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Definition and concept of drought
Climate change has led to an increasing trend of drought 
in the recent decades, and models predict that the global 
drought risk will intensify further in the 21st century (Dai, 
2013). While mean precipitation will increase, precipitation 
in the subtropical latitudes tends to decrease, particularly 
in the Mediterranean. Precipitation changes become 
statistically significant only when the temperature rises by 
at least 1.4 °C, and in many regions, the projected changes 
during the 21st century lie within the range of the late 
20th century natural variability (Mahlstein, Portmann, Daniel, 
Solomon, Knutti. 2012). 

The research on drought has attracted the attention 
of scholars, government departments and the public. 
The development of drought is relatively slow, but its 
effects are very devastating. Drought is easily reflected in 
agriculture in  reduced yields, but it is also associated with 
soil degradation and intense erosion. It could also result in 
the extinction of certain species of animals in the affected 
areas. In some areas of the Earth, drought can result in 
malnutrition, hunger and diseases that can lead to reduction 
of population. Dried soil and vegetation pose a fire hazard 
(Mouillot, Rambal, Joffre, 2002).

Drought is a complex phenomenon and there is no 
clear physical quantity or definition by which drought 
can be measured. The lack of precipitation, relative to the 
climatic average of the area, is the main cause of drought. 
The increased rate of evapotranspiration, which is increased 
especially by higher air temperature, low relative humidity, 
low clouds, more intense sunlight or faster air flow, 
contributes to a significant intensification of drought. In 
certain cases, drought may result from the anomaly of other 
variables, such as temperature or evapotranspiration (Cook, 
Smerdon, Seager, Coats, 2014; Livneh, Hoerling, 2016; Luo 

et al., 2017). Moreover, drought may not be a purely natural 
hazard; human activities such as land use changes and 
reservoir operation may alter the hydrologic processes and 
affect drought development (Van Loonet al., 2016a). Overall, 
the development of drought results from the complicated 
interactions among the meteorological anomalies, land 
surface processes and human activities (Mishra, Singh, 
2010).

Drought types and characterization
Traditionally, drought can be classified into meteorological, 
agricultural, hydrological and socioeconomic drought, 
based on both physical and socioeconomic factors (Wilhite, 
Glantz, 1985). According to Dracup, Lee and Paulson (1980), 
meteorological drought is determined by the meteorological 
characteristics such as air temperature, total precipitation 
and duration of sunshine. Hydrological drought is defined 
as the lack of water in rivers due to normal flow, lack of 
groundwater and the lack of water supply in natural or 
artificial reservoirs. If there is lack of water in soil for animals 
and plants, we are talking about physiological or agricultural 
drought. Socio-economic drought is characterised by lack 
of water for normal social and economic human activities 
(Pedro-Monzonís, Solera, Ferrer, Estrela, Paredes-Arquiola, 
2015).

According to Svoboda and Fuchs (2016), it is essential 
to define drought indices and indicators. Indicators are 
parameters used to describe drought conditions (e.g. 
precipitation, temperature, streamflow, groundwater and 
reservoir levels, soil moisture and snowpack). Indices are 
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typically computed numerical representations of drought 
severity, assessed using hydrometeorological inputs.

More than 100 drought indices have been proposed so 
far (Heim, 2002; Liu et al., 2018; Vicente-Serrano et al., 2012; 
Zargar, Sadiq, Naser, Khan, 2011). These indices correspond 
to different types of drought, including meteorological, 
agricultural and hydrological drought. 

With the help of drought indices, we can provide 
information to the decision-makers in business, government 
and many stakeholders. These tools can be used to provide an 
early drought warning system (Lohani, Loganthan, 1997) to 
calculate the probability of a drought ending (Karl, Quinlan, 
Ezell, 1987), determine drought relief (Wilhite, Rosenberg, 
Glantz, 1986), assess the risk of forest fires (Wheaton, 1994), 
predict crop yield (Sakamoto, 1978; Kumar, Panu, 1997) and 
examine spatial and temporal characteristics of drought, 
drought severity and comparison between different regions 
(Alley, 1985; Soule, 1992; Nkemdirim, Weber, 1999).

Meteorological drought 
The meteorological drought (or precipitation deficit) is 
generally caused by persistent anomalies in the large-scale 
atmospheric circulation patterns due to anomalous sea 
surface temperatures (SSTs) or other remote conditions 
(Dai, 2011). Globally and also in the conditions of the Slovak 
Republic, in the recent years, there has been a noticeable 

increase in the annual average air temperatures, which is 
closely related to a significant decrease in relative humidity 
(SHMÚ, 2015). The dry period can only be evaluated on the 
basis of total precipitation, which also takes into account 
the duration of precipitation-free days and the time 
distribution of precipitation. The meteorological drought 
does not result from a single cause but from a combination 
of multiple causes (e.g. reduced soil moisture and increased 
temperature), which may also contribute to the atmospheric 
anomaly (Dai, 2013; Kam, Sheffield, Wood, 2014). The 
commonly used meteorological drought indices are listed 
below.

