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Abstract. Numerous definitions and analytical techniques
for elemental (or black) carbon (EC) have been published in
the scientific literature, but still no generally accepted inter-
disciplinary definition exists. EC is not a single chemical
compound, but is mainly composed of two parts of carbon
contents: combustion residues from pyrolysis and combus-
tion emissions formed via gas-to-particle conversion. Ac-
cordingly EC is subdivided into two classes: char and soot.
Char is defined as carbonaceous materials obtained by heat-
ing organic substances and formed directly from pyroly-
sis, or as an impure form of graphitic carbon obtained as a
residue when carbonaceous material is partially burned or
heated with limited access of air. Soot is defined as only
those carbon particles that form at high temperature via gas-
phase processes. Since the different classes of EC have dif-
ferent chemical and physical properties, their optical light-
absorbing properties differ, so that it is essential to differ-
entiate them in the environment. The thermal optical re-
flectance (TOR) method was used to differentiate between
char-EC and soot-EC according to its stepwise thermal evo-
lutional oxidation of different carbon fractions under differ-
ent temperatures and atmosphere. Char-EC and soot-EC are
operationally defined as EC1-OP and EC2+EC3 (EC1, EC2
and EC3 corresponding to carbon fractions evolved at 550,
700 and 800◦C in a 98% He/2% O2 atmosphere, respec-
tively), respectively. One year of observations of the daily
and seasonal variations of carbonaceous particles were con-
ducted in Xi’an, China in 2004 to demonstrate the different
characteristics of char and soot in the atmosphere. Total car-
bon (TC), organic carbon (OC), EC and char-EC showed
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similar seasonal trends, with high concentrations in winter
and low concentrations in summer, while soot-EC revealed
relatively small seasonal variations, with maximum concen-
tration (1.85±0.72 µg m−3) in spring and minimum concen-
tration (1.15±0.47 µg m−3) in summer. The strong corre-
lation between EC and char-EC (R2 = 0.99) and poor cor-
relation between EC and soot-EC (R2 = 0.31) indicate that
previously reported total EC in the literature reflected the
distribution characteristics of char only, while overlooking
that of soot. However, soot exhibits stronger light-absorbing
characteristics than char, and merits greater focus in cli-
mate research. The small seasonal variation of soot-EC indi-
cates that soot may be the background fraction in total EC,
and is likely to have an even longer lifetime in the atmo-
sphere than previously estimated for total EC, which sug-
gests that soot may has a greater contribution to global warm-
ing. While both char-EC/soot-EC and primary OC/EC ratios
vary with emission sources, only OC/EC ratio is affected by
SOA. Thus char-EC/soot-EC may be a more effective indi-
cator than OC/EC in source identification of carbonaceous
aerosol. Comparison of seasonal variations of OC/EC and
char-EC/soot-EC ratios in Xi’an confirms this point. How-
ever, wet scavenging by snow and rain was more effective
for char than for soot and influenced the char-EC/soot-EC
ratio, and this factor should be considered in source identifi-
cation as well.

1 Introduction

Previous studies of carbonaceous aerosols have focused
on two main classes: organic carbon (OC) and elemen-
tal carbon. EC is also termed black carbon (BC) and
the two terms can be alternatively used based on the
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different measurements of thermochemical and optical tech-
niques (P̈oschl, 2005). EC has received more attention in
recent years because it contributes to global warming, car-
ries carcinogenic compounds, and causes serious health risks
(Jacobson, 2001; Menon et al., 2002; Avakian et al., 2002;
Hansen and Nazarenko, 2004; Koelmans et al., 2006). It is
estimated that the contributions by EC to global warming, in
terms of direct climate forcing, is second only to CO2 (Ja-
cobson, 2001), and reducing emissions of EC could mitigate
the projected warming trends and delay the time of onset of
the “dangerous” climate change (e.g. Shindell and Faluvegi,
2009). Globally, biomass and biofuel burning contributes
about 62% to total EC and fossil fuel about 38% (Bond et
al, 2004).

The term EC was first introduced to atmospheric chemists
by Novakov (1982) to describe “combustion derived black
particulate carbon having a graphitic microstructure”. Gold-
berg (1985) proposed two kinds of EC: “charcoals from
biomass burning and soot from fossil fuel and wood com-
bustion”. Thereafter most of the scientists in soil and sed-
iment fields followed the main idea of Goldberg’s (1985).
Kuhlbusch (1997) indicated that “EC is a constituent of
combustion residues (charcoal) and combustion emissions
(soot)”. The different definitions for charcoal and soot were
put forth as follows: “Charcoal is used for all black-colored
material derived from solid or liquid organic matter that
has had its chemical composition and ultrastructure signifi-
cantly altered as a result of heating and retains the recogniz-
able anatomic structure of the parent organic matter, even if
only in fragmentary form”. “Soot summarized all carbona-
ceous particles that are emitted by the combustion process
and formed via gas-to-particle conversion”. Masiello (2004)
proposed that “EC is a continuum of combustion products,
ranging from slightly charred, degradable biomass to highly
condensed, refractory soot”, but the main idea was still simi-
lar to Goldberg’s (1985), with the two parts of EC: combus-
tion residues and emissions. Recently the term char is always
used to replace the term charcoal in the literature (Elmquist
et al., 2006; Han et al., 2007a).

