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Abstract: Several quite severe droughts occurred in Europe in the 21* century; three of them (2003, 2012 and 2015) hit
also Slovakia. The Standardized Precipitation Index (SPI) and Standardized Precipitation and Evapotranspiration Index
(SPEI) were used for assessment of meteorological drought occurrence. The research was established on discharge time
series representing twelve river basins in Slovakia within the period 1981-2015. Sequent Peak Algorithm method based
on fixed threshold, three parametric Weibull and generalized extreme values distribution GEV, factor and multiple re-
gression analyses were employed to evaluate occurrence and parameters of hydrological drought in 2003, 2011-2012
and 2015, and the relationship among the water balance components. Results showed that drought parameters in evaluat-
ed river basins of Slovakia differed in respective years, most of the basins suffered more by 2003 and 2012 drought than
by the 2015 one. Water balance components analysis for the entire period 1931-2016 showed that because of continu-
ously increasing air temperature and balance evapotranspiration there is a decrease of runoff in the Slovak territory.
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INTRODUCTION

The attention paid to drought periods occurrence is going to
be more and more pronounced in both — scientific research
community and governmental economy sector. Moreover,
drought is much more perceived also by a general public. Ac-
cording to Andreu et al. (2015), over the last 25 years droughts
covered more than 800,000 km® of EU territory (37%) and
affected more than 100 million people (20%). The total cost of
drought over the past 30 years amounts to more than 100 billion
Euros.

Factors of drought development, quantification measures, and
temporal and spatial propagation patterns are the most often
studied aspects of drought in the research community. The atten-
tion paid to drought research is reflected also in the number of
publications which could be found in scientific databases.

The economical consequences are also quite intense through
rising prices of goods because of decreased agricultural produc-
tion, increase of energy prices or decrease in employment. The
perception of drought in the general public is more practically
oriented on drought impacts, e.g. drinking water supply short-
age, threat of wild fires, heat waves threatening human’s organ-
ism with over-heating and potential collapsing, degradation of
aquatic ecosystems.

Several quite severe droughts occurred in Europe since the
beginning of the 21* century, three of them: 2003, 2012 and
2015 hit also the territory of Slovakia.

The 2003 drought was widely studied by several authors be-
cause of its pan-European character. The climate synthesis of
the 2003-year drought was done by Rebetez et al. (2006). They
confirmed that the 2003 meteorological data showed over wide
regions monthly mean temperatures more than 4°C above the
long-term mean values. The affected areas were mainly in the

South-West, from Eastern Spain to Southern Germany, includ-
ing most of continental Italy, Sardinia, Corsica, Switzerland,
and most of France. The heat lasted from May to September in
large parts of the western and central Europe ranging from
Spain to Hungary and from Iceland to Greece being pro-
nounced also on the Slovak territory. The lack of precipitation
was severest during the summer, but generally, precipitation
was below normal from February 2003 until June 2004 (with
exception of two months). Air humidity was below the normal,
sunshine duration and potential evapotranspiration were clearly
above normal in summer 2003.

A hydrological review of the 2003 drought describing the
similar effect of the extremely high summer temperatures and
low precipitation on streamflow discharges was done in many
countries, e.g., in UK by Marsh (2004), for the Danube basin by
Mikhailova et al. (2012), for Slovakia by Sekacova et al. (2004)
and by Melova and Lupték (2006). The review on Europe-wide
reduction in primary productivity caused by the heat and
drought in 2003 was done by Ciais et al. (2005).

Kendon et al. (2013) reported for the UK that for 2010-
2012, the worst effects of an intense summer drought were
avoided, because summer 2011 was cool and rather wetter than
average overall. Most of the dry months occurred in the au-
tumn, winter and spring seasons. Even though the 2010-2012
drought was not as severe as that of 1975-1976, it is compara-
ble with several other major droughts in the past. According to
Cindri¢ et al. (2016), the Croatian 2011-2012 drought was
characterised by extremely long duration in the continental
region and in the highlands, where it has had the highest magni-
tudes since the beginning of the twentieth century. In compari-
son with the extreme 2003 drought, which had the highest
intensity mostly on short-time scales but was associated with a
strong heat wave during the summer, the 2011-2012 drought
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was a long-lasting one. The whole of 2003 was one of the 10
driest years since the beginning of the twentieth century due to
extremely low spring precipitation amounts; whilst 2011 was
one of the 2 driest years in the continental region and in the
highlands. Corduneanu et al. (2016) analysed 2011-2012
drought, which was extremely severe in Prut River basin (Ro-
mania), beginning in late autumn in 2011 and lasted until au-
tumn 2012. Zahradnicek et al. (2015) noted that the weather
conditions from August 2011 to May 2012 produced an
extreme drought in the eastern Czech Republic (Moravia),
whereas the patterns were nearly normal in its western region
(Bohemia). According to the Palmer Drought Severity Index,
the 2012 drought was classified as the worst in the past 130
years. The drought patterns were related to the prevailing high-
pressure systems over Central Europe and the occurrence of
weather types with different precipitation amounts in Bohemia
and Moravia. The most substantial drought effects occurred in
the agricultural sector. A decrease in cereal yields was observed
in the analysed production areas in Moravia, which was un-
precedented in the past 52 years. According to Zahradnicek et
al. (2015), Austria and Slovakia experienced a similar drought.
Vido et al. (2016) documented the physiological response of
tree species in the Central Slovakia on the driest months of the
2012; Sustek et al. (2017) documented the influence of the
2012 drought on decrease of beetle species number in the Tatra
Mts. area.