Standardized precipitation index
The Standardized Precipitation Index (SPI) (Figure 1A a) 
is a widely used index to characterise the meteorological 
drought in a range of timescales. McKee, Doesken, Kleist 
(1995) used the probability of the precipitation occurrence 
for 3, 6, 12, 24, 48 months, and the output values ranged 
from -2.0 to +2.0. It was found that the Gamma distribution 
fits the precipitation time series very well. The Gamma 
distribution is defined by its frequency or probability density 
function as:

  (1)
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Figure 1A Values of SPI (a), PNI (b) index for the Malanta site, during the period 2004–2018; limit for severe (orange line) 
and extreme (red line) drought
Source: Šurda, Vitková, Rončák, 2020
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Figure 1B Values of DI (c), MCZI(d), ZSI(e) index for the Malanta site, during the period 2004–2018; limit for severe (orange line) 
and extreme (red line) drought
Source: Šurda, Vitková, Rončák, 2020
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where:
Γ (α) – for gamma function
x – (mm) for precipitation amount (x >0)
α – for shape parameter (α >0)
β – for scale parameter (β >0)

Percent of normal index
Index PNI (Figure 1A b) was described by Willeke, Hosking, 
Wallis (1994) as a percentage of normal precipitation. It can 
be calculated for different time scales (monthly, seasonally 
and yearly). PNI (Percent of Normal Index) has been found to 

be rather effective for describing drought for a single region 
or/and for a single season (Hayes, 2006).
PNI is calculated as following:

  (2)

where:
Pi – for the precipitation in time increment (mm)
P – for the normal precipitation for the study period 

(mm)

PNI 100iP
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DI (deciles)
The DI index (Figure 1A c) was defined as a classification 
of precipitation totals during a time period over the whole 
monitoring period (Gibbs, Maher, 1967). In particular, 
monthly precipitation totals data are sorted from the lowest 
to the highest and are divided into ten equal categories or 
deciles. Thus, precipitation in a given month can be placed 
in a historical context by deciles.

MCZI (modified z-index)
The National Climate Centre in China developed CZI (Figure 
1A d) in 1995 as an alternative to the SPI index (Ju, Yang, 
Chen, 1997). Assuming that the average precipitation totals 
have a III. Pearson distribution, the CZI is calculated as:

  (3)

where:
i – for the observed time span and j is for the current 

month
CZIij – for the sum of the CZI values in the current month 

(j) during the period i
Csi – for the skew coefficient
φtj – for a standardized variation

The MCZI is calculated using the above formula and the 
median prtecipitation total is replaced by the arithmetic 
mean value.

ZSI (z-sum)
The ZSI index (Figure 1A e) is sometimes confused with 
the SPI index. This drought index is an analogue to the CZI, 
but does not work with gamma or Pearson‘s distribution 
of precipitation total data. The ZSI index can be calculated 
according to the following formula: 

  (4)

where:
P– – for the average monthly precipitation total (mm)
Pi – for the precipitation total in a particular month 

(mm)
SD – for the standard deviation of the precipitation 

totals over the monitoring time interval (mm)

Standardized precipitation-evapotranspiration index 
(SPEI)
The SPEI index is based on the SPI index, but the SPEI 
index also includes the temperature component. This 
component allows the index to take into account the effect 
of temperature on drought. The SPI index is calculated using 
monthly (or weekly) precipitation as the input data. The 
SPEI index uses the monthly (or weekly) difference between 
precipitation and PET. This represents simple climatic water 
balance (Thornthwaite, 1948) that is calculated on different 
time scales to obtain SPEI.

Reconnaissance drought index (RDI)
The RDI index includes potential evapotranspiration and 
precipitation based on a simplified water balance equation, 
and the index also contains three outputs: a  standardized 
value, normalized value and an initial value. If the 
standardized RDI value has a similar character as the SPI 
index, then it can be directly compared with it. RDI is more 
representative than SPI, because it uses complete water 
balance instead of precipitation itself. The parameters that 
enter the RDI index are: monthly precipitation temperatures 
and temperatures (Svoboda, Fuchs, 2016).

