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ABssTRACT: The aim of the study was to investigate the trends of changes in maximum daily river discharge in Poland
from 1951 to 2020 under climate warming conditions. The study covered two sub-periods: 1951-1988 and 1988-2020,
with 1988 considered the conventional year for the change in thermal conditions. Daily maximum discharge was cal-
culated using data from 148 water gauge stations located on 97 rivers, and the Mann-Kendall test was used to analyse
trends. The results showed the prevailing falling trends (more than 85%) on the rivers of central and eastern Poland,
40% of which were of statistical significance (p<0.05). The lowest discharge increased on more than 58% of the profiles,
27% of which were of statistical significance (p<0.05). The most common falling trends in maximum discharge were
observed in spring (87% of the profiles) and summer (77%), with statistically significant changes accounting for 37%
and 22%, respectively. Increases were recorded mainly in autumn on rivers in southern Poland and in winter - in the
north-eastern part of the country. In the period after 1988, maximum discharge decreased in most seasons, especially in
summer, where in August discharge decreased by as much as more than 50% in central Poland, with significant chang-
es affecting 30% of profiles. The effect of climate warming on extreme discharge was clearly spatially differentiated,
especially in spring and summer in central and eastern Poland.
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Introduction

Ongoing and projected climate change, as
outlined by the Intergovernmental Panel on
Climate Change (IPCC), and recent studies
have shown a complex picture of increasing-
ly frequent extreme weather conditions, rising
sea levels and significant transformations in
hydrological processes. Understanding these
changes requires considering details of the
Representative Concentration Pathway (RCP)
and Shared Socioeconomic Pathway (SSP) sce-
narios of the atmospheric concentrations of

§ sciendo

greenhouse gases as prepared by Portner et al.
(2022).

Both the RCP and SSP scenarios suggest and
predict that climate change will intensify ex-
treme weather events, including heat waves,
droughts, heavy rainfall and tropical cyclones.
The frequency, intensity and duration of these
events are expected to rise, leading to significant
impacts on ecosystems, human health and the
economy (Masson-Delmotte et al. 2018, Portner
et al. 2022, Lee, Romero 2023). Hydrological
changes are a key aspect of these climate change
impacts. Rising temperatures and changing
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precipitation patterns are likely to change the
amount of water resources available and their
distribution over time and space (Fortuniak et
al. 2001, Kozuchowski, Zmudzka 2001, 2002,
Kozuchowski 2004a). Hydrological models show
that future climate change, such as rising air tem-
peratures and torrential rains (including in win-
ter), may lead to a higher frequency and intensity
of extreme hydrological events, such as floods
and droughts (Huang et al. 2020, Chiang et al.
2021). Floods generate huge economic losses on
a scale, which increases with climate change.
According to predictions, with a warming of 3°C,
average annual flood-related losses in Europe
could increase by 145% compared to the baseline
period (1976-2005). Even under the most opti-
mistic scenario, with warming limited to 1.5°C,
flood-related losses are expected to increase sig-
nificantly (Alfieri et al. 2018).

In the period 1965-2014, anthropogenic cli-
mate change has been shown to reduce the sea-
sonality of river discharge in areas >50°N of the
northern hemisphere (Wang et al. 2024). An anal-
ysis of the seasonal discharge of the European
rivers showed an increase in winter-spring run-
off and a decrease in summer-autumn discharge.
These changes are most likely the result of earlier
melting of the snow cover and reduced snow ac-
cumulation due to rising air temperatures (Rottler
et al. 2020). Similar changes have been observed
in the catchments of Arctic rivers in the European
part of Russia, where an increase in winter runoff
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Fig. 1. The range and trend of changes in air
temperatures from 1951 to 2020 and in the period
before (1951-1988) and during the warming (1988-
2020) according to Wrzesinski and Brzeziriska (2023),
modified.

has been reported, while the runoff in summer-
autumn is predicted to decrease for all the rivers
studied (the Northern Dvina, Pechora, Don and
Kuban) (Kalugin 2023). Studies confirm that cli-
mate change is leading to a higher frequency and
intensity of extreme hydrological events. Central
Europe, in particular, has seen an increase in the
frequency as well as the magnitude of maximum
annual discharges which is associated with a
higher risk of flooding (Lehmkuhl et al. 2022).

