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Abstract

The aim of this study was to identify the sources of atmospheric pollutants in densely populated urban areas from a particle
toxicity perspective. To this end, the Positive Matrix Factorization (PMF) model and vehicle flux analysis were used to iden-
tify the sources of atmospheric pollutants in an urban area based on the measured compounds and wind speed at the receptor
site. Moreover, the toxicity of each emission source was compared with the dithiothreitol-oxidation potential normalized
to 9,10-Phenanthrenequinone (QDTT-OP) analysis using the PMF source apportionment results. The study found that the
dominant sources of atmospheric pollutants in the urban area examined were secondary product (43.7%), resuspended dust
(25.4%), and vehicle emissions (14.4%). The vehicle flux analysis demonstrated that reducing the number of vehicles could
directly reduce urban atmospheric pollutants. By comparing the time series of PMF source profiles with QDTT-OP, the
QDTT-OP analysis showed an 12 value of 0.9, thus indicating a strong correlation with biomass burning as the most harm-
ful source of PM, 5 based on emission sources. Overall, this study is expected to provide valuable guidance for managing
atmospheric pollutants in densely populated urban areas, and the findings could serve as a helpful resource for improving
urban air quality in the future.
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1 Introduction

Air pollution is one of the top five risk factors for human
health, with the other four being hypertension, smoking,
obesity, and diabetes (Cohen et al. 2017; Forouzanfar
et al. 2016). In the United States, air pollution is esti-
mated to annually cause 130,000 deaths related to PM,
and 4,700 deaths related to ozone, with an economic cost
of $145 billion in health impacts as of 2005 (Fann et al.
2012; Im et al. 2018). The impact of air pollution is even
more pronounced in developing countries with cities
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characterized by high-density urban areas such as Beijing,
Jakarta, Bangkok, and Mexico City, where rapid urbaniza-
tion is occurring (Yang et al. 2020). Unlike hypertension,
smoking, obesity, and diabetes, air pollution is difficult to
manage on an individual level, and it has a wide-ranging
impact on urban areas. Therefore, national and global
collaborative efforts are needed to minimize the adverse
effects of air pollution on human health, and it is essential
to identify the factors of air pollution that negatively affect
human health.

Epidemiological studies have shown that particulate
matter (PM) has a clear adverse impact on human health.
For example, an increase of 10 pg/m® of PM,, is associ-
ated with a 0.58% increase in mortality due to respiratory
diseases, while an increase of the same concentration of
PM, 5 is associated with a 2.07% increase in the incidence
of respiratory diseases (Dominici et al. 2006; Katsouyanni
et al. 2001; Zanobetti et al. 2009). However, various studies
have shown that the concentration of PM in the atmosphere
does not have an absolute proportional relationship with its
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harmful effects on human health; in fact, conflicting results
have been reported (Bates et al. 2019). This may be due to
the fact that the health effects of PM are influenced by its
size and composition. For instance, particles smaller than
2.5 pm can penetrate the pulmonary alveoli and terminal
bronchioles whereas particles ranging from 2.5 to 10 pm
are mainly deposited in the primary bronchi. Meanwhile,
particles larger than 100 pm are deposited in the nasal cavity,
indicating that the effects of particles on the human body are
determined by the organs that are affected by the particles,
which is based on the particle size (Kelly and Fussell 2012).
Moreover, PM’s effects on human health can also be influ-
enced by the presence of harmful substances in the particles.
For example, the International Agency for Research on Can-
cer (IARC) classifies heavy metal components such as As,
Cd, Cr(IV), and Ni are classified as group 1 carcinogens,
while the TARC classifies polycyclic aromatic hydrocarbons
(PAHs) in organic matter as class 1 or class 2 A carcinogens
(IARC 2017; IARC 2010). Therefore, when the concentra-
tion of particles is similar, the adverse effects on human
health are strongly influenced by the size of the particles and
the substances they contain.

