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Abstract: In general, soil is defined as a top, weathered layer of the Earth crust, which is suitable for plant growth.
In the system soil - plants – atmosphere, mass and energy is transformed into biomass. This transformation is enabled
by photosynthesis and photosynthesis occurs only if there is a water flow between soil, plants and atmosphere. The
process of water transfer from soil, through soil surface and plant cover is called evapotranspiration. Among the most
important elements of the hydrological cycle are rainfall and water evaporation. The contribution aims at quantifying
the role of evaporation during the process of soil profile drying. This contribution examines the impact of evaporation
deficiency, which is the difference between potential and actual evapotranspiration, on the drying of a soil profile.
Drying process is quantified by analysing the changes of soil water storage with regard to the point of decreased
availability. The analysis was based on the numerical experiment via the mathematical model “GLOBAL”. Before
the numerical experiment was conducted, the model had been verified by comparing the calculated and the measured
values of soil water storage in the investigated area in a soil profile up to the depth of 0.8 m. The experiment outcome
is the analysis and the quantification of the impact of evaporation deficiency on soil profile drying.
Citation: Gomboš Milan, Kandra Branislav, Tall Andrej, Pavelková Dana: The Role of Evaporation in the Drying of a Soil
Profile, Advance in Thermal Processes and Energy Transformation, Volume 3, No.2, (2020), p. 45-52, ISSN 2585-9102

1

Introduction

In general, soil is defined as a top, weathered layer of
the Earth crust, which is suitable for plant growth. In the
system soil - plants – atmosphere, mass and energy is
transformed into biomass. This transformation is
enabled by photosynthesis and photosynthesis occurs
only if there is a water flow between soil, plants and
atmosphere.
The process of water transfer from soil, through soil
surface and plant cover is called evapotranspiration. If
there is water deficiency in the environment, water flow
in the soil decreases and so does evapotranspiration.
This results in the reduction of nutrients that water
transports to plants. As a result, biomass production is
lowered, i.e. soil productivity decreases.
If the volume of soil water reaches a critical level
(point of decreased availability), plants start to get
stressed. At this point, their biological activities are
focused on survival. Soil drought begins. If a soil profile
keeps drying, plant roots stop to be supplied with water.
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Plants start to wilt and die. This condition is called
wilting point.
This shows that the knowledge of the processes of
mass and energy transfer in soil is crucial for the ability
to control biomass production.
Evaporation of water is a natural thermodynamic
process where a solid or a liquid turns into a gas. In the
hydrological cycle, it is one of the crucial elements
regulating energy flows. Evaporation of water from
plants, water surface and soil is called
evapotranspiration. The maximum value of evaporation
from the vegetated soil which is possible under given
meteorological
conditions
is
potential
evapotranspiration (ET0). Real evaporation from the
vegetated soil is actual evapotranspiration (ETa).
Evapotranspiration is one of the most important
elements of water balance in nature [1-6]. It
significantly influences on the production of biomass
and water storage in the unsaturated soil zone, which is
a water source for biosphere. If there is enough water in
a soil profile, then ET0 = ETa. If ET0 > ETa, evaporation
deficiency (D) occurs. Evaporation deficiency indicates
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shortage of water in the root zone of a soil profile, which
means the rate of water flow towards plant roots
decreases. In nature, during long periods with no rainfall
soil water storage in the root zone continuously
decreases. Surface soil horizons, and subsequently the
whole root zone, get to the state of soil drought [7, 8]. It
is a state when the shortage of water causes reduced
production of biomass and when the physiological
activity of plants is focused only on survival. On the
retention curve, this state is defined as the point of
decreased availability (PDA) for the potential (log hw=
pF) pF=3.3 cm. When soil moisture reaches the wilting
point pF  4.18 cm, soil water is not available for plants
anymore and plants wilt.
The aim of the contribution is to quantify the impact
of evaporation deficiency on the drying process
occurring in a soil profile. Drying is quantified by
analysing the changes of soil water storage. The
experiment is based on the field measurements and the
numerical simulation of the water regime in the
unsaturated soil zone via the mathematical model
GLOBAL set at 1-day calculation step.

