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Abstract Carbonaceous aerosols have been attracting atten-
tion due to the influence on visibility, air quality, and regional
climate. Statistical analyses based on concentration levels,
spatial-temporal variations, correlations, and organic carbon
(OC) to element carbon (EC) ratios from published data of
OC and EC in particulate matter (PM, 5 and PM; () were car-
ried out in order to give a carbonaceous aerosol profile in
China. The results showed maxima for OC of 29.5+
18.2 ug C m > and for EC of 8.4+6.3 ug C m ° in winter
and minima for OC of 12.9+7.7 pg C m ™ in summer and for
EC of 4.6+2.8 ug C m™* in spring. In addition, OC and EC
both had higher concentrations in urban than those in rural
sites. Carbonaceous aerosol levels in China are about three
to seven times higher compared to those in the USA and
Europe. OC and EC occupied 20+6 and 7+3 % of PM, 5 mass
and 17+7 and 5+3 % of PM;, mass, respectively, implying
that carbonaceous aerosols are the main component of PM,
especially OC. Secondary organic carbon (SOC) was a signif-
icant portion of PM and contributed 41+26 % to OC and 8+
6 % to PM, s mass. The OC/EC ratio was 3.63+1.73, which,
along with the good correlation between OC and EC and the
OC to EC slope 0f 2.29, signifies that coal combustion and/or
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vehicular exhaust is the dominated carbonaceous aerosol
source in China. These provide a primary observation-based
understanding of carbonaceous aerosol pollution in China and
have a great significance in improving the emission inventory
and climate forcing evaluation.
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Introduction

Atmospheric particulate pollution has been an eye-
catching issue in current China. Particles in the atmosphere
not only play an important role on the environment and
global climate but also have a health hazard as these can
be absorbed into the human respiratory system and further
into blood circulation through lung cells (Penner and
Novakov 1996; Oberdorster et al. 2005). Carbonaceous
aerosols are the main components of atmospheric particles
and are composed of both light-absorbing element carbon
(EC) and light-scattering organic carbon (OC) (Nunes and
Pio 1993). EC, alternatively referred to as black carbon
(BC) aerosol, is a product of incomplete combustion from
residential coal, motor vehicle fuel, and biomass (Watson
2002). It is the mixture of graphite-like particles and opti-
cally absorbing organic matter. OC originates from prima-
ry anthropogenic sources like above combustions and from
formation (secondary organic carbon, SOC) by chemical
reactions in the atmosphere and represents a large variety
of particulate organic compounds, including polycyclic ar-
omatic hydrocarbons (PAHs) (Zhao et al. 2013a).
Carbonaceous aerosols have been of great concern in re-
cent years due to their influence on regional climate, visibility,
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and air quality (Cao et al. 2004). IPCC report (Boucher
et al. 2013) showed that the radiative forcing of BC and or-
ganic aerosols emitted by fossil fuel and biofuel combustion
was +0.4 (+0.05 to +0.8) W m ? and —0.12 (0.4 to —0.1)
W m 2, respectively, and it was +0.0 (—0.2 to +0.2) W m >
as a result of their change offset when BC and organic aerosol
are emitted by biomass burning. Therefore, carbonaceous
aerosols have a net warming effect on climate (Boucher
et al. 2013). In addition, as the main components of atmo-
spheric particle, OC and EC can be critical factors in the for-
mation of severe pollution episodes, e.g., haze in East Asia,
which is considered a heavily polluted region of the world,
and may contribute to the highest dry extinction efficiencies
among the major particulate matter (PM, s) species (Hou et al.
2011; Pui et al. 2014). Besides, it has been well known that
PAHs in OC are carcinogenic, teratogenic, and mutagenic and
may sorb on the surface of BC or small particles to enter into
the lungs, even the bloodstream through the alveolar epithe-
lium (Shrestha et al. 2010), and seriously endanger public
health (Zhao et al. 2013a). Therefore, in recent years, more
and more studies focused on the carbonaceous aerosols pollu-
tion (Viana et al. 2006; Harrison and Yin 2008; Yubero et al.
2014; Zhao et al. 2013b; Cao et al. 2004; Zhou et al. 2012;
Sandrini et al. 2014; Srivastava et al. 2014).

China has the largest carbonaceous aerosols emissions
from contained combustion in the globe with the contri-
butions of about 24 and 30 % for OC and BC, respective-
ly (Bond et al. 2004). Carbonaceous aerosols have been
widely investigated in China since the end of last century
and the number of locations keeps increasing, including
urban sites in megacities (Shen et al. 2014; Xu et al.
2012), regionally representative rural sites (Zhang et al.
2005), and remote sites (Li et al. 2000; Qu et al. 2006;
Tang et al. 1999). However, most of such measurements
gain specific characteristics of carbonaceous aerosols at
specific locations. Few measurements provide the overall
profile in the whole country (Zhang et al. 2008; Cao et al.
2007). Some models (Liu et al. 2010) and emission inven-
tories (Streets et al. 2003; Cao et al. 2006; Zhang et al.
2009a; Fu et al. 2012) may give the temporal and spatial
patterns of carbonaceous aerosols across China; neverthe-
less, unavoidably, these results have great uncertainties
due to the method itself. For example, the uncertainties
of emission estimates from bottom-up inventories (95 %
confidence intervals) were £208 % for EC and £258 % for
OC (Zhang et al. 2009a).