To evaluate the potential human health effects of PM in
the atmosphere, it is necessary to analyze particle size and
composition. However, determining the concentration, size,
and composition of PM is a complex process that requires
various analysis method, and it is not currently possible to
identify all components of PM. As such, one method for
assessing the potential harm of PM on human health is
to measure the ability of PM to generate reactive oxygen
species (ROS), which is defined as the oxidative potential
(OP) (Delfino et al. 2011; Gao et al. 2020). This ROS-based
approach differs from conventional methods that assess the
harm of PM based on its characteristics, as it evaluates the
potential harm of PM from the perspective of its production
of ROS, which are known to cause human damage. One
important mechanism by which PM causes human damage
is by inducing a persistent state of inflammation, which is
known to lead to various health risks, including epithelial
cell inflammation, airway hyperresponsiveness, and lung
damage, among others (Auerbach and Hernandez 2012;
Berhane et al., 2011; Brown et al. 2012; Patel et al. 2013).
Notably, when such inflammation is induced, ROS gener-
ated by PM are produced (Auerbach and Hernandez 2012;
Esposito et al. 2014). Therefore, measuring the ROS induced
by PM can be used to evaluate the potential harm of PM on
human health, including its size, surface area, and chemical
composition (Esposito et al. 2014; Gao et al. 2020; Lodovici
and Bigagli 2011).

Urban areas with dense populations are highly affected
by atmospheric pollutants, especially PM, which has a sig-
nificant impact on human health. Moreover, as individual
voluntary management is limited in its ability to mitigate
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the health effects of atmospheric pollutants, there is a need
for governmental or intergovernmental efforts. The cur-
rent efforts to reduce PM levels in urban areas have mainly
focused on reducing the absolute amount of PM emissions.
Policies aiming to reduce vehicle traffic and improve fuel
quality, which targetsignificant contributors to PM emissions
and generation in urban areas, are examples of such efforts
(Matsumoto et al. 2006; Perrino et al. 2002). These policies
can have a positive impact on reducing the health hazards of
urban PM by reducing the absolute amount of PM. However,
from a health hazard perspective, a reduction in the absolute
amount of PM may not necessarily correspond to a propor-
tional decrease in health hazards. Thus, existing efforts to
reduce the absolute amount of PM may have lower cost-
effectiveness in terms of reducing the health hazards caused
by PM. To efficiently reduce the health hazards caused by
atmospheric PM, it is necessary to identify the sources of
PM with particularly high health hazards and manage them
accordingly.

Therefore, the purpose of the current study is to analyze
the characteristics of air pollutants in densely populated
urban areas and identify the sources of air pollutants that
pose a high risk to human health. To achieve this goal, urban
air pollutants were observed and analyzed, and sources of
air pollutants with a high risk to human health were identi-
fied based on the analysis results. This study also proposes
a management plan for urban air pollutants based on vehicle
flow, which is recognized as a major source of air pollutants
in urban areas. The findings of this study are expected to
serve as valuable data for managing air pollution in densely
populated urban areas.

2 Model Description
2.1 Sampling Location and Period

As shown in Fig. 1, the monitoring station was installed in
Gwanghwamun Square, between the statues of King Sejong
and Admiral Yi Sun-sin. Gwanghwamun Square is a cen-
tral square located in Seoul, South Korea that was newly
expanded and redeveloped in 2022. The monitoring station
was operated at a distance of approximately 3 m from the
road. Sample collection for the observation and analysis of
air pollutants was conducted from September 5th, 2022, 6:00
PM, to September 24th, 2022, 6:00 AM.

2.2 Real-Time Measurements

The real-time observations collected in the study area were
meteorological parameters such as wind direction, wind
speed, temperature, and humidity, as well as gas-phase
compounds. The traffic flow around the measurement station
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Fig. 1 Sampling location within the Seoul urban area and schematic diagram of air monitoring mobile station

was also observed using the HD Digital Wave Radar (Smart
Sensor HD Model 126, Wavetronix, Provo, UT, USA). The
meteorological parameters were measured using the static
weather sensor EOLOS-IND (LAMBRECHT meteo, Ger-
many), which is a real-time measuring instrument. The gas-
phase substances were measured using real-time measur-
ing instruments such as CO (infrared spectroscopy), CO,
(infrared spectroscopy), SO, (ultraviolet fluorescence), O,
(ultraviolet absorption), NO, NO, (chemiluminescence,
Thermo Scientific, Waltham, MA, USA), and NH; (Los
Gatos Research (LGR), ABB Inc., San Jose, CA, USA). The
gas-phase measuring equipment was calibrated before meas-
urement at a single point; after calibration, it was confirmed

