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Abstract:



The paper presents an analysis of the course and frequency of high water stages in selected catchments of the upper Vistula basin in the south of Poland. The following rivers were investigated: the Dunajec–Nowy Targ-Kowaniec cross-section, the Rudawa–Balice cross-section, the Kamienica–Nowy Sącz cross-section, the Wisłok–Tryńcza cross-section and the San–Przemyśl cross-section. Daily flows from the years 1983–2014 were used to determine maximum annual flows and maximum flows per summer and winter half-year. Selected floods were analyzed with reference to the following metrics: POTX (mean size of the flow determined based on high water stages exceeding the assumed threshold value), POT3F (number of high water stages exceeding the threshold value for each hydrological year), WPOT3F (number of high water stages exceeding the threshold value for the winter half-year and), LOPT3F (number of high water stages exceeding the threshold value for the summer half-year). The determined metrics were analyzed for trend (Mann-Kendall test), homogeneity (Kruskal-Wallis test), and heteroscedasticity (Levene test). Additionally, periodograms were used to determine periodicity of time series for maximum annual flows. The resulting computations indicated upward trends in the analyzed flood metrics but they were not significant in any case. Therefore, in the years 1983–2014 no factors were observed that would significantly affect the size and frequency of high water runoff from the investigated catchments.
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1. Introduction


The effects of climatic changes on the formation of extreme hydrological events and their frequency have been increasingly scrutinized as of late due to their environmental, social, and economic importance. Particular attention has been paid to the discharges resulting in floods that cause short-term or long-term negative social and environmental changes [1,2,3,4]. Reliability of a database used for determination of high water frequency is crucial for flood risk analysis [5].



Raised water stage is a complex event caused by variable climatic and physiographic characteristics of a catchment. Svensson et al. [6] and Hattermann et al. [7] claimed that the effects of climatic changes on the formation of high water flows and their frequency include mainly the amount of precipitation, its spatial distribution, and prevalence, as well as fluctuations of mean air temperature responsible for snowmelt.



The impact of climatic changes on the size and frequency of extreme flows has become a popular research topic, as evidenced by numerous studies investigating this problem [8]. Lindstrom and Bergstrom [9] found significant upward trends in the size of high water stages in the rivers of Northern Europe. A study by Villarini et al. [10] did not show any significant changes in the seasonality of maximum annual flows in the central Europe in the last 75 years. Mudelsee et al. [11], who examined a long series of daily flows on the Elbe and the Oder, showed a reduction in the incidence of maximum flows in the winter half-year and a lack of trend in the summer half-year. Studies by Kundzewicz et al. [12], demonstrated significant growing trends for maximum annual flows in 11 out of 70 investigated European rivers. Also, Hirabayashi et al. [13] suggested that the predicted climatic changes would result in shortening the intervals between subsequent raised water stages and floods in Central and Eastern Europe, including Poland. Furthermore, daily maximum flows are expected to increase by 3 to 4 times as compared with the 20th century. Douglas et al. [14] reported an increasing occurrence of low water stages in the rivers of northeastern United States. Nka et al. [15] indicated the importance of upward trends determined for mean flows in West African rivers. Research studies conducted in China by Zhang et al. [16] focused on the relationships between precipitation height, air temperature and the amount of river runoff for the Jangcy and confirmed the role of global warming in increasing the frequency of floods in its basin. In another study, Tao et al. [17] investigated the trends in daily flows for a 50-year period in the rivers within the Tarim basin and analyzed the effects on climatic changes on the hydrological regime. A recent study by Asadieh et al. [18], conducted in the USA in the multi-year period of 1971–2001, pointed out very similar relative changes in extreme runoff and mean runoff, in terms of global and continental averages. However, the extreme runoff showed relatively faster rate of change compared to the mean runoff (and streamflow).



Current hydrological regime of Polish rivers has been thoroughly investigated and described, but mean and extreme values for long-term runoff trends are still under scrutiny [19]. An example of ongoing investigation is the report of Banasik and Hejduk [20] that included 48 annual events of rainfall and runoff in agricultural catchment of the Zagożdżonka and showed a lack of trend in rainfall and a decreasing trend in runoff (about 1.2 mm per year) by using the Mann-Kendall test. In another study, Banasik et al. [21] analyzed the impact of climatic factors on the changes in water resources in a small river catchment located in Puszcza Kozienicka forest. Kundzewicz et al. [22] examined changes in selected climatic factors and their effects on flood size in the catchments located in the northern part of the Tatra Mountains.



