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Abstract

Flooding is a phenomenon that has become more frequent in recent years due to climate
change. This also includes Poland, where a flood occurred in 2024 due to the inflow of
the Genoese low. The main objective of the article is to comprehensively characterize this
phenomenon in the Bébr River Basin. To achieve this objective, available hourly hydro-
meteorological data from stations monitored by the Polish Institute of Meteorology and
Water Management were used. On this basis, the duration, magnitude, scale of the flood,
and selected runoff measures were determined. Data shows that the flood was caused by
rainfall, which occurred at the highest intensity between 13.09 and 15.09. The duration of
the flood was 536 h, assuming warning levels as boundary points. The average duration of
the flood in all stations was 125.32 h, and its average magnitude (ratio of the highest level
to the alert level)—1.53. The 10-point flood scale adopted in the article indicates that the
flood affected the area around Jelenia Goéra the most (average 3.10 for the entire basin). In 6
out of 22 stations, the highest water flow measurements in history were recorded in 2024.
The area around Jelenia Gora was selected as the region most exposed to flooding. This
work can be a compendium of knowledge in the field of understanding the mechanisms
related to flooding. It may be important in the context of formulating the future water
policy, developing documents related to flood protection, adaptation to climate change and
sustainable development goals.

Keywords: Odra River basin; climate change adaptation; flood risk analysis; storage
reservoirs; water retention; sustainability

1. Introduction
1.1. Geographical Overview of Floods and Climate Change in Europe

Flooding is a phenomenon that can be defined in many ways [1]. For example,
according to the European Union Flood Directive 2007/60/EC, it is “the temporary covering
of land by water that is not normally covered by water” [2]. Within this legal act, floods are
categorised according to their source, mechanism of occurrence and characteristics [3,4].
Among these floods, river floods are distinguished as having caused an estimated 7 million
deaths in the 20th century [5], and the direct global average annual loss due to their

occurrence is estimated at USD 104 billion [6]. This value may increase by up to 83% in
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terms of human losses and by 240% in terms of direct flood losses as a result of climate
change compared to the period 1976-2005 for a temperature increase scenario of 1.5 °C by
2100 [7]. As emphasized by Slater et al. [8], the risk of floods occurring every 20, 50 and
100 years will increase in temperate climate zones.

With respect to Europe, the largest floods in terms of fatalities for the period 1900-2024
concerned: North Sea Flood (1953)—more than 2000 victims, Danube Valley Floods (1926)—
more than 1000 victims, Spanish flash floods (1973)—500 victims [9]. In recent history, a
flood that claimed approximately 229 human lives (and also caused significant infrastruc-
ture damage) occurred in October and November 2024 in Valencia, Spain and was caused
by the contact of cold air with warm waters of the Mediterranean Sea, which caused heavy
rainfall (so-called gota fria—"cold drop”) [10]. Based on telemetry data, it was estimated
that 199 km? was flooded, directly affecting over 90,000 inhabitants [11]. The European
Union-wide study also showed that without adaptation measures to reduce flood risk
(which is regulated, among others, by the aforementioned Floods Directive [2]), annual
flood damage in this region could increase from EUR 5.5 billion to EUR 98 billion by the
2080s [12]. Significantly, however, the analysis of 1729 flood events in Europe from 1950 to
2020 showed that the number of fatalities decreased five-fold over the above-mentioned
70 years, thanks to the flood protection measures and early warning systems used [13].

1.2. Overview of Floods and Climate Change in Poland

Poland also belongs to this climate zone, where floods of varying duration, magnitude
and frequency have occurred in the past [14-17]. In the basins of the two largest rivers in
this country, the Vistula and the Odra, larger floods occurred, for example, in 1997, 2001
and 2010 [17-19]. It is estimated that floods exceeding 0.25% of the Polish gross domestic
product occur on average once every 5 years [20]. In the context of the floods in the Odra
basin in 1997 and 2010, material losses amounted to almost 1% of GDP [21]. In Poland,
flood protection is regulated by the provisions of the aforementioned Directive 2007/60/EC,
the implementation of which is reflected in the Polish Water Law [1,22]. As part of these
activities, related strategic documents are implemented in 6-year planning cycles [23], i.e.,
preliminary flood risk assessment, flood hazard and risk maps, and flood risk management
plans [24,25]. The aim is to reduce the negative effects of floods on human health and life,
the natural environment, economic activity and cultural heritage by developing a catalog
of technical and non-technical flood protection measures [26]. Currently, Polish Waters is
carrying out work related to the review and update of documents in the third planning
cycle of the implementation of the Floods Directive [27].

For the 1997 flood, the return time of a phenomenon of similar size was estimated at
250-1000 years [28]; however, a similar flood occurred in the Odra River basin in 2024. Its
cause, similarly to the 1997 flood, was heavy rainfall caused by the inflow of a low-pressure
front from the Mediterranean Sea to Poland (especially southwest) [29]. The effects of this
flood are currently difficult to estimate, because it occurred recently, and humanitarian aid
for people affected by this phenomenon will continue for a long time (e.g., for Klodzko, the
reconstruction time of the city is estimated at 5 years). In Poland, on 16 September 2024, a
state of natural disaster was introduced, which was announced for a period of 30 days in
selected regions of the Silesian, Opole, Lower Silesian and Lubuskie voivodeships [30-32].
It was announced for the third time in post-war Poland (after 1945), which indicates the
large scale of the phenomenon described. Until 3 October 2024, the uniformed services
operation “Flood 2024” was also conducted in parallel in the areas affected by the natural
disaster [33]. The flood particularly affected urbanized areas located in mountainous and
foothill areas, such as Gluchotazy, Ladek-Zdréj, Nysa, Ktodzko, Stronie Slaskie, Lewin
Brzeski, Kamienna Géra and Jelenia Géra. According to information provided by the
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Polish Prime Minister and the Chief of Police, nine people died as a result of the flood [34].
Losses resulting from the flood are difficult to estimate and concern the destruction of water
infrastructure, cities, roads and railways. According to information provided by the Polish
Minister of Finance, they will amount to tens of billions of zlotys, and the support offered by
the EU to help flood victims with the amount of USD 5.58 billion may not be sufficient [35].
The importance of flood protection during catastrophic floods should be mentioned as the
construction of the Niedzica—Czorsztyn dam and reservoir on the Dunajec River (Poland)
in 1997 was a significant event. At that time, the entire flood wave was intercepted by
the aforementioned reservoir and reduced the flow from 1400 m3/s to 400-600 m3/s. Tt
completely protected the areas located below from destruction, and the costs of potential
damage would amount to the cost of building the entire dam and reservoir investment
with the necessary infrastructure. It was similar in 2024 on the Odra; the dry dam Racibérz
Dolny (put into service in 2020) reduced the flood flow to a size that did not cause damage
below and protected 2.5 million residents of three voivodeships: Silesia, Opole, and Lower
Silesia [36].

1.3. Motivations, Objectives and Novelty of the Research

In connection with the above, the topic of flood analysis is important from the point
of view of developing more effective flood protection and sustainable water management
measures [37]. As a contribution to this type of analysis, the Bébr River Basin area was
selected as a research area, i.e., the largest left-side tributary of the Odra River, with a basin
area of 5876 km?. This area is characterized by a snow-rain hydrological regime according
to Debski, i.e., there are usually two periods of floods: one occurs in spring as a result
of snow and ice thawing (most often March), and the other is caused by heavy torrential
and/or flooding rainfall in the summer (July—August) [38,39]. According to the analyses
conducted by Hudak et al. [40], historical floods in this area occurred in 1897, 1958, 1977,
1981 and 1997, and were caused by heavy rainfall (also confirmed by Adynkiewicz-Piragas
and Lejcu$ [41]). It was estimated that the alert level (a conventional level indicating a
flood hazard) being exceeded in the Bébr River Basin area occurs, on average, once every
3-5 years (26 times during the 68 years analyzed). The degree of flood risk in the Bébr River
Basin area is determined by both natural factors (geological structure, soil type, forms of
basin use, rainfall intensity) and anthropogenic factors (channel regulation, hydrotechnical
structures, urbanization in the river valley) [38,40,42—44].