The 2015 drought was studied from the point of view of pre-
cipitation and derived soil moisture by Orth et al. (2016). The
performed analyses reveal that the 2015 event was drier than
both the recent 2003 or 2012 extreme summers in Central Eu-
rope. In terms of precipitation and temperature anomalies, the
2015 summer in Central Europe is found to lie between histori-
cal climate in the region and that characteristic of the Mediter-
ranean area. According to the authors, the 2015 drought event
illustrates that potential future drying trends have severe impli-
cations and could be stronger than commonly assumed from the
entire [PCC ARS model ensemble. Ionita et al. (2017) con-
firmed that the summer 2015 was the hottest and climatologi-
cally driest one over the 1950-2015 study period for an area
stretching from the eastern Czech Republic to Ukraine. Other
detailed studies were done on the pan-European scale by van
Lanen et al. (2016), and Laaha et al. (2017). According to
Laaha et al. (2017), the 2015 drought, comparing to 2003
drought, had a different spatial extent and in terms of low flow
magnitudes the drought was rather moderate in most parts of
the Europe, but more severe with return period of 100 years in
Czech Republic, South-Eastern Germany and Northern Austria.
The occurrence of the 2015 drought for six stations in the mid-
dle Danube River basin was predicted using the stochastic
modelling by Stojkovic et al. (2017).

Whereas the 2003 and 2012 droughts affected almost the
whole territory of Slovakia, the 2015 drought in Slovakia can
be characterized by spatial and temporal variability, affecting
various regions with different strengths. The hydrological eval-
uation of the year 2015 was done by Skoda et al. (2016),
drought development in groundwater was analysed by Slivova
and Kullman (2016).

The paper is aiming to study five main items:

1. to characterize the meteorological situation in evaluated
years 2003, 2012 and 2015 on the Slovak territory in context
with the pan-European situation,

2. to assess meteorological drought in evaluated years
based on Standardized Precipitation Index (SPI) and
Standardized Precipitation and Evapotranspiration Index
(SPED),

3. to assess hydrological drought in evaluated years from
the point of view of discharge absolute values, drought
duration, deficit volumes, intensity and timing,

4. to analyse and discuss the hydrological drought with
respect to long-term hydrological balance components changes

5. to accomplish the comparative analysis of the estimated
drought parameters among the river basins and evaluated years.

MATERIAL AND METHODS
Study region

Slovakia is a landlocked central European country (16°—
23°E, 47°-50° N), bordered by Poland, Ukraine, Hungary,
Czech Republic and Austria (Fig. 1). The Slovak territory co-
vers 49,035 km® with almost 80% over 720 m a.s.l. altitude.
The Slovak middle and northern areas are mountainous with the
Western Carpathian Arch, and lowlands are typical in the South
and East. The highest point is the 2,655 m Gerlachovsky Peak
in the northern High Tatra Mts. and the lowest is at 94 m near
Streda nad Bodrogom village in the Eastern Slovak lowland.
The climate varies between temperate and continental climate
zones with relatively warm summers and cold, cloudy and
humid winters. The average winter temperature is —2°C; with
January the coldest month and the High Tatras the coldest area.
The average summer temperature is 21°C, with July and Au-
gust the warmest months and the Danubian Lowland the warm-
est area. Temperature and precipitation are altitude dependent,
with annual precipitation ranging from 450 mm in the southern
lowlands to over 2,000 mm in the northern High Tatras (Land-
scape Atlas of the Slovak Republic, 2002).

Slovakia has the Morava, Vah, Hron, Sland, Ipel’, Hornad,
and Bodrog as main tributaries to the Danube River. Most
Slovak territory (96%) is in the Danube River basin with the
above rivers draining to the Black Sea. The remaining 4%
drains to the Baltic Sea through the Poprad and Dunajec tribu-
taries of the Vistula River. The main European divide between
the Black Sea and Baltic Sea drainage areas follows the lower
ridges and the flat landscape of the foothills of the High Tatras
near Strba and Sufiava villages. The long-term average water
balance (period 1961-1990) can be described by the equation
(Majer¢akova in Landscape Atlas of the Slovak Republic,
2002):

P (734 mm) = ETP (494 mm including other minor losses) +
+ R (240 mm)

where: P = precipitation, ETP = evapotranspiration and R =
runoff, considerably varying between years.

The mountainous character of the landscape and the position
of mountain ranges, mostly stretching in the SW-NE direction,
create conditions for orographic precipitation. The orographic
division produces heavy rains in Slovak mountainous areas.
The combination of the above factors ensures variable condi-
tions with extreme hydrological phenomena occurrence in
Slovakia.

Hydrological and meteorological data

Two types of the measured data were used for the analysis:
(1) meteorological data on precipitation and air temperatures in
a monthly step and (2) streamflow discharges from 12 gauging
stations in a daily step.

The meteorological data used for Standardized Precipitation
Index (SPI) calculation consisted in average monthly precipitation
data over each of the evaluated river basins. The Standardized
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Table 1. Basic data on river basins at discharge gauging stations.

Profile number and name River Are% Gauge zero Coordinates Coordinates
(km°) (m a.s.l.) WGS 84 -E WGS 84 -N
5020 Sastin-Straze Myjava 32.02 324.34 17.15619 48.64055
5550 Liptovsky Mikulas Véah 1107.21 567.68 19.60351 49.08637
5840 Trstena Oravica 129.95 585.49 19.59491 49.35301
6200 Kysucké Nové Mesto Kysuca 955.09 346.09 18.78494 49.29682
6730 Nitrianska Streda Nitra 2093.71 158.27 18.17255 48.52395
6820 Vieska nad Zitavou Zitava 295.46 154.27 18.35458 48.31590
7290 Brehy Hron 3821.38 194.27 18.64623 48.40672
7440 Holisa Ipel 685.67 172.40 19.74105 48.29752
7900 Vlkyna Rimava 1377.41 150.77 20.30173 48.28540
8320 Chmelnica Poprad 1262.41 507.41 20.73023 49.28918
8870 Kosické Olsany Torysa 1298.30 185.70 21.33654 48.73260
9500 HanuSovce nad Topl'ou Topl'a 1050.05 160.40 21.51777 49.03310
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Fig. 1. Location of evaluated river basins.

