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13 Abstract

14 Fine particle (PM;s) samples were collected simultaneously at three urban sites
15  (Shanghai, Nanjing, and Hangzhou) and one rural site near Ningbo in the Yangtze
16  River Delta (YRD) region, China, on a weekly basis from September 2013 to August
17 2014. In addition, high-frequency daily sampling was conducted in Shanghai and
18  Nanjing for one month during each season. Severe regional PMa s pollution episodes
19 were frequently observed in the YRD, with annual mean concentrations of 94.6 + 55.9,
20 97.8+40.5, 134 £ 54.3, and 94.0 + 57.6 ug m™ in Shanghai, Nanjing, Hangzhou, and
21 Ningbo, respectively. The concentrations of PM2 s and ambient trace metals at the four
22 sites showed clear seasonal trends, with higher concentrations in the winter and lower
23 concentrations in the summer. In Shanghai, similar seasonal patterns were found for
24 organic carbon (OC), elemental carbon (EC), and water-soluble inorganic ions (K",
25 NH4", CI', NOs", and SO4*). Backward air trajectory and potential source contribution
26  function (PSCF) analyses implied that areas of central and northern China contributed
27  significantly to the concentration and chemical compositions of PM2s in Shanghai
28  during winter. Three heavy pollution events in Shanghai were observed during autumn
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and winter. The modelling results of the Nested Air Quality Prediction Modeling
System (NAQPMS) showed the sources and transport of PM3 5 in the YRD during the
three pollution processes. The contribution of secondary species (SOC, NH4", NOs’,
and SO4*) in pollution event (PE) periods was much higher than in BPE (before
pollution event) and APE (after pollution event) periods, suggesting the importance of
secondary aerosol formation during the three pollution events. Furthermore, the
bioavailability of Cu, and Zn in the wintertime PM; 5 samples from Shanghai was much

higher during the pollution days than during the non-pollution days.

Keywords: Secondary aerosol, Primary organic carbon, Potential source contribution

function; Nested air quality prediction modeling system; Bioavailability;

Capsule: Secondary aerosol formation is important and the bioavailability of trace

metals is much higher during the pollution events.

1. Introduction

Elevated fine particulate matter (PMzs) in the atmosphere has become a top
environmental concern, due to their adverse effects on human health (Wessels et al.,
2010) and climate change (Huang et al., 2012). When breathed, PM> s can reach the
deepest regions of our lungs and may cause a wide range of health problems (Lanki et
al., 2006; Wessels et al., 2010). An epidemiological association between human
exposure to PMz s and increases in the incidence of mortality and morbidity due to lung
cancer and cardiovascular diseases has been demonstrated in a number of studies
(Corbett et al., 2007; Viana et al., 2008). The adverse effects of fine particles have also
been attributed to the toxicological effects of chemical compounds associated with fine
particles (Gerlofs-Nijland et al., 2009; Uzu et al., 2011), such as organic carbon (OC)
and elemental carbon (EC), and water-soluble inorganic ions and metal elements (such
as Fe, Cu, Pb, Zn, Ni, and V). The inhalation of PM> s can therefore have a long-term

and serious impact on human health.

In recent years, the occurrence of PMas pollution has become increasingly

frequent on a large scale in China (Fu et al., 2008; Hu et al., 2014), indicating that
2
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PMb s pollution is no longer confined in individual cities but expanding over a large
regional scale. In some previous studies, the characteristics, chemical compositions,
sources, and formation mechanism of PM2 5 in some megacities of China, such as
Guangzhou, Shanghai, Nanjing, and Beijing have been investigated (Wang et al.,
2006a; Yang et al., 2005; Yao et al., 2002). However, very few investigations of PM> s
have been conducted on a regional scale in China, such as those carried out in the
Beijing-Tianjin-Hebei area (Zhao et al., 2013) and the Pearl River Delta (PRD) region
(Hagler et al., 2006). The Yangtze River Delta (YRD) region is the most economically
developed and rapidly urbanizing city cluster in eastern China. Due to the high levels
of energy consumption and large emissions of atmospheric pollutants, and to the
influence of the East Asian monsoon on long-range transport in the YRD region (Wang
et al., 2008), air pollution was severe in the YRD in recent years (Feng et al., 2009;
Shen et al., 2014). The characteristics of PM> 5 have been individually studied at a city
scale (Cao et al., 2009; Chen et al., 2008), but in very few studies has synchronous
sampling been conducted in different cities of the YRD region over an annual cycle. It
is imperative to generate a high-quality database of the concentration and chemical
compositions of PM»s on a regional scale. Moreover, regional pollution events such
that affect the entire YRD region have become more frequent in recent years (Fu et al.,
2008; Wang et al., 2015). Previous studies focused on the formation mechanism of
pollution events by monitoring air pollutants (Fu et al., 2010; Fu et al., 2008). Recently,
a 3-D model, the Nested Air Quality Prediction Modeling System (NAQPMS), has
been applied to understand the sources and transport of air pollutants (Li et al., 2008;
Li et al., 2014; Wang et al., 2006c). This encourages us to integrate monitoring data
and modeling results to better understand the formation and evolution of PMas

pollution events.