In this study, we made an attempt to obtain OC and EC
pollution characteristics in a nation scale in China derived
from published data in the field observation. We examined
the levels, spatial and seasonal variations, correlations and
ratios, and sources of OC and EC. Meanwhile, the implica-
tions for the understanding of carbonaceous aerosols, includ-
ing the estimation of SOC and the inventory and climate effect
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of carbonaceous aerosol, were also presented. To our knowl-
edge, this is the first time to supply the observation-based
insight into the carbonaceous aerosols profile in China in a
nation scale, which benefits to better understand carbonaceous
aerosol pollution in the country and improve the emission
inventory and climate forcing evaluation.

Database

The national-scale carbonaceous aerosols data in PM, s and
PM,, were assembled based on almost all published litera-
tures with PM, OC, and EC concentrations in China before
2012 in the field measurement (Fig. 1). There were 252 sets of
data in PM, 5 and 128 sets in PM,( as compiled in Supple-
mentary Tables S1 and S2. Data with only species without PM
mass concentrations or with PM mass without any species
concentrations in a set (e.g., with PM and OC without EC)
were not collected. Northern (including 15 provinces, auton-
omous regions, and municipalities: Heilongjiang, Jilin, Liao-
ning, Inner Mongolia, Beijing, Tianjin, Shandong, Henan,
Hebei, Shanxi, Shaanxi, Ningxia, Gansu, Qinghai, and
Xinjiang) and southern China (related to the other 16 prov-
inces, autonomous regions, and municipalities and two special
administrative regions: Jiangsu, Shanghai, Anhui, Hubei, Hu-
nan, Chongging, Sichuan, Tibet, Yunnan, Guizhou, Guangxi,
Guangdong, Jiangxi, Fujian, Zhejiang, Hainan, Hong Kong,
and Macao) was divided based on the demarcation line of
Qinling Mountain and its eastern extension to Huaihe River
in central and eastern China as shown in Fig. 1 (Gao et al.
2011). There were 111 sets of data in 15 regions in northern
China and 141 sets of data related to 18 regions in southern
China for PM, 5. For PM, there were 59 sets in 19 regions in
the north and 69 sets related to 12 regions in the south.

The measurements in Supplementary Tables S1 and S2
ranged from 1999 to 2010 and covered urban, suburban, back-
ground, forest, mountain, rural, and remote areas across the
nation. These data were both long-term (e.g., annual) and
short-term (e.g., daily and weekly) averaged concentrations.
Data based on a few measurements were not used in the re-
view. The aerosol samples in different research groups were
collected by mini-, low-, middle-, or high-volume samplers on
quartz filters. The sampling artifacts had not been considered.
The main analytical methods for OC and EC were thermal
optical transmission (TOT) method following the National
Institute for Occupational Safety and Health (NIOSH) proto-
col and thermal optical reflectance (TOR) method from Inter-
agency Monitoring of Protected Visual Environments
(IMPROVE) protocol. Other analytical approaches, such as
selective thermal manganese dioxide oxidation (TMO) meth-
od and thermogravimetry method, were also used. These data
were processed and plotted to allow comparisons without fur-
ther corrections.
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Fig. 1 The sampling sites

Results and discussion
Concentration levels of OC and EC

The concentrations of OC and EC in PM, 5 were from 1.5
to 102.3 pug C m * with an average of 19.6+
14.4 ug C m>, and 0.2 to 37.0 pg C m > with an average
of 6.1£4.6 pg C m >, respectively, in the investigation.
They are nearly 3.8 and 4.2 times the OC (5.1 ug C m )
and EC (1.5 pg C m?) concentrations in Europe
(Sillanpéda et al. 2006), respectively, and 7.2 and 5.1 times
the OC (2.7 ug C m>) and EC (1.2 pg C m°) in the
USA (IMPROVE REPORT V 2011), implying a much
more serious carbonaceous aerosol pollution in China.
This is due to the high production and consumption of
25 % the world’s total amount of coal in the country
(Liu and Diamond 2005). High OC (>50 pg C m °) and
EC (>15 pg C m %) concentrations occurred in urban in
winter, such as Xi’an in northwest China (61.9 and
12.3 ug C m) (Cao et al. 2005) and Chongging in Si-
chuan Basin (76.7 and 16.6 pg C m ) (Cao et al. 2007).
Low carbonaceous aerosol levels (<10 pg C m > for OC
and <2 nug C m > for EC) were observed in forest, moun-
tain, rural, and background sites, such as Mt. Changbai
(4.9 and 0.5 pg C m>) (Li et al. 2010) and Mt. Heng
(3.01 and 0.54) (Zhou et al. 2012). The maximum in ur-
ban in winter was 102.3 pg C m > versus the minimum of
1.5 ug C m > in forest, mountain, rural, and background

sites for OC and the maximum was 37 ug C m > in urban
in winter versus the minimum of 0.2 pg C m ™ in forest,
mountain, rural, and background sites for EC, suggesting
the huge inhomogeneity in distributions. This may be at-
tributed to relative high emissions in winter due to heating
and the more influence from the high dense population in
urban against relative sparse population and less emis-
sions in forest, mountain, rural, and background sites.

Seasonal variations of OC and EC

OC and EC in PM, 5 showed obvious seasonal variations with
the maxima in winter, then autumn, and lower in spring and
summer (Fig. 2). It is a factor of 2—3 higher in winter com-
pared to those in spring and summer. This is probably due to
the higher emissions from coal combustion for the heating in
the cold season.

