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Abstract

The aim of the paper is to analyze seasonal and multi-year variability of Vistula River discharge in its estuary part. The
study was conducted on the basis of daily discharge values of the Vistula recorded on the gauging station Tczew in
hydrological years 1951 through 2010. The data come from the Institute of Meteorology and Water Management — National
Research Institute. The Tczew gauging station closes the whole Vistula’s basin which area is 193,806.46 square
kilometers. Based on the Richards-Baker flashiness index (R-Bl), which is an index of absolute discharge fluctuations
throughout a year related to the runoff, there has been determined the frequency and dynamics of short-term runoff
changes. The results indicate that average daily fluctuations of the discharge vary from 0.01 (November 1960) to 0.156
(February 1953). The higher the index value, the greater is the fluctuation of discharge. The most even discharges in the
analysed period took place in April and the greatest fluctuations — in August and February. The analysis of the trends of
average monthly values of the R-Bl index in the period of 1951-2010 revealed statistically significant growing trend, while
in case of average monthly discharge — statistically insignificant slight growing trend.
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1INTRODUCTION

Knowing the discharge of a river, and especially its spatial and temporal variability, is extremely
important for the sustainable management of water resources and for establishing strategic plans for water
management within a catchment. The main causes of variability in river discharge are climatic variability,
especially with regard to global warming (Arnell 1999), and human activity (Zillgens et al. 2007; Stonevicius
et al. 2014). Analysis of long-term observations can be used to study climate variability and to develop new
predictive models of river discharge for particularly sensitive areas (Klavin$ et al. 2008; Hanel et al. 2012;
Hall et al. 2014; Stefunkova et al. 2013; Sarauskiene et al. 2014). The uneven distribution of discharge over
the year has been discussed using various hydrological indices and variability metrics (Pfeiffer and lonita
2017). Many characteristics include the time and frequency of extreme phenomena such as floods and droughts
on daily, seasonal and annual scales (Oueslati et al. 2010). These indices have statistical bases, to help select
from the large number of different hydrological indices those that will represent the main aspects of the flow
regime (Olden and Poff 2003; Assani et al. 2006). One simple hydrological index used to assess changes in
the flow regime (the frequencies and speeds of short-term changes in flows) and to determine trends of changes
is the flashiness index proposed by Baker (2004). This index has been used in studies by other authors, among
others to identify: changes in small urban catchments (ten Veldhuis and Schleiss 2017); the impact of changes
in land use on catchment flow conditions (Dow 2007; Kotei et al. 2013; Kralovec et al. 2016); the
regionalisation of flow regime in watercourses in the Mediterranean Sea basin (Oueslati et al. 2010); and
changes in discharge trends (Holko et al. 2011). Contrasts in conditions in Polish rivers are observed to be
increasing: after a wet year there is an exceptionally dry year. Seasonal discharge variability is increasing:
during the same year more and more periods of extreme low waters and high surges occur (Jokiel 2016; Bagk
and Kubiak-Wojcicka 2017). It is therefore important to know the annual and long-term discharge regime both
for small catchments, and for large river basins such as the Vistula. The Vistula basin is extremely important
to the economy, as it accounts for a significant share of Poland's water resources, which are among the lowest
in Europe (Kubiak-Wojcicka and Pigtkowski 2017).
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2 STUDY AREA AND METHODS

The study covered the Vistula River, the largest river in Poland, with the second-largest river basin
area in the Baltic Sea catchment. It is 1,022 km in length. The water gauge at Tczew covers the entire Vistula
basin, at 194,376 km? (Atlas podzialu hydrograficznego Polski, 2005). The water gauge station at Tczew is
located at kilometre 908.6 of the Vistula River. The most important right-bank tributaries of the Vistula are:
the Dunajec, Wistoka, San, Wieprz, Bug and Narew, Drweca; the main left-bank tributaries are: the Pilica,
Bzura and Brda (Fig. 1). The Vistula runs meridionally, from south to north. The Vistula has its sources on the
slopes of Barania Gora, at 1,106 m a.s.l., and flows to the Baltic Sea, creating a delta in the Vistula Marshlands
(Pol. Zutawy Wislane). In the lower section of the Vistula, there is a dam at Wtoctawek, which since 1968 has
created a water reservoir. The distance between the Wloctawek dam and the station in Tczew is 233.7 km. The
average retention time of water in the reservoir is 5.2 days (Gierszewski 2006).

