PROGNOSIS OF HYDROLOGICA

N SLOVAKIA

”{'!.'.H(_;]_ﬂf Fe eK Nnd Lotta Blask Ccova ﬁ'_-‘t’gi.

I“BH ‘978802‘2‘3“4‘6“3“3
9 7788 733

0227346




COMENIUS UNIVERSITY IN BRATISLAVA

Faculty of Natural Sciences

Miriam FENDEKOVA and Lotta BLASKOVICOVA (Eds.)

PROGNOSIS
OF HYDROLOGICAL DROUGHT
DEVELOPMENT IN SLOVAKIA

2018

Univerzita Komenského Bratislava



Produced with the support of grant APVV-0089-12 Prognosis of hydrological drought develop-
ment in Slovakia, and a contribution to the UNESCO-IHP VIII FRIEND-Water programme
in EUROFRIEND - Low Flow and Droughts group.

Team of authors (in alphabetical order):

RNDr. Oliver Bochni¢ek, PhD. (Slovak Hydrometeorological Institute, Bratislava)

Ing. Lotta Blaskovi¢ov4, PhD. (Slovak Hydrometeorological Institute, Bratislava)

RNDr. Ingrid Damborsk4, CSc. (Faculty of Mathematics, Physics and Informatics, Univerzita
Komenského, Bratislava)

Doc. RNDr. Mariin Fendek, CSc. (Faculty of Natural Sciences, Univerzita Komenského,
Bratislava)

Prof. RNDr. Miriam Fendekovd, CSc. (Faculty of Natural Sciences, Univerzita Komenského,
Bratislava)

Mgr. Oliver Horvit, PhD. (Faculty of Natural Sciences, Univerzita Komenského, Bratislava)
RNDr. Pavla Pekdrova, DrSc. (Institute of Hydrology, Slovak Academy of Sciences, Bratislava)
RNDr. Valéria Slivov4, PhD. (Slovak Hydrometeorological Institute, Bratislava)

Mgr. Dana Vrablikovi, PhD. (Faculty of Natural Sciences, Univerzita Komenského, Bratislava)

© RNDr. Oliver Bochni¢ek, PhD., Ing. Lotta Blaskovi¢ova, PhD., RNDr. Ingrid
Damborska, CSc., Doc. RNDr. Marian Fendek, CSc., Prof. RNDr. Miriam Fendekova,
CSc., Mgr. Oliver Horvat, PhD., RNDr. Pavla Pekarova, DrSc., RNDr. Valéria Slivova,
PhD., Mgr. Dana Vrablikova, PhD.

Reviewers: Prof. Ing. Silvia Kohnovd, PhD., Doc. Ing. Martina Zelenikovi, PhD.

ISBN 978-80-223-4673-3
ISBN online 978-80-223-4673-3



FOREWORD

The present work is a follow-up to the monograph Hydrologické sucho na Slovensku a prog-
noza jeho vyvoja (Hydrological drought in Slovakia and the prognosis of its development),
published in 2017. This work by a large team of authors, edited by M. Fendekovi, J. Po6rova
and V. Slivovi was the result of project APVV-0089-12 Prognosis of Hydrological Drought in
Slovakia. Staff from the Faculty of Natural Sciences of Comenius University in Bratislava, the
Faculty of Mathematics, Physics and Informatics of Comenius University in Bratislava and the
Slovak Hydrometeorological Institute participated in the project from October 2013 to Sep-
tember 2017. The University of Natural Resources and Life Sciences (BOKU), Vienna and the
Institute of Hydrology of the Slovak Academy of Sciences in Bratislava were research partners.

The aim of the monograph was to use detailed knowledge of climatic and hydrological condi-
tions in Slovakia assisted by modelling tools to develop scenarios for the forecast development
of elements of water balance to 2100.

Since the monograph was positively received by specialist and lay audiences in Slovakia, Cze-
chia and Poland, we have decided to make the most important results of this research project
available in a more concise and updated form for the broader foreign scientific community. The
present monograph, Prognosis of hydrological drought development in Slovakia, is also the Slo-
vak scientific community’s contribution to the international programme UNESCO-IHP VIII
FRIEND-Water programme in the group EUROFRIEND - Low Flow and Droughts group.
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INTRODUCTION

Hydrological drought in surface and ground water resulting from meteorological drought is
becoming increasingly common even in mild climate zones. The scientific study of hydrolog-
ical drought includes several aspects of this phenomenon, particularly its causal factors, meth-
ods for its quantification and its temporal and spatial patterns of propagation.

The problem of drought has received major attention in the scientific community. The Scopus
scientific database (https://www.scopus.com/results) returns more than 90,000 titles in various
scientific disciplines for the keyword “drought”, more than 80,000 having been published in
the period 2000 to 2017. The first works on drought date from 1866 and there are nearly 70 for
the 19th century. The scientific disciplines with the largest numbers of publications are hydrol-
ogy, water management and water resources, landscape ecology, atmospheric, soil, agricultural
and forestry sciences, and geochemistry. Publications can also be found in fields such as ecotox-
icology, plant and animal physiology, molecular genetics and anthropology. Less attention has
so far been given to the economic consequences of drought and the need for the involvement
of the scientific community in the active preparation of measures to avoid or mitigate the ad-
verse effects of drought in various areas of society. It is an area of growing concern, however,
as can be seen by the numerous projects and events organised as part of strategic planning to
mitigate or prevent the consequences of drought on the European level, and recent articles in
scientific journals such as van Lanen et al. (2016), Blauhut et al. (2016), Schmitt et al. (2016),
Freire-Gonzilez et al. (2017, 2018), Rodrigues et al. (2018) or Hund et al. (2018).

Jumps in interest in drought occur especially in the wake of extreme events that affect large
areas, often whole continents. The longest periods of drought are associated with arid and
semi-arid areas, where they are a long-term or permanent feature of the climate. This publica-
tion considers drought as an extreme hydrological phenomenon associated mainly with areas
in the temperate band. One of the longest-lasting droughts of the last century was the drought
that aftfected more than 70% of the territory of the USA between 1933 and 1940, known as the
Dust Bowl (Andreadis et al., 2005; Ganguli and Ganguly, 2016). The West Coast of the USA
experienced a continuous drought from 2012 to 2015 centred on California. Australia experi-
enced a drought from 2001 to 2009 that became known as the Millennium Drought (van Dijk
et al., 2013). Europe has also been affected by significant long-lasting droughts. Drought is
more frequent in the Mediterranean region and often aftects Spain, Italy or Greece. Droughts
on a pan-European scale have been occurring more frequently, for example in 2003 and in
2015. Slovakia experienced several major periods of drought in the last century, notably the
years 1947, 1982-1983 and 1992-1994. There have also been several periods of drought in the
21st century that have affected various large parts of the territory of the Slovak Republic with
varying intensity, such as 2003, 2008, 2011-2012 and 2015.

Drought research in Slovakia can be dated to the second half of the 1980s, when the researchers
began to build a comprehensive picture of drought, its propagation as a result of the water cycle
and its effects on several aspects of the environment and its potential impact on society. Most
data was collected as part of the National Climate Programme of the Slovak Republic. Drought
has previously been studied in many research projects under various grant schemes including
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both international programmes (COST, the 5th, 6th and 7th EU Framework Programmes) and
Slovak bodies (VEGA, APVV). In Slovakia, drought research developed both in the academic
sector — in the Faculty of Natural Sciences of Comenius University in Bratislava, the Faculty
of Civil Engineering of the Slovak Technical University in Bratislava and the Faculty of Civil
Engineering of the Technical University in KoSice — in the Institute of Hydrology of the Slovak
Academy of Sciences and in bodies under the Ministry of Environment of the Slovak Republic
— the Slovak Hydrometeorological Institute and the Water Research Institute. One of the most
recent projects was project APVV-0089-12 Prognosis of Hydrological Drought in Slovakia,
the lead institution for which was the Department of Hydrogeology of the Faculty of Natural
Sciences of Comenius University in Bratislava.

Despite the collection of a large amount of information, the phenomenon of drought has not
yet been adequately explored, especially the prognosis for its future occurrence. Therefore, we
are currently forced to rely on measures for the prevention and mitigation of its effects, which
in many countries have been incorporated into action plans to combat the effects of drought.

The need to deal with the eftects of drought and water scarcity motivated the drafting of the
action plan HZODNOTA JE VODA (Water is a Value), approved by the government of the
Slovak Republic in March 2018 (https://www.minzp.sk/files/sekcia-vod/hodnota-je-voda/) The
aim of the action plan is to implement preventive measures against drought and to eliminate
the adverse effects of climate change. In accordance with the methodology and institution-
al framework of public policymaking, the action plan is a separate document linked to Act
No. 364/2004 on and amending Act No 372/1990 on infractions, as amended (the Water Act),
which creates conditions for mitigating the adverse effects of drought and water shortages.
Drought and water shortages have been incorporated into the updated Slovak Water Plan, even
though drought is not yet considered one of the major factors affecting the condition of sur-
face and ground water bodies. There is a separate chapter on drought in the strategy for the
environmental policy of the Slovak Republic to 2030 (https://www.minzp.sk/files/sekcia-vod/
hodnota-je-voda/). It is, however, impossible to adopt preventative measures without knowing
the local and regional characteristics of the climatic and hydrological regime in Slovakia.

The Authors of the present work would like to thank the whole team of authors who partici-
pated in tasks within the project and in writing the extended Slovak monograph Hydrologické
sucho na Slovensku a prognoza jeho vyvoja (Hydrological drought in Slovakia and the prognosis
of its development), published in 2017, for their excellent cooperation. Without them this work
could not have been produced. These include in particular Dr. Tobias Gauster from BOKU
Wien (Austria), Ing. Zuzana Danicovi, PhD., Ing. Jana Poérovi, PhD., RNDr. Jin Gavurnik,
Ing. Eugen Kullman, PhD., Mgr. Katarina Mikulova, PhD. and Ing. Viliam Simor, PhD. from
the Slovak Hydrometeorological Institute in Bratislava, and Prof. RNDr. Milan Lapin, PhD.,
Assoc. Prof. RNDr. Martin Gera, RNDr. Maridn Melo, PhD., and Assoc. Prof. RNDr. Jin
Pekir, CSc. from the Faculty of Mathematics, Physics and Computer Science of Comenius
University in Bratislava.
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1. DROUGHT - AN EXTREME
METEOROLOGICAL AND HYDROLOGICAL
PHENOMENON

One of the expected effects of climate change is that extreme meteorological and hydrological
phenomena will occur more frequently. Meteorological and hydrological droughts undoub-
tedly rank amongst such phenomena. The effects of drought are a risk not just for nature and
the landscape but also human society. The primary eftect of a lack of precipitation is reduced
water runoff, which leads to secondary eftects. The major consequences include problems with
supplies of drinking water and electricity, lower agricultural and industrial production but there
are also problems such as the drying up of small watercourses and springs, worse quality of
natural waters, the occurrence and spreading of forest fires and dust storms etc.

Drought differs from other natural catastrophes (floods, landslides, etc.) in that it develops
slowly and may go unnoticed for a long time. Drought is a characteristic and permanent phe-
nomenon in arid and semi-arid areas because of their specific climatic conditions. In the last
decade, however, droughts have become more frequent in temperate climates and their adverse
eftects have been stronger and more intense.

Drought is a relative term and it can be defined from different angles. This is why there is still
no single, unified definition of the phenomenon. In general, the term drought covers a com-
plex of natural phenomena manifested in several parts of the Earth’s climate system at various
places and times. They occur mainly as a result of a negative precipitation anomaly and are
characterised by a below average quantity of water and its poor availability in different parts of
the water cycle (Ogallo and Gbeckor-Kove, 1989). It should be emphasised that drought is a
natural part of the water cycle.

As stated earlier, there are many definitions of drought, which are mainly based on the identi-
fication of the start, severity and end of the phenomenon. As early as 1980, research by Wilhite
and Glanz documented more than 150 published definitions of drought. Wilhite and Glanz
(1985) divided this set of definitions into four basic categories: meteorological, hydrological,
agricultural and socio-economic drought. The first three categories concern the definition of
drought as a physical phenomenon caused by climate variability. Drought represents a natural
shortage of water, although meteorologists, farmers and hydrologists would all look at it diffe-
rently and give different definitions. The last category considers drought from the perspective
of demand for water and its satisfaction, with reference to the cascade of effects of a deficit on
socio-economic systems (Brown and Magary, 1998). According to Gibbs (1975), drought is a
state in which the available quantity of water is insufficient to cover demand for use. Socio-e-
conomic drought expresses a water deficit in economic terms related to increased turnover and
demand, which result from every type of drought (Stahl, 2001). The category of socio-econo-
mic drought thus clearly defines a deficiency of water in relation to need, which can be referred
to as water scarcity.

A new aggregate definition of each category of drought based on research into definitions in
world literature was published by Mishra and Singh (2010). An article by a broad team of
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authors under the leadership of van Loon (2016) addressed the issue of drought in a human-
modified world with an emphasis on reframing drought definitions, understanding, and ana-
lysis approaches.

1.1. METEOROLOGICAL DROUGHT

Mishra and Singh (2010) characterise meteorological drought as a deficit of precipitation in a
defined time period. In our view, the fact that climate change is bringing an increase in average
air temperatures in many places leading to increased demand for water due to evaporation, it is
not enough to monitor precipitation totals and attention must also be paid to potential evapo-
transpiration, albeit in simplified form. We therefore consider meteorological drought to be a
lack of water caused by a lack of precipitation and increased evapotranspiration. The significant
publications on methods for quantifying meteorological drought include the work of McKee
et al. (1993) on the calculation of the Standardised Precipitation Index (SPI) and the work of
Vincente-Serrano et al. (2010) on the calculation of the Standardised Precipitation and Evapo-
transpiration Index (SPEI). Examples of the application of these indices on the pan-European
level can be found in Ionita et al. (2017), Marcos-Garcia et al. (2017), Bachmair et al. (2018),
Richardson et al. (2018) and many other publications in the European and global research areas.

Studies focussing on the issue of meteorological drought have also been produced in Slovakia
(Labudovi in Fendekovi, Poérova and Slivova Eds., 2017). Samaj and Valovi¢ (1972) made an
early study of dry periods in Slovakia using a method of their own devising based on a mini-
mum number of consecutive days with cumulative total precipitation below a threshold value.
More recent works on meteorological drought include the findings of Tomlain (1980, 1991)
and Patassiovi et al. (2002). These authors worked not only with the value of the aridity index
K, i.e. the relationship of total precipitation (P) and potential evapotranspiration (Eo), but also
the Palmer Drought Severity Index (PDSI). Tomlain used this method to process data from 54
weather stations in Slovakia for the period 1931-1960 (Tomlain, 1980), and 1951-1980 (Tom-
lain, 1991). The PDSI has also been used to identify droughts in the period 1971-2003 at 18
selected stations in Slovakia (Litschmann and Klementovd, 2004). The last year of the studied
period was an extremely dry year, especially in the south-eastern part of Slovakia. This moti-
vated a follow-up paper by Klementovd and Litchmann (2004), evaluating the agro-climatic
drought in Slovakia in 2003.

Agricultural drought is closely related to meteorological drought based on a deficiency of soil
moisture. Skalsky et al. (2012) modelled the complex relationships in the soil — plant — atmo-
sphere system using the WOFOST model. The authors used the model to evaluate the eftect
of drought on spring barley in the period 1997-2007. A potential threat to spring barley was
identified in the Zahorie Lowland, the upper part of Zitny ostrov, around Hurbanovo and in
the southern part of the Eastern Slovak Lowland. One of the most recent studies of agricul-
tural drought in Slovakia is Taki¢ (2015), which makes of the Standardised Precipitation Index
(SPI), amongst other indicators. Labudova et al. (2017) identified a relationship between the
incidence of meteorological drought and agricultural crop yields in the Danube and Eastern
Slovak Lowlands.
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In addition to theoretical studies that derive future forecasting models from records of droughts
in a given historical period, drought research has participated in the development of effective
drought monitoring and early warning systems. There are a number of such systems in other
countries. One of the oldest is the US Drought Monitor (http:/droughtmonitor.unl.edu/), a
joint project of the National Drought Mitigation Center (University of Nebraska-Lincoln),
the US Department of Agriculture and the National Oceanic and Atmospheric Administration
(NOAA). Drought monitoring based on the SPI index and percentiles of aggregate precipita-
tion is provided for south-eastern Europe by the Drought Management Centre for South-East-
ern Europe.

Intersucho is a drought monitoring system that has operated in the Czech Republic since April
2014 (Labudovi in Fendekovd, Podérova and Slivovd Eds., 2017). It focuses on monitoring soil
saturation and the condition of vegetation. It began as a joint project of the Global Change
Research Institute of the Academy of Sciences of the Czech Republic (CzechGlobe), Mendel
University and Masaryk University in Brno. The current situation is updated once a week
(on Mondays), together with a forecast of developments for the next seven days based on data
from the GFS model. In 2015 the Slovak Hydrometeorological Institute (SHMU) joined the
project and from autumn 2015 it has monitored drought not only in Czechia but also in Slo-
vakia (www.intersucho.sk). SHMU has successtully developed its own drought monitoring
system focussing on meteorological drought. Likewise, it makes weekly calculations of daily
SPI and SPEI indices and a weekly CMI (Crop Moisture Index) index (http:/www.shmu.sk/
sk/?page=2162) and provides a forecast of the indices for the next seven days based on the out-
put of the ECMWEF(European Centre for Medium-Range Weather Forecasts) model.

The World Meteorological Organisation (WMO) recommends the use of the Standardised
Precipitation Index (SPI) developed by McKee et al. (1993) to quantify meteorological drought.
The calculation of the SPI uses a long-term series of monthly precipitation totals (a minimum
of a thirty-year series is recommended) transformed using a theoretical probability distribution
(most often a gamma distribution) to a time series with a normal frequency distribution. The
gamma distribution function has the form:

Flra) =5 (1.1.1)

T'a

for 0 < x < oo, where o is the function shape parameter.
The formula for calculating the SPI is then as follows:
SPI = (P - P*)/(5,) (1.1.2)

where:

P = total precipitation (mm)

P* = the long-term mean precipitation (mm)

6, = the standard deviation of total precipitation.

The average SPI value for a given location and time period is thus zero. A drought is defined as
a long-term period in which the SPI is less than 1.0. The index limit values are shown in tab.
1.1.1. The eftect of precipitation in surface and ground water can be measured using a three-
-monthly index SPI-3, a six-monthly index SPI-6 — which indicates the seasonal trend — and
also a nine-monthly index SPI-9 and a twelve-monthly index SPI-12 — reflecting the long-term
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trend in precipitation (WMO, 2012). The advantage of this method of quantifying precipitation
over a year is that it does not assess the year as a whole, which eliminates the possibility that the
results will be affected by one or more periods of above-average or below-average precipitation,
which would cause the year to be classified as having normal precipitation despite the fact that
it included periods of extreme surplus or deficit in precipitation.

Besides the SPI, meteorological drought is often quantified using the standardised precipitation
and evapotranspiration index (SPEI) which was developed by Vincente-Serrano et al. (2010).
This index takes into consideration not only precipitation totals but also potential evapotranspi-
ration so as to take account of the effect of air temperature on water consumption. The index is
calculated using the same principle as the SPI but the SPEI does not use precipitation totals but
the difference between precipitation and quantified potential evapotranspiration. The values
obtained for SPEI are classified using the same scheme as for the SPI (tab. 1.1.1).

Tab. 1.1.1 Limit values of the standardized precipitation index SPI (according to McKee et al.,
1993)

Standardized Precipitation Index (SPI)
SPI value Classification
2.00 and more Extremely wet

1.50 to 1.99 Very wet
1.00 to 1.49 Moderately wet
-0.99 to 0.99 Close to normal
-1.00 to -1.49 Moderately dry

-1.50 to -1.99 Very dry
-2.00 and less Extremely dry

An example of the outputs of SHMU’s drought monitoring, including the calculated and fo-
recast values for SPI and SPEI for the meteorological station at Kuchyna in Western Slovakia,
is shown in fig. 1.1.1.

Kuchyiia
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Fig. 1.1.1 SPI and SPEI at the Kuchyria station from October 3 to November 25, 2018
(www.shmu.sk)

1.2. HYDROLOGICAL DROUGHT AND ITS
MANIFESTATION IN SURFACE WATER FLOWS

Hydrological drought is a phase that follows meteorological drought. The eftects of mete-
orological drought, above all the deficiency of precipitation, cause a fall in water levels and
discharge in surface watercourses, lakes, reservoirs and groundwater. The time delay between
the meteorological and hydrological phases of drought is different for surface and ground water
and there is also significant variability in time delays within these subsystems. Groundwater is
usually the last element of the water cycle to respond to a state of drought. In surface water the
reaction to a precipitation deficit may be observed within a few days in the case of smaller basins
with a fast runoff or within a few months if streamflow is fed by groundwater to a significant
extent (Tallaksen and van Lanen Eds., 2004). Other factor that can influence the time of onset
of hydrological drought include a river basin’s size and other characteristics (physiographical,
geological, morphological, soil types, land use), the feeding of surface water from groundwater,
snow storage in the basin etc. Another major factor is human activity — water abstraction and
discharges and manipulation via reservoirs, which can have a significant influence on stream-
flow in surface watercourses, especially in periods of low flow.

Another common use of the word drought is to refer to the lack of water when current water
sources are insufficient to cover current demand for water. Water scarcity need not always be
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the result of drought or low flow but can also be caused by demand for water that is greater than
the current availability of water.

One of the first works on drought was Yevjevich (1967), in which hydrological drought is
formulated in mathematical terms as a stochastic process. Combined approaches to drought re-
search were developed by Zelenhasic and Salvai (1987), Rossi et al. (1992) and Bonacci (1993).
A review paper on drought research was presented by Smakhtin (2001). Regional aspects of
drought were considered in Hisdal (2002). Hydrological drought was also defined and studied
in Tallaksen and van Lanen Eds. (2004). Van Loon et al. (2010) presented a classification sys-
tem for winter droughts. Van Loon and van Lanen (2012) considered the typology of droughts
based on the processes that give rise to them. In 2015 van Loon and Laaha published a work
on the influence of the physiographical parameters of a basin on the intensity of hydrological
drought. The hydrological drought in 2015 was studied in van Lanen et al. (2016) and Laaha et
al. (2017). The territory of Slovakia was featured in these two works.

Hydrological droughts or periods of low flow are a natural part of the hydrological regime of
surface water. The surface runoft regime in Slovakia is typically characterised by increased
spring runoff (see fig. 1.2.1) which occurs later in mountain areas with higher altitudes than in
lowland watercourses because of the later melting of snow and reserves of snow that are also
usually larger, which are significant factors affecting the spring runoft.

Intra-annual runoff distribution in Slovakia in the period 1961-2000
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Fig. 1.2.1 Intra-annual runoft distribution in the Slovak territory (reference period 1961-2000)

Most Slovak watercourses have a period of low flow in the summer and autumn (usually from
August to October) and in mountain areas there is a significant period of low flow in the winter
(usually from December to February). The winter low-flow period is caused firstly by precipi-
tation in the form of snow which does not contribute immediately to runoft in periods of low
temperatures (below freezing), and also by the partial or complete freezing of watercourses.
This fact has led to the use in drought studies of the concept of the hydrological year, which
ensures that precipitation that falls as snow at the end of the calendar year but runs off mainly
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in spring is counted towards runoff in a closed time period / year. Different countries use a dif-
ferent definition of the hydrological year; the Slovak hydrological year runs from 01 November
to 31 October of the following year.

The increased spring runoff is also an important factor for runoff conditions for the rest of the
year. The analysis of drought has shown that dry periods in the summer and autumn are in
many cases preceded by the absence of the usual periodic runoff, especially by a quantitative re-
duction in runoff in the usually high-flow spring months. Fig. 1.2.2 presents an example taken
from the discharge history at the Stitnik gauging station on the River Stitnik in the river basin
of the Slani in the hydrological year 1993, showing the course of average daily and month-
ly discharges for the year against the coloured background of quantiles of long-term average
monthly discharges for the reference period 1961-2000. The graph clearly shows the absence
of the increased spring runoff in the usually high-flow months of March, April and May — the
average monthly values for these months in 1993 are in the red-coloured quantile indicating
less than 40% of the long-term average monthly discharge. In the summer months and in Au-
gust and September there is a long period when the average daily discharge is less than 364-day
discharge (Q,,, or Q,,,,), indicating a significantly dry period.
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Fig. 1.2.2 Course of the average daily and monthly discharges in 1993
at the Stitnik - Stitnik gauging station

There is no standardised criterion for the quantitative definition of hydrological drought be-
cause of the diversity of meteorological, hydrological, agricultural aspects, amongst others, that
must be considered while also having regard for the potential damage to several areas of the
national economy (Meteorological vocabulary — explanatory terminological, 1993). The dura-
tion of low flow is defined as a continuous period during which discharge is below a selected
threshold level (OTN 3113-1, 2005). The selection of the threshold discharge level is thus a
key issue for defining periods of low flow and quantifying droughts in surface watercourses.
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The assessment of low flow in surface watercourses considers multiple hydrological character-
istics. The hydrological discharge regime related to drought is assessed using various time steps
and for various periods. Indicators that can be calculated and statistically processed for a chosen
study period include minimum average daily discharges (with monthly or annual time steps or
for the whole period), M-day discharges (the flow duration curve of average daily discharges),
minimum monthly and annual discharges (with occurrence date). Foreign literature tends to
use percentiles more frequently than M-day discharges for flow duration curve. For compar-
ison, the M-day discharge Q,,, roughly corresponds to the Q,, percentile, while the M-day

discharge Q,,,, roughly corresponds to the Q,, percentile.

Discharge characteristics are compared with long-term values for a reference period. Since
2006 the reference period for surface waters has been the period 1961-2000. The reference
period that it replaced had been based on the years 1931-1980. Before that hydrological studies
of quantity and water discharge regime had also used 1931-1940 and 1931-1960 as reference
periods.

Non-discharge characteristics can also be used in the assessment of low flow. These include the
temporal characteristics of drought (start date, number of days of low flow, the longest drought
episode in the study period) and deficiency volumes (the volume of the water deficit for days
of dry episodes below a given discharge threshold). Such analyses provide valuable information
not only on the seasonal aspects of dry period occurrence and the duration of periods with
sub-threshold discharge but also on the volume of the water deficit, which makes it possible to
quantity the economic effects of the water deficiency for agriculture, industry, electricity gen-
eration and the like. It can also provide information on the potential negative effects of drought
on nature and landscape.

The outputs of both methods are used, as a rule, when defining drought years or multi-year
drought periods in a studied period based on an assessment of water levels and flows in each
year for each studied discharge gauging station, the dating of the occurrence of minimal dis-
charges, the duration of low-flow periods etc.

The next step is to evaluate discharge and non-discharge characteristics not only in time but
also in space. The assessment of the current incidence of hydrological drought, its discharge
and non-discharge characteristics in individual river basins, watercourses and profiles permits
drought evaluation in the sub-basins of Slovakia and drought analyses on the regional level.

1.3. HYDROLOGICAL DROUGHT AND ITS
MANIFESTATION IN SPRING YIELDS
AND GROUNDWATER LEVELS

1.3.1. The current state of research into the effect of drought
on groundwater

Evaluations of drought in groundwater based on the groundwater regime and spring yields is
not very common in the literature. Eltahir and Yeh (1999) is a very important work on drought
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propagation in groundwater systems. The authors investigated the “propagation” of drought
in groundwater systems using data observed in Illinois, USA. The authors observed a trend
towards the increased persistence and severity of such droughts. Van Lanen and Peters (2000)
present an overview of the definitions and eftects of drought in groundwater. They define
a groundwater drought as occurring when the groundwater heads in an aquifer fall below a
threshold level over a certain period of time. This decrease below a threshold value has di-
rect and secondary consequences. The direct consequences include a decrease in groundwater
levels, reduced runoff to the surface element of the hydrosphere and reduced capillary rise.
Secondary effects include the drying up of rivers, worse quality of surface and ground water,
degradation of aquatic and terrestrial ecosystems, reduced crop yields etc. Later Peters and
van Lanen (2001) defined this type of drought as a fall in the available groundwater with or
without adverse effects which are the result of climate variability. Marani, Eltahir and Rinaldo
(2001) demonstrated that a change in the persistence and severity of drought may be partially
linked to non-linearity in the groundwater — discharge relationship (the groundwater rating
curve) resulting from changes in the density of the stream network and changing groundwater
levels. Other studies of the propagation of drought in groundwater systems include White,
Falkland and Scott (1999) and Changnon, Huft and Hsu (1988), and the dissertation of Peters
(2003) on the Pang (Great Britain) and Guadiana (Spain) river basins. Peters, Torfs, van Lanen
and Bier (2003) include a discussion of the spatial distribution of drought in groundwater and
the selection of indicators to represent it, which was followed up in Peters, Bier, van Lanen
and Torfs (2006). The authors made a simulation of the spatial distribution of groundwater
recharge, groundwater levels and groundwater discharge in the Pang River Basin. Groundwater
levels were simulated using the MODFLOW model and groundwater recharge was simulated
using the 1D SWAP model. Van Lanen (2006) addressed drought propagation through the
hydrological cycle. Time series of simulated groundwater recharge, levels and runoff were ob-
tained for humid and semi-arid climate regions. These parameters were simulated using the
SIMGRO model and drought parameters were derived from the simulation with the assistance
of the NIZOWKA software package. Tallaksen and van Lanen (2004) edited a monograph on
issues related drought in surface and ground water. Multiscale evaluation of the Standardized
Precipitation Index as a groundwater drought indicator was studied and applied by Kumar et al.
(2016). Hund et al. (2018) is one of the most recent works on drought in groundwater.

Initially, drought research in Slovakia did not pay adequate attention to groundwater drought. It
began to receive more attention from 1992, when Chalupka and Kullman (1992) published the
first assessment of the groundwater regime in Slovakia from the perspective of natural decreas-
es in the yields of selected springs. The first analytical studies of groundwater drought with
mapping of the relationship between meteorological and hydrological drought were published
even later, within the last 10 years. Burger (2005) discussed the concept and identification
of hydrological drought as a groundwater deficit. Bruskovd (2007) evaluated meteorological
drought and its influence on groundwater drought in the upper Torysa basin. Slivova (2007)
analysed and modelled hydrological drought in her dissertation work. The main aim of the
work was to select suitable parameters and methods for characterising hydrological drought
in groundwater, to propose a methodological procedure for its evaluation and to study the
relationship between meteorological drought and groundwater drought. The effect of hydro-
logical drought on the quantitative and qualitative parameters of surface and groundwater was
studied by Fendekovi et al. (2009). Fendekovi et al. (2010) developed an approach to the eval-
uation of drought in the groundwater component of the hydrosphere taking account of the
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hydrogeological properties of the rock environment and changes in water quality in droughts.
Fendekovd and Fendek (2012) presented research on the identification and classification of
drought in surface and ground water in the upper Nitra River Basin. Stojkovovd wrote her dis-
sertation (2014) on methods for evaluating drought in groundwater level regimes. Kullman et
al. (2015) published a study of the spatial distribution of drought effects in groundwater based
on groundwater level regimes and spring yields in all parts of Slovakia in 2014 using numerical
data from selected sampling sites in the Slovak hydrological monitoring network for ground-
water. A study of groundwater in the hydrological year 2015 using the same methodology as
for 2014 was published by Slivovd a Kullman (2016). An evaluation of drought based on spring
yields in the Nizke Tatry Mountains was published by Vrablikovd and Fendekova (2016) while
the seasonality of minimum spring yields was the topic of Vrablikova’s dissertation (2017).
Slivova et al. (2016) analysed the incidence of drought in groundwater in all parts of Slovakia
over three hydrological years 2013, 2014 and 2015. Fendekovd et al. (2017a, 2017b, 2017¢, 2018)
published studies of drought in selected river basins in Slovakia.

1.3.2. Factors affecting groundwater drought

The occurrence of drought depends primarily on the climatic factors that influence the water
levels in a basin, the size of runoff and the hydrological flow regime. Such factors include pre-
cipitation, air temperature, ground evaporation, air humidity and wind conditions. Secondary
factors include surface features such as the relief of the territory, vegetation, lakes, marshland,
reservoirs and the stream network, which regulate surface runoft, and factors such as soil and
the geological and hydrogeological characteristics of aquifers, which regulate base flow (Balco,
1990). Groundwater is not always evenly distributed within a river basin. The unevenness of
its distribution in space and time depends on climatic, geological and hydrogeological factors.
Other significant factors include the hydrophysical properties of rocks and the character of
their open fracturing, which determines ditterent conditions for infiltration, accumulation and
discharge in the rock environment. Hydrological drought in groundwater is caused by an in-
creasing soil moisture deficit during summer and a lack of precipitation during winter (or
another wet season). In temperate climates, the deficit of soil moisture increases during the
summer because evapotranspiration is greater than total precipitation.

Groundwater is the last element to be aftected by drought in the time sequence of hydrological
drought. The phenomenon occurs if the supply of surface water to groundwater ceases. In
this case the drought in surface and ground water develops more or less concurrently. It is also
possible for the delay between meteorological and hydrological drought to last several months.
Groundwater reserves recover slowly, which means that the effects of drought in groundwater
may be perceptible long after the end of meteorological drought (Peters and van Lanen, 2001).

In hydrology and hydrogeology, seasonality means regular cyclical change in a studied compo-
nent in the course of one hydrological year. For the purposes of hydrogeology such elements
may include groundwater levels or spring yield, while in hydrology they include the water stage
or the discharge.

There has recently been an increase in attention to the problem of the seasonal occurrence of
hydrological, hydrogeological and meteorological phenomena and their regional expression.
The foreign literature on the evaluation of the seasonality of spring yields includes works such
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as Orehovia (2002), Ledvinka and Lamacovi (2014), and Moniewsky (2015). In hydrology the
issue of the seasonality of discharges, both minimum and maximum, has been discussed by
several Slovak and foreign scholars such as Cunderlik (1999), Kohnovi and Szolgay (2000),
Kohnovi et al. (2008), Stevkovi et al. (2012), Burn (1997), Laaha and Bléschl (2006), Paraj-
ka et al. (2009; 2010) and many others. In hydrogeological research the seasonal component
of spring yields has been evaluated in the quantitative analysis of spring regimes of Slovakia
(Fendekovi et al., 1995; Fendekovd, 1996; Fendekovi and Fendek, 2005).

1.3.3. Initial data and evaluation methods of spring yields seasonality

The seasonality of minimum spring yields was analysed in a set of 75 springs from the database
of the Slovak Hydrometeorological Institute (Fig. 1.3.3.1, Tab. 1.3.3.1), which provided the
project with weekly data on spring yields for the hydrological years 1980-2012.
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Fig. 1.3.3.1 Location of the evaluated springs

In addition to the data on weekly spring yields, the analysis incorporated meteorological data
and the physiographical parameters of the environment around the outflow of the springs. Me-
teorological data on average total annual precipitation (P) and average annual air temperature
(t) was provided by the Slovak Hydrometeorological Institute in the form of map layers from
the climate atlas of Slovakia (Climatic atlas of Slovakia, 2015).

The physiographic characterisation of a territory in hydrological and hydrogeological practice
is based on the characteristics used to define a hydrological basin, though defining a hydro-
geological watershed divide is much more complicated and complex. Likewise, it can someti-
mes be extremely difficult to determine the infiltration-accumulation area for a specific spring.
The physiographical data for evaluation was therefore based on the surroundings of the spring
outlet and the seasonality of spring yields was analysed using the following factors that can be
represented in numerical terms: altitude above sea level of the spring outflow (Alt), the coeffi-
cient of transmissivity of the rock environment (T') (Malik et al., 2007; 2013) and the compass
orientation of the spring area (CO). A summary of data on the meteorological and physiogra-
phical characteristics of the evaluated springs is given in Table 1.3.3.2.
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Tab. 1.3.3.2 Meteorological and physical-geographical characteristics of the discharge areas of
evaluated springs

e ko
€= o ~ | % %~ €= o ~ | &, 2o
s|33)9| 7| 8] 2% |5 |23|°| 7|2 i
<E| - =187 £ <E| - = 1§°| &2
& &=
43 250 88 | 751.3 W 758 E-04 | 1305 | 420 75 804.8 SE | 6.19 E-04
52 300 83 | 730.9 SW 1.76 E-04 | 1307 | 885 4.8 | 1,140.4 | NW | 1.08 E-05
113 375 7.8 823.9 E 3.46 E-05 | 1309 | 570 59 | 991.5 E 1.04 E-03
241 302 8.7 802.8 S 2.01 E-04 | 1312 | 550 6.5 882.2 A% 6.19 E-04
322 883 5.2 9114 S 9.20 E-04 | 1315 | 520 6.8 877.5 NW | 8.15 E-04
328 1178 | 1.9 | 1,405.4 SE 6.19 E-04 11386 | 460 7.2 793.0 E 2.86 E-04
357 764 46 | 1,071.8 NE 3.55E-03 | 1394 | 525 7.1 763.2 NW | 4.07 E-04
364 870 5.0 | 928.8 SW 9.20 E-04 | 1408 | 465 7.6 836.9 NE | 3.43 E-04
365 764 5.3 989.4 S-SE | 1.04 E-03 | 1411 300 8.4 | 7773 NW | 2.89 E-04

394 733 | 47 ] 1,2903 | SW | 1.04E-03 |1423 | 525 | 7.9 | 864.7 E | 2.89 E-04

511 950 | 4.4 | 1,312.2 N 3.58E-04 |1458 | 390 | 85| 7239 | SW | 1.16 E-03
630 590 | 6.1 |1 1,0399 | NE | 1.04E-03 [1464 | 145 |10.2| 574.1 N | 1.71 E-03
632 594 | 58 | 1,0632 | SW | 1.04E-03 |1465| 136 [10.3| 577.6 | NE | 1.08 E-03
646 575 | 5.8 | 1,099 | NE | 1.71E-03 | 1467 | 114 |10.1| 554.7 SE | 1.71 E-03
666 900 | 33| 1,407.1 | NE |3.58E-04 |[1575| 205 | 94 | 612.1 E | 3.35E-04
674 689 | 54 | 1,0825| NW | 6.25E-04 |1577 | 550 | 7.3 | 696.7 W | 407 E-04
757 630 | 5.8 | 1,0753 | SW | 6.04E-05 1606 | 215 | 85 | 769.5 N | 3.58 E-04
760 700 | 57 | 11216 | SW | 6.03E-05|1725 | 395 | 6.7 | 946.7 W | 6.03 E-05
777 641 | 4.7 | 1,260.9 SE 1.04 E-03 | 1754 | 450 | 6.7 | 897.6 S 1.01E-04
833 361 | 6.8 | 859.9 | N-NE | 3.58 E-04 | 1857 | 330 | 8.0 | 726.9 N | 3.10E-04
837 390 | 7.3 | 814.6 |NW-N| 4.77E-05 1918 | 293 | 8.1 | 705.2 S 1.04 E-03
876 420 | 7.3 | 880.0 W 6.19E-04 |1920 | 245 | 85| 6674 | SW | 1.04 E-03
903 310 | 8.0 | 811.2 W 1.04 E-03 {1953 | 750 | 5.3 | 890.9 S 5.53 E-04
989 200 | 9.1 | 642.6 NE | 1.04E-03 |2019 | 250 | 8.7 | 646.3 SW | 1.71 E-03
1052 | 603 | 5.2 | 1,125.1 SW | 6.19E-04 |2024 | 263 | 8.8 | 672.2 N | 3.21E-04

1071 | 270 | 89 | 6735 S 1.04 E-03 | 2117 | 550 | 6.1 | 750.9 SE | 3.10 E-04
1164 | 160 | 9.6 | 679.4 S 6.19E-04 |2153 | 925 | 4.6 | 1,013.3 | SE | 1.04 E-03
1201 | 935 | 44 | 1,030.7 | NW | 6.19E-04 |2173 | 850 | 4.6 | 997.7 N | 7.11 E-04
1221 | 630 | 5.9 | 1,054.3 SE 1.02 E-03 2207 | 500 | 6.7 | 760.7 | SW | 6.25E-04

1252 | 845 | 42 | 1,1845 SE 1.08 E-05 |2222 | 375 | 7.5 | 7283 N | 6.65E-04
1265 | 450 | 7.5 | 769.2 NE | 1.04E-03 |2225 | 445 | 6.9 | 686.8 W | 3.58E-04
1266 | 460 | 7.2 | 7627 SW | 1.04E-03 |2231 | 465 | 69 | 7044 | NE | 1.04 E-03

1267 | 725 | 49 | 1,157.8 | SW | 431 E-04 |2289 | 430 | 7.7 | 849.6 | SW | 3.21 E-04
1285 | 400 | 7.3 | 933.9 W 1.04 E-03 |2292 | 500 | 6.9 | 923.5 SW | 4.07 E-04
1287 | 670 | 5.8 | 1,0489 | NE | 1.04E-03 |2353 | 715 | 54 | 896.1 | NW | 1.76 E-04
1291 | 900 | 4.5 | 1,128.1 SE 2.89 E-04 |2402 | 865 | 4.8 | 9582 S 3.43 E-04
1292 | 830 | 49 | 1,1052 | NE | 2.89E-04 |2417 | 600 | 5.8 | 835.6 | NE | 6.04 E-05
1304 | 775 | 5.1 | 1,065.6 | SW | 2.89 E-04
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1.3.3.1. Evaluation of seasonality

A basic statistical analysis of the data was carried out before the evaluation of seasonality of
spring yields. Average month spring yields were calculated for the hydrological years 1980—
2012. The statistical parameters analysed were average values (mean x"and median x_ ), ex-
treme values (minimum x_, and maximum x__) and coefficients of variation (C ), asymmetry
(C,) and slope (E). After the statistical evaluation of average monthly spring yields, the parame-
ters of their minimum yields were determined.

The minimum yield was defined as:

- Threshold value — minimum yield equal to or lower than Q,,, obtained from the long-

90d°
term flow duration curve for weekly spring yields

- Absolute minimum annual yield Q,, . .

The minimum yield Q,, was determined for the long-term period (1980-2012) and annual,
summer - Q. (months 4-10) and winter - Qg (months 11-3) periods. Individual decades
were also evaluated as follows: Q,,, (1980-1989); Q,, , (1990-1999); Q,, , (2000-2009) and
Q,, , (2000-2012). The absolute annual minimum yield Q,, . was determined for the whole
studied period 1980-2012 and also for the summer Q, . - (months 4-10) and winter Q, . ©
(months 11-3) seasons. An example of the statistical and graphical evaluation of spring yields
for spring no. 52 Sobotiste - Janikov mlyn is shown in Figure 1.3.3.1.1.
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Fig. 1.3.3.1.1 Evaluated parameters of the minimum yield drawn together with the weekly
time series plot - Sobotiste spring No. 52 example

Seasonality is one of the components of time series analysis. In hydrogeology the evaluation of
the seasonality component is based on a seasonality graph that evaluates average and min-
imum monthly spring yields. Another approach to the evaluation of seasonality is provided
by the use of directional statistics, in the form of Burn’s vector (Burn, 1997) and probability
analysis — relative frequency histogram. The analysis was based on the dates of the absolute
minimum annual yield Q, . and minimum yields below Q,, in each time interval.

