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The impact of land use on future water balance - A simple approach for
analysing climate change effects

Andras Herceg,
Péter Kalicz,
Zoltan Gribovszki

Introduction

The ongoing climate change can be char-
acterized by a statistically significant warm-
ing trend in all seasons throughout Europe
(Christensen & Christensen 2007, Van Der
Linden & Mitchell 2009). In the Carpathian
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Regional climate change projections for Europe agree in predicting a statisti-
cally significant warming in all seasons. The most significant climate change ef-
fect is its impact on water cycle through altering precipitation patterns and
evapotranspiration processes at multiple scales. The anticipated changes in
the distribution and precipitation amounts together with continuously increas-
ing temperatures may induce a higher rate of water consumption in plants,
which can generate changes in soil moisture, groundwater, and the water cy-
cle. Thus, climate change can cause changes in the water balance equations
structure. A Thornthwaite-type monthly step water balance model was estab-
lished to compare the water balance in three different surface land cover
types: (i) a natural forested area; (ii) a parcel with mixed surface cover; (iii)
an agricultural area. The key parameter of the model is the water storage ca-
pacity of the soil. Maximal rooting depth of the given area is also determinable
during the calibration process using actual evapotranspiration (AET) and soil
physical data. The locally calibrated model was employed for assessing future
AET and soil moisture of selected land cover types using data from four bias-
corrected regional climate models. The projections demonstrate increasing ac-
tual evapotranspiration values in each surface cover type at the end of the 21*
century. Regarding the 10" percentile minimum soil moisture values, the for-
ested area displayed an increasing trend, while the agricultural field and
mixed parcel showed a strong decrease. The 30-year monthly means of evapo-
transpiration shows the maximum values in June and July, while the minimum
soil moisture in September. Water stress analysis indicates water stress is ex-
pected to occur only in the agricultural field during the 21 century. The com-
parison of the three surface covers reveals that forest has the greatest soil wa-
ter storage capacity due to the highest rooting depth. Thus, according to the
projections for 21 century, less water stress is predicted to occur at the
forested area compared to the other two surface covers which shows shallow
rooting depth.

Keywords: Water Balance, Climate Change, Plant Available Water, Evapotran-
spiration, Soil Moisture, Water Stress

Basin, the climate projections for the 21
century indicate an increase of tempera-
ture (expected in all seasons) and an in-
crease of climatic aridity. The projected
change could be between 2-5 °C, depend-
ing on the applied climate model and emis-
sion scenario (Pongracz et al. 2011, Novaky
& Bdlint 2013).

Higher temperatures reflect larger energy
potentials in the atmosphere, which, there-
fore, contains more water at the same time
and/or has a shorter water vapour reten-
tion time, both of which will accelerate the
hydrological cycle (Cui et al. 2018, IPCC
2019). This acceleration means temporal
distribution changes of the precipitation,
which often results in increased precipita-
tion amounts during single events, though
not affecting the annual rainfall amount
which remains constant. Therefore, warm-
ing has also an effect on the hydrological
cycle through precipitation intensity (Kjell-
strom et al. 2011). The Carpathian Basin
may experience a decrease of the precipi-
tation amount in summer and an increase
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in winter (Novaky & Bdlint 2013, Galos et al.
2015).

The most significant effect of climate
change is its impact on the water cycle by
altering precipitation patterns and evapo-
transpiration processes at multiple scales
(Sun et al. 2011). The forecasted changes in
the distribution and amount of precipita-
tion along with the continuously increasing
temperature may lead to a higher water
consumption in plants (due to the longer
growing seasons, and larger leaf area -
Aber et al. 2009), which will generate
changes in soil moisture, groundwater
(Mas-Pla & Mencié 2019), and the water cy-
cle. Thus, climate change can cause
changes in the water balance equations
structure (Keve & Novaky 2010).

In the Carpathian Basin, 90% of the pre-
cipitation is evapotranspired, while the re-
maining 10% is runoff (Kovacs 2011). This
large influence of vegetation on the water
cycle makes modelling necessary to attain
a quantitative understanding of the evapo-
transpiration process.
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Previous studies modeling the impact of
climate change on water balance (Lutz et
Linden et al. 2019, Csaki et al. 2020) re-
vealed that evapotranspiration may in-
crease, but soil water content may de-
crease in the future due to presumably in-
creasing temperatures and decreasing pre-
cipitation, thereby leading to possible en-
hanced water scarcity towards the end of
the 21 century. Thus, modelling the ex-
pected changes in water resources over
different time scales can be crucial for wa-
ter management, agriculture, forestry, and
civil engineering in the Carpathian Basin re-
gion (Gdspar et al. 2017, Hlasny et al. 2014,
Matyas et al. 2018). Consequently, further
studies at the regional scale are required
(Stagl et al. 2014).

The overall objectives of this study are to
establish a monthly step water balance
model for three different surface covers: (i)
a forested area; (ii) a mixed parcel (1 km?
corn field plot with strips of poplar trees);
(iii) an agricultural area. Using the cali-
brated model, the impact of climate
change in the 215t century is analysed to
compare the water balance of forest and
two other land use types located at the
north-western part of the Carpathian
Basin.

Materials and methods

Study area

To test our model, we used three study
areas in the Carpathian Basin, namely: a
forested area, a mixed parcel, and an agri-
cultural field. The first two are situated in
the Western part of the Transdanubian Re-
gion of Hungary, while the third is in the
eastern part of Austria next to Vienna (see
Fig. S1in Supplementary material).

Forested area

The forested area is an experimental
catchment at the eastern foothills of the
Alps near the city of Sopron. The elevation
of the study area ranges from 370 to 550 m
a.s.l.

This area has a subalpine climate, with an
average annual temperature of 8.5 °C, and
annual precipitation of 700-750 mm. The
driest season is autumn, while the wettest
is late spring and early summer (D&vényi
2010).

The geological basis of the catchment is
fluvial sediments deposited in five distinct
layers in the tertiary (Miocene) period on
crystalline bedrock. A finer-grained layer
appears in the valley bottom, which is a
good aquifer, giving rise to perennial
streams (Kishazi & Ivancsics 1985). The soil
texture of this area is loam. The dominant
vegetation in the catchment comprises
alder (Alnus glutinosa) in the bottom of the
valley, spruce (Picea abies), and beech (Fa-
gus sylvatica) on the northern slopes,
whereas sessile oak (Quercus petraea) and
beech (Fagus sylvatica) are on the southern
slopes.
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The investigation period was from Janu-
ary 2000 to December 2008, due to the
availability of the data which originated
from the AgroClimate.2 project (Czimber
2018).

