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Abstract

With increasing urbanization, it is becoming important to study the impact of human activity and climate change
on the underground environment, including groundwater temperatures. The subsurface urban heat island (SubUHI)
is one of the effects of these changes, which consists in increasing the temperature of soil and groundwater in
urban areas. This article analyses groundwater temperatures in Wroctaw in 2022-2024. The research was
conducted at 19 measurement points. The average groundwater temperature was 12.7°C, with values from 8.9°C
to 25.4°C. The highest temperatures were recorded in the city center, and the lowest on its western outskirts. Spatial
analysis showed higher temperatures in the city center, related to the influence of underground infrastructure and
artificial surfaces. At a depth of 15 meters, the influence of external factors on groundwater temperature
disappeared. The results indicate the need for further research on local factors influencing groundwater
temperature, which may be important for water resource management in cities.
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1. INTRODUCTION

Today, 55% of the world's population lives in urban areas, a proportion that is expected to increase to
68% by 2050 [1]. The process of urbanisation, combined with climate change affects environmental
conditions including the subsurface. Highly urbanized regions depend on abundant and clean
groundwater resources for drinking water extraction, and more recently, the urban subsurface has been
utilized for low-enthalpy geothermal energy extraction. However, urban areas significantly impact local
atmospheric and groundwater environments [2], as human activities can alter the natural physical and
chemical conditions of air and groundwater. Among these impacts, the thermal regime of groundwater
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has become a particularly pressing issue in urban areas, driven by growing concerns about groundwater
quality and conservation [3].

One of the documented phenomena in urban areas is the urban heat island (UHI). According to
Oke [4,5], there are four types of urban heat island: the boundary-layer urban heat island (BLUHI),
canopy UHI (CUHI), surface UHI (SUHI), and subsurface UHI (SubUHI). The last three have been
widely studied, whereas the SubUHI phenomenon is the least known and understood mainly due to the
lack of measurement data and the newly growing awareness of the phenomenon's existence. Studies on
SubUHI have been performed in many parts of the world. This phenomenon, known as the Subsurface
Urban Heat Island, refers to elevated temperatures in soil [6,7] or groundwater [8,9]. The higher
groundwater temperature in urban areas is defined as a Groundwater Urban Heat Island (GUHI) [10]. A
significant amount of research on SubUHI focuses on assessing the geothermal energy potential in urban
areas [11,12], driven by the increasing demand for energy and heightened ecological awareness. The
identification of the Subsurface Urban Heat Island has been carried out through both satellite techniques
[13,14] and in-situ measurements [15,16]. Satellite-derived land surface temperature (LST) is also used
to study UHI. This is an innovative remote sensing method for measuring above-ground temperatures.
While it suggests a correlation with air and ground surface temperatures, the exact relationships are not
yet fully defined [17,18]. Nonetheless, satellite-derived Land Surface Temperature (LST) provides
convenient access to both the spatial and temporal characteristics of Urban Heat Islands (UHIs).

