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• Hourly ambient PM2.5-bound NPOCs are
quantified and analyzed based on TAG
measurement in Shanghai.

• PSCF results indicate that alkanes are
mainly from southeast China, while
PAHs are mainly from northeastern
China.

• Hourly variation of NPOC sources was
obtained by PMF model.

• Health risk of PAHs is mostly below the
acceptable level during summer and au-
tumn season in Shanghai.
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Fine particulate matter (PM2.5)-bound nonpolar organic compounds (NPOCs), including polycyclic aromatic hy-
drocarbons (PAHs) and alkanes, are commonly used as typical molecular markers for detailed source identifica-
tion. Online thermal desorption aerosol gas chromatography–mass spectrometry (TAG) system can obtain
ambient data with hourly resolution, which is of great importance for investigating the diurnal characteristics
and refined source identification of NPOCs. From June to October 2020, hourly ambient aerosol sampleswere col-
lected and analyzed to investigate the characteristics and sources of 14 PAHs and 15 alkanes (C21-C35) in PM2.5

using TAG at a suburban site of Baoshan district in Shanghai, China. The average concentration of summed
PAHs and alkanes during the sampling period was 1.27 ± 1.4 ng/m3 and 8.87 ± 3.46 ng/m3, respectively, in
which Benzo[b]fluoranthene (BbF), Benzo[ghi]perylene (BghiP) and Indeno[1,2,3-cd]pyrene (IcdP) are the dom-
inant PAHs species, with n-Heptacosane (C27), n-Nonacosane (C29) and n-Hentriacontane (C31) being themost
abundant n-alkane species. Carbon preference index (CPI) and carbon maximum (Cmax) number indicated that
the sources of alkanes shifted from biogenic-oriented (such as plant wax) in the summer to anthropogenic-
dominated (such as fossil fuels) in the autumn. Results from trajectory cluster analysis and potential source con-
tribution function (PSCF) modeling showed that alkanes were mainly from the middle and lower reaches of the
Yangtze River Plain including Anhui, Jiangxi, and Zhejiang provinces, while PAHsweremainly from northeastern
China. Positive Matrix Factorization (PMF) model results indicated that gasoline (41.48%) and diesel (21.82%)
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were the twomajor sources of PM2.5-bound PAHs in summer and fall of 2020 in Shanghai, followed by coal con-
sumption or catering (19.96%) and biomass burning (16.74%). Diurnal variation of PAHs sources resolved by PMF
showed characteristic features consistent with the corresponding anthropogenic activities. For example, gasoline
vehicle exhaust showed higher concentrations during traffic rush hours; while coal consumption or catering pre-
sented higher concentrations during lunch times from 10:00 to 12:00. In addition, the TAG data coupling with
PMF also can be capable for source appointment of short-duration episodes. Health risk assessment showed
that adult women were at greater lifetime cancer risk (ILCR) than people in other age groups, and people may
subject to higher health risks at morning and night time. This work demonstrates that hourly NPOCs measured
by TAG are uniquely specific on refined source identification and investigation into the characteristics of diurnal
variations.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Fine particulate matter (PM2.5) is relevant to global climate forcing
(Sun et al., 2019), atmospheric visibility (Liu et al., 2012), biogeochem-
ical cycle and activation of cloud condensation nuclei (CCN) (Andreae
and Rosenfeld, 2008). In addition, PM2.5 exhibits adverse effects on
human health by spreading allergies and contagious ailments of respira-
tion, cardiovascular and reproductive systems (Sachdeva and Attri,
2008). According to previous studies, organic aerosol (OA), composing
of primary organic aerosol (POA) and secondary organic aerosol
(SOA), account for 20%–80% of PM2.5 (He et al., 2020; Zhang et al.,
2007). Among the thousands of organic compounds inOA, some specific
compounds have been used asmarkers to identify specific sources of or-
ganic aerosols. The organic molecular tracers used in source apportion-
ment studies are generally divided into two categories: polar organic
compounds (POCs) and nonpolar organic compounds (NPOCs). NPOCs
have been widely studied due to their complexity of sources. Among
NPOCs, alkanes (>C12, same below), hopanes, steranes and PAHs are
commonly used for source apportionment analysis (Wang et al.,
2016b). N-alkanes are relatively stable and high concentrations of n-
alkanes were frequently observed in urban regions due to anthropo-
genic or biogenic emissions (Kotianova et al., 2008). Hopanes can
serve as a unique tracer for fossil fuel combustion, while retene is a pe-
culiar tracer for wood combustion (Goldstein et al., 2008). As for PAHs,
their sources include incomplete combustion of coal, fossil fuels or bio-
mass, forest fires, industrial exhaust, traffic release, etc. (Yan et al., 2019;
Gao and Ji, 2018). Additionally, PM2.5-boundPAHs is amajor health con-
cern due to its known carcinogenic andmutagenic properties (Amador-
Munoz et al., 2020). Previous studies on PAHs and alkanes are mainly
based on traditional off-line method, mainly focusing on seasonal vari-
ations of sources and composition characteristics (Feng et al., 2012;
Wang et al., 2015; Yang et al., 2021). Only limited studies have charac-
terized the diurnal variations of the components and sources of
NPOCs,such as PAHs (Wang et al., 2020),based on onlinemeasurement.

The coarse temporal resolution and labor-intensive nature of tradi-
tional NPOCs quantification method hugely hinder the utilization of
the tracer data (Bourotte et al., 2005; Kavouras et al., 2001; Pehnec
et al., 2020; Shimada et al., 2020; Vasilakos et al., 2007; Yang et al.,
2010). High temporal resolution measurements of molecular organic
tracer compounds in ambient OA can provide insight into the diurnal
variation of the contributions of emission sources (such as vehicle ex-
haust and cooking) and the secondary aerosol formation processes,
therefore help formulate effective PM2.5 control strategies. Several stud-
ies have demonstrated the utility of the high temporal-resolution mea-
surements based on thermal desorption aerosol gas chromatography–
mass spectrometry (TAG) (Kreisberg et al., 2009) system. With the
ability to obtain hourly data of organic markers, the TAG system can
capture the dynamic change of emission sources and atmospheric
aging, which can provide observational evidence to support refined
source apportionment of PM2.5 (Wang et al., 2020; He et al., 2020; Li
et al., 2020a, 2020b; Zhao et al., 2013). On the other hand, hourly-
resolution TAG data are also useful for pollution episode analysis, as
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pollution episodes typically last for a few hours or days and traditional
low time-resolution observation are difficult to capture the episodic
dynamics.