The main objective of the article is to comprehensively characterize the flood that
occurred in the Bébr River Basin area in September and October 2024. To achieve this
objective, available hourly meteorological (precipitation) and hydrological (water levels,
flows) data from measurement stations monitored by the Polish Institute of Meteorology
and Water Management—State Research Institute (IMGW-PIB) were used [45-47]. The
paper uses a general-to-detail approach, i.e., first, the main cause of the flood in the form of
rainfall and its variability in time and space was presented, and then the hydrological data
were characterized using the adopted criteria of flood duration, size and scale (based on
the conventional states used in Poland—warning and alert). Finally, this description was
supplemented with hydrological characteristics, i.e., relative measures of runoff (runoff
layer and specific discharge). The results were compared both with reference to average
conditions in the Bébr River Basin (levels and flows from many years) and to past floods in
this area (especially the flood of 1997). A novelty is the proposal in the manuscript of a flood
scale adopted on the basis of data, expressed in a closed range of 0-10. The points most
at risk of flooding were also indicated based on the applied criteria (hot spots), for which
corrective actions are proposed first. This work can be a compendium of knowledge in the
field of understanding the mechanisms related to the flood, which covered, in the context
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of the same causes, not only the area of Poland but also Austria, the Czechia, Germany,
Hungary, Moldova, Romania and Slovakia [48]. It may be important in the context of
formulating future water policy in Poland, as well as developing documents related to
flood protection, adaptation to climate change on a national, local and regional scale (e.g.,
flood risk management plans, small retention programs) and sustainable development
goals (especially SDG 13 “Climate action”). At present, no scientific works related to the
2024 flood have been published, so this is also an innovative element related to current
challenges.

2. Materials and Methods

In the article, analyses were carried out according to the research scheme presented in
Figure 1. Their details are described in Sections 2.2 and 2.3.

1. Downloading hourly hydrological and meteorological data
— IMGW-PIB Public Data (flood 2024 in the Bobr River basin area, Poland)
]

2. Verification and filling in data gaps
I

3. Analysis and interpretation of meteorological and hydrological data
3a. Meteorological data: spatiotemporal analysis of precipitation from September 2024

3b. Calculation of coefficients characterizing the flood:
duration, magnitude, scale of the flood

3c. Analysis of hydrographs of water levels and flows in areas with the largest flood scale

3d. Determination of selected runoff measures for the analyzed area:
\ runoff layer (index), specific discharge /
N

4. Drawing conclusions: identifying flood-sensitive areas

and formulating recommendations for flood risk reduction measures

Figure 1. Research scheme for the analyses presented in the article.

2.1. Study Area

The Bébr River Basin area, located in the southwestern part of Poland and partly in
the northern Czechia (Central Europe), was selected as the study area, with 99.2% of its
area located within the borders of Poland. The basin area is 5876 km? and the average
gradient is about 0.3%. The source is located at an altitude of 780 m above sea level (m
a.s.l.) in the Karkonosze Mountains (Bobrowy Stok), and the mouth is at an altitude of
38.1 m a.s.l, near Krosno Odrzaniskie. The basin is part of the Upper Odra River basin
and belongs to the Baltic Sea drainage basin area [49]. The main river is the Bébr (272 km
long), and the largest tributaries are the Kwisa, Czerna Wielka, Szprotawa and Kamienna
(>30 km long). The largest share in the land use structure is forests (44.8%), agricultural
land (24.1%) and grasslands (18.3%). It is an area with a low degree of urbanization (2.73%
of the area) [50]. The nature of the flow, expressed by the specific discharge (the ratio of the
average flow from the multi-year period to the basin area), shows that the streams in most
of the Bébr River Basin belong to the hydrological mountain or transitional/foothill type
(division according to Kostrzewa’s method) [51]. The area lies in the temperate transitional
warm climate zone (there is seasonal variability depending on the season, with the lowest
temperatures in winter and the highest in summer). For example, the average annual air
temperature for the Jelenia Goéra station in the period 1981-2022 was 7.95 °C, while the
average annual precipitation in this period was 686.7 mm [40]. According to the Kondracki
regionalization, the Bobr River Basin area belongs to the following macroregions: Western
Sudetes, Central Sudetes, Western Sudeten Foothills, Silesian—Lusatian Lowland, Trzebnicki
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Rampart, Milicko-Glogowskie Depression, Zielona Géra Heights [52]. Figure 2 shows the
location of the B6br River Basin area with marked hydrological and meteorological stations,
based on which the analysis of the 2024 flood in this area was made, as described below.
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Figure 2. Location of hydrological and meteorological stations and characteristic points in the
Bobr River Basin area (location of stations according to Hydro IMGW-PIB; https:/ /hydro.imgw.pl/
(accessed on 20 October 2025; map base: https:/ /www.mapsforeurope.org/explore-map/euro-dem
(accessed on 20 October 2025)).

2.2. Research Data

The article uses and processes hourly meteorological and hydrological data available
on websites run by the Polish Institute of Meteorology and Water Management—National
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Research Institute (IMGW-PIB), i.e., Hydro IMGW-PIB and IMGW-PIB Public Data [45,46].
Data from September and October 2024 were collected to analyze the course of flooding in
the Bobr River Basin.

In the case of meteorological data, the focus was on intense and long-lasting rainfall,
which was the main cause of flooding in this area. The cause of its formation was the
Genoese Low Boris (name given by a meteorological service), which occurred over Poland
in the first half of September 2024 [53,54]. It is a low-pressure system that forms over the
Gulf of Genoa (northern Italy). The main factor for its development is the large thermal
contrast between warm Mediterranean air and cool air from the Alps and Central Europe.
This low formed and moved in September 2024 towards the east and northeast, shaping
weather conditions in a large part of Europe, especially in Poland, the Czechia, and Slovakia.
It brought intense and long-lasting rainfall in the southwestern and southern parts of Poland
(Figure 3). In addition to meteorological hazards, hydrological hazards also occurred at that
time, causing floods, especially in mountain and foothill areas, in lower-lying areas and in
the vicinity of rivers and reservoirs. A similar flood of similar size occurred in Poland in
1997. Its direct cause was two waves of heavy rainfall (4-8 July 1997 and 17-25 July 1997),
also related to the same low-pressure system that formed over northern Italy as a result
of the inflow of cold air from Western Europe. This low-pressure system moved to the
northeast and caused the inflow of hot air masses from the Black Sea and the Mediterranean
to the north, where cold air from the Baltic Sea areas was located. Heavy rainfall occurred
on the border of both air masses, exceeding the multi-year average by many times. In
July 1997, three times more rainfall fell, and in mountainous areas, even four or five times
more than usual. The Odra River flow then increased to a value of 3500 m3 /s, which had
never been recorded before in history. Data measured hourly for the period from 9 to
16 September 2024 (8 days) from 37 meteorological stations for which most or all data were
available were taken into account (information about them is included in Table 1, and the
location—in Figure 2). Data gaps in the case of one station were supplemented based on
the results from three neighboring stations, i.e., an average result was calculated.

01 05 1 2 3 5 7 10 15 20 25 30 35 40 45 S0 60 70 BO G0 100 125 150 200 300
Accumulated precipitation (mm) - 10.09.2024 - 16.09.2024 (7 days)

Figure 3. Total accumulated precipitation in Poland for the period 10 September 2024-16 September
2024 with the Bébr river basin area marked (Reprinted with permission from Ref. [55]. Copyright
2025 Miriam Kachelmann.
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Table 1. Information about meteorological stations in the Bobr River Basin [45].

