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Understanding the interactions between air pollutants and vegetation is essential
for developing effective air quality management strategies, particularly in forest-
rich regions. This study investigates the spatial and temporal characteristics of
air pollution in Gangwon Province, South Korea, from 2019 to 2023, focusing
on pollutant concentrations, emissions, and their relationships with vegetation.
We utilized data from the national air quality monitoring network, including
PMjg, PM,5, and Oz concentrations, along with emissions data from the
Clean Air Policy Support System (2019-2021) and NDVI data derived from
MODIS satellite observations. Our analysis revealed that PM concentrations
were highest in inland cities such as Chuncheon, Hongcheon, and Wonju,
largely due to atmospheric stagnation and topographical confinement, while
coastal areas exhibited lower levels owing to maritime dispersion. O? levels were
elevated in coastal and mountainous regions, influenced by land-sea breeze
circulation. Emissions varied regionally, with traffic and fugitive dust dominating
in urban inland areas, biomass burning in Gangneung, and industrial emissions
in Donghae. Seasonal patterns showed PM peaking in spring and winter, while
Oz peaked in summer. NDVI exhibited a consistent negative correlation with
PM, particularly PM5 5, indicating the potential mitigating effect of vegetation. In
contrast, Oz-NDVI correlations varied regionally, showing positive associations
in some western areas. These findings emphasize the importance of region-
specific air quality policies, including green space expansion for PM control and
precursor emission management for Oz, along with continued monitoring of
external pollutant inflows and meteorological stagnation.

KEYWORDS

air pollution, NDVI, emission sources, seasonal variation, climate change air pollution,
climate change

1 Introduction

Air pollutants have adverse effects on public health, contributing to cardiovascular and
respiratory diseases and increasing cancer incidence (Brunekreef and Holgate, 2002; Xing
et al, 2016; Landrigan, 2017). Air pollutants can be broadly categorized into Particulate
Matter (PM) and gaseous pollutants, with PM and Ozone (O3) being representative
examples. PMjy and PM,.5 refer to particulate matter with diameters of 10 and 2.5 pm
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or less, respectively. These pollutants originate from fuel
combustion, industrial processes, and vehicle emissions, as
well as natural sources such as volcanic activity and Asian
dust storms (Park and Kim, 2005; Altindag et al., 2017). In
South Korea, a significant proportion of PM;g and PM,.5 is
reported to originate from external sources, prompting the
government to implement environmental policies aimed at
gradually reducing their concentrations (Ho et al., 2021; Liu et al,,
2022). The Comprehensive Plan for Secondary Fine Particulate
Matter Management (2025-2029) has set a target to reduce the
annual average concentration of PMj.5 to 13 jLg/m?, necessitating
additional management strategies.

O3 is formed in the troposphere through photochemical
reactions involving NOx and VOCs and acts as a strong oxidant,
posing health risks (Zhang et al., 2019). In South Korea, surface-
level O3 concentrations increased from 0.020 in 1998 to 0.032 ppm
in 2022, leading to intensified management efforts to mitigate high
O3 levels, particularly in summer (NIER, 2022). As of December
2023, South Korea operates 525 urban air quality monitoring
stations that provide pollutant concentration data, with 25 of
these stations located in Gangwon Province. The average PM,.5
concentration in Gangwon Province in 2022 was similar to that
in Seoul (18 ug/m3). However, due to the lower number of
monitoring stations compared to the capital region, there are
limitations in fully capturing regional air quality variations (NIER,
2022). Additionally, in 2022, the average O3 concentration was
higher in Gangwon Province (0.032 ppm) than in the capital region
(0.030 ppm) (NIER, 2022). In Chuncheon, PM,.5 is characterized
by higher OC (Organic Carbon) concentrations compared to EC
(Elemental Carbon), distinguishing it from other cities (Cho et al.,
2016).

