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Abstract: The paper aims to assess the impact of deforestation due to windstorms on runoff in small
mountain river basins. In the Boca and Ipoltica River basins, changes in forested areas were assessed
from available historical and current digital map data. Significant forest losses occurred between 2004
and 2012. During the whole period of 1990–2018, forested areas in the Boca river decreased from 83%
to 47% and in the Ipoltica River basin from 80% to 70%. Changes in runoff conditions were assessed
based on an assessment of changes in the measured time series of the hydrometeorological data
for the years 1981–2016. An empirical hydrological model was used to determine the design peak
discharges before and after significant windstorms were estimated for different rain intensities and
return periods. The regional climate scenario for the period 2070–2100 was used to assess the current
impact of climate change and river basin deforestation on predicted changes in design floods in the
coming decades. The effect of deforestation became evident in the extreme discharges, especially in
future decades. In the Boca River basin, the estimated design floods increased by 59%, and in the
Ipoltica River basin by 172% in the case of the 100-year return period.
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1. Introduction

Environmental changes and their impact on hydrological regimes and the occurrence of extremes
such as floods or droughts have been of topical interest in recent years all over the world. A hydrological
regime is a set of natural and anthropogenic conditions that affect the surface and subsurface runoff

from a river basin. The assessment of a runoff regime is undertaken for purposes of prevention or
serves as a basis for the proposed measures within the river basin to alleviate extreme runoff situations.

In particular, land use changes and climate change have contributed to problems that have a direct
or indirect impact on runoff regimes. Changes in land use have a strong effect on floods, as humans
have heavily modified natural landscapes; large areas have been deforested or drained, thus either
increasing or decreasing antecedent soil moisture and triggering erosion [1]. Among the various
land cover types, the role of forests in catchment hydrology is highly consequential. According to
many experimental studies, forest cover decreases discharges in river basins as a result of increased
interception, transpiration and permeability of soils, and reduced soil moisture [1]. Such results can be
found, e.g., in Brown et al. [2], where paired catchment studies were used for determining the changes
in water yields on various timescales resulting from permanent changes in vegetation. Indirect effects
of forest changes, which are caused mainly by the impacts of forest practices, include an increase in
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surface runoff and soil erosion on forest roads, and the development of gullies after deforestation,
especially on steep terrains (e.g., Vose et al. [3]).

Deforestation is one of the oldest anthropogenic activities; one of the main reasons for it is
due to changes in land use. In the case of forest catastrophes, whether as a result of a windstorm
or an infestation of bark beetles, this is a serious problem. The main negatives of deforestation
(either anthropogenic or from natural disasters) include the loss of biodiversity, soil erosion, landslides,
and increased CO2 in the atmosphere. As a result, deforestation is a serious global threat and one of the
most significant environmental problems in the world. The impact of deforestation on a hydrological
regime is highly variable and often difficult to explain, but it is often determined that deforestation
increases and reforestation decreases annual flows [4]. The summary of paired watershed studies by
Andreassian [5] has shown that deforestation can increase both flood volumes and flood peaks, and this
effect is much more variable than its effect on a total flow. On the other hand, forested catchments have
greater infiltration rates, which may decrease catchment runoff [6]. A study by Suryatmojo [7] shows
that a loss of forest increases soil erosion and the flow of streams and also reduces water quality and
soil fertility.

There are various options for assessing the development of and changes in land use. One of
them is the use of digital topographic maps, and, in particular, satellite images; they contribute to the
knowledge of a landscape and the ability to analyse changes in its use and the occurrence of landscape
features [8]. Various approaches applied to analyze the effects of land use changes on runoff and
flooding include the analysis of empirical data and mathematical modelling, which are dominant
in current hydrological research, particularly in combination with GIS tools [9]. A review of several
widely-used hydrological models and their applicability to simulate the impact of land use and climate
change is provided in Dwarakish, Ganasri [10]. In this paper, the empirical event-based hydrological
model SCS-CN model, which is relatively easy to use and yields satisfactory results, was applied in
combination with a GIS environment.

According to the Intergovernmental Panel on Climate Change (IPCC) [11], the climate will
presumably be more variable or extreme in the future with a potential increase in the frequency of
heavy rainfall. Recent research shows that the increase is likely to occur in intensities of short-term rain
in durations of less than one day, which may lead to an increase in the extent and frequency of flash
floods. Climate models are widely used to assess the past and make forecasts for the future. Outputs
from regional climate models are mainly used for the analysis, which are then compared with actual
observations. An analysis of the evidence leading to an increase in the incidence of extreme short-term
rain due to anthropogenic climate change, as well as a description of the current physical understanding
of the association between extreme short-term rainfalls and the atmospheric temperature, is needed to
help society adapt to anticipated future changes in short-term rains [12]. The anticipated increase in
the incidence of extreme precipitation totals has been confirmed by various studies from around the
world, e.g., Tebaldi et al. [13], Koutsoyiannis et al. [14], Kyselý et al. [15], Skaugen and Førland [16],
Lapin et al. [17], Wang et al. [18], Gaál et al. [19], Pascale et al. [20], Mamoon et al. [21], Hanel et al. [22],
Gera et al. [23], Nepal [24], Taibi et al. [25].

In Slovakia, there have been a number of significant natural disasters in the last twenty years.
The causative agent of those disasters was primarily an abiotic factor, such as wind, snow or ice, or a
combination thereof. The effects of forests and deforestation on the water balance in river basins in
Slovakia has been studied in many recent works, e.g., Kostka and Holko [26]; Hlavčová et al. [27];
Hlásny et al. [4]; Kohnová et al. [28].

