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Abstract
Drought causes great damage to the economy and agriculture in Croatia. Therefore, it is important to gain a better insight into the
spatial distribution of water balance components (precipitation (P), potential evapotranspiration (PET), actual evapotranspiration
(ET), soil moisture content (S), runoff (RO), recharge (R), and soil moisture loss (L)) and their long-term changes in Croatia. Since
measurements of the mentioned components in Croatia are very rare, the Palmer model has been applied to estimate them. The
meteorological data from 82 stations have been used in the period 1981–2010. To determine the climate variations long-term
trends in water balance components have been analyzed in the period 1901–2017. The PET and ET linear trends in the last
decades show a faster growth than in the long-term trends, and the increase in PET (50–80 mm/decade) is significant in most of
Croatia, except in the eastern part (27 mm/decade). The results of the mean annual PET and ET spatial distribution revealed that
the maximum PET is estimated in the mid-Adriatic area of about 1500 mm, but the lack of precipitation caused the ET (about
700 mm) to be insignificantly different from the values in other parts of Croatia. The analyzed meteorological data from the
period 1981–2010 indicated a higher air temperature and lower precipitation amount than in the reference climatic period of
1961–1990. This reduces the ET in areas with insufficient precipitation, i.e., on the Adriatic coast and in the eastern part of
Croatia, where an increasing soil moisture deficit during the vegetation period can have a potentially negative effect on agricul-
tural production.

1 Introduction

Natural resources are increasingly overused due to global
change, as water is considered to be a key resource for many
economic sectors (water supply, agriculture, forestry, energy,
tourism, and fire protection). Water balances in agriculture are
useful in the interpretation of plant behavior during periods of
water excess or deficit (da Silva et al. 2006). If the frequency
and duration of droughts increase, water shortages will be-
come more common. In Croatia, among all natural hazards,
drought caused the largest economic losses (39%) in the peri-
od 1996–2014 (Cindrić et al. 2016), while in Europe, econom-
ic loss due to drought is 11% in the period 1970–2012 (WMO

2014). High values of temperature and high evapotranspira-
tion rates can aggravate drought effects (Paulo et al. 2012).

Limited water availability during summer can negatively
affect agricultural production. Thus, for successful water man-
agement under drought conditions, it is necessary to know
how much water should be applied for irrigation, as well as
how to determine the optimal sowing date in order to use the
available soil water reserve and precipitation. For these rea-
sons, it is important to study the spatial distribution of water
balance components in Croatia and to consider the long-term
changes in the components, particularly the actual evapotrans-
piration and soil moisture content.

The estimated water balance components, as considered in
our study approach, are potential evapotranspiration (PET),
actual evapotranspiration (ET), soil moisture content (S), run-
off (RO), recharge (R), and soil moisture loss (L).
Evapotranspiration is a process of evaporation from soil
(evaporation) and from plants (transpiration). Potential evapo-
transpiration is the highest estimated value of possible evapo-
transpiration, and unless there is sufficient soil moisture, its
value is higher than the value of the actual evapotranspiration
(e.g., Eagleman 1967; Penzar and Penzar 2000). The actual
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evapotranspiration is the amount of water transpired from
plants and evaporated from soil surface under current meteo-
rological conditions and under non-optimal soil conditions
(Łabędzki et al. 2014). The measurements for the above-
mentioned components are very rare. As ET was performed
at just one location in Croatia, the water balance components
should be estimated for the whole of Croatia using the Palmer
model (Palmer 1965). The main calculation algorithm is as
follows: precipitation is balanced by evapotranspiration; the
rest of the water is then used for percolation into soil (R); and
when the soil is saturated (S), the final excess water runoff
(RO).

Some earlier works in which the Palmer model was ap-
plied, and the water balance components in Croatia were cal-
culated, including the following:

– Penzar (1976) was the first to apply the Palmer model to
compute the Drought Severity Index using the meteoro-
logical data from Zagreb-Grič for the period 1862–1974.
The index time series was statistically analyzed to deter-
mine the appropriate limits of normal values and anoma-
lies of different intensities in Zagreb and to obtain a sta-
tistical forecast.

– Using the monthly meteorological data from the moun-
tainous and coastal region of Croatia for 58 stations in the
period 1961–1980, Pandžić (1985) estimated the eriodic
character of the water balance components for soil depths
of 0.3 m, 0.5 m, and 1 m. He concluded that there was a
greater S in the north of the coastal region than in the
south and that the water amount was higher in winter than
in summer.

– Vučetić and Vučetić (1994) pointed out that the prelimi-
nary researches on PET and ET in the lowlands indicated
the increasing drought conditions in eastern Croatia and
the need for irrigation and more effective water manage-
ment in agriculture. They argued that the spatial distribu-
tion of PET in the mountainous area of Croatia (Vučetić
and Vučetić 1996a) shows the largest gradient of PET is
between the Velebit mountain range and the coastal area,
where Velebit descends steeply towards the Adriatic Sea.

– The first study of the long-term changes in water balance
components for the Križevci station in the north-western
part of Croatia in the period 1931–1990 shows the signif-
icant increase in PET and ET, and the significant decrease
in relative humidity (Vučetić and Vučetić 1996b). The
analysis of water balance components under climate
change for planning protected areas on the Adriatic coast
was published in Vučetić and Vučetić (1997, 2000).

– Long-term linear trends in water balance components
were calculated for Crikvenica in the northern Adriatic
(Gajić-Čapka and Zaninović 1998) and for Osijek in east-
ern Croatia in the period 1900–1995 (Zaninović and
Gajić-Čapka 2000). The results indicated a significant

increase in PET and ET, as well as a decrease in runoff
and soil water content, during the twentieth century.
Positive trends in air temperature, PET and ET, and neg-
ative trends in soil moisture content and runoff for 24
meteorological stations in Croatia in the period 1951–
2000 and for the Zagreb-Grič station in the long-term
period of 1862–2000 (Pandžić et al. 2009) are consistent
with the recent global climate warming. The latest re-
search of the Palmer Drought Severity Index (PDSI)
and the Standardized Precipitation Index (SPI) correlation
for the Zagreb-Grič station in the period 1862–2012
shows that the long-term variation in dryness/wetness
severity is more clearly emphasized for the PDSI than
for the SPI (Pandžić et al. 2020).

Thus, in this study, the water balance component maps for
Croatia during the period 1981–2010 have been analyzed, as
well as their long-term linear trends for the period 1901–2017.
Thus, the objective of this paper is to estimate the spatial
distribution of water balance components as well as the
long-term changes in these components in Croatia.

2 Study area and data sources

2.1 Study area

The Croatian climate is a moderate climate, but it is greatly
affected by the Alps, the Dinarides, the Adriatic Sea, and the
Pannonian basin. Therefore, the geographical position of
Croatia consists of several types of relief, climate, and vege-
tation zones. The mean annual temperature has the lowest
value in the mountainous areas and the highest in the coastal
area, ranging between 3 and 17 °C. The greatest amounts of
precipitation are measured in the mountainous areas and the
lowest, at the distant Adriatic islands and the eastern part of
Croatia, with the mean annual range of approximately 500–
3500 mm (Zaninović et al. 2008). Due to such large climatic
differences, three main climate-vegetation zones are
established in Croatia, as shown in Fig. 1: the lowland, the
mountain, and the coastal zones.

The mean annual temperature of the lowland area ranges
from approximately 10–12 °C, with more precipitation in the
warmer part of the year. Most of the zone has an average
rainfall between 600 and 1000 mm. The amount of precipita-
tion decreases from west to east. Due to the existence of sev-
eral mountains higher than 1500 m, the range of the mean
annual temperature and annual precipitation in the mountain
area is relatively wide. The higher parts of the mountain area
have a mean annual temperature of approximately 2 °C and an
annual precipitation of 3500 mm. The lower parts of the
mountain zone about 300 m, on the border with the lowland
zone, have a mean annual temperature of approximately 11 °C
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and approximately 1000 mm of annual precipitation. The
coastal zone is under maritime influence and therefore has
more rainfall in the winter season which is typical for the
Mediterranean climate. The mean annual temperature ranges
between 13 and 15 °C, and the range of annual precipitation is
500–1000 mm, except on the mid-Adriatic islands, where the
temperature is slightly higher, and the precipitation has slight-
ly lower values.

2.2 Data sources

To determine the spatial distribution of water balance compo-
nents, the meanmonthly air temperature, air relative humidity,
and monthly precipitation data from the meteorological sta-
tions within the network of the Croatian Meteorological and
Hydrological Service (DHMZ) have been analyzed. Climate
data for 82 stations in the period 1981–2010 (Fig. 1) have
been used. To determinate long-term changes, the linear
trends in water balance components of the long-term time
series from five meteorological stations—Osijek, Zagreb-
Grič, Crikvenica, Gospić, and Hvar (Fig. 1)—in the period
1901–2017were also analyzed. Smaller gaps in the time series

were supplemented with values derived by adding a long pe-
riod mean difference to corresponding values from the most
representative station. Due to a remarkably long-term series of
observations, theWorldMeteorological Organization (WMO)
proclaimed Hvar (observations since 1858), Zagreb-Grič
(since 1861), and Gospić (since 1872) meteorological stations
a part of the irreplaceable cultural and scientific heritage of
mankind. The long-term linear trend analysis of water balance
components is very important for monitoring the climate var-
iations in Croatia.

A comparison of the values from the recent climatic period
of 1981–2010 with the values from the reference climatic
period of 1961–1990 was made, for which purpose the data
from eight stations (Osijek, Zagreb-Maksimir, Ogulin,
Gospić, Pula, Šibenik, Hvar, and Dubrovnik, Fig. 1) were
selected.

