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ARTICLE INFO ABSTRACT

Keywords:
Particulate NO3
Heterogenous reaction

During the cold season in South Korea, NO3 concentrations are known to significantly increase, often causing
PM, 5 to exceed air quality standards. This study investigated the formation mechanisms of NO3 in a suburban
area with low anthropogenic emissions. The average PMy 5 was 25.3 ug m~°, with NO3 identified as the largest

IS\IuIZ)urban contributor. Ammonium-rich conditions prevailed throughout the study period, coupled with low atmospheric
Clz’ Zemsol temperature facilitating the transfer of gaseous HNO3 into the particulate phase. This result indicates that the
Dust formation of HNOj3 played a crucial role in determining particulate NO3 concentration. Nocturnal increases in

NO3 were observed alongside increasing ozone (O3) and relative humidity (RH), emphasizing the significance of
heterogeneous reactions involving NyOs. NO3 concentrations at the study site were notably higher than in Seoul,
the upwind metropolitan area, during a high concentration episode. This difference could potentially attributed
to lower local NO concentrations, which enhanced the reaction between O3 and NO», to produce NOj3 radicals.

High concentrations of CI~ and dust were also identified as contributors to the elevated NO3 concentrations.

1. Introduction

PM, 5, with an aerodynamic diameters of 2.5 pm or less, poses sig-
nificant health risk, such as exacerbation of respiratory, impaired lung
function and cardiovascular disorders (Zwozdziak et al., 2016; Hama-
naka and Mutlu, 2018). In 2021, in response to the increased evidence of
adverse air pollution health impacts, the WHO revised the PM; 5 annual
mean air quality guideline to 5 pg m™ (WHO, 2021). In South Korea,
PM,, 5 concentrations have decreased since 2016 (Cha et al., 2023; Jeong
et al., 2024). However, they still exceed the national ambient air quality
annual standard of 15 pg m~> at most of the national ambient air quality
monitoring stations. Since the exceedance of annual standard for PM3 5
is largely attributed to the high concentrations observed during winter,
the identification of formation and/or emission pathways for PMj 5
during the cold seasons is crucial to reduce the PMy 5 health impacts.
The North China Plain (NCP), which is located adjacent to the Korean
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peninsula has also had a decreasing trend in PMj 5 concentrations
especially in urban areas since 2016 (Lei et al., 2021). However, high
concentrations of PMj 5 still happen in cold season, even during the
COVID-19 lockdown period when primary emissions significantly
decreased. Severe haze events observed in NCP during winter were
attributed to increased secondary formation compensating for the
reduction in primary emissions (Lei et al., 2021), and recent increase of
ozone (O3) concentrations were considered as a major contributing
factor to these phenomena (Sun et al., 2016; Zhang et al., 2014). Og has
also significantly increased in South Korea not only in summer but also
in winter (Yeo and Kim, 2021) probably because of the reduction in NO
emissions from mobile and combustion sources (Sicard et al., 2020,
2023), suggesting a possible occurrence of PMy 5 high concentration
episodes in winter.

The concentrations of NO3 and its proportion to PMj 5 are known to
increase significantly, particularly during haze events in both China and

Received 26 February 2024; Received in revised form 29 April 2024; Accepted 9 May 2024

Available online 11 May 2024

0269-7491/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:youngji@kangwon.ac.kr
www.sciencedirect.com/science/journal/02697491
https://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2024.124141
https://doi.org/10.1016/j.envpol.2024.124141
https://doi.org/10.1016/j.envpol.2024.124141
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2024.124141&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J.-W. Jeon et al.

South Korea (Kim et al., 2022b; Zhai et al., 2021). However, the emis-
sion rates of NOy and NHjs, the precursor gases to NO3, showed an
overall decreasing trend in these regions. Although it is not clear that
actual emissions are well reflected in the emissions inventories (Hopke
and Querol, 2022), according to the National Emissions Inventory, NOy
and NHgs emissions in South Korea decreased by about 38% and 15%,
respectively, from 2017 to 2021 (National Air Emission Inventory and
Research Center). Therefore, it is anticipated that there are complicated
particulate NO3 formation mechanisms that cannot be explained by a
linear relationship between precursor gases and NO3. According to the
previous studies, particulate NO3 is known to be mainly formed by 1)
HNOj3 produced by photochemical oxidation of NOy by OH radicals
during daytime [R1 to R2] (Morgan et al., 2015), 2) HNOgs produced by a
heterogenous reaction by N2Os hydrolysis during nighttime [R3 to R5].
The heterogenous interaction of NyOs on the surface of dust particles
(Tang et al., 2012; Xia et al., 2019; Liu et al., 2020). The HNO3 — NO3
partition is also involved in NO3 formation, which depends on tem-
perature, relative humidity, and the availability of NHs. The debate over
the qualitative and quantitative contribution of these pathways to par-
ticulate NOs3 is still ongoing, and the major NO3 formation mechanisms
appear to vary in space and season.