This paper is devoted to changes in land use due to deforestation in two small mountain river
basins, i.e., the Boca and Ipoltica River basins in Slovakia, which have been affected by severe
windstorms in recent years. As a result of these disasters, large areas of these river basins have become
deforested. For this study, analyses of the land use maps of the deforested areas before and after the
windstorms were compared during the period 1981–2018. Next, the long-term development of the
time series of the hydro-meteorological characteristics measured such as discharges, precipitation,
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and air temperatures in the periods of 1981–2016 and 2005–2016 were further compared. The SCS-CN
methodology was applied to estimate any changes in design floods before and after the disasters.
The development of and possible changes in the design floods in the deforested river basins in future
decades was estimated using scenario outputs of the Community Land Model (CLM), a regional
climate model.

The main objective of this study was to propose a methodology for estimating design floods in
small mountainous deforested ungauged basins in the future decades that is based on the scaling of
scenario designs of short-term rainfalls and a simple hydrological event-based model.

The following steps fulfilled these objectives: (1) analysis of the land use maps and identification
of any changes in land use before and after the occurrence of the windstorms in the case
studies. (2) Evaluation of the long-term regime of the time series of the hydrometeorological data,
and where possible, identification of changes in runoff caused by climatic or anthropogenic influences.
(3) Simulation of changes in design floods after the windstorms. (4) Estimation of potential changes in
the design floods in the deforested river basins in future decades as a result of climate change.

2. Area of the Case Study

Many mountainous areas in Slovakia have been affected by severe windstorms in recent decades
that caused significant deforestation in a large number of river basins. It is assumed that these changes
also affected the runoff conditions in the case study area of the Boca and Ipoltica River basins (Figure 1).
The Boca and Ipoltica River basins are located in the Low Tatras National Park of the district of
Liptovský Mikuláš, which lies in northern Slovakia.
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Figure 1. Location map of the basins analysed (© GKÚ, NLC; Slovakia, 2017–2019) and illustration of
the state of the deforestation on the Boca River basin in 2015.

From a geomorphological point of view, the Boca and Ipoltica River basins belong to the Ďumbier
Tatras subunit. The soil in these river basins is mostly silt and sandy loam, as well as loam and loamy
sand in smaller quantities. Specific to this area are spruce forests.
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2.1. Boca River Catchment

The Boca River basin, with its outlet at the Malužiná gauging station, has a basin area of 81.93 km2;
it is a left tributary of the Váh River. It springs in the Low Tatras at an altitude of approximately
1400 m above sea level. The average altitude of the basin is 1114 m a. s. l. and the average slope is
22.1 degrees (Figure 2).
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Figure 2. Elevation, slope map, and land cover classification for the Boca and Ipoltica River basins.

In 1990, 82.76% of the area was covered by forests, but by 2018, this area had decreased to 46.8%.
The deforested areas have mostly been replaced by transitional woodland shrubs.
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2.2. Ipoltica River Catchment

The Ipoltica River basin, with its outlet at the Čierny Váh gauging station, is a left tributary of
the Čierny Váh River. The basin area is 86.25 km2. It springs in the Low Tatras in the Král’ovohol’ské
Tatras at an altitude of about 1405 m a. s. l. The average altitude of the basin is 1118 m a. s. l., and the
average slope is 22.3 degrees (Table 1). In 1990, forests used to cover 79.51% of this area. By 2018,
the area with forests had been reduced to 70.34%; instead of forests, transitional woodland-shrubs
started to spread (Table 2). There is a dense forest stand in the basin, which has no urban area.

Table 1. Basic characteristics of the basins analysed (P–precipitation, Q–discharge, T–air
temperature–average values for the period 1981–2016).

River basin
Area Elevation (m a.s.l.) Slope (◦) P Q T

(km2) Min. Max. Mean Mean (mm) (m3/s) (◦C)

Boca 81.93 734.2 1719.9 1140 22.1 827 1.38 7.1
Ipoltica 86.28 737.8 1703.1 1000 22.3 815 1.43 7.0

Table 2. The percentage of land use categories in 2018 for the Boca and Ipoltica River
basins (CF–coniferous forest, MF–mixed forest, TW–transitional woodland-shrub, G–grasslands,
AL–agriculture land, P–pastures, UA–urbanized area).

River Basin
Percentage of Land Use Category (%)

CF MF TW G AL P UA

Boca 44.85 1.95 42.52 3.68 1.32 3.22 0.30
Ipoltica 64.34 6.0 24.44 2.90 0.49 1.17 0.0

3. Materials and Methods

A number of significant windstorms have been recorded in the area of the Low and High Tatras
since 1996 (Table 3). Additionally, uprooted trees have been attacked by bark beetles, which have
a rapid reproductive capacity. The condition and health of the forests in the mountain areas with a
predominance of spruce stands have deteriorated, especially after the most significant and widespread
wind disaster of 2004 (known as “Elizabeth”) [29].

Table 3. Overview of significant windstorms (disasters) of northern and central Slovakia.

