
atmosphere

Article

Contributions of Ammonia to High Concentrations of PM2.5 in
an Urban Area

Junsu Park 1,2 , Eunhye Kim 3,4, Sangmin Oh 1 , Haeri Kim 1, Soontae Kim 3 , Yong Pyo Kim 5

and Mijung Song 1,6,*

����������
�������

Citation: Park, J.; Kim, E.; Oh, S.;

Kim, H.; Kim, S.; Kim, Y.P.; Song, M.

Contributions of Ammonia to High

Concentrations of PM2.5 in an Urban

Area. Atmosphere 2021, 12, 1676.

https://doi.org/10.3390/atmos12121676

Academic Editors: Theodora Nah,

Shaojie Song and Zongbo Shi

Received: 19 November 2021

Accepted: 11 December 2021

Published: 14 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Environment and Energy, Jeonbuk National University, Jeonju-si 54896, Jeollabuk-do, Korea;
karmon2@naver.com (J.P.); osm3273@naver.com (S.O.); marten200@naver.com (H.K.)

2 Animal Environment Division, National Institute of Animal Science, 1500,
WanjuGun 55365, Jeollabuk-do, Korea

3 Department of Environmental Safety and Engineering, Ajou University, Suwon-si 16499, Gyeonggi-do, Korea;
kiesloveeh@ajou.ac.kr (E.K.); soontaekim@ajou.ac.kr (S.K.)

4 Emission Inventory Management Team, National Air Emission Inventory and Research Center,
Cheongju 28166, Chungcheongbuk-do, Korea

5 Department of Chemical Engineering and Materials Science, System Health & Engineering Major in Graduate
School (BK21 Plus Program), Ewha Womans University, Seoul 03760, Korea; yong@ewha.ac.kr

6 Department of Earth and Environmental Sciences, Jeonbuk National University,
Jeonju-si 54896, Jeollabuk-do, Korea

* Correspondence: mijung.song@jbnu.ac.kr; Tel.: +82-63-270-3394

Abstract: Atmospheric ammonia (NH3) plays a critical role in PM2.5 pollution. Data on atmospheric
NH3 are scanty; thus, the role of NH3 in the formation of ammonium ions (NH4

+) in various environ-
ments is understudied. Herein, we measured concentrations of NH3, PM2.5, and its water-soluble SO4

2−,
NO3

−, and NH4
+ ions (SNA) at an urban site in Jeonju, South Korea from May 2019 to April 2020.

During the measurement period, the average concentrations of NH3 and PM2.5 were 10.5 ± 4.8 ppb
and 24.0± 12.8 µg/m3, respectively, and SNA amounted to 4.3 ± 3.1, 4.4 ± 4.9, and 1.6 ± 1.8 µg/m3,
respectively. A three-dimensional photochemical model analysis revealed that a major portion of NH3,
more than 88%, originated from Korea. The enhancement of the ammonium-to-total ratio of NH3, NHX

(NHR = [NH4
+]/[NH4

+] + [NH3]) was observed up to ~0.61 during the increase of PM2.5 concentration
(PM2.5 ≥ 25 µg/m3) under low temperature and high relative humidity conditions, particularly in
winter. The PM2.5 and SNA concentrations increased exponentially as NHR increased, indicating that
NH3 contributed significantly to SNA formation by gas-to-particle conversion. Our study provided ex-
perimental evidence that atmospheric NH3 in the urban area significantly contributed to SNA formation
through gas-to-particle conversion during PM2.5 pollution episodes.

Keywords: ammonia; ammonium nitrate; PM2.5; aerosol pollution; urban

1. Introduction

Global emissions of NH3 have annually increased from an estimated 1.9 Tg in the 1960s
to 16.7 Tg in 2010 [1]. Reports have indicated that the main source of atmospheric NH3 at
the global scale is agricultural activities involving livestock, fertilizers, soil, and crops [2–5];
these activities accounted for approximately 60% of the total NH3 emitted from Asia in the
2000s [1]. NH3 is important because it can contribute to the acidification of ecosystems [6,7].
Moreover, it plays a critical role in chemical reactions in the atmosphere, where its conversion
to particulate ammonium can lead to high concentrations of particulate matter [8–14]. These
particulate ammonium can influence air quality, visibility, and human health [15–17].