Since the division of the Korean Peninsula, South Korea’s
forested area has gradually declined from approximately 6.68
million hectares in 1964 to around 6.29 million hectares in
2022, covering about 62.6% of the national territory (KIS, 2023).
However, forest stock volume has increased nearly 30-fold from
approximately 36 million m® in 1953 to 1.08 billion m? in 2022.
Among all provinces, Gangwon Province had the highest forest
stock in 2022, with an average of 191.1 m® per hectare (KFS, 2023).

Vegetation interacts with air pollutants in various ways (Grantz
et al., 2003; Janhill, 2015). Plants adsorb PM and emit biogenic
volatile organic compounds (BVOCs), which are precursors to O3
formation (Calfapietra et al., 2013; Kim, 2017; Lu et al., 2018).
Moreover, O3 can cause plant cell death and accelerate leaf aging
(Pell et al, 1997). Given the role of forests in modulating air
pollution, research is needed to observe regional variations in both
forests and air pollutants and to elucidate their correlations.

Therefore, this study aims to analyze the spatial and temporal
variations of air pollutants and vegetation in Gangwon Province
by utilizing monitoring and satellite data, with a focus on
understanding their interrelationships.

2 Materials and methods

2.1 Study area

The study area is Gangwon Province, South Korea, located
between 37°2/-38°37’ N latitude and 127°5'-128°22" E longitude
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(Figure 1). Gangwon Province has a total area of 16,875 km?,
accounting for approximately 17% of South Korea’s land area.
Of this, about 81% consists of mountainous terrain, while 9% is
agricultural land. The province’s major mountain ranges extend
from north to south, resulting in distinct climatic differences
between the western and eastern regions. The eastern region,
which borders the sea, is influenced by a maritime climate but can
experience relatively dry conditions due to the foehn wind from
the mountains. In contrast, the western region, adjacent to the
capital area, is characterized as a leeward zone, where air pollutant
concentrations tend to be higher. Additionally, the eastern part
of Gangwon Province has a high concentration of power plants
and industrial complexes, leading to relatively higher emissions
of air pollutants.

2.2 Air pollution data

Air pollutant data were obtained from Air Korea’s finalized
dataset and monthly statistical reports, including PM;9, PM,.s,
and O3 concentration data. The data were sourced from
urban air quality monitoring stations in Gangwon Province.
Particulate matter concentrations were measured using the beta-
ray attenuation method and the gravimetric method, while O;
concentrations were measured using the ultraviolet absorption
method. Additionally, all data underwent quality assurance
and quality control (QA/QC) procedures in accordance with
South Koreas official air pollution testing standards. The data
period spans a total of 5 years, from 2019, when PM;.5 urban air
quality monitoring stations were established across all cities and
counties of Gangwon Province, to 2023. The air pollutant data can
be accessed as open data on the Air Korea website (accessed on 1
August 2024, operating agency: Korea Environment Corporation,
Incheon, Republic of Koreat).

2.3 Emission data

South Korea’s Clean Air Policy Support System (CAPSS) is a
system for estimating pollutant emissions in the Air Pollutants
Emission Inventory. Emissions are calculated annually and
reported for nine air pollutants: total suspended particles (TSP),
PM;.5, PM, sulfur oxides (SOx), nitrogen oxides (NOx), volatile
organic compounds (VOCs), ammonia (NH3), carbon monoxide
(CO), and black carbon (BC). The system provides emission
data categorized by pollutant type, emission source, and region.
Fuel combustion sources are classified into 13 categories: Energy
production, Non-industry, Manufacturing industry, Industrial
process, Energy transport and storage, Solvent use, Road transport,
Non-road transport, Waste disposal, Agriculture, Other surface-
pollutant source, Fugitive dust, and Biomass burning. The
Emissions data can be accessed as open data on the National Air
Emission Inventory and Research Center website (accessed on 1
August 2024, operating agency: National Air Emission Inventory
and Research Center, Cheongju, Republic of Korea?).

1 https://www.airkorea.or.kr/web/

2 https://www.air.go.kr/main.do
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FIGURE 1

Location and regional name of Gangwon Province as the study site.