Effective precipitation concept (DEP)
Byun and Wilhite (1999) used the term of Effective 
Precipitation to describe the summed value of daily 
precipitation with a time-dependent reduction function, 
representing the daily depletion of water resources. The 
choice of the best reduction function (equation) remains 
an unsolved problem, because many parameters, like 
topography, soil characteristics, ability to keep water in 
reservoirs, air temperature, humidity, and wind speed, 
must be considered together precisely to represent the 
depletion of water resources in nature by runoff and 
evapotranspiration (Akhtari, Morid, Mahdian, Smakhtinm, 
2009; Kalamaras, Michalopoulou, Byun, 2010; Kim, Byun, 
2009; Kim, Byun, Choi, 2009; Morid, Smakhtin, Moghaddasi, 
2006; Roudier, Mahe, 2010).

The EPI index is calculated in a daily time step to 
overcome the big limitation of other indices – the long-time 
unit of assessment (most of the current drought indices 
use a monthly or longer time period as a unit).The EP index 
is based on the calculation of the effective precipitation 
during the selected time period. For the purposes of this 
work, 365-day effective precipitation (EP365) and a linear 
reduction function were selected, representing uniform loss 
of water resources throughout the year.

  (5)

where:
i – number of days whose total precipitation is 

included in the EP calculation
Hzm – total precipitation m-days before the first day 

included in the EP calculation (mm)

For the needs of the complex drought diagnosis, it is 
necessary to supplement the EP index with other derived 
values. The first is the value of the long-term EP average 
for each day of the calendar year (MEP). In this work, the 
average value of the effective precipitation was calculated 
from the 14-year series EP365 (period 2004–2018) (Figure 2). 
Long-term EP (MEPn) for a normal (slightly humid) period was 
computed for the years 2005–2012 and long-term EP (MEPd) 
for a long-term dry period for the years 2012–2018, in this 
work. This time periods were selected according to the DEP 
index (Figure 3). With respect to the long-term average, the 
surplus or scarcity of water resources (DEP) for each day of the 
analysed period can be evaluated, according to the equation:

 DEP = EP365 – MEP (6)
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Agricultural drought
Agricultural drought is commonly related to the deficit in 
soil moisture, which affects plant production and crop yield. 
This occurs mainly because the soil moisture availability 
governs the physiological processes in plants, and any 
paucity of water content in the crop root-zone can impede 
productivity (Wang, Lettenmaier, Sheeld, 2011; Mannocchi, 
Todisco, Vergni, 2004). A drought index using soil moisture 
would be directly related to the crop growth potential and 
could provide a decision supporting tool. The commonly used 
agricultural drought indicators according to Ajaz, Taghvaeian, 
Khand, Gowda, Moorhead (2019), are listed below.

Palmer drought severity index (PDSI)
This index was developed by Palmer (1965) as one 
of the  first attempts to identify droughts using more 
than just  precipitation data. Monthly precipitation and 
temperature along with the latitude and the available 
water capacity of the soil are the input data. PDSI has 
been used to identify droughts affecting agriculture, and 
also for identifying and monitoring droughts associated 
with other types of impacts. It takes into account received 
moisture (precipitation) as well as moisture stored in the 
soil, accounting for the potential loss of moisture due to 
the temperature influences (Svoboda, Fuchs, 2016; Wells, 
Goddard, Hayes, 2004).

Palmer’s Z-Index
Palmer’s Z-Index (Z-Index) is a derivative of PDSI, and the 
Z values are s part of the PDSI output. It is sometimes referred 
to as the ‘Moisture Anomaly Index’, and the derived values 
provide comparable measure of the relative anomalies of 
a region for both dryness and wetness when compared 
to the entire record for that location. The moisture loss is 
multiplied with empirically derived climatic characteristics, 
and the monthly moisture anomaly index known as Z-Index 
is estimated (Karl, 1986). Z Index responds to short-term 
conditions better than PDSI and is typically calculated for 
much shorter timescales, enabling it to identify rapidly 
developing drought conditions (Svoboda, Fuchs, 2016).