NO+0;3 = NO, + 0, (R1)
NO, + OH— HNOs (R2)
NO, +03 — NO; + 0, (R3)
NOs; +NO; — N,Os (R4)
N,0s + H,0 — 2HNO, (R5)

The purpose of this study is to identify the formation mechanisms of
NO3 and the important influencing factors on enhancing NO3 in a
suburban area with low anthropogenic emissions during the cold season.
PM, 5 and its NO3 concentrations were also compared with those in the
upwind metropolitan region (Seoul) to illustrate the differences in NO3
production mechanisms between the two regions. There is still limited
attention on the HNO3 formation, which depends on the precursors, NOy
and NHjs, as well as photochemical oxidants (Fu et al., 2020). This study
can provide valuable data for NOj3 researches in small- and
medium-sized residential areas, which are different from large and in-
dustrial cities with high NOy emissions, given the severe lack of PM3 5
studies in rural settings in Asia.

2. Method
2.1. Experiments

Form February 14 to March 14, 2022, hourly concentrations of PM3 5
and its chemical components as well as gaseous pollutants were ob-
tained from the Gangwon region air quality research center operated by
National Institute of Environmental Research of Korea and located in a
medium-sized city, Chuncheon, South Korea (Fig. S1). Because Chun-
cheon is in a water protection sanctuary, no large polluting industries
can be established in this area. Thus, PM; 5 emissions from anthropo-
genic sources are very low. The city is located approximately 100 km
northeast of large metropolitan (Seoul) and major industrial areas
(Incheon) (Fig. S1). Therefore, air quality can be influenced by regional
range transport with prevailing westerly winds in cold season. Sur-
rounded by mountains, the city has many artificial reservoirs, which
often result in low wind speed and high relative humidity. Detailed
measurement methods of PMj 5 mass and its constituents are provided in
supplementary material.

To compare NO3 concentration in Chuncheon with an upwind re-
gion, concentrations of PMj 5 components and gaseous pollutants were
obtained from Seoul region air quality research center where the
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measurement methods were identical.

Three-day backward trajectories were calculated using NOAA-
HYSPLIT (Stein et al., 2015) and the meteorological data of the Global
Data Assimilation System (GDAS) to describe the regional transport
meteorological pattern. A detailed description of the backward trajec-
tories and cluster analysis is provided in the supplementary material.

3. Results and discussion
3.1. Overadll characteristics and importance of nitrate

The average PMy 5 was 25.3 pg m~> during the study period, and
three high concentration episodes (HCEs), defined as periods in which
PM, 5 exceeded the daily national ambient air quality standard of 35 pg
m ™2 for at least 12 h, were observed. These HCEs were designated as
Case 1 (Feb. 25 4 a.m. ~ Feb. 27, 4 a.m.), Case 2 (Mar. 04, 12 p.m. ~
Mar. 05, 4 a.m.), and Case 3 (Mar. 08, 7 p.m. ~ Mar. 10, 12 p.m.)
(Fig. 1). The carbonaceous material includes more than carbon; there-
fore, organic aerosol (OA) was calculated by multiplying the OC con-
centration using a conversion factor of 1.8 in this study. Conversion
factor for OC to OA varies depending on the composition of organic
compounds, and OA emitted from biomass burning or formed second-
arily has higher conversion factor because it is more oxygenated than
primary aerosols emitted from fossil-fuel emissions (Chen et al., 2010;
Malm et al., 2011; Hand et al., 2011). The study site is located in a
medium-sized residential city with no large pollution industries, and
biomass burning is the largest PMy 5 sources in this city according to
national emissions inventory. Therefore, a conversion factor of 1.8 was
applied from OC to OA, a slightly higher than the typical conversion
factor of 1.6 for urban sites (Turpin and Lim, 2001; Chow et al., 2015).
During the sampling period, the largest contributor of PMj 5 mass was
OA (36.1%), followed by NO3 (29.7%), NHZ (13.0%), and SO3~ (11.4%)
(Table 1, Fig. 1e). The temporal change in NO3 was almost consistent
with the temporal change in PMs 5 and the fraction of NO3 to PMy 5
attained 53% during the HCEs (Fig. 1). Alternatively, OA showed a
decreased fraction during the HCE periods because NOj increased
(Table 1). These results indicated that HCEs of PMj 5 occurring in cold
season were mainly caused by the increased NO3. Therefore, the for-
mation mechanism of NO3 should be identified at this study site. NO3 -
driven haze pollution in winter was often reported in East Asia including
Korea (Kim et al., 2022a; Jeon et al., 2023) and China (Fu et al., 2020;
Cheng et al., 2021).