Climatic studies in Poland have shown that
air temperatures have been rising as early as the
late 1980s (Fortuniak et al. 2001, Kozuchowski,
Zmudzka 2001, 2002, Kozuchowski 2004a, Marsz,
Styszyriska 2022); however, no significant chang-
es of the amount of precipitation in the annual cy-
cle have been observed along with the changes in
air temperatures (Zmudzka 2002, Kozuchowski
2004b). Both solar and circulatory factors, which
are associated with the intensification of the zon-
al western atmospheric circulation and the devel-
opment of the southern component of the circu-
lation over Poland, are identified as factors that
contribute to climate warming. The end of the
1980s is often pointed to as the symbolic begin-
ning of these changes (Marsz et al. 2022, Marsz,
Styszynska 2022). Before 1988, air temperature
trends were negative and statistically insignifi-
cant; however, after 1988, a clear and statistically
significant upward trend was observed (Fig. 1).
Data after 1988 showed an increase in the air tem-
perature and minor changes in the amount and
distribution of precipitation, which is reflected in
the changes of river runoff, its structure and the
duration of low discharge (Brzeziriska et al. 2023,
Wrzesiniski, Brzeziriska 2024) (Fig. 1).

The purpose of this study is to determine
the trend of changes in the maximum daily dis-
charge (annual, seasonal and monthly) of rivers
in Poland from 1951 to 2020, as well as the mag-
nitude and statistical significance of these chang-
es under the conditions of climate warming. The
study covered the years of the period 1951-2020,
dividing it into two sub-periods 1951-1988 and
1988-2020. The year 1988 was considered the
conventional date of the change in thermal con-
ditions. As suggested by Marsz et al. (2022), 1988
was arbitrarily considered to be the point in time
separating the two sub-periods, taking it as the
last year of the first sub-period and the first year
of the second sub-period.
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Source materials and study area

The study uses hydrological data obtained
from the collection of the Institute of Meteorology
and Water Management - National Research
Institute (IMGW-PIB 2023). The study used dai-
ly discharge flows from 1951 to 2020 for 148 wa-
ter-gauge stations located on 97 rivers in Poland
(Fig. 2, Appendix 1).

Poland’s river network is predominantly
shaped by two major rivers: Vistula and Odra.
These rivers, along with their tributaries, form a
complex hydrological system that significantly
influences the country’s water resources, agricul-
ture, industry and ecosystems.

Approximately 55% of the total volume of wa-
ter discharged from Poland’s rivers comes from
the Vistula River basin, while the Oder River
basin contributes about 25%. The rivers in the
Pomeranian region and the Vistula Lagoon ac-
count for 9.5% and 5.9% of the country’s annual
runoff, respectively (Gutry-Korycka et al. 2014).
Analysing the period from 1951 to 2000, the aver-
age specific runoff in the Vistula basin was found
tobe 5.5 dm?- s - km™2, which is higher than that
0f 4.83 dm?- s - km™2 recorded in the Oder basin.
The overall average specific runoff for Poland sur-
passed both basins, reaching 5.64 dm? - s - km™
(Fal, Bogdanowicz 2002).

The Poland’s river systems exhibit a diverse
range of hydrological regimes due to varying
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Fig. 2. The location of water gauge stations on rivers
studied in Poland (based on data from IMGW-PIB;
numbering in accordance with Appendix 1).

climatic conditions and geographical features
across the country. These regimes are classified
into five main types, namely, nival poorly devel-
oped, nival medium developed, nival clearly de-
veloped, nival-pluvial and pluvial-nival, based
on the sources of water supply and the seasonal
distribution of river runoff, particularly focus-
ing on the patterns and values of the monthly
discharge coefficient, which is the ratio of the
mean monthly discharge to the mean annual dis-
charge (Dynowska 1994). Details of these types
of regimes can be found in Dynowska, Pociask-
Karteczka (1999) and Wrzesinski (2017, 2021)
(Appendix 1).

Methods

Based on the daily discharge, maximum dis-
charge values were determined for the year, the
four seasons and each of the months for the entire
period of the study, as well as for the sub-periods
1951-1988 and 1988-2020.

Multiyear trends

A nonparametric Mann-Kendall test, which
is used to detect a trend in a time series, was
applied to assess multiyear trends in monthly,
seasonal and annual discharge. The test was con-
ducted using Microsoft Excel software with the
MAKESENS overlay, which is an extended ver-
sion of the Mann-Kendall test developed by re-
searchers at the Finnish Meteorological Institute
(Salmi et al. 2002).

