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The concentrations of PM2.5 carbon fractions in rural, urban, tunnel and remote environments were measured
using the IMPROVE thermal optical reflectance (TOR) method. The highest OC1 and EC1 concentrations were
found for tunnel samples, while the highest OC2, OC3, and OC4 concentrations were observed for urban winter
samples, respectively. The lowest levels of most carbon fractions were found for remote samples. The percentage
contributions of carbon fractions to total carbon (TC) were characterized by one peak (at rural and remote sites)
and two peaks (at urban and tunnel sites) with different carbon fractions, respectively. The abundance of char in
tunnel and urban environments was observed, which might partly be due to traffic-related tire-wear. Various
percentages of optically scattering OC and absorbing EC fractions to TC were found in the four different
environments. In addition, the contributionof heating carbon fractions (char and soot) indicated variouswarming
effects per unit mass of TC. The ratios of OC/EC and char/soot at the sites were shown to be source indicators. The
investigation of carbon fractions at different sitesmay provide some information for improvingmodel parameters
in estimating their radiative effects.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Carbonaceous aerosols, including organic carbon (OC) and elemental
carbon (EC), are ubiquitous species in the atmosphere and exert an
important influence on environments, health and climate systems
(Poschl, 2005; Jacobson, 2006; Schmidl et al., 2008; Schwarz et al.,
2008; Cao et al., 2009; Feng et al., 2009; Satsangi et al., 2012). OC is
derived from both primary sources (e.g., fossil fuel combustion and
biomass burning) and secondary sources, whereas EC is exclusively
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derived from primary sources. At present, the analysis of carbonaceous
fractions is carried out by determining the bulk content of OC and EC,
including OC1–4, OP, EC1–3, POC, SOC, char and soot. The analysis of
individual substances in single fractions at the molecular level is still
challenging (Grabowsky et al., 2011).

The distribution of carbon fractions varies spatio-temporally,
which largely contributes to the physical and chemical characteristics
of carbonaceous aerosols (Cao et al., 2005, 2007; Wang et al., 2006;
Shen et al., 2007; Zhang et al., 2008, 2009; Zhu et al., 2010). The
potential modification of climate systems by carbonaceous aerosols
has been reported previously (Jacobson, 2006). The conclusions
from this study suggested that enhanced global warming may partly
result from the effect of EC in the atmosphere. Furthermore, when
considering the cooling effect of OC, carbonaceous aerosols with a
lower OC/EC ratio generally have a greater warming effect per unit
mass of TC than those with higher ratios (Cao et al., 2007). Previous
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studies have also reported that theOC/EC ratios of carbonaceous aerosols
vary largely due to different sources and aging evolution. These results
indicated that the estimation of the radiative effects of carbonaceous
aerosols using models is complicated (Kopp and Mauzerall, 2010).
Large variations were observed when the importance of carbonaceous
aerosols as global warming agents was estimated using models, which
was mainly due to the inclusion or exclusion of certain physical effects
of the carbonaceous particles (Jacobson, 2006; Forster et al., 2007).
Therefore, it is essential to investigate the eight carbon fraction profiles
and the ratios of OC/EC and char/soot in various environments.

In order to determine the levels of carbon fractions at various sites,
measurements and comparisons of these species (including OC1–4, OP,
EC1–3, POC, SOC, char and soot) in rural, urban, tunnel and remote
environments were conducted. The characteristics of the carbon
fractions were evaluated at the sites with different sources and aging
evolution processes. This is the first study to compare the ratios of OC/
EC and char/soot at four different sites, which will provide further
information on the use of these ratios as effective indicators. These
results may also provide data on the use of models to assess the
properties of the carbon fractions in estimating their effects on climate.

