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Abstract: This study aimed at the analysis and modelling of the groundwater temperature at the
water table in different regions of Slovakia. In the first part, the analysis of the long-term trends of air
and soil/ground temperature to a depth of 10 m is presented. The average annual soil/groundwater
temperatures at different depths were the same but lower than the annual average air temperature by
about 0.8 ◦C. The long-term trend analysis of the air temperature and soil temperature at a depth
of up to 10 m in Slovakia showed that the air and soil/ground water temperature have risen by
0.6 and 0.5 ◦C, respectively, per decade over the past 30 years. The second part of the study aimed
at modelling the daily groundwater temperatures at depths of 0.6–15 m below the surface. The
simple groundwater temperature model was constructed based on a one-dimensional differential
Fourier heat conduction equation. The given model can be used to estimate future groundwater
temperature trends using regional air temperature projections calculated for different greenhouse gas
emission scenarios.

Keywords: ground water temperature; soil temperature; monitoring; modelling

1. Introduction

The temperature of subsurface water (soil and groundwater) is an important physical
parameter that influences a range of biological and chemical processes in soil [1,2]. The
groundwater temperature at depths of 1–15 m (home wells) is a particularly important
indicator of the supply of drinking water to the population. For example, the temperature
of drinking water in Slovakia must not exceed 16 ◦C.

Measurements show that at soil depths greater than 8 m below the surface, the soil
temperature throughout the year is relatively constant [3,4] and corresponds roughly to the
water temperature measured in groundwater wells 6–10 m deep. This is referred to as the
“mean Earth temperature” (In the meteorology and climatology, the term soil temperature
at a depth of 10 m is used as standard despite the fact that the soil profile is less than 10 m
deep and the site includes not only topsoil, but subsoil and even upper parts of parent rock
in some cases. We use the term soil temperature in this sense). To illustrate this, Figure 1a
plots the observed temperature at depths of 0–10 m in individual months at the Jaslovské
Bohunice nuclear power plant station (western Slovakia, Slovak Hydrometeorological
Institute (SHMI) meteorological station).

At greater depths, temperature increases with an increase in depth by an average of
1.9–5.1 ◦C per 100 m depth [5,6] (geothermal gradient). The geothermal gradients of the
individual geothermal water bodies in Slovakia are listed in [6]. Jaslovské Bohunice is
located in the geothermal body “Trnava bay” between the cities Trnava and Piešt’any in
the northern part of the Danube Lowland. The geothermal activity of this area is mean.
The temperature is between 35 ◦C to 50 ◦C at a depth of 1000 m, between 65 ◦C to 85 ◦C at
a depth of 2000 m, and between 90 ◦C to 110 ◦C at a depth of 3000 m (Figure 1b). In the
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Central Europe (Slovakia) region, with increasing altitude, the annual mean air temperature
measured in a meteorological screen at 2 m above the surface decreases by about 0.54 ◦C
per 100 m [7]. A similar gradient as a function of altitude was found for water temperature
in surface streams.

Due to the great importance of soil water temperature for plant production [8], special
attention is paid to soil temperature (as well as soil water temperature). The soil temperature
at the surface depends mainly on solar radiation and on geographical characteristics such
as latitude and longitude, altitude, and slope orientation. Furthermore, soil temperature
is influenced by soil characteristics including soil type and soil water content [9–11]. The
soil temperature at the surface is also influenced by the type and height of vegetation,
surface colour (albedo), amount of precipitation, snowfall, and urbanization [12]. The soil
temperature at the surface affects not only the temperature of the lower layers of soil and
groundwater but also air temperature and surface water temperature.
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Figure 1. (a) Long-term monthly observed temperature (Ts) at different depths and the develop-
ment of long-term temperature in individual months at different depths (z) at Jaslovské Bohunice
meteorological station, 1991–2020. (b) Scheme of the air thermal gradient and geothermal gradient,
Jaslovské Bohunice.

Heat diffusion from the surface to the depths of the soil depends mainly on its thermal
conductivity (ground thermal diffusivity). The greater the thermal diffusivity, the less
the soil surface is heated during the day and the less it cools at night. When the thermal
conductivity is high, heat is transferred more quickly from the soil surface to deeper layers
during the day, and heat is transferred more quickly from deeper layers to the surface at
night. The thermal conductivity of the soil depends indirectly on the porosity and directly
on the soil moisture, but not always in a linear fashion. The looser the soil, the lower its
thermal conductivity because it contains a large amount of air, which is a poor conductor
of heat. As soil moisture increases, air is displaced, and water (a better conductor of heat)
increases the thermal conductivity of the soil. The soil water temperature (and groundwater
temperature) is—because of its much higher specific heat capacity and therefore higher
stability—a much better indicator of long-term temperature changes in a given region than
the air temperature at 2 m above the surface.