Storm (Data of Its Occurrence) Type of Natural Storm Affected Region

Ivan (8 July 1996) wind Horehronie
Paulína (22 June 1999) wind Horná Nitra

Tamara (24–26 January 2001) ice Kriváň, Hnúšt’a
Sabína (27–28 October 2002) wind High Tatras, Orava, Spiš

Klaudia (16–17 November 2002) wind High Tatras, Orava, Spiš
Alžbeta (19 November 2004) wind High and Low Tatras
Trojkrál’ová (January 2006) snow Orava, Low Tatras
Kyrill (18–19 January 2007) wind Low Tatras
Filip (23–24 August 2007) wind Gemer, Low Tatras

Žofia (May 2014) wind Low Tatras
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Significant impacts resulting in changes in forest cover in the Boca River basin occurred in 2004
(Alžbeta), 2007 (Kyrill and Filip), and 2014 (Žofia). A bark beetle outbreak followed these windstorms.
Alžbeta, the most severe windstorm, affected a large part of the High Tatras National Park and a
substantial part of the Low Tatras National Park. The wind speed was 140 km/h with gusts up to
240 km/h [30]. In addition to a landslide, the storm also resulted in an extreme infestation of the
undergrowth by insects; they attacked the areas of the forest affected by the calamity and continued
spreading to a healthy part of the forest.

The Žofia windstorm damaged a large part of the Low Tatras. The gusts reached a speed of up to
100 km/h, which, together with intensive rainfall activity (141 mm per 24 h), caused great devastation
to the area, including young forest stands. The soil saturated by the rainfall combined with the extreme
wind force resulted in damaged trees and degraded vegetation over a large area [30].

3.1. Land Use Analysis

The CORINE Land Cover (CLC) is one of the most well-known European Environmental Agency
databases. The CLC data are commonly used at various hierarchical levels of detail [31] and provide
information on the biophysical characteristics of the Earth’s surface. Observation satellites are used
as the primary source data to derive land cover and land use information. Despite limitations in its
spatial resolution, the database has become a primary spatial data source.

In this study, CLC data, specifically vector digital maps from 1990, 2006, 2012, and 2018 were used
to describe changes in land cover; they were processed in an ArcGIS environment (Figures 3 and 4).
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3.2. Analysis of the Hydrometeorological Data

The hydrometeorological data used in our analysis includes daily average discharges, the air
temperatures, and precipitation from the Slovak Hydrometeorological Institute (SHMI), for the period
1981–2016. Data from two hydrological stations ((Malužiná (ID 5336), Čierny Váh (ID 5530), and four
climatological stations (Liptovský Hrádok (ID 11874), Vyšná Boca (ID 20160), Liptovská Teplička
(20020), and Králová Lehota (ID 20140)) were evaluated. In this study, an estimate of changes in the
runoff after demonstrated changes in the basin was made. The variance of the monthly data for the
whole period of the time series 1981–2016 and the period 2005–2016 after the changes based on the
differences in land use was evaluated.

Scaling of Short-Term Rainfall and Future Rainfall Scenarios

Subsequently, hourly, and daily precipitation data were used from the two climatological stations
(Vyšná Boca (ID 20160) and Liptovská Teplička (ID 20020)) for the estimation of the IDF curves and
short-term design rainfall. A simple scaling method is used to process rainfall data for a period of
time shorter than one day. Simple scaling determines the design values for a duration shorter than
one day and for a selected time period by using daily rainfall records that are commonly available.
Applying simple scaling to the relationship between the IDF properties of short-term rainfall is possible.
The determination of the rainfall scaling properties is based on the general shape of the following IDF
formula in the form [32]:

i =
a(T)
b(d)

(1)

where i is the rainfall intensity; T is the return period; d is the duration of the rainfall. The function
a(T) can be determined from the probability distribution function of the maximum rainfall intensity,
and b(d) is the duration function of the rain given by the formula:

b(d) = (d + θ)η (2)

where θ, η are the parameters to be estimated (θ > 0, 0 < η < 1).
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Simple scaling that used the scaling of the statistical moments was applied in this paper. The Id

and Iλd are annual maximum rainfall intensity series for the rainfall durations d and λd defined by [33].
The random variables Id and Iλd have the following scaling property:

In
λd

dist
=

λβId (3)

where equality
dist
=

is understood in the sense of the equality of the probability distributions, and β

represents the scaling exponent. This property is usually referred to as “simple scaling in the strict
sense” [34]. If Iλd has finite moments, E

[
In
λd

]
of order n, then the strict sense of the simple scaling in

Equation (3) implies that In
λd and (λβId)

n
have the same probability distribution. Therefore, they have

the same moments and are given by the following formula [35]:

E
[
In
λd

]
= λβn E

[
In
d

]
(4)

where βn represents the scaling exponent of the n-th order. To obtain the value of βn, Equation (4) can
be transformed as

log E
[
In
λd

]
= log E

[
In
d

]
+ βn log λ (5)

The scaling exponents were estimated with a linear regression from the slope between the
logarithmic moment values and the scaling parameters for the different order of the moments.
The scaling exponents, βn can be estimated from the slope of the linear regression relationships between
the log-transformed values of moment log E

[
In
λd

]
and scale parameters log λ for the various orders

of moment (n). If the scaling exponent and order of moment have a linear relationship, then βn

= nβ1, in which β1 is the scaling exponent of order 1. This property is referred to as “wide sense
simple scaling”. If the above linear relationship does not exist, a multiscaling approach has to be
considered [36].

3.3. Future Climate Change Scenarios

The data used in the analysis for the estimation of the future changes in short-term rainfall
intensities and their subsequent impact on runoff extremities were created by a CLM simulation with
a SRES A1B scenario, which is a semi-pessimistic scenario with a predicted increase in the global
temperature of 2.9 ◦C by 2100. The data were provided by Dr. Martin Gera from Comenius University
in Bratislava, Department of Astronomy, Physics of the Earth, and Meteorology.

