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Abstract

With the aggravation of atmospheric environment, fine atmospheric particle (PM,s)
pollution has become one of the top environmental issues in China, due to its adverse impact
on human health and climate. This project is aimed to investigate the current pollution
statuses and pollution characteristics of PM, 5 in three large city clusters of China: the Pearl
River Delta (PRD), the Yangtze River Delta (YRD) and North China. PM, s samples were
simultaneously collected in the three regions over a one-year period to measure their
chemical compositions (e.g., trace metals, organic carbon and elemental carbon, lead
isotopic compositions and water-soluble inorganic ions). The temporal-spatial and seasonal
variations, sources and long-range transport of PM, s, the formation mechanism and regional
transport of PM,s during pollution events, and the bioaccessibility and health risks of

airborne trace metals in PM, 5 have been studied in this research.

In the three regions, the concentrations and chemical compositions of PM,s showed a
decreasing trend in the order of urban > rural > remote site, and clear seasonal variations.
Among the urban sites, PM, 5 pollution was most serious in North China (Beijing), followed
by the YRD region (Shanghai, Nanjing and Hangzhou) and the PRD region (Guangzhou).
Source appointment of chemical compositions of PM,s demonstrated that anthropogenic
sources including coal combustion, heavy industries and traffic emissions were the major
contributors to PM, 5 in the three regions. Long-range transport pathways and potential
source regions of PM,s in the three regions were seasonally dependent. Different
characteristics in the temporal-spatial and seasonal variations of PM,s among the three
regions were driven by their local emissions, meteorological conditions and long-range

transport pathways.

Trans-boundary transport of PM, s over the three regions was demonstrated by the PSCF
model and the NAQPMS model. Meteorological conditions and regional transport play an

important role in the formation of the three pollution events occurred in Shanghai during



autumn and winter. Secondary aerosols contributed the largest fraction to PM,s during the
pollution events, suggesting the importance of secondary aerosol formation in driving PM; s
pollution. The results indicated that the formation of PM, s pollution is related to emission

sources, meteorological conditions and long-range transport of air pollutants.

High bioaccessibility for V, intermediate bioaccessibility for Mn, Cr and Ni, and low
bioaccessibility for Pb and Zn were investigated in Guangzhou (GZ), Shanghai (SH) and
Nanjing (NJ). Seasonally, the bioaccessibility of Mn, Pb and Zn were highest in winter.
Compared with non-pollution days, the bioaccessibility of Mn, Pb, V and Zn in GZ, and Zn
in SH and NJ were higher on pollution days. Carcinogenic and non-carcinogenic risks posed
by airborne trace metals via inhalation exposure to children and adults were significantly

higher on pollution days than those on non-pollution days during winter.
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Chapter 1 - Introduction

1.1 Background

Elevated fine particles (PM,;) in the atmosphere have become one of the top environmental
concerns, due to their adverse effects on human health (Wessels et al., 2010) and climate
change (Huang et al., 2012a). PM; 5 itself can get deep into human lungs when inhaled and
may cause a wide range of health problems (Lanki et al., 2006; Wessels et al., 2010). The
epidemiological association between human exposure to inhalable particles (i.e., PMy,) and
increased incidence mortality rates due to lung cancer or cardiovascular diseases has been
demonstrated by a number of studies (Corbett et al., 2007; Viana et al., 2008). Moreover,
the adverse effect of fine particles also has 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), water-soluble inorganic
ions and metal elements (such as Fe, Cu, Pb, Zn, Ni and V). The inhalation of PM;5 can

therefore have long-term and serious impacts on human health.

In recent years, the occurrence of PM,5 pollution has become increasingly frequent at a
large scale in China (Fu et al., 2008; Hu et al., 2014), indicating that PM, s pollution is no
longer confined in individual cities, but expanding over a large regional scale. Previous
studies investigated the characteristics, chemical compositions, sources and formation
mechanism of PM, 5 in some mega cities of China, such as Guangzhou, Shanghai, Nanjing
and Beijing (Yao et al., 2002; Yang et al., 2005c; Wang et al., 2006b). However, very few
investigations of PM,5 have been conducted at a regional scale in China, such as those
carried out in the Pearl River Delta (PRD) (Hagler et al., 2006) and the
Beijing-Tianjin-Hebei (BTH) area (Zhao et al., 2013a). Therefore, it is imperative to
generate a high-quality database of the concentration and chemical compositions of PM, s on
region scales. The Pearl River Delta, the Yangtze River Delta (YRD) and the
Beijing-Tianjin-Hebei regions are the most economically developed and rapidly urbanized
city clusters in South, East and North China, respectively, which are characterized by

1



various characteristics and local emissions of air pollutants due to their different economic
modes, meteorological conditions and other factors. Apart from local pollution, the three
regions may also act as receptors and sources of large natural and anthropogenic emissions
(Wang et al., 2008; Li et al., 2014) which could further make the aerosols more complex.
PM, s have been individually studied at a regional scale (Hagler et al., 2006; Zhao et al.,
2013a), but very few studies involving the synchronous sampling at different regions over a
long-term period. Thus, simultaneously investigation on the pollution characteristics of
PM, in the three regions can help us to better understand the factors that influence air

guality, and provide effective policy and strategy on the air pollution control.

Regional haze events with high PM, s concentrations occurred more frequently in the three
regions recently (Fu et al., 2008; Tan et al., 2009; Zhao et al., 2013b; Wang et al., 2015).
Previous studies investigated the meteorological conditions and aerosol physical, chemical
and optical properties during haze episodes, and analyzed the key factors that affect the
formation of haze (Ye et al., 2011; Huang et al., 2012a; Kang et al., 2013). However, the
evolution and regional transport of air pollutants during haze have seldom studied (Wang et
al., 2006d). A 3-D model, the Nested Air Quality Prediction Modeling System (NAQPMS),
is a useful tool to understand the formation, evolution and transport of air pollutants (Wang et
al., 2006d; Li et al., 2008; Li et al., 2014). This encourages us to integrate simultaneous
field monitoring and modeling results of PM, 5 to better understand the formation, evolution
and transport of haze events in the three regions, and possible regional transport of PM, 5

among the three regions.

The toxicity of PM, s has been studied predominantly through toxicological studies, but the
mechanisms by which chemical components induces adverse health effects are still not fully
understood. Many studies have been hypothesized that the toxicity of fine particles might be
associated with the bioaccessible transition metals on the particle surface, such as iron (Fe),
copper (Cu), vanadium (V), manganese (Mn), nickel (Ni) and zinc (Zn) (Heal et al., 2009;

Charrier et al., 2014) which can enhance reactive oxygen species or free radial generation,



causing oxidative damage effects both to the lung (Lin et al., 2009) and other organs
(Merolla and Richards, 2005). Furthermore, some toxic metals, such as cadmium (Cd),
chromium (Cr) and lead (Pb), can also be carcinogenic for humans. Due to the rapid
urbanization and industrialisation in China in recent decades, large quantities of trace metals
have been emitted from various anthropogenic sources to the atmosphere (Luo et al., 2014).
In China, investigations of airborne trace metals in PM, s tend to focus on urban areas in
only one city (Hagler et al., 2007; Wang et al., 2007a; Chen et al., 2008; Bao et al., 2010),
but very few researches are conducted simultaneously to measure trace metals in PM, s at
regional scales. Moreover, these limited studies mainly focus on the total metal
concentrations, while the bioaccessibility of trace metals in PM, s has rarely studied (Feng et
al., 2009a). Consequently, the lack of data for the bioaccessibility of airborne trace metals in
the three regions requires more research to understand their potential toxicity, and then

provide insightful information regarding trace metal pollution control to policy makers.

1.2 Research Objectives

This study is focused on characterization and comparison of PM,s in three large city
clusters in China with distinctly different emissions and meteorological conditions: the PRD,
the YRD and North China. In order to fill in those research gaps mentioned above, the

objectives of the study are:

1) to study the concentrations and chemical compositions of PM, 5 in the three regions;

2) to characterize the temporal-spatial and seasonal variations, and sources of PM,;

3) to analyze the differences in pollution characteristics of PM, s among the three regions
by studying the local emissions, meteorological conditions and long-range transport
pathways;

4) to study the formation mechanism, evolution and regional transport of PM, s during
pollution events; and

5) to evaluate the bioaccessibility and health risks of trace metals in PM, s in large cities of

China.



1.3 Scope of Work

In present work, PM, s samples were simultaneously collected in the PRD, the YRD and
North China over a one-year period. The chemical analysis for PM,s include total and
bioaccessible trace metals, water-soluble inorganic ions, organic carbon and elemental
carbon and Pb isotopic compositions. HYbrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) and Potential Sources Contribution Function (PSCF) model were
used to identify the long-range transport and potential source regions of PM,s. Based on the
analysis of the temporal-spatial variations and sources of PM, 5 in the three regions, factors
including local emissions, meteorological conditions and long-range transport pathways that
influence the characteristics of PM,s have been studied. The formation mechanism,
evolution and transport of PM, s during pollution events were studied using the NAQPMS
model and chemical composition analysis. Additionally, the bioaccessibility and health risks
of trace metals in PM, 5 have been evaluated. The outcome of this research will contribute to
a better understanding of the pollution formation and transport of PM, s at a regional scale,

and to the formulation of effective policy on the regional air pollution control.

1.4 QOrganization

This thesis is divided into eight chapters. The present chapter includes the background,
objectives, scopes of this project, and the whole structure of this thesis. Chapter Two gives an
integrated literature review. Chapter Three covers the details of sampling and methodology of
this study. Chapter Four summaries and compares the concentrations and chemical
compositions of PM; s in the three regions. Chapter Five analyzes the temporal and spatial
variations, sources and long-range transport pathways of PM,s in the three regions, and
investigates the possible factors that influence the characteristics of PM, s pollution. Chapter
Six studies the formation mechanism, evolution and regional transport of PM,s during
pollution events. The characteristics of bioaccessibility and health risks of airborne trace
metals in PM,5 are evaluated in Chapter Seven. Finally, Chapter Eight gives the major

findings in this study and some recommendations for future research.
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Chapter 2 - Literature Review

It is well known that atmospheric particulate matters (APM) are important for atmospheric
physics and chemistry, the biosphere, climate and human health. As illustrated in Figure 2-1,
the compositions, sources, properties, atmospheric interactions and transformation, climate
and health effects of atmospheric particulate matters are closely related (P&schl, 2005).
Therefore, this review provides a comprehensive overview of sources, properties, chemical
compositions and effects on climate and public health for APM and its pollution scenario

and scientific research emphasis.

Aerosol Composition Aerosol Sources
e Particle number and mass concentration, o Primary emissions and secondary formation

> size distribution, shape, structure, electric charge < o Natural and anthropogenic «
o Chemical composition (particle and gas phase) o Air quality control and regulations

A 4

Composition-Dependent Properties
o Chemical reactivity and biological activity

o Hygroscopicity CCN and IN activity
o Optical properties

A4

Atmospheric Interactions and Climate and Health Effects

Transformation o Energy budget, hydrological cycle, biosphere
o Physical and chemical > . Respiratory, cardiovascular, infectious, allergic
o Gases and radiation diseases

o Clouds an precipitation

Figure 2-1 The correlation between atmospheric particulate matters compositions, sources,
properties, atmospheric interactions and transformation, climate and health effects [Source:

(P&schl, 2005)].



2.1 Atmospheric Particulate Matters
2.1.1 Definition

Atmospheric particulate matters, also known as atmospheric particles or particulate matters
(PM), are defined as a suspension of fine solid particles or liquid matters in the air, with
particle size from 107 to 10 m in diameter (Seinfeld and Pandis, 2012). Atmospheric
particulate matters are important constituents of the atmosphere system due to their role in
atmospheric environment, climate and human health. Subtypes of atmospheric particle
matters include suspended particulate matters (SPM), inhalable suspended particles (PMyj,
particles with diameter of 10 um or less), fine particles (PM,, particles with diameter of 2.5
um or less) and ultrafine particles (PMg 1, particles with diameter of 0.1 um or less). Due to
their small size, fine particles can be inhaled into and accumulate in the respiratory system,
posing a potential threat to human health. Hence, the concerns regarding fine particles have

attracted much scientific and public attention recently.

2.1.2 Physical and Chemical Properties

The characteristics of APM, including physical, chemical and optical properties, are the key
factors that influence climate and human health. Physical properties of APM include grain
diameter, microscopic characteristics and size distribution. Regarding a single particle, the
particle aerodynamic diameter (dp) is sufficient to describe the particle size. However, for a
polydisperse particle, the particle size distribution needs to be introduced to describe the
particle size. Two approaches can be used to define the particle size distribution. One is
characterized by the mass distribution of particles, and the other is obtained based on the
particles number distribution. The mass distribution of particles usually shows two modes in
most area: the accumulation mode (from 0.1 to 2 um in diameter) and the coarse mode
(from 2 to 50 um in diameter). The particle number distribution is dominated by two modes:
the nucleation mode (particles with diameter less than 10 nm) and the Aitken nuclei

(particles with diameter from 10 to 100 nm) (Seinfeld and Pandis, 2012). Knowledge of the
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particle size is important for the characteristics of APM. The role of APM in disease
transmission is closely related to the particle size. Previous studies have suggested that coarse
inhalable particles (PMyo) can precipitate in the upper respiratory tract, whereas fine
particles (PM,s) could penetrate deeper into the lungs, and ultrafine particles (PMg1) can
reach further into alveolar regions (Wichmann and Peters, 2000; Voutsa and Samara, 2002).
Moreover, the size distribution of particles is an important property to investigate the

formation and growth mechanisms of ultrafine atmospheric particles (Kulmala et al., 2004).

Generally speaking, the major chemical compositions of APM are secondary inorganic ions
(i.e., sulfate, nitrate and ammonium), carbonaceous species (e.g., organic carbon and
elemental carbon), sea salts, organic compounds, and crustal and trace metals. The chemical
compositions of APM mainly depend on their sources and meteorological conditions. For
example, wind-blown mineral dusts tend to be made of mineral oxides and other crustal
elements, while sea salts mainly consist of sodium chloride and other magnesium, sulfate,
calcium, potassium. The chemical compositions and size distributions provide important

information on the sources, formation mechanisms and toxicity of APM.

2.1.3 Sources of Atmospheric Particulate Matters

Sources of particulate matters in the atmosphere can be natural or anthropogenic. The major
natural sources of APM include volcanic eruptions, dust storms, forest and grassland fires,
living vegetation, and sea spray. Atmospheric particulate matters can be anthropogenic
originated from fossil fuels combustion by vehicles and power plants, and various industrial
processes. On a global scale, atmospheric particles mainly derive from natural sources, such
as dusts, biogenic emissions and sea salts (Carslaw et al., 2010). However, due to the
increased emissions of atmospheric particles from fossil fuels combustion and industrial
activities, anthropogenic emissions account for a major fraction of atmospheric particles in

urban or rural areas (P&chl, 2005; Rosenfeld, 2006; Kolb and Worsnop, 2012).

According to the particle formation mechanism, atmospheric particles can be defined as



primary particles and secondary particles. Primary particles contain particles that are directly
emitted from natural sources such as volcanic eruptions, sea salts, mineral dusts and soot
particles, and anthropogenic sources such as incomplete combustion of fossil fuels, industry
processes, traffic emissions and biomass burnings. Whereas, secondary particles, including
secondary inorganic particulate matter (SIM) and secondary organic particulate matter
(SOM), are formed by gas-particle conversion processes in the atmosphere (e.g., nucleation,

condensation and heterogeneous chemical reactions) (P&chl, 2005).

2.1.4 Air Quality Standard of Atmospheric Particulate Matters

In order to control the atmospheric particulate matters, the policy makers established the
concentrations limits for PM in the atmosphere. The new Chinese National Ambient Air
Quality Standards (NAAQS) first regulated the standard for PM, s in 2012. The regulations
for PMy and PM,5 in the NAAQS, European (EU) and the World Health Organization
(WHO) Air Quality Guidelines are shown in Table 2-1. By comparison, the Chinese

NAAQS are less strict than the EU and WHO air quality standards.

Table 2-1 Concentration limits (ug m™) for PM pollutants in the Chinese National Ambient Air
Quality Standards (NAAQS), European (EU) and the World Health Organization (WHO) Air

Quality Guidelines.

NAAQS?
Pollutants  Averaging time EUP WHOQ*
Grade | Grade Il
PMyg Annual 40 70 40 20
Daily 50 150 50 50
PM, s Annual 15 35 25 10
Daily 35 75 - 25

? http://www.pm2d5.com; °(Guerreiro et al., 2013); “(WHO, 2000)



2.1.5 Health and Climate Effects

Fine atmospheric particles (PM,s) are small enough to penetrate the cell membranes of the
respiratory tract and enter the blood circulation or move along olfactory nerves into the brain
(Nemmar et al., 2002), causing a wide range of health problems such as respiratory and
cardiovascular diseases, and lung cancer (Lanki et al., 2006; Wessels et al., 2010). The
adverse effect of PM, 5 was not only due to a direct result of fine particles in the respiratory
tissue or lung tissues, but also attributed to the toxicological effects of chemical compounds
associated with particles (Gerlofs-Nijland et al., 2009; Uzu et al., 2011), such as polycyclic
aromatic hydrocarbons (PAHSs), organic carbon (OC) and elemental carbon (EC),
water-soluble inorganic ions and metal elements (such as Fe, Cu, Pb, Zn, Ni and V).
Researchers have conducted numerous studies on the toxicity of atmospheric particles
predominantly through toxicological studies, but there is conflicting evidence in the
literature regarding the predominant mechanism and the chemical compositions of fine
particles which drive the inflammatory response. A widely accepted hypothesis is the
oxidative damage originates from the surface of airborne particles that produce reactive
oxygen species (ROS) such as transition metals (especially Fe, Cu, V, Zn) (Molinelli et al.,
2002; Merolla and Richards, 2005; Heal et al., 2009) and polycyclic aromatic hydrocarbons
(PAHSs) (Gerlofs-Nijland et al., 2009), causing destructive effects both in the lung (Li et al.,

2003; Tao et al., 2003) and internal organs (Merolla and Richards, 2005).

Effects of fine atmospheric particles on climate are generally classified as direct and indirect.
Fine particles can directly affect visibility and scatter and absorb solar radiation (P&schl,
2005; Rosenfeld, 2006). Due to high energy consumption and large emissions of
atmospheric pollutants, the degradation of air quality and visibility was severe in some mega
cities. Many previous studies have shown that elevated concentrations of PM; s in the air are
the main cause of decreased visibility (Xiao et al., 2014; Zhang et al., 2015). Fine
atmospheric particles in the atmosphere generally cause negative visual side effects to the

human eye, such as smog and a yellowish tint to the air, which can cause difficulties in
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transportation and people’s daily life. The chemical compositions in PM, s such as sulfate,
nitrate, organic and element carbon are known as the major species that influence visibility
(Deng et al., 2008; Xiao et al., 2014). On the other hand, fine atmospheric particles can
indirectly influence climate via their role as cloud condensation nuclei (CCN), by modifying
optical properties of clouds, altering precipitation processes and indirectly affecting cloud
particle interaction with solar and terrestrial radiation. All these effects combine to influence

the atmospheric and oceanic circulation, and biogeochemical cycles (P&chl, 2005).

2.2 Typical Chemical Compositions of PM; 5

The chemical compositions and their relative abundances in PM, 5 are various at different
locations, times and meteorological conditions. This section will discuss some typical
chemical compositions of PM, s, consisting of carbonaceous matters (organic carbon and

element carbon), secondary organic aerosols, secondary inorganic aerosols and trace metals.

2.2.1 Carbonaceous Matters

Carbonaceous matters are the dominant components of atmospheric particulate particles,
and believed to have adverse effects on global climate (Ramanathan et al., 2001;

Ramanathan and Carmichael, 2008) and human health (Schuetzle, 1983).

2.2.1.1 Sources of Carbonaceous Matters

Organic carbon (OC) and element carbon (EC) are the two main components of carbonaceous
species in PM,s. EC is exclusively formed from primary sources such as fossil fuels
combustion (e.g., coal, gasoline and diesel) and biomass burning (e.g., vegetation and wood),
whereas OC can be either directly emitted from primary sources (i.e., primary organic
carbon, POC) including natural sources (e.g., pollen, wind-blown soil and plant waxes) and
incomplete fossil fuels combustion, or formed by photochemical oxidation of volatile

precursors (i.e., secondary organic carbon, SOC).
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Anthropogenic emissions, such as fossil fuels combustion, vehicle exhausts and the burning
of biomass (e.g., crop residues, wood, and domestic waste), are the major sources of
carbonaceous aerosols (Duan et al., 2004; Zhang et al., 2010; Zheng et al., 2011; Fu et al.,
2012). In recent years, more studies investigated the important contribution of biomass
burning to carbonaceous matters concentrations and compositions in South China (Zhang et
al., 2010; Sang et al., 2011; Zhang et al., 2012b), East China (Huang et al., 2013; Liu et al.,
2013) and North China (Wang et al., 2007b; Cheng et al., 2013). There are two main periods
of open biomass burning in China: one is after the harvest in late spring, and the other
follows the harvesting in autumn. These open burning activities are the major sources of OC
and EC and some gases such as CO and NOy (Burling et al., 2010; Cheng et al., 2011; Zhang
et al., 2013). Lu et al. (2011) reported that the emissions of EC and primary OC by fuel type
were increased in China since 2000, and the contributions of biomass burning to primary OC
and EC were 34-45% and 63-74% within the period from 1996 to 2010. In addition, the
contributions of biomass burning emissions to primary OC (70%) and EC (40%) were
relatively stable during the period from 2006 to 2010. Therefore, it is important to study how
the biomass burning activities affect air quality and to what extent they contribute to the

carbonaceous matters in PM, 5 in China.

2.2.1.2  Source Appointment for Carbonaceous Matters

It is difficult to identify and quantify the sources of carbonaceous matters in PM, s because
they are originated from various sources that are temporal and spatial dependence. Several
methods, such as water soluble potassium (K"), the ratio of OC/EC, levoglucosan (CgH1¢0s)
and radiocarbon (*‘C), have been developed to identify the emission sources of

carbonaceous matters in PMs.

Organic carbon and K" are the typical components of biomass burning particles (Duan et al.,
2004; Reche et al., 2012). OC accounted for about two-thirds of biomass burning particle
mass. K has been used as tracer element for the qualitative identification of biomass

burning (Urban et al., 2012). However, some other sources of K" (such as crustal dust, sea
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salt and the dust from smelting activities) can disturb the contribution of biomass burning.
Levoglucosan (CsH1qOs) is the pyrolysis product from carbohydrates, such as starch and
cellulose (Simoneit et al., 1999). Moreover, other combustion processes, such as fossil fuels
combustion, do not produce levoglucosan (Elias et al., 2001). Hence, levoglucosan is an
unique and the most commonly used tracer to indicate biomass burning processes (Zhang et
al., 2008a; Sang et al., 2011; Urban et al., 2012), and to assess the contribution of biomass
burning to the total carbonaceous matters in PM, s (Gelencsé et al., 2007; Claeys et al.,
2010; Kumagai et al, 2010). Levoglucosan is usually measured by gas
chromatography-mass spectrometry (GC-MS) (Urban et al., 2012) or high-performance
liquid chromatography (HP-LC) (Schkolnik et al., 2005; Yttri et al., 2007). However, both
of the two methods require complex sample pre-treatments and/or analytical procedures.
Recently, a new method named high-performance anion-exchange chromatography coupled
to pulsed amperometric detection (HPAEC-PAD) was developed by Engling et al. (2006),
which can directly quantify levoglucosan and various other carbohydrates in aerosol samples
with simple pre-treatment method (Sang et al., 2011; Cheng et al., 2013). The ratios of OC
to EC provide information in the emission sources of carbonaceous matters in PM,s. The
ratios OC/EC were detected in some typical emission sources, such as wood kitchen
emissions (32.9-81.6), combustion (16.8-40.0), residential coal smoke (2.5-10.5), biomass
burning (7.7) and vehicular exhausts (1.0-4.2) (Feng et al., 2009b). Several studies used the
levoglucosan to OC ratios, levoglucosan to PM,s ratios, K™ to OC ratios and K* to PM, 5
ratios to identify the contribution of biomass burning. Sang et al. (2011) estimated that the
contributions of biomass burning to OC were in the range of 6.5-11% using the levoglucosan
to OC ratios from PM, 5 samples. The ratio of K* to OC was used to estimate the contribution
of biomass burning to OC measured in Beijing by Duan et al. (2004). Cheng et al. (2013)
compared the levoglucosan and K* concentrations in PM, s samples, suggesting that it was
acceptable to use K" as a biomass burning tracer during summer in Beijing. However, the
limitations of these methods lacking the knowledge of the characteristics of emission sources
(e.g., fossil fuel emissions and biomass burning) and the differences between primary and

secondary sources for carbonaceous matters in PM, s.
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Compared with the methods mentioned above, radiocarbon (**C) analysis provides the direct
differences in the characteristics between modern carbon sources and fossil fuel sources
(Liu et al., 2013; Liu et al., 2014). The ratio of *C to *2C of carbonaceous matters in PM, s is
completely absent in fossil fuel sources due to their long half-life with 5,730 years, while is
relatively constant in modern carbon sources as natural origins (e.g., wild fires, plant wax and
pollen) and anthropogenic origins (e.g., meat cooking and domestic and prescribed burning).
Thus, radiocarbon (**C) measurements in APM samples provide unambiguous differentiation
among the emission sources of carbonaceous matters. This method has been conducted in
China recently to quantify the contribution of fossil fuel and contemporary sources of OC and
EC. Liu et al. (2013) reported the seasonal contributions of fossil fuel vs biomass burning and
biogenic sources on OC and EC at a background site in East China using the combination of
OC/EC separation and **C analysis. Furthermore, **C analysis technique is also helpful to

understand the formation mechanisms of SOC during haze events (Liu et al., 2014).

2.2.2 Secondary Organic Particulate Matters

Secondary organic particulate matters (SOM) account for a large fraction of organic matters
in PM, 5 and are spatially and seasonally depended (Feng et al., 2009b; Zhou et al., 2012).
SOM are formed from chemical reactions and gas-to-particle conversion of volatile organic
compounds (VOCs) that can condense to form new particles or coagulate with existing
particles. The formation processes of SOM may involve three pathways: 1) new particle
formation: from semi-volatile organic compounds (SVOCs) by gas-phase reactions and from
the participation of the SVOCs in the nucleation; 2) gas-particle partitioning: formation of
SVOCs hy gas-particle reactions and uptake by existing aerosols or cloud particles; and 3)
heterogeneous reactions: formation of low-volatility or nonvolatile organic compounds
(LVOSCs, NVOCs) by chemical reaction of VOCs or SVOCSs at the surface or in the bulk of
aerosol or cloud particles (P&chl, 2005). Several laboratory and field experiments have
found that aerosol acidity play an important role in the enhancement of SOM formation

from oxidation of VOC (Surratt et al., 2007; Zhang et al., 2007). Recent studies have
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suggested that acid-catalysed heterogeneous reactions on atmospheric aerosols can lead to
significant increase in SOM mass in both the laboratory (Surratt et al., 2007) and the field

(Zhou et al., 2012).

A number of reviews summarized the analytical techniques for the determination and
guantification of SOM chemical compositions recently. Three categories of analysis
techniques can be classified: indirect methods (quantify the total SOM from the difference
between the measured total organic matters and estimated primary organic matters), off-line
techniques, such as gas chromatography-mass spectrometry (GC-MS), liquid
chromatography-Mass Spectrometry (LC-MS), nuclear magnetic resonance (NMR) and
Fourier transform infrared (FTIR) spectroscopy, and on-line techniques such as aerosol mass
spectrometry (AMS) (Hallquist et al., 2009). Off-line techniques can detect the individual
chemical species or functional groups in SOM, while on-line techniques have fast
acquisition times and provide near real-time data. Significant gaps still remain in the
formation mechanisms and chemical compositions of SOM, so continuing laboratory and

filed research on SOM is required.

2.2.3 Secondary Inorganic Particulate Matters

Secondary inorganic particulate matters (SIM), including sulfate (SO.%), nitrate (NO5") and
ammonium (NH,"), are the main chemical compositions of PM, s and the major concerns of
the chemical composition of PM, 5 source apportionment. Sulphur dioxide (SO,), nitrogen
oxides (NO,) and ammonia (NHs) are the gaseous precursors of SIM in PM. The major
sources of SO, and NO, are fossil fuel combustion in coal-burning power plants, traffic,
ships and industries, while ammonia is mainly emitted from agricultural activities.
Generally, SIAM are formed by the conversion of inorganic gases such as SO,, NO, and
NH; into particulate phase sulfate, nitrate and ammonium. Several studies have investigated
the formation mechanisms of SIAM in PM,s. Sulfate is mainly formed from the gas-phase
reactions between SO, and OH radical followed by nucleation and condensational growth,

or originated from the heterogeneous reactions of SO, on the surface of crustal particles or
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cloud droplets (Wang et al., 2012a; Clements et al., 2013). Nitrate is primarily produced by
the reactions of gaseous or liquid HNOz; with NH; or by heterogeneous reactions of N,Os on
aerosol surface (Pathak et al., 2009; He et al., 2012). Ammonium formation in PM, s is often
combined with the formation of sulfates and nitrates (Pathak et al., 2004). Several studies
have emphasized the important roles of secondary inorganic components on the chemical
properties of PM; s (e.g., aerosol acidity) (Gioda et al., 2011) and climate (Hillamo et al.,
1998). Few currently available toxicological studies highlighted that the possible indirect
adverse effects of SIM in PM are (1) increase the bioavailability of metallic species; (2)
enhance lung deposition of toxic compounds; and (3) catalyze the formation of organic

matters (Reiss et al., 2007).

2.2.4 Trace Metals

Trace metals are the important components of PM, s, which have attracted much attention due
to their adverse impacts on human health (Ghio, 1999; Adamson et al., 2000; Riley et al.,
2003; Nel, 2005) and environmental ecosystem (Okubo et al., 2013). The research
progresses of trace metals in PM, 5 are discussed in this section, including size distributions,

spatial and temporal distributions, source identification and health effects.