The aim of the present study was primarily:

• To analyze the long-term trends of air temperature and temperature below the surface
at depths of up to 10 m based on the observed average monthly temperature series
from the stations of the SHMI;

• The second part of the study aimed at the modelling of the groundwater temperature
at the water table (depth of 0.6–15 m). The Fourier model of heat propagation in soil
was used to model the groundwater temperature. The given model can be used to
simulate groundwater temperature as a function of air temperature, groundwater
table depth, and soil type.
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Many regional climate models only yield temperature and precipitation data as output
parameters. Wind speed, radiation, and other data needed for more sophisticated models
such as HYDRUS [13] are often not available. Thus, the simple model provided in this
study is an easy-to-use example for predicting soil and groundwater temperatures in the
future under different scenarios of climate change.

2. Materials and Methods
2.1. Data Used

In Slovakia, the first measurements of soil temperature started at several stations
around 1924 [14–17]. However, these series are not complete, and it is not possible to
present the long-term trend of soil temperature. For long-term trend analysis, the observed
temperatures at 0–10 m depth in individual months at the Jaslovské Bohunice meteoro-
logical station during the 1981–2020 period were used (Figure 2a). Two annual average
air temperature series from SHMI stations with different altitudes (Hurbanovo (115 m
a.s.l.) and Liptovský Hrádok (640 m a.s.l.)) were selected to analyze the long-term air
temperature trends.
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Figure 2. (a) Scheme of Slovakia (49,000 km2)—the position of four selected IH SAS stations (blue
points), position of the lysimetric station (Petrovce nad Laborcom (red point)), and stations for
measuring temperature at great depths up to 10 m at Tisinec and Jasovské Bohunice (black points).
(b) Location of the 35 probes throughout Slovakia equipped with data teletransmission (2012–2020).
See Supplementary Materials.

To analyze the soil and groundwater temperatures at a depth of 0.1–5 m, data from
30 stations of the Institute of Hydrology of the Slovak Academy of Sciences (IH SAS) were
used (Figure 2b). Between 2011 and 2012, thirty automatic measuring stations were built
in Slovakia, the main purpose of which was the detailed monitoring of the soil water
regime. Their distribution within Slovakia was selected to cover as far as possible the main
soil types and diverse vegetation types in lowland territories Table 1). The probes were
equipped with GSM technology for remote data transmission. The data were stored in a
central computer at the IH SAS branch in Michalovce.
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Table 1. Location, land use, and type of soil of measuring sites where automatic measuring probes
were installed.

