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Abstract: This study examines the trends in air temperature, precipitation and flow rates over a
50-year observation period (1961–2010) and compares two periods, 1961–1985 and 1986–2010. The
research was carried out in terms of annual and monthly values. The research area is the Hornad River
in Slovakia. The main aim of the study was to examine the evolution of precipitation, air temperature
and flows in the Hornad River catchment area, as well as to identify the regions (sub-catchments)
most vulnerable to climate change. Increasing trends in air temperature in the years 1961–2010 were
found to be statistically significant (the Sen’s slope was between 0.0197 and 0.0239). On the other
hand, a statistically significant downward trend in flows was recorded only at the Stratená station
(a small mountain catchment, where the Sen’s slope was −0.0063). The remaining upward and
downward trends were not statistically significant. Greater differences in the course of the trends
were recorded on a monthly basis in individual multi-years. Increasing trends in air temperature
were statistically significant from May to August in the period 1961–2010. No trends in precipitation
were recorded in the period 1961–2010, and only an upward trend in precipitation was recorded in
June from 1986–2010.
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1. Introduction

The impact of climate change on water resources is the most discussed problem
worldwide [1–8]. Precipitation and air temperature are climatic factors that have a strong
influence on changes in the global hydrological cycle. The variability of these elements may
lead to changes in water resources from a global and regional perspective [9]. Spatial and
temporal changes in river runoff have been observed in many regions of Europe [10–17].
Such great interest of researchers in the variability of water resources is due to the fact that
many aspects of the environment, economy and society depend on water resources. Any
change in water resources can have a severe impact on environmental quality, economic
development and social welfare [18].

The research of the Intergovernmental Panel on Climate Change (IPCC) [19] indicates
that in Slovakia, as in other European countries (e.g., Poland, the Czech Republic), there
will be an increase in extreme events. Therefore, a significant part of research conducted in
Slovakia focuses on modeling future changes in water resources based on prepared climate
change scenarios [20–24] and detecting changes in long-time series of hydrometeorological
data [25–29]. Changes in climatic conditions, but also land use and human activity, strongly
affect the size and variability of water resources [30–38]. Analysis of river runoff trends
is particularly important, as it represents the integration of climatic variables and other
non-climatic factors in a specific area [39,40]. Identification of the impact of climate change
on the hydrological regime of rivers in mountain areas seems particularly necessary due to
the extreme sensitivity of these areas [41–49].
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According to the latest IPCC report [50], the observed changes in mountain areas
have already occurred. These changes include rising air temperatures, changing seasonal
weather patterns and reducing the extent and duration of snow cover at low altitudes.
Research by Fan et al. [51] in mountainous areas in northwestern China showed that
climate change in the high mountains is more significant than in the lowlands. In the high
mountains, changes in runoff are mainly affected by temperature, while in the lowlands,
precipitation has a greater effect on runoff than temperature. An analysis of trends in total
annual precipitation in the period from 34 to 119 years for 48 climatic stations in Slovakia
did not show significant changes [52]. On the other hand, the analysis of precipitation for
Slovakia carried out for the years 1981–2013 showed an increasing trend of precipitation
in June, July and January and a decreasing trend of precipitation in December, April, May
and August [53]. This study fills a research gap where a joint long-term analysis of changes
in precipitation, air temperature and river flows has been conducted.

Due to the high sensitivity of mountain catchments, more detailed analyzes of the
variability of precipitation and air temperature were carried out, and their impact on
the flow intensity of mountain rivers was determined. The study focuses on the annual
and monthly values of flow, precipitation and air temperature, analyzed over the period
1961–2010. The aim of this study was to investigate the long-term changes in precipitation
(P), air temperature and flows (Q) over 50 years (1961–2010) in the Hornad River catchment,
in its mountainous part—an important water supply area.