Field measurements have shown that concentrations of atmospheric NH3 generally
vary depending on the season and location [9,18–27]. NH3 concentrations are temperature-
dependent; they increase in summer and decrease in winter [9,20]. For example, an average
ambient NH3 concentration of ~36.2 ppb, with variations ranging from ~73.9 ppb in July to
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~13.5 ppb in September, was detected in the Northern Plains of China in 2013 [8]. Only a
few studies have been conducted in Korea, which showed the average NH3 concentration
in Seoul of ~6.0 ppb from 1996 to 1997 and ~11.0 ppb from 2010 to 2011 [23,27], and 10.5 ppb
in Jeon-ju from 2019 to 2020, with higher concentrations occurring during the summer [19].

NH3 in the atmosphere can react with acidic species, such as sulfuric acid (H2SO4),
nitric acid (HNO3), and hydrochloric acid (HCl), which lead to the production of secondary
inorganic aerosols (SIAs) including ammonium sulfate ((NH4)2SO4), ammonium nitrate
(NH4NO3), and ammonium chloride (NH4Cl) [28,29]. Previous studies have shown that
these SIAs can account for up to ~70% of the mass of PM2.5, depending on the location
and season [30–34]. Moreover, recent studies have shown that high conversion ratios of
ammonium from the gas to particle phase can significantly promote high PM2.5 concentra-
tion [8,9,25,35–39]. In rural areas of Shanghai, China, PM2.5 concentrations were found to be
influenced by secondary NH4

+ from NH3 at a conversion ratio of up to ~0.8 during periods
of high PM2.5 pollution in October 2013 [9]. In Delhi, India, the conversion ratio from NH3 to
NH4

+ increased up to ~0.6 during PM2.5 pollution episodes from 2013 to 2015 [36]. Increases
of SIAs following increasing water content of aerosols result in various aqueous phase reac-
tions and high concentration of PM2.5 [40–42]. Although atmospheric NH3 is one of the key
species for the formation of SIAs, which cause aerosol pollution, studies on evaluations of
the impacts of NH3 on the formation of PM2.5 are still limited. In addition, characteristics of
atmospheric NH3 and its impact on PM2.5 pollution are scarce in urban areas

In this study, atmospheric NH3 and water-soluble ions, including SO4
2−, NO3

−, and
NH4

+ (SNA) concentrations were measured over one year from May 2019 to April 2020 in
an urban area, Samcheon-dong, Jeonju, South Korea. Using the dataset, we explored how
the ambient NH3 contributes to high concentrations of PM2.5. Moreover, we applied a three-
dimensional photochemical model to identify the origin of the ambient NH3. Altogether,
our results provide a more comprehensive understanding of the gas-to-particle conversion
process in the atmosphere and the role of NH3 in the formation of aerosol pollution.

2. Materials and Methods
2.1. Monitoring Site

The concentrations of NH3 and SIAs in PM2.5 were measured from 4 May 2019 to 15 April
2020 at a monitoring station in Samchon-dong, Jeonju, Jeollabuk-do, South Korea (35◦47′56.4′ ′

N, 127◦7′19.2′ ′ E) (Figure 1). The monitoring site can be considered as a representative urban
site for Jeollabuk-do because the area is surrounded by residential clusters, business buildings,
and roads. It is located ~50 km from agricultural areas consisting of large- and small-scale
livestock farms (pigs, cows, and chickens) and other types of farmlands, ~75 km from the
Yellow Sea, ~190 km from Busan, and ~200 km from Seoul.

