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HIGHLIGHTS

e As PM, 5 increases, a fraction of nitrate linearly increased in a coastal megacity.

o Size of the dominant mode in aerosol surface area grew during pollution periods.

e Peaks in ALWC and RH preceded enhanced nighttime SIA level during pollution periods.
e PM pollution in winter was driven by nocturnal heterogeneous formation of nitrate.

ARTICLE INFO ABSTRACT

Keywords: Concentrations of PMy 5 (particulate matter smaller than 2.5 pm in diameter) vary depending on regional
Coastal city emissions and meteorological conditions. This study investigates the physical and chemical characteristics of
PM, 5

PM, 5 and its formation mechanisms in Busan, a coastal megacity in Korea with significant port-related emis-
sions. An increase in PMy 5 concentrations was associated with a rising proportion of nitrate (NO3), highlighting
the role of nitrate formation in elevated wintertime PMy s levels. Throughout the measurement period, an
ammonium-rich environment persisted, with the molar ratio of excess-NH4 to NO3 approaching 1:1, indicating
that the formed nitrates were effectively neutralized by ammonium ions. In diurnal variations during high PM3 5
periods, the peak concentrations in PMy 5 occurred at night, closely following the daily maxima in relative hu-
midity and aerosol liquid water content (ALWC). Moreover, case studies revealed that increases in relative and
specific humidity preceded the augmentation of ALWC, coinciding with the growth of the major aerosol mode
larger than 200 nm. This increase in ALWC likely facilitated the efficient conversion of nitrate into a condensed
phase, promoting heterogeneous nitrate formation. Consequently, this nighttime heterogeneous formation of
nitrate, driven by the increase in ALWC, plays a significant role in the formation of fine particulate matter in a
coastal megacity of Korea during winter.
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1. Introduction

The annual average concentration of PMys (particulate matter
smaller than 2.5 pm in diameter) in South Korea was recorded at 18 pg
m % in 2021, marking a decrease from 26 pg m > reported in 2015 when
PM, 5 monitoring was initiated (National institute of environmental
research (NIER), 2021). Despite these improvements, only 24.3 % of
monitoring stations in 2021 met the annual environmental standard of
15 pg m~> or lower, highlighting that the majority of regions still sur-
passed the standard (National institute of environmental research
(NIER), 2021). While the South Korean government has implemented
seasonal PM management strategies since 2019 to reduce PM; 5 con-
centrations (Ministry of Environment (ME), 2019), ongoing reductions
in emissions are essential to meet the government’s target of an annual
average PM, 5 concentration of 13 pg m~> by 2027.

PM, 5 consists of a complex mixture of organic and inorganic mate-
rials, elemental carbon, and others. On average, sulfates, nitrates, and
ammonium account for 30-50 % of the PM5 5 mass concentration in
South Korea’s metropolitan areas (Bae et al., 2020; Han and Kim, 2015).
Kim et al. (2022) found that secondary aerosols contributed up to 77 %
of the total PM; 5 during high pollution episodes in Seoul. Similarly,
secondary inorganic aerosols (SIA) significantly influence PMj 5 levels in
China, comprising 25-60 % of the PMy 5 mass (Wang et al., 2018; Ye
et al., 2017). Following the enforcement of strict regulations, China has
achieved significant reductions in SO, and NOx emissions, the primary
precursor gases for PMy 5 (Vu et al., 2019; Wang et al., 2022). As a result,
SO, and NOx emissions decreased by 68 % and 17 %, respectively, be-
tween 2013 and 2017 (Vu et al., 2019; Zheng et al., 2018). The more
substantial reduction in SO, emissions compared to NOx has enhanced
the role of nitrates over sulfates during periods of high PMj 5 concen-
trations (Lin et al., 2020; Xu et al., 2019). Previous studies have reported
that these emission reductions in China have resulted in decreased SO,
levels and increased nitrates in South Korea, situated downwind of the
Asian continent (Jo et al., 2020; Uno et al., 2020). Recent findings also
suggest a shift in the inorganic composition in Seoul, with a decrease in
the proportion of sulfates and an increase in nitrates in PMy 5 (Hwang
et al., 2023; Kim et al., 2022; Lee et al., 2023).

Bae et al. (2022) suggested that the annual contribution of trans-
boundary transport to PMj 5 levels in South Korea decreased from 52 %
in 2015 to 43 % in 2020. These results suggest that as foreign emissions
diminish, PMy 5 concentrations in each region of Korea may become
more influenced by local emissions and meteorological conditions.
Therefore, to understand the spatiotemporal variability of PMy 5 in
South Korea and to identify the drivers of PM; 5 formation and growth in
each region, understanding the chemical and physical properties of fine
particles affected by local emissions characteristics is required.

Zhou et al. (2022) reported that from 2011 to 2019, while NOx and
PM, 5 concentrations decreased in eastern China, the nitrate concen-
trations in PMys remained nearly unchanged. They attributed the
increased proportion of nitrates to enhanced N,Os formation during the
night, driven by rising ozone levels and decreasing NO concentrations.
Zang et al. (2022) found that in the Yangtze River Delta (YRD), nitrates
were produced at rates of 3.81 pg m~>-h~! during the night through the
heterogeneous hydrolysis of N2Os and at 2.61 pg m™>-h™! during the
daytime through the gas-phase reaction of OH + NO,. These processes
accounted for 66 % and 32 % of nitrate formation in the YRD during
winter, respectively. Kim et al. (2022) identified sulfates as the most
significant component of SIA in PM; in South Korea’s metropolitan
areas, followed by nitrates, which constituted approximately 20 %.
However, Kang et al. (2022) noted that nitrate concentrations were
predominant when PM, 5 exceeded 35 pg m™>, the national air quality
standard.

