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Abstract

Sang Cheol Kim
Department of Environmental Health Sciences
Graduate School of Public Health

Seoul National University

Exposure to fine particulate matter (PM,5) has been
revealed as a severe threat to human health and one of
the major risk factors driving both death and disability.
South Korea is one of the countries that have been
suffering from serious air pollution, especially problems
related to PMys.

PM,5 is a heterogeneous mixture of numerous
components such as sulfate, nitrate, organic carbon,
elemental carbon, and trace elements. The chemical
compositional characteristics are highly region-specific
because most of the PM,s5 mass concentration is
attributable to secondary particles, formed by the reactions

among gaseous precursors in the atmosphere. In general,



the factors affecting secondary formation are meteorological
conditions, source locations, geographical features of the
region as well as the ambient concentration of gaseous
pollutants including sulfur oxides and nitrogen oxides.
Therefore, understanding the chemical composition and
source profiles of PM,5 in the region of interest is crucial
for controlling PM,s. Moreover, the assessment of health
risk caused by PM,s exposure needs to conducted to
mitigate the adverse health effects from a public health
perspective.

In this study, the associations of cause-specific
mortality and morbidity with both PM,s constituents and
source contributions were investigated in four metropolitan
cities, namely Seoul, Daejeon, Gwangju, and Ulsan. Each
city represents the air control zone in the country
designated by a special act as of April 2020 to mitigate
and control the air pollution on a regional basis. For the
analyses, generalized linear model (GLM) was applied to
the data including daily health outcomes, the average
concentrations of PM,5 constituents, and the results of PMF

modelling.



The findings show that short-term exposure to PMss
constituents largely increased the relative risk (RR) of
mortality and morbidity. However, the significance and
strength of associations were different among the cities. In
addition, source contributions also increased the RR of
mortality and morbidity with different strength. In
summary, the results of the study imply the importance of
approaches based on compositional characteristics and
health risk in making proper policies in the region of
interest to mitigate the negative health effects of PM;s

exposure more efficiently.

Keywords : PM,s, PMF modelling, source apportionment,
mortality, morbidity, relative risk, generalized

linear model

Student Number : 2017-32636
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1. Introduction

Ambient particulate matter (PM) has become one of the
most concerning factors affecting human health in many large
cities around the globe. Especially, fine particulate matter
(PM,5), defined as particles with aerodynamic diameter less
than or equal to 2.5 um, has been reported to have more serious
impacts on human organ systems than bigger particles due to
its physicochemical properties (Schins et al., 2004).

First, extremely small sizes lead PM,s to both high
mobility and difficulty of removal once inhaled into human
body through breath. Contrast to bigger airborne particles,
easily removed by mucociliary clearance, considerable amount of
PM,5 we breath in can reach the deeper region of respiratory
tract and retain in the human lung for a long period of time.
Thus, PMy5 accounts for most of particles observed in human
pulmonary parenchyma and it is very difficult to be removed
(Churg and Brauer, 1997).

Huge specific surface area is another physical property
of PM,5 explaining the relationship between the exposure to
PM,5 and adverse health outcomes. The great specific surface
area enables PM,5 to act as a carrier of highly toxic compounds
such as polycyclic aromatic hydrocarbons (PAHs) and transition

metals (Pandey et al., 2013).



Third, the chemical heterogeniety of PM,s composition
also plays an important role in affecting human health because
each constituent of PM,5 has its own target organ and toxicity
mechanism. These properties mainly originate from the
formational mechanisms of PM,s represented by secondary
formation among various gaseous precursors in the atmosphere.

Due to the complexity of formation processes among
gaseous precursors, PM,s is composed of a number of
constituents including ionic compounds (e.g. sulfate, nitrate, and
ammonium), carbonaceous species (organic carbon and element
carbon), trace elements (e.g. nickel, cadmium, lead, and
vanadium) (Ye et al, 2003; Dai et al.,, 2013; Amil et al., 2016).
In addition, the proportion of each constituent varies
considerably according to spatial and temporal conditions of the
samples because PM,s is highly region-specific secondary
aerosol (Cheng et al., 2012; He et al., 2012; Li et al., 2017).

In the same context, the toxicity of PM,s differs
significantly depending on time and space and it should be
evaluated exactly considering chemical composition in the region
requiring proper plans and policies to reduce the health effects
of PM,s5. Nevertheless, many administrative policies and plans
with regard to PM,s have been focused on the mass

concentration of particles.



Accordingly, the chemical composition and source
profiles of PM,5 in the region of interest should be considered
to design appropriate policies for managing PM,s. Moreover,
the associations of health outcomes with PM,5 exposure need to
be evaluated to mitigate the negative health effects more

efficiently.

2. Potential mechanisms of health effects of PM,5 exposure
2.1 Respiratory system

PM deposits on different parts of human respiratory
system based on its physicochemical properties while the
diameter of particles is particularly important. In general, coarse
PM with the diameter between 2.5 pm and 10 pm mostly settles
down on nasal cavity, pharynx and Larynx in upper airway,
whereas particles less than 5 um deposit on trachea. However,
PM,5 can reach and easily deposit on pulmonary alveoli where
gas exchange occurs (Peng et al., 2019).

Many studies have revealed possible mechanisms for the
effects of PM,5 exposure on respiratory system including injury
from free radical peroxidation, imbalance of intracellular calcium
homeostasis, and inflammation (Wang et al, 2020; Xing et al.,

2016). Owing to the huge specific surface area, a variety of



hazardous pollutants can be absorbed or adsorbed in PMs;s,
which can cause toxicological effects (Sharma et al., 2020). PM,s
-bound substances in lung epithelial cells such as transition
metals (e.g. arsenic, cadmium, and chromium) and hydrocarbons
including PAH are reported to generate reactive oxygen species
(ROS), consequently inducing oxidative stress and genotoxicity
(Choi et al., 2004, Mohseni Bandpi et al., 2017).

Secondly, calcium ion (Ca*) plays an important role as
an intracellular carrier that controls various biological functions
such as proliferation, differentiation, apoptosis, etc (Bagur and
Hajnoczky, 2017; Brini et al.,, 2013; Orrenius and Nicotera, 2003).
PM,s-induced ROS can cause damage on the cell membrane,
which can result in the elevation in the concentration of
intracellular Ca®. Increased Ca* is consequently connected to
apoptosis of cells through influencing calcium-sensing receptors
(Xing et al., 2011).

Inflammation, the third mechanism, is widely known as
the cause of cell damages on respiratory system. A series of
inflammatory reactions are triggered by macrophages, a kind of
phagocytic cells (Fu et al., 2020). Increased pro-inflammatory
responses were observed in macrophages after the exposure of

phagocytes to PMys.



2.2 Cardiovascular system

Cardiovascular diseases (CVDs) are the top leading causes
of death around the world. CVDs include cerebrovascular
diseases, ischemic heart diseases, and heart failure (Abbas et al.,
2009) and accounted for approximately 32% of total death
around the world in 2017 (GBD 2017 Causes of Death
Collaborators, 2018, Zou et al, 2020). Air pollution has been
recognized as a risk factor for CVDs as well as traditional
factors such as tobacco and alcohol. Specifically, previous
studies revealed the association of PM,s exposure with CVDs
(Hayes et al., 2020; Qiu et al., 2020).

A few pathophysiological mechanisms of the effects on
cardiovascular system have been suggested although the exact
principles are not clear. First, oxidative stress and inflammation
induced by PM,s in lung epithelial cells affect cardiovascular
system. The inflammation in lung cells facilitates the release of
pro-inflammatory cytokine such as interleukin 6 (IL-6), tumor
necrosis factor-a (TNF-a) which may spread to circulatory
system (Wang et al., 2015). Increased cytokines subsequently can
cause CVDs such as myocardial infarction, angina pectoris
(Kosmala et al., 2005).

Second, the dysfunction of autonomic nervous system

(ANS) by PM,s5 can have negative impacts on cardiovascular



diseases. The ANS, composed of the sympathetic nervous
system and the parasympathetic nervous system, regulates the
function of multiple internal organs for homeostasis (McCorry,
2007). One of the most important roles of ANS is controlling
the cardiac functions and the dysfunction of ANS is closely
related to a variety of CVDs. Once the irritation of pulmonary
alveoli by PM is recognized by the C-fibers in the lung, the
signals are transmitted to respiratory center (Paton, 1998), which
subsequently stimulates the sympathetic nervous system. Finally,
the activation of sympathetic nervous system brings about the
increase of heat rate and decrease of heart rate variability,
which are related to CVDs

The third mechanism, the translocation of PM,s5, is a
direct pathway different from the two mechanisms discussed
earlier. Due to the extremely small sizes, PM,5 can penetrate
into the systemic circulation, which may cause direct effects in

the deposition site (Rajagopalan et al., 2018).

3. Objectives of the study

The aim of the present study was to investigate the
compositional characteristics of PM,s and to estimate source

contributions in major metropolitan cities in South Korea: Seoul,



Daejeon, Gwangju, and Ulsan. Also, evaluating adverse health
effects associated with PM,s chemical constituents and source
contributions was another goal to be achieved for providing
fundamental information on understanding and controlling
ambient PMys from a public health perspective. The followings

were detailed objectives addressed in each chapter.

Chapter 2

PM,5 is a heterogeneous mixture of numerous toxic substances
such as sulfate, nitrate, organic carbon and the chemical
composition of PM,s differs depending on spatiotemporal
conditions. The objective of this chapter was to identify the
compositional characteristics of PM,s in Seoul, Daejeon,
Gwangju, and Ulsan using daily PM,5 speciation data during

2014-2018.

Chapter 3

The objective of this chapter was the source apportionment of
PM,5 in Seoul, Daejeon, Gwangju, and Ulsan, South Korea. PMF
modelling was conducted for the period 2014-2018 for
identifying the sources and estimating their contributions in the

four cities. In addition, conditional probability function (CPF)



and potential source contribution function (PSCF) were also
conducted to locate possible source areas of each factor resolved

in the study cities.

Chapter 4

Among various health outcomes, one of the most representative
parameters is mortality data widely used for assessing the
adverse health effects of external factors including exposure to
environmental pollutants. The objective of this chapter was to
examine the associations of cause-specific mortality with both
PM,s5 chemical constituents and source contributions in Seoul,

Daejeon, Gwangju, and Ulsan, South Korea.

Chapter 5

The objective of this chapter was to investigate the negative
health effects of PM,s exposure on morbidity. Disease is a
rather acute and primary health outcome of exposure to
external factors in human bodies. The adverse health effects on
morbidity were analyzed by applying generalized linear model
(GLM) to cause-specific emergency department visit data from
2014 to 2018 acquired from national emergency department

information system (NEDIS), South Korea.
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Chapter 2.
Compositional characteristics of ambient PM,5 in Seoul,

Daejeon, Gwangju, and Ulsan during 2014-2018
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Abstract

Ambient PM,s5 is a heterogeneous mixture of various
chemical component such as sulfate, nitrate, organic carbon. The
compositional characteristics of PM,s have been reported to
vary depending on the spatiotemporal conditions because PM;s
is mostly generated from secondary formation among gaseous
precursors in the atmosphere such as sulfur oxides and nitrogen
oxides rather than directly emitted into the air from sources.
Thus, PM,5 chemical composition is highly region-specific and
understanding it is fundamental to figure out the characteristics
of PM,5 such as the relative proportion of each constituent and
the dominant chemical groups as well as PM,s mass
concentration.

The compositional characteristics of PM,s in Seoul,
Daejeon, Gwangju, and Ulsan during 2014-2018 were
investigated and the temporal variations in the concentration of
PM,5 mass and major chemical groups were also examined.
From the analyses, gradual decreases in the concentration of
PM,5 mass and gaseous precursors were observed while PM;s
compositional characteristics were highly region-specific. The
findings of the study are considered to be the results of the
government-led policies and plans intensively implemented since

the mid 2000’s and the reflection of regional characteristics.
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1. Introduction

PM,5 is a mixture of various chemical species such as
sulfate (SO4*), nitrate (NOs), organic carbon (OC), elemental
carbon (EC), calcium (Ca), titanium (Ti), arsenic (As), lead (Pb),
etc. These chemical species can be largely classified into three
major  groups, hnamely ionic compounds, carbonaceous
compounds and trace elements.

Ionic compounds (e.g. NOs, SO,%, NH,") mostly originate
from the secondary formation by the physicochemical processes
among gaseous pollutants in the atmosphere such as nitrogen
oxides, sulfur oxides, and ammonia (Bae et al, 2020). Ionic
constituents normally make up the largest fraction of PM;s
mass.

Carbonaceous species, composed of OC and EC, also
explain a large proportion of PM)s mass concentration and
originate from a broad range of sources related to combustion
of hydrocarbons including vehicles, fossil fuel combustion. OC
constitutes of hydrocarbons with low molecular weight and
derivatives (Zenker et al., 2017). EC, the product of incomplete
combustion or pyrolysis of carbon-containing materials (Long et
al, 2013), is referred to as black carbon (BC) when analyzed by
the optical method (Hitzenberger et al., 2006).
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Trace elements are largely divided into two sub
categories according to their origins; crustal and anthropogenic
components (Lonati et al.,, 2005). Crustal elements include Ca,
Ti, Si, Al, and Mg which are abundant in the earth crust. In
contrast, anthropogenic components generally originate from
their related sources (e.g. As and Se from coal combustion and
Fe, Mn, and Cr from steel processing) (Lee and Hopke, 2006).

The chemical composition of PM,5 highly depends on
the time and location of samples, implying understanding the
PM,5 composition in the region of interest is important. In a
similar context, analyses on PM,5 speciation data need to be
conducted as the first step to control and manage the ambient
PM,5 because it can provide fundamental information including
dominant constituents of PM;s,

In this study, the concentrations of PM,s mass and
chemical constituents in Seoul, Daejeon, Gwangju, and Ulsan
were investigated from January 2014 to December 2018 to better

understand the compositional characteristics of PM»s in each city.

2. Materials and methods

2.1 Study area and period

As of April 2020, the "Special act on the improvement of
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air quality in air control zone" came into effect to manage the
air quality efficiently and systemically on a regional basis in
South Korea. According to the special act, four air control zones
where air pollution was much severer than other regions were
designated: Seoul metropolitan area, Middle area, Southern area,
and Southeastern area. The study areas were major metropolitan
cites standing for air control zones as shown in Figure 2-1.

Seoul, the capital of South Korea, represents the Seoul
metropolitan area. It is located in the northwestern region of
and is adjacent to the Yellow Sea lying between mainland
China on the west and north and the Korean peninsula on the
east. Its area and population were 605 k' and approximately 9.6
million, respectively. Daejeon, the largest city in the Middle
area, is located in the central region of the country and had a
population of 1.5 million in 2019. Gwangju in the Southern area
is a city in the southwest region of the country. Its population
and area were approximately 1.5 million and 501 ki, which
were similar to those of Daejeon. Ulsan is located in the
southeast region of the country and borders the sea. It had a
population of 1.1 million in 2019 with total area of 1062 k.
Ulsan has two huge industrial complexes and is widely known

as a city of heavy industry (Kim et al.,, 2018).
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2.2 Data

National institute of environmental research (NIER),
under the Ministry of Environment (MoE) of South Korea, has
been operating several air pollution intensive monitoring
stations (APIMS) across the country for investigating PM;s
speciation as well as monitoring gaseous pollutants such as
nitrogen dioxide, carbon monoxide. Nearly real-time PMoss
speciation data is produced on a hourly basis. The 24-h
integrated values of PM;s; mass concentration and chemical
speciation in Seoul, Daejeon, Gwangju, and Ulsan during
January 2014 to December 2018 on a daily basis were obtained
from NIER.

The chemical constituents of PM,5 investigated in the
present study were eight ionic species [i.e. sulfate (SO4*), nitrate
(NOs), chloride (CI), sodium ion (Na'), ammonium (NH)"),
potassium ion (K"), magnesium ion (Mg®"), and calcium ion
(Ca*)], two carbonaceous compounds [i.e. organic carbon (OC)
and elemental carbon (EC)] and 15 trace elements [i.e. sulfur
(S), potassium (K), calcium (Ca), titanium (Ti), vanadium (V),
chromium (Cr), manganese (Mn), iron (Fe), nickel (Ni), copper
(Cu), zinc (Zn), arsenic (As), selenium (Se), bromine (Br), and

lead (Pb)].
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3. Results and discussion
3.1 PM,5 mass and gaseous precursors

During the five years of study period, the average PMys
mass concentrations in all cities exceeded 15 pg/m®, annual
PM,5 standard set by the government of South Korea. PM;s
mass concentrations in Seoul, Daejeon, and Gwangju showed
similar values which were much higher than that in Ulsan.

Long-term trends of PMjs mass concentration during
2014-2018 were similar in all cities, showing gradual decrease as
suggested in Figures 2-2, 2-3, 2-4, and 2-5, which led to
considerably reduced PM;s concentration in 2018. These changes
in the average concentration are considered to be the results of
government-led plans and policies intensively implemented from
the middle 2010s for mitigating air pollution, particularly PM;s.
These administrative efforts include “The 2nd master plan for
metropolitan air quality control”, “Special countermeasures on
fine dust”, and “Comprehensive plan on fine dust management”
(Leem et al., 2015; Ning and Lee, 2019).

As PMys is mostly composed of secondary particles
generated by the reactions among gaseous pollutants in the
atmosphere, administrative plans and policies were focused on

the reduction of gaseous precursors as well as PMys.
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Representative constituents of PMys are sulfate and nitrate
originating from sulfur oxides and nitrogen oxides in ambient
air, respectively. Thus, the decreases in gaseous precursors
might have resulted in the overall reduction of ambient PM;s,

The wvariations of ambient sulfur dioxide (SO,) and
nitrogen dioxide (NO;) concentrations also showed patterns
similar to PMys (Figures 2-2, 2-3, 2-4, and 2-5). SO,
concentrations in all cities have obviously decreased, resulting in
approximately 22.6-33.0% lower concentration in 2018 compared
to baseline in 2014. Moreover, SO, concentrations have been
continuously below the annual National Environmental Standards
of 20 ppb set by the government of South Korea. With regard
to the differences among cities, SO, concentrations in Ulsan
showed higher values than those in Seoul, Daejeon, and
Gwangju. The average of annual SOx emission in Ulsan during
2014-2018 has been much larger than other cities due to the
city, reflecting the effects of heavy and petrochemical industry
as well as marine vessel activities.

However, NO, concentrations in Seoul were higher than
those in Daejeon, Gwangju, and Ulsan and the concentration
has decreased less than SO, NOx is largely emitted from the
sources with thermal processes such as gasoline/diesel vehicles,

industry, power stations because NOx is mostly generated from
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thermal NOx mechanism. Contrast to SOx emission, the
complex mechanism of NOx formation makes it difficult to
reduce the emission of NOx because the temperature range of
thermal processes need to be maintained stable. Consequently, it
seems that the reduction of NO, emission was relatively limited
when compared to SO, reduction in all cities during 2014-2018,
which resulted in frequent cases of high NO, concentrations

exceeding the National Environmental Standards.
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Table 2-1 Concentrations of PMs5, SO,, and NO; in Seoul, Daejeon, Gwangju, and Ulsan during 2014-2018

Pollu Total 2014 2015 2016 2017 2018
City Unit
-tants Avg. SD. Avg. SD. Avg. SD. Avg. SD. Avg. SD. Avg. SD.
Seoul 277 172 365 242 257 143 276 130 262 160 238 150
Daejeon 292 160 307 148 356 185 309 157 260 133 242 145
PM,s pg/m
Gwangju 269 158 346 216 284 154 252 129 250 135 238 145
Ulsan 204 118 218 128 207 119 231 118 188 100 188 120
Seoul 5 5 6 2 5 1 5 1 5 1 4 1
Daejeon 3 3 4 2 4 2 3 1 3 1 2 1
SO, ppb
Gwangju 3 1 4 1 3 1 3 1 3 1 3 1
Ulsan 7 3 8 3 7 3 6 3 6 3 6 3
Seoul 29 31 33 13 32 12 31 10 30 11 28 12
Daejeon 17 19 20 9 19 8 19 7 18 8 19 9
NO, ppb
Gwangju 19 8 19 8 19 7 18 7 19 8 17 9
Ulsan 22 3 23 9 23 8 23 7 22 8 20 8
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3.2 PM,;5 chemical constituents

A summary of the concentrations of PMy5 chemical
constituents in Seoul, Daejeon, Gwangju, and Ulsan during 2014-
2018 is presented in Tables 2-2, 2-3, 2-4, and 2-5, respectively.
Also, the relative proportion of major components during
heating seasons (Nov-Mar) and non-heating seasons (Apr-Oct) is
suggested in Figure 2-6.

In Seoul, ionic species constituted the largest fraction
(60.3%) followed by carbonaceous species (18.2%), trace elements
(13.5%). Among ionic species, secondary inorganic aerosols (SIA)
accounted for about 90% of total ion mass. SO42'/ NOs™ ratio was
0.88, the lowest value among the four cities, which implies that
nitrate was dominant over sulfate in secondary formation
during the study period.