Mean monthly temperature (Ty) and
monthly summed precipitation (Py) values
are utilized as inputs for the forested area
and measured (remote-sensing based) ac-
tual evapotranspiration values (ETcgremar)
for calibration and validation.

Szilagyi et al. (2011) established a method
called CREMAP to downscale the regional
actual evapotranspiration values into spa-
tially variable actual evapotranspiration
rates. The CREMAP model is a modified,
upgraded version of the ET estimation
technique of Szildgyi & Jézsa (2009). The
model provides a measure of actual evapo-
transpiration through a satellite-based, re-
mote-sensed approach. Kovacs (2011) map-
ped the monthly actual evapotranspiration
(ETcremar) for Hungary from 2000 to 2008
using the Szilagyi CREMAP method. The
base of the method is a linear transforma-
tion of the eight-day composited MODIS
(Moderate Resolution Imaging Spectrora-
diometer) daytime surface temperature
values into actual evapotranspiration rates
(Szildgyi & J6zsa 2009). These monthly ac-
tual evapotranspiration maps were pre-
pared from March until November of each
year.

Mixed parcel

The mixed parcel is basically used as an
agricultural plot and was formerly a corn-
field, except during the period 2003-2007
when it was used to grow barley and in
2004 when it was used for wheat. How-
ever, poplar (Populus x canadensis) trees
can also be found along strips in this area.
The parcel has a total area of about 1 km?,
and the elevation is 1220 m a.s.l.

The selected parcel is located in the
Mosoni-sik microregion that is situated in
Gy6r-Moson-Sopron County. It is basically
(73.5%) plough-land. On the whole, this nat-
ural microregion is an alluvial plain (D6vé-
nyi 2010).

The climate is continental, with tempera-
ture differences between the western and
eastern part of the natural microregion.
The average annual temperature is 9.7 °C
and the annual precipitation is 560 mm
(D6vényi 2010).

The investigation period was from Janu-
ary 2000 to December 2008, the same as
for the forested area. The data originated
from the AgroClimate.2 project (Czimber
2018).

The input dataset contains mean monthly
temperature (Ty) and monthly summed
precipitation (Py) values as well as mea-
sured (remote-sensing) actual evapotran-
spiration values (ETcremar) for calibration
and validation.

Agricultural field
The agricultural field is an area of about
1000 km? in the eastern part of Austria, be-

tween Vienna and the border of Slovakia.
The elevation of this study area is 157 m
a.s.l. It is characterized by a subhumid cli-
mate with a mean annual temperature and
precipitation of approximately 10 °C and
550 mm, respectively. Typical summers are
hot and dry, while winters are mainly cold
with severe frost and limited snow cover
(Gotz et al. 2000). A typical soil type is
chernozem, a black-coloured fertile soil
(Gotz et al. 2000). The favourable environ-
mental conditions supported the develop-
ment of large areas (650 km?) of intensive
production of various crops in the past
decades. As the region is prone to water
deficit stress, irrigation is common and is
expected to become even more important
due to climate change effects (Nachtnebel
etal. 2014).

Basic data for this study were obtained at
the experimental farm of the University of
Natural Resources and Life Sciences, Vi-
enna (BOKU), in GroRR-Enzersdorf (48°12' N,
16° 34’ E; 157 m a.s.l.). Regarding climate
conditions, the location is representative
for the agricultural field (Nolz et al. 2016).

Mass changes of the surface-soil-vegeta-
tion system and, therefore, changes in soil
water content can be estimated using
weighing lysimeters (Baumgartner & Lieb-
scher 1995, Nolz et al. 2014). Soil water bal-
ance components were determined using a
large weighing lysimeter. During installa-
tion, a typical soil profile was created by re-
packing soil in layers as follows: (i) sandy
loam soil (0-140 cm, porosity 35-40% — 30 %
sand, 50 % silt, 20 % clay; porosity: 43 %); (ii)
gravel (140-250 cm, only macropores with
negligible water holding capacity).

These soil characteristics and the conse-
quent hydraulic properties were taken as
the basis for the simulation. Although the
input parameters are assumed to be typical
for the region, a single soil profile cannot
represent the characteristics of a large
area like the agricultural field in general.

The utilized lysimeter and the surround-
ing area were permanently covered by
grass and maintained to represent the
standard conditions for the determination
of reference evapotranspiration (Allen et
al. 1998).

Egn. 1 illustrates the relation between
measured (Wys, Wemin) and unknown (P,
lys, ETis) water balance components based
on daily changes (A - egn. 1):

AWyt AWg0in=A Py + AL, —AET,, (1)

Therein, AW, is the daily change of the
soil water mass, determined by means of
the weighing facility. AW is the daily
amount of drainage water (freely draining
by gravity forces), measured at the bottom
outlet by means of a tipping bucket device.
Pys is precipitation and Iy is irrigation on
the lysimeter. Both were assumed to occur
when net changes in soil water (AW, +
AWgrin) Were positive. Consequently, evap-
otranspiration from the lysimeter surface
(ETys) was quantified as negative changes
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in soil water (AW, + AWgein). All units are
millimetres per day (mm day"). Specific
smoothing functions were applied to im-
prove measurement accuracy, which is 0.1
mm at average wind velocity. A detailed
description of measurements and data pro-
cessing can be found in Nolz et al. (2014,
2016)

Mean monthly temperature (Ty) and
summed monthly precipitation (Pw) values
make the input dataset, and the actual
evapotranspiration values (ETismerer) are
for calibration and validation. Neverthe-
less, all input data refer to the experimen-
tal site in Grof-Enzersdorf. In the given
case, irrigation and precipitation comprise
the input parameter.

The investigation period was from Janu-
ary 2004 to December 2011. It is important
to note that the difference between the
time series of the study areas is due to the
availability of the input data.

The Thornthwaite-type hydrological
model description

The Thornthwaite-type water balance
model represents a 1-D system which con-
siders only vertical fluxes. Input values are
monthly precipitation (Py, mm) and tem-
perature (Tw, °C — Dingman 2002). To de-
velop the Thornthwaite-type water bal-
ance model, we have chosen the R statisti-
cal software (R Core Team 2012).

The first step in setting up the model was
the calculation of the potential evapotran-
spiration (PET). PET is the amount of water
that can be evaporated and transpired
when soil water is sufficient to meet atmo-
spheric demand (Allen et al. 1998). In this
study, a temperature-based PET-model af-
ter Hamon (1963) was applied. The calcula-
tion of potential evapotranspiration after
Hamon (PET,) is described by the following
equations (eqn. 2, egn. 3):

*

e
PET,=29.8:-D—"—
" T, +273.2 @)
06l 17.3-T,,
En=DORERI T 42373 ®)

where D is the day length (hr), Ty is the av-
erage monthly temperature (°C), and e*, is
the saturation vapour pressure (kPa).