2. Materials and Methods
2.1. Study Area

The Hornad River is located in the central part of Slovakia and is a tributary of the
Sajo River, which is a tributary of the Tisza (Figure 1). The Tisza is a tributary of the
Danube. The main tributaries of the Hornad are the Hnilec (a right-hand tributary) and
the Torysa (a left-hand tributary). In the middle reaches of the Hornad River is the Ružin
multi-purpose reservoir, which was built in 1963. The water reservoir is divided into two
objects: Ružin I and Ružin II. Ružin I consists of an accumulation reservoir with a total
volume of 49.451 million m3, a 59.2 m high dam and a 60 MW pumped-storage hydro
power plant. The catchment area of the Ružín I profile is 1906.70 km2, and the average
annual flow in the Ružín I profile is 15.455 m3/s. The area of the water reservoirs is 390 ha.
Ružin II consists of an equalizing reservoir with total volume of 4.43 million m3, a 27 m
high dam and a run-of-the-river power plant with a capacity of 1.9 MW. The catchment area
for the Ružín II profile is 1932.80 km2, and the average annual flow in the Ružín II profile is
15,580 m3/s. The area of the water reservoirs is 70 ha. The task of the water reservoir is to
equalize the flows caused by the operation of the pumped-storage power plant on Ružín
I [54]. The Hornad basin is a large mountain catchment area covering 4249.14 km2, which
is enclosed by the Ždaná station. The Hornad River catchment is located at an elevation
of 167.7 to 1932.1 m above sea level. Some of the physiographic and hydrological features
of the Hornad basin are given in Table 1. According to Bahremand et al. [55], the average
elevation of the catchment area is 580 m above sea level, while the average slope of the
catchment area is about 17.6%. Nearly half (49.8%) of the Hornad River catchment area
is covered by forests, while 43% comprises agricultural areas. Urbanized areas constitute
5.31% of the total catchment area (Table 2) [56].

2.2. Data and Methods

This study examines trends in temperature, precipitation and flow rates over a 50-year
observation period (1961–2010) and compares two periods: 1961–1985 and 1986–2010. The
research was carried out in terms of annual and monthly values. Average monthly and
annual values of flows were obtained from measurements carried out at 7 hydrological
stations located in the Hornad River catchment area. The data was made available by the
Slovak Hydrometeorological Institute [57] and covered the research period 1961–2010. The
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characteristics of hydrometeorological data in the Hornad catchment are presented in the
Tables 3 and 4.
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Figure 1. Hornad River catchment.

Table 1. Values of selected physiographic characteristics of the Hornad River catchment.

Hydrological
Stations River Catchment

Area (km2)
River Length

(km)
Minimum

Elevation m a.s.l.
Maximum

Elevation m a.s.l.
Average

Elevation m a.s.l.

Stratená Hnilec 64.67 45.7 794.7 1932.1 1066.7
Švedlár Hnilec 352.01 60.8 442.8 1932.1 879.3
Jaklovce Hnilec 604.02 36.2 328.8 1932.1 800.4
Kysak Hornad 2337.00 118.6 235.2 1932.1 672.2

Prešov-Sekčov Sekčov 350.91 37.9 234.5 1049.9 427.6
Košické Olšany Torysa 1296.26 125.4 185.9 1261.1 507.6

Ždaná Hornad 4249.14 39.8 167.7 1932.1 579.1

Table 2. Land use in catchments according to CORINE Land Cover (CLC) [56].

Hydrological
Stations River

Forest
(%)

Arable
Land (%)

Urban
Fabric (%)

Heterogeneous
Agricultural Area (%)

Pastures
(%)

Scrub and
Herbaceous

Vegetation (%)

Stratená Hnilec 78.80 - - 2.34 6.72 11.40
Švedlár Hnilec 68.50 1.86 1.15 6.51 5.00 16.60
Jaklovce Hnilec 73.80 1.88 1.87 6.13 4.65 11.20
Kysak Hornad 57.80 18.00 3.97 7.01 3.40 6.69

Prešov-Sekčov Sekčov 34.20 47.50 8.05 9.22 7.83 1.21
Košické Olšany Torysa 69.60 16.30 3.49 4.26 4.14 1.49

Ždaná Hornad 49.80 24.50 5.31 7.60 5.95 4.95
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Table 3. Flow characteristic in the years 1961–2010, 1961–1986 and 1986–2010.