In Daejeon, ionic, carbonaceous and trace elemental
species accounted for 51.5%, 20.1%, and 14.3%, respectively. The
sum of mass concentration of SO,>, NO;, and NH, together
was 94.8% of total ionic species. This value was very similar to
that in other cities (Gwangju: 93.2%, Ulsan: 93.4%), indicating
that ionic components of PM,s were significantly affected by
secondary inorganic aerosols (Huang et al., 2014; Voutsa et al.,

2014).
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The chemical composition of PM,5 in Gwangju was quite
similar to that in Daejeon. lonic species accounted for the
majority of PM,5 mass followed by carbon species (19.6%) and
trace elements (11.4%). In Ulsan, the proportion of ionic species
(50.2%) and carbonaceous species (18.9%) was similar to that in
Daejeon and Gwangju while that of trace elements was the
largest among the study cities. Especially, trace elements
obviously contributed more to PM,s mass concentration than
other cities, reflecting the industrial characteristics of Ulsan.
Located in the southeast coastal area of the country, Ulsan has
two huge national industrial complexes (Ulsan petrochemical
industrial complex and Onsan national industrial complex) and
a number of large ports. The combustion of heavy oil
containing much sulfur might have influenced the large share of
sulfur in PMys composition. Large fractions of Ni and V in
PM,5 in Ulsan than other cities support the assumption because
those components are marker species for oil combustion (Dos

Anjos, 2018; Jang et al., 2007).
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Table 2-2 Summary of PM,5 chemical composition in Seoul

Constituents unit Avg. S.D. Min. Median Max.
Mass conc. pg/m’ 27.7 17.2 1.0 23.6 153.4
Ion species pg/ m 16.69 13.43 0.07 12.66 101.89
SO* pg/m 5.38 4.74 0.01 4.05 39.15
NOs pg/m 6.09 5.90 0.02 428 35.57
cr ug/m 0.34 0.38 0.00 0.21 2.57
Na* rg/ m 0.12 0.11 0.00 0.10 0.97
NH," pg/ m’ 3.92 3.19 0.01 3.02 24.05
K" ug/ m’ 0.16 0.15 0.00 0.12 1.05
Mg** pg/m' 0.05 0.13 0.00 0.01 1.45
Ca™ ug/ m’ 0.12 0.29 0.00 0.04 3.16
Carbon species  ug/m’ 5.05 244 0.47 4.63 18.83
ocC rg/ m 3.78 1.90 0.29 3.39 16.79
EC g/ m 1.27 0.64 0.07 1.12 4.50
Trace elements g/ m’ 3.75 2.52 0.22 3.10 25.64
S pg/ m’ 3.05 231 0.10 2.42 23.28
K ng/m’  306.70 215.03 12.25 263.60  2287.96
Ca ng/m’ 65.76 69.55 1.47 48.52  1104.97
Ti ng/m’ 9.79 7.76 0.53 8.26 106.54
\% ng/m 3.66 4.64 0.27 1.81 31.60
Cr ng/m 1.30 1.00 0.35 1.09 7.46
Mn ng/m’ 12.27 8.50 0.25 10.07 56.10
Fe ng/m’  195.00 112.23 20.93 172.76 ~ 1074.53
Ni ng/m’ 1.57 1.63 0.20 1.03 10.14
Cu ng/m’ 7.52 5.16 0.99 6.58 34.97
Zn ng/m’ 65.55 43.58 2.50 54.03 302.25
As ng/m’ 4.02 3.27 0.27 3.39 25.66
Se ng/m’ 1.24 1.20 0.27 0.86 8.62
Br ng/m’ 8.85 6.96 0.10 6.87 63.13
Pb ng/m’ 21.77 15.73 0.66 18.23 132.91
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Table 2-3 Summary of PM,5 chemical composition in Daejeon

Constituents unit Avg. S.D. Min. Median Max.
Mass conc. pg/m’ 29.2 16.0 1.7 26.5 117.2
Ion species ug/m 15.03 10.74 0.48 12.31 70.12
SO* ug/m 5.23 3.71 0.16 4.24 28.25
NO3 pg/ m’ 5.38 5.23 0.07 3.64 31.20
cr pg/m 0.36 0.40 0.00 0.21 2.77
Na* pg/ m’ 0.24 0.27 0.00 0.16 2.48
NH," ©g/m’ 3.64 2.57 0.07 3.11 17.99
K" g/ m 0.15 0.16 0.00 0.10 1.54
Mg** g/ m 0.01 0.01 0.00 0.01 0.17
Ca™ pg/m 0.05 0.05 0.00 0.03 0.50
Carbon species  ug/m’ 5.87 2.65 1.00 5.48 21.41
ocC pg/m 4.53 2.08 0.61 423 16.48
EC g/ m 1.34 0.67 0.29 1.21 4.93
Trace elements g/ m’ 418 3.93 0.18 294 41.85
S pg/m 3.89 3.95 0.10 2.57 40.10
K ng/m'  223.39 174.82 4.55 180.07  1651.46
Ca ng/m’ 58.05 73.80 1.47 36.36  1112.98
Ti ng/m’ 7.74 7.98 0.53 5.76 78.65
\% ng/m 3.05 2.59 0.27 2.35 16.94
Cr ng/m 1.20 1.15 0.35 0.91 10.11
Mn ng/m’ 9.96 6.61 0.25 8.64 39.92
Fe ng/m’  183.00 113.89 16.64 160.01  1002.67
Ni ng/m’ 1.57 1.43 0.20 1.30 16.82
Cu ng/m’ 6.95 4.40 0.99 6.14 33.57
Zn ng/m’ 50.68 32.05 2.18 43.94 254.05
As ng/m’ 2.67 2.62 0.27 1.85 20.04
Se ng/m’ 1.80 1.36 0.27 1.51 8.49
Br ng/m’ 7.28 5.79 0.10 591 48.59
Pb ng/m’ 18.80 13.93 0.66 15.30 115.32

_35_



Table 2-4 Summary of PM,5 chemical composition in Gwangju

Constituents unit Avg. S.D. Min. Median Max.
Mass conc. pg/m’ 26.9 15.8 3.3 23.6 132.9
Ion species ©g/m’ 14.64 10.47 0.96 12.27 78.47
SO* ug/m 5.36 3.92 0.30 4.25 32.16
NO3 pg/ m’ 4.64 4.79 0.06 2.97 41.15
cr pg/ m’ 0.58 0.48 0.01 0.46 3.04
Na* pg/ m’ 0.17 0.14 0.01 0.13 1.26
NH," pg/m 3.65 2.54 0.24 3.10 19.33
K" g/ m 0.20 0.21 0.00 0.14 3.10
Mg** pg/m 0.01 0.02 0.00 0.01 0.26
Ca™ pg/m 0.03 0.04 0.00 0.02 0.67
Carbon species  ug/m’ 5.26 2.70 0.43 4.80 20.09
ocC pg/m 411 2.21 0.20 3.75 17.48
EC g/ m 1.15 0.58 0.07 1.04 3.69
Trace elements g/ m’ 3.07 1.99 0.19 2.56 15.11
S pg/m 2.33 1.68 0.10 1.88 13.04
K ng/m’  247.45 232.54 6.17 180.11  2785.23
Ca ng/m’ 58.07 81.83 1.47 32.96 912.61
Ti ng/m’ 8.46 9.72 0.53 5.63 103.88
\% ng/m 3.54 3.06 0.27 2.75 23.52
Cr ng/m 0.84 0.75 0.35 0.35 7.08
Mn ng/m’ 11.93 7.87 0.25 10.28 52.59
Fe ng/m'  177.01 118.34 12.11 14911  1129.77
Ni ng/m’ 1.28 1.13 0.20 1.03 9.85
Cu ng/m’ 4.03 3.59 0.99 3.33 46.31
Zn ng/m’ 57.14 35.27 2.43 48.66 230.40
As ng/m’ 3.66 2.20 0.27 3.26 16.05
Se ng/m’ 1.29 1.09 0.27 1.00 6.59
Br ng/m’ 8.80 6.10 0.27 7.27 43.49
Pb ng/m’ 19.66 17.25 0.66 15.02 115.36
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Table 2-5 Summary of PM,5 chemical composition in Ulsan

Constituents unit Avg. S.D. Min. Median Max.
Mass conc. rg/m 204 11.8 2.0 17.8 88.3
Ion species pg/m’ 10.25 7.18 1.19 8.38 56.52

SO* pg/m 410 3.15 0.36 3.11 24.81
NO3 pg/ m’ 2.96 3.05 0.09 1.98 21.82
cr pg/ m’ 0.23 0.18 0.01 0.19 1.43
Na* pg/ m’ 0.14 0.11 0.01 0.12 0.84
NH," ug/m 251 1.79 0.17 2.09 14.48
K" g/ m 0.11 0.16 0.00 0.08 2.05
Mg** pg/m 0.02 0.02 0.00 0.02 0.15
Ca™ pg/m 0.05 0.04 0.00 0.03 0.44
Carbon species  ug/m’ 3.85 1.91 0.24 3.52 10.99
ocC pg/m 3.10 1.59 0.07 2.84 9.46
EC g/ m 0.75 0.42 0.07 0.66 3.43
Trace elements ug/m’ 5.79 4.05 0.68 4.52 28.47
S pg/m 5.20 3.87 0.52 4.01 27.62
K ng/m’ 183.20 174.66 9.29 133.37  1897.84
Ca ng/m’ 51.88 50.99 1.47 36.29 581.44
Ti ng/m’ 9.13 8.80 0.53 6.79 89.81
\% ng/m 7.75 10.98 0.27 3.08 86.60
Cr ng/m 2.01 1.31 0.35 1.74 8.99
Mn ng/m’ 18.62 14.65 0.25 15.34 130.97
Fe ng/m’ 197.02 128.39 10.34 169.78  1177.56
Ni ng/m’ 2.99 3.55 0.20 1.62 25.85
Cu ng/m’ 6.72 4.60 0.99 5.70 56.05
Zn ng/m’ 64.33 53.11 0.63 52.00 487.46
As ng/m’ 5.89 7.51 0.27 3.21 64.90
Se ng/m’ 1.54 1.61 0.27 1.04 10.81
Br ng/m’ 7.99 5.67 0.40 6.51 55.37
Pb ng/m’ 17.69 15.42 0.66 13.39 121.66
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Table 2-6 Descriptive statistics of PM,5s mass and major components

in Seoul

Components  Year Avg. S.D. Min. Median Max.
2014 36.5 24.2 8.1 29.3 153.4
2015 25.7 14.3 3.6 224 90.4

PMss
. 2016 27.6 13.0 3.3 24.4 86.3

(1ug/ m’)
2017 26.2 16.0 3.8 22.6 87.4
2018 23.8 15.0 1.0 20.4 104.8
2014 24.87 18.88 2.74 19.38 101.89
) 2015 14.65 10.46 1.39 12.02 55.57

Tonic
species 2016 14.97 9.38 0.74 12.71 55.45
/) o017 1546 1135 1.20 1237 67.01
2018 13.99 11.75 0.07 10.63 80.11
2014 5.68 2.87 0.93 492 18.83
2015 474 2.08 1.36 431 11.43

Carbon
species 2016 497 2.19 0.64 4.54 14.29
(e/T) o1z 5.46 237 1.60 5.00 13.22
2018 4.50 2.34 0.47 423 12.47
2014 3.89 2.54 0.92 3.04 15.61
2015 5.76 414 1.54 4.79 25.64

Trace
elements 2016 4.34 2.40 0.84 3.67 15.62
(e/M) 17 3.26 191 0.22 2.88 10.43
2018 2.78 1.70 0.45 2.37 13.77
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Table 2-7 Descriptive statistics of SO, and NOs in Seoul

. . . Proportion
Species Year  Avg. S.D. Min. Median Max. .
in ion(%)

Total 5.38 4.74 0.01 4.05 39.15 32.2
2014 8.31 7.72 0.51 5.72 39.15 33.4
SO4* 2015 5.18 3.86 0.20 431 24.38 35.4
(ug/m’) 2016 5.74 3.45 0.36 512 20.89 38.3
2017 4.38 3.14 0.47 3.30 19.36 28.3
2018 4.06 3.32 0.01 3.07 27.48 29.0
Total 6.09 5.90 0.02 4.28 35.57 36.5
2014 9.35 6.94 0.71 7.61 34.64 37.6
NO5’ 2015 4.22 3.98 0.02 292 21.06 28.8
(ug/m’) 2016 5.00 4.39 0.13 3.57 21.85 33.4
2017 5.95 5.94 0.05 418 35.57 38.5
2018 5.87 6.17 0.04 3.72 32.80 42.0

Table 2-8 Descriptive statistics of OC and EC in Seoul

. . . Proportion
Species Year  Avg. S.D. Min. Median Max. )
in carbon(%)

Total 3.78 1.90 0.29 3.39 16.79 74.9
2014 4.06 222 0.37 3.44 16.79 715
oC 2015 3.57 1.55 0.84 3.25 8.36 75.3
(ug/m’) 2016 3.71 1.79 0.44 3.34 12.55 74.6
2017 418 1.88 1.36 3.69 11.21 76.6
2018 3.49 1.84 0.29 3.32 9.26 77.6
Total 1.26 0.64 0.07 1.12 4.50 25.1
2014 1.62 0.78 0.33 1.43 4.50 28.5
EC 2015 1.17 0.58 0.28 1.11 3.32 247
(ug/m’) 2016 1.26 0.54 0.20 1.14 2.99 254
2017 1.28 0.60 0.23 1.15 3.26 234
2018 1.01 0.54 0.07 0.91 3.21 224
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Table 2-9 Descriptive statistics of PM,5s mass and major components

in Daejeon
Components  Year Avg. S.D. Min. Median Max.
2014 30.7 14.8 8.5 28.1 117.2
2015 35.6 18.5 7.7 31.1 111.2
PMss
. 2016 30.9 15.7 3.3 28.4 79.1
(1ug/ m’)
2017 26.0 13.3 1.8 23.8 96.3
2018 24.2 14.5 1.7 21.2 86.7
2014 13.10 6.63 2.07 12.37 32.86
) 2015 18.69 13.13 1.51 14.72 70.12
Tonic
species 2016 15.43 9.62 0.86 13.43 52.64
/M) oz 1077 7.36 0.48 9.42 31.25
2018 14.18 10.61 0.84 11.18 56.16
2014 6.72 2.82 2.35 6.07 21.41
2015 7.03 2.67 2.20 6.47 20.11
Carbon
species 2016 5.54 2.67 1.00 4.97 14.24
(e/T) o1z 5.56 232 1.68 5.13 1552
2018 4.86 2.29 1.07 442 12.12
2014 2.30 1.53 0.59 1.77 741
2015 3.37 2.27 0.36 2.74 15.89
Trace
elements 2016 8.97 5.62 0.59 7.75 41.85
(e/M) 17 2.69 1.62 0.43 2.05 8.67
2018 2.72 1.52 0.18 2.36 8.23
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Table 2-10 Descriptive statistics of SO, and NO; in Daejeon

. . . Proportion
Species Year  Avg. S.D. Min. Median Max. .
in ion(%)
Total 5.23 3.71 0.16 424 2825 34.8
2014 5.37 3.30 0.48 475  16.72 41.0
SO~ 2015 6.87 4.49 0.27 580  28.25 36.8
(ug/m’) 2016 541 3.67 0.38 443 2621 35.1
2017 411 2.85 0.23 338 1532 38.2
2018 4.27 297 0.16 342 1597 30.1
Total 5.38 5.23 0.07 3.64  31.20 35.8
2014 4.69 3.47 0.21 3.86  15.08 35.8
NO; 2015 6.53 6.31 0.11 409  31.03 34.9
(ug/m’) 2016 4.86 4.21 0.09 395  20.56 31.5
2017 4.61 4.76 0.07 290 2771 42.8
2018 5.77 5.77 0.19 3.88  31.20 40.7
Table 2-11 Descriptive statistics of OC and EC in Daejeon
. . . Proportion
Species Year  Avg. S.D. Min. Median Max. )
in carbon(%)
Total 4.53 2.08 0.61 423  16.48 77.2
2014 517 2.18 1.70 472  16.48 76.9
OoC 2015 5.24 2.14 1.71 483 1581 74.9
(ug/m’) 2016 419 212 0.61 3.67  11.27 75.6
2017 4.54 1.88 1.31 423 1202 81.6
2018 3.71 1.74 0.72 3.50 8.98 76.4
Total 1.35 0.67 0.29 1.21 493 22.8
2014 1.55 0.67 0.55 1.37 4.93 23.1
EC 2015 1.79 0.70 0.32 1.73 4.30 25.6
(ug/m’) 2016 1.35 0.60 0.38 1.24 3.37 243
2017 1.02 0.48 0.29 0.92 3.50 18.4
2018 1.15 0.61 0.32 1.01 3.17 23.6
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Table 2-12 Descriptive statistics of PM>s mass and major components

in Gwangju

Components  Year Avg. S.D. Min. Median Max.
2014 34.6 21.6 6.8 29.0 132.9
2015 28.4 15.4 6.3 25.6 98.3
PM2.5
i 2016 25.2 12.9 49 229 84.8
(ug/m)
2017 25.0 13.5 3.9 229 83.9
2018 23.8 14.5 3.3 19.6 107.4
2014 16.74 12.44 1.75 13.53 78.47
. 2015 15.17 11.16 0.96 13.18 78.12
Tonic
species 2016 13.74 9.13 1.17 12.01 76.09
(ug/m) 2017 13.09 8.86 11 1095 5291
2018 15.05 10.76 2.15 12.14 72.07
2014 5.44 2.98 1.11 4.66 17.68
2015 5.62 292 1.27 5.05 20.09
Carbon
species 2016 5.27 2.54 1.15 4.88 15.49
(ug/m) 2017 5.39 239 1.16 498 1359
2018 472 2.61 0.43 4.24 17.73
2014 5.05 2.88 1.08 454 15.11
2015 3.33 1.92 0.56 2.87 12.24
Trace
elements 2016 2.26 1.36 0.19 1.93 8.99
(ue/m) 2017 285 141 0.34 2.62 7.84
2018 1.01 0.98 0.05 0.64 5.95
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Table 2-13 Descriptive statistics of SO, and NO; in Gwangju

. . . Proportion
Species Year  Avg. S.D. Min. Median Max. .
in ion(%)
Total 5.36 3.92 0.30 425 3216 36.6
2014 6.58 5.14 0.35 471 3216 39.3
SO~ 2015 5.55 422 0.47 457 3176 36.6
(ug/m’) 2016 5.62 3.77 0.50 477 2148 40.9
2017 4.33 2.85 0.30 347 1452 33.1
2018 491 3.28 0.61 402  19.09 32.6
Total 4.64 4.79 0.06 297 4115 31.7
2014 4.82 4.63 0.17 338 2524 28.8
NO; 2015 4.88 4.7 0.09 359 3115 32.2
(ug/m’) 2016 3.80 3.97 0.06 250 3217 27.6
2017 4.63 4.54 0.29 292 2448 354
2018 5.29 5.87 0.15 3.09 4115 35.1
Table 2-14 Descriptive statistics of OC and EC in Gwangju
. . . Proportion
Species Year  Avg. S.D. Min. Median Max. )
in carbon(%)
Total 411 2.21 0.20 3.75  17.48 78.1
2014 4.30 2.38 0.79 374  13.99 79.1
ocC 2015 4.59 2.47 0.94 417  17.48 81.7
(ug/m’) 2016 4.09 2.07 0.77 379  11.92 77.6
2017 3.97 1.92 0.56 3.70  10.53 73.7
2018 3.72 211 0.20 335 14.18 787
Total 1.15 0.58 0.07 1.04 3.69 21.9
2014 1.14 0.65 0.23 0.95 3.69 20.9
EC 2015 1.03 0.50 0.27 0.93 3.01 18.3
(ug/m’) 2016 1.18 0.52 0.26 1.07 3.57 224
2017 1.42 0.52 0.49 1.34 3.16 26.3
2018 1.00 0.59 0.07 1.00 3.55 21.3
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Table 2-15 Descriptive statistics of PM>s mass and major components

in Ulsan
Components  Year Avg. S.D. Min. Median Max.
2014 21.8 12.8 53 18.3 88.3
2015 20.7 11.9 3.8 18.2 64.2
PMs5
i 2016 23.1 11.8 6.7 19.8 62.5
(ug/ )
2017 18.8 10.1 41 16.9 66.7
2018 18.8 12.0 2.0 16.1 57.2
2014 12.86 8.90 2.07 10.60 56.52
) 2015 8.98 6.04 1.19 7.53 30.31
Tonic
species 2016 9.66 5.56 1.96 8.39 32.02
(1g/m) 2017 7.95 436 1.92 695 2435
2018 12.22 8.97 1.78 9.56 46.07
2014 4.06 1.91 0.95 3.65 10.99
2015 414 1.83 1.30 3.77 9.30
Carbon
species 2016 3.96 1.75 0.97 3.65 9.17
(ig/m) 2017 3.70 1.68 0.74 3.45 9.44
2018 3.57 2.17 0.24 3.17 10.96
2014 3.02 1.73 1.09 2.47 9.37
2015 3.64 2.38 0.68 3.18 13.71
Trace
elements 2016 554 2.79 1.03 5.06 14.05
(kg/m) 2017 6.20 3.92 0.85 493 19.9
2018 6.60 4.70 0.85 5.15 28.47
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Table 2-16 Descriptive statistics of SOs* and NO; in Ulsan

. . . Proportion
Species  Year Avg. S.D. Min. Median Max. .
in ion(%)
Total 4.10 3.15 0.36 311 2481 40.0
2014 4.63 3.16 0.79 3.69  19.00 36.0
SO* 2015 3.78 2.66 0.53 287 1299 421
(ug/m’) 2016 419 2.75 0.41 3.44 15.01 43.4
2017 3.11 2.19 0.36 25 1201 39.1
2018 4.73 3.99 0.48 335 2481 38.7
Total 2.96 3.05 0.09 198  21.82 28.9
2014 3.47 3.31 0.22 255  21.82 27.0
NOs5 2015 2.43 2.45 0.09 148  14.38 27.1
(ug/m’) 2016 2.47 2.23 0.22 1.77  10.09 25.6
2017 2.41 2.14 0.15 1.95 14.77 30.3
2018 3.87 3.99 0.21 246 2011 31.7
Table 2-17 Descriptive statistics of OC and EC in Ulsan
. . . Proportion
Species Year  Avg. S.D. Min. Median Max. )
in carbon(%)
Total  3.10 1.59 0.07 2.84 9.46 80.5
2014 2.96 1.43 0.64 2.66 7.56 72.9
ocC 2015 3.41 1.51 0.99 3.11 7.64 82.4
(ug/m’) 2016 3.29 1.53 0.72 2.90 8.36 83.1
2017 3.04 1.38 0.53 2.85 7.90 82.2
2018 2.90 1.85 0.07 2.52 9.46 81.2
Total  0.75 0.42 0.07 0.66 3.43 19.5
2014 1.10 0.56 0.21 0.97 3.43 27.1
EC 2015 0.73 0.39 0.19 0.65 2.21 17.6
(ug/m’) 2016 0.67 0.28 0.24 0.61 1.86 16.9
2017 0.66 0.35 0.17 0.57 2.00 17.8
2018 0.67 0.37 0.07 0.58 1.79 18.8
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Figure 2-7 Time series of sulfate, nitrate concentration and sulfate/nitrate
ratio in Seoul during 2014-2018
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Figure 2-9 Time series of sulfate, nitrate concentration and sulfate/nitrate

ratio in Gwangju during 2014-2018
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ratio in Ulsan during 2014-2018
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4. Conclusions

PM,5 is a complex substance composed of various
chemical components and the compositional characteristics are
highly region-specific ~depending on the spatiotemporal
conditions including the emission of gaseous precursors,
meteorological conditions, and source locations.