The Burn’s vector method is based on the date of an extreme phenomenon in the i-th year.
The occurrence date is converted to a Julian date (J), which represents the number of days in
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the i-th year from 01 January to the occurrence date, inclusive (Burn, 1997). To take account of
leap years, the month of February is assumed to have 28.25 days and an average year has 365.25
days. The values J, range from 1 (01 January) to 365.25 (31 December). Next, the Julian date
(J)) of the occurrence of the i-th phenomenon is converted to an angle 0, in radians or degrees
based on the formula (Burn, 1997):

0; = (]ulianDate)i;Tns, (1.3.3.1.1)
or:

360°
0 =Jizgs525 (133.1.2)
or:
0; € {0,98;360°} (13.3.1.3)

The transtormation of the Julian date into an angle allows the occurrence date of the annual
minimum of the hydrological phenomenon to be expressed as a vector with a unit length and
an orientation 0, on a unit circle representing the calendar year. The oriented angles 6, calcu-
lated in this way are applied to the circle in an anti-clockwise direction. The average angle is
then calculated as:

6, = arctg (f) ,8 € (0% 360°%) (13.3.1.4)
where: ¥ = %Z?zl cos;, and y = %Z?zlsin 0;,

which determines the x and y coordinates of the angles 6, where n is the number of years an-
alysed.

The average angle can be converted to the average day (date) of occurrence of the annual min-
imum of the hydrological phenomenon using the following formulas:

A 365

MD =932 (1.3.3.1.5)
and:
J = 02222, ] €(0;365,25) (1.3.3.1.6)

Besides the average occurrence date of the annual minimum phenomenon, the average values
of the x and y coordinates can be used to define an index of seasonal concentration of minimum
values of the hydrological phenomenon based on the following formula:

7 =,/%2+ 32,7 €(0;1) (1.3.3.1.7)
where represents the level of dispersion of data (occurrence dates) in terms of a value between
0 and 1. In the extreme case that = 0, the annual minimum yields are distributed evenly

through the year; the other extreme represents a situation where all the annual minimum yields
are observed on the same day of the year. The higher the value of , the more regular the occur-
rence of annual minimum yields.

After calculating the Burn vector, which represents the average occurrence date of minimum
yields with a certain probability of occurrence, a histogram was made of the relative frequency
of the occurrence dates of minimum yields.
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A frequency histogram or seasonality histogram (Laaha, 2002) permits a more detailed char-
acterisation of the seasonal distribution of minimal yields in the year. As in the case of Burn’s
vector, the evaluation is based on the Julian date of occurrence of yields below Q,, and Q,,, . .
The histogram visualises the occurrence of minimum yields in each month of the hydrological
year.

1.3.3.2. Regionalisation methods

The computed seasonality indexes and selected physiographical parameters (precipitation, air
temperature, altitude of outflow, coefficient of transmissivity and compass orientation) were
used to regionalise the minimum spring yields. The basic method for regionalisation was clus-
ter analysis. A correlation analysis was conducted prior to the cluster analysis. Its aim was to
detect linear dependencies between variables. If there was a strong, statistically significant co-
rrelation between the variables — a multicollinearity effect, it would be necessary to eliminate it
before the clustering process. Factor analysis and principal component analysis methods were
used for this purpose. The clustering process was then carried out. Regionalisation was carried
out using Ward’s hierarchical clustering method with squared Euclidean distance.

1.3.4. Methods for evaluating groundwater drought in groundwater levels

The parameters used to evaluate groundwater drought include not only groundwater inflows
and outflows but also spring yields and groundwater levels, because these provide a charac-
terisation of groundwater reserves that is directly measurable with reasonable accuracy and
frequency. These parameters are influenced by multiple factors but the main ones include cli-
matic, hydrological and geomorphological factors, and not least also geological and hydrogeo-
logical factors.

The quantitative parameters for evaluating drought in groundwater are essentially the same as
for droughts in surface water. They include a percentage of the flow duration curve, the mean
annual minimum M-day values — MAM (M-days) and baseline runoft, which can be calculated
from a time series of groundwater inflow, groundwater levels or groundwater runoff. The flow
duration curve is used in the same way as for surface streamflow and provides similar informa-
tion. When setting MAM (M-days), the time series is divided into annual periods using either
the calendar or hydrological year, and the smallest value is identified for each annual period.
These values are compiled into the annual minimum series (AMS) The relative minimum level
is compared with the minima for other years to determine the severity of the drought. The time
series may have high inter-year variability and the minimum for one year may be higher than
another year’s maximum. There can also be droughts that last more than one year (multi-year
droughts). The MAM method identifies this as two separate droughts however.

Another possibility for measuring droughts is the threshold method. The threshold value can
also be applied to groundwater inflows, groundwater levels and groundwater runoff. Various
methods can be used to determine the threshold level, a common one being a flow duration
curve. The key step in this method is defining the limit ¢, or Q,, at which drought will begin
to manifest if the groundwater level (or spring yield) falls below it. The end of the period is
defined as the time when the groundwater characteristics again rise above the set threshold.
This can be a definition of the start and end of a drought (Tallaksen, 2000). The threshold
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value can be fixed (constant) or variable. A constant value is used for the evaluated time series
whereas a variable threshold fluctuates during the evaluated period. Variable threshold values
include monthly or daily values or a moving average from a number of time steps (Stahl, 2001).
Usual threshold values fall between the 50th and 95th percentiles. The deficiency characteristics
of droughts can be used as the main parameter of drought severity in groundwater.

A set of values below the threshold value create a partial duration series (PDS). The severity
of a drought is usually defined by the deficit D. This method can also use parameters such as
drought length L or drought intensity I.

The use of time series acquired using different methods (a partial data series PDS and an an-
nual minimum series AMS) gives different results for the evaluation of droughts. PDS gives
much less frequent incidence of droughts and much higher variability in drought severity. The
advantage of PDS over AMS is the possibility to detect multi-year droughts.

Groundwater drought can also be identified by calculating the cumulative deviation of the
groundwater level (¢ ) from the threshold value (¢,). The calculation of cumulative deviation
(CD(t)) over time is equivalent to the Sequent Peak Algorithm (SPA) method.

Mean annual groundwater levels or spring yields allow each hydrological year to be classified
in terms of wetness. Above or below average wetness in a hydrological year compared to the
relative number of mean annual groundwater levels or spring yields can be expressed using a
five-point scale as shown in table 1.3.4.1 (K¥iz, 1983).

Tab. 1.3.4.1 Scale of classification of average annual groundwater stages and spring yields (ac-
cording to Kiiz, 1983)

Overstepping (%) Labelling of the year Symbol
Below 11 Extremally wet EwW
11-40 Wet %
41-60 Normal N
61-90 Dry D
over 90 Extremally dry ED

The SANDRE method is currently used to analyse the occurrence of drought in groundwater
in Slovakia. This method is used to evaluate the hydrologic situation (occurrence of drought) in
groundwater in France by the SANDRE organisation (Service d” administration nationale des
données et référentiels sur I’ eau). The method is based on the statistical comparison of values
for individual months in the studied period (e.g. hydrological year, calendar year ctc.) with the
long-term monthly average for a selected reference period represented by a coherent, uninter-
rupted series of measurements. The length of the reference period depends on data availability
but the general principle is the longer the time series, the more accurate the results. A 30-year
time series is recommended as a minimum. Five separate categories are created for each month
in the study period based on statistical processing of the average monthly values for the iden-
tical month in the reference period (tab. 1.3.4.2) (http://www.sandre.eaufrance.fr/). The limit
values for the categories are ¢, ¢, ¢, ¢, in the case of groundwater levels and Q, ), Q,,
Q,,» Q,, in the case of spring yields. Not the least important point to note for the evaluation of
drought is that it must reflect the natural regime of groundwater and spring yields.
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Tab. 1.3.4.2 Groundwater drought evaluation categories according to SANDRE method
(http://www.sandre.caufrance.fr/)

Groundwater | Significantly Lower than Equal to Above Significantly
table lower than the | the long-term | the long-term | the long-term higher than
and spring long-term average average average the long-term
yield average (1981-2010) | (1981-2010) | (1981-2010) average
(1981-2010) (1981-2010)
Q Pio%~ Paow Pao% ™ Poow P 0%~ P oo% Q
<g o < % >0 . > %
e o Qm% - Q4o% Qm% - Qﬁ()% Qso% - Qg{)% o o
Value 1 2 3 4 5

Notes: 1 —the groundwater level (a quantile value less than or equal to @, ) and spring yield (a quantile value less than
or equal to Q, ) is significantly below the long-term average for the reference period (drought); 2 - the groundwater
level (a quantile value less than or equal to ¢, ) and spring yield (a quantile value less than or equal to Q,, ) is lower
than the long-term average for the reference period; 3 - the groundwater level (a quantile value less than or equal to
9,,) and spring yield (a quantile value less than or equal to Q) is equal to the long-term average for the reference
period; 4 — the groundwater level (a quantile value less than or equal to ¢, ) and spring yield (a quantile value less than
or equal to Q,,, ) is above the long-term average for the reference period; 5 - the groundwater level (a quantile value
greater than ¢, ) and spring yield (a quantile value greater than Q, ) is significantly higher than the long-term average
for the reference period (wet).
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2. BRIEF DESCRIPTION OF THE STUDIED
RIVER BASINS

The selection of river basins chosen for study was designed to provide representation of various
parts of Slovakia with different hydrological regimes and also to ensure that the basins would
be large enough for appropriate calibration of the hydrological balance in analyses using hydro-
logical models. The larger basin areas also provided better coverage of the territory of Slovakia
in maps forecasting the occurrence of drought based on climate scenarios for developments in
coming years.

A disadvantage of selecting larger basins is that discharge in a much of the basin is significantly
affected by human activity, particularly by manipulation in reservoirs in the basin and water use
(water abstraction and discharging). On the other hand, the input data that is used for average
daily, monthly and annual flows characterises the real situation in the watercourses. A list of the
studied catchments with their basic characteristics is given in table 2.1 and their locations are
shown in fig. 2.1.

Tab. 2.1 Basic characteristics of evaluated basins

3 B
g o E g >
g g g = ¢E) g —~ L5
2 = 5 g 2 z S
5 5 2 B = £8 -
< = % 2 5 = g s E
° & 2 2 ERe
z = F =5
o <
5030 | Sastin-Straze Myjava | 4-13-03-073 15.18 644,89 164.25
5550 | Liptovsky Mikulds Vih 4-21-02-027 346.60 1,107.21 567.73
6200 | Kysucké Nové Mesto Kysuca 4-21-06-105 8.00 955.09 346.14
6730 | Nitrianska Streda Nitra 4-21-12-017 91.10 2,093.71 158.27
7290 | Brehy Hron 4-23-04-110 93.90 3,821.38 194.27
7330 | Holisa Ipefl 4-24-01-058 157.20 685.67 172.40
7900 | Vlkyria Rimava | 4-31-03-146 1.60 1,377.41 150.77
8870 | Kosické Olsany Torysa 4-32-04-151 13.00 1,298.30 185.70
9500 | Hanusovce nad Toplou | Topla 4-30-09-132 47.50 1,050.05 160.40
8320 | Chmelnica Poprad | 3-01-03-088 60.10 1,262.41 507.41
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Fig. 2.1 Locations of the evaluated river basins

Some of the catchments were enlarged to their final gauging station, e.g. to Nové Zimky on
the Nitra, and Kamenin on the Hron, when modelling hydrological balance elements using the
FRIER model and compiling prognoses for the development of their parts to 2100.

Figure 2.2 is a map of the climate classification of the Slovak territory according to Konéek
marked with the studied catchments.
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The River Myjava to the discharge gauging station Sastin-Strize

The Myjava River Basin belongs to the Slovak part of the sub-basin of the Lower Morava and
is located on the east side of its upper section (fig. 2.1).

Climate conditions

The Myjava River Basin can be divided into two parts under Konéek’s climate classification
scheme. The first part is that which in geographical terms is situated in the Borskd Lowland,
which is a moderately dry sub-region with a mild winter in a warm region (fig. 2.2). The aver-
age annual air temperature here in the period 1981-2010 was around 9.5°C. The large part of
the catchment in the Biele Karpaty Mountains and the Myjava Upland is a moderately warm,
moderately humid hilly region with a mild winter, with an annual average air temperature
around 9°C, which gradually decreases with increasing altitude. The highest parts of the catch-
ment are a humid, highland sub-region of a moderately warm region (fig. 2.2). Average annual
precipitation in the basin is around 700 mm.

Hydrological conditions

The River Myjava is one of the three most important tributaries of the River Morava in the ter-
ritory of Slovakia, the other two being the Malina and the Rudava, and the Myjava is the largest
of them. The source is in the Biele Karpaty Mountains below the summit of Sibeni¢ny Vrch.
Its length is 80.1 km to the confluence with the Morava and the total area of the catchment is
745.34 km?. The sub-basin of the Morava, including the Myjava, is characterised by a runoff
regime with the highest average monthly runoff in the spring, in March and April, which is
usually directly related to the runoft from melting snow in the Czech, Austrian and Slovak
parts of the catchment. The lowest mean monthly discharges are typically in the summer-au-
tumn period, usually occurring in the months of August and September.

The shape of the Myjava Basin in the studied profile to the Saitin-Strize discharge gauging
station (fig. 2.1) is elongated with an average slope of 6°. Its highest point is 809.1 m a.s.l. and
its lowest is 167.4 m a.s.1. The stream network density is 1.22 km.km™ and forest covers 34.9%
of the basin. The main land cover type in the basin is arable land, which covers up to 44%.

Hydrogeological conditions

In geological-tectonic and hydrogeological terms, the Myjava Basin belongs mainly to the main
Biele Karpaty unit of the outer flysch zone, which is dominated by pelitic rocks with characteri-
stic intergranular and fisssure permeability. Springs typically have large variations in their yield
and are insignificant for the purposes of water management. The other tectonic unit forming
part of the basin is the Clippen Belt zone, which begins in the Myjava Valley near the village
of Podbran¢ and extends to the east towards Myjava and Rudnik. It is made up of various rock
types including mainly crinoidal, nodular, radiolarian and marly limestones and marlstones but
also sandstones, shales and conglomerates. South and southeast of the Clippen Belt zone (Bra-
dlové pasmo) lies the Myjava Upland, whose western part is made up of Neogene rocks. Their
lithological composition is very varied with the best water permeation being in conglomerates,
sandstones, coral limestone and organogenic limestones with fissure or fissure-intergranular
permeability.

Factors influencing natural discharge
- The influence of the Kunov Reservoir on the Teplica
- No significant abstraction of surface water
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- Significant discharging: waste water treatment plants at Senica (0.066 m?.s™"), Myjava —
Turd Lika (0.047 m®.s™") and Brezovi pod Bradlom (0.024 m?.s™)
- Summary groundwater abstraction: 0.047 m>.s™".

The River Vih to the discharge gauging station at Liptovsky Mikulds

The River Vih, with a length of 367 km from its confluence with the Danube to the confluence
of the Cierny Vih and the Biely Vih, is the longest river in Slovakia. Its basin covers 19,696 km?,
which is around 40% of the total area of Slovakia. The studied part of the Vih basin (fig. 2.1) to
the discharge gauging station at Liptovsky Mikulas is situated in the upper section of the river
in the north-eastern part of the Vih River Basin, which differs from the other parts of the basin
in having a colder climate and a higher altitude.

Climate conditions

The studied basin is situated in a cool region (Landscape Atlas of Slovakia, 2002). Most of the
area is a moderately cool and very humid sub-region within the cool region. At higher altitudes
in the mountain ranges Mald Fatra, Velkd Fatra, Oravské Beskydy, Orava Highland, Cho¢, Tatry
and Nizke Tatry, the sub-region classification is cool mountain and on the peaks of the Mal4 Fa-
tra, Nizke Tatry and Zipadné Tatry Mountains to cold mountain (fig. 2.2). The average annual
air temperature in the lowest-lying parts of this section of the Vih River Basin are up to 7°C
and gradually decrease with increasing altitude. On the ridges of the Zipadné Tatry Mountains
they can be as low as -3°C. Total annual precipitation in this region is around 1,100 mm ranging
from 1,700 mm at the highest points in the Tatry and Nizke Tatry Mountains to just 700 mm
in the lowest lying parts of the studied catchment.

Hydrological conditions

The catchment upstream from the Liptovsky Mikulas discharge gauging station (fig. 2.1)
is drained mainly by the rivers Biely Vih and Cierny Vih and streams in the Zdpadné Tatry
Mountains. The basin of the Cierny Vih has its highest runoff in April and, less often, in May.
The basin of the Biely Vih has a very balanced runoft regime all year round with a moderate
peak in April and lower flow in January and February. The tributaries in the Zipadné Tatry
Mountains have a large maximum runoft in May and a high share of runoft in June. The high
flow of the mountain watercourses is due to the later melting of snow at high altitudes. The
shape of the studied sub-basin is fan-shaped with an average slope of 17.3°. Its highest point is
2,406.2 m a.s.l. and its lowest is 566.0 m a.s.l. The stream network density is 1.52 km.km™ and
forest covers 59.1 % of the basin. The main land cover type in the basin is coniferous forests,
which cover up to 42.7%.

Hydrogeological conditions

The central part of the studied area is the hydrogeological complex of the Central Carpathian
Palacogene built by the layer sequence of the Sub-Tatra Group. They are made up of a group
of sub-horizontally laid flysch strata tectonically differentiated into blocks. The rocks with the
greatest hydrogeological significance in the Sub-Tatra Group are the basal layers of conglome-
rates, breccias, sandstones and limestones with good fracture permeability enhanced by tran-
sverse fault tectonics. Spring yields range from 2 to 15 Ls™ and in a few cases are even higher.
At the edge of the territory is the crystalline basement of the Tatry and Nizke Tatry Mountains,
overlaid by the Mesozoic sequences of Tatricum, Fatricum and Hronicum units. The Mesozoic
Fatricum and Hronicum are especially likely to have carbonate structures with karst-fissure
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permeability. Karst springs with high yields occur very frequently on the northern slopes of the
Nizke Tatry Mountains (around the Janska and Deminovska Valleys). The covering units are
made up of alluvial deposits, with additional glacigenic and slope sediments in mountain areas.

The territory also has chemical sediments — travertine, especially in the vicinity of BeSeniovid
and Lucky.

Factors influencing natural discharge
- The effect of reservoirs on the water balance has not been evaluated; the Cierny Vih
hydroelectric pump storage plant is located in the upper part of the basin
- No significant abstraction of surface water
- Significant discharging: none
- Summary groundwater abstraction: 0.315 m’.s™".

River Kysuca to the Kysucké Nové Mesto discharge gauging station

The Kysuca River Basin belongs to the sub-basin of the River Vih and is located on the north
side of its upper section (fig. 2.1).

Climate conditions

The Kysuca River Basin includes two climatic sub-regions (Landscape Atlas of Slovakia, 2002).
The lower valleys close to the river are a very humid highland sub-region of a moderately warm
region, with an average annual air temperature of around 7.5°C (for the period 1981-2010).
The upper parts of the basin at altitudes higher than around 600 m a.s.. form a moderately cool,
very humid sub-region of a cool region with an average annual temperature of up to 5°C (Fig.
2.2). The basin receives around 1,060 mm of atmospheric precipitation per year on average.

Hydrological conditions

The River Kysuca has its source on the north slope of Hri¢ovec Mountain (1,062 m a.s.l.) and
its length to its confluence with the Vih is 65.60 km. The area of the basin is 1,037.67 km?. It
has a significant runoft peak in April, with an autumn minimum in September and/or a winter
minimum in January. The shape of the studied sub-basin is fan-shaped with an average slope
of 13.8°. Its highest point is 1,234.5 m a.s.l. and its lowest is 347.2 m a.s.l. The stream network
density is 1.94 km.km™ and forest covers 65.3 % of the basin. The main land cover type in the
basin is coniferous forests, which cover up to 36.0 %.

Hydrogeological conditions

Most of the studied basin is situated in the Flysch Belt of the Outer Western Carpathians which
dates from the Palacogene Age. This belt is characterised by the rhythmic alternation of pelitic
(claystone) and psammitic (sandstone) sediments. The rock can be characterised as weakly
water-bearing and poorly permeable with the properties of an aquitard, which means that there
is limited groundwater circulation that is restricted mainly to the recharge zone, with limited
possibilities for accumulation. Springs in the flysch complex have an average yield of 0.5 1.s\.

Factors influencing natural discharge:
- The reservoir at Novd Bystrica influences the River Bystrica (a left-hand tributary of
the Kysuca)
- Significant abstractions of surface water: SeVS Water Company Zilina (0.228 m?.s™!)
from the Novi Bystrica reservoir
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- Significant discharging: the Cadca wastewater treatment plant (0.100 m>.s™)
- Summary groundwater abstraction: 0.009 m’.s™".

The River Nitra to the Nitrianska Streda discharge gauging station

The Nitra River Basin belongs to the sub-basin of the River Vih and is located in its central
section (fig. 2.1). For the purposes of the FRIER model and drought prognoses, the territory
was extended to the final gauging station on the Nitra at Nové Zamky (fig. 2.1).

Climate conditions

The studied basin covers several climate areas (Landscape Atlas of Slovakia, 2002) from a dry
sub-region of a warm climate region through humid to very humid hilly land or highlands in a
warm climate region to a moderately cool very humid sub-region of the cool region (fig. 2.2).
The average annual air temperature in the hilly part of the basin ranges from 9 to 10°C, while at
higher altitudes in the StriZzovské Vrchy and Povazsky Inovec Mountains it is around 5°C. The
average annual total atmospheric precipitation is about 800 mm in the studied area.

Hydrological conditions

The River Nitra has its source on a south-facing slope just below the Fackovské Sedlo Pass,
which is on the border between the Strizovské Vrchy and Mald Fatra Mountains. The length
of the river to its confluence with the Vih is 165.86 km and the basin covers an area of 4,501.15
km?. Runoff peaks in the months of March and April and has its autumn minimum in August
and September. The shape of the studied sub-basin is elongated to fan-shaped with an average
slope of 10.1°. Its highest point is 1,341.9 m a.s.l. and its lowest is 159.3 m a.s.l. The stream
network density is 1.29 km.km™ and forest covers 54.1 % of the basin. The main land cover
type in the basin is broad-leat forests, which cover up to 41.2 %.

Hydrogeological conditions

The central part of the area is made up of Neogene sediments that are impermeable from a
hydrogeological perspective covered by alluvial deposits of the Nitra River and its tributaries.
The right edge of the territory is formed by the Strizovské Vrchy Mountains, whose geo-
logical composition is a crystalline basement overlaid with a sequence of Mesozoic covering
layers that emerge at the surface mainly in the vicinity of Bojnice. Springs in crystalline base-
ment have low, unstable yields whereas higher yields are typical for the Mesozoic complexes
(e.g. the Kamennd Dolina Spring). The territory also has partial borders with the Mala Fatra
a Kremnické Vrchy Mountains. The left side is bordered by the Ziar Mountains, which have a
strongly developed crystalline basement at their core. To the south are the neovolcanic Vti¢nik
Mountains. The basin of the Zitava, the most significant of the Nitra’s left-hand tributaries is
bordered on the right by the core mountain range Povazsky Inovec, with pronounced Meso-
zoic covering and on the left by the volcanic mountain range Pohronsky Inovec. In areas built
on neovolcanic rocks, groundwater sources are genetically linked to a zone of increased frac-
turing of the rock structure, volcanic sediments with intergranular permeability and significant
tectonic zones. Important factors for aquifer development are intensely fractured tectonic fault
lines with a drainage effect on broader rock areas and well-fractured andesite and related volca-
niclastic rocks. Some spring yields are in the range of a few decilitres but there are also springs
with yields of 2 to 5 L.s™!, occasionally 5 to 10 1.s™ and above 10 Ls™ in rare cases. They typically
have an unstable regime with changes in water temperature and yields.

41



PROGNOSIS OF HYDROLOGICAL DROUGHT DEVELOPMENT IN SLOVAKIA

Factors influencing natural discharge:

- The Nitrianske Rudno Reservoir influences flows in the Nitrica River

- Significant surface water abstractions: from the Nitrianske Rudno Reservoir to the SE
Nitrianske Rudno Reservoir (0.221 m’.s™") and the chemical works in Noviky (0.062
m’.s)

- Significant discharging: the wastewater treatment plant in Prievidza (0.173 m’.s™"), Han-
dlovd Mine (0.134 m?.s™), Partizdnske (0.130 m’.s"), and Cigel Mine (0.113 m?®.s!)

- Summary groundwater abstraction: 0.594 m®.s™\.

The River Hron to the discharge gauging station at Brehy

The sub-basin of the Hron has a total surface area of 5,464.56 km? (fig. 2.1). For the purposes
of the FRIER model and drought prognoses, the territory was extended to the final gauging
station on the Hron at Kamenin (fig. 2.1).

Climate conditions

Temperatures in the sub-basin of the River Hron depend mainly on altitude, the exposure
of slopes and the configuration of the relief. It includes (Landscape Atlas of Slovakia, 2002)
moderately humid sub-regions of a warm region with a mild winter in the Zvolen Basin and
cold mountain sub-regions of the cool climate region at the highest altitudes in the Nizke
Tatry Mountains (fig. 2.2). The average annual air temperature reaches 9°C in the lowest and
southernmost part of the sub-basin and decreases going from south to north reaching 8°C in
the Zvolen Basin area and 6 to 7°C in the lower parts of the upper reaches. The air temperature
changes with altitude; in the Slovenské Rudohorie Mountains the average annual air tempera-
ture is 3 to 4°C and at the highest points in the Nizke Tatry Mountains -1°C. There are typi-
cally major difference in the spatial distribution of precipitation. Moderately humid and very
humid sub-regions alternate over relatively short distances. Average total annual precipitation
in the period 1981-2010 was 890 mm. In the highest parts of the Nizke Tatry and Velka Fatra
Mountains average total annual precipitation is over 1,500 mm while on the ridges of the other
mountain ranges it is over 900 mm. In the lowest areas of the sub-basin of the Hron, average
total annual precipitation is between 600 and 700 mm.

Hydrological conditions

The River Hron has its source in the upper Hron Valley around 3 km east of the village of
Telgart below the Besnik Pass. The whole sub-basin is located in the territory of Slovakia and
forms a natural hydrological unit because all the water that rises in it comes from our territory.
The river’s length from its source to its confluence with the Danube is 278.5 km. The runoff
regime in the sub-basin of the Hron has its maximum monthly runoft in April and the lowest
average monthly runoffin September. As with the flow pattern through the year, the maximum
flows during floods are concentrated in the spring period, usually in April. Other frequent
periods for flooding are the summer months, especially between June and August. The shape
of the studied sub-basin is elongated with an average slope of 14.3°. Its highest point is 2,036.9
m a.s.]l. and its lowest is 189.9 m a.s.l. The stream network density is 1.49 km.km™ and forest
covers 63.3 % of the basin. The main land cover type in the basin is broad-leaf forests, which
cover up to 30.6 %.

Hydrogeological conditions
The sub-basin of the Hron is characterised by a varied and complex geological-tectonic struc-
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ture. Veporidic basement rocks form the crystalline core of the Nizke Tatry, Starohorské and
Veporské Vrchy Mountains together with Mesozoic Fatricum and Hronicum in the southern
slopes of the Nizke Tatry and Velkd Fatra Mountains. Neogene volcanic rocks make up the
system of volcanic mountains in the Central Slovak province (Kremnické Vrchy, Stiavnické
Vrchy, Javorie, Polana). The southern part of the basin is made of Neogene sedimentary rocks.
The groundwater in the Nizke Tatry, Starohorské and Veporské Vrchy Mountains can be char-
acterised in general as water of a fissure or fissure-karst character. Granitic rocks have more fis-
sures than schist. As in the crystalline basement, the younger Palacozoic rocks have numerous
springs with low or unstable yields that rarely exceed 0.3 1.s™ and depend almost exclusively on
atmospheric precipitation. There are significant aquifers in the Mesozoic carbonates which are
dominated by a karst-fissure environment that supports major sources of groundwater, espe-
cially in the Velkd Fatra and the Harmanec syncline (Tunel, Matanovi, Cierno 1 and 2, Velké
and Malé Cenovo, Zaldmani 1, 2 and 3 springs), but also the springs Jergaly, Pod starym mly-
nom and others. These have a yield of several tens, locally even hundreds, of litres per second.
The fissure springs fed by the recharge zone in extrusive neo-volcanic rocks usually have low
yields up to 1.5 L.s™. Higher yields were obtained from hydrogeological boreholes in the tec-
tonic zone running through the valley of the Neresnica River (a left-hand tributary of the Hron
near Zvolen) including the water sources Podzdmcok (current yield around 70 1.s™') and Dobra
Niva (15 Ls™). Tertiary sediments form the top layer of the geological structure of the Hron
sub-basin mainly in its central and lower parts. Older Palacogene rocks are found in the upper
Hron Valley, especially in the Brezno Basin. The main types are Eocene limestone-sandstone
complexes that are generally poorly permeable or impermeable.

Factors influencing natural discharge:

- Transfer of water from the River Turiec (Vih) to the Hron via the Tur¢ekovsky Aque-
duct

- The Hrinovd and Moétova Reservoirs influence flows in the Slatina

- Significant abstractions of surface water: The mining company Kremnickd banskd
spolo¢nost Kremnica (0.237 m’s™ from the Dedi¢ni Stolia and 0.210 m’s™ from
Kremnicky Potok), StVS Water Company Hrittova (0.132 m®.s™)

- Significant discharging: the wastewater treatment plants of Kremnicka banska
spolo¢nost Kremnica (0.544 m’.s") and Banskd Bystrica City (0.457 m’.s™)

- Summary groundwater abstraction: 0.650 m®.s™".

The River Ipel'to the discharge gauging station at Holisa

The studied sub-basin belongs to the basin of the River Ipel' and is located in its northern
section (fig. 2.1).

Climate conditions

The overall south-facing orientation of the sub-basin of the Ipel influences its climate condi-
tions. The Lugenec Basin is a dry sub-region of the warm region with a mild winter (fig. 2.2).
The average annual air temperature is around 9.5°C. The highest points in the Veporské Vrchy
Mountains belong to moderately cool, very humid sub-region in a cool region (Landscape Atlas
of Slovakia, 2002). Average annual air temperatures are in the range 5-6°C. Average total annual
precipitation in the sub-basin is only around 650 mm while in the lowest parts of the Lu¢enec
Basin it is on average 100 mm less.
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Hydrological conditions

The River Ipel has its source in the Veporské Vrchy Mountains around 2 km south of the village
of Lom nad Rimavicou. Its total length is 199 km and the area of the sub-basin is 5,151.04 km?.
The runoff regime in the sub-basin of the Ipel has its maximum monthly runoft in March and
the lowest average monthly runoft in the summer-autumn period, in August and September.
As with the runoft regime of the Ipel through the year, which is dominated by spring runoft,
flooding occurs mainly in spring, between February and April, with maximum flows usually
occurring in March. The spring discharge waves are mainly of a mixed type combining rain
and melting snow. There are two main periods of low flow in the sub-basin of the Ipel - the su-
mmer-autumn depression in flow, whose lowest point is in September and a secondary winter
depression, whose lowest point is usually in January. The shape of the studied sub-basin to the
discharge gauging station (fig. 2.1) is fan-shaped with an average slope of 8.8°. Its highest point
is 1,111.1 m a.s.l. and its lowest is 375.46 m a.s.l. The stream network density is 1.3 km.km™
and forest covers 46.9 % of the basin. The main land cover type in the basin is broad-leaf fo-
rests, which cover up to 40.0 %.

Hydrogeological conditions

The studied sub-basin is located in a region of Tertiary rocks which make up by far the largest
part of the sub-basin of the Ipel River. They are very varied both in lithofacial composition
and stratigraphic range resulting from volcanic and sedimentary activity: sandstones, siltstones,
conglomerates and rhyodacite tuffs, grey sands with coal seams and lake claystones. These
rocks are not significant from a hydrogeological point of view because Neogene sediments act
as aquitards. The peaks of the Cerova Highland are made up of intrusion bodies of andesite,
basalt, agglomerates and tuffs. In the highest part of the sub-basin there are the Veporidic base-
ment rocks of the Veporské Vrchy Mountains, which have fissure permeability leading to the
occurrence of relatively insignificant springs with yields of up to 1 Ls.

Factors influencing natural discharge:
- The effect of the Milinec Water Reservoir
- Significant abstraction of surface water: StVS Water company Milinec (0.093 m®.s™")
- Significant discharging: the Filakovo wastewater treatment plant (0.022 m’.s™")
- Summary groundwater abstraction: 0.057 m’.s™".

The River Rimava to the discharge gauging station at Vlkyia

The Rimava River Basin belongs to the sub-basin of the River Sland and is located in its western
section (fig. 2.1).

Climate conditions

The climate conditions of this basin are very similar to the climate conditions in the sub-basin
of the River Ipel. The southern part of the Rimava Basin is a dry sub-region of a warm region
with a mild winter while the higher parts in the Veporské Vrchy Mountains and the Murdnska
Planina are classified as moderately cool, very humid sub-regions of a cool region (Landscape
Atlas of Slovakia, 2002). The average annual temperature in the basin ranges from 5°C in the
mountainous northern part of the territory to 9.5°C in the southern part of the Rimava Basin.
Average total annual precipitation ranges from 550 mm to 1,000 mm depending on altitude.
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Hydrological conditions

The River Rimava has its source in the Slovenské Rudohorie Mountains at an altitude of
around 1,130 m a.s.l. on the south-eastern slope of Fabova Hola (1,439 m a.s.L.). Its total length
to the confluence with the Slani is 83.12 km and the area of the sub-basin is 1,378.43 km?.
The runoft regime in the basin of the Rimava, like that of the River Slani, has its maximum
monthly runoft in the spring, in March and April, and the lowest average monthly runoff in
the summer-autumn period, especially in September. The highest runoff is in the spring and
maximum flows are also concentrated in the spring period. More than half of annual maximum
discharges were recorded in these months. The spring discharge waves in the sub-basin of the
Sland are mainly of a mixed type produced both by rain and runoff from melting snow. These
flood waves usually have a larger volume and longer duration than flood waves produced only
by rainfall. The summer is another frequent period for floods in the sub-basin of the Slani; the
floods usually occur between June and August as a result of torrential rain and are characterised
by maximum surges of relatively high significance but a lesser volume of water in the flood
wave. The shape of the studied sub-basin to the discharge gauging station (fig. 2.1) is elongated
with an average slope of 10.5°. Its highest point is 1,395.8 m a.s.l. and its lowest 150.8 m a.s.l.
The stream network density is 1.4 km.km™ and forest covers 48.7 % of the basin. The main
land cover type in the basin is broad-leaf forests, which cover up to 36.9 %.

Hydrogeological conditions

The geological structure of the Rimava River Basin within the sub-basin of the River Sland is
very diverse in both its stratigraphy and lithology. This fact in combination with the complica-
ted tectonic structure leads to significant hydrogeological differences. The main influences on
the formation of stream valleys in the Sland’s catchment were the geological and tectonic con-
ditions. The valleys cut across several different geological formations. The upper and middle
parts of the watercourses pass through schist and granitic rocks of the Veporské Vrchy Moun-
tains and the Mesozoic rocks of the western part of the Slovak Karst (Tisovec Karst, Licince
Upland), while the lower parts are modelled in Neogene Tertiary sediments that are mainly
claystone covered with Quaternary alluvial deposits. The thickness of deposits in the fluvial
plain of the Rimava ranges mainly from 4.2 to 5.5 m, reaching 6.8 m in places. The thickness of
water-bearing gravels ranges from 1.6 to 4.7 m. The yield of individual boreholes ranges mainly
from 1 to 4 Ls™, but can be 9 1.s! in some places. The valley of the Rimava is bordered with
terraces of highly variable thickness and inhomogeneous lithological composition.

Factors influencing natural discharge:
- Discharges are influenced by the Klenovec Reservoir on the Klenoveckd Rimava and
the Teply Vrch Reservoir on the Blh
- Significant abstractions of surface water: StVS Rimavskd Sobota (0.082 m’.s™")
- Significant discharging: the Rimavsk4 Sobota wastewater treatment plant (0.082 m>.s™")
- Summary groundwater abstraction: 0.034 m>.s™".

The River Torysa to the discharge gauging station at Kosické OlSany

The Torysa River Basin belongs to the sub-basin of the River Hornid and is located in its eas-
tern section (fig. 2.1).

Climate conditions
Due to its complex, rugged orography, the sub-basin of the River Hornid includes several cli-
mate regions (Landscape Atlas of Slovakia, 2002). These proceed gradually from a moderately
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cool sub-region of a cool region in the north (the Levogské Vrchy and Cergov Mountains) to a
warm, moderately dry sub-region with a cool winter in the southern part of the basin (fig. 2.2).
The average annual air temperature ranges from 3 to 4°C in the Levoéské Vrchy Mountains to
9°C in the Kosice Basin. Average total annual rainfall in the period 1981 to 2010 was 730 mm
but in the Cergov and Levo&ské Vrchy Mountains it can be as high as 1,100 mm.

Hydrological conditions

The River Torysa has its source in the Levoéské Vrchy Mountains to the northwest of the vill-
age of Torysky below the ridge between the peaks Javorina (1,225 m a.s.l.) and Javor (1,206 m
a.s.l.) at an altitude of around 1,040 m a.s.1. Its total length to its confluence with the Hornid is
129.0 km and the surface area is 1,348.98 km? The typical runoff regime in the Hornad River
Basin has its maximum monthly runoft in the spring, in March, April and May, and the lowest
average monthly runoft in the autumn, usually in September. There are two concentrated pe-
riods of low flow in the sub-basin of the Horndd — the summer-autumn depression in flow,
whose lowest point is between August and October and a secondary winter depression, whose
lowest point is usually in January. The shape of the studied basin to the discharge gauging
station Kosické ORany (fig. 2.1) is elongated, with an average slope of 9.8°. Its highest point is
1,263.9 m a.s.l. and its lowest 186.5 m a.s.l. The stream network density is 1.49 km.km and
forest covers 42.7 % of the basin. The main land cover types in the basin are broad leaf forests
covering 32.1% and arable land covering 29.4 %.

Hydrogeological conditions

The sub-basin of the Horndd River includes all geological formations from the Palacozoic to
the Quaternary and it is a region with a high prevalence of impermeable or poorly permeable
rocks with moderate to low permeability. Typical feature of the studied basin include the Pala-
eozoic crystalline rocks of the Slovenské Rudohorie and Branisko Mountains (granitoids, hi-
ghly and moderately metamorphosed schist) which are weakly permeable and therefore fissure
permeability is the dominant form of permeability. In such an environment the main source of
groundwater is atmospheric precipitation. Spring yields range from 0.1 to 1.0 Ls and in a few
cases are even higher. The basin is filled with flysch rocks laid down in the Inner Carpathian
Palacogene covered with Quaternary alluvial deposits. These Quaternary deposits from the
Torysa and its tributaries include significant water sources (Brezovi¢ka, Brezovica and others).
Another hydrogeologically significant formation is groundwater in the limestone-dolomitic
strata complex in Branisko (e.g. Hlavny pramen, Vy$ny Slavkov).

Factors influencing natural discharge:
- There is no effect from reservoirs and water transfers
- Significant surface water abstraction: PreSov waterworks (0.047 m®.s™)
- Significant discharging: the wastewater treatment plants of Presov - Kendice (0.205
m?.s!") and Sabinov (0.029 m®.s™)
- Summary groundwater abstraction: 0.177 m’.s™".

The River Topla to the discharge gauging station at Hanusovce nad Toplou

The Topla River Basin belongs to the sub-basin of the River Bodrog and is located in its wes-
tern section (fig. 2.1).
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Climate conditions

The sub-basin of the Bodrog has various climate conditions because it covers a territory from
areas 200 m a.s.l. to the mountain ridges of the Nizke Beskydy Mountains, which are above
1,000 m a.s.l. The studied sub-basin to the discharge gauging station at HanuSovce nad Toplou
includes several climate regions and sub-regions (Landscape Atlas of Slovakia, 2002) — from a
moderately humid sub-region of a warm region with a cool winter in the lowest-lying areas to
a humid highland sub-region of a moderately warm region (fig. 2.2). At the highest altitudes,
above 600 m a.s.l, the climate is a moderately cool and very humid sub-region of a cool regi-
on. The average total annual precipitation in the catchment is 750 mm and the highest annual
total precipitation levels, up to 1,000 mm, occur at the ridges of the mountains on the northern
border of the catchment. The average annual air temperature in the sub-basin of the Bodrog
River is 7.5 to 8.5°C in the lowest-lying areas, 6 to 7°C at higher altitudes and 4 to 6°C on the
mountain ridges.

Hydrological conditions

The River Topla has its source in the Cergov Mountains. Its total length to the confluence with
the Ondava is 131.37 km and the area of its basin is 1,544.00 km® The runoft regime in the
basin of the Bodrog River has its maximum monthly runoff in the spring, in March and April,
and the lowest average monthly runoft in the summer-autumn period, in August and Septem-
ber. The largest runoft is usually in spring and peak discharges are also occurring in the spring,
mainly in March. Spring floods typically have larger volumes because they are usually the result
of melting snow or, in some cases, a mixture of melting snow and rain. There are two concen-
trated periods of low flow in the year — the summer-autumn depression in flow, whose lowest
point is between August and October and a secondary winter depression, whose lowest point is
usually in January. The shape of the studied basin to the discharge gauging station Hanusovce
nad Toplou (fig. 2.1) is elongated to fan-shaped, with an average slope of 10.7°. Its highest point
is 1,129.5 m a.s.I. and its lowest 154.2 m a.s.l. The stream network density is 1.84 km.km™ and
forest covers 55.4 % of the basin. The main land cover type in the basin is broad-leaf forests,
which cover up to 42.8 %.

Hydrogeological conditions

The catchment of the Topla and Ondava is mainly built on the flysch rocks of the Magura unit
of the Outer Flysch Belt. The rocks are made up of claystone and sandstone and have both
intergranular and fissure permeability. This unit has a low water-bearing capacity and spring
yields are in the range 0.1 — 1.0 Ls™'. Precipitation is the main factor affecting spring yields.

Factors influencing natural discharge:
- There is no effect from reservoirs and water transfers
- No significant abstraction of surface water
- Significant discharging: Bardejov wastewater treatment plant (0.069 m?.s")
- Summary groundwater abstraction: 0.060 m®.s™".