Urban regions are increasingly experiencing subsurface heat islands, a phenomenon linked to
underground climate change that contributes to environmental issues, public health challenges, and
transportation disruptions. This warming of urban soil arises from both human activities and weather-
related factors [19]. SubUHI poses environmental concerns due to its impact on groundwater quality,
affecting its chemical, physical, and biological properties [20], as well as on living ecosystems [21].
Studies on subsurface temperatures have been conducted in many countries around the world, including:
Germany [8,16,22], Switzerland [3], Czech Republic [23,24], Italy [9,25,26], Spain [27], France [28],
United Kingdom [29], Netherlands [30], USA [23,31], Canada [15], Japan [32-35], South Korea,
Thailand [33,34]. Each of the above-mentioned studies confirms the warming of subsurface areas.
Studies in Asia have shown that the subsurface warming in the analysed cities ranges between 1.8 °C
and 2.8 °C [33]. Studies focusing on the relationship between air temperature and ground temperature
show that there is a relationship between them and based on meteorological information, annual
differences between temperatures can be estimated [23]. The conducted groundwater temperature
(GWT) measurements allowed the determination of the increase in GWT over time. According to
Memberg et al. [22], for the area of cities in Germany (Berlin, Munich, Frankfurt, Karlsruhe, Cologne,
Darmstadt) the SubUHI intensity ranges from 1.9 to 2.4 K, while according to Zhu et al. [16], for
Cologne alone the groundwater temperature for the city center increased by 5K. For the Paris area the
GWT in the last century increased on average by 0.9 °C [28], for Amsterdam 4.1 °C [30] and 3.5 °C for
Istanbul [36]. On the other hand, for the Basel area it was defined that the GWT is higher by 5 °C than
the average air temperature [3], and studies carried out for Milan revealed differences of up to 3 °C in
GWT between the city center and the surrounding rural areas [9]. The above studies have shown an
increase in the temperature beneath the city surface in various parts of the world by 2-8 °C. In these
studies, temperature-depth profiles are often used, which allow determining temperature changes over
time and depth [32-34,37]. GWT data are compared with the city's land cover and meteorological data
to determine the relationship between temperatures [16,26]. To investigate the SubUHI phenomenon,
3D city models and time series analyses were utilized [9,16,25]. It has been established that the
temperature below the earth's surface is influenced by: solar radiation, air temperature, wind speed,
rainfall, shelter, and soil properties [38]. It is recognized that several natural and human-related factors
influence the thermal regime of groundwater: the thickness of the unsaturated zone, the speed of
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groundwater flow, the presence of surface water reservoirs and the degree of interaction with
groundwater, the percentage of buildings and artificial areas, and the presence of underground
infrastructure [8,11,39]. At the same time, studies have shown that global warming contributes to the
increase in groundwater temperatures [33]. Additionally, research has revealed a correlation between
climatic conditions and the temperature of shallow surface waters [26].

Research on GWT for Wroctaw was first conducted by Worsa-Kozak et al. [10] in 2004-2005
and by Buczynski et al. [40] in 2011-2012. These studies were limited to temperature measurements
without depth profiles and analyzed only the GWT and air relationships without incorporating spatial
distribution analyses or spatial statistics. For the period 2004-2005 the lowest monthly average GWT of
8.64 °C was recorded in March 2005 and the highest of 16.92 °C in August 2004. In 2011-2012, the
average water temperature in the tested points was 11.7°C. The lowest temperature of 6.5°C was
recorded in the points located in the north-eastern part of the city, while the highest was 17.1°C in the
city centre. These studies confirm that elevated groundwater temperatures are observed in the center of
the city of Wroctaw. Additionally, the authors of both works indicate a time shift between air
temperature and GWT of about 5-6 weeks for data from the years 2004-2005 and 3-4 months for the
years 2011-2012 but both studies were performed using different methods.

Thus, the main objective of our study is to analyse groundwater temperature in Wroclaw based
on 2 years of measurements including the spatial context of GWT and the relationship between ambient
air temperature and groundwater temperature. In addition, our study aimed at analysis of groundwater
temperature change with depth separately for Quaternary and Tertiary aquifers.

2. STUDY AREA

Wroclaw is the capital of the Lower Silesia region in SW Poland and the third largest city in Poland
with population estimated in 2024 at approx. 673 500 inhabitants and area of 292.8 km? [41]. The city
stretches for over 26 km from east to west and over 19 km from north to south and is situated along the
Oder River and its four tributaries, which flow into it within the city's limits. These are: Bystrzyca,
Otawa, Sleza, and Widawa rivers.

Most of the city is located within the Fore-Sudetic Monocline, but its south-western edges are
located within an older unit called the Fore-Sudetic Block. Both structures are separated by two
dislocation systems characterised by parallel and perpendicular faults, with a common name: the Middle
Odra Fault Zone [42,43]. These faults are of a throwing nature, and the displacements of the blocks
relative to each other amount to several hundred meters. The Fore-Sudetic Monocline and the Fore-
Sudetic Block and the dislocations separating them are covered by Cenozoic sediments. The geology in
the Wroctaw area is shown in Fig. 1. There are four main aquifers [44]. The youngest of them is the
Holocene-Pleistocene (also called the Quaternary), which is composed of sandy-gravel sediments of
fluvioglacial and fluvial origin. Below, there are poorly permeable or only locally permeable Miocene
formations (the Tertiary, also called the Paleogene-Neogene). The older, Mesozoic aquifer is composed
of fissure and fissure-karst rocks formed in the Triassic. In turn, the lowest and least explored aquifer
structure is the Permian [45]. The first groundwater table is located at a depth of 2 to 8 m below ground
level and is mainly unconfined. In the Odra River Valley area, the first aquifer is continuous and
unconfined and the groundwater table is usually below 5 m [45].
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Fig. 1. Geological structure of Wroctaw at a depth of 1 meter below the ground surface
(compiled using data from: https://baza.pgi.gov.pl)