2.2.4.1 Essential Trace Metals and Toxic Metals in the Atmosphere

Some metal elements such as Cu, Co, Fe, Mn, Mo and Zn are essential nutrients for plants,
and Cu, Co, Fe, Mn, Mo, Zn, Cr, Ni and V are essential elements for animal nutrition. These
vital elements are necessary to ensure the health for humans and other organisms. However,
all the essential trace metals are considered to be toxic if ingested or inhaled at sufficiently
high levels and for long enough periods. Trace metals such as As, Pb, Cd and Hg are
classified as toxic elements which have potential toxic effects on human health. Hence, the
inhalation of airborne trace metals can have long-term and serious impacts on human health,
causing damage to the nervous system and internal organs (Ghio, 1999; Nel, 2005). Table 2-2

shows the limited levels of some toxic metals in the atmosphere.
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Table 2-2 The levels of some toxic metals with National Ambient Air Quality Standards

(NAAQS) in China and WHO (ng m™).

Toxic elements NAAQS (GB3095-2012) WHO (2000)°

v 1000 1000

Cr (V1) 0.025 0.25
Mn 150 150
Ni 20 25
As 6 6.6
cd 5 5
Hg 50 1000
Pb 500 500

? (WHO, 2000)

2.2.4.2 Size Distribution of Trace Metals in Atmospheric Particulate Matters

Size distribution of airborne trace metals not only affect the toxicity of metals to humans by
inhalation, but also control the dispersion of metals in the air and the deposition of metals to
the Earth’s surface (Spurny, 2000). There were a few studies analysed the metal contents in
different sizes of atmospheric particles (Milford and Davidson, 1985; Waheed et al., 2011).
Results of these researches generally suggested that 70-90% of metals are concentrated in the
PMy, particles, and noted that the finer the particle size, the more metals contained. It has
been found that several toxic metals, including arsenic (As), cadmium (Cd), nickel (Ni),
lead (Pb), vanadium (V), zinc (Zn), cobalt (Co), chromium (Cr), mercury (Hg), manganese
(Mn), and their compounds, are associated with fine particles in the atmosphere. Waheed et
al. (2011) noted that the airborne toxic metals (such as Pb, Cd, Se, Sn, Bi and Zn) in Shanghai
are concentrated in the alveolar fraction (particles with diameter less than 1 um). Knowledge
of the size distribution of airborne trace metals is useful to study the sources, long-range
transport and atmospheric deposition of airborne trace metals and their potential toxicity to

humans (Pakkanen et al., 2001; Waheed et al., 2011). It is now commonly accepted that
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metal elements associated with particles less than 1 pum tend to result from high
temperature combustion sources, while large particles with diameter greater than 10 pum are
likely derive from the suspending of surface soils, road dusts and fugitive dusts (Schroeder
et al., 1987). For health reason and air pollution control, mass concentration and size
distribution of trace metals in PM must be determined. Some studies have investigated the
size distribution of trace metals in PM, s (Birmili et al., 2006; Duan et al., 2014). Duan et al.
(2014) reported the size distribution of heavy metals in PM, s during haze episode in Beijing.
They found that Pb, Cd, and Zn exhibited in accumulation mode (with particle size from 0.1
to 2 um), and V, Mn and Cu existed mostly in both coarse mode (with particle size greater
than 2 um) and accumulation mode, while Ni and Cr resided in all of the coarse,

accumulation and nucleation mode (with particle size less than 0.1 pm).

2.2.4.3 Sources and Source Identification of Airborne Trace Metals

Both natural and anthropogenic sources result in the release of trace metals into the
atmosphere. The mainly natural and anthropogenic sources of airborne trace metals are listed
in Table 2-3 (Calvo et al., 2013). The major natural sources of airborne trace metals are
windblown dusts, forest fires, volcanogenic particles, vegetation and sea salt sprays. For
example, about 60-80% natural emissions of Cu, Pb, Ni and Zn are normally from eroded soil
particles, and 60% natural emissions of Cd are from volcanogenic particles. VVegetative
exudates clearly represent an important source of airborne metals which account for about
20% of Zn from natural sources. Forest fires and sea salt sprays only represent less than 10%
of natural emissions of trace metals (Nriagu, 1979). Major anthropogenic metals emissions
are generally considered to be from smelting of metallic ores, iron and steel industries,
non-ferrous metal industries and fossil fuels combustion. The fly ash from oil-fired thermal
generating station has been found to contain V, Ni, Fe, Zn, Pb and Cu (Schroeder et al., 1987).
The combustion of coal in most types of coal-fired power plants is a very important source
of Fe, Zn, Pb, V, Cr and Mn (Schroeder et al., 1987). Due to the rapid urbanisation and

economic development in megalopolis, the anthropogenic emissions of metals in the

17



atmosphere have been continuously increasing (Ye et al., 2003; Chen et al., 2008).

In terms of source identification of airborne trace metals, methodologies such as size
differentiation, enrichment factors (EF), principal component analysis (PCA), chemical mass
balance model (CMB) and positive matrix factorization (PMF) can be used. Enrichment
factors is the most commonly used method, which can be used to identify the origins of
metals from crustal or anthropogenic sources (Chen et al., 2008; Cao et al., 2009; Schleicher
et al., 2011). It can also be used in remote areas to provide evidence concerning the nature
and extent of long range transport of anthropogenic emissions (Schroeder et al., 1987). Lu et
al. (2012) investigated the chemical elements in PM, s in Shanghai and found that Si, K, Ca,
Fe, Mn, Rb, and Sr were from crustal sources, and S, Cl, Cu, Zn, As, Se, Br, and Pb from
anthropogenic sources. However, this method cannot distinguish the specific anthropogenic
sources of trace metals in the atmosphere. CMB and PMF model has widely used for source
apportionment. CMB and PMF models are two kinds of receptor models that are
mathematical approaches used for quantifying the contribution of aerosol sources. The
application of receptor models depends on the composition or fingerprints of aerosol
sources. The CMB maodel requires the accurate database of all significant source emissions
compositions which is difficult to establish, while the PMF model demands both
concentration and user-provided uncertainty of sample species. Previous study has been
compared the source contributions resolved by PMF and CMB maodels, and found that the
source profiles obtained from PMF model were generally similar to measured source

profiles (Rizzo and Scheff, 2007).
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Table 2-3 Various emission sources of metal elements in the air (Calvo et al., 2013).

Source

Metal element

Natural sources
Sea salt

Crustal or geological tracers

Anthropogenic sources
Steel industry
Copper metallurgy

Ceramic industries

Heavy industry (refinery, coal mine, power

stations)

Petrochemical industry

Oil burning

Coal burning

Iron and steel industries
Non-ferrous metal industries
Cement industry

Refuse incineration
Biomass burning

Firework combustion

Vehicle tailpipe

Automobile gasoline
Mechanical abrasion of tyres

Mechanical abrasion of brakes

Cl, Na, Na*, CI', Br, I, Mg and Mg**

Elements associated with feldspars,
quartz, micas and their weathering
products (mostly clay minerals), i.e. Si,
Al, K, Na, Ca, Fe and associated trace

elements such as Ba, Sr, Rb, and Li.

Cr, Ni and Mo
Cu and As
Ce, Zrand Pb

Ti, V, Cr, Co, Ni, Zn, As and Sb

Ni and V

V, Ni, Mn, Fe, Cr and As

Al, Sc, Se, Co, As, Ti, Th, S, Pb and Sb
Mn, Cr, Fe, Zn, W and Rb

Zn, Cu, As, Sh, Pb and Al

Ca

K, Zn, Pb and Sh

K and Br

K, Pb, Ba, Sh and Sr

Platinum group elements, Ce, Mo and
Zn

Ce, La, Pt

Zn

Ba, Cu and Sb

19



2.2.4.4 Pb Isotopic Fingerprinting in Aerosols

It is well known that lead is a highly toxic element for humans. Lead pollution in the
atmosphere in China is a serious concern related to human health. Inhalation is the one of the
main pathways of human exposure to Pb. Several studies showed that the blood lead levels
(BLLs) of children in cities of China have decreased after the phasing out of leaded gasoline,
however, the BLLs of children are still much higher than those in some developed countries
(Zhang et al., 2009b; Chen et al., 2012). The major sources of airborne Pb in Chinese cities
include vehicle exhausts, industrial emissions, coal combustion, suspension of soil dusts, and
long-range transport of aerosols containing Pb. Liang et al. (2010) found that particles
generated by coal combustion is the dominate source of airborne lead exposure to children

in Shanghai after the banning of leaded gasoline.

In order to control Pb pollution in the atmosphere, it is important to determine the potential
sources of airborne Pb. Pb isotopic fingerprinting is a useful technique in establishing the
sources of lead in the environment. Previous studies have been successfully applied the Pb
isotopic technique to trace the sources of Pb in different environmental samples, including
sediments, soils, plants, atmospheric particles and aquatic organisms (Ip et al., 2007; Lee et
al., 2007; Bi et al., 2013). The Pb isotopic technique has been conducted to evaluate the
variations of Pb isotopic ratios and sources of atmospheric Pb pollution after phasing out
leaded gasoline in China from 1997. The major source of Pb in the air was reported to be coal
combustion rather than vehicle exhausts (Chen et al., 2005; Wang et al., 2006a; Chen et al.,
2008). Zheng et al. (2004) reported the average concentration of airborne Pb in winter at
Shanghai was 515 ng m?, indicating that a high concentration of Pb remains in the
atmosphere after the phasing out of leaded gasoline. They also suggested that the major
emission sources of airborne Pb in Shanghai were metallurgic dust, coal combustion and
cement. Furthermore, Pb isotopic ratios have been used in assessing the long-range transport
of anthropogenic Pb from mainland China to Taiwan (Hsu et al., 2006) and Japan (Nakano et

al., 2006). However, the current Pb isotopic fingerprint in aerosol in China is expected to
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bring further changes to Pb isotopic compositions in the atmosphere via the long-range
transport because of the rapidly expanding of lead ores mining and atmospheric Pb pollution

in China.

2.2.45 Health Effect of Airborne Trace Metals

The interest in trace metals in atmospheric particles has widely increased due to their adverse
impacts on human health (Ghio, 1999; Riley et al., 2003; Nel, 2005). Some trace metals are
non-degradable, and can accumulate in the atmospheric particulate matters. According to the
International Agency for Research on Cancer (IARC), arsenic and arsenic compounds,
cadmium and cadmium compounds, hexavalent chromium (Cr®*), and nickel compounds are
carcinogenic to humans, inorganic lead compounds are probably carcinogenic to humans,
and many other metals are possibly carcinogenic to humans. The inhalation of airborne
toxic metals can therefore injure the health of human body (Ghio, 1999; Nel, 2005). Some
research groups have reported the impact of individual trace metals on the toxicity in the
lung. Adamson et al. (2000) found zinc was the toxic factor in the lung response to an aerosol
sample. A strong correlation between V and Fe concentrations and cellular toxicity was
observed by Okeson et al. (2013). Investigations in the toxic effects of mixtures of trace
metals in particulate matters have attracted great interest. The impact of trace metals (e.g.,
Zn, Cu, Ni, V, and Fe) individually and in combination on a rat lung epithelial cell line
(RLE-6TN) was evaluated by Riley et al. (2003). They found that Zn appeared to diminish

the negative impact of V and Cu, but has an additive effect with Ni.

Previous studies have found that oxidative damage to cells is primarily attributed to
transition metals on the particle surface, which typically include Fe, V, Cr, Mn, Ni, Cu, Zn,
and Ti (Merolla and Richards, 2005; Shao et al., 2006; Heal et al., 2009; Phillips et al., 2010;
Uzu et al., 2011; Xiao et al., 2013). Some of these metals, such as Fe and Cu, are believed to
contribute to particle-induced formations of ROS through the Fenton reaction, and then have
been considered important for particle toxicity. The water-soluble fraction of PM, which is

thought to have the greatest bioaccessibility, is commonly rich in bioaccessible trace metals
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including transition metals (Molinelli et al., 2002). Shao et al. (2006) suggested that
water-soluble Zn might be the major component responsible for oxidative damage of
plasmid DNA. Furthermore, Xiao et al. (2013) indicated that water-soluble metals in PM, s
from Lanzhou, including Zn, Pb, Fe and Mn, might be the primary elements responsible for

plasmid DNA damage.

2.3 Bioaccessibility of Airborne Trace Metals

It is now widely recognized that the bioaccessibility of trace metals in PM is important for
risk assessment of metal toxicity instead of total metal contents. Many factors influence the
bioaccessibility of airborne metals, including particle source of origin (Desboeufs et al.,
2005; Heal et al., 2005), metal speciation (Chester et al., 1989), water-soluble organic matter
(Wozniak et al., 2013) and particle acidity (Desboeufs et al., 2005). In this section, the major
assessment measurements and possible influential factors of bioaccessibility of trace metals

in PM are discussed.

2.3.1 Assessment Methods for Bioaccessible Airborne Trace Metals

Quantification of bioaccessible fractions of airborne trace metals has not been standardized in
the literature. Various methods have been used to extract the bioaccessible metal fractions,
such as single step extraction with one leaching agent (e.g., water, buffer, salt and chelating
solutions) (Voutsa and Samara, 2002), sequential extraction (Al-Masri et al., 2006) and

synthetic human body fluids extraction (Falta et al., 2008; Wiseman and Zereini, 2014).

2.3.1.1 Water-soluble Fraction

The water-soluble fraction of trace metals in PM is found to be positively correlated with the
observed pulmonary toxicity (Adamson et al., 2000; Sun et al., 2001). Since particle-bound
metals need to dissolved and become free ions in the lung fluid, the water-soluble fraction of
particle-bound metals is more likely to become bioaccessible and therefore may be

potentially more harmful to humans (Birmili et al., 2006). Several studies used the
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water-soluble fraction for risk assessment of airborne trace metals (Birmili et al., 2006).
However, water does not mimic the human body conditions, thus this method cannot provide

the real bioaccessibility of airborne trace metals.

2.3.1.2 Sequential Extraction

Sequential extraction procedures are commonly used to estimate the speciation of trace
metals in soil and sediments (Tessier et al., 1979), and also used to investigate trace metal
speciation on airborne particles (Moloi et al., 2002; Al-Masri et al., 2006; Wang et al., 200743;
Feng et al., 2009a). Smichowski et al. (2005) have classified the sequential chemical
extraction methods for airborne trace metals into water-soluble fraction, exchangeable
fraction, carbonate fraction, Fe and Mn oxide fraction, organic matter fraction and the
residual fraction based on different chemical fractionation procedures. The method of
sequential extraction is time-consuming, but it can provide useful information about the
origins, mobilization and bioaccessibility of airborne trace metals. For example, in the study
by Al-Masri et al. (2006), Pb and Zn were found to be significantly associated with organic
matter. Feng et al. (2009a) used the sequential extraction procedures to fractionate the
airborne trace metals in PM, 5 samples in South China. The results found that about 91% of
Cd, 85% of Pb and 74% of As were in bioaccessible forms. Although the method of
sequential leaching can provide useful information on bioaccessible fractionation of airborne
trace metals, the influence of the operational conditions of each extraction step could change

the original distribution of trace metal species in the aerosol sample.

2.3.1.3 Simulated Human Body Fluids

In order to better investigate the bioaccessibility of airborne trace metals, some researchers
used the simulated human body fluids as leaching agents (Twining et al., 2005; Falta et al.,
2008; Mukhtar and Limbeck, 2011; Zereini et al., 2012; Wiseman and Zereini, 2014). Two
leaching agents, synthetic gastric juice and synthetic lung fluid, are normally used. Mukhtar

and Limbeck (2011) reported that the mean bioaccessible metal fractions varied between 32 +
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14% (Ni) and 97 +36% (Pb) in PMyy using the synthetic gastric juice. In addition, some
studies used the synthetic lung fluid to simulate the lung environment for assessment of
bioaccessibility of airborne metals (Zereini et al., 2012; Wiseman and Zereini, 2014). Two
synthetic lung fluids were used as surrogates for different areas of potential exposure in the
human lungs: Gamble’s solution is representative of the interstitial fluid of the deep lung
and artificial lysosomal fluid (ALF) is representative of the more acidic environment
following phagocytosis by alveolar and interstitial macrophages within the lung (Mukhtar
and Limbeck, 2013). The main differences between the two simulated lung fluids are the
acidity (ALF, pH = 4.5-5.0; Gamble’s solution, pH = 7.4) and the organic content (ALF has
much higher organic content than Gamble’s solution). Wiseman and Zereini (2014) compared
the bioaccessibility of airborne trace metals in PMyq, PM,sand PM using ALF and Gamble’s
solution. They found that higher bioaccessibility of airborne trace metals was observed in
ALF due to the more acidity of ALF. The use of simulated human body fluid as leaching
agents does provide more real bioaccessibility of airborne trace metals compared to using
water as leaching agents, as these are more likely to reflect the real human body conditions

(Mukhtar and Limbeck, 2013).

2.3.2 Possible Influence Factors on Bioaccessibility of Airborne Trace Metals

Trace metals in the atmosphere derive from both natural and anthropogenic sources.
Generally, a higher proportion of trace metal is water-soluble in anthropogenic particles than
in crustal particles (Heal et al., 2005). Colin et al. (1990) found that the solubility of airborne
trace metals was higher in air masses originated from anthropogenic and marine sources,
whereas the insoluble fractions were higher in events in which crustal emission was the
dominant source. Desboeufs et al. (2005) compared the solubility of metals from two kinds of
matrix: alumino-silicated and carbonaceous particles. They found trace metals coming from
carbonaceous particles dissolved easier than those in the alumino-silicated particles. The
solubility of iron (Fe) in arid region soils, glacial weathering products and oil combustion

products were investigated by Schroth et al. (2009). The results found that the solubility of
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iron in oil combustion products (77-81%) was much higher than that in arid region soils (less
than 1%) and glacial products (2-3%). These results indicate the important role of aerosol

sources on the bioaccessible fraction of airborne trace metals.

The role of pH on the solubility of trace metals in soils is widely known (Basta and Tabatabai,
1992; McLean and Bledsoe, 1996). Various studies have shown that dissolved speciation of
metals in rain water is pH-dependent (Colin et al., 1990). Desboeufs et al. (2005) suggested
that the dissolution of the matrix network (Fe, Mn) highly influenced by pH. Aerosol acidity
can affect the physical and chemical properties of atmosphere. The acidity of aerosol
particles is mainly determined by the balance of acidic ionic components including sulfate
(SO,%) and nitrate (NOs), and partly or fully neutralized ionic component ammonium
(NH.,"). However, the correlation between the pH of atmospheric particulate matters and the
solubility of airborne trace metals has seldom been studied (Al-Momani, 2003; Shi et al.,
2011). In addition, the bioaccessibility of airborne trace metals may vary from region to
region due to the spatial and temporal variability in the emission of natural and
anthropogenic sources and chemical characteristics of aerosols, as well as regional

differences in the meteorological conditions.

2.4 Regional Transport of Atmospheric Particulate Particles

Large amount of atmospheric particles can deteriorate the air quality in source regions, but
also can be long-range transported from their initial source regions to other areas. The
distribution and fate of atmospheric pollutants are strongly affected by air-mass sources and
meteorological conditions during transportation (Niemi et al., 2006). Two major issues
considering the regional transport of air pollutants are the term “long-range transport” (LRT)

and monsoon activities.

It is well known that the LRT has promoted the regional and global air pollution. The
trans-boundary transportation of pollutants associated with particulate matters have been

widely investigated, including dusts (2010a; Hsu et al., 2010b; Feng et al., 2012),
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carbonaceous species (Qu et al., 2008; Zhang et al., 2012b) and non-sea salt sulfate
(Alexander et al., 2012; Sakata et al., 2012). The evidence on the possibility of long-range
transport of airborne trace metals also has been found (Hsu et al., 2005; 2006; Lee et al.,
2007). The outflow of airborne trace metals from continental Asia has been reported by many
researches. Hsu et al. (2006) observed that the highest level of Pb isotopic ratios of aerosols in
Taipei was measured during winter, identifying the long-range transport of airborne Pb from
the Yangtze River Delta to Taiwan. Hsu et al. (2005) also found that low Cd/Pb and Zn/Pb
ratios were observed in aerosols collected during the Asian dust period, which was attributed
to long-range transportation. Lee et al. (2007) revealed that the enrichment of trace metals in
South China coastal region (e.g., Hong Kong and Guangzhou) was closely associated with
the air masses from the northern inland areas of China by conducting the air back-trajectory
analysis. Based on the previous observations, the concentrations of airborne trace metals in
rural or remote areas might also be influenced by the long-range atmospheric transport from

urban and industrial areas (Heal et al., 2005).

The long-range transport of air pollutants is dependent on monsoon activities which display
seasonal variations of prevailing winds (Hsu et al., 2005; 2006; Lee et al., 2007). In general,
the summer monsoon prevails in China during the period from May to August. It originates
from three airflows: 1) the Indian summer monsoonal airflow; 2) the cross-equatorial
airflow from Australian region flowing over Southeast Asia and the South China Sea; 3) the
southeast monsoon coming from the southern flank of the subtropical high over the western
Pacific (Ding, 1994). In contrast, the winter monsoon develops in Siberia and Northern

China between late October and early May, and moves southeastward out of China.

2.5 Research Emphasis of PM; s

In this section, research statuses and research gaps of emission inventories of PM, 5 and air
pollutants, PM; s pollution in China, characteristics of chemical compositions, haze episode

and aerosol studies in regional background sites are summarized.
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2.5.1 Emission Inventory of PM;s and Air Pollutants

Estimating the emission inventory of air pollutants is the foundation for understanding their
formation, transport and controlling air quality. In recent decades, the emissions of major air
pollutants including sulphur dioxide (SO,), nitrogen oxides (NOx), carbon monoxide (CO),
carbon dioxide (CO;), methane (CH,), ammonia (NHs3), PMy, PM,s and VOCs (Volatile
Organic Compounds) have been estimated at global and regional scales by many studies
(Zhang et al., 2009a; Huang et al., 2011; Zhao et al., 2012; Kurokawa et al., 2013). Regional
emission inventories naturally include the estimates for areas in Asia, such as East, Southeast,
South, and Central Asia (Kurokawa et al., 2013), and some specific regions in China, such as
the Pearl River Delta (PRD) (Zheng et al., 2009), the Yangtze River Delta (YRD) (Huang et
al., 2011) and Huabei region (Zhao et al., 2012). Kurokawa et al. (2013) estimated the
emissions of major air pollutants and greenhouse gas during 2000 and 2008 in Asia. Asian
emissions of PM,s in the year of 2008 were estimated as 24.7 Tg. They found that the
emissions of each species in 2008 were much higher than those in 2000, and China and India
were the largest and second largest contributors to Asian emissions, respectively. Emission
inventories of primary PM, 5 have been established in some large regions of China. Zheng et
al. (2009) estimated that 204.6 kt of primary PM,s in the PRD region in the year of 2006
mainly originated from the industries, vehicle exhausts and power plants. Fu et al. (2013)
reported that the emissions of PM, s in the YRD region were 643 kt in the year of 2010, and

28.9% of the emissions were from industrial process.

Some of emission inventory studies were generally distributed at a low grid resolution, e.g.,
19%atitude by 1®ongitude (Streets et al., 2003), 0.3%atitude by 0.39ongitude (Huang et al.,
2011) and 0.25%latitude by 0.25°longitude (Kurokawa et al., 2013). Accurate and high
resolution emission inventories are essential for better understanding pollution formation and
transport, and forecasting air quality. Fu et al. (2013) estimated the emission inventories of
primary air pollutants and chemical speciation in 2010 for the YRD region with 4 km x4 km

spatial grids based on high resolution information of point sources, population, road network
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and land cover. Zhao et al. (2012) presented a high resolution emission inventory of primary
air pollutant in the Huabei region, China for the year 2003 with 0.19atitude by 0.190ngitude
resolution. The high resolution emission inventories need to be conducted in more regions

and focus on more air pollutants.

2.5.2 PM,5 Pollution in China

Due to the dramatic increase in population, technological development, economic growth and
urbanization over the past few decades in China, PM, s pollution has been found to occur
more frequently in China (Yang et al., 2005c; Wang et al., 2006b). The complexly chemical
composition in PM;,s and widespread sources leads to complicated and serious PM,s
pollution pattern in China. Studies for PM, 5 have been gradually conducted since 2000 in
China, and mainly focused on the large cities in the PRD (Cao et al., 2003; Wang et al.,
2006b), the YRD (Fu et al., 2008; Wang et al, 2013; Shen et al., 2014),
Beijing-Tianjin-Hebei (BTH) (Duan et al., 2012; Zhao et al., 2013a) and North China Plain
(NCP) (Hu et al., 2014). These cities are exposed to high levels of PM, 5 concentrations from
the investigation. For example, the annual mean concentration of PM, 5 in urban site was 182
pg m™ in Beijing in 2001-2003 (Zhang et al., 2006), 103 pg m™ in Shanghai in 2009-2010
(Wang et al., 2013), 106 pg m™ in Nanjing in 2011-2012 (Shen et al., 2014) and 124 pg m*
in Guangzhou in winter time of 2004-2005 (Huang et al., 2007). In Shanghai, the annual
average PM, 5 concentration was about 60 pg m™ during 1999 to 2000 (Ye et al., 2003),
while it reached 90 pg m™ during 2005 to 2006 (Feng et al., 2009a). In Nanjing, another
metropolitan city of the YRD, the PM,s concentrations were more than 4-6 times of the
NAAQS (National Ambient Air Quality Standards) of the USA (65 pg m™) during 2001
(Wang et al., 2003), and a high level of 103 pg m™ was observed during 2007 to 2008 (Yang
et al., 2010). High PM, s concentrations affect the air quality in cities and background sites
due to the long-range atmospheric transportation. The annual average PM, s concentration
reached 58.2 +50.8 and 41.3 +20.0 pg m™ at the regional background station in the YRD

during 2010 (Meng et al., 2012) and in the PRD in the winter of 2001 (Cao et al., 2003),
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respectively. All of these reported annual averages of PM, 5 concentrations are several times
higher than the Chinese NAAQS and the WHO Air Quality Guidelines. Compared with
global PM, 5 concentrations, such as UAS (Abu-Allaban et al., 2007), Korea (Choi et al.,

2012) and Greece (Samara et al., 2014), PM, 5 concentrations in China were much higher.

In addition, frequent occurrence of haze episodes characterized by high concentration of
PM, 5 and reduced visibility has been reported at a large scale in China especially in the city
clusters such as the PRD (Hagler et al., 2006), the YRD (Fu et al., 2008; Hu et al., 2014), and
BTH (Zhao et al., 2013a) regions, indicating that PM,s pollution is no longer limited to
mega cities, but expanding to much large regional scales. The characteristics of PM,s in
China exhibited higher concentrations in North China than in South China due to relative
large PM emissions and unfavorable meteorological conditions for air pollutants dispersion
(zZhang and Cao, 2015). High PM, 5 concentrations are also regularly observed in Southeast
China during summer due to biomass burning (Huang et al., 2012a; Cheng et al., 2014), and
in West China during spring due to dust storms (Wu et al., 2012). PM, 5 concentrations in
China are generally higher in winter than those in summer (Wang et al., 2002; Cao et al.,
2012; Zhao et al., 2013a). The diurnal patterns of PM, 5 concentrations in China have been
reported by Zhang and Cao (2015), with highest concentrations in the evening and lowest

concentrations in the afternoon.
2.5.3 The Characteristics of Chemical Compositions in PM, 5

The observation of PM, s mass concentration is not enough in studying the effects of PM, s on
human health and environment; it is more important to know the chemical compositions of
PM, . In China, the major chemical compositions of PM, s including the secondary inorganic
species, carbonaceous species and mineral elements have been widely studied. Cao et al.
(2012) investigated the chemical compositions of PM, s during winter and summer in 14 large
cites over China. They reported that OC, EC, S0,%, NO; and NH," are the major
contributors in PM, 5 in all of the cities during both winter and summer. Zhao et al. (2013a)

reported that the secondary inorganic ions (504>, NOs™ and NH,") contributed 24-43% of the
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total PM,5s mass in the region of BTH, China. Relatively few studies have reported less
proportion components in PM,s, such as trace metals. As shown in Table 2-4, the
concentrations of trace metals in PM, 5 at several cities in China were summarized. However,
these studies were mainly conducted in urban areas in one city, and there are no reports
focusing on a simultaneous measurement of trace metals in PM,s at a regional scale.

Investigations of airborne trace metals in PM, 5 are insufficient for a regional estimation.

Spatially, the concentrations of chemical species were generally higher in urban than in rural
sites. For example, the concentrations of OC and EC were found 2-3 times higher in urban
than in rural sites of the PRD region (Cao et al., 2004). OC and EC concentrations were also
found to be higher in the inland cities (e.g., Changchun, Xi’an, Wuhan and Chongging) and
lower in the coastal cities (e.g., Hong Kong, Xiamen and Qingdao). Seasonally, the highest
concentrations of most chemical species in PM, s were found in winter (Cao et al., 2012;
Cheng et al., 2012), while maximum concentrations of mineral elements were observed in

spring in north and west China due to the dust storms (Yang et al., 2005b).

In addition, some studies focused on the size distributions of chemical compositions in the
atmosphere. The size distribution of EC in the atmosphere can help to understand the role of
EC in regional and global climate. Huang and Yu (2008) investigated the size distribution of
elemental carbon in the atmosphere in a coastal urban area in the PRD region. They found
that about 80% of EC existed in fine particles less than 3.2 um in diameter. The mode at 0.42
pm could be attributed to fresh vehicle exhausts, while the mode at 0.75 um was likely due to
the particle growth from smaller EC particles. Furthermore, size distribution of water soluble
ions is helpful to know the formation and transport of secondary aerosols (Xiu et al., 2004;
Guo et al., 2010). Guo et al. (2010) found that 70-80% of sulfate (SO,%) in the summer of
Beijing were ascribed to in-cloud process or aerosol droplet process. They also investigated

that NO3” in fine particles in the afternoon was probably Ca(NO3), at 1-1.8 um
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Table 2-4 Annual mean concentrations of airborne trace metals (ng m'3) in PM, 5 from the urban cities over China

Shanghai, Baoshan Shanghai, Putuo Hangzhou  Guangzhou Tianjin Shijiazhuang Chengde Beijing
(2009-2010) (2009-2010) (2006) (2005-2006) (2009-2010) (2009-2010) (2009-2010) (2009-2010)

Cd 3.00 1.00 - 5.01 - 10.0 - -

Cr 31.0 9.00 13.0 2.78 10.0 10.0 10.0 20.0
Cu 29.0 15.0 76.0 718 140 40.0 20.0 40.0
Mn 132 66.0 46.0 23.6 100 120 60.0 70.0

Ni 27.0 9.00 7.00 12.5 10.0 10.0 - 10.0
Pb 133 59.0 128 196 220 300 110 140
Zn 465 236 651 AT7 750 680 280 320

Bao et al. Zhao et al. Zhao et al. Zhao et al. Zhao et al.