Hydrological studies use numerous metrics facilitating data trend analyses. A commonly used index is the annual maximum daily mean river flow, i.e., the largest daily mean flow that occurs each year [23]. However, in several years the annual maximum daily flow may be of such a modest magnitude that it cannot really be called a flood. Therefore, another option to choose is a flood index series including all independent events which exceed a threshold, so that the series contains a certain number of events per year on average. In the latter approach, such a data set, called the peak-over-threshold (POT) series, may contain more than one entry from one year and none from another year [6]. A POT series consists of a series of independent daily mean river flows that exceed a certain threshold (this threshold is the same throughout the time series). The POTs have to be proper peaks, i.e. the river flow both before and after the peak has to be lower than at the peak itself [12,24].



Taking into account progressive climatic changes that may significantly affect the size and frequency of high water levels, the aim of this study was to analyze the correct course of the elements characteristic of these extreme flows. The evaluation was based on the observed trends for the examined indicators describing the distribution of high water stages.




2. Characterization of Study Catchments


The study included five elementary catchments of the Carpathian rivers located in the upper Vistula basin (Figure 1): the Dunajec–Nowy Targ-Kowaniec cross-section (1), the Rudawa–Balice cross-section (2), the Kamienica–Nowy Sącz cross-section (3), the Wisłok–Tryńcza cross-section (4) and the San–Przemyśl cross-section (5). The Dunajec is one of the largest right-hand tributaries of the Vistula. Downstream of the Nowy Targ-Kowaniec cross-section (below the merge point of the Biały Dunajec and the Czarny Dunajec), its catchment covers an area of 681 km2 and is located in the southern part of the Małopolska region in Nowy Targ and Zakopane districts (Figure 1). In abiotic terms, the Biały Dunajec and the Czarny Dunajec are Tatra carbonate streams (type 2) in their source sections, then become Tatra siliceous streams (type 1) and, after merging, they form a type 14 flysch river. The catchment of the Rudawa (Figure 1), a left-hand tributary of the Vistula, covers downstream of the Balice cross-section an area of 289 km2 and is located in the northwestern part of the Małopolska region, within Kraków district. From its source down to the Racławka, it is a small, coarse substrate-dominated calcareous highland stream (type 7) that is further transformed into a small calcareous type 9 highland river. The catchment of the Kamienica covers the area of 237 km2 and is located in the southeastern part of the Małopolska region, in Nowy Sącz district. Its sources are located on the north side of Jaworzyna Krynicka massif, and it is the right-hand tributary of Dunajec with which it merges at the bottom Kotlina Sądecka in Nowy Sącz. The Kamienica marks a boundary between two picturesque regions, i.e., Beskid Niski on its northeastern side and Beskid Sądecki on its southwestern side. The Kamienica is a braided river engineered in its lower course. Its typically highland character is manifested by suddenly raised water stages occurring after intense rainfall that cause a flood risk. In abiotic terms, it is a type 12 flysch river. The Wisłok river is 220 km long and its catchment downstream to the Tryńcza cross-section covers 3524 km2. It is a left-hand tributary of the San (Figure 1). Its catchment is located in the southeastern part of Poland, in the Subcarpathian region.


Figure 1. Location of the analyzed river catchments against the upper Vistula basin: (1) the Dunajec to Nowy Targ-Kowaniec cross-section; (2) the Rudawa to Balice cross-section; (3) the Kamienica to Nowy Sącz cross-section; (4) the Wisłok to Tryńcza cross-section; (5) the San to Przemyśl cross-section (source: authors’ own studies on the basis of materials from the Regional Directorate of Water Management in Krakow).
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In its upper course, the Wisłok is a highland river with swift stream and rocky bottom with numerous gorges. Its sources are located in Beskid Niski, on the slopes of Wielki Bukowiec, at 770 m a.s.l. The Wisłok is highly diverse in abiotic terms: in the source section it is a flysch stream (type 12), from the Besko reservoir until the Stobnica it is a small flysch river (type 14), then until the Rzeszów reservoir it is a mid-sized highland east river (type 15), and in its lower course it is a sand and loam-dominated lowland river (type 19). The San is a right-hand tributary of the Vistula (Figure 1). Its sources are located in the Western Bieszczady Mountains (Ukraine) on the slopes of Piniszakowy, at 925 m a.s.l. The San catchment until the Przemyśl cross-section covers 3686 km2 and spreads over the area belonging to a few districts of the Subcarpathian region. In abiotic terms, the San from the source to the mouth of the Wołowaty stream is a type 12 flysch stream , then at the section until Solina reservoir it is a small flysch river (type 14), and it reaches the gauged cross-section as a mid-sized highland east river (type 15).