2. Materials and methods

2.1. Sample collection

The PM2.5 samples were collected at rural, urban, tunnel and
remote sites, respectively. The urban sampling site was located at
Xi'an, China (an urban-scale site on the rooftop of the Institute of
Earth Environment, Chinese Academy of Sciences) (Cao et al., 2005).
The rural site was in the typical rural area of Shaanxi, China, including
three sites in Lintong, Huxian and Weinan county, respectively. In the
research area it was common for residents to use straw and corn stake
burning for cooking and heating in winter. The frequency of cooking
was three times daily during the sampling period (Zhu et al., 2012a,
b). The remote sampling site was at Qinghai Lake (a sampling tower
at the “Bird Island” peninsula), in the Northeastern Qinghai–Tibet
Plateau and the tunnel samples were collected at Hsuehshan Tunnel
in Taiwan (Chen et al., 2010). Mini-Vol samplers (Airmetrics, USA)
were used to collect the samples in both the rural and urban sites,
each sampling lasted for 24 h operating at a flow rate of 5 L min−1.
All samples were collected on 47 mm Whatman quartz microfibre fil-
ters (QM/A). A Tisch (TE-6001 Hi-vol PM2.5 sampler) with the flow
rate of 1000 L min−1 and Dichotomous samplers with the value of
16.7 L min−1 (Model SA-241, Andersen Inc., Georgia, USA) were used
to collect PM2.5 samples at the remote and tunnel sites, respectively.
These samplers were all popularly used and the sampling artifacts
were also discussed in the previous study (Zhu et al., 2012a,b). All
quartz filters were pre-heated at 900 °C for 3 h and then stored in
aluminum foil before sampling. The filters were stored in a refrigerator
after sampling to prevent the evaporation of volatile components. The
samples for rural and urban sites were collected in winter (December,
2007) and summer (June, 2008), respectively. Sampling campaign
was conducted to collect 25 samples at the remote site. The detailed
sampling procedure for the tunnel site (9 campaigns) was described
elsewhere (Chen et al., 2010). Certainly, there are also some limitations
in the study, including different samplers using, sampling artifacts and
the uncertainty of the thermal optical analysis.

2.2. Carbonaceous aerosol measurement

All the PM2.5 filters were analyzed for carbon fractions using a DRI
Model 2001 thermal/optical carbon analyzer (Atmoslytic Inc., Calabasas,
CA, USA). Using a punch from the quartz filter, three EC fractions and
four OC fractions were analyzed following the IMPROVE-A (Interagency
Monitoring of Protected Visual Environments) thermal/optical reflec-
tance (TOR) protocol (Chow et al., 2007). The method produced data for
four OC fractions (OC1, OC2, OC3, and OC4 in a helium atmosphere at
140 °C, 280 °C, 480 °C, and 580 °C, respectively), a pyrolyzed carbon
fraction (OP, determined when reflected laser light attained its original
intensity after oxygen was added to the combustion atmosphere), and
three EC fractions (EC1, EC2, and EC3 in a 2% oxygen/98% helium
atmosphere at 580 °C, 740 °C, and 840 °C, respectively). The IMPROVE
protocol defined OC as OC1 + OC2 + OC3 + OC4 + OP and EC as
EC1 + EC2 + EC3 − OP. The EC fraction was also divided into char
and soot. Char is defined as EC1 minus OP, and soot is defined as the
sum of EC2 and EC3 (Han et al., 2009). The detailed quality
assurance/quality control (QA/QC) procedures are described else-
where (Chow et al., 2011). The analyzer was calibrated with
known quantities of CH4 each day. Replicate analyses were
performed once every ten samples. A blank sample was also
analyzed in order to correct the sample results.

3. Results and discussion

3.1. Characteristics of the eight carbon fractions from various environments

Table 1 shows the concentrations of carbon fractions for rural,
urban, tunnel and remote samples. The levels of OC1-4 varied widely
at the various sites. The average concentration of OC1 was highest in
the tunnel (10.22 μg m−3). Average OC1 concentrations for rural
winter (6.79 μg m−3) and urban winter (6.19 μg m−3) samples
were higher than those for rural summer (0.79 μg m−3) and urban
summer (2.64 μg m−3) samples, respectively. Comparable levels of
OC2 were found in the rural winter (9.93 μg m−3), urban winter
(10.12 μg m−3) and tunnel environments (8.35 μg m−3). OC2 also
showed distinctive seasonal variation with higher values in winter
than in summer for rural and urban sites, respectively. Average OC3
of rural and urban samples was 10.84 and 11.68 μg m−3 in winter,
respectively. These values were approximately twice those at rural
and urban summer sites as well as the tunnel environment. The
average values of OC4 were 10.30 μg m−3 and 15.19 μg m−3 for
rural winter and urban winter samples, respectively, which were
much higher than those of rural summer (4.44 μg m−3) and urban
summer (3.55 μg m−3) samples. Compared to those at rural and
urban sites, much lower OC4 levels were observed in the tunnel
environment (2.27 μg m−3).