No. Locality Land Use Type of Soil GPS
N E

01 Vinné Vineyard, grass Clay loam 48◦48.842′ 21◦57.812′

02 Bracovce Orchard, grass Clay loam 48◦38.584′ 21◦50.094′

03 Pavlovce Orchard, grass Clay loam 48◦36.702′ 22◦04.170′

04 Lastomír Orchard, grass Sandy loam 48◦42.230′ 21◦55.631′

05 Strážske Orchard, grass Clay loam 48◦52.069′ 21◦49.836′

06 Sekule Orchard, grass Loamy sand 48◦36.383′ 16◦59.675′

07 Hurbanovo 1 Orchard, grass Loamy sand 47◦53.055′ 18◦10.298′

08 Nitra 1 Lawn Clay loam 48◦18.150′ 18◦05.980′

09 Iňačovce Pastureland, grass Silty-clay loam 48◦41.304′ 22◦03.198′

10 Streda n. Bodrogom Agricultural crops Clay loam 48◦21.526′ 21◦44.659′

11 Pol’any Pastureland, grass Sandy loam 48◦27.997′ 21◦59.044′

12 Bol’ Pastureland, grass Clay loam 48◦28.495′ 21◦56.774′

13 Liptovský Mikuláš Lawn Loam 49◦05.838′ 19◦35.392′

14 Jastrabie Agricultural crops Clay loam 48◦43.199′ 22◦01.727′

15 Koňuš Vineyard, grass Clay loam 48◦46.383′ 22◦15.639′

16 Pinkovce Orchard, grass Clay loam 48◦36.325′ 22◦11.056′

17 Zemplínska Široká Orchard, grass lay loam 48◦42.007′ 21◦58.192′

18 Nitra 3 Orchard, grass Clay loam 48◦18.082′ 18◦06.117′

19 Nitra 2 Orchard, grass Clay loam 48◦18.121′ 18◦06.054′

20 Hurbanovo 2 Lawn Loam 47◦52.345′ 18◦11.573′

21 Nitra 4 Orchard, grass Clay loam 48◦18.010′ 18◦05.971′

22 Nitra 5 Orchard, grass Clay loam 48◦ 18.208′ 18◦ 05.791′

23 Vrakúň Agricultural crops Loamy sand 47◦56.428′ 17◦37.025′

24 Topol’níky Orchard, grass Loam 47◦ 58.593′ 17◦ 46.623′

25 Kamenín Vineyard, grass Loam 47◦53.315′ 18◦38.463′

26 Vydrany 1 Agricultural crops Loam 48◦01.988′ 17◦35.907′

27 Vydrany 2 Agricultural crops Loam 48◦03.884′ 17◦39.005′

28 Salka Agricultural crops Loamy sand 47◦53.918′ 18◦44.795′

29 Nána Agricultural crops Loam 47◦49.010′ 18◦41.593′

30 Kamenný Most Orchard, grass Sandy loam 47◦51.130′ 18◦39.218′

Each automatic measuring station measured the following variables:

• Soil moisture (%) and soil temperature (◦C) (at eight horizons: 0.10, 0.20, 0.40, 0.60,
0.80, 1.00, 1.20, and 1.60 m below the soil surface);

• The depth of the groundwater table (m below the ground surface);
• Groundwater temperature (◦C);
• Air temperature (◦C) and Rainfall depth (mm).

This study presents results from 4 stations selected to cover different regions of
Slovakia (Figure 2a): 1. Sekule, 2. Hurbanovo, 3. Streda n. Bodrogom, and 4. Liptovský
Mikuláš. According to the geomorphological division of Slovakia, the Sekule site is located
on the Záhorská Lowland, the Hurbanovo site on the Danube Lowland, the Streda n.
Bedrooms site on the East Slovakian Lowland, and the Liptovský Mikuláš is part of the
Liptovská Kotlina basin. Soils in all localities are of a quaternary origin. In the locality of
Sekule, there are loamy sands from the Holocene alluvial plain, in the locality of Hurbanovo
there are Pleistocene eolian sands, and in the localities of Streda n. Bodrogom and Liptovský
Mikuláš there are Holocene fluvial sediments (silty and fine sandy loams).

The soil, groundwater, and air temperature were measured using standard tempera-
ture sensors. The soil moisture was measured via the hydromolecular polarization method
as a percentage of the field water capacity value. The daily piezometric groundwater level
was measured automatically in the wells. Precipitation was quantified using a tipping rain
gauge. All the above variables were recorded daily at 7 a.m.
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Data from the IH SAS lysimeter station in Petrovce n. Laborcom were used for a
detailed analysis of soil temperature at 22 depths at hourly intervals. The station is located
in the northern part of the East Slovakian Lowland. From a geological point of view, the
material of the site consists of quaternary (Holocene) fluvial sediments. Generally, the soil
temperature varies during the day up to 0.5–0.8 m depth (e.g., [3,18]) and from month to
month up to 10–15 m [4]. Due to the much higher heat capacity of soil compared to air and
the thermal insulation provided by vegetation at the surface soil layers, seasonal changes
in soil temperature deep underground are much less severe than seasonal changes in air
temperature and lag significantly behind them [19]. Figure 3 shows (at hourly intervals) the
course of soil temperature at 22 depths in the lysimeter station of the IH SAS at Petrovce
n. Laborcom. The daily course of soil temperature was smoothed at a depth of ca 80 cm.
From the course of temperature minima and maxima at greater depths, the lagging of
temperature peaks is evident.
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2.2. Groundwater Temperature Modelling with Time and Depth

The groundwater temperature at depths of 0.6–15 m corresponds to the soil temper-
ature at the depth at which the water table is located. Therefore, a soil heat propagation
model was used to simulate the groundwater temperature. A number of models have been
constructed to model soil temperature, ranging from regression models [20,21] to complex
models requiring many input data [13,22–26].

