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In this study, the concentrations of water soluble ions (WSI), organic carbon (OC), and elemental carbon (EC) of
size-resolved (0.056–18 μm) atmospheric aerosols were measured in July and August 2015 in Shanghai, China.
Backward trajectory model and potential source contribution function (PSCF) model were used to identify the
potential source distributions of size-resolvedparticles and PM1.8-associated atmospheric inorganic and carbona-
ceous aerosols. The results showed that the average mass concentrations of PM0.1, PM1, and PM1.8 were 21.21,
82.90, and 100.1 μgm−3 in July and 7.00, 29.21, and 35.10 μgm−3 in August, respectively, indicating that the par-
ticulate matter pollution was more serious in July than in August in this study due to the strong dependence of
the aerosol species on the air mass origins. The trajectory cluster analysis revealed that the air masses originated
from heavily industrialized areas including the Pearl River Delta (PRD) region, the Yangtze River Delta (YRD) re-
gion and the Beijing-Tianjin region were characterised with high OC and SO4

2− loadings. The results of PSCF
showed that the pollution in July was mainly influenced by long-range transport while it was mainly associated
to local and intra-regional transport in August. Besides the contributions of anthropogenic sources from YRD and
PRD region, ship emissions from the East China Sea also made a great contribution to the high loadings of PM1.8

and PM1.8-associated NO3
−, NH4

+, and EC in July. SO4
2− in Shanghai was dominantly ascribed to anthropogenic

sources and the high PSCF values for PM1.8-associated SO4
2− observed in Augustwasmainly due to the ship emis-

sions of Shanghai port, such asWusong port and Yangshan deep-water port. These results indicated that the par-
ticulate pollutants from long-range transported air masses and shipping made a significant contribution to
Shanghai's air pollution.
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1. Introduction
Located on the eastern tip of the Yangtze River Delta (YRD), e.g. the
triangle-shaped territory of Shanghai, southern Jiangsu province, and
northern Zhejiang province of China, Shanghai develops with China's
largest petrochemical complex, the largest steel plant and many other
industries. And it owns the world's busiest container port, whose con-
tainer throughput totalled 36.5 million TEU (twenty-foot-equivalent
units) in 2015. Despite local pollution and intra-regional transport in
YRD (Ying et al., 2014), the dust storm from the northwest of China
(Wang et al., 2013a) and the polluted air masses from the PRD region,
e.g. the dense network of cities that covers nine prefectures of the prov-
ince of Guangdong and the special administrative regions of Hong Kong
and Macau further deteriorates the atmospheric environmental quality
of Shanghai. In addition, Shanghaimay also under the impact of the vast
anthropogenic emissions from East Asian region via long- andmedium-
range transport due to the monsoon system, which could be associated
with the high observed aerosol loadings in Shanghai. Long range trans-
port should contribute a lot to the increase of particulate matter (PM)
concentrations in Shanghai.

The PMpollution in Shanghai has drawn increasingly attention in re-
cent years due to its impacts on visibility degradation (Song et al., 2003),
climate change (Cifuentes et al., 2001; Forster and Taylor, 2006) and
human health (Bell et al., 2006; Iii et al., 2002; Sheppard et al., 1999).
The visibility degradation due to PM is generally related to scattering
by sulfate, nitrate, ammonium, and certain organic carbon (OC) as
well as absorption by elemental carbon (EC) and some other OC
(Andreae et al., 2008; Laskin et al., 2010; Sun et al., 2005).

Studies dealt with local pollution sources and long-range transport
of the abovementioned aerosol species has been reportedduring the re-
cent years (Wang et al., 2013a; Zhao et al., 2015). And there are a few
studies using a variety of receptor model to determine the sources of
aerosols and estimate their contributions to aerosol concentration at re-
ceptor site and downwind areas in East Asia (Han et al., 2005; Huang et
al., 2007; Jeong et al., 2011; Mochida et al., 2003). However, few study
on the characteristics of the long-range transported size-resolved atmo-
spheric inorganic and carbonaceous aerosols in urban Shanghai have
been reported. Besides, many studies just take one month of summer
as a representative to demonstrate the characteristics of the atmospher-
ic pollution of summer, which has some limitations because great
changes could take place due to the differences of the dominant air
mass origins among themonths even though they all belong to summer.

Therefore, in this study, the concentration of PM in the size range of
0.056–18 μmand its compositions includingwater soluble ions (F−, Cl−,
SO4

2−, NO3
−, Li+, Na+, NH4

+, K+, Ca2+, Mg2+, formate, acetate,
methanesulfonic acid, oxalate) as well as carbonaceous species (OC,
EC, SOC) were measured in Shanghai in two typical months (July and
August) in summer and the spatial distributions of apportioned anthro-
pogenic sources were analysed by PSCF model. The purposes of the
study are 1) to provide the levels of size-resolved PM and its composi-
tions in the urban areas of Shanghai; 2) to learn the contributing sources
of size-resolved atmospheric inorganic and carbonaceous aerosols; 3) to
get a better understanding of the role of the air mass parcels in facilitat-
ing long range transport to the receptor site.
2. Methods

