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ABSTRACT

Urban green spaces are increasingly promoted as Nature-based Solutions (NbS) that deliver co-benefits for climate
mitigation, adaptation, and air quality management. This study evaluates whether recent municipal greening initiatives in
Suwon, South Korea, were associated with measurable changes in fine particulate matter smaller than 2.5 micrometers (PM;s).
In February 2023, Suwon launched the Palm-Sized Garden project, establishing hundreds of community-managed gardens on
vacant lots, followed by the opening of the Ilwol and Yeongheung Arboreta in May 2023. Monthly data from 2018 to 2024
were analyzed using an Interrupted Time Series (ITS) model that controlled for meteorology, precursor pollutants (SO,, NO,
CO), vegetation cover measured by the Normalized Difference Vegetation Index (NDVI), and background PM,s. To strengthen
inference, a Random Forest (RF) model trained on pre-intervention data (January 2018 - January 2023) was used to generate
counterfactual predictions for February 2023 - December 2024. The ITS results indicate a post-intervention slowdown in PM; s
growth, with NDVI effects particularly strong during the high-pollution season (November - April). Similarly, the RF model
predicted concentrations in late 2024 that were lower than the counterfactual estimates, suggesting a delayed improvement
aligned with vegetation maturation. While causality cannot be firmly established, the combined evidence implies that urban
greening may contribute to moderating PM,s levels. More broadly, the Suwon case highlights the potential of NbS to
complement conventional pollution management while simultaneously enhancing biodiversity, urban resilience, and human

well-being.
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1. Introduction

Air pollution, particularly fine particulate matter
(PM;5), remains one of the most harmful environmental
threats in urban areas, driving substantial global morbidity
and premature mortality (Lelieveld et al., 2015; WHO,
2013). Exposure is strongly linked to respiratory and
cardiovascular disease, impaired cognitive development,
and early death (Nowak et al., 2014). In South Korea,
PM, s concentrations frequently exceed national standards
(Drew et al., 2025; Oak et al., 2025), with seasonal peaks

from late autumn through spring (AirKorea, n.d.). While
mitigation efforts have traditionally centered on industrial
and transportation sources (Oak et al., 2025), recent
climate science highlights the potential of unban green
infrastructures as Nature-based Solutions (NbS). The
Intergovernmental Panel on Climate Change (IPCC)
defines NbS as actions that protect, restore, and manage
ecosystems to address societal challenges, including
climate change, while providing human well-being and
biodiversity benefits (IPCC, 2022). In urban settings, NbS

contribute not only to climate mitigation (e.g. carbon
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sequestration) and adaptation (e.g. flood control, heat
reduction), but also deliver air quality improvements,
making them particularly relevant for climate-resilient
development (IPCC, 2022; TUCN, 2016).

Urban green spaces, from small gardens to large forests,
can mitigate PM,s through dry deposition, microclimate
regulation, and airflow modification (Abhijjith et al., 2017,
Janhdll, 2015). Vegetation intercepts airborne particles,
with efficiency shaped by canopy structure and leaf traits
(Chen et al., 2017; Speak et al., 2012). Large-scale studies
highlight urban forests’ substantial pollutant removal
capacity (Nowak et al., 2014), while landscape design
strongly influences dispersion patterns (Vos et al., 2013).
Beyond air quality, NbS also support biodiversity, urban
heat island reduction, and resilience, underscoring their
multifunctional role in addressing climate change and
public health challenges (IPCC, 2022; IUCN, 2016;
Kabisch et al., 2017).

Despite these insights, important limitations remain.
Many studies are reviews (Abhijith et al., 2017; Janhill,
2015) or focus on site-specific contexts (Speak et al.,
2012; Vos et al., 2013), providing micro-scale evidence
but limited city-wide guidance. In South Korea, a few
studies link greening to PM,s (Chun et al., 2024; Lee,
2024), yet rarely employ statistical frameworks. They
often lack control for confounders such as meteorological
factors and precursor pollutants, complicating attribution.

Suwon City in Gyeonggi-do provides an appropriate
case study for examining the implications of municipal
greening initiatives on air quality. In February 2023, the
Palm-Sized Garden

“community garden”) project, establishing hundreds of

city launched the (hereafter
resident-managed micro-gardens across neighborhoods.
Three months later, it expanded urban green infrastructure
with the opening of the Ilwol Arboretum (10.0 ha) and
the Yeongheung Arboretum (14.6 ha), large public green
spaces intended to enhance biodiversity, ecosystem
services, and recreation. In this study, these coordinated

greening initiatives, rather than individual parks or

gardens, are defined as the intervention!). The compressed
implementation timeline offers a unique opportunity to
observe whether observable shifts in PM, 5 concentrations
coincided with the rollout of these measures.