2.4 Vegetation data

The Normalized Difference Vegetation Index (NDVI) is an
index used to assess vegetation vitality and density. NDVI
is calculated using red and near-infrared wavelengths. It is
widely utilized in agriculture and forestry and enables vegetation
monitoring in specific areas using remote sensors such as satellites
or drones. NDVI values typically range from —1 to 1, where values
below 0.1 indicate barren areas such as deserts and snow-covered
regions, values between 0.2 and 0.3 correspond to shrublands and
grasslands with low vegetation density, and values between 0.6 and
0.8 represent healthy forests ( ). The dataset used
in this study is the MODIS/Terra Vegetation Indices 16-Day L3
Global 250 m SIN Grid v006. The NDVT data can be accessed as
open data on the EARTHDATA SEARCH website (accessed on 1
August 2024, operating agency: NASA, Washington, DC, Unired
States?).

2.5 Data status

While air pollutant concentration data and NDVI data used
for the period from 2019 to 2023, mission data only available up
). Therefore,
emissions can be compared for the 3 years from 2019 to
2021. Additionally, in the cases of Hongcheon, Hwacheon, Inje,
and Taebaek, the establishment of urban air quality monitoring
stations was delayed, resulting in fewer data points compared

to 2021, as no more responsible data exist (

to other regions.
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3.1 Characteristics of air pollutant
concentration and vegetation
distribution in Gangwon Province

The concentrations of air pollutants (PM and O3) in Gangwon
), which
are presumed to be influenced by factors such as topographical

Province exhibited regional variations ( and
characteristics, atmospheric stagnation, and industrial and traffic
emissions. illustrates the arithmetic average values of
the four variables—PM;j, PM;s5, O3, and NDVI—calculated
across the 5 years period. The 5 years (2019-2023) arithmetic
mean concentration of PMjo ranged from 26 to 34 Mg/mS, with
relatively high concentrations observed in inland areas such as
Chuncheon (34.4 & 29.4 jg/m?), Cheorwon (34.4 & 28.4 jLg/m?),
and Hongcheon (34 & 27.2 pg/m?®). In contrast, coastal areas
of Gangwon Province, such as Donghae (28.8 & 26.1 jLg/m®)
and Samcheok (28.5 + 20.9 pg/m?), exhibited slightly lower
concentrations, likely due to favorable atmospheric dispersion
conditions or relatively fewer emission sources compared to the
western regions.

Regarding O3 concentrations, higher levels were observed
in coastal and mountainous areas such as Gangneung
(0.037 £ 0.016 ppm) and Goseong (0.035 = 0.016 ppm). This trend
is associated with the topographical characteristics of Gangwon
Province, where atmospheric stagnation and meteorological
conditions conducive to photochemical reactions contribute to
increased air pollutant levels ( ). In particular,
in coastal regions like Gangneung, the circulation of sea and land
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TABLE 1 Status of data used in the study.

Air pollutant (PM1g, Oz, PM; 5)

Chelwon 2019.1~2023.12
Chuncheon 2019.1~2023.12
Donghae 2019.1~2023.12
Gangneung 2019.1~2023.12
Gosung 2019.1~2023.12
Hoengseong 2019.1~2023.12
Hongcheon 2019.2~2023.12
Hwacheon 2019.2~2023.12
Inje 2019.4~2023.12
Jeongseon 2019.1~2023.12
Pyeongchang 2019.1~2023.12
Samcheok 2019.1~2023.12
Sokcho 2019.1~2023.12
Taebaek 2019.2~2023.12
Wonju 2019.1~2023.12
Yanggu 2019.1~2023.12
Yangyang 2019.1~2023.12
Yeongwol 2019.1~2023.12

breezes is likely to influence O3 concentrations, necessitating air
quality management measures that take this factor into account.