2.1. Particle sampling

Size-segregated aerosol particle samples were collected on the roof
(~15 m) of 4th Teaching Building in Fudan University (31.30°N,
121.50°E), Shanghai, China (Fig. 1). The sampling sitewas under the im-
pact of residential, traffic, industrial and construction emissions, and it
was located approximately 90 km to Yangshan Port, one of the largest
container ship ports in the world.
Sampling was conducted in July and August, two representative
months in the summer of 2015. Sampling of size-segregated aerosol
particles was performed on 47mmquartz filter membranes (PALLFLEX,
USA) using the Micro-Orifice Uniform Deposit Impactor (MOUDI) Sam-
pler (MODEL 110-R, MSP CORP., USA), a ten-stage cascade impactor
with 50% cut-offs ranging from 0.056 to 18 μm at a flow rate of
30 L min−1. The nominal cut-offs being 18, 10, 5.6, 3.2, 1.8, 1.0, 0.56,
0.32, 0.18, 0.10, 0.056 μm in aerodynamic diameters respectively. Here
the inclusion of inlet and backup stages allowed collection of particles
in 12 size fractions between b0.056 and N18 μm. One additional back-
upfilterwas applied. Prior to use, the quartzmembraneswere pre-heat-
ed at 500 °C for 4 h in amuffle furnace to remove original organic traces.
Samples were put in membrane filters boxes right after sampling and
reserved in a refrigerator at−18 °C until analysis. The sampling period
was 24 h and the sampling work was taken only when themeteorolog-
ical conditionswas favorable (i.e. nowet precipitation and a constant air
mass origin throughout the sampling day). 168 and 264 size-segregated
aerosol samples were collected in July and August, respectively. All the
procedures were strictly quality controlled to avoid any possible con-
tamination of the samples. It should be noted that the experimental
study was interrupted on 4–11, 22–26 July due to typhoon “Chan-
hom” and “Linfa”while 6–11, 20–25 Augustwas under the impact of ty-
phoon “Soudelor” and “Goni”, respectively.

The determination of the collected particlemasswas done gravimet-
rically using an intelligent weighing system (HangzhouWmade Intelli-
gent Technology co., LTD, reading precision 10 μg) after at least 24 h of
equilibration at (20 ± 1) °C with a relative humidity of (40 ± 1) %.
Afterweighing, the quartz filtermembraneswere cutwith ceramic scis-
sors and chemically analysed.

2.2. Chemical analysis

OC and EC in particles were determined by Thermal/Optical Carbon
Analyzer (Desert Research Institute (DRI) Model 2001, Atmoslytic Inc.,
Calabasas, CA, USA). A 0.506 cm2 punch of each sample was analysed
for eight carbon fractions following the IMPROVE TOR protocol. Four
OC fractions (OC1, OC2, OC3, and OC4 at 120 °C, 250 °C, 450 °C, and
550 °C, respectively, in a helium atmosphere), and three EC fractions
(EC1, EC2, and EC3 at 550 °C, 700 °C, and 800 °C, respectively, in a 2% ox-
ygen/98% helium atmosphere) were produced. During volatilization of
organic carbon, part of organic carbon was converted pyrolytically to
EC, this fraction of pyrolized organic carbon (PC) is determined
by transmittance. A He–Ne laser was employed to monitor the
sample reflectance. As pyrolysis occurs, the reflectance decreases.
Then, as EC is removed from the filter, the reflectance will increase
until all carbon is removed from the filter. IMPROVE OC is opera-
tionally defined as OC1 + OC2 + OC3 + OC4 + PC and EC is
defined as EC1 + EC2 + EC3 − PC. The concentrations of OC and
EC reported here are all corrected for the field blanks. SOC was es-
timated by EC-based method (Turpin and Huntzicker, 1995) in this
study, the primary OC/EC ratio used in the equation was replaced
by observed minimum ratio of OC/EC which has been discussed
in detail by Castro et al. (1999) and the estimation equation
could be written as

OCsec ¼ OCtot−EC� OC=ECð Þmin ð1Þ

For ion analysis, one fourth of each aerosol sample and the blank fil-
ter were extracted ultrasonically by 5 mL ultra-pure deionized distilled
water (specific resistance ≥18.1 MΩ, Millipore) for 40 min. Water solu-
ble ions F−, Cl−, Br−, SO4

2−, NO3
−, PO4

3−, Li+, Na+, NH4
+, K+, Ca2+, and

Mg2+ as well as formate, acetate, methanesulfonic acid, and oxalate
were analysed by an ion chromatography (940 Professional IC,
Metrohm, Switzerland.), with an separation columns of Metrosep A
supp 16–250, a Metrosep A supp 16 guard column for anion and a
Metrosep C6 analytical column, a Metrosep C4 guard column for cation.