CLM Scenario

The scenario was created as a collaborative project between scientists from several working groups
from the USA, namely, the Terrestrial Sciences Section (TSS) and the Climate and Global Dynamics
Division (CGD) at the National Center for Atmospheric Research (NCAR) and the Community
Earth System Model (CESM), the Land Model, and the Biogeochemistry Working Groups. Ecological
climatology concepts have been implemented in the model. Ecological climatology is a multidisciplinary
structure that is used to understand the impacts of changes in vegetation on the climate. The scenario
examines physical, chemical, and biological processes by which terrestrial ecosystems influence and
are influenced by the climate on various spatial and temporal scales. The main motive is that terrestrial
ecosystems are essential factors of the climate through their energy, water, chemical elements, and trace
gases. The main parts of the model consist of surface heterogeneity, bio-geophysics, the hydrological
cycle, biogeochemistry, ecosystem dynamics, and the human dimension. The CLM addresses several
aspects that allow for the study of two-way interactions between human activities in the countryside
and the climate, changes in land cover/land use, agricultural practices, and urbanization [37–39].
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The CLM scenario data consists of hourly rainfall intensities for two time periods, i.e., a historical
(1961–2020) and a future (2071–2100) period.

The seasonality and trend analyses were performed for two climatological stations, namely,
Liptovská Teplička and Vyšná Boca. The Liptovská Teplička climatological station is located 903 m a. s.
l.; the Vyšná Boca climatological station is located 948 m a. s. l. in the northern part of Slovakia. The area
belongs to a slightly warm climatic region with a mountain climate and low-temperature inversions.

The results of the predicted rainfall intensities were compared to the actual measured rainfall
data in hourly time steps, which were provided by the Slovak Hydrometeorological Institute for the
1995–2009 period for Liptovská Teplička. For the Vyšná Boca climatological station, only daily rainfall
data for the 1981–2017 period were available.

3.3.1. SCN CN Methodology

The method of The Soil Conservation Service–Curve Number (SCS-CN) was developed by the
United States Department of Agriculture–Natural Resources Conservation Service (USDA–NRCS),
which was formerly called the Soil Conservation Service (SCS) [40,41]. It is used for estimating the
volume of direct surface runoff characteristics for small basins in ungauged rural catchments where
there are no measurements or observations of direct flows [42–45]. This method is used to predict
direct surface runoff volume for a given rainfall event and to estimate the volume and peak rate of
surface runoff [46]. A Curve Number (CN), which is the main parameter in this model, is based on an
empirical study of runoff in small watersheds and hill slopes [47].

The primary reason for the method’s widespread applicability and acceptability lies not only in
the fact that it is empirical and simple to apply, but also in that it accounts for most runoff-producing
watershed characteristics, e.g., soil types, land use/treatments, surface conditions, and antecedent
moisture conditions [48].

As shown in Mishra et al. [40], the SCS-CN method is based on the following equations:

Q =
(P–Ia)

2

P–Ia+S
if P > Ia (6)

Q = 0 if P ≤ Ia (7)

Ia = λ× S (8)

S =
25400
CN

–254 (9)

where: P–total rainfall (mm), Ia–initial abstraction (mm), Q–direct runoff (mm), λ–initial abstraction
coefficient (-), S–maximum potential retention or infiltration (mm), CN–Curve Number (-).

When applying the CN method to calculate design floods in the Boca and Ipoltica River basins,
the design rainfall was used as an input rainfall, and the initial abstraction coefficient was set to be
equal to zero.

4. Results and Discussion

4.1. Land Use Analysis

Corine CLC maps were used to assess land-use changes from the period 1990–2018
(Figures 3 and 4). The area with forests was considerably reduced after 2006, which we can see
in the visual analysis. This is the period after the greatest calamity, i.e., Alžbeta, in 2004 (note: the
satellite maps are processed with a time interval of +/− 1 year).

Table 4 shows all the data obtained from the CLC digital maps. ArcGIS was applied as an
evaluation tool.
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Table 4. The percentage of land use categories from CLC data (1990, 2006, 2012 and 2018).

Land Use Basin
Percentage of Land Use Category (%)

CLC 1990 CLC 2006 CLC 2012 CLC 2018

Urban area
Boca 0.41 0.3 0.3 0.3

Ipoltica 0 0 0 0

Pastures
Boca 3.22 3.34 3.22 3.22

Ipoltica 3.43 1.1 1.17 1.17

Agricultural land Boca 2.78 1.21 1.32 1.32
Ipoltica 0.53 0.87 0.49 0.49

Coniferous forest
Boca 82.24 77.09 47.90 44.85

Ipoltica 76.14 76.09 66.93 64.34

Mixed forest
Boca 0.52 1.8 1.96 1.95

Ipoltica 3.37 5.66 6.0 6

Grasslands
Boca 4.59 3.76 3.71 3.68

Ipoltica 3.81 3.09 2.9 2.9

Transitional woodland-shrub
Boca 6.67 12.37 41.48 42.52

Ipoltica 12.99 13.5 22.85 24.44

Significant changes in land use have been recorded in the Boca River basin. In 1990, 83.42% of
the area was covered by forests; by 2018, this area had decreased to 46.8%. The deforested areas
have mostly been replaced by transitional woodland shrubs. The Ipoltica River basin showed slight
changes in comparison with the Boca River basin during the period 1990–2018. In 1990, forests used to
cover 79.51% of this area. By 2018, the area with forests was reduced to 70.34%; instead, forests and
transitional woodland-shrubs started to spread.

