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Abstract
Residual levels and temporal–spatial distribution characteristics of polycyclic aromatic hydrocarbons (PAHs) in dustfall were
studied at the seasonal scale between June 2010 and May 2011 in the fifth largest shallow lake in China. PAHs flux of
atmospheric deposition and the impact on the PAHs in the lake water column were estimated. The major sources of PAHs were
identified by multiple methods. We found that (1) the seasonal residual levels of 16 priority controlled PAHs (PAH16) were
spring (8.89 ± 3.93 μg g−1) > summer (6.68 ± 4.31 μg g−1) > winter (6.06 ± 2.95 μg g−1) > autumn (3.55 ± 2.21 μg g−1). (2)
Significant positive correlations were found between the PAH levels in the dustfall and the suspended particle material (SPM)
content, as well as between the deposition flux and the PAH content in the water in all four seasons. (3) Vehicle emissions, coal
combustion, biomass combustion, and coke ovens were the four major sources in Lake Chaohu, accounting for 12.7%, 40.9%,
14.5%, and 31.9% of the total PAHs, respectively. (4) Compared to long-distance trajectories, short-distance trajectories played a
more important role in the external sources of atmospheric PAHs in the region of Lake Chaohu.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of
ubiquitous organic pollutants of public concern due to their

potentially toxic, mutagenic, and carcinogenic properties (Qu
et al. 2019; Wu et al. 2012; Zhu et al. 2019). PAHs are mainly
produced by incomplete combustion of fossil fuels and bio-
mass fuels (Guo et al. 2011; Rogge et al. 1993; Xu et al. 2006;
Wang et al. 2016), and they are emitted into the atmosphere
either as vapors or as associated components of primary aero-
sol particles. Because of their low vapor pressure and strong
affinity for particulates, PAHs are more likely to be distributed
in particulate matter. As deposited atmospheric particulate
matter, dustfall is a carrier of PAHs and is dominant in the
removal of PAHs (Lian et al. 2009).

The water system is an important sink for a series of atmo-
spherically transported pollutants in the environment (He et al.
2013; Lohmann et al. 2006; Tao et al. 2003; Qin et al. 2020).
Pollutants enter the water system through deposition and dif-
fusive exchange across the air–water interface (Franz et al.
1998; Pirrone et al. 1995). Among these processes, atmo-
spheric dustfall deposition is an important contributor of or-
ganic contaminants to lakes and other large bodies of water,
and this has been proved by both field research (Cotham and
Bidleman 1995; Zhang et al. 2015) and model simulation (Xu
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et al. 2013). Thus, the deposition of atmospheric PAHs into
aquatic environments has been of scientific interest for a long
time (Hoff et al. 1996; Li et al. 2009). However, how the
dustfall PAH content affects the PAH concentrations in the
water phase and suspended particulate matter (SPM) and how
the flux of PAH deposition affects the residual PAH level in
the water system remain unknown.

Lake Chaohu, located in the middle of the Yangtze River
Delta, is the fifth largest freshwater lake in China. Lake
Chaohu provides drinking water for large cities in the region.
However, with the rapid urbanization of the surrounding area
in recent decades, Lake Chaohu is becoming increasingly pol-
luted by PAHs from human activities (Xu et al. 1999, 2003).
PAH emissions in this area have grown significantly because
of the increase in energy demand and the low efficiency of
energy utilization (Xu et al. 2011). Much work has been done
to study the PAH pollution in Lake Chaohu (Li et al. 2016;
Wang et al. 2011a; Wu et al. 2019a; Yang et al. 2009).
However, PAHs flux through deposition and their influence
on the water system have seldom been reported for this region,
and a detailed characterization of possible sources is also
lacking.

The objectives of the present study were (1) to investigate
the levels, composition, and spatial–temporal variation of 16
priority PAHs in dustfall from Lake Chaohu, (2) to elucidate
the seasonal fluxes in PAH deposition and estimate their in-
fluence on the water system, (3) to identify possible PAH
sources in dustfall, and (4) to reveal the potential source region
of long-distance transportation.

