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Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,

environmental chemistry was an emerging field, aiming at a complete description

of the Earth’s environment, encompassing the physical, chemical, biological, and

geological transformations of chemical substances occurring on a local as well as a

global scale. Environmental chemistry was intended to provide an account of the

impact of man’s activities on the natural environment by describing observed

changes.

While a considerable amount of knowledge has been accumulated over the last

three decades, as reflected in the more than 70 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges

ahead due to the complexity and interdisciplinary nature of the field. The series

will therefore continue to provide compilations of current knowledge. Contribu-

tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific

understanding, and provides a valuable source not only for scientists but also for

environmental managers and decision-makers. Today, the series covers a broad

range of environmental topics from a chemical perspective, including methodolog-

ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of

societal relevance in the broad view of environmental chemistry. Topics include

life cycle analysis, environmental management, sustainable development, and

socio-economic, legal and even political problems, among others. While these

topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a

particular emphasis on chemistry, but also covering biology, geology, hydrology

and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs

of both researchers and graduate students, as well as of people outside the field of
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“pure” chemistry, including those in industry, business, government, research

establishments, and public interest groups. It would be very satisfying to see

these volumes used as a basis for graduate courses in environmental chemistry.

With its high standards of scientific quality and clarity, The Handbook of Environ-
mental Chemistry provides a solid basis from which scientists can share their

knowledge on the different aspects of environmental problems, presenting a wide

spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online

via www.springerlink.com/content/110354/. Articles are published online as soon

as they have been approved for publication. Authors, Volume Editors and

Editors-in-Chief are rewarded by the broad acceptance of The Handbook of Envi-
ronmental Chemistry by the scientific community, from whom suggestions for new

topics to the Editors-in-Chief are always very welcome.

Dami�a Barceló
Andrey G. Kostianoy

Editors-in-Chief
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Preface

This volume was prepared by a collective of distinguished researchers and scien-

tists from universities and research centers in Slovakia. The volume aims to provide

useful tools to the scientists, practitioners, researchers, designers, and experts,

although we hope that the students in the field of water management, water quality,

water structures, and civil engineering will also find it of interest. We did our best to

cover most of the essential topics concerning water resources in Slovakia with the

needed depth to serve as a reference for graduates, scientists, practitioners, and

experts of different organizations with responsibilities for water and landscape

management.

Sustainable development of water management is based on the principle that

water as a natural resource may be utilized only to that extent which ensures future

generations sufficient usable supplies of water in the seas, rivers, lakes, and

reservoirs, and that reserves contained in porous environments below the surface

of the land remain preserved in the same quantity and quality. It is evident that

surface waters are more vulnerable than groundwater in terms of their hygienic

quality and safety, but also of their protection as a natural ecosystem and mainte-

nance of their amounts. For this reason, it is necessary to devote all the more

attention to the protection of water sources. The first step toward adequate protec-

tion of water resources is to know their size and distribution and manage the

extreme events in the period of climate variability.

The volume is divided into 6 parts, and 16 chapters written by 27 experts from

Slovakia are presented here. Part I presents water resources in Slovakia in the

period of climate change. It is prepared by Martina Zeleňáková from the Depart-

ment of Environmental Engineering, Faculty of Civil Engineering, Technical

University of Košice; Mirka Fendekova from the Department of Hydrogeology,

Faculty of Natural Sciences, Comenius University Bratislava; and Martin Gera

from the Department of Astronomy, Physics of the Earth and Meteorology, Faculty

of Mathematics, Physics and Informatics, Comenius University Bratislava. The

chapter “Climate Change Impacts on Water Resources” provides the assessment of

the impact of climate variability on water resources in Slovakia. It is devoted to the
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evaluation of water consumption and the evaluation of climatic and hydrological

variables in Hornad river basin. The chapter “Climate Changes in Slovakia: Anal-

ysis of Past and Present Observations and Scenarios of Future Developments”

presents the scenarios of climate change calculated up to the year 2100 for Slova-

kia. These scenarios can be successfully used to prepare studies on the impacts of

and the vulnerability to climate change in different economic sectors.

Part II is devoted to drought occurrence and assessment in Slovakia. It is

prepared by Livia Labudová from Slovak Hydrometeorological Institute; Martina

Zeleňáková from the Department of Environmental Engineering, Faculty of Civil

Engineering, Technical University of Košice; Mirka Fendekova from the Depart-

ment of Hydrogeology, Faculty of Natural Sciences, Comenius University Brati-

slava; Lubos Jurik from the Department of Water Resources and Environmental

Engineering, Horticulture and Landscape Engineering Faculty, Slovak University

of Agriculture in Nitra; and their coauthors. The first chapter of this part “Meteo-

rological Drought Occurrence in Slovakia” is oriented to operational monitoring of

meteorological drought in Slovakia. It presents two case studies, which could be the

example of the linkage between climatological and hydrological approach in

drought assessment on an operational level. The second chapter “Hydrological

Drought Occurrence in Slovakia” identifies and analyzes statistically significant

trends in stream flow characteristics of low water content in eastern Slovakia, which

are used in the evaluation of hydrological drought. The third chapter “Groundwater

Drought Occurrence in Slovakia” studies the occurrence of drought based on the

height of groundwater levels in monitoring sites. The next chapter “Drought as

Stress for Plants, Irrigation and Climatic Changes” proposes a new conceptual

framework for drought identification in landscape with agricultural use. It focuses

on agricultural drought – monitoring and evaluation of drought with impacts on

food security. The last chapter of this part “Major Droughts in Slovakia in the

Twenty-First Century” investigates the occurrence, duration, and severity of hydro-

logical droughts in Slovakia during 3 years of the twenty-first century – 2003, 2012,

and 2015. The evaluation was done by the statistical methods.

Part III is devoted to flood risk assessment, management, and flood protection

measures. It was prepared by Lubomir Solin from the Slovak Academy of Science,

Matus Jakubis from the Department of Forest Harvesting, Logistics and Ameliora-

tions, Faculty of Forestry, Technical University in Zvolen, and Andrej Soltesz from

the Department of Hydraulic Engineering, Faculty of Civil Engineering, Slovak

University of Technology in Bratislava and their coauthors. The first chapter of this

part “Flood Hazard in a Mountainous Region of Slovakia” concerns the identifica-

tion of regional types of flood hazards in a mountainous region resulting from the

physical geographic characteristics of the upper basins. A brief overview of flood

events in Slovakia is also provided. The second chapter “Flood Risk of Municipal-

ities in Upper Basins of Slovakia” presents a comprehensive, integrated flood risk

assessment for municipalities located in the upper basins. An integrated approach

perceives flood risk as the combination of flood hazard and vulnerability. The third

chapter “Mountain Watersheds, Torrents, and Torrent Control in Slovakia” pro-

vides basic information about Slovakia’s mountain watersheds and torrents and
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about the methods of determining watercourse type (river, brook, and torrent)

through technical standards or calculation. It also presents the calculation procedure

for the determination of T-yearly discharges in forestry practice in Slovakia.

Part IV deals with the topic of water management in buildings. It is written by

Zuzana Vranayová, Silvia Vilčeková, and Daniela Káposztásová from the Faculty

of Civil Engineering, Technical University of Kosice. The first chapter “Water

Demand Management and Its Impact on Water Resources at the Building Level”

presents the background for water use, regulations, and legislative framework in the

context of a water conservation strategy and discusses water types in building water

cycle connected to water–energy nexus in the wider environment. The second

chapter titled “Water Distribution System in Building and Its Microbiological

Contamination Minimization” deals with the most important factors causing con-

tamination in water distribution system in Slovakia, temperature and water stagna-

tion. The authors introduced a mathematical model based on actual measurements

to predict contamination risk and hence one could reduce this risk. The third chapter

in this part is titled “Decision Analysis Tool for Appropriate Water Source in

Buildings” and presents decision analysis tool on alternative water use at the

building level. This tool could fill the information gap on sustainable water strat-

egies in Slovakia by a better understanding of the building water cycle and help to

change the thinking of society to be in balance with nature.

Part V presents two chapters of the way of wetlands and management for

sustainability at the building level. The chapter written by Andrej Šoltész, Lea

Čubanová, Dana Baroková, and Michaela Červeňanská from the Department of

Hydraulic Engineering, Faculty of Civil Engineering, Slovak University of Tech-

nology in Bratislava, Bratislava, Slovakia, entitled “Hydrological and Hydraulic

Aspects of the Revitalization of Wetlands: A Case Study in Slovakia” focuses on

the creation of a possibility for the design of technical measures for the revitaliza-

tion of the rivers in the area of interest – the Medzibodrožie region, located in the

southeastern part of the Slovak Republic. In this chapter, two technical alternatives

of revitalization are proposed. The second chapter is written by Vilčeková, Eva

Krı́dlová Burdová, and Iveta Selecká from the Faculty of Civil Engineering Tech-

nical University of Kosice, Kosice, Slovakia. The second chapter “Sustainable

Water Management in Buildings” aims at introducing the building environmental

assessment system (BEAS) which has been developed at the Technical University

of Kosice. The Slovak system was developed on the basis of existing systems and

methods used in many countries worldwide. The last part of the volume presents the

main conclusions and recommendations of the volume which is titled “Update,

Conclusions and Recommendations for Water Resources in Slovakia: Climate

Change, Drought and Floods” and is written by the editors.

Special thanks to all those who contributed in one way or another to make this

high-quality volume a real source of knowledge and latest findings in the field of

water resources of Slovakia.

We would like to thank all the authors for their contributions. Without their great

efforts and contributions, this volume could not be produced. Acknowledgments

must be extended to include all members of the Springer team who had worked long
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and hard to produce this volume and make it a reality for the researchers, graduate

students, and scientists around the world. The editors cannot forget the significant

efforts of Springer team which were very essential to ensure the highest possible

quality. Much appreciation and great thanks are also owed to the editors of the HEC

volume series at Springer for their advice and constructive comments.

The volume editor would be happy to receive any comments to improve future

editions. Comments, feedback, suggestions for improvement, or new chapters for

next editions are welcome and should be sent directly to the volume editors.

We would prefer to close this volume by the statement of Heraclitus: “No man
ever steps in the same river twice, for it is not the same river and he is not the same
man.”

Zagazig, Egypt Abdelazim M. Negm

Kosice, Slovakia Martina Zeleňáková

April 2018
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Part V Revitalization of Wetlands and Management for

Sustainability

Hydrological and Hydraulic Aspects of the Revitalization of Wetlands:

A Case Study in Slovakia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
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Abstract Water plays a vital role in both the environment and human life. Assess-
ment of the impact of climate variability on water resources is an essential activity
because we consider water as a strategic raw material. The quantitative characteris-
tics of renewable water resources of a region or river basin can be determined by
two approaches: by using meteorological data or by using river run-off observations.
We have evaluated climatic and hydrological variables in selected river basins in
Eastern Slovakia. We have compared the time series of observed variables over a
period of about 60 years. The results of the work are the plots of observed variables,
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which we have evaluated. We have also been working on the using of water in
selected Slovak river basins, namely by water abstraction and water discharge.
The impact of climate variability on water resources in eastern Slovakia is minimal.

Keywords Climatic variables, Hydrological variables, Water using

1 Introduction

Research in hydrometeorology, water resources management, water use and water
availability, and their temporal and spatial distribution, have all been based on
the concept of climate stationarity. The implication has always been that climatic
conditions and concomitant variations in water resources in the future would
be analogous to those which have taken place during the past observational periods.
In hydrology, this concept has also been used all over the world not only to
assess water resources and water use but also to calculate extreme river run-off
characteristics necessary for construction design. Long-term experience in design
and exploitation of different water management structures in the world has shown
the correctness and reliability – in any case, up to the present time – of using the
premise of climate stationarity. However, the situation has changed dramatically in
recent years with the question now raised of anthropogenic climate change due to
atmospheric CO2 increase arising from carbon fuel burning, industrial development
and deforestation [1].

2 Assessment of Water Resources and the Impact
of Climate Changes on Water Resources

The work focuses on the assessment of the use of water resources and climatological
variables, especially in eastern Slovakia. The data were provided by the Slovak
Hydrological Institute, regional centre in Košice.

The assessment of water resources is determining the amount, quality and avail-
ability of water resources, on which an evaluation of the possibilities of sustaining
their development, management and control is established. The assessment of water
resources offers the basis for a broad scale of activities related to water. Without
such an assessment, it is impossible to plan, design, administer, operate and sustain
projects for irrigation and drainage, ameliorating floods, industrial and household
supplying of water, urban drainage, the production of energy (including hydro-
power), health, agriculture, fishing, moderating drought and preserving water-
based ecosystems and littoral waters.

The nature of decisions based on information on the assessment of water resources
may include large capital investments with a potentially massive impact on the envi-
ronment. This demonstrates the value of the assessment of water resources and its

4 M. Zeleňáková and M. Fendeková



tangible and intangible benefits. For ensuring the sustainable development in the future,
appropriate government policies and programs are needed. Therefore, greater knowl-
edge regarding the amount and quality of surface and groundwater is needed, and
extensive monitoring, which would direct the management of these resources, is
required.

Among the most critical impacts of climate changes are their effects on the system
of hydrology and water management and thus also on socio-economic systems.
Therefore, it is necessary to obtain an adequate understanding of the potential impact
of anticipated climate changes: (1) on the availability and reliability of freshwater
resources, (2) on the demand for water, on the occurrence of floods and drought and
(3) on the consequences for efficient managing and security of existing animal
and plant species and projects and structures associated with water. This enables
the planning and implementation of effective countermeasures in the case of harmful
consequences and revised policies in the case of favourable outcomes. Efforts should
be focused on national and international programs which would include complex
monitoring of research and control. Data relating to water are therefore essential
for studies relating to climate changes and variability [1].

3 The Use of Water

Relying only on volume data and natural changes in run-off from catchment areas
is not sufficient to reliably assess the future usefulness of water resources and the
current availability of water. In addition to this, it is necessary to take changes caused
by human activities into consideration. In recent decades, natural changes in the
run-off of water and quantitative and qualitative characteristics of renewable water
resources have been significantly influenced by the overall complexity of anthropo-
genic influences. These include those associated directly with the taking of water
from river systems for irrigation, industry and household use. They also include
control over the catchment, the change of use of basin lands as well as reforestation
and deforestation, terrain management, urbanization and drainage. All these factors
affect the total volume of water sources, the run-off regimen of a river and water
quality differently.

Estimating the real role of all anthropogenic factors is not easy. We should not
examine those factors which reshape the morphology of a basin. Such factors can
have a large impact on small and moderate flows, as well as on water quality. Under
certain physiographic conditions, these types of human activities may even support
the increase of renewable resources of water simply by lowering the overall loss
of evaporation from reservoirs. The estimate of global impacts of anthropogenic
influences on water resources is based mainly on consideration of the role of factors
associated with the direct taking of water from watercourses and the control of
run-off from reservoirs. Those factors which cause unilateral reduction of run-off
of surface water and groundwater are widely scattered, most intensively evolved
and capable of producing a major impact on water resources in large regions.
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The activities of man, his impact on water resources, are unambiguous:
the problem of global warming in consequence of increased concentrations of
carbon dioxide in the atmosphere and the strengthening of “greenhouse” effects.
The unexpected increase of the air temperature and change of run-off influences
renewable water resources and the character of their economic use. The not insig-
nificant anthropogenic worldwide climate change recorded over the past decades,
however, is reflected more in an estimate based on the observation of water resources
and water consumption.

In terms of calculations for the future, we must note that the prognosis of global
warming for the majority of thus far accessible regions is very inconsistent, espe-
cially in the expected changes of run-off. Therefore, these are not useful for
assessing the estimates of water resources and water consumption. Furthermore,
according to recent assessments for the future, the most important anthropogenic
changes in the global climate are expected only after the years 2030–2040.

A quantitative estimate of global water resources for the past years and for the
future decades was based on the use of water for public and household needs,
industrial production and agriculture (irrigation). In association with the construction
of reservoirs, water surfaces were also included. All prospects into the future point to
potential anthropogenic global climate change, i.e. to a fixed climatic situation.

3.1 The Consumption of Water in Towns

The consumption of water in towns is directly connected with the amount of water
used by the population, towns, housing estates and public services. Public supply
also includes water for industry, which directly provides the needs of the urban
populace, and this demand also consumes high-quality water from town water
mains. In recent years, a significant amount of water has been used for gardening
and for irrigating vegetable gardens and household yards.

The volume of public water resources used depends on the size of the urban
population and the provided services, such as, for example, the range of the pipeline
networks for supplying water and sewerage or the centralized supply of hot water
where it is available. This likewise depends on climatic conditions. The majority of
large towns at present drawwater in the amount of 300–600 L daily per person. By the
end of this century, it is anticipated that specific drawing of urban water per resident
will increase to 500–1,000 L daily in the industrially developed countries of Europe
and North America. On the other hand, developing agricultural countries located in
Asia, Africa and Latin America use only 50–100 L/person/day. In some regions with
insufficient water supplies, consumption is not more than 40 L/day/person.

The larger part of the water which was taken from water mains is returned to
the hydrological system after use (purified or not) as wastewater if the sewerage
canals are functioning. The primary sources of real consumption are waters which
are lost to evaporation, from sewerage pipes, drainage of recreational areas, washing
of streets and irrigating of gardens. Therefore, to a large measure, the range of water
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loss also depends on climate conditions. In hot, dry regions, forests are more
important than in cool and damp conditions. The consumption of water for personal
needs is not significant in comparison with the losses of water as a consequence of
evaporation.

The relative values for consumption are usually expressed as a percent of received
water and to a significant measure depend on the volume of the water drawn from
public resources. Therefore, in modern towns equipped with centralized supply and
efficient sewerage systems, the specific amount of water may be 400–600 L/person/day
and consumption is usually not higher than 5–10% of the total intake of water.
Small towns with a larger number of individual buildings which are not fully equipped
with a centralized system may have a specific need for water of 150 L/person/day.
Consumption in this context significantly oscillates and may reach 40–60%, with lower
values in more northern areas and higher values in dry, southern regions.

A modern trend in the development of public water supplies around the world is
the construction of large and small towns with an efficient centralized system for
storing water and taking off wastewater, which links a larger number of buildings
and residential areas. In the future, however, an increase is expected in the specific
needs for water per person, while water consumption itself, expressed as a percent-
age of drawn-off water, is significantly reduced.

3.2 Water in Industry

Water is used for cooling, shipping and washing as a solvent and also sometimes
is found in the ingredients of finished products. Thermal production of electric
energy heads the list of uses. A large amount of water is needed for refrigeration
equipment. Volumes of industrial water are completely different in individual
industrial sectors and also in different types of production, depending on the
technology of the production process. This depends on the climatic conditions,
because the use of industrial water usually seems to be significantly smaller in
northern areas than in southern regions, where the air temperature is higher.

In addition to thermal energy, other primary uses of industrial water are chemical
and crude oil equipment, iron and non-iron metallurgy, wood-processing and the
paper industry and machine manufacturing. The most important characteristics of
water use – the volume of use of freshwater, the consumption of water and the
offtaking of water – depend to a great measure on the water supply system.

The range of industrial consumption of water is usually a less important share of
actual consumption. In the process of producing thermal energy, this may be some
0.5 up to 3%, but up to 30–40% for specific industrial processes. Development of the
use of industrial water is one of the main reasons for water pollution in the world.
This is explained by the fact that in various countries industrial growth has increased
and is worsened by the fact that a large proportion of waste is released as wastewater
into watercourses, predominately untreated or only partially purified. In the battle
with such pollution problems, many countries have approved energy measures for
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reducing the use and release of industrial waters. Since the 1970s and 1980s, a
tendency towards stabilization and even a drop in the demand for industrial waters
can be seen. It is expected that in the future in many countries the trend will be a
downward one regarding the larger use of systems for supplying circulating water
and many industrial branches will aim at dry technologies without water usage.

3.3 Water for Agriculture

The irrigation of land has been practiced over millennia through the need to
maximize the supply of water, but dramatic expansion of land irrigation took place
primarily in the twentieth century, and irrigation was the main use of water in many
countries. Agriculture at present is considered to be the largest consumer of water,
representing approximately 80% of the total water consumption. Before crops began
being cultivated, intensive development of irrigation occurred on all continents,
which led to the growth of irrigated areas and ensure the growth of crops. In 1981,
however, the measure of the global growth of irrigated areas fell significantly even in
developing countries. The reason is mainly the very high costs for irrigation net-
works, which then leads to contamination of soil as a consequence of a lack of a
proper drainage system, the exhaustion of irrigation sources and problems of envi-
ronmental protection. In many developed countries, the range of irrigated land has
now stabilized or even gone down and done so as a consequence of a reduction in
crop production.

At present, approximately 15% of all ploughed land is irrigated. Food production
from crops is, however, nearly half of all crop production. In the modern world,
population growth has reached a great magnitude, and at the same time, an acute
food deficit is recorded by nearly two-thirds of the world’s population. Therefore,
irrigation represents a greater share in the increased production of arable land and the
efficiency of livestock breeding, and it is anticipated that irrigation in agriculture will
continue to develop intensively in the future, especially in these countries, and will
do so with very rapid population growth and insufficient land and water resources.

Values for specific water needs usually differ. In the future, they will change
significantly depending on advanced irrigation systems, improved requirements
for irrigation, regimes and techniques, and all factors should be taken into account
with projects. Information on water consumption and irrigated areas in individual
countries allows the calculation of the specific use of water for irrigation under
various physiographical conditions. Apparently, in the north, the smallest values
for the specific drawing of water are observed. In northern Europe, the values are in
the range of 300–5,000 m3/ha, while in the southern and eastern countries of Europe
values reach 7,000–11,000 m3/ha. Returned water equals approximately 20–30%
of water intake. In the future, demand for irrigation water management could
be significantly affected by the use of the best and newest engineering methods
and irrigation techniques, such as, e.g. sprinklers, drip irrigation, etc., which help
increase crop yields and reduce the volume of irrigation water required.
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In addition to irrigation, there may also be the problem of supplying high-quality
freshwater to the rural population in many developed countries located in dry areas.
However, costs for potable water are insignificant in comparison with costs for
irrigation.

4 Use of Water Worldwide and in Slovakia

From the practice of everyday life and our own experience, we are able to say when
water is sufficient, when there is too much of it, and when we suffer a lack of it. It is
possible to objectify this experience with numbers, which we arrive at from more
than a half-century of nationwide continual monitoring of our surface and ground-
water resources [1].

Before we get to specific date, we familiarize ourselves with perhaps the most
cited estimates of I. A. Shiklomanov resources [1], one of the most essential
hydrologists of recent years, who dealt with the assessment of long hydrological
orders on a common measure. He came into the awareness of the hydrological
community with these estimates, which he presented in 1992 at the International
Conference on Water and the Environment in Dublin. He processed data on water
used per resident for every continent (Table 1), and he used the year 2000 as a
prediction [2].

A similar calculation is also made for Slovakia and is in good agreement with his
data for Central Europe. I introduce them, especially so that we can compare them
with the world and so that we are aware that only the regions of southern Europe
and northern Africa are comparable or worse in this regard. We introduce (Table 2)

Table 1 The use of water per person (adopted from [2])

Region

The use of water (m3 103/year/person)

1950 1960 1970 1980 2000

Europe 5.90 5.40 4.90 4.60 4.10

North Europe 39.2 36.5 33.9 32.7 30.9

Middle Europe 3.00 2.80 2.60 2.40 2.30

South Europe 3.80 3.50 3.10 2.80 2.50

North America 37.2 30.2 25.2 21.3 17.5

Canada + Alaska 384 294 246 219 189

USA 10.6 8.80 7.60 6.80 5.60

Caribbean 22.7 17.2 12.5 9.40 7.10

Africa 20.6 16.5 12.7 9.40 5.10

North Africa 2.30 1.60 1.10 0.69 0.21

Asia 9.60 7.90 6.10 5.10 3.30

South America 105 80.2 61.7 48.8 28.3

Australia 112 91.3 74.6 64.0 50.0
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the state of use of water in Slovakia, namely on average up to 1980, then for selected
years up to 2000 and for each year from 2000 to 2013 prediction [3]. The data are
summarized for all basins in Slovakia.

The use of water in Slovakia from the point of view of water abstraction and water
discharge during the period 1995 and 1999–2015 is depicted in Fig. 1.

5 Short Overview of Climate Change Studies in Slovakia
with Respect to Water Resources

Possible changes in water resources due to the climate change impacts were studied
since the beginning of the 1990s of the last century when the Czecho-Slovak
National Climate Program (NCP) was established at the Ministry of Environment
on 1 January 1991 [5]. The former Czecho-Slovak NCP was split into two separate
state programs – the Czech and the Slovak ones after 1 January 1993. More than
23 subjects have participated directly in the Slovak NCP activities after 1993,
coordinated by the Slovak Hydrometeorological Institute. The results were
published in 12 monographs issued by the NCP in the 1994–2008 period and in
four Slovak National Communications on Climate Change issued by the Ministry of
Environment of the Slovak Republic in 1995, 1997, 2001 and 2005.

The first scenarios of expected climate change in Slovakia have been issued as
early as in 1991, based on the incremental method. Later on, totally ten General
Circulation Models (GCMs) from four world climate centres have been utilized in
Slovakia [6]. At present, the regional models KNMI (The Netherlands) and MPI
(Germany) are used to model possible climate change on the territory of Slovakia.

The impacts of climate change on water resources were studied by many authors.
The main issues studied were oriented on changes in climate parameters and
(1) long-term variability of discharges in Slovakia with respect to teleconnections [7],
(2) long-term development in the water balance elements [8], (3) long-term run-off
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changes modelled by hydrological scenarios [9], (4) long-term drought occurrence
in elements of the hydrological balance modelled by hydrological models [10],
(5) reservoir water supply reliability [11] or (6) changes in spring yields and ground-
water levels [12].

The results of hydrological studies published in Slovakia at the end of 1990s
brought the following results. A significant run-off decrease over the whole territory
of Slovakia during the spring and summer period was predicted [13]. The decrease
around 20–25% was expected in the northern part of Slovakia; however, in the
southern regions the expected decrease should reach from 30 to 40%, exceptionally,
even more, up to 60%. On the contrary, a statistically significant run-off increase was
predicted for the winter period, amounting about 20% in the northern regions and
about 40% in the southern regions. The predicted changes in the spring yields, based
on trend analysis, should reach the decrease in 10–60% depending on geographical
location.

The results published after 2010 have confirmed that the increase in the long-term
mean monthly run-off can be assumed in the winter and early spring. On the other
hand, a decrease in the long-term mean monthly run-off can occur in the summer
period [9]. As already indicated, the southern part of Slovakia and the lowlands will
be more sensitive to run-off decrease. The decrease could reach in Southern Slovakia
up to 67% and the southern part of the Eastern Slovakia up to 55% in 2075 [9]. At the
same time, estimation of changes in the capacity of selected water reservoirs
indicates that the expected change in climate would influence certainty of the
water supply from reservoirs [9]. Evaluation of changes in groundwater resources
between the period before 1980 and the period 1981–2009 was done in [12].
The results showed that decrease in groundwater resources already influenced at
least 70% of the territory of Slovakia in 2009. The most significant adverse impact is
predicted for the southern and central part of Slovakia, reaching 25–35% decrease
in comparison to the period before 1980. The documented change in specific
groundwater storage for the territory of Slovakia made �250,000 m3 km�2 in the
period 1981–2009.

6 Assessment of Water Using Hydroclimatic Variables

6.1 Hornád River Basin

The Hornád River Basin (Fig. 2) is demarcated on the west by the Váh River Basin,
on the south-west by the Hron River Basin, on the north by the Poprad River
Basin, on the east by the Bodrog River Basin and to the south by the Bodva River
Basin. Part of the southern boundary of the basin is formed by the state border with
Hungary.

The partial basin of the Hornád River is defined by the ridge groundwater divide
coming from the Kráľová hoľa group, which continues in a south-easterly direction
through the Slovenský raj National Park along the ridges of the Volovské Mountains
and at the hilltop Kojšová hoľa 1,246 m a s l turns to the Košice Basin, from where
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it leads as a valley groundwater divide along the highest places of the upland part of
the basin at the state border with Hungary. Along the western side, the groundwater
divide leads from the Kráľová hoľa group through Kozie chrbty. Then heads to the
north-east and passes to the interface between the Poprad and the Hornád Basins,
continuing by the ridges of the Levoča Hills in an easterly direction to the hill Minčol
1,157 m a s l in the Čergov Hills. From there, it drops further to the east to the hill
Šipotská hora 557 m a s l in the Ondavská Uplands. Here, it takes a southerly
direction and across the ridge of the Slanské Hills with the highest group Šimonka at
1,092 m a s l it again comes to the state border with Hungary [14].

The area of the partial basin of the Hornád is 4,414 km2 [14]. Watercourses on the
territory of the partial basin with an area greater than 1,000 km2: Torysa. Water-
courses on the territory of the partial basin with an area greater than 500 km2: Hnilec.
The long-term average discharge of the Hornád River at the closing-state border
profile is 28.9 m3/s.

The partial basin of the Hornád thanks to its complex orographic relations
comprises of three climatic regions [14]:

• Warm: the south and south-eastern parts of the area fall into the climate zone of
warm, moderately dry to damp with a cold winter. It is characterized by average
annual precipitation of 600–700 mm. In the east, it extends up to the Sabinov
area. Average annual air temperatures in the warmest areas are 9–10�C gradually
falling in a northerly direction to 8�C.

Fig. 2 Hornád River Basin
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• Moderately warm: in the central part, is an area of moderately warm, moderately
damp to damp, valley, foothill to uplands with average annual precipitation of
700–900 mm. This occurs on the territory of the Slanské Hills. Average annual
temperatures reach 6–8�C.

• Cool: the northern and western part of the territory is a moderately cool area,
which extends into the central part of the territory in the area of the Volovské
Mountains with average annual precipitation of 700–900 mm. Average annual
temperatures reach 4–5�C.

The Hornád River is the largest tributary of the Slaná River. The Hornád and
Slaná rivers create, after the Bodrog River, the second largest river system in Eastern
Slovakia. This river system forms a huge fan with its centre on Hungarian territory.
The 81% (4,414 km2) of the Hornád River Basin at the inflow into the Slaná River,
out of the total area (5,436 km2), is located on Slovak territory. This part is formed by
the upper part of the Hornád River and its tributaries. Table 3 documents the basic
elements of the hydrological balance in the Hornád River Basin.

Precipitation and run-off in the Hornád River Basin during the observed period
1995–2015 slightly increased, as it is depicted in Fig. 3.

6.2 The Use of Water in Hornád River Basin

The use of water in the Hornád River Basin from the point of view of water
abstraction and water discharging during the period 1999–2015 is depicted in Fig. 4.

Table 3 Hydrological balance in a partial basin of the Hornád River Basin (period: 1961–2000)
(adopted from [14])

Partial basin Area (km2) Precipitation (P) (mm) Run-off (O) (mm) P-O (mm)

Hornád 4,414 701 210 491

Slovakia 49,014 743 236 506
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Water abstraction has a decreasing tendency during the evaluated period
1999–2015, but at the same time, the water discharge is slightly increasing.

In the next section, the course of climatic and hydrologic variables in the river
basin is analysed.

6.3 Course of Hydroclimatic Variables in the Hornád River
Basin

Climatic and hydrologic variables are evaluated at the Stratená gauging station, ID
8530 (the Hnilec tributary). The following data were analysed:

• Stream flow [m3/s]
• Surface water temperature [�C]
• Water stage [cm]
• Precipitation [mm]

The gauging station Stratená (see Fig. 2) is situated above the water structure
(dam) Palcmanská Maša, in the territory of the Stratená village. It is located at the
Hnilec River – the right-side tributary of the Hornád River.

The data between the years 1990–2000 are missing, so they are not included into
the evaluation. Discharge values during the observed period 1954–1989 and 2001–
2010 are slightly decreasing (Fig. 5). The water stage is also slightly decreasing as
we can see from Fig. 6.

The station was moved approximately 1.5 km upstream in 1978. This is the
reason of the abrupt change of water stage.

The surface water temperature was also observed at the monitored gauging
station Stratená. The course of surface water temperature in Hnilec River is
documented in Fig. 7.
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The annual surface water temperature in Hnilec River during the observed period
increased in more than 1�C as it is depicted in Fig. 7. It is connected also with the
increasing air temperature in the area during the last 50 years.

The course of precipitation was evaluated during the period 1981–2010. Precip-
itation increased in approximately 20 mm, as it is depicted in Fig. 8.

Water use – abstraction and discharging – was analysed in Sect. 6.2 together
with other climatic and hydrological parameters for the Stratená gauging profile
(Hnilec sub-basin) of the Hornád River Basin. The analysis proved that climate
variability in Slovakia influences water resources only in slightly way, what is
obvious from graphical evaluation.

7 Conclusion and Recommendations

Water management, like the power industry, is not a sector per se, but it does secure
access to water for all other sectors and for society as a whole according to need.
However, unlike energy, there are no alternative sources of water. And that is why
for several years now we have considered water to be a strategic raw material. In
addition to water provision, water management has another no less important task –

protection from the undesired effects of hydrological extremes, such as drought and
floods. Meteorology, climatology and hydrology, in particular, provide not only the
marginal conditions but also direct input values into water management. For a long
time, here in Slovakia and abroad, water management was determined based on the
sources of water, the renewability of which was considered as a stationary process,
whose central values and variance did not change over time. In considering of
climate change, a phenomenon we are already confronting and which is primarily
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expressed in meteorological, climatologic and hydrological processes, it is shown
that these processes are non-stationary. This means that we identify trends in time-
related climatic as well as in hydrological orders. Water resources may decrease or
increase depending on the development of climate elements. In the past, we were
able to resolve annual or perennial fluctuations of available water sources either by
using economic instruments or by creating water reserves in our conditions, with
annual regulation.

Recommended activities include:

1. Increasing of cooperation between the climatological and hydrological commu-
nities with the elaboration of predictions on climate changes in individual annual
periods and specific regions;

2. Strengthening the capabilities to collect, preserve and process data related to
water, including data relating to climate changes;

3. The development of research programs on the national level and contributing
to regional and international research projects related to the question of
climate change, its early detection and its impact on the hydrological regimen.
These should deal with the situation in developing and developed countries
and could include cases focused on the elaborating and testing of speculative
methods for impact assessment;

4. Assessment of the probable socio-economic and environmental impacts of such
changes, the elaborating of strategies for reaction and financing and performing
these strategies.
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scenarios, the SRES A2, A1B, and B1, were applied. Scenarios for the variables: the

maxima and minima of the air temperature, the daily means of the relative air

humidity, the daily precipitation totals, the daily means of wind speed, daily totals

of the global radiation, and also the water balance elements and the snow cover

characteristics have been prepared. On the basis of the statistics obtained from the

measured andmodeled data, we adjusted themodeled data in the future in such a way

as to best capture the predicted climatic characteristics of the region. The results

show the case of air temperature that means an increase in the 30-year averages by

about 2–4�C up to the end of the twenty-first century. Precipitation totals will also

change in a relatively wide range, but generally, an increase of about 10% in annual

totals is expected, more in the north and less in the south part of Slovakia. These

scenarios can be successfully used to prepare studies on the impacts of and the

vulnerability to climate change in different economic sectors.

Keywords Climate change, Impacts, Statistical downscaling, Trend analysis,

Vulnerability, Water balance

1 Introduction

Significant increases in global, hemispheric, and regional temperatures have been

registered in the last 30–60 years (only small changes in annual precipitation totals,

a decrease in relative humidity, and an increase in potential evapotranspiration have

occurred in Slovakia). These changes have negatively impacted most socioeco-

nomic sectors and natural ecosystems. The climate change scenarios designed

around 1995 seem to fit well with the temperature trends observed not only in

Slovakia but also in the Northern Hemisphere in general. In Slovakia, the increase

in temperature (based on several stations) has been about 2 �C since 1981 and also

since 1881 as a linear trend. Four general circulation models (GCMs) have been

used to design climate change scenarios in the Slovak region since 2011. Two of

them are global (Canadian CGCM3.1 and German ECHAM5), and two are regional

(Dutch KNMI and German MPI); the last two have the ECHAM5 GCM boundary

conditions. All the GCMs offer outputs of several variables with daily data in the

period from 1951 to 2100. Based on these outputs and the measured meteorological

data, daily scenarios for a number of climatic and precipitation stations all over

Slovakia have been designed. Scenarios based on GCMs have been prepared for the

following variables: the maxima and minima of air temperatures, the daily means of

relative air humidity, wind speeds, and daily totals of global radiation and

precipitation [1, 2]. These scenarios can easily be used to prepare studies on impacts

of and vulnerability to climate change. Based on these modified model outputs and

measured data at about 30 meteorological stations from 1951 to 2016, scenarios of

water balance elements and snow cover have been calculated up to the time horizon

of the year 2100 [3–5].

22 M. Gera et al.



2 History and Analysis of Climatologic Measurements
in Slovakia

Meteorological measurements began in Slovakia in the middle of the nineteenth

century; there were about 10 meteorological stations that performed complete

measurements by the year 1881 (including air temperature and humidity) and

about 100 precipitation stations with measurements of daily totals. The number of

meteorological and precipitation stations increased continuously up to the year

1950 and then stabilized at about 100 complete meteorological stations and 700 pre-

cipitation gauges (including snow cover measurements). When analyzing all the

data measured, we noted that more than 30 meteorological stations have complete

monthly and daily data of all the important elements for the period 1951–2016.

About 550 of the precipitation stations from 1951 to 2016 can be considered as

complete. The monthly precipitation data from 203 stations from 1901 to 2016 are

complete.

In 1968 the creation of a computer database began at the Slovak Hydrometeo-

rological Institute (SHMI). Daily data from all the meteorological stations (about

100 each year) since 1961 are in the database as well as daily precipitation data

since 1981 (from about 700 stations). Historical daily data have also been recently

edited and prepared as a computer database from the most important and the most

nearly complete stations.

Based on the monthly meteorological data from the higher-quality stations, the

calculated elements have also been prepared using simple meteorological models.

The first model involved was the calculation of water balance elements (soil

moisture, potential, and actual evapotranspiration) by the Budyko complex method

[6], which was modified by Tomlain [7] for Slovakia. Complete monthly data since

1951 is available from 32 stations in Slovakia. The second model involved was the

calculation of radiation balance elements (global solar radiation, the radiation

balance on the Earth’s surface) since 1951 from about 50 stations [8]. Using the

monthly data from 203 precipitation stations, the monthly areal precipitation totals

in Slovakia were calculated using the double weighted average method [9].

2.1 Air Temperature

In Slovakia, the air temperature (T) has been measured by a classic mercury

thermometer in a meteorological shelter 2 m above the ground at 7, 14, and 21 h

MLT (mean local time) by the same method since 1851. To calculate the areal

deviations of the monthly and seasonal means from the long-term averages of

1901–2000, three stations were selected. They are Hurbanovo (115 m amsl, SW

Slovakia), the Košice airport (230 m amsl, SE Slovakia), and Liptovský Hrádok

(640 m amsl, N Slovakia). These stations have been measuring the air temperature

since 1881. Comparisons with the mean deviations calculated from more stations from
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1981 to 2010 showed only insignificant changes from those calculated by the three

stations mentioned.

Figure 1 shows the deviations of the mean temperatures and trends in Slovakia

for a cold half year (CHY, Oct–Mar) and a warm half year (WHY, Apr–Sept). It is

clear that the mean temperature in Slovakia has increased by about 2�C since 1881

as a linear trend, and nearly the same increase has also occurred since 1981 both in

the CHY and WHY. A higher increase in the mean temperature occurred in the

months from January to August (Fig. 2 for Hurbanovo only).

2.2 Air Humidity

In Slovakia, the air humidity is also measured under the same conditions as the air

temperature by dry and wet mercury thermometers (the psychrometric method).

Since 1951, daily data from all the meteorological stations have been available.

A longer data series of good quality are available from Hurbanovo (since 1901,

Fig. 3). The trends in relative humidity (RH) are also comparable to other lowland

stations (a decrease inWHYmeans by about 5% since 1901). The trend is somewhat

lower in the mountains and in the northern half of Slovakia. Figure 4 shows that the

most significant decrease in mean relative humidity has been registered in the

months from March to August. Water vapor pressure is increasing in accordance

Fig. 1 Deviations of mean temperatures (dT) and trends in Slovakia for a cold half year (CHY,

Oct–Mar) and a warm half year (WHY, Apr–Sept) in 1881–2017
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with the increase in air temperature. What is more important is an increase in the

saturation deficit Δ (an example from Hurbanovo is in Fig. 5). The increase in Δ is

highest in the SW Slovak lowlands and the least in the N Slovak mountains.

2.3 Precipitation

Daily precipitation totals are measured in Slovakia with the Metra 886 national

gauge (1 m above ground and with a 500 cm2 orifice) by the samemethod since 1921

(some different methods were used before 1921). Annual and seasonal totals have

not exhibited any significant trends since 1881 (Fig. 6). In the CHY a decreasing

trend was found in southern Slovakia and an increasing trend in northern Slovakia

(Fig. 7). A greater variability in the annual and seasonal totals and an increasing share

of the convective precipitation have been registered since 1995.

2.4 Evapotranspiration

Evapotranspiration totals have been calculated in Slovakia as monthly values for

32 stations since 1951 by the Budyko complex method [6], which was modified for

Fig. 2 Deviation of mean monthly and seasonal temperatures (dT) at Hurbanovo from the

1961–1990 averages in 1901–2016 (preliminary 2017)
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Fig. 3 Mean relative air humidity (RH) and trends at Hurbanovo for a cold half year (CHY, Oct–

Mar) and a warm half year (WHY, Apr–Sept) in 1901–2016

Fig. 4 Deviation of monthly and seasonal relative air humidity means (dRH) at Hurbanovo from

the 1961–1990 averages in 1901–2016
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Slovakia by Tomlain [7]. The monthly sums of potential (Eo) and actual (E) evapo-
transpiration are considered to be evaporation and transpiration from a standard natural

grass plot at the meteorological stations. The complex method also enables the calcu-

lation of the monthly means of soil moisture (W) in the upper 1 m soil layer. These data

Fig. 5 Mean saturation deficit (Δ) at Hurbanovo for the year, cold half year (CHY, Oct–Mar) and

warm half year (WHY, Apr–Sept) in 1951–2016

Fig. 6 Annual and seasonal [CHY (Oct–Mar) and WHY (Apr–Sept)] precipitation totals (R) in
Slovakia in 1881–2016/2017 (based on 203 stations)
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can also be applied for the calculation of evapotranspiration from different surfaces by

the recommended methods. Figure 8 shows the mean Eo and Fig. 9 the mean E for

selected stations in Slovakia during the periods 1951–1990 and 1991–2016. It is obvious

that Eo is increasing in accordance with the rising air temperature and saturation deficit.

Changes in E are dependent not only on the development of Eo but also on precipitation

(R) and the availability of W. This is why the deviations of E from 1991–2016 as

compared to 1951–1990 are more variable than at Eo (Fig. 10). The method developed

by Zubenok [10] in Russia (based only on saturation deficits and geobotanic regions) is

also used in Slovakia for simple estimations ofEo. TheZubenokmethod provides higher

monthly sums of Eo compared to the Budyko method in the CHY (Fig. 11) because

ground condensation and deposited precipitation are not considered there.

3 Previous Climate Change Scenarios in Slovakia

Climate change scenarios represent the expected development of a climate due to the

enhancement of the greenhouse effect by human activities [emission of greenhouse gases

(GHGs) and aerosols and land use changes (forests, urbanization, irrigation, melioration,

etc.)]. The final effect of such enhancement is a radiative forcing in the global climate

system (more than 2 W m�2 at present). If there is a supposed stationarity in natural

Fig. 7 Cold half year (CHY, Oct–Mar) precipitation totals (R) for 3 stations in Slovakia in 1881/
1882–2016/2017 (Hurbanovo, 115 m amsl, SW Slovakia; Košice, 230 m amsl, SE Slovakia;

Oravská Lesná, 780 m amsl, NW Slovakia)
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climate-forcing factors, the increase in the greenhouse effectwill only be one of the causes

of climate change during the next century [11–13]. Most climate change scenarios are

based on the supposition that natural climate-forming factors (solar radiation, volcanic

activity, etc.)will be stable (with no long-term trends). The anthropogenic enhancement of

Fig. 8 Mean potential evapotranspiration totals (Eo) at 26 stations in Slovakia for the periods

1951–1990 and 1991–2016 by the Budyko-Tomlain method (Michalovce, 112 m amsl, Ždiar

Javorina, 1,020 m amsl)

Fig. 9 Mean actual evapotranspiration totals (E) at 26 stations in Slovakia for the periods

1951–1990 and 1991–2016 by the Budyko-Tomlain method
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radiative forcing will reach the interval (based on several possible scenarios) from about

2.6 to 8.5 W m�2 by the year 2100 [12].

3.1 Methods

There are several possible methods as to how to prepare reliable climate change

scenarios for future years and decades. It is possible to use the scenarios based on

the atmospheric general circulation models (GCMs) – global GCMs and regional

RCMs. Next are the scenarios based on historical analogues (mainly warmer

periods). Other variant are incremental scenarios that are acceptable for testing

impact models at present. Furthermore, the stochastic weather generator-based time

series of daily data as scenarios could be used. Finally, there are combined

scenarios where the selection of reliable T (temperature), R (precipitation), and

s (specific humidity) GCM (RCM) as based scenarios is done in the first step. And

the calculation of analogues for other climatic/hydrological elements using corre-

lation/regression and simple modeling methods follows in the second step. Such

scenarios are designed for a whole distribution range. We count these as priorities in

Slovakia for elements with low reliability in the GCM/RCM outputs.

Fig. 10 Mean monthly and seasonal soil moisture (W ) at Hurbanovo for the period 1951–2016 by

the Budyko-Tomlain method
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All the scenarios can be prepared for 30-year (25 or 50 years) time frames, long-term

series (daily, monthly), selected events, extremes, etc. The first series of scenarios was

designed for Slovakia prior to 1995 [3], the second one in 1996–1997 [14], the third one

in 2000–2010 [1], and the last one in 2013–2017 [4, 5, 15].

3.2 Data and Models

In 1990, the Second World Climate Conference was held in Geneva, Switzerland,

and the first usable series of climate change scenarios was presented [16]. Based on

these simple scenarios and the data measured in Slovakia, some alternative scena-

rios for mean air temperature and precipitation totals have been prepared for users

in Slovakia [3]. In 1994, Slovakia began participating in the US Country Studies

Project [14], where Slovak researchers obtained new outputs from GCMs [CCCM

(Canada), GISS, and GFD3 (USA)]. The Country Study Project resulted in new

climate change scenarios with adaptation and mitigation options for Slovakia

(Country Study Slovakia, 1997). This research continued as a part of several pro-

jects from 1998 to 2001 [3]. An evaluation of the reliability of the selected scenarios

from 1993 to 2000 is presented in Figs. 12 and 13.

Fig. 11 Comparison of mean monthly potential evapotranspiration sums (Eo) at Hurbanovo

calculated by the Budyko-Tomlain method and the Zubenok method for the period 1951–2010
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3.3 Evaluation of Reliability

The climate change scenarios designed in 1995–2000 contained estimates of the

mean air temperature and precipitation in the time frame 2010 (period of years:

1995–2024, 1990–2029, or shorter 2000–2019). Now it is possible for the first time

to evaluate the reliability of the predicted scenarios using the data measured from

the period 2000–2016. As can be seen from Fig. 12, the air temperature scenarios

meet the measured values very well. Some of them are even lower than the

measured averages (the climate change seems to be greater than expected). On

the other hand, the measured values for the precipitation are far from the mean

totals predicted by the scenarios (Fig. 13). There are several reasons for this

discrepancy. The control period 2000–2016 is too short a time for an analysis of

precipitation totals; the development of precipitation changes is not as simple as

that of the air temperature; the GCMs from 1990 to 2000 may not have involved a

correct physical assumption of the evolution of the precipitation regime during the

period of climate change. Despite these discrepancies, we consider our climate

change scenarios to be successful for utilizing in the impact studies featured in

several socioeconomic analyses [15].

Fig. 12 Evaluation of climate change scenarios reliability for Slovakia and the 2010 time frame

by measured air temperature averages in Slovakia in 2000–2016 (red)
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4 Evapotranspiration

Evapotranspiration is a very important element of any water balance, agrometeorological

and biometeorological analysis, or research. It consists of evaporation and transpiration.

While total evaporation from a free water surface or bare soil can be measured and

calculated quite successfully, plant transpiration is a serious problem, especially concerning

assessments of the daily transpiration totals. There are several examples as to how to

overcome this problem [17].

4.1 Measurements

Evaporation has been regularly measured in Slovakia as free water evaporation

from the Russian GGI3000 cm2 evaporimeters at about 30 stations since 1968. The

development of the GGI3000 data measured can be found in Lapin and Koštálová

[18]. These data are used every year for water balance assessments at the SHMI.

A limited number of stations (2–6) have also measured evapotranspiration in

Slovakia by simple lysimeters from the soil with short grass in the past.

Fig. 13 Evaluation of climate change scenarios reliability for Slovakia and the 2010 time frame

by measured precipitation totals (average in Slovakia) in 2000–2016 (blue)
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4.2 Calculations

Monthly potential evapotranspiration totals (Eo) are denoted by the equation for

water vapor diffusion in the atmosphere using the Budyko complex method [6],

which was adopted for Slovakia by Tomlain [7, 8]. Here, we present only a brief

description of this method:

Eo ¼ ρD qs � q2ð Þ,
where ρ is the air density, D the integral diffusion coefficient, qs the saturated

specific humidity at the temperature of an evaporating surface, and q2 the specific
humidity in a meteorological shelter. The actual evapotranspiration (E) is supposed
to be proportional to the Eo as follows:

E ¼ Eo

�W

Wo

The water storage �W is specified as the moisture stored in the upper soil layer of a

1 m depth.Wo is the critical value above which E equals Eo.Wo usually represents a

layer of 100 to 200 mm of water with seasonal and regional variations (only a

simplified version of the Budyko [6] complex method of calculation is presented

here). Wo depends on the root system development, the mean monthly air temper-

ature and the ratio of the annual potential evapotranspiration and precipitation totals

(R). The average soil moisture �W ¼ W1 þW2ð Þ=2 is determined from the water

balance equation by a step-by-step approximation method. W1 is the moisture

stored in the soil at the beginning of the month and W2 at the end. The applied

model works with the upper soil horizon 1 m thick.

The Zubenok [10] method is even simpler than the one mentioned above. It is

based on the use of a saturation deficit (Δ) in different geobotanic regions (the

steppe-forest region was taken into account in southern Slovakia). The Eo monthly

and seasonal totals can be calculated by the formula Eo ¼ k�Δ, where k is the

coefficient dependent on the mean radiation balance and turbulence (wind), which

is assessed empirically. The coefficient k is therefore different for each month and

each geobotanic region. This method can also be easily applied to climate change

scenarios of Eo and E using just Δ and R data from the modified GCM and RCM

outputs. Because of limited space, we are only presenting trends of scenarios for

potential evapotranspiration totals (Eo) in Sect. 6.2.

4.3 Trends Since 1951

The potential (Eo) and actual (E) evapotranspiration as well as the calculated soil

moisture (W ) seasonal value trends since 1951 are presented in Figs. 14, 15, and 16

for the Hurbanovo station only. Due to the significant dependence E on precipitation
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totals (R) and soil moisture (W ), the development and trend of E values is different

from the Eo. It can be seen in Fig. 15. TheW values decreased at most of the stations

(mainly in the lowlands), which resulted in a decrease of E until the year 1993. Then,

Fig. 14 Trends of annual (A) and of warm half year (W ) potential evapotranspiration totals (Eo) at

Hurbanovo in 1951–2016

Fig. 15 Trends of annual (A) and of warm half year (W ) actual evapotranspiration sums (E) at
Hurbanovo in 1951–2016
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an increase in R was observed in the vegetation period, which also influenced an

increase of E, while a continuation of a decrease inW was observed. As can be seen

from Fig. 14, the potential evapotranspiration (Eo) is mainly increasing in the

vegetation period (Apr.–Sep.). Comparable increases were also obtained for other

lowland stations in Slovakia and some lesser increases for sites in northern Slovakia.

5 New Climate Change Scenarios

5.1 Basic Information About the Climatic Models Used

Four new general circulation models (GCMs) have been used to design climate

change scenarios for Slovakia since 2010 (selected from 10 global GCMs and

15 regional RCMs). Two of them are global (Canadian CGCM3.1 and German

ECHAM5) and two regional (Dutch KNMI and German MPI, both of which have

ECHAM5 boundary conditions). All the GCMs and RCMs offer outputs of several

variables with daily data for the period from 1951 to 2100. Based on these outputs

and the meteorological data measured, the daily scenarios for climatic and preci-

pitation stations for all of Slovakia have been designed using a statistical downscal-

ing method. The period 1961–1990 (or 1981–2010) was considered as the reference

period, and the period 1951–2016 was used to control the reliability of the scenarios.

Fig. 16 Trends of mean seasonal usable soil moisture (W ) at Hurbanovo in 1951–2016 (WHY,

Apr–Sep; Sum, June–Aug; Spr, Mar–May; Aut, Sep–Nov)
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Scenarios for the following variables have been prepared: the daily means; the

maximum and minimum of the air temperature; the daily means of the relative air

humidity, all of which were measured at a 2 m elevation above the ground; the daily

precipitation totals, which were measured at a 1 m elevation above the ground; the

daily means of “wind speed measured at a 10 m elevation above the ground; and

daily totals of the global radiation” [1]. These scenarios can be easily used to

prepare studies on the impacts of and vulnerability to climate change.

Based on these modified model outputs and the data measured at about 30 mete-

orological stations from 1951 to 2016, scenarios of the water balance elements,

snow cover characteristics, and some other climatic/hydrologic elements can be

calculated up to the time horizon of the year 2100 [3–5].

5.2 Downscaling Methods

The model simulations provide physically consistent outputs of meteorological

variables in space and over time. Currently, the biggest problem that contributes

most to output errors is the inaccuracy of the inputs. In the case of general air

circulation climatological models (GCMs and RCMs) for long-term simulations,

e.g., several decades, the quality of the input data and the scenarios used are

important, especially if we know that great uncertainty can enter these input files.

Another source of inaccuracies is the spatial resolution of the model. Even in

RCMs, this resolution is in tens of square kilometers because the calculations are

so time-consuming.

The great spatial resolution of the grid points means the shape of the modeled

orography differs from the actual one. The shape of the relief and its properties are

important in the physical interactions between the atmosphere and the surface.

These inaccuracies cause variations in the model outputs relative to the actual

measured data. For future long-term simulations, we have not had the opportunity

to immediately check the quality of the model outputs if the data has not yet been

measured. Therefore, we chose a reference period to verify the outputs of least

30 years, since we have measured and modeled data available.

We can then evaluate the suitability and quality of the selected climatological

models by statistical comparisons. In our case, we chose RCMs of KNMI and MPI,

the spatial resolution of which is approximately 25 � 25 km. Since the measure-

ment points are mostly located outside the model’s grid, we need a relevant method,

for example, interpolation, to obtain a model value at the point of measurement for

further statistical processing. The method used depends on the spatial variability of

the quantity analyzed. For air temperature, it is reasonable to use weight interpo-

lation from the four surrounding grid points of the model.

For precipitation totals, the situation is different; a more appropriate alternative

seems to be to take the model point closest to the point of measurement or the best

representative grid point of the geographic condition for the station where the

Climate Changes in Slovakia: Analysis of Past and Present Observations. . . 37



measurement was done, due to the roughness of the surrounding terrain, the preva-

lent flow, etc.

In the following, we are only describing the methodology presented in Lapin

et al. [1], which has applied for the years 2015–2017. The data modeled and the data

measured are represented by a time series of selected meteorological variables. The

time series can be divided into three components: trend, seasonal (cyclical), and

random.

To properly process the data, we must take into account the periodic components

contained in the time series. The most important seasonal cycle in our length of the

time series is the annual cycle. When processing variable X, therefore, we apply

two indices, i.e., the trend (index i, year of processing) and the cyclic (index j, day
of the year) indices to the time series. On the basis of the statistics obtained from the

measured and modeled data from the reference period, we are ready to adjust the

modeled data in the future in such a way as to best capture the predicted climatic

characteristics of the region. In this way deviations due to inaccuracies from the

inputs or the model structure of the simplified equations are minimalized. The

statistical parameters in the reference period are determined depending on the type

of variable for which they are calculated. In the calculations we try to:

• Not disturb the physical consistency between the elements

• Minimize the difference between the average of the model outputs and the

average of the measured data in the longest reference period

• Minimize any variability in the modeled and the measured variability over the

longest period

For variables with a Gaussian probability distribution (e.g., mean air tempera-

ture, maximum and minimum air temperature, relative air humidity, shortwave

radiation), we chose to modify the statistical average of the model data using a

correction using the mean deviation from the measured data that was calculated for

the reference period. Because of the error rate changes over the year, we calculated

the average variations for each day of the year for the daily data. The deviation

averages were calculated for the selected reference period, i.e., mostly for the

30-year period:

dj ¼ 1

nr

Xnr

i¼1
x si, j � xmi, j

� �
:

dj represents the mean deviation for a given day of the year, with xm being the daily

data modeled and xs the daily data measured, j2 (1, . . ., nd), nr are the number of

days in the reference period for the chosen day of the year, and nd is the number of

days in 1 year).

Due to the existence of noise in the processed data, we chose to deploy a filter,

i.e., an 11-day moving average with a periodic boundary condition on the average

daily deviation
�
dj
� c
11
. The overall modification of the model data with respect to

the average when using the correction for the mean deviation is given by the

expression:
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xmn
i, j ¼ xmi, j þ

�
dj
� c
11
,

where i2 (1, . . ., nf), j2 (1, . . ., nd), and nf is the number of years for which the

adjustment is being made.

The next step was the correction of the variability of the model data. It is

necessary to adjust the data without affecting the average of the given quantity.

Modifying the data can be done using a ratio of the standard deviations of the

modeled and the measured data calculated for the reference period:

sj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

nr � 1

Xnr

i¼1

�
xi, j � xj

�2
,

r

where xj ¼ 1

nr

Xnr

i¼1
xi, j, j2 (1, . . ., nd), nr represents the day of the year, and nd is

the number of days in 1 year.

For the overall modification of the model data, we used the mentioned ratio of

the sample standard deviations and the moving average (21 days) to eliminate the

noise in the data:

xmnf
i, j ¼ xmn

i, j

� � c

21
þ xmn

i, j � xmn
i, j

� � c

21

h i s sj
smj

,

where operator xð Þ c21 represents the ratio of the measured standard deviation and the

model data sample’s standard deviation and the indices are i2 (1, . . ., nf), j2 (1, . . .,
nd). Now the result xmnf

i, j is the required result of the total adaptation of the

model data.

For variables that do not have a Gaussian probability density distribution, we

only use a modification with respect to the mean. Due to the large skewness of these

data, we did not apply the modification to the variability because it could affect the

mean correction applied.

Another problem that we need to deal with concerning data such as precipitation

or wind is the difference in the number of zero precipitation or calm days. The aim

is to minimize the difference in the number of these days between the model and the

measured data. The task is realized by applying the mean deviation:

xm0
i, j ¼ xmi, j þ d0j ,

where i2 (1, . . ., nf), j2 (1, . . ., nd).
The negative values obtained for xm0

i, j are reset to obtain a new frequency for the

model data for non-precipitation days or for days with no wind. In this way, we did

not interfere with the physical consistency of the data; we only reestablished the

number of zero occurrences between the model output and the measurement.