The concentrations of PM,s chemical constituents and
gaseous precursors in Seoul, Daejeon, Gwangju, and Ulsan
during 2014-2018 were investigated for better understanding the
characteristics of PM,5 in each city. Overall, the concentrations
of PMys mass and gaseous precursors have decrease gradually
over the five years in common, considered to be the results of
the government-led plans and policies for the mitigation of air
pollution. In addition, the chemical composition of PM,s5 in the
cities showed similarity, where the largest fraction of PM,5 was
attributable to ionic species, especially nitrate, sulfate and
ammonium. These characteristics suggest that secondary particles
are dominant over primary particles in the formation of
ambient PM;s.

However, the relative proportion of each component was
different among cities, which showed the heterogeneous

composition of PMjys. In Seoul, nitrate was dominant over
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sulfate, whereas the sulfate/nitrate ratios in the other cities
were equal to or more than 1.0. The chemical composition of
PM,5 in Daejeon and Gwangju was quite comparable to each
other while that in Ulsan was different from other Ccities,
thought to be affected by the geographical location and

industrial characteristics.
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Chapter 3.
Source apportionment of PM,s in Seoul, Daejeon,

Gwangju, and Ulsan during 2014-2018
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Abstract

Receptor models are useful tools to identify the sources
of environmental pollutants including PM,s and PM;, based on
the chemical analyses of samples taken at a receptor. Positive
matrix factorization (PMF), a representative receptor model, has
been widely performed for identifying PM,s sources and
estimating their contributions to PMs.

In this study, PMF model was applied to daily PM,s
speciation data in Seoul, Daejeon, Gwangju, and Ulsan during
2014-2018 to investigate source profiles for the cities. A total of
1,438, 1,278, 1,419, 1,211 datasets filtered based on mass balance
and ion balance were used as input data for modelling. Ten
identical factors were resolved for Seoul, Gwangju, and Ulsan in
common while nine-factor solution was drawn for Daejeon
where aged sea salt source was not found due to the
geographical location. In all study cities, large fractions of PM,;
mass were found to be attributable to three major sources:
secondary sulfate, secondary nitrate, and mobile. The results of
source apportionment for the study cities imply secondary
formation mainly affected PM,s formation in South Korea,
whereas the contributions of the other sources varied

considerably depending on the region-specific factors.
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1. Introduction

Various types of air quality models widely used for air
pollutants can be largely classified into dispersion models and
receptor models according to the purposes and principles.
Dispersion models are mainly used for predicting air quality by
simulating the movement of gaseous and/or particulate
pollutants and the reactions among pollutants in the atmosphere
along with climate prediction (Langner and Klemm 2011;
Krishna et al., 2005).

Contrast to dispersion models, receptor models are
generally wused to identify sources and estimate their
contributions to the total pollutant based on the chemical
analyses data of samples taken in the location of receptors
(Hopke, 2003). Widely wused receptor-oriented models are
positive matrix factorization (PMF), chemical mass balance
(CMB), graphical ratio analysis for composition estimates
(GRACE), etc (Guo et al., 2004).

In the present study, source apportionment of PM,5 in
Seoul, Daejeon, Gwangju, and Ulsan during 2014-2018 was
performed by employing PMF model. In addition, error
estimation was conducted through displacement method (DISP)
for acquiring uncertainty estimates for each factor of the PMF

solutions.
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2. Materials and methods
2.1 Input data

For executing PMF model, a total of 1,438, 1,278, 1,419,
and 1,211 datasets were used as input data for Seoul, Daejeon,
Gwangju, and Ulsan, respectively. The datasets were composed
of the daily measured value of each chemical constituent as
well as PM,s mass concentration during 2014-2018. To prepare
the input datasets, data filtering was conducted based on the
mass balance and ion balance of chemical species of PMys.
First, datasets on the day when the sum of the all chemical
species mass was out of the range of 50%-150% of PM,s mass
concentration were excluded. Then, datasets of which ion
balance among NOs, SO,*, and NH," was not satisfactory were

additionally removed from the input datasets.

2.2 PMF modelling

Among various receptor models based on chemical
analyses, PMF and CMB have been generally performed for
revealing the sources of fine particulate matter and estimating
their contributions. Previous studies showed the results from

PMF and CMB were quite comparable (Begum et al., 2007; Ke
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et al., 2008, Teixeira et al., 2015). However, PMF is more
flexible than CMB in terms of applicability because PMF
modelling doesn’t need source profiles for model execution.
Source profile is a list of pollutants and their relative
proportion in the exhaust of the source which is very
dependent on the country, region, and sources of receptors. It is
difficult to obtain suitable source profile constructed for a
region although it strongly affects the results of source
apportionment. Therefore, PMF was selected to investigate the
sources and their contributions to PM,s5 in four cities. In PMF,

modeled data can be expressed as Eq. (1)

b
Z z]efk] +e Z - 17'--7m ] — 1,---,% k - 1,...,p) (1)

where x; is the concentration of species j in sample i, gy is the
source contribution of source k in sample i, f;; is the species j
mass fraction in source k, and e; is error. The values of gy and
fi; are repeatedly adjusted until Q value reaches a minimum

value for a given p in the following equation.

2

b4
kzgzkfkj
=3y

i=17=1 Gi]'

(2)
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As for PMF input data, both concentration and
corresponding uncertainty for the chemical species of PM,s were
constructed according to the method from the guidebook of US
EPA PMF 5.0 (Norris et al., 2014). Data values below the MDL
were replaced with half of the MDL and 5/6 x MDL were used
as their corresponding uncertainties. For the measured values
greater than the MDL, the uncertainties were calculated by Eq.

(3) and 10% was used as error fraction.

Uncertainty=[(Error FractionxConcentration)® + (0.5xMDL)*]"* (3)

Further information on PMF modelling can be easily
found elsewhere (Scerri et al, 2018, Watson et al., 2008;
Manousakas et al., 2017).

2.3 Conditional probability function

The conditional probability function (CPF) is a method to
estimate the possible source locations from various wind
directions by combining source contributions with meteorological
data such as wind speed and wind direction. This method can
suggest the likely source areas exist on the direction of the site
with high CPF values (Gugamsetty et al., 2012; Pekney et al.,
2006). CPF can be calculated through following Eq. (4)
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m
cPF= 29

(4)

UINC)

In the equation, npe is the total number of occurrences that the
wind passed through direction sector A® and mpe is the
number of occurrences that exceed the thresholds from direction
sector A®.

In this study, the value of 22.5° was used for A® as 16 wind
direction sectors were applied to CPF calculation and calm
wind periods (£ 0.5 m/sec) were excluded from the calculation

(Argyropoulos et al., 2017; Du and Turner, 2015).

2.4 Potential source contribution function

The potential source contribution function (PSCF) has
been widely employed for identifying potential source areas
based on the conditional probability that high concentrations of
a substance at a receptor site are related to the passage of air
parcels which passed through some grid cells where potential
source are located (Hsu et al, 2003; Lucey et al., 2001). The
PSCF value for the ijth grid cell is expressed as PSCF (ij) = m
(i) / n (i)

The denominator, n (ij), represents the total number of
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trajectory end points which pass a certain (ijth) grid cell while
the numerator stands for the number of end points passing the
identical grid cell when the concentrations at receptors were
above the criterion value.

In this study, PSCF was adopted to identify the possible
locations of four sources, namely secondary nitrate, secondary
sulfate, biomass burning and, soil, reported to be related to
long-range transport. Backward air mass trajectories for each site
were made wup by the hybrid single-particle Lagrangian
integrated trajectory (HYSPLIT) model developed by the
National Oceanic and Atmospheric Administration (NOAA),
USA. Also, meteorological data with 1-degree spatial resolution
was acquired from Global Data Assimilation System (GDAS) to
calculate the 72-hour backward trajectories (Kumari et al.,, 2021;
Rolph et al, 2017). The criterion values of the 75th percentile
for the whole period from 2014 to 2018 were wused for
secondary nitrate, secondary sulfate and biomass burning
sources while 90th percentile was used for soil source.

In addition, a joint PSCF (J-PSCF) was employed to
locate possible source areas affecting PM,5 source contributions
for multiple cities in common. The cities for J-PSCF analyses
were determined based on the correlation coefficients of source

contributions.
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3. Results and discussion
3.1 Source apportionment

The number of factors was chosen based on the
evaluation of model results including Q-value, residual
distribution, and the coefficient of determination. Source profiles
in the study cities were physically meaningful and
understandable. A nine-factor solution for Daejeon and
ten-factor solutions for Seoul, Gwangju, and Ulsan were drawn
while source contributions varied among cities although
resolved factors were almost identical. Source profiles for Seoul,
Daejeon, Gwangju, and Ulsan obtained from PMF modelling are
displayed in Figures 3-1, 3-3, 3-5, and 3-7, respectively along
with the daily source contributions (Figures 3-2, 3-4, 3-6, and
3-8).

The first source was secondary nitrate distinguished by
large contributions of NO; and NH," to PM,s and it showed
higher contributions in winter. Its average contributions were
20.3%, 19.5%, 19.5%, and 18.9% in Seoul (6.45 wg/m’), Daejeon
(5.66 ug/m’), Gwangju (524 rg/m’), and Ulsan (3.57 pg/m’),
respectively. Secondary nitrate is mainly influenced by multiple
sources related to high temperature including mobile, fuel

combustion, and industry related sources. From daily
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contributions during 2014-2018, higher contributions of the factor
were observed in winter due to the formation mechanism of
secondary nitrate. The formation of nitric acid, a precursor of
secondary nitrate (Schaap et al., 2004), is favored under the
conditions of high relative humidities and low temperatures (Lee
et al, 2008; Ying, 2011), which are related to seasonal patterns of
this factor as mentioned above.

In contrast to secondary nitrate, the contributions of
secondary sulfate, identified by high concentrations of SO, and
NH,", were much higher during summer seasons. Its average
contributions were 21.8%, 19.7%, 21.3%, and 23.9% in Seoul
(6.92 pg/m’), Daejeon (5.70 pg/m'), Gwangju (5.70 ug/m’), and
Ulsan (4.50 pug/m’), respectively. Secondary sulfate is largely
formed in the atmosphere through a series of oxidative
reactions of sulfur dioxide by the photochemically produced
radicals (Meidan et al., 2019), which is closely related to the
increase in its contributions to PM,s during summer seasons.
Strong photochemical reactions in summer seasons result in
higher contributions of the source (Duan et al., 2020; Wang et
al., 2016).

The third source was interpreted to be mobile
considering high concentrations of OC, EC, NH,*, and NO;

along with medium loadings of medium loadings of Ti, Fe, Zn,
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and Mn. Markers of mobile source are mostly from exhaust and
non-exhaust emissions. Exhausts from gasoline and diesel fueled
vehicles are dominated by OC and EC in common but the
relative ratio of OC to EC is different among fuel types and
individual vehicles (Charron et al., 2019). Markers of
non-exhaust emissions are Ca, Ti, and Fe which are
representative  crustal elements contained in resuspended
particles by traffic. Cu and Pb are marker species associated
with vehicle’s brake system (Figliuzzi et al.,, 2020; Na et al.,
2009). The contributions of mobile sources were 22.3%, 21.7%,
20.5%, and 24.9% in Seoul (7.08 ug/m’), Daejeon (6.27 rg/m’),
Gwangju (550 pg/m’), and Ulsan (4.70 pg/m’), respectively.
Together with secondary nitrate and secondary sulfate, mobile
source explained the majority of PM,5s mass in the study cities
in common, which means alleviating ambient PM,5 pollution is
closely associated the emission reduction from the three sources.

The fourth source, biomass burning, was explained by
high K" concentrations and medium concentrations of OC and
EC. From the combustion of wood and agricultural residue by
natural wildfires and anthropogenic activities, K™ is emitted as
potassium salts, mainly in the form of KCI, K;SO,; and KNO3
(Li et al.,, 2003). The average contributions to PM,s were 4.3%,
2.7%, 32% and 3.6% in Seoul (1.37 pg/m’), Daejeon (0.77 pg/m’),
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Gwangju (0.87 ug/m’), and Ulsan (0.68 rg/m’), respectively. This
source showed a seasonal pattern of higher contribution to
PM,5 in winter, which was thought to be the results of biomass
burning for domestic heating and agricultural purposes in the
Korean Peninsula and China. Open field burning of agricultural
residue before cultivation (Feb-Mar) and after harvest (Oct-Nov)
has been widely done in East Asia for enhancing land
productivity (Ryu et al.,, 2007; Thepnuan et al., 2019).

The fifth source was incinerator identified by high
loadings of CI, NOs;, and NH,". CI' is mainly emitted as
hydrogen chloride in the flue gas from the incineration of
municipal solid waste (MSW) or industrial materials containing
plastics, especially polyvinylchloride (Wey et al, 2001). The
average contributions of this factor were 8.7%, 8.9%, 12.2%,
3.7% in Seoul (2.75 ng/m’), Daejeon (2.57 ng/m’), Gwangju (3.26
pg/m’), and Ulsan (0.70 g/ m’) respectively.

Soil, the sixth source, could be distinguished by high
concentrations of crustal elements such as Ca, Ti, and Fe. The
contributions of the source to PM,5 considerably increased
during spring season (Mar-May) in all cities, which might have
been affected by yellow sand events mainly originating from
the Gobi Desert and/or the Loess plateau located in China and

Mongolia (Kim et al., 2012). Its average contributions to PM,5
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2.6%, 42%, 42% and 5.3% in Seoul (0.81 rg/m’), Daejeon (1.22
pg/m), Gwangju (111 pg/m'), and Ulsan (1.00 pg/m),
respectively.

The seventh source, industry, was represented by high
concentrations of heavy metals including Fe, Mn, Cu, and Zn.
Trace metals such as Mn and Zn are emitted from steel
smelting processes (Querol et al, 2006) while Cu is related to
smelting furnace burning (Yang et al.,, 2003). Pb is emitted from
the production processes of steel, plastics and pigment
production (Li et al., 2012). The contributions of industry source
to PMys were 4.4%, 6.6%, 43% and 8.8% on average in Seoul
(140 pg/m’), Daejeon (1.90 pg/m'), Gwangju (1.16 wg/m’) and
Ulsan (1.67 1g/m’), respectively. The contributions of this source
in Ulsan were obviously larger than the other cities, reflecting
the industrial structure of the city.

Coal combustion, the eighth source, had high
concentrations of As and Pb with medium loadings of OC and
EC. As and Pb are mainly emitted from coal combustion due to
their abundance in coal (Shah et al., 2007, Wang et al.,, 2021).
Coal combustion source accounted for 10.7%, 10.7%, 9.7%, and
3.5% of PM,5 mass concentration in Seoul (3.40 xg/m’), Daejeon
(3.10 ug/m’), Gwangju (2.59 wrg/m’), and Ulsan (0.67 ug/m’),

respectively. PM,s in Seoul and Daejeon, relatively closer to
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coal power plants on the western coast of Korean Peninsula,
was found to be highly affected by the source.

The ninth source, oil combustion, was determined by
high loadings of Ni and V and medium loadings of OC and
EC. Fine particulate matter emitted from oil combustion facilities
contains heavy metals such as Ni, V because the two elements
are abundant in the liquid fuel (Dos Anjos, 2018; Jang et al,
2007). The average contributions of oil combustion source were
29%, 6.1%, 2.2% and 3.4% in Seoul (0.92 1g/m'), Daejeon (1.76
pg/m’), Gwangju (0.60 pg/m’), and Ulsan (0.65 ug/m’),
respectively.

Aged sea salt source was characterized by high loadings
of Na" with medium loadings of CI. Relatively low loadings of
ClI' distinguish this factor from sea salt source because CI°
normally depletes along with the time after fresh sea salt
aerosols is formed in the atmosphere (Adachi and Buseck, 2015;
Laskin et al, 2002, Yao and Zhang, 2012). Aged sea salt
explained 2.1%, 2.9%, and 4.1% of PM>s mass in Seoul (0.66 /g

/m’), Gwangju (0.78 1g/m’), and Ulsan (0.74 1g/m’), respectively.
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3.2 Seasonal source contributions

Different from bigger particulate pollutants, PM,s is
mostly generated from secondary formation where multiple and
chained reactions occur among gaseous precursors including
SOx, NOx, NHj; and VOCs in the atmosphere. There are
various factors reported to influence the formational processes
such as ambient temperature, relative humidity. In a similar
context, previous studies have revealed seasonal differences in
PM,5 composition, particularly between summer and winter
seasons, which implies source contributions may also vary
according to seasons (Bell et al.,, 2007; Xu et al., 2012).