3. Materials and Methods


The presented hydrological analysis was based on observation series of daily flows (Qd) from a multi-year period of 1983–2014 received from the Institute of Meteorology and Water Management PIB in Warsaw. These data were used to determine mean flows of the multi-year period, and then the trends for the metrics describing high water stages were evaluated and an analysis of statistical homogeneity and variance was performed. To the analysis of homogeneity and variance, the observed series of maximum annual flows and examined metrics were divided into two samples with 16 observations each. The division of the analyzed multi-year period was based on knowledge of meteorological and hydrological local conditions. In the period 1983–1998, there were dry and extremely dry years, whereas the period 1999–2014 is characterized by wet and extremely wet years [25]. There was no need to correct for the assumed significant level; only three tests were used in this study, and the increase of probability type II errors did not assume a significant level [26]. Additionally, periodograms were used to determine periodicity of the time series of maximum annual flows.



3.1. Trend Detection for High Water Stage Metrics


An analysis of seven metrics of high water stages determined based on Qd observations was performed for each of the investigated rivers. The observations were as follows: maximum annual flow (Qmax), maximum flow of the winter half-year (Qmax;w), and maximum flow of the summer half-year (Qmax;s). A threshold value serving as a benchmark for high water stages selection (peak over threshold—POT) was established, taking into account the data from Table 1. As all the catchment areas were smaller than 45,000 km2, the analysis included high water stages separated from each other by at least five-day time intervals [24]. The selected flows were used to determine the following metrics: POTX, POT3F, WPOT3F, and SPOT3F (Table 1). Values of POTX were calculated, based on selected floods. Episodes were identified and assumed for further analysis. The mean flow was assumed, because only episodes which dominated supply by surface runoff against supply by groundwater were analyzed. Next, the values of POT3F, WPOT3F and SPOT3F were assumed, which were above thevalues of flood, which was on position about 1/3 in number of distribution, which was designated for all years [27].



Table 1. Analyzed metrics of high water stages (source: authors’ own work).







	
Metric

	
Unit

	
Description






	
Qmax

	
m3·s−1

	
The highest flow observed during a hydrological year (max{Qmax;w; Qmaxs})




	
Qmax;w

	
m3·s−1

	
The highest flow observed during the winter half-year (1 November–30 April)




	
Qmax;s

	
m3·s−1

	
The highest flow observed during the summer half-year (1 May–30 October)




	
POTX

	
m3·s−1

	
Mean size of the flow determined based on high water stages exceeding the assumed threshold value




	
POT3F

	
–

	
Number of high water stages exceeding the threshold value for each hydrological year (ΣZPOT3F + SPOT3F)




	
WPOT3F

	
–

	
Number of high water stages exceeding the threshold value for the winter half-year (1 November–30 April)




	
SPOT3F

	
–

	
Number of high water stages exceeding the threshold value for the summer half-year (1 May–30 October)










Significance of the trend for the analyzed metrics describing high water stages was assessed with a non-parametric Mann-Kendall test. The null hypothesis for these tests is that there is no trend in the series and data in the series are independent. The minimum size of sample for the Mann-Kendall test could be below ten observations. The Mann-Kendall S statistic for a time series is determined from the equation [18,28,29,30]:


[image: there is no content]



(1)




where
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(2)




where n: number of the time series elements.



A normalized test statistic Z is defined by the equation:
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(3)




where Var (S): variance S is defined by the equation:
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(4)







When there are recurring elements in the observation series, the formula is completed upon correction:
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(5)




where g: the number of tied groups; tp: the number of observations in the p-th group.



Variance was used to work out the probability associated with the normalized test statistic Z. A trend is recognized as growing if the Z statistic is positive, or as decreasing if the Z statistic is negative. When the calculated test probability p is lower than the assumed significance level (in this study α = 0.05), the analyzed trend is considered significant.