that it measured within 5% of the target concentration by
injecting different concentrations outside of the calibration
range. The PM, 5 concentration was measured in real-time
using a beta-ray monitor (5014i Continuous Particulate
Monitor, Thermo Scientific, USA). For quality control pur-
poses, the PM, 5 was collected on filters every three hours,
after which the concentration was calculated based on the
weight method, followed by beta-ray and equivalence evalu-
ation. Equivalent Black Carbon (eBC) was measured using
a Multi-angle Absorption Photometer (MAAP, Thermo Sci-
entific 5012). The MAAP employs a technique of correcting
for transmitted light by measuring the intensity of scattered
light using photodetectors installed at the front and back of
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the filter, thereby resolving issues arising from individual
scattering phenomena of the filter-based equipment and
the captured aerosols as well as their interaction. The par-
ticle number concentration by size was observed using the
Scanning Mobility Particle Sizer (SMPS) (TSI Electrostatic
Classifier Model 3082, Water-Based Condensation Particle
Counter 3789, USA). The resolution of each observation
item was one minute for meteorological and gas-phase com-
pounds, one hour for PM, 5, and ten minutes for particle
number concentration. However, based on the resolution of
PM, 5 collection, all real-time observation items used three-
hour average data.

2.3 Chemical Analysis of Semi-Real Time Samples

PM, 5 was collected at 3-hour intervals (150 + 10 samples)
during the study period using a High-Volume Aerosol Sam-
pler (DHA-80, Digitel Elektronik AG, Swiss). The collected
PM, 5 was analyzed for carbon components including OC,
EC, and water soluble organic carbon (WSOC), soluble ion
components including NO;™, SO42_, and NH,*, elemental
components including Al, Si, As, and Pb, organic molecu-
lar markers including levoglucosan, 1,2-benzene carboxylic
acid (1,2-BCA), 1,4-benzene carboxylic acid (1,4-BCA),
and methyl sulfonic acid (MSA), and oxidative potential for
health risk assessments using Quinone dithiothreitol-oxi-
dative potential (QDTT-OP) analysis. Carbon components
including organic carbon (OC) and elemental carbon (EC)
were analyzed using a Lab-based OCEC Carbon Aerosol
Analyzer (Sunset laboratory Inc., USA) based on the pro-
tocol outlined by the National Institute of Occupational
Safety & Health (NIOSH 5040). Soluble ions were quanti-
fied using an anion (Metrohm 930 Switzerland, Metrosp A
Supp 150/4.0 column, 3.7 mM Na,CO; & 1.0 mM NaHCO5)
and cation (Metrohm 930 Switzerland, Metrosep C4-250/4.0
column, 5 mM HNO;) chromatography system after extrac-
tion with 10 mL distilled water from the cut filters utiliz-
ing a constant-temperature circulating water bath (CA-111,
Eyela, Japan) connected to an ultrasonic bath (8800, Bran-
son, USA) for 2 h. Elemental components were analyzed
without special pretreatment using X-ray fluorescence spec-
trometry (XRF, Quant’X, Thermo Scientific, USA). Organic
tracer components were extracted from cut filters with a 1:1
mixture of water and methanol, then analyzed using LC-
QToF (LC: Agilent infinity ii, QToF: SCIEX X500r) with an
SB-C18 column (Agilent Poroshell 120). Detailed informa-
tion on the analytical methods used along with quality assur-
ance/quality control (QA/QC) can be found in the previous
studies referenced.