PM,.5 concentration in Gangwon Province ranged from 12
to 18 g/m?, with relatively high concentrations measured in
Hongcheon (19.3 & 16.6 j1g/m?) and Wonju (19.3 £ 16.6 pg/m?).
These areas have a relatively high density of industrial facilities
and traffic, suggesting a significant influence of local emission
sources. In contrast, some coastal areas, such as Sokcho
(12.6 & 11.1 pg/m?) and Samcheok (13.1 & 10 wg/m?), showed
lower PM;.5 concentrations, likely due to marine influences or
efficient atmospheric circulation (Martilli, 2003). NDVI was highest
in Samcheok, indicating that this area had the densest vegetation
coverage in Gangwon Province (Figure 2). NDVI showed an inverse
relationship with PM concentrations, whereas no significant
correlation was observed between NDVI and O3 concentrations
across different regions.

3.2 Characteristics of air pollutant
concentration and vegetation
distribution in Gangwon Province

South Korea’s Clean Air Policy Support System (CAPSS) is an
integrated emissions information system that provides air pollutant
emissions data. Using emissions data from CAPSS, it is possible
to assess the emissions of PM and Os precursors in Gangwon
Province. visualized VOCs emissions by city from 2019 to 2021
(Figure 3).

In 2019, PM;¢ and PM;.5 emissions were relatively high in
Wonju, Chuncheon, Hongcheon, Pyeongchang, and Gangneung,
likely due to various emission sources such as industrial activities,
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Emissions (PM1g, PM> 5) NDVI

2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12
2019~2021 2019.1~2023.12

traffic, and heating emissions. Notably, Wonju and Hongcheon
consistently exhibited high emissions, indicating that these areas
should be prioritized for air quality management.

In 2020, PM;jp and PM,.5; emissions generally showed a
decreasing trend, which is presumed to be influenced by reduced
industrial and traffic activities due to the COVID-19 pandemic, as
well as the effects of air quality improvement policies. However,
emissions remained high in some areas, including Wonju,
Hongcheon, Pyeongchang, and Gangneung, necessitating further
analysis of emission sources and additional mitigation measures.

In 2021, emissions showed an increasing trend again, with
PM; and PM;.5 emissions in major urban areas such as Wonju,
Chuncheon, and Hongcheon recovering to levels similar to those
in 2019. This rebound is likely due to the resumption of economic
activities and increases in industrial and traffic emissions. Although
emissions remained relatively low in coastal areas, PM,.5 emissions
remained high in Pyeongchang and Gangneung, requiring closer
monitoring and management of air pollution contributions in the
eastern coastal region.

In 2019, NOx emissions were high in urban and industrial
areas such as Wonju, Chuncheon, Gangneung, and Donghae.
This is likely due to the characteristics of NOx emissions from
vehicle exhaust and industrial processes. While NOx emissions
showed a slight decrease in 2020, they increased again in
2021. In particular, NOx emissions remained consistently high
in Wonju, Chuncheon, and Gangneung, which is presumed to
be closely related to increased traffic volumes and industrial
facility operations in these areas. Since NOx serves as a key
precursor for O3 and PM;.5 formation through photochemical
reactions, strengthening emission reduction measures in these
regions is essential.
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FIGURE 2

Spatial distribution of PMyg, Oz, PM5.5, Normalized Difference Vegetation Index (NDVI) in Gangwon Province from 2019 to 2023.

Samcheok

Taebaeks

In 2019, VOCs emissions were relatively high in Wonju,
Chuncheon, Gangneung, and Hongcheon. VOCs emissions are
influenced by various factors, including fossil fuel combustion,
solvent use, industrial processes, and biogenic emissions (Wang
et al.,, 2013; Piccot et al.,, 1992). While VOCs emissions showed
a slight decrease in 2020, they increased again in Wonju and
Gangneung in 2021. Since VOCs play a critical role in the formation
of O3 and secondary organic aerosols (SOA), effective VOC
management is essential for reducing both O3 and fine particulate
matter concentrations.

Analysis of PMj.; emission sources in major cities in
Gangwon Province showed distinct characteristics(Figure 4). In
Chuncheon, biomass burning accounted for the highest proportion
(38%), followed by fugitive dust (30%) and non-road transport
(12%). This indicates that heating fuel use and urban vehicle
movement significantly impact air quality, highlighting the need for
improvements in fuel combustion methods and measures to reduce
emissions from on-road sources.