3.2. Homogeneity of Statistical Data


Statistical homogeneity of the data was determined using a non-parametric Kruskal-Wallis test. The inference involved assigning rank to the ordered elements of all samples and determination of rank sum for each sample. When differences between the analyzed sums are small, the null hypothesis (H0) assuming that all samples originate from the same general population (are homogeneous) is true. A critical region was defined by Pearson’s statistic χ2 with k − 1 degrees of freedom (where k is number of compared samples) [31]. In this paper, the Kruskal-Wallis test was also used to establish the significance of differences between the analyzed metrics describing high water stages. The null hypothesis H0 was verified for the significance level α = 0.05.




3.3. Heteroscedasticity


Heteroscedasticity was assessed with the non-parametric Levene’s W test statistic that Levene’s test is used to test if k samples have equal variances. Equal variance across samples is called homogeneity of variance. Given a variable Y with sample of size N divided into k subgroups, where Ni is the sample size of the ith subgroup; the Levene test statistic is defined as [32]:
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(6)




where W: results of test; k: is the number of different groups to which the sampled cases belong; N: is the total number of cases in all groups; Ni: is the number of cases in the ith group; Yij: is the value of the measured variable for the jth case from the ith group; Zij can have one of the following two definitions: Zij = |Yij-[image: there is no content]| where [image: there is no content] is the mean of the i-th subgroup; Zij =|Yij-[image: there is no content]| where [image: there is no content] is the median of the i-th subgroup; Z..: is the mean of all Zij; Zi: is the mean of the Zij for group i.



The Levene test rejects the hypothesis that the variances are equal if W > Fα, k−1, N−k where Fα, k−1, N−k is the upper critical value of the F distribution with k − 1 and N − k degrees of freedom at a significance level of α.




3.4. Time Series Periodicity


Periodicity of Qmax time series in the catchments of the analyzed rivers was assessed using a spectral analysis designed to investigate the harmonic structure of a time series. The aim of the analysis is to break down a complex time series containing cyclical elements into a few basic sinusoidal functions (sine and cosine) with specific wavelengths. This analysis allows for discovering a few periodic cycles of variable length that at first appeared to be more or less random noise. A general model of the spectral function might be described with multiple regression function [33]:
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(7)




where Xt: value of a random variable at t time; a0: free term; ak and bk: regression coefficients; λk: frequency; t: time; q: number of variables in a model related to the number of data in a series.



The results of the spectral analysis were presented in a periodogram. Random fluctuations were smoothed via a weighted moving average transformation according to Hamming. The periodogram showed how the time series variance was distributed between individual frequencies [34].





4. Results and Discussion


The study analyzed the following hydrological metrics determined from the hydrometric data: Qmax, Qmax;w, Qmax;s, POTX, POT3F, WPOT3F, and SPOT3F. The values of the metrics describing high water stages for the Dunajec at the Nowy Targ-Kowaniec cross-section are displayed in Figure 2. Qmax for the Dunajec was found to be very variable. The lowest maximum flow (33.30 m3∙s−1) was observed for the winter half-year of 2012, and the highest (317.00 m3∙s−1)—which was over eight times greater—for the summer half-year of 1997. In most cases, the observed annual maxima were caused by rainfall and this explains their occurrence in the summer half-year. The lowest POTX (29.10 m3∙s−1) was reported for 2012, and the highest (118.20 m3∙s−1) for 2000. In the years 1983–2014, 81 high water stages exceeding the threshold value were recorded for the Dunajec. Nearly 80% of them happened in the summer half-year. The highest number of high water stages, i.e., five per year, was observed in 1985 and 2010.


Figure 2. Qmax;s, Qmax;s, POTX, WPOT3F, SPOT3F and POT3F metrics for the catchment of the Dunajec at Nowy Targ-Kowaniec cross-section.



[image: Water 08 00394 g002]






Figure 3 summarizes the metrics describing high water stages in the Rudawa at Balice cross-section.