4.2. Analysis of Hydrometeorological Data

The long-term annual and monthly mean discharges and the trends in the selected discharge
stations were compared. Trends were determined by a linear regression for the time period 1981–2016.
The statistical significances of the trends were estimated by the Mann-Kendall non-parametrisation test.
The comparison of the long-term data was provided between the period after the greatest calamity,
i.e., Alžbeta (2005–2016) and before the calamity period (1981–2004). Subsequently, the comparison
of the long-term data between the whole (1981–2016) and the post-deforestation (2005–2016) period
was done.

4.2.1. Boca River Basin

The mean annual discharges showed an increasing trend for the Malužiná station outlet (Figure 5a).
The linear trends in each month were detected too. A decreasing trend can be observed in April, June,
and July. Increasing trends occurred in January, February, March, May, August, September, October,
November, and December. The statistical analysis showed that the statistical significance, which was
based on the Mann-Kendall test, achieved a 90% level of significance in all the months, except for
February, March, October, November, and December. Comparisons of the mean monthly discharges
between the pre- and post-deforestation periods (after the Alžbeta windstorm, 2004) show increases in
discharges for all the months (Figure 5c). The highest differences are in the months of March and April.
Comparisons of the mean monthly discharges between the whole and post-deforestation periods also
show the differences (Figure 5d). The box plot (min., max., and median values) of the average monthly
discharge is shown in Figure 5b.
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Figure 5. (a–i) Analysis of the hydrometeorological data–Boca River basin. (a) time series of annual
discharges–average (black line), minimum (red line); (b) box plot of monthly discharges (1981–2016);
(c) average monthly discharge for period 1981–2003 and period 2004–2016; (d) average monthly
discharge for period 1981–2016 and period 2004–2016; (e) time series of annual precipitation totals;
(f) box plot of monthly precipitation (1981–2016); (g) average monthly precipitation for period 1981–2003
and period 2004–2016; (h) average monthly precipitation for period 1981–2016 and period 2004–2016;
(i) air temperature—annual (black line), summer season (red line) and winter season (blue line); (j) box
plot of monthly air temperature (1981–2016); (k) average monthly air temperatures for period 1981–2003
and period 2004–2016; (l) average monthly air temperatures for period 1981–2016 and period 2004–2016.

A runoff regime is also associated with climatological conditions; therefore, the precipitation totals
for the monthly and annual time steps were analyzed. The linear trend of the annual precipitation
totals is increasing (Figure 5e). The box plot of the monthly precipitation totals is shown in Figure 5f,
where the maximum precipitation totals in the summer months can be seen. The average monthly
precipitation was also observed in different periods (before and after the calamity period, a comparison
of the whole and post-calamity period), where, in addition to the months of April, September, and
December, increased total precipitation was detected (Figure 5g,h).

The analysis of the air temperature revealed an increasing linear trend of the average annual
temperature, as well as the temperatures in the summer and winter half-years (Figure 5i). The highest
temperatures are in the summer months of June, July, and August. An increase in temperature was
observed in all the months except for July when comparing the periods (Figure 5k,l).

4.2.2. Ipoltica River Basin

The annual discharges showed an increasing trend at the Čierny Váh station outlet (Figure 6a).
Next, the linear trends of the discharges in each month were detected. Decreasing trends occurred in
April, May, June, October, November, and December. Increasing trends were seen in January, February,
March, July, August, and September. According to the statistical analysis, the Mann-Kendall test
(with a 90% level of significance) achieved significance in all the months except May. Comparisons of
the mean monthly discharges between the pre- and post-deforestation periods showed increases in
discharges for all the months except May (Figure 6c). Comparisons of the mean monthly discharges
between the whole and post-deforestation periods show a difference too (Figure 5d). The box plot of
the average monthly discharge is shown in Figure 6b.
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Figure 6. (a–i) Analysis of the hydrometeorological data–Ipoltica River basin. (a) time series of annual
discharge—average (black line), minimum (red line); (b) box plot of monthly discharge (1981–2016); (c)
average monthly discharge for period 1981–2003 and period 2004–2016; (d) average monthly discharge
for period 1981–2016 and period 2004–2016; (e) time series of annual precipitation totals; (f) box plot
of monthly precipitation (1981–2016); (g) average monthly precipitation for period 1981–2003 and
period 2004–2016; (h) average monthly precipitation for period 1981–2016 and period 2004–2016; (i) air
temperature—annual (black line), summer season (red line) and winter season (blue line); (j) box plot of
monthly air temperature (1981–2016); (k) average monthly air temperatures for period 1981–2003 and
period 2004–2016; (l) average monthly air temperatures for period 1981–2016 and period 2004–2016.

The linear trend of the annual precipitation totals is increasing (Figure 6e). The box plot of
the monthly precipitation totals is shown in Figure 6f with the maximum precipitation totals. The
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average monthly precipitation was observed in two periods (between the pre and post-calamity period,
a comparison of the whole and post-calamity period), where, in addition to the months of April and
September, an increase in total precipitation was observed (Figure 6g,h).

The analysis of the air temperature revealed an increasing linear trend of the average annual
temperature, as well as the temperatures in the summer and winter half-years (Figure 6i). The highest
air temperatures were in the summer months of June, July, and August. An increase in air temperature
was observed in all the months except for the month of July when comparing the periods (Figure 6k,l).

4.3. Analysis of Short-Term Rainfall Trends and Seasonality Changes

The short-term rainfall data analysis consists of the analysis of the trends and seasonality changes
in the warm period for all the time periods selected and for the selected rainfall durations of 60, 120,
180, 240 and 1440 min.

