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ABSTRACT

As a result of intensifying climate change, extreme weather events and local conditions, the city of Bialystok is
vulnerable to urban and river flooding, as well as a combination of both. In addition, increasing dense development
with large sealed surfaces intensifies these phenomena. In 2023, buildings and urban areas covered 54.23% of the
city’s territory, showing a steady upward trend compared to previous years. In order to protect the population and
environment of Bialystok, which is the capital of the Podlaskie Province in Poland, statistical analyses were car-
ried out taking into account changes in atmospheric temperature, total annual rainfall and annual rainfall above
20 mm between 1993 and 2023 in order to examine possible climate changes and determine their trend. The re-
search showed that the share of annual rainfall above 20 mm in the total annual rainfall over 30 years increased by
15%, showing an average increase of 5% every 10 years with a stable frequency of rainfall events. The correlation
between average air temperatures and average rainfall above 20 mm per 10 years showed a fairly strong correlation
between the factors studied. This indicates a significant impact of the urban heat island (UHI) on the growing threat
of urban flooding due to higher precipitation. Due to partial limitations on the possibility of modernising the sew-
ers in Bialystok, it is important to introduce retention reservoirs and increase the absorption area, which can store
water while relieving the main rainwater receiver, which is the Biala River, and additionally enable water retention
in the city, greater infiltration of rainwater into the ground, and reduce the urban heat island effect during droughts.

Keywords: urban flood, climate, urban area, sealing surface, flood protection.

INTRODUCTION

Urban flooding becomes an increasingly seri-
ous problem in Europe and around the world. As
a result of climate change and overlapping urban
characteristics, city areas are extremely vulner-
able to more frequent sudden weather changes,
such as intense short-term and high daily rainfall
[1]. The urban climate, which determines variable
weather phenomena and conditions, is specific to
a given location and is shaped by the physical and
geographical factors of that area. However, as a
result of the increasing influence of constantly in-
troduced new urban variables, it is subject to local
changes. In the past, climate change was the result
of natural influences. Currently, however, human
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activity has an increasing impact. Heavy rainfall is
dangerous, with the phenomenon becoming more
intense over time [2, 3]. Although the annual rain-
fall total shows slight fluctuations, the height and
intensity of individual rainfall events is noticeably
increasing [4]. Among them, hourly rainfall above
20 mm is defined as short-term intense rainfall,
and rainfall above 50 mm as extreme rainfall. In
terms of daily totals, rainfall above 20 mm consti-
tutes heavy rainfall, while rainfall of 30 mm poses
a first-degree flood risk [5]. Climate change leads
to alternating periods of severe drought inter-
spersed with heavy rainfall. In addition, the dras-
tic reduction in active surface area in many cit-
ies around the world in recent decades has meant
that even with low rainfall, urban areas are at risk
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of flooding. Surface sealing increases the lack of
rainwater infiltration into the ground. According
to Blum et al. (2020), a 1% increase in surface
sealing results in a 3.3% increase in flood risk [6].

Reports by the Intergovernmental Panel on
Climate Change (IPCC) clearly indicate that cli-
mate change and the rise in average global tem-
peratures are increasing the frequency and inten-
sity of extreme events, including urban flooding
[7]. The IPCC suggests adaptation efforts to bet-
ter protect cities and reduce the risk of flooding
by increasing retention in cities through sustaina-
ble infrastructure, as well as taking flood risk into
account in spatial planning. These measures sup-
port carbon dioxide absorption and, by combin-
ing blue-green infrastructure with grey infrastruc-
ture, can reduce the risk of extreme events while
benefiting people and the environment. In addi-
tion, according to Bezak et al. [8], the use of early
warning systems reduces the number of fatalities.
They also point out that some lower-income cities
are insufficiently adapted to climate change due
to limited finances, thus increasing the disparities
between rich and poor cities and the subsequent
scale of losses in the event of flooding. The IPCC
adaptation plan for effective water use and con-
servation, with the highest effectiveness and fea-
sibility by 2030, includes limiting the transforma-
tion of natural ecosystems, carbon sequestration
in agriculture, and the restoration and reforesta-
tion of ecosystems. In the case of settlements and
infrastructure, the report [7] showed that the best
mitigation can be achieved through the introduc-
tion of effective construction. Scientific research
conducted by Steinhausen et al. [9] showed that
the use of sustainable infrastructure can reduce
the risk of flooding in cities by 15%. Directive
2007/60/EC of 23 October 2007 of the European
Parliament and of the Council introduced an ob-
ligation in European Union countries to carry out
and update preliminary flood risk assessments,
identifying areas potentially at risk of flooding. In
addition, Member States are required to develop
flood risk management plans, specifying protec-
tive and preventive measures and actions to be
taken in the event of a flood [10]. It has also been
noted that in some countries, historical rainfall data
was used to determine compensation, which re-
sulted in low compensation amounts [11]. Floods
can have catastrophic consequences. They cause
significant economic, environmental and cultural
heritage damage, and can lead to personal injury
and even loss of life. They also result in forced