Nonetheless, most research on PM5 5 formation and growth in South
Korea has predominantly focused on the metropolitan areas, while
studies in coastal cities like Busan have been scarce. Kim et al. (2020)
observed that from 2015 to 2018, the ratio of nitrate to sulfate
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concentrations in PMjy 5 was approximately 0.43 in Seoul and 0.25 in
Busan, indicating that nitrogen oxides were a major factor in PMjy 5
formation in Seoul, whereas sulfur oxides played a more significant role
in Busan. To reduce SO, emissions, large vessels in Busan’s ports have
been mandated to operate at reduced speeds (below 12 knots) since
September 2020, under the Enforcement Decree of the Special Act on the
Improvement of Air Quality in Port Areas (Ministry of Oceans and
Fisheries (MOF), 2019). Furthermore, the sulfur content in marine fuel
has been regulated to be below 0.1 %, stricter than the international
limit of 0.5 % (Ministry of Oceans and Fisheries (MOF), 2019).

These policies are expected to decrease SO, emissions from ship and
port operations, potentially altering the proportion of sulfates in PM; 5
in coastal cities like Busan. This change may also influence the increased
contribution of nitrates in these areas. Consequently, this study aimed to
reevaluate the physicochemical properties of PM, 5 in South Korea’s
coastal megacities, such as Busan, where research has been relatively
limited and where large ports, small industrial areas, and dense road
networks coexist. The study also sought to understand the physico-
chemical mechanisms leading to high PM; 5 concentrations.

2. Methods
2.1. Sampling site and instrumentation

Field measurements were conducted at the Yongdang campus of
Pukyong National University, located in Nam-gu, Busan (35.114° N,
129.089° E; Fig. 1). The Busan Institute of Health & Environment
Research operates three monitoring sites in Busan to measure PM; 5
chemical components (Fig. 1b). However, all these sites are situated at
ground level, primarily to monitor primary emissions from different
sources (port, industry, and mobile sources), and are thus directly
influenced by proximate emission sources.

In contrast, the Yongdang campus is situated on a foothill approxi-
mately 1 km from the coast, free from any obstructions to airflow
(elevation 65 m above sea level). The site is also relatively unaffected by
specific emission sources, making it suitable for analyzing the local
pollutant characteristics influenced by seasonal variations. Neverthe-
less, the characteristic urban environment of a port city places small
industrial facilities about 1 km west of the measurement site, a com-
mercial area 1 km to the north, and a port 0.6 km to the south (Fig. 1c).
This complex urban mixture, combining emissions from roads, com-
mercial areas, ships/ports, and small industries, typifies the emission
environments in Busan.

Winter was selected as the measurement period because frequent air
stagnation and higher PM; 5 concentrations occur during this season
compared to others, making it particularly suitable for studying the
evolution of the physical and chemical properties of PM; 5. Measure-
ments were conducted from January 13 to February 7, 2021.

Inorganic ion components of PM; 5 (Na™, NHZ, K, Caz+, Mg2+, F,
Cl~, NO3, SOF ) were measured using a particle into liquid sampler-ion
chromatography (PILS-IC) system. Air samples were collected at a
constant flow rate of 16.7 L min~! using a PMy 5 cyclone (URG-2000-
30EH). To minimize further gas-particle reactions, the samples passed
through an annular denuder coated with phosphorus acid and sodium
carbonate (URG Corp.) to remove gaseous HNO3 and NH3. The particles
injected into the PILS underwent liquefaction upon exposure to 150 °C
high-temperature steam generated by the Steamer. These liquid parti-
cles were then collected on the impactor plate, along with the carrier
solution. We analyzed the collected sample at approximately 30-min
intervals using ion chromatography (IC, Eco IC 925, Metrohm Corp.).
The IC separated each ion component through a fixed-phase column
(anions: Metrosep A Supp 5-150/4.0; cations: Metrosep C4-150/4.0)
and an eluent (anions: Na;CO3 64 mM & NaHCOsz 20 mM; cations:
HNOj3 34 mM & dipicolinic acid 14 mM). The flow rates for anions and
cations in the IC were set at 0.9 and 0.7 mL min ", respectively (Met-
rohm Corp.). Before the field campaign, we performed a multipoint
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Fig. 1. Map of the measurement site. (a) Republic of Korea, (b) PM, 5 component monitoring sites in Busan (Orange: Busan New port, Red: JangNim, Lime green:
Yeonsan) and the measurement site in this study (white circle), (c) The surrounding environments of the measurement site (Sky-blue: port area, Red: industrial areas).
Sky-blue diamond and blue triangle denote air quality monitoring station (AQMS) and automatic weather station (AWS) site, respectively.

calibration using a 100 ppm standard solution containing all target ions
(Sigma-Aldrich Corp.), which was diluted into four different concen-
trations. This calibration converted the areas of the ion component
chromatograms into concentrations (Supplementary Information (SI),
Fig. S2). Additionally, the dilution factor calculated using a LiBr solution
was applied to convert into mass concentrations (SI, Fig. S3). More de-
tails for the PILS-IC method are available elsewhere (Kang et al., 2020;
Lee et al., 2008; Park et al., 2014). The method detection limit (MDL)
estimated with 19 blank samples were 0.52, 0.01, 0.02, 0.02, and 0.01
pg m~° for Nat, NH4, KT, Ca%*, and Mg?", respectively at the t-value for
a 99 % confidence level. For anions (F~, CI~, NO3, SO3"), the MDL
converged to zero due to the suppressor installed to reduce instrumental
noise.