The Mann-Kendall test is used when the giv-
en values of x, in a time series can be described
according to the following equation:

X =fl) *+ ¢ @)

where is a continuous, decreasing or increasing
function of time, and the residuals can be treat-
ed as coming from the same distribution with
mean = 0. With this, the deviation from the dis-
tribution can be considered invariant over time.
The S statistic of the Mann-Kendall test was cal-
culated based on the following formula:

5= ZZ: Z7=k+1sg n(x;‘ ~ X) )



88 WIKTORIA BRZEZINSKA, DARIUSZ WRZESINSKI

where x; and x, are sets of values of monthly, sea-
sonal or annual water levels arranged as a time
series at the corresponding time instants j and k,
with j > k:
lifx,—x,>0
sgn(x; — x;) = Oifx;—x,=0 3)
—lifx;—x,<0

Declining or rising trends are determined by
a negative or positive Z value. To calculate it, the
VAR(S) should be calculated first using the fol-
lowing formula:

VAR(S) = g ln(n - 1)2n+ 5) = ¥, £,(t, - D2, + 5)] (4)

where g is the number of water level values, and
t is the number of values in the p-th group. Based
on the values of S and VAR(S), Z can be calculat-
ed using the following formula:

S-1
VVAR(S)
0ifS=0 )

S+1 .
— = f <
VAR@) 1o<0

if S>0

7 =

This procedure allows verification of the null
hypothesis H assuming the absence of trends.
Chronologically ordered xi observations are an-
alysed, and the alternative H1 hypothesis is the
existence of a monotonically rising or falling
trend. The Z test has a normal distribution, allow-
ing the absolute value of Z to be compared with
a normal distribution to assess whether there is
a monotonic trend. If a trend is found, its statis-
tical significance is determined. The study used
four levels of statistical significance: p < 0.001,
p <0.01, p <0.05 and p > 0.05. For p > 0.05, there
is no statistical significance of the changes in dis-
charge that were observed.

Change in runoff and its statistical
significance

A rate of change was calculated to determine
changes in average maximum river-specific run-
off (MHq) during the warming period of 1988-
2020 relative to the period of 1951-1988:

x 100 (6)

S _ _ _X1988-2020 ~ X1951-1988
X1988-2020  X1951-1988 X1951-1988

where are average runoff values in the sub-pe-
riods of the multi-annual period 1951-2020. The
rate that was calculated shows the percentage in-
crease or decrease in runoff in the period after the
climate change (1988-2020) compared to MHq in
the period before the climate change (1951-1988).
Differences in monthly, seasonal and annual
MHq were calculated between the years 1988-
2020 and 1951-1988. The statistical significance
of these differences was tested using the T-test
for independent samples. Each time, the hypoth-
esis H; : p, = u, of equality of expected values
was tested against the hypothesis H, : u, # p,.
Rejection of the hypothesis indicates that there
are significant differences in MHq observed af-
ter and before the climate change. The T-statistics
has the Student’s distribution, with n, + n, and 2
degrees of freedom:
X, —X
r- i 0

1-X2

where Sg _x, is

2 2
S. o = (m-1)x5+m-1)x5 (1 1) g
e e T
where n,, n, are the sample sizes, are the var-

iances of both samples and are the averages of
both samples.

Cluster analysis

In a study of the spatial regularity of changes
in average maximum runoff during the warm-
ing period after 1988, water-gauge stations were
clustered using the Ward’s method by the values
of 12-month MHq differences. The clustering re-
sults are presented in the form of a dendrogram
that reflects the similarity structure of the set of
water gauges studied and was used to identify
separate typological classes. In this paper, the
number of classes was determined by analysing
the geometry of the dendrogram and the bond
distance curve.

Surfer 13 (Golden Software) and additional
tools from QGIS Development Team (QGIS.org)
were used for graphical processing of the results,
which enabled advanced visualisation of geo-
graphical and hydrological data. On the contrary,
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mathematical and statistical compilations of
the data were done using Excel (Microsoft) and
Statistica (TIBCO Software Inc.).

Results and discussion

Trends in changes of the maximum flow

The maximum daily discharge in 1951-2020
of the rivers that were studied showed a dom-
inance of falling trends over almost the entire
territory of Poland, apart from Mountain Rivers.
A decrease in maximum discharge was found at
>85% of the water-gauge stations, and the de-
crease at 45% was considered statistically signif-
icant (p < 0.05) (Fig. 4). Particularly, significant
downward trends (p < 0.01) were observed in the
rivers of various regions of Poland, especially in
the northeastern part of the country in the Narew
river basin, as well as in upland rivers (e.g.
Lubaczéwka, Czarna and Kamienna) and single
rivers located in the Polish Lowlands (the central
Warta and Bzura) and in Wda, which is in a lake
district. Only the maximum discharge of most
of the rivers of the mountainous areas showed
rising trends, but they were usually statistically
insignificant. A statistically significant positive
trend (p < 0.01) was found only for the discharge
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Fig. 3. Trends in changes of maximum daily discharge
in a hydrological year against average maximum
specific runoff from 1951 to 2020.

of the Skawa River in Sucha Beskidzka and the
Kamienica River in Barcinek.