Soil waterdeficit index
The SWDI was developed by Martínez-Fernández, González-
Zamora, Sánchez, Gumuzzio (2015) and was estimated as:

  (7)

where:
θ – for the aggregated volumetric water content 

(VWC) of soil profile
θFC – for the VWC at field capacity (FC)

Figure 2 Daily values of Hz, MEP and EP365 for the meteorological station of Nitra, for the period 2005–2018
Source: Šurda, Rončák, Vitková, Tárnik, 2019
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θAWC – for the available water content estimated as the 
difference between VWC at FC and wilting point 
(WP) (all in m3.m-3)

Water deficit index
This index was developed by Cammalleri, Micale, Vogt 
(2016):

  (8)

where:
n – for an empirical exponent (unitless)
θ50 – estimated by averaging VWC between the soil 

moisture thresholds as described by Cammalleri et 
al. (2016)

θ – aggregated for the soil profile based on depth

Normalized soil moisture
The NSM was proposed by Dutra, Viterbo, Miranda 

(2008) as:

  (9)

where:
θm, y – for VWC for the month m and the year y (m3.m-3)
 – for mean monthly VWC (m3.m-3)
σm – for the standard deviation for all studied years

Finally, remote sensing-based indicators such as 
the Normalized-Difference Vegetation Index (NDVI) or 
the fraction of the Absorbed Photosynthetically Active 
Radiation (fAPAR) are used to monitor drought impacts on 
the vegetation cover.

The normalized difference vegetation index (NDVI) 
NDVI is defined as:

  (10)

where:
αnir and αvis represent surface reflectance averaged over 

ranges of wavelengths in the visible (λ ~0.6 μm, 
“red”) and near infrared, IR (λ ~0.8 μm) regions of 
the spectrum, respectively

It is clear from its definition that NDVI (like most other 
remotely sensed vegetation indices) is not an intrinsic 
physical quantity, although it is indeed correlated with 
certain physical properties of the vegetation canopy: leaf 
area index (LAI), fractional vegetation cover, vegetation 
condition and biomass.

Fraction of absorbed photosynthetically active radiation 
(fAPAR)
The quantity fAPAR is defined as the fraction of incident 
photosynthetically active radiation (PAR) that is absorbed 
by a canopy, which usually includes the overstory and 

sometimes the understory and ground cover (e.g. moss). 
fAPAR is calculated using:

  (11)

where:
PAR↓AC and PAR↑AC – incident (downward) and reflected 

(upward) PAR above the canopy, respectively
PAR↓BC and PAR↑BC – the corresponding terms for the below 

of the canopy

Hydrological drought
Hydrological drought is associated with deficiency in the 
bulk water supply, which may include water levels in streams, 
lakes, reservoirs and aquifers. Since it is directly linked to 
the drought impacts, it is argued that more attention is 
needed to study the hydrological drought (Cloke, Hannah, 
2011; Mishra, Singh, 2010; Pozzi et al., 2013). From the 
major drought forms, the hydrological drought may be the 
slowest to develop (Soule, 1992). For example, a shortage 
of snowfall may not manifest itself as depressed runoff 
until half a year later. It is possible to minimise the negative 
impacts of the hydrological drought on the environment 
and society through the analysis of the minimum flows. 
These minimum flows are one of the characteristics that can 
define hydrological drought. 

The commonly used hydrologic drought indicators 
include Palmer hydrologic Drought Severity Index (PHDI), 
Standardized Runoff index (SRI), or reservoir level (Hayes, 
Svoboda, Wall, Widhalm, 2011).

Total water deficit 
Total water deficit is a traditional assessment of the 
hydrological drought, synonymous with the drought 
severity S. This severity is the product of the duration D, 
during which flows are consistently below a truncation level 
(e.g., the hydro-climatic mean), and the magnitude M, which 
is the average departure of streamflow from the truncation 
level, during the drought period (Dracup et al., 1980). After 
the drought ends, the total water deficit resets to 0.

Cumulative streamflow anomaly
A cumulative departure of streamflow from mean conditions 
can show long-term tendencies in the water availability.

Palmer hydrological drought severity index
The Palmer Hydrological Drought Severity Index (PHDI) 
is very similar to PDSI, using the identical water balance 
assessment. Specifically, PDSI considers drought finished 
when the moisture conditions start an uninterrupted rise 
that ultimately erases the water deficit, whereas PHDI 
considers drought ended when the moisture deficit actually 
vanishes (Heim, 2000, 2002). This retardation is appropriate 
for the assessment of the hydrological drought, which is 
slower in developing than the meteorological drought.

Surface water supply index
The Surface Water Supply Index (SWSI) explicitly accounts 
for snowpack and its delayed runoff (Garen, 1993; Doesken, 
McKee, Kleist, 1991). SWSI is a suitable measure of the 
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hydrological drought for regions, such as the mountainous 
catchments, where snow contributes significantly to the 
annual streamflow. Computations require measurements for 
snowpack, precipitation, streamflow and reservoir storage.

Standardized runoff index (SRI) 
Shukla and Wood (2008) applied the concept for SPI in 
defining a standardized runoff index (SRI) as the standard 
normal deviation unit associated with the percentile of 
hydrologic runoff accumulated over specific duration. 
Different duration (e.g., 1-month, 9-month) and different 
spatial aggregations of the index can be calculated, 
depending on the source data resolution and desired 
application.