The River Poprad to the discharge gauging station at Chmelnica

The Poprad River Basin is part of the sub-basin of the Dunajec and the Poprad and the cat-
chment area is 1,889.21 km? (fig. 2.1).
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Climate conditions

The majority of the basin, apart from the eastern part of the Poprad and Lubovnia Basins are
situated in a cool and very humid region according to Koncek’s climate classification scheme
(Landscape Atlas of Slovakia, 2002). All three sub-regions are represented at different altitudes,
from moderately cool in the Poprad Basin to cold mountainous at high mountain locations in
the Tatry Mountains (fig. 2.2). The average annual air temperature at altitudes around 1,000 m
a.s.l. is 5°C and on the ridges of the Tatry Mountains -3.5°C. The territory in the eastern parts
of the Poprad and Luboviia Basins is situated in a moderately warm region with the southern
part of the basin being a moderately warm, very humid, highland sub-region and the northern
part being a moderately warm, moderately humid hilly-to-highland sub-region. The average
annual air temperature here is around 6.5°C. Average annual total atmospheric precipitation in
the basin is around 880 mm but it is unevenly distributed. The highest levels of precipitation,
around 1,700 mm, fall in the highest parts of the Tatry Mountains while lower-lying areas of the
Poprad Basin receive much less annual total atmospheric precipitation, only around 600 mm.

Hydrological conditions

Water from this sub-basin flows to the main basin of the Vistula and from there to the Baltic
Sea. The official source of the River Poprad is the tarn Popradské Pleso in the Mengus Valley
in the Tatry Mountains. The total length of the river to the border between Slovakia and Po-
land is 104.3 km. The Dunajec and Poprad sub-basin is characterised by a runoff regime with
maximum mean monthly discharges in the spring-summer period, in May and June, and with
lowest mean monthly discharges in the winter, in January and February, which is a typical regi-
me for mountain rivers. The sub-basin has its largest runoft in late spring and summer and the
highest discharges are also concentrated in the spring and summer. Flood waves typically have
larger volumes in this period because they are caused by melting snow or simultaneous rain and
melting snow. The season for low flow in the sub-basin of the Dunajec and Poprad is during
the winter runoff depression, whose lowest point is in January or February. The shape of the
studied sub-basin to the discharge gauging station (fig. 2.1) is elongated with an average slope
of 10.7°. Its highest point is 2,597.3 m a.s.l. and its lowest 507.99 m a.s.l. The stream network
density is 1.68 km.km™ and forest covers 43.6 % of the basin. The main land cover types in the
basin are arable land (22.9%), meadows and pasture (21.7%) and coniferous forests (20.6%).

Hydrogeological conditions

The oldest hydrogeological complex in the sub-basin of the Dunajec and the Poprad is the
crystalline basement of the south and central part of the Tatry Mountains, which supports the
younger formations, which are mainly from the Mesozoic Era. The basins are filled with Inner
Carpathian Palacogene rocks that act as aquitards and form a barrier on which springs emerge.
Quaternary sediments provide an important environment for groundwater accumulation in
the Poprad Basin. They are made up in part of fluvial sediments deposited in the floodplains
of the Poprad River, the Dunajec River and their larger tributaries but mainly by glacial and
glacio-fluvial sediments in the Poprad Basin and the Vysoké Tatry Mountains. In the Vysoké Ta-
try and Belianske Tatry Mountains, glacigenic sediments are the most significant groundwater
aquifers. Spring types include barrier, erosion and line springs with yields mainly in the range
5.0 to 15.0 Ls™!, though in places even over 20.0 1.s™.

Factors influencing natural discharge:
- There is no effect from reservoirs and water transfers
- Surface water abstractions: Stard Cuboviia (0.030 m®.s™), Biela Voda (0.017 m?.s™!)
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- Significant discharging: waste water treatment plants at Poprad (0.471 m®.s"), Stard
Lubovtia (0.073 m>.s!) and Kezmarok (0.067 m>.s™)
- Summary groundwater abstraction: 0.164 m’.s".
Figure 2.3 shows a map of Slovakia marked with runoff conditions (average annual runoft
depth) and the borders of the studied basins.
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Fig. 2.3 Runoft conditions of Slovakia — average annual runoft depth (mm)
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3. DEVELOPMENT AND PROGNOSIS OF ME-
TEOROLOGICAL DROUGHT IN SLOVAKIA

3.1. CHARACTERISTICS OF THE METEOROLOGICAL
SITUATION IN SLOVAKIA IN THE YEARS 1981 TO 2015

The processing of air temperature was based the Methodological Regulation for the Computa-
tion of Climate Normals. The Methodological Regulation defines the basic concepts and the
methods for computing and using climate normals. This material is fully in accordance with
the recommendations of the World Meteorological Organisation (WMO) published in 1983
(WMO, 1983) and the previously applicable methodology (Nosck, 1972), which the current
document clarifies and extends.

3.1.1. Definitions and terms

The term climate normal means a statistical characterisation of the climate calculated from a
sufficiently long time series of meteorological measurements and observations in a climati-
cally stable period to represent the climate of a given location. The term characterisation of
the climate means a characterisation that is suitable for a given purpose. The WMO defines a
normal as a statistical characterisation computed uniformly from data covering at least three
consecutive decades. The standard normals are 1931-1960 and 1961-1990. Other periods, even
if they are 30 years long, were previously referred to as long-term averages. At present, partly
in response to climate change, the WMO is considering defining the period 1981-2010 as a
normal and we have used this period for reference in view of the recency of the measurements
used in the present work.

Comparisons of current weather (or a defined period with a certain type of weather defined by
a meteorological feature or characteristics) with a normal or long-term average must abide by
the following rules:

- The term deviation from the normal or long-term average is used for characteris-
tics that can have positive or negative values (e.g. air temperature)

- The term percentage of the normal or long-term average is used for characteristics
that can only have non-negative values (total atmospheric precipitation, sunshine etc.)

- The term qualitative assessment and the degrees: normal, above normal, much above
normal and extremely above normal phenomenon or below normal, much below nor-
mal and extremely below normal phenomena are used for percentage ranges in the inci-
dence of a meteorological element or its parameter, as shown in tab. 3.1.1.1

- When computing the probability of repetition (once in 10; 30; 100 years etc.), the in-
terval boundaries for the evaluation of monthly (seasonal) average air temperatures
and monthly (seasonal) totals of atmospheric precipitation were based on quantiles of
monthly (seasonal) average air temperatures for the period 1951-1980 and determined
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occurrence of monthly (seasonal) total precipitation in the period 1901-1970 based on
Petrovi¢ and Soltys (1984), and Samaj and Valovi¢ (1978) respectively

- Quantitative assessment of precipitation uses Dub’s system (Dub, 1957) — tab. 3.1.1.2

- The homogeneity (inhomogeneity) of the 1981-2010 (and other values in the series
1981-2015) was verified using software implementing MASH (Multiple Analysis of
Series for Homogenization), a method approved and recommended in the project AC-
TION COST-ES0601 and its working groups as one of the possible methods for detect-
ing inhomogeneity in a time series, complemented by MISH (Meteorological Interpo-
lation Software for Homogenization).

Tab. 3.1.1.1 Qualitative evaluation of meteorological elements or parameter occurrence

Labelling Safety in percent
EaN-extremely above-normal <2%
SaN-strongly above-normal 2-9.9%
aN-above-normal 10-24.9%
N-normal 25-75%
bN-below normal 75.1-90%
SbN-strongly below-normal 90.1-98%
EbN-extremely below-normal >98%

Tab. 3.1.1.2 Qualitative evaluation of precipitation according to Dub (1957)

Labelling Range in percent
EW-extremely wet above 140%
VW-very wet 121 to 140%
W-wet 111 to 120%
N-normal 90 to 110%
D-dry 80 to 89%
VD-very dry 60 to 79%
ED-extremely dry below 60%

3.1.2. Air temperature

The evaluation of air temperature used a complete or completed (homogenised) series of
monthly values compared with the 1981-2010 normal (or long-term average). Evaluation is
based on data from around 70 climatological stations that recorded observations in the period
1981-2015 and have a complete or completed series of observations and an available value of
the normal (or long-term average) for the 1981-2010 period.

Years with normal temperatures (average annual air temperature was assessed as normal at
more than 50% of climatological stations) include 1981-1983, 1988-1990, 1992-1993, 1998—
1999, 2001, 2003 — 2006 and 2010.
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Years with below-normal temperatures (average annual air temperature was assessed as below
normal at more than 50% of climatological stations) include 19841987, 1991 and 1996.

Years with above-normal temperatures (average annual air temperature was assessed as abo-
ve normal at more than 50% of climatological stations) include 1994, 2000, 2002, 2007-2009
and 2011-2015.

One of the years in which a particularly significant percentage of below-normal values were
identified was 1985. In 1985, 100% of the climatological stations had an average annual tempe-
rature below the 1981-2010 normal, with 3.4% of stations have below-normal values, 44.1% of
stations having much below-normal values and 52.5% having extremely below-normal values.
Months that contributed strongly to the below-normal character of the weather included Ja-
nuary, with the temperature much below normal at 92.9% of climatological stations and extre-
mely below normal at 2.9%, February, which was much below normal at 85.9% of stations and
extremely below normal at 14.1% of stations, and June, when the monthly average temperature
was extremely below normal at 88.4% of measuring sites. Below-normal monthly air tempe-
ratures were recorded also at a large percentage of climatological stations in July (38.8%), in
August (22.1%), September (36.2%), October (40%) and even more significantly in November,
when, on a more detailed scale, 19.4% of stations recorded a below-normal monthly air tempe-
rature and 67.6% recorded much below-normal values. Air temperature in the warm half of the
year was recorded as below normal at 45% of climatological stations and much below normal
at 50%. In the winter of 1984/1985, the temperature was recorded as below normal at 96.6%
of climatological stations and extremely below normal at 3.1%. The much below-normal and
extremely below-normal values were evenly distributed across the whole territory of Slovakia
and there were no regional difterences.

The year 2007 is an example of a year with above normal temperatures. The average annual
air temperature was significantly above normal, with the full 100% of climatological stations
recording temperatures in the above-normal range. An above-normal annual value compa-
red to the average annual air temperature for the 1981-2010 normal was recorded at 6.8%
of the climatological stations, much above-normal at 81.4% and extremely above-normal at
11.9% There were only two months with below-normal temperatures in 2007 — September and
November. Above-normal months included January (above-normal at 5.7% of climatological
stations, much above-normal at 41.4% and extremely above-normal at 51.4%), March (above-
normal at 56.7% of stations and much above-normal at 43.3% of stations), April (significantly
above-normal values at 71% of stations and much above-normal at 6% of stations). The trend
continued in May, with above-normal temperatures at 57.4% of stations and much-above-nor-
mal values at 2.9%, in June, with 39.1% above normal and 60.9% much above normal and in
July with 43.3% above normal and 37.3% much above normal values. August ended this signi-
ficantly warm period with above-normal temperatures at 47.1% of climatological stations and
much-above-normal average monthly air temperatures at 16.2% of stations. Temperatures for
the warm half-year as a whole were above normal at 43.3% of climatological stations and much
above normal at 50% of climatological stations. The winter of 2006/2007 had much above-nor-
mal temperatures at 7.8% of climatological stations and extremely above-normal temperatures
at 92.2% of stations. Examination of the territorial distribution of temperatures found that
much above-normal temperatures occurred regularly throughout Slovakia with the extremely
above-normal temperatures occurring in Eastern Slovakia, in the Spi$ region, in and around
Kosice (Abov) and in Lower Zemplin.
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3.1.3. Atmospheric precipitation

The evaluation of precipitation in the period 1981-2015 was based on data from 500 rain gauge
stations in the territory of Slovakia. The evaluation of the precipitation character of a year was
based on relative total atmospheric precipitation, expressed in terms of the total precipitation as
a percentage of the normal. Qualitative assessment was based on Dub’s method, in which the
annual total is expressed as a percentage of the long-term average (in this case the 1981-2010
normal). Categorisation based on relative total precipitation is very clear and permits the asse-
ssment of precipitation variability if a long-term average is available for the studied location.

One of the years with the lowest total precipitation, and therefore also with the lowest percent-
age of the 1981-2010 normal) is 2003. This year was dry at 19.8% of stations, very dry at 74.4%
of stations and extremely dry at 3% of stations. The year in which the 500 rain gauge stations
were most frequently recorded as having total annual precipitation within the normal range was
1998. The year 2010 was evaluated as a wet year for 96.6% of stations. To go into more detail:
1.6% of stations were categorised as wet, 19.6% as very wet and as many as 78.4% of stations
were extremely wet.

Looking at the annual precipitation totals for Slovakia in the 1981-2015 period as a whole, prior
to 1993 years are more frequently classified as dry under Dub’s system (sometimes consecutive
years), while extremely dry years occur after 2002 but with several years between them (2003,
2011). If 50% of the total number of rain gauge stations is taken as the threshold for identifying
a period of normal total precipitation, the most normal (homogeneous) period of annual total
precipitation in Slovakia is the period 1991-2001. The highest number of annual precipitation
totals classified as normal from the total 500 rain gauge stations was, however, in 1988. After
1993 the number of years classified as wet years began to increase, reaching its maximum in
2010, which was classified as wet based on total annual precipitation at all rain gauge stations.

3.2. METHOD FOR THE PREPARATION OF CLIMATE
CHANGE SCENARIOS

Mean global and regional air temperatures have increased in the last several decades more than
any time during the history of instrumental measurement. Significant achievements have been
reached recently in the field of climatic modeling — the World modeling centers included into
the models nearly complete global climatic system (i.e. also the cryosphere, lithosphere and
biosphere). The General Atmospheric Circulation Models (GCMs) outputs can be obtained
also in the format of daily data time series (means and extremes) with the grids resolution of
about 300x300 km. This resolution can be improved by the method of the nested Regional
Circulation models (RCMs) with final grids resolution about up to 10x10 km.

Two Regional Circulation models (Dutch KNMI and German MPI) have been used for design
of climate change scenarios for Slovakia region (van Meijgaard et al., 2008 (KINMI); Jacob,
2001; Jacob et al., 2001 (MPI)). The selected RCMs manifested as the best ones at description
of real climate in the Central Europe in 1961-1990 from the point of view of annual course and
occurrence of characteristic values (variability, number of specific days and extremes).
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The RCMs offer outputs of several variables with daily frequency for the period 1950/51 to
2100. These models represent a more detail integration of the atmospheric and oceanic dyna-
mic equations with the grid point resolution about 25x25 km. These models have 19x10 grid
points in the Slovakia region and its neighborhood with a detailed topography and appropriate
expression of all topographic elements larger than 25 km. All models applied the SRES IPCC
GHGs emission scenarios (IPCC, 2007; 2014). The RCMs use the medium pessimistic scena-
rio SRES A1B with global warming by 2.9°C until 2100 compared to 1961-1990.

Based on the models outputs and the measured meteorological data, daily scenarios for a num-
ber of climatic and precipitation stations all over Slovakia have been designed. These climate
change scenarios to be successful for utilizing in the impact studies featured in several socio-e-
conomic analyses.

The chapter on climate change scenarios 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.

3.2.1. Data and methods

The scenarios of climate change and changes in the water balance elements were prepared up to
the time horizon of the year 2100. The modified RCMs model outputs and the measured data
at about 30 meteorological stations in 1951-2016 were used for this purpose. These scenarios
have been prepared for the following variables: the daily means of maxima and minima of air
temperature, relative air humidity, daily total of precipitation, potential and actual evapotranspi-
ration.

Daily data from the Slovak Hydrometeorological Institute (SHMI) as air temperature (T), re-
lative air humidity (H) and precipitation (P), have been analyzed for selected meteorological
stations in Slovakia from year 1951-2016. Additional elements such as a soil moisture (i) and
a potential evapotranspiration (E) were calculated by analytical methods.

The process of climatic data and characteristics elaboration as time series for 1951-2100 can
be divided into several steps (Damborskd et al., 2016; Lapin et al., 2016). To prepare scenarios
the RCMs outputs must be regionally modified at use of observed climate from the stations
network. Statistical modification of the distribution curves takes place in the first case. The
reason is to improve statistical characteristics of modeled time series during the control period
compared to the observed ones within the same period considered here as reference. Compari-
son is done for means and variance. The final goal at the downscaling is to obtain the modified
model output in the same format as the measured data. However some climatic elements are
not available among the GCMs and RCMs outputs so they must be calculated by some analytic
physical or semi-experimental methods based on the other measured climatic data (evapo-
transpiration etc.). For the calculations of downscaling coetficients the period 1961-1990 was
considered as the reference and the period 1951-2016 as the control one for the evaluation of
downscaling reliability.

Using obtained statistics, 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. It results in minimization

55



PROGNOSIS OF HYDROLOGICAL DROUGHT DEVELOPMENT IN SLOVAKIA

of deviations caused by inaccuracies from the inputs or the model structure of the simplified
equations. Depending on the type of concrete variable, the statistical parameters in the referen-
ce period are determined.

3.2.2. Air temperature scenarios

Daily mean temperature is generally used as a universal measurement for climate change study.
The air temperature is measured at a height of around two meters above the surface by a classic
mercury thermometer at 7, 14 and 21 h MLT (mean local time). Three stations: Hurbanovo
(115 m a.s.l,, SW Slovakia), the Kosice airport (230 m a.s.l., SE Slovakia) and Liptovsky Hradok
(640 m a.s.I., N Slovakia) were selected to calculate the areal deviations of the monthly and sea-
sonal means from the long-term averages in the period 1901-2000. Only insignificant changes
showed between the mean deviations calculated from more stations for the period 1981-2010
and those calculated by the three stations mentioned.

The deviations of the mean temperatures and trends in Slovakia for a cold halt-year (CHY,
Oct.—March) and a warm half-year (WHY, Apr.—Sept.) are illustrated in Fig. 3.2.2.1. It is clear
that the mean temperature in Slovakia has increased by about 2°C since 1881 as a linear trend.
Nearly the same increase has also occurred since 1881 both in the CHY and WHY.
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Fig. 3.2.2.1 Deviations of mean temperatures (dT) and trends in Slovakia for a cold half-year
(CHY, Oct.—March) and a warm half-year (WHY, Apr.—Sept.) in 1881-2017

A higher increase in the mean temperature can be observed in the months from January to
August (Fig. 3.2.2.2 for Hurbanovo).
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dT[°C] Deviation of mean air temperatures from the 1961-1990 averages at Hurbanovo
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Fig. 3.2.2.2 Deviation of mean monthly and seasonal temperatures (dT) at Hurbanovo
from the 1961-1990 averages in 1901-2016 (preliminary 2017)

In Fig. 3.2.2.3, the mean warm half-year air temperature (T) measured at Hurbanovo in 1951—
2016 and modified model outputs by MPI and KNMI from year 1951-2100 are shown. In
spite of the fact that the measured values fit very well with the modelled ones, it is evident that
modelled values are right different in individual years. The differences among the models are
increasing by the end of the 21* century.

T[°C] Air temperature scenarios for the WHY at Hurbanovo by KNMI and MPI RCMs and measured data
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Fig. 3.2.2.3 Scenarios of mean warm half-year air temperature (T) at Hurbanovo
for 1951-2100 and measured values in 1951-2016
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3.2.3 Precipitation totals scenarios

Precipitation totals and precipitation events occurrence are the most problematic variables in
the process of climate change scenarios design. Generally, precipitation totals increase with
rising air temperature because of increasing water vapour concentration in the atmosphere
by about 6% per 1°C. On the other hand, precipitation regime is significantly influenced by
upwind and lee effects due to the topography, what means that precipitation regime depends
predominantly on the direction of atmospheric circulation. Another important factor is cyclo-
nicity, mainly suitable conditions for the vertical motions in the atmosphere. It seems that the
regional models RCMs can express all the factors mentioned above as physically interpreted
processes more precisely.

Daily precipitation totals are measured in Slovakia with the Metra 886 national gauge (1 m abo-
ve ground and with a 500 cm? orifice). Fig. 3.2.3.1 illustrates annual and seasonal precipitation
totals from year 1881-2016/17.
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Fig. 3.2.3.1 Annual and scasonal (CHY (Oct.—March) and WHY (Apr.—Sept.)) precipitation
totals in Slovakia from year 1881-2016/17 (based on 203 stations)

Since 1881, any significant trends have not been exhibited. In the CHY a decreasing trend can
be identified in southern Slovakia and an increasing trend in northern Slovakia (Fig. 3.2.3.2).
Since 1995, the annual and seasonal totals have a greater variability. Also an increasing share of
the convective precipitation has been registered.
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P [mm] Precipitation totals for 3 stationsin Slovakia in CHY 1901-2017
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Fig. 3.2.3.2 Cold half-year (CHY, Oct.—March) precipitation totals for 3 stations in Slovakia
from year 1881/82-2016/17 (Hurbanovo (HU), 115 m a.s.l., SW Slovakia, Kosice (KO),
230 m a.s.l., SE Slovakia, Oravska Lesnd (OL), 780 m a.s.l., NW Slovakia)

The total annual precipitation (R) has increasing trend by about 10% (more in northern Slo-
vakia, less in southern Slovakia) up to 2100. Fig. 3.2.3.3 shows the precipitation scenarios for
warm half-year at Hurbanovo by KNMI and MPI models from year 1951-2100 and measured
values in 1951-2016. It can be seen that the summer precipitation totals demonstrate mostly
decreasing trend, especially in southern Slovakia.

P [mm] Precipitation scenarios for the WHY at Hurbanovo by KNMI and MPI RCMs and measured data
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Fig. 3.2.3.3 Scenarios of warm half-year precipitation totals (R) at Hurbanovo
in 1951-2100 and measured values in 1951-2016
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3.2.4. Air humidity scenarios

The air humidity (RH) is not considered as a frequently applied climatic element in climate
change scenarios. However, the air humidity characteristics play a very important role in all im-
pact models. The air humidity can be expressed in several variables (the water vapor pressure,
the absolute humidity, the specific humidity, the relative humidity and the saturation deficit).
We decided to apply only RH outputs as primary source for all other air humidity variables
calculation. The air humidity is measured by dry and wet mercury thermometers (the psychro-
metric method) under the same conditions as the air temperature in Slovakia.

The KNMI model outputs are very close to the measured data and have a slightly higher va-
riability (Fig. 3.2.4.1). This comparison proofs that the regional RCMs outputs as much more
reliable than the global GCMs ones.
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Fig. 3.2.4.1 Quotients of model KNMI outputs and measured annual relative humidity
characteristics (in %) at Hurbanovo; min and max — the annual minimum in daily means,
mean — the annual mean, sd — annual standard deviation from daily means,
g1 and ¢3 — the lower and upper quartile from daily means

Fig. 3.2.4.2 illustrates the mean relative air humidity and trends for a cold half-year (Oct.—
March) and a warm half-year (Apr.—Sept.) at Hurbanovo station from year 1901-2016. The
trends in relative humidity at Hurbanovo are comparable to other lowland stations (a decrease
in WHY means by about 5% since 1901). A slightly decreasing trend is observed in the moun-
tains and in the northern half of Slovakia. Deviation of monthly and seasonal relative air hu-
midity means (dRH) from the 1961-1990 averages in 1901-2016 at Hurbanovo are illustrated
in Fig. 3.2.4.3. It can be seen that the mean relative humidity demonstrates the most significant
decrease in the months from March to August.
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H[%] Cold half-year and warm half-year relative humidity means at Hurbanovo in 1901-2016
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Fig. 3.2.4.2 Mean relative air humidity and trends for a cold half-year (CHY, Oct.—March)
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Fig. 3.2.4.3 Deviation of monthly and seasonal relative air humidity means at Hurbanovo
from the 1961-1990 averages in 1901-2016

The annual and warm half-year scenarios of the mean relative air humidity show only an in-
significant decreasing trend or no trend up to 2100. On the other hand, the saturation deficit
(A) has probably positive trend for the whole country. As demonstrated in Fig. 3.2.4.4, a greater
increase in A is expected in the WHY for the southern lowlands of Slovakia.
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A[hPa]  Saturation deficit scenarios for the WHY at Hurbanovo by KNMI and MPI RCMs and measured data
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Fig. 3.2.4.4 Scenarios of the mean warm half-year saturation deficit at Hurbanovo
from year 1951-2100 and measured values in 1951-2016

3.2.5. Potential and actual evapotranspiration scenarios

The potential evapotranspiration is a complex hydrologic, meteorological and climatic variable
depending on temperature (radiation balance), wind speed (turbulence conditions), saturation
deficit and active Earth surface properties (including vegetation type) at well saturated upper
soil layer and unchanged meteorological conditions. So the process of scenario design is more
problematic. To calculate the monthly and seasonal totals of evapotranspiration, we decided to
apply quite simple Zubenok (Zubenok, 1976) and complex Budyko methods (Budyko, 1974)
modified by Tomlain (Tomlain, 1980) for Slovakia.

The Zubenok method is based on saturation deficits only. The semi-empiric Zubenok formula
was calculated for each month during the year and for some specific geobotanic areas (like de-
sert, semidesert, steppe, forest-steppe, deciduous forest, conifer forest and tundra). The daily
values of saturation deficits were calculated from the modified RCMs outputs for the daily ave-
rages of air temperature and relative humidity. The calculated monthly averages of the saturati-
on deficits from the daily values are very reliable. So this method is comfortable for calculating
of the monthly potential evapotranspiration totals up to the year 2100.

Evapotranspiration totals have been calculated in Slovakia as monthly values for 32 stations sin-
ce 1951. Fig. 3.2.5.1 and 3.2.5.2 demonstrate the mean potential and actual evapotranspiration
for selected stations in Slovakia during the periods 1951-1990 and 1991-2016. It is obvious that
an increase of potential evapotranspiration follows the rising of air temperature and saturation
deficit. Changes in actual evapotranspiration are due to changes of potential evapotranspiration,
precipitation and the soil moisture availability.
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Eo[mm] Means of annual potential evapotranspiration totals in Slovakia based on Budyko-Tomlain method
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Fig. 3.2.5.1 Mean potential evapotranspiration totals at 26 stations in Slovakia for the periods
1951-1990 and 1991-2016 by the Budyko-Tomlain method (Michalovce, 112 m a.s.1,,
Zdiar Javorina, 1020 m a.s.1.)

E[mm] Evapotranspiration in Slovakia and time frames from 1951 to 2016, calculated by Budyko-Tomlain Method
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Fig. 3.2.5.2 Mean actual evapotranspiration totals at 26 stations in Slovakia
from years 1951-1990 and 1991-2016 by the Budyko-Tomlain method

Fig. 3.2.5.3 illustrates possible changes in the warm half-year and cold half-year potential eva-
potranspiration totals at Hurbanovo from the period 1951 to 2100. It can be seen a significantly
increasing trend in season April-September by KNMI and MPI saturation deficit scenarios.
On the other hand, the interannual variability shows a rise. A similar development can be ex-
pected for the other lowland sites and the lower localities in northern Slovakia.
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qE,[%] Potential evapotransplratlon totals in WHY (April-Sept.) by MPI and KNMI A scenarios and Zubenok method in 2001-2100
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Fig. 3.2.5.3 Scenarios of potential evapotranspiration totals at 10 stations in Slovakia
by the KNMI and MPI saturation deficit scenarios and the Zubenok method
from years 2001-2100 (Milhostov, 105 m a.s.l., Telgart, 901 m a.s.l.)

3.2.6. Conclusions on climate change scenarios results

Elaboration of regional models outputs by statistical downscaling brought huge amount of
daily data as scenarios, convenient for the further processing and elaboration of the climatic
characteristics, extreme events, etc. The scenarios of climate change and changes in the water
balance elements were prepared up to the time horizon of the year 2100. For this purpose, the
modified model outputs and the measured data at about 30 meteorological stations from years
1951-2016 were used.

The results showed that means of air temperature has increased in the 30-year averages by
about 2°C to 4°C up to the end of the 21* century and precipitation totals about 10% in annual
totals (more in the north and less in the south of Slovakia). Our analysis indicates that the pre-
cipitation and air humidity regime change will modify the air temperature daily range probably
comparably as the increase in daily mean temperature.

The changes in regimes and the climatic elements variability on a shorter scale (daily and hou-
rly data) effect also the hydrological cycle and processes. The presented study indicates signi-
ficant increase in the variability of precipitation, including long periods with low precipitation
totals and short periods with very high precipitation totals. It may lead to the great changes in
the soil water, the intensity of precipitation, the totals of areal evapotranspiration and the runoff
regime. It seems that the probability of occurrence of droughts, flash or regional floods will
increase in Slovakia. The models elaboration has confirmed the serious risk of unusual hydro-
logic situations appearance in the near future.
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4. DEVELOPMENT AND PROGNOSIS
OF THE HYDROLOGICAL DROUGHT
OCCURRENCE IN WATERCOURSES

4.1. CHARACTERISTICS OF THE HYDROLOGICAL
SITUATION IN SLOVAKIA IN THE YEARS 1981 TO 2016

From a time perspective, the hydrological evaluation of discharge characteristics can be condu-
cted using daily, monthly and annual intervals, or multi-year periods. Even smaller time steps
(e.g. hours) are useful for the evaluation of fast-changing hydrological events such as flash
floods. Hydrological drought is typically characterised by a slow onset and gradual decrease.
The smallest interval in its evaluation is therefore usually the series of average daily discharges
and related statistics.

Evaluation of the relationship between precipitation and runoff in Slovakia in the studied peri-
od shows a trend with a slight linear increase in runoff (fig. 4.1.1).

Mean annual precipitation totals and runoff in Slovakia
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Fig. 4.1.1 Annual runoff, precipitation totals and runoft coefficient development
for the Slovak territory in the relevant years within the 1981-2015 period

This trend is significantly influenced by the fact that the start of the period falls in a multi-year
period of low flow and therefore the overall evaluation of precipitation, runoff and the runoff
coefficient is presented for the longer period 1931-2016 (fig. 4.1.2, 4.1.3).
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In the longer time period there is clearly a moderate increasing trend in annual precipitation to-

tals in Slovakia and also a decreasing trend in annual surface water runoff from the territory of

Slovakia. The runoft coefficient expresses runoft as a proportion of precipitation and therefore

has a logical decreasing trend. In figure 4.1.3 showing the development of the runoft coettici-

ent, the period 1978-1990 is highlighted because of the steeper decrease in values for the runoff

cocfficient, which is also documented by the 10-year moving average with annual time steps.
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The long-term average of the runoff coefficient is nearly equal to the value for the reference
period 1961-2000 (32.3%), while in the period 1981-2015 the average value decreased to 29.8%
while for the 15 years from 2001 to 2015 it was lower still-27.9%. The decreasing trend in the
runoff coefficient is clearly the result of increasing losses in the water balance equation. Most
losses are in the form of water vapour as a result of increasing air temperature. The basic factors
influencing runoff from our territory are thus the volume of precipitation and air temperature
(Majer¢dkovi et al., 2011).

4.1.1. Average annual discharges

In order to ensure comparability of discharge data between watercourses with different size
characteristics, the computation of annual average discharges for the hydrological years in the
1981-2012 period uses relative values, i.e. the percentage ratio of average annual discharge (Q,)
and the long-term average discharge for the reference period 1961-2000 (Q,) for individual
discharge gauging stations. The relative runoft values in the evaluated profiles are compared in
table 4.1.1.1, with the use of colour to distinguish dry, normal and wet years.

In 1982 there were significantly below-average values in nearly all the evaluated basins except
the Myjava, with relative values being in the 60-85% range, except for the Nitra and the Kysuca,
which had around 90% of average levels. In 1984 there was below-average flow in the range
60-90% of Q, in basins other than the Hron and the Ipel.

There were longer periods of low flow in several of the studied profiles in the period 1986 to
1993, when below-average values occurred especially in the central part of Slovakia (Hron,
Ipel, Rimava) in 1989-1993 and in the Myjava River Basin and in 1988-1993 in the Nitra River
Basin. The Poprad had low flow in the years 1986-1988, 1990 and 1993 interrupted by periods
of normal or above-average flow in 1989, 1991 and 1992. In this period, there was significant
drought in all the studied profiles in 1990 and especially in 1993, when all the river basins were
aftected and the relative value Q/Q, fell to 25-28% in the Ipel and Rimava River Basins and
other profiles had relative values in the range 42-76%.

In the years 1997-1998, below-normal values for average annual discharges were once again
recorded in the central part of Slovakia (Nitra, Hron, Ipel, Rimava) in the range 50-80%, and
in the cast (Topla) in the range 76-87%.

Another period when average annual discharges fell below the long-term average was 2000
2004. The most significantly affected basins were the Myjava, Nitra, Ipel and Rimava, and in
2002-2003 also the Torysa and the Topla. The driest year in this period was 2003, when there
were again below-average levels in all the studied profiles ranging from 53% to 77%.

In 2007-2008 below average values of Q, were recorded in the studied profiles of the Myjava,
Nitra, Hron, Ipel and Rimava, with the Ipel and Rimava having only around 40% of their long-
term values.

At the end of the studied period, there was the unusually wet year 2010, when the values of Q/
Q, ranged from 150% to 255% except for the Kysuca with around 130%. Values decreased in
2011 and in 2012 all profiles were evaluated as significantly below average. The relative value
for the Ipel was only 19%, for the Rimava 28%. The other profiles ranged from 46% to 60%
except for the Vih with 69% and the Kysuca with 84% of the long-term average.
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tive values Q/Q, (%))
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Based on the classified values, 2012 was the driest year in the profiles of the Vih, Hron, Ipel,
Topla, Torysa and Poprad. The Myjava and the Hron had their driest year in 1993, the Kysuca
in 1991 and the Nitra in 1990. Taking the set of the three driest years for each profile, the years
that occur most frequently are 2012 and 1993 followed by somewhat fewer occurrences for
2003 and 1990. Taking the set of the five driest years for each profile, the year 1993 occurs most
frequently followed by 2012, 2003, 1990 and 2007.

4.1.2. Average monthly discharges

When evaluating the minimum values for mean monthly discharges, it is necessary to take ac-
count of the natural seasonality of discharges in each watercourse and profile. The distribution
of discharges in the year can be represented by the long-term average discharges for individual
months in the year Q, over the reference period (currently 1961-2000). The studied profiles
have different periods of minimum values for average monthly discharges in the reference
period — in the southern areas they are mainly in the summer or autumn months (e.g. Myjava —
September, October, August; Nitra — September, August, October) whereas further north they
tend to be in the winter and autumn months (e.g. Vih — February, January, December; Poprad
— January, February, December).

This same distribution is found in the lowest mean monthly discharge values in the reference
period 1981-2012 in the selected profiles. Table 4.1.2.1 shows the lowest values of Q recorded
in the studied profiles during the studied period with the month and year of their occurrence.

Tab. 4.1.2.1 Occurrence of average monthly absolute minimum discharges in evaluated profi-
les in the period 1981-2012

Month and year of minimum Q (min) value
Gauging station Stream monthly discharge Q (min) " % Q..
occurrence (m’s7)
Sastin-Straze Myjava 08.1990 0.407 25
Liptovsky Mikul4s Vih 01.1985 4.976 50
Kysucké Nové Mesto Kysuca 08.1992 1.523 13
Nitrianska Streda Nitra 09.2003 2.940 40
Brehy Hron 09.2003 9.967 41
Holisa Ipel 08.1993 0.049 4
Vlkyna Rimava 08.1993 0.492 17
Kosické OlSany Torysa 01.2004 1.316 30
Hanu$ovce nad Toplou | Topla 12.1986 1.330 22
Chmelnica Poprad 12.1986 2.819 34

Taking the 10 lowest mean monthly discharges for each year of the chosen period and each profile, the months that
occur most frequently are the same as or close to the months in which the lowest long-term mean monthly discharges

for the reference period occur in the relevant profile.

In the profile Myjava - Saitin-StraZe, the lowest discharges are most often in August, Septem-
ber or October, i.e. the summer-autumn period (lowest long-term mean monthly discharges
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for the reference period: September, October, August). In the profile Vah - Liptovsky Mi-
kulas, the lowest mean monthly discharges in the studied period occurred most often January,
February and March, i.e. the winter period (long-term: February, January, December). The
lowest mean monthly discharges in the profile Kysuca - Kysucké Nové Mesto occurred
mainly in August, September, November and October (long-term: November, January).

In the profile Nitra - Nitrianska Streda, the lowest mean monthly discharges were re-
corded in the summer-autumn period, mainly in September, August and October (long-term:
September, August, October, July). In the profile Hron - Brehy, the lowest mean monthly
discharges occurred mainly in September, August and November, i.e. in the summer-autumn
period (long-term: September, August, January, July). In the profile Ipel - Holisa, the most
frequent months for the lowest mean monthly discharges were August, July and September,
i.e. the summer-autumn months (long-term: September, August, July and October). In the
profile Rimava - Vlkynia, the lowest mean monthly discharges were most often recorded in
the summer-autumn period — September, August and July, which is the same as the long-term
minimum monthly discharges.

In the profile Torysa - Kosické OlSany, the lowest mean monthly discharges occurred
mainly in the winter months January, December and September (long-term: September, Jan-
uary, November, December). In the profile Topla - HanuSovce nad Toplou, the lowest
values were recorded in January, December, October and September (long-term: September,
January, October). In the profile Poprad - Chmelnica, the lowest mean monthly discharges
in the studied period occurred in the winter months February, December and January, which
were also the months with the lowest long-term average.

The course of mean monthly discharges in selected studied profiles in the period 1981-2012
compared to the long-term mean monthly discharges (in terms of quantiles to 40%, 80% and
120% of Q) is shown in fig. 4.1.2.1 to 4.1.2.4 with the coloured background representing the
quantiles of Q  as follows.

1. quantile (80 to 120% of Q -normal discharge)

ma 1961-2000

2. quantile (40 to 80% of Q —below-normal discharge)

ma 1961-2000

3. quantile (less than 40% of Q
discharge)

1 19612000 — CTitiCAl value of the below-normal
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Myjava - Sastin-Straze

DROUGHT OCCURRENCE IN WATERCOURSES

DEVELOPMENT AND PROGNOSIS OF THE HYDROLOGICAL

Course of mean monthly discharges, period 1981-2012
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Course of mean monthly discharges, period 1981-2012
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Mean monthly discharges can also be evaluated using relative values, the percentage of the
long-term values for mean monthly discharges for the corresponding months of the year (Q, /
Q,,, (%)). In this case, the months with minimum relative values for monthly discharges do not
usually correspond to the months with the absolute lowest discharges. While the lowest dis-
charges typically occur in the summer-autumn period or winter (water bound up in snow and
ice), minimum relative values for monthly discharges occur also in the spring months, when
there is usually increased runoft due to melting snow. Certain years’ lower discharge values in
these months compared to the long-term averages can be caused by various factors (decreased
snow storage, carlier/later spring runoff, air temperature, the volume and distribution of pre-
cipitation etc.). Although the values for such periods are not usually the absolute minimum
for the year, the relative value can be significantly lower and the runoft deficit compared to the
normal may comprise relatively large volumes, which can carry over to the next period.

Table 4.1.2.2 shows the relative values of average monthly discharges in each of the studied pro-
files in the period 1981-2012 with colour highlights based on the quantiles of % Q,  as defined
above. From the grouping of colours representing significant below-average monthly discharge
values (yellow — less than 80% of the long-term average for the corresponding month and red
— less than 40% of the long-term average discharge value for the corresponding month), it is
clear when dry periods occurred in consecutive months and influenced several of the studied
profiles at once. The main such dry periods are as follows:

1983/1984: Relative monthly discharge values less than 80% Q,  occurred in all the studied
profiles from month 6/1983 and continued in most cases until 3/1984 or 4/1984. Discharge
values below 40% Q,  were recorded on the Myjava in 7/1983, on the Kysuca in 7/1983-9/1983,
from 8/1983 on the Ipel and in the period 10/1983-2/1984 on the Hron, Ipel and Rimava. In
the castern parts of the territory (Torysa, Topla, Poprad) relative values below 40% occurred in
2/1984 and 3/1984.

1986/1987: In most of the studied profiles, relative month discharges Q,/Q, . (%) below 80%
occurred between 7/1986 and 12/1986 but continued on the Ipel, Rimava, Torysa, Topla and
Poprad until 3/1987. Within that group, values below 40% Q_  occurred in central and eastern
Slovakia from 10/1986 to 1/1987.

1992/1993: The start of this dry period that aftected all of Slovakia was recorded in most of the
studied profiles from 5/1992 (except on the Vih and in eastern Slovakia) and affected all arcas
from 7/1992. The dry period continued until 11/1993 and in the east until 12/1993. The Myjava
was strongly affected, with relative monthly discharge values below 40% Q,  almost continuo-
usly from 7/1992 to 7/1993, with the exception of 3/1993 (54%) and 6/1993 (60%). In other
areas values < 40% Q, were recorded nearly everywhere in 5/1993-6/1993, on the Torysa also
in 7/1993-8/1993, and on the Ipel and Rimava from 7/1993 to 9/1993. In August 1993 the Ipel
at Holisa had a discharge of just 4% Q

ma4/1961-2000°

1995/1996: Discharges with a relative value below 80% Q, occurred in nearly all the studied
profiles from 10/1995 to 3/1996 and values below 40 % Q,  were recorded mainly in 2/1996, on
the Kysuca in 2/1996 and 3/1996 and on the Vih in 3/1996.

1997: Average monthly discharges below 80% of long-term averages occurred in most profiles
from 12/1996 to 6/1997 and discharges below 40% Q,  occurred on the Kysuca from 12/1996
to 1/1997, in the central part of Slovakia (Hron, Ipel, Rimava) in 4/1997, continuing on the Ipefl
and Rimava until 6/1997.
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1998: Monthly discharges below 80% Q,  occurred on the Myjava, Nitra, Ipel and Rimava in
1/1998 and in the other profiles from 2/1998 to 3/1998 (in 3/1998 most profiles had relative
values below 40%). Values below 80% Q,  continued in most profiles until 8/1998.

2000/2001: In most of the studied profiles relative values for monthly discharges below 80 %
Q,,, occurred from 5/2000 to 12/2000, on the Myjava until 6/2001, with relative values below
40% in 6/2000-7/2000, 9/2000-10/2000 and 2/2001. Values below 40% were recorded on the
Hron, Rimava and Torysa in 10/2000 and on the Ipel in from 9/2000 to 12/2000.

2003/2004: The start of the dry period was recorded in most of the territory from 2/2003 (in
the east, in 12/2002 — 1/2003). The profiles on the Kysuca, Ipel, Torysa and Topla had values
below 40% Q, right from the start of the dry period in 2/2003. The period with significantly
below-average relative monthly discharge values continued until 1/2004 except for the Ipel and
Topla, where it continued to 2/2004 and the Rimava and Torysa, where it continued to 4/2004.
In 4/2004 relative monthly discharge values were again below 80% in all the studied profiles.
Periods with relative values < 40% Q,  were recorded for 9 consecutive months on the Myjava
from 6/2003-2/2004, on the Kysuca from 6/2003 — 9/2003, in central and eastern parts of Slo-
vakia mainly in 10/2003, 12/2003 and 1/2004, and in a smaller number of profiles in the period
from 4/2003 to 2/2004.

