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Abstract: Air pollution monitoring in Korea has not yet been implemented in agricultural areas. This
study compares agricultural air quality with urban air quality during two periods: (1) the entire
measurement period and (2) high-PM episodes. To ensure broad spatial coverage, eight monitoring
stations were installed in Yeoju, Nonsan, Naju, Gimhae, Hongcheon, Danyang, Muan, and Sangju.
Real-time measurements of PM-10, PM-2.5, SO, and NOx were conducted continuously from March
2023 to December 2024. Over the entire measurement period, PM concentrations were similar in both
agricultural and urban areas, but gaseous pollutants were lower in agricultural areas. PM levels were
higher in agricultural areas during summer, whereas urban areas showed higher concentrations in
other seasons. During high-PM episodes (29 days), all pollutants were significantly higher in urban
areas, with PM-2.5 showing a greater difference than PM-10. Diurnal variations revealed that PM-10,
PM-2.5, and NO, peaked in the morning and reached their lowest levels around 3 PM, with urban
levels consistently higher than those in agricultural areas. SO, showed a different pattern, reaching
its lowest concentration at 6 AM and peaking at noon in urban areas and at 6 PM in agricultural areas.
This patter closely followed temperature and wind speed variations.

Keywords: Air pollution; Agricultural air quality; Particulate matter; High-PM episodes;
Meteorological parameters

1. Introduction

Air pollution is a major environmental concern with profound implications for public health,
ecological sustainability, and agricultural productivity [1-3]. In Korea, approximately 800 air
pollution monitoring networks are currently in operation, primarily focusing on urban, roadside,
background and rural areas [4,5]. Despite extensive monitoring efforts, air quality assessments in
agricultural areas have been limited. Agricultural areas are often grouped with rural regions, though
they are distinct in terms of land use and activities. However, rural areas sometimes can have heavy
traffic and include industrial complexes in Korea, making them very different from purely
agricultural zones, which mainly consist of rice paddies and dry fields [4,6]. Agricultural areas cover
a large portion of the national land and may exhibit unique air pollution characteristics influenced
by farming activities, weather conditions, and long-range transport. Thus, comprehensive
measurements are needed to accurately represent both agricultural regions and nearby cities [7,8].

Agricultural and urban environments exhibit distinct air pollution characteristics due to
differences in emission sources, land use, and meteorological influences. While urban areas
experience high pollutant levels from transportation, industrial activities, and residential heating,
rural regions are impacted by agricultural practices such as biomass burning, fertilizer use, and
livestock emissions [3,9]. Meteorological factors, including wind patterns, humidity, and solar
radiation, further influence pollutant dispersion and chemical interactions, contributing to variations
in air quality [10-12]. Given these complexities, further research is needed to better understand the
relationship between agricultural emissions and air pollution dynamics in Korea.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Although air pollution levels in rural areas are generally lower than in urban regions due to
reduced industrial and vehicular emissions [13-15], some rural areas can experience higher pollution
levels. Agricultural activities, such as biomass burning, fertilizer use, and livestock emissions, can
significantly contribute to air pollution, sometimes resulting in higher particulate matter (PM)
concentrations than in urban areas [9,16]. Meteorological conditions and long-range transport of
pollutants can also exacerbate air quality issues in rural regions [10,12].

In particular, ammonia (NH;) emissions from agricultural activities are a key contributor to
secondary particulate matter formation and regional air pollution [16-19]. Ammonia from livestock
and fertilizers interacts with SO, and NO; to form secondary aerosols, impacting PM-2.5 levels [9].
While many studies highlight the role of agricultural ammonia emissions in PM-2.5 formation, sulfur
dioxide (50,) and nitrogen dioxide (NO;) are sometimes considered more influential [16,20]. This
discrepancy arises from limited research on agricultural air quality. Further comprehensive research
is required to better assess rural air pollution. Furthermore, a deeper understanding of air pollution
dynamics in agricultural areas is crucial for formulating effective environmental policies and
reducing health risks for rural communities [10,11,21].