2.2. Measurements

The method of NH3 measurements has been previously described by Park et al. [19].
Briefly, atmospheric NH3 concentrations were measured with cavity ring-down spec-
troscopy (CRDS) (Picarro Inc., model G2103, Santa Clara, CA, USA) on a 1 s basis from 4
May 2019 to 15 April 2020, and the 1-h-averaged data were used for the analyses. The NH3
analyzer has an average precision of 0.03 ppb for 300 s, with a response time of less than 1
s and a detection limit below 0.09 ppb [43]. Additionally, the analyzer has a low drift value
of 0.15 ppb over 72 h [43]. Theoretically, atmospheric NH3 absorbs light of a characteristic
wavelength from within the cavity; when the laser is turned off, the concentration can be
calculated using the attenuation curves that disappear. No additional external calibration
is required, according to the manual for the Model G-2103 CRDS analyzer [44]. However,
in this study, calibration was conducted to confirm the performance of the analyzer by
using a mixture of standard NH3 (11.9 ppm, Airkorea, Korea) and N2 gas. The calibration
was repeated three times with four points at 25, 20, 15, and 5 ppb, and the resulting R2 was
0.997 (Figure S1). During the measurement period, perfluoroalkoxy (PFA) tubing (internal
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diameter 4 mm) was used for the inlet, and the inlet length was as short as possible (~1.5 m)
to limit the residence time to shorter than 1 s during the measurement period [8].

PM2.5 was collected on Teflon filters (PTFE, R2PJ047, PALL, New York, USA) over a
24-h period from 09:00 am to 09:00 am at a flow rate of 16.67 L/min using a sequential
low volume sampler (APM, PMS-104, Bucheon, Korea) at the monitoring site. A total
of 118 PM2.5 filters were collected during the measurement period (Table S1). The mass
concentration of PM2.5 was determined using the method recommended by the USA.
Environmental Protection Agency (EPA) (Compendium of Methods for the Determination
of Inorganic Compounds in Ambient Air, Methods), (EPA, https://www.epa.gov) (accessed
on 15 September 2021). The concentrations of ion species such as NO3

−, SO4
2−, and NH4

+,
as well as minor ions in the PM2.5, were analyzed by ion chromatography (AQUION,
Thermo Scientific, Massachusetts, USA).

Hourly averaged meteorological parameters of temperature, relative humidity (RH),
wind speed, and wind direction were collected from the Jeollabuk-do Institute of Health
and Environment Research. The hourly average temperature during the measurement
period was 13.6 ± 9.5 ◦C, and the relative humidity was 67.6 ± 18.6%. To reduce the
uncertainties from measurements and instruments during high-precipitation events [45,46],
data were excluded from the analyses when the hourly amount of precipitation exceeded
5 mm. These excluded data (~10.5% of the original measured NH3 data) were mostly
from July-August and September (~10.3% of the original measured NH3 data) due to the
monsoon and frequent occurrence of typhoons, respectively.
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2.3. Modelling

Identifying the origins of the NH3 is challenging because the airborne NH3 concentra-
tion is affected by various physical and chemical processes, including emission, transport,
deposition, and chemical transformation. In this study, we simulated NH3 and NH4

+

concentrations in Northeast Asia using the community multiscale air quality (CMAQ)
model version 4.7.1 [47]. It is a three-dimensional photochemical model. To operate CMAQ,
the meteorological inputs were prepared using Weather Research and Forecasting (WRF)
version 3.5.1 [48] with final operational global analysis data. The Sparse Matrix Operator
Kernel Emission (SMOKE; version 3.1) [49] was applied to process the KORUSv5 emissions
inventory [50,51] for regional emissions, excluding South Korea. For South Korea, CAPSS
2016, developed and released by the National Air Emission Inventory and Research Center
(NAIR), was utilized [52].