The spatial distribution of the MHq values
of the rivers that were studied varies in a very
characteristic way (Fig. 3). The highest values,
exceeding 100 dm?® - s - km™, were observed
in the drainage areas of the mountainous tribu-
taries of Vistula and Oder, with maximum val-
ues reaching >300 dm?® - s - km™ (in the upper
Vistula drainage area up to Skoczow). High av-
erage runoff values (>200 dm?® - s - km™) were
also found in the river basins of Sola, Skawa,
Raba, the upper Dunajec up to Kroscienko, Biala,
Wistoka and Ropa as well as Oslawa in the upper
San River catchment. Towards the north, MHq
values decrease, reaching 30-100 dm? - s - km™
for upland river basins. Most rivers of the Polish
Lowlands typically have runoff values of 10-
20 dm® - s - km™. The lowest MHq values of
<10 dm? - s - km™ are recorded for the drainage
areas of the Note¢ and Welnarivers and the Warta
River basin up to Gorzéw Wielkopolski. Higher
runoff values (20-40 dm® - s - km™) were found
in the catchment areas of the coastal rivers (Rega,
Parseta, Wieprza, Stupia and Lupawa) and in the
northeast catchment areas of the Guber, Goldapa,
upper Biebrza, Narew and Nurzec rivers.

Maximum daily river discharge in the winter
season (December-February) showed a down-
ward trend at >54% of the gauge stations ana-
lysed, mainly in central Poland, with only 10%
of them being statistically significant (p < 0.05)
(Fig. 4). Falling discharge values were recorded
in various regions of the country, with statisti-
cally significant results (p < 0.05) in lake district
rivers such as Drawa and Wda, as well as in Mata
Note¢, Pilica, Raba, in the upper Oder drainage
basin and in the catchments of Sumina, Nysa
Klodzka and Strzegomka. By contrast, a rise in
the maximum winter discharge was observed in
most mountain rivers and in northern and north-
eastern Poland, where a statistically significant
increase (p < 0.05) was observed in the rivers in
Narew, in the Biebrza basin and in single moun-
tain rivers, such as Kwisa and Nysa Klodzka. In
spring (March-May), the majority of the rivers
studied (more than 87% of the gauge stations)
showed falling discharge trends, of which more
than 37% were statistically significant (p < 0.05),
mainly in northeastern Poland, in the Narew
River basin, in the central part of the country and
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in the Pilica River basin. Increases in discharge
were observed only in a small number of rivers
in southern Poland (>12% of the gauge stations),
with statistically significant results (p < 0.05) ob-
served only in the Skawa River. Negative dis-
charge trends dominated during the summer,
which was observed at more than 77% of the
gauge stations analysed, of which more than
22% reached statistical significance (p < 0.05).
There were particularly significant decreases in
daily maximum summer discharge, with sig-
nificance at p < 0.001, recorded on rivers such
as Wda, Mala Note¢ and Sumina. Most of the
Vistula’s tributaries showed statistically insignif-
icant trends, except for the drainage area of the
Pilica, where statistically significant values were
observed (p < 0.05). The autumn analysis showed
that positive trends covering more than 45% of
the water-gauge stations occurred mainly in the
south and east of the country, while decreases
in discharge, prevalent in central and western
Poland (more than 54% of the gauges), were sta-
tistically significant in only 9% of cases. It is also
worth noting that only the tributaries of Vistula
in the Carpathian region showed statistically sig-
nificant upward trends (p < 0.05).