Socioeconomic drought
The socioeconomic drought incorporates features or 
impacts of three other types of drought. Drought impacts 
span a wide range of societal (e.g., health), economic (e.g., 
water supply, agricultural production and recreation), 
and environmental (e.g., forest productivity and wildfires) 
systems. The subject of the socio-hydrology, firstly 
conceived by Sivapalan, Savenije, Blöschl (2012), seeks to 
understand the ’dynamics and co-evolution of coupled 
human-water systems‘, including the impacts and dynamics 
of the changing social norms and values, system behaviours 
such as tipping points and feedback mechanisms, some 
of which may be emergent (unexpected), caused by non-
linear interactions among processes occurring on different 
spatiotemporal scales. According to Van Loon et al. (2016b), 
human activities influence water input and output, and 
storage, and therefore modify the propagation of drought 
and can even be the cause of drought in the absence of 
natural drivers of drought. The drought typology based 
on natural processes should therefore be complemented 
with drought types based on human processes. According 
to Pedro-Monzonís et al. (2015), socio-economic drought is 
associated with the impact of water scarcity on people and 
the economic activity causing socio-economic, social and 
environmental impacts. To assess water scarcity, the water 
resource vulnerability index (Raskin, Gleick, Kirshen, Pontius, 
Strzepek, 1997), water stress index (Falkenmark, Lundqvist, 
Widstrand, 1989), critical ratio (Alcamo, Henrichs, Rösch, 
2000), the water poverty index (Sullivan, 2002) and water 
footprint (Hoekstra, 2012) are the most commonly used 
approaches.

Water resource vulnerability index considers scarcity 
to be the total annual withdrawals, and a percent of the 
available water resources. It is focused on the assessment of 
use for being more objective than demanding. 

Water stress index
Countries may be classified according to the renewable 
water resources per capita per year. It is easily understood 
and data are generally available. In contrast, average values 
may hide scarcity problems on smaller scales. It does not 
take into consideration the infrastructures that modify 
the water availability or the variations in demands among 
different countries.

Critical ratio considers scarcity to be the ratio of water 
withdrawals for human use to the total renewable water 

resources. The difficulty of distinguishing the amount of 
water that could be available for human use considering 
evapotranspiration, return flows, environmental 
requirements, or the possibility of the society to adapt to 
water scarcity, belong among its limitations.

Water poverty index represents the weighted average 
of its five dimensions: access to water; water quantity, quality 
and variability; water use; water management capacity; and 
environmental aspects. The input data are huge and expert 
judgments are required.

Water footprint is defined as the total volume used to 
produce goods and services. It can be divided into three 
types: blue water footprint, green water footprint and grey 
water footprint. 

Drought quantification studies for the region 
of Slovakia over the last decade

Despite some controversy over global drought trends (Dai, 
2012; Sheffield, Wood, Roderick, 2012), climate models 
project increases in mean temperature in the most of the 
land and ocean regions, hot extremes in the most inhabited 
regions, heavy precipitation in several regions, and the 
probability of drought and precipitation deficits in some 
regions (IPCC, 2018). Between 1990 and 2015, drought in 
the European Union affected more than 37% of its territory, 
representing 800.000 km2 and affecting 100 million 
people. Over a 30-year period (1985–2015), drought has 
cost the European Union more than € 100 billion (Andreu, 
Solera, Paredes-Arquiola, Haro-Monteagudo, van Lanen 
(Eds.), 2015). Therefore, drought has become an important 
research topic for scientists in the region of Central Europe 
and also in Slovakia.

Meteorological drought studies
Janacova, Labudova, Labuda (2018) assessed the occurrence 
of the meteorological  drought  in the regions of the 
Záhorská, Danubian (Podunajská) and the Eastern Slovakian 
(Východoslovenská) lowlands and the Southern Slovakian 
(Juhoslovenská) and the Košická basins in the period 
1981–2010. The analysis of the meteorological drought was 
evaluated on the basis of the monthly data of SPI. Areas which 
are the most threatened with the meteorological drought in 
different seasons were identified. There is greater hazard 
of drought for the Danubian lowland in spring and summer. 
On the contrary, the eastern part of Slovakia  is threatened 
during the winter season.

Nagy, Zelenaková, Kapostasová, Hlavatá, Simonová 
(2020) evaluated dry and wet periods at six climatic stations 
in eastern Slovakia using the following indices: standardized 
precipitation index (SPI), streamflow drought index (SDI), 
drought reconnaissance index (RDI) and standardized 
evapotranspiration index (SPEI) in a 12-month step over the 
period 1960–2015. The evaluation of the results showed an 
alternation of wet and dry periods and proved that the dry 
periods also occurred in the north of eastern Slovakia.