The model outputs represent an area in the grid point scheme; in our case, this is

up to the size of 25� 25 km2 in the KNMI and MPI RCMs. From this point of view,

it is logical to perform an adaptation for the data’s multiplicity because the model
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outputs have to be interpreted as an area representation of the value; it triggers

overestimates of the data’s frequency, especially for the occurrence of low rainfall

totals.

Because of the nonnegative data values, we could implement a modification of

the mean by using a quotient method. We eliminated the incidence of noise by using

21-day moving averages. For the quotient given as the ratio of the filtered means we

have:

qj ¼
1
nr

Pnr
i¼1 x

s
i, j

� � c

21

1
nr

Pnr
i¼1 x

m0
i, j

� � c

21

,

where j2 (1, . . ., nd).
The overall correction of the entire set of model data based on the calculated

quotient for the reference period was now realized using the relationship:

xm0n
i, j ¼ xm0

i, j � qj ,

where i2 (1, . . ., nf), j2 (1, . . ., nd).

5.3 Example of Temperature, Precipitation, and Humidity
Scenarios for Slovakia

Because of limited space, only examples of climate change scenarios as time series

of seasonal values are presented here for the period 1951–2100. Mean air tempe-

ratures (T ) have increased from 1951 up to the present by about 2�C, and another

increase of 2–4�C is expected up to the year 2100 in most of Slovakia (Fig. 17).

Total annual precipitation (R) will increase by about 10% (more in northern

Slovakia, less in southern Slovakia) up to 2100. The scenarios for summer preci-

pitation totals seem to be mostly decreasing, especially in southern Slovakia

(Fig. 18). Mean annual and WHY relative air humidity (RH) are expected to have

only an insignificant decreasing trend or no trend up to 2100. On the other hand, the

saturation deficit (Δ) trend will probably be positive for the whole country.

A greater increase in Δ is expected in the WHY for the southern lowlands of

Slovakia (Fig. 19).
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Fig. 17 Scenarios of mean warm half year air temperature (T ) at Hurbanovo for 1951–2100 and

measured values in 1951–2016

Fig. 18 Scenarios of warm half year precipitation totals (R) at Hurbanovo for 1951–2100 and

measured values in 1951–2016
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6 Potential and Actual Evapotranspiration Scenarios

As was previously mentioned, the potential (Eo) and actual (E) evapotranspiration
are complex phenomena with quite debatable methods of assessment. Even more

problematic is the process of scenario design. The GCM and RCM models offer

some outputs for average evapotranspiration totals around the grid points. These

values are often far from the reality in the reference or control period. Therefore, we

decided to apply the simple Zubenok and complex Budyko methods to calculate the

monthly and seasonal Eo and E totals.

6.1 Simple Zubenok Method and Complex Budyko-Tomlain
Method

The Zubenok method [10] is based on saturation deficits (Δ) applied in defined

regions such as a steppe-forest, deciduous forest, conifer forest, etc. The daily

values of Δ can easily be calculated from the modified GCM/RCM outputs for

the daily averages of air temperature (T ) and relative humidity (RH). The calculated

monthly averages of Δ from the daily Δ values are very reliable, so this method

seems to be comfortable calculating for the Eo monthly totals up to the year 2100.

TheBudykomethod, asmodified byTomlain [7] for Slovakia, needsmonthly data of

T, RH, snow cover and cloudiness, or the duration of sunshine forEo calculations. Snow

Fig. 19 Scenarios of mean warm half year saturation deficit (Δ) at Hurbanovo for 1951–2100 and
measured values in 1951–2016
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cover and duration of sunshine monthly data are not directly available from GCM and

RCMoutputs andmust be calculated indirectly by a regression method. That is why the

calculation of Eo scenarios by this method is more difficult (see Sect. 4.2).

If the monthly Eo and R data are available, the calculation of monthly E totals is

quite easy for any station. The trend of Ewill be very different for each station up to

the year 2100 because of complicated relationships among the basic water balance

phenomena (precipitation, soil moisture, runoff, potential evapotranspiration, and

the temporal regimen of those values). This can also be seen from the E totals at the

selected 26 stations in 1951–2016 (Fig. 9) or in the time series of the water balance

data (Figs. 14, 15 and 16).

6.2 Example of Potential Evapotranspiration Scenarios
for Slovakia

Figure 20 shows an example of possible changes in the WHY and CHY Eo totals at

Hurbanovo from the period 1951 to 2100, including the values based on measure-

ments (all from the results of the Zubenokmethod). A significant increase inEo totals

in the WHY (Apr.–Sep.) can be seen on the one hand and a rise of the interannual

Fig. 20 Scenarios of potential evapotranspiration totals (Eo) at 10 stations in Slovakia by the

KNMI and MPI RCMs saturation deficit D scenarios and the Zubenok method for the periods in

2001–2100 (Milhostov, 105 m amsl, Telgárt, 901 m amsl)
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variability on the other. A similar development can also be expected for the other

lowland sites and the lower localities in northern Slovakia.

7 Discussion on the Use of Climatic Scenarios in Hydrology

The hydrology, water resources, and water management sectors are very complex from

a scientific point of view.All of them use differentmodels and different input data. They

are mainly precipitation, runoff, air, water and soil temperatures, air humidity, evapo-

transpiration, solar radiation, snow, wind, soil moisture, soil and land surface charac-

teristics, etc. In the climatology sector, we have been able to prepare a very detailed

climatic historical data series for Slovakia since 1951 and in some places since 1881. In

the recent decades, serious changes in the mentioned elements have been observed. The

rise in the air temperature and the changes in runoff regimes are so significant that

possible developments in the future years and decades are frequently discussed among

the experts and politicians with apprehension.

Climatological science has prepared several series (generations) of possible

climate change scenarios, which have a direct relationship with the hydrological

cycle, water resources, and water management. Discussing these issues with the

experts involved from the branches mentioned, we decided to only prepare 3–5

alternative climate change scenarios (the IPCC and some other foreign sources

offer more than 25 scenarios as climatic model outputs). We have concentrated our

efforts on the most probable scenarios of the development of the greenhouse gas

emissions; they are between the SRES B1 (as an average minimum) and SRES A2

(as an average maximum) assessments. In the case of air temperature that means an

increase in the 30-year averages by about 2–4�C up to the end of the twenty-first

century. Precipitation totals will also change in a relatively wide range, but gener-

ally, an increase of about 10% in annual totals is expected (more in the north and

less in the south of Slovakia).

The hydrological cycle and processes are also affected by the changes in regimes

and the variability of climatic elements on a shorter scale (daily and hourly data). It

seems that a significant increase in the variability of precipitation can be expected,

including long periods with low precipitation totals and short periods with very high

precipitation totals. Such developments may be accompanied by great changes in

the soil moisture, the intensity of precipitation, and the runoff regime and will also

surely result in new challenges for water management in Slovakia. New model

assessments have confirmed the serious danger (or serious risk) of occurrence of

unusual hydrologic situations in the near future (severe droughts in one hand and

flash or regional floods on the other). Using the scenarios based on the higher

(pessimistic) emission scenarios (SRES A2) also results in more dangerous (worse)

hydrological scenarios.
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8 Conclusion

The scenarios of climate change and changes in the water balance elements and in

the snow cover characteristics were calculated up to the time horizon of the year

2100 [3–5]. The modified model outputs (GCMs, RCMs, and simple statistical/

physical models) and the measured data at about 30 meteorological stations for

1951–2016 were used for this purpose. Our assessments were based on alternative

IPCC emission scenarios (the SRES A2, A1B, and B1) and resulted in significant

changes in the climatic and hydrological conditions up to the year 2100. This will

negatively affect changes in the soil water (dW), the totals of areal evapotranspira-

tion (E), and the runoff (q) regime, since the equation of the hydrological water

balance is R ¼ E + q + dW.

These scenarios can be successfully used to prepare studies on the impacts of and

the vulnerability to climate change in different sectors, including agriculture,

hydrology, water resources, and water management. Some results of such research

have already been published in several papers and monographs, e.g., [19–24], etc.

9 Recommendations

The research aimed to the climate change scenarios applied in water balance

assessment resulted in several recommendations: (1) significant increase of air

temperature, decrease of relative air humidity, and changes in precipitation regime

will surely negatively impact hydrological balance in Slovakia; this issue needs to

be solved more in details; (2) the scenarios of evapotranspiration based on GCM

and RCM output are less reliable and need to be calculated by another methods;

(3) potential evapotranspiration monthly totals calculated from scenarios of air

temperature and air humidity are sufficiently reliable; improving is possible by

application of modified Budyko method and more climatic variables as scenarios;

(4) design of scenarios of actual evapotranspiration monthly totals is a serious

problem, but it can be solved within a new research project in close future; (5) after

calculation (design) of reliable scenarios of monthly potential and actual evapo-

transpiration totals, also daily totals and soil moisture values could be calculated by

several methods.

Acknowledgment The chapter was created with the support of the projects APVV-0303-11 and

APVV-0089-12. The authors also thank the Slovak Hydrometeorological Institute for data. This

task was partly supported also by the Grant Agency of the Slovak Republic under the project

VEGA No. 1/0940/17.

Climate Changes in Slovakia: Analysis of Past and Present Observations. . . 45



References
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zprávy 35:108–112 (in Slovak)

10. Zubenok LI (1976) Evaporation on continents, Gidrometeoizdat. Leningrad, 264 p. (in Russian)

11. IPCC (2007) IPCC fourth assessment report. Working Group I Report “The Physical Science

Basis” Oct. 2007. 996 pp. http://www.ipcc.ch/ipccreports/ar4-wg1.htm

12. IPCC (2014) Climate change 2013. The physical science basis: Cambridge University Press,

UK, 1552 p. ISBN: 9781107661820. https://www.ipcc.ch/report/ar5/wg1/

13. Peixoto JP, Oort AH (1992) Physics of climate. American Institute of Physics, Springer, NewYork,

520 p
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20. Gaál L, Beranová R, Hlavčová K, Kyselý J (2014) Climate change scenarios of precipitation

extremes in the Carpathian region based on an ensemble of regional climate models. In: Advances

in meteorology. 14 pp

46 M. Gera et al.

http://www.ipcc.ch/ipccreports/ar4-wg1.htm
https://www.ipcc.ch/report/ar5/wg1/
http://unfccc.int/national_reports/annex_i_natcom/submitted_natcom/items/7742.php
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Abstract Slovakia is located in the Central Europe, and its complex surface

consists of mountains, valleys, but also lowlands, which are crucial for agricultural

production. In the neighbouring countries, especially in Hungary and the Czech

Republic, there has been paid great attention to drought occurrence for a longer

time. In Slovakia, hydrological drought assessment was more often under investi-

gation than the meteorological aspect of the drought in the past. The regionally

developed methods were primarily used for its estimation, while the internationally

established indicators were rarely applied. In the last years, the drought became to

be discussed more frequently in the Slovak climatology, which led to the start of

operational drought monitoring in Slovakia in 2015. Drought periods, which

occurred in the last years and caused also yield losses in agriculture, raised the

interest of the public and experts from different economic sectors in this phenom-

enon. The intersectoral approach seems to be the crucial way of further drought

research.

This chapter aims to present two case studies, which could be the example of the

linkage between climatological and hydrological approach in drought assessment on

an operational level. The first case study describes the operational meteorological
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drought monitoring, which has run since 2015. The slightly modified methodology

of widely known indices (SPI and SPEI) shows promising results, which can be

obtained on a daily basis. It enables them to be used in intersectoral drought analysis.

The example of such analysis is presented in the second case study, in which

the linkage between meteorological and hydrological drought was examined. The

knowledge about the causalities between these two drought types brings higher

assumption for the successful design of effective integrated drought monitoring.

Keywords Hydrological drought, The Kysuca river basin, Meteorological

drought, Operational monitoring, SPI

1 Introduction

Several studies focused on meteorological drought have been published in Slova-

kia. In the past, Šamaj and Valovič published their own newly developed method-

ology for the identification of drought periods in the 1970s [1]. The methodology

was based on cumulative daily precipitation totals. It consisted of three criteria for

drought occurrence: (a) at least 15 consecutive days with cumulative precipitation

total below 1 mm, (b) at least 20 consecutive days with cumulative precipitation

total below 2.5 mm or (c) at least 30 consecutive days with cumulative precipitation

total below 5 mm. These criteria are stricter than well-known consecutive dry days

(CDD) index, which counts the days with daily precipitation below 1 mm without

considering their accumulation. According to the methodology, the regions with the

highest number of drought periods were the region of Záhorie, the Danubian

Lowland, the East Slovakian Lowland, the Southern Slovak Basin, the Levoča

Mountains and the Podtatranská Basin (due to the precipitation shadow of sur-

rounding mountains).

Later, more attention was paid to the research of floods and water management

mitigating flood impacts in Slovakia. It was the result of great damages caused by

floods, which are easier to calculate and to prove them than the damages by drought.

It is the “disadvantage” of drought that its progress is very slow and not as visible as

it is in the case of a flood. Additionally, it is very hard to quantify its damages in

agriculture, because there can occur more negative meteorological factors influenc-

ing yields (late frosts, heat waves, hails, etc.). Especially heat waves causing the

heat stress for plants can quite often accompany the drought periods.

New studies about meteorological drought have been published since the 2000s.

They were the part of hydrological studies very often. Separate climatological

studies on drought occurred only rarely. One of them was published by Patassiová

et al. [2], who used the Palmer Drought Severity Index (PDSI). The same index was

used by Litschmann and Klementová [3]. Later, the Standardized Precipitation

Index (SPI) was used by Fendeková and Ženišová [4] in the hydrogeological study.

The drought is a complex problem, and it can spread through different sectors.

The meteorological drought is the starting point, and its longer duration can result

in the soil drought and hydrological and hydrogeological drought. Therefore, the
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drought research was the part of the soil, or agricultural research. For example,

Skalský et al. [5] simulated the relations within the system soil-plant-atmosphere.

The model WOFOST was used to assess drought impact on spring barley in the

period 1997–2007. Takáč [6] used the SPI as one of the drought indicators in his

study about agricultural drought in Slovakia. The newest study oriented on drought

impact on yields was focused on the agriculturally most productive regions in

Slovakia – the Danubian Lowland and the East Slovakian Lowland [7]. The authors

used the SPI and the SPEI (Standardized Precipitation and Evapotranspiration

Index) to find the relationship between drought occurrence and the yields of

different crops. There was found a high significant correlation between both vari-

ables, but only in the Danubian Lowland due to complicated soil conditions in the

southeast of Slovakia.

In the last years, not only the studies were the main outputs of the drought

research in Slovakia. The Slovak Hydrometeorological Institute (SHMI) established

its own meteorological drought monitoring in March 2015. The monitoring is based

on the modified SPI and SPEI as well as on the Crop Moisture Index (CMI), and it is

weekly updated. Besides the actual situation, it offers 7-day forecast of all indices

based on the ECMWF data [8]. To bring more complex information for the farmers

and foresters, the SHMI joined to the integrated soil drought monitoring called

Intersucho in autumn 2015. This monitoring was developed by the CzechGlobe

(Global Change Research Institute of the Czech Academy of Sciences), the Masaryk

University and the Mendel University in Brno, Czech Republic [9]. It is based on the

integrated soil model, which considers the soil parameters and simulates the soil

water content in near real time.

In this chapter, two case studies are presented on operational meteorological

drought monitoring and assessment, including connection to hydrological drought.

2 Case Study 1: Operational Meteorological Drought

Monitoring

As it has already been mentioned in the Introduction, the Slovak Hydrometeoro-

logical Institute (SHMI) established its own operational meteorological drought

monitoring in March 2015. In this case study, the results of the first monitoring

season 2015 are presented. During this period, extremely dry conditions occurred in

Slovakia, which was very well monitored by SHMI’s drought monitoring. In the

second part of the case study, the relationship between meteorological drought

monitoring and relative soil humidity is demonstrated on the example from the

monitoring season 2016.
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2.1 Methods

The drought monitoring in Slovakia is primarily focused on meteorological drought.

Therefore, it requires only climatologic data from the station network of the Slovak

Hydrometeorological Institute (SHMI) except the Crop Moisture Index (CMI),

which also requires the information about available water content (AWC) in the

soil. The AWC data were provided by National Agricultural and Food Centre – Soil

Science and Conservation Research Institute (NAFC – SSCRI). The climatologic

data consisted of precipitation totals; maximum, minimum and average air temper-

ature; relative air humidity; average wind speed; and sunshine duration on a daily

basis. The monitoring is currently based on three indices – Standardized Precipita-

tion Index (SPI), Standardized Precipitation and Evapotranspiration Index (SPEI)

and CropMoisture Index (CMI). During the first testing season, we also used Palmer

Z-index, but it was excluded due to dissatisfying results.

The Standardized Precipitation Index was defined by McKee et al. [10] to

establish the tool, which would enable the comparison of drought conditions in

different climatic conditions. The precipitation totals are fitted with the gamma

distribution and standardized to reach non-dimensional value. It is the worldwide

used index because it requires only precipitation data in its calculation. However,

its data simplicity means some disadvantage in the areas, where evaporation has

an important impact on the water balance. The increasing air temperature [11]

enhances the evaporation, but the SPI is not able to reflect the temperature changes

in the drought assessment. Therefore, the Standardized Precipitation and Evapo-

transpiration Index was established by Vicente-Serrano et al. [12]. It is based on the

similar principal as the SPI, but it considers simple water balance, precipitation

(P) minus potential evapotranspiration (PET), instead of single precipitation. The

index uses the log-logistic distribution for the data approximation. The original

methodology uses the Thornthwaite’s PET estimation method [13]. However, the

World Meteorological Organisation and the Food and Agriculture Organisation

recommend the Penman-Monteith’s method [14]. Both indices can be calculated for

different time steps originally defined on a monthly scale. Therefore, we had to

slightly modify their methodology to get the daily operational data. In principal, all

steps were preceded as they were defined by their authors. The only change is the

character of the accumulation period. If the SPI is calculated on a monthly scale, the

accumulated period is in average 30 days. We kept the accumulation period of

30 days, although we did not deal with monthly data, but we applied moving

window on the daily data summing the daily precipitation totals or PET totals,

respectively [8]. It means that the final value of the SPI (the SPEI) refers to the

conditions of n-29 to n days, where n is a day at the end of the moving window. This

principle was used for the 3-month SPI within the DROught adaPtation (DROP)

project in Flanders [15], which is addressed for hydrological praxis. The 3-month

time scale would be too long for agricultural purposes. Therefore, we limited the

moving window to 30 days, and we applied this methodology not only on the SPI

but the SPEI as well.
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The Palmer’s Crop Moisture Index was defined in 1968 [16], and it belongs to

the group of agricultural drought indices. It takes into account week to week

changes in simple water balance considering its state at the end of the previous

week and soil characteristics such as available water content (AWC), which

influence the soil moisture recharge. The CMI requires PET data as well. For its

estimation originally used methodology by Thornthwaite is used [13].

The monitored area covered two agriculturally most important lowlands – the

Danubian Lowland (DL) and the East Slovakian Lowland (ESL) in the first testing

season 2015. At the moment, it covers the territory of the whole country. The

monitoring is station based, and the data from 44 climatologic stations with

available daily operational data access are used. The mountainous stations were

excluded as the monitoring should be used primarily for agricultural purposes. The

assessed period is from 1981 till the present, and the reference period for the SPI

and the SPEI was fixed on 1981–2010. The historical data were homogenized for

the period 1981–2014, and later data have operational character without homogeni-

zation. The monitoring is updated weekly each Monday fromMarch to September at

the official webpage of SHMI (http://www.shmu.sk/sk/?page¼2161), and it consists

of the assessment of the situation during the last 7 days as well as the expected

changes in drought indices in the next 7 days. The forecast is based on the ECMWF

model. The drought indices are visualized in figures, which are available after click

on the station mark in the interactive map with figure preview. The colour of the

mark represents drought intensity according to the SPEI (Fig. 1). Besides graphical

visualization, we provide also text summarizing weather in the last week with an

explanation, how it influenced the water balance in Slovakia and which changes are

expected in the next week as well.

Fig. 1 The example of map graphics with figure preview on 26 June 2016. For clearer version for

all stations, please visit this link (http://www.shmu.sk/sk/?dt=1498341600&page=2161)
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2.2 Operational Monitoring in Praxis

2.2.1 Season 2015

As it was mentioned, the first drought monitoring season had testing character, and

only two agriculturally most important lowlands were monitored. The initializing

conditions were better in the Danubian Lowland (DL) than in the East Slovakian

Lowland (ESL) due to drier winter conditions in the eastern part of Slovakia. A

similar tendency was observed in March 2015, when the DL recorded values close

to normal long-term precipitation totals, while the ESL observed only 11.8 mm in

Milhostov. It resulted in the SPI values below �1 and in the south of ESL even

below �1.5. The situation was getting worse at the end of the month at all

monitored stations. Precipitation deficit continued in April, and the highest monthly

precipitation total was observed in the southwestern part of the DL (26.1 mm), but

the ESL experienced only 6.2 mm. It meant the deterioration in water balance,

especially in the southeastern Slovakia. Besides the SPI and the SPEI, the CMI was

also decreasing with an increasing air temperature. It reached the value �1 at the

end of the month. The SPI showed even worse conditions with the values below�2.

The SPEI stopped its decline closely above �2. In the DL, the indices were mostly

positive and showed balanced (normal) conditions. However, they were slowly

decreasing at the end of the month as well, especially in the central and southern

part of the lowland.

Large regional differences also persisted in May 2015, when the DL had enough

precipitation, especially in its southern locations. All three indices indicated mod-

erate wet conditions. The month began as extremely dry according to the SPI and as

very dry according to the SPEI in the ESL. The second half of the month brought

the improvement of the situation, mainly after the passing of cold frontal zone on

26 and 27 May. The CMI was almost continuously decreasing as well due to rising

daily air temperature, which increased the importance of evaporation in drought

assessment. The CMI reached values around �1.5 in the last week of May.

The water balance in June 2015 was influenced by two main factors. The first one

was a strongly deepening precipitation deficit, which was very rarely interrupted

with thunderstorms connected with very intense rainfall. Such case occurred in

Milhostov (ESL), where the total of 45 mm was observed. Heavy rainfall causes

that surface runoff is higher than the infiltration into the soil, especially after long-

lasting drought period, when the topsoil layer is quite solid. None of the used indices

are able to exclude intense precipitation, which cannot finish the drought period very

often. The lowest precipitation total (11.8 mm) was recorded in Somotor (southern

ESL). The long-term values for June (1961–1990) are in the interval from 70 to

80 mm for these monitored stations. The second factor was high potential evapo-

transpiration due to very high air temperature, stable sunny weather and low relative

air humidity. This factor strongly influenced the situation during whole summer and

in the ESL also in September. The deviations of monthly average air temperature in

summer months varied from +1.8�C up to more than +5�C. These factors caused the
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decrease of drought indices in both lowlands. The SPEI and the SPI were below �2

in Bratislava, Nitra, Piešťany, Žihárec (Fig. 2) and Somotor. The CMI was decreas-

ing as well, and it reached values below �3 in Somotor and below �2 at other

stations in the ESL except for the station Milhostov.

After a very dry June, even July did not bring long-desired precipitation.

Moreover, the extremely high monthly average air temperature even deepened

the drought. The SPI in Milhostov (ESL) decreased below �3, and both standard-

ized indices varied around �2 in the DL. The same tendency showed the CMI as

well, and all monitored stations recorded its values below�2, the stations Piešťany,

Žihárec and Somotor even below �3. It has been the lowest recorded value of the

CMI (�3.2) at the station Piešťany since 1961 as well as in Žihárec (CMI equal

to �3.36). Comparable drought occurred in the central part of the DL only in 2012

with the minimum value equal to �3.35.

August brought a change for the DL, where the precipitation in the second half of

the month finished drought period at all monitored stations. The SPEI showed

normal to moderate wet conditions here. On the other hand, the water balance in

the ESL was still worsening, and the stations recorded very dry to extremely dry

conditions. The CMI reached its minimum values of the season. The station Vysoká

nad Uhom recorded the value �4.40 (Fig. 3), which has been the lowest one since

1981. Similarly, the most southern station, Somotor, has not observed lower value

than �4.19 before. In summary, the half of monitored stations have reached the

lowest CMI since the beginning of their observation.

The last month of the monitoring season meant new drought period in the

DL. The much worse situation was in the eastern part of Slovakia, where the

SPEI decreased on �3.6 in Vysoká nad Uhom and other stations were approaching

extreme low values as well. This long-lasting drought period was not interrupted till

the end of monitoring season at the most of the ESL. The only exception was the

station Milhostov. It can be concluded that the whole monitoring season was from

very dry to extremely dry in the ESL as only a short interruption occurred in June.

Fig. 2 The SPEI in the

monitoring season 2015 in

Žihárec
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2.2.2 Operational Meteorological Drought Monitoring and Relative

Soil Humidity

The SPI and the SPEI began within the range of extremely wet values at the

beginning of the second season (in 2016) due to very high precipitation totals in

February. They were caused by repeating circulation situation, which enabled the

flow of warm and wet oceanic air masses from the south and southwest. Both

indices started to increase in the middle of the month, when they crossed +1.5, and

they were evidently above +2 at the end of the month. The most extreme situation

occurred in the south of Western and Central Slovakia. The eastern part of the

country observed wet conditions approximately 1 month earlier than the rest of the

country. The exception was the Spiš region, where conditions were closer to those

in the Central Slovakia. The CMI showed very similar results as the SPI. The

described situation resulted in much better water balance at the beginning of the

monitoring season than in the previous year.

March was poor in the precipitation, which resulted in quite a steep decrease of

the SPI and SPEI. The deficit was so high that we observed worse water balance in

March and in the first half of April than in the previous year at the same time in the

Western and Central Slovakia. It means that the situation changed from very/

extreme wet to very dry within 1 month. As the water balance in the eastern part

of the country was much worse in 2015 than in other regions, this decrease meant

“only” reaching the state from the previous year.

The drought development according to the SPI and the SPEI was in quite well

agreement with the relative soil humidity, especially in the top 40 cm of the soil

(Figs. 4 and 5), especially in the southern, lower located regions and in the northeast

with the hilly land. The relative soil humidity was monitored within the project

Intersucho [9].

Precipitation in April and May improved the water balance in almost all regions,

except eastern Slovakia. The southeast experienced the same drought development

as in the year 2015, and the situation was even worse in the Spiš region in

comparison with season 2015, or a long-term mean. No change in regional

Fig. 3 The SPEI in the

monitoring season 2015 in

Vysoká nad Uhom
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differentiation occurred in June, which was moderately wet in the Western

Slovakia, but very dry to extremely dry in the northeast. Very good agreement

was achieved between the SPEI and the relative soil humidity again. The opera-

tional SPEI caught developing drought in the topsoil layer in the northeastern

Slovakia. Drought duration was not as long as in the previous year, and normal to

moderate wet conditions prevailed from mid-July till the end monitoring season.

3 Case Study 2: Meteorological and Hydrological Drought

in the Kysuca River Basin

The operational form of the SPI and SPEI described in the Case Study 1 also

enables its utilization in interdisciplinary drought assessment. The Case Study

2 presents the assessment of meteorological drought as the prerequisite of a

hydrological drought. The Kysuca river basin was chosen as the model area. This

river basin is a quick responding river basin considering the precipitation-runoff

relationship due to the flysch in the underground. Groundwater bodies are shallow,

and groundwater storage is low in this type of sedimentary rock. Therefore, the flow

in rivers varies according to precipitation conditions with short time shift.

3.1 Methods

3.1.1 Study Area

The Kysuca river basin is located in the northwestern part of Slovakia (Fig. 6). The

surface has an upland character with a flysch as bedrock. Average air temperature in

valley locations varies from 6 to 7.5�C, while surrounding mountains reach from

Fig. 4 The SPEI at the beginning of the monitoring season 2016 in Žihárec (1st panel), Milhostov

(2nd panel), Bardejov (3rd panel) and Boľkovce (4th panel)
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4.5 to 6�C in average. Average summer temperature reaches the values from

interval 13.5 to 16.5�C. On the other hand, average winter temperature drops

down to �4�C in average. Average precipitation total varies in the valleys from

950 to 1,000 mm, but the mountainous parts record from 1,000 mm up to 1,200 mm

in average. The maximum precipitation falls in July; the minimum occurs in

February. Average snow cover lasts in the lower parts of the basin from 80 to

90 days in average, in higher altitudes from 90 to 100 days. The snow cover occurs

from 12 to 15 days in March in the most part of the river basin, but it can last up to

18 days in the highest altitudes [17].

Fig. 5 Relative soil humidity in the top 40 cm of soil in Slovakia in the period 27 March to

15 May 2016 [9]
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3.1.2 Meteorological Drought

As hydrological drought was assessed on a daily level, it was necessary to choose a

daily indicator of meteorological drought. For this purpose, the operational form of

the SPI and the SPEI was used. The detailed methodology was explained in the

Case Study 1.

The daily station-based precipitation data were used to obtain spatial precipita-

tion totals for each subbasin (the parts of the river basin belonging to each

hydrological station) using the weighted average method. The list of rain gauge

stations is in Table 1.

3.1.3 Hydrological Drought

The threshold level method is one of the most frequently used methods for the

assessment of hydrological drought. Correctly chosen threshold enables to identify

the beginning and the end of drought episodes as well as to compare their param-

eters such as deficit volume, intensity or duration. The threshold value usually

varies between 70th and 95th percentile of flow duration curve (FDC), and most of

the authors prefer 80th or 90th percentile ([4, 18, 19] a.o.). In this study, the

threshold value was defined as the 90th percentile of the FDC. The discrete monthly

threshold values were smoothed by applying a centred moving average of 30 days.

The same methodology was used by Van Loon and Van Lanen [19], who created

the process-based typology of hydrological drought, which was applied in this

study.

Fig. 6 Meteorological and hydrological stations in the Kysuca river basin
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The dependent droughts were pooled applying the inter-event criterion of

10 days. The least duration of 10 days (a conservative value within usually used

values) was used to eliminate the minor droughts in the evaluation.

3.1.4 Typology of Hydrological Drought

This typology was defined by Van Loon and Van Lanen [19]. It was based on a deep

study of hydrometeorological variables in selected river basins, whereby each of

them had different climatic conditions, geology and land cover. The following

types were described:

• Classical rainfall deficit drought (CL)

• Rain-to-snow-season drought (RTSS)

• Wet-to-dry-season drought (WTDS)

• Cold snow season drought (CSS) with three subtypes (A, B and C)

• Warm snow season drought (WSS) with two subtypes (A and B)

• Composite drought (COM)

3.2 Linkage Between Meteorological and Hydrological
Drought Occurrence

According to the SPI, the drought periods in the Kysuca river basins noted decreas-

ing occurrence during the period 1981–2010. The same tendency was recorded in

the length of the periods. The magnitude was without clear tendency, but some

subbasins recorded slightly increase in the drought intensity in the last decade. It

was not possible to exactly determine the months, which could be categorized as

dry. However, it was possible to compare the drought occurrence in the warm (April

to September) and cold half-year (October to March). In the 1980s, the number of

drought periods in both half-years was equal, but the disproportionality was

recorded in the next decades. The periods in warm half-year evidently prevailed

(Table 2). It is in good agreement with the precipitation trend analysis. No

Table 1 Rain gauge stations in the Kysuca river basin

ID Station Altitude Latitude Longitude

25060 Makov 574 49.373 18.486

25100 Turzovka 485 49.396 18.625

25120 Čadca 432 49.427 18.806

25140 Skalité 538 49.496 18.895

25180 Stará Bystrica 478 49.346 18.938

25200 Krásno nad Kysucou 384 49.384 18.832

25260 Nesluša 425 49.314 18.745
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significant trend was proved for the monthly precipitation totals. Nevertheless,

some months experienced the changes. For example, the increase of precipitation

was recorded in February, March, July and November. Average precipitation total

increased about 5–11 mm/decade in February and about 6–16 mm/decade in March.

The highest increase was located near the stations Stará Bystrica and Makov. The

opposite tendency was noted in December.

There were only slight differences noticed in drought characteristics using the

operational SPEI. The number of periods slightly increased on the contrary to the

SPI. Climate conditions partially cause small differences between indices. The river

basin lies in the northern, mountainous region in Slovakia, where the role of

precipitation is higher than the role of potential evapotranspiration due to a lower

temperature. The opposite situation could be found in the southern Slovakia, where

the evapotranspiration has a key role in drought occurrence. Therefore, the impor-

tance of the increasing temperature does not lie in the changes of evapotranspira-

tion, but it lies in the change of precipitation form as it will be explained later.

The operational SPI helped us to classify hydrological drought periods according

to Van Loon and Van Lanen [19] and to identify the most frequently occurring or

the most intensive drought type.

The highest intensity occurred by the type WSS-B and WSS-A (Table 3). Both

types recorded increasing occurrence. The WSS-B was characterized by longer

average duration (ca. 30 days), but the WSS-A accumulated high deficit volumes

about 9 days shorter in average. Increasing temperature in the winter season (or in

its part), which was proved by trend analysis, results in the occurrence of the most

intensive hydrological drought periods. Both types can be strengthened by precip-

itation deficit in spring. Regarding only the deficit volume, the RSST type was the

second in drought type ranking after the WSS-B. On the other hand, the RSST

occurrence decreases due to the higher temperature at the beginning of snow

season, which has been more frequently the case recently. Moreover, its duration

is short due to quite regularly occurring temperature singularity called “Christmas

warming”, which causes partial snow melting subsidizing river flows. It is the same

terminating factor for the CSS-A type.

Table 2 Number of drought period in warm and cold half-year in the subbasins of the Kysuca

river basin

Period

Kysucké

N. M.

Zborov

n. B.

Čadca –

Čierňanka

Čadca –

Kysuca Turzovka

First decade WH 15 14 12 15 18

CH 16 16 14 15 16

Second

decade

WH 14 15 15 16 16

CH 8 9 7 8 9

Third

decade

WH 20 15 19 20 20

CH 14 13 13 13 14

CH cold half-year, WH warm half-year
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TheWSS-B type occurred only twice, in both cases at the end of the study period

(1981–2010). Winter 2006/2007 was humid, but warm as well. Only several days

with average daily temperature below 0�C were recorded. Under these conditions,

precipitation was often in liquid form, and high discharges were observed during

the whole season. Moreover, an intensive meteorological drought occurred from

mid-April till mid-May (Fig. 7). It resulted in the second highest deficit volume and

the third highest intensity of the hydrological drought period on the Kysuca river in

Čadca. These drought parameters were even higher on the Čierňanka River. The

rareness of this drought period is supported by the fact that the drought also

occurred on the Bystrica River, which is anthropogenic influenced, and no drought

period, except this one, has been observed since 1994.

Winter 2007/2008 had similar scenario considering air temperature. The differ-

ence was in precipitation. February and May were near normal compared to the

long-term conditions, but the rest of months experienced precipitation deficit,

which intensified hydrological drought (WSS-B type). This period was even more

intensive than the previous one, because the deficit volume was high, but the

duration was shorter.

The CL type is the most frequently occurring hydrological drought type. There-

fore, the meteorological drought is the most common factor causing the hydrolog-

ical drought in the Kysuca river basin. Regarding the deficit volume and the

intensity, this type is not significant. It is caused by the fact that its duration is

often longer than other’s types, but the flows are just below the threshold value.

The temperature is the primary factor causing hydrological drought in the

Kysuca river basin in the cold half-year. However, the precipitation as the second-

ary factor cannot be omitted. The influence of the precipitation deficit lies more in

the intensifying of drought caused by too early or too late snow melting in winter. It

is also supported by the fact that the hydrological drought occurring exclusively in

winter is rare and hydrological drought dominates in spring, especially in April

and May.

It is interesting to consider conditions, under which the hydrological drought did

not occur even though the operational SPI indicated intensive meteorological

drought. The impact of meteorological drought on discharges was strongly miti-

gated or fully eliminated in spring by melting snow, if the winter season was cold

Table 3 Drought types and their characteristics on the river Kysuca in Čadca in the period

1981–2010

Type Count d v m 1st decade 2nd decade 3rd decade

WSS-B 2 33 2,705.1 823.9 0 0 2

WSS-A 7 20.3 1,231.2 554.8 2 2 3

RTSS 1 23 1,373.8 597.3 1 0 0

CSS-C 5 23.4 972.8 431.0 1 2 2

CL 21 27.2 725.3 247.1 4 9 8

CSS-B 3 25 758.8 221.0 0 2 1

d average duration, v average deficit volume/1,000, m average intensity/100
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and rich in precipitation and high snow cover was accumulated. Then spring

precipitation deficit was less important than precipitation and temperature condi-

tions in the snow season. For example, such case was noted in the hydrological

year 1982.

Fig. 7 Warm snow season

drought (subtype B) on the

Kysuca river in Čadca in the

hydrological year 2007

(average daily air

temperature, upper panel;

operational SPI, middle

panel; discharges, lower

panel). Red line represented

long-term average daily

temperature and the dashed

line represented threshold

Q90
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Warm winter or earlier snow melting does not have to necessarily lead to

hydrological drought if the operational SPI reaches positive values in April. Then

naturally high discharges are not the result of snow melting, but the result of

precipitation recorded in spring, e.g. such conditions were observed in the hydro-

logical years 1983, 1990, 1994 a.o.

Meteorological drought in late summer or in autumn did not result in hydrolog-

ical drought, if a natural precipitation maximum occurred from late June to

mid-July as usual. This precipitation maximum improves the initiation discharges

in the river and its tributaries before the meteorological drought occurring later

(e.g. hydrological years 1987, 1997 a.o.).

The results of hydrological drought classification are slightly different for the

Bystrica River behind the Nová Bystrica dam. The main reason has been almost no

drought occurrence since 1994. Therefore, the final average parameters of drought

periods were mainly based only on the earlier period. Despite that fact, the most

intensive hydrological droughts were caused by warm snow seasons (both WSS-A

and WSS-B). These periods were the only droughts occurring in the last decade on

the anthropogenic influenced part of the river. Considering the whole study period,

the most often occurring drought type was the CL type, but which was not at all

observed in the last decade. It shows that water management can avoid the hydro-

logical drought, which is primarily caused by precipitation deficit. On the other

hand, the drought periods caused by changing temperature conditions in snow

season point on the importance of temperature observation regarding the forecast-

ing of hydrological drought.

4 Summary and Conclusion

The experience of the last years raised the attention of researchers and the general

public in the topic of drought and its impacts in Slovakia. The need to monitor its

development in near real time led to the launching of the operational meteorological

drought monitoring by the Slovak Hydrometeorological Institute. The indicators

used for the monitoring obtain a daily overview of changing water balance. The first

two monitoring seasons brought sufficient results describing the development of

meteorological drought in Slovakia in detail.

The advantage of modified SPI and SPEI, which are used for the monitoring, lies

in the possibility to compare them to the indicators used in other research disci-

plines such as hydrology or soil science. The promising results were obtained by the

comparison of the operational indices to the relative soil humidity. Therefore, the

meteorological drought monitoring could be a good tool for early warning even on

the sites, where the measurement or modelling of soil humidity is problematic due

to the lack of measured data. Moreover, the recorded correlation between the

SPI/SPEI results and crop yields in the Danubian Lowland supports the applicabil-

ity of both indices for agricultural purposes. Their operational form enables to

monitor drought on a daily basis during different phenological phases.
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The application of the modified SPI helped to identify different hydrological

drought types. On the other hand, the analysis pointed to the fact that precipitation

deficit is not the only cause of the drought occurrence. The air temperature in snow

season is sometimes more important than precipitation deficit in the river basin.

To avoid damages caused by drought, it is necessary to design integrated drought

monitoring as the important part of early warning system. The meteorological

conditions are the starting point of drought spreading within the hydrological

cycle. Therefore, well-designed meteorological drought monitoring, bringing suf-

ficient information in near real time, is an assumption for the effective early

warning system.

5 Recommendations

Recently, drought research has been accelerated, and many studies have been

published. Most of them is focused only on one sector: climatology, hydrology or

agriculture. In the future, the emphasis should be put on interdisciplinary approach

leading to integrated drought monitoring. Such monitoring would bring relevant

information for all interested groups and would be sufficient basis for effective

early warning system. Integrated drought early warning system is another necessary

output of future research for mitigating drought impact in the changing climate.

Current drought monitoring methods have still had several weaknesses. The

influence of snow cover on hydrological drought occurrence is very important,

especially in spring season, when the snow cover is melting and increases dis-

charges. Changing snow conditions due to the climate change result in hydrological

drought occurrence after weak snow season. Therefore, it is important to implement

monitoring of snow cover into hydrological drought monitoring according to

regional dependencies between these two phenomena.

The weakness of meteorological drought monitoring is the absence of method,

which could separate intense precipitation as the result of convection. Such precip-

itation has often only local effect, and most of them form only surface runoff. The

established drought indices such as the SPI, SPEI or CMI do not consider low

efficiency of intensive precipitation for soil moisture improvement or vegetation

condition. Their values increase often above 0 value after such event, but dry

conditions persist in the landscape, e.g. in the form of low soil humidity. For

integrated drought monitoring, it will be important to establish a method, which

could eliminate impact of intensive precipitation on the estimation of drought

indices.
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8. Labudová L, Turňa M, Nejedlı́k P (2015) Drought monitoring in Slovakia. In: Šiška B,
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Abstract The chapter presents the problem of drought and describes its classification
and methods of assessing this risk. The aim of this chapter is to identify statistically
significant trends in streamflow characteristics of low water content in the Eastern
Slovakia, which are used in the evaluation of hydrological drought. In this thesis is
presented a new methodology for evaluating hydrological drought based on statistical
analysis of observedminimalflows at selected 63 gauging stations inEastern Slovakia for
a 32-year period. Mann-Kendall statistical test identifies the frequency of minimal flow
trends: in individual gauging stations, in river basins (Poprad, Hornád, Bodva, Bodrog to
throughout Eastern Slovakia), and also in groups of gauging stations with the same
physicogeographical parameters. Size of the flow trends is identified by directives of the
trend lines. The procedure is also applied in assessing the impact of human activities and
the impact of physicogeographical factors for the emergence of hydrological drought.
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Obtained results from the statistically significant trends in the flows are established
prediction of hydrological drought risk in each month of the hydrological year in Eastern
Slovakia.

Keywords Hydrological drought, Minimal streamflows, Statistical tests, Trend
analysis

1 Introduction

In principle, the concept of drought is a deficiency of water in the atmosphere, soil, and
plants. Depending on where it shows a lack of water by the World Meteorological
Organization (WMO) [1] classifies four basic types of drought, includingmeteorological,
hydrological, agricultural, and socioeconomic droughts [2]. The drought has a devastat-
ing impact on fauna and flora, human society, and all sectors of national economy; for
this, it is recognized as an environmental disaster. Its effects have been observed on all
continents, and over the past decade, the frequency of drought increases [3].

Hydrological drought is a phenomenon which rises with the existence of occur-
rence of no-precipitation period coupled with extreme temperatures. The genesis of
hydrological drought also affects the morphological conditions of origin, climatic
factors, geological and hydrogeological conditions, and anthropogenic activities. This
type of drought is defined by a long-term decrease in levels of surface water bodies
(e.g., rivers, lakes, reservoirs, and others) and drops in groundwater levels [4]. Low
water content is proof of this type of drought [5]. For the mathematical-statistical
evaluation of low water content are used the flow and no-flow characteristics [6].

A distinction is made between streamflow droughts and low flows (minimal flows).
The main feature of a drought is said to be the deficit of water for some specific purpose.
Low flows are typically experienced during a drought, but they feature only one element
of the drought, i.e., the drought magnitude. Low flow studies are described as being
analyses aimed at understanding the physical development of flows at a point along a
river at a short-term (e.g., daily). Hydrological drought analyses in terms of streamflow
deficits are said to be studies over a season or more extended time periods and in a
regional context. A streamflow drought event definition quantitatively defines whether
the flow can be regarded as being in a drought situation or not and gives the duration of a
drought, whereas low flow indices characterize specific features of the low flow range
[7, 8].

The primary objective of the chapter is to identify minimal streamflow trends in
the selected 63 gauging stations in Eastern Slovakia in the time interval 1975–2010.
The Mann-Kendall nonparametric test has been used to detect trends in hydrological
time series. Statistically significant trends have been determined from the trend lines,
and the prediction of hydrological drought risk in each month of the hydrological
year for the whole territory of Eastern Slovakia has been made [8].

Slovakia is a rich country in water resources. Both the surface and the groundwater
resources ensure the present and also the prospective needs of the country. However,
they are distributed unequally over the Slovak territory. The distribution depends on
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natural conditions – mostly on geomorphologic, geological, hydrogeological, and
climatic ones.

2 Study Area

The study area is situated at the eastern part of Slovakia (Fig. 1). It includes twomajor
river basins – Bodrog river basin and Hornád river basin. Bodrog River is 15.2 km
long at Slovak Republic but its basin area is 7,272 km2. The territory of Bodrog basin
is located in two orographic subassemblies, which are the Carpathians and Pannonian
Basin. Themorphological type of the relief is predominantly plane in the southern part
and hilly in the northern part. Bodrog river valley has varied climatic conditions.
Precipitations are highly differentiated. The highest annual totals are mainly at east
border mountains and Vihorlat where rainfall totals are about of 1,000 mm. The
decrease of total precipitation is quite intense direct to the south – annual totals fall to
below 800 mm. Lowland part of the Michalovce – Lastomír and Medzibodrožie –

belongs to among the driest in the eastern region (550 mm rainfall per year). Hornád
river basin area is 4,414 km2. Annual precipitation is 700 mm in Hornád river basin.
The morphological type of terrain in Hornád river valley is dominated by rolling hills,
highlands, and lower highlands. The southern sub-basin is part of a plane and Slovak
Kras and is formed by moderately higher rugged highlands. Well-drained rocks with
high permeability are only in Spiš and Gemer areas and in Slovak Kras near Košice.

In this territory, 63 gauging stations are located. List of gauging stations is shown in
Tables 1, 2, 3, and 4, where the stations affected by human activity are highlighted in gray.

Fig. 1 A spatial distribution of river stations
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The affected hydrometric stations are considered as a stationwhere the hydrological regime
altered theflowby the interference of human activities (bywaterworks, by excessivewater
abstraction, etc.).

3 Material and Methods

The first step in the evaluation was to obtain values of the minimal monthly flow for
selected hydrometric stations. Hydrological data were provided by the Slovak Hydro-
meteorological Institute, Regional Centre Košice. Hydrological data files obtained
were processed and statistically analyzed with the following sequence:

1. Creating a database and determining the fundamental characteristics of statistical
series

2. Modifying existing files with respect to further processing
3. Testing the statistical files

The methodology of the evaluation can be seen from Fig. 2.

Essential datasets were created by collecting and organizing the values of minimal
streamflows to the statistical files. One set of values is for one gauging station. Each
station was assigned by the statistical characteristics, namely, mean, median, skewness,

Table 1 Basic statistical characteristics in river stations in Poprad basin

No River station

Period

Kurtosis Skewness Median

Number of
extreme
valuesFrom To Total

1 Ždiar–Lysá
Poľana

1972 2010 39 1.554026 2.579875 1.235 16

2 Ždiar–
Podspády

1961 2010 50 1.385817 2.07331 0.76 16

3 Červený
Kláštor–
Kúpele

1968 2010 43 1.89943 6.041278 0.41 17

4 Červený
Kláštor

1968 2010 43 0.931166 0.816089 13.8 4

5 Svit 1966 2010 45 1.35799 1.653051 0.579 26

6 Svit 1963 2010 49 1.769929 3.811689 0.237 41

7 Poprad–
Veľká

1963 2010 49 1.507696 4.297559 0.46 19

8 Poprad–
Matejovce

1962 2010 49 1.131653 1.919848 0.279 16

9 Kežmarok 1972 2010 39 2.000563 5.511457 0.36 25

10 Nižné
Ružbachy

1974 2010 37 1.248576 1.67138 5.899 17

11 Hniezdne 1972 2010 39 1.436049 2.549134 0.124 17

12 Chmeľnica 1931 2010 80 1.598901 3.609744 7.11 34
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Table 2 Basic statistical characteristics in river stations in Hornád basin

No Station

Period

Kurtosis Skewness Median

Number of
extreme
valuesFrom To Total

13 Hranovnica 1965 2010 45 2.044337 6.020411 0.3315 27

14 Hrabušice 1967 2010 44 2.88779 15.51134 0.774 19

15 Hrabušice–
Podlesok

1972 2010 39 1.204042 2.990362 0.248 11

16 Spišská
Nová Ves

1972 2010 39 2.068367 7.152126 1.317 14

17 Spišské
Vlachy

1975 2010 36 1.954649 6.447947 0.28 18

18 Margecany 1972 2010 39 2.361353 9.367487 3.5995 26

19 Stratená 1954 2010 57 1.929821 4.994504 0.479 35

20 Švedlár na
Hrabliach

1931 2010 80 1.842699 3.956677 1.5535 66

21 Jaklovce 1931 2010 80 2.080526 5.453678 2.589 72

22 Košická
Belá

1974 2010 37 2.060845 5.618473 0.087 23

23 Kysak 1929 2010 82 2.344298 7.271084 7.3 85

24 Nižné
Repaše

1975 2010 36 2.351989 8.744696 0.0935 31

25 Brezovica 1973 2010 38 1.990774 5.837077 0.1475 20

26 Sabinov 1973 2010 38 1.742292 3.969851 1.18 20

27 Prešov 1970 2010 41 1.724631 4.083802 1.65 22

28 Demjata 1973 2010 38 1.238889 1.343055 0.3055 29

29 Prešov 1961 2010 50 2.052677 6.349703 0.6445 32

30 Košické
Olšany

1931 2010 80 1.984643 6.990796 3.02 29

31 Svinica 1973 2010 38 2.124086 5.476892 0.06 40

32 Bohdanovce 1966 2010 45 2.383099 8.955003 0.3265 30

33 Ždaňa 1958 2010 53 2.364586 7.426313 11.915 54

Table 3 Basic statistical characteristics in river stations in Bodva basin

No Station

Period

Kurtosis Skewness Median
Number of
extreme valuesFrom To Total

34 Nižný
Medzev

1941 2010 70 2.162925 6.137853 0.251 64

35 Moldava
nad Bodvou

1965 2010 46 2.146241 5.762377 0.341 41

36 Hýľov 1965 2010 46 3.727486 23.54098 0.1475 28

37 Turňa nad
Bodvou

1966 2010 45 2.328922 7.631559 0.9375 45

38 Hosťovce 1968 2010 43 2.628787 9.080273 0.2025 43
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kurtosis, and extremes. These characteristicswere used in choosing the rightmodification
files and in choosing a statistical test.

The calculated median was used in ranking stations and their hydrological data in
the database and also in modification (1) of these files. Calculation of relative values
was conducted for each gauging station by relation [9]:

yi ¼ xi=~x ð1Þ
where xi the value of the minimum streamflow, ~x median

Table 4 Basic statistical characteristics in river stations in Bodrog basin

No Station

Period

Kurtosis Skewness Median

Number of
extreme
valuesFrom To Total

39 Medzilaborce 1975 2010 36 1.969083 5.43406 0.223 23

40 Jabloň 1975 2010 36 1.590893 3.095441 0.2705 18

41 Kokošovce 1961 2010 50 7.232974 101.9174 1.062 33

42 Udavské 1975 2010 36 1.663648 4.150873 0.52 14

43 Snina 1957 2010 54 1.695406 3.443234 0.797 40

44 Snina 1975 2010 36 1.46199 2.463163 0.126 13

45 Kamenica
nad Cirochou

1961 2010 50 2.923875 12.89779 0.26 43

46 Humenné 1967 2010 44 2.480386 13.64994 3.5825 20

47 Michalovce–
Stráňany

1962 2010 49 1.927579 4.563265 2.4865 40

48 Jovsa 1970 2010 41 2.104789 6.216189 0.086 31

49 Michalovce–
Meďov

1955 2010 56 1.172373 1.319246 5.25 16

50 Ulič 1972 2010 39 2.774549 11.53484 0.307 18

51 Lekárovce 1951 2010 60 1.905658 5.0883 7.543 30

52 Remetské
Hámre

1955 2010 56 2.546627 9.075364 0.294 45

53 Sobrance 1970 2010 41 1.702476 3.742496 0.22 28

54 Ižkovce 1975 2010 36 2.220385 6.096453 20.545 34

55 Veľké
Kapušany

1951 2010 60 2.086689 5.389429 11.59 55

56 Bardejov 1967 2010 44 1.681923 3.603626 1.1205 23

57 Hanušovce
nad Topľou

1931 2010 80 2.116909 7.988851 2.9 38

58 Svidník 1962 2010 49 9.318237 149.7023 0.34 23

59 Svidník 1962 2010 49 2.138821 7.177429 0.405 21

60 Stropkov 1967 2010 44 4.074425 36.50911 1.245 22

61 Jasenovce 1957 2010 54 1.589772 2.876338 0.3 25

62 Horovce 1931 2010 80 3.032593 19.04556 7.79 37

63 Streda nad
Bodrogom

1951 2010 60 2.599394 9.194828 43.285 56
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The median is the middle digit range of variation that is created from the values of
minimal flows from one gauging stations arranged in ascending order for the entire
period:

x 1ð Þ < x 2ð Þ < . . . < x nð Þ ð2Þ
Modification (1) was necessary because each gauging station had a different potential

of water and in this case, it was not possible to establish one comprehensive set of
statistics.

The skewness describes the form of distribution of the random variables and
measures both the direction and the degree of asymmetry of the distribution of the
random variables. Positive values (as measured in our case) cause the mean to be
higher than the median. It follows from this fact that the majority of the values (in all
studied data files) are lower than the mean.

The kurtosis measures the “peakedness” of the distribution of the random variables,
which shows the potential occurrence of extreme (outlet) data. Mostly this coefficient is
compared to the coefficient of kurtosis in the normal distribution, which equals 3. Using
this statistical analysis, it was demonstrated that all entry data files contain more extreme
(outlet) values. The graphs for all of the data files show log-normal distribution of low
flow values with large positive coefficients for both skewness and kurtosis.

The existence of extreme values in the data file may be determined, e.g., using the
box plot method.

Statistical analysis – Mann 

Kendall test of all 63 river 

stations using Visual Basic

Calculation of the magnitude of 

the trends of low flows according 

to formula (6)

Resulting trends of low flows

Ranking of low flow values from 

63 river stations in Eastern 

Slovakia in Microsoft Excel 

Geographical presentation of the 

results using ArcView 10.2

Fig. 2 Flowchart of the
methodology
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For statistical tests were used relative streamflow values yi as random variables Y.
Mann-Kendall test is used as a rule by which it is possible to decide whether the

tested hypothesis H0 is rejected or not rejected [9]. The test is based on the statistical
value S. Comparing any two values yi, yj (i > j), a random variable Y can be
determined if yi > yj and yi < yj. The number of pairs of the first type is denoted
as P and the number of pairs of the second type as M. Then S is defined as [10, 11]

S ¼ P�M ð3Þ
Mann-Kendall following statistics based on standard normal distribution (Z), where

Z ¼ S� 1ð Þ=σs1=2 if S > 0
Z ¼ 0 if S ¼ 0
Z ¼ Sþ 1ð Þ=σs1=2 if S < 0

ð4Þ

where the variance is defined as

σs ¼ n n� 1ð Þ � 2nþ 5ð Þ=18 ð5Þ
and n is a size of sample

Hypothesis H0 no trend is accepted if the following applies: Z< Zα/2 or refused, if
applies, that Z > Zα/2, then is accepted H1-exist a statistically significant trend. The
significance level is chosen as α¼ 0.05, and Zα/2 is a value for normal distribution; in
this case, Zα/2 ¼ 1.645. The sign of Z statistic indicates whether the trend is growing
(Z > 0) or decreasing (Z < 0). Estimate of the magnitude of the trends obtained
cannot be determined with this test, and therefore, the magnitude of the trends in the
streamflow was calculated using relation (6) [12, 13].

For x2 6¼ x1 applies

K ¼ tgφ ¼ Dij ¼ yj � yi
� �

= xj � xi
� �

for i > j ð6Þ

where yi is the relative value of the minimum monthly streamflow in year xi.
All mathematical relations from (1) to (6) were programmed in Visual Basic in

Microsoft Excel 2003. Using ArcView GIS 10.2 was created a graphical represen-
tation of analysis results.

4 Results

4.1 Descriptive Statistical Analysis

The first step in the evaluation was to obtain values of the minimal monthly flow for
selected river stations. Hydrological data, provided by Slovak Hydrometeorological
Institute, Regional Centre Košice, at monthly intervals during years 1975–2010 were
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used for the creation of essential datasets. Datasets were created by chronologically
ranking the values of low flows to the statistical files. One set of values is for one
river station in the mentioned 36-year period.

Essential statistical characteristics of the data files are presented in Tables 1, 2, 3,
and 4. Stations affected by human activity are highlighted in dark color.

After the statistical analysis, each river station is assigned trends of low flow in
each month.

4.2 Trends of Low Flows in River Stations

In analyzing the results, it is considered that there is a decreasing trend when normalized
test statistics Z is negative and the obtained probability is higher than the adopted level of
significance. Conversely, when the normalized test statistics Z is positive, and the
obtained probability is higher than the adopted level of significance, it is considered
that there is an increasing trend. If the obtained probability is less than the adopted level of
significance, it is accepted that there is no trend.

Tables 5, 6, 7, and 8 present statistically significant trends in the months with the
favorable development of water levels shown in double plus sign, prevailing water
levels drop are shown in double minus sign.

The results of analysis of a possible trend shown in Tables 5, 6, 7, and 8 indicate that it
is not possible to determine, with reasonable certainty, the existence of a trend in time
series of low flows at evaluated river stations. There has been detecting a trend in 16 river
stations which is 25% of all river stations. In ten river stations has appeared a decreasing
trend (marked in tables by doubled minus��) of low flowsmainly in the smallest river
basin –Bodva. In six cases from the all river stations have been found an increasing trend
of low streamflows. It is interesting that, at 7 river stations (50%) from a total of 14 river
stations located in parts of watercourses where there is an influence of man and its
activities, a significant trend was noted. It is where hydraulics structures are situated. At
four river stations (Švedlár na Hrabliach, Jaklovce, Brezovica, and Hosťovce) from
mentioned seven stations influenced by human activities, this significant trend is decreas-
ing. River stations Švedlár naHrabliach and Jaklovce are located upstreamof the sizeable
Ružín dam. At the remaining seven stations, there is no trend, based on the results of
the test.