Precipitation and Evapotranspiration Index (SPEI) values were
calculated for meteorological stations located within or in the
vicinity of the evaluated river basin, the value of potential
evapotranspiration was estimated using the Penman-Monteith
equation. The meteorological stations used for SPEI calcula-
tions were Senica, Oravskd Lesna, Cadca, Prievidza, Mo-
chovce, Ziar nad Hronom, Bolkovce, Rimavska Sobota, Podol-
inec, Presov and Caklov. Data representing the period 1.1.1981
to 30.6.2016 were used in both cases.

Moreover, air temperatures and areal precipitation data from
the SHMI covering the Slovak territory were analyzed and
compared with the meteorological conditions across the Europe
(WMO, 2004; WMO, 2013; WMO, 2016).

Daily discharges at 12 gauging stations of Myjava, Vah,
Oravica, Kysuca, Nitra, Zitava, Hron, Ipel’, Rimava, Poprad,
Topl'a and Torysa River basins (Fig. 1) were processed, cover-
ing the period 1.1.1981 to 30.6.2016. The river basins were
selected to cover the area of Slovakia; the majority of gauging
profiles represent the near-natural runoff conditions. The basic
data on river basins up to evaluated gauging stations are in
Table 1. The evaluated time period included also the first half
of the year 2016 in order to detect the multi-year hydrological
drought occurrence if present in evaluated time series.

The homogeneity of the time series was assessed using the
software  package AnClim (Stepanek, 2003). The
Alexandersson test (Alexandersson and Moberg, 1997;
Alexandersson, 1986) was used to test the mean value change,
as represented by the change in the mean value and the
variance. Some statistical tests and procedures used within this
study are based upon the normality requirement of the tested
series. Therefore the X and the Kolmogorov-Smirnov tests
were used to test the distribution normality of the annual
discharge series.

The spatial value of precipitation in each river basin was ob-
tained using weighted average, in which the weights were esti-
mated considering the area covered by the Thiessen polygons
of rain-gauge stations, but also with consideration of annual
precipitation regime at each station, which influence the contri-
bution of particular station in total precipitation fallen in the
river-basin.

The Standardized Precipitation Index (SPI) (McKee et al.,
1993) was used to calculate values of indexes for 3-, 9- and 12-
months. The SPI calculation for any location is based on the
long-term precipitation record for a desired period (20-30 years
of monthly values, optimally 60-70 years). This long-term
record is fitted to a probability distribution (Gamma distribution
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is recommended), which is then transformed into a normal
distribution so that the mean SPI for the location and desired
period is zero. Positive SPI values indicate greater than median
precipitation and negative values indicate less than median
precipitation. Because the SPI is normalized, wetter and drier
climates can be represented in the same way; thus, wet periods
can also be monitored using the SPI (Table 2). The n-month
SPI (n could be equal to 3, 6, 9, 12 or 24 months) compares the
precipitation for that period with the same n-month period over
the historical record. The 6-month SPI (SPI6) indicates season-
al to medium-term trends in precipitation. SPIs of 9-, 12- and
24-months can be regarded as indicative for stream flows,
reservoir levels, and even groundwater levels at longer time-
scales (WMO, 2013). The SPI12 values were used for detailed
evaluation of the meteorological drought in the studied area;
they were calculated based on monthly weighted average areal
basin precipitation.

Table 2. Limit values of the standardized precipitation index SPI
(according to McKee et al., 1993).

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 t0 0.99 near normal

—1.00 to —1.49 moderately dry

—1.50 to —1.99 very dry

—2.00 and less extremely dry

The Standardized Precipitation and Evapotranspiration Index
(SPEI) was also used to evaluate the meteorological drought
occurrence and intensity. The SPEI index was designed to take
into account both precipitation and potential evapotranspiration
(PET) in determining drought (Vincente-Serrano et al., 2010).
Thus, unlike the SPI, the SPEI captures the main impact of
increased air temperature on water demand. The same classifi-
cation scheme as for SPI (Table 2) was also used for the SPEI
results analysis.

o |
N
£
[52]
g 2
£
B - o050 .
2 o 1 00000
S --560990’ :
(2] 1
a . i :
o o '
: : : ..
| o obs.!annual minima
o ! — weibpll
f T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
§ -{ ‘o " obs. annual maxima’|
— gev
o
S 4
[se} [te}
S
s 8 4
[} <
E
2 8 '
s © :
R —— :
a % :
O M ' ‘
o - 1 '
= o I h
| i
I )
o - T f
—

00 02 04

o
o
o
@
N
o

The runoff from the Slovak territory is calculated as the sum
of the runoff depths from respective river basins, mostly based
on the closing profiles data, recalculated into the total river
basin area. In the case the river is the boundary river with an-
other country, the runoff depths of the river tributaries are used
for calculation.

Four basic drought parameters — the annual minimum 7 day-
discharge (m’ s '), maximum drought duration (days), maximum
deficit volume (m3) and drought intensity (m3 day’l) were calcu-
lated. The annual minimum 7-day index (AM?7), representing
the magnitude of the low flow event of a year, was obtained by
using a central 7-day moving average (Laaha et al., 2017).

A constant threshold, given by the Qg low flow quantile
[P(Q = QOg) = 0.8] computed for the entire reference period
1981-2010 was used to identify the largest absolute dry states
of the system. The concept of Sequent Peak Algorithm (SPA),
based on depletion and recovery of the storage required to
sustain the threshold discharge (Tallaksen and Van Lanen,
2004), was used in the study. This concept often leads to detec-
tion of the multiyear drought in conditions with snowy winters
when the discharges are naturally low because of very low
recharge. After the drought event series have been identified,
the event with the maximum volume per year was selected,
described by drought duration and deficit volume. The last
parameter - the drought intensity was calculated as the ratio
between deficit volume and drought duration. All four drought
parameters were compared with the values calculated for the
reference period 1981-2010.