Vido, Nalevanková, Valach, Šustek, Tadesse (2019) 
focused on the characterisation of the historical drought 
occurrences in the Horné Požitavie region, in Slovakia, over 

Results and discussion
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the period 1966–2013 using the Standardized Precipitation-
Evapotranspiration Index (SPEI). The results showed that 
drought occurred in the region regularly (recurrent climate 
feature), while the trend analysis indicated the trend 
towards more arid climatic conditions. Analyses of the 
SPEI trends in the individual months showed a decreasing 
trend of drought occurrences during the cold months of the 
year (i.e., October to March), while an increasing trend was 
indicated from April to August.

Vido, Nalevanková (2020) analysed drought occurrence 
and trends using the SPI and the SPEI index in the upper 
Hron region within the 1984–2014 period. They found that:
1. drought incidence decreased with an increasing altitude;
2. increasing air temperature increased also the difference 

in the drought trends between lowlands and mountains 
during the studied period;

3. abrupt changes in the time series of drought indices, 
which could indicate some signals of the changing 
atmospheric circulation patterns, were not revealed.

Trnka et al. (2016) used the index SPI, PDSI, Z-index and 
SPEI, in their work. The time series of the drought indices 
were calculated for 411 climatological stations across Austria 
(excluding the Alps), the Czech Republic and Slovakia. Up 
to 45% of the evaluated stations (depending on the index) 
became significantly drier during the 1961–2014 period. 
An increase in the evaporative demand of the atmosphere, 
driven by higher temperatures and global radiation with 
limited changes in the precipitation totals, was the main 
driver behind this development. 

The study by Vido et al. (2015) focused on how drought 
occurs at higher altitudes of the Tatra National Park, which is 
a significant biological reserve of the Central European fauna 
and flora. Authors used the time series of SPI from 1961 to 
2010 and standard GIS methods. The results showed that the 
frequency of drought occurrence has a cyclic pattern with 
approximately a 30-year period. The spatial analyses showed 
that the precipitation shadow of mountains influences the 
risk of drought occurrence. 

Zelenáková et al. (2018) evaluated the trend analysis 
applied to the precipitation and temperature monthly 
data for the period from 1962 to 2014 at sixteen climatic 
stations in eastern Slovakia. All climatic stations in eastern 
Slovakia show a positive trend in temperature during the 
year. Trends in precipitation are also mostly positive during 
winter and spring. An abrupt shift in precipitation at the 
highest climatic station, Lomnický peak, began around 1985 
(+). Abrupt shifts in temperature began around 1970 (+) at 
the presented climatic stations. The extremity of climate is 
confirmed by an analysis of the trends in wet and dry spells. 
Trends showed increasing tendencies in medium- and long-
term wet spells.

Zelenáková et al. (2017) analysed the temporal and 
spatial trends in the annual and seasonal precipitation in 
Slovakia, in their work, utilising 487 gauging station data 
collected state-wide in the period from 1981 to 2013. In 
general, the precipitation data in the studied area have 
not changed during the last 33 years, and there are no big 
gaps. However, predominantly increasing trends in the 
precipitation time series were found at most of the gauging 
stations in Slovakia. There is also evidence of different rain 

distribution from the monthly point of view. Decreasing 
trends were detected in December in the northern part 
of Slovakia, while the central and southern parts revealed 
increasing trends. Most of the stations showed increasing 
summer precipitation trends, especially in July.

Nikolová, Nejedlik, Lapin (2016)  analysed drought  in 
lowlands of Slovakia on the basis of SPI and SPEI for the 
period 1961–2011. The results show that temperature 
has an important role for occurrence of moderate and 
severe  drought  at monthly level and precipitation is the 
main factor for occurrence of extreme drought. There are an 
increasing number of cases with severe or extreme drought in 
summer. Future projection of  drought  shows a general 
tendency to the increasing frequency of severe dry events 
in 2001–2050 and 2051–2100, while there will be a little 
decreasing of the extremely dry months in comparison to 
1961–2010.

Lapin, Gera, Hrvol, Melo, Tomlain (2009) claimed that 
regimes of evapotranspiration, soil moisture and runoff 
have changed mainly in southern Slovakia. A physical 
model for the estimation of the energy balance equation 
components has been developed. Input data was gained 
from 31 meteorological stations in Slovakia since 1951. The 
20-year period of 1988–2007 was by 0.9 °C warmer than 
the normal period mean. Annual precipitation totals have 
not changed significantly, but the substantial changes have 
been found in the precipitation regime. The scenarios show 
significant changes in the hydrological cycle not only at river 
basins balance but also in case of soil water balance, mainly 
in southern Slovakia.