3.2. Diurnal variation of NO3

The relative contributions of photochemical and heterogenous re-
action to particulate NO3 formation has been debated for a long time
(Liu et al., 2020; Fu et al., 2020). To identify the main mechanism for
NO3 formation, gas-particle partitioning coefficient, Kay, between
HNO3 and particulate NO3 was first calculated (Eq. (1)). Lower tem-
peratures correspond to higher values of Kay and therefore lower
equilibrium values of the NHs and HNOs3 gas-phase concentration.

HNOs; + NH; <% NH,NO, (R6)
Ka :KAN(298)Oexp{a<£TSf 1) +b{1+ln(£;8) 7%8” &)

where, T is the ambient temperature in Kelvin, Kan(298) = 3.36 x 10'®
(atm™2), a = 75.11, and b = —13.5 (Seinfeld and Pandis, 2016; Young
et al., 2016). The coefficients of a and b may be influenced by various
factors such as pressure, heating rate, and/or the presence of impurities
in the system (Kaniewski et al., 2023). Thus, there is substantial un-
certainty in their values.

During the sampling period, average atmospheric temperature was
0.2 °C, which was too low to effectively dissociate into gaseous HNOs.



J.-W. Jeon et al.

Environmental Pollution 352 (2024) 124141

= so,” m NO; NH,” = Otherions === PMy,s @
2_
m EC OA 1 Metal 1 residue = =ven 35 pg/m3 £=0.8¢
a Case 1 C 2
( ) 100 as ase 3 00
= 80 T &
< 0 & 2
S 60 & =
T 40 & £
L 20 05
0
(b)
30
o m
& o = NO5 (ug/m’)
=) 5=
= % residue
S 10 3. EC 6%
(e)
0
(© 40 o
« pm
g 30 piliy
> ]
2 20 ‘, e
o v | =
=z 10 Ny l_A —S5 <
SN
° elpasag
RN 'b\,b\'\fb\'\,b\'\q’

2022

Fig. 1. (a) PM, 5 concentrations and the fractions of its chemical components, (b) OA and EC concentrations, (c) S0%~, NO3, and NHJ concentrations, (d) correlation
between NO3 and PM; s, (e) pie chart of major PM, s chemical components. High PM; 5 concentration episodes (HCEs) are indicated by red block. The figures show
that NOj3 significantly increased as PM, 5 increased. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

Table 1

Summarized concentrations (average and standard deviation (S.D.)) of major PM; s components and their fractions to PM, 5 mass during the entire campaign and high

concentration episodes designated by Case 1, Case 2, and Case 3.