2007/2008: In most of the studied profiles dry months began in autumn 2006, in the months
10/2006 — 12/2006 and many profiles had relative monthly discharge values below 40% (Kysuca,
Hron, Ipel, Rimava, Topla). On the Myjava, the dry period lasted from 12/2006 to 8/2007 and
it had relative values below 40% Q,  in the period 6/2007-8/2007. Most profiles had monthly
discharges with relative values below 80% Q,  from 4/2007 to 8/2007 (in 6-7/2007 in all the
studied profiles). The Rimava, Torysa and Topla had relative monthly discharge values below
40% in the period 4/2007-7/2007. The profiles on the Ipel, Rimava and partially on the Hron
continued to have discharges below 80% Q,  continuously until the next dry period in 2008,
which affected most of the territory particularly in the months 4/2008-6/2008. The profiles
Ipel — Holisa and Rimava — Vlkyfia the dry period (< 80% Q, ) was continuous from 10/2006
to 6/2008, i.e. for 21 consecutive months, within which period discharges were below 40% Q,
in 14 months on the Ipel and in 12 months on the Rimava.

2011/2012: The hydrological drought in 2012 that began with a precipitation deficit in 2011 be-
gan to manifest in hydrological conditions in the spring of 2011 in the months 3/2011-6/2011
and then again from 9/2011 until the end of the study period 10/2012. It was particularly intense
on the Myjava and in central and eastern parts of the territory, which experienced relative values
below 40% especially in the months 11-12/2011 and 8-9/2012. The Ipel had a dry period with
relative mean monthly discharges below 40% from 10/2011 to 10/2012.
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Tab. 4.1.2.2 Average monthly discharges in evaluated profiles — relative values of Q /Q (%)
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Tab. 4.1.2.2 Average monthly discharges in evaluated profiles — relative values of Q /Q (%)
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Tab. 4.1.2.2 Average monthly discharges in evaluated profiles — relative values of Q /Q (%)
- continuation
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4.1.3. Mean daily discharges

The mean daily discharges for each profile in the period 1981-2012 were analysed by compa-
ring them with M-day discharge values for the reference period 1961-2000 indicative of low
flow Q. (Qype) » Qssss (Qyr,) and Q.. (Q,, ., ). Episodes were selected with discharges below
Q,,,, that lasted for at least 10 days without interruptions lasting more than 3 consecutive days.

Myjava - Sastin-Straze

During the studied period the discharge gauging station Myjava - Sastin-Straze had two sig-
nificantly longer periods when the mean daily discharges were below Q,, , — from July 1992 to
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December 1992 (a total of 149 days) and from July 2003 to January 2004 (a total of 190 days). A
total of 26 low flow periods meeting the given criteria were identified including a total of 1,030
days with Q, < Q,,,,» 80 days with Q, < Q,,., and 1 day with Q, < Q,_, (fig. 4.1.3.1).
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Sastin-Straze - Myjava
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Fig. 4.1.3.1 Coursc of average daily discharges in the Myjava - Sastin-Straze profile

Viah - Liptovsky Mikulas
In the profile Vih - Liptovsky Mikulas the longest dry period with daily discharges below Q, |
was from November 2011 to February 2012 (a total of 111 days). Other significant periods in-
cluded January to March 1996 (a total of 68 days) and December 1984 to February 1985 (a total
of 67 days). A total of 35 low flow periods meeting the given criteria were identified including
a total of 1,300 days with Q, < Q,,,., 533 days with Q, < Q,,,, and 50 days with Q, < Q

3304 355d 364d "
Kysuca - Kysucké Nové Mesto

The most severe dry periods in the Kysuca River Basin with mean daily discharges below Q,, |
were the periods July — October 1983 (a total of 74 days) and July — September 1992 (a total of
46 days). A total of 34 low flow periods meeting the given criteria were identified including a

total of 789 days with Q, < Q,,,., 206 days with Q, < Q,. and 24 days with Q, < Q

330d4° 355d 364d°

Nitra - Nitrianska Streda
The longest dry period recorded in the profile Nitra - Nitrianska Streda with mean daily dis-
charges below Q,, . in the studied years was July — November 1983 (a total of 133 days). An-
other very significant dry period in terms of days with discharge below the 355-day and 364-day
discharge levels was June to October 2012 (a total of 119 days). A total of 36 low flow periods
meeting the given criteria were identified including a total of 1,327 days with Q, < Q,,,., 420
days with Q, < Q,,,, and 58 days with Q, < Q

355d 364d "

Hron - Brehy

The longest periods of drought recorded at the Hron - Brehy discharge gauging station with
daily discharges below Q,, , were July — October 1983 (a total of 89 days), July — October 1992
(a total of 86 days) and July — October 2009 (a total of 79 days). A total of 51 low flow periods
meeting the given criteria were identified including a total of 1,658 days with Q, < Q,,, ., 612
days with Q, < Q... and 93 day with Q, < Q,_,, (fig. 4.1.3.2).

330d4°

355d 364d
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Brehy - Hron
(m?.s7) mean daily discharges for period 1981-2012 (hydrologlcal years), low flow area - comparison with Q3304, Q3555 and Qag4g
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Fig. 4.1.3.2 Course of average daily discharges in the Hron - Brehy profile

Ipel - Holisa
By far the longest dry period recorded at the Ipel - Holisa discharge gauging station with mean
daily discharges lower than Q. in the 1981 — 2012 period was the period from May to Oc-
tober 1993, which lasted a total of 146 days. A total of 39 low flow periods meeting the given
criteria were identified including a total of 837 days with Q, < Q,,,., 329 days with Q, < Q
and 52 days with Q, < Q

330d° 355d

364d°

Rimava - Vlkyna
The discharge gauging station at Vlkyria on the Rimava recorded 3 long periods when mean
daily discharges were less than Q,,,, for more than 100 days (including short interruptions):
August — December 1986 (a total of 111 days), July — November 1987 (a total of 130 days) and
May — October 1993 (a total of 146 days). A total of 43 low flow periods meeting the given cri-
teria were identified including a total of 1,234 days with Q, < Q,, ., 246 days with Q, < Q

and 45 days with Q, < Q

3304° 355d

364d "

Torysa - Kosické Olsany
The longest dry period with mean daily discharges with a value less than Q,, . in the profile
Torysa - Kosické OSany was the period September 1986 to February 1987 (a total of 159 days).
A total of 22 low flow periods meeting the given criteria were identified including a total of 718
days with Q, < Q,,,, 106 days with Q, < Q.. and 0 days with Q, < Q

330a4° 355d 364d "

Topla — Hanus$ovce nad Toplou
The two longest periods of daily discharges below Q,, , at HanuSovce nad Toplou were from
November 1986 to February 1987 (a total of 94 days) and August to October 2003 (a total of 83
days). A total of 40 low flow periods meeting the given criteria were identified including a total
of 984 days with Q, < Q,,,,, 317 days with Q, < Q. and 47 days with Q, < Q

330d° 355d 364d "

Poprad - Chmelnica

The longest dry period recorded at Chmelnica on the Poprad was from January to March 1984
(a total of 80 days). The second longest dry period was from October to December 1986 (a total
of 79 days). This period was followed in quick succession by two more dry periods of short
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duration but with discharge values < Q,_,, for over 10 days in 09/01/1987-13/02/1987 (a total
of 36 days) and 25/02/1987 to 25/03/1987 (a total of 29 days). A total of 29 low flow periods
meeting the given criteria were identified including a total of 958 days with Q, < Q,;,,, 304
days with Q, < Q,,,, and 49 days with Q, < Q,,, (fig. 4.1.3.3).
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Fig. 4.1.3.3 Course of average daily discharges in the Poprad - Chmelnica profile

Table 4.1.3.1 summarises the outputs for the individual studied discharge gauging stations.
From the summary it is clear that the largest number of dry episodes meeting the chosen crite-
ria were recorded at Brehy on the Hron (51 episodes), Vlkyiia on the Rimava (43 episodes) and
Hanusovce on the Topla (40 episodes). The most days with discharge below Q,, , meeting the
set criteria were recorded at Brehy on the Hron, Nitrianska Streda on the Nitra and Liptovsky
Mikulis on the Vih. The longest continuous periods (with short interruptions) were recorded
at Sastin-StraZe on the Myjava (190 days — Fig. 4.1.3.1), Kogické OlSany on the Torysa (159
days), Holisa on the Ipel and Vlkyna on the Rimava (146 days). In terms of the months when
the longest low flow episodes occurred, episodes were recorded during the summer-autumn
period at the following stations: Kysucké Nové Mesto (Kysuca), Nitrianska Streda (Nitra),
Brehy (Hron); the stations at Holisa (Ipel) and Vlkyiia (Rimava) had low flow seasons than ran
through the spring and summer to the autumn; the stations at Liptovsky Mikulas (Vih), Ha-
nusovce (Topla) a Chmelnica (Poprad) had low flow episodes in the winter; at Kosické OSany
(Torysa) the dry episode occurred in the autumn-winter period and at Sastin-Straze (Myjava)
the longest low-flow period extended through the summer, autumn and winter months.
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Tab. 4.1.3.1 Occurrence and duration (days) of low flow periods in evaluated discharge gau-
ging profiles
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Kysucké Nové Mesto | 34 | 789 206 24 74 7,8,9,10 1983
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Holisa 39 [ 837 329 52 146 | 5,67,89.10 1993
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Kosické Oany 2 [ 718 106 0 159 [ 9,10,11,12,1,2 | 1986/1987
Hanugovee nad Toplou | 40 | 984 317 47 94 11,1212 | 1986/1987
Chmelnica 29 [ 958 304 49 80 12,3 1984

4.2. MODELLING OF RELATIONSHIPS BETWEEN
PRECIPITATION AND RUNOFF

4.2.1. The Bilan water balance model

The Bilan model (T. G. Masaryk Water Research Institute, 2015) simulates elements of the wa-
ter balance for basins. The structure of the model is based on equations that describe the basic
principles of the water balance on the surface, in the soil zone (with the influence of covering
vegetation) and in the groundwater zone. The calculation of the energy balance is based on air
temperature. The model can operate with daily or monthly time series and the results of com-
putations for the present research were given with daily steps.

The input data for computation of the water balance (when working with a daily time series)
are the daily precipitation totals representing average total rainfall on the surface of the basin,
air temperature and optionally also the relative air humidity. This parameter can be replaced by
direct entry of the average value of potential evapotranspiration on the surface of the basin. The
model parameters are calibrated (by an optimisation algorithm) using simulated and observed
average daily runoft values at the basin’s outlet expressed as runoft depth in millimetres.

The model simulates the time series of daily potential evapotranspiration, ground evaporation,
infiltration to the soil and groundwater recharge from the soil. For each time step the model
also simulates the quantity of water contained in snow cover, in soil and groundwater storage.
These variables relate to the whole basin. For the model working with daily time steps, runoff
is divided into direct runoft and baseflow.

The model uses six calibration parameters that are calibrated using an optimisation algorithm
though the model ofters some options for users to select from. The global algorithm incor-
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porates the SCE-UA method (Shuffled Complex Evolution - The University of Arizona) de-
scribed by Qingyun et al. (1994), with complex evolution based on the differential evolution
(DE) method described by Stron and Priece (1997). The optimisation functions available are
mean square error (MSE), mean absolute error (MQAE), mean absolute percentage error
(MAPE), the Nash-Sutcliffe coefficient (NS) (Nash and Sutclifte, 1970) and its logarithmic
version (LNNS). The purpose of optimisation is to achieve the best possible match between
the observed and simulated discharge series.

Air temperature and, if selected, relative air humidity are used to calculate potential evapotrans-
piration; air temperature is also used to distinguish between winter and summer conditions
(regime type). Where snow cover occurs, algorithms are used to compute water accumulation
in snow and snow melting. Water from melting snow infiltrates into the soil and this infiltrated
water may be withdrawn by agricultural crops or other vegetation. Crops and other vegetation
use soil moisture up to a certain potential extent (potential evapotranspiration) for as long as
the water supply exists. If there is insufficient water in the soil, ground evaporation is reduced
below its potential rate. In rainy periods, when precipitation exceeds potential evapotranspira-
tion, the surplus is mainly fed into soil moisture. If the maximum storage capacity is exceeded,
water percolates to the groundwater level. Direct surface runoft occurs in the event of high
precipitation totals.

The input data is read into the model from a text file whose first row specifies the start date
of the time series in the format YYYY MM DD, the year, month and day being separated by
spaces. The input data are given in the order precipitation P (mm), observed runoff R (mm),
air temperature T' (°C) and relative air humidity H (%). The fifth column can be used for any
variable (groundwater runoff, the level of groundwater...) which can be used in the visualisa-
tion of model outputs. The model can use the sixth column for potential evapotranspiration
and the seventh for data on water use.

Potential evapotranspiration is estimated from the saturation deficit using functions (in the
form of tables) derived for individual months of the year and various bioclimatic zones (Gidro-
meteoizdat, 1976). The saturation deficit (in mb) is calculated from air temperature and relative
air humidity data. The daily values for potential evapotranspiration are calculated as monthly
values divided by 30. An alternative method calculates potential evapotranspiration using a
relationship derived by Oudin et al. (2010) based on the entered air temperatures and the catch-
ment latitude in degrees. The value of extra-terrestrial solar radiation is then calculated for cach
time step and from this the value for potential evapotranspiration.

The following free calibration parameters are used:

- Spa — capacity of soil moisture storage (mm)

- Dgm — temperature/snow melting factor

- Alf - parameter controlling outflow from direct runoff storage

- Soc — parameter controlling distribution of percolation into direct runoft and groundwa-
ter recharge under summer conditions

- Mec — parameter controlling distribution of percolation into direct runoft and ground-
water recharge under conditions of snow melting

- Grd — parameter controlling outflow from groundwater storage — base flow.
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When optimisation is completed, the output panel displays the optimised output calibration
parameters and the time series of hydrological parameters in the following structure:

- P (mm) — basin precipitation

- T (°C) — basin air temperature

- H (%) — basin relative air humidity

- R (mm) — observed runoff at outlet

- PET (mm) - potential evapotranspiration

- RT (mm) — ground evaporation

- INF (mm) infiltration into the soil

- PERC (mm) percolation through the soil to groundwater

- RC (mm) — recharge of groundwater storage

- DR (mm) — direct runoff

- BF (mm) — base flow (simulated)

- RM (mm) — total runoff (simulated)

- 8§ (mm) — snow water storage

- SW(mm) - soil moisture

-GS (mm) — groundwater storage.

Results can be visualised for any combination of variables in daily, monthly or annual time
series. The model can also display quantile plots of monthly data, Gumbel plots (focusing on
extreme values of the monthly series) or a constant threshold can be entered to identify wet or
dry periods.

4.2.2. The FRIER model

The FRIER Model was created in dissertation work (Horvit, 2007) and has since been under-
gone continuous improvement thanks to many projects such as the APVV project LPP-0254-07
(Hlav&ovd and Horvit, 2011), or the WATCH project in the 6th EU Framework Programme.
The basic conception of the model is based on the structure of the physically-oriented WetSpa
model (Wang et al., 1996) but it has been modified and reprogrammed to better model runoff
from precipitation and melting snow in Slovak conditions. The model divides a basin into
uniform spatial units on a grid scale, in which the water balance and the runoff simulation are
calculated to the basin’s outlet. The modelled elements of the water balance include liquid and
solid precipitation, interception, soil moisture, infiltration, actual evapotranspiration, surface
runoff, interflow in the root zone, percolation into the groundwater, groundwater runoff and
groundwater storage in the saturated zone. Transformation of the surface runoft in a basin is
simulated by approximating a diffusive wave model using the geometric and hydraulic charac-
teristics of hill slopes and the stream network. Interflow is calculated using Darcy’s law and
a method of approximating the kinematic wave model. The model with spatially distributed
parameters cooperates with the program ArcView GIS and the preparation of spatially distribu-
ted data is linked to the GIS environment. Some inputs to the model are prepared in the form
of digital maps while hydrometeorological data and data on physiographical properties of the
environment are entered in text form.

The model works with the following digital spatial data:
- Adigital elevation model (DEM)
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- A map of soil types

- A map of land use, watershed divides

- Stream network

- Geographical locations of precipitation, climatological and discharge gauges.

The digital elevation model and the maps of land use and soil types in raster format are the
basis for derivation of most of the model’s spatial parameters. The maps of watershed divides
and the stream network are line vector files that are used for the sub-division of the basin and
assessment of the accuracy of the stream network generated by the model.

The model uses four types of hydrometeorological data:
- Daily (hourly) total precipitation in the form of point measurements from stations
(mm.d!, mm.h)
- Daily (hourly) total potential evapotranspiration calculated at stations (mm.d™!, mm.h"")
- Average daily (hourly) values air temperature in the form of point measurements from
stations (°C)
- Average daily (hourly) discharges at the basin’s outlet (m?.s™).

Precipitation data for each time period is distributed to individual basin cells using the Thiessen
polygons method. Potential evapotranspiration in each time period and cell is calculated using
the Blaney-Criddle (Blaney and Criddle, 1950) equation based on air temperature and the
solar radiation index or other methods for which input data is available. Measured discharge is
compared with simulated discharges to evaluate the accuracy of the model but is not needed
for discharge simulation itself.

The model includes several global parameters (GP) that apply to the whole basin:
- GP for precipitation:
a) Coetticient for the effect of rain intensity on surface runoft K_run (-)
b) Maximum rain intensity P, (mm.d"!, mm.h""), for which K_run=1
- GP for the formation of solid precipitation or snow melting:
a) Threshold temperature TO for the formation of snow water storage, at which rain
changes to snow (°C)
b) “Degree-day” coeflicient for melting snow K_snow (mm.°C-.d™)
c) Coefticient for correction of the quantity of solid precipitation K_rain (-)
- GP for land use: coefficient of relative representation of impermeable surfaces on urban
land K _imp (-)
- GP for soil moisture: relative initial soil moisture Kss (-), expressed as the relationship
to field water capacity
- GP for evapotranspiration: coefficient Kep (-) for the correction of actual evapotrans-
piration
- GP for interflow: the scaling factor for interflow Ki (-) is the ratio of horizontal and
vertical filtration coefficients reflecting the effect of organic material and root systems
in the top layer of soil
- GP forgroundwater runoff: the coefficient of the groundwater depletion hydrograph Kg
(-) expresses the regime of groundwater depletion for an average sub-basin; the total is
divided into several sub-basins
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- GP for groundwater storage: initial groundwater volume G0 and maximum groundwa-
ter volume Gmax (mm).

In the first phase of modelling the instantancous unit hydrographs (IUH) are counted for each
cell to the basin and sub-basin outlets and the IUH of the main streams. Next the runoft simu-
lation determines the following output quantities:
- Average basin precipitation (mm)
- Surface runoff at the basin outlet (m®.s™)
- Interflow at the basin outlet (m’.s™)
- Groundwater runoff at the basin outlet (m?3.s™)
- Total runoff at the basin outlet (m®.s™)
- Elements of the basin water balance (mm):
a) Average basin precipitation
b) Interception
c) Average soil moisture
d) Infiltration
e) Evapotranspiration
f) Percolation from the root zone
g) Surface runoff
h) Interflow
i) Groundwater runoff
j) Total runoff
k) Change in groundwater storage.

The FRIER program includes an algorithm for computing the depth of soil freezing that allows
a more precise specification of the currently active part of the soil layer. Precipitation-runoff
models do not take account of it because of the difficulty of determining it. The possibility to
calibrate groundwater runoft is of vital importance in drought modelling, helping to specify
the computation of interflow and groundwater runoff. A method for separating BFI runoff
from measured runoff developed by the British Institute of Hydrology (Institute of Hydrology,
1980) was tested as a means of obtaining more accurate computation of processes in the satu-
rated zone. The Nash-Sutcliff coefficient (Nash and Sutclifte, 1970) was used for comparison
with simulated runoft. The accuracy of the groundwater runoft estimate was also enhanced by
removal of its direct limiting by a parameter from above so that now it is indirectly limited by
groundwater storage in the basin and its gravitational flow to the basin outlet. The number of
days that water spends in the saturated zone is a significant data point for the estimate of groun-
dwater runoft; in the model it is calibrated by the B_UH parameter.

4.3. CHARACTERISTICS OF PRECIPITATION-RUNOFF
RELATIONSHIPS IN THE STUDIED BASINS

4.3.1. Results of modelling using the Bilan model

Data was calibrated and processed using the Bilan model for the following basins: the Myjava
to Satin-StraZe, the Vih to Liptovsky Mikulas, the Kysuca to Kysucké Nové Mesto, the Nitra
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to Nitrianska Streda, the Hron to Brehy, the Ipel to HoliSa, the Rimava to Vlkyria, the Poprad
to Chmelnica, the Torya to Kosické Ol8any and the Topla to Hanu$ovce nad Toplou.

The modelling was based on climate data calculated for the full area of the basin and hydro-
logical data for the relevant discharge profile. The climatological variables were precipitation
(mm), average air temperature (°C) and average relative air humidity (%) and the hydrological
variable was the runoff depth in the basin at the final profile (mm). The processing of climato-
logical data to cover the studied area of the basin was carried out for the project by the Slovak
Hydrometeorological Institute (SHMU). Potential evapotranspiration was computed using the
nomogram method (see Chapter 4.2.1). The model was calibrated with groundwater runoff
calculated according to the Kille method and the BFI method using data on average daily dis-
charges for the whole of the studied period 1981-2012. In most cases the optimisation criterion
used was MAPE (see Chapter 4.2.1) with values ranging from 0.31 (Vih Basin) to 0.77 (Nitra
Basin); the NS coetticient (see Chapter 4.2.1) was used for the Topla Basin with a resulting
value 0.66 while MSE (see Chapter 4.2.1) was used for the Kysuca with the resulting value 2.4.

The standard method used to determine groundwater runoft in Slovakia is the Kille method.
Its disadvantage is that it requires a long time series of reference data — at least 10 years of
average daily discharge values. The Kille method (Kille, 1970) uses graphical analysis and sta-
tistical methods to calculate the value of groundwater runoft from the minimum average daily
discharge rate for each month in a sufficiently long time series (at least ten years). These rates
are plotted graphically in order of size (Q against number of values) producing a graph similar
to the cumulative frequency graph for the discharges. In the lower part of the set of ordered
points of monthly minimum daily discharge rates for the whole measurement period, linear
regression is used to identify a section (usually in the range 5 < n < 50 values) with a linear
course and the highest correlation coefficient. Next, an exponential regression equation based
on the correlation coefficient is used to identify a section of the lower part of the set of points
with the best approximation by exponential function. The obtained exponential equation is
used to calculate the reduced value of the monthly minimum discharges in the upper part of
the set of points. Next, the sum of the monthly minimum discharges in the lower part of the
set of points and the reduced values of the monthly minimum discharges in the area of the ex-
ponential curve (the upper part of the set of points) is divided by the number of data points to
give the value for groundwater runoff (baseflow) (Fendekovi and Fendek, 1999).

From around 2005, Slovak researchers began to use the local minimum method to handle tasks
involving the calculation of groundwater runoff. This is an automated separation method based
on daily time steps. It uses average daily discharges and is based on the separation of the mini-
mum discharge value from an N-day time period. This minimum value is multiplied by a cor-
rection factor (usually with a value of 0.9) and compared with the value obtained by the same
method in the previous and following time steps. If the value obtained is less than or equal to
both compared values, it is kept in the time series and becomes a “turning point” for deriving
the separation line between direct runoff and groundwater runoff (baseflow). Otherwise it is
discarded and analysis proceeds to the next N-day section. The turning points are joined to
derive the separation line and the values between the turning points are obtained by linear in-
terpolation. The resulting time series represents groundwater runoff (base flow) in daily steps.

The original program was developed in Great Britain (Institute of Hydrology, 1980) and was
referred to as BFI (Base Flow Index) The original program worked with 5 days as the fixed
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value of the N-day time period. The correction factor was set to 0.9 based on calibration. Using
the 5-day time period in Slovak river basins produced too high values for groundwater runoff
that could not be compared with the previously used methods (Kille method, Foster separation
scheme, Kliner-Knezek method etc.). To tackle this problem, the BFI was revised by Gregor
(2011) into BFI+2.0 and BFI+3.0 (Gregor 2013), which allows the length of the N-day time
period to be set to any range and likewise it is also possible to select the value of the correction
factor f. The program is freely available from www.hydrooffice.org.

Previous studies have shown, using groundwater runoft values calculated using the Kille meth-
od as a comparison value, that the most suitable length of the time step is N = 15-30 depending
on the studied basin. In their study of the River Nitra, Fendekovi and Fendek (2012) used a
time step N = 20 and this length of time step was also found to be optimal for basins in the
Slovak part of the Tatry Mountains (Fendekovi et al., 2014). In basins in Kysuce and Orava,
on the other hand, the optimal length of the time step was N = 15. The reference values for
groundwater runoff (base flow) calculated using the Kille and BFI methods and used in the
calibration of the Bilan model for the studied basins are shown in Table 4.3.1.1.

Tab. 4.3.1.1 Values of the baseflow estimated by Kille “s and BFI methods

River basin Basin size Groundwater runoff | Groundwater runoff | Groundwater runoff
(Kille) (Kille) (BFI)
(km?) (m*s™) (mm) (mm)
Myjava 644.89 1.250 61 64*
Vih 1107.21 9.878 281 282%*
Kysuca 995.09 4219 134 144*
Nitra 2093.71 6.417 97 96**
Hron 3821.38 17.387 143 160*
Ipel 685.67 0.883 41 43%
Rimava 1377.41 2.090 48 56*
Poprad 1262.41 6.448 161 162%**
Torysa 1298.30 3.109 76 78*
Topla 1050.05 3.000 90 90*

Explanation: * N = 15, ** N = 2(), *** N = 25

The outputs of the model solutions were used to calculate daily totals (mm) for the following
elements of the water balance: potential evapotranspiration P, total evaporation from the
basin ET, infiltration of soil (unsaturated zone) INF, percolation to the saturated zone PERC,
recharge of groundwater storage RC, direct runoft of precipitation DR, base flow (simulated)
BF and total runoff (simulated) RM. In the daily series, the Bilan program does not calculate

a value for interflow.

Other elements of the water table that were output included water storage in snow S8, water
storage in the unsaturated zone (soil) SW, groundwater storage GS and storage for direct run-
oft DS.

The results of the modelling of the elements of the water balance by the Bilan model are shown
in Table 4.3.1.2. The results were assessed based on the course of observed runoft (R), the mod-
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elled runoff (RM) and the baseflow (BF). An example of the results for the Myjava Basin (to
the Sastin-Straze discharge gauging station) is shown in Fig. 4.3.1.1. From Fig. 4.3.1.1 it is clear
that there is a very good fit between observed and modelled runoff. A comparison of the course
of average monthly values find the best fit in the period of the accumulation and culmination
of discharges (months XI-III) and slight undervaluing of the start of the discharge period (IV-
VI). In other months the differences between the observed and modelled discharges is small
and there is a good general match on seasonality. The values for groundwater runoff (baseflow)
follow the course of the modelled runoft.

Runoff (m3.s) H

20.0 \‘ —*- R

—o— RM
o BF

175
15.0
12.5

10.0

5.0

—
Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct
Fig. 4.3.1.1 Comparison of runoft compounds for the Myjava River basin

The evaluation of the size and relationship of the runoft components for each of the studied
basins is set out in Table 4.3.1.3. Because the Bilan model does not compute the value of inter-
flow in the daily time series, Table 4.3.1.3 shows only the values for direct, groundwater and
total runoft.

Infiltration INF reflects precipitation conditions and represents entry to the root (unsaturated)
layer of the Bilan model. The highest values were modelled (Tab. 4.3.1.2) for the basins of the
Kysuca (792 mm), Hron (762 mm) and Poprad (760 mm).

The value for ground evaporation (ET, evapotranspiration) reflects the temperature conditions
in the basin in combination with altitude. The highest values were modelled (Tab. 4.3.1.2) for
the basins of the Myjava (536 mm), Ipel (510 mm) and Rimava (504 mm). The lowest value
was calculated for the Vih Basin (275 mm). There was a similar situation in the values for po-
tential evapotranspiration (PET) which were highest in the basins of the Nitra (768 mm), Ipel
(749 mm), Myjava (733 mm) and Torysa (712 mm). The lowest potential evapotranspiration
was computed for the basins of the Vih (364 mm) and Poprad (472 mm).
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The highest percentage levels of direct runoft (Tab. 4.3.1.3) were modelled in the basins of the
Rimava (60%), Kysuca (58%), Ipel (57%) and Poprad (50%) while the lowest levels were in the
basins of the Hron (4%), Topla (23%), Vih (36%) and Torysa (44%).

The highest values for base flow (Tab. 4.3.1.2) were calculated for the basins of the Vih (294
mm), Hron (183 mm), Poprad (179 mm) and Kysuca (153 mm), and the lowest were for the
Ipel (48 mm), Rimava (56 mm), Myjava (71 mm), Torysa (92 mm) and Nitra (99 mm). The
percentage ratio of base flow to total runoft (Tab. 4.3.1.3) was highest in the basins of the Hron
(96%), Topla (77%) and Vih (64%). Overall, the highest runoft of water (Tab. 4.3.1.2) was in
the basins of the Vih (462 mm), Kysuca (362 mm) and Poprad (359 mm), and the lowest was in
the basins of the Ipel (114 mm), Myjava (118 mm) a Rimava (141 mm).

Tab. 4.3.1.3 Evaluation of runoft components in the modelled basins

Direct runoff Baseflow BE Total runoff Runoff ratio
Basin DR RM DR:BF
(mm) (mm) (mm) (%)
Myjava 48 70 118 41:59
Vih 168 294 462 36:64
Kysuca 209 153 362 58:42
Nitra 88 99 187 47:53
Hron po Brehy 123 121 307 04:96
Ipel 65 49 114 57:43
Rimava 85 56 141 60:40
Poprad 207 156 363 50:50
Torysa 73 92 166 44:56
Topla 41 138 180 23:77

4.3.2. Results of modelling using the FRIER model

The project included calibration and processing of models for the following basins: the Myjava
to Sastin-StraZe, the Vih to Liptovsky Mikulss, the Kysuca to Kysucké Nové Mesto, the Nitra
to Nové Ziamky (the full basin), the Hron to Kamenin (the full basin), the Ipel to Holisa (the
upper basin), the Poprad to Chmelnica (all the basin in Slovakia), the Hornad to Zdatia (all
the basin in Slovakia), the Torysa to Kosické OlSany as a sub-basin of the Hornid (the full
basin), the Sland to Lendrtovce (all the basin in Slovakia, to the confluence with the Rimava),
the Rimava to Vlkymia (the full basin), the Bodva to Hostovce (the full basin), the Ondava to
Horovce (the full basin), the Topla to HanuSovce nad Toplou as a sub-basin of the Ondava (the
full basin) and the Laborec to Humenné (before the Zemplinska Sirava Lake).

The aim was to include as large as possible a part of the territory of Slovakia in the analysis and
prognosis of drought. Analysis was limited by the locations of discharge gauging stations, the
location of the state border, tributaries from other countries and the existence of large reser-
voirs on streams, which influenced discharges in lower-lying profiles. This meant that it was
impossible to measure the Danube in our territory, the whole of the Vih, Bodrog and Ipel or
the Dunajec.
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Input data on time series of total precipitation, discharge, air temperature, relative air humidity,
cloud cover and wind speed were provided for the project from databases of the Slovak Hy-
drometeorological Institute. It covered the time series from the start of calendar year 1981 to
the end of 2012.

Potential evapotranspiration was calculated using the Schendel equation (Holting, 1980, ad-
justed for daily totals):

if T > 0, then:
T
Emax =16 (43.2.1)

. 3 3 3 1
where: E - potential evapotranspiration (mm.day™)
T — daily average air temperature (°C)

H — relative air humidity (%).

Maps from the archive of the Department of Hydrogeology of the Faculty of Natural Scien-
ces of Comenius University in Bratislava were used for the input spatial map for the digital
elevation model with a 200 m raster and stream network on the scale 1:10,000, landscape use
(CORINE 2006) and maps of soil types (Landscape atlas of the Slovak Republic, 2002).

4.3.2.1. Most frequent problems in hydrological model calibration

No method for the spatial distribution of measured meteorological values can reliably deter-
mine values for cells if there are not enough measurement stations or if they are not optimally
distributed (location, altitude). There was a shortage of stations in nearly every Slovak basin,
especially at higher altitudes.

To supplement precipitation totals, the project used the relationship between records from the
missing and supplementing stations from periods when measurements were taken at both.
The supplementing station is usually the one that is located closest to the station with missing
data. A power dependency between station altitude and total precipitation was used. In the case
of large altitude differences, the difference for lower totals is proportionally higher while with
very large totals, there is assumed to be an insignificant difference. A deficiency that is hard to
eliminate is the fact that at higher altitudes it not only rains more heavily but also more often. It
is nearly always necessary to supplement a higher-altitude station with one at a lower elevation.
In this case, the supplemented number of days with precipitation will be the same, however.

For air temperature, a table is generated of the relationship at each °C (each row is a step of
1°C) and the missing values are added from the table using the average values for dependences
between stations and the given value measured for the supplementing station.

An important step is the creation of “virtual” stations, a few strategic points usually on the hi-
ghest peaks and at the lowest point in the final profile of the basin. Capturing the values for the
highest and lowest points in the basin makes it possible to create a more realistic vertical gra-
dient for every time step. These few points can be checked more easily than all the cells in the
basin. Values are entered using average annual values at the given altitude and given location.
For total precipitation, vertical gradients are produced from the supplementing stations for each
month and used to compute the precipitation that would fall at the given station if it was at the
same altitude as the virtual station. The final value is computed by a weighted average based on
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the inverse distance of the supplementing stations from the virtual one. For air temperature,
vertical gradients are produced from the supplementing stations for each time step and used to
compute the value the given supplementing station would record if it were at the same altitude
as the virtual station; a table is generated as in the previous case (each row representing a step of
1°C); the final value is computed by a weighted average of the values from the supplementing
stations. The values from the virtual stations are checked and they can be partly adjusted based
on the measured discharge. Precipitation is the most important input to the models and there-
fore the data must be prepared with due care. In Slovakia melting snow is the most important
instantaneous addition of water to the system and it is therefore necessary to pay attention to
air temperature, especially when its value is close to the temperature at which snow changes to
water; an error in the estimate of air temperature of just 1°C when the temperature is close to
0°C makes it impossible to produce an acceptable calibration for the given simulation period.
The virtual stations in the Nitra Basin can be taken as an example.

In Slovakia there are just 9 meteorological stations located at an elevation greater than 1,000 m
a. s. L. Stations with an altitude around 2,000 m a. s. l. cannot supply adequate supplementary
values for stations in lowlands and valleys because there is not usually a reliable relationship
between them because of the change in conditions at altitudes around 1,500 m a. s. I. (Lapin,
2004, oral information). Based on these and other limiting criteria, e.g. large distance, the only
source of supplementary data is the station on Krizna (1,570 m a. s. 1.), though no measure-
ments have been taken there since 2001.

4.3.2.2. The water balance in the modelled river basins

The modelled basins differ significantly in area. The smallest basin was the upper Ipel with
650 km?, and the largest was the Hron with an area of 5,460 km?. Basins with a relatively low
average altitude included the Ondava, Ipel, Bodva and Rimava. At the other end of the scale,
the Poprad, Horndd and Hron the highest average altitude. The steepest basins are the Hron to
Brehy and the Sland, the least steep are the Bodva, Ipel and Ondava basins.

The proportion of clay in the soil is very similar. Grain size distribution varies mainly in terms
of the proportion of sand and silt. The lowest proportion of sand in the soil is in the Slan4, Ipel
and Hornad Basins and the highest is in the basins of the Hron, Ondava, Poprad and Torysa.

To simplity comparison, land use was divided into three categories: (1) unfavourable surfaces
(impermeable surfaces), (2) favourable surfaces (forests, scrub and meadows) and (3) agri-
cultural land. All the basins have relatively little urbanised land, no more than 4%. Only the
Poprad Basin has a relatively significant amount of bare soil, 3%, and elsewhere the value is
less than 1%. Forest, scrub and meadows make up the majority of land in all the basins, with
their occurrence ranging from 58% in the Bodva Basin to 86% in the Hron Basin to Brehy. The
largest proportions of agricultural land are in the basins of the Bodva (38%) and the Ipel (36%)
and the lowest are in the basins of the Laborec (13%) and the Hron to Brehy (11%). In all the
basins, surface water flows to the basin outlet within 1 day, the longest time being 17 hours for
the Hron and the shortest being less than 6 hours for the Ipel'and the Laborec. The fastest ave-
rage travel time is 3 hours in most basins though it is up to 9 hours in the Hron Basin.

The water balance was calculated on 3 levels: the surface, the unsaturated zone and the satura-
ted zone. The resulting parameters for the water balance of all the modelled basin in the period
19812012 are summarised in Table 4.3.2.2.1.
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DEVELOPMENT AND PROGNOSIS OF THE HYDROLOGICAL
DROUGHT OCCURRENCE IN WATERCOURSES

The most precipitation per year on average fell in the basins of the Kysuca (1,054 mm), Laborec
(976 mm), Vih (938 mm), followed by the Bodva, Hron and Poprad (all over 900 mm), and the
least fell in the basins of the Myjava (569 mm), Nitra (574 mm), Ipel (680 mm) and Rimava
(685 mm). The maximum difference between basins was nearly 500 mm (485 = 1,054 - 569).
The highest totals, up to 1,764 mm, fell on the peaks of the Tatry Mountains in the Poprad
basin (Fig. 4.3.2.2.1).

Precipitation
(mm per year)
1764

- 1100
543

watershed
S divide

0 25 50 100
——— — ]

Fig. 4.3.2.2.1 Precipitation amounts in central and eastern Slovakian basins in 1981-2012

Infiltration reflects precipitation conditions and is similarly distributed. Evapotranspiration was
highest in the basins of the Kysuca (112 mm), Vih (110 mm) and Hornad (94 mm) and lowest
in the basins of the Myjava, Nitra (both 60 mm) and Ipel (65 mm). Surface runoff was highest
in the basins of the Kysuca (37 mm) and Poprad (30 mm), and lowest in the basins of the Hron
(13 mm), Ipel, Rimava, Laborec and Bodva (all 17 mm). Changes in interception storage over
this time period were zero everywhere. Changes in retention storage and storage in snow in the
basins were zero or negative, because there were high values at the start of 1981 and low values
at the end of 2012.

The highest values for evapotranspiration were in calculated for the basins of the Laborec (506
mm) and Bodva (500 mm), while the lowest were in the Vih Basin (248 mm). Soil moisture
decreased in the Myjava and Laborec Basins, while in other basins it was unchanged or in-
creased usually by 1 mm; the largest increase was 4 mm in the Nitra Basin. In the saturated
zone, the highest value for evaporation from the water table — transpiration — was computed for
the basins of the Hron (96 mm — full basin, 87 mm to Brehy) and Sland (80 mm) and the lowest
values were for the basins of the Vih (33 mm) and Myjava (34 mm).

The ratios of the runoff components reveal differences in the character of the basins. While
surface runoff in the basins of the Vih, Kysuca, Hron, Laborec, Poprad, Sland and Topla is
below 10%, it is 18% in the Myjava Basin and 20% in the Bodva Basin (Tab. 4.3.2.2.2). The
highest share of interflow was found in the basins of the Myjava (51%), Poprad, Laborec (37%)
and Hron (35%), and the lowest in the basins of the Nitra (11%), Ipel and Bodva (14%).
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The highest values for groundwater runoft (baseflow) were calculated for the basins of the
Vih (279 mm), Kysuca (244 mm) and Poprad (204 mm), while the lowest were in the basins
of the Ipel (81 mm) and Rimava (86 mm). Baseflow was the largest runoff component in all
basins but contributed the least in the basins of the Vih (46%), Kysuca (47%), Poprad (55%)
and Laborec (58%). In other basins baseflow’s share of total runoff was in the range 61-73%
with the highest values being in the Nitra Basin. Overall, the highest runoff of water was in the
basins of the Kysuca (599 mm), Vih (542 mm) and Poprad (370 mm), while the lowest was in
the basins of the Bodva (104 mm) and Myjava (135 mm). The highest ratio for interflow runoff
occurs in the basins of the Poprad and Laborec (37%), and the Hron (28%, or 35%); the lowest
is in the Ipel and Bodva Basins (only 14%).

Baseflow predominates in all basins but least in the basins of the Poprad (55%) and Laborec
while in others it is 66—71%, with its highest percentage being in the Ipel Basin. Overall, the
most water runs off in the Poprad Basin (370 mm) and the least in the Bodva Basin (104 mm).

The highest maximum discharges were recorded at Zdatia on the Hornad (772 m®.s') and at
Brehy on the Hron (753 m®.s™!), whereas the lowest values were close to zero on the Myjava,
the Kysuca, the Ipel, the Rimava and the Bodva. The highest achieved average discharge was
44 m’s™ on the Hron at Kamenin and the lowest were on the Ipel at Holisa (2 m®.s™), on the
Myjava at Sa§tin-StraZe (2.5 m®.s") and on the Bodva at Hostovce (3 m®.s™) (Tab. 4.3.2.2.2).

Tab. 4.3.2.2.2 Evaluation of the runoff components in the modelled basins

B, | & 22| 5.t é 3 é | 82

SE| T | 3 |AE|GEE 2| Al | i

o) k= & Fl R o SE| S8 | €8
Unit (mm) | (mm) | (mm) | (mm) (%) (m’s?) | (m’sT) | (m’s™)
Myjava 25 18 92 135 18:13:69 0,2 72 2,5
Vih 19 244 279 542 03:51:46 42 260 19
Kysuca 37 281 244 599 06:47:47 0,3 286 8
Nitra 22 16 102 140 16:11:73 2,5 308 18
Hron total 13 71 167 251 05:28:66 7 684 44
Hron to Brehy 13 117 202 331 04:35:61 8 753 41
Ipel 17 16 81 114 15:14:71 0 80
Rimava 17 23 86 126 14:18:68 0 160 5
Slani 18 48 143 210 09:23:68 1 284 12
Poprad 30 136 204 370 08:37:55 2 447 15
Torysa 23 34 128 185 12:19:69 1 292 7
Hornad 23 44 138 205 12:21:67 4 772 27
Topla 18 54 150 222 08:24:67 1 220 7
Ondava 23 44 150 217 11:20:69 2 420 20
Laborec 17 115 182 314 05:37:58 1 323 13
Bodva 21 15 69 105 20:14:66 0 92 3
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Because the FRIER model provides significantly better possibilities for more detailed study of
water balance elements in a basin than the Bilan model, only the FRIER model was used in the
prognosis of hydrological drought occurrence.

