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1. Introduction

Knowlede of the hydrologic regime of rivers comprises the basis for wa-
ter resources assessment in river basins. For last several years, a number of stud-
ies on variability of river runoff under the influence of climate changes (Stahl et
al. 2010) and anthropogenic changes have barchieen conducted (Lv et al. 2018).
Determination of runoff change trends is remarkably important to strategic man-
agement of water resources (Huska et al. 2017). Therefore, numerous studies dis-
cuss the issue of uneven distribution throughout the year, in regional extent,
caused by seasonality of climatic factors (Parajka et al. 2009). Such research was
conducted by Klavins et al. (2008) on the rivers of Latvia, Stonevicius et al.
(2014) in Lithuania. The runoff studies on the area of Poland were conducted by
Gutry-Korycka & Rotnicka (1998), Michalczyk & Gtowacki (2008), Pociask-
Karteczka (2011), Jokiel & Stanistawczyk (2012), Gadek & Tokarczuk (2015),
Niedzielski & Mizinski (2017), Wrzesinski & Sobkowiak (2018), Mostowik et
al. (2019). The studies of Pekarova et al. (2006) revealed that the analysis of run-
off of main European rivers throughout last 150 years did not indicate significant
increasing or decreasing trend. Contrary results have been achieved in small river
basins, where the runoff reacts quicker to the changes that take place in the basin,
which causes significant changes to the runoff (Song et al. 2012). The assessment
of river discharge reaction to precipitation depends on physiographic features of
the catchment, among others they are geological structure, fall of the ground,
plant cover (Banasik & Hejduk 2012, Osuch et al. 2015, Walega et al. 2016,
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Canjevac & Oresi¢ 2018, Dunca & Badiluta-Minda 2018). Van Loon & Laaha
(2015) claim that over 30 factors may be distinguished in a catchment, which may
have influence to the river runoff. Interactions between the mentioned factors
vary temporally and spatially (Bazatova & Simkova 2015).

The aim of this paper is to investigate how the data collected from 2 se-
lected basins with diverse physically-geographical parameters talks about the fre-
quency of floods and droughts in the last three decades. Two basins have been
selected for the case study: lake district basin in Poland (Gwda) and mostly the
mountain basin in Slovakia (Laborec). The areas of Poland and Slovakia have
been included by Spinoni et al. (2015) in common region of Europe — Eastern
Europe. Based on the data regarding discharge and precipitation in the years
1981-2010, there have been analyzed long-term and seasonal trends of runoff
changes. On the basis of average monthly precipitation and runoff, the appear-
ance and duration of wet and dry periods as well as their intensity have been
compared. The comparison of the results was possible thanks to application of
standardized hydrological indices.

Standardized Runoff Index (SRI) was developed on the basis of the
Standardized Precipitation Index (SPI) concept for hydrological drought charac-
teristics (Nalbantis & Tsakiris 2009). It is a simple and efficient index of hydro-
logical droughts assessment. It was applied to assessment of dry and wet period
forecasts in various climate zones. The proposed approach bases on the assess-
ment of water resources in various hydro-climatic conditions and on determina-
tion of various intensity classes of hydrological drought.

2. Study area

Two basins located in Central Europe, which reflect different climate and
physio-georaphic conditions, have been selected for the analysis (Table 1). Hydro-
logical characteristics of the rivers Gwda and Laborec have been presented in the
Table 2. The River Gwda, located in northern part of Poland, is a 4™ order tributary,
which flows into the River Notec¢. Total length of the river is 139.95 km. Gwda’s
basin is a lake district basin, built of sands and fluvioglacial gravels, with numerous
endorheic depressions and large share of lakes and forests. Forest area (afforesta-
tion index) comprises 30% of total area, while lakes area (lake density index) is
2.5% (Kubiak-Wojcicka & Korna$ 2015). Arable area accounts for 44.4 % of the
Gwda River basin. The basin represents the agricultural-forest type. The River La-
borec is a tributary of Bodrog. It is mostly a mountain river. Its length is 135.5 km.
The basin’s surface area is 4522 km? and is characterized by large river network
density (1.01 kmkm™). The most important tributaries of Laborec include rivers
Uh and Cirocha. The basin is asymmetric, left-side tributaries prevail over the right-
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side ones. In the basin of River Laborec there are located artificial water reservoirs,

which have influence on the discharge of the River Laborec.

Table 1. Physio-geographical parameters of basins of the Rivers Gwda and Laborec

Characteristics Gwda River Laborec River
Basin area (km?) 4947.27 4522.70
Average altitude (m a.s.l.) 128.1 657.5
Forest cover (%) 30 40
Denivelation (m) 160.5 580
River network density (km-km?) 0.31 1.01
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Table 2. Hydrological characteristics of the Rivers Gwda and Laborec

R | Gt | Bt | Beopinier | g 951
2010 (m*s™)
Gwda Ptusza 2042.00 (41.3%) 659 11.91
Gwda Pita 4713.11 (95.3%) 634 27.80
Laborec | Humenne | 1321.63 (29.2%) 816 12.74
Laborec Izkovce 4350.86 (96.2%) 799 51.55

3. Materials and methods

In order to characterize the runoff regime, the data pertaining to discharge
and precipitation in basins of Gwda and Laborec was used. On the basis of daily
values,there have been calculated the average monthly and average annual values
in multiyear period of 1980-2010. The data comes from Institute of Meteorology
and Water Management — National Research Institute (data pertaining to Gwda’s
basin) and from Slovak Hydrometeorological Institute (SHMI) (data pertaining
to Laborec’s basin).