To analyze the growth of PM; 5 and the gas-to-particle conversion,
we simultaneously measured precursor gas concentrations (NHsz, NO,
NO,, and SO3) and particle size distributions (Table 1). NOx and NH3
concentrations were measured using a NOx/NH3 Gas Analyzer (17C NO-
NO,-NOx Analyzer with 17C NHj converter, Thermo Scientific Inc.), and
zero and span calibrations for NOx and NH3 were performed prior to the
field measurements. Particle size distributions were measured using a

Table 1
Measurements used in this study.
Compound Instrument Frequency
Particle-phase species
PM, 5 components (NHJ, SO%~, particle into liquid sampler-ion 30 min
NO3, CI,Na*, Ca®*, K", chromatography (PILS-IC)
Mg*", F)
Number concentration (12.6 scanning mobility particle sizer 2 min
nm-10 mm) (SMPS) + optical particle sizer
(OPS)
PM; 5 Mass concertation From national air quality 60 min

monitoring station (AQMS)

Gas-phase species

NO, NO,, NH3 17C NO-NO,-NOx Analyzer with 10s
17C NH3 converter

SO, 43C SO, Analyzer 10s

O3 From AQMS 60 min

Meteorology

Temperature(T),Relative From automatic weather station 1 min

Humidity(RH) (AWS)

scanning mobility particle sizer (SMPS 3938, TSI) and an optical particle
sizer (OPS 3330, TSI) that detect particle numbers for diameters ranging
from 12.8 nm to 10 pm. PM;, 5 mass and Og concentrations were ob-
tained from a government-operated air quality monitoring station
(AQMS) located 1.8 km north of the measurement site. Temperature and
humidity data were acquired from an automatic weather station (AWS)
in Yeongdo-gu, located 5 km southwest of the site.

In Section 3.5 of the results, missing values that occurred in the
inorganic ion components during the case study period were replaced
with the average values from the Yeonsan-dong and Busan New Port
monitoring stations, operated by the Busan Institute of Health & Envi-
ronment Research, because the measurement site is situated between
two stations (SI, Fig. S4) and a comparison of the measured values
among sites agreed reasonably for nitrate, sulfate, and ammonium (SI,
Fig. S5).

2.2. ISORROPIA-II model

We used the ISORROPIA-II model to calculate pH and aerosol liquid
water content (ALWC). ISORROPIA-II is an atmospheric thermodynamic
model that predicts the formation of substances by assuming thermo-
dynamic equilibrium in the atmosphere (Fountoukis and Nenes, 2007).
Bian et al. (2014) reported that the model tends to underestimate ALWC
compared to observations under low relative humidity conditions, while
the model results agreed well with observations when relative humidity
exceeds 60 %. The model inputs included particulate inorganic ions
(NH{, NO3, SO%, Cl-, K, Ca?t, Mg?"), relative humidity, and
temperature.

The model provides two options: forward and reverse modes. The
forward mode calculates equilibrium partitioning using precursor gases
and inorganic ions concentrations, relative humidity, and temperature,
while the reverse mode generates results based primarily on condensed
phase ion composition. We selected the forward mode for this study, as it
is considered more robust against measurement errors compared to the
reverse mode (Guo et al., 2015; Hennigan et al., 2015). The model is
further classified as either stable or metastable mode depending on the
saturation state. The stable mode assumes that salts precipitate when the
liquid aerosol becomes saturated, while the metastable mode assumes
that supersaturated aerosols can exist (Fountoukis and Nenes, 2007).
Model evaluations suggested that the metastable mode is more reliable
than the stable mode (Guo et al., 2017; Wang et al., 2018). In this study,
gas-phase HNO3 was not measured. However, Hennigan et al. (2015)
noted that while the reverse mode is typically employed when data on
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precursor gases are unavailable, estimates of aerosol pH and ALWC
derived from this mode are highly sensitive to even minor measurement
uncertainties. Previous studies have also shown that, in the absence of
gas-phase data, using only particle-phase concentrations and meteoro-
logical factors as inputs in the forward mode provided a more reliable
alternative for aerosol pH predictions (Fang et al., 2025; Guo et al.,
2015; Hennigan et al., 2015; Zhang et al., 2023). Fang et al. (2025)
reported that model calculations underestimated pH by approximately
0.5 units when NH3 concentrations were excluded, yet maintained a
strong correlation (R2 > 0.92) with cases including NH3. A similar trend
was observed in Bougiatioti et al. (2016). Moreover, since ISORROPIA-II
calculates water uptake based on the Zdanovskii-Stokes-Robinson
(ZSR) mixing rule (Fountoukis and Nenes, 2007), uncertainties in NHg
and HNO3 concentrations are unlikely to substantially affect the water
content of inorganic species (W;) (Seo et al., 2020). In this study,
ISORROPIA-II model calculations for NHZ, NO3, and SO?( concentra-
tions exhibited strong agreement with measured values [R? > 0.98),
suggesting that potential errors in W; for individual inorganic species
would be minimal. This high correlation further indicates that model
uncertainties are likely to have a negligible impact on the key findings of
this study. Therefore, the ISORROPIA-II model was applied in the
metastable and forward modes to calculate aerosol pH and ALWC in
PM, 5 for this study.