In addition to the meteorological data, to estimate the water
balance components, it is necessary to include some pedolog-
ical data using the soil map (Pedological Institute 1984;
Pandžić et al. 2009). Chernozem, eutric cambisol, and
lesivated soils are typical for the eastern lowland area and
pseudogley for the north-western part of Croatia (Bogunović

Fig. 1 Map of the studied area
and location of Croatian
meteorological stations (dots),
divided into three different
climatological zones with a red
dashed line (the lowland, the
mountainous, and the coastal
zones). Stations represented by
triangles of corresponding names
were analyzed in detail
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et al. 1997). Brown soils on limestones and dolomites are the
most widespread in mountainous Croatia and terra rossa in the
Adriatic region. However, there is a problem of soil homoge-
neity and depth as well as soil stoniness in the mountainous
and the Adriatic area.

The Palmer model applies as a global or regional model
and is suitable for investigating the spatial distribution of wa-
ter balance components over a larger area. The model uses
only maximum field capacity (Smax) of the soil for two layers
to a depth of 1 m, but not the other textural, physical, and
chemical characteristics of the soil as input data. The assump-
tion is that the soil maximum field capacities in the surface
layer (Smax1) are to a depth of 0.2 m and in the deep layer
(Smax2) extends between 0.2 and 1 m. The average maximum
soil capacity in Croatia is 400 mm up to 1 m in depth, but in
reality, the soil depths vary from 30 to 100 cm or more
(Pandžić 1985). In order to accept Palmer’s assumption of soil
depths up to 1 m, Pandžić et al. (2009) took a smaller Smax for
shallower soils and determined the values of Smax for two
layers on a rough space scale for three different geographical
and climatic zones (Table 1). At the beginning of the calcula-
tion for multiyear period, the soil is saturated at its maximum
field capacity (Smax) according to the Palmer model.

The data of lysimetric measurements, performed at the ag-
roecological station at the Faculty of Agriculture of the
University of Zagreb in the period 1990–1999, were used to
validate the estimated ET, obtained by the Palmer model. A
detailed description and data of the lysimetric measurements
are given in the Master’s thesis and Dissertation by Sraka
(1996, 2003). The distance, between the agroecological and
the main meteorological s tat ion of the Croat ian
Meteorological and Hydrological Service, Zagreb-Maksimir,
is about 500 m. Water balance components were measured in
the Garnie lysimeters (55-cm diameter and 60-cm soil depth)
per decade. The lysimeter with eutric cambisol soil was locat-
ed in a field where agricultural crops of winter wheat, spring
barley, soybeans, and rapeseed were rotated over a 10-year
period. Soil moisture was measured electrometrically, and
water surpluses (depth runoff), by 10-l canisters.
Electrometric determination refers to the measurement of soil
water tension, which is based on the measurement of electrical
conductivity or resistance. Gypsum blocks were buried in the

soil, which were moistened and dried depending on the soil,
and resistance was read on a conductometer. The soil water
content was calculated from the observed soil water tension
using the soil water retention curve (pF curve, e.g., van
Genuchten 1980) for eutric cambisol soil. The observed ET
was determined as the difference between the soil water input
and output.

The observed pan evaporation (Eob) for the Zagreb-
Maksimir meteorological station from April to October in
the period 1990–1999, which refers to evaporation in an open
water surface, was used for the validation of estimated poten-
tial evapotranspiration (PET). Eob was measured using the
class A evaporation pan, 1.20 m in diameter and 0.25 m high
which was installed on a wooden platform on the ground.

3 Methods

3.1 The Palmer model

Values of soil moisture and evapotranspiration in areas with-
out measurements can be estimated using the water balance of
the surface soil layer that borders with the atmosphere (Palmer
1965; Penzar and Makjanić 1978; Alley 1984; Pandžić 1985;
Penzar and Penzar 2000; Pandžić et al. 2006). The water bal-
ance approach is based on conservation of mass principle,
which is a closed system. Any water entering a system
through precipitation must be transferred into either evapo-
transpiration, surface runoff, or infiltrated into deeper soil
layers (e.g., Oke 1987). The surface water balance equation
is expressed as

P þ L ¼ ET þ Rþ RO ð1Þ
where P is the precipitation, L is the soil moisture loss, ET is
the actual evapotranspiration, R is the recharge, and RO is the
surface runoff.

An algorithm for determining water balance components,
in which S, RO, and losses are calculated, is called the Palmer
model (Palmer 1965). The model is based on several
assumptions:

– The main idea behind the model is that the precipitation
that reaches the ground is first used on ET, then for R of
water through the soil, and finally, for the RO. If there is
insufficient precipitation, the soil water storage is spent
on ET, and there is no RO.

– Soil depth is assumed to be equivalent to the depth of
arable land, which is 1 m, and it is divided into two layers.
The first layer is 0.2 m in depth and is first to be charged
as well as discharged. The second layer lies at the depth
between 0.2 and 1.0 m. It is assumed that the second layer

Table 1 Soil maximum field capacity in the surface layer (Smax1), in the
underlying layer (Smax2) and the total soil maximum field capacity (Smax)
for the three zones in Croatia (Pedological Institute 1984; Pandžić et al.
2009)

Zone Smax1, 0.0–0.2 m Smax2, 0.2–1.0 m Smax, 0.0–1.0 m

Lowland 80 mm 320 mm 400 mm

Mountainous 50 mm 200 mm 250 mm

Coastal 30 mm 120 mm 150 mm
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starts to charge with water after the first layer is filled, and
discharges when the first layer is empty.

– All the water balance components are expressed in milli-
meters for a certain period (e.g., a month).

The Palmer hydrological calculation consisted of several
stages:

– In the first stage, the potential evapotranspiration (PET) is
estimated. In the second stage, soil moisture loss (capil-
lary rise or transport through vegetation) is calculated for
each soil layer and then summed. If the precipitation
amount is greater than PET, then there is no such loss.

– Filling the soil with water (soil moisture content (S)) oc-
curs when the soil is not saturated and the precipitation
amount is greater than PET. S is a measure of the mass of
the water stored in a soil.

– Surface runoff (RO) occurs when the soil is saturated with
water and PET is less than the precipitation amount. The
assumption is that RO represents only water which leaves
the surface horizontally while the arriving component is
ignored.

– ET has been corrected for possible dry soil water
conditions.

– In order to continue the assessment for the next month, it
is still necessary to establish how much S has changed
during the month and how much it is at the end of the
month.

3.1.1 Potential evapotranspiration (PET)

PET is the first related to solar radiation, relative humidity,
and wind speed. Since solar radiation measurements are very
rare and air temperature is closely correlated with solar radia-
tion, air temperature is used for PET calculation. To calculate
PET, the modified Eagleman’s equation has been used
(Eagleman 1967; Pandžić et al. 2009):

PET ¼ CtCvemax

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
100−RHð Þ

p
ð2Þ

emax ¼ 6:11exp
17:1t

234:2þ t

� �
ð3Þ

Ct ¼
0:63þ 0:024t; 0°C ≤ t ≤ 21°C
0:6;
1:13;

t < 0°C
t > 21°C

(
ð4Þ

where emax is the saturated water vapor pressure [hPa], RH
is the mean monthly relative humidity of the air [%], and t is
the mean monthly air temperature [°C]. Ct is the vegetative
cycle related to temperature. During the winter season, the
vegetation is dormant in mid-latitudes so that water loss rates

from the land surfaces diminish accordingly. Therefore, the
general relationship between the vegetative cycle (Ct) and the
mean monthly temperature is used for climatological analysis.
In order to estimate the maximum evapotranspiration rate for a
certain location, Ct is determined for the specific vegetation.
Eagleman (1967) showed that his PET equation was better
than Thornthwaite’s equation (1948) but not as good as the
Penman’s equation (1956), which uses more meteorological
elements as input data. Since there are a small number of
meteorological stations with the long-term series of solar ra-
diation or insolation duration in Croatia, which is used in
Penman’s equation, Eagleman’s equation was taken for PET
estimation. Eagleman’s equation was calibrated with the ob-
served pan evaporation (Eob), which means that PET is com-
parable to evaporation from free water surfaces. Thus, the
advantage of this method is a simple application using stan-
dard meteorological data.

Pandžić introduced wind coefficient (Cv) as an empirically
determined coefficient from the measurement of evaporation
from water surfaces using Class A evaporimeter. It is depen-
dent on the geographical location of stations and mean annual
wind speed at a height of 10 m above the ground level. The
typical values of Cv are within the interval [0.8, 1.2]. The
relation of Cv is given in the paper Sokol Jurković (2016):

Cv ¼ 0:58þ 0:52 v ð5Þ
where v is the mean annual wind speed (ms−1). Cv was deter-
mined for 82 meteorological stations for different Croatian
climate regions.

3.1.2 Soil moisture loss (L)

L occurs when evapotranspiration is greater than precipitation.
The initial condition is that both layers are saturated i.e., S′ =
Smax.

S0 ¼ S10 þ S20 ð6Þ
Smax ¼ Smax1 þ Smax2 ð7Þ

where S′ is the total soil moisture content, and S1′ and S2′
are for the first and second soil layers at the beginning of the
month. Smax is the maximum soil moisture content or maxi-
mum soil capacity, and Smax1 and Smax2 are maximum soil
capacity for the first and second soil layer.

Total soil moisture loss is calculated as a sum of soil mois-
ture loss in the first and second layer, L1 and L2.

L ¼ L1 þ L2 ð8Þ

In case that S1′ is greater than the difference between PET
and P, and PET is greater than P, soil moisture loss in the first
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layer is equal to difference between PET and P. On the other
hand, if PET is greater than P and their difference is equal or
greater than S1′, soil moisture loss in the first layer is equal to
S1. If the first layer is dry at the beginning of the month there
cannot be soil moisture loss from that layer. Soil moisture loss
in the second layer (L2) is less than or equal to soil moisture
content in the second layer at the beginning of the month (S2′).
If L2 is less than or equal to zero, there is not soil moisture loss
from the second layer.