The runoff in River Gwda basin was analyzed on the basis of the dis-
charge at gauging stations in Pita and Ptusza, and in the River Laborec basin —
Izkovce and Humenne. Average monthly and annual precipitation consist of av-
eraged precipitation recorded on several meteorological stations located in par-
ticular catchments. The precipitation data for the River Gwda basin come from 7
precipitation stations closing the water gauging station in Pita, while the Ptusza
gauging station encloses 5 meteorological stations. In the Laborec river basin
there were 16 meteorological stations, while in the Humenne profile there were
10 stations. Location of the stations have been presented on Fig. 1.

The analysis has been focused on the trends of average annual and
monthly runoff and on occurrence of dry and wet periods. The 30-year measure-
ment period assumed for the analysis is considered as reliable for creation of a
credible characteristics of volume, regime and variability of the runoff (Ljubenkov
& Cindri¢ Kalin 2016). The assumption of the beginning of study at the 1980s is
important because that decade is considered a turning point in development of hy-
dro-climatic variables (Blahusiakova & Matouskova, 2015).

Because the basins under analysis are similar in their surface area but
different in physio-geographical conditions, the runoff variability has been ana-
lyzed with use of the standardized meteorological indices — SPI (Standardized
Precipitation Index) (Mc Kee et al. 1993), which are SRI (Standardized Runoff
Index) (Shukla & Wood 2008, Lorenzo-Lacruz et al. 2013, Kubiak-W¢jcicka &
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Bak 2018). As a normalizing function, a 2-parameter logarithmic function was
adopted (Vicente-Serrano et al. 2012). The calculation details have been pre-
sented in the work by Bak & Kubiak-Wojcicka (2017). In order to calculate the
SRI values in various time scales (» months), it is necessary to use accumulation
of discharges for each month and for » months. Five different time series have
been analyzed: 1, 3, 6, 9 and 12 months. Based on the achieved SRI values, clas-
sification of drought intensity has been carried out (Table 3). The main advantage
of the SRI index is the fact that it allows for estimation of beginning and end of
a drought as well as its intensity. Hydrological drought beginning is assumed
when the SRI is less than -1.0 while wet periods — when the SRI > 1.0. The range
between -1.0 and 1.0 has been defined as regular.

Table 3. The classification scale for SRI values
(McKee et al. 1993, Bak & Kubiak-Wojcicka 2017)

SRI value Category
SRI>2.0 Extremely wet
2.0>SRI>1.5 Severely wet
1.5>SRI>1.0 Moderately wet
1.0>SRI>-1.0 Normal
-1.0>SRI>-1.5 Moderately dry
-1.5>SRI>-2.0 Severely dry
SRI<-2.0 Extremely dry

To understand present and future water resources sustainability and de-
velopments, it is necessary to consider the existence of a trend in hydro-meteor-
ological variables. The most common for trend analysis is non-parametric Mann-
Kendall (MK) statistical test. The Mann-Kendall test follows statistics based on
standard normal distribution (Z), using Eq. (1) (Mann 1945, Kendall 1975).

S—-1 .
I m if S>0
7 =

0 if S=0 (1
S+1 .
L s if S<O0
in which,
S=YRo1 Xitksr S8N(X) — Xi) 2

where x;j and xi are data values at times j and k (j > k) respectively.
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+1 if (Xj —xk) >0

sgn(xj — xy) = 0 if(x—x) =0 3)
L -1 if(x-x) <0
Var(S) = [n(n —1)(2n +5) — ¥, gi(g; — 1)(2g; +5)]/18 4
where:

n — the number of data points,
m — the number of tied groups
(a set of g; of sample data having the same value).

The null hypothesis HO (no trend) is accepted if Z<Z,; and rejected (hy-
pothesis H1) if Z>Z,, where a is the significance level and Zy the standard normal
distribution for a/2. The applications carried out considered 0=0.05 and Z,»=1.645.
The trend magnitude in time series is expressed by Sen’s method (Sen 1968):

B= Median((x]- —x)/(G— k) ®)
where:
x;, xx — data values at times j and k (j > k) respectively.

A positive value of £ indicates an upward (increasing) trend and a nega-
tive value indicates a downward (decreasing) trend in the time series. Both the
MK test and Sen’s method require time series to be serially independent, which
can be accomplished using the pre-whitening technique. In this paper, the authors
used a trend-free pre-whitening method before applying the MK test to detect
significant trends (Khaliq et al. 2009).

4. Results and discussion
4.1. Annual precipitation and discharge in the years 1981-2010

Annual precipitation in the Laborec river basin reach on the average ap-
proximately 800 mm in the years 1981-2010. In the basin area, the precipitation
ranges from 560 to 1020 mm. Maximum precipitation has been recorded in 2010,
when it reached approximately 1113 mm. The lowest precipitation has been rec-
orded in 1986 (620 mm). Due to the location of Gwda river basin in a lake district
and in a so called rain shadow, annual precipitation is lower when compared to
the precipitation in the Laborec river basin by approximately 180 mm. In the
Gwda basin area, the precipitation ranges from 550 to 730 mm. The highest values
of precipitation have been recorded in 2010 (821.7 mm) and 2007 (808.3 mm), and
the lowest — in 1982 (377.4 mm). The amount of precipitation translates into
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annual average discharge. In the estuarial section of Gwda river in Pita the dis-
charge value on the average was 27.8 m*s™ (specific runoff 5.9 dm*s'km™),
while for the river Laborec in Izkovce it was 51.55 m*s™ (specific runoff
11.4 dm*s"km™).