4.4. CHARACTERISTICS OF SELECTED EPISODES
OF METEOROLOGICAL AND HYDROLOGICAL
DROUGHT IN THE 21ST CENTURY

Slovakia is amongst the countries that have suffered from several episodes of drought in the
21st century. Three of them, in 2003, 2011-2012 and 2015 were episodes when there was me-
teorological and hydrological drought on the pan-European level. In general, it can be said that
all three of the studied periods were amongst the warmest years on Earth in terms of average
global air temperature since systematic weather measurements began. As Table 4.4.1 shows,
2015 was the second warmest year in history so far, 2012 was the tenth warmest and 2003 to-
gether with 2006 and 2007 take 11th to 13th place. Table 4.4.1 shows temperature deviations in
°C from the average global air temperature in the period 1901-2000, which was 13.9°C.

Tab. 4.4.1 Ranking of 12 warmest years on the Earth within the observation period 1880-2017
(adopted according to NOAA, 2018)

Ranking* Year Degi,lét)lon
1 2016 0.94
2 2015 0.90
3 2017 0.84
4 2014 0.74
5 2010 0.70
6 2013 0.67
7 2005 0.66
8 2009 0.64
9 1998 0.63
10 2012 0.62
11 (tie) 2003 0.61
11 (tie) 2006 0.61
11 (tie) 2007 0.61

Remark * 1 — the warmest year

An important factor affecting air temperature is change in the ocean surface temperature in the
El Nifio area. The parameter used for evaluation is a three-month moving average calculated
for a three-month period made up of three consecutive months of the year (DJF — Decem-
ber-January-February, JEM — January-February-March, ... NDJ — November-December-Jan-
uary). The threshold value is a value +/- 0.5°C compared to the ONI index (an anomaly in the
three-month moving average of the ocean surface temperature in the El Nifio region 3.4: 5°N
—5°S, 120-170°W compared to the 30-year reference period). The current reference period is
1986-2015. A positive anomaly with a value = 0.5 is an El Nifo eftect, a negative anomaly with
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a value =< -0.5 is a La Nina effect. The values for 2003, 2012 and 2015 are shown in Table 4.4.2
with significant anomalies highlighted in bold. The table shows also the years preceding or
following the evaluated year if their ONI values were significant for the development of air
temperature.

The data in Table 4.4.2 shows that 2003 was under the influence of an El Nifio effect, which
had been at its peak in the previous year 2002. The year 2012 was under the influence of a La
Nifa effect, which had been strongest in the two preceding years, 2010 and 2011. The stron-

gest El Nifio effect was in 2015 but it began at the end of 2014 and continued nearly until the
middle of 2016.

Tab. 4.4.2 Values of the deviations of ONI index in 2014-2016 compared to long-term period
(http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_change.shtml)
Year | DJF | JEM | FMA [MAM [AMJ [MJ] [JJA [JAS [ASO [SON [OND |NDJ

2002 | -0.1 | 0.0 0.1 0.2 0.4 0.7 0.8 0.9 1.0 1.2 1.3 1.1
2003 | 0.9 0.6 0.4 0.0 -03 | -02 | 0.1 0.2 0.3 0.3 0.4 0.4

2010 | 1.5 1.3 0.9 0.4 -0.1 | -06 | -1.0 | -14 | -1.3 -1.7 -1.7 -1.6
2011 | -14 | -1.1 | -0.8 -0.6 -05 | -04 | -05 | -0.7 | -0.9 -1.1 -1.1 -1.0
2012 | -0.8 | -0.6 | -0.5 -0.4 -0.2 | 0.1 0.3 0.3 0.3 0.2 0.0 -0.2

2014 | -04 | -04 | -0.2 0.1 0.3 0.2 0.1 0.0 0.2 0.4 0.6 0.7
2015 | 0.6 0.6 0.6 0.8 1.0 1.2 1.5 1.8 2.1 2.4 2.5 2.6
2016 | 2.5 2.2 1.7 1.0 0.5 00 | -03 | -0.6 | -0.7 | -0.7 -0.7 | -0.6

The drought in 2003 affect the whole of western, northern, central and southern Europe and
the combination of heat wave and drought in 2003 is still considered one of the natural hazards
with the most economically severe effects on Europe. From a climatological perspective the
summer of 2003 was characterised by exceptionally high temperatures in many parts of central
and eastern Europe with average daily temperatures being 2-3°C higher than the long-term
average for 1970-2000. Atmospheric indicators such as the standardised precipitation and eva-
potranspiration index (SPEI) showed a dipolar structure with a precipitation deficit and extre-
me drought in central and southern Europe on the one hand and high total precipitation over
part of the Scandinavian peninsula, Great Britain and Ireland (Laaha et al., 2017).

In 2012 the value of global average annual temperature calculated as a combination of land and
ocean surface temperatures was 0.62°C higher than the average for the period 1880-2016 and
0.57°C higher than the average for the 20th century. As regards precipitation, 2012 followed
two of the wettest years in the history of observation and the values for precipitation on land
were close to the long-term average.

The last evaluated year, 2015, was the second warmest year in the period 18802017, as shown
in Table 4.4.1. this year had a positive deviation of +0.9°C compared to the long-term average
for 1901-2000. Global temperatures were significantly affected by the strong El Nifo eftect
which began to develop at the end of 2014 and continued through the whole of 2015 to the
middle of 2016, when it gave way to a weak La Nifia phase. Air temperature on land in 2015
was 1.33°C higher than the average for the 20th century, the deviations for individual months
ranged from +0.94°C in June to +1.89°C in December. In terms of total global annual pre-
cipitation, 2015 was slightly below the long-term average for the period 1961-1990 with a
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deviation of -22.5 mm compared to the average 1,033 mm. The year 2015 was dry not only in
central Europe but also in southern Africa, Mongolia, the eastern part of Brazil and the parts
of south-cast Asia.

4.4.1. Meteorological drought in Slovakia in 2003, 2011-2012 and 2015

In Slovakia average air temperatures in summer 2003 were above the long-term average for
1951-2015 in all parts of the territory. As the data reported in Section 3.1.3 show, the year 2003
was characterised as dry in 97.2% of the territory of Slovakia, and from that, very dry in 74.4%
of the territory. Total precipitation in the territory of Slovakia was 573 mm on average, which
represents 74.5% of the normal. Although 57 mm of precipitation fell on the territory of Slova-
kia in the month of January (124% of the normal), the other early months of the year (February
to April) were very dry or dry (43%, 28% and 78% of the normal). The month of May had
normal precipitation (103%) but June was again very dry (44%). July’s total (109%) mitigated
the adverse situation but August and September were once again very dry or dry months (44%,
70%). After a slightly wetter October (130%), the remaining months of the year were once
again dry and 2003 had an overall precipitation deficit for the territory of Slovakia amounting to
189 mm (www.shmu.sk). The deficit in soil moisture for all the monitored stations in Slovakia
was over 30 mm.

The year 2012 was one of the warmest years in Slovakia since the start of meteorological ob-
servations. The average annual temperature at Hurbanovo was 11.7°C, which is +1.9°C above
the long-term average for the period 1901-2000. It was the same in other parts of the territory.
The temperature through the year was mostly above normal with the summer having the lar-
gest upward deviation. Only two months in the whole year had below-normal temperatures
and the rest all ended with a positive temperature deviation. In terms of precipitation, 2012 was
mostly normal (in 64% of the territory of Slovakia) and 33.8% of the territory was dry. There
had, however, been drought in 2011 in which 88.6% of the territory had precipitation condi-
tions that could be classified as dry and 56.8% of the territory could be characterised as very
dry. Although 74 and 42 mm of precipitation fell on the territory of Slovakia in January and
February 2012 (161% and 100% of the normal), the spring months from March to May were
very dry or dry (28-78% of the normal). The month of June had normal precipitation, June was
a wet month but these months were followed by a dry August with a total of 59 mm (27% of the
normal) and September (75% of the normal). The adverse situation was improved by a very wet
October (169% of the normal) but then there was a dry November. Precipitation at the end of
the year was normal. Although 2012 was classified overall as having normal precipitation, there
was an overall precipitation deficit of 49 mm, with August being the month with the deepest
deficit (www.shmu.sk).

The year 2015 had significantly above-normal temperatures in Slovakia. 100% of climatological
stations recorded an above-normal average annual air temperature with above-normally warm
months in January, the whole period from June to September and November and December.
Most of these months had temperatures much above normal (see Chapter 3.1.2). In terms
of precipitation, 2015 was classified as a normal year overall (www.shmu.sk) with 719 mm of
precipitation (94% of the long-term normal). It was evaluated as a dry year (Chapter 3.1.3),
however, in 56.4% of the territory of Slovakia and drought occurred in several parts of the
territory, especially in Eastern Slovakia. The first dry month was February (31 mm, 74% of the
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normal) and April was dry too (55% of the normal). The peak precipitation deficit was in the
very dry June when precipitation was 47 mm (45% of the normal) and the months of July and
August were also dry (53 and 57 mm, 59 and 70% of the normal). After an autumn with normal
or above-normal precipitation, December was very dry (18 mm, 34% of the normal). The year
2015 ended with a precipitation deficit of 43 mm.

Meteorological drought in the period 1981-2016 was evaluated using the Standardised Preci-
pitation Index (SPI) and the Standardised Precipitation and Evapotranspiration Index (SPEI).

Analysis of the values in SPI-12 show that the period 1981-2015 can be divided into two parts
and this division applies to most of the studied basins. In the 1980s and the first half of the
1990s, most of the territory of Slovakia experienced dry conditions but the most extreme drou-
ghts occurred in the river basins of Northern Slovakia. The basin of the upper Vih can be used
an example (Fig. 4.4.1.1) but the Poprad and Kysuca were similar. Long-lasting intense periods
of drought were interrupted by only short periods of wetter conditions.

As Fig. 4.4.1.1 shows, normal to wet conditions developed from the mid-1990s culminating in
the extremely wet year 2010. This period was interrupted by just three clear periods of drought:
2003-2004, 2011-2012 and 2015. The drought of 2003-2004 lasted for a relatively short time
but the large deficit volume means that it can be considered the most intense drought of the
21st century in the Vih River Basin.

SPI

Fig. 4.4.1.1 Development of the SPI-12 index in the Vih River basin up to the Liptovsky
Mikuld$ gauging profile (Labudovi in Fendekovi, Poérova and Slivovd Eds., 2017)

Water conditions in the valley of the Myjava reflected the general development of the situa-
tion and the first half of the studied period there were many compact dry periods, especially
in between 1988 and 1994, while the second half was dominated by normal or wet years. The
picture of drought development did not change significantly after incorporating the effect of
evapotranspiration determined using the SPEI-12 index.

Water conditions developed difterently in the Kysuca River Basin in the 21st century, as docu-
mented in Fig. 4.4.1.2. The last five years in this river basin were very dry. The SPI-12 values
fell to -2 or lower. Unlike other river basins in Northern Slovakia the wet periods here were
much more moderate and were unable to balance the large precipitation deficits that developed
especially after 2011.
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SPI

Fig. 4.4.1.2 Development of the SPI-12 index in the Kysuca River basin up to the Kysucké
Nové Mesto gauging profile (Labudovi in Fendekova, Poérova and Slivova Eds., 2017)

If the water balance is considered only in terms of precipitation, the last years in Southern and
Eastern Slovakia were not extremely dry. The situation appears quite different, however, when
temperatures are taken into consideration, which is possible when evaluating drought using
SPEL The sharpest difference can be seen when comparing the SPI and SPEI values for the
Topla River Basin to Hanu$ovce nad Toplou, as shown in Fig. 4.4.1.3. SPEI-12 shows that the
droughts in 2011-2012 and 2015 were very intense, with values of -3 or lower.
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Fig. 4.4.1.3 Development of the SPI-12 index in the Topla River basin up to the HanuSovce
nad Toplou gauging profile (up) and SPEI-12 for the Caklov station (down)
(Labudovi in Fendekovi, Poérovi and Slivova Eds., 2017)
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4.4.2. Hydrological drought in Slovakia in 2003, 2011-2012 and 2015

The parameters of hydrological drought in the years 2003, 2012 and 2015 were computed by
Dr Tobias Gauster at BOKU in Vienna (Gauster, 2016). The hydrological drought in dischar-
ges was evaluated using the Sequent Peak Algorithm (SPA) method using as a limit value the
fixed flow Q,, calculated for the reference period 1981-2010. The limit value was set as the
80th percentile of the flow duration curve for the whole reference period and all discharges
below the limit value were considered discharges indicating drought (Tallaksen and van Lanen
Eds., 2004). The statistical analysis included identification of minimum values and the days of
occurrence of the minimum annual discharge were identified based on the threshold value and
using a 7-day moving average (AM7). The analysis also identified the start and end dates of the
longest period of drought in a given year and the drought’s duration, and also identified the
occurrence of multi-year droughts (droughts extending beyond the end of one calendar year
into another).

The period with the largest deficit volume was identified in each and this period was analysed
in detail from the perspective of drought parameters. A theoretical frequency distribution was
used to identify the return period of the drought parameters for the identified periods in all
three evaluated years. The drought parameters were the value of annual minimum discharge
(m’.s™), the maximum annual value of deficit volume (m?), its duration (day) and intensity
(m’.d™"). The same parameters were also calculated as average values for each year and for the
reference period.

The return period of the minimum annual discharge value was calculated using Weibull’s the-
oretical frequency distribution, which is the method used most frequently for the analysis of
minimum values in hydrology. Weibull’s frequency distribution can be considered a gener-
alised exponential distribution (Sachs, 1984) with three parameters (a, B, y) that permit the
distribution to approximate both normal and asymmetric distributions of series frequencies,
whereas discharge series with predominantly low discharge values very often have an asymmet-
ric distribution with positive asymmetry. The cumulative distribution function for the Weibull
distribution is:

_(ﬂ)“
Fx)=1—e? (4.4.2.1)
where: forx > 0and o, p > 0,
o — location parameter
[ — scale parameter
v — shape parameter.

Maximum deficit volume and its duration and intensity were analysed using the generalized
extreme value (GEV) distribution for maximum values (Maidment Ed., 1992). This distribu-
tion incorporates Gumbel’s type 1, 2 and 3 distributions for maximum values. The GEV dis-
tribution is also based on three parameters (&, a and «), which are most frequently computed
using L-moments (Hosking, Wallis, 1997). The cumulative distribution function for the GEV
distribution (Sachs, 1984) is:

K= 91"
F(x) = e_[l_ [ ]
where: for x£0
€ — location parameter

(4.4.2.2)
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o, — scale parameter
% — shape parameter.

The match between the empirical and theoretical distributions was tested using the L-mo-
ments method.

The differences between the occurrence and course of the longest dry periods in the evaluated
years can be clearly seen in the course of discharges in each of the studied river basins when
they are c9mpared against the threshold value Q, . Fig. 4.4.2.1 shows the discharges in the
Myjava — Sastin - Strize profile, Fig. 4.4.2.2 shows discharges in the Nitra - Nitrianska Streda
profile and Fig. 4.4.2.3 shows discharges in the Kysuca - Kysucké Nové Mesto profile.

In Figures 4.4.2.1 — 4.4.2.3, the full black lines show surface discharges both for the reference
period 1981-2010 and in the individual years 2015, 2012 and 2003. Discharges for the reference
period are shown on a logarithmic scale so that it is possible to include all values; discharges
for 2015, 2012 and 2003 are shown on a linear scale but maximum flows are cut off to provide
a better resolution for the minimum values. The full horizontal red line in all figures corre-
sponds to discharge Q) calculated for the reference period 19812010, which represents the
limit value below which all discharge values represent drought. The dashed blue line represents
the seasonally variable value for the 30-day moving average of the quantile Q,, with probability
of exceedance 0.5 (50%) and the dashed red line represents the seasonally variable 30-day mov-
ing average of the quantile Q, with probability of exceedance 0.8 (80%). These lines are used as
comparison values and express the long-term average value (blue) or drought conditions (red).
The grey area represents the deficit volume during a period of drought.

Fig. 4.4.2.1 shows that the longest period of drought in the Myjava River Basin was in 2003, in
the Nitra River Basin it was in all three years, with the longest being in 2003 and in the Kysuca
River Basin it was in 2015.

The results of the evaluation of the return period for the drought parameters were as follows.
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Fig. 4.4.2.1 Assessment of droughts in a discharge time series for the Myjava River
at the Sastin-Straze station by the SPA method with a fixed threshold value
and development of the 2015, 2012 and 2003 droughts (Gauster, 2016)
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Fig. 4.4.2.2 Assessment of droughts in a discharge time series for the Nitra River
at the Nitrianska Streda station by the SPA method with a fixed threshold value
and development of the 2015, 2012 and 2003 droughts (Gauster, 2016)
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Fig. 4.4.2.3 Assessment of droughts in a discharge time series for the Kysuca River
at the Kysucké Nové Mesto station by the SPA method with a fixed threshold value
and development of the 2015, 2012 and 2003 droughts (Gauster, 2016)

The highest deficit volumes in most river basins were in 2003 and 2012. These deficit volumes
were also higher than the average maximum deficit volumes in the reference period 1981-
2010. This situation occurred in the basins of the Vih, Nitra (Fig. 4.4.2.4), Hron, Ipel, Rimava
and Poprad. There was a significantly different situation in the Kysuca Basin where the highest
deficit volume was in 2015 (Fig. 4.4.2.5).
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Fig. 4.4.2.4 Estimation of drought parameter return periods for the Nitra River
(Gauster, 2016)

Drought intensity was most extreme in 2003 in the Myjava and Topla Basins, in 2012 in the Vih
and Poprad Basins and in 2015 in the Kysuce and Rimava Basins. Maximum drought intensity
was nearly the same in 2003 and 2012 in the Nitra, Hron and Ipel Basins. In the Torysa Basin,
drought intensity was nearly the same in all three years 2003, 2012 and 2015.

The highest return periods for the studied drought periods were as follows: (1) over 100 years
for minimum AM?7 discharge on the Torysa during the drought in 2012; (2) over 60 years for
the duration of the longest drought period on the Hron in 2003; (3) over 50 years for the maxi-
mum deficit volume on the Kysuca in 2015 and (4) nearly 20 years for the intensity of drought
on the Torysa in 2012. In general, the return period for drought parameters was highest in 2003
and 2012, with the return periods in the basins of the Myjava, Vih and Torysa being higher than
the average return periods in the reference period. The only exception was the return period
for the Kysuca, where the highest return periods for all parameters were in 2015 (Fig. 4.4.2.5).

To identify regional similarities linking the studied river basins, factor analysis was used in a
version using the principal factor method and orthogonal rotation using the Varimax method.
The input communalities for the calculation of factor loadings were calculated using the squa-
re of the coetficient of multiple correlation of every variable with all the other variables. After
orthogonal rotation, the resulting communality had high values for all the input variables in
the range 0.91-0.99; the resulting model with four extracted factors explained 98.99% of total
variability in the input data.

Factor 1 (Tab. 4.4.2.1) is a common factor that covers the river basins of western, southern and
eastern Slovakia, including the Myjava, Kysuca, Nitra, Ipel, Rimava, Torysa and Topla River
Basins. Factor 2 is another common factor that covers the river basins of central Slovakia, inc-
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luding the Vih, Nitra and Hron River Basins, and factor 3 aftfects the river basins of northern
Slovakia, including the Vih and Poprad Basins. Factor 4 was a specific factor with a high factor
loading for the Kysuca Basin.
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Fig. 4.4.2.5 Estimation of drought parameter return periods for the Kysuca River
(Gauster, 2016)

Table 4.4.2.1 also shows that the Kysuca, Nitra and Vih had high factor loading in two diffe-
rent factors. The Kysuca River Basin was influenced by factors 1 and 4, the Nitra River Basin
by factors 1 and 2 and the Vih River Basin by factors 2 and 3. This points to the borderline
character of these river basins, which is probably the result of their location combined with
their physiographical conditions, in particular their altitude, which is a determining factor for
precipitation and temperature conditions.

Tab. 4.4.2.1 Results of drought parameters factor analysis

Factor 1 Factor 2 Factor 3 Factor 4
Myjava 0.949 0.212 0.116 0.049
Vih 0.026 0.710 0.665 -0.046
Kysuca 0.736 0.194 0.157 0.624
Nitra 0.668 0.668 0.279 0.128
Hron 0.293 0.919 0.156 0.098
Ipel 0.911 0.109 0.160 0.147
Rimava 0.944 0.191 0.273 0.024
Poprad 0.181 0.481 0.869 0.069
Torysa 0.822 0.475 0.156 0.075
Topla 0.865 0.351 0.211 0.225
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A more detailed study of drought occurrence in the studied river basins identified other diffe-
rences in the drought parameters also between neighbouring basins such as the Ipel' and Rima-
va, or the Torysa and Topla. These have been documented in another publication (Fendekovi
etal., 2017a).

4.5. ANALYSIS OF DROUGHT IN THE REFERENCE
PERIOD 1981-2012

4.5.1 Evaluation of the occurrence of meteorological
and hydrological drought

The FRIER model was used to obtain the parameters of meteorological and hydrological drou-
ght in the period 1981-2012 as shown in Tables 4.5.1.1 — 4.5.1.4. From the results, it is clear
that the number of periods of hydrological droughts is decreasing in accordance with the drou-
ght propagation pattern and it is highest for drought in surface flow and lowest for drought in
the saturated zone. Periods of meteorological drought are most frequent, which may be the
result of the slightly difterent criteria for their occurrence. In the parameter of drought dura-
tion, the longest periods of drought occur in the saturated zone. The longest period was in the
Myjava River Basin — 671 days, which is nearly 2 years. Such droughts were also frequent at
times when flows on the surface and in the unsaturated zone had normal levels. An interesting
statistical variable is the ratio of number of days of drought to the total number of days.

Tab. 4.5.1.1 Sclected meteorological drought parameters for the period 1981-2012

Number of pe- Number Average The longest duration
. riods of drought of days in drought of meteorological drought

Basin per year with du- | drought period | duration | pumber

ration = 31 days (= 31 days) indays | of days from to
Myjava 2.7 85 26 177 04/02/2003 | 30/07/2003
Kysuca 2.4 74 24 135 02/05/1992 | 13/09/1992
Vih (upper) 2.5 83 27 156 05/02/1982 | 10/07/1982
Nitra 2.4 87 27 181 24/06/1983 | 21/12/1983
Hron (total) 2.6 87 26 195 17/12/1996 | 29/06/1997
Ipel (upper) 2.4 93 30 270 18/12/1992 | 13/09/1993
Poprad 2.5 82 26 208 26/10/1983 | 20/05/1984
Hornid 2.4 82 24 180 09/12/2001 | 06/06/2002
Sland 2.3 91 28 270 17/12/1992 | 12/09/1993
Rimava 2.3 85 28 270 18/12/1992 | 13/09/1993
Bodva 2.1 92 26 217 17/12/1992 | 21/07/1993
Ondava 2.5 70 22 200 23/02/2003 | 10/09/2003
Laborec 2.4 74 23 158 25/01/2011 | 01/07/2011

Meteorological drought lasting at least one month (Table 4.5.1.1) occurred the most frequently
in the basins of the Myjava and Hron (2.6 times per year) and least in the basin of the Bodva
(2.1 times per year). The most days of meteorological drought per year were in the basins of
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the Ipel, Bodva and Slani (91-93 days per year). The longest average duration of meteorological
drought was in the basins of the Ipel, Rimava and Slani (28-30 days) and the longest continuo-
us period of meteorological drought, 270 days, occurred concurrently in the Ipel, Rimava and
Sland River Basins from 17/12/1992 to 13/09/1993.

Tab. 4.5.1.2 Selected surface stream hydrological drought parameters for the period 1981-2012

Number of pe- Number Average The longest duration of hydrological
Basin riods of dltought of days iq drought drought in the stream network
per year with du- | drought period | duration | ,ymber
ration = 31 days (= 31 days) indays | of days from to
Myjava 0.3 4 6 58 13/02/1998 | 11/04/1998
Kysuca 0.7 10 11 81 15/06/1992 | 03/09/1992
Vih (upper) 0.8 15 9 118 30/10/2011 | 24/02/2012
Nitra 0.4 5 6 70 20/12/1989 | 27/02/1990
Hron (total) 0.9 13 9 96 22/04/1993 | 26/07/1993
Ipel (upper) 0.8 20 8 97 10/11/1989 | 14/02/1990
Poprad 0.9 19 9 166 31/08/1986 | 12/02/1987
Hornid 0.8 20 8 118 21/10/1986 | 15/02/1987
Slani 0.9 24 9 158 21/10/1986 | 27/03/1987
Rimava 0.8 20 8 142 17/12/2011 | 06/05/2012
Bodva 0.8 15 7 82 23/11/1986 | 12/02/1987
Ondava 0.7 12 7 117 21/10/1986 | 14/02/1987
Laborec 0.9 17 9 168 30/08/1986 | 13/02/1987

The lowest frequency of hydrological droughts in the stream network lasting over one month
(Table 4.5.1.2) were found in the Myjava and Nitra River Basins (0.3 — 0.4 times per year) and
the highest frequencies were in the Hron, Poprad, Sland and Laborec River Basins (0.9 times
per year). The longest average drought length was in the Kysuca River Basin (11 days) and the
shortest was in the Myjava and Nitra River Basins (just 6 days). The longest period of drought
was 168 days, from 30/08/1986 to 13/02/1987 in the Laborec River Basin.

Hydrological processes in the unsaturated zone last longer than on the surface (max. 311 days
in the Ipel River Basin vs. 168 days in Laborec River Basin) and have a greater delay. Drought
is no exception to this rule. For example, the drought that began in the stream network of the
Kysuca River Basin on 15/06/1992 was followed by drought in the unsaturated zone 8 days
later. The average occurrence of periods of drought in the unsaturated zone lasting more than
31 days (Table 4.5.1.3) ranged from 0.8 times per year (Kysuca, Poprad, Hornad, Ondava) to 1.1
times per year (Myjava, Rimava). The average duration of periods of drought in the unsaturated
zone reached a maximum of 25 days in the Bodva River Basin and just 11 days in the Kysuca
and Vih River Basins. The longest identified period of drought was 311 days, from 04/09/2011
to 10/07/2012 in the Ipel River Basin.
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Tab. 4.5.1.3 Selected hydrological drought parameters in the unsaturated zone for the period

1981-2012
Number of pe- Number Average | The longest duration of hydrological
Basin riods ofdr'ought of days in' drought drought in the unsaturated zone
per year with du- | drought period Quratlon number from o
ration = 31 days (= 31 days) indays | of days
Myjava 1.1 29 18 150 08/11/1989 | 06/04/1990
Kysuca 0.8 18 11 172 13/09/2005 | 25/03/2006
Vih (upper) 0.9 21 11 135 12/10/1988 | 23/02/1989
Nitra 1.0 34 19 231 07/07/1983 | 22/02/1984
Hron (total) 0.9 24 15 144 31/08/2011 | 21/01/2012
Ipel(upper) 1.0 49 23 311 04/09/2011 | 10/07/2012
Poprad 0.8 17 12 159 14/09/1986 | 19/02/1987
Hornid 0.8 32 17 226 01/09/2011 | 13/04/2012
Sland 1.0 37 19 225 04/09/2011 | 15/04/2012
Rimava 1.1 43 23 238 30/08/2011 | 23/04/2012
Bodva 0.9 56 25 238 30/08/2011 | 23/04/2012
Ondava 0.8 23 14 182 27/08/2011 | 24/02/2012
Laborec 1.0 26 14 157 16/09/1986 | 19/02/1987

Periods of hydrological drought in the saturated zone exhibit less fluctuation and a smaller and
more delayed response, while on the other hand they last longer. As can be seen in Table 4.5.1.4,
the longest duration of drought in the saturated zone was 671 days between 26/01/1989 and
27/11/1990 in the Myjava River Basin.

Tab. 4.5.1.4 Selected hydrological drought parameters in the saturated zone for the period

1981-2012
Number of pe- Number Average The longest Fiuration of hydrological
Basin riods of drpught of days in, drought drought in the saturated zone
per year with du- | drought period dyratlon number from o
ration = 31 days (= 31 days) indays | of days
Myjava 1.2 136 90 671 26/01/1989 | 27/11/1990
Kysuca 1.3 51 32 207 26/05/1983 | 18/12/1983
Vih (upper) 0.7 72 50 348 09/06/1983 | 21/05/1984
Nitra 1.2 134 79 607 07/03/1989 | 03/11/1990
Hron (total) 1.2 107 62 398 27/09/2011 | 28/10/2012
Ipel (upper) 1.3 142 81 465 02/09/2006 | 10/12/2007
Poprad 1.2 84 52 290 23/07/1983 | 07/05/1984
Hornid 1.2 111 70 301 20/09/2011 | 16/07/2012
Slani 1.0 126 95 335 21/04/2003 | 20/03/2004
Rimava 1.0 142 104 432 06/10/2006 | 11/12/2007
Bodva 1,0 149 104 420 16/06/2001 | 09/08/2002
Ondava 1.5 97 54 330 02/05/1986 | 27/03/1987
Laborec 1.5 74 41 282 15/05/1986 | 20/02/1987

There was a slightly shorter drought at the same time in the Nitra River Basin. The average
duration of periods of drought ranged from 104 days in the Rimava and Bodva River Basins to
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just 32 days in the Kysuca River Basin. Drought was most frequent in the Ondava and Laborec
River Basins (1.5 times per year) and least frequent in the Vih River Basin (0.7 times per year).

4.5.2. Propagation of drought in the reference period 1981-2012

The propagation of drought in the water system can be illustrated with data from the Kysuca
River Basin. The two largest periods of drought in the Kysuca Basin during the studied period
1981-2012 were the droughts in 1983-1984 and 2005-2006. Both began with meteorological
drought. In Fig. 4.5.2.1, drought in each type of environment is represented by a red area.
The meteorological drought lasted longer and was larger in 1983 than in 2005-2006 but the
hydrological drought situation was reversed and was longer in 20052006, mainly because of
the severe winter that extended it. Only the hydrological drought in the unsaturated zone was
larger in 1983, but it was not longer. In 1983 the hydrological drought began after the snow
melt ended whereas in 2005-2006 it began in the autumn after low precipitation. The meteo-
rological drought in 1983 was interrupted by several precipitation events, one of which ended
the hydrological drought in the unsaturated zone in October, though the drought in the stream
network and the saturated zone ended only in December when snow melted prematurely. The
hydrological drought in 2005-2006 ended with the melting of snow after a severe winter with
long-lasting low air temperatures.
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Fig. 4.5.2.1 Droughts in the Kysuca River basin in 1983-1984 and 2005-2006. Droughts are
indicated in red. Upper panel: meteorological drought, second panel — streamflow drought,
third panel — unsaturated zone drought, lower panel — saturated zone drought
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4.6. ANALYSIS OF DROUGHT OCCURRENCE BASED
ON CLIMATE CHANGE SCENARIOS
FOR THE PERIOD 1981-2100

A period of occurrence of meteorological drought was determined by comparing total scenario
precipitation for the preceding 31 days with a long-term average value for total precipitation
for the 31-day reference period based on a day precisely in the middle of these days (e.g. for
the date 16/1/2100, total scenario precipitation for the period 17/12/2099 to 16/01/2100 was
compared with average total precipitation in Januaries (1/1-1/1) in the years 1981-2012. If the
total precipitation calculated by the scenario was lower than the long-term average, the day was
classified as dry. A consecutive series of at least 31 such dry days was classified as a period of
drought.

The threshold value method was used to identify hydrological drought in surface flows, in the
unsaturated zone (interflow) and the saturated zone (baseflow) computed using the FRIER
model for each river basin. The threshold was set to the 90th percentile on a monthly basis.
Separate monthly threshold values were smoothed using a 31-day centred moving average. To
eliminate short periods of drought, a minimum duration of 31 days was set.

4.6.1. Characteristics of drought parameters in the period 1981-2100

The results obtained from the scenarios (Comenius University in Bratislava, Faculty of Mathe-
matics, Physics and Computer Science, 2016, 2017) indicate that there will be less frequent
meteorological droughts with shorter durations but that there will be greater water shortages
during droughts. Hydrological drought will occur more frequently in the stream network, last
longer and have greater water deficits. Hydrological drought in the unsaturated zone will last
longer in future with a larger water deficiency while the frequency of drought in the saturated
zone will be the same but it will last much longer and have a greater water deficit, as can be seen
by comparing the values in Tables 4.5.1.1-4.5.1.4 with those in Tables 4.6.1.1-4.6.1.4, which
show selected drought parameters forecast for the period 1981-2100.
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Tab. 4.6.1.1 Selected meteorological drought parameters for the period 1981-2100 from the
KNMI 2 and MPI 1 scenarios

KNMI 2 Scenario

Number of pe- Number Average The longest duration
Basin riods of dlfought of days ig drought of meteorological drought

per year with du- | drought period | duration | number

ration = 31 days (= 31 days) indays | of days from to
Myjava 2.3 72 24 232 05/02/1989 | 24/09/1989
Kysuca 2.1 76 24 216 28/03/2036 | 29/10/2036
Vih (upper) 22 81 27 274 08/12/2007 | 06/09/2008
Nitra 22 80 27 214 29/03/2036 | 28/10/2036
Hron (total) 2.2 87 29 270 12/12/2007 | 06/09/2008
Ipel (upper) 22 93 30 297 28/11/2087 | 19/09/2088
Poprad 22 82 27 270 12/12/2007 | 06/09/2008
Hornid 2.4 139 39 325 19/10/2007 | 07/09/2008
Slani 22 91 30 332 29/10/2087 | 24/09/2088
Rimava 22 94 30 302 28/11/2087 | 24/09/2088
Bodva 22 93 30 269 28/11/2087 | 22/08/2088
Ondava 2.3 86 28 191 15/03/1999 | 21/09/1999
Laborec 2.1 81 25 200 23/03/2055 | 08/10/2055

MPI 1 Scenario

Number of pe- Number Average The longest duration
Basin riods of dlfought of days ig drought of meteorological drought

per year with du- | drought period | duration | nyumber

ration = 31 days (= 31 days) indays | of days from o
Myjava 22 84 27 204 02/04/2036 | 22/10/2036
Kysuca 2.1 67 22 206 06/01/1992 | 29/07/1992
Vih (upper) 22 65 22 263 25/12/2007 | 12/09/2008
Nitra 22 68 25 168 01/04/2018 | 15/09/2018
Hron (total) 2.3 69 24 164 12/07/2071 | 22/12/2071
Ipel (upper) 23 76 25 207 01/12/2087 | 24/06/2088
Poprad 2.0 69 23 265 24/12/2007 | 13/09/2008
Hornad 2.5 124 33 284 26/12/2031 | 04/10/2032
Slani 22 76 24 306 05/03/2032 | 04/01/2033
Rimava 23 82 26 270 13/12/2007 | 07/09/2008
Bodva 0.8 14 14 147 06/07/2071 | 29/11/2071
Ondava 2.1 72 23 215 05/03/2032 | 05/10/2032
Laborec 2.2 74 24 263 26/03/2071 | 13/12/2071
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Tab. 4.6.1.2 Selected surface streams hydrological drought parameters for the period 1981-
2100 using data of KNMI 2 and MPI 1 scenarios

KNMI 2 Scenario

Number of pe- Number Average | The longest duration of hydrological
Basin riods of dr.ought of days ig drought drought in the stream network

per year with du- | drought period | duration | humber

ration = 31 days (= 31 days) indays | of days from to
Myjava 0.4 6 6 90 03/12/2041 | 02/03/2042
Kysuca 0.9 19 10 133 29/03/2099 | 08/08/2099
Vih (upper) 1.3 40 14 221 11/04/2055 | 17/11/2055
Nitra 0.6 8 7 93 11/02/2033 | 14/05/2033
Hron (total) 1.4 39 12 232 30/03/2055 | 16/11/2055
Ipel (upper) 1.1 20 10 219 10/11/2087 | 15/06/2088
Poprad 1.3 32 12 180 17/08/1993 | 12/02/1994
Hornad 22 63 13 275 06/09/1997 | 07/06/1998
Sland 1.4 29 12 248 10/11/2087 | 14/07/2088
Rimava 1.1 20 10 228 10/11/2087 | 24/06/2088
Bodva 0.9 15 9 105 12/03/2099 | 24/06/2099
Ondava 0.9 19 10 121 25/02/2088 | 24/06/2088
Laborec 1.3 26 12 121 11/09/1989 | 09/01/1990

MPI 1 Scenario

Number of pe- Number Average | The longest duration of hydrological
Basin riods of dr'ought of days iq drought drought in the stream network

per year with du- | drought period | duration | humber

ration = 31 days (= 31 days) indays | of days from o
Myjava 0.5 8 7 107 13/11/2036 | 27/02/2037
Kysuca 0.8 18 9 143 26/07/2071 | 15/12/2071
Vih (upper) 1.0 29 11 271 09/04/2032 | 04/01/2033
Nitra 0.5 8 6 100 13/02/2041 | 23/05/2041
Hron (total) 1.2 27 10 170 14/08/2071 | 30/01/2072
Ipel (upper) 0.8 15 8 185 10/11/2087 | 12/05/2088
Poprad 1.0 32 11 172 01/09/2048 | 19/02/2049
Hornid 1.8 69 12 257 08/10/2055 | 20/06/2056
Slani 1.0 23 9 210 03/10/2041 | 30/04/2042
Rimava 0.8 16 8 131 03/11/2043 | 12/03/2044
Bodva 2.4 100 16 384 18/12/2031 | 04/01/2033
Ondava 0.8 19 8 150 16/01/2056 | 13/06/2056
Laborec 1.3 29 11 152 18/07/2071 | 16/12/2071
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Tab. 4.6.1.3 Selected hydrological drought parameters in the unsaturated zone for the period
1981 — 2100 using data of KNMI 2 and MPI 1 scenarios

KNMI 2 Scenario

Number of pe- Number Average The longest duration of hydrological

Basin riods of dltought of days iq drought drought in the unsaturated zone
per year with du- | drought period | duration | number

ration = 31 days (= 31 days) indays | of days from to
Myjava 1.1 38 19 248 04/08/2071 | 07/04/2072
Kysuca 1.4 43 16 222 14/03/2055 | 21/10/2055
Vih (upper) 1.3 41 17 236 19/03/2099 | 09/11/2099
Nitra 1.2 54 23 287 12/03/2055 | 23/12/2055
Hron (total) 1.2 50 19 238 17/03/2099 | 09/11/2099
Ipel (upper) 1.4 76 31 433 20/07/2087 | 24/09/2088
Poprad 1.3 47 18 248 22/03/2099 | 24/11/2099
Hornid 0.3 10 16 153 23/09/2030 | 22/02/2031
Slani 1.3 76 29 311 31/05/2043 | 05/04/2044
Rimava 1.3 77 31 460 23/06/2087 | 24/09/2088
Bodva 1.2 63 29 374 09/06/2030 | 17/06/2031
Ondava 1.3 63 22 360 07/03/2055 | 29/02/2056
Laborec 1.3 58 21 264 16/03/2055 | 04/12/2055

MPI 1 Scenario
The longest duration of hydrological

N umber of pe- Numbe.r Average drought in the unsaturated zone

Basin riods of dltought of days in drought i
per year with du- | drought period | duration | UM
ration = 31 days (= 31 days) in days ber of from to
days

Myjava 1.2 50 22 305 03/05/2036 | 03/03/2037
Kysuca 1.5 47 17 223 17/08/2032 | 27/03/2033
Vih (upper) 1.1 32 13 232 18/05/2032 | 04/01/2033
Nitra 12 44 20 308 21/05/2032 | 24/03/2033
Hron (total) 1.1 36 15 297 22/05/2032 | 14/03/2033
Ipel (upper) 1.1 55 24 348 20/05/2032 | 02/05/2033
Poprad 1.0 38 15 223 14/08/2032 | 24/03/2033
Hornad 0.3 8 20 158 28/08/2071 | 01/02/2072
Slani 1.0 57 23 316 03/08/2030 | 14/06/2031
Rimava 1.1 62 25 325 22/05/2032 | 11/04/2033
Bodva 0.2 4 12 116 23/08/2071 | 16/12/2071
Ondava 1.1 54 20 306 21/05/2032 | 22/03/2033
Laborec 1.4 59 21 309 19/05/2032 | 23/03/2033
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Tab. 4.6.1.4 Selected hydrological drought parameters in the saturated zone for the period 1981
— 2100 using data of KNMI 2 and MPI 1 scenarios

KNMI 2 Scenario

Number of pe- Number Average The longest duration of hydrological

Basin riods of drhought of days in. drought drought in the saturated zone
per year with du- | drought period | duration | pumber

ration = 31 days (= 31 days) indays | of days from to
Myjava 1.1 131 86 734 05/09/2071 | 07/09/2073
Kysuca 13 67 39 245 26/03/2055 | 25/11/2055
Vih (upper) 1.0 130 89 620 27/05/2032 | 05/02/2034
Nitra 1.1 126 91 641 04/04/1997 | 04/01/1999
Hron (total) 1.1 130 87 648 01/04/1997 | 08/01/1999
Ipel (upper) 1.3 146 91 633 16/03/2032 | 08/12/2033
Poprad 1.2 116 68 627 29/06/2030 | 16/03/2032
Hornad 0.9 274 201 1686 | 06/11/2029 | 18/06/2034
Slani 1.1 141 99 647 08/04/1997 | 14/01/1999
Rimava 1.1 146 99 659 27/03/1997 | 14/01/1999
Bodva 1.0 154 125 877 02/04/2055 | 25/08/2057
Ondava 1.2 126 75 1165 | 29/07/2030 | 05/10/2033
Laborec 1.4 101 55 332 23/03/2055 | 17/02/2056

MPI 1 Scenario

Number of pe- Number Average The longest duration of hydrological

Basin riods of dr'ought of days iq drought drought in the saturated zone
per year with du- | drought period | duration | pumber

ration = 31 days (= 31 days) indays | of days from to
Myjava 1.1 131 95 633 18/03/2032 | 10/12/2033
Kysuca 1.3 65 36 364 27/03/2032 | 25/03/2033
Vih (upper) 1.0 106 67 499 05/12/2002 | 16/04/2004
Nitra 1.1 133 90 634 04/08/2071 | 28/04/2073
Hron (total) 1.1 125 88 774 23/10/2040 | 05/12/2042
Ipel (upper) 13 146 87 767 25/10/2040 | 30/11/2042
Poprad 1.2 101 58 384 14/03/2032 | 01/04/2033
Hornad 1.0 281 195 1153 | 16/07/2001 | 10/09/2004
Slani 1.1 134 93 750 16/11/2040 | 05/12/2042
Rimava 1.1 151 101 938 09/09/2001 | 03/04/2004
Bodva 15 70 35 407 15/02/2032 | 27/03/2033
Ondava 1.2 125 72 580 30/08/2002 | 31/03/2004
Laborec 1.4 107 56 385 31/05/2030 | 19/06/2031
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Comparison of the data in Tables 4.5.1.1 — 4.5.1.4 and 4.6.1.1 — 4.6.1.4 gives an overview of the
potential development of meteorological and hydrological drought in the studied river basins
of Slovakia under two scenarios — KNMI 2 and MPI 1. Regarding drought in the saturated
zone, the KNMI 2 scenario forecasts a significant extension in its duration in river basins east
of the Nitra except the Laborec, which will be especially significant in the Horndd River Basin,
where the longest period of continuous drought was estimated to be 1,686 days, which is 5 ti-
mes longer than the longest drought in the reference period 1981-2012 (301 days), and likewise
in the basins of the Ondava (1,165 days vs. 330 days) and Bodva (877 vs. 420 days). The largest
extension of average drought length will also be in the Horndd River Basin (201 vs. 70 days).
The MPI 1 scenario also predicts the longest drought in the Horndd River Basin (max. 1,153
days, average 195 days). In the basins of the Kysuca, Hron, Ipel, Sland, Rimava and Laborec, the
scenario forecasts longer periods of extreme drought than the KNMI 2 scenario but otherwise
in the case of the Vih, Poprad, Hornidd, Bodva and Ondava River Basins. The average duration
of drought is unchanged in the basins of the Poprad, Rimava and Sland. In the Bodva River
Basin it even forecasts a significant reduction in drought duration (104 vs. 35 days).
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Fig. 4.6.1.1 Comparison of the present and future longest drought periods in the saturated
zone in the evaluated river basins: from the left — reference period 1981-2012; climate
change scenario KNMI 2; climate change scenario MPI 1. Drought is indicated in red.