The community garden project converted scattered
public and privately owned vacant lots into
resident-managed green spaces, transforming underutilized
land into active vegetation cover. Both Ilwol and
Yeongheung Arboretums were redeveloped from sites
previously designated as wurban parks, upgrading
conventional parkland into tree-dense arboreta. Compared
to parks, arboreta typically feature higher tree density and
species diversity, factors shown to enhance particulate
deposition and cooling effects, thereby providing stronger
contributions to urban air quality improvement (Abhijith
et al, 2017; Janhdll, 2015; Nowak et al., 2014).
Collectively, these land-use conversions, from vacant lots
and conventional parks to structured green infrastructure,
are likely to magnify the city’s capacity to mitigate PM; s
and related pollutants.

Building on this context, the present study investigates
whether Suwon’s greening initiatives were associated with
measurable changes in PM,s concentrations at the city
scale. Urban air quality reflects complex interactions among
precursor pollutants (SO,, NO,, CO)32), meteorological
factors such as temperature, wind, and precipitation, and
background PM,s transported across national borders.
Accordingly, this study applies methods that explicitly
control for these influences while detecting potential
structural changes in pollution trends.

We employ an Interrupted Time Series (ITS) model
using monthly PM,s data from 2018 ~ 2024, controlling
for meteorology, precursors, background level and the
Normalized Difference Vegetation Index (NDVI) as a
proxy for vegetation. Seasonal adjustment accounts for
(November—April)3),

preventing seasonal variation from obscuring greening

Korea’s  high-pollution  months
effects. The intervention date corresponds to February

2023, with arboretum openings incorporated into the same

1) The community garden sites are dispersed throughout the city, a link to their spatial distribution is provided: https://data.suwon.go.kr:
20006/studio-new/exported/c8b9aacc971648f6afal lee8c8ace789167853c064474c37ba3a0d57043732cb
2) These three pollutants are identified as the primary precursors of PM,s in Korea (Ministry of Environment, n.d.).
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Table 1. List of the variables

Variable Unit Source Name
PM, 5 ug/m3 AirKorea pm25
Background PM, s ug/m3 AirKorea bpm25
NDVI - USGS ndvi
SO, ppm AirKorea s02
NO, ppm AirKorea no2
CO ppm AirKorea co
Relative humidity % KMA wet
Temperature T KMA temp
Wind speed m/s KMA wind
Atmospheric pressure hPa KMA press
Solar radiation MJ/m? KMA sun
Precipitation mm KMA pre

greening wave.

To test robustness, a Random Forest (RF) model was
trained on pre-intervention data (January 2018-January
2023) and applied to Suwon’s post-intervention period to
estimate PM,s levels absent the greening Iinitiatives.
Comparisons of observed and predicted values provide an
independent validation of the ITS findings. By integrating
ITS with RF-based counterfactuals, this study offers
suggestive evidence that urban greening may contribute to
PM, s reduction.

While the analysis cannot confirm causality, it provides
important implications for how greening initiatives can
complement emission-control strategies. Highlighting the
potential role of NbS in both air quality management and
climate change adaptation, this research advances the
understanding of greening as a pathway toward healthier,

more climate resilient cities.

2. Material and Methods

2.1. Data

Air pollution data, including PM, s, SO,, NO,, and CO,
were obtained from the AirKorea air quality yearbook and

monthly reports. To account for the potential influence of

transboundary air pollution, PM, s data from Baengnyeong
Island, a national background monitoring site near the
Yellow Sea, is incorporated. This station is widely used
to track transported pollutants from continental sources,
and including it as a control variable would help
distinguish domestic greening effects from external
influences. Pollutant concentrations were log-transformed
to reduce skewness and approximate normality.
Meteorological data from the Korea Meteorological
Administration (KMA) included temperature, wind speed,
precipitation, pressure, solar radiation, and humidity; these
were retained in original units for interpretability. Table 1
lists all variables and sources.

NDVI data were derived from Landsat 8 Operational
Land Imager (30 m resolution), provided by United States
Geological Survey (USGS) and accessed via Google Earth

Engine. NDVI was calculated using the standard formula:

_ NIR—RED
NDVI= NIR+RED M

where Band 4 = Red and Band 5 = Near-Infrared
(NIR). Values range from —1 to +1, with higher scores
reflecting denser vegetation.