In aerosol studies, the term char (or charcoal) is seldom
used (it is replaced with the term EC) and EC is generally
thought to be “the carbon content of the graphite-like ma-
terial usually contained in soot (technically defined as the
black product of incomplete hydrocarbon combustion or py-
rolysis) and other combustion aerosol particles, which can
be pictured as more or less disordered stacks of graphene
layers or large polycyclic aromatics” (Pöschl, 2005). The
careless use of the term EC and no differentiation between
char (formed directly from the fuel by pyrolysis) and soot
(formed via gas-to-particle conversion) often lead to confu-
sion and sometimes infer wrong properties. For example,
char measured in sediments and soils (Elmquist et al., 2006)
was sometimes, or in part, proposed as brown carbon in
aerosol studies (Gustafsson et al., 2009), which is suggested
to be a kind of light-absorbing organic carbon (Andreae and

Gelencśer, 2006). In practice, the measurement of the two
different carbon fractions, char and brown carbon, were of-
ten overlapped. However, as mentioned before, char was
proposed as a kind of EC by Goldberg (1985) for decades,
and this part of EC should be different from brown carbon.
Most EC presently measured in aerosol studies also includes,
at least, some of char (Hammes et al., 2007, Han et al.,
2008). In this paper, the widely acknowledged terms, char
and soot, in soil and sediment fields (Goldberg, 1985; Jones
et al., 1997; Kuhlbusch, 1997; Masiello, 2004; Elmquist et
al., 2006) were adopted in carbonaceous aerosol studies, and
char is suggested as a kind of EC located between brown car-
bon (or colored organic carbon) and soot in the combustion
continuum (Masiello, 2004; P̈oschl, 2005). Char is defined
as carbonaceous materials obtained by heating organic sub-
stances and formed directly from pyrolysis, or as an impure
form of graphitic carbon obtained as a residue when carbona-
ceous material is partially burned or heated with limited ac-
cess of air. The term soot is defined as only those carbon par-
ticles that form at high temperature via gas-phase processes
by incomplete combustion.

Char and soot have different chemical and physical prop-
erties (Kuhlbusch, 1997; Masiello, 2004), as well as light-
absorbing properties (Bond, 2001; Bond et al., 2002; Kirch-
stetter et al., 2004; Reid et al., 2005). Char retains the
morphology of the source material with diameters ranging
mainly from 1 to 100 µm (Masiello, 2004), and thus has no
clear physical or chemical cut-off from the other end member
of carbonaceous compounds, kerogen and humic-like mate-
rials (Lim and Cachier, 1996). Soot has a distinctive phys-
ical morphology (Goldberg, 1985) and is composed of sub-
micron particles of grape-like clusters. Although char is also
light-absorbing (Bond et al., 2002; Andreae and Gelencsér,
2006), its light-absorption property is weak and has a strong
spectral dependence, tending to absorb strongly in the UV
spectrum (Bond, 2001; Bond et al., 2002; Kirchstetter et al.,
2004, Lewis et al., 2008). Soot exhibits strong light absorp-
tion characteristics with little spectral dependence (Schnaiter
et al., 2003; Kirchstetter et al., 2004). The differentiation be-
tween char and soot in the environment would help us better
understand their environmental and climatic impacts.

To date, there is no universally accepted method for
EC determination. Artifacts exist in different EC methods
(Hammes et al., 2007), including the thermal optical (TO)
method, which was suggested to be the most reliable method
for aerosol OC/EC determination (Gelencsér, 2004). In this
method, OC evolves in the inert atmosphere, and pyrolyzed
organic carbon (POC) would be produced. The POC de-
termination depends on the two assumptions (Yang and Yu,
2002): (1) POC and native EC have the same light attenua-
tion coefficient, and (2) POC evolves before the native EC in
the oxidizing atmosphere. These assumptions may be some-
what arbitrary and thus would result in artifacts (Cheng et al.,
2009). For example, the difference of POC and native EC in
the light attenuation coefficient has been proved by Chow
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et al. (2004b) and Subramanian et al. (2006). In addition,
some catalysts and ions in samples may decrease the activa-
tion energy of EC in the analysis process, leading to negative
results (underestimation) (Novakov and Corrigan, 1995; Han
et al., 2009a). In coal combustion aerosols, it is also possi-
ble that abundant cations such as sodium or potassium may
cause premature evolution of soot carbon and yield a false
char EC. Moreover, some water extract of urban or marine
aerosols, as well as pure starch or cellulose was not found
to be evolved in OC oxidization steps (e.g. Yu et al., 2002;
Schauer et al., 2003), resulting in positive results (overesti-
mation). Biomass burning and coal combustion can give off
a lot of large molecular weight water-soluble compounds,
which may pyrolyze, and yield false char EC signal. The
sampling artifact is another factor that complicates the mea-
surement of carbonaceous aerosols. Adsorption of gaseous
OC onto the quartz filter leads to overestimation of the par-
ticulate organic carbon (positive artifact), while volatilization
of the collected particulate matter from the filter results in
the underestimation of particulate organic carbon (negative
artifact) (Turpin et al. 2000; Kirchstetter et al., 2001; Subra-
manian, 2004; Olson and Norris, 2005; Cheng et al., 2009).
This may have an impact on the use of OC/EC ratio in source
identification. Furthermore, the adsorption of gaseous OC is
prone to charring in the process of OC/EC determination.
However, the monitoring of charring may compensate for
this part of OC although the different analysis temperature
programs may result in different sensitivity of the OC/EC
split (Schauer et al., 2003). Although the assumptions for
POC determination are somewhat arbitrary, the monitoring
of the charring of OC itself is still the key point in the TO
method (Gelencśer, 2004).