For the purpose of hazard assessment, analysis of dithio-
threitol-oxidation potential normalized to 9,10-Phenanthrene-
quinone (QDTT-OP) was performed. QDTT-OP analysis is
an improved method of DTT-OP (dithiothreitol-oxidative
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potential) analysis, which normalizes the decrease in DTT
using 9,10-Phenanthrenequinone, and which is a method that
enhances the original DTT-OP experiment (Choe et al. 2022).
Briefly, the redox reaction DTT-OP experiment is performed
by reacting the chemical components of PM, s with dithi-
othreitol (DTT), and the residual DTT after reduction over
time is observed in the form of 2-nitro-5-thiobenzoic acid
(TNB) (Li et al. 2009). Therefore, it utilizes the DTT reduc-
tion rate caused by various chemical components, including
reactive oxygen species (ROS) in PM, 5 (Gao et al. 2020).
However, the DTT reduction rate of the DTT-OP experiment
depends on the initial concentration of DTT used in the anal-
ysis (Lin and Yu 2019). This makes it difficult to quantify
human health hazards using DTT-OP. QDTT-OP is a method
that improves upon the shortcomings of the original DTT-OP
method by normalizing the DTT reduction rate according to
the 9,10-phenanthrenequinone concentration, then evaluating
the DTT reduction rates of the PM, 5 samples. The experi-
ment was conducted by injecting 0.2 mM DTT, 2.41 mM
5,5-dithio-bis (2-nitrobenzoic acid) (DTNB), and 500 mM
potassium phosphate monobasic into the solution extracted
from PM, s, followed by pH correction to 7.4 using 100 mM
potassium phosphate dibasic. The mixture was then stirred
at 37°C, and TNB was measured at an absorbance of 412 nm
for a total of 4 times up to 40 min of the reaction using a
multiflo FX (Multi-Mode Dispenser, Agilent Technologies,
USA). The analysis was repeated for every 15 samples, and
quinone samples were injected to maintain analysis accuracy
and precision within 5%. The QDTT-OP results of this study,
wherein the DTT reduction rate was normalized according to
the 9,10-phenanthrenequinone concentration, are presented
in Fig. S1.

3 Results
3.1 Result of Air Pollutant Measurements

The characteristics of the study area during the study
period are presented in Table 1; Fig. 2. As shown in Fig. 2,
the wind speed at the monitoring station was confirmed to
be north-northeast at an average of 2.43 m/sec, indicating
the influence of the adjacent roadway. The average temper-
ature and humidity during the study period were found to
be 23.4 °C and 60.27 RH%, respectively. The temperature
and wind speed were seen to increase during the daytime
hours from 09:00 to 20:00, while humidity decreased dur-
ing the same period. The traffic flow around the monitoring
site was found to be approximately 2,000 vehicles per hour
on average, with approximately 3,000 vehicles per hour
between 09:00 and 21:00, and approximately 500 vehicles
per hour at 03:00 in the early morning. The speed of the
vehicles was inversely proportional to the traffic flow, with
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Table 1 Results of major compounds of gaseous and PM, 5 com-
pounds during the study

Compounds Unit Average Standard
deviation
GAS 0, ppb 34.21 13.33
Cco ppb 278 79
CO, ppm 506 149
SO, ppb 0.38 0.26
NH, ppb 10.27 2.73
NO ppb 13.32 9.27
NO, ppb 23.89 10.47
PM PM, 5 pg/m®  12.04 6.07
QDTT-OP uM/m? 0.24 0.06
QDDT-OP/PM, 5 uM/ug 0.03 0.05
oC pg/m?3 5.60 1.99
WSOC pg/m?3 372 1.31
EC pg/m? 0.40 0.17
eBC pg/m? 0.77 0.38
NO,~ pg/m? 1.08 0.93
SO, pg/m3 1.89 1.08
NH,* pg/m? 1.06 0.62
Levoglucosan pg/m? 0.025 0.018
1,2-BCA Y pg/m? 0.011 0.007
1,4-BCA? pg/m’ 0.013 0.006
MSA Y pg/m? 0.026 0.018
Al pg/m? 0.12 0.05
Si pg/m3 0.30 0.19
As pg/m3 0.01 0.02
Pb pg/m? 0.02 0.02

1) 1,2-benzene carboxylic acid
2) 1,4-benzene carboxylic acid

3) methyl sulfonic acid

speeds of 20—40 km/hr during the high traffic flow period
from 09:00 to 21:00, and speeds of 45-60 km/hr between
21:00 and 06:00.

The observations for the average concentrations of gas
pollutants were as follows (as presented in Table 1): O,
34.21 ppb, CO 278 ppb, CO, 506 ppb, NH; 10.27 ppb, NO
13.32 ppb, and NO, 23.89 ppb. Examining the changes in
gas pollutants over time, O; showed a minimum value at
09:00 and then increased to a maximum value at 15:00,
during the peak hours of photochemical reactions, before
decreasing. The concentration of NO increased during the
hours of increased traffic flow from 06:00 to 09:00 and then
decreased after 12:00, during the peak hours of photochemi-
cal reactions. Meanwhile, NO, showed a similar increase
during the hours of increased traffic flow from 06:00 to
09:00, but it continued to increase during the peak hours of
photochemical reactions. This is interpreted as a result of the
photochemical reaction of NO.