OC and EC had different seasonal patterns in northern
and southern China (Fig. 2). Both OC and EC levels in
northern China had the minima in summer, which are about
one third to one half the maxima in winter. This is probably
attributed to the high primary emission of coal-related
aerosol as a result of the heating in winter. Low mixing
height and low precipitation may be other reasons contrib-
uting to the high carbon loading in the cold season. During
summer, lower carbon concentrations are associated with
lower emissions and climatic conditions: monsoon from
sea with little pollutant and enhanced thermal convection

@ Springer



Environ Sci Pollut Res (2016) 23:1671-1680

OC EC
winter

OC EC
average

OC EC
spring

OC EC
summer

OC EC
autumn

Fig. 2 Seasonal concentrations of OC and EC in PM, 5 in total (violef),
northern (red), and southern (blue) China. Vertical bars are standard
deviations

caused by monsoon, and wet deposition from frequent
rainy days. In southern China, the levels of carbonaceous
aerosols also varied along with seasons but showed less
discrepancy among seasons compared to those in the north
(Fig. 2). OC and EC concentrations were still higher in
winter compared to those in the other three seasons. This
is ascribed to the northeasterly monsoon, which crosses
over the north and brings air pollutants to the south in
winter. In addition, although there is no formal heating
season in some southern cities, there are still carbonaceous
emissions from space domestic heating sources due to cold
weather (Cao et al. 2007). Notably, OC and EC concentra-
tions in spring, autumn, and winter are higher in northern
China than those in the south; however, both OC and EC
levels in summer are comparable in the two regions.

Spatial variations of OC and EC

The areas where OC and EC were measured as shown in
Supplementary Table S1 may be divided into two categories
based on the density of population and sources: urban and
rural sites (here, the rural sites include suburban, rural, back-
ground, mountain, and forest sites). OC and EC levels in ur-
ban were from 3.8 to 102.3 g C m > with an average of 21.1

+152 ugCm >, and 1.1 to 31.6 pg C m ™ with an average of
6.8+4.4 pg C m>, respectively, about 1.5 times those in rural
sites (14.8+12.0 and 4.1+5.4 ug C m ) (Fig. 3), suggesting
that although air quality in rural sites is being influenced more
and more by emissions from urban area (Miyazaki et al. 2009;
Wang et al. 2011), it is far to be consistent. In urban, OC and
EC were higher in autumn and winter than those in spring and
summer. While in rural sites, OC and EC showed the largest in
winter and were about two times those in spring, summer, and
autumn.
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SOC evaluation

It is well known that OC may be divided into primary organic
carbon (POC) and SOC. POC comes from the direct emission
of combustion, and SOC is produced by the photochemical
reaction of volatile organic compounds (VOCs) in the atmo-
sphere. SOC is an important component of PM as a measure
of the aged degree of aerosol, and it can change the properties
of aerosols, such as hygroscopicity and optical characteristics.
If OC/EC value is higher than 2, carbonaceous matter may be
interpreted as containing significant quantities of SOC (Chow
et al. 1993, 1996). At present, direct SOC measurements are
difficult, so several indirect methodologies are applied in the
evaluation of SOC formation, including EC tracer method
(Cao et al. 2004, 2007; Zhang et al. 2008; Lin et al. 2009),
receptor model (Yuan et al. 2006; Zhang et al. 2009b), chem-
ical transport model (Han et al. 2008b; Fu et al. 2012), and so
on (Cheng et al. 2011). Among these approaches, the EC
tracer method has been widely used (Cabada et al. 2004;
Duan et al. 2005; Docherty et al. 2008; Lin et al. 2009;
Snyder et al. 2009) and is very suitable for this study, since
it only requires ambient OC and EC concentrations (Cheng
etal. 2011). According to Castro et al. (1999), the production
of SOC can be calculated from the following equation:

OCye = OCio—EC*(OCJEC), .

where OCy. is SOC, OCy is the total OC, and (OC/EC) iy, 1S
the minimum ratio observed. The accuracy of SOC estimates
is highly dependent on the accuracy of the (OC/EC)y;, ratio in
representing the mixture of multiple local primary PM
sources. Since the representative (OC/EC) i, is season-depen-
dent, here season-specific (OC/EC),,;, values were approxi-
mated using samples that had the lowest 20 % measured OC/



Environ Sci Pollut Res (2016) 23:1671-1680

1675

EC values in a given season (Lim and Turpin 2002; Yuan
et al.2006). A least squares regression of the OC and EC data
in the lowest 20 % of OC/EC ratio yielded the slopes of 1.73
(R*=0.86, n=7), 1.72 (R*=0.84, n=15), 2.04 (R*=0.94, n=6),
and 1.71 (R2=0.92, n=16) for spring, summer, autumn, and
winter measurements, respectively (Fig. 4). The method is
also applied to all data in Supplementary Table S1 to obtain
the (OC/EQC)y;in in the whole country.

The results show that the concentration of estimated SOC
in PM, s was 8.9+10.2 ug C m > in this investigation, consti-
tuting 41+26 % (0-85 %) of OC and 8+6 % (0-32 %) of
PM, s mass, implying that SOC is a significant portion of
PM, 5 in China. This is coincident with the proportion of
SOC in OC from Cao et al. (2007) (40 %) who measured
EC and OC concentrations in 14 Chinese cities in January
and July in 2003 and lower than the results for urban (48—
62 %) and rural (53—80 %) annual surface OC over an entire
year at 18 urban, rural, and background sites in the study of
Zhang et al. (2008).