2.3. Separation of aerosol modes from surface area size distributions

In urban areas, aerosol size distributions with diameters below 300
nm vary significantly in both time and space due to various environ-
mental factors, such as direct emissions from local combustion sources,
new particle formation, and meteorological conditions (Choi and Paul-
son, 2016). Therefore, separating and analyzing different modes within
the aerosol size distribution is useful to understand the physical evolu-
tion of PM, 5 during particle formation events. Typically, the size dis-
tribution of fine particles consists of nucleation mode, Aitken mode, and
accumulation mode, each following a log-normal distribution (Seinfeld
and Pandis, 2016). Previous studies have employed multi-log-normal
distribution functions to quantitatively extract aerosol modes from
observed size distributions through the fitting method (Hussein et al.,
2005; Seinfeld and Pandis, 2016). In this study, we applied the same
approach to extract modes from the aerosol size distribution using Eq.
(1) (Hussein et al., 2005):

fe Z": N; "xp{ _ [log(Dy) — logﬁpg.i}z}’ o)

V21log (6pg;) N 2 log” (0yg:)

where i represents each mode, D, is the particle diameter (nm), N is the
number concentration (cm’s), Epg denotes the geometric mean diameter
of the particles (nm), and agg represents the geometric variance, treated
as a free variable in this analysis. The mode extraction process began by
assuming that the measured size distribution consisted of three log-
normal distribution modes, and we set initial variables using
nonlinear least-squares curve fitting with three log-normal distribution
functions (n = 3 in Eq. (1)). Subsequently, we conducted iterative cal-
culations using the initial values to derive the convergence values.
Finally, we assessed the overlap hypothesis between modes to evaluate
the possibility of reducing the number of modes. If two adjacent modes
could be integrated into a single mode, one mode was removed since the
primary purpose of the fitting process was to determine the parameters
that best represented the measured size distributions with the fewest
necessary modes, thereby allowing practical tracking of changes in the
properties of each mode.

We applied this method separately to the size distributions from both
the SMPS and OPS. Subsequently, we combined the modes obtained
from the SMPS and OPS size distributions, capturing the entire range of
size distributions (12.6 nm-10 pm). Then, we adjusted overlapping size
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distributions between the SMPS and OPS by aligning the mode di-
ameters from the OPS with those of the SMPS (Khlystov et al., 2004).
Consequently, reconstructed size distributions from extracted modes
agreed well with measured data, exhibiting high linearity with R? =
0.997 (SL, Fig. 6). For further validation, we applied this method to the
dataset used by Hussein et al. (2005) and compared the results with
those from Hussein et al. (2005). The extracting method used in this
study showed improved performance compared to the previous study
(SI, S1). Thus, the individual modes extracted from the observed size
distributions were used to examine the evolution of the physical prop-
erties of PMy 5 in the initial stage of pollution events in this study.

3. Results
3.1. Overview

During the measurement period, PM; 5 mass concentrations varied
between 2 pg m > and 80 pg m 3, with an average of 19 + 13 pg m 3.
The majority of PM; 5 concentrations in Busan fell within the Ministry of
Environment’s standards for "good" (below 15 pg m~>) and "moderate"
(below 35 pg m~3) levels, representing 87 % of the observation period.
In South Korea, high PMsys concentrations are defined as those
exceeding 35 pg m 2. For this study, we identified high-concentration
periods as those during which PMj 5 concentrations exceeded 35 pg
m ™ for longer than two consecutive hours. Throughout the measure-
ment period, four high-concentration events were recorded (Fig. 2,
shades of gray). In most high-concentration cases, the concentrations of
precursor gases such as NOx, NHs, and SO3 also increased, implying that
the accumulation of locally emitted precursor gases was one of the
causes of the PM, 5 elevation. During periods of high PMj 5 concentra-
tions, ALWC consistently showed an increasing trend, underscoring a
relationship between PM; 5 growth and ALWC levels (Fig. 2). Ammo-
nium ion concentrations ranged from 0.1 pg m3to15 Hg m 2, with an
average of 3 + 2 pg m . Nitrate concentrations, a significant compo-
nent of PMy 5, ranged from 0.2 pg m™° to 42.7 ug m >, with an average
of 4 + 6 ug m~°. Sulfate ion concentrations spanned from 0.5 ug m ™ to
11 pg m~3, with an average of 3 + 2 pg m~>. Typically, the ratios of
nitrate to sulfate in PMj 5 vary seasonally. As temperatures decrease, the
equilibrium constant for the reaction between precursor gases (HNO3(g)
and NH3(g)) to form their particulate counterpart (R1) decreases, fa-
voring the formation of nitrates. Low winter temperatures facilitated
nitrate formation, partly contributing to its predominance over sulfate
concentrations when PMy s concentrations exceeded 20-30 pg m3
during the measurement period (Figs. 2 and 3).

HNOs g + NHs(g) <> NH4NO3(5q) (R 1)

When comparing the composition ratios of inorganic ions across
different PMjy 5 concentration ranges (Fig. 3), the proportion of sulfate
decreased with rising PMy 5 levels (Fig. 3b), while the proportion of
nitrate correspondingly increased (Fig. 3a). As PMy s concentrations
rose, the fractions of crustal or sea salt components also decreased,
indicating that increased PMy 5 concentrations were associated with
augmented secondary formation of nitrate. In South Korea, the
Enforcement Decree of the Special Act on the Improvement of Air
Quality in Port Areas in 2020 (Ministry of Oceans and Fisheries (MOF),
2019) led to a reduction in the annual average SO, concentration from 5
ppb in 2019 to 3 ppb in 2021 (National institute of environmental
research (NIER), 2021; National institute of environmental research
(NIER), 2019). In regions such as Europe and China where SO; emissions
have decreased, nitrate has become a dominant component of SIAs and
its contribution is becoming increasingly significant (Erisman and
Schaap, 2004; Lin et al., 2020). Similarly, the findings in Fig. 3 suggest
that in Korean port cities, like Busan, the contribution of NO3 to PMs 5
levels increased more than that of SOF~ as PM, s concentrations rise,
implying that NO3 plays a key role in increasing PMy s levels. The
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proportion of ammonium ions remained relatively steady with respect to
PM;5 concentrations. Thermodynamically, ammonia prefers to
neutralize sulfate before nitrate (Ge et al., 2017; Squizzato et al., 2013).
Hence, the proportion of ammonium ions remained relatively constant
across PM3 5 concentration ranges, neutralizing sulfate at lower PMj 5
concentrations and nitrate at higher concentrations.