4.3 Trends of Low Flows in River Basins

The next analysis was devoted to investigations of trends in river basins. River
stations were grouped to sub-basins and ranked according to the increasing median.
They create one statistical file within one sub-basin, which was created from values of
low flows arranged according to (1). This statistical file was tested by Mann-Kendall
nonparametric test, for the period 1975–2010. The magnitude of the statistically
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significant trend was calculated from Eq. (4) for each month of the hydrological year.
Statistical analysis in river basin was done for all river stations and separately for river
stations not influenced by human activity to compare the results and characterize the

Table 5 Statistically significant trends in river stations in river basin Poprad

No

Hydrological year

XI XII I II II IV V VI VII VIII IX X

1 + � + + ++ + + � � � � � � � �
2 � � � � + + + � � � � � � �
3 ++ + + + + + + ++ ++ + + +

4 + + + ++ + � � � � � � +

5 � � � + + + + � � � � � �
6 + + + ++ + � � � � � � � � �
7 ++ + + + + + + + + + + +

8 + + + + + ++ + + + + + +

9 ++ ++ ++ ++ + + ++ + + ++ + ++

10 + � � � � � + � � � � �
11 ++ + ++ ++ ++ + + ++ ++ + + +

12 + � � + � � � � � � � �

Table 6 Statistically significant trends in river stations in river basin Hornád

No

Hydrological year

XI XII I II II IV V VI VII VIII IX X

13 ++ ++ + + + + + + + ++ ++ ++

14 + + + + � � � � � + + ++ +

15 ++ + + + + + � � + ++ ++ ++

16 + + + + + � � � � � + + +

17 ++ ++ ++ ++ + + + ++ ++ ++ ++ ++

18 + � � � � � � � � � + + +

19 + + + ++ + � � � � + + + +

20 + + + + + + � � � + + ++

21 � � � � � � � � � � � � � � � �
22 ++ + + + + + + + + + + ++

23 � � � � � � � � � + � �
24 ++ ++ ++ ++ + + + ++ ++ ++ + ++

25 + + � � � + + � � � + + +

26 + + + + + + � � + + + +

27 � � � � � � � � � � � � � � �
28 ++ + + � � � � � � � + � +

29 + + � � � � � � � + + +

30 � � � � � � � � � � � � � � � �
31 + + + + + + � � � � � � +

32 + + + + � � � � � � � +

33 � � � � � � � � � � � � �
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influence of human activities to the hydrological regime. The results are presented in
Tables 12, 13, 14, and 15.

Influenced river station Červený Kláštor in Dunajec was not included in the second
assessment (column: Non-influenced river stations). Influence of human activity was
proved inMarch when the significant trend has occurred in non-influenced river stations.

Table 7 Statistically significant trends in river stations in river basin Bodva

No

Hydrological year

XI XII I II II IV V VI VII VIII IX X

34 � + + � � � � � � � � � �
35 � + + � � � � � � � � � � �
36 + ++ + + + � � � � � + ++

37 � � � � � � � � � � � � � �
38 � � � � � � � � � � � � � � � � �

Table 8 Statistically significant trends in river stations in river basin Bodrog

No

Hydrological year

XI XII I II II IV V VI VII VIII IX X

39 + � + + + � � � � � � � +

40 + + + ++ + + + + + � � +

41 � � � � � � � � � � � � � � �
42 + � + + + + � � � � � +

43 + + + � � + � + � ++ + +

44 + + + � + + + + � � � �
45 ++ ++ ++ ++ ++ + ++ ++ ++ ++ ++ ++

46 + + + � � + � + � � + +

47 � � � � + � � � � � � � � � � � � �
48 + + ++ + + + + � + + + ++

49 � � � + + � � � � + � � � �
50 + + + ++ + ++ + � � � � +

51 � � � � � � � � � � � � � � �
52 + � + + + � � � � � � �
53 + + + + + + + + + + + +

54 � + � + + + � � � � � � � � � �
55 � � � � � � � � � � � � � � � � �
56 + + ++ ++ + + � � + + + +

57 � � � � � � � � � � � � � � � � � � �
58 + � + + + ++ + + � + + +

59 + � + + + + + � � � � �
60 � � � � � � � � � � � � � � � � �
61 + + + ++ + + + � � + + +

62 + + + + + + � + + + + +

63 � � � � � � � � � � � � � �
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Itmeans that significant decreasing trends of low riverflows are not occurring inMarch as
a result of human activity in river basin Poprad. Based on Table 9, we can say that
significant decreasing trends in low river flows are occurring in winter months –

December and January. Vice versa significant increasing trend is occurring in May
which is in coincidence with precipitation trend analysis.

Trends in river basin Hornád are depicted in Table 10.
River stations influenced by human activity in river basin Hornád are Švedlár and

Jaklovce in Hnilec River; Margecany, Kysak, and Ždaňa in Hornád River; and
Brezovica in Slavkovský potok. These river stations were not considered in trend
detection within non-influenced river stations. The difference has occurred in August;
the significant increasing trend of low flows is not occurring in non-influenced river
stations. Based on Table 10, it is clear that significant decreasing trend is occurring in
winter and spring seasons – from December to June.

Evaluation of trends of low flows during 1975–2010 in river basin Bodva is
depicted in Table 11.

In Bodva river basinwas proved the difference in trends of lowflows between all river
stations and by human activity non-influenced river stations (without river station
Hosťovce in Turňa) in months January and May. There is a statistically significant
decreasing trend of low flows during the whole year. In Table 11, a negative influence
of hydrological regime of human activity is evident.

There is introduced the occurrence of trends of low flows in river basin Bodrog in
Table 12.

The trend analysis in Bodrog river basin includes 25 river stations: 20 river
station not influenced by human activity and 5 river stations influenced by human
activity (Snina in Cirocha River, Michalovce and Ižkovce in Laborec River, Streda
nad Bodrogom in Bodrog River, Horovce in Ondava River). The significant
decreasing trend of low flows was proved in December, February, June, and July; in

Table 9 Statistically significant trends in river basin Poprad

Months

All river stations Non-influenced river stations

Trend Magnitude Trend Magnitude

IX – November H0 – not exist �0.0016 H0 – not exist �0.00157

X – December H1 – exist �0.0078 H1 – exist �0.00835
I – January H1 – exist �0.00635 H1 – exist �0.00735
II – February H0 – not exist 0.002481 H0 – not exist 0.00121

III – March H0 – not exist �0.00756 H1 – exist -0.00904
IV – April H0 – not exist 0.001853 H0 – not exist 0.002392

V – May H1 – exist 0.013847 H1 – exist 0.014733
VI – June H0 – not exist �0.00397 H0 – not exist �0.0047

VII – July H0 – not exist 0.000805 H0 – not exist 0.000411

VIII – August H0 – not exist 0.002425 H0 – not exist 0.002629

IX – September H0 – not exist 0.002781 H0 – not exist 0.002534

X – October H0 – not exist �0.00291 H0 – not exist �0.00298

Bold values: Significance level is 95%
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other months, any statistically significant trend was not proved (Table 12). In this
river basin is the course of flows the most stable.

4.4 Trends of Low Flows in Eastern Slovakia

The statistical file was created from the values of low streamflow in the gauging
stations, monitored for a 36-year period and modified by relation (1). In this file were

Table 10 Statistically significant trends in river basin Hornád

Months

All river stations Non-influenced river stations

Trend Magnitude Trend Magnitude

IX – November H0 – not exist �0.0116 H0 – not exist �0.01188

X – December H1 – exist �0.01897 H1 – exist �0.02119
I – January H1 – exist �0.01417 H1 – exist �0.01461
II – February H1 – exist �0.01463 H1 – exist �0.01525
III – March H1 – exist �0.03008 H1 – exist �0.03076
IV – April H1 – exist �0.01532 H1 – exist �0.01755
V – May H1 – exist �0.01917 H1 – exist �0.02044
VI – June H1 – Exist �0.01413 H1 – exist �0.0163
VII – July H0 – not exist �0.00455 H0 – not exist �0.00252

VIII – August H1 – exist 0.011176 H0 – not exist 0.011107

IX – September H0 – not exist 0.003095 H0 – not exist 0.002666

X – October H0 – not exist 0.000724 H0 – not exist 0.000567

Bold values: Significance level is 95%

Table 11 Statistically significant trends in river basin Bodva

Months

All river stations Non-influenced river stations

Trend Magnitude Trend Magnitude

IX – November H1 – exist �0.03706 H1 – exist �0.03498
X – December H1 – exist �0.03715 H1 – exist �0.03303
I – January H1 – exist �0.02164 H0 – not exist �0.01926
II – February H1 – exist �0.04673 H1 – exist �0.04173
III – March H1 – exist �0.0535 H1 – exist �0.05171
IV – April H1 – exist �0.05966 H1 – Exist �0.05091
V – May H1 – Exist �0.04591 H0 – not exist �0.03768

VI – June H1 – exist �0.01386 H1 – exist �0.01085
VII – July H1 – exist �0.03503 H1 – exist �0.03329
VIII – August H1 – exist �0.01144 H1 – exist �0.01219
IX – September H1 – exist �0.01213 H1 – exist �0.01335
X – October H1 – exist �0.01495 H1 – exist �0.01346

Bold values: Significance level is 95%
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included the 63 gauging stations (red color in Fig. 3). The second sets of statistics
were created like the previous one but only from stations not affected by human
activities (blue color in Fig. 3). Results of statistical analysis are recorded in the chart
(Fig. 3) and in Table 13.

In both sets of statistic were detected significant statistical trends byMann-Kendall
test in these months: from December to July and October. All trends are decreasing.
Low streamflow trends are slightly different in sizes. It was not proven the statistically
significant impact of human activities for the hydrological regime of rivers.

UsingArcViewGIS 10.2was created the thematicmap (Fig. 4) from the geographical
map of Eastern Slovakia (Fig. 1) and were calculated relative magnitudes of the low
streamflow trends in individual river stations. For each gauging station was assigned the
streamflow histogram (Fig. 4).

In general, there was a statistically confirmed long-term decreasing trend of low
streamflows in most of the monitored river stations in Eastern Slovakia.

4.5 Trends Dependent to Geographical Parameters

The next analysis was devoted to the evaluation of the interaction between the altitude
of the river station and low flows in the river station. The results are documented in
Table 14.

Statistically significant decreasing trends of low flows in river station with altitude
up to 800 m asl. were proved in almost all the months of the hydrological year:
November, April, August, and September. For river stations with altitude above
800 m were proved statistically significant trends from December till April and in
June (Table 14).

Table 12 Statistically significant trends in river basin Bodrog

Months

All river stations Non influenced river stations

Trend Magnitude Trend Magnitude

IX – November H0 – not exist �0.01314 H0 – not exist �0.01393

X – December H1 – exist �0.02115 H1 – exist �0.02388
I – January H0 – not exist �0.00869 H0 – not exist �0.0086

II – February H0 – not exist �0.00552 H1 – exist �0.00742
III – March H0 – not exist �0.0002 H0 – not exist �0.0028

IV – April H0 – not exist 0.009796 H0 – not exist 0.00701

V – May H0 – Not exist �0.00351 H0 – not exist �0.00555

VI – June H1 – exist �0.01136 H1 – exist �0.01382
VII – July H1 – exist �0.00685 H1 – exist �0.00831
VIII – August H0 – not exist �0.00027 H0 – not exist �0.002

IX – September H0 – not exist �0.00234 H0 – Not exist �0.00352

X – October H0 – not exist �0.00356 H0 – Not exist �0.00313

Bold values: Significance level is 95%
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In the next analysis was investigated the interaction between low flows and the
slope of the river basin. The results are documented in Table 15.

In the first group, formed from partial river basins with a slope lower than 15�, the
low flow rate is expected to occur mainly in December, January, February, March,
and in the summer months: May and June. For partial basins with a basin slope
above 15�, the occurrence of the low water regime is predestined throughout the year
except November, May, and August.

Physicogeographical factors in the river basin can suppress the influence of climatic
factors, and therefore we also evaluated the natural hydrological flow regime depending
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Fig. 3 Statistically significant trends throughout the territory of Eastern Slovakia

Table 13 Results of statistically significant trends

Months

All river stations Non-influenced river stations

Trend Magnitude Trend Magnitude

IX – November H0 – no exist �0.01214 H0 – no exist �0.01203

X – December H1 – exist �0.01897 H1 – exist �0.02012
I – January H1 – exist �0.01112 H1 – exist �0.01109
II – February H1 – Exist �0.01014 H1 – exist �0.01063
III – March H1 – exist �0.01610 H1 – exist �0.01714
IV – April H1 – exist �0.00578 H1 – exist �0.00654
V – May H1 – exist �0.00876 H1 – exist �0.00821
VI – June H1 – exist �0.01106 H1 – exist -0.01230
VII – July H1 – exist �0.00668 H1 – exist �0.00633
VIII – August H0 – no exist 0.00340 H0 – no exist 0.00257

IX – September H0 – no exist �0.00018 H0 – no exist �0.00086

X – October H1 – exist �0.00280 H1 – exist �0.00268

Bold values: Significance level is 95%

Hydrological Drought Occurrence in Slovakia 83



Le
ge

nd

N

N
ov

em
be

r
D

ec
em

be
r

Ja
nu

ar
y

F
eb

ru
ar

y
M

ar
ch

A
pr

il
M

ay
Ju

ne
Ju

ly
A

ug
us

t
S

ep
te

m
be

r
O

ct
ob

er
R

iv
er

s

0
15

30
60

90
12

0 K
ilo

m
et

er
s

R
eg

io
ns

F
la

t s
ea

ts

F
ig
.4

H
is
to
gr
am

s
fr
om

tr
en
ds

of
lo
w
st
re
am

fl
ow

84 M. Zeleňáková et al.



on physicogeographical parameters by the regression analysis. We have determined the
type of the regression function inductively, based on the empirical dependence of the
evaluated values in the graph.We have evaluated the relative total amount of water in the
river basin for the period 1975–2010 and the altitude/slope of the river basin. The
grouping of points into a line or curve indicates that the relationship between the studied
variables exists. The relationship is expressed by a coefficient of linear regression R. If
R is less than�0.4 is an important relationship, R up to�0.7 means prognostic relation,
and R up to�1 expresses a high degree of dependence, a functional relationship [5]. The
evaluation of this analysis is shown in Figs. 5 and 6.

The linear regression dependence (Fig. 5) identifies that the increasing altitude
increases the occurrence of low streamflows.

Table 14 Results of the influence of the altitude to low flows

Months

Altitude up to 800 m asl. Altitude up above 800 m asl.

Trend Magnitude Trend Magnitude

IX – November H0 – no exist �0.01533 H0 – no exist �0.00597

X – December H1 – exist �0.02566 H1 – exist �0.01062

I – January H1 – exist �0.01353 H1 – exist �0.00805

II – February H1 – exist �0.01459 H1 – exist �0.00306

III – March H1 – exist �0.01673 H1 – exist �0.01767

IV – April H0 – no exist �0.00865 H1 – exist �0.00604

V – May H1 – exist �0.01287 H0 – no exist 0.002033

VI – June H1 – exist �0.01153 H1 – exist �0.0126

VII – July H1 – exist �0.0082 H0 – no exist �0.00209

VIII – August H0 – no exist 0.00078 H0 – no exist 0.00646

IX – September H0 – no exist �0.00287 H0 – no exist 0.002704

X – October H1 – exist �0.00384 H0 – no exist �0.00164

Bold values: Significance level is 95%

Table 15 Results of the influence of the slope of the river basin to low flows

Months

Basin slope up to 15� Basin slope above 15�

Trend Magnitude Trend Magnitude

IX – November H0 – no exist �0.01239 H0 – no exist �0.01193

X – December H1 – exist �0.02265 H1 – exist �0.01549

I – January H1 – exist �0.01272 H1 – exist �0.00903

II – February H1 – exist �0.0108 H1 – exist �0.01089

III – March H1 – exist �0.01463 H1 – exist �0.02371

IV – April H0 – no exist �0.00381 H1 – exist �0.01885

V – May H1 – exist �0.00781 H0 – no exist �0.00852

VI – June H1 – exist �0.00972 H1 – exist �0.01786

VII – July H0 – no exist �0.00315 H1 – exist �0.01466

VIII – August H0 – no exist 0.005789 H0 – no exist �0.0061

IX – September H0 – no exist 0.000586 H1 – exist �0.00557

X – October H0 – no exist �0.00157 H1 – exist �0.0074

Bold values: Significance level is 95%

Hydrological Drought Occurrence in Slovakia 85



Between the average slope of the basin and the relative amount of the streamflow,
only a slight linear regression dependence is shown. With the increasing slope of the
basin, the water quantity in the river stations increases only in a minimum.

It is important to note that in both cases (the dependency of the altitude and the
slope of the river basin on the low flow), the regression analysis leads to a slight or
almost no impact of the physicogeographical conditions of the basin on the low flow.
The results were affected by taking into account (for simplicity) the total flow rate for
the selected 36-year period. Unconstrained dependence can be obtained if only a
proportionate amount of water per month of the evaluated period is taken as a variable
and the regression analysis is performed for each month.
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Fig. 5 Dependency of the altitude of the river basin and rate low streamflows
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4.6 Spatial Analysis

The basis for the spatial analysis of hydrological drought analysis was the magnitude
of the statistically significant flow trends obtained from the statistical analysis of the
occurrence of trends in river stations. The spatial distribution map of the statistically
significant trends for months during the year is shown in Fig. 7.

The spatial analysiswas done for the period 1975–2010 and for eachmonth separately
by mapping the trend magnitude in the map of Eastern Slovakia. The maps were created
using the kriging method in the ArcView GIS 10.2.

The results of the hydrological drought risk analysis confirm the more frequent
occurrence of the low water season, especially in the locality of the Eastern Slovakia
Lowlands.

A similar analysis can also be done for these parameters: temperatures, precipita-
tion, and groundwater levels that significantly affect droughts. By covering all these
maps, a comprehensive risk assessment of this phenomenon would arise.

5 Conclusion and Recommendations

Hydrological drought analyses in terms of streamflow deficits are said to be studies
over a season or more extended time periods and in a regional context. A streamflow
drought event definition quantitatively defines whether the flow can be regarded as
being in a drought situation or not and gives the duration of a drought, whereas low
flow indices characterize specific features of the low flow range.

The task of this chapter was to identify statistically significant trends in streamflow
characteristics of low water content in Eastern Slovakia, which are used in the evaluation
of hydrological drought. These datawere obtained from the SlovakHydrometeorological
Institute, branch office Košice, at monthly intervals during the years 1975–2010. The
methodology is based on statistical analysis of observed low streamflows at river stations.
Mann-Kendall statistical test identifies the frequency of low streamflow trends. The
hydrological drought is defined by a long-term decrease in levels of surface water bodies
(e.g., rivers, lakes, reservoirs, and others) and drops in groundwater levels. Low water
content is proof of this type of drought. Hydrological drought analyses in terms of
streamflow deficits are said to be studies over a season or more extended time periods
and in a regional context.

The main objective is to identify low streamflow trends in the selected 63-five river
stations in Eastern Slovakia in the time interval from 1075 to 2010. The Mann-Kendall
nonparametric test has been used to detect trends in hydrological time series. Some of
streamflow records in rivers in Eastern Slovakia are affected by human activities, and
another is without influence. Statistical tests can detect the existence of trends in
hydrological time series. The purpose of the tests is to detect a statistically significant
trend of decrease or increase of the low flow values. The nonparametric Mann-Kendall
test has wide application in the testing of hydrometeorological characteristics. On the
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basis of the applied methodology, the existence of a trend in most of the evaluated river
stations was not recorded. Only a small number of cases depict the decreasing trend in the
time series of low flows. It was proven the slightly statistically significant impact of
human activities for the hydrological regime of rivers.
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Fig. 7 Spatial distribution of the size of statistically significant trends in flows (blue color, wetter
conditions; red color, drier conditions)
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The results confirm the rising incidence trends of decreasing of low flows in the streams
in Eastern Slovakia in river catchments Poprad, Hornád, Bodva, andBodrog. Hydrological
drought can be expected in almost summer months during the year –May, June, July, and
August. In the complex vulnerability assessment of territory owing to drought, it is essential
to take into account also the parameters as temperature, precipitation, and groundwater
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Fig. 7 (continued)
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levels. Using ArcViewGISwas created a graphical representation of hydrological drought
risk regionalization in each month of the hydrological year.

Statistical tests can only indicate the significance of the observed test statistics and do
not provide unequivocal findings. It is therefore essential to clearly understand the
interpretation of the results and to corroborate findings with physical evidence of the
causes, such as land use changes or river stations influenced by human activities. Changes
in streamflow drought severity and frequency might occur as a result of changes in
climate (mainly precipitation and temperature) and artificial influences in the catchment
such as groundwater abstraction, irrigation, and urbanization [14]. Even so, low flow data
are especially prone to artificial influences in a catchment, and the results presented in this
papermay have been affected by this. The causes of a change in riverflow behavior often
do not have a simple explanation, and a further study would require a detailed analysis at
the catchment scale, which is beyond the scope of this chapter. However, the spatial
consistency in the results does indicate some systematic factors that can be evaluated at a
qualitative, regional level.
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Abstract Groundwater regime and drought occurrence studies are very important
for Slovakia, where groundwater is preferentially used for drinking water supply.
It was shown by several studies that the groundwater drought occurs in Slovakia
more often since the 1980s, causing problems in various sectors of the Slovak
economy. Groundwater drought can be described either through groundwater
heads, baseflow, groundwater storage or by the spring yield change. As the main
reasons for groundwater drought occurrence, the natural factors and human activities
can be mentioned. The amount of groundwater stored in the rock environment
primarily depends on the water availability in the area and on the storage capacity
of the rock environment itself. The lack of precipitation, high air temperature and the
unfavourable storage properties of the rock environment belong to the main natural
factors conditioning the groundwater drought occurrence. The groundwater over-
abstraction also could increase the sensitivity of the local hydrological system to
drought development. The groundwater drought studies for the Slovak territory were
first published in the 1990s as a result of drought which hit the territory in the
1982–1984 period. After that, several important scientific works were performed to
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analyse the factors of drought development, occurrence and impacts on nature
and social sphere. Baseflow drought, groundwater head drought and spring yield
decrease were studied as presented in the chapter.

Keywords Baseflow, Drought, Groundwater, Groundwater head, Over-abstraction,
Spring yield

1 Introduction

Drought belongs to major natural hazards together with floods, tornadoes, hurri-
canes, blizzards, volcanic eruptions and earthquakes. However, the perception
of drought as a hazard was less intense in the past. The reason for the smaller public
awareness of drought was [1] that droughts develop slowly and imperceptibly
and may thus remain unnoticed for a long time. The series of drought events
occurring since the 1980s of the last century attracted more attention to drought
phenomenon in the scientific community, state authorities and also public. Meteo-
rological, soil moisture and hydrological droughts were widely described in many
studies. The fundamental works were published already in 1967 [2], later in 1987 [3]
and in 2004 [1], among many others. The authors showed that there could not be
one unique definition of drought because of manifold effects of drought in various
parts of the climate system of the Earth, either in the system of its natural spheres
(atmosphere, biosphere, lithosphere and pedosphere) or in the noosphere, ruled
by the society. One of the first lists of definitions was published in 1985 [4] when
the interest in drought issue started to rise, and one of the latest drought definition
list was published in 2010 [5].

The meteorological drought is accepted as the initial input for the soil moisture
and hydrological droughts development. The lack of precipitation or its presence in
solid form (snow), in combination with other climatic factors, different in various
parts of the year (the cold and the warm seasons) conditions the meteorological
drought development. The lack of water starts in the atmosphere and propagates
further through the soil up to the surface and subsurface part of the hydrosphere.
Its influence reaches in the end the societal life and manifests itself in the socio-
economic sphere.

Hydrological drought in the majority of studies includes drought in the two parts
of the hydrosphere – the surface and the subsurface ones. The surface water drought
concerns the streamflows (river stages or discharges), and lake or water reservoirs
heads. The subsurface water drought includes: the (1) soil moisture and (2) ground-
water droughts. Therefore, the groundwater drought is often considered as a type of
hydrological drought.

Groundwater drought can be described either through groundwater heads, base-
flow, groundwater storage or spring yield changes [1]. However, taking into account
the influence of hydrogeological conditions on groundwater run-off formation,
groundwater level and spring yield fluctuation, as well as the changes in physical
properties and chemical composition of groundwater during the period of drought,
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it is correct to regard this type of drought as hydrogeological drought [6]. The
scheme of drought propagation modified from [7] is in Fig. 1 for the warm period
conditions and in Fig. 2 for the cold period conditions.

Discussion on climate change effects in hydrological balance elements on the
Slovak territory is being lasted among specialists in climatology, hydrology, hydro-
geology and water economy mainly since the 1980s of the last century. Increasing air
temperature was proved for the majority of the Slovak catchments, changes in
precipitation amounts differ spatially [8, 9]. It was concluded [10] that there is still
no significant decrease of water amount in Slovak catchments because decreasing
interflow compensates the increasing evapotranspiration (due to the air temperature
increase). The most serious affecting was documented for discharge values on
surface streams in the southern, eastern and southeastern part of Slovakia [11].

2 Groundwater Drought

Groundwater regime and drought occurrence studies are very important for Slovakia,
where groundwater is preferentially used for drinking water supply [12]. The amount of
groundwater is affected by many factors among them the most important role play: the

Fig. 1 Drought propagation through the hydrosphere –warm period conditions (modified from [7])
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(1) natural factors, among them the climatic, geomorphological, geological and
hydrogeological conditions, and (2) artificial factors as the result of human influencing
of the natural regime.

2.1 Natural Factors of Drought Occurrence

The amount of groundwater stored in the rock environment primarily depends on the
water availability in the area and on the storage capacity of the rock environment
itself. The water availability is conditioned by the climatic parameters – precipitation
and evapotranspiration depths. Both parameters are altitude dependant – the precip-
itation depth increases with the increasing altitude. On the contrary, the air temper-
ature, conditioning the evapotranspiration depth, decreases with the increasing
altitude.

The storage capacity of the rock environment is conditioned by the rock type
and kind of the rock permeability. The unconsolidated rocks with the larger grain
size have larger storage capacity expressed by the storage coefficient. The best
storage capacity is typical for porous fluvial sediments – alluvial deposits consisting
of sands and gravels with various ratios of the sandy and gravelly compounds.

Fig. 2 Drought propagation through the hydrosphere – cold period conditions
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The lesser amount of water is stored in the loamy and clayey sands, and gravels
where also the groundwater flow velocity is lower than in pure sand or gravel (see
the chapter titled “an overview of water resources in Slovakia”, in volume I of this
book). Larger amounts of groundwater can also be stored in certain types of
consolidated rocks, being represented by carbonates – limestones and dolomites.
Particularly, karstified limestones can store huge amounts of groundwater in the
underground spaces (small and large fissures, canals, caves, etc.). Good storage
properties also have certain types of dolomites (see the chapter titled “an overview of
water resources in Slovakia”, in volume I of this book).

During the warm periods of the year with low precipitation and high air temper-
ature (summer season), the precipitation is consumed mostly by vegetation for its
growth and the recharge of the rock environment is decreasing rapidly (see Fig. 1).
Therefore, the summer season is very typically the season during which the ground-
water drought occurs. The spring yields, having their maxima in the end of the snow
melting period, start to decrease with the minimum values occurring during the
summer and early autumn period, often continuing also during the next winter
period. The soil and rock permeability type and groundwater circulation depth
play also the important role in groundwater storage depletion and drought occur-
rence. The groundwater levels react in most cases slower on the lack of precipitation
than springs. The decrease of groundwater table depends on the existence of the
hydraulic connectivity between the groundwater and streamflows, and the distance
from the stream, and also on the depth of groundwater table below the surface. If the
groundwater table is close to the surface (within 1–2 m), the water consumption by
the plant roots through the capillary rise could lead to high evapotranspiration
and thus to soil moisture and groundwater drought development.

There were several types of the winter droughts distinguished for streamflows
[13, 14]. However, the groundwater winter drought was not studied in such details
yet. Winter drought in the baseflow, groundwater storage, groundwater level and
spring yields is connected to the interrupted groundwater recharge because of below
zero air temperatures, frozen ground surface and precipitation in the solid form
(snow cover).

2.2 Groundwater Over-Abstraction

The over-abstraction of groundwater also could lead to the development of the
groundwater drought, at least increasing the hydrosphere sensitivity to possible
drought occurrence locally. The over-abstraction of groundwater can be caused
either by groundwater pumping from wells or by tapping of springs which foll-
owingly do not recharge the surface streams. In both cases, there are consequences
endangering and damaging the stability of the aquatic ecosystems and also, with
regard to their water needs, terrestrial ecosystems and wetlands directly depending
on the aquatic ecosystems [15].
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The primary negative consequences of the groundwater over-abstraction are
mostly:

• The decrease of groundwater levels in the surroundings
• Interruption of hydraulic connectivity between the surface and groundwater
• The decrease of streamflows, mainly during the low flow periods, in the worst

cases leading to drying of the small surface streams
• The disappearance of the natural springs

The secondary consequences are mostly connected to surface water quality
deterioration during the low flow period, damaging of aquatic habitats, the disap-
pearance of valuable aquatic species and others.

The lack of water caused by natural factors of groundwater drought occurrence is
often strengthened by the increased water consumption in the household, tertiary
sphere, industry and agriculture during the drought period.

The natural systems are able to recover after the over-abstraction is ended.
However, it could take even several years. The over-exploitation of groundwater
resources could become a major problem in a foreseeable future when some slowly
rechargeable aquifers become exhausted [16].

3 Groundwater Drought in Slovakia

The groundwater drought studies for the Slovak territory were first published in the
1990s as a result of drought which hit the territory in the 1982–1984 period
[17, 18]. Later on, they were followed by a complex study of trends of 98 springs
and 99 monitoring wells of the groundwater monitoring network of the Slovak
Hydrometeorological Institute (SHMI) [19] in the period since the beginning of
observation (mostly from the late 1960s) up to 2009. The results documented that the
climate changes after 1980 negatively influenced the stage of groundwater resources
and reserves. It was documented that 70% of the Slovak territory was hit by
groundwater resources decrease. However, the impact does not cover the whole
territory homogeneously. The most serious impact was found in the central and
southern part, the moderate one in the northern and north-eastern part of Slovakia.
The intensity of the negative changes was stronger after 1991. The decrease in
groundwater resources in the most affected areas reached 25%, locally up to 35%.
The total decrease in groundwater resources was calculated totally on �250,000 m3

km�2. On the other hand, the surprising moderate increase in groundwater resources
(both, spring yields and groundwater levels) was documented for the area of the
south-eastern part of Slovakia (Eastern Slovakian Lowland, Košice basin), and for
the central part of the Váh River Basin (Turiec Basin, Veľká Fatra Mts.) [19].

The baseflow drought was studied in the upper Torysa River sub-basin [6, 20],
in the upper Nitra River sub-basin [21] and also in the Topľa River Basin [22, 23].
Groundwater drought studies were performed for different parts of Slovakia. The
comparative study of the streamflow and groundwater drought was performed in
the Topľa River Basin (north-eastern part of Slovakia) [22, 23].
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Topľa River (Fig. 3) belongs to Bodrog River Basin. Topľa has its spring in
Čergov Mts., north-eastern Slovakia. The altitude changes from 1,152.2 m.a.s.l.
(Minčol, the highest point of the catchment) to 160.4 m.a.s.l. (Hanušovce nad
Topľou, closing profile of the studied area). The average annual air temperature
and annual precipitation totals are altitude dependant. The average annual air
temperature reaches 4–8�C, and annual precipitation totals vary between 700 and
900 mm. The catchment belongs to the less permeable ones, being built of flysch
sediments (alteration of sandstone and claystone) and covered by Quaternary alluvial
deposits and slope sediments. Run-off is dominated by rainfall; high flow periods are
predominantly in March–April, and low flow periods occur in September.

Following data were used for surface and groundwater drought evaluation
(Fig. 4):

• Daily precipitation at Bardejov station
• Daily discharges at Bardejov and Hanušovce nad Topľou stations
• Weekly groundwater levels at Tarnov (1,308), Komárov (1,311), Dubinné

(1,313), Marháň (1,359), Hanušovce nad Topľou (3,317), Vyšný Žipov (1,318),
Hlinné (1,321) and Parchovany (1,160) villages

The hydrological drought was evaluated using the method of sequent peak
algorithm (SPA) [1]. The fixed threshold of the 90th percentile of the long-term
flow–duration curve and variable threshold based on the 80th percentile of the long-
term monthly flow–duration curves were used.

It was documented [23] that the short-term drought prevailed in stream dis-
charges. Results also showed that only three periods of the discharge drought longer
than 100 days occurred during the evaluated period: in 1986–1987, 1997 and
2003–2004. Discharge drought at Bardejov gauging station usually lasts longer

Fig. 3 Location of the Topľa River Basin
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than in Hanušovce nad Topľou station being located downstream of the Bardejov
station (see Fig. 4). More long-term droughts were estimated by all methods for
groundwater levels. Those droughts lasted for tens of weeks since summer until the
spring of the next year. No regularity in temporal groundwater level drought
propagation downstream the Topľa River was discovered. However, results of the

Fig. 4 Location of evaluated objects of the State monitoring network of the Slovak Hydromete-
orological Institute (SHMI) (adopted from [22])

98 M. Fendeková



cluster analysis showed some common features of long-term drought periods (more
than 100 days) occurrence for two groups of wells. The first one includes three wells
in the upper part of the basin (Tarnov, Komárov and Dubinné, see Fig. 4), and the
second one four other wells in the middle part of the basin. Specific conditions for
groundwater drought occurrence were found in the well at Parchovany, which is the
southern-most located and deepest well among all, with the highest amplitude of
the level fluctuation. A higher number of short-term droughts were also estimated for
groundwater level in Marháň, which has the smallest depth of groundwater table
below the surface. In this case, the influence of evapotranspiration can be the reason.

Areal groundwater drought occurrence evaluation was performed by Slivová,
Gavurník and Kullman for 123 objects of the State groundwater monitoring network
of the SHMI in 2017 [11]. The drought intensity was evaluated using the SANDRE
method [11] – see Table 1.

The results showed that the majority of dry years within the evaluated period
1981–2015 occurred before 1993, even with the 5-year drought between 1989 and
1993. The most intense drought among these 5 years occurred in 1990 and 1993.
The results of groundwater drought occurrence evaluation correspond very well with
the results of the discharge trends evaluation which also documented the important
share of the period before 2001 on the identified discharge decreasing trends in
Slovakia [11]. After the 1993 water year, the drought occurred only in 2003 and
2004, 2007, 2012 and 2015. The most intense was the 2012-year drought. September
was the month with the most intense drought in the years 2003, 2012 and 2015 (see
Fig. 5).

The occurrence of drought in the groundwater regime for different
hydrogeological conditions in Slovakia was studied in [25]. Vrablíková in [26]
evaluated the spring yields seasonality. Seasonality of the yields of 78 springs

Table 1 Categories of groundwater drought evaluation according to SANDRE method (http://
www.sandre.eaufrance.fr/)

Groundwater
level and
spring yield

Distinctly
lower than the
long-term
average (1981–
2010)
<φ10%, <Q10%

Lower than
the long-
term average
(1981–
2010)
φ10%–φ40%,
Q10%–Q40%

Matching
the long-
term
average
(1981–
2010)
φ40%–φ60%,
Q40%–Q60%

Higher than
the long-
term average
(1981–2010)
φ60%–φ90%,

Q60%–Q90%

Distinctly
higher than the
long-term
average
(1981–2010)
>φ90%,
>Q90%

Value 1 2 3 4 5

Explanation 1 – groundwater level (quantile value lower than φ10%) and spring yield (quantile
value lower than Q10%) is distinctly lower than the long-term average of the reference period
(drought), 2 � groundwater level (quantile value lower and equal to φ40%) and spring yield
(quantile value lower and equal to Q40%) is lower than the long-term average of the reference
period, 3 � groundwater level (quantile value lower and equal to φ60%) and spring yield
(quantile value lower and equal to Q60%) are equal to long-term average of the reference period,
4 – groundwater level (quantile value lower and equal to φ90%) and spring yield (quantile
value lower and equal to Q90%) is higher than the long-term average of the reference period
and 5 � groundwater level (quantile value higher than φ90%) and spring yield (quantile value
higher than Q90%) is distinctly higher than the long-term average of the reference period (wetness)
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in the mountainous areas of Slovakia was studied in detail. The study period
included the years 1980–2012. The special attention was devoted to minimum
yield occurrences. The minimum yield parameters were represented by Q90% and
QAmin. The Q90% yield was calculated from the long-term yield–duration curve,
representing the yield which was reached and overstepped during the 90% of the
whole observed period 1980–2012. The QAmin represented the absolute minimum
spring yield within the evaluated period. Seasonality of the average and minimum
spring yields was evaluated using the Burn’s vector and frequency histograms.
The seasonality evaluation was followed by the regionalisation of the minimum
spring yields based on a combination of physical–geographical factors (precipita-
tion, air temperature, spring discharge area altitude, slope orientation and hydraulic
properties of the rock environment expressed by transmissivity coefficient), the
Burn’s vector values and the frequency histogram values. The best results were
reached using the physical–geographical parameters and the Burn’s vector for both,
the Q90% and QAmin yields, respectively. Results of regionalisation for both of the
minimum spring yield parameters are similar to each other, reflecting the dominant
influence of the spring discharge area altitude. Three regions were delineated.
The first regional type includes all evaluated springs with the discharge area altitude
between 100 and 460 m (in a few cases in 550 m). Minimum yields occurred mostly
from August to the first half of November. The discharge areas of the springs
belonging to the second regional type are concentrated at the altitudes of 700 m
and more. The minimum spring yields occur during the winter months – from
December until February. The third regional type of springs spatially stretches
between the first two regions; the spring yields are typical by minimum discharges
during the summer–autumn period. So, the assessment showed that the spring

Fig. 5 Groundwater drought in September 2015 on the Slovak territory (adopted from [24])
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yield droughts in the low to mid-altitudes occur in Slovakia in the summer-autumn
months and those with the discharge area at the altitudes over the 700 m in the winter
period – from December till February.

The over-abstraction causing groundwater drought occurrence can be illustrated
on the example of the Podzámčok water-supply source. The water-supply source is
located in the southern part of central Slovakia in the Neresnica brook catchment.
The Neresnica brook catchment has an area of 139.33 km2, the stream flows in the
south-north direction towards the Hron River. The catchment area is built of
Neogene volcanic rocks of the Štiavnické vrchy Mts. (western part of the catchment)
and Javorie Mts. (eastern part of the catchment). The Neresnica stream follows the
tectonic line dividing the Štiavnické vrchy Mts. and the Javorie Mts., acting at the
same time as the deep drainage zone. The deep circulation of groundwater, coming
from the depth of 150–200 m is demonstrated by the increased groundwater tem-
perature reaching up to 16.9�C [27]. The average annual precipitation in the area
reached 666 mm in the period 1963–2015, and the average annual air temperature
varies around 8�C. Further information on the natural conditions can be found in
[28] and in the chapter titled “an overview of water resources in Slovakia”, in
volume I of this book).

The groundwater abstraction in the catchment is documented since 1973 when
the first wells were drilled in the area. The amount of abstracted water has been
increasing gradually, reaching the highest amounts of more than 200 L s�1 since
the 1980s up to the early 1990s, see Fig. 6 in which the course of precipitation
amounts, average annual discharges and abstraction amounts during the evaluated
period 1963–2015 are shown.

Such amount was too high for the natural recharge of the area, and the
streamflows of the Neresnica reacted on the over-abstraction by an enormous
decrease together with the groundwater heads. The groundwater heads decreased
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from the previous 1.5–3 m below the surface up to 15–23 m below the surface.
The hydraulic connection of the surface and groundwater was interrupted, and the
minimum annual discharges of the surface stream decreased from 180 L s�1 in 1964 to
20–10 L s�1, reaching the absolute minimum of 9 L s�1 on August 30, 1990.

The decrease in groundwater abstraction since the mid-1990s had a positive
influence not only on groundwater heads, which after approx. 5 years reached the
previous values but also on the streamflow discharges, which increased importantly
(see Fig. 6).

4 Conclusions and Recommendations

Groundwater is preferentially used for drinking water supply in Slovakia. However,
the groundwater resources are endangered by increasing frequency of drought events,
occurring also on the territory of Slovakia. These events, as the result of the climate
changes, already caused the decrease in groundwater resources in�250,000 m3 km�2

since 1981 as documented by the results of the study performed by the SHMI.
Therefore, the possibility of groundwater drought occurrence on the territory of
Slovakia should be continuously studied and the operational monitoring and warning
system should be put into operation, as it was already done for the flood warning.

The European Water Framework Directive [15] put the strong accent not only
on water quality in all parts of the hydrological cycle but also on prevention of
deterioration of the good ecological status of the surface water bodies and good
quantitative status of groundwater bodies. Therefore, the adoption of measures for
mitigation and prevention of the groundwater drought impacts on the groundwater
quantity should be one of the primary actions of the sustainable water policy.
The groundwater over-abstraction and over-exploitation should be restrained
because of possible undesirable impacts on surface and groundwater systems on
which the natural ecosystems are dependent. This recommendation is in full agree-
ment with the European legislation, e.g. European Water Framework Directive,
which request to ensure the full implementation and enforcement of existing
environmental legislation for the protection of waters [15].
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Drought as Stress for Plants, Irrigation
and Climatic Changes

Ľ. Jurík and T. Kaletová

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
1.1 Soil and Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
1.2 Water Resources and Drought . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
1.3 Soil and Drought . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
1.4 Drought Identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
1.5 Water in the Landscape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

2 Drought in Agriculture in Slovakia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
2.1 Drought Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
2.2 Drought Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

Abstract Drought by itself cannot be considered a disaster. However, if its impacts
on local people, economies and the environment are severe and their ability to cope
with and recover from it is difficult, it should be considered as a disaster. Droughts
and floods are a recognizable category of natural risk. Hydrological assessments of
drought impacts require detailed characteristics. We propose a new conceptual
framework for drought identification in landscape with agricultural use. We
described hydrological drought characteristics with impacts at the agricultural land-
scape and food security and the issues related to drought water management. In the
past, the Slovak Republic was not considered a country immediately threatened with
drought. The situation had changed at the turn of the millennium, especially after the
extreme weather conditions in 2014 and also in 2015, when, for example, the
historical minima were recorded.
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Ecosystem, Landscape evapotranspiration, Moisture demand of crops, Stress, Water
deficit

1 Introduction

A settlement of countryside and population growth places emphasis on the increas-
ing demands on exploitation of resources, including land, soil and water. On the first
place, it is landscape—authentic forest vegetation was changed on an agriculture
landscape with agriculture production. Authentic ecosystem with wide biodiversity
was changed on the sort of plants which were selected in the aim of an increasing
yields and resistance to diseases and pests by the millennium. A proper selection of
crops, as has been found in archeologically excavations in China from 2000 years
BC, helped several communities to survive impact of the extreme weather seasons—
drought and floods (wheat, barley, millet, rice, sorghum, vegetables). They used to
grow crops with high water demand and crops resistant to drought in the same time.
Therefore, they always reach the needed minimum for human nutrition without the
weather impact. High-performance crop varieties in order to achieve high yields
require proper agrotechnics, nutrition, protection and optimum water regime. Land-
scape as itself is connected to the same water regime which ensures the safety for the
people living in it. The extremes of water regime in the landscape are floods and
drought. The drought in the landscape is a complicated and socially very important
problem. We can relatively exactly determine and evaluate a beginning and end of
flood. A beginning and end of the drought is hardly determined; therefore, it is
important to know its progress and consequences.

Drought is one of the natural disasters. The area affected by drought increases
from 6 to 18% in last 30 years according to data from European Commission [1].

1.1 Soil and Water

Soil is one of the most important non-renewable resources for the agriculture crop
production. All of these basic components have undergone profound changes over
the years as a result of anthropogenic activity that has adversely affected their state.
The effects were mainly the destruction of the authentic ecosystems, the reduction of
biodiversity and the creation of conditions for the intense growth of weed commu-
nities as accompanying vegetation of cultural plants, often with higher resistance
than the cultural plants themselves. No lesser influence on potential plant production
also has climatic conditions. Over the past 20 years, climate change has become
increasingly apparent in Slovakia and surrounding countries. We are witnessing an
increase in average temperatures and the impact of precipitation, both in terms of
quantity and distribution over the year, and an increase in extreme phenomena
(drought on one side and torrential rain on the other). Equally water consumption
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in different areas of economy needs optimization of its use. It is apart important
accumulation capacity of natural landscape in Slovakia. Available water in the
catchment during the whole year depends upon that accumulation capacity. Accu-
mulation capacity is a function of the soil vegetation cover, soil properties and its
subsoil and terrain configuration in the landscape.

The water balance draws the hydrological cycle quantitatively. The water balance
looks at the balance between inputs and outputs. One can look at the water balance at
a global level (hydrological cycle), at a local level (drainage basin cycle) or even just
as an investigated site.

The general water balance equation is

P� R� G� E � T ¼ DS ð1Þ
where P precipitation [mm] or [m3 s�1], R runoff, [mm] or [m3 s�1], R ¼ Rout�Rin,
Rout ¼ runoff as outflow from the water body � hydrologic region, Rin ¼ runoff as
influx into thewater body�hydrologic region,Ggroundwaterflow, [mm]or [m3 s�1],
G ¼ Gout�Gin, Gout ¼ groundwater as outflow from the water body � hydrologic
region, Gin ¼ groundwater as influx into the water body � hydrologic region,
E evaporation [mm] or [m3 s�1], T transpiration [mm] or [m3 s�1], DS change in
storage [mm] or [m3 s�1].

For water sustainability in the landscape, DS should be greater than zero. Storage
may be in the form of the soil water, groundwater or surface resources in the
reservoirs. The drought is when the change in storage is negative. Potentially
evapotranspiration is usually higher than precipitation and cannot be achieved not
only to ensure it but also to redistribute the water, e.g. to surface runoff or under-
ground drains. The distribution of balance components is very different.

1.2 Water Resources and Drought

Water in the landscape is evaluated by resources and its division or consumption. It
is expressed by the quantitative water management balance.

The evaluation of the drought in the landscape is by balance equation not only by
the evaluation of actual and potential evapotranspiration but also the state of
resources—local, regional or international—available in the area of evaluation.
The sufficient available water may eliminate the local natural conditions during the
evaluation of the drought.

The precipitation is the local parameter. Each square metre is covered by water
from precipitation in particular time, and value significantly changes in the distance
of 1 km; therefore, we are based on the data from meteorological stations. Also, data
from different amateurs’ stations of high quality are used, nowadays.

The soil moisture and the soil water content in depth of 1 m are also a local
parameter, and the differences in the values may be in the distance of 100 m. We
used data from the stations which network is minor. The Faculty of Horticulture and
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Landscape Engineering operated a Centre of Excellence with its own network of
stations for the Nitra river basin. The data are available from 2014. More information
about the centre and monitoring network are available in Tárnik and Igaz [2].

The water resources in the landscape are also water in the streams or rivers and
water in the reservoirs. The water runoff in the streams is the local parameter and is
connected with the soil and groundwater and current precipitation. Its values vary a
lot, and it is not possible to use as the water source during the drought because of low
or zero discharge without a possible usage.

River flow is a sum of outflows from subbasins and does not respond to local
precipitation in a small part of the area. It is affected more by the stock of soil and
groundwater in the area (base flow). Therefore, rivers can be used as a source of
irrigation water even at the beginning of the dry season, as the base flow provides the
resources from previous periods. Large transboundary rivers crossing the borders
can bring water from areas with sufficient rainfall to drought areas and are thus an
important source of water in dry periods.

The local water source for the dry season is the water in the reservoirs in which we
create water reserves over a period with excess rainfall for a period with a lack of
precipitation. The volume of water in the water reservoir creates the conditions for
temporally bridging the current shortage of water resources for use for irrigation or
production. The problem of water reservoirs is siltation and decreasing the capacity
(volume) of reservoirs, nowadays [3].

The current processed water balance forecast considers irrigation water needs for
the horizon of 2010 and also provides views of the years, 2030 and 2075. On the side
for water sources are considered the natural average monthly flow rates with high
security and on the other side are used minimum residual flows values MQ. The
balance is processed by evaluating the discharge profiles of individual subbasins.
The results only for 2010 are declared through the capacity of water sources (flows).
A negative number means the shortage of water sources (Table 1) [4].

Table 1 Forecast of water balance in river basins in selected months for the year 2010 in m3 s�1 [4]

River subbasin

Month

4 5 6 7 8 9 10

Bodrog 26.85 18.71 9.801 0.383 0.196 3.604 6.140

Hron 6.461 6.042 3.072 1.165 �1.554a 0.961 �0.111
Ipeľ 0.763 0.110 �0.686 �0.972 �0.792 �0.053 0.311

Slaná 1.894 3.496 1.480 0.476 0.221 0.549 0.550

Nitra 2.456 0.575 �0.833 �1.018 �1.453 �0.026 0.567

Váh 47.42 17.95 13.64 4.707 �2.042 0.529 �1.365
Morava 30.99 22.93 9.396 3.022 2.013 5.314 3.219

Dunaj 888.5 828.4 824.1 890.8 437.5 276.7 13.6

Bodva �0.005 0.339 0.306 �0.249 �0.299 �0.318 �0.178
Poprad 5.386 6.261 8.239 3.874 2.923 2.137 1.381

Hornád 2.047 3.396 2.024 1.745 1.035 0.126 0.604
aBold cells mean a lack of resources in the balance sheet
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The basis for water balance is the determination of the monthly potential evapo-
transpiration because we know the monthly rainfall.

Monthly totals have significant regional differences in Slovakia. As an example,
we will show values from two stations on the lowland. Different are not only the
sums of precipitation but also their distribution during the year (Fig. 1).

To create properly the local balance is the evapotranspiration basis for the real
determination. The value of evapotranspiration is not usually measured but is
determined from the measured meteorological and climatological parameters.
There is a network of climatological stations with evaporation measurement in
Slovakia (Fig. 2).

For direct measurement of soil vapour, equipment called lysimeter is used; in the
case of soil with vegetation, they are called evapotranspirometer. These are con-
tainers filled with soil monolith and covered with a crop identical to the assessed
environment. Lysimeters and evapotranspirometers are soil and plant water evapo-
ration analysers that also allow the measurement of the amount or the chemical
composition of water sprayed into the vessels that are part of the lysimeter.

The direct measurement of evaporation from plants is the most accurate determi-
nation of transpiration and, therefore, in the scientific institutions, is seeking new
measuring devices. In the year 2017, Iowa State University researchers have devel-
oped new “plant tattoo sensors” (Fig. 3) to take real-time, direct measurements of
water use in crops. “With a tool like this, we can begin to breed plants that are more
efficient in using water,” he said. “That is exciting. We could not do this before.
However, once we can measure something, we can begin to understand it.” [7]

1.3 Soil and Drought

The main factors determining agricultural production are landscape, soil and water.
The landscape creates conditions for the distribution of precipitation water and
provides space for the accumulation of that precipitation water and its outflow

Fig. 1 Average monthly precipitation totals (red lines—normal 1961–1990) for Hurbanovo (left)
and Kamenica nad Cirochou in mm month�1 [5]
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from the territory. The soil is a habitat for plants and creates for them the storage
space for those substances necessary for plant growth, namely, nutrients, air and
water. The main axis of the whole water dynamics in the landscape is the river
network, which has to manage the regulation of all processes in the water. Agricul-
tural production and plant biodiversity in the landscape are determined just by the
basic constituents of the natural environment and their mutual interactions.

In many regions of the world, biomass production and water safety are at the risk
level of overexploiting water resources and soil degradation. Climate change will

Fig. 2 Climatological stations measuring the evaporation in Slovakia [6]

Fig. 3 Plant sensors for direct measurements of water use in crops [7]

110 Ľ. Jurík and T. Kaletová



increase this risk, especially in the environment with limited water sources and in the
border regions.

The society can be gained from an improved understanding of the connection
between soil, water and landscape. Improving the interconnection of soil manage-
ment and land use requires regional specific management options that can help:

– To protect and develop land and water resources
– To enhance food and water security
– To improve the efficiency of water use and maintain and improve the soil and

water associated with ecosystem services
– To enable the production of biomass in a variable climate and degrading and

waning soil [8]

1.4 Drought Identification

There are hundreds of definitions, adding to the confusion about the existence of
drought and its degree of severity. Drought may be defined as a period of a deficit
with respect to the expected rain (normal), which occurs during the season [9]. Def-
initions of drought should be region and application specific or impact specifically.
Drought is a natural disaster that is characterized by a lower-than-expected or lower
than normal precipitation that, when the season is extended or a longer period, is
insufficient to meet the demands of human activity and the environment. If we
evaluate the effects of drought, problems can be combined into three common
areas: economic, environmental and social problems [10]. Their effect and signifi-
cance are usually different according to the location that we recognize. Expressions
of drought are associated with looking at his assessment—we say about the drought
meteorological, agronomical, hydrological, etc.

Drought is a regional phenomenon, and its characteristics differ from one climate
regime to another. It is often difficult to know when a drought begins. Likewise, it is
also difficult to determine when a drought is over and according to what criteria this
determination should be made. Droughts have three distinguishing features: inten-
sity, duration and spatial coverage. Intensity refers to the degree of the precipitation
shortfall and/or the severity of impacts associated with the shortfall [11].

The difficulty for a drought assessment and identifying are, for example, quan-
tification of intensity and determining its length. Because normal precipitation and
water use expectations vary, the specific definition of drought is more a matter of
where the water comes from and how it is being used [12].

Drought may be defined as a period of a deficit with respect to the expected rain
(normal), which occurs during the season [9]. Normal shows about the long-term
balance between precipitation and evapotranspiration for a specific site
(meteorological drought concept). About the agronomic drought, one can say if
the amount of soil moisture does not meet the needs of the plants. Agronomic
drought correlates to the water deficit in the soil. It occurs after meteorological
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drought but before the hydrological drought. Agriculture and forestry are the first
sectors of the economy, which are significantly affected by the drought. Then it can
follow in the water supply to the population and the industry. Therefore, definitions
of drought are of a qualitative nature, and extent of drought is expressed by words
such as “water scarcity”, “less water” and “low amount of precipitation” [13]. Water
deficits are the result of a multifaceted interaction between human inflows and
outflows, meteorological anomalies, landscape processes at the surface and changes
of total water storage (see Fig. 4) [14, 15].

In Slovakia, it is drought classification based on the water balance which consists
of the difference between precipitation and evapotranspiration. The occurrence of
drought in the country in recent years can be also connected with the methods of land
use—surface changes, changing the classic crop rotation, regional changes in water
abstraction, etc. [16]. In semiarid areas during the 3-year experiment, the vegetation
strongly controlled water loss even when daily climatic evaporative demand was
high, and soil water availability was expected to be non-limiting [17].

For the evaluation of drought, currently, not only many definitions but also a
number of evaluation indexes are used. For agricultural landscape, Palmer Index
(Palmer Hydrological Drought Index—PHDI, Table 2) is suitable to use, among
others. It takes into account not only climatic characteristics of the area but also the
basic soil hydro limits [19]. This means that the same value of Palmer’s Index in the
different areas in them should have approximately the same economic impact on

Fig. 4 Natural and human drivers and feedbacks (grey arrows) of drought; black arrows—direct
influences [18]
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crop production. The definition of drought in official documents is affecting reaction
to drought. It is very important that the definition of drought allows the gradual
implementation of the planned measures for its elimination. It is important to know
and understand the diversity of drought definitions and the different needs of the
perception of the drought phenomenon [20].

Drought impacts (Fig. 5) are most eye-catching in the agricultural sector. Dried
crops, abandoned farmland and withered and yellow pastureland are the common
signs of drought [12].

The sequence of drought occurrence has impacts for commonly accepted drought
types. All droughts originate from a deficiency of precipitation or meteorological
drought, but other types of drought and impacts cascade from this deficiency
(Figs. 4, 5 and 6).

1.5 Water in the Landscape

Water in the Slovak landscape is the result of precipitation with a different character.
We know the water balance equation in a landscape, where the water outflow from
the territory is equal to rainfall, reduced by the amount of precipitation captured in
the landscape, either through interception or infiltration into the soil profile.

The precipitation interaction in the soil profile creates two basic conditions. The
first, the soil is with a partially saturated soil profile where the water content is
smaller than the total porosity. The second, soil saturation is up to the porosity value,
i.e. the state of saturation of the soil with water. These values have a significant
impact on hydrological conditions in the area.

Tasks, given for the agricultural landscape, are currently:

– Create and maintain potential for crop harvesting.
– Create a place for social activities of the inhabitants of the given municipality,

area, etc.
– Create conditions to maintain the optimal water cycle.
– Create conditions to maintain the optimal cycle of substances.
– Create conditions to maintain the optimal energy cycle.

Table 2 The Palmer drought severity index classifications for dry and wet periods

Value Description Value Description

4.00 or more Extremely wet �0.50 to �0.99 Incipient dry spell

3.00 to 3.99 Very wet �1.00 to �1.99 Mild drought

2.00 to 2.99 Moderately wet �2.00 to �2.99 Moderate drought

1.00 to 1.99 Slightly wet �3.00 to �3.99 Severe drought

0.50 to 0.99 Incipient wet spell �4.00 or less Extreme drought

0.49 to �0.49 Near normal
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There is no clear and precise definition of the agricultural landscape in the
literature. It is unclear whether or not only agricultural areas are concerned or the
total cadastre of municipalities together with the parts of the residential area and,
e.g. part of the forest fund. For its correct understanding, it is necessary to system-
atically analyse it. Water can significantly change soil properties—albedo, thermal
conductivity and plant cover. Water has the largest thermal capacity of all known
substances and can, therefore, influence the rate of change in the ambient tempera-
ture—soil and ground atmosphere [23].

Mostly, the course and direction of the fulfilment of functions taking place in the
landscape are ensured by the water cycle in nature. Landscape and agricultural
hydrology is the most fundamental analysis of landscape creation and development
processes. Names of the landscape forms have been stabilized primarily by suffi-
ciency respectively lack of the water in the country. Current climate change redis-
tributes the water cycle and the amount of water in the country, and as in history,
even today, it will be necessary to reassess the names of the forms of the landscape.
The speed of changes in natural hydrological processes is affecting by the economy
interests of land use the economy. In the agricultural landscape, by changing cultures
from economic interests, we can fundamentally change the water consumption in the
country. Experiments in semiarid conditions in Australia show that total evaporation
was less than rainfall, as would be expected, but there were periods when

Fig. 5 Drought impacts on the economy, societies and the environment moving through time from
the top to the bottom of the chart [21]
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evaporation exceeded rainfall for the period indicating that vegetation was using
stored soil water from previous wetter periods [17].

For the classification of the landscape, its hydroclimatic regime is often used,
balancing the ratio of evapotranspiration and precipitation (Table 3). With excess
rainfall and small evapotranspiration, the landscape mode is wet and vice versa;
when the evapotranspiration is greater than the rainfall, the mode is dry.

2 Drought in Agriculture in Slovakia

In Slovakia, more than one-third of the incident energy is used for evaporation, the
part is heating the biosphere and part is radiated back into space. When the energy of
the Earth is balanced over a period of 1 year, then there is a balance between the
amount of energy received and the radiated energy [25]. From Slovak teritory on
average about two-thirds of annual rainfall will evaporate, and one-third rainwater

Fig. 6 Types of drought and their impacts [22]
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flows away. The average annual rainfall is 768 mm and layer of water that evaporates
is 497 mm. Due to the varied morphological structure of our territory, the distribu-
tion of evapotranspiration also varied—up to 95% of the precipitations evaporate
from southern Slovakia but only about 30% of the annual precipitation from
mountain areas. Also, calculations in 2009 show that the increase in evapotranspi-
ration for particular crops ranged from 9 to 57% in comparison with consumptive
water usage calculated according to valid Slovak Technical Standard (STN
no. 83 0635) [26]. Therefore, it is necessary to determine the exact value of the
evaporation for a selected area.

Today there are several models to solve the soil-water-plant relationship. All of
them are working with relatively different values for quantification of the surface
condition of the land used by the territory. It is necessary to clarify these input data,
in particular about the crop plants and their absolute or time-dependent water needs
for the conditions of Slovakia. Models from other countries include data from other
climate and soil databases. There are also different crops of the grown plants. Models
from Belgium or the Netherlands are based on crops about 100% higher than in our
country. Moreover, so it is clear that in Slovakia the absolute and time-divided need
of the water is different.