L1

PET−P; S
0
1 > PET−P&PET−P > 0

S1;
0;
0;

S
0
1≤PET−P&PET−P > 0

S
0
1 ¼ 0

PET−P≤0

8>><
>>:

ð9Þ

L2 ¼

PET−P−L1ð Þ S
0
2

Smax
; 0 < PET−P−L1ð Þ S

0
2

Smax
≤S

0
2

0;
S

0
2;

PET−P−L1ð Þ S
0
2

Smax
≤0

PET−P−L1ð Þ S
0
2

Smax
> S

0
2

8>>>>>>><
>>>>>>>:

ð10Þ

3.1.3 Recharge and runoff (R and RO)

R is a process where water moves downward from the surface,
occurring when soil is not saturated with water and the amount
of precipitation is greater than evapotranspiration. If the soil is
saturated and the amount of precipitation is greater than
evapotranspiration, the water runs off. There is no R or RO
if the amount of precipitation is less than PET.

R ¼
0; P−PET ≤0
P−PET ;
Smax−S

0
;

0 < P−PET < Smax−S
0

P−PET ≥Smax−S
0

8<
: ð11Þ

RO ¼
0; P−PET ≤0
0;
P−PET−R;

0 < P−PET < Smax−S
0

P−PET ≥Smax−S
0

8<
: ð12Þ

3.1.4 Actual evapotranspiration (ET)

ET is equal to or less than PET, and besides depending on air
temperature, relative humidity of air, and wind speed, it also
depends on availability of soil moisture which is related to the
amount of precipitation:

ET ¼ PET ; P−PET > 0
P þ L P−PET < 0

�
ð13Þ

where P is the mean monthly precipitation amount and L is
the monthly soil moisture loss. Soil moisture loss (L) is con-
sumption of reserve water from the soil on ET when PET is
greater thanP. There is no loss of water from the soil if the P is
greater than PET.

3.1.5 Soil moisture content (S)

Change in soil moisture content (ΔS) exists if R or L is greater
than zero. If L > 0, there is no RO, ΔS is equal to −L1 in the
first layer and to −L2 in the second layer. In case that there is
no soil moisture loss and the first layer is not saturated,ΔS is
equal to R in the first layer and to zero in the second layer. If
there is no L and first layer is filled with water,ΔS1 is equal to
the difference maximum soil moisture content in the first layer
(Smax1) and S1′. In that case, ΔS2 is equal to difference be-
tween R and ΔS1.

ΔS1 ¼
0; L ¼ R ¼ 0
−L1;
R;
Smax1−S

0
1;

L > 0&R ¼ 0
L ¼ 0&0 < R≤Smax1−S

0
1

L ¼ 0&0 < R > Smax1−S
0
1

8>><
>>:

ð14Þ

ΔS2 ¼
0; L ¼ R ¼ 0
−L2;
0;
R−ΔS1;

L > 0&R ¼ 0
L ¼ 0&0 < R≤Smax1−S

0
1

L ¼ 0&0 < R > Smax1−S
0
1

8>><
>>:

ð15Þ

S1 and S2 in the first and second layers for the following
months are calculated as a sum of soil moisture content at the
beginning of the month (S1′ and S2′) and change in soil mois-
ture content (ΔS1 and ΔS2) during that month.

S1 ¼ S10 þΔS1; S2 ¼ S20 þΔS2 ð16Þ

Finally, total soil moisture content (S) is equal to the sum S1
and S2 at the end of the month.

S ¼ S1 þ S2 ð17Þ

At the beginning of the following month, it is assumed:

S
0
1 ¼ S1

S
0
2 ¼ S2

S
0 ¼ S

ð18Þ
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Thus, in order to perform the hydrological calculation the
initial value of S should be obtained from measurements,
while following values are estimated as shown above. There
are some limitations of the Palmer model because it does not
consider precipitation intensity and its temporal distribution
within the time increment (i.e., month period), nor hydraulic
conductivity of the soil (Pandžić et al. 2006) as well as the
potential groundwater impacts on the root zone. The delay
between generation of excess water and its appearance as
RO is not incorporated in the Palmer model (Alley 1984).
There is also a significant source of uncertainty under chang-
ing RO conditions and vegetation. For instance, in the situa-
tion of heavy rainfall on sloping ground without vegetation or
with sparse vegetation RO first occurs and rest water can in-
filtrate and evaporate. The model assumes full use of total soil
water on ET. However, in reality, ET is decreasing with de-
creasing S due to stomatal closure limiting water extraction.
This is also an important limitation for the absolute ET assess-
ment for agricultural purposes. Thus, the model assumption is
that the soil is already saturated up to 1 m deep at the begin-
ning of the computation of multiyear period. As the described
approach considers only optimum conditions for keeping the
water in place, the Palmer model cannot be applied to calcu-
late the water balance components on a daily but only on a
longer time scale (e.g., monthly, seasonal, or annual). Due to
the above limitations and uncertainty, the Palmer model can
only be used in the climatic sense for studying the spatial
distribution of water balance components for a larger area as
well as their long-term changes for predicting the effects of
climate change.

3.2 The spatial interpolation methods

Applying the Palmer model, described above, the water
balance components have been estimated for the 82 me-
teorological stations in Croatia in the period 1981–2010.
For the spatial distribution of the components on an an-
nual and vegetation basis, regression kriging technique
has been implemented (Hengl 2009; Perčec Tadić 2010)
and the water balance components were interpolated, but
not and input data. The digital elevation model (DEM,
http://spatial-analyst.net) was used for spatial prediction.
A linear model was assumed between certain water
balance components and four predictors: longitude,
latitude, elevation, and distance from the sea which were
derived using DEM. Predicted values were deducted from
the est imated water balance components at the
meteorological stations to obtain residuals. In order to
account for small-scale variability, kriging of residuals
was performed. In the final step, predictions were calcu-
lated using the regression kriging model. For validation of
predicted values, leave-one-out cross-validat ion
(LOOCV) was performed. According to Efron (1982),

the LOOCV definition is a special case of cross-
validation where the number of folds equals the number
of instances in the data set. Thus, the learning algorithm is
applied once for each instance, using all other instances as
a training set and using the selected instance as a single-
item test set. Correlation between measured and predicted
data was good in the case of RO, S, and PET (R2 is from
0.75 to 0.85), while for R, L, and ET, correlation was
slightly lower (R2 is from 0.5 to 0.65).

The spatial distributions of water balance components are
shown as the 1-km horizontal resolution maps. Regression
kriging is a spatial interpolation technique widely used in nu-
merous scientific fields. It is more accurate and gives a more
realistic presentation than other simple spatial interpolation
techniques, for example, inverse distance weighting (IDW).
Recently, new spatial interpolation techniques were devel-
oped based on machine learning (random forests). These
new techniques proved to be slightly lower or equally success-
ful (Hengl et al. 2018), or slightly better successful (Sekulić
et al. 2020) than regression kriging. Thus, in this study, re-
gression kriging was applied because many are familiar with
this method.

3.3 The linear trend method

To determinate the long-term changes in the water bal-
ance components in Croatia, the linear trend method has
been applied for the five stations (Osijek, Zagreb-Grič,
Gospić, Crikvenica, and Hvar), which are representative
of the lowland, mountainous, and coastal climate zones
(Fig. 1). The linear trends in the input data of the
Palmer model (air temperature, relative humidity, precip-
itation) and water balance components, as output data
over the period 1901–2017 for each month, season, and
vegetation period as well as for a whole year, have been
calculated. The idea behind the investigation of the long-
term linear trends was to evaluate potential trends at three
shorter periods (1961–2017, 1981–2017, and 1991–2017).
The statistical significance of trends was tested using the
Mann-Kendall rank test, with a significance level of 0.05
(Mitchell et al. 1966). This test is based on the value of
the individual term in the series and the position of this
term in the series. Namely, if a linear trend exists, then the
values ought to be chronologically increasing or decreas-
ing more or less. There are several types of results for
water balance components: the spatial distribution, the
comparison of the period 1981–2010 to the reference cli-
matic period of 1961–1990, and the comparison of five
linear trends in the period 1901–2017. The mean monthly,
mean seasonal (DJF, MAM, JJA, SON stand for winter,
spring, summer, and autumn respectively), mean vegeta-
tion period (from 1 April to 30 September (VEG)) and
mean annual values (ANN) have been analyzed.

Spatial distribution and long-term changes in water balance components in Croatia
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4 Results

4.1 Validation and spatial distribution of potential
and actual evapotranspiration

The mid-Adriatic area (known as Dalmatia) has the highest
PET values (Fig. 2 and Table 4). In addition to the high air
temperature, the potential evaporation from soil and plants
also increased due to a relatively strong wind in this region.
The mean annual PET value in the northern Adriatic (known
as the peninsula of Istria and Kvarner), as well as in moun-
tainous and lowland Croatia, is almost half that in Dalmatia.
The spatial distribution of PET in the vegetation period fol-
lows the spatial distribution of the annual PET distribution. If
there was enough soil moisture in the vegetation period, it
would be possible to evaporate (from soil and plants) an
amount as high as 70–80% of the annual value of the PET.
A comparison between PET and the observed pan evaporation
(Eob) from April to October in the period 1990–1999, when
there were also lysimetric measurements available (ETob)
from the Faculty of Agriculture of the University of Zagreb,
shows that the Eagleman method underestimates the mean
seasonal PET value with respect to Eob by 17.8% (Table 3).
Greater negative deviations between PET and Eob are ob-
served in the years with dry summers, from 1990 to 1993,
and hot summer in 1997 (DHMZ 1990–1999, Fig. 3).
Although the correlation coefficient is 0.86 (Fig. 4a), PET is
less than Eob from 13.5 to 25.2% in all considered months,
except in October, and the deviations are greater in spring than
in autumn (Table 3).