In this study, PM2s samples were simultaneously collected in four cities of the
YRD region over a one-year period to analyze the aerosol chemical compositions
including metal elements, OC and EC, and water-soluble inorganic ions. A 3-D

chemical transport model, NAQPMS, was applied to simulate the formation and
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evolution of PM»s during pollution events. The objectives of this study were to
characterize the seasonal variations and potential sources of PMas, identify the
characteristics of chemical components and the formation and evolution of pollution
events, and evaluate the bioavailability of airborne trace metals on pollution days and

non-pollution days.
2. Experiment and Methods
2.1 Field Sampling

Three urban sites in large cities — Shanghai (SH), Nanjing (NJ), and Hangzhou
(HZ), and one rural site in Ningbo (NB) were selected for field sampling in the YRD
region (Fig. 1). Details of the sampling sites are described in Table S1. The PMx s
samples were collected on 8 x 10 inch quartz microfiber filters (PALL, USA) using a
high-volume sampler equipped with a 2.5 pm inlet at a flow rate of 1 m*/min. Before
sampling, all the filters were pre-baked for 6 h at 500 °C to remove any contamination
caused by carbonaceous materials. The filters were weighed twice, once before and
once after sampling, using a balance (Sartorius Analytic, Gottingen, Germany) with a
sensitivity of + 0.1 mg. After sampling, the loaded filters were covered with aluminum
foil and stored in polyethylene bags at -20 °C before being analyzed. Simultaneously,
weekly sampling (i.e., one 24-h sample per week) was conducted at each of the four
sampling sites from September 2013 to August 2014. In addition, more intensive daily
PM; s sampling (i.e., one 24-h sample per day) was conducted simultaneously in
Shanghai and Nanjing in autumn (from 16 October 2013 to 14 November 2013), winter
(from 21 December 2013 to 20 January 2014), spring (from 21 March 2014 to 20 April
2014), and summer (from 23 June 2014 to 23 July 2014). We selected these two high
energy consumption cites with typical geographical contrast (coastal for Shanghai and
inland for Nanjing) to conduct the intensive daily sampling, enabling us to compare the
field observation results between the cities and investigate the regional transport of
PMb> s in the YRD. At each site, two field blank filters (one for 24 h and the other for

the whole sampling period) were placed into the high-volume sampler in a non-
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working state to check the background contamination from the field. Meanwhile,
laboratory blank filters were stored at a clean desiccators at 20-30 °C for checking
background contamination from the lab. The concentrations of all the chemicals in
blank filters and field blank filters were less than 1% of the average analyte
concentrations for all the chemicals. A total of 143, 119, 45, and 44 samples were

collected at the SH, NJ, HZ, and NB sites, respectively.

2.2 Chemical Analysis and Quality Control

Total concentrations of major and trace elements were analysed for each filtered
PMb> s sample collected from all the four cities. Concentrations of OC, EC, water-
soluble ions (NOs3, CI;, SO4*, K" and NH4") and bioavailable metal fractions were

analyzed only for the samples from Shanghai.

To analyze the total concentrations of major and trace elements, one-eighth of the
filter was cut and put into acid-cleaned Pyrex test tubes (18 mm x18 mm) (Wong et al.,
2003). About 12 mL of 70% high-purity nitric acid (HNO3) and 3 mL of 65% perchloric
acid (HClO4) were added to ensure that the filters were completely submerged. The
mixed solutions were gently shaken using a vortex, and then heated progressively to
190 °C in an aluminum heating block to complete dryness. Twelve mL of 5% (v/v)
high-purity HNO3 were added, and then heated at 70 °C for 1 h. After cooling, the
solutions were poured into 15 mL plastic tubes for storage at 4 °C until analysis. All
glass and plastic tubes were acid cleaned and rinsed with deionized water before use.
Quality control was carried out by analyzing reagent blanks, replicates, and standard
reference materials (NIST SRM 1648a, urban particulate matter), representing 10, 10,
and 10% of the total number of samples, respectively. Trace metals concentrations were
determined using an Inductively Coupled Plasma - Optical Emission Spectrometer
(ICP-OES, Agilent 720) after calibration using 5% high-purity HNOs. Regent blanks
(5% high-purity HNO3) and quality control standards were measured at every 10
samples to detect contamination and drift. The concentrations of trace metals in regent

blanks were < 1% of the average analyte concentrations for all of the targeted metals,
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and the recovery rates of the metal elements in the standard reference material (NIST
SRM 1648a) ranged from 96-110% (with the exception of 54% for Al without HF in

the digestion).

The analysis of OC, EC, and water-soluble inorganic ions followed previously
described procedures as provided in the SI. Based on the EC-tracer method (Castro et
al., 1999) (details in the SI), the concentrations of primary organic carbon (POC) and
secondary organic carbon (SOC) were also estimated. Simulated lung fluids —
Gamble’s solution were used to extract the soluble fraction of trace metals in the 21
selected PM» s samples collected in SH from 5 December 2013 to 17 January 2014.
Gamble’s solution was freshly prepared according to the procedure described by
Colombo et al. (2008). Details of the extraction procedures and analytical

determination are provided in the SI.