34% of the city area is occupied by green areas, 25% by agricultural areas, while residential, economic
and service areas account for approx. 23% [46]. Built-up areas are mainly concentrated in the center,
south and north-west of the city. The highest density of green areas is located in the peripheral zone
(Fig. 2). The natural axis of the city is the Odra River, which is the second largest river in Poland.
Wroctaw is located in the upper part of the middle Odra [47]. The Odra within Wroctaw is 26 km long
and flows from the south-east to the north-west. The total length of watercourses in the city is 280 km
[48]. The city is characterized by a typical transitional climate of the temperate zone. Oceanic and
continental influences determine the diversity of weather conditions. The average annual air temperature
in Wroctaw is 9.0°C, in the coldest month (January) -0.4°C, and for the warmest month (July) 18.8°C.
The annual temperature amplitude is 19.2°C. In the 2008-2019 period the average annual air temperature
was 10.2 °C [30]. Precipitation in Wroclaw occurs on 167 days a year, while the average annual
precipitation sum from the 1901-2000 period is 583 mm [49].
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Fig. 2. Main land cover types in Wroclaw based on the Corine Land Cover database from 2018.
(compiled using data from: https://clc.gios.gov.pl)

3. MATERIALS AND METHODOLOGY

Our study composed of the following phases: dentification of available wells for groundwater
temperature readings, observation of temperature at set intervals and development of geodatabase of
measurements, and statistical analysis of results.

3.1. Measurement technique

The measurements of groundwater parameters in the shallowest aquifer layer in Wroctaw were carried
out from June 2022 to June 2024 in a monitoring network consisting of 19 wells. 8 of these wells were
drilled in Tertiary formations and 11 in Quaternary deposits. The readings of groundwater table depth,
temperature and conductivity were taken twice a month. Temperature and conductivity were recorded
in 1 m intervals up to a depth of 17 m below the ground surface. We used the Solinst Model 107
electronic probe attached to a PVDF tape with a temperature range of -15 °C to +50 °C, and measurement
accuracy of + 0.2 °C. The conductivity range of the device is 0-80,000 puS/cm with 5% accuracy [50].
In this study, we concentrated on the analysis of groundwater temperature. The location of measurement
points is shown in Figure 3, and a representative point with the Solinst 107 TLC Meter is presented in
Figure 4.
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3.2. Statistical analysis of measurement data

We have used basic statistical measures, such as mean, max., min., and standard deviation, to describe
and summarize the properties of the recorded set temperature readings. The results have been presented
in tables and graphs, as well as temperature profiles. In addition, we have used the Inverse Distance
Weighted (IDW) interpolation method to obtain the spatial distribution of temperature measured at 1 m
below the groundwater table as a continuous field. The results have been graphically presented as
isolines with 0.5 °C intervals. We developed maps for the winter (cold, from November to April) and
summer (warm, from May to October) half-years and for the full hydrological years. The IDW is a
deterministic method for multivariate interpolation with a known scattered set of points. The assigned
values to unknown points are calculated with a weighted average of the values at the known points [51].
We created the groundwater temperature maps for IDW parameters optimized with a cross-validation
technique [52]. The weight parameter values ranged from 1 to 2 for the hydrological year and summer
2022 maps and winter 2023/2024 maps, respectively. The RMS values for the interpolation results
ranged from 2.83 °C for the winter 2023/2024 map to 3.15 °C for the summer 2023 map. The results
were analysed in two ways: in terms of the period of groundwater origin and in terms of the depth of
their occurrence. For each of the groups, exploratory data analysis was performed. Measurements taken
1 meter below the ground water level were used for further analyses.

4. RESULTS

The mean water temperature for all points throughout the measurement period was 12.7 °C, ranging
from 8.9 to 25.4 °C. The lowest temperature was recorded slightly to the south-east of the city centre,
while the highest temperature was recorded at the piezometer in the city center. However, the lowest
average temperature for the entire period was noted at points in the western part of the city, while the
highest was in the center. For the defined measurement periods, in the hydrological year 2022/2023, the
minimum GWT value was 9.2 °C, the maximum 25.4 °C, and the average 12.8 °C. In the warm periods,
these parameters had the following values: 9.9 °C, from 25.1 °C to 25.4 °C and from 12.9 °C to 13.3 °C
respectively, while for the cold period, from 8.9 °C t0 9.2 °C, from 23.6 °C to 24.4 °C and from 12.2 °C
to 12.3 °C respectively. The standard deviation in the entire measurement period ranges between 3 °C
and 3.7 °C. Basic statistics calculated from the measurement results for the analysed periods
(hydrological year, summer, and winter) are presented in Table 1.