The lysimetric data from the Faculty of Agriculture in
Zagreb (1990–1999) (Sraka 1996, 2003) were used to validate
the estimated monthly ET by the Palmer model (Fig. 3). The
estimated and observed values of ET are well-correlated in
very wet years, when the mean annual air temperature was
at the average (1998 and 1999 DHMZ 1990–1999) or below
the average (1996, DHMZ 1990–1999). The highest positive
annual deviations between the estimated and observed annual
ET (200–250 mm, Table 2) were observed during in the dry
summers from 1990 to 1993 (DHMZ 1990–1999) or in sum-
mers and autumns when the temperature was above average
(1992, 1994, and 1997, DHMZ 1990–1999). While the
monthly cycle of estimated ET follows the observed ETob,
and the linear correlation analysis shows a relatively high
coefficient of correlation (r = 0.84) (Fig. 4b), the Palmer mod-
el generally overestimates the estimated ET, except in April,
when it underestimates (Table 3). One of the possible reasons
for these discrepancies is that the daily precipitation amount
was reduced in the lysimetric measurements by interception
(Sraka 1996). Interception is retained water on the leaves and
stems of plants when it rains. The daily precipitation amounts
during spring less than 3 mm, and those during summer that is
less than 5 mm, are excluded from the observed ET. The
second reason is that due to the lack of soil moisture measure-
ments at meteorological stations, it is problem to determine
the initial maximum soil capacity. Therefore, it is assumed
that there are only three zones in Croatia with different values
of maximum capacity. This is a rather rough assumption be-
cause the soil type spatial distribution, as well as orography, is
very complex in Croatia. Thus, there was no other option to

Fig. 2 The spatial distribution of potential evapotranspiration: a the mean annual (PETann, mm) and b the vegetation period from April to September
(PETveg, mm) in Croatia in the period 1981–2010. The numbers in the legend refer to the upper borders of the given interval
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more accurately determine the initial soil capacity without
using more precise soil moisture data.

The Palmer model gives better results in very wet years,
with the average or below the average of mean annual air
temperature. However, such a comparison on more dry sites
would probably show higher deviations between ET and ETob
than on the relatively wet site of Zagreb.

As mentioned, the only negative difference between ET
and ETob is in April. April is the month of the transition from
the cold to the warm part of the year with very variable weath-
er conditions and an increased frequency of stronger wind in
the continental part of Croatia. At the Zagreb-Maksimir me-
teorological station, the cases with mean wind speeds above
5.5 ms−1 were recorded at 17.2% in April for the period 1990–
1999. The underestimation of ET is most likely due to the use
of mean annual wind speed, but not meanmonthly wind speed
in the wind coefficient (Cv).

Ács et al. (2011) concluded that ET is dependent on soil
texture in summer but not in other seasons in Hungary using

the wilting point soil moisture contents and capacity of active
water for the five main soil texture categories. To show
whether the assumption of the capacity of active soil water
gives a better assessment of ET in Zagreb, the results of Sraka
(2003) have been presented. He estimated ETa by the Palmer-
Vidaček model for Zagreb in the considered period 1990–
1999 (Tables 2 and 3). Vidaček (1981) modified the Palmer
model using the physiological active water in the soil (Sa) for
initial S. The initial conditions are as follows: the depth of the
first soil layer is 0–0.15 m and the second 0.15–0.60 m with
the measured values of Sa1 = 35.8 mm and Sa2 = 92.3 mm for
eutric cambisol soil (Sraka 2003). On average, the annual
deviation between ETa and ETob is only −27.4 mm, and the
negative deviations are fromApril to November (Tables 2 and
3). Differences between lysimetric measurements and the
Palmer model estimates also arose because the lysimeter was
up to a depth of 0.60m, and the Palmer model takes up to 1 m.
Therefore, better ET estimations were obtained with the
Palmer-Vidaček model because it used the measured initial S

Fig. 3 Monthly cycle of the potential (PET, mm) and actual
evapotranspiration (ET, mm) using the Palmer model, precipitation (P,
mm), and observed pan evaporation (Eob, mm from April to October) for
the Zagreb-Maksimir meteorological station as well as the actual evapo-
transpiration for physiological active water (ETa, mm) using the Palmer-

Vidaček model, and the observed actual evapotranspiration (ETob, mm)
using the lysimetric measurements up to depth of 0.60 m at the Faculty of
Agriculture of the University of Zagreb in the period 1990–1999 accord-
ing to Sraka (2003)

Fig. 4 A linear correlation between a the monthly observed pan
evaporation (Eob, mm), and potential evapotranspiration (PET, mm)
using the Palmer model for the Zagreb-Maksimir meteorological station
from April to October in the period 1990–1999, b the monthly observed
actual evapotranspiration (ETob, mm) using lysimetric measurements up

to depth of 0.60 m at the Faculty of Agriculture of the Zagreb University
(Sraka 2003), and actual evapotranspiration (ET, mm) using the Palmer
model for the Zagreb-Maksimir meteorological station in the period
1990–1999. r is the coefficient of correlation
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up to the same depth of 0.60 m as a lysimeter. However, the
Palmer-Vidaček model underestimated the mean monthly ETa
from April to November (Table 3). The reason for this may be
that water, which is inaccessible to the plant, can also evapo-
rate from the soil and thus increase ET. Thus, the Palmer-
Vidaček model is suitable for use in a particular location for
specific soil type and agricultural crop for the purposes of
irrigation planning and water management, but not for climat-
ic considerations on the large area. Therefore, the Palmer
model for further research of the spatial distribution of water
balance components in Croatia has been applied. The spatial
distribution analysis shows that the values of the annual ET
and PET are very similar in most parts of Croatia, except for
Dalmatia and Kvarner (Fig. 5 and Table 4). Although most
precipitation falls in the mountain zone (Fig. 6), the value of

ET is the lowest (400–500 mm) in that area because the zone
has the lowest values of air temperature compared to the tem-
perature values in the rest of Croatia. The highest evaporation
values from the soil and plants (800–900 mm) are in the wider
Dubrovnik (the southern Dalmatia) and Senj area (the north-
ern Adriatic). This is caused by relatively high temperatures,
lower relative humidity, strong wind, and higher amount of
precipitation in these areas. Precipitation in those areas only
partly satisfies the need for evaporation from the soil and
plants in relation to the situation in the rest of Croatia. It is
evident that the value of the ET in Dalmatia is much lower in
comparison to the PET. The ET on the Dalmatian coast and
islands achieves an amount of approximately 50% of the an-
nual PET value, and about 30% of the PET value during the
vegetation period. The reason is the lack of rainfall and soil

Table 2 Annual potential evapotranspiration (PET, mm), annual
deviations between actual evapotranspiration (ET, mm) using the
Palmer model for the Zagreb-Maksimir meteorological station as well
as using the Palmer-Vidaček model (ETa, mm) for physiological active

water, and observed actual evapotranspiration (ETob, mm) using the lysi-
metric measurements up to a depth of 0.60m at the Faculty of Agriculture
of the University of Zagreb in the period 1990–1999 according to Sraka
(2003)

Years 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 Mean

PET 737.5 678.4 840.6 775.3 785.5 704.1 670.5 727.3 712.3 738.2 737.0

ET 669.4 647.9 686.9 705.8 785.5 701.7 664.3 689.9 712.3 727.0 699.1

ETa 441.8 436.2 435.3 469.8 544.9 554.9 516.5 515.2 555.8 560.3 503.0

ETob 470.9 429.3 441.0 515.0 576.5 581.8 519.3 545.6 604.6 619.8 530.4

ET−ETob 198.5 218.6 245.9 190.8 209.1 119.9 145.0 144.3 107.7 107.2 168.7

ET/ETob (%) 42.2 50.9 55.8 37.0 36.3 20.6 27.9 26.4 17.8 17.3 31.8

ETa−ETob −29.1 6.9 −5.7 −45.2 −31.6 −26.9 −2.8 −30.4 −48.8 −59.5 −27.4
ETa/ETob (%) −6.2 1.6 −1.3 −8.8 −5.5 −4.6 −0.5 −5.6 −8.1 −9.6 −5.2

Table 3 Mean monthly and seasonal (SEA) deviation between the po-
tential evapotranspiration (PET, mm) and observed pan evaporation (Eob,
mm), mean monthly and annual (ANN) deviations between mean actual
evapotranspiration using the Palmer model (ET, mm) for the Zagreb-
Maksimir meteorological station as well as using the Palmer-Vidaček

model (ETa, mm) for physiological active water, and mean observed
actual evapotranspiration (ETob, mm) using the lysimetric measurements
up to a depth of 0.60 m at the Faculty of Agriculture of the University of
Zagreb in the period 1990–1999 according to Sraka (2003)

Period Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec ANN or SEA

PET 15.3 22.8 37.4 54.6 88.1 112.5 130.8 125.6 74.1 40.2 22.5 13.1 737.0

ET 15.3 22.8 37.4 54.6 86.6 110.5 120.7 109.3 66.4 40.2 22.5 13.1 699.1

ETa 5.0 14.6 41.3 62.3 66.3 77.8 90.5 64.9 37.4 25.0 11.3 6.7 503.0

Eob - - - 72.8 117.8 135.3 162.1 148.7 85.7 39.0 - - 761.4

ETob 3.4 13.5 36.5 64.8 82.9 85.2 91.5 67.8 39.2 25.9 15.1 4.6 530.4

PET − Eob - - - −18.2 −29.7 −22.5 −31.3 −23.1 −11.6 1.2 - - −135.5
PET/Eob (%) - - - −25.0 −25.2 −16.9 −19.3 −15.5 −13.5 3.1 - - −17.8
ET − ETob 11.9 9.3 0.9 −10.2 3.7 25.3 29.2 41.5 27.2 14.3 7.4 8.5 168.7

ET/ETob (%) 350.0 68.9 2.5 −15.7 4.5 29.7 31.9 61.2 69.4 55.2 49.0 184.8 31.8

ETa − ETob 1.6 1.1 4.8 −2.5 −16.6 −7.4 −1.0 −2.9 −1.8 −0.9 −3.8 2.1 −27.4
ETa/ETob (%) 47.1 8.1 13.2 −3.9 −20.0 −8.7 −1.1 −4.3 −4.6 −3.5 −25.2 45.7 −5.2
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Fig. 5 The spatial distribution of actual evapotranspiration: a the mean annual (ETann, mm) and b the vegetation period fromApril to September (ETveg,
mm) in Croatia in the period 1981–2010. The numbers in the legend refer to the upper borders of the given interval