A three-parameter Weibull distribution was used to calculate
the return period of the annual minimum value, and a general-
ized extreme values distribution (GEV) was used to calculate
the return period of maximum drought duration, maximum
deficit volume and drought intensity. The example of the
drought parameters return periods estimation for Hron River
basin is in Fig. 2. Timing of drought, based on the dates of
drought beginning and termination, and its seasonality were
also studied.
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Fig. 2. Return periods estimation for drought parameters in Hron River basin at Brehy.
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Classical factor analysis (method of principal factor, Varimax
rotation) (Uberla, 1971) was applied on all estimated drought
parameters aiming to find relationships among the evaluated
river basins. Multiple regression methods were applied to esti-
mate relations among the water balance components. The area’s
average precipitation and runoff were calculated from the
measured data, the balance evapotranspiration was calculated as
the difference between the precipitation and runoff values.

RESULTS AND DISCUSSION
Meteorological conditions

The study of meteorological data showed that the initial cli-
matic conditions over the Europe were quite similar in all three
dry years (2003, 2012, 2015). There was a positive 500-hPa
geopotential height anomaly in the upper level atmospheric
circulation over the continental Europe, especially over the
central and Eastern Europe (Ionita et al., 2017, WMO, 2004;
WMO, 2013; WMO, 2016).

The average summer temperatures for 2003 were higher than
the long-term average of 1951-2015 across Slovakia. The
anomaly reached up to 2.1°C in some places (South-Western
part, the Hurbanovo station). Precipitation totals reached the
area's average value of 573 mm (74.5% of the long-term aver-
age, calendar year); the average precipitation deficit reached
189 mm (www.shmu.sk). According to area's average precipi-
tation, the year 2003 was very dry. However, two preceding
years 2001 and 2002 were wet when comparing with the long-
term average 1901-2000 (Melova and Luptak, 2006).

The temperature for 2012 was also higher than long-term
average; the anomaly in Hurbanovo (SW Slovakia) reached
1.9°C. Summer months were the warmest. According to precip-
itation the year was classified as normal with the deficit of
49 mm, the highest deficit was reached in March and August
with 23 and 26% of the long-term average (www.shmu.sk).

The temperature for 2015 was 2.0 (the Hurbanovo station,
SW Slovakia) to 2.3°C (the KosSice station, SE Slovakia)
higher than the long-term average of 1961-1990. Annual pre-
cipitation reached 710 mm which makes 94.5% of the long-
term average (www.shmu.sk). According to area’s average
precipitation, the year was classified as normal with a deficit
of 41 mm.

The temperature in summer and beginning of fall in Slo-
vakia in all three years was higher (Table 3), but the precipita-

tion totals were lower than the long-term average of 1961-1990
for water year.

Hydrological conditions

Table 3 shows the development of the hydrological balance
components in Slovakia during the period 1991-2016 in com-
parison with the average values of reference periods 1931-1960
and 1961-1990. The precipitation amounts increased consider-
ably by 41 mm when comparing to the 1931-1960 period and
by 61 mm when comparing to the 1961-1990 period. Runoff
decreased by 8.5/25.2 mm within the evaluated periods. How-
ever, the balance evapotranspiration (calculated as the differ-
ence between the precipitation and runoff value) increased by
69.4 mm comparing to the 1961-1990 period. Decrease in
runoff and occurrence of drought despite increasing precipita-
tion during 2001-2016 period is so pronounced that the deeper
identification of such development would be necessary for each
of evaluated basins.

Meteorological drought

The evaluation of meteorological drought in the Slovak terri-
tory was based on the SPI and the SPEI calculation and brought
following results. The SPI12 divides the study period into two
parts and this division is quite clear in the majority of selected
river basins. Dry conditions prevailed in the 1980s and in the
first half of 1990s in all regions of Slovakia. The most severe
droughts at that time occurred in the northern river basins. For
example, the long-lasting and quite intensive droughts in the
Poprad River basin, representing the mountainous river basin
were interrupted only with short normal periods (Fig. 3 top).
River basins located in the southern Slovakia (Ipel, Rimava)
having the lowland character in the major part of the basin,
show very similar conditions in 1980s, but the period 1995—
2010 was more heterogeneous than in the northern part of the
country. Dry and wet periods had comparable duration and
intensity and they alternated each other quite regularly (Fig. 3
bottom). The southern region has experienced two extreme
events since 2010. The extreme wet event in 2010 was the most
intensive there, which was caused by prevailing south western
to south eastern cyclonic situations. On the other hand, the
extreme drought occurred in 2011-2012. Recent years were
rather wet, especially considering only precipitation.

Table 3. Development of the hydrological balance components in Slovakia, mean annual temperature in Hurbanovo, runoff coefficient (for

water year, November—October).

Period

Average annual precipitation Annual runoff Balance Evapotrans-

Average annual air temperature  Annual runoff

totals (mm) (mm) piration (mm) at Hurbanovo (°C) coefficient (-)
2001 823 241 582 11.83 0.34
2002 829 219 610 10.89 0.29
2003 554 143 411 11.19 0.26
2004 804 206 598 10.66 0.26
2005 880 239 641 10.46 0.26
2006 681 304 377 10.47 0.27
2007 814 189 625 12.50 0.45
2008 770 208 562 11.33 0.23
2009 810 221 589 11.71 0.27
2010 1270 430 840 10.53 0.27
2011 769 172 597 11.49 0.34
2012 710 143 567 11.65 0.22
2013 854 289 565 11.05 0.20
2014 955 234 721 12.52 0.34
2015 719 197 522 12.32 0.25
2016 924 225 699 11.69 0.27
1931-1960 754.3 256.7 497.6 9.88 0.34
1961-1990 734.0 240.0 494.0 10.07 0.33
19512015 756.6 238.2 518.4 10.45 0.31
1991-2016 795.0 231.5 563.4 11.1 0.29
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Fig. 3. The SPI12 in the Poprad River basin (top) and in the Ipel
River Basin (bottom).