In this study, a field campaign was conducted for hourly-resolution
NPOCs measurement covering the summer and autumn season in
Shanghai in order to look into the abundance and temporal variations
(especially the diurnal variations) of the PM2.5-bound NPOC compo-
nents. We further focus on episodic analysis, identify the potential
source region, quantify the overall contribution of different sources,
capture the variation of source contribution and access health impacts
of PAHs. This study is necessary and important to guide future organic
tracer-based source apportionment analysis and is also of great scien-
tific and practical significance in further reducing PM2.5 in Shanghai.

2. Methodology

2.1. Site description and sampling

A field campaign during 1st June to 14th October 2020 was
conducted at Shanghai University (SHU, 31.33°N, 121.41°E) in Baoshan
district of Shanghai, China. The location and a detailedmapwith nearby
sources are shown in Fig. 1. The sampling site is located in a commercial
and residential district, with two arterials roads at ~200 m to the north
and ~400m to thewest, respectively. Contemporaneousmeteorological
data and conventional atmospheric pollutants data (PM2.5 and NO2)
were obtained from Shanghai Baoshan Meteorology Station (31.40°N,
121.45°E) (http://data.cma.cn) and Shanghai Hongkou Environmental
Monitoring Station (31.30°N, 121.47°E) (http://datacenter.mep.gov.cn),
respectively.

The TAG system is placed ~9m above the ground. NPOC data with a
temporal resolution of 2-h was obtained during the observation. The
PM2.5 sampling started at every even hour of the day at a flow rate
about 9 L/min and lasted for 70min. Field blank samples were collected
once every 2 days at a fixed time (2:00–3:00 or 4:00–5:00 a.m.). A total
of 418 valid samples and 28 blank samples were collected throughout
the campaign, including 286 environmental samples in summer (1st
to 5th June, 7th to 12th June, 5th to 9th July, 12th to 18th July, 12th to
18th July, 27th to 31st July, 1st to 8th August) and 132 environmental
samples in fall (1st to 14th October), covering approximately 34 diurnal
cycles totally.

2.2. Quantification of nonpolar organic compounds in PM2.5

The schematic diagramof the TAG deployed in this work is shown in
Fig. S1. A detailed description of theworkingprinciple of TAG (Aerodyne
Research Inc., USA) can be found in previous publications (He et al.,
2020; Isaacman et al., 2014; Williams et al., 2006) and is descripted in
Text S1. The chemical standards and deuterium-labeled ISs were pur-
chased from o2si (Charleston, South Carolina, USA), ANPEL Laboratory
Technologies Inc. (Shanghai, China) and Sigma-Aldrich Chemicals
(Bornem, Belgium). We identified the compounds by comparing reten-
tion times and mass spectra with those of standards, and then

http://data.cma.cn
http://datacenter.mep.gov.cn
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Fig. 1. Location of the sampling site.
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quantified by plotting standard curves using the internal standard
method. Chromatographic peaks were fitted and integrated using the
TERN plug-in program based on Igor v6.37 software, with residuals of
peaks less than 10%. During our observation, deuterium-labeled internal
standard solution was injected into each sample to monitor instrument
condition and analyze contamination levels of species. In this study, we
quantified and analyzed a total of 14 PAHs, including Acenaphthylene
(Acel), Acenaphthene (Acep), Fluorene (Flue), Phenanthrene (Phe),
Anthracene (Ant), Fluoranthene (Flut), Pyrene (Pyr), Benz[a]anthra-
cene (BaA), Chrysene (Chr), Benzo[b]fluoranthene (BbF), Benzo[k]fluo-
ranthene (BkF), Benzo[a]pyrene (BaP), Benzo[ghi]perylene (BghiP) and
Indeno[1,2,3-cd]pyrene (IcdP), as well as 15 n-alkanes(C21–C35).
Table S1 lists the measured nonpolar organic compounds discussed in
this study. The preparation of working external standards and ISs,
method detection limits is described in detail in Text S2. Time series of
peak areas of ISs are provided in Figs. S4 and S5. The blank samples
were collected with the entire sampling flow bypassing the denuder
and the CTD and going directly to the pump exhaust, therefore
reflecting the residue remaining with the TAG. The blank samples
3

showed little contamination for the target species in this study
(shown in Fig. S3). Due to the negligible signal of quantitative ion of
the blank sample, we did not subtract quantitative ion signal of the
blank sample from the environmental sample runs. In addition, a stan-
dard curve with forced zero-crossingmethod has been used for the cal-
culation of concentrations.

2.3. Backward trajectory and potential source contribution function (PSCF)
analysis

The backward trajectory analysis is a useful tool to investigate the in-
fluence of regional transport and local emissions on PM2.5 components
during the field measurement (Wang et al., 2009). 48-h backward tra-
jectories arriving at an altitude of 500 m above ground level (AGL)
over the SHU site were calculated utilizing the 0.2° Global Data
Assimilation System (GDAS) meteorological data (https://www.ready.
noaa.gov/archives.php). The PSCF values for the grid cells in the study
domain are calculated by counting the trajectory segment endpoints
that terminate within each cell (Zhang et al., 2020a). The number of

https://www.ready.noaa.gov/archives.php
https://www.ready.noaa.gov/archives.php
Image of Fig. 1


Table 1
Statistics ofmeteorological conditions, hourly concentrations of conventional atmospheric
pollutants and TAG measured NPOC species during the campaign.

Unit Mean ± SD Min. Max.

