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ABSTRACT. This study presents the characteristics of the Vistula River runoff in the perspective
of many years. Based on the daily values of Vistula flows for 9 selected hydrological stations
located along the course of the river, analysis of the long-term variability of flows in hydrological
years 1951-2015 was made. The work analyzes the variability of maximum, average and minimum
annual flows. The highest annual flows occurred in 2010 and 1975, while the lowest in 1954, 1984
and 2012. Over the analyzed period, the difference between maximum and minimum flows has
been reduced. The amplitude of annual flows demonstrates a clear downward trend. On the basis
of the values of average annual flows, a hydrological classification was made, in which dry, normal
and wet years were determined based on the coefficients k and sum (k-1). Normal years are
characterized by average annual flows equal to or close to the average value over many years (the
coefficient k is from 0.91 to 1.1). It was established that dry years predominate (k<0.9) over wet
years (k>1.1). Depending on the hydrological stations, dry years were found from 22 to 29 times
over the analyzed 65 years, and wet years from 15 to 23 times. Only in Tczew (the mouth of the
Vistula River), both wet and dry years were found 22 times.
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1. INTRODUCTION

One of the greatest challenges recognized in the whole world is a growing
pressure on water resources resulting from climate changes and human activity. In
the recent years, there have been a number of studies conducted on the influence of
climate change on water resources (Pekarova et al., 2006; Stahl et al., 2010;
Dobrovol’skii, 2018). In the literature on the subject, one may find publications
regarding projections of future climate changes for the region of Europe (IPCC 2013;
Alfieri et al., 2018). Climate predictions for Poland expect further warming and
continuation of already observed changes in amounts of precipitation and
precipitation’s spatial and seasonal distribution (Szwed et al., 2010; Osuch et al.,
2016). Precipitation and air temperature are considered the main factors that are
driving the hydrological changes. Spatial and temporal changes of river runoff have
been noted in many regions of Europe. Studies on the runoff variability as one of the
most important components of water circulation have been done for the following
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regions of Europe: Germany (Bormann, 2010), Czechia (Hanel et al., 2012),
Lithuania (Stonevicius et al., 2014), Croatia (Barbali¢ and Kuspili¢, 2014), Romania
(Romanescu and Zaharia, 2016).

Detection of river discharge changes trends in Polish conditions have been done
mainly in rivers with small and medium basins, and relatively unchanged discharge
regime (semi-natural and natural basins) (Kedra, 2017; Piniewski et al., 2018).
Determination of discharge variability in basins of large rivers and detection of main
causes of discharge changes is exceptionally hard due to the influence of not only
meteorological conditions but also anthropogenic which take place on significantly
large portion of the river basin. Such studies were conducted by by Jokiel and
Stanistawczyk (2012), Kubiak-Wojcicka and Bak (2018), Wrzesinski and
Sobkowiak (2018) and also on large European rivers (Sanchez-Chéliz and Sarasa,
2015; Pfeiffer and lonita, 2017; Oresi¢ et al., 2017). From the practical point of view,
determination of discharge of large rivers, which comprise an important reserve of
surface water, is extraordinarily important because water resources are extensively
used by various branches of the national economy (industry, agriculture, public
utilities). Knowledge of discharge regime and assessment of influence of its changes
on discharge volume has a substantial meaning to strategic management of water
resources within whole river basin.

From the economic point of view, it is important to know river discharge, its
availability throughout a year and possibility to use it for economic purposes. Bearing in
mind limited water resources in Poland, it is exceptionally important from the economic
point of view to determine temporal variability of water resources in both, multi-year
and seasonal periods. Thanks to that knowledge it is possible to accommodate to the
changes and ensure sufficient water amount during both dry and wet years.

The aim of this paper is to study the variability and dynamics of river discharge by
determination of trends and indices of discharge variability in multi-year perspective.
The analysis has been conducted on the basis of annual average values of River Vistula
discharge collected from the selected gauging stations along the river in hydrological
multi-year period of 1951-2015. Assessment of forming of hydrological regime of
River Vistula on its whole stretch has been conducted taking into consideration the
variability of precipitation and air temperature in the scale of the basin.

