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Abstract. An intensive investigation of carbonaceous PM2.5
and TSP (total suspended particles) from Pudong (China)
was conducted as part of the MIRAGE-Shanghai (Megac-
ities Impact on Regional and Global Environment) experi-
ment in 2009. Data for organic and elemental carbon (OC and
EC), organic species, including C17 to C40n-alkanes and 17
polycyclic aromatic hydrocarbons (PAHs), and stable carbon
isotopes OC (δ13COC) and EC (δ13CEC) were used to eval-
uate the aerosols’ temporal variations and identify presump-
tive sources. High OC/EC ratios indicated a large fraction of
secondary organic aerosol (SOA); high char/soot ratios indi-
cated stronger contributions to EC from motor vehicles and
coal combustion than biomass burning. Diagnostic ratios of
PAHs indicated that much of the SOA was produced via coal
combustion. Isotope abundances (δ13COC =−24.5± 0.8‰
andδ13CEC =−25.1± 0.6‰) indicated that fossil fuels were
the most important source for carbonaceous PM2.5 (particu-
late matter less than 2.5 micrometers in diameter), with lesser
impacts from biomass burning and natural sources. An EC
tracer system and isotope mass balance calculations showed
that the relative contributions to total carbon from coal com-
bustion, motor vehicle exhaust, and SOA were 41 %, 21 %,
and 31 %; other primary sources such as marine, soil and
biogenic emissions contributed 7 %. Combined analyses of
OC and EC,n-alkanes and PAHs, and stable carbon isotopes
provide a new way to apportion the sources of carbonaceous
particles.

1 Introduction

The urbanization of China, coupled with rapid industrial de-
velopment, has led to serious air pollution problems in many
of the country’s large cities. Among the aerosol pollutants,
carbonaceous particles have been the focus of growing at-
tention owing to their importance for environmental pollu-
tion and their effects on climate, and human health (Charl-
son et al., 1992; Arimoto et al., 1996; IPCC, 2007; Ye et
al., 2003; Zhang et al., 2007; Zhang et al., 2009; Ramana
et al., 2010). Previous studies have shown that in many Chi-
nese cities carbonaceous pollutants account for 20 to 50 % of
mass of particulate matter less than 2.5 micrometers in diam-
eter (PM2.5) (He et al., 2001; Cao et al., 2004, 2005, 2007;
Shen et al., 2007, 2009). Further, much of the recent research
on atmosphericn-alkanes and polycyclic aromatic hydrocar-
bons (PAHs), which are major components of the carbona-
ceous aerosol, has focused on urban environments (Seinfeld
and Pankow, 2003; He et al., 2006; Hou et al., 2006). Infor-
mation on the types and loadings of carbonaceous aerosol
components is needed to determine the severity of urban air
pollution, implement effective control measures, and develop
future strategies for urban air quality improvement (Dockery
et al., 1993; Turpin et al., 2000; Jacobson et al., 2000; Maud-
erly and Chow, 2008).

Shanghai is an economic hub, as well as a center for sci-
ence and technology, in eastern China; and it is also a ma-
jor industrial base, being home to the largest petrochemical
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complex in China and other major industries. Rapid eco-
nomic growth and urbanization in China have sharply in-
creased the quantities of fossil fuels burned for energy pro-
duction, and this has led to serious air pollution and other re-
lated problems (Ye et al., 2003). Previous studies have shown
that organic compounds and sulfate are often the most abun-
dant aerosol components, but these substances differ in mass-
particle size distributions, being concentrated in the fine and
coarse modes, respectively (Yao et al., 2002; Ye et al., 2003;
Yang et al., 2005; Feng et al., 2009).

Here, we present data for carbonaceous aerosols,
which were produced as part of an exploratory cam-
paign called the Megacity Impacts on Regional and
Global Environments (MIRAGE-Shanghai 2009,
http://www.acd.ucar.edu/mirage). This project was con-
ducted in collaboration with the Shanghai Meteorological
Bureau. The goal of the campaign was to assess the con-
centrations of pollutants and their chemical precursors in
preparation for more detailed fieldwork in the future. The
broad objective of our specific component of this campaign
was to obtain information on the chemical composition of
carbonaceous aerosols, and the sources for these particles at
the Pudong site in Shanghai. Data for selected atmospheric
carbon fractions, including organic carbon (OC), elemental
carbon (EC), char and soot fractions in the EC aerosol,
n-alkanes and PAHs, and stable carbon isotopes in OC and
EC, were obtained for this purpose. Specific objectives
for our study were: (1) to document the variations of se-
lected carbonaceous species during the MIRAGE-Shanghai
2009 Experiment; (2) to use diagnostic ratios for source
identification; and (3) to quantitatively estimate the source
contributions for carbonaceous aerosols.

2 Experimental

2.1 Sampling

Shanghai is the largest city by population in China, and it rep-
resents an important anthropogenically impacted coastal en-
vironment in eastern China. Aerosol sampling was conducted
at a site in Shanghai called Pudong (see Fig. 1 in Friedli et al.,
2011) from 1 to 20 September 2009. Total suspended particle
(TSP) and PM2.5 samples were collected on separate quartz
filters using two Mini-Volume samplers (Airmetrics, Oregon,
USA) that operated in parallel during the day (08:00 to 20:00
local time) and again at night (20:00 to 08:00). The flow rate
for these samplers was 5 l min−1. Additionally, Hi-vol sam-
ples were collected for isotope studies using a Tisch Hi-vol
PM2.5 sampler (TE-6001, Tisch Environmental, Village of
Cleves, Ohio, USA) over a period of 24 h at a flow rate of
1000 l min−1. Meteorological data (wind speed and wind di-
rection) also were collected during the sampling period.

2.2 Chemical analyses

2.2.1 Carbonaceous aerosol analyses

The carbonaceous aerosol consists of two fractions in the
urban atmosphere: the first is produced as primary emis-
sions, and the other results from the formation of the sec-
ondary organic aerosol (SOA) through various chemical pro-
cesses. Primary emissions are the only source for EC, and
major sources for EC include coal combustion, motor vehi-
cle exhaust, and biomass burning. Unlike EC, OC can ei-
ther be formed directly by physical processes (primary OC
or POC) or from precursor gases (secondary OC or SOC).
Major sources for OC include biomass burning, fossil fuels,
and natural sources, especially vegetation and soils (Cao et
al., 2005; Duan et al., 2006; Friedli et al., 2011).