The next step was a condition. If Py =
PETw then ETw = PETy and (eqn. 4):

SOIL,,=min|[(P,,~ ET,)+SOIL,, ], (@)
SOIL,,,.}

where PETy is the calibrated monthly po-
tential evapotranspiration (mm). Determi-
nation of PETy is part of the calibration,
which will be described later. ETy (mm
month”) is the monthly actual evapotran-
spiration, and SOILy (mm) is the monthly
soil moisture. Actual evapotranspiration is
the amount of water evaporating from the
surface and transpired by plants if the total
amount of water is limited (Mingteh 2006).
SOILy represents the amount of soil water
available for the vegetation (which is differ-
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ent from the total amount of soil water).
Both ETy and SOILy denote the key compo-
nents of this study.

For the simulation procedure, the first
SOIlLy. value was set to a maximum value
that corresponds with the soil-water stor-
age capacity (SOlLyax, mm). The basic as-
sumption was that soil is saturated before
the beginning of the vegetative period.
SOILuax Was introduced using unsaturated
hydraulic parameters of the study areas’
soil types and setting a rooting depth of 1

m (eqgn. 5):
SOIL yax=(0r—0 pup) 21, (5)

where 6 is the water content at field ca-
pacity (dimensionless), 6., is the water
content at permanent wilting point (di-
mensionless), z., is the rooting depth (verti-
cal extent of root zone, in mm).

The following procedure illustrates how
soil water storage is considered as a reser-
voir for evapotranspiration: if precipitation
is less than the (calibrated) potential evap-
otranspiration in a certain month (i.e., Py <
PETw), then (eqgn. 6):

ET =Py +SOILy_,—SOIL,, ©)
=P, +ASOIL

where (eqgn. 7):
ASOIL=SOIL,, ,—SOIL,,

=SOIL,,_,| 1—exp _PETW =Py )
SOIL yor

and ASOIL is the decrease in soil water
storage [mm].

Model calibration and validation

Remote sensing based (for the forested
area and mixed parcel) and grass-covered
lysimeters (for the agricultural field) actual
evapotranspiration data served as basis for
calibration and validation. The available
time series for the forested area and for
the mixed parcel (2000-2008) was divided
into two parts. The first part is used for cal-
ibration from 2000 to 2005, whereas the
second is for validation from 2006 to 2008.
In the agricultural field, the time series
(2004-2011) was also divided into two
parts. The first (from 2004 to 2008) was
used for calibration and the second (from
2009 to 2011) for validation.

The calibration datasets were further di-
vided into two parts considering both po-
tential and actual evapotranspiration. The
results of calibration and validation are re-
ported in the Results section.

Fig. S2 (Supplementary material) schem-
atically represents the functioning of the
model and the relationships between the
applied parameters in the modelling proc-
ess for the forested area and mixed parcel.

Parameters of the calibration and the in-
put data (Tu and Py) of the validation pe-
riod (2009-2011 for the agricultural field;
2006-2008 for the forested area and the
mixed parcel) were used for the validation.

Projection procedure

As the basis for the projection procedure,
the water balance model was re-calibrated
for each study area using all available data
(2000-2008 for the forested area and mix-
ed parcel; and 2004-2011 for the agricul-
tural field). This was done because model
calibration using as much data as possible
was assumed to deliver the best possible
results.

Inputs for predicting future develop-
ments of actual evapotranspiration (ETy),
soil moisture (SOILy), and the lower 10t
percentile of soil moisture (SOILy_perc, i.€.,
mean of the values below the 10* per-
centile of the soil moisture) were the equa-
tions of the broken line regression (details
in the Results section), the calibrated
SOlLwax values, and projected temperature
(Tw) and precipitation (Pu) values. The lat-
ter two originate from four grid-based,
bias-corrected regional climate models
(RCMs - FORESEE database).

FORESEE database

FORESEE is a bias-adjusted database that
contains daily meteorological data (min/
max temperature and precipitation) based
on the simulation results of ten RCMs for
2015-2100, and observation based data for
the period 1951-2014 interpolated to 1/6 x1/6
degree spatial (horizontal) resolution grid
(using inverse distance interpolation tech-
nique). Furthermore, all of the time series
were converted to a 365-day calendar (Do-
bor et al. 2013). It should be noted that
each of the used RCM data are based on
the A1B greenhouse gas emission scenario
(i.e., a balanced emphasis on all energy
sources).

Regional climate models

The four different RCMs illustrate the un-
certainties, because all climate projections
have inherent uncertainties. Data were ex-
tracted from the pixel including the study
sites’ coordinates. The main properties of
the RCMs can be found in Tab. S1 (Supple-
mentary material). In the following, each
model will be referred to by their model ID
(first column of Tab. S1).

The time scale of RCMs covers a range
from 2015 to 2100. Each contains tempera-
ture and precipitation data in monthly time
intervals. To evaluate the results for the 21t
century, four main investigation periods
were designated: 1985-2015 (01.01.1985 -
01.01.2015), 20152045  (01.01.2015 -
01.01.2045), 2045-2075 (01.01.2045 -
01.01.2075), and 2070-2100 (01.01.2070 -
01.01.2100). The results of the first investi-
gation period (1985-2015) are based on ob-
servation data (model ID “0”). As men-
tioned before, the FORESEE results for the
RCMs were available from 2015; therefore,
the investigation periods had to be shifted
by five years compared to the investigation
periods of the AgroClimate.2 project. With
the data at hand, these 30-year-blocks with
a five-year overlap in the last two periods
seemed the best partitioning. The overlap
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in the last part of the 215t century was nec-
essary because only 25 years of data were
available.

Water stress
An appropriate and simple way to assess
water stress is the calculation of the rela-
tive extractable water (REW, dimension-
less) using the following equation (Granier
etal. 1999) - eqn. 8):
REW = SOIL, 8
" SOIL,,,, ®)
When REW drops below 50% of SOILyax,
the transpiration is progressively reduced
(because of stomatal closure); hence, plant
water stress is assumed to occur. SOILyax
parameter is the maximal amount of water
available to plants and, therefore, it re-
flects the maximum extractable water in
the soil. The average soil moisture (SOILy)
is the extractable water in the different pe-
riods of investigation.

Evaluating model performance

Model performance was tested using the
coefficient of determination (R?) and the
Nash-Sutcliffe model efficiency coefficient
(R2xs)- The latter is a criterion used for cali-
bration and validation of hydrologic mod-

els (egn. 9):
N

2 (ETMSR,_ ETSIM‘)Z

Ris=1- 5

(9)

M=

( ET 5 =My )2

where ETysz; is the time series of mea-
sured values, ETgy; is the time series of
simulated values, and mysg ; is the average
value for the considered period.