The area of the Vistula basin represents 87.1% of the country’s total catchment area. In terms of land
use in Poland, the largest share in the Vistula basin belongs to agricultural land (61%), of which, arable land
accounts for 42% of the river basin. Forests and wooded areas cover 53,100 km?, i.e. 31.5% of the catchment
area. Built-up areas cover 8,151 km?, i.e. 4.8%, and anthropogenic areas cover 1,553 km? (0.9%). River and
lake beds, wetlands and bogs occupy 1.7% (own calculations based on Corine 2012).
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Figure 1. Land use of the Vistula basin according to Corine 2012

The study uses the daily values of Vistula flows at the Tczew station in the hydrological years 1951—
2010. Meteorological conditions were established using daily sums of precipitation for 16 meteorlogical
stations in the Vistula basin. The locations of the meteorological stations are shown in Fig. 1. For 14 of the
meteorological stations, the data come from the hydrological years 1952-2010, while for 2 stations (Nowy
Sacz and Lesko) data are from 1955-2010. The mean monthly and annual sums of precipitation for Poland
were calculated as the average sums of precipitation from all meteorological stations. The hydrological and
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meteorological data come from the Institute of Meteorology and Water Management of the National Research
Institute (IMGW-PIB).

Analysis of the long-term variability of river discharge is presented using the average monthly and
annual flow for the years 1951-2010. Due to the strong upward trend in air temperatures in the Carpathian
region after 1980 (Spinoni et al. 2015), comparative analyses of data from 1951-1980 and 1981-2010 were
carried out.

In order to determine the variability of flows, several hydrological indices were used, including
coefficient of variation (Cv) and the long-term trend of annual discharges, which is commonly used for the
hydrological characterisation of rivers (Déry et al. 2016; Kliment and Matouskova 2008). The discharge
variability (Cv) was calculated as the standard deviation of all daily discharge values divided by the average
annual discharge.

An important part of the study is to determine the rate of change in short-term flows. Because floods
occur rapidly and over a short time, the index defined in the literature as the “flashiness index” was used; it
was proposed by Baker et al. (2004) and is referred to as the RB Index (RBI) after the authors’ surnames
(Richards—Baker).

?znlCIi - Qi—ll

RB index = -
i=14i

Where: q — average daily discharge, i — day, n=365 (366)

RBI is a dimensionless index that ranges from 0 to 2 (Holko et al. 2011; Berhanu et al. 2015; Kralovec
et al. 2016). The index expresses how flow varies between two time units (days). Zero represents a steady
flow, while a higher index value indicates an increased frequency of flows. Watercourses that quickly rise and
fall are considered to be “faster” than those that maintain a more steady flow (Fongers et al. 2008).

The aim of this study was to analyze long-term changes in flows and precipitation in 1951-2010 and
compare them between the periods 1951-1980 and 1981-2010. These comparative periods allowed upward or
downward trends to be identified in the analysed long-term period. The degree of seasonal variability of Vistula
flows at the Tczew station was based on the Cv variation index and the flashiness index (RBI), which
characterises the short-term nature of a phenomenon.

3 RESULTS AND DISCUSSION
3.1 Atmospheric precipitation in the years 1952-2010

In the area of the Vistula basin, there is a temperate climate that is transitional between a land and sea
climate, which results from humid air masses from over the Atlantic meeting dry air from deep in the Eurasian
continent.

The annual amount of precipitation in the Vistula basin varied, ranging from about 500 to 1,000 mm
in the hydrological years 1952-2010. The highest sums of precipitation were recorded in mountainous areas
in the south of the basin, where they amounted to 998.8 mm (Bielsko-Biata precipitation station). In the
Carpathian areas sums of precipitation clearly decline from west to east. At the Nowy Sacz station precipitation
was 738.1 mm. In the Bieszczady mountains another increase in precipitation was recorded; at the Lesko
station it totalled 815.6 mm. In the Carpathian Foothills the rainfall was lower, ranging from 675.9 mm in
Krakow to 634.3 mm in Rzeszow.

In the central part of the basin the annual sums of precipitation were lower, ranging from 600 to 650
mm in upland areas (Kielce 635 mm; Lublin 588.6 mm). The lowest sums of precipitation slightly exceeded
500 mm in the central part of the basin (Warsaw 522 mm; Torun 533.4 mm; Siedlce 534.8 mm; Ptock 537.9
mm; £.6dz 564.6 mm; Biatystok 587.7 mm). In the lower part of the basin, annual precipitation was slightly
higher, amounting to about 600 mm (Chojnice 578.5 mm; Olsztyn 629.6 mm; Prabuty 624.5 mm).

The average annual sum of precipitation in the Vistula basin in the years 1952-2010 was 636.1 mm.
In decadal terms, the largest sum of precipitation was recorded in 2001-2010 (680.3 mm), while the lowest
was in the years 1952-1960 (569.6 mm). The average sum of precipitation in the years 1952-1980 was 638.1
mm, which was only 5.6 mm below the average values for 1981-2010. It should therefore be assumed that the
average precipitation in the 30-year periods was close to the average values in long-term period of 1952-2010

(Fig. 2).
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The highest annual sums of precipitation at individual meteorological stations were recorded in 2010
(at 5 meteorological stations) and in 2001 (at 3 meteorological stations). For the lowest sums of precipitation,
the variation was decidedly higher. The lowest annual sums of precipitation were recorded in 1954 (at 2
meteorological stations), 1959 (2 meteorological stations), 1969 (2 meteorological stations) and 1982 (2
meteorological stations).