Precipitation Data Average Annual Annual Precipitation
No. Meteorological Station  09-16 September  Availability— Precipitation— Percentage—
2024 (mm) Analyzed Period 1974-2023 (mm) Analyzed Period
1 Niedamiréw 215.4 100.00% - -
2 Bukéwka 199.3 100.00% 774.5 25.73%
3 Kamienna Géra 227.7 82.38% ! 722.6 31.51%
4 Ciechanowice 230.9 100.00% 835.8 27.63%
5 Jelenia Géra 237.2 100.00% 693.6 34.20%
6 Pilchowice 270.7 100.00% 767.5 35.27%
7 Zagani 81.0 100.00% 612.4 13.23%
8 Nowogréd Bobrzariski 80.6 100.00% 636.9 2 12.66%
9 Jarkowice 346.6 100.00% 851.03 40.73%
10 Paczyn 232.7 100.00% 915.0 4 25.43%
11 Paprotki 181.8 100.00% - -
12 Chetmsko Slaskie 200.8 100.00% 769.1 26.11%
13 Boguszéw Gorce 319.3 100.00% 815.1 39.17%
15 Mata Kopa 460.1 100.00% - -
16 Karpacz 307.0 100.00% 1009.8 30.40%
17 Kowary 329.1 100.00% 819.6 40.15%
18 Przesieka 308.8 100.00% 1068.9 ° 28.89%
19 Podgorzyn 2441 100.00% - -
20 Szrenica 376.1 100.00% - -
21 Jakuszyce 355.5 100.00% - -
22 Szklarska Poreba 335.7 100.00% 1138.0° 29.50%
23 Jagniatkéw 307.3 100.00% 731.97 41.99%
24 Stara Kamienica 172.4 100.00% 757.0 22.77%
25 Swieradow—Zdréj II 294.4 100.00% - -
26 Pobiedna 258.7 100.00% 983.4 26.31%
27 Rebiszow 215.3 100.00% 998.2 21.57%
28 Mirsk 170.1 100.00% - -
29 Lubomierz 197.1 100.00% 798.7 24.68%
30 Gryféw Slaski 161.6 100.00% 765.2 21.12%
31 Stankowice 175.6 100.00% - -
32 Nowogrodziec 117.3 100.00% 667.42 17.58%
33 Tomaszéw Bolestawiecki II 114.4 100.00% - -
34 Lozy 100.8 100.00% 662.9 3 15.21%
35 Polkowice Dolne 85.0 100.00% - -
36 Siecieborzyce 78.0 100.00% - -
37 Grabik 88.1 100.00% - -
38 Czernica 299.4 100.00% - -

Table symbols: ! data gaps filled in based on the average from stations 4, 11 and 13, 2 excluding 2015-2019,
3 excluding 2015-2023, * excluding 1979, ® excluding 2018-2023, ¢ excluding 1989-1993 and 1996, 7 excluding 1999
and 2001-2004, station 14—Sniezka (no data).

In relation to hydrological data, the beginning of the flood period was assumed to
be the earliest occurrence of a warning state (initiating increased hydrological duty and
observations in the flood-prone area) [56,57] at any of the measurement stations (in this
case, 12 September at 12:00 UTC at the Les$na station on the Kwisa River), while the end
was assumed to be the last recorded warning state in the analyzed area (4 October at 19:00
UTC at the Stary Raduszec station on the Bébr River). In this case, data from 23 days
were collected on water levels and flows measured every hour at 32 measurement stations
(Table 2, Figure 2), and any gaps were supplemented by interpolation within the data
sequence at a specific station (average values were calculated, assuming a proportional
increase or decrease in levels/flows in the same time interval). In Table 2, in addition to the
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warning level, the alert water level is also included, which conventionally means the threat

of flooding due to exceeding the marginal level at a given point.

Table 2. Information about hydrological stations in the Bébr River Basin [46].

. Data
No. Hydrological Station River Are2a Warning Water  Alert Water Availability—
(km?) Level (cm) Level (cm) .
Analyzed Period
1 Opawa Bobr 19.66 - - 100.00%
2 Bukéwka Bobr 57.69 150 180 100.00%
3 Blazkowa Bobr 103.54 150 180 93.31%
4 Kamienna Géra Bobr 189.94 120 180 100.00%
5 Sedzistaw Bobr 426.26 - - 98.01%
6 Wojanéw Bobr 535.53 260 320 99.46%
7 Jelenia Gora Bobr 1048.26 160 220 94.21%
8 Pilchowice Bobr 1207.45 100 140 99.64%
9  Dabrowa Bolestawiecka Bobr 1711.8 300 350 99.82%
10 Szprotawa Bobr 2881.77 200 250 98.37%
11 Zagan Bobr 4258.38 340 400 97.83%
12 Dobroszéw Wielki Bébr 5373.31 - - 100.00%
13 Nowogréd Bobrzanski Bébr 5590.05 250 300 100.00%
14 Stary Raduszec Bébr 5881.19 450 500 82.28%
15 Kowary Jedlica 18.42 100 150 100.00%
16 Lomnica Lomnica 116.7 320 380 100.00%
17 Jakuszyce Kamienna 5.93 80 120 100.00%
18 Piechowice Kamienna 98.3 150 200 100.00%
19 Sosnéwka Sosniak 423 60 80 100.00%
20 Podgoérzyn Podgoérna 34.67 290 320 99.64%
21 Jelenia Géra Kamienna 255.93 160 200 99.46%
22 Barcinek Kamienica 95.59 80 110 99.64%
23 Mirsk Czarny Potok 56.14 160 200 93.13%
24 Mirsk Kwisa 183.89 420 470 100.00%
25 Gryfow Slaski Kwisa 275.76 220 260 100.00%
26 Le$na Kwisa 303.34 70 100 99.82%
27 Nowogrodziec Kwisa 732.98 330 380 100.00%
28 Lozy Kwisa 898.71 280 330 99.82%
29 Szprotawa Szprotawa 874.1 230 270 99.82%
30 Itowa Czerna Mata 172.87 180 200 93.13%
31 Zagan Czerna Wielka 898.93 130 150 100.00%
32 Miszkowice ZYotna 23.42 - - 96.75%

2.3. Determination of the Flood Situation Based on Data

Based on the above data, maps illustrating the meteorological and hydrological situ-
ation in the Bobr River Basin area (cumulative daily rainfall totals, duration of warning
and alert levels, magnitude and scale of floods) were created. In the case of rainfall data,
inverse distance weighting interpolation (IDW) was used between the analyzed stations
(interpolation to show the overall temporal and spatial variability of rainfall data in the
Boébr river basin before the 2024 flood; according to the literature [58], the most reliable
would be a combination of different interpolation methods to show such variability, but
IDW itself is also used, e.g., [59,60]). The maps were made in QGIS 3.34.9 [61,62].

The course of the flood was also monitored hour by hour, marking the warning and
alert levels at all stations in the period under study. The beginning and end of the flood
were also determined at each station, also taking into account the longest, continuous
duration (i.e., without a drop in water level below the warning level).
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Hydrographs were also presented, showing the variability of water levels during the
flood at hydrological stations with the largest flood scale (i.e., with the highest peak wave
in relation to the alert level and with the longest duration, expressed as the average of these
two variables, defined on a scale of 0 to 10 for observed actual data). Graphic materials
were prepared in Microsoft Excel 2021 LTSC.

The criteria describing the flood within the article were, therefore, its duration df (the
summed number of hours with warning and alert levels) and its magnitude mf (i.e., the
ratio of the highest recorded water level Hmax to the alert level at a given hydrological
station Halert). As mentioned above, the result of these two values would be the flood
scale sf. The proposed point scales for all three variables introduced in this manuscript are
presented in Table 3 (they reflect the flood situation for a selected, specific area and the scale
introduced may differ for other cases; it should always be adapted to a specific data set). It
was assumed that hydrological stations with an sf value of at least 5 were severely affected
by the flood and should be areas of special concern in the context of planning future flood
protection activities (so-called hot spots).

Table 3. Criteria for assessing the duration (d¢), magnitude (m¢) and scale of the flood (s¢) in the

article m.
Variable
Point Scale (Flood) The Duration of the Flood (h)  The Magnitude of the Flood = The Scale of the Flood
de mg = % Sf = %
0 (none) 0.0-39.0 <1.00 0
1 40.0-78.0 1.00-1.191 1
2 79.0-118.0 1.192-1.382 2
3 119.0-157.0 1.383-1.573 3
4 158.0-197.0 1.574-1.764 4
5 198.0-236.0 1.765-1.955 5
6 237.0-276.0 1.956-2.146 6
7 277.0-315.0 2.147-2.337 7
8 316.0-355.0 2.338-2.528 8
9 356.0-394.0 2.529-2.719 9
10 (extremely catastrophic) >395.0 >2.720 10

An additional classifier of flood size was also the selected relative runoff measures

calculated based on the data [63], i.e., runoff layer H (the ratio of the volume of water runoff
Qduringfflood

during a flood V to the basin area at a given point A — H=V/A (mm); V = 3600} ~555——
where 3600—number of seconds in an hour) and specific discharge q (the average flow
during a flood from hourly flow values for exceeded warning levels divided by the basin
area at a given station). Relative runoff measures allow for easy comparison and reduce the
results to a common denominator, which is the basin area in a given calculation cross-section
(hydrological station).

3. Results and Discussion
3.1. Meteorological Situation Causing Flooding

The main cause of the flood in September and October 2024 in the Bébr River Basin
area is the heavy rainfall caused by the inflow of the Genoese low (Boris) into this area. It
was formed in the Gulf of Genoa in the Mediterranean Sea, and its formation is due to a
number of factors, including [64,65]: (1) the meeting of cold and warm air masses; (2) high
water surface temperatures in the Mediterranean Sea; (3) blocking by highs preventing its
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further movement; (4) the presence of higher areas in the passage (rising of humid air, its
cooling, condensation and heavy rainfall).