2. DATA AND METHODS

2.1. Study area

The study covers Vistula River, the largest river in Poland and the second largest
river basin in Baltic Sea’s catchment area. Its total length is 1022 km. The river basin
area calculated down to the hydrological station in Tczew is 194376 km?. The largest
right side tributaries include Dunajec, Wistoka, San, Wieprz, Bug with Narew,
Drweca, and the largest left side tributaries include Pilica, Bzura and Brda (Fig. 1).
Vistula has meridional river channel pattern, from the south to the north. The river’s
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sources are located at slopes of Barania Gora at altitude 1106 m a.s.l. and it flows
into Baltic Sea creating a delta at Vistula Zulawy (marshlands).

There are only two artificial water reservoirs located on the Vistula River:
Goczatkowice at its upper course and Wloctawek at its lower course. The largest reservoirs
located at Vistula’s tributaries include Solina Reservoir on River San, Czorsztyn Reservoir
and Roznowo Reservoir on River Dunajec and Porgbka and Tresna on River Sota.

There are 19 hydrological stations located along the whole Vistula’s stretch, which
carry on hydrological measurements. The research that comprises a base for this paper
used the data collected from 8 of them. The choice was made on the basis of
availability and length of recorded data (at least 50 years) as well as on location of
particular stations on the Vistula’s course. As Kundzewicz and Robson (2004) suggest,
only a long data series and appropriate gauging station location comprise a solid
documentation for detection of hydrological changes. The selected gauging stations
are: Szczucin, Sandomierz, Annopol, Deblin, Warszawa, Wtoctawek, Torun, Tczew.

Vistula River basin can be
divided into three parts:

- Upper Vistula ends at San
estuary and its area within borders
of Poland is 45874 km?. This area
is characterized by the largest
precipitation (from 700 to 1000
mm in upper parts of the
mountains). There are three
hydrological stations: Krakow,
Sandomierz and Annopol and two
meteorological stations: Krakow
and Bielsko-Biata, located there.

z o 4 - Middle Vistula ends at
W hydrological station Baltic Sea Basin Black Sea Basin combined estuaries of BUQ and
@ meteorological station ’_|\/|slula Basin -DanubeEasm NareW The area Of Mlddle V|stu|a
-W E:“V:B W >recer s pasin within borders of Poland is

watershed [:l Nemunas Basin - Elbe Basin 88765 km2 PI'ECI pitatlon sums
[ Joasm total up from 500 mm in lowland

part to 600 in upland and lakeland
parts of it. Hydrological data at
this area has been collected from two hydrological stations: Dgblin and Warsaw and
the meteorological data — from meteorological stations Lublin and Warsaw.

- Lower Vistula — from estuary of Narew to Baltic Sea — with the smallest basin area of
34136 km?. Precipitation on this area reaches from 500 to 600 mm, with predominant lowlands
with low precipitation. At this part, there have been selected three hydrological stations:
Wioctawek, Torun and Tczew, and two meteorological stations: Torun and Chojnice.

Average annual precipitation values at meteorological stations located upper and
middle parts of Vistula basin (stations Krakéw, Bielsko-Biata and Lublin) in the multi-year
period 1981-2015 were lower than in the periods 1951-1980 and 1951-2015 (Table 1).

Fig. 1. Study area
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Table 1. Average annual precipitation and air temperature
on the selected meteorological stations

Meteorological Average air temperature (°C) Average annual precipitation (mm)

station 1951-1980 | 1981-2015 | 1951-2015 | 1951-1980 | 1981-2015 | 1951-2015
Krakow 7.8 8.6 8.2 675.3 661.7 668.0
Bielsko-Biala 7.8 8.6 8.2 1016.1 965.3 988.7
Lublin 7.5 7.9 7.7 597.5 576.6 586.2
Warszawa 7.8 8.6 8.2 507.8 532.1 520.9
Torun 7.7 8.6 8.2 525.0 529.7 527.5
Chojnice 6.9 7.7 7.4 566.7 580.5 574.1

In turn, annual average precipitation in the middle part of the basin (Warsaw) and
the lower part (Torun and Chojnice) in the period 1981-2015 were higher than annual
average values in periods 1951-1980 and 1951-2015. In case of average annual air
temperature, the period 1981-2015 was significantly warmer than the period 1951-
2015. The period 1951-1980 was significantly cooler than the periods 1981-2015
and 1951-2015, which was observed on all of the analyzed meteorological stations.