Figure 3. Qmax;w, Qmax;s, POTX, WPOT3F, SPOT3F and POT3F metrics for the catchment of the Rudawa at Balice cross-section.
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An analysis of the results presented in Figure 3 revealed a substantial, nearly nine-fold difference between the lowest and the highest observed Qmax. The lowest Qmax occurred in 1992, amounting to 3.72 m3∙s−1 (winter half-year), and the highest Qmax, amounting to 32.90 m3∙s−1, was recorded in the summer half-year of 2010. In the years 1983–2014, Qmax was mainly observed for winter high water stages. The lowest POTX of 3.28 m3∙s−1 was observed in 1984, and the highest of 17.95 m3∙s−1 in 1997. In the analyzed multi-year period, there were 85 high water stages in the Rudawa exceeding the threshold value, 46 of which occurred in the winter half-year and the rest in the summer half-year. The highest number of high water stages (eight events) was observed in 2010. The period of 1988–1993 featured very low values of flood-related metrics. This was probably due to extremely low precipitation. The catchment of the Rudawa is a highland area with high retention capacity where even incidental intense precipitation does not cause floods. High retention capacity of the Rudawa means that the flood-related metrics follow a more regular course than in the mountain catchments. Figure 3 presents two distinct periods of the WPOT3F and SPOT3F course: the years 1983–1990 and 1993–2014.



Figure 4 shows the changes in the metrics describing high water stages for the Kamienica at Nowy Sącz cross-section.


Figure 4. Qmax;w, Qmax;s, POTX, WPOT3F, SPOT3F and POT3F metrics for the catchment of the Kamienica at Nowy Sącz cross-section.



[image: Water 08 00394 g004]






For the Kamienica (Figure 4), a significant, i.e., over 11-fold difference, between the lowest and the highest Qmax was found in the multi-year period 1983–2014. The lowest Qmax (17.40 m3∙s−1) was reported for the winter half-year of 2012, and the highest (196.00 m3∙s−1) for the summer half-year of 2010. The difference is height of precipitation in this years. The year 2010 was extremely wet (about 160% normal precipitation height for this catchment), while 2012 was a normal year (about 90% of normal precipitation height for this catchment). In the analyzed study period, as many as 87% of Qmax flows occurred in the summer half-year. The lowest POTX of 9.25 m3∙s−1 was observed in 2012, and the highest of 104.95 m3∙s−1 in 2006. An analysis of Figure 4 revealed that over the investigated 32 years there were 94 high water stages in the Kamienica that exceeded the adopted threshold value, and 62 of them occurred in the summer half-year. The highest number of high water stages (six events) was observed in 2010. No high water stages were observed in 2012 due to hydrological drought.



Figure 5 summarizes the metrics describing high water stages in the Wisłok at Tryńcza cross-section. An inspection of the values presented in Figure 5 demonstrated a nearly eight-fold difference between the lowest and the highest observed Qmax. The lowest Qmax occurred in 1990 and it amounted to 69.50 m3∙s−1 (winter half-year), and the highest Qmax—554.00 m3∙s−1—was recorded in the summer half-year of 2010. The majority (57%) of Qmax flows in the examined multi-year period were due to snowmelt. An analysis of POTX changes revealed a range of values from 47.33 m3∙s−1 in 1990 to 258.60 m3∙s−1 in 2010. In the years 1983–2014, there were 88 high water stages in the Wisłok that exceeded the threshold value, and 57% of them occurred in the winter half-year. The highest number of high water stages (six events) was observed in 2001.


Figure 5. Qmax;w, Qmax;s, POTX, WPOT3F, SPOT3F and POT3F metrics for the catchment of the Wisłok at Tryńcza cross-section.
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Figure 6 presents the changes in the metrics describing high water stages in the San at Przemyśl cross-section.


Figure 6. Qmax;w, Qmax;s, POTX, WPOT3F, SPOT3F and POT3F metrics for the catchment of the San at Przemyśl cross-section.
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Figure 6 indicates a nearly seven-fold difference in the observed Qmax. The lowest flow of 140.00 m3∙s−1 was recorded in the summer half-year of 1995, and the highest of 945.00 m3∙s−1 in the winter half-year of 1998. Most of the observed Qmax (19 events) were reported in the summer half-year. The lowest value of POTX (92.50 m3∙s−1) was determined in 1990, and the highest (324.00 m3∙s−1) in 2000. In the investigated multi-year period, there were 95 high water stages in the San that exceeded the threshold value, and 55% of them occurred in the summer. The highest number of high water stages (eight events) was observed in 1998 and 2010.



