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Abstract: Evapotranspiration is one of the key elements of water balance in nature. It significantly
influences the water supply in the unsaturated zone of a soil profile. The unsaturated zone is a water
source for the biosphere. The aim of this study is to measure, calculate and analyze the course of
actual evapotranspiration, precipitation and dew totals as well as the totals of water flows at the
lower boundary of unsaturated zone and the change in water content in specified soil volume. The
measurements are used for verifying the results of numerical simulation. The methods used in the
study were chosen based on the hypothesis that dynamics of water supply changes in the unsaturated
zone is the result of the interactions between atmosphere, soil and plant cover. The elements of water
balance were quantified by the methods of water balance, lysimeter measurements and numerical
simulation on the model HYDRUS-1D, version 4. The abovementioned parameters were quantified
for the East Slovakian Lowland, with an hourly time step during the years 2017, 2018 and 2020. The
measurements have shown that evapotranspiration exceeded precipitation during all monitored
periods, specifically by 22% in 2017, by 14% in 2019, and by 10% in 2020. The deficit was compensated
for by capillary inflow from the groundwater level and the water supply in the unsaturated zone.
A verification by measurement has shown that numerical simulation is imprecise in relation to the
quantification of water flows at the lower boundary of the unsaturated zone. This inaccuracy is
manifested in the higher value of the actual evapotranspiration, which is on average exceeded by
11%. The performance of the mathematical model is assessed as satisfactory for the analysis of the
soil water regime.

Keywords: actual evapotranspiration; lysimeter measurements; numerical simulation; unsaturated
zone; water regime of soils

1. Introduction

The evaporation of water in nature is a thermodynamic process in which water changes
from the liquid or solid phase to the gas phase. It is an energy-demanding process that is a
decisive regulator of the energy flow in the hydrological cycle [1–3]. The evaporation of
water is of fundamental importance for the biomass production process [4,5].

The process of evaporation from plants and soil is called evapotranspiration. The max-
imum amount of water that can evaporate under given meteorological conditions is called
potential evapotranspiration (ETp) [6]. For practical reasons, the reference evapotranspira-
tion ET0 is also calculated [7–10]. The calculation of ET0 is based on the Penman-Monteith
equation [11–17] for a reference surface covered with a hypothetical grass reference crop
with an assumed crop height of 0.12 m. Real evaporation from soil and plants is called
actual evapotranspiration (ETa). If there is enough water in the soil profile, then ETa = ETp.
The inequality ETa < ETp indicates a lack of water in the root zone of the soil profile and
the beginning of the drying of the soil profile [18].

Evapotranspiration is one of the key elements of water balance in nature [19–22]. It
significantly affects the water supply in the unsaturated zone of the soil profile [23–25].
The unsaturated zone is a water source for the biosphere. It supplies plant cover with
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water during growing seasons. The water in this source does not have the properties of
free water. In order to use it, plants need to have a strong root system and they need to
develop a suction pressure which is big enough to disrupt the bond between the water
and the soil. Information on evaporation and intensity of evapotranspiration during the
growing season is crucial for agricultural production, landscape water management, and
the design of adaptation measures [26–30].

To determine the actual evapotranspiration is a demanding process. At present,
many methods for its quantification have been studied [31–33]. They are based on both
measuring and modelling methods. This study is based on the hypothesis that dynamics
of water supply changes in the unsaturated zone is the result of the interactions between
the atmosphere, the soil, and plant cover. It is a systemic approach to the investigated
issue which requires an effective methodology. The method of lysimeter measurements,
numerical calculations on the mathematical model HYDRUS-1D and the water balance
method were used. These are advanced scientific methods used for the quantification of
interaction processes between the atmosphere, soil and plant cover.

The aim of this study is to measure, calculate and analyze the course of actual evap-
otranspiration, precipitation and dew totals as well as the totals of water flows at the
lower boundary of the unsaturated zone and the change in water content in specified soil
volume. The measurements are used for verifying the results of a numerical simulation
and subsequently to assess the applicability of the model for the quantification of ETa and
the elements of the water regime in the conditions of the East Slovakian Lowland.

2. Materials and Methods
2.1. Research Site Characteristics and Study Period

The lysimeter station is located on the East Slovakian Lowland (ESL) in Petrovce nad
Laborcom (48◦47.540′ N and 21◦53.175′ E), at an altitude of 117 m above sea level (Figure 1).
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Figure 1. The location of (a) the lysimeter station, and (b) the soil monolith sample point.

From a geomorphological point of view, the ESL spreads over 2638 km2. The lowland
is a part of the Neogene basin, which was created by the uneven tectonic subsidence of
the Earth’s crust within the Carpathian arc in the Neogene and Quaternary periods. The
subsidence induced the prevalence of accumulation processes and thus the formation of
a flat lowland surface comprising river sediments, loess and sands. The altitude varies
between 94 and 180 m, the majority of the surface having 100 m to 120 m of altitude. Typical
features of the East Slovakian Lowland are depression areas covered with heavy, clay loam
soils.