In the case of Vistula’s annual discharge values, the period 1981-2015
characterizes by lower maximum discharges (except for Szczucin), lower average
values and higher minimal discharges on most of the gauging stations, as compared
to the period 1951-2015 (Table 2).

Table 2. Characteristics of specific discharges of Vistula

Hydrometric | Basin area Period of WWQ SSQ NNQ SSq
station (km?) observations (mdfs) (md/s) (md/s) (I/skm?)
1951-1980 4440 242 40.5 10.10
Szczucin 23 876.75 1981-2015 5010 228 60.9 9.56
1951-2015 5010 239 40.5 9.99
1951-1980 5040 303 57.0 9.53
Sandomierz 31810.27 1981-2015 4470 281 72.0 8.84
1951-2015 5040 295 57.0 9.26
1951-1980 6010 456 96.0 8.86
Annopol 51 498.94 1981-2015 5350 418 92.0 8.11
1951-2015 6010 439 92.0 8.53
1951-1980 6000 541 116 7.92
Deblin 68 327.34 1981-2015 5440 482 114 7.06
1951-2015 6000 510 114 7.46
1951-1980 5570 600 112 7.08
Warszawa 84 640.60 1981-2015 5740 553 149 6.53
1951-2015 5740 579 112 6.84
1961-1980 6920 1018 185 5.93
Wioclawek 171 763.42 1981-2015 6540 869 160 5.06
1961-2015 6920 918 160 5.34
1951-1980 6650 1014 234 5.62
Torun 180 390.67 1981-2015 6190 944 218 5.23
1951-2015 6650 986 218 5.46
1951-1980 6430 1072 264 5.53
Tczew 193 806.46 1981-2015 6360 1020 266 5.26
1951-2015 6430 1044 264 5.39

Note: WWQ — the highest discharge in the period, NNQ — the lowest discharge, SSQ — average discharge, SSq
— average specific runoff in the period, o — irregularity coefficient
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Particular parts of Vistula basin have various water abundance, which is
described by specific runoff. It’s volume of water that has flown within 1 second
from an area of 1 square kilometer of the basin. The largest abundance characterizes
the upper part of the Vistula basin (specific runoff between 8 and 10 I/s’km?). In the
middle part of the basin, specific runoff is lower and varies from 6.5 to 8 I/s’km?, and
in the lower part of the basin it is 5 to 6 I/skm?. Among the analyzed three periods:
1951-2015, 1951-1980 and 1981-2015, the highest water abundance was in the
period 1951-1980.

2.2. Methods

The analysis has been conducted on the basis of daily values of Vistula
discharge recorded at 8 hydrological stations (Szczucin, Sandomierz, Annopol,
De¢blin, Warsaw, Wtoctawek, Torun and Tczew). In order to characterize
meteorological conditions, there have been used daily values of precipitation and
air temperature at 6 meteorological stations: Krakow, Bielsko-Biata, Lublin,
Warszawa, Torun and Chojnice. Both hydrological and meteorological data have
been provided by the Institute of Meteorology and Water Management — National
Research Institute (IMGW — PIB) and include long data series, i.e. hydrological
years 1951-2015. Hydrological year in Poland begins on November 1% and ends
on October 30" next year.

In order to characterize discharge volume, precipitation and air temperature,
statistical calculations were made. Based on daily values, there have been determined
maximum, minimum and average values in periods of months, years and multi-years,
with use of MS Excel spreadsheet.