The assessment ratio A for classification of soil humidity regime into types
according to the agronomic classification for the vegetation period can be calculated
in Slovakia according to the relationship [27]:

A ¼ 1
n

Xn

i¼1

Θi � Θw

ΘFC � Θw
ð2Þ

where Θi the average moisture content of the active root zone of the i-th day of the
balance sheet for period [m3 m�3],Θw wilting point of the active root zone [m3 m�3],
ΘFC field water capacity of the active root zone [m3 m�3].

To evaluate the type of the groundwater regime, the ratio in Table 4 is used [28].
The calculation and evaluation are seemingly simple. However, the problem is

that current soil moisture is measured only on a few research grounds. We do not
know such a simple relationship to count for specific locations in Slovakia. There-
fore, there are projects focused on the spatial modelling of soil moisture, soil water
availability or water storage capacity of agricultural soils within the catchment
[29, 30].

The calculation comes from the time when the soil moisture values were solved
on the soil sample. There was no distinction between soil layering and different
moisture ratios at different depths of soil. The water is naturally moved by gravity in

Table 3 Review of evaluation of landscape hydroclimatic regimes [24]

ET/P 0–0.33 0.33–
0.66

0.66–1.0 1.0–1.5 1.5–
3.0

>3.0

Hydroclimatic
regime

Very
wet

Wet Moderate
wet

Moderate
dry

Dry Very
dry
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the soil profile, and we know a lot of the works, reporting on the redistribution in the
soil profile after irrigation or collision (Fig. 7).

2.1 Drought Monitoring

The drought and soil water content calculation and evaluation are often simple. In
practice, however, it looks different. Problem is data measurement for larger regions.
The Faculty of Horticulture and Landscape Engineering has the group of automatic
soil moisture measurement stations available [2]. Soil moisture is continuously
measured at depths of 10, 20, 30, 40, 50, 75, 100, 150 and 200 cm. Changes in
soil moisture are usually not the same at all measured depths. Using measurement
devices, we recorded drought in previous years. The significant drought was in 2014
and 2015. Soil moisture fell to a wilting point in both years.

From the records for the Mužla village, it is possible to evaluate the actual
humidity and its deficit and the likely development in the coming days without
precipitation or after the expected rain. In Figs. 8 and 9, it is possible to see the
fundamental difference in the soil moisture development at individual depths (10, 40
and 50 cm) of the soil profile in 2014 and 2015. In 2014, the soil had been with
plenty of winter moisture and gradually was replenished with new rainfalls. The
2015 growing season began with a lack of moisture and period without rains; this
condition deteriorated critically at all depths.

2.2 Drought Evaluation

More interesting is the evaluation of the changes of soil moisture after a long drought
(Fig. 10) and subsequent precipitation at the end of May 2015 and June 2015. Even

Table 4 Types of moisture regime according to agronomic classification of soil moisture regime
[28]

Part of soil water content Type of soil moisture regime in the balance period

<0.10 Completely dry, lack of soil water for plants

0.11–0.20 Very dry

0.21–0.30 Substantially dry

0.31–0.40 Dry

0.41–0.50 Alternately dry

0.51–060 Alternately wet, optimum water content for plants

0.61–0.75 Wet

0.76–0.90 Very wet

0.91–1.00 Wet, surplus of soil water

>1.00 Waterlogged
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with significant water infiltration after precipitation is moisture descending on the
value after the long dry period very quickly.

Hibka
pôdy

t3 t2 t1 t0

θi θ

Fig. 7 Change of soil moisture after the redistribution of applied irrigation water

Fig. 8 Graph of soil moisture in March and June 2015

Fig. 9 Graph of soil moisture in March and June 2014
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For Hurbanovo station Palmer index was calculated [31] for the entire measure-
ment period, and the results are in the following Fig. 11. Palmer index in the last two
decades was moved into the negative values and often below �4, which are already
extremely dry years. Therefore, the use of long-term series for evaluation is impor-
tant because the comparison data for the period since 2000 is then drought rated
moderately [27]. These values are related to changes in temperature in the northern
hemisphere (see Fig. 12).

In the recent times, SHMU introduced freely available output from modelling
drought—integrated system for drought monitoring (“Monitor sucha”). This output
is focused on meteorological and agricultural drought, with a view to their more
frequent occurrence and that of the economic consequences for Slovakia.

3 Conclusion

Slovakia wants to achieve greater protection from drought in the landscape, also for
the reason of the security by the self-sufficiency in agricultural production. A supply
of crops will be critical with sufficient soil moisture. Current climate change and
state of the irrigation structures in Slovakia show that this goal can not be achieved if
we do not provide better soil and water management and we do not have enough
sources of the information.

The measuring stations measure tens and hundreds of surface water parameters,
but the soil water information network is not yet planned in Slovakia. Current
weather developments and changes in cultivated crops, however, indicate the impor-
tance of this water source for the future.

A basic conceptual document for addressing drought and water scarcity issues
will be the river basin plans, in particular, plans for subbasins where this issue is
dealt with at the most detailed level.

Fig. 10 Evaluation of soil moisture progress after the long-term drought in 2015
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It is not yet determined how the surplus water can be estimated in the landscape,
and, conversely, we cannot estimate water consumption from other areas. It is not
even determined what could be the maximum water consumption in the smallest
basins or what maximum deficiency can be acceptable from the point of view of the
water cycle in nature and its sustainability. The occurrence of drought leads to a
fundamental influence on the outflow from the river basin and causes changes in the
flow regime to be discontinuous, characterized by a reduction in flow often to zero.

Fig. 11 Palmer index of monthly values for station Hurbanovo (1876–2000) [32]

Fig. 12 Average annual temperatures in the period 1861–2004 in the northern hemisphere. The red
line is the 5-year moving average for temperature [33]
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4 Recommendations

To mitigate the impact of drought, which will occur more often in the future, it is
necessary to re-examine the theoretical and practical approaches that are being used
today. It should seek to respond to the basic challenges of protecting the country and
its users from droughts in the future:

– Development of methods to forecast droughts using existing resources
– Ensuring quality drought monitoring and related phenomena (state of the agri-

cultural land, water quality, state of aquatic ecosystems, state of forest stands)
– Determining the distribution of the precipitation (water resource creation) in a

country that can be described as sustainable
– Creating the methodology for quantifying the production and non-production

functions of the landscape (including water resources) as a basis for optimizing
measures

– Addressing the assessment of the excessive water resource creation in the small
river basin and excessive water consumption in another neighbouring river
basin—the relation between the upper and lower part of the basin

– The interaction between human economic activities and natural processes and
possibilities of using this interaction in designing effective measures especially in
the field of agricultural and forestry management

– Evaluating the effectiveness of the measures that influence the energy and water
balance at a local, regional and supra-regional level under normal and extreme
conditions

– Real reallocation of the precipitation in the soil and quantification of the contribution
of groundwater to the creation of groundwater reserves and to increase its level

Prioritizing the above tasks and their mutual relations is important.
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Abstract It is supposed that because of the climate change, the extreme hydrolog-
ical events are going to be more pronounced and more frequent in the future also on
the territory of Slovakia. The occurrence, duration and severity of
hydrological droughts in Slovakia were studied during 3 years of the twenty-first
century – 2003, 2012 and 2015. Mainly the 2003 and 2015 belong to the warmest
years of the twenty-first century with the occurrence of hydrological drought on the
Pan-European scale. Data on average daily discharges at twelve discharge gauging
stations across Slovakia were used. The data covered the period 1981–2016. Hydro-
logical drought in discharges was evaluated using the sequent-peak algorithm (SPA)
method; the fixed threshold value of the 80th percentile was applied. The threshold
value was estimated for the reference period of 1981–2010. The theoretical Weibull
and GEV frequency distributions were used for drought parameters calculation, their
evaluation and comparison of the 2003, 2012 and 2015 droughts. Data calculated for
the evaluated years were compared with the reference period of 1981–2010. Spatial
distribution of hydrological drought occurrence was discussed in connection to
meteorological drought occurrence analysis.
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intensity, Hydrological drought, Minimum value

1 Introduction

Drought is a natural phenomenon, which is defined as the sustained and extensive
occurrence of below-average water availability, caused by climate variability
[1]. The drought has hit Europe hard over the last decades [2]. The increased
attention paid to drought could be observed since the 1990s of the last century
when the extreme meteorological drought occurrence and its consequences in the
early 1980s and early 1990s attracted the attention of the scientific community, both
the climatologic and the hydrological ones. The attention paid to drought further
increased in the first decade of the twenty-first century after the Pan-European
drought in 2003 which hit almost the whole Europe.

The interest in drought is also reflected in the number of publications which could
be found in scientific databases. The keyword “drought” inserted into the search
engine of the Scopus database (https://www.scopus.com/results) identified 244,559
documents, within them 62,326 scientific papers with the word drought in the title.
There were 1,637 papers already published in 2017, belonging to various scientific
disciplines. The highest number of publications belonged to hydrology; water
economics; water resources; landscape ecology; geochemistry; atmospheric, soil,
agricultural and forestry sciences; and also eco-toxicology, vegetable and zoological
physiology, molecular genetics or anthropology.

It is generally supposed that because of the climate change, the extreme hydro-
logical events, including drought, are going to be more pronounced and more
frequent in the future also on the territory of Slovakia. Therefore, the Slovak
hydrologists led by the author participated actively in hydrological drought research
within the frame of the VIII International Hydrological Programme of UNESCO,
FP5 and FP6 EU projects and the projects of the Slovak Agency for Research and
Development (APVV). The three most intense droughts of the twenty-first century,
2003, 2011–2012 and 2015 droughts, which hit Slovakia were studied. These years
belong to the warmest years of the twenty-first century with the occurrence of
meteorological and hydrological droughts on the Pan-European scale. Part of the
research results is presented in this chapter.

2 Data and Methods

Data on daily discharges at 12 discharge gauging profiles were used as the input data.
The time series of daily discharges of the period 1 January 1981–30 June 2016 was
used. The discharge data were provided by the Slovak Hydrometeorological Institute
within the solution of the APVV-0089-12 project: Prognosis of the hydrological
drought development in Slovakia (principal investigator Miriam Fendeková). The
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necessary information on discharge gauging profiles is in Table 1. The item river km
in Table 1 refers to the distance of the gauging profile from the river mouth, which
has the value of the river km equal to zero. The location of the evaluated river basins
is in Fig. 1.

The river km values (Table 1) for the Váh and Ipeľ streams indicate that only the
upper parts of the river basin are represented by the discharges in the respective
gauging profile. The reason for selection of these two gauging profiles was as
follows. The Váh River is the stream at which a number of water works are operated;
therefore, the discharges in the downstream gauging profiles do not represent the
natural conditions. There is one water reservoir also over the Liptovský Mikuláš
gauging profile (Čierny Váh water reservoir at the Čierny Váh tributary), but the area
of the water reservoir is not very large in comparison with the downstream reser-
voirs, and there are other essential tributaries mouthing into the Váh River down-
stream the Čierny Váh tributary. Selection of the Holiša gauging profile at the Ipeľ
River was conditioned by the fact that there are tributaries from the Hungarian side
downstream the Holiša profile and Ipeľ River starts to create the state boundary along
its whole course up to the river mouth to the Danube River.

Data were processed statistically using the Statgraphics Centurion 17 software
package [5]. The statistical processing included calculation of necessary statistical
parameters, analysis of the seasonal component and analysis of the interrelationships
among the discharge time series. The seasonal component was assessed using the
seasonality index. A seasonal index represents the expected percentage of “normal
value” in a given month. The normal value is defined by the monthly average for the
whole surrounding year.

Table 1 Basic data on discharge gauging profiles [3]

Database no. Gauging station River River km
Gauge zero
[m a.s.l.] Area (km2)

5030 Saštín-Stráže Myjava 15.18 164.25 644.89

5550 Liptovský Mikuláš Váh (upper) 346.60 567.68 1107.21

5840 Trstená Oravica 3.55 585.49 129.95

6200 Kysucké Nové Mesto Kysuca 8.00 346.09 955.09

6730 Nitrianska Streda Nitra 91.10 158.27 2093.71

6820 Vieska nad Žitavou Žitava 34.20 154.27 295.46

7290 Brehy Hron 93.90 194.27 3821.38

7400 Holiša Ipeľ (upper) 157.20 172.40 685.67

7900 Vlkyňa Rimava 1.60 150.77 1377.41

8320 Chmelnica Poprad 60.10 507.41 1262.41

8870 Košické Oľšany Torysa 13.00 185.70 1298.30

9500 Hanušovce nad Topľou Topľa 47.50 160.40 1050.05
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The interrelationship among the time series of discharges was assessed using the
Spearman rank correlation which is suitable also for data deviating from the normal
frequency distribution, as expected for the discharge time series values.

After that, the drought parameters were estimated using the lfstat program
(version 0.9.2) [6, 7] developed at the Institute of Applied Statistics and Computing
of BOKU Vienna. The hydrological drought was evaluated using the sequent-peak
algorithm (SPA) method with the fixed threshold value of the 80th percentile (Q80)
applied [1]. The calculation of Q80 was based on the time series of the reference
period 1981–2010. Identification of low flow periods within the complete time series
(1981–2016) enabled to select the drought period with the most massive volume for
each of the years 2003, 2012 and 2015. The drought parameters consisted in (1) the
annual minimum discharge AM7 (m3 s�1) obtained by 7-day moving average filter,
(2) maximum drought duration D (days) obtained as a number of days between the
drought onset and termination, (3) maximum deficit volume V (m3) calculated as
sum of differences between the real discharge (below the threshold value) and
discharge required to sustain the threshold and (4) drought intensity I (m3 day�1)
calculated as the ratio of the deficit volume and duration. The parameters were
further processed by calculation of the return periods for each of the drought
parameters [7]. The results were compared with the same parameters calculated for
the reference period 1981–2010.

The three-parametric Weibull distribution was used to calculate the return period
of the annual minimum values, and the generalized extreme value (GEV) distribu-
tion was used to calculate the return periods of maximum drought duration,

Fig. 1 Location of the evaluated river basins within Slovakia (Adapted according to [4])
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maximum deficit volume and drought intensity. The timing of drought and its
seasonality were also studied.

The Weibull cumulative distribution function can be expressed by the formula
[8]:

F xð Þ ¼ 1� e�
x�γ
βð Þα ð1Þ

where x> 0 and α, β > 0, α location parameter, β scale parameter, γ form parameter.
The generalized extreme value (GEV) distribution, which was used for return

period calculation of the maximum values (drought duration, deficit volume and
intensity), can be expressed by the formula [8]:

F xð Þ ¼ e� 1�κ x�ξð Þ
α½ �1=κ ð2Þ

where κ 6¼0 and ξ location parameter, α scale parameter, κ form parameter.
The conformity of the empirical distribution to the theoretical one was assessed

using the L-moments method [9].
Method of clustering (Ward’s method, squared Euclidean distance) was used for

assessment of interrelationships among the evaluated drought parameters.

3 Results

3.1 Primary Assessment of Discharge Time Series

Calculation of the basic statistical parameters included the values of the central
tendency, among them the arithmetic mean, median, minimum and maximum
values. Parameters of variability were represented by the standard deviation and
the coefficient of variation. Of particular interest here are the standardized skewness
and standardized kurtosis, which can be used to determine whether the sample
comes from a normal distribution. Values of these statistics outside the range of
�2 to +2 indicate a significant departure from normality. Totally 12,965 complete
cases were used in the calculations. The results of the discharge time series statistical
evaluation are in Table 2.

The statistical evaluation showed that the average discharge values range between
2.267 m3 s�1 for Oravica River at Trstená gauging station and 42.007 m3 s�1 for
Hron River at Brehy gauging station. The value of median was for all streams lower
than the value of the arithmetic mean, which points to the departure of the time series
data from the normal frequency distribution. The deviation was also confirmed by
values of the standardized skewness and kurtosis. The extremely high positive
values of the standardized skewness out of the range from �2 to 2 confirm the
prevalence of the low values in all processed time series. The high values of the
standardized kurtosis point to frequency distribution steeper than the normal one.
The values of the coefficient of variation, as a standardized measure of the data
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variability, were also high. The lowest coefficient of variation with the value of 79%
has Váh and Oravica River discharges; in all other cases, the values of the coefficient
were higher than 100%, reaching from 106% up to 164%.

The evaluation of the time series seasonality showed the different development of
discharges during the hydrological year (1 November to 31 October next year) which
is still used in Slovakia for hydrological data seasonality evaluation. Three types of
discharge seasonality can be distinguished among the basins (Fig. 2).

The first type represented by the Myjava, Kysuca, Nitra, Žitava, upper Ipeľ and
Topľa Rivers can be characterized by the maximum discharges in March. The river
basins have the rain-snow combined runoff regime (for explanation see the chapter
titled “key facts about water resources in Slovakia”, in volume I of this book). The
typical feature is the steep increase of discharges since January to March and the
occurrence of the second but much smaller maxima in July. The second type,
represented by the Oravica, Rimava, Hron and Torysa River discharges, has the
maxima in April. It can be seen in Fig. 2 that also the March maxima are quite high
except the Oravica discharges. On the other hand, the decrease of Oravica discharges
after the April’s peak is the smoothest one among all evaluated basins; the difference
between the April and the May to July discharges is not too significant. The third
type is represented by the upper Váh, and Poprad River discharges with the maxima
shifted to May which is typical for temporary snow regime runoff type (for expla-
nation see the chapter titled “key facts about water resources in Slovakia”, in
volume I of this book).

What the minima is concerned, the minimum values are dispersed throughout the
broad time span. The autumn minima (September to November) prevail in the
majority of the river basins, represented by the Kysuca, Nitra, Hron, upper Ipeľ,
Rimava, Torysa and Topľa Rivers. The winter minima (January to February) occur in
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Fig. 2 Values of the seasonality index for evaluated river basins
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typically high river basins, represented by the upper Váh, Oravica and Poprad
Rivers, and the summer minima (August) are typical for Myjava and Žitava Rivers.

The interrelations among the discharge time series were assessed using the
Spearman rank correlation, which is usable also in the case of data significantly
departing from the normal frequency distribution (see Table 3). Values of the
correlation coefficients are put in the first-row corresponding to each river; the P-
values are given in the second row. P-values lower than 0.05 indicate the statistically
significant interrelationship between two variables.

All relationships between pairs of variables are statistically significant as all P-
values are lower than 0.05. The highest correlation coefficient of 0.928 was obtained
for the relation of the Ipeľ and Rimava River discharges. These are two neighbouring
basins located in the Southern Slovakia (Fig. 1) with the similar geological, geo-
morphological and climatic conditions. Another high correlation coefficient with the
value of 0.899 was obtained for the discharge relationship of Torysa and Topľa
Rivers, the two neighbouring basins located in the Eastern Slovakia (Fig. 1), also
with very similar geological, geomorphological and climatic conditions. The lowest
values of correlation coefficients were obtained for Oravica River; however, also
there were some quite strong correlations, e.g. with the Poprad, Torysa and Topľa
River discharges.

3.2 Hydrological Drought Assessment Results

The drought periods with the most significant deficit volume were selected in each of
the evaluated years using the fixed threshold value of the reference period. The
estimated values of the Q80 for each of the evaluated river basin are in Table 4.

Four examples were selected to illustrate the different drought developments in
various parts of Slovakia in evaluated years. The Myjava River basin is located in
Western Slovakia (see Fig. 1), the Kysuca River in Northwestern Slovakia, the
Žitava River basin in the Southern Slovakia and the Torysa River basin in Eastern
Slovakia. Time series of discharges separately for each of three evaluated years are
in Fig. 3 for the Myjava River, in Fig. 4 for the Kysuca River, in Fig. 5 for the Žitava
River and in Fig. 6 for the Torysa River.

Each figure is divided into parts a, b, c and d. The logarithmic values of
discharges in the reference period 1981–2010 are in the upper (a) part of each figure.
The logarithmic transformation enabled to stress the minimum values, which are of
interest by the drought assessment. The threshold value, calculated as Q80 for the
entire reference period, is drawn by the full red line. Each value below the threshold
represents the discharge under drought. Discharges of three evaluated years are
drawn separately in Figs. 3b, 4b, 5b, and 6b (2015); 3c, 4c, 5c and 6c (2012); and
3d, 4d, 5d and 6d (2003). In accordance with [10], the grey polygon in b, c and
d parts of each figure represents the maximum annual low flow event below the
threshold. The area of the polygon corresponds to the deficit volume, and its length
(between the onset and termination day) is the event duration. Dashed lines represent
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Table 4 The Q80 values (m
3 s�1) used as threshold limits for drought period delineation

Basin Myjava Váh Oravica Kysuca Nitra Žitava Hron Ipeľ Rimava Poprad Torysa Topľa

Q80 0.90 8.69 1.11 4.15 5.61 0.47 15.30 0.638 1.74 5.92 2.48 2.45
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Fig. 3 Delineation of the drought periods with the most significant deficit volume for the Myjava
River discharges: (a) discharge values in the reference period, (b) 2015 drought delineation,
(c) 2012 drought delineation, (d) 2003 drought delineation
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varying seasonal thresholds. The blue (upper) one is the Q50 representing the long-
term average; the red (lower) one is the Q80, representing the benchmark dry
seasonal conditions. Both correspond to smoothed (30-day moving average
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procedure) daily flow quantiles with an exceedance probability of 0.5 (the blue one)
and 0.8 (the red one).

The results for the Myjava River discharges show that the longest low flow period
occurred in 2003 (see Fig. 3d). The average discharges of the year 2003 were far
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below the long-term average conditions except for the January–February period.
Discharges of the period April–May 2012 were also low (see Fig. 3c), but the
increase in discharges during the June–July period prevented the drought occur-
rence. The years 2012 and 2015 were almost without longer drought periods.
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Fig. 6 Delineation of the drought periods with the most significant deficit volume for the Torysa
River discharges: (a) discharge values in the reference period, (b) 2015 drought delineation,
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The results for the Kysuca River discharges (Northwestern Slovakia) differed
significantly from those in the Myjava River basin. Almost no drought occurred in
2003 and 2012 (Fig. 4c, d), but in the year 2015, low flows during the June to
November period caused long-term drought period occurrence (see Fig. 4b).

Another different picture of the drought period occurrence in Southern Slovakia
illustrates the situation in the Žitava River basin (see Fig. 5).

The most extended drought period occurred in the year 2003 because of low
discharges during the June–November period and similarly in the year 2012. The
shortest drought period occurred in the Žitava River basin in 2015.

The last example is represented by the eastern Slovakian Torysa River basin
drought period occurrence (see Fig. 6).

The area of Eastern Slovakia was hit by drought in all three evaluated years. The
most extended drought period occurred in 2003 continuing to the year 2004; the
drought periods in 2012 and 2015 were comparably long with the comparable onset
and termination dates.

Drought parameters for the periods with the most massive deficit volume were
further analysed for each river basin and evaluated year. The theoretical Weibull and
GEV were used to calculate return periods of drought characteristics. Data calculated
for the evaluated years were compared with the 1981–2010 reference period.

The return periods calculated for the minimum discharge, drought duration,
deficit volume and intensity values were analysed regionally and also locally for
each of the basins. The results of the regional evaluation are given in Fig. 7. Boxes
refer to upper quartile, median and lower quartile of the return period; dots represent
the maximum range of outliers. According to [10], return period of about 2–10 years
represents mild drought conditions, 10–50 years moderate drought conditions and
more than 100 years extreme drought conditions.

Drought conditions according to the minimum discharge values and the drought
intensity were mild in Slovakia in all evaluated years; the lowest values of the return
period were calculated for the 2015 drought, and comparable values were reached
for the 2003 and 2012 droughts. On the other hand, the 2003 drought was moder-
ately strong according to drought duration; 2012 and 2015 droughts were mild. The
same is valid for the deficit volume. Again, the 2003 drought was moderate; 2012
and 2015 droughts were mild.

However, there were outliers in all evaluated parameters in almost all evaluated
years. The highest return period over 100 years was calculated for minimum
discharge in the Torysa River basin during the 2012 drought, representing the
extreme drought conditions. The return period over 60 years reached drought
duration in the Hron River basin in 2003, and the return period over 50 years was
estimated for the maximum deficit volume in the Kysuca River in 2015. The
estimated return periods of evaluated drought parameters reached higher values for
2003 and 2012 than those estimated for the 2015 drought. These values were also
higher than the values estimated for the reference period, especially in the Myjava,
Žitava, Váh and Torysa River basins. Exceptional was the situation in the Kysuca
River basin, where the highest return periods were calculated for all four drought
parameters for the year 2015.
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3.2.1 Interrelations Among Drought Parameters in Evaluated River
Basins

The cluster analysis was used to find interrelationships among the calculated drought
parameters. Besides the other already mentioned parameters, the starting dates of the
drought periods in respective years and in the reference period were also used in the
cluster analysis. Clustering of the drought parameters showed that there is a close
relationship between minimum values (AM7-2003, AM7-2012, AM7-2015) and
drought intensities (I-2003, I-2012 and I-2015) in all evaluated years as shown in
Fig. 8.

The pairwise relation was confirmed between the drought duration (D-2003,
D-2012), drought starting dates (SD-2003, SD-2012) and deficit volumes
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Fig. 7 Box plots of the drought parameters in all evaluated river basins in 2003, 2012 and 2015
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(DV-2003, DV-2012) of the years 2003 and 2012. The relationship between the
drought starting date in the reference period (SD-RP) and in 2015 drought
(SD-2015) was also confirmed.

4 Discussion

The years 2003, 2012 and 2015 belong to the warmest years of the twenty-first
century with the occurrence of meteorological and hydrological droughts on the
Pan-European scale. The study of meteorological data showed that the initial
climatic conditions over Europe were quite similar in all three dry years (2003,
2012 and 2015). There was a positive 500-hPa geopotential height anomaly in the
upper-level atmospheric circulation over continental Europe, especially over the
Central and Eastern Europe [11, 12]. As confirmed by WMO Report [13], the year
2015 was the second, the year 2012 the ninth and the year 2003 the tenth to twelfth
warmest year within the observation period 1880–2016.

The evaluation of the meteorological drought on the Slovak territory [13] using
the SPI and SPEI indexes showed that the manifestation of the meteorological
drought was different in various parts of Slovakia. The influence of climatic condi-
tions expressed by precipitation and potential evapotranspiration on drought param-
eters is notable but more pronounced since the year 2000. The more extreme values

Fig. 8 Results of drought parameter clustering
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of the standardized precipitation and evapotranspiration index (SPEI) in comparison
with the standardized precipitation index (SPI) were estimated for the ongoing
period since the half of the 1990s of the last century. The increase of potential
evapotranspiration due to the increasing air temperatures is the reason for such
development. This was confirmed mainly in the Oravica, Poprad, Torysa and
Topľa River basins.

Study of interrelationships between the meteorological and hydrological droughts
in the Slovak territory [4] showed that there is a quite good correlation between the
meteorological and hydrological drought occurrence in more than half of the eval-
uated river basins. The closest correlations were obtained for the Myjava, Váh,
Oravica, Kysuca, Nitra, Hron, Ipeľ and Topľa basins, where the meteorological
drought was followed by the hydrological one. However, the hydrological drought
parameters did not follow the meteorological drought onset or intensity in Žitava,
Rimava, Poprad and Torysa River basins. The hydrological drought intensity in the
Žitava, Rimava and Poprad River basins in 2003 was the lowest among the evaluated
years, despite the most pronounced low SPI values. The reason was in quite wet
preceding years which created conditions for balancing the lack of precipitation in
2003. The intensity of hydrological drought was in better compliance with the SPEI
index values in the case of the Žitava and Rimava River basins than with the SPI
values.

It is worth to mention that a high variability in drought manifestation even within
small distances was confirmed for the territory of Slovakia. This was shown by a
detailed comparison of drought parameters done for two southern, Ipeľ and Rimava,
and two eastern, Torysa and Topľa, Slovakian river basins [14]. The results showed
that the Ipeľ River basin with the smallest basin area, lowest altitude and highest air
temperature suffered from the 2012 drought which was in a good compliance with
the meteorological drought occurrence expressed by the SPEI12 index calculated for
the Boľkovce meteorological station. The situation in the adjacent Rimava River
basin was different despite meteorological drought parameters very similar to those
of the Ipeľ River basin. The most pronounced drought period occurred in the Rimava
Basin in 2003, similarly to the eastern Slovakian basins of Torysa and Topľa.
However, return periods of drought duration and deficit volume and also the deficit
volume intensity estimated for the Rimava River discharges were much lower than
those calculated for the Torysa and Topľa basins.

The possible reason for such development is the high variability in climatic,
geomorphological and geological conditions of Slovakia, which have their influence
on wetness preconditions in respective river basins.

5 Conclusions

Hydrological drought occurs quite frequently in Slovakia since the 1980s of the last
century. Three drought events with the Pan-European character occurred in Slovakia
already in the twenty-first century. The influence of climatic conditions expressed by
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precipitation and potential evapotranspiration on drought parameters is notable but
more pronounced since the year 2000. The more extreme values of the standardized
precipitation and evapotranspiration index (SPEI) in comparison with the standard-
ized precipitation index (SPI) were estimated for the ongoing period since the half of
the 1990s of the last century.

The evaluation of the 2003, 2012 and 2015 droughts showed that despite of
generally similar weather conditions in all three evaluated years, the response of the
twelve assessed river basins differed significantly. The research confirmed that the
mild drought hit Slovakia according to the minimum discharge values and the
drought intensity in all three evaluated years. The 2003 drought was moderately
strong according to drought duration and deficit volume; 2012 and 2015 droughts
were mild.

The assessment of interrelationships among evaluated drought parameters
showed that the 2003 and 2012 droughts were more similar to each other than to
2015. The 2015 drought showed similarities with the average drought parameters of
the reference period 1981–2010. However, there were exceptions from this devel-
opment, as confirmed in the case of the Kysuca River discharges where all analysed
drought parameters reached the highest return periods just in the year 2015.

The high variability in drought manifestation even within small distances was
confirmed for the territory of Slovakia. Variable climatic conditions (air temperature
and precipitation totals which are altitude-dependent) and geomorphological and
geological conditions are the possible reasons for such development, together with
the wetness preconditions in the respective river basin.

6 Recommendations

It is supposed that because of the climate change, the extreme hydrological events
are going to be more pronounced and more frequent in the future also on the territory
of Slovakia.

The country is quite well prepared for food protection, as it results from the
existing European and also Slovak legislation, where the flood directive of the
European Community [15] and the Flood Act [16] are applied.

The Ministry of Environment of the Slovak Republic worked out the document:
Strategy and adaptation on unfavourable climate change impacts. At present, the
revision of the document is going on. The reason was in not satisfactorily addressing
the drought issue.

Another document addressing the drought issue is the Action plan on drought
impact mitigation measures which was prepared at the Ministry of Environment of
the Slovak Republic by the group of experts in the second half of the year 2017.
Nowadays the process of its discussion is going on at the level of the applicable
ministries. The action plan should be prepared for the approval by the Slovak
government in the near future.
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However, there is still no legislation on drought impact mitigation and protection
existing within the Slovak legislative space. Therefore, after approval of the Action
plan, the respective legislative measures should be prepared and approved in order to
move from the crisis management, as documented by measures taken during the
2015 drought, to drought risk reduction policy. More attention should be paid to
prepare the long-term prevention and mitigation measures in all involved economy
sectors (water management, forestry, agriculture, social sectors and others). Devel-
opment and implementation of drought management plans of Slovakia in the context
of the EU Water Framework Directive are inevitable. The drought issue should be
included also in the next revised version of the Water Plan of the Slovak Republic.
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Flood Hazard in a Mountainous Region

of Slovakia
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Abstract Slovakia is a mountainous country, and the occurrence of floods in headwa-

ter areas is thus an important phenomenon. The chapter concerns the identification of

regional types of flood hazards in a mountainous region resulting from the physical

geographic characteristics of the upper basins. The regional type is the unit of regional

taxonomy, which is not contiguous in geographical space and is referred to as the flood

hazard potential or disposition of the basins to floods. A brief overviewof flood events in

Slovakia is provided. Then, the rest of the chapter presents the assessment of the flood

hazard itself. The evaluation process consists of four steps. The first step of the regional

taxonomic process is creation of a basic set of upper basins and a database of their

physico-geographic attributes. The second step is identification of the physical geo-

graphic attributes that significantly influence the basic features of the drainage process
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and the spatial variability of the flood hazard. The delineation of flood hazard classes

based on a combination of physical basin attributes and classification of upper basins

into flood hazard classes is the third one. Testing the significance of differences between

the assigned flood hazard classes in terms of the frequency of flood situations is the last

fourth step.

Keywords Flood hazard, Flood situation, Regional type, Slovakia, Upper basins

1 Introduction

The period from the second half of the 1970s to the 1980s was exceptionally peaceful in

terms of the occurrence of floods in the Slovak Republic (MoE SR). However, since the

second half of the 1990s, we have seenmore frequent occurrence of floods in Slovakia, as

in other European countries, causing loss of life and considerable damage to the property

of citizens and municipalities as well as to organizations in the private and public sectors

[1, 2]. Preventing flood damage or minimizing its extent is, therefore, becoming a very

urgent requirement. The issue of floods has become amajor societal issue for government,

local authorities, academic and research institutions, and water management and hydro-

meteorological organizations as well as non-governmental organizations.

With regard to flood issues, the paradigm of their solution is changing from a

traditional engineering approach to integrated assessment and management of flood

risk (c.f. [3–9]). The integrated approach is based on idea that “in evaluating disaster

risk, the social production of vulnerability needs to be considered with at least the same

importance that is devoted to understanding and addressing natural hazards” [10]. In the

case of flood hazard, it also underlines the principle “that all types of flooding should be

managed coherently, thereby including sewer flooding, pluvial flooding and groundwa-

ter flooding alongside the traditional coastal and riverine flooding” [11]. The emphasis

placed only on river flooding can be considered legitimate and understandable, partic-

ularly in the middle and lower parts of rivers in lowland and basin territories. In these

river sections, this type of flood hazard dominates, and flood protection structural

measures are practically the only measures that can be used to reduce the extent of

flooding. The situation is different, however, in the upper basins in the mountain,

foothill, and hill areas. The diversity of physical attributes of upper basins not only

causes various hydrological responses to precipitation but also, together with the impact

of local anthropogenic factors, creates conditions for the emergence of other forms of

flood hazards (e.g. sheetwash flooding) besides natural river flooding. Therefore it is

necessary to assess flood hazard in headwater areas in a comprehensive way. The upper

basins are of key importance in the framework of flood risk management. Increasing

their retention capacity and reducing the influence of local factors that accelerate floods

is the first step that is needed to reduce flood hazard in downstream areas.

Slovakia is a country where the mountains occupy 71% of the total area, and 37%

of the total of 2,928 municipalities (i.e. 1,093) are located in upper basins in

mountainous, foothill, or hill areas [12]. Analysis of the occurrence of flood situa-

tions in Slovakia in 1996–2006 showed that 67% of flood events occurred in
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municipalities located in upper basins [1]. The occurrence of floods in upper basins

in the mountain, foothill, and upland areas is thus an important phenomenon in

Slovakia. For this reason, it is necessary to give appropriate attention to an integrated

assessment and management of flood hazard in the upper basins.

2 A Brief Overview of Flood Events in Slovakia

2.1 Historical Floods Up to the Second Half of the 1970s

The references to historical floods in Slovakia are mainly related to floods that have

occurred in large streams. Basic information about the history of floods in Slovakia is

provided by the website of theMinistry of Environment SR [13] or the SlovakWater

Management Company [14]. Through the study of available historical documents,

the occurrence of floods was documented in detail on the river Váh by [15], on the

Danube by [16, 17], and on the Slana River by [18].

Probably the biggest flood on the Danube in Bratislava was the flood in 1516,

marking the height of the peak level at the pillar of Vydrická Gate, and is also the

oldest preserved flood mark in the territory of Slovakia [17]. The most famous flood

in the eighteenth century took place at the beginning of November 1787 and was also

referred to as the “Hallowmas flood”. The whole of the nineteenth century was

marked by ice floods, in which accumulated blocks of ice caused clogging and raised

the water level. Disastrous for Bratislava was that of 5 February 1850. One of the

preserved flood markings at the corner of Laurinska and Uršulinska in the historic

core of the city is 182 cm above the pavement level. The flood caused tremendous

damage, and six people died. From the point of view of the extent of the flooded area

and the damages caused, the flood on the Danube in 1965 was extremely destruc-

tive. The prolonged high water conditions in the Danube and frequent rain from

early March to the second half of July had adverse effects on the stability of the

protective dykes and their subsoil, which resulted in considerable seepage. Despite

the enormous efforts made, it was not possible to prevent the three breakdowns that

occurred in June on the dykes along the Danube (two breaks) and the Váh River

(one break). After the breakdown of the Danube dykes, 46 municipalities and three

settlements were threatened, which resulted in the evacuation of 53,693 residents as

well as 35,759 cattle, 394 horses, 58,041 pigs, 8,700 sheep, 654 goats, more than

83,000 poultry, and some other livestock. Flooding destroyed 3,910 houses and

seriously damaged 6,180, and the water flooded 71,702 ha of agricultural land,

while another 114,000 ha were waterlogged. Water damaged 250 km of roads and

about 70 km of railway lines. The state insurance company registered damage

amounting to 100 million euros, but the actual flood damage was probably much

higher.

Historically, the biggest flood on our longest river, the Váh river (with a length of

406 km), which is preserved by archival documents, was the flood of 1813 [15]. It

ravaged the entire valley of theVáh, from Žilina to Sereď. As a consequence, 243 people
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died, and most of the houses in 50 villages were destroyed. In the first half of the

twentieth century, there were several major floods in the Váh catchment area. For

example, the July 1903 flood in Orava is mentioned. Further floods on the Vah River

occurred in August 1925 and 1938, in July 1943, in February 1946, and in January and

June 1948. In the Váh catchment area, the largest flood since 1813 occurred in June

1958. A flood in the Liptov and Kysuca region caused extensive damage. In Liptov,

21 communes and parts of the towns of Liptovský Mikuláš and Ružomberok were

flooded. The flood situation also required the evacuation of 60 families from Terchova.

In the Kysuce catchment, the settlement of Skorka; the communes of Svrčinovec, Stará

Bystrica, and Krásno nad Kysucou; and part of the Kysucké Nové Mesto town were

flooded. The water flooded several stretches of roads, including the state roads in the

Liptovský Mikuláš–Ružomberok and Turany–Sučany sections, as well as the railway

line between Vrútky and the Strečno.

Past floods of the Hron catchment lack more compact records. However, some

reports of floods in 1784, 1813 (the largest known flood, whose highest water status

is recorded on the flood marker in Banská Bystrica), 1847, 1853, 1899 (larger than

the flood in 1974), 1928, 1931, and 1960 have been preserved. The largest flood in

the Hron basin in the twentieth century occurred in October 1974. A devastating

flood flooded 4,650 family houses, 82 km of roads, and 30 km of railway lines, and

an area of 64,000 ha was underwater. In the upper and middle parts of the Slana

catchment, the course of the floods was reinforced in October 1974 by joining with

flood waves in the Murán and Turiec tributaries. At the Lenártovce Slaná station,

the flood culminated in a maximum discharge of 350 m3 s�1, which is repeated, on

average, once every 500 years.

There is no doubt that in the past, Eastern Slovakia was a frequent area of flood

disasters. On the basis of preserved records, floods with an average return period of

100 years can be considered, as occurred in the Bodrog and Tisza basins in 1888.

The occurrence of large floods was also frequent in this area in the twentieth

century. The largest floods in the Bodrog and Tisza catchments which should be

mentioned were those of 1924 and 1932. Large floods also occurred in 1967, 1974,

1979, and 1980. A major flood hit the entire catchment area of the Hornád River in

1958, and the Torysa catchment experienced flooding in 1952.

2.2 Incidence of Floods from the Second Half of the 1990s

Basic knowledge of the occurrence of floods, with an emphasis on the analysis of

the meteorological conditions that caused the floods, is processed annually in the

reports issued by the Slovak Hydrometeorological Institute (SHMÚ) and in mate-

rials prepared by the Ministry of Agriculture of the Slovak Republic (MP SR) and

the Ministry of the Environment of the SR (MoE SR) for the negotiations of the

Government of the SR. The incidence of flood situations in the municipalities of

Slovakia in the period 1996–2014 is shown in Fig. 1.
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The analysis of the floods that occurred in 1997–1999 in small river basins in relation

to their physical geographic conditions was addressed by [19, 20]. Reference [21]

employed a geographical information system (GIS) to analyse the occurrence of floods

on Slovak rivers in the period of 1985–2000. A detailed analysis of the occurrence of the

flood events in the territory of Slovakia in the period 1996–2006 was presented by

[1]. A flood event refers to a state of a river that requires the declaration of the third level

of flood activity because the river has begun to overflow its channel or there is a threat

that a dyke will overflow or break down. The analysis showed that during the period in

question, flood events occurred in 1367 out of a total of 2,928municipalities in Slovakia.

Of these, 920 municipalities, that is, 67% of those that experienced flooding, were

located in the small upper basins, 6% were located along medium-sized rivers (basin

areas of 300–1,000 km2), 20% along large rivers (basin areas over 1,000 km2), and the

remaining 7%of those affected by floodswere outside the upper basins and buffer along

medium and large streams (Fig. 2).

In terms of the types of flood events, they were mainly flash floods in municipalities

located in upper basins (Table 1). Of the more than 800 flash floods that occurred

between 1996 and 2006, the most tragic consequences were caused by the flood on the

Little Svinka Creek in July 1998. During the storm, more than 100 mm of precipitation

occurred in the upper part of Svinka basin in about an hour, and the subsequent flood

wave with high of up to 4 m caused the loss of 50 lives and considerable material

damage.

In terms of scope, extreme floods occurred in 2010, when the floods affected

virtually the entire territory of Slovakia. Themain cause of the floods in 2010was the

extraordinary to extreme and especially long-lasting precipitation that hit the larger

areas of Slovakia repeatedly, in many cases in the same regions. The floods in 2010

affected 33,080 inhabitants, two people died, 12 were injured, and 25,224 were

Fig. 1 The occurrence of floods in the municipalities of Slovakia in the period of 1996–2014
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evacuated, and the water flooded 27,521 residential buildings, of which 26,364 were

family houses. An area of 97,290 ha was underwater, of which 6,680 ha was in

residential areas; floods damaged 2.7 km of class I roads and 47.5 km of class II and

III roads. The verified flood damage amounted to 336.9 million euros. This amount

excludes flood damage in the primary agricultural, forestry, and fish farming sectors.

3 Impact of Physical Geographic Attributes of River Basin

on the Spatial Variability of Flood Hazard in Headwater

Areas

The primary cause of floods is precipitation or specific climatic situations. The trans-

formation of rainfall into a runoff is, however, a complex process [22–26]. The physical

geographic attributes of the basin affect three important hydrological variables (water

retention areas, infiltration, and the movement of water [27]) and cause disparities in the

flood hazard between upper basins. The diversity of physical geographic attributes of the

upper basins (relief and soil substrate properties as well as the character of landscape

Fig. 2 The flood situations

in the period of 1996–2006

in municipalities located

along rivers of different

sizes (reproduced from [1])

Table 1 Frequency of

occurrence of flood events in

1996–2010 according to the

type and size of the

watercourses (reproduced

from [1])

Size of river

Type of flood event

TotalR F L V H

Small rivers 656 813 34 18 6 1,527

Middle rivers 89 78 5 2 174

Large rivers 275 152 24 26 21 498

Outside of river buffers 31 18 66 9 124

R, river or regional floods; F, flash floods; L, ice jam flood; V,
internal flood; H, flood due to breakage of a water structure
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cover and land use), however, means that snow melt or the same long- or short-term

precipitation falling onto basins with different attributesmay not always result in floods.

This is also documented by the spatial variability of the occurrence of flood situations in

Fig. 1. There is a higher frequency of flood events in some parts of Slovakia than in

others.

General information on the basic features of the drainage process in the river

basin and the resulting flood hazard is provided by a hydrogram of average daily

discharges. Figure 3 shows hydrograms of three upper basins with different phys-

ical geographic attributes. The hydrogram in Fig. 3a includes a basin that is built up

by a Palaeogene flysch with a predominance of clay, on which soils with very low

permeability of the soil texture are created, and the forestry covers 63% of the

basin. The hydrograph is characterized by sudden and steep flood waves and

suggests that the dominant drainage process in the river basin is surface or direct

runoff. The maximum values of normalized average daily discharges are more than

ten times higher than the average annual discharge. The hydrograms in Fig. 3b, c

are for river basins, the first of which is characterized by a permeable soil texture on

the crystalline slate, with forestry covering 84% of the basin. In the second river,

aeolian sand with a very permeable soil texture predominates, and the forest covers

47% of the river basin. The hydrograms indicate that the predominant drainage in

the basins is basic runoff. In this form of runoff, there are typically shallow and

longer-lasting flood waves with values of normalized average daily discharge that

are only four and two times higher, respectively, than the average annual discharge.

In addition to the visual interpretation of the hydrograms, the basic features of the

drainage process in the basin can be expressed in a quantitative way in the form of a

base flow index (BFI). The value of the BFI indicates the ratio of basic runoff to total
runoff. A high BFI suggests that the basic runoff dominates in the runoff process and

that the potential for flood hazard is low. On the contrary, a low value of BFI
indicates that the prevailing form of runoff in the catchment is a direct runoff, and

the potential for flood hazard is higher. For example, the BFIs for the river basin

shown in Fig. 3a–c are 0.26, 0.68, and 0.93, respectively. Due to the different
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Fig. 3 Examples of different hydrological responses: (a) river Ladomı́rka, (b) river Rimava, (c)

river Láb
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transformations of precipitation into runoff caused by the physical geographic

attributes of the river basin, we can assert that there is a greater flood hazard in the

river basin in Ladomı́rka (Fig. 3a) than in the basins of the rivers Rimava and Láb

(Fig. 3b, c).

The threat of flood occurrence resulting from the physical geographic charac-

teristics of the basin is referred to as the flood hazard potential [28], geoecological

flood hazard potential [29], or disposition of the catchment to flood [30]. The

assessment of the spatial variability of the flood hazard potential in the upper basins

requires:

(a) The creation of a basic set of upper basins and database of their physico-geographic

attributes

(b) Identification of the physical geographic attributes that significantly influence

the basic features of the drainage process and the spatial variability of the flood

hazard

(c) Delineation of the flood hazard classes based on a combination of physical

basin attributes and classification of the upper basins into flood hazard classes

(d) Testing of the significance of differences between the assigned flood hazard

classes in terms of frequency of occurrence of flood situations

3.1 Basic Set of Upper Basins of Slovakia and a Database
of Their Physical Geographic Characteristics

A digital layer of small basins had been digitalized by the Slovak Environmental

Agency (SAŽP) in the years 1997–1998 from the map of water management in

scale of 1:50,000. However, water divides of basins had to be adjusted by [31] to

take the function of the basic spatial units for the needs of regional taxonomy. The

digital layer contains almost 4,587 autochthonous small upper river basins with

areas ranging from 0.04 to 150 km2. In view of the fact that the response from the

river basin, whose area occupies more than 5 km2, is hydrologically significant [32],

the original set of upper river basins was reduced to 1,678 basins with an area in the

range of 5–150 km2. The upper limit of the size of the area of the basin reflects the

diversity of the relief of the territory of Slovakia.

A database of physico-geographical characteristics of upper basins containing a

large set of attributes representing precipitation, relief, geology, soil, and land cover

was created by [33]. The input digital layers for the determination of river basin

attributes were a digital relief model [34], soil map [35], a map of the CORINE

Land Cover [36], hydrogeological map [37], and a map of average annual precip-

itation [38]. Graphical visualization of the basic physical geographic attributes of

the upper basins is presented in Figs. 4, 5, 6, and 7.

Differentiation of soils from the point of view of permeability is the result of two

basic physical soil properties, texture and structure, which determine the size, shape, and

geometric arrangement of soil pores. Permeability is the ability of the soil to allow the
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passage of precipitationwater from the surface of the soil into deeper soil horizons.With

regard to the soil texture of non-capillary pores, there is a decline from coarse-grained

categories to fine-grained categories [39]. As a result, the permeability decreases from

coarse-grained categories to fine-grained categories (Table 2).

Based on the relationship between the rock and soil texture determined by [40, 41], as

shown in Table 3 and on the hydrogeological map of Slovakia at a scale of 1:500,000, a

Fig. 4 Average annual precipitation (1976–1995) of the upper basins (reproduced from [33])

Fig. 5 Average altitude of upper basins (reproduced from [33])
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map of the spatial distribution of the soil texture categorieswas compiled. By overlaying

this thematic layer with that of the small basins of the SR, the percentages of the

individual soil texture categories in each basin were assessed. The index of soil texture

permeability of the basin (ISTP) was set afterwards by:

Fig. 6 Average slope of upper basins (reproduced from [33])

Fig. 7 Percentage of forest in upper basins (reproduced from [33])
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ISTP ¼
P

Ppj � Ipj
100

ð1Þ

where ISTP is the permeability index of the basin, Ppj is the percentage of soil

texture category of the total basin area, and Ipj is the corresponding permeability

value. The values of ISTP were then grouped into interval classes of soil texture

permeability (Table 4). The classification of the upper basins in terms of ISTP is

visualized in Fig. 8.

In the case of the soil structure of the soil horizons, it is assumed that the permeability

decreases from unstructured aggregates and structural aggregates that are evenly devel-

oped in three directions towards structural aggregates that are vertically and horizontally

elongated (Table 5). Each soil unit is characterized by a certain grouping of soil

horizons, and in the assessment of the soil unit permeability as a whole, the “bottleneck”

principle was applied [42]. This means that the permeability corresponding to the least

permeable soil horizonwas attributed to the soil unit (Table 6, numbers in bold in the last

column).

By overlaying the map soil units with the layer of small basins in Slovakia, the

percentage of each type of soil unit in the basin was expressed. Subsequently, an

Table 2 Permeability of soil texture categories

Soil texture

category

Share of particles

smaller than

0.01 mm

Category of

permeability

Ordinal value of

permeability

Sandy 0–10% Absolutely permeable 7

Loam-sandy 10–20 Very well permeable 6

Sand-loamy 20–30 Well permeable 5

Loamy 30–45 Permeable 4

Clay-loamy 45–60 Poorly permeable 3

Very clayey 60–75 Very poorly

permeable

2

Clay >75 Not permeable 1

Table 3 Relationship between soil texture and rock

Soil texture Rock

Sandy Sand deposits

Loam-sandy Quartzite, granite, granodiorite

Sand-loamy Melaphyre, granodiorite, gneiss, porphyroid, flysch-sandstone

Loamy Andesite rocks, porphyroid, gneiss, amphibolite, loess, dolomite

Clay-loamy Andesite rocks, phyllites, loess, limestone, flysch-clayey shale

Clayey Marlite, marly shale, marly limestone

Clay Neogenic formations of clay and marl
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index soil structure permeability (ISSP) was assessed for each basin by using

Eq. (1), where classes of soil structure permeability were used instead of soil texture

permeability classes. The distribution of upper basins into classes in terms of soil

structure permeability is presented in Fig. 9.

3.2 Analysis of the Influence of Basin Attributes on Spatial
Variability of the Flood Hazard

The analysis of the impact of the physical geographic attributes on flood hazard

includes the investigation of the dependence between classes of physical geo-

graphic attributes of the basins on the one hand and BFI values and frequency of

flood events on the other hand [28]. In the case of BFI, the analysis was carried out

Table 4 The classes of soil texture permeability index

Permeability index ISTP Class of soil texture permeability

1.00–1.50 1 – Not permeable

1.51–2.50 2 – Very poorly permeable

2.51–3.50 3 – Poorly permeable

3.51–4.50 4 – Permeable

4.51–5.50 5 – Well permeable

5.51–6.50 6 – Very well permeable

6.51–7.00 7 – Absolutely permeable

Fig. 8 Classes of soil texture permeability of upper basins
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in the basins by hydrometeorological observation. A sample of 126 small gauged

catchments was selected, and the BFI values were set by applying the IHACRES

precipitation/runoff model [43]. The relationship between the BFI and the basin

attributes was analysed by the box plot method. In the case of frequency of flood

events, their relationship to the basin’s attributes was studied within the whole set of

Table 5 Permeability of soil horizons

Soil horizon Soil structure Class of soil structure permeability

Layer of loose sandy material Structureless – loose 7 – Absolutely permeable

Weathered substrate Structureless – stone 6 – Very well permeable

Humus Granular 5 – Well permeable

Metamorphic Polyhedron 4 – Permeable

Illuvial Prismatic, columnar 3 – Poorly permeable

Eluvial Platy 2 – Very poorly permeable

Gley Structureless – dense 1 – Not permeable

Table 6 Classification of permeability of soil units

Soil unit Soil horizons Soil structure

Class of soil

structure permeability

Leptosols Shallow humus Granular: fine to medium 6

Weathered rock

Arenosols Loose sand Structureless loose 7

Rendzic leptosol and calcaric cambisols Humus Granular: fine to medium 5

Metamorphic Granular: fine to medium 4

Weathered rock

Chernozems Humus Fine granular 5

Loose loess

Haplic luvisols Humus Granular: fine to medium 5

Illuvial Polyhedron to prismatic 3

Loose substratum

Albic luvisols Humus Granular: fine to medium 5

Eluvial Platy 2

Illuvial Prismatic 3

Loose substratum

Cambisols and andosols Humus Granular: fine to medium 5

Metamorphic Polyhedron 3

Weathered rock

Podzols Humus Medium granular 5

Eluvial Structureless loose 6

Illuvial Polyhedron 3

Weathered rock

Planosols and stagnosols Humus Granular: fine to medium 5

Gley Structureless dense 1

Loess loams deposit

Fluvisols Alluvial deposits Structureless 5

Mollic fluvisols and mollic gleysols Humus Fine granular 4

Gley Prismatic to platy 2

Loose deposit
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1,678 upper basins, and the significance of their differences was tested by the

ANOVA method.

With regard to the altitude, slope, and forestry, the upper basins are divided into

the following four physical geographic classes:

– Classes of average altitude of the basin: A, 101–385 m a.s.l.; B, 385–652 m a.s.

l.; C, 652–976 m a.s.l.; D, 976–1,816 m a.s.l.

– Classes of average slope of the basin: A, 0–6�; B, 6–12�; C, 12–18�; D, 18–33�

– Classes of basin forestry: A, 0–24%; B, 24–5%; C, 51–76%; D, 76–100%

The intervals of each class are defined by the breakpoints corresponding to the

division into four classes when processing the classification of upper basins in

the GIS.

In terms of the soil texture permeability, the upper basins have been grouped into

seven classes (see Table 4; class 1, not permeable soil texture; class 7, absolutely

permeable soil texture). In relation to soil structure, instead of the seven original

classes, three classes of permeability of the soil structure were used. The first one

(class 1) is poorly permeable and consists of basins with a prevalence of soil types

for which prismatic and columnar structure with vertically elongated soil aggre-

gates is typical. The second (class 2) is permeable and contains the upper basins

with a prevalence of soil types typified by the cubiform and polyhedral structures

with distinctly developed edges in three directions. The third (class 3) is very well

permeable and consists of an upper basin with a prevalence of soil types, for which

a granular structure with spherical soil aggregates is typical.

Fig. 9 Classes of soil structure permeability of upper basins
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The results of the relationship between BFI values and the classes of physical

geographic attributes of the upper basins are presented in Fig. 10. The graphs show

that only the permeability of the soil texture has a significant effect on the differ-

entiation of BFI values of the basins (Fig. 10a); that is, with increases in the soil

texture permeability of the basin, the proportion of the base runoff in the total runoff

increases. In the case of other physical geographic attributes, box plots point only to

insignificant dependencies. In relation to the soil structure, the average BFI value in
the class of basins with the lowest permeability of the soil structure (class 1) is

somewhat lower than the BFI value in the remaining two classes of basins with

higher permeability (Fig.10b). Similarly, in the case of the average slope of the

basin, the BFI is in the class of basins with a slope of up to 6%, which is slightly

higher than that in the other classes with higher slope (Fig. 10d). In relation to the

forestation and altitude of the basins, the differences between BFI values are very
insignificant and do not indicate any trend (Figs. 10c, e).

With regard to the second indicator of the flood hazard, that is, the frequency of

flood events, the results are given in Tables 7, 8, 9, and 10.

The comparison of the arithmetic average of the frequency of flood events vs the

soil texture permeability classes of basins shows that in basin classes with low

permeability (classes 1 and 3), the frequency of flood events is higher than that in

basin classes with permeable soil texture (classes 4–7). Surprisingly, however, the

lowest value of the average frequency of flood events is obtained in the case of class

2, with a low-permeability soil texture.

In terms of forestry, in classes B, C, andD, but not class A, the value of the arithmetic

average of the occurrence of the flood events decreases as the basin forestation increases.

Differences between arithmetic averages are quite clear. The impact of forestry is even

more pronounced if it is judged within individual classes of soil texture permeability

(Fig. 11).Within each of the soil texture permeability classes, the arithmeticmean of the

frequency of flood events is higher in the upper basin group in which forestry fails to

predominate than in the basin group with predominant forestry. The graph also shows

that the impact of forestry on the occurrence of flood situations becomes weaker as the

permeability of the river basin texture decreases.

Regarding the relief attributes of the river basins, the data do not indicate the

assumption that the increase of the average slope of the river basin or altitude will

increase the frequency of the flood events; rather, the data point to the opposite

trend.

The above analysis suggests that the basin attributes that have a significant

influence on the frequency of the flood events are mainly the permeability of the

soil texture and the forest cover of the basins.
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Fig. 10 BFI vs physical geographic basin attributes. (a) Classes of soil texture permeability: 1, not

permeable; 2, very poorly permeable; 3, poorly permeable; 4, permeable; 5, well permeable;

6, very well permeable; 7, absolutely permeable. (b) Classes of soil structure permeability:

1, poorly permeable; 2, permeable; 3, well permeable. (c) Classes of percentage coverage by

forest: A, 0–24%; B, 24–51%; C, 51–76%; D, 76–100%. (d) Classes of average slope: A, 0–6�; B,
6–12�; C, 12–18�; D, 18–33�. (e) Classes of altitude: A, 101–385 m a.s.l.; B, 385–652 m a.s.l.; C,

652–976 m a.s.l.; D, 976–1,816 m a.s.l.
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4 Identification of Regional Types of Flood Hazards

in Headwater Areas

4.1 Assignment of Physical Geographic Classes

The aim of the regional typification process is to group the upper basins on the basis

of physical geographic attributes that significantly influence the flood hazard into

classes that will have the character of regional types. The regional type is a unit that

Table 10 Average altitude of basins vs frequency of flood situations

Altitude class [m a.s.l.] Number of basins Arithmetic mean of flood frequency events

A: 101–385 633 0.43

B: 385–652 558 0.67

C: 652–976 380 0.62

D: 976–1,816 107 0.16

Table 9 Average slope of basins vs frequency of flood situations

Slope class [�] Number of basins Arithmetic mean of flood frequency events

A: 0–6 417 0.42

B: 6–12 589 0.68

C: 12–18 487 0.57

D: 18–33 185 0.26

Table 8 Forestry of basins vs frequency of flood situations

Forestry class (%) Number of basins Arithmetic mean of flood frequency events

A: 0–24 314 0.44

B: 24–51 420 0.86

C: 51–76 517 0.62

D: 76–100 427 0.18

Table 7 Permeability of soil texture of basins vs frequency of flood situations

Class of soil texture

permeability

Number of

basins

Arithmetic mean of flood frequency

events

1 269 0.88

2 317 0.45

3 313 0.70

4 341 0.49

5 339 0.40

6 137 0.32

7 62 0.40
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is not spatially contiguous in the geographical space and is the basic output of

spatial analysis based on the regional taxonomic concept [44, 45]. The classes

identified according to this concept acquire the character of regional classes only if

they meet either the internal homogeneity or the external heterogeneity criterion in

relation to the set of attributes.