The highest values of Qmax in the investigated river catchments were recorded in 1997, 1998 and 2010. These are the years in which Poland was fighting devastating floods. The flood of July 1997 was caused by intense rainfall that occurred in the area of the Carpathian tributaries of the Vistula, from the Mała Wisła to the Dunajec. At that time, the sum of daily rainfall reached maximum values of the multi-year period. In April 1998, the floods hit mostly the catchments of the Dunajec, the Wisłok, and the San. This disaster, similarly as in 1997, was caused by intense days-long rainfall, and the rainfall size in April was over 300% of the monthly average [35]. A catastrophic flood happened at the turn of May and June 2010 in the upper Vistula basin; it was the greatest flood in the history of hydrological measurements of this river. It was caused by the rains that lasted for most of May. Until then, the rains causing the greatest floods in the Carpathian Mountains occurred usually in July on a large area and they were of a continuous nature. The rains in May 2010 were considered unique, as they were accompanied by the pressure systems that usually bring about the intense rainfall characteristic of the summer months [36]. Additionally, mountain catchments of flysch type are dominated by summer high water stages, whereas in highland catchments, the number of summer and winter floods is similar.



Increasing incidence of flood flows makes the detection of Qmax trend a popular subject of scientific and practical interest. It is indispensable for planning and designing future flood protection systems, as the assumed stability of the conditions controlling the runoff of high water from a catchment seems debatable in the light of advancing climatic changes [12]. The next chapters of the study are devoted to the analysis of the trends in the investigated metrics that describe the course of high water stages in the selected river catchments. Table 2 shows the trend significance results yielded by Mann-Kendall test.



Table 2. Evaluation of the trend of the analyzed metrics describing high water stages in the catchments of the study rivers.







	
Metric

	
Range

	
Mann-Kendall S

	
Test Z

	
p

	
Trend for the Significance Level α = 0.05






	
Dunajec–Nowy Targ-Kowaniec cross-section




	
Qmax [m3∙s−1]

	
33.30–283.00

	
54

	
0.86

	
0.28

	
non-significant




	
Qmax;w [m3∙s−1]

	
24.40–178.00

	
20

	
0.31

	
0.38

	
non-significant




	
Qmax;s [m3∙s−1]

	
28.50–283.00

	
52

	
0.83

	
0.28

	
non-significant




	
POTX [m3∙s−1]

	
29.10–118.20

	
13

	
0.19

	
0.39

	
non-significant




	
POT3F [–]

	
0–5

	
46

	
0.79

	
0.29

	
non-significant




	
WPOT3F [–]

	
0–2

	
48

	
0.85

	
0.28

	
non-significant




	
SPOT3F [–]

	
0–5

	
28

	
0.49

	
0.35

	
non-significant




	
Rudawa–Balice cross-section




	
Qmax [m3∙s−1]

	
3.72–32.90

	
87

	
1.39

	
0.15

	
non-significant




	
Qmax;w [m3∙s−1]

	
2.68–28.20

	
80

	
1.28

	
0.18

	
non-significant




	
Qmax;s [m3∙s−1]

	
1.82–32.90

	
75

	
1.320

	
0.19

	
non-significant




	
POTX [m3∙s−1]

	
3.28–17.95

	
40

	
0.63

	
0.33

	
non-significant




	
POT3F [–]

	
0–8

	
43

	
0.73

	
0.31

	
non-significant




	
WPOT3F [–]

	
0–4

	
53

	
0.87

	
0.27

	
non-significant




	
SPOT3F [–]

	
0–6

	
16

	
0.29

	
0.38

	
non-significant




	
Kamienica–Nowy Sącz cross-section




	
Qmax [m3∙s−1]

	
17.40–196.00

	
25

	
0.39

	
0.37

	
non-significant




	
Qmax;w [m3∙s−1]

	
10.10–106.00

	
26

	
0.41

	
0.37

	
non-significant




	
Qmax;s [m3∙s−1]

	
14.60–196.00

	
29

	
0.45

	
0.36

	
non-significant




	
POTX [m3∙s−1]

	
9.25–104.95

	
49

	
0.78

	
0.29

	
non-significant




	
POT3F [–]

	
0–6

	
−83

	
−1.39

	
0.15

	
non-significant




	
WPOT3F [–]

	
0–3

	
−15

	
−0.28

	
0.38

	
non-significant




	
SPOT3F [–]

	
0–4

	
−101

	
−1.70

	
0.09

	
non-significant




	
Wisłok–Tryńcza cross-section




	
Qmax [m3∙s−1]