3.2. Chemical characteristics of SIA

Ammonium ions are one of the major components in atmospheric
PM, 5, neutralizing anions such as nitrates, sulfates, and chlorides.
Previous studies have suggested that a molar ratio of [NHi1/ [SO%_]
above 1.5 signifies an ammonium-rich environment, while the ratio
below 1.5 indicate ammonium-poor conditions (Huang et al., 2011;
Seinfeld and Pandis, 2016). This ratio is used to determine the pathway
of NH4NO3 formation under various environmental conditions
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(Squizzato et al., 2013). As depicted at the x-intercept in Fig. 4a, when
the [NHZ1/ [SO?(] ratio exceeds 1.5, ammonia predominantly reacts
with gaseous nitric acid to form NH4NOsz (Huang et al., 2011).
Conversely, when this ratio is below 1.5, nitrate formation is indepen-
dent of ammonium, through reactions between HNO3 and sea salt par-
ticles (NaCl) or crustal particles (e.g., CaCO3) (Arsene et al., 2011;
Goodman et al., 2000; Huang et al., 2011). Recent findings, however,
have suggested that even in ammonium-rich environments, gaseous
N2Os can dissolve into liquid aerosols and undergo hydrolysis to pro-
duce liquid-phase nitrate, contributing significantly to nighttime nitrate
formation (Lin et al., 2020; Peng et al., 2021). Throughout the obser-
vation period, the molar ratio of [NH}]/ [SO%’] consistently exceeded
1.5, indicating ammonium-rich conditions. Additionally, the distribu-
tions of molar ratios of [NO3 ]/ [SO?(] vs. [NH{1/ [SO%_] were Cconsis-
tent with the regression line proposed by Pathak et al. (2009), which was
obtained from observations in various cities (Fig. 4a).

Guo et al. (2016) found that as particle pH increases, the proportion
of particulate nitrate ([NO31;) relative to the total nitrate ((HNO3]g +
[NO31,) increases, with most nitrates existing in particulate form above
a certain pH level. Since it is difficult to directly measure particle acidity,
we employed an ion balance of inorganic components as an indirect
acidity indicator (Pathak et al., 2004a, 2004b; Zhang et al., 2007). A
commonly used indicator is the concentration of hydrogen ions in par-
ticles per unit volume of air (H ™ ,¢;) (Zhang et al., 2007). The slope of H
T .er cONcentration relative to SO%’ concentration was 0.1, suggesting
that most sulfate was present as (NH4)2SO4 (Fig. 4b). In addition, as pH
values, calculated using the ISORROPIA-II model, increased, the rela-
tionship between H * ¢ and SO3~ approached Y = 0, indicating that
sulfate was fully neutralized (Fig. 4b). The remaining ammonium, after
neutralizing sulfate ions, is referred to as excess-NHJ, which represents
the amount of ammonium exceeding a [NHZ1/ [SO%_] molar ratio of 1.5
(Eq. (2) (Pathak et al., 2009)). Integrating the results of previous studies
conducted in regions such as Hong Kong, Beijing, the United States, and
Europe, Pathak et al. (2009) determined that the nitrate formation
pattern shifts at a threshold molar ratio of [NHZ1/ [SO%’] = 1.5, and this
definition has been used in several subsequent studies to investigate the
role of ammonium in nitrate formation [e.g., 11, (Chen et al., 2024),
(Griffith et al., 2015)]. Our results also showed that the molar ratio of
excess-NHZ to NOj3 closely approached a 1:1 line (Fig. 4c), indicating
that sufficient NH3 was present to neutralize sulfates and nitrates.

Excess|NH} | = (]SO; | / [NH| — 1.5) x|SO | @

In summary, during the winter measurement period, lower temper-
atures reduced the equilibrium constant (Kp) for the reaction between
gaseous HNOs and NHjs, favoring the partitioning of nitrate into the
particulate phase, which promoted the formation of NH4NOs under
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ammonium-rich conditions [36]Furthermore, the pH values calculated
using the model appeared to be high when concentrations of nitrate and
excess-NHZ were elevated, suggesting that a higher pH environment was
more favorable for nitrate to exist in the particulate phase rather than
the gaseous phase. The main factors contributing to the increase in pH in
Busan during winter appear to be low temperatures, high humidity,
NH;3, and aerosol liquid water content (ALWC). Enhanced NH4NO3
concentrations, which have lower acidity compared to sulfate, reduce
the concentration of H" and lead to a rise in aerosol pH [30]In addition,
the formation of NH4NO3 can further enhance ALWC [ (Guo et al.,
2018),(Gysel et al., 2007)1, which dilutes more H* and further raises the
aerosol pH [34,54]. Applying the same methodology as Guo et al. [30]
and Nenes et al. (2020)]we examined the relationship between aerosol

pH and the nitrate partitioning ratio, ¢(NO;) = [NO; ]p/([NO; 1, +

[NO3 ] g) , where p and g denote the particle and gas phases, respectively,

across different ALWC concentration ranges within the observation
ranges of various input variables during the measurement period using
the ISORROPIA-II model. The results showed that ¢(NO3) follows a
sigmoidal function (Eq. S1)shifting rapidly from near zero to one within
a specific pH range as Guo et al. [30] presented. Under conditions of
high ALWG, the transition of nitrate to the particulate phase occurs more
substantially as pH increases, with e(NO3) approaching one at lower pH
levels (SI, Fig. S7). Consequently, we conclude that an increase in
aerosol pH and ALWC under the low temperatures and ammonia-rich
conditions in the coastal megacity of South Korea further enhanced
the formation of particulate NO3 [ (Guo et al., 2016), (Liu et al., 2017)].

