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ABSTRACT: Groundwater constitutes the largest reservoir of unfrozen freshwater globally, offering broader accessibility. Consequently,
groundwater is in high demand as a resource for irrigation and serves as a significant source of drinking water. Preserving both the quality
and quantity of groundwater is therefore a major concern, and groundwater temperature is one of the key factors influencing these attributes.
However, compared to surface water, the impact of rising air temperatures on groundwater thermal regimes has not been sufficiently
investigated. This study aims to assess the influence of increasing air temperature on groundwater environments by analyzing long-term
groundwater temperature data (1996-2022) from 25 monitoring wells across seven metropolitan cities in Korea (Seoul, Incheon, Daejeon,
Daegu, Ulsan, Busan, and Gwangju), along with corresponding air temperature data obtained from Korea Meteorological Administration
stations. The magnitude and statistical significance of trends in annual mean, maximum, and minimum groundwater and air temperatures
were determined using linear regression and the Mann-Kendall test, respectively, while their interrelationship was quantified with Pearson
correlation. The analysis revealed an overall increasing trend in groundwater temperatures, with observed warming rates ranging from 0.04
to 1.58°C per decade. Notably, the most pronounced increase was observed in the minimum groundwater temperature. These findings provide
empirical evidence that groundwater warming is not a prospective threat but a contemporary phenomenon, underscoring the necessity of
revising national strategies for sustainable water resource management in the context of a changing climate.

Key words: groundwater thermal regime, air temperature, trend analysis, correlation analysis, climate change

Copyright © The Geological Society of Korea 2026


https://crossmark.crossref.org/dialog/?doi=10.14770/jgsk.2026.025&domain=https://jgsk.or.kr/&uri_scheme=http:&cm_version=v1.5

352 Mol - 01218 - XIS - Anuradha Karunakalage - O1HIE

1. Introduction

Global warming is regarded as one of the most pressing
environmental issues, primarily driven by human activities such
as fossil fuel combustion and large-scale deforestation (Houghton,
2005). Human-induced greenhouse gas emissions have un-
equivocally contributed to global warming, with the global sur-
face temperature rising by 1.1 C between 2011 and 2020 com-
pared to 1850-1900 levels (IPCC, 2023). Since the Industrial
Revolution, the increase in carbon dioxide emissions has ampli-
fied the greenhouse effect, which in turn has accelerated global
warming (Wadanambi ef al., 2020). Global warming can alter the
hydrological cycle through mechanisms such as increased cloud
cover and latent heat fluxes, thereby intensifying the frequency
and severity of extreme weather events such as droughts, storms,
and floods (Wang and Liu, 2023). While most global climate
models overlook groundwater flows, recent studies suggest that
shallow aquifers can significantly influence the climate system by
contributing to evapotranspiration, particularly in water-limited
regions (Colin et al., 2023). As greenhouse gas concentrations
continue to rise, climate change is expected to persist, with poten-
tially profound impacts on groundwater quantity and quality
(Earman and Dettinger, 2011). Previous studies have demon-
strated that groundwater temperature is strongly influenced by
both climate change and urbanization. International studies
have reported significant groundwater warming trends. For ex-
ample, Benz et al. (2018) reported an average temperature in-
crease of approximately 0.36°C per decade in shallow ground-
water across Austria, while Hemmerle and Bayer (2020) ob-
served groundwater warming rates ranging from 0.09 to 0.28C
per decade depending on depth in Bavaria, Germany. In addi-
tion, Turkeltaub et al. (2026) reported that groundwater warming
progresses more rapidly in urban areas than in rural regions,
suggesting that urbanization can accelerate increases in ground-
water temperature. Moreover, even small increases in ground-
water temperature may induce changes in groundwater quality,
including shifts in dissolved oxygen concentration and pH, high-
lighting groundwater warming as an important environmental
concern (Rie del, 2019). Although previous studies in Korea have
also reported increasing groundwater temperature trends in some
regions, consistent with findings from other countries (Park ez al.,
2011; Lee and Han, 2013), studies that systematically compare
long-term groundwater temperature variations across multiple
metropolitan cities and quantitatively evaluate their relationship
with air temperature remain limited.

Groundwater, excluding frozen water, represents the
largest freshwater reservoir on Earth (Bovolo et al., 2009).
With increasing accessibility to pumping wells, ground-

water development for urban, industrial, and agricultural

purposes has expanded dramatically worldwide (Konikow
and Kendy, 2005; Karunakalage et al., 2024). Consequently,
the importance of groundwater withdrawals in global fresh-
water supply has grown steadily (Siebert et al., 2010). The
greater resilience of groundwater to quality degradation and
droughts, compared to surface water, makes it a highly de-
manded source of drinking water, even in regions where
surface water is abundant (Jasechko et al., 2024). However,
the subtle yet profound impacts of climate change on
groundwater systems and their emerging vulnerabilities have
become increasingly evident in recent years (Egidio et al.,
2024). Ongoing global warming is expected to further in-
tensify the hydrological cycle, not only by increasing var-
iability but also by influencing global monsoon precip-
itation and seasonal extremes associated with very wet or
very dry climates (IPCC, 2023). Research on the impacts
of climate change and variability on groundwater has pri-
marily focused on changes in recharge, discharge, and
storage, as well as the physical processes that control
groundwater flow (Green et al., 2011). Previous mul-
ti-continental synthesis studies on subsurface warming
have provided critical insights into climate dynamics, but
the implications for groundwater resources have been
largely overlooked (Benz et al., 2024). This is particularly
concerning given that groundwater is a primary source of
drinking water in many parts of the world and plays a vi-
tal role in sustaining the ecological value of local environ-
ments (Kumar, 2012; Lee and Kim, 2021).

Rising groundwater temperatures can lead to problems
such as decreased dissolved oxygen, increased Dissolved
Organic Carbon (DOC), and elevated manganese (Mn)
concentrations (Riedel, 2019). Current groundwater tem-
peratures have increased by up to +1°C compared to pre-in-
dustrial levels and are projected to rise by as much as +10C
by the end of the 21Ist century (Neidhardt and Shao,
2023). With ongoing climate warming, subsurface tem-
peratures continue to rise, and by the end of the century,
millions of people are expected to live in regions where
groundwater temperatures exceed the maximum threshold
for drinking water (Klepikova, 2024). Even if current
changes appear minor and impacts remain tolerable,
groundwater temperatures are likely to continue increas-
ing as a delayed response to past air temperature changes
and are expected to rise further under future atmospheric

warming scenarios (Hemmerle and Bayer, 2020).
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Table 1. Basic and climatic information of studied metropolitan cities in Korea (as of 2024).
Parameters Seoul Incheon Daejeon Daegu Ulsan Busan Gwangju

Population (x1,000) 9,332 3,021 1,439 2,364 1,098 3,267 1,408

Total area (km2) 605 1,070 540 1,500 1,063 771 501

Population density 15,425 2,823 2,665 1,576 1,033 4,237 2,810

(persons/km”)

Annual mean air 14.9 14.2 14.9 15.8 15.6 16.7 16
temperature (C)

Total precipitation (mm) 1,311.4 1,060.8 1,360.5 1,156 1,298 1,945.7 1,291

This study investigates the influence of rising air tem-
peratures on groundwater temperature by comprehensively
analyzing long-term groundwater temperature data from
the national groundwater monitoring network and air tem-
perature records provided by the Korea Meteorological
Administration across seven major metropolitan areas in

South Korea. The analysis draws on long-term observational

1200E 125'E  130°E  135'E

data accumulated since 1996, focusing on annual mean,
maximum, and minimum groundwater temperatures. A series
of statistical approaches, including time-series analysis, the
Mann-Kendall test, Pearson correlation analysis, and linear
regression, was applied to assess long-term groundwater
temperature trends and to evaluate the correlation and sen-

sitivity between air and groundwater temperatures. The
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0 60 km
—

Seoul

Fig. 1. Locations of the studied metropolitan cities in the Republic of Korea.



354 Mol - 01218 - XIS - Anuradha Karunakalage - O1HIE

limited availability of long-term groundwater temper-
ature records or thermal logs has constrained progress in
understanding the thermal dynamics of groundwater systems.
This study addresses this gap by presenting an extensive
dataset of long-term groundwater temperature observations
from metropolitan cities in Korea and provides a cross-sec-
tional analysis of the correlated behavior between air tem-

perature and groundwater temperature.