An application of a regional taxonomic concept in hydrogeography or hydrology

has some specificity, however. Classes are allocated based on the physical geo-

graphic attributes of the basins, but the regional status is assessed in relation to the

hydrological attributes instead of physical geographical ones [46]. Physical geo-

graphic classes of flood hazards thus acquire regional status if, in terms of fre-

quency of flood events, they meet the requirement of significant heterogeneity

between classes while preserving some similarity of frequency within the physical

geographic class. The regional types of flood hazards identified on the basis of the

combination of physical geographic attributes of the basins then obtain an explan-

atory function in relation to the frequency of flood events.

Several methods can be used to group basins into classes, such as cluster analysis

[47], discrimination analysis [48], artificial neural networks or fuzzy logic [49, 50],

and methods based on the application of logical principles [51, 52]. Given the small

number of physical geographic attributes that are relevant for explanations of the

spatial variability of the flood events in the upper basins, it is effective to identify

the classes of flood hazards by the logical division method. The general classifica-

tion scheme of logical partitioning is displayed by Table 11. According to [51],

consistency of logical division is achieved when the following rules are complied

with:
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– The division is exhaustive; that is, all individuals (spatial units) are included in

classes.

– Classes within the hierarchical level are mutually exclusive.

– At each hierarchical level, only division according to one attribute is applied.

– An attribute at a higher hierarchical level is more significant than one at a lower

hierarchical level in terms of the classification goal.

As shown by the results of the analysis of the relationship between frequency of

flood events and basin characteristics, it is sufficient for the physical geographic

classification scheme to contain only two hierarchical levels. At the first hierarchical

level, the division of the basins into groups is done on the basis of the permeability of

the soil texture, and the basins were allocated into seven classes. At the second

hierarchical level, the classification attribute is forestry, and the basins were grouped

into four classes. However, the data in Tables 7 and 8 suggest that in both cases, a

certain reduction in the original number of classes is necessary to meet the require-

ment of heterogeneity among classes in terms of frequency of flood events.

It seems to be optimal for the classification scheme at the hierarchical level I to

contain only two classes of soil texture permeability (CSTP) instead of the original

seven classes. The first class (CSTP A) is formed by merging the original poorly

permeable classes 1–3 into one class. The well permeable classes 4–7 are merged

into the second (CSTP B). In the case of forestation, two classes of forestry were

used instead of the four original classes at hierarchical level II. The first class

includes river basins in which less than 50% (L < 50%) of the total catchment area

is forested, while the second class contains catchments with more than 50%

forestation (L � 50%). By combining two classes of soil texture permeability and

two forestry classes, four physical geographic classes of flood hazard (CFH) were
created (Table 12).

CFH A represents basins with low soil texture permeability (CSTP A) and less

than 50% forest (L < 50%).

CFH B represents basins with low soil texture permeability (CSTP A) and above
50% forest cover (L � 50%).

CFH C represents basins with good soil texture permeability (CSTP B) and

below 50% forest cover (L < 50%).

CFH D represents basins with good soil texture permeability (CSTP B) and

above 50% forest cover (L � 50%).

The frequency of flood events in the flood hazard classes A, B, C, and D is shown

in Table 13. Cell values reflect the joint effect of classes of permeability of soil

Table 11 Hierarchical classification scheme of logical division

I I Classes of hierarchical level I

II II II II Classes of hierarchical level II

III III III III III III III III Classes of hierarchical level III

# #
n n n n n n n n n n n n n n n n Classes of hierarchical level n
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texture and forestry on the arithmetic mean of the frequency of flood events. The

values indicate that the highest mean frequency of the flood events is found in CFH
A and the lowest in CFH D. CFH B and CFH C have the same values of arithmetic

averages and correspond to the middle level of frequency of the flood events. They

show mutual balancing of the impacts of both attributes. Increased forestry miti-

gates the increasing frequency of flood events due to the low permeability of the soil

texture, and conversely, increased deforestation of the basin increases the level of

flood frequency of the river basin with good soil texture permeability.

The values in the last row and column labelled “row averages” and “column

averages” represent the impacts of forestry and soil texture permeability on the fre-

quency of flood events separately. The column averages indicate a higher frequency of

flood events in the less permeable basins (CSTP A) than in the more permeable ones

(CSTP B). Also, row averages in relation to forestry indicate a higher frequency of flood

events in the basins with L < 50% than in the basins with L� 50%.
It follows from the above that there is no difference in frequency of flood events

between CFH B and CFH C. Therefore, it is sufficient to classify the upper basins

into three flood hazard classes: CFH I is identical to CFH A, CFH II is CFH B and

CFH C, and CFH III is the same as CFH D (Table 14).

4.2 Testing the Significance of Flood Frequency Differences
Between Flood Hazard Classes

The data in Table 14 indicate some differences among CFH I, II, and III in the

arithmetic means of the frequency of flood events, but it is necessary to verify

whether these differences are statistically significant. Only if this is the case will the

classes become regional types of flood hazards. The testing of the significance of

differences between arithmetic means was carried out by the analysis of variance

(ANOVA) method [53].

First, the zero hypothesis (H0) that the expected mean values of frequency of

flood events (μr) of the flood hazard classes are equal was tested.

Table 12 Classification

scheme of flood hazard

classes

CSTP A CSTP B

L < 50% L � 50% L < 50% L � 50%

CFH A CFH B CFH C CFH D

Table 13 Joint and separate effect of reduced classes of permeability of soil texture and forestry

on the frequency of flood events

CSTP A CSTP B Row averages

L � 50% 0.58/CFH B 0.31/CFH D 0.44

L < 50% 0.77/CFH A 0.58/CFH C 0.68

Column averages 0.66 0.42 0.54
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H0 : μ1 ¼ μ2 ¼ � � �μr ð2Þ
The test criterion is the value of the F* ratio. The zero hypothesis of the equality

of mean values μr is rejected if it is true that

F∗ > F 1� α; r � 1; nT � rð Þ ð3Þ
where (r� 1, nT� r) are the degrees of freedom of the nominator and denominator

in the F ratio (nT, number of basins; r, number of factor) and F(1� α; r� 1; nT� r)
is the (1 � α) 100th percentile of the F distribution. The significance level α has a

probability value of 0.01. The rejection of the zero hypothesis means that there is

some dependence between the identified flood hazard classes and the frequency of

flood events.

If the zero hypothesis that the expectedmean values are equal is rejected, the analysis

proceeds to the second step, pairwise comparison by testing the zero hypothesis:

H0 : μ1 � μ2 ¼ 0, � � �, μi � μj ¼ 0 ð4Þ

That is that the difference between the expected mean values of the flood events

of the two physical geographic classes of flood hazards is zero. Testing was

performed using the LSD method (Fisher’s protected least significant difference)

[54]. The criterion for testing whether the difference is statistically significant is:

�xi � �xj

s
�bD� ffiffiffiffiffiffiffiffi

2=n
p > tα=ν ð5Þ

where �xi � �xj is the difference in the arithmetic average of the flood situations of the two

comparative flood hazard classes,s
�bD�

is the standard deviation of the differences, tα/ν is

the quantile of the t distribution for ν degrees of freedom, and n is the number of basins.

The zero hypothesis is rejected if the expression on the left side of the inequality (5) is

greater than the quantile of the t distribution. The rejection of the zero hypothesis means

that there are statistically significant differences between the physical geographic classes

of the flood hazard in terms of the average values of frequency of the flood events. The

flood hazard classes acquire regional status if all differences are statistically significant.

The results of the variance analysis and thepairwise comparison are presented inTables 15

and 16.

An F value with a probability of less than 0.001 means that the hypothesis that

the expected mean values of the frequency of the flood events are equal can be

rejected. Also, the pairwise comparison showed that all the differences between the

arithmetic averages of the flood events of flood hazard classes are statistically

Table 14 Arithmetic averages of frequency of flood situations in modified flood hazard classes

CFH I CFH II CFH III

Arithmetic mean of frequency of flood events 0.77 0.57 0.31

Number of basins 346 812 520
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significant. The three identified classes of flood hazard, therefore, have the charac-

ter of regional types and, in terms of the number of classes, are the optimal

distribution. The classification of small river basins of Slovakia into three regional

types of flood hazards is shown in Fig. 12.

5 Summary and Conclusions

The primary cause of the floods is heavy rainfall or rapid melting of snow, but their

appearance is also significantly influenced by the physical geographic attributes of

the upper basins. As a result, the incidence of flood situations in Slovakia is clearly

spatially differentiated. The disposition of the basin attributes to the most frequent

flood events (river flooding and sheetwash flooding) is referred to as the flood hazard

potential. Its evaluation results in identifying the regional variability of the flood

hazard. The regional taxonomic process is based on identifying the physical geo-

graphic attributes of the upper basins that have a significant impact on the flood

hazard, on creating physical geographic classes based on their combination, and

testing the significance of differences in the frequency of flood events between them.

In assessing the flood hazard potential of the upper basins in the mountainous

region of Slovakia, it has been shown that, in particular, the soil texture permeabil-

ity and the forest cover are the basin attributes that have the greatest influence on the

spatial variability of flood hazard. Based on their combination, several physical

geographic classes were created. Physical geographic classes acquire the character

of regional types of flood hazards if they meet the heterogeneity condition in terms

of frequency of flood situations, that is, if that the differences in the frequency of

flood events between physical geographic classes are statistically significant. This

requirement is met if three classes of flood hazards are created on the basis of the

combination of classes of soil texture permeability and forestry of the basin.

Table 16 Results of pairwise

comparison
Mean vs mean T Significant

CFH III vs CFH II �4.808 Yes

CFH III vs CFH I �6.614 Yes

CFH II vs CFH II �2.951 Yes

Table 15 Results of ANOVA

Source of variation

Degrees of

freedom

Sum of

squares

Mean

square

F
value

F
probability

Between flood hazard

classes

2 46.9316 23.4658 23.48 < 0.001

Error 1,675 1674.2776 0.9996

Total 1,677 1721.2092
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Identifying the regional variability of the flood hazard is one of the elements of

flood risk assessment and provides exhaustive information on the spatial differen-

tiation of the flood hazard in the upper basins. This enables the state administration

and self-government authorities responsible for flood protection to spatially differ-

entiate the application of mainly nonstructural measures to reduce the level of flood

hazard.

6 Recommendations

In the present study, the assessment of the flood hazard in the upper basins is based on

the physical geographic attributions of the catchment area, i.e. the systematic factors

that form the basic features of the hydrological response of the basin. However, the

impact on the occurrence of the flood events also has a number of local or incidental

factors, e.g. pollution of river channel by solid waste, storing different materials on

the bank of the river, deposition of sediment on the beds of watercourses, and

overgrown and unkempt river channel. These factors slow down the flow of water,

clogging the channel under the bridges by solid waste, increase level of water, and

cause flooding. Important local factors also include the inappropriate use of land in

the river basin and land devastation after logging forest, which accelerates the

formation of overland flow and sheetwash flooding. An attention to local factors

has not been given in this work. That is the challenge for further detailed research

into flood hazard assessment in the near future.

Fig. 12 Classification of small river basins into regional types of flood hazards
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The fact that local factors have a significant impact on the flood hazard in the upper

basins increases the importance of activities aimed at raising public awareness of the

flood hazard and increasing individual responsibility for reduction of the flood hazard.

Effective management of this role is primarily a challenge for regional and local

government and self-government authorities, as well as for non-governmental organi-

zations. However, it is also required to increase thewatercoursemanagers’ awareness of
the need to maintain the flow capacity and cleanliness of watercourses and zones near

watercourses.

Acknowledgement This chapter was written under Project No. 2/0038/15 Flood Risk Assess-

ment and Integrated Management on the Regional Level funded by the VEGAGrant Agency of the

Ministry of Education of the Slovak Republic.
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Abstract The aim is to present a comprehensive, integrated flood risk assessment

for municipalities located in the upper basins. An integrated approach perceives the

flood risk as the combination of flood hazard and vulnerability. The flood hazard is

expressed as the potential of the basin to flood due to basin attributes. The vulner-

ability is understood as inherent characteristics of municipalities that create the

potential of municipalities for the susceptibility of houses to damage and of people

to suffer physical and mental harm and the ability of people to cope with negative

consequences of floods. A spatial multicriteria decision analysis was applied to

express the flood risk relatively by an ordinal scale. Municipalities were classified

into the five classes of flood risk by an aggregation of sub-indices reflecting flood

hazard and vulnerability. An integrated approach addresses the assessment and

management of the flood risk in a more complex way and eliminates the negative

effects of more traditional engineering approaches.
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Keywords Flood hazard, Flood risk, Integrated assessment, Multicriteria analysis,

Upper basins, Vulnerability

1 Introduction

Moving from a passive traditional, technically oriented flood control strategy to

flood adaptation is a strategy based on an integrated assessment and management of

flood risk. In this strategy flood risk is no longer just about the natural disaster itself

but also the assessment of the expected loses (e.g. property damage, persons

injured, lives or economic activity disrupted) due to a particular flood hazard and

vulnerability of society [1–3].

Although this change in the flood risk paradigm has been in place since the

1970s [4], moving from a traditional flood protection strategy to an integrated

assessment and management of the flood risk has been slowly taken up in Slovakia.

Certain expectations for changing the approach to tackling floods have been

generated by “Directive No. 2007/60/EC of the European Parliament and of the

Council on the assessment and management of flood risks” [5]. This directive was

implemented into the legal system of the Slovak Republic by Act No. 7/2010 [6]

and its amendment, Act No. 71/2015 [7]. However, the drawing up of flood hazard

and flood risk assessment maps, as well as flood risk management plans, was

considered a formal matter [8]. The proposed flood risk management plans continue

to be based solely on the reduction of the flood hazard through technical measures.

There was an attempt to change flood risk management which began with the

Programme of Landscape Revitalisation and Integrated Basin Management [9]
approved by the Slovak Government in October 2010, but after the March 2012

elections, the project was cancelled by the new government. The project also aimed

to activate and create conditions in the long term, for the effective functioning of a

comprehensive and integrated system of measures to ensure flood prevention. In the

end, however, it focused mainly on the ability of the landscape to retain flood waters

through the implementation of water-retention and revitalization measures on small

watercourses.

The current state of flood protection in Slovakia is primarily the result of the

strong tradition of constructing technical water management structures and flood

protection through the regulation of watercourses. The construction of protective

dams, water reservoirs and polders are considered a priori to be the core of flood risk

management. There is little or no attention paid to measures reducing the vulnera-

bility, or these are only considered as an add-on without fundamental significance.

However, the systematic implementation of vulnerability reduction measures has

become important not only because of the changing paradigm of flood risk manage-

ment but also because of the ongoing threat of climate change and changes in

landscape cover within the catchment area. These changes may contribute to the

effects from extreme climatic and hydrological phenomena, where existing flood

protection infrastructure may not have the capacity to protect communities at risk.

Conversely, the failure of which can cause further disaster. Absolute flood protection
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through technical constructions does not exist, and society must be prepared to deal

with natural catastrophic phenomena. One of the ways to achieve this is to evaluate

flood risk in a more comprehensive way than traditional assessment. The aim of the

chapter is to move to the integrated assessment of flood risks of municipalities

located in small basins by the combination of results achieved in relation to the

assessment of the flood hazard and vulnerability.

2 Conceptual and Methodological Framework

for Integrated Flood Risk Assessment and Management

2.1 Conceptual Framework

The basic feature of an integrated approach to flood risk assessment andmanagement

is its complex nature. The engineering approach understands the concept of risks in

relation to the threat of flooding only (flood risk¼ flood hazard). Flood hazard can be

expressed in the form of probability or in the form of potential, i.e. the disposition of

the basin to the flood, which is determined by basin attributes [10–12]. Integrated

approach perceives the risk as the combination of flood hazard and the negative

consequences that a flood event may cause (flood risk ¼ flood hazard � negative

consequences). The negative effects of a flood (besides the flood hazard attributes)

“depend on the vulnerability of objects of the social, economic and environmental

systems to floods in a given area” [13–15]. Integrated flood riskmanagement consists

of a combination of the three sub-strategies [16]: (a) flood reduction strategies,

(b) vulnerability reduction strategies and (c) mitigation strategies.

The main cause of the paradigm shift in preventive flood protection can be found in

changing the value system of the society that emphasizes sustainable development

[17]. While the occurrence of floods and the damage they cause are constantly increas-

ing, the exclusive application of the engineering approaches to mitigate floods is

considered unsustainable. In the longer term, limiting the technical approach to flood

protection and linking an integrated flood risk assessment and management strategy are

considered to bemore effective [16, 18]. The emphasis is placed on reducing the level of

flood risk to an acceptable level, by variousmeasures. These are, on the one hand, aimed

at reducing the flood hazard potential and property vulnerability to damage.On the other

hand, the same attention is paid to increasing the capacity of the population to withstand

floods, by learning to cope with the negative impacts of floods and taking individual

responsibility to alleviate the damage caused by the floods.

In the context of natural disasters, vulnerability research in the 1970s has ventured

into the social sciences, which began to take a closer look at the consequences of natural

disasters. Due to its diverse nature, the concept of vulnerability was subsequently

elaborated in several disciplines (social, environmental and geographical). Apart from

the context of natural hazards and sustainable development, the vulnerability can also be

studied regarding climate change, technological hazard or, for example, terrorism
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[19]. As a result, several conceptual frameworks for study and assessment of vulnera-

bility have been developed. An overview of current views on vulnerability research

offers, for example, [20–23]. Thywissen [21] has prepared a summary of the definition

of the term and Birkmann [20] presented a certain systematization of views on

vulnerability.

Various vulnerability concepts differ from each other regarding components and

domains [19]. The vulnerability is multidimensional (social, economic, environ-

mental and institutional) and has multiple structures. From it as a research subject,

the so-called socially based vulnerability and place-based vulnerability can be

distinguished [24, 25]. The first is aimed at assessing the vulnerability of individ-

uals or social groups (family, community, nation) [26–28]. Also the vulnerability of

economic subjects (so-called economic vulnerability), natural environment and

natural resources (environmental vulnerability) or institutional authorities that

shape disaster reduction policy (institutional vulnerability) can be analysed. The

second deals with the vulnerability of a place (e.g. rasters, polygons, regions,

administrative units and so on) [19, 29–34]. The level of vulnerability associated

with a place is composed of the social, physical and built environment character-

istics that make the place susceptible to damage and influence the ability to recover

after floods [30].

Depending on whether or not the influence of the natural hazard is taken into

account when assessing the vulnerability of objects, two approaches to the vulner-

ability assessment are distinguished. The first analyses the vulnerability about the

concrete attribute of the hazard – this is the hazard-dependent vulnerability; the
second is hazard-independent approach [25], and it does not account for the level

of exposure to the natural hazard. In this case, vulnerability is seen as a potential of

the social, economic and environmental system for:

• Susceptibility to suffer damage, physical and psychological harm (susceptibility

potential to damage).

• Resistance to floods at the time of their occurrence (coping capacity or resistance

potential) and to deal with the negative consequences of the floods after their end

(adaptive capacity or resilience potential).

Meanwhile, the concept of susceptibility represents the passive (negative) com-

ponent of vulnerability. Vulnerability increases with increased susceptibility. On the

other hand, the concepts of resistance and resilience are active (positive) components

of vulnerability, and with increasing resistance and/or resilience, the vulnerability of

systems decreases.

In addition to vulnerability, an important aspect that affects the negative impacts

of floods is awareness of flood risk, resulting from an individual and institutional

responsibility for flood protection. Several European studies [35–37] point out that

the level of individual responsibility for natural disasters is low. At the very least in

Slovakia, the engineering approach to flood protection and the financially demand-

ing of building technical structures, which creates the idea that protection against

flooding is mainly the responsibility of the government, contribute to this.

As reported by [38], several studies indicate that responsibility for behaviour is

related to the perceptions that people hold (e.g. [39–41]). It is argued that individuals
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may differ in their perceptions of social responsibility, based on their unique set of

factors. However, there are contrasting findings on the influence of these factors. Past

personal experiences of flooding [42–44], age [41, 45], gender [46, 47] or ethnicity

[48–51] are recognized by many researchers as factors that can significantly influ-

ence the awareness of risk, response and preparedness.

It is important to realize that there is no absolute flood protection and, as Liao [52]

points out, rather than preventing floods, we must learn to live with them. Structural

measures (flood defence) should be complemented by other measures (flood protec-

tion through adaptation), especially those that increase individual and institutional

responsibility in flood protection. Pitt [53] highlights the need for community groups

(householders, small business) to work together with the government in resilience-

enhancing actions (via local resilience forums). These initiatives can help to clarify

what individuals are expected to do by themselves and how the government can

support them.

2.2 Methodological Framework

There are two groups of methods for setting the level of flood risk [54]. The first

group consists of methods expressing flood risk in an absolute way, for example, by

expected damage value in euros, while the second group includes the method

expressing the flood risk relatively by an ordinal scale.

The assessment of flood risk in an absolute way combines the expected losses from

all levels of hazard severity also taking into account their probability [55, 56]. This

means that flood risk is represented by the area under the damage-probability curve (see

Fig. 1).

The size of this area expresses the overall average annual damage. Summation

sets the expected monetary value of overall average annual damage (E[X]) on the

discrete scale:

E X½ � ¼
Xl

i¼1

pixi ð1Þ

where pi is flood event probability and xi is the amount of damage caused by flood

event expressed, for instance, in €.
The average annual damage is the basic quantitative characteristic of flood risk

to the economic system. It is the indispensable source for the assessment of the

financial effectiveness of particular flood defence measures via the cost-benefit

analysis. Despite some progress achieved in the methods of financial estimation of

social and environmental systems [57, 58], there are some problems connected with

the financial expression of social and environmental consequences [59, 60]. This is

the reason why instead of expressing flood risk in an absolute way, it is expressed

relatively – on the ordinal scale, namely, the dimensionless values of the hazard and
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vulnerability are aggregated and then ranked into classes expressing high, moderate

or low level of risk. This process is the core of the spatial multicriteria decision

analysis (MCDA).

The spatial MCDA is a relatively new and rapidly advancing method that con-

tinues to developwith GIS systems [61, 62]. TheMCDA aims to establish the overall

order of alternatives from themost preferred to the least preferred one. Regarding the

nature of the decision-making space (discrete and continuous), there are two types of

the MCDA: multiattribute decision-making (MADM) and multiobjective decision-

making (MODM). The MADM solves a problem by choosing the best alternatives

from the set of given alternatives. MODM searches for the optimal alternatives for

the objective function. In the case of assessing the flood risk of a given set of spatial

units (alternatives), which means an assessment of different areas regarding their

flood risk status and finding the best strategies andmeasures to reduce flood risk to an

appropriate level, the MADM approach is preferred [32, 63]. The process of flood

risk assessment by the MADM approach consists of several steps [61]:

1. Definition of the problem

2. Evaluation criteria

3. Alternatives

4. Evaluation of criteria/decision matrix

5. Standardization of criteria and their weighting criteria

6. Decision-making rules

7. Sensitivity analysis/uncertainty

8. Result/evaluation/selection/recommendation

Fig. 1 Damage-probability curve (reproduced from [56])
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The first step in any decision or evaluation is naturally defining the problem.

In relation to the flood risk assessment, the problem is the lack of information on the

size and spatial differentiation of risk [32]. The choice of evaluation criteria affects

the result of the analysis to a large extent; therefore, it is one of the most sensitive

parts of the analysis. The set of criteria should be complete on the one hand (so that

it affects all aspects of the problem about which we decide or that we evaluate) but

also minimal and non-redundant (so that the evaluation/decision process is as short

and simple as possible). Individual alternatives must be then evaluated in relation to

each criterion. Standardization is the transformation of original variables expressed

by various physical units to dimensionless units by mathematical operations, while

the relationships, intervals and spans of values are preserved. Standardization of

variables is carried out by several methods such as the linear transformation or by

the value/utility function. Weighting expresses the size of effects of the individual

variables on the overall level of flood risk. This is a crucial and very delicate step of

MCDA because even a slight change of overall weights can later transform into a

relatively important change of the analysis outcome. Establishment of weights can

be carried out by several methods: ranking, rating, pairwise comparison, swing

weight approach, group decisions and also as one of the steps from the analytic

hierarchy process (AHP). Aggregation of weighed values of individual variables

constitutes the core of the MADM. Clustering algorithms are various. They can be

based on comparatively simple decision-making rules (dominance strategy and

disjunctive approach) or other more sophisticated ones (different additive models,

analytic hierarchy process – AHP, ideal point method and others). For the detailed

description of individual algorithms, see [61, 63].

An important aspect of flood risk assessment and management is the spatial level

of its research [14, 56, 64]. Typically, three levels of research are identified, namely,

national (macro), regional (meso) and local (micro). With a changing spatial level,

the level of detail of the input data necessary for the assessment of the flood hazard

and vulnerability and also the spatial and substantive aspect of the assessment

change. At the national level, the flood risk of the basic territorial units as a whole

is evaluated. At the regional level, the flood risk of areal units representing the

economic, social and environmental system of basic territorial units is evaluated. At

the local level, the flood risk of individual buildings and the groups of objects are

evaluated respectively.

3 Integrated Assessment of Flood Risk of Municipalities

in Headwater Areas

The assessment of the flood risk of municipalities in the upper basins represents

national level research with the objective to identify the spatial variability of flood

risk. There are 1,876 municipalities (64%) of the total number of 2,928 municipal-

ities in Slovakia, located in the upper basins. The integrated assessment of their
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flood risk, which is based on the idea that flood risk is the product of flood hazard

and vulnerability, has been elaborated in work [65]. The flood risk assessment is

based on the potential basis, and MADM was applied to quantify flood risk on an

ordinal scale. The following model represents this approach:

IIFR ¼ FHI þ ITV ð2Þ
where IIFR is integrated index of flood risk, FHI is flood hazard index and ITV is an

index of total vulnerability.

The FHI and ITV index values express a score of aggregation of standardized

values of proxy variables, representing flood hazard and vulnerability of munici-

palities. Variables were standardized using the maximum score approach according

to Malczewski [62]. The transformation equation is

x
0
ij ¼

xij
xmax
j

ð3Þ

where x0ij is the standardized value of the variable, xij is original value of the variable
score and xj

max is the maximum value of the variable. The subscript index i applies to
the municipality and j to the variable.

3.1 Flood Hazard Assessment

The assessment of flood hazard of municipalities in the upper basins is derived from

the flood hazard of the catchment areas which the municipalities are located in. In

our chapter titles “Flood hazard in a Mountainous Region of Slovakia” in this

volume it was proven that the optimal grouping of headwater basins is into three

regional flood hazard classes (low, medium, high). Ranking values have been

assigned to each class to express the level of flood hazard: low flood hazard (ranking

value¼ 1), medium flood hazard (ranking value¼ 2) and high flood hazard (ranking

value ¼ 3). The flood hazard index (FHI) is expressed as a flood hazard score of

standardized ranking values (xij) for the flood hazard classes. They have a value of

0.33, 0.66 and 1.00, respectively. By overlaying the layer of flood hazard classes of

basins with the layer of centroids representing 1,876 individual municipalities in

GIS, the level of flood hazard for each municipality has been established. It corre-

sponds to FHI of the basin in which it was located. Graphical visualization of flood

hazard is based on the boundary of the municipality (Fig. 2).

3.2 Assessment of Vulnerability

Vulnerability assessment of municipalities in the framework of potential is carried

out regardless of the flood hazard attributes; it is hazard independent. Because it is
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not possible to measure vulnerability directly [66], it can be only declared by means

of indicators or proxy variables. These variables express the internal predisposition

or potential of municipalities for susceptibility of the houses to damage, suscepti-

bility of people to suffer physical and mental harm and ability of people to cope

with negative consequences of floods. One way to quantify the level of these

different aspects of vulnerability is to express it through sub-indices as: Index of

Susceptibility to Damage (ISD), Index of Susceptibility to Physical and Mental

Harm (ISPMH) and Index of Resilience (IR). They are determined as a score (U ) on

the basis of proxy variables:

Uij ¼
X

j

wjuij ð4Þ

where Uij score of the vulnerability aspect j of municipality i, uij is the standardized
score of the variable corresponding to the vulnerability aspect j of municipality

i and wj is a weighting that represents the effect of a variable on the vulnerability

aspect j.
By aggregating scores of partial sub-indices of vulnerability together, we get an

index of total vulnerability (ITV) of the municipality to flood hazard:

ITV ¼ ISDþ ISPMH þ IR ð5Þ
The 2001 census data and data about flood insurance events provided by the

Allianz-Slovak Insurance Company for the period 2002–2011 were used in the

Fig. 2 Flood hazard of municipalities located in headwater basins (Courtesy of WIT Press from

[65])
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assessment of the vulnerability. The ability to cope with the negative consequences

of floods and the capabilities of communities to restore their original state were

expressed through the level of insurance against the risk of flooding [65].

3.2.1 Assessment of Susceptibility of the Asset to Damage and Social

System to Suffer Physical and Mental Harm

The issue of susceptibility of houses to damage and people to suffer physical and

mental harm is expressed by the proxy variables, in relation to which some rules

and justifiable criteria of vulnerability have been applied. Rules generally describe

the anticipated impact of proxy variables on some aspects of vulnerability. Criteria

are selected values of proxy variable attributes by which the vulnerability is

assessed. With the rising value of a given criterion, the vulnerability of households

in municipalities may increase (i.e. negative influence of proxy variables on

vulnerability). Proxy variables for different aspects of vulnerability and their

criteria are summarized in Table 1.

The susceptibility of houses to damage is expressed by two variables: material

used for their construction and the period of their building. In the 2001 Slovakia

census, according to the material used in the construction of the load-bearing walls,

houses were classified into four groups: (1) stone and brick houses, (2) wooden

houses, (3) unfired brick houses and (4) other and unspecified materials. In relation

to this proxy variable, the following rule was applied: houses with external walls

built of unfired bricks and other unspecified materials are more prone to damage

than houses built of stone, brick and wood. In keeping with this rule, the percentage of

houses built from unfired bricks and unspecified materials (UBUM) in municipalities

was determined as criteria for assessing the susceptibility of houses to damage.

Regarding the period during which the houses were built, it seems useful to

distinguish three construction periods: (1) before 1945, (2) 1946–1980 and (3) after

1980. These groups are characterized by distinct typological differences between

the houses from the point of view of the height of the ground floor above the ground

and waterproofing of the houses [19]. Although the architecture of rural houses built

Table 1 Proxy variables of vulnerability

Vulnerability aspect Proxy variable Criterion of vulnerability

Susceptibility to damage Material of bear-

ing walls

Percentage of earthen houses, other and
unspecified materials

Date of

construction

Percentage of houses before 1945

Susceptibility to mental and

physical harm

Age structure Percentage of people over the age of 65

Ethnicity Percentage of Romany ethnicity

Family

completeness

Percentage of incomplete families

Category of fam-

ily house

Percentage of houses of the 3rd and 4th
category
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in Slovakia before 1945 typically exhibits certain regional differences, the houses

possess one common characteristic, i.e. the ground floor is near to the ground (1–2

steps above ground level), and the level of waterproofing is comparatively low,

given the materials that were available at the time. The building of family houses on

a square plan with dimensions of about 10 � 10 m, with a ground floor about 1.5 m

above the terrain, is typical for the period 1946–1980, for the whole of Slovakia.

The increased elevation of the ground floor provided comparative safety against

flooding. However, these houses are at risk of the flooding of their cellars where, as

a rule, their central heating boilers are situated. By the beginning of 1990, the

construction of bungalows with floor situated just above ground level had become

common. Although this lower floor increased the level of risk, advances in the

materials and technology of construction meant that the level of waterproofing in

these houses is significantly better than in those built before 1945. Considering the

year of construction, the following rule was applied to family houses: construction

solutions in older family houses create greater potential for damage to property

compared to a construction solution for houses built in more recent years. Percent-

age of family houses built before 1945 (Hb45) in the municipality is then used as a

criterion which represents susceptibility to damage by flood.

In assessing the suffering of physical and mental harm to people in municipal-

ities, four proxy variables have been used: age structure of the population, ethnicity,

completeness of family and category of family house. As far as the age structure of

the population is concerned, generally a rule is applied to seniors over 65 who may

not be physically and mentally vital enough to adequately protect themselves and

their property from the negative effects of floods. So, criterion percentage of seniors

over 65 (So65) in the municipality was set to assess a vulnerability. Incomplete

households, because of a missing family member (e.g. husband or wife), are

exposed to much greater stress in protecting themselves and their property from

the negative effects of floods. The percentage of incomplete families (IF) in the

municipality was then set as another criterion.

Reference [29] stated that race and ethnicity impose language and cultural barriers

that affect access to post-disaster funding and residential locations in high hazard areas.

From this point of view, Romany ethnicity is important in the case of Slovakia. Many

people of Romany ethnicity live in segregated colonies. Their increased vulnerability is

connected with the construction of colonies near water streams, the poor quality of their

dwellings (huts and shacks) and overcrowding. Pursuing the annual statements

concerning dwellings on a low sociocultural level from the end of 2000, 620 Romany

colonies were registered in cadastral territories of municipalities in Slovakia [67]. The

fact is that ethnicity is a delicate variable and any generalization of attitude to ethnicity

may result in prejudice and discrimination. On the other hand, the most tragic conse-

quences of flooding in Slovakia are connected precisely with the Romany community.

During the flooding in July 1998, the Romany colony located in the basin of Malá

Svinka had 50 causalities. The so far imposed evacuations also concerned mostly the

Romany people in their colonies. So, the percentage of Romany ethnicity (RE) of
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the total population of the municipality is considered a significant criterion of

vulnerability.

Poverty is a significant factor that affects damage and mental harm as well as the

ability to cope with the negative consequences of floods. However, no information

about income or savings of households is available. The financial situation of the

population is, as a rule, estimated using indices of financial deprivation, which

contain various variables [68]. In this work, a categorization of the family houses

was used to express financial status. Houses in the 1st category contained central

heating and complete or partial basic accessories. Houses in the 2nd category had

no central heating but did have a complete set of basic accessories. Houses in the

3rd category had no central heating but did have a partial set of basic accessories,

while those in the 4th category had neither central heating nor basic accessories.

It was presumed that houses classified in the 3rd and 4th categories indicated much

smaller financial resources than houses in the 1st and 2nd categories. Following this

rule, the percentage of 3rd and 4th category houses (CH34) of the total number of

houses in municipality were set as another criterion for vulnerability.

Using Eq. (4) a combination of two criteria of susceptibility of houses to damage

(percentage of UBUM and percentage Hb45) forms the sub-index Susceptibility to

Damage (ISD). In the same way, a combination of the four criteria expressing

physical and mental harm to people in communes (percentage So65, percentage IF,
percentage RE, percentage CH34) forms the sub-index of Susceptibility to Physical

and Mental Harm (ISPMH). By aggregating partial sub-indices ISD and ISPMH
together, we obtain a summarized index of commune vulnerability in terms of

susceptibility to damage and physical and mental harm (SISDH):

SISDH ¼ ISDþ ISPMH ð6Þ
Spatial variability of communes from the point of view of SISDH is presented in

Fig. 3.

3.2.2 Assessment of Ability to Cope with Negative Flood Consequences

In addition to reducing the extent of flooding and vulnerability of society, the mitigation

of negative impacts of floods becomes no less important with an up-to-date strategy

within the integrated flood risk assessment andmanagement [69, 70]. This essential part

involves the participation of the state and the insurance companies in providing com-

pensation for the damages caused by floods, but it also focuses on increasing individual

responsibility and awareness for flood hazards.

The legislative system of the Slovak Republic (SR) does not impose on the state

the statutory obligation to participate in damages caused by floods to individuals

and legal persons. In Slovakia, under Section 43 of Act No. 7/2010 on floods [6], the

State is required to reimburse only the costs incurred in carrying out flood security

and rescue work during the level 2 and level 3 flood emergency. However, in the

case of large flood damage, the Government of SR may decide to provide a one-off
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contribution to the damage. This is usually a partial reimbursement made through

the state budget reserve (mainly reserve from the Prime Minister).

Further options for covering the consequences of floods in Slovakia are other

non-state sources. Since state and other external assistance is limited and insufficient,

the issue of individual responsibility for flood preparedness is an important aspect.

Active participation of individuals in the mitigation strategy of flood damage is possible

through commercial insurance, for example. Insurance plays an important role in the

ability of households to cope with the negative consequences of the floods [71].

However, reliable data on the use of commercial flood risk insurance is relatively

difficult to obtain. At present, 14 insurance companies are operating in SR, which

also provide insurance for damage caused by floods in the area of non-life insurance

(as of 31 March 2016) [72]). Three of them have the largest market share: Allianz-

Slovak Insurance Company has 35%, Kooperativa 27%, and Generali 10%. The

flood risk insurance level by individual municipalities during the years 2002–2011

was provided from data on the number of policy holders and insurance claims by

the Allianz-Slovak Insurance Company.

An analysis of empirical data about flood risk insurance during the years

2002–2011 by individual municipalities has been done by [73]. The trend analysis

of the flood risk insurance shows a relatively large decrease in the number of

insurance policies in the monitored period. The significant decline in the interest

of the population in flood risk insurance is not a local phenomenon, but it is of an

Fig. 3 Vulnerability index SISDH of municipalities located in headwater basins (Courtesy of WIT

Press from [65])

Flood Risk of Municipalities in Upper Basins of Slovakia 185



all-Slovak nature. At the end of 2011, only 54.4% of the insurance contracts were

active compared to 2002. The mean level of insured properties against flooding in

municipalities situated in headwater basins decreased from 60% in 2002 to 33% in

2011. Apparently, these values have to be interpreted with some reservations, as it

is only data of one (although the largest) insurance company in the insurance

market. However, it can be assumed that a similar trend exists in other insurance

companies. Based on these facts and the position of Allianz in the insurance market,

we estimate that the total flood risk insurance rate in Slovakia may be approxi-

mately around 50%.

The loss of policyholders may be due to some factors which influence the

decision to continue an insurance policy, e.g. the acceptability of premiums, certain

population awareness about flood hazard as well as the population’s financial

situation. However, as the analysis provided by [71, 73] showed, the level of

flood hazard has no significant impact on the decision to insure against damage

caused by floods. On the other hand, there is a trend between the number of flood

insurance policies in municipalities and the vulnerability of municipalities (Fig. 4).

Box plots show a distinct decrease in the number of policyholders with the increase

in the vulnerability class of municipalities expressed by SISDH.
The ratio of the number of insured residential buildings in individual munici-

palities to the total number of residential buildings (single-family houses and flats)

forms the insurance rate. The standardized values of insurance rate in 2011 by the

method of maximum value are the Index of Resilience (IR). The spatial variability
of the municipalities in upper basins in terms of IR is shown in Fig. 5.

Fig. 4 The relationship

between the vulnerability

classes and the number of

policyholders in

municipalities located in the

headwater basins (Courtesy

of Wiley from [73])
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3.3 Flood Risk Assessment

The level of overall flood risk is expressed by the index IIFR calculated in Eq. (2).

This index is the aggregate of the values of the sub-indices reflecting flood hazard

and vulnerability, i.e.

IIFR ¼ FHI þ SISDH þ IR ð7Þ
The result of the integrated approach to the preliminary flood risk assessment of

municipalities in upper basins is shown in Fig. 6. Municipalities located in upper

basins were, according to the flood-risk index, classified into five ranks [65]: very

high, high, medium, low and very low levels of flood risk.

Flood-risk assessment on an integrated approach represents a rationale for the

application of a spatially differentiated approach in flood-risk management. For

each class, it is possible to design the optimal strategy and measures to reduce flood

risk. The integrated approach deals with the assessment of flood risk in an exhaus-

tive manner (i.e. all municipalities in upper basins are subject to assessment). This

creates a rational basis for increasing public awareness of flood risk and strength-

ening individual responsibility for the mitigation of the negative impacts of floods

and involves all corresponding stakeholders in the decision-making process on

reducing flood risk.

Fig. 5 Index of resilience IR of municipalities located in headwater basins (Courtesy of WIT

Press from [65])
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4 Summary and Conclusions

The results of evaluation of flood risk in this chapter present an integrated approach

to flood risk assessment through both flood hazard and vulnerability assessment. The

flood hazard in headwater basins is understood as a potential – i.e. the disposition of

the basin to suffer from flood – which is influenced by attributes of the headwater

basins and manifests itself as the frequency of all types of flood events in munici-

palities. In the basins with less permeable soils, flood events are more frequent than

in basins in which permeable soils prevail. The vulnerability of municipalities was

characterized by the following proxy variables: the materials the houses were built

from and the period in which they were built, the age structure of the population,

ethnicity, family structure and the category of the house. The ability for recovery

after floods was expressed by flood insurance rates in these municipalities. The result

of the preliminary flood risk assessment, achieved on the basis of a combination of

the aforementioned factors, is the classification of 1,876municipalities in small river

basins into five ordinal classes of flood risk. For each class, it is possible to design the

optimal strategy of flood risk management.

Unlike the engineering approach, an integrated approach addresses the issue of

the flood risk in a more complex way, which greatly eliminates the accompanying

negative phenomena of the engineering approach to flood risk issue. In the case of

flood hazard assessment, it underlines the principle that all types of flooding should

be assessed and managed coherently [74]. Therefore it is not sufficient to consider

only river flooding in upper basins, and a comprehensive assessment of flood hazard

Fig. 6 The level of flood risk in municipalities located in headwater basins (Courtesy of WIT

Press from [65])
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is required. The concept of vulnerability is a key factor in the assessment and

management of flood risk. The systematic implementation of vulnerability strategy

aimed at reducing individual as well as institutional vulnerability and to increase the

ability to cope with the negative consequences of floods is becoming important.

To reduce vulnerability, public participation is also necessary. As [75] points out,

one of the basic pillars of the strategy of actively involving individuals in the process

of mitigating the consequences of floods is the availability and affordability of flood

cover on the one hand and education on the other. The issue of the availability of

flood hazard information is also important given the decreasing rate of flood risk

insurance. Individuals should be able to find as much information as possible about

the potential risk to increase their preparedness. For instance, it is important to know

that flood losses are not necessarily only caused by river flooding and strictly bound

to objects in the floodplain zones. Knowledge about hazard exposurewould undoubt-

edly contribute to the increasing public awareness of flood risk and also help to

defuse the problems associated with the cost of insurance [76].

5 Recommendations

The framework of integrated flood risk assessment was taken into account in particular

the impact of the factors involved in spatial (regional) variability of flood risk. An

important aspect of the flood risk is also its temporal variability caused by climate

change and changes in land use/land cover. Although we have not addressed this aspect

of integrated flood risk assessment andmanagement, we realize its importance. This is a

challenge for our future research.

In terms of efficiency of a strategy to mitigate the negative impacts of floods, the

Government should introduce a systematic, legislative solution that would accu-

rately specify the role and tools of the state, local authorities and private insurers. In

the case of state help, the amount of financial aid to people for the restoration of

damaged property should be balanced in order not to discourage people from active

participation and individual responsibility for flood defence. On the other hand, a

rapid recovery from a natural hazard should be an enabler. The insurance compa-

nies have to logically adapt their strategy to the decreasing number of policyholders

and increasing frequency of flood events.

Flood risk management as well as the calculation of the correct price coefficients

that would reflect the risk of flood insurance should not be based only on probabi-

listic flood hazard models. They should also take into account regional specificities

and other factors that condition flood situations and affect the amount of damage

caused by the flood [70].
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potential on the territory of Slovakia). Geografika, Bratislava

12. Solı́n Ľ (2011) Regionálna variabilita povodňovej hrozby malých povodı́ na Slovensku
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13. Wisner B, Blaikie P, Cannon T, Davis I (2004) At risk: natural hazards, people’s vulnerability,
and disasters.2nd edn. Routledge, London

14. Messner F, Meyer V (2005) Flood damage, vulnerability and risk perception – challenges for flood

damage research, discussion papers. Department of Economics, UFZ (Umweltforschungszentrum),

Leipzig–Halle. https://www.ufz.de/export/data/2/26222_Disk_Papiere_2005_13.pdf. Accessed

12 Aug 2013

15. Fuchs S (2009) Susceptibility versus resilience to mountain hazards in Austria – paradigms of

vulnerability revisited. Nat Hazard Earth Syst Sci 9:337–352

16. The Associated Programme on Flood Management (APFM) (2004) Integrated flood manage-

ment, Technical Document No. 1. WMO and GWP (World Meteorological Organization and

Global Water Partnership), Geneva. http://cap-net.org/sites/cap-net.org/files/Flood%20con

cept%20paper%20eng.pdf. Accessed 5 Nov 2011

17. Brown JD, Damery SL (2002) Managing flood risk in the UK: towards an integration of social

and technical perspectives. Trans Inst Br Geogr 27:412–426

18. The Associated Programme on Flood Management (APFM) (2006) Social aspects and stake-

holder involvement in integrated flood management, Technical Document No. 4. WMO and

GWP (World Meteorological Organization and Global Water Partnership), Geneva. http://

www.adpc.net/v2007/Resource/downloads/socialaspect13oct_2.pdf. Accessed 5 Nov 2011

190 Ľ. Solı́n and M. Sládeková Madajová
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Abstract The Slovak Republic with an area of 49,035.81 km2 is in most of its

territory amountain landscape and haswatercourses with a total length of 61,147 km.

From this length, approximately 24,000 km (39.25%) have the character of torrents.

The chapter deals with the issues of mountain watersheds, torrent control, and

torrents which are in Slovakia in the length of 19,408 km managed by forestry

organizations. The chapter provides basic information about Slovakia’s mountain

watersheds and torrents and about the methods to the determination of watercourse

type (river, brook, and torrent) through technical standards or calculation. The

chapter includes the history of torrent control and torrent flash floods in mountain
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watersheds of Slovakia. Also, it deals with lessons from the history of flash floods.

The chapter analyzes the discharge capacity of natural torrent beds in various

geomorphologic units of Slovakia. A part of this chapter deals with forests in

mountain watersheds and their impact on runoff formation and water balance of

individual forest altitudinal vegetation zones of Slovakia. In a separate part, an

example of water balance in mountain watersheds of the highest mountain of

Slovakia (the High Tatras) is explained. Finally, we present the calculation proce-

dure to the determination of T-yearly discharges in forestry practice in Slovakia.

Keywords Flash floods, Forests, Runoff, Small catchments, Watercourses

1 Introduction

Water sources in mountain areas create conditions for the existence of the various

living organisms. Man living in mountain areas has been in direct connection with

the torrents since the beginning of his existence. From a certain degree of intelli-

gence, perception, and logical thinking, we assess them from two fundamental

points of view, namely, from their negative and positive impacts on society. On the

one hand, the torrents bring and represent great benefits for a man and, on the other,

great damages and danger. Most of the water sources in Slovakia and in the world is

located in protected natural areas. These protected areas have great importance for

the conservation of sustainable water resources. Water resources create appropriate

living conditions to preserve the biological diversity of animal and plant species.

Together with riparian stands and areas, these create very valuable bio-centers and

bio-corridors, which are significant interaction elements in the landscape. The

torrents are of the utmost importance because they create appropriate living condi-

tions for some specific species of animals and plants. They bring for man great

benefits as a source of drinking water, water for industrial purposes, food, irrigation,

energy, raw materials, etc. They have a microclimatic function, act as a valuable

aesthetic and landscaping element, and have a significant health-recreational sig-

nificance. On the other hand, man perceives the torrents as a great potential danger,

because under certain conditions they can cause diverse and often very extensive

damages in the country, as well as losses of human lives. In the case of neglected

torrent and torrent watershed management, they can cause very dangerous flash

floods and erosion processes, flooding and damaging of adjacent landscapes and

structures, destabilization or complete devastation of associated ecosystems, etc. In

order to prevent such disasters, there arose a very purposeful, systematic activity –

torrent control. Historical records in connection with mountain watercourses indi-

cate that first flood control constructions have been built by the ancient Greeks and

the Romans [1].

Humanity has always been concerned about the causes and consequences of

floods. The main causes of the floods in Alpine countries were extreme natural

conditions of mountain and alpine areas in where torrents and their watersheds are

naturally occurring and deforestation or damage of forest ecosystems in mountain
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watersheds. Considering to expanding population and infrastructure density in the

foothills, more and more people were threatened. Historical data about the begin-

nings of torrent control in Europe vary. In Central Europe the first local torrent

control constructions have been known from the thirteenth and fourteenth century

from the territory of today’s Austria [1]. In the years 1650–1662, the first contin-

uous torrent control in the South Tirol was built [2]. Author [3] states that on a

wider scale, torrent control began in the French Alps after the catastrophic floods in

1856. In 1860 the law on reforestation of mountain soil was created and in 1864 the

law about the grassing of mountain soils in France. In Switzerland they began

torrent control activities after disastrous floods in 1868. In today’s Austria and

Czech Republic, they began the systematic activities of torrent control after the

creation of law No. 117/1884 on measures for harmless runoff of mountain waters.

The organized regulation of endangered areas began on an official basis and had to

cover the area of what is Austria today, Northern Italy (Südtirol), Slovenia, North-
ern Croatia (Dalmatien), the Czech Republic, Slovakia, and Southern Poland

(Schlesien, Galizien). Later, the systematic torrent control activities gradually

expanded to other European and world countries.

2 Torrents in Slovakia

The Slovak Republic with an area of 49,035.81 km2 is in most of its territory a

mountain landscape (Table 1) and haswatercourses extending a length of 61,147 km.

Of that length, approximately 24,000 km (39.25%) have the character of torrents (see

Figs. 1 and 2).

Within the framework of state forestry organizations, these enterprises manage

19,408 km of small watercourses (31.74% of total watercourses length in the SR),

which are predominantly torrents.

The length of managed small watercourses on forest land is 13,818.5 km

(71.2%), outside of forest land 4,328.0 km (22.3%), and in the village intravilan

1,261.5 km (6.5%). Other torrents (approximately 5,000 km) are managed by the

Slovak Water Management Enterprise. The torrents are characterized by extreme

Table 1 Elevation ranges of Slovakia’s surface and their area and percentage of total area [4]

Height zones Height level (m asl) Area (km2) Representation of area (%)

Lowlands 98–300 20,172 40.89

Low highlands 300–800 22,652 45.92

Middle highlands 800–1,500 6,139 12.44

High highlands 1,500–2,654.4 368 0.75
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changes in discharges even in relatively short periods of time and significant

creation, transport, and deposition of sediments (with the erosive activity). The

torrents are located in the highest situated – alpine and mountain – regions of

Slovakia. The watersheds and torrents in these areas are very important as a very

significant source of quality fresh water. In the Slovak Republic, all of the torrents

are situated in large-scale protected areas (national parks, protected landscape

areas). Therefore, torrent control and torrent watershed management are extremely

demanding. These activities require experienced experts who are able to integrate

landscape protection requirements for floods and erosion and valid legislation in

the protection of landscape, nature, and water management. The area of 9 national

parks in Slovakia is 317,540.5726 ha (6.48% area of the SR), the area of their

protective zones is 262,591.3307 ha (5.36% area of the SR), and the area of

14 protected landscape areas in the SR is 522,581.5090 ha (10.66% area of the

SR). This means that the total area of large-scale protected areas is 1,102,713 ha

(22.49% area of the SR).

Fig. 1 Tichý potok torrent in the Western Tatras (photo M. Jakubis)
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Fig. 2 Natural bed of Studený potok torrent in the High Tatras with damaged riparian stands after

wind calamity in 2004 (photo M. Jakubis)
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3 Determination of Watercourse Type in Slovakia

In Slovakia, the types of watercourses are most often divided into the following

categories: the rivers, brooks, and torrents. Two different technical standards (STN)

are used in the integratedwatershedmanagement of thesewatercourses: STN 75 2102

Rivers and brooks regulations [5] and STN 48 2506 Forestry amelioration – torrent

and gully control [6]. Deciding on the type of watercourse is very important in terms

of integrated watershed and watercourse management.

The difference between the river and the brook is given by the following

characteristics in Table 2.

The difference between the brook and the torrent is assessed by visual assess-

ment in terrain with a focus on real erosion processes and discharge characteristics,

especially discharge fluctuation and their duration. In disputed cases (brook or

torrent), it is possible to use the informative equation to the calculation of watershed

torrentivity coefficient (Cwt):

Cwt ¼ D � LD � Hm � P � E � Sw þ 1ð Þ0:5
L � Sc þ 1ð Þ0:5 ð1Þ

where Cwt is the watershed torrentivity coefficient (�), D density of hydrographical

network in the watershed (km km�2), LD length of divide (km), Hm middle height

difference of the watershed (km), P coefficient expressing the soil permeability in

the watershed which reached the values 0.3–1.0, E coefficient of recent erosion

(0.1–1.0), Sw watershed area (km2), L length of the mainstream from spring to

closed discharge profile of the watershed (km), Sc area of the anti-erosive vegeta-

tion cover in the watershed (km2), which is the forest and permanent grassland area

in the watershed.

On the basis of the previous research carried out in 145 catchments in 9 geomor-

phological units of the Slovak Republic, we have created (Table 3) the following

scale of the watershed torrentivity coefficient (Cwt):

Based on the research in 145 mountain watersheds with an area Sw from 0.25 to

50.38 km2 (Fig. 3) and discharges Q1 from 0.20 to 12.0 m3 s�1 and Q100 from 1.0 to

Table 2 Characteristics to determine the watercourse type in Slovakia

River Brook

WA
a � 100 km2 WA < 100 km2

Q100
b � 50 m3 s�1 Q100 < 50 m3 s�1

Q90d
c � 0.6 m3 s�1 Q90d < 0.6 m3 s�1

Q30d
d � 0.15 m3 s�1 Q30d < 0.15 m3 s�1

Streaming: mostly river Streaming: river, in shorter section torrential
aWatershed area (km2)
b100 – yearly discharge (m3 s�1)
c90 – daily discharge (m3 s�1)
d30 – daily discharge (m3 s�1)
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145.0 m3 s�1 in 9 geomorphological units of the SR, we found that the values of the

watershed torrentivity coefficientCwt reflect the real type of the investigated streams.

Calculated Cwt values ranged, for example, for the torrents in geomorphological unit

of Poľana (480–1,458 m asl), from 0.10 to 0.66; of Veľká Fatra (485–1,592 m asl)

from 0.18 to 1.69; of Malá Fatra (460–1,709 m asl) from 0.16 to 1.62; of Štiavnické

vrchy (230–1,009 m asl) from 0.11 to 0.41; of Kremnické vrchy (270–1,317 m asl)

from 0.12 to 0.45; of the Western Tatras (690–2,248 m asl) from 0.24 to 1.82; of the

High Tatras (905–2,645.8 m asl) from 0.25 to 2.81; of Nı́zke Tatry (395–2,043m asl)

from 0.22 to 1.79; of Veporské vrchy (490–1,438.8 m asl) from 0.11 to 0.44; and of

Javorie (310–1043.7 m asl) from 0.10 to 0.33.

Table 3 Scale of stream

evaluation by watershed

torrentivity coefficient Cwt

Rate Name (stream tape) Cwt

0 Brook <0.10

I Very slightly torrent 0.10–0.15

II Slightly torrent 0.16–0.25

III Middle strongly torrent 0.26–0.40

IV Strongly torrent 0.41–0.70

V Very strongly torrent 0.71–1.00

VI Exceptional strongly torrent 1.01–2.00

VII Extreme strongly torrent >2.00

Fig. 3 Tichý potok torrent in the Western Tatras, watershed area of 50.38 km2, discharge

Q100 ¼ 140.0 m3 s�1, watershed torrentivity coefficient Cwt ¼ 0.81 (photo M. Jakubis)
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4 History of Torrent Control in Small Mountain

Watersheds of Slovakia

Historical records show that flash floods, torrents, and avalanche disasters have

struck mountainous and sub-mountainous villages and landscape on the territory of

contemporary Slovak Republic since time immemorial. Heavy deforestation was

carried out during the thirteenth and fourteenth centuries (from the negative influ-

ence of colonization, settlement, mining, metallurgy, wood-gathering, etc.) in the

regions of the present Central Slovakia.

Torrent control originated in the eighteenth and nineteenth centuries and is

inscribed in the historical chronicles of various villages and towns. Some traditional

measures to control torrents were adopted: such as stone barrages, stone crib dams,

temporary ditch plank fences, longitudinal reinforcements of shores with stems, and

even afforestation aimed at soil conservation in the mountain watersheds of tor-

rents. Although these measures were quite effective, flash flood disasters in moun-

tainous watersheds were frequent and destructive for both humans and landscape.

One of the reasons for these flash flood disasters was the deforestation of the

mountainous watersheds in the previous centuries [7].

The area of contemporary Slovak Republic was, until 1918, a part of the Austro-

Hungarian monarchy; it then became part of an independent Czechoslovakia. The

first notes about torrent control on the territory that is now the Slovak Republic

originated in the eighteenth and nineteenth centuries, in the historical chronicles of

submontane villages and towns. The first law No. 117/1884 on measures for

harmless runoff of mountain waters came into force in 1884, and the first depart-

ment of what is now called Torrent and Avalanche Control was imperial and royal

Forest-Technical Department for Torrent Control.1 At the beginning ofWorldWar I

(1914), this Department had 15 subsidiaries covering the area of the monarchy.

Modern torrent control activities in Slovakia began in 1923. In that year, a special-

ized office for torrent control was established in Turčiansky Svätý Martin (now

Martin) in Central Slovakia, led by Prof. Dr. Ing. Leo Skatula (1889–1974). That

institution operated throughout the whole Slovak Republic. The first systematic

torrent control – Jelenec – was situated in Hornojelenecká Valley in Veľká Fatra in

Central Slovakia. During the fifteenth and sixteenth centuries, deforestation in

Hornojelenecká Valley was severe, leading to fatal flash floods and avalanche

disasters in this area. The first historical record about an avalanche in

Hornojelenecká Valley was in 1751; it caused the deaths of ten people. During

the sixteenth century, professional commissions had been formed (in 1535 and

1563), but while they recognized the importance of the forest of Hornojelenecká

Valley, no significant protection effort materialized. This was one of the primary

reasons for the large-scale floods and avalanches in later years. In the twentieth

1Wildbach – und Lawinenverbauung (Department) was k. k. (kaiserlich-k€oniglich) forsttechnische
Abtheilung für Wildbachverbauungen.

202 M. Jakubis and M. Jakubisová



century, there were two major disasters (in 1924 and 1925) that led to the loss of

lives and destruction of resources. The first catastrophe was on February 6, 1924. A

huge avalanche had a height of 35 m of the front face and about 2,400.000 m3 of

cubage. The next catastrophe was on May 30, 1925, when a gigantic flash flood

destroyed this entire valley (houses, roads, equipment, etc.). In the upper part of the

Jelenec torrent basin (watershed area of 9.58 km2, forestation of the watershed

70%), 75 mm of precipitation falls in less than 3 h (the maximum daily rainfall by

then was 66.5 mm). This resulted in a flash flood that ravaged the whole

Hornojelenecká Valley which was completely devastated. A flash flood in a few

tens of minutes flooded all houses and other buildings in the settlements of Horný

Jelenec, Valentová, and Rybô. Many houses in the valley were damaged by coarse

sediments which flood brought from the upper parts of the watershed. These two

catastrophes were the cardinal reason for the beginning of Jelenec torrent control on

the territory of today’s Slovak Republic. The first systematic torrent control in

Slovakia – Jelenec in Hornojelenecka Valley – was built in 1926–1927; this torrent

had many peculiarities: longitudinal reinforcement of the torrent bed with wood

(pine and fir), stone paving on the slopes of the bed, and the first stone arched

correction and sediment storage dam, passages for fish, and others (Figs. 4 and 5).