Fig. 1. Location of Fudan site in Shanghai, China.
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The relative standard deviation of each ion was b2% from reproducibil-
ity tests. Six blank samples were analysed with the same process to re-
move contamination from blank filters and possible sources of
pretreatment.
2.3. Data processing

The cut point of theMOUDI is defined as a diameterwith aerosol col-
lection efficiency of 50% (Marple et al., 1991), thus the collected parti-
cles in each size bin exhibit an approximately normal distribution
against the particle diameter on a logarithmic scale. In this study, the
geometric mean value of the two cut-point diameters was used as the
average diameter of particles within the size range, and dC/dlog10Dp
was calculated to represent the size resolved concentrations in figures
with an X axis of particle diameter on a logarithmic scale. To simplify
the calculation, the particle modes were divided directly by the cut
points in this study. The particle modes were defined as: 0–0.1 μm for
nucleation mode, 0.1–0.56 μm for condensation mode, 0.56–1.8 μm for
droplet mode, and 1.8–18 μm for coarse mode. Since the cut point of
2.5 μm is not available in this study, the classification of the fine particle
pollution conditions in each day was based on PM1.8 concentrations.
2.4. Meteorological data and back trajectory analysis

In this study, the meteorological parameters including temperature
(T), wind speed (WS) and direction, relative humidity (RH), visibility
were routinely measured.

72-h backward trajectories of airmasses arriving at the sampling site
were calculated using the HYSPLIT model (http://ready.arl.noaa.gov/
HYSPLIT.php) to investigate the influence of different air masses from
distant sources on aerosol composition. The meteorological data fields
used to run the model are available at NOAA's ARL archives. For each
sampling day, the model was run with the interval of every hour and
the starting heightwas set as 500m. Themethod used in trajectory clus-
tering was based on the GIS-based software TrajStat (http://www.
meteothinker.com/TrajStatProduct.aspx) (Wang et al., 2009).
2.5. PSCF models

PSCFmodel is amethod for identifying regional sources based on the
HYSPLITmodel. The zone of concern is divided into i× j small equal grid
cells. The grid cover area in the range of 10–50° N and 100–160° E was
defined, and grid cells of 0.2° × 0.2° were contained in this study.

PSCF is a function of location as defined by the cell indices i and j. The
number of endpoints that fall in the ijth cell is designated nij and the
number of endpoints for the same cell having arrival times at the sam-
pling site corresponding to species concentrations higher than an arbi-
trarily set criterion is defined to be mij.

In this study, the 25th percentile value of a particular species was
treated as the criterion, based on trial and error. The PSCF value for
the ijth cell is then defined as

PSCFij ¼ mij=nij ð2Þ

To reduce the effect of small values of nij, the PSCF values were mul-
tiplied by an arbitrary weight function Wij to better reflect the uncer-
tainty in the values for these cells (Polissar et al., 1998). The weighting
function reduced the PSCF values when the total number of the end-
points in a particular cell was less than about three times the average
value of the end points per each cell. In this case, Wij was defined as
below.

Wij ¼
1:00
0:70
0:42
0:05

8>><
>>:

80bnij
20bnij≤80
10bnij≤20

nij≤10

9>>=
>>;

ð3Þ

3. Results and discussion

3.1. Atmospheric concentrations and meteorological conditions

3.1.1. Concentrations of size-resolved PM
Themass concentration of PM10 ranged from26.39 to 194.91 μgm−3

with an average of 115.77 μg m−3 in this study. Approximately 71% of

http://ready.arl.noaa.gov/HYSPLIT.php
http://ready.arl.noaa.gov/HYSPLIT.php
http://www.meteothinker.com/TrajStatProduct.aspx
http://www.meteothinker.com/TrajStatProduct.aspx
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the sampling days exceeded the 24-hour PM10 standard of 50 μg m−3

according to the First Grade National Standard of China and 19% of
the sampling days exceeded the Second Grade National Standard
(150 μgm−3) (GB3095-2012), indicating the atmospheric PM pollution
in Shanghai was very serious. Since July and August are two typical
months of summer, the respective performance of these two months
have been taken into further discussion.

Table. 1 presented the concentrations of size-resolved PM and the
chemical compositions of PM1.8 aswell as themeteorological conditions
in July andAugust 2015 in Shanghai. As can be seen in Table. 1, the PM18

mass concentration of August (62.00 μg m−3) was remarkable lower
than that in July (181.07 μg m−3) in this study yet the temperature
and RH between these twomonths did not show an obvious difference.
55% and 57% of themass concentrationswere accounted tofineparticles
in July and August, respectively, accompanyingwith 21% and 29% of the
mass concentrations accounting to droplet mode in July and August, re-
spectively, indicating the serious fine particle pollution in urban Shang-
hai. The concentrations of particulate matters followed the sequence of
coarsemode N condensationmode N dropletmode N nucleationmode in
July, and with the order of coarse mode N droplet mode N condensation
mode N nucleation mode in August.

The concentrations of PM0.1, PM1, and PM1.8 were 21.21, 82.90, and
100.1 μg m−3 in July and 7.00, 29.21, and 35.10 μg m−3 in August, re-
spectively. The average concentration of the PM0.1 (13.42 μg m−3) for
thewhole sampling periodwasmuch higher than thatmeasured in Tai-
wan (1.42 μg m−3) (Bamber, 2012). The average concentration of the
submicron particles (PM1) (53.45 μgm−3) for thewhole sampling peri-
od wasmuch higher than thatmeasured in summer in Guangzhou (Tao
et al., 2012) and Jiaxing, Zhejiang (Huang et al., 2013), and the average
concentration of PM1 in July even showed an almost three-fold differ-
ence to these researches. Considering that PM1 should be more closely
related with adverse health issues than larger particles (Huang et al.,
2003) and the lifetime of smaller size particles can range from days to
weeks (Bamber, 2012), the extremely high loadings of PM0.1 and PM1

in Shanghai should attract much attention.