Meteorological parameter
Wind speed (WS) m/s 2.4 ± 1.5 0.0 8.4
Relative humidity (RH) % 78.7 ± 15.1 45.0 99.0
Temperature (T) °C 25.1 ± 4.8 15.2 35.7
Pressure (P) kPa 100.9 ± 0.7 99.8 102.43

Compounds
PM2.5 μg/m3 21.6 ± 13.3 1.0 86.0
NO2 μg/m3 33.5 ± 14 10.0 91.0

TAG measured molecular species
C21 ng/m3 0.35 ± 0.14 0.08 1.69
C22 ng/m3 0.56 ± 0.21 0.11 2.50
C23 ng/m3 0.68 ± 0.24 0.13 2.35
C24 ng/m3 0.72 ± 0.26 0.14 3.14
C25 ng/m3 0.79 ± 0.28 0.20 3.40
C26 ng/m3 0.78 ± 0.31 0.09 2.63
C27 ng/m3 0.8 ± 0.37 0.09 4.21
C28 ng/m3 0.59 ± 0.61 0.04 9.65
C29 ng/m3 0.84 ± 0.4 0.22 3.37
C30 ng/m3 0.6 ± 0.32 0.19 2.26
C31 ng/m3 0.8 ± 0.36 0.14 2.17
C32 ng/m3 0.46 ± 0.23 0.04 1.65
C33 ng/m3 0.49 ± 0.32 0.02 2.01
C34 ng/m3 0.3 ± 0.22 0.01 2.91
C35 ng/m3 0.25 ± 0.23 0.01 1.53
ΣAlkanes ng/m3 8.87 ± 3.46 2.42 27.41
Acel ng/m3 0.02 ± 0.02 BMD* 0.48
Acep ng/m3 0.04 ± 0.1 BMD* 1.03
Flue ng/m3 0.04 ± 0.03 BMD* 1.07
Phe ng/m3 0.1 ± 0.04 0.02 1.43
Ant ng/m3 0.03 ± 0.06 BMD* 0.56
Flut ng/m3 0.07 ± 0.07 BMD* 1.00
Pyr ng/m3 0.09 ± 0.07 0.01 1.31
BaA ng/m3 0.06 ± 0.07 BMD* 1.87
Chr ng/m3 0.09 ± 0.1 BMD* 1.02
BbF ng/m3 0.19 ± 0.24 BMD* 1.76
BkF ng/m3 0.11 ± 0.19 BMD* 2.27
BaP ng/m3 0.08 ± 0.09 BMD* 1.03
BghiP ng/m3 0.26 ± 0.23 BMD* 4.31
IcdP ng/m3 0.34 ± 0.4 BMD* 2.83
ΣPAHs ng/m3 1.27 ± 1.4 0.10 12.68

BMD*: Below method detection limit.
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endpoints that fall in the ijth cell is designated nij. The number of end-
points for the same cell having arrival times at the sampling site corre-
sponding to pollutant concentrations higher than an arbitrarily set
criterion is defined asmij. The PSCF value for the ijth cell is then defined
as:

PSCFij ¼ mij

nij
ð1Þ

Since the deviation of PSCF results can increasewith the distance be-
tween cell and receptor, a weight function Wij is introduced to reduce
the uncertainty in the PSCF results for grids with fewer air mass trajec-
tories, and the weight function (Wij) is determined according to previ-
ous studies (Lyu et al., 2017; Schauer et al., 2002), using the following
equation, in which navg is the average value of the end points per each
cell:

Wij ¼

1:0 nij>3:0navg

0:7 1:5navg<nij≤3:0nij

0:4 1:0navg<nij≤1:5nij

0:2 nij≤1:0navg

8>>><
>>>:

ð2Þ

The weighted potential source contribution function (WPSCF) after
the introduction of Wij is defined as:

WPSCFij ¼ PSCFij �Wij ð3Þ

2.4. Diagnostic parameters/ratio

Diagnostic parameters/ratio (DP/R) is a relatively simple but com-
monly used method to identify sources for certain types of organic mo-
lecular compounds in PM2.5, such as PAHs and alkanes (Pehnec et al.,
2020; Shimada et al., 2020). Diagnostic parameters of n-alkanes, such
as carbon maximum number (Cmax) and carbon preference index
(CPI) were adopted for anthropogenic and biogenic source-tracking
(Chen et al., 2014; Lyu et al., 2017; Scalan and Smith, 1970; Wang
et al., 2019; Xu et al., 2015). Cmax refers to the carbon number with
the highest concentration in the alkane homology. CPI is defined as
the concentration ratio of odd-to-even number homologues and is cal-
culated as follows:

CPI ¼ ∑
35

i¼21
Ci= ∑

34

k¼22
Ck ð4Þ

where i refers to the odd carbon number, k is the even carbon number
from n-alkane series.

As for PAHs, various Diagnostic Ratios (DRs), such as BaP/BghiP, IcP/
(IcP + BghiP), BaA/(BaA + Chr), Flt/(Flt + Pyr) and BaP/(BaP + Chr)
have been applied to determine their sources (Bourotte et al., 2005;
Mehmood et al., 2020; Pehnec et al., 2020). Diagnostic ratios for source
identification of PAHs and alkanes used in this study are summarized in
SI (Table S3).

2.5. PMF receptor model

The Positive Matrix Factorization (PMF) version 5.0 is applied in this
study to conduct source apportionment of non-polar organic compo-
nents. PMF is a widely used receptor model for source identification of
individual types of PM2.5-bound organic compounds (such as PAHs)
(Cao et al., 2020; Mehmood et al., 2020) and also source apportionment
of PM2.5 (Li et al., 2020a, 2020b; Ronkko et al., 2020). The rationale is to
quantify the contribution of specific sources to the ambient air pollutant
concentrations around the receptor site, assuming chemical mass bal-
ance between the source and receptor, with the measured concentra-
tions of the species being a linear combination of different sources
4

(Luo et al., 2019). A detailed description of PMF methods can be found
in the SI (Text S5).