Fig. 4.6.1.1 shows a comparison of the largest droughts in the studied basins in the compared
periods. The reference period 1981-2012 is compared with the results of hydrological mo-
delling using the FRIER model and climate parameters from the KNMI 2 and MPI 1 scenarios.

4.6.2. Prognosis of changes in the annual course of selected components
of the hydrological balance in evaluated river basins

The hydrological modelling carried out in the FRIER model included a comparison of the an-
nual course of total precipitation, total runoff, soil moisture and water storage in groundwater
for the average modelled scenario values for the years 2069-2100 and for the reference period
1981-2012.

The results of modelling for both the scenarios used, KNMI 2 and MPI 1, were very similar.
The scenarios mostly forecast larger total precipitation for our river basins, the movement of
the largest precipitation from July to September, reduced total precipitation between May and
July and higher temperatures, especially in winter. This will mean less accumulation of snow in
winter, greater runoff in winter after snow melts, an increase in dry periods with low precipi-
tation, high evapotranspiration, low runoft and reduced water storage throughout the growing
season.

The most significant change in climate conditions forecast by both models is in the annual
course of evapotranspiration. The differences between months will be smaller because from
May to June, when evapotranspiration totals are highest, it will be warmer but there will be sig-
nificantly less precipitation. In autumn and winter, which will be both warmer and have more
precipitation, evapotranspiration will increase.

Myjava River Basin
The forecast changes in the regime of the basic balance components for the Myjava River Basin
to Saitin - Strize are shown in Fig. 4.6.2.1.
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Fig. 4.6.2.1 Comparison of the course of precipitation (upper left), total runoft (upper right),
soil moisture (lower left) and groundwater storage (lower right) predicted by the KNMI 2
and MPI 1 scenarios with the values for the reference period 1981-2012 in the Myjava basin

Under the KNMI 2 scenario (Fig. 4.6.2.1), it is forecast that overall total precipitation will be
higher, that the highest precipitation totals will move from summer to autumn and that lower
totals will occur only in May and July. Total runoff will be higher, runoft from melting snow
will occur at the same time with a higher maximum runoft in the year, lower runoft is forecast
only in July and August, the most significant difference will be in December, when runoft will
increase more than 2-fold because milder winters will have less accumulation of snow and
higher runoft during the winter. Soil moisture will be lower, especially in the growing season.
The available water in groundwater storage will increase slightly thanks to greater accumulati-
on between October and March.

Under the MPI 1 scenario (Fig. 4.6.2.1), it is forecast that overall total precipitation will be
higher, that the highest precipitation totals will move from June and July to August and Sep-
tember and that lower totals will occur only from May to July. Total runoff will be significantly
higher, runoff from melting snow will occur at the same time with a higher maximum runoff
in the year, lower runoft is forecast only in the summer. The most significant difference will
be at the turn of the calendar years, when runoft will increase 1.5-fold because milder winters
will have less accumulation of snow and higher runoff during the winter. Soil moisture will be
lower, especially in the growing season. The available water in groundwater storage will incre-
ase thanks to greater accumulation between October and March.

Vah River Basin to Liptovsky Mikulas
The forecast changes in the regime of the basic balance components for the upper basin of the
Vih to Liptovsky Mikulds are shown in Fig. 4.6.2.2.
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Fig. 4.6.2.2 Comparison of the course of precipitation (upper left), total runoft (upper right),
soil moisture (lower left) and groundwater storage (lower right) predicted by the KINMI 2
and MPI 1 scenarios with the values for the reference period 1981-2012 in the upper Vih basin

Under the KNMI 2 scenario (Fig. 4.6.2.3), it is forecast that overall total precipitation will be
the same, that the largest precipitation totals will move from summer to autumn, that there will
be higher totals in winter and lower totals from May to July. Total runoff will be lower, runoff
from melting snow will happen a month and a half sooner with a lower maximum runoff in
the year. There will be significantly less runoff from melting snow and it will decrease by more
than half between May and September followed by balanced runoff until the end of the year.
Milder winters will mean less accumulation of snow and more runoff in the winter. Soil mois-
ture will be significantly lower, especially in the growing season, though amounts are forecast
to be higher in the winter until April. Water in groundwater storage will decrease very signifi-
cantly and will fluctuate significantly with the largest deficiency between May and December
and larger amounts from January to April.

Under the MPI 1 scenario (Fig. 4.6.2.3), it is forecast that overall total precipitation will be hi-
gher, that the largest precipitation totals will move from summer to autumn, that there will be
higher totals in winter and lower totals from May to July. Total runoft will be slightly lower, ru-
noft from melting snow will happen 10 days later with a lower maximum runoff in the year. Af-
ter the snow melts, there will be less runoft between May and September followed by balanced
runoff until the end of the year. Milder winters will mean less accumulation of snow and more
runoff in January and February. Soil moisture will be lower, especially in the growing season.
Water in groundwater storage will decrease significantly and will fluctuate significantly with
the largest deficiency between May and December and larger amounts from January to April.
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Kysuca River Basin
The forecast changes in the regime of the basic balance components for the Kysuca River Basin
to Kysucké Nové Mesto are shown in Fig. 4.6.2.3.
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Fig. 4.6.2.3 Comparison of the course of precipitation (upper left), total runoft (upper right),
soil moisture (lower left) and groundwater storage (lower right) predicted by the KNMI 2
and MPI 1 scenarios with the values for the reference period 1981-2012 in the Kysuca basin

Under the KNMI 2 scenario (Fig. 4.6.2.3), it is forecast that overall total precipitation will be
higher, that the largest precipitation totals will move from July to September and December,
that there will be higher totals in winter and lower totals from May to July. Total runoft will be
higher, runoff from melting snow will happen at the same time with a lower maximum runoff
in the year after the snow melts, a lower runoft is forecast from May to September. Higher total
precipitation in September will increase runoff, milder winters will cause less accumulation of
snow and significantly higher runoff during the winter, nearly 3-fold higher runoft is forecast
for the turn of the year. Soil moisture will be significantly lower, especially in the growing sea-
son. Water in groundwater storage will decrease slightly and significant fluctuation is forecast
with the largest deficiency in the growing season and higher amounts in winter.

Under the MPI 1 scenario (Fig. 4.6.2.3), it is forecast that overall total precipitation will be
higher, that the largest precipitation totals will move from July to September, that there will be
higher totals in winter and lower totals from May to July. Total runoft will be higher, runoff
from melting snow will happen at the same time with a higher maximum runoff in the year. Af-
ter snow melts, there will be less runoft between May and August. Higher total precipitation in
September will increase runoff. Milder winters will mean less accumulation of snow and more
runoff in the winter. Soil moisture will be lower, especially in the growing season. The amount
of water in groundwater storage will not change significantly; deficiencies will be largest in the
growing scason and there will be higher amounts in winter.
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Nitra River Basin

The forecast changes in the regime of the basic balance components for the Nitra River Basin
to Nové Zamky are shown in Fig. 4.6.2.4.

Under the KNMI 2 scenario (Fig. 4.6.2.4), it is forecast that overall total precipitation will be
higher, that the highest precipitation totals will move from summer to September and Decem-
ber, and that lower totals will occur only in May and July. Total runoff will be higher, runoff
from melting snow will happen at the same time with a higher maximum runoff in the year.
After snow melts, there will lower runoft from May to August, higher total precipitation in
September will increase runoft and milder winters will lead to less accumulation of snow and
higher runoft during the winter. Soil moisture will be significantly lower, especially in the
growing season. The available water in groundwater storage will increase thanks to greater ac-
cumulation between October and March, but there will be less stored in the summer.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 60 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Mov Dec
(min per day)! A (ms™: 00 ——matae
i : : 50 _....:,....i.. s 1 a-- 1 = KMNMIZ2 2068-2700 -
. o ——MPI1 20892700
R I e e
30 P\
20 -
01202 S e S| N BT W S SR I
= KNI 12 2068-2100 : : |
—MPI1 2069-27100
0 - 0
JanI Feb‘ I‘u‘larI }3\|::rll'\u'1;ayI JunlJuI ‘Aug ISeplC)ct Ihlcl\u' IDec ) a0 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Mov Dec

- (mm per day) |

B0
——KNMI2 2069200 |
MPI4 2068-200 |

vIt2A0E
15 = KNMI2 2069-2100

A e e e IR
1 ——MPI1 2068-2100 ! ! ! ! ! H :

Fig. 4.6.2.4 Comparison of the course of precipitation (upper left), total runoft (upper right),
soil moisture (lower left) and groundwater storage (lower right) predicted by the KNMI 2
and MPI 1 scenarios with the values for the reference period 1981-2012 in the Nitra basin

Under the MPI 1 scenario (Fig. 4.6.2.4), it is forecast that overall total precipitation will be
higher, that the highest precipitation totals will move from summer to autumn and that lower
totals will occur only in May and July. Total runoft will be higher, runoff from melting snow
will happen at the same time with a higher maximum runoft in the year. After snow melts,
there will be less runoff between May and August, higher total precipitation in September will
increase runoff. Milder winters will mean less accumulation of snow and more runoff in the
winter. Soil moisture will be lower, especially in the growing season. The available water in
groundwater storage will increase thanks to greater accumulation between October and March,
but there will be less stored in the summer.
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Hron River Basin
The forecast changes in the regime of the basic balance components for the Hron River Basin

to Kamenin are shown in Fig. 4.6.2.5.

Under the KNMI 2 scenario (Fig. 4.6.2.5), it is forecast that overall total precipitation will be
higher, that the highest precipitation totals will move from summer to autumn and that there
will be significantly less precipitation only from May to July. Total runoft will be slightly higher,
runoff from melting snow will happen at approximately the same time with a higher maximum
runoft in the year. After snow melts, there will be less runoff between April and September,
higher total precipitation in September will increase runoft. Milder winters will mean less ac-
cumulation of snow and more runoft in the winter. Soil moisture will be significantly lower,
especially in the growing season. The amount of water in groundwater storage will decrease;
the largest deficiencies will occur in the growing season and there will be higher amounts in

winter.
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Fig. 4.6.2.5 Comparison of the course of precipitation (upper left), total runoft (upper right),
soil moisture (lower left) and groundwater storage (lower right) predicted by the KNMI 2
and MPI 1 scenarios with the values for the reference period 1981-2012 in the Hron basin

Under the MPI 1 scenario (Fig. 4.6.2.5), it is forecast that overall total precipitation will be
higher, that the highest precipitation totals will move from summer to autumn and that less
precipitation will occur only in May and July. Total runoft will be slightly higher, runoff from
melting snow will happen at approximately the same time with a significantly higher maximum
runoff in the year. After snow melts, there will be less runoff between April and September,
higher total precipitation in September will increase runoft. Milder winters will mean less ac-
cumulation of snow and more runoff in the winter. Soil moisture will be significantly lower,
especially from May to November. The course and quantity of groundwater storage will be
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the same as in the KNMI 2 scenario, there will be less water in groundwater storage, with the
largest deficiencies in the growing season and more stored water in the winter.

Ipel River Basin
The forecast changes in the regime of the basic balance components for the upper basin of the
Ipel to Holisa are shown in Fig. 4.6.2.6.

Under the KNMI 2 scenario (Fig. 4.6.2.6), it is forecast that overall total precipitation will be
the same, that the largest precipitation totals will move from summer to autumn, that there will
be higher totals in winter and lower totals from May to July. Total runoft will be higher, runoff
from melting snow will happen a month earlier with a higher maximum runoff in the year. Af-
ter snow melts, there will be less runoff between April and August, higher total precipitation in
September will increase runoft. Milder winters will mean less accumulation of snow and more
runoff in the winter. Soil moisture will be significantly lower, especially in the growing season.
The amount of water in groundwater storage will not change; deficiencies will be largest in the
growing season and there will be higher groundwater amounts in winter.
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Fig. 4.6.2.6 Comparison of the course of precipitation (upper left), total runoft (upper right),
soil moisture (lower left) and groundwater storage (lower right) predicted by the KNMI 2
and MPI 1 scenarios with the values for the reference period 1981-2012 in the Ipel basin

Under the MPI 1 scenario (Fig. 4.6.2.6), it is forecast that overall total precipitation will be
higher, that the highest precipitation totals will move from summer to autumn and that a slight
decrease will occur only from May to July. Total runoff will be higher, runoft from melting
snow will happen at the same time with a higher maximum runoff in the year. After snow mel-
ts, there will be less runoft between April and September, higher total precipitation in Septem-
ber will increase runoff. Milder winters will mean less accumulation of snow and more runoff
in the winter. Soil moisture will be lower, especially in the growing season. The course and
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quantity of groundwater storage will be the same as in the KNMI 2 scenario, the quantity of
water in groundwater storage will not change, deficiencies will be largest in the growing season
but there will be more stored water in the winter.

Rimava River Basin

The forecast changes in the regime of the basic balance components for the Rimava River Basin
to Vlkyiia are shown in Fig. 4.6.2.7.

Under the KNMI 2 scenario (Fig. 4.6.2.7), it is forecast that overall total precipitation will be
the same, that the largest precipitation totals will move from summer to autumn, that there will
be higher totals in winter and lower totals from May to July. Total runoff will be slightly higher,
runoft from melting snow will begin a month earlier and will last longer with a higher maxi-
mum runoff in the year. After snow melts, there will be less runoft between April and August,
higher totals in September will increase runoff. Milder winters will mean less accumulation of
snow and more runoft in the winter. Soil moisture will be significantly lower, especially in the
growing season. The amount of water in groundwater storage will not change; deficiencies will
be largest in the growing season and there will be higher amounts in winter.
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Fig. 4.6.2.7 Comparison of the course of precipitation (upper left), total runoft (upper right),
soil moisture (lower left) and groundwater storage (lower right) predicted by the KNMI 2
and MPI 1 scenarios with the values for the reference period 1981-2012 in the Rimava basin

Under the MPI 1 scenario (Fig. 4.6.2.7), it is forecast that overall total precipitation will be
higher, that the highest precipitation totals will move from summer to autumn and that lower
totals will occur only in May and July. Total runoff will be slightly higher, runoft from melting
snow will happen at the same time with a higher maximum runoff in the year. After snow mel-
ts, there will be less runoff between April and August, higher totals in September will increase
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runoff. Milder winters will mean less accumulation of snow and more runoff'in the winter. Soil
moisture will be lower, especially in the growing season. The course and quantity of groundwa-
ter storage will be the same as in the KNMI 2 scenario, the quantity of water in groundwater
storage will not change, deficiencies will be largest in the growing season but there will be more
stored water in the winter.

Hornad River Basin including the Torysa Sub-Basin
The forecast changes in the regime of the basic balance components for the Horndd River
Basin to Zdaria, including the Torysa River Basin to Kogické Ol$any are shown in Fig. 4.6.2.8.

Under the KNMI 2 scenario (Fig. 4.6.2.8), it is forecast that overall total precipitation will be
the same, that the largest precipitation totals will move from summer to autumn, that there will
be higher totals in winter and lower totals from May to July. Total runoff will remain appro-
ximately the same, the quantity and timing of runoft from melting snow will remain approxi-
mately the same, after the snow melts there will be less runoff from April to August but higher
precipitation in September will increase runoft. Milder winters will mean less accumulation of
snow and more runoft in the winter. Soil moisture will be significantly lower, especially in the
growing season. The amount of water in groundwater storage will decrease; the largest defici-
encies will occur in the growing season though there will be higher amounts in winter.
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Fig. 4.6.2.8 Comparison of the course of precipitation (upper left), total runoff (upper ri-

ght), soil moisture (lower lett) and groundwater stage (lower right) predicted by the KNMI 2

and MPI 1 scenarios with the values for the reference period 1981-2012 in the Hornid basin
including the Torysa sub-basin

Under the MPI 1 scenario (Fig. 4.6.2.8), it is forecast that overall total precipitation will be
higher and more balanced than in the KNMI 1 scenario and that there will be a slightly lower
total only from May to July. Total runoft will be slightly lower with extremes; runoft from
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melting snow will be higher and will last longer, then decrease significantly from May to Sep-
tember followed by slightly higher levels in winter. Soil moisture will be significantly lower,
especially from May to November. The course and quantity of groundwater storage will be
the same as in the KNMI 2 scenario, there will be less water in groundwater storage, with the
largest deficiencies in the growing season and more stored water in the winter.

Ondava River Basin including the Topla Sub-Basin

The forecast changes in the regime of the basic balance components for the basin of the On-
dava River to Horovce, including the Topla River Basin to Hanu$ovce nad Toplou are shown
in Fig. 4.6.2.9.

Under the KNMI 2 scenario (Fig. 4.6.2.9), it is forecast that overall total precipitation will be
the same, that the largest precipitation totals will move from summer to autumn, that there
will be slightly higher totals in winter and lower totals from May to July. Total runoft will be
the same, runoff from melting snow will begin a month and a half earlier and will last long
without a more pronounced maximum runoft; maximum runoff in the year will be significant-
ly lower. After snow melts, there will be less runoft between April and September, higher total
precipitation in September will increase runoft. Milder winters will mean less accumulation of
snow and more runoff in the winter. Soil moisture will be significantly lower, especially in the
growing season. The amount of water in groundwater storage will decrease; the largest defici-
encies will occur in the growing season though there will be higher groundwater amounts in
winter.
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Fig. 4.6.2.9 Comparison of the course of precipitation (upper left), total runoft (upper right),

soil moisture (lower left) and groundwater storage (lower right) predicted by the KNMI 2

and MPI 1 scenarios with the values for the reference period 1981-2012 in the Ondava basin
including the Topla sub-basin
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Under the MPI 1 scenario (Fig. 4.6.2.9), it is forecast that overall total precipitation will be the
same, that the largest precipitation totals will move from summer to autumn, that there will
be slightly higher totals in winter and lower totals from May to July. Total runoft will be lower,
runoff from melting snow will happen around 10 days later, with a lower maximum runoft in
the year. After the snow melts, there will less runoff between May and September followed
by balanced runoff until the end of the year. Milder winters will mean less accumulation of
snow and more runoft in January and February. Soil moisture will be significantly lower, es-
pecially from May to November. The amount of water in groundwater storage will decrease
significantly; the largest deficiencies will occur in the growing season and only in January and
February will amounts be slightly higher.

Poprad River Basin
The forecast changes in the regime of the basic balance components for the Poprad River Basin
to Chmelnica are shown in Fig. 4.6.2.10.

Under the KNMI 2 scenario (Fig. 4.6.2.10), it is forecast that overall total precipitation will be
the same, that the largest precipitation totals will move from summer to autumn, that there
will be slightly higher totals in winter and lower totals from May to July. The total runoff will
be lower, the original long-lasting runoft from melting snow from April to June will change to
a much shorter period of runoff in April with a larger maximum runoft in the year. After the
snow melts there will be significantly less runoft from May to September. Milder winters will
mean less accumulation of snow and more runoft in the winter. Soil moisture will be significa-
ntly lower, especially in the growing season. Water in groundwater storage decrease slightly and
significant fluctuation is forecast with the largest deficiency in the growing season and higher
amounts in winter.
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Fig. 4.6.2.10 Comparison of the course of precipitation (upper left), total runoft (upper right),
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soil moisture (lower left) and groundwater stage (lower right) predicted by the KNMI 2
and MPI 1 scenarios with the values for the reference period 1981-2012 in the Poprad basin

Under the MPI 1 scenario (Fig. 4.6.2.10), it is forecast that overall total precipitation will be
higher, with fluctuations in the summer; there will be slightly lower totals only in May and
July. The total runoft will be slightly lower, the original long-lasting runoft from melting snow
from April to June will change to a much shorter period of runoft in April, with a larger max-
imum runoft in the year. After the snow melts there will be significantly less runoff from May
to September and milder winters will mean less accumulation of snow and more runoft in the
winter. Soil moisture will be lower, especially from May to November. The amount of water
in groundwater storage will decrease; the largest deficiencies will occur in the growing season
and there will be higher amounts in winter.

4.7. PROGNOSIS OF AREAL CHANGES IN INDIVIDUAL
COMPONENTS OF THE WATER BALANCE

The results of the forecasts for components of the water balance permitted the computation of
spatial prognoses for most of the territory of Slovakia. The analysis covered the forecast spatial
changes in the components of the water balance that could be quantified in every raster: chan-
ges in water storage, total precipitation, actual evapotranspiration, total runoff, surface runoft,
interflow, baseflow and soil moisture. Figures 4.7.1 to 4.7.8 show the forecast change in annual
totals for the components under scenarios KNMI 2 and MPI 1 in the period 2069-2100 com-
pared to their values in the reference period 1981-2012. The spatial visualisation includes ano-
ther three modelled river basins: the Sland (south central Slovakia), the Bodva (south-eastern
Slovakia) and the Laborec (north-castern Slovakia).

The two scenarios each gave different results. The KINMI 2 scenario forecasts more extreme
changes to the water balance in the river basins. The greatest loss of water storage is in central
Slovakia, especially around the headwaters of the Hron and Horndd, whereas more storage will
remain in lowlands, valleys and basins, but also in the Vysoké Tatry Mountains. The reason
for the increase in the Vysoké Tatry Mountains is the presence of bare surfaces (rock). This
component is strongly affected by the type of land use and soil granularity. The MPI 1 scenario
forecasts greater loss of water storage than KINMI 2 with the highest losses being in the upper
parts of the Hron, Sland and Rimava River Basins and the highest gains in storage in the upper
parts of the Horndd, Poprad, Vih River Basins and the lowest-lying territories in the Rimava,
Hron and Ondava River Basins. The most extreme changes are forecast for the Hornid River
Basin where there will be more storage at higher elevations, less storage at medium elevations
and again more storage in the lowest-lying part of the basin (Fig. 4.7.1).
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Fig. 4.7.1 Comparison of the differences in basin’s average water storage according to the
KNMI 2 and MPI 1 scenarios in 2069-2100 vs reference period 1981-2012

Annual total rainfall in Slovakia increases under both scenarios. The KNMI 2 scenario forecasts
a 50-150 mm increase in total precipitation in the west and the north-east affecting the basins
of the Myjava, Kysuca, Nitra, Hron, Laborec and Ondava. Annual total precipitation in the
centre and the east will not change. Only two stations have lower precipitation, which could
be classified as an error and does not significantly influence the results. The MPI 1 scenario
forecasts more precipitation than the KNMI 2 scenario, with the largest increase, up to around
300 mm, to be expected at higher altitudes particularly in the Hornidd, Hron, Poprad and Vih
River Basins. The east - the Ondava, Laborec, Bodva and much of the Rimava River Basins -
will remain without changes (Fig. 4.7.2).
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Fig. 4.7.2 Comparison of the differences in average precipitation according to the KNMI 2 and
MPI 1 scenarios in 2069-2100 vs reference period 1981-2012

Annual total actual evapotranspiration in Slovakia increases under both scenarios. The KNMI 2
scenario forecasts an increase in total annual evapotranspiration of 50-150 mm in the west and
north-east, logically in those places where there is increased total precipitation, with a larger
increase at higher altitudes. The largest increases are in the basins of the Kysuca, the upper Vih
and the Myjava. Actual evapotranspiration will remain unchanged in southern areas such as
the basins of the Ipel, Rimava, Bodva, Sland and Hornidd. The MPI 1 scenario forecasts a more
significant increase in actual evapotranspiration than the KNMI 2 scenario, with the largest in-
crease, in places 150-250 mm, occurring at higher altitudes. Actual evapotranspiration increases
in every basin, the most in the basins of the upper Vih, the Poprad, the Hornad and the Hron.
It only decreases at the Domasa Reservoir and scenario probably anticipates frequent water
shortages in this reservoir (Fig. 4.7.3).
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Fig. 4.7.3 Comparison of the differences in average real evapotranspiration according to the
KNMI 2 and MPI 1 scenarios in 2069-2100 vs reference period 1981-2012

In the maps of annual total runoff, it was not possible to link together the results for individual
river basins into an integrated picture; there are differences at the watershed divides but these
are not as large as they look at first sight because the colour scale is not evenly distributed. The
map is a good illustration of the complexity of the topic and the reason for inaccuracy is ex-
plained at the start of this section.

Annual total runoft in Slovakia increases under both scenarios but is unevenly distributed.
Under the KNMI 2 scenario, the largest increase in overall runoff will be in the west, in the the
Kysuca, Myjava, Nitra, upper Hron and Ipel River Basins. In contrast, total runoft will decrease
in the upper Vih, Poprad, Hornidd and lower Hron River Basins. Under the MPI 1 scenario,
the largest increase in total runoff will be in central Slovakia, affecting the upper Hron, Hornad,
Ipel, Rimava, Slani and Nitra River Basins. Total runoff will decrease in the north and south,
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especially in the upper Vih, Laborec, Ondava, Poprad, Bodva and lower Hron River Basins.
Under both scenarios, the most extreme effects will be in the Hron River Basin because it is
forecast to have increased runoft in its upper section and reduced runoff in its lower section
(Fig. 4.7.4).
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Fig. 4.7.4 Comparison of the differences in average annual total runoft values according to the
KNMI 2 and MPI 1 scenarios in 2069-2100 vs reference period 1981-2012

Annual total surface runoft in Slovakia increases under both scenarios. Maps of surface runoff
are most strongly influenced by the initial map of land use. The largest increase is forecast in
urban areas and water bodies where it is expected that everything will run oft the surface. If
there is forecast to be an increase in precipitation then there will also be an increase in surface
runoff from such areas. On other surfaces, surface runoff is close to zero, so differences are not

significant (Fig. 4.7.5).
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Fig. 4.7.5 Comparison of the differences in average annual surface runoft values according to
the KNMI 2 and MPI 1 scenarios in 2069-2100 vs reference period 1981-2012

Annual total interflow in Slovakia increases under both scenarios. Under the KNMI 2 scena-
rio, the largest increases in interflow will be in the Kysuca, Hron, Laborec and Ondava River
Basins. In contrast, interflow will decrease in the upper Vih and Poprad River Basins. Under
the MPI 2 scenario, the largest increases in interflow will be in the Hron, Hornid and Kysuca
River Basins. Interflow will decrease in the upper Vih River Basin. Under both scenarios, the
most extreme effects will be in the upper Vih River Basin because it is forecast to have reduced
interflow in its upper section and increased interflow in lower-lying areas (Fig. 4.7.6).
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Fig. 4.7.6 Comparison of the differences in average annual lateral flow (subsurface runoff)
values according to the KNMI 2 and MPI 1 scenarios in 2069-2100 vs reference
period 1981-2012

In the model, baseflow is calculated as an average for the whole basin and is not calculated for
every cell. Annual total baseflow in Slovakia increases under both scenarios but is unevenly
distributed. Under the KNMI 2 scenario, baseflow will increase significantly in the Myjava and
Nitra River Basins and significantly decrease in the upper Vih and Poprad River Basins. Under
the MPI 1 scenario there will be a relatively significant increase in baseflow only in the Myjava
River Basin and there will be relatively significant decreases in the upper Vih, Poprad, Ondava
and Laborec River Basins (Fig. 4.7.7).
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Fig. 4.7.7 Comparison of the differences in average baseflow (groundwater runoff) values
according to the KINMI 2 and MPI 1 scenarios in 2069-2100 vs reference period 1981-2012

Soil moisture in Slovakia will decrease under both scenarios (Fig. 4.7.8). Under the KNMI 2
scenario, the most significant decrease in soil moisture will be in the centre, south and east of
Slovakia, in the upper Hron, Ipel, Rimava, Sland and Horndd River Basins. The smallest decre-
ase will be in the Kysuca River Basin. The decrease under the MPI 1 scenario will be smaller
than under the KNMI 2 scenario, with the largest decrease in eastern Slovakia, especially in the
Hornid, Ondava and Laborec River Basins. In both scenarios, the most extreme effect on soil
moisture 1s in the Poprad and Horndd River Basins.
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Fig. 4.7.8 Comparison of the differences in average soil moisture values according to the
KNMI 2 and MPI 1 scenarios in 20692100 vs reference period 1981-2012

4.8. PROGNOSIS FOR THE OCCURRENCE OF HYDROLO-
GICAL DROUGHT BASED ON THE NAO INDEX

Recently, researchers have found a growing number of links between long-term variation in
precipitation, air temperature and stream flow in Europe and the North Atlantic Oscillation.
According to Hurrell et al. (2003), the NAO Index (NAOI) can be defined as the pressure
gradient between the high pressure zone at the latitude of the Azores (Ponta Delgada) or Lisbon
and the low pressure zone over Iceland (Stykkisholmur/ Reykjavik) — Fig. 4.8.1. If the pressure
gradient between the Azores and Iceland is low (the negative phase of the NAO), the move-
ment of warm and moist ocean air over Europe is slowed. There are more wet years in southern
Europe. Positive values of the NAO index are usually linked to more intense meteorological
systems over the North Atlantic and wetter weather over northern and western Europe (Hur-
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rrell and Deser, 2009). The basis of the NAO phenomenon is deep ocean currents (thermoha-
line circulation) originating in the Southern Hemisphere and around Indonesia.

Data on the winter North Atlantic oscillation index (NAOIw) can be used in long-term fore-
casting of drought or low flow in rivers. Previous statistical analysis has shown that if the value
of the winter NAO index is positive, discharges in Slovak streams are usually below-normal.
Years with a low winter NAO index are significantly wetter.

Var. = 42.9% EOF1 SLP DJFM 1899-2017

Fig. 4.8.1 Winter (December through March) index of the NAO based on the differences in

normalized sea level pressure (SLP) between Lisbon, Portugal and Stykkisholmur/Reykjavik,

Iceland since 1864. The SLP values at each station were normalized by removing the long-term

mean and dividing by the long-term standard deviation. Both the long-term means and stan-
dard deviations are based on the period 1864—-1983 (Hurrel et al., 2017)

4.8.1. Data and methods

The relationship between climate modes in the Northern Hemisphere and stream discharges
in Slovakia was analysed using several indexes of the North Atlantic Oscillation and series of
average river discharges in selected Slovak rivers drawn from the database of the Slovak Hyd-
rometeorological Institute.

NAO Index

Forecasts of the development of hydrological and climatic conditions in a given year are based
on the series of average NAO indexes for the winter months (the averages for the months from
December of the previous year to March of the given year).

There are several series of NAO indexes, e.g.:
* based on Jones et al. (1997) from 1824 (Gibraltar — Iceland, NAOI]J Fig. 4.8.2; 4.8.3),
https://crudata.uea.ac.uk/~timo/datapages/naoi.htm;
* Based on Hurrell and the National Center for Atmospheric Research Staft (Eds), from
1856 (Lisbon-Reykjavik — NAOIH), https:/climatedataguide.ucar.edu/climate-data/
hurrell-north-atlantic-oscillation-nao-index-station-based,;
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e or based on the US NOAA, National Weather Service Center for Weather and Climate
Prediction), which run from 1951, http://www.cpc.noaa.gov/products/precip/CWlink/

pna/nao.shtml.

Fig. 4.8.2 shows the one-year and ten-year values for the winter North Atlantic Oscillation
Index (NAOIw) based on Jones. The course of the annual values shows that the NAO operates
in multi-year cycles with clusters of higher and lower values lasting 5-7 years. The thirty-ye-
ar averages also point to long-term cycles lasting 70-80 years. Several methods were used to
determine the length of these cycles: graphical methods, autocorrelation analysis and spectral
analysis.

Looking at the period 1824-2017, there is no increase or decrease in the winter NAO index
based on Jones et al. (1997). As can be seen from Figures 4.8.2 and 4.8.3, the years 1989-1995
have above-average values for the winter NAO index. Low flow was recorded in Slovak stre-
ams during this period. The NAOIw also had above average values in the years 1920-1925 and
Slovakia and the whole Danube Basin were struck by a historic drought in 1921.

y = -1E-05x + 0.4737
1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 2020

b) - 0.8 A

1841-1850 4]]]]]]]]]]]]]]
1851-1860 4]]]]]]]]]]]]
1861-1870 4]]]]]]]]]]]]]
1871-1880 4]]]]]]]]]]]
1881-1890 4]]]]]]]]]]]]
1891-1900 4]]]]]]]]]

1901-1910 [T
1911-1920 4]]]]]]]]]]]]]]]]
1921-1930 4]]]]]]]]]]]]]]]1]]]
1931-1940 4]]]]]]]]]
1941-1950 4]]]]]]]]]]]]

1951-1960 [111]

1961-1970 [

1971-1980 11111
1981-1990 [T
1991-2000 [T

2001-2010 [T

2011-2017 [T

1821-1830

NAOIw,

b o o

A O b
1831-1840 [T

1.0
C) 0.8 winter months, (XIL. -
0.6 1
0.4 -
0.2
0.0 -

NAOw, J

-0.2 T T T T T T T T T T T T T T T T T T T T
1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 2020

Fig. 4.8.2 a) Annual values of the winter NAO index NAOIw according to Jones (blue points)
and filtered data (5-year moving averages, red line); b) Decadal averages; c¢) 30-year moving
averages of the NAOIw phenomena

There are also interesting correlations in the other direction based on the NAOw index for
200972010 and 2005/2006. In 2009/10 Jones’ index recorded its lowest value in 190 years (Os-
born, 2011). The year 2010 was extremely wet in Slovakia. It was a year of catastrophic floods
all over central Europe.
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Fig. 4.8.3 Winter NAO indexes, periods 1871-2017 and 1950-2017

The monthly course of the NAO index and its course in the summer—autumn and winter—
spring seasons are interesting. While the winter—spring index naturally fluctuates, the summer—
autumn index has had a clear downward trend since 1970.

Figure 4.8.4 shows that the rising air temperature in central Europe (station Prague - Klemen-
tinum, http://portal.chmi.cz/historicka-data/pocasi/praha-klementinum) and the NAO pheno-
menon are not correlated. The NAO has its own long-term cycle.
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Fig. 4.8.4 30-year monthly averages of the NAO indexes, air temperature and precipitation
totals for two periods (left). Course of 30-year moving averages of winter spring and summer
—autumn periods (right)

Data from the Prague - Klementinum station was used for the presentation because of its
unique duration and quality of observation. It is known that while the long-term air tempe-
rature trend at one station can represent the temperature trend of a broad region (including
Slovakia), the same does not apply to precipitation. The long-term trends in air temperature in
central Europe were that they fell in the period 1775-1850 and have been increasing since 1850.
This increases evaporation (evapotranspiration), which has a negative effect on water runoff
from river basins — runoff is decreasing.

Stahl et al. (2001) studied the relationship between monthly, two-monthly and seasonal values
of the NAOI and the occurrence of drought in several river basins in Europe over the period
1962-1990. The river basins in Europe were divided into 18 regions. The river basins of central
Slovakia were included in region 15. The central European region was found to have a low
dependency on NAO phenomena, but Norwegian, English and Spanish rivers showed a strong
dependency of flow on the NAOIL. Shorthouse and Arnell (1997) likewise studied the relation-
ship between intra-year climate variability — expressed by the NAOI — and the spatial distribu-
tion of runoft in Europe. The analysis was based on regional data on monthly discharges in 477
small river basins in the period 1961-1990 which was provided from the FRIEND European
archive. The authors showed that runoft from European rivers is correlated with NAOI values
(especially in winter) and that the dependency has a spatial distribution. Northern European
rivers show a positive dependency on NAOI values while rivers in southern Europe have a
negative dependency on the NAO index.

The imaginary boundary between north-west and south-east Europe passes through the terri-
tory of Slovakia (Adler et al., 1999). This boundary moves from year to year. The eftect of the
NAO phenomenon on precipitation (and thus on runoff) is varied and therefore there is a spe-
cial need for further research on the relationship between the winter NAO index and runoff in
the various river basins of Slovakia.

4.8.2. Results

Long-term trends in discharge time series

The statistical analysis of long-term development in discharges was based on data on average
daily discharges as described in Chapter 4.1.3. In the case of six rivers — the Vah, Kysuca, Hron,
Topla, Nitra and Ipel — the evaluated period was extended to 85 years, from 1931 to 2015. The
basic characteristics and descriptions of the river basins are given in Chapter 2. The hydrolo-
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gical characteristics of the studied river basins to the selected profile are shown in Table 4.8.1.
Data on runoft height R indicate, amongst other things, that at their chosen profiles the Vih
and the Kysuca have more than three times the runoft of the studied profile of the Ipel and
more than two times the runoff of the studied profiles of the Topla and Nitra. Figure 4.8.5
shows the results of various statistical analyses of average daily discharges at the Ipel — Holisa
gauging station. This gauging station, like those at Vih — Liptovsky Mikulas, Kysuca — Kysucké
Nové Mesto, Hron — Brehy, Nitra — Nitrianska Streda and Topla — HanuSovce nad Toplou, has
a long, uninterrupted series of observations. Another five gauging stations with long time series
were also evaluated. The top part of Figure 4.8.5 shows the course of average daily discharges
and the value of the four-year moving average of discharges. The central part shows the cour-
ses of average annual discharges and the annual values for Q, ~and Q,, . in the studied years.
In the bottom left of the figure are the average long-term values for the percentiles Q
and Q,, for each day of the year and on the right is part of the flow duration curve representing
low flow from the value Q, . (Q

10% QSO%

80%)'

Tab. 4.8.2.1 Basic characteristics of the water gauges

River Gauging station Basin size Water gauge Long—tefm average | o OfFR
(km? Zero annual dlsc_harge Q, (mm)
(mas.l) (m’s?)
1931-2015
Vih Liptovsky Mikul4s 1107 568 20.4 581
Kysuca Kysucké Nové Mesto 955 346 16.23 536
Hron Brehy 3821 195 46.7 385
Topla Hanusovce 1050 160 8.13 244
Nitra Nitrianska Streda 2094 158 14.6 220
Ipel Holisa 686 172 3.08 142
1981-2015
Myjava | Sadtin-Strize 645 164 2.62 128
Rimava | Vlkyna 1377 151 5.74 132
Poprad Chmelnica 1262 507 14.93 373
Torysa Kosické OlSany 1298 186 7.53 183

Based on the evaluation of discharges from the six gauging stations, the following conclusions
can be drawn:

- The course of the 4-year moving averages of average daily discharges shows a clear de-
crease in discharges in the period covering approximately 1986-2005, except in the Ky-
suca River Basin

- Discharges at the selected gauging stations have a slight decreasing trend, with steepest
decrease at the Ipel - Holisa gauging station (Fig. 4.8.5)

- The long-term development of low flow characteristics is interesting: during the period

1931-2015 there was no significant decrease in the values Q. and Q

300d 360d"
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Daily discharge Ipel: Holisa
Basin size 686 km? Basic hydrological parameters of average daily discharges
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Fig. 4.8.5 Panel of the basic statistical and graphical evaluation of discharges at the Ipel — Ho-
lisa gauging profile (Q — annual discharge in m’.s", Q, — average daily discharge in m’.s™, ¢ —
specific annual discharge in m?.s"".km™, R — runoff in mm)

Autocorrelation and spectral analysis
All the series of average annual discharges, the series of annual total precipitation on the surface
of the territory of Slovakia and Jones’ series of winter NAO indexes (NAOIw) underwent
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spectral and autocorrelation analysis to detect hidden cycles. Spectral analysis based on the
combined periodogram method (Pekirovi et al., 2003) identified cycles with lengths of around
3.65; 5-6; 7; 10-11; 13.5; 22 years (and their higher harmonic multiples). Fig. 4.8.6 shows ex-
amples of the combined periodograms for selected series. The cycle of 2.4 years in the series of
discharges means that in addition to the 12-month cycle determined by the Earth’s movement
around the Sun, there another 28-29-month cycle.
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Fig. 4.8.6 Combined periodogram of: the winter NAO index time series, precipitation totals
on the Slovakia territory series, air temperature — Praha Klementinum series, annual discharge
of the Hron: Brehy series. The periods are on the x-axis.

All the series have a cycle with a length of 5-6 years. This means that discharges in a given year
are dependent on the discharges five years before. The periodogram does not indicate wither
this dependency is positive (direct) or negative (indirect). The type of dependency can be iden-
tified with the help of an autocorrelation plot. Fig. 4.8.7 presents examples of autocorrelation
plots of average annual discharges in the Hron and the Kysuca.
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Fig. 4.8.7 Auto-correlograms of the annual discharges of the Hron and Kysuca Rivers

The autocorrelation coefficients ¢ for a time lag of 5-6 years are negative, which means that the
base cycle is 11 years. This analysis indicates that five to six years after the occurrence of a year
with above-normal discharges, a dry year will occur. This cycle could be related to solar activity
and the thermohaline circulation of sea water. Several scholars have looked for the causes of
these cycles but they have not yet been fully clarified. Several interesting works have considered
the effect of the Sun’s movement around the barycentre of the Solar System on solar activity
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and thus on the Earth’s climate (Charvitovi and Strestik, 1995; Charvitovi, 2000, Garric and
Huber, 2003; Liritzis and Fairbridge, 2003).

Forecast of the occurrence of a dry year based on the winter NAO index

As shown above, the series of the winter NAO index and the discharge series have the same
length of their fluctuation cycles. There is however a time lag of several months between these
two series which makes it possible to forecast a dry year based on the NAO index for the pre-
ceding winter months.