Carbon analyses were carried out with the use of a Desert
Research Institute (DRI) Model 2001 carbon analyzer (At-
moslytic Inc., Calabasas, CA, USA). The IMPROVE-A ther-
mal/optical reflectance (TOR) protocol (Chow et al., 1993,
2004) was used for these analyses. A punch aliquot of a
quartz filter sample was heated in a stepwise manner to ob-
tain data for four OC fractions (OC1, OC2, OC3, and OC4
in a helium atmosphere at 140◦, 280◦, 480◦, and 580◦C),
and three EC fractions (EC1, EC2, and EC3 in a 2 % oxy-
gen/98 % helium atmosphere at 580◦, 740◦, and 840◦C).
At the same time, OP (pyrolized carbon) was produced at
<580◦C in the inert atmosphere, this component decreases
the reflected light to correct for charred OC. The EC frac-
tion was further divided into char and soot (Han et al., 2007,
2009). Total OC is defined as the sum of the four OC frac-
tions plus OP, and total EC is the sum of the three EC frac-
tions minus OP. Specific quality assurance/quality control
(QA/QC) procedures for these analyses have been described
in detail in Cao et al. (2003).

2.2.2 Char and soot analyses

Previous studies have shown that char and soot fractions
of EC have different chemical, physical and light absorb-
ing properties (Kuhlbusch, 1997; Masiello, 2004; Reid et
al., 2005). Char is produced via the heating of organic sub-
stances, and it can be formed directly from pyrolysis, or it can
occur as an impure form of graphitic carbon when carbona-
ceous material is partially burned or heated in a limited vol-
ume of air. Soot is defined as the fraction of carbon particles
that form at high temperature through gas-phase processes.
Recognizing these functional differences in the two EC frac-
tions, we used a thermal optical reflectance method (Han et
al., 2009) to determine the concentrations of char and soot.
Char is defined as EC1 minus OP, while soot is defined as the
sum of EC2 and EC3.
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2.2.3 Stable carbon isotope analyses

The particulate carbon captured on the quartz filters was ox-
idized to CO2 by heating the filters to 375◦C (under vac-
uum) for 3 h in the presence of CuO catalyst grains, fol-
lowed by combustion at 850◦C for 5 h. The CO2 was isolated
through a series of cold traps, andδ13C was determined from
the carbon dioxide (CO2) that evolved in two stages using a
Finnigan MAT-251 ratio mass spectrometer (Thermo Elec-
tron Corporation, Burlington, Ontario, Canada). The stable
carbon isotopic composition of the CO2 combusted at 375◦C
was determined asδ13COC and that at 850◦C wasδ13CEC
(Ho et al., 2006; Cao et al., 2011). Detailed quality assur-
ance/quality control (QA/QC) procedures for stable C iso-
topes analyses have been described in detail elsewhere (Ho,
2006; Cao et al., 2011).δ13C values, based on the interna-
tional standard PDB (a limestone called Pee Dee Belemnite
– or PDB) from South Carolina, were calculated as follows,

δ13C = (13C/12Csample/
13C/12Cstandard− 1) × 1000.

2.2.4 n-alkanes and PAHs analyses

Traditional methods for determiningn-alkanes and PAHs in-
volve solvent extraction (SE) followed by gas chromatogra-
phy/mass spectrometry (GC/MS) (USEPA Method TO-13A,
1997; Santos and Galceran, 2003). For our study, we used
an in-injection port thermal desorption GC/MS method be-
cause it involves a short sample preparation time (<1 min);
but more important, the procedure minimizes contamination
from solvent impurities, and detection limits as low as a
few nanograms of the target analytes can be achieved (Cass,
1998; Ho and Yu, 2004; Chow et al., 2007; Bi et al., 2008;
van Drooge et al., 2009; Ho et al., 2008, 2011).

Aliquots were cut from the filters (areas of 1.0 cm2 to
3.2 cm2, depending on the aerosol loading in each sample)
with the use of a stainless steel punch and a pre-baked glass
sheet, and they were then loaded into thermal desorption
(TD) glass tubes. A small amount of pre-baked silane-treated
glass wool (Sigma-Aldrich, Bellefonte, PA, USA) was in-
serted at each end of the tube to prevent the filter from sliding
out and large particles from entering the column. The loaded
glass tubes were stored inside capped test tubes and were
kept in a desiccator before analysis.

Calibration standards were prepared by spiking known
amounts ofn-alkane and PAH liquid standard mixtures
(Sigma-Aldrich, Bellefonte, PA, USA) onto pre-baked
(780◦C for at least 4 h) quartz-fiber filters (1.0 cm2). Calibra-
tion curves were constructed by plotting the peak areas ver-
sus the amount of each species in the standards. Moreover,
two deuterated compounds,n-tetracosane-d50 (n-C24D50)
(98 %, Aldrich, Milwaukee, WI, USA) and phenanthrene-
d10 (phed10) (98 %, Aldrich), were used as internal stan-
dards (IS) for the analyses.

In this study, the GC oven program was initially held at
30◦C for 2 min, ramped at 12◦C min−1 to 120◦C, ramped

at 8◦C min−1 to 280◦C, then ramped at 12◦C min−1 to
325◦C, and held at 325◦C for 20 min until the end of the
analysis. The quadrupole mass spectrometer was operated
in the electric impact mode at 70eV. The mass selective
detector was scanned from 50 to 550 amu. The GC was
equipped with an HP-5MS (5 % diphenyl/95 % dimethyl-
siloxane, 30 m× 0.25 mm× 0.25 µm) capillary column (Ag-
ilent Technologies, Inc. Santa Clara, CA, USA), and ultra
high purity helium (99.9999 % at a constant pressure of 8.4
psi and flow of 1.0 ml min−1) was used as the carrier gas.

We determined the concentrations of 24n-alkanes
(C17 to C40) and 17 PAHs, including phenanthrene
(PHE), anthracene (ANT), fluoranthene (FLU), pyrene
(PYR), benzo[a]anthracene (BaA), chrysene (CHR),
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF)
benzo[a]fluoranthene (BaF), benzo[e]pyrene (BeP),
benzo[a]pyrene (BaP), perylene (PER), indeno[1,2,3-
cd]pyrene (IcdP), dibenzo[a,h]anthracene (DahA),
benzo[ghi] perylene (BghiP), coronene (COR), and
dibenzo[a,e]pyrene (DaeP).n-alkanes were quantified by
the ions atm/z 57 except for C19 (which was determined
using the molecular ion:m/z 268). PAHs were quantified by
their respective molecular ions. Identification was achieved
by comparing the mass spectra and retention times of the
chromatographic peaks with those of authentic standards.