Hydrological Stations River

Average Discharge (m3·s−1)
/Unit Outflow (dm3·s−1·km−2)

1961–1985 1986–2010 1961–2010

Stratená Hnilec 1.29/19.95 1.08/16.72 1.19/18.34
Švedlár Hnilec 3.61/10.26 3.42/9.72 3.52/9.99
Jaklovce Hnilec 6.43/10.65 5.59/9.25 6.01/9.95
Kysak Hornad 18.24/7.80 16.86/7.21 17.55/7.51

Prešov-Sekčov Sekčov 2.27/6.48 1.72/4.90 2.00/5.69
Košické Olšany Torysa 8.07/6.23 7.55/5.83 7.81/6.03

Ždaná Hornad 30.59/7.19 27.93/6.57 29.26/6.89

Table 4. Precipitations and temperature characteristics in the years 1961–2010, 1961–1986 and 1986–2010.

Hydrological Stations River
Average Precipitation in Years (mm) Average Air Temperature in Years (°C)

1961–1985 1986–2010 1961–2010 1961–1985 1986–2010 1961–2010

Stratená Hnilec 879.1 950.6 914.8 3.99 4.57 4.28
Švedlár Hnilec 850.8 901.1 876.4 4.84 5.40 5.12
Jaklovce Hnilec 839.0 870.1 854.6 5.41 5.90 5.65
Kysak Hornad 739.5 760.8 750.2 6.06 6.57 6.32

Prešov-Sekčov Sekčov 671.0 693.9 682.5 7.08 7.65 7.36
Košické Olšany Torysa 634.7 650.0 642.3 7.08 7.63 7.35

Ždaná Hornad 720.8 736.3 728.6 6.54 7.11 6.83

Data on the monthly sums of atmospheric precipitation and average monthly air
temperature were obtained from maps prepared by the Slovak Hydrometeorological In-
stitute [57]. They included averaged monthly and annual values obtained for the entire
catchment area enclosed by a hydrological station. The QGIS version 3.20.1 program was
used to present the data in the form of maps.

2.3. Detecting Trends

The trend analysis was performed using the non-parametric Mann-Kendall trend test
(MK test) [58,59], and the slope β was expressed with the Theil-Sen estimator [60]. The
MK test is widely used in detecting trends in hydrometeorological time series data. In
the Mann-Kendall test, the null hypothesis is that there is no significant trend in the data
series. The trend is significant if the null hypothesis cannot be accepted. The acceptance
region at the significance level α = 0.05 defines the range −1.96 ≤ Z ≤ 1.96 (no significant
trend), while the rejection region is given by Z <−1.96 (a significant downward trend)
and Z > 1.96 (a significant upward trend), where Z is a normalized test statistic [40]. A
positive value of the β slope indicates an upward (increasing) trend, and a negative value
indicates a downward (decreasing) trend in the time series. The Theil-Sen estimator makes
no assumption about the distribution of the data and may be more robust against outliers
in the comparison to Ordinary Least Squares (OLS) [61]. The basis for the study of changes
in river runoff in selected stations was average monthly and annual precipitation totals,
average monthly and annual air temperatures, as well as average monthly and annual flows
in the years 1961−2010. The Mann-Kendall test and Sen’s slope method were conducted in
RStudio [62] using the “readxl” [63] and “trend” [64] packages.

The article also used multidimensional scaling (MDS). The multidimensional scaling
method is used to show the “structure” of objects (this is done by specifying the content of
dimensions) and to present the relations between objects in the r-dimensional space [65].
In general, multidimensional scaling allows the visualization of the similarity (its level)
between the elements in the dataset [66]. Evaluation of the results of multidimensional
scaling is based on the value of the STRESS function. The obtained representation can be



Water 2023, 15, 471 5 of 18

considered as faithful for STRESS values lower than 0.02 and as a very weak match when
the STRESS value is above 0.2 [67].

Multidimensional scaling (PROXSCAL) was performed in PS IMAGO PRO 8.0 (soft-
ware based on the IBM SPSS Statistics analytical engine), based on the Euclidean distance
measure for the Z parameter of the Mann-Kendall test and for the Sen’s slope value. For
the graphic processing, GIMP 2.10.18 and Inkscape 1.0.1 were used.