The first rainfall began on 9 September at 5:00 UTC at the Zagan station, but the
maximum rainfall in this area occurred on 13, 14 and 15 September (average daily rainfall
from all stations: 61.5, 56.9 and 56.0 mm, respectively). On 16 September, rainfall was much
smaller (average 7.4 mm), and in the following days, it was marginal compared to the
analyzed period.

By following the dynamics of rainfall changes in the Bébr River Basin, shown in
Figure 4, it can be seen that the rainfall total was the highest in the southern, higher
meteorological stations. The highest value was definitely 460.1 mm in Mata Kopa (station
at an altitude of 1377.4 m a.s.l.). Rainfall exceeding 300 mm during the 8 days analyzed
also fell in the next nine measuring stations, i.e., in decreasing order: Szrenica, Jakuszyce,
Jarkowice, Szklarska Poreba, Kowary, Boguszéw Gorce, Przesieka Jagniatkéw and Karpacz
(values between 376.1 and 307.0 mm). The lowest rainfall totals, below 100 mm, occurred in
the lower northern stations, i.e., in ascending order: Siecieborzyce (150 m a.s.l.), Nowogréd
Bobrzariski, Zagari, Polkowice Dolne and Grabik (from 78.0 to 88.1 mm). The Genoese low
itself moved from the southwest to the northeast, which could also have influenced such a
distribution of rainfall [54]. The average rainfall total for the entire B6br River Basin was
227.0 mm in this period.

The intensity of precipitation can be evidenced by their comparison with the average
annual precipitation total for the multi-year period 1974-2023 (Table 1). Of the 23 mete-
orological stations analyzed, the precipitation that occurred during the 8 days described
constituted from 12.7% (Nowogrdd Bobrzaniski) to even 42.0% (Jagniatkéw) of the average
annual precipitation for the multi-year period. The average for all stations was 27.5%.
Assuming an even distribution of precipitation throughout the year, the aforementioned
8 days should constitute 2.2% of the annual precipitation, so in extreme cases, it was even
19 times this value. An additional factor intensifying the potential effects of this rainfall,
manifesting itself as a flood, was the long period of drought in this region (for example, in
Kowary, in July and August, 227.0 mm of rain fell, while during the analyzed 8 days, this
value was 329.1 mm, and in the extreme, 3 days—245.4 mm). According to IMGW-PIB [54],
September 2024 was wet in Poland according to the Kaczorowska classification, and pre-
cipitation in this month at the Jelenia Gora station compared to the multi-year average
(1991-2020) amounted to 453.6%.

(b)

Figure 4. Cont.
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Figure 4. Cumulative rainfall in the Bébr River Basin area: (a) 9 September 2024, (b) 10 September
2024, (c) 11 September 2024, (d) 12 September 2024, (e) 13 September 2024, (f) 14 September 2024,
(g) 15 September 2024, (h) 16 September 2024.

3.2. Flood Course

The effect of heavy rainfall was a rise in water levels and increased flows in streams
that received the water carried by them. As can be seen in Figure 5, the first record of a
warning state, meaning increased duty and more intensive monitoring of the hydrological
situation in a given hydrological station, appeared on 12 September at 12:00 UTC at the
Lesna station on the Kwisa River. The next day at 14:00 UTC, this state was announced
in another five hydrological stations (Kamienna Géra, Pilchowice, Lomnica, Piechowice
and Barcinek), and in the following hour—in three more (Jelenia G6ra—Bo6br, Jakuszyce,
Jelenia Géra—Kamienna). Two hours later (13.09, 17:00 UTC), in three stations (16, 18,
22—see Table 2), this level increased to alert, indicating a flood threat, and within the next
2 h—in another three stations (7, 8, 21). At that time, warning levels began in stations
3,23, 24 and 25, while in 26, the last of them was recorded, which occurred again 18 h
later. On 13 September from 20:00 to 23:00 UTC, warning or alert levels were recorded in
12 hydrological stations. On 14 September at 00:00 UTC, a warning level was announced in
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station 27, 4 h later—in station 6, and at 07:00 UTC—again in station 3. At that time, the
aforementioned conventional levels were present in 14 stations. Subsequent warning levels
were observed, respectively, at stations: 11, 28, 10, 9 and 15 (between 14.09 at 23:00 UTC
and 15.09 at 07:00 UTC). Between the 68th and 77th hour of the analyzed flood situation
(15.09 from 7:00 UTC to 16:00 UTC), alert or warning levels were observed at 20 out of
25 hydrological stations in the Bobr River Basin area, where they were recorded. The last
warning levels occurred at stations 31, 29, 13, 30 and 14 (at hours of the analyzed situation:
91, 96, 97, 100 and 134, respectively). The largest number of simultaneous warning and
alert levels (21) occurred from 97 to 118 h of the flood (i.e., from 16.09, 12:00 UTC to 17.09,
09:00 UTC). The end time of warning levels was varied, i.e., chronologically in the analyzed
hours: 118 (stations 23 and 24), 122 (22), 130 (6), 140 (3, 22), 144 (30), 148 (27), 159 (4),
182 (21), 186 (31), 197 (7), 200 (28), 207 (29), 208 (28), 221 (9), 266 (13), 315 (8), 355 (10),
372 (11). The last recorded warning level was observed on 04.10 at 19:00 UTC at station
14, i.e., Stary Raduszec on the Bébr River (taking into account the continuity of levels, it
would be 04.10 at 09:00 UTC). In general, the first reaction to rainfall occurred at stations
on rivers located in mountainous areas, in their upper sections (e.g., the Lomnica and
Kamienica rivers and the upper sections of the Bébr River), while the latest water levels
rose to warning in lower areas, in the lower sections of larger streams (especially the Bébr
and Kwisa Rivers).

Hydrological stations

WAAIROD— WA

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408 432 456 480 504 528 552

Time (hours)

Figure 5. The full course of the flood in 2024 in the Bébr River basin based on warning and alert
levels in individual hours (UTC) for hydrological stations (time: 0—12 September 2024, 11:00 UTC,
536—4 October 2024, 19:00 UTC).

When analyzing the longest flood durations (Table 4), they were varied, i.e., from 0 h
in stations 2, 19 and 20 (respectively: Bukéwka—Boébr, Sosnéwka—Sosniak, Podgérzyn—
Podgoérna) to 392 h in station 14 (Stary Raduszec—B6br). Usually, there was one flood wave,
defined as a wave limited by warning levels; however, in the case of stations 26 (Le$na,
Kwisa) and 17 (Jakuszyce, Kamienna) there were two—in the first case, the durations were
31 and 158 h, and in the second, 31 and 10 h. Sometimes, there were also single exceedances
of warning levels or they lasted relatively short (less than 5 h; they are marked in the
table in brackets). The average continuous duration of flooding in the Bébr River Basin at
stations where it was recorded was 140.36 h (5 d 8 h 03'). Taking into account three stations
where flooding did not occur (warning levels were not reached), this time was 125.32 h
(5 d 12 h 30"). However, looking at the entire time perspective, the flooding lasted from 12
September from 12:00 UTC to 4 October until 19:00 UTC, which is 536 h (22 d 20 h).
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Table 4. Extreme times of flood occurrence (in hours) in September and October 2024 in hydrological
stations of the Bébr River Basin area.

The Beginning of the

Hydrological Station ! The End of the Flood >  Longest Duration (h) 3

Flood 2
3 (Btazkowa) (30), 44 (36), 140 96
4 (Kamienna Gora) 27 159 132
6 (Wojanoéw) 41 130 89
7 (Jelenia Géra, Bobr River) 28 197 169
8 (Pilchowice) 27 315 288
9 (Dabrowa Bolestawiecka) 67 221 154
10 (Szprotawa, Bébr River) 62 370 308
11 (Zagan, Bobr River) 60 (371) 368, (372) 308
13 (Nowogréd Bobrzanski) 97 266 169
14 (Stary Raduszec) 134, (535) 526, (536) 392
15 (Kowary) (47,52, 55), 68 (47,52,58), 77 9
16 (Lomnica) 27 136 109
17 (Jakuszyce) 28, 67 59,77 31,10
18 (Piechowice) 27 99 72
21 (Jelenia Gora, Kamienna R.) 28 182 156
22 (Barcinek) 27 140 113
23 (Mirsk, Czarny Potok River) 31 122 91
24 (Mirsk, Kwisa River) 31 118 87
25 (Gryfow Slaski) 32 118 86
26 (Lesna) 1,50 32,208 31,158
27 (Nowogrodziec) 37 148 111
28 (Lozy) 61, (195, 200) 192, (195, 200) 131
29 (Szprotawa, Szprotawa R.) 96 207 111
30 (Itowa) (85), 100 144 44
31 (Zagarn, Czerna Mala River) 91 186 95

Table symbols: 1 times given in accordance with Table 1, i.e., no. 0—12 September 2024, 11:00 UTC, 1—12
September 2024, 12:00 UTC, no. 536—4 October 2024, 19:00 UTC, 2 beginning—above warning level, end—
reaching warning level or lower; in brackets, individual exceedances of warning levels, 3 Continuous duration of
flood wave, above warning level, without interruptions; two flood waves at stations 17 and 26.