Involving the potential evapotranspiration into considera-
tion, the wet events after 2010 were milder according to the
SPEI12. If we compare the SPI12 and SPEI12, both indices
reached more or less similar values until 2000. Since then the
SPEI12 has got the tendency to lower values than the SPI12.
The situation in the Poprad and Ipel’ River basins is in Fig. 4.

SPEI

SPEI

Fig. 4. The SPEI12 in the Poprad River basin (top) and in the Ipel’
River basin (bottom).

When comparing to the rest of the Slovakian territory, the
Topl'a River basin (eastern Slovakia) has shown considerably
different conditions since the mid-1990s. Dry conditions from
the early 1990s persisted in the region until the early 2000s on
contrary to the rest of basins. Another difference is in the dura-
tion and intensity of following wet periods according to the
SPI12. The difference between the SPI and the SPEI after 2000
is also higher than in other study areas.

Despite the fact that after 2000 three highly remarkable
droughts occurred in the Eastern Slovakian area, the Torysa
River basin shows similar water balance features during the
whole period 1981-2015 with prevailing dry conditions accord-
ing to both, SPI12 and SPEI12 values.

Completely opposite tendency in water balance was ob-
served in the western river basin (Myjava), where the wet con-
ditions have evidently prevailed since the mid-1990s.

Hydrological drought

The variability in physical-geographical conditions in Slo-
vakia is reflected also in very different hydrological drought
periods occurrence around the country in 2003, 2012 and 2015.
The results of drought parameters for all three evaluated years
and for the reference period 1981-2010 are given in Table 4.

Table 4. Comparison of drought event parameters in evaluated
years 2003, 2012 and 2015.

4 AM7 Drought 1 i 4
River . event Intensity
basin Year dlSChfjl’gC duration volume (0 day™)

(' s (m’) Y
(days)
2003 0319 222 772 0343
2012 0.482 08 234 0.239
Myjava 2015 0.519 79 6.12 0.125
Ref. 0.672 892 257 0.230
period
2003 571 176 335 19
2012 497 125 302 241
Véh 2015 7.96 10 6.36 0.636
Ref. 6.34 876 139 1.4
period
2003 0.509 141 382 0271
2012 0.636 125 483 0.387
Oravica 2015 0.729 49 12.9 0.263
Ref. 0.728 62.4 17.6 0273
period
2003 241 600 637 1.06
2012 2.19 93.0 103.0 1.10
Kysuea 2015 1.87 142.0 189.0 133
Ref. 251 397 46.0 L1
period
2003 26 188 281 149
2012 273 122 177 145
Nitra 2015 3.34 107 547 0.512
Ref. 435 69.4 714 0.789
period
2003 0.165 149 3 0.154
2012 0.104 147 268 0.182
Zitava 2015 0.114 36 6.17 0.172
Ref. 0.341 73 9.55 0.104
period
2003 863 181 627 347
2012 0.83 69 240 3.48
Hron 2015 1.1 52 142 272
Ref. 11.9 703 190 235
period
2003 0220 8 3 0.28
2012 0.153 170 50 0.294
Ipel 2015 0.613 4 0227 0.0567
Ref. 0.403 76 15.1 0.175
period
2003 083 232 712 0307
2012 0.721 143 48.1 0.336
Rimava 2015 1.01 50 203 0.406
Ref. 135 96.2 389 0335
period
2003 335 183 179 097
2012 3.16 133 203 152
Poprad 2015 3.76 8 563 131
Ref. 407 763 107 118
period
2003 110 266 210 0.79
2012 0.99 77 615 0.799
Torysa 2015 112 88 66.7 0.758
Ref. 1.83 88.9 533 0.458
period
2003 0913 181 153 0.844
2012 1.08 178 82.4 0.463
Topla 2015 113 128 85 0.664
Ref. 16 60.9 426 0.591
period
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The most extreme values of all four drought parameters
(AM7, duration, deficit volume and intensity) were reached
within the same year only in five out of twelve evaluated river
basins. This situation occurred in Kysuca River basin in 2015,
in Ipel in 2012, and in Myjava, Nitra and Topla in 2003, as
documented in Table 4. However, this was not the case in the
rest of the basins, where either the lowest AM7 value, or the
longest drought duration, or the highest deficit volume did not
occur in the same year as the highest drought intensity. This is
the case, e.g., of the Poprad River in 2012 (drought duration
was in 50 days shorter than in 2003) or of Rimava River in
2015 (the value of AM7 was the highest among all three evalu-
ated years).

The deficit volumes were the highest in most of evaluated
basins in 2003 and 2012, being mostly also higher than the
average highest deficit volumes in the reference period 1981—
2010 (Table 4). This was the case of Vah, Oravica, Nitra, Zita-
va, Hron, Ipel, Rimava and Poprad River basins. Strongly
different was the situation in Kysuca River basin, where the
highest deficit volume was reached in 2015.

According to the highest value of the drought intensity, the
year 2003 was the most extreme in Myjava and Topla, the year
2012 in Vah, Oravica, Zitava and Poprad basins and 2015 in
Kysuca and Rimava basins (Table 4). The drought intensity was
almost the same in Nitra, Hron and Ipel’ River basins in 2003
and 2012, respectively. The specific drought conditions became
evident in Torysa River basin where the drought intensity
reached almost the same value in all three evaluated years
2003, 2012 and 2015.