pg/m* NO3 SO cl NH; K" Mg>* Ca®* OA EC PM, 5
Total period Average 7.9 3.0 0.39 3.5 0.10 0.01 0.03 9.6 0.9 27
S.D. 7.9 21 0.32 2.9 0.06 0.01 0.04 4.7 0.5 15
Fraction (%) 29.6 11.2 1.5 13.1 0.4 0.0 0.1 36.1 3.4 -
MDL 0.017 0.003 0.011 0.030 0.023 0.002 0.010 0.24 0.00 2.4
Case 1 Average 24.2 7.0 0.83 9.5 0.16 0.01 0.03 12.2 1.4 56
Fraction (%) 43.3 12.5 1.5 17.0 0.3 0.0 0.1 21.9 2.5 -
Case 2 Average 17.8 5.8 0.62 7.1 0.17 0.04 0.18 10.3 1.3 48
Fraction (%) 36.9 12.0 1.3 14.7 0.4 0.1 0.4 21.1 2.7 -
Case 3 Average 18.6 3.6 0.39 6.4 0.11 0.01 0.03 14.3 1.3 46
Fraction (%) 40.6 7.9 0.9 14.0 0.2 0.0 0.1 33.2 2.8 -
Calculated Kay ranged from 1.7 x 1017 to 4.6 x 10! atm~2, which leads B
to the very low saturated HNO3 concentration (average value is 0.01 NOR:& (2
ppb) when using the average NH3 concentration of 7.7 ppb measured [NO; | + [NO,|

during the campaign. A summary of the ammonia measurements is
provided in Table S1. Therefore, it can be assumed that HNOj is trans-
ferred to the particulate phase as it is formed.

The [NHZ1/[SO% ] ratio is often used as a useful quantity in calcu-
lating excess NHZ (Lin et al., 2020). Theoretically, a [NH41/[SO% ] ratio
value of 2.0 should demarcate the threshold between ammonium-poor
and ammonium-rich regimes (Seinfeld and Pandis, 2016). In this
study, approximately 96% of samples showed [NHil/ [SO?{] ratio
greater than 2.0 (Fig. S2), suggesting the ammonium-rich regime in
general. High NO3 concentrations were observed with relatively high
[NHZ1/ [SO?{] ratios (Fig. S2). Therefore, NO3 formation was controlled
by HNOj3 availability and not by NH3 concentration in this study.

Nitrogen oxidation ratio (NOR) was calculated from the molar con-
centrations of NO2 and NO3 (Eq. (2)). It should be noted that Eq. (3)
omits a number of potentially important species such as HNOs and
peroxyacetyl nitrate (PAN); therefore, it can provide only a qualitative
measure of the degree of oxidation of NO,.

Several studies suggested that the secondary NO3 formation is active
when NOR is higher than 0.1 (Fu et al., 2008; Zhang et al., 2018), and
the average NOR was 0.13 in this study. Diurnal pattern of NO3 showed
a major peak between 11:00 and 13:00, coinciding with the peak of NOR
(Fig. 2). These daytime peaks of NO3 and NOR also appeared similar to
the trends of solar radiation, suggesting that the gaseous oxidation of
NO; by OH (R2) generally played an important role in forming HNOs,
considering that the diurnal pattern of OH concentration follows solar
radiation (Ma et al., 2019). NOy concentration peaked about 3-4 h
before NO3 reached its peak, probably due to the time required for
oxidation to HNOs. Considering that the rate coefficient of R2 (kg = 3 x
10~ em® molecules™ s71; high pressure limit) (Seinfeld and Pandis,
2016) and the reported daytime OH concentrations in urban during
winter in previous studies (2 x 10%-5 x 10° molecules cm™3) (Ma et al.,
20109; Slater et al., 2020), the lifetime of NO5 would be 1.9-4.6 h, which
could support the time lag between NO; and NO3 observed in Fig. 2.
Daytime peaks of NO3 and NOR observed in this study suggest the
importance of gas-phase oxidation of NO; The concentration of



J.-W. Jeon et al.

Environmental Pollution 352 (2024) 124141

-@— NO; =&~ NOR [ Solar radiation =1 RH -~ NO,

Solar radiation (WJ/m’)

0.0- 5

~030 90 ~ 40
L025 8o
- 30
Lo20 k70
o n &)
O [m} 4 N
o B 015 3Leo T 20 =
H o S 3
- O
oo . -0.10 |50 =
10
I:I L 0.05 |40

172"3"4"5"6"'7 8" 9'10'1112"13

Hour of day

15'16'17'18'19'20

T 0.00 -30 =0

21'22'23'24

Fig. 2. Diurnal variation of NO3 and NO, along with nitrogen oxidation ratio (NOR), RH, and solar radiation. NO3 peaked around noon, 3 h after NO, peaked at 9 a.

m. Both NO3 and NOR also showed a small peak around 3 a.m.

photochemically generated Os in winter is generally lower than in
summer, however, the concentration of O3 has steadily increased in
Korea during winter in recent years (Yeo and Kim, 2021), which possibly
results in increased production of OH and subsequent increment in
daytime NO3 (Kim et al., 2018b; Zheng et al., 2020).