3.3. Characteristics of the Flood in the Bobr River Basin Area
3.3.1. Duration of the Flood

The first variable characterizing the flood is its duration in relation to the recorded
warning and alert levels, as well as their sum. The former occurred, on average, for 41.11 h
(1d 17 h 07'), the latter—84.89 h (3 d 12 h 53'), and in total—128 h. Usually, alert levels
lasted longer than warning levels, with the exception of stations 15, 30, 17, 31, 29, 4 and 3.
The ratio of the duration of alert to warning levels was, on average, 2.12, with the highest
in stations 25, 14 and 21 (6.91, 6.31 and 5.00, respectively).

The longest warning levels were observed at stations 11 and 8 (113 and 109 h). Looking
at the Bébr River Basin area (Figure 6a), they are located in different places, but all of them
are located on the Bobr River. At the opposite end of the spectrum are stations 2, 19 and 20,
where no warning levels occurred at all.

In relation to alert levels (Figure 6b), they were recorded for the longest at stations 14
(341 h) and 10 (206 h). At stations 11, 8,9, 21, 7, 13 and 26, they occurred for more than 100 h.
Alert levels were not recorded at five stations (30, 15, 2, 19 and 20), while in two of them,
warning levels were observed (30 and 15), so the duty in relation to the flood situation was
nevertheless intensified. The above-mentioned stations with the longest duration of alert
levels are located mainly in the middle and lower reaches of the Bobr River (five out of
seven), the remaining two are the Kamienna and Kwisa Rivers.



Sustainability 2025, 17, 10640 14 of 29

[_] B6br catchment
Watercourses

Duration of alert water levels (h)
0-20
20-40

[ Bbr catchment

‘Watercourses

Duration of warning water levels (h)
< 0-20

20-40

40 - 60

60 - 80 109

80- 100 Y

100 - 120

120 - 140

140 - 160

240 - 260

'76
5
1 '66

<<<<<<<4<<<<<< PP

()

[ Bbr catchment
Watercourses

Flood duration (h)

. 0-20

20-40

40 - 60

60 - 80

80 - 100

100 - 120

120 - 140

140 - 160

160 - 180

180 - 200

200 - 220

220 - 240

240 - 260

260 - 280

280 - 300

300 - 320

<<<<<<<4<44<<<4< ««-

Figure 6. Duration of conventional water levels in the Bébr River Basin from 12 September to
4 October 2024 characterizing the flood (in hours): (a) warning levels, (b) alert levels, (c) total warning
and alert levels (flood duration).

The total duration of the flood (Figure 6c), which is one of the criteria for determining
the scale of the flood in the article, was the highest in stations 14, 11, 10 and 8 (395, 311, 294
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and 289 h, respectively). Translated to the adopted scale from 0 to 10, this is 9.99, 7.89, 7.44
and 7.31 h, respectively, which is a significant duration of the flood (higher than 5.0). It is
worth mentioning that if the duration of alert levels were to be adopted as the criterion
for the duration of the flood, the four stations with the longest duration would remain
unchanged; only the order would change (swapping 11 and 10).

3.3.2. Magnitude of the Flood

Flood magnitude is characterized by the ratio of the highest recorded state during
its duration (the culmination of the flood wave) to the alert level established for a given
station. The alert level was adopted instead of the warning state, because by definition, it
is identified with the beginning of the flood hazard. As can be seen on the map attached
below (Figure 7), these values changed from 0.69 in station 20 (Podgdrzyn) to 2.91 in station
8 (Pilchowice). The average value for the analyzed set was 1.53.

[ BGbr catchment
‘Watercourses

Maximum water level / alert water level
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Figure 7. Flood magnitude in the Bébr River Basin from 12 September to 4 October 2024.

According to the adopted methodology, the magnitude on a scale from 0 to 10 in
five stations was 0, i.e., it did not reach the alert level (in three cases, also the warning
level). Above the value of 5, indicating a higher flood magnitude, there were seven stations,
i.e., in descending order: 8, 7, 22, 26 and 21 (respectively: 10.00, 7.76, 7.04, 6.44 and 6.20).
In this case, two stations are located on the Bobr River, and one each on the Kamienna,
Kamienica and Kwisa. It should be added that the maximum recorded levels could have
been higher, because data from measurements from full hours were used, so the potential
flood magnitude could have differed slightly from the one presented here (similarly to the
number of occurrences of warning and alert levels).

3.3.3. Scale of the Flood

The flood scale (Figure 8), expressed as the average flood duration and flood mag-
nitude on a scale from 0 to 10, varied between stations. Its average magnitude was 3.10.
The lowest values were equal to 0.00 (no flood) in three stations, i.e., 19, 2 and 20. The
highest, with a value of at least 5.00, were observed in stations 8, 11, 10, 7, 14, 26 and 21
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(respectively: 8.67, 6.26, 6.11, 6.03, 5.85, 5.64 and 5.08). In these places, the flood lasted
for a longer time and its magnitude was high compared to other stations. Most of them
(five out of seven) are located in the middle and lower reaches of the Bébr River, while the
rest are located on the Kwisa and Kamienna Rivers. These are also the points where it is
recommended to implement flood protection activities first.

. 5.85

[] Bobr catchment
Watercourses

v Hydrological stations

o Meteorological stations

S64N 5 7
278

\%

2,04'2,73

Figure 8. Flood scale in the Bébr River Basin from 12 September to 4 October 2024 (taking into
account the duration and magnitude of the flood).

Particularly severe consequences of the flood among these places were recorded in
Jelenia Goéra (stations 7 and 21), where human property was destroyed as a result of
the combination of high-water levels and flows from the Bébr and Kamienna rivers, but
significant economic and natural damage was also recorded. The next three out of seven
stations, i.e., Pilchowice (8), Stary Raduszec (14) and Le$na (26), are located on the inflow or
outflow of large retention reservoirs (respectively: Pilchowice, Stary Raduszec and Le$na),
which collected water during the flood and were appropriately controlled to reduce the
peak of the flood wave to the greatest extent possible. Szprotawa and Zagan (10 and 11)
are stations located below the Pilchowice reservoir on the Bobr river, where the effects of
the flood were probably felt, among others, due to the too-late reaction to the situation
related to the forecasted heavy rainfall in the context of preparing the Pilchowice reservoir
for a flood situation; however, during the flood itself, the reservoir operated in accordance
with the water management instructions (despite this, the scale of the damage in these
two towns was not as large as, for example, in Jelenia Gora or, also located in the Odra
River basin, Gluchotazy, Nysa or Klodzko [36]. An example of a reservoir that helped to
a large extent to improve the flood situation in the Odra River basin in 2024, which also
includes the Bobr River Basin, is the Racibérz Dolny reservoir, which limited the damage,
among others, in Opole and Wroctaw located lower on the Odra river (the reservoir took
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in about 147 million m? of water, using 80% of its volume). A major role in limiting the
effects of floods was played primarily by flood embankments, retaining walls, but also by
protection from the population in the form of sandbags placed along the riverbeds [36]. As
a reflection of the actual scale of destruction resulting from the flood, one can refer to the
regulations introducing a state of natural disaster for a period of 30 days (from 16.09.2024,
as amended) [30-32], resulting from the flood of 2024, which was announced in most of
the Bébr River Basin (Kamienna Géra, Karkonosze, Lwéwek, Luban, Bolestawiec counties,
Szprotawa commune, Zagari, Nowogréd Bobrzanski, Dabie and Krosno Odrzariskie, the
city of Jelenia Géra, Matomice, Zagan). This state does not include hydrological station 30
(Howa), where the flood scale was 0.58, so its effects were marginal. It is worth adding that
the Bobr River Basin area was classified as an area at high and very high risk of flooding, in
accordance with the regionalization of floods according to Ciepielowski [66].