I
-

Results
Methodical results
Calibration of the potential

evapotranspiration
The first step of calibration considered

the potential evapotranspiration for actual
land cover using ETcremar-values (for the
forested area and mixed parcel) and Ety
values (for the agricultural field) at well-
watered conditions. The latter were as-
sumed to occur when precipitation or the
actual evapotranspiration (ETcremap OF ETiys)
exceeded the potential evapotranspiration
(PET4 - egn. 10):

P, >PET, or ET ./ ET cxgnar>PET

(10)

lys

The ETy/ETcremar Values selected in such a
way are denoted PET;/PETcremar. Measured
(PETys/PETcremar) and calculated (PETy) val-
ues were correlated with the second vari-
able as the explanatory one. PET is known
to be different between growing season
and dormancy, therefore different relation-
ships had to be established for the two pe-
riods (Rao et al. 2011). For this purpose, a
software package named “segmented” of
R software environment was applied (R
Core Team 2012). The bases are the so-
called broken-line or segmented models
that create a piecewise linear relationship
between the response and one or more of
the explanatory variables. This linear rela-
tionship is represented by two or more
straight lines connected at unknown values
called breakpoints (Muggeo 2008).

We compared the three study areas re-
garding PET calibration. Correlation be-
tween PETy and PETcremar/ivs during the pe-
riod of dormancy is illustrated by the sec-
tion on the left of the vertical dotted line
(broken-line approach) in Fig. 1. This com-
parison revealed that each area has a high
correlation between PETcremapiys and PETy,
as reflected by the high coefficient of de-
termination (R> = 0.98 in each case).

The 1:1 dotted lines exposed overestima-
tion in the forested area (Fig. 1a) and
mixed parcel (Fig. 1b), though only during
the dormancy period. Therefore, the glob-
ally calibrated, calculated Hamon type PET
has higher values than the measured PET in
the winter seasons, as indicated by the

lines of the first segment appearing under
the 1:1 lines (Fig. 1a, Fig. 1b). Conversely, the
agricultural field provides proper estima-
tions for the dormant season, which means
greater PET, values as well. However, only
two values of lysimeter data (red triangles)
could be related to this period, thus little
could be concluded (Fig. 1c).

The breakpoint value obtained for the
forested area (24.3 mm) is lower than the
two other areas (mixed parcel: 39.1 mm;
agricultural field: 36.9 mm). This can be at-
tributed to the presence in the forested
area of conifer species, the growing season
of which begins earlier. Nevertheless, the
value of albedo is also smaller in the case
of the forested area; consequently the ab-
sorbed energy is higher, which can be man-
ifested in higher evapotranspiration.

By contrast, each study area expresses
greater or lesser underestimation in the
growing season (i.e., the calculated PETy
shows lower values than the measured val-
ues), particularly toward the higher values
(Fig. 1). The largest underestimation oc-
curred in the agricultural field during the
growing season. However, the measured
PET (PETcremarlivs) removes the underesti-
mations during the calibration of the calcu-
lated PET (PET,) because the measured
PET was accepted as real data. Therefore,
the measured PET (PET cremarlivs) makes the
calculated PET (PET,) surface dependent.

Calibration of the actual
evapotranspiration

As the second step of the calibration, the
calculated actual evapotranspiration (ETy)
has been calibrated based on the parame-
ter SOILwax. In this case, the initial estimate
of SOlLuax had to be adjusted in order to
reach a maximal correlation between ET/
ETcremar and ETy. To achieve this maximum
correlation, the “optim” function of the
mentioned R software was applied. Using
the value of SOILyax after calibration, the
vertical extent of the root zone (and the
maximum depth of tilth) can be calculated

PETM = 0.43 * PETH + 1.02 * (PETH + 24.3) PETM = 0.55 * PETH + 1.03 * (PETH + 39.1) "= |PETM=063"PETH +1.04 * (PETH + 36.88)
"= O [R2=0.98; p<0.01 . "= O |R2=0.98; p<0.01 35 O |R2=0.98; p<0.01 s
= N > N0 cn
c . c (o] . o
o o = o
£ o = = c .
4 Lot o= & e = . i B
€ o w A e | E o . o | Eo . -
€ O » € o e — O] * .
— ® Y — By AR b R
o Lo o 04 B
Yo ” Wo S wo -
& (A 37 [sares . 1 .
o e ow o g NV
820 = ; = “c
E g/, s %, E s :os' - & 8 .
LS4 a s P S b it c
O T T T T r T T T o T T T y y
0 20 40 60 80 100 120 0 20 40 60 80 100 120 "0 20 40 60 80 100 120
PETH [mm] PETH [mm] PETH [mm]

Fig. 1- Relationship between PET cremar/PETivsimerer @and PET, in growing and dormant seasons with a 1:1 line (dotted), at forested area
(a), at mixed parcel (b), at agricultural field (c) obtained after the calibration of PET,. The red triangles represent the values of the
dormancy period, while blue dots represent the values of the growing season. The vertical dotted line is the separation of the two

different vegetative states.
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using soil texture data.

The Nash-Sutcliffe coefficient (R%s) of the
calibrated models were 0.85, 0.88 and 0.88
for the forested area, mixed parcel and
agricultural field, respectively, while the co-
efficients of determination R> were 0.88,
0.86, 0.89, respectively (Fig. 2). Conse-
quently, the most accurate calibrated
model was for the agricultural field, likely
due to the homogeneous and permanent
grass cover, which maintains reference
conditions. Nonetheless, there were no sig-
nificant differences between the calibrated
models. Accordingly, our model calibration
and the performance of our model are reli-
able.

Results of validation

Fig. 3 displays the results of the model
validation. The calculated ETy using the
weather data over the validation period
(forested area and mixed parcel: 2006-
2008; agricultural field: 2009-2011) showed
good accordance with the measured data
(ETwvs/ETcremar)- The Ry values were equal
with 0.88 (forested area); 0.89 (mixed par-
cel); 0.85 (agricultural field), therefore
each model was accurate.

Greater difference was found between
the measured ETcremar and the calculated
ETu values in the forested area, particularly
in the summer of 2007 (Fig. 3a). The
greater difference is likely due to intercep-
tion which is not included in the model.

iForest 14: 175-185

Nevertheless, there were larger sums of
light precipitation at the forested area in
the months of June and July in 2007, which
results in higher interception. Therefore,
there is an underestimation of the calcu-
lated actual evapotranspiration that causes
the higher difference, particularly at the
forested area in July 2007.

Although the curves of the agricultural
field model fit each other the best visually,
this model performed the “worst” regard-
ing the Nash-Sutcliffe coefficient, due to
the data loss caused by a thunderstorm in
the summer of 2009.