The trend course analysis reveals statistically significant increase of annual
precipitation sum on all the analyzed meteorological stations in the analyzed multi-
year period. The results achieved in the Laborec river basin coincide with studies
carried out on the area of whole Slovakia (Labudova et al. 2015, Zelenakova et al.
2017). However, precipitation increase does not imply annual discharge increase
on all gauging stations. Only in the river Laborec, weak upturn trend of discharge
in gauging station Izkovce, while in gauging station Humenne the trend was upturn
but statistically insignificant (less than 0.05). In the Gwda river basin, despite the
upturn trend of precipitation, a downturn trend of discharge has been recorded. It
was especially noticeable in Pita gauging station, where a statistically significant
downturn discharge trend was recorded (Fig. 2-3).
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Fig. 2. Average annual discharge (SQ in m*s™!) of Laborec at gauging station Humenne
and Izkovce in the years 1981-2010

Despite different precipitation and discharge distribution throughout
a year, their seasonal distributions in both basins are similar (Table 4). The largest
average monthly precipitation occurred in July while largest average monthly dis-
charges were recorded in March and April. In the Gwda river basin, the precipi-
tation in summer months predominated and consisted about 58% of the annual
precipitation, while river discharge was higher in winter months and also con-
sisted approximately 58% of the annual discharge. The situation is similar in the
Laborec river basin. In the summer months, the precipitation consisted of 60-62%
of annual precipitation, while the discharge in winter months was significantly
higher than in the case of River Gwda and consisted 64-67% of annual discharge.
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The studies of Stefunkova et al. (2013) indicated that in long-term periods, aver-
age runoff will be decreasing in summer months and increasing trend will appear
in winter and early spring periods. It results from air temperature increase and
shifting snow thawing from spring to winter months.
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Fig. 3. Average annual discharge (SQ in m*s™') of Gwda at gauging station Ptusza
and Pita in the years 1981-2010

4.2. Seasonal distribution of precipitation and discharge in the years 1981-2010
Table 4. Precipitation and discharge in the years 1981-2010

Month [1 [ 1 [ 1 [ 1v [ v [ vi [ v [ vin [ IX [ X [ x1 [ xu

River Gwda, gauge Ptusza

P (mm) 49.7 373 48.5 37.1 572 72.7 75.4 72.8 58.1 47.3 50.7 55.5

Qmean(m*s’ 13.55 14.85 16.39 15.00 13.06 11.22 9.71 8.89 9.04 8.91 10.35 11.97

D) 21.38 27.76 28.31 20.85 18.91 17.59 14.81 14.43 15.33 13.08 19.14 18.44

Qmax (m*s™) 9.13 8.92 9.45 9.50 772 6.81 6.02 577 6.01 4.93 6.52 8.14
min (m*s™)

River Gwda, gauge Pila

P (mm) 48.2 36.0 472 35.0 58.1 67.8 71.5 70.1 56.2 43.6 47.7 523

Qmean(m*s’ 32.56 35.12 38.12 34.88 28.74 24.05 21.97 21.17 21.57 2227 24.58 28.83

D) 49.50 63.10 63.30 48.80 41.30 39.30 35.90 33.40 34.10 31.20 44.80 40.50

Qmax (m*s™) 22.40 22.40 25.20 21.80 16.50 12.30 11.00 11.00 11.60 12.20 14.30 19.50
min (m*s™)

River Laborec, gauge Humenne

P (mm) 46.9 45.1 46.5 56.2 83.2 94.1 107.2 83.9 79.8 58.2 56.1 58.7

Qmean(m*s’ 12.09 14.90 30.78 22.17 14.72 9.47 10.35 5.34 5.80 6.57 10.28 13.80

! 24.77 38.79 63.17 59.56 51.06 35.53 33.93 15.52 18.58 19.99 31.20 37.53

Qmax (m’s™) 1.35 2.75 11.00 5.53 3.83 2.66 1.74 1.14 1.61 1.41 1.84 1.21
min (m*s™)

River Laborec, gauge Izkovee

P (mm) 49.0 45.5 457 553 81.3 89.2 98.3 79.8 75.7 58.6 583 62.1

Qmean(m®s” 49.44 55.43 98.10 90.75 56.54 39.32 36.69 29.58 29.45 33.28 45.08 54.95

D) 106.88 146.77 185.72 230.05 178.98 169.57 82.40 66.54 48.93 90.26 123.04 169.13

Qmax (m*s™) 8.50 19.84 26.88 26.06 13.73 16.88 14.98 13.66 11.98 18.49 10.06 7.08
min (m*s™)