In Wonju, non-road transport was the dominant source (30%),
suggesting that dust emissions from roads and construction sites

require stricter management. Additionally, fugitive dust (19%) and
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biomass burning (22%) also had significant shares, necessitating
mitigation strategies for traffic and heating emissions.

In Gangneung, biomass burning accounted for a notably high
proportion (58%), followed by fugitive dust (23%) and Non-road
transport (9%). This suggests that fuel combustion in agricultural
and forested areas is a major emission source, emphasizing
the importance of controlling wood combustion and promoting
alternative fuels.

In Donghae, reflecting its status as an industrial hub,
industrial activities were the dominant emission sources, with
manufacturing industry (47%) and non-road transport (25%)
contributing the highest shares. energy production (11%) and
biomass burning (7%) also had notable impacts, indicating the
need for emissions reduction in the industrial, transportation,
and energy sectors.

These findings suggest that each city in Gangwon Province has
distinct emission characteristics, necessitating tailored air pollution
mitigation policies. Chuncheon and Wonju should focus on
managing traffic and fugitive dust, Gangneung requires measures to
reduce biomass burning, and Donghae needs targeted strategies for

industrial emissions control. Establishing a systematic management
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TABLE 2 Mean and standard deviation of PM3g, Oz, and PM; 5 in Gangwon Province from 2019 to 2023.

Arithmetic Geometric Arithmetic Geometric Arithmetic Geometric
mean mean mean mean mean mean
Chelwon 344+ 284 26.6+0.74 0.034 + 0.02 0.028 + 0.68 18+ 16.1 12.440.98
Chuncheon 34.4+29.4 263 +0.81 0.03 =+ 0.02 0.022 + 0.88 17.9 + 144 12141
Donghae 28.8 +26.1 227407 0.032 +0.018 0.025 + 0.88 1594125 12.8+0.75
Gangneung 31426 2494071 0.037 £ 0.016 0.033 £ 0.52 14493 108408
Gosung 262+ 24.1 203 +0.76 0.035 +0.016 0.031 + 057 13.8+11.2 10.240.83
Hoengseong 3344283 25.4+0.79 0.027 + 0.02 0.019 +0.95 193+ 166 1324098
Hongcheon 3444272 26.4+0.78 0.027 + 0.021 0.019 + 0.9 1924157 13.6 4 0.94
Hwacheon 29.6 24 223408 0.028 £ 0.018 0.022 £ 0.76 15.7 +13.1 10.7 + 0.94
Inje 262+ 245 19.5+0.78 0.033 +0.018 0.028 + 0.65 128+ 11 9+0.94
Jeongseon 324+ 269 24.8 +0.74 0.034 %+ 0.019 0.029 + 0.64 154+ 124 1124086
Pyeongchang 33.6+233 2754073 0.029 +0.018 0.023 +0.77 16.6 +13.6 1224091
Samcheok 25.8 +20.9 20.8 +0.68 0.031 4+ 0.017 0.025 +0.71 13.1£10 10 4 0.83
Sokcho 305426 243 +0.74 0.035 + 0.015 0.032+0.5 126+ 11.1 8.7 +0.99
Taebaek 2724237 20 +0.86 0.037 +0.018 0.032 + 0.63 143+ 106 11.540.77
Wonju 359 +24.8 28.6+07 0.028 + 0.021 0.019 + 0.96 206 +15.1 1524085
Yanggu 275+ 248 214078 0.03 +0.02 0.023 + 0.82 16+ 13.1 11.240.97
Yangyang 255+ 233 1924078 0.038 +0.016 0.035 + 0.49 1254103 94091
Yeongwol 321424 262 +0.66 0.029 =+ 0.02 0.022 + 0.84 17.9 + 14.4 12.8 4 0.97

plan based on regional emission characteristics is essential for
implementing effective air quality improvement strategies.