690 :
670 ﬁ
650 —.
630 e ———————————————— _i
610 —
590 —|
570 —.
550 . . . . . i

1952-1960 1961-1970 1971-1980 1981-1990 1991-2000 2001-2010

P P(1952-2010) = = P(1952-1980) ¢ === P(1981-2010)

Figure 2. Annual sums of precipitation (mm) at 16 meteorological stations in the Vistula basin by decade,
compared against 19522010, 1952-1980 and 1981-2010

3.2 Vistula flow variability
3.2.1 Annual flows of the Vistula in 1951-2010

In the long-term study period of 1951-2010, the variation in annual flow of the Vistula at the Tczew
station was itself variable. The largest variations were in maximum flows, which fluctuated from 6,430 m?/s
(1962) to 1,600 m3/s (1984). Average flows ranged from 1,663 m?s (2010) to 646 m3/s (1954). The lowest
amplitudes were within low flows, which fluctuated from 754 m%s (1981) to 264 m?/s (1960) (Fig. 3).
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Figure 3. Maximum (WQ), minimum (NQ) and average (SQ) annual flows in m%/s of the Vistula at Tczew
in 1951-2010

Analysing the average flows of the two time periods shows that the average flow was about 5% higher
in 1951-1980 than in 1981-2010 (Fig. 4). The largest decadal values were for 1971-1980, while the most
stable decadal flow values were in the last 30 years — with the difference in average flow rates being only 2%
between individual decades. The average annual flows in the years 1981-2010 (SSQ=1,020 m?/s) are about
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3% below the values for 1951-2010 (SSQ=1,048 m?/s), while in the years 19511980 these values were about
3% higher (SSQ=1,072 m¥s).
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Figure 4. Average annual long-term flow (SSQ) in m%/s of the Vistula at Tczew by decade compared against
1951-2010, 19511980 and 1981-2010

3.2.2 Coefficient of variation of annual discharges

Two hydrological indices were used to determine the variability of annual discharges. The first of these
is the coefficient of variability of annual flows of Cv. The second is the flashiness index (RBI), which indicates
the dynamics of short-term changes in flow.

The coefficient of variation of average annual discharges of the Vistula in 1951-2010 has a slight
downward trend (Fig. 5). The last 30 years (1981-2010) have seen an upward trend in the coefficient of
variation of flows. The highest flow variability was in 1964 (Cv=1.0) and 1994 (Cv=0.86), while the lowest
was in 1984 (Cv=0.28) and 1990 (Cv=0.29).
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Figure 5. Coefficient of variation of average annual discharges of the Vistula at Tczew: a) 19512010, b)
1951-1980, c) 1981-2010

The annual RBI index values show little variability compared to other rivers, i.e. from 0.035 (1961) to
0.092 (2001). Figure 6 shows the values of the RBI index in particular years, along with trend lines for the
long-term study period. Compared to other watercourses, the RBI rates are not large, which indicates a
reasonably balanced flow regime over the long-term study period. This is related to the large area of the basin
that is covered by the station at Tczew. The diversity of land use and time of water supply from the whole
basin help to moderate the maximum flows. For example, the RBI range for rivers in the central United States
averaged from 0.006 to 0.3 over the year (Fongers et al. 2008). In contrast, RBI indices for the rivers of Ethiopia
are much higher and range from 0.011 to 1.113 (Bernhanu et al. 2015). The RBI index for the rivers of Slovakia
and Austria ranges between 0.06 and 0.43 (Holko et al. 2011).

Over the entire period of 1951-2010, there is a noticeable upward trend in the RBI index, even though
the index decreased over the last 30 years.

Fluctuations over time are visible in RBI index values. Some year-on-year fluctuations in the RBI
index are visible, e.g. in 1994 had the highest RBI index (0.092), while 1995 had one of the lowest (0.51).
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Figure 6. RBI index for average annual discharges of the Vistula at Tczew: a) 19512010, b) 1951-1980, c)
1981-2010

3.2.3 Seasonal discharge variability

The Vistula flow rate varies seasonally over the hydrological year. The flow regime has one clear
maximum flow rate in the year, resulting from the runoff of meltwater in April (Figs 7, 8). The maxima
resulting from summer rainfall (mainly in July and August) do not play a major role. The minimum flow occurs
in September. The discharge in the winter half-year (Nov—Apr) constitutes 56% of the annual discharge, while
the discharge in the summer half-year (May-Oct) is 44%.
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Figure 7. Annual course of average monthly flows (in m3/s) of the Vistula at Tczew in 1951-2010
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Figure 8. Average monthly flow (in m%/s) of the Vistula at Tczew compared against average annual and long-
term average flow

Cv and RBIlindices

The highest Cv coefficients of variation were 0.82 in March (1965), and 0.76 July (1970). High Cv
values most often resulted from the river being supplied by meltwaters in March and April, and rainfall in July
and August. The lowest Cv values were 0.02 and occurred in September (1990), October (1961) and November
(2007), which is related to low supply to the river.