The course of average monthly discharges of Gwda and Laborec is bal-
anced over a year with maximum occurring usually in March or April and mini-
mum in Spetember or October. The years, in which the highest and the lowest
annual average discharge values were recorded, the seasonal distribution
changed. In case of the River Laborec, the most wet year was 2010, which had 2
high river flows — in June and December — caused by heavy precipitation (Fig.
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4). The lowest annual discharge was recorded in 2003, in which a single maxi-
mum, related to spring thaw, occurred in April. The highest discharges of the
analyzed period in River Gwda basin took place in 1981 and the lowest — in 1992.
In wet year 1981, 2 high river flows were recorded: in March and November,
while in 1992 just one — in April (Fig. 5).
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Fig. 4. The course of average monthly discharge (SQ in m*s™) of River Laborec at gauging
station Izkovce in dry year 2003 and wet year 2010 against precipitation (P in mm)
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Fig. 5. The course of average monthly discharge (SQ in m*s™) of River Gwda at

gauging station Pita in dry year 1992 and wet year 1981 against precipitation (P in mm)
4.3. Standardized Runoff Index (SRI) utilization in hydrological analyses

The analysis of course and occurrence of wet and dry periods in the ba-
sins being discussed is possible with use of the Standardized Runoff Index. The
course of the SRI’s values in particular months has been presented in various time
scales on 2 gauging stations. The highest amplitude of the SRI value has been
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achieved in the case of 1-month interval and at gauging station Izkovce it was
6.35, Pita — 5.31. Based on the SRI values there can be identified periods of oc-
currence of wet and dry months.

The frequency of dry and wet periods’ occurrence in the basin of River
Laborec is significantly higher than in the case of River Gwda. It results from
higher susceptibility of the basin to course of precipitation. River Gwda basin is
much more hydrologically inert and does not react that suddenly to precipitation
volume. The SRI index has been presented on the basis of the following parame-
ters: number of months (duration of drought/wetness in months) and maximum

intensity, in Tables 5-6.

Table 5. Parameters of the SRI in various time scales for River Gwda at gauging station

Ptusza and Pita

[ SRI-1 [ SRI-3 SRI-6 | SRI-9 [ SRI-12
Ptusza
Number of wet months (SRI>1.0) 62 64 62 66 76
Number of dry months (SRI<-1.0) | 62 61 74 75 65
Index maximum value 2.44 2.25 2.05 2.05 1.93
(I12002) | (IV2002) | (VII2002) | (IT11981) | (XII2002)
Index minimum value -2.68 -2.36 2.1 -1.99 -2.11
(V 1993) (VI1993) | (VIII1993) | (VI1993) | (VI1993)
Pita
Number of wet months (SRI>1.0) 57 58 56 64 67
Number of dry months (SRI<-1.0) | 62 55 51 47 45
Index maximum value 2.57 2.31 2.24 2.40 2.55
(112002) (11 1981) IV 1981) (IX1981) | (X11981)
Index minimum value -2.74 -2.73 -2.60 -2.28 -2.34
(VII 1992) | (VII1992) | (XI1992) (11993) (V 1993)

Table 6. Parameters of the SRI in various time scales for River Laborec at gauging

station Humenne and Izkovce

[ SRI-1 [ SRI-3 SRI-6 [ SRI-9 [ SRI-12
Humenne
Number of wet months (SRI>1.0) 64 59 57 47 54
Number of dry months (SRI<-1.0) 61 63 59 59 59
Index maximum value 2.54 2.16 2.32 2.32 2.35
(VI2010) | (VII2010) | (X2010) (XI12010) | (II11981)
Index minimum value -3.05 -3.41 -3.16 -3.00 -2.80
(X1 1986) | (11987) (11987) (IV 1984) | (V 1984)
Izkovce
Number of wet months (SRI>1.0) 59 62 57 56 56
Number of dry months (SRI<-1.0) 44 53 56 61 63
Index maximum value 3.48 2.63 2.53 2.64 2.48
(VI2010) | (X1998) | (X2010) | (XI12010) | (XI12010)
Index minimum value -2.87 -3.34 -2.76 -2.65 -2.44
(11987) (11987) (I1 1987) (V 1984) (V 1984)
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Maximum value of the SRI index recorded at gauging station Ptusza is
lower than that recorded at the station Pita. That may be caused by water retention
in the basins located by the hydropower plants. In case of River Laborec, maxi-
mum values of the SRI index are higher at the station Izkovce than Humenne.
Possible cause is River Uh estuary which is located close to the gauging station
Izkovce. Hydrological droughts are more gentle at gauging station Izkovce than
at gauging station Humenne. The delay is approximately 1 month. During the wet
periods, drought intensity is also higher at gauging station Izkovce than at Hu-
menne. Duration of dry periods extends and the number of wet months stabilizes.
Frequency of dry and wet periods’ occurrence is higher in case of the mountain
river than the lake district one. The lowest SRI values for River Gwda were re-
coded in 1992, which is related to the one of the lowest precipitation throughout
the analyzed period (481 mm) and low precipitation in the preceeding year 1991
(553 mm). The highest values of the SRI for River Laborec were in 2010, in
which annual precipitation sum in the basin was the highest over the analyzed
period and its value was 1113 mm. The lowest SRI values were recorded in 1987
— annual precipitation sums were 771 mm — and it was preceeded by the year
1986 with the lowest recorded precipitation sum of 620 mm. The share of particular
drought classes in River Laborec and River Gwda basins varies. Noteworthy is
higher frequency of extremely wet months (SRI >=2.0) and extremely dry months
in the basin of River Laborec. Moreover, there are the years in which in the River
Laborec basin the extremely wet and extremely dry periods occur simultaneously
at the same year, e.g. 2007. Normal years (-1.0<SRI<1.0) in the estuarial parts of
both rivers comprise approximately 67-71% of the analyzed period.