2

Description of the investigated area

Evaporation process was examined in Milhostov, the
area located in the central part of the ESL, Slovakia
( = 48°40'11.08"; = 21°44'18.02"; 100 m). The
selected area is characteristic of the ESL. Typical soil of
the area is gleyic fluvisol, a medium-heavy soil where
18% - 39% of the content are clay particles Figure 1.
In terms of climate, the examined area, as well as the
rest of the ESL, is located in the transitional climate
region in between the maritime and the continental
climate. In terms of temperature, the area is
homogeneous. Long-term mean temperature in the area
between the years 1961 and 2015 is 9.4°C; minimum
mean daily temperature is –20.5°C, maximum mean
daily temperature is +30.6°C. The absolute minimum
temperature in the area during the analysed period was 29.1°C (January 01, 1987) and the absolute maximum
daily temperature was +38.2°C (July 22, 2007). The
warmest month is July, the coldest is January. The mean
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Figure 1 Texture of the examined soil profile as defined by
the USDA triangle (sand 0.05-2.0 mm, clay <0.002 mm, silt
0.002-0.05 mm)

Materials and methods

Evaporation process and its impact on soil water storage
was examined in Milhostov, the area located in the
Eastern Slovakian Lowland (ESL), Slovakia. The
analysis concerned the growing seasons from 1970 2015. During the analysis, the following values were
analysed at 1-day calculation step: soil water storage to
the depth of 1m; movement of the groundwater level; air
temperature; and daily totals of actual and potential
evapotranspiration, rainfall and evapotranspiration
deficiency.

2.1

annual amount of rainfall in the area is 558 mm (years
1961 - 2015). Daily maximum rainfall total was 82.5
mm (June 26, 1995). Rainfall conditions in the area are
heavily influenced by air circulation. Heaviest rainfall is
induced by humid and warm air flowing from the south.

The air currents from the other directions do not
usually bring rainfall because it falls on the Carpathians.
The maximum duration of a continuous period with no
rainfall was 35 days. The maximum annual long-term
mean duration of a period with no rainfall is 17 days.
Long-term mean wind speed 10 m above the ground is
2.468 m s-1. Daily long-term mean pressure of water
vapour is 0.999 kPa where the daily mean minimum is
0.083 kPa and the maximum is 2.760 kPa. Daily longterm mean relative humidity is 77.4% where the daily
mean minimum is 33% and the maximum is 100%. With
regard to phenological characteristics and vegetation of
the area, there are no noticeable temporal or local
changes.

2.2

Description of the experiment

The database for the needs of the experiment was
collected by the field monitoring, laboratory
measurements and the numerical simulation via the
mathematical model “GLOBAL”.
The field monitoring concerned the measuring of the
groundwater level and volumetric moisture within a soil
profile, vertically to the depth of 0.8 m and horizontally
by 0.1 m thick layers. The field works included also soil
sampling. Gathered soil samples were processed in the
laboratory and basic characteristics of the soil profile
were determined. The Climatic and Agroecology
Research Institute is located in the examined area.
During the years 1970 - 2015, the institute provided
hydro-meteorological data and plant characteristics
necessary for the numerical simulation via the
mathematical model “GLOBAL”. The results of the
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water storage monitoring to the depth of 0.8 m are
available as well. The model was verified using the data
from the extremely dry growing season in 2007. The
growing season of 2007 was the second driest season of
the analysed period. The driest season was that of the
year 2015.
Once the model was verified, the development of
ET0, ETa and water storage in a soil profile to the depth
of 1m was calculated with one-day calculation step. In
addition, the value of evapotranspiration deficiency was
calculated using the equation (1):