At both of the analyzed climatological stations, i.e., Liptovská Teplička and Boca, the short-term
extreme rainfall events with durations from one hour up to 1 day occurred in July, except for the
historical period modelled in the Liptovská Teplička climatological station. For the future scenario,
a shift in the rainfall extremes was seen in a later period of the month of July. For the seasonality
characteristics of short-term rainfall intensities, Burn’s vector methodology [49] was applied; it describes
the variability of the date when an extreme rainfall event occurs, so that the direction of the vector
corresponds to the expected day of the occurrence during the year, while its length describes the
variability around the expected date of the occurrence of the extreme rainfall event. The results are
shown in the unit circles (Burn’s diagrams) and can be seen in Figures 7 and 8. The properties of the
trend are determined by the Mann-Kendall [50,51] trend test. This method is used for determining
and assessing the properties and significance of the trends in a selected quantity over time. The trend
analysis showed increasing trends represented by + in the short-term rainfall intensities for the future
period as well as for the actual observed data for a duration longer than 60 min, but all the trends were
not significant at both of the climatological stations analyzed. The decreasing trends were observed in
the actual observations in the 60 and 1440 min durations (Tables 5 and 6).
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Table 5. Trend analysis of short-term rainfall intensities for the Liptovská Teplička climatological
station—Boca River basin.

Rainfall Duration
Real Observations

Actual Period
1995–2009

CLM Scenario
Historical Period

1961–2000

CLM Scenario
Future Period

2071–2100

60 min - + +
120 min + + +
180 min + + +
240 min + + +

1440 min - + +

Table 6. Trend analysis of short-term rainfall intensities for the Vyšná Boca climatological station—Boca
River basin.

Rainfall Duration Historical Period
1961–2000

Future Period
2071–2100

60 min + +
120 min + +
180 min + +
240 min + +
1440 min + +

Simple Scaling Results

The estimation of the IDF curves of the rainfall intensities was performed using scaling exponents.
The scaling exponents were determined by a simple scaling methodology with the base on a scaling
of the statistical moments. The results are shown in Table 7, where the scaling exponents from
the Liptovská Teplička and Vyšná Boca climatological stations are presented. For the Vyšná Boca
climatological station, we could not derive the scaling exponent for the actual measured data due to the
lack of actual measured short-term rainfall data. In this case, the scenario-based scaling exponent from
the historical period was used for the subsequent analysis for downscaling the actual daily rainfalls
from the Vyšná Boca climatological station. The scaling exponents have a declining character in the
future, which is caused by less extreme events in the scenario data. Apart from these results, the IDF
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curve values are not lower for the future horizons, due to an increase in the daily precipitation totals
that were used for downscaling. The downscaled values of the rainfall intensities were finally higher.
As an example, the IDF curves for both stations and periodicity p = 0.01 are presented in Figures 9
and 10.

Table 7. Scaling exponents for the stations analyzed for the historical and future periods.

Station Real Observations
Actual Period 1995–2009

CLM Scenario
Historical Period

1961–2000

CLM Scenario
Future Period

2071–2100

Liptovská Teplička 0.762 0.669 0.6228
Vyšná Boca - 0.6471 0.6169
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4.4. Effect of Land Use and Climate Change on Design Flood

In the next step, the research focused on an analysis of the changes in extreme discharge caused
by changes in land use and climate. The study was performed for the Boca and Ipoltica River basins.
These areas have been affected by a number of severe windstorms in recent decades, which have had a
significant impact on changes in the forest cover. The most significant windstorms occurred in 2004
(Alžbeta) and 2007 (Kyrill and Filip); later, bark beetle outbreaks occurred there.

When the SCS-CN method was applied for the design flood calculations, the initial abstraction
coefficient was set equal to zero, and the short-term design rainfall was used as a total input rainfall.
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The values of the main parameter CN (Tables 8 and 9), which depend on land surface characteristics
and hydro-soil conditions, were selected from the CN table values [52]. Based on the soil type analysis,
both river basins were classified in the B hydrological soil group.

Table 8. The selected values of the CN parameter for the Boca Basin (A–basin area; CN–Curve Number
value; CNw–weighted CN value).

Land Use Type
1990 2018

A (km2) CN (-) A (km2) CN (-)

Coniferous forest 67.47 55 36.80 60
Mixed forest 0.43 55 1.60 55

Transitional woodland-shrub 5.01 58 36.52 65
Grasslands 3.77 58 3.04 58

Pastures 2.64 58 2.64 61
Agricultural land 2.28 78 1.08 78

Urban area 0.34 85 0.25 85
CNw 56.18 62.40

Table 9. The selected values of the CN parameter for the Ipoltica River Basin (A–area; CN–Curve
Number value; CNw–weighted CN value).

Land Use
1990 2018

A (km2) CN (-) A (km2) CN (-)

Coniferous forest 65.48 55 55.31 60
Mixed forest 2.89 55 5.16 55

Transitional woodland-shrub 11.17 58 21.87 65
Grasslands 3.29 58 2.49 58

Pastures 2.95 58 1.01 61
Agricultural land 0.46 78 0.42 78

CNw 55.73 61.01

Effect of Changes in Land Use on Design Floods

This part of the research focuses on the changes in runoff caused by changes in land use for the
period from 1990 (before the significant windstorms) to 2018 (“present”/latest available CLC land use).
The design flood (runoff) QN was estimated for 1990 and 2018 and for return periods (N) of 10, 20, 50,
and 100 years.

The design values of the short-term rainfalls from actual observations for the Vyšná Boca (Figure 11)
and Liptovská Teplička (Figure 12) climatological stations were used for the analysis.Water 2020, 12, x FOR PEER REVIEW 19 of 26 
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Figure 12. The actual design values of the short-term rainfall for the Liptovska Teplička
climatological station.