References  Wang et al. (2013) Wang et al. (2013) Lee (2007)

(2010) (2013a) (2013a) (2013a) (2013a)
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and KNO; at 0.56-1 um, suggesting the reaction of HNO3 with soil particles was important in

both coarse and fine particles.

2.5.4 Haze Episode

Haze is defined by the following conditions: (1) a daily mean visibility less than 10 km; (2)
no precipitation; and (3) a daily mean relative humidity (RH) lower than 80% (Deng et al.,
2008). The formation of haze is related to the meteorological conditions and high
concentrations of atmospheric particulate matters emitted by anthropogenic sources and
gas-to-particle conversion. Haze has attracted much scientific and public attention during the
past decade for its adverse impact on visibility, public health and global climate (Yadav et al.,
2003; Huang et al., 2012b; Kang et al., 2013). Haze episode in China has been substantially
increased since the 1990s due to the increase of atmospheric particulate matters and gaseous
pollutants (Fu et al., 2008; Huang et al., 2012b). Che et al. (2009b) investigated the haze
trends over 31 provincial capitals in China from 1981 to 2005. They found that the annual
haze increased significantly in 13 cities from the southern, southwestern and eastern
provinces; and the high haze regions were found in the Sichuan Basin, north and east China.
Furthermore, the occurrence of haze at a regional scale has been reported more frequently in
China in recent years (Hua et al., 2015; Wang et al., 2015). Haze has increasingly become an

important environmental issue in China.

Research of haze has been conducted in the major affected areas in China, such as the PRD
region in South China, the YRD region in East China and North China Plain (Zhang et al.,
2012a). Previous studies have investigated the meteorological conditions, aerosol physical,
chemical and optical properties, and sources during the haze pollution episode, and have
analyzed the key factors that affect the formation of haze (Ye et al., 2011; Huang et al.,
2012a; Kang et al., 2013; Hua et al., 2015; Wang et al., 2015). Huang et al. (2012a)
summarized the formation mechanisms and chemical compositions during three typical haze

types (i.e., secondary inorganic pollution, dust and biomass burning) in Shanghai. Kang et al.
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(2013) observed a high ratio of NO; /SO,> in aerosol during a long-lasting haze episode
occurred in Nanjing, indicating that traffic source became more important in the YRD region.
Ye et al. (2011) suggested that the available NH3 played a vital role in the enhancement of
particulate sulphate and nitrate during the haze episode. The importance of secondary
organic aerosol formation in driving PM,s pollution during haze events was observed by
Huang et al. (2014). In China, haze occurred more frequently in winter due to the large
emissions of air pollutants and stagnant weather conditions (Gao et al., 2015; Wang et al.,
2015). Recently, haze episodes were also observed in summer (Tan et al., 2009; Du et al.,
2011) and fall (Hua et al., 2015). Furthermore, the impact of open biomass burning on haze
pollution during post-harvest seasons has been increasingly significant (Huang et al., 2012b;
Zhu et al., 2012; Cheng et al., 2014). Previous studies have investigated the formation
mechanism of pollution events by observation of air pollutants (Fu et al., 2008; Fu et al.,
2010). Recently, a 3-D model, the Nested Air Quality Prediction Modeling System
(NAQPMS), was applied to understand the sources and transport of air pollutants (Wang et
al., 2006d; Li et al., 2008; Li et al., 2014). Both monitoring data and modelling results are

needed to better understand the formation and evolution of PM, 5 pollution events.

Most of studies on haze pollution have focused on analyzing the characteristics of chemical
compositions and meteorological parameters, sources and evolution mechanisms. However,
few studies have investigated the mixture effects and major toxicity drivers of PM, s during
haze episode. For example, Yang et al. (2010) found that the concentrations of metal elements
in hazy days were higher than that in non-hazy days in autumn and winter, and Cu, Se, Hg and
Bi were highly enriched in PM,s in hazy days. It has been hypothesized that airborne PM
toxicity might be associated with the bioaccessible transition metals on the particle surface
(Molinelli et al., 2002; Merolla and Richards, 2005; Heal et al., 2009). It is important to
identify which metal elements and sources dominate in PM, s during hazy days. Due to the
various sources and chemical compositions under different types of haze (Huang et al.,
2012a), more research is needed to identify the potential toxicity of PM, s, and which kind of

air particles dominate the adverse health effects of PM, 5 and how they affect human health.
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2.5.,5 PM,; Studies in Remote Sites

Observations made at remote sites can provide useful information for the analysis of
background PM,s conditions, due to the less influence of local pollutants and the
representation of a well-mixed atmosphere over a large area. In China, observations of
regional atmospheric background have been made at remote sites for several decades,
including Mount Waliguan (the global background station in Qinghai Province), Lin’an (the
background of the YRD region), Zhuzhang (the background of southwestern China), Akdala
(the background of northwestern China) and Mt. Tai (the background of North China Plain)
(Qu et al., 2009; Wang et al., 2012b; Zhou et al., 2012). The long-term observations at
background sites mainly targeted gaseous species such as Os, CO, CO,, CHy4, SO, and NOy
(Wang et al., 2004; Meng et al., 2009; Meng et al., 2010), while investigations of PM; 5 in

remote sites are limited.

Knowledge of the aerosol background is not only important for studying the changes in
atmospheric particles properties caused by humans, but also for assessing the
trans-boundary transportation of pollution and for estimating large-scale particles effects on
climate and biogeochemical cycles. Gao et al. (2012) revealed the important role of cloud
processing in the formation of sulfate in PM, s, based on the observations at Mount Heng in
central southern China. The results showed the long-range transport of anthropogenic
pollutants from the coastal regions of eastern/northern China and the PRD region to Mount
Heng during spring. Wang et al. (2012b) found the formation mechanism of SOM through
aqueous-phase reactions in clouds at Mt. Tai, North China. In comparison with the aerosol
studies in urban cities, observations of atmospheric particles at background sites were
mostly carried out over short term, few studies conducted a long term observation of
chemical compositions in PM, 5 at the regional background sites (Fu et al., 2014; Zhang et al.,
2014). The concentrations of PM, s and its major chemical components were detected at a
regional background site in the central PRD during fall and winter seasons from 2007 to 2011

(Fu et al., 2014). The results indicated that the reduction of PM, 5 in the PRD was mainly
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attributed to the decrease of OM and SO,, while the fast increase of NO3 was likely due to
the increase of power plants and vehicles. A better understanding of the background of PM; 5

will be helpful for policy makers to control pollution emissions.

During the past decade, researches have been studied the PM, 5 concentrations and their
major chemical components such as water soluble ions (Ma et al., 2003; Che et al., 2009a;
Gao et al., 2009) and carbonaceous species (Qu et al., 2008; Qu et al., 2010; Zhang et al.,
2012b) at different regional background sites, however, the observations of atmospheric
trace metals are limited. Moreover, there are few researches conducted the simultaneous
investigation for PM, s and its chemical compositions at different regional background sites
in China. Therefore, there is an urgent need for aerosol study in regional background sites in

China to evaluate the impact of air pollution on regional climate and human health.

2.6 Summary and Outlook

Atmospheric particulate matters pollution was severe in mega cities and city clusters of
China over the past decades, and it will continue to be one of the key concerns for
environment and human health. The chemical compositions, sources, formation mechanism
and long-range transport of atmospheric particulate matters have been widely studies, and
research in these fields has improved in recent years. At the same time, large gaps in the

research await further study.

Most studies have focused on the major chemical compositions of PM,s including the
secondary inorganic species (sulfate, nitrate and ammonium), carbonaceous species (organic
carbon and element carbon) and mineral elements, while relatively few studies have reported
trace metals in PM,s. Recently, scientific attention has shifted to the mixture toxic effects
and major toxicity drivers of PM,s. Among the chemical compositions in PM;s,
bioaccessible transition metals (e.g., Fe, Cu, V, Mn, Ni and Zn) on the particle surface are
suspected to cause oxidative damage effects both to the lung and other organs. However,

investigations of airborne trace metals in PM, s are insufficient in China. There has a strong
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need for more research to investigate airborne trace metals and their impacts on environment
and human health on a regional scale, especially in the large city clusters with fast economy
development and urbanization, such as the PRD, the YRD and BTH regions. A
comprehensive study is needed to simultaneously investigate the temporal-spatial variations,
sources and long-range transport of airborne trace metals in large city clusters with typical
local emission and meteorological conditions, and to study the possible factors that
influence the pollution of PM,s. Moreover, little information is available about the
bioaccessibility of trace metals in PM, 5. Consequently, the bioaccessibility of trace metals in
PM,5s in China needs more studies to better understand their potential toxicity and which
metal elements and sources dominate the potential toxicity of PM,s, which may provide

insightful information to policy makers for controlling airborne trace metals pollution.

Regional haze pollution occurred more frequently in recent years (Zhao et al., 2013b; Wang
et al., 2015), and is seriously affecting people’s quality of life and health, which has
attracted extensively public and scientific concern. A series of achievements in chemical
compositions, formation mechanisms and meteorological conditions during haze have been
gained (Ye et al., 2011; Huang et al., 2012a; Kang et al., 2013), whereas the evolution and
regional transport of air pollutants during haze are seldom studied (Wang et al., 2006d). A
3-D model (NAQPMS) is a useful technic to understand the evolution and transport of air
pollutants (Wang et al., 2006d; Li et al., 2008; Li et al., 2014). An integrated study of field
monitoring and modelling study is needed to investigate the formation, evolution and
regional transport of PM, s during regional haze event. Moreover, the mixture toxic effects
and identification the major toxicity drivers of PM, s during haze episodes also required to be

further studied.
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Chapter 3 - Methodology

3.1 Characteristics of the Study Region

Descriptions of geographical location, population, urbanization and meteorology of the Pearl
River Delta (PRD), the Yangtze River Delta (YRD) and North China (NC) are given in this

section.
3.1.1 The Pearl River Delta Region

The Pearl River Delta region, including Guangzhou, Shenzhen, Zhuhai, Dongguan,
Zhongshan, Foshan, Huizhou, Jiangmen and Zhaoging, and the SARs (Special
Administrative Region) of Hong Kong and Macau (Fig. 3-1), is actually a city cluster with
highly developed industrial operations, and with a population of approximately seventy
million in a land area of 56,000 km® This region is located at 21927-23B6'N and
1159'-11522'E and is close to the South China Sea. In recent decades, the PRD region has
been one of the most industrial developed and urbanized regions in China. Due to the
developed manufacturing industries such as electric products, garments and textiles, toys and
plastic products, the PRD region has become one of the most economical city clusters in
China. The region experiences both tropical and sub-tropic monsoon climate, and is a
cloud-prone and rainy area with an annual average temperature of 22<C and annual
precipitation of 1,690 mm (Wong et al., 2002). The prevailing wind direction in the PRD
region is from the northeast in the winter and from the southeast, south and southwest in the
summer. The annual wind speed in the coastal cities (such as Hong Kong, with about 6 m s
in 2014) (Hong Kong Observatory, http://gb.weather.gov.hk/contentc.htm) is higher than that
in the inland cities (such as Guangzhou and Foshan, with about 2 m s™) (Chan and Yao,

2008).
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Figure 3-1 City cluster of the Pearl River Delta Region (Du et al., 2013).

38



3.1.2 The Yangtze River Delta Region

The Yangtze River Delta (YRD) is the most economically developed regions of east China,
which is characterized by a cluster of 25 cities such as Shanghai, Hangzhou, Nanjing, Suzhou
and Ningbo (Fig. 3-2). The YRD region lies in the mid-eastern part of China and covers an
area of about 110,600 km?, with a population of 7.54 <10 (Huang et al., 2009) . The Yangtze
River Delta is located on the western coast of the Pacific Ocean and has a subtropical
monsoon climate, in which the weather is very hot and humid in summer, cool and dry in
winter, and warm in spring and fall. In summer, maritime air masses reach the YRD region
by passing through the southern part of China under the influence of the Pacific anticyclone.
In winter, it is subjected the regime of the northeastern monsoon. In the YRD region, the
annual mean temperature is 18<C and rainfall is 1,100 mm. Large energy consumption and
vehicle population generated a large amount of primary air pollutants in the region. For
example, by the end of 2013, the coal consumption in Shanghai reached 1.17 <10° tons SCE
(standard coal equivalent). Coal was still the major energy category in Shanghai, which
contributed over 49% of the total energy consumed (Shanghai Statistics Yearbook 2014).

The automobile population in Shanghai grew to 2.82 =< 10° in 2013.
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BO’E 90°E

® YRD cities

Figure 3-2 City cluster of the Yangtze River Delta Region.
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3.1.3 North China

The North China Plain (NCP) is the key area of North China, with an area of about 409,500
km?. The plain is bordered on the north by the Yanshan Mountains and on the west by the
Taihang Mountains edge of the Shanxi plateau. It extends over Beijing, Tianjin, and Hebei,
Shandong, Henan, Jiangsu and Anhui provinces (Fig. 3-3). This plain is one of China’s most
important agricultural regions, producing corn, sorghum, winter wheat, vegetables and cotton.
The wind system of this region is controlled by the westerly wind as well as the Asian
monsoon which provides warm and humid southern wind in summer and cold and dry

northern wind in winter.

1000km
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Figure 3-3 City cluster of North China Plain.
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3.2 Sampling Sites

The sampling sites in the PRD and YRD regions and North China are shown in the Fig. 3-4.

Table 3-1 provides the details of the sampling sites in the present study.

® Urban site
® Rural site

Figure 3-4 The sampling sites in the PRD and YRD regions, and North China.
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Table 3-1 Overview of the sampling sites in the present study.

Region City Sampling site Code Site location Site characteristics
The PRD Guangzhou Guangzhou Institute of Geochemistry Gz 2397'N, 11329E Urban site
Heshan Huaguo Mountain HS 22942'N, 112985'E Rural site
Hong Kong Hok Tsui HT 2292'N, 11495'E Coastal rural
The YRD Shanghai Handan Campus of Fudan University SH 31°17.8'N, 121°30'E Urban site
Nanjing Institute of Soil Science NJ 32°03.5'N, 118°48'E Urban site
Hangzhou Zijin’gang Campus of Zhejiang University HZ 30°18'N, 120°5.2'E Urban site
Ningbo Ningbo Atmospheric Environment Observatory NB 29°40.8'N, 121°37'E Rural site
North China  Beijing China University of Geosciences, Beijing BJ 39986'N, 116220.4'E Urban site
Mount Changbai  Mount Changbai CBS 42°24'N, 12896'E Remote site
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3.2.1 Description of Sampling Sites in the PRD Region

In the PRD region, an urban site in Guangzhou, a rural site in Heshan city and a coastal site in

Hok Tsui, Hong Kong were selected as the sampling sites.

Guangzhou (GZ): The sampling site is located on the rooftop of a four-story library in
Guangzhou Institute of Geochemistry (2397'N, 11329'E), about 12 m high and 300 m
away from a heavy traffic road. The sampling site is located in Tianhe District (the urban
central of Guangzhou city), which represents a mixed residential, traffic, and commercial

environments of an urban area in Guangzhou.

Heshan (HS): Heshan station is the first super atmospheric monitoring station in China. It is
located in the Huaguo Mountain of the Jiangmen—Heshan city (2242'N, 1129B5'E), the south
of the PRD region, China. This sampling site is surrounded by forest, representing a typical
rural location. It is seven kilometers away from Heshan city and 4 km east away from the

Fokai highway.

Hong Kong (HK), Hok Tsui: The sampling site is located at the southeast coast of Hong Kong
Island (2222'N, 11425’E, 60 m ASL) with less anthropogenic activities (such as roadways,
commercial establishment and industry). It is 15 km away from intense human activities and
heavy traffic. Hong Kong is primarily associated with service industries; however it still has

some local sources of air pollutants from traffic, shipping and manufacturing.
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3.2.2 Description of Sampling Sites in the YRD Region

In this study, four representative sites in the YRD were selected for the field sampling. They
include three developed cities with a large pollution: Nanjing in Jiangsu Province, Hangzhou
in Zhejiang Province and Shanghai, and a background site (Damei Mountain in Ningbo,
Zhejiang Province (Fig. 3-3). With the large primary emissions, Nanjing and Hangzhou had
rather poor geographical and meteorological conditions to dilute the aerosol concentration.
Nanjing is surrounded by Wuhu, Chuzhou, Yangzhou and Zhenjiang, wherein the aerosol

concentrations are rather high. The details of sampling sites were described as below.

Shanghai (SH), Handan Campus of Fudan University: the site is located on the rooftop of a
five-story teaching building (about 15 m above the ground) (31°17.8'N, 121°30’E). The site
represents a mixed residential, traffic, and commercial environments of the central urban
area of Shanghai. Shanghai sits on the eastern coast of China, covering a total area of 6,341
km? with a population of over 2.3 < 10" in 2010. Shanghai has a humid subtropical climate
and experiences four distinct seasons. Winters are chilly and damp, and cold north-westerly
winds from Siberia can cause night-time temperatures to drop below freezing, although
most years there are only one or two days of snowfall. Summers are hot and humid, with an
annually average of 8.7 days exceeding 35<C. The city is also susceptible to typhoons in

summer and the beginning of autumn.

Nanjing (NJ), Institute of Soil Science, Chinese Academy of Sciences: the sampling site is on
the rooftop of a five-story laboratory building with in the institute (32°03.5'N, 118°48'E),
about 15 m above the ground and 200 m away from a main street. Nanjing Institute of Soil
Science is located in Xuanwu District which has the highest population density in Nanjing.
The institute is surrounded by residential areas, heavily trafficked roads and commercial
centers, representing a typical urban location. Nanjing, with a total land area of 6,598 km?

and an urban population of over 7 =< 10° in 2011, is the second-largest commercial centre in

the YRD after Shanghai. Nanjing has a humid subtropical climate and is under the influence
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of the East Asian monsoon. The four seasons are distinct here, with damp conditions
throughout the year, very hot and muggy summers, cold and damp winters, and in between,
spring and autumn are of reasonable length. Nanjing is endowed with rich natural resources,
which include more than 40 various kinds of minerals. Among them, iron and sulfur

reserves make up 40% of those of Jiangsu province.

Hangzhou (HZ), Zijin’gang Campus of Zhejiang University: the sampling site located on the
rooftop of a five-story laboratory building in the campus (30°18'N, 120°5.2'E), about 15 m
high. The Zijin’gang campus of Zhejiang University is located in the south of Hangzhou City,
and nine km away from the downtown of Hangzhou. It is the largest single university campus
in Mainland China, which covers 600,000 m? land area. The sampling site is in the residential
area in Xihu District, which represented a peri-urban site of Hangzhou. Hangzhou is the
capital and largest city of Zhejiang Province in Eastern China. Its administrative area
(sub-provincial city) extends west to the mountainous parts of Anhui province, and east to
the coastal plain near Hangzhou Bay. Within the Hangzhou Metropolitan Area, a population

of approximately 2.1 x<10’people live in the area with 34,585 km®.

Ningbo (NB), Ningbo Atmospheric Environment Observatory (NAEO) (29°40.8°N,
121°37°E, 550 m ASL) is located on a rural mountaintop in Ningbo as a regional
background site. It is approximately 15 km to the east of the coast of the East China Sea
(ECS), and about 20 km northwest of the city centre of Ningbo. Ningbo is the second largest
city in the Zhejiang Province, approximately 150 km west of Hangzhou, and 150 km north
of Shanghai. This sampling site is surrounded by forest, and there are several hills around
the site with an elevation of less than 600m. In addition to the abovementioned cities around
the NAEO, there are a number of smaller pollution sources located in the areas, including
villages, small industrial plants, and agriculture-related biomass burning. The site has a
subtropical monsoon climate, in which the weather is incredibly hot and humid in summer.
In addition, maritime air masses reach the sampling site by passing through the south China

under the influence of the Pacific anticyclone in summer. In contrast, the sampling region is
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relatively cool and dry in winter. The westerly or north-westerly monsoon winds caused
predominantly by the Siberian anticyclone transport the air masses from the northern and

the central parts of China to the NAEO.

3.2.3 Description of Sampling Sites in North China

Beijing (BJ): the sampling site (3986'N, 116<20.4'E) is located on the rooftop of building of
national research centre for geoanalysis, China University of Geosciences, Beijing. The site
represents a mixture of residential, traffic, and commercial environments of the central urban
area of Beijing, and is situated in the north urban areas of Beijing. Beijing is geographically
located in northern China, with a permanent resident population of 2.0 < 10’ in 2010. The
main terrain of Beijing is plain, with surrounding mountains (the Yanshan Mountain) in
three directions. The special geography favors stagnant atmospheric conditions over the area,
where the diffusion ability of air pollutants is poor. Beijing is in the warm temperate zone and

has a typical continental monsoon climate with four distinct seasons.

Mountain Changbai (CBS): The sampling site (CBS: 42°24'N, 12896’E, 741 m ASL) is
conducted at a remote site in area, northeastern China and operated by the Chinese Terrestrial
Ecosystem Flux Research Network. The site located about 40 km to the north of the major
peak of Mount Changbai. This mountain range stretches more than 1,000 km from
southwest to northeast. The CBS site is located in a deciduous broad-leaf forest, and the

sampling inlet of CBS was 2-3 m above forest canopy.

3.3 Sampling Methods

3.3.1 Sampling Instruments

A high-volume sampler (Fig. 3-5) was applied at each sampling site, equipped with a 2.5 pym
inlet at flow rate of 1 m*min™ and quartz microfiber filters (QFFs) of 8 x 10 in. (PALL,

USA).
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Figure 3-5 The high-volume PM, s sampler.

3.3.2 PM,5 Sampling

The PM, 5 samples were collected on quartz microfiber filters (QFFs) of 8 x 10 in. (PALL,
USA). The filters were pre-baked for 8 h at 450<C to remove any contamination caused by
carbonaceous material. The filters were weighed twice before and after sampling, using a
balance (Sartorius, Analytic) with the sensitivity of £0.1 mg. Before weighing, the samples
were equilibrated in a desiccator at 20-30<C and a relative humidity of 30-40% for at least
24 hrs. A sampling period of 24 hrs was adopted. After the sampling, the loaded filters were

stored in polyethylene bags at -20<C before analysis. Field blank filters were also collected.
3.3.3 Overview of the Sampling

The simultaneously sampling program for PM, s samples has been conducted in the PRD
and YRD regions and North China over one-year period from September 2013 to August
2014. The simultaneous weekly sampling (i.e., one 24-h sample per week) was conducted in
the PRD and YRD regions over a whole year cycle. In addition, high frequency daily PM;s
sampling (i.e., one 24-h sample per day) was conducted simultaneously in Guangzhou,
Shanghai, Nanjing and Beijing in the autumn (from 16™ October 2013 to 14™ November

2013), winter (from 21" December 2013 to 20" January 2014), spring (from 21" March
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2014 to 20™ April 2014) and summer (from 23" June 2014 to 24™ July 2014). Due to
precipitation or occasional sampler instability, some samples were missed at each site.
However, at least 20 samples were taken for each period at each site. At the site of Beijing,
the sampling period were delayed in the spring and summer season due to the problems of the
sampler. The high resolution sampling period at Beijing in the spring and summer was
performed from 12" April to 12" May 2014 and from 30" July to 28" August 2014,
respectively. At CBS, weekly sampling of PM, s was also conducted from 21 Sep 2013 to 21
Jul 2014. Field blank filters were also collected at each site. The details of the sampling
program are illustrated in Table 3-2. In this study, same sets of cut-off dates were used to
define the four seasons for all the sites in three regions: (a) autumn: September-November
2013; (b) winter: December 2013-February 2014; (c) spring: March-May 2014; and (d)

summer: June-August 2014.
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Table 3-2 The sampling program for PM, s in the PRD, the YRD and North China.

Region Site Sampling frequency Sampling period Number
The PRD Gz Weekly Sep 2013 to Aug 2014
Daily 16" Oct~14" Nov 2013; 21" Dec 2013~20" Jan 2014; 21" Mar~20" Apr 2014; 23" Jun~24" Jul =
HS Weekly Sep 2013 to Aug 2014 61
HT Biweekly Nov 2013 to Oct 2014 18
TheYRD  SH Weekly Sep 2013 to Aug 2014
Daily 16™ Oct~14" Nov 2013; 21" Dec 2013~20" Jan 2014; 21™ Mar~20" Apr 2014; 23" Jun~24" Jul e
NJ Weekly Sep 2013 to Aug 2014
119
Daily 16™ Oct~14" Nov 2013; 21" Dec 2013~20" Jan 2014; 21™ Mar~20™ Apr 2014; 23" Jun~24" Jul
HZ Weekly Sep 2013 to Aug 2014 45
NB Weekly Sep 2013 to Aug 2014 44
North BJ Daily 15" Oct~14" Nov 2013; 2"~21" Jan 2014; 12" Apr~12" May 2014; 30" Jul~28™ Aug 2014 101
China CBS  Weekly 21 Sep 2013 to 21 Jul 2014 42
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3.4 Chemical Analysis

The chemical analysis of PM,s samples including total metal concentrations, Pb isotopic
compositions, bioaccessible fraction of trace metals extracted by simulated lung fluids,
water-soluble inorganic ions and carbonaceous species (organic carbon and element carbon).
Total concentrations of trace metals were analysed for each filtered PM, 5 sample collected
from all the sampling sites. Pb isotopic compositions were detected for partial samples from
all the sampling sites. Concentrations of organic carbon (OC) and element carbon (EC) were
analysed for high frequently daily samples from GZ, SH, NJ and BJ. Water-soluble ions (NOs’,
Cl, S0,%, K' and NH,") were measured for samples from SH and NJ. The bioaccessible

concentrations of trace metals were analyzed for the samples from GZ, SH and NJ.

3.4.1 Total Metal Concentration

One eighth of the filter was cut using ceramic scissors and placed in acid-cleaned Pyrex test
tubes (18 mm x<18mm) for strong inorganic acids (Wong et al., 2003). Twelve mL of 70%
high purity nitric acid (HNO3) and 3 mL of 65% perchloric acid (HCIO,) were added to
ensure the filters were completely submerged. The mixed solutions were gently shaken
using a vortex, and then heated progressively to 190<C in an aluminium heating block to
completely dry. The filter samples were heated according to the temperature settings shown
in Table 3-3. After the test tubes cooling, 12 mL of 5% (v/v) HNO3; were added, in which
the samples were fully submerged. The combinations were mixed by a vortex and then
heated at 70<C for 1 h. After cooling, the mixtures were poured into 10 mL plastic tubes for

storage at 4 <C until analysis.

All glass and plastic tubes need acid cleaned and rinsed with deionized water before used.
Quality control was adopted by reagent blanks, replicated samples and the standard
reference materials (NIST 1648a) analysis, representing 10, 20 and 10% of the total number
of samples, respectively (Wong et al., 2003). In the present study, the concentrations of

major elements (i.e., Al, Fe, K, Ca and Mg) and trace elements (i.e., Cu, Mn, Pb, Zn, Cd, Cr,
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V and Ni) in filter samples were determined by using ICP-AES (Inductively Coupled
Plasma-Atomic Emission Spectrometry) after calibration using high-purity standard in 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 metals
concentrations in regent blanks were less than 1% of the average analyte concentrations for
all the metals, and the precision (RSD) of the control standards and replicates are generally
lower than 10%. The recovery rates of the metal elements in the standard reference

materials ranged from 96% to 110% (except Al: 54%).

Table 3-3 The temperature setting of aluminium heating block for acid digestion of filter

samples.

Temperature (<C) Filter (hours)
50 2
75 3
100 3
125 3
145 2
165 2
175 2
190 Until dryness
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3.4.2 Pb Isotopic Composition Analysis

The Pb isotopic composition analysis was conducted using Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS). The solutions were diluted to a Pb concentration of
about 30 mg L™ using 5% high-purity HNO; to optimize the analytical performance of the
instrument. The analytical parameters were set as 250 sweeps per reading and 10 readings
per sample solution. Procedural blanks and standard reference materials (NIST SRM 981,
common lead) were used for quality control. The analysis was repeated when the
differences between the measured and certified values of the standard reference materials
exceeded 0.5%. The Pb counts of the blanks were less than 0.5% of the samples, and the
precision (% RSD) of the Pb isotopic ratios of the 10 replicates was typically lower than
0.5%. The average measured ratios of ***Pb/2’Pb, ***Pb/2’Pb and ®Pb/*’Pb (0.0643 +
0.0003, 1.0939 +0.0006 and 2.3704 +0.0017, respectively) were in agreement with the

certified standard values (0.0646, 1.0933 and 2.3704, respectively).