This study established eight air pollution monitoring stations in agricultural regions across
Korea and conducted a comparative assessment of air quality (PM-10, PM-2.5, SO,, and NOx) across
agricultural and urban environments. The data were analyzed in two periods: (1) the full
measurement period and (2) high-PM episodes. By investigating spatial and temporal variations in
air pollution, this study aims to provide a deeper understanding of air quality dynamics in
agricultural regions and highlight the necessity of continuous monitoring efforts.

2. Materials and Methods

2.1. Monitoring Sites

The air quality monitoring system in agricultural areas includes measurement equipment for
pollutants (e.g., PM, NOx, NHs, SO;), meteorological sensors (wind, rain), and an automatic wet
precipitation sampler. It features a closed-circuit television (CCTV) and security devices for
monitoring and protection, alongside air conditioning to maintain optimal conditions. This setup
provides essential data for understanding and managing agricultural air pollution. The map
illustrates the locations of air quality monitoring stations in agricultural regions across South Korea.
These 8 sites are categorized into rice cultivation areas (e.g., Nonsan, Naju, Gimhae, Yeoju) and
upland crop regions (e.g., Hongcheon, Danyang, Sangju, Muan). The selection of these sites ensures
comprehensive coverage of different agricultural environments, facilitating a better understanding
of pollutant emissions and atmospheric interactions in agricultural areas.
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Figure 1. Site composition (left) and 006Cocations (right) for agricultural air quality monitoring.
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2.2. Measurement

Particulate matter (PM-10 and PM-2.5) was measured using the -ray attenuation method
(Mezus 610, Kentek, Korea), which quantifies particle concentration by analyzing beta radiation
absorption [22]. Sulfur dioxide (SO.) was detected via the pulse UV fluorescence method (Mezus 110,
Kentek, Korea), where SO, molecules emit fluorescence upon ultraviolet excitation [23]. Nitrogen
oxides (NO, NO,) were measured using the chemiluminescence method (Mizus 210, Kentek, Korea),
which combines an NH; converter with an NOx analyzer [24]. The measurement ranges were 0 -
2,000 pg/m?3 for PM and 0 -1 ppm for gaseous pollutants, with data recorded at five-minute intervals.
PM-10 and PM-2.5 were measured in micrograms per cubic meter (ug/m?®) with a resolution of 1
pg/m3, while SO, and NOx in parts per million (ppm) with a resolution of 0.5 parts per billion (ppb).
These methods comply with certification standards from the Korean Ministry of Environment and
the U.S. EPA, ensuring reliable air quality assessments in agricultural regions. Wind speed, wind
direction, temperature and relative humidity were measured using an ultrasonic anemometer (KMS-
4300, KEMIC corporation, Korea).

2.3. Data Processing and Maintenance

Since March 2023, monitoring sites have been measuring air pollution in agricultural areas, and
the calibration and maintenance protocol for all measuring instruments and sampling systems was
also periodically carried out. This study utilizes two years of measurement data from eight
agricultural sites, covering the period from March 2023 to December 2024. The data were categorized
into two periods: the full measurement period, the high-PM event period. High-PM episodes were
identified as periods during which urban PM-2.5 levels (24 hours average) remained above Korea’s
24-hour air quality standard of 35 pg/m3. The dataset was processed using five-minute average data
(raw data). Data affected by mechanical or electrical sparks, periods of constant values suggesting
instrumental errors, and readings affected by inaccurate calibration were removed to ensure accuracy.
The data presented in this study were averaged into one-hour intervals after data screening. Air
quality data from near major cities (matched pairs: Daejeon-Nonsan, Gwangju-Naju, Busan-Gimhae,
Suwon-Yeoju, Chuncheon-Hongcheon, Jecheon-Danyang, Daegu-Sangju, and Gwangju-Muan),
measured by the urban air quality monitoring network, were also processed for a comparative
analysis of agricultural and urban air quality. The average value of the 8 sites was used as the
representative value for each region. Because each comparatively paired agricultural and urban area
belongs to the same region, meteorological data such as temperature, relative humidity, and wind
velocity measured at the agricultural site were applied equally. The data analysis period was divided
into two main periods: (1) the entire measurement period and (2) the high-PM events period. In the
daily variation analysis, different patterns were observed between summer and the other seasons,
thus the period was divided into June to September and October to May, and the hourly averages for
each period were used.