SOC had obvious seasonal variations with the largest con-
centration in winter, which is over two times those with lower
levels in summer and spring. The ability of a given VOC to
produce SOC during its atmospheric oxidation mainly de-
pends on two factors: the emission rate of VOC (atmospheric
abundance) and the chemical reactivity (Cao et al. 2003). In
winter (0.78 Tg Cl/year), the VOC emissions from vegetable
sources are far lower than those in summer (9.73 Tg C/year)
(Yan et al. 2004), despite higher VOC emissions from anthro-
pogenic sources in winter (7.20 Tg/year in winter vs 5.07 Tg/
year in summer) (Zhang et al. 2009a); in addition, the lower
temperature (—1 to 8 °C in winter vs 18 to 28 °C in summer,
source: http://www.tianqi.com/qiwen/china/) leads to
decreased photochemical activities in winter than in summer,
which are unfavorable for the formation of SOC in the cold
season. However, the lower temperature in winter would
cause the gas—particle equilibrium shift of semivolatile
organic compounds to particulate phase. In addition, the
winter—summer rainfall contrast (an average of 21 mm in
winter vs 124 mm in summer for the period of 1962-2013,
source: http://www.tianqi.com/qiwen/china/) suggests that
infrequent and less rainfall in winter effectively reduced the
removal of aged aerosols. Moreover, lower mixing heights in
winter also contribute to higher SOC concentrations. So, here
it is a combined result of favorable partitioning of semivolatile
SOC species in the particle phase, less wet precipitation, and
lower mixing heights to compensate for the adverse factors
such as less solar radiation and lower VOC emissions, and
leads to more SOC formation in wintertime (Duan et al.
2005) in the country.

The average concentrations of estimated SOC in northern
and southern China were 12.0£12.7 and 6.5+6.8 pg C m °,
accounting for 43425 and 40+26 % of OC, respectively
(Fig. 5a, b). SOC had obvious seasonal variations in northern

China with the largest concentration in winter and the lower
levels in summer and spring, which is consistent with the OC
pattern in the region. In contrast, SOC concentrations in south-
ern China were higher in winter, considering that both the
ratios of SOC to OC and SOC to PM, 5 in four seasons were
comparable as shown in Fig. 5b, different from those with the
significant high ratios of SOC/OC and SOC/PM, s in winter in
northern China, which suggests that higher SOC concentra-
tions in winter in the south may be due to higher PM, 5 mass
concentrations in the season (95.0 pug m > in winter vs
64.7 ug m > in spring, 58.2 ug m > in summer, and
67.5 pug m ° in autumn).

Contributions to PM, 5 and PM;,

Knowledge of the relative contribution of OC and EC is im-
portant in formulating effective control measures for ambient
PM. The fractions of carbonaceous aerosols in PM, 5 were
from 6 to 38 % with an average of 20+£6 %, and 1 to 19 %
with an average of 7+3 % for OC and EC, respectively, in
China, which are comparable to the proportions of 21 and
10 % for OC and EC in the USA (IMPROVE Report V
2011) and 25 and 7 % in Europe (Sillanpai et al. 2006). The
fractions of OC in PM, 5 were larger in winter and autumn
than those in spring and summer, but the proportions of EC
showed no obvious seasonal variations. Total carbon (TC),
which means the sum of OC and EC, exhibited the same
seasonal trend with OC (Fig. 6).

In OC, POC and SOC occupied about 12 % and about 8 %
of PM, 5 mass, respectively, suggesting that POC is a domi-
nated part of OC. As shown in Fig. 6, POC had higher frac-
tions in PM, 5 in autumn and summer compared to those in
spring and winter; in contrast, SOC had the highest proportion
in winter than that in spring, summer, and autumn. So the
higher OC fractions in autumn and winter may be attributed
to the relative high POC proportion in autumn and relative
high SOC proportion in winter. This means that different mea-
sures should be adopted to mitigate carbonaceous aerosol pol-
lution in different seasons.

In comparison, in PM,, the proportions of OC and EC
were from 4 to 47 % with an average of 17+7 %, and 2 to
16 % with an average of 5+3 %, respectively. The seasonal
patterns of the fractions of OC and EC in PM, are consistent
with those in fine particles.

Relationship between OC and EC

In order to explore the origin of carbonaceous aerosols in
China, the relationship between OC and EC was investigated
(Chow et al. 1996). The slope identifies OC associated with
EC through common primary combustion sources. The inter-
cept provides primary non-combustion and SOC. The results
showed that there was a good correlation between OC and EC
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(R?=0.53) across China (Table 1), meaning the similar prima-
ry emission sources. The slope of 2.29 suggested that coal
combustion and/or vehicular exhaust is probably the main
carbonaceous aerosols source since coal and petroleum are
the dominant energy sources in China with the percentages
of 68 and 19 %, respectively (Zhang et al. 2012), and the

emission ratio of OC to EC is 3.31 for coal combustion and
1.54 for vehicular exhaust (Watson et al. 2001).

The correlations between OC and EC were somewhat dif-
ferent in different seasons. OC and EC were strongly correlat-
ed in summer and autumn, and relatively weakly correlated in
spring and winter, suggesting a more changing mixture of
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source contributions in the later. The wide variations in slopes
with k=1.21-2.40 indicate their seasonal variability in OC
contributions from combustion sources (coal combustion,
traffic, and biomass burning) (Yang et al. 2005a, b; Feng
et al. 2009). According to the source profile, such as that
measured by Watson et al. (Watson et al. 2001), the OC/EC
ratios for emissions from coal-fired boil, biomass burning, and
motor vehicle were 0.28-7.93 (average 3.31), 14.51, and
0.66-2.42 (average 1.54), respectively, meaning that the com-
bustions of coal and biomass exhibited much higher OC/EC
ratios than that for motor vehicle. In this study, there is the
influence of intensive biomass burning in summer and autumn
due to crop burning in China (Huang et al. 2012), and coal
combustion in winter due to heating. So, the slopes showed
summer and autumn higher, then winter and spring. The far
higher intercept in winter compared to that in the other three
seasons is probably due to the more SOC (see the “Spatial
variations of OC and EC” section).