Cross-correlation was used to identify the time lag between the two series and assess the clo-
seness of the relationship between them. In the first case, cross-correlation analysis was used to
calculate the correlation coefficients ¢ and identify the time lag between the winter NAO index
(NAOIw, cpc) and the annual series of discharges in selected Slovak rivers (Q ). An example of
results for the Ipel — HoliSa gauging station is shown in Figure 4.8.8.
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Fig. 4.8.8 Course of the values of NAOIw,cpc and annual discharges Q_ (up), and cross-corre-
lograms of the winter NAO indexes and average annual discharges of the Ipel River for three
periods: 15-, 25- a 45-years

In general, Slovak rivers are strongly affected by the North Atlantic Oscillation. As the pre-
sent work concerns low flows, correlation coefficients and time lags were identified between
NAOIw,cpc and the series of values Q.. A graphical presentation of the relationship for the
Ipel — Holisa gauging station is shown in Figure 4.8.9. The results of the calculation are given
in Table 4.8.2.2.
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Fig. 4.8.9 Course of the values of NAOIw,cpc and Q,,, discharges (up), and cross-correlo-
grams of the winter NAO indexes and Q,, discharges of the Ipel River for three periods: 15-,
25- a 45-years ending in 2015

Tab. 4.8.2.2 Cross-correlation coefficients among NAOIw, cpc vs. Q and NAOIw,cpc vs. Q.
with a lag of 0 — 5 years

Qa Q}}()d

Stream | Gauging station lag lag
0O -1 | 2|-3|-4|5]0]|-1]-=2]-3]|-4]--
Vih Liptovsky Mikulas | -0.5 [-0.1| 0.2 [-03| 0.1 | 0.4 |-0.2 | 0.0 [-0.1|-0.4| 0.1 | 0.6
Kysuca I:Xzstgke Nové 05[-03]05(-01]|-04|03[-04]00]|02]-02[-01]05
Hron |Brehy -0.7| 00 | 0.6 [-02] 00 | 03 [-03]| 0.1 |03 |-03| 02 | 0.4
Topla |HanuSovce -0.7|-03] 03 [-0.1] 0.0 |-0.1 |-0.4|-04| 0.0 |-02] 02 | 0.1
Nitra | Nitrianska Streda | -0.6 [ -0.1 | 0.5 |-02|-02| 02 |-0.4 | 0.1 | 0.2 |-03| 0.3 | 0.3
Ipel Holisa -06|-0.1] 0.5 |{-02]|-02| 02 |-04| 00|03 |-02]|03]03
Myjava | Sastin-Stréze -0.7|-0.1| 04 | 00 |-01] 04 |-06| 00 | 0.5 |-0.1|-02]| 0.4
Rimava | Vlkyria -0.7|-0.1| 0.4 | 00 |-01] 04 |-06| 0.0 | 0.5 |-0.1|-0.2| 0.4
Poprad | Chmelnica -0.6 [ -0.1]021]-02]00|02(-02]-02]-0.1|-03|0.0|0.6
Torysa | Kosické OlSany -06 |-02] 03 |-0.1| 00 |-0.1|-0.4|-02| 0.1 [-02] 0.1 | 0.1

If the correlation coefficient with a zero time lag is equal to or less than -0.5, it means that there
is a significant negative dependency between the series (Table 4.8.2.2). In years with a high win-
ter NAO index (NAOIw), it can be expected that the year will be dry. The closest dependency,
with a correlation coefficient of -0.7 was found between NAOIw and the average annual dis-
charge Q in the Hron, Topla, Myjava and Rimava River Basins and the correlation coefficients
for the remaining river basins were a little weaker: -0.6 for the Nitra, Poprad and Torysa River
Basins and -0.5 for the Vih and Kysuca River Basins. All the coetticients are significant on the
significance level a=0.05. The test of the relationship between NAOIw and Q,, achieved low-
er values, which were statistically significant only for the Kysuca, Topla, Nitra, Myjava, Rimava
and Torysa River Basins.

151



PROGNOSIS OF HYDROLOGICAL DROUGHT DEVELOPMENT IN SLOVAKIA

With time lags of two and five years, there was mainly a positive dependency between NAOIw
and average annual discharges. These results indicate that the values of the winter North Atlan-
tic Oscillation index (NAOIw) can be used to estimate river flow levels in the following year.
The positive correlation coefficients for a 5-6 year time lag are caused by the cyclical character
of the series. This means that five—six years after an extremely low NAOIw, the annual total
precipitation in southern Slovakia and average annual discharges should be lower. In other
words, a period of drought can be expected.
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5. OCCURRENCE OF HYDROLOGICAL
DROUGHT IN GROUNDWATER

In Slovakia groundwater is both one of the most important and also the most economical
sources of drinking water in terms of its capture, exploitation, quality requirements and pro-
tection. The systematic detection and evaluation of the occurrence and condition of surface and
groundwater in the territory of the Slovak Republic is vital to ensuring adequate information
for the development of blueprints for sustainable development, the provision of public services
and for public information (Skoda et al., 2009). Knowledge of spring yield regimes is important
especially in mountain areas where the population is not supplied for large water sources and
has to rely on local sources, above all springs.

The occurrence of extreme hydrological phenomena caused by climate change has an impact
on the sustainability of water sources. There are more frequent reports of problems with short-
ages of drinking water such as at the village of Zakarovce near Gelnica, but also in the village of
Prihradzany in Revdca District (in 2012) and the villages of Zikamenné and Markus$ovce (in
2015), where drought caused a shortage of drinking water because the local springs dried up
almost completely.

5.1. CHARACTERISTICS OF THE HYDROLOGICAL
SITUATION IN GROUNDWATER IN SLOVAKIA
IN THE YEARS 1981 TO 2015

The occurrence of drought in groundwater was evaluated using the SANDRE method. The
evaluation included 123 sites in the state hydrological monitoring network for groundwater
operated by the Slovak Hydrometeorological Institute. The selection of sites had to satisty the
following criteria:

- uniform coverage of the whole territory of Slovakia,

- an uninterrupted 30-year series of measurements,

- no interference in the data.

The evaluated period covered the hydrological years 1981-2015 and the hydrological years
1981-2010 were used as a reference period. The evaluation used monthly time steps. The eva-
luation of the individual hydrological years from a long-term perspective is shown Table 5.1.1.
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Tab. 5.1.1 Evaluation of hydrological years wetness from the groundwater point of view

Hydrological year Evaluation

1981 above average

1982 around average

1983 around average

1984 below average

1985 above average

1986 around average

1987 around average

1988 around average

1989 below average

1990 below average

1991 below average

1992 below average

1993 below average

1994 around average

1995 around average to slightly above average
1996 around average to slightly above average
1997 around average

1998 around average

1999 above average

2000 above average

2001 around average

2002 around average to slightly below average
2003 below average

2004 below average

2005 around average to slightly above average
2006 above average

2007 below average

2008 around average to slightly below average
2009 around average

2010 above average

2011 above average

2012 below average

2013 above average

2014 around average

2015 around average

A general observation is that most of the dry years in the studied period occurred before 1993,
even with the five-year drought from hydrological year 1989 to 1993. Within these five studied
years, the most intense periods of drought were in the hydrological years 1990 and 1993. In the
hydrological year 1990, drought mainly affected the western part of Slovakia and the southern
part of central Slovakia, where the level of groundwater and spring yields were significantly
lower than the long-term average of the reference period (Fig. 5.1.1, red colour).
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Groundwater drought evaluation
hydrological year: 1990

Y ‘ .

Lb“ 5 groundwater levels and spring yields significantly

higher than the long-term average

4 groundwater levels and spring yields higher than
the long-term average

3 groundwater levels and spring yields equal to
long-term average

— — groundwater levels and spring yields lower than
okm 25km  50km  75km  100km 2
- the long-term average

q groundwater levels and spring yialds significantly
lower than the long-term average

Fig. 5.1.1 Evaluation of the hydrological year 1990 in groundwater

After the hydrological year 1993, droughts occurred in 2003, 2004, 2007 and 2012. The year
from this group with the most intense drought was 2012 (Fig. 5.1.2), which was affected by ear-
lier meteorological conditions in 2011. The drought had its strongest effects in the north-west
and centre (the Kysuca and Orava River Basins, a large part of the Hron River Basin) and in the
east of Slovakia (the Topla and Horndd River Basins and in the far east). In the west, the Vih
and Myjava River Basins were affected by drought.

Groundwater drought evaluation

hydrological year: 2012

5 groundwater levels and spring yields significantly
higher than the long-term average

4 groundwater levels and spring yields higher than
the long-term average

3 groundwater levels and spring yields equal to
long-term average

| EEEmam . groundwater levels and spring yields lower than
okm  25km  50km  75km  100km 2
the long-term average

1 groundwater levels and spring yields significantly
lower than the long-term average

Fig. 5.1.2 Evaluation of the hydrological year 2012 in groundwater
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5.2. SEASONALITY OF MINIMUM SPRING YIELDS

Spring yields are of fundamental importance for supplying drinking water to the inhabitants of
mountain regions of Slovakia. When capturing a spring, it is important to consider not only the
stability of its yield but also its ecological function. The stability of a spring is determined by the
amplitude of'its yield, and therefore also by its minimum yield. The minimum yield of a spring
is one of the factors in the calculation of the usable volumes for spring capture under Slovak
law. To be able to quantify usable volumes of groundwater and local ecological limits related
to spring yields, it is necessary to know how the spring yield changes over time — the seasonal
course of yields and especially the seasonal minimum values.

5.2.1. Results of the statistical evaluation of seasonality in minimum
spring yields

Statistical analysis of average monthly yields found that the average monthly yields of the stud-
ied springs ranged from 30.67 1.s™ (spring 1312 in Dolnd Lehota) to 0.33 Ls™! (spring 1725 in
Vy$ny Komdrnik). An exception is spring 328 in Vy$nid Boca, where the mean yield is 115.3
s and the median is 63.12 1.s™.. The status of this spring is complicated, however, because it
is influenced by surface water in the spring months. As regards extreme values, as in the case
of average values, the highest maximum yield was from spring 328 in Vy$ni Boca — 888.8 1.s™".
The lowest yields were equal to 0.00 Ls™!. Such minimum yields were observed at springs in
Slovenskd Cupca (1265), Dobsinska ladova jaskyria (2153) and Lucind (2292).

Nearly half the studied springs have a variation coefficient greater than 50%, which points to
data inconsistency and indicates that it is better to use the median than the mean. The distribu-
tion type for set frequencies is significantly difterent from a normal distribution and for most
of the studied springs there is an asymmetric distribution. Data set homogeneity was tested
using a normal probability plot for frequency. Based on the results of this test, the yield series
for individual springs can be considered homogenecous.

The minimum spring yield below Q, was set for the long-term period based on the empirical
flow duration curve. The yields of individual spring naturally vary. The lowest values for Q,,
were found for the springs at Dobsinskd fadova jaskytia (2153) with a value of 0.00 Ls™, and at
Lucind (2292) with a yield of 0.08 1.s™". The highest value for the Q,, yield was at Vy$na Boca
(328), with a value of 19.5 1.s™". Values for Q,, were also determined for each decade and season.

5.2.2. Results of the evaluation of seasonality in minimum spring yields

The seasonality of minimum spring yields was evaluated based on the occurrence dates of
yields below the Q,,value for long-term yields (1980-2012). Seasonality was also calculated
based on the occurrence dates of yields below Q, for the long-term summer - Q. (months
4-10) and winter - Q, (months 9-3) periods. Since the value of Q,  was determined from
the overall empirical flow duration curve for weekly yields in the hydrological years 1980-2012,
seasonality was also evaluated for the decades 1980-1989 (Q,,,), 1990-1999 (Q,,,), 2000-2009
(Q,, ;) and for the period 2000-2012 (Q,, ). Seasonality was also evaluated for the dates of

920 4
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absolute annual minimum yields Q, . (1980-2012) and absolute minimum yields for summer
Q,,...s (months 4-10) and winter Q,, . (months 11-3).

The first parameter of seasonality evaluated using Burn’s method, (1997) based on the timing
(0) and regularity (r) of extreme phenomena, were the occurrence dates of minimum yields
below Q,, (1980-2012). The average occurrence date was in the months between August and
March (Fig. 5.2.2.1).
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Fig. 5.2.2.1 Average angle date of minimum yields occurrence (0) and seasonal concentration
index (r) for yields lower than Q,,

Figure 5.2.2.2 shows Burn’s vector calculated for yields below Q, . The direction of the arrows
on the map indicates the month in which the minimum yields were observed and the size of
the arrow represents the probability of occurrence of a minimum yield on the calculated date.
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Fig. 5.2.2.2 Burn s vector calculated for yields lower than Q,,

Minimum values occur most frequently in the months of November (21), December (20) and
October (17). Less frequently they also occur in January (6), February (3) and at the end of
the summer, in August (2) or September (6). The second parameter for the evaluation of the
seasonality of minimum yields was the date of occurrence of the absolute annual minimum
yield Q, . for the whole studied period, which as in the case of Q,, fell in the period from
September to February. There was a difference in the value for scasonal concentration r, which
is usually higher for Q

-Amin”
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If we compare the seasonal development in individual decades with the long-term seasonality
of minimum yields below Q,, seasonality usually moves one month forward or backward in
the course of each decade. The relationship between the decrease or increase in the values of
Qyy(123,4 10 cach decade compared to the long-term value of Q,, and the size of the change
in the average occurrence date of minimum yields is not statistically significant. Comparison
of the individual decades with the long-term value of Q,, shows that in the years 1980-1989
there was a decrease in the value of minimum yield and later occurrence of minimum yields
in the hydrological year relative to the long-term period. The trend in 1990-1999 was mainly
in the opposite direction towards an increase in minimum yields and earlier occurrence of the
minimum relative to long-term values. The development of minimum yields from the studied
springs in the years 2000-2009 and 2000-2012 was very similar to the long-term values. In
most cases in both periods there was a decrease (41 springs) or no change (48 springs) in mini-
mum spring yields. Half the springs had either earlier or later occurrence of minimum yields
compared to the long-term yields.

When individual decades are compared with each other, the largest changes in minimum yields
and their average occurrence dates occurred between 1990 and 1999 compared to the previous
decade 1980-1989 (Fig. 5.2.2.3).
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Fig. 5.2.2.3 Change in minimum yields and average occurrence dates of the decade 1990-1999
vs 1980-1989 (left) and 2000-2009 vs 2000-2012 (right)

In the 1990s compared to the 1980s, minimum yields got lower for most springs and some
springs had significant changes in the average occurrence date. The changes in yield between
the last decade 2000-2009 and the period 2000-2012 are not very large. The effect of the dry
years in 2011 and 2012 wiped out the effect of the above-normally wet year in 2010 and there
was probably a slight decrease in minimum yields over the last 13 years compared to the decade
2000-2009 (Fig. 5.2.2.3). Although there were significant changes in the average occurrence
date of minimum yields for springs 2222, 2289, 2231, 1164 and 394, they had low values for

seasonal concentration.

The seasonality of annual minimum yields was complemented by the seasonality of minimum
yields for the summer period lasting from April to October and for the winter period lasting
from November to March. The average occurrence date of summer minimum yields below
Q,,s was mainly in August and September while the absolute lowest summer yields Q, . were
mainly in September and October. In the winter period, both minimum yield parameters (Q,,,,,
and Q, . ) occurred most frequently in December and January, and in a few cases in February.
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Figure 5.2.2.4 shows the relative frequency histogram for the dates of annual absolute mini-

mum yields Q, - during the hydrological year for all the studied springs.
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Fig. 5.2.2.4 Histogram of the relative frequency of dates with the absolute minimum yields
Q,,,, within a hydrological year for all evaluated springs

From the course of the frequency histogram (Fig. 5.2.2.4) it is clear that minimum yields are
most frequent in the autumn-winter period.

5.2.3. Regionalisation of the seasonality of minimum spring yields

After the analysis of seasonality of individual parameters of minimum spring yields in each time
period, the next step was regionalisation with the help of a cluster analysis. The input data for
regionalisation were the parameters of seasonality represented by Burn’s vector and frequen-
cy histogram values for spring yields below Q,, (1980-2012) and for absolute annual mini-
mum yields Q, . (1980-2012), physiographical parameters and their mutual combinations.

The values for the Burn’s vector expressed as the average angle 0 and the value for seasonal
concentration r cannot be entered into a cluster analysis, so these values were converted to car-
tesian coordinates x, y using the formula: x = r. cos (0); y = r. sin (0) (Burn, 1997) and were
then used in the cluster analysis.

The regional types created based on the parameters for seasonality of minimum yields were
compared with each other. The most similar are regions created based on the Burn’s vector
and relative frequency of absolute annual minimum yields Q, . (Fig. 5.2.3.1). Based on the
occurrence dates of absolute annual minimum yields, it is possible to identify three types of
minimum yield regime:
* A winter regime, which is represented in region 4, where the minimum yields occur
most frequently between December and February inclusive
* Anautumn region, represented mainly in regions 1 and 2, where the lowest yields occur
in the months October and November
* A summer regime, for which there are the fewest cases, in which minimum yields occur
mainly in August and September. The best results for regionalisation were obtained
using a combination of physiographical parameters and the Burn’s vector for yields Q,,
a2 Q, . with both regionalisation results being similar to each other because of the dom-

-Amin,
inant role of altitude above sea level.
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Fig. 5.2.3.1 Comparison of regions based on Burn’s vector and relative frequency
of the absolute annual minimum yields

Three regions were identified with minimal differences in the classification of individual springs
to the same region. The first region type (Fig. 5.2.3.2) is characterised by the occurrence of the
spring outflow at an altitude of 100-460 m a.s.l., occasionally up to 550 m. Minimum yields
occur most frequently in between the month of August and the first of November. Springs
in the west are concentrated mainly in the Malé Karpaty, Povazsky Inovec, Tribeé¢, Vti¢nik,
Stiavnické Vrchy Mountains, the Danube Uplands and the South Slovakia and Zvolen Basins.
In the eastern part of the territory they occur mainly in the Slovak Karst and the Slanské Vrchy
Mountains. The second region type is concentrated mainly in northern parts of the territory in
the Vysoké and Nizke Tatry Mountains, the Podtatranska Kotlina Basin, the Velka Fatra Moun-
tains and the Spi§-Gemer Karst. The altitude of the spring outflows is 700 m a.s.l. and higher.
From the perspective of seasonality, minimum yields occur in the months from December to
February. The last region type has outflow at altitudes from 300 m to 800 m a.s.l. and is found
in Kysuce, the Mald Fatra and Velkd Fatra Mountains, the Kremnické Vrchy Mountains, the
upper Hron Valley, the Veporské Vrchy Mountains and in the east in the Cierna Hora Moun-
tains, the Saridsk4, Laboreckd and Tubovnianska Vrchovina Highlands and the Spisski Magura
Mountains.
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Fig. 5.2.3.2 Spatial plot of springs belonging to the relevant regional type according to physical-

geographical parameters and Burn “s vector calculated for spring yields lower than Q,,
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6. DISCHARGE VULNERABILITY MAP
OF SLOVAKIA WITH REFERENCE
TO MINIMUM DISCHARGES

6.1. METHOD USED TO DRAW UP THE MAP

In the first decade of the 2000s, the reference period for both meteorological and hydrological
data was changed from 1931-1980 to 1961-2000. This change was preceded by detailed analysis
and comparison of the data for both periods. The map of vulnerability and sensitivity of the
territory of Slovakia (Fig. 6.1.1) expresses an estimate of which parts of a basin (territory) have
experienced certain changes in runoff based on the values calculated for the basic components
of the annual water balance (precipitation, runoft). The results allow the territory of Slovakia
to be divided into (1) territory where there is an increasing or balanced trend in average ru-
noft (low sensitivity and vulnerability); (2) river basins in which there is a balanced or slightly
decreasing trend in runoft (medium sensitivity and vulnerability) and (3) river basins in which
there is a decreasing or sharply decreasing trend in runoft (high sensitivity and vulnerability).

Vulnerability of Slovak territory
according to the mean water bearing

A B ;
NaL A A s

Vulnerability according to average runoff development

- low vulnerability

I:l medium vulnerability
- high vulnerability

Nriver network 500 000 .shp

Fig. 6.1.1 Vulnerability of the Slovak territory according to annual flow development

The first group includes the Danube, the basin of the Dunajec, the high mountain parts of the
Vih River Basin and basins in upper Orava and Kysuce. The second group includes the Poprad
River Basin, the upper part of the Vih River Basin, the Bodrog River Basin and the Hornid
River Basin. Other river basins (the Slovak part of the Morava River Basin, the basin of the Da-
nube and the Little Danube, the lower part of the Vih River Basin and the basins of the Nitra,
Hron, Ipel, Sland and Bodva) belong to the third group.
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In specific terms this means that runoft in some areas classified as highly sensitive decreased by
up to 20% in the period 1961-2000. It should also be noted that the distribution of runoff in
the year (the percentage of annual runoft occurring in each month of the year) has not changed
significantly in any area.

In the following period, several years hydrologically classified as dry years confirmed these
estimates for sensitivity, e.g. the hydrologically very dry year 2012 (Fig. 6.1.2).

Wetness of the year 2012 in water-gauging stations of SHMU
(relative values of Q ,4,,/Q 1961-2000)
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Fig. 6.1.2 Wetness of the year 2012 (relative values of Q, /Q,, . ,..,) in evaluated discharge
gauging stations (SHMU, 2013)

The same procedure used to make the map of vulnerability based on the development of mean
runoff was also used to map of vulnerability based on the development of annual minimum
discharges (Fig. 6.1.3)

Vulnerability of Slovak territory
according to the minimum discharges

o, Ml B
‘«g{&%ﬁm&@& il %&

Ty
=

Vulnerability according to minimum discharges

[ low vulnerability
[ ] medium vulnerability

[ high vulnerability
Il very high vulnerability
/\./ River network 500 000.shp

Fig. 6.1.3 Vulnerability of the Slovak territory according to minimum discharge development
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6.2. EVALUATION OF TRENDS IN DISCHARGE CHANGES
IN THE PERIOD 1981-2012

The trends of changes in discharges were evaluated using the Mann-Kendall test, which is used
to detect significant trends in time series. The advantage of the Mann-Kendall nonparametric
test 1s that it is not affected by the current distribution of data and it is also less sensitive to
extreme values in the time series. The test is particularly suitable for larger statistical sets with
more than 40 data points (WMO, 2008). The sign of statistic Z indicates whether a trend is in-
creasing (Z > 0) or decreasing (Z < 0), but the test is not able to determine an estimate of the
size of the obtained trends. With a significance threshold of 95%, a value of Z >1.96 indicates
an increasing trend while a value of Z < -1.96 indicates a decreasing trend.

Trend evaluation was carried out for discharge gauging stations selected from across the whole
territory of Slovakia based on criteria of length of observation period and the smallest possible
influence on the discharge regime from human activity (abstraction, emissions, manipulation
via reservoirs). In view of the need for a more even distribution of territorial representation
and representation of different stream types (smaller and larger streams and rivers, profiles in
mountain and lowland areas), the evaluation included several influenced profiles. For the eva-
luation of trends in annual minimum discharges, the significance level was set as alpha = 0.05.
In the studied period 1981-2015 increasing trends were found among the selected discharge
gauging stations (Fig. 6.2.1) in discharge gauging stations in the Poprad River Basin and the
upper parts of the Horndd and Vih River Basins. Decreasing trends were identified in a few dis-
charge gauging stations on tributaries in the Orava region (Polhoranka, Veselianka), tributaries
of the Vah (e.g. Jalov¢ianka, Suchy potok in Liptov; Raj¢ianka, Petrovicka, some streams in the
Malé Karpaty Mountains — Raciansky potok, Vistucky potok) and the upper Nitra.

Spatial evaluation of trends of minimum annual discharges at selected discharge gauging stations
Period: 1981 - 2015

. decreasing trend at 95% significancy level

O no trend

. increasing trend at 95% significancy level

0 125 25 50 75 100 Km

Fig. 6.2.1 Spatial evaluation of trends of minimum annual discharges in the period 1981-2015
at selected discharge gauging stations
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This is confirmed by the analysis of runoff development (Fig. 6.2.2) which clearly shows the
occurrence within the period 1981-2012 of a dry period from 1987 to 1993.

Occurence of low-flow periods - mean yearly discharges (relative values) in selected profiles
period: 1981-2012
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Fig. 6.2.2 Development of relative wetness (ratio of the average annual discharge Q to the
long-term average Q ) in selected discharge gauging stations in the period 1981-2012

Trend analyses are very sensitive to the period chosen for evaluation. Using a longer time period
covering the period 1961-2015 (55 years), the trends in average annual discharges (Fig. 6.2.3)
match relatively well with the set maps for vulnerability of the territory of Slovakia.

Spatial evaluation of trends of average annual discharges at selected discharge gauging stations
Period: 1961 - 2015

. decreasing trend at 95% significancy level

O no trend

0 125 25 50 75 100 Km . increasing trend at 95% significancy level

Fig. 6.2.3 Spatial evaluation of trends of average annual discharges in the period 1961-2015 at
selected discharge gauging stations
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The evaluation of trends in minimum annual discharges in this period did not confirm decre-
asing trends in minimum discharges at many of the studied gauging stations in areas classified
as highly vulnerable. Initial analyses of linear trends pointed to decreasing trends in a larger
number of gauging stations but the Mann-Kendall statistical test did not prove many of them
to be statistically significant with a 95% level of significance. Dry years repeat in certain cycles.
Although the period 2001-2015 includes some dry years (e.g. 2003, 2007, 2012), there have not
been longer (multi-year) periods of continuous drought on the level of 1987-1993, and there-
fore the period does fundamentally change the evaluated long-term trend.
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CONCLUSION

The present monograph, Prognosis of hydrological drought development in Slovakia, publishes
the results of the pilot project in hydrological modelling of future drought occurrence and
intensity in Slovak territory. The Hydrological drought and prognosis of its development in Slo-
vakia project financed by the Slovak Research and Development Agency (APVV) was under-
taken between October 2013 and June 2017. Two organisations were involved in the project;
The Comenius University in Bratislava, and the Slovak Hydrometeorological Institute. The
Comenius University was the coordinating organisation with Professor Miriam Fendekovid as
principal investigator leading the research team of the Department of Hydrogeology in the Fac-
ulty of Natural Sciences. The Comenius University second partner was drawn from research-
ers in the Department of Astronomy, Physics of the Earth and Meteorology of the Faculty of
Mathematics, Physics and Informatics led by Professor Milan Lapin, and the research team of
the Slovak Hydrometeorological Institute was headed by Ing. Zuzana Danacova, PhD. The
specialist from the BOKU University of Vienna — dr. Tobias Gauster and specialist from the
Institute of Hydrology of the Slovak Academy of Sciences — Dr. Pavla Pekdrov4 also contributed
to the research results.

Drought as a global phenomenon still requires further research despite the great number of
successful projects and studies published annually world-wide. Many approaches and methods
of assessing drought have been developed, depending on the type of drought.

The World Meteorological Organization (WMO, 2012) recommended utilisation of the Stan-
dardized Precipitation Index (SPI) in various time steps for meteorological drought assessment.
While this proved a useful tool, the Standardized Precipitation and Evapotranspiration Index
(SPEI) performed much better in lower altitude river basins with higher average annual tem-
perature. The climate-change-induced increase in air temperatures evoke much higher wa-
ter demand because of increased evapotranspiration, and therefore established precipitation
amounts no longer provide relevant description of the meteorological drought generation pro-
cesses. Meteorological drought is best described as a lack of water from insufficient precipita-
tion and increased evapotranspiration.

The main goal of this research is to assess Slovak drought occurrence between 1981 and 2012
and use models to predict drought development to 2100. Research is based on daily discharge
data from ten main river basins approximately equally distributed throughout Slovak territory
in the differing climatic, hydrological and hydrogeological conditions which form the mutual
interrelationship of the hydrological balance equation elements. The river basins were: the My-
java up to the Sa§tin-StriZe gauging profile (western Slovakia), the upper Vih up to Liptovsky
Mikuld$ and the Kysuca up to the Kysucké Nové Mesto gauging profile (north-western Slo-
vakia), and the Poprad up to Chmelnica gauging profiles (northern Slovakia), the Hron up to
Brehy and the Nitra up to Nitrianska Streda gauging profiles (central Slovakia), the Ipel up to
Holi$a and the Rimava up to Vlkyria gauging profiles (southern Slovakia) and the Torysa up to
Kosické OlSany and the Topla up to HanuSovece nad Toplou gauging profiles (eastern Slovakia).
The hydrological conditions and drought occurrence were evaluated in detail in daily, monthly
and annual steps, with hydrological data correlated with data on meteorological conditions in
the evaluated river basins; and hence throughout Slovakia.
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The Frier spatially distributed physical model was the main tool used in prognosis of future
drought development. The above list of evaluated river basins modelled by the Frier model
was complemented by: (1) the Sland up to Lenartovce (southern Slovakia), the Horndd up to
Zdafa (including the Torysa sub-basin), the Bodva up to Hostovce, the Ondava up to Horovce
(including the Topla sub-basin) and the Laborec up to Humenné gauging profiles in Eastern
Slovakia and (2) the Nitra and Hron River Basins were also investigated up to the Nové Zamky
and Kamenin gauging profiles.

Detailed analysis of 1981-2012 meteorological and hydrological conditions established mete-
orological and hydrological drought occurrence. However, it was first necessary to prepare the
climatic scenarios data. The Netherlands KNMI and German MPI regional climatic models
(RCMs) were both used in two different scenarios. The latest observations have confirmed that
predicted climate change progress presents quite realistic alternatives for future Slovak climate
development. These have indicated that future climate development is not very favourable for
Slovakia; with negative consequences outweighing the positive. Moreover, climate change sce-
narios anticipate further aridity in southern Slovakia and climate zone shift to higher altitudes
in the north.

There is visible moderate linear increase in long-term annual precipitation in Slovakia with
concurrent moderate decrease in runoff depth. The runoff coefficient is calculated as the ra-
tio between runoft and precipitation depths, and this highlights a decreasing trend. While the
long-term runoft coefticient value approximates the 32.3% value established for 1961-2000,
this decreased to 29.8% for 1981-2015; and even 27.9% between 2001 and 2015. The decreas-
ing runoff depth coefficient value is an explicit consequence of greater losses in the hydrologi-
cal balance equation caused by increased evapotranspiration from rising air temperature.

The relative values-ratio of the average annual discharge (Q,) compared to the long-term dis-
charge value for 1961-2000 (Q,) at discharge gauging stations evaluated the annual discharges
(Q,) for 1981-2012. The evaluation identified dry periods with drought in consecutive months
and the effect on river basins. These occurred in 1983/1984, 1986/1987, 1992/1993, 1995/1996,
1997/1998, 2000/2001, 2003/2004, 2007/2008 and 2011/2012. Average daily discharge evaluation
showed that the highest number of low flow periods with Q, < Q,,,, (average daily discharge
lower than that registered in 330 days a year (Q,,,,)) was identified in the Hron River Basin with
51 such periods for a total of 1,658 days. The highest number of low flow periods with average
daily discharge value below Q,.., (Q,,,) and Q,_, (Q,, ) Was also recorded in the Hron River
basin with a total 612 days and 93 days, respectively. The lowest number of such periods was
found for the Torysa River Basin up to gauging profile Kosické OSany, with Q, < Q,,,,in 22

330d
periods for a total of 718 days and Q, < Qj;,, was observed during 106 days, and there was no
day the discharge lower than the Q

355d

60a VLU,

Detailed analysis of drought occurrence and parameters was performed in 2003, 2012, and
2015; and the 2003 drought occurrence was obvious throughout Europe. The SPI12 results for
Slovakia highlight that the 1981-2012 evaluated period can be divided into two parts according
to meteorological drought occurrence. This is valid for almost all evaluated river basins, with
dry conditions prevailing in most river basins in the 1980’s and the first half of the 90’s. The
most extreme dry conditions were documented for the northern part of Slovakia where the
upper Vih, Poprad and Kysuca River basins had long-term dry periods interrupted only by
short periods of more humid conditions. The normal to wet conditions then prevailed from
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the second half of the 1990’s until 2015, peaking in the extremely wet 2010 year. This period
was interrupted only by three pronounced drought periods in 2003-2004, 2011-2012 and 2015.

The three drought periods had different intensity and the hydrological drought was evalu-
ated using four parameters; minimum discharge expressed as AM7 value, drought duration,
drought deficit volume and intensity. The drought period with the highest intensity in each
evaluated year was then selected and studied in greater detail. The most extreme drought pa-
rameter values were recorded in the same year in seven of the ten evaluated river basins — in
the Kysuca River basin in 2015, in the Ipel River basin in 2012 and in the Myjava, Nitra, Hron,
Torysa and Topla in 2003; with the remaining river basins experiencing these extreme values in
different years. The highest drought intensity was not followed by cither (1) the lowest value
of the minimum discharge in the Rimava River Basin, (2) drought duration in the Poprad River
basin or (3) deficit volume in the Vih River basin. While the highest deficit volumes were re-
corded in most river basins in 2003 and 2012, they were still higher than those in the 1981-2010
reference period in the Vih, Nitra, Hron, Ipel, Rimava and Poprad River basins. The only ex-
ception was the Kysuca River basin where the highest deficit volume occurred in 2015, and this
was accompanied by the most extreme values of the three other drought parameters. The factor
analysis applied to drought parameters resulted in classification of the evaluated river basins in
the following three groups: (1) the Myjava, Kysuca, Nitra, Ipel, Rimava, Torysa and Topla river
basins in south, west and east Slovakia; (2) the Vih, Hron, and Nitra River basins in central
Slovakia and (3) the Poprad and Vih River basins in northern Slovakia. Analysis highlighted
that some river basins have transient character according to drought parameters; with the Nitra
River Basin in the first and the second groups above and the Vih River in the second and the
third groups.

The hydrological balance equation elements were subjected to two different models. The Bilan
model is the ‘lumped parameter’ model compiled at the T.G. Masaryk Water Research Institute
in Prague in the Czech Republic. The Frier model is a physically based spatially distributed
model programmed by Oliver Horvat and based on the WetSpa model. The Bilan model was
calibrated on the base-flow values estimated by Kille and BFI and this provided conformity
in all evaluated basins, with the highest agreement noted in the Myjava River Basin seasonal
course of modelled and observed runoff. The Frier model was then applied in further research
because it provides the best prognosis of water balance elements on the spatial level.

Frier model evaluation of 1981-2012 hydrological drought showed that the number of drought
periods with duration of 31 days or more in one year was highest at 0.9 value in the Hron,
Poprad and Slani River basins. This conformed to the average drought duration estimated by
analysing average daily discharges; especially in the Hron River Basin.

Frier model prediction of development of the hydrological balance elements provided the fol-
lowing results: (1) while we can anticipate less meteorological drought periods for 1981-2100,
greater water deficits are predicted; (2) the future unsaturated zone drought should last longer
with greater deficit volumes and (3) although the saturated zone droughts should last approx-
imately as long as at present, the drought duration could also be much longer and deficit vol-
umes much larger.

The KNMI 2 scenario shows that the future saturated zone droughts should be longer, espe-
cially in all river basins east of the Nitra River Basin except for the Laborec. The most critical
situation should occur in the Horndd River Basin where the longest predicted drought should
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last 1,686 consecutive days; five-times longer than the 301-day longest drought in the 1981—
2012 reference period. A similar situation was predicted for the Ondava River Basin (1,165 days
vs. 330) and the Bodva (877 days vs. 420). The average drought duration should extend mainly
in the Hornad River Basin (201 days vs. 70). Moreover, similar results were obtained with the
MPI 1 prognosis which anticipates the longest drought in the Horndd River Basin at 1,153
days maximum and 195 day average. KNMI 2 estimates longer extreme drought duration for
the Kysuca, Hron, Ipel, Slan4, Rimava, and Laborec River basins, while MPI 1 predicts shorter
drought duration in the Vih, Poprad, Hornid, Bodva, and Ondava River basins. In addition, the
average drought duration should not change in the Poprad, Rimava and Slani River basins but
should be shorter in the Bodva River Basin (104 days vs. 35).

Both KNMI 2 and MPI 1 models gave similar seasonality change prognosis. They predict a
general increase in precipitation amounts, shifts in the highest precipitation amounts from
July to September and less precipitation from May to July. Air temperature should increase;
mainly during the winter period and this could cause less snow accumulation and increased
winter snow-melt runoftf. While the onset of dry periods should be more frequent, with low
precipitation, low runoff and less water storage, the most pronounced seasonality change is ex-
pected to evapotranspiration. The expectation of change to spatial distribution in hydrological
balance elements from the 1981-2012 reference period to 2069-2100 includes the KNMI 2
scenario forecast of more extreme water storage changes; with central Slovakia losing the high-
est amount of water storage in the eastern Slovak Horndd River Basin and most especially in
the Hron River Basin. However, increased storage should be retained in the lowlands, valleys,
intra-mountainous depressions and the High Tatra Mts. Meanwhile, the MPI 1 projects higher
water storage losses in the upper parts of the Hron, Slani, and Rimava River Basins, but storage
should increase in the upper parts of the Horndd, Poprad, Vih and at lower altitudes in the
Rimava, Hron and Ondava River basins.

Further drought prognosis is provided by the winter North Atlantic Oscillation Index (NAO-
Iw). This highlights statistically significant negative correlation between discharge time series
and the NAOw index. In addition, dry years are expected in years with high winter NAO index
and the positive correlation prevails in a time shift of 2 to 5 years. Therefore, NAOIw values
provide prediction of annual “wetness”. The tightest dependencies were found between the
NAOIw values and Q, average annual discharge in the Hron, Topla, Myjava and Rimava river
basins with -0.7 correlation coefficients, while the slightly lower -0.6 values were estimated
for the Nitra, Poprad and Torysa river discharges. The lowest, but still statistically significant
correlation coefficient value, was established for the relationship between NAOIw estimate
and average annual Vih and Kysuca river discharges. Interestingly, the extraordinary low NAO
index predicted a further dry period in Slovakia within 5 to 6 years.

Groundwater drought occurrence evaluation showed that most dry years in the evaluated
1981-2012 period occurred before 1993; even allowing for the five-year drought between 1989
and 1993. The most intense droughts in these five years were in 1990 and 1993. The ground-
water drought evaluation results correspond well with the established discharge trends, and
this evaluation documents the important percentage of identified decreasing discharge trends
before 2001. Finally, following the 1993 wet spell, droughts occurred only in 2003, 2004, 2007,
and also in 2012 which was the most intense event.
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Detailed study was also performed on the seasonality of yields from 78 springs in mountainous
Slovak areas; with emphasis on minimum yields. These parameters were determined by Q,,,,
and Q, . where: (1) Q,,,, presents the yield calculated from the long-term flow duration curve
which denotes yields attained and exceeded over 90% of the entire 1980-2012 experimental
period and (2) Q,, . gives the absolute minimum spring yield in the evaluated period.

Minimum spring yields were evaluated for the 1980-1989, 1990-1999, 2000-2009 ten-year
periods, and also for the 2000-2012 thirteen years and the European winter and summer pe-
riods. The average and minimum spring yield seasonality was then evaluated by Burn vector
and frequency histograms. These evaluations were followed by minimum spring yield region-
alisation based on the combined physical-geographical factors of precipitation, air temperature,
spring discharge area altitude, slope orientation and the rock hydraulic properties expressed as
transmissivity coefficient. The Burn vector values and the frequency histogram values were
determined, and the best results were obtained using the physical-geographical parameters and
the Burn vector for both Q,, and Q, . . The regionalisation results for these minimum spring
yield parameters were similar, thus reflecting the dominant influence of spring discharge area
altitude. The following three regions were delineated: (1) all springs with discharge altitude
between 100 and 460 m; and to 550 m in a few instances. Minimum yields mostly occurred
from August to the first half of November; (2) springs at 700 m and above. Here, the mini-
mum spring yields were recorded in December to February winter months and (3) the third
regional springs stretch spatially between the first two regional areas and these are typical spring
discharge areas between 300 and 800 m with minimum discharges during the summer-autumn
period. They range from the strip of mountains stretching from the Kysuce region through the
Mala and Velkd Fatra Mts, the Kremnické vrchy Mts, the upper Hron valley and the Veporské
vrchy Mts up to the eastern Slovakian mountains of Cierna Hora, Sarigsks, Laboreckd and
Lubovnianska vrchovina highlands and the Spisskd Magura Mts.

The discharge development trends for 1981-2012 were evaluated and compared with the dis-
charge vulnerability map of Slovakia. With Mann-Kendall 0.05 significance, this confirmed an
increasing 1981-2015 trend in minimum annual discharges at discharge gauging stations in
the Poprad River Basin and upper parts of the Vih and Hornad Rivers. In contrast, decreasing
trends were identified at the Polhoranka and Veselianka discharge gauging stations in the Orava
region, at the Jalovéianka, Suchy potok, Raj¢ianka and Petrovic¢ka upper Vih River tributaries, at
the small Rac¢iansky and Vistucky potok small brooks on the eastern slopes of the Malé Karpaty
Mts. and also in the upper Nitra region. While these were not identified in the 2001-2015 pe-
riod, the decreasing trends established in the 1981-2015 experimental period almost certainly
have their origin prior to 2001.

Models compiled within the project simplify the actual natural hydrological processes and al-
though we are not able to reproduce them precisely at this point in time, our experimental
methodology remains extremely valid for hydrological modelling. A further uncertainty in
actual development of climatic conditions is acknowledged in scenario prediction of future
development in climatic elements up to 2100. Therefore, we stress that the prognostic results
are accurate only to the extent that the scenario values of climate elements match real future
climate development. While acknowledging these limitations, our predicted values certainly
depict the likely future development of hydrological drought on Slovak territory in accordance
with current state-of-art analytic technology.

170



REFERENCES

ACT No. 364/2004 Coll. on Water and amendments of Slovak National Council Act No. 372/1990 Coll.
on Offences as amended (Water Act)

ADLER, M. J., BUSUIOC, A., GHIOCA, M., STEFAN, S., 1999: Atmospheric processes leading to
drought periods in Romania. In: Hydrological extremes: understanding, predicting, mitigating.
Gottschalk L, Olivoy J. C., Reed D., Rosbjerg D. (eds). IAHS Publication no. 255. IAHS Press:
Wallingford; 37-47.

ANDREADIS, K., M., CLARK, E. A.,, WOOD, A. W,, HAMLET, A, F., LETTENMAIER, D. P, 2005:
Twentieth century drought in the conterminous United States. Journals online, American meteoro-
logical society, http://journals.ametsoc.org/doi/abs/10.1175/jhm450.1

BACHMAIR, S., TANGUY, M., HANNAFORD, J., STAHL, K., 2018: How well do meteorological
indicators represent agricultural and forest drought across Europe? Environmental Research Letters,
13, 3, article number 034042.

BALCO, M., 1990: Mald vodnost slovenskych tokov (Low flows of Slovak streams). VEDA, Vydavatelstvo
Slovenskej akadémie vied, Bratislava, 264 s. ISBN 80-224-0098-x. (in Slovak)

BLANEY, H. E,, CRIDDLE, W. D., 1950: Determining water requirement in irrigated areas from cli-
matological and irrigation data. U.S. Dept. Agriculture, Soil Conserv. Service, Tech. Paper 96, 48 p.