National Institute of Standards and Technology (NIST)
Standard Reference Material (SRM) 1649b was employed
to validate the accuracy of PAH analyses. The relative error
between the certified values in SRM 1649b and the calibra-
tion standard concentrations was<9.6 %, demonstrating the
reliability and accuracy of PAHs concentrations measured by
our TD-GC/MS method. The limit of detection (LOD) of the
method was defined as the minimum amount of ann-alkane
or a PAH that generated the minimum detectable signal plus
three times the standard deviation of the blank signals. No
peaks were detected for either then-alkanes or PAHs in the
blank calibration samples. As a result, we approximated the
mean blank signal with the calibration line intercept and the
blank signal standard deviation with the standard error for
the y (peak area) estimate.

Using this approach, the LODs in nanograms per sample
were calculated to be in the range of 0.016 to 0.075 ng for
n-alkanes and 0.025 to 0.560 ng for PAHs (Table 1). Repli-
cate analyses were conducted on every 10TH sample. The
relative standard deviations (RSDs) for the samples were 1.5
to 9.3 % for the target compounds. The good reproducibil-
ity demonstrates the quantitative desorption of the non-polar
compounds from the filter as well as the stability of the MS
system.
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Table 1.Limits of detection (LODs) for the measured species in this study.

n-alkane (abbreviation) LOD (ng) PAH (abbreviation) Rings LOD (ng)

heptadecane (C17) 0.063 phenanthrene (PHE) 3 0.165
octadecane (C18) 0.055 anthracene (ANT) 3 0.115
nonadecane (C19) 0.075 fluoranthene (FLU) 4 0.061
icosane (C20) 0.074 pyrene (PYR) 4 0.073
heneicosane (C21) 0.073 benzo[a]anthracene (BaA) 4 0.025
docosane (C22) 0.081 chrysene (CHRY) 4 0.041
tricosane (C23) 0.052 benzo[b]fluoranthene (BbF) 5 0.063
tetracosane (C24) 0.038 benzo[k]fluoranthene (BkF) 5 0.055
pentacosane (C25) 0.033 benzo[a]fluoranthene (BaF) 5 0.059
hexacosane (C26) 0.037 benzo[e]pyrene (BeP) 5 0.026
heptacosane (C27) 0.032 benzo[a]pyrene (BaP) 5 0.026
octacosane (C28) 0.023 perylene (PER) 5 0.026
nonacosane (C29) 0.021 indeno[1,2,3-cd]pyrene (IcdP) 6 0.036
triacontane (C30) 0.018 dibenzo[a,h]anthracene (DahA) 5 0.034
hentriacotane (C31) 0.016 benzo[ghi] perylene (BghiP) 6 0.066
dotriacontane (C32) 0.023 coronene (COR) 7 0.165
tritriactotane (C33) 0.025 dibenzo[a,e]pyrene (DaeP) 6 0.560
tetratriactoane (C34) 0.034
pentatriacontane (C35) 0.032
hexatriacontane (C36) 0.035
heptatriacontane (C37) 0.039
octatriacontane (C38) 0.026
nonatriacontane (C39) 0.033
tetracontane (C40) 0.046

3 Results and discussion

3.1 Variations of OC, EC, char, soot, and eight carbon
fractions

The 12-h average concentrations of OC and EC during the
sampling period were 6.8 and 1.8 µg m−3 in PM2.5 and 10.1
and 2.5 µg m−3 in TSP, respectively (Table 2). The PM2.5 OC
and EC concentrations plotted in Fig. 1 show that OC varied
from 2.8 µg m−3 during the night of 4 September 2009 to
14.6 µg m−3 in the day on 15 September. In comparison, EC
concentrations were much lower, ranging from 0.9 µg m−3

on the night of 2 September to 3.9 µg m−3 in the day on 12
September (Fig. 1). The maximum-to-minimum concentra-
tion ratios for OC and EC were 5.1 and 4.2, respectively. The
greater variability for OC is presumably due to more com-
plex sources for this carbon fraction, most especially those
leading to the formation of SOA. Figure 1 also shows that
the temporal variability of OC was decoupled from that of
EC, and this more than likely reflects the complex mixtures
of sources that contributed to the carbonaceous aerosol load-
ings.

The average day-to-night ratios (D/N) for OC and EC were
1.4 and 1.1, respectively (Table 3), and the difference be-
tween these D/N ratios is another indication that OC and EC
originated from different sources. The higher D/N ratio for
OC may be ascribed to the formation of SOA and to stronger

Table 2.Concentrations of PM mass, OC, EC, char, soot in PM2.5
and TSP (units: µg m−3).

PM2.5 TSP

Analyte Average Range Average Range

PM mass 40.3 19.9-99.9 81.4 36.4–176.0
OC 6.79 2.84–14.58 10.11 2.86–20.19
EC 1.76 0.93–3.86 2.45 1.00–4.93
Char 1.11 0.25–2.96 1.72 0.42–4.15
Soot 0.65 0.19–1.42 0.73 0.22–2.17

non-combustion emissions during the day. The D/N ratio for
EC was close to unity, indicating relatively comparable com-
bustion emissions when averaged over the day- and night-
time sampling intervals. The concentrations of OC and EC
in PM2.5 were similar to those reported for previous studies
at Shanghai (Ye et al., 2003; Feng et al., 2006a), and they also
were comparable to those measured at other Chinese megac-
ities, including Beijing and Guangzhou (Cao et al., 2007).

Both char and soot were predominantly in the PM2.5 frac-
tion: char averaged 1.1 µg m−3 in PM2.5 versus 1.7 µg m−3

in TSP while the corresponding values for soot were
0.65 µg m−3 in PM2.5 and 0.73 µg m−3 in TSP. Char varied
from 0.3 µg m−3 on 5 September (day) to 3 µg m−3 on 12
September (day). Soot ranged from a low of 0.2 µg m−3on
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Table 3.Day/night (D/N) ratios and their standard deviations for the concentrations of PM mass, OC, EC, char, and soot in PM2.5 and TSP.

D/N ratio PM mass OC EC Char Soot

PM2.5 1.38± 0.45 1.41± 0.63 1.13± 0.44 1.14± 0.68 1.33± 0.81
TSP 1.34±0.46 1.57±1.15 1.15±0.55 1.33±1.05 1.40±0.98
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Fig. 1. Time series of OC, EC, char and soot for PM2.5 in daytime
and nighttime.