Table 7. Monthly trend analysis of discharge in the years 1981-2010

month [ [ u [ [1v [ v [ v [ vi [ v [ 1X [ x [ x1 [ xu
River Gwda, gauge Ptusza
7z N N N N
B 0.1779 0.1779 0.4447 0.9191
- 0.0593 0.2075 0.2965 - - - 0.2372 0.0296 0.2075 0.1779 0.3558
0.0193 0.0078 0.0110 0.0193 0.0072 0.0181 0.0316 0.0127 0.0007 0.0065 0.0177 0.0186
River Gwda, gauge Pila
7z N N N N - - N N
B 0.6226 0.0889 0.7116 1.5121 2.2533 1.7493 1.3935 1.4528 -1.4824
- 0.7412 0.0889 0.0593 - - - - - - - -
0.0683 0.0696 0.0037 0.0044 0.0210 0.0894 0.1398 0.2501 0.1733 0.1204 0.1432 0.1324
River Laborec, gauge Humenne
7z N N N N N N
B 1.0081 0.3261 0.1186 0.2668 0.8302 0.2668 -0.4744
1.3342 0.7709 - 0.2286 - - 0.6523 0.7412 - - - -
0.1383 0.1307 0.3098 0.0168 0.0319 0.0186 0.0421 0.0590 0.0140 0.0393 0.0169 0.0702
River Laborec, gauge Izkovce
Z N N N B B N
B 0.5565 0.7258 1.0645 1.4758 0.0000 1.3548 1.3065 -0.2419
1.1613 0.6774 0.0968 - - - - - - - 0.9194 -
0.3064 0.2908 0.0409 0.4087 0.3070 0.2455 0.2011 0.0032 0.2067 0.1927 0.2277 0.1024

*bold values in grey mean significant trend

Tables 7 and 8 summarize the results from the trend analysis based on
the Mann-Kendall non-parametric statistical test for a critical probability level of
5% coupled with the Sen approach applied to the discharge datasets. The results
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of trend analysis show mainly decreasing trends of discharges in evaluated
gauges. Significant decreasing trends were proved in Ptusza station at River
Gwda in Poland and in Izkovce station at River Laborec in Slovakia. These de-
creasing trends are obvious mainly in summer months (August and September).
The obtained values are usually not statistically significant.

Table 8. Trend analysis of discharge in summer and winter months

Station | winter (I-III, X-XII) [ summer AV-IX) | year (I-XID)
River Gwda, gauge Ptusza

VA 0.4216 -0.8299 -0.3899
B 0.0018 -0.0032 -0.0006
River Gwda, gauge Pila

VA -1.3449 -2.0938 -2.3404
B -0.0113 -0.0214 -0.0081
River Laborec, gauge Humenne

VA 0.4257 -0.0728 0.2845
B 0.0042 -0.0005 0.0008
River Laborec, gauge Izkovce

VA 0.6366 -2.2039 -1.0156
B 0.0174 -0.0393 -0.0080

*bold values in grey mean significant trend

5. Conclusions

The periods of drought and flood occurrence overlap with other authors’
studies for the analyzed basins. The slow rise in air temperature had been lasting
since the mid-nineteenth century. At the turn of the 1980s and 1990s, an intensive
increase in air temperature and reduction of precipitation started, which contributed
to the formation of droughts (Zmudzka 2009). Those droughts were reflected not
only in Poland but also throughout Central and Eastern Europe (Kliment & Ma-
touskova 2008, Spinoni et al. 2015, Somorowska 2016). In the basin of River La-
borec, droughts were occurring much more often than in the River Gwda basin at
the same time. The strongest droughts in the River Laborec basin occurred in 1987
in shorter cumulation periods (SRI-1, 3 and 6) and in 1984 in longer cumulation
periods (SRI-9 and 12). What is worth of mentioning, is an intense hydrological
drought in 2003, which occurred in both short (SRI-1) and in long (SRI-12) cumu-
lation period. That drought was also recorded by Fendekova et al. (2018) in other
Slovak river basins. In the River Gwda basin, the strongest droughts occurred in
1992 (SRI-1, 3, and 6) and in 1993 (SRI-9 and 12). Year 2010 in most of the area
of Europe, was an extremely wet year. Large precipitation which took place in May
and June resulted in floods in both Poland and Slovakia (Bissolli et al. 2011, Kun-
dzewicz 2012). In 2010 in the Gwda River basin, the precipitation was one of the
largest in the analyzed multi-year period. However, it did not result in an increased
river discharge (Kubiak-Wojcicka & Kornas, 2015).
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The study of influence of selected river basin parameters on river runoff
has been conducted in 2 river basins in the area of Poland and Slovakia. The
influence, in the analyzed river basins, depends on precipitation. The index
method (SRI) that was applied, allowed for relatively simple identification and,
at the same time, assessment of drought intensity in appropriate classes.