3.4.3 Bioaccessible Fraction of Trace Metals

In order to evaluate the potential toxicity of airborne metals, simulated lung
fluids—Gamble’s solution (represents the neutral conditions of the interstitial fluid found
deep in the human lung, pH=7.4) were used to extract the bioaccessible fraction of metal in
PM,s. Gamble’s solution was freshly prepared according to Colombo et al. (2008). The
compositions of Gamble’s solution were added in the order presented in Table 3-4 to avoid
salt precipitation. All chemicals were analytical grades and both solutions were prepared
using ultra-pure water. A portion of filter sample was placed in a clean polyethylene tube
and 30 mL of extractant was added. The samples were shaken for 24 hrs at 37<C and
100rpm in a temperate shaker. Extracts were centrifuged for 15 min at 4,000rpm, and then
filtered through a polytetrafluoroethylene microporous membrane (0.22 pm pore size and
13 mm diameter). The extraction test was conducted in duplicate, blanks (only contain

simulated lung fluids) and standards (a known concentration of metal solution and standard
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reference materials—NIST SRM 1648a). A portion of 15 mL of extracts were put into
acid-cleaned Pyrex test tubes (18 mm x18mm) with 2 mL of 70% high purity nitric acid
(HNO3) to get the soluble metal fractions. The heating block was adjusted to 85°C for a half
hour, 120°C for 4 hrs, then to 150°C until the sample reached dryness. When cooled, 10 mL
5% HNO; was added. The mixtures were blended by a vortex and then heated at 70<C for 1
h. After cooling, the mixtures were poured into 15 mL plastic tubes for metal analysis using
ICP-MS. The insoluble fraction (filter residue) was acidic digested with 6.0 mL HNO;z and
1.5 mL HCLO;, in quartz glass tubes. The detailed procedures of insoluble fraction analysis

were the same as the metal analysis (see section 3.4.1).

Table 3-4 Composition (g L) of simulated lung fluids—-Gamble’s solution.

Chemicals (g L™) Gamble’s solution, pH = 7.4
Magnesium chloride, MgCl, 0.095
Sodium chloride, NaCl 6.019
Potassium chloride, KCI 0.298
Disodium hydrogen phosphate, Na,HPO,4 0.126
Sodium sulphate, Na,SO4 0.063
Calcium chloride dihydrate, CaCl, « 2H,0 0.368
Sodium acetate, C,H;0,Na 0.574
Sodium hydrogen carbonate, NaHCO3 2.604
Sodium citrate dihydrate, CsHsNasO * 2H,0 0.097

3.4.4 Water-soluble lons Analysis

A portion of each sample and blank filter was extracted three times in 10 mL of 18-Ohm
MilliQ water and sonicated for each 15 min in an ultrasonic ice-water bath. The total extract
was filtered through a polytetrafluoroethylene microporous membrane (0.22 pm pore size
and 13 mm diameter). After filtered, the extract was analyzed for anions (i.e., CI', NO3" and
S0,%) and cations (i.e., NH," and K*) by ion chromatography (Metrohm, 883 Basic IC plus).

Cations and anions were measured by a Metrohm Metrosep C4-100 column and a Metrohm
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Metrosep A sup5-150 column equipped with a suppressor, respectively. The eluent for
cations and anions measurement were 2 mmol L * sulfuric acid and a mixture solution with

3.2 mmol L™ Na,COj3 and 1.0 mmol L™ NaHCOs, respectively.

3.4.5 Carbonaceous Species

The OC and EC concentrations were analyzed through thermal optical analysis with a DRI
Model 2001 (Atmoslytic, Inc., Calabasas, CA, USA) following the Interagency Monitoring
Protected Visual Environment (IMPROVE) thermal optical reflectance (TOR) protocol (Liu
et al., 2013). Briefly, a punch (0.526 cm?) of each quartz filter was heated t0120<C (OC1),
250C (0OC2), 450<C (OC3), and 550C (OC4) in a non-oxidizing helium (He) atmosphere,
and 550<C (EC1), 700C (EC2) and 800C (EC3) in an oxidizing atmosphere with 2%
oxygen in a balance of helium. As the temperature increased in the inert helium, some of the
OC was pyrolyzed to yield a darkening of the filter deposit. This darkening was monitored
by reflectance and transmittance of light at a wavelength of 633 nm. After the addition of
oxygen, the original and pyrolyzed black carbon was combusted, and the reflectance
increased. The amount of carbon measured when the reflectance achieved its original value
is considered pyrolyzed carbon (PC). The IMPROVE protocol defines OC as
0OC1+0C2+0C3+0C4+PC and EC as EC1+EC2+EC3-PC. Total carbon (TC) is the sum of
OC and EC. The quality control was performed by routine measurements of the samples
prepared with a standard sucrose solution. A method blank was tested every 10 samples and

subtracted from the sample concentrations.

3.5 NAQPMS Model Description and Setup

The Nested Air Quality Prediction Modeling System (NAQPMS) was used in this study to
simulate the evolution of PM,s during pollution events. NAQPMS is a multi-scale 3-D
Euler chemical transport model developed by the Institute of Atmospheric Physics (IAP),
Chinese Academy of Science (Wang et al., 2006d). The Weather Research and Forecasting

Model (WRF version 3.5) is used as a meteorological driver to NAQPMS. The nested
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chemical transport module includes advection and diffusion processes (Byun and Dennis,
1995; Walcek and Aleksic, 1998), and parameterization of 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 was calculated by the
model ISORROPIA 1.7 (Nenes et al., 1998); and the secondary organic aerosols (SOA) are
currently predicted based on a two-product yield scheme (Odum et al., 1997). The detailed
description can be found in previous work (Li et al., 2008). The modeling domains
consisted of a 27-km horizontal grid covering the East Asia and a 9-km nested grid over
eastern China (Fig. 3-6). The vertical structure of the model consisted of 20 layers from the
surface to 20 km with the lowest ten layers below two km. The lateral and upper boundary
conditions are taken from a global chemical transport model (MOZART-V2.4) with 2.8°
resolution. The anthropogenic emission inventory was obtained from the bottom-up
Regional Emission inventory in Asia (REAS2.1) data with 0.25° x 0.25° 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 1.0°x1.0°
resolution. Monthly biogenic emissions were generated by MEGAN v2.0, a biogenic
emission model with 0.5° < 0.5° resolution provided by NCAR (National Center for

Atmospheric Research) (http://accent.aero.jussieu.fr/database_table_inventories.php).
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3.6 Enrichment Factor

The enrichment factor can be used to evaluate the potential contribution of crustal and
anthropogenic sources for trace metals associated with PM,s. The EFs were calculated

using the following equation, in which iron (Fe) was used as a reference element

EF= [Ci/Cref] air/[Ci/Cref]crust

where C; is the concentration of the metal element considered in the PM, s samples or the
crust and Cis the concentration of reference element in the PM, s samples or the crust. The
elemental concentrations of the crust reference used in the calculation were given by Hans
Wedepohl (1995). Generally, EF value close to unity is taken as an indication that a trace
element in an aerosol may have a crustal source, while EF value greater than 10 is
considered to indicate a significant contribution from non-crustal source (Chen et al., 2008;

Waheed et al., 2011).

3.7 Meteorological Information

The meteorological parameters including wind speed, wind direction, temperature,
precipitation and humidity during the sampling period were obtained from ENVF
(Environmental Central Facility) Atmospheric & Environmental Real-time Database
(http:/fenvf.ust.hk/) and the local statistical yearbook. Since there are no standard
meteorological stations at the sampling sites in this study, the meteorological parameters
from the standard meteorological station which is close to the sampling site were used. It
roughly supposes that the sampling site and its nearby meteorological station had similar

meteorological conditions during the study period.

3.8 Back Trajectory Analysis

To investigate the possible effects of long-range transportation of trace metals, air mass

backward trajectories were calculated using the HYSPLIT model (HYbrid Single-Particle
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Lagrangian Integrated Trajectory, Version 4.9), a comprehensive modelling system
developed by the National Oceanic and Atmospheric Administration (NOAA) Air Resource
Laboratory (http://www.arl.noaa.gov/HY SPLIT.php) (Draxler and Rolph, 2003). The FNL
archive meteorological datasets from the National Weather Service’s National Centers for
Environmental Prediction (NCEP) were used to compute the trajectories. 48-hours 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 HYSPLIT model. All the air mass backward
trajectories were classified into several types by the cluster analysis based on the

non-hierarchical clustering algorithm (Dorling et al., 1992).

3.9 Potential Source Contribution Function

The Potential Sources Contribution Function (PSCF) model is similar to the framework
descripted by Ashbaugh et al. (1985). The conditional probability of PSCF model is that an
air parcel with pollutant concentration higher than a given criterion value arrives at a
receptor location after passing through an appointed geographical area. 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 the hourly endpoints in the back
trajectories generated by the HYSPLIT 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) = Mg j/Nej)

where mg;; 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. n; is the total number of endpoints falling in the grid cell. All
the values were plotted using mapping software (ArcMap 10.2). Only a given cell including

more than 10 total hourly points was plotted.
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3.10 Health Risk Assessment of Airborne Trace Metals

Generally, human exposure of trace metals in the atmosphere can occur via three pathways:
(1) direct inhalation through mouth and nose; (2) ingestion of the deposition of airborne trace
metals; and (3) dermal absorption of airborne trace metals adhered to exposed skin. Among
the three pathways, inhalation is the most important pathway for human exposure of airborne
trace metals (Hu et al., 2012). In this study, the exposure concentration (ECj,,) was estimated
to assess the risks posed by trace metals in PM; 5 by inhalation. ECj,, was estimated by the

following equation

ECinn = C <(ET <EF <ED)/ATn

where C is bioaccessible concentrations (ng m™) of trace metals in PM,5; ET is exposure time
(hours/day); EF is exposure frequency (EF = 180 days year™); ED is exposure duration, 6
years for children and 24 years for adults; ATn is average time (ATn = ED %365 days year™ x
24 hours day™ for non-carcinogens, ATn = 70 years % 365 days year" x 24 hours day™ for
carcinogens) (US EPA., 2009). Both carcinogenic and non-carcinogenic risks posed by
airborne trace metals were quantified in this study. The non- carcinogenic risks (CR) were

assessed using the hazard quotient (HQ) (Eq. 3-4). The carcinogenic risks were calculated by

Equation 3-5.
HQ = ECi/(RfCi x1000 gmg™ (Eq. 3-4)
CR = IUR XECinh o (Eq. 3-5)

where RfCi is inhalation reference concentrations (mg m™); IUR is inhalation unit risk ((jg

m3)™h.

According to the classifications by International Agency for Research on Cancer (IARC) ,
arsenic (As) and inorganic arsenic compounds, nickel (Ni) compounds, chromium (Cr V1)

compounds are Group 1 carcinogenic elements to humans, lead (Pb) inorganic compounds
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are Group 2A (probably carcinogenic to humans), vanadium (V) is Groups 2B (possibly
carcinogenic to humans), and manganese (Mn) and zinc (Zn) are not found in the list of
classifications (WHO, 2015). The values of RfC; and IUR for these metal elements can be

found from US EPA website (http://www.epa.gov/region9/superfund/prg/index.html).

3.11  Statistical Analysis

Statistical analysis was performed using SPSS 16.0 for Windows. All the datasets in this
study were statistical analyzed. The student’s t test was used to determine whether there was a
significant difference in concentrations of PM, 5 and associated chemical components among
different sampling period. Pearson correlation and linear regression were used to identify the

correlationship.
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Chapter 4 - Concentrations and Chemical Compositions of PM, 5
in the Pearl River Delta, the Yangtze River Delta and North

China

In this chapter, investigations of the concentrations and chemical compositions of PM, 5 were
conducted in three representative regions of China: the Pearl River Delta (PRD) including an
urban site (Guangzhou) and two rural sites (Heshan and Hok Tsui), the Yangtze River Delta
(YRD) including three urban sites (Shanghai, Nanjing and Hangzhou) and one rural site
(Ningbo), and North China including one urban site (Beijing) and a background site (Mount
Changbai). The previous works of PM, s in the target regions and other areas in the world

were compared with the results in this study.

4.1 Data Validation-Sum of Chemical Species versus PM, s Mass

The sum of the individual chemical concentrations determined in this study for PM,s
samples should be less than or equal to the corresponding mass concentrations obtained
from gravimetric measurements. The chemical species include the measured trace metals,
OC and EC that were quantified on quartz microfiber filters from GZ, SH and BJ. The sum
of chemical species was plotted against the measured PM,5s mass on quartz microfiber
filters from GZ, SH and BJ in Fig. 4.1. Linear regression analysis results showed that good
correlations (R?=0.68-0.90) were found between the sum of measured species and PM,

mass for the three sampling sites.
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Figure 4-1. Scatter plots of sum of measured chemical species versus measured mass on
quartz microfiber filters for PM, s samples collected at (a) Guangzhou, (b) Shanghai and (c)

Beijing.
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4.2 An Overview of PM, s Concentrations

Table 4-1 summarizes the annual mean concentrations and standard deviations of PM, 5 in the
three regions. In the PRD region, PM, s concentrations in Guangzhou (GZ), Heshan (HS) and
Hok Tsui (HT) were 81.9 +30.9, 86.1 +34.8 and 40.1 +18.1 pg m™, respectively. The
concentrations of PM, s in GZ and HS far exceeded the Chinese National Ambient Air
Quality Standard (NAAQS) Grade Il (annual average of 35 pg m™), suggesting high
pollution of PM;5 in GZ and HS. PM, 5 concentrations in this study were comparable to that
in previous studies in the PRD region, such as in Guangzhou (106 +71.4 ug m™ in the winter
of 2001 and 78.1 +29.7 pg m™ in the summer of 2002), Hok Tsui in 2000-2001 (32.8 +15.1
pg m’ in the winter of 2000 and 21.8 +10.7 ug m™ in the spring of 2001) (Louie et al., 2005)
and in 2001-2002 (41.3 +20.0 ug m™ in the winter of 2001 and 15.8 + 2.4 ug m™ in the
summer of 2002) (Cao et al., 2003), and Heshan in November 2010 (92.02 +43.17 ug m*)

(Ding et al., 2012).

In the YRD region, PM; 5 concentrations in Shanghai (SH), Nanjing (NJ), Hangzhou (HZ)
and Ningbo (NB) 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 more than the World Health Organization (WHO)
standard of 10 pg m™> and 2 to 3 times higher than the NAAQS Grade Il standard. In

* in Shanghai

comparison with previous studies in the YRD region, such as 103 pg m’
(annual mean, 2009-2010) (Wang et al., 2013), 106 pg m™ in Nanjing (annual mean,
2011-2012) (Shen et al., 2014), 86 pg m™ in Hangzhou (the three-year average of
2006-2008) (Hong et al., 2013) and 46 + 38 pg m™ in Ningbo (annual mean, 2009-2010)
(Liu et al., 2013), the concentrations of PM,s in this study showed an increasing trend in

HZ and NB, indicating that PM, 5 pollution in the YRD region became more serious during

the sampling period.

The annual PM, 5 concentration in Beijing (BJ) was 182 +78.8 g m*, and approximately 5
times higher than the NAAQS Grade 1l standard. In comparison with some previous studies

in BJ, PM,5 concentrations in the present study were higher than that of 154 pg m™ in
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2001-2003 (Zhao et al., 2013a) and 123 pg m™ in 2009-2010 (Wang et al., 2005). In Mount
Changbai (CBS), annual PM, 5 concentration was 34.2 +16.0 ug m™, which was similar to
the NAAQS Grade Il standard. PM, 5 concentrations in CBS were lower than that obtained in
other background sites in China, such as Jinsha (48.7 +26.9 ug m™) (Zhang et al., 2014),
Lin’an (58.2 +50.8 ug m™) (Meng et al., 2012) and Mt. Heng (40.7 £30.9 pg m™) (Zhou et
al., 2012), but higher than that in UK (8.5 ug m™) (Heal et al., 2005) and a central

Mediterranean coastal site (13.9 ug m) (Glavas et al., 2008).

As shown in Fig. 4-2, the annual average concentrations and standard deviations of PM, 5 in
the urban/rural/remote sites of the PRD, the YRD and North China were compared. A
decreasing trend of PM, 5 concentrations was observed from urban sites to rural/remote sites,
with a decreasing order of BJ>HZ >NJ~SH > GZ >NB > HS > HT > CBS. By comparison,
PM, 5 pollution was more serious in BJ with approximately 2 times greater than that in GZ,
SH, HZ and NJ. The rural sites of HS and NB showed similar PM, 5 concentration to the
urban sites in the PRD and YRD regions, respectively. The remote sites of HT and CBS
exhibited comparable concentration of NAAQS Grade Il standard for PM; s, due to the less
anthropogenic pollutions around the sampling sites. PM, s concentrations in the urban sites
far exceed the WHO standard and the NAAQS Grade Il standard, and were much higher than
that in other urban sites in the world (Abu-Allaban et al., 2007; Kendall et al., 2011; Choi et

al., 2012; Samara et al., 2014).
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Table 4-1 The annual mean concentrations of PM, 5 (ug m™) in the nine sampling sites.

Location PM,s (ug m™) Number of samples
The PRD Guangzhou (Urban) 81.9 £30.9 136
Heshan (Rural) 86.1 +34.8 61
Hok Tsui (Coastal rural) 40.1 £18.1 18
The YRD Shanghai (Urban) 94.6 +55.9 143
Nanjing (Urban) 97.8 £40.5 119
Hangzhou (Urban) 134 £54.3 45
Ningbo (Rural) 94.0 £57.6 44
North China Beijing (Urban) 182 +78.8 101
Mount Changbai (Remote) 34.2 £16.0 42
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Figure 4-2 The annual averages of PM, 5 concentrations in the nine sampling sites.
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4.3 Air Quality in Guangzhou, Shanghai, Nanjing and Beijing

The frequency distributions of PM,s concentrations in GZ, SH, NJ and BJ during the
one-month high frequency sampling period in each season (Fig. 4-3) were displayed to
evaluate the air quality grade in the four cities, according to Chinese National Ambient Air
Quality Standards (NAAQS). The dominant air quality grade in GZ (Fig. 4-3a) was light
pollution in autumn (53%) and winter (48%), and fine in spring (47%) and summer (74%).
During the winter time in GZ, the daily concentrations for more than 80% of PM, 5 samples
exceeded the NAAQS standard 11 (daily average limit of 75 pg m?®), and 6.5% of the
samples were severe polluted (daily average PM,s: 150-250 pg m™®). The data clearly
showed that air quality in GZ was fine in spring and summer, light pollution in autumn, and

high pollution in winter.

As illustrated in Fig. 4-3b, the air quality grade in SH was dominant in fine (75%), severe
pollution (38%), light pollution (55%) and good (68%) in autumn, winter, spring and
summer, respectively. In NJ, the air quality grade was light pollution in autumn (48%),
winter (36%) and spring (68%), and fine in summer (88%) (Fig. 4-3c). In winter, the daily
concentrations for 69% and 100% of PM,s samples in SH and NJ exceeded the NAAQS
standard I, respectively, and 38% and 32% of PM, s samples in SH and NJ were severely
polluted (daily average PM,5: 150-250 pg m™), respectively. The data showed the relatively
good air quality in summer, light pollution of PM,s in spring and autumn, and high
pollution of PM, s in winter in SH and NJ. Compared to NJ, the air quality was better in SH,

but the occurrences of heavy pollution (PM, 5 > 150 pg m™) were more frequent in SH.

In BJ, the dominant air quality was found to be severe pollution in autumn (40.9%), winter
(60%) and spring (73.4%), and light pollution in summer (57.2%) (Fig. 4-3d). 22.7%, 25%
and 20% of the PM, s samples in BJ were serious polluted (daily average PM,s: 250-500 ug
m™) in autumn, winter and spring, respectively. Even in summer, the daily concentrations for

about 90% of the samples exceeded the NAAQS standard I1. The results showed that PM; 5
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pollution is extremely serious in BJ, followed by NJ, SH and GZ.
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Figure 4-3 The distributions of air quality grades (PM,s concentration, g m™) in
frequencies in (a) Guangzhou; (b) Shanghai; (c) Nanjing; and (d) Beijing in the autumn,
winter, spring and summer (0-35 g m: excellent; 35-75 g m™: fine; 75-115 pg m™: light
pollution; 115-150 pg m™: medium pollution; 150-250 g m™: severe pollution; 250-500 g

m>: serious pollution).
4.4 Concentrations of Airborne Trace Metals in PM, 5

The concentrations of airborne trace metals in the three regions are listed in Table 4-2. In the
nine sites, the major abundant elements are the crustal elements (i.e., Al, Ca, Fe, K and Mg).
The annual mean concentrations of trace elements were generally in the order of Zn > Pb >
Mn > Cu > Cr > V > Ni. Similar to PM, 5 pattern, airborne trace metals concentrations in the
three regions generally showed a decreasing trend in the order of urban > rural > remote site.
In the urban sites, the concentrations of airborne trace metals were highest in BJ, followed by
HZ, and comparable among NJ, SH and GZ. In the rural sites, the crustal elements showed

67



lower concentrations in HS compared to NB, but the concentrations of Cu, Pb and Zn in HS
were much higher than that in NB. High concentrations of airborne trace metals in HS could
be attributed to the anthropogenic sources from the PRD region because HS is located at the
downwind area of the PRD region. Apparently higher concentrations of airborne trace metals
were detected in the rural site from HT compared with the remote site from CBS. At present,
there are no regulations for trace metal concentrations in PM,s. However, the
concentrations of Ni in some samples in SH and BJ exceeded the WHO threshold value of
Ni (20 ng m™) in PMy, (WHO 2000). As shown in Fig. 4-4, the mass ratios of airborne trace
metals to PM, s mass varied among the three regions. The crustal elements accounted for
11.8% of the PM, s mass in BJ, while they only accounted for 3-5% of the PM, s mass in the
other sites. In regards to trace elements, similar contributions to PM, s mass (0.41-0.68%)

were found in the urban and rural sites, and the lowest contributions were found in CBS.

In Guangzhou, the concentrations of Cu, Pb, Zn, V and Ni were lower than those obtained in
2005-2006, while the concentrations of Al, Fe, Cr and Mn were higher (Lee, 2007), reflecting
the change in the distribution of source contributions. Compared with the previous studies 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 for Zn at SH, Cu and Zn at NJ and HZ
showed a deceasing trend, probably attributed to the effectively control in non-ferrous metal
industries in the YRD region. However,, trace metal concentrations in the YRD region were
still higher than those in some other countries, such as Southern California (Na and Cocker
111, 2009) and Turkey (Kendall et al., 2011). In comparison with past monitoring data of
airborne metals in BJ (Yang et al., 2005b; Okuda et al., 2008; Zhao et al., 2013a), the results
in this study displayed much higher concentrations for crustal elements and similar
concentrations for trace elements, suggesting that the contribution of crustal sources to PM, 5

increased in BJ.
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Table 4-2 The annual average concentrations (annual S.D.) of airborne trace metals and the mass ratios of crustal elements (Al, Fe, Ca, K and Mg), trace elements (Cr,

Cu, Pb, Mn, Zn, V and Ni) and total metals to PM, s mass (%) at the sampling sites from the PRD and YRD regions, and North China.

The PRD region The YRD region North China

Guangzhou Heshan Hok Tsui Shanghai Nanjing Hangzhou Ningbo Beijing Mount Changbai

Urban (n=136) Rural Coastal rural Urban Urban Urban (n=45) Rural (n=44) Urban Remote (n=42)
Al (ug m?) 0.91 +0.69 0.93+056 0.58 +0.59 0.92 +0.85 0.71 +0.45 1.37 £1.06 117 £0.95  4.22+4.23 0.38 +0.35
Fe (ug m*) 0.74 £0.37 0.68+0.34 0.22+0.35 1.34 £1.07 0.94 +£0.65 1.72+114  1.16+£108  4.40=%2.79 0.36 £0.32
Ca (g m™) 0.97 +0.60 0.85+0.62 0.21+0.34 1.93 £1.77 1.52 £1.27 3.02+251 1.19+£1.72 8.42 +£5.1 0.40 +0.33
K (ng m?) 0.88 +0.56 0.78 £0.47  0.45+0.65 0.81 +0.78 1.03 +0.83 154+129 0.62+063 235+1.64 0.30 +0.21
Mg (ug m'3) 0.15+0.11 0.13 +0.09 0.23 +0.43 0.30 +0.28 0.21 +0.18 0.45 +0.39 0.22 +£0.24 2.07 £1.28 0.11 +0.10
Cr(ng m'3) 13.2+12.6 7.91 +£4.54 6.95 £8.85 16.9 +12.1 13.2 +951 179 £12.7 14.6 105 17.2 £21.3 1.81 +0.81
Cu (ng m®) 43.8 +40.0 28.7+£20.4  31.0=+22.7 242 +£21.8 24.7 £15.5 38.5+27.9 16.2 £13.8  58.6 +£40.0 4.26 +3.10
Mn (ng m'3) 30.8 £15.2 117 2122 9.23 £6.45 49.8 +£30.3 47.2 £27.8 66.4 +£38.3 264 +188 97.8 +66.8 9.35+6.52
Pb (ng m'3) 78.6 £61.7 75.7 £52.6 28.8 £26.4 69.7 +£67.9 90.9 +69.4 122 +86.8 56.3 +£52.8 189 +168 14.6 £10.6
Zn (ng m*®) 229 +129 297 +131 111 £81.9 215 +186 247 £153 495 +401 190 +156 504 +413 35.8+185
V (ng m?) 9.72 +£7.56 6.02 +357 18.0+185 16.5 £9.1 9.88 +8.6 153 £11.7 7.36 £5.72  6.70 £4.77 1.25 +£0.69
Ni (ng m'3) 5.91 £3.01 459421 11.1 £9.67 149 8.9 9.25 £5.90 10.4 £7.0 8.25 548 16.4 +22.8 1.18 +0.63
Crustal% 432+141 3.81 £1.46 4.16 £3.10 5.42 £2.46 429 212 5.82 £2.73 492 +2.18 11.8 £541 4.05%1.96
Trace% 0.49 +0.18 0.65+0.22 0.58+0.31 0.41 +0.13 0.44 +£0.17 0.56 +£0.28  0.68 +0.36  0.45+0.22 0.20 +0.09
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4.5 Lead Isotopic Compositions in PM; 5

The annual average Pb isotopic compositions (***Pb/?’Pb and 2°®Pb/*’Pb ratios) of PM, s in
the sampling sites of the three regions are listed in Table 4-3. In the PRD region, the annual
average Pb isotopic compositions (*°Pb/*’Pb and *®Pb/*’Pb ratios) of PM,s in GZ
(1.1675 +=0.0040 and 2.4491 +0.0066) were found to be slightly higher than those in HS
(1.1655 £0.0046 and 2.4447 +0.0054) and HT (1.1662 +0.0030 and 2.4462 +0.0065). In
GZ, the Pb isotopic ratios of PM, s were similar to the values obtained in 2005-2006 (1.1699
and 2.4524) (Lee, 2007). Lee et al. (2007) reported that the annual mean ratios of 2°Pb/*’Pb
and 2®Pb/*"Pb for TSP samples in HT during the period December 2013 to January 2015
were 1.161 £0.013 and 2.449 +0.015, respectively, similar to the result in this study. In the
YRD region, the annual average Pb isotopic compositions (*°°Pb/’’Pb and 2**Pb/*’Pb ratios)
of PM,5 in SH (1.1642 £0.0043 and 2.4461 +0.0079), NJ (1.1672 £0.0037 and 2.4496 +
0.0073), HZ (1.1662 +0.0023 and 2.4452 +0.0041) and NB (1.1653 £0.0027 and 2.4426 +
0.0077) showed very slight difference, implying that Pb pollution in the YRD region was
more influenced by regional anthropogenic sources rather than local ones (Chen et al., 2008).
It was reported that the 2°Pb/*’Pb ratio was increased in SH after phasing out leaded
gasoline (Chen et al., 2005; Cheng and Hu, 2010). Compared with their results, the
206p/27phy ratios in this study showed an increasing trend in SH, indicating the continued
increase of Pb pollution contributed from stationary sources. In North China, the annual
average ratio of 2°Pb/*’Pb in BJ (1.1593 =+ 0.0068) was lower than that measured in CBS
(1.1625 +0.0092), while the annual mean ratio of ®Pb/**’Pb in BJ (2.4476 +0.0155) was
higher than that in CBS (2.4383 £0.0080). In this study, Pb isotope compositions in BJ and
CBS were distinctly different from the values observed in the PRD and YRD regions. The
differences of Pb isotopic ratios of PM, s among the three regions were related to the mixing
of various natural and anthropogenic sources of Pb in the atmosphere, which will be

discussed in section 5.2.2 of chapter 5.

71



Table 4-3 The annual and seasonal averages of Pb isotope compositions (mean =S.D.) in

PM, 5 in the sampling sites from the PRD, the YRD and North China.

Region Location 205ph/27ph 208pp/2%’Ph
The Guangzhou (Urban, n=38) 1.1675 +0.0040 2.4491 £+0.0066
PRD Heshan (Rural, n=23) 1.1655 +0.0046 2.4447 +0.0054
Hok Tsui (Costal rural, n=16) 1.1662 +0.0030 2.4462 +0.0065
The Shanghai (Urban, n=58) 1.1642 +0.0043 2.4461 +0.0079
YRD Nanjing (Urban, n=43) 1.1672 +0.0037 2.4496 +0.0073
Hangzhou (Urban, n=27) 1.1662 +0.0023 2.4452 +0.0041
Ningbo (Rural, n=23) 1.1653 +0.0027 2.4426 +0.0077
North  Beijing (Urban, n=43) 1.1593 +0.0068 2.4476 +0.0155
China  Mount Changbai (Remote, n=21)  1.1625 +0.0092 2.4383 +0.0080
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4.6 Concentrations of Carbonaceous Species in PM,s from Guangzhou,

Shanghai and Beijing

Organic carbon (OC) and elemental carbon (EC) were analyzed for the PM,s samples
collected in Guangzhou, Shanghai and Beijing during the high frequency sampling periods.
As shown in Table 4-4, the annual average concentrations of OC were ranked in the order of
BJ (20.7 +13.9 ug m™) > GZ (17.3 +9.51 pg m™) > SH (9.89 +8.89 g m™). The annual mean
concentrations of EC in GZ and BJ were 1.77 and 1.66 times higher than that in SH,
respectively. OC an EC were the important components of PM,5 in the three cities and
contributed 9.85-20.7% and 1.63-2.87% to the total PM,s mass, respectively. The
contributions of OC and EC to PM, 5 mass were more significant in GZ, with fractions of 20.4
+5.14% and 3.84 +=1.95%, respectively. Although the concentrations of OC and EC in SH
were lower than those in BJ, the contributions of OC and EC to PM,5 mass were similar
between the two cities. In Shanghai, the OC and EC concentrations were lower than the values
obtained in 1999-2000 (14.3 and 6.21 pg m™) (Ye et al., 2003) and in 2005-2006 (14.7 +10.1
and 2.8 +1.3 pg m™) (Feng et al., 2009b), but similar to the levels observed in the same
sampling location in Fudan University (9.9 +8.4 and 2.9 +1.6 ug m™) (Feng et al., 2009b).
The OC and EC concentrations in BJ and GZ were comparable to the values obtained in the

previous studies (Cao et al., 2004; Yang et al., 2005a).