2. Methods and materials

2.1. Study area

Korea is a peninsula located at the eastern end of the
Asian continent, situated to the northwest of Japan and
southeast of China (Fig. 1). Geographically, it lies within
the mid-latitude temperate climate zone, characterized by
four distinct seasons. Its territory spans between 33° and
43° N latitude and 124° and 132° E longitude, with ap-
proximately 70% of the country covered by mountainous
terrain. As of 2024, the national annual mean temper-
ature was 14.5C, which is 0.8 C higher than the previous
record of 13.7°C in 2023. The total annual precipitation
was 1,414.6 mm, comparable to the climatological norm
of 1,193.2-1,444.0 mm (KMA, 2025). Notably, summer
rainfall accounts for about 54% of the annual total.

The study area encompasses seven major metropolitan
cities in the Republic of Korea (hereafter Korea): Seoul,
Incheon, Daejeon, Daegu, Ulsan, Busan, and Gwangju.
Among them, Seoul and Incheon are located in the north-
western high-latitude region of the country, Daejeon lies
in the central region, Daegu in the southeastern inland,
Ulsan and Busan along the southeastern coast bordering
the East Sea, and Gwangju in the southwestern inland.
Table 1 presents basic information for each study region,
including population, area, population density, annual
mean air temperature and total annual precipitation.
Seoul, the capital of Korea, is situated in a basin sur-
rounded by mountains, with the Han River flowing east
to west across the city. As of 2024, its population is 9.33
million, with a total area of 605 km?, yielding a pop-
ulation density of 15,425 persons/km?. In 2024, the city’s
annual mean temperature was 14.9°C and the total annual
precipitation was 1,311.4 mm. The geology of Seoul can
be divided into three geologic eras: the Precambrian,

Jurassic, and Quaternary (Yun et al., 2007). Incheon, lo-

cated adjacent to Seoul in the northwest, had a pop-
ulation of 3.02 million in 2024, with a total area of 1,070
km? and a population density of 2,823 persons/km? The
city’s annual mean temperature in 2024 was 14.2°C, with
a total annual precipitation of 1,060.8 mm. The geology
of Incheon is classified into four eras: the Precambrian,
Jurassic, Cretaceous, and Quaternary (Yun et al., 2007).
Daejeon is an inland city located in the central region
of Korea. As of 2024, the city has a population of 1.44
million, with a total area of 540 km? and a population
density of 2,665 persons/km?. In 2024, Daejeon recorded
an annual mean temperature of 14.9°C and a total annual
precipitation of 1,360.5 mm. The geology of Daejeon can
be classified into five geologic eras: Precambrian, un-
determined age, Jurassic, Cretaceous, and Quaternary
(Yun et al., 2008). Daegu, located in the southeastern inland
region of Korea, is characterized by a basin-like topography.
Following the incorporation of Gunwi County in 2023, it
became the largest metropolitan city in terms of land area.
As of 2024, Daegu’s population is 2.36 million, with a total
area of 1,500 km? and a population density of 1,576 per-
sons/km?. In 2024, the city’s annual mean temperature was
15.8°C, with a total annual precipitation of 1,156.4 mm. The
geology of Daegu is broadly classified into two geologic
eras: the Cretaceous and the Quaternary (Yun et al., 2010).
Ulsan is located in the southeastern part of South
Korea, bordered by the East Sea to the east and Busan to
the south. As of 2024, the city has a population of 1.10
million, with a total area of 1,063 km? and a population
density of 1,033 persons/km?. In 2024, Ulsan recorded an
annual mean temperature of 15.6°C and a total annual
precipitation of 1,298 mm. The geology of Ulsan can be
classified into three geologic eras: the Cretaceous, Tertiary,
and Quaternary (Yun et al., 2011). Busan, also situated in
the southeastern region of South Korea, is a coastal city
bordered by the East Sea to the east and Ulsan to the north.
As of 2024, Busan has a population of 3.27 million, cover-
ing a total area of 771 km? with a population density of
4,237 persons/kn?. In 2024, the city’s annual mean temper-
ature was 16.7°C, and the total annual precipitation was
1,945.7 mm. The geology of Busan is also divided into
the Cretaceous, Tertiary, and Quaternary periods (Yun et
al., 2011). The final study area, Gwangju, is an inland
city located in the southwestern part of South Korea. As
of 2024, Gwangju has a population of 1.41 million, with
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Table 2. Specifications of the groundwater monitoring wells in the study area.

Monitoring well Type Well depth (m) Sensor depth (m) Latitude Longitude

Seoul Magok bedrock 70.0 20 37.5775 126.8353
Seoul Magok alluvial 20.0 10 37.5775 126.8353
Seoul Jangwi bedrock 70.0 20 37.6189 127.0558
Incheon Mansu bedrock 70.0 20 37.434 126.7363
Incheon Yeonsu bedrock 70.0 20 37.4154 126.6787
Incheon Yeonsu alluvial 15.0 10 37.4154 126.6787
Incheon Hajeom bedrock 70.0 20 37.7745 126.4116
Daejeon Taepyeong bedrock 74.0 20 36.3186 127.3865
Gunwi Sanseong bedrock 70.0 20 36.1225 128.6916
Gunwi Uiheung bedrock 76.0 20 36.1726 128.7181
Daegu Gachang bedrock 70.0 20 35.7523 128.6502
Daegu Gachang alluvial 10.0 10 35.7523 128.6502
Daegu Daebong bedrock 55.0 20 35.8596 128.6064
Daegu Hyenpung bedrock 70.0 20 35.6969 128.4355
Ulsan Dalcheon bedrock 70.0 20 35.638 129.305
Ulsan Beomseo bedrock 79.0 20 35.5771 129.2048
Ulsan Beomseo alluvial 13.5 10 35.5771 129.2048
Ulsan Sangbuk bedrock 60.0 60 35.6246 129.0763
Ulsan Sangbuk alluvial 13.5 12 35.6246 129.0763
Ulsan Onyang bedrock 70.0 20 35.4599 129.2913
Ulsan Onyang alluvial 8.00 8 35.4599 129.2913
Busan Dongdaesin bedrock 168.0 60 35.1133 129.0278
Gwangju Unjeong bedrock 70.0 20 35.2296 126.944
Gwangju Yudeok bedrock 70.0 26 35.1658 126.8574

Gwangju Yudeok alluvial 10.0 8 35.1658 126.8574

a total area of 501 km? and a population density of 2,810
persons/km?. In 2024, the city recorded an annual mean
temperature of 16.0°C and a total annual precipitation of
1,291 mm. The geology of Gwangju can be categorized
into five geologic eras: Precambrian, undetermined age,
Jurassic, Cretaceous, and Quaternary (Yun ef al., 2013).
These regional characteristics were considered in inter-
preting the spatial variability of groundwater temperature
trends.

2.2. Collection of groundwater and air temper-
ature data

Groundwater temperature data were obtained from the

National Groundwater Information Center, which is part
of the national groundwater monitoring network operated
under the authority of the Ministry of Environment. The
Korean government has annually published reports on
groundwater development and use nationwide since 1994,
which include information such as well location, ground-
water use purpose, well diameter, well depth, and ground-
water withdrawal volume (Lee et al., 2021). According to
the official notification on the installation and operation
of the national groundwater monitoring network, K-water
is responsible for operating and maintaining the National
Groundwater Monitoring Network, including the meas-

urement, management, and reporting of groundwater lev-
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el, temperature, and electrical conductivity data (Lee and
Kwon, 2016; Ministry of Environment, 2022). The mon-
itoring network is divided into national and auxiliary net-
works, with groundwater temperature automatically re-
corded at the national monitoring wells within the na-
tional network. As of 2024, the available data span from
1996 to 2022. The observation period varies by site, and
in some cases, the records contain gaps or errors. For this
study, annual data were used, consisting of three catego-
ries, mean, maximum, and minimum groundwater tem-
peratures, for each monitoring well. When both bedrock
and alluvial aquifer data were available at the same site,
records from both settings were collected. In addition,
according to the official response from the National
Groundwater Information Center, groundwater temper-
ature is first recorded at an hourly interval and then con-
verted into daily mean values, from which the annual
mean, maximum, and minimum temperatures are derived.