3. Results and Discussion
3.1. Variability of Hydrometeorological Parameters in the Years 1961–2010
3.1.1. Average Annual Precipitation

The distribution of the average annual precipitation from each catchment area from
the years 1961–2010, 1961–1985 and 1986–2010 is presented in Figure 2. The lowest annual
sums of precipitation in the entire analyzed multi-year period of 1961–2010 occurred in
the catchment area of the Torysa River and ranged from 600 to 700 mm per year, while
the highest annual sums of precipitation (from 900 to 1000 mm) were recorded only in
the upper reaches of the Hnilec River. The Hnilec River catchment area showed higher
precipitation than other catchments due to its location in a mountain area. This is visible
in the years 1986–2010 in the catchment area closed by the Stratená and Švedlár gauging
stations. In the period 1961–2010, the highest values of annual precipitation sums were
recorded only for the catchment area closed by the Stratená station.
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During the entire analyzed multi-year period of 1961–2010, the highest annual sums of
precipitation were recorded in 2010, and they occurred in all the catchments. The highest
precipitation was recorded in 2010 in the mountain catchment of the Hnilec river at the Stratená
(1472 mm), Švedlár (1493 mm) and Jaklovce (1483 mm) stations, while significantly lower precip-
itation occurred in the lower catchment at the stations of Kosickie Olsany (991 mm) and Prešov-
Sekčov (996 mm) (Figure S1). The lowest amounts of precipitation were recorded in 1986 in four
sub-catchments (Ždaná—502 mm, Kysak—517 mm, Jaklovce—597 mm, Švedlár—622 mm), in
1961 in two sub-catchments (Košické Olšany—420 mm, Prešov-Sekčov—447 mm) and in
2003 in one (Stratená—669 mm). The division into the multi-year periods 1961–1985 and
1986–2010 clearly shows the disproportion of extreme values in individual years. Extreme
values of precipitation recorded in the years 1986–2010 were extreme values for the entire
period 1961–2010 for 5 out of 7 sub-catchments. The exceptions were two sub-catchments
(Košické Olšany and Prešov-Sekčov), where the lowest precipitation totals were recorded in
1961. The division of the 1961–2010 period into two equal 25-year periods indicates that the
1986–2010 period was definitely wetter in terms of precipitation than the years 1961–1985.

3.1.2. Average Annual Air Temperature

The distribution of the average annual air temperature in individual sub-catchments
in the years 1961–2010 is presented in Figure 3. The lowest average annual air temperature
in the analyzed periods was recorded in the upper catchment area of the Hnilec River
(Stratená). The highest average air temperature (7–8 ◦C) was recorded in the Sekčov and
Torysa sub-catchment areas. The analysis of the annual air temperature values in particular
periods shows that the 1986–2010 multi-year period was warmer than the 1961–1985 multi-
year period and took up a much larger area of the Hornad River catchment area.
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The lowest average annual air temperature was recorded in 1965 at stations Ždaná
(5.4 ◦C), Košické Olšany (5.8 ◦C), Prešov-Sekčov (5.8 ◦C), Kysak (5.0 ◦C) and Stratená
(2.9 ◦C) and in 1980 at stations Jaklovce (4.2 ◦C) and Švedlár (3.7 ◦C). The maximum
average annual air temperature was recorded in 2008 at stations Ždaná (8.6 ◦C), Košické
Olšany (9.3 ◦C), Kysak (8.1◦C) and Jaklovce (7.4 ◦C) and 2007 at stations Prešov-Sekčov
(9.1 ◦C), Švedlár (6.6 ◦C) and Stratená (5.6 ◦C) (Figure S2). The division of the multi-year
period 1961–2010 into two equal 25-year periods indicates that the period 1986–2010 was
definitely warmer, while the period 1961–1980 was cooler.