Results of the model adjustments

As mentioned above, the model was re-
calibrated for each study area using all
available data as a basis for the projection
procedure. The parameters of the re-cali-

brated models used in the projection phase
are reported in Tab. 1. After comparison of
the adjusted, re-calibrated, and the cali-
brated parameters, the R? and R values
resulted more satisfactory in the case of re-
calibrated models, although no significant
differences between them were detected.
Tab. 2 displays the SOILyax values after re-
calibration with the calculated rooting
depth as well as soil types with their field
capacity and permanent wilting point.
Much higher soil-water storage capacity
(SOlLyax) was calculated for the forested
area due to the presence of trees (tree
cover is almost 100% in the area), which
also means higher rooting depth and larger
soil water reservoir as well. As explained
earlier, the mixed parcel can be seen as a
transition between the forested area and
the agricultural field because of the pres-

Tab. 1 - Results of the adjusted, re-calibrated model parameters in the study sites.

Re-calibrated PET parameter

Re-calibrated AET parameter

Study

sites Model RZ  Model RZ R
Forested PETM= 0.42 - PETH 0.98 ETCREMAP =1.14 - ETm‘ 4.79 0.89 0.88
area +1.09 - (PET,- 26.04)

Mixed PETy = 0.50 - PETy 0.98  ETcrewsr=1.08 - ETy-4.31 0.87 0.88
parcel +1.05 - (PETy- 37.13)

Agricultural PETy = 0.54 - PETy 0.98 ETys=1.04:ETy-2.36 0.88 0.88
field +1.04 - (PETy- 36.79)
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Tab. 2 - Soil types, values of field capacity, permanent wilting point, re-calibrated
SOlLwax and re-calibrated rooting depth in the study areas. Soil types were deter-
mined using the available data in the AgroClimate.2 project (forested area) or by soil
sampling from borehole (mixed parcel). Field capacity (FC, dimensionless) and perma-
nent wilting point (PWP, dimensionless) values of forested area and mixed parcel
were used in accordance with Maidment (1993). (*): see Tab. 3.

. . SOILwax Rooting
Study sites Soil type FC PWP (mm) depth (mm)
Forested area sandy loam 502.4 4486
. 0.207 0.095
Mixed parcel sandy loam 276.9 2472
Agricultural field sandy loam * * 142.4 890

Tab. 3 - Main properties of the soil profile in the lysimeter. (PAW): plant available
water; (PAW,.): PAW accumulated to the bottom of the given layer.

Depth Or Opwp PAW PAW,c
(cm) (vol-%) (vol-%) (vol-%) (mm)
0-20 30.1 14.9 15.2 30.4

20-40 32.7 17.2 15.5 61.4

40-60 30.4 14.7 15.7 92.8

60-80 30.2 13.5 16.7 126.2

80-100 29.7 12.3 17.4 161

100-140 30.0 11.9 18.1 233.4
140-250 1.7 0.8 0.9

ence of poplars. Therefore, the =2.5 m
rooting depth is acceptable (the rooting
depth can be determined with the help of
the calibrated SOILyax and soil sampling re-
sults).

We used another method to determine
the rooting depth at the agricultural field
because 6 and 6,., parameters of the soil
texture and plant available water (PAW)
were available (Tab. 3). The rooting depth
(z..) was 890 mm for the agricultural field
(Tab. 2). The exact value of the rooting
depth was determined using iteration be-
tween PAW values of 126.2 and 161.0 mm
(Tab. 3).

Results and tendencies of the Regional
Climate Models

The annual temperature means and the
annual precipitation sums show an increas-

ing tendency for each study site towards
the end of 21t century. According to the
RCM projections, the rate of increase of an-
nual temperature in the period 2070/ 2100
(compared to the 1985/2015 reference pe-
riod) is 1.9 °C for all the studied areas, while
for precipitation the projections are: 68
mm (forested area); 69 mm (mixed parcel);
71 mm (agricultural field). Therefore, the
rates of the expected temperature and
precipitation increase are equivalent for
the three study areas.

The different RCMs used for our projec-
tion provide different results, which influ-
ence the parameters (outputs) of the wa-
ter balance. Compared to the averages of
RCMs, the model with higher precipitation
may indicate higher available water, while
the greater temperature may cause
greater potential evapotranspiration.

Tab. 4 - ETy, SOILy and SOILy operc Values (* standard deviation) obtained from the

projection at the study areas.

Sstl‘t‘;’g’ Parameters 1985/2015 2015/2045 2045/2075 2070/2100
E o ETu (mm month™) 48 + 38 48 + 37 51 + 39 52 + 40
§ 2 SOILy(mm) 417+ 92 416 + 74 415+ 76 394 + 86
2 SOILw 1gpere (MM) 208 + 59 270 + 32 271+ 25 234 + 37
o ETa(mm month™) 4335 43 £33 45 + 35 46 + 35
.E § SOILy (mm) 215 + 57 210 + 61 211 + 63 199 + 69

SOILy 1operc (MM) 109 = 20 96 + 15 96 + 14 77 + 21

© ETu (mm month™) 49 + 34 49 + 33 52 + 34 53+ 35
% 2 SOILy(mm) 58 + 40 65 + 43 66 + 44 67 + 48
25 SOILy.iopec (mm) 8+3 7+2 6+3 543
<<
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Results of the projections for the 215
century

Tab. 4 shows the results of RCM projec-
tions for the 4 investigation period. The
mean values of actual evapotranspiration
(ETw) will slightly increase at each study
site by the end of the 21t century. How-
ever, the large standard deviations of ETy
indicate a great uncertainty that is inherent
to modelled data, particularly as four differ-
ent RCMs were used. By the end of the 21+
century, the anticipated rates of increase
are +8% (+4 mm month") at the forested
area, +8% (+4 mm month”) at the agricul-
tural field and +7% (+3 mm month™) at the
mixed parcel (Tab. 4). The highest absolute
values of ETy, were obtained for the agricul-
tural field, since RCMs project the highest
temperature for the grass covered surface
among the study areas. During the 2015/
2045 period the ETy values stagnate, re-
flecting the decrease in the projected tem-
peratures (-0.2, -0.1 and o °C for the
forested area, mixed parcel, and agricul-
tural field, respectively). Conversely, there
is a typical increasing trend in the second
half of the century at each study area (the
most considerable upward rate appears in
the 2045/2075 period), since precipitation
and temperature increases simultaneously
(i.e., there is available water for the evapo-
transpiration process).