Figure 3-9 shows the seasonal average contributions of
each source in the four cities during the study period. It is
notable that higher contributions of secondary nitrate during
heating seasons (Nov-Mar) were observed, whereas secondary
sulfate contributed more to PM,s during non-heating seasons
(Apr-Oct) in common. This indicates that PM,s is highly
dependent on meteorological conditions as well as the emission
of gaseous precursors. However, secondary nitrate, secondary
sulfate, and mobile sources together explained more than 50%
of PM,5s mass regardless of seasons, which suggests they are
major sources which should be controlled for reducing ambient

PM,5 concentration in all cities.
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With regard to the inter-site correlation of sources,
source-specific characteristics were found depending on whether
PM,5 from a source is locally produced or long-range
transported. Considering the Pearson correlation coefficients for
heating and non-heating seasons (Tables 3-1 and 3-2), it can be
inferred that secondary nitrate, secondary sulfate, and soil
sources influenced multiple sites through long-range transport.
Secondary inorganic aerosol (SIA) including ammonium nitrate
and ammonium sulfate can be transported with air masses after
formed secondarily by a series of chemical reactions in the
atmosphere among gaseous precursors (Voutsa et al.,, 2014). Soil
source generally affects the whole country during the yellow
sand events in spring season (Kim et al., 2007; Park et al,
2007), supported by the largest correlation coefficient during the
non-heating season. Monthly variation in the standardized value
of the source contributions (Figure 3-10, 3-11, and 3-12),
showing similar trends throughout the year for the three

sources, also supports the correlation among cities.
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Table 3-1 Inter-site correlation of the time series of the source contributions during heating seasons

Secondary nitrate = Seoul Daejeon Gwangju Ulsan Secondary sulfate = Seoul Daejeon Gwangju Ulsan

Seoul 1.000 Seoul 1.000

Daejeon -0.072 1.000 Daejeon 0.048 1.000

Gwangju 0.489 -0.156 1.000 Gwangju 0.762 0.145 1.000

Ulsan 0.223 -0.068 0.695 1.000 Ulsan 0.640 0.086 0.854 1.000
Mobile Seoul Daejeon Gwangju Ulsan Biomass burning Seoul Daejeon Gwangju Ulsan

Seoul 1.000 Seoul 1.000

Daejeon 0.016 1.000 Daejeon -0.220 1.000

Gwangju 0.394 -0.089 1.000 Gwangju 0.200 -0.001 1.000

Ulsan 0.291 -0.382 0.531 1.000 Ulsan -0.231 0.149 0.094 1.000
Incinerator Seoul Daejeon Gwangju Ulsan Soil Seoul  Daejeon Gwangju Ulsan

Seoul 1.000 Seoul 1.000

Daejeon 0.409 1.000 Daejeon 0.346 1.000

Gwangju 0.576 0.292 1.000 Gwangju 0.479 0.140 1.000

Ulsan 0.536 0.388 0.596 1.000 Ulsan 0.239 0.105 0.867 1.000
Industry Seoul Daejeon Gwangju Ulsan Coal combustion Seoul Daejeon Gwangju Ulsan

Seoul 1.000 Seoul 1.000

Daejeon -0.280 1.000 Daejeon -0.331 1.000

Gwangju 0.094 0.202 1.000 Gwangju 0.516 -0.488 1.000

Ulsan 0.612 -0.128 0.521 1.000 Ulsan 0.359 0.100 -0.162 1.000
Oil combustion Seoul Daejeon Gwangju Ulsan

Seoul 1.000

Daejeon 0.239 1.000

Gwangju 0.542 0.093 1.000

Ulsan 0.415 -0.054 0.045 1.000
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Table 3-2 Inter-site

correlation of the time series of the source contributions during non-heating seasons

Secondary nitrate = Seoul Daejeon Gwangju Ulsan Secondary sulfate = Seoul Daejeon Gwangju Ulsan

Seoul 1.000 Seoul 1.000

Daejeon -0.163 1.000 Daejeon 0.386 1.000

Gwangju 0.685 -0.068 1.000 Gwangju 0.637 0.187 1.000

Ulsan 0.215 0.118 0.656 1.000 Ulsan 0.382 0.001 0.570 1.000
Mobile Seoul Daejeon Gwangju Ulsan Biomass burning Seoul Daejeon Gwangju Ulsan

Seoul 1.000 Seoul 1.000

Daejeon 0.541 1.000 Daejeon -0.181 1.000

Gwangju -0.027  -0.128 1.000 Gwangju 0.088 0.072 1.000

Ulsan 0.130 -0.018 0.361 1.000 Ulsan 0.557 0.004 0.515 1.000
Incinerator Seoul Daejeon Gwangju Ulsan Soil Seoul  Daejeon Gwangju Ulsan

Seoul 1.000 Seoul 1.000

Daejeon -0.260 1.000 Daejeon 0.513 1.000

Gwangju -0.155 0.428 1.000 Gwangju 0.877 0.592 1.000

Ulsan 0.056 0.395 0.686 1.000 Ulsan 0.885 0.560 0.921 1.000
Industry Seoul Daejeon Gwangju Ulsan Coal combustion Seoul Daejeon Gwangju Ulsan

Seoul 1.000 Seoul 1.000

Daejeon 0.258 1.000 Daejeon -0.084 1.000

Gwangju 0.440 -0.129 1.000 Gwangju 0.503 0.060 1.000

Ulsan 0.642 0.012 0.470 1.000 Ulsan -0185  -0.012  -0.080 1.000
Oil combustion Seoul Daejeon Gwangju Ulsan

Seoul 1.000

Daejeon 0.012 1.000

Gwangju 0.469 -0.388 1.000

Ulsan 0.237 0.264 0.130 1.000
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3.3 Possible source locations

Secondary nitrate source is mainly affected by the
sources with thermal processes including gasoline/diesel
vehicles, coal combustion, o0il combustion and incineration
because of NOx formation mechanism. Among various types of
NOx based on formational mechanisms, thermal NOx is known
to have the largest fraction which is mainly produced by the
free radical chemistry. The J-PSCF map for Seoul and Gwangju
shows the potential source location of long-range transport is
the cluster of Hebei, Shandong, Jiangsu and Anhui provinces.
Hebei, Shandong, and Jiangsu provinces were reported as the
largest NOx emitting provinces (Mijling et al., 2013). Especially,
Jiangsu province is one of the provinces with the Ilargest
national share of coal power plants in terms of total capacity in
China (Yuan et al, 2017). The J-PSCF map for Gwangju and
Ulsan additionally suggests Shanxi is another potential source
location as well as the cluster of Hebei and Shandong. Shanxi
is one of the main electricity export provinces (Wang et al.,
2020), implying there are huge NOx emissions that can affects
other areas (Zhang et al., 2015).

The CPF results for secondary nitrate source show the
possible areas of regional transport and local effects in the four

cities. In Seoul, sources on southwest part of the site where
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several huge coal power plants and industrial complexes exist
affected secondary nitrate. The CPF plot for Daejeon indicates
west winds showed high contributions for secondary nitrate. In
particular, there is a 530 MW LNG-fired power plant on the
northwest part of the Daejeon site. In Gwangju, it seems that
regional transportation from several coal-fired power plants on
the southern coast of the Korea influenced the source. The CPF
results for Ulsan suggest prevailing winds from the south part
of the site in which industrial complexes located showed high
contributions.

Secondary sulfate source, also subject to long-range
transport, is affected more directly by the combustion of sulfur
contained in the fuel. The J-PSCF map for the source for Seoul
and Gwangju (Figure 3-13), Gwangju and Ulsan (Figure 3-14)
shows two clusters of potential source locations in China, the
Anhui and Jiangsu provinces and the Shandong province.
Anhui, Jiangju, and Shandong provinces were included in the
top five provinces with the heaviest Se emissions in China in
the mid-2000s, obvious markers of coal combustion (Tian et al.,
2010). Furthermore, they were identified as the potential source
regions for SO, and NOj, which implies a high probability of
potential source regions of secondary sulfate (Gao et al., 2011).

The CPF results for Seoul suggest possible source areas
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are on the southwest part of the site where huge coal-fired
power stations exist. In Daejeon, prevailing winds with low
wind speed from east part of the site where Daejeon Industrial
Complexes I and II exist showed high contributions to
secondary sulfate. The CPF results for Gwangju show that
secondary sulfate was locally affected by the prevailing winds
from south part of the city. It seems like sulfur oxides from
marine vessels in south coast had impacts on secondary sulfate
in Gwangju under southerly wind condition. Marine oil is
well-known for high sulfur contents, indicating coastal vessel
activities can impose anthropogenic SOx emission (McLaren et
al,, 2012; Zetterdahl et al, 2016). In Ulsan, prevailing winds
from the south direction of the site showed high contributions
to the source.

Regarding possible source areas of biomass burning
source, long-range transportation was investigated based on the
PSCF maps as well as the estimation of regional transport and
local emission using CPF results. The PSCF maps for Seoul,
Daejeon, Gwangju, and Ulsan indicate there are two clusters of
possible source areas, the Hebei and Shandong provinces and
the Anhui and Jiangsu provinces. Several previous studies also
revealed the high emissions from agricultural biomass burning

originated from these provinces (Qiu et al., 2016, Xue et al,
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2014; Zhu et al., 2019).

The CPF plot of biomass burning source for Seoul
indicates southwestern winds influenced the source. It seems
that large agricultural areas near Seoul, Gimpo Plain, had
impacts on biomass burning source. The CPF results for the
other cities also indicate the source was locally affected by their
agricultural neighborhood.

Mobile source is mostly influenced by local traffic rather
than long-range transport. Thus, it more reasonable to use CPF
results for understanding potential source areas. The CPF plot
for Seoul shows that high contributions of the source originated
from south part where six-lane Naebu Expressway exists as
well as considerable contribution around the site by the traffic
in downtown. The CPF results for Daejeon show the winds
from three directions mostly contributed to mobile source. It
seems that mobile source in Daejeon might have been affected
by the Honam Expressway and Gyeongbu Expressway passing
through the left and the right side of the city. In Gwangju,
high contributions originated from the central and southwest
part where Honam Expressway is closely located. The CPF
results for Ulsan suggest that mobile source was mostly
influenced by the winds with low speed from the south where

six-lane roadways are located.
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Incinerator is directly related to the combustion of
municipal solid waste (MSW) or industrial waste containing a
wide range of plastic products. In Seoul, there are incinerators
located on the southwest from the site, consistent with the CPF
results. Prevailing winds from the southwest contributed
considerably to the source. In Daejeon, the CPF results show
that possible source areas are located in the easterly area where
Daejeon Industrial Complexes I and II exist. The CPF results for
Gwangju show that high contributions occurred in the vicinity
of the site. This might be resulted from the effects of a
incinerator in the central part of the city which has been
operated until the end of 2016. The CPF results for Ulsan
indicate incinerator source was affected by the winds from three
directions.

Soil source in South Korea is mainly impacted by both
soil particles from long-range transport during the spring
seasons from the northern part of China and Mongolia and
resuspended road dust from local sources. Asian dust storm,
also called yellow sand, generally occurs during spring season
of the year and has been reported to contribute significantly to
PM,5 in South Korea. Most of the dust particles originate from
Gobi desert, Inner Mongolia, Gansu and Shaanxi provinces in

China and Mongolia (Kang and Kim, 2014; Choi et al., 2012;
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Wang et al., 2000). J-PSCF map for Seoul and Gwangju shows
the northern part of Shaanxi is the cluster of possible source
areas of long-range transport (Rost, 2001), also found in the
results for Gwangju and Ulsan.

Industry source is highly subject to local effects by
primary emission from sources. The CPF results for industry
source agree well with the possible source areas in each city.
Potential source areas for Seoul seem to be Sihwa and Banwol
industrial complexes located in the southwest part of the site.
Daejeon industrial complex I and II located on the east part
from site and Hanam industrial area on the west part of the
Gwangju site are thought to be source areas for Daejeon and
Gwangju, respectively considering the directional apportionment
patterns. On the south part of Ulsan site, there are huge
industrial areas, Ulsan/Mipo and Onsan national industrial
complexes. The CPF plot for Ulsan is consistent with the actual
locations of the industrial complexes.

Coal combustion source is directly influenced by the
several sources related to usage of coal for various purposes
including generation and domestic heating. The CPF results for
Seoul indicate significant contributions by regional transport
with the winds speed of approximately 6 m/sec originated from

the southwest where several huge coal power plants exist. In
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Daejeon, the prevailing winds from the northwest showed high
contributions where coal power plants on the west coastal area
exist. The CPF results for Ulsan show that the high possibility
that this source was affected by winds from the industrial area.

Similar to coal combustion, o0il combustion source is
affected by the combustion of fuel. Heavy oil, sulfur-rich fuel,
is still widely used for diverse purposes (e.g. industrial boilers,
marine transport). The CPF results for Seoul imply that high
contributions derived from west and southwest of the site
where Incheon Port, the second largest one in South Korea,
exist. The winds from southeast with 2-6 m/sec speed showed
high contributions in Gwangju, which imply regional transport
from petrochemical-industrialized areas affected the source as
well as marine activities. The CPF results for Ulsan also
reflected the industrial characteristics of the city.

The CPF results for aged sea salt source for Seoul,
Gwangju, and Ulsan agree well with the directional
apportionment patterns. High contributions of aged sea salt
were from the direction of the Yellow sea for Seoul and

Gwangju and from the East Sea for Ulsan.
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Table 3-3 Criterion values for PSCF model for Seoul, Daejeon,
Gwangju, and Ulsan
Criterion . . .
Source Unit Seoul Daejeon | Gwangju Ulsan
Value
Secondary pg/m | 955 8.34 7.81 4.68
nitrate
Secondary | 75th |l 918 8.43 8.13 6.22
sulfate percentile
Biomass pg/m | 2.00 0.96 113 0.71
burning
Soil 9Oth. pg/m’ 1.50 2.90 2.61 221
percentile
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Figure 3-16 CPF results for secondary nitrate, secondary sulfate, mobile, and

biomass burning sources for Seoul
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Figure 3-19 CPF results for secondary nitrate, secondary sulfate, mobile, and

biomass burning sources for Daejeon
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Figure 3-22 CPF results for secondary nitrate, secondary sulfate, mobile, and

biomass burning sources for Gwangju
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4. Conclusions

Source apportionment of PM,s in Seoul, Daejeon,
Gwangju, and Ulsan during 2014-2018 was conducted to
identify the sources affecting to PM,s in each city and to
estimated their contributions. In addition, error estimation was
conducted through displacement method for acquiring
uncertainty estimates for each factor of the solutions.

Ten identical factors were resolved for Seoul, Gwangju
and Ulsan in common while nine-factor solution was drawn for
Daejeon. The absence of aged sea salt source in Daejeon seem
to have derived from its geographical location. Secondary
nitrate, secondary sulfate, and mobile sources accounted for the
majority of PM,s mass in all cities, which suggests secondary
formation is a dominant factor in PM,s5 formation. The
contributions of the other sources were different across the
cities, which might be a reasonable reason for the heterogeneity
in PM,5 composition.

Possible source locations were investigated based on the
results of PSCF and CPF. The clusters of possible source areas
for secondary nitrate and secondary sulfate were mainly located
in Hebei, Shandong, Jiangsu, and Anhui provinces where larger
emissions of gaseous air pollutants were identified from

previous studies. The CPF results suggest that the directions of
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possible source locations were highly reasonable considering the
locations of relevant sources around the study cities.

Overall, the findings of the present study show that both
PM,5 chemical compositions and source contributions were
spatially heterogeneous. This indicates region-specific policies

should be made to control PM,5 pollution more efficiently.
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Chapter 4.
Associations of PM,5; chemical constituents and source

contributions with mortality
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Abstract

PM,5 exposure is known to cause adverse health effects,
especially impacts on respiratory and cardiovascular system of
human body through various biological mechanisms such as
oxidative stress and inflammation. However, the negative health
effects of PM,s exposure have been reported to vary spatially
due to the region-specific compositional characteristics of PM,s.
Thus, the associations of PM,s exposure with health outcomes
need to be understood to manage PM,s pollution efficiently.

The associations of PM,s chemical constituents and
source contributions with cause-specific mortality in Seoul,
Daejeon, Gwangju, and Ulsan during 2014-2018 were
investigated. The GLM with natural spline function was applied
to daily mortality data. In addition, meteorological parameters
were also included the model to be controlled.

Overall, IQR increases in the concentration of PM,s
chemical species and source contribution affected the risks of
mortality. However, the significance and strength of the
associations were different among cities, which implies the
heterogeneity in the health effects of PM,s exposure. The
findings suggest region-specific effects of PM,s components and

sources should be assessed to protect public health.
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1. Introduction

Along with the aggravation of air pollution, there are
growing concerns about the associations of PM,5 exposure with
adverse health effects on human body. Although many
epidemiologic studies revealed the close associations between
PM,5 and mortality, the significance and strength of the
associations are not solely determined by the PM,s mass
concentration. This implies that chemical constituents-specific
effects exist because the proportion of each constituent in PM;s
varies depending on the locations even though PM,s mass
concentrations are identical.

PM,5 is mostly composed of diverse chemical species
which have their own mechanisms and target organs in toxicity.
Principal pathways of effects on respiratory and cardiovascular
system are PMjs-induced oxidative stress and inflammation
causing dysfunction of the organs. Despite the understanding of
pathological injury by PM,5 there still remains uncertainty
about which chemical constituents of PM,5 are more detrimental
to the public health. Thus, region-specific health effects
regarding PM,s need to be evaluated.

The aim of this chapter is to investigate the effects of
the chemical constituents of PM,s5 and source contributions on

cause-specific mortality for identifying the components and
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sources of concern in each city, which might be fundamentals

of controlling PM,5 from the public health perspective.

2. Materials and methods
2.1 Data
2.1.1 Daily mortality

Various health related parameters including daily
mortality, hospital emergency department visits, out-of-hospital
cardiac arrest (OHCA) have been widely used to estimate the
adverse effects of PM exposure on human health in many
epidemiological studies (Maheswaran et al, 2005; Qiao et al,
2014; Pradeau et al, 2015). In the present study, cause-specific
daily mortality data was adopted as health outcomes for
analyzing the health effects of PM,5 exposure. The study
populations were all residents of Seoul, Daejeon, Gwangju, and
Ulsan during 2014-2018.

Daily death counts were obtained from MicroData
Integrated Service (https://mdis.kostat.go.kr) operated by the
Statistics Korea. A death for a resident in each city was
included as mortality data after classified into all-cause
(A00-R99), cardiovascular diseases (CVD, 100-199), and respiratory
diseases (RD, J00-J99) mortality based on the 10™ version of
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International Classification of Disease (ICD-10). This study was
approved by the Seoul National University Institutional Review

Board (IRB No: E2101/003-001).

2.1.2 PM,5 constituents and meteorological data

PM,5 chemical compositional data for PMF modelling
was used for the analyses of health effects. With regard to
source contributions, PMF-modeled data was added to the
statistical model for the consistency with the analyses of the
effects of PMy5 chemical composition on mortality.

Meteorological parameters are also important factors
affecting human health such as temperature, relative humidity
and they should be included in the health effect model to be
controlled (Allen and Sheridan, 2014; Wang et al.,, 2019). Daily
mean temperature, relative humidity (RH) and barometric
pressure (BP) data for the same period of air pollution data
was acquired from Weather Data Service

(https:/ /data.kma.go.kr) of Korea Meteorological Administration.

2.2 Statistical model

Health effects can be expressed as the strength of the

associations between PM,5 constituents and health outcomes via
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time-series analyses using various statistical models. Many
previous studies have revealed the effects of fine particulate
matter on health related outcomes including mortality,
morbidity using generalized linear model (GLM), generalized
additive model (GAM), and other statistical models (Phung et al.,
2018; Janssen et al., 2013; Pascal et al., 2014; Cai et al.,, 2019).

In this study, 15 chemical species were selected and
GLM with a natural spline (ns) was used for the investigation
of the adverse effects of both PM;s constituents and sources on
daily death counts. Death counts were modeled with either
Poisson distribution or over-dispersed Poisson distribution based
on their distribution of each study city. Natural spline function
of time and temperature was used to control both long-term
and seasonal trends of death counts and PM;s mass
concentration was also added as a covariate for the adjustment
of the effects by PM,s mass. To determine the degrees of
freedom (df) of natural spline, sensitivity analyses were
conducted while changing df from 2 to 10 per year and they
were selected to minimize the Akaike Information Criterion
(Akaike, 1974). In addition, delayed effects, single-lag effect from
on the day of exposure (lag 0) to seven days (lag 7) after
exposure, were examined to get the greatest risk estimates

because lagging effects of the exposure to PM,s have been
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reported (Chai et al., 2019; Li et al., 2021). The final model was

constructed as Eq (1).

In(E[Y{]) = Po + P1-Xer + P2rPMas + P3-RH + B4-BP + (5-DOW

+ ns(time, df) + ns(temperature, df) + ¢ (1)

where, Yt is the observed daily death counts on the day t, Xy
represents the daily mean concentration of PM;5 constituents at
day t to 1 (I=0, 1, 2, ..., 7); RH, BP, and DOW stand for daily
average relative humidity, barometric pressure, and day of week,
respectively; [:-pPs is the coefficient of Xt, PM,s, RH, BP, DOW.
After drawing (1 through Eq. (1), the relative risk (RR) was

calculated by the following Eq. (2).

RR = PR 2

Furthermore, multi-pollutant models including multiple
PM,5 constituents simultaneously were applied to estimate the
RR of each constituent under the control for other components.
(Heo et al, 2014). Generally, the other constituents were
included as well as target species into the model with the
following exceptions due to the formation or emission

characteristics. First, NH," was excluded in the models for NO5
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and SO,* because NH," mostly exists as ionic compounds with
NO; or SOs* in the form of NHiNO; (NH),SO; (Zhang et al.,
2021). Thus, NH," is closely correlated with NO; or SO,
implying NOs;* and SO, need to be controlled to estimate the
coefficient of NH,". In the same context, NH;" was removed in
the multi-pollutant models for NOs; and SO,*. Soil-related
constituents, especially crustal elements, are also so correlated
that their effects need to be adjusted. Thus, Ti was excluded
when the model for Fe was constructed and vice versa. All
analyses were performed by using ‘mgcv’ package in statistical

software R (http://www.R-project.org).