The assessment of discharge variability has been conducted in multi-year time
frame. On the basis of its results, there have been identified the highest and the lowest
discharge values in the whole multi-year period. Moreover, dry and wet years have
been determined, in which average annual discharges significantly varied from
multi-year averages. The calculations utilized the index k, which is an average
discharge in a given year (Qi) relative to average discharge in the whole multi-year
period (Qsr).

It was extensively used in many scientific studies in order to determine so called
wet years (k>1) and dry years (k<1) (Klavin$ et al., 2008; Gailiusis et al., 2011;
Kubiak-Wojcicka, 2018). In order to determine discharge variability, there have been
a number of hydrological indices used: irregularity coefficient o, variability index
(Cv), flashiness index RBI and trend of annual discharges in multi-year period,
which is commonly used for hydrological rivers characteristics (Kliment and
Matouskova, 2008). The irregularity coefficient is the quotient of the maximum flow
to the minimum during the year. The variation coefficient Cv is the quotient of the
standard deviation and the arithmetic mean of flows during the year. Flashiness index
(RBI) helps in determination of frequency and short-term speed (day by day) of
discharge changes. This index has been determined by Baker et al. (2004), and after
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its inventors is called the R-B Index (or RBI). This index has been calculated with
the following formula [1]:

RBindex = Z—i“',‘fi'q"‘l' [1]
Zi:]_ qi
where: g — average daily discharge,

i — day, n=365(366)

The RBI is a dimensionless index, and it fits the range of 0 to 2 (Holko et al.,
2011). Zero represents constant discharge while lager index values indicate increased
discharge frequency (Kralovec et al., 2016).

3. RESULTS AND DISCUSSIONS

3.1. Precipitation and air temperature in years 1951-2015

The analysis of average monthly precipitation and air temperature has been
conducted in 6 meteorological stations. The figures 2, 3 and 4 present just three
selected stations (Krakéw, Warsaw and Chojnice), which are representative for
particular parts of River Vistula.

On meteorological stations in Krakéw (Fig. 2) and Bielsko-Biata (upper
course of Vistula) there is a clear upward trend in average annual air temperature,
in the analyzed multi-year period 1951-2015. Particularly large increase has been
recorded in the period 1981-2015, while in the period 1951-1980 the temperature
experienced small downward trend. Annual precipitation sums in turn, do not
display significant upward trend in the period 1951-2015. The lowest
precipitation level was recorded in 1954 (Krakow — 444 mm, Bielsko-Biata — 568
mm), while the highest precipitation was recorded in 2010 (Krakéw — 1054 mm,
Bielsko-Biata — 1483 mm).

On meteorological stations in Warsaw (Fig. 3) and Lublin there is upward trend of
average annual air temperature, which is especially visible in the period 1981-2015.
Annual precipitation sums display upward trend in the whole period 1951-2015. The
highest precipitation took place in 201 (Warsaw — 751 mm, Lublin — 829 mm) while
the lowest precipitation was recorded in 1976 (Warsaw — 304 mm, Lublin — 367 mm).

Meteorological station Chojnice has recorded a significant upward trend in
average annual air temperature in the period 1951-2015, with particular growth in
years 1981-2015 (Fig. 4). Annual precipitation sums display slight upward trend in
the analyzed period, with particular growth in the last 35 years. The lowest
precipitation was recorded in 1982 (Chojnice — 391 mm, Torun — 346 mm) and the
highest — in 1980 (Chojnice - 849 mm, Torun — 904 mm).

In the analyzed period 1951-2015 there is a clear upward trend in average annual
air temperature in all the meteorological stations selected as source of the data. That
trend is particularly visible in the period 1981-2015. In the case of annual
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precipitation sums, a slight increasing trend or lack of it may be observed in the
whole period 1951-2015.
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Fig. 2. Annual precipitation (P in mm) and average air temperatures (T in <) at
meteorological station Krakow in years 1951-2015.

The results obtained for the selected 6 meteorological stations correspond with results
obtained by other authors from greater number of meteorological stations located in the
Vistula basin (Czarnecka and Niedzgorska-Lencewicz, 2012; Szwed, 2018).
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Fig. 3. Annual precipitation (P in mm) and average air temperatures (T in <) at
meteorological station Warsaw in years 1951-2015.