Contrary to the tendencies of ETy values,
there are larger differences in the mean
values of soil moisture (SOILy) among the
study sites (Tab. 4), because of the larger
differences in the SOILyax values. The for-
ested area has the highest and the agricul-
tural field has the lowest soil moisture
mean values. Compared to the 1985/2015
period, we found a decrease for the for-
ested area (-6%; -23 mm) and the mixed
parcel (-7%; -16 mm), but an increase for the
agricultural field (+12%; +9 mm) by the end
of the 215t century. These increases could
be due to precipitation as a significant and
continuous increasing is expected for the
second part of the 21t century. Neverthe-
less, the shape of the graph for ETy month-
ly values at the agricultural field (Fig. 4) is
flatter, i.e., lower ETy peak values for the
summer period (though higher for annual
means) that may lead to increasing SOILy
values.

With regard to plant water uptake, the
minimum soil moisture were calculated as
10t percentile minimum values (SOILy _soperc
- Tab. 4). The percentile analysis offers key
information regarding water stress as it
represents different results than SOILy val-
ues. Comparing the 2070/ 2100 period to
the 1985/2015 reference period, the for-
ested area shows increasing SOILy soperc Val-
ues (+11%; +26 mm) by the end of 21 cen-
tury, while there is a significant decreasing
tendency at the mixed parcel (-29%; -32
mm) and the agricultural field (-37%; -3
mm). The predicted increase at the for-
ested area is likely due to the deep root
zone (~4.5 m) which allows a high SOILyax,
i.e., a greater amount of available water for

iForest 14: 175-185



The impact of land use on future water balance
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Fig. 4 - Monthly values of ETy for the study
cultural field.
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Fig. 5 - Monthly values of SOILy for the study areas for the investigated 30-year means.

agricultural field.

the plants. It should be noted that
SOILy_sopere Values of the agricultural field
are really close to zero (Tab. 4) due to the
lowest vertical extent of the root zone and
the lowest SOILyax value among the three
study sites. At the forested area, a signifi-
cant increase (+23%; +62 mm) appears in
the period 2015/2045, constancy (+1%; +1
mm) occurs in the period 2045/2075, but a
significant decrease (-16%; -37 mm) is ex-
pected in the period 2070/2100. Further-
more, nearly equal drop rates occur at the
mixed parcel (-12%; -13 mm) and the agricul-
tural field (-13%; -1 mm) in the 2015/2045 pe-
riod. Stagnancy was found in the 2045/
2075 period at the mixed parcel (0%; 0 mm)
and a decrease at the agricultural field
(-14%; -1 mm), while a downward trend can
be observed at the end of the 21t century
at the mixed parcel (-29%; -19 mm). How-
ever, nearly equal decreasing rates are ex-
pected at the agricultural field (-17%; -1
mm). The reason underlying the stagnancy
in the middle of the 21 century (2045/
2075) could be the simultaneous increase
of temperature and precipitation, which,
therefore, compensates for the decreasing
SOILy_soperc. Moreover, in the period 2070/
2100 temperatures still shows a significant
increase, while the increase of precipita-
tion is less pronounced. Consequently, a re-
markable decrease in SOILy ioperc IS €X-
pected in each study area. However, con-
sidering the uncertainty of the projected
precipitation of the RCMs, a clear explana-
tion cannot be given.

The previous analyses are based on an-
nual mean values for the four 30-year-long
investigation periods. These analyses, how-
ever, do not indicate the monthly develop-
ment of output parameters of the models.

iForest 14: 175-185

Hence, a future research study that fo-
cuses on the 30-year monthly mean of ETy
plus SOILy is required.

Fig. 4 emphasizes the changes in the 30-
year monthly means of ETy, while Fig. 5
highlights the seasonal periodicity of
SOILy. Considering the 30-year monthly
mean of ETy, the greatest values at each
study site occur in June and July, whereas
the smallest in December and January. This
can be attributed to the greater transpira-
tion in the summer period, which can gen-
erates higher evapotranspiration values. In
addition, a quick increase reflects the be-
ginning of the biological activity of plants
in April (Fig. 4). The values of ETy generally
increase towards the end of 21t century,
particularly in the summer period (10-15
mm month*), ie., 10-13% significantly up-
ward rates; this could be due to the en-
hanced evapotranspiration constraint by
the end of the 21t century due to the ex-
pected rising temperatures in the summer
period. However, in the case of agricultural
field, the largest values appear in the
2045/2075 period. Moreover, the greatest
differences occur among the investigation
periods in summer as well. Similar to the
annual averages, the 1985/2015 period
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(a): forested area; (b): mixed parcel; (c):

shows larger ETy values than the period
2015/2045. Although the agricultural field
has the highest values of ETy, regarding an-
nual averages, the calculation of 30-year
monthly mean of ETy reveals that the
forested area and the mixed parcel have
the highest ETy values in the summer pe-
riod. Hence, the shape of the curves of the
agricultural field (Fig. 4c¢) is flatter than the
other two areas, with higher values in win-
ter, but lower values in summer. These
higher values at the agricultural field dur-
ing dormancy are likely related to the ear-
lier start of the growing season in areas
with a grass surface. In addition, unlike
forests, grass can transpire even in winter
periods (as reflected by the higher values
in winter at the agricultural field - Fig. 4¢),
while deciduous species at the forested
area are leafless in winter. The maximums
of ETy in summer were 115, 105 and 100 mm
month™ for the forested area, mixed par-
cel, and agricultural field, respectively.
These values reflect the higher leaf area in-
dex of forests, leading to higher evapora-
tive surface in the growing seasons.

The 30-year monthly mean of SOILy
shows a slight increase from January to
March, when the soil is saturated and the

Tab. 5 - The values of relative extractable water (REW) in the 21 century for the study
areas. Each 30-year period contains 360 months. The value 0.83 indicates that 83% of
the 360 monthly REW values do not drop under the threshold of 50% SOILyax.

Study area 1985/2015 2015/45 2045/75 2070/2100
Forested area 0.83 0.83 0.82 0.78
Mixed parcel 0.78 0.76 0.76 0.71
Agricultural field 0.42 0.46 0.46 0.46

181

>
-
)
(%]
v
S
O
L
©
(=
(1}
w
v
v
c
o
v
w
[©]
v
oD
0
a0}
|
e
(%]}
v
-
(<]
=




>
-
e
(%]
v
S
O
L.
©
c
(1}
(%]
(V]
v
=
o=
v
v
o
v
o0
0
a0}
|
e
v
(]
-
O
=

Herceg A et al. - iForest 14: 175-185

values of SOILy are the closest to the wa-
ter storage capacity (SOlLyax). From March
to September, a decrease of soil moisture
occurs due to the rising evapotranspira-
tion. Consequently, the minimum values
occur in early autumn (September) in each
study area (Fig. 5). The increase observed
in September is caused by the transition to
the dormant season.