3.1.3. Average Annual Flows

Due to the diversified surface of the catchment area, the size of water resources was
presented in the form of a unit runoff for the multi-year periods 1961–2010, 1961–1985
and 1986–2010 (Figure 4). The Hnilec River catchment closed by the Stratená water gauge
station had the largest water resources per 1 km2 (from 13 to 20 dm3.s−1.km−2), while the
lowest water resources were recorded in the eastern part of the Hornad catchment—its
tributaries Torysa and Sekčov (from 4 to 7 dm3.s−1.km−2)—in the years 1961–2010 and
1986–2010. A larger unit outflow was recorded at the Stratená and Švedlár stations in the
multi-year period 1961–1985 compared to the multi-year periods 1961–2010 and 1986–2010.
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The analysis of the average annual flows in particular years showed that the maximum
values of flows were recorded at all hydrological stations in 2010 except for the Prešov-
Sekčov station (1980). The lowest annual flows were recorded in 1993 at stations Ždaná
(12.76 dm3.s−1.km−2), Kysak (7.86 dm3.s−1.km−2), Jaklovce (2.28 dm3.s−1.km−2), Švedlár
(1.49 dm3.s−1.km−2), and Stratená (0.51 dm3.s−1.km−2); in 1961 at station Košické Olšany
(3.05 dm3.s−1.km−2); and in 2002 at station Prešov-Sekčov (0.78 dm3.s−1.km−2) (Figure S3).
The period 1961–1985 was characterized by higher average annual flows than the period
1986–2010 and the entire analyzed multi-year period 1961–2010.

3.2. Trends of Hydrometeorological Parameters in the Years 1961–2010
3.2.1. Precipitation

The analysis of long-term precipitation trends using the MK test and Sen’s slope
method showed that in the years 1961–2010 there was an increase in precipitation in all the
sub-catchments, and this increase was statistically significant in four sub-catchments. The
upward trend in annual precipitation in the period 1986–2010 was statistically significant in
all sub-catchments and had an impact on the upward trend in precipitation recorded in the
multi-year period 1961–2010. In the period 1961–1985, slight upward trends in precipitation
were noted, but they were statistically insignificant (Tables 5 and S1).

Table 5. Results of trend analysis in precipitation in the years 1961–2010, 1961–1985 and 1986–2010.

Stations Parameters
Years

1961–2010 1961–1985 1986–2010

Ždaná
p-value (MK test)

Sen’s slope
0.0682 0.4691 0.0008
1.9926 2.2051 8.1043

Košické Olšany p-value (MK test)
Sen’s slope

0.0682
1.9204

0.1682
3.4245

0.0072
6.5628

Prešov-Sekčov
p-value (MK test)

Sen’s slope
0.0413 0.4691 0.0035
2.0211 2.1309 8.6840

Kysak p-value (MK test)
Sen’s slope

0.0879
2.2103

0.5912
1.3042

0.0005
8.8045

Jaklovce p-value (MK test)
Sen’s slope

0.0322
2.6718

0.4137
1.7374

0.0002
9.9027

Švedlár
p-value (MK test)

Sen’s slop
0.0153
3.2358

0.3875
1.6311

0.0008
9.6906

Stratená p-value (MK test)
Sen’s slop

0.0095
3.8809

0.8335
1.5205

0.0014
12.0445

3.2.2. Air Temperature

The analysis of long-term trends in air temperature using the MK test and Sen’s slope
method showed statistically significant upward trends in air temperature in the periods
1961–2010 and 1986–2010 in all sub-catchments. The period 1961–1985 was much cooler
than the period 1986–2010, and the trend was decreasing in four of the seven sub-catchment
areas, but it was not statistically significant (Tables 6 and S2).

The calculations show that both precipitation and air temperature had statistically
significant growth trends in the period 1986–2010, which influences the course of the trends
in the entire analyzed period of 1961–2010.
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Table 6. Results of trend analysis in air temperature in the years 1961–2010, 1961–1985 and 1986–2010.

Stations Parameters
Years

1961–2010 1961–1985 1986–2010

Ždaná
p-value (MK test)

Sen’s slope
0.0016 0.9070 0.0095
0.0230 0.0032 0.0521

Košické Olšany p-value (MK test)
Sen’s slope

0.0031
0.0230

16.000
0.0110

0.0142
0.0525

Prešov-Sekčov
p-value (MK test)

Sen’s slope
0.0010 0.6913 0.0072
0.0239 0.0058 0.0472

Kysak p-value (MK test)
Sen’s slope

0.0034
0.0204

0.9441
−0.0010

0.0063
0.0549

Jaklovce p-value (MK test)
Sen’s slope

0.0040
0.0197

0.9070
−0.0036

0.0063
0.0560

Švedlár
p-value (MK test)