2.3 Back Trajectory and Potential Source Contribution Function

Air mass backward trajectories were calculated at 6-hour intervals for sampling
days at an elevation of 500 m AGL (above ground level) using the Hybrid-Single
Particle Integrated Trajectories (HY SPLIT 4.9) developed by the National Oceanic and
Atmospheric Administration (NOAA) Air Resource Laboratory

(http://www.arl.noaa.gov/HYSPLIT.php). All of the backward trajectories were

classified into several types through cluster analysis based on the non-hierarchical
clustering algorithm (Dorling et al., 1992). The Potential Sources Contribution
Function (PSCF) model is similar to the framework described by Ashbaugh et al.
(1985). The movement of an air parcel during sampling periods is described using
segment endpoints of coordinates in terms of latitude and longitude (Zhang et al., 2014).
All of the hourly endpoints in the back trajectories generated by the HY SPLIT 4.9 were
classified into 1° latitude by 1° longitude grid cells to avoid uncertainties in the

calculations. The PSCF value for the ij-th cell was defined as

PSCFj) = mqj/ng, (1)
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where mgj is the number of endpoints corresponding to measured pollutant
concentrations higher than a given criterion value, which is set to the mean
concentration of each pollutant during the sampling period. 7 is the total number of
endpoints falling in the grid cell. All values were plotted using mapping software
(ArcMap 10.2). Only a given cell that included a total of more than 10 hourly points
was plotted. Because the synoptic atmospheric conditions at the four cities were quite
similar, back trajectory and PSCF analyses were conducted only in Shanghai in this

study.

2.4 Model Description and Setup

The Nested Air Quality Prediction Modeling System (NAQPMS) was used in this
study to simulate the evolution of PMz 5 over eastern China during the three pollution
events. NAQPMS is a multi-scale 3-D Euler chemical transport model that was
developed by the Institute of Atmospheric Physics (IAP), Chinese Academy of
Sciences (Wang et al., 2006c). The Weather Research and Forecasting Model (WRF
version 3.5) was used as a meteorological driver for NAQPMS. The nested chemical
transport module includes advection and diffusion processes (Byun and Dennis, 1995;
Walcek and Aleksic, 1998), and the parameterization of the dry and wet deposition of
pollutants (Wesely, 1989). The Carbon-Bond mechanism Z (CBM-Z) (Zaveri and
Peters, 1999), which contains 133 reactions for 53 species, was used to represent the
gas phase chemistry in NAQPMS. The composition and phase state of an ammonia-
sulfate-nitrate-chloride-sodium-water inorganic aerosol were calculated using the
model ISORROPIA 1.7 (Nenes et al., 1998); and the secondary organic aerosols (SOA)
were predicted based on a two-product yield scheme (Odum et al., 1997). A detailed
description of the calculation and prediction can be found in previous work (Li et al.,
2008). The modeling domains consisted of a 27-km horizontal grid covering East Asia
and a 9-km nested grid over eastern China (Fig. S1). The vertical structure of the model
consisted of 20 layers from the surface to 20 km above the surface, with the lowest ten

layers below 2 km. The lateral and upper boundary conditions were taken from a global
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chemical transport model (MOZART-V2.4) with a 2.8° resolution. The anthropogenic
emission inventory was obtained from the bottom-up Regional Emission inventory in
Asia (REAS2.1) data with a 0.25°x0.25° resolution (Kurokawa et al., 2013). Biomass
burning emissions were developed by Cao et al. (2005) and resampled to a daily time
step based on MODIS fire hot spots in 2010 with a 1.0°<1.0° resolution. Monthly
biogenic emissions were generated by MEGAN v2.0, a biogenic emission model with
a 0.5°%0.5° resolution provided by NCAR (the National Center for Atmospheric

Research) (http://accent.aero.jussieu.fr/database table inventories.php).

3. Results and Discussion

3.1 Concentrations of PM25 and Chemical Components
The annual means of PM3 5 at the SH, NJ, HZ, and NB sites were 94.6 + 55.9, 97.8 +

40.5, 134 + 54.3, and 94.0 + 57.6 pg m>, respectively, which were 9 to 13 times the
standard set by the World Health Organization (WHO) of 10 ug m™, and 2 to 3 times
the Chinese National Ambient Air Quality Standards’ (NAAQS) Grade II of 35 pg m-
3. It is interesting to note that the rural mountainous site of Ningbo displayed similarly
high pollution levels to other urban sites during the polluted seasons, indicating that
regional pollution events overwrote the local background with no known emission
sources surrounding the area. The annual concentrations of PM>s in the YRD region
were lower than those in northern China, such as Baoding (118 pg m>) and Xingtai
(109 pug m), but higher than those in the PRD region, such as Guangzhou (42.4 ug m"
%), Zhuhai (33.8 pg m™), and Shenzhen (32.0 ug m™) (Zhang and Cao, 2015), and those
in other countries, such as USA (Abu-Allaban et al., 2007), Korea (Choi et al., 2012),
and Greece (Samara et al., 2014). PM> 5 concentrations for the spontaneous samples
taken in the four cities (Fig. 2a) and for the samples collected during the high-frequency
sampling period in SH and NJ (Fig. 2b) showed similar fluctuations, respectively. The
results indicate a similar regional pollution pattern for PM2 s in the YRD to that found
in northern China (Luo et al., 2014) and the North China Plain (Hu et al., 2014). The
concentrations and temporal variations of PMa.s were similar for all the studied cities