Groundwater temperature data were classified into
two aquifer types: deeper bedrock aquifers and shal-
lower alluvial aquifers. Specifications for each monitor-
ing well were obtained from the National Groundwater
Information Center’s national network database. The well
name, aquifer type, installation depth of the automatic ob-
servation device, and geographic coordinates (latitude and
longitude) are summarized in Table 2. All depth-related
measurements, including well depth and sensor in-
stallation depth, are expressed relative to ground level
(GL). For the bedrock aquifers, the total well depth rang-
es from 55 to 168 m, while the automatic observation
device is typically installed at 20 m. Exceptions include
Ulsan-Sangbuk and Busan-Dongdaeshin, where the de-
vice is installed at 60 m, and Gwangju-Yudeok, where it
is installed at 25.94 m. For the alluvial aquifers, the well
depths range from 8 to 20 m, with the automatic observation
device generally installed at 8-10 m. Groundwater temper-
atures are measured automatically by these devices, and
further technical details on each monitoring well can be
accessed through the National Groundwater Information
Center’s database.

To ensure consistency in the analysis, all data were
collected in 2024, and only monitoring wells with more
than 15 years of long-term records were selected for
analysis. Upon examination of the collected data, it was

found that, in some instances, the relationships among

maximum, mean, and minimum groundwater temper-
atures did not follow the expected physical order.
Specifically, cases were identified where the maximum
temperature was lower than the mean temperature, or the
minimum temperature exceeded the maximum temper-
ature, deviating from the typical temperature relationship
(minimum < mean < maximum). In this study, such
cases were defined as outliers, and the same criteria
were consistently applied to all monitoring wells. Data
that lacked physical consistency were considered unreliable,
and the corresponding annual records were excluded from
the analysis. If outliers accounted for more than 25% of
the total observation period for a given well, the well was
considered unsuitable for representing long-term varia-
bility and was excluded from the analysis. As a result, the
Daegu Gunwi-uiheung alluvial monitoring well was
excluded. Because the exclusion criteria were limited to
records showing physically inconsistent temperature re-
lationships, rather than statistically extreme but physi-
cally plausible values, the potential for introducing sig-
nificant bias into the long-term trend analysis was consid-
ered low. Therefore, when outliers accounted for less
than 25% of the total observation period, only the af-
fected years were excluded and the remaining data were
retained for analysis. The excluded years varied by mon-
itoring well; for example, the Seoul Magok alluvial well
(2022), Busan Dongdaesin bedrock well (2000), Incheon
Hajeom bedrock well (2001 and 2002), and Ulsan
Sangbuk alluvial well (1999, 2000 and 2002-2005) were
affected. After this screening process, a total of 25 mon-
itoring wells were selected across the study regions:
three in Seoul, four in Incheon, one in Daejeon, six in
Daegu, seven in Ulsan, one in Busan, and three in
Gwangju.

Air temperature data were obtained from the Auto-
mated Surface Observing System (ASOS) operated
by the Korea Meteorological Administration (KMA).
The ASOS, one of the automatic meteorological ob-
servation systems, is installed at official weather sta-
tions and automates the observation of meteorological
elements, excluding those that require visual observation
(KMA, 2024). According to the Standards for the
Installation of Meteoro-logical Instruments (Article 3,
Paragraph 2) issued by the KMA (2019), air temper-

ature sensors are installed inside Stevenson screens or
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ventilated radiation shields. The bottom of the Stevenson
screen is positioned at a height of 1.0-1.2 m above the
ground surface, and the air temperature sensor inside is
mounted 1.2-1.5 m above the ground. The radiation
shield is installed at a height of 1.2-2.0 m above the
ground to ensure adequate air circulation and protection
from direct solar radiation.

In this study, annual air temperature data (mean, max-
imum, and minimum) for each region were collected for
the period 1970-2020 to analyze long-term temperature
variations and assess the impacts of climate change.
Each groundwater monitoring well was paired with the
nearest ASOS station based on geographic location, and
no additional corrections were applied for differences in
elevation or spatial heterogeneity, as the primary ob-
jective was to evaluate long-term temperature trends rath-
er than local-scale variability. However, spatial mis-
matches, including differences in distance and elevation
between groundwater monitoring wells and meteoro-
logical stations, may introduce some uncertainty in the
interpretation of air-groundwater temperature relation-
ships; nevertheless, the selected ASOS stations were
considered representative of regional atmospheric

conditions.

2.3. Correlation analysis

Correlation is a statistical measure that describes
the linear association between two variables. A mono-
tonic relationship implies that as one variable in-
creases, the other tends to either consistently increase or
decrease (Schober et al., 2018). Pearson’s correlation co-
efficient measures the strength of the linear relationship
between two continuous random variables (Hauke and
Kossowski, 2011). It is a dimensionless statistic ranging
from -1 to +1, indicating both the strength and the direc-
tion of the linear association (Ratner, 2009). A positive
value signifies a direct (proportional) relationship, where-
as a negative value indicates an inverse relationship be-

tween the variables.

perfect positive correlation
no correlation (1)
perfect positive correlation

In this study, Pearson correlation analysis was per-

formed to examine the relationship between annual air
temperature and groundwater temperature. Pearson cor-
relation is useful for intuitively assessing linear relation-
ships between variables, and in the case of the annual da-
ta used in this study, short-term seasonality and lag ef-
fects are reduced. Although the relationship between
groundwater and air temperature may involve nonlinear
or delayed responses, Pearson correlation was used as a
first-order approach to evaluate the general association
and long-term warming trends between the two variables.
Therefore, it was considered an appropriate metric for
evaluating the long-term linkage between air temperature
and groundwater temperature. The correlation analysis
was conducted using three paired datasets: mean air tem-
perature-mean groundwater temperature (mean—mean),
maximum air temperature-maximum groundwater tem-
perature (max—max), and minimum air temperature—mini-
mum groundwater temperature (min—min). These pair-
ings were selected to maintain physical consistency be-
tween air temperature and groundwater temperature and
to assess the consistency of correlation patterns across
different temperature metrics (mean, maximum, and min-
imum). However, it should be noted that Pearson correla-
tion assumes a linear relationship and may not fully capture
nonlinearity or complex lag effects in the air-groundwater
temperature relationship.

2.4. Trend analysis

The groundwater temperature (GWT) data used in this
study constitute a time-series dataset, representing con-
tinuous measurements collected over time, which is suitable
for analyzing long-term variations (Fulcher et al., 2013). To
evaluate these trends, two commonly used approaches were ap-
plied: a parametric method (linear regression) and a non-para-
metric method (Mann—Kendall test) (Hamed and Rao, 1998;
Yadav et al., 2014).

To quantitatively assess the long-term variations in
groundwater temperature, two statistical analyses were
performed in this study: (1) the Mann—-Kendall test was
applied to examine the statistical significance of mono-
tonic trends, and (2) simple linear regression analysis was
used to estimate the rate of change over time. The Mann—
Kendall test is a non-parametric method used to determine
the statistical significance of monotonic trends. It does not

require assumptions about the data distribution and is less
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Fig. 2. Annual variations in maximum, mean, and minimum air temperatures in seven metropolitan cities of South Korea from
1970 to 2020. (a) Seoul, (b) Incheon, (c) Daejeon, (d) Daegu, (¢) Ulsan, (f) Busan, (g) Gwangju.
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sensitive to outliers. In addition, although the Mann—-Kendall
test is known to be influenced by autocorrelation in
time-series data, the use of annually aggregated data in this
study reduces short-term serial dependence. Therefore, no
additional correction for autocorrelation was applied. However,
it is acknowledged that some residual autocorrelation may
still exist, which could introduce uncertainty in the inter-
pretation of trend significance.

For the linear regression analysis, the observation year
(x) was set as the independent variable, and groundwater
temperature (y) as the dependent variable. The slope (31)
and the coefficient of determination (R?) were calculated
for annual mean, maximum, and minimum groundwater
temperatures at each monitoring well (Kumari and Yadav,
2018). Although the analysis was based on time-series da-
ta, this study did not include a full time-series modeling
procedure that accounts for seasonality or autocorrelation.
Instead, the focus was placed on evaluating the long-term
linear trend in annual groundwater temperatures based on
the temporal data. However, simple linear regression has
limitations in fully capturing seasonality, autocorrelation,
and structural changes inherent in time-series data. Therefore,
the estimated slopes ([31) in this study were interpreted as
approximate indicators of long-term trends rather than pre-

cise representations of complex temporal dynamics.