Longitudinal reinforcement of the torrent bed was built only in settlements in the

valley; a naturally stabilized torrent bed outside the settlements was left in its

natural state. Over the course of more than 90 years since its inception, the torrent

Fig. 4 The weir built in natural rock of oldest torrent control in Hornojelenecká Valley from 1926

to 1927 and the torrent Jelenec in Slovakia (photo M. Jakubis)

Mountain Watersheds, Torrents, and Torrent Control in Slovakia 203



control in Slovakia went through periods of expansion and recession, too. Currently,

from the total length of watercourses managed by state forestry organizations

(19,408 km), 590 km (3.04%) of them is controlled; it is 2.46% from the total

torrent length in the Slovak Republic. From this length of controlled torrents,

Fig. 5 Longitudinal reinforcement by pavement stone, the stone weir, and system of wooden sills

in the oldest torrent control – Jelenec in Hornojelenecká Valley from 1926 to 1927 (photo

M. Jakubis)
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131 km (22.2%) is reinforced by longitudinal vegetation reinforcement, 415 km

(70.3%) by no vegetation reinforcement, and 44 km (7.5%) by combined longitu-

dinal reinforcement.

5 History of Torrent Flash Floods in Slovakia

The first more precisely documented flash flood in the territory of today’s Slovak
Republic was the mentioned flood in Hornojelenecká Valley (geomorphologic unit

Veľká Fatra) on May 30, 1925. Another documented torrential flood occurred in the

watersheds of torrents Račková (35.8 km2), Tichý potok (54.6 km2), Kôprovský

potok (30.5 km2), and Belá (85.1 km2) in the Váh river basin. OnAugust 11, 1929, on

the southern slopes of the Western Tatras, 83 mm of precipitation fell in 3 h

[8, 9]. The floodplains were affected by a catastrophic flash flood that devastated

the area along the sides of the watercourse Belá and caused major flood damages in

the municipalities of Pribylina, Liptovská Kokava, Vavrišovo, Dovalovo, Liptovský

Peter, and Liptovský Hrádok. In the territory under the confluence of the Tichý potok

and Kôprový potok (Belá), the width of the channel reached more than 40–50 m

(normally it is about 8–10 m). This flood was an incentive to build a second

significant torrent control Račková on the territory of today’s Slovak Republic in

1938–1940 (Figs. 6 and 7).

Fig. 6 Highest torrent dam of Slovakia built (1938) in Račková Valley in the Western Tatras

(photo M. Jakubis)
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In mountain torrent catchments in Slovakia, other devastating flash floods

occurred in the past. In the area of Zverovka (1,037 m asl) on the northwest slopes

of the Western Tatras (Roháče) in a geomorphological unit of Tatras on July

16, 1934, 220 mm of precipitation fell within 1 day. These precipitations cause

extensive local flash floods in the catchments of the torrents Látaná, Roháčský

potok, and Studený potok. In the catchment area of the Kôprovský potok, Račková,

and Jalovský potok (in the Váh river main basin) on the southern slopes of the

Western Tatras, a major flood occurred on June 29, 1958. The flood was caused by

precipitation, which in some localities reached over 100 mm in 24 h. On July

25, 1965, a great flash flood occurred near the village of Budča (district Zvolen,

Central Slovakia) in the Sietno Valley (altitude 290–525 m asl) in a geomorpho-

logical unit of Kremnické vrchy (the Hron river basin). Within 2 to 3 h of rain,

110 mm of precipitation fell. The subsequent flood destroyed more than 3 km of a

reinforced valley forest road including five bridges, and at that time the main and

important road in the direction of Banská Bystrica – Zvolen – Bratislava, was

destroyed which led to the foot of the valley. On July 20, 1998, in the Bachureň

geomorphological unit (Hornád river basin), in the eastern Slovakia, catastrophic

floods caused intense rainfall in the basin of Malá Svinka (the altitude of the basin

328–1,081 m asl) which caused 60 victims in human lives. During intense rainfall

in the watershed (whose geological base forms a flysch), fell within 1.5 to 2 hours

from 60 to 100 mm of precipitation; in some locations up to 130 mm. The torrent

level has risen from a height of 0.40–0.50 m to 5–6 m and extended from 2–3 m

Fig. 7 The old torrent control objects need repairs, Račková inWestern Tatras (PhotoM. Jakubisová)
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wide to 40–50 m. As a result of extreme precipitation, a peak flow rate was

generated over several decades Qculm ¼ 190 m3 s�1 (Q100 ¼ 76 m3 s�1 and

average long-term flow Qa ¼ 0.30 m3 s�1). Significant impacts on flooding have

also had collisions that occurred in the period immediately prior to this event. The

enormous impact on the number of victims of this flood had a very inappropriate

location of dwellings in the immediate vicinity of the Malá Svinka stream, which

absolutely did not take into account the potential danger of floods. Intensive

torrential rainfall caused a major flood in the district of Krupina (Central Slovakia)

in a geomorphological unit of Krupinská planina and Štiavnické vrchy on July

13, 1999. The town of Krupina is located in a valley surrounded by eastern and

western slopes. The main watercourse is the river Krupina (Ipeľ river basin) with

two torrents from the east (Kňazov potok and Jakubov jarok) and two torrents from

the western side (Vajsov potok and Kltipoch) which flow directly into the town’s
inner city. The storm cloud was located directly above the city, and the floods

arose not only on the river Krupinica but on all four tributaries. River Krupinica’s
level in the city rose from 0.70 to 5.30 m during two and a half hours. The intensity

of the hourly precipitation ranged from 50 to 70 mm [10], and the intensity of

precipitation during the 2–3 h had reached from 81 to 120 mm [11]. Previous

precipitation in the area of town Krupina and its environs from July 8 to July

12, 1999 (5 days before the abovementioned precipitation event), reached a total of

38.9 mm [9] and from July 7 to July 12, 1999 (6 days prior to this event), to

86.2 mm. In the town of Krupina, a discharge Q ¼ 170 m3 s�1 was achieved which

is considered to discharge Q1000 (Q100 ¼ 100 m3 s�1, mean long-term discharge

Qa ¼ 1.22 m3 s�1). On July 17, 2001, a daily sum of precipitation of 142 mm was

recorded in Veporské vrchy and Poľana geomorphological units in the area of

villages Hronec (492 m asl) and Osrblie (600 m asl) in the Osrblianka and Hronec

river basin in Central Slovakia (the Hron river basin). The precipitation triggered a

local flood with major damage to citizens’ property and infrastructure, especially

in the municipality of Hronec. On July 31, 2002, in the Hutná torrent basin in

village Ľubietová in the northern part of the geomorphologic unit of Poľana,

80–100 mm of precipitation fell in 90 min (1.00–2.30 p.m.), causing a discharge

Q ¼ 64 m3 s�1 (Q100 ¼ 50.0 m3 s�1) and a flash flood with disastrous conse-

quences. On June 7, 2011, a catastrophic flash flood with a discharge Q ¼ 44.5 m3

s�1 (Q100 ¼ 23 m3 s�1) in the Gidra torrent basin (32.9 km2) was created on the

eastern slopes of the geomorphological unit of Malé Karpaty, which was a major

flood damage, especially in the village of Pila. During this day, precipitation from

51 to 104 mm fell on the southeastern slopes of the Malé Karpaty geomorpholog-

ical unit (Western Slovakia). On July 21, 2014, a great flash flood occurred in

Vrátna Valley in a geomorphological unit of Malá Fatra. This flash flood was

caused by rainfall with intensity of 60 mm for 1.5 hours in the highest part of the

watershed (area 6.01 km2). Subsequent discharge Q = 36 m3.s-1 was equal to 100 –

yearly discharge. On July 31, 2016, a flash flood occurred in a geomorphological
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unit of Kremnické vrchy after torrential precipitation with intensity 70–75 mm h�1

(110–125 mm 24 h�1) with subsequent extensive damage to the adjacent infra-

structure in the vicinity of the village Kremnické Bane.

6 Lessons from the History of Flash Floods in Mountain

Watersheds of Slovakia

Based on the analysis of the 33 flash floods that occurred in the small mountain

watersheds of the SR [12, 13] in the period 1925–2016, we found that:

• The main causes of flash floods were torrent rains with intensity 80–-

91 mm 0.5 h�1, 65–100 mm h�1, 81–130 mm 2 h�1, 75–130 mm 3 h�1,

130–228.5 mm 4 h�1, and 100–231.9 mm 24 h�1.

• From 33 analyzed flash floods, 3 occurred in May (9.1%), 9 in June (27.3%),

18 in July (54.5%), and 3 in August (9.1%).

• The high forest cover of the watershed (94 or 97.8%) cannot prevent the flash

flood [watersheds of torrent Hronček and Osrblianka in geomorphological unit

of Poľana (2001), watershed Gidra in geomorphological unit of Malé Karpaty

(2011), etc.].

The causes of the increased flood damages were mainly:

• Neglected maintenance of watercourse beds

• Construction in the immediate vicinity of watercourses

• Storage of different materials near the streams

• Neglected tending of riparian vegetation

• Storage of wood near watercourses

• Negligence and irresponsibility of inhabitants and self-government of munici-

palities (municipal waste in watercourse beds)

• Improperly designed and build construction (pipes, benches, bridges)

• Absent, neglected maintenance or wanting drainage, accelerated runoff, and

erosion on unpaved forest roads

7 Discharge Capacity and Bankfull Discharge of Natural

Torrent Beds of Slovakia in Relation to T-Yearly

Discharges

This question is important from the point of view of the frequency of bankfull

discharges and potential flood situations in terms of their recurrence interval.

Based on the research in 594 experimental flow profiles on 80 mountain torrents

with watershed areas Sw from 0.25 to 50.38 km2 and discharges Q1 from 0.20 to
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12.0 m3 s�1 and Q100 from 1.0 to 145.0 m3 s�1 in 3 geomorphological units of the

SR, we found that values of the discharge capacity (bankfull discharge) of natural

(unpaved, uncontrolled) torrent beds correspond to certain T-yearly discharges. For

the torrents in a geomorphological unit of Poĺana (480–1,458 m asl) with water-

shed areas from 0.384 km2 to 48.40 km2, the recurrence interval of bankfull

discharge is from Q1 to Q7.35 (with an average Q2.63). It means that the recurrence

interval for bankfull discharge is from 1 year to 7.35 years. In geomorphological

unit of Kremnické vrchy (270–1,317 m asl) with watershed areas 3.79–21.13 km2,

the interval is from Q1 to Q10 (with an average Q2.33). In the Western Tatras

(690–2,248 m asl) with watershed areas from 1.20 to 50.38 km2 in the geomor-

phological unit of Tatras, the interval is from Q1 to Q17.2 (with an average Q4.21).

In the High Tatras (905–2,645.8 m asl) in the geomorphological unit of Tatras with

watershed areas from 0.25 to 19.34 km2, the recurrence interval varies from

1–13.17 years (Q1 to Q13.17) with an average Q5.09 [14–17].

8 Forest and Runoff in Mountain Watersheds

Since the establishment of forestry activities in torrent control in the Slovak Repub-

lic, they are carried out by forest owners, who understand these activities as complex

(integrated) management of small mountain catchments. In this management, the

water management function of forest ecosystems plays a very important role. Author

[18] states that in torrential watersheds, the conservation improvement and estab-

lishment of forest tree cover are important for their highly beneficial effect on

infiltration and water concentration time, as well as on surface runoff and flood

flow control. Wherever possible, any suitable watershed land should be reforested in

preference to any other forms of land use.

The forest ecosystem has important functions in relation to runoff and subse-

quent discharge [19]:

– Retention (water retention) – how and where to retain rainfall water on the

surface of forest vegetation, in the humus layer, etc.

– Accumulation (accumulation of water) – as and where in forest land (accumu-

lation function)

– Retardation of surface runoff (slowing down of surface runoff which is delaying

the time of runoff) and its turn into a subsurface runoff

In connectionwith runoff formation, themountainwatersheds are very important:

– Total forest quality (hydric efficiency); existence, absence, and quality of the

humus layer; interceptor capacity of the forest ecosystem; and its ability of

transpiration and evaporation (i.e., evapotranspiration)

– Saturation of the catchment through the previous precipitation

– Geomorphological characteristics of the terrain (slope, roughness)

– Soil characteristics (permeability)
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– Hydrogeological characteristics of the basin (rock permeability)

– Meteorological conditions, etc.

It is generally known that forests affect the process of runoff formation and their

development. In connection with the runoff, the forest ecosystems have particular

significance in mountain watersheds, but their influence on the runoff formation

may be very different under existing conditions. Composite authors [20] reported

that in Slovakia the area of forest plots has been continually increasing and

reached 2014,731 ha in 2015 (it is 41.4% of the territory of Slovakia, which is

49,035.81 km2). In the same period, the area of forest cropland, or forest stands,

respectively, has similarly shown an upward trend and reached 1,942,567 ha (it is

39.6% of the territory of Slovakia). Forest cover which is calculated as a percent-

age of the area of forest holdings to the total area of Slovakia reached almost 41.4%

in 2015. The authors also report that in addition to forest on forest land, there is in

Slovakia a certain percentage of agricultural and other lands covered with stands

of forest tree species [20]. The area covered by this type of forest vegetation

represented almost 275,000 ha. Thus the Slovakia’s forest cover as the proportion

of forest on both forest and non-forest land (2,217,567 ha), compared to the total

area of Slovakia, stands at 45.2%. In general, each forest ecosystem has a certain

hydrological significance. The hydrological efficiency of forest ecosystems is

limited (bounded) and depends on many influential factors. One of the most

important among them is the current state of saturation of the forest ecosystem

(including forest land) by previous precipitation. After the forest ecosystem has

fully saturated with previous rainfall, the forest is no longer able to withstand

further precipitation. Within interceptions, the forest ecosystem may retain several

millimeters of precipitation during one crash event in tree crowns (according to the

quality of forest stands). Interceptions are significant, for example, in annual

hydrological balances [21, 22]. In this case, the interceptions represent up to

several tenths of the total annual rainfall depending on the quality of the forest

vegetation, the wood species, etc. This value is 19–46% of the average annual

rainfall sum [23]. During one collision, interceptions in the forest ecosystem can be

a maximum of 6–9 mm [24]. The forest ecosystem can hold up to 300–350 l

(0.3–0.35 m3) of water per square meter under appropriate conditions in the soil.

Another important component of the hydrological balance within the forest eco-

system is transpiration – productive evaporation – drainage of forest water through

root systems of forest trees with subsequent growth processes and biomass pro-

duction. The rainfall sums that the forest ecosystem is able to contain within a

single rainfall or 24 h can be very different and depend on many influential factors.

Authors [21] report that the hydrological function of the forest, understood as its

interceptor capacity, the infiltration capacity of the forest soil and the rock envi-

ronment, and the ability of the forest to slow out the outflow from a small river

basin, can only positively affect precipitation and drainage processes for precipi-

tations not exceeding 20–24 mm in 24 h. The importance of hydrological function

of the forest ecosystem grows within the longer term – seasonal or annual hydro-

logical balances. Author [20] states that the actual retention capacity of forest
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stands is relatively large (30–70 mm), but not so much as to prevent the occurrence

of floods, in the event of extreme precipitation or at the time of saturation of forests

by previous precipitation. Authors [25] report the retention capacity of forest

ecosystems 30–40 mm, after extreme precipitation up to 68 mm. Author [26]

indicates the value of rainfall retained by the forest of 50 mm. Author [27] states

that the saturation capacity of forest woods by precipitation represents a value of

10 mm. The capacity of shrubs and herbaceous vegetation and the layer of fallen

leaves and tree needles is from 5 to 20 mm, and the retention capacity of the soil

(for most extended forest land in Slovakia) is from 30 to 40 mm, so the total

retention capacity of forest stands can be estimated at about 40–70 mm. However,

this value is valid for 100% forest coverage of the landscape and for 1.0 crop

density (100% crown canopy, respectively). It follows that even the high forest

cover of the watershed cannot prevent the occurrence of floods in the event of

extreme torrential rainfall (sometimes in combination with the precipitation of the

catchment through previous precipitation), as evidenced by several examples from

recent years and also from the territory of Slovakia.

Surface flowing water rate in the concentrated runoff is in the range of about

0.1–3.0 m s�1, in humus layer it is 0.01–0.1 m s�1, and in the forest soil (subsurface

runoff), it is 0.000001–0.00001 m s�1 [28]. In this context, measures to reduce the

risk of floods in forest ecosystems should, in particular, be aimed at avoiding a

concentrated runoff, conversion of surface runoff to the subsurface, to protect the

humus layer and avoiding damage to forest soil.

Slovak forest falls into three categories (Table 4). Composite authors [20] report

that all forests regardless of their category provide a whole host of different services

and benefits (over 90% of all forest are so-called poly-functional forests). Most

forests fall into production category. Their primary function is the production of

high-grade timber without compromising other important ecological and social

functions through integrated forest management.

Forests with primarily an ecological nature to their services and benefits are

protection forests. The management of the protected forests is primarily focused on

various benefits of their ecological functions (soil, water, and infrastructure protec-

tion) and to ensure sustainable fulfillment of their ecological services. Social and

cultural functions are most important in forests, which due to their specific societal

group of benefits have been given the status of special-purpose forests. These

forests are under special management with enhancement of one or more functions,

for example, water purification, nature conservation, education, research, etc. [20].

From the point of view of water balance of forest stands in mountain watersheds

of Slovakia, it is important to divide them into “forest altitudinal vegetation zones.”

Table 4 Forest categories in

the SR
Category Area (ha) Area (%)

Production forests 1,397,000 71.93

Protection forests 334,500 17.23

Special-purpose forests 210,700 10.84
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Forest altitudinal vegetation zones in Slovakia and their informative average water

balance [29] is explained in Table 5 for better clarity.

Fig. 8 The damaged riparian stands of Kôprový potok (torrent of Western Tatras) after wind

calamity on November 19, 2004, need urgent tending (photo M. Jakubisová)

Fig. 9 Map of Slovakia and location of the High Tatras
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In the mountain, watersheds have an important role in riparian stands as an

important part of the forests [30, 31]. The riparian stands (riparian vegetation) need

systematic tending (Fig. 8). They have many various functions in flood control,

also. Functions of riparian stand can be divided into:

– Ecological: soil protection function on the slopes of torrent beds (slowing the

discharge and erosion control, landslide control) and water protection functions

(filtration, infiltration, water shading, soil drifting control)

– Environmental: biodiversity enhancing, nature protection, and aesthetic effect in

the landscape

– Production: wood and other product production

9 The Equations of Water Balance in Watersheds of the

High Tatras

Some authorities consider that mountain regions represent, in practical terms, “the

blackest of black boxes in the hydrological cycle” [32]. Therefore, it is very

important to know the water balance of the mountain watersheds (basins). In the

determination of basic elements of the water balance equation for all of 26 analyzed

mountain watersheds in the High Tatras, the highest mountain in Slovakia (Fig. 9)

used the simplified relationship:

�P ¼ �Rþ �E mmð Þ ð2Þ
where �P is the mean long-term annual precipitation in the watershed (mm), �Rmean

long-term annual runoff in the watershed (mm), and �E mean long-term annual

climatic evaporation in the watershed (mm).

To determination of the elements of Eq. (2) were used the equations which were

derived by research [4]. The authors based on the knowledge that the mean annual

climatic evaporation �E can be determined as a function of potential evaporation

index EPi (mm) and mean long-term annual precipitation �P (mm):

�E � EP�1
i ¼ f

�
�P � EP�1

i

�
mmð Þ ð3Þ

Authors [4] on the basis of relation (3) and measured data of 54 meteorological

stations in the Slovak Republic derived for the conditions of SR the empirical

relationships which were used in analysis:

�R ¼ �P�
�Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0:809þ �P
EPi

� �2
r mmð Þ ð4Þ

and
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�R ¼ �P � 1� EPiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:809� EP2i þ P2

q
0
B@

1
CA mmð Þ ð5Þ

The potential evaporation index EPi was calculated using the relation:

EPiSR ¼ 260:822þ 37:920 �T þ 0:077T3 ð6Þ
where �T is the mean long-term annual temperature in the watershed (�C).

The values of mean long-term annual precipitation and mean long-term annual

temperature for all of the analyzed watersheds were derived from measured data in

eight meteorological stations of High Tatras (Table 6, Figs. 10 and 11). Using the

results of Eqs. (4) and (5), respectively, the coefficient �R� Sp was calculated which
is substantially the component of the numerator in the formula to the calculation of

mean long-term annual runoff:

Qa ¼
�R � Sw � 103

t
m3 s�1
� � ð7Þ

where t is 31,557,600 s (time in seconds for 1 year).

Basic morphological characteristics of the reference watersheds of High Tatras

are shown in Table 7. Basic hydrological characteristics of these watersheds are

shown in Table 8.

Table 6 The mean annual

precipitation and temperature

in the High Tatras

Station Ha (m asl) �Pb (mm) �Tc (�C)
Tatranská Lomnica 832 833 5.2

Starý Smokovec 1,018 930 –

Vyšné Hágy 1,140 864 4.3

Hrebienok 1,285 1,132 –

Štrbské pleso 1,360 976 3.6

Popradské pleso 1,530 1,319 2.2

Skalnaté pleso 1,778 1,380 1.6

Lomnický štı́t 2,634 2,634 3.7
aHeight (m asl)
bAverage long-term annual precipitation (mm)
cAverage long-term annual temperature (�C)
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Fig. 10 The mean annual precipitation in the High Tatras

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
H  (m asl)

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

T 
  (

o C
)

T=(9,99037)+(-,00504)*H
Model: T= a0 + a1*H

R = 0,989
R2 = 0,979

Tatranská
Lomnica
 (5,2 oC)

Vyšné Hágy
(4,3 oC)

Štrbské pleso
(3,6 oC)

Popradské pleso
(2,2 oC)

Skalnaté pleso
(1,6 oC)

Lomnický štít
(-3,7 oC)
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Table 7 Basic characteristics of watersheds and watercourses in the High Tatras

Watercourse

Sw
a

(km2)

Sf
b

(km2)

Fc

(%)

Hminw
d

(m asl)

Hmaxw
e

(m asl)

ΔHw
f

(m)

Hmaxs
g

(m asl)

ΔHt
h

(m)

Beliansky

potok

3.17 2.00 63.1 1,140 2,494 1,354 2,310 1,170

Tri studničky 0.36 0.36 100.0 1,160 1,510 350 1,295 135

Mlyničná

voda

2.18 1.86 85.3 1,160 2,310 1,150 1,320 160

Jamský potok 0.60 0.60 100.0 1,200 1,580 380 1,455 255

Važecký potok 0.25 0.25 100.0 1,210 1,600 390 1,536 326

Biely Váh 10.62 6.11 57.5 1,220 2,494 1,274 1,840 620

Lieskovec 1.57 1.56 99.4 1,200 1,840 640 1,325 125

Mlynica 6.90 2.68 38.8 1,260 2,428 1,168 1,800 540

Poprad 19.34 8.72 45.1 1,200 2,499 1,299 1,740 540

Veľký šum 4.86 4.70 96.7 1,122 2,280 1,158 1,618 496

Malý šum 3.07 2.49 81.1 1,080 2,366 1,286 1,840 760

Háganský

potok

0.71 0.68 95.8 1,082 1,490 408 1,323 241

Batizovský

potok

5.69 3.86 67.8 1,030 2,654 1,624 1,884 854

Hromadná

voda

3.25 2.88 88.6 990 2,640 1,650 1,460 470

Velický potok 6.16 3.45 56.0 993 2,654 1,661 1,860 867

Slavkovský

potok

5.31 3.58 67.4 1,010 2,452 1,441 1,260 250

Malý Štiavnik 0.88 0.80 90.9 1,005 1970 965 1,129 124

Veľký Jazyk 1.19 0.91 76.5 998 2040 1,042 1,124 126

Štiavnik 1.64 0.91 55.5 997 2,273 1,276 1,315 318

Päť prameňov 0.98 0.87 88.8 990 1,700 710 1,150 160

Pod

Hrebienkom

2.73 2.27 83.2 985 2060 1,075 1,173 188

Studený potok 18.13 8.34 46.0 920 2,633 1,713 2057 1,137

Hlboký potok 4.88 4.46 91.4 860 2,230 1,370 1,440 580

Skalnatý

potok

9.37 6.47 69.1 890 2,634 1,744 2,500 1,610

Kežmarská

Biela voda

18.29 12.16 66.5 910 2,634 1,724 2,100 1,190

Sedem

prameňov

4.58 3.82 83.4 905 1946 1,041 1,420 515

aWatershed area (km2)
bForested watershed area (km2)
cPercentage of watershed forestation (%)
dMinimal altitude of the watershed (m asl)
eMaximal altitude of the watershed (m asl)
fAbsolute gradient of the watershed (m)
gAltitude of the spring (m asl)
hAbsolute gradient of watercourse (m)
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Table 8 Hydrologic characteristics of experimental watersheds in the High Tatras

Watercourse

øHw
a

(m asl)

�Pb

(mm)

�Tc

(�C)
EPi

d

(mm)

�Re

(mm)

�Re

(%)

�Ef

(mm)

�Ef

(%)

Qa
g (m3

s�1)

Beliansky

potok

1,614 1,261 1.9 333.40 937 74 324 26 0.094

Tri studničky 1,278 1,060 3.6 400.93 680 64 380 36 0.008

Mlyničná voda 1,544 1,219 2.3 348.97 881 72 338 28 0.061

Jamský potok 1,407 1,137 3.0 376.66 776 68 361 32 0.015

Važecký potok 1,350 1,103 3.2 384.69 736 67 367 33 0.006

Biely Váh 1,812 1,379 0.9 295.01 1,089 79 290 21 0.366

Lieskovec 1,434 1,153 2.8 368.69 799 69 354 31 0.040

Mlynica 1,740 1,336 1.3 310.29 1,032 77 304 23 0.226

Poprad 1,789 1,365 1.0 298.82 1,072 80 293 20 0.657

Veľký šum 1,548 1,221 2.3 348.97 883 72 338 28 0.136

Malý šum 1,665 1,291 1.7 325.66 973 75 318 25 0.095

Háganský

potok

1,277 1,060 3.6 400.93 680 64 380 36 0.015

Batizovský

potok

1,696 1,310 1.5 317.96 999 76 311 24 0.180

Hromadná

voda

1,510 1,199 2.4 352.89 858 72 341 28 0.088

Velický potok 1,736 1,333 1.3 310.29 1,029 77 304 23 0.201

Slavkovský

potok

1,655 1,285 1.7 325.66 967 75 318 25 0.163

Malý Štiavnik 1,273 1,057 3.6 400.93 678 64 379 36 0.019

Veľký Jazyk 1,306 1,077 3.5 396.84 700 65 377 35 0.026

Štiavnik 1,528 1,209 2.4 352.89 868 72 341 28 0.045

Päť prameňov 1,239 1,037 3.8 409.14 651 36 386 37 0.020

Pod

Hrebienkom

1,308 1,078 3.5 396.84 701 65 377 35 0.061

Studený potok 1,793 1,367 1.0 298.82 1,074 79 293 21 0.617

Hlboký potok 1,304 1,076 3.5 396.84 699 65 377 35 0.108

Skalnatý potok 1,506 1,196 2.5 356.83 851 71 345 29 0.253

Kežmarská

Biela voda

1,612 1,259 1.9 333.40 935 74 324 26 0.542

Sedem

prameňov

1,241 1,038 3.8 409.14 652 63 386 27 0.095

aMean altitude of the watershed
bAverage long-term annual precipitation (mm)
cMean long-term annual temperature in the watershed (�C)
dPotential evaporation index
eMean long-term annual runoff in the watershed (mm, %)
fMean long-term annual climatic evaporation in the watershed (mm)
gMean long-term annual runoff (m3 s�1)
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10 Calculation of Runoff and T-Yearly Discharges

in Torrent Watersheds in Forestry Practice of Slovakia

To determine of runoff and T-yearly discharges (if direct measurements from

Slovak Hydrometeorological Institute Bratislava are not available) for dimension-

ing of the beds in torrent control (in forestry practice) we use the most commonly

regional equation by the academician Dub:

qmax ¼
A0

Sw þ 1ð Þn0 � 1� o1 � o2ð Þ m3 s�1 km�2
� � ð8Þ

where qmax is the maximal specific runoff (m3 s�1 km�2), Sw watershed area (km2),

and A0, n0 regional characteristics for 11 basic watersheds of main rivers in

Slovakia with 67 subregions according to geological structures by Branch Techni-

cal Standard OTN ŽP 3112-1:03 [33]; the value of coefficient A0 varies within the

range from 1.00 to 25.00; the value of coefficient n0 varies within the range from

0.136 to 0.641. o1 is the coefficient expressing the effect of forestation of watershed
on the runoff (from �0.25 to +0.25):

o1 ¼ 0:5 � 0:5� SL
S

� �
ð9Þ

o2 is the coefficient expressing the effect of watershed shape on the runoff (from

�0.10 to +0.10).

Then we can calculate:

Qmax¼Q100 ¼ Sw � qmax m3 s�1
� � ð10Þ

Based on the calculations for 80 watersheds of mountain torrents with water-

sheds areas from 0.25 to 50.38 km2, discharges Q1 from 0.20 to 12.0 m3 s�1 and

Q100 from 1.0 to 145.0 m3 s�1 in 3 geomorphological units of the SR, we found

that the values of maximal specific runoff qmax (m
3 s�1 km�2) for the watersheds in

geomorphological unit of Poľana (480–1458 m asl) with watershed areas from

0.384 km2 to 48.40 km2 ranged from qmax = 0.93 m3 s�1 km�2 to qmax = 4.84 m3 s�1

km�2 (with an average qmax = 2.93 m3 s�1 km�2). In the geomorphological unit of

Kremnické vrchy (270–1317 m asl) with watershed areas from 3.79 km2 to

21.13 km2 maximal specific runoff ranged from qmax = 1.51 m3 s�1 km�2 to

qmax = 3.23 m3 s�1 km�2 (with an average qmax = 2.24 m3 s�1 km�2). In the

Western Tatras (690–2248 m asl) with watershed areas from 1.20 km2 to 50.38 km2

in the geomorphological unit of Tatras is this interval from qmax = 1.65 m3 s�1

km�2 to qmax = 3.87 m3 s�1 km�2 (with an average qmax = 2.92 m3 s�1 km�2). In

the geomorphological unit of High Tatras (905–2,645.8 m asl), watershed areas

from 0.25 to 19.34 km2 vary from qmax ¼ 1.62 m3 s�1 km�2 to qmax ¼ 5.91 m3 s�1

km�2 with an average qmax ¼ 3.13 m3 s�1 km�2 [14, 15].
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11 Conclusions

From the beginning of torrent control activities, many important constructions in

the form of various biological and technical measures to the flood and erosion

control have been created. These measures protect human lives and health as well

as the landscape against devastating floods and erosion. At the same time, they

improve the possibilities of securing and using valuable water resources from

mountain areas. An indispensable prerequisite for the optimal use of many signif-

icant positive benefits of torrents and, at the same time, to limit their harmful

activity is the revival of the active activities of torrent control in the Slovak

Republic. These activities are currently very limited. The torrents form the highest

stretches of watercourses. In these areas (mountain watersheds), the floods begin to

form. Although there are large-scale protected areas, there are many ways today,

the possibility of sensitive interventions and biotechnical measures, to improve

runoff rates while increasing the availability of quality water available for human

needs.

12 Recommendations

Recommendations for optimizing on integrated torrent control and torrent water-

shed management in conditions of the Slovak Republic can be divided into several

fields:

– Immediate resumption of torrent control activities

– Improvement of cooperation between the Ministry of Agriculture and Rural

Development of the SR and Ministry of Environment of the SR

– Better cooperation between all owners, administrators, and users of torrent

watersheds

– Education of university-educated professionals in the field of integrated water-

shed management

– Expanding scientific research into issues of integrated watershed management,

flash floods, torrent erosion impact of forest ecosystems to runoff in mountain

watersheds, impacts of climate change to runoff formation, and subsequent

implementation of the result into practice
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15. Jakubis M (2008) Výskum závislostı́ regionálnej hydraulickej geometrie na prı́klade vodných
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17. Jakubis M, Jakubisová M (2011) Frekvencia výskytu prietoku plným prietokovým profilom v
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Abstract New reports of water scarcity and record droughts due to climate changes are
becoming increasingly common. The costs of water infrastructure have risen dramati-
cally. Discussing the water used in a good or bad (waste) way led us to think if we are
using water in a sustainable way. A common characteristic of water demand in buildings
means its relentless rise over many years and conception of continuous growth over
coming decades. The main influencing factors of water demand patterns are population
growth, lifestyle change depending on the region, demographic structure and the possible
effects of upcoming changes in climate and other health risk factors.

In the European Union, it is common to use well and rainwater source for non-potable
purposes (such as irrigation, toiletflushing, etc.).Greywater reuse is in our country still rare.
Commonhousehold usage consumes a lot ofwater. There is a need tomanage its end use as
sustainable as our conditions allow us. Potable water consumption of the Slovak house-
holds isn’t above average at all, but its use is inappropriate. Questionnaire on water, as one
of data collection methods, gives a closer look at water habits of households. The results
show that most of our citizens are pro water saving oriented and open to newwater ideas –
as in the building water cycle.
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The main goal of this chapter is to present the background for the water use,
regulations and legislative framework in the context of a water conservation strategy
and discuss water types in building water cycle connected to water-energy nexus in
the wider environment.

There is a gap for water regulation andwater supply of grey and rainwater systems.
This chapter pointed out the challenges and recommendations to strengthen and
enhance future of alternative water sources based on the scientific findings, policy,
economic and social impacts.

Keywords Building water cycle, Questionnaire, Sustainability, Water sources

1 Introduction

It is increasingly obvious that the current use, development and management of the
planet’s water resources, and the services they provide are unsustainable. At the
United Nations Conference on Sustainable Development in 2012 (Rio + 20), gov-
ernments recognized that water is “at the core of sustainable development as it is
closely linked to a number of key global challenges” [1].

While the world’s population tripled in the twentieth century, the use of renewable
water resources has grown sixfold.Within the next 50 years, theworld populationwill
increase by another 40–50%. This population growth – coupled with industrialization
and urbanization –will result in an increasing demand for water and will have serious
consequences on the environment [2].

The total volume of water in the world remains constant. What changes are its
quality and availability. Water is constantly being recycled, a well-known system as
the water or hydrological cycle [3].

According to the World Water Assessment Programme (WWAP) [4, 5], about
70% of water use in the world is used for irrigation, about 22% for industry and
about 8% for domestic use. In many countries, the hydrological cycle is managed to
provide enough water for industry, agriculture and domestic use. It requires the
management of surface and groundwater resources, treatment and supply of water,
its collection, reusing and returning back to the cycle. These facts lead us to start with
the support of the “small” water cycle at the building level, by creating the building
water cycle (see more in the following chapter).

It means that the freshwater – blue water – does not have to be the first choice for
a water source [6]. People use a lot of water for drinking, cooking, washing and
irrigating landscapes, but even more for producing food, materials products and
manufactured items such as clothes and to run buildings [7].

As has already been mentioned, 8% of total world water resources are used for
domestic purposes. Average water uses per person in selected countries are described
in Fig. 1.

In Slovakia, the average consumption is around 109 L/per person/day, and it can
be classified according to end purpose (Fig. 2).
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According to the Population and housing census results 2011, therewas an increase of
built houses around 3.2%. From the 2011 census resultswith an average of six inhabitants
per household, average water use per household per day in Slovakia was 843,343,200 L/
day.Moreover, therefore only households are yearly consuming around 308,000,000m3/
year of potable water. It shows that about 55% of drinking water may be replaced by
alternative water source as rainwater, grey water or water from well, etc.

This fact gives credit to reuse of potable water in building water cycle. We need
very fast to change the thinking of all society which will be in the balance with nature
to be more sustainable.

2 Regulation and Legislative Framework

In this part, we introduce basic information about the legislation in the water industry
in general. Most of the directives deal with water quality since the main target of all
legislations and standards is to obtain sustainable water quality globally. The main
directive in Europe is the Water Framework Directive (WFD) 2000/60/EC [2] which
establishes a legal framework to protect and restore clean water across Europe and
ensure its long-term sustainability [4]. It is the most far-reaching piece of environ-
mental legislation ever introduced by EU and will change the way in which water is
perceived and managed in Europe forever [3].

This directive also sets rules for groundwater, and according to Davies and Butler
implementation of the directive has more uncertainties, for instance, what
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implications will a prohibition of discharge to groundwater have on infiltration-based
sustainable drainage systems [10].

The document similar to EuropeanWFD is the CleanWater Act (CWA) in the United
States which was implemented in the early 1970s and has resulted in significant efforts to
improve the quality of water bodies, much of which has included improvements to
stormwater management [11]. Other related European directives or “WFD daughters”
are theUrbanWasteWater Treatment Directive 91/271/EEC, theGroundwater Directive
2006/118/EC, the BathingWater Directive 2006/7/EC and the Flood Directive 2007/60/
EC.

Quality control of drinking water and the health security in Slovakia is performed
through a set of 82 indicators of water quality defined by Government Regulation
Nr. 8/2016 Coll., setting down requirements for water intended for human consump-
tion and control the quality of water intended for human consumption according to
European Council Directive 98/83/EC on the quality of water intended for human
consumption. The limit values of water quality parameters are according to their
health significance distinguished as the recommended value, indicative value and the
limit of a maximum limit value. The most serious health consequences of the crossing
are the highest margins, which excludes the use of water as drinking.

The water legislation is covered by following acts and regulations. The first is the
Water Act, Act No. 303/2016 Coll. on water sources and on the amendment of the
Act of the Slovak National Council No. 372/1990 Coll. on offences in the wording of
latter provisions. Water Act is the basic legal framework regulating water protection
in Slovakia.

The Government Regulation No. 296/2010 Coll. establishes qualitative objec-
tives for surface waters and limit rates of wastewater and special waters pollution
indicators.
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Fig. 2 Average
consumption of potable
water in Slovakia according
to end purpose water use per
person [9]
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The Act No. 442/2002 Coll. on PublicWater Systems and Public Sewage Systems
and on amendment and supplement of the Act No. 150/2017 Coll. on Regulation of
Network Industries states that “the owner of the sewage system can deny connection
of property to public sewage system if for example the capacity of system or WTP is
already exceeded or is possible to dispose runoff water from stormwater out of public
sewage”.

Regulation of the Ministry of Environment No. 684/2006 is about technical require-
ments of design, project documentation and public water supply and public sewage
construction.

Regulation of theMinistry of EnvironmentNo. 209/2013 sets out details aboutmeasuring
the amount of supplied water and quantity of discharged wastewater and surface runoff.

Act No. 303/2016 Coll. on Flood Protection establishes measures how to prevent
floods. The Slovak government approved the Programme of Landscape Revitaliza-
tion and Integrated Watershed Management in the Slovak Republic by the decree
No. 744/2010. The objectives of this programme regarding the topic of the thesis are
flood protection and retention of stormwater in the country and support of stormwater
management projects.

A series of European Standards aims to provide requirements and recommenda-
tions for all materials in contact with drinking water. Whether you have responsi-
bilities for local authority mains, building sites or public and private buildings, these
publications need to be consulted.

The design applies to new installations, pipework as well as alterations and repairs.
STN EN 806 Specifications for installations inside buildings conveying water for human
consumption divided into five parts were fully adopted by the Slovak Republic.

3 Water Types and Quality

In the environment exist many types of water as defined by Kinkade-Levarios [6]:

• Atmospheric water – as rain and fog
• Blue water – water from lakes, rivers
• Green water – soil moisture
• Stormwater – rainwater that has hit the ground
• Grey water (light or dark) – wastewater from laundry, bathtub, shower, basin
• Alternate water – water that has been used previously
• Black water – water from toilets and kitchen sinks
• Reclaim water – water that has gone through a sewer treatment process and has

been filtered and processed for reuse in various ways
• Sea water – from desalination

We would like here to concentrate on four water types that are the most common
and available source in buildings, mostly family houses (Fig. 3):

1. Potable water – water from tap, source of water for potable purposes
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2. Water from well – a source of water for potable and non-potable purposes
3. Rainwater – collected water from the roof during precipitation; source of water

for non-potable purposes
4. Grey water – wastewater from bathtubs, shower and basin; source of water for

non-potable purposes

At the building level, we are using the fastest, easiest and most reliable source of
water that we have – the water from municipal water supply system that goes through
the highest level of testing. Of course, there are many cases when this source of water
is unavailable (no water supply, water supply failure, damage, technical problems,
disasters, etc.). Most people do not think about water storage or what would happen if
there is no water available.

There are also many issues that need to be taken into account when considering
the water source and its quality (see Table 1).

Water quality consists of several issues:

• Aesthetic parameters (colour, odour and turbidity)
• Microbiological content (bacteria and photogenic organisms)
• Chemical and physical parameters (pH, dissolved solids, disinfectants, etc.) [13].

Aesthetic parameters vary significantly between rainwater, grey water, potable
water and water from well. The acceptability of reclaimed water depends on personal
preferences and the end use (filtration can help in this problem) [13].

Fig. 3 Sources of water at the building level [12]
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Microbiological quality should be controlled on the high level. Thus there is no
recorded mortal case caused by rainwater or grey water, but it can cause illnesses and
in extreme cases death when it is used in no appropriate way [13].

Chemical and physical parameters should follow the requirements set by local
standards and Water Framework Directive. Parameters as pH and dissolved solids
may not only be relevant to the end user, but may have an impact on disinfection
processes and the life of the whole system. Metals from rainwater or grey water
could make reclaimed water not suitable for irrigation purposes [13].

Table 1 Comparison of guidelines for drinking water and bathing water quality

Water Potable water Bathing water

According to Directive 98/83/CE Directive 2006/7/CE

Colony count 22�C 100/mL –

Colony count 37�C 20/mL –

Total coliforms 0/100 mL –

Escherichia coli 0/100 mL Between 500 and 1,000
UFC/100 mL

Enterococci 0/100 mL Between 200 and 400 UFC/100 mL

Anaerobic sulfato-
reducing bacteria

0.5/mL –

Legionella 1,000 UFC/L –

Pseudomona
aeruginosa

0/250 mL –

Staphylococcus 0/100 mL –

Surface active
substances

Between 0.3 mg/L and no lasting
foam

Ammonia nitrogen 0.1 mg/mL –

Conductivity <2,500 –

Colour Acceptable to consumers and no
abnormal change

No abnormal change

Turbidity 1 NFU –

Taste and odour Acceptable –

Hardness >15�F –

Nitrates 50 mg/L –

Nitrites 0.5 mg/L –

Oxidizability 5 mg/L O2 –

pH Between 6.5 and 9 Between 6 and 9

Iron 200 μg/L
Mineral oils – Between 0.3 mg/L and no visible

film on water surface

Phenols – 0.005 mg/L

Transparency – Between 1 and 2 m

Dissolved oxygen – Between 1 and 2 m

Floating residues – –
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According to EA (Environmental Agency) guidance on how microbiological
composition should be either rainwater or grey water for further use is not drinkable
[14] should be used Table 2.

4 Questionnaire on Water Use

Massive use of rainwater or reused water for non-potable purposes in buildings
promotes the conservation of natural resources, water, and thus the overall sustain-
ability in water management.

Potable water consumption of the Slovak households is not above average at all
as was mentioned before but we use it in inappropriate ways. We used the Ques-
tionnaire on Water, as one of data collection methods gives a closer look at water
habits of households.

As a first step, existing methodologies, standards and guidelines have been analysed.
Therefore questionnaire has been sent out to the respondents to identify thewater habits in
their countries from all over the world (Fig. 4).

In 2014 the questionnaire was completed by the group of 200 people from different
spheres of society divided to 85 male and 115 female respondents. The average age of
respondent is 43 years. The 75% of them live in the family houses. The questionnaire
consisted of ten questions. The last our question was about their opinion on water-
energy nexus.

The most important and serious fact is that 80% of respondents use potable water
for all domestic purposes such as flushing toilets and watering the garden or washing
their cars.

A brief overview of final results will show the attitude and differences between
the Slovak respondents and respondents from foreign countries. As described in
Fig. 5 in Slovakia, no grey water use was identified, and part of houses are not

Table 2 Water quality according the end use [14]

Category Maintenance Irrigation Flushing toilet

Total coliforms c/100 mL 10 1,000 1,000

Escherichia coli c/100 mL 1 250 250

Enterococci c/100 mL 1 100 100

Legionella cfu/L 100 100 100

Residual chlorine ppm < 0,5 <0,5 < 2

Residual bromine ppm Not applicable Not applicable < 2

Dissolved oxygen >10% of saturation or >1 mg/L of oxygen (which is smaller)

Floating residues Visually clear without floating residues

Colour Not unsatisfactory Not applicable Not unsatisfactory

Transparency <60% for 254 nm Not applicable <60% for 254 nm

Turbidity <10 Not applicable <10

pH 6.8 6.8 6.8
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connected to main water supply for different reasons (good quality of the water in the
well, no water supply connection).

Our respondents were asked if they were afraid of grey and rainwater use. In fact,
Slovaks were more afraid of grey water than rainwater, due to the lack of information
about such system of application. Respondents from foreign countries were not so
afraid of reusing grey and rainwater (Fig. 6).

It is interesting that even though Slovaks are afraid of reuse of water around, 85%
of them would think about sustainable solutions (Fig. 7) if they built a new house.

About 55% of all respondents would consider installing such system if the return
on investment is from 6 to 10 years (Fig. 8).

The main reasons for water saving measures application were the water bill reduction –
in 49% of respondents, 41% for sustainability and reservoirs saving only 10% (Fig. 9).

Our foreign respondents see the biggest potential in installing the grey water
system in industrial buildings than other types (Fig. 10).

The last question of our questionnaire was about the relatively newest idea: the
water-energy nexus.

Our respondents have expressed their opinions, e.g., in the following way:

• The nexus between energy and water has not been understood by general
population and decision makers yet. This must be fully discussed by all.

• It is an equation that should always be weighed against the shortage of drinking
water on the planet. However, it should be environmentally friendly energy
sources used for that also they do not become a problem.

• It is the way we need to follow.
• Reducing the grey water treatment will reduce the energy necessary for its

treatment.
• Further studies need to be conducted in order to evaluate the real cost of water

usage in energy production and vice versa (financial and environmental).
• It is a future. This theme is very interesting; I work in this area [12].
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The questionnaire shows people’s willingness to use an alternative water source
for different non-potable purposes rather than potable water. Its results give us a
closer look at people’s attitude to sustainable water resources for building supply as
well as water consumption habits of water users.

The gratifying conclusion is that most of our citizens are pro water saving oriented
and very open to new water ideas as closed in-building water cycle. In Slovakia, this
area has not been so developed yet. It is necessary very fast to define regulation and set
standards for designing such hybrid systems (see Sect. 5.3), e.g., according to foreign
national standards and performed experiments in Slovak conditions.
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5 Water in Building Cycle

The quantity of water used by European households has increased significantly over
the past decades and now represents approximately 70% of the total water use in
buildings [15]. A report by the Office of Community and Economic Development
[5] estimates that 35–40% of household water consumption is used for personal
hygiene (shower and bath), 20–30% for toilet flushing and 10–20% for laundry.

The research has shown that replacing high water-using devices with water-efficient
alternatives can reduce annual water consumption by 32–50% [7, 15]. Focusing on
household water consumption and, in particular, the use of water-efficient devices offers
significant potential for water savings.

Water can create a building water cycle. An installation of the rainwater harvesting
system and system of grey water reuse or the use of water fromwell or other alternative is
bringing many advantages, but also if not treated well the disadvantages and possible
risks. When recycling water, it is essential to protect the health of both the public and the
environment, and a risk management approach is the best way to achieve this.

As prof. Afonso presented at the Symposium of CIB in Brazil 2014, it can be
stated that water efficiency, which implies conservation of water, is the best way to
contribute to policies for sustainable use of water [16].

Expressed by his words:
The interventions leading to an efficient use of water in the building cycle can be

systematized by a guiding principle called “the 5R principle” (Fig. 11).

The 1st R
Reduce consumption includes the adoption of efficient products and devices, with-
out prejudice to other measures of an economic, fiscal or sociological nature. For
this, the labelling of the water efficiency of products similar to strategies for energy
efficiency is considered as an essential measure to provide information to consumers.
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Fig. 10 Potential for grey water reuses according to building type
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The 2nd R
Reduced losses and waste may involve interventions such as the monitoring of
losses in building networks (in flushing cisterns, sprinklers, etc.) or the installation
of circulation and return circuits of sanitary hot water.

The 3rd and 4th R
The reuse and recycling of grey water/wastewater, meaning a use in “series” or the
reintroduction of water at the start of the circuit after treatment, can be relevant in
relation to the use of grey water, not excluding the possibility of using treated
wastewater for some purposes, such as watering gardens.

The 5th R
The last resort is alternative sources. This may involve the use of rainwater, ground-
water and salt water. These measures can be easily considered for new or refurbish-
ment buildings. For existing buildings, water efficiency audits and risk management
methods are a more appropriate procedure, as is the case with energy efficiency [17].

It is known that around 60% of drinking water may be replaced by an alternative water
source (rainwater, well water, greywater). This fact gives credit to reuse of potablewater in
building water cycle and better percentage weight in building environmental assessment
[18]. Water management field in the environmental assessment system (BEAS) used in
Slovakia has a percentage weight of 8.88% (see chapter Vilcekova et al.). Buildings that
have attained a specific green building level of LEED Certification or any of similar
certification are meeting the future sustainable challenge, which means we can reduce our
water footprint.

Following sections will give us a closer look at different water types used in
building cycle and the brief description of such systems.

Fig. 11 5R principle content (according [12] and [16])
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5.1 Building Potable Water Sources

Household water use is water used for indoor purposes from drinking, food preparation,
washing clothes and dishes, bathing and showering, flushing toilets to outdoor purposes
such as garden watering. Domestic water use includes potable and non-potable water
provided to households by a public water supplier or domestic deliveries and self-supplied
water [12].

Drinking or potable water is water safe enough to be consumed by humans or
used with low risk of immediate or long-term harm. In most developed countries, the
tap water supplied to households, commerce and industry meet the water quality and
portability standards.

Most of the population in Slovakia (86%) is supplied from public water mains. In
Slovak republic, downward trend in the consumption of drinking water from public
water supplies is recorded last years. More and more people preferred the water from
their own source – wells or buying bottled water.

Potable water could be to the building supplied from several possible sources:

• Municipal water supply (1)
• Water wells (2)

1. Tap water (or running water, city water, municipal water, etc.) is water supplied
to all taps or valves in the house. Its typical uses include washing, toilets and
irrigation. Indoor tap water is distributed through indoor plumbing (Fig. 12). This
type of installation has existed since antiquity but was available to very few
people until the second half of the nineteenth century. Water used for abstraction
of drinking water is now covered by the Water Framework Directive (WFD). The
Directive does not itself set mandatory standards but relies on national and other
legislation. In the most of EU countries directives and guidelines, the value limits
are given more straighten that are set in WFD [3].

2. Water from wells is water supplied from groundwater sources. It could be used for
both potable and non-potable purposes according to its quality (Fig. 13).

Today about 14% of the Slovak population is individually supplied from well
water. Eighty to eighty-five percent of water resources for individual supply does not
meet the hygiene requirements or has poor sensory properties and are a permanent
risk to user’s health. The most common case is a faecal pollution, nitrate and iron.
Water quality in individual water sources is affected by the poor technical condition
of wells, lack of depth and/or poor disposal of sewage in the neighbourhood. High
risk of infectious diseases is increasing especially in times of flood and in case of
drainage failures.

Right well construction and continued maintenance are keys to the safety of building
water supply. State water-well contractor licensing agency, local health department or local
water system professional can provide information on well construction for users [19].
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Quality check of raw water sources and water quality control in the distribution
network ensures the owners/operators of public water supplies. Operators of public
water may be water companies, municipalities or other legal/natural persons having
trade licence to operate a public water supply.

These two types of water described above are suitable for all domestic purposes,
but this is not a sustainable solution for today situation.

Common vision in leading foreign countries is the use of all source of water that
consumer have at his property. Reclaimed water is water that has been collected and
treated, so it is suitable for its indented use.

5.2 Non-potable Water Sources

Non-potable (reuse) systems typically have lower water quality than potable sys-
tems. The level of water treatment varies depending on the end use. Non-potable
reuse usually requires a dual distribution system – it means separate systems of pipes

Fig. 12 Potable water in building water cycle [12]

Fig. 13 Water from well in building water cycle [12]
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for distributing potable and non-potable water. Depending on the extent of a
community’s water distribution system, non-potable reclaimed water can be used
mainly for flushing toilets, watering parks or lawns, supplying fire hydrants, washing
cars and streets, filling decorative fountains and many other purposes.

Rainwater and grey water are both water sources for reclaimed water for non-potable
end use, and they need to be well labelled. Watering or washing devices, indoor or
outdoor, must be marked with warnings similar as in Fig. 14, together with appropriate
symbols, and their taps fitted with a detachable handle to prevent the improper use [20].

As presented in Portuguese study by prof. Afonso [17], it is considered that
reclaimed water can be used in flushing of toilets, washing clothes and watering
gardens, all after appropriate treatment.

The quantitative characterization and a physicochemical and microbiological anal-
ysis of light grey water were presented, e.g., in Aveiro Symposium of CIB W062 by
C. Matos and I. Bentes. Grey water use at the domestic level may well be the simplest
form of water reuse and should be investigated as a means to reduce the impact of
residential developments on water resources worldwide [21]. Reuse of grey water can
also reduce the load on septic tanks and drain fields. In the United States, they have the
Green Plumbing andMechanical Code Supplement (IAPMO) that in the chapter titled
“Decision Analysis Tool for Appropriate Water Source in Buildings” by D.
Káposztásová and Z. Vranayová in this volume, deeply describes the construction,
alteration and repairing of grey water systems [22].

Grey water refers to water sourced from the kitchen (depending on national
regulation), laundry and bathroom drains, except toilets. Grey water may contain
urine and faeces from nappy washing and showering, as well as kitchen scraps, soil,
hair, detergents, cleaning products, personal-care products, sunscreens, fats and oils
[17, 23–25].

We called domestic wastewater (excluding faecal matter and urine) from bath-
rooms, basins and showers light grey water. We called contaminated or difficult-to-
handle grey water, such as solids-laden kitchen sink water or from laundry, dark
grey water.

Grey water systems depend significantly on the behaviour of the people using the
appliances, as well as the quality and volume of water collected (Fig. 15). There exist
many different methods used to filter and treat collected grey water, which ranges in
complexity and the level of treatment.

Fig. 14 Label of
non-potable water tap
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Grey water systems consist of one or more storage tanks, pump, filtration unit,
chemical dosing and connecting pipework (Fig. 16).

Grey water according to treatment could be:

• Reused – that water has not undergone treatment.
• Recycled – this water has undergone at a minimum through the filters and

disinfection.

Rain – a form of precipitation is the first form of water in the natural hydrological
cycle. It is a primary source of water that feeds rivers, lakes and groundwater
aquifers, and they became the secondary source of water [6].

Rainwater may be collected from any hard surface, such as concrete or stone
patios, and asphalt parking lots. However, once the rain hits the ground, it is no
longer referred as rain, but as the stormwater (Fig. 17). The landscape can also be
contoured to retain the stormwater runoff. Rainwater harvesting captures precipita-
tions and uses it as close as possible to where it falls [26].

The potential of rainwater harvesting depends on location and weather. Precipi-
tation monitoring is a very a common process all around the world. In Slovakia
monitoring is provided by the Slovak Hydro-meteorological Institute (SHMU).

Stormwater management has been changing throughout years, and it was caused
by extensive urbanization which changed stormwater runoff and infiltration patterns.
Rainwater harvesting supports sustainability in stormwater management which in
principle means managing stormwater as a resource and as close to the source as
possible [27].

Rainwater harvesting system is much more sophisticated today since our demand
is higher and necessity of water quality is taken into consideration. We usually
collect water from impervious surfaces (roofs, paths and parking lots). It is further
transported by gauges and downpipes through filter or screen to prevent organic
material particles and debris reaching the system.

Very important part of the system is the first flush device. This equipment retains
initial runoff because of the stored water quality. It is possible to instal the system

Fig. 15 Grey water in building water cycle [12]
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different types of filters and treatment devices. The level of treatment of the stored
water depends on the purpose for what the water will be used. There are different

Fig. 16 Most used grey water system parts [12]

Fig. 17 Rainwater in building water cycle [12]
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disinfection devices using, for instance, UV radiation, chlorine or activated carbon
filters on the market (see Fig. 18).

Pumps and pipes, necessary for transporting thewater to the consumer, are inseparable
parts of the system and cannot be interconnected with potable water network [28, 29].

Keeping rainwater and grey water isolated from each other and/or combining the
reclaimed water prior to use is another option. This means that two separate systems
are required, and higher costs and maintenance will be necessary.

While undertaking a water audit, it may be identified that rainwater and grey
water are insufficient on their own to meet a part of the water demand in the building.
It may be possible to combine rainwater, grey water, water from well and potable
water to provide a viable water source to cover the whole water demand at the
building level (see following chapter).

Fig. 18 Most used rainwater harvesting system parts [12]
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5.3 Hybrid Systems

Grey and rainwater systems vary significantly in their complexity and size and can
be grouped according to the type of filtration or treatment they use as follows as
described in British standard BS 8525-1:2010 [30]:

1. Direct reuse systems (no treatment).
2. Short retention systems.
3. Basic physical/chemical systems.
4. Biological systems.
5. Biomechanical systems, the most advanced for domestic grey water reuse, com-

bine biological and physical treatment, e.g., removing organic matter by micro-
bial cultures and solid material by the settlement. They encourage bacterial
activity by bubbling oxygen through the collected water

6. Hybrid systems – integrated with rainwater, or other water sources.

The hybrid system represents the vision of building water cycle. Potential uses for
grey and rainwater depend on the quantity and quality of water available. Each case
must be assessed by the individual plan to design the most efficient and green
sustainable water system (see Fig. 19).

Figures 20 and 21 describe a real scheme and technical drawing of a hybrid system
for a building.

When recycling water, it is essential to protect the health of both the public and
the environment, and a risk management approach is the best way to achieve this
issue. The quality of water is very important and depends on the end use.

According to the critical review from Sapkota et al. [31], the fact that hybrid water
supply systems are not free of challenges can’t be ignored. The question is if these calls for
extensive collection and distribution systems are necessary for reclamation and reuse of
waste water, especially in the case of centralized, non-potable systems that need separate
distribution of drinking and non-potable water. The need for dual water supply systems
signifies increase in cost and energy consumption for our urban area and for the transfer of
waters. There are noknown impacts ofwater hybrid supply systemson aspects such asflow
changes, nutrient and sediment regimes, greenhouse gas emissions and impacts on rivers,

Fig. 19 Hybrid system of in-building water cycle [12]
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aquifers and estuaries.A sophisticated sewage treatment technology requires a considerable
amount of energy. It is, however, possible to use sludge from wastewater treatment to the
current generation of energy.

6 Conclusion and Recommendations

Water harvesting is not so much different than renewable energy – opportunities
abound in the building to capture a free resource and turn it into an economical
solution. The key is to have the right systems in place.