When the three study sites are compared,
the most significant differences appear for
the 30-year monthly mean of SOILy values
rather than at the ETy, values. The highest
SOILy and ETy values are observed at the
forested area. The forested area and mixed
parcel show equal annual fluctuation (~150
mm), whereas the lowest values of ETy
and SOILy and smallest fluctuation of
SOILy (~90 mm) are found at the agricul-
tural field. The rates of the annual soil
moisture fluctuations and soil moisture
storage capacity (SOlLuax) are lowest at
the forested area (30%) but highest at the
agricultural field (63%). Fig. 5 confirms that
the highest SOILy values appear at the be-
ginning of the investigation period, but
lowest values are expected at the end of
the 215 century.

Based on the above evidence, the water
stress probability may increase towards
the end of the 21%t century.

Results of the water stress analyses

Tab. 5 summarises the mean values of
REW (eqgn. 8) derived from the four applied
RCMs for each investigation period. A de-
crease of REW values towards the end of
the 21t century is predicted at the forested
area and the mixed parcel. However, the
average REW values do not approach the
50% threshold of SOILyax at both sites. Av-
erage REW values for the forested area
range from 83% to 78% (i.e., water stress is
predicted in 61to 79 out of the 360 months
considered), while for the mixed parcel
range from 78% to 71% (79 to 104 months
out of 360). REW values at the agricultural
field decrease below the 50% threshold
more frequently, i.e., water stress is likely
to occur only at the agricultural field (Tab.
5). Indeed, there is an increase of REW val-
ues at the agricultural field from 42% (in the
1985/2015 observational based period) to
46%, which remains constant during the 21
century as a result of the similar increase in
temperature and precipitation.

Based on the above evidences, significant
water stress is expected in the future at
the agricultural field area, due to the rela-
tively small SOILyax value and small rooting
depth detected.

Discussion

In this study, a Thornthwaite-type water
balance model was adapted and applied to
assess the future development of evapo-
transpiration and soil moisture in the west-
ern part of the Carpathian Basin.

Our study indicates an increasing ten-
dency of actual evapotranspiration across
the study areas towards the end of the 213
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century, with high annual fluctuation and
greater peaks for summer. The monthly av-
erage values of soil moisture, however,
show no clear trend or a weak increase,
whereas the lower 10" percentile mini-
mums show a significant decrease and
greater annual fluctuation (particularly in
the early autumn) towards the end of the
21t century. The results showed that signifi-
cant plant water stress is expected to oc-
cur only at the agricultural field.

In this study a relatively straightforward
model approach was applied to regional
conditions, though further research should
refine our analysis, for example by consid-
ering crop characteristics, different soil, or
land use changes. According to Bormann
et al. (2007) land use change (in addition to
climate change) can have a strong impact
on soil water balance, which they evalu-
ated through the comparison of several hy-
drological catchment models. As stated by
Bormann et al. (2007), changes in soil prop-
erties (as a part of land use change sce-
nario) should be considered to attain high-
ly-reliable water balance models.

Granier et al. (1999) established a daily
lumped water balance model for forest
stands with the aim of quantifying drought
intensity and duration in different regions
of France from 1951 to 1991. Compared to
their results, we had relatively deep soil
values (rooting depth of 4.5, 2.4, and 0.9 m
for forested area, mixed parcel, and agri-
cultural field, respectively). However, in
this study only one soil layer was consid-
ered, as not enough information about soil
characteristics was available (Granier et al.
1999). As a consequence of the deep soil
estimates, the SOILvax values in this study
(502.4, 276.9 and 142.4 mm for forested
area, mixed parcel and agricultural field, re-
spectively) are much higher than those re-
ported in Granier et al. (1999 - 180, 185
and 72 mm for coniferous and broad-
leaved stands on deep soil, and for broad-
leaved stands on shallow soil, respective-
ly). Unlike these authors, we used a 0.5
(50%) value instead of 0.4 (40%) as REW
threshold, mostly because we considered
three different kinds of surface cover.
Moreover, Allen et al. (1998) advised a gen-
eral threshold of 0.5 in the case of crops.

The monthly average of the modeled rel-
ative extractable water (REW) for the crop
field showed an increasing trend (from 42%
to 46%) towards the end of the 21%t century,
and values below the 50% threshold are ex-
pected to occur frequently. In contrast,
REW values for forested area and mixed
parcel do not approach such threshold
(78% and 71%, respectively). According to
Granier et al. (1999), REW values did not
lower below the 0.4 threshold in the
wettest years in deep soils even in late
summer (August and September), but can
drop below such thresholds during the dri-
est years.

Remrova & Cislerovd (2010) studied the
impacts of climate change on the water
balance of a grass-covered experimental

catchment in the Czech Republic, finding
that the vertical extent of the root zone
was lower and the soil profile shallower (75
cm) compared to our agricultural field (140
cm). Nonetheless, they did not predict sig-
nificant water stress (only 6 days in the
summer of 2095), likely because their study
area is more humid (1200 mm annual aver-
age precipitation) and cooler (8.1 °C annual
air temperature). Moreover, they used a
more pessimistic projection, particularly at
the end of the 21 century (climate sce-
nario A2, with a single RCM over the period
2071-2100), than those used in this study
(scenario A1B, with 4 RCMs over the whole
21t century). Our annual AET increased
over the period considered from 594 to
628 mm year" (+5%) in the case of agricul-
tural field, which is lower than the +12%
(from 400 to 450 mm) reported by Rem-
rovd & Cislerovd (2010). Furthermore, the
absolute values of actual evapotranspira-
tion (AET) in their study are lower, due to
the aforementioned temperature differ-
ence.

Lutz et al. (2010) developed a water bal-
ance model using a modified Thornthwaite-
type method (Dingman 2002) on monthly
step, with Hamon PET (Hamon 1963) ap-
proach, aimed at predicting the effect of
changes in soil water balance on species
ranges by mid-century in the Yosemite Na-
tional Park (USA). They predicted an in-
crease of 10% in AET across all plots over
the 2020-2049 period, while in this study
we found a substantial steadiness of AET
values (572 mm year™") in the forested area.
Similar to Lutz et al. (2010) results, the AET
peaks occur in July, though we found a
lower value (115 mm month”). In our study
sites, the water deficit (PET-AET) at the
forested area shifts from 88 mm to 73 mm
(-21%) over the period 2020-2049, while in
their study the projected increase in deficit
between the present and the future (2020-
2049) was 23% across all plots, as a conse-
quence of the increased temperature plus
PET and decreased snowpack.