𝐸𝑇𝐷 = 𝐸𝑇0 − 𝐸𝑇𝑎

and moisture of saturated soil). In the model,
hydrophysical characteristics are expressed by
analytical equations. Moisture retention curve is
described by van Genuchten model [11].
Potential evapotranspiration ET0 is calculated by
Penman–Monteith equation. For determining actual
transpiration and evaporation, the method developed at
IH SAS was used. This method assumes that the
evapotranspiration depends on the value of leaf area
index (LAI). The intensity of potential evaporation Eeo is
calculated
from
the
value
of
potential
evapotranspiration ET0 as follows:

(1)
𝐸𝑒0 = 𝐸𝑇0 exp(−𝑚1 𝐿𝐴𝐼)

The simulation was conducted for the growing
seasons from 1970 - 2015. ET0, ETa and D totals during
the growing seasons were analysed with regard to water
storage (WS), rainfall and groundwater level (GWL). For
ET0, ETa and D, linear trends were calculated and the
correlation analysis between the analysed units was
performed. The development of WS in the extremely
dry season was analysed with one-day step.

The value of empirical coefficient (m1 = 0.463) was
gained by field measurements in a maize field. Actual
evapotranspiration and its structure is calculated based
on the values of potential evapotranspiration ET0 and the
relation between relative evapotranspiration Eeo/ET0 and
soil profile moisture, i.e.

Brief description of the model “GLOBAL”

2.3

The model “GLOBAL” is a mathematical model to
enable simulating water movement in soil and
calculating the distribution of soil moisture potential,
i.e. soil moisture in real time [9, 10]. The model is based
on the numerical solution of a non-linear partial
differential equation describing water movement in
aerated soil zone, which is as follows:

𝜕ℎ𝑤
𝜕𝑡

=

1

𝜕

𝑐(ℎ𝑤 ) 𝜕𝑧

[𝑘(ℎ) (

𝜕ℎ𝑤
𝜕𝑧

+ 1)] −

𝑆(𝑧,𝑡)
𝑐(ℎ𝑤 )

(2)

where: hw - soil moisture potential, z - vertical
coordinate, k(hw) - unsaturated hydraulic conductivity
of soil S(z,t) - intensity of water uptake by plant roots
from unit soil volume per unit of time (cm3/cm3).d-1,
𝜕𝜃
𝑐(ℎ𝑤 ) =
, θ - volume soil moisture (cm3/cm3).
𝜕ℎ𝑤

The simulation using the model “GLOBAL” can be
performed with one-day calculation step. In that
instance, daily values are used as the input values for
creating the boundary conditions. This also applies to
the meteorological inputs and the plant cover input
parameters. The model “GLOBAL” includes also soil
hydrophysical characteristics such as: retention curves,
soil saturated and unsaturated hydraulic conductivity,
hydrolimits and some physical soil characteristics
(porosity, specific weight and volumetric mass density
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(3)

𝐸𝑇𝑟 =

𝐸𝑒0
𝐸𝑇0

= 𝑓(𝜃)

(4)

The calculation method is based, inter alia, on the
assumption that the median soil moisture in the root
zone used for the calculation of transpiration, or the
value of moisture in the upper layer of a soil profile used
for the calculation of evaporation, depends on the
intensity of evaporation. The higher is the intensity of
evaporation, the higher is the value of θk, at which the
evaporation starts to decrease. The verification of the
method via the model “GLOBAL” has shown a very
high concordance between the calculated values and the
values measured in real conditions. The outputs of the
modelling are moisture and soil moisture potential
distribution, daily totals of the following: interception,
evaporation and its components, infiltration, existing
water deficiency in soil and other.