3.3 Changes in the time series of air
pollutants in Gangwon Province

According to the time series graph analyzing air pollutant
concentration changes in Gangwon Province from 2019 to 2023
(Figure 5), PMjg, PM3.5, and O3 all exhibit seasonal variability, with
concentrations tending to increase during specific periods.

For PMjp, the moving monthly average (red line) shows
higher values during spring and winter, which is likely related
to factors such as yellow dust events, atmospheric stagnation,
and increased use of heating fuels. Additionally, sudden spikes in
concentration were observed at certain points, which may have
been influenced by external inflows, large-scale fires, or changes in
meteorological conditions.

Compared to PMjg, PM,.; exhibits stable
concentration variations, suggesting that while larger PMjy
particles fluctuate due to multiple factors, PM;.5 concentrations are

relatively

less affected by changes in weather conditions and external inflows
on an annual basis. A slight decrease in PM;.5 concentrations
was observed in 2020-2021, which appears to be linked to the
economic downturn and rising costs during the COVID-19
pandemic, leading to a temporary decline in industrial activities
and, consequently, lower pollutant concentrations.

PM,.5 also shows a tendency to peak in spring and winter,
similar to PMyo, with relatively high variability in concentration.

Frontiers in Forests and Global Change

Notably, short-term high-concentration events were observed in
2021 and 2023, likely caused by a combination of factors such as
external inflows and changes in meteorological conditions.

The high-concentration fine particulate matter events that
occurred from May 7 to 9, 2021, and April 11 to 15, 2023, were
attributed to yellow dust originating from the Gobi Desert, leading
to elevated particulate matter levels nationwide. Yellow dust from
the Gobi Desert is known as a major contributor to high PM
concentrations in South Korea during spring (Pi et al, 2009;
Lee and Chung, 2012). Furthermore, global climate change has
resulted in rising temperatures near the Gobi Desert, causing rapid
snowmelt and creating an environment conducive to more frequent
yellow dust events, which further contribute to high particulate
matter concentrations (Hao et al., 2024; Park et al., 2024).

O3 concentrations also exhibit seasonal variation, showing
higher levels in summer and lower levels in winter. This trend aligns
with the typical pattern in which O3 formation increases during
summer due to intensified photochemical reactions driven by
strong solar radiation, whereas lower solar radiation and decreased
temperatures in winter lead to reduced O3 concentrations.

The concentrations of air pollutants in Gangwon Province
are influenced by seasonal and environmental factors, reflecting
the characteristic air pollution patterns in South Korea, where
high PM concentrations occur in spring and winter, while
O3 levels increase in summer. Consequently, season-specific
air quality management strategies are required to improve
air quality in Gangwon Province. Strengthening domestic and
international measures to reduce fine particulate matter during
spring and winter, along with the continuous implementation

frontiersin.org
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FIGURE 3
Spatial distribution of PMyg, PM5.5, NOx, and volatile organic compounds (VOCs) emissions in Gangwon Province from 2019 to 2021.
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FIGURE 4
PM>.5 emissions by source category in Chuncheon, Wonju, Gangneung and Donghae.

of O3z control policies in summer, is essential for effective air
quality management.

3.4 Correlation coefficients of air
pollutants and vegetation by region

Table 3 presents the correlation coefficients between regional
air pollutants and NDVI for the year 2019. NDVI showed a
negative correlation with particulate matter in all regions at the
95% confidence level, and the correlation was significant at the
99% confidence level, except for the correlation between PM;¢ and
NDVI in Sokcho. The highest negative correlations between PM;g
and NDVI were observed in Hongcheon (r = —0.745, p < 0.01),
Pyeongchang (r = —0.715, p < 0.01), and Hoengseong (r = —0.680,
p <0.01). For PM,.5 and NDVI, the strongest negative correlations

Frontiers in Forests and Global Change

were found in Hwacheon (r = —0.802, p < 0.01), Chuncheon
(r = —0.784, p < 0.01), and Hongcheon (r = —0.784, p < 0.01).
Overall, particulate matter concentrations tended to decrease as
vegetation cover increased.