2.6. Health risk assessment

We calculated the carcinogenic and mutagenic risk potentials (TEQ
and MEQ) of PM2.5-bound PAHs by evaluating the Benzo[a]pyrene
toxic equivalent concentrations (BaPTeq) and the mutagenic equivalent
concentrations (BaPMeq) as indicators of toxicity. The lifetime cancer
risk by inhalation (ILCR) of PAHs was also evaluated for four different
types of populations (child, adolescent, adult men and adult women).
The formulas are as following:

TEQ ¼ ∑BaPTeq PAHð Þ ¼ ∑TEF PAHð Þ � C PAHð Þ ð5Þ

MEQ ¼ ∑BaPMeq PAHð Þ ¼ ∑MEF PAHð Þ � C PAHð Þ ð6Þ

C(PAH) represents the concentration of the target PAH, while TEF
(PAH) andMEF(PAH) are the toxic equivalency factor and themutagenic
potency factors of the target compound, respectively.

ILCR ¼ CSF � TEQ � IR� EF� ED
BW � AT

ð7Þ
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Relevant parameters of the three indicators for health risk assess-
ment are further explained in Text S6.

3. Results and discussions

3.1. Overview of the field measurement

Table 1 provides a statistical summary of the concentrations of mea-
sured NPOC species, other atmospheric pollutants and meteorological
conditions during the campaign. The average temperature (T), relative
humidity (RH) and wind speed (WS) was 25.1 ± 4.8 °C, 78.7 ± 15.1%
and 2.4 ± 1.5 m/s, respectively. Hourly concentrations of PM2.5, alkanes
and PAHs ranged from 1 to 86 μg/m3, 0.1 to 12.68 ng/m3 and 2.42 to
27.41 ng/m3, respectively, during the campaign.

Fig. S16 shows box plots of individual concentration for 15 alkanes
and 14 PAHs measured during the campaign. It is shown that C27, C29
and C31 dominates the alkanes, while PAHs are dominated by BbF,
Table 2
Statistics of occurrence time of 8 episodes shaded rectangular boxes in Fig. 3.

Episode
no.

1 2 3 4

Episode
type

PAHs Alkanes Alkanes Alkanes-PA
joint

Period 2020-6-10
12:00–14:00

2020-7-5 22:00–2020-7-6
8:00;2020-7-6
20:00–2020-7-7 0:00

2020-7-12
10:00;2020-7-13
0:00–6:00

2020-7-27
20:00–22:

5

BghiP and IcdP, which are consistent with the studies by Feng et al.
(2012) and Wang et al. (2015) in previous years.

Depending on the total variation space (TVS) image shown in Fig. S6,
the backward trajectories during our observation were classified into 5
air parcel clusters (Fig. 2). Cluster-1, traveling mostly within Zhejiang
and Shanghai province, is regarded as local air mass and accounts for
32.3% of the total trajectories. Cluster-2 (30.4%) and cluster-3 (12.2%),
coming from the Yellow Sea and the East China Sea, respectively, are
regarded as coastal transport air masses. Cluster-4 (13.9%) is the lon-
gest, traveling from the inland of northeastern China throughout Yellow
Sea and the Bohai Sea region, while cluster-5 (11.2%) was exactly oppo-
site to cluster-4, originating from the inland of southeastern China.

In this study, we defined PAHs over 7 ng/m3 as PAHs episodes and
alkanes above 15 ng/m3 as alkanes episodes. The 8 episodeswas shaded
in Fig. 3, with PAHs episodes in gray, alkanes episodes in yellow, and
alkanes-PAHs joint episodes in red. The occurrence time of 8 episodes
was also list in Table 2. The periods with peak concentrations tend to
5 6 7 8

Hs Alkanes Alkanes-PAHs
joint

Alkanes Alkanes-PAHs joint

00
2020-8-8
8:00–10:00

2020-10-1
18:00,20:00

2020-10-8
12:00

2020-10-9 8:00,14:00;2020-10-10
4:00–10:00;2020-10-11
2:00,6:00,10:00

Image of Fig. 2
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Table 4
Summary of average CPI, Cmax and dominant cluster during different periods.

Period Average CPI Cmax

June to
August

1.24
C22–C25(1.8%), C25–C28(31%), C29–C31(48%), C33–C34
(17.8%)

October 1.25
C22–C25(60.5), C25–C28(11.6), C29–C31(10.8%),
C33–C34(17.1%)

Episode2 1.31 C27(66.7%), C29(11.1%), C31(22.2%)
Episode3 1.1 C27(62.5%), C28(12.5%), C29(25.0%)
Episode4 1.4 C31
Episode5 1.1 C27
Episode6 1.3 C27(50%), C31(50%)
Episode7 0.93 C24
Episode8 1.37 C33
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coincidewith the unfavorablemeteorological conditions of low temper-
atures, high relative humidity and low wind speeds. The causes and
major source contributions of these eight episodes is further investi-
gated in Section 3.2 using the diagnostic parameters/ratio, PSCF, and
PMF methods. On the contrary, the periods from 1st to 4th August
with relative lower and constant NPOC concentrations (dominated by
trajectories of cluster3 from the southeastern ocean) are prone to
occur with higher temperature, lower relative humidity and higher
wind speed. Figs. S14 and S15 show the diurnal variations of average
concentration of individual PAH, alkane and NO2 during the campaign.
There is a similar diurnal trend of BbF, BghiP and IcdP, which are high
molecular weight PAHs abundant in emissions from vehicles (Kam
et al., 2012; Liu et al., 2015). Besides, diurnal trends of BbF, BghiP and
IcdP are also similar to NO2 (Fig. S14), with higher hourly average con-
centrations during morning hours, which indicated the influence of
morning rush hour.With similar diurnal trends, the hourly average con-
centrations of Flut, Pyr and BaA peaks at 12:00, while Acel and Flue
reached the maximum at 14:00. As for alkanes, similarity of diurnal
trend appears on C21 and C22. Fossil-fuel-derived n-alkanes are mainly
low molecular weight (LMW) alkanes (C18–C25) without odd/even
number preference (Li et al., 2013). Since there are few studies on the
diurnal variations of individual alkanes in the previous literature, we
can only speculate that it may be associated with fossil-fuel consump-
tion activities. Such information should be further investigated with
polar organic tracers with stronger source characteristics to provide
fine source variation information.