3

Results and discussion

During the verification of the model GLOBAL the
assessment of the weekly values of integral soil water
content to the depth of 0.8 m expressed in millimetres of
water column was conducted. The selection of the layer
for the calculation depended on the depth to which the
soil water storage was monitored in field. The results of
the simulation and the measurements are shown in
Figure 2.
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Table 1 Summary Statistics

Figure 2 Comparison between the monitored and the
modelled soil water storage up to the depth of 0.80 m during
the growing season of 2007

The diagram shows a very high concordance
between the calculated and the measured values which
is proven by the results in Figure 3.

Statistics

measurement

simulation

Count

22

22

Average

202.12

204.43

Standard deviation

37.89

47.84

Variance

1435.57

2288.79

18.75 %

23.40 %

Minimum

153.32

157.09

Maximum

287.38

303.43

Range

134.07

146.34

Standard skewness

1.455

1.877

Standard kurtosis

-0.284

-0.584

Coefficient
variation

of

In addition, the t-test was applied to compare the
mean values and the F-test to compare the standard
deviations of the measured and the modelled values. The
results of the tests are shown in Table 2.
Table 2 Results of the t-test and F-test

t-test to Compare means
Null hypothesis
Figure 3 Representation of the linear dependence via the
correlation coefficients between the measured and the
modelled daily values of integral soil water content to the
depth of 0.8 m in Milhostov

It is a Quantile-Quantile Plot which shows the linear
trend and the correlation coefficient between the
measured and the modelled values. The R-Squared
statistic indicates that the model as fitted explains
86.37% of the variability in measurement. The
correlation coefficient equals 0.93, indicating a
relatively strong relationship between the variables.
Other basic characteristics of the descriptive statistics
are listed in Table 1.
The results show that, especially in terms of
moisture, the model GLOBAL θ > TP tends to
overestimate the real state. When the moisture is lower,
it tends to underestimate it.
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Mean measurement = Mean
simulation

Alternative Hypothesis

Mean measurement ≠ Mean
simulation

t – statistic = -0.177316

Two-sided
0.860112

Conclusion

P-value

=

Do not reject the null
hypothesis for alpha = 0.05

F – test to Compare Standard Deviations
Null hypothesis

Sigma measurement = Sigma
simulation

Alternative Hypothesis

Sigma measurement ≠ Sigma
simulation

F – statistic = 0.627217

Two-sided
0.293035

Conclusion

Do not reject the null
hypothesis for alpha = 0.05

P-value

=
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The tests showed that the null hypothesis regarding
the equality of the mean values and standard deviations
of the measured and simulated values cannot be
rejected. The results indicate that the model is suitable
for the examined area and it can be used for the
simulation of the water regime in the unsaturated soil
zone. It should be noted that the model has been verified
and successfully applied in other areas around Slovakia
[12, 13].
Figure 4 shows the contour lines representing the
volume moisture and it was made based on the moisture
values monitored up to the depth of 0.8 m by 0.10 m
thick layers in Milhostov during the growing season of
2007. The picture shows that the whole profile was dry
to the subsoil layers.

Figure 4 Contour lines of the volumetric moisture up to 0.80
m during the growing season of 2007

Table 3 lists the basic characteristics of the
descriptive statistics applied to the following: seasonal,
monthly and daily totals of ET0, D, P; average soil water
storage during the growing season to the depth of 1.0 m
and the mean location of GWL under the surface during
the growing season.

Table 3 Statistical characteristics of the seasonal, monthly and daily totals of ET 0, ETa, D, WS, P and GWL

VO
D
WS
[mm]
215.45
278.37

statistic

ET0

ETa

Mean
Standard
Error
Median
Standard
Deviation
Sample
Variance

530.63

315.17

11.96

11.72

16.12

533.46

290.66

81.12

Kurtosis
Skewness
Range
Minimum
Maximum
Count
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Month
ET0
ETa
[mm]
88.44
52.53