3. Results

3.1. Comparative Analysis of air Quality Between Agricultural and Urban Regions

Figure 2 illustrates time-series variations in average PM-10 and PM-2.5 concentrations measured
at urban and agricultural monitoring sites from March 2023 to December 2024. High-PM event
periods of fine particulate matter (PM-2.5) occurred 8 times in 2023 and 6 times in 2024 (29 days = 696
hours). Considering that measurements began in March 2023, it can be observed that 2023 was a year
with more frequent high-PM event events than the year of 2024. Most of these high-PM event periods
occurred between December and April. Throughout the observation period, both urban and
agricultural areas showed very similar concentration levels and variations, which can be attributed
to the widespread spatial distribution of PM-2.5 and PM-10 pollution. Particularly, particulate matter
generally showed higher concentrations in agricultural areas than in urban areas during the summer,
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with a more noticeable difference in PM-2.5 levels. This suggests that the secondary formation
mechanisms in the two regions differ during the summer. The increase in PM-2.5 in agricultural areas
during the summer is primarily attributed to enhanced ammonia (NH;) volatilization under high
temperatures, leading to gas-to-particle conversion. This secondary particulate matter formation is
more significant than physical activities such as plowing and harvesting, which are associated with
coarse particles [20,25,26].
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Figure 1. PM-10 and PM-2.5 concentrations in agricultural and urban sites of Korea from 2023 to 2024.

Horizontal dotted line indicates the Korea’s 24-hours air quality standards and vertically red shade areas were

the high-PM event periods.

Figure 3 illustrates time-series variations in average NO, and SO, concentrations measured at
urban and agricultural monitoring sites from March 2023 to December 2024. Similar to particulate
matter, gaseous substances also exhibited a similar pattern of concentration changes between urban

and rural areas, with higher concentrations observed in urban areas. This was because urban areas

have a high concentration of emission sources of nitrogen oxides and sulfur oxides emissions
compared to rural or agricultural areas. Assuming that the main sources of SO, and NO, emissions
are in urban areas rather than agricultural areas, NO, and SO, undergo significant gas-to-particle
conversion in urban areas [4,27].
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Figure 3. NO, and SO, concentrations in agricultural and urban sites of Korea from 2023 to 2024. Vertically red
shade area were the high-PM event periods.
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Table 1 compares air quality data for urban and agricultural areas, focusing on PM-10, PM-2.5,
NO,, and SO, concentrations. Average PM-10 levels are similar in both regions (urban: 34.62 ug/ms3,
agricultural: 34.29 ug/md), though the maximum concentration is slightly higher in urban areas
(264.47 ug/m?3) compared to agricultural areas (267.82 pug/m?3). For PM-2.5, average concentrations are
nearly identical (urban: 16.42 pg/m3, agricultural: 16.44 pg/m?3), but the maximum level is significantly
higher in agricultural areas (56.97 ug/m?) than in urban areas (51.78 ug/md), suggesting episodic
pollution events in agricultural regions. NO; levels are higher in urban areas both on average (15.11
ppb vs. 8.64 ppb) and at peak concentrations (38.67 ppb vs. 41.78 ppb), reflecting more consistent
urban pollution. SO, levels are slightly higher on average in urban areas (2.26 ppb vs. 2.00 ppb), while
agricultural areas experience higher peak concentrations (4.33 ppb vs. 3.44 ppb). The averages from
March 2023 to December 2024 also showed a similar trend to the averages for each year. Overall,
urban areas exhibit more consistent pollution, while agricultural regions experience occasional spikes
in certain pollutants

Table 1. Comparison of particulate matter, NO, and SO, concentrations (8 sites average) between agricultural

and urban sites.