3. Results and discussion

3.1. Temporal variations of air temperature in major
metropolitan cities

Fig. 2 illustrates the time series of annual mean air
temperature variations in seven major metropolitan cities
of Korea from 1970 to 2020. Air temperature data were
collected in three categories: mean, maximum, and minimum.
The results indicate a general increase in air temperature
across all study regions. For maximum temperature, little
change was observed in Ulsan (0.05 °C/decade), whereas
the other cities showed slight upward trends (Seoul: 0.29 °C/dec-
ade, Incheon: 0.19°C/decade, Daejeon: 0.19°C/decade, Daegu:
0.13"C/decade, Busan: 0.39C/decade, Gwangju: 0.30 °C/decade).
Annual mean temperature also increased consistently
(Seoul: 0.32°C/decade, Incheon: 0.38°C/decade, Daejeon:
0.38°C/decade, Daegu: 0.37 C/decade, Ulsan: 0.30°C/decade,
Busan: 0.28 C/decade, Gwangju: 0.10C/decade). Similarly,

minimum temperatures exhibited rising trends in all study re-

gions (Seoul: 0.35°C/decade, Incheon: 0.45°C/decade,
Daejeon: 0.47 C/decade, Daegu: 0.53 C/decade, Ulsan: 0.40C
/decade, Busan: 0.42°C/decade, Gwangju: 0.41°C/decade).
Among the three categories, the rate of increase in minimum
temperature was the most pronounced across the study
areas. Overall, Fig. 2 clearly demonstrates that air temper-
atures in the metropolitan cities of Korea have shown a
steadily increasing trend over the past five decades.

The increase in air temperature in urban areas can be
influenced not only by climatic factors but also by the ur-
ban heat island (UHI) effect (Kim and Baik, 2002). The
UHI effect refers to the phenomenon in which air tem-
perature in urban areas is higher than that in the sur-
rounding suburban or rural areas. This effect tends to be
more pronounced at nighttime than during the daytime
and is reported to be stronger in inland regions than in
coastal regions (Kim and Baik, 2004). In addition, pre-
vious studies have suggested that minimum temperature
is a sensitive indicator of the UHI effect, and a similar
pattern was observed in this study (Hua et al., 2007).
These characteristics of the UHI provide important in-
sights into the differences in temperature increase rates
among cities observed in this study. As shown in Fig. 2,
relatively higher temperature increase rates were ob-
served in some inland cities (e.g., Daejeon and Daegu),
although this pattern was not consistent across all inland
cities. In contrast, for maximum and mean temperatures,
higher increase rates were found in some coastal cities
such as Busan and Incheon. These results suggest that the
UHI effect alone may not fully explain the differences in
temperature increase rates among cities. Instead, these
differences are likely influenced by a combination of fac-
tors, including oceanic effects, regional meteorological
conditions, and city-specific geographic characteristics.
Further studies are required to better understand these
complex interactions.

According to the 2050 Carbon Neutral Strategy of the
Republic of Korea (Government of the Republic of
Korea, 2020), the national mean temperature has in-
creased by approximately 1.8°C over the past century, ex-
ceeding the global average (0.8-1.2°C). In particular, the
mean temperature has risen by 1.4°C during the past three
decades, indicating an intensified warming trend across
the Korean Peninsula. Similarly, Kim and Kim (2011) re-
ported that the mean temperature across South Korea in-
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Fig. 3. Annual variations in maximum, mean, and minimum groundwater temperatures in bedrock monitoring wells. (a) Seoul
Magok, (b) Incheon Yeonsu, (¢) Daejeon Taepyeong, (d) Dacgu Hyenpung, (¢) Ulsan Onyang, (f) Busan Dongdaesin, (g) Gwangju
Yudeok.
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Table 3. Groundwater temperature trend slopes in bedrock monitoring wells.

. Slope of trend

Monitoring well -
Max Mean Min
Seoul Magok 0.035 0.044 0.058
Seoul Jangwi -0.020 -0.004 0.004
Incheon Mansu 0.028 0.029 0.023
Incheon Yeonsu 0.024 0.035 0.033
Incheon Hajeom 0.026 0.047 0.083
Daejeon Taepyeong 0.037 0.045 0.058
Gunwi Sanseong 0.010 0.037 0.053
Gunwi Uiheung -0.024 -0.007 0.033
Daegu Gachang 0.018 0.019 0.009
Daegu Daebong 0.025 0.073 0.116
Daegu Hyenpung 0.040 0.076 0.098
Ulsan Dalcheon -0.068 -0.036 -0.012
Ulsan Beomseo 0.013 0.015 -0.006
Ulsan Sangbuk -0.015 0.023 0.076
Ulsan Onyang 0.100 0.032 0.047
Busan Dongdaesin 0.018 0.058 0.111
Gwangju Unjeong -0.007 0.008 0.013
Gwangju Yudeok 0.039 0.044 0.055

creased by about 1.37°C between 1954 and 2008, with
warming rates exceeding 0.2°C per decade in highly in-
dustrialized metropolitan areas such as Seoul, Incheon,
Daegu, Pohang, and Ulsan, demonstrating that urban-
ization and industrialization have accelerated regional
warming. These previous findings are consistent with the
upward trend in air temperature observed in this study
during 1970-2020. The air temperature warming rates
observed in this study ranged from approximately 0.05 to
0.53°C per decade, which were comparable to, and in some
regions higher than, the previously reported warming rate
of approximately 0.2°C per decade. However, these dif-
ferences may be influenced by variations in study period,
regional climatic characteristics, and analytical methods
among studies; therefore, direct comparisons should be

interpreted with caution.

3.2. Trend analysis of groundwater temperature
from bedrock monitoring wells

To examine the temporal variations in groundwater

temperature, a time-series analysis was conducted. The

analysis was performed separately for bedrock and allu-

vial aquifers, and, as with air temperature, the ground-

water temperature data were categorized into three varia-
bles: mean, maximum, and minimum. Fig. 3 presents the
annual variations in groundwater temperature at repre-
sentative bedrock wells selected from each study area,
with the slope of the trend line indicating the rate of
change over time. The axis ranges were adjusted in-
dividually for each site to better represent local varia-
bility in groundwater temperature. The slope values de-
rived from the time-series analysis of all bedrock wells
are summarized in Table 3. A positive slope indicates an
increasing trend in groundwater temperature over time,
while a negative slope indicates a decreasing trend.
Among the 18 bedrock monitoring wells analyzed, 83%
(15 wells) showed positive slopes for mean groundwater
temperature, 72% (13 wells) for maximum groundwater
temperature, and 89% (16 wells) for minimum ground-
water temperature. These results suggest that ground-
water temperatures at most bedrock monitoring wells are
currently exhibiting an overall warming trend. Similar
warming trends in groundwater temperature have also
been reported in previous studies conducted in various
regions, including Europe and East Asia (Kurylyk ef al.,
2014; Benz et al., 2017). These findings collectively in-
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Fig. 4. Annual variations in maximum, mean, and minimum groundwater temperatures in alluvial monitoring wells. (a) Seoul
Magok, (b) Incheon Yeonsu, (¢) Daegu Gachang, (d) Ulsan Beomseo, (¢) Ulsan Sangbuk, (f) Ulsan Onyang, (g) Gwangju Yudeok.
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Table 4. Groundwater temperature trend slopes in alluvial monitoring wells.

Slope of trends

Monitoring well

Max Mean Min

Seoul Magok 0.022 0.046 0.075
Incheon Yeonsu 0.023 0.023 0.022
Daegu Gachang 0.046 0.051 0.056
Ulsan Beomseo 0.035 0.034 0.036
Ulsan Sangbuk -0.089 0.026 0.158
Ulsan Onyang 0.026 0.057 0.113
Gwangju Yudeok 0.037 0.084 0.119

dicate that subsurface thermal regimes are responding
sensitively to long-term atmospheric warming. Although
a majority of bedrock monitoring wells exhibited positive
slopes, indicating an overall warming tendency, caution
is required when interpreting these results due to the relatively
small sample size and uneven spatial distribution of the wells.
In addition, several wells showed negative trends, suggesting
the presence of spatial and hydrogeological heterogeneity
in groundwater temperature responses. These variations may
be influenced by site-specific conditions such as geo-
logical characteristics, groundwater flow regimes, and lo-

cal environmental factors.

3.3. Trend analysis of groundwater temperature
from alluvial monitoring wells

Fig. 4 illustrates the annual variations in groundwater
temperature for alluvial aquifers, with the slopes of the
trend lines summarized in Table 4. The axis ranges were
adjusted individually for each site to better represent lo-
cal variability in groundwater temperature. Unlike bed-
rock aquifers, where data were available from all mon-
itoring wells, groundwater temperature measurements in
alluvial aquifers were obtained only from a limited num-
ber of sites. To ensure the reliability of the long-term
trend analysis, only wells with more than 15 years of con-
tinuous records were selected, resulting in a total of seven
monitoring wells. The selected wells included one each in
Seoul, Incheon, Daegu, and Gwangju, and three in Ulsan,
representing five of the seven study regions. Groundwater
temperature data for alluvial aquifers were not available
in Daejeon and Busan, as no monitoring wells with suffi-
cient long-term records existed in these areas. As shown
in Table 4, most wells displayed a gradual increase in

groundwater temperature. The only exception was the

Ulsan-Sangbuk well, which exhibited a decreasing trend
in maximum groundwater temperature. As noted in Table 2,
alluvial aquifer wells are shallower than bedrock wells,
with observation devices installed closer to the ground
surface, making them more strongly influenced by air
temperature. Consequently, groundwater temperatures in
alluvial aquifers tend to respond more sensitively to at-
mospheric temperature changes.