Regarding the annual tendency of AET
rates, our results agree with those re-
ported by Keables & Mehta (2010) who
used a monthly step Thornthwaite water
balance approach in Kansas (USA). The AET
rates in their study are small during the
winter in response to lower temperatures,
but increase in the spring with tempera-
ture and available water. AET peaks in July
with 151-175 mm month™ as the highest val-
ues of their study area. In our case, June
basically has the highest AET values with
100-115 mm month-. Similar to their results,
the potential water deficit is predicted in
the summer period (highest values in July
and August).

Gulyas et al. (2015) utilized a water bal-
ance model after Thornthwaite & Mather
(1955) to assess the water stress in a pro-
tected Pinus Sylvestris forest near Feny6fé,
Gy6r-Moson-Sopron county in Hungary.
They calculated REW values using the soil
moisture output data, which was esti-
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mated by the Thornthwaite-type water bal-
ance model after Granier et al. (1999) as
well. They reported that REW strongly de-
creased in the period 1961-2013. During the
years of 1990-1991, 2001-2004, and 2011-
2012, a huge water deficit occurred in the
soil. The most significant water decrease
was found at the beginning of the 1990s
with extreme summer drought, and nega-
tive effects on the investigated forest. In
our study, average REW values for the for-
ested area showed a decreasing tendency
over a different period (1985-2100), though
they never approached to the 50% thresh-
old. It should be noted that Gulyas et al.
(2015) applied 40% as a threshold.

Nistor et al. (2016) evaluated the annual
and seasonal crop evapotranspiration of
the Carpathian Region from 1961 to 2010
using two datasets from 1961-1990 and
from 1990 to 2010. They reported the same
trends as in our study, with a rise in tem-
perature and evapotranspiration values be-
tween their investigation periods. They
found that absolute changes of annual
crop evapotranspiration is insignificant,
with a maximum value of 49 mm (0.06%)
between 1961-1990 and 1991-2010.

Csaki et al. (2020) presented a long-term,
spatially distributed, Budyko-type climate-
runoff model tested on the Zala River Basin
(an essential runoff contributing region to
Lake Balaton in Hungary). In their study,
averaged long-term annual evapotranspira-
tion and runoff were projected for the 21
century using precipitation and tempera-
ture as input data from 12 RCMs (A1B sce-
nario). According to their projections, the
long-term mean annual evapotranspiration
may increase by 4.4% at the end of the 21+
century (2071-2100) relative to their refer-
ence period (1981-2010), while in our case a
7-8% increase rate has been predicted
(2070-2100 relative to the 1985-2015 pe-
riod), but in a monthly step.

Climate simulations for the Rhine-Meuse
drainage area in central-western Europe
were carried out by Van Der Linden et al.
(2019) with a high spatial resolution (25
km) GMC model (EC-Earth V2.3 model) to
study two model run over 30-year periods
(2094-2098 vs. 2002-2006 as reference pe-
riod) under low-to-moderate greenhouse
gas forcing (RCP4.5). Large annual cycles
of soil moisture with minimum values in
September (860 mm) were indicated,
which is higher compared to our study
(300, 150 and 40 mm for forested area,
mixed parcel, and agricultural field, respec-
tively). Their model projections corre-
spondingly result in soil drought during the
growing season at the end of 21t century.
Such difference could be attributed to the
reduction of precipitation with soil mois-
ture depletion at an average of 90 mm,
while in our study we found 80, 70 and 20
mm for forested area, mixed parcel, and
agricultural field, respectively. According to
Van Der Linden et al. (2019), the values of
evapotranspiration may significantly in-
crease by the end of 21t century, particu-
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larly in the summer period with 15 mm
month™ (+12%). Our results show similar up-
ward rates (10-13%) in our study areas, with
10-15 mm month™.

Conclusion

In this study, a Thornthwaite-type water
balance model was applied to assess the
impact of climate change on water balance
components in a natural forested area, a
mixed parcel, and an agricultural field in
the western Carpathian Basin.

The main advantage of the developed
model is the low amount of input data re-
quired (temperature and precipitation).
This allows the model to be easily applied
to other places where measured data are
available for calibration/validation. This
model system ensures fast impact analysis
of climate change on evapotranspiration
and soil water storage, along with the cal-
culation of water stress parameters. More-
over, the model requires a significantly
lower amount of work for input data pre-
processing and baseline investigations
than more complex models.

Based on standard future climate scenar-
ios, an increase in ETy is expected in future
decades, with a remarkable shift predicted
for SOILy, indicating that less soil water
will be available for plant growth during
summer months in the studied region, and
confirming the evidences reported by stud-
ies using similar methods (Lutz et al. 2010,
Var Der Linden et al. 2019, Csaki et al.
2020). In the case of the forested area con-
sidered, a lower water stress for plants is
expected to occur compared to the other
two sites (mixed parcel and agricultural
field) due to the larger soil moisture reser-
voir of forest stands. Nonetheless, critical
periods of water shortage could lead to
catastrophic effects on Carpathian forest-
ed areas, the restoration of which is much
more difficult than that of crop fields.

List of abbreviations

AET: actual evapotranspiration (mm);
CREMAP: Calibration-Free Evapotranspira-
tion Mapping; D: daylength (hour); e*,:sat-
uration vapor pressure (kPa); ETcremap: re-
mote-sensing based actual evapotranspira-
tion (mm); ETyysmerer: actual evapotranspi-
ration values measured by weighing-
lysimeter (mm); ETy: monthly actual evapo-
transpiration (mm - month): GCM: general
circulation model; PAW: plant available wa-
ter (mm); PET: potential evapotranspira-
tion (mm); PETcremar: remote-sensing PET
based on actual evapotranspiration at well-
watered conditions (mm); PET ysimerer: ac-
tual evapotranspiration values measured
by weighing-lysimeter at well-watered con-
ditions (mm); PET,: Hamon type potential
evapotranspiration (mm); PETy: calibrated
monthly  potential evapotranspiration
(mm); Pu: monthly summed precipitation
(mm); Rx coefficient of determination (di-
mensionless); RCM: regional climate
model; REW: Relative Extractable Water
(dimensionless); Rs: Nash-Sutcliffe coeffi-

cients (dimensionless); SOILy: monthly soil
moisture (mm); SOlLyax: soil-water storage
capacity (mm); SOILy soperc: 10 percentile
soil moisture minimum values (mm); Ty:
monthly summed temperature (°C); z.:
rooting depth (vertical extent of root zone,
mm); AW,,.: daily change of soil water mass
(mm day"); AWgin: daily change of drainage
water (mm day™); Ap,s: daily change of pre-
cipitation (mm day"); Alys: daily change of
irrigation (mm day™); AETy: daily change of
evapotranspiration (mm day"): ASOIL: de-
crease in soil storage (mm); O«: water con-
tent at field capacity (dimensionless); 8
water content at permanent wilting point
(dimensionless).
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