Apart from the artifacts existing in the sampling and the
EC determination processes, the most important factor that
complicates EC determination in the environment may come
from the uncertainty of the definition of the term EC since
there is no clear physical characteristics for previous EC
quantification. Comparison of EC between different meth-
ods showed that the discrepancy for the same sample using
the different methods reaches up to more than 500 times (e.g.
Schmidt et al., 2001; Hammes et al., 2007), which has been
associated mainly with the different parts of EC measured
with different methods. The TO method has two different
protocols, IMPROVE (Interagency Monitoring of Protected
Visual Environments) (Chow et al., 1993) and NIOSH (Na-
tional Institute of Occupational Safety and Health) (Birch et
al., 1998; NIOSH, 1999), for OC/EC determination. They
present different EC definitions, which are called TOR (ther-
mal optical reflectance) and TOT (thermal optical transmit-
tance) EC for IMPROVE and NIOSH protocols, respectively.
The two methods also give different EC results, and the TOR
EC is generally higher than the TOT EC (Chow et al., 2001).
This may result from the different parts measured by the two
different methods as well (Hammes et al., 2007). Originally,
the TOT method was designed for vehicle pollution, while

the TOR method was designed for ambient environmental
pollution (Chow et al., 2001). This may be the most im-
portant factor that impacts the split of OC/EC, as well as the
POC determination. Thus, it is necessary to give the physical
entities for the different parts of EC.

There have been few studies discriminating between char
and soot. Recently, Han et al. (2007a) differentiate between
char and soot using the TOR method, a commonly applied
method for EC quantification (Chow et al., 1993). In the
TOR method, carbon on filter substrates was made to evolve
through programmed, progressive heating in a controlled at-
mosphere, making available eight separate carbon fractions
– four OC, one POC and three EC. Han et al. (2007a) found
that char and soot evolved in different conditions in the TOR
method (char oxidized in EC1 conditions, at 550◦C in a 2%
O2/98% He atmosphere, and soot in EC2 and EC3 condi-
tions, at 700◦C and 800◦C in a 2% O2/98% He atmosphere,
respectively). Electron microscope analyses demonstrated
that after EC1 was oxidized the majority of carbon remains
are soot-like (Han et al., 2006). Also, comparing the TOR
method with the chemothermal (CTO-375) method indicated
that soot-EC determined by the CTO-375 method (Nguyen
et al., 2004; Hammes et al., 2007) always corresponded to
EC2 and EC3 determined by the TOR method (Han et al.,
2007b). These suggest that the TOR method can be used
to operationally differentiate between char and soot (Han et
al., 2007). Just as the artifacts exist in the TOR method for
EC determination, this is also the case for the quantification
of char and soot. For example, the uncertainty for the POC
determination also influences char-EC determination. Some
catalysts and ions in the samples would affect the differenti-
ation between char and soot (Novakov and Corrigan, 1995;
Han et al., 2009a), leading to the evolving of some soot parts
in the step of char oxidation. No clear-cut line between char
and some organic matter would complicate the char determi-
nation.

EC forms from all combustion processes with three main
sources: biomass burning, coal combustion, and motor ve-
hicle exhaust. It has been suggested that primary emissions
have distinct OC/EC ratios, with higher values from biomass
burning and lower levels from fossil fuel combustion (e.g.
Turpin and Huntzicker, 1991; Castro et al., 1999; Cao et
al., 2003, 2005, 2007; Kirchstetter et al., 2003; Malm et al.,
2004; Zhang et al., 2007). Similarly, char-EC/soot-EC ra-
tios may also have distinct values from primary emissions
(Han et al., 2008). Ambient OC/EC ratio is generally influ-
enced by three factors: primary emission source, different
OC and EC removal rates by deposition, and secondary or-
ganic aerosol (SOA) formation (Cachier et al., 1996; Cao et
al., 2005). However char-EC/soot-EC ratio is controlled pre-
dominately by combustion process, and is determined only
by the first two factors. Since SOA accounts for a substantial
fraction of carbon in aerosol (Turpin and Huntzicker, 1991;
Castro et al., 1999; Cao et al., 2003; Schichtel et al., 2008)
and it is not easy to obtain the exact percentage (Turpin and

www.atmos-chem-phys.net/10/595/2010/ Atmos. Chem. Phys., 10, 595–607, 2010



598 Y. M. Han et al.: Different characteristics of char and soot in the atmosphere
 
 

 

Xian

1000 k m

40N

30N

20N

80E 10 0E 120E

0 4Km
Ring ro ad

Main road

Sam p ling site

Downtown

Ra ilwa y

Xia n

N

B
 

Figure 1. Sampling site at Xi’an, central China. 
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Fig. 1. Sampling site at Xi’an, Central China.

Huntzicker, 1991; Castro et al., 1999), substantial bias may
exist in source identification using the OC/EC ratio. This
problem does not exist for the char-EC/soot-EC ratio, and
thus it may be better to use the char-EC/soot-EC ratio for
source identification.

In order to demonstrate the different characteristics of char
and soot, one year of observations of the daily and seasonal
variations of carbonaceous particles, including total carbon
(TC), OC, EC, char-EC, and soot-EC in PM2.5 (particulate
matter with an aerodynamic diameter smaller than 2.5 mi-
crometers [µm]) in Xi’an, China in 2004 are examined. In
addition, the ratio of char to soot is tested as means of source
identification for carbonaceous aerosols. The influence of
wet scavenging on the behavior of char and soot and their
ratios is also discussed.

2 Sampling and analysis

2.1 Research area and sampling

Xi’an is the capital city of Shaanxi province in Cen-
tral China, located on the Guanzhong Plain at 33◦29′–
34◦44′ N, 107◦40′–109◦49′ E (Fig. 1). The city is situ-
ated in a semi-arid zone, with an annual mean temper-
ature of 13.0-13.4◦C and annual rainfall of 558-750 mm
from 1950 to date (http://www.xawb.com/gb/city/2006-02/
17/content661171.htm). Rainfall generally occurs during
July and September due to the East Asian monsoon system.