Table 4 Mean monthly, seasonal, and annual temperature (°C), relative humidity (%), precipitation (mm), and water balance components (mm) at the
selected meteorological stations Osijek, Zagreb-Grič, Crikvenica, Hvar, and Gospić in the period 1981–2010

Period/
Element

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec DJF MAM JJA SON VEG ANN

Osijek

T (°C) −0.1 1.6 6.5 11.8 17.1 20.1 22.0 21.3 16.7 11.6 5.7 1.2 0.9 11.8 21.1 11.3 18.2 11.3

RH (%) 87 81 74 70 69 71 68 71 75 79 85 88 85 71 70 80 71 76

P (mm) 44.5 35.4 44.7 52.4 63.9 87.1 56.0 68.3 63.0 56.1 60.1 52.8 132.7 161.0 211.4 179.2 390.7 684.3

PET (mm) 11.3 17.1 31.7 55.9 91.5 113.5 134.0 123.9 78.3 45.9 22.4 12.2 40.6 179.1 371.4 146.6 597.1 737.7

ET (mm) 11.3 17.1 31.7 55.4 86.4 104.2 108.4 90.7 61.0 40.6 22.3 12.2 40.6 173.5 303.3 123.9 506.1 641.3

L (mm) 0.1 2.9 5.4 13.3 32.7 31.9 54.4 29.4 13.3 8.8 0.6 0.0 3.0 51.4 115.7 22.7 175.0 192.8

R (mm) 27.9 15.2 13.3 6.7 10.2 11.3 0.8 1.6 15.0 24.2 35.4 32.0 75.1 30.2 13.7 74.6 45.6 193.6

RO (mm) 5.5 5.9 5.2 3.7 0.0 3.6 1.2 5.4 0.4 0.0 3.1 8.6 20.0 8.9 10.2 3.5 14.3 42.6

S (mm) 294.5 306.9 314.8 308.2 285.7 265.1 211.6 183.7 185.4 200.9 235.6 267.6 289.7 302.9 220.1 207.3 240.0 255.0

Zagreb-Grič
T (°C) 1.7 3.7 8.1 12.6 17.3 20.2 22.4 21.9 17.3 12.4 6.9 2.7 2.7 12.7 21.5 12.2 18.6 12.3

RH (%) 77 69 62 60 62 65 63 65 72 76 78 80 75 61 64 75 65 69

P (mm) 48.6 43.9 56.4 60.2 73.5 94.0 81.7 92.1 94.6 81.8 78.2 65.1 157.6 190.1 267.8 254.5 496.1 870.1

PET (mm) 18.4 26.8 44.4 69.1 102.8 125.5 150.1 141.1 89.1 52.3 30.1 18.6 63.8 216.3 416.6 171.5 677.7 868.3

ET (mm) 18.4 26.8 44.4 68.4 98.4 118.3 130.5 113.0 79.0 51.4 30.1 18.6 63.8 211.2 361.8 160.5 607.6 797.3

L (mm) 1.7 5.7 6.2 18.3 34.8 31.8 50.8 34.7 12.6 8.2 0.8 0.1 7.5 59.3 117.3 21.6 183.0 205.7

R (mm) 20.7 6.9 9.0 7.6 7.6 3.3 1.9 12.5 27.1 38.4 40.6 29.9 57.5 24.2 17.8 106.1 60.0 205.5

RO (mm) 11.1 15.9 9.2 2.4 2.4 4.2 0.0 1.2 1.1 0.2 8.2 16.7 43.7 14.0 5.4 9.5 11.3 72.6

S (mm) 355.1 356.2 359.0 348.4 321.2 292.7 243.8 221.7 236.2 266.4 306.2 336.0 349.1 342.9 252.7 269.6 277.3 303.6

Gospić
T (°C) −0.9 0.3 4.3 8.6 13.7 17.0 19.4 18.7 13.9 9.7 4.5 0.4 −0.1 8.9 18.4 9.4 15.2 9.1
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moisture, especially during the vegetation period. Due to high
temperature and enough moist soil, the highest ET is in low-
land Croatia in the vegetation period.

4.2 Spatial distribution of soil moisture content,
runoff, recharge, and soil moisture loss

The spatial distribution of the mean annual S (Fig. 7a), for the
most part, follows the distribution of the maximum soil water
capacity, except in the coastal zone where these values are
even lower during the vegetation period (about 30 mm,
Fig. 8a). The mean S reaches up to 350 mm in the continental
part of Croatia. During the vegetation period, S is slightly
lower and mainly reaches the values between 200 and

300 mm. An inaccessible water for the plant can also evapo-
rate from the soil and S could be zero (e.g., the Hvar station in
the mid-Adriatic island has mean S = 0 in the July in the period
1981–2010, Table 4). Due to the shallow soil layer, long hot
periods, and low rainfall amount in the mid-Adriatic coast and
islands in summer, evaporation from the soil is high and S is
mostly zero in July and August. In contrast, in the continental
and mountainous part of Croatia, S is generally higher than
10% in summer.

The spatial distribution of the annualRO (Fig. 7b) is similar
to the spatial distribution of precipitation. The maximum val-
ue of RO is in the mountainous zone where there is more
precipitation than in the rest of Croatia. At altitudes above
1000 m, the mean annual RO reaches 2000–2200 mm and

Table 4 (continued)

Period/
Element

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec DJF MAM JJA SON VEG ANN

RH (%) 81 76 72 70 69 69 66 69 76 79 82 83 80 70 68 79 70 74

P (mm) 103.2 99.2 95.2 104.5 100.1 92.8 51.2 80.6 148.7 150.2 177.7 151.3 353.8 299.8 224.6 476.6 577.9 1354.7

PET
(mm)

12.4 16.1 26.2 41.9 67.7 90.8 115.1 105.4 60.0 38.8 22.1 13.2 41.7 135.8 311.3 120.9 480.9 609.7

ET (mm) 12.4 16.1 26.2 41.8 67.5 88.9 103.9 87.7 58.0 38.8 22.1 13.2 41.7 135.5 280.5 118.9 447.8 576.6

L (mm) 0.3 0.5 1.3 1.9 7.0 20.2 53.1 24.7 2.4 0.8 0.0 0.0 0.8 10.2 98.0 3.2 109.3 112.2

R (mm) 0.2 0.3 0.1 1.1 0.8 1.5 0.0 12.8 44.0 36.8 12.4 2.1 2.6 2.0 14.3 93.2 60.2 112.1

RO (mm) 91.0 83.3 70.1 63.5 38.8 22.6 0.4 4.8 49.1 75.4 143.2 135.9 310.2 172.4 27.8 267.7 179.2 778.1

S (mm) 249.7 249.5 248.3 247.5 241.4 222.7 169.7 157.8 199.3 235.4 247.7 249.8 249.7 245.7 183.4 227.5 206.4 226.6

Crikvenica

T (°C) 6.2 6.4 9.4 13.0 17.8 21.6 24.6 24.2 19.5 15.5 10.8 7.5 6.7 13.4 23.5 15.3 20.1 14.7

RH (%) 77 74 72 72 71 68 64 66 71 75 76 76 76 72 66 74 69 72

P (mm) 93.3 81.2 81.4 83.3 96.0 83.9 43.9 80.3 162.5 169.4 148.1 115.6 290.1 260.7 208.1 480.0 549.9 1238.9

PET
(mm)

28.4 30.7 43.3 59.9 95.1 132.3 169.1 160.3 107.5 70.1 45.1 32.9 92.0 198.3 461.7 222.7 724.2 974.7

ET (mm) 28.4 30.4 42.3 59.2 90.3 112.8 102.7 81.0 87.8 66.5 43.9 32.9 91.7 191.8 296.5 198.2 533.8 778.2

L (mm) 4.0 2.5 6.9 9.1 26.9 37.8 58.9 10.4 2.9 3.0 0.1 0.0 6.5 42.9 107.1 6.0 146.0 162.5

R (mm) 5.8 1.6 1.8 10.8 4.9 4.5 0.0 8.9 50.1 35.3 32.3 6.3 13.7 17.5 13.4 117.7 79.2 162.3

RO (mm) 63.2 51.6 44.2 22.4 27.7 4.4 0.0 0.7 27.4 70.5 72.0 76.4 191.2 94.3 5.1 169.9 82.6 460.5

S (mm) 141.3 140.5 135.4 137.1 115.2 81.8 23.0 21.5 68.8 101.2 133.3 139.6 140.5 129.3 42.1 101.1 74.6 103.2

Hvar

T (°C) 9.0 9.0 11.2 14.4 19.0 22.8 25.7 25.3 21.7 18.0 13.6 10.3 9.4 14.9 24.6 17.8 21.5 16.7

RH (%) 69 66 67 67 66 64 59 62 65 69 69 69 68 67 62 68 64 66

P (mm) 58.4 53.8 64.6 53.3 40.3 42.1 20.3 44.3 58.0 78.9 99.5 92.9 205.1 158.2 106.7 236.4 258.3 706.4

PET
(mm)

54.1 56.2 68.4 91.5 140.7 188.8 238.9 227.0 172.3 121.7 82.8 60.5 170.8 300.6 654.7 376.8 1059.2 1502.9

ET (mm) 46.5 45.1 57.5 72.1 77.6 54.7 25.0 43.6 56.3 68.0 69.4 51.8 143.4 207.2 123.3 193.7 329.3 667.6

L (mm) 6.8 8.0 11.3 20.6 37.3 15.0 4.7 0.0 0.7 1.6 2.1 1.3 16.1 69.2 19.7 4.4 78.3 109.4

R (mm) 10.0 5.1 15.6 1.9 0.0 2.4 0.0 0.7 2.4 8.2 30.2 34.5 49.6 17.5 3.1 40.8 7.4 111.1

RO (mm) 8.7 11.6 2.7 0.0 0.0 0.0 0.0 0.0 0.0 4.4 2.0 8.0 28.3 2.7 0.0 6.4 0.0 37.4

S (mm) 71.8 69.0 73.3 54.6 17.3 4.7 0.0 0.7 2.4 9.0 37.1 70.2 70.3 48.4 1.8 16.2 13.3 34.2

DJF winter, MAM spring, JJA summer, SON autumn, VEG vegetation period, ANN annual, T temperature, RH relative humidity, P precipitation, PET
potential evapotranspiration, ET actual evapotranspiration, L soil moisture loss, R recharge, RO runoff, S soil moisture content

J. Ferina et al.



Spatial distribution and long-term changes in water balance components in Croatia



RO is about 600 mm during the vegetation period (Fig. 8b).
The surface runoff, however, depends not only on the meteo-
rological elements but also on the topography, soil type, veg-
etation, and geological structure. Except for the mountainous
zone, during the vegetation period, RO and R are small in

other areas of Croatia (mainly 200 mm for RO and 20–
60 mm for R, Fig. 8b, c). The reason is that the rainfall during
the vegetation period is used mainly on evaporation from soil
and plants.