In the WRF-SMOKE-CMAQ simulation, the brute force method (BFM) was applied to
identify the relative contribution of NH3 and NH4

+ from China and South Korea to the
downwind area. The BFM estimates the sensitivity of pollutant concentrations to change
in targeted emissions [53]. Kim et al. [54] showed that the estimated contributions using

https://www.epa.gov
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BFM with different emission perturbation regions or rates were not identical, showing
non-linearity of responses. Considering that a 100% emission reduction for a region may
severely change the chemical condition, in this study, we calculated the sensitivity of
NHx (total ammonia; [NH4

+] + [NH3]) concentrations in South Korea to Chinese NH3
emissions through 50% reduced Chinese NH3 emissions using Equation (1) [55]. The
emission perturbation rate has been used in previous air quality modeling studies over the
region [56–58]. We assumed that the change of NHx concentrations in South Korea to the
NH3 emission perturbations in China shows a low nonlinear response based on a previous
NH3 sensitivity conducted by Kim et al. [55].

Sensitivity (µg/m3) = CB − CC,50% (1)

where CB is the NH3 (or NHx) concentration simulated using the base run, Cc,50% is the NH3
(or NHx) concentration simulated using a 50% reduction in Chinese NH3 emissions, and
4E50% is the emission perturbation rate (0.5 in this study). Then, the zero-out contribution
(ZOC) of Chinese NH3 emissions to NH3 concentrations in South Korea was calculated by
dividing the NH3 sensitivity by the perturbation rate (0.5 in this study) [56,58] as shown in
Equation (2). Additionally, the difference between the NH3 concentration in the base run
and the ZOC of Chinese NH3 in the downwind area was considered as the ZOC of South
Korea.

NH3 ZOC
(
µg/m3

)
=

NH3 Sensitivity
4E50%

(2)

3. Results and Discussion
3.1. Characteristics of Atmospheric NH3 in Urban Area

During the entire measurement period at the urban site, the hourly averaged con-
centration of atmospheric NH3 was 10.5 ± 4.8 ppb, ranging from 2.0 ppb to 54.5 ppb.
These atmospheric NH3 concentrations are comparable to those measured in other regions
(Table 1). The NH3 level in Jeonju was similar in Seoul in 2010–2011 [23], which was higher
than that of the Shanghai urban area in China in 2013 [9]. Moreover, the NH3 concentration
in Jeonju was higher than that of Osaka, Japan, and Ho Chi Minh, Vietnam in 2015, also
in Asia [22]. Further, the NH3 concentration in the urban area was up to 3–4 times higher
than that of North America and Europe (Table 1) [24,25,59].

Table 1. Concentrations of atmospheric NH3 in various environments.

Location Period Type
NH3

(Mean ± Std)
(Unit: ppb)

Reference

Jeonju, Korea May 2019–April 2020 Urban 10.5 ± 4.8 This study

Seoul, Korea October 1996–September 1997
September 2010–August 2011 Urban 6.0

10.9 ± 4.25
Lee et al., 1999 [27]

Phan et al., 2013 [23]

Shanghai, China July 2013–September 2014
Urban
Rural

Industrial

6.2 ± 4.6
12.4 ± 9.1
17.6 ± 9

Wang et al., 2015 [9]

Osaka, Japan February–March 2015
July–September 2015 Urban 1.98 ± 0.93

4.21 ± 2.30 Huy et al., 2017 [22]

New Delhi, India January 2013–December 2015 Urban 19.6 ± 3.5 Saraswati et al., 2019 [36]

Ho Chi Minh, Vietnam May 2015–June 2015 Urban 8.34 ± 2.47 Huy et al., 2017 [22]

Ontario, Canada March 2010–March 2011 Rural 4.7 Zbieranowski and Aherne
2012 [59]

Barcelona, Spain May 2011–September 2011
May 2011–June 2011

Urban background
Urban

2.9 ± 1.3
7.5 ± 2.8 Pandolfi et al., 2012 [25]

Houston, TX, USA February 2010–March 2010
August 2010–September 2010 Urban 2.4 ± 1.2