3.1.2. Chemical concentration
Fig. 2 presented the size-resolved aerosol compositions including

water soluble ions as well as OC and EC in July and August in this
study. It was obvious that the mass concentration in each size range in
Julywas remarkable higher than that in August. However, themeasured
chemicalmasses only accounted for 23% of the gravimetric PM18masses
Table 1
Statistics data of size-resolved PM in July and August.

Months July August average

PM0.1 (μg m−3) 21.21 7.00 13.42
PM1 (μg m−3) 82.90 29.20 53.45
PM1.8 (μg m−3) 100.10 35.10 64.46
PM10 (μg m−3) 151.04 53.66 97.64
PM18 (μg m−3) 181.07 62.00 115.77
Nucleation mode/PM18 12% 11% 12%
Condensation mode/PM18 23% 16% 21%
Droplet mode/PM18 21% 29% 23%
Coarse mode/PM18 45% 43% 44%
PM1.8-TWSI 15.93 17.62 16.83
PM1.8-SNA 13.06 12.44 12.73
PM1.8-SO4

2− 10.61 11.69 11.19
PM1.8-NO3

− 0.79 0.64 0.71
PM1.8-NH4

+ 1.67 0.11 0.84
PM1.8-OC (μg m−3) 6.15 4.51 5.60
PM1.8-EC (μg m−3) 2.93 1.98 2.61
PM1.8-SOC (μg m−3) 2.75 2.11 2.54
PM1.8-OC/EC 2.10 2.28 2.14
PM1.8-SOC/OC 0.45 0.47 0.45
RH (%) 68.95 69.51 69.25
Temperature (°C) 28.45 28.03 28.22
Wind speed (km/h) 19.77 20.47 20.15
in Julywhile the known chemicalmasses accounted for 68%of the gravi-
metric PM18masses in August. As for the vast unknown compositions in
July which accounted for 77% of PM18masses, would be explained later.

As shown in Fig. 2, particulate matters presented similar two-peak
pattern in July and August. One peak was in the fine mode (0.56–
1 μm), the other in the coarse mode (5.6–10.0 μm). In this study, the
WSI in PM18 was 23.44 μg m−3 for summer average, with
22.61 μgm−3 and 24.12 μgm−3 in July and August, respectively, consti-
tuting 12% and 39% of the PM18 mass concentrations in July and August,
respectively. Compared to August, the mass fraction percentage of WSI
in July was quite low. Mass fraction percentages of WSI in nucleation
mode, condensation mode, droplet mode, and coarse mode were 4%,
12%, 26%, and 8% in July and 17%, 52%, 62%, and 30% in August, respec-
tively. Droplet mode was the most abundant mode for WSI among the
four modes in both July and August. For droplet-mode particles, sulfate,
nitrate and ammonium (SNA) accounted for 91% and 75% of theWSI in
July and August, respectively.

As the most abundant species in WSI, SO4
2− mainly concentrated on

the fine particles, especially enriched in droplet mode particles. Nitrate
was relatively abundant in coarse mode in both July and August and
more nitrate was observed in August (see Fig.2). This can be attributed
to the higher temperature in summer, which might make nitrate parti-
cles be significantly in the gas phase as nitric acid and thus favor the het-
erogeneous reactions of nitric acid with coarse mode dust or sea salt
particles (Tao et al., 2014). Relatively abundant NH4

+ was observed in
July, especially enriched in droplet and coarse mode particles, while
few ammonium was observed in August. This may be explained as the
results of the different air mass sources in July and August. Na+ and
Cl− mainly derived from marine salts. Compared with July, more Na+

and Cl− were observed in August, indicating the effect of clean oceanic
air on the particles in August. The concentration of Na+ in August was
three folds to that in July. Na+ accounted for 17% of the WSI in August
while the value was 5% in July. The difference was especially obvious
in droplet mode, and Na+ accounted for 19% of the WSI in August
while the value was just 2% in July. In coarse mode particles, the molar
ratios of Cl−/Na+ were 0.95 and 0.33 in July and August, respectively,
whichmay imply more nitrate production and more chlorine depletion
in coarse mode in August due to the reaction of gaseous HNO3 with sea
salt. Few water soluble CH3COO−, HCOO−, MSA, and C2O4

2– were ob-
served in this study and more OC and EC were observed in July than
in August in PM18.

The concentrations of the WSI in PM1.8 were 15.93 μg m−3 and
17.62 μg m−3, accounting for 16% and 50% of PM1.8 in July and August
(Table 1), respectively. The average concentrations of PM1.8-associated
SO4

2−, NO3
−, and NH4

+ were 11.19, 0.71, and 0.84 μg m−3 in summer re-
spectively (Table 1). The data of SO4

2− was comparable to those mea-
sured in PM1 (Huang et al., 2013) and in PM2.5 (Wang et al., 2016c;
Zhao et al., 2015) in the summer of Shanghai, while the PM1.8-associat-
ed NO3

− and NH4
+ were approximately a factor of 6–11 and 3–8 lower

than the data reported from these studies. However, the concentrations
of PM1.8-associated SO4

2−, NO3
−, and NH4

+ in July were very close to that
reported by Tao et al. (2016), whose sampling site was just the same as
ours, showing the influence of geographic position and meteorological
conditions on PM composition.