displacement of people. In addition, they increase
pollution of rivers, seas and oceans as a result of
surface runoff from urban areas [12]. The Sep-
tember 2024 flood report prepared by State Water
Holding — Polish Waters stated that the estimated
losses in municipal road infrastructure amounted
to: Silesian Province PLN 166,493,909, 99 PLN,
Silesia Province - 1,340,349,592.00 PLN, Lubusz
Province - 124,032,617.42 PLN and Lower Sile-
sia Province - 1,287,257,516.02 PLN [13].

Biatystok, as the largest city in north-east-
ern Poland, is an interesting example of a medi-
um-sized urban centre where dynamic urbanisa-
tion processes clash with spatial and natural con-
straints. Its location in a transition zone between
agricultural and urbanised areas, combined with
morphological diversity (including the presence
of river valleys — the Biala and Dolistowka riv-
ers), makes it a city particularly susceptible to
the effects of extreme phenomena, especially
heavy rainfall. In recent decades, Bialystok has
experienced strong development pressure, man-
ifested in the expansion of housing, road and
commercial infrastructure. This process leads to
a significant increase in sealed surfaces, which
significantly reduces the infiltration capacity of
the area and contributes to the intensification of
surface runoff of rainwater.

In hydrological terms, although Bialystok
is not located on large rivers of supra-regional
importance, such as the Vistula or the Oder, it is
located within a catchment area characterised by
low natural retention and limited rainwater buff-
ering capacity. In extreme rainfall conditions,
urban watercourses — especially the Biala River
— become the main recipients of rapidly increased
water volumes, which causes their beds and ac-
companying infrastructure to become overloaded.
Thus, the flood risk in Bialystok has not only a
hydrological dimension, but also a planning and
infrastructure dimension. Previous flood risk anal-
yses in Poland have focused mainly on large ur-
ban agglomerations and large river valleys, leav-
ing medium-sized cities with more complex and
less studied environmental and urban conditions
in the shadows. Bialystok is therefore a valuable
case study for the analysis of contemporary flood
risks in the context of climate and urbanisation.

The experiences of recent years confirm that
the city has been and still is exposed to flood-
ing. Its frequency and intensity increase due to
the rise in torrential rainfall. In the 20th century,
these phenomena occurred less frequently, and
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the spatial structure of the city favoured the natu-
ral absorption of water into the ground. Currently,
with the intensification of development and the
transformation of former biologically active areas
into impermeable ones, there are increasingly fre-
quent overloads of the stormwater drainage and
drainage systems, as well as rapid rises in the wa-
ter level of the Biala River. Particularly alarming
are the data from 2009, indicating extreme var-
iability in river valley flows, reaching a ratio of
1:200 — a value typical for mountain catchment
areas with large slopes, which in the case of a low-
land city indicates a significant disturbance in the
water balance. The source of this situation is not
only the sealing of the surface, but also the elim-
ination of retention areas and the marginalisation
of the protective functions of river valleys, which
have been built up by residential, commercial and
industrial developments, often carried out under
pressure from developers’ interests [14—17].