The hydrological analysis for 1951-2020
shows significant regional variation in the aver-
age maximum winter-specific runoff in Poland.
The highest values, exceeding 50 dm? - s - km™2,
were found in mountainous catchments in the
southern regions of the country, with MHq of
100 dm? - s' - km™ in the upper Vistula, Nysa
Klodzka and Ostawa in the drainage area of the
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San River (Fig. 5). The drainage areas of upland
rivers had MHq ranging 25-50 dm? - s - km™,
and in the Koszalin Coastland and Masurian Lake
District they did not exceed >30 dm? - s - km™.
The lowest runoff, below 10 dm? - s - km™, oc-
curred mainly in western and eastern Poland, es-
pecially in the Polish Lowlands, Polesie Lubelskie
and Lublin Upland. In spring, MHq was at the
highest level, and it was most important for the
formation of water resources, with maximum val-
ues of >100 dm?3 - s™1- km™2in the catchments of the
Nysa Klodzka River in the mountains and of the
Carpathian rivers, and even 169 dm? - s* - km™
in the drainage area of the upper Vistula. The
lowest values, below 10 dm? - s - km™, were re-
corded in western Poland, especially in the catch-
ments of Note¢ and the middle and lower Warta,
while in eastern and northeastern Poland spring
runoff exceeded 25 dm? - s1 - km™. In summer,
a significantly lower runoff was observed in the
north of the country, where it did not exceed
10 dm?3 - s1 - km™, while in the south it reached
>200 dm? - s - km™ in some places. The lowest
values, <5 dm? - s . km™2, occurred in the drain-
age areas of Warta, Note¢ and the eastern re-
gions, such as the Krzna River and part of Narew,
while values exceeding 150 dm? - s - km™ were
recorded in the upper Vistula and its Carpathian
tributaries. In autumn, the distribution of runoff
was similar to summer, with the highest values,
>50 dm? - s - km™, in the south of the country,
and locally even >100 dm? - s - km™. In central
Poland, runoff did not exceed 10 dm?3 - s71 - km™2,
and in the drainage basins of Warta, Note¢,
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Fig. 4. Trends in changes of maximum daily seasonal discharge against the average maximum specific runoff in
four seasons in 1951-2020.
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Krzna and Wieprz the values decreased below
5 dm? - s . km™. Besides the mountain regions,
larger runoff values, exceeding 15 dm?- s - km™,
were found in Pomerania.

An analysis of monthly daily maximum dis-
charge showed prevailing downward trends in
most months (Fig. 4). Particularly significant de-
clines were observed at more than 80% of the wa-
ter-gauge stations in March and April. In March,
downward trends prevailed from the south to the
centre of Poland, with 25% of the water-gauge
stations surveyed showing statistical significance
of downward trends at p < 0.05. The largest falls
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were observed in April, mainly in the eastern and
central parts of the country, where more than 95%
of the gauge stations showed a decreasing trend
and 33% were statistically significant (p < 0.05).
By contrast, in January and February positive
trends prevailed in 66% and 70% of the cases
studied, 33% and 29% were considered statisti-
cally significant, respectively. These trends were
particularly prominent in northeastern Poland in
the Biebrza and Narew drainage basins, where
statistical significance was recorded at p < 0.05.
In the spring and summer months, declining
trends prevailed in central and southern Poland.
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Fig. 5. Percent share of trends with a defined statistical significance (p) in analysed series of monthly, seasonal
and annual maximum discharge from 1951 to 2020.
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However, in May, downward trends were also
recorded in Pomerania and Masuria. Starting
from September, there is a clear increase in maxi-
mum discharge in mountainous regions.

Changes in maximum flow during the
warming period

During the warming period of 1988-2020, the
average maximum specific runoff decreased in
most of the rivers studied compared to the peri-
od 1951-1988 (Fig. 6). The data show a reduction
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Fig. 6. Changes in average maximum runoff
values [%] during the 1988-2020 warming period
relative to the 1951-1988 period and their statistical
significance (p).
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in MHq, which is particularly prominent in the
northeastern and central parts of the country,
where runoff has fallen by more than 30% and, in
some places, by more than 40% (the Pilica, Narew
and Bug catchments). In contrast to most regions,
an increase in MHq was recorded in mountain-
ous areas and the Koszalin Coastland by more
than 10% and 5%, respectively. The most signif-
icant increase, exceeding 50%, was found in the
Skawa River basin.

MHq was found to have fallen for most rivers
(at more than 83% of the water-gauge stations)
(Fig. 7), and statistically significant (p < 0.05)
changes occurred at more than 41% of the sta-
tions. There was a particularly high concentration
of changes in MHq falls in the northeast of the
country. MHq increased mainly in the Lupawa
River basin, where the change was considered
statistically significant (p < 0.05).