The adopted point assessment of the flood scale is applicable to the described specific
case and data set and could be changed for another basin or flood. Additionally, modifi-
cations could be introduced in relation to the assessment within the two adopted criteria,
e.g., introducing different weights for both criteria (currently, both are treated as equally
important), assuming the duration of the flood as the duration of the alert levels instead
of the summed warning and alert levels, applying weights for warning and alert levels
(e.g., 0.5 and 1), and assuming the quotient of the maximum level at a given station to
the warning level instead of the alert level as the flood magnitude. Similarly, it would be
possible to use a larger number of hydrological characteristics to adjust this scale, using, for
example, runoff measures, data on multi-year levels and flows, comparisons with historical
floods or the scale of destruction (social, economic, natural) resulting from the occurrence of
this extreme hydrological phenomenon. This is a broad and multidimensional phenomenon
and developing a universal scale for estimating the scale of floods is difficult. This article
uses the approach of using conventional levels (warning and alert). The assessment scale
itself could also be different, e.g., open, to adapt it to different types of floods and to be able
to easily compare them. Looking at the actual scale of destruction, it would certainly be
necessary to look at this issue more broadly, so that it could properly reflect current needs.

3.4. Hydrographs of Water Levels and Flows in the Areas with the Largest Flood Scale

A more detailed analysis of the hydrographs of water levels and flows (Figure 9) was
carried out for eight stations where the calculated flood scale was the largest (i.e., its value
was at least 5.0; in the last station, 4.96). These are stations (in descending order): §, 11, 10,
7,14, 26, 21 and 22. Looking at all the obtained graphs, it can be seen that water levels and
flows correspond well with each other—their shapes are similar in each case.

In relation to water levels, for six out of eight stations, one clear flood wave maximum
is visible. The exception is station 14, i.e., Stary Raduszec on the Bébr River (Figure 9e),
where such waves appeared twice—the first one lasted 125 h, the second—the remaining
275. This situation may result from the action of the recipient’s backwater, i.e., the Odra
River, on which the flood wave also passed. In addition, this is a station in the mouth of the
Boébr River, so water from other tributaries from the basin area could flow at different times.
In station 22 (Barcinek, Kamienica River; Figure 9g), three such waves occurred; however,
similarly to station 14, they were higher than the warning level. This is a point near the
mouth of the Pilchowice reservoir (Bobr River; Figure 9a), which may be affected by water
management conducted on the reservoir in relation to the variability of levels and flows. In
relation to the shape, it is also observed that the levels and flows are maintained at a certain
level in order to extend and flatten the flood wave as much as possible—this is especially
visible in stations 8 and 22 (Pilchowice and Leéna reservoirs; Figure 9a,f).
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Figure 9. Hydrographs of water levels and flows during floods at stations with the largest flood scale
in the Bobr River Basin area in 2024: (a) Pilchowice (B6br River; station 8), (b) Zagan (Bébr River;
station 11), (c) Szprotawa (Bébr River; station 10), (d) Jelenia Géra (Boébr River; station 7), (e) Stary
Raduszec (Bébr River; station 14), (f) Lesna (Kwisa River; station 26), (g) Barcinek (Kamienica River;
station 21), (h) Jelenia Géra (Kamienna River; station 22); sorted by the largest scale of the flood s¢.

The course of the flood could have also been influenced by other hydraulic structures
and hydrotechnical constructions, such as weirs, barrages, or hydropower plants (the Bébr
river basin is responsible for approximately 3% of Poland’s hydropower potential) [67];
the location of water gauges downstream of such structures, e.g., the Leéna hydrological
station on the Kwisa River, may also have had some influence. However, water reservoirs
themselves, as hydrotechnical structures, perform important flood protection functions
when properly operated: for example, according to modeling studies conducted for reten-
tion reservoirs in Chennai, India [68], in the event of their liquidation, a rainfall with a
probability of 2% may cause flooding of the city equal to a rainfall of 1%, so the reservoirs
reduce the risk of flooding twice. Studies of reservoirs in the Upper Vistula River basin in
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Poland indicate that the reduction in wave peaks with their use can reach up to 95% [69].
At the same time, Bezak et al. [70] emphasize that the proper location of such facilities is
crucial, so that the actual benefits of this solution are higher than the social, economic, and
environmental costs.

Among the analyzed stations, the longest flood duration was recorded in Stary
Raduszec on the Bobr River (station 14; Figure 9e), i.e., 392 h, while the shortest—in
Barcinek on the Kamienica River (station 22; Figure 9g), equal to 113 h. The average was
236.5 h.

The flood wave peak was from 223 cm (station 26; Figure 9f) to 755 cm (station 11;
Figure 9b). The average was 471 cm. In terms of maximum flows, it was from 112 m®/s
(station 22; Figure 9h) to 648 m?/s (station 7; Figure 9d), with an average of 369.71 m3/s.
The order of maximum levels and flows, therefore, differs between stations.

When calculating the volume of water flowing during the flood in all stations, the
highest values were recorded in stations 10, 11, 13, 7, 8 and 9 (respectively: 215.9, 213.9,
173.4, 147.6, 141.6 and 128.1 million m?3), the smallest—in 30, 17 and 15 (0.64, 1.20 and
1.41 million m?®). The average volume for all stations was 57.0 million m3. The absolute
values only partially reflect the scale of the flood—three out of six stations appear in
both criteria.

The average flow during the flood period for all stations was 89.91 m3/s. In seven
stations, it was above 100 m3/s, i.e., (in descending order): 13, 7, 9, 10, 11, 6 and 8
(respectively: 283.34, 241.26, 229.63, 194.11, 191.04, 176.16 and 136.06 m3/s). Flows below
10 m3/s occurred in four stations, i.e., 30, 29, 31 and 17 (3.89, 6.30, 7.31 and 7.77 m3/s). The
highest average flows and total water volumes are mostly consistent with each other, but
they occur in a different order (exception: station 6, where the average flow was quite high,
and the total water volume was not among the highest). Looking at the total flow volumes
and the average flow, it can be seen that out of the seven stations mentioned above, four of
them were in the top seven highest values. The largest scale of flooding did not necessarily
occur at the points with the largest flows.

Analyzing historical data on annual maximum flows from the period 1974-2023 and
comparing them with data from the analyzed flood of 2024 (Table 5), in 6 out of 22 stations,
the highest flows in the history of measurements were recorded in 2024 (i.e., stations: 6, 4,
16,22, 7 and 10). Historical floods in the Bébr River Basin in the mentioned period, taking
into account the highest recorded flows, occurred in the years 1977 (five stations), 1981
(seven stations), 1982 (one station), 1997 (five stations), 2002 (one station), 2004 (one station),
and 2006 (two stations). The most recent major flood occurred in the Bébr River Basin
in 1997. Comparing it with the flood described in the article, in 10 out of 21 stations, the
maximum flows were higher in 2024 than in 1997, especially in stations 22, 24, 4, 21, 6 and 8
(higher by 69.44%, 42.25%, 38.66%, 38.19%, 34.93% and 34.57%, respectively). In turn, in the
remaining 11, the maximum flows were lower in 2024 than in 1997, especially in stations
30, 31, 29, 9 and 11 (lower by 69.06%, 58.74%, 48.24%, 30.88% and 30.50%, respectively). In
2024, higher flows were recorded in the upper parts of the Bobr River (outside Bukéwka
station), on the Lomnica, Kamienica and Kamienna Rivers in Jelenia Géra and on the Kwisa
River (outside the Nowogrodziec station). Lower flows were recorded in the lower parts of
the Bobr River, on the Kamienna River in Jakuszyce and Piechowice, and on the Jedlica,
Czarny Potok, Szprotawa, Czerna Wielka, Czerna Mata. The analyses again mention the
areas of Jelenia Géra (Bébr and Kamienna rivers) and Pilchowice (Bobr, Kamienica) as the
areas most affected by the flood in 2024. When comparing all stations, the scale of the
flood in 2024 was similar to that in 1997, i.e., the maximum flows were, on average, 0.33%
lower in 2024 than in 1997. However, in the past, higher floods occurred in some areas
in relation to the observed flow, especially in 1977 and 1981. An analysis of the literature
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on the subject shows that larger floods in the Bébr River Basin area also occurred in 1897
and 1958 [38]. In the future, the frequency of high flows in the Odra River basin (to which
the Bébr River Basin belongs) is predicted to increase as a result of climate change for
the period 2071-2100 compared to 1971-2000 by an average of RCP 4.5—23.3% and RCP
8.5—36.7% [21]. Therefore, it will be increasingly important to undertake flood protection
activities, which are one of the examples of adaptation to climate change [71,72]. This will
be particularly important in urbanized areas, where surface runoff is increased [73,74].