Materials and methods

Sampling and pretreatment

Dust samples were collected once every 3 months from six
sampling sites. The site HB located in environment protection
agency in the Chaohu City; the sites HL, JC, SZ, and TX are
located in Huanlin Town, Environmental Monitoring Station,
Sanzhen Company and Tangxi drinking water source area, to
the south, east, north, and west of the lake, respectively. The
sampling site MS is located in the Mushan Island in the center
of the lake (Fig. 1). The bulk depositions (dry and wet depo-
sitions mixed together) were sampled by stainless steel
buckets (flat bottom, an area of 0.08 m2). The sampler was
invented in our lab and used in former studies (Wang et al.
2011b; Wu et al. 2005; Ouyang et al. 2014). Before sampling,
dust buckets were prewashed with deionized water, and the
bucket bottom was covered with a mixed solution of 200 ml
mixture of ethylene glycol and deionized water (V:V, 1:1) to
kill microorganisms and prevent PAH degradation. The sam-
pling period was divided into four seasons: summer (June
2010–September 2010), autumn (September 2010–

December 2010), winter (December 2010–March 2011), and
spring (March 2011–June 2011). After sampling, leaves and
insects were removed from the dustfall with clean forceps.
The dustfall in the sampler was wiped from the bottom of
the bucket with a brush and then both the liquid and dustfall
were collected by a 1-L brown jar. The dust fall samples were
centrifuged under 5000 rpm for 15 min, and the particles were
filtered through pre-baked (0.45-μm, burned at 450 °C for 4 h)
glass fiber filters (GFF). The dustfall samples were freeze-
dried, weighed, and then stored in a desiccator at 18 °C and
cut into pieces for microwave extraction.

Three water sampling sites were selected near the dustfall
sites to estimate the deposition effect on the lake water PAH
level. Twenty liters of lake water (0–0.3 m below the surface)
was collected in clean brown glass jar once a month from each
sampling site. After shaking and mixing, a 1-L aliquot of each
collected water sample was filtered through a 0.45-μm GFF
using a filtration device consisting of a peristaltic pump
(80EL005, Millipore Co., USA) and a filter plate with a di-
ameter of 142 mm. A total of three parallel water samples
were filtered. The SPM samples in the glass fiber filter were
freeze-dried and weighed on an analytical balance.

In the laboratory, the dustfall and SPM samples were ex-
tracted with 25 mL hexane/acetone mixture (1:1) using a
microwave-accelerated reaction system (CEM Corporation,
Matthews, NC, USA). The microwave power was set at
1200 W, and the temperature was ramped to 100 °C over
10 min and then held at 100 °C for another 10 min. Dustfall
extracts were concentrated to 1 mL by rotary evaporation at a
temperature below 38 °C and then transferred to a silica/
alumina chromatograph column for cleanup. The elution so-
lution was collected, concentrated, and converted to hexane
solution, and then internal standards (2-fluoro-1,1-biphenyl
and p-terphenyl-d14, 2.0 μg·mL−1, J&K Chemical, USA)
were added before samples were measured.

The water samples were extracted using a solid phase ex-
traction (SPE) system (Supelco). C18 cartridges (500 mg, 6
mL, Supelco) were prewashed with dichloromethane (DCM)
and conditioned with methanol and deionized water. A 1-L
water sample passed through the SPE system and was extract-
ed. The cartridges were eluted with 10 mL of dichlorometh-
ane. The volume of the extracts was reduced by a vacuum
rotary evaporator (R-201, Shanghai Shen Sheng Technology
Co Ltd, Shanghai, China) in a water bath and was adjusted to a
volume of 1 mL with hexane. Internal standards were added
for analysis.

Analytical procedure and quality control

All samples were analyzed on a gas chromatograph with a
mass spectrometer detector (Agilent 6890GC/5973MSD). A
capillary column of dimensions 30 m × 0.25 mm i.d. with a
0.25-μm film thickness HP-5MS (Agilent Technology) was
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used. The column temperature was programmed to increase
from 60 to 280 °C at 5 °C/min and then was held isothermal
for 20 min. The MSD was operated in the electron impact
mode at 70 eV, and the ion source temperature was 230 °C.
The mass spectra were recorded using the selected ion moni-
toring mode. The concentrations of 16 PAHs were deter-
mined. The PAHs were grouped to three groups according
to the number of benzene rings. The low molecular weight
(LMW) PAHs include naphthalene (Nap), acenaphthene
(Ace), acenaphthylene (Acy), fluorene (Flo), phenanthrene
(Phe), anthracene (Ant), fluoranthene (Fla) with two-three
benzene rings; middle molecular weight (MMW) PAHs in-
clude pyrene (Pyr), benz(a)anthracene (Baa), chrysene (Chr),
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF)
with four benzene rings; and high molecular weight (HMW)
PAHs include benzo(a)pyrene (Bap), dibenz(a, h) anthracene
(DahA), indeno(1,2,3-cd)pyrene (IcdP) and benzo(ghi)
perylene (BghiP) with no less than five benzene rings.