Climate-wise, the ESL is situated in the transitional zone between the oceanic and
continental climate. The climate, and thus all meteorological elements, is greatly variable,
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which is reflected in the rapid change of air masses in every season and general cyclonic
activity. A characteristic feature of the area is mainly the degree of continentality. The
amplitude of air temperature on ESL, i.e., the difference between the temperature in the
warmest and coldest month of the year, reaches 24.0–24.4 ◦C. As per the Climate Atlas of
Slovakia [34], the area is warm and moderately humid with a mild winter. The average
number of summer days (Tmax ≥ 25 ◦C) is 70, and the average annual air temperature is
10 ◦C. In terms of temperature, ESL is a homogenous area. Major deviations are visible only
in the localities close to and influenced by hillsides and mountains surrounding the lowland.
The average duration of sunshine is 1916 h. This is 43% of the astronomically possible
sunshine, which is 4474 h. The upper boundary of evapotranspiration is characterized by
potential evapotranspiration. The annual sum of this parameter is between 619 mm and
687 mm, the maximum being 115 mm to 125 mm in July and the minimum approaching
zero in January. The relative air humidity on ESL varies throughout the year as well as
throughout the day. During the year, maximum values are reached in December (87% to
88%) and minimum values are reached in April (67% to 71%). The average annual relative
air moisture is 77% [34]. For the formation of precipitation, circulation factors play an
important role. On ESL, rainfall occurs mainly when the area is hit by humid and warm air
currents from the south. Air masses bearing precipitation which come from the west, north
and east are depleted of the precipitation that falls on the slopes of the Carpathian mountain
range. This is reflected in the spatial distribution of rainfall. The area with the minimum
annual sum of precipitation (below 600 mm) is located in the central and southwest parts of
the lowland. Towards the west and northeast, the volume of precipitation increases, with
annual sums being 800 mm to 900 mm.

This study evaluates three periods: from 27 May 2017 to 21 October 2017 (148 days),
from 8 February 2019 to 30 November 2019 (296 days), and from 22 April 2020 to 23 Novem-
ber 2020 (216 days).

2.2. Description of the Lysimetric Station

The lysimeter station in the location of Petrovce nad Laborcom (Figure 2) is part of the
scientific infrastructure of the Institute of Hydrology of the Slovak Academy of Sciences,
Bratislava. The station entered into operation in 2015.
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The station consists of five lysimeters stored in two separate plastic containers. Each
lysimeter consists of a steel cylinder with a surface area of 1 m2 and a height of 2.5 m [35].
The cylinders contain undisturbed soil monoliths from various locations in the ESL. The
samples were chosen to best represent the soil environment on the ESL [36]. The lysimeters
are equipped with an adjustable ground water level (GWL) system connected to a nearby
well that serves as a water source. All monoliths are placed on three-point scales with a
sensitivity of 0.01 kg, which corresponds to a water column of 0.01 mm.

Part of the lysimeter station is a meteorological station providing data on meteorolog-
ical elements such as air temperature (◦C), relative air humidity (%), wind speed (m/s),
wind direction (0–360◦), global radiation (W/m2), and precipitation (mm).

Data from lysimeter measurements are stored in data loggers. Once a day, data is sent
via a wireless connection to the central server. The data is available in an hourly time step.
The entire station is powered by batteries charged by solar panels.

The investigated monolith contains soil taken from a location in the southeast of the
ESL (48◦28.237′ N and 21◦58.326′ E). The soil profile is loamy-sandy to sandy, changing to
sandy loam in the upper part (Figure 3). The plant cover on the surface of the soil monoliths
consists of grass maintained at the height of 0.12 m.
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2.3. Processing of the Lysimetric Data

The lysimeter is a valuable tool for quantifying the components of the soil water
regime and their balance in the soil-plant-atmosphere-groundwater system [37–42]. Water
balance is used to quantify the individual components of water regime in the soil [43]. It
expresses the change of water content in the examined volume of soil by the difference
between inflow and outflow balance components. The change in the amount of water W
in the studied soil volume V depends on the inflow or outflow of water across the upper
and lower boundaries of the studied soil zone [44–46]. The upper boundary is the area
where the soil profile interacts with the plant cover and the atmosphere [47–51]. Here,
water infiltrates from precipitation (P) and evaporates into the atmosphere through actual
evapotranspiration (ETa). The lower boundary is the place where the soil profile interacts
with groundwater [52]. The inflow of water into the soil zone is realized by the capillary
rise (CR) from the groundwater and the outflow of water by gravity flow towards the
groundwater (SW—seepage water) [53,54]. In the lysimeter, the change in the amount of
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water ∆W in a given volume of soil V during the time interval ∆t is reflected in the change
in the soil monolith weight ∆M [45].