In order to assess runoff variability, there was used the SRI index (Stand-
ardized Runoff Index), which was calculated in several time scales, i.e. 1, 3, 6,9
and 12 months. The analysis of drought duration and intensity with the SRI index
in short time intervals revealed that hydrological droughts (SRI<-1.0) on River
Gwda were longer and less intensive than in the case of River Laborec, in which
hydrological droghts were shorter and more intensive. Duration of wet periods
(SRI>1.0) was similar in case of both rivers, however, the phenomenon intensity
was higher in the mountain river. The analysis of longer cumulation periods re-
vealed that for River Gwda, wet periods extended while hydrological drought
periods’ duration decreased. In case of River Laborec, wet periods slightly short-
ened, while drought periods got significantly longer. The trend analysis of dis-
charges proved significant decreasing trends, which can be a sign of drought haz-
ard in the end of summer period.

Hydrological droughts in River Laborec basin occurred more frequently
but were brief and more intensive than in case of River Gwda. River Laborec is
characterized with higher sensitivity of water downflow than the basin of River
Gwda, which is considerably inert to precipitation.

References

Banasik, K., & Hejduk, L. (2012). Long-term changes in runoff from a small agricultural
catchment. Soil and Water Res., 7(2), 64-72.

Bazatova, T., Simkova, J. (2015). Changes in runoff regime. The Lomnice catchment case
study. Soil and Water Res., 10(1), 40-48.

Bak, B., & Kubiak-Wojcicka, K. (2017). Impact of meteorological drought on hydrolog-
ical drought in Torun (central Poland) in the period of 1971-2015. Journal of Water
and Land Development, 32, 3-12. DOI: 10.1515/jwld-2017-0001

Bissolli, P., Friedrich, K., Rapp, J., Ziese, M. (2011). Flooding in eastern central Europe in May
2010 —reasons, evolution and climatological assessment. Weather, 66(6), 147-153.

Blahusiakova, A., & Matouskova, M. (2015). Rainfall and runoff regime trends in moun-
tain catchments (Case study area: the upper Hron River basin, Slovakia). J. Hydrol.
Hydromech., 63(3), 183-192.

Canjevac, 1., & Oressi¢, D. (2018). Changes in discharge regimes of rivers in Croatia.
Acta Geographica Slovenica Geografski Zbornik, 58(2), 7-18.

Dunca, A.-M., & Badiluta-Minda, C. (2018). The dermination of the maximum runoff in
the representative and experimental hydrographical basin of Sebes River (Banat,
Romania). Rocznik Ochrona Srodowiska, 20, 54-72.



180 Katarzyna Kubiak-Wodjcicka et al.

Fendekova, M., Gauster T., Labudova, L., Vrablikova, D., Danacova, Z., Fendek, M.,
Pekarova P. (2018). Analysing 21st century meteorological and hydrological
drought events in Slovakia. J. Hydrol. Hydromech., 66(4), 393-403.

Gadek, W., & Tokarczyk, T. (2015). Determining hypothetical floods in the Odra basin
by means of the Cracow method and the volume formula. Infrastructure and Ecol-
ogy of Rural Areas, 1V/4, 1507-1519. DOI: http://dx.medra.org/ 10.14597/in-
fraeco.2015.4.4.109.

Gutry-Korycka, M., & Rotnicka, J. (1998). The hydrological regime of rivers in the light
of scenarios of global climatic change. Geographia Polonica, 71, 61-78.

Huska, D., Jurik, I, TatoSova, L., Sinka, K., Jakabovicova, J. (2017). Cultural landscape,
floods and remote sensing. Journal of Ecol. Engineering, 18(3), 31-36.

Jokiel, P., & Stanistawczyk, B. (2012). Roczne odptywy maksymalne i minimalne w do-
rzeczach Odry 1 Wisty w przekroju wieloletnim. Czasopismo Geograficzne, 83(3),
133-143.

Khaliq, M.N., Ouarda, T.B.M.J., Gachon, P., Sushama, L., St-Hilaire, A. (2009). Identi-
fication of hydrological trends in the presence of serial and cross correlations: a re-
view of selected methods and their application to annual flow regimes of Canadian
rivers. J. Hydrol., 368, 117-130.

Kendall, M.G. (1975). Rank Correlation Measures. Charles Griffin, London.

Kliment, Z., & Matouskova, M. (2008). Long-term trends of rainfall and runoff regime
in upper Otava river basin. Soil and Water Res., 3, 155-167.

Klavins§, M., Rodinov, V., Timukhin, A., Kokorite, I. (2008). Patterns of river discharge:
long-term changes in Latvia and the Baltic region. Baltica, 21, 41-49.

Kubiak-Wojcicka, K., & Bak, B. (2018). Monitoring of meteorological and hydrological
droughts in the Vistula basin (Poland). Environ Monit Assess, 190(11), 691.
https://doi.org/10.1007/s10661-018-7058-8

Kubiak-Wojcicka, K., & Kornas, M. (2015). Impact of hydrotechnical structures on hy-
drological regime of the Gwda and Drawa Rivers. Quaestiones Geographicae,
34(1), 99-110.

Kundzewicz, Z.W. (ed.), (2012). Changes in Flood Risk in Europe. Special Publication
No. 10, IAHS Press, Wallingford, 516.

Labudova, L., Fasko, P., Ivanidkova, G. (2015). Changes in climate and changing climate
regions in Slovakia. Morav. Geogr. Rep., 23, 71-82.