The inverse relationship between monthly vegetation changes
and particulate matter concentrations was evident. The negative
correlation between PM concentrations and NDVI was stronger for
PMj;.5 than for PMj, suggesting that smaller particulate matter is
more sensitive to vegetation changes.

For O3 and NDVT, correlation coefficients were not statistically
significant at the 95% confidence level in many regions. However,
in cities located in the the western part of Gangwon Province,
including Cheorwon, Chuncheon, Hoengseong, Hongcheon, and
Wonju, a positive correlation was observed at the 99% confidence
level. This positive correlation indicates that O3 and NDVTI exhibit
similar variation trends in these areas. These cities share the
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FIGURE 5
From 2019 to 2021 time series graph of air pollutant concentration in Gangwon Province.
characteristic of being adjacent to the Seoul metropolitan area. Among other regions, particularly in the eastern

Additionally, Cheorwon, Chuncheon, and Wonju have relatively ~ part of Gangwon Province, the correlation between O3

low NDVI values compared to other regions in Gangwon Province. and NDVI was not significant at the 95% confidence
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TABLE 3 Mean and standard deviation of PM;g, O3, and PM 5 in
Gangwon Province from 2019 to 2023.

Region PMyy | O3 PMps |
Chelwon —0.596 0.352 —0.686
Chuncheon —0.610 0.482 —0.784
Donghae —0.419 0.023** —0.530
Gangneung —0.421 0.040** —0.582
Gosung —0.409 —0.046** —0.713
Hoengseong —0.680 0.459 —0.784
Hongcheon —0.745 0.429 —0.779
Hwacheon —0.652 0.268* —0.802
Inje —0.496 0.162** —0.633
Jeongseon —0.660 0.125** —0.632
Pyeongchang —0.715 0.232** —0.661
Samcheok —0.335 0.011** —0.465
Sokcho —0.334* 0.208** —0.411
Taebaek —0.542 —0.032** —0.438
Wonju —0.589 0.538 —0.738
Yanggu —0.597 0.211** —0.760
Yangyang —0.462 0.137** —0.676
Yeongwol —0.612 0.309* —0.701

level, with correlation values close to zero, indicating no
clear relationship.

In general, both vegetation and Os levels are influenced
by solar radiation, leading to similar trends. However, in
South Korea, the summer monsoon season plays a significant
meteorological role, allowing vegetation to remain stable
while O3 concentrations tend to decrease from spring to early
summer, resulting in low correlation coefficients between

the two variables.

10.3389/ffgc.2025.1600248

3.5 Changes in air pollutants and
vegetation by month

Figure 6 illustrates the monthly variations of air pollutants and
NDVI in Gangwon Province. The NDVI employed the vegetation
index data provided by MODIS/Terra. NDVI in Gangwon Province
fluctuated in response to South Korea’s seasonal changes. The
decrease in NDVI observed in July-August of 2019 and 2021
could indicate actual forest degradation, but the primary cause is
likely noise in satellite observation data due to cloud cover during
the monsoon season. Although this summer-induced noise makes
it difficult to accurately track vegetation changes in Gangwon
Province, the NDVI remained around 0.8 during summer over
the 5 years period, suggesting that the province maintains healthy
vegetation.

For PM;, concentrations were relatively high in 2019, 2021,
and 2023, whereas they were lower in 2020 and 2022. Following
the COVID-19 pandemic in 2020, overall fine particulate matter
concentrations decreased, but PM; levels rebounded in April
2023, reaching an average of 60 wg/m®, which was higher than
the March 2019 average of 57 ug/m3. PM,.5 concentrations
showed a pattern similar to PM;jo, but while PM;y peaked in
March-April, PM;.5 peaked in January-February, indicating a
difference in seasonal concentration trends. PM1o concentrations
in Gangwon Province have returned to pre-pandemic levels, while
PM,.5 concentrations remain below the 2019 peak of 37 ug/m3.