The duration of the design short-term rainfall was selected according to the time of the
concentration, which was calculated from the mean runoff velocity along the runoff path (determined
according to Alena [53]). The time of concentration and runoff velocity is affected by the slope
of the terrain and the land use and land cover along the runoff´s path. In the case of the Boca
River basin, the land use along the path has changed significantly over time; hence, the time of
concentration/duration for 1990 (80 min) is different than that for 2018 (69 min). In the case of the
Ipoltica River, the duration of the design short-term rainfall was determined to be equal to 84 min for
1990 and 2018.

Rainfall intensities for the 1941–1944 period from the Vyšná Boca climatological station were used
for the estimation of the design flood in the Boca River basin. The data from the Liptovská Teplička
climatological station consists of rainfall intensities for the 1995–2009 period and were used for the
estimation of the design floods in the Ipoltica River basin.

The calculations and results of the design floods in the Boca River basin estimation using the
design values of the short-term rainfall for the Vyšná Boca climatological station for the actual period
are shown in Table 10.

Table 10. Estimation of the design floods for the Boca River basin using the actual design values of
short-term rainfall (N–return period; P–design values of short-term rainfall; CNw–weighted CN value;
S–maximum potential retention; QN–the design flood).

N
1990 2018

P (mm) CNW (-) S (mm) QN (m3 s−1) P (mm) CNW (-) S (mm) QN (m3 s−1)

10 26

55.18 198

34.60 25

62.40 153

45.42
20 30 44.88 29 58.71
50 35 60.37 33 78.63

100 39 73.66 37 95.64

When the results from Table 8 are compared, the values of the design floods increased by 31% in
the case of the 10-year return period, by 31% in the case of the 20-year return period, and by 30% in the
case of the 50 and 100-year return periods.

The calculations and results of the estimation of the design floods in the Ipoltica River basin using
the design values of the short-term rainfall for the Vyšná Boca climatological station for the actual
period are shown in Table 11.
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Table 11. Estimation of the design floods for the Ipoltica River basin using the actual design values of
the short-term rainfall (N–return period; P–design values of short-term rainfall; CNw–weighted CN
value; S–maximum potential retention; QN–the design flood).

N (year) P (mm)
1990 2018

CNW (-) S (mm) QN (m3 s−1) CNW (-) S (mm) QN (m3 s−1)

10 30

55.73 201.8

43.37

61.01 162

52.28
20 32 50.41 60.64
50 35 59.32 71.17

100 37 65.66 78.65

When the results from Table 11 are compared, the values of the design floods increased by 20.5% in
the case of the 10-year return period, and by 20% in the case of the 20, 50, and 100-year return periods.

From the results in Tables 10 and 11, it can be concluded that the effect of the changes in land use
considerably influenced the values of the design floods. In both river basins, the increase in the design
floods was mostly caused by the changes in land use, more specifically by the deforestation. In the Boca
River basin, the forests have decreased by 36% since 1990, while in the Ipoltica River basin, the forests
decreased by 9%. The forests were mostly replaced by transitional woodland shrubs, which neither
slow down the runoff nor absorb rainfall as well as a forest.

4.5. Effect of Climate Change on Design Floods

Subsequently, we focused on the changes in extreme discharges caused by climate change.
The calculations of the design floods were performed using the latest available land use data (from
2018). The climate change is represented by data from the Regional Climate Model (RCM) scenario
for the Vyšná Boca and Liptovská Teplička climatological stations. The rainfall data from the CLM
simulation were provided by Dr. Martin Gera from Comenius University in Bratislava [17]. The RCM
scenario used consists of the rainfall intensities for the future period (2070–2100). The RCM scenario
selected for the simulation of the climate was the SRES A1B scenario, which is a semi-pessimistic
scenario with an increase in the global warming temperature of about 2.9◦ by the year 2100. This scenario
relates well to the current processes in the atmosphere.

The estimation of changes in the design floods (QN) is provided for the period 2070–2100 for the
return periods (N) of 10, 20, 50, and 100 years (Figures 13 and 14).Water 2020, 12, x FOR PEER REVIEW 21 of 26 
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The calculations and results of the estimation of the design floods using the downscaled data for
the future scenarios for the Vyšná Boca and Liptovská Teplička climatological stations are shown in
Table 12.

Table 12. Estimation of the design floods using the design values of the rainfall intensities from the
future scenarios (N–return period; P–design values of short-term rainfall; CNw–weighted CN value;
S–maximum potential retention; QN–the design flood).

N (year)
Boca River Basin Ipoltica River Basin

P (mm) CNW (-) S (mm) QN (m3 s−1) P (mm) CNW (-) S (mm) QN (m3 s−1)

10 27

62.40 153

52.07 38

61.01 162

83.49
20 33 75.23 47 118.26
50 41 114.59 58 171.47

100 48 152.23 66 213.94

A comparison of the results from the calculations using the actual design values of the rainfall
intensities and the design values of the rainfall intensities from the future scenario are shown in
Table 13.

Table 13. Comparison of the design floods using the actual design values of the rainfall intensities and
the design values of the rainfall intensities from the future scenarios.