3.2. Variability of Vistula discharge in period 1951-2015

The analysis of average annual discharge of Vistula is based on the data from 8
gauging stations located along the river. In the analyzed 65-year period, there is
downward trend of maximum annual discharge values and upward trend of minimal
annual discharge values in all the analyzed gauging stations.

The highest values of average annual discharge of Vistula occurred in 2010 on
all gauging stations, except for Deblin (maximum discharge was recorded in 1975).
Flood of 2010 was caused by heavy rainfalls that took place in May and June in
south-eastern part of the Vistula basin. They caused rapid water level increase on
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Vistula’s tributaries and creation the flood wave on Vistula. The lowest annual
discharge values in upper course of Vistula (apart from Szczucin) and middle course
were recorded in 1984 and in the lower course (except from Wioctawek) — in 1954,
in which annual precipitation sums were low.
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Fig. 4. Annual precipitation (P in mm) and average air temperatures (T in <) at
meteorological station Chojnice in years 1951-2015.

Comparison of annual Vistula’s discharge variability on all gauging stations was
possible thanks to usage of the index k. Based on that index, there have been
identified dry, wet and normal years of the analyzed period. The most wet were years
1975 (k between 1.44 and 1.75) and 2010 (k between 1.62 and 2.07), which was
confirmed on all the stations. The driest in turn, were years 1954 (k between 0.62
and 0.70) and 1984 (k between 0.56 and 0.75).

In the Table 3 it has been proven that in the whole period 1951-2015, dry and
very dry years prevail over wet and very wet years. The exception is Tczew, where
the numbers of wet and dry years are equal. The greatest prevalence of dry years
over wet years occurred in the upper course of Vistula. The largest prevalence of
years dry and extremely dry over wet and extremely wet ones occurs in the upper
course of Vistula, while in the middle and lower course of the river the difference is
smaller. The cause of such a state is river alimentation with underground water in
the middle and lower course, which is especially visible during the drought periods.

3.3. Annual indices of discharge variability

On the basis of RBI index, there have been analyzed annual variability of
Vistula’s discharge in the whole period 1951-2015 (Fig. 5).

From 1969 to 2001, there is a significant increase (over 2 times) of the RBI at
gauging stations Wtoctawek, Torun and Tczew. Since 2002 the RBI on lower Vistula
gauging stations has been decreasing. The reason for such a behavior is change in
work regime of hydropower plant in Wtoctawek from peak-period to run-of-river.
That resulted in lack of rapid river discharge changes caused by the hydropower plant
work system. Annual RBI index in the period 1951-2015 has a clear downwards
trend in upper and middle course of river, while in the lower course there is a slight
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Table 3. Values of the k index on gauging stations in years 1951-2015

Szczucin Sandomierz___| Annopol Deblin Warszawa Wioclawek | Torun Tezew
1951 0.86 087 0.84 085 0.85 |no data 094 093
1952 0.82 0.83 0.80 0.79 0.76 |no data 0.66 0.66
1953 101 1.03 no data

1954 062 0.63 0.68 0.70 0.6 [no data 0.62 0.63
1955 1.09 1.04 [no data 0.95 0.95
1956 0.74 0.75 0.80 0.82 0.84 [no data 0.93 0.93
1957 072 075 0.79 0.80 0.85 [no data

1958 1.05 1.04 1.04 1.02 1.04|no data

1959 0.90 0.88 0.82 0.79 0.78 | no bata 0.76 0.80
1960 1.10 1.03 1.02|no data 0.92 0.93
1961 0.71 0.69 0.72 0.73 0.76 0.89 0.84 0.84
1962 6

1963 0.82 081 0.75 077 0.78 0.76 0.75 0.76

1973 0.90 0.93 091 0.88 0.86 0.87 0.94 0.96
1974 6 1.06 1.10

1975

1976 1.06 1.02 1.03 0.99 1.00 091 0.92 0.98
1977 1.09 1.05 1.02 1.08 1.09 1.10 8
1978 1.00 1.02 1.04 1.04 107 8
1979 1.05 1.07 1.09 6