Variability of OC/EC ratios

Ambient OC-to-EC ratios include important information
about the emission of carbonaceous aerosols. The average
ratio of OC to EC in this investigation was 3.63+1.73, higher
than that (2.25) in USA (IMPROVE REPORT V 2011) and
comparable to that (3.52) in Europe (Sillanpaa et al. 2006).
The ratio is near the value (3.31) from coal combustion

Table 1  Relationship between OC and EC in PM, 5 in four seasons in
China
R? n P

Spring OC=1.21*EC+7.49 041 27 0.00
Summer OC=2.08*EC+3.16 0.60 76 0.00
Autumn 0C=2.40*EC+4.69 0.61 28 0.00
Winter 0OC=1.93* EC+12.93 0.44 74 0.00
Average 0OC=2.29*EC+5.67 0.53 252 0.00

OC organic carbon, £EC element carbon

reported by Watson et al. (2001), further suggesting that coal
combustion is the main source of carbonaceous aerosols in
China. The OC/EC ratios showed the seasonal variations with
the higher values in autumn (3.84+2.15) and winter (3.96+
1.68) than those in spring (3.57+1.61) and summer (3.19+
1.54) due to an integrated influence of emissions, meteorolog-
ical factors, and photochemical reactions. The OC/EC ratio in
urban was 3.23+137, which is close to the result of 3.10 from
Zhang et al. (2008), higher than that in urban Europe (2.69+
0.91) and in North America (2.94+1.61) (Novakov et al.
2005), suggesting a greater proportion for coal combustion
contribution in urban China than in Europe and North Amer-
ica considering the higher OC/EC ratio for coal combustion
(3.31) than motor vehicle exhaust (1.51) (Watson et al. 2001)
and dominated coal consumption in energy budget in China
(68 %) (China statistical yearbook 2011). The ratios in urban
showed less pronounced seasonal variation and only had a
slightly higher value in winter. In rural sites, the ratio (4.72+
2.15) of OC/EC was higher than that in urban. This may be
attributed to a larger contribution from open biomass burning
in the field except the influences of regional anthropogenic
sources, as these emissions are enriched in OC with a higher
calculated OC/EC ratio, e.g., 14.51 in forest fire (Watson et al.
2001). The contribution of SOC formed by biogenic VOC is
another possibility to lead to the higher ratio of OC/EC in rural
sites (Li et al. 2010). Notably, the ratios in mountain or forest
areas were especially high and might reach 4.93-12.00 (Zhou
etal. 2012; Luo et al. 2010; Li et al. 2010; Han et al. 2008a;
Yang et al. 2005a, b).

Implication for emission inventory and climate
forcing

Implication for emission inventory

Usually, it is very difficult to get the carbonaceous aerosol
levels, OC-to-EC ratio, and correlation with low uncertainties
due to imperfect source statistics and large variations of emis-
sion factors which depend on fuel type and combustion prac-
tice for a sector. The comparison between the results obtained
in the observation and those estimated from emission inven-
tories benefits to improve the inventory and better understand
carbonaceous aerosols pollution in China. In this study, two
primary OC/EC ratios were gained across China: 2.29, which
was obtained by the correlation between OC and EC (the
“Relationship between OC and EC” section), and 1.76, which
was determined by a least squares regression of the OC and
EC data in the lowest 20 % of OC/EC ratio (the “Spatial
variations of OC and EC” section). These are near the ratios
from emission inventories, such as 2.17 (Fu et al. 2012), 2.18
(Luetal. 2011), 2.73 (Cao et al. 2006), and 1.90 (Bond et al.
2004), and 1.78 (Zhang et al. 2009a), which only considered
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anthropogenic sources and lacked the biomass burning
emissions, and lower than the value from Streets et al.
(2003) of 3.24. The OC/EC ratio of 3.63 in this study is far
higher than those ratios in the inventories. This may be attrib-
uted to the scarcity of SOC formed by anthropogenic and
biogenic VOCs; crop biomass burning emission, which is
usually underestimated by satellite observation due to the
shelter of cloud and the possible time inconsistency in the
observation of satellite and the biomass burning from agricul-
ture; and non-Chinese source and so on in these inventories,
which either increase OC (SOC) or have a higher OC/EC ratio
(such as biomass burning and aged transported non-Chinese
source). Compared to the inventory, that the ratio of OC to EC
is calculated by measured surface OC and EC concentrations
in this study is a receptor method and provides the direct and
true surface situation of carbonaceous aerosol pollution in
China.

Implication for climate forcing

Another important implication of the result in this study is for
climate forcing evaluation. Since the ratios of OC to EC de-
termine the relative amounts of scattering and absorption, they
are often used to estimate the radiative forcing caused by
aerosols. The relevance of OC/EC ratios to the radiative forc-
ing of climate by aerosols can be obtained by comparing them
to those used in climate models. The average OC/EC ratio in
the review is nearly 1.2-3.6 times the OC/BC ratios (1-3)
obtained in the Goddard Institute for Space Studies (GISS)
ModelE (Schmidt et al. 2006), which was developed by the
spatial distributions of OC and BC emissions from Bond et al.
(2004) for fossil fuel and biofuel sources and from Van der
Werf et al. (2004) for biomass sources. Since the OC/EC ratio
could influence the relative amounts of particle light scattering
and absorption (Cao et al. 2007), the higher ratio of OC to EC
in the review compared to that used in the climate model
means that the cool effect in the climate model is probably
underestimated in China.