EC1 was the dominant elemental carbon fraction at all sites in
the present study. The average values of EC1 obtained in rural
winter (23.78 μg m−3), urban winter (25.68 μg m−3) and tunnel
(25.83 μg m−3) samples were comparable, and were much higher
than those measured in rural summer (5.97 μg m−3) and urban
summer (6.45 μg m−3) samples. The levels of EC2 in winter
(0.69 μg m−3 for rural and 0.53 μg m−3 for urban) were twice as
high as those in summer. The highest level of EC2 was observed in
the tunnel environment (0.88 μg m−3). EC3 was almost under the
method detection limit for tunnel, rural summer and urban summer
samples. Nonetheless, a value of about 0.35 μg m−3 for EC3 was
observed in both the rural and urban winter samples. The lowest
values for all carbon fractions were observed at the remote site
with values below 0.5 μg m−3.

The highest level of OP was found for the rural winter samples,
which ranged from 1.2 to 54.3 μg m−3 with an average of
18.6 μg m−3. The average OP concentration in the urban winter
samples was 6.4 μg m−3 and ranged from 1.5 to 36 μg m−3. The
levels of OP in winter were 6 times higher than those in summer
at both the rural and urban sites. The average OP concentrations
at the tunnel and remote sites were 4.9 and 0.16 μg m−3 and
ranged from 1.6 to 11.3 μg m−3 and 0.1 to 0.47 μg m−3, respective-
ly. The variations of OP, were attributed to the abundance of the
water-soluble organic carbon portion (Yu et al., 2002). The results
showed that OP was more abundant at rural sites than at any of
the other sites.



Table 1
Mass concentrations of the carbon fractions among various environments.

Sites Conc. (μg m−3) OC1 OC2 OC3 OC4 OP EC1 EC2 EC3

Rural (winter) Min. 0.83 1.70 1.86 1.22 1.22 1.86 0.31 0.00
Max. 21.45 18.52 17.37 18.19 54.25 63.97 1.26 0.93
Ave. 6.79 9.93 10.84 10.30 18.57 23.78 0.69 0.39
Stdev. 6.00 4.73 4.89 4.56 15.5 17.71 0.30 0.29

Rural (summer) Min. 0.57 2.58 3.07 1.58 1.32 3.39 0.17 0.00
Max. 1.15 7.84 9.90 8.64 4.84 9.73 0.53 0.27
Ave. 0.79 4.11 5.19 4.44 3.08 5.97 0.30 0.04
Stdev. 0.15 1.12 1.76 1.82 0.89 1.46 0.11 0.08

Urban (winter) Min. 2.99 5.06 7.08 7.25 1.5 6.69 0.26 0.20
Max. 12.66 17.38 18.97 27.82 36.0 72.84 0.79 0.55
Ave. 6.19 10.12 11.68 15.19 6.36 25.68 0.53 0.35
Stdev. 2.48 3.26 3.20 4.89 10.2 16.32 0.11 0.08

Urban (summer) Min. 0.33 1.38 3.00 0.46 0.5 0.48 0.18 0.00
Max. 3.92 4.93 7.96 7.56 2.9 12.68 0.63 0.40
Ave. 2.64 3.42 4.80 3.55 1.17 6.45 0.35 0.08
Stdev. 0.72 0.86 1.54 1.62 0.66 2.39 0.11 0.10

Tunnel Min. 0.28 5.83 1.19 0.00 1.6 5.64 0.00 0.00
Max. 16.39 15.27 8.50 4.64 11.3 58.84 2.01 0.02
Ave. 10.22 8.35 5.08 2.27 4.9 25.83 0.88 0.00
Stdev. 5.74 3.53 1.86 1.12 3.9 13.68 0.62 0.01