This depth-dependent thermal response has also been
reported in previous studies, which demonstrated that
shallow or near-surface aquifers exhibit more rapid and
pronounced temperature variations in response to surface
heat flux and atmospheric temperature fluctuations
(Kurylyk et al., 2014; Menberg et al., 2014; Benz et al.,
2017). These previous findings support the present ob-
servation that alluvial aquifers, being shallower and hy-
draulically connected to the surface, are more thermally
sensitive to atmospheric influences than deeper bedrock

systems.

3.4. Mann-Kendall test of groundwater temper-
ature

To evaluate the monotonic trends of annual ground-
water temperature time series without assuming a specif-
ic distribution, the Mann-Kendall test was applied.
Similar to the time-series analysis, the Mann-Kendall test
was performed using three categories of annual ground-
water temperature data; mean, maximum, and minimum.
The results are presented in Fig. 5 and Table 5. Fig. 5 dis-
plays the Mann—-Kendall outcomes as a stacked bar chart,
with three categories distinguished increasing trends
(orange), no trend (blue), and decreasing trends (gray).
These results suggest that groundwater warming may be

more sensitive to changes in lower temperature ranges
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Table 5. Results of the Mann-Kendall tests for annual groundwater temperatures.

Mann-Kendall test

Trend -
Mean Max Min Total
Increasing 56% (14/25) 44% (11/25) 64% (16/25) 55% (41/75)
No trend 44% (11/25) 52% (13/25) 36% (9/25) 44% (33/75)
Decreasing 0% (0/25) 4% (1/25) 0% (0/25) 1% (1/75)

than to variations in mean temperature.

Among the 25 monitoring wells, 56% (14 wells) showed
increasing trends in mean groundwater temperature, while
44% (11 wells) exhibited no significant trend. No decreas-
ing trends were observed for mean groundwater temperature.
For maximum groundwater temperature, 44% (11 wells)
indicated increasing trends, 52% (13 wells) showed no
trend, and 4% (1 well) exhibited a decreasing trend. In the
case of minimum groundwater temperature, 64% (16 wells)
displayed increasing trends and 36% (9 wells) showed no
trend, with no decreasing trends observed. When combin-
ing all three categories (mean, maximum, and minimum),
55% (41 cases) exhibited increasing trends, 44% (33 cas-
es) showed no trend, and only 1% (1 case) indicated a de-
creasing trend. The Mann—Kendall test results revealed
that the proportion of increasing trends was highest for
minimum groundwater temperature, indicating a pronounced
monotonic warming tendency. This finding suggests that
groundwater temperatures at the lower range are the most
responsive and sensitive indicators of long-term atmospheric
warming, strongly implying that the overall subsurface ther-
mal environment is gradually shifting toward warmer conditions.

Meanwhile, the Mann-Kendall test is designed to de-
termine the existence and direction of a trend rather than
quantifying the magnitude of change. Therefore, in this
study, the slopes of the time-series trend lines were also

100 -
4 1
80 A 36
52
60 -

40 4

Percentage (%)

20 A

Mean Max Min Total

Increasing mNotrend = Decreasing

Fig. 5. Results of the Mann-Kendall test for groundwater
temperature.

presented to complement the quantitative interpretation
(Tables 3 and 4). Overall, the slopes were predominantly
positive, consistent with the directional outcomes of the
Mann—Kendall test. The predominance of positive slopes
indicates that the thermal regime of groundwater in the
study areas is gradually but persistently shifting toward
warmer conditions. However, the amount and continuity
of groundwater temperature data varied among monitor-
ing sites, suggesting that trends may be less distinct at lo-
cations with shorter or discontinuous records. As the stat-
istical power of the Mann-Kendall test is known to in-
crease with sample size and trend magnitude, shorter or
incomplete time series may reduce the detectability of
trends (Yue et al., 2002). Accordingly, while the results
demonstrate a gradual rise in the thermal background of
groundwater across the study areas, more refined follow-up
studies are needed to enhance interpretive reliability. In par-
ticular, future investigations should include seasonal trend
analyses and depth-dependent assessments to more compre-
hensively capture temporal variability. Furthermore, in-
corporating spatial analyses that examine the relationships
among groundwater temperature variation, atmospheric
warming, land-use change, and hydrogeological character-
istics would provide a clearer understanding of the mecha-
nisms driving subsurface thermal evolution and improve

the reliability of long-term trend interpretations.

3.5. Correlation between air and groundwater
temperatures

By synthesizing the results of the time-series analysis
and the Mann—Kendall test, it was confirmed that both air
temperature and groundwater temperature in the seven
metropolitan cities of South Korea exhibit predominant
increasing trends. To further evaluate the linear relation-
ship between these two variables, which displayed sim-

ilar patterns, Pearson correlation analysis was conducted.
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The results for the 25 monitoring wells are summarized
in Table 6, which presents the correlation coefficients (r)
and corresponding p-values. According to Table 6, mean-
mean showed positive correlations in 19 out of 25 wells
(76%), with r values ranging from 0.006 to 0.524. Max-max

exhibited positive correlations in 18 wells (72%), with r values

14.8
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ranging from 0.006 to 0.547. Min-min showed positive cor-
relations in 13 wells (52%), with r values ranging from
0.01 to 0.247. Although most monitoring wells exhibited
positive correlations between air temperature and ground-
water temperature, statistical significance was limited at

several sites. This pattern can be attributed to the intrinsic
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Fig. 6. Scatter plots of air temperature and groundwater temperature at the Seoul Magok bedrock well: (a) mean, (b) maximum,
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Table 6. Pearson correlation coefficients (r) and p-values between annual air temperature and groundwater temperature at the

study area.
Monitoring well Type Mean-Mean Max-Max Min-Min
T p T p T p

Seoul Magok bedrock 0.524 0.021 0.285 0.238 0.032 0.895
Seoul Magok alluvial 0.457 0.075 0.141 0.601 -0.005 0.984
Seoul Jangwi bedrock 0.227 0.380 0.103 0.695 0.171 0.512
Incheon Mansu bedrock 0.405 0.120 0.165 0.541 -0.087 0.750
Incheon Yeonsu bedrock 0.114 0.675 0.390 0.136 0.033 0.904
Incheon Yeonsu alluvial -0.004 0.988 0.308 0.246 -0.265 0.321
Incheon Hajeom bedrock -0.062 0.789 0.353 0.117 -0.334 0.139
Daejeon Taepyeong  bedrock 0.229 0.293 0.421 0.045 -0.003 0.991
Gunwi Sanseong bedrock -0.018 0.944 0.188 0.470 -0.264 0.307
Gunwi Uiheung bedrock -0.311 0.158 -0.155 0.490 -0.037 0.871
Daegu Gachang bedrock 0.063 0.797 0.546 0.016 -0.037 0.882
Daegu Gachang alluvial 0.108 0.669 0.248 0.321 0.028 0.911
Daegu Daebong bedrock -0.011 0.959 0.006 0.980 0.043 0.847
Daegu Hyenpung bedrock 0.378 0.069 0.289 0.170 0.063 0.771
Ulsan Dalcheon bedrock 0.040 0.867 -0.272 0.247 0.247 0.294
Ulsan Beomseo bedrock 0.341 0.111 0.143 0.516 0.198 0.364
Ulsan Beomseo alluvial 0.294 0.196 -0.003 0.988 -0.002 0.992
Ulsan Sangbuk bedrock 0.005 0.980 -0.138 0.522 -0.117 0.586
Ulsan Sangbuk alluvial 0.174 0.505 -0.178 0.495 0.191 0.462
Ulsan Onyang bedrock 0.219 0.328 -0.152 0.501 -0.049 0.829
Ulsan Onyang alluvial 0.181 0.420 -0.050 0.827 0.010 0.965
Busan Dongdaesin ~ bedrock 0.128 0.581 0.295 0.194 -0.020 0.933
Gwangju Unjeong bedrock -0.155 0.527 0.278 0.248 0.034 0.890
Gwangju Yudeok bedrock 0.312 0.120 0.062 0.763 0.118 0.567
Gwangju Yudeok alluvial 0.171 0.414 0.507 0.010 0.128 0.543

thermal properties of the subsurface. Menberg et al.
(2014) reported that thermal signals generated at the land
surface become damped and delayed as they propagate
through the unsaturated zone due to heat conduction and
the high thermal capacity of subsurface materials.
Similarly, Figura et al. (2011) demonstrated that climatic
signals reaching groundwater systems are weakened and
delayed relative to atmospheric or river temperature
variations. Patton et al. (2025) further showed that ground-
water temperatures reflect an attenuated and damped form
of the land surface temperature waveform. These time-lag
and amplitude-damping effects diminish the direct year-to-
year correspondence between air and groundwater temper-

atures, thereby contributing to the limited statistical sig-

nificance observed despite the overall predominance of
positive relationships. However, the relatively weak corre-
lations, particularly in the min—-min comparison, may also
reflect the combined influence of other factors, including
differences in observation periods, data screening proce-
dures, seasonal variability, groundwater recharge, and
site-specific hydrogeological flow conditions.