Both NOR and NO3 showed a small peak around 3 a.m. (Fig. 2),
suggesting the effect of nocturnal chemistry in forming HNOs. The
nocturnal increment of NO3 will be discussed in the subsequent section.

3.3. Increment of NO3 during daytime and nighttime

Since HNOg, not NH3, was the limiting factor in producing particu-
late nitrate in this study, NO3 formation depends on the availability of
NOy and also on the oxidants that convert NOy to NO3. If gas-phase
oxidation through R1 to R2 is predominant, the production of HNOs is
determined by the concentrations of NO; and OH (d[HNOs]/dt =
ka[NO32]1[OH]). If heterogeneous oxidation through R3 to R5 is domi-
nant, the production rate of HNOs is calculated by the concentrations of
O3 and NO;y (d[HNOs]/dt = 2k3[03][NO3]) when the steady state is
assumed for NOj3 radical and N5Og (Kim et al., 20181; Young et al.,
2016). Since NOg radical rapidly photo-dissociates, it can only play an
important role at night. The correlation between NO, and NO3 was not
strong both for daytime (8 a.m.—6 p.m., Pearson ? =0.10, n = 284) and

for nighttime (8 p.m.-6 a.m., Pearson = 0.09, n = 322), but the rate of
change of NO3 to NO; increased rapidly at low RH during daytime while
it increased at high RH during nighttime (Fig. S3), suggesting that NO3
was produced via gas-phase reaction and aqueous-phase reaction during
daytime and nighttime, respectively. Also, high NO3 concentrations
were observed with high O3 concentration during nighttime (Fig. S3),
which indicates that O3 and RH significantly contributed to NO3 for-
mation. During daytime, NO3 generally appeared to increase rapidly as
solar radiation increased, but the impact of solar radiation on NO3
during daytime was not as great as the impact of O3 on NO3 during
nighttime (Fig. S3), probably because solar radiation was used as a
proxy of OH.

In order to identify the NO3 formation in more detail, ks were
calculated as follows (Seinfeld and Pandis, 2016).

2450) 3)

k3(T)=1.2 x 107*® exp ('W

During nighttime, the Pearson 7 between NOs3 and 2k3[03][NO5]
was 0.29 (n = 295) and it increased to 0.46 between NO3 and the
product of 2k3[O3][NO-] and RH. NO3 concentrations showed a trend
similar to the product of 2k3[03][NO;] and RH (Fig. 3). The product of
2k3[03][NO3] and RH closely followed the NO3 when high NO3
pollution occurred, which supports the importance of heterogeneous

404 =— NO; -3.0x10°
—me 2ka(NO,+05)*RH
L5
30 2 R
= i -20 S
£ : >
I\::) 0_ i i 5 (9
2 F10 X
10 T
0.5
"“'R“:
o2~ 0.0
© &)
DN SR UG

Fig. 3. Measured NO3 concentrations with 2k3[NO,][O3] multiplied RH during nighttime. Two variables were followed each other very well. 2k3[NO>][O3] was
used as the estimated HNO3 formation rate by heterogeneous reaction by N,Os hydrolysis.
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reactions on producing HNOj in this study.

Alternatively, there was no correlation between NO3 and the product
of ko[NO,] and solar radiation (SR) during daytime (note that kgs is
independent on T; Seinfeld and Pandis, 2016). However, the Pearson 2
between the two variables increased to 0.13 (n = 223) when RH was less
than 70%, and to 0.27 (n = 143) when RH was less than 70% and SR was
greater than 1.0 MJ m~2. This result suggests the general importance of
gas-phase oxidation of NO, by OH to form HNOj during daytime
although SR was used as a proxy of OH.