Sen’s slop
0.0012
0.0216

0.7261
−0.0043

0.0095
0.0498

Stratená p-value (MK test)
Sen’s slop

0.0016
0.0218

0.5912
−0.0097

0.0161
0.0467

3.2.3. Flows

The analysis of the variability of annual flows using the MK test and Sen’s slope
method showed an upward trend of flows at four hydrological stations in 1961–2010, while
on the other three, the trend was downward (Tables 7 and S3). In MK test cases, these
values were not statistically significant, except for the downward trend in flows at the
Stratená station. The multi-year period 1961–1985 showed slight trends in flows or no
trends, as opposed to the period 1986–2010, when the upward trends in flows were noted
at all stations and were statistically significant for six of the seven analyzed hydrological
stations. It can be concluded that there was a tendency to increase the volume of flows
in the multi-year period 1986–2010 in relation to the multi-year period 1961–1985. This is
the effect of an increase in annual precipitation totals and an increase in air temperature.
This is especially visible at the hydrological stations located on the Hornad River (Ždaná,
Kysak and Košické Olšany). The increase in flows should be associated with the increase
in precipitation, but also with the increase in air temperature. Air temperature accelerates
the melting of snow accumulated in the upper parts of the catchment area. An additional
element influencing the changes in the runoff is land use, which contributes to the rapid
runoff of precipitation.

Table 7. Results of trend analysis in flow in the years 1961–2010, 1961–1985 and 1986–2010.

Stations Parameters
Years

1961–2010 1961–1985 1986–2010

Ždaná
p-value (MK test)

Sen’s slope
0.9333 0.5912 0.0063
0.0058 0.1649 0.6206

Košické Olšany p-value (MK test)
Sen’s slope

0.4124
0.0244

0.1290
0.1388

0.0109
0.1340

Prešov-Sekčov
p-value (MK test)

Sen’s slope
0.2768 0.7614 0.2525
−0.0099 0.0065 0.0211

Kysak p-value (MK test)
Sen’s slope

0.9200
0.0081

0.6238
0.1140

0.0142
0.3565

Jaklovce p-value (MK test)
Sen’s slope

0.5924
−0.0106

0.7614
0.0213

0.0235
0.1015
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Table 7. Cont.

Stations Parameters
Years

1961–2010 1961–1985 1986–2010

Švedlár
p-value (MK test)

Sen’s slop
0.8409
0.0030

0.6572
0.0158

0.0336
0.0642

Stratená p-value (MK test)
Sen’s slop

0.0429
−0.0063

1.0000
−0.0005

0.0298
0.0123

3.2.4. Relationships between Trends in Precipitation, Air Temperature and Flow

The normalized raw STRESS and S-STRESS values of the analyzed Z parameter of the
Mann-Kendall test and Sen’s slope (Figure 5) are less than 0.02, so a faithful representation
was obtained. The STRESS-I and STRESS-II values, although higher, do not meet the very
weak matching criterion.
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When analyzing the results of multidimensional scaling carried out for the Z parameter
of the Mann-Kendall test (Figure 5), it should be indicated that the most compact group
of similarity between hydroclimatic variables are the variables from the period 1961–1985
(in particular, the precipitation trend with the flow trend). This means that the trends
in precipitation and air temperature recorded within all sub-catchments in the analyzed
period are in a certain relationship with the flow trends. The greatest dissimilarity is shown
in the flow trend from the entire analyzed period of 1961–2010.

As for the results of multidimensional scaling for Sen’s slope (magnitude of trends), the
greatest dissimilarity among all the variables is shown by the magnitude of the precipitation
trend from 1986–2010 (Figure 5). It should also be noted that it is the magnitude of
precipitation trends for all analyzed periods that show a certain dissimilarity in relation
to the magnitude of air temperature and flow trends. This means that each of the sub-
catchments reacts differently to changes in precipitation, air temperature and flow.