According to the summary results of previous studies listed in
Table 3, the seasonal changes of PAH and alkanes showed an overall
trend of winter>spring>autumn>summer, and the PAH concentra-
tions changed with PM2.5 level. Compared with previous studies, the
concentration level of alkane and PAHs in this study is lower among
the residential and traffic sampling sites, which may be largely
attributed to the air pollution control measures conducted during
2013–2017 and the Blue-Sky Prevention Action during 2018–2020
(http://www.mee.gov.cn), lower traffic and social activities affected by
the COVID-19 pandemic (Chu et al., 2021), plus relatively favorableme-
teorological conditions during summer and fall seasons (Wang et al.,
2017). Additionally, the concentration of alkanes and PAHs in this
study is most similar to the Lin-Gang Special Area in the summer of
2014 (Gao et al., 2018a, 2018b). We compared historical concentration
trend of 14 PM2.5-bound PAHs in summer and autumn, respectively,
where the data for 2020 was obtained from this study and the data for
historical years are from previous literatures. Assuming negligible dif-
ferences between sampling sites in Shanghai, as shown in Fig. 4,
PM2.5-bound PAHs concentrations in Shanghai show an overall decreas-
ing long-term trend in summer and fall. This is consistentwith the study
of Li et al. (2020a, 2020b), which also found a significantly decreasing
concentration of BaP since 2001. It is possibly linked to the vigorous
emission reduction measures enforced by the government over the
past few years (http://www.mee.gov.cn).

3.2. Source identification of nonpolar organic compounds

3.2.1. Potential source contribution function analysis
Fig. 5 shows the PSCF result of PM2.5 during the observation period.

Higher values of PSCF indicate a higher probability of pollution originat-
ing from the region. As shown in Figs. 6–7, the distribution of potential
sources of PM2.5 and alkanes are similar, both exhibiting hot spots around
themiddle and lower reaches of the Yangtze River Plain, including Anhui,
Jiangxi and Zhejiang provinces, as well as local area. Mainly derived from
the transmission of cluster-1 and cluster-5, alkanes and PM2.5 pollution is
mostly influenced by the superposition of local emissions and emissions
from southern provinces. Due to higher temperature and higher vegeta-
tion coverage in southeast area in June and July during the sampling pe-
riod, emissions of plant wax alkanes increased (Wang et al., 2016a). At
the same time, the frequent agricultural activities would produce a lot
7

of soil dust, which is a natural source of PM (Sak et al., 2018). The use
of agricultural machinery and local vehicles also increased the emission
of alkanes from fossil fuel along with increasing PM2.5 emissions (Lyu
et al., 2017). Therefore, plant, agriculture and traffic activities jointly con-
tributed to the high concentrations of alkanes and PM2.5 in middle and
lower reaches of the Yangtze River Plain. However, high PAHs concentra-
tionswere tightly associatedwith airmasses fromcluster-2 and cluster-4,
with an average contribution of 29% and 31%, respectively. High PSCF
value region of PAHs concentrated in northeast China, the Yellow Sea
and the Bohai Sea, which indicates that PAHs pollution may be more af-
fected by biomass burning during autumn harvest in northern China
(Wu et al., 2018) and shipping activities (Su et al., 2020).

In the case of relatively good air quality, traditional filter sampling
often takes up to 6–12 h for a single sample, sometimes a full day,
which makes it difficult to perform PSCF analysis with the actual corre-
sponding sampling time point trajectory. We averaged the hourly con-
centration data to obtain the daily mean concentration, and selected
the meteorological trajectory at 12:00 a.m. each day to simulate PSCF
analysis of traditional filter sampling method. As shown in Fig. S7, the
PSCF analysis using daily average concentration can't clearly distinguish
the difference between the potential source regions of PM2.5-bound
PAHs and alkanes, thus also further illustrating the advantage of the
high time-resolution data obtained by TAG to finely identify the source
regions of pollutants.

3.2.2. Sources analysis of alkanes
Alkanes are common organic compounds in PM2.5, which are from

both anthropogenic and natural emissions. When CPI is close to 1, n-
alkanes are mainly from anthropogenic sources such as fossil fuel
combustion and biomass burning (Fang et al., 2015); when 1 < CPI < 3,
n-alkanes are influencedbybothbiogenic sources (e.g., higher plant activ-
ities, bacteria) and anthropogenic sources (e.g., fossil fuels, motor vehicle
exhaust) (Yi et al., 2020; Zhao et al., 2007a, 2007b). The observed CPI
valueduring the campaign ranged from0.3 to 2.0 (Fig. S6), indicating con-
tributions from both biogenic and anthropogenic sources. High Cmax

values elucidate a relatively large contribution from biogenic sources,
while low Cmax values indicate a relatively large contribution from petro-
leum residues (Gao et al., 2018a, 2018b). Furthermore, high correlation
between C21–C25 and C30–C33 shown in Table S8 indicate two common
sources for these two groups of alkanes. Zhao et al. (2007a, 2007b) ana-
lyzed the chemical composition of particulate organic matter (POM) in
PM2.5 emitted from western-style fast food and four different Chinese
cooking styles, and found theCmax of alkanes of catering fumes fromwest-
ern cooking is approximately C25–C26, with a relatively high concentra-
tion of C27–C28. Some researches show that Cmax for petrol vehicles
ranges from C18 to C22, while the Cmax for diesel vehicles is C21 (Ma
et al., 2020; Fang et al., 2015). Fig. 5 shows the time series of two indices
of alkanes. Throughout the sampling period, Cmax fluctuates between
C22–C33, which demonstrated the combined result of anthropogenic
and natural sources for alkanes. However, there is a significant difference
of Cmax between June–August and October. In June–August period, Cmax

http://www.mee.gov.cn
http://www.mee.gov.cn
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concentrated more on C29–C31, accounting for 48.7%, indicating the
PM2.5-bound alkanes in summer were mainly from biogenic pellet
sources. In contrast, in October, Cmax exhibited a higher proportion on
C22–C25 (up to 60.5%), suggesting the predominant contribution from
fossil fuel combustion (Table 4). Seven episodes of alkanes (>15 ng/m3)
are also marked with yellow or red light-transparent rectangular boxes
Fig. 4. Long-term trends in 14 PM2.5-bound PAHs c

8

in Fig. 3. Episode 2, 3 and 5 are caused by cooking aerosols, while ep-
isode 7 is mainly affected by fossil fuel combustion. Biogenic pellet
source has larger contribution to episode 4 and 8. Diurnal variation
of Cmax proportion between June–August and October (Fig. 8) also
verified the shift of dominant source of alkanes between summer
and fall.
oncentrations of Shanghai in summer and fall.