Hydrological drought studies 
Fendeková, Fendek (2012) analysed groundwater drought 
indices, which could be derived for different groundwater 
parameters, among them for base flow, groundwater head 
stage, spring yield, or groundwater recharge. Base flow 
drought assessment methods were proposed in the paper. 
The base flow drought severity index was applied, calculated 
as the value of the base flow drought deficit volume divided 
by the drought duration. After that, the standardized base 
flow drought severity index was proposed as the ratio of the 
base flow drought index and the average long-term annual 
base flow. Proposed methods were applied in the Nitra River 
basin. Base flow drought occurrence was characterised also 
from the seasonality point of view.

Fendeková et al. (2018) used SPI and SPEI for assessment 
of the meteorological drought occurrence. The research was 
established on a discharge time series representing twelve 
river basins in Slovakia, within the period 1981–2015. Results 
showed that the drought parameters in the evaluated 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 the continuously 
increasing air temperature and evapotranspiration balance, 
there is a decrease of runoff in the Slovak territory.

Zelenáková et al. (2014) identified statistically significant 
trends in the stream flow characteristics of the low water 
content in eastern Slovakia, in their work, which are used in 
the evaluation of the hydrological drought. This analysis was 
carried out due to the statistical data from 63 river stations, 
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lying in the eastern part of Slovakia. Mann-Kendall statistical 
test identifies the frequency of minimal stream flow trends. 
Obtained results from the statistically significant trends 
in the stream flows are in a role of a basement for the 
regionalisation of the eastern Slovakia territory from the 
point of the hydrological drought risk.

Hanel et al. (2014) used global climate models to 
develop climate change scenarios for four small catchments 
in the Czech and Slovak Republic. This method applies 
a nonlinear transformation to precipitation in order to match 
projected changes in the precipitation variability. Similarly, 
temperature is transformed considering the changes in 
mean and variability. The results show an increase in the 
number of minor droughts and an increase in the most 
severe droughts. There are clear differences in the changes 
of drought characteristics related to the dominant runoff 
regime in a catchment.

Blahušiaková et al. (2020) investigated changes in the 
seasonal runoff and low flows related to the changes in 
snow and climate variables in the mountainous catchments 
in Central Europe. The results showed an increase in air 
temperature, decrease in snowfall fraction and snow depth, 
and changes in precipitation. Most of the hydrological 
droughts were connected either to low air temperatures and 
precipitation during winter or high winter air temperatures, 
which caused below-average snow storages. Findings show 
that besides precipitation and air temperature, snow plays 
an important role in summer streamflow and drought 
occurrence in the selected mountainous catchments.

Agricultural (physiological) drought studies
Labudová, Labuda, Takáč (2016) focused on the assessment 
of drought intensity impact on crop yields on the Danubian 
and the Eastern Slovakian Lowland. Limited yield data 
resulted in the limited length of the assessed period 
(1996–2013). The standardised yields of ten crops (winter 
wheat, spring wheat, winter barley, spring barley, rye, maize, 
potatoes, oilseed rape, sunflower and sugar beet) were 
correlated with monthly, 2-, and 3-monthly SPI and SPEI. The 
highest correlation was between maize and the 3-monthly 
SPEI. Crop yields in the Eastern Slovakian Lowland do not 
seem to be influenced by wet/dry periods, identified using 
SPI and SPEI, as their correlation with both indices is quite 
low and insignificant.

Čistý, Jarabicová and Minarič (2016) evaluated a spatial 
indicator of the threat of droughts, namely the available 
water capacity of soil. Data from a soil survey and data 
measured in a laboratory were used for the development 
of the pedotransfer functions with the help of the Random 
Forest algorithm. On the basis of the pedotransfer function, 
the available water capacity was spatially evaluated by 
geostatistical methods in the investigated area, i.e., in the 
Záhorská Lowland, in Slovakia. 

Vido et al. (2016) analysed the physiological response of 
tree species in central Slovakia to the driest months of 2012. 

Lukasová et al. (2020) focused on the onset of leaf 
colouring-LCO-((BBCH)92) of the European beech (Fagus 
sylvatica, L.). The limiting climate conditions for LCO were 
defined by the meteorological drought indices: climatic 
water balance (CWB), standardized precipitation index 
(SPI), standardized precipitation-evapotranspiration index 

(SPEI), dry period index (DPI), and heat waves (HW). During 
23-year period (1996–2018) of ground-based phenological 
observations, the timing of LCO was significantly delayed at 
the middle to high altitudes. Over the last decade, LCO at 
the middle altitudes started at comparable to low altitudes. 
This resulted mainly from the significant negative effect 
of drought prior to this phenological phase. The ongoing 
warming trend of summer months suggests further 
intensification of drought spreading from the continual 
increase of evapotranspiration over the next decades.