Several methods are available to calculate soil temperature using meteorological
variables and other parameters. There are three types of soil temperature models [27]:

(i) Empirical models that are based on statistical relationships between soil temperature
at some depth and climatological and soil variables;

(ii) Mechanistic models that focus on physical processes (radiative energy balance as
well as sensible, latent, and ground-conductive heat fluxes) to predict the upper boundary
temperature and estimate the temperature of deeper layers with Fourier’s equation;
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(iii) Mixed empirical and mechanistic models that calculate the temperature of different
soil layers based on physical principles of heat flow, but the boundary temperature at the
soil surface must be provided empirically.

Model TGWAT description:
To simulate the daily soil and groundwater temperature at a depth of 0.6–15 m, we

built a TGWAT simulation model based on the well-known differential heat propagation
equation [21] (type (i) model).

The subsurface temperature Ts(z, t) along depth z and at any time t (day) is provided
by the heat conduction equation [28,29]:

ρ·C ∂Ts(z, t)
∂t

=
∂

∂z

(
k

∂Ts(z, t)
∂z

)
, (1)

where:
t—time (day);
z—soil depth (m);
ρ—average daily soil bulk density (kg·m−3);
C—soil specific heat capacity (W/(kg ◦C));
k—soil thermal conductivity (W/(m ◦C)).
Equation (1) represents the classical case of the heat conduction equation in an infinite

rod with constant coefficients. For heat propagation into the soil, we assumed that at the
soil surface the temperature development could be approximated by sinusoids at hourly
(as well as daily) increments. In our case, since we wanted to simulate the soil temperature
at a depth greater than 0.6 m with the model, the variability of the temperature during the
day was negligible and we approximated the temperature at the soil surface by a cosine
function at daily intervals.

That is, we introduced a boundary condition:

Ts(0, t) = Ts − Ts,p cos(ωt− φ), (2)

where:
Ts—surface (z = 0) annual average temperature of soil (◦C);
Ts,p—annual amplitude of the daily average surface soil temperature cycle (◦C);
ω—angular frequency (rad.day−1). This is the rate of change of the function argument

in units of radians per day, e.g., ω = 2π/365;
φ—phase (rad). When φ is non-zero, the entire waveform appears to be shifted in

time by φ/ω days. A negative value represents a delay, and a positive value represents an
advance.

The annual variation in the daily average soil temperature at different depths is
described with the following function, and is an estimation of the solution of (1)–(2):

Ts(z, t) = Ts − Ts,pe−z
√

ω/(2α) cos(ωt− φ− z
√

ω/(2α)), (3)

where α is the ground thermal diffusivity (m2.day−1) given by:

α = k/(ρC). 86, 400. (4)

The three soil parameters ρ, C, and k (see Table 2) vary to different degrees in different
stations due to soil heterogeneity and changing water content. As the depth increases to
15 m, the second term of (3) tends to zero, which means that the soil temperature tends
towards the annual average temperature of any given place.
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Table 2. Examples of grain size analysis at the Sekule, Hurbanovo, and Streda above Bodrog IH SAS
stations.

Depth Mean Particle Density Bulk Density Soil Texture

ρs ρb
Clay Silt Sand

Textural Class<0.002 mm 0.002–0.05 mm 0.05–2.00 mm
[cm] [g·cm−3] [g·cm−3] [%] [%] [%]

Sekule (48◦36.383′ N, 16◦59.675′ E)

10 2.58 1.46 10.81 5.09 84.10 Loamy sand
20 2.63 1.53 7.89 10.31 81.80 Loamy sand
40 2.60 1.71 10.52 6.08 83.40 Loamy sand
60 2.58 1.78 10.61 0.99 88.40 Loamy sand
80 2.61 1.77 10.62 0.48 88.90 Loamy sand

100 2.73 1.70 10.42 0.08 89.50 Loamy sand
120 2.63 1.84 10.52 0.18 89.30 Loamy sand
160 2.66 1.70 10.62 0.08 89.30 Loamy sand

Hurbanovo (47◦52.345′ N, 18◦11.573′ E)

10 2.59 1.10 13.54 33.76 52.70 Sandy loam
20 2.65 1.21 14.91 30.09 55.00 Sandy loam
40 2.69 1.72 7.62 27.08 65.30 Sandy loam
60 2.66 1.23 15.77 28.23 56.00 Sandy loam
80 2.69 1.39 16.93 25.87 57.20 Sandy loam