16 September (night) to a high of 1.4 µg m−3 on 7 Septem-
ber (night, Fig. 1). The concentrations of char and soot in
PM2.5 were similar to those reported for a previous study
in Shanghai (char in summer: 1.8 µg m−3, soot in summer:
1.1 µg m−3; Han et al., 2009) and Saitama, a city in Japan
(char in summer: 1.85 µg m−3, soot: 0.47 µg m−3; Kim et al.,
2011a).

The maximum-to-minimum ratios for char and soot were
11.8 and 7.5, respectively. The higher variability for char and
soot, compared with OC and EC, may be explained by the
relatively widespread combustion sources for EC and the di-
lution of char and soot that can occur during the day or at
night. Furthermore, the temporal pattern exhibited by char
(Fig. 1) was decoupled from that of soot, and this can most
easily be explained by differences in the primary emission
sources for the char versus soot particles. A slightly higher
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Fig. 2.Average percentage of total carbon contributed by eight car-
bon fractions in PM2.5.

average D/N ratio was found for soot (1.3) compared with
char (1.1, Table 3), and this implies that the emissions of
primary soot particles, possibly from motor vehicles, were
somewhat greater during the daytime.

One of the important features of the IMPROVE TOR pro-
tocol is that the system’s temperature does not advance from
one setting to the next until a well-defined carbon peak has
evolved (Chow et al., 1993, 2004). Carbon abundances in
each of these fractions differ as a function of the source con-
tributions (Chow et al., 2003; Cao et al., 2004, 2005; Zhu et
al., 2010). The average percentages for eight carbon fractions
in daytime and nighttime PM2.5 are shown in Fig. 2. The av-
erage abundances of OC1, OC2, OC3, OC4, OP, EC1-OP,
EC2, and EC3 during the day were 13 %, 23 %, 33 %, 11 %,
6 %, 9 %, 5 %, and 0.2 %, respectively. The corresponding
percentages for the nighttime samples paralleled those during
the day, implying the major contributing sources, especially
coal combustion and motor vehicle exhaust, were similar for
carbonaceous aerosols throughout the day and night.

Closer inspection of the data shows that OC1 (volatile
OC) and OC2 concentrations during the day (OC1: 13 %,
OC2: 23 %) were slightly higher than those during the night
(OC1: 8 %, OC2: 20 %). This may be explained by stronger
emissions from biogenic sources and gasoline-powered ve-
hicle exhaust during the day. OC3 (high temperature or-
ganic carbon) during the night was∼39 %, which was higher
than that (33 %) during daytime. The carbon profiles were
characterized by two peaks, the highest was OC3 and the
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Fig. 3. Influence of meteorology conditions (wind speed and wind
direction) onn-alkanes and PAHs concentrations.

second highest EC1-OP; this is similar to the carbon profile
reported for Nanchang during the summer of 2009 (Huang et
al., 2011). On the other hand, the carbon profiles at Shanghai
differ from those at four cities in the Pearl River Delta (Cao
et al., 2004), Xi’an (Cao et al., 2005), Taiwan (Xueshan Tun-
nel, Zhu et al., 2010), and Saitama City, Japan (Kim et al.,
2011b), and these differences are a reflection of the diversity
in carbonaceous aerosol sources throughout Asia.

3.2 Characteristics ofn-alkanes and PAHs

The concentrations of the C17 to C40n-alkanes in PM2.5
are summarized in Table 4. The 24-h average concentra-
tion of the sum of the measuredn-alkanes was 32.2 ng m−3,
and the range was from 6.9 ng m−3 on 17 September to
88.8 ng m−3 on 12 September. The highest daily concentra-
tion of totaln-alkanes, OC (12.2 µg m−3), EC (3.0 µg m−3),
and char (2.4 µg m−3) all occurred on 12 September (Fig. 1).
Inspection of wind direction data showed that the carbona-
ceous aerosol plume, associated with this serious pollu-
tion episode, was most likely transported to the sampling
site from the southeast (Fig. 3). The totaln-alkanes in this
study were lower than those measured at Shanghai in winter
(ranging 32.9 to 314.9 ng m−3; average 149.5 ng m−3), but
higher than in summer (ranging 12.2 to 39.2 ng m−3; average
22.5 ng m−3, Feng et al., 2006a). Further comparisons show
that the totaln-alkane concentrations in Shanghai ranked
among the lower levels previously measured in 14 Chinese
cities (Wang et al., 2006; the ensemble annual average con-
centration for these cities was 340 ng m−3). In addition, the
n-alkane concentrations in Guangzhou and Beijing measured
in the summer of 2003 (Feng et al., 2006b) were 2 and 6
times those we measured in Shanghai.

The n-alkanes detected in PM2.5 were characterized by
odd carbon number preference, with a peak at C29 (aver-
age concentration 3.8 ng m−3) followed by C27 and C31
(Fig. 4a). Similar patterns have been observed in previous
studies at Shanghai and in other Chinese cities, including
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Beijing and Tianjin (Feng et al., 2006a, b; He et al., 2006; Li
et al., 2010). The carbon preference index (CPI), defined as
concentration ratio of odd to even carbon numbern-alkanes,
is a diagnostic tool used to evaluate the relative strengths of
biogenic versus anthropogenic sources. A CPI value is close
to unity for anthropogenic source materials (e.g., petroleum)
but around 10 for higher plant waxes (Simoneit, 1985; Sicre
et al., 1987; Peltzer and Gagosian, 1989). In our study, the
relatively low CPI values (1.0 to 1.7, Table 4) indicated
that there were important contributions from anthropogenic
sources, including petroleum, coal combustion, diesel and
gasoline engines, and so on, in Shanghai during the sampling
period.

Cmax is used to denote then-alkanes that exhibit the high-
est concentration among then-alkane homologues, and this
metric provides another way of assessing biogenic versus an-
thropogenic source strengths. Low Cmax values indicate that
petroleum residues were the strongern-alkane source while
a high Cmax suggests more important contributions from bio-
genic sources (Simoneit, 1984, 1985). The Cmax in our study
was nonacosane (C29), and relatively high concentrations for
C24 through C33 were observed. This finding indicates that
primary biogenic sources did make some contributions to the
atmosphere of Shanghai, even though they were not the most
important ones for then-alkanes.