3. Results and discussion

Based on the PMF-modeled source contributions as well
as PM,s speciation data, adverse health effects on mortality
were investigated. Largely, IQR (Table 4-1) increases in the
concentration of PM,s5 chemical constituents influenced all types
of cause-specific mortality, whereas only a few components
were significantly associated with mortality with different
strength depending on the city and cause of mortality, which
indicates risk heterogeneity among PM,s constituents. The

impacts of source contributions on mortality also varied among
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the cities. The associations of cause-specific mortality with PMs5

chemical constituents and source contributions are summarized

in Tables from 4-3 to 4-14.

Table 4-1 Interquartile

range of PM,5 constituents concentration

Constituent unit Seoul Daejeon Gwangju Ulsan
SO~ pg/m 4.79 473 4.44 3.49
NOs pg/m 7.65 6.39 5.07 3.03
NH," pg/m 3.67 3.38 2.76 2.20

K* pg/m’ 0.18 0.13 0.17 0.08
oC ug/m 2.49 2.62 2.92 2.36
EC pg/m’ 0.88 0.96 0.68 0.49
Ti ng/m’ 6.72 6.45 6.31 7.56
\Y ng/m’ 5.69 2.96 3.55 9.36
Mn ng/m’ 11.35 7.93 9.16 18.90
Fe ng/m’ 127.59 132.54 116.14 163.79
Ni ng/m’ 1.98 1.26 1.18 3.36
Cu ng/m’ 7.26 5.49 3.09 4.99
/n ng/m’ 57.78 35.86 42.63 56.49
As ng/m’ 418 3.07 2.54 6.37
Pb ng/m’ 17.53 15.52 19.92 18.16
In  Seoul, chemical -constituents with significant

associations were as follows: K* (RR 1.016, 95% CI 1.002-1.031),

EC (1.015, 1.000-1.031), Ti (1.011, 1.003-1.019), and Fe (1.010,

1.000-1.021) with all-cause mortality, Ti (1.016, 1.001-1.032), Fe
1.003-1.044),

(1.023,

and As
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mortality, Pb (1.071, 1.013-1.128) with RD mortality. Ti and Fe,
representative transition metals, are known to generate reactive
oxygen species (ROS) which lead to cell damage (Moreno et al,,
2019). As and Pb, markers of coal combustion, are toxic even at
low levels and they are reported as carcinogen to human by
International Agency for Research on Cancer. Significant
associations of mortality with sources were mostly found for
CVD mortality: incinerator (1.032, 1.007-1.057), coal combustion
(1.034, 1.003-1.065), soil (1.016, 1.000-1.032).

Notably, mobile source showed no significant associations
with any cause-specific mortality solely in Seoul, thought to be
the results of several administrative policies implemented from
the mid-2000s to improve the air quality in metropolitan area.
Above all, “Special act on the improvement of air quality in
Seoul Metropolitan Area” played an important role in reducing
the emission in mobile sector through relevant programs such
as the dissemination of low-pollution motor vehicles and the
subsidiary support for installing exhaust gas reduction device.
Overall, the results for Seoul show that the health effects were
closely linked to heavy metals from both natural and
anthropogenic sources. Heavy metals have been continuously
reported to have impacts on cardiovascular via both direct and

indirect pathways inducing oxidative stress and inflammation
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(Mills et al., 2009). In addition, respiratory system is subject to
damage by transition metals which trigger oxidative stress in
lung alveoli (Hamad et al., 2016).

In Daejeon, PM,5 constituents increased the RR of all
types of cause-specific mortality while most of the significant
associations were related to CVD mortality. Chemical
constituents with significant associations were EC (1.051,
1.004-1.100) and Fe (1.039, 1.009-1.069) for all-cause mortality,
OC (1.146, 1.057-1.239), V (1.080, 1.007-1.154), Mn (1.097,
1.027-1.167), Ni (1.042, 1.005-1.080), Zn (1.076, 1.005-1.148), and
Pb (1.091, 1.006-1.177) for CVD mortality and OC (1.219,
1.090-1.354), and As (1.190, 1.007-1.384) for RD mortality. Beside
heavy metals mentioned above, OC and EC have been
consistently reported to influence the various indicators of
cardiovascular diseases such as blood pressure, heart rate
variability (Huang et al.,, 2012; Schneider et al., 2012; Wu et al.,
2013) which can lead to cardiovascular health outcomes (Bell et
al, 2009; Ito et al., 2011). Similarly, sources of which marker
species are carbonaceous species and transition metals (e.g.
mobile, industry, and oil combustion) also showed significant
associations with mortality in Daejeon.

Significant associations of PM,s constituents and sources

with mortality in Gwangju were mostly found for RD mortality,
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which was unique among the four cities. Chemical species of
significant association with RD mortality included ionic species
such as SO,~ (1.085, 1.009-1.163), NH," (1.071, 1.000-1.143) as
well as transition metals including Ti (1.048, 1.009-1.088), V
(1.109, 1.040-1.179), Fe (1.061, 1.001-1.120), Ni (1.100, 1.033-1.170),
and Zn (1.078, 1.010-1.146). While several previous studies
revealed the significant association SO~ and NH," with
mortality risk, there are not explicit biological mechanisms of
adverse health effects of them (Ueda et al., 2016). Nevertheless,
some plausible theories have been suggested to explain the
positive association of S0O,> with adverse health effects. First,
particle acidity by sulfate may change the pulmonary toxicity of
other PM,5 constituents or physical properties from their own
toxicity (Dreher, 2000). Second, catalyzation of metals into more
bioavailable forms is another possible explanation for the high
associations of sulfate with adverse effects. For source-mortality
relationships, sources of the species with significant association
(e.g. oil combustion, mobile, and soil) were consistently revealed
to increase the RD mortality in Gwangju.

In Ulsan, SO (1.047, 1.004-1.091), OC (1.056,
1.001-1.113), and Mn (1.060, 1.018-1.103) for all-cause mortality
while OC (1.126, 1.009-1.248) increased the CVD mortality risk

significantly. Regarding source-mortality relationships, secondary
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sulfate (1.053, 1.007-1.099), mobile (1.054, 1.009-1.099), and
industry (1.059, 1.016-1.102) sources were strongly associated
with all-cause mortality. These results are consistent with the
PMF modelling results for the «city identifying higher
contributions of mobile and secondary sulfate.  The
compositional characteristics of the highest SO,*/NOs; ratio
among the four cities also support the health effects of PM;s
sources in the city.

The associations of mortality with PM,5 constituents
obtained from multi-pollutant models were largely consistent
with those from single-pollutant models. However, some
differences were also observed due to the control of the effects
caused by other species. First, EC and Fe for all-cause mortality
in Seoul didn't show significant relationships compared to
single-pollutant model. This suggests Ti is a more important
element for all-cause mortality regarding the effects of soil
source. The chemical constituents (i.e. Ti, Fe, and As) of
significant associations with CVD mortality identically showed
strong  relationships  from  multi-pollutant  models. A
representative element from coal combustion, As, is an
important factor on cardiovascular health outcomes as well as

other heavy metallic elements. None of chemical species were
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revealed to be significantly associated with RD mortality,
supporting that PM,s health effects in Seoul were mainly
related to all-cause and CVD mortality caused by transition
metals. In Daejeon, no significant associations between PM;s
components with all-cause mortality were observed and the
number of constituents closely related to CVD mortality
decreased from the results of multi-pollutant models. However,
it is notable that NOj; showed significant associations with RD
mortality, considered to be influenced by the control of NH," in
the model. This explains source-mortality relationships more
clearly where secondary nitrate was significantly associated with
RD mortality. The results of multi-pollutant models for Gwangju
were quite similar to those from single-pollutant models while
PM,5 chemicals significantly associated with RD mortality were
reduced. Remarkably, Ni and V were closely related to RD
mortality from multi-pollutant models as well as single-pollutant
models, suggesting primary emission from oil combustion source
had effects on the respiratory system of the population in
Gwangju. The results of multi-pollutant models for Ulsan
consistently shows that S0, OC, and Mn were important

species for the adverse health effects observed in the city.
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Table 4-2 Summary of daily mortality and meteorological conditions
during 2014-2018

City Avg. (5.D.) Min. Pas Pso P75 Max.
Daily mortality
All-cause 108 (14) 69 98 107 115 182
CVD 11 (4) 2 8 10 13 29
RD 24 (6) 8 20 23 27 44
Seoul

Meteorological parameters
Temp 13.3 (10.8) -14.8 3.7 14.7 22.7 33.7
RH 59.1 (14.7) 21.8 48.4 59.1 69.1 99.0
BP 1006.3 (7.9)  981.0 999.8 1006.7 1012.6 1026.8

Daily mortality

All-cause 19 (5) 8 16 18 22 35
CVD 3 (2 0 1 2 3 11
) RD 4 (3) 0 3 4 6 13
Daejeon ;
Meteorological parameters
Temp 13.9 (9.3) -9.5 5.7 14.5 223 315
RH 68.3 (15.0) 23.9 57.4 69.6 78.6 99.0
BP 1008.7 (7.7) 9879 10024 1009 10149 1027.6
Daily mortality
All-cause 18 (5) 5 14 17 20 33
CVD 2 (2 0 1 2 3 8
. RD 4 (2 0 2 4 5 11
Gwangju ;
Meteorological parameters
Temp 13.4 (10.2) -12.7 43 14.1 222 334
RH 69.3 (13.8) 27.5 59.4 70.5 78.8 99.3
BP 1008.9 (8.0)  985.7 1002.3 1009.3 10152 1029.1
Daily mortality
All-cause 13 (4) 2 9 12 14 27
CVD 2 (2 0 0 1 2 6
RD 4 (2 0 2 3 4 10
Ulsan
Meteorological parameters
Temp 13.8 (8.5) -8.2 6.9 14.3 20.8 31.0

RH 64.5 (19.1) 18.0 49.3 66.5 80.0 98.0
BP 1009.5 (7.9) 9825 1003.6 1009.7 1015.2 1030.0
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Table 4-3 The highest RR and 95% CI of cause-specific mortality
associated with IQR increases in the concentration of PM,s chemical

constituents from single-pollutant models in Seoul

Constituent All-cause CVvD RD

SO> 1.011 (2) 1.015 (2) 1.024 (4)
(0.999, 1.023) (0.991, 1.039) (0.987, 1.059)

NO> 1.005 (1) 1.008 (2) 1.025 (0)
(0.992, 1.018) (0.982, 1.034) (0.942, 1.110)

NH,* 1.008 (2) 1.012 (2) 1.022 (4)
(0.995, 1.020) (0.987, 1.036) (0.984, 1.058)

i 1.016* (7) 1.017 (7) 1.044 (0)
(1.002, 1.031) (0.989, 1.049) (0.992, 1.112)

oc 1.012 (2) 1.023 (2) 1.030 (6)
(0.997, 1.027) (0.994, 1.053) (0.986, 1.074)

BC 1.015* (2) 1.021 (7) 1.032 (7)
(1.000, 1.031) (0.992, 1.050) (0.990, 1.076)

T 1.011* (7) 1.016* (7) 1.017 (7)
(1.003, 1.019) (1.001, 1.032) (0.993, 1.041)

v 1.008 (1) 1.008 (1) 1.033 (0)
(0.995, 1.021) (0.983, 1.034) (0.990, 1.077)

Mn 1.004 (3) 1.017 (7) 1.034 (0)
(0.991, 1.016) (0.994, 1.040) (0.985, 1.082)

Fe 1.010* (7) 1.023* (7) 1.022 (0)
(1.000, 1.021) (1.003, 1.044) (0.982, 1.063)

Ni 1.004 (1) 1.008 (7) 1.024 (4)
(0.991, 1.017) (0.985, 1.032) (0.987, 1.062)

Cu 1.009 (2) 1.021 (1) 1.023 (0)
(0.996, 1.021) (0.995, 1.048) (0.973, 1.073)

70 1.008 (2) 1.015 (2) 1.038 (0)
(0.995, 1.020) (0.990, 1.040) (0.979, 1.098)

As 1.004 (2) 1.030* (1) 1.027 (6)
(0.990, 1.018) (1.003, 1.058) (0.985, 1.069)

b 1.009 (2) 1.017 (7) 1.071* (0)

(0.997, 1.022)

(0.993, 1.041)

(1.013, 1.128)

*

: significant at 95% CI
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Table 4-4 The highest RR and 95% CI of cause-specific mortality
associated with IQR increases in the concentration of PM,s chemical

constituents from multi-pollutant models in Seoul

Constituent All-cause CVvD RD

SO> 1.018 (0) 1.016 (2) 1.030 (4)
(0.992, 1.044) (0.992, 1.040) (0.994, 1.065)

NO> 1.009 (0) 1.010 (0) 1.032 (0)
(0.978, 1.040) (0.947, 1.073) (0.938, 1.127)

NH,* 1.022 (0) 1.025 (0) 1.041 (0)
(0.982, 1.063) (0.944, 1.107) (0.922, 1.165)

i 1.016*(7) 1.015 (7) 1.031 (0)
(1.001, 1.031) (0.987, 1.047) (0.976, 1.104)

oc 1.012 (2) 1.024 (2) 1.067 (0)
(0.997, 1.028) (0.994, 1.054) (0.981, 1.156)

BC 1.020 (0) 1.019 (7) 1.040 (7)
(0.988, 1.053) (0.990, 1.049) (0.997, 1.085)

T 1.010* (7) 1.017* (7) 1.015 (3)
(1.003, 1.018) (1.001, 1.032) (0.990, 1.041)

v 1.007 (1) 1.015 (0) 1.073 (0)
(0.994, 1.020) (0.956, 1.076) (0.984, 1.163)

Mn 1.003 (3) 1.018 (2) 1.065 (0)
(0.990, 1.015) (0.993, 1.043) (0.977, 1.153)

Fe 1.011 (0) 1.023* (7) 1.019 (3)
(0.992, 1.031) (1.002, 1.044) (0.984, 1.053)

Ni 1.003 (2) 1.007 (7) 1.025 (4)
(0.990, 1.016) (0.983, 1.031) (0.988, 1.063)

Cu 1.009 (2) 1.020 (1) 1.011 (2)
(0.996, 1.021) (0.993, 1.047) (0.974, 1.048)

70 1.009 (0) 1.016 (2) 1.024 (2)
(0.983, 1.035) (0.991, 1.042) (0.986, 1.062)

As 1.005 (2) 1.032* (1) 1.028 (6)
(0.991, 1.019) (1.003, 1.060) (0.985, 1.070)

b 1.010 (2) 1.019 (2) 1.076 (0)

(0.998, 1.023)

(0.993, 1.045)

(0.997, 1.156)

*

: significant at 95% CI
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Table 4-5 The highest RR and 95% CI of cause-specific mortality

associated with IQR increases in source contribution in Seoul

Source All-cause CVD RD
Secondary 1.009 1.012 1.024

sulfate (0.998, 1.020) (0.992, 1.033) (0.992, 1.057)
Secondary 1.005 1.004 1.024

nitrate (0.992, 1.017) (0.979, 1.030) (0.986, 1.061)

. 1.009 1.032* 1.016
Incinerator

(0.996, 1.021)

(1.007, 1.057)

(0.980, 1.052)

Coal 1.009

combustion (0.993, 1.026)

1.034*
(1.003, 1.065)

1.043
(0.995, 1.092)

. 1.009 1.018 1.012
Mobile
(0.996, 1.022) (0.993, 1.044) (0.975, 1.050)
Biomass 1.012 1.012 1.039
burning (0.998, 1.026) (0.981, 1.044) (0.989, 1.091)
1.005 1.014 1.008
Industry

(0.993, 1.017)

(0.990, 1.039)

(0.972, 1.044)

1.008
(0.996, 1.020)

Oil combustion

1.007
(0.984, 1.030)

1.025
(0.986, 1.063)

1.010*
(1.002, 1.018)

Soil

1.016*
(1.000, 1.032)

1.024
(0.998, 1.052)

1.007

Aged sea salt
(0.996, 1.018)

1.020
(0.998, 1.043)

1.029
(0.996, 1.064)

* . significant at 95% CI
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Table 4-6 The highest RR and 95% CI of cause-specific mortality
associated with IQR increases in the concentration of PM,s chemical

constituents from single-pollutant models in Daejeon

Constituent All-cause CVvD RD

SO> 1.018 (2) 1.049 (1) 1.059 (5)
(0.984, 1.051) (0.977, 1.123) (0.954, 1.165)

NO> 1.026 (1) 1.041 (1) 1.070 (1)
(0.990, 1.062) (0.963, 1.119) (0.965, 1.177)

NH,* 1.016 (1) 1.054 (1) 1.093 (0)
(0.980, 1.053) (0.975, 1.134) (0.834, 1.372)

i 1.015 (4) 1.049 (1) 1.123 (5)
(0.981, 1.059) (0.973, 1.184) (0.981, 1.443)

oc 1.024 (4) 1.146* (4) 1.219* (5)
(0.983, 1.066) (1.057, 1.239) (1.091, 1.354)

EC 1.051* (2) 1.060 (4) 1.189 (0)
(1.004, 1.100) (0.955, 1.177) (0.978, 1.447)

T 1.022 (2) 1.026 (0) 1.056 (2)
(0.999, 1.045) (0.975, 1.079) (0.994, 1.118)

v 1.025 (3) 1.080* (1) 1.080 (2)
(0.991, 1.060) (1.007, 1.154) (0.976, 1.186)

Mn 1.027 (1) 1.097* (1) 1.075 (2)
(0.995, 1.059) (1.027, 1.167) (0.981, 1.171)

Fe 1.039* (2) 1.026 (1) 1.070 (2)
(1.009, 1.069) (0.957, 1.095) (0.984, 1.156)

Ni 1.018 (2) 1.042* (1) 1.039 (2)
(0.999, 1.038) (1.005, 1.080) (0.984, 1.097)

Cu 1.038 (1) 1.064 (1) 1.098 (5)
(0.999, 1.076) (0.978, 1.151) (0.979, 1.219)

70 1.021 (1) 1.076* (1) 1.079 (5)
(0.989, 1.053) (1.005, 1.148) (0.979, 1.179)

As 1.040 (1) 1.091 (1) 1.190* (0)
(0.995, 1.086) (0.992, 1.194) (1.007, 1.384)

b 1.033 (1) 1.091* (1) 1.146 (0)

(0.995, 1.071)

(1.006, 1.177)

(0.955, 1.339)

*

: significant at 95% CI
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Table 4-7 The highest RR and 95% CI of cause-specific mortality
associated with IQR increases in the concentration of PM,s chemical

constituents from multi-pollutant models in Daejeon

Constituent All-cause CVvD RD

SO> 1.025 (7) 1.065 (7) 1.114 (0)
(0.985, 1.065) (0.980, 1.151) (0.854, 1.39)

NO> 1.022 (1) 1.048 (1) 1.155* (5)
(0.978, 1.066) (0.954, 1.144) (1.028, 1.285)

NH,* 1.032 (0) 1.071 (1) 1.321 (0)
(0.915, 1.153) (0.972, 1.173) (0.940, 1.746)

i 1.019 (4) 1.051 (1) 1.161 (5)
(0.980, 1.072) (0.964, 1.217) (0.988, 1.587)

oc 1.033 (7) 1.104 (2) 1.242* (5)
(0.992, 1.074) (0.994, 1.219) (1.081, 1.413)

BC 1.056 (2) 1.204 (0) 1.143 (3)
(0.995, 1.12) (0.944, 1.538) (0.943, 1.386)

T 1.026 (2) 1.058 (0) 1.050 (6)
(0.998, 1.053) (0.972, 1.145) (0.968, 1.134)

v 1.018 (3) 1.089* (1) 1.068 (2)
(0.977, 1.06) (1.004, 1.177) (0.936, 1.206)

Mn 1.031 (1) 1.092* (1) 1.075 (2)
(0.993, 1.07) (1.011, 1.173) (0.961, 1.19)

Fe 1.035 (2) 1.073 (0) 1.134 (0)
(0.999, 1.072) (0.922, 1.224) (0.912, 1.356)

Ni 1.013 (6) 1.036 (1) 1.058 (2)
(0.989, 1.037) (0.990, 1.084) (0.988, 1.132)

Cu 1.039 (1) 1.065 (4) 1.167* (5)
(0.993, 1.085) (0.958, 1.174) (1.019, 1.319)

70 1.037 (1) 1.114* (1) 1.118 (5)
(0.995, 1.078) (1.026, 1.202) (0.992, 1.245)

As 1.042 (1) 1.096 (1) 1.341* (0)
(0.982, 1.102) (0.969, 1.227) (1.049, 1.661)

b 1.063 (0) 1.129 (0) 1.217 (0)

(0.953, 1.173)

(0.896, 1.366)

(0.889, 1.553)