Air pollutant concentrations decreased in June and July,
coinciding with the peak NDVI values. O3 concentrations
were highest in April-May, with a monthly average of 56-
42 ppb, and then began to decline. From September to
October, O3 remained at lower levels (20-30 ppb), before rising
again to 40-60 ppb around February of the following year.
PMio and PM;.5 concentrations were highest from January
to April, then decreased in May-June, showing a pattern
similar to O3, before increasing again around November.

Monthly Average PM;q, O3, PM, 5, NDVI
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FIGURE 6
PMjp, Oz, PM;.5 concentrations and Normalized Difference Vegetation Index (NDVI) monthly changes in Gangwon Province from 2019 to 2023.
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In South Korea, monsoon rains inhibit photochemical
reactions, preventing O3 from reaching high concentrations in
July-August. In contrast, in Northern Hemisphere regions with
little or no monsoon influence, O3 concentrations typically peak in
July-August (Logan, 1985). If South Korea experiences less summer
rainfall or a shorter monsoon period due to climate change, O3
concentrations are expected to rise sharply, potentially following a
pattern similar to NDVI fluctuations.

Furthermore, increased O3 levels may threaten vegetation in
Gangwon Province. O3 can penetrate plant cells through cell
membranes and cell walls, causing cellular damage and accelerating
leaf aging (Pell et al, 1997). While current summer O3 levels in
Gangwon Province remain relatively low, limiting its impact on
vegetation, future increases in O3 concentrations could pose a
significant risk to plant health.

4 Conclusion

This study analyzed air pollutant concentrations and emission
characteristics in Gangwon Province over a 5 years period
from 2019 to 2023 and examined their relationship with
vegetation distribution. PM and PM;.5 concentrations varied by
region due to topographical factors, atmospheric stagnation, and
emission sources, with relatively high concentrations observed in
Chuncheon, Hongcheon, and Wonju, which are located inland. In
contrast, coastal areas tended to have lower concentrations due to
efficient atmospheric dispersion influenced by maritime effects.

O3 concentrations were relatively higher in coastal and
mountainous regions, likely due to topographical features and the
influence of land-sea breeze circulation. Air pollutant emissions
in Gangwon Province were closely associated with industrial and
transportation activities, with PM and Oz precursor emissions
being particularly high in Wonju, Chuncheon, and Hongcheon.
During the COVID-19 pandemic, emissions generally decreased;
however, they rebounded as economic activities resumed. An
analysis of major emission sources revealed that transportation and
fugitive dust were the primary contributors in Chuncheon and
Wonju, biomass burning in Gangneung, and industrial emissions
in Donghae, highlighting the need for region-specific air pollution
control policies.

Through time series analysis, the seasonal variations in air
pollutants in Gangwon Province were identified, with particulate
matter concentrations peaking in spring and winter, while O3
concentrations were highest in summer. These patterns were
closely linked to factors such as yellow dust events, heating
emissions, and photochemical reactions. In particular, large-scale
yellow dust events coincided with spikes in particulate matter
concentrations, indicating that external inflows significantly impact
air quality in Gangwon Province. As climate change progresses,
high-concentration pollution events are expected to become more
frequent in the future.

The relationship with vegetation revealed that NDVI exhibited
a negative correlation with particulate matter concentrations,
with a stronger correlation observed for PM,.5 suggesting that
vegetation contributes to reduction particulate matter. This finding
implies that vegetation conservation and green space expansion
could contribute to air quality improvement. Conversely, the
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correlation between O3 and NDVI varied by region, with some
areas in the the western part of Gangwon Province showing a
significant positive correlation.

Effective air quality management in Gangwon Province
requires customized strategies that account for regional emission
characteristics and seasonal variations. Measures should include
green space expansion to reduce particulate matter concentrations
and precursor emission reduction strategies to manage O3 levels.
Additionally, continuous monitoring of external particulate matter
inflows and pollutant accumulation during atmospheric stagnation
events is essential. Based on these findings, the development of
long-term air quality improvement policies is crucial.
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