The pronounced temporal variations observed for PAHs
were similar to those exhibited by then-alkanes (Fig. 3). The
average concentration for the 17 PAHs was 7.2 ng m−3 (Ta-
ble 4), with the lowest value (1.5 ng m−3) on 17 September
and the highest (25.6 ng m−3) on 12 September. The peak
concentrations of the sum of the PAHs coincided with those
for total n-alkanes, OC, EC, and char, again demonstrat-
ing that a strong pollution event occurred on 12 September
(Figs. 1 and 3). The PAH concentrations were comparable to
previous results from Shanghai (Feng et al., 2006a, b) and
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Table 4.Concentrations (units: ng m−3) and some indices ofn-alkanes and PAHs.

n-alkane Average Range PAH Average Range

heptadecane (n-C17) 0.94 0.14–3.11 PHE 1.05 0.22–3.40
octadecane (n-C18) 0.46 0.08–1.15 ANT 0.31 0.07–0.95
nonadecane (n-C19) 0.17 0.03–0.54 FLU 0.37 0.07–1.62
icosane (n-C20) 0.29 0.06–0.72 PYR 0.35 0.07–1.51
heneicosane (n-C21) 0.44 0.09–1.07 BaA 0.20 0.03–0.93
docosane (n-C22) 0.64 0.14–1.69 CHR 0.43 0.10–1.56
tricosane (n-C23) 0.99 0.20–2.43 BbF 0.87 0.16–3.00
tetracosane (n-C24) 2.57 0.51–5.86 BkF 0.51 0.11–1.72
pentacosane (n-C25) 2.37 0.49–5.89 BaF 0.05 0.01–0.20
hexacosane (n-C26) 2.31 0.52–5.36 BeP 1.26 0.22–4.33
heptacosane (n-C27) 3.36 0.65–8.90 BaP 0.45 0.05–2.22
octacosane (n-C28) 2.36 0.46–5.75 PER 0.10 0.01–0.48
nonacosane (n-C29) 3.80 0.71–12.90 IcdP 0.39 0.06–1.39
triacontane (n-C30) 1.75 0.36–4.93 DahA 0.05 0.01–0.21
hentriacotane (n-C31) 3.25 0.64–10.67 BghiP 0.40 0.07–1.38
dotriacontane (n-C32) 1.22 0.21–3.94 COR 0.22 0.02–0.80
tritriactotane (n-C33) 1.69 0.23-5.20 DaeP 0.22 0.01–0.96
tetratriactoane (n-C34) 1.17 0.15–3.61
pentatriacontane (n-C35) 1.05 0.16–3.69 Sum 7.23 1.45–25.63
hexatriacontane (n-C36) 0.40 0.06–1.29 BeP/(BeP+BaP) 0.76 0.66–0.85
heptatriacontane (n-37) 0.32 0.04–1.20
octatriacontane (n-38) 0.26 0.04–0.93 IcdP/(IcdP+BghiP) 0.49 0.44–0.54
nonatriacontane (n-39) 0.23 0.07–0.69
tetracontane (n-C40) 0.22 0.08–0.42 PHE/(PHE+ANT) 0.76 0.69–0.81
Sum 32.18 6.91–88.79
CPI 1.33 1.04–1.69

Table 5. Relationships among carbonaceous species in PM2.5 and
TSP.

PM2.5 (n = 40) TSP (n = 40)

R2 p R2 p

OC vs EC 0.34 <0.0001 0.46 <0.0001
OC vs char 0.38 <0.0001 0.33 <0.0001
OC vs soot 0.0004 0.89 0.30 0.0002
EC vs char 0.75 <0.0001 0.86 <0.0001
EC vs soot 0.16 0.01 0.39 <0.0001
char vs soot 0.01 0.49 0.09 0.0580

Xiamen (Zhao et al., 2010), but they were higher than those
in other cities including Hong Kong, Valencia, Spain and Los
Angeles, USA (Zheng et al., 2000; Guo et al., 2003, 2009;
Fraser et al., 1998; Borras and Tortajada-Genaro, 2007). The
high PAH concentrations found in our study attest to the se-
riousness of organic pollution in Shanghai.

BeP and PHE were the most abundant of the PAHs in all
samples, followed by BbF and BkF (Fig. 4b). BeP was found
to be the most abundant PAH in 15 samples with an average
concentration of 1.3 ng m−3 (range: 0.2 to 4.3 ng m−3), and it
accounted for up to 17 % of the total PAHs determined. PHE
exhibited the highest concentration in the other four samples,

with a concentration range of 0.2 to 3.4 ng m−3 (1.1 ng m−3

on average); PHE accounted for∼15 % of the PAHs. The av-
erage concentration of B[b+k]F was 1.4 ng m−3, with B[b]F
(0.9 ng m−3) slightly higher in concentration than B[k]F
(0.5 ng m−3).

The average concentration of BaP found in the present
study (0.5 ng m−3) was lower than some might expect, and
there are at least two plausible explanations for this: (1) the
sampling site (Pudong) was close to a park and far away from
major roadways; therefore, the impacts of fossil-fuel emis-
sions from motor vehicles were likely not very significant;
and (2) the average wind speed in Pudong was∼1 m s−1

during the sampling period, and those conditions were not
favourable for the dispersion of air pollutants. This presum-
ably led to the decomposition of BaP because this compound
readily decomposes through reactions with light and oxidants
(Greenberg, 1989; Lee et al., 2001; Chen et al., 2011).

Furthermore, comparisons with other studies show that the
BaP concentrations and BeP/(BaP+BeP) ratios we measured
at Pudong are in line with those from other cities in Asia.
For instance, in a study conducted at Hong Kong, Zheng
and Fang (2000) reported an average concentration of BaP
at six sampling sites of 0.5 ng m−3, and this is the same as
the BaP concentration determined in our study. In addition,
Feng et al. (2006) found that the ratios of BeP/(BaP+BeP) in
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Shanghai were 0.73 in summer and 0.75 in winter, and these
ratios also are consistent with results of our study (0.76).

Daily variations in the loadings of the organic aerosols
evidently were affected by meteorological conditions, and
selected relationships are illustrated in Fig. 3. The high-
est measured sum ofn-alkanes and PAHs (n-alk + PAHs,
114.4 ng m−3) occurred on 12 September, when the average
wind direction was 151°; the lowest loading (8.4 ng m−3)
was on 17 September, when the wind direction was 82◦. The
averagen-alk + PAHs concentration was 73.5 ng m−3 when
the wind directions were greater than 90◦, but this dropped
to 30.3 ng m−3 when the wind directions were less than 90◦.
Further analyses showed that high wind speeds most often
occurred when the winds came from the east. A negative cor-
relation between then-alk + PAHs concentrations and wind
speed was observed (r =−0.46 and−0.37 forn-alkanes and
PAHs, respectively), and this stands to reason because strong
winds can disperse the pollutants. In addition, winds blowing
from the East China Sea bring maritime air to Shanghai and
this presumably dilutes and disperses the local air pollutants;
one would expect that this type of airflow would lead to low
concentrations ofn-alk + PAHs.