PM-10 (pig/m?) PM-2.5 (j1g/m’) NO, (ppb) SO, (ppb)
Urba Agricultur | Urba Agricultur | Urba Agricultur | Urba  Agricultur
n al n al n al n al
Period March 2023 to December 2023
Average | 34.62 34.29 16.42 16.44 15.11 8.64 2.26 2.00
er;mu 3.84 6.68 2.14 3.08 448 1.38 0.91 121
Maﬁmu 26;1'4 26782 | 56.97 51.78 38.67 41.78 3.44 433
Period January 2024 to December 2024
Average | 28.47 28.39 14.61 14.72 15.56 15.59 237 1.84
er;mu 3.65 321 1.58 2.05 417 1.79 0.30 0.72
Maﬁmu 14;1‘0 16552 | 46.46 4528 38.83 4131 5.93 3.45
Period March 2023 to December 2024
Average | 31.27 31.08 15.43 15.50 15.36 12.43 232 1.91
Minimu
o 3.65 321 158 2.05 417 1.38 0.30 0.72
Maﬁmu 26;1'4 26782 | 56.97 51.78 38.83 41.78 5.93 433

Figure 4 illustrates the diurnal patterns of particulate matter concentrations and meteorological
parameters in agricultural and urban areas. Significant seasonal differences in fine particulate matter
(PM-2.5) levels were observed. During summer, agricultural areas exhibited higher PM-2.5
concentrations, whereas urban areas experienced elevated levels in all other seasons. [4] compared
agricultural in a specific region (Gochang, southwestern Korea) with urban areas and found that, dry
field area had lower PM2.5 concentrations during the summer of 2020, while dry field area showed
higher PM2.5 levels in all other seasons. The result differs somewhat from the findings of this study.
This discrepancy arises because our study used average values from 8 sites distributed across the
Korean Peninsula, while [4] study focused on a specific area, comparing a single dry field site with a
nearby urban site. In general, many studies have reported that PM2.5 concentrations in urban areas
are higher than those in rural or background regions [6,13-15]. Ammonia concentrations also exhibit

d0i:10.20944/preprints202503.1799.v1
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seasonal variations between rural and urban areas. Rural regions generally have higher NHs levels
due to agricultural activities like fertilizer use and livestock farming [17]. In rural areas, NH; peaks
in summer due to increased volatilization, while winter sees the lowest levels due to reduced
emissions. It is generally known that ammonia concentrations are lower in urban areas, emissions
from traffic and industry contribute to seasonal fluctuations. NH; emissions in rural areas are closely
linked to agricultural activity, with higher levels observed during peak fertilizer application and
warm temperatures [28,29]. During the summer, the highest PM-2.5 concentrations in urban areas
were observed between 9 AM and 12 PM, both in the morning and afternoon. In contrast, agricultural
areas exhibited their peak PM-2.5 levels earlier in the day, typically between 6 AM and 9 AM,
occurring approximately three hours earlier than in urban areas. Specifically, the highest PM-2.5
concentrations in agricultural areas were observed between 6 PM and 9 PM, while the highest
concentrations in urban areas tended to occur between 9 AM and 12 PM. Previous research has shown
that PM-2.5 concentrations in urban areas peak between 9 AM and 12 PM, decrease afterward, and
then rise again in the evening, continuing to increase until midnight [6]. A previous monitoring study
conducted in an agricultural area (dairy farm) observed a PM-2.5 peak between 6 AM and 9 AM,
followed by a decrease. Another peak was observed in the evening, between 6 PM and 10 PM [20].
These PM-2.5 daily variations are consistent with the findings of this study. PM-2.5 concentrations
were highest during times of high temperatures (wind speed) and low humidity, and also showed
high levels when humidity was high. Regardless of the season, PM-2.5 concentrations in agricultural
areas followed a pattern closely resembling that of humidity among the meteorological factors.
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Figure 4. Diurnal patterns of particulate matter and meteorological parameters in agricultural and urban areas.