N (year)

Boca River Basin Ipoltica River Basin

QN (m3 s−1) QN (m3 s−1)

Actual Period Future Period Actual Period Future Period

10 45.42 52.07 52.28 83.49
20 58.71 75.23 60.64 118.26
50 78.63 114.59 71.17 171.47
100 95.64 152.23 78.65 213.94

When the results from the calculations of the design floods using the actual design values of
the rainfall intensities and the design values of the rainfall intensities from the future scenarios are
compared, it can be concluded that the results predict even more increased values of the design floods.
In the Boca River basin, the estimated design floods increased about 15% in the case of the 10-year
return period, by 28% in the case of the 20-year return period, by 45.7% in the case of the 5- year return
period, and by 59% in the case of the 100-year return period. In the Ipoltica River basin, the estimated
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design floods increased by 60% in the case of the 10-year return period, by 95% in the case of the
20-year return period, by 141% in the case of the 50-year return period, and by 172% in the case of
the 100-year return period. From the results we can conclude that the impact of the predicted climate
change increases with the return period.

5. Discussion and Conclusions

Environmental changes, particularly changes in land use, overall land use, and climate change,
and their impact on water regimes as well as the occurrence of floods have been issues of tropical concern
in recent years. Forests play a crucial role in the partitioning of water into surface flow, subsurface
flow, and evapotranspiration. Deforestation can strongly impair the hydrological functioning of
forested systems.

In recent decades, many regions in Slovakia have been affected by severe windstorms that caused
significant deforestation, especially in mountainous river basins. It is assumed that these changes also
affected the runoff conditions in the case study area of the Boca and Ipoltica River basins located in the
Low Tatras National Park of the district of Liptovský Mikuláš, which lies in northern Slovakia.

To examine the changes in land use due to deforestation in the Boca and Ipoltica River basins,
we first analysed the CLC maps. Based on the analysis of the CLC maps from the period 1990–2018,
changes in land use before and after the occurrence of the windstorms in these river basins were
identified. From the comparison, we can conclude that after Alžbeta, the most significant windstorm
in 2004, the areas of the forests (coniferous and mixed) decreased from 83% to 79% of all the basin
areas in the Boca River basin. After the Kyril windstorm in 2006, the areas of forests decreased from
79% to 50% in the Boca River basin and from 82% to 73% in the Ipoltica River basin. During the whole
period of 1990–2018, forested areas in the Boca river decreased from 83% to 47% (by almost 40%) and
in the Ipoltica river basin from 8% to 70% (by almost 10%).

In the next step, an analysis of the hydrometeorological data was performed. An increasing trend
in the average annual discharge was found in the Boca and Ipoltica River basins. The largest scatter
was demonstrated in the months of April and May, which was to be expected due to the spring melting
of the snow cover. Compared to the periods before and after the first significant calamity (as well as
after the calamity and the whole period), a decrease in flows was detected in June in the Boca River
basin, and a decrease in May and October occurred in the Ipoltica River basin. The analysis of the
precipitation data revealed an upward trend in annual totals in both river basins. The largest variance
within the year was recorded in the summer months. A comparison of the two periods before and
after the calamity, as well as after the calamity and the whole period, showed lower total precipitation
in April and October (in both river basins). The expected rising trend of temperatures was also found
in this case (the increase in temperature is reflected in the greater evaporation, which indirectly affects
the condition of the surface). An interesting finding was that the increase in the average monthly
temperature was reflected in all the months except July, and the most significant difference compared
to the two periods was in April. This probably also results in an increase in runoff from the river basin
in the spring, especially in April. The cause of this behavior may be the earlier snow-melting of the
river basin. Earlier snowmelt was also demonstrated in the study by Hríbik et al. [54] on unforested
areas in central Slovakia. The direct relationship between the increase or decrease in total precipitation
per runoff regime did not occur in any of the river basins.

Despite the fact that deforestation due to wind calamities in both river basins had no clear
response in terms of changes in the measured discharge data in a monthly time step, the effect of
deforestation became evident in the extreme discharges. The design values of the rainfalls from
the actual observations of the analysed climatological stations and the Corine Land Cover land use
map for 1990 and 2018 were used as inputs for the calculation of the changes in the design floods.
The design floods (QN) were estimated for return periods (N) of 10, 20, 50 and 100 years, using the Soil
Conservation Service—Curve Number method, ArcGIS software, and raster tools. From the results we
can conclude that the effects of the changes in land use have considerably influenced the values of
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the design floods. In both river basins, the increase in the design flood was mostly caused because
of changes in land use, more specifically by deforestation. In the Boca River basin, the forests have
decreased by 36% since 1990, while in the Ipoltica River basin, the forests decreased by 9%. When the
results from the calculations of the design floods using the actual design values of the rainfall intensities
and the design values of the rainfall intensities from the future scenarios are compared, it can be
concluded that the results predict even more increased values of design floods. In the Boca River basin,
the estimated design floods increased by 59%, and in the Ipoltica River basin by 172% in the case of the
100-year return period. From the results we can conclude that the impact of climate change increases
with the return periods. All the results presented can be used for water management planning and
flood protection measures proposed in the basins studied.
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28. Kohnová, S.; Rončák, P.; Hlavčová, K.; Szolgay, J.; Rutkowska, A. Future impacts of land use and climate
change on extreme runoff values in selected catchments of Slovakia. Meteorol. Hydrol. Water Manag. 2019, 7,
47–55. [CrossRef]

29. Kunca, A.; Galko, J.; Zúbrik, M. Significant calamities in the forests of Slovakia over the last 50 years
(Významné kalamity v lesoch Slovenska za posledných 50 rokov). In Proceedings of the 2014 23rd
International Conference, Nový Smokovec, Slovakia, 23–24 April 2014; pp. 25–31.

30. Gubka, A.; Kunca, A.; Longauerová, V.; Mal’ová, M.; Vakula, J.; Galko, J.; Nikolov Ch Rell, S.; Zúbrik, M.;
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