Energy efficiency and sustainability are key drivers of water reuse, which is why
water reuse is so integral to sustainable water management. The water-energy nexus
recognizes that water and energy are mutually dependent – energy production
requires large volumes of water, and water infrastructure requires large amounts of
energy [32].

Therefore, sustainable water management can be defined as water resource man-
agement that meets the needs of present and future generations. A “net-zero” water
building is an innovative strategy that pushes our buildings to be fully responsible for
generating its potable water needs and treating all discharge waste.

Fig. 20 Hybrid system of in-building water cycle – combined application using grey water,
rainwater, vegetated wall and infiltration
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Water reuse is integral to sustainable water management because it allows water to
remain in the environment and be preserved for future uses while meeting the water
requirements of the present. Water and energy are interconnected, and sustainable
management of either resource requires consideration of the other. Water reuse
reduces energy use by eliminating additional potable water treatment and associated
water conveyance because reclaimed water typically offsets potable water use and is
used locally. Although additional energy is required to treat wastewater for reclama-
tion, the amount of energy required for treatment and transport of potable water.

The energy required for capturing, treating and distributing water and the water
required to produce energy are inextricably linked.Water reuse can achieve two benefits:
offsetting water demands and providing water for energy production (Fig. 22).

Understanding that reuse is one of the tools that urban water/wastewater/stormwater
managers have at their disposal to improve their existing systems’ energy efficiency. EPA

Fig. 21 Hybrid system of in-building water cycle – combined application using grey water, rainwater,
well water and infiltration
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is currently developing a handbook titled Leveraging theWater-EnergyConnection –An
Integrated Resource Management Handbook for Community Planners and Decision-
Makers, envisioned to be an integrated water management-planning support document.
The manual will address water conservation and efficiency as well as alternative water
sources (reclaimed water, grey water, harvested stormwater, etc.) as part of capacity
development, building codes for improved water and energy-use efficiency and renew-
able energy sources from/for both water and wastewater systems.

These results in Portugal underscore the importance of water efficiency in buildings,
not only as a means for rational use of water but also for its significant contribution to the
energy efficiency of buildings and reducing the emission of greenhouse gases [17].

Acknowledgment This work was supported by project VEGA n. `/0202/15: Sustainable and Safe
Water Management in Buildings of the 3rd Millennium.

Fig. 22 Water-energy nexus (according to [32])
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Water Distribution System in Building
and Its Microbiological Contamination
Minimization
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Abstract Today we are facing the need to ensure water quality, so the basic
requirement of today’s civilization is to assess the water quality and perform the
necessary treatment, adapt, transport, and heat it. The water pipes as a major part of
the entire water distribution system have undergone considerable technical and
technological development. Today we know that the various piping materials that
have been used to transport water throughout historical development had a great
impact on water quality. Drinking water must not cause any health problems to
users. Microbiological contamination of drinking water and the health risk caused by
pathogens that colonize the technical systems, however, occasionally causes serious
problems. These include, for example, some cases of epidemic outbreaks of deaths
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that have occurred in the past 10 years in various parts of the world (e.g. cholera,
typhus). Legionnaires’ disease legionellosis also belongs to such newer diseases.
The first case of Legionella infection from water distribution system was recorded in
a patient’s kidney transplantation. Since then, Legionella has begun to be tracked in
water systems in different types of buildings, including hotels, homes, factories, and
ships. This bacterium was found throughout the water system, from the water source
to the outflow fittings. The goal of this chapter is to present hot water tank – a
mathematical model which simulates temperature profile of hot water tank and
works on obtained approximated function. Temperature and water stagnation are
one of the factors that caused microbiological contamination of water, and by
knowing the temperature profile, we can reduce the possible risks. While respecting
the basic parameters of hot water, it is required for a water supplier and operator of a
building to ensure the prescribed quality and water temperature at each sampling site
and avoid the Legionella growth.

Keywords Contamination, Hot water tank, Legionella pneumophila, Mathematical
model, Water distribution system

1 Introduction

After the first outbreak of the Legionnaires’ disease in 1976, a bacterium called
Legionella pneumophila was isolated. Legionella is commonly found in natural and
artificial aquatic environments, in the soil, and in compost and can cause
legionellosis. At least 61 different Legionella species have been isolated. Twenty-
six strains were infected with human strains. Legionella pneumophila distinguishes
at least 15 different serological groups; 9 other species may also be further divided
into at least 2 separate serological groups. From a public health point of view,
Legionella monitoring is important for identifying environmental resources that
may represent a potential risk of Legionella, such as evaporating cooling towers,
cold and hot water distribution systems in buildings, and associated facilities such as
swimming pools and whirlpools, dental kits, maxing units, and so on. Monitoring is
also important for the validation of control measures and the ongoing verification of
the effectiveness of these measures [1].

The discovery of Legionnaire’s disease has created a completely new problem in
the field of drinking water hygiene [2]. Drinking water hygiene microbiology has so
far been limited to separating the impact of sewage waste in the production,
pre-storage, and supply of drinking water, and the microorganisms present in this
water have produced only food-borne diseases [2–4]. As for Legionella, they are
able, under certain conditions, to colonize the whole system and cause epidemics. So
far, however, no data could be found that could be the basis for establishing a clear
Legionella or Legionella limit value in potable hot and cold water – all values are
determined in relation to the risk of water users from distribution systems. It must be
borne in mind that water systems with potable water are absolutely unidirectional
from the point of production of this water to the consumer’s tap, that is, any quantity
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of water withdrawn in the main water inlet. In the supplied facility, a plurality of
distribution sites used in parallel lead to problems with climbing pipes, a stagnant
potable water cold that heats up and stagnant potable water hot, which on the
contrary cools, and if the continuous circulation of the circulating pump is not
ensured, the water flow is really undirectional. If hot water does not flow
uninterruptedly throughout the system, excellent conditions for bacterial coloniza-
tion are created [5]. In our previous research, we explored a range of factors that
encourage the bacteria to grow [2, 4, 6], and we continue to check the systems that
provide a high risk of Legionella colonization.

2 Contamination of Water Systems

The development of Legionella and other microorganisms in water distribution
system is supported by the whole complex of factors [7]. Due to the health signif-
icance of these organisms, attention needs to be paid to the issue, particularly in
terms of the design and implementation of preventive health and technical measures.
On the part of the water supplier and the building operator, there is the responsibility
to ensure in the hot water system the prescribed water quality and temperature at
each delivery point while respecting the basic parameters of the hot water.

Recent technological developments have brought other hot water heating options.
In principle, however, the preparation of hot water is divided into direct (primary)
and indirect (secondary). Secondary heating is known to be more demanding in
terms of energy demand, which in particular results in higher thermal or pressure
losses.

In the secondary preparation, hot water is obtained by local, central, or combined
heating. Local heating is a source of hot water in the immediate vicinity of the
collection point. At the central heating, all or part of the collection points in the
facility are supplied from one source.

Preparation of hot water is most often divided by:

• The heat transfer method
• Heat locations
• Construction of the equipment
• Number of primary energy sources

The division of the hot water preparation method also relies on the construction of
a device that generates hot water. According to the design, we recognize storage tank
and instantaneous and mixed heater. The water storage tank rests on heating the
water into the tank. The capacity in the tank must cover the uneven distribution. In
the instantaneous heater, the heating begins when the consumption begins, and there
is no supply to cover the unpredictable consumption tip. Compared to the storage
heater, it has the advantage of space requirements. However, the disadvantage is
greater demand for power. In the case of combined heating, the standard hot water
operating requirement is provided by an instantaneous heater, and an adequate
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storage [8] is assured by the collection peaks. From the bacterial colonization,
storage – water tank – and distribution pipes are the most risky. The water pipes
are the parts of technical systems currently used by people to ensure the supply of
potable cold and hot water. Also important is its quality, which can be affected by
piping material, but also by the chemical composition of water or by bacterial
colonization. There is another factor in potable water hot, namely, the water heating
technology, which can also be a source of bacteriological colonization. When water
is heated in the storage tanks, there are ideal conditions for the growth of bacteria,
e.g. if they are not dislimed, or in the water mains by plate exchangers. Here it is not
possible to capture the sludge or to remove it. The sludge is one of the factors that
promote bacterial growth. However, the main point is the occurrence of biofilm on
the walls of the distribution pipeline and the influence of the material. Inside the
water supply distribution networks, the Legionella colonizes the inner sides of the
pipeline, the fittings and their seals, the mixing batteries, the hoses, and the shower
heads.

2.1 Legionella in Water Pipes

In water mains, Legionella colonizes especially the corroding surfaces and rubber
seals, as well as parts of some plastic materials. Formation of biofilms with more
than 50% Legionella share was the most massive on plastic materials at a water
temperature of 40�C; at a water temperature of 20�C, it was minimal. On the
contrary, copper surfaces inhibited Legionella adhesion and biofilm formation
[9]. Experiments prove that already after 1 week, Legionella microbes are found
on all surfaces except copper pipes (Table 1).

Within 3 weeks, biofilms begin to form. Legionella lives in these biofilms in
relation with a typical micro bacteria, algae, and amoebae. As a good shelter in these
communities, the use of mineral deposits on the inner walls of the pipeline along
with the higher resistance of Legionella to chlorine is the main reason why it is
practically impossible to eliminate them from the water mains [10].

Factors and critical points contributing to contamination of water systems are
(Fig. 1):

Table 1 Pipeline material and colonization by Legionella [9]

Material

Colonization (number of colonies 103 per 1 cm2)

Total microflora Legionella pneumophila

Copper 70 0.7

Glass 150 1.5

Polybutylene 180 2.0

Polyethylene 960 23

Hard PVC 1,070 11

Ethylene – propylene 27,000 500
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• Temperature between 20 and 45�C and low water pressure
• Stagnant and low-flow sections of the water supply network
• Fittings with difficult accessibility to eradication interventions, regularly

contaminated
• Accumulation of organic matter and microorganisms (tanks, heaters, blind arms)
• Large volumes of hot water storage tanks (water stagnation, overcapacity, low

temperature in the bottom part, sediments, sludge)
• Low temperature at the outlets
• Age of heaters (incrustations, biofilms, sediment, sludge)
• Size of objects, length of installations (stagnation, difficult accessibility of disin-

fectant), lack of maintenance, treatment of water distribution system (desliming,
network flushing, incrust removal, corrosion of pipelines, development of
biofilms) [11].

The Centre for Disease Control and Prevention (CDCP) recommends thermal
disinfection at 71�C with 5 min runoff (the original design of the method was 30 min
washed, which is very difficult both financially and technically, although very
effective – % positivity drops to zero).

The method is called “Superheat and flush”, and the temperature and flushing
time of the distribution outlets are essential. The effect is short-lived and must be
repeated periodically to avoid repeated colonization by Legionella [12]. In practice,
other thermal disinfection procedures, e.g. periodic increase in potable water hot
over 70�Cwith 10 min flush with water over 60�C reduce the percent of the positives
of the effusions to zero and restores the contamination to the original level in
30–60 days.

Fig. 1 Microbiological contamination of water supply system
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The German document DVGW W551 and W552 [13] state: operational and
technical measures in drinking water pipes lead to success if the water temperature
in the entire system does not drop below 55�C.

• Preheating systems need to be heated up to 60�C once a day.
• Periodically (e.g. once a week) it is necessary to thermally disinfect and set the

heaters above 70�C so that the outflows from the mains are at least 3 min. 70�C
hot water flowed off.

Impact of disinfection is unable to reliably ensure the current requirements, so
strategies tend to permanent disinfection. It is also important to focus on other ways
of protecting water. The advantage of using ozone or chlorine dioxide is the high
microbiological efficiency at low concentrations without affecting the sensory prop-
erties of water. Even in their long-term use, bacteria cannot be adapted, and
decontamination of the distribution system is possible without interruption of oper-
ation. The advantage of these systems is also the long service life and low mainte-
nance costs.

2.2 Time Analysis of Risk

In a dry environment, the Legionella bacteria are not viable. They require the
presence of an aqueous aerosol or mist. When showering or bathing, suitable
conditions for bacteria are created, and the risk of infection increases. Based on
the research, it is known that the bacterium passes into the lungs, limiting the
dangerous health area to the area of inhalation.

To determine the most likely time interval for the risk of Legionella infection, a
form of subjective evaluation – using questionnaires – was chosen. A representative
sample of the population consisted of 60 respondents, of which 50% were men. The
mean age of respondents was 39 years. Before evaluating, people were instructed
how to complete the questionnaire correctly. The evaluation took place during
September, October, and November. A representative working week was deter-
mined, based on which conclusions were drawn. The respondents had the task of
determining during the working week the period of use of a shower or a bath for
personal hygiene. In the reporting period, 90% of respondents preferred a shower to
bath. Women prefer bath over weekends. As the most frequent times, 80% of
respondents identified the time from 6.00 to 7.00 in the morning and from 8.00 to
10.00 in the evening. Irrespective of the length of stay in the shower, these times
were considered the most risky. Because of the potential risk of infection, it is
important that water is hygienically suited and protected against Legionella and
other bacteria. To reduce the risk of infection to the lowest possible level, different
ways of securing water distribution are used. This also ensures the elimination of
risk [14].

256 D. Káposztásová et al.



3 Aims and Methods

Insufficient storage temperature, as well as possible water stagnation, is one of the
factors that caused microbiological contamination of water. The question arises in
which layer the temperature is inadequate and where the stagnation of water in the
tank occurs. Based on the results of the risk analysis that confirmed the hot water
tank [2, 14] as a possible source of microbiological contamination in many studies,
we performed measurements of the course of temperatures in the storage tank in
laboratory conditions. The measurements were carried out in the laboratory of Brno
University of Technology. The main aim of these measurements was to obtain input
values for creating a mathematical model of the regression task of the correlation
number. This is the creation of a general model, where based on the measured
temperatures in the five tank sensors, the functional dependence is determined. By
substitution in the calculation are approximated the temperatures at other points (not
measured) at any time (in the set interval <0, 60>) [14].

3.1 General Mathematical Model of Regression Task

The process of variation in temperature in the hot water tank to which heat is
supplied at certain specified locations is, in fact, a physically technical process that
can be roughly described using a mathematical model based on the heat equation.
We can write it down as follows:

∂u
∂t

¼ ∂
∂x

λ
∂u
∂x

� �
þ ∂u

∂y
λ
∂u
∂y

� �
þ ∂u

∂z
λ
∂u
∂z

� �
ð1Þ

where u (t1, x, y, z) is the searched sufficiently smooth function (of heat) in a given
area of a cylindrical shape, which in our case suitably represents the shape of the
considered storage tank and λ is the coefficient of thermal conductivity [Wm�1 K�1].

After entering all the necessary input values – boundary conditions, i.e. the
temperature variation at the edges and at the beginning of the process – it is possible
to solve this task with multiple approaches, including the explicit differential method
and the least squares method.

3.2 Methodology

The target was to measure out the input values for creating a mathematical model to
get the view of temperature profile in hot water tank (Fig. 2).

The required input parameters were received by four measurements in 8 days.
Each measurement was planned for 2 days. The boundary conditions of each
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measurement are described in Table 2. With the ALMENO 5590 measurement unit,
the temperature in the tank was recorded – measuring time was set for 60 min.

The measures were repeated to eliminate the deviations and to get enough
relevant input data. We needed the time for cooling down the systems, before
starting the new measurement. The NTC sensors were located at the five character-
istic points of the tank, as shown in Fig. 3. The sensor was provided with a
connecting cable and an ALMEMO® plug. The accuracy of the temperature sensor
was in the range of validity 0–70�C, and the limiting deviation is �0.2 K.

3.3 Method of Least Squares

To correlate the results, the correlation dependence using the least squares method
was calculated. When examining the correlation dependence, we solved two basic
tasks:

• Characterization of the course of this dependence, that is, an estimate of the
functional relationship, according to which the dependent variable varies when
changing the independent variables

• Determination of the dependence tightness, i.e. the determination of the charac-
teristic, informing to what extent of consideration the independent variables
explain the variability of the dependent variable [15].

Fig. 2 Flow chart of methodology
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Based on the relationship of variables, a point (correlation) diagram (Fig. 4) was
created, where the measured temperatures in the tank are y (dependent variables) and
the time is x (independent variables).

The functional dependence according to the point diagram on polynomial of third
degree was set, which is characterized by the equation:

y ¼ b3x
3 þ b2x

2 þ b1xþ b0 ð2Þ
where y (dependent variable), measured temperatures [�C]; x (independent variable),
time [min]; and b3, b2, b1, b0, constants.

A very common task in physical measurements is the determination of constants
(in this case b3, b2, b1, b0) in empirical equations. In this case, the calculated value
must be as close as possible to the actual value.

Therefore, for the calculation the least squares method was chosen, where it is
necessary to look for the maximum sum of squares of deviations when searching for
the value closest to the experiment. By substitution of the variables in Eq. (3), where
(Figs. 4, 5, 6, and 7) y, measured temperatures, and x, time in minutes, we calculated
the constants – directives a, b, and c – and assigned a functional dependence. Each
graph shows the measured values from which the functional dependence f (x)
(Figs. 4, 5, 6, and 7) and the resulting polynomial dependence were done, which
are plotted according to the calculated equation shown in the graph. One example for
each measurement is presented; the total results are in Ocipova [14].

Table 2 Input parameters of experimental measurements [14]

Measurement Characteristics

Input
temperature
of water
[�C]

Output
temperature
of water
[�C]

Average
flow
[L/m]

Time
[min]

1 Boiler (three-cell – for max.
power), Alfa Laval plate heat
exchanger, Wilo pump

14 40 3 60

2 14 60 3 60

3 28 40 3 60

4 28 60 3 60

Fig. 3 Experimental hot water tank
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4 Discussion and Limitations

To confirm the most risky parts of the water tank due to the relevance of the resulting
calculations, the dependence of tightness Rxy (correlation coefficient) was exam-
ined. The correlation coefficient takes values in the interval <0; 1>; the greater is its
absolute value, the tighter is the linear dependence. It is valid that the degree of
interrelation is:

• Mild if 0.3 � | Rxy < 0.5
• Significant if 0.5 � | Rxy < 0.7
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Fig. 4 Point diagram of dependence – time and temperature

y = 0,0053x3 - 0,1166x2 + 2,2979x + 27,099
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Fig. 5 Measurement 1 – sensor 2 resulting polynomial dependence (Table 3 – Sensor 2)
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• High if 0.7 � | Rxy < 0.9
• Very tight if 0.9 � | Rxy

The correlation coefficient was computed using Eq. (3) which has the value of |
Rxy| ¼ 0.9788. It follows that a linear dependence and mathematically determined
values are relevant as Rxy is higher than 0.9.

y = 0,025x3 + 0,0925x2 - 0,77x + 14,096
R² = 0,9613
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Fig. 6 Measurement 2 – sensor 5 resulting polynomial dependence (Table 4 – Sensor 5)
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R² = 0,9535
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Fig. 7 Measurement 3 – sensor 2 resulting polynomial dependence (Table 5 – Sensor 2)
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where Rxy, correlation coefficient; y (dependent variable), measured temperatures
[�C], x (independent variable); time [min]; and n, number.

By putting variables into the equation, where y, measured temperatures, and x,
time in minutes, the constants were calculated – directives a, b, and c – and assigned
a functional dependence. In the Tables 3, 4, 5, and 6 are used the measured values of
which was calculated the functional dependence f (x) and the resulting polynomial
dependence (Figs. 5, 6, 7, and 8).

This method can be used to similar hot water tanks; in another case the calculation
must be customized. While limitation in this calculation the polynomial of third
degree was used, we decided to use software Fluent 6.3 to simulate conditions in the
water tank (Fig. 9) using the polynomial of the 5th degree [2].

It is a 3D non-isothermal model with the consideration of thermal radiation. In the
simulation, the RNG k-epsilon model of the turbulence was used, and the heat
radiation was modified into the radiation model. Two conditions were simulated:

• A – normal operation
• B – thermal disinfection

Table 3 Table of measured
temperatures –measurement 1
(Fig. 5)

Sensors
X (min)

1
Y (�C)

2
Y (�C)

3
Y (�C)

4
Y (�C)

5
Y (�C)

0–0 28.3 27.9 28.1 28 27.9

1–6 30.5 28.1 28.1 28 28

2–12 34.3 30.6 28.3 28.1 28.1

3–18 35.7 33.8 31.3 28.5 28.1

4–24 37 35.5 34.3 31.7 28.7

5–30 37.8 36.7 35.9 34.5 31.9

6–36 39 37.4 37 35.9 34.5

7–42 41 38.8 37.7 36.9 35.9

8–48 42.6 40.7 39.2 37.7 36.9

9–54 44.1 42.4 41.2 39.3 37.8

10–60 45.1 43.8 42.7 41.2 39.9

The italic values are measured values (temperature). In Tables 3–6
are used the measured values (in tables in italic font) of which was
calculated the functional dependence f(x) and the resulting poly-
nomial dependence (in Figs. 5–8).
So these values were used in figures for final calculation – match
to each table (measurement, sensor).
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To verify simulations, we used the images from the thermal camera. Based on the
simulation of temperature stratification in Fig. 10a, the bottom of the tank is in the
temperature range of 35–45�C, which is at risk. In conjunction with the deposits and
incrustation located at the bottom of the tank, the most risky places become a closed
throat and the drinking water supply area.

Table 4 Table of measured
temperatures –measurement 2
(Fig. 6)

Sensors
X (min)

1
Y (�C)

2
Y (�C)

3
Y (�C)

4
Y (�C)

5
Y (�C)

0–0 15.5 14.5 13.7 13.5 13.5

1–6 22.4 14.2 13.9 13.7 13.6

2–12 33.2 25.3 14.6 14.1 13.8

3–18 32 31.5 28 14.7 14.3

4–24 31.8 31.4 28.7 14.9 14.5

5–30 31.8 31.4 28.2 15.1 14.7

6–36 36.7 31.4 31.3 19.4 15

7–42 37 35.7 31.7 31.1 21.7

8–48 35.4 35.1 35 31.6 31.1

9–54 36.3 35 35.1 34.9 31.7

10–60 42 40 40 40 40

The italic values are measured values (temperature). In Tables 3–6
are used the measured values (in tables in italic font) of which was
calculated the functional dependence f(x) and the resulting poly-
nomial dependence (in Figs. 5–8).
So these values were used in figures for final calculation – match
to each table (measurement, sensor).

Table 5 Table of measured
temperatures –measurement 3
(Fig. 7)

Sensors
X (min)

1
Y (�C)

2
Y (�C)

3
Y (�C)

4
Y (�C)

5
Y (�C)

0–0 17.1 14.8 14 13.9 13.8

1–6 31.1 14.5 14 13.8 13.7

2–12 41.5 32.2 14.9 14.2 13.9

3–18 43.3 41.2 35.4 15.3 14.5

4–24 44.5 43 41.7 36.3 15.7

5–30 45.3 44.1 43.3 41.7 36.6

6–36 48.6 44.8 44.2 43.1 41.3

7–42 58.3 48.8 45.1 44.1 43

8–48 64.1 58.4 50.3 45 44.1

9–54 67 63.9 59.3 51.2 45.1

10–60 67 66.1 65.1 60.5 59.1

The italic values are measured values (temperature). In Tables 3–6
are used the measured values (in tables in italic font) of which was
calculated the functional dependence f(x) and the resulting poly-
nomial dependence (in Figs. 5–8).
So these values were used in figures for final calculation – match
to each table (measurement, sensor).
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We can see that water stagnation concerns also water tanks. Simulations show the
stagnation of water in blind connections (one left, three right, and one on the
symmetry axis) due to almost zero velocity (Fig. 11). By removing death ends and
unused outflow sites, stagnation of water in the distribution pipes can be avoided.

By simulating the thermal disinfection, the temperature stratification has changed,
but the risk points have not changed. In the closed throat, the temperature is about
3–4 K lower than the temperature in the tank. It is therefore very probable that in

Table 6 Table of measured
temperatures –measurement 4
(Fig. 8)

Sensors
X (min)

1
Y (�C)

2
Y (�C)

3
Y (�C)

4
Y (�C)

5
Y (�C)

0–0 27.2 26 25 24 23

1–6 32.8 26.8 26.2 24.4 23.4

2–12 42.2 33.4 27.2 26.3 24.6

3–18 47.3 42.3 35.4 27.7 26.4

4–24 50.8 47.3 43.4 36.4 28.2

5–30 53.2 50.6 47.9 43.8 37

6–36 56.6 52.9 51 48 43.9

7–42 62.4 56.2 53.1 50.8 47.8

8–48 67.7 62.1 56.8 53 50.7

9–54 67.8 66.7 62.8 56.9 53

10–60 65.9 65.4 64.5 60.5 59.1

The italic values are measured values (temperature). In Tables 3–6
are used the measured values (in tables in italic font) of which was
calculated the functional dependence f(x) and the resulting poly-
nomial dependence (in Figs. 5–8).
So these values were used in figures for final calculation – match
to each table (measurement, sensor).

y = -0,074x3 + 1,1191x2 - 0,2261x + 23,394
R² = 0,984
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Fig. 8 Measurement 4 – sensor 4 resulting polynomial dependence (Table 6–Sensor 4)
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these places the bacteria can survive and after the thermal disinfection, the system
will continue to colonize.

The results of simulation provided a view of water flow with heat transfer in a
water tank in terms of temperature and water stagnation. The proposed general

Fig. 10 Simulation of water temperature stratification (a) normal operation, (b) during thermal
disinfection [14]

Fig. 9 Geometry of hot water tank
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model of stack temperature distribution can be applied to all similar tray types
(tolerance �2�C) [16] of the temperature distribution for heater tanks, but the
geometry of the tank is very important to obtain real results.

5 Conclusion and Recommendations

Legionella pneumophila discovery, its classification, and its influence on installa-
tions inside buildings are relatively young. Using methods of risk management can
lead to the safety of potable water and human health protection by completing water
quality assessment for consumers to control the processes involved in the drinking
water quality. Prevention is the most important part of water distribution manage-
ment and could not be overlooked. The results of both calculations provide a view of
heat transfer in a water tank in terms of temperature and water stagnation. Because of
the stagnation of water by a very slow flow and at the same time insufficient
overheating during thermal disinfection, the most risky place is clearly the lower
part of the tank – casting throat. Here the conditions for the growth of Legionella
bacteria are maintained, and, in the event of a drop in temperature in the tank, they
can colonize the whole system [17, 18]. The proposed general models of temperature
distribution can be applied to all similar storage tanks. Based on a tight correlation
dependence, we can determine the temperature distribution in the storage tank at any
point and at any time by substitution in a mathematical model based in excel or the
use of the software, where the geometry of the tank is needed. Another possibility to
determine the approximate temperature distribution in the tank is an explicit differ-
ential method that is more complex to determine boundary conditions. In the future,
it would be interesting to solve the tasks also with this method and compare the
results with both measured and computational values.

Fig. 11 Simulation of water velocity (a) normal operation, (b) during thermal disinfection [14]
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Abstract To attain sustainability of water resources involves taking economic,
environmental, and socially feasible measures without detrimental consequences
for the time to come. Providing adequate water supply and sanitation is a challenging
task throughout the world. We are facing the need to ensure water quality by using
technical systems, and thus a one of the necessary requirements of life for today’s
civilization is becoming water saving, treatment, and its management. Lots of
aspects may contribute to the solution on how to collect, produce, and finally use
alternative water sources. Massive use of reused water for non-potable purposes in
buildings promotes the conservation of natural water resources. While respecting
the basic parameters of alternative water sources, it is required for the end user or
building manager to ensure the prescribed quality of water depending on the
purpose.

This chapter’s aim is to present decision analysis tool on alternative water use at
the building level. Water management strategies and presented 11 portfolios should
provide general guidance on the issues and information to support decisions on
alternative water use and make it more attractive to public. The evaluation of the two
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main criteria, as economic and environmental, could be used to change the water
habits or help investor to make the right decision for the best water management
portfolio. Presented costs and benefits of the portfolios are scored and compared to
screening criteria calculated by analytical hierarchy process. The decision analysis
tool could fill the information gap on sustainable water strategies in Slovakia by
better understanding the building water cycle and help to change the thinking of the
society to be in balance with the nature.

Keywords AHP, Building water cycle, Decision analysis tool, Reused water,
Water sources

1 Introduction

Water is a global challenge of the twenty first century, both in terms of available
resource management and the world’s population access to drinking water and
sanitation. We are facing the need to ensure water quality by using technical
systems, and thus a basic requirement of life for today’s civilization involves
treatment, transport, heating, and purification of water. It is all about the water.
Recognizing that water-related problems are one of the most essential and immediate
challenges to the environment and public health, it is vital to act now [1]. The total
volume of water in the world remains constant. What changes is its quality and
availability [2]. Water scarcity and water pollution are some of the crucial issues that
must be addressed within local and global perspectives. One of the ways to reduce
the impact of water scarcity as well as minimizing water pollution is to expand water
and wastewater reuse [1]. Many researchers confirmed that the importance of water
savings is rising every day (Fig. 1).

Implementing appropriate urban water policies will be achieved through an
increased understanding of urban water cycle (water supply, wastewater, and
storm water infrastructures). Within this framework, we pay particular attention to
energy-water relationships, water scarcity, and the development of tools and tech-
niques to implement integrated water and energy resource management. Contri-
butions to meeting this challenge should consider levels of service and reliability, risk
of service failure, and risk acceptability [3]. Particularly considering climate change,
it is crucial to improve the sustainable use of water and energy while minimizing the
carbon footprint as well as to plan and promote climate change adaptations in a
phased way [4]. Water, energy, and waste are essential parts of the environmental
assessment of buildings with an expected impact on the residents’ quality of life – in
the rigorous application of measures resulting from risk management. We assume
that inhabitants living in new green buildings which focus on environmental
sustainability will report higher life satisfaction than in the “traditional” buildings
(without the “progressive technologies”). There is no documented transformation
impact of buildings on green building as a living system on the quality of life of users
living in these buildings. Ken Yeang, father of bioclimatic skyscraper, claims that
green design is the blending of four infrastructure strands into a seamless system [5].
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2 Suitability and Availability of Water

According to the World Water Assessment Programme (WWAP), about 70% of
water use in the world is used for irrigation, about 22% for industry use, and about
8% for domestic use. In many countries the hydrological cycle is managed to provide
enough water for industry, agriculture, and domestic use. Common household uses
consume much water. There is a need to manage its end use as sustainable as our
conditions allow us [6]. In the European Union, it is common to use well and
rainwater source for purposes such as irrigation, toilet flushing, etc. Gray water
reuse is in our condition still rare [7].

We can reduce water in household by:

• Efficient water use in buildings.
• Alternative water supplies (rainwater, etc.)
• Recycling and reuse of water (gray water, etc.) [8].

It is essential to foster the aptitude of various water types to meet the correct
amount of water requirements for different end uses within the building. Public
should be educated in water efficient usage and the potential implication of their
consumption [8] (Fig. 2).

The Water Framework Directive (WFD) supports sustainability in water man-
agement. The primary objective of the WFD is to create a suitable mechanism that
can establish the basic principles of sustainability in water policy and subsequently

Fig. 1 Water challenge
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water management [9]. A significant step toward sustainability in Europe is that
water and wastewater treatment are no longer seen in isolation but as integral part of
the urban water cycle, which itself forms a part of the natural hydrological cycle [2].

The water management options that are combined and described in this section
are as follows (systems are more in-depth described in previous chapter):

• Main water supply
• Well water supply
• Rainwater harvesting system
• Gray water reuse system

Most of the water management options would reduce demand on the potable
water system. These reduced demands could result in cost savings for the potable
water system in terms of smaller infrastructure needs and lower operating costs.
These water management options could be directly implemented by customers
[10]. The water efficiency labeling of products has been implemented voluntarily
in various countries. For example, in some countries, efficiency is not graded, but
efficiency label is awarded when consumption is less than a specific amount. This is
the labeling system in use in the USA and Scandinavia, for example. In Australia and
Ireland (Dublin), however, the label indicates a classification that varies with the
product’s efficiency [11]. Using these appliances will lead to the change of habits
and less gray water production and result that gray water system could be not viable.
The ability of supply to meet demand will always need to be evaluated on a case-by-
case basis. A balance evaluates how water is used in a building and can help identify
opportunities for water savings.

In ETA 0808 – specifications for assigning ANQIP water efficiency labels to taps
and flushing valves [12] – and in ETA 0905, systems of reuse and recycling of gray
water in buildings, the water balance in residential buildings with efficiency devices
[13] was presented. A common vision in foreign countries is to use efficiently all

Fig. 2 Water in building water cycle
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sources of water that you have at your property. It can be stated that water efficiency
is the best way to contribute to policies for sustainable use of water.

3 Decision Analysis Tool for Appropriate Water Source
in Buildings (DATAWs)

This chapter describes decision analysis tool for appropriate water source in build-
ings (DATAWs). The target of the integrated water management is to take into
account water management evaluation criteria which were set up by the expert group
and might increase the water sustainability and reliability [7, 14]. The main aim for
creating the DATAWs was to help customer and designer to make the right decision
when designing new house to fulfill all their requirements and support the sustain-
able water use at the building level. We used the Analytical Hierarchy Process
(AHP) procedure to decompose the decision problem into a hierarchy that consists
of the most critical elements of the decision problem. The hierarchical structure is
represented by descending from general objective to more specific arrangement of
the elements in order to reach the top level of the final determination. However the
findings indicate that the specific arrangement of structural elements and their mutual
influence can determine the solution to a particular decision problem [7, 15].

The DATAWs methodology consisted of three main steps:

Step 1: Evaluation of Water Habits
The first step was to find the pattern of water use by the evaluation of different
groups of end users. Four main water types were used as described in Fig. 2.
The evaluation was made by sophisticated decision analysis based on Saaty
methodology – AHP (Fig. 3). Chosen method as an algorithm was successfully
implemented on the platform Excel using the programming tools of the Visual Basic.

Fig. 3 Evaluation matrix R1 and nine purposes of water use
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The fuzzy comprehensive evaluation of water habits was described step by step
in [16].

It was basic to start with findings on how the water is used and what we should do
to raise the customers’ awareness of the water savings. According to the medium
results of G1 (classic user) and G2 (different user), there are a lot of options on how
to encourage the people to change their water consumption habits. It is well-known
that the companies G4 that work with water saving systems have had the best
practices. As the Slovak pattern is insufficient, we will need to learn from them
and adapt a better pattern of usage [7, 16]. So the importance of DATAWs was
confirmed, and we have continued with Step 2 dedicated on all possible water
portfolios and their combination.

Step 2: Description of Water Portfolios and Possible Combinations
This step defines and evaluates combinations of water management options, referred
to as water management portfolios. The 11 case portfolios were prepared in two
alternatives – connected to main water supply and without the connection (four
water sources and nine end-use purposes) (Fig. 4).

The portfolio means the combination of possible water sources and their limita-
tion in alternative 1 where eight portfolios were set. “The same approach is used in
alternative 2 but potable water is replaced by water from well. In this case we have
four portfolios: Well water, W+R, W+R+G, W+G” [17]. The detailed description of
portfolios is in [7], and they are giving the customer the options that are ideal for his
case. Each portfolio must be actualized according to the inputs dedicated to his
situation (rainfall data, roof area, fixtures, etc.).

The equation of the water audit shows that the entering volume of water in the
building is the same as the volume at the exit. In terms of addressing water efficiency
issues, it is necessary to take into consideration all changes in water use in order to

Fig. 4 Water management options [14]
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take the final decision whether to put a rainwater, well water, or gray water system to
use [8].

According to the presented nine purposes, all possible combinations with four or
three sources were calculated (Fig. 3). To define all possible combinations of water
management options referred to as water management portfolios for both alter-
natives, the classical combinatorial task of determining the number of combinations
was used (1).

Alternative 1

• 63 combination
• 66l fixed for potable purposes
• Connected to main water supply

Alternative 2

• 26 combination
• 66l fixed for potable purposes
• Not connected to main water supply

n
k

� �
¼ n!

n� kÞ!n!ð ð1Þ

Step 3: Economical and Environmental Impact
The main aim of authors is to present methodology of economic and environmental
impact, presented in Step 3.

3.1 Environmental and Economic Approach

This part presents and describes the most essential part of DATAWs – the screening
criteria used to rank the water management portfolios described above. Screening
criteria are grouped into two major categories: environmental and economic. Each
category of screening criteria has subcategories of criteria that make up the details of
the more extensive criteria.

• Environmental approach
In environmental view, other motives are considered, such as wishing to

conserve water, helping the environment, and saving the water.
• Economics approach

The economics include the present worth cost of the capital and operations and
maintenance costs and the cost of water.

To demonstrate the best solution to a customer according to his preferences, it is
inventible to consider hypothetical economic or environmental approaches (Fig. 5).
It can be done by AHP. Two calculation methods could be used.
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The problem involves evaluating a set of proposed water management portfolios
in two alternatives (Alternative 1, 1–8 and Alternative 2, 1–4) for customer on the
basis of economic and environmental approach.

The objectives are measured in terms of five criteria: (1) investments, (2) payback
period, (3) impact on health (risks), (4) water source, and (5) water saving.

The first step after identifying all portfolios suitable according to the customer
request is to identify whether the environmental or economic point of view is
preferred. Also when using the expert method, the weights are calculated according
to the expert’s experience and knowledge. The other possible way on how to
calculate the weights is by setting only opinions of the customer and calculates the
weights by normalizing vector matrix. One can expect that any human judgment is to
some degree imperfect (or inconsistent). Therefore, it would be useful to have a
measure of inconsistency associated with the pairwise comparison matrixes. In order
to measure the degree of consistency, we can calculate the consistency index that
could be used in evaluation [18].

3.2 Methodology of Evaluation

The AHP methodology consists of pairwise comparison as the basic mode. The
reduction of conceptual complexity is set by only two components at any given time.

Fig. 5 Inputs for examination of experimental family house
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Set by 3 steps: “(i) developing a comparison matrix at each level of the hierarchy,
beginning at the top and working down, (ii) computation of the weights for each
element of the hierarchy, and (iii) estimation of the consistency ratio” [8, 18]. After
the comparison, the summarized preferences get the relative importance.

This can be achieved by computing a vector of the weights and priorities and
attributes associated with the objectives. This can be accomplished by normalizing
the eigenvector associated with the maximum eigenvalue of the pairwise comparison
matrix [18]. In this framework, we shall assume that the two first steps of the AHP
have been achieved, which are formation of the hierarchical structure and calculation
of the relative weights of the elements (objectives and attributes) of the hierarchy by
conducting pairwise comparisons (Fig. 6). The overall goal here is to identify the
best portfolio to customer. This requires assessing the relative importance (weights)
of the elements at each level of the decision hierarchy. This could be done by experts
or normalizing by program [19].

The economic objective has been judged to be three times as important as the
environmental objective in this case. This results in assigning weights of 0.71 and
0.29 to the two objectives (Table 1). The economic objective is measured by three
attributes, investments, payback period, and risks. Table 2 shows the pairwise
comparison matrix and calculated weights for the attributes of economic objectives.

WEIGHTS

ATTRIBUTES

OBJECTIVES/WEIGHTS

GOAL Portfolio

Economic 
W1=0.71

Investments

w1 =0.545

Payback 
period

w2=0.287

Risks (health 
impact)

w3=0.168

Environmental
W2=0.290

Water source

w1=0.25

Water 
savings

w2=0.75

Fig. 6 Formation of the hierarchical structure and calculating the relative weights of the elements

Table 1 Pairwise comparison matrix of the level of objectives and calculated weights

Economic Environmental Weight

Economic 3 1 0.71

Environmental 0.5 1 0.29

Table 2 The pairwise comparison matrix and calculated weights for the attributes of economic
objectives

Investments Payback period Risks Weight

Investments 1 2 3 0.545

Payback period 0.5 1 2 0.287

Risks 0.333 0.5 1 0.168
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The environmental objective is measured in terms of two attributes, water source
and water savings. The water saving attribute has been estimated to be three times
more important than water source. Consequently, weights of 0.75 and 0.25 have
been assigned to water source and savings, respectively (Table 3).

This model demonstrated how, by applying different quantifiers, a decision-
maker could obtain a wide range of decision strategies and scenarios for customer.

From the calculation, we can see the difference between method 1 (Wp8) and
normalized method 2 (Wp8n). The suitability of the method is set according to the
customer requirements (Fig. 7).

Wp8 ¼ �
0:846623 0:419978 0:408059 0:408059
0:846623 0:419978 0:408059 0:408059

�
Wp8n ¼ �

0:796233 0:753635 0:693129 0:796233
0:753635 0:693129 0:753635 0:693129

�
According to the proposed case (Fig. 7 portfolio 1), 80% is the most suitable from

the economic view. This strategy could be applied very quickly to show the
customer the potential from both economic and environmental approaches.

4 Discussion and Limitations

Consideration of both capital and annual maintenance and operating costs is neces-
sary to provide the complete picture of the actual cost of a portfolio. The principle of
linear regression was used and prediction model created for savings from year 2015
to 2031.

Following tables shows the possible water bills reductions per year by replacing
the around 55% of water demand by alternative water source (Tables 4 and 5). Of
course when calculating savings, we need to take into account the total installed

Table 3 Pairwise comparison matrix of environmental attributes and calculated weights

Water saving Water source Weight

Water saving water source 3 1 0.75

Water source 0.333 1 0.25

Fig. 7 Rating and ranking of portfolios: results in proposed case
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costs including the water reuse system with all storage, pipework, disinfection,
power supply, and commissioning requirements. The fact is that for retro-fitted
system the costs will be higher [8].

4.1 Description of the Used Methodology

To assess the investment options, we used the method of net present value (NPV).
The net present value is a dynamic method to assess the effectiveness of investment
options. The effect of investment is cash income from the project (expected profit
after tax, depreciation, respectively, other income; in our case it was water saving). It
is calculated as the difference between the discounted cash inflows and (discounted)
capital expenditures. In the calculations, among others, technological factors
reflected mainly the time factor, which affects the value of an investment and its
life. Using this method, we get the real value of savings, which reflects a lifetime.
The difference between savings and investment costs gives the current value. At
the moment when the NPV is positive, there is a return on investment in the
technology [20].

Of course, the NPV of the influence of several facts, not just time. Also note-
worthy is the interest rate or inflation. Therefore, for each variant, we assume infla-
tion of 1.5 and 3%. Interval or values that we have set are based on several studies,
the statistical office. Inflation developed over the last 10 years, and the prediction
shows that it is highly likely that inflation will continue in the coming years in the
interval. The evolution of prices (the linear regression was used), or even monitor
inflation in industrial production (energy prices, etc.). Slovakia is moving in the
same range, therefore, was as optimistic model set at 1.5% and pessimistic at 3%.

The payback period varies, depending on factors including:

• Number of users to a system
• Volume of reclaimed water generated
• Cost of the system, operation, and maintenance
• Current and future metered water charges [8]

Domestic rainwater and gray water systems for typical home are similar in price,
can be installed, and are relatively low compared to building price. According to the
studies in the world, it is known that rainwater systems are cheaper to operate and
maintain per cubic meter of reclaimed water than gray water systems.

The indicative life expectancy of these systems is an essential factor while
assessing the economics. The life expectancy of gray water system varies from
15 to 18 years depending on the quality of components. The table below shows
some indicative life expectancy.

A big study was taken in Innsbruck about the feasibility of advanced gray water
systems for the single-family house. Within the small single household, the onsite
MBR is the most popular among the suppliers. In this study, the high payback
periods were calculated for the experimental house. The similar results were
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conducted by Jaboring. The payback period for the gray water system installed
in family house was calculated to 15 years if the water consumption is around
600 L/day. Also, the project report [6] states that economics for gray water system
is much less specific – around 20 years. The research results from the Czech
Republic also confirm the extended payback period [21]. Table 6 describes payback
period for single-family house – experimental house.

Rainwater systems are more effective in big buildings compared to small build-
ings. For example, in the administrative building, they can replace 30% of water
consumption. To sum up, these systems at the single-family house are likely to be
less economical than larger systems.

5 Conclusions

The provision of safe water and sanitation has been more effective than any other
interventions in reducing infectious disease and increasing public health. The water
management field in the environmental assessment system (BEAS) used in Slovakia
has a percentage weight of 8.88%, which has a significant role in the environmental
assessment compared to other fields [22]. The public expects to have safe water and
sanitation; therefore, when recycling water, it is essential to protect public health and
the environment [23]. DATAWs is a tool that helps to understand the water building
cycle set on the pattern of water user in Slovakia. The classic pattern consists of
potable use for all purposes, and sometimes the well water is used for irrigation. The
questionnaire results just confirmed the real situation and the needs for water audits.
The change of a classic family house to house that saves water using the alternative
water sources led to a reduction of water bills. The saved costs for water in the year
2018 could be around 190€, but the main aim was to give as much as possible
information to the customer to change his thinking to a sustainable solution even
when they are not so cost-effective. We can assume that better understanding of
building water cycle and suitable water use by inhabitants can help us to save the
water globally, and it is showing us a new way on how to fight water scarcity starting
at the building level.

Table 6 Payback period results for experimental house [16]

Payback period Water system Well

Inflation (%)

Gray water Rain water Digging Drilling

cca (Є) first
year return Year cca (Є) Year cca (Є) Year cca (Є) Year

1.50 200 20 200 18 180 6 134 6

3 188 25 190 20 80 6 75 6
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6 Recommendations

There is a need of deeper financial analysis of proposed systems by prediction
models. The AHP_OWA methodology for environmental and economic evaluation
could give the more precise results. This methodology has potential for water
industry with the prediction scenarios for future. Evolving the application for
smart phones to raise people awareness about water systems is also a part of future
goals.

Acknowledgment This work was supported by project VEGA n. 1/0202/15: Sustainable and Safe
Water Management in Buildings of the 3rd Millennium.
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Abstract The presented contribution was developed based on the results of
a research project within the frame of the INTERREG Initiative between the
Hungarian and Slovak Republics. It was concentrated on the Medzibodrožie region
located in the south-eastern part of the Slovak Republic. This project, initiated by
water board companies in Hungary and Slovakia, was focused on a creation of a
possibility for the design of technical measures for the revitalization of the rivers in
the area of interest, which dried out.

The first step consisted of an analysis of the recent hydrological state of the
surface water, groundwater, and soil water in the area of interest and finding of a
water source for the revitalization of the old river bed and branches. The next phase
concentrated on modelling the hydrological and hydraulic processes of the surface
(using HEC-RAS and MIKE-11) and subsurface flows (using TRIWACO software
for groundwater modelling).

At the end of the project solution, two technical alternatives were proposed. The
recommended variant considers the construction of a inflatable rubber weir in the
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Latorica River, which enables the revitalization of the Tice River and its
dead branches and the creation of conditions for a better quality of life of the inhabi-
tants in the villages affected.

Keywords Cross-border project, Revitalization, Surface and groundwater
interaction, Water management

1 Introduction

The INTERREG project was concentrated on the Medzibodrožie region, which is
located between the Latorica River on the north, the Tisa River on the south, the
Bodrog River on the west, and the Slovak-Ukraine border on the east (Fig. 1). The
confluence point of the Tisa and Bodrog rivers is the famous wine-producing town of
Tokaj. The main reason for the proposed project was that five flowing rivers were
“alive” in this region 60 years ago. In addition to the Latorica, Bodrog, and Tisa
rivers mentioned above, there were two other rivers – the Tice and the Krčava –

which, due to water management measures in the years 1946–1964, more or less
dried out [1]. The construction of protective dykes on the Latorica and Tisa rivers
and the consequent decrease in the groundwater level in the region between these
two rivers due to the decreased recharge of groundwater from the surface flows
caused the drying out of the rivers. The goal of the project was to analyse the
hydrological and hydraulic conditions and to create a possibility for the design of
technical measures for the revitalization of the Tice and Krčava rivers [2].

The research work was performed by the Slovak University of Technology in
Bratislava, the Water Research Institute, and the Institute of Hydrology of the Slovak
Academy of Sciences. EKÖVIZIG (the North-Eastern Direction on Water and
Environmental Issues in the River Basin in Miskolc) headed the project on the part
of Hungary and the Slovak University of Technology in Bratislava on the party of
the Slovak Republic [3, 4].

The project had quite a few vital goals to be solved, but the most important were
briefly characterized as follows:

• Water management – ecological (with an appropriate technical solution)
• The landscape (depending on the water management solution)
• Socio-economic (closely connected to the previous two goals)

Priority was given to the first goal. For the research team, the primary and most
important goal was the solution of the water management control, from the quanti-
tative as well as the qualitative points of view [5, 6].

The first task for the working team was to analyse the recent hydrological state of
the surface water, groundwater, and soil water in the given area and to find a water
source for the water management solution to revitalize the old river bed and branches
of the Tice River [7]. The interregional point in common was a water source, which
is mostly located on the Slovak side. The next specific aspect of the project involved
already-realized water management measures on both sides of the Medzibodrožie

288 A. Šoltész et al.



F
ig
.1

M
ed
zi
bo

dr
ož
ie
re
gi
on

on
th
e
S
lo
va
k
an
d
H
un

ga
ri
an

bo
rd
er
s
(S
lo
va
k
si
de
)

Hydrological and Hydraulic Aspects of the Revitalization of Wetlands: A. . . 289



region. They are not relevant and do not coincide with this project [8]. By utilizing
the proposed water management measures achieved in the project, it could be
possible to achieve a symbiosis in the water management on both sides of the border.

The project itself was divided into seven phases, which involved:

• The water management part of the project
• A detailed analysis of the hydrological conditions of the entire Medzibodrožie

region
• The hydraulic and morphological conditions [9] of the surface flows (the last

passports were developed almost 40 years ago)
• The hydrogeological conditions [10–12] of the whole region
• The hydro-pedological conditions [13] of the Medzibodrožie region

The “interregional” aspect of the project means that the water knows no political
or regional restrictions and flows without any respect for the border between the two
states [14, 15].

2 Present State of the Research Results

After finishing its analytical work, the working team firmly concentrated on model-
ling the hydrological and hydraulic processes of the surface and subsurface flows.
These works, of course, were very intimately connected with the results of airborne
scanning to achieve a digital terrain model (DTM) of the area investigated. The
results of the scanning were still very rough for a morphological analysis of the
floodplain region of the rivers. It was not precise enough for the mathematical
modelling of the hydraulic processes, and, most importantly, it was not precise
enough for designing the technical measures which were involved in the project as
well as the environmental impact assessment. Water management in this region was
developed as one hydrological unit despite the existing border between Slovakia and
Hungary (Fig. 1). The most important water bodies on the Slovak side of the
Medzibodrožie region are shown there, as well.

The technical solution for the revitalization of the Tice River was assumed to be
capable of being realized through the outlets of the protective dyke on the left-hand
side of the Latorica River (see Fig. 2). The problem is that an overflow can occur at
the discharge Q ¼ 55 m3 s�1 on the Latorica River, which happens approximately
30 days per year. This overflow mostly appears at a time when the overflowing of the
Tice River is not necessary or unreasonable from the point of view (the flood
situation) of the water quality in the Latorica River.

To obtain more information about the Latorica River bed, detailed geodetic
measurements in the floodplain were performed together with consequent discharge
measurements in the Latorica River (Fig. 3). The results of the measurements were
compared with the river passport information from 1969 and used for modelling the
water level regime in the Latorica River for different discharges to recommend an
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optimum water level regime for the river. A mathematical model of the Latorica
River was developed based on input data from the longitudinal and cross-sectional
profiles. For modelling the surface water, the HEC-RAS 1-D computational program
as well as MIKE-11 (in a GIS environment) was used [16, 17].

The model contained the Latorica River section from the Kapušany bridge to the
state border with Ukraine (rkm 21.615–rkm 31.493, rkm means river kilometre) with
57 cross-sections; the total length of the model was 9.878 km. The calibration of the
hydraulic model was performed according to measurements in situ. The water level
in the first profile (Kapušany bridge) and the corresponding discharge (31 m3 s�1)
from the rating curve in the Veľké Kapušany profile were used (see Fig. 4) as
boundary conditions. The calibrated values of the Manning roughness coefficient
were different for the floodplain (this part of the Latorica River is densely overgrown
with vegetation) and different for river bed sections [14, 18]:

• Floodplain, n ¼ 0.7 – forest, trees, and bushes
• River bed, n ¼ 0.045 – rough surface, irregular profile (rkm 21.615–22.015; rkm

23.022–27.681; rkm 30.116–31.493)
• Natural channel covered by vegetation, n ¼ 0.03 (rkm 22.111–22.798)
• Channel with bushes on banks, n ¼ 0.048 (rkm 27.858–29.922)

These calculations were followed by analyses and forecasts of the groundwater
level regime at this time on the Slovak part of the Medzibodrožie region. Several

Fig. 2 The outlet structure of the protection dam on the left-hand side of the Latorica River
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results from analysing the groundwater level regime were achieved for different
discharges in the Latorica River as well as for the proposed surface water level
regime after introducing technical measures in the Latorica River bed. The numerical
modelling of the groundwater flow was realized using TRIWACO (Royal
Haskoning Software), which is based on the finite element method. Different
modifications were undertaken (Fig. 5) to achieve the best computation of the finite

Fig. 3 Measurement of the actual cross-sections of the Latorica River

Fig. 4 Calibration of the model of the Latorica River for a discharge of 31 m3 s�1
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element mesh with the most important surface flows, i.e. the rivers, drainage
channels, and proposed surface flows. The purpose of the proposed surface flows
will be the connection of the natural flows with artificial channels to supply the Tice
River on the Slovak side. This will be done by means of outlets on the protective
dyke on the left-hand side of the Latorica River as well as the Krčava River on the
Slovak-Hungarian border. All the other activities such as the calibration, verification,
and sensitivity analysis were utterly realized and are shown in Fig. 6. The situation
shown in this figure is the groundwater level regime after realizing the technical
measures in the Latorica River bed and replenishing the Tice River bed [3].

These modelling calculations of the surface and groundwater level regimes [19]
were accomplished using soil moisture measurements in the Medzibodrožie region
and modelling in the unsaturated zone; they were realized by the Institute of
Hydrology of the Slovak Academy of Sciences in Bratislava [20–22].

3 Technical Solution

The proposed technical solution involved the 44.4-km-long Tice River in securing a
relatively steady discharge regime in some parts of its branch system. There is the
possibility of a specific control of the water level due to the requirements and needs
of the ecosystem and the population of the individually affected villages. For this

Fig. 5 Illustration of the finite element computational mesh for the 2-D groundwater flow after
introducing the technical measures using the TRIWACO software
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reason, it was necessary to solve the following hydrological, hydraulic, and technical
problems [14, 23]:

• A hydraulic solution and a technical proposal for a gravitational offtake of the
required water quantity from the Latorica River in such a way that even in dry
periods, there would be enough water for the creation of a satisfactory water level
regime in the revitalized Tice River

• A hydraulic proposal and an appropriate technical solution involving necessary
measures in the Latorica River for securing the required offtake water into the
Tice River (Fig. 7)

• A hydraulic solution and technical proposal for a gravitational offtake discharge
from the Tice River into the river Krčava on the border (Fig. 8)

• Securing flood protection in the vicinity of the revitalized Tice River using a
controlled inflow into the Tice River

• A hydraulic solution and technical proposal for the measures and structures in the
revitalized Tice River to enable the possibility of water control for relatively
stable discharges

• Utilization of the existing channel system in the region for solving the inflow
problem into the Tice River and proposal of necessary measures for the channel
system and gates

• Determination of the marginal operation discharges Qmin and Qmax and determi-
nation of the minimum and maximum operational water levels in the Tice River
and in the channel system, as well

• Review of the impact of evaporation from the water level and seepages into the
groundwater on the discharge balance in the Tice River and the need for a
supply of water from the Latorica River

Fig. 6 Course of the groundwater level differences (m) after introducing technical measures in the
Latorica River bed with the contemporary replenishing of the Tice River by means of artificial
channels Nos. 8 and 9 (see Fig. 5)
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4 Description of the Hydraulic System and Its Operation

During its operation, the system will secure the required functions of the restored
Tice River’s flow; it consists of the following relatively separate parts:

• The construction of a weir on the Latorica River is a component of the technical
solution. It should be situated at rkm 21.680 of the Latorica River in a profile
approximately 60 m above the bridge on the road connecting the towns of Veľké
Kapušany and Kráľovský Chlmec. It will secure the backwater level on the

Fig. 7 Northern branch of the connection of the Latorica River through the existing Leleský
channel into the Tice River bed
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Fig. 8 Southern branch of the water connection from the Tice River through the Radský channel
into the Krčava River
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operating level of 99.5 m amsl, whereby conditions for the gravitational inflow
into the Tice River will be created even with a minimum discharge in the Latorica
River.

• Channel 1 will be created using parts of the existing Leleský, Kaponský, and
Bačka channels with some corrections and the completion of a new channel
situated near the outlet in the left protective dam of the Latorica River at rkm
24.751 up to the Leleský channel. The total length of channel 1 is 4,617 m, and its
discharge capacity under the most inconvenient hydrodynamic conditions is
approximately 1.0 m3 s�1.

• Channel 2 consists of the existing Pri prameni, Leleský, and Veľký les IV
channels and an unnamed channel. Its total length is 5,800 m, and it is connected
with the Latorica through the outlet structure of the protective dam on the left-
hand side in its river chainage rkm 21.750. This channel enables the transport of
water gravitationally into the Tice River, and its discharge capacity under the
most inconvenient hydrodynamic conditions is approximately 1.25 m3 s�1.

• The revitalized Tice River is 44.4 km long, and its route is unaffected by any
corrections in its width and length. The revitalized flow will be supported by the
Latorica River using the channels mentioned above. The water level regime will
be controlled by sluice gates on culverts at six natural (earth-fill) damming
profiles on the river. These are designed to be situated in the successive cross-
sections [14, 18, 23]:

– Damming in rkm 0.000 at the mouthing into the Northern Radský channel
– Damming in rkm 4.940 at the field road crossing in the eastern part of the

village of Rad
– Damming in rkm 11.030 at the state road crossing from Zatín to Svinice
– Damming in rkm 17.910 at the state road crossing from Kráľovský Chlmec to

Boľ on the southern part of the village of Boľ
– Damming in 26.100 at the tapering part of the flow that meanders in a

northerly direction from the town of Kráľovský Chlmec
– Damming in rkm 38.170 at the field road crossing in a south-westerly direction

from the village of Leles (Fig. 9)

• Channel 3, which secures the gravitational water flow from the Tice River down
to the Veľká Krčava River, is 8,479 m long and is created by the connected
channel system of the Northern Radský, Somotorský, and Southern Radský
channels. Its discharge capacity is 2.3 m3 s�1.

5 Rivers, Channels, and Their Structures

For obtaining the determined goals and for replenishing the former river bed of the
Tice River, it is necessary to execute the following technical measures in individual
rivers and channels and modify the operating rules on the rivers and their structures.
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5.1 The Latorica River

In the profile above, the bridge on the Latorica River on the state road from Veľké
Kapušany to Kráľovský Chlmec, it is necessary to build a weir structure (Fig. 10).
The weir will secure the required water level in the vicinity of the two outlets
mentioned above of the protective dam on the left-hand side of the Latorica River
even at minimum discharges. The weir was designed as a inflatable rubber weir with
an operating water level of 99.50 m amsl. It will be a two-field weir with a width of
12.0 m [24]. The height of the backwater will be 3.30 m. Due to the operation of the
inflatable rubber weir, the appropriate water level will be secured.