within each region. The regional PM> s pollution pattern also suggests that a significant
8
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fraction of the PM 5 could be secondary particles, which have regional sources and a

wide distribution pattern (Fu et al., 2010; Fu et al., 2008).

The annual average concentrations of airborne trace metals at the four sites are
listed in Table 1. The major abundant metal elements are crustal elements (e.g., Al, Ca,
Fe, and Mg), but they only account for 3.34-4.76% of the mass concentrations of PM2 s.
The concentrations of trace metals are in the order of Zn > Pb > Cu > Cr >V > Ni. At
present, there are no regulated standards for metal loadings in PM; 5 in China. However,
the level of Ni in the winter season in SH exceeded the WHO threshold value of Ni (20
ng m™) in PM;o (WHO, 2000). Compared with past monitoring data in the YRD region,
such as Shanghai (annual mean, 2009-2010) (Chen et al., 2008), Nanjing (average
value from April to September 2010) (Hu et al., 2012), and Hangzhou (annual mean,
2006) (Bao et al., 2010), the concentrations of Zn in SH, and Cu and Zn in NJ and HZ
showed a decreasing trend, probably due to the more stringent regulations on the
emissions of trace metals from various sources, such as steel industry, other heavy
industries, and vehicle emissions in the YRD region (CCICED, 2014). However, the
levels of ambient trace metals in the YRD region were still higher than those in some
other countries, such as Southern California (Na and Cocker III, 2009) and Turkey
(Kendall et al., 2011).

In Shanghai, the high-frequency samples were analyzed for OC and EC, and the
weekly samples for water-soluble ions in PM> 5. The average concentrations of OC and
EC and water-soluble ions in PM> 5 in SH are presented in Table 2. The annual mean
concentrations of OC and EC in SH were 9.89 + 8.89 and 1.63 £ 1.53 ug m>,
respectively, which contributed 9.85 + 3.40% and 1.62 + 0.77% of the PM2s mass,
respectively. The results were consistent with those in a previous study conducted at
the campus of Fudan University in Shanghai by Feng et al. (2006). In comparison with
other urban cities in China, the OC and EC concentrations were lower than the values
obtained in Beijing (Zhao et al., 2013) and Guangzhou (Duan et al., 2007). The
secondary inorganic ions, including NOs", SO4>, and NH4", are the dominant ionic
species in SH. The annual mean concentrations of NOs", SO4>, and NH4" were 18.0 +

9
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19.1, 14.5+9.61, and 8.13 + 6.99 pg m>, respectively, which constituted 12.7 £ 7.7%,
12.9 + 6.20%, and 6.39 + 3.54% of the PM 5 mass, respectively.

3.2 Seasonal variations in the Concentration and Chemical Compositions of
PM:2s

Clear seasonal patterns of PM 5 and airborne trace metals were observed in the YRD
region (Table 1). At the urban sites of SH, NJ, and HZ, the average concentrations of
PMb> s and trace metals were higher in the winter and lower in the summer, which is
similar to other air pollutants in this region (Cao et al., 2009; Wang et al., 2006b).
However, high levels of crustal elements were also observed in NJ in the spring,
probably due to the influence of dust storms from western and northern China under
the northwestern monsoon in the spring (Hsu et al., 2009; Lee et al., 2010; Wang et al.,
2007). The concentrations of PM>s and airborne trace metals were lowest in the
summer at the rural site of NB, but no significant differences were found among the
autumn, winter, and spring seasons. As shown in Table 2, the OC, EC, and water-
soluble ions in Shanghai exhibited seasonal patterns similar to those of the PM> s and
airborne trace metals. The seasonal patterns of atmospheric pollutants in the YRD are
related to local, regional and remote sources. Meteorological conditions, particularly
the seasonal monsoons that carry pollutants originating from regional and remote
sources, strongly influence the relative contribution of each source to the pollutant
levels detected locally (Liu et al., 2013). The results of the backward air mass trajectory
analysis and cluster analysis in Shanghai showed that the air masses were seasonally
dependent (Fig. S2). Maps of the potential sources of PM> 5 in Shanghai during the four
seasons are displayed in Fig. 3. The PSCF result identified areas of central China
including the provinces of Henan, Hubei, and Anhui, and northern China as the major
potential source regions of PM» s during the winter (Fig. 3b). Li et al. (2014) also noted
that central China, the North China Plain, and northeast China contributed 16.0%, 9.4%,
and 6.5% of PM o mass concentrations in eastern China in winter, respectively. The
intensive emissions of air pollutants from coal combustion for heating in northern

China (Zhao et al., 2013) and the high concentrations of PM s pollution in central
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China during winter (Cao et al., 2012) could have contributed to the increase in PM; s
and other air pollutants in SH. In summer, regional and remote sources became dwarfed
by local sources as the influence of the air masses from the north weakened. Given the
clean marine air masses from the East China Sea (Fig. 3d), remarkably lower PM2 s

concentrations were thus recorded in summer than in winter.