The dataset spans January 2018—December 2024 at

3) The Seasonal Fine Dust Management Program runs from December to March, when PM,s levels are typically highest, enforcing
stricter reduction and health protection measures (AirKorea, n.d.). For this study, the high season is defined as November to April,

including a one-month buffer before and after the program period.
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Table 2. Descriptive statistics

Variable Obs Mean Std. Dev. Min Max
Inpm25 84 2.970 352 1.946 3.829
Inbpm25 84 2.866 .303 2.197 3.611
ndvi 84 .143 .048 .069 .249
Inso2 84 -6.018 280 -6.571 -5.521
Inno2 84 -3.805 395 -4.756 -3.079
Inco 84 -.682 188 -1.022 -.223
wet 84 70.328 7.474 53.884 88.945
temp 84 13.211 9.957 -3.885 28.412
wind 84 1.884 237 1.301 2.704
press 84 1012.081 6.907 1000.919 1023.513
sun 84 430.257 134.947 216.748 731.708
pre 84 114.072 129.614 494 659.525

monthly  frequency, covering both  pre- and where X, is a vector of covariates (SO,, NO,, CO,

post-intervention periods. February 2023 marks the
community garden intervention start, with the arboretum
openings in May 2023 included in the same treatment

window. Descriptive statistics appear in Table 2.
2.2. Methodology

We first applied an ITS model, using log-transformed
PM,s as the dependent variable. Explanatory variables
included NDVI, log-transformed precursor pollutants
(SO, NO,;, and CO), meteorological factors and
log-transformed background PM,s. We included a
monthly time index (series) to capture baseline temporal
trends, a post-intervention dummy (post) set to 1 from
February 2023 to mark the start of the program, and an
interaction term (series_post) to estimate whether the
slope of PM,s trends shifted after the intervention.
Seasonality was encoded (season = 1 for high-pollution
months; 0 otherwise), with an interaction term
(ndvi_season = NDVI X season) to capture vegetation
effects under elevated pollution.

The ITS equation is:

Inpm25, = B, + B,(series,)+ B,(post )
+B,(series _post,)+ B ,(season)
+B5(ndvi,)+ B4(ndvi_season,) @)
+7X, +e,
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meteorological controls and background PM,5s), and ¢, is
the error term. B captures the overall time trend in PM;s
from 2018 ~ 2024, with negative values indicating decline
and positive values suggesting increase. B2 measures the
immediate level shift after the February 2023 intervention,
comparing average levels before and after greening. A
reflects the change in slope post-intervention; a negative
and significant value indicates that PM,s declined more
steeply after greening. [4 accounts for Korea’s seasonal
pollution cycle (November—April = 1, May—October = 0),
with  positive  values reflecting  higher  winter
concentrations. s represents the direct effect of
vegetation (NDVI), where negative values imply overall
PM,s reduction. B NDVI  with the

high-pollution season, testing whether vegetation is

interacts

especially effective in winter; a significantly negative
value suggests stronger greening benefits when pollution
is highest.

To validate the ITS results, a RF model was trained on
monthly data from 20182023 and tested on Suwon’s
post-intervention period (February 2023—December 2024).
A second RF model using the broader Gyeonggi-do
dataset, which closely mirrored Suwon’s pre-intervention
trends, enhanced predictive stability. The RF also
included the same set of variables controlled in the ITS

model to ensure consistency across methods. Together



Nature-based solutions and PM,s: Insights from urban greening in Suwon, South Korea 979

with ITS, the RF results suggest that rapid municipal
greening may have contributed to PM,s reductions,
complementing conventional emission-control measures.
More broadly, the findings underscore the potential of
NbS to support climate change mitigation and adaptation

while improving urban air quality.

3. Results

3.1. Interrupted Time Series Analysis

Table 3 presents the ITS regression results across five
specifications. The adjusted R? values increase steadily
from 0.652 in the baseline specification (Model 1) to
0.911 in the fully specified model (Model 5), indicating
that the models explain a substantial portion of the
variance in PM,s concentrations.

The series coefficient, which captures the underlying
linear trend in PM,s concentrations over the entire study
period, is negative and significant in the simpler models
(8 = —0.007, p < 0.01 in Models 1-2). This suggests that
PM,s levels were gradually declining on average from
2018 to 2024. However, once additional covariates are
introduced (Models 3-5), the coefficient becomes small
and insignificant, indicating that much of the observed
trend can be explained by vegetation dynamics, precursor
pollutants, or meteorological factors.