Day
ET0 ETa
[mm]
2.91 1.73

371.44

GWL
[cm]
135.09

5.49

12.66

3.55

1.50

1.30

0.02

0.01

209.00

270.19

360.85

136.20

87.28

51.09

2.82

1.64

79.48

109.35

37.21

85.87

24.09

25.13

21.85

1.39

1.06

6580.34

6316.79

11958.31

1384.86

7373.86

580.29

631.76

477.51

1.93

1.13

0.49

0.07

1.27

1.21

2.03

3.79

-0.31

0.45

-0.22
409.93
302.70
712.63
46

0.69
370.15
156.06
526.21
46

0.75
556.36
0.21
556.57
46

0.87
186.98
213.60
400.59
46

0.93
444.40
226.80
671.20
46

0.22
159.61
61.08
220.70
46

0.27
131.94
28.29
160.23
282

0.54
121.28
3.26
124.54
282

Table 3 shows that the long-term mean evaporation
during the growing season in the form of ETa is 315.17
mm (59.4% of ET0) while evaporation ET0 is 530.63
mm. This leads to the long-term evaporation deficiency
of 215.45 mm, which is 40.6% of ET0. Long-term mean
rainfall total during the growing season is 70.0%
(371.44 mm) of ET0. Long-term mean monthly total of
ETa is 88.44 mm. Long-term mean daily total of ETa is
1.73 mm while ET0 is 2.91 mm. Mean depth of the GWL
under the surface is 135.09 cm.
Table 3. Statistical characteristics of the seasonal,
monthly and daily totals of ET0, ETa, D, P; mean soil
water storage during the growing season to the depth of
1.0 m and mean location of the GWL under the surface
during the growing season.

P

0.11
0.29
9.29
0.02
9.32
8235

0.33
0.61
6.00
0.00
6.00
8235

Figure 5 shows the long-term mean values of the
monthly total of ET0, ETa and D. The results indicate
that the highest long-term mean monthly total of
evaporation deficiency is in July and August. It is
caused by the fact that the mean monthly soil water
storage gradually diminishes during the growing season
until July when it stops at the minimum value. To the
contrary, ETa increases and reaches the top value in July.
The maximum value of long-term mean total of ETa
occurs in June when soil profile contains enough water.
From June until the end of the growing season ETa
continuously drops.
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Figure 5 Long-term mean monthly totals of ET0, ETa and D.

Figure 6 shows the development of D, ET0, ETa, P
totals, mean soil water storage to the depth of 1m (WS),
mean temperatures (T) and mean GWL during the
growing seasons between 1970 and 2015. It is obvious
that during the examined period, the difference between
ET0 and ETa raised. Evaporation deficiency “D”
therefore increases. Variability has also grown during
the last 15 years. As for standard deviation “D”, from
1970 - 1985 it was 63 mm, from 1986 - 2000 it was 69
mm and during 2001 - 2015 it reached 158 mm. The
variability has raised in all examined parameters during
the last 15 years (e.g. WS raised by 50%). With the
exception of evaporation, the trends are balanced.
Table 4 correlates the examined parameters. The
most significant and closest relation is between soil
water storage and D (Figure 7) and GWL which are
inversely proportional.

Figure 6 Evapotranspiration deficiency and the water regime
elements during the growing seasons 1970 – 2015

On the other hand, water storage in the root zone of
a soil profile statistically depends on GWL and ETa.
Table 4 Correlation table of the examined parameters.

Figure 7 Graphical representation of the exponential
dependence between evapotranspiration deficiency (D) and
water storage (WS) in soil to the depth of 1 m; R = 0.8

parameters

P

P [mm]

1

ET0 [mm]

-0.31

1

ETa [mm]

0.59

0.07

1

T [°C]

-0.19

0.62

0.03

1

GWL [cm]

0.60

-0.25

0.79

-0.24

1

0.63

-0.20

0.86

-0.10

0.87

1

-0.66

0.69

-0.67

0.44

-0.76

-0.77

WS, 1
[mm]
D [mm]