The amount of annual L approximates to the annual
amount of R (Fig. 7c, d). L is very high during the vegeta-
tion period for two reasons (Fig. 8d): the high ET values
and the low values of precipitation. The highest loss of soil
water occurs in the eastern lowland zone up to 180 mm.
The annual amounts of L and R are almost equal. However,

�Fig. 6 The spatial distribution of precipitation: a the mean annual (Pann,
mm) and b the vegetation period from April to September (Pveg, mm) in
Croatia in the period 1981–2010. The numbers in the legend refer to the
upper borders of the given interval

Fig. 7 The spatial distribution: a the mean annual soil water content (Sann,
mm), bmean annual surface runoff (ROann, mm), cmean annual recharge
(Rann, mm), and dmean annual soil moisture loss (Lann, mm) in Croatia in

the period 1981–2010. The numbers in the legend refer to the upper
borders of the given interval
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in order to satisfy the conservation of mass principle, L and
R have the opposite annual cycle (Table 4). The maximum
of L and minimum of R are in July for the Osijek, Zagreb-
Grič, Gospić, and Crikvenica stations. Due to the lack of
summer rain and soil moisture deficit in Hvar, the maxi-
mum of L is moved to May. In the mountainous zone, the
relatively high amounts of precipitation and the relatively
low amount of ET lead to the fact that the soils have higher
S throughout the year than in the warmer lowland region.
Therefore, the R and L are relatively low, and the RO of

water is relatively high. However, the Palmer model makes
no allowance for the effect of snowmelt or frozen ground
(Alley 1984). Thus, it may provide misleading results in
the mountainous part of Croatia.

4.3 Comparison of PET and ET in the period 1981–
2010 with the reference climatic period of 1961–1990

To determine how much the analyzed water balance compo-
nents in the recent period deviate from the reference, the data

Fig. 8 The spatial distribution: a the mean soil water content (Sveg, mm),
b mean surface runoff (ROveg, mm), c mean recharge (Rveg, mm), and d
mean soil moisture loss (Lveg, mm) in Croatia during the vegetation

period from April to September in the period 1981–2010. The numbers
in the legend refer to the upper borders of the given interval
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from the eight stations, which are representative of all three
climatic zones (the lowland, the mountainous, and the coast-
al), have been closely analyzed. Figure 9 shows the annual
cycle of the mean monthly rainfall, PET and ET in the period
1981–2010, and compared to the reference period of 1961–
1990. PET has the highest values in the warmer season and the
lowest in the colder season. Depending on the relationship
between precipitation and PET during the warm season, ET
follows the PET cycle (if there is enough precipitation) or,
contrarily, the precipitation cycle. Most water in soil comes
from rain and snow.

4.3.1 Lowland zone

The main feature of the lowland zone (Osijek and Zagreb-
Maksimir in Fig. 9a, b) is a higher precipitation amount in the
warm season. This is due to the heavy rainfall from convective
clouds, induced by the combination of a very hot ground and
the movement of cyclone passages to the north by ~50°N in
summer (e.g., Penzar and Penzar 2000). The amount of rainfall
during the summer period is mostly enough to satisfy the
evapotranspiration demand, so the difference between the
PET and the ET during summer is very small. The differences
are larger in the eastern part of the country and, like precipita-
tion, decrease eastwards. In the cold season, due to low temper-
atures, the ET achieves a minimum and is equal to the PET.

4.3.2 Mountainous zone

The mountainous areas of Croatia (Ogulin and Gospić in Fig.
9c, d) are characterized by a relatively large amount of precip-
itation throughout the year, but they have the lowest PET and
ET in relation to the rest of Croatia due to the lower air tem-
perature. PET and ET achieve maximum values in July and
minimum values in January. The evaporation from the soil
and plants is satisfied by the precipitation amounts.

4.3.3 Coastal zone

The minimum precipitation amount during the warm season
and the maximum in the cold season are characteristic of the
Croatian coastal region (Pula, Šibenik, Hvar, and Dubrovnik
in Fig. 9e–h). Due to the high mean daily temperature and low
relative humidity during summer, PET is very high. The low
precipitation and S result in a low ET, and that, combined with
the high PET, is the prerequisite for drought.

4.4 PET and ET deviations in the last three decades

A deviation in the precipitation amount, ET and PET between
the recent and the period are also shown in Fig. 9. The mean
monthly precipitation in the last three decades for all reference
stations is slightly lower than for the reference climatic period.

The situation is the opposite in autumn at the stations in the
mountainous and lowland areas, with more precipitation in the
recent period. Due to higher temperatures, the values of both
PET and ET have increased in the lowland and mountainous
parts of Croatia in recent decades as well. While the temper-
ature and PET have increased in the coastal area in recent
years due to reduced rainfall, the ET has decreased, compared
to the period 1961–1990.

4.5 Long-term linear trend analyses

As the previous water balance component comparison be-
tween two short periods indicates some PET and ET devia-
tions, the long-term changes of the components in Croatia will
be considered. Therefore, the linear trends in the mean month-
ly, seasonal, and annual observed and estimated variables by
the Palmer model have been analyzed for the five meteoro-
logical stations in the period 1901–2017. Each of these loca-
tions is representative of a different climate zone in Croatia. A
closer look at the results of the linear trends, given in Table 5,
reveals several conclusions:

– While it is not significant for every month separately, on
the annual scale and in the vegetation period, a significant
increase (p < 0.05) in the temperature trend was observed
at all five stations, from approximately 0.7 to 1.4 °C per
100 years.

– On the other hand, relative humidity had a significant
decrease, from approximately −3 to −9% per 100 years.
Precipitation indicated negative trends at all five stations.
The highest annual value of −464 mm per 100 years
(−34.3%/100 years) with a significant decrease in the
precipitation amount was observed at Gospić .
Nevertheless, the mountainous station of Gospić is char-
acterized by a relatively large annual amount of precipi-
tation (1354.6 mm, Table 4). Due to the lower mean an-
nual air temperature (9.1 °C), the PET and ET are not so
high (609.7 mm and 576.6 mm respectively) and their
increase is possible with increasing temperature.

– Logically, due to the above-mentioned trends, the results
confirmed PET significant positive trends on an annual
basis and in the vegetation period, from 129 to 243 mm
per 100 years.

– The ET trends differed depending on the region. At con-
tinental stations (Osijek, Zagreb-Grič, and Gospić), the
trend was positive and significant, with values of
79 mm to 109 mm per 100 years, while at the Adriatic
stations, the trends were insignificant. The annual trend
for Crikvenica indicated an increase in ET of 50 mm per
100 years, but in July and August, the trend decreased by
−8 and − 15 mm per 100 years, respectively. On the other
hand, the ET trend for Hvar was negative during almost
all seasons, revealing a decrease in the annual value of
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−13 mm per 100 years. The highest decrease in ET was
reached in June (−23 mm per 100 years).

– Due to unfavorable trends in input variables (an increase
in air temperature and decrease in relative humidity and
precipitation), trends in RO and S were negative for most
months throughout the year and significant on an annual
basis.

– R and L mostly had insignificant positive trends (signifi-
cant only at Gospić and Crikvenica stations) and a nega-
tive trend at Hvar station.

For four periods (1901–2017, 1961–2017, 1981–2017,
and 1991–2017) at the five relevant stations, PET and ET
trends were analyzed (Fig. 10). The PET trends were pos-
itive at all five stations for the four periods and statisti-
cally significant, except at Osijek station for the last two
periods. At all stations, the PET was the highest for the
last period. All four ET trends were positive and statisti-
cally significant only at the Gospić station. At Crikvenica
station, a statistically significant increase in ET was only
found in the period 1981–2017. At Osijek and Zagreb

Fig. 9 a–h Comparison of
monthly precipitation (P),
potential evapotranspiration
(PET), and actual
evapotranspiration (ET) in mm
for the selected stations in Croatia
(Osijek, Zagreb-Maksimir,
Ogulin, Gospić, Pula, Šibenik,
Hvar, and Dubrovnik) for the
period 1981–2010 with the refer-
ence climatic period of 1961–
1990
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stations, all ET trends were positive and statistically sig-
nificant, except for the last period. At Hvar station, the ET
trends for the two longer periods were negative, and the

last two periods were positive and all statistically insig-
nificant. Thus, the PET and ET linear trends in the last
decades show a faster growth than the long-term trends,

Table 5 Linear trends per 100 years for air temperature (°C), relative
humidity (%), precipitation (mm), and water balance components (mm) at
the selected meteorological stations Osijek, Zagreb-Grič, Gospić,

Crikvenica, and Hvar in the period 1901–2017. Bold linear trends are
significant at the 0.05 level