The post coefficient is positive and statistically
significant in Models 1-4 (8 = 0.557-0.936, p < 0.01-
0.05), indicating an immediate upward shift in PM;s
levels after February 2023. However, in the fully
specified Model 5, the effect diminishes and becomes
insignificant (8 = 0.142, p > 0.1). This pattern suggests
that the apparent increase observed in simpler models
may reflect confounding factors, such as seasonal
variation or transboundary pollution episodes, rather than
genuine greening effects. Importantly, the positive post
estimates also point to the absence of any immediate
air-quality improvement, raising the possibility that the
intervention’s benefits emerge only with a time lag as
vegetation matures and ecosystem functions strengthen.

The series_post coefficient captures the change in slope

of PM,;s concentrations after the intervention relative to
the pre-intervention trend. Across Models 24, the
coefficient is consistently negative, reaching statistical
significance in Model 2 (8 = —0.007, p < 0.1) and Model
3 (B = —0.011, p < 0.01). This indicates that, following
the greening initiatives, the rate of PM,s increase slowed
compared with the pre-intervention trajectory. The stronger
and highly significant effect in Model 3 suggests a robust
moderation of PM,s growth when both NDVI and
pollution precursors are controlled. However, the coefficient
becomes small and insignificant in Model 5 (8 = 0.001,
p > 0.1), implying that once full meteorological variability
and background influences are included, the slope change
is less clearly attributable to greening. Taken together,
these results suggest that Suwon’s greening initiatives
may have contributed to a gradual moderation in PM,;
trends, but the effect is sensitive to model specification
and may be partially confounded by external factors such
as weather and transboundary pollution.

Turning to vegetation effects, NDVI alone is
generally insignificant except in the most comprehensive
model (8 = 2.485, p < 0.05 in Model 5). This should not
be interpreted as vegetation increasing pollution. Instead,
once background PM,s is included, NDVI may be
capturing residual variation or collinearity effects, rather
than a genuine impact.

By contrast, the ndvi_season interaction is consistently
negative and significant in Models 2 and 5 (8 = —4.137,
p < 0.05; B = —2.601, p < 0.1), indicating that vegetation
has its strongest pollution-mitigating effect during the
November—April high-pollution season. This aligns with
expectations that greening effects on PM,s are most
effective when baseline pollutant concentrations are
elevated.

Among the precursor pollutants, NO, is the most robust
of PMy;s
specifications (8 up to 0.609, p < 0.01), underscoring its

and strongly positive predictor across
role as a dominant precursor. CO also shows a positive
association in Models 4—5, while SO, effects are weaker
and less consistent.

Regarding meteorological controls, temperature and

pressure are significantly negative in Models 4-5,

http://www.jccr.re.kr
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Table 3. ITS results
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VARIABLES (O] @ 3) “ (6]
Inpm25 Inpm25 Inpm25 Inpm25 Inpm25
series -0.007*** -0.007*** -0.000 0.001 -0.000
(0.002) (0.002) (0.002) (0.002) (0.002)
post 0.667** 0.712%* 0.936%*** 0.557** 0.142
(0.326) (0.271) (0.268) (0.235) (0.206)
series_post -0.006 -0.007* -0.017*** -0.006 0.001
(0.005) (0.004) (0.004) (0.003) (0.003)
season 0.498*** 0.934%** 0.579** 0.643** 0.618%**
(0.046) (0.277) (0.286) (0.246) (0.184)
ndvi 0.225 0.833 1.099 2.485%**
(1.199) (1.467) (0.923) (0.807)
ndvi_season -4.137%* -2.560 -2.746 -2.601*
(1.892) (1.850) (1.697) (1.309)
Inso2 0.331* 0.125 0.115
(0.187) (0.148) (0.131)
Inno2 0.261%** 0.609%** 0.472%**
(0.096) (0.196) (0.163)
Inco 0.236 0.475%* 0.350%**
(0.211) (0.194) (0.146)
wet 0.006** 0.004*
(0.003) (0.002)
temp -0.020%** -0.022%**
(0.007) (0.006)
wind -0.133 -0.190*
(0.124) (0.100)
press -0.024** -0.029%**
(0.009) (0.008)
sun 0.001*** 0.001***
(0.000) (0.000)
pre 0.000 0.000
(0.000) (0.000)
Inbpm25 0.395%**
(0.063)
Constant 2.964%** 2.910%** 5.813%** 29.753%*** 33.329%**
(0.064) (0.240) (1.029) (9.479) (8.060)
Observations 84 84 84 84 84
R-squared 0.652 0.678 0.751 0.869 0.911

Robust standard errors in parentheses *** p<0.01, ** p<0.05, * p<0.1

indicating that warmer and higher-pressure conditions are
associated with lower PM; s levels. Sunshine duration also

shows a positive and significant association in the fully

Journal of Climate Change Research 2025, Vol. 16, No. 5-1

specified models.