SNA accounted for 82% and 71% of the WSI in PM1.8 in July and Au-
gust, respectively. The ionmass concentrations of SNA in PM1.8 followed
the sequence of SO4

2− N NH4
+ N NO3

− in July, which was the same as that
in HongKong (Li et al., 2015),while it followed a different order of SO4

2−

N NO3
− N NH4

+ in August, which was the same as many cities in YRD re-
gion, such as Jiaxing, Zhejiang (Huang et al., 2013) and Nanjing, Jiangsu
(Wang et al., 2016b), revealing the different sources of these constitu-
ents in aerosols in July andAugust. SO4

2−was themost abundant species
in SNA, accounting for 81% and 94% of SNA in July and August, respec-
tively, due to the fact that coal is still themajor fuel consumption source
in China (Zhang et al., 2007). The NH4

+ which mainly originated from
human and animal excrements, and industrial and agriculture activities,



Fig. 2. Size-resolved aerosol compositions in July and August, 2015 in Shanghai. The marker shows the average mass concentration in each size bin with the error bar representing the
standard deviation.
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accounted for 13% of the SNA in July and 1% of the SNA in August. The
possible reasons for the huge difference between two months would
be discussed later.

3.1.3. OC and EC
As shown in Table 1, the PM1.8-associated TC (sum of OC and EC)

concentrations were 9.08 and 6.49 μg m−3, accounting for 9% and 19%
of PM1.8 in July and August, respectively. For PM1.8-associated SOC, it
accounted for 45% and 47% of the OC in July and August, respectively,
with daily concentrations of 2.75 and2.11 μgm−3 in July andAugust, re-
spectively. The data of OC, EC and SOC in July were comparable to those
measured in PM2.5 (Feng et al., 2013; Zhao et al., 2015) in the summer of
Shanghai, while the data were a little lower in August.

As reported by previous study, the OC/EC ratios were 1.1 for motor
vehicles (Watson et al., 2001), 2.0 for fossil fuel combustion (Cao et
al., 2006), and 9.0 for biomass burning (Cachier et al., 1989). The OC/
EC ratios for this study exceeded 2.0 for both July and August
(Table.1), reflecting the combined contributions from fossil fuel com-
bustion, motor-vehicle exhaust and biomass burning sources.

3.2. Back trajectory cluster analysis

Atmospheric trajectories have been used extensively in studies re-
lating to possible flow paths, source regions, and relevant atmospheric
physical/chemical processes. To identify the sources and processes of
aerosols in Shanghai atmospheres, backward trajectories of 72-h air
masses were investigated during the field campaign. For each day, 24
trajectories were employed with the interval of every hour. The trajec-
tories were mainly grouped into five clusters by clustering algorithm.
The five clustering pathways in two months and the mean concentra-
tions of PM1.8, OC, EC, and SNA for all trajectory clusters arriving at
Shanghai were shown in Fig. 3. The clustering results including mass
concentrations aswell as the fractions of species for each trajectory clus-
ter were significantly different in July and August as shown in Fig. 3, in-
dicating the strong dependence of the aerosol species on the air mass
origins.

The potential pollution sources shown by trajectory clusters were
different in July and August. The numbers of the air masses originated
from northern China and passed by Shandong Peninsula reached to
23.5% in July (Cluster 4, C4), 2.3 times higher than that in August. The
air masses not only carried considerable amount of mineral aerosols
from northern China (Wang et al., 2013b), but also contained lots of an-
thropogenic pollutants due to the industrial activities in Beijing-Tianjin-
Hebei region in northern China (Sun et al., 2005; Sun et al., 2015). The
abundant concentrations of mineral aerosols as well as the anthropo-
genic pollutants could elevate the PM concentration significantly over
a short period of time (Wang et al., 2013a),whichmay explain the char-
acteristics of the abundant unknown components in July. The unknown
components in July may consist of a lot of water-insoluble minerals and
anthropogenic components such as Al, Si, Ca (Wang et al., 2013a) and
metallic or non-metallic such as Zn, Cu, Cr, and As (Sharma et al., 2015).

Cluster 1(C1), Cluster 2(C2), and C4 were regarded as polluted and
accounted for 75% in July while Cluster 3(C3) and Cluster 5(C5) in July
were regarded as relatively clean and accounted for 25%. The statistical
results of pollutedmean values of PM1.8 and PM1.8-associated species of
each cluster arriving at Shanghai in July were summarized in Table 2.
The average PM1.8 concentrations associated with polluted trajectories
of C1 and C4 were 113.4 μg m−3 and 117.2 μgm−3, respectively, higher
than themean value in July, indicating that C1 and C4 hadmuch impact
on PM1.8 concentrations in Shanghai. C1 and C4 were associated with
slower air mass trajectories than other clusters, suggesting that the
pollutants emitted from local sources and specific meteorological pa-
rameters such as lower wind speed were likely to relate to PM1.8 accu-
mulation in July. C1 and C4 also displayed higher polluted mean
values of SO4