3.1 ± 2.9 Gong et al., 2011 [24]
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Shown in Figure 2 is the seasonal diurnal variation of the atmospheric NH3 observed
at the urban site. In spring and summer, the diurnal variation of the ambient NH3 concen-
tration was low, from 00:00 to 12:00 local time, and then the concentration increased and
reached a maximum concentration of more than ~14 ppb at 20:00. Previous studies reported
that such variations, with high concentrations observed in late afternoon, are caused by
NH3 transport to urban area from the vicinity of rural areas by agricultural sources, expan-
sion of a planetary boundary layer, and wind directions [60,61]. This could explain the high
concentration in the study site, which is surrounded by agricultural lands (rice fields, and
large and small livestock farms) ~10 km to the west and southwest (Figure S2). A recent
study simultaneously measured atmospheric NH3 concentration from rural and urban
areas, which are close to the present study site, and showed that the NH3 concentrations at
both sites (rural and urban areas) were significantly higher in summer, particularly in June,
than in other seasons [62]. When the highest atmospheric NH3 concentrations occurred in
June in the urban area, elevated NH3 concentrations were also observed in the adjacent
rural area [62]. They suggested that the enhanced ambient NH3 concentrations observed in
the urban area were influenced by high NH3 concentrations from the rural area located to
the west [62]. Contrastingly, bimodal peaks in the morning and late afternoon determined
in autumn and winter were likely due to the impact of traffic in the urban areas.
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2019. Autumn: September–November 2019. Winter: December 2019 to February 2020.

Seasonally, the NH3 concentration in Jeonju was observed as follows: summer
(13.3 ± 5.8 ppb) > spring (12.1 ± 5.1 ppb) > winter (9.2 ± 4.3 ppb) > autumn (8.9 ± 3.1 ppb)
(Figure 3). In this study, the NH3 concentration showed a strong correlation with am-
bient temperature (Figure S3). The atmospheric NH3 concentration in the urban site
was enhanced as temperature was increased, which is consistent with previous stud-
ies [8,9,19,20,37,38,62]. However, the concentrations decreased when the temperature was
above 30 ◦C (Figure S3), because of the wet deposition and removal effects that occur in
monsoon (Figure S4) [9,19,36].
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3.2. Contribution of NH3 to PM2.5 Pollution

To explore the effects of NH3 on aerosol pollution, which have never been stud-
ied in Korea through field measurements, we measured PM2.5 and its water-soluble
ions, and investigated how NH3 contributes to NH4

+ formation and the production of
PM2.5. Throughout the measurement period, the monthly average PM2.5 concentration
was 24.0 ± 12.8 µg/m3, and NO3

− was the most abundant (4.4 ± 4.9 µg/m3), followed by
SO4

2− (4.3 ± 3.1 µg/m3) and NH4
+ (1.6 ± 1.8 µg/m3) in the PM2.5 (Figure 4b,c, Table S1).

The NO3
− in the PM2.5 was significantly enhanced in winter time. Previous studies also

reported that PM2.5 concentrations were elevated, particularly in winter, with a remarkable
increase in the NO3

− concentrations at the measurement site during winter [63–66]. In
particular, in January, high concentrations of PM2.5 were observed, with a monthly aver-
age of 38.1 ± 20.3 µg/m3 (Table S1), and an average NO3

− concentration of 11.8 µg/m3

(Figure S5).
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+ to total NH3 (NHR) from May 2019 to April 2020.