5.2 The Tice River

The Tice River currently appears as a system of wetlands which are connected and
that water sometimes flows through (see Fig. 11). The river bed is fully mature with
water flora and trees. The width of the river varies from 20 to 100 m and locally
up to 150 m. The bottom is clogged with mud and quite a few contaminants.
The whole head of the river bed’s bottom on the 44.4-km-long river reach is
approximately 3.51 m, which has a mean longitudinal slope of the bottom
i0 ¼ 0.000079 ¼ 0.079‰.

The revitalization of the river requires minimum technical measures to improve
the river bed, including its cleaning and the creation of conditions for securing a
permanent discharge in the river [3, 15]. The reconstruction also requires building
six culverts where the water level is connected by two pipes (diameter
D ¼ 1,000 mm) with sluices for the water control. These damming profiles are
also used at road crossings of local importance and on-field roads.

The total area of the water level in the revitalized 44.4-km-long Tice River is
approximately 2.8 mil. m2, and the whole water volume in the Tice River at its
maximum operating levels in the individual reaches is 2.95 mil. m3 of water.

The discharge regime in the revitalized Tice River is provided mostly:

• By the possibilities of water offtake from the Latorica River in low water periods
and at discharges close to the values of the minimum discharges when the offtake
should not exceed a 0.5 m3 s�1 value

• By the discharge capacity of transport channels Nos.1 and 2, which should be,
under the most inconvenient hydrodynamic conditions, a minimum head at the
beginning and at the end of the channel: for channel 1 1.0 m3 s�1 and for channel
2 1.25 m3 s�1

• By the discharge capacity of culverts on the individual damming profiles that
utilize the control capability of the sluices on these pipes, which will mainly be
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used during the first replenishment of the system as well as during low discharges
in the Latorica River

• By the discharge capacity of channel 3, which is 2.3 m3 s�1

The discharges in the Tice River will vary at intervals from Qmin ¼ 0.5 m3 s�1 up
to Qmax ¼ 2.3 m3 s�1. The water levels will be controlled using the sluices in the
damming profiles. The possibilities for control are shown by the longitudinal profiles
in Fig. 12.

The discharge regime in the Tice River is determined by the possibilities of the
water uptake from the Latorica River and by the possible capacity of transport
channel No. 3. The discharges in the Tice River will vary in limits from.

0:5 m3 s�1 � Qoper,T � 2:3 m3 s�1:

The mean operating discharge, which will be supported by the Latorica River, is
Qoper,T ¼ 2.25 m3 s�1. The water losses from the revitalized Tice are given by the
seepage of the water into the groundwater and by evapotranspiration. The losses
were computed for the maximum evapotranspiration and were evaluated by the
value of Qevap ¼ 0.13 m3 s�1.

Fig. 11 Wetland conditions on the Tice River
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The losses due to seepage from the Tice river bed into the groundwater were
calculated using mathematical modelling and were determined after the replenish-
ment of the Tice river bed at a value of Qseep ¼ 60 L s�1 ¼ 0.06 m3 s�1. After
estimating the water losses, the discharges in the Tice River will be.

Qoper,Tice ¼ Qoper,T � Qseep þ Qevap ¼ 2:25� 0:06� 0:13 ¼ 2:06 m3 s�1:

6 Evaluation of Solution Variants

In the contribution presented, a proposed water supply into the Tice River and its
prospective replenishment is given using two alternative technical solutions:

The first variant solution considers the construction of a inflatable rubber weir with an
operating water level at 99.50 m amsl in the Latorica River above the bridge on the
state road from Veľké Kapušany to Kráľovský Chlmec with water transported into
the Tice River and its consequent transport into the Krčava river bed. This variant
of the solution enables the replenishment of the Tice and controlling the water at
the required level as well the replenishment of dead branches of the river. The
system can operate during the whole year except for a short period when the main
drainage function of the Leleský and Somotorský channels has to be fulfilled.

The second variant differs from the first one only by the fact that in the Latorica
River, a natural surface water level regime will be secured, and no weir will be
realized. Other elements will be the same as in the first variant. The required

Fig. 12 Water level regime of the Tice River
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operating discharge would be secured in just 35–40 days in a mean year; in dry
years the possibility to improve the water level regime in the Tice will only be
possibly 2–5 days per year.

The authors recommend the realization of the first variant of the solution, which
enables the revitalization of the Tice River and its dead branches and the creation of
conditions for a better quality of life of the inhabitants in the villages affected.

7 Conclusions

The results presented of the INTERREG project deal with interdisciplinary and
interregional problems of water and land-use management in the Medzibodrožie
region. It is not the first research project resolving the water management in this
region but is undoubtedly the first project which, in a broad spectrum and across the
border, attempts to resolve the water management problems of the Medzibodrožie
region on both sides of the border between Slovakia and Hungary.

After the analysis of the recent hydrological state of the surface water, ground-
water, and soil water in the area of interest, the water source for the revitalization of
the old river bed and branches was found. This was done by using modelling of the
hydrological and hydraulic processes of the surface (using HEC-RAS andMIKE-11)
and subsurface flows (using TRIWACO software for groundwater modelling).

Two alternative technical solutions were proposed. The recommended variant
considers the construction of a inflatable rubber weir in the Latorica River, which
enables the revitalization of the Tice River and its dead branches and the creation of
conditions for a better quality of life of the inhabitants in the villages affected.

In the future the research will be utilized with respect to the hydrological
conditions for the creation of sustainable environment in lowlands of East Slovakia.
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Abstract A significant number of building sustainability assessment methods and
tools have been developed over the past two decades. Sustainability assessment of
buildings means an evaluation of environmental, social and economic aspects and
indicators respecting technical and functional characteristics of buildings to design and
construction of sustainable buildings. There are many tools for sustainability assess-
ment of buildings used over the world such as LEED, BREEAM, Green Globes,
SBTool, CASBEE, etc. This chapter is aimed at introducing the building environmental
assessment system (BEAS) which has been developed at the Technical University of
Košice. The Slovak system was developed on the base of existing systems and methods
used in many countries. The BEAS includes a number of environmental, social and
cultural factors. The indicators were proposed according to the analysis of building
performance as well as on the base of experimental experiences. The primary fields are
building site and project planning, building construction, indoor environment, energy
performance, water management and waste management. Water management in build-
ings is presented here as a critical issue for achieving the sustainable buildings.
Indicators of water management are reduction and regulation of water flow in water
systems with the weight of 42.3%, surface water run-off with the weight of 12.2%,
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drinking water supply with the weight of 22.7% and using filtration of grey water
(GW) with the weight of 22.7%.

Keywords Building, Sustainability assessment, Water management

1 Introduction

Currently, European cities and cities around the world are concerned with sustain-
able development, as well as its evolution. Countries seek a way to adapt to
contemporary changes, to meet the required needs and ensure the population’s
well-being. Considering this, the new sustainability assessment tools are being
developed to be used to guide and help cities and urban areas to become more
sustainable. Assessment tools such as Building Research Establishment’s Environ-
mental Assessment Method (BREEAM), Sustainable Building Tool (SBTool) and
Leadership in Energy and Environmental Design (LEED) constitute the basis for the
other approaches used throughout the world. These and other tools are focused on
rating the buildings respecting environmental, social and economic perspectives
[1]. For example, sustainability assessment tool SBToolPT was developed as a
version for assessing the sustainability of the built environment for conditions in
Portugal. This conceptual change in mentioned sustainability assessment tool boosts
its application and improves the sustainability of the built environment. It leads to
guide and help designers, engineers, architects, urban planners and politicians to
develop urban regeneration plans as well as to define sustainability principles or
indicators allowing the comparison of different measures. The scope of this assess-
ment system methodology is to assess the sustainability of the built environment,
including projects for urban planning and urban regeneration, specifically in the
Portuguese context [2]. The buildings’ sustainability and evaluation models, which
consider the ecological, economic and social aspects of sustainability, are solved in
the study [3]. This study presents the structure of the buildings’ sustainability and
two evaluation models, which consider all the three aspects. The first one is a global
model, where a building is scored, fulfilling some requirements. The second one is a
specific model, based on a simple formula, which takes into account numerical
values. These evaluation models were applied on three residential buildings of
different structural solutions: concrete framed structure, ceramic masonry structure
and wooden structure. Each aspect has its specific requirements that characterize a
building through its life cycle and contributes, in a different amount, to the overall
evaluation. By applying the global and specific model to evaluate the three build-
ings, similar results were obtained. According to both evaluation models, the most
sustainable solution was the wooden structure, followed by the concrete framed
structure and at least, the less sustainable, the ceramic masonry structure. Berardi [4]
shows that building energy performance is considered as the most important crite-
rion in sustainability rating systems and the least achieved one in sustainability
assessments. In contrast, other performance ratings of the building, such as water
efficiency or indoor air quality, are achieved with a high rate of success in
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sustainability assessments. First assessment systems considered the building as a
manufactured product and evaluated it almost in isolation. However, the importance
given to the surrounding site is greatly increasing. Energy requirements have also
become stronger in the latest versions of other assessment systems. This can
certainly be motivated by the more rigid requests of energy regulations worldwide
but also by the greater attention being given to energy saving in buildings. Results of
certified buildings have shown that energy performances are well below the optimal
ones even in sustainable buildings. Reasons for this are often the high cost of energy-
saving measures and the low preparedness of construction actors. In a study [5], an
approach allowing comparisons between the embodied energy and emissions of the
building materials as well as the energy consumption and GHG emissions at the use
stage is introduced. The results show that embodied energy can represent more than
30% of the primary energy requirement during the life cycle of a single house of
222 m2 with a garage for one car. This study highlights that if the house does not
include a parking area, the contribution of the building materials decreases. It can be
explained by increasing the heated surface percentage. Further the heating and
building materials in a residential building have the significant share in energy
consumption. In addition the building materials represent more than 60% of the
heating consumption. Citherlet and Defaux [6] compare three variants of a family
house from environmental impacts for their entire life cycle. The first variant was
chosen to correspond with the standard in force in Switzerland. The second alter-
native was selected to meet the requirements of a quality control label for houses with
low energy consumption. And finally, the third variant was selected to be a very low
energy consumption building. These variants have the same architectural aspect but
different insulation thicknesses and types, different energy production systems and
the use of different renewable energies. The environmental impacts were determined
using life cycle analysis including the impact related to the energy consumption
during the occupancy stage as well as the material manufacture, transport, replace-
ment and elimination at the end of the building lifetime. Results of this study indicate
that good insulation provides a significant reduction of direct environmental impacts
(energy consumption during the occupancy phase). The environmental and resource
impacts of wooden single-family residences designed to meet the conventional
Norwegian Building Code from 2010 and the Norwegian passive house standard
NS 3700 are compared using life cycle assessment which is presented in the study
[7]. Four different heating systems were evaluated for the two building designs:
(1) electric (resistance heating), (2) electric and wood, (3) electric and a solar heat
collector and (4) electric and an air-water heat pump system. The goal of the research
was to evaluate the different ways of lowering the total environmental burden of a
building’s life cycle. Evaluation of impacts due to implementation of renewable
heating systems in comparison to standard Norwegian systems largely based on
electricity was considered. According to the life cycle analysis, the wood-framed
single-family residence complying the passive house standard provides a consistent
and clear reduction of cumulative energy demand of 24–38% in comparison to the
conventional building standard TEK10 with electric panel heating. In combination
with efficient heating systems, a passive house building envelope with a heat pump
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system provides almost 40% savings of compared to a conventional house with
electric heating. The reduction in GHG emissions of the cleanest design compared to
the standard alternative is almost 30%. Solar heated water also provides substantial
environmental gains for the passive house. On the other hand, a standard building
envelope with a heat pump system reduces impacts to a level comparable to that of a
passive house building with only electric heating. Another study [8] demonstrates
the importance of criteria and sub-criteria in developing a new potential building
assessment method for Saudi Arabia. The various aspects influence the criteria and
sub-criteria of assessment tools such as environment, economic, social and cultural
to mention. The study provides an investigation of the most popular and globally
used assessment systems, BREEAM, LEED, Green Star, CASBEE and Estidama, in
order to identify the effectiveness of the different aspects of the assessment criteria
and the impacts of these criteria on the assessment results. These will provide a solid
foundation to develop an effective sustainable assessment method for buildings in
Saudi Arabia. It can be stated that all the above-mentioned tools have common issues
such as energy, water and materials for increasing the knowledge about the built
environment while reducing the impacts of the construction on its users and the
environment. Results suggest that it is more appropriate to develop assessment
method applicable in the given country and thus achieve desired results focusing
on the environmental, economic, social and cultural conditions.

2 Sustainability Assessment of Buildings

Sustainability assessment of buildings is a way on how to build high-performance
green buildings. It requires the integrated design of buildings towards the reduction
of resource depletion like energy, water and raw materials, prevents environmental
degradation caused by facilities and infrastructure throughout their life cycle as
well as creates safe and productive built environments [9]. Methods and systems
for integrated evaluation of buildings are used for predesign, design, construction,
operation, maintenance and end of life of buildings [10]. According to ISO
15392:2008, construction sustainability includes considering sustainable develop-
ment in terms of its three primary aspects (economic, environmental and social),
while meeting the requirements for technical and functional performance [11, 12].
Criteria of sustainability are included in integrated assessment methods, systems and
tools for evaluating environmental, social and economic perspectives of buildings.
The study [13] emphasizes that although the sustainable building is considered as
multidimensional concept, it often gives an attention to the environmental indicators
and ignores the substantial importance of social, economic and cultural indicators.
Building sustainability involves interdependencies between natural, built and social
systems and therefore comprises a complex of different priorities that require
consideration at each stage of a building’s life cycle. The study of Ding [14] states
that the comprehensive assessment of buildings is very important in achieving
sustainable development. Building environmental assessment aimed at providing a
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sustainable building design, construction, operation, maintenance and deconstruc-
tion thus requires cooperation between architects; structural engineers; designers
of heating, ventilation and air-conditioning (HVAC) systems; environmentalists;
developers; builders; and users. Sustainable buildings take into account environ-
mental quality, functional quality, social and cultural factors, economic factors
as well as future values during the entire life cycle of buildings [14]. The building
construction industry consumes a lot of resources and energy, owing to current
global population growth trends. Therefore the climate change became a priority
issue on the agenda of the energy and environmental policy of the European Union.
With regard to climate change, the energy efficiency and renewable energy are the
main pillars [15]. Buildings consume approximately 40% of total global energy,
during the construction phase in the form of embodied energy and during the
operation phase as operating energy [16–20], and 36% of total CO2 emissions of
the EU Member States [18, 21]. In recent years worldwide commitments in reducing
carbon dioxide and other greenhouse gases are recognized from the anthropogenic
carbon dioxide’s impact on climate change [22]. The development of assessment
methods and tools is a challenge for the academic working and also practice. The
primary importance is managing the flows of information and knowledge between
the various experts. An important constraint to the sustainability methods is that the
specific definition of “sustainable building” or “high-performance building” is
complex since different actors in the building’s life cycle have different interests
and requirements [23]. For instance, promoters will give more attention to economic
issues, whereas the end users are more interested in health and comfort issues
[9]. The study [24] points out that in assessing the performance of buildings, the
scope of the sustainability assessment is widening, marking an evolution from a
single criterion consideration, like the social performance of buildings, towards a full
integration of all aspects emerging during the lifetime of a building. Therefore we
can consider the “sustainable buildings” as a broad, multi-criteria subject related
to three basic interlinked aspects: environmental, economic and social. Other
studies [25–27] show that modern buildings and their heating, ventilation and
air-conditioning (HVAC) systems are required not only to be more energy efficient
while adhering to an ever-increasing demand for better performance from comfort
but equally in respect to financial and environmental issues. Many methodologies
have been developed to establish the degree of accomplishment of sustainability
goals, guiding the planning and design processes. In the earlier stages of the design
process, planners can make decisions to improve building performance at very little
cost, following the recommendations of the decision-making tool. The development
of building environmental assessment is enhanced for the last 20 years worldwide.
The first of such tools was in 1990, the Building Research Establishment’s Envi-
ronmental Assessment Method (BREEAM) [28]. After that, many methodologies
have been developed and are currently widely applied such as:

• The Comprehensive Assessment System for Building Environmental Efficiency
(CASBEE) from Japan
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• The Building and Environmental Performance Assessment Criteria (BEPAC)
from Canada

• The Building Environmental Assessment Method (BEAM) from Hong Kong
• The Green Building Rating System (SABA) from Jordan
• The Estidama from Emirate
• The Sustainable Building Assessment Tool (SBAT) from South Africa
• Deutsche the Gesellschaft für Nachhaltiges Bauen (DGNB) from Germany
• The Leadership in Energy and Environmental Design (LEED) from the United

States.

Very comprehensive inventories of available tools for environmental assessment
methods can be found in Ding [14], Seo et al. [29], the Whole Building Design
Guide [30] and the World Green Building Council [31]. The comprehensive study of
Alyami and Rezgui [32] states that the most reliable and commonly used schemes in
the global context are BREEAM, LEED, SBTool and CASBEE. These tools have
been highlighted in the terminal objective of implementing the principles of sustain-
ability. There are a growing number of environmental assessment systems and tools
being developed for the building sector. BREEAM and LEED are the leading
systems designed for very well-known organizations (BRE and USGBC), which
have made a significant contribution to sustainable development. BREEAM had a
profound impact on almost all of the environmental impact assessment methods.
BREEAM was also used as a design template to many other systems around the
world such as Green Star, Basix Australia, BEPAC Canada, Hong Kong
[14, 33]. Studies [13, 33] state that some sustainability methods were modified, for
example: BREEAM for Lithuanian recreational buildings assessment and SBTool
for Portuguese exist, new and renovated residential buildings. The amount of
information and tools are available to assist designers and builders in incorporating
sustainable technologies and design strategies in their projects. In relation to existing
tools, many reports [34] present a description of the evaluation tool characteristics
used for building as a whole as well as building materials and constructions,
nationally and internationally. Building environmental assessment systems focus
on considering the three aspects of building sustainability: environmental issues
related mainly to greenhouse gas emissions and energy consumption, economic
aspects such as life cycle cost and social requirements such as accessibility and
quality of spaces. The most common feature of building environmental assessment
systems is that they are multi-criteria systems. Multi-criteria systems are based on
the evaluation of criteria measured by parameters and compare real performances
with reference ones. Each criterion has a certain number of available points over total
assessment. The overall evaluation of sustainability is obtained by summing the
results of assessed criteria [11].

This work presents proposal of building environmental assessment system BEAS
for the condition of the Slovak Republic. Percentage weight of proposed indicators’
significance is determined according to methods of multi-criteria decision analysis
(MCDA). The results of the presented BEAS are validated on selected residential
buildings.
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3 Building Environmental Assessment System in Slovakia

Slovak building environmental assessment system (BEAS) has been developed at
the Technical University of Košice on the basis of existing systems used in many
countries. It includes a number of environmental, social and cultural aspects and
indicators. They were proposed according to the analysis of the technical, functional,
environmental, social and economic performance of buildings. After the proposal of
main fields and indicators, they were weighted using the AHP method. The meth-
odology of the derivation of the field in BEAS has been performed according to
study [27]. A field list has been derived by a three-step process. To establish a
comprehensive set of fields of the BEAS, a review of a combination of existing
environmental assessment methods used worldwide, Slovak standards and regula-
tions and academic research papers has been conducted. A three-step process has
been carried out. The first step was collecting and reviewing the existing building
environmental assessment methods and tools. Sufficient information and tools are
available to assist designers and builders in incorporating sustainable technologies
and design strategies in their projects. In relation to existing tools, many reports
[21, 28] present a description of the characteristics of a number of evaluation tools
which are used for building and materials, nationally and internationally. The second
step was based on a selection of a field list based on the in-depth analysis. Final main
assessment fields in BEAS are the following: (A) site selection and project planning,
(B) building construction, (C) indoor environment, (D) energy performance,
(E) water management and (F) waste management. As a result, a final list of fields
has been proposed. The multi-criteria framework incorporates the consideration of
environmental and social issues in the development of BEAS. To ensure that the
proposed indicators are applicable, it is necessary to validate and revise them
through relevant reviews and consultation with experts and stakeholders. This series
of verification processes is repeated until a refined set of indicators is obtained and
sufficient to measure the sustainability performance of buildings [29].

A final list of proposed indicators for building environmental assessment system
for conditions of Slovak Republic is as follows:

• A – Site Selection and Project Planning

A1 Site selection: Use of land with previously high ecological sensitivity or value,
land vulnerable to flooding, land close to water endangered contamination,
distance to commercial and cultural facilities, distance to public green space
and distance to road-traffic infrastructure

A2 Site development: Development of density, possibility of change of building
purpose, impact of the design on existing streetscapes, compatibility of urban
design with local cultural values, policies governing use of private vehicles,
guarantee of sufficient public green space and provision of trees with shading
potential

• B – Building Construction
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B1 Materials: Degree of reuse of suitable existing structures where available, use
of materials that are locally produced, material efficiency of structural and
building envelope components, radioactivity of building materials, ease of
disassembly, reuse or recycling

B2 LCA: Primary energy embodied in building materials, GWP and AP

• C – Indoor Environment

C1 Thermal comfort
C2 Humidity
C3 Acoustic
C4 Daylighting
C5 Total volatile organic compounds (TVOC)
C6 Indoor air quality
C7 Radon
C8 Nitrogen oxides (NOx)
C9 Particulate matters for fraction of 10 micrometres (PM10)
C10 Microbe

• D – Energy Performance

D1 Operational energy: Energy consumption for heating, energy consumption
for domestic hot water, energy consumption for mechanical ventilation,
energy consumption for cooling, energy consumption for lighting and energy
consumption for appliances

D2 Active systems using renewable energy sources: Solar system, heat pump,
photovoltaic technology and heat recuperation

D3 Energy management: Energy management system, operation and mainte-
nance, degree of local control of lighting systems and degree of personal
control of technical systems by occupants

• E – Water Management

E1 Reduction and regulation of water flow
E2 Surface water run-off
E3 Drinking water supply
E4 Using filtration of grey water

• F – Waste Management

F1 Measures to minimize waste resulting from building operation
F2 Measures to minimize emission resulting from building construction, oper-

ations and demolition
F3 Risk of hazardous waste resulting from facility operations

In step 3, a questionnaire survey has been conducted to get the suggestions from
the group of participating experts to refine the draft fields. A questionnaire survey
aimed at weighing the final fields in BEAS. The task of experts was the determi-
nation of significance intensity of main fields according to nine-point scale of
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relative importance [30]. For the determination of criterion significance, weighting
the median absolute deviation (MAD) method was used. MAD is a well-known
statistical method that is mostly used in the problem of decision between many
independent opinions. According to Lee et al. [31], credit-weighting is the heart of
all assessment schemes. It can be said that this way dominates the overall perfor-
mance score of the assessed building. This system has 52 indicators in six main
fields. Each field has several indicators which have the intent of assessment and the
scale of assessment. This scale is from negative (�1 point), acceptable practice
(0 points), good practice (3 points) and best practice (5 points). The result of each
indicator is obtained by multiplying the point with a weight of indicator.

4 Water Management

Sustainable water management can contribute to the preservation and protection of
wetlands because it maintains high water quality and quantity conditions, fulfils the
present and future water demands and minimizes potential environmental impacts.
Applications of water management plans in Europe have a history of approximately
50 years, and this has played a significant role in the improved water conditions
encountered in most European countries nowadays [35]. The study [36] mentions
that controlling the environmental problems with technical solutions is considered to
be the strong engineering tradition in water resource management. The management
of risks relied on the ability to predict extremes and limit their impact with technical
means such as dikes, dams and reservoirs [36]. Grey water (GW) is the water
collected separately from sewage flow that originates from clothe washers,
bathtubs, showers and sinks but does not include wastewater from kitchen sinks,
dishwashers or toilets. Dish, shower, sink and laundry water comprise 40–50% of
residential wastewater. GW is used in groundwater recharge, landscaping and plant
growth [37].

Reducing building water consumption and rethinking the wastewater strategy
employed for the built environment can dramatically extend the available supply of
water, improve human health and reduce threats to ecological systems. In addition to
these benefits, the Rocky Mountain Institute (RMI) suggests that water efficiency
can have these other tangible and calculable benefits [38]:

• Energy savings
• Reduced wastewater production
• Lower facility service investments
• Industrial processes
• Higher worker productivity
• Reduced financial risk
• Environmental benefits
• Public relations value
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The water management field aimed at reducing drinking water consumption,
reusing grey water for irrigation or flushing toilets, preserving site watersheds and
groundwater aquifers and reducing off-site treatment of wastewater. It is known that
two of the more significant problems of the modern society are the water shortage
and the degradation of the environment [39]. The increasing demand for sustainable
development has a serious impact on urban infrastructures. Even today, there is a
lack of knowledge of how sustainable development should be achieved. Next we
often do not know how sustainability of various technical systems should be
assessed. So a set of sustainability criteria covering health and hygiene, social and
cultural aspects, environmental aspects, economy and technical considerations are
defined. To promote the practical use of a set of sustainability criteria, it must be
related to quantifiable indicators that are easily measured [40].

Water management in Slovak system BEAS has a percentage weight of 8.88%.
Water management field includes four indicators: reduction and regulation of water
flow in water systems with the weight of 42.3%, surface water run-off with the
weight of 12.2%, drinking water supply with the weight of 22.7% and an indicator
that addresses using filtration of grey water with the weight of 22.7%.

The indicators related to the field of water management and method for deter-
mining the significance weight of this field in BEAS are presented. In water
management field of significant environmental assessment systems, the percentage
weights vary from 2 to 27.7%. The lowest significant weight of 2% is in Japanese
system CASBEE. Significant weights of 6%, 6.67%, 7%, 8.5% and the highest of
27.7% are in BREEAM (UK method), NABERS (Australian system), LEED
(US system), Green Globes (Canadian system) and SABA (Jordan system), respec-
tively. All those weights of significance reflect national specificities.

5 Family House Assessment from Water Management

Five family houses were chosen for their evaluation from water management point of
view. Family houses are located in the northwest part of the town of Kosice in the
Slovak Republic. According to urban zoning plan of Kosice, the built-up areas are
localities intended to low-rise residential areas. The location of the houses is not in
the floodplain town of Kosice [41]. According to environmental regionalization
of Slovakia, the territory where family houses are situated is soft disturbed
environment [42].

Family house 1 is situated in a slightly sloping terrain. Family house 2 is located
in an area which was initially used for gardening purposes, near the forest in a
slightly sloping terrain. Family house 3 is located in a slightly sloping terrain in a
dense built-up area with cramped conditions for further construction, and family
houses 4 and 5 are located in a sloping terrain in the slightly built-up area.

316 S. Vilčeková et al.



Table 1 Way of the assessment of water management

E Water management 8.88%

E1 Reduction and regulation of water flow in water systems 42.3%

Purpose To reduce water consumption using equipment for reduction
and regulation water flow in plumbing fixtures and WC stop in
the toilet

Point Weight

Indicator Consumption of potable water 2.115

Negative
practice

According to drawing documentation, there are no facilities designed to
reduce and control the flow of water fittings and toilet flushing

�1

Acceptable
practice

According to drawing documentation, there are facilities designed to
reduce and control the flow of water fittings

0

Good
practice

According to drawing documentation, there are facilities designed to
reduce and control the flow of water fittings and toilet flushing

3

Good prac-
tice
Best
practice

According to drawing documentation, there are high-quality facilities
designed to reduce and control the flow of water fittings and toilet
flushing

5

E2 Surface water run-off 12.2%

Purpose To ensure that surface water is managed within site boundaries
and is reinjected into the aquifer

Point Weight

Indicator The quality of a surface water management plan 0.61

Negative
practice

A general plan has not been developed for the management of surface
water

1

Acceptable
practice

A general plan has been developed for the main agreement of surface
water and its percolation into the ground within site boundaries,
including at least 80% of natural surface water courses, paved and
landscaped areas

0

Good
practice

A detailed plan has been developed for the management of surface water
and its percolation into the ground within site boundaries, including at
least 90% of natural surface water courses, paved and landscaped areas

3

Best
practice

A detailed plan has been developed for the management of surface water
and its percolation into the ground within site boundaries, covering
100% of areas

5

E3 Drinking water supply 22.7%

Purpose To ensure the quality of drinking water in buildings which are
not supplied by water with water supply

Point Weight

5 1.135

Indicator The quality of drinking water

Negative
practice

The building is supplied with not enough drinking water �1

Acceptable
practice

The building is supplied with enough drinking water 0

Good
practice

The building is supplied with enough drinking water of good quality 3

Best
practice

The building is supplied with enough drinking water of high quality 5

E4 Using filtration of grey water 22.7%

Purpose To ensure using “grey water” for flushing of the toilet Point Weight

1.135

(continued)
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The highest score of 5 was assigned to the indicator drinking water supply for all
family houses and water management of surface run-off for four family houses. All
buildings are supplied with sufficient amount of fresh water with high quality. Only
family house 1 did not collect the water from surface run-off in the storage tank and
used for irrigation. Score 3 was assigned to the indicator reduction and regulation of

Table 1 (continued)

E Water management 8.88%

Indicator Design of “grey water” system in drawing documentation

Negative
practice

According to drawing documentation, the building has not designed a
“grey water” system

�1

Acceptable
practice

According to drawing documentation, the building has designed a “grey
water” system for irrigation

0

Good
practice

According to drawing documentation, the building has designed a “grey
water” system for irrigation and flushing of the toilet

3

Best
practice

According to drawing documentation, the building has designed a “grey
water” system for irrigation and flushing of the toilet, and the building
has separate metering of water consumption

5

Table 2 Characteristics of the groundwater aquifers in the Nile Delta and its fringes [12]

Photo Subfield: score – evaluation

E1: 0 – Equipment designed to reduce and control the water flow in the
armature
E2: �1 – Surface water is not stored and used for irrigation
E3: 5 – Sufficient amount of fresh water with high quality
E4: �1 – Split potable and grey water systems are not used

E1: 0 – Equipment designed to reduce and control the water flow in the
armature
E2: 5 – Collected in storage tank and is used for irrigation
E3: 3 – Sufficient amount of fresh water with high quality
E4: �1 – Split potable and grey water systems are not used

E1: 3 – Equipment designed to reduce and control the water flow in the
armature and flush toilet
E2: 5 – Water of surface run-off is collected in vegetation roof
E3: 5 – Sufficient amount of fresh water with high quality
E4: �1 – Split potable and grey water systems are not used

E1: 3 – Equipment designed to reduce and control the water flow in the
armature and flush toilet
E2: 5 –Water of surface run-off is collected in storage tank and is used
for irrigation
E3: 5 – Sufficient amount of fresh water with high quality
E4: �1 – Split potable and grey water systems are not used

E1: 3 – Equipment designed to reduce and control the water flow in the
armature and flush toilet
E2: 5 – Water of surface run-off is collected in vegetation roof
E3: 5 – Sufficient amount of fresh water with high quality
E4: �1 – Split potable and grey water systems are not used
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water flow in water systems for family houses 3, 4 and 5. Family houses have
designed equipment to reduce and control the water flow in the armature and flush
toilet. Score 0 was assigned to the indicators reduction and regulation of water flow
in water systems for family houses 1 and 2. Score �1 was assigned for the indicator
system of grey water for all family houses. Buildings do not use split potable and
grey water system.

Based on the evaluation, it can be said that family house 1 obtained a rating of 1.0,
family house 2 obtained 1.906 points, and the best rating of 3.106 was assigned to
family houses 3, 4 and 5.

6 Conclusion and Recommendations

The integrated assessment of buildings is critical in achieving sustainable develop-
ment. The aim of sustainability assessment of buildings is to provide a sustainable
building design, construction, operation, maintenance and renovation. Sustainable
buildings involve taking the entire life cycle of buildings, environmental quality,
technical and functional quality, social and cultural factors, economic factors as well
as future values all into account.

The developed building environmental assessment system applicable in Slovak
conditions consists of 6 primary fields and 52 relevant indicators. The basis of
assessment development consists of systems and methods used in many countries.
The main fields are building site and project planning, building constructions, indoor
environment, energy performance, water management and waste management.

Main features of the system include the following:

• BEAS as the multi-criteria system includes environmental, social and cultural
aspects.

• Indicators respect European and Slovak standards, rules, studies and experiments.
• This system allows to establish indicator weights that reflect their varying impor-

tance in the region.
• Designers can specify targets of building performance in terms of various aspects.
• Assessors can accept the assessment made by designers.

The theoretical level of the present knowledge of building environmental assess-
ment is wholly analysed and applied making it necessary to implement this knowl-
edge in construction practice. For the purpose of system verification, a statistically
significant set of buildings needs to be evaluated, the outcome of which will be a
modification of the fields and indicators weighting.

Future research work will be aimed at evaluation of a statistically significant set of
buildings in the field of water management. According to the results, it will be
necessary to perform the modification of indicators and their significant weight.
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Abstract This chapter highlights the update of the topic, main conclusions and
recommendations of the chapters presented in the book. Therefore, this chapter
contains information on water resources in Slovakia in the period of climate change.
It focuses on hydrological extremes and Slovakia – droughts and floods – risk
assessment and protection; it is devoted to sustain their management. Also, it covers
the main issues of the indoor environment – water management in the buildings
(construction) level. Also, a set of recommendations for future research is pointed
out to direct the future research towards sustainability of water resource management
which is one of the strategic themes of the Slovak Republic.
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1 Introduction

Sustainable development of water management is based on the principle that water
as a natural resource may be utilized only to that extent which ensures future
generations sufficient usable supplies of water in the seas, rivers, lakes and reservoirs
and that reserves contained in porous environments below the surface of the land
remain preserved in the same quantity and quality. It is evident that surface waters
are more vulnerable than groundwater in terms not only of their hygienic quality and
safety but also of their protection as a natural ecosystem and maintenance of their
amounts. For this reason, it is necessary to devote all the more attention to the
protection of water sources. The first step towards effective protection of water
resources is to know their size and distribution and manage the extreme events in
the period of climate variability.

The chapter presents a summary of the essential findings and conclusions of the
studies on the climate change, droughts and floods and their management for better
use in the indoor and outdoor environments. Also, a set of recommendations
extracted from all contributions are presented to help researchers and decision
makers to go forward towards sustainable use of water resources in Slovakia.

2 Update

In the following the national studies regarding the water resources in Slovakia
concerned with climate change and extreme hydrological phenomena – droughts
and floods – are presented. Also, some studies regarding the water management in
buildings are mentioned. The brief results of the studies are introduced.

The 20-year extraordinary warm period from 1988 to 2007 in Slovakia and also
the reliability of climate change scenarios issued in 1991–2000 were evaluated by
Faško et al. [1]. In Slovakia, as in many other European countries, the freshwater-
related risk and specifically the floods and droughts are expected to become more
frequent, intense and prolonged due to climate change [2, 3]. Most of the studies
about the issue in Slovakia are focused on specific regions or aspects rather than
aiming at a comprehensive characterization of the phenomenon for the whole
country, based on extensive hydrological ground data [4–10] and others relating
droughts [11–28] and others relating to floods. “The analysis of time series of daily
precipitation and runoff at selected places in the highest part of the Western
Carpathian was done by Bičárová and Holko” [29]. It was focused on both wet
and dry periods in precipitation and runoff data series. They revealed a significant
increase in the number of days with daily precipitation 40–60 mm. The occurrence of
dry and wet periods in altitudinal vegetation stages of West Carpathians in Slovakia:
Time-Series Analysis 1951–2005 was studied by Škvarenina et al. [30]. Drought
variability and its characteristics across the Tatra National Park as an integral part of
Tatra Mountains in the period 1961–2010 were studied by Vido et al. [10] by
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Standard Precipitation Index (SPI). The results showed that frequency of drought
occurrence has a cyclic pattern with an approximately 30-year period. The spatial
analyses showed that precipitation shadow of the mountains influences the risk of
drought occurrence. Portela et al. [31, 32] present a comprehensive characterization
of the droughts for entire Slovakia by using the Standardized Precipitation Index,
SPI, computed based on a monthly precipitation dataset over a time span of 33 years
(from January 1981 to December 2013) at 491 rain gauges covering the entire
country. Taking into account the relevance of agriculture in Slovakia, the time
scale of 3 months, SPI3, was adopted to exemplify the results. Gregor [9] evaluated
changes in the surface water and groundwater quality during periods of hydrological
drought in the upper Nitra River catchment. The water quality within periods of
water scarcity was also assessed in his work. Fendeková and Fendek [33] evaluated
the drought on a yearly scale. The standardized base flow drought severity index was
proposed for base flow drought characterization. It was documented that years with
the extremely low base flow occur much often in the mountainous part of the Nitra
River Basin than in the lowland part.

The occurrence of meteorological, surface water and groundwater droughts for
the upper part of the Torysa river catchment and the influence of water abstraction
were analysed by Fendekova et al. [34]. The most extended period of drought with
the discharge below the minimum flow occurred during the multiyear drought
1986–1987. Habitat suitability curves were constructed for Barbus carpathicus,
and minimum flow for life conditions for barbel was estimated. “The problem of
minimum flow preservation should be solved in the upstream part of the catchment,
where natural streamflows are strongly influenced by water abstraction”. Zeleňáková
et al. [35] analysed trends of low flows at streams in eastern Slovakia, namely,
Poprad, Hornád, Bodva and Bodrog river basins. The availability of using hypoth-
esis test techniques to identify the long-term trends of hydrological time series was
investigated in this study. Statistically significant trends have been determined from
the trend lines for the whole territory of eastern Slovakia. The results indicate that
the observed changes in Slovakian river basins do not have a clearly defined trend. A
brief review on the availability of general circulation models (GCMs) and regional
circulation models (RCMs) outputs for regional downscaling is presented in
[36]. The additional one – a combined method, usually based on GCMs (mean
annual/monthly warming and mean annual/monthly change in precipitation totals)
and on historical analogue (statistical structure of daily/monthly data series, includ-
ing physical plausibility among phenomena) – was utilized in Slovakia [37]. Some
results of different climate change scenarios for Hurbanovo and possible user
problems are discussed. Special scenarios of exceptional weather events are also
demanded by users, mainly from the hydrology, agriculture and forestry sectors, and
very concise overview of such scenario design is presented in [37].

The analysis of the long-term average monthly Danube discharges was done by
Pekárová et al. [38]. “It revealed, that in the last 25 years the discharge rates
increased in the winter half-year, while a decline was observed between June and
August. From the long-term trend analysis, it follows, that the mean annual Danube
discharge at Bratislava, in any case, did not rise in the 1876–2005 period” [38]. This
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study [38] was also devoted to the long-term prediction of monthly discharge of the
Danube by applying stochastic methods. The applicability of medium-range quan-
titative precipitation forecasts was explored in a flood forecasting system for a
medium-size mountainous basin – Hron river basin in [39]. Gaňová et al. [40]
aimed to geographically assess the flood occurrence in eastern Slovakia by using
one of the methods of multi-criteria analysis – rank sum method. Flood risk
assessment is conducted in three specific cases: the long-term period 1989–2009,
the extremely wet 2010 year, and the extremely dry 2011 year. Solín [41] assessed
the flood vulnerability of basic urban units located in the headwater basins of
Slovakia. The overall vulnerability of urban units was calculated via a summation
of the specific vulnerability indices. Using visualization in GIS, the urban units were
grouped into three classes, of low, medium and high vulnerability.

3 Conclusions

In the next sections, some of the conclusions and recommendations of the chapters1

in this volume (no. 70) of the Handbook of Environmental Chemistry Series are
presented. Surface water and groundwater resources of Slovakia are rich enough to
ensure current and prospective water needs. Water plays a vital role in both the
environment and human life. Assessment of the impact of climate variability on
water resources is an essential activity because we consider water as a strategic raw
material. The quantitative characteristics of renewable water resources of a region or
river basin can be determined by two approaches: by using meteorological data or by
using river runoff observations. The chapter titled “Climate Change Impacts on
Water Resources” evaluates climatic and hydrological variables in selected river
basins in eastern Slovakia. The comparison of the time series of observed variables
over a period of about 60 years is included. The results of the work are the plots of
observed variables, which have been evaluated. We have also been working on the
using of water in selected Slovak river basins, namely, by water abstraction and
water discharge. The impact of climate variability on water resources in eastern
Slovakia is minimal.

In the chapter “Climate Changes in Slovakia: Analysis of Past and Present
Observations and Scenarios of Future Developments”, the scenarios of climate
change were calculated up to the time horizon of the year 2100 based on the modified
model outputs and the measured data from meteorological stations for the period
1951–2016. The alternative IPCC emission scenarios, the SRES A2, A1B and B1,
were applied. Scenarios for the variables the daily means, the maxima and minima of
the air temperature, the daily means of the relative air humidity, the daily precipi-
tation totals, the daily means of wind speed, the daily totals of the global radiation

1The word “chapter” followed by titled and a title of a chapter implies that the chapter in contained
in this volume.
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and also the water balance elements and the snow cover characteristics have been
prepared. On the basis of the statistics obtained from the measured and modelled
data, the modelled in the future were adjusted in such a way as to best capture the
predicted climatic characteristics of the region. The results show that an increase in
the 30-year averages by about 2–4�C up to the end of the twenty-first century.
Precipitation totals will also change in a relatively wide range, but generally, an
increase of about 10% in annual totals is expected, more in the north and less in the
south part of Slovakia. These scenarios can be successfully used to prepare studies
on the impacts of and the vulnerability to climate change in different economic
sectors.

Slovakia is located in Central Europe, and its complex surface consists of
mountains, valleys, but also lowlands, which are crucial for agricultural production.
In the neighbouring countries, especially in Hungary and Czech Republic, there has
been paid great attention to drought occurrence for a longer time. In Slovakia,
hydrological drought assessment was more often under investigation than the mete-
orological aspect of the drought in the past. The regionally developed methods were
primarily used for its estimation, while the internationally established indicators
were rarely applied. In the last years, the drought became to be discussed more
frequently in the Slovak climatology, which led to the start of operational drought
monitoring in Slovakia in 2015. Drought periods, which occurred in the last years
and caused also yield losses in agriculture, raised the interest of public and experts
from different economic sectors in this phenomenon. The intersectoral approach
seems to be the crucial way of further drought research. The chapter “Meteorological
Drought Occurrence in Slovakia” aims to present two case studies, which could be
the example of the linkage between climatological and hydrological approach in
drought assessment on an operational level. The first case study describes the
operational meteorological drought monitoring, which has run since 2015. The
slightly modified methodology of widely known indices (SPI and SPEI) shows
promising results, which can be obtained on a daily basis. It enables them to be
used in intersectoral drought analysis. The example of such analyses is presented in
the second case study, in which the linkage between meteorological and hydrolog-
ical drought was examined. The knowledge about the causalities between these two
drought types brings higher assumption for the successful design of effective
integrated drought monitoring. The chapter “Hydrological Drought Occurrence in
Slovakia” presents the problem of drought and describes its classification and
methods of assessing this risk. This chapter aims to identify statistically significant
trends in streamflow characteristics of low water content in Eastern Slovakia, which
are used in the evaluation of hydrological drought. In this chapter is presented a new
methodology for evaluating hydrological drought based on statistical analysis of
observed minimal flows at selected 63 gauging stations in Eastern Slovakia for a
32-year period. Mann-Kendall statistical test identifies the frequency of minimal
flow trends, in individual gauging stations, in river basins – Poprad, Hornád, Bodva
and Bodrog – throughout eastern Slovakia, and also in groups of gauging stations
with the same physico-geographical parameters. Size of the flow trends is identified
by directives of the trend lines. The procedure is also applied in assessing the impact
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of human activities and the impact of physico-geographical factors for the emer-
gence of hydrological drought. Obtained results from the statistically significant
trends in the flows are established a prediction of hydrological drought risk in each
month of the hydrological year in eastern Slovakia. Groundwater regime and
drought occurrence studies are significant for Slovakia, where groundwater is
preferentially used for drinking water supply. It was shown by several studies that
the groundwater drought occurs in Slovakia more often since the 1980s, causing
problems in various sectors of the Slovak economy. Groundwater drought can be
described either through groundwater heads, base flow and groundwater storage or
by the spring yield change. As the main reasons for groundwater drought occurrence,
the natural factors and human activities can be mentioned. The amount of ground-
water stored in the rock environment primarily depends on the water availability in
the area and on the storage capacity of the rock environment itself. The lack of
precipitation, high air temperature and the unfavourable storage properties of the
rock environment belong to the main natural factors conditioning the groundwater
drought occurrence. The groundwater over-abstraction also could increase the sen-
sitivity of the local hydrological system to drought development. The groundwater
drought studies for the Slovak territory were first published in the 1990s as a result of
drought which hit the territory in the period of 1982–1984. After that several
important scientific works were performed to analyse factors of drought develop-
ment, occurrence and impacts on nature and social sphere. Base flow drought,
groundwater head drought and spring yield decrease were studied as presented in
the chapter titled “Groundwater Drought Occurrence in Slovakia”.

Drought by itself cannot be considered a disaster. However, if its impacts on local
people, economies and the environment are severe and their ability to cope with and
recover from it is difficult, it should be considered as a disaster. Droughts and floods
are a recognizable category of natural risk. Hydrological assessments of drought
impacts require detailed characteristics. In the chapter “Drought as Stress for Plants,
Irrigation and Climatic Changes” is proposed a new conceptual framework for
drought identification in landscape with agricultural use. Hydrological drought
characteristics are described with impacts at the agricultural landscape as well as
food security and the issues related to drought water management. In the past, the
Slovak Republic was not considered a country immediately threatened with drought.
The situation had changed at the turn of the millennium, especially after the extreme
weather conditions in 2014 and also in 2015, when, for example, the historical
minima were recorded. It is supposed that because of the climate change, the extreme
hydrological events are going to be more pronounced and more frequent in the future
also on the territory of Slovakia. The occurrence, duration and severity of hydro-
logical droughts in Slovakia were studied during 3 years of the twenty-first century –
2003, 2012 and 2015 in the chapter “Major Droughts in Slovakia in the 21st
Century”. Mainly 2003 and 2015 belong to the warmest years of the twenty-first
century with the occurrence of hydrological drought on the Pan-European scale.
Data on average daily discharges at 12 discharge gauging stations across Slovakia
were used for evaluation. The data covered the period 1981–2016. Hydrological
drought in discharges was evaluated using the sequent peak algorithm method
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(SPA); the fixed threshold value of the 80th percentile was applied. The threshold
value was estimated for the reference period of 1981–2010. The theoretical Weibull
and GEV frequency distributions were used for drought characteristic calculation,
their evaluation and comparison of the 2003, 2012 and 2015 droughts. Data calcu-
lated for the evaluated years were compared with the reference period of 1981–2010.
Spatial distribution of hydrological drought occurrence was discussed in connection
to meteorological drought occurrence analysis.

Slovakia is a mountainous country, and the occurrence of floods in headwater
areas is thus a remarkable phenomenon. The chapter “Flood Hazard in Mountainous
Region of Slovakia” concerns the identification of regional types of flood hazards in
a mountainous region resulting from the physical geographic characteristics of the
upper basins. The regional type is the unit of regional taxonomy, which is not
contiguous in geographical space and is referred to as the flood hazard potential or
disposition of the basins to floods. A brief overview of flood events in Slovakia is
provided. Then, the rest of the chapter presents the assessment of the flood hazard
itself. The evaluation process consists of four steps. The first step of the regional
taxonomic process is the creation of a basic set of upper basins and a database of
their physico-geographic attributes. The second step is the identification of the
physical geographic attributes that significantly influence the essential features of
the drainage process and the spatial variability of the flood hazard. The delineation of
flood hazard classes based on a combination of physical basin attributes and
classification of upper basins into flood hazard classes is the third one. Testing the
significance of differences between the assigned flood hazard classes in terms of the
frequency of flood situations is the last and fourth step. The aim of the chapter
“Flood Risk of Municipalities in Upstream Basins of Slovakia” is to present a
comprehensive, integrated flood risk assessment for municipalities located in the
upper basins. An integrated approach perceives the flood risk as the combination of
flood hazard and vulnerability. The flood hazard is expressed as the potential of the
basin to the floods due to basin attributes. The vulnerability is understood as inherent
characteristics of municipalities that create the potential of municipalities for the
susceptibility of houses to damage and of people to suffer physical and mental harm
and the ability of people to cope with negative consequences of floods. A spatial
multi-criteria decision analysis was applied to express the flood risk relatively on an
ordinal scale. Municipalities were classified into the five classes of flood risk by an
aggregation of subindices reflecting flood hazard and vulnerability. An integrated
approach addresses the assessment and management of the flood risk more com-
plexly and eliminates the adverse effects of more traditional engineering approaches.

The Slovak Republic with an area of 49,035.81 km2 is in most of its territory a
mountain landscape and has watercourses with a total length of 61,147 km. From
this length, approximately 24,000 km (39.25%) have the character of torrents. The
chapter titled “Mountain Watersheds, Torrents and Torrent Control in Slovakia”
deals with the issues of mountain watersheds, torrent control and torrents which are
in Slovakia in the length of 19,408 km managed by forestry organizations. The
chapter provides basic information about Slovakia’s mountain watersheds and
torrents and about the methods to the determination of watercourse type (river,
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brook and torrent) through technical standards or calculation. Also, the chapter
includes the history of torrent control and torrent flash floods in mountain watersheds
of Slovakia. Also, it deals with lessons from the history of flash floods. In this
chapter is analysed discharge capacity of natural torrent beds in various
geomorphologic units of Slovakia. A part of this chapter deals with forests in
mountain watersheds and their impact on runoff formation and water balance of
individual forest altitudinal vegetation zones of Slovakia. In a separate part, an
example of water balance in mountain watersheds of the highest mountain of
Slovakia (the High Tatras) is explained. Finally, it presents the calculation procedure
to the determination of T-yearly discharges in forestry practice in Slovakia. The
chapter “Hydrological and Hydraulic Aspects of the Revitalization of Wetlands: A
Case Study in Slovakia” was developed based on the results of a research project
within the frame of the INTERREG initiative between the Hungarian and Slovak
Republics. It was concentrated on the Medzibodrožie region located in the south-
eastern part of the Slovak Republic. This project, initiated by water board companies
in Hungary and Slovakia, was focused on a creation of a possibility for the design of
technical measures for the revitalization of the rivers in the area of interest, which
dried out. The first step consisted of an analysis of the recent hydrological state of the
surface water, groundwater and soil water in the area of interest and finding of a
water source for the revitalization of the old river bed and branches. The next phase
concentrated on modelling the hydrological and hydraulic processes of the surface
(using HEC-RAS and MIKE-11) and subsurface flows (using TRIWACO software
for groundwater modelling). At the end of the project solution, two technical
alternatives were proposed. The recommended variant considers the construction
of a bag weir in the Latorica River, which enables the revitalization of the Tice River
and its dead branches and the creation of conditions for a better quality of life of the
inhabitants in the villages affected.

New reports of water scarcity and record droughts due to climate changes are
becoming increasingly common as reported in the chapter “Water Demand
Management and Its Impact on Water Resources at the Building Level”. The costs
of water infrastructure have risen dramatically. Discussing the water used in a good
or bad (waste) way led us to think if we are using water in a sustainable way. A
common characteristic of water demand in buildings means its relentless rise over
many years and conception of continuous growth over coming decades. The main
influencing factors of water demand patterns are population growth, lifestyle change
depending on the region, demographic structure and the possible effects of upcom-
ing changes in climate and other health risk factors. In the European Union, it is
common to use well and rainwater source for no potable purposes (as irrigation,
toilet flushing, etc.). Grey water reuse is in Slovakia still rare. Common household
usage consumes much water. There is a need to manage its end use as sustainable as
our conditions allow us. Potable water consumption of the Slovak households is not
above average at all, but its use is inappropriate. Questionnaire on water, as one of
data collection methods, gives a closer look at water habits of households. The
results show that most of Slovakia citizens are pro water saving oriented and open to
new water ideas – as in the building water cycle. The primary goal of this chapter is
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to present the background for the water use, regulations and legislative framework in
the context of a water conservation strategy and discuss water types in building water
cycle connected to a water-energy nexus on the broader environment. There is a gap
for water regulation and water supply of grey- and rainwater systems. This chapter
pointed out the challenges and recommendations to strengthen and enhance future
of alternative water sources based on the scientific findings, policy, economic and
social impacts.

A significant number of building sustainability assessment methods and tools
have been developed over the past two decades. Sustainability assessment of
buildings means an evaluation of environmental, social and economic aspects and
indicators respecting technical and functional characteristics of buildings to design
and construction of sustainable buildings. There are many tools for sustainability
assessment of buildings used over the world such as LEED, BREEAM, Green
Globes, SBTool, CASBEE, etc. This chapter is aimed at introducing the building
environmental assessment system (BEAS) which has been developed at the
Technical University of Košice. The Slovak system was developed on the base of
existing systems and methods used in many countries. The BEAS includes a number
of environmental, social and cultural factors. The indicators were proposed
according to the analysis of building performance as well as on the base of exper-
imental experiences. The primary fields are building site and project planning,
building construction, indoor environment, energy performance, water management
and waste management. Water management in buildings is presented here as a
critical issue for achieving the sustainable buildings. Indicators of water manage-
ment are reduction and regulation of water flow in water systems with the weight of
42.3%, surface water runoff with the weight of 12.2%, drinking water supply with
the weight of 22.7% and using filtration of grey water with the weight of 22.7%.
More details could be found in the chapter titled “Sustainable Water Management in
Buildings”.

To attain sustainability of water resources involves taking economic, environ-
mental and socially feasible measures without detrimental consequences for the time
to come. Providing adequate water supply and sanitation is a challenging task in the
world. The country is facing the need to ensure water quality by using technical
systems, and thus one of the requirements of life for today’s civilization is becoming
water saving, treatment, and its management. Lots of aspects may contribute to the
solution on how to collect, produce and finally use alternative water sources.
Massive use of reused water for non-potable purposes in buildings promotes the
conservation of natural water resources. While respecting the necessary parameters
of alternative water sources, it is required for the end user or building manager to
ensure the prescribed quality of water depending on the purpose. The chapter
“Decision Analysis Tool for Appropriate Water Source at the Building Level”
presents a decision analysis tool on alternative water use at the building level.
Water management strategies and presented 11 portfolios should provide general
guidance on the issues and information to support decisions on alternative water use
and make it more attractive to the public. The evaluation of the two main criteria as
economic and environmental could be used to change the water habits or help the
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investor to make the right decision for the best water management portfolio.
Presented costs and benefits of the portfolios are scored and compared to screening
criteria calculated by analytical hierarchy process. The decision analysis tool could
fill the information gap on sustainable water strategies in Slovakia by a better
understanding of the building water cycle and help to change the thinking of the
society to be in the balance with nature.

Today we are facing the need to ensure water quality, so the primary requirement
of today’s civilization is to assess the water quality and perform the necessary
treatment, adapt, transport and heat it. The water pipes as a significant part of the
entire water distribution system have undergone considerable technical and techno-
logical development. Today we know that the various piping materials that have
been used to transport water throughout historical development had an enormous
impact on water quality. Drinking water must not cause any health problems to
users. Microbiological contamination of drinking water and the health risk caused by
pathogens that colonize the technical systems, however, occasionally cause serious
problems. These include, for example, some cases of epidemic outbreaks of deaths
that have occurred in the past 10 years in various parts of the world (e.g. cholera,
typhus). Legionnaires’ disease Legionellosis also belongs to such newer diseases.
The first case of Legionella infection from water distribution system was recorded in
a patient’s kidney transplantation. Since then, Legionella has begun to be tracked in
water systems in different types of buildings, including hotels, homes, factories and
ships. This bacterium was found throughout the water system, from the water source
to the outflow fittings. The goal of the chapter titled “Water Distribution System in
Building and Its Microbiological Contamination Minimization” is to present hot
water tank – a mathematical model which simulates temperature profile of hot water
tank and works on obtained approximated function. Temperature and water stagna-
tion are one of the factors that caused microbiological contamination of water, and
by knowing the temperature profile, we can reduce the possible risks. While respect-
ing the basic parameters of hot water, it is required for a water supplier and operator
of a building to ensure the prescribed quality and water temperature at each sampling
site and avoid the Legionella growth.

Human generally during his operating in the landscape and at the same time
in the river basin affects not only on its state and appearance. Our activity in
the landscape has a significant influence mainly on the hydrologic processes,
e.g. evapotranspiration, interception, soil moisture and groundwater recharge.
Essential activities influence also the precipitation distribution on the surface water
and groundwater discharge. Therefore it is necessary, during the landscape influence
exploitation evaluation on the hydrologic regime of the territory, to compare the
actual balance with the long-term balances and to look for changes in the landscape,
those could they caused. In the small river basins with different landscape exploita-
tion (agriculture, forest, high mountain, urbanized) are changes and landscape
exploitation better analysed, but also for the balances in the range of essential river
basins, it is necessary, during the analyses of the hydrologic regime changes, to
begin from the most elementary elements. Only an integrated approach to evaluation
and water resource management is possible for the water sustainability in the
landscape.
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4 Recommendations

Assessing the impact of climate variability on water resources has an impact on the
practice of sustainable development. During the last 10 years, we have experienced
several extreme hydrological but also climatic situations. Often we meet with
so-called storm water floods which in the past were a rare phenomenon. In this
work, we focused on water sources in eastern Slovakia.

Those who plan design and operate water projects and those who deal with the
protection of life, property and the environment, especially from natural catastro-
phes, should have access to the information related to water work. They should be
informed about the availability of such information and should be capable of
obtaining it in a form which is suitable for their use, including the free mutual
exchange of data necessary for ameliorating natural catastrophes. Commercializa-
tion of information associated with water should not prevent its complete use, and
distribution of information associated with water should be based on a non-profit
basis.

An approach is the assessment of data and information needs of potential users
and their comparison with the services provided by information centres and prog-
nosticating systems. This includes the strengthening of existing global databases and
countries which provide data to such databases. For this reason, the use of geo-
graphic information systems and similar computer technologies is increased. One
specific application of hydrological data is the installation and operation of hydro-
logical prognosticating systems and associated activities, which are vitally necessary
for the protection of lives and property against massive natural catastrophes.

The assessment of water resources, including studies on floods, droughts and
desertification and hydrological predictions, should be based on the preservation of
the relevant scientific principles depending on the technology of their implementa-
tion. Research and development activities should, therefore, be based on strategic
analysis of the needs of the country. They should take into consideration and
strengthen national expertise.

Recommended activities for water resource sustainable management in Slovakia
include:

1. Identification of the need for data on water and analysis and presentation of such
data in forms suitable for planning and managing the development of water
resources. Also for other purposes, such as the study of the environmental
impact of water management projects.

2. The collecting and distributing of datasets associated with water on the regional
and worldwide levels and information and use, among others, with the manag-
ing of resources in international basins and in climate change studies.

3. The assessment of surface water and groundwater resources and the interactions
of surface water and groundwater.

4. The assessment of risks of flooding from the runoff of rainwater and snow and
storm water and the installation of hydrological prognosticating and warning
systems for such risks.
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5. The assessment of risks of drought and the installation of drought warning
systems for the support of schemes for ameliorating the consequences of
drought, distributing these values to all who request information and ensuring
the incorporation of information on water resources into decision-making
processes.

6. The creation and strengthening of research and development programmes which
correspond to the needs of countries, so that the following are increased: the
understanding of basic processes associated with the water cycle, including
interactions between water, soil and the atmosphere. Supporting the assessment
of water resources and activities of hydrological prediction.

7. Support for the development of new technologies for assessing water resources
and hydrological prognostication, full use of the knowledge of local experts in
this regard.

8. The transfer of appropriate technologies to users.
9. Strengthening the relevant international and regional programmes on the

national and global levels.
10. Applying the sustainability principle to maintain the water resources for

sustainable use.
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