The highest return periods of evaluated drought parameters
were calculated as follows: (1) over 100 years for AM7 dis-
charge minima in the Torysa River basin during the 2012
drought; (2) over 60 years for drought duration in the Hron in
2003; (3) over 50 years for maximum deficit volume in the
Kysuca River in 2015 and almost 20 years for drought intensity
in the Torysa River in 2012. Generally, the estimated return
periods of evaluated drought parameters were higher for 2003
and 2012, reaching higher values than those, estimated for the
reference period (Myjava, Zitava, Véah, Torysa) and for 2015.
One exception was the situation in the Kysuca River basin,
where the highest return periods were calculated for all drought
parameters for the year 2015.

Hydrological drought timing

Timing of the drought periods with the highest deficit vol-
ume was different within evaluated years. The onset and ending
timing of the assessed drought periods in 2003, 2011-2012, and
2015 are shown in Figs. 5, 6, and 7.

The drought in 2003 (Fig. 5) started in all basins during the
summer period between 3 June and 12 August and ended be-
tween the 15 January and 28 March 2004. The only exception
was the drought in the Kysuca River basin which lasted only
for 60 days.

The starting day for 2012 drought was more variable com-
paring with the year 2003, dividing the evaluated river basins
into two groups (Fig. 6). Drought in the first group which in-
cludes basins located in the western, northern and eastern Slo-
vakia (Myjava, Vah, Oravica, Kysuca, Poprad and Topl'a River
basins) started already in the period between 31 August and 29
October 2011 and lasted until January to March 2012. The
second group of basins, located in the central and southern
Slovakia (Nitra, Zitava, Hron, Ipel’, Rimava and Torysa River),
had the starting day of the drought between 11 May and 12
August 2012 with the deficit volume ending in the same year.
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Fig. 5. Timing of 2003 droughts.
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Fig. 7. Timing of 2015 droughts.

Moreover, drought in Zitava, Ipel’ and Torysa River basins
lasted until January 2013.

In 2015 (Fig. 7), the starting day of the drought with the
highest deficit volume was between the 26 June and 24 August
except of the Myjava River basin, where the onset of drought
was shifted to 28 September. The 2015 drought finished in the
same year in all basins out of two - in Torysa and Topl'a River
basins the deficit volumes estimated by the SPA method lasted
until 13 January 2016 in the Torysa and 3 February 2016 in the
Topla River basin.

The prolonged drought duration from the summer-autumn
months over the winter is mostly connected to the low recharge
of rivers during the winter period when the precipitation fall in
the form of snow and the ground surface is frozen. Despite of
the reasons, such drought is labelled as a multiyear drought
(Tallaksen and Van Lanen, 2004).

Inter-relations among river basins according to drought
parameters

The aim of the factor analysis utilization was to look after
interrelationships among evaluated river basins according to
estimated drought parameters in respective years. As it comes
from the principles of the factor analysis method, the method is
used either for reduction of variables in the model, or identifi-
cation of groups of inter-related variables, or for finding the
influence of some unobserved (underlying) variables.
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The performed analysis enabled to identify three main
groups of inter-related river basins with similar behaviour with
respect to drought parameters. The principal method of factor
analysis (PFA method, principal factors, VARIMAX rotation)
was applied; four factors were extracted when evaluating the
drought parameters (Table 4) in respective basins. Three of the
factors were the common ones; the fourth factor was the unique
one. Results of factor loadings calculated after VARIMAX
rotation are in Table 5. Numbers in bold in Table 5 are the
highest values in the respective factor. The initial communality
estimates have been constructed from the squared multiple
correlations of each variable with all of the other variables. The
resulting communalities for all variables were very high, reach-
ing the values 0.83 (Oravica) to 1.0 (Rimava and Poprad). The
model of four extracted factors explained the 98.99% of the
total variability of the original data.

The factor 1 is a common factor which implies all river ba-
sins located in the western, southern and eastern part of Slo-
vakia (Myjava, Kysuca, Nitra, Zitava, Ipel, Rimava, Torysa
and Topla). Factor 2 is also a common factor implying river
basins located in the central part of the country (Vah, Nitra and
Hron) and factor 3 implies river basins in the northern part of
Slovakia (Véh, Oravica and Poprad), all three representing the
mountainous (alpine) type river basins. The factor 4 is a unique
factor, implying only the Kysuca River basin. It can be seen,
that high factor loading of the same river basin drought parame-
ters could be found in two factors at the same time, as it is the
case of the Kysuca River basin (factor 1 and 4), Nitra River
basin (factor 1 and 2) and the Vah River basin (factor 2 and 3).
The 3D plot of factor loadings for factors 1, 2 and 3 is in Fig. 8.
The plot shows the distinct group of the mountainous basins
located in the northern Slovakia (Poprad, Vah and Oravica),
then the group of basins in the central Slovakia (Hron, Nitra)
and the group of basins of the western, southern and eastern
Slovakia (Myjava and Kysuca; Zitava, Ipel’ and Rimava; Topla
and Torysa).

The unobserved (underlying) variables which enabled the
extraction of four factors can be identified as geographical
location of the river basins, influencing the climatic conditions
through the geomorphologic conditions, geological conditions,
altitude, orientation towards the prevailing wet air masses
movement, etc.

Inter-relationships between water balance components

Considerable changes in the water balance are observed in
Slovakia, especially during the last twenty to thirty years. After
extremely low precipitation totals during normal period 1961—
1990, next period 1991-2016 precipitation totals were extreme-
ly high (Table 3). Despite this, runoff from the Slovak territory
decreases significantly. The course of 7-years moving averages
of the water balance components is presented in Fig. 9; together
with the course of the Hurbanovo 7-years moving averages air
temperature.

The trend in precipitation is better visible in Fig. 10 where
the period 1871-2016 is showed. It is obvious, that the trend in
precipitation is not monotonic unlike the winter and summer
temperature courses.