During the study period, the average concentration of
PM, 5 was 12.04 pug/m?, with carbon components, ionic
components, elemental component, and other components
comprising 49.87%, 33.44%, 3.72%, and 12.96% of the ana-
lyzed constituents, respectively. In further detail, 93.25% of
the carbon fraction was composed of OC whereas 6.75% was
composed of EC. Using the OC/EC ratio-based EC tracer
method, the OC/EC ratio of this study was determined to be
13.8, thus indicating a significant contribution of secondary
organic carbon (SOC) in the carbon fraction (Bhowmik et al.
2021; Turpin and Huntzicker 1995). To identify the sources
of SOC in the study area, the WSOC/OC ratio, temporal var-
iations in OC, and particle number concentration were exam-
ined. Previous studies have determined that a WSOC/OC
ratio of 0.1 indicates vehicular traffic, a value of 0.7 indicates
biomass combustion, and a value of 0.9 indicates oxidized
organic aerosols, which are primarily formed during daytime
due to the influence of O;, peroxy radicals, and VOCs gener-
ated by photolytic reactions (Daellenbach et al. 2016; Ram
et al. 2012; Saarikoski et al. 2008; Weber et al. 2007). In this
study, the average WSOC/OC ratio ranged from 0.36 to 0.95
with a mean value of 0.66 (Fig. S2). The WSOC/OC ratios
were found to be 0.63 during daytime (09:00-18:00) and
0.78 during nighttime (18:00-09:00). Moreover, the particle
number concentration increased during the photochemical
reaction period, as shown in Fig. 2. Based on these results,
it can be inferred that SOC is the primary carbonaceous
material in the study area and that it is influenced by various
emission sources, as observed in Fig. S1. Specifically, the
daytime WSOC/OC ratio of 0.63 is likely attributable to the
influence of vehicular traffic, whereas the nighttime WSOC/
OC ratio of 0.78 is likely attributable to biomass combus-
tion, which occurs in a relatively low-traffic environment
where photochemical reactions are unlikely to occur.

The average concentrations of soluble ions contained in
PM, s were found to be 1.89 ug/m* for SO,*~, 1.08 pg/m*
for NO; ™, and 1.06 ug/m® for NH,". Typically, SO42_, NO57,
and NH,* (SNA) account for the largest proportion of solu-
ble ions in PM, s, and they are all known to be important
factors in understanding the formation process of secondary
inorganic aerosols (SIA) (Jimenez et al. 2009). The forma-
tion process of SIA by SNA involves the neutralization of
acidic substances generated from SOx and NOx by the alka-
line gas NH; present in the atmosphere, thus resulting in the
formation of SIA substances (Hu et al. 2014; Pathak et al.
2004). Therefore, NH; is a key substance in the formation
of SIA by SNA, and the mole concentrations of NH,* and
SO,?” in PM, s are compared to evaluate the formation con-
ditions of SIA formed by NH;: If [NH4+]/[SO42_] is greater
than 1.5, the study area is evaluated as being ammonium-
rich and an environment that facilitates STA formation by
SNA. Further, the neutralization reaction of NH; in the
atmosphere primarily reacts first with the byproducts of
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SOx and then with those of NOx. Therefore, as the mole
ratio of [NO;™)/ [SO42_] in PM, 5 increases, the contribution
of NO;™ to SIA increases as well (Xu et al. 2019; Zhang
et al. 2018). As shown in Fig. S3, [NH4+]/[SO42_] in the
study area was 1.5 or higher throughout the study period
with an average value of 3.0, thus indicating that the study
area was evaluated as being ammonium-rich and an envi-
ronment that facilitated SIA formation by SNA. [NO;™]/
[SO,>~] was found to be relatively high, at 0.88 on average,
thus indicating that SO,>~ contributes significantly to STA
formation in the study area. Moreover, as shown in Fig. S3,
the correlation between [NH4+]/[SO42‘] and [NO3‘]/[SO42‘]
is moderately high at r> 0.7. Considering that the study area
is in an ammonium-rich state, NO;™ is estimated to be the
component that triggers high concentrations of SIA in the
study area. Further, given that STA components account for
33.44% of PM, s in the study area, NO; is expected to have
a significant impact on PM, s concentrations.