3.3 Mechanisms for the Formation of Pollution Events

3.3.1 Identification of Three Pollution Events

During the high-frequency sampling periods, three heavy pollution events were
simultaneously observed in Shanghai and Nanjing (Fig. 2b). Pollution events were
defined by the daily average visibility (<10 Km) and relative humidity (<80%) (details
in the SI). The first pollution event occurred from 5 to 11 November 2013, which can
be divided into the period before the pollution event (BPE1 period: 5-6 November), the
period of the pollution event (PE1 period: 7-8 November), and the period after the
pollution event (APE1 period: 9-11 November). During PEI, the average PMas
concentrations were 188 and 143 pg m™ in Shanghai and Nanjing, respectively. Fig.
4a shows the one-day backward trajectories of the air masses that arrived in SH during
PE1 from the inland areas of Jiangsu and Anhui provinces, in contrast to those in the
BPEI and APE1 periods when clean air masses came from the eastern coastal region.
The air masses from the inland areas of Jiangsu and Anhui provinces may have
contributed to PE1. A severe and long-lasting pollution event (PE2) occurred in the
YRD region from 5 to 12 December 2013. There was no apparent period before and
after the pollution event. In Shanghai, PM2 s concentrations peaked on 6 December at
an extremely high level of 395 pg m™ and then decreased but remained above 100 pug
m>. As shown by the backward trajectory analysis (Fig. 4b), short-range air masses
from the YRD occurred from 5 to 8 December, while long-range air masses occurred
from 10 to 12 December. During PE2, the high PMzs concentrations that occurred
during 5-8 December may be attributed to the accumulation of PM» s under low wind

speeds in the YRD region, and the PMys pollution was alleviated from 10 to 12
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December due to a fast-moving cold front hitting the YRD region (Wang et al., 2015).
The process of the third pollution event is divided into the period before the pollution
event (BPE3 period: 22-24 December 2013), the period of the pollution event (PE3
period: 25 December 2013 to 4 January 2014) and the period after the pollution event
(APE3 period: 5-7 January 2014). The average concentrations of PM» s during PE3
were 182 and 150 ug m in SH and NIJ, respectively. As shown in Fig. 4c, air masses
arrived in SH from the northwest that originated from northern China and travelled
over central China during PE3, different from that during the BPE3 and APE3 periods
when clean air masses originated from the ocean. Thus, the influence of air masses
from northern China and central China may have contributed to the high PMays

pollution in PE3.

3.3.2 Modeling Results

The simulated daily average of surface PM2s concentrations and wind fields
displayed the sources and transport of PMa s during the three pollution events in the
YRD. Prior to PEI, on 5 November, the prevailing easterly winds coming from the
ocean with high wind speeds favored low PM, s concentrations of less than 75 pg m™
in the YRD (Fig. 5a). On 6 November, the dominant westerly winds clearly showed
that high concentrations of PM» 5 over Anhui, Henan, and Shandong provinces were
transported from the west to the east in the YRD (Fig. 5b). After that, a high PM> s
event occurred in the YRD with low wind speeds on 7 November, with the
concentration of PMz s being higher in the eastern part of the YRD (Fig. 5c). The field
observation also confirmed that the concentration of PMa2 s was higher in Shanghai
during PE1 than in the other three sites. From 8 November, the strong sea winds
carrying clean air masses from the southeast dispersed PM> 5 pollution northwestward,
resulting in the alleviation of PE1 in the YRD (Fig. 5d). During the early stage of PE2
(Fig. 5e and 5f), stable wind field and high concentrations of PM; s of more than 300
ng m> (shaded in dark blue) were observed in the YRD. On 9 December, strong
northerly winds prevailed over eastern China, driving air masses rapidly over the

region of the YRD with high concentrations of PM> s (Fig. 5g). Under northerly wind
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conditions, PM> 5 pollution over the YRD region weakened on 11 December (Fig. 5h).
At the beginning of PE3, on 26 December, a high PM s region was observed in the
YRD, but strong northerly winds prevailed over eastern China, bringing clean air from
northern China (Fig. 6a). From 31 December, the wind field changed, forcing the high
PMb 5 air over central China from the west to the YRD (Fig. 6b). On 2 January 2014, a
high PMazs zone over the YRD was transported from the southeast to the northwest
under the prevailing southeasterly winds (Fig. 6c). As shown in Fig. 6d, strong
northeasterly winds from the East China Sea dominated the YRD region on 4 January
2014, driving the high concentrations of PMa s from the northern part of the YRD to
the East China Sea. After that, the high levels of PMys in the YRD dropped. The
modeling results showed the same variation trend of PMy 5 as the field observations

during the processes of the three pollution events.