Image of Fig. 3
Image of Fig. 4


Fig. 5. PSCF analysis (left) and the proportion of mean PM2.5 concentrations in each cluster (right) using hourly data during 1 Jun.–14 Oct., 2020.
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3.2.3. Source apportionment of PAHs
In this study,we applied various diagnostic ratios such as IcdP/(IcdP+

BghiP), BaP/BghiP, Flut/(Flut + Pyr) and BaP/(BaP + Chr) to investigate
the potential sources of PAHs during the observation period. According
to Biache et al. (2014), Wiriya et al. (2016) and Pehnec et al. (2020), the
Flut/(Flut + Pyr) ratio can be used to distinguish vehicle exhausts
(0.2–0.4), liquid fossil fuel combustion (0.4–0.5), and grass, wood or
coal combustion (>0.5) sources of PAHs,whereas BaP/BghiP ratio can fur-
ther identify PAHs from different fuel combustion sources, such as gaso-
line (0.3–0.45), diesel (0.45–0.8) and coal (>0.5) (Pehnec et al., 2020;
Romagnoli et al., 2017; Agudelo-Castañeda and Teixeira, 2014). The
IcdP/(IcdP+BghiP) ratio values between0.35 and 0.7 indicate petroleum
and diesel sources, while values >0.7 indicate grass, wood or coal com-
bustion sources (Alfonso Murillo-Tovar et al., 2018; Pehnec et al., 2020;
Wiriya et al., 2016). Car with catalysts, gasoline combustion, and diesel
combustion could be distinguished if BaP/(BaP + Chry) ratio is lower
than 0.33, between 0.33 and 0.46, and between 0.46 and 0.7, respectively
(Pehnec et al., 2020; Romagnoli et al., 2017; Teixeira et al., 2012). As pre-
sented in Fig. 9, the PAHs diagnostic ratios for all samples ranged from
0.2–0.6, 0–2.0, 0–1.1 and 0–1 for Flut/(Flut + Pyr), IcdP/(IcdP + BghiP),
Fig. 6. PSCF analysis (left) and the proportion of mean PM2.5-bound Alka

9

BaP/(BaP+ Chry) and BaP/BghiP, respectively. Although the ratio scatter
distribution showed awide range of PAH sources during the sampling pe-
riod, significantly higher frequency fell on gasoline and diesel. Consider-
ing the source distribution shown in Fig. 1 and PSCF analysis, it is
reasonable to deduce that local gasoline and diesel vehicles emissions,
withdiesel vessels emission transported fromnortheast China andfishing
grounds in the Yellow and the Bohai Seas, were the primary PM2.5-bound
PAHs sources at the sampling site.

PM2.5-bound PAHs are relatively stable and can be transported over
long distances (ChooChuay et al., 2020; Yan et al., 2015); therefore,
they are suitable as tracers of source apportionment. 2–9 factors were
tested to determine the optimal factor number by examining the changes
inQ(true)/Q(exp) (Fig. S9), and factors were finally distinguished for further
PMF analysis. In PMF, the optimal number of factors is a compromise be-
tween identifying factorswith the best physical explanations and achiev-
ing a sufficiently good fit for all species. The change of Q(true)/Q(exp)
values is often used as a reference for the determination of factor number.
AlthoughQ(true)/Q(exp) can gradually decrease as the number of factors
keeps increasing, the optimal number of factors tends to occur when the
Q(true)/Q(exp) changes less dramatically. As shown in Fig. S9, Q(true)/Q
ne concentrations in each cluster (right) during 1 Jun.–14 Oct., 2020.

Image of Fig. 5
Image of Fig. 6


Fig. 7. PSCF analysis (left) and the proportion of mean PM2.5-bound PAHs concentrations in each cluster (right) during 1 Jun.–14 Oct., 2020.
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(exp) decreased by 12.3%–14.1% from 4-factor to 9-factor runs, less sig-
nificant than the 15.6–21.1% reduction from 2-factor to 4-factor runs,
suggesting that 4-factor run should be optimal solution. The BS factors
from the resampled data matrices are mapped to the base run factors to
provide the reproducibility of different base run factors due to the ran-
dom errors. It is suggested that factor mapping higher than 80% indicates
robust factors. DISP mainly explores rotational ambiguity in the PMF re-
sults. In DISP, the first value is an error code: 0 means no error; 6 or 9 in-
dicates that the run was aborted. If this first value is non-zero, the DISP
analysis results are considered invalid. Generally, BS and DISP results
shown in Table S4 indicated robust factor solutions. In addition,when ex-
amining the factor profiles, the 4-factors solution also provides the most
reasonable source profiles. Source profiles of the 4 factors resolved in the
PMFmodel are presented in Fig. 10, in which the column corresponds to
the PAHs contribution profiles and the black dot represents the concen-
tration profile.

Factor 1 was dominated by BaA, BghiP and IcdP, moderately
weighted by BbF, and BaP, indicating gasoline sources. Mehmood et al.
(2020) and Ravindra et al. (2006) had ascribed source factor with
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higher levels of the five and six rings PAHs (BaP, BbF, BghiP and IcdP)
to gasoline-powered vehicles. Some tunnel experimental studies had
also shown that higher molecular weight PAHs are more abundant in
emissions from gasoline engines or light vehicles (Kam et al., 2012;
Liu et al., 2015). Meanwhile, high relevance (r ≥ 0.8) between BbF,
BaP, BghiP and IcdP shown in Table S9 suggests the same source origin
of these PAHs. In addition, profile of factor 1 is similar to the gasoline en-
gine emission factor resolved in PMF study of PAHs in Shanghai by
Wang et al. (2015). As shown in Fig. S10, Factor1 had evident variation
during thewhole campaign, and larger contributionwhen local airmass
cluster 1 dominates, along with higher mean concentration in the
morning, noon and afternoon traffic peak hours (Fig. 11). This conclu-
sion is consistent with the 3D-locationmap in Fig. 1. Two traffic arteries
in its vicinity make it reasonable to be classified as a gasoline source.