Table 1. Descriptive statistics for measurement data

Period Min. [ °C] Max. [°C] | Mean[°C] | Std.Dev.[°C]
Hydrological year 2022/2023 9.2 25.4 12.8 3.2
Summer 2022 9.9 25.1 133 35
Winter 2022/2023 9.2 23.6 12.3 3.0
Summer 2023 9.9 25.4 12.9 33
Winter 2023/2024 8.9 24.4 12.2 25

For measurement data recorded at 1 meter below the water table, further statistical analyses were
performed. The data set was divided into points representing aquifers in Tertiary and Quaternary
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formations. These data were compared with air temperature. The results are presented in Fig. 5 and
Fig. 6. The measurement results for the Tertiary show little variability in time, their values are at a
similar level throughout the measurement period. The values recorded in Quaternary wells vary in time
and are characterized by seasonality. A trend in the behaviour of GWT for Quaternary aquifers similar
to air temperature can be observed. The time shift between these two data sets was detected with the
GWT delayed by about 4-8 weeks in relation to air temperature.
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To illustrate changes in water temperature with depth below the ground level, graphs were
prepared showing temperature readings at different depths for the hydrological year (Fig. 8), warm
season (summer) (Fig. 9) and cold season (winter) (Fig. 10). The graphs show that in most measurement
points, the temperature decreases as depth increases. However, there are points where this process is the
opposite - the temperature increases with depth. This is the case for the warmest point - winter (Fig. 10).
At smaller depths, the water temperature varies more, which may suggest the influence of external
factors. For all analysed periods, the highest temperatures >20°C occur at one point, so it is necessary
to look for additional factors causing this anomaly. At greater depths of approx. 15 meters, the
temperature profiles become stable. Thus, our results confirm that at depths of approx. 15 meters the
influence of external factors on GWT disappears. The graphs emphasize the importance of local
conditions in shaping groundwater temperatures. Points showing similar profiles may be characterized
by similar geological or hydrogeological conditions in their vicinity. Comparing the graphs in Fig. 9 and
10, it can be seen that the temperature variability depending on the depth in the summer period is much
greater than in the winter period.

Groundwater Temperature Profile - hydrological year
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Fig. 7 Groundwater temperature profile - hydrological year
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Groundwater Temperature Profile - mean summer values
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Fig. 9 Groundwater temperature profile - winter period

Analysing seasonal thermal gradient for the two geological formations, it can be concluded that
the thermal gradient for the Tertiary is relatively low and stable over time. The values range from -0.17
°C/m (the greatest variability in summer 2022) to -0.01 °C/m (the minimum variability in winter
2023/2024). This indicates that these aquifers are less susceptible to seasonal temperature changes. In
the case of the Quaternary aquifer water, the gradient is more variable and depends on the season. The
most remarkable differences were recorded in summer 2022 (-1.17 °C/m), indicating a strong influence
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of seasonal temperature changes on this aquifer. In winter 2022/2023 (-0.01 °C/m), the gradient almost
disappears, which means that this layer reaches relative thermal equilibrium at this time and the
temperature differences with depth are minimal.

Tab. 2. Thermal gradient for analysed periods

Thermal gradient [ °C/m]
Period Tertiary Quaternary
Hydrological year 2022/2023 -0.15 -0.32
Summer 2022 -0.17 -1.17
Winter 2022/2023 -0.06 -0.01
Summer 2023 -0.16 -0.44
Winter 2023/2024 -0.01 0.05