3.3.3 Chemical Compositions

As shown in Fig. 7a, the concentrations of all of the measured chemical
components in PE1 were much higher than in the BPEl and APE1 periods. The
concentrations of SOC, NOs~, SO4*, and NH4" during PE1 were 3-6 times higher than
those in the BPE1 and APE1 periods, indicating the large contribution of secondary
fractions to the PE1. The contribution of SOC to total organic carbon was up to 80%
during PE1 (Fig. 7d), which also suggests the importance of the formation of secondary
organic aerosol in driving PM» s pollution during the pollution events (Huang et al.,
2014). NOs", SO4>, and NH4*, were the dominant components of PM, 5, accounting for
29.3%, 18.0%, and 11.2% of the PM, s mass in PE1, respectively. NOs  and SO4> are
formed by gas-particle conversion processes from nitrogen oxides (NOx) and sulfur
dioxide (SOy) in the atmosphere into the particulate phase, respectively. In urban
environments, the major sources of NOx emissions are the combustion of fossil fuels
and traffic emissions, while emissions of SO> come mainly from industrial activities
(Seinfeld and Pandis, 2012) . The ratio of NO3™ to SO4> has been used as an indicator
of the relative contributions to aerosol particles from mobile vs. stationary sources of

S and N (Cao et al., 2009; Wang et al., 2006b). The average value of NO37/SO4> (1.64)
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during PE1 was higher than that in BPE1 (0.58) and APE1 (1.18), revealing that more
NOx had been released mainly from vehicular emissions. During APE1, when the
southeast sea winds prevailed, SO4> instead of NO3;™ became the dominant secondary
ions. Marine aerosols contain little NOj3", which is mainly formed through the
anthropogenic sources. However, SO4>" can be formed via the photooxidation of
dimethylsulphide in the marine atmosphere (Calhoun et al., 1991). The high SO4>/NO5"
ratios during APE1 may reflect the influence of marine aerosol. The concentration of
K" in PM> s during PE1 was 4 times higher than that in the BPE1 and APE1 periods,
different from other crustal metals, such as Al, Fe, Ca, and Mg, which increased only
two-fold compared to the non-pollution days. The greater increase in K* suggested the
contribution of enhanced biomass burning activities to PE1 (Urban et al., 2012). The
high ratio of OC/EC in PE1 (with an average value of 10.3) also support the presence
of emissions from the burning of biomass. These results suggested that vehicular

emissions and the burning of biomass are the key contributors of PE1 in Shanghai.

During PE2, the concentrations of chemical components were extremely higher
than those on the normal days, especially on 6 December (Fig. 7b). The secondary
inorganic ions were the major chemical components, accounting for 52.3% of'the PM: 5
mass. Similar to PE1, a high ratio of NO37/SO4* (with an average value of 1.54) in PE2
indicated serious pollution from vehicle exhaust in Shanghai. Interestingly, in PE2 the
concentrations of chemical components displayed a different tendency to vary. After
the peak values on 6 December, the concentrations of all the measured chemicals were
declined from 7 to 9 December. During 10-12 December, the concentrations of SOC,
secondary inorganic ions and trace metals showed a steady decline, while the
concentrations of POC, EC and crustal metals showed an increasing trend. As shown
in Fig. 7e, the relative abundance of SOC was as steadily high as ~80% during 5-9
December, and the relative abundance of POC increased gradually from ~20% to ~50%
after 9 December. The stable meteorological conditions during 5-9 December favored
the accumulation of local or regional air pollutants and the formation of secondary

aerosols, and the cold front during 10-12 December introduced more remote inputs of
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POC and crustal metals.

Elevated concentrations for all chemical components were observed during PE3,
compared with the BPE3 and APE3 periods (Fig. 7c). Compared to PE1 and PE2, the
concentrations of SOC and secondary inorganic ions in PE3 were much lower, but the
concentrations of the measured primary components, including POC, EC, and crustal
metals, were higher during PE3. As indicated in Fig. 7f, an increasing trend in the
relative abundance of POC and a declining trend in the relative abundance of SOC
were measured during PE3 in comparison with BPE3 and APE3 periods. Fig. 8 shows
the relative abundance of chemical components for PM> 5 in Shanghai during the three
events. The dominance of SOC and secondary inorganic ions in all the three pollution
events suggests the importance of secondary aerosol formation during the three
pollution events. By comparison, the dominances of secondary components were more
remarkable in PE1 and PE2, while the abundances of the measured primary
components were highest in PE3. Based on the above backward trajectory and
modeling analysis, the occurrence of PE1 and PE2 was related to the accumulation of
air contaminants in the YRD under stable meteorological conditions, while the
formation of PE3 was more influenced by the regional transport of air pollutants under

different wind directions.