Table 5. Summary of information on the highest flows from the multi-year period 1974-2024, from
1997 and during the flood in 2024 in hydrological stations in the Bébr River Basin area.

Meteorological HAF1974_2023 HAF1997 HAF2024 o o HAF1974_2024
Station (I‘I‘l3 /S), Year (I‘I‘l3 /S) (m3 /S) 02024/1997 02024/HAF1974-2023 (I‘I‘l3 /S)

2 33.8, 1982 8.75 6.9 —21.14% —79.59% 33.8
3 36.31,2013 - 38 - 4.68% 38

4 126, 1977 119 165 38.66% 30.95% 165
6 2292 1977 229 309 34.93% 34.93% 309
7 574, 1977 574 648 12.89% 12.89% 648
8 4941977 324 436 34.57% —11.74% 494
9 570, 1997 570 394 —30.88% —30.88% 570
10 563 3,1977 - 570 - 1.24% 570
11 887, 1981 705 490 —30.50% —44.76% 887
12 359 4, 2013 - - - - 359
13 102 5, 2020 - 504 - 394.12% 504
15 44361997 443 33.3 —24.83% —24.83% 443
16 92,1997 92 109 18.48% 18.48% 92

17 56.37,2004 13.1 12.8 —2.29% —77.26% 56.3
18 169, 2006 105 95.2 —9.33% —43.67% 169
20 204 8 2021 - 27.2 - 36.00% 27.2
21 207, 1977 144 199 38.19% —3.86% 207
22 94.9,1981 66.1 112 69.44% 18.02% 112
23 77.8, 2002 59.2 43.6 —26.35% —43.96% 77.8
24 225, 2006 142 202 42.25% —10.22% 225
25 1152, 2011 - 129 - 12.17% 129
26 153, 1981 104 133 27.88% —13.07% 153
27 447,1981 177 140 —20.90% —68.68% 447
28 527, 1981 128 151 17.97% —71.35% 527
29 53.1, 1977 25.5 13.2 —48.24% —75.14% 53.1
30 21.119,1981 13.9 43 —69.06% —79.62% 21.1
31 114, 1981 20.6 8.5 —58.74% —92.54% 114
32 208 11,1977 - - - - 208

Table symbols: HAF—high annual flow, 1"'!—HAF for periods other than 1974-2024: 1—2008-2023, 2—1974-2013
12016-2023, 3—1974-1986 i 1990-2016, *—2008-2017, >—2018-2023, °—1975-2023, "—1981-2023, 8—2021-2023,
9—201112018-2023, 10—1974-1991 i 19962023, 11—1975-1985.

3.5. Selected Runoff Measures in the Bébr River Basin Area

Since the absolute values of levels and flows may distort the analysis of results in the
context of their comparison (favoring the larger ones and marginalizing the importance
of the smaller ones), relative measures of runoff were additionally compared, taking into
account the basin area at each station, i.e., the runoff layer H and the specific discharge g.
Their spatial variability is presented in Figure 10.
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Figure 10. Runoff measures in the Bébr River Basin area during the 2024 flood: (a) runoff layer
(index), (b) specific discharge.

The calculated runoff index/layer (Figure 10a) indicates that the largest volume of
water per unit area drained during the 2024 flood in stations 17 and 21 (202.8 and 195.7 mm),
while the smallest were in stations 31, 29 and 30 (2.8, 2.9 and 3.7 mm, respectively). The
average was 91.6 mm. The highest values occurred in the upper sections of smaller rivers,
which are characterized by a rapid increase in flows in the event of rainfall and an equally
rapid decrease. Looking at the results, these are the rivers: Kamienna, Kamienna, Lomnica,
Bobr, Kamienica, Kamienna. As can be seen, the Kamienna River, which flows into the Bobr
in Jelenia Gora, appears three times in the six highest results, while in the case of the Bébr,
it is also the Jelenia Goéra station. This is reflected in the actual flood situation, which was
serious in Jelenia Géra and caused major damage in this area (losses were estimated at PLN
750 million = USD 189.27 million; the city’s reconstruction time is estimated at 4 years) [75].
Unfortunately, the actions taken in this city after the 1997 flood regarding preparation
for the event of a threat did not fully bring the desired results (dry dams on Kamienna
and Wrzoséwka Rivers, flood embankments, regulation and reinforcement of the riverbed
and banks, etc.), which is contrary to the results obtained in the article by Piepiéra and
Brzywecza [76]. In this case, however, early warning systems worked and no fatalities were
recorded, and the evacuation actions carried out were effective. Interestingly, looking at the
criteria adopted earlier, this phenomenon is not visible, for example, in station 17, where
the estimated flood scale was equal to 1.24 (due to the short duration and small maximum
exceedance of the alert level).
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The second measure of runoff is the specific discharge (Figure 10b), indicating the
volume of water that has drained from a given surface in a given time. In this case, in
addition to calculating the parameter during the flood, calculations were also made for a
multi-year period to compare these values and draw appropriate conclusions. As can be
seen from the data in Table 6, in the Kostrzewa basin area, most of the Bobr River Basin
belongs to the mountain or transitional / foothill hydrological type, i.e., with a specific runoff
greater than 4.15 L/s per km? (exception: station 29, i.e., Szprotawa on the Szprotawa River).
In absolute values, the highest specific runoffs during the flood were definitely present at
stations 15 and 17 (Kowary on the Jedlica River and Jakuszyce on the Kamienna River)—
these were 1329.7 and 1310.0 L/s per km?, respectively, with an average of 290.2 L/s per
km? for all stations. At the other extreme are stations 29 and 31 with q of 7.2 and 8.1 L/s
per km?. The ratio of specific runoff during the flood to specific runoff over the multi-year
period ranged from 1.91 at station 31 (Zagan, Czerna Wielka) to 75.98 at station 15 (Kowary,
Jedlica), with an average of 17.34. Of the 24 hydrological stations analyzed, three of them
exceeded the average q at least 30 times (15, 17 and 6), two more—20 times (22, 24 and 16),
and the next 10—10 times (4, 25, 23, 21, 7, 18, 3, 9, 27 and 26). Considering these results
with respect to rivers, these are, respectively, for the highest values: Jedlica, Kamienna,
Bobr, Kamienica, Kwisa and Lomnica. Referring to the scale of the flood, again, there is no
convergence in the most extreme cases—for station 15, the calculated index was equal to
0.19, for 17—1.24, and for 6—2.12. This means that the designated warning and alert levels
did not reflect this hydrological variability resulting from the specific discharge. Future
work could be devoted to developing criteria for determining these conventional levels, as
well as to comprehensively developing indices defining the intensity of flood occurrence
based on a number of variables: economic, social, natural, etc. Such flood susceptibility
indicators have been comprehensively described by, for example, Moreira et al. [77].

Looking back one year after the flood (November 2025), Poland has taken steps to
help the affected population. Flood risk reduction programs have been established for
some river basins, encompassing a comprehensive set of measures to increase the safety
of residents in the region. Such a program was developed by the Polish Waters National
Water Management Authority and the Institute of Meteorology and Water Management—
National Research Institute for the Bébr River basin, where 70 investments totaling over
PLN 1.8 billion (approximately USD 500 million) are planned. The program’s main compo-
nents include the construction of flood protection infrastructure (retention reservoirs, flood
embankments, modernization and repair of water facilities and structures damaged by the
flood), improving the condition of rivers (e.g., the Kamienna, Zadrna, and Kwisa), and
forest and soil retention measures [78]. The second systemic action is the introduction of a
special flood act, which assumes the purchase by the State Treasury of properties destroyed
as a result of the flood in September 2024 [79].

It should be added that actions taken to reduce the risk of flooding are important
because this phenomenon affects many aspects related to social, economic and environ-
mental issues [80]. In the socio-economic context, floods cause widespread negative effects,
both measurable (e.g., damage to property and infrastructure), and immeasurable (e.g.,
psychosocial damage, loss of family heirlooms) [81,82]. For example, in 2011 in Australia,
losses due to record rainfall amounted to USD 1.3 billion, while in India in 2013, the
deadliest flood of the 21st century occurred, claiming 5748 lives [83].
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Table 6. Summary of information on average flows for the multi-year period, individual runoffs
for the multi-year period 1974-2023 and during the 2024 flood and hydrological types according to
Kostrzewa of hydrological stations in the Bébr River Basin area.