3.4. Factors influencing high concentration episodes (HCE)

In this study, three HCEs were designated as Case 1 (Feb. 25, 4 a.m.
~ Feb. 27, 4 a.m.), Case 2 (Mar. 04, 12 p.m. ~ Mar. 05, 4 a.m.), and Case
3 (Mar. 08, 7 p.m. ~ Mar. 10, 12 p.m.) (Fig. 1). For all HCEs, the con-
centration and fraction of NOj3 significantly increased (Table 1). To
identify the effects of regional transport, the back-trajectories were
grouped into three clusters using the trajectory cluster analysis feature
of HYSPLIT. Among the three clusters, clusters 1 and 3 represent the
northwesterly trajectories originating from northeast China and North
Korea while cluster 2 trajectories featured short trajectories confined
within Korean peninsula and the adjacent ocean areas (Fig. S4). All high
NOj3 episodes were observed to be associated with cluster 2 (Fig. S4),
suggesting that atmospheric stagnation after inflow, rather than long-
range transport, enhanced NO3 concentration. Wind speeds during the
HCEs were not particularly low compared to the average wind speed
during the entire sampling campaign (Table S1), indicating that accu-
mulation of PM, 5 in near-surface level was generally not a significant
factor for HCEs. During the sampling campaign, correlation was very
week between wind speed and PM, 5 (Pearson P = 0.04, n = 640) or
NO3 (Pearson r? = 0.01, n = 584) although their negative relationships
were statistically significant. Cluster 2 were related to the highest NO3
fraction while clusters 1 and 3 represented higher OA fraction than
cluster 2 (Fig. S4a). During the three HCEs, atmospheric temperature,
RH, and the concentrations of NO,, O3, and NH3 were observed to be
generally high (Table S1).

In Case 1, the fraction of NO3 in the PM; 5 mass was the highest
(43.3%) among the three HCEs, and NO3 concentration showed a
distinct nighttime peak (Fig. 4a). It was observed that NOs; was
enhanced when both 2k3[NO5]1[O3] and RH (60-85%) were high around
at 00:00 on Feb. 26 (Fig. 4a), indicating that NO3 was formed by the
heterogenous reaction by NyOs hydrolysis followed by NOs radical
formation. A multiple linear regression analysis showed an adjusted r2 of
0.67 with standardized coefficients of 0.41 and 0.80 for RH and
2k3[NO32][0s], respectively (Fig. 4c). The 3D plot shows a significant
increase of NOz around deliquescence relative humidity (DRH) of
NH4NOs (Fig. 4b) (average DRH was 75.6% during Case 1, ranging from
70.7% to 84.3%. DRH was calculated using Eq. (4) from Seinfeld and
Pandis, 2016), indicating the effect of humidity on NH4sNO3 generation
and growth (Kobara et al., 2007).

In(DRH) = g +1.6954 &)

In Case 1, CI” showed the highest concentrations along with highest RH
among three HCEs (Table S1). Once N3Os is formed through the reaction
of NO3 radical with NO, it can react with Cl~, producing additional
HNO3 (R7 ~ R9). In Case 1, NO3 increased substantially when CI™
increased (Fig. 4c, Pearson r? = 0.81, n = 72), once again suggesting the
importance of NyOs on NO3 formation (Xia et al., 2020; Jo et al., 2023).

N,Os(g) + Cl (het) — Y-CINO,(g) + (2-Y) - HNO; (aq) (R7)
CINO,(g) + H,0 — HNOs (aq) + HCI (R8)
CINO,(g) + OH — HNOj; + Cl (R9)
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Fig. 4. (a) Temporal variation and (b) 3D plot of NO3, RH, and estimated d
[HNO3]/dt based on R3 to R5 during Case 1, and (c) agreement between the
measured NO3 and the predicted NO3 using multi-linear regression model
(NO3 = (—20.3 £ 4.05) + (0.26 + 0.045)RH + (1.1E-6 + 0.00)2k3[O3][NO>]1)
during Case 1. In (c) panel, concentration of Cl~ was scaled by color. NO3 and
Cl™ showed the highest concentration in Case 1 among HCEs. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

where, Y represents the proportion of NyOs reacted to form Y-CINO2(g).