Seasonal changes in winter MHq during the
warming period showed a decline at 78% of
the water-gauge stations surveyed, with 23%
of these changes being statistically significant
(p < 0.05) (Fig. 7). The largest declines, by more
than 30-40%, were recorded in central and south-
ern Poland, especially in the drainage areas of
the Mata Panew, Klodnica, Prosna, Pilica, Czarna
and Wisloka rivers (Fig. 8), where statistical sig-
nificance was recorded at p < 0.01. An increase
in MHq was registered in the northern river ba-
sins, but only a small portion of them was sta-
tistically significant. In spring, MHq decreased at
>73% of the gauge stations, of which 30% were
statistically significant. The largest declines, by
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Fig. 7. Changes in seasonal average maximum runoff values [%] during the warming period of 1988-2020
relative to the 1951-1988 period and their statistical significance (p).
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more than 30%, were found in the drainage are-
as of Warta, Welna, Wrzesnica, Narew and Bug,
where declines locally exceeded 40% (Fig. 7). By
contrast, increases in MHq by more than 50%
were observed in the upper reaches of Vistula,
particularly in the Skawa catchment, where they
reached 90%. In the summer season, declines in
MHq prevailed at 87% of the gauge stations, 26%
of which were statistically significant (p < 0.05).
The largest declines by more than 40-50% were
registered in the Vistula (Narew, Biebrza, Pilica)
and Note¢ river basins. In autumn, 70% of the wa-
ter gauges showed decreases in MHq, with 13%
of the changes being statistically significant. The
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largest declines by more than 30% occurred in the
Warta, Note¢, Narew and Biebrza river basins.
In the south of the country, an increase in MHq
exceeding 100% was found in the upper reaches
of Vistula and its tributaries (Sota and Skawa),
and there were statistically significant changes at
three stations: Vistula - Skoczéw, Skawa - Sucha
Beskidzka and Mleczka - Gorliczyna.

Changes in monthly MHq values after 1988
mostly showed decreases in most rivers through-
out the country (Fig. 7). By contrast, a signifi-
cant increase in MHq was observed in January,
February, May and September. In January and
February, MHq increased mainly in the northern
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and northeastern parts of the country, where in-
creases in MHq ranged from 20% to as much as
40%. The largest increase of >40% was observed
in the Biebrza River basin and was statistically
significant (p < 0.05). In February, an increase in
runoff also appeared in southern Poland, main-
ly in the mountains >20% and locally >30%
(Dunajec, Kwisa, Czarny Potok and Kamienica).
At the same time, in January and February, there
were significant decreases in MHq, mainly in the
upper reaches of the Vistula and Oder rivers and
their tributaries. March was characterised by sig-
nificant decreases in MHq >20%, mainly in the
rivers in the centre and the east of the country.
The largest decreases occurred in the drainage
area of Bug (MHq >30%) along with its tributar-
ies (Liwiec, Krzna, Nurzec, Narew, Suprasl and
Biebrza), and equally high decreases (>30%) in
MHgq occurred in the drainage area of the Warta.
In both cases, the changes were statistically signif-
icant (p <0.05). By contrast, rivers in the southeast
stood out in terms of their increase in MHq >40%
and locally >50% (Kwisa, Bébr and Kamienica),
which was statistically significant (p < 0.05). In
May and September, rivers in the southern and
southeastern parts of the country stood out in
terms of a significant increase in their MHq. In
May, runoff increased mainly in the upper and
middle reaches of Vistula and its tributaries.
The largest increases (>50%) were observed in
Skawa, Raba, Sota and Vistula, but the increase
was statistically insignificant. On the contrary, in
the drainage areas of Oder and Warta, there were
significant decreases in MHq >20%, with the
largest MHq >40% in the following rivers: Bobr,
Strzegomka, Bystrzyca, Nysa Klodzka, Flinta,
Mogilnica, Sama, Mata Note¢ and Gasawka, and
for most of these rivers the decreases were statis-
tically significant (p < 0.05). In September, the in-
crease in MHq was much greater than in May. In
the upper reaches of Vistula, the largest increase
of more than 100% was observed in the following
rivers: Raba, Skawa, Dunajec, Wistoka, Wistok,
Mleczka and Biala. An increase in MHq >50%
also occurred in the coastal rivers, which was
statistically insignificant. The rivers in central
Poland mainly experienced decreases in MHgq.
The largest decrease in MHq occurred in August.
The centre, south and northeast of Poland saw the
highest decreases of more than 60%, even more
than 80% in some places, including the following

rivers: Kamienna, Czarna, Mata Note¢, Ktodnica,
Mata Panew, Narew, Narewka, Suprasl and
Biebrza, where statistically significant decreases
occurred in most of these rivers. Other months
showed significant decreases in MHq.