50

ET0

ETa

T

GWL WS

D

m

1
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The processes can be explained by the fact that GWL
is a lower boundary of the unsaturated soil zone and for
the purpose of soil water regime, it is defined as the
lower boundary condition. The lower boundary of the
unsaturated soil zone is thus dynamic and, depending on
the interaction with the groundwater, it can change in
space and time. When GWL is high, groundwater can
reach the soil profile. In depressed lowland areas, such
as ESL, groundwater often reaches the surface of the
ground and the unsaturated soil zone is lost. Due to its
fluctuation in time, groundwater can reach the soil
profile even when the average GWL is lower. In this
way, the interaction processes influence on the soil
water storage and its availability for the plant cover. It
is especially observable during the periods of
meteorological drought. During longer periods with no
rainfall, precipitation cannot cover the actual
evapotranspiration ETa and the drying process begins.
There is a slight retardation in time in terms of the
impact of the drying process on GWL and the
unsaturated soil zone. In lowland areas, first layers to be
dried are the upper layers of a soil profile. Drying then
spreads to the lower layers towards GWL. Time
retardation lies in that groundwater supplies the
unsaturated soil zone with water and thus ameliorates its
availability for the root zone of the plant cover. In
consequence, GWL drops and the unsaturated soil zone
becomes thicker. When GWL drops under the critical
(threshold) point, water transfer from GWL to the root
zone ceases. Moisture conditions in the balanced layer
of the root zone depend solely on rainfall and
evaporation. When there is a longer period with no
rainfall, water supply towards the roots stops. The upper
soil horizons and subsequently the whole root zone gets
into the state of drought. In Figure 8 the examined years
are ordered by mean soil water storage to the depth of
1m during the growing season.

corresponding long-term mean. The mean temperature
is relatively stable, 110% of the corresponding longterm mean. Rainfall “P” formed 61% of the
corresponding long-term mean and water storage in soil
to the depth of 1m “WS” were 77% of the corresponding
long-term mean. The results shown in Figure 9 indicate
that in the other half of the growing season soil water
storage dropped under the point of decreased
availability.
This corresponds to the fact that the value of “D”
was high above the average. Groundwater continuously
drops during the whole growing season. Figure 9 also
shows the development and correlation between ET0,
ETa and D.

Figure 8 Growing seasons 1970 - 2015 ordered by soil water
storage in a soil profile to the depth of 1m

Figure 9 Evapotranspiration deficiency and water regime
elements in the extremely dry year of 2015

The scheme shows that the driest year in terms of
soil water storage during a growing season was the year
2015. In consequence, water regime elements in 2015
were analysed. The results of the analysis were
calculated with 1-day step and they are shown in Figure
9. Evaporation deficiency “D” is 257% of the long-term
mean (1971 - 2015). ET0 is 134% and ETa is 49% of the
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4

Conclusion

The study analysed the development of ET0, ETa, D,
WS, P, GWL location and T during the growing seasons
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during the years 1970 - 2015 on the basis of the
measured data and the data gained via numerical
simulation. The interaction processes in the root zone of
a soil profile during the creation of soil water regime
were quantified. The quantification is crucial for
understanding the processes occurring during drought
creation, duration and termination. It has been
demonstrated that soil water storage depends heavily on
evaporation, i.e. actual evapotranspiration ETa.
Subsequently, actual evapotranspiration influences on
evapotranspiration deficiency “D” and on the location
of GWL. For that reason, evapotranspiration deficiency
“D” can be considered an indicator of the drying of a
soil profile. Drying starts when water inflow towards
plant roots is reduced.
During the state of
evapotranspiration deficiency, groundwater supplies the
root zone of a soil profile with water. When there is a
long period with no rainfall, water transfer from GWL
towards plant roots ceases. Moisture conditions in the
balanced layer of the root zone depend solely on rainfall
and evaporation. The processes are demonstrated on the
driest growing season of 2015. From the point of view
of soil water storage to the depth of 1m this season was
absolutely driest growing season in the examined period
from 1970 - 2015.
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