In Case 2, NO3 concentration showed bimodal distribution with one
peak during daytime and another higher peak at nighttime (Fig. 5).
However, NO3 did not have similar trend with respect to [NO3][O3] or
RH (Fig. S5), suggesting that a different mechanism from the NO3 for-
mation reactions that triggered Case 1 occurred in Case 2. The average
RH during Case 2 was the lowest among three HCEs (Table S1), but it
increased up to 68% during nighttime, and at the same time, Ca®* and
Mg?" concentration significantly increased (Fig. 5). Both Ca®* and Mg?*
showed very high concentration during Case 2 (Table 1), and relatively
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Fig. 5. Time series of NO3 concentration with dust and RH during Case 2. Dust
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during Case 2 among HCEs.

high wind speeds were observed during this period (Table S1). Previous
studies have suggested that dust (e.g. CaCOs) not only enhances the
uptake coefficient of HNOg to its surface under humid condition (Jia
et al., 2021; Li et al., 2023) and they also adsorb the alkaline NH3 gas
(Sullivan et al., 2007). NH3 was observed to have notably high con-
centration in Case 2 (Table S1). N2Os can also be hydrolyzed on the
surface of dust and further neutralized by NH3 to NH4NO3 at nighttime.
There was no correlation between NO3 and excess NH ([NHZ leq -
[SO‘Z(]eq) during Case 2 (Pearson P = 0.07, n = 57), indicating that NO3
was bound not only to NHZ but also to other cations such as Ca%* and
Mgt (Fig. 56) while the correlation between NO3 and excess NH was
very strong in both Case 1(Pearson ? = 0.996, n = 72) and Case 3
(Pearson 1? = 0.990, n = 112). The size distribution also showed the
occurrence of coarse particles (1.0-2.5 pm) only in Case 2 (Fig. S7),
supporting the formation of Ca(NOg3), and/or Mg(NOs), as dust particles
are mainly present in coarse mode Wu et al. (2020)]. These results
suggest that very high concentrations of dust (Ca%* + Mg?*") played an
important role in the formation of NO3 at nighttime during Case 2.
During nighttime in Case 2, Cl” concentration also increased as NO3
increased (Pearson r? = 0.61), which suggests, once again, the impor-
tance of C1™ on nocturnal formation of HNO3 (R7~R9). In this study, CI™
typically showed a daytime peak (Fig. S8). In both Cases 1 and 2, CI™
increased at nighttime along with K, a typical tracer for biomass
burning (Hopke et al., 2020). Generally, Cl1™ is considered to be emitted
either from ocean as sea-salt or from coal combustion. However,
biomass burning is also an important source for Cl~ (Hopke et al., 2020).
The result implies that the formation of NO3 occurred due to the sig-
nificant presence of oxidants such as OHe and ROOe in the
biomass-burning plumes (Mao et al., 2013; Tuet et al., 2019; Wong
et al.., 2019), which were also suggested in previous study (Choi et al.,
2021). In Case 2, Ca*" and Mg?t during daytime (0.19 pg m~>) were
lower than those at night (0.25 pg m ™), but still showed high concen-
trations. It has been suggested that mineral dust can not only directly
participate in heterogeneous reactions but also affect photochemical
reactions in the atmosphere as a catalyst (Li et al., 2024). Therefore, NOy
is photocatalyzed to produce HONO on the illuminated surface of dust
particle, subsequently producing OH radical via photolysis, which can
induce gas-phase oxidation of NO,.

Case 3 also showed high NO3 concentration contributing 40.5% of
PM; 5 mass (Table 1). NO3 clearly showed the daytime peak as solar
radiation increased (Fig. 6), suggesting the gas-phase oxidation of NO,
by OH. As gas-phase oxidation dominated during this period, SOF~
concentration and its fraction to PMjy 5 were the lowest in Case 3 among
three HCEs (Table 1) because SO3~ is predominantly produced by het-
erogeneous reactions (An et al., 2019; Wang et al., 2021). In addition,
the correlation between sulfur oxidation ratio (SOR = [SO?C]/ ([SO?{]Jr
[SO5]) and NOR was lowest for Case 3 (Pearson 2= 0.12, n = 109)
compared to Case 1 (Pearson P= 0.55, n = 72) and Case 2 (Pearson =
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Fig. 6. Daytime peak of NO3 in Case 3. The variation of the product of solar
radiation and NO, is also presented, along with RH.

0.64, n =57). Even in Case 1 and Case 2, where heterogeneous reactions
are expected to dominate, no substantial correlation was found between
SO, and SO%’, suggesting that SO%’ concentrations were mainly influ-
enced by regional- or long-range transport than local production, as
suggested in previous studies conducted in Korea (Lee et al., 2023; Lee
et al., 2024).