According to national emissions statistics, 51 % of total NH3 emis-
sions in the Busan area originate from ‘other non-point pollutant sour-
ces’, and this proportion increases to 81 % in Nam-gu, a sub-district of
Busan where the measurement site is located (CAPSS and https, 2022).
This category of area sources includes emissions from vegetations, soils,
wildfires, and others. However, the results of the conditional probability
function (CPF) analysis, which shows the wind-directional distribution
of high concentrations of NH3 during the measurement period, indicate
that relatively elevated NH3 levels originated from the direction of the
port and ocean, implying potential contributions from ship operations
and industrial activities to ammonium-rich environments in the study
area (SI, Fig. S8). Nonetheless, in such complex environments where
diverse non-point sources are mixed, identifying specific NH3 emission
sources is challenging and is beyond the scope of this study.

3.3. Diurnal variations

The diurnal variations of observed species during low to moderate
PMy5 concentration periods (excluding days when PMjys levels
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exceeded 41 pg m > (the 95th percentile) for over two consecutive
hours) are shown in Fig. 5a—(d). PMj 5 levels were lowest at dawn, rising
post-sunrise, peaking around 10 a.m., and then declining along with
relative humidity (Fig. 5a). During the daytime, Ox (O3+NO3) and SO?{
concentrations concurrently rose, likely due to photochemical reactions
driven by stronger solar radiation. However, these daytime increases in
sulfates did not significantly impact overall PM; 5 concentrations, indi-
cating limited contribution from daytime photochemical SO3~ produc-
tion to PMy s levels. The minor midday PMys peak might also be
influenced by the photochemical oxidation of VOCs producing particu-
late organic matter, but without measurements of organic matter, we
cannot confirm its contribution in this study.

Both NO3 and NHJ concentrations mirrored the diurnal pattern of
PM, 5, which was opposite to that of temperature because high tem-
peratures increase the equilibrium constant for the reactions of NHz and
HNO3 to form NH4NOs3 (R1), resulting in enhanced vaporization into the
gas phase (Seinfeld and Pandis, 2016). Until the morning PM; 5 peak,
low temperatures and high relative humidity promoted maximal ALWC,
coinciding with sharp increases in inorganic ions such as nitrate,
ammonium, and sulfate. These diurnal patterns suggest that the het-
erogeneous formation of SIA, alongside the onset of photochemical
processes, likely drove increases in PMy 5 levels during periods of low to
moderate concentrations. We also note that this PMy 5 peak period
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aligned with peak traffic hours when the emissions of precursor gases
were most active.

In ammonium-rich environments, the reaction between gaseous
HNO3 and NH3 to form NH4NOs is typically known as the primary
pathway for NO3 formation (Huang et al., 2011; Pathak et al., 2009).
However, recent studies suggest that even in ammonium-rich environ-
ments, the dissolution of N2Os into liquid aerosols followed by hydro-
lysis to form aqueous HNOs(aq) can be a significant pathway for
elevated NO3 levels (Lin et al., 2020; Peng et al., 2021), as presented in
R(2) - R(4) (Brown and Stutz, 2012; Chang et al., 2011):

NOyg) + O35y > NO; + Oz (R 2)
NOy) +NO3 —N205 (R 3)

NOs() + H20()—>2HNOj(qq) (R 4)

The diurnal variations of relevant species during high PMy 5 periods
in this study (>41 pg m~3, 95th percentile) also support the importance
of heterogeneous SIA formation (particularly nitrates) in the elevation of
PM, 5 levels. During these periods, nighttime rapid increases in SIA
concentrations, such as nitrate and sulfate, were observed, followed by
daytime declines. This pattern aligns closely with that of PMj 5 (Fig. Se,
g, and 5h). While daytime gas-phase HNO3(g) formation involves NO5
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reacting with OH, this process is limited at night due to reduced OH
concentrations. Particularly, our results showed that the sharp increase
in nighttime relative humidity and ALWC preceded rises in SIA and
PM, 5 concentrations, while daytime reductions in PMj 5 concentrations
were accompanied by lower ALWC and relative humidity (Fig. 5e and f).
Therefore, nighttime nitrate formation is expected to be driven pri-
marily by heterogeneous processes during these periods. Lin et al.
(2020) also corroborated that elevated ALWC during high PM, 5 pollu-
tion periods, associated with declining Ox concentrations, underscored
the significance of NyOs hydrolysis for nocturnal nitrate formation.
Consequently, in the coastal megacity of South Korea, enhanced ALWC
facilitated by higher relative humidity due to low temperatures com-
bined with an influx of water vapor, significantly contributed to the
heterogeneous formation of SIA, particularly nitrate, profoundly influ-
encing high PM, 5 concentrations during nighttime.

3.4. Evidence from ISORROPIA model results

To further substantiate the findings that elevated ALWC promoted
heterogeneous nitrate formation during high PM, 5 events, we examined
the relationship between gaseous HNO3(g) (a precursor to nitrate) as
calculated by the ISORROPIA model and the observed concentrations of
particulate nitrate (Fig. 6). This model is well-documented for its pro-
ficiency in replicating the levels of inorganic ions and precursor gases as
reported in previous studies (Brown and Stutz, 2012; Guo et al., 2016,
2017; Huang et al., 2011; Lin et al., 2020). The scatter plot in Fig. 6
delineates marked patterns between low and high nitrate concentra-
tions. In conditions of elevated ALWC, the HNO3(g)/NO3 ratios
exhibited a reduced slope, suggesting a predominant partitioning of
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nitrate into the particulate phase. In contrast, under lower ALWC con-
ditions, the slope was steeper, indicating a propensity for nitrate to
remain in the gas-phase (Fig. 6a). Moreover, under conditions of lower
temperature and higher relative humidity, the slopes of HNO3(g) to NO3
were reduced, further indicating the enhanced partitioning of nitrate
into the condensed phase. These observations support the hypothesis
that an increase in ALWC facilitated the formation of inorganic species,
which led to an increase in PMy 5 concentrations. Additionally, the
HNO3/NOg ratios with relatively high pH seem to be distributed along
the lower slope line, indicating under high aerosol pH conditions, ni-
trates in the condensed phase dominate over the gas phase, as detailed
by Guo et al. (2016).