Water balance can be formally expressed in the form of the water balance equation.
The water balance equation in soil most often refers to the volume (V = SA × z), where
SA is the horizontal section of the soil and z is the height of the unsaturated soil layer.
In this study, the horizontal cross-section of the monolith is SA = 1.0 m2 = const. and
z = 1.0 m = const. Only vertical water movement is assumed and the GWL is kept constant
1 m below the soil surface in the monolith. All members of the balance equation are related
to the time interval ∆t and are expressed in units of length (mm). For the studied lysimeter
soil monolith, the balance equation for the time interval (∆t = ti − ti − 1) can then be
expressed in the form:

∆W = ∆M = (P + D + CR)− (ET a +SW) (1)

where ti and ti−1 are the times at the end and at the beginning of the studied time interval,
respectively, ∆W is the change in the amount of water in the given volume of soil V during
the time interval ∆t, ∆M is the change in the weight of the lysimeter (increase or decrease)
during the time interval ∆t, P is precipitation, ETa is a total of actual evapotranspiration
from the soil monolith, SW (seepage water) is the outflow of water from the studied volume
V into the GWL, CR (capillary rise) is the inflow from GWL into the studied soil volume V,
and D (dew) is the amount of condensed water on the surface of the soil monolith [55].

Each change in weight ∆M by 1 kg represents, with respect to the surface area of the
lysimeter (1 m2), a change in the water content ∆W by 1 mm. If the values of other members
of the balance Equation (1) are known, it is possible to express the actual evapotranspiration
(ETa) in the form:

ETa= P + D− ∆M + ∆BF (2)

where ∆BF = (CR − SW) (bottom fluxes) is the water flow at the bottom boundary of the
studied soil volume V. The flows at the bottom boundary of the lysimeter have a positive
value if water flows into the lysimeter, thus compensating for capillary losses. Conversely,
negative BF values represent the discharge from the lysimeter, i.e., gravity flow to GWL.
Therefore:

IF CR > SW→ ∆BF > 0

IF CR < SW→ ∆BF < 0

IF CR = 0 ∧ SW = 0→ ∆BF = 0

IF (∆M − ∆BF) < 0→ ETa = (∆M − ∆BF) ∧ (P + D) = 0

IF (∆M − ∆BF) > 0→ ETa = 0 ∧ (P + D) = (∆M − ∆BF)

2.4. Description of the Used Model

The HYDRUS-1D model (version 4) was used for the mathematical simulation. HYDR
US-1D is a one-dimensional model for the simulation of water flow, heat and solute
transport in variably saturated soils [56]. It is based on the solution of the Richards
equation for variably saturated flow and on the advection-dispersion type of equations
for the transfer of heat and soluble substances. The flow equation takes into account the
uptake of water by plant roots.

The model setting before and during the simulation corresponded to the real conditions
in the lysimeter. The simulated soil profile with a thickness of 2.5 m was divided into
20 material layers. The single-pore hydraulic model without hysteresis according to van
Genuchten [57], and Mualem [58], was selected. For each layer, the basic hydrophysical
characteristics of soils were measured in the laboratory and the parameters of the analytical
expression of moisture retention curves were defined according to van Genuchten (Figure 4
and Table 1).



Water 2023, 15, 373 6 of 18Water 2023, 15, x FOR PEER REVIEW  7  of  20 
 

 

 

Figure 4. Measured values (white circles) of moisture retention curves and their analytical expres‐

sions according to van Genuchten’s parameters. 

In the next step, initial and boundary conditions were set. The initial humidity θ (Ta‐

ble 1)  in  the  individual material  layers of  the soil before starting  the simulation corre‐

sponded to the actual humidity in the lysimeter. The simulations were launched 1 week 

(168 h) ahead of the studied periods. 

Table 1. Parameters of the analytical expression of soil moisture retention curves for soil in a lysim‐

eter. 

Soil Depth 

(m) 

θr 

(‐) 

θs 

(‐) 

α 

(1/mm) 

n 

(‐) 

Ks 

(mm/h) 

θ 

(‐) 