Sampling was carried out on the rooftop of the building
of the Institute of Earth Environment, Chinese Academy of
Sciences, at 10 m above ground, which is surrounded by a
residential area∼15 km south of downtown (Fig. 1) and has
no major industrial activities. Daily PM2.5 samples were col-
lected from January 1 to December 31 using mini-volume
samplers (Airmetrics, Oregon, USA) operating at flow rates
of 5 L min−1. Filter blanks were collected every month. All

samples were acquired on pre-fired (900◦C for three hours),
pre-weighed 47 mm Whatman quartz-fiber filters for 24 h
from 10:00 a.m. to 10:00 a.m. every day.

Meteorological data were monitored simultaneously
with a HFY-IA Wind Speed/Wind Direction Instru-
ment (Changchun Institute of Metrological Instruments,
Changchun, Jilin Province, China). Meanwhile, daily tem-
peratures and weather conditions such as rain, snow, dust
storms, and visibility issued by the Xi’an Meteorological Bu-
reau were manually recorded. Based on local meteorological
characteristics, the four seasons were designated as January,
February and December for winter, March to May for spring,
June to August for summer, and September to November for
fall.

2.2 Carbon analysis

Each filter was weighed twice before and after sampling us-
ing an electronic microbalance with 1 µg sensitivity (MC5;
Sartorius, G̈ottingen, Germany) in a controlled tempera-
ture and relative humidity environment (35–45% RH at 20–
23◦C). The filters were equilibrated for 24 h before gravi-
metric analysis. The precision of mass measurements before
and after sampling based on replicate weighing were lower
than 15 µg per filter; filters were re-weighed if the difference
between the replicate weighing was out of that range.

Carbon analyses were conducted with a Desert Research
Institute (DRI) Model 2001 Carbon Analyzer (Atmoslytic
Inc., Calabasas, CA) following the IMPROVE TOR proto-
col (Chow et al., 1993; Han et al., 2007a, b). A 0.526 cm2

punch from a quartz filter was heated to produce four OC
fractions: OC1, OC2, OC3, and OC4 at temperatures of 120,
250, 450, and 550◦C, respectively, in a non-oxidizing He at-
mosphere, and three EC fractions: EC1, EC2, EC3 at 550,
700, and 800◦C, respectively, in an oxidizing atmosphere of
2% O2/98% He. At the same time, POC was produced in the
inert atmosphere, which decreases reflected light. When O2
was added the POC was oxidized and reflected light again
increased. The POC was determined when a reflected laser
light attained its original value after O2 was added. IM-
PROVE OC is defined as the sum of the four OC fractions
plus POC, and EC as the sum of the three EC fractions minus
POC. The sum of OC and EC is total carbon (TC). Accord-
ing to Han et al. (2007a), char-EC is defined as EC1 minus
POC, and soot-EC as the sum of EC2 and EC3. This differ-
entiation has been used in both aerosol (Han et al., 2008) and
sediment studies (Han et al., 2009a), as well as in soils and
urban dusts to indicate local air pollution problems in China
(Han et al., 2009b).

The analyzer was calibrated with known quantities of CH4
every day. Average concentrations of filter blanks were
1.56±1.01, 0.42±0.28, 0.32±0.24, and 0.10±0.04 µg m−3

for OC, EC, char-EC, and soot-EC, respectively, which were
subtracted from the ambient measurements. Replicate anal-
yses were performed at the rate of one per group of 10
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and soot-EC concentrations in Xi’an in 2004. 
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Fig. 2. Daily variations of organic carbon (OC), elemental carbon
(EC), char-EC, and soot-EC concentrations in Xi’an in 2004.

samples. Comparison with average values from replicate
analyses showed errors were<5% for TC,<8% for OC and
EC, and<10% for char-EC and soot-EC.

3 Results

Daily and monthly variations in OC, EC, char-EC, and soot-
EC, as well as daily mass and TC variations in Xi’an are
shown in Figs. 2 and 3. Also, seasonal mass and car-
bon concentrations, as well as their corresponding standard
deviations, are summarized in Table 1. The annual aver-
age PM2.5 mass concentration was 178.54±113.83 µg m−3

(average±standard deviation), which is much higher than
the National Ambient Air Quality Guideline of the Euro-
pean Union (25 µg m−3), as well as the Air Quality Guide-
line and the Interim Target-3, -2 and -1 of the World Health
Organization (WHO) of 10, 15, 25 and 35 µg m−3, respec-
tively, indicating a very serious potential health concern for
local residents. Average OC and EC concentrations were
36.39±28.90 and 8.41±5.61 µg m−3, respectively, contribut-
ing to 20.4% and 4.7% of the total PM2.5 mass, respectively.
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Fig. 3. Boxplots of monthly variations of mass, total carbon (TC),
organic carbon (OC), elemental carbon (EC), char-EC, and soot-
EC concentrations, as well as OC/EC and char-EC/soot-EC ratios
in Xi’an in 2004. The boxplot basically divides the variables into
quartiles. The line inside the box represents the median; the small
pane inside the box represents the average; the box marks the 25th
and 75th percentiles; the horizontal line outside the box, as is also
called whisker, marks the 5th and 95th percentiles; points outside
the whisker are the maximum and minimum.

Comparing EC concentrations in Xi’an with those of other
Chinese cities reported in previous studies (e.g. He et al.,
2001; Cao et al., 2003, 2007; Ye et al., 2003; Yu et al.,
2004; Duan et al., 2007) indicates that EC is very high in
Xi’an, and this may also imply that char-EC is high since
char-EC is well correlated with EC in different Chinese cities
(Han et al., 2009d). This finding is consistent with a pre-
vious study on the spatial distribution of EC and char-EC
from 14 Chinese cities (Cao et al., 2007; Han et al., 2009d).
Average char-EC and soot-EC concentrations in Xi’an were
6.86±5.28 and 1.54±0.64 µg m−3, accounting for 81.6% and
18.4% of the total EC, respectively. The char-EC level was
about 6 times higher than that in a small village in Daihai,
Inner Mongolia (Han et al., 2008), which can be attributed to
the difference in the amounts of fuel (coal) consumption be-
tween Xi’an, a mega-city, and Daihai, a rural mountain area.
The soot-EC level was only about 2 times higher than that
in Daihai (0.69 µg m−3), which may be associated with the
fine size of soot particles that facilitates long range transport
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Table 1. Seasonal variations of mass, total carbon (TC), organic carbon (OC), elemental carbon (EC), OC/EC, char-EC, soot-EC, and
char-EC/soot-EC.