A multiple linear regression (Eq. 1) was used to determine
the effect of air temperature and rainfall on the areal runoff
depth:

R, =167.60 +0.3360 P - 17.392 T, 1)

where:

Table 5. Results of drought parameters factor analysis.

River basin Factor 1 Factor 2 Factor 3 Factor 4
Myjava 0.949 0.212 0.116 0.049
Vah 0.026 0.710 0.665 —-0.046
Oravica 0.378 0.021 0.828 0.078
Kysuca 0.736 0.194 0.157 0.624
Nitra 0.668 0.668 0.279 0.128
Zitava 0.961 0.0728 0.246 0.098
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
Plot of Factor Loadings
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Fig. 8. Plot of factor loading after VARIMAX rotation.
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Fig. 9. Course of 7-years moving averages of the water balance
components for areal values of: R — runoff, ETb — balance evapo-
transpiration, P — precipitation in Slovakia; local values of: T — 7-
years moving averages of the air temperature at Hurbanovo station,
Slovakia, 1931-2016 period.

R, — average runoff from the Slovak territory;

P — average precipitation annual totals on the Slovak territory;
T — average annual air temperature at meteorological Hurbano-
Vo station.

The multiple correlation coefficient of 0.64 was reached,
with the standard error of estimation amounting 46.9.

It follows from the long-term water balance analysis (Eq. 1)
that a 100 mm drop in precipitation in Slovakia will cause the
runoff drop of 33.6 mm. An increase of the mean annual tem-
perature by 1°C brings decrease of runoff by 17.4 mm. Syn-
chronously an increase of the mean annual air temperature by
1°C brings increase of balance evapotranspiration by 17.4 mm.
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Fig. 10. Course of the 11-years moving averages of the (top) pre-
cipitation totals on the Slovak territory (P) and (bottom) air tem-
perature (Ts-a summer-autumn, Tw-s winter-spring seasons) at
Hurbanovo station (1881-2016).

DISCUSSION

Slovakia is located in the boundary zone between the south-
ern Europe, where precipitation decrease is projected by cli-
mate change scenarios, and the northern Europe with expected
precipitation increase (European Environmental Agency, 2012).
Therefore, high inter-annual, as well as multiannual variability
of precipitation is implied. Air temperature increase in winter
and summer was proved by many studies not only in Slovakia,
but on the global scale (e.g. Bindoff et al., 2013; Labudova et
al., 2015).

Warmer air can hold more moisture, which is consequently
transported over the continent. In summer, the continent can be
very hot and intensive rainfalls occur more frequently also in
Slovakia. But the intensive convective precipitation has only
regional occurrence and the most of them is consumed by vege-
tation, or evaporates. The SPI and the SPEI cannot filter out
such cases and often indicate normal conditions after heavy
rainfalls occurring on only one day in month even thought the
rest of month is without precipitation and high temperatures are
recorded. Changing intensity and distribution of the precipitation
in Slovakia is also noted by the values of the SPI and the SPEI,
which reach extremer values on the both sides of the scale.

Increasing winter air temperature can cause higher precipita-
tion in winter season due to potentially higher moisture content
in air masses. This could be one possible explanation of the SPI
results for the northern river basins. On the other hand, higher
winter temperatures causes change of the precipitation state
(snow — rain) and also duration of the snow cover. Increase in
winter temperatures results in higher ratio of liquid precipita-
tion on total winter precipitation and shorter snow cover
duration (Pecho et al., 2010; Zahradnicek et al., 2016). Conse-
quently, higher discharges during the cold season could occur.
Therefore, more attention should be paid also to snow condi-
tions changes in further studies focused on the relationship
between meteorological and hydrological drought occurrence.

The causes of increased evapotranspiration are several: es-
pecially higher air temperature and higher precipitation totals.
There could be also other reasons, as increased forestation, or
growing stock of wood (Pekarova et al., 2017).

The evaluation of the longest hydrological drought periods
within the 2003, 2012 and 2015 years showed that there are
some general similarities among the respective river basins.
This was shown by the results of the factor analysis, where
three main groups of river basin were estimated. The groups are
regionally distributed, creating the group of the northern Slo-
vakian river basins (Poprad, Vah and Oravica), group of the
central Slovakian river basins (Hron, Nitra) and the group of
the western, southern and eastern Slovakian river basins (Myja-
va and Kysuca; Zitava, Ipel’ and Rimava; Topla and Torysa).
This could point on differences in physical-geographical condi-
tions in various parts of Slovakia causing differences in the
wet/dry air masses movement, average annual/seasonal tempera-
tures and consequently different values of evapotranspiration. All
these factors are the important drought influencing conditions.

However, the situation seems more complicated when com-
paring adjacent river basins in detail, as published by Fen-
dekova et al. (2017a). A detailed study of drought parameters in
the Ipel’ and Rimava, and in the Topl'a and Torysa River basins
was done. Despite of the basins vicinity, there are differences in
temporal and spatial manifestation of droughts in 2003, 2012
and 2015. The difference between the Ipel' and the Rimava
River basin consists in the basin area, and consequently in the
average annual and minimum discharges. The Ipel’ River basin
with the smallest area, lowest altitude and highest air tempera-
ture suffered from the 2012 drought which is in a good compli-
ance with the meteorological drought occurrence expressed by
the SPEI12 index calculated for the Bolkovce meteorological
station. The situation in the Rimava basin was different despite
of very similar meteorological drought parameters (Rimavska
Sobota meteorological station) to those in the Ipel’ basin. The
most pronounced drought period in the Rimava basin occurred
in 2003, similarly to the Eastern Slovakian River basins of
Torysa and Topla. However, return periods of drought dura-
tion, deficit volume, and deficit volume intensity estimated for
the Rimava basin were much lower than those calculated for the
Torysa and Topla basins. There, the basin area and river dis-
charge could contribute to partial balancing the unfavourable
climatic conditions.