Based on the Pearson correlation analysis, which con-
firmed positive associations between air temperature and
groundwater temperature, a linear regression analysis was
additionally performed to quantify the influence of air
temperature on groundwater temperature. Scatter plots were
constructed for each pairing of mean, maximum, and min-

imum air and groundwater temperatures, as shown in Fig. 6,



=L 712 501 Xk 20 0iXls S 367

and regression lines were fitted accordingly. The result-
ing regression coefficients are summarized in Table 7.
However, despite the overall tendency toward positive re-
gression coefficients, only a few sites demonstrated stat-
istically significant relationships. For mean-mean, sig-
nificance was observed at only one site: Seoul Magok
(bedrock), where 31 = 0.534, R2 = 0.275, and p = 0.022.
At most other sites, R? values were low and p-values ex-
ceeded the significance threshold, indicating that the line-
ar relationship based on mean values was generally weak
or not statistically significant. In contrast, regression anal-
ysis between max-max revealed significant relationships
at several sites. Specifically, Daecgu Gachang (bedrock)
(R2=0.299, p = 0.016), Gwangju Yudeok (alluvial) (R* =
0.257, p = 0.010), and Daejeon Taepyeong (bedrock) (R?
=0.178, p = 0.046) all showed p-values below 0.05, sug-
gesting that under maximum temperature conditions,
groundwater temperature exhibits a statistically sig-
nificant linear relationship ith air temperature. The co-
efficients of determination at these sites (R? > 0.15) fur-
ther indicate that maximum air temperature can explain a
certain proportion of groundwater temperature variability.
For min-min, no site yielded p-values below 0.05, and
thus no statistically significant relationships were identified.
The negative regression coefficients with very low R? values
may arise from the temporal lag and attenuation of atmos-
pheric thermal signals as they propagate into the
subsurface. Previous studies have shown that air-temperature
variations become progressively damped and delayed with
depth (Egidio et al., 2024), resulting in groundwater temper-
atures that respond with a shifted phase relative to surface
conditions. In addition, non-conductive processes such as
recharge and advective heat transport can distort the season-
al groundwater-temperature signal, producing deviations
from the conduction-only sinusoidal response and leading to
non-sinusoidal or skewed patterns in the time series (Patton
et al., 2025). Under such conditions, the statistical rela-
tionship between minimum air temperature and ground-
water temperature may appear weak or even negative,
particularly when subsurface hydrological processes ex-
ert stronger control than immediate atmospheric forcing.
Differences between aquifer types were also observed.
For example, while Seoul Magok (bedrock) showed sig-
nificance in the mean-mean analysis, the corresponding

alluvial well at the same location produced results just

above the threshold (R? = 0.21, p = 0.075). Gwangju
Yudeok (alluvial) was the only alluvial site with a sig-
nificant relationship in the maximum-maximum analysis,
illustrating that some shallow aquifers can also respond
sensitively to atmospheric temperature changes.

However, the generally low R? values and lack of stat-
istical significance observed at most sites suggest that
groundwater temperature cannot be explained solely by
variations in air temperature and is instead influenced by
a range of additional factors. This interpretation is con-
sistent with previous findings indicating that ground-
water thermal responses are shaped by multiple con-
trols-such as soil moisture content, snowpack depth, pre-
cipitation, and site-specific microclimatic conditions-which
regulate the transfer of atmospheric thermal signals into
the subsurface (Smith, 2023).

4. Conclusion

In conclusion, this study quantitatively assessed the in-
fluence of climate change on groundwater temperature
by analyzing long-term records (1996-2022) from 25 na-
tional monitoring wells in seven major metropolitan cit-
ies of South Korea, together with ASOS air temperature
data from the Korea Meteorological Administration.
Through time-series analysis, the Mann—-Kendall test,
Pearson correlation, and linear regression, the study com-
prehensively evaluated long-term trends and the inter-
relationship between air and groundwater temperatures.

First, the results of the trend analysis and the Mann-
Kendall test revealed an overall increasing trend in ground-
water temperature, which is consistent with previous stud-
ies conducted in Korea (Park ef al., 2011; Lee and Han, 2013).
In particular, the most pronounced increase was observed in
minimum groundwater temperature. This indicates that
even at lower thermal ranges, the subsurface environment
is gradually warming, suggesting a long-term shift of
groundwater systems toward sustained warming. Second,
Pearson correlation analysis confirmed positive correlations
between air temperature and groundwater temperature at
most monitoring wells, although statistically significant
results were limited to a subset of sites. Notably, the cor-
relations were more evident under maximum temperature
conditions than under mean values, implying that extreme

air temperature fluctuations exert stronger influences



Table 7. Linear regression results between air temperature and groundwater temperature (Values are rounded to three decimal places).

Observation well Type Mean Max Min
slope (B1) R? P slope (B1) R? P slope (B R? P

Seoul Magok bedrock 0.534 0.275 0.021 0.109 0.081 0.238 0.008 0.001 0.895
Seoul Magok alluvial 0.257 0.209 0.075 0.036 0.020 0.601 -0.001 0.000 0.984
Seoul Jangwi bedrock 0.126 0.052 0.380 0.025 0.011 0.695 0.026 0.029 0.512
Incheon Mansu bedrock 0.267 0.164 0.120 0.049 0.027 0.541 -0.006 0.008 0.750
Incheon Yeonsu bedrock 0.054 0.013 0.675 0.040 0.152 0.136 0.003 0.001 0.904
Incheon Yeonsu alluvial -0.002 0.000 0.988 0.050 0.095 0.246 -0.030 0.070 0.321
Incheon Hajeom bedrock -0.059 0.004 0.789 0.070 0.125 0.117 -0.088 0.111 0.139
Daejeon Taepyeong bedrock 0.151 0.052 0.293 0.084 0.178 0.045 0.000 0.000 0.991
Gunwi Sanseong bedrock -0.033 0.000 0.944 0.074 0.035 0.470 -0.061 0.069 0.307
Gunwi Uiheung bedrock -0.212 0.097 0.158 -0.055 0.024 0.490 -0.010 0.001 0.871
Daegu Gachang bedrock 0.051 0.004 0.797 0.155 0.298 0.016 -0.004 0.001 0.882
Daegu Gachang alluvial 0.218 0.012 0.669 0.137 0.062 0.321 0.007 0.001 0911
Daegu Daebong bedrock -0.026 0.000 0.959 0.002 0.000 0.980 0.023 0.002 0.847
Daegu Hyenpung bedrock 0.812 0.143 0.069 0.138 0.084 0.170 0.032 0.004 0.771
Ulsan Dalcheon bedrock 0.039 0.002 0.867 -0.164 0.074 0.247 0.029 0.061 0.294
Ulsan Beomseo bedrock 0.247 0.117 0.111 0.053 0.020 0.516 0.042 0.039 0.364
Ulsan Beomseo alluvial 0.553 0.086 0.196 -0.003 0.000 0.988 -0.001 0.000 0.992
Ulsan Sangbuk bedrock 0.006 0.000 0.980 -0.044 0.019 0.522 -0.046 0.014 0.586
Ulsan Sangbuk alluvial 0.184 0.030 0.505 -0.190 0.032 0.495 0.105 0.037 0.462
Ulsan Onyang bedrock 0.180 0.048 0.328 -0.146 0.023 0.501 -0.010 0.002 0.829
Ulsan Onyang alluvial 0.242 0.033 0.420 -0.024 0.002 0.827 0.005 0.000 0.965
Busan Dongdaesin bedrock 0.191 0.016 0.581 0.132 0.087 0.194 -0.009 0.000 0.933
Gwangju Unjeong bedrock -0.053 0.024 0.527 0.074 0.078 0.248 0.003 0.001 0.890
Gwangju Yudeok bedrock 0.267 0.098 0.120 0.021 0.004 0.763 0.028 0.014 0.567
Gwangju Yudeok alluvial 0.292 0.029 0414 0.181 0.257 0.010 0.070 0.016 0.543
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on the thermal regime of groundwater. Third, linear re-
gression analysis showed predominantly positive slopes
across the monitoring wells, suggesting an overall pos-
itive association between air temperature and groundwater
temperature. However, statistically significant regression
relationships were identified only at a few sites: Seoul Magok
(bedrock), Daegu Gachang (bedrock), Daejeon Taepyeong
(bedrock), and Gwangju Yudeok (alluvial). Most sites ex-
hibited low R” and high p-values, highlighting that ground-
water temperature cannot be fully explained by air temper-
ature alone.