The quantification was performed by the internal standard
method. All of the solvents used were HPLC-grade (J&K
Chemical, Beijing, China). All of the glassware was cleaned
using an ultrasonic cleaner (KQ-500B, Kunshan, China) and
heated to 400 °C for 6 h. For dustfall samples, due to the
limited space at the sampling site, one sampler was fixed in
each site. Dustfall collected was divided into three parallel
samples. Triplicate samples were pretreated and analyzed on
GC-MS to check for reproducibility. For lake water and SPM
samples, three parallel samples were collected from each sam-
ple site for quality assurance. The laboratory blanks and sam-
ple blanks were analyzed with the true samples. Method re-
coveries were determined by spiking the standard mixture of
16 PAHs (the standard mixture of 16 PAHs from J&K
Chemical Ltd, USA) into blank samples and performing the
entire analytical methods. The quantification of field samples

was performed by the surrogate standards of 2-fluoro-1,1′-
biphenyl and p-terphenyl-d14 (J&K Chemical, USA). The
method’s recovery and detection limits are shown in
Table S1 in the supporting information. The recoveries of
priority PAHs were between 73.8% (Ace) and 96.0% (Pyr)
except for Nap. Because of its volatility, Nap has a relative
low method recovery (45.5%) in dustfall samples.

Source apportionment

PAHs can be formed by multiple anthropogenic activities
such as combustion of fossil fuels or can be formed naturally
in the environment by oil seeps and plant debris, forest, and
prairie fires. Some methods have been established to identify
PAHs sources, for example, molecular diagnostic ratios
(MDRs), the principal component analysis (PCA) method
(Harrison et al. 1996; Shi et al. 2009), the chemical material
balance (CMB) model (Christensen et al. 1999; Perrone et al.
2012), the positive matrix factorization (PMF) method, and
stable carbon isotopic ratios analysis (Buczynska et al. 2013;
Feng et al. 2020; Okuda et al. 2002). In this study, MDRs and
PMF were combined to identify the major sources and obtain
a reliable conclusion.

MDR theory (Dickhut et al. 2000; Simcik et al. 1999;
Yunker et al. 2002) is based on the hypothesis that some
PAH ratios remain constant between the source and the recep-
tor (Katsoyiannis et al. 2011), and this method has been wide-
ly used in the identification of preliminary sources (Wise et al.
2015; Davis et al. 2019). PMF is a useful factorization meth-
odology that can determine source profile and contribution
(Liu et al. 2010; Paatero 1997; Shi et al. 2009). The PMF
model can be expressed as

X ¼ GF þ E ð1Þ

Fig. 1 Geographical locations of (A) Lake Chaohu in China, (B) Lake Chaohu in eastern China, and (C) the sampling sites
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where X is the concentration matrix, consisting of n samples
and m concentrations of the compounds (n × m), G is the
factor contribution matrix, F is the factor profile matrix, and
E (n × m) is the residual matrix. The elements of residual
matrix are denoted as

eij ¼ xij− ∑
p

k¼1
gik f ki (2), where xij, fki, and gik are the corre-

sponding elements of X, F, and G, respectively. Non-
negativity constraints are imposed on the contribution and
profile matrices, and PMF simultaneously weights individual
data points based on uncertainty. Q(E) is an object function
and a criterion for the model, defined as

Q Eð Þ ¼ ∑
n

i¼1
∑
m

j¼1
eij=sij
� �2 ð3Þ

where sij is the uncertainty of the jth compound in the ith
sample (EPAU 2008).

Backward trajectory generation

As a group of typical semi-volatile organic compounds, PAHs
travel over long distances and ultimately deposit in more re-
mote areas. Therefore, in addition to the analyses on local
emission sources, the potential of long-range atmospheric
transport of PAHs outside the lake region should be investi-
gated for this study. Trajectory analysis is a widely used meth-
od to model the transport of atmospheric pollutants and to
identify the potential sources (Brankov et al. 1998; Kong
et al. 2013; Yang et al. 2021). The HYSPLIT4 (Hybrid
Single-Particle Lagrangian Integrated Trajectory, version
4.9) model (Draxler and Hess 1997) and NCEP/NCAR
(National Centers for Environmental Prediction NCEP/
National Center for Atmospheric Research) global reanalysis
meteorological data were utilized to calculate the backward
trajectories.

The sample site MS (31.57 N, 117.44 E) in the study area
was chosen as the receptor to represent the characteristics of
the air trajectory. An arrival height of 500 m and a timespan of
72 h were selected because except for the length, no signifi-
cant differences were found among the results of trajectories at
different heights (100, 200, 300, 400, 500, and 1000 m), and a
72-h backward trajectory was long enough to cover the area of
interest in this study. The backward trajectories started at
00:00, 06:00, 12:00, and 18:00 UTC each day during
June 1, 2010, to May 31, 2011. In addition, we categorized
the backward trajectories into different groups in the four sea-
sons across the studied year. We employed k-means algorithm
with Euclidean metrics and randomly selected trajectories as
the initial “seeds” for the clustering. The algorithm was based
on the latitude and longitude of the backward trajectories in
each hour (72 h × 2, 144 variables in total). The number of

clusters was determined by the R2 statistics (Kalkstein et al.
1987; Kong et al. 2013).