Conclusion

Carbonaceous aerosols are the major components of ambient
PM and play an important role in air quality and regional
climate changes. In this investigation, the pollution of carbo-
naceous aerosols in China is more serious than those in USA
and Europe due to the huge emissions derived from dominated
coal combustion. OC and EC showed obvious seasonal vari-
ations with the maxima concentrations in winter, then autumn,
and lower in summer and spring. Moreover, OC and EC were
higher in urban than those in rural sites with a factor of ~1.5.
Carbonaceous aerosols occupied 20+6 % for OC and 7+3 %
for EC in PM, 5 and 1747 and 5+3 % in PM;,. SOC

@ Springer

contributed 41+26 % to OC and 8+6 % to PM, 5 mass. The
regression slope of 2.29 between OC and EC and the average
OC to EC ratio of 3.63+1.73 suggested that coal combustion
and/or vehicular exhaust is the main carbonaceous aerosol
source in China. These supply significant information to un-
derstand the carbonaceous aerosol pollution in China. In the
comparisons with the emission inventories, the higher OC/EC
ratio in the review based on surface measurement implies that
the inventories had a great neglect for OC, especially SOC.
Meanwhile, it also means that the cool effect in the climate
model is probably underestimated in China when the spatial
distributions of OC and BC emissions in the climate model
come from emission inventories.

Acknowledgments The authors acknowledge the support of Shandong
Province Natural Science Foundation (ZR2010DQ022) and Independent
Innovation Foundation of Shandong University (2012TS041).

References

Bond TC, Streets DG, Yarber KF (2004) A technology-based global
inventory of black and organic carbon emissions from combustion.
J Geophys Res 109:D14203. doi:10.1029/2003JD003697

Boucher O, Randall D, Artaxo P, Bretherton C, Feingold G, Forster P,
Kerminen VM, Kondo Y, Liao H, Lohmann U, Rasch P, Satheesh
SK, Sherwood S, Stevens B, Zhang XY (2013) Contribution of
working group | to the fifth assessment report of the
Intergovernmental Panel on Climate Change. Clouds and aerosols.
In: Stocker TF, Qin D, Plattner GK, Tignor M, Allen SK, Boschung
J, Nauels A, Xia Y, Bex V, Midgley PM (eds) Climate change 2013:
the physical science basis. Cambridge University Press, Cambridge,
United Kingdom and New York, pp 616617

Cabada JC, Pandis SN, Subramanian R, Robinson AL, Polidori A, Turpin
B (2004) Estimating the secondary organic aerosol contribution to
PM, 5 using the EC tracer method. Aerosol Sci Technol 38:140-155

Cao JJ, Lee SC, Ho KF (2003) Characteristics of carbonaceous aerosol in
Pearl River Delta region, China during 2001 winter period. Atmos
Environ 37(11):1451-1460

Cao JJ, Lee SC, Ho KF (2004) Spatial and seasonal variations of atmo-
spheric organic carbon and elemental carbon in Pearl River Delta
region, China. Atmos Environ 38(27):4447-4456

Cao JJ, Wu F, Chow JC et al (2005) Characterization and source appor-
tionment of atmospheric organic and elemental carbon during fall
and winter of 2003 in Xi'an, China. Atmos Chem Phys 5(11):3127-
3137

Cao G, Zhang X, Zheng F (2006) Inventory of black carbon and organic
carbon emissions from China. Atmos Environ 40(34):6516-6527

Cao JJ, Lee SC, Chow JC, Watson JG, Ho KF, Zhang RJ, Jin ZD, Shen
ZX, Chen GC, Kang YM, Zou SC, Zhang LZ, Qi SH, Dai MH,
Cheng Y, Hu K (2007) Spatial and seasonal distributions of carbo-
naceous aerosols over China. J Geophys Res 112:D22S11. doi:10.
1029/2006JD008205

Castro LM, Pio CA, Harrison RM, Smith DJT (1999) Carbonaceous
aerosol in urban and rural European atmospheres: estimation of
secondary organic carbon concentrations. Atmos Environ 33:
2771-2781

Cheng Y, He K, Duan F (2011) Ambient organic carbon to elemental
carbon ratios: influences of the measurement methods and implica-
tions. Atmos Environ 45(12):2060-2066

China statistical yearbook (2011) National Bureau of Statistics


http://dx.doi.org/10.1029/2003JD003697
http://dx.doi.org/10.1029/2006JD008205
http://dx.doi.org/10.1029/2006JD008205

Environ Sci Pollut Res (2016) 23:1671-1680

1679

Chow JC, Watson JG, Lowenthal DH, Solomon PA, Magliano KL,
Ziman SD, Richards LW (1993) PM;, and PM, 5 compositions in
California’s San Joaquin valley. Aerosol Sci Technol 18:105-128

Chow JC, Watson JG, Lu Z, Lowenthal DH, Frazier CA, Solomon PA
(1996) Descriptive analysis of PM, s and PM; at regionally repre-
sentative locations during SJVAQS/AUSPEX. Atmos Environ
30(12):2079-2112

Docherty KS, Stone EA, Ulbrich IM (2008) Apportionment of primary
and secondary organic aerosols in southern California during the
2005 study of organic aerosols in riverside (SOAR-1). Environ Sci
Technol 42(20):7655-7662

Duan FK, He KB, Ma YL (2005) Characteristics of carbonaceous aero-
sols in Beijing, China. Chemosphere 60:355-364

Feng Y, Chen Y, Guo H (2009) Characteristics of organic and elemental
carbon in PM2.5 samples in Shanghai, China. Atmos Res 92(4):
434-442

Fu TM, Cao JJ, Zhang XY (2012) Carbonaceous aerosols in China: top-
down constraints on primary sources and estimation of secondary
contribution. Atmos Chem Phys 12(5):2725-2746

Gao HW, Chen J, Wang B, Tan SC (2011) A study of air pollution of city
clusters. Atmos Environ 45:3069-3077