2−, NO3
− and NH4

+, indicating the secondary sources
which could originate from local areas aswell as from some inland cities
via long-range transport. As shown in Table 2, the mentioned relatively
abundant NH4

+ observed in Julywasmainly derived fromC1 and C4, be-
tween which C4 was the predominant source. C1 was a long-range tra-
jectory which may be influenced by the East Japan Sea and some Asian
countries such as Japan and Korea. C4 was mainly from the north or
northeast of China, air masses from this cluster could bring considerable
amounts of mineral aerosols and anthropogenic pollutants (Wang et al.,
2013b). C2 represented the sources from southern China and passed
through the PRD region, where the anthropogenic pollution was also
heavy due to the rapid development there (Tao et al., 2012). C2 had
the highest OC, EC and SOC loadings among the five clusters and the
OC/EC ratio for C2 was also the highest (2.9), indicating the formation
of SOA during the transport processes (Zhao et al., 2015), since the
ratio of OC/EC exceeding 2.0 usually indicates the presence of SOA
(Chow et al., 1996). Potential sources from the areas along this trajecto-
ry cluster may have a great contribution to the Shanghai's high OC, EC
and SOC concentrations during the observation period. C3 and C5 both
represented the marine source. Different from C5, C3 was composed
of fast-moving and long trajectories originating from marine which
was least influenced while the air masses from C5 may be influenced



Fig. 3.Mean back trajectories for 5 trajectory clusters arriving at Shanghai in July and August, 2015, with the average fractions of OC, EC, SO4
2−, NO3

−, NH4
+ and other water soluble ions in

different clusters. The slices are: Red= OC; Green= EC; Blue= SO4
2−; Light blue = NO3

−; Pink= NH4
+; Yellow=WSI exclude SNA; Grey = Unknown components. Bright yellow filled

region refers to the Yangtze River Delta and Bright green filled region refers to the Pearl River Delta.
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by Shanghai Port. As theworld's largest port for containers, the problem
of vessel emission pollution is quite serious in Shanghai and the ship
emissions of Shanghai Port can be considered as one of the major
sources of the air pollution in Shanghai (Yang et al., 2007).

Compared with July, August was mainly influenced by short-range
transport. C1, C4 and C5 were regarded as polluted and accounted for
32% in August while C2 and C3 in August were regarded as clean and
accounted for 68%. The pathway represented by C1 (22%)wasmost pol-
luted with PM1.8 (54.7 μg m−3) while C5 (10%) was most polluted by
OC, EC and SOC and also displayed the highest loading of SNA among
the clusters. C1 represented the sources from inland, especially from
the cities around the PRD. The high SOC/OC ratio of C1 in August
(60%) (Table 2), which was the same as that of C2 in July, was very
close to that observed in Guangzhou (Fan et al., 2016), which implied
the sources of the air masses of these two clusters, indicating the impor-
tant contributions of emissions from PRD and the areas along the two
clusters to the SOA generation in Shanghai. C4was a short-range trajec-
tory which may be influenced by Northern Yellow Sea, which was
heavily polluted by high industrial emissions (Wang et al., 2013b).
With the slowest air mass trajectories originated from southwest of
Shandong Province, C5 had the least unknown fractions (8%) due to
the relatively steady meteorological condition which may favor the
Table 2
The statistical results of fraction of particulatematters with different sizemodes, pollutedmean
ratios of OC/EC and SOC/OC of each cluster arriving at Shanghai.

Cluster Nucleation mode Condensation mode Droplet mode Coarse m

July 1 7% 29% 29% 35%
2 5% 31% 24% 39%
3
4 5% 28% 30% 36%
5 7% 30% 27% 36%

Aug. 1 3% 22% 37% 38%
2
3 1% 22% 41% 36%
4 0% 18% 31% 51%
5 0% 18% 46% 36%
accumulation of locally emitted air pollutants via short-range transport.
45% of PM1.8 mass was sulfate in this cluster and the high fraction may
due to the anthropogenic sources from the industries in local Shanghai
and the nearby cities. Also, the high OC/EC ratio (2.9) and SOC/OC (50%)
observed in this cluster indicated the significant contribution of anthro-
pogenic pollutants to SOA formation. C2 presented long range transport
over the ocean and was quite clean. The numbers of trajectories
assigned to C3 were the largest (36%) and the air masses associated
with this cluster led to low PM1.8 loading (34.3 μg m−3). However,
most trajectories were slow-moving and 35% of PM1.8 mass was sulfate
in C3, suggesting that marine air masses can still transport considerable
amounts of sulfate to the sampling site, presumably due to the ship
emissions from the nearby ports. C3 had high loading of PM1.8-associat-
edWSI and held the highest loading of PM1.8-associated NO3

−while few
OC or EC was associated with this cluster.