Remote Min. 0.02 0.13 0.12 0.10 0.07 0.27 0.03 0.00
Max. 0.07 0.43 0.45 0.68 0.47 0.76 0.14 0.20
Ave. 0.03 0.21 0.23 0.26 0.16 0.48 0.09 0.03
Stdev. 0.01 0.08 0.09 0.16 0.1 0.15 0.11 0.04
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Fig. 1. The percentage contributions of carbon fraction to total carbon among various sites.
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Overall, high levels of OC were found in the rural winter
(56.43 μg m−3), urban winter (49.54 μg m−3) and tunnel samples
(30.88 μg m−3). The lowest level was found at the remote site
(0.90 μg m−3). The concentrations of OC in winter were three times
higher than those in summer at both the rural and urban sites. The
range of EC at the rural site was 0.96–11.58 μg m−3 with an average
of 6.3 μg m−3 in winter, and 1.99–6.03 μg m−3 with an average of
3.23 μg m−3 in summer, respectively. The EC level in the urban
environment varied from 7.53 to 37.92 μg m−3 with an average of
20.20 μg m−3 in winter and from 0.22 to 10.23 μg m−3 with an
average level of 5.70 μg m−3 in summer, respectively. Compared to
the warm season, the higher OC and EC concentrations in the rural
winter and urban winter may be attributed to the local heating
activities (including biomass burning and coal combustion). Attribut-
ing to the vehicle emissions and poor dilution conditions, the highest
EC level was found in the tunnel environment with an average level of
21.75 μg m−3. The lowest EC value was found at the remote site
(0.44 μg m−3).

3.2. The contributions of carbon fractions to TC among the sites

The carbon fraction contributions to TC are shown in Fig. 1. The
percentages of OC1 to TC varied widely, and accounted for 5.0% of
remote and 18.2% of tunnel TC. The contributions of OC2 to TC at all
sites were comparable, and ranged from 14.8% (urban winter) to
19.8% (rural summer). The percentages of OC3 and OC4 to TC varied
slightly with levels of 17.5% to 24.8% for OC3 and 15.9% to 23.2% for
OC4 in the rural, urban and remote samples. Lower contributions of
OC3 (9.8%) and OC4 (4.0%) to TC were observed at the tunnel site
compared with those at the other sites. Considering the significant
effect of the artifacts for OC1 in urban and source sites (Chow et al.,
2010; Watson et al., 2009), a comprehensive study of the contribu-
tions and artifacts is needed among various regions and seasons.

EC1–OP (char) accounted for 38% of TC in the tunnel samples, and
in urban samples EC1–OP accounted for 27.7% and 23.6% in winter
and summer, respectively. Compared to the tunnel and urban sites,
a lower percentage of EC1–OP was found in the rural and remote
samples. EC2 contributed less than 1.7% to TC in the rural, urban
and tunnel samples, but a higher contribution (5%) was found in the
remote samples. These results demonstrated high levels of char in
the tunnel and urban environments, which was mainly due to the
richness of EC1 and a low level of OP in particles. Previous studies
reported that EC1 was observed to be 99% of the EC for tire-wear
(Aatmeeyata and Sharma, 2010). A high emission factor for EC from
tire-wear was reported (1.46 mg tire−1 km−1) for small cars
(Aatmeeyata and Sharma, 2010). Some studies also reported that
tire-wear rates were in the range of 6.6–90 mg tire−1 km−1, and
large annual emissions of tire-wear in the environment have been
observed (Boulter, 2005; Allen et al., 2006; Aatmeeyata et al., 2009;
Wik and Dave, 2009). Gray and Cass calculated that the attrition of
tires led to an EC contribution of 330 kg day−1 and an OC contribu-
tion of 1001 kg day−1 for an area of 3600 km2 in Los Angeles (Gray
and Cass, 1998). Furthermore, tire-wear may contribute considerable
traffic emissions as the exhaust gasses have become cleaner following
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Fig. 2. Percentages of total carbon contributed by POC, SOC, char and soot for various sites.
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the use of catalytic converters and improved fuels and engines
(EMEP/CORINAIR, 2004).

In summary, the percentage profiles of carbon fractions were
characterized by one peak (for rural and remote samples) and two
peaks (for urban and tunnel samples), respectively. The highest
peak corresponding to OC3 was found in rural summer and remote
samples, and the rural winter peak was characterized by OP. The
two peak profile with the highest EC1–OP and the second highest
OC4 was found in urban winter samples, and the peaks in the urban
summer samples were EC1–OP and OC3, respectively. A distinct
contribution profile for the tunnel samples was observed with two
peaks corresponding to EC1–OP and OC1. In addition, the profile for
the tunnel samples showed a unique pattern (decreasing from OC1
to OC4, and a sharp increase in EC1–OP). These results indicated
that the contributions of major sources to carbonaceous aerosols
and the dilutions were different at the sites. Compared to the absolute
concentration, the percentages of carbon fractions to TC reflected the
properties of carbonaceous aerosols. Considering the thermal and
optical effects of the eight carbon fractions, these results might
provide some information for models used in radiative evaluation.