Ljubenkov, 1., & Cindri¢ Kalin, K. (2016). Evaluation of drought using standardised pre-
cipitation and flow indices and their correlations on an example of Sinjsko polje.
Gradevinar, 68(2), 135-143.

Lorenzo-Lacruz, J., Moran-Tejeda, E., Vicente-Serrano, S. M., Lopez-Moreno, J. 1.
(2013). Streamflow droughts in the Iberian Peninsula between 1945 and 2005: spa-
tial and temporal paterns. Hydrol. Earth Syst. Sci., 17, 119-134,

Lv, X., Zvo, Z., Xiao, P., Ni, Y., Sun, J. (2018). Effects of climate change and human
activity on runoff in a typical loess Gillied-Hilly Region Watershed. Pol. J. Environ.
Stud., 27(92), 779-785.

Mann, H.B. (1945). Non-parametric tests against trend. Econometrica, 13, 245-259.



The Use of a Standardized Runoff Indicator... 181

McKee, T. B., Doesken, N.J., Kleist, J. (1993). The relationship of drought frequency and
duration to time scales. Proc. of the 8" Conference of Applied Climatology, 17-22
January 1993, Anaheim, California, 179-184.

Michalczyk, Z., Glowacki, S., (2008). Diversification of water runoff in Pojezierze
Leczynsko-Wiodawskie. Teka Kom. Ochr. Kszt. Srod. Przyr. — PAN, 5 A, 70-79.

Mostowik, K., Siwek, J., Kisiel, M., Kowalik, K., Krzysik, M., Plenzler, M., Rzonca, B.
(2019). Runoff trends in a changing climate in the Eastern Carpathians (Bieszczady
Mountains, Poland). Catena, 182. https://doi.org/10.1016/ j.catena.2019.104174

Nalbantis, 1., & Tsakiris, G. (2009). Assessment of hydrological drought revisited. Water
Resource Manage., 23, 881-897.

Niedzielski, T., & Mizinski, B. (2017). Real-time hydrograph modelling in the upper
Nysa Kodzka river basin (SW Poland): a two-model hydrologic ensemble prediction
approach. Stoch Environ Res Risk Assess., 31, 1555-1576. DOI 10.1007/s00477-
016-1251-5

Osuch, M., Romanowicz, R.J., Booij, M.J. (2015) The influence of parametric uncertainty
on the relationships between HBV model parameters and climatic characteristics.
Hydrol Sciences Journal, 60, 1299-1316. DOI: 10.1080/02626667.2014.967694

Parajka, J., Kohnova, S., Merz, R., Szolgay, J., Hlavcova, K., Bloschl, G. (2009). Com-
parative analysis of the seasonality of hydrological characteristics in Slovakia and
Austria. Hydrological Sciences, 54(3), 456-473.

Pekarova, J., Miklanek, P., Pekar, J. (2006). Long-term trends and runoff fluctuations of
European rivers. Climate Variability and Change - Hydrological Impacts (Proceed-
ings of the Fifth FRIEND World Conference held at Havana, Cuba, November
2006), IAHS Publ. 308, 520-525.

Pociask-Karteczka, J. (2011). River runoff response to climate changes in Poland (East-
Central Europe). Hydro-climatology: Variability and Change (Proceedings of sym-
posium J-HO2 held during IUGG2011 in Melbourne, Australia, July 2011) (IAHS
Publ. 344, 2011).

Sen, P.K. (1968). Estimates of the regression coefficient based on Kendall's tau. J. Am.
Stat. Assoc., 63, 1379-1389.

Shukla, S., & Wood, A. W. (2008). Use of a standardized runoff index for characterizing
hydrologic drought. Geophysical Research Letters, 35(L02405).

Somorowska, U. (2016). Changes in drought conditions in Poland over the past 60 years
evaluated by the Standardized Precipitation-Evapotranspiration Index. Acta Geo-
physica, 64(6), 2530-2549.

Song, X., Lu, X., Liu, Z., Sun, Y. (2012). Runoff change of Naoli River in Northeast
China in 1955-2009 and its influencing factors. Chin. Geogra. Sci., 22, 144-153.

Spinoni, J., Naumann, G., Vogt, J.V., Barbosa, P. (2015). The biggest drought events in
Europe from 1950 to 2012. Journal of Hydrology: Regional Studies, 3, 509-524.

Stahl, K., Hisdal, H., Hannaford, J., Tallaksen, L.M., van Lanen, H.A.J., Sauquet, E.,
Demuth, S., Fendekova, M., Jodar, J. (2010). Streamflow trends in Europe: evidence
from a dataset of nearnatural catchments. Hydrology and Earth System Sciences,
14(12), 2367-2382.

Stonevicius, E., Valiuskevicius, G., Rimkus, E., Kazys, J. (2014). Climate induced
changes of Lithuanian Rivers runoff in 1960-2009. Water Resources, 41, 592-603.



182 Katarzyna Kubiak-Wodjcicka et al.

Stefunkova, Z., Hlav&ova, K., Lapin, M. (2013). Runoff change scenarios based on re-
gional climate change projections in mountains basin in Slovakia. Contributions to
Geophysics and Geodesy, 43(4), 327-350.