Bernáth et al. (2020) evaluated the drought impact 
on the quality parameters of grapes in the locality of 
the Cultivar Testing Station, Dolné Plachtince. Interanual 
variability of the drought impact on the grape quality was 
evaluated according to PDSI. The 1990–2014 period was 
used as a basis for the evaluation. The PDSI values as well 
as the sugar and acid contents were correlated to find the 
strength of relation between them. Short drought periods 
did not influence the grape quality significantly, while long 
drought periods caused a decrease of the acid content and 
an increase of the sugar content.

Tuzinsky, Gregor, Tuzinsky, Homolak (2018) analysed 
the balance of soil water in the spruce stand mountain 
conditions in the Upper Orava region. The long-term 
research (1991–2014) shows that the predominant moisture 
interval in the vegetation period is semi-uvidic soil interval 
with good or sufficient supply of usable water. Ongoing 
climatic conditions with a gradual reduction of precipitation 
and increase of air temperature pose danger, associated 
with the development of dry periods, to the spruce. Under 
such conditions, the spruce is threatened with  drought, 
and physiological weakness, reduced evapotranspiration, 
increased fall of the assimilation organs, reduced increment, 
degradation of physical and hydrological properties of 
soil, and reduction of transport of mineral and organic 
substances are all its responses.

Takac, Moravek, Klikusovska, Skalsky (2014) assessed 
drought severity in the agricultural regions of Slovakia in 
the years 2011–2013. Standardized index based on the daily 
available soil water content was used for drought severity 
classification. The results of the analysis confirmed the 
occurrence of the meteorological drought in the years 2011 
and 2012 and the occurrence of the agronomic drought in 
the years 2011–2013. Greater areal extension of the impact 
of drought on crop production was observed only in the 
years 2012 and 2013.

Šiška, Takáč (2009) estimated the climatic index of 
drought and evapotranspiration deficits for the agricultural 
regions of the Slovak Republic. Climate change conditions 
were generated by general circulation model CCCM for 
emission scenario SIZES B2. Five categories of drought 
conditions were recognized in the reference period 
1961–1990, and additional two very dry categories can be 
recognized in the agricultural regions of Slovakia, according 
to both estimated climatic indices.

Šustek, Vido, Škvareninová, Škvarenina, Šurda (2017) 
documented the impact of the 2012 dry season on the 
decline in the beetle species (Carabids) in the High Tatras. 
The Standardized Precipitation Evapotranspiration Index 
was shown, using the cross-correlation of SPEI and number 
of individuals and species of Carabids as a suitable means 
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to explain and predict such changes for the period of 1–2 
years.

Brezianská, Vitková, Šurda (2018) analysed the 
occurrence of drought and reduced soil water storage in the 
Záhoská Lowland, in 1961–2010. 

Conclusions
1. Drought is a consequence of climate anomalies, as well 

as of (wrong) human water use practices. This paper has 
reviewed the literature concerning the existing drought 
indices. Thus, they serve to identify and quantify all types 
of drought (meteorological, agricultural, hydrological or 
socio-economic). The paper has presented a vast number 
of indices demands by collecting information related to 
a huge variety of disciplines and representing a complex 
challenge.

2. The second part of paper has been devoted to an overview 
of the selected scientific studies about the use of various 
drought indices (and indicators) and drought assessment 
in the conditions of Slovakia and Central Europe. Most 
of the studies are focused on meteorological, less on 
hydrological or agricultural drought and on the impacts of 
the increased incidence of drought on flora (alternatively 
fauna).

Major conclusions from the reviewed studies:
 y an increase in air temperature, changes in precipitation 
patterns, a decrease in snowfall fraction and snow depth 

 y a trend towards more dry (arid) climatic conditions
 y catchments are becoming drier and runoff is 
decreasing  – an increase in the evaporative demand 
of the atmosphere, driven by higher temperatures and 
global radiation with limited changes in precipitation 
totals are the main drivers behind this development

 y an important role of snow in summer streamflow and 
drought occurrence in the mountainous catchments

 y an increasing number of severe drought events during 
summer in lowlands 

 y a cyclic pattern of drought events in the High Tatras 
 y delayed phenological phases and lower quality of 
grapes, caused by drought at some localities.
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