The increasing threat results in a growing risk
not only of physical material losses, but also of
serious social and economic consequences. The
city’s response to these challenges is moderni-
sation measures, including the separation of the
combined sewer system into sanitary and storm
sewers, which aims to reduce the overload of sew-
age treatment plants during heavy rainfall. Invest-
ments in retention reservoirs, increasing the share
of biologically active areas, and improving the
condition of the Biala River as the main water-
course are also planned. However, the effective-
ness of these measures is limited by organisation-
al, financial and implementation problems. Some
of the planned projects have not been implemented
due to a lack of contractors, delays in tendering or
costs exceeding the city’s budgetary capabilities.
Strategic documents, such as the ‘Strategy for the
Development of the City of Bialystok until 2030°,
clearly emphasise that the city has an insufficient-
ly developed water retention system and too low
a share of biologically active areas, which hinders
effective adaptation to climate change.

Although local infrastructure projects are un-
derway, the scope and pace of changes in the city’s
structure — especially in river valley areas — mean
that exposure to the effects of flooding continues
to grow. Places that historically served as buff-
ers have been replaced by intensive development,
resulting in the almost complete loss of natural
retention. In these conditions, development con-
cepts based on blue-green infrastructure are be-
coming increasingly important, allowing not only
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to collect and slow down water runoff, but also
to improve the quality of life of residents and in-
crease the city’s resilience to extreme events [18].

At the same time, despite increasingly fre-
quent and intense rainfall exceeding 20 mm in a
short period of time, there is a lack of detailed
analyses of such events in relation to the local hy-
drological conditions in Bialystok. Existing flood
risk forecasts often do not take into account real
changes in rainfall intensity and its spatial distri-
bution on a micro-urban scale. There is also a lack
of economic assessment of flood damage and op-
portunity costs, i.e. a comparison of the costs of
repairing the effects of extreme events with the
benefits of implementing systems based on sus-
tainable stormwater management. The omission
of an analysis of spatial risk variation — both in
terms of differences between river and rainfall
floods, and in relation to building density and
land use functions — is an additional limitation to
effective adaptation planning.

In light of the above challenges, an in-depth
diagnosis of hydrological risks at the local level
becomes particularly important, taking into ac-
count not only observed climate change and its ef-
fects, but also the spatial development of the city
and the potential of the existing infrastructure.
It is important to identify which urban areas are
most vulnerable to the effects of heavy rainfall,
what are the dominant mechanisms generating
flood risk, and which green-blue infrastructure
solutions can most effectively reduce this risk.
The analysis will take into account long-term
changes in rainfall totals above 20 mm, average
air temperatures and changes in the structure of
buildings between 1993 and 2023. The aim is to
develop a basis for creating local adaptation strat-
egies based on a realistic assessment of the direc-
tion and pace of change, as well as on an analy-
sis of the effectiveness and cost-effectiveness of
various types of spatial interventions, especially
those that can be implemented with the limited
financial resources of local governments.

MATERIAL AND METHODS

Characteristics of the research area

The area of analysis covers the city of Bialy-
stok — the capital of the Podlaskie Province, locat-
ed in eastern Poland, on the border with Lithuania
and Belarus, which also forms the eastern border
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of the European Union. Bialystok covers an area
of 102.13 km? and stretches between the geo-
graphical coordinates 23°03°57°“E-23°14’50""E
and 53°04°00*“N-53°11"19""N [19]. The city’s
terrain is characterised by moderate elevations
located within the Biatystok Upland (part of the
North Podlasie Lowland), shaped by the last gla-
ciations. The terrain includes terminal moraines,
kames and eskers, which divide the city into four
morphological units: northern, north-eastern,
central and south-western. Relative heights range
from 120 to 160 metres above sea level.

The climate of Bialystok and the entire prov-
ince differs from the rest of Poland, where it is de-
scribed as moderate transitional. The greatest in-
fluence is exerted by continental air, which brings
longer and colder winters, a fairly short early
spring, and hotter summers than in other lowland
regions. January is usually the coldest month of
the year, and July is the warmest, especially the
second half of the month and the