Results and discussion

Residual levels and composition

In total, dustfall levels of 16 PAHs in four seasons and six
sampling sites from Chaohu Lake were analyzed. The PAH
residual levels from the atmosphere of Lake Chaohu are sum-
marized in Table 1. Of the individual PAHs, 15 were detected
in 100% of the samples, and DahA was detected in 82.6% of
the samples. The concentrations of individual PAHs ranged
from 25.6 to 995 ng g−1, with a mean value of 205±298 ng
g−1. Phe was present at the highest level, followed by Pyr
(839 ng g−1), Fla (773 ng g−1), and Chr (505 ng g−1). Acy
was present at the lowest level. PAH16 concentration varied
from 1.60 to 17.0 μg g−1, with a mean value 5.95 ± 3.74 μg
g−1. From Table 1, it can be seen that PAHs in dustfall were
dominated by LMW PAHs, accounting for 48.2% of total

Table 1 Contents of PAHs in atmospheric dustfall from Lake Chaohu

ng/g Min Max Mean Median GM SD

Nap 103 686 286 271 260 128

Acy 6.2 157 32.0 25.6 25.6 29.3

Ace 23.3 138 64.8 60.1 59.6 27.8

Flo 107 936 264 162 215 204

Phe 171 4550 1260 1040 995 936

Ant 28.8 834 171 142 126 171

Fla 67.3 2491 1020 901 773 644

Pyr 243 2250 991 802 839 576

Baa 37.3 2060 397 256 234 466

Chr 68.8 1830 706 615 505 495

BbF 43.6 1740 511 329 361 438

BkF 17.8 1140 343 355 211 311

Bap 22.2 792 222 150 152 207

IcdP 24.5 1290 308 186 200 304

DahA 6.3 222 43.2 26.0 26.3 54.5

BghiP 21.5 1000 291 222 200 268

LMW 752 7870 3100 2730 2700 1650

MMW 410 8830 2950 2940 2320 1960

HMW 74.5 3180 856 584 582 808

PAH16 1600 17,000 6900 6360 5950 3740

GM geometric mean; SD standard deviation; PAH16 the sum of 16 PAH
components; LMWPAH lowmolecular weight PAHs, including 2–3-ring
PAHs (Nap, Acy, Ace, Flo, Phe, Ant, Fla);MMWPAHmiddle molecular
weight PAHs, including 4-ring PAHs (Pyr, Baa, Chr, BbF, BkF); HMW
PAH high molecular weight PAHs, including 5–6-ring PAHs (Bap, IcdP,
DahA, BghiP)
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PAH16, followed by MMW and HMW PAHs, contributing
41.4 and 10.4% of total PAH concentration, respectively.

Temporal–spatial variation of PAH16 in Lake Chaohu

The spatial–temporal variation of PAH16 in dustfall are shown
in Fig. 2A. The seasonal averaged PAH16 varied from 3.55 to
8.89 μg g−1. Spring had the highest PAH16 concentration
(8.89 ± 3.93 μg g−1), followed by summer (6.68 ± 4.31 μg
g−1) and winter (6.06 ± 2.95 μg g−1). Autumn had the lowest
PAH16 content (3.55± 2.21μg g

−1). Data normality was tested
by Shapiro–Wilk test, and Kruskal–Wallis test was applied to
detect seasonal differences in residual levels (Table S2). As a
result, the seasonal differences were not significant at a 95%
confidence level between spring, and winter (p > 0.05).
However, PAH level in autumn was significant lower than
the other seasons (p < 0.05). Some work has been performed
on the seasonal PAH variation in China; these reports showed
that the atmospheric particle-bounded PAH residual level was
higher in winter (Li et al. 2006; Liu et al. 2008; Zhao et al.
2011). In contrast, we cannot see the obvious seasonal trends
in Lake Chaohu. One possible reason is Lake Chaohu is lo-
cated in the middle of China. The heating season is much
shorter than northern China. The influence of heating in winter
was masked by the local emission around the lake. Local
emission may be the major driven factor for the not obvious
seasonal trends.