100 2.69 1.48 15.52 28.08 56.40 Sandy loam
120 2.69 1.53 12.86 19.34 67.80 Sandy loam
160 2.70 1.46 19.57 24.73 55.70 Sandy loam

Streda nad Bodrogom (48◦21.526′ N, 21◦44.659′ E)

10 2.66 1.41 23.01 57.69 19.30 Silt loam
20 2.65 1.49 24.69 56.91 18.40 Silt loam
40 2.64 1.38 22.93 51.47 25.60 Silt loam
60 2.68 1.35 23.16 54.14 22.70 Silt loam
80 2.75 1.31 20.12 55.28 24.60 Silt loam

100 2.77 1.31 20.70 60.80 18.50 Silt loam
120 2.67 1.21 15.18 43.52 41.30 Loam
160 2.69 1.43 35.16 55.64 9.20 Silty clay loam

Assumptions and simplifications:
The following assumptions were employed in the derivation of the temperature model:

1. A cosinusoidal temperature variation at the soil surface z = 0.
2. At an infinite depth, the soil temperature was assumed to be constant and equal to

the average soil temperature.
3. The thermal diffusivity was assumed to be constant throughout the soil profile and

throughout the year.

In our case, we have ground temperature observations at a depth of zi, and therefore
the ground thermal diffusivity coefficient can be estimated from [30]:

TH(zi, t) = Ts − Ts,pe−zi
√

ω/(2α), (5)

by

αzi =
ω

2
(

zi∣∣∣ln Ts,p

TH−Ts

∣∣∣ ), (6)

where TH(zi,t) is the maximum measured temperature at depth zi.
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3. Results
3.1. Long-Term Trends of Air and Soil Temperature Series

In the region of Central Europe, the soil temperature and soil water temperature
showed a dependence on the station elevation in a similar way to air temperature and
surface water temperature [7]. Therefore, we used air temperature series from stations
at different altitudes (Hurbanovo (115 m a.s.l.) and Liptovský Hrádok (640 m a.s.l.)) to
illustrate the long-term temperature trends (Figure 4).
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Figure 4. Mean annual air temperature (Ta) at the Hurbanovo (1871–2020), Liptovský Hrádok
(1881–2018), and Jaslovské Bohunice (1951–2018) stations with polynomial long-term trends (dashed
lines). Relationship between the Ta at Jaslovské Bohunice and Ts at 1 m depth at Jaslovské Bohunice
(bottom left). Mean annual air temperature at Jaslovské Bohunice (1981–2020) and mean annual
temperatures at 1 m, 5 m, and 7 m depth at Jaslovské Bohunice meteorological station (1984–2020)
with the linear long-term trend +0.05 ◦C per year (bottom right).

These stations had the longest series of air temperature (Ta) observations in Slovakia.
Figure 4a presents the annual mean air temperature trends (estimated by a polynomial
function of the 5th degree) over the observation period at these two stations. An increase
in air temperature was evident, especially after 1989. The soil temperature (Ts) showed
a very similar long-term trend. This was evident in the mean annual air temperature
series from the Jaslovské Bohunice station (1951–2020, Figure 4a) and the mean annual
temperate measured at three depths from the Jaslovské Bohunice meteorological station
(1984–2020, Figure 4b). The long-term average temperatures at different depths were higher
compared to the air temperature by 0.8 ◦C at the Jaslovské Bohunice station during the
period 1991–2020.
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Characteristics of the Soil and Groundwater Temperature Series at Different Stations

A grain size analysis was performed at all the IH SAS stations. The grain size analysis
was performed using the densitometric method. Table 2 shows examples of the results
from the three stations. At Liptovský Mikuláš, the soil profile was made of sandy loam
up to a depth of 1.0 m, which changed to loam at lower depths. The soil profiles at each
individual station were relatively homogeneous in terms of vertical grain composition.

There were significant differences in the resulting characteristics of the groundwater
temperature series at the different stations (Table 3). The highest mean annual groundwater
temperature at its surface over the four-year period 2013–2016 was recorded at Hurbanovo
(12.85 ◦C) in the Danube Lowland, and the lowest was recorded at the Liptovský Mikuláš
station (9.65 ◦C). The highest variation in water temperature at the water table was recorded
in Sekule, (7.63–18.17 ◦C, see Figure 5), and the lowest differences were recorded in the Lip-
tovský Mikuláš station (6.92–12.88 ◦C). No daily oscillations in temperature were observed
below a depth of 60 cm. The long-term mean groundwater temperatures at the surface
Tw were higher compared to the air temperature Ta by around 0.8–0.9 ◦C at all the used
stations during the period 2013–2016.