Figure 5 presents the diurnal variations of NO, and SO, concentrations in agricultural and urban
areas. The concentrations of both NO, and SO, were generally higher in urban areas. NO; levels
reached their peak during the morning and evening rush hours at both urban and agricultural sites,
with lower concentrations observed during the late morning and around 3 PM. While NO; levels in
urban areas showed consistent diurnal variation across seasons, agricultural areas in summer
exhibited a unique pattern, characterized by a midday decrease in concentration and relatively stable
levels throughout the rest of the day. NO, emissions are commonly associated with automobiles.
From October to May, both agricultural and urban areas are primarily influenced by vehicle
emissions during rush hours and this result is consistent with previous research findings [6]. During
the summer months, NO, concentrations in urban areas continue to be affected by vehicle emissions,
while agricultural areas are mainly influenced by other factors (meteorological parameters,
agricultural activities, and so on) rather than vehicle emissions. SO, concentrations followed a
simpler diurnal pattern, increasing during daylight hours and decreasing afterward. The
concentration levels and diurnal patterns of SO, were nearly identical between urban and agricultural
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areas in summer. The diurnal variation pattern of SO, concentrations in both urban and agricultural
areas follows a trend similar to temperature and wind speed, increasing in the morning, peaking
during the hottest hours, and then decreasing afterward. [30] reported that in Mongolia, SO,
concentrations are directly proportional to humidity and inversely proportional to temperature
[30,31]. On the other hand, some studies have reported that SO, concentrations are directly
proportional to temperature and that their relationship with climate and urban location (e.g., coastal
cities) can vary, showing either a direct or inverse correlation to temperature [32,33]. At this point,
the diurnal variation patterns of SO, concentrations cannot be clearly defined.
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Figure 5. Diurnal patters of NO;, and SO, concentrations in agricultural and urban area.

3.2. Comparative Analysis of Air Quality in High-PM Event Periods

Figures 6 and 7 shows the concentrations of particulate matter, NO,, and SO, during high-PM
event periods in urban and agricultural areas. In general, pollutant concentrations were higher in
urban areas than in agricultural areas. During Asian Dust episodes, coarse particles typically increase,
which lowers the PM-2.5/PM-10 ratio. During Asian Dust episodes, coarse particles typically increase,
leading to a lower PM,.s/PMy ratio. On April 12, 2023, and April 17-18, 2024, this pattern suggests
that these periods corresponded to Asian Dust events [34,35]. In contrast, the PM;, ratio was relatively
lower than PM-2.5 concentrations on April 6-7, 2023, suggesting that the secondary formation of fine
particles might have been dominant during this period. The notably high NO, concentrations
observed in December 2023 are significant. In March 2023, high SO, concentrations were detected in
agricultural regions. The high concentrations during certain periods are likely closely associated with
large-scale agricultural activities conducted during those times.
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Figure 6. Particulate matter concentrations in agricultural and urban area during high-PM event periods.
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Table 2 compares the concentrations of PM-10, PM-2.5, NO,, and SO, during high-PM event
periods at 8 sites in urban and agricultural areas. During the high-PM event season, not only the
concentration of particulate matter but also that of gaseous substances significantly increased,
compared to those during the entire measurement period. Urban areas show higher average
concentrations of PM-10 (70.85 pg/m?®) and PM-2.5 (37.12 ug/m?3) compared to agricultural areas (PM-
10: 65.40 pg/m3, PM-2.5: 31.26 pg/m?), with higher maximum values in urban areas (PM-10: 361.67
pg/ms3, PM-2.5: 96.00 ug/m?3). NO; levels are also higher in urban areas (average: 23.36 ppb) compared
to agricultural areas (16.07 ppb), with urban maximums reaching 56.14 ppb. SO, concentrations are
slightly higher in urban areas on average (2.39 ppb), but peak levels are much higher in agricultural
areas (9.91 ppb vs. 3.98 ppb in urban areas). These findings suggest that urban areas experience higher
average pollution levels, while agricultural areas see occasional peaks, particularly in SO..

Table 2. Comparison of particulate matter, NO, and SO, concentrations (8 sites average) in high-PM event

periods.

PM-10 (ug/m?) PM-2.5 (ug/m?3) NO; (ppb) SO, (ppb)
Urba Agricultur | Urba Agricultur | Urba  Agricultur | Urba  Agricultur

n al n al n al n al

Average |70.85 65.40 37.12 31.26 23.36 16.07 2.39 2.16



https://doi.org/10.20944/preprints202503.1799.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 March 2025 d0i:10.20944/preprints202503.1799.v1

10 of 15
Minimu
15.14 15.91 9.14 6.37 5.96 5.11 1.64 1.06
m
Maximu
361.67 313.46 96.00 84.67 56.14 74.88 3.98 9.91
m