Groundwater warming trends observed in this study
ranged from approximately 0.04 to 1.58°C per decade,
depending on monitoring site and aquifer type. Previous
international studies have reported comparable warming
trends; for example, Benz et al. (2018) reported an aver-
age groundwater warming rate of approximately 0.36C
per decade in Austria, while Hemmerle and Bayer (2020)
observed warming trends ranging from 0.09 to 0.28°C
per decade in Germany depending on monitoring depth.
Compared with these previous studies, groundwater
warming trends observed in Korea showed a broader
range. However, these differences are likely attributable
to variations in monitoring depth, study period, climatic
conditions, and levels of urbanization among studies. In
particular, given that this study focused on monitoring
networks located in metropolitan areas and that some ex-
treme values were derived from specific temperature
metrics (e.g., minimum groundwater temperature), direct
comparison with the average warming rates reported in
international studies should be interpreted with caution.
Nevertheless, such cross-country comparisons provide an
important basis for understanding how groundwater
warming observed in Korea fits within broader global
climate change patterns and for interpreting its relative
characteristics.

The true significance of this study lies not only in
identifying long-term variations in groundwater temper-
ature but also in empirically demonstrating the impacts
of climate change on the thermal stability of groundwater
systems. Groundwater is not only a vital resource for
drinking water, industry, and agriculture, but it is also
closely linked to diverse environmental processes, in-
cluding the maintenance of baseflow in rivers, the preser-

vation of groundwater-dependent ecosystems, and the

regulation of water quality and aquatic biogeochemical
cycles. Thus, the long-term warming of groundwater rep-
resents more than a simple physical change; it poses pro-
found implications for the availability of water resources,
the health of ecosystems, and ultimately the sustainable
development of local communities. By focusing on major
metropolitan areas in Korea, this study highlights that
groundwater warming is no longer a potential risk of the
future but an ongoing reality, thereby providing critical
scientific evidence that must be taken into account in fu-
ture water resource management policies and climate

change adaptation strategies.

Acknowledgements

We would like to thank the National Groundwater
Information Center (GIMS) and the Korea Meteorological
Administration (KMA) for providing access to the ground-
water and meteorological datasets used in this study. This
research was supported by Basic Science Research
Program through the National Research Foundation of Korea
(RS-2019-NR040076) funded by the Ministry of Education
(2026). This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea gov-
ernment (MSIT) (RS-2024-00352562).

REFERENCES

Benz, S.A., Bayer, P. and Blum, P., 2017, Global patterns of shal-
low groundwater temperatures. Environmental Research Letters,
12, 034005, https://doi.org/10.1088/1748-9326/aa5{b0.

Benz, S.A., Bayer, P., Winkler, G. and Blum, P., 2018, Recent
trends of groundwater temperatures in Austria. Hydrology
and Earth System Sciences, 22, 3143-3154, https://doi.org/10.
5194/hess-22-3143-2018.

Benz, S.A., Irvine, D.J., Rau, G.C., Bayer, P., Menberg, K., Blum,
P., Jamieson, R.C., Griebler, C. and Kurylyk, B.L., 2024, Global
groundwater warming due to climate change. Nature
Geoscience, 17, 545-551, https://doi.org/10.1038/s41561-024-
01453-x.

Bovolo, C.I., Parkin, G. and Sophocleous, M., 2009, Groundwater
resources, climate and vulnerability. Environmental Research
Letters, 4, 035001, https://doi.org/10.1088/1748-9326/4/3/ 035001.

Colin, J., Voldoire, A., Decharme, B. and Krinner, G., 2023,
Groundwater feedbacks on climate change in the CNRM global
climate model. Journal of Climate, 36, 7219-7234, https://do-
i.org/10.1175/JCLI-D-22-0767.1.

Earman, S. and Dettinger, M., 2011, Potential impacts of climate
change on groundwater resources - a global review. Journal of



370 Mol - 01218 - XIS - Anuradha Karunakalage - O1HIE

Water and Climate Change, 2, 213-229, https://doi.org/10.2166/
wce.2011.034.

Egidio, E., De Luca, D.A. and Lasagna, M., 2024, How ground-
water temperature is affected by climate change: A systematic
review. Heliyon, 10, 27762, https://doi.org/10.1016/j.heliyon.
2024.e27762.

Figura, S., Livingstone, D.M., Hoehn, E. and Kipfer, R., 2011,
Regime shift in groundwater temperature triggered by the
Arctic Oscillation. Geophysical Research Letters, 38, L23401,
https://doi.org/10.1029/2011GL049749.

Fulcher, B.D., Little, M.A. and Jones, N.S., 2013, Highly com-
parative time-series analysis: The empirical structure of time
series and their methods. Journal of The Royal Society Interface,
10, 20130048, https://doi.org/10.1098/rsif.2013.0048.

Government of the Republic of Korea, 2020, Korea’s 2050 Carbon
Neutrality Strategy. Government of the Republic of Korea.

Green, T.R., Taniguchi, M., Kooi, H., Gurdak, J.J., Allen, D.M.,
Hiscock, K.M., Treidel, H. and Aureli, A., 2011, Beneath the
surface of global change: Impacts of climate change on
groundwater. Journal of Hydrology, 405, 532-560, https://do-
1.0org/10.1016/j.jhydrol.2011.05.002.

Hamed, K.H. and Rao, A.R., 1998, A modified Mann-Kendall
trend test for autocorrelated data. Journal of Hydrology, 204,
182-196, https://doi.org/10.1016/S0022-1694(97)00125-X.

Hauke, J. and Kossowski, T., 2011, Comparison of values of
Pearson’s and Spearman’s correlation coefficients on the same
sets of data. Quaestiones Geographicae, 30, 87-93, https://do-
i.org/10.2478/v10117-011-0021-1.

Hemmerle, H. and Bayer, P., 2020, Climate change yields ground-
water warming in Bavaria, Germany. Frontiers in Earth
Science, 8, 575894., https://doi.org/10.3389/feart.2020.575894.

Houghton, J., 2005, Global warming. Reports on Progress in
Physics, 68, 1343-1403, https://doi.org/10.1088/0034-4885/68/ 6/
RO2.

Hua, L.J., Ma, Z.G. and Guo, W.D., 2007, The impact of urban-
ization on air temperature across China. Theoretical and
Applied Climatology, 93, 179-194, https://doi.org/10.1007/s00704-
007-0334-3.

IPCC., 2023, Climate Change 2023: Synthesis Report. Contribution
of Working Groups I, IT and III to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change [Core Writing
Team, H. Lee &J. Romero (eds.)]. IPCC, https://doi.org/10.59327/IPCC/
AR6-9789291691647.

Jasechko, S., Perrone, D., Befus, K. M., Yu, K. and Rohde, M.M.,
2024, Rapid groundwater-level decline and some cases of re-
covery in aquifers globally. Nature, 626, 833-839, https://do-
1.0rg/10.1038/541586-023-06879-8.

Karunakalage, A., Lee, J.Y., Daqiq, M.T., Cha, J., Jang, J. and
Kannaujiya, S., 2024, Characterization of groundwater drought
and understanding of climatic impact on groundwater resources in
Korea. Journal of Hydrology, 634, 131014, https://doi. org/10.1016/
j.jhydrol.2024.131014.

Kim, M.-K. and Kim, S., 2011, Quantitative estimates of warming
by urbanization in South Korea over the past 55 years (1954-
2008), Atmospheric Environment, 45, 5778-5783, https://do-
i.org/10.1016/j.atmosenv.2011.07.028.

