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Abstract: Based on the rainfall records from the Slovak Hydrometeorological Institute at a large number of climatic stations 
(namely, 491 stations) over a considerable span of time (33 years, from January 1981 to December 2013), a stepwise 
comprehensive drought analysis for the entire Slovakia based on the 3-month Standardized Precipitation Index, SPI, 
was carried out. The analysis comprehended the regionalization of the country regarding the temporal pattern of the 
droughts (by means of Principal Components Analysis, PCA), the characterization, from 1981 to 2013, of the 
percentage of area affected by drought and the analysis of the frequency of the droughts (based on the Kernel 
occurrence rate estimation method, KORE, coupled with bootstrap confidence bands). It also included the 
presentation of a new tool, based on minimum precipitation surfaces for drought recognition, which is particularly 
suitable to be part of an observatory and early warning systems of droughts. The study showed that is possible to 
clearly identify four non-overlapping homogenous regions in Slovakia, which are regularly affected by droughts, the 
more important ones tending to cover the whole country. It also showed that there is no evidence that the droughts 
became more frequent as most of Slovakia experienced more droughts in the past. 

Keywords: Slovakia, drought, SPI, principal component analysis, regionalization, KORE, frequency, surfaces of precipitation 
thresholds. 

1. INTRODUCTION 

Droughts, as natural phenomena, are part of Earth’s climate and occur virtually in all climatic 
zones without warning, recognizing administrative borders or political and economic differences. 
They can be perceived as prolonged and regionally extensive occurrences of below average natural 
water availability (Tallaksen & Van Lanen, 2004), either in the form of rainfall, river runoff or 
groundwater. Unlike other weather disasters, droughts start unnoticeably, develop cumulatively, 
produce cumulative impacts and by the time damages are visible, it is too late to mitigate their 
consequences. They are among the most complex and least understood natural hazards, affecting 
more people than any other one (Tallaksen & Van Lanen, 2004). They are also recurrent hazards 
particularly in areas with pronounced natural hydrological temporal variability. However, drought 
research and operational applications have been lagging behind the development in flood related 
areas. Thus, there is an urgent need to address emerging issues in drought research and management 
(KHR/CHR, 2007). 

In the past many drought indices have been developed, as useful and simple tools for drought 
detection, characterization and monitoring, with different relative advantages and drawbacks under 
different conditions, as reviewed by Mishra & Singh (2011). Among those indices, the Standardized 
Precipitation Index (SPI) is perhaps the most common one, due to its few data requirements, to the 
simplicity of its computation when compared to other indices and to its comparability because it is a 
dimensionless index (Santos et al., 2010; Bazrafshan et al., 2014; He et al., 2015). The analysis of 
the droughts based on the SPI only requires the adjustment of a given statistical distribution 
(generally the Pearson type III distribution with parameters estimated by the method of L-moments) 
to monthly rainfall series or to cumulative rainfall series in groups of months in each one of the rain 
gauges of a given monitoring network. A drought event is considered to occur in a certain 
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location/rain gauge when the SPI falls below a predetermined threshold level, defined according to 
the drought severity, from moderate to severe and to extreme drought.  

Since droughts are regional events, it is important to assess their variability and specific 
characteristics within the affected areas as well as their spatial extent and their frequency of 
occurrence. 

This paper addresses a comprehensive analysis of the droughts for the entire Slovakia based on 
the rainfall measurements from the Slovak Hydrometeorological Institute in a large number of 
climatic stations over a considerable time-span.  

As many other European countries, the fresh water related risks in Slovakia are expected to 
increase due to climate change. Among those risks, droughts are a primary concern (OECD, 2013). 
Local and regional droughts caused by long periods of relatively warm weather and small 
precipitation amounts during the growing season have been recorded in Slovakia recently, namely 
during the period 1989-2012. Droughts were particularly strong in 1990-1994, 2000, 2002, 2003, 
2007, 2009, 2011 and 2012. Under the climate changes scenarios, those extreme hydrological 
events are expected to become more frequent, intense and prolonged, especially during summer and 
autumn associated with precipitation scarcity (OECD, 2013; Ministry of the Environment of the 
Slovak Republic and the Slovak Hydrometeorological Institute, 2013; Kovats et al., 2014).  

There are a few recent studies about droughts in Slovakia although mostly focused on specific 
regions or issues rather than aiming at a comprehensive characterization of the phenomenon based 
on extensive hydrological ground data.  

Machlica et al. (2008) studied the hydrological drought in the Nitra River, located in the central 
part of Slovakia (catchment area of 4501.1 km2), based on the records from 1976 to 2005 at four 
river gauging stations. A dry year was considered to occur when its average discharge decreased 
below the long-term average. The authors concluded that the frequency of the dry year periods in 
the studied area increased since 1970. 

Oosterwijk et al. (2009), investigated the characteristics of the droughts in a small Slovakian 
basin, the Nedozery sub catchment (181 km2), located in the Upper-Nitra catchment, based on a 
semi-distributed conceptual rainfall-runoff model. A drought was considered to occur when the 
discharge decreased below the 80-percentile of the daily flow duration curve (threshold). For the 
period from 1974 to 2006 the droughts events were characterized by their annual frequency, 
duration and below threshold deficit. The study concluded that it is important to distinguish 
between winter and summer droughts. In fact, although both droughts are a consequence of above 
average temperature combined with below average precipitation, the winter droughts can 
additionally result from below average temperature because, under this circumstance, more water is 
stored as snow. In this last case, the drought obviously does not propagate into summer, because it 
ends by above average snowmelt in spring. 

One of the more comprehensive studies for Slovakia is from Šiška & Takáč (2009) which 
analyzed the drought conditions in the whole country although based on climate conditions 
generated by a general circulation model (GCM) for a given emission scenario (SRES B2). The 
droughts were assessed via a climate index, given by the difference between potential 
evapotranspiration and precipitation during the growing season for air temperatures above 10º C, 
and on evapotranspiration deficits. These authors concluded that the agricultural regions of Slovakia 
will become more sensitive to drought occurrences when compared to the climate conditions of the 
30-years period from 1960-1990. 

Faško et al. (2009), when analyzing the average deviations, for different time-spans, of annual 
and seasonal temperature and precipitation over Slovakia concluded that the change in the 
precipitation regime more than the change in the amounts of precipitation resulted in longer and 
more severe drought spells in some regions. 

Büngten el at. (2010) utilized tree-ring data from Slovakia to reconstruct regional summer 
drought variability over 1744-2006. They concluded that summer droughts were most severe in 
1794, 1850, 1904 and 1947, with decadal fluctuations being superimposed.  
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Miloš (2012) analyzed the daily discharges at 75 river gauging stations draining different types 
of catchments. In each location, a drought was considered to occur when the discharge decreased 
below the 90-percentile of the corresponding daily flow duration curve (threshold). For the 75 river 
gauging stations a dimensionless drought index was built along time, combining the below 
threshold specific discharge, the length of the deficit periods and the spatial extent of these periods. 
The drought with the highest areal extension occurred in 1947, while the longest one happened in 
1964 and persisted for almost two years. Periods of 3, 5 and 10-years were identified by 
periodograms in drought occurrence. 

Vido et al. (2015) applied the Standardized Precipitation Index at a twelve months scale, SPI12, 
to analyze the droughts in the higher altitudes of a very specific region of Slovakia with high 
biological interest, in terms of flora and fauna: the Tatra National Park. Those authors concluded 
that the drought events show a cyclic pattern of approx. 30 years and that the higher altitudes (above 
1500 m a.s.l) inhabited by unique species are less susceptible to droughts than the lower ones 
(below 900 m a.s.l). They also identified different spatial susceptibilities to drought due to 
orographic features that significantly influence the spatial distribution of the precipitation. 

Differently from the previous authors, a research was started aiming at providing a drought 
characterization for the entire Slovakia based on as much precipitation ground data as possible, by 
means of the Standardized Precipitation Index (Portela et al., 2015b,c).  

This paper presents the more relevant results thus achieved as well as the stepwise approach 
implemented, which included (i) the treatment of the monthly rainfall series (filling of the gaps), (ii) 
the computation of the 3-month SPI, and (iii) an attempt towards a drought regionalization over the 
country, by applying Principal Component Analysis (PCA). For each homogenous region the study 
proceeded with the characterization (iv) of the temporal evolution of the area under drought and (v) 
of the yearly frequency of the drought occurrence, through a new approach, the Kernel occurrence 
rate estimation method (KORE) coupled with bootstrap confidence bands. The study also included 
(vi) the establishment of surfaces of precipitation thresholds that can be used to identify the 
droughts at the early stages of their development. 

2. STUDY REGION AND PRECIPITATION DATA SET 

The drought characterization developed for the entire Slovakia utilized the monthly 
precipitations, from January 1981 to December 2013 (33 years), in the 491 rain gauges evenly 
distributed over the country schematically located in Fig.1 over a map of the mean annual 
precipitation in the country. The precipitation data in the previous rain gauges was kindly provided 
by the Slovakian Hydrometeorologocal Institute. 

 

Figure 1. Schematic location on the 491 rain gauges over a map of mean annual precipitation in Slovakia (reproduced 
from Portela et al. 2015b). 
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For the total number of months in each station (33 x 12 = 396) and regarding the number of 
stations (491), there were identified gaps in 3248 months (i.e., approximately 1.67% of the months) 
that were filled by linear regression analysis, which is a common reconstruction technique of 
hydrologic time series (Vicente-Serrano, 2006). For that purpose and for each gap in a given rain 
gauge, R1, a nearby rain gauge, R2, was identified provided that: i) R1 and R2 had at least 10 years 
of simultaneous records in the month where the gap occurred; ii) the correlation coefficient, cc, 
between the two previous simultaneous historical monthly series was the highest from all the 
possible nearest stations that verify condition i) and necessarily higher than 0.7 ( ). This 
procedure allowed filling all the gaps, except those in three months that were filled with the 
respective monthly averages. 

The mean annual precipitation map of Fig.1 was obtained by applying the IDW (Inverse 
Distance Weighting) spatial interpolation technique with exponent 2 to the mean annual 
precipitation in the 491 rain gauges that supported the study. Authors such as Szolgay et al. (2009) 
and Kohnová et al. (2010) have successfully applied the IDW technique on precipitation mapping 
for Slovakia. Only the historical series, i.e., the existing precipitation records prior to the gap filling, 
were considered to compute the mean annual precipitations. 

3. THEORETICAL FRAMEWORK 

3.1 Drought assessment: The drought index 

The choice of the drought indicator depends upon several aspects, such as the purpose of the 
study, the hydrological regime under study or the data availability. 

The droughts in the study region were assessed via one of the most popular and common drought 
indices: the SPI (Vicente-Serrano, 2006; Santos et al, 2010), developed by McKee et al. (1993). 
This index was designed to quantify the precipitation deficit at different time scales (from 1 to 24 
months), which reflect the impact of droughts on the different types of reservoirs of fresh water at 
the watershed level. Indeed, soil moisture conditions respond to precipitation anomalies on a 
relatively short scale, while streamflow, reservoir storage and groundwater reflect the longer-term 
precipitation anomalies. 

The perception of the meaning of drought and of its impacts varies significantly (Vogt & 
Somma, 2000) as, in fact, drought does not have a precise and universally accepted definition. 
According to Rossi (2003), most drought definitions refer to one or more components of the 
hydrological cycle, and to the impacts of the water shortages on ecosystems or on specific water 
users, according to the respective branch of science or activity (agriculture, socioeconomics, health, 
etc.). Nevertheless, there is a consensus regarding the following different types of drought: 
meteorological, agricultural, hydrological and the socio-economic (Wilhite & Glantz, 1985). Such 
types of drought can also be defined in straight connection with the SPI index. 

Meteorological drought, also termed climatological drought, is caused by a precipitation deficit 
over an extended period of time. This deficit may be accumulated and expressed relative to a 
climate norm and to the duration of the dry period (Lloyd-Hughes, 2002). The SPI is linked to this 
drought type when calculated at 1 to 3 months’ time scale (Hayes et al., 1999). 

The water soil deficiency is usually connected to agricultural drought and is caused by a deficit 
of fresh water relative to evapotranspiration losses. A drought exists when the water availability at 
the root-zone is insufficient to sustain crops and pasture between precipitation events (Tate & 
Gustard, 2000). For agricultural drought, Sims et al. (2002) reported a strong relationship between 
SPI over short time scales (3 to 6 months) and temporal variations of soil moisture. 

A hydrological drought results directly from reduced precipitation, which originates reduced 
surface runoff and, indirectly, from reduced groundwater discharge to the river channel. Key 
indicators are reduced river flows and low water levels in lakes and reservoirs. According to Lloyd-
Hughes (2002), hydrological droughts are the most visible and important in terms of human 
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perception. The SPI at 12 month time scale is considered a hydrological drought index, having been 
tested for monitoring surface water resources, e.g., river flows and water levels in lakes (Szalai & 
Szinell, 2000; Hayes et al., 1999). 

At longer time scales of the SPI (24 or 36 months), droughts last longer, but are less frequent. 
They are used to monitor the impact of droughts on aquifers, which are systems that respond more 
slowly to changing conditions (Changnon & Easterling, 1989). 

In the study developed only the SPI at the time scale of three months, SPI3, was considered, not 
only as an example, but mainly because at that scale it reflects short- and medium-term soil 
moisture conditions, as previously mentioned, and provides a seasonal estimation of precipitation, 
which is quite important in primary agricultural regions such as Slovakia. In fact, approximately 
half of the country is under agricultural production (FAO, 2006). While the shorter SPI time scales, 
between 3 and 6 months, may be more relevant for agricultural users, hydrologists or water 
managers may be more interested in SPI values between 12 and 24 months. For the neighbouring 
country of Hungary, Szalai & Szinell (2000) concluded that agricultural drought was best replicated 
by the SPI on a scale of 2–3 months which also supports the time scale adopted in the present study. 
Šustek & Vido (2013) also applied the SPI although to a very specific region of Slovakia – the 

High Tratas National Park – and with quite a different purpose: to analyze the interactions among 
the annual climate changes, the drought periods, the momentary state of vegetation and the 
Carabidae communities. The time scale adopted was 24 months. As previously mentioned Vido et 
al. (2015) applied the SPI12 to analyze the droughts (simply defined as precipitation shortages) of 
the Tatra National Park. 

The SPI remaps the precipitation records into a standardized probability distribution function, 
namely the standard normal distribution or unit normal distribution, so that an index of zero 
indicates the median precipitation amount, while a negative index stands for drought conditions and 
a positive one, for wet conditions. In what concerns the drought categories, values of the index 
below -1.65 represent extreme droughts, between the previous limit and -1.28, severe droughts, and 
between this last limit and -0.84, moderate droughts (Agnew, 2000).  

The computation of the SPI series followed the detailed formulation provided by Edwards & 
McKee (1997), Guttman (1998, 1999), Hayes et al. (1999), Lloyd-Hughes & Saunders (2002) and 
Vicente-Serrano (2005). The Pearson type III probability distribution function, with parameters 
estimated by the L-moments method, was applied to the series of cumulative precipitation in 
consecutive periods of 3 months (SPI3) in each rain gauge. The length of that series is 12 months x 
33 years – 2 = 394 months because the SPI3 cannot be computed for the months of November and 
December of 2013 (the two last months of the recording period). The Pearson type III distribution 
ensured the best fit due to its higher flexibility given by its three parameters. 

3.2 Identification of homogenous regions 

Droughts are regional events which make important to identify homogeneous areas more prone 
to the phenomenon and where it presents similar behaviour in terms of its main characteristics such 
as frequency of occurrence or severity. 

In the research presented herein, the identification of homogenous regions regarding the 
temporal pattern of the drought index field utilized principal component analysis (PCA), like many 
other authors have done successfully for the same purpose (e.g. Bonaccorso et al., 2003; Vicente-
Serrano et al. 2004; Santos et al. 2010; Raziei et al., 2014). According to authors such as Jolliffe 
(2002), Kahya et al. (2008a,b), Westra et al., 2007, and Singh et al. (2009), PCA can be defined as 
a technique that allows decomposing the multisite data set of a given variable (e.g., the SPI3 field) 
into univariate representations of that variable. By this way, the original intercorrelated variables 
can be reduced to a small number of new linearly uncorrelated variables that explain most of the 
total variance (Bonaccorso et al., 2003; Vicente-Serrano et al., 2004). 

There are two types of PCA used to analyze a variable (Jolliffe, 2002) which is represented both 
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in time and space. The former, named S-Mode, involves the analysis of time series corresponding to 
different space-points (correlation between the time series) which means that the variable under 
study could be considered continuous in space and time. It is a kind of application frequently used 
in climate and meteorological studies. The latter, named T-mode, is applied in order to analyze 
spatial fields in different time intervals (correlation between different fields), which means that the 
variable involved corresponds to the spatial field of the climatological variable in question. The 
process isolates subgroups of fields with a similar spatial structure. 

Some differences between the two modes could be discussed. While the S-mode may allow for 
the identification of homogeneous regions with respect to time variability, the T-mode is used to 
obtain temporal clusters of fields of a certain climate variable. T-Mode is the appropriate method if 
the goal of the analysis is to find spatial patterns and when they happen in time. In the present work 
and following the first objective of characterizing the spatial variability of the SPI, the PCA in the 
S-mode was used. 

Considering k variables in a given time period i, 1,iX , 2,iX , …, k,iX , k principle components, PCs, 
are produced for the same time period, 1,iY , 2,iY , …, k,iY , using linear combinations of the first ones, 
according to: 
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In the applications developed the variables k,iX  refer to the SPI3 series, k is equal to the number 
of rain gauges considered in the analysis (k=491) and i represents the length of SPI3 series in each 
rain gauge (i=33 x 12 -2 = 394). 

In the previous combinations the Y values or component scores (PC scores) are orthogonal and 
uncorrelated variables, such that 1,iY  explains most of the variance, 2,iY the reminiscent amount of 
variance, and so on. The coefficients of the linear combinations are called ‘loadings’ and represent 
the weights of the original variables in the PCs. 

PCs extraction can be based on variance/covariance or correlation matrix of data with  
{ k11211 a,,a,a … } being the first eigenvector and { kk2k1k a,,a,a … } the eigenvector of k order. In the 
present study the Pearson correlation matrix was considered for PCs extraction. 

Finally the amount of variance explained by the first PC is called the first eigenvalue, 1δ , the 
second is 2δ , so that k321 δδδδ ≥≥≥≥ … , since each eigenvalue represents the fraction of the total 
variance in the original data explained by each component (Bordi & Sutera, 2001). In the present 
study, the results of PCs were evaluated by analysing the eigenvalues (interpretation of the scree 
plot, Bryant & Yarnold, 1995), the correlations between PCs and the original variables (mapping of 
the factor loadings) and the percentage of the variance explained. To achieve more stable spatial 
patterns, a rotation of the principal components with the Varimax procedure was applied. This 
procedure provides a clearer division between components, since the rotation simplifies the spatial 
structure by isolating regions with similar temporal variations (Kahya et al., 2008a,b). The patterns 
defined in this way are referred as rotated principal components, RPCs.  

The extracted principle components, either unrotated, PCs, or rotated, RPCs, can be 
approximately considered representations of the same variable measured in the same units as the 
SPI3 from which they were derived, which was the assumption of the drought regionalization 
approach applied in this study. 
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3.3 Drought yearly occurrence rate  

The analysis of changes in the temporal occurrence rate of droughts attempts to answer the 
question: regardless of the severity of the drought, i.e., the precipitation deficit how has the 
distribution of the occurrence of droughts changed over time? To tackle this question, a kernel 
occurrence rate estimator (KORE) may be applied to a historical series of drought occurrences with 
the aim of estimating how the mean number of drought periods in a year, λ , changes over time, that 
is, to characterize )t(λ  (Mudelsee et al., 2003; Silva et al., 2012; Portela et al., 2014, 2015a).  

The kernel technique is a nonparametric model developed by Diggle (1985) for smoothing point 
process data, in the case of the present application, the times of occurrence of the droughts. It can be 
formulated as: 
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 is the estimated occurrence rate in each instant t, m is the number of events, K is the 
kernel function, h the bandwidth and (t-Ti) the difference between the instant t and the ith 
occurrence. In the applications carried out a Gaussian kernel was used, according to (Mudelsee et 
al., 2003, 2004):  
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The KORE analysis used the methodology detailed by Silva et al. (2012) and Portela et al. 
(2014, 2015a) applied to the RPCs obtained from the SPI3 field. To reduce the boundary estimation 
bias, pseudo data was generated before and after the observation period, by applying the 
straightforward method of reflection, covering an amplitude of three times h, before and after that 
period. To select the bandwidth, h, the Silverman’s rule of thumb (Silverman, 1986) was applied. 

The analysis focused on the occurrence of severe or worse droughts, that is, the occurrence of 
SPI3 values lower than -1.28. To account for the uncertainty of the KORE estimates, a pointwise 
90% confidence band was constructed around λ(t), by means of a bootstrap simulations (Cowling et 
al., 1996, Mudelsee, 2011, Silva et al., 2012). The Kernel occurrence rate estimation method 
coupled with bootstrap confidence band construction was first introduced into the analysis of 
climate extremes, by Mudelsee et al. (2003), with detailed description given by Mudelsee et al. 
(2004). 

3.4 Precipitation surfaces for drought recognition 

Despite the widespread use and the advantages of SPI compared with other drought indices, the 
interpretation of the values associated to SPI and drought monitoring based on those values are not 
easy to accomplish, especially because they involve standardized values that are difficult to relate 
with the precipitation from which mathematical manipulation they result. 

Therefore, an additional calculation was developed that gives the SPI values that represent 
drought thresholds back on the precipitation scale, thus facilitating an adequate interpretation of the 
meaning of such index and quite easily and reliably identifying the drought episodes (Portela at al., 
2012, 2014, 2015a,b, Santos et al., 2013). As a result, monitoring can be operationalized as can the 
subsequent actions that need to be undertaken.  

For that purpose and for all the 491 rain gauges of Fig.1, the monthly and the cumulative 
precipitation in 3 consecutive months were estimated for different values of SPI3. The previous 
estimation required the inversion of the SPI calculation procedure through the use of a set of widely 
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tested computational subroutines (Hosking, 1996) that were incorporated in an algorithm developed 
by the authors. 

4. RESULTS  

4.1 Homogenous regions. Temporal evolution of the areas affected by droughts 

The scree plot for the first ten eigenvalues resulting from the principal components analysis 
applied to the SPI3 time series is represented in Fig.2. It shows a line that stops descending and 
levels out approximately on the fourth PC, meaning that three to four principal components should 
be retained. 

 

Figure 2. First ten eigenvalues resulting from the PCA applied to the SPI computed at 3 months’ time-scale, SPI3.  

Furthermore, the analysis of the variance explained by each component, presented in Table 1, 
shows that the first four components (F1 to F4) explain about 80% of the total variance in the 
original SPI3 series. It is also clear that from factors 4 to 5, i.e., F4 to F5, only a small amount of 
variance explained is added (approximately 1%). By mapping the factor loadings, four leading 
components were also suggested, since they fully cover the study area and do not overlap, being 
representatives of the Northern, Southern, Eastern and Western regions. Based on the previous 
results, the number of components retained to rotate was the four main patterns, F1 to F4. The new 
distribution of the explained variance, which was maximized with Varimax rotation, is also 
represented in Table 1.  

Table 1. Percentage of partial and cumulative variance explained by the unrotated and rotated components of PCA, F1 
to F10, extracted from the SPI3 field. 

 

Unrotated Rotated Unrotated Rotated
F1 61.9 22.1 61.9 22.1
F2 7.6 19.7 69.5 41.8
F3 7.3 15.0 76.8 56.8
F4 3.2 23.3 80.1 80.1
F5 1.7 81.8
F6 1.3 83.1
F7 1.0 84.0
F8 0.7 84.7
F9 0.6 85.4
F10 0.6 85.9

Partial variance explained (%) Cumulative variance explained (%)
SPI3

PCA
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The four leading rotated components, RPCs (F1 to F4), of SPI3 that do not overlap are spatially 
identified in the maps of the factor loadings (correlations between the RPCs and the SPI3 data field) 
included on the left side of Fig. 3. The spatial interpolation method used to obtain those maps was 
the Inverse Distance Weighting available on ArcGIS version 10.1 
(http://www.esri.com/software/arcgis/arcgis-for-desktop).  

 
 

 
 

 
 

 
 

 
 

Figure 3. Spatial correlation maps between each RPC and the at-site SPI3 series (left) and time-dependent occurrence 
rates of severe drought of the 4 RPCs of SPI3 (right). The vertical red ticks indicate the points in time when drought 

events occurred (reproduced from Portela et al., 2015b). 

Based on the results from the PCA regionalization (Fig. 3, left side), the regions where the values 
of the correlation coefficient, R, between each rotated principal component and the at-site SPI3 time 
series were equal or higher than 0.6 were delimited, as represented in Fig. 3. For that purpose an 
area was assigned to each rain gauge, according to the Thiessen polygon method (Thiessen, 1911). 
The Thiessen polygons are also represented in Fig. 4. 

Fig. 4 shows that the regions identified according the mentioned criterion do not overlap, are 
spatially very well delimited and they do not cover only a very small part of Slovakia. From F1 to 
F4, the number of rain gauges included in each region is 132, 101, 90 and 125 respectively, which 
means that only 43 rain gauges are not included in the identified homogenous regions established 
based on the SPI3 temporal patterns.  
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Figure 4. Regions with values of the correlation coefficient between each rotated principal component and the at-site 
SPI3 series equal or higher than 0.6. Thiessen polygons for the rain gauges included in each homogenous region. 

Figs. 3 and 4 and Table 1 show that, for the SPI3 time scale, the first rotated component (F1) 
highlights an area located in the Western part of Slovakia and it explains nearly 22% of the total 
variance. The second rotated component (F2) explains an area in the Central Northern part of 
Slovakia (20% of total variance), the third (F3) in the Eastern part of the country (15% of total 
variance), and the fourth component (F4) explains an area in Central Southern part (23% of total 
variance). All the rotated components relate mostly positive with the original SPI3 series.  

The four rotated components mean that the variation measured by the SPI3 among the 
drought/wet conditions across the entire study region at that time scale can be explained adequately 
by four components, rather than 491 rain gauges, which means a clear dimensionality reduction of 
the SPI3 field. 

Table 2 shows the mean annual rainfall in each one of the regions of Fig. 3 obtained by applying 
the Thiessen polygon method (Thiessen, 1911) to the mean annual rainfalls in the rain gauges 
included in the same.  

Table 2. Mean annual rainfall in each one of the regions of Fig. 4 (from F1 to F4). 

 

It is clear the agreement between the values of Table 2 and the map of the mean annual rainfall 
of Fig. 1. Those values also show that, except for the central northern region of Slovakia, which is 
slightly wetter, there is a considerable spatial uniformity in the mean annual rainfall in the other 
three regions, also as denoted by Fig. 1. 

For each one of the regions of Fig. 4, the areas affected by moderate (-1.28<SPI3<-0.84), severe 
(-1.65<SPI3<-1.28), and extreme drought (SPI3<-1.65), according to the SPI categories previously 
mentioned (Agnew, 2000), were identified also based on the Thiessen polygons for the rain gauges 
included in the region. The area of the region attributed to each drought category was given by the 
cumulative areas of the Thiessen polygons where the values of SPI3 were within the limits that 
define that category.  

The results achieved are presented in Fig. 5. It should be noted that each value of the weighted 

	

 

 
 

 

	

Mean annual rainfall
(mm)

F1 611
F2 864
F3 710
F4 689

Region



European Water 51 (2015)   25 

 

SPI was assigned to the first month of the three months’ period to which it relates. For each region 
of Fig. 4, two temporal diagrams are presented in Fig. 5 in order to facilitate the reading: the first 
one, from January/1981 (first SPI3 values, from January to March/1998) until May/1997 and the 
second one, from June/1997 until October/2013 (last SPI3 values, from October to 
December/2013). 

In general terms, Fig. 5 shows that drought events identified based on the SPI3 occurred 
regularly in Slovakia along the study period (1981- 2013) and that the more important droughts tend 
to affect the whole country, eventually with different severities.  

Two important drought events occurred simultaneously in all four regions, from F1 to F4. In the 
beginning of 1982 a generalized extreme drought started (black bars that stand for extreme drought 
representing 20% of the area in F3 to almost 90% in F1 and F4) with duration of approximately 
three months. In April 2011, with the same duration, another extreme drought began, covering, in 
average, 85 % of the regions F1 to F4, which makes it the more intense drought episode.  

In all regions there seems to occur a period – from 2004 until to 2010 – with less severe/extreme 
droughts or even with less drought events. It also looks as if the droughts were more frequent in the 
first half of the analyzed period, which obviously requires further confirmation. 

4.2 Annual occurrence rate of the droughts 

The results from the KORE frequency estimator applied to each one of the first four RPCs time 
series (F1 to F4) are also presented in Fig. 3, namely in the diagrams included at the right side of the 
figure. As mentioned, only severe or worse droughts, represented by SPI3 values lower than -1.28, 
were considered in the KORE analysis. In the diagrams the vertical red ticks indicate the points in 
time when drought events occurred. 

The diagrams show that the different regions denote different frequencies of occurrence of 
severe droughts although with some similarity between Western and Central North regions, in one 
hand, and between Eastern and Central South regions, in the other hand. 

In fact, the western half of Slovakia experienced an increase in the drought occurrences from 
about 2002 on. Such increase is much more pronounced in the Central North region, where the 
highest rate of annual droughts occurs at the end of the analyzed period, than in the Western region, 
where the highest rate of droughts was achieved around 1994, being slightly higher than the rates 
towards the present. In the eastern part of Slovakia the drought frequency seems to be decreasing 
towards the present or, at least, it is not as high as it was in the past. Except for Central Northern 
region, all the other regions experienced more frequent droughts in the past, which somehow 
disagrees with the expected effect of the climate change. 

 

Figure 5. Temporal evolution of the percentage of area affected by droughts with different severities (SPI3 series). Four 
main components of PCA (F1 to F4).  
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Figure 5 (cont.). Temporal evolution of the percentage of area affected by droughts with different severities (SPI3 
series). Four main components of PCA (F1 to F4).  

4.3 Precipitation surfaces for drought recognition 

Fig. 6 exemplifies the precipitation surfaces that can be obtained by inverting the SPI for a given 
drought category and at a given time scale in each one of the 491 rain gauges that supported the 
study (Fig.1). In the case of the figure the drought category considered was severe and the time 
scale adopted was 3 months (SPI3=-1.28). Accordingly each map shows the spatial distribution of 
the cumulative precipitation in periods of three consecutive months. 

If the precipitation registered in a given location and 3-months period falls below the value given 
by the map for that location and period, then a severe drought is occurring. Therefore, each map 
represents the surface of the minimum 3-months precipitation below which a severe drought 
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episode is recognized – surfaces cumulative precipitation thresholds for recognition of severe 
droughts.  

 

Figure 6. Inversion of SPI3=-1.28. Precipitation in 3 consecutive months (identified in each map) corresponding to the 
severe drought threshold. 

The precipitation surfaces were achieved by applying the IDW (Inverse Distance Weighting) 
spatial interpolation technique with exponent two to the precipitation thresholds obtained at the 491 
rain gauges. The schematic localization of the gauges was also included in Fig. 6. 

The figure shows that the spatial patterns of the threshold precipitations are poorly differentiated 
across the maps. However, the smooth transition between successive maps is easily understandable 
because each two consecutive maps always include a common period of analysis of two months. 

It is interesting to note that the greater water availability suggested by Fig.1 for the Central North 
Slovakia results in slightly higher precipitation thresholds for that region. This is a consequence of 
the drought index utilized that recognizes a drought not by the reduced values of the precipitation 
themselves but by the deviations of the precipitation from average conditions. Accordingly, the 
precipitation thresholds for drought recognition are higher in regions with more water availability. 

Figures like the one exemplified can be obtained for other time scales and drought categories. By 
comparing the registered precipitation in a given location and period with the precipitation 
thresholds for the same location, either for that period or for a wider one, obtained by including 
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following months, it is possible to conclude not only if a drought is occurring in that location but 
also how much it should rain in the next month/months in order to avoid drought conditions. By 
assigning probabilities to these amounts of rain it is possible to estimate the probabilities of 
recovering from a drought in the next n months. Based on this information different decisions can 
be taken regarding the exploitation, for example, of water supply systems. 

5. CONCLUSIONS 

This paper presents a comprehensive characterization of the droughts for the entire Slovakia by 
using the Standardized precipitation Index, SPI, computed based on a monthly precipitation dataset 
over a time-span of 33 years (from January 1981 to December 2013) at 491 rain gauges covering 
the entire country. Taking into account the relevance of agricultural in Slovakia, the time scale of 
three months, SPI3, was adopted to exemplify the results. 

The regionalization analysis based on Principal Component Analysis (PCA) applied to the SPI3 
field resulted in the identification of four non-overlapping regions, homogeneous in terms of the 
temporal patterns of the drought events: Eastern, Central Northern, Central Southern and Western 
Slovakia. Before analyzing the annual frequency of the droughts events in each one of the previous 
regions, a characterization of the evolution, along the study period (1981- 2013), of the percentage 
of area affected by droughts with different severities was done. It showed that drought events 
occurred regularly in Slovakia and that the more important droughts tend to affect the whole 
country, eventually with different severities, as it happened in the beginning of 1982 and especially 
in April 2011. 

For each one of the four homogeneous regions, a characterization of the temporal frequency of 
the droughts was done based on a smoothing technique for point process data, the kernel occurrence 
rate estimator (KORE) applied to the time of occurrence of the droughts. This analysis showed that, 
except for Central Northern region, all the other regions experienced more frequent droughts in the 
past, somehow disagreeing with the expected effect of the climate change.  

A new application of the SPI is proposed by means of surfaces of precipitation thresholds aiming 
at recognizing the drought occurrences in the early stages of their development and to understand 
the probability of recovering from droughts thus contributing to the sustainable management of the 
water resources, especially when based on artificial reservoirs. The precipitation surfaces are 
particularly suitable to be part of an observatory and an early warning system on droughts. 

The results achieved can provide guidance for drought risk assessment in Slovakia, as well as 
support information to improve water resources management, especially in the agricultural 
production sector  

However additional studies are still required, namely by considering other time scales for the SPI 
and eventually the application of other drought indices. Also, the search for possible relationships 
between the drought events and teleconnection indices is a very timely and demanding open 
subject. 
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