Factor 2 is characterized byhigh loadings of BbF andChr, followed by
Pyr, Flut and Phe. This represents coal or catering source of PAHs. The
study of Zhao et al. (2019) showed that Nap, Pyr, Chr, and Phe are the
main PAHs released from residential cooking. Moreover, the profile of
coal combustion is highly loaded with BbF, Chr, Pyr and Flut (Li et al.,
          C34
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          C28
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C25
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ber
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rtion during 1 Jun.–14 Oct., 2020.
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Fig. 9. Bivariate and frequency distribution plots for the ratios of (a) Flut/(Flut + Pyr) vs. BaP/BghiP, (b) IcdP/(IcdP + BghiP) vs. BaP/(BaP + Chr) in PM2.5 during 1 Jun.–14 Oct.
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2019b; Lin et al., 2015; Ma et al., 2020). Typically, coal combustion and
catering fumes could occur simultaneously, such as barbecue stalls
using coal as fuel. High correlation (r ≥ 0.8) between Flut, Pyr, BaA,
Chr and BbF was found (Table S9). Thus, Factor 2 is considered as coal
or catering source. Time series of coal or catering (Fig. S10) showed rel-
atively large variations when dominated by local air mass cluster 1,
which indicates the influence of local catering. Notably, diurnal varia-
tion in Fig. 11 showed higher concentration during lunch preparation
and meal times at 10:00 and 12:00. In October, contribution of Factor
2 became higher and relatively stable when the sitewasmainly affected
by the northern air mass cluster 2 and 4. Li et al. (2019a) analyzed the
21.82%

41.48%

19.96%
16.74%

Biomass burning
Coal or Catering fume
Gasoline
Diesel

Fig. 12. Percentage contributions of individual source factor to PM2.5-bound PAH
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seasonal contributions of different sources to NPAHs and OPAHs in
PM2.5 in North China, and found that coal combustion had higher contri-
bution in fall than summer. With the gradual decrease of temperature,
the contribution of coal combustion is greater in October than in sum-
mer (Li et al., 2019a; Zhang et al., 2020b), which also led to higher
mean concentrations at 20:00 and 22:00.

Factor 3, dominated by Acel, Acep and Flue, moderately weighted by
Ant, Pyr, and Flut, is close to biomass burning or straw burning (Li et al.,
2019b; Lin et al., 2015; Ma et al., 2020). Experimental studies of source
spectra by Leavey et al. (2017) revealed that PAHs from biomass burn-
ing is dominated by 2–4 rings, with lower contribution of 5–6 ring
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PAHs. Using the PMF model, source apportionment of PM2.5-bound
PAHs in Shanghai (Ma et al., 2020) and Harbin (Wang et al., 2015),
both showed high loadings of Acel, Acep and Flue in biomass burning
factor, which is highly consistent with the result in this study. Further-
more, high correlation (r ≥ 0.9) can be found between Acel and Flue,
as well as Flut and Pyr (Table S9). As illustrated in Fig. S10, biomass
burning had a significant contribution from July to August in the south-
ern region and in October in the northern area (Huang et al., 2012; Wu
et al., 2018). Diurnal variation in Fig. 11 displayed high concentration at
early morning and late night. Cheng (2017) had detected higher bio-
mass burning fire points at early morning and night using MODIS con-
textual algorithm based on VIIRS 375 m data, while the study of Li
et al. (2020a, 2020b) showed diurnal variation of biomass burning fac-
tor also exhibited higher concentration at early morning and night.
This phenomenon may be related to farming practices and the policy
of prohibiting straw burning.

Higher loadings of BkF and BaP andmoderate loading of 2–3 rings
PAHs (e.g., Acel, Phe and Ant) found in Factor 4 indicates diesel com-
bustion such as diesel trucks, crop harvesters, shipping vessels, etc.
Wang et al. (2015) identified the factor with high loadings of BkF
and BaP, moderately loaded by Phe and Ant as diesel engine emission
source, while Liu et al. (2019) reported diesel emissions enriched in
Phe and BkF. More affected by the local air mass and diesel truck
(Wang et al., 2015) in June, diesel source changed sharply and
showed prominent mean concentration at 22:00, which is affiliated
with the policy of restricting the passage of diesel trucks during the
day. Dominated by cluster-2 and cluster-4, shipping activities (Su
et al., 2020) and crop harvesting (Huang et al., 2012; Wu et al.,
2018) using diesel fuel in August to October, led to the increasing
contribution of diesel source (Fig. S10).

In this study, The PMF model was applied to quantify the contribu-
tions of some major source factors to the overall observation process,
and examine the contribution changes of various sources for several ep-
isodes. Gasoline and diesel emission was the twomain sources of PAHs,
accounting for 41.48% and 21.82%, respectively (Fig. 12). This is consis-
tentwith the results of diagnostic ratios of PAHs (Fig. 9). Coal or catering
fume accounts for 30.5% of the measured PAHs, while biomass burning
contributionwas 16.74%. For Episode 1, due to the influence of cluster 1,
the contribution of gasoline vehicle exhaust was prominent, reaching
71%. Although the gasoline source also played a leading role in Episode
2 (36%), its contribution is not as high as in Episode 1. Another source
comparable to gasoline source in Episode 2 was biomass burning
(31%) in July and is closely linked to summer harvest in southern region.
However, the leading sources for Episode 4 and Episode 7 are diesel
(37%) and coal or catering (40%), respectively, which is dominated by
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Fig. 13. Benzo[a]pyrene toxic equivalent concentrations (BaPTeq) and the mutagen
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cluster 2 and cluster 4, and is highly associated with maritime shipping
in the Yellow and Bohai seas and coal consumption in the northern re-
gion. Although only 5-months data were obtained in this study, the
data (sample size up to 480) is sufficient to explain the source of
NPOCs over summer and autumn in Shanghai when compared to the
number of samples of other literatures using in PMF model on the
same time scale (i.e., the sampling period is the same as summer and
autumn), as shown in Table S5.