Kim, Y.-H. and Baik, J.-J., 2002, Maximum urban heat island in-
tensity in Seoul. Journal of Applied Meteorology, 41, 651-659.

Kim, Y.-H. and Baik, J.-J., 2004, Daily maximum urban heat island
intensity in large cities of Korea. Theoretical and Applied
Climatology, 79, 151-164.

Klepikova, M., 2024, Groundwater warming. Nature Geoscience,
17, 487-488, https://doi.org/10.1038/s41561-024-01461-x.
Konikow, L.F. and Kendy, E., 2005, Groundwater depletion: A
global problem. Hydrogeology Journal, 13, 317-320, https:

//doi.org/10.1007/s10040-004-0411-8.

Korea Meteorological Administration, 2019, Standards for the in-
stallation of meteorological instruments. Korea Meteorological
Administration, 3 p.

Korea Meteorological Administration, 2024, Guidelines for sur-
face meteorological observations. Korea Meteorological
Administration, 328 p.

Korea Meteorological Administration, 2025, 2024 annual climate
characteristics. Korea Meteorological Administration, 27 p.

Kumar, C.P,, 2012, Climate change and its impact on groundwater
resources. Research Inventy International Journal of Engineering
and Science, 1, 43-60.

Kumari, K. and Yadav, S., 2018, Linear regression analysis study.
Journal of the Practice of Cardiovascular Sciences, 4, 33-36,
https://doi.org/10.4103/jpcs.jpcs 8 18.

Kurylyk, B.L., MacQuarrie, K.T.B. and Voss, C.1., 2014, Climate
change impacts on the temperature and magnitude of ground-
water discharge from shallow, unconfined aquifers. Water
Resources Research, 50, 3253-3274, https://doi.org/10.1002/
2013WRO014588.

Lee, J.Y., Cha, J. and Raza, M., 2021, Groundwater development,
use and its quality in Korea: tasks for sustainable use: Water
Policy, 23, 1375-1387, https://doi.org/10.2166/wp.2021.088

Lee, J.-Y. and Han, J., 2013, Evaluation of groundwater monitor-
ing data in four megacities of Korea: Implication for sustainable
use. Natural Resources Research, 22, 103-120, https://do-
i.0rg/10.1007/s11053-013-9205-9.

Lee, J.Y. and Kim, H., 2021, Review and suggestions for sustain-
able development and conservation of groundwater under
changing climate. Journal of the Geological Society of Korea,
57, 855-864 (in Korean with English abstract).

Lee, J.Y. and Kwon, K., 2016, Current status of groundwater mon-
itoring networks in Korea. Water, 8, 168.

Menberg, K., Blum, P., Kurylyk, B.L. and Bayer, P., 2014,
Observed groundwater temperature response to recent climate
change. Hydrology and Earth System Sciences, 18, 4453-4466,
https://doi.org/10.5194/hess-18-4453-2014.

Ministry of Environment., 2022, Notice on the Installation and
Operation of the National Groundwater Monitoring Network.
Ministry of Environment Notice, No. 2022-124.

Neidhardt, H. and Shao, W., 2023, Impact of climate change-in-
duced warming on groundwater temperatures and quality.
Applied Water Science, 13, 235, https://doi.org/10.1007/
$13201-023-02039-5.

Park, Y.C., Jo, Y.J. and Lee, J.Y., 2011, Trends of groundwater data
from the Korean National Groundwater Monitoring Stations:
indication of any change?. Geosciences Journal, 15, 105-114.



=L 712 501 Xk 20 0iXls S 371

Patton, A., Briggs, M.A., McKenzie, J.M., Lautz, L.K. and
Gordon, R.P., 2025, Using groundwater temperature time-ser-
ies to reveal subsurface thermal and hydraulic processes.
Hydrogeology Journal, 33, 1259-1277, https://doi.org/10.1007/
$10040-025-02930-2.

Ratner, B., 2009, The correlation coefficient: Its values range be-
tween +1/— 1, or do they. Journal of Targeting, Measurement
and Analysis for Marketing, 17, 139-142, https://doi.org/10.1057/
jt.2009.5.

Riedel, T., 2019, Temperature-associated changes in groundwater
quality. Journal of Hydrology, 572, 206-212, https://do-
i.org/10.1016/j.jhydrol.2019.02.059.

Schober, P., Boer, C. and Schwarte, L.A., 2018, Correlation co-
efficients: Appropriate use and interpretation. Anesthesia &
Analgesia, 126, 1763-1768, https://doi.org/10.1213/ANE.
0000000000002864.

Siebert, S., Burke, J., Faures, .M., Frenken, K., Hoogeveen, J.,
Dall, P. and Portmann, F.T., 2010, Groundwater use for irriga-
tion—A global inventory. Hydrology and Earth System Sciences,
14, 1863-1880, https://doi.org/10.5194/hess-14-1863-2010.

Smith, K.A., O'Sullivan, A.M., Kennedy, G., Benz, S.A., Somers,
L.D. and Kurylyk, B.L., 2023, Shallow groundwater temper-
ature patterns revealed through a regional monitoring well
network. Hydrological Processes, 37, €14975, https://do-
i.org/10.1002/hyp.14975.

Turkeltaub, T., Fire, M. and Bernstein, A., 2026, Rapid ground-
water warming in an eastern Mediterranean coastal aquifer
linked to urbanization. Journal of Hydrology, 672, 135376,
https://doi.org/10.1016/j.jhydrol.2026.135376.

Wadanambi, R.T., Wandana, L.S., Chathumini, K.K.G.L.,
Dassanayake, N.P., Preethika, D.D.P. and Arachchige, U.S.P.R.,
2020, The effects of industrialization on climate change. Journal
of Research Technology and Engineering, 1, 86-94.

Wang, X. and Liu, L., 2023, The impacts of climate change on the

hydrological cycle and water resource management. Water, 15,
2342, https://doi.org/10.3390/w15132342.

Yadav, R., Tripathi, S.K., Pranuthi, G. and Dubey, S. K., 2014,
Trend analysis by Mann-Kendall test for precipitation and tem-
perature for thirteen districts of Uttarakhand. Journal of
Agrometeorology, 16, 164-171.

Yue, S., Pilon, P. and Cavadias, G., 2002, Power of the Mann—
Kendall and Spearman’s rho tests for detecting monotonic
trends in hydrological series. Journal of Hydrology, 259, 254-271.

Yun, H.-S., Lee, J.-Y., Hong, S.-S., Yang, D.-Y., Kim, J.-Y. and
Cho, D.-L., 2013, GIS-based areal distribution ratios and char-
acteristics of constituent rocks with geologic ages and rock
types in Jeonnam and Gwangju areas. The Journal of the
Petrological Society of Korea, 22, 153-177, https://doi.org/
10.7854/JPSK.2013.22.2.153 (in Korean with English abstract).

Yun, H.-S., Lee, J.-Y., Hong, S.-S., Yang, D.-Y., Kim, J.-Y. and Yi,
S., 2011, Areal distribution ratio and characteristics of con-
stituent rocks with geologic age and rock type by GIS in
Gyeongnam-Ulsan—Busan areas. The Journal of the Petrological
Society of Korea, 20, 39-59 (in Korean with English abstract).

Yun, H.-S., Lee, J.-Y., Yang, D.-Y. and Hong, S.-S., 2007, Areal
distribution ratio of rock types with geologic ages in the
Gyeonggi—Seoul-Incheon areas. The Journal of the Petrological
Society of Korea, 16,208-216 (in Korean with English abstract).

Yun, H.-S., Lee, J.-Y., Yang, D.-Y. and Hong, S.-S., 2008, Areal
distribution ratios of the constituent rocks with the geologic
ages and rock types in the Chungbug-Chungnam-Daejeon
areas. The Journal of the Petrological Society of Korea, 17,
191-205 (in Korean with English abstract).

Yun, H.-S., Lee, J.-Y., Yang, D.-Y., Hong, S.-S., Kim, J.-Y. and Yi,
S.,2010, Areal distribution ratios of constituent rocks with geo-
logic ages and rock types by GIS in the Gyeongsangbug-Do and
Daegu areas. The Journal of the Petrological Society of Korea,
19, 1-18 (in Korean with English abstract).



	Impact of rising air temperature on groundwater temperature in Korea
	요약
	ABSTRACT
	1. Introduction
	2. Methods and materials
	3. Results and discussion
	4. Conclusion
	REFERENCES