BLAUHUT, STAHL, K., STAGGE, J. H., TALLAKSEN, L. M., DE STEFANO, L., VOGT, J., 2016:
Estimating drought risk across Europe from reported drought impacts, drought indices, and vulner-
ability factors. Hydrol. Earth Syst. Sci., 20, 2770-2800.

BOCHNICEK, O., BORSANYI, P, CEPCEKOVA, E., FASKO, P CHMELIK, M., JANCOVICOVA,
L., KAJABA, P, KAPOLKOVA, H., LABUDOVA, L., MIKULOVA, K., MISAGA, O., NEJEDLIK,
P, PRIBULOVA, A., SNOPKOVA, Z., STASTNY, P, SVEC, M., TURNA, M., 2015: Klimaticky
atlas Slovenska, Climate atlas of Slovakia, Banski Bystrica: Slovensky hydrometeorologicky tstav,
228 p., ISBN 978-80-88907-90-9

BONACCI, O., 1993: Hydrological identification of drought. Hydrological Processes, 7, 3, 249-262.

BRAZDIL, R., TRNKA, M. et al., 2015: Sucho v Ceskych zemich: minulost, souc¢asnost a budoucnost.
Centrum vyzkumu globilni zmény Akademie véd Ceské republiky, v.v.i., Brno, 402 p. ISBN 978-
80-87902-11-0 S.

BROWN, CH. M., MAGARY, C., 1998: The disaster handbook. Gainesville, FL, University of Florida.
Cooperative Extension Service, Institute of Food and Agricultural Sciences, 1998, 500 p. available at:
http://disaster.ifas.ufl.edu

BRUSKOVA, V,, 2007: Evaluation of meteorological drought in the upper Torysa basin. Podzemni voda,
2007, ro¢. 13, ¢. 2, 169-176. ISSN 1335-1052 (in Slovak with English summary)

BUDYKO, M. 1., 1974: Climate and life. Gidrometeorizdat. Leningrad. (in Russian)

BURGER, F, 2005: Concept and identification of hydrological drought — groundwater deficit. Acta Hy-
drologica Slovaca, 2005, 6, 1, 3—10. ISSN 1335-6291 (in Slovak)

BURN, D. H., 1997: Catchment similarity for regional flood frequency analysis using seasonality mea-
sures. Journal of Hydrology, 202, 1-4, 212-230.

171



PROGNOSIS OF HYDROLOGICAL DROUGHT DEVELOPMENT IN SLOVAKIA

CHALUPKA, J., KULLMAN, E. Sen., 1992: Contribution to the assessment of the persistent natural
decrease of groundwater sources yields due to climatic factors. In: Kullman, E., Hanzel, V. (Eds.):
Zbornik pric zo sympdzia ,Vyuzivanie podzemnych vod vo vztahu k ekoldgii“. Rajecké Teplice, 9- 11
November 1992. Bratislava, SAH Bratislava, 1992, 95-103. (in Slovak)

CHANGNON, S. A, HUFF, F. A,, HSU, C. E, 1988: Relations between precipitation and shallow
groundwater in Illinois. Journal of climate 1, 12, 1239-1250.

CHARVATOVA, 1., 2000: Can origin of the 2400-year cycle of solar activity be caused by solar inertial
motion? Ann Geophys. Atmosph. Hydrosph. And Space Scienc. 18, 4, 399-405.

CHARVATOVA, ., STRESTIK, J., 1995: Long-term changes of the surface air-temperature in relation to
solar inertial motion. Climatic Change, 29, 3, 333-352.

CLIMATE ATLAS OF SLOVAKIA. Bratislava: Slovensky hydrometeorologicky tstav, 2015, 132 p. ISBN
978-80-88907-90-9.

CORINE, 2006: Corine Land Cover raster data, https://www.cea.curopa.cu/data-and-maps/data/clc-
2006-raster

CUNDERLIK, J., 1999: Regionilny odhad N-roénych prietokov vo vybranych povodiach Slovenska.
(Regional estimation of N-year discharges in selected river basins of Slovakia). Dissertation thesis.
Slovak University of Technology, Bratislava. 144 p. (in Slovak)

DAMBORSKA 1., GERA M.; MELO M. et al., 2016: Changes in the daily range of the air temperature
in the mountainous part of Slovakia within the possible context of global warming, Meteorologische
Zeitschrift, 25, 1, 17-35.

DUB, O., 1957: Hydrolégia, hydrografia, hydrometria (Hydrology, hydrography, Hydrometry). 1 ed.
Slovenské vydavatelstvo technickej literattiry, 1957, 484 s. (in Slovak)

ELTAHIR, E. A. B.,, YEH, P J. F,, 1999: On the asymmetric response of aquifer water level to floods and
droughts in Illinois. Water resources research 35, 4, 1199-1217.

FENDEKOVA, M., DANACOVA, Z., GAUSTER, T., LABUDOVA, L., FENDEK, M., HORVAT, O.,
2017a: Analysis of hydrological drought parameters in selected catchments of the southern and eas-
tern Slovakia in the years 2003, 2012 and 2015. Acta Hydrologica Slovaca, 18, 2, 135-144.

FENDEKOVA, M., 1996: Reim pramefiov vybrangch hydrogeologickych celkov Slovenska (Regime of
springs in selected hydrogeological regions of Slovakia). Podzemni voda, 1996, 2, 1, 23-31. ISSN
1135-1052. (in Slovak)

FENDEKOVA, M., FENDEK, M., 1999: Killeho metéda — Teéria a prax (Method of Kille — theory and
practice), Podzemnd voda, 5, 2, 77-87. (in Slovak)

FENDEKOVA, M., FENDEK, M., 2005: Rezim podzemnych vod kvartérnych sedimentov predpolia
Vysokych Tatier a jeho klasifikicia (Groundwater regime of the Quaternary sediments in the Vysoké

Tatry Mts foreland and its classification). Podzemnd voda. 2005, 11, 2, 129-144. ISSN 1335-1052 (in
Slovak)

FENDEKOVA, M., FENDEK, M., 2012: Groundwater drought in the Nitra river basin — Identification
and classification. Journal of Hydrology and Hydromechanics., 60, 3, 185-193. ISSN 0042-790X,
2012

FENDEKOVA, M., FENDEK, M., DANACOVA, Z., 2014: Podzemny odtok v slovenskej ¢asti Tatier
(Groundwater runoff in the Slovak section of the Tatra Mts). Vodni hospodifstvi, 2014, 8, 9-14.
ISSN 1211-0760. (in Slovak)

172



REFERENCES

FENDEKOVA, M., FENDEK, M., DANACOVA, Z., LABUDOVA, L., SLIVOVA, V,, 2017b: Prejavy
sucha v povrchovych a podzemnych vodich vybranych slovenskych povodi v suchych rokoch 2003,
2012 a 2015 (Manifestation of drought in surface and groundwater of selected Slovak river basins in
dry years 2003, 2012 and 2015). 15. hydrogeologicky kongres: Podzemni voda a spole¢nost. Brno:
PiF MU, CAH, CAIG, 2017, 48-51. ISBN 978-80-903635-5-7 (in Slovak)

FENDEKOVA, M., FLAKOVA, R., SLIVOVA, V,, ZENISOVA, Z., SKODA, P, DEMETEROVA, B.,
FENDEK, M., GAVURNIK, J., NEMETHY, P, KRCMAR, D., 2009: Influence of hydrological
drought on surface and groundwater quantitative and qualitative parameters in Torysa River catch-

ment, Eastern Slovakia. Biuletyn Panstwowego Instytutu Geologycznego. ISSN 1644-0870, 2009,
436, 109-114.

FENDEKOVA, M., GAUSTER, T, SLIVOVA, V,, VRABLIKOVA, D., FENDEK, M., LABUDOVA, L.,
DANACOVA, Z., 2017c: Surface and groundwater drought in the Kysuca river basin in the three
driest years of the 21 century. Podzemnd voda, 23, 1, 25-37. (in Slovak)

FENDEKOVA, M., GAUSTER, T., LABUDOVA, L., VRABLIKOVA, D., DANACOVA, Z., FENDEK,
M., PEKAROVA, P, 2018: Analysing 21st century meteorological and hydrological drought events in
Slovakia. J. Hydrol. Hydromech., 66, 4, 393-403

FENDEKOVA, M., GAVURNIK, J., KULLMAN, E., SADLONOVA, K., 1995: Vplyv globilnych kli-
matickych zmien na vydatnosti prameniov na tizemi Slovenska (Influence of global climate change
on spring yields in the territory of Slovakia). In: Marton, J., Melioris, L., Hétharsi, J., gkultétyové,
I. 1995: Zbornik vedeckych pric z vedeckej konferencie s medzindrodnou tcastou AQUA”95.
22.6.1995. Trencin, ES STU. 8-18. (in Slovak)

FENDEKOVA, M., POOROVA, J., T., SLIVOVA, V, Eds.., 2017: Hydrologické sucho na Slovensku
a prognéza jeho vyvoja. Univerzita Komenského v Bratislave, 2017, 300 p.

FENDEKOVA, M., ZENISOVA, Z., DEMETEROVA, B., FENDEK, M., FLAKOVA, R., GAVURNIK,
J., KRCMAR, D., MACURA, V., NEMETHY, P, SLIVOVA, V,, 2010: Hydrogeological drought. 1.
ed., Bratislava, Slovak Association of Hydrogeologists, 2010. 190 p. ISBN 978-80-969342-7-0.

FREIRE-GONZALEZ, J., DECKER, C., HALL, J. W, 2017: The Economic Impacts of Droughts: A
Framework for Analysis. Ecological Economics and management, 132, 196-204.

FREIRE-GONZALEZ, J., DECKER, C., HALL, J. W,, 2018: A Linear Programming Approach to Water
Allocation during a Drought. Water, 10, 4, 363.

GANGULI P, GANGULY, A. R., 2016: Space-time trends in U.S. meteorological droughts. Journal of
Hydrology: Regional Studies, 8, 235-259.

GARRIC, G., HUBER, M., 2003: Quasi-decadal variability in paleoclimate records: Sunspot cycles or
intrinsic oscillations? Paleoceanography, 18, 3, art. no. 1068.

GAUSTER, T., 2016: Station report, Slovakia. Manuscript, BOKU Vienna, 37 p.

GIBBS, W. J., 1975: Drought — its definition, delineation and eff ects. In: Special Envir. Report No. 5.
World Meteorological Organization, Geneva, 11-39.

GIDROMETEOIZDAT, 1976: Rekomendatsii po roschotu ispareniia s poverchnosti suchi (Recommen-
dations for calculation of evaporation from the ground surface). St. Peterburg, Gidrometeoizdat. (in
Russian)

GREGOR, M., 2011: Moznosti vyuzitia softvérového balika HydroOffice 2010 pre hydrolégov a hydro-
geoldgov (Possibilities to use the software package HydroOftice 2010 for hydrologists and hydroge-
ologists). Acta Geol. Slovaca, 3, 1, 95-104. ISSN 1338-0044.

173



PROGNOSIS OF HYDROLOGICAL DROUGHT DEVELOPMENT IN SLOVAKIA

GREGOR, M., 2013: Surface- and groundwater quality changes in periods of water scarcity. Springer
Theses. Berlin Heidelberg: Springer. 2013. 230 s. ISBN: 978-3-642-32243-3.

GAUSTER, T., 2016: Station report, Slovakia. BOKU, Vienna, Manuscript, 37 p.

HISDAL, H., 2002: Regional aspects of drought, Thesis submitted for the degree of Doctor Scientarium,
Department of Geophysics, Faculty of Mathematics and Natural sciences, University of Oslo, 57 s.

HLAVCOVA, K., HORVAT, O., 2011: Zavere&n sprava projektu APVV-LPP-0254-07 (Final report of the
project APVV-LPP-0254-07), Bratislava. (in Slovak)

HOLTING, B., 1980: Hydrogeologie. Einfithrung in die allgemeine und angewandte Hydrogeologie.
(Hydrogeology. Introduction to basic and applied Hydrogeology). Ferdinand Enke Verlag, Stuttgart,
Germany, 340 s. ISBN 3-432-90791-5. (in German)

HORVAT, O., 2007: Parameterization of Hydrologic Processes in the Runoff Modelling. Dissertation
Thesis, Slovak University of Technology, Bratislava, 129 p.

HOSKING, J. R. M, WALLIS, J. R., 1997: Regional Frequency Analysis: An Approach Based on L-mo-
ments. Cambridge University Press, UK.

HUND, S. V,, ALLEN, D. M., MORILLAS, L., JOHNSON, M. S., 2018: Groundwater recharge indi-
cator as tool for decision makers to increase socio-hydrological resilience to seasonal drought. Journal
of hydrology, 563, 1119-1134

HURRELL, J. NATIONAL CENTER FOR ATMOSPHERIC RESEARCH STAFF (Eds)., 2017: The
Climate Data Guide: Hurrell North Atlantic Oscillation (NAO) Index (station-based). Retrieved
from https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-in-
dex-station-based. Last modified 06 Oct 2017.

HURRELL, J., W,, KUSHNIR, Y., OTTERSEN, G., VISBECK, M., (EDS.), 2003: The North Atlantic
Oscillation — Climatic Significance and Environmental Impact. Geoph. Mon. 134, American Geo-
physical Union, Washington, USA, 280 p.

HURRELL, J. W, DESER, C., 2009: North Atlantic climate variability: The role of the North Atlantic
Oscillation. J. Mar. Syst., 78, No. 1, 28-41.
HURST, H. E., 1951: Long term storage capacity of reservoirs. Trans. Am. Soc. Civ. Eng., 116, 770-808.

INSTITUTE OF HYDROLOGY, 1980: Low flow studies. Res. Rep. 1. Institute of Hydrology, Walling-
ford, UK. 50 p. Manuscript.

IONITA, M., TALLAKSEN, L. M., KINGSTON, D. G., STAGGE, J. H., LAAHA, G., VAN LANEN,
H. A. J., SCHOLZ, P, CHELCEA, S. M., HASLINGER, K., 2017. The Europecan 2015 drought
from a climatological perspective. Hydrology and Earth system sciences, 21, 3, 1397-1419

IPCC, 2007: IPCC Fourth Assessment Report. Working Group I Report “The Physical Science Basis”.
Oct. 2007. 996 p. Available at: http://www.ipcc.ch/ipccreports/ar4-wgl.htm.

IPCC, 2014. Climate change 2013. The physical science basis: Cambridge University Press, UK, 2014,
1552 p., ISBN: 9781107661820, url: https://www.ipcc.ch/report/ars/wgl

JACOB, D. (2001): A note to the simulation of the annual and inter-annual variability of the water budget
over the Baltic Sea drainage basin. Meteorology and Atmospheric Physics, 77, 61-73.

JACOB, D., U. ANDRAE, G. ELGERED, C. FORTELIUS, L. P GRAHAM, S. D. JACKSON, U.
KARSTENS, CHR. KOEPKEN, R. LINDAU, R. PODZUN, B. ROCKEL, F. RUBEL, H.B. SASS,
R.N.D. SMITH, B.J.J.M. VAN DEN HURK, X. YANG (2001): A Comprehensive Model Inter-
comparison Study Investigating the Water Budget during the BALTEX-PIDCAP Period. Meteorolo-
gy and Atmospheric Physics, 77, 19-43.

174



REFERENCES

JONES, P D.,J()NSSON, T., WHEELER, D., 1997: Extension to the North Atlantic Oscillation using
carly instrumental pressure observations from Gibraltar and South-West Iceland. Int. J. Climatol. 17,
1433-1450.

KILLE, K., 1970: Das Verfahren MoMNQ), ein Beitrag zur Berechnung der mittleren langjihrigen
Grundwasserneubildung mit Hilfe der monatlichen Niedrigwasserabflusse (MoMNQ procedure,
contribution to calculation of the average long-term groundwater formation using the monthly low
flows) . Z. deutsch. geo l. Ges., Sonderh. Hydrogeol. Hydrogeochem., Hannover, 89-95. (in Ger-

man)

KLEMENTOVA, E., LITSCHMANN, T., 2004: The agro-climatic drought in Slovakia in 2003. In: Me-
teorologicky ¢asopis, 7, 11-16.

KOHNOVA, S., SZOLGAY, J., 2000: Identifikicia homogénnych regionilnych typov pre regionilne
uréovanie ndvrhovych prietokov (Identification of homogenic regional types for regional estimation

of design discharges). In: Hladny, J. et al.: Hydrologické dny — nové podnéty a vize pro pristi stoleti,
CVH, SVH, CHMU, Plzeti, 2000, 291-298. (in Slovak)

KOHNOVA, S., SZOLGAY, J., HLAVCOVA, K., GAAL, L., STEVKOVA, A., 2008: Postidenie malej
vodnosti metédou regiondlne typizicie. Zavere¢nd sprava HZ, 102 p.

KONCEK, M., 1980: Klimatické oblasti (Ckimatic regions). In: Atlas Slovenskej socialistickej republiky.
SAV, Bratislava, map No. 42, pp. 64. (in Slovak)

KONCEK, M., PETROVIC, S., 1957: Klimatické oblasti v Ceskoslovensku (Climatic regions in Czecho-
slovakia). Meteorologické Zprivy, 10, 5, 113-119. (in Slovak)

KRIZ, H., 1983: Hydrologie podzemnich vod (Groundwater hydrology). Academia vydavatelstvo CSAYV,
Praha, 292 p. (in Czech)

KULLMAN, E., GAVURNIK, J., PALUSOVA, Z., BODACZ, B,. 2015: Assessment of the year 2014
from the groundwater point of view. Vodohospodarsky spravodajca. ISSN 0322 886X, 2015, 58, 5-6,
17-19. (in Slovak)

KUMAR, R., MUSUUZA, J. L., VAN LOON, A. F,, TEULING, A. J., BARTHEL, R., TEN BROEK,
J., MAI, J., SAMANIEGO, L., ATTINGER, S., 2016: Multiscale evaluation of the Standardized
Precipitation Index as a groundwater drought indicator. HYDROLOGY AND EARTH SYSTEM
SCIENCES, 20, 3, 1117-1131

LAAHA, G., 2002: Modelling summer and winter droughts as a basis for estimating river low flows. In:
FRIEND 2002 — Regional hydrology: bridging the gap between research and practice. Proceedings
of the fourth international conference held in Cape Town, South Africa, March 2002. IAHS publ.
274, 289-295.

LAAHA, G., BLOSCHL, G., 2006: Seasonality indices for regionalizing low flows. Hydrological Process-
es. 20, 2006, 3851-3878.

LAAHA, G., GAUSTER, T., TALLAKSEN, L. M., VIDAL, J-P, STAHL, K., PRUDHOMME, CH.,
HEUDOREER, B., VLNAS, R., IONITA, M., VAN LANEN, H. A. J., ADLER M.-J., CAILLOU-
ET, L., DELUS, C., FENDEKOVA, M., GAILLIEZ, S., HANNAFORD, J., KINGSTON, D., VAN
LOON, A, E, MEDIERO, L., OSUCH, M., ROMANOWICZ, R., SAUQUET, E., STAGGE,
J. H.,, WONG, W. K., 2017: The European 2015 drought from a hydrological perspective. Hydrol.
Earth Syst. Sci., ISSN 1027-5606, 2017, 21, 6, 3001-3024.

LABUDOVA, L., LABUDA, M., TAKAC, J., 2017: Comparison of SPI and SPEI applicability for drought
impact assessment on crop production in the Danubian Lowland and the East Slovakian Lowland.
Theor Appl Climatology, 128, 491-506.

175



PROGNOSIS OF HYDROLOGICAL DROUGHT DEVELOPMENT IN SLOVAKIA

LANDSCAPE ATLAS OF THE SLOVAK REPUBLIC, 2002, https://fns.uniba.sk/pracoviska/ geografic-
ka-sekcia/kfg/archivynakfg/atlas-krajiny-slovenskej-republiky-2002- electronic version/

LAPIN, M., DAMBORSKA I, GERA M., MELO M., HRVOL J. (2016): Potential and actual evapo-
transpiration in Slovakia in 1951-2015 and possible scenarios up to the year 2100. In: Proceedings
of the International Conference in Kutnd Hora, 28.-29.4.2016. Pdni a zemé&délské sucho, Praha,
VUMOP 210-225 [USB], ISBN 978-80-87361-55-9 (in Slovak)

LEDVINKA, O., LAMACOVA, A., 2015: Detection of field significant long-term monotonic trends in
spring yields. Stochastic Environmental Research and Risk Assessment, 29, 1463—-1484. doi:10.1007/
s00477-014-0969-1

LITSCHMANN, T., KLEMENTOVA, E., 2004: Using Palmer Drought Severity Index to assess drought
in the territory of Slovakia. In: Meteorologicky ¢asopis, 7, 67-72.

LIRITZIS, I., FAIRBRIDGE, R., 2003: Remarks on astrochronology and time series analysis of Lake Sake
varved sediments. J. Balkan Geoph. Soc., 6, 3, 165-172.

MAJERCAKOVA, O., POOROVA, J., JAROSOVA M., 2008: Sucho ako hydrologicky fenomén? Vodo-
hospodirsky spravodajca 11-12, ISSN: 0322-886X.

MAIDMENT, D. R., 1992: Handbook of hydrology. MsGraw-Hill, Inc., New York, USA, 1338 s. ISBN
0-07-039732-5.

MAJERCAKOVA, O., SKODA, P, POOROVA, J., DANACOVA, Z., FASKO, P, 2011: Voda pre nasu
krajinu (Water for our country). Vodohospodarky spravodajca, 3-4/2011, 12-14. ISSN: 0322-886X
(in Slovak)

MALIK, P. (Ed.), BACOVA, N., HRONCEK, S., IVANIC, B., KOCICKY, D., MAGLAY, J., MALIK,
P, ONDRASIK, M., SEECIK, P, CERNAK, R., SVASTA, J., LEXA, J., 2007: Zostavovanie geo-
logickych mép v mierke 1 : 50 000 pre potreby integrovaného manazmentu krajiny. (Compilation
of geological maps in the scale 1:50000 for needs of the integrated management of the landscape)
Manuskript — archiv Geofondu SGUDS Bratislava, 552 p. (in Slovak)

MALIK, P, SVASTA, J., CERNAK, R., LENHARDTOVA, E., BACOVA, N., REMSIK, A., 2013: Kvan-
titativne a kvalitativne hodnotenie ttvarov podzemnej vody (Quantitative and qualitative assessment

of groundwater bodies). Pripravna stadia. SGUDS, Bratislava. 100 p. (in Slovak)

MARANI, M., ELTAHIR, E., RINALDO, A., 2001: Geomorphic controls on regional base flow. Water
resources research 37, 10, 2619-2630.

MARCOS-GARCIA, P, LOPEZ-NICOLAS, A., PULIDO-VELAZQUEZ, M., 2017: Combined use
of relative drought indices to analyze climate change impact on meteorological and hydrological
droughts in a Mediterranean basin. Journal of Hydrology, 554, 292-305

MCKEE, T. B., DOESKEN, N. J., KLEIST, J., 1993: The relationship of drought frequency and duration
to time scales. Proceedings of the 8th Conference on Applied Climatology, 17. —22.1.1993. Anaheim,
California, 1993, 179-183.

MEIDMENT, D. R. (Ed.), 1992: Handbook of Hydrology. 1st Edition, KINDLE Edition. 1424 p.
Meteorological vocabulary - explanatory, terminological. Academia, Praha, 1993. (in Czech)

MISHRA, A., SINGH, V., 2010: A review of drought concepts. In: Journal of Hydrology, 391, 1-2, 202~
216.

MONIEWSKI, P, 2015: Seasonal Variability of Discharge from Selected Springs in Central Europe. At-
mospheric Chemistry and Physics, 15, 6827-6849, doi:10.5194/acp-15-6827-2015.

176



REFERENCES

NASH, J. E., SUTCLIFFE, J. V,, 1970: River flow forecasting through conceptual models, Part I - A Dis-
cussion of principles, J. Hydrol., 10, 282-290.

NOAA National Centre for Environmental Information, State of the Climate: Global Analysis for Annu-
al 2017, published online, January 2018. [Access 12.11.2018].

NOSEK, M., 1972: Metody v klimatologii (Methods in climatology). Praha, CSAV 1972, 433 p. (in Czech)

OGALLQ, ]J. L., GBECKOR-KOVE, N., 1989: Drought and Desertification. WMO, Geneva, 73 s In:
Peters, E., Bier, G., Van Lanen, H.A.J., Torfs, PJ.J.F. 2005. Propagation and spatial distribution of’
drought in a groundwater catchment. Journal of Hydrology, 321, 257-275.

OREHOVA, T., 2002: Seasonal variability of the groundwater regime for several aquifers in Bulgaria.
ICHE-2002 Conference, Warsaw, Poland, 15 p.

OSBORN, T.]J., 2011: Winter 2009/2010 temperatures and a record-breaking North Atlantic Oscillation
index. Weather 66, 19-21.

OTN 3113-1, Hydrological data on surface water. Quantification of low flows. Part 1: Estimation of low
flow characteristics at water gauging stations. Branch technical norm MZP SR, 2004. (in Slovak)

OUDIN, L., MOULIN, L., BENDJOUDI, H., RIBSTEIN, P, 2010: Estimating potential evapotrans-
piration without continuous daily data: possible errors and impact on water balance simulations.
Hydrological Sciences Journal, 55, 209-222.

PARAJKA, J., KOHNOVA, S., BALINT, G., BARBUC, M., BORGA, M., CLAPS, P, CHEVAL, S., DU-
MITRESCU, A., GAUME, E., HLAVCOVA, K., MERZ, R., PEAUNDLER, M., STANCALIE, G.,
SZOLGAY, J., BLOSCHL, G., 2010: Seasonal characteristics of flood regimes across the Alpine-Car-
pathian range. Journal of Hydrology 394, 2010, 78-89.

PARAJKA, J., KOHNOVA, S., MERZ, R., SZOLGAY, J., HLAVCOVA, K., BLOSCHL, G., 2009: Com-
parative analysis of the seasonality of hydrological characteristics in Slovakia and Austria. Hydrologi-
cal Sciences-Journal-Journal des Sciences Hydrologiques, 54, 3, 2009, 456-478.

PATASSIOVA, M., KLEMENTOVA, E., LITSCHMANN, T., CISTY, M., 2002: Drought occurrence
and precipitation analyses at drought occurrence in the spring months. Acta Hydrologica Slovaca, 3,
1, 61-69. (in Slovak)

PEKAROVA, P, MIKLANEK, P, PEKAR,]., 2003: Spatial and temporal runoft oscillation analysis of the
main rivers of the world during the 19th-20th centuries. In Journal of Hydrology., 274, 1, 62-79.

PETERS, E,, BIER, G., VAN LANEN, H. A. J., TOREFS, P J. J. E,, 2006: Propagation and spatial distribu-
tion of drought in a groundwater catchment. Journal of Hydrology, 321, 2006, 257-275.

PETERS, E., TORFS, P J.]J. F, VAN LANEN, H. A. J., BIER, G., 2003: Propagation of drought through
groundwater — a new approach using linear reservoir theory. Hydrological Processes, 17, 15, 3023—
3040.

PETERS, E., VAN LANEN, H. A. J., 2001: Environmental impact. In Demuth, S., Stahl, K. (eds), Assess-
ment of the Regional Impact of Drought in Europe, Final Report to the European Union, Institute
of Hydrology, University of Freiburg, 40—45.

PETERS, E., 2003: Propagation of drought through groundwater systems, Illustrated in Pang (UK) and
Upper-Guadiana (ES) catchments, Dissertation Thesis, Wageningen Universiteit, Wageningen, 201 p.

PETROVIC, S., SOLTIS, J., 1984: Teplotné pomery na Slovensku (Temperature conditions in Slovakia).
In: Zbornik pric SHMU, zv. 23. Bratislava, Alfa 1984, 220 p. (in Slovak)

QINGYUN, D., SOROOSHIAN S., GUPTA, V. K., 1994: Optimal use of the SCE-UA global optimiza-
tion method for calibrating watershed models. Journal of Hydrology, 158, 265-284.

177



PROGNOSIS OF HYDROLOGICAL DROUGHT DEVELOPMENT IN SLOVAKIA

RICHARDSON, D., FOWLER, H.J., KILSBY, C.G., NEAL, R., 2018: A new precipitation and drought
climatology based on weather patterns International Journal of Climatology, 38, 2, 630-648

RODRIGUES, L.C., FREIE—GONZALEZ,_]., PUIG, A.G., PUIG-VENTOSA, I, 2018: Climate change
adaptation of alpine ski tourism in Spain. Climate, 6, 2, 29.

ROSSI, G., BENEDINI M., TSAKIRIS G., GIAKOUMAKIS S., 1992: On regional drought estimation
and analysis. Water Resources Management, 6, 4, 249-277.

SACHS, L., 1984: Applied Statistics. A handbook of techniques. Second Edition, Springer Verlag New
York, Inc., 707 p. ISBN 0-387-90976-1.

SCHMITT, L. H. M., GRAHAM, H. M., WHITE, P. C. L., 2016: Economic evaluations of the health
impacts of weather-related extreme events: A scoping review. International Journal of Environmental

SHMU, 2014: Meteorologické a zrizkomerné tidaje zo stanic okolia povodia Vihu po Liptovsky Mikul4s
a Myjavy po Sastin-Straze pre obdobie rokov 1981-2012.

SHMU, 2015: Meteorologické a zrazkomerné tidaje zo stanic okolia povodia Kysuce po Kysucké Nové
Mesto, Nitry po Nové Zamky a Hrona po Banskd Bystricu pre obdobie rokov 1981 — 2012.

SHMU, 2016: Meteorologické a zrizkomerné tidaje zo stanic povodi Hrona, Ipla, Slanej, Bodvy, Horni-
du, Popradu a Bodrogu pre obdobie rokov 1981-2012.

SHORTHOUSE, C., ARNELL, N., 1997: The effects of climatic variability on spatial characteristics of
European river flows. Phys. Chem. Earth, Part B: Hydrology, Oceans and Atmosphere, 24, 1-2, 7-13

SKALSKY, R., NOVAKOVA, M., MISKOVA, M., 2012: Analysis of drought in the landscape as an exam-
ple of simulation models use in Geography. Geograficky ¢asopis, 64, 55-69. (in Slovak)

SLIVOVA, V., 2007: Analysis and modelling of hydrological drought. Dissertation thesis, Bratislava STU,
2007, 168 p. (in Slovak)

SLIVOVA, V,, KULLMAN, E., 2016: Assessment of the year 2015 from the groundwater point of view.
Vodohospodirsky spravodajca, 2016, 59, 3-4, 17-19. ISSN 0322-886X. (in Slovak)

SLIVOVA, V., KULLMAN, E., GAVURNIK, J., 2016: Analysis of groundwater drought occurrence in
hydrological years 2013, 2014 and 2015. Podzemna voda, 2016, 22, 1, 40-51. ISSN 1335 - 1052. (in
Slovak with English summary)

SMAKHTIN, V. U., 2001: Low flow hydrology: a review. Journal of Hydrology, 240, 3—4, 147-186

STAHL, K., 2001: Hydrological Drought - a Study across Europe. In Tallaksen L.M., van Lanen, H.AJ.
(eds), Hydrological Drought: Processes and Estimation Methods for Streamflow and Groundwater,
Developments in Water Science 48. Elsevier Science B.V., Amsterdam, 579 s.

STAHL, K., DEMUTH, S., HISDAL, H, SANTOS, M., J., VERISSIMO, R., RODRIGUES, R, 2001:
The North Atlantic Oscillation (NAO) and drought. In: Final report ARIDE (Ed. Demuth S. a Stahl
K.), Institute of Hydrology, University of Freiburg, 105-109.

STOJKOVOVA, D., 2014: Identification and classification of drought in the groundwater level regime
Dissertation Thesis, Univerzita Komenského, Bratislava, 183 p. (in Slovak)

STORN, R. PRICE, K., 1997: Difterential Evolution — A Simple and Efficient Heuristic for Global Op-
timization over Continuous Spaces. J. of Global Optimization, 11, 341-359.

gAMAJ, F., VALOVIC, S., 1972: Suché a vihké obdobie na Slovensku (Dry and wet periods in Slovakia).
In: Balco, M. Mald vodnost slovenskych tokov, 1990, Veda, Bratislava. (in Slovak)

SAMAYJ, E, VALOVIC. $., 1978: Dlhodobé priemery thrnu zrizok na Slovensku (Long-term averages of
precipitation totals in Slovakia). In: Zbornik prac HMU, zv. 14. Bratislava, Alfa 1978, 413 p.

178



REFERENCES

SKODA, P, BLASKOVICOVA, L., KULLMAN, E., GAVURNIK, J., VANCOVA, A., KVAPILOVA, L.,
PANAK, D., KOSMALOVA, G., VALOVICOVA, Z., 2009: Ciastkov§ monitorovaci systém — voda
2008 (Partial monitoring system — water 2008), SHMU, Bratislava.

STEVKOVA, A., SABO, M., KOHNOVA, S., 2012: Pooling of low flow regimes using cluster and
principal component analysis. Slovak Journal of Civil Engineering, XX, 2, 19-27.

T. G. MASARYK WATER RESEARCH INSTITUTE, v.vi, 2015: Model of the hydrological balance Bi-
lan. Handbook, version 2014-09-25. Vyskumny tstav vodohospoditsky T. G. Masaryka, v.v.i., Praha,
49 p.

TAKAC, J., 2015: Drought in the agricultural landscape. Bratislava: Narodné polnohospodarske a potra-
vindrske centrum — Vyskumny tstav pddoznalectva a ochrany pddy, 69 p. (in Slovak)

TALLAKSEN, L. M., VAN LANEN, H. A. ., (eds.), 2004: Hydrological Drought: Processes and Estima-
tion Methods for Streamflow and Groundwater. Developments in Water Science 48. Elsevier Science
B.V.,, Amsterdam, 579 s.

TALLAKSEN, L. M., 2000: Streamflow drought frequency analysis. In Vogt, J.V. a Somma, F. (eds),
Drought and Drought Mitigation in Europe. Advances in natural and technological hazards research,
14, 103-11.

TOMLAIN, J., 1980: Vpar z povrchu pody a jeho rozloZenie na tizemi CSSR. Vodohospodarsky Casopis,
XXVIIL, 2, 170-205.

TOMLAIN, J., 1991: Vypar z povrchu pody a rastlin. Charakteristiky suchych a vlhkych oblasti Slovenska
In: Zbornik pric SHMU, Vol. 33/1. Bratislava, 163—183.

UNIVERZITA KOMENSKEHO V BRATISLAVE, FACULTY OF MATHEMATICS, PHYSICS AND
INFORMATICS, 2016: Scenarios of precipitation totals, air temperature and relative air humidity in
gauging stations of sub-basins of the Myjava, Kysuca, Vih and Nitra Rivers for the period 1951-2100.

UNIVERZITA KOMENSKEHO V BRATISLAVE, FACULTY OF MATHEMATICS, PHYSICS AND
INFORMATICS, 2017: Scenarios of precipitation totals, air temperature and relative air humidity in
gauging stations of sub-basins of the Hron, Ipel, Sland, Bodva, Hornid, Poprad and Bodrog Rivers
for the period 1951-2100.

VAN DIJK, A. I. J. M., BECK, H. E., CROSBIE, R. S., DE JEU, R. A. M,, LIU, Y. Y., PODGER, G. M.,
TIMBAL, B.,VINEY, N. R., 2013: The Millennium Drought in southeast Australia (2001-2009):
Natural and human causes and implications for water resources, ecosystems, economy, and society,
Water Resour. Res. 49, 2, 1040-1057.

VAN LANEN, H. A. J., PETERS, E., 2000: Definition effects and assessment of groundwater droughts.
In Hisdal, H.L.M. a Tallaksen, L.M. (eds), Drought Event definition 2000, Technical Report No. 6,
Department of Geophysics, University of Oslo, Norway, 16 p.

VAN LANEN, H. A. J., 2006: Drought propagation through the hydrological cycle. Climate Variability
and Change — Hydrological Impacts, IAHS Pub. 308, 122-127.

VAN LANEN, H. A. J., LAAHA, G., KIGSTNON, D. G., GAUSTER, T., IONITA, M., VIDAL, ].-P,
VLNAS, R., TALLAKSEN, L. M., STAHL, K., HANNAFORD, J., DELUS, C., FENDEKOVA, M.,
MEDIERO, L., PRUDHOMME, C., RETS, E., ROMANOWICZ, R. J., GAILLIEZ, S., WONG,
W. K., ADLER, M.-]., BLAUHUT, V,, CAILLOUET, L., CHELCEA, S., FROLOVA, N., GUD-
MUNDSSON, L., HANEL, M., HASLINGER, K., KIREEVA, M., OSUCH, M., SAUQUET, E.,
STAGGE, J. H., VAN LOON, A. E, 2016: Hydrology needed to manage droughts: The 2015 Euro-
pean case. Hydrological Processes. 30, 17, 3097-3104.

179



PROGNOSIS OF HYDROLOGICAL DROUGHT DEVELOPMENT IN SLOVAKIA

VAN LOON, A. F, LAAHA, G., 2015: Hydrological drought severity explained by climate and catchment
characteristics. Journal of hydrology, 526, 3—14.

VAN LOON, A. F, STAHL, K., BALDASSARRE, D. 1., CLARK, G. J., RANGECROFT, S., WAN-
DERS, N., GLEESON, T., VAN DIJK, A. I. J. M., TALLAKSEN, L. M., HANNAFORD, J., UI-
JLENHOET, R., TEULING, A. J.,, HANNAH, D. M., SHEFFIELD, J., SVOBODA, M., VER-
BEIREN, B., WAGENER, T., VAN LANEN, H. A. J., 2016: Drought in a human-modified world:
reframing drought definitions, understanding, and analysis approaches. Hydrology and Earth system
sciences, 20, 9, 3631-3650

VAN LOON, A. E, VAN LANEN, H. A. J., 2012. A process-based typology of hydrological drought.
Hydrol. Earth Syst. Sci., 16, 1915-1946.

VAN LOON, A. F, VAN LANEN, H. A. J., HISDAL, H., TALLAKSEN, L. M., FENDEKOVA, M.,
OOSTERWIJK, J., HORVAT, O., MACHLICA, A., 2010. Understanding hydrological winter
drought in Europe. In: FRIEND 2010: Global change: Facing Risks and Threats to Water Resources.
Servat E. Demuth S., Dezetter A., Daniel T. (eds). IAHS Publication, 340, IAHS Press, Oxfordshire,
189-197.

VAN MEIJJGAARD, E, VAN ULFT, L.H. VAN DE BERG, WJ. BOSVELD, E.C., VAN DEN HURK,
B.J.J.M., LENDERINK, G., SIEBESMA, A.P. (2008): The KNMI regional atmospheric climate
model RACMO, version 2.1. KNMI Technical Report 302, 43 pp.

VINCENTE-SERRANO, S. M., BEGUERIA, S., LOPEZ-MORENO, J. I, 2010: A Multi-scalar
drought index sensitive to global warming: The Standardized Precipitation Evapotranspiration Index
— SPEL Journal of Climate, 23, 1696-1718.

VRABLIKOVA, D., 2017: Regionalisation of the spring yields seasonality. Dissertation Thesis. Univerzita
Komenského, Bratislava, 2017, 110 p.

VRABLIKOVA, D., FENDEKOVA, M., 2016: Evaluation of drought occurrence in spring yields of the
Nizke Tatry Mts. In: Joaquin Andreu, Abel Solera, Javier-Paredes Arquiola, David Haro-Monteagu-

do and Henny A. J. van Lanen Eds.: Drought: Research and Science-Policy Interfacing. CRC Press,
Taylor and Francis group, Balkema, London, 514 p. ISBN 978-1-138-02779-4.

WANG, Z., BATELAAN, O., DE SMEDT, E,, 1996. A distributed model for water and energy transfer
between soil, plants and atmosphere (WetSpa). Physics Chemistry of the Earth, 21, 189-193.

WHITE, 1., FALKLAND, T., SCOTT, D., 1999: Droughts in small coral islands. Case study, South Tar-
awa, Kiribati. IHP -V, Technical document in hydrology, 57 p.

WILHITE, D. A., GLANZ, M. H., 1985: Understanding the drought phenomenon: The role of defini-
tions. Water. Int. 10, 3, 111-12.

WMO, 1983: Guide to Climatological Practices WMO-No 100, Geneva, WMO, 1983, 117 p.

WMO, 1989: Calculation of Monthly and Annual 30-years Standard Normals, WMO-ID No. 341, Ge-
neva. [Pristup 11.09.2017]

WMO, 2008: Guide to meteorological Instruments and methods of observation. WMO-No- 8. World
Meteorological Organization, Zeneva, Svajéiarsko, ISBN 978-92-63-10008-5. [Access 11.09.2017]

WMO 2012: Standardized Precipitation Index. User Guide. WMO-No. 1090. World Meteorological
Organization, Zeneva, Svajéiarsko, ISBN 978-92-63-11091-6, 2012, 16 p. Accessible: http:/www.
wamis.org/agm/pubs/SPI/WMO_1090_EN.pdf [Access 10.12.2016].

YEVJEVICH, V., 1967: An objective approach to definition and investigation of continental hydrologic
droughts. Hydrological Papers, Vol. 23, Colorado State University, Fort Collins, 18 p.

180



REFERENCES

ZELENHASIC E., SALVAI A., 1987: A Method of Streamflow Drought Analysis. Water Resources Re-
search, 23, 1, 156-168.

ZUBENOK, L.I., 1976: Evaporation on Continents, Gidrometeoizdat. Leningrad, 264 p. (in Russian)
http://portal.chmi.cz/historicka-data/pocasi/praha-klementinum

https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-sta-

tion-based
http://droughtmonitor.unl.edu
http://www.cpc.noaa.gov/products/precip/CWlink/pna/nao.shtml

https://crudata.uea.ac.uk/~timo/datapages/naoi.htm

http://www.sandre.caufrance.fr/

http://www.shmu.sk

http://scopus.com/results

www.intersucho.sk

https://www.ncdc.noaa.gov/sotc/global/201613

je-voda-akcny-plan-riesenie-dosled-

kov-sucha-nedostatku-vody.pdf.

https://www.minzp.sk/files/sekcia-vod/hodnota-je-voda

181



Miriam Fendekovi and Lotta Blaskovi¢ovi, Eds.

PROGNOSIS OF HYDROLOGICAL DROUGHT
DEVELOPMENT IN SLOVAKIA

Published by the Univerzita Komenského in Bratislava, Publishing house of the Univerzita
Komenského

Printed by the printing house KO & KA Ltd., Printing house K-PRINT, Kadnirova 102,
SK - 831 06 Bratislava, Slovak Republic

First edition. Number of copies: 110. 182 pages, 15.06 AH

Cover picture: Intermittent karstic spring Pivni¢nd diera at Gemerskd Horka (Slovensky kras
Mits.). Author: Mariin Fendek (August 2006)

Bratislava, 2018

ISBN 978-80-223-4673-3