*

: significant at 95% CI
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Table 4-8 The highest RR and 95% CI of cause-specific mortality

associated with IQR increases in source contribution in Daejeon

Source All-cause CVD RD
Secondary 1.019 1.040 1.104*
sulfate (0.986, 1.052) (0.967, 1.114) (1.005, 1.204)
Secondary 1.034* 1.060 1.126*
nitrate (1.003, 1.065) (0.991, 1.130) (1.040, 1.214)
. 1.037* 1.129* 1.092
Incinerator
(1.000, 1.074) (1.049, 1.212) (0.984, 1.204)
Coal 1.020 1.061 1.078
combustion (0.974, 1.067) (0.960, 1.164) (0.941, 1.219)
. 1.030 1.125* 1.102
Mobile
(0.991, 1.070) (1.038, 1.214) (0.980, 1.227)
Biomass 1.018 1.044 1.068
burning (0.991, 1.046) (0.994, 1.098) (0.998, 1.158)
1.032 1.095* 1.078
Industry

Oil combustion

Soil

(0.998, 1.067)

1.031*
(1.002, 1.061)

1.034
(0.990, 1.079)

(1.016, 1.176)

1.038
(0.975, 1.103)

1.029
(0.933, 1.133)

(0.979, 1.181)

1.086
(0.999, 1.176)

1.127
(0.989, 1.276)

* . significant at 95% CI
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Table 4-9 The highest RR and 95% CI of cause-specific mortality
associated with IQR increases in the concentration of PM,s chemical

constituents from single-pollutant models in Gwangju

Constituent All-cause CVvD RD

SO> 1.004 (1) 1.029 (7) 1.085* (1)
(0.977, 1.032) (0.981, 1.077) (1.009, 1.163)

NO> 1.014 (6) 1.072 (0) 1.047 (1)
(0.989, 1.038) (0.989, 1.156) (0.980, 1.114)

NH,* 1.011 (1) 1.030 (2) 1.071* (1)
(0.986, 1.037) (0.977, 1.085) (1.000, 1.143)

i 1.008 (7) 1.023 (7) 1.047 (5)
(0.990, 1.027) (0.986, 1.068) (0.983, 1.138)

oc 1.018 (2) 1.035 (5) 1.056 (2)
(0.990, 1.045) (0.978, 1.092) (0.979, 1.134)

BC 1.012 (6) 1.057 (0) 1.048 (7)
(0.985, 1.039) (0.970, 1.157) (0.983, 1.120)

T 1.015* (3) 1.018 (0) 1.048* (5)
(1.001, 1.029) (0.991, 1.044) (1.009, 1.088)

v 1.015 (7) 1.034 (4) 1.109* (1)
(0.992, 1.038) (0.981, 1.087) (1.040, 1.179)

Mn 1.012 (5) 1.022 (0) 1.036 (1)
(0.989, 1.035) (0.961, 1.084) (0.970, 1.102)

Fe 1.017 (5) 1.037 (0) 1.061* (5)
(0.997, 1.038) (0.992, 1.081) (1.001, 1.120)

) 1.011 (7) 1.034 (2) 1.100* (1)
Ni (0.990, 1.032) (0.986, 1.084) (1.033, 1.170)

Cu 1.008 (2) 1.033 (0) 1.032 (1)
(0.988, 1.029) (0.983, 1.083) (0.973, 1.091)

70 1.016 (1) 1.030 (6) 1.078* (1)
(0.992, 1.04) (0.980, 1.080) (1.010, 1.146)

As 1.015 (1) 1.026 (5) 1.058 (1)
(0.993, 1.039) (0.979, 1.074) (0.994, 1.124)

b 1.015 (0) 1.019 (0) 1.069 (1)

(0.986, 1.043)

(0.960, 1.079)

(0.999, 1.140)

*

: significant at 95% CI
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Table 4-10 The highest RR and 95% CI of cause-specific mortality
associated with IQR increases in the concentration of PM,s chemical

constituents from multi-pollutant models in Gwangju

Constituent All-cause CVvD RD

SO> 1.004 (1) 1.027 (7) 1.124 (0)
(0.977, 1.032) (0.979, 1.075) (0.977, 1.276)

NO> 1.015 (0) 1.053 (0) 1.088 (0)
(0.968, 1.061) (0.956, 1.151) (0.958, 1.221)

NH,* 1.014 (0) 1.032 (2) 1.105 (0)
(0.949, 1.080) (0.978, 1.087) (0.922, 1.300)

i 1.007 (7) 1.026 (7) 1.049 (5)
(0.989, 1.027) (0.988, 1.073) (0.984, 1.142)

oc 1.020 (2) 1.031 (2) 1.168 (0)
(0.992, 1.048) (0.973, 1.090) (0.998, 1.347)

BC 1.013 (2) 1.042 (2) 1.043 (7)
(0.986, 1.042) (0.985, 1.105) (0.977, 1.115)

T 1.014* (3) 1.026 (0) 1.046* (5)
(1.001, 1.028) (0.994, 1.058) (1.006, 1.086)

v 1.014 (7) 1.035 (4) 1.104* (1)
(0.991, 1.038) (0.982, 1.088) (1.034, 1.175)

Mn 1.011 (2) 1.023 (6) 1.068 (0)
(0.988, 1.035) (0.976, 1.070) (0.889, 1.251)

Fe 1.016 (5) 1.067* (0) 1.061* (5)
(0.995, 1.037) (1.000, 1.134) (1.001, 1.121)

Ni 1.014 (0) 1.056 (0) 1.092* (1)
(0.965, 1.065) (0.955, 1.166) (1.024, 1.164)

Cu 1.008 (2) 1.027 (6) 1.032 (1)
(0.988, 1.029) (0.985, 1.069) (0.973, 1.093)

70 1.016 (1) 1.030 (6) 1.073* (1)
(0.991, 1.040) (0.980, 1.080) (1.003, 1.143)

As 1.017 (1) 1.024 (4) 1.054 (1)
(0.994, 1.041) (0.976, 1.072) (0.988, 1.121)

b 1.020 (0) 1.024 (0) 1.063 (1)

(0.985, 1.055)

(0.952, 1.097)

(0.992, 1.135)

*

: significant at 95% CI
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Table 4-11 The highest RR and 95% CI of cause-specific mortality

associated with IQR increases in source contribution in Gwangju

Source All-cause CVD RD
Secondary 1.008 1.036 1.085
sulfate (0.977, 1.040) (0.980, 1.091) (0.995, 1.176)
Secondary 1.016 1.076 1.041
nitrate (0.990, 1.041) (0.996, 1.157) (0.970, 1.112)
. 1.017 1.044 1.047
Incinerator
(0.989, 1.045) (0.986, 1.103) (0.979, 1.115)
Coal 1.012 1.020 1.063*
combustion (0.991, 1.034) (0.977, 1.065) (1.003, 1.125)
. 1.016 1.034 1.114*
Mobile
(0.985, 1.048) (0.969, 1.100) (1.026, 1.204)
Biomass 1.007 1.022 1.035
burning (0.988, 1.025) (0.985, 1.060) (0.985, 1.087)
1.014 1.018 1.033
Industry

Oil combustion

Soil

Aged sea salt

(0.992, 1.037)

1.013
(0.988, 1.038)

1.013*
(1.001, 1.025)

1.030
(0.997, 1.064)

(0.976, 1.062)

1.031
(0.979, 1.087)

1.019
(0.996, 1.042)

1.055
(0.987, 1.129)

(0.969, 1.100)

1.108*
(1.036, 1.188)

1.040*
(1.006, 1.074)

1.085*
(1.007, 1.171)

* . significant at 95% CI
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Table 4-12 The highest RR and 95% CI of cause-specific mortality
associated with IQR increases in the concentration of PM,s chemical

constituents from single-pollutant models in Ulsan

Constituent All-cause CVvD RD

SO> 1.047* (4) 1.049 (5) 1.077 (7)
(1.004, 1.091) (0.958, 1.142) (0.968, 1.190)

NO> 1.024 (5) 1.040 (4) 1.074 (0)
(0.988, 1.060) (0.968, 1.114) (0.937, 1.218)

NH,* 1.050 (0) 1.100 (0) 1.065 (4)
(0.960, 1.145) (0.914, 1.303) (0.936, 1.202)

i 1.008 (0) 1.028 (4) 1.028 (7)
(0.995, 1.024) (0.997, 1.071) (0.990, 1.087)

oc 1.056* (4) 1.126* (4) 1.121 (0)
(1.001, 1.113) (1.009, 1.248) (0.878, 1.391)

EC 1.029 (4) 1.066 (0) 1.105 (4)
(0.981, 1.081) (0.911, 1.279) (0.964, 1.289)

T 1.017 (6) 1.039 (4) 1.056 (2)
(0.987, 1.047) (0.980, 1.099) (0.968, 1.144)

v 1.027 (5) 1.046 (0) 1.043 (7)
(0.999, 1.055) (0.982, 1.110) (0.976, 1.110)

Mn 1.060* (0) 1.062 (0) 1.101 (2)
(1.018, 1.103) (0.973, 1.151) (0.996, 1.207)

Fe 1.036 (0) 1.065 (0) 1.073 (7)
(0.989, 1.083) (0.970, 1.161) (0.970, 1.177)

Ni 1.027 (5) 1.046 (0) 1.048 (7)
(0.996, 1.059) (0.973, 1.122) (0.972, 1.125)

Cu 1.020 (1) 1.037 (4) 1.086 (7)
(0.983, 1.056) (0.964, 1.111) (0.990, 1.184)

70 1.040 (0) 1.099 (0) 1.090 (6)
(0.990, 1.091) (0.995, 1.203) (0.975, 1.207)

As 1.015 (1) 1.017 (3) 1.048 (7)
(0.991, 1.038) (0.969, 1.067) (0.986, 1.111)

b 1.026 (4) 1.039 (4) 1.044 (6)

(0.992, 1.060)

(0.969, 1.110)

(0.949, 1.140)

*

: significant at 95% CI
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Table 4-13 The highest RR and 95% CI of cause-specific mortality
associated with IQR increases in the concentration of PM,s chemical

constituents from multi-pollutant models in Ulsan

Constituent All-cause CVvD RD

SO> 1.052* (4) 1.036 (4) 1.094 (0)
(1.009, 1.095) (0.945, 1.131) (0.847, 1.359)

NO> 1.020 (5) 1.040 (4) 1.090 (0)
(0.984, 1.056) (0.967, 1.115) (0.929, 1.261)

NH,* 1.060 (0) 1.110 (0) 1.080 (0)
(0.958, 1.166) (0.899, 1.341) (0.793, 1.408)

i 1.008 (0) 1.025 (6) 1.036 (7)
(0.994, 1.025) (0.995, 1.066) (0.994, 1.104)

oc 1.060* (4) 1.135* (4) 1.330* (0)
(1.005, 1.116) (1.018, 1.258) (1.007, 1.696)

EC 1.030 (4) 1.030 (4) 1.091 (4)
(0.983, 1.082) (0.936, 1.146) (0.955, 1.269)

T 1.011 (4) 1.053 (4) 1.047 (2)
(0.981, 1.041) (0.993, 1.113) (0.959, 1.137)

v 1.117 (0) 1.438 (0) 1.047 (7)
(0.902, 1.337) (0.981, 1.918) (0.977, 1.118)

Mn 1.125* (0) 1.105 (0) 1.098 (0)
(1.040, 1.211) (0.927, 1.284) (0.847, 1.352)

Fe 1.011 (4) 1.064 (4) 1.071 (7)
(0.969, 1.053) (0.978, 1.150) (0.967, 1.176)

Ni 1.029 (5) 1.041 (4) 1.344 (0)
(0.997, 1.061) (0.974, 1.109) (0.608, 2.264)

Cu 1.018 (4) 1.039 (4) 1.093 (7)
(0.982, 1.054) (0.966, 1.113) (0.994, 1.193)

70 1.030 (4) 1.113 (0) 1.072 (6)
(0.987, 1.074) (0.930, 1.296) (0.953, 1.191)

As 1.015 (4) 1.017 (3) 1.051 (7)
(0.991, 1.038) (0.968, 1.066) (0.987, 1.116)

b 1.137* (0) 1.137 (0) 1.235 (0)

(1.035, 1.239)

(0.917, 1.360)

(0.942, 1.532)

*

: significant at 95% CI
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Table 4-14 The highest RR and 95% CI of cause-specific mortality

associated with IQR increases in source contribution in Ulsan

Source All-cause CVD RD
Secondary 1.053* 1.051 1.093
sulfate (1.007, 1.099) (0.956, 1.148) (0.977, 1.211)
Secondary 1.022 1.036 1.045
nitrate (0.988, 1.057) (0.946, 1.128) (0.924, 1.170)
) 1.026 1.030 1.089
Incinerator
(0.990, 1.064) (0.952, 1.117) (0.988, 1.204)
Coal 1.016 1.009 1.036
combustion (0.994, 1.039) (0.965, 1.057) (0.979, 1.099)
) 1.054* 1.056 1.042
Mobile
(1.009, 1.099) (0.963, 1.150) (0.911, 1.176)
Biomass 1.006 1.019 1.021
burning (0.995, 1.017) (0.996, 1.043) (0.991, 1.052)
1.059* 1.049 1.116*
Industry

Oil combustion

Soil

Aged sea salt

(1.016, 1.102)

1.029
(0.999, 1.061)

1.015
(0.992, 1.038)

1.023
(0.981, 1.067)

(0.962, 1.140)

1.048
(0.985, 1.115)

1.029
(0.982, 1.079)

1.047
(0.960, 1.147)

(1.007, 1.231)

1.043
(0.972, 1.120)

1.048
(0.992, 1.107)

1.098
(0.990, 1.223)

* . significant at 95% CI
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Figure 4-1 PM,5 constituents and sources significantly associated with mortality in Seoul, Daejeon,
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4. Conclusions

The associations of PM,s chemical constituents and
source contributions with cause-specific ~mortality were
investigated. Daily death counts, a parameter for the health
effects of PM,s exposure, were modeled with either Poisson
distribution or over-dispersed Poisson distribution based on the
data distribution of each city.

Overall, IQR increases in the concentration of PM,s
chemical constituents and source contribution resulted in
increased RR for three types of cause-specific mortality.
However, the significance and strength of associations were
different among the cities, which shows the heterogeneity of the
adverse health effects of PMy5 exposure.

In Seoul, significant associations were found for all
cause-specific mortality which were mainly associated with
heavy metals and related to sources including soil and coal
combustion. In Daejeon, most of the significant associations
were found for CVD mortality with constituents from
combustion related sources including mobile and industry.
Different from Daejeon, most of significant associations in
Gwangju were found for RD mortality with constituents related

to secondary formation (i.e. SO,%, NH,") and heavy metals. The
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significant associations in Ulsan were closely related to SO.,
OC and Mn, which is considered to reflect the characteristic of
the city where large heavy and chemical industry complexes
exist.

The findings of the present study suggest that the risks
of cause-specific mortality increased by PM,5 chemical
constituents and source contributions were quite heterogeneous.
Thus, identification of PM,s5 chemical constituents and sources
affecting health outcomes significantly in the region of interest
should take priority in designing policies to manage PMbss

efficiently.
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Chapter 5.
Associations of PM,5; chemical constituents and source

contributions with morbidity
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Abstract

PM,5 exposure has been reported to be closely related to
adverse health effects, especially respiratory and cardiovascular
diseases via various biological mechanisms such as oxidative
stress and inflammation. However, the negative health impacts
have been revealed to vary depending on the location of a
receptor because the compositional characteristics of PM,5 are
very region-specific. Thus, the associations between PM;s
exposure with health outcomes need to be understood for
reducing the adverse effects of PM;s.

In the present study, the associations of PM,s chemical
constituents and source contributions with cause-specific
morbidity in major metropolitan cities were evaluated. Daily
emergency department visits (EDVs) in the study areas during
2014-2018 were modeled with the daily concentrations of PM;s
chemical constituents and source contributions in each city
using the generalized linear model (GLM) while meteorological
parameters were controlled.

Overall, IQR increases in the concentrations of PM;s
chemical species and source contribution mostly showed positive
relations with EDVs risks. However, the significance and
strength of the associations were different among cities,

implying heterogeneous health effects of PM,5 exposure.

- 159 -



1. Introduction

Air pollution is one of the driving risk factors linked to
adverse health impacts on not only respiratory system but also
cardiovascular and neurological system (Dabass et al.,, 2016, Fu
et al, 2019; Jo et al, 2018). Among various air pollutants such
as NO,, SO, and O;, there have been growing concerns about
the health risks of exposure to particulate matters. A research
on risk factors of human health around the world, Global
Burden of Disease (GBD) 2019, revealed that ambient particulate
matter pollution was the seventh leading risk factor for
attributable disability-adjusted life years (DALYs) for all ages in
2019 (GBD 2019 Risk Factors Collaborators, 2020).

Although the associations of ambient PM,s with diverse
illnesses have been identified, there is little consistent evidence
regarding the magnitude of the associations. This may derive
from the heterogeneous characteristics of PM,5 composition.
PM,5 comprises a number of chemical constituents including
nitrate, sulfate, ammonium, organic carbon, elemental carbon,
and other trace elements because PM,s is mostly generated
from the reactions among precursors in the atmosphere rather
than primarily emitted from sources. Moreover, the complicated
reactions among precursors are also affected by the

meteorological parameters such as temperature, relative
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humidity. Thus, PM,s compositional characteristics are so
dependent on the location of receptors that the associations of
PM,5 composition and source contribution with health outcomes
in the region of interest need to be investigated. In the present
study, region-specific associations were assessed and compared
to draw evidence for managing PM,s-induced morbidity more

properly from a public health perspective.

2. Materials and methods
2.1 Data
2.1.1 Daily morbidity

Morbidity is one of the widely used indicators for
evaluating the adverse health effects of the exposure to air
pollution. Various parameters can stand for morbidity including
emergency department visits (EDVs), out-of-hospital cardiac
arrest (OCHA), and hospital admissions (De Marco et al.,, 2018;
Qiao et al, 2014; Sielski et al., 2021). In the present study,
cause-specific EDVs were adopted as a morbidity parameter to
analyze the health effects of PM;s exposure. The study
populations were all residents in Seoul, Daejeon, Gwangju, and

Ulsan during 2014-2018.
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Daily EDVs were obtained from National Emergency
Department Information System (NEDIS) operated by National
Medical Center, Korea. EDVs in the four cities were included as
morbidity data after classified into all-cause (A00-R99),
cardiovascular diseases (CVD, 100-199), and respiratory diseases
(RD, J00-J99) morbidity according to the 10™ version of
International Classification of Disease (ICD-10). This study was
approved by the Seoul National University Institutional Review

Board (IRB No: E2101/003-001).

2.1.2 PM,5 constituents and meteorological data

PM,5 speciation data in Seoul, Daejeon, Gwangju, and
Ulsan during 2014-2018 was used for the analyses of health
effects. With regard to source contributions, PMF-modeled data
was added to the statistical models for the consistency with the
analyses of the health effects of PM,s chemical compounds on
morbidity.

Meteorological parameters are also important factors
affecting human health such as temperature, relative humidity
and they should be included in the health effect model to be
controlled (Allen and Sheridan, 2014, Wang et al., 2019). Daily

mean temperature, relative humidity (RH), and barometric
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pressure (BP) data was obtained from Weather Data Service

(https:/ /data.kma.go.kr) of Korea Meteorological Administration.

2.2 Statistical model

Adverse health effects of air pollution can be expressed
as the strength of the associations between the unit increase in
the pollutants concentration exposed to human body and health
outcomes based on time-series analyses using various statistical
models. Generalized linear model (GLM) and generalized
additive model (GAM) have been used for examining short-term
effects of air pollution on health parameters such as mortality
or morbidity (He et al., 2006).

In the present study, quasi-Poisson regression models
with GLM were applied to estimate the associations of both
PM,5 constituents and sources with morbidity considering the
presence of overdispersion in daily EDVs. Natural spline
function of time and temperature was used to control both
long-term and seasonal trends of EDVs and PM,s mass
concentration was also included as a covariate for adjustment of
the effects by mass concentration. To determine the degrees of
freedom (df) of natural spline, sensitivity analyses were

conducted by changing df from 2 to 10 per year and they were
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selected to minimize the QAIC, a modification of Akaike
Information Criterion for overdispersed count data (Kim et al,
2014). In addition, delayed effects, single-lag effect from on the
day of exposure (lag 0) to three days (lag 3) after exposure,
were examined because the health outcomes of PM,5 are likely
to be lagged after exposure (Kim et al., 2012; Qiu et al, 2020).

The final model was constructed as Eq. (1).

In(E[Y{]) = Po + B1°Xa + P2-PMas + P3RH + p4-BP + p5-DOW

+ ns(time, df) + ns(temperature, df) + ¢ (1)

where, Yt is the observed EDVs on the day t X. represents
the daily average concentration of PMs constituents at day t to
1 (1=0, 1, 2, 3); RH, BP, and DOW stand for daily average
relative humidity, barometric pressure, and day of week,
respectively; [1-Ps is the coefficient of Xt, PM,s, RH, BP, DOW.
After drawing (1 through Eq. (1), the relative risk (RR) was

calculated by the following Eq. (2).