Table 3. Baseline characteristics of groundwater temperature (Tw) at four selected stations for the
period 1.1.2013–31.12.2016.

Sekule Hurbanovo Streda n. Bodrogom L. Mikuláš

Groundwater level [m] 3 1.9 2.4 3
Tw mean [◦C] 12.80 12.85 11.80 9.65
Tw min [◦C] 7.63 9.56 9.08 6.92
Tw max [◦C] 18.17 17.24 14.92 12.88

Tw stdev [◦C] 3.73 2.71 2.07 2.11
Ta mean [◦C] 11.99 11.71 11.00 8.27
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Figure 5. Daily measured soil Ts, groundwater temperature Tw, and depth of the groundwater table
at the Sekule station during the period 2013–2016 (data measured at 7 a.m.).

3.2. Results of the Groundwater Temperature Simulation

In this part, the TGWAT model was used based on the modified Equation (3) and
air temperature measurements at a given station to simulate the daily soil/ground water
temperature at depths greater than 0.6 m. The annual average air temperature minus 0.8 ◦C
was used as the surface (z = 0) annual average temperature of the soil Ts. The three soil
parameters (average soil bulk density ρ, soil specific heat capacity C, and soil thermal
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conductivity k) were estimated from our own measurements and from the literature [31].
Parameters α from equation (4) and φ for each station separately were calibrated so that
the modelled soil temperatures at 0.8 and 1.6 m depth (Ts,sim) had the highest possible
agreement with the measured soil temperatures (Ts,obs). Examples of the calibration results
are presented in Figure 6, which shows the modelled (red line) soil temperatures at the four
selected stations and the measured soil temperatures (blue line).
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Figure 6. Daily modelled (Ts,sim) and measured (Ts,obs) soil temperatures at depths of 0.8 and 1.6 m
over the period 2013–2014 (the calibration period). Stations: 1. Sekule, 2. Hurbanovo, 3. Streda n.
Bodrogom, and 4. Liptovský Mikuláš.

The groundwater temperature (Tw) at each station was then simulated with the cali-
brated TGWAT model at a depth corresponding to the mean annual water table depth. The
simulated soil (Ts,sim) water temperature results were compared with the measured temper-
atures at the groundwater level (Tw,obs) (Figure 7 right). The agreement between measured
and simulated temperatures was very good (Figure 7 left), although several simplifications
were used. For example, the variation in the groundwater level over the years was not
taken into account. From the staircase shape of the water temperature measurements, it
can be seen that thermometers with a higher resolution should be used. Table 4 shows
the resulting parameters α and φ for each station, which were obtained by calibrating the
TGWAT model. The temperature of the groundwater in Sekule and Hurbanovo exceeded
16 ◦C during September–November, so it was not suitable for drinking.
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Figure 7. Simulated (Ts,sim) and measured groundwater temperatures (Tw,obs) at the mean depth of
the groundwater level over the period 2013–2016 (left); relation between measured and modelled
values (right).

Table 4. Parameters α and φ for selected stations (results of the TGWAT model calibration) over the
period 1.1.2013–31.12.2016.

Sekule Hurbanovo Streda n Bodrogom L. Mikuláš

Soil textural class loamy sand sandy loam silt loam loam
α [m2.day−1] 0.1652 0.0364 0.0318 0.0533

φ [rad] 0.25 0.18 0.20 0.24
Groundwater level [m] 3.4 1.74 2.43 3

Tw average [◦C] 12.90 12.85 11.80 9.65
Ta average [◦C] 11.99 11.71 11.00 8.27

The calibrated model was used to simulate the soil/groundwater temperature to a
maximum depth of 20 m. Figure 8 shows the simulated groundwater temperatures at
the Sekule and Hurbanovo stations. At the Sekule station at a depth of 6 m, the lowest
temperature was in April and the highest was in September. The groundwater temperature
was below 16 ◦ C throughout the year. At a depth of 15 m, the temperature was constant
and was 0.8 ◦C higher than the average annual air temperature at this station. Both stations
are located in sedimentary lowlands. Station Sekule is in an area of eolitic sediments and
dunes with a depth of 40–80 m. Station Hurbanovo is located in a large fluvial sedimentary
basin with sand/gravel layers up to hundreds of meters.
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Figure 8. Simulated soil/groundwater temperatures at depths of 0.6–20 m at stations (a) Sekule and
(b) Hurbanovo in 2017. Minimum depth where the groundwater temperature was less than 16 ◦C
throughout the year at Sekule was 6 m, and at Hurbanovo it was 2.2 m.