The spatial variation of PAH16 ranged from 3.53 to 11.3μg
g−1. The maximum PAH level was found in the sampling site
MS, with a concentration of 11.3 ± 4.7 μg g−1, followed by
HB (7.66 ± 1.89 μg g−1), JC (7.24 ± 2.24 μg g−1), TX (5.15 ±
1.79 μg g−1), and HL (4.14 ± 2.55 μg g−1). SZ had the lowest
PAH16 level (3.53 ± 2.16 μg g−1). It can be found that the
PAH16 concentration decreased from the eastern side of the
lake to the western side. TX was mainly affected by the emis-
sions of Hefei City, which are primarily vehicular. The west-
ern region was between a rural area and an urban area, indi-
cating that these sampling sites are influenced by both urban
emissions and rural biomass combustion. As a famous local

tourist attraction, Mushan Island had the highest concentration
of PAHs because of human activity on the island. But the
spatial PAH residual level differences were not significant
under a 95% confidence level according to the result of
Kruskal–Wallis test (p > 0.05, Table S2).

The variation in seasonal composition is calculated by
geomean of six sampling sites and illustrated in Fig. 2B. In
summer, PAH16 was dominated by LMWPAHs (70.0%). The
LMW proportion decreased to 44.4% in autumn and to 43.6%
in winter. In spring, the LMW PAHs reached the lowest ratio
of 37.1%. In contrast, the proportion of HMW PAHs in-
creased from 7.8% in summer to 14.9% in spring. The pro-
portion of MMW PAHs increased from 22.2% in summer to
48.0% in spring. The high contribution of LMW PAHs in
summer is in contradiction with the expected result, because
LMW PAHs tend to stay in gas phase due to the high air
temperature in summer based on gas–particle partitioning the-
ory (Degrendele et al. 2020). The increase of LMW PAH
proportion can be attributed to the high level of Phe in sum-
mer. Phe contributed 32.8% of the PAH16 in summer which is
2.77, 2.45, and 2.63 times higher than it did in autumn, winter,
and spring, respectively. Phe are mentioned as the markers for
coal combustion and biomass combustion (Harrison et al.
1996; Khalili et al. 1995; Laflamme and Hites 1978). The
Phe emission from straw combustion in the rural region in
the summer would be a possible reason of high contribution
of LMW PAHs in the Lake Chaohu catchment. The process
was strengthened by the heavy rainfall in the summer.

Deposition flux and influential factors

The PAH16 dustfall deposition fluxes were calculated using
the following equation:

F ¼ C � V ð4Þ

V ¼ Mdf

S � T
ð5Þ

where F is the dustfall deposition flux (μg m−2 day−1), which
includes flux of both dry particle deposition and particles

Fig. 2 Spatial–temporal variation of total PAHs in dustfall from Lake Chaohu (A) and temporal variation of PAH composition (B)
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dragged by the rain, C is the PAH concentration associated
with dustfall (μg m−3), and V is the deposition velocity of
dustfall (g m−2 day−1). Deposition velocity is calculated based
on Eq. (5).Mdf is the mass of dustfall in the season (g), S is the
area of the sampler (0.08 m2), and T is the sampling duration
in the season (days). The seasonal PAH16 dustfall deposition
fluxes at 6 sampling sites from Lake Chaohu are illustrated in
Fig. 3 and listed in Table S3. The meteorology data are listed
in Table S4. The seasonal averaged PAH16 fluxes ranged from
0.80 to 1.64 μg m−2 day−1. Spring had the highest PAH16 flux
(1.64 ± 0.52 μg m−2 day−1), followed by summer (1.45 ±
0.98 μg m−2 day−1) and winter (1.24 ± 0.37 μg m−2 day−1).
Autumn had the lowest PAH16 flux (0.80 ± 0.26 μg m−2

day−1). The spatial variation of PAH16 flux ranged from
0.90 to 1.97 μg m−2 day−1. The maximum PAHs level was
found in the sampling site MS, with a value of 1.97 ± 1.00 μg
m−2 day−1, followed by HB (1.49 ± 0.31 μg m−2 day−1), HL
(1.21 ± 0.55 μg m−2 day−1), JC (1.11 ± 0.12 μg m−2 day−1),
and TX (1.04 ± 0.40 μg m−2 day−1). SZ had the lowest PAH16

flux (0.90 ± 0.45 μg m−2 day−1).
It can be seen that no obvious relationship can be observed

between flux level and temperature. To further research, the
seasonal deposition fluxes variation in northern (Tianjin,
Wang et al. 2011) and southern China (Guangzhou, Li et al.
2009) are illustrated in Fig. 3B. Obvious seasonal trends can
be observed in studies in both northern and southern China. In
the north, fluxes increase from spring to winter, and the max-
imum level in winter can be attributed to the coal and biomass
combustion in heating season, whereas, in the south, seasonal
difference was small. The highest level was found in spring
followed by autumn. The lowest level was in winter for there
is no heating season in south China. Similar seasonal trends
and flux levels can be found between Chaohu Lake and
Guangzhou which indicates Chaohu is not heavily affected
by heating season emission.