3.4 Bioavailability of Airborne Trace Metals in PM2.s

The soluble fraction of trace metals in PM is most likely to be bioaccessible and
correlated with their potential toxicities (Valavanidis et al., 2005). In this study, the
bioavailability of trace metals in PM2 s in the wintertime PM> s samples from Shanghai
was measured by their soluble fractions extracted by simulated lung fluids. The mean
soluble concentrations and fractions of trace metals on pollution days and non-
pollution days are listed in Table 3. Compared with the non-pollution days, the soluble
concentrations of Cu (p<0.05) and Zn (p<0.01) were found to be significantly higher
on pollution days, suggesting the elevated mobility and toxic potential of these two
metals during the pollution days. Non-statistically significant differences in soluble

concentrations of Cr, Pb, V and Ni were found between the pollution days and the non-
15




428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

pollution days. The mobilized mean fractions in PM» s varied among trace metals, with
large soluble fractions for V (69.9~83.7%) and Cu (27.8~41.4%), and small soluble
fractions for Ni (22.9~26.3%), Pb (17.2~19.2%), Cr (10.8~15.5%), and Zn
(4.45~17.1%). The mean solubility of trace metals was comparable to that reported in
PM> s from Frankfurt, Germany using Gamble’s solution as the extractant for 24 h
(Wiseman and Zereini, 2014), but slightly higher than that of PM2s5 samples from
Beijing, China using water for the extraction test (Schleicher et al., 2011). The use of
simulated lung fluid does provide more real bioavailability of airborne metals in
comparison to using water as a leaching agent, as it is more likely to reflect the real
conditions of a human body (Mukhtar and Limbeck, 2013). High soluble fractions of
Cu, and Zn were also found on pollution days, probably due to differences in emission
sources and chemical components between pollution and non-pollution days. The toxic
effect posed by Cu during the pollution days may be worthy of further examination
because of its high soluble fraction and high concentration in PMas. Although the
soluble fractions of Pb and Zn were small, their high soluble concentrations during the

pollution days remain a potential toxic risk in comparison with the non-pollution days.

4. Conclusions

The annual average concentrations of PM» s were 94.0 to 134 pg m™ at the four
sites in the YRD region, with more than 60% of the measurements exceeding the
NAAQS of 75 ng m=. The concentrations of ambient trace metals in the YRD region
were still high. The annual mean concentrations of OC and EC in Shanghai were 9.89
+ 8.89 and 1.63 £ 1.53 pug m, respectively. NOs, SO4>", and NH4" were found to be
the dominant ionic species in Shanghai, constituting 31.9 + 14.9% of the PM2 5 mass.
Distinct seasonal patterns were found in the concentrations of PM» s and associated
chemical compositions, with higher concentrations during the winter than during the
summer. Back trajectory and PSCF analyses showed that areas of central and northern
China, where enhanced burning of coal and biomass for domestic heating occurs in
winter, contributed significantly to the levels of PM2 s and air pollutants measured in

the YRD during the season. Three pollution events in Shanghai were identified by field
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observations and model results (NAQPMS). The chemical components of PMy s,
meteorological conditions, and the source region and transport of air contaminants
during the pollution processes were shown. Secondary species (SOC and secondary
inorganic ions) were the major chemical components of PM2 s in the three pollution
events. In addition, the bioavailability of Cu and Zn in the wintertime PM; s samples

from Shanghai was higher on the pollution days than in the non-pollution days.
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Table 1. The annual and seasonal average concentrations of PM; 5 and airborne trace metals at the four sites of the YRD region.

3

) pg m ngm
Locations .
PM> 5 Al Ca Fe Mg Cr Cu Pb Zn \Y Ni
Shanghai Annual (n=143) 94.6 0.922 1.93 1.34 298 16.9 24.2 69.7 215 16.5 14.9
Autumn (n=33) 75.2 0.746 1.62 1.18 274 18.5 20.0 654 202 133 124
Winter (n=40) 138 1.20 2.72 1.85 415 25.5 45.7 137 359 23.1 236
Spring (n=41) 95.7 1.08 1.94 1.37 327 12.3 17.2 432 161 17.5 142
Summer (n=29) 55.5 0.515 1.17 0.752 124 9.80 9.06 19.2 104 9.87 6.71
Nanjing Annual (n=119) 97.8 0.705 1.52 0.942 209 13.2 24.7 90.9 247 9.88  9.30
Autumn (n=29) 98.3 0.763 1.52 1.16 220 16.1 32.5 111 337 14.2  10.1
Winter (n=31) 130 0.716 1.67 1.05 249 24.4 36.8 149 349 159 158
Spring (n=30) 97.6 0.933 2.22 1.18 278 7.90 20.4 64.9 193 6.80 7.60
Summer (n=29) 63.5 0.401 0.651 0.362 42.2 3.80 8.5 36.1 106 1.70  3.20
Hangzhou Annual (n=45) 134 1.37 3.02 1.72 446 17.9 38.5 122 495 153 104
Autumn (n=10) 108 1.25 3.10 1.73 470 24.5 39.3 130 604 290 134
Winter (n=13) 182 2.05 4.56 2.48 749 31.8 75.4 228 821 19.5 18.8
Spring (n=11) 138 1.48 3.03 1.73 419 9.40 19.6 63.6 313 8.60 5.60
Summer (n=11) 101 0.707 1.44 0.970 151 6.00 18.6 62.3 254 5.50 3.60
Ningbo Annual (n=44) 96.2 1.17 1.19 1.16 216 14.6 16.2 56.3 190 7.36  8.25
Autumn (n=10) 102 1.58 1.82 1.57 259 12.8 24.1 78.5 281 7.72  10.1
Winter (n=13) 114 1.28 1.60 1.71 280 21.3 22.2 81.7 246 11.1 11.5
Spring (n=9) 122 1.43 1.28 1.42 371 14.1 20.1 68.9 229 941 997
Summer (n=12) 54.6 0.676 0.471 0.354 65.1 9.31 4.57 147 653 320 4.01