Seasons Concentrations Mass
µg m−3

TC
µg m−3

OC
µg m−3

EC
µg m−3

OC/
EC

Char-EC
µg m−3

Soot-EC
µg m−3

Char-EC/
soot-EC

Winter Min 59.20 14.52 10.45 3.56 2.56 2.39 0.62 1.37
(n = 90) Max 651.26 217.00 192.66 29.09 9.72 26.95 3.08 14.71

Average 235.41 74.05 61.96 12.08 5.35 10.49 1.60 6.69
SDa 125.14 40.01 34.94 6.22 1.71 5.95 0.54 3.31

Spring Min 28.40 4.66 4.18 0.42 2.04 0.19 0.23 1.08
(n = 87) Max 404.48 120.35 98.87 21.48 9.89 19.58 4.61 18.92

Average 152.14 38.04 28.67 9.37 3.27 7.52 1.85 4.14
SD 72.76 20.48 16.10 4.86 1.11 4.44 0.72 2.61

Summer Min 29.23 6.26 5.67 0.51 1.92 0.20 0.28 0.63
(n = 89) Max 217.30 56.68 46.20 11.07 11.67 9.88 2.24 8.82

Average 105.49 19.58 15.86 3.72 5.13 2.57 1.15 2.17
SD 38.34 8.41 6.71 2.13 2.31 1.82 0.47 1.30

Fall Min 28.94 5.43 4.47 0.97 2.61 0.66 0.29 0.57
(n = 88) Max 627.14 145.27 123.47 22.85 8.79 19.81 3.60 20.77

Average 179.70 47.05 38.62 8.43 4.62 6.85 1.58 4.62
SD 115.56 30.17 25.80 4.79 1.21 4.60 0.59 3.62

Whole year Average 178.54 44.79 36.39 8.41 4.61 6.86 1.54 4.41
SD 113.83 33.75 28.90 5.61 1.84 5.28 0.64 3.27

a SD is standard deviation.

and thus leads to the relative small variation of soot concen-
trations between urban and rural areas. In contrast to the
great differences of EC in different Chinese cities (Cao et al.,
2007), the average soot-EC concentration in Xi’an was close
to that from the 14 Chinese cities (1.24±1.06 µg m−3), which
confirms the small variations in soot-EC values across China
(Han et al., 2009d).

4 Discussion

4.1 Variations in char-EC and soot-EC concentrations

Concentrations of PM2.5, TC, OC, EC, and char-EC showed
similar patterns, with high concentrations in winter and low
concentrations in summer. This pattern is similar to pre-
vious studies (e.g. Cao et al., 2003, 2005, 2007; Han et
al., 2008) and is consistent with fuel consumption as win-
ter heating generates heavy emissions in Xi’an (Han et al.,
2009d). Soot-EC concentrations revealed a slightly differ-
ent pattern, with the highest monthly concentrations in spring
(March and April), but the lowest soot-EC level still occurred
in summer. This trend is similar to that found in a previ-
ous study in a remote mountain area of Inner Mongolia in
Northern China (Han et al., 2008), and is similar with CO
variation with maximum concentration occurring during lo-
cal spring in both northern and southern hemispheres (Yung
et al., 1999). Both soot and CO can come from both fos-
sil fuel combustion and biomass burning. In China, forest
fires frequently occur in spring (March and April) after the

long-term dry season in winter, which may contribute to the
high soot-EC concentrations since forest fires may enhance
the background level of soot concentrations in China. Com-
parison of daily, monthly and seasonal variations of char-EC
and soot-EC concentrations (Fig. 3) indicated that abundance
of char-EC was more variable. As suggested by Kuhlbusch
(1997) and Masiello (2004), char and soot have different par-
ticle size, which is essential in determining transport dis-
tances. Since the particle size of char is much larger than
that of soot, atmospheric char is easily deposited in situ and
thus reflects the local combustion emissions. The maximum
and minimum seasonal average char-EC concentrations were
10.49±5.95 and 2.57±1.82 µg m−3, respectively. Soot-EC
showed a narrower seasonal variation, with a maximum level
in spring (1.85±0.72 µg m−3) and minimum level in sum-
mer (1.15±0.47 µg m−3). This implies that soot may have
an even longer lifetime than previously estimated for total
EC (Orgen and Charlson, 1983) since soot is much smaller
than total EC in size distribution.

4.2 Correlations between different carbon particles

Correlations between different carbonaceous materials are
presented in Table 2. Similarly to many previous studies
(e.g. Cao et al., 2003, 2005; Duan et al., 2007; Han et
al., 2008), OC and EC in Xi’an were positively correlated
(p<0.0001), indicating common combustion sources for car-
bonaceous aerosols in urban areas. Char-EC showed stronger
correlation with TC, OC, and EC than soot-EC, which may
be a result of the different formation mechanism of char and
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Table 2. Correlations among total carbon (TC), organic carbon (OC), elemental carbon (EC), OC/EC, char-EC, soot-EC, and char-EC/soot-
EC, as well as high and low temperatures.