&) Springer 3‘ Korean Meteorological Society

3.2 Atmospheric Pollutant Emission Sources

To estimate the emission sources of air pollutants in the
study area, a PMF model and flux analysis—which meas-
ures concentration times wind speed based on measurement
stations—were performed. The PMF model is a receptor
model that is used to estimate the contribution of major pol-
lution sources in the study area by analyzing the potential
source factors based on the data measured at the receptor
sites (Lu et al. 2018). The PMF model uses factor analysis to
extract common factors by extracting the interrelationships
of various variables into a small number of factors, thereby
identifying the degree of influence received by each variable
and characteristics of the group (Cesari et al. 2016; Watson
et al. 2008). The PMF input data are the items observed
in the study area, and the result on the source classifica-
tion table calculated using PMF is six, as shown in Fig. 3,
which includes vehicle emission, resuspended dust, biomass
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burning, secondary product, 1,2-BCA & MSA, and As & Pb.
The criteria for the cause classification table were selected
by referring to the time-based emission characteristics cri-
teria and major emission material data presented in previous
studies, as shown in Fig. 3.

The compounds used for vehicle emission are the vehi-
cle exhaust substances—such as OC, EC, and NO—that
increased similarly to the increase in traffic around the meas-
urement station (Bhowmik et al. 2021; Hueglin et al. 2006;
Wild et al. 2017). Resuspended dust is mainly composed
of Al and Si found in surface materials, and it is expected
to represent non-exhaust particles around the measurement
station. However, there may be limitations in distinguishing
the emission sources of resuspended dust, as non-exhaust
particles can be affected by various environmental factors,
such as population and traffic flow as well as external inflow.
Moreover, the measurement station was located about 10 m
away from the road and was situated in a park, at which there
were various events during the study period, thus resulting in
a relatively high level of population movement. Therefore, it
is difficult to interpret the emission sources of resuspended
dust in detail, and only the impact of non-exhaust particles
on PM, 5 can be evaluated accurately.

Biomass burning exhibits high concentrations, mainly
during nighttime, and it was characterized using emissions

of OC, EC, and organic tracer compounds such as levoglu-
cosan, which can only be generated by the breakdown of
cellulose and hemicellulose at temperatures exceeding 300°C
(Achad et al. 2018; Simoneit 1999). Therefore, levoglucosan
is used as an indicator of PM, 5 from biomass burning. The
secondary products targeted were WSOC and SNA, which
are precursors to the formation of SOC and SIA, and which
showed increasing trends during photochemical reaction
times. As and Pb were identified as components that pri-
marily increase during nighttime, thus exhibiting different
emission characteristics compared to the other analyzed
substances. The sources of As and Pb include industrial set-
tings and transportation, combustion of fossil fuels and tires,
and resuspended dust (Charron et al. 2019; Suvarapu and
Baek 2017). Considering the location of the monitoring sta-
tion, i.e., in the city center, the increase in As and Pb during
nighttime, and the faster vehicular speed at night, the find-
ings regarding As and Pb in this study could be interpreted
as the result of heating activities such as tire wear or fossil
fuel combustion.

1,2-BCA and MSA are used as source apportionment
tracers for the long-range transport of PM, 5 through the
ocean to the western side of the monitoring site, where MSA
is a marker for marine influence and 1,2-BCA is a widely
used molecular marker for various atmospheric chemical
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processes (Bae et al. 2006; Yu et al. 2019). Therefore, 1,2-
BCA and MSA are source apportionment components that
are used to evaluate the emission sources of PM, s trans-
ported over long distances through the ocean to the moni-
toring site.