1980

1981 1.02 1.06 6

1982 091 0.89 0.89 0.92 091 1.08 8
1983 092 0.89 091 085 084 087 091 0.97
1984 061 056 061 061 063 063 065 075
1985 1.05 0.98 0.95 0.94 0.93 0.89 0.91 0.97
1986 081 0.80 084 083 084 087 0.92 0.96
1987 0.84 0.86 0.87 0.86 088 0.81 0.86 0.90
1988 0.81 0.81 0.86 0.89 0.93 0.95 1.03 1.04
1989 0.90 0.89 097 0.99 0.99 084 0.88 0.89
1990 067 0.69 067 073 074 067 068 072
1991 0.79 077 077 076 076 074 074 0.79
1992 074 072 077 073 072 065 065 0.70
1993 068 0.69 0.78 078 078 0.81 0.80 0.85
1994 068 071 067 073 079 085 0.87 0.93
1995 0.83 0.85 0.82 089 0.99 0.96 0.98 1.04

2002 1.06 1.00 0.98 0.96 097 101 101 1.06
2003 078 079 077 075 077 074 076 079
2004 0.86 0.82 0.85 084 083 0.81 0.82 0.86
2005 0.98 1.05 1.06 1.03 101 097 0.95 0.99
2006 093 101 096 092 0.90 083 081 087
2007 093 0.87 084 0.81 0.82 0.89 0.88 0.92
2008 0.90 0.88 0.92 0.88 0.87 0.86 0.84 0.87
2009 1.08 1.07 097 0.99 0.97 0.95 0.95 0.94
2010

2011 1.00 1.06 1.05 9
2012 0.60 062 066 064 065 076 0.73 0.78
2013 097 1.00 093 1.00 1.07

2014 1.07 1.07 0.98 101 1.02 1.02 0.94 0.95
2015 0.80 079 073 074 078 073 066 071

- 131 very wet 111 > k> 1.30 wet

0.91> k> 1.10 normal
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upward trend, statistically insignificant however. In turn, the analysis of annual Cv
index in all gauging stations display a slight downward trend.

COO000O0000O
000 ORRRRE
NPROOOONDMOX®

Annopol Warszawa =e===- Wtoctawek

Torun e— T CZEW

Fig. 5. Annual index of discharge variability RBI on selected
hydrological stations in years 1951-2015

5. CONCLUSIONS

On the basis of the conducted analysis of precipitation and discharge in Vistula
River basin it has been found that:

- Average annual air temperature in period 1951-2015 displays a clear upward
trend on all analyzed meteorological stations, especially in the years 1981-2015.

- Average annual precipitation sums display a slight upward trend or lack of it in
years 1951-2015. Only in meteorological stations Lublin and Warsaw, there have
been statistically significant upward trend of precipitation, which is particularly
visible in years 1981-2015.

- The values of average annual discharge of Vistula are even in years 1951-2015,
with clear downward trend in years 1981-2015 as related to the periods 1951-2015
and 1951-1980. Multi-year period 1951-1980 characterized itself with higher
discharges than the period 1981-2015.

- Discharges of Vistula characterize themselves with annual fluctuation of changes.
In the analyzed period occurred both wet and dry years. The total number of dry years

(k<=0.9) prevailed more than 2 times over wet years (k>=1.11), which was
particularly visible in the years 1981-2015. The highest quantity of dry years have
been recorded in the upper course of Vistula (3 times as many dry years as the wet
ones), and the lowest — in the lower course of Vistula.

The results achieved did not display a significant variability of average annual
discharges of Vistula and of precipitation in the period 1951-2015, despite a
considerable increase of average annual air temperature. Lack of a stable trend in
discharge has been noted by Wrzesinski and Sobkowiak (2018).

118



Further studies will include analysis of variability of monthly discharge of Vistula
compared to variability precipitation volume and kind of precipitation in particular
months. That will allow to explain the causes of discharge variability.
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