TC OC EC OC/EC Char-EC Soot-EC char-EC/ Low Temp. High Temp.
soot-EC

TC 0.996 0.885 0.148 0.900 0.335 0.800 −0.620 −0.561
OC 0.000 0.839 0.217 0.858 0.282 0.782 −0.615 −0.567
EC 0.000 0.000 −0.226 0.995 0.561 0.780 −0.559 −0.456
OC/EC 0.005 0.000 0.000 −0.178 −0.517 0.011 −0.082 −0.157
Char-EC 0.000 0.000 0.000 0.001 0.476 0.826 −0.562 −0.460
Soot-EC 0.000 0.000 0.000 0.000 0.000 0.025 −0.269 −0.208
char-EC/soot-EC 0.000 0.000 0.000 0.844 0.000 0.645 −0.544 −0.454
Low Temp. 0.000 0.000 0.000 0.122 0.000 0.000 0.000 0.952
High Temp. 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000

The right upper part is correlation coefficient; the left lower part is significant level. 
 

0 5 10 15 20 25

0

5

10

15

20

25

30 EC = 1.15 + 1.06 char-EC
N = 354, R = 0.995

EC
 (µg m

-3) 

Char-EC (µg m-3) 
 

Figure 4. Correlation between elemental carbon (EC) and char-EC. 
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Fig. 4. Correlation between elemental carbon (EC) and char-EC.

soot (Han et al., 2009b), with char formed from combustion
residues and soot from gas-particle condensation. EC had
the strongest correlation with char-EC among these compo-
nents, which is consistent with char-EC dominating the to-
tal EC. The regression equation between EC and char-EC
(Fig. 4) is EC = 1.15 + 1.06∗char-EC (R2 = 0.99). The slope
and intercept are similar to those obtained from the correla-
tions between EC and char-EC from fourteen Chinese cities
(Han et al., 2009d). This further confirms that previously
reported EC concentrations measured with the TOR method
can be used to calculate char-EC concentrations in urban ar-
eas. Since EC is the sum of char-EC and soot-EC, the in-
tercept of 1.15 µg m−3 can be seen as the background value
of soot-EC in Xi’an. This value is similar to the average
concentration of soot-EC in summer. In the different seasons
throughout the year, motor vehicle activities vary little, while
coal heating is concentrated in winter, so the background of
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Figure 5. Comparison of correlations between char-EC and soot-EC in different 
seasons in 2004. 
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Fig. 5. Comparison of correlations between char-EC and soot-EC
in different seasons in 2004.

soot may be derived mainly from vehicle exhaust. Previous
researchers have referred to EC as a “proxy” for the concen-
tration of soot carbon (see review by Andreae and Gelencsér,
2006). Our results suggest that previously reported EC may
reflect char variations only.

EC and char-EC are moderately correlated with soot-EC
in Xi’an, which may be affected by the background value
of soot-EC. However, this relationship is stronger than that
from fourteen Chinese cities (Han et al., 2009d), which
showed poor correlation between char-EC and soot-EC. This
result may be associated with the relatively limited range of
sources for EC emissions in Xi’an compared with those from
the fourteen cities, which is shown by the narrow range of
char-EC/soot-EC ratios from primary Xi’an coal combustion
emissions (1.5–3.0 from Cao et al. (2005) vs. 1.2-66.7 from
Fig. 6). Comparison of the correlations between char-EC and
soot-EC among the different four seasons (Fig. 5) showed

www.atmos-chem-phys.net/10/595/2010/ Atmos. Chem. Phys., 10, 595–607, 2010



602 Y. M. Han et al.: Different characteristics of char and soot in the atmosphere
 
 

0 20 40 60 80
-10

0

10

20

30

40

50

60

70  coal combustion

 cooking
 biomass burning

vehicle exhausts

C
har-EC

/soot-EC

OC/EC
 

Figure 6. Picture of the primary emissions of OC/EC ratios and char-EC/soot-EC 
ratios from different sources. Yuan Liu in the Department of Environmental Science 
and Engineering, Beijing University of China provides some unpublished data, with 
sampling following Liu et al. (2007). Motor vehicle samples are from Cao et al. (2006) 
and Chow et al (2004a) using a ground-based source-dominated sampling method; 
meat cooking samples from Chow et al (2004a) using an exhaust dilution method; 
coal samples from Chen et al. (2007), Chow et al. (2004a) and Liu (2007) using an 
exhaust dilution method and from Cao et al. (2005) using a ground-based 
source-dominated sampling method; biomass burning samples from Chow et al. 
(2004a) and Cao et al. (2005) using a ground-based source-dominated sampling 
method and from Chen et al. (2007) and Liu et al. (2007) using an exhaust dilution 
method. 
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Fig. 6. Picture of the primary emissions of OC/EC ratios and char-
EC/soot-EC ratios from different sources. Yuan Liu in the Depart-
ment of Environmental Science and Engineering, Beijing Univer-
sity of China provides some unpublished data, with sampling fol-
lowing Liu et al. (2007). Motor vehicle samples are from Cao et
al. (2006) and Chow et al (2004a) using a ground-based source-
dominated sampling method; meat cooking samples from Chow et
al (2004a) using an exhaust dilution method; coal samples from
Chen et al. (2007), Chow et al. (2004a) and Liu (2007) using
an exhaust dilution method and from Cao et al. (2005) using a
ground-based source-dominated sampling method; biomass burn-
ing samples from Chow et al. (2004a) and Cao et al. (2005) using
a ground-based source-dominated sampling method and from Chen
et al. (2007) and Liu et al. (2007) using an exhaust dilution method.

increasing slopes and correlations from winter to summer,
consistent with the increasing contribution of soot-EC to total
EC with the enhanced percentage of motor vehicle emissions
in summer.