Figure 10 shows diurnal patters of particulate matter, NO, and SO, concentrations and
meteorological parameters in agricultural and urban area. During high-PM event periods, the
concentrations of particulate matter were higher in urban areas than in agricultural area across all
time points. Both urban and agricultural area exhibited similar diurnal patterns. In agricultural area,
PM-2.5 concentrations peaked between 9-10 AM, while in urban areas, the peak occurred between
10-11 AM, with the lowest concentrations observed between 2-4 PM. NO, concentrations were
highest around 8 AM in both agricultural and urban areas, with the lowest levels observed between
2-4 PM, suggesting that gas-to-particle (nitrate) conversion from NO; in the atmosphere may have
influenced these patterns. In urban areas, PM-10, PM-2.5, NO,, and SO all followed similar diurnal
patterns, whereas SO, exhibited a single peak between 3-6 PM in agricultural areas and this . This
unusual pattern is likely due to increased emissions from SO, sources depending on weather
conditions or a concentration increase from long-range transport [34-36]. Notably, the concentration
difference of PM-2.5 between urban and rural areas was significantly higher than that of PM-10.
Compared with Figure 4, this result highlights a distinct feature of high-PM event periods, likely
linked to secondary formation. [37] emphasized that secondary aerosols play a key role in urban air
pollution, higher concentrations of oxidants (OH radicals, NO) and precursor gases (NHs, SO,, NO,)
enhance gas-to-particle conversion compared to rural areas [37](Seinfeld and Pandis, 2016). [38] and
[11] further support this, showing that secondary formation significantly contributes to urban
particulate pollution, especially during haze events [11,38]. Similar to the previous findings, SO,
concentrations in agricultural areas during high-concentration periods exhibited a pattern consistent
with temperature and wind speed trends, suggesting that meteorological factors predominantly
influence SO; levels in agricultural regions.
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Figure 10. Diurnal patters of particulate matter, NO, and SO, concentrations in agricultural and urban area
during high-PM event period.

4. Conclusions

This study aimed to establish air pollution monitoring stations in agricultural areas across Korea,
as air pollution monitoring has not been implemented in these regions. Eight stations were set up in
agricultural areas, and real-time measurements of PM-10, PM-2.5, SO,, NOx, and NH; were
conducted from March 2023 to December 2024. A comparative analysis was performed between air
quality in agricultural and urban environments during the entire measurement period and high-PM
episodes. Overall, the concentration of particulate matter was observed to be similar in both
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agricultural and urban areas, while gaseous pollutants were higher in urban areas than in agricultural
areas. In summer PM-2.5 concentrations were higher in agricultural areas than in urban areas,
indicating differences in secondary formation mechanisms. Gaseous substances showed similar
concentration diurnal patterns in urban and agricultural areas but were higher in urban areas due to
more nitrogen oxide and sulfur oxide emission sources. PM-2.5 concentrations were higher in
agricultural areas during summer due to ammonia emissions from fertilizer, while urban areas had
consistently high levels in other seasons. High-PM events were more frequent in 2023 than in 2024,
with most occurring between December and April. During high-PM event periods, particulate matter
concentrations were higher in urban areas, with both urban and agricultural areas showing similar
diurnal patterns. The greater difference in PM-2.5 levels between urban and agricultural areas
suggests that secondary formation plays a key role, driven by higher concentrations of oxidants and
precursor gases in urban environments. Meteorological factors, particularly temperature and wind
speed, primarily influence SO, concentrations in agricultural areas during high-PM event periods.
The findings of this study will provide valuable insights into the behavior of airborne pollutants in
agricultural settings and contribute to the development of targeted strategies for improving air
quality management in these regions.
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Abbreviations

The following abbreviations are used in this manuscript:

PM-10 Particulate matter with diameters less than 10 microns
PM-2.5 Particulate matter with diameters less than 2.5 microns
SO, Sulfur dioxide

NO, Nitrogen dioxide

AM Ante meridiem

PM Post meridiem

WHO World Health Organization

NH3 Ammonia

NOx Nitrogen oxides

CCTV Closed-circuit television

uv Ultra violet

ppb Part per billion

u.s. United States Environmental Protection Agency

EPA

OH Hydroxyl

NO Nitrogen monoxide
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