent with the AERONET

retrieval.
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Plain throughout the year. The transportation sector contributes
about 0.5e1 W m�2 to BC DRF in the North China Plain. The con-
tributions from biomass burning and energy sectors are relatively
small, with DRF from biomass burning less than 0.5Wm�2 and that
from energy sector less than 0.05 W m�2 across China.

The BC DRF from non-China emissions is largest in south of
Yangtze River basin in China, with high BC DRF values of
1e5 W m�2 and 0.5e2 W m�2 in MAM and DJF, respectively. Note
that the fractional contributions of non-China emissions to BC DRF
are significantly larger than those to surface BC concentration
(Fig. 8a and b), because high emissions in Southeast Asia are not
only transported to the boundary layer of the adjacent southern



Fig. 11. Simulated contributions to all-sky TOA DRF of BC (W m�2) from five domestic emission sectors in China (residential, industry, energy, transportation, and biomass burning)
and non-China emissions for year 2010. The seasonal or annual averages (W m�2) of the BC DRF over China are shown on top right corner of each panel.
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China but also lifted to the free troposphere (Bey et al., 2001;
Phadnis et al., 2002; Liu et al., 2003; Deng et al., 2008; Jian and
Fu, 2014). Studies have shown that vertical injection of seasonal
biomass burning emissions (during DecembereMay with a peak in
March) in southeast Asia (Jian and Fu, 2014) and convective and
large-scale lifting of mixed anthropogenic and biomass burning
emissions (Phadnis et al., 2002; Liu et al., 2003) are the two
important ways of BC into the free troposphere. Averaged over all of
China, contributions from non-China emissions to BC DRF in China
are estimated to be 17%, 43%, 21%, and 17%, in DJF, MAM, JJA, and
SON, respectively.

On an annual mean basis, BC direct radiative forcings averaged
over all of China from five domestic emission sectors of residential,
industry, energy, transportation, biomass burning, and non-China
emissions are 0.44, 0.27, 0.01, 0.12, 0.04, and 0.30 W m�2, respec-
tively. The domestic and non-China emissions contribute about 75%
and 25% to BC DRF in China, respectively.
6. Conclusions

We used a nested-grid version of the global chemical transport
model (GEOS-Chem) coupled with a radiative transfer module
(RRTMG) to estimate the contributions from five emission sectors
(residential, industry, transportation, energy, biomass burning) in
China and emissions from outside of China to concentration and
direct radiative forcing of BC in China for year 2010. The HTAP
anthropogenic emissions of BC for year 2010 are used in this study.
The annual total BC emission in China is 1840 Gg C, in which
emissions from residential, industry, transportation, biomass
burning, and energy sectors account for 48.5%, 29.9%, 14.7%, 5.9%,
and 1.0%, respectively. Comparisons of simulated surface-layer BC
concentrations with multi-year averages of measurements at ur-
ban, rural, and background sites show that the GEOS-Chem model
can capture the spatial distributions and seasonal variations of BC,
with a normalized mean bias of �31% and a high correlation co-
efficient of 0.65.

Simulated surface-layer BC concentrations exceed 9 mg m�3 in
DJF and are about 1e5 mg m�3 in the North China Plain and the
Sichuan Basin. Residential sector has the largest contribution to
surface BC concentrations, by 5e7 mgm�3 in DJF and by 1e3 mgm�3

in JJA. The contribution from industry sector is the second largest
and shows relatively small seasonal variations; the emissions from
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industry sector lead to BC concentrations of 1e3 mg m�3 in the
North China Plain and the Sichuan Basin. The contribution from
transportation sector is the third largest, followed by that from
biomass burning and energy sectors. The maximum contributions
from non-China sources are simulated to be 0.1e0.5 mg m�3 in
southwestern China in MAM and DJF, owing to the high biomass
burning and anthropogenic emissions in Southeast Asia in these
seasons. We also find that the non-China emissions have large
impacts on vertical profiles of BC over China.

Averaged over all of China, the all-sky DRF of BC at TOA is
simulated to be 1.22 W m�2 in the CTRL simulation. Sensitivity
simulations show that the TOA BC direct radiative forcings from five
domestic emission sectors of residential, industry, energy, trans-
portation, biomass burning, and non-China emissions are 0.44,
0.27, 0.01, 0.12, 0.04, and 0.30 W m�2, respectively. The domestic
and non-China emissions contribute 75% and 25% to BC DRF in
China, respectively. These results have important implications for
taking measures to reduce BC emissions to mitigate near-term
climate change and to improve air quality simultaneously.

There are some uncertainties in our simulations that can be
improved in future studies. First, co-emitted species with BC should
be considered to examine sector contributions to radiative forcing.
Second, estimates of BC radiative forcing depend on its optical
properties and vertical distributions (Bond et al., 2013; Samset
et al., 2013), which requires more observational studies to
constrain the model uncertainties. Third, the mixing state and ag-
ing process of BC should be considered in the simulation of BC
radiative forcing. Finally, the consideration of BC-cloud interactions
is essential for better understanding the role of BC in climate.
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