The concentrations of primary organic carbon (POC) and secondary organic carbon (SOC)
were estimated by using the EC-tracer method (Castro et al., 1999). The concentrations of
POC and SOC can be obtained by

SOC =TOC - POC (Eq.4-1)

POC = EC x(OC/EC),;

where SOC is the secondary OC, TOC is the total OC, POC and (OC/EC),,; denotes the

primary OC and primary OC/EC ratio, respectively.

This method is simple and wildly used to estimate the POC and SOC concentrations (Zhou
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et al., 2012; Wang et al., 2012b), as it only require the observed concentrations of OC and
EC. However, there are also some limitations with this approach. The selection of the
primary OC/EC ratio in this method is crucial, which is influenced by the meteorology,
diurnal and seasonal fluctuations in emissions. It is therefore important to evaluate whether
the adopted (OC/EC),; ratios are reasonable in consideration of the main primary
combustion sources affecting a sampling site. Some researchers have used the minimum or
the lowest 10-20% OC/EC ratios without significant influence from rain and cloud as the
primary OC/EC ratio (Zhou et al., 2012). In this study, high frequency data of OC and EC
during each season were obtained in GZ, SH and BJ. The minimum OC/EC ratio without
significant influence from rain and cloud was selected to be the primary OC/EC ratio during
each season at each site. The values of the (OC/EC),were 2.35 (5.32, 2.76 and 1.81), 3.35
(3.29, 2.95 and 2.04) and 1.77 (4.78, 4.19 and 4.85) during autumn (winter, spring and
summer) in GZ, SH and BJ, respectively. The calculated annual mean concentrations of
SOC were 8.53 +6.52, 4.84 +5.67 and 11.0 +11.1 ug m™ in GZ, SH and BJ, respectively,
and contributed 46.7 £23.2%, 49.6 £19.5% and 49.6 +21.5% of the total OC, respectively.
The differences in the contributions of SOC to total OC among the three cities are due to
various atmospheric oxidation abilities and the amounts of the gaseous organic pollutants in
the atmosphere.

Table 4-4 Statistical description of the concentrations (ug m™) and the mass ratios (%) of

carbonaceous species, and the ratio of OC/EC and POC/SOC in Guangzhou, Shanghai and
Beijing.

Guangzhou (n=105)  Shanghai (n=116) Beijing (n=101)

oC 17.3 £9.51 9.89 +8.89 20.7 £13.9
EC 2.87 +1.29 1.63 +1.53 2.71 228
SOC 8.53 £6.52 4.84 £5.67 11.0+11.1
OC% 20.4 +5.14% 9.58 +3.40% 11.1 +3.53%
EC% 3.84 £1.95% 1.62 +0.77% 1.47 +0.92%
OC/EC 6.69 +3.50 6.69 +2.64 8.65 +3.09
SOC/OC% 46.7 £23.2% 49.6 £19.5% 49.6 £21.5%




4.7 Concentrations of Water-soluble lons in PM,s from Shanghai and

Nanjing

The concentrations of water-soluble ions (NOg, CI', SO,%, K* and NH,") in PM,5 from SH
and NJ are summarized in Table 4-5. The concentrations of water-soluble ions were
comparable between SH and NJ. Secondary ions, NO3', 8042' and NH,", were the dominant
water-soluble species. The annual mean concentrations of NOg’, S0,% and NH," ranged
from 0.39 to 120 pg m*, 0.87 to 54.5 g m™ and 0.15 to 40.4 g m™ in SH, respectively, and
ranged from 0.39 to 120 pg m™, 0.87 to 54.5 pg m™ and 0.15 to 40.4 pg m™ in NJ,
respectively. The sum of NO3/, 8042' and NH," constituted 32.0 +14.7% and 37.7 +15.8% of
the total PM, s mass in SH and NJ, respectively. The annual average concentrations of Cl"and
K* were 2.64 +3.06 and 1.28 +1.81 Lg m™ in SH, and 3.41 +3.48 and 1.23 +0.84 g m™® in
NJ. All the measured water-soluble ions accounted for 35.1 +15.6% and 41.2 +£17.4% of
PM,s mass in SH and NJ, respectively. As shown in Table 4-4, the concentrations of
water-soluble ions in this study were close to those in Beijing, but lower than those in Tianjin

and Shijiazhuang (Zhao et al., 2013a).
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Table 4-5 The annual average concentrations of water-soluble ions (ug m™) and their mass

contributions to PM, s mass (%), and the ratio of NO3'/SO42' in Shanghai and Nanjing.

Shanghai Nanjing
Beijing® Tianjin® Shijiazhuang®
(n=69) (n=63)

cr 2.64+306 341348 2924346  8.14+6.10  8.69+7.88
NO3 18.0+19.1 1954167  205+181  18.8+158  30.1 +28.3
S0~ 1454961 157949 1914164 250226  35.6 +23.0
K* 1.28+1.81 1.23+0.84  1.68+129  208+136  3.40=+2.14
NH," 8.13+6.99 857643 637391  7.64+427  9.33+4.47
NO3/SO,* 1.05+057  1.17 +0.60 1.07 0.75 0.85
NO3 % 1274771  16.1+10.1 - - -
SO, % 1294620 14.1+6.06 - - -
NH, % 6.39 354  7.51 +3.19 - - -

Zhao et al. (2013a)
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4.8 Summary

In this study, PM,s pollution was serious in the three regions. The annual mean
concentrations of PM, s in the nine sampling sites ranged from 34.2 to 182 pg m™>, ranking in
the order of BJ>HZ > NJ~SH >NB >GZ =~ HS > HT > CBS. According to the NAAQS, the
air quality is extremely deteriorative in BJ, followed by NJ, SH and GZ. Similar to PM, 5
pattern, airborne trace metal concentrations in the three regions generally showed a
decreasing trend in the order of urban > rural > remote site. The annual mean concentrations
of airborne trace metals in the urban sites were highest at BJ, followed by HZ and comparable
among NJ, SH and GZ. Crustal elements were the dominant metal species, which accounted
for 11.8% of the PM, s mass in BJ, while only accounted for 3-5% of the PM, 5 mass in the
other sites. The sum of trace elements constituted 0.20-0.68% of PM,5s mass in the nine
sampling sites. The Pb isotopic compositions (“°Pb/*’Pb and “®®*Pb/*’Pb ratios) in North
China were distinctly different from that observed in the PRD and YRD regions. The annual
average concentrations of OC and EC were comparable between GZ (17.3 +£9.51 and 2.87 &+
1.29 pg m™®) and BJ (20.7 +£13.9 and 2.71 +2.28 ug m™), which were about two times higher
than those in SH (9.89 +8.89 and 1.63 + 1.53 pg m™). The calculated annual mean
concentrations for SOC were 12.1 +8.55, 6.56 +6.68 and 15.9 +12.1 pg m™ in GZ, SH and
BJ, respectively, and contributed 63.4 +21.4%, 65.0 +13.5% and 76.7 +10.4% of the total
OC, respectively. NO3, SO,” and NH," were the dominant water-soluble species, ,
accounting for 32.0 = 14.7% and 37.7 £ 15.8% to the total PM,s mass in SH and NJ,
respectively. By comparison, BJ was heavily polluted by PM,s, airborne trace metals and

carbonaceous particles, followed by SH and GZ.
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Chapter 5 -Temporal-Spatial Variations and Source

Appointment of PM, s in the PRD, the YRD and North China

Based on the one-year simultaneous sampling of PM,s in the PRD, the YRD and North
China, this chapter aims to: (1) study the temporal and spatial variations of PM, 5 in the three
regions; (2) identify the sources of PM,s; and (3) analyze the differences in pollution
characteristics of PM,s among the three regions by studying the local emissions,

meteorological conditions and long-range transport pathways.

5.1 Temporal and Spatial Variations of PM;s

5.1.1 The PRD Region

The temporal variations of PM, 5 concentrations in GZ, HS and HT over the sampling period
are plotted in Fig. 5-1. In general, the time trends of PM, 5 concentrations exhibited similar
pattern, with high concentrations in autumn and winter and low concentrations in spring and
summer. The annual and seasonal averages of PM,s and airborne trace metals in the three
sites are summarized in Table 5-1. The concentrations of PM, 5 and airborne trace metals in
HS were comparable to that of GZ. High concentrations of airborne trace metals in HS could
be attributed to the anthropogenic sources from the PRD region because HS is located at the
downwind area of the PRD region. With the exception of Mg, V and Ni, concentrations of the
other trace metals and PM, s in HT were lower than that in GZ and HS. Lower air pollution in
HT has also been reported by several studies compared to urban site in Hong Kong and other
cities in the PRD region (Louie et al., 2005; Hagler et al., 2007). HT is located at the
southeast coast of Hong Kong Island with less anthropogenic activities. Lower concentrations
of some trace metals and PM, 5 in HT could be attributed to the less local emission sources
(such as industrial activities and coal burning) (Cao et al., 2004; Hagler et al., 2006). The
high concentrations of V and Ni in HT were likely due to the fuel oil combustion from the
local shipping activity in Hong Kong, and the input of sea salt from the ocean could be the
major reason for the high concentration of Mg in HT.
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Seasonally, the concentrations of PM, 5 and airborne trace metals were both higher in autumn
and winter than that in spring and summer. During autumn and winter, the concentrations of
PM, 5 and airborne trace metals in HS were comparable to that in GZ, probably due to the
transport of atmospheric pollutants from the PRD region under the prevailed northeast winds.
As shown in Fig. 5-2, a clear seasonal trend with higher concentrations in winter and lower
concentrations in summer was observed for OC, while no significant seasonal variation was
found for EC concentrations. The average concentrations of OC in winter (26.2 +9.64 ug m*)
were 2.6 times higher than that in summer (10.1 +4.72 pg m™). Similar seasonal variation
was found for SOC, with higher concentration in winter (20.8 pg m®) and lower

concentration in summer (4.83 pg m’).
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Table 5-1 The annual and seasonal averages of PM, s and airborne trace metal concentrations in PM, s in Guangzhou, Heshan and Hok Tsui.

Locations pg m’ ng m”
PM,5 Al Ca Fe K Ma Cr Cu Mn Pb Zn Vv Ni
Guangzhou  Annual (n=136) 819 0911 0968 0743 0881 0.147 132 438 308 786 229 970 590
sD. 309 0694 0598 0373 0558 0.106 126 400 152 617 129  7.60  3.00
(Utban) Autumn (n=36) 875  0.831 0792 0681 113  0.132 175 629 296 101 283 139  6.00
Winter (n=31) 103 113 127 0929 136  0.207 220 590 431 147 325  7.00  7.00
Spring (n=34) 779 0972 101 0743 0623 0.158 91 207 305 455 173 113 6.70
summer (n=35) 613 0743 0846 0.641 0454 0.0964 46 244 212 274 142 670 430
Heshan Annual (n=61) 861 0926 0848 0674 078  0.127 791 287 17 757 297 602 459
SD. 348 0558 0621 0335 047 00931 454 204 122 526 131 357  2.10
(Rural) Autumn (n=26) 106 118 113 0878 110 0.6l 941 411 125 104 378 814 579
Winter (n=10) 982 101 117 0692 083  0.140 651 396 608 114 300 445  3.76
Spring (n=12) 625 0177 0293 0419 045 0.0541 647 133 192 379 241 538 457
summer (n=13) 584 0764 0552 0489 040  0.117 731 108 764 246 186 361  2.82
HokTsui  Annual ("=18) 401 0576 0209 0222 045  0.256 695 310 923 288 111 181 111
sD. 181 0592 0342 0350 065 0434 885 227 645 264 820 185 967
(Coastal Autumn (n=6) 460 0608 0334 0163 065 0312 793 204 758 251 103 166 126
Winter (n=5) 471 0464 0189 0131 062 0301 998 354 146 533 162 191 140
rural) Spring (n=4) 331 0446 0138 0140 021  0.120 568 208 840 205 768 270 109
summer (n=3) 258 0872 00875 0603 010 0.0688 164 406 471 676 886 706  3.47

Autumn: September-November 2013; Winter: December 2013-February 2014; Spring: March-May 2014; Summer: June-August 2014.
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Figure 5-2 Temporal variations of OC and EC (ug m™) in Guangzhou during the high

frequency sampling period in each season.
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5.1.2 The YRD Region

Time series of PM, s concentrations for the spontaneous samples collected from the four
cities in the YRD region over the one-year period are displayed in Fig. 5-3. The temporal
variations of PM, s in the four sites showed similar fluctuations. The result suggested the
regional pollution of PM,5 in the YRD region, which similar to that found in North China
(Luo et al., 2014) and the North China Plain (Hu et al., 2014). The regional pollution pattern
for PM,s indicated that a significant fraction of PM,s in the cities could be secondary
particulate particles or fugitive dusts, which have the characteristic of regional distributions
(Fu et al., 2008; Fu et al., 2010). Regarding seasonal trends (see Table. 5-2), PM,s
concentrations in winter were 2-3 times higher than that in summer, suggesting high PM, 5
pollution in the YRD region in winter. Similar results were found by previous studies in the
YRD region (Ye et al., 2003; Hong et al., 2013; Liu et al., 2013) and the Hebei Province,
China (Zhao et al., 2013a). Among the four sites, annual PM, s concentrations were highest
in HZ, but no significant differences were observed among SH, NJ and NB. PM;s
concentrations were still high in the rural site of NB, mainly due to the transport of air

pollutants from the local urban areas in NB and the YRD region.
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Figure 5-3 Time series of PM, 5 concentrations for the simultaneous samples in the YRD.
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The annual and seasonal averages of trace metal concentrations in PM; s in the YRD region
are summarized in Table 5-2. Similar to PM, s mass concentrations, the concentrations of
most trace metals were highest in HZ. In general, the concentrations of trace metals in the
urban sites were higher in winter and lower in summer, which is similar to other airborne
pollutants in the YRD region (Wang et al., 2006c¢; Cao et al., 2009). In the rural site of NB,
the concentrations of trace metals were found to be lowest in summer, but no significant
differences were found among autumn, winter and spring. The linear regressions of trace
metal and PM,s concentrations in all sites are shown in Fig. 5-4. Generally, strong
correlations were found between trace elements (such as Cu, Pb and Zn) and PM, s, while
relatively weak correlations were found for crustal elements (such as Al, Ca and Mg). The
result suggested that the sources of trace elements were likely to be the major sources of
PM, . This finding was consistent with the fact that crustal elements (such as Si, Ca and Fe)
are mainly distributed in coarse particles, while trace elements including Cr, Ni, Cu, Pb and
Zn are mainly distributed in the fine particle fraction (Lu et al. 2012). Some previous
studies also reported the role of PM mass concentrations on the concentrations of airborne

metals (Cheung et al., 2011; Duan et al., 2012).
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Table 5-2 The annual and seasonal average concentrations of PM, s and airborne trace metals in the four sites in the YRD region.

Locations Lo m® na m”
PM,« Al Ca Fe K Mda Cr Cu Mn Pb Zn Vv Ni
Shanghai Annual (n=143) 94.6 0.92 1.93 1.34 0.81 298 16.9 24.2 49.8 69.7 215 16.5 14.9
Autumn (n=33) 75.2 0.75 1.62 1.18 0.80 274 18.5 20.0 50.2 65.4 202 13.3 12.4
(Urban) Winter (n=40) 138 120 272 185 148 415 255 457 709 137 359 231 236
Spring (n=41) 95.7 1.08 1.94 1.37 0.59 327 12.3 17.2 447 43.2 161 175 14.2
Summer (n=29) 55.5 0.52 1.17 0.75 0.24 124 9.80 9.06 27.6 19.2 104 9.87 6.71
Nanjing Annual (n=119) 97.8 0.71 1.52 0.94 1.03 209 13.2 24,7 47.2 90.9 247 9.88 9.30
Autumn (n=29) 98.3 0.76 1.52 1.16 1.46 220 16.1 325 66.1 111 337 14.2 10.1
(Urban) Winter (n=31) 130 072 167 105 158 249 244 368 628 149 349 159 158
Spring (n=30) 97.6 0.93 2.22 1.18 0.76 278 7.90 20.4 40.5 64.9 193 6.80 7.60
Summer (n=29) 63.5 0.40 0.65 0.36 0.29 42.2 3.80 8.5 18.3 36.1 106 1.70 3.20
Hangzhou Annual (n=45) 134 1.37 3.02 1.72 1.54 446 17.9 38.5 66.4 122 495 15.3 104
Autumn (n=10) 108 1.25 3.10 1.73 1.60 470 24.5 39.3 74.5 130 604 29.0 134
(Urban) Winter (n=13) 182 2.05 4.56 2.48 3.18 749 31.8 75.4 106 228 821 195 18.8
Spring (n=11) 138 1.48 3.03 1.73 0.77 419 9.40 19.6 49.3 63.6 313 8.60 5.60
Summer (n=11) 101 0.71 1.44 0.970 0.55 151 6.00 18.6 35.3 62.3 254 5.50 3.60
Ningbo Annual (n=44) 96.2 1.17 1.19 1.16 0.62 216 14.6 16.2 264 56.3 190 7.36 8.25
Autumn (n=10) 102 1.58 1.82 1.57 0.84 259 12.8 24.1 130 78.5 281 71.72 10.1
(Rural) Winter (n=13) 114 128 160 171 084 280 213 222 206 8L7 246 111 115
Spring (n=9) 122 1.43 1.28 1.42 0.82 371 14.1 20.1 385 68.9 229 941 9.97
Summer (n=12) 54.6 0.68 0.47 0.35 0.17 65.1 9.31 457 264 14.7 65.3 3.20 4.01
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Figure 5-4 The linear regression of trace metal concentrations and PM,s in Shanghai,

Nanjing, Hangzhou and Ningbo in the YRD region: major elements (Al, Ca and Mg) and

trace elements (Cu, Pb and Zn).
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As shown in Fig. 5-5, OC and EC concentrations in SH were highest in winter and lowest in
summer, similar to the seasonal patterns for PM,s and airborne trace metals. The
concentrations of OC and EC in winter were 17.2 +£10.5 ug m™ and 2.88 +2.03 pg m>,
respectively, which were 3-4 times higher than those in summer. The contributions of OC and
EC to PM, 5 mass were highest in winter, with 12.0 +2.63% and 2.03 +0.82% of the total
PM, 5 mass, respectively. The seasonal variations of secondary inorganic ions (NO3, S0,”
and NH,") in SH and NJ showed similar pattern to PM,5 mass concentrations, with a
decreasing order of winter > autumn > spring > summer. Seasonal variations of secondary
inorganic ions were more pronounced for NOjs', with 6-10 times greater in winter than in
summer, probably due to more emissions of NOy and the high conversion rate of gaseous
nitric acid (HNOj3) to aerosol particles as ammonium nitrate (NH;NO3) under the low
temperature in winter (Zhang et al., 2014). The concentrations of SO,” were typically higher
in winter than summer, probably due to more abundant SO, precursor from fuel combustion

in winter.
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Figure 5-5 Temporal variations of OC and EC (ug m™) in Shanghai during the high frequency

sampling period in each season.
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5.1.3 North China

In Fig. 5-6, obvious temporal variations of PM, s concentrations were observed in BJ, with
2-fold higher in winter and spring than that in summer. Although the range of PM,s
concentrations in winter was larger compared to spring, the average means between winter
and spring were comparable. Similar seasonal pattern of PM, s was observed by Wang et al.
(2005), with a decline order as winter > spring > autumn > summer. In Beijing, obvious
seasonal patterns for trace metal concentrations were found from the data in Table 5-3. Cr,
Cu Pb and Zn showed the highest concentrations in autumn and winter, probably attributed to
the heating activities and poor diffusion under the low wind speed in BJ. However, Al, Fe, Ca,
K, Mg, V and Ni exhibited the highest concentrations in spring, mainly due to the occurrence

of dust storms in spring (Zhang et al., 2003; Sun et al., 2005).

The temporal and seasonal variations of OC and EC in BJ are illustrated in Fig. 5-7. The
average OC concentrations were 26.9 +11.7, 30.7 21.3, 19.2 +6.31 and 10.4 +2.51 pg m™
in autumn, winter, spring and summer, respectively. The average EC concentrations were
4.22 +3.68, 3.35 +1.56, 2.69 +1.08 and 1.10 +0.44 ug m™ in autumn, winter, spring and
summer, respectively. OC and EC exhibited higher concentrations in autumn and winter and
lower concentrations in summer. Similar with the seasonal patterns of OC and EC, the
concentrations for the calculated SOC in winter (24.8 ug m®) was 3 times higher than that in
summer (8.23 ug m™). In BJ, more emissions of SO, and NOx from the coal consumptions

during winter heating period could increase the amount of SOC in the atmosphere.

88



—o— Autumn —o— Winter —o— Spring —o— Summer

] Oy
200+ \o,o—o\o_o/o-o \o_o o 0/0/0\0 P00
100
0 1 1 1 1 1 1 1 1 1 1 1

3 WD » ) J Gl > QS N
5 @" 5 ‘\9" ,\s‘ ‘}s" Wt o &
TSFEFTSS &S S S
300

. -3
PM, , concentration (ug m™)

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5y N O & 6 SR
K .\b\b\' \l\@\b\&,‘&@ \‘\‘}Q\’\";:\QGQN‘@ \’}Q@’}Q@&&\’\'&\b@ ,‘ﬁe \&Q

A O L L L R

4@
7

2004 _

100 "“d\;_;,:-g/\: o s gt O—0, o—°

0 1 1 1 1 1 1 1 1 1 1 1 1 1

.s\w\\”’ ,\* .é‘&‘”@ s** &“a‘“\‘» .@ »‘“ *\"\‘* ‘@ "“ *é ‘ﬁ s d;*"&:* :‘w:‘*:&:"” 5
Y oY ¥
Samplmg date

Figure 5-6 Temporal variations of PM,s concentrations in Beijing in autumn (from 150
October to 14™ November 2013), winter (from 2 to 21 January 2014), spring (from 12™ April

to 12" May 2014) and summer (30" July to 28" August 2014).

89



Table 5-3 The annual and seasonal averages of PM, s and airborne trace metals in Beijing and Mount Changbai.

_ pgm? ng m>
Location
PM, 5 Al Ca Fe K Mg Cr Cu Mn Pb Zn \Y Ni

Beijing Annual (n=101) 183 4.22 8.42 440 235 2.07 17.2 58.6 97.8 189 504 6.70 16.4
S.D. 78.8 4.23 5.10 279 164 1.28 21.3 40.0 66.8 168 413 4.77 22.8

(Urban) Autumn (n=22) 194 4.59 10.5 534 320 2.42 22.5 87.6 138 229 692 5.05 9.81
Winter (n=20) 224 3.82 8.87 540 3.27 2.24 17.3 78.1 121 348 795 4.77 10.2
Spring (n=30) 215 7.08 11.3 591  2.66 2.97 18.0 53.8 116 156 424 8.47 17.2
Summer (n=29) 109 1.36 3.52 1.45 0.76 0.76 6.16 28.2 325 81.6 245 4.39 3.71

Mount Changbai  Annual (n=42) 34.2 0.39 0.40 036 0.30 0.11 1.81 4.26 9.35 14.6 35.8 1.25 1.18

(Remote) S.D. 16.0 0.35 0.33 032 021 0.103 0.81 3.10 6.52 10.6 18.5 0.69 0.63
Autumn (n=10) 27.4 0.21 0.25 021 0.16 0.060 2.33 6.17 7.58 1.1 31.6 1.48 1.54
Winter (n=13) 35.3 0.31 0.31 0.27 0.35 0.087 1.72 4.90 8.49 219 43.6 111 1.19
Spring (n=11) 49.0 0.78 0.77 071 050 0.22 2.03 3.69 15.6 17.3 43.7 1.43 1.09
Summer (n=8) 204 0.18 0.214 0.18 0.11 0.045 0.99 1.78 4.06 5.38 19.8 0.55 0.20
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Figure 5-7 Temporal variations of OC and EC (ug m™) in Beijing during the high frequency

sampling period in each season.
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The temporal variations of PM, 5 mass concentrations in CBS are shown in Fig. 5-8. Clear
seasonal pattern in PM,s mass concentrations was observed, with a decreasing order of
spring (49.0 ug m™) > winter (35.3 pg m) > autumn (27.4 pg m™) > summer (20.4 pg m™).
Only two samples were found to be polluted during the entire sampling period, in which
PM, 5 concentration slightly exceeded the daily average limit of 75 ug m™. The two samples
were collected on 18 April 2014 and 3 May 2014, with PM, 5 concentrations of 76.7 and 77.7
ng m’, respectively. The results indicated that PM, s pollution was more serious in spring. As
summarized in Table 5-3, the concentrations of major elements, including Al, Fe, Ca, K and
Mg, were 2-4 times higher in spring than those in other seasons. The lowest concentrations of
all the trace elements were observed in summer. The concentrations of Mn, Pb and Zn were
highest in winter and spring, while Cr, Cu, Ni and V showed less temporal variations from

autumn to spring.
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Figure 5-8 Temporal variations of PM, 5 concentrations in Mount Changbai.
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5.1.4 Comparison among the Three Regions

Guangzhou, Shanghai and Beijing are the typical large city in the PRD, the YRD and North
China, respectively. Generally, PM,s mass concentrations were ranked in the order of BJ >
SH > GZ, while the concentrations of the measured chemical components (trace metals, POC,
SOC and EC) were decreased in the order of BJ > GZ > SH. Similar seasonal patterns for
PM, s, SOC and trace elements were found in the three cities, with higher concentrations in
autumn and winter and lower concentrations in spring and summer. In contrast with GZ and
SH, the concentrations of airborne crustal elements increased from summer to spring in BJ.
Regarding EC and POC, no significant seasonal variation was observed in GZ, while the
pattern of higher concentrations in winter and lower concentrations in summer was found in

SH and BJ.

The contributions of POC, EC, SOC, crustal elements and trace elements to PM, 5 mass in GZ,
SH and BJ are shown in Fig. 5-9. All the measured chemical components constituted 27.8%,
24.8% and 16.9% of the total PM, s mass in GZ, BJ and SH, respectively. By comparison, the
contributions of POC, SOC and EC were relatively higher in GZ, and crustal elements
exhibited larger fraction to PM,s mass in BJ. The results indicated that the carbonaceous
aerosol was more important in GZ, and crustal source to PM, s was more significant in BJ. In
the three cities, SOC and trace elements showed higher fractions in winter, consistent with the
seasonal patterns for their concentrations. In GZ, although the concentrations of EC and POC

have no seasonal variation, their contributions to PM, 5 increased from autumn to summer.
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5.2 Source Appointment of PM; s

5.2.1 Enrichment Factor of Trace Metals

The seasonal averages of enrichment factors (EF) for metal elements in PM, 5 in the PRD,
the YRD and North China are plotted in Fig. 5-10, 5-11 and 5-12, respectively. The EF values
for Al, Fe, Ca and Mg were around unity, suggesting a major contribution from natural
sources, such as the crustal materials. A similar pattern was observed for EF values of trace
elements in the three regions, with the order of Zn > Pb > Cu > Ni > Cr > V. The
significantly high EF values of Cu, Pb, Zn and Ni indicated the anthropogenic sources for
these metals, while less proportion of Cr and V originated from anthropogenic sources. The
average EF values of most trace elements were higher in autumn and winter in GZ, HT, SH,
NJ, HZ and CBS, mainly due to their intensive anthropogenic inputs from coal combustion,
traffic emissions and heavy industries. In contrast with the urban sites in the PRD and YRD
regions, the average EF values of most trace elements in BJ were lower in spring (see Fig.
5-12a), probably due to the influence of dust storms in northern China. The seasonal patterns
of EFs for most trace elements were not significant in the rural site of NB (see Fig. 5-11d),

implying that the sampling site is more prone to be influenced by anthropogenic pollution.
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Figure 5-10 The seasonal averages of enrichment factors (EF) for metal elements in PM; 5

in the PRD region: (a) Guangzhou; (b) Heshan; and (c) Hok Tsui.

1000

1000

O Autumn Shanghai O Autumn Nanjing
O Winter O Winter
8 :pnng a 8 zpring 8 9
100 ummer - 8 100 ] ummer = o e}
o 9 8
[ o )
3 8 8 = o 2
S g 8 s g ©
3 10 ol % 10 4 2 S
G G o
i i
o O
1 o 14 o 8
[} o Q
g o
o
0.1 T T T T T T T T T T 0.1 T T T T T T T T T T
Al Fe Ca Mg V Cr Ni Cu Pb 2Zn Al Fe Ca Mg V Cr Ni Cu Pb 2Zn
1000 1000
O Autumn Hangzhou O Autumn Ningbo
O Winter O Winter
O Spring [} g QO Sspring
1 O summer [8) 1 © Summer
. 100 g > 100 g 8
[
S
© o % ° o q
> o O © > o
5 10 0 = 510 8
2 ) &
&k g e o i <]
w w
9 o
14 o 14 O o—8
8 g
3] o o v
0.1 T T T T T T T T T T 0.1 T T T T T T T T T T
Al Fe Ca Mg V Cr Ni Cu Pb 2Zn Al Fe Ca Mg V Cr Ni Cu Pb 2Zn

Figure 5-11 The seasonal averages of enrichment factors (EF) for metal elements in PM, 5 in
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5.2.2 Sources of Pb in PM,5

Lead isotopic fingerprinting is a useful technique in establishing the sources of lead in the
environment, which is based on the differences of Pb isotopic compositions among the
various emission sources. Coal combustion, industry emissions and vehicle exhausts are
considered the three major sources of atmospheric Pb in China. In the past decade, more
research reported the Pb isotopic compositions in atmospheric particulate matters (Widory
et al., 2010; Zhao et al., 2015). However, few Pb isotope data for Chinese coal, coal
combustion ash and industrial activities have been published. Base on previous studies of Pb
isotopic fingerprinting in the three regions, Pb isotopic compositions in some known natural
and anthropogenic sources and other environmental samples in the PRD, the YRD and North

China are summarized in Table 5-4, 5-5 and 5-6, respectively.