Clustering according to changes in extreme
discharge

Based on the clustering (grouping) by chang-
es in the monthly MHq after 1988, eight groups
were distinguished (Fig. 9). The range of changes
in the parameters of the analytical characteristics
in the groups of rivers that were so identified is
shown in Figure 11, while the spatial picture of
the results of grouping rivers by differences in
the parameters of MHq is shown in Figure 10.

Group 1 includes rivers and their sections in
the upper part of the Warta River basin along with
its tributaries (Ner, Prosna and Widawka) and
the tributaries of the Vistula River (Pilica, Czarna,
Nida and San) (Fig. 10). Changes in the monthly
MHq mainly decreased in most of the groups that
were identified (Fig. 11). During the winter and
spring months, decreases in runoff were mainly
observed. The summer and autumn months, on
the contrary, showed a great variation but not
as strong decreases as in other months. The larg-
est decrease occurred in August (>40%), while a
slight increase (>2%) was observed in May.

Group 2 represents mainly the tributaries of
the following large rivers: Vistula, Oder, Warta,
Narew and Bug (Fig. 10). The largest number
of water gauges within this group is located on
the tributaries of the lower section of Warta and
on the left-bank tributaries of Oder, but overall
this group shows weak spatial relationships. The
characteristics of changes in the monthly MHq
showed similarities to Group 1, with the differ-
ence that each month showed a decrease in MHq
between 20% and 50% (Fig. 11).

Group 3 comprised the rivers of northeast-
ern Poland, including Narew, Biebrza and their
tributaries (Fig. 10). This group stood out show-
ing an increase in MHq in January and February
(>20%), but a decrease in other months (Fig. 11).

Group 4 comprises water gauges on the rivers
of the Baltic coast and the left tributaries of Oder
(mainly the drainage areas of Nysa Klodzka,
Bystrzyca and Bobr) (Fig. 10). Very high month-
ly variability was observed on these rivers. An
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increase in MHq (>2-25%) was observed from
January to March (Fig. 11). Then, during the sum-
mer-autumn period, an increase in runoff (>5%)
was observed only in September. Decreases in
MHq were observed in the remaining months.
Group 5 represents mainly the rivers locat-
ed in the east of Poland (Fig. 10). It also includes
some isolated water gauges in Warta and on the
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Fig. 10. Locations of water gauges grouped based on
changes in the monthly average maximum specific
runoff during the warming period of 1988-2020.

tributaries of the lower Vistula. The main charac-
teristic of this group is a decrease in MHgq, aver-
aging more than 20% (Fig. 11). The median trend
at 5% was positive only for September.

Group 6 includes mainly rivers in northern
Poland (Fig. 10), with a few gauge stations in the
middle reaches of Oder. Of all the months, none
showed an increase in MHq, with decreases of
about 10% in each month (Fig. 11).

Group 7 comprises Mountain Rivers in south-
eastern Poland, mainly the Carpathian tributar-
ies of Vistula (Fig. 10). Changes in the monthly
MHq showed a great variation. An increase in
the average maximum runoff was observed in
various months of the year apart from the sum-
mer season (Fig. 11). The largest increase of near-
ly 100% occurred in September, while the largest
decrease in MHq occurred in August (>25%).

Similarly to Group 7, Group 8 includes moun-
tain rivers; however, compared to the previous
group, its spatial scope is larger and focuses on
the upper reaches of Vistula along with its tribu-
taries (including the Sotfa) (Fig. 10). Changes in the
MH(q river runoff of this group resemble those of
Group 7. However, decreases in MHq were found
in most months, whereas the largest increases of
25% and >50% in runoff were found only in May
and September, respectively (Fig. 11).
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Discussion

The results of the analysis of MHq in Poland
for the period 1951-2020 revealed a predomi-
nance of declining trends, consistent with earlier
studies on long-term changes in river runoff in
Poland. As early as the study covering the years
1901-1965, Stachy (1968, 1969) reported negative
trends in the runoff of rivers such as Vistula and
Oder, and these patterns persisted in subsequent
decades. During 1971-1980, runoff increased by
20% compared to the period 1951-1970 (Stachy
1970, 1984a, b), although this proved to be a
short-term deviation in the context of the overall
dominance of declining trends in later years.