3.3. Health risk assessment

Fig. S13 shows the time series of three indicators (i.e. TEQ, MEQ and
ILCR) of human health risk of 14 PAHs measured over the sampling pe-
riod. Overall, MEQ is higher than TEQ during the observation period. As
opposed to adolescents and children, adults have the higher ILCR by inha-
lation of PM2.5-bound PAH. The value of TEQ ranged from1.04 × 10−4 to
1.28 ng/m3, with an average of 0.13 ± 0.16 ng/m3; while the value of
MEQ ranged from 1.85 × 10−3 to 2.44 ng/m3, with an average of 0.27 ±
0.3 ng/m3. Most of TEQ and MEQ were lower than the value of 1 ng/m3

recommended by the European Union (European Commission, 2001)
except for several episodes, which means that people are at low muta-
genic and toxic potency exposed to PM2.5-bound PAH levels during sam-
pling period. The ILCR for the four populations (children, adolescents,
adult men and adult women) were 1.30 × 10−8–1.59 × 10−4 (mean:
1.65 × 10−5), 1.07 × 10−8–1.32 × 10−4 (mean: 1.37 × 10−5), 7.49 ×
10−8–9.20 × 10−4 (mean: 9.53 × 10−5) and 7.53 × 10−8–9.25 × 10−4

(mean: 9.58 × 10−5) during the campaign, respectively. Obviously, the
average TEQ, MEQ and ILCR is higher in the fall (TEQ:0.23 ng/m3; MEQ:
0.44 ng/m3; ILCR for children, adolescents, adult men and adult women:
2.83 × 10−5, 2.35 × 10−5, 1.64 × 10−4 and 1.64 × 10−4) than in the
summer (TEQ:0.09 ng/m3; MEQ: 0.19 ng/m3; ILCR for children, adoles-
cents, adult men and adult women: 1.1 × 10−5, 9.13 × 10−6, 6.37 ×
10−5 and 6.41 × 10−5) during the campaign.

The diurnal variation of the TEQ, MEQ, ILCRs are shown in
Figs. S11–12. Notably, the morning hours (8:00–10:00) and nighttime
(20:00–22:00) exhibit higher TEQ, MEQ and ILCR than other time pe-
riods. Benzo[a]pyrene toxic equivalent concentrations (BaPTeq) and the
mutagenic equivalent concentrations (BaPMeq) of individual PAH show
that, BaP had the highest toxic potency while IcdP had the highest muta-
genic potency during the campaign. Although BbF, BkF and IcdP only
have lower toxic equivalency factors (TEFs) of 0.1 than BaP, they also
had high toxic potency due to their high concentrations during the cam-
paign (Fig. 13). On the other hand, IcdP, BbF, BaP and BghiP had highmu-
tagenic potency. Since motor vehicles emit more of these PAHs (Kam
et al., 2012; Liu et al., 2019; Liu et al., 2015), control of vehicle sources is
P BghiP IcdP BaA Chr BbF BkF BaP BghiP IcdP

B
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ic equivalent concentrations (BaPMeq) of individual PAH during the campaign.
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more effective to reduce its harm for human health. Lack of gaseous PAHs
data may lead to bias of health risk assessment of total PAHs. However,
due to observational limitation of the instrument, we only obtained
PM2.5-bound PAHs data during the observation period. In the future
study, simultaneously measurement of the concentrations of gaseous
and PM2.5-bound PAHs is recommended to make up for this gap.

4. Conclusions

In this study, PM2.5-bound nonpolar organic compounds including
PAHs and alkanes were measured using the online TAG system at
every other hour in a seven-week field campaign in urban Shanghai.
The average concentration of 14 PAHs and 15 alkanes was 1.27 ±
1.4 ng/m3 and 8.87±3.46 ng/m3 during the observation period, respec-
tively. The dominant PAHs species were BbF, BghiP and IcdP, whereas
C27, C29 and C31 dominated the alkanes. Time series of CPI and Cmax

of alkanes indicates that alkanes came from a combination of both an-
thropogenic andbiogenic sources during theobservation period.Natural
sources contribute more to alkanes in summer, while anthropogenic
sources contributemore to alkanes in the fall season. Based on backward
trajectory clustering and PSCF, the main potential source regions of
PM2.5 and alkanes were mainly influenced by the air masses of cluster-
1 and cluster-5, including middle and lower reaches of the Yangtze
River Plain comprising Anhui, Jiangxi and Zhejiang provinces as well as
the local areas southwards. On the contrary, the potential source area
of PAHs originates from northeastern China. The diagnostic ratio of
PAH revealed the significance of gasoline and diesel emission source.
Four main sources (gasoline, diesel, biomass burning and coal or
catering fume) of PAHswere identified by PMFmodel at the observation
site. Gasoline and diesel emissions were the two major sources during
the campaign (41.48% and 21.82%, respectively), followed by coal or
catering fume (19.96%) and biomass burning emission (16.74%). Diurnal
variation of gasoline source resolved by PMF showed higher concentra-
tions during traffic rush hours, while coal consumption or catering pre-
sented higher concentrations during lunch times from 10:00 to 12:00,
which is consistent with the corresponding anthropogenic activity
time. In addition, the TAG data in conjunction with PMF also can be
able to source appointment of short-duration episodes. Human health
risk of PAHs indicates that people are at low mutagenic and toxic po-
tency exposed to PM2.5-bound PAH levels during sampling period.
Adult women are at greater lifetime cancer risk by inhalation (ILCR) of
PM2.5-bond PAHs than other age groups, and people may be exposed
to higher health risks in the morning and evening during the campaign.
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