In the PRD region, the scatter plots of 2°°Pb/?’’Pb versus *®Pb/*’’Pb of PM, 5 from the three
sites were compared with known natural and anthropogenic sources from this region (Fig.
5-13a). The 2®Pb/*’Pb ratios of coals used in GZ were reported to be 1.184-1.287 (Bi,
unpublished), and of coal combustion were 1.1716 and 1.1732 from FanKou Pb-Zn deposit
and power station in GZ, respectively (Zhu et al., 2001). The ratios of ***Pb/**’Pb observed
in hardware factory and plastic factory in Foshan were 1.1651and 1.1669, respectively (Zhu
et al., 2001). The Pb isotopic ratios of PM, s in GZ and HS were close to the industrial and
coal combustion sources, but distinct from the data observed in vehicle exhausts. The result
indicated that the major sources of atmospheric Pb in GZ and HS are coal combustion and
industrial activities rather than vehicle exhausts. Before the banning of leaded gasoline, Pb
isotopic compositions in aerosols in Hong Kong were different with that in GZ due to the
different origin of leaded gasoline (Australian Pb ore) and less industrial activities in Hong
Kong (Lee et al., 2007). After that, the local sources of airborne Pb in Hong Kong are fossil
fuel combustion (vehicle exhausts and power stations) and the suspended of soil dust and road
dust. As shown in Fig. 5-13a, the ratios of 2°Pb/*’Pb and *®Pb/*°’Pb in PM, 5 at HT (1.1662 +

0.0030 and 2.4462 +0.0065) were close to those in road dust of Hong Kong and the vehicle
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emissions in the PRD, suggesting the contribution of traffic emissions on atmospheric Pb in
Hong Kong. Local sources such as coal combustion were also the possible contributors of
airborne Pb in Hong Kong, but no Pb isotopic composition data for those were reported. Lee et
al. (2007) found that higher Pb isotopic ratios in winter than that in summer in HT were likely
due to the long-range transport of Pb from the PRD region. In this study, the ratios of
205ph/2’Ph of PM,5 in HT showed slightly higher in winter than that in summer. Moreover,
high concentrations of Pb (mg kg™) mainly in the range of coal combustion level were
observed in winter in HT (Fig. 5-14), reflecting the influence of long-range transport of coal
combustion from the PRD to Hong Kong. In this study, Pb isotopic ratios in PM, s were lower
than those of TSP samples in the PRD reported by Lee et al. (2007), indicating the preferential

enrichment of anthropogenic Pb in fine atmospheric particles (Li et al., 2009).

In the YRD region, the Pb isotope ratios of PM, s in the four cities were similar and distinctly
different from the values observed in leaded and lead free vehicle exhausts and iron ore
sinter dust, but close to the ratios that were found in coal and coal combustion dust,
metallurgic dust and cement (Fig. 5-13b). The result suggested that the major sources of Pb
in PM, 5 were the stationary sources, similar to the reports from previous studies in the YRD
region (Zheng et al., 2004; Tan et al., 2006). The 2®Pb/*°’Pb ratios increased in SH after the
banning of leaded gasoline (Chen et al., 2005; Cheng and Hu, 2010). In the present study,
the 2°°Pb/?"Pb ratios showed a continuous increasing trend, reflecting the continued increase
of Pb contribution from the stationary sources. As shown in Fig. 5-15, relatively high
concentrations of airborne Pb (> 1788 mg kg™) and high 2°°Pb/*’’Pb ratios in PM,5 were
obtained in winter in SH, HZ and NJ compared to other seasons, suggesting the possible
changes in Pb sources in winter. In NB, higher ratios of *®Pb/?>’Pb and lower concentrations
of Pb (49-290 mg kg™) were observed in summer, indicating more contribution of Pb from
natural sources. In addition, relatively lower concentrations of Pb in NB suggested less local

sources of Pb in the rural site.

In BJ, the isotopic ratios (***Pb/°’Pb and ?*°Pb/*’’Pb) in PM,5 samples were close to the
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ratios that found in industrial sources (e.g., cement factories and lead refining plants) and coal
combustion from BJ (Fig. 5-13c). The characteristics of Pb isotopic compositions from traffic
emissions in BJ were obtained from the literature. The banning of leaded gasoline was first
started in BJ, and then in other cities, such as Shanghai, Guangzhou and Tianjin. The
contribution of vehicle exhausts to Pb in the atmosphere declined in China after the phase-out
of leaded gasoline (Tan et al., 2006; Cheng and Hu, 2010). Pb isotopic ratios in CBS were
distinctly different from the values observed in anthropogenic sources from BJ and aerosol
samples in major cities of North China, such as Changchun, Dalian and Harbin, suggesting the
less influence of anthropogenic Pb sources at CBS. As displayed in Fig. 5-16, the 2°Pb/*’Pb
ratios in BJ and CBS exhibited relatively lower values in winter compared to other seasons.
During winter, when coal is frequently used in BJ and North China for heating, lower ratios
of 2°Pb/*"Pb in BJ and CBS confirmed the result that higher Pb concentration (Fig. 5-16) in
winter are mainly due to coal combustion. Although high ratios of “°Pb/*’’Pb were also
measured in spring and summer, the Pb concentrations (mg kg™) were much lower, implying

the contribution of sources other than coal combustion in BJ and CBS.
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(b) the YRD; and (c) North China.
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Table 5-4 The Pb isotopic compositions of some known natural/anthropogenic sources and

other environmental samples in the PRD region.

Location and materials 205ph/27ph 208pp27pp References
Natural sources

Granite in eastern Cathaysia 1.1834 2.4680 Zhu et al. (1998)
Granite in the PRD 1.1842 2.4824 Zhu et al. (1998)
Volcanic rocks in Foshan 1.1993 2.4965 Zhu et al. (1998)
Natural bedrock in HT 1.2168 2.5129 Lee et al. (2006)
Country park soils in Hong Kong  1.1998 2.4960 Lee et al. (2006)
Uncontaminated soils in the PRD  1.1952 2.4815 Zhu et al. (2001)
Anthropogenic sources

FanKou Pb-Zn deposit 1.1716 2.4725 Zhu et al. (1998)
Automobile exhausts in the PRD  1.1562-1.1632  2.4182-2.426 Zhu et al. (2001)
Power station in Guangzhou 1.1732 2.4676 Zhu et al. (2001)
Hardware factory in Foshan 1.1651 2.4650 Zhu et al. (2001)
Plastic factory in Foshan 1.1669 2.4623 Zhu et al. (2001)
Coal used in Guangzhou 1.184-1.287 2.458-2.511 Bi, unpublished
Road dust in Hong Kong Duzgoren-Aydin
HKU car park 1.1514 2.4318 (2004)
High Street 1.1574 2.4456

Mongkok 1.1550 2.4427

Road dust in Guangzhou (< 50 m) Bi et al. (2013)
Street site-1 1.1750 2.4840

Urban park site-1 1.1740 2.4840

Street site-4 1.1920 2.4860

TSP samples in Guangzhou (Lee et al., 2007)
Urban site 1.1677 2.4561

Suburban site 1.1690 2.4586

TSP samples in Hong Kong (Lee et al., 2007)
Urban site 1.1611 2.4506

Suburban site 1.1606 2.4491

102



Table 5-5 The Pb isotopic compositions of some known natural/anthropogenic sources and

other environmental samples in Shanghai.

Location and Pb

_ 20pp/@"ph  2%ph/P’Ph  References
materials (mg kg™)
Natural sources
Urban soil 11.7 +0.3 1.1891 2.4804 Tan et al. (2006)
Park soil 64.9 £65.6 1.1662 2.4442 Zhang et al. (2008b)
Anthropogenic sources
Vehicle exhaust (leaded) 7804 £160  1.1100 2.4351 Tan et al. (2006)
Vehicle exhaust (Pb free) 235 +5 1.1474 2.4372 Tan et al. (2006)
Metallurgic dust 6140 £130 1.1725 2.4350 Tan et al. (2006)
Coal combustion dust 1788 +37 1.1633 2.4559 Tan et al. (2006)
Cement 103 £2 1.1631 2.4466 Tan et al. (2006)
Coal 13 +5 1.1628 2.4663 Chen et al. (2005)
Iron ore sinter dust 750 1.2121 2.4206 Chen et al. (2005)
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Table 5-6 The Pb isotopic compositions of some known natural/anthropogenic sources and

other environmental samples in North China.

Location and materials Ezl()mg 2®pb/*"Ph  2**Pb/*Pb References
Natural sources Widory et al.
Chinese loess 29 1.1990 0.0641 (2010)
Simulated Chinese loess 40 1.1920 0.0648
Soil collected in BJ 41 1.1812 0.0645
24 1.1729 0.0640
Anthropogenic sources in BJ (Aerosol samples) Widory et al.
Power plants 112 1.1545 0.0646 (2010)
103 1.1550 0.0646
118 1.1763 0.0642
104 1.1751 0.0642
Cement factories 14 1.1794 0.0642
20 1.1613 0.0643
30 1.1419 0.0644
Lead refining plants 997700 1.1565 0.0641

940600 1.1518 0.0641
994300 1.1531 0.0641
900700 1.1559 0.0641
921100 1.1526 0.0641
771400 1.1518 0.0641

Aerosol samples in North China Mukai et al.(2001)
Beijing Winter 1.1481 2.4443
Changchun Winter 1.1655 2.4627

Summer 1.1455 2.4410
Dalian Winter 1.1351 2.4415
Summer 1.1377 24414
Harbin Winter 1.1723 2.4596
Summer 1.1481 2.4363
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Figure 5-14 Seasonal variations of Pb isotopic ratios (***Pb/*’’Pb and ***Pb/*’Pb) and Pb

concentrations (mg kg™) for PM, s samples in (a) Guangzhou; (b) Heshan; and (c) Hok Tsui.
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(d) Ningbo.
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106



5.2.3 The Relationship between OC and EC

The relationship between OC and EC concentrations can be used to estimate the origin of
carbonaceous aerosols (Duan et al., 2007; Zhou et al., 2012). Strong correlations between
OC and EC suggest that the major fractions of OC and EC in the atmosphere are emitted by
primary sources. The scatter plots of OC and EC during the four seasons in GZ, SH and BJ
are displayed in Fig. 5-17. OC and EC were highly correlated in all the season with r =
0.68-0.89 and r = 0.48-0.70 in SH and BJ, respectively, while they were only strongly
correlated from autumn to spring with r = 0.62-0.8 in GZ. The result indicated that OC and
EC at SH and BJ were likely to be derived from their common dominant sources, such as coal
combustion and vehicle exhausts. Similar results were also observed in previous studies

(Yang et al., 2005a; Feng et al., 2009Db).

The ratios of OC/EC provide information about the emission and transformation
characteristics of carbonaceous aerosol. The ratios of OC/EC have been detected in some
typical emission sources, such as wood Kkitchen emissions (32.9-81.6), combustion
(16.8-40.0), residential coal smoke (2.5-10.5), biomass burning (7.7) and vehicular exhaust
(1.0-4.2) (Feng et al., 2009b). The annual means of OC/EC were 6.69, 6.69 and 8.65 at GZ,
SH and BJ, respectively. Relative high ratios of OC/EC were found in BJ due to the high
concentrations of SOC. The OC/EC ratios exhibited no seasonal variations in SH and BJ,
while clear seasonal pattern was found in GZ with high values in autumn and winter and low
values in spring and summer. The similar seasonal patterns for OC (POC and SOC) and EC
were likely to result in the stable values of OC/EC in SH and BJ. However, the seasonal
pattern in OC/EC was probably due to the less seasonal variations for EC concentrations in
GZ. Additionally, no correlation between OC and EC in the summer at GZ indicated their
different sources. Since carbonaceous aerosols originate from various sources that are
temporal and spatial dependent, it is difficult to identify and quantify their sources. Other
techniques, such as radiocarbon (*'C) analysis (Liu et al., 2013), are needed to better

investigate the emission sources and their contributions in future work.
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5.2.4 The Ratio of NO3/SO,*

NO3 and SO,* are formed by gas-particle conversion processes from nitrogen oxides (NOy)
and sulfur dioxide (SO,) in the atmosphere into particulate phase, respectively. In urban
environment, the major emission sources of NOy are fossil fuels combustion and traffic
emissions, while the emission of SO, is mainly from the industrial activities (Chan 2008).
The ratio of NO5™ to SO,* has been used as an indicator to identify the relative contributions
of the particles from mobile vs stationary sources of N and S (Wang et al., 2006c; Cao et al.,
2009). The annual average values of NO;7/SO,% were 1.05 +0.57 and 1.17 #0.60 in SH and
NJ, respectively, which were higher than that in previous studies in the YRD region, such as
0.43 in Shanghai (Yao et al., 2002) and 0.36 in Hangzhou (Cao et al., 2009), suggesting that
the contribution of mobile sources may became more important. As displayed in Fig. 5-18,
NO3/SO,” ratios were highest in winter, followed by autumn and spring, and lowest in
summer. An important factor responsible for the higher ratio of NO3/SO,* in winter was
the high conversion rate of gaseous nitric acid (HNO3) to aerosol particles as ammonium
nitrate (NH4NO;) under the low temperature in winter. Relatively low NO;/SO,* ratios in
summer may be due to the higher conversion rate of SO, to S0,% in summer caused by higher

photochemical oxidation ability (Zhao et al., 2013a).
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5.3 Influent Factors for PM, 5 Pollution

As discussed above, the three regions are distinguished by the characteristics of PM;s. In this
section, three major factors including emission inventories and source contributions for
primary atmospheric pollutants, meteorological conditions and long-range transport
pathways were investigated to analyze the differences in pollution characteristics of PM,s

among Guangzhou, Shanghai and Beijing.

5.3.1 Emission Inventories and Source Contributions for Primary Atmospheric

Pollutants

Primary emissions, secondary formation and regional transports are important PM, s sources
in the atmosphere. The quantification of primary air pollutant emissions provides strong
information on the characteristics of air pollutants. The emission inventories of primary air
pollutants from the PRD, the YRD and Beijing were obtained from literature review (Zheng
et al., 2009; Huang et al., 2011; Zhao et al., 2012). As shown in Table 5-7, the emissions of
S0,, NO,, VOCs (Volatile Organic Compounds), PM;y and PM, 5 in the YRD region in 2007
were 3-7 times greater than those in the PRD region in 2006. In the present study, higher
concentrations of PM, s in the YRD than that in the PRD were likely due to the higher
emissions of primary PM, s and gaseous pollutants in the YRD. In the YRD region, the
highest emission intensities of those air pollutants are located along the banks of the Yangtze
River and Hangzhou Bay, such as Nanjing, Shanghai, Ningbo and Hangzhou (Huang et al.,
2011). The primary emissions of PM, 5 ranked in the order of HZ =~ NJ > SH > NB in 2007
(Table 5-7), which is consistent with the results in this study. Table 5-8 shows that the total
emissions of primary atmospheric pollutants (i.e., industrial waste gas, smoke, dust and SO,)
and the energy consumption and electricity power consumption in 2013 were highest in SH,
followed by BJ and GZ. However, other factors such as secondary formation and regional

transports of PM, 5 could influence the pollution status of PM, s in the three cities.

The major emission sources of PM, 5 and primary air pollutants among the three regions are
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different. The expansion of economy in the PRD causes higher demands for energy,
mobility, and communications. As a consequence, both coal combustion and traffic
exhausts cause serious PM pollution from the urban to regional scale. In the PRD, industrial
activities, vehicle exhausts and power plants are the major contributors to local PM,s
emissions, accounting for 43.1%, 35.5% and 18.7% of the total PM, s emissions in 2006,
respectively (Zheng et al., 2009). In addition, about 91.4% of SO, was emitted from power
plants and industrial sources, and 87.2% of NO, was generated by power plants and mobile
sources (Zheng et al., 2009). In contrast with the PRD region, heavy industries including
petrochemical industry, automobile manufacturing, and iron and steel production drive the
YRD economy. In the YRD, the major sources of local primary air pollutants are from
anthropogenic activities including power plants and other fuel combustion facilities, and
non-combustion processes, which contribute about 97%, 86%, 89%, 91% and 69% of the
total SO,, NO,, PMyg, PM,s and VOCs emissions, respectively (Huang et al., 2011).
Furthermore, vehicle exhaust contributed 12.3% and 12.4% of the total NO, and VOCs
emission in the YRD region, respectively (Huang et al., 2011). In Beijing, power plants,
domestic heating and industrial sources contributed 49%, 26% and 24% of the total SO,
emissions; the vehicle exhausts contributed 74% of NOx concentrations (Hao et al., 2005).
Yu et al. (2013) reported that the sources of PM, s in the urban environment of Beijing were
secondary sulfate (26.5%), vehicle exhaust (17.1%), fossil fuel combustion (16%), road dust
(12.7%), biomass burning (11.2%), soil dust (10.4%) and metal processing (6.0%). Heavy
industries and vehicle exhausts contribute the most of PM, 5 emissions in the three regions.
Fugitive dust including soil and road dust contributed a large fraction of PM,s in BJ,
particularly in spring season, which was different from SH and GZ. In this study, the
relatively high ratios of crustal elements to PM, s mass, and the distinct seasonal variation
with higher concentrations of PM, 5 and crustal elements in spring in BJ confirmed the large

contribution of fugitive dust in PM, 5 in BJ.

Due to the rapid growth of automobile ownership in China, the contribution of vehicle

exhausts to air pollution is more serious in some mega cities. Liu et al. (2007) established a
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detailed mobile emission inventory in BJ and SH. They estimated that the daily emissions of
particulate matters, NO,, VOCs and CO from vehicle exhaust were 3 t, 199 t, 192 t and 2403
tin BJ, respectively, while were 4 t, 189 t, 113 t and 1009 t in SH, respectively. Based on the
data from the National Bureau of Statistics of China in 2013 (http://data.stats.gov.cn/), the
number of civil motor vehicles and private car ownership in BJ (5,170 and 4,241 thousand,
respectively) was much higher than those in SH (2,341 and 1,630 thousand, respectively). In
Gz, the number of vehicle ownership was 2,146 in 2010 (Guangzhou Environmental
Protection, http://www.gzepb.gov.cn/). The number of vehicle ownership displayed an
increasing trend in the order of GZ < SH < BJ, which can possibly reflect the order of
atmospheric pollutants emission from vehicle exhaust because of the different local policy

and pollution control performance regarding vehicles.
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Table 5-7 Emission inventory (kt) of primary atmospheric pollutants in the PRD, the YRD

and Beijing.

Region Year SO, NOx PMj;; PMys VOCg Reference

ThePRD 2006 711 892 418 205 1180 Zheng et al. (2009)

The YRD 2007 2392 2293 3116 1511 2767 Huang et al. (2011)
2010 2147 2776 1006 643 3822° Fu et al. (2013)

Shanghai 2007 399 380 266 119 587 Huang et al. (2011)

Nanjing 2007 221 144 256 130 153
Hangzhou 2007 126 134 282 129 392
Ningbo 2007 255 211 212 112 150

Beijing 2003 187 309 168 90 346° Zhao et al. (2012)

*NMVOCs: Non-methane Volatile Organic Compounds

Table 5-8 Emission of primary atmospheric pollutants and energy consumption in

Guangzhou, Shanghai and Beijing during the year of 2013.

Industrial Total

Total Total Electricity
waste gas emission Energy
emission  emission power
emission of smoke consumption
of NO, of SO, consumption
2013 and dust
(100 (10000 tons
(10000 (10000 (100 million
million (10000 SCE)
tons) tons) kwh)
cu.m) tons)
Guangzhou® 3754 1.10 5.74 6.33 7083 711
Shanghaib 13344 8.09 38.0 21.6 11704 1411
Beijing - 5.93° 16.6° 8.70° 7354° 913¢

*Guangzhou Statistical Yearbook 2014, Guangzhou Statistical Bureau (www.gzstats.gov.cn)
®Shanghai Statistical Yearbook 2014, Shanghai Statistical (www.stats-sh.gov.cn)
‘National data, National Bureau of Statistics of China (http://data.stats.gov.cn/)

“Beijing Statistical Information Net (www.bjstats.gov.cn)
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5.3.2 Meteorological Conditions

Generally, the meteorological conditions among the three regions are distinctly different. The
PRD region features the subtropical monsoon climate. The prevailing wind direction in the
PRD region is from the northeast in winter and from the southeast, south and southwest in
summer. The annual wind speed in the coastal cities (such as Hong Kong, with about 6 m s
in 2014) (Hong Kong Observatory, http://gh.weather.gov.hk/contentc.htm) was higher than
that in the inland cities (such as Guangzhou and Foshan, with about 2 m s™) (Chan and Yao,
2008). Thus, the inland cities in the PRD region favor the accumulation of air pollutants due
to the lower wind speed. The YRD is located on the western coast of the Pacific Ocean and
has a subtropical monsoon climate. The movement of East Asia monsoon plays an important
role in the transport of pollutants in the YRD (Wang et al., 2008). In winter, the long-range
transport of aerosols along with the prevailing northeastern winds could mix with local
aerosols in the YRD and make the aerosols more complexed. The winter monsoon is also a
main mechanism which moves air pollutants from the YRD to south China and West Pacific
ocean. In summer, marine air masses reach the YRD region by passing through the southern
part of China under the influence of the Pacific anticyclone. Beijing, located in north China,
has a typical continental monsoon climate with four distinct seasons. The prevailing wind in
BJ is from the north and northwest in winter and spring, respectively. In spring, BJ is often

influenced by Asian dust under the northwest winds (Zhang et al., 2003; Sun et al., 2005).

The meteorological parameters including temperature, precipitation and relative humidity at
GZ, SH and BJ during the year of 2013 are summarized in Table 5-9. The annual mean
temperature was highest in GZ, followed by SH and BJ. Due to the low temperature in winter,
the domestic heating period in BJ usually lasts from the mid-November to the end of the
following March by coal combustion. In Beijing, high concentrations of PM, s and chemical
compositions in autumn and winter probably attributed to the much increased coal
combustion for domestic heating. Although no domestic heating activities in the PRD and

YRD, the prevailing northwest winds during the late autumn and winter could bring air
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pollutants from North China. Atmospheric wet deposition is one of the important ways to
remove particle pollutants from the atmosphere (Sakata et al., 2008; Cong et al., 2010). The
removal of atmospheric pollutants by wet deposition depends on particle size, rain duration,
rain intensity and their concentrations in the atmosphere (Andronache, 2003; Kulshrestha et
al., 2009). In 2013, the annual precipitation was highest in GZ, followed by SH and lowest in
BJ. In summer, the dominant southerly wind brings clean marine air masses and abundant
precipitation, causing rapid diffusion of air pollution in GZ and SH. Thus, high rainfall
capacity and diffusion ability of air pollutants in Guangzhou resulted in the large reduction of

atmospheric contaminants.

Table 5-9 Meteorological parameters in the year of 2013 in Guangzhou, Shanghai and

Beijing.
Temperature (<C) e d

Location A : Ext Ext Precipitation Annual mean

nn xtreme xtreme -

ua ¢ _ (mm) humidity® (%)

mean max min
Guangzhou® 215 37.7 3.3 2095 81.0
Shanghai® 17.6 39.9 -4.2 1173 68.0
Beijing® 12.8 38.2 -14.1 579 55.0

#Guangzhou Statistical Yearbook 2014, Guangzhou Statistical Bureau (www.gzstats.gov.cn)
® Shanghai Statistical Yearbook 2014, Shanghai Statistical (www.stats-sh.gov.cn)

¢ Beijing Statistical Information Net (www.bjstats.gov.cn)

d

National Bureau of Statistical of the People’s Republic of China

(http://Iwww.stats.gov.cn/tjsj/ndsj/2014/indexch.htm)
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5.3.3 Impact of Long-range Transport

5.3.3.1. Potential Source Regions

In order to investigate the effects of possible long-range transport of air pollutants, the
two-day backward air mass trajectories and clustering analysis in Guangzhou, Shanghai and
Beijing were conducted using the HYSPLIT model. The Potential Sources Contribution

Function (PSCF) model was further used to identify the potential source regions of PMs.

The clustering results of backward air mass trajectories arriving at GZ during the four seasons
are displayed in Fig. 5-19. A total of 144, 124, 136 and 140 two-day backward air mass
trajectories during the four seasons were calculated using the HYSPLIT model, respectively,
and then classified into several clusters by clustering analysis, respectively. The air masses
were mainly come from the northeast that originated from the continental inland areas of
central China in winter, while the major air masses were originated from the east of South
China Sea in summer. Based on the backward trajectory analysis, maps of potential sources
of PM, s in GZ during the four seasons are illustrated in Fig. 5-22. The darkness of red cells
represents PSCF values. Maps of potential sources of PM,s in GZ showed seasonal
variations. The central China and the coastal areas of eastern China contributed high PM; 5 to
GZ in winter (Fig. 5-22b), while the major potential source regions of PM,s were from the
coastal areas of southern China and the South China Sea in summer (Fig. 5-22d). A
modelling study reported that the annual contributions of PMy, from other regions in China
reached 30% in South China, and this transport from external regions was most significant in
winter (with contribution of 30-40%) (Li et al., 2014), which confirmed our PSCF results
during the winter. In summer, the less external regional transport in South China (Li et al.,

2014) and the prevailed southerly wind from the ocean could weaken the air pollution in GZ.

In Shanghai, the results of the long-range transport pattern of backward air mass trajectories
exhibited a clear seasonal pattern (see Fig. 5-20). In winter, the air masses arriving in

Shanghai were mainly from the northwest that originated from the continental inland areas
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of northern China and travelled along the east coastal area of China. In contrast, the air
masses arriving in Shanghai were mainly from the sea including the South China Sea and
the East China Sea and the eastern coastal area of China during summer. PSCF results
identified that the areas of central China including Henan, Hubei and Anhui Province, and
North China were the important potential source regions of PM, s during winter (Fig. 5-23b).
Li et al. (2014) also denoted that central China, the North China Plain and northeast China
contributed 16.0%, 9.4% and 6.5% of PM1, mass concentrations in eastern China in winter,
respectively. The intensive emission of air pollutants from coal combustion for heating in
North China (Zhao et al., 2013a) and high PM,5 pollution in central China during winter
(Cao et al., 2012) could contribute to the increase of PM, s and other air pollutants in SH. In
summer, the dominant source regions of PM, s were from the East China Sea and the east
coastal area of China (Fig. 5-23d), which brought clean marine air masses and abundant
precipitation to dilute the air pollution. As a consequence, relatively lower concentrations of

chemical components for PM, s were observed in summer in the YRD.

In Beijing, the seasonal variations of clustering analysis of backward air masses were
displayed in Fig. 5-21. In winter and spring, the long-range transport of air masses was
mainly come from the northern China and the Inner Mongolia. In summer, the long-range
transport of air masses was dominated from the south that originated from the continental
inland areas of Tianjin, Hebei and Shandong Province. Clear seasonal variations were found
in the distribution of potential source regions. PSCF results illustrated that the northern
China and Mongolia were the important potential source regions of PM, s during winter (Fig.
5-24b). The occurrence of northwest winds in spring brought dust and air pollutants from the
Gobi desert and the Junggar Basin to BJ (Fig. 5-24c). In summer, PM, 5 in north central China
including Tianjin, Hebei Province, Shandong Province and the north part of east China
transported northward into BJ (Fig. 5-24d). The regional transport of PMy, in north central
China was studied using a model by Li et al. (2014). They found that north central China is
the major receptor of trans-boundary transport within China, with 27.5% of annual

contributions from other regions in China. They also estimated that the contribution of PMy,
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from east China to north central China reached 9.4% and 11.6% in winter and summer,

respectively.

Results of cluster analysis of backward air mass trajectory and PSCF analysis showed that the
potential source regions of PM, 5 in the three cities were seasonally dependent, due to the
specific monsoon climate over the three cities. The contributions of PM; 5 via the long-range
transport were more significantly in winter, confirming the high concentrations of PM;5 in
winter. The results also indicated the trans-boundary transport of PM,s among the three
regions. In winter, the PRD region was the receptor of transport from the coastal areas of the
YRD region, while the YRD region was the receptor of transport from North China. In
summer, the transport occurred from the YRD region to North China. It was reported that
East China was the most influential source, due to its largest emission and its location where
northwest/northeast winds in winter are capable of transporting air pollutants to South China

and southeast winds in summer favor the transport of air pollutants to North China (Li et al.,

2014).
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Figure 5-19 Cluster analysis of two-day backward trajectories of air masses during the four

seasons in Guangzhou.
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Figure 5-20 Cluster analysis of two-day backward trajectories of air masses during the four
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Figure 5-21 Cluster analysis of two-day backward trajectories of air masses during the four
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Figure 5-22 Maps of potential sources of PM,s in Guangzhou during the four seasons. The

darkness of red cells represents PSCF values.
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Figure 5-23 Maps of potential sources of PM, 5 in Shanghai during the four seasons.
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Figure 5-24 Maps of potential sources of PM, s in Beijing during the four seasons.
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5.3.3.2. Long-range Transport of Pb

As discussed above, long-range transport probably contributed the trans-boundary transport of
PM5 in the three regions. Lead isotopic ratios have been used in assessing the long-range
transport of anthropogenic Pb (Hsu et al., 2006; Lee et al.,, 2007). Thus, Pb isotopic
fingerprinting was analyzed to investigate the possible long-range transport of PM,5 in the

three regions in this section.

The annual means of Pb isotopic ratios from the nine sampling sites are plotted in Fig. 5-25.
The ratios of ***Pb/?’Pb in BJ and CBS were lower than that in the PRD and YRD regions,
while no significant differences were found between the PRD and the YRD regions. The
differences of lead isotope fingerprinting in the atmosphere among the three regions are
related to the sources of Pb and the contribution of each source. Results in section 5.2.2
demonstrated that the major sources of atmospheric Pb were coal combustion and industrial
activities in the three regions. Chinese coal has been reported to have wide variations in
205ph/27Ph ratios (1.14-1.22) (Mukai et al., 2001). The ratios of ***Pb/*’Pb for coal
combustion ash were 1.1732 and 1.1633 in GZ and SH, respectively (Zhu et al., 2001; Tan et
al., 2006), and were reported to have large variations (***Pb/*”’Pb: 1.1545-1.1763) in BJ
(Widory et al., 2010). As plotted in Fig. 5-26, Pb isotopic ratios of coal combustion ash
varied in China, with higher values in Guizhou Province of southwest China and lower values
in Hebei Province of North China. The results showed that Pb isotopic compositions of coal
combustion ash in North China were clearly different from Guangzhou, Shanghai, Hubei
Province and Guizhou Province. Data from GZ and SH was closer to that in Hubei Province

of central China and North China, respectively.