3.5. A case study of high PMg 5 concentration events

3.5.1. Evolution of surface area size distributions

In aerosol volume size distributions, the volume concentrations in
accumulation mode can be directly converted into mass concentration,
assuming uniform density, and thus can represent PM, 5 mass concen-
trations (Seinfeld and Pandis, 2016). However, during the measurement
period, aerosol volume size distributions showed an unimodal pattern
across most environments, with minimal variation in mode size, making
it difficult to examine the formation processes based on mode size.
Particle number size distributions, on the other hand, are directly
influenced by local combustion sources, such as vehicle emissions, and
are concentrated in smaller sizes, particularly below the Aitken mode.
Thus, particle number size distributions have different characteristics in
PM, 5 formation processes and variability when compared to PM; 5 mass
concentrations (Choi et al., 2014; Seinfeld and Pandis, 2016).
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In contrast, particle surface area concentrations are associated with
PM, 5 growth, providing a surface for the condensation of precursor
gases. In fact, observed particle surface area concentrations showed
similar variability to that of PMy 5 mass concentrations (SI, Fig. S9).
Moreover, unlike volume size distributions, surface area size distribu-
tions typically comprised 3-5 modes, making them useful for examining
the evolution of each mode during the stage of increasing PM; s, and for
linking with variations in chemical properties.

Four periods for this case study were selected where PM, 5 mass
concentrations exceeded 35 pg-m~° for at least two consecutive hours
(SL, Fig. S9). The first case lasted from 2 p.m. on January 17 to 6 p.m. on
January 18, and the second case spanned from January 19 to midnight
on January 23. Rainfall occurred on January 22 but was a light drizzle
with a precipitation rate of 0.4 mm/h, affecting minimally on PM; 5
concentrations (we did not see any abrupt drop in concentrations due to
washout/rainout effects). The third case spanned from January 29 to 9
a.m. on January 31, and the fourth case from 3 p.m. on January 31 to 9
a.m. on February 2. Despite rainfall on Feb. 1 of the fourth case, both
PM; 5 concentrations and surface area concentrations increased rapidly
after the rain stopped.
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During the selected cases, five aerosol modes were extracted from
observed surface area size distributions with the fitting method
described in Section 2.3. The modes were distinguished by their size:
Mode 1 with diameter less than 50 nm, Mode 2 50-100 nm, Mode
3100-200 nm, Mode 4200-300 nm, and Mode 5 greater than 300 nm.

All cases shared some common features. First, the size of the most
significant mode in surface area size distributions grew during the case
periods (thick black line on the size distribution plots in Fig. 7). Second,
in all cases, relative humidity (%), specific humidity (g/kg), and ALWC
levels increased at the early stages of high PMj 5 events. Subsequently,
nitrate concentrations (as representative inorganic ions due to their
linear contribution to PMj 5 concentration increases) rose, followed by
increases in PMj 5 concentrations (Fig. 7).

Here, we focus on Case 2 as the representative case due to space
limitations, as it exhibited the longest continuous particle growth
(Fig. 7b); other cases showed similar variation trends. Initially, the
specific humidity, which had increased during the day, persisted into the
night, and relative humidity increased due to the lower nighttime tem-
peratures (as indicated by the gray box marked @ in the second plot of
Fig. 7b). Subsequently, ALWC levels rose following the increase in
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relative humidity and specific humidity (blue box marked @ in the
second plot of Fig. 7b). The modal sizes of the major modes in size
distributions consistently increased through stages @ and @. Following
stage @, where ALWC sharply increased, inorganic ions (especially ni-
trate) then increased (red box marked @ in the third plot of Fig. 7b). As
aerosol surface area concentrations steadily grew, the size of the major
aerosol mode also increased consistently. These evolutions of surface
area size distributions, along with variations in meteorological condi-
tions, ALWC, and inorganic ions, were consistently observed for the
other cases. These common features imply that under the conditions of
high relative humidity with sufficient water vapor concentrations,
increased ALWC and growing aerosol surface areas facilitated the het-
erogeneous formation of SIA, consequently leading to an elevation in
PM; 5 levels.

3.5.2. The sizes of dominant aerosol modes and PM3 5 formation

Fig. 8 elucidates the relationships between the diameter of the largest
major mode in the measured aerosol surface area size distributions and
various associated factors, including PMy 5, ALWC, NO3, relative hu-
midity (RH), NH3, and the condensational sink. The typical features
observed in these comparisons include that when the smaller modes,
modes 1 and 2 (below 100 nm), dominate, no clear correlation was
observed between the mode size and PMs 5, ALWC, or RH. However, as
the major mode shifted to mode 3 or larger (100-200 nm or above),
positive correlations became apparent with PM; 5, ALWC, and RH.