3.3. Monthly Variability in Precipitation, Air Temperature and Flows

A characteristic feature of the flows is their monthly variability. Figures 6–8 present
the variability of river flows, air temperature and precipitation in individual months in the
analyzed multi-year period 1961–2010. In the multi-year period 1961–1985 (Figures S4–S6),
an upward trend in precipitation was recorded within the sub-catchment closed by the
hydrological station Ždaná in September and Košické Olšany in May and October. In the
remaining months of this multi-year period, the trend was not statistically significant. In
the multi-year period 1986–2010 (Figures S7–S9), an upward trend in precipitation in July
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was noticeable, which was recorded in six of the seven sub-catchments. No statistically
significant trend was recorded, with the exception of the Švedlár sub-catchment area. In
January, for the multi-year period 1986–2010, a statistically significant upward trend was
recorded only for the Jaklovce sub-catchment. The analysis of the entire multi-year period
1961–2010, in terms of the variability of atmospheric precipitation, showed no statistically
significant trend. In the case of seasonal variability of air temperature, greater variation
in the variability in individual multi-year periods and in individual months is visible. In
the period 1961–1985, an upward trend in air temperature is visible, statistically significant
in April in the sub-catchment closed by the Stratená and Švedlár stations (the upper part
of the Hnilec River catchment), but in other sub-catchments, a downward trend in air
temperature is visible. In November, there is a downward trend in air temperature in
almost all sub-catchments, except for the Stratená sub-catchment. On the other hand, in
June, an upward trend is visible only at the Stratená station, and in December, an upward
trend in air temperature is visible only in the Švedlár and Jaklovce sub-catchments. In the
years 1986–2010, an upward trend in air temperature is visible, which was observed in
April (for three sub-catchments: Stratená, Jeklovce, Kysak). In June, an upward trend was
recorded in all sub-catchments, in July for three sub-catchments (Prešov-Sekčov, Kysak,
Košické Olšany), in August for four sub-catchments (Prešov-Sekčov, Kysak, Ždaná, Košické
Olšany) and in September for two sub-catchments (Prešov-Sekčov and Košické Olšany).
In the years 1961–2010, an upward trend in air temperature was recorded in May in six
of the seven sub-catchments (except Jaklovce), in June in four stations (except Jaklovce,
Prešov-Sekčov, Košické Olšany) and in July and August in all sub-catchments. Moreover, it
should be noted that in January, there was an upward trend in the Švedlár sub-catchment.
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The analysis of the variability of flows in the years 1961–1985 showed smaller vari-
ations (Figure S8). A statistically significant upward trend was recorded in individual
months, e.g., in January (Košické Olšany), April (Jeklovce, Košické Olšany), May (Jaklovce,
Košické Olšany), September (Ždaná) and October (Prešov-Sekčov, Kysak, Košické Olšany).
In the years 1986–2010, a statistically significant upward trend in flows was recorded from
August to December at most of the hydrological stations. In the years 1961–2010, flow
growth trends were recorded at individual stations—mainly at the Kysak hydrological
station. As shown by the analysis of trends in individual months and multi-years, the most
visible is an upward trend in the multi-year period 1986–2010, which was recorded mainly
from August to December within the individual hydrological stations.
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3.4. Discussion

The analysis of annual precipitation and air temperature throughout the analyzed
multi-year period 1961–2010, as well as in the years 1961–1985 and 1986–2010, showed an
increasing trend. The increase in precipitation and the increase in air temperature did not
translate into an increase in flows within all sub-catchments. The decisive factor in this
period were the dry years in Slovakia in the 1980s and 1990s. Vido et al. [68] believes that
in these years there was a change in the weather circulation pattern in the region, but this
change had only a marginal impact on the overall tendency towards drought.
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Many researchers believe that the amount of precipitation and air temperature de-
pend on the circulation in the North Atlantic region, which affects the whole of Eu-
rope [69–71]. The impact of NAO in the winter season is particularly visible. Research by
Labudová et al. [72] showed that the impact of the North Atlantic Oscillation on the sum of
winter precipitation in Slovakia is zonal. The correlations between NAO and precipitation
in eastern Slovakia are low, which may result from the occurrence of a natural orographic
barrier such as the Carpathians.