Hyg::tli(:)gnlcal MA(I:;ZSZOZS A (km?) (L /;ll}fﬁl;nz) Hydrological Type®  qq (L/s *km?)  qa/qmar

2 0.86 57.69 14.92 mountain - -

3 1.131 103.54 10.92 transitional and foothill 171.86 15.74
4 2.52 189.94 13.29 mountain 260.90 19.63
6 5.77 2 535.53 10.78 transitional and foothill 328.94 30.52
7 14.04 1048.26 13.40 mountain 230.15 17.18
8 14.96 1207.45 12.39 transitional and foothill 112.69 9.09
9 19.36 1711.80 11.31 transitional and foothill 134.15 11.86
10 25.433 2881.77 8.82 transitional and foothill 67.36 7.63
11 36.12 4258.38 8.48 transitional and foothill 44.86 5.29
12 40494 5373.31 7.54 transitional and foothill - -

13 30.38 5 5590.05 5.44 transitional and foothill 50.69 9.33
15 0.32°6 18.42 17.50 mountain 1329.74 75.98
16 2.11 116.70 18.07 mountain 390.57 21.62
17 0.257 5.93 41.53 mountain 1309.97 31.54
18 3.02 98.30 30.69 mountain 491.74 16.03
20 0.818 34.67 23.46 mountain - -

21 4.89 255.93 19.10 mountain 350.76 18.36
22 1.25 95.59 13.05 transitional and foothill 325.48 24.95
23 0.87 56.14 15.45 mountain 302.39 19.57
24 3.19 183.89 17.35 mountain 404.78 23.33
25 3507 275.76 12.70 transitional and foothill 248.56 19.58
26 4.49 303.34 14.80 mountain 170.11 11.49
27 7.14 732.98 9.74 transitional and foothill 113.83 11.69
28 9.98 898.71 11.11 transitional and foothill 88.21 7.94
29 291 874.10 3.33 lowland 7.21 2.16
30 1.06 10 172.87 6.15 transitional and foothill 22.49 3.66
31 3.84 898.93 4.27 transitional and foothill 8.13 191
32 0.56 11 23.42 23.86 mountain - -

Table symbols: MAFi974 2023—mean annual flow (for the period 1974-2023), A—basin area; *—Kostrzewa'’s

hydrological types, based on the specific discharge q: q < 4.15—lowland, 4.15 < q < 13.15—transitional and

foothill, >13.15—mountain; quar—q calculated based on MAF; qq—q during the flood; ! "' —MAF calculated

for periods other than 1974-2024: 1—2008-2023, 2—1974-2013 i 20162023, 3—1974-1986, 19902016, *—2008—

121017, 52018-2023, ©—1975-2023, 7—1981-2023, 8—2021-2023, °—2011, 2018-2023, 1—1974-1991, 1996-2023,
—1975-1985.

Floods also negatively impact agricultural production and soil water conditions,
manifesting in crop losses, the death of livestock, and the destruction of soil, buildings,
machinery, and infrastructure [84]. For example, between 1982 and 2016, global crop losses
due to floods totaled USD 5.5 billion, which translated into losses of 4% for soybeans and
3% for rice during the return periods over a ten-year period [85]. Floods (as well as other
disasters) in the context of agriculture also negatively impact the mental health and health
of livestock, which results in economic losses for farmers, e.g., related to the costs of animal
treatment [86]. The flood itself also negatively affects the properties of soils, including
those used for agriculture: for example, as a result of the extreme flood in Serbia in 2014,
increased concentrations of Ni, Cr, As, Pb and Cu were found in the studied sediments and
soils from the West Morava catchment [87].

In terms of the environment, aquatic and water-related ecosystems are destroyed
(e.g., river ecosystems [88]), and aquatic and wetland organisms that rely on this habitat
die (e.g., macrobenthos [89]). Floods negatively impact water quality, especially in the
context of concentrations of metals, specific organic compounds, fecal bacteria, and nitrates
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(according to studies conducted for the 2006 flood on the Luznice and Skalice rivers in
the Czech Republic, the increase compared to the average level was up to 1760%, 1410%,
136%, and 121%, respectively) [90]. Such water is also unsuitable for consumption and may
cause poisoning. As shown by cross-sectional epidemiological studies from 2004 to 2011,
mortality rates increased by up to 50% in the first year after the flood [91].

Flood effects can be exacerbated by a number of factors, the most significant of which
are urbanization and land use change, especially from forest to agricultural land. In this
case, the components of the water balance change—surface runoff increases and subsurface
infiltration decreases [92,93]. As emphasized, the effects described above are exacerbated
by weather phenomena related to climate change (such as heavy rains, snowmelt, storms)
but are also associated with the influence of anthropogenic factors such as urbanization,
deforestation, population growth, and insufficient infrastructure [94-96]. On the other
hand, cross-sectional studies on catastrophic floods [83] indicate that risk awareness and
structural flood protection are also increasing, and that transdisciplinary research is needed
to implement even better flood risk management concepts.

4. Conclusions

The presented analysis of the 2024 flood in the Bébr River Basin area (caused by
intense and long-lasting rainfall caused by the movement of a low-pressure system over the
southwestern and southern part of Poland, i.e., Genoese low) demonstrated how important
rational and sustainable water management is in the context of protection, as well as how
extreme hydrological phenomena, such as floods, are becoming increasingly intensified
in the face of climate change. The article describes three indicators characterizing floods
(duration, magnitude, scale) and selected measures of runoff. Based on the performed
analysis, the most frequently recurring hot spot according to the above criteria, i.e., the
region of greatest concern for better flood protection in the Bébr River basin area, was
indicated around Jelenia Géra city. Two rivers, i.e., the Bébr and Kamienna, flow through
this city, which cumulatively increase the scale and intensity of floods.

In the context of flood protection measures, technical, administrative, and educational
measures are proposed to reduce flood risk in areas where flooding caused the greatest
damage. Based on the analyses conducted, this applies particularly to the upper reaches of
the Bobr River (except for the Bukéwka station) and the Lomnica, Kamienica, Kamienna,
and Kwisa rivers (except for the Nowogrodziec station). These are primarily mountain or
transitional /foothill rivers with steep gradients and rapid water runoff, so any measures
that reduce wave height and extend it would be recommended in these areas. Examples
of these measures include the construction of reservoirs—both standard and dry—as well
as polders, flood embankments, and the expansion of biologically active areas in cities
(e.g., more parks, green roofs and walls). A second aspect is appropriate legislation and
procedures in the event of a threat. Efficient operation of early flood warning systems (in-
cluding the ability to check the current hydrological and meteorological situation) and crisis
management centers, along with uniformed services and administration at various levels of
governance (e.g., the special flood act in Poland related to the purchase destroyed after the
flood, flood risk reduction programs), is also key. These centers will provide residents with
information on issues such as flood protection procedures. All these integrated measures
should help reduce flood risk, both in terms of preventive and remedial measures.

The proposed flood scale indicator may find wider application, e.g., in the develop-
ment of strategic documents related to the implementation of the Floods Directive; however,
its components should be verified and the scale should be adjusted to a more open one
to make it more universal for different types of floods in different basins with different
hydrological, hydrographic or geomorphological characteristics. Moreover, the method-
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ology described in this article requires refinement to be more universal. Improvements
could include, for example, relying on hydrological characteristics (e.g., presented runoff
measures) rather than conventional warning and alert levels, which would better reflect
the actual scale of flood risk and its consequences. Alternatively, these characteristics could
be combined.

Future research could also focus on flood analysis from other perspectives, e.g., the
impact of spatial development, the use of flood susceptibility indices, flood risk and threat
analyses, the use of hydrodynamic modeling (e.g., showing flood zones using a digital
terrain model) or remote-sensing analyses. To a greater extent, climate change scenarios
or technical, social, economic and natural factors could also be taken into account, which
are undoubtedly related to such extreme hydrological phenomena. A possible research
direction could also be the analysis of changes in the water balance during such an extreme
event, divided into its individual components, and taking into account, for example, the
structure of land use as variables. Crisis management and proposals for flood protection
measures, which were also mentioned in the work, are also important.
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