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Abstract: Climate change causes an increase in the frequency and severity of weather extremes. One of
the most relevant severe and damaging phenomena in Europe is drought. However, a difference
in the spatial frequency of the occurrence and drought trends is evident between southern and
northern Europe. Central Europe and particularly the West Carpathian region form a transitional zone,
and drought patterns are complicated because of the geomorphologically complicated landscape.
Since almost half of the Slovak state territory is represented by such natural landscape, it is necessary
to investigate regional drought specifics. Therefore, we decided to analyze drought occurrence and
trends using the SPI (Standardised Precipitation Index) and the SPEI (Standardised Precipitation
Evapotranspiration Index) at available climatological stations of the Slovak Hydrometeorological
Institute (SHMI) in the upper Hron region within the 1984–2014 period. We found that (1) drought
incidence decreased with increasing altitude, (2) increasing air temperature increased the difference in
drought trends between lowlands and mountains during the studied period, and (3) abrupt changes
in time series of drought indices, that could indicate some signals of changing atmospheric circulation
patterns, were not revealed. Finally, we constructed a simplified map of drought risk as an explanation
resource for local decision-makers.
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1. Introduction

Ongoing climate change causes an increase in weather extremes, especially droughts and floods [1–4].
There are rising trends in forest and wildfires in southern Europe [5], more frequent occurrence of
extreme flood and storm situations in northwestern Europe [6], and droughts in central and South
Europe [6,7]. In the context of drought [6,8,9] argue that there is an evident difference between drought
trends in southern and northern Europe. While southern Europe is experiencing an increasing incidence
of extreme drought episodes, the trend is the opposite in northern Europe. Following this statement,
Alfieri [10] argued that, based on climate change scenarios, the difference between rainfall trends and,
therefore, drought frequency between northern Europe and southern Europe will continue to grow.
The primary driver of worsening drought trends and their frequency in southern Europe is rising air
temperature due to climate change (and therefore evapotranspiration) [10–12]. Stagge et al. [6] analyzed
the influence of precipitation and air temperature on the spatial patterns of drought occurrence in
Europe. They found that droughts are less frequent in northern Europe due to higher rainfall, while in
the south, droughts are more frequent and extreme due to higher air temperatures and less rainfall.

Although primary driving factors of drought are usually well understood and discussed on
continental scales, the situation could be more complicated on a regional and sub-regional scale [13].
For instance, Vido et al. [14] reported increasing drought frequency in the Podunajská nížina valley in
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Slovakia between 1966 and 2013. However, Škvarenina et al. [15] found the opposite drought trend
based on meteorological stations located only 60 km away. The reason for this is the complicated
geomorphological structure of Slovakia, where the mountains of the western Carpathians with
numerous geological depressions—the Inner Carpathian valleys—meet the Pannonian Plain in the
south [16]. That creates specific climatic conditions that are invisible on the continental scale, but cause
significant local differences in precipitation and air temperature regimes on a regional scale [15–21].
Historically, Zlatnik [22] stated significant climatic differences in Slovakia and also formulated the
so-called “climatic line of Slovakia” based on biogeographical observations. The line divided the
area of Slovakia into two areas (North and South). The area to the north of this line was determined
as relatively wetter and colder (influence of the Baltic Sea climate) than the southern one, which is
drier and warmer due to the influence of the Pannonian climate [13,17]. Nevertheless, the study of
Vilček et al. [23] on the thermal continentality of Slovakia suggested that this distinction of climatic
zones was more strongly related to the concentration of high mountains in northern Slovakia than to
the direct influence of the sea or continental climate. Also, Zeleňáková [24] highlighted the significant
effect of altitude on rainfall totals in Slovakia. That implies that altitude is a significant driver of climatic
conditions in Slovakia that influence drought occurrence. That was previously implied by [13,17].

In such a heterogeneous geographical region exist relevant assumptions of climate change’s
specific influence on drought evolution and occurrence. That was implied by [24] and historically [25]
in the context of the spatial and temporal precipitation distribution over Slovakia.

However, more detailed research of drought trends and occurrence on the scale of the inner
Carpathian basins and valleys, which are typical of almost half of Slovakia’s territory, has not yet been
carried out.

Therefore, we decided to analyze drought occurrence and trends using the SPI (Standardised
Precipitation Index) and the SPEI (Standardised Precipitation Evapotranspiration Index) at available
climatological stations of the Slovak Hydrometeorological Institute (SHMI) in the upper Hron region
that corresponds with the Upper Hron river basin (partial basin of the Hron river) within the period
1984–2014. The region is a typical representative of the inner Carpathian basins and valleys [16].
To achieve the goal, we formulated the following particular aims:

1. Find out the trends of SPI and SPEI along the studied area’s altitudinal gradient.
2. Detect possible abrupt changes in temporal trends of the SPI and SPEI.
3. Analyze the trends of the above indices in individual months.
4. Try to spatially identify drought-prone areas based on the SPI and SPEI time series’

temporal evolution.

2. Materials and Methods

2.1. Study Area

The Upper Hron region corresponds to the Upper Hron river basin located in central Slovakia.
The river basin studied in the presented paper is a partial basin of the river Hron (Gravelius’ stream
order “2”). The Upper Hron river source (also the source of the whole river Hron) is located beneath
the Král’ová Hol’a peak in Low Tatra Mts. near the village Telgárt in the East of the basin. The altitude
of the river source is 980 m a.s.l. (metres above sea level). The outlet is located on the West of the
basin near Zvolen city at an altitude of 273 m a.s.l. Generally, the river basin has an East–West
elongated shape. Principal tributaries of the river are the Slatina river (left tributary), Starohorský creek
(right tributary), Čierny Hron river (left tributary), and Rohožná river (left tributary). Our partial basin
area is 2846.9 km2, which represents 52% of the whole Hron river basin (5453 km2). The mainstream
(Hron river) is 128 km long in the upper Hron river basin (river km 150–278).

The river basin is surrounded by Nízke Tatry Mts., Starohorské vrchy Mts., and Vel’ká Fatra Mts.
to the North, Kremnické vrchy Mts. to the West, Štiavnické vrchy Mts and Javorie Mts to the South,
and Veporské vrchy Mts. and Spišško-Gemerský karst Mts. to the South-East (Figure 1). In the center
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of the basin is a well-preserved caldera of the Neogenic stratovolcano—Pol’ana Mts. The highest point
of the river basin is Ďumbier peak (2025 m a.s.l.) located in the North of the Nízke Tatra Mountains.
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Figure 1. The river basin of the Upper Hron river and its localization within Slovakia and Europe.

The studied partial river basin is a highly forested area. Of 2846.9 km2 of the area, 1847 km2 is
forested (65%). Forests are located mainly in surrounding mountainous areas and the central part of
the basin around Pol’ana and Veporské vrchy Mts.

2.2. Climate of the Area

The climate conditions of the studied area differ due to its terrain variability. In general, we can
divide the climatic conditions into the climate of intra-Carpathian basins and valleys and the mountain
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climate. Further climatic characteristics were adopted from the Climate Atlas of the Slovak Republic [26]
based on the reference period 1961–2010. The basin and valley climate is divided into a warm, slightly
humid climate with a mild winter (Zvolenská kotlina valley—southwest of the area) and a slightly
warm, humid, highland climate (high basins in the north-east of the area). The mountain areas vary
between a cold mountain climate (Nízke Tatry Mountains and Vel’ká Fatra Mts.) to moderately cold
(other mountains in the studied area). The mean annual temperature in the area ranges from −0.5 ◦C in
the area of the highest mountains (Nízke Tatry Mountains—north of the area) to +8.5 ◦C in the Zvolenská
kotlina valley (southwest of the area). The July (the hottest month) average temperature ranges from
+8.2 ◦C at the highest mountain (Nízke Tatry Mountains—the north) to +18.8 ◦C in the Zvolenská
kotlina valley (southwest of the area). The coldest month (January) mean temperature varies between
−2.8 ◦C in the Zvolenská kotlina valley to −8.2 ◦C in Nízke Tatry Mountains. The highest average
annual precipitation totals are recorded in the highest mountain areas of Nízke Tatry Mountains
(1209 mm), and the lowest in the Zvolenská kotlina valley (southwest), with total rainfall up to
630 mm [27].

2.3. Climate Data

To achieve the goals of the study, we used climatological data, monthly mean air temperature [◦C],
and monthly precipitation totals [mm] from six climatological stations situated within the selected river
basin of the Upper Hron river (Table 1). Our study period was 1984–2014. In Table 1 are also calculated
monthly means of air temperature as well as monthly means of precipitation totals. The localization
of the stations used is depicted in Figure 1. Data used in our investigation were obtained from the
Slovak Hydrometeorological Institute (SHMI). According to the World Meteorological Organization’s
internal and international standards, preliminary data processes (i.e., quality checking, homogenization,
and preparation for the end-user) were carried out by the Slovak Hydrometeorological Institute [28].
Climatological stations are spatially well distributed within the study area and along the altitudinal
gradient (range from 313 m a.s.l. to 1018 m a.s.l.).

Table 1. Climatological stations of the Slovak Hydrometeorological Institute (SHMI) used in the study
with mean monthly air temperature and precipitation totals based on the period 1984–2014.

Station Name Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Sliač
WMO index 11903; Altitude 313 m a.s.l.; Latitude [ϕ] 48◦38′33”; Longitude [λ] 19◦08′31”

Precipitation [mm] 44.7 41.6 42.5 47.7 65.2 83.5 72.6 67.5 54.7 54.0 63.8 56.0
Temperature [◦C] −3.3 −1.2 3.3 9.1 14.0 17.2 18.9 18.1 13.7 8.6 3.4 −1.9

Vígl’aš- WMO index 11904; Altitude 368 m a.s.l.; Latitude [ϕ] 48◦32′39”; Longitude [λ] 19◦19′19”

Pstruša
Precipitation [mm] 31.5 30.9 31.6 46.1 70.1 85.4 73.1 62.1 50.8 47.3 53.6 44.2
Temperature [◦C] −3.4 −1.2 3.2 8.7 13.5 16.5 18.1 17.6 13.4 8.3 3.3 −1.9

Banská WMO index 11898; Altitude 427 m a.s.l.; Latitude [ϕ] 48◦44′01”; Longitude [λ] 19◦07′01”

Bystrica Precipitation [mm] 55.9 51.4 52.4 55.9 82.1 89.3 81.4 71.0 62.2 66.0 80.4 71.1
Temperature [◦C] −2.5 −0.6 3.3 9.1 13.8 16.8 18.4 17.8 13.5 8.6 3.6 −1.3

Brezno
WMO index 11917; Altitude 487 m a.s.l.; Latitude [ϕ] 48◦48′06”; Longitude [λ] 19◦38′14”

Precipitation [mm] 41.7 39.6 45.3 51.4 88.4 98.7 96.1 81.0 59.5 56.8 56.5 50.1
Temperature [◦C] −3.7 −2.0 2.3 8.3 13.3 16.4 18.2 17.3 12.6 7.7 2.7 −2.5

Telgárt
WMO index 11938; Altitude 901 m a.s.l.; Latitude [ϕ] 48◦50′55”; Longitude [λ] 20◦11′21”

Precipitation [mm] 33.6 40.6 41.9 63.1 113 121 92.6 87.1 60.6 63.3 70.7 42.2
Temperature [◦C] −5.3 −4.0 −0.5 4.5 9.6 12.6 14.3 13.6 10.2 5.7 0.3 −4.0

Lom
nad WMO index 11910; Altitude 1018 m a.s.l.; Latitude [ϕ] 48◦39′38”; Longitude [λ] 19◦39′57”

Rimavicou
Precipitation [mm] 48.7 56.4 51.8 64.2 100 124 99.5 96.4 64.6 74.8 87.2 66.8
Temperature [◦C] −5.4 −4.1 −0.6 4.3 9.7 12.6 14.5 13.9 10.3 5.6 0.3 −4.0
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2.4. Drought Indices

We used two widely used drought indices to achieve the goals of the paper; Standardized
Precipitation Index (SPI) and Standardized Precipitation Evapotranspiration Index (SPEI). The reason
was to investigate how drought patterns differ, assuming the influence only of precipitation (SPI) and
the balance between precipitation and evapotranspiration (SPEI). For our purpose, we used two time
scales of the indices; SPI and SPEI for one month and SPI and SPEI for twelve months. Our selection is
based on a previous investigation pointing out that the one-month scale refers to short-term drought
fluctuations (meteorological drought) [27,28]. In contrast, the indices for the 12-month scale are used
when assessing long-term (cumulated) drought episodes with a severe impact on ecosystems and the
socio-economic structure [12,29–31].

These indices, SPEI and SPI, for one and twelve months were therefore used to show long-term
trends within the studied period.

However, for drought trend investigation in individual months within the studied period, SPI and
SPEI for only one month (which are not cumulative compared to 12-month indices) were used.

2.4.1. Standardised Precipitation Index (SPI)

The Standardized Precipitation Index [32] is a drought index calculated based on the probability
of the occurrence of a certain amount of precipitation in a given period. The calculation requires a
long-term monthly precipitation database with 30 years or more of data. The probability distribution
function is derived from the long-term record by fitting a gamma function to the data. The cumulative
distribution is then transformed using equal probability to a normal distribution with a mean of zero and
a standard deviation of one, so the SPI values are really in standard deviations [33]. Full mathematical
descriptions of the principles and calculation of the SPI are given in [33]. Positive SPI values indicate
greater than median precipitation, while negative SPI values indicate less than median precipitation.
The magnitude of departure from zero represents the probability of occurrence so that decisions can be
made based on this SPI value. Thus, SPI values of less than −1.0 occur 16 times in 100 years, SPI of
less than −2.0 occurs two to three times in 100 years, and an SPI of less than −3.0 occurs once in
approximately 200 years. The SPI can be calculated for a variety of time scales. This feature allows the
SPI to monitor short-term water supplies (such as soil moisture) and longer-term water resources such
as groundwater supplies or lake levels [34]. Cumulated SPI values may be therefore used to analyze
drought severity. The principle of this accumulation is that if we have sequences of monthly sums
of precipitation and we want to calculate the SPI values for, e.g., three-month periods (SPI for three
months), then the first element of a new sequence is the sum of the first three months, the second
element is formed by summing precipitation in the 2nd, 3rd, and 4th months, and the next is a sum of
the 3rd, 4th, and 5th months, and so on [35]. The same logic applies for all time scales. The SPI for a
specific month is then calculated from this new time series as follows:

SPI =
xi − x
σ

(1)

where xi is the precipitation of the selected period during the year i, x is the long-term mean precipitation,
and σ is the standard deviation for the selected period [36].

2.4.2. Standardised Precipitation Evapotranspiration Index (SPEI)

The principle of the SPEI calculation is based on the standardized precipitation index (SPI) [32],
which evaluates the deviations of precipitation from the long-term normal at different time scales
(usually from 1 to 24 months). The SPI has long been used for drought monitoring in several countries
in the world [37]. One of the SPI limitations is that it does not include the passive components of
the hydrological regime (i.e., evapotranspiration). Vicente-Serrano et al. [38] used both precipitation
and potential evapotranspiration (PET) to generate the SPEI values that include the deviation of the
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whole climatic balance (P-PET) from the normal (i.e., positive values represent a positive balance
and vice versa). Following the methodology of Vicente-Serrano et al. [38], a drought episode starts
(similar to SPI methodology) when a negative value of the index appears and lasts until the first
positive value. However, the index must reach or exceed −1 for at least one month during the specific
episode. The calculation of the potential evapotranspiration in SPEI is based on the equation of
Thornthwaite [39]. Calculation of SPEI requires a time series of at least thirty years of monthly average
air temperatures and monthly precipitation totals from each station.

2.5. Trend Analyses

We applied two non-parametric methods for trend analyses:

(i) Mann–Kendall trend test (MK) and
(ii) Cumulative sum of Rank Difference test (CRD).

The Mann–Kendall test [40] is a standard non-parametric test for trend detection [41]. However,
as stated by Onyutha [42], the Mann-Kendall test is a purely statistical method, so there are no detailed
insights about the specifics of the studied trends. We adopted the CRD test due to the need to detect
abrupt changes in the temporal trend of the SPIs and SPEIs. This need arose because some authors
implied that significantly changed patterns of atmospheric circulation occurred in the late eighties
and early nineties, which influenced rain patterns over central Europe [39,40]. Therefore, we used
this relatively new method to analyze whether some abrupt changes in the time series of the SPIs and
SPEIs were evident.

This method combines both statistical and graphical approaches in trend analyses. A detailed
description of the method and computation procedures is presented by Onyutha [42].

The combination of the CRD test with the MK test can bring deep insights into trend behaviour
(i.e., cyclical anomalies and abrupt changes in trends).

In our case, we used CRD plots of the SPIs and SPEIs. Computation of the CRD was carried out
using the CRD-NAIM_v.3 tool, which was downloaded together with its user manual via the link:
https://sites.google.com/site/conyutha/tools-to-download (accessed on 31 July 2020).

Since the computations were based on monthly scale, CRD parameters in the tool were as follows:

• significance level set to 5%
• time scale representing a moving average of 60 (60 months = 5 years)
• the initial block set to 10
• number of Monte Carlo runs for resampling set to 1000 (default setting)

The MK test was used as a general indicator of a trend toward aridity or humidity; CRD graphical
outputs were used as an additional indicator of changes in trend directions throughout the studied
period. For the MK test, the significance level default was set to α = 0.05.

For trend analyses aimed at investigating trends in particular months within the studied period,
only the MK test was used.

2.6. Spatial Identification of the Drought-Prone Area

To spatially identify potential drought-prone areas, we used station-based analyses of the SPI and
SPEI for twelve months. The reason was to identify areas that have a higher potential to be endangered
by severe droughts.

The QGIS geographical information system (release 3.12.1, Bucuresti) was used. The spatial
delimitation of drought-prone areas was limited by the altitude corresponding to the climatological
station’s altitude, which showed a significant trend (towards wetter conditions) of both analyzed
drought indices (SPI and SPEI). This process was carried out using the Raster Calculator of the
QGIS, set to delimit the area with altitudes corresponding to altitudes equal to and higher than the

https://sites.google.com/site/conyutha/tools-to-download
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specific climatological station altitude (stations with a prevailing number of significant trends toward
wetter conditions).

3. Results

3.1. Trends of SPI and SPEI within the Period 1984–2014

3.1.1. Trends of the SPI within the Studied Period

Trend analyses of the SPI for one month showed no significant and very slight trends (R2 between
0.0013 to 0.0018) toward wetter conditions for four climatological stations situated at low altitudes
(Sliač, Vígl’aš-Pstruša, Banská Bystrica, and Brezno) (Figure 2a–d). Exceptions were the two highest
stations, which recorded a significantly increasing trend toward wetter conditions (Telgárt and Lom
nad Rimavicou) (Figure 2e,f and Table 2).

However, these two trends had a slight slope (R2 = 0.0129 and 0.0106). The alternation of drought
episodes with wetter (precipitation-rich) periods was relatively regular and frequent throughout the
study period. However, the last five years in the time series (2009–2014) are an exception. During
this period, drought episodes and wet episodes lasted relatively longer than usual. The secondary
relatively wetter episode was recorded between the years 1994–1996.

These facts are much more pronounced based on the twelve-month SPI (Figure 3). Based on the
twelve-month SPI, the dry and long-lasting drought period of 1985–1993 becomes evident. This drought
period is evident for all studied stations, but interestingly most pronounced for the highest station
Lom nad Rimavicou situated in the southeast of the studied region.

Because the twelve-month index shows accumulated precipitation patterns, drought and wet
episodes were much more pronounced. This feature has an influence on the trend slope and its
significance. All stations showed a significantly rising trend towards wetter conditions when applying
SPI for twelve months (Table 2 and Figure 3).

Considering altitude as a climatic driving factor (as mentioned in the introduction of the article),
we see that with increasing altitude a decreased number of drought episodes during the studied period.
On the other hand, it is interesting that the highest located station Lom nad Rimavicou (Figure 3f)
recorded less pronounced wet episodes (maximum magnitude of the SPI for 12 months was +1)
between the years 1994–2000 compared to stations located at lower altitudes (Figure 3a–e).

Table 2. Trend indicators of time series 1984–2014 for studied stations.

Station Name SPI 1m SPI 12m SPEI 1m SPEI 12m

Sliač – N – –
p-value 0.249 0.000 0.989 0.71

Vígl’aš-Pstruša – N – –
p-value 0.145 <0.0001 0.946 0.862

Banská Bystrica – N – –
p-value 0.109 <0.0001 0.752 0.083
Brezno – N – –
p-value 0.183 <0.0001 0.823 0.217
Telgárt N N – N
p-value 0.021 <0.0001 0.161 <0.0001

Lom nad
Rimavicou N N – N

p-value 0.023 <0.0001 0.198 <0.0001

N Significant rising trend toward wetter conditions (significance level α = 0.05), – No trend recorded.
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climatological station Sliač, (b) station Vígl’aš-Pstruša, (c) station Banská Bystrica, (d) station Brezno,
(e) station Telgárt, (f) station Lom nad Rimavicou. The dashed line represents the linear trend line.
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(e) station Telgárt, (f) station Lom nad Rimavicou. The dashed line represents the linear trend line.

3.1.2. Trends of the SPEI within the Studied Period

Previous results have taken into account only precipitation (SPIs). However, in drought analyses,
it is necessary to also take into account evapotranspiration (mainly driven by air temperature) to see
the complex influence of these parameters on temporal trend evolution due to climate change involved
in temperature increases. Therefore, we also analyzed the time series and linear trends of the SPEI for
one and SPEI for twelve months.

It is evident that by incorporating evapotranspiration, the previously detected severe and
long-lasting drought episodes in the late eighties and early nineties and drought episodes of 2003,
2007–2009, and 2011–2012 were more pronounced.

Based on trend analyses of the SPEIs for one month (Figure 4), no trends were recorded within
the studied period. Slight insignificant humid trends were recorded for the highest located stations,
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Telgárt and Lom nad Rimavicou (both stations R2 = 0.0044) (Figure 4e,f). However, in comparison to
the SPI for one month, it is evident that air temperature (evapotranspiration) influenced the flattening
of all the trends (Table 2). SPEI for 12 months highlighted these trends (Figure 5). SPEI for 12 months
showed a significant trend toward wetter conditions for the two highest stations, Telgárt and Lom
nad Rimavicou (R2 = 0.0562 and 0.0453) (Table 2 and Figure 5e,f). Nevertheless, for the remaining
stations, SPEIs for twelve months showed no trend except for Banská Bystrica (Figure 5c). However,
the MK test revealed its trend as insignificant (Table 2). Thus, comparing the SPI and SPEI analysis
results, we can state that evapotranspiration (driven by air temperature) has changed the temporal
evolution of the drought trends (Table 2). When we compare SPI and SPEI, it is evident that the driver
of the divergent drought trend evolution is a continuous rising of air temperature. However, at higher
altitudes, in comparison to lower altitudes, we observe lower influence of rising temperature on
evapotranspiration, and therefore, the trends of the SPI and SPEI remain unchanged at higher altitudes.Water 2020, 12, x FOR PEER REVIEW 11 of 21 
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(e) station Telgárt, (f) station Lom nad Rimavicou. The dashed line represents the linear trend line.
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refers to climatological station Sliač, (b) station Vígl’aš-Pstruša, (c) station Banská Bystrica, (d) station
Brezno, (e) station Telgárt, (f) station Lom nad Rimavicou. The dashed line represents the linear
trend line.

3.2. Detection of Abrupt Changes in Temporal Trends of SPI and SPEI within the Period 1984–2014

CRD plots constructed to detect abrupt changes and possible sub-trends in time series within
the studied period confirmed the general trends of the SPI’s temporal evolution. No abrupt changes
in general rising trends of SPI for one and twelve months were detected within the studied period
(Figure 6). However, the CRD plot of SPI for one month at the lowest station Sliač (Figure 6a) implies
that trend direction toward wetter conditions is almost indistinct. This result also corresponds with
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an insignificant MK test and low R2 (0.0003) for this station mentioned in the previous Section 3.1.2.
That, however, applies only to SPI for one month. When assessing SPI for 12 months, the CRD plot
for all the stations showed a positive trend direction (Figure 6 right), which implies that no abrupt
change in the rain regime was observed in the studied period, and we see increasing (even though
insignificant) or no changing trend in precipitation within the studied period.
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Figure 6. CRD plot of the SPI for one month (left) and twelve months (right) within the studied period
1984–2014. Letter (a) refers to climatological station Sliač, (b) station Vígl’aš-Pstruša, (c) station Banská
Bystrica, (d) station Brezno, (e) station Telgárt, (f) station Lom nad Rimavicou. The red arrow indicates
a positive trend direction.

However, CRD plots constructed for calculated SPEIs for one and twelve months showed how air
temperature (evapotranspiration) influences the trend direction (Figure 7). As stated in Section 3.1.2,
SPEI indicates that rising temperature during the studied period also changed drought trends from
humid to indistinct trends (except for the highest meteorological stations that retained humid trends).
CRD plots also confirmed this previous result. Although abrupt changes in time series were not
detected similarly as by CRD for SPIs, CRD for SPEIs recorded pronounced indistinct trends for all
stations with the exception of the two highest meteorological stations (Telgárt and Lom nad Rimavicou)
where clear trends toward wetter conditions were retained (positive trend directions). This result
showed that abrupt changes during the studied period were not observed, but rising temperatures
significantly influenced the slope of the SPEI trends compared to SPI. This finding, therefore, supports
the results described in Section 3.1.
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Figure 7. CRD plot of the SPEI for one month (left) and twelve months (right) within the studied
period 1984–2014. Letter (a) refers to climatological station Sliač, (b) station Vígl’aš-Pstruša, (c) station
Banská Bystrica, (d) station Brezno, (e) station Telgárt, (f) station Lom nad Rimavicou. The red arrow
indicates a positive trend direction.

3.3. Trend Analyses of SPI and SPEI for Individual Months in the Period 1984–2014

Trend analyses of the SPIs and SPEIs showed significant (tested by the MK test) rising trends
toward wetter conditions in July. Only at stations Sliač and Brezno were these trends insignificant.
The second most frequent occurrence of significant trends toward wetter conditions was recorded
in January.

The remaining monthly trends at all the stations were insignificant. Interesting trends, although
insignificant, were recorded in April and May. All the stations recorded decreasing trends toward drier
conditions based on both indices (SPI and SPEI). In December, all stations recorded an increasing trend
toward wetter conditions, but these trends were insignificant. An interesting summary fact is that
significant trends (July and January) were recorded along the whole altitudinal gradient. The summary
of the trend analyses is presented in Table 3.
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Table 3. Trend indicators of time series 1984–2014 for individual months at the studied stations.

SPI (Standardised Precipitation Index)

Station Name Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Sliač N – – H H N N – H – H N

p-value 0.083 0.773 0.946 0.812 0.341 0.333 0.011 0.812 0.760 0.986 0.658 0.496
Vígl’aš-Pstruša N N – H H – N – – N – N

p-value 0.074 0.234 0.932 0.227 0.454 0.865 0.006 0.671 0.812 0.386 0.367 0.395
Banská
Bystrica N N N H H – N – – – H N

p-value 0.004 0.683 0.518 0.529 0.292 0.540 0.004 0.671 1.000 0.878 0.734 0.465
Brezno N – – H H – N N – N H N
p-value 0.043 1.000 0.946 0.276 0.529 0.905 0.025 0.598 1.000 0.646 0.598 0.367
Telgárt N – – H H N N N N N – N
p-value 0.110 0.799 0.812 0.434 0.405 0.118 0.004 0.359 0.825 0.367 0.852 0.385

Lom nad
Rimavicou N N N H H – N – N N – N

p-value 0.036 0.773 0.308 0.496 0.316 1.000 0.024 0.878 0.734 0.563 1.000 0.316
SPEI (Standardised Precipitation Evapotranspiration Index)

Station Name Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Sliač N – – H H N N H H – H N
p-value 0.096 0.919 0.812 0.234 0.292 0.892 0.069 0.465 0.622 0.973 0.191 0.454

Vígl’aš-Pstruša N N N H H – N – – – – N
p-value 0.004 0.683 0.518 0.529 0.292 0.540 0.004 0.671 1.000 0.878 0.734 0.465
Banská
Bystrica N N – H H H N H H – H N

p-value 0.004 0.598 0.892 0.234 0.227 0.507 0.040 0.518 0.825 0.919 0.865 0.529
Brezno N N H H H H N N N – H N
p-value 0.034 0.886 0.844 0.058 0.643 0.682 0.087 0.872 0.592 0.901 0.225 0.605
Telgárt N – N H H N N N – N H N
p-value 0.110 0.773 0.878 0.341 0.350 0.350 0.014 0.658 0.959 0.444 0.760 0.385

Lom nad
Rimavicou N N N H H H N – – N – N

p-value 0.036 0.721 0.563 0.158 0.341 0.575 0.045 0.658 0.747 0.696 0.721 0.316
N trend toward wetter conditions, H trend toward drier conditions, – no trend, grey shaded cells imply the statistical
significance of the trend (significance level α = 0.05).

3.4. Spatial Identification of the Drought-Prone Areas

Attempts to identify drought-prone areas were based on results (summarized in Table 2) that the
highest frequency of trends toward humid conditions was recorded at the stations Telgárt (901 m a.s.l.)
and Lom nad Rimavicou (1013 m a.s.l.). We used this information to construct a map that is spatially
divided along with the altitude of the station Telgárt (901 m a.s.l.). For the remaining lower located
stations, only in one case (SPI for 12 months) was the trend recorded as significant toward wetter
conditions. Also, significant trends toward the humid condition of the SPEI for 12 months were
detected only for the highest stations Telgárt and Lom nad Rimavicou. Therefore, since the SPEI for
12 months detects severe droughts more precisely than the SPI for twelve months due to accounting of
evapotranspiration, the argument for delimitation of drought-prone areas below altitudes of 901 m a.s.l.
is even more credible. Besides, significant trends of the SPEI for 12 months toward humid conditions at
stations Telgárt and Lom nad Rimavicou imply lowering the frequency of severe drought occurrence
within the studied period at altitudes higher than 901 m a.s.l. Based on this assumption, a map of
the relative drought risk (Figure 8) was constructed. The map showed that relatively lower drought
risk areas (trends toward humid conditions based on the SPI and SPEI for 12 months) are located in
mountainous, mainly forested areas. These areas are also source areas of the Hron river (East of the
Telgárt settlement) and all main tributaries. Hence, this implies relatively good prospects concerning
the hydrological drought. On the other hand, in the south of the studied area, drought-prone areas
were identified, where Štiavnické vrchy Mts. and Javorie Mts. are located. Therefore, in these locations
and the Neresnica river basin (including the river’s source area), drought could become a severe
problem if the evolution of drought trends will remain as occurred in the studied period.
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4. Discussion

Observed generally rising trends in the SPIs toward humid conditions are likely connected to
climate change involved in increasing the absolute humidity [20]. These trends are positively correlated
with rising altitude within the area. This pattern was confirmed by results that showed rising R2

as well as the rising significance of the SPI trends with rising altitude (Figures 4 and 5). However,
these results were indistinct based on the SPI for one month. Assessing the SPI for twelve months
indicated significant trends toward humid conditions. Another possible interpretation could be that
severe drought episodes became less frequent in the given area during the studied period due to
significant humid trends of the SPIs for twelve months, which represent severe drought with cumulative
drought impacts, as stated in [30]. However, it is necessary to consider that the SPI takes into account
only precipitation.

Therefore, we also utilized the SPEI, which also takes potential evapotranspiration into account.
The influence of evapotranspiration flattened generally rising (humid) trends, especially at lower
and middle altitudes (Figures 4 and 5), and humid trends were revealed only for the highest located
stations (Telgárt and Lom nad Rimavicou). That implies that rising temperatures (based on SPEI
recalculated to evapotranspiration) within the studied period significantly influenced drought trend
evolution. That has been confirmed particularly by the SPEI for twelve months. Results demonstrated
the influence of the potential evapotranspiration (compared to the SPI) on drought episode extension
and magnitude. That is evident in drought episodes of the early nineties, during the pan-European
drought of the 2003, 2007, and 2011/2012 drought episodes. Based on this, it is evident that rising
evapotranspiration, possibly linked with rising temperatures due to ongoing climate change [18,43],
strongly influenced (and we argue that will continue to influence) drought patterns in the studied
period. However, with rising altitudes, the evaporative demand of the atmosphere is lower [44].
That was distinct in retaining humid trends at the highest altitudes (Table 2). This feature somehow
implies a relatively lower drought risk at higher altitudes. However, we are discussing standard
weather patterns, and under this assumption, we do not consider severe pan-continental drought
situations linked with intense anticyclonal situations or with tropical air advection [45]. There is no
doubt that these situations influence mountainous areas the same as low altitudes. That was confirmed
by [4,14,30], and we confirmed that in Figure 5. Besides, in such a geographically heterogeneous
region, drought occurs (especially hydrological droughts), also related to winter snow regime and
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spring air temperatures, mainly in mountainous areas. In this context, our results showed significantly
increasing humid trends in January and insignificantly increasing trends in December. That could
imply a better snow regime in mountainous areas. However, [46,47] argue that because of the rising
air temperature in mountain regions during winter, these trends are instead linked with increasing
water discharge from the river basins. That has a paradoxically negative influence on drought regimes
in the cold part of the year and early spring. However, these drought aspects are beyond the scope of
our investigation. We leave these aspects for further studies.

The most pronounced pattern that applies to almost all stations with two exceptions was a
significant increasing trend of both indices in July. This is possibly linked to the increase of atmospheric
convective activity in the hottest month [48]. Although this could imply that this could have a possible
effect related to lowering drought risk in the region, some authors [48–50] argue that this convective
precipitation situation in summer has a rather torrential character that leads to fast water discharge
and flash floods and an insignificant influence on increasing soil and groundwater supplies. We argue
that this has to be taken into account when considering the results of our investigation. Another result
we would like to address is insignificant trends toward drier conditions in April and May.

Interestingly, all the stations had decreasing trends in these two months. Although these trends
were insignificant, we would like to highlight this general trend, since April and May are the most
crucial months for agricultural and forestry activities in the landscape [51]. Similar results were
indicated in [14,24]. We argue that this fact should be an objective for further investigation of the
highest priority.

CRD plots detected no abrupt changes in time series of the SPIs and SPEIs. Although there were
some signals of sub-trends, based on the CRD methodology [42], we cannot reliably state that these
signs are relevant. Constructed CRD plots, therefore, clearly confirmed analyses of linear trends tested
in Section 3.1. In comparison to the results of previous research, it is interesting that CRD analyses of
the SPEI for north of the Danube lowland (Požitavie region—50 km west of our study area) revealed a
distinct negative trend direction [14], opposite to our findings. Based on this, it seems that climatic
conditions in the inner Carpathian region in the context of drought and drought evolution in terms
of ongoing climate change will have a very different course. That should be, however, the subject of
further research interest.

Our results finally led to the construction of the drought risk map based on drought trends along
the altitudinal gradient, since we found that drought trends correlated with altitude within the studied
region. Our hypothesis is based on the assumption that at stations that showed no trends based
on the 12-month SPEI, there exists a strong assumption that continual rising air temperatures in the
coming decades will increase the frequency of droughts and thus lead to arid trends. Our hypothesis
is supported by previous results [14], which clearly showed how increasing air temperature leads
to an intensification of drought effects and its higher frequency due to increased evapotranspiration.
We understand that this map simplifies some geographical aspects which could have a local influence
on the drought patterns. However, the general overview of the drought risk spatial distribution over
the region is clearly described.

Based on this prerequisite, we identified as drought-prone areas all altitudes up to 901 m a.s.l.
(elevation of the Telgárt climatological station). The map is depicted as the most drought-prone
agricultural lands situated in valleys of the Hron river and the Slatina river [51]. Forest ecosystems
characterized as mixed forest [52] also fall to the drought-prone areas. In these forests, there are widely
abundant European spruce, relatively drought-sensitive species [53,54]. That has to be taken into
consideration in forest management of the area. Another fact that we suggest as an objective for further
investigation is hydrological analyses focused primarily on the basin of the Neresnica river located in
the south of the studied area. Besides other rivers in the area, only this river has a source area solely in
the identified drought-prone area.

We argue that such a map, although simple, was missing until now and as the first attempt for
regional-based mitigation and adaptation measures by local authorities, is sufficient. We understand
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the need to improve the map in a future investigation in terms of the incorporation of all possible
geographical–climatological aspects.
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Mátyás, C., Kleidon, A., Lapin, M., Matejka, F., Blaženec, M., Škvarenina, J., Holécy, J., Eds.; Springer:
Dordrecht, The Netherlands, 2009; pp. 3–14.

19. Škvarenina, J.; Tomlain, J.; Hrvol’, J.; Škvareninová, J. Occurrence of Dry and Wet Periods in Altitudinal
Vegetation Stages of West Carpathians in Slovakia: Time-Series Analysis 1951–2005 BT-Bioclimatology and
Natural Hazards. In Bioclimatology and Natural Hazards; Střelcová, K., Mátyás, C., Kleidon, A., Lapin, M.,
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