The contributions of atmospheric pollutants by source
category in the study area were obtained using the PMF
model and presented in Table 2. As can be seen in the table,
secondary products were found to have the greatest impact
on PM, s in the study area, accounting for 43.7% of the total
contributions, followed by resuspended dust (25.4%), vehi-
cle emissions (14.4%), 1,2-BCA & MSA (12.3%), biomass
burning (4.1%), and As & Pb (0.1%). When comparing with
previous studies on PMF source contributions, measure-
ments obtained from a park in the same urban area (Seoul)
exhibited similarities to the findings of this study in terms of
vehicle emissions (14.4%) and total contributions (43.2%),
while biomass burning (13.8%) showed variations (Song

Table 2 Results of Positive Matrix Factorization (PMF) during the
study

et al. 2022). Among urban areas outside the Seoul region,
Jakarta, Indonesia (dry season), revealed total contributions
(25%), vehicle emissions (22%), and biomass burning (16%).
In contrast, Florence, Italy, demonstrated total contributions
(42%), vehicle emissions (20%), and biomass burning (20%).
These variations in PMF source contributions were observed
based on urban area characteristics (Lestari and Mauliadi
2009; Nava et al. 2020). The PMF analysis revealed that
the study area is significantly affected by secondary organic
carbon (SOC) and secondary inorganic aerosol (SIA) prod-
ucts. However, as was explained in the previous section,
resuspended dust is partially caused by vehicle exhaust emis-
sions, which suggests that vehicle traffic could have a greater
impact on the atmospheric environment than the PMF model
classifies as vehicle emissions. Therefore, to more accurately
estimate the specific sources of atmospheric pollution in the
study area, the relationship between vehicle traffic volume
and air pollutant concentrations was examined using flux
analysis.

3.3 Relationship with Flux and Traffic Volume

The target compounds for flux analysis included PM, 5 mass,

Type of Source Concentration (ug/m?)  Relative . ) : .
Ratio (%) OC including SOC concentration, Al and Si from the resus-
_ — pended dust category of PMF source apportionment, NO as
Vehicle emission 1.56 144 a precursor of secondary inorganic aerosols, and eBC and
Résusl)ended fmSt 276 254 CO as vehicle exhaust pollutants that can represent traffic-
Biomass burning 045 4.1 related emissions. The results of the flux analysis are shown
Secondary product 475 437 in Fig. 4, where it can be seen that there are high correlations
1,2-BCA & MSA 1.33 12.3 between traffic volume and PM, 5, OC, Al, eBC, CO, and
As & Pb 0.01 0.1 NO. However, these correlations were only observed when
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the vehicle speed was below 50 km/hr for PM, 5, OC, and
Al, while there was no correlation when the speed exceeded
50 km/hr. The disparity in correlation between vehicle flow
and vehicle emissions based on speeds exceeding and below
50 km/hr is presumed to result from variations in fuel con-
sumption linked to vehicular travel speed. Generally, when
vehicle travel speed increases from 40 km/hr to 80 km/hr, the
rate of fuel combustion consumption rises by approximately
94%. As this fuel combustion consumption escalates, emis-
sions from vehicular combustion of fossil fuels also increase
(Song et al. 2023; Wang et al. 2008). Therefore, the vehicle
speeds of 50 km/hr and above presented in our study results
are deemed reflective of the increment in fuel combustion
consumption. Nevertheless, it can be clearly confirmed
from the flux analysis that air pollutants in the study area
are affected by traffic volume, and most importantly, that the
correlation of flux allows for the estimation of the reduction
in air pollutant emissions due to the decrease in traffic vol-
ume. Thus, based on the regression equation derived from
the correlation between air pollutants and vehicular traffic
flow rate presented in Fig. 4, the reduction in vehicular traf-
fic can provide an estimate of the reduction in air pollutants.
However, as indicated by the results of PMF analysis, the
study area is subject to various emission sources outside of
vehicular traffic, including 1,2-BCA & MSA and biomass
combustion. Therefore, the reduction in major components
of PM, s, such as SOC and SIA, cannot be solely attributed
to the results obtained from flux analysis. Nonetheless, our
findings clearly indicate a close relationship between air pol-
lution in densely populated urban areas, such as the study
area, and vehicular traffic flow rate, thereby suggesting the
potential to derive methods to reduce urban air pollution in
the future based on these results.