4. Discussion and Conclusions

The analysis of the water temperature measurements showed that the highest mean
annual groundwater temperature at the water table during the four-year period 2013–2016
was recorded at Hurbanovo (12.85 ◦C) in the Danube Lowland, and the lowest was mea-
sured at the Liptovský Mikuláš station (9.65 ◦C). This fact resulted both from the altitude of
the stations (Hurbanovo 115 m a.s.l., Liptovský Mikuláš 569 m a.s.l.) and from the location
of the stations (south versus north of Slovakia). The highest variation in water temperature
at the water table was recorded in Sekule (7.63–18.17 ◦C) due to its sandy soil. The lowest
variations were at the Liptovský Mikuláš station (6.92–12.88 ◦C) due to its loamy soil.

In the present study, a TGWAT soil/groundwater temperature model for depths
greater than 0.6 m was constructed based on the one-dimensional Fourier differential heat
conduction equation. The input data required are the average annual air temperature and
parameters α and φ for the soil type at a given station. In this work, the parameters α and φ
were specified by calibrating the model based on measurements of the soil temperature at
different depths and the groundwater temperature at water table.

The verification of the model showed that the simulated soil temperatures were in
good agreement with the measured values of the soil temperature at a depth of up to 1.6 m.
To compare the simulated soil temperatures at a depth of 6 m, we plotted the daily soil
temperature at four stations and the course of the measured average monthly values of
soil temperature at a depth of 6 m at Jaslovské Bohunice and Tisinec stations (Figure 9).
The temperature profiles depended on the type of soil, which we did not know at greater
depths. Nevertheless, the simulation results were realistic.

The calibrated soil/water temperature model TGWAT has several potential applica-
tions. For example, it can be used to complete missing soil and groundwater temperature
measurements during measurement failure. The model can be used to estimate the soil
temperature at different depths without measurements based on the elevation of the area,
the mean annual air temperature, and knowledge of the soil type. Conversely, it is possible
to estimate the depth from which the water comes by measuring the temperature of the
water in the springs. The given model can also be used to estimate future groundwater
temperature trends using regional air temperature projections calculated for different green-
house gas emission scenarios [31–36]. The model TGWAT requires only the mean daily air
temperature as the input data. The impact of precipitation [37] on soil temperature is not
included explicitly, but it is included indirectly in the air temperature.
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Figure 9. Comparison of the daily simulated soil temperatures (Tsim) at a 6 m depth at four stations
(top) and the measured average monthly soil temperature (Tm) at a 6 m depth at the Jaslovské
Bohunice and Tisinec stations (bottom) over the period 2014–2015.

The following conclusions can be drawn from the modelled soil water temperatures:

• From the long-term trend analysis of air temperature and temperatures at depths of
up to 10 m, we can see that in Slovakia the air temperature increased by 0.6 and the
soil temperature increased by 0.5 ◦C per 10 years over the past 30 years.

• The long-term average temperatures at depths up to 10 m were higher compared to
the air temperature by around 0.8–0.9 ◦C at all the used stations during the period
2013–2016.

• The groundwater temperature at a depth of approximately 6 m in Hurbanovo was
highest in the coldest winter months of January–February. This finding should be
taken into account when using heat pumps in the construction industry [38] for cooling
and heating buildings.

• Long-term temperature measurements at a depth of approximately 10 m would be
useful to verify the atmospheric temperature rise, as this temperature, unlike air
temperature measurements, is minimally affected by daily and seasonal variations, by
changes in vegetation on the surface, and by the fact that the mass heat capacity of ice
is half that of water and a quarter that of air [39].

The presented work brings new knowledge about the development of soil and water
temperature in Slovakia at depths of 0.6–10 m. The acquired knowledge has a very wide
application potential in the assessment of water temperature development and climate
change assessment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/hydrology9100185/s1, Figure S1: Location of the 35 probes
throughout Slovakia equipped with data teletransmission (2012–2020); Table S1: Location and land
use of measuring sites where automatic measuring probes were installed.
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