0.0–0.1  0.1697  0.4070  0.0012  2.0045  3.5  0.2409 

0.1–0.2  0.1323  0.3984  0.0012  2.0639  14.0  0.2600 

0.2–0.3  0.1236  0.4137  0.0014  2.0711  20.6  0.2791 

0.3–0.4  0.0813  0.3583  0.0015  2.1563  56.3  0.2981 

0.4–0.5  0.0434  0.3952  0.0013  4.2317  170.7  0.3172 

0.5–0.6  0.0452  0.4005  0.0014  4.0877  139.4  0.3362 

0.6–0.7  0.0338  0.3901  0.0016  4.8526  282.7  0.3553 

0.7–0.8  0.0417  0.4001  0.0018  4.3320  353.0  0.3743 

0.8–0.9  0.0494  0.3991  0.0018  2.2947  168.4  0.3934 

0.9–1.0  0.0504  0.4124  0.0012  2.5028  153.2  0.4124 

1.0–1.1  0.0509  0.4065  0.0014  2.3620  188.6  0.4065 

1.1–1.2  0.0427  0.4157  0.0018  3.3382  262.0  0.4157 

1.2–1.3  0.0355  0.4052  0.0018  4.1204  297.1  0.4052 

1.3–1.4  0.0374  0.4103  0.0016  4.0773  332.3  0.4103 

1.4–1.5  0.0441  0.4108  0.0015  3.4231  244.5  0.4108 

1.5–1.6  0.0509  0.4356  0.0015  3.8395  267.4  0.4356 

1.6–1.7  0.0455  0.4102  0.0016  4.2176  330.5  0.4102 

1.7–1.8  0.0451  0.4104  0.0017  3.7318  367.1  0.4104 

1.8–1.9  0.0376  0.3902  0.0017  4.2901  372.4  0.3902 

1.9–2.5  0.0504  0.4124  0.0012  2.5028  311.7  0.4075 

The time‐dependent upper boundary condition was defined by hourly values of me‐

teorological elements from the meteorological station (solar radiation, air temperature, air 

Figure 4. Measured values (white circles) of moisture retention curves and their analytical expressions
according to van Genuchten’s parameters.

Table 1. Parameters of the analytical expression of soil moisture retention curves for soil in a lysimeter.

Soil Depth
(m)

θr
(-)

θsH
(-)

α

(1/mm)
n
(-)

Ks
(mm/h)

θ

(-)

0.0–0.1 0.1697 0.4070 0.0012 2.0045 3.5 0.2409
0.1–0.2 0.1323 0.3984 0.0012 2.0639 14.0 0.2600
0.2–0.3 0.1236 0.4137 0.0014 2.0711 20.6 0.2791
0.3–0.4 0.0813 0.3583 0.0015 2.1563 56.3 0.2981
0.4–0.5 0.0434 0.3952 0.0013 4.2317 170.7 0.3172
0.5–0.6 0.0452 0.4005 0.0014 4.0877 139.4 0.3362
0.6–0.7 0.0338 0.3901 0.0016 4.8526 282.7 0.3553
0.7–0.8 0.0417 0.4001 0.0018 4.3320 353.0 0.3743
0.8–0.9 0.0494 0.3991 0.0018 2.2947 168.4 0.3934
0.9–1.0 0.0504 0.4124 0.0012 2.5028 153.2 0.4124
1.0–1.1 0.0509 0.4065 0.0014 2.3620 188.6 0.4065
1.1–1.2 0.0427 0.4157 0.0018 3.3382 262.0 0.4157
1.2–1.3 0.0355 0.4052 0.0018 4.1204 297.1 0.4052
1.3–1.4 0.0374 0.4103 0.0016 4.0773 332.3 0.4103
1.4–1.5 0.0441 0.4108 0.0015 3.4231 244.5 0.4108
1.5–1.6 0.0509 0.4356 0.0015 3.8395 267.4 0.4356
1.6–1.7 0.0455 0.4102 0.0016 4.2176 330.5 0.4102
1.7–1.8 0.0451 0.4104 0.0017 3.7318 367.1 0.4104
1.8–1.9 0.0376 0.3902 0.0017 4.2901 372.4 0.3902
1.9–2.5 0.0504 0.4124 0.0012 2.5028 311.7 0.4075

In the next step, initial and boundary conditions were set. The initial humidity
θ (Table 1) in the individual material layers of the soil before starting the simulation
corresponded to the actual humidity in the lysimeter. The simulations were launched
1 week (168 h) ahead of the studied periods.

The time-dependent upper boundary condition was defined by hourly values of
meteorological elements from the meteorological station (solar radiation, air temperature,
air humidity and wind speed) and from the lysimeter (precipitation). The time-dependent
lower boundary condition was defined by a constant level of GWL 1.0 m below the ground.
The phenological characteristics were set constant to the height of the grass cover of 0.12 m,
albedo 0.23, LAI (Leaf Area Index) 2.88 and root depth of 0.3 m.

The totals of calculated actual evapotranspiration ETa were obtained by summing
the amount of water released by transpiration (from the actual root water uptake) and
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evaporation (from the soil surface). The Feddes reduction model [59], with parameters for
grassland, was chosen for water uptake by plant roots.

2.5. Results Analysis

The correspondence between model-calculated values of evapotranspiration, water
storage and flows at the bottom boundary and lysimeter-measured values was evaluated
by a simple regression analysis and a series of statistical indicators:

RMSE =

√
∑n

i = 1 (x c − xm)2

n
(3)

NS = 1− ∑n
i = 1 (x c − xm)2

∑n
i = 1 (x m − xm_mean)

2 (4)

IA = 1− ∑n
i = 1 (x c − xm)2

∑n
i = 1 [|xc − xm_mean|+ |xm − xm_mean|]2

(5)

where xm are measured values, xm_mean are average measured values, and xc are the
calculated values of the investigated parameters. The root mean square error (RMSE) and
relative error indices such as the Nash-Sutcliffe-Index (NS) [60], or the index of agreement
(IA) [61], were used to evaluate the performance of the model. The NS index can vary in
the interval (−∞, 1>. NS values between 0 and 1 can be considered as an acceptable match
between measurement and calculation. If NS < 0 then the average measured value is a
better predictor than the calculated value, and it is considered an unacceptable match. IA
values can be between 0 and 1. A perfect match is considered when the values of indices
NS and IA are close to 1 [62,63].