In this study, lower ratios of ?*Pb/*’Pb and concentration of Pb in BJ and CBS during winter
(Fig. 5-16) reflected that the contribution of coal combustion to atmospheric Pb was increased,
which were likely due to the long-range transport from the potential source regions in North

China. In Fig. 5-14, relatively higher concentrations of airborne Pb (> 1788 mg kg™, in the
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range of coal combustion level) and higher ?°Pb/*’Pb ratios were observed in winter in the
PRD region. Higher 2°Pb/*’Pb ratios in winter in the PRD region confirmed the long-range
transport of Pb from the central China and the coastal areas of eastern China where the
205ph/2°’Ph ratios were relatively high in coal combustion ash. In Fig. 5-15, relatively higher
concentrations of airborne Pb (> 1788 mg kg™, in the range of coal combustion level) and
higher 2°Pb/?"Pb ratios were observed in winter in the YRD region, which indicated the
inputs of atmospheric Pb from coal combustion from the potential source regions of central
China. The results implied large inputs of atmospheric Pb from coal combustion in the PRD
and YRD regions during winter. Pb isotope signatures in PM, s showed strong evidence of
inputs of atmospheric Pb from coal combustion via long-range transport in winter in the three

regions.
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Figure 5-26 Lead isotopic compositions of coal samples, cinder samples and ash samples
from power plants in China (the dataset were provided by Dr. Xiangyang Bi from the State
Key Laboratory of Biogeology and Environmental Geology, China University of

Geosciences, Wuhan).
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5.4 Summary

Clear seasonal variations in the mass concentrations and chemical compositions of PM, s
were observed in the nine sampling sites over the three regions. In the PRD region, the
concentrations of PM,s and airborne trace metals were highest in winter and lowest in
summer. In Guangzhou, higher concentrations of OC and SOC were found in winter, while no
significant seasonal variation was found for EC concentrations. In the YRD region, PM, s and
ambient trace metals showed higher concentrations in winter and lower concentrations in
summer. Similar seasonal pattern was found for OC, EC, and water-soluble inorganic ions
in Shanghai. In Beijing and Mount Changbai from North China, PM, 5 and airborne crustal
elements were higher in spring, while the concentrations of most trace elements were higher
in winter. Obvious temporal variations in the concentrations of OC, EC and SOC were

observed in Beijing, with highest in winter and spring and lowest in summer.

Enrichment factors indicated the large inputs of atmospheric sources of airborne trace metals
in the three regions during winter. Pb isotopic analysis suggested that the major sources of
atmospheric Pb in the three regions are coal combustion and industrial activities, and large
inputs of atmospheric Pb from coal combustion in winter in the three regions. High ratios of
OC/EC in GZ, SH and BJ showed the relatively high concentrations of SOC. High
NO3'/SO42' ratios in SH and NJ indicated that more NO, were released mainly due to
vehicular emissions. Source appointment of chemical compositions of PM, s demonstrated
that anthropogenic sources including coal combustion, heavy industries and traffic emissions

are the major contributors to PM, in the three regions.

Different characteristics in the concentrations and temporal-spatial variations of PM, s were
driven by their local emissions, seasonal meteorological conditions and long-range transport
pathways, which were distinctly different in the three regions. The total emissions of primary
atmospheric pollutants and the energy consumption and electricity power consumption in

2013 were highest in SH, followed by BJ and GZ. Heavy industries and vehicle exhausts
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were the major emission sources of PM,s in the three regions; and the contribution of
fugitive dust to PM,s was more significant in BJ. Furthermore, the number of vehicle
ownership showed an increasing trend in the order of GZ < SH < BJ. These results provide
important basis for the temporal and spatial variations of PM, s in the three regions. In BJ,
high concentrations of PM, s in autumn and winter were likely due to the much increased
coal combustion for domestic heating to resist the low temperature. High rainfall capacity and
diffusion ability of air pollutants in GZ benefit the elimination of contaminants in the
atmosphere, which are important contributors to the relatively low concentrations of PM, s in
GZ. Results of backward trajectory analysis and the PSCF model showed that the
long-range transport of PM, s from other source regions was seasonally dependent due to the
specific energy consumption and monsoon climate in GZ, SH and BJ. Moreover, Pb isotope
signatures in PM, s further confirmed the inputs of atmospheric Pb from coal combustion via

long-range transport in the three regions.
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Chapter 6 - Regional Transport of PM,s in China: Analysis of

Pollution Events

To further investigate the trans-boundary transport of PM, s among the PRD, the YRD and
North China, both simultaneous field observations and NAQPMS model were used during a
typical regional pollution event that occurred over most areas of East and South China, and
the North China Plain. The formation mechanism, evolution and regional transport of PM, s
in three pollution events in Shanghai were discussed by studying the characteristics of
chemical compositions and sources of PM, s, meteorological conditions, and trans-boundary

transport of PMs.

6.1 A Modeling Study of Regional Transport of PM, s during a Severe and

Long-lasting Pollution Event

A severe and long-lasting pollution event occurred over most areas of East and South China,
and the North China Plain from 2 to 14 December 2013. Observation results showed high
PM, 5 pollution in the PRD and YRD regions, and Beijing during this period. In this study, a
3-D chemical transport model, NAQPMS (Nested Air Quality Prediction Modeling System),
was applied to simulate the evolution and regional transport of PM, 5 over China, typically in

the three regions.
6.1.1 Air Quality during the Pollution Event

Although PM, s samples were only collected daily in Shanghai during the pollution period,
the daily PM, s concentrations were obtained from the network of air quality monitoring
stations from Beijing and the cities in the PRD and YRD regions (http://www.cnpm25.cn/).
Daily average PM, 5 concentrations in Guangzhou, Jiangmen (Heshan), Shanghai, Nanjing,
Hangzhou, Ningbo and Beijing during the pollution event are displayed in Fig. 6-1. In the
PRD region, PM,s concentrations reached to more than 100 g m™ from 3 to 13 December

2013 in Guangzhou and Jiangmen. In the YRD region (Shanghai, Nanjing, Hangzhou and
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Ningbo), PM, 5 concentrations were more than 200 pg m™ during 2-8 December, and then
dramatically declined and remained at more than 100 pg m™ after 9 December 2013. Our
field observations also showed that PM, 5 daily concentrations reached their peak value on 6
December, with 395, 246, 264 and 216 g m™ in Shanghai, Nanjing, Hangzhou and Ningbo,
respectively, both far exceeded the limit of the NAAQS standard Il (daily limit of 75 g
m™). In Beijing, an increasing period for PM, 5 concentration occurred from 6 to 8 December.
PM, 5 concentration in Beijing reached to the peak value of 241 g m™ on 7 December.
Compared with the PRD region and Beijing, PM, s pollution was more serious in the YRD

region during this pollution event.

The satellite image confirmed the severity of visibility on 7 December 2013 in Eastern
China (Fig. 6-2). For example, as shown in Fig. 6-3, the daily average visibility in Shanghai
was less than 5 km from 5 to 10 December. After that, it was still less than 10 km during
most of the sampling time. The visibility decreased with the increase of PM,s, and the
visibility dropped to < 1 km on 6 December when the PM, s increased to the peak value.
This severe pollution event displayed the typical characteristics of high concentrations of

PM, s and low visibility in the three regions.
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Figure 6-1 Daily average PM, s concentrations (g m™) in Guangzhou, Jiangmen (Heshan),

Shanghai, Nanjing, Hangzhou, Ningbo and Beijing during the pollution event.

Figure 6-2 Satellite image on 7 December 2013 in Eastern China

(http://earthobservatory.nasa.gov/NaturalHazards/view.php?id=82535).
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6.1.2 Meteorological Conditions

Meteorological conditions often play a key role on the formation of pollution episode (Fu et
al., 2008; Kang et al., 2013). Since PM,s pollution was severe in the YRD region, the
meteorological conditions in Shanghai were typically analyzed to evaluate the relationship
between the meteorological conditions and the formation of pollution event. The surface
meteorological parameters including wind speed, wind direction, relative humidity and
temperature in Shanghai during the pollution episode are plotted in Fig. 6-3. During the
heavily polluted period (from 5 to 8 December), the surface winds were from various
directions and the wind speeds were relatively low (less than 2 m s™) and even stagnant
sometimes, which were limited the dispersion of air pollutants. Meanwhile, the relative
humidity (RH) and temperature was high. Moreover, both surface and upper-level (from
750 to 650 hPa) temperature inversion were evident in the sounding data in SH on 6
December (Fig. 6-4), decreasing the vertical mixing of air. The stable meteorological
conditions with low wind speed, high RH, temperature inversion and no precipitation
enhanced the accumulation of air pollutants during the episode. After 9 December, due to a
cold front affecting the YRD region (Wang et al., 2015), the wind speeds increased while
RH and temperature decreased, contributing the decline of PM,s concentration and the
increase of visibility in Shanghai. When the cold air ended on 12 December, PM;s
concentrations obviously increased over the YRD region until 14 December. After 15
December, the air pollution was alleviated by the heavy rainfall in the PRD and YRD

regions.
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Figure 6-3 Surface meteorological conditions from 5 to 12 December 2013 in Shanghai
from the monitoring station (31.4N, 121.47E) (Real-time data display from ENVF

Atmospheric & Environmental Real-time Database: http://envf.ust.hk/).
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6.1.3 The Evolution and Regional Transport of PM,s-Modeling Results

The simulated daily average of surface PM,s concentration and wind field over China
during the processes of pollution event are displayed in Fig. 6-5. On 5 December, heavy
PM, 5 region with more than 300 g m™ located over the YRD region and eastern China (Fig.
6-5a). At the same time, high PM, 5 region with more than 100 g m™ occurred in the PRD
region and South China, while the simulated PM, s concentration was low in Beijing. The
simulated surface PM, 5 concentrations were consistent with the observation results over the
PRD and YRD regions and Beijing. On 7 December, PM, s concentrations were still high
over the YRD region due to the stable wind filed. However, the strong south wind prevails
over Northeast China, driving the movement of polluted air masses from the north part of
Eastern China to Beijing (Fig. 6-5b). The prevailing northeast winds in the PRD region
contributed the transport of high PM, s from the central China and coastal areas of the YRD
region to the PRD region. The modelling results showed the transport of PM, s from the YRD

region to the PRD region and Beijing during 7-8 December.

On 9 December, the strong north wind prevailed over North, East and South China, driving
the movement of high PM, 5 region from North China to South China (Fig. 6-5c). Thus, the
YRD region was the receptor of movement from North China, and the PRD region was the
receptor of transport from the YRD region. On 11 December, PM; s pollution over the YRD
and Beijing has gradually weakened due to the effect of cold air, while high PM, 5 region still
located over the PRD (Fig. 6-5d). When the cold air ended on 12 December, PM;s
concentrations obviously increased over the YRD region until 14 December (Fig. 6-5e and f).
After the pollution event, PM, s pollution decreased over the PRD and YRD regions due to
the effect of rainfall. The modelling results clearly illustrated the trans-boundary transport of

PM, 5 among the PRD and YRD regions and Beijing during this pollution event.
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Figure 6-5 The simulated daily average of surface PM, 5 concentration (ug m™) and wind
vector (m s™) in China during the severe pollution event: (a) on 5 December 2013; (b) on 7
December 2013; (c) on 9 December 2013; (d) on 11 December 2013; (e) on 12 December

2013; and (f) on 14 December 2013.
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6.2 Formation Mechanisms of Pollution Events in the YRD Region

Based on the field observation in the YRD region, pollution days with high PM;s

concentrations were occurred more frequently during the autumn and winter. As shown in Fig.

6-6, three periods with high PM, s concentrations were simultaneously observed in SH and

NJ. In this section, the evolution and transport of PM,s and formation mechanisms of

pollution events in Shanghai will be studied using the observations and model results.
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Figure 6-6 Temporal variations of PM,s concentrations for the samples collected in

Shanghai and Nanjing during high frequency sampling period. PE 1 = pollution event 1; PE

2 = pollution event 2 and PE 3 = pollution event 3.

6.2.1 Identification of Three Pollution Events in the YRD Region

Based on the PM, 5 concentration (Fig. 6-7), visibility (Fig. 6-8) and relative humidity (Fig.

6-9), three pollution events were identified. During most of the sampling time over the three

pollution events, the visibility were less than 10 km and the relative humidity were lower than

80%. Pollution Event 1: The process of first pollution event occurred from 5 to 11

November 2013, which can be divided into before pollution event period (BPE1 period: 5-6

November), pollution event period (PE1 period: 7-8 November) and after pollution event

(APEL period: 9-11 November) (Fig. 6-7). During PE1, the daily PM, s concentrations on 7

November were 209, 125, 152 and 187 g m™ in Shanghai, Nanjing, Hangzhou and Ningbo,
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respectively, which were 2-3 times higher than those during BPE1 and APEL periods. As
shown in Fig. 6-8a, there was an obvious decrease of visibility during PE1, and the minimum
visibilities in PE1 were less than 6 km. Pollution Event 2: A severe and long-lasting
pollution event (PE2) occurred in the YRD region from 5 to 12 December 2013. In Shanghai,
PM, 5 concentrations increased from 176 g m™ on 5 December to the peak value of 395 Ly
m™ on 6 December, and then decreased at 129 g m™ on 8 December. After that, the
concentrations of PM, 5 kept at about 170 g m*. The visibility in Shanghai was less than 5
km from 5 to 10 December, and less than 10 km after 10 December. Pollution Event 3: The
process of third pollution event can be divided into before pollution event period (BPE3
period: 22-24 December 2013), pollution event period (PE3 period: 25 December 2013-4
January 2014) and after pollution event period (APE3 period: 5-7 January 2014). The
average concentrations of PM,5 during PE3 were 182 pg m™ in Shanghai, and 2-3 times
greater than that during BPE3 and APE3 periods. The visibility in SH were less than 10 km
during PE3. The three pollution events in Shanghai displayed high concentrations of PM; 5
and low visibility. The PEL lasted a short period for 2 days, and the peak value of PM, 5
concentrations were relatively low compared with the other two events. A fast accumulation

of PM, 5 and low visibility were observed in PE2. The PE 3 had a long duration with 10 days.
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Figure 6-7 Time series of PM, 5 concentrations in Shanghai during the processes of the three
pollution events.
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Figure 6-9 Time series of relative humidity in the monitoring station (31.4N, 121.47E)
during the three pollution events (Real-time data display from ENVF Atmospheric &

Environmental Real-time Database: http://envf.ust.hk/).
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6.2.2 Meteorological Conditions during Three Pollution Events

The surface meteorological parameters including wind speed, wind direction and
temperature in Shanghai during the three pollution events are plotted in Fig. 6-10. During
PE1, the unstable wind directions and relatively low wind speeds were not beneficial the
dispersion of air pollutants. Air mass backward trajectories were used to study the air mass
transport characteristics. As shown in Fig. 6-11a, one-day backward trajectories of air
masses arrived at SH during PE1 from the inland areas of Jiangsu and Anhui Province,
which different from BPEL and APE1 periods when clean air masses were from the eastern
coastal region. The air masses from the inland areas of Jiangsu and Anhui Province may
contribute to PE1. During the heavily polluted period of PE2 (from 5 to 8 December 2013),
the surface winds were from various directions and the wind speeds were relatively low and
even stagnant sometimes, which were limited the dispersion of air pollutants. After 9
December, winds blew from the northwest and the wind speeds increased. An obvious
decrease of temperature indicated a cold front affecting the YRD region (Wang et al., 2015).
Backward trajectories analysis showed that short-range air masses from the YRD region
were observed from 5 to 9 December, while long-range air masses occurred from 10 to12
December (Fig. 6-11b), consistent with the surface meteorological conditions. During PE3,
the wind directions showed a dominant northwest wind (Fig. 6-10c) and air masses arrived at
SH from the northwest that originated from northern China and travelled over central China
(Fig. 6-11c), which were different from that during 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 contribute to high PM; s pollution in PE 3. The results suggested that

the meteorological conditions are important in the formation of pollution events.

139



(a) PE1

Wind, 1at=31.4000, lon~121.4700 “Temperature, 1at=31.4000, lon=1214700
28
s T T T T T T :
Max = 2750
\ ao e / Min = 1030
“F S ) q
EFVAN [\
H A oA ]
@
3° \% / X / B
H \ /
1 s i \
o ! v/ L L L L
360 1
T T T T T ™
= * *
B o B
§ \
x
S 1.0 - . . T 4 i
' W oxx L 4
T 90 1=
g x
" xow, T T as 10 - - - - - -
o L L L L L 131105 131106 131107 131108 131109 131110 131 132
131105 131106 13107 191108 13109 181110 18111 181112
(b) PE2 R Tomporatiss, 1av=513000, lon=i2.4700
d - - 20
N T
7 Max = 1960
Max = 6,00 -
s Min =000 | / Min = -110
3 r 1 sy -
23 X -
& / /
R { i ]
= 1
1 1
’ A \
o . . \ x(
360 T T " T \
x x “x x s e
2 . waan wwnn e T L
g = ® x
£
xx x
S 180 - 4 ol / 4
Z oof ®x 4
H .
- I L L
o L. L L 131208 131207 131209 ettt 131213
131208 191207 191200 191211 121213

E3

—
2)
~
o

Wind, lat=31.4000, lon=121.4700

3 " . Temperature, lat=31 4000, lon=1214700
20
Max = 600 T T
s Min = 000 - ox = 1070
E 4
3 B b
@
% ]
H
N 1 el Fis
o 1 ! ! L
360 ” ™ T T " —
2 - -k W x e - 5 B
Bozvo | e e xw x P - i
] x P L]
% x x
x
S0 * * * B
E] ® W ow x o \ -
Z - cereex
e : . Tl
b =
o - L L 5 I L I
13122 191226 131230 140108 140107 131222 191226 151230 140103 140107

Figure 6-10 Surface meteorological conditions during the three pollution events in Shanghai
from the monitoring station (31.4N, 121.47E) (Real-time data display from ENVF

Atmospheric & Environmental Real-time Database: http://envf.ust.hk/).
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Figure 6-11 One-day backward trajectories of air masses arriving at Shanghai at an altitude

1000 m during the process of the three pollution events (PE1, 2 and 3).
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6.2.3 Regional Transport of PM, s during Three Pollution Events—Modeling Results

The daily average of surface PM, s concentration and wind field during the processes of
pollution events were simulated to display the evolution and transport of PM,s over the

YRD region using the NAQPMS model.

Pollution Event 1: Prior to PE1, on 5 November (Fig. 6-12a), the prevailed easterly wind
from the ocean with high wind speed favoured the low PM, s concentration with less than
75 g m* in the YRD region. On 6 November (Fig. 6-12b), the dominant west winds drove
the movement of high PM, s over Anhui, Henan and Shandong Province from the west to
the east in the YRD region. After that, high PM, 5 region occurred in the YRD with stable
wind field on 7 November, and was more serious in the east part of the YRD region (Fig.
6-12c). The field observation also confirmed that PM, s concentration was highest in SH
during PE1 compared with the other three sampling sites in the YRD. From 8 November,
PM, 5 was transported from the southeast to the northwest in the YRD due to the strong sea

winds from the southeast (Fig. 6-12d), which resulted in the alleviation of PEL.

Pollution Event 2: During the early stage of PE2 (Fig. 6-13a and b), stable meteorological
conditions and high PM,s region with more than 300 g m™ (duck blue shade) were
observed in the YRD and eastern China. On 9 December, the strong north wind prevailed
over eastern China due to cold front, driving the movement of air masses fast over the heavy
PM, 5 elevated region of the YRD (Fig. 6-13c). High PM, 5 zone over the YRD moved from
the north to south under the prevailed north winds. Due to the influence of north wind,
PM, s pollution over the YRD region has litter weakened on 11 December (Fig. 6-13d).
After the cold air ended on 12 December (Fig. 6-13e), PM, 5 concentrations increased over

the YRD region until 14 December (Fig. 6-13f).
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Figure 6-12 The simulated daily average of surface PM,5 concentration (ug m™) and wind
vector (m s™) in eastern China during the first pollution event (PE1): (a) on 5 November

2013; (b) on 6 November 2013; (c) on 7 November 2013; and (d) on 8 November 2013.
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Figure 6-13 The simulated daily average of surface PM,5 concentration (ug m™) and wind
vector (m s™) in eastern China during the secondary pollution event (PE2): (a) on 6
December 2013; (b) on 8 December 2013; (c) on 9 December 2013; (d) on 11 December

2013; (e) on 12 December 2013; and (f) on 14 December 2013.
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Pollution Event 3: At the beginning of PE3, on 26 December, high PM,s region occurred in
the YRD, but the strong north wind prevailed over eastern China, bringing clean air from
northern China (Fig. 6-14a). From 31 December, the wind field changed and forced the high
PM, s air over central China from west to the YRD (Fig. 6-14b). On 2 January 2014, high
PM,5 zone over the YRD was transported from the southeast to the northwest due to the
prevailing southeast winds (Fig. 6-14c). As shown in Fig. 6-14d, the strong northeast winds
from the East China Sea dominated in the YRD region on 4 January 2014, driving the
movement of high PM, s from the north part of the YRD to the East China Sea. After that,
the high PM,s region in the YRD weakened. Compared with field observations, the
modelling results clearly showed the observed patterns of PM, s and backward trajectory of

air mass during the processes of the three pollution events.
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Figure 6-14 The simulated daily average of surface PM, 5 concentration (ug m™) and wind
vector (m s™) in eastern China during the third pollution event (PE3): (a) on 26 December

2013; (b) on 31 December 2013; (c) on 2 January 2014; and (d) on 4 January 2014.
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6.2.4 Chemical Compositions during Three Pollution Events

Time series of the measured chemical composition concentrations and the relative abundance

of POC and SOC during the three pollution processes are plotted in Fig. 6-15.
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Figure 6-15 Concentrations of the measured chemical compositions and the relative

abundance of POC and SOC in PM, 5 samples in Shanghai during PE1, 2 and 3.
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6.2.4.1 Pollution Event 1

As shown in Fig. 6-15a, the concentrations of all the measured chemical components in PE1
were sharply increased compared to BPEL1 and APE1 periods. The concentrations of SOC,
NO3, 8042' and NH," during PE1 were 3-6 times higher than those in BPE1 and APE1
periods. NO3/, 8042' and NH," were the dominant components, accounting for 29.3%, 18.0%
and 11.2% of PM,s mass in PE1, respectively (Fig. 6-16). The ratio of NO3 to SO,* has
been used as an indicator of the relative contributions to the aerosol particles from mobile vs
stationary sources of S and N in the particulate matters (Wang et al., 2006c; Cao et al., 2009).
The average value of NO3/SO,* during PE1 (1.64) were higher than that in BPE1 (0.58) and
APE1 (1.18), revealing that more NO, were released mainly due to vehicular emissions.
During APE1, when the southeast sea winds prevail, SO,* instead of NO; became the
dominant secondary ions (Fig. 6-16), reflecting the influence of marine aerosol with high
S0,%INO3. K* has been used as tracer element for biomass burning (Urban et al., 2012),
although it have some other sources, such as crustal dust, sea salt and the dust from smelting
activities. The concentration of K* in PM, s during PE1 was 4 times higher than that in BPE1
and APE1 periods, different with other crustal metals, such as Al, Fe, Ca and Mg, which
increased only 2-fold when compared to the non-pollution days. The relatively high increase
of K" suggested the contribution of biomass burning to PE1. In addition, high ratios of
OC/EC in PE1 (with an average value of 10.3) also confirmed the presence of emissions
from biomass burning. The results showed that the vehicular emissions and biomass burning
are the key contributors for PE1 at Shanghai. Compared with BPE1 and APEL periods, the
contributions of SOC and NO; to PM,s were increased by two folds in PE1, while the
fractions of POC, EC and measured crustal metals in PM; s obviously decreased in PE1 (Fig.
6-16), indicating the large contribution of secondary aerosol and less contribution of primary
aerosol in PEL. Furthermore, the contributions of SOC to the total organic carbon reached to
80% during PE1 (Fig. 6-15d). These results suggested the importance of secondary organic

aerosol formation in driving PM, 5 pollution (Huang et al., 2014).
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Figure 6-16 Chemical composition of PM, s samples collected before pollution event 1 (BPE
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Figure 6-18 Chemical composition of PM, s samples collected before pollution event 3 (BPE

3), in pollution event (PE 3) and after pollution event (APE 3) in Shanghai.
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6.2.4.2 Pollution Event 2

During PE2, the concentrations of chemical components reached to a high level, especially
on 6 December (Fig. 6-15b). It is interesting that the concentrations of chemical components
displayed different variation tendency in PE2. During 5-9 December, the concentrations of
SOC, NO3, SO,%, NH," and trace metals were extremely high, while the concentrations of
POC, EC and crustal metals were as low as those on the normal days. After December 9, the
concentrations of SOC, secondary inorganic ions and trace metals declined, while the
concentrations of POC, EC and crustal metals sharply increased. The relative abundance of
SOC was strongly enhanced during 5-9 December, while the relative abundance of POC
increased during 10-12 December (Fig. 6-15e). Moreover, as shown in Fig. 6-17, the
contributions of secondary components (SOC, NOs S0,% and NH,") to PM,5 during 5-9
December were two times higher than those in the period from 10 to 12 December. In contrast,
the contributions of primary components (POC, EC and crustal metals) to PM, 5 during10-12

December were two times higher than those in the period from 5 to 9 December.

During 5-9 December, the low wind speed, short-range backward air mass and the
dominance of CO and NO, (Wang et al., 2015) could facilitate the formation of SOC and
secondary inorganic ions, while reduce the re-suspended of surface soil and road dust which
can contribute to crustal metals associated with PM, s (Tanner et al., 2008). During 10-12
December, when the long-range air mass appeared due to the cold front, the presence of
coarse particles and the dominant of SO, and CO were observed (Wang et al., 2015),
corroborating the results of the increase in POC and crustal metals and the decline in
secondary components in this study. Our observations on chemical components and
simulated modeling results during PE2 were confirmed the results. The stable
meteorological conditions during 5-9 December accelerated the accumulation of local or
regional air pollutants and the formation of secondary aerosols, and the occurrence of cold
air during 10-12 December resulted in more inputs of primary aerosols via long range
transport. Similar with PE1, high ratios of NO3/SO,* (with an average value of 1.54) in PE2

also indicated the serious pollution of vehicle exhaust in Shanghai.
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6.2.4.3 Pollution Event 3

Similar with PE1 and PE2, elevated concentrations for all chemical components were
observed during PE3 (Fig. 6-15c). Among the measured chemical components, NO3', SO,*
and NH," were the dominant components. Compared with BPE3 and APE3 periods, the
contributions of POC, EC, NO3™ and crustal metals to PM,s were increased during PE3,
while the fractions of the other components in PM, s have no obvious changes during PE3
(Fig. 6-18). As indicated in Fig. 6-15f, an increase trend in the relative abundance of POC
and a declining trend in the abundance of SOC were measured during PE3, comparing with
BPE3 and APE3 periods. The ratios of OC/EC kept a stable low value (with an average
value of 5.54) during the pollution process, confirming the low presence of SOC in PE3. In
addition, the average value of NO3/SO,* during PE3 (1.61) were higher than that in BPE3
(1.14) and APE3 (0.71). These results indicated more contribution of primary aerosol and

NO;3" in PE3during the long range transport.

6.2.4.4 Comparison the Three Pollution Events

The results of chemical compositions in PM, 5 during the three pollution events were further
compared to investigate the difference in formation mechanisms among pollution events. Fig.
6-19 shows the relative abundances of chemical components for PM, 5 in Shanghai during
the three events. The dominance of secondary components (SOC and secondary inorganic
ions) suggested the importance of secondary aerosol formation during the three pollution
events. By comparison, the dominances of secondary components were more significant in
PE1 and PE2, while the abundances of primary components (POC, EC and crustal metals)
were highest in PE3. Based on the backward trajectory and modelling analysis above, 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 attributed to the
regional transport of air pollutants under different wind directions. The results suggested
that the characteristics of chemical components in PM, 5 are related to the emission sources,

meteorological conditions and long-range transport of air pollutants (Huang et al., 20123;
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Kang et al., 2013). The input of primary aerosols were more significant under the regional

transport of air pollutants during PE3, comparing with PE1 and PE2.

Mineral particles in the atmosphere participate in various atmospheric processes, such as
radiative forcing, cloud condensation and ice nuclei, biogeochemical cycles, and
heterogeneous reactions with secondary aerosol precursor gases (Li and Shao, 2009;
McNaughton et al., 2009). The heterogeneous reactions of mineral particles with HNO3 and
NO; have received significant interest because they can affect the hygroscopic properties of
aerosols. Li and Shao (2009) have demonstrated that mineral particles were mainly covered
with coating including Ca(NOs3),, Mg(NO3), and NaNO3, and the coatings increased the size
of mineral particles. They also reported that about 90% of the collected mineral particles were
coated in haze samples, and most of the coatings were possibly nitrates. In this study, the
ratios of NO3/Al during pollution events (33.9 in PEL, 56.8 in PE2 and 22.9 in PE3) were
found to be much higher than those during non-pollution periods (11.8-19.4), probably
attributed to the heterogeneous reactions of crustal elements with HNO3z and NO, in pollution
events. The coatings of nitrate on mineral particles can be transported over longer distances
along with mineral particles, comparing with pure secondary nitrate (McNaughton et al.,
2009; Li et al., 2012). During PE3, more contributions of crustal elements together with NO3’
were observed during the long range transport, probably due to the capture of nitrate by

mineral particles during the long-range transport.
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Figure 6-19 Relative abundances of the measured chemical compositions in PM, s samples
in Shanghai during the three pollution events: PE1, 7-8 November 2013; PE2, 5-12

December 2013; and PE3, 25 December 2013-5 January 2014.