Autumn: Sep-Nov, 2013; Winter: Dec 2013-Feb 2014; Spring: Mar-May, 2014; Summer: Jun-Aug, 2014.
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Table 2. The annual and seasonal average concentrations of OC and EC and secondary inorganic ions (NOs", SO4*, and NH4") (ug m™) and ratios

of OC/EC and NO37/SO4* in Shanghai.

Annual (n=116)

Autumn (n=26)

Winter (n=36)

Spring (n=31)

Summer (n=23)

oC 9.89 + 8.89 7.00 + 8.38 17.2+10.5 7.50 £2.62 492 +3.12
EC 1.63 +£1.53 0.990 + 0.840 2.88+2.03 1.30 £ 0.620 0.840 + 0.460
POC 3.32+3.11 2.03+1.72 5.87+4.14 2.64 £1.27 1.71 £0.95
SOC 6.56 + 6.68 4.97 + 6.89 11.3+8.25 4.86+1.71 3.33+£2.37
OC/EC 6.69 +2.64 7.36+2.84 6.90+3.14 6.41 +1.88 5.99+2.03
Annual (n=69) Autumn (n=16) Winter (n=28) Spring (n=15) Summer (n=10)
Cr 2.64+2.06 1.58 £1.50 498 +3.48 0.930 £0.510 0.390 +0.240
NOs 18.0+19.1 15.0+18.2 29.1+£21.2 10.4 +5.35 2.80 £3.61
SO4* 14.5+9.61 12.9£9.30 19.5+9.98 12.3+6.53 6.68 +3.79
K" 1.28 +£1.81 0.940 +0.920 1.65+0.810 0.700 + 0.270 1.70 £ 4.24
NH;" 8.13+6.99 6.64 +£6.22 12.6 £7.22 5.48 +3.60 2.09 +2.06
NO37/SO4* 1.05+0.57 0.980 + 0.650 1.42 +0.400 0.890 £ 0.320 0.380 £ 0.250
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Table 3. The mean soluble concentrations (ng m>, mean = S.D.) and fractions (%, mean

+S.D.) of trace metals in PM> 5 from Shanghai on pollution days and non-pollution days.

Pollution days (n=12)

Non-pollution days (n=9)

Concentration Fraction Concentration Fraction
Cr 220+0.800 15.5+7.50 1.07 £ 0.540 10.8 £2.55
Cu 8.84 £5.69 414+12.5 1.83 +£0.900 27.8 £5.05
Pb 14.2 £8.06 18.1 £4.99 5.58 £4.66 19.2 +£3.67
Zn 60.5+72.1 17.1+£11.7 5.16 £4.07 4.45+2.72
A% 7.18 +£4.59 69.9 +15.7 6.13+3.86 83.7+6.24
Ni 1.78£0.840 22.9+13.6 1.37 +£0.550 26.3+9.14
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660  Figure 1. The four sampling sites in the Yangtze River Delta, China.
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662  Figure 2. Temporal variations in PM> 5 concentrations: (a) for the simultaneous samples
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Figure 5. The simulated daily average of surface PM»s concentrations (pg m™) and
wind vectors (m s!) in eastern China: (a) BPE1, on 5 Nov, 2013; (b) BPE1, on 6 Nov,
2013; (c) PE1, on 7 Nov, 2013; (d) PEI1, on 8 Nov, 2013; (e) PE2, on 6 Dec, 2013; (f)
PE2, on 8 Dec, 2013; (g) PE2, on 9 Dec, 2013; and (h) PE2, on 11 Dec, 2013.

(b) BPEL,on 6 Nov, 2013
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Figure 6. The simulated daily average of surface PM»s concentrations (g m™) and
wind vectors (m s') in eastern China: (a) PE3, on 26 Dec, 2013; (b) PE3, on 31 Dec,
2013; (c) PE3, on 2 Jan, 2014; and (d) PE3, on 4 Jan, 2014.
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Figure 7. Concentrations of the measured chemical compositions and the relative

abundance of primary organic carbon (POC) and secondary organic carbon (SOC) in

the PM» s samples from Shanghai during the three pollution processes.
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697  Figure 8. Relative abundance of the measured chemical compositions in the PM s
698  samples from Shanghai during the three pollution events: PE1, 7-8 Nov, 2013; PE2, 5-
699 12 Dec, 2013; and PE3, 25 Dec, 2013-5 Jan, 2014.
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