3.3. The distributions of POC, SOC, char and soot

As shown in Fig. 2, using the minimum OC/EC ratio method, OC
was classified as primary organic carbon (POC) and secondary organic
carbon (SOC) (Turpin and Huntzicker, 1995; Cao et al., 2003). EC was
classified as char and soot (Han et al., 2009). The formation of SOC
increases the ambient concentration of OC and the ambient OC/EC
ratio. OC/EC ratios exceeding the expected primary emission ratio
are an indication of SOC formation. Previous studies showed that
the percentages of SOC to the total OC were different at various
sites (Gray, 1986; Turpin and Huntzicker, 1995; Schauer et al.,
1996). However, investigations into the contributions of POC, SOC,
char and soot to TC at rural, urban, tunnel and remote sites
synchronously are scarce.

The contributions of POC to TC were comparable in rural, urban
and tunnel samples ranging from 46.3% to 57.8%, and were much
higher than those for remote samples (16.4%). POC contributions to
TC in remote samples were the lowest among the various sites. The
contributions of SOC to TC varied widely, and ranged from 9.08%
(tunnel) to 50.8% (remote). The highest contribution of SOC to TC
was found at the remote site. This was due to a large contribution
by aged aerosols resulting from long-range transport from the
primary sources and a minor contribution from a local source. Given
the tunnel microenvironment, fresh emissions from traffic-related
sources (e.g., vehicle exhaust and tire-wear) had a major effect on
the abundance of POC and the reduced production of SOC, therefore,
the low contribution of SOC was reasonable.

The percentages of char to TC were discussed in Section 3.2.
Compared to char, soot accounted for only a small fraction (less
than 2%) of TC in the rural, urban and tunnel samples, but higher
contributions were found in remote samples (~9%). The percentage
profiles of char and soot indicated that char was more abundant in
EC than soot. Furthermore, considering the various concentrations
and percentages of POC, SOC, char and soot at the different sampling
sites, it is important to consider the distributions of carbonaceous
aerosols in radiative models. The small percentage of soot indicated
that the soot was the background fraction in total EC, and it is
worth noting that the higher percentage of soot in the remote area
compared with the other sites might suggest that remote carbona-
ceous aerosols may have a greater contribution to radiative absorp-
tion per unit TC than at other sites. A previous study reported that
the estimated contribution of carbonaceous aerosols to the earth's
radiative budget is considerable, and is attributed to the uncertainties
of emission inventories compounded by physical uncertainties and
indirect effects (Forster et al., 2007). Therefore, further research into
carbonaceous fractions and the distributions of these fractions in
various regions is one method of reducing these uncertainties.

3.4. Correlations between carbon fractions, OC/EC and char/soot

Table 2 shows the relationships between different carbon fractions
(OC, EC, char and soot) and the ratios (OC/EC and char/soot). High
correlations between OC and EC were observed in rural (R = 0.94
in winter and R = 0.84 in summer), urban (R = 0.97 in winter and
R = 0.78 in summer) and tunnel (R = 0.97) samples. A low
correlation was found in remote samples (R = 0.52). The significant
correlations between OC and EC in rural, urban and tunnel samples
suggested that OC and EC were derived largely from the same source
(especially in rural winter, urban winter and the tunnel environ-
ments). The non-significant correlations between OC and EC in
remote samples might be due to the abundance of SOC and the
long-term evolution of aging aerosols.

As shown in Table 2, char had strong positive correlations with OC
in rural winter, urban winter and tunnel samples, but not in remote
samples. On the other hand, the strong correlations between char
and EC indicated that char dominated total EC at all sites. These
findings were consistent with previous results (Han et al., 2009,
2010; Kim et al., 2011). The formation of soot partly increased as
the formation of OC and EC increased from the same sources at all
sites (especially at the rural winter and remote sites), because soot
showed positive correlations with OC and EC. The relationships
between char and soot in rural winter samples was linear and highly
correlated (R = 0.80). The rural summer samples showed a low
correlation between char and soot. Differences in local and regional
contributors and neutral atmospheric conditions with a high mixing
height in summer may have led to the non-significant correlation
between char and soot. For samples collected at the urban site, soot
and char showed low correlation coefficients, especially for urban
summer samples. These results suggested that the contributions by
char and soot were more complicated considering the mixing sources
including vehicle emissions, coal combustion, biomass burning and
the re-suspended road dust. The observed low correlations between
char and soot in the tunnel and remote samples further indicated
that char and soot represented different species and were produced
from both fresh emissions and aged aerosols. Positive and negative
correlations between the ratios (OC/EC and char/soot) and carbon
fractions will be discussed in Section 3.5.