	
69.50–554.00

	
58

	
0.92

	
0.26

	
non-significant




	
Qmax;w [m3∙s−1]

	
49.90–460.00

	
60

	
0.96

	
0.25

	
non-significant




	
Qmax;s [m3∙s−1]

	
35.80–554.00

	
81

	
1.30

	
0.17

	
non-significant




	
POTX [m3∙s−1]

	
48.33–258.00

	
98

	
1.57

	
0.12

	
non-significant




	
POT3F [–]

	
0–6

	
89

	
1.50

	
0.13

	
non-significant




	
WPOT3F [–]

	
0–3

	
70

	
1.23

	
0.19

	
non-significant




	
SPOT3F [–]

	
0–3

	
75

	
1.30

	
0.17

	
non-significant




	
San–Przemyśl cross-section




	
Qmax [m3∙s−1]

	
140.00–945.00

	
−10

	
−0.15

	
0.39

	
non-significant




	
Qmax;w [m3∙s−1]

	
103.00–945.00

	
19

	
0.29

	
0.38

	
non-significant




	
Qmax;s [m3∙s−1]

	
100.00–850.00

	
21

	
0.61

	
0.73

	
non-significant




	
POTX [m3∙s−1]

	
92.50–324.00

	
51

	
0.81

	
0.29

	
non-significant




	
POT3F [–]

	
0–8

	
5

	
0.11

	
0.40

	
non-significant




	
WPOT3F [–]

	
0–4

	
19

	
0.32

	
0.38

	
non-significant




	
SPOT3F [–]

	
0–4

	
19

	
0.34

	
0.38

	
non-significant










The results presented in Table 2 demonstrated that test probability p was in all the cases higher than 0.05 and this indicated a lack of significance of the trends for these metrics (Table 2). Similar findings were published by Walega et al. [37,38], who examined the significance of a trend for medium (SQ) and low (NQ) flows in the catchments of the upper Vistula basin. The study confirmed the presence of trends but they were not significant. A similar assessment was described in a paper by Walega and Młyński [39] that analyzed the homogeneity of Qmax in the catchments of the Lepietnica and the Koprzywianka. The study also demonstrated an existing but statistically insignificant trend for extreme flows. The study outcomes summarized in Table 2 confirm the observations reported in other works related to the climatic changes in the selected catchments of the upper Vistula basin. Pińskwar [40] and Niedźwiedź et al. [41] discovered upward trends in the analyzed metrics of daily rainfall that were, however, not significant again. Also Falarz [42], who investigated the time of snow cover presence, observed a downward but insignificant trend for this phenomenon. Similarly, Kundzewicz et al. [22] reported that the presence of trends for climatic variables controlling high water stages may usually be detected but they were not significant. Lack of trend of the mentioned characteristics of climate change significantly affects the hydrological regime of rivers. Supply of rivers in Poland is snowy-rainy, with a lower supply of the flowing groundwater. Hence this phenomenon could affect the lack of trend of investigated rivers [43].



The study was complemented by the assessment of homogeneity and heteroscedasticity of high water stage metrics Qmax, POTX, and POT3F. Table 3 summarizes the results of Kruskal-Wallis and Levene tests conducted for the significance level α = 0.05.



Table 3. F and χ2 statistics for the selected high water stage metrics in the investigated river catchments.







	
Metric

	
Unit

	
Values of Tests and Probability of the Test (p)




	
χ2

	
p 1

	
W

	
p 1






	
Dunajec–Nowy Targ-Kowaniec cross-section




	
Qmax

	
[m3∙s−1]

	
0.960

	
0.327

	
0.004

	
0.948




	
POTX

	
[m3∙s−1]

	
1.278

	
0.258

	
0.463

	
0.501




	
POT3F

	
[–]

	
1.511

	
0.219

	
0.067

	
0.797




	
Kamienica–Nowy Sącz cross-section




	
Qmax

	
[m3∙s−1]

	
0.278

	
0.598

	
1.703

	
0.202




	
POTX

	
[m3∙s−1]

	
2.505

	
0.113

	
1.328

	
0.259




	
POT3F

	
[–]

	
0.014

	
0.906

	
0.175

	
0.,678




	
Rudawa–Balice cross-section




	
Qmax

	
[m3∙s−1]

	
3.990

	
0.046

	
0.071

	
0.791




	
POTX

	
[m3∙s−1]