4.3 Char-EC/soot-EC ratio as an indicator for source
identification

4.3.1 Char-EC/soot-EC ratios from primary emissions

Primary emissions of OC/EC and char-EC/soot-EC ratios
from biomass burning, coal combustion, vehicle exhaust, and
cooking are presented in Fig. 6. Since there are few reports
of char-EC and soot-EC from primary emissions, OC/EC and
char-EC/soot-EC ratios in Fig. 6 are calculated using the raw
data reported from the eight carbon fractions in the literature
measured with the TOR method (Chow et al., 2004a; Cao et
al., 2005, 2006; Chen et al., 2007; and some unpublished
data from Yuan Liu). Details for the combustion condi-
tions can be found in these articles. Motor vehicle emissions
have the lowest OC/EC and char-EC/soot-EC ratios, with
char-EC/soot-EC generally lower than 1.0. Coal combus-
tion and biomass burning have higher, albeit distinct, OC/EC
and char-EC/soot-EC ratios, which may be controlled mainly
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Figure 7. Temporal variations of OC/EC and char-EC/soot-EC, as well as the relation 
between char-EC/soot-EC and rain and snow in Xi’an in 2004. Red and green arrows 
represent rain and snow days, respectively, and the arrow locations correspond to the 
char-EC/soot-EC ratio. Note that not all the rainy and snow days are present, with 
some continuous days are showed with one arrow. Rainy days in summer are not 
presented since there are only small variations of char-EC/soot-EC between rainy and 
non-rainy days. 
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Fig. 7. Temporal variations of OC/EC and char-EC/soot-EC, as
well as the relation between char-EC/soot-EC and rain and snow in
2004. Red and green arrows represent rain and snow days, respec-
tively, and the arrow locations correspond to the char-EC/soot-EC
ratio. Note that not all the rainy and snow days are present, with
some continuous days are showed with one arrow. Rainy days in
summer are not presented since there are only small variations of
char-EC/soot-EC between rainy and non-rainy days.

by the fuel types, combustion mode and temperature, and
moisture content, etc. The ratios depend on the mixing func-
tion of the different factors. For example, grass combustion
may produce lower char-EC/soot-EC, while wood combus-
tion has higher char-EC/soot-EC (Chow et al., 2004a; Chen
et al., 2007). Generally, biomass burning by smoldering at
low temperatures results in high char-EC/soot-EC (Chen et
al., 2007). In coal combustion, bituminous coal generally
produces very high char-EC/soot-EC, while anthracite coal
produces relatively lower char-EC/soot-EC. Residential coal
combustion in Xi’an has char-EC/soot-EC ranging from 1.5
to 3.0 (Cao et al., 2005). Residential cooking produces char-
EC/soot-EC generally within the range of 2.0 to 6.0 (Chow
et al., 2004a).

4.3.2 Source identification from char-EC/soot-EC ratios
in Xi’an

Daily variations in OC/EC and char-EC/soot-EC ratios are
presented in Fig. 7. The average OC/EC ratios in winter
and summer have almost similar values, and the lowest ra-
tios occurred in spring (Table 1). Monthly variations in
OC/EC ratios revealed two peaks, in January and July, re-
spectively (Fig. 3). The first peak can be ascribed to the
coal consumption in winter, although SOA formation may
also have an important impact (Cao et al., 2005). The next
peak is most likely to be linked to SOA formation since mo-
tor vehicle exhaust are the main contributor to EC in sum-
mer, which have very low primary OC/EC ratios (Fig. 6),
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Table 3. Comparison of different seasonal PM2.5 mass, total carbon (TC), organic carbon (OC), elemental carbon (EC), char-EC, and soot-
EC concentrations, as well as OC/EC, char-EC/soot-EC between rainy and non-rainy periods. Any day with rain is classified into rainy
period. Snow days are also included into rainy period.

Seasons Condition Mass
µg m−3

TC
µg m−3

OC
µg m−3

EC
µg m−3

OC/EC Char-EC
µg m−3

Soot-EC
µg m−3

Char-EC/
Soot-EC

Nb

Winter Non-rain 240.08 79.60 66.49 13.11 5.28 11.47 1.64 7.21 77
Rain 207.73 41.16 35.15 6.01 5.77 4.67 1.34 3.59 13
Ratioa 1.16 1.93 1.89 2.18 0.92 2.46 1.23 2.01

Spring Non-rain 158.63 39.87 30.04 9.84 3.18 7.95 1.88 4.36 78
Rain 95.88 22.11 16.83 5.28 4.08 3.73 1.55 2.29 9
Ratio 1.65 1.80 1.78 1.86 0.78 2.13 1.22 1.90

Summer Non-rain 106.63 20.35 16.42 3.93 5.01 2.75 1.18 2.24 71
Rain 101.00 16.52 13.65 2.87 5.58 1.83 1.03 1.90 18
Ratio 1.06 1.23 1.20 1.37 0.90 1.50 1.14 1.18

Fall Non-rain 190.36 52.14 42.72 9.42 4.48 7.80 1.62 5.27 67
Rain 145.69 30.82 25.55 5.28 5.08 3.83 1.45 2.54 21
Ratio 1.31 1.69 1.67 1.78 0.88 2.04 1.12 2.08

a Ratio is that of non-rain to rain data;b N is sample number.

and the higher temperature in summer would produce more
SOA (e.g. Turpin and Huntzicker, 1991). This confirms that
OC/EC ratio is not universally suitable for primary source
identification of carbonaceous aerosols, since it is not only
influenced by the fuel used (the primary emissions), but also
by the formation of SOA.