3.3 Stable carbon isotope composition of OC and EC

Stable carbon isotope analyses of atmospheric particles have
been used for source identification purposes (Gleason et al.,
1984; Cachier et al., 1986; Ho et al., 2006; Cao et al., 2008,
2011). For instance, Widory et al. (2004) used a combination
of carbon and lead isotopes to distinguish between aerosol
sources, such as road traffic versus industrial emissions, in
Paris. Agnihotri et al. (2011) used data for carbon and ni-
trogen isotopes in aerosols to characterize potential aerosol
sources for India and the northern Indian Ocean. Stable car-
bon isotope ratios have been determined for the OC and EC
fractions of PM2.5, collected from Hong Kong and 14 Chi-
nese cities, and those studies have shown that stable carbon
isotopes are potentially useful for identifying the sources for
carbonaceous pollutants (Ho et al., 2006; Cao et al., 2011).

Plots ofδ13COC andδ13CEC show that the averageδ13COC
abundance was−24.5± 0.8‰ (range−25.6‰ to−22.6‰)
while the averageδ13CEC abundance was−25.1± 0.6‰
(range−25.8‰ to−23.7‰, Fig. 5). Variability in theδ13C
values demonstrate carbon isotope variability in both EC
and OC (Fig. 5), and for purposes of discussion, we sep-
arated the samples in into three groups based on wind di-
rection (Groups I, II and III). The dominant wind direction
for Groups I and III was ENE-E while for Group II it was
SSE-SW. Theδ13COC values for Groups I, II, and III were
−24.7‰,−25.0‰ and−23.9‰, respectively, while the cor-
responding values forδ13CEC were−25.1‰,−24.6‰ and
−25.4‰. Theδ13COC values of Groups I and III were thus
isotopically heavier than those for Group II, while theδ13CEC
values of Groups I and III were slightly lighter than Group II.

 6
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Figure 5 

Fig. 5. The variations of stable carbon isotope for OC and
EC at Pudong (δ13C of major emission sources including coal-
combustion (Gleason and Kyser, 1984; Widory, 2006), biomass
burning from C3 and C4 plants (Martinelli et al., 2002; Moura et
al., 2008), and motor vehicle exhaust (Widory, 2006)).

Previous studies have shown that there is only little frac-
tionation of13C between a fuel and the aerosols produced by
the burning of that fuel (Turekian et al., 1998; Currie et al.,
1999), and there is no apparent isotopic fractionation dur-
ing particle production and transport, at least in the tropics
(Cachier et al., 1985). Similarities in the OC and EC iso-
topic composition for Groups I and III suggest contributions
from the same or functionally comparable sources. Cachier
et al. (1986) reported that theδ13C associated with sea salt
droplets is−21± 2‰. The less negativeδ13COC values for
Groups I and III compared with Group II (Fig. 5) could thus
be explained by the sampling of isotopically heavy marine
aerosols transported from the East China Sea under maritime
flow.

The isotopic composition for Group II indicates that the
PM2.5 was affected by fossil fuel combustion emissions as
well as natural sources, most likely soils and live vegetation.
Theδ13CEC values for the three groups were similar to those
reported previously by Cao et al. (2011), who suggested that
the majority of the EC originated from motor vehicle emis-
sions and coal combustion. The results also indicated that
δ13COC was more strongly influenced by mixed sources than
δ13CEC, and this, too, is consistent with a prior study (Ho et
al., 2006).

3.4 Diagnostic ratios for evaluating carbonaceous
aerosol sources

For several decades, various diagnostic ratios, such as
OC/EC, have been used to gain insights into the sources,
transport, aging, etc. of carbonaceous aerosols (Gray et al.,
1986; Castro et al. 1999; Cao et al., 2003; Chow et al., 1993;
Turpin et al., 1995, 2001; Zeng and Wang, 2011). Similar
OC/EC values observed for PM2.5 and TSP point to a com-
mon source for carbonaceous aerosols in Shanghai, most
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likely coal combustion and motor vehicle emissions. The av-
erage OC/EC values for PM2.5 and TSP were 3.8 and 4.3,
respectively, and these relatively high values imply the exis-
tence of significant quantities of SOA. In this regard, Chow
et al. (1996) pointed out that OC/EC ratios> 2.0 indicate the
existence of SOA.

While no single ratio can provide a full picture of the
carbonaceous aerosol, several complementary ratios can be
used to obtain a more comprehensive understanding of it. In-
deed, the char to soot concentration ratio was used by Han et
al. (2009) to trace sources for EC in Xi’an, China. The aver-
age char/soot ratios in our study were 2.2 and 1.5 for PM2.5
and TSP, respectively, and these values imply stronger con-
tributions from motor vehicle exhaust and coal combustion
compared with biomass burning (for source signatures see
Fig. 6 of Han et al., 2010). The lack of correlation between
OC/EC and char/soot ratios (R2 = 0.003,p = 0.75, graph not
shown) indicates the two ratios were likely affected by dif-
ferent sources and this is consistent with the results of Han et
al. (2009).

In addition to the OC/EC and char/soot ratios, several
PAHs with diagnostic value and several ratios of PAHs were
used to obtain additional information on the sources and ag-
ing of organic aerosols. The concentration of BghiP, which
has been used as an indicator of emissions from gasoline
powered vehicles (Currie et al., 1994; Omar et al., 2002), was
determined to be 0.07 to 1.4 ng m−3 (average 0.4 ng m−3).
These BghiP concentrations are lower than those observed
in previous studies in Shanghai and other Chinese cities (Bi
et al., 2002; Feng et al., 2006a, b; Okuda et al., 2010; Zhao
et al., 2010), suggesting that the automobile emissions in the
Pudong area are weaker than in some other cities.

The IcdP/(IcdP+ BghiP) ratio has been found to be useful
for source assessments: ratios of 0.18, 0.37, and 0.56 were re-
ported for gasoline vehicles, diesel vehicles, and coal burn-
ing, respectively (Grimmer et al., 1983). The IcdP/(IcdP+

BghiP) ratios, which ranged from 0.44 to 0.54 (0.49 on av-
erage) in the present study, are similar to or slightly higher
than those in the previous investigations in Shanghai (Feng
et al., 2006a, b; Gu et al., 2010). These relatively high ratios
are consistent with the suggestion that a mixture of motor
vehicle exhaust and coal burning emissions are the strongest
sources for PAHs in Shanghai.