Period/
element

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec DJF MAM JJA SON VEG ANN

Osijek
T (°C) 1.2 1.6 0.5 1.0 0.9 1.1 0.8 1.1 0.4 0.5 0.9 −0.2 0.9 0.8 1.0 0.6 0.9 0.8
RH (%) −1.3 −3.5 −4.8 −6.0 −6.7 −6.3 −5.8 −6.0 −5.3 −7.4 −4.5 −3.2 −2.7 −5.8 −6.0 −5.7 −6.0 −5.1
P (mm) 2.5 4.1 −6.1 −25.3 −3.8 −3.6 3.7 13.7 −2.0 −15.7 −7.2 −2.0 4.6 −35.3 13.8 −24.9 −17.3 −41.7
PET (mm) 1.7 4.6 4.7 10.0 16.3 22.2 18.9 22.4 11.0 10.4 5.5 1.6 7.8 31.0 63.6 26.8 100.9 129.2
ET (mm) 1.7 4.6 4.7 9.9 14.2 15.6 4.4 3.8 4.0 8.9 5.4 1.6 7.8 28.8 23.8 18.3 51.8 78.7
L (mm) −0.1 1.2 0.9 8.6 7.1 8.8 1.1 −4.5 1.8 4.6 0.2 1.4 2.4 16.6 5.5 6.6 22.9 31.1
R (mm) 14.7 7.7 8.0 −2.1 8.4 2.1 0.7 −0.3 0.3 −15.5 −1.8 7.7 30.1 14.3 2.5 −17.0 9.1 29.9
RO (mm) −14.0 −7.0 −17.9 −24.6 −19.4 −12.5 −0.3 5.8 −4.5 −4.5 −10.7 −9.9 −30.9 −61.8 −7.0 −19.6 −55.4 −119.3
S (mm) −63.8 −57.3 −50.2 −60.9 −59.5 −66.3 −66.6 −62.5 −64.0 −84.2 −86.1 −79.8 −66.6 −56.9 −65.2 −78.1 −63.3 −66.8

Zagreb-Grič
T (°C) 2.0 2.2 1.4 1.7 1.3 1.5 1.4 1.5 0.6 0.9 1.5 0.3 1.5 1.5 1.5 1.0 1.4 1.4
RH (%) −5.5 −9.2 −12.1 −11.7 −10.1 −7.2 −7.7 −6.8 −4.7 −5.5 −5.1 −6.2 −6.9 −11.3 −7.2 −5.1 −8.0 −7.6
P (mm) 3.9 5.1 −4.8 −12.0 −6.3 4.4 −0.2 13.2 13.4 −19.6 0.4 −8.6 0.3 −23.1 17.4 −5.8 12.4 −11.2
PET (mm) 5.4 9.1 13.5 20.0 24.1 27.6 29.1 28.3 12.3 9.8 8.2 3.6 18.1 57.6 84.9 30.3 141.4 191.0
ET (mm) 5.4 9.1 13.5 18.6 17.4 21.3 10.5 2.7 9.6 9.7 8.2 3.6 18.1 49.4 34.5 27.5 80.0 129.5
L (mm) 1.4 2.9 5.9 12.6 14.9 5.2 2.1 −8.2 0.5 6.6 0.4 2.0 6.2 33.5 −0.9 7.5 27.2 46.3
R (mm) 15.4 7.7 0.2 2.4 1.2 −5.6 −3.2 5.9 5.4 2.2 14.5 3.5 26.6 3.7 −2.8 22.1 6.1 49.5
RO (mm) −15.6 −8.9 −12.5 −20.3 −10.0 −6.1 −5.4 −3.6 −1.0 −24.9 −22.0 −13.7 −38.1 −42.7 −15.2 −47.9 −46.5 −143.9
S (mm) −39.4 −34.5 −40.3 −50.6 −64.3 −75.1 −80.4 −66.3 −61.4 −65.8 −51.6 −50.2 −42.4 −51.7 −73.9 −59.6 −66.3 −56.7

Gospić
T (°C) 2.4 2.7 1.0 0.9 0.7 1.2 1.0 0.9 0.0 0.5 1.1 −0.1 1.6 0.9 1.0 0.5 0.8 1.0
RH (%) −7.6 −11.3 −12.7 −11.5 −9.0 −8.8 −8.7 −7.7 −5.7 −8.5 −7.3 −7.6 −8.8 −11.1 −8.4 −7.2 −8.6 −8.9
P (mm) −20.9 −41.3 −60.2 −61.4 −18.6 −29.9 −32.1 −11.0 13.5 −92.7 −40.4 −69.1 −131.3 −140.2 −73.0 −119.6 −139.5 −464.1
PET (mm) 4.6 6.9 8.9 12.4 14.2 23.0 24.6 21.7 7.6 9.3 7.0 2.9 14.4 35.5 69.3 24.0 103.4 143.1
ET (mm) 4.6 6.9 8.9 12.3 14.1 21.9 14.5 0.5 6.0 9.3 7.0 2.9 14.4 35.3 37.0 22.4 69.4 109.1
L (mm) 0.2 0.0 2.3 1.7 3.7 12.6 28.8 6.6 −1.2 1.2 0.0 0.9 1.2 7.7 47.9 −0.1 52.1 56.7
R (mm) 1.0 0.2 −0.2 1.9 0.2 −0.4 −1.4 0.9 27.2 12.3 9.6 5.3 6.5 2.0 −0.8 49.0 28.5 56.8
RO (mm) −26.3 −48.4 −66.7 −73.9 −29.2 −38.9 −16.5 −5.9 −20.9 −113.2 −57.0 −76.4 −151.0 −169.8 −61.3 −191.1 −185.2 −573.2
S (mm) −0.2 0.0 −2.5 −2.3 −5.8 −18.7 −48.9 −54.5 −26.1 −15.0 −5.4 −1.0 −0.4 −3.5 −40.7 −15.5 −26.0 −15.0

Crikvenica
T (°C) 1.4 1.1 0.7 0.8 0.8 1.5 1.8 1.8 0.7 1.1 1.3 0.2 0.9 0.7 1.7 1.0 1.2 1.1
RH (%) 1.3 0.3 −2.8 −2.1 −4.2 −5.9 −8.4 −6.0 −2.9 −2.5 −0.6 −3.8 −0.7 −3.0 −6.8 −2.0 −4.9 −3.1
P (mm) 15.3 16.4 −28.2 −22.4 −0.6 −9.6 −35.4 −5.9 40.7 −21.6 −30.3 −51.1 −19.4 −51.2 −51.0 −11.2 −33.2 −132.7
PET (mm) 3.2 3.1 5.5 6.5 13.1 25.9 36.4 31.2 11.8 9.6 6.2 3.5 9.8 25.1 93.6 27.6 125.0 156.0
ET (mm) 3.1 2.8 4.7 5.8 9.7 11.0 −8.1 −15.0 18.8 7.8 6.3 3.2 9.1 20.1 −12.1 32.9 22.1 50.0
L (mm) 3.0 −1.8 3.6 8.1 4.5 14.1 22.0 −14.6 −3.7 3.6 1.2 4.3 5.5 16.3 21.4 1.1 30.3 44.3
R (mm) 7.1 1.5 −0.2 1.8 3.7 −3.7 3.1 −0.9 21.6 −5.6 16.4 0.1 8.7 5.3 −1.6 32.4 25.5 44.8
RO (mm) 8.0 10.3 −29.1 −21.9 −9.4 −2.8 −8.5 −4.6 −3.4 −20.2 −51.7 −50.1 −31.7 −60.4 −15.9 −75.3 −50.5 −183.3
S (mm) −5.9 −2.7 −6.5 −12.8 −13.6 −31.4 −50.3 −36.6 −11.3 −20.5 −5.3 −9.5 −6.2 −11.0 −39.5 −12.4 −26.0 −17.2

Hvar
T (°C) 0.6 0.7 0.4 0.6 0.7 1.1 1.3 1.2 0.6 0.7 0.9 −0.1 0.4 0.6 1.2 0.7 0.9 0.7
RH (%) −3.3 −4.9 −5.6 −7.5 −7.4 −7.5 −9.5 −6.5 −6.8 −7.0 −4.5 −8.0 −5.4 −6.8 −7.8 −6.1 −7.5 −6.5
P (mm) −22.8 −17.6 −30.2 −24.6 0.8 5.2 3.5 5.8 16.8 −19.0 1.1 −19.5 −60.0 −54.1 14.4 −1.1 7.4 −100.7
PET (mm) 6.1 8.2 9.3 15.5 23.2 33.0 46.4 35.3 24.7 20.2 13.0 7.9 22.2 48.0 114.7 58.0 178.1 242.8
ET (mm) −1.1 2.6 −0.1 4.7 −14.4 −22.8 −4.7 4.7 13.8 −3.6 11.3 −3.8 −2.3 −9.9 −22.8 21.5 −18.7 −13.4
L (mm) 1.3 0.1 2.9 −0.7 −16.7 −25.3 −8.2 −0.3 0.7 4.2 1.8 1.3 2.6 −14.5 −33.8 6.7 −50.5 −39.0
R (mm) −0.4 −3.9 5.8 −7.9 −2.0 2.7 0.0 0.7 3.7 −14.9 −2.5 −16.5 −20.8 −4.1 3.4 −13.6 −2.8 −35.2
RO (mm) −20.0 −16.2 −33.0 −22.0 0.5 0.0 0.0 0.0 0.0 3.7 −6.0 2.0 −34.2 −54.6 0.0 −2.3 −21.6 −91.1
S (mm) −42.9 −46.9 −44.0 −51.3 −36.5 −8.6 −0.4 0.7 3.7 −15.3 −19.6 −37.4 −43.7 −43.9 −65.2 −78.1 −15.4 −24.9

DJF winter, MAM spring, JJA summer, SON autumn, VEG vegetation period, ANN annual, T temperature, RH relative humidity, P precipitation, PET
potential evapotranspiration, ET actual evapotranspiration, L soil moisture loss, R recharge, RO runoff, S soil moisture content
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and the increase in PET is statistically significant in most
of Croatia, except in the eastern part.