The PAH deposition flux can be affected by PAH concen-
tration and dust flux. As a result of the Shapiro–Wilk test, the
variables follow normal distribution (p > 0.05). Therefore,

Pearson’s correlation was applied to test the relationship be-
tween PAH deposition flux and these two factors in four sea-
sons. Significant positive correlations were found between
PAH fluxes and PAH contents (Fig. S1, p < 0.01), especially
for MMW PAHs and HMW PAHs. However, no significant
correlation was found between velocity of dustfall and PAH
deposition flux (Fig. S2). This means that PAH concentration
contributed more to PAH flux than velocity of dustfall did.
Compared with the control of total suspended particles, reduc-
ing PAH emission is a better way to reduce the PAH deposi-
tion flux.

Influence of deposition on the water system

Because particles deposited from the atmosphere are an im-
portant source of SPM in the water, PAH content per unit
SPM weight (ng g−1) may be greatly affected by dustfall
PAH concentrations. Meanwhile, PAH content per unit vol-
ume (ng m−3) may also be affected by atmospheric dust flux.
According to the results of normal test (Shapiro–Wilk test, p >
0.05), Pearson’s correlation was selected to test the influence
on the SPM and dissolved PAH levels. These results are
shown in Fig. 4 and Table S5.

In Fig. 4, correlations show that there were significant pos-
itive correlations between PAH levels in dustfall and SPM
content. Pearson correlations (p < 0.01) exist in summer and
winter, and p < 0.05 Pearson correlations exist in autumn and
spring. Correlation analysis was also applied to test the influ-
ence on PAH levels in the dissolved phase, but no significant
correlation was found (Table S5). This can be explained by
the influence of air–water exchange process. Gas exchange
across the air–water interface is another important transport
pathways for atmospheric input of organic pollutants into the
water (Wu et al. 2019b). Dissolved PAHs of the lake would be
attributed to the contribution of air–water exchange.
Therefore, it may be difficult to observe a direct relationship
between PAH levels in the dissolved phase and in dustfall.

Fig. 3 Temporal–spatial variation of PAH16 deposition flux from Lake Chaohu (A) and comparison with researches in northern and southern China (B)
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Source apportionment

Molecular diagnostic ratios (MDRs) have been widely used to
analyze atmospheric PAH sources. Common ratios used in-
clude Ant/Ant + Phe (mass 178), Fla/Fla + Pyr (mass 202),
Baa/Baa + Chr (mass 228), and IcdP/IcdP + BghiP (mass
276). For mass 178, a ratio < 0.10 usually is taken as an
indication of petroleum, whereas a ratio > 0.10 indicates a
dominance of combustion; for mass 202 (Fla/Fla + Pyr), a
ratio of 0.50 is usually defined as the petroleum/combustion
transition point (Yunker et al. 2002). Ratios between 0.40 and
0.50 are more characteristic of liquid fossil fuel combustion,
whereas ratios > 0.50 are characteristic of grass, wood, or coal
combustion; for mass 228, Baa/(Baa + Chr) ratios < 0.20
indicate petroleum sources, ratios from 0.20 to 0.35 indicate
either petroleum or combustion, and those > 0.35 imply com-
bustion; for IcdP/(IcdP + BghiP), ratios < 0.20 likely indicate
petroleum, those between 0.20 and 0.50 imply liquid fossil
fuel combustion, and ratios > 0.50 imply grass, wood, and
coal combustion.

MDRs of four pairs of PAHs are illustrated in Fig. 5. Mass
178 ratios varied from 0.08 in summer to 0.14 in autumn.
Mass 202 ratios ranged from 0.20 to 0.66; most mass 202
ratios in summer, winter, and spring were greater than 0.50,
whereas they were below 0.40 in autumn. Mass 228 ratios
ranged from 0.42 to 0.49, entirely above the transition line

of 0.35. The mass 276 ratios were between 0.45 and 0.55,
reaching above the transition line of 0.50, in autumn and win-
ter, whereas the values in spring and summer were between
0.20 and 0.50.