Analysing average monthly RBI values revealed that in the period from 1951 to 1968, RBI ranged
between 0 and 0.05, indicating only small short-term variations in flow. RBI values between 0.05 and 0.10
occurred mainly from December to April and from July to August. The maximum RBI index occurred in
February 1953 (0.156) and was associated with the beginning of a meltwater surge, which lasted until April
(Fig. 9). From 1970 to 2001, there is a clear increase in the RBI index throughout the year. For most months
of the year, the RBI ranged from 0.05 to 0.10, while RBI values between 0.10 and 0.15 occurred mainly in
June, July and August. The increase in RBI in this period is due to the fact that in these months the hydroelectric
plant at the Wioctawek dam switches twice daily from peak operation, to regeneration, to run-of-river mode
in order to meet morning and evening peak demands. The maximum RBI value occurred in August 2004
(RB1=0.153). The high RBI value was due to large sums of precipitation (over 100 mm) in June, July and
August in the south of the country. The sums of precipitation in these months were around 200 mm at some
stations. High rainfall was also recorded at precipitation stations in the north of the Vistula basin, where
monthly sums of precipitation exceeded 100 mm in August and were also preceded by significant July sums
of precipitation. From 2002 to 2010 there was an increase in the number of months with an RBI index ranging
from 0.0 to 0.05, as compared to the previous period of 1970-2001. This is most likely a result of the
hydroelectric plant changing from peak operation mode to run-of-river mode. Despite this, months with RBI
ranging from 0.05 to 0.1 still predominate, which may be the result of interventional water discharges from
the dam to improve shipping conditions between June and October.

4 CONCLUSION

In the years 1981-2010 there was a drop in average annual flows of the Vistula (SSQ=1,020 m?/s)
relative to the years 1951-1980 (SSQ=1,072 m?/s) and 1951-2010 (SSQ=1,048 m?/s), despite the average
annual sums of precipitation in the basin in both 30-year periods being comparable to the long-term period
1952-2010.

The coefficient of variation of average annual discharges of the Vistula in the long-term period 1951
2010 has a slight downward trend. The last 30 years (1981-2010) saw an upward trend in the coefficient of
variation of flows. The highest flow variabilities were in 1964 (Cv=1.0) and 1994 (Cv=0.86), while the lowest
were in 1984 (Cv=0.28) and 1990 (Cv=0.29).

126



The annual RBI index values show little variability compared to other rivers, i.e. from 0.035 (1961) to
0.092 (2001). Over the entire long-term period of 1951-2010, there is an upward trend in this index, even
though there was a downward trend in the index over the last 30 years.

Seasonal variability of flows was analysed using the monthly Cv coefficient of variation and the RBI
index. The highest Cv values in the year occur in March (Cv=0.82) and July (Cv=0.76), and result from supply
by meltwaters and rainfall. The lowest variability of flows is caused by a lack of rainfall and uniform supply
by ground waters, and was recorded in January (Cv=0.30).

2010

H 0-0.05 0.05-0.1 m0.1-0.15 mO0.15-0.2

Figure 9. Average monthly RBI index for the Vistula in Tczew in 1951-2010

The short-term variability of flows in the Vistula was analysed using the RBI flashiness index. In the
period from 1951 to 2010, monthly RBI values were higher than annual values, and ranged from 0.02 to 0.156.
In the years 1951-1969, average monthly RBI values mainly ranged between 0 and 0.05, indicating
only small short-term variations in flow. From 1970 to 2001, there is a clear increase in this index throughout

127



the year, with values from 0.05 to 0.10 dominating. High values from 0.10 to 0.15 occurred mainly in June,
July and August. The increase in RBI in this period is due to the peak operation of the hydroelectric plant at
the Wloctawek dam. From 2002 to 2010, months with RBI in the range from 0.05 to 0.1 still predominated,
despite the fact that after 2002 the power plant at Wioctawek operated in run-of-river mode. The high RBI in
this period may be the result of interventional water discharges from the dam to improve sailing conditions
during low waters.

The RBI indicator has the advantage of showing flow dynamics in shorter time intervals than other
hydrological indices. The RBI index is useful for detecting the gradual changes in flow regime that may be
related to the operation of a hydropower plant or changes in water management in the basin.
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