Further analyses of runoff variability, in-
cluding atmospheric circulation, indicate sig-
nificant spatial differentiation in these trends.
The Vistula’s runoff exhibits a stronger re-
sponse to short-term climate fluctuations than
that of Oder (Jokiel, Kozuchowski 1989, Jokiel,
Bartnik 2001, Fal, Bogdanowicz 2002, Wrzesiriski
2009, Michalczyk 2017, Piniewski et al. 2018,
Wrzesinski, Sobkowiak 2018), which is also re-
flected in the findings of this study, where a de-
clining trend is particularly evident in the rivers
of the Vistula basin. The results also highlight
the considerable influence of the North Atlantic
Oscillation (NAO) onrunoff regimes (Limanéwka
et al. 2002, Pociask-Karteczka et al. 2002-2003,
Styszynska, Tamulewicz 2004, Wrzesinski 2011,
Wrzesiniski, Paluszkiewicz 2011, Wrzesinski,
Sobkowiak 2018), which underscores regional
differences in the response of rivers to changing
climatic conditions and seasonal variability pat-
terns in Poland. Additionally, regional differenc-
es in the timing of extreme hydrological events
are evident. Venegas-Cordero et al. (2022) identi-
fied significant shifts in the timing of river floods
in Poland between 1981 and 2019, with earlier
flood events occurring in southern Poland and
delays observed in the northeastern and north-
western parts of the country. These findings align
with the results of this study, suggesting that
changes in flood timing and seasonality are in-
fluenced by both climatic and regional factors,
further emphasising the role of climate warming
in altering hydrological extremes.

Studies on the impact of global warming on
river runoff (Wrzesinski, Brzeziniska 2023, 2024)
indicate an increase in the proportion of winter

runoff and a decline in spring and summer run-
off. The findings of this analysis, showing pre-
dominantly declining trends during the spring
and summer periods, align with observed chang-
es in the seasonal structure of river runoff. In the
context of the earlier occurrence of maximum
winter-spring runoff observed at 85% of meas-
urement stations (Somorowska 2024), declines in
maximum daily runoff during the spring months
may reflect significant seasonal shifts driven by
climate change.

Additionally, studies suggest the influence
of solar and circulatory factors on river runoff
variability, as indicated by (Jokiel, Kozuchowski
(1989), Gutry-Korycka and Boryczka 1990,
Wrzesiniski et al. 2023). The observed changes
in runoff are consistent with broader climatic
trends, including rising air temperatures and al-
terations in precipitation patterns. The changes in
maximum river runoff since 1988, which show a
reduction of more than 30% in annual maximum
runoff in some regions, align with the projected
impacts of climate warming, which intensify hy-
drological variability and the severity of extreme
hydrological events.

Conclusion

The study analysed changes in the maximum
daily river discharge in Poland from 1951 to 2020,
considering its monthly, seasonal and annual
variability. The study showed:

1. The prevalence of decreasing trends for the
maximum daily discharge (>85% of the wa-
ter-gauge stations), especially in central and
eastern Poland, of which 40% were statistical-
ly significant (p < 0.05). The seasonal analysis
of the daily maximum discharge showed the
prevalence of decreasing trends across all sea-
sons, especially in spring (87% of the gauges)
and summer (77% of the gauges). Statistical-
ly significant changes in these periods were
>37% and >22%, respectively. By contrast,
increases in the maximum discharge were ob-
served mainly on rivers in southern Poland in
autumn and in northeastern Poland in winter.

2. During the warming period after 1988, a re-
duction in the maximum discharge was ob-
served on most of the rivers across all seasons,
except for winter. The largest reductions oc-
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curred in summer (93% of the gauges), espe-
cially in August, where discharge decreased
by up to more than 50%, and these changes
were statistically significant for almost 30% of
the water gauges.

3. The impact of climate warming on the maxi-
mum river discharge in Poland varies spatial-
ly and temporally. The maximum discharge
in spring and summer decreased mainly in
the central and western parts of the country,
while it increased in the eastern part.

4. The clustering performed revealed varying
patterns of change in the monthly average
maximum specific runoff. The river groups
that have been identified are characterised by
specific patterns of runoff changes. Decreas-
es in the monthly MHq prevail in most of the
groups. Different patterns of change were
found in group 7 (rivers in the Narew River
basin in the northeast of the country) which
stood out with an increase in MHq during the
winter months. An increase in MHq during
the winter and spring months was found in
the rivers of Group 5 (the Sudeten tributaries
of Oder and the coastal rivers in the north) and
Group 7 (the Carpathian tributaries of Vistu-
la). It is noteworthy that there was a strong in-
crease in MHq in September in Groups 7 and 8
by an average of 100% and 60%, respectively.
The results of studies on the variability of

maximum river discharge in Poland are spatial-

ly variable and show an increase in winter and a

decrease in summer-autumn runoff. Long-term

trends reveal significant decreases in the maxi-
mum daily discharge river in Poland.
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