3. Results and Discussion
3.1. Analysis of Hourly Values of Water Balance Members

Figures 5–7 show cumulative values of hourly data of individual members of the
balance equation measured by a lysimeter and calculated using the HYDRUS-1D model.

Figure 5 shows the cumulative values of balance members for the period from 27 May
2017 to 21 October 2017 (148 days). From the beginning of the period until 23 June, the
precipitation total was insufficient (59 mm) for the evaporation requirements. The sum of
measured ETa was 130 mm and the resulting difference was eliminated by inflow (71 mm)
through BF (positive BF values). The sum of calculated ETa in this period was 135 mm and
BF = 92 mm. In the next period, until 13 July 2017, the opposite situation occurred. Due to
the above-average rainfall (196 mm), there was enough water to maintain constant GWL,
and the excess water was pumped out (−62 mm) to the measured value of BF = 9 mm. The
sum of measured ETa was 200 mm and the calculated ETa was 216 mm, with a calculated
BF value of 18 mm (−74 mm). The situation occurred again on 23 July 2017, when there
was an inflow of water (21 mm) through BF to a value of 30 mm. In this way, the resulting
deficit (−19 mm) between P (237 mm) and ETa (256 mm) was eliminated. In the case of
calculated values, the deficit was higher (−32 mm) due to higher ETa (269 mm) and was
eliminated by inflow (37 mm) to a value of BF = 55 mm. At the end of July, after heavy
rains, water flowed from the lysimeter again (−17 mm) to BF = 13 mm. The difference
between P (258 mm) and ETa (264 mm) was −6 mm, and in the case of calculated ETa
(278 mm) it was −20 mm. The water outflow calculated by the model was −27 mm. The
months of August and September were again below average in terms of precipitation and
therefore did not provide enough water for the soil profile. The deficit between P (349 mm)
and ETa (444 mm) was −95 mm and −130 mm considering the calculated ETa (479 mm).
Again, water inflow (80 mm) occurred through BF = 93 mm, thus maintaining the set
GWL. In the case of calculated values, the inflow was 112 mm, and BF = 140 mm. From
20 September until the end of the evaluated period, the water outflow from the lysimeter
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was −13 mm (BF = 79 mm) due to lower ETa totals (484 mm) in the autumn months despite
below-average precipitation (398 mm).
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Figure 6 shows the cumulative values of the measured and calculated members of the
balance equation for the period from 8 February 2019 to 30 November 2019 (296 days).

Similarly, the below-average rainfall (84 mm) from the beginning of the period until
28 April 2019 was not sufficient to keep the set GWL, and therefore it was supplied by
the BF (26 mm). The sum of the measured ETa (117 mm) was lower than the calculated
ETa (150 mm). The resulting difference between P and the calculated ETa (−33 mm) was
eliminated by the calculated BF inflow to the level of 91 mm. The end of April to the
beginning of May is characterized by the outflow of water from the profile (−27 mm) to
the value BF = −1.6 mm. This was caused by lower values of ETa (134 mm), sufficiently
compensated by precipitation (134 mm). The calculated ETa was higher (169 mm) and
the difference between P and ETa was −35 mm. The calculated outflow was −83 mm at
BF = 7.8 mm. From 7 May 2019 until 3 October 2019, the mean precipitation (508 mm)
was again not sufficient to supplement the water deficit from ETa (671 mm), which was
eliminated by the inflow from BF =173 mm. The total ETa in the case of calculated values
was 768 mm and the difference between P and ETa was eliminated by inflow (271 mm) to
the value BF = 279 mm. The exceptions were a few short periods with high above-average
precipitation, during which the BF values were negative. The end of the period was charac-
terized by the decrease in measured ETa (729 mm) and calculated ETa (832 mm), and also
the water outflow decrease (−13 mm) to BF = 98 mm after smaller autumn precipitations
(639 mm). The calculated outflow of −100 mm settled at the value BF = 180 mm.
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The last evaluated period in Figure 7 lasted from 22 April 2020 to 23 November 2020
(216 days).