Overall, the ITS results suggest that Suwon’s greening

initiatives did not yield an immediate reduction in PM,s
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Fig. 2. Observed versus predicted In (PM,s) concentrations after the intervention (February 2023-December
2024). The blue line shows observed values, while the red dashed line represents model predictions

but were associated with a gradual moderation in its
growth trajectory. This is consistent with the expectation
that vegetation effects emerge over time as canopy cover

expands and deposition processes intensify.
3.2. Random Forest Modelling

To further validate the findings, a robustness check was
conducted using a RF model trained on the same dataset,
with features including NDVI, InSO,, InNO,, InCO, wind,
temperature, precipitation, pressure, sunshine, humidity,
and InBackground PM,s and season. Hyperparameters
were optimized via grid search with cross-validation. The
model performed well (training: R* = 0.968, RMSE =
0.066; test: R* = 0.803, RMSE = 0.127), indicating that

the predictors identified in the regressions were not
artifacts of model specification.

The RF model also provided a counterfactual
observed  PMj;s

concentrations (blue line) with predicted counterfactual

perspective.  Fig. 2 compares

values (red dashed line) for February 2023-December
2024.  Observed tracked  the

counterfactual but tended to fall slightly below predictions

values  generally
in late 2024, suggesting the possibility of emerging
greening effects. However, as shown in Fig 3, the 95%
prediction intervals consistently included zero, meaning
these differences may not be significant.

Across 2024, concentrations were, on average, lower

under the intervention. While this pattern is directionally

http://www.jccr.re.kr
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consistent with the expectation that greening -effects
manifest after a maturation period (Hilbert et al., 2019;
2021), the RF evidence should be

interpreted as suggestive rather than conclusive.

Ossola et al.,

To address potential bias from Suwon’s small sample,

a second RF model was trained on the broader
Gyeonggi-do dataset, which showed similar
pre-intervention trends. Its performance was slightly

Journal of Climate Change Research 2025, Vol. 16, No. 5-1

weaker (R* = 0.748, RMSE = 0.144) than the
Suwon-specific model, confirming that the results were
not artifacts of sample size. Together, the two models
highlight both the robustness of the relationships and the
importance of capturing local dynamics, reinforcing
suggestive evidence that urban greening reduced PM,; in

Suwon.
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4. Discussions and Conclusion

This analysis suggests that urban greening initiatives in
in PM2,5

concentrations, particularly during the high-pollution

Suwon were associated with reductions
season when baseline levels are elevated. Both the ITS
results and the RF counterfactuals point toward a
moderation of PM,;s trajectories following the launch of
the community garden project and the opening of the
Ilwol and Yeongheung Arboreta. The strong predictive
role of NDVI during November—April underscores that
vegetation can remain effective even in winter, when air
quality challenges are most severe. These findings align
with prior evidence showing that measurable increases in
vegetation are linked to pollutant removal capacity
(Escobedo et al., 2011; Nowak et al., 2014).

At the same time, several limitations must be
acknowledged. First, the study covers only a short
post-intervention period. Since vegetation requires time to
mature, the ecological benefits of greening are likely
underestimated here, as suggested by the delayed
divergence in RF results. Second, while ITS and RF
provide complementary evidence of association, they
cannot establish definitive causality. More rigorous
quasi-experimental designs should be pursued once longer
time series become available. Third, this study did not
account for variation in greening design, such as species
composition, canopy density, or spatial arrangement, all of
which may influence pollutant removal efficiency.

Despite these caveats, the Suwon case provides
indicative evidence that urban greening initiatives,
especially when implemented as coordinated strategies,
can contribute to cleaner air during critical pollution
periods. By linking NDVI increases to hectares of newly
established green space, the findings suggest that even
modest expansions of vegetation can yield measurable air
quality benefits. Although longer-term research is required
to confirm causal effects, Suwon demonstrates how local
greening initiatives can complement emission-control
policies and strengthen urban resilience.

More broadly, these interventions should be understood

within the framework of NbS, rather than solely as air

quality measures. NbS encompass actions that protect,
restore, and manage ecosystems to address societal
challenges while delivering benefits for both biodiversity
and human well-being (IUCN, 2016). In this sense, urban
green spaces not only mitigate PM,s but also help cool
urban heat islands, enhance ecological diversity, and
support physical and mental health (Kabisch et al., 2017,
WHO, 2017). The Suwon case thus illustrates the tangible
value of coordinated greening initiatives as integrated

NbS that build more sustainable and resilient cities.
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