In this study, PM2.5 pollution was defined as a daily average of PM2.5 ≥ 25 µg/m3,
based on the daily mean PM2.5 guideline value recommended by the World Health Or-
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ganization [67]. During the entire period, 47 d (spring: 13 d, summer: 6 d, autumn: 10 d,
and winter: 18 d) out of a total of 118 d showed PM2.5 pollution. Figure 5 presents a
comparison of the SNA concentrations, NH3, and the ratio of NH4

+ to total ammonia,
NHx (where NHR = [NH4

+]/([NH4
+] + [NH3])) [68], for clean days (PM2.5 < 25 µg/m3)

versus polluted days (PM2.5 ≥ 25 µg/m3). On the polluted days, the NO3
− and NH4

+

mass fraction significantly increased to 46% and 18%, respectively, while the SO4
2− fraction

was reduced to 36% in the SNA fraction (Figure 5a). The NH3 concentration was slightly
higher (12.6 ppb) during PM2.5 pollution than during clean days (10.7 ppb) (Figure 5b).
Moreover, on the PM2.5 pollution, the daily average NHR increased dramatically to 0.24
(Figure 5c), with a maximum daily ratio of 0.61 in January (Figure S5). It was comparable
with the NHR of only 0.06 during the clean days.
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days.

Illustrated in Figure 6a is the relationship between NHR and NH3 on PM2.5 pollution.
The NHR was inversely proportional to the atmospheric NH3 concentrations (Figure 6a),
and the atmospheric NH3 decreased as the NHR increased. These data reflect the inter-
conversion between atmospheric gases and particles [9], thus, suggesting that NH3 was
converted to NH4

+ on PM2.5 pollution, resulting in high PM2.5 concentration. Moreover,
as the NHR increased, the PM2.5 and SNA concentrations increased exponentially with
R2 values of 0.49 and 0.73, respectively (Figure 6b). This indicates that the increase in
PM2.5 concentration was facilitated by the reactions of gaseous NH3 with acidic species
that converted the NH3 to particulate NH4

+ [8,9,36].
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NH3 is considered to be neutralized by sulfuric acid to form (NH4)2SO4, and then the
excess NH3 reacts with other gaseous acidic species (i.e., HNO3 and HCl) to form NH4NO3
and NH4Cl [69]. Sung et al. [18] measured NH3, NO3

−, and HNO3 at the same urban site
from 2009 to 2018 (average NH3: ~7.8 µg/m3, NO3

−: ~3.0 µg/m3, and HNO3: ~1.7 µg/m3)
and reported that the urban area was under NH3-rich conditions based on the calculation
of adjusted gas ratio of ~4, AdjGR = ([NH3] + [NO3

−])/([NO3
−] + [HNO3]) [70]. This

indicates that, in the urban site, NH3 could be enough to form (NH4)2SO4, and then the
excess NH3 could react with other gaseous acidic species to form NH4NO3 and NH4Cl. In
this study, based on the molar ratio of ([NO3

−]/[SO4
2−])/([NH4

+]/[SO4
2−]), NH4

+-rich
conditions were observed (Figure S6), again suggesting NH4NO3 formation during the
SIA formation. NH4NO3 is a semi-volatile species; thus, it can exist in different phase
states depending on the temperature and humidity [69]. As shown in Figures 5c and 7, a
high NHR (>0.3) was found under NH4

+-rich, low temperature (7.9 ± 7.6 ◦C) and high
RH (71.7 ± 7.0%) conditions, which are the conditions of higher deliquescence RH of
NH4NO3 [71]. These data indicate that in the study site, NH4NO3 was likely present in
mainly the aqueous phase.
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3.3. Origin of Total NH3

To examine the origin of NH3 during the measurement period, we used air quality
simulation with the photochemical model. The simulated NH3 and NH4

+ were evaluated
with the observations (Figures S7–S9 and Figure 2). The simulated NH4

+ concentrations
agreed well with the observations in the urban site. Moreover, the simulated NH3 concen-
trations were overestimated by 2–6 ppb for spring, autumn, and winter in the site, which
can be attributable to the uncertainty in the NH3 emissions inventory [72].

Figure 8 shows the monthly ZOC of Chinese NH3 emissions in Northeast Asia. The
ZOC averaged over China was as high as ~5.3 ppb. For South Korea, however, the
ZOC was as low as ~0.5 ppb, except during spring, when NH3 emissions increased due to
agricultural activities. It is known that transboundary transport of air pollutants from China
to South Korea increases during spring compared to the other seasons [73,74]. However,
the calculations yielded an NH3 concentration of just ~2 ppb, which is significantly lower
than the measured value during spring (~12 ppb) (Figure 3). This suggests that domestic
influences remain strong even during the spring.