Unlike OC/EC, char-EC/soot-EC ratios showed a clear
seasonal variation, with the highest value of 6.7 in winter
and the lowest value of 2.2 in summer. Xi’an has a long-
term “heating season” from 15 October to 15 March (Cao
et al., 2005). It was reported (Xi’an Clean Energy Office,
2002) that 3.5 Tg coal was consumed as the main energy
source in the total primary energy consumption in 2000,
which accounts for 81% of the total energy consumption.
The high char-EC/soot-EC ratios in winter can be attributed
to coal consumption for heating. The 2004 coal consump-
tion (http://air.ipe.org.cn/qyInfo.doand references therein)
showed 0.9 Tg from residential coal consumption, which was
mainly consumed in winter. The average char-EC/soot-EC
ratio in summer was still higher than that from road dusts
(1.7) in Xi’an city (Han et al., 2009b), which may suggest
that apart from the main contributions from motor vehicle
exhaust, industrial coal combustion and some biomass burn-
ing events in summer cannot be neglected. For example,
the biomass burning occurred during 8 and 9 June in rural
area around Xi’an caused a sharp increase in char-EC/soot-
EC ratio, with values close to 10.0 (Fig. 6). Monthly char-
EC/soot-EC ratios showed their highest peak in February
(Fig. 3), with a small decreasing trend in January and De-
cember, probably due to the difference in wet scavenging
rates by snow and rain between char and soot particles (see
Sect. 4.4). The variations in char-EC/soot-EC ratio are con-

sistent with the energy sources and thus are an effective in-
dicator for source identification. Since char-EC/soot-EC is
well correlated with char-EC concentrations (Table 2), char-
EC variation may be roughly used for source identification
of carbonaceous aerosols.

4.4 Wet scavenging influencing the discrepancy in char
and soot removal

Generally, carbon concentrations in urban areas are mainly
determined by the amounts of fuel consumption. TC, OC
and EC, as well as char-EC (Figs. 2 and 3), showed high
concentrations in winter and low concentrations in summer,
which is in good agreement with fuel consumption in Xi’an,
and may be, in part, associated with the different seasonal
usage of fuel consumption. Furthermore, temperature may
influence carbon, especially OC concentrations, through the
formation of SOA (Turpin and Huntzicker, 1991; Cabada et
al., 2004) and the partitioning of semi-volatile material (Lip-
sky and Robinson, 2006; Robinson et al., 2007). In addi-
tion, temperature varies with mixing height in Xi’an, which
would also influence carbon concentrations. Low tempera-
tures would lead to a lower mixing height, reducing particu-
late dispersion and thus enhancing local pollutant levels.

Rain and snow are important factors influencing atmo-
spheric aerosol concentrations due to their scavenging po-
tential (e.g. Armails, 1999; Jaffe et al., 2005; Meng et al.,
2007). Generally, high precipitation occurs in summer and
lower precipitation in spring and winter in northern China,
including Xi’an, due to the influence of the East Asian mon-
soon system (Han et al., 2009c). Although the lowest precip-
itation occurs in spring in Xi’an, the highest concentrations
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of mass, TC, OC, EC, and char-EC occurred in winter, but
not in spring, which may suggest that, for these components,
the influence of fuel consumption is more important than wet
scavenging. Soot-EC concentrations showed coupling with
the wet precipitation, with the highest in spring (March and
April), and the lowest in summer (Figs. 2, 3, and 7). This
pattern suggests that wet precipitation is an important factor
influencing soot distribution.

The comparison of seasonal variations between rainy and
non-rainy period (Table 3) indicates that rain removal is more
effective in dry season (winter and spring) than in wet season
(summer and fall). This finding is similar to that of Armails
(1999), who found that the wet deposition of EC was double
during the dry season than during the wet season. Gener-
ally, in winter the high pressure associated with the invasion
of cold air prevents the air mass diffusion, so that precipita-
tion is the main route for EC removal. In summer, the low
pressure and higher mixing height facilitates EC diffusion
and thus rain precipitation would be a relatively less effec-
tive factor influencing pollutant removal. The char-EC/soot-
EC ratio variations were also affected by wet precipitation,
and showed a great decrease in rainy periods (Table 3). This
suggests that char and soot have different removal rates by
wet scavenging, which may be mainly associated with the
difference in char and soot particle sizes. In general, char is
composed of large particles (1–100 µm) produced from in-
complete combustion at low temperatures, and would be ex-
pected to be easily been removed by wet deposition. Soot,
composed of submicron particles, can remain suspended for
time scales of the order of a month (Ogren and Charlson,
1983), and thus is more difficult to remove.

5 Conclusion

This study demonstrates that char and soot have different dis-
tribution characteristics in the atmosphere. Similar to previ-
ous reported TC, OC and total EC, char-EC showed high sea-
sonal variations, with the maximum concentrations in win-
ter (10.49±5.95 µg m−3) being∼4 times of that in summer
(2.57±1.82 µg m−3). This is associated with Xi’an winter
heating. However, soot-EC revealed only small variations in
different seasons, and this variation is probably in part due
to the wet scavenging. Strong correlations between EC and
char-EC suggest that char-EC concentrations can be calcu-
lated from previously reported EC concentrations. However,
previously reported total EC in the literature reflected the dis-
tribution characteristics of char only, while soot’s distribution
characteristics may be overlooked. Soot-EC can be seen as
a background fraction, contributing to 18.4% of Xi’an total
EC on average, and had a background value of∼1.15 µg m−3

in PM2.5, which may be mainly associated with the motor
vehicle emission throughout the year. Previous studies sug-
gested that soot is strong light absorbing with little spectral
dependence; while char tends to absorb strongly in the UV

spectrum. Thus, efforts to reduce motor vehicle emissions
are very important for the mitigation of the present warm-
ing trends. Char-EC/soot-EC ratio is an effective indicator
of source identification for carbonaceous aerosols. However,
wet scavenging is also an important factor influencing the
char-EC/soot-EC ratio because of the difference in removal
rate of char and soot. Since a limited amount of data is now
available concerning source emissions of OC/EC and char-
EC/soot-EC ratios, more studies in different source emis-
sions are needed in the future. In addition, such studies may
help to establish the relationship between primary OC/EC
and char-EC/soot-EC ratios, providing new insights on meth-
ods for SOA calculation.
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