The analysis of mass 178 indicated that PAHs in dustfall
from Lake Chaohu were affected by both petroleum and com-
bustion because mass 178 values in all four seasons were quite
near the transition line. Based on mass 202, grass, wood, and/
or coal combustion were sources in summer, winter, and
spring, whereas petroleum was the source in autumn. All of
the mass 228 values were above 0.35; therefore, combustion
was considered the primary source. For mass 276, biomass
combustion was the main source in autumn and spring, and
a mixed source of fossil fuel and biomass combustion was the
source in summer and winter. It can be seen from Fig. 5 that
some differences exist in seasonal source apportionment re-
sults of the four pairs of PAHs. However, it can be concluded
that combustion contributed more PAHs than petroleum
sources did and that a mixed source of fossil fuel and biomass
combustion was the major source in dustfall from Lake
Chaohu.

Although MDRs have been widely used to study the po-
tential sources of PAHs, the use of PAH MDRs has been
criticized in the past due to the low accuracy. Overlap area
were reported between commonly reported ratios associated
with different types of PAH emissions (Galarneau 2008;

Fig. 4 Relationship between atmosphere PAH16 deposition flux and SPM PAH16 concentration per unit SPM weight
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Davis et al. 2019). According to a study ofMDRs based on the
inventory and the monitoring data over 20 years, it was found
that the use of MDRs do not respond to known differences in
atmospheric emission sources unless the source is strong
(Katsoyiannis et al. 2011). In this study, PMF model was also
applied to detect the potential sources. The regression param-
eters and coefficients of determination are listed in Table S6.
When the number of factors for PMF is four, good simulation
has been achieved for most PAHs. Therefore, four compo-
nents were extracted, and the source profiles of three factors
are illustrated in Fig. 6.

The first factor is predominately weighted by BkF, IcdP,
DahA, and BghiP. BghiP has been identified as tracers of auto
emissions. Elevated levels of BkF relative to other PAHs have
been suggested to indicate diesel vehicles. IcdP was also
found in both diesel and gas engine emissions (Baek et al.
1991; Katsoyiannis et al. 2011), and this source appeared to
be vehicle emissions. Factor 2 was similar to factor 1 but was
predominately weighted by Phe, Pyr, and Baa, and this is a
sign of coal sources. According to the literature, Flo, Pyr, Phe,
and Ant were considered predominantly coal combustion pro-
files. The high BbkF and Chr load was also typical of Chinese
domestic coal emissions (Chen et al. 2005; Harrison et al.
1996; Larsen and Baker 2003; Simcik et al. 1999), and factor
2 suggests a coal combustion source. Factor 3 was heavily
weighed by LMW PAHs, such as Ace, Phe, Ant, and Fla.

PAHs produced by wood combustion are predominately low
molecular weight PAHs. Acy and Phe are mentioned as
markers for wood combustion (Khalili et al. 1995;
Laflamme and Hites 1978). Therefore, factor 3 indicates a
biomass combustion source. Factor 4 was heavily weighted
by Flo, Pyr, Baa, Chr, and BbF. Flo was suggested as a marker
for coke oven emissions (Khalili et al. 1995; Simcik et al.
1999). High emissions of Ant, Flo, Ace, Baa, and Pyr were
also observed from coke ovens. Thus, this factor represents
the coke oven source.

The percentages of the sources from the four factors were
estimated by PMF. These results showed that the sources from
vehicle emission, coal combustion, biomass combustions, and
coke oven accounted for 12.7%, 40.9%, 14.5%, and 31.9% of
the total PAHs, respectively. Because coal accounts for a large
proportion of fossil fuels, the similar conclusion was obtained
by PMF and MRDs. It can also been found that coal combus-
tion plays an important part in the local PAH emission.

Backward trajectories and possible source regions

The potential origin of long-range atmospheric transport of
PAHs from outside the lake region was investigated through
cluster analysis of backward trajectories. The top three clusters
with the greatest contribution are illustrated in Fig. 7. All the
results of cluster analysis are presented in Figs. S3–S6.

Fig. 5 Source apportionment by molecular diagnostic ratios
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In summer, six clusters were identified (Fig. S3). Cluster 1
accounts for 26.1% of total trajectories and represents the
trajectories originating from the Yellow Sea and East China
Sea and passing through eastern China. Trajectories in cluster
2 (22.6%) originated from the provinces of Guangdong and
Guangxi and traveled through Hunan and Jiangxi Provinces.
Cluster 3 accounts for 19.6% of total trajectories and reflects a
longer path from the southwest. Cluster 4 reflects the air
masses from nearby provinces, Shandong in the north and
Zhejiang in the south, and accounts for 17.9% of total trajec-
tories. It represented air masses originating from the South
China Sea and having traversed the southern coastal areas of
China. Clusters 5 and 6 both reflect long-path air masses orig-
inating from the ocean.