RR = e} ()

All analyses were performed by using ‘mgcv’ package

in statistical software R (http://www.R-project.org).
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3. Results and discussion

During the study period, more than six million patients
visited hospital emergency departments and were diagnosed
with non-accidental illnesses in Seoul, Daejeon, Gwangju, and
Ulsan. Descriptive statistics of cause-specific EDVs and
meteorological conditions during 2014-2018 in each study city
are shown Table in 5-2.

In summary, IQR increases in the concentration of PM;s
chemical constituents (Table 5-1) largely influenced cause-specific
EDVs, whereas only a few constituents were significantly
associated with different strength depending on the city and
cause of disease, implying risk heterogeneity among various
PM,s constituents. IQR increases in source contribution also
influenced cause-specific EDVs with different strength among
the cities. The associations of cause-specific EDVs with PM;s
chemical constituents and source contributions are summarized
in Tables from 5-3 to 5-10 respectively.

In Seoul, significant associations of PM,s chemical
constituents with EDVs were found for -cardiovascular and
respiratory disease. First, Zn (RR 1.021, 95% CI 1.002-1.040)
increased the risks of cardiovascular EDVs. Exposure to PM
containing Zn can lead cardiac injury directly or indirectly

through several pathways such as lung inflammation and/or
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systemic endothelial activation (Godleski, 2006; Kodavanti et al.,

2008), supported by

the previous

studies which revealed

significant associations between Zn and cardiovascular EDVs

(Bell et al., 2014; Campen et al., 2001; Ostro et al., 2007).

Table 5-1 Interquartile

range of PM,5 constituents concentration

Constituent unit Seoul Daejeon Gwangju Ulsan
SO* g/ m 4.79 473 4.44 3.49
NOs pg/ m’ 7.65 6.39 5.07 3.03
NH," ug/ m 3.67 3.38 2.76 2.20

K" pg/ m 0.18 0.13 0.17 0.08
oC g/ m 2.49 2.62 2.92 2.36
EC ug/ m’ 0.88 0.96 0.68 0.49
Ti ng/m 6.72 6.45 6.31 7.56
\% ng/m’ 5.69 2.96 3.55 9.36
Mn ng/m’ 11.35 7.93 9.16 18.90
Fe ng/m’ 127.59 132.54 116.14 163.79
Ni ng/m’ 1.98 1.26 1.18 3.36
Cu ng/m 7.26 5.49 3.09 4.99
Zn ng/m’ 57.78 35.86 42.63 56.49
As ng/m’ 418 3.07 2.54 6.37
Pb ng/m’ 17.53 15.52 19.92 18.16
Second, Mn (1.025, 1.000-1.050) and Cu (1.028,
1.002-1.054) showed significant associations with respiratory

EDVs. Transition metals have been widely known to affect
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human body through several pathways inducing oxidative stress
and inflammation (Mills et al., 2009). After deposited in
respiratory system, transition metals can produce free radicals
such as hydroxy radical, hydrogen peroxide, superoxide anion
radical via Fenton type reaction and act as catalysts as well as
induce inflammatory cytokines (Donaldson et al, 1996;
Greenwell et al., 2002; Risom et al, 2005, Wu et al., 2018).
Subsequently, these radicals cause oxidative damage on
epithelial cells, which leads to DNA injury or apoptosis (Gao et
al, 2016, Liu et al, 2020). Moreover, inflammatory cytokine
and/or ROS produced on the epithelial cells of respiratory
system also affect cardiovascular system through systemic
circulation. Several inflammatory mediators such as interleukin 6
(IL-6), tumor necrosis factor-a (TNF-a) can spread into systemic
circulation after released from lung cells (Martinelli et al., 2013),
resulting in atherosclerosis, a basic step of many cardiovascular
illnesses (Sun et al., 2005, Tian et al., 2021). Regarding source
effects, industry (1.030, 1.005-1.055) source was significantly
associated with daily EDVs for respiratory disease in Seoul.
This source was characterized by the high loadings of heavy
metals which strongly affect respiratory system.

In Daejeon, PMys chemical constituents also largely

influenced the EDVs risk and significant associations were
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found for all types of cause-specific EDVs. In particular, SO
and As affected both non-accidental and respiratory EDVs.
Other components showing significant associations were Fe
(1.028, 1.001-1.055) and Pb (1.063, 1.000-1.126) for cardiovascular
EDVs, Ti (1.034, 1.012-1.057) for respiratory EDVs, respectively.
SO~ was reported to be strongly related to respiratory
hospitalization (Jones et al., 2015), particularly in summer
seasons when the constituent becomes predominant in PM;s
composition due to the formation mechanism favored by high
temperature and relative humidity (Cao et al., 2017; Liu et al,
2005). Although significant associations between SO,> and
hospital admissions have been found for respiratory disease
(Burnett et al., 1995; Jones et al, 2015), there are not explicit
biological mechanisms of adverse health effects of them (Ueda
et al., 2016). Nevertheless, some plausible theories have been
suggested to explain the positive associations of SO with
adverse health effects. First, particle acidity by SO,* may
change the pulmonary toxicity of other PM,s constituents or
physical properties from their own toxicity (Dreher, 2000).
Second, catalyzation of metals into more bioavailable forms is
another possible explanation for the high associations of SO.*
with adverse effects.

For source-morbidity relationships, the sources of which
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marker species were significantly associated with morbidity
mostly had impacts on cause-specific EDVs. It is notable that
secondary sulfate influenced all types of EDVs, which implies
secondary sulfate was one of the important factors causing the
burden of EDVs in Daejeon. This seemed to originate from the
geographical location deep inland, facilitating the formation of
secondary inorganic aerosols in the atmosphere. The percentage
of calm conditions, where the wind speed is below 0.5 m/sec,
in Daejeon during the study period was 12.5% which was much
higher than those in Seoul (3.8%) and Ulsan (6.2%).

In Gwangju, PM,s chemical constituents were largely
associated with daily EDVs while the significance and strength
of the associations varied among the components. As, known as
highly toxic, affected both non-accidental (1.029, 1.002-1.056) and
respiratory  (1.056, 1.009-1.103) morbidity. Source-morbidity
relationships also show coal combustion source, explained by
high loadings of As, was significantly associated with
non-accidental and respiratory EDVs. These results demonstrate
As emitted from the source had negative health effects in
Gwangju. In addition, K" (1.019, 1.003-1.036) and EC (1.023,
1.003-1.043) significantly influenced cardiovascular morbidity.
Gwangju is surrounded by wide agricultural areas where open

field burning of crop waste is periodically done for enhancing
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land productivity. Accordingly, the marker species of biomass
burning source seem to have affected cardiovascular EDVs.

In Ulsan, the significant associations between PM,s
constituents and the risk of EDVs were dominant for respiratory
illnesses. Among them, OC (1.142, 1.001-1.291) showed the
largest value of EDVs risk. OC is one of the PM,5 constituents
which has been continuously reported to be linked to negative
impacts on human body (Delfino et al, 2003; Peel et al., 2005;
Sinclair and Tolsma, 2004) where the toxicity mechanisms, the
oxidative stress and inflammation, are similar to other
components. A representative pathway is to mimic the dioxin
mechanism mediated aryl hydrocarbon receptor (Kennedy, 2007).
Aryl hydrocarbon receptor (AhR) is a transcriptional factor that
is involved in adaptive xenobiotic response (Hao and Whitelaw,
2013). PMys exposure can down-regulate the expression of AhR,
which is known to induce inflammatory responses (Feng et al.,
2019). For source effects on EDVs risk, coal combustion source
affected both cardiovascular (1.035, 1.008-1.063) and respiratory
(1.044, 1.012-1.077) diseases. These results are in line with the
PM,5 constituents-EDVs risk relationship given that As and Pb
are marker species of coal combustion source. Previous studies
also revealed that coal-related PM,5 is particularly important in

terms of toxicity (Park et al., 2018; Sun et al., 2015).
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Table 5-2 Summary of daily EDVs and meteorological conditions
during 2014-2018

City AVg. (SD) Min P25 P50 P75 Max.
Daily EDVs
All-cause 2637 (601) 1284 2260 2498 2865 6875
CVD 151 (24) 73 134 149 164 262
RD 412 (263) 137 269 335 461 3150
Seoul

Meteorological parameters

Temp, C 13.3 (10.8) -14.8 37 147 227 337
RH, % 59.1 (14.7) 218 484 591 69.1 99.0
BP, hPa 1006.3 (7.9) 981.0 999.8 1006.7 1012.6 1026.8

Daily EDVs
All-cause 401 (98) 138 335 383 447 945
CVD 30 (8) 7 25 29 34 55
Daejeon RD 71 (42) 15 46 60 81 409
Meteorological parameters
Temp, C  13.9 (9.3) 9.5 57 145 223 315
RH, % 68.3 (15.0) 239 574  69.6 786  99.0
BP, hPa 1008.7 (7.7) 9879 10024 1009 10149 1027.6
Daily EDVs
All-cause 367 (189) 148 252 298 435 2330
CVD 32 (8) 7 26 31 36 65
Gwangju RD ' 76 (78) 12 39 55 84 1246
Meteorological parameters
Temp, C 134 (102) -12.7 4.3 141 222 334
RH, % 69.3 (13.8) 275 594 705 788 993
BP, hPa 10089 (8.0) 985.7 10023 1009.3 10152 1029.1
Daily EDVs
All-cause 175 (71) 81 132 158 194 981
CVD 8 (4) 1 5 7 10 25
Ulsan RD 26 (30) 3 13 19 28 538
Meteorological parameters
Temp, C  13.8 (8.5) -8.2 69 143 208 310

RH, % 64.5 (19.1) 18.0 49.3 66.5 80.0 98.0
BP, hPa 1009.5 (7.9) 9825 1003.6 1009.7 1015.2 1030.0
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Table 5-3 The highest RR and 95%

associated with IQR increases in the concentration of PM,s5 chemical

constituents in Seoul

CI of cause-specific EDVs

Constituent All-cause CVD RD
). 1.017 (0) 1.001 (0) 1.004 (2)
50 (0.998, 1.037) (0.983, 1.020) (0.978, 1.031)
] 1.001 (2) 1.003 (3) 1.009 (2)
NOs (0.987, 1.014) (0.992, 1.015) (0.982, 1.036)
NH,* 1.008 (0) 1.001 (1) 1.006 (2)
(0.974, 1.042) (0.989, 1.013) (0.980, 1.032)
. 1.010 (2) 1.009 (3) 1.028 (2)
K (0.994, 1.027) (0.995, 1.023) (0.993, 1.071)
1.004 (1) 1.010 (3) 1.013 (1)
OC (0.988, 1.019) (0.997, 1.023) (0.980, 1.045)
1.002 (1) 1.017 (0) 1.003 (1)
EC (0.985, 1.018) (0.993, 1.041) (0.969, 1.038)
i 1.004 (1) 1.007 (0) 1.012 (1)
(0.995, 1.013) (0.998, 1.015) (0.993, 1.030)
v 1.004 (1) 1.008 (1) 1.009 (3)
(0.990, 1.018) (0.995, 1.021) (0.982, 1.036)
1.007 (3) 1.007 (0) 1.025* (3)
Mn (0.995, 1.019) (0.991, 1.023) (1.000, 1.050)
Fe 1.006 (3) 1.009 (0) 1.021 (3)
(0.99, 1.017) (0.996, 1.022) (0.999, 1.044)
) 1.001 (1) 1.006 (0) 1.012 (3)
Ni (0.987, 1.015) (0.991, 1.022) (0.986, 1.038)
Cu 1.003 (3) 1.005 (0) 1.028* (3)
(0.991, 1.016) (0.988, 1.021) (1.002, 1.054)
1.004 (3) 1.021* (0) 1.019 (3)
Zn (0.992, 1.016) (1.002, 1.040) (0.994, 1.045)
As 1.009 (0) 1.006 (0) 1.028 (0)
(0.993, 1.025) (0.991, 1.021) (0.994, 1.061)
b 1.002 (3) 1.006 (3) 1.007 (3)

(0.990, 1.014)

(0.994, 1.018)

(0.982, 1.031)

* . significant at 95% CI
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Table 5-4 The highest RR and 95%

CI of cause-specific EDVs

associated with IQR increases in source contribution in Seoul

Source

All-cause

CVD

RD

Secondary sulfate

Secondary nitrate

Incinerator

Coal combustion

Mobile

Biomass burning

Industry

Oil combustion

Soil

Aged sea salt

1.013
(0.997, 1.029)

1.001
(0.987, 1.014)

0.999
(0.986, 1.013)

1.013
(0.994, 1.032)

1.001
(0.988, 1.015)

1.010
(0.994, 1.027)

1.005
(0.994, 1.017)

1.003
(0.991, 1.016)

1.005
(0.997, 1.013)

1.004
(0.993, 1.014)

1.001
(0.987, 1.016)

1.004
(0.992, 1.016)

1.002
(0.988, 1.017)

1.007
(0.992, 1.022)

1.002
(0.988, 1.016)

1.009
(0.995, 1.022)

1.008
(0.994, 1.023)

1.008
(0.996, 1.019)

1.004
(0.995, 1.013)

1.008
(0.998, 1.018)

1.034
(0.999, 1.069)

1.010
(0.983, 1.037)

1.001
(0.975, 1.026)

1.031
(0.991, 1.071)

1.007
(0.978, 1.036)

1.029
(0.995, 1.065)

1.030*
(1.005, 1.055)

1.008
(0.984, 1.033)

1.011
(0.994, 1.029)

1.008
(0.984, 1.033)

* . significant at 95% CI
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Table 5-5 The highest RR and 95%

associated with IQR increases in the concentration of PM,s5 chemical

constituents in Daejeon

CI of cause-specific EDVs

Constituent All-cause CVvD RD

SOF 1.058*(0) 1.025(2) 1.134*(0)
(1.027, 1.090) (0.995, 1.055) (1.070, 1.199)

NO& 0.998(2) 1.013(3) 1.005(2)
(0.978, 1.017) (0.980, 1.047) (0.967, 1.043)

NH,' 1.006(2) 1.020(2) 1.012(2)
(0.987, 1.025) (0.987, 1.053) (0.973, 1.051)

i 1.002(0) 1.020(2) 1.045(0)
(0.974, 1.038) (0.989, 1.058) (0.977, 1.155)

oc 0.998(3) 1.017(0) 1.003(2)
(0.979, 1.017) (0.960, 1.075) (0.962, 1.045)

EC 0.998(3) 1.020(0) 1.010(2)
(0.976, 1.021) (0.953, 1.091) (0.965, 1.057)

i 1.006(1) 1.019(3) 1.034*(1)
(0.995, 1.018) (0.999, 1.040) (1.012, 1.057)

v 1.000(2) 1.017(2) 1.011(2)
(0.983, 1.016) (0.988, 1.047) (0.975, 1.048)

Mn 1.002(2) 1.013(3) 1.021(1)
(0.987, 1.017) (0.986, 1.041) (0.989, 1.053)

Fe 1.000(1) 1.028*(3) 1.027(1)
(0.985, 1.015) (1.001, 1.055) (0.997, 1.058)

Ni 0.995(2) 0.997(2) 0.997(2)
(0.986, 1.004) (0.980, 1.014) (0.978, 1.017)

Cu 0.995(2) 1.013(0) 1.011(2)
(0.976, 1.015) (0.963, 1.064) (0.972, 1.049)

71 0.993(2) 1.017(3) 0.998(1)
(0.978, 1.009) (0.989, 1.046) (0.964, 1.031)

As 1.039%(0) 1.019(1) 1.139*(0)
(1.007, 1.072) (0.978, 1.061) (1.073, 1.208)

b 1.002(2) 1.063*(0) 1.022(2)

(0.985, 1.020)

(1.000, 1.126)

(0.985, 1.059)

* ¢ significant at 95% CI
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Table 5-6 The highest RR and 95%

CI of cause-specific EDVs

associated with IQR increases in source contribution in Daejeon

Source

All-cause

CVD

RD

Secondary sulfate

Secondary nitrate

Incinerator

Coal combustion

Mobile

Biomass burning

Industry

Oil combustion

Soil

1.018*
(1.001, 1.034)

1.013
(0.998, 1.029)

1.023*
(1.004, 1.041)

1.004
(0.979, 1.029)

1.022¢
(1.003, 1.041)

1.002
(0.990, 1.014)

1.016
(0.999, 1.034)

1.008
(0.994, 1.022)

1.007
(0.987, 1.028)

1.032
(1.002, 1.062)

1.029*
(1.001, 1.057)

1.007
(0.974, 1.041)

1.017
(0.972, 1.061)

1.023
(0.987, 1.059)

1.013
(0.994, 1.033)

1.014
(0.983, 1.045)

1.007
(0.982, 1.033)

1.014
(0.977, 1.052)

1.046%
(1.013, 1.079)

1.026
(0.996, 1.056)

1.049*
(1.015, 1.083)

1.001
(0.951, 1.052)

1.056*
(1.019, 1.094)

1.006
(0.982, 1.031)

1.037+
(1.004, 1.069)

1.028
(0.998, 1.060)

1.029
(0.985, 1.075)

* . significant at 95% CI
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Table 5-7 The highest RR and 95%

associated with IQR increases in the concentration of PM,s5 chemical

constituents in Gwangju

CI of cause-specific EDVs

Constituent All-cause CVvD RD

SO 1.022 (0) 1.011 (3) 1.032 (2)
(0.989, 1.055) (0.992, 1.03) (0.993, 1.071)

NO: 1.018 (2) 1.018 (2) 1.034* (2)
(0.999, 1.037) (0.998, 1.037) (1.003, 1.065)

NH,* 1.014 (2) 1.014 (3) 1.030 (2)
(0.995, 1.035) (0.997, 1.032) (0.996, 1.063)

i 1.016 (2) 1.019* (3) 1.026 (2)
(0.998, 1.035) (1.003, 1.036) (0.996, 1.062)

oc 1.016 (3) 1.017 (3) 1.048 (0)
(0.996, 1.035) (0.997, 1.038) (0.986, 1.111)

EC 1.015 (3) 1.023* (3) 1.029 (3)
(0.997, 1.035) (1.003, 1.043) (0.998, 1.062)

- 1.005 (2) 1.006 (2) 1.010 (2)
(0.993, 1.016) (0.994, 1.018) (0.991, 1.029)

1.011 (2) 1.011 (3) 1.021 (2)
v (0.991, 1.030) (0.992, 1.030) (0.985, 1.057)

Mn 1.007 (3) 1.012 (3) 1.013 (3)
(0.991, 1.023) (0.994, 1.030) (0.988, 1.038)

Fe 1.007 (2) 1.007 (2) 1.015 (2)
(0.991, 1.023) (0.990, 1.024) (0.988, 1.043)

Ni 1.016 (2) 1.013 (3) 1.028 (2)
(0.997, 1.034) (0.996, 1.031) (0.997, 1.060)

Cu 1.008 (2) 1.017 (0) 1.018 (2)
(0.991, 1.025) (0.996, 1.038) (0.989, 1.048)

70 1.013 (3) 1.017 (3) 1.022 (3)
(0.996, 1.030) (0.999, 1.036) (0.996, 1.049)

As 1.029* (0) 1.010 (3) 1.056* (0)
(1.002, 1.056) (0.992, 1.028) (1.009, 1.103)

Pb 1.015 (2) 1.006 (3) 1.025 (2)

(0.994, 1.037)

(0.986, 1.025)

(0.987, 1.063)

* ¢ significant at 95% CI
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Table 5-8 The highest RR and 95%

CI of cause-specific EDVs

associated with IQR increases in source contribution in Gwangju

Source

All-cause

CVD

RD

Secondary sulfate

Secondary nitrate

Incinerator

Coal combustion

Mobile

Biomass burning

Industry

Oil combustion

Soil

Aged sea salt

1.024
(0.991, 1.057)

1.016
(0.996, 1.036)

1.018
(0.999, 1.037)

1.025*
(1.004, 1.046)

1.026%
(1.001, 1.052)

1.014
(0.997, 1.032)

1.005
(0.990, 1.021)

1.007
(0.988, 1.027)

1.004
(0.994, 1.014)

1.035¢
(1.011, 1.060)

1.012
(0.990, 1.034)

1.019
(0.998, 1.039)

1.018
(0.997, 1.039)

1.006
(0.989, 1.024)

1.018
(0.994, 1.042)

1.020¢
(1.005, 1.035)

1.012
(0.993, 1.031)

1.011
(0.992, 1.030)

1.005
(0.995, 1.015)

1.011
(0.986, 1.038)

1.031
(0.986, 1.077)

1.029
(0.996, 1.061)

1.024
(0.995, 1.054)

1.044*
(1.008, 1.081)

1.048*
(1.003, 1.094)

1.024
(0.994, 1.054)

1.013
(0.989, 1.037)

1.014
(0.979, 1.051)