Looking at the spatial distribution of GWT 1 m below the water table (Fig. 10, Fig. 11), higher
values are clearly visible in the city centre, while the lowest in the western part of the city. In the warm
period, a larger area of the city is characterised by increased (higher than mean) GWT values than in the
cold period. In both of these periods, lower groundwater temperatures occur on the outskirts of the city.
In the cold periods, GWT values range from 9 °C to 12 °C across a significant portion of the city,
particularly in the western part. Due to the lack of a measurement point in the north-eastern part of the
city, the presented spatial distribution may be susceptible to error. The annual map (Fig. 10) and seasonal
maps (Fig. 11) indicate an evident influence of climatic and seasonal changes on groundwater
temperature. The eastern and central parts of the area are warmer most of the year. The western regions
are cooler, suggesting deeper water sources or a greater influence of a colder local climate. The apparent
differences between seasons (especially summer/winter) show the influence of seasonal heating and
cooling.
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Hydrological year 2022/2023
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Fig. 10. Spatial distribution map of GWT — hydrological year 2022/2023
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Fig. 11. Spatial distribution map of GWT — seasonal data for 2022/2024

We have additionally analysed 2 selected points, the warmest (P1) and the coldest (P2). Their
location is shown in Fig. 3. The coldest point is characterized by a temperature ranging from 9.7 °C to
10.8 °C. The greatest depth at which the measurement took place was 18.18 m and the GWT value was
10.1 °C. This point is located on the outskirts of the city in a green area. For the warmest point located
in the city center, the GWT value range was between 19.6 °C and 25.4 °C. The deepest measurement
was taken at 6.62 m below ground level and the temperature reading was 22.7 °C. The indicated point
is located in a grassy area, but there are many areas covered with artificial surfaces, a busy road and a
heating network in its vicinity. We have found that due to the underground infrastructure, the GWT
values for this point reach significantly higher values than at other measurement points. This clearly
indicates local anomalies caused by technical infrastructure used for heat transfer.
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5. DISCUSSION

In this paper, an analysis of groundwater temperature measurements for Wroctaw in the period 2022-
2024 was carried out. The results presented in this paper are consistent with previous studies conducted
in other cities worldwide, which confirm the increase in temperatures in the subsurface zones
[16,28,30,33]. The demonstrated groundwater temperature values for Wroctaw (average 12.7 °C,
maximum 25.4 °C) and differences between warm and cold periods of the year indicate a significant
influence of both natural and anthropogenic factors on the thermal conditions of the underground
environment, which should be taken into account in further considerations. Many factors can affect
groundwater temperature variability, including seasonal changes. The results of the study in Wroctaw
revealed clear seasonal fluctuations, with higher groundwater temperatures recorded in warmer periods.
This is consistent with the work of [53] who confirm that groundwater temperatures in urban areas show
a delayed but correlated response to the surface air temperature.

The spatial distribution of GWT in Wroctaw is similar to those obtained in other European cities
[8,22,25,30]. The highest values of groundwater temperature are located in the city center and gradually
decrease with distance from the center. This observation is consistent with findings from Benz et al. [8],
who analysed urban subsurface warming in several German cities, including Cologne. In Wroctaw, with
a population density of approximately 2200 inhabitants per square kilometer (based on 2022 data) [41],
the average groundwater temperature was 12.7 °C, with a maximum of 25.4 °C recorded in central areas.
This is comparable to Cologne, where observed a mean groundwater temperature with values 12.4 °C
in high-density areas (population density: approximately 2500 inhabitants per square kilometer).
Compared to previous studies for Wroctaw, which were conducted for the years 2004—2005 [10] and
2011-2012 [40], the current results indicate a continuation of the rising trend in groundwater
temperatures. It should be noted that due to the character of the studied environment, all of these studies
are probably subjected to error resulting from the short period of observation, low frequency of
measurements, limited number of measurement points, and their uneven distribution across the city.

6. CONCLUSION

In this article, descriptive statistics for groundwater temperature in Wroctaw based on two years of
measurements were presented. These results allowed us to characterise the changes in GWT with
location and depth. Our studies confirmed that water temperature is higher in the city centre compared
to the outskirts and the occurrence of seasonal changes in groundwater temperature in Wroctaw. The
time shift between changes in air temperature and groundwater temperature was determined to be from
approx. 4 to 8 weeks for Wroclaw. The spatial distribution of GWT and local temperature anomalies
may also be influenced by the underground technical infrastructure, as shown in the case study of one
of the measurement points. Therefore, further analyses of measurements should be carried out, taking
into account the underground technical infrastructure. The collected data, in comparison to results
presented in publications by other authors [10,40], provide a description of GWT changes in Wroctaw
over the last 20 years and confirm changes below the ground level that are probably associated with
urban development and climate change. Our results confirm also that the influence of external factors
on the temperature of underground water is transferred to a depth of approximately 15 meters.
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