The beginning of the period until 19 June 2020 was again average in terms of precipita-
tion (137 mm), which was not sufficient to cover the water consumption for ETa (172 mm).
This deficit was compensated by the inflow of water through the BF (65 mm). From the
second half of June to the end of June, due to above-average precipitation (186 mm), water
outflow (−18 mm) occurred at BF = 46 mm. The cumulative value of the measured ETa
was 200 mm and the calculated ETa was 230 mm. The calculated outflow was −40 mm
at BF = 26 mm. The next period until the end of September was accompanied by mostly
positive BF values and thus the inflow of water into the lysimeter (102 mm) at BF = 148 mm.
The difference between P (399 mm) and measured ETa (527 mm) or calculated ETa (599 mm)
was compensated in the case of calculated ETa by inflow (212 mm) at BF = 239 mm. In this
period, there were several short periods of heavy rainfall and short-term outflow. On the
cumulative lines, it can be seen as short-term BF dips. September was dry with very low
precipitation, therefore the cumulative BF line is significantly steeper. The end of the period
was traditional, with few exceptions, accompanied by water outflow from the lysimeter
(−80 mm) at BF = 68 mm and a decrease in measured ETa (581 mm) and calculated ETa
(650 mm). The cumulative value of precipitation at the end of the period was 530 mm and
the calculated outflow was −113 mm at BF = 126 mm.

Based on the cumulative evapotranspiration lines in Figures 5–7, it is clear that in the
investigated years, the values were balanced from the beginning of the analyzed periods
until the end of summer. The highest totals of evapotranspiration were in the summer
months and the lowest was in the spring and autumn months. Water regulation through
BF, which compensated for losses by evaporation or excesses from precipitation, ensured
that the changes in the weight of the lysimeter M were only small. Each weight change
∆M means a change in the soil water supply. By comparing the measured and calculated
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values, it can be concluded that the model closely follows the ETa development trends.
Figures 5–7 show that the model is the least reliable for calculating flows at the bottom
boundary of the unsaturated zone (∆BF) of the soil monolith. The ∆BF calculation error
causes a deviation in ETa quantification by cca 11%.
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Figure 8 shows the hourly values of the measured soil volumetric moisture (θ) in the
layer of 0.0–0.1 m.
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The hydrolimits of field capacity (θFC = 0.23) and wilting point (θWP = 0.16) show that
the soil volumetric moisture in all evaluated periods ranged mostly between θFC and θWP.
Standard deviations (SD) of hourly changes in both measured and calculated volumetric
moisture (∆θ) in individual soil layers up to a depth of 1 m are shown in Figure 9.
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The greatest deviation ∆θ from the average value occurred in the upper layers of
the soil, up to 0.2 m (SD = 0.14–0.62). This is the zone of significant interaction with the
atmosphere, which is most sensitive to changes in moisture caused by evapotranspiration
or precipitation. The deviations in layers 0.3 to 1 m are much lower (SD = 0.02–0.09). A
regression analysis of the evapotranspiration hourly totals in Figure 10a–c shows that the
calculated ETa values correlate to a great extent with the measured ETa values. The values of
the regression coefficients R2 (0.90–0.93) express a high degree of linear coincidence between
calculation and measurement. A similar coincidence was demonstrated by lysimeter
measurements, in the field, where the authors [21,22,38,64] reported regression coefficient
values in the range of 0.87–0.93. Very small differences also resulted from the values of the
standard error SE (0.05–0.06). The maximum hourly differences between the calculated and
measured ETa in individual periods were 0.37 mm (2017), 0.32 mm (2019), and 0.35 mm
(2020), and the average differences were 0.01 mm (2017) and 0.02 mm (2019 and 2020).

Figure 10d–f shows the curves of the measured and calculated ETa totals in individ-
ual hours of the day during the evaluated periods. The maximum evapotranspiration
totals occurred around noon, with differences between calculated and measured ETa of
10 mm (2017), 26 mm (2019), and 17 mm (2020). The average values were identified at
approximately 7 and 17 h, with differences of 1 to 7 mm.

Table 2 shows the basic statistical characteristics of the measured and calculated hourly
totals of actual evapotranspiration in 2017, 2019, and 2020. The average measured hourly
total of actual evapotranspiration in the investigated periods is 0.117 mm. The comparison
of measured and calculated ETa totals shows that the calculated values are on average
overestimated by 11%. Calculated totals have greater variability than measured ones.
Both calculated and measured development evapotranspiration hourly totals are sharper
compared to the normal distribution. They are skewed to the left.
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the periods (a,d) 2017, (b,e) 2019, and (c,f) 2020.

Table 2. Descriptive statistics of the measured and calculated hourly totals of actual evapotranspira-
tion.

Statistical Indicator 2017 2019 2020
ETa ETa * ETa ETa * ETa ETa *

Mean 0.136 0.148 0.103 0.117 0.112 0.125
Median 0.046 0.027 0.030 0.011 0.032 0.011

Standard Deviation 0.177 0.204 0.150 0.180 0.154 0.189
Kurtosis 0.764 0.226 2.330 1.593 1.353 1.016

Skewness 1.350 1.240 1.749 1.614 1.500 1.486
Range 0.769 0.855 0.740 0.781 0.711 0.772

Minimum 0.000 0.000 0.000 0.000 0.000 0.000
Maximum 0.769 0.855 0.740 0.781 0.711 0.772

Count 3552.000 3552.000 7104.000 7104.000 5184.000 5184.000

* Calculated values.