	
2.566

	
0.111

	
0.189

	
0.667




	
POT3F

	
[–]

	
2.413

	
0.120

	
0.274

	
0.604




	
Wisłok–Tryńcza cross-section




	
Qmax

	
[m3∙s−1]

	
1.998

	
0.158

	
1.663

	
0.207




	
POTX

	
[m3∙s−1]

	
4.143

	
0.041

	
1.102

	
0.302




	
POT3F

	
[–]

	
2.681

	
0.102

	
0.378

	
0.543




	
San–Przemyśl cross-section




	
Qmax

	
[m3∙s−1]

	
0.007

	
0.791

	
0.277

	
0.610




	
POTX

	
[m3∙s−1]

	
1.547

	
0.214

	
3.789

	
0.061




	
POT3F

	
[–]

	
0.594

	
0.441

	
0.006

	
0.936








1 Statistic significant for α = 0.05 when p ≤ 0.05.








The outcomes of Kruskal-Wallis test for the years 1983–1998 and 1999–2014 indicated no reasons to reject the null hypothesis (H0) assuming homogeneity of the analyzed data for the Dunajec, the Kamienica, and the San. This was evidenced by the values of χ2 that were smaller than the value adopted during defining the critical region (for two compared samples: χ2kr = 3.841). This means that the analyzed random variables originated from the same general population. It was therefore concluded that no significant factor affecting the course of processes controlling high water runoff from the study catchments has appeared in the analyzed multi-year period. Contrary to this, χ2 and p determined for the Rudawa (Qmax) and the Wisłok (POTX) indicated significant differences between the studied samples. Significant differences in Qmax for the Rudawa were due to the fact that in the multi-year period 1983–1998 there were less water-abundant years than in the period of 1999–2014. An analysis of heteroscedasticity (Levene W test) of the investigated high water stage metrics for the years 1983–1998 and 1999–2014, confirmed the null hypothesis H0 that assumed a lack of significant differences between the variances. Therefore stability of the hydrological regime has been confirmed for the investigated catchments.



Another element investigated in this study was the periodicity of Qmax time series for the study catchments. This was performed using spectral analysis designed for evaluation of the harmonic structure of a time series. The analysis outcomes are presented in Figure 7.


Figure 7. Periodograms of Qmax for: (a) the Dunajec; (b) the Kamienica Nawojowska; (c) the Rudawa; (d) the Wisłok; (e) the San.
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An analysis of periodicity of Qmax time series for the investigated river catchments demonstrated approximately five-year cycles of Qmax in the Dunajec (Figure 7a). Moreover, shorter three-year cycles with smaller peak values were also observed. The periodograms for the Kamienica Nawojowska (Figure 7b) revealed the same cycles as for the Dunajec. The Kamienica Nawojowska is located within the Dunajec basin and this explains the observed repeatability. Furthermore, these rivers are characterized by mountain regime that may disrupt cycles of the investigated phenomenon. For the Rudawa (Figure 7c), two-year cycles of Qmax were reported. Additionally, longer 16-year cycles with lower Qmax were detected. For the Wisłok (Figure 7d), five-year cycles of Qmax and a shorter one of two years were observed, similar to the Dunajec and the Kamienica. The periodogram for the San (Figure 7e) indicated four-year cycles and longer ten-year periods with lower Qmax.




5. Conclusions


The study analyzed the changes in high water stage metrics in the multi-year period 1983–2014 for the selected catchments of the upper Vistula basin. The research yielded the following conclusions:

	
Long-term hydrometric measurements conducted in the study catchments usually indicated upward trends for maximum flows and increasing incidence of high water stages. However, these trends were not significant.



	
No significant differences in high water stage metrics were detected for the Dunajec, the Kamienica, and the San. Therefore, it may be concluded that no factor significantly affecting the runoff of high water from these catchments has appeared in the investigated multi-year period. Significant differences between the analyzed metrics (Qmax and POTX) were detected for the Rudawa and the Wisłok, respectively. Additionally, no significant differences in the variances for these metrics were found in each of the cases.



	
Although the detected trends were not significant, the hydrological parameters and meteorological factors should be still monitored in order to capture any changes in the trend significance and the factors affecting their fluctuations.



	
Spectral analysis indicates that Qmax shows the same cyclic behavior in the five analyzed basins.
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