3.5. Comparison with an upwind region

When comparing PM, 5 concentrations between Seoul (the upwind
area, Fig. S1) and Chuncheon during the campaign, they exhibited very
similar trends in both cities (Fig. S9a). NO3 concentrations in the two
regions also varied similarly, but NO3 concentrations were approxi-
mately 10 pg m~> higher in Chuncheon than in Seoul during Case 1
(Fig. S9b). This result suggests that NO3 was additionally produced
locally in Chuncheon or during the transport of air masses from Seoul, an
upwind region, to Chuncheon, a downwind region.

Since no large anthropogenic sources are located in Chuncheon, and
there are not as many automobiles as in Seoul, NO concentrations were
much lower in Chuncheon than in Seoul (NO concentrations were not
measured in Seoul region air quality research center; therefore, a yearly
averaged NO concentration in 2022 was obtained from Seoul Metro-
politan Government (2022) and used in Fig. S10), while NOy concen-
trations were similar in both regions during Case 1 (Fig. S10). On the
other hand, O3z concentrations were somewhat higher in Chuncheon
than in Seoul (Fig. S10). Considering that the reaction coefficient of R1

(k; = 3.0 x 1073 exp <%)) is much higher than ks, O3 is likely to

react with NO than with NO,. However, in Chuncheon, where NO was
significantly lower than NO,, especially during nighttime (Fig. S10 and
Fig. S11), the rate of O3 reacting with NO5 increased, subsequently
effectively producing NOs radical (via R3). The very high RH in this city
(Fig. S10) must be another crucial factor enhancing a heterogenous re-
action by N2Os hydrolysis to produce HNO3 during nighttime (via R4
and R5) in Case 1.

In addition, the largest PM5 5 source is biomass burning in Chun-
cheon according to the national emissions inventory (Clean Air Policy
Support System). During Case 1 and Case 2 when the nighttime peaks of
NO3 were observed, NO3 significantly increased when Cl™ increased,
and there was a strong correlation between Cl~ and K" (for Case 1,
Pearson ¥ = 0.27, n = 72; for Case 2, Pearson P = 0.71, n = 57),
implying that active biomass burning played another important role in
enhancing NO3. The first NO3 peak in Case 3 was observed only in
Chuncheon (Fig. S9b). NO, showed the highest concentration, and the
wind speed was distinctly low in Case 3, compared to those in Cases 1
and 2 (Table S1, Fig. S4), which might cause atmospheric stagnation
after NO3 formation in Chuncheon. During Case 3, NO, concentration in
Chuncheon (29.0 ppb) was higher than in Seoul (24.7 ppb).
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4. Conclusions

In this study, the formation mechanisms of NO3 and the important
influencing factors for enhancing NO3 were identified in suburban area
with low anthropogenic emissions during the cold season. NO3 was the
most substantial contributor to PMy 5 during the campaign, and it was
notably elevated particularly during high PM; 5 concentration episodes
(HCES). The ambient temperature was low enough to almost completely
transfer HNOs(g) into the particulate phase, forming particulate NO3 in
ammonium-rich regimes in this study. Throughout the campaign, NO3
and nitrogen oxidation ratio (NOR) generally exhibited daytime peaks,
suggesting the general importance of gaseous oxidation of NO, by OH.
However, two of the three HCEs observed in this study showed distinct
nighttime peaks, indicating nocturnal chemistry forming HNOj3; to
enhance PM; 5 subsequent to particulate NO3. During nighttime, NO3
significantly increased when O3 concentration and RH increased, sug-
gesting the important role of heterogeneous reactions involving N2Os.
For the HCEs showing nighttime NOg3 peaks, high concentrations of Cl™
and dust were observed, suggesting that these also contributed to NO3
formation. In this study, there are limitations in inferring particulate
NO3 concentrations because important reactants and products of R1 to
R5, such as HNO3, OH, N30s, and NOse, were not measured. It will be
essential to directly measure all these species to fully understand par-
ticulate nitrate formation in future studies. Although outside transport
cannot be ignored for high NO3 concentration, the results strongly
suggest significant local production of HNOs in this city. In order to
reduce NO3 and PM; 5 concentrations in winter, comprehensive policies
to reduce precursor gases and to suppress biomass burning activity
should be effectively applied. An ozone reduction policy must also be
considered simultaneously since HNO3 formation depended not only on
the availability of NOy but also on O3 concentration.
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