Tokarczyk, T., Szalinska, W. (2014). Combined analysis of precipitation and water deficit
for drought hazard assessment. Hydrological Sciences Journal, 59(9),1675-1689.
DOI:10.1080/02626667.2013.862335

van Loon, A.F., & Laaha, G. (2015). Hydrological drought severity explained by climate
and catchment characteristics. Journal of Hydrology, 526, 3-14.

Vicente-Serrano, S.M., Begueria, V., Lorenzo-Lacruz, J., Camarero, J.J., Lopez-Moreno,
J.I., Azorin-Molina, C., Revuelto, J., Moran-Tejeda, E., Sanchez-Lorenzo, A.
(2012). Performance of drought indices for ecological, agricultural and hydrological
applications. Earth Interactions, 16, 1-27.

Walega, A., Kowalik, T., Bogdal, A. (2016). Estimating the occurrence of trends in se-
lected elements of a small sub-mountain catchment hydrological regime. Pol. J.
Environ. Stud., 25(5), 2151-2159. DOI: 10.15244/pjoes/62960

Wrzesinski, D., Sobkowiak, L. (2018). Detection of changes in flow regime of rivers in
Poland. J. Hydrol. Hydromech., 66(1), 55-64.

Zelenakova, M., Vido, J., Portela, M. M., Purcz, P., Blistan, P., Hlavata, H., Hlustik, P.
(2017). Precipitation trends over Slovakia in the period 1981-2013. Water, 9, 922.

Zmudzka, E. (2009). Wspétczesne zmiany klimatu Polski. Acta Agrophysica, 13(2).

Abstract

This study compares river discharge of two catchments in Central Europe. The
catchments’ areas are similar while their geological structure differs significantly. The River
Laborec (Slovakia) is an example of a mountain river, draining hardly permeable land. The
River Gwda (Poland) is a lowland river, draining mainly sandy formations. The study used
average monthly flows in the period of 1980-2010 measured on water gauges Humenne and
Izkovce on the river Laborec and water gauges Pita and Ptusza on the river Gwda.

The aim of the study is a review of hydrological drought course in two
catchments that differ in their structure. The analysis was conducted on the basis of the
SRI (Standardized Runoff Index), which was calculated in various time scales, i.e. 1, 3,
6, 9 and 12 months. It is a dimensionless index, which allows determination and
comparison of dry and wet periods for rivers in various regions. The analysis of duration
and intensity of the SRI in short time periods revealed that hydrological droughts on the
river Gwda lasted longer and were less intense than in case of river Laborec. The duration
of the wet periods (SRI > 1.0) was similar on both rivers, however the phenomenon
intensity was higher on the mountain river. The analysis of longer accumulation periods
revealed that on the river Gwda wet periods got longer, while hydrological drought
periods were shortened. In case of the river Laborec, wet periods were slightly shortened,
while drought periods have extended significantly.

Keywords:
discharge, hydrological drought, Standardized Runoff Index (SRI), Poland, Slovakia
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Wykorzystanie znormalizowanego wskaznika odplywu do
charakterystyki hydrologicznej wybranych rzek Polski i Slowacji

Streszczenie

W niniejszym opracowaniu porownano odptyw rzeczny w 2 zlewniach centralne;j
Europy o podobnej powierzchni zlewni i zréznicowanej budowie geologicznej. Rzeka La-
borec (Stowacja) jest przykladem rzeki gorskiej, odwadniajgcej tereny trudno przepusz-
czalne, natomiast rzeka Gwda (Polska) reprezentuje zlewnie pojezierna, zbudowana gtow-
nie z utwordw piaszczystych. W opracowaniu wykorzystano $rednie miesieczne wartos$ci
przeptywow w okresie 1980-2010 na posterunkach wodowskazowych Humenne i Izkovce
na rzece Laborec oraz Pita i Ptusza na rzece Gwdzie.

Celem niniejszego opracowania jest ocena przebiegu suszy hydrologicznej
w dwoch zlewniach o zréznicowanej budowie. Analize przeprowadzono w oparciu
o wskaznik SRI (Standardized Runoff Index), ktéry obliczono w roéznych skalach czaso-
wych tj. 1, 3, 6, 9 i 12 miesigcy. Jest to bezwymiarowy wskaznik, ktéry umozliwia wy-
znaczenie i poréwnanie okresow suchych i mokrych dla rzek z ré6znych regionéw. Ana-
liza czasu trwania i intensywnosci wskaznika SRI w krotkich skalach czasowych wyka-
zata, ze susze hydrologiczne (SRI < -1.0) na rzece Gwdzie trwaly dluzej i charakteryzo-
waty si¢ mniejsza intensywnos$cia niz w przypadku rzeki Laborec. Czas trwania okresow
wilgotnych (SRI > 1.0) byl podobny w obu rzekach, jednak wigksza intensywno$¢ zjawi-
ska notowano w rzece gorskiej. Analiza dtuzszych okreséw kumulowania wykazata, ze
dla Gwdy okresy wilgotne ulegly wydluzeniu, natomiast skroceniu ulegty okresy suszy
hydrologicznej. W przypadku rzeki Laborec okresy wilgotne ulegty niewielkiemu skro-
ceniu, natomiast okresy suszy zdecydowanie uleglty wydtuzeniu.

Stowa kluczowe:
przeptyw, susze hydrologiczne, Standaryzowany Wskaznik Odptywu (SRI), Polska,
Stowacja
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