3.2. Analysis of Daily Values of Water Balance Members

Figure 11a–c shows the daily values of the measured and calculated members of the
balance equation during the analyzed years.
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The performance of the model is evaluated by a series of statistical indicators express-
ing the rate of root mean square error (RMSE) and relative error (NS and IA) between the
calculated and measured values of balance members (Table 3).

Table 3. Values of statistical indicators between the calculated and measured members of the water
balance.

2017 2019 2020
ETa BF ∆M ETa BF ∆W ETa BF ∆M

RMSE 0.51 3.30 3.21 0.53 5.69 5.66 0.58 4.91 4.86
NS 0.90 −0.12 0.59 0.89 −5.32 −0.12 0.86 −3.29 0.03
IA 0.98 0.81 0.90 0.98 0.53 0.67 0.97 0.54 0.76

In the case of ETa, in 2017, the RMSE values were 0.51 mm, NS 0.90, and IA 0.98. In
2019, the values of the RMSE indicators were 0.53 mm, NS 0.89, and IA 0.98. In 2020, RMSE
was 0.58 mm, NS was 0.86, and IA was 0.97 (Table 3). In the works of [62,65], the authors
report RMSE values for evapotranspiration in the range of 0.50–0.90 mm, NS 0.35–0.75, and
IA 0.85–0.94. Based on the values of statistical indicators, the performance of the model is
higher compared to the results of these authors [62,65]. Other authors report NS values in
the range of 0.41–0.96 and an IA of 0.93–0.99 [66–68]. In this case, the results fall within the
upper range of the statistical indicators reported by the authors.

When evaluating the cumulative daily BF values in 2017, the RMSE were 3.30 mm, NS
−0.12, and IA 0.81. In 2019, the RMSE values were 5.69 mm, NS −5.32, and IA 0.53. In the
last period of 2020, the values of the indicators were as follows: RMSE 4.91 mm, NS −3.29,
and IA 0.54. Based on the comparison between the RMSE values for the bottom flows BF
and the results of the above-mentioned authors [62,65–68], it is obvious that the deviations
of the simulated values from the measured ones are higher. These authors mentioned
the RMSE values from 0.5 to 2.3 mm. In Figure 11b,c, it is clear that the calculated BF in
the periods 2019 and 2020 significantly exceeded the measured values compared to 2017
(Figure 11a). However, during larger precipitation events, it is obvious that the model
follows the trends well, along with the measurements. Higher differences in BF between
calculation and measurement also result from NS values which are negative. When this
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indicator was compared with the values of other authors [62,65–68], where the NS ranged
from −3.1 to 0.92, then the results approached the lower limit of the range or were even
lower. A similar situation occurred with the IA indicator, where the resulting values are
in the lower part of the range 0.48–0.98, as indicated by other authors [62,65–68]. The
exception was the year 2017, with IA in the upper part of the range of 0.48–0.98.

The next analyzed member of the water balance is the cumulative daily values of the
lysimeter weight change ∆M. In 2017, the RMSE values were 3.21 mm, NS 0.59, and IA
0.90. In 2019, the RMSE was 5.66 mm, the NS was −0.12, and the IA was 0.67. The values
of the indicators for ∆M in the last period of 2020 were for RMSE 4.86 mm, NS 0.03, and IA
0.76. In all analyzed periods, the RMSE values exceeded the upper limit of the range of
1.7–2.8 mm, indicated by [65]. The comparison of the NS index with the results of other
authors showed that in 2017 the value of NS was located in the upper limit of the range
−1.03–0.82 indicated by other authors [57,62,65,66,68]. In 2019 and 2020, NS was located in
the middle of the range. Similar results were obtained by comparing the IA index, where
the values described by the authors ranged between 0.56–0.94. Again, the year 2017 was at
the top of the range, and the years 2019 and 2020 were in the middle.

Table 4 shows the basic statistical characteristics of the measured and calculated daily
totals of actual evapotranspiration in 2017, 2019, and 2020. The average measured daily
total of actual evapotranspiration in the investigated periods is 2.81 mm. The comparison
between measured and calculated ETa totals shows that, on average, the simulated values
are overestimated by 11%. The calculated values have greater variability than the measured
values. The calculated and measured series of evapotranspiration hourly totals are flatter
with respect to the normal distribution. Both series in 2017 are skewed to the right, while in
2019 they are skewed to the left. The measured series of daily ETa totals in 2020 are skewed
to the left. The calculated series of daily ETa totals in 2020 are skewed to the right.

Table 4. Descriptive statistics of the measured and calculated daily totals of actual evapotranspiration.