Based on the results of cascade impactor measurements, John et al.
(1990) identified the smallest mode in the mass size distributions (with a
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diameter of 0.2 + 0.1 pm) as the condensation mode, formed by
gas-phase reactions. They also referred to a mode with a diameter of 0.7
+ 0.2 pm as the droplet mode, which originates from the growth of the
condensation mode due to the inclusion of water vapor (John et al.,
1990). In this context, modes 1 and 2 in this study are considered to have
weak correlations with ALWC and RH, because the dominant sources for
these smallest modes are primary emissions or gas-phase reactions,
rather than heterogeneous reactions facilitated by adding water vapor.
Moreover, these smaller modes exert a minor impact on PM; 5 mass
concentrations due to their tiny sizes, showing an insignificant rela-
tionship with PMy 5. In Cases 2 and 3, concentrations of NH3 and NOg
show a positive correlation with the size of modes 1 through 3. Addi-
tionally, the condensational sink (CS), which reflects particle growth by
providing a surface for the condensation of precursor gases (Eq. S2-S4 in
SI (Fuchs and Sutugin, 1971; Pirjola et al., 1999), also exhibits a positive
correlation with the growth in mode size, suggesting that gas-phase
reactions proposed by John et al. (1990) may have contributed to the
growth of these smaller modes.

When the larger modes (modes 3-5) became dominant, the mode
sizes and PM5 5 mass concentrations showed a strong positive correla-
tion. In addition, the sizes of the dominant mode tended to grow as
ALWC and RH increased, likely due to the transition from condensation
mode to droplet mode through the addition of water vapor, as suggested
by John et al. (1990). In the droplet mode, the importance of hetero-
geneous chemistry in PM; 5 formation may become more significant due
to elevated ALWC. Furthermore, the increase in CS driven by the growth
of larger dominant modes appeared to provide favorable conditions for
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the condensation of water vapor and precursor gases. In particular, the
increase in ALWC not only provides a greater volume of medium for the
hydrolysis of precursor gases (Wang et al., 2020) but also dilutes
hydrogen ions produced by acids, thereby raising the aerosol’s pH
(Arsene et al., 2011). Under high pH conditions, nitrates prefer to exist
in the condensed phase (Guo et al., 2016). All these conditions can
facilitate the heterogeneous formation of nitrates.

The concentrations of ammonia, a major precursor gas, also
increased as the mode size grew, indicating that ammonia also plays a
significant role in the growth of PMs 5. However, Case 4 showed a less
pronounced relationship compared to Cases 1-3. In Case 4, the rainfall
event occurred (indicated by dotted lines in Fig. 8d) just before the
abrupt and sharp increase in PM5 5 concentrations, suggesting a poten-
tial influence from the rain. Alternatively, the sudden advent of high
PM, 5 concentrations following the rainfall event may also be attributed
to the influence of long-range transport following a weather front (Kang
et al., 2019). During this period, a weak yellow dust (or Asian dust)
event was recorded, representing distinct environmental characteristics
(AirKorea, 2021).

4. Conclusion

To investigate the physical and chemical characteristics of PM3 5 and
their formation mechanism during wintertime high-concentration
events in a coastal megacity in Korea, field measurements were con-
ducted from January 13 to February 7, 2021, in Busan, the second-
largest city on the south coast of Korea. One of the major findings is
that as PMy5 concentrations increased; the proportion of sulfate
decreased while that of nitrate increased. This shift underscores the
growing importance of nitrate in SIAs as SOy concentrations decline,
potentially due to effective SO2 mitigation policies in the port cities.
Historically, the dominant SIA component in coastal port cities in Korea,
including Busan, was sulfate during high PMj 5 events (Kim et al., 2020).
This highlights the need for the transition to the next stage of pollution
policy aimed at curbing nitrate production in Korea’s coastal port cities.

The measurement site exhibited ammonium-rich environments
where most sulfates (SO%’) and nitrates (NO3) were fully neutralized by
ammonium (NHZ). The diurnal variations of PM, 5 and associated var-
iables during high PM; 5 periods showed that nighttime peaks in relative
humidity (RH), which was driven by both the increase in specific hu-
midity and lowered temperature, and ALWC precede increases in inor-
ganic ion concentrations, leading to the nighttime PMys peak. The
ISORROPIA-II model results support this by presenting that lower
HNO3(g)/NOs3 ratios are associated with relatively higher ALWC, lower
temperatures, and higher RH, indicating that nitrates predominantly
exist in the particle phase under these conditions. These findings suggest
that in Korea’s port cities with ammonium-rich environments, the
wintertime increase in PMj 5 concentrations is primarily driven by the
formation of inorganic ions, particularly nitrates, through heteroge-
neous chemistry rather than daytime photochemistry.

A distinctive approach of this study is that it explores the common
features in the developing stages of high-concentration PM; 5 events
through case studies, linking particle surface area size distributions with
factors associated with PMj 5 formation. Four case studies highlighted
that increases in relative and specific humidity preceded the augmen-
tation of ALWC with growth of the major mode in aerosol surface area
size distributions, which was extracted via fitting a multi-log-normal
distribution function to observed aerosol size distributions. The
growth of the major mode in surface area size distributions correlated
with increases in ammonia, condensational sink, and nitrate concen-
trations, alongside RH and ALWC. The increases in ALWC and aerosol
surface area can provide a greater medium volume for the hydrolysis of
precursor gases and simultaneously raise the aerosol’s pH. All these
conditions favor the presence of nitrates in the condensed phase through
heterogeneous processes, thereby facilitating enhanced nitrate forma-
tion during nighttime.
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Consequently, our findings suggest that high PMy s levels in the
coastal megacity in South Korea were driven by the heterogeneous
chemistry of inorganic ions, particularly through nitrate formation. As
SO, emissions are expected to continue decreasing due to strict reduc-
tion policies in Korean port cities, the role of nitrate is likely to become
increasingly pivotal, especially in ammonium-rich environments.
Therefore, to effectively mitigate PM; 5 levels in Korea’s coastal urban
areas, integrated strategies that reduce both NOyx and NH3 emissions are
required. Unfortunately, NH3 emission sources in this port megacity
were not identified in this study. Thus, the sources and emission in-
ventory of NH3 need to be more accurately quantified alongside
continuous monitoring of its concentrations.
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