3.5. The variations in OC/EC and char/soot ratios between the sites

The ratios of OC/EC were used to determine emissions, aging
evolution and the presence of secondary organic aerosols although
there were some limitations for the method (Chow et al., 1993;



Table 2
Relationships among carbonaceous species and ratios (R).

Rural win.
(n = 23)

Rural sum.
(n = 23)

Urban win.
(n = 30)

Urban sum.
(n = 31)

Tunnel
(n = 9)

Remote
(n = 22)

OC vs EC 0.94 0.84 0.97 0.78 0.97 0.58
OC vs char 0.95 0.51 0.97 0.70 0.97 0.34
OC vs soot 0.71 0.27 0.34 0.50 0.53 0.88
EC vs char 0.99 0.99 0.99 0.99 0.99 0.95
EC vs soot 0.86 0.43 0.31 0.29 0.59 0.73
Char vs soot 0.80 0.29 0.29 0.12 0.55 0.49
OC/EC vs
OC

0.68 0.50 0.20 −0.41 −0.68 0.64

OC/EC vs
EC

0.43 −0.46 −0.04 −0.88 −0.75 −0.48

Char/soot vs
char

0.22 0.24 0.80 0.64 0.12 0.12

Char/soot vs
soot

−0.37 −0.76 −0.31 −0.59 −0.77 −0.45

n: number of the samples.
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Zeng and Wang, 2011). In addition, the ratios of char/soot have also
been reported as another index in carbonaceous aerosol research
(Han et al., 2010). The present study is the first to characterize and
compare the ratios of OC/EC and char/soot at various sites (including
rural, urban, tunnel and remote environments) (Fig. 3).

The average ratios of OC/EC and char/soot for rural winter samples
were 8.6 ± 1.8 and 5.2 ± 1.9, respectively. Compared to winter
samples, lower OC/EC ratios were observed in rural summer samples
(5.4 ± 0.8). However, the values of char/soot (10.1 ± 3.4) in rural
summer samples were much higher than those in rural winter
samples. OC/EC ratios in urban winter samples were composed to
unity (2.5 ± 0.3) than those for char/soot (22.1 ± 7.9). Higher OC/
EC ratios were found in urban summer samples with an average
value of 2.9 ± 0.7 compared to winter samples, which demonstrated
the abundance of secondary organic aerosols in summer. The char/
soot ratios in urban summer samples, however, were lower than
those in urban winter samples with an average value of 14.4. The
OC/EC ratios in urban samples were similar to the ratios calculated
from emission inventories of China (Cao et al., 2005), which may
reflect the combined contributions from coal combustion, traffic-
related emissions, and biomass burning for urban OC and EC. The
ratios of char/soot in urban samples were slightly higher than those
found in the study by Han et al. (ratios above 10 were also observed
during winter), which were attributed to the different sampling
periods (Han et al., 2010). The average OC/EC value for the tunnel
site (1.6 ± 0.4) was lower than those measured at the other sites in
the present study, demonstrating the dominant influence of fresh
vehicle exhaust, for which the OC/EC ratios are known to be low.
The variations in char/soot ratios in the tunnel samples (25.5 ± 10.3)
were similar with those in the urban winter samples. As shown in
Fig. 3, the ratios of OC/EC (2.3 ± 1.0) and char/soot (4.3 ± 2.5) in the
remote samples were lower than those at the other sites, with the
exception of the OC/EC ratio at the tunnel site.