Fig.5 Relations between (a)
QDTT-OP and PM, 5 mass and

3.4 Relationship with Biomass Burning Source
and Oxidative Potential

The monitoring station was installed in Gwanghwamun
Square, as shown in Fig. 1. To analyze the sources of human
health-hazardous emissions in the PM, 5 in the study area,
QDTT-OP analysis was performed, and the average con-
centration of QDTT-OP was found to be 0.24 uM/m°. In
examining the correlation between PM, 5 concentration and
QDTT-OP, as shown in Fig. 5a, no correlation was found
between PM, 5 concentration and DTT-OP. Previous studies
have reported that DTT-OP is induced by metal components
or SOA in PM, 5 (Bates et al. 2019; Shiraiwa et al. 2017).
However, these previous studies have shown conflicting
results, and it is still difficult to clearly identify the compo-
nents in PM, 5 that cause an increase in DTT-OP. Further,
since an increase in DTT-OP can be due to various factors
such as particle size, emission form of PM, and various com-
ponents in PM, it is not easy to determine the characteristics
of PM that actually increase DTT-OP. Therefore, rather than
determining the characteristics of PM that increase DTT-OP,
the present work evaluated QDTT-OP based on emission
sources. This study evaluated human health-hazardous emis-
sions sources based on the six source categories of vehicle
emission, resuspended dust, biomass burning, secondary
product, 1,2-BCA & MSA, As & Pb, which were used in
the PMF analysis.

As a result, it was found that QDTT-OP was induced by
biomass burning, which was consistent with the time series
of biomass burning in the six causative classification tables,
as shown in Fig. 5a, b. Although QDTT-OP did not cor-
relate with the concentration of PM, 5 and the time series
of the other five causative classification tables, when the
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biomass burning of the causative classification tables was
converted to PM, 5 mass, the time series of QDTT-OP and
biomass burning showed a high correlation, as can be seen
in Fig. 5c. Specifically, Fig. 5d shows that there was a very
high correlation between QDTT-OP/PM, 5 uM/pg and bio-
mass burning/PM, 5 ug/ug. These results signify two cru-
cial aspects. First, the emission source affecting the human
health toxicity of PM, s in the study area is biomass burn-
ing. This aligns with previous research findings, indicating
the health toxicity of PM, 5 originating from biomass burn-
ing (Daellenbach et al. 2020). Second, it highlights that the
human health toxicity of PM, 5 is predominantly governed
by emission sources, surpassing particle concentration and
compositional characteristics. This underscores a significant
revelation: mitigating the human health toxicity of PM,
necessitates foremost management of emission sources with
higher toxicity. To date, efforts to reduce the human health
toxicity of PM, 5 have largely focused on diminishing PM, 5
concentrations. This has involved identifying the primary
constituents and generation mechanisms of PM, s, driving
efforts towards reducing its absolute quantity. Undoubtedly,
these endeavors are anticipated to contribute to decreasing
the human health toxicity of PM, s.

However, as evidenced by the findings in this study, the
human health toxicity of PM, s is greatly influenced by emis-
sion sources, outweighing the effects of PM, 5 concentration
and composition. From these outcomes, it is evident that
even at lower PM, 5 concentrations, the human health toxic-
ity can be elevated based on emission sources. Consequently,
to mitigate the human health toxicity of PM, s, a shift is
required from merely managing existing PM, 5 concentra-
tions towards targeting emission sources with higher toxic-
ity. This necessitates a prior assessment of emission-specific
human health toxicity associated with PM, 5 and, based on
such assessments, a more economically and efficiently ori-
ented PM, s management strategy can be envisaged.

4 Conclusion

In this study, we assessed the air quality in densely populated
urban areas and investigated the emission sources that affect
urban air quality and contribute to the human health risks
associated with urban PM based on the obtained results.
The study revealed that urban air quality is significantly
influenced by the emissions from secondary pollutants and
vehicle traffic. Moreover, flux analysis demonstrated that
reducing urban vehicle emissions directly improves air
quality. Further, an analysis of the factors affecting human
health risks associated with emission sources indicated
that biomass burning emissions have a major impact. This
study provides indicators for reducing vehicle emissions to
improve urban air quality and emission sources that need to

&) Springer 3‘ Korean Meteorological Society

be controlled to reduce human health risks. The results of
this study are expected to serve as fundamental data for man-
aging urban PM and reducing the associated human health
risks, which are global concerns.
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