Khalili et al. (1995) reported that PHE/(PHE+ANT)
was 0.5 for gasoline, 0.65 for diesel emissions, and 0.76
for coal combustion, and we used this ratio to further
evaluate the contributions of potential PAH sources. The
PHE/(PHE+ANT) ratios in our study ranged from 0.69 to
0.81 (average = 0.76): this suggests that coal combustion was
the dominant source for PAHs and that the incomplete com-
bustion of other fossil fuels, especially diesel oil, also may
also contribute to the ambient PAHs. The analyses of other
diagnostic ratios{ANT/(ANT+PHE), FLU/(FLU+PYR),
IcdP/(IcdP+BghiP), BaA/(BaA+CHR)}all point to coal

combustion as the dominant contributor to the organic com-
ponent of PM2.5 (see Figs. 1 to 4 in the Supplement).

Data for PAHs also can be used to assess photochemical
degradation. In particular, the BeP/(BeP+ BaP) ratio has
been used as to evaluate the degradation of BaP and the aging
of aerosols (Nielsen, 1988). Most freshly emitted aerosols
have a BeP/(BeP+ BaP) ratio of∼0.5, but the ratio increases
as the particles age (Grimmer et al., 1983). The BeP/(BeP+

BaP) ratio was 0.76 on average in Shanghai, with a maximum
value of 0.85 (Table 4). A time series of BeP/(BaP+BeP) was
plotted in to show the trends in the ratio over the course of
the study, and this is included as Fig. 5 in the Supplement.
We hasten to note that the elevated BeP/(BeP+ BaP) ratios
may reflect not only the degradation of BaP, but also poten-
tially the impacts from non-local and/or other aged aerosols.
It is also worth noting that the large amounts of SOA that we
observed are another indication of aerosol aging.

In summary, the high OC/EC ratios are evidence that SOA
is an important component of the carbonaceous aerosol; and
the high char/soot ratios indicate that the contributions to EC
from motor vehicle exhaust and coal combustion are stronger
than those from biomass burning. Our analyses also have
shown that the concentrations and ratios of PAHs have diag-
nostic value for source assessments; more specifically, these
results highlight the dominant contribution from coal com-
bustion to the organic aerosol, and they further support our
contention regarding the existence of large amounts of SOA.

3.5 Estimates of the relative source contributions to the
carbonaceous aerosols

The major emission sources for carbonaceous aerosols were
evaluated qualitatively above by considering data for chem-
ical indicators and diagnostic ratios. Here, an EC tracer
method and isotope mass balance approach was combined to
estimate more quantitatively the relative contributions of var-
ious sources to carbonaceous PM2.5. The EC tracer method
we employed has been used to estimate the quantity of SOC
(Castro et al. 1999; Turpin et al., 2001; Cao et al., 2003). For
this, primary OC (POC) is first estimated as follows

POC= a + bEC, (1)

wherea andb are the intercept and slope, respectively, of
the linear regression of POC on EC. The productbEC rep-
resents the POC associated with combustion sources (e.g.,
coal combustion and traffic). The intercepta, is assumed to
be the POC background. SOC is calculated as the difference
between the total measured OC and POC (Eq. 1):

SOC= OC− POC. (2)

The underlying assumption of this method is that at a given
location in a particular season, there is a fixed relationship
between POC and EC, that is, the OC/EC ratio (the slope)
and the OC background concentration (the intercept) ap-
proach constant values. Clearly, the validity of the primary
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Fig. 6. Relative contributions of different sources to total carbon
during 1–20 September 2009.

OC/EC ratio used in the EC tracer model is crucial for the
successful application of the technique. Here, the primary
OC/EC ratio was approximated from the 10 % of the samples
that had the lowest OC/EC ratios (Lim and Turpin, 2002);
the details for this calculation have been described in Cao et
al. (2007). The SOC fraction of total carbon (TC) was esti-
mated based on the empirically-derived OC/EC ratio of 2.2,
and the average percentage of SOC in TC calculated in this
way was 30.8 % and ranged widely, from 0.25 % to 61.6 %.

As discussed in Sect. 3.3, the major sources for EC
in Shanghai are thought to be coal combustion and mo-
tor vehicle exhaust, with only a minor contribution from
biomass burning. Indeed, five diagnostic ratios of PAHs: (1)
BghiP/BeP, (2) PHE/(PHE+ANT), (3) FLU/(FLU+PYR),
(4) BbF/BkF, and (5) BghiP/IP, all indicate that the organic
aerosol was strongly influenced by biomass burning on only
two days, 7 and 8 September. The concentrations of OC were
3.4 and 6.8 µg m−3 in the day and at night on 7 September
and 4.9 and 6 µg m−3 during the day and night on 8 Septem-
ber (Fig. 1). EC concentrations were 1.3 µg m−3 (day) and
2.9 (night) µg m−3 on 7 September and 1.6 µg m−3 (day) and
1.3 µg m−3 (night) on 8 September. Indeed, the concentra-
tions of both OC and EC during this period were less than
average, and this is further evidence that biomass burning
was not an important source for carbonaceous aerosols dur-
ing most of our observation period.

If one assumes that the influence of biomass burning on
EC is negligible, the relative contributions of coal combus-
tion and motor vehicle exhaust can be estimated using the
isotope mass balance approach forδ13CEC. The focus here is
on EC because this is the fraction of the carbonaceous aerosol
that retains the original signature of the primary emissions.
The mass balance model forδ13CEC is as follows

δ13CECAM = XCCδ13CEC CC+ XMV δ13CEC MV, (3)

where δ13CECAM denotes theδ13CEC of ambient samples,
δ13CEC CC denotes theδ13CEC of the coal combustion (CC)
source,δ13CEC MV denotes theδ13CEC of motor vehicle
(MV) exhaust, and XCC and XMV denote the percent con-
tributions from CC and MV exhaust, respectively.

Mori et al. (1999) reported thatδ13C of Chinese coal was
−23.4± 1.2‰, and Widory et al. (2006) reported thatδ13C
of motor vehicle exhaust ranged from−26‰ to−28‰. We
adopted these values (−23.4‰ and−27‰) as the isotopic
source signatures for coal combustion products and motor
vehicle exhaust to calculate their relative contributions from
Eq. (3). The average percent contributions to EC calculated
in this way were 53 % (ranged from 52 % to 57 %) for CC
and 47 % (ranged from 42 % to 48 %) for MV when consid-
ering the uncertainties of isotopic values from the literature.
Although this simple model has only two components, the
stable carbon isotope data show roughly comparable contri-
butions from these two sources.