In the autumn (Fig. S4), cluster 1 was predominant with a
percentage of 33.2%, in which the trajectories originated

mainly from nearby regions, including Jiangsu and Zhejiang
provinces belonging to the highly developed Yangtze River
Delta. Cluster 2 accounted for 20.6% of total trajectories and
represents those originating from the Korean Peninsula and
the Yellow Sea. Cluster 3 (19.8%) represented the trajectories
originating from the eastern part of Siberia, Mongolia, and
Neimeng Province. Clusters 4, 5, and 6 were the long-path
air masses from northwest and southeast, contributing with a
small percentage.

In winter (Fig. S5), the northern trajectories from Liaoning
and Shandong provinces were predominant, with a percentage
of approximately 25.6% (cluster 1), followed by the trajecto-
ries from eastern Siberia and Mongolia (cluster 2, 19.2%).
Cluster 3 accounted for 18.1% and represents the trajectories
originating from nearby provinces to the northwest and south.
Cluster 4 accounted for 15.8% and represents the trajectories

Fig. 6 Factors of PMF analysis in Chaohu dustfall
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originating from Neimeng Province and passing through
Shanxi, Hebei, and Henan provinces in North China.
Although cluster 1 in winter had a high air mass contribution,
the PAH level as high as that in northern cities was not ob-
served in the Chaohu region, the long transport distance weak-
ened the influence of air mass can be the possible reason.

In spring (Fig. S6), four clusters dominated 81.8% of the
total trajectories. Cluster 1 accounted for 24.5% and represent-
ed the trajectories originating from nearby provinces such as
Jiangsu, Zhejiang, and Jiangxi. Cluster 2 accounted for 21.7%
and represents the trajectories originating from Mongolia and
Neimeng and traveling through Hebei, Shanxi, Shandong, and
Henan provinces, which are also highly PAH-polluted areas in
China (Xu et al. 2006). Cluster 3 included air masses originat-
ing from eastern Siberia and accounted for 18.5% of the total
trajectories. Cluster 4 accounts for 17.1% and represents the
trajectories originating from Guangdong and Guangxi
provinces.

Our analysis revealed that the source regions of the back-
ward trajectories and the distances from the source regions of
the trajectories to Lake Chaohu were different among the four
seasons. Trajectories in summer were mainly short-distance

trajectories from the southeast, those in autumn and winter
were short-distance trajectories mostly from northwest, and
those in spring were dominated by short-distance trajectories
from nearby provinces. Due to the relatively higher PAH16

concentration in spring (Fig. 2), short-distance trajectories
from provinces in the Yangtze River Delta was a major con-
tributor of PAHs in dustfall of Lake Chaohu. The highly pol-
luted Yangtze River Delta could serve as an important source
of the PAHs flux in Chaohu Lake. A total of 24.5 and 33.2%
of the mass trajectories in spring and autumn are from the
long-range transport from the Yangtze River Delta, respec-
tively (Fig. 7). However, PAH flux is dictated by both local
emission and long-range transport. Monitoring data of PM10

shows that the average particulate PAH16 concentration in
spring (19.02 ng/m3) was much higher than that in autumn
(11.89 ng/m3) (Qin et al. 2013), which is also consistent with
the results of PAH16 concentration in dustfall in this research.
Therefore, local emissions in spring may have higher contri-
bution to the PAHs in Chaohu Lake than in autumn, which
leads to the higher PAH levels in spring. Furthermore, com-
bining the results of PMF (Fig. 7) with the trajectory analysis
suggests that short-distance trajectories from northern regions

Fig. 7 Backward trajectories to Lake Chaohu in four seasons
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may be another major contributor to the local coal-originated
PAHs, especially in the heating seasons (winter) because coal
accounts for 69.5% of the total energy consumption in the
northern China. In contrast, long-distance trajectories from
Siberia, Mongolia, and Korea were relatively insignificant
PAH sources.

Conclusions

This study examined the PAH distribution, composition, and
temporal–spatial variation in dustfall and estimated the sea-
sonal fluxes in atmospheric deposition and in the influence on
the water system; the major sources were identified by multi-
ple methods. Significant positive correlations were established
between PAH content in dustfall and PAH content per unit
SPM weight as well as between deposition flux and PAH
content per unit volume water in all four seasons. Vehicle
emissions, coal combustion, biomass combustion, and coke
ovens were the four major sources of PAHs in Lake Chaohu.
According to the backward trajectory, spring and summer
were dominated by short-distance trajectories from nearby
provinces such as Jiangsu and Zhejiang; winter was dominat-
ed by short-distance trajectories from northern provinces such
as Henan and Shandong. Regarding external sources of atmo-
spheric PAHs, the short-distance trajectories are more impor-
tant for Chaohu Lake than the long-range trajectories.
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