In addition, the fractions of particulate matters with different size
modes were also presented in Table 2. For both July and August, fine
particles were the dominant part of the particles, contributed 50%-65%
of the atmospheric aerosols. Though the fraction of the nucleation
mode was small in both July and August, the value in July was a little
higher than that in August. The fractions of different sizemode particles
for each cluster were similar in July, while the distributions between
values (μgm−3) of PM1.8 and PM1.8-associated SO4
2−, NO3

−, NH4
+, OC, EC and SOC aswell as

ode PM1.8 PM1.8

SO4
2− NO3

− NH4
+ OC EC SOC OC/EC SOC/OC

113.40 14.20 0.50 2.10 6.80 2.90 2.90 2.30 0.40
84.80 8.40 0.90 0.20 8.20 2.80 4.80 2.90 0.60
0.00 0.00 0.00 0.00 0.00 0.00 0.00
117.20 15.80 0.80 4.10 5.80 3.40 2.20 1.70 0.40
93.60 8.30 0.80 0.20 3.90 2.70 1.00 1.50 0.30
54.70 10.10 0.80 0.20 6.90 3.70 3.80 1.80 0.60
0.00 0.00 0.00 0.00 0.00 0.00 0.00
34.30 11.90 1.50 0.20 0.00 0.00 0.00
44.00 12.70 1.00 0.10 4.90 3.20 2.00 1.50 0.40
42.80 19.20 1.00 0.20 9.40 3.20 4.60 2.90 0.50
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different clusters differed from those in August. The droplet mode con-
tributed considerably in August, whichmay explain the high fraction of
SO4

2− in WSI in August, for SO4
2− was considered being enriched in fine

particles, especially being abundant in droplet mode particles as
discussed before.
3.3. PSCF

3.3.1. PSCF for size-resolved particles
PSCF provides a more clear visualization of the extent of transport.

Fig. 4 presented the weighted PSCF for PM0.1, PM1, PM1.8 and PM18 in
Shanghai during July and August. As shown in Fig. 4, no distinct differ-
ence was observed among the distributions of PSCF values for size-re-
solved PM in July, indicating the similar potential pollution sources for
particles with different sizes in July. Potential source areaswithweight-
ed PSCF values higher than 0.6 in July were maily located in inland
China, include YRD and PRD and the areas that extended fromnortheast
Guangzhou to local Shanghai, indicating the predominant role of an-
thropogenic sources in PM pollution in urban Shanghai in July, since
both YRD and PRD were heavily polluted regions affected by high pol-
lutant emissions due to the rapid economic growth and corresponding
rise in energy consumption and vehicle use as well as industrial emis-
sions. Besides, high weighted PSCF values were also seen in July for
PM0.1, PM1, PM1.8 and PM18 in northwest East China Sea (ECS), where
there is the Zhoushan Islands, an archipelago in which nineteen-twen-
tieths of the inhabitants are engaged in agriculture. Foreign ships that
travel back and forth to the ports there and domestic ship activities be-
tween the islands of Zhoushan archipelago both contribute consider-
ably to the ship emissions. According to the results of PSCF, there were
also some trails approaching from northern China. The weighted PSCF
of size-resolved PM in July indicated that the high particulate pollution
of Shanghai in July was mainly ascribed to long-range transport and
partly ascribed to regional transport.
Fig. 4. PSCF for PM0.1, PM1, PM1.8
Compared with July, the potential source regions of particulate pol-
lution in Shanghai in August were constrained in YRD region. Relatively
highweighted PSCF values were presented in local Shanghai, the south-
ern of Jiangsu province, and the northern of Zhejiang province for size-
resolved PM, indicating that the particulate pollution of Shanghai in Au-
gust was mainly ascribed to intra-regional transport in YRD. However,
significant differences can be seen among theweighted PSCF for size-re-
solved particles in August. As shown in Fig. 4(e), the areas of weighted
PSCF values higher than 0.6 over the ECS for PM0.1 were larger than
that for PM1, PM1.8 and PM18, indicating the broader marine sources
for PM0.1. This result may imply the strong ship primary emissions. It
was also clearly shown that besides the YRD region, high PSCF values
were also seen in ECS for PM18, indicating the influences of sea salt
and ship emissions on the coarse particles (Han et al., 2005; Wang et
al., 2016a) observed in August while the submicron and fine particles
were mainly related to the anthropogenic emissions from inland China.
3.3.2. PSCF for SNA in PM1.8-associated particles
Based on the concentrations of PM1.8, PM1.8-associated SO4

2−, NO3
−,

and NH4
+ in Shanghai during July and August, weighted PSCFwere plot-

ted in Fig. 5. It was clearly shown that the high fine PM pollution of
Shanghai was mainly ascribed to the long-range transport in July
while it wasmainly ascribed to local and intra-regional transport in Au-
gust. As shown in Fig. 5, the weighted PSCF results for PM1.8-associated
NO3

− andNH4
+ in Julywere almost the same as that for PM1.8 in the same

month,which identified northwest ECS aswell as the areas that extend-
ed from northeast Guangzhou to local Shanghai as the major potential
source regions of PM1.8 and PM1.8-associated NO3

− and NH4
+ in July.