Watson et al. (2001) reported OC/EC ratios of 2.7 for CC
and 1.1 for MV, and we can use this information to calculate
the amount of primary OC from CC and MV (POCCC+MV )
by using Eq. (4).

POCCC+MV = POCCC+ POCMV = 2.7× coal(%) (4)

+ 1.1 × motor vehicle(%).

The fraction of primary OC from other sources (POCothers),
such as marine, soil and biogenic emissions, can be estimated
from Eq. (5).

POCothers= POC− POCCC+MV . (5)

The percent contributions to total carbon from CC, MV, other
primary sources and SOC can be calculated from the equa-
tion 6, and the results of these calculations are plotted in
Fig. 6.

TC = OC+ EC= POC+ SOC+ EC= POCCC+MV (6)

+ POCothers+ SOC+ ECCC+MV = POCCC+ POCMV

+ POCothers+ SOC+ ECCC+ ECMV = (POC+ EC)CC

+ (POC+ EC)MV + POCothers+ SOC.

The average percent contributions to TC attributable to CC,
MV, other primary sources (marine, soil, biogenic emissions,
etc.), and SOC calculated from equation 6 were 41 %, 21 %,
7 %, and 31 %, respectively. For the organic pollution event
on 12 September, the contribution from coal combustion was
estimated to be 9.6 µg m−3; this amounts to 61 % of the TC
and implies that the coal combustion is a dominant source for
carbonaceous particles during heavy air pollution episodes
(Wang et al., 2006; Yao et al., 2002). The PM concentra-
tions emitted from motor vehicles amounted to∼2 µg m−3

on most of days, implying relatively constant inputs from this
source.

We calculated the amounts of secondary organic matter
(SOM) and primary organic matter (POM) from mass con-
version factors following the approach of Turpin and Lim
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(2001). It is worth pointing out that POM is mostly com-
posed of insoluble compounds, while, in contrast, the oxida-
tion products of photochemical reactions that compose SOM
are usually soluble in water. The mass of POM was assumed
to be 1.3 times POC, and SOM mass was estimated as 3.2
times the SOC concentration. Hence, the average percent-
ages of CC, MV, other primary sources and SOA in PM2.5
by mass were 11 %, 6 %, 26 %, and 22 %, respectively. The
sum of the carbonaceous pollutants thus accounted for 42 %
of the PM2.5 mass. These results highlight the importance of
controlling the sources for carbonaceous particulates when
measures are taken to reduce fine particle pollution in Shang-
hai. Finally, we note that the OC/EC ratios for the major
sources considered here were taken from literature (Watson
et al., 2001) because there are no data for the local Shang-
hai sources. More accurate representations of the sources in
Shanghai will lead to more robust source apportionments in
the future.

4 Implications

Our study shows that data for OC/EC, PAHs,n-alkanes, and
stable carbon isotopes in OC and EC obtained from single
quartz-fiber filters provide insights into the sources, forma-
tion, and degradation of carbonaceous particles. The three
types of analyses used in the study are suitable for rou-
tine monitoring. Unlike more complex analytical systems,
the three types of analyses performed here could be imple-
mented by local environmental protection agencies in China
or elsewhere with relative ease. PM2.5 pollution has become
a hot topic in China, and the Chinese government issued
a national PM2.5 standard on February 29, 2012, that re-
quires cities to have concentrations below 35 µg m−3 as an-
nual average and<75 µg m−3 for 24-hr, beginning in 2016
(http://cleanairinitiative.org/portal/node/8163). From a sur-
vey of the literature, we found that current levels of PM2.5
in many if not most Chinese cities will exceed the new daily
(75 µg m−3) and yearly (35 µg m−3) PM2.5 standards.

Knowledge of the source contributions of PM2.5 is needed
to effectively control PM2.5 pollution, and obtaining this in-
formation should be a top priority for the cities and provinces
in China. The approach we advocate, that is, the analyses
and interpretation of data for OC, EC, PAHs,n-alkanes, and
isotopes, will provide a powerful tool for source apportion-
ment studies of the carbonaceous aerosol, not only for Chi-
nese cities but also throughout the world.

5 Conclusions

Combined analyses of OC and EC,n-alkanes and PAHs,
and stable carbon isotopes undertaken for the MIRAGE-
Shanghai 2009 Experiment were used to investigate the
sources of particulate carbonaceous pollutants. Concentra-
tions and temporal variations of OC, EC, char, soot, C17-40

n-alkanes, and 17 PAHs showed that carbonaceous aerosols
are a major component of the fine particle population, ac-
counting for 42 % of the PM2.5 mass. High OC/EC ra-
tios indicated the existence of significant but rather vari-
able amounts of secondary organic aerosol (SOA), and while
studies are needed to determine the particle-size distribution
of this material, it is likely that much of the SOA is associated
with ultrafine particles and thus a serious concern for human
health.

High char/soot ratios indicated that the contributions from
motor vehicle exhaust and coal combustion to primary EC
were larger than that from biomass burning. Diagnostic ra-
tios of selected PAHs indicated a prevailing impact from coal
combustion on the organic species as well as the existence
of large amounts of SOA. The relative abundances of sta-
ble carbon isotopes, measured asδ13COC andδ13CEC, sug-
gested that the burning of fossil fuels was the most important
source for carbonaceous PM2.5, but lesser impacts from nat-
ural sources, such as sea salt, soils and live vegetation also
were evident.

A combined EC tracer and isotope mass-balance approach
indicated that the average relative contributions of coal com-
bustion, motor vehicle exhaust, and other primary sources
such as sea salt, soil and biogenic emissions in total car-
bon were 41 %, 21 %, and 7 %, respectively, while SOA ac-
counted for 31 % of the total carbon. Variations in the source
contributions to the carbonaceous aerosol are driven by emis-
sions and removal, and these processes are influenced mete-
orological factors, most notably wind speed, wind direction,
mixing-layer depth, precipitation, and solar radiation flux.
Carbonaceous particles are a major cause of high PM2.5 load-
ings, and the findings presented here concerning the sources
for these particles provide a starting point for developing ef-
fective strategies for pollution control.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/13/
803/2013/acp-13-803-2013-supplement.pdf.
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