In general, the results showed that the urban OC/EC ratios were
always slightly lower in winter than in summer, which is mainly
due to more secondary organic carbon production in summer.
Compared to the urban site, high OC/EC ratios at the rural site
indicated the significant contributions of biomass burning (especially
in the heating season). The concentrations of EC at the urban site
were significantly increased in winter, however, no corresponding
seasonal change in OC/EC ratios was observed. Compared to the
rural samples, seasonal OC/EC variations in the urban samples were
less pronounced. These results showed that the aerosol-containing
components susceptible to charring (e.g., water-soluble organic
compounds) had higher OC/EC variability (rural samples) compared
to diesel-impacted aerosols (urban and tunnel samples) (Yu et al.,
2002). The OC/EC ratios fluctuated more in the rural winter, rural
summer and urban summer samples than in the urban winter, tunnel
and remote samples. Nonetheless, the ratios of char/soot at the tunnel
and urban sites fluctuated more than those at the remote and rural
sites, which indicated the variations in dominant contributors. In
addition, the OC/EC ratios were affected by episodes of biomass
burning and SOC production. These results indicated that the two
ratios might be different effective indicators in source identification
at various sites.

The average levels of OC, EC, char and soot aswell as the ratios of OC/
EC and char/soot in the various ambient samples are shown in Fig. 4.
Due to the larger contribution from biomass burning emission with
rich OC at the rural site, highOC/EC ratios and relatively high concentra-
tions of OC (especially in winter) were found, which was confirmed by
the positive correlation between OC/EC and OC (R = 0.68). The
relatively low OC/EC ratio in rural summer samples was a result of
decreased OC compared with EC. The ratios of OC/EC in the tunnel
and urban winter samples were mainly due to the high level of EC
compared with OC, and negative correlations between OC/EC and EC
were observed (R values were −0.88 and −0.75 for urban summer
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and tunnel samples, respectively). The high ratios of char/soot in urban
winter and tunnel samplesmay have been due to the abundance of char
in tunnel and urban samples (e.g., R = 0.80 for urban winter samples)
and the relatively low soot levels (R = −0.31 for urban winter and
R = −0.77 for tunnel samples). The correlations between the char/
soot ratios and both char and soot in urban summer samples were
0.64 and −0.59, respectively.

High char levels in the tunnel samples was mainly due to the
traffic-related sources and poor dilution conditions, and char levels
in urban winter samples were associated with complex sources
(including biofuel use and traffic-related emissions) (Fig. 4). The
possibility of char emission by traffic emissions has been reported in
a previous study, which showed high concentrations of char in
urban areas and heavily trafficked roads (Kim et al., 2011). Neverthe-
less, the possibility that diesel engines emit char or char-like particu-
lates via incomplete combustion is unlikely to fully explain the
significantly high level observed. Han et al. reported that char is
emitted largely from biomass burning and coal combustion, and not
from vehicle exhaust (Han et al., 2009, 2010). It is reasonable that
the high levels of char in the tunnel and urban environments were
partly due to the abundance of tire-wear and low level of OP in
particles. These conclusions are also consistent with previous studies,
which reported that traffic-related tire-wear is a significant source of
OC and EC (99% EC1) (Hildemann et al., 1991; Schauer et al., 1996;
Dahl et al., 2006; Thorpe and Harrison, 2008; Aatmeeyata and
Sharma, 2010).

4. Conclusions

The characteristics of eight carbon fractions, OC/EC and char/soot
ratios at rural, urban, tunnel and remote sites were investigated. The
highest level of OC1 was found at the tunnel site with 10.22 μg m−3

due to fresh vehicle exhaust and poor dilution conditions. The levels of
OC2–3 in the rural andurban environmentswere twice as high inwinter
as those in summer. Compared to rural and urban sites, OC4 levels were
much lower in the tunnel environment. EC1 was the dominant
elemental carbon fraction at all sites in the present study. The lowest
level of carbon fractions was observed in the remote samples and was
below 0.5 μg m−3.

The profiles of carbon fractions to TC were characterized by one
peak (at rural and remote sites) and two peaks (at urban and tunnel
sites) with different carbon fractions, respectively. POC made a
significant contribution (~50%) to TC in rural, urban and tunnel
environments, while the lowest level was found in remote samples
(16.4%). SOC contributed least to TC at 9.08% and the highest level
was 50.8% at the tunnel and remote sites, respectively. Our results
showed that the ratios of OC/EC and char/soot were different effective
indicators of source identification in the various environments. The
distinctive carbonaceous fractions in different environments also
provide indications in estimating their effects on climate by models.
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