6.3 Summary

The NAQPMS modelling results clearly showed the trans-boundary transport of PM,s
among the PRD and YRD regions and Beijing during a severe and long-lasting pollution
event occurred from 2 to 14 December 2013. The results showed the transport of PM, 5 from
the YRD region to the PRD region and Beijing during 7-8 December. After 9 December, the
YRD region was the receptor of transport from North China, and the PRD region became the
receptor of transport from the YRD region. Three pollution events were identified in
Shanghai during the autumn and winter. Analysis of air mass backward trajectories and
meteorological parameters suggested that the meteorological condition was one of the key
factors in the formation of pollution events. By using the NAQPMS model, the evolution and
transport of PM,s over the YRD region during the three pollution events indicated that
regional transport play an important role in the formation of pollution events. The dominance
of secondary components (SOC and secondary inorganic ions) during the three pollution

events suggested the importance of secondary aerosol formation in driving PM, s pollution.
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More contributions of crustal elements together with NO3™ were observed in PE3, probably
attributed to the heterogeneous reactions of crustal particles with HNO3; and NO; during the

long-range transport.
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Chapter 7 - Bioaccessibility and Health Risks of Trace Metals in

PM, s in Large Cities of China using Simulated Lung Fluids

Investigation of bioaccessibility and health risks of airborne trace metals provide
information regarding the health risks of PM, 5 in urban environment. The purposes of this
chapter are: (1) to investigate the bioaccessibility of trace metals in PM, s in Guangzhou (GZ),
Shanghai (SH) and Nanjing (NJ) using simulated lung fluids—Gamble’s solution; (2) to study
the variations of bioaccessibility of trace metals as a function of time (e.g., seasonal, and
pollution days vs non-pollution days); and (3) to evaluate the health risks of airborne trace
metals via inhalation exposure. A total of 40, 61 and 42 samples from Guangzhou, Shanghai
and Nanjing cover the period from October 2013 to 17 July 2014 were analyzed for

bioaccessibility investigation and risk assessment, respectively.

7.1 Total and Bioaccessible Concentrations of Trace Metals in PM, 5

Total and bioaccessible concentrations of Cr, As, Mn, Ni, Pb, V and Zn in PM,5 in
Guangzhou, Shanghai and Nanjing are listed in Table 7-1. Total metal concentrations in the
three cities were found to be variable in a large range, between 7.63 ng m™ (for Ni in GZ) and
273 ng m™ (for Zn in SH). Generally, total concentrations of trace metals were in the order of
Ni <V <As <Cr< Mn<Pb< Zn. Spatially, the total concentrations of trace metals in PM, 5

were highest in Shanghai, followed by Nanjing and Guangzhou.

Bioaccessible concentrations of airborne trace metals obtained in the three cities showed less
variability. Relatively high bioaccessible concentrations of Mn (5.10-10.0 ng m?), V
(2.05-6.30 ng m™®) and Zn (3.80-14.4 ng m®) were obtained. Similar with total concentrations,
the bioaccessible concentrations of Mn, Ni, Pb, V and Zn were highest in SH, followed by NJ
and GZ. Although the total concentration of Cr was lowest in Guangzhou, the highest
bioaccessible concentration of Cr was found in GZ. Overall, the bioaccessible concentrations

of trace metals in this study were lower than to those measured in PM,s from Frankfurt,
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Germany using Gamble’s solution as the extractant for 24 h (Wiseman and Zereini, 2014).
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Table 7-1 Total and Bioaccessible concentrations (ng m™, annual mean +S.D.), and bioaccessible fraction (%) of trace metals in PM, 5 from Guangzhou, Shanghai

and Nanjing.
Location Cr As Mn Ni Pb \% Zn
Guangzhou Total (ng m™) 13.4+12.1 12.3 +10.3 32.6 £18.5 7.63 £3.97 425 +30.0 10.5+7.01 175 £112
(n=40) Bioaccessible (ng m™) 3.11 +£6.52 2.99 +£2.35 5.10 +3.58 0.57 +0.38 1.18+1.21 3.61+2.32 3.80 +£3.72
Bioaccessible fraction (%) 22.9+19.6 30.6 £13.7 20.6 £18.1 6.19 +7.10 4.42 +£4.83 55.0 £65.5 3.15+451
Shanghai Total (ng m™) 21.0+11.8 - 60.0 +36.2 18.1 £8.07 95.2 +76.8 18.3 +9.28 273 +£234
(n=61) Bioaccessible (ng m'3) 1.33 +0.64 2.75 £3.65 10.0 +£10.3 1.34 +1.08 3.93+6.71 6.30 +4.09 9.28 +£17.8
Bioaccessible fraction (%) 8.25 +5.80 - 15.7 £9.17 8.96 +10.6 2.90 £3.31 38.1+18.3 2.05+2.98
Nanjing Total (ng m™) 1414967 - 48.8 +32.1 9.02+566 110 +93.3 958 +9.02 251 +180
Bioaccessible (ng m™) 1.31 £0.49 2.83 +£2.50 6.99 +5.77 0.81 +0.41 1.72 £1.94 2.05+1.07 5.56 +8.33
(n=42) Bioaccessible fraction (%) 15.2 +£13.9 - 14.3 +5.62 17.7 £25.3 1.41 +0.50 40.4 £32.2 1.63 +1.36
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7.2 Bioaccessibility of Airborne Trace Metals

The bioaccessible fraction of each trace metals was calculated by dividing the bioaccessible
concentration by the total concentration of the metal in the sample. As shown in Table 7-1,
bioaccessible fractions in PM,s in the three cities varied among trace metals, with high
fractions for V (38.1-55.0%), intermediate fractions for Mn (14.3-20.6%), Cr (8.25-22.9%)
and Ni (6.19-17.7%), and low fractions for Pb (1.41-4.42%) and Zn (1.63-3.15%). In the
three cities, V presented high bioaccessibility in PM,s; Mn, Cr and Ni showed intermediate
bioaccessibility; and Pb and Zn exhibited low bioaccessibility. The bioaccessible fractions of
trace metals were lower than those reported in PM, s from Frankfurt, Germany using the
Gamble’s solution as the extractant for 24 h (Wiseman and Zereini, 2014) and from Beijing,
China using water for extraction test (Schleicher et al., 2011). The use of simulated lung
fluid does provide more real bioavailability of airborne metals compared to using water as
leaching agents, as it is more likely to reflect real human body conditions (Mukhtar and
Limbeck, 2013). Compared with Shanghai and Nanjing, the total and bioaccessible
concentrations of trace metals in Guangzhou were lower, while the bioaccessibility of trace
metals in Guangzhou were higher, with the exception of Ni. The bioaccessibility of airborne
trace metals is influenced by particle sources (Desboeufs et al., 2005; Heal et al., 2005),
metal speciation in particles (Chester et al., 1989) and chemical properties of particles, such
as water soluble organic matter (Wozniak et al., 2013) and particle acidity (Desboeufs et al.,
2005). Further study is needed to investigate the factors that affect the bioaccessibility of

trace metals in PM, 5.

7.3 Seasonal Variations of Airborne Trace Metals Bioaccessibility

The seasonal variations of bioaccessible trace metal concentrations in PM, s in Guangzhou,
Shanghai and Nanjing are displayed in Fig. 7-1. In the three cities, clear seasonal variations
with higher concentrations in winter and lower concentrations in summer were both

observed for bioaccessible Cr, As, Mn, Pb and Zn. In Guangzhou, high bioaccessible
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concentrations of V were observed in spring, whereas no significant differences of Ni were
found among the four seasons. Ni and V exhibited less variation in Shanghai and Nanjing. In
general, the seasonal patterns of bioaccessible trace metal concentrations were similar to
PM, 5 and total trace metal concentrations. Good correlations between PM, s concentrations
and bioaccessible concentrations were found for Cr, As, Mn, Pb and Zn, while no correlations
were observed for Ni and V (Table 7-2). The result suggested the significant role of PM;s
mass concentrations on the bioaccessible concentrations of Cr, As, Mn, Pb and Zn. In winter,
both high concentrations of PM, s and bioaccessible trace metals may cause a high potential

toxicity to human health in the three cities.

As shown in Fig 7-2, high levels of bioaccessibility for Mn, Pb and Zn were observed in
winter in all the cities, while the bioaccessibilities of Cr, Ni and V exhibited a high level in
summer. Seasonal variations of bioaccessibility in airborne trace metals reflected the
variations of the sources of trace metals in the atmosphere and the chemical properties of
aerosols. In the three cities, positive correlations between PM,s concentrations and trace
metal bioaccessibility were found for Mn, Pb and Zn, while negative correlations were
observed for Cr, Ni and V (Table 7-3). In winter, more anthropogenic inputs of PM, 5 and
trace metals have been investigated by previous results in Chapter 5. High bioaccessibility of
Mn, Pb and Zn in winter probably due to the more input of anthropogenic PM, s and these
trace metals in the atmosphere. Although the bioaccessible concentrations of Cr, Ni and V
were relatively low in summer, their high bioaccessibility in summer needs to be paid more

attention regarding the health risk.
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Table 7-2 Correlation coefficients between PM,s and bioaccessible trace metal

concentrations in Guangzhou, Shanghai and Nanjing.

Location r Cr As Mn Ni Pb \Y Zn

=3

Guangzhou PM,s 0.295 0567 0.899  0.193 0614~ 0244 0.701"

*

Shanghai PM,s  0.7497 0.821 0.809" 0.142 0.695 0.216 0.724"

=3

Nanjing PM,s  0.6937 0.8317 0.884" 0.053 0.847" 0.613~ 0.852"

“stand for statistical significance at the 0.01 level.
“stand for statistical significance at the 0.05 level.

Table 7-3 Correlation coefficients between PM, s concentration and trace metal bioaccessibility in

Guangzhou, Shanghai and Nanjing.

Location r Cr As Mn Ni Pb \Y Zn

* *

Guangzhou PM,s -0.240 -0.446~ 0.618" 0.351° 04397 0.157 0.431°

*

Shanghai  PM,s  -0.251 0.3727 -0.240 0.358" -0.281" 0.717

*

*

Nanjing PM,s  -0.463" 0.140 -0.466~ 0.355° -0.311" 0.682"

“stand for statistical significance at the 0.01 level.
“stand for statistical significance at the 0.05 level.
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Figure 7-2 Bioaccessibility (mean +S.D.) of trace metals in PM,s in four seasons in (a)

Guangzhou; (b) Shanghai; and (c) Nanjing.
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7.4 Bioaccessibility of Airborne Trace Metals on Pollution Days and

Non-pollution Days

The bioaccessible concentrations of trace metals during pollution (daily PM, s higher than
the average values) and non-pollution days (daily PM, s less than the average values) in GZ,
SH and NJ in four seasons are displayed in Fig. 7-3, 7-4 and 7-5, respectively. Compared
with non-pollution days, the bioaccessible concentrations of As, Mn, Pb and Zn were found
to be high on pollution days in each season, implying high potential toxicity of these metals
during the pollution days. In contrast, the bioaccessible concentrations of Ni and V were
higher on non-pollution days than those on pollution days in spring. The bioaccessible
concentrations of Cr were found no significant differences between pollution days and
non-pollution days in SH and NJ, while were higher on pollution days in autumn, winter and
summer seasons in GZ. High bioaccessible concentrations of As, Mn, Pb and Zn on pollution

days were likely due to the high PM, s concentrations.

The bioaccessibilities of Mn, Pb and Zn on pollution days were higher than those on
non-pollution days in winter in GZ (see Fig. 7-6). Compared with non-pollution days, higher
bioaccessibilities of Zn on pollution days were investigated in winter in SH (see Fig. 7-7) and
NJ (see Fig. 7-8). High bioaccessibilities of these trace metals were found on pollution days,
probably due to the differences of emission sources and chemical components between
pollution and non-pollution days. The toxic effect posed by Mn during the pollution days
may be worthy of further study because of their high bioaccessible concentration and
bioaccessibility in PM,s. Although the bioaccessibility of Pb and Zn were small, their high
bioaccessible concentrations during the pollution days remain potential toxic risk in

comparison with the non-pollution days.
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Figure 7-3 Bioaccessible concentrations of trace metals during pollution and non-pollution days

in Guangzhou in four seasons.

12 60
©@ O Pollution days (a) Autumn O Pollution days (b) Winter
€ O Non-poliution days O Non-pollution days
210 50
e
]
T 8- 40|
c
@
g
o 6 304
o
2
2
? 4 20
®
Q
o
S 2 { 10
ol ; ; ; § 1ol & : . ; !
Cr As Mn v Zn Cr As Mn v Zn
14 16
© O Pollution days ¢) Sprin O Pollution days d) Summer
512 O Non-pollution days (c) Spring 144 O Non-poliution days
2
g 12
%10-
g
g 10
2
] 8
o
o 6
2 64
2
® 4
g 41
©
2,
m 24 2
i Pl e ; 1
0 T T T T T 0 T 3 T T T
Cr As Mn v Zn Cr As Mn v Zn

Figure 7-4 Bioaccessible concentrations of trace metals during pollution during pollution
and non-pollution days in Shanghai in four seasons.
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Figure 7-5 Bioaccessible concentrations of trace metals during pollution during pollution

and non-pollution days in Nanjing in four seasons.

100 100
O Pollution days O Pollution days b) Winter
O Non-poliution days (a) Autumn O Non-poliution days (b)
80 80
g
5 60 4 60
a
]
»
@
3 40 40
©
L
o
20 4 20 { {
ol — - & ¢ 1ol é R
Cr As Mn Ni Pb \' Zn Cr As Mn Ni Pb v Zn
100 100
O Pollution days : O Pollution days
O Non-pollution days (c) Spring O Non-pollution days d) Summer
80 4 804
g
2 60 60+
a
]
3
@
3 40 40+ g
©
L
o
20 20 4 }
0 i 3 g 0 2 § i R
T T T T ¥ T Y T T T T T T Y
Cr As Mn Ni Pb Vv Zn Cr As Mn Ni Pb Vv Zn

Figure 7-6 Bioaccessibility of trace metals during pollution and non-pollution days in

Guangzhou in four seasons.
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Shanghai in four seasons.
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Figure 7-8 Bioaccessibility of trace metals during pollution and non-pollution days in

Nanjing in four seasons.
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7.5 Health Risks Assessment of Airborne Trace Metals

It is now widely recognized that the bioaccessible concentrations of trace metals in
atmospheric PM is important for risk assessment of metal toxicity instead of total metal
concentrations. Inhalation is the most important pathway for human exposure of airborne
trace metals. In this study, both carcinogenic (Cr, As, Ni and Pb) and non-carcinogenic (Cr,
As, Ni and Mn) risks posed by airborne trace metals via inhalation to children and adults
were calculated by using the method (see Section 3.11) and related parameters from US
EPA. Table 7-4 shows the related parameters for risk assessment calculation of airborne trace
metals via inhalation exposure. As shown in Table 7-5, the annual mean, and mean in
pollution days and non-pollution days during winter of bioaccessible concentrations for trace

metals were used to calculate the carcinogenic and non-carcinogenic risks.

The calculated carcinogenic and non-carcinogenic risks to children and adults in the three
cities using the annual mean of bioaccessible concentrations for trace metals are shown in
Table 7-6. Generally, the US EPA considers that carcinogenic risks lower than 1 <10 can
be negligible, and risks higher than 1 = 10 can be sufficiently large that some sort of
remediation is desirable. Therefore, the carcinogenic risks for lower than 1 x 10 are
generally considered to be acceptable. In the three cities, the carcinogenic risks via
inhalation to children and adults were in the order of Cr > As > Ni > Pb. The carcinogenic
risks of Cr and As were higher in GZ than those in SH and NJ, while Ni and Pb exhibited
higher carcinogenic risks in SH compared to NJ and GZ. The carcinogenic risks of As, Ni
and Pb via inhalation exposure were less than the threshold level of 1 %107 for children and
adults at all the cities, indicating that the carcinogenic risks posed by those toxic metals are
negligible during the period. Cr toxicity is directly dependent on its valence state (Cr (III)
and Cr (V1)); Cr (VI) is more toxicity than Cr (III).In this study, only total bioaccessible
concentrations of Cr instead of bioaccessible concentrations of Cr (VI) were determined.
The IUR and RfCi of Cr (V1) represented that of total Cr for risk assessment. The calculated

carcinogenic risks for Cr presented higher risk than that of Cr (V). Table 7-6 showed that
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the carcinogenic risks of Cr were less than the negligible level of 1 x10°® for children and
adults in SH and NJ. However, the carcinogenic risk of Cr was slightly higher than 1 =< 10
for adults in GZ, suggesting that the carcinogenic risk of Cr due to inhalation exposure by

PM, 5 can be acceptable in GZ.

The hazard quotient (HQ) for Cr, As, Mn and Ni via inhalation exposure at the three cities
were both lower than the safe value of 1, suggesting no non-carcinogenic risks to children
and adults. Similar to carcinogenic risks, HQ for Cr and As were higher in GZ than those in
SH and NJ, while Ni and Pb exhibited higher HQ in SH compared to NJ and GZ. In the
three cities, the element of Cr showed the highest carcinogenic risk to children and adults;

and As and Mn exhibited the highest non-carcinogenic risks (HQ).

In winter, the ratios of CR on pollution days to CR on non-pollution days and the ratios of HQ
on pollution days to HQ on non-pollution days posed by airborne trace metals are displayed in
Fig. 7-9 (a) and (b), respectively. At the three cities, both CR and HQ to children and adults
showed higher values on pollution days than those on non-pollution days. In Guangzhou, the
health risks of Cr, Mn, Pb, As and Ni for one pollution day exposure equal those for 13.4,
4.89, 3.68, 2.33 and 1.93 non-pollution days exposure, respectively. In Shanghai, the health
risks of As, Pb, Mn, Cr and Ni on pollution days were 3.76, 3.67, 3.13, 1.77 and 1.32 times
higher than that on non-pollution days, respectively. In Nanjing, the health risks of Pb, As,
Mn, Ni and Cr on pollution days were 6.01, 3.28, 3.10, 1.85 and 1.68 times higher than that
on non-pollution days, respectively. The results indicated that carcinogenic and
non-carcinogenic risks posed by airborne trace metals via inhalation exposure to children
and adults were significantly higher on pollution days than those on non-pollution days

during winter.
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Table 7-4 Related parameters for risk assessment calculation of airborne trace metals via inhalation exposure.

IUR? RfCi® ET EF (days year™)
Element
(Lg/m®) (mg m™) (hours day™) Annual Pollution days Non-pollution days

cr° 1.20E-02 1.00E-04 8 180 45 45
As 4.30E-03 1.50E-05 8 180 45 45
Ni 2.40E-04 5.00E-05 8 180 45 45
Pb>¢ 8.00E-05 8 180 45 45
V¢ 8 180 45 45
Mn 5.00E-05 8 180 45 45
Zn 8 180 45 45

?1UR and RfCi were obtained from US EPA website (http://www.epa.gov/region9/superfund/prg/index.html).

®Cr for Cr (VI), Pb for inorganic Pb.
“No IUR for V; no RfCi for Pb, V and Zn.
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Table 7-5 Mean concentrations (ng m™) of bioaccessible trace metals in PM, 5 in Guangzhou, Shanghai and Nanjing.

Guangzhou Shanghai Nanjing
Metals
Annual Pollution  Non-pollution Annual Pollution Non-pollution Annual Pollution ~ Non-pollution
Cr 3.11 8.69 0.65 1.33 1.97 1.11 131 1.97 1.18
As 2.99 6.36 2.74 2.75 6.90 1.84 2.83 5.94 1.81
Mn 5.10 11.57 2.37 10.01 24.79 7.93 6.99 16.46 531
Ni 0.57 0.85 0.44 1.34 1.52 1.15 0.81 0.92 0.50
Pb 1.18 3.46 0.94 3.93 12.68 3.46 1.72 5.18 0.86
\% 3.61 4.46 1.19 6.30 6.39 6.36 2.05 3.08 2.22
Zn 3.80 10.46 1.74 9.28 36.0 3.53 5.56 19.44 2.09

Annual = annual mean concentration; Pollution = mean concentration in pollution days during winter; Non-pollution = mean concentration in non-pollution days

during winter.
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Table 7-6 Carcinogenic risk (CR) and non-carcinogenic risk (HQ) of airborne trace metals (annual mean concentrations) via inhalation exposure to children and

adults in Guangzhou, Shanghai and Nanjing.

Guangzhou Shanghai Nanjing
CR HQ CR HQ CR HQ
Children  Adults Children  Adults Children  Adults Children  Adults Children  Adults Children  Adults

Cr 5.26E-07 2.10E-06 5.12E-03 5.12E-03 2.25E-07 8.99E-07 2.18E-03 2.18E-03 2.21E-07 8.84E-07 2.15E-03 2.15E-03
As 1.81E-07 7.25E-07 3.28E-02 3.28E-02 1.67E-07 6.66E-07 3.01E-02 3.01E-02 1.71E-07 6.85E-07 3.10E-02 3.10E-02
Mn 1.68E-02 1.68E-02 3.29E-02 3.29E-02 2.30E-02 2.30E-02
Ni  1.93E-09 7.71E-09 1.87E-03 1.87E-03 454E-09 1.82E-08 4.42E-03 4.42E-03 2.72E-09 1.09E-08 2.65E-03 2.65E-03
Pb  1.33E-09 5.33E-09 443E-09 1.77E-08 194E-09 7.77E-09
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7.6 Summary

Relatively high bioaccessible concentrations for Mn, V and Zn were obtained in GZ, SH and
NJ. The bioaccessible concentrations of Mn, Ni, Pb, V and Zn were highest in SH, followed
by NJ and GZ. In the three cities, V presented high bioaccessibility in PM,s; Mn, Crand Ni
showed intermediate bioaccessibility; and Pb and Zn exhibited low bioaccessibility. Both
high bioaccessible concentrations and bioaccessibilities were observed in winter for Mn, Pb
and Zn, probably due to the more input of anthropogenic PM; s and these trace metals in the
atmosphere. Compared with non-pollution days, the bioaccessible concentrations of trace
metals were higher on pollution days; the bioaccessibility of Mn, Pb, V and Zn in GZ, and
Zn in SH and NJ were higher on pollution days. The carcinogenic risks of As, Ni and Pb via
inhalation exposure were lower than the acceptable level of 1 <10 for children and adults
in the three cities, whereas the carcinogenic risk of Cr was higher than 1 x 107 for adults in
GZ. The non-carcinogenic risks for Cr, As, Mn and Ni via inhalation exposure to children
and adults were lower than the safe value of 1. The element of Cr showed the highest
carcinogenic risk to children and adults; and As and Mn exhibited the highest
non-carcinogenic risks (HQ). Among the three cities, both carcinogenic risks and HQ
showed relatively higher values for Cr and As in GZ, and were higher in SH for Ni and Pb.
Carcinogenic and non-carcinogenic risks posed by airborne trace metals via inhalation
exposure to children and adults were significantly higher on pollution days than those on
non-pollution days during winter. The inhalation of PM, 5 on pollution days in winter season

should be attached more attention in the three cities.
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Chapter 8 - Conclusions and Recommendations

8.1 Summary of Major Results

The major findings in the PM; s study in the PRD, the YRD and North China are as follows:

1.

Heavy PM, 5 pollution was observed in the three regions and showed a decreasing trend
among the urban sites in the order of North China (Beijing) > the YRD (Shanghai,
Nanjing and Hangzhou) > the PRD (Guangzhou). Airborne trace metal pollution was
both significant in the three regions, and most serious in Beijing due to the highest
contribution of crustal elements. Carbonaceous species (OC and EC) and secondary
inorganic species (NOz, SO,~ and NH,") were the important components of PM,s.
Among Guangzhou (GZ), Shanghai (SH) and Beijing (BJ), PM,5 concentrations were
ranked in the order of BJ > SH > GZ, while the concentrations for trace elements, OC and
EC were decreased in the order of BJ > GZ > SH.

The concentrations and chemical compositions of PM, s showed clear temporal-spatial
and seasonal variability in all the sampling sites. However, the seasonal patterns of PM, 5
showed regional differences among the three regions. Similar seasonal patterns for PM s,
SOC and trace elements were found in GZ, SH and BJ, with higher concentrations in
winter and lower concentrations in summer. In contrast with other two cities, the
concentrations of airborne crustal elements increased from summer to spring in BJ, while
no significant seasonal variations of EC and POC were found in GZ.

Source appointment of chemical compositions of PM, s demonstrated that anthropogenic
sources including coal combustion, heavy industries and traffic emissions were the
major contributors to PM,s in the three regions. Enrichment factor and Pb isotopic
analysis indicated the large inputs of atmospheric Pb from coal combustion in the three
regions during winter.

Results of backward trajectory analysis and PSCF model showed that the long-range

transport pathways and potential source regions of PM,s in GZ, SH and BJ were
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seasonally dependent. Pb isotope signatures in PM,s confirmed the inputs of
atmospheric Pb from coal combustion via long-range transport in winter in the three
regions.

Different characteristics in the temporal-spatial and seasonal variations of PM, s among
the three regions were driven by their local emissions, meteorological conditions and
long-range transport pathways.

Seasonal trans-boundary transport of PM, s over the three regions was found by the
PSCF modelling results. In winter, the PRD region was the receptor of transport from the
coastal areas of the YRD region, while the YRD region was the receptor of transport from
North China. In summer, the transport occurred from the YRD region to North China.
Trans-boundary transport of PM, s among the three regions was further demonstrated in
a severe and long-lasting pollution event that occurred from 2 to 14 December 2013 by
the NAQPMS model.

Three pollution events (PE1-PE3) were identified in Shanghai during the autumn and
winter. Analysis of air mass backward trajectories and meteorological parameters
suggested that the meteorological condition was one of the key factors in the formation of
pollution events. By using the NAQPMS model, the evolution and transport of PM, 5
over the YRD region during the three pollution events indicated that regional transport
play an important role in the formation of pollution events. Secondary aerosols were the
dominant components of PM; s during the three pollution events. More contributions of
crustal elements together with NOs™ were observed in PE3, probably attributed to the
heterogeneous reactions of HNOz; and NO, on the surface of crustal particles during the
long-range transport. The results suggested that the formation of pollution events are
related to emission sources, meteorological conditions and long-range transport of air
pollutants.

High bioaccessibility for V (38.1-55.0%), intermediate bioaccessibility for Mn
(14.3-20.6%), Cr (8.25-22.9%) and Ni (6.19-17.7%), and low bioaccessibility for Pb
(1.41-4.42%) and Zn (1.63-3.15%) were investigated in PM,s in GZ, SH and NJ.

Seasonally, the bioaccessibility of Mn, Pb and Zn were highest in winter. Compared
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with non-pollution days, the bioaccessibility of Mn, Pb, V and Zn at GZ, and Zn in SH
and NJ were higher on pollution days. Carcinogenic and non-carcinogenic risks posed
by airborne trace metals via inhalation exposure to children and adults were

significantly higher on pollution days than those on non-pollution days during winter.

8.2 Recommendations

Based on the present study, several recommendations are proposed:

@)

)

@)

(4)

Air quality policy and strategy on the control of PM; s pollution should be adopted to
improve air quality in the PRD, the YRD and North China.

Strategic emission standard and environmental regulations on the emissions of
atmospheric particulate matters from various anthropogenic sources, especially from
vehicular emissions and coal combustions, should be implemented to control PM, 5
pollution in the three regions.

Urban air quality forecasting system and regional haze weather forecasting system
should be applied to foster urban and regional air quality management and realize
operational prediction and early warning of air pollution and haze weather episode.
Effective countermeasures, such as reducing outdoor activities, wearing masks and
eating more run lung’s food, should be adopted to reduce the harm of haze weather to

human body.

8.3 Limitations and Future Research

The Pb isotope technique was used to assess the sources and the long-range transport of

anthropogenic Pb. However, the method has its limitations. More precise analytical

instruments, such as MC-ICP-MS, are required to increase the accuracy of Pb isotopic

signature in environmental materials. The lead isotope fingerprinting of Pb emission sources

from the literatures is not available to identify the exactly major sources and their

contribution of Pb in the air. The differences in Pb isotopic compositions among the various

anthropogenic pollution sources may be smaller than what was observed previously.
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Moreover, the current regional characteristics of Pb isotopic fingerprint in the air are
expected to bring further changes to Pb isotopic compositions due to the free trading of Pb
ore and refined products in China, which will make Pb isotope technology for source
identification and tracing long-range transport of air pollutants more difficult in the future.
Further studies are needed to investigate the Pb isotope signatures in the major sources of

atmospheric Pb.

Carbonaceous matter is one of the most abundant components of PM,s in China.
Investigation of the concentrations and sources of carbonaceous species in PM, s requires
further research in the city clusters of China. However, it is difficult to identify and quantify
their sources due to the various sources. Moreover, the limitations of the widely used
methods are lack of the knowledge of the contribution of fossil fuel emissions vs biomass and
the differences between primary and secondary sources for carbonaceous species in PM,s.
The technique of radiocarbon (**C) analysis provides unambiguous differentiation among
the fossil fuel, biomass burning and biogenic sources on carbonaceous matters in PM, s, and
is also helpful to understand the formation mechanisms of SOC. Hence, the application of
YC analysis technique is required to better investigate the emission sources and their

contributions of carbonaceous matters in PM, 5 in the future work.

Investigation of the bioaccessibility of trace metals in PM,s is the first step to understand
their potential toxicity. The bioaccessibility of airborne trace metals are related to the
emission sources and chemical characteristics of aerosols and meteorological conditions.
The factors that possible influence the bioaccessibility of trace metals in PM,s should be
further studied. In addition, more researches are needed to study the in vitro effects of PM,s
and to determine the contribution of trace metals in the toxic effect of PM, 5. Moreover, the
toxic effect of PM, s was not only due to a direct action of fine particles on the respiratory
tissue or lung tissues, but also attributed to the toxicological effects of chemical compounds
associated with particles. It is critical to understand the mixture toxic effects and

identification of which components and sources dominate the toxicity of PM;s.
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