Compared to the large scales of potential source regions for PM1.8, the
areas of high weighted PSCF values(N0.8) for PM1.8-associated SO4

2− in
July were scattered located at juncture of Jiangxi and Fujian, Zhejiang
and Anhui province. These areas were all known to be large emission
sources of SO2.
and PM18 in July and August.
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As for the PSCF for SNA in August, it was worth noting that besides
the YRD region, high weighted PSCF values for PM1.8-associated SO4

2−

were also seen in northwest ECS, where there is Yangshan deep-water
Port (Wang et al., 2016a), whose container vessels were required to
use marine fuel with sulfur content not exceeding 0.5% when at berth
since April 2016, indicating the significant influence of the vessel emis-
sions from the ports on the abundant sulfates observed in the aerosols in
Shanghai. Sea-salt (SS) SO4

2− could be estimated based on the assump-
tion that all Na+ was from the marine source using the marine SO4

2−/
Na+ ratio of 0.25 (Veizer, 1978). It was calculated that SS-SO4

2−

accounted for 8% of the total SO4
2− in August and 2% in July, respectively,

and these ratios were much higher than those in Haining, Zhejiang
(~0.5%) and Zhongshan, Guangdong (~0.8%) (Zhou et al., 2016). This re-
sult indicated that SO4

2− in Shanghai was dominantly ascribed to an-
thropogenic sources yet the contributions of marine sources in August
in this study cannot be ignored. The weighted PSCF showed that the
PM1.8-associated NO3

− in Shanghai in August was mainly influenced by
local sources and the airmasses that originated from southwest of Shan-
dong province. As for PM1.8-associated NH4

+, the main potential source
region was YRD region, while ECS also contributed much to it in Shang-
hai in August.

3.3.3. PSCF for carbonaceous aerosols in PM1.8-associated particles
Based on the concentrations of PM1.8-associatedWSI andOC, EC, and

SOC in July and August, weighted PSCFwere plotted in Fig. 6. The distri-
bution ofweighted PSCF values for PM1.8-associatedWSIwas almost the
same as PM1.8-associated SO4

2−, indicating the dominant role of SO4
2− in

WSI. For PM1.8-associatedOC and EC, the YRD region and the PRD region
presented extremely high weighted PSCF values in July, indicating that
both long-range transports and regional transports contributed to the
carbonaceous pollution in Shanghai in July. Since EC can be transported
over long distances due to its light weight and non-volatile characteris-
tics, it can be used as a suitable metric to reflect the influence of long
range transported aerosols over a receptor site (Jeong et al., 2011).
Fig. 5. PSCF for PM1.8 and PM1.8-asso
Besides YRD and PRD, high weighted PSCF values were also seen in
ECS for PM1.8-associated EC. Since the sampling site in this study is lo-
cated approximately 90 km to Yangshan Deep-water port, the high
weighted PSCF values were evidently due to the contribution from
those busy ship activities over the ECS (Wang et al., 2016a).

As shown in Fig. 6(e), the potential source regions of particulate pol-
lution for Augustweremainly contributed to the local emissions and the
impact of ship emissions from Yangshan Port. High weighted PSCF
values presented in Yangshan Port for PM1.8-associated OC and EC,
which was consistent with the results from PSCF analysis of SNA in Au-
gust, indicated the significant influence of ship emissions on the air
quality of Shanghai.

4. Conclusions

Shanghai has frequently suffered from severe particulatematter pol-
lution with the rapid development of economy and urbanization. How-
ever, the precise sources of air pollution in Shanghai still remain
uncertain. In this study, the concentrations ofWSI, OC and EC of size-re-
solved (0.056–18 μm) atmospheric aerosols were measured in July and
August 2015 in Shanghai, China. Backward trajectory model and PSCF
model were used to identify the potential source distributions of size-
resolved particles and PM1.8-associated atmospheric inorganic and car-
bonaceous aerosols. The results showed that the average mass concen-
trations of PM0.1, PM1, and PM1.8 were 21.21, 82.90, and 100.1 μgm−3 in
July and 7.00, 29.21, and 35.10 μg m−3 in August, respectively, indicat-
ing that the particulate matter pollution was more serious in July than
in August in this study due to the strong dependence of the aerosol spe-
cies on the air mass origins. The trajectory cluster analysis revealed that
the airmasses originated fromheavily industrialized areas including the
PRD, YRD and the Beijing-Tianjin region were characterised with high
OC and SO4

2− loadings. The results of PSCF showed that the pollution
in July was mainly influenced by long-range transport while it was
mainly associated to local and intra-regional transport in August. The
ciated SNA in July and August.



Fig. 6. PSCF for PM1.8-associated water soluble ions and OC, EC and SOC in July and August.
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potential pollution sources for particles with different sizes in July were
similar, while in August the submicron and fine particles were mainly
related to the anthropogenic emissions from inland China via local
and intra-regional transport yet the coarse particles were also influ-
enced by sea salt and ship emissions. Besides the contributions of an-
thropogenic sources from the YRD and PRD region, ship emissions
from the ECS also made a great contribution to the high loadings of
PM1.8 and PM1.8-associated NO3

−, NH4
+, and EC in July. SO4

2− in Shanghai
was dominantly ascribed to anthropogenic sources and the high PSCF
values for PM1.8-associated SO4

2− observed in August was mainly due
to the ship emissions of Shanghai port, such as Wusong port and
Yangshan deep-water port. These results indicated that the particulate
pollutants from long-range transported air masses and shipping made
a significant contribution to Shanghai's air pollution. Therefore, it is nec-
essary to implement air pollution control on a larger scale simulta-
neously, and much attention should be paid to the impact of high
potential source from ship emissions on the air quality of Shanghai.
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