1.011
(0.995, 1.027)

1.092¢
(1.049, 1.138)

* . significant at 95% CI
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Table 5-9 The highest RR and 95%

associated with IQR increases in the concentration of PM,s5 chemical

constituents in Ulsan

CI of cause-specific EDVs

Constituent All-cause CVvD RD

SOF 1.023 (3) 1.002 (3) 1.054 (3)
(0.996, 1.051) (0.953, 1.052) (0.999, 1.111)

NO& 1.011 (2) 1.013 (0) 1.033 (2)
(0.986, 1.035) (0.947, 1.081) (0.992, 1.075)

NH,' 1.036 (0) 1.038 (0) 1.054* (3)
(0.963, 1.111) (0912, 1.172) (1.003, 1.105)

i 1.005 (3) 1.010 (1) 1.015 (3)
(0.994, 1.018) (0.992, 1.033) (0.994, 1.042)

oc 1.057 (0) 1.010 (1) 1.142* (0)
(0.990, 1.126) (0.942, 1.080) (1.001, 1.291)

EC 1.024 (3) 1.010 (3) 1.070* (3)
(0.994, 1.056) (0.956, 1.069) (1.011, 1.135)

i 1.001 (3) 1.028 (2) 1.015 (3)
(0.984, 1.019) (0.995, 1.061) (0.982, 1.048)

v 1.014 (1) 1.030 (3) 1.045* (1)
(0.994, 1.034) (0.997, 1.064) (1.003, 1.087)

Mn 1.002 (2) 1.022 (2) 1.008 (3)
(0.977, 1.027) (0.974, 1.070) (0.959, 1.056)

Fe 1.006 (2) 1.037 (2) 1.009 (2)
(0.978, 1.034) (0.987, 1.087) (0.956, 1.062)

Ni 1.013 (1) 1.029 (3) 1.047* (1)
(0.990, 1.036) (0.992, 1.067) (1.000, 1.096)

Cu 1.009 (3) 1.039 (2) 1.052* (3)
(0.984, 1.034) (0.994, 1.085) (1.001, 1.104)

71 1.008 (3) 1.028 (2) 1.061* (3)
(0.980, 1.036) (0.975, 1.081) (1.006, 1.116)

As 1.008 (0) 1.036* (2) 1.037* (3)
(0.991, 1.025) (1.008, 1.065) (1.002, 1.072)

b 1.024* (3) 1.046* (2) 1.086* (3)

(1.001, 1.048)

(1.005, 1.088)

(1.042, 1.130)

* ¢ significant at 95% CI
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Table 5-10 The highest RR and 95% CI of cause-specific EDVs

associated with IQR increases in source contribution in Ulsan

Source

All-cause

CVD

RD

Secondary sulfate

Secondary nitrate

Incinerator

Coal combustion

Mobile

Biomass burning

Industry

Oil combustion

Soil

Aged sea salt

1.025
(0.996, 1.055)

1.013
(0.980, 1.046)

0.991
(0.964, 1.019)

1.010
(0.995, 1.026)

1.030
(0.994, 1.065)

1.004
(0.995, 1.014)

0.998
(0.972, 1.024)

1.014
(0.992, 1.036)

1.003
(0.988, 1.018)

1.028
(0.998, 1.059)

1.008
(0.950, 1.067)

1.017
(0.959, 1.077)

1.008
(0.962, 1.056)

1.035*
(1.008, 1.063)

1.021
(0.965, 1.079)

1.008
(0.993, 1.023)

1.019
(0.969, 1.069)

1.031
(0.995, 1.068)

1.020
(0.994, 1.048)

1.048
(0.998, 1.102)

1.054
(0.996, 1.113)

1.032
(0.993, 1.072)

0.997
(0.942, 1.056)

1.044*
(1.012, 1.077)

1.063
(0.993, 1.133)

1.012
(0.995, 1.029)

1.011
(0.959, 1.065)

1.044
(0.998, 1.093)

1.007
(0.981, 1.032)

1.097*
(1.037, 1.162)

* . significant at 95% CI
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Figure 5-1 PM,s5 constituents and sources significantly associated with EDVs in Seoul, Daejeon,

Gwangju, and Ulsan
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4. Conclusions

In this study, the associations of morbidity with PM,s
chemical constituents and source contributions in Seoul, Daejeon,
Gwangju, and Ulsan were explored based on the PMss
speciation data and PMF modelling results. As a parameter for
morbidity, daily EDVs were selected and modeled with PM;s
constituent concentrations and source contributions using GLM.

The results show that both PM,s5 chemical constituents
and source contributions generally increased the cause-specific
EDVs risk while components of secondary inorganic aerosols
including S0, NO;5, and NH," as well as heavy metals mostly
had significant associations with the visits of emergency
department,  especially = for  respiratory = diseases.  For
source-morbidity relationship, most of the significant associations
were found for the sources of which marker species influenced
the EDVs risk significantly.

However, the significance and strength of the
associations were different among chemical species and sources
and they also varied across the cities, which implies the
heterogeneity in the chemical composition and health effects of
PM,5 in the four cities. The findings of this study suggest
region-specific effects on morbidity caused by chemical

components and sources need to be assessed and taken into
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consideration to establish policies for protecting public health

from PM,s5 exposure.
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Summary, significance, and conclusions
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1. Summary

1.1 Compositional characteristics and source apportionment
of ambient PM,5 in Seoul, Daejeon, Gwangju, and Ulsan

during 2014-2018

In the present study, PM,s chemical composition in
Seoul, Daejeon, Gwangju, and Ulsan was investigated using
PM,5 speciation data measured in the four cities during 2014-
2018. In addition, source apportionment of PM,5 was conducted
for identifying the sources and their relative contributions to
PM,s5. Regarding PM,s mass, ionic species showed the largest
proportion, followed by carbonaceous species and trace elements
in common while the proportion of chemical constituents and
parameters for understanding region-specific PM,5 characteristics
such as SO,”/NO; ratio, OC/EC ratio were considerably
different among the cities.

Ten identical factors were resolved from PMF modelling
for Seoul, Gwangju, and Ulsan while aged sea salt, one of the
ten factors, was not found for Daejeon due to its geographical
location far away from the sea. In Seoul, mobile (22.3%)
showed the largest contribution to PM,s5, followed by secondary
sulfate (21.8%), secondary nitrate (20.3%), coal combustion

(10.7%), incinerator (8.7%), industry (4.4%), biomass burning
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(4.3%), oil combustion (2.9%), soil (2.6%), and aged sea salt
(21%). In Daejeon, sources contributing to PM,s were as
follows: mobile (21.7%), secondary sulfate (19.7%), secondary
nitrate (19.5%), coal combustion (10.7%), incinerator (8.9%),
industry (6.6%), oil combustion (6.1%), soil (4.2%), and biomass
burning (2.7%). In Gwangju, the highest contributing source was
secondary sulfate (21.3%), followed by mobile (20.5%), secondary
nitrate (19.5%), incinerator (12.2%), coal combustion (9.7%),
industry (4.3%), soil (4.2%), biomass burning (3.2%), aged sea
salt (29%), and oil combustion (2.2%). In Ulsan, mobile (24.9%),
secondary sulfate (23.9%), and secondary nitrate (18.9%)
accounted for the majority of PM,s mass while industry (8.8%)
demonstrated higher contributions than those in other cities due
to the existence of huge national industrial complexes.

The results of source apportionment in the four cities
show that PM,s mass concentrations mostly originated from the
sources related to secondary formation (i.e. secondary nitrate,
secondary sulfate) as well as mobile source, in line with PMys
chemical composition. Therefore, the three sources should take
priority in terms of air quality management to reduce ambient
PM,5 mass concentration in South Korea. In addition,
region-specific source management should be also implemented

considering the relative source contributions to PM;s.
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1.2 Associations of PM,5 chemical constituents and source

contributions with mortality

In this study, health effects of PM,s exposure were
investigated by combining PMs speciation and source
contribution data with mortality data in Seoul, Daejeon,
Gwangju, and Ulsan during 2014-2018. The associations of daily
death counts with IQR increases in the concentration of PM;s
constituents and source contribution were evaluated using
generalized linear models.

Overall, PM,s5 chemical constituents and  source
contributions showed positive associations with mortality.
Transition metals were largely related to the mortality risk in
all cities. However, the significance and strength of the
associations were different among chemical species and sources.
Furthermore, PM;5 constituents and sources of significant
associations were different across the cities, which implies the
heterogeneity of health effects of PM,s exposure. The findings
of this study suggest region-specific effects on mortality caused
by chemical components and sources need to be assessed and
taken into consideration to establish proper policies for

protecting public health.
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1.3 Associations of PM,5 chemical constituents and source

contributions with morbidity

In this study, the associations of morbidity with PM,s
chemical constituents and source contributions in Seoul, Daejeon,
Gwangju, and Ulsan were explored based on the PMss
speciation data and PMF results. As a parameter for morbidity,
daily EDVs were selected and modeled with PM,s constituent
concentrations. In addition, the effects of source contributions
were evaluated using statistical models.

The results show that both PM.s chemical constituents
and source contributions generally increased the cause-specific
EDVs risk. Components of secondary inorganic aerosols
including SO,*, NOs, and NH," as well as heavy metals mostly
had impacts on the visits of emergency department, especially
on respiratory diseases. However, the significance and strength
of the associations were different among chemical species and
sources. Furthermore, PM,5s constituents and sources of
significant association were different across the cities, which
implies the heterogeneity in the health effects of PM,s exposure.
The findings of this study suggest region-specific effects on
morbidity caused by PM,s chemical components and sources

need to be precisely assessed and taken into consideration to
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mitigate the health effects of PM,s pollution from a public

health perspective.

2. Significance

2.1 Region-specific characteristics of the health effects of

PM,;5 exposure on mortality

The results of the health effects caused by PM;s
exposure in the study cities provide several implications for
important constituents and sources in each region. In general,
heavy metals showed significant associations with death in all
cities, suggesting their high toxicity can lead to severe threat to
human body. However, there are several region-specific results
which need to be addressed. First of all, CVD mortality was
dominantly affected in Seoul and Daejeon, whereas RD death
was influenced in the southern part of the country (Gwangju
and Ulsan). It is likely that PMys in the central area might have
been largely affected secondary formation rather than primary
emission, which resulted in finer particles. Fine particles can
directly impact on cardiovascular system after they penetrate
into systemic circulation (Rajagopalan et al.,, 2018). Secondly, the
effects of secondary sources on mortality were obvious in

Daejeon located in basin area. High percentage of calm
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conditions during the study period might have facilitated the
formation of secondary aerosols in the city. Thirdly, coal
combustion source had impacts on Seoul and Gwangju
relatively close to the west or south coast of Korea where coal
power plants are densely located. Thus, geographical location is
thought to be an important factor which can result in adverse
health effects by the source. Polycyclic aromatic hydrocarbons
(PAH) in the two cities were found to be closely connected
with coal combustion, supporting the relationship between
mortality and the source (Islam et al., 2017; Kang et al., 2020).
Lastly, mobile source was significantly associated with
cause-specific mortality in all cities except for Seoul. A series of
policy interventions conducted since the mid-2000s to control
the emissions from vehicles in the capital region seem to be

important reasons for the regional difference.

2.2 Impacts of government policy interventions on PM;s

composition, source contribution, and health effects

Government-led policies have been conducted to control
air pollutants due to the deterioration of air quality caused by
the rapid industrialization and wurbanization in South Korea

since 1960s. In particular, a series of policy interventions started
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to be strengthened in the capital region, Seoul metropolitan
area, from the mid-2000s because air pollution in it was more
serious. Thus, significant implications for PM,s management can
be acquired by comparing the PM,s chemical composition and
health effects in Seoul from a previous study with those of the
present study. A study conducted by Heo et al. was selected to
evaluated the impacts of relevant policies because there are
methodological similarities between the previous and present
studies. The authors had investigated PM,5 adverse effects on
mortality using multi-pollutant models in Seoul from March
2003 to November 2007 before administrative policies and plans
were intensively carried out in the city (Heo et al, 2014). In
addition, they also carried out source apportionment by using
PMF modelling, which also provides information on the changes
of major sources and their contributions to PM,s. Thus,
investigating the results of the previous and present studies can
suggest implications to evaluate governmental interventions for
PM,5 control.

Based on the results of the two studies, several changes
in PM)s chemical composition and source contribution are
found. Above all, the average concentration of PM,5 declined
considerably from 43.4 + 24.8 pg/m' to 27.7 + 17.2 pg/m’, which

might have resulted from several policies taken from since the
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late 2000s. As “Special act on the improvement of air quality in
Seoul Metropolitan Area” took effect from 2005, specific plans
and policies were implemented to improve the air quality in
the area (Han et al.,, 2018). One of them was “The 1st Master
Plan for Metropolitan Air Quality Control” aimed at reducing
the emission of primary pollutants (Han et al., 2018; Kim et al,,
2018). This plan was intensively implemented from 2007 to 2014
and strengthened the regulations on the emission of PMj,, NOx,
SOx, and VOCs. The plan included detailed policies for several
emission sectors such as road transportation, non-road
transportation, and point sources. Notably, road transportation
emission was the main target of the plan given that it had
accounted for the largest fraction of both PMjy (66%) and NOx
(51%) emission as of 2001 (Han et al., 2017). Various policies in
each emission sector led to considerable reduction of the annual
emission of target air pollutants.

In addition to mass concentration, policy interventions
influenced PM,5 chemical composition and source contribution
in Seoul. It is remarkable that both the OC and EC
concentrations in the PM,s mass greatly decreased. OC and EC
are representative pollutants largely emitted from motor vehicle
exhaust (Gentner et al, 2013; Gu et al., 2010). Table 6-1 shows
OC constituted the largest part of PM,s mass during 2003-2007.
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However, the average OC concentration dropped from 994 =+
5.00 pg/m' to 3.78 + 1.90 ug/m’, which resulted in significant
reduction in its relative proportion. These compositional changes
seem to have been affected by the intensive policy interventions
on mobile sector. In a similar context, the concentration of
motor-vehicle related sources was also smaller in the present
study than in the previous study. As suggested in Table 6-2,
the average concentration of gasoline emission, diesel emission
together had been 11.10 xg/m’' during 2003-2007 while that of
mobile source from the present study was 7.08 ug/m'. A sharp
decline implies the relevant policies to control air quality
worked and particularly led to the mitigation of vehicular
emission. In addition, the concentration of biomass burning
source decreased considerably from 4.28 pg/m' to 1.37 pg/m'.
This might have originated from the decrease in the agricultural
areas distributed in Seoul, Incheon, and Gyeonggi. The
regulation on unauthorized field burning according to the 1st
master plan is also thought to be a possible reason for the
change.

Furthermore, the impacts of policy interventions are also
in consistent with the associations between PM,s and mortality.
The previous study revealed that constituents significantly

associated with mortality were OC, EC, Mg, and Pb, indicating
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local combustion sources including mobile were more important
in terms of the adverse health effects of PM,s. However,
vehicle-related species and sources didn't showed significant
associations with mortality during 2014-2018, whereas heavy
metals from natural sources mainly increased the mortality risk.
Heavy metals generally exhibit high toxicity to human alveolar
epithelial cells via biological mechanisms such as oxidative
stress and inflammation (Chen et al, 2018; McNeilly et al,
2004).

The effects of policy interventions were more obvious in
the source-mortality relationships in Seoul. Sources closely
related to mortality during 2003-2007 were mainly vehicular
emission and biomass burning. The estimated excess risk for
respiratory mortality was 5.45 (0.49-10.66) by gasoline emission
and 6.74 (0.23-13.67) by diesel emission, respectively while that
of biomass burning for cardiovascular mortality was 1.86
(0.01-3.74). In contrast, mobile source didn’t show significant
associations with cause-specific mortality while coal combustion
and soil sources were closely related to mortality during
2014-2018. These results imply that policy interventions did
work considering “The 1st Master Plan for Metropolitan Air
Quality Control” was focused on reducing vehicular emissions.

Notably, the impacts on mortality of coal combustion source
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were observed in the two studies considering the marker
species of the source are As and Pb. It is likely that coal
combustion and oil combustion sources were comprehensively
included as industry in the previous because As and V were
not separately measured. Thus, it can be inferred that coal
combustion was a particularly important source for mortality in

Seoul from the results.
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Table 6-1 Comparison of the PM,s chemical composition in Seoul from

the previous and present studies

Previous study Present study

Constituents unit Avg.(S.D.) Avg.(S.D.)
PM,5 mass pg/m 43.4 (24.8) 27.7 (17.2)
SO~ pg/ m’ 8.50 (7.41) 5.38 (4.74)
NO;5 rg/ m’ 7.21 (5.82) 6.09 (5.90)
NH," g/ m 5.50 (4.35) 3.92 (3.19)
ocC pg/m 9.94 (5.00) 3.78 (1.90)
EC pg/ m’ 3.25 (2.04) 1.27 (0.64)

K pg/m 0.40 (0.31) 0.31 (0.22)

K* pg/m - 0.16 (0.15)

Ca pg/m 0.19 (0.19) 0.07 (0.07)

Ti pg/ m’ 0.02 (0.03) 0.01 (0.01)
Mn g/ m 0.02 (0.02) 0.01 (0.01)

Fe pg/m 0.36 (0.31) 0.20 (0.11)

Ni ng/m’ 1.91 (2.28) 1.57 (1.63)

Cu rg/ m’ 0.02 (0.01) 0.01 (0.01)

Zn pg/m 0.11 (0.08) 0.07 (0.04)

Br pg/m 0.01 (0.01) 0.01 (0.01)

Pb pg/ m’ 0.05 (0.04) 0.02 (0.02)
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Table 6-2 Comparison of the PM,5 source apportionment in Seoul from the previous and present studies

Previous study

Present study

Source Concentration Contribution Source Concentration Contribution
(us/m) (%) (us/m) (%)
Secondary nitrate 8.04 18.7 Secondary nitrate 6.45 20.3
Secondary sulfate 7.97 18.6 Secondary sulfate 6.92 21.8
Gasoline emission 6.13 14.3 Mobile 7.08 223
Diesel emission 4.97 11.6 Biomass burning 1.37 43
Roadway emission 2.18 51 Incinerator 2.75 8.7
Biomass burning 4.28 10.0 Soil 0.81 2.6
Soil 3.32 7.7 Industry 1.40 44
Industry 528 12.3 Coal combustion 3.40 10.7
Aged sea salt 0.72 1.7 Oil combustion 0.92 2.9
- - Aged sea salt 0.66 21
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Figure 6-1 PM,s constituents and sources significantly associated with mortality in Seoul from the

previous and present studies using multi-pollutant models

- 206 - o A L) &t



3. Conclusions

This study investigated the compositional characteristics
of PM,5 and sources contributing to PM,s in Seoul, Daejeon,
Gwangju, and Ulsan, major metropolitan cities in South Korea.
PM,s has been revealed as a heterogeneous mixture of
numerous chemical species of which mass concentrations and
relative proportion in PM,s are highly region-specific due to the
differences in sources, meteorological conditions, geographical
locations, etc. Hence, identifying the characteristics of PM,5 and
its sources in the region of interest is essential for reducing and
managing ambient PM,; efficiently.

Based on PM,5 the speciation data in the four Ccities
during 2014-2018, statistical analyses and PMF modelling were
conducted. The results show that the majority of PM,5 mass
was composed of ionic compounds, carbonaceous species.
Especially, ionic compounds including NH,", SO~ and NO;
accounted for more than 50% of PM,s mass, which shows that
PM,s mainly originated from secondary formation by the
reactions among gaseous pollutants in the atmosphere. These
findings were in line with the results of PMF modelling which
allocated the considerable part of PM,s to secondary nitrate,
secondary sulfate, and mobile source. For Seoul, Gwangju, and

Ulsan, ten identical sources were found to contribute to PM,5
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and the sources related secondary formation accounted for PMss
mass concentration significantly in common. For Daejeon, PMF
resolved almost similar factors while aged sea salt was not
found due to the geographical location.

In addition, the adverse health effects of exposure to
PM,5 were evaluated by combining PM,5 speciation data and
PMF results with parameters representing mortality and
morbidity. Daily death counts and daily EDVs were modeled
with the mean concentration of PM,s chemical constituents and
source contribution to assess the effects of PM,s on health
outcomes. Overall, IQR increases in the concentration of PM,s
constituents and source contribution showed positive relation
with health outcomes while the significance and strength of the
associations were different depending on species and sources as
well as the cause of health outcomes. Moreover, the associations
between health outcomes and PM,s exposure varied
considerably across the cities. These findings imply that the
health effects of PM,5 exposure might be very heterogeneous
and region-specific.

The results of the study indicate that the heterogeneous
and region-specific characteristics of PM,s composition may
result in different health effects on human body. Consequently,

quantifying adverse health effects as well as identifying PM>s
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composition and source contributions in the region of interest
should be evaluated in the processes of establishing optimal

policies for managing PMs from a public health perspective.
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