Figure 9 shows the simulated monthly NH3 concentrations and the relative contribu-
tions of NH3 emissions released from China and South Korea, respectively, in Samcheon-
dong, South Korea. NHx was also added because NH3 can be converted into NH4

+ during
the long-range transport. During the study period, the relative NH3 contributions from
South Korea were dominant, ranging from 88% to 99%, despite the uncertainties that still
existed in the simulation results associated with the input emissions and meteorology
data. This is because most NH3 originating from China is converted into NH4

+ after
the long-range transport, considering the short residence time of NH3 in the atmosphere
(one day or less) [75,76]. Although the simulations overestimated NH3 concentrations in
Samcheon-dong (Figure S8), they clearly confirmed that most NH3 originated from South
Korea, rather than China, during the measurement period.
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4. Conclusions

In this study, we measured the concentrations of NH3, PM2.5, and its water-soluble
SNA to determine the effect of NH3 on PM2.5 pollution at an urban area, Jeonju, South Korea
from May 2019 to April 2020. During the entire period, the hourly average concentration
of atmospheric NH3 was 10.5 ± 4.8 ppb and the daily average concentration of PM2.5
was 24.0 ± 12.8 µg/m3 with 4.4 ± 4.9 µg/m3 for NO3

−, 4.3 ± 3.1 µg/m3 for SO4
2−, and

1.6 ± 1.8 µg/m3 for NH4
+. Seasonal variations showed that the atmospheric NH3 was

enhanced in summer, while the PM2.5 was increased in winter at the monitoring site.
Further, when the level of atmospheric NH3 enhanced, the concentration showed a late
afternoon peak due to the influence of nearby rural areas by agricultural activities. This
was evident in spring and summer; on the other hand, in winter, the two peaked during
high traffic times.

During PM2.5 pollution episodes (daily PM2.5 average ≥ 25 µg/m3), we observed a
remarkable increase in the fraction of NH4

+ and NO3
− in PM2.5. In addition, the daily

average NHR increased dramatically to 0.24 (with a maximum ratio of ~0.61 in January)
when high PM2.5 concentration was observed. This was comparable to the result of the
NHR-value of 0.06 for clean days (PM2.5 < 25 µg/m3). We also observed an inversely
proportional correlation between the NHR and NH3, and a strong positive exponential
correlation between the NHR and PM2.5 and SNA, suggesting that NH3 contributed
significantly to SNA formation by gas-to-particle conversion. To explore the origin of
the NH3 at the monitoring site, we performed three-dimensional photochemical models
using CMAQ and BFM. The modeling results showed that most of the NH3 originated
from South Korea, rather than China, during the studied period. The simulations proved
that most NH3 originated from South Korea, rather than China, during the measurement
period. Overall, our results provided an in-depth understanding of the chemistry and
origin of PM precursors and aerosol pollution in the atmosphere. This knowledge can
further contribute to the development of effective air quality improvement strategies, such
as regulation policies for air pollutants.
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10.3390/atmos12121676/s1, Figure S1: Calibration of the NH3 analyzer using a diluted standard
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Jeonju. Figure S3: Relationship between hourly NH3 concentrations and ambient temperature at
the Samcheon-dong monitoring station during May 2019 to April 2020. Figure S4: Hourly averaged
concentration of NH3 versus the precipitation per hour during the measuring period (temperature >
30 ◦C). Figure S5: Monthly variation in (a) temperature and the ratio of NH4

+ to total NH3 (NHR) and
(b) concentrations of NH3, SNA, and PM2.5 at the monitoring site in January 2020. Figure S6: NO3
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2− molar ratio used for the analysis of NH4
+ conditions during
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