Statistical Indicator 2017 2019 2020
ETa ETa * ETa ETa * ETa ETa *

Mean 3.271 3.555 2.462 2.811 2.689 3.008
Median 3.176 3.795 2.168 2.730 2.860 3.326

Standard Deviation 1.651 1.692 1.643 1.761 1.525 1.728
Kurtosis −1.344 −1.317 −0.780 −1.017 −0.956 −1.214

Skewness −0.099 −0.164 0.479 0.247 0.054 −0.141
Range 6.036 5.966 6.778 6.599 5.987 6.354

Minimum 0.249 0.351 0.032 0.058 0.012 0.068
Maximum 6.285 6.317 6.809 6.657 5.999 6.422

Count 148.000 148.000 296.000 296.000 216.000 216.000

* Calculated values.

The total values of the measured and calculated members of the water balance are
described in Table 5. The differences between calculated and measured ETa in the evaluated
years were 42 mm (9%—2017), 103 mm (14%—2019), and 69 mm (12%—2020).

These evapotranspiration differences caused higher values of the calculated water
inflow from BF, which eliminated the resulting evapotranspiration deficit. Cumulative BF
differences in the studied periods were 59 mm (2017), 82 mm (2019), and 58 mm (2020). In
2017, the calculated cumulative inflow from BF exceeded the evapotranspiration deficit,
which was manifested by an increase in the calculated weight change of the lysimeter ∆M
by 18 kg compared to the measurement. The opposite situation occurred in 2019 and 2020,
when the calculated water inflow from BF was not sufficient to cover the evapotranspiration
deficit and the calculated cumulative ∆M was lower by −21 kg (2019) and −11 kg (2020)
compared to the measurement. In the case of the measured values in all evaluated periods,
evapotranspiration dominated precipitation by 22% (2017), 14% (2019), and 10% (2020).
The deficit was compensated by capillary inflows from the GWL and at the same time by
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the water supply from the unsaturated soil zone. In the soil profile, this was most evident
in its upper layers.

Table 5. Sums of measured and calculated water balance members in the periods 2017, 2019, and
2020.

Year Days ΣP
(mm)

ΣD
(mm)

ΣCR
(mm)

ΣCR *
(mm)

ΣETa
(mm)

ΣETa *
(mm)

ΣETa–ΣETa *
(mm)

2017 148 398 34 188 363 484 526 −40

2019 296 639 48 239 742 729 832 −103

2020 216 530 37 170 506 581 650 −69

Year Days ΣSW
(mm)

ΣSW *
(mm)

ΣBF
(mm)

ΣBF *
(mm)

Σ∆M
(kg)

Σ∆M *
(kg)

Σ∆M–∆M *
(mm)

2017 148 −109 −225 79 138 27 45 −18

2019 296 −142 −563 98 179 55 34 21

2020 216 −102 −380 68 126 54 43 11

* Calculated values.

4. Conclusions

Different time periods in 2017, 2019 and 2020 were selected for the analysis of the
hourly values of the water balance members. By comparing the measured and calculated
cumulative ETa totals, it was demonstrated that the results from numerical simulation
slightly exceed the measured values. Higher values of the calculated ETa are caused by
the dominance of the capillary inflow through BF compared to the values measured by the
lysimeter. A significant increase in capillary inflow was observed during non-precipitation
periods. In these periods, the inflow of water covered the need for evapotranspiration. The
opposite situation occurred during periods of precipitation, when water gravitationally
drained from the lysimeter into the soil saturated zone. The changes in precipitation and
non-precipitation periods can be clearly seen in the course of the balance members’ cumula-
tive values. When water inflow through BF was not sufficient to cover evapotranspiration
needs, water deficit was compensated from soil water supply. This caused the decrease in
the lysimeter weight ∆M. On the other hand, when BF exceeded evapotranspiration needs,
the soil water supply increased and thus increased ∆M. Quantified deviations between
measured and calculated values are most significant at BF, which caused smaller differences
at ETa and ∆M. In general, however, it can be concluded that the model reliably simulates
trends in the development of the balance members.

A regression analysis of the balance members’ daily values demonstrated a high
degree of dependence between the measured and calculated ETa. Similarly, the values
of the RMSE, NS, and IA evaluation indicators show a high degree of coincidence and
prove good performance of the model in all evaluated years. For BF, the RMSE values were
significantly higher. Worse performance of the model was demonstrated by the NS and IA
indicators, which were at low values, with the exception of 2017 when the IA value was
higher. A slightly better situation occurred when evaluating the ∆M indicator. In this case,
although the RMSE values were high, there was also a significant increase in NS and IA
in 2017, and a moderate increase in 2019 and 2020. The use of the lysimeter enabled the
evaluation of the selected HYDRUS-1D model as acceptable for the conditions of the East
Slovakian Lowland. In the future, it is expected that a longer time series will be used in soil
water regime simulations with regard to the frequent occurrence of extreme hydrological
conditions, whether they be drought or wetness.
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