Drought development in the Kysuca River basin gives an-
other example of different conditions influencing the drought
parameters. The Kysuca River basin was the only one basin
with the most pronounced drought in all parameters in 2015.
This was the most probably caused by the quite dry climatic
conditions in the Kysuce region during the four preceding years
2011-2014 (Fendekova et al., 2017b). So, the degree of water
saturation of the basin could also play the important role.

Quite good correlation between the meteorological and hy-
drological droughts occurrence in more than the half of the
evaluated river basins was proven. The best results were ob-
tained for the Myjava, Vah, Oravica, Kysuca, Nitra, Hron, Ipel
and Topla basins, where the meteorological drought was fol-
lowed by the hydrological one. The lowest SPI values were
obtained in the same year as the majority of the hydrological
drought parameters in the respective basin. The drought in 2015
was exceptional in the Kysuca River basin, where the dry con-
ditions since 2011 influenced the highest drought intensity in
2015.

On contrary, the hydrological drought parameters were in
contradiction with the meteorological drought occurrence in
Zitava, Rimava, Poprad and Torysa River basins. The hydro-
logical drought intensity in the Zitava, Rimava and Poprad
River basins in 2003 was the lowest one among the evaluated
years, despite of the most pronounced low SPI values. The
intensity of hydrological drought was better fitted by the values
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of the SPEI index values in the case of the Zitava and Rimava
River basins. The specific situation occurred in the Poprad
River basin because of quite long, wet period since late 1990s.
The situation in the Torysa River basin is also remarkable be-
cause the comparable SPI values in all three evaluated years
resulted in the comparable drought intensities; however the
2012 drought intensity was a bit higher which was in coinci-
dence with the lowest values of the SPEI in the same year.

The differences in methodology used for meteorological and
hydrological drought evaluation within the presented study did
not influence the results of the meteorological and hydrological
droughts evaluation. However, the mutual comparison of the
meteorological and hydrological droughts, as presented above,
could be influenced by them. Whilst the SPI and SPEI compare
the rainfall/potential evapotranspiration in a monthly step with
the long-term value (1981-2010), the SPA method is based on
the recovery of the daily discharges after their decrease below a
certain threshold, similarly estimated as a long-term value of
the same period. In both cases, there is a threshold limiting the
drought occurrence — fixed value of the discharge Qg in the
case of hydrological drought and fixed limit value for meteoro-
logical drought occurrence — value of —1 of the SPI/SPEI. De-
spite of uncertainties connected to use of the two different
methods, the obtained results of meteorological and hydrologi-
cal droughts occurrence gave a simple picture on relations
between the two types of drought in evaluated river basins.

The obtained results are in a good accordance with the re-
sults of Laaha et al. (2017). According to conclusions of Laaha
et al. (2017), the hydrological drought of 2015 was character-
ised by a different spatial extent than the drought of 2003. In
terms of low flow magnitude, a region around the Czech Re-
public was most affected with annual low flows in 2015 that
exhibited return intervals of 100 years and more. This was also
the case of the Kysuca River basin, neighbouring the Moravian
part of the Czech Republic, where the highest return periods of
all drought parameters were reached in 2015 (Table 4). Com-
paring the drought onset in 2003 and 2015 (Laaha et al., 2017),
this was more dramatic in 2003, covering more quickly and
more homogeneously a larger region of Europe. This was also
the case of Slovakian river basins, as showed in Fig. 5. Accord-
ing to drought onset and duration, the 2003 drought was con-
sistent over the whole territory of Slovakia. The only exception
was the 2003 drought duration in the Kysuca River basin.
Laaha et al. (2017) also stated, that the difference in spatio-
temporal characteristics of the climatic and hydrological
drought can best be explained by diverging conditions in the
river basins. They found evidence that extreme droughts
emerged as a consequence of dry preconditions in the preceding
winter and spring months. Such a conclusion was fully con-
firmed in the case of the Kysuca River basin drought in 2015.

CONCLUSIONS

The evaluation of three drought periods in Slovakia showed
that there is a significant difference between the drought pa-
rameters in respective years and evaluated river basins.

In general, considering meteorological drought, the increas-
ing air temperature is resulting in the increasing potential evap-
otranspiration. The role of the potential evapotranspiration in
the assessment of water balance has been evident since the mid-
1990s, when the SPEI often reached lower values than the SPI.
The most remarkable differences were noted in Poprad, Oravi-
ca, Torysa and Topl'a River basins, located in the northern and
eastern Slovakia.

Despite of generally similar weather conditions in all three
evaluated years, the response of assessed river basins differed
significantly. The deficit volume parameters during the most
extreme drought period were the highest in the majority of evalu-
ated basins in 2003 and 2012. The only exception was the Ky-
suca River basin, where the year 2015 was the most extreme one.

The summer droughts prevailed within the evaluated drought
periods in the territory of Slovakia beginning in late May to
June and peaking in July-August period. However, many of
evaluated drought periods continued during the winter up to the
next year, ending in early spring months. This was the case of
the hydrological drought in the Myjava, Vah, Oravica, Kysuca,
Poprad and Topla River basins where the hydrological drought
started already in the period between 31 August and 29 October
2011 and lasted until January to March 2012, or of the Topl'a
and Torysa River basins where the 2015 drought lasted until 13
January 2016 in Torysa and 3 February 2016 in the Topl'a River
basin.

The results of the study confirmed that according to evaluat-
ed drought parameters, the geographical location of the river
basin, its climatic conditions, geological conditions, river basin
area, discharge conditions and the climatic situation of the
preceding years (influencing the water saturation of the basin)
are the most important factors of drought occurrence and inten-
sity.
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