Han YM, Han ZW, Cao JJ, Chow JC, Watson JG, An ZS, Liu SX, Zhang
RJ (2008a) Distribution and origin of carbonaceous aerosol over a
rural high-mountain lake area, Northern China and its transport sig-
nificance. Atmos Environ 42:2405-2414

Han Z, Zhang R, Wang Q, Wang W, Cao J, Xu J (2008b) Regional
modeling of organic aerosols over China in summertime. J
Geophys Res 113:D11202. doi:10.1029/2007JD009436

Harrison RM, Yin J (2008) Sources and processes affecting carbonaceous
aerosol in central England. Atmos Environ 42(7):1413-1423

Hou B, Zhuang G, Zhang R et al (2011) The implication of carbonaceous
aerosol to the formation of haze: revealed from the characteristics
and sources of OC/EC over a mega-city in China. J Hazard Mater
190(1):529-536

Huang X, Li MM, Li JF, Song Y (2012) A high resolution emission
inventory of crop burning in field in China based on MODIS thermal
anomalies/fire products. Atmos Environ 50:9—15

IMPROVE Report V (2011) Spatial and seasonal patterns and temporal
variability of haze and its constituents in the United States, p 1-44

Li SM et al (2000) Size distribution and estimated optical properties of
carbonate, water soluble organic carbon, and sulfate in aerosols at a
remote high altitude site in western China. Geophys Res Lett 27(8):
1107-1110

Li L, Wang W, Feng J et al (2010) Composition, source, mass closure of
PM, 5 aerosols for four forests in eastern China. J Environ Sci 22(3):
405412

Lim HJ, Turpin BJ (2002) Origins of primary and secondary organic aero-
sol in Atlanta: results of time-resolved measurements during the
Atlanta supersite experiment. Environ Sci Technol 36:4489-4496

Lin P, Hu M, Deng Z, Slanina J, Han S, Kondo Y, Takegawa N et al
(2009) Seasonal and diurnal variations of organic carbon in PM, 5 in
Beijing and the estimation of secondary organic carbon. J Geophys
Res 114:D00G11. doi:10.1029/2008JD010902

Liu JG, Diamond J (2005) China’s environment in a globalizing world.
Nature 435:1179-1186

Liu HN, Zhang L, Wu J (2010) A modeling study of the climate effects of
sulfate and carbonaceous aerosols over China. Adv Atmos Sci
27(6):1276-1288

Lu Z, Zhang Q, Streets DG (2011) Sulfur dioxide and primary carbona-
ceous aerosol emissions in China and India, 1996-2010. Atmos
Chem Phys 11:9839-9864

Luo YK, Chan CY, Zhang YN, Engling G, Zhang ZS, Sang XF, Wang
XM (2010) Characteristics and sources of carbonaceous aerosols in
spring at four background sites in South China. Environ Sci 30:
1543-1549 (in Chinese)

Miyazaki Y, Kondo Y, Shiraiwa M et al (2009) Chemical characterization
of water-soluble organic carbon aerosols at a rural site in the Pearl
River Delta, China, in the summer of 2006. J Geophys Res 114:
D14208. doi:10.1029/2009JD011736

Novakov T, Menon S, Kirchstetter TW (2005) Aerosol organic carbon to
black carbon ratios: analysis of published data and implications for
climate forcing. J Geophys Res 110:D21205. doi:10.1029/
2005JD005977

Nunes TV, Pio CA (1993) Carbonaceous aerosols in industrial and coastal
atmospheres. Atmos Environ 27:1339-1346

Oberdorster G, Oberdorster E, Oberdorster J (2005) Nanotoxicology: an
emerging discipline evolving from studies of ultrafine particles.
Environ Health Perspect 113:823-839

Penner JE, Novakov T (1996) Carbonaceous particles in the atmosphere:
a historical perspective to the fifth international conference on car-
bonaceous particles in the atmosphere. J Geophys Res 101(D14):
19373-19378. doi:10.1029/96JD01175

Pui DYH, Chen SC, Zuo Z (2014) PM, 5 in China: measurements, sources,
visibility and health effects, and mitigation. Particuology 13:1-26

Qu WI et al (2006) Physical and chemical characterization of carbona-
ceous aerosol at the atmospheric background site in Diqing, Yunnan.
China Environ Sci 26:266-270 (in Chinese)

Sandrini S, Fuzzi S, Piazzalunga A et al (2014) Spatial and seasonal
variability of carbonaceous aerosol across Italy. Atmos Environ
99:587-598

Schmidt GA, Ruedy R, Hansen JE et al (2006) Present-day atmospheric
simulations using GISS ModelE: comparison to in situ, satellite, and
reanalysis data. J Clim 19(2):153-192

Shen Z, Cao J, Zhang L, Liu L, Zhang Q, Li J, Liu S (2014) Day-night
differences and seasonal variations of chemical species in PM, over
Xi’an, northwest China. Environ Sci Pollut Res Int 21(5):3697-3705

Shrestha G, Traina SJ, Swanston CW (2010) Black carbon’s properties
and role in the environment: a comprehensive review. Sustainability
2(1):294-320

Sillanpda M, Hillamo R, Saarikoski S et al (2006) Chemical composition
and mass closure of particulate matter at six urban sites in Europe.
Atmos Environ 40:212-223

Snyder DC, Rutter AP et al (2009) Insights into the origin of water
soluble organic carbon in atmospheric fine particulate matter.
Aerosol Sci Technol 43:1099-1107

Srivastava AK, Bisht DS, Ram K et al (2014) Characterization of carbo-
naceous aerosols over Delhi in Ganga basin: seasonal variability and
possible sources. Environ Sci Pollut Res Int 21(14):8610-8619

Streets DG, Bond TC, Carrnichael GR et al (2003) An inventory of
gaseous and primary aerosol emissions in Asia in the year 2000. J
Geophys Res 108(D21):8809. doi:10.1029/2002JD003093

Tang J, Wen YP, Zhou LX, Qi DL, Zheng M, Trivett N et al (1999)
Observational study of black carbon in clean air area of Western
China. J Appl Meteorol Sci 10:164-170

Van der Werf GR, Randerson JT, Collatz GJ et al (2004) Continental-
scale partitioning of fire emissions during the 1997 to 2001 El Nino/
La Nina period. Science 303(5654):73-76

Viana M, Chi X, Maenhaut W et al (2006) Organic and elemental carbon
concentrations in carbonaceous aerosols during summer and winter
sampling campaigns in Barcelona, Spain. Atmos Environ 40(12):
2180-2193

Wang Z, Wang T, Gao R et al (2011) Source and variation of carbona-
ceous aerosols at Mount Tai, North China: results from a semi-
continuous instrument. Atmos Environ 45(9):1655-1667

Watson JG (2002) Visibility science and regulation. J Air Waste Manage
Assoc 52:628-713

Watson JG, Chow JC, Houck JE (2001) PM, 5 chemical source profiles
for vehicle exhaust, vegetative burning, geological material, and
coal burning in Northwestern Colorado during 1995.
Chemosphere 43(8):1141-1151

@ Springer


http://dx.doi.org/10.1029/2007JD009436
http://dx.doi.org/10.1029/2008JD010902
http://dx.doi.org/10.1029/2009JD011736
http://dx.doi.org/10.1029/2005JD005977
http://dx.doi.org/10.1029/2005JD005977
http://dx.doi.org/10.1029/96JD01175
http://dx.doi.org/10.1029/2002JD003093

1680

Environ Sci Pollut Res (2016) 23:1671-1680

Xu L, Chen X, Chen J, Zhang F, He C, Du K, Wang Y (2012)
Characterization of PM10 atmospheric aerosol at urban and urban
background sites in Fuzhou city, China. Environ Sci Pollut Res Int
19(5):1443-1453

Yan Y (2004) Biogenic emissions of volatile organic compounds in
China. Peking University (in Chinese)

Yang F, He K, Ye B et al (2005a) One-year record of organic and ele-
mental carbon in fine particles in downtown Beijing and Shanghai.
Atmos Chem Phys 5(6):1449-1457

Yang H, Yu JZ, Ho SSH, Xu JH, Wu WS, Wan CH, Wang XD et al
(2005b) The chemical composition of inorganic and carbona-
ceous materials in PM, 5 in Nanjing, China. Atmos Environ 39:
3735-3749

Yuan ZB, Yu JZ, Lau AKH, Louie PKK, Fung JCH (2006) Application of
positive matrix factorization in estimating aerosol secondary organic
carbon in Hong Kong and its relationship with secondary sulfate.
Atmos Chem Phys 6:25-34

Yubero E, Galindo N, Nicolas JF et al (2014) Carbonaceous aerosols at an
industrial site in Southeastern Spain. Air Qual Atmos Health 7(3):
263-271

Zhang XY et al (2005) Characterization and sources of regional-scale
transported carbonaceous and dust acrosols from different pathways
in costal and sandy land areas of China. J Geophys Res 110:D15301.
doi:10.1029/2004JD005457

@ Springer

Zhang XY, Wang YQ, Zhang XC, Guo W, Gong SL, Zhao P, Jin JL
(2008) Carbonaceous aerosol composition over various regions of
China during 2006. J Geophys Res 113:D14111. doi:10.1029/
2007JD009525

Zhang Q, Streets DG, Carmichael GR et al (2009a) Asian emissions in
2006 for the NASA INTEX-B mission. Atmos Chem Phys 9(14):
5131-5153

Zhang YX, Sheesley RJ, Schauer JJ, Lewandowdki M, Jaoui M,
Offenberg JH, Kleindienst TE, Edney EO (2009b) Source appor-
tionment of primary and secondary organic aerosols using positive
matrix factorization (PMF) of molecular markers. Atmos Environ
43:5567-5574

Zhang Q, He K, Huo H (2012) Policy: cleaning China's air. Nature
484(7393):161-162

Zhao P, Dong F, Yang Y et al (2013a) Characteristics of carbonaceous
aerosol in the region of Beijing, Tianjin, and Hebei, China. Atmos
Environ 71:389-398

Zhao S, Ming J, Sun J et al (2013b) Observation of carbonaceous aerosols
during 2006-2009 in Nyainqéntanglha Mountains and the implica-
tions for glaciers. Environ Sci Pollut Res Int 20(8):5827-5838

Zhou S, Wang Z, Gao R et al (2012) Formation of secondary organic
carbon and long-range transport of carbonaceous aerosols at mount
Heng in South China. Atmos Environ 63:203-212


http://dx.doi.org/10.1029/2004JD005457
http://dx.doi.org/10.1029/2007JD009525
http://dx.doi.org/10.1029/2007JD009525

	Carbonaceous aerosols over China—review of observations, �emissions, and climate forcing
	Abstract
	Introduction
	Database
	Results and discussion
	Concentration levels of OC and EC
	Seasonal variations of OC and EC
	Spatial variations of OC and EC
	SOC evaluation
	Contributions to PM2.5 and PM10
	Relationship between OC and EC
	Variability of OC/EC ratios

	Implication for emission inventory and climate forcing
	Implication for emission inventory
	Implication for climate forcing

	Conclusion
	References