5 Discussion and conclusion

5.1 Result evaluation

This is the first time that the spatial distribution of the water
balance components in the whole Croatian area has been stud-
ied, and the results analysis and the discussion offer several
conclusions. The Palmer model is based on the most readily
available data: air temperature, relative humidity, and precip-
itation. Therefore, it was possible to conduct the spatial anal-
ysis of water balance components in Croatia using the 82
meteorological stations in the period 1981–2010.

A comparison of the estimated ET by the Palmer model and
observed ET by lysimetric measurements in Zagreb in the
period 1990–1999 shows that the Palmer model generally
overestimates ET, except it underestimates in April. Better
results are obtained in very wet years, with a normal or
below-average mean annual air temperature. The possible rea-
sons are that model assumes the total soil water will evaporate
and will be reset any time when the soil becomes saturated.
Thus, the uncertainty coming from simplified calculation soil
water depletion is reduced. In order to improve the monthly
ET estimate, it may be necessary to use a monthly instead of
an annual wind coefficient (Cv). There are further limitations
of the Palmer model because the available soil water storage
capacity does not consider the relation to textural, physical,
and chemical characteristics of the soil. The potential ground-
water impacts on the root zone are also not included in this
model. In this study, however, the focus is on relative changes
in soil water balance components rather than on absolute es-
timates. Consequently, it is important whether there are water
balance component changes in the recent period of 1981–
2010 and a significant increase or decrease in the components
during the long period.

Our ET research results were compared with the results
from the neighboring country of Slovenia (Maček et al.
2018). A comparison of the mean monthly ET for the
Zagreb-Grič station in Croatia using the Palmer model and
of the mean monthly reference evapotranspiration, for Celje-
Medlog station in Slovenia using the Penman-Monteith meth-
od, indicates very similar mean monthly ET cycles. Both sta-
tions are located in the moderate continental climate, at an air
distance of about 80 km. The mean monthly ET values are
118.3 mm, 130.5 mm, and 113.0 mm for Zagreb-Grič from
June to August, in the period 1981–2010, and 118.4 mm,
126.6 mm, and 106.0 mm for Celje-Medlog from June to
August in the period 1961–2015, respectively. Since a devia-
tion in the total summer ET is only 3% (10.8 mm) between the
two stations, the ET assessment is shown very good

correspondence, despite the fact that the simple Palmer model
was employed. A similar conclusion is reached if the mean
monthly ET between the northern Croatian and the southern
Hungarian border is compared. For example, the meanmonth-
ly ET for June is 104–118 mm in Croatia and 103–120 mm in
Hungary, using the modified Thornthwaite-based model (Ács
et al. 2011).

The spatial distribution of water balance components in
Croatia indicates that, if there is enough water in the soil, the
highest amounts of water could evaporate in the mid-Adriatic
area due to the high air temperatures, low relative humidity,
and frequent strong winds. Additionally, the lowest water
amounts could evaporate in the mountain region due to lower
temperatures and a higher relative humidity, compared to the
rest of Croatia. However, in the warm season, due to the high
temperature and relatively small amounts of precipitation in
the mid-Adriatic area, ET was much lower than PET, and the
RO is almost nonexistent. In the mountainous part of Croatia,
PET and ET are generally the same because of the sufficient
rainfall, and the amount of RO is relatively high. Due to the
annual distribution of precipitation (higher in the warm sea-
son), and because of the large capacity of the soil, the lowland
zone needs for evapotranspiration are mainly satisfied. A pos-
itive statistically significant PET trend is present at all stations
for the annual, seasonal, and vegetation periods, which is a
consequence of the increase in air temperature.

A comparison of the long-term PET trends (1.6–1.7%/de-
cade) and PET trends over recent decades in different parts of
Croatia showed a rapid increase in PET in the recent periods
(Fig. 10) due to an increase in a global warming trend. Thus, a
global warming trend is evident. For the most recent period
(1991–2017), PET increased from 3.7% in eastern Croatia to
11.5% in the mid-Adriatic area per 10-year period. Climate
change also indicates an impact on the future PET. For in-
stance, the PET in Ireland at the end of 2080 is expected to
increase by 13.5% (Gharbia et al. 2018). However, the ex-
posed regions to high positive changes in the annual PET
are located mainly in the west, south, and southeast of
Europe in the period 2041–2070 (Dezsi et al. 2018). The fu-
ture scenario in the Pannonian basin under the climate change
during 2021–2050 shows the highest increase in the annual
crop evapotranspiration up to 6% in south and central
Hungary, north of Croatia, and west Romania compared with
the present simulated period 1991–2020 (Nistor et al. 2017).
However, according to the future projections, the maximum
increase of the ET change in western Hungary is expected to
increase by 12% by the end of the century compared with the
period 1981–2010 (Csáki et al. 2018). A positive annual long-
term ET trend was observed at Osijek, Zagreb-Grič, Gospić,
and Crikvenica because at these stations, the precipitation
amount meets the need for evapotranspiration. For the low-
land Croatia (Osijek and Zagreb-Grič), the increase in annual
ET was 18–20 mm/decade in the period 1961–2017. These
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results are similar to the annual reference ET trend (10.5–
21.8 mm/decade) in southern lowland Romania in the period
1961–2013, where continental climate conditions also prevail
(Prăvălie et al. 2019). For the northern Adriatic area

(Crikvenica), the increase in ET was 46 mm/decade in the last
37 years. For instance, the annual reference ET trend for the
coastal region in eastern Spain was greater than 37.5 mm/de-
cade in the period 1961–2011 (Vicente-Serrano et al. 2014)

Fig. 10 a–j Time series of annual
PET (left) and ET (right) and the
corresponding trend for the se-
lected stations of Osijek, Zagreb-
Grič, Gospić, Crikvenica, and
Hvar for the four periods1901–
2017, 1961–2017, 1981–2017,
and 1991–2017. Statistically sig-
nificant trends at the 0.05 level are
indicated with “*” in the legend
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and 47 mm/decade in eastern Greece in the period 1983–2001
(Papaioannou et al. 2008, 2011). Similar annual ET trends
have been obtained for the mountainous region in Croatia
and in the neighboring country of Serbia (45 mm/decade for
Gospić and 36 mm/decade for Zlatibor in the period 1981–
2010, using the adjusted Hargreaves equation) (Gocic and
Trajkovic 2014). A significant and faster decrease in annual
precipitation and a deficit of rainfall in the mid-Adriatic area
(Hvar) in the warmer season only cause the decrease in annual
ET, R, and L in relation to other stations. A decrease in the
winter and spring amount of precipitation causes the negative
annual long-term trend of R and RO in Hvar. Due to the deficit
of the soil water reserve in summer, the trend of L was nega-
tive during the vegetation period. A negative long-term annual
ET trend (−6 mm/decade) was also observed on the west coast
of Italy at the Pisa meteorological station in the period 1878–
1999 (Moonen et al. 2002).

A significant decrease in the precipitation amount, relative
humidity, and other water balance components (S and RO)
was observed at all considered stations in Croatia, annually
as well as in the vegetation period. This certainly has negative
consequences for agricultural production, especially in low-
land Croatia, where the largest amount of cereal is produced.
Consequently, agricultural management should be adapted to
changed regimes of precipitation, ET, RO, and S to mitigate
the climate change consequences for agriculture.

5.2 Further research

It is very important to continue research on water balance
components. This study is a simple approach to determining
the water balance components, and it can be improved.
Evapotranspiration has always been one of the most difficult
physical quantities in hydrological cycles to be directly mea-
sured (Yang et al. 2018). The evaluation of evapotranspiration
in Croatia could also be tested by other equations, such as the
temperature-based (Thornthwaite), radiation-based (Priestley-
Taylor), and combination (Penman-Monteith) models (Fisher
et al. 2011; Djaman et al. 2019). However, in order to ratio-
nally manage the water for irrigation, it is necessary to deter-
mine crop evapotranspiration for the most important agricul-
tural crops (e.g., Marin et al. 2019). It is also important to
identify the impacts of climate change on agricultural water
management, including agricultural water requirements and
water availability, and the transition of these impacts to
cropping practice (Potopová et al. 2019). The detected chang-
es in soil temperature regime (Sviličić et al. 2016), which
increase soil moisture system vulnerability due to soil heat
stress, can help to bring about appropriate adaptation mea-
sures in agriculture to mitigate the effects of climate change.
The groundwater simulations can be improved by adding the
refined soil data, land cover type, and urbanized area data
(Batelaan and de Smedt 2007; Herrmann et al. 2015). The

daily values of ET and validation of the data can be obtained
via remote sensing data (Horvat 2013; Ivezic et al. 2018;
Carter and Liang 2018), e.g., MODIS, Landsat, and
EUMETSAT.

Satellite products are useful for spatial validation, but with
limitations, because the satellite data need to be calibrated
with surface measured data. The latest NASA research dem-
onstrates the benefit of assimilating soil moisture retrievals
from the Soil Moisture Active Passive (SMAP) mission and
confirms its potential for improving root zone soil moisture
information generated using the modified Palmer two-layer
soil moisture model (Mladenova et al. 2020).

Better results could be achieved using higher spatial and
temporal resolutions of meteorological elements and calculat-
ing the spatial prediction of the water balance components
using a complex water balance model. The development of
the water balance models depends on whether it is for agricul-
ture or hydrology purposes. For instance, the soil water atmo-
sphere plant (SWAP) model allows situations like capillary
flow at the bottom of the soil profile and soil water movement
upward or downward from a soil layer (e.g., Ines et al. 2001).
Thus, soil water balance models are suitable to simulate root
zone soil moisture content (e.g., Victor et al. 2003).
Hydrological models focus more on surface runoff, ground-
water storage, and recharge (e.g., Xu and Singh 1998; Ivezic
et al. 2017; Abdollahi et al. 2019). Therefore, model selection
is very important for further research on water balance com-
ponents in Croatia.
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