The trend detection study in eastern Slovakia conducted by Zelenakova et al. [73]
showed time differences in the occurrence and direction of trends. Among other things,
several increasing significant trends in precipitation were identified, but more pronounced
increasing significant trends were noted in air temperature. This situation confirms our
analyzes in this area carried out on the basis of traditional methods, namely the Mann
Kendall test and the Sen’s slope. A new look at the relationship between precipitation, air
temperature and flow trends was possible using the multidimensional scaling method. The
results of multidimensional scaling carried out for the Z parameter of the Mann-Kendall
test showed that the most compact group of similarity of hydroclimatic variables within
all sub-catchments are the variables from the period 1961–1985. The trend of the outflow
from the entire analyzed period of 1961–2010 shows the greatest dissimilarity, while for
Sen’s slope, the greatest dissimilarity among all the variables is shown in the strength of
the precipitation trend in the years 1986–2010. The obtained results indicate that there has
been a change in the mutual relations between the trends in precipitation, temperature and
flow in individual sub-catchments, especially in the period 1986–2010, which may be an
indicator of local climate changes in recent years.

A study of the variability and trends of flows on most Slovak rivers was carried
out by Danácová et al. [74]. The trend analysis of the average monthly flows over the
longer research period (60 years) showed a significant downward tendency in flows in the
summer months (April to August). The difference in the response of runoff to variability in
precipitation and air temperature within individual sub-catchments is probably related to
other factors. The discussed catchments are diversified in terms of area, topography and
land use, which is important in the catchment’s response to changes in the meteorological
conditions. Small mountain catchments are extremely delicate and sensitive to climate
change or land use [75–77]. Sub-catchments with low sensitivity react much slower to the
variability of flows as a result of meteorological changes. The lack of visible downward or
upward trends in individual months does not translate into visible inter-year volatility. The
reason for this may be the occurrence of short-term changes, often impossible to capture
due to the period of their occurrence. Thus, land-use change and topography are only
two of the factors influencing precipitation behavior, and, in some cases, they may not be
sufficient to explain the variability of long-term precipitation trends if analyzed on their
own. Detailed research is therefore required to understand the interactions of various
environmental factors and their effect on precipitation trends. As many studies indicate,
the analysis of precipitation trends, air temperature and flows will play a significant role in
the future and sustainable development of water resource management [78,79].

4. Conclusions

The study examined monotonic trends in precipitation, air temperature and flows in
seven river sub-catchments in eastern Slovakia. The data covered the years 1961–2010, both
on an annual and monthly basis. The Mann-Kendall test and Sen’s slope method were
used for the assessment. A new approach was used to determine the relationship between
the trends, involving the use of the multidimensional scaling method. The main findings
are: (1) Statistically significant upward trends were found in annual air temperature
in the years 1961–2010. On the other hand, a statistically significant downward trend
in flows was recorded only at the Stratená station (a small mountain catchment with
high sensitivity). The remaining upward and downward trends were not statistically
significant. (2) Considerable and statistically significant upward trends in the average
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annual precipitation, air temperature and flows were recorded in the period 1986–2010.
(3) Trends in air temperature, precipitation and flow varied in individual months during
the analyzed multi-year periods. (4) On the basis of multidimensional scaling, the best
relationships between trends in precipitation, air temperature and flow were recorded in the
period 1961–1985 for the Z parameter of the MK test, while weaker relationships between air
temperature and precipitation, as well as flows and precipitation, were recorded for Sen’s
slope (trend strength) in the period 1986–2010. (5) Increasing trends in air temperature
were statistically significant from May to August in the period 1961–2010. No trends
in precipitation were recorded in the period 1961–2010, and only an upward trend in
precipitation was recorded in June in 1986–2010. Statistically significant downward trends
in flows were recorded at most of the hydrological stations in the months from August
to December in the multi-year period 1986–2010. (6)A high sensitivity of river flows to
changes in meteorological conditions on a monthly basis was observed in smaller mountain
catchments (Stratená). Perhaps the reason was a change in land use. (7) Due to the
large differences in the area, topography and land use of the analyzed catchments, the
river’s reaction to meteorological conditions is difficult to capture by means of annual
trends over a long period of observation. Constant monitoring of hydrometeorological
conditions in connection with the physical-geographic conditions of the catchment area
and anthropogenic activity is required in order to gain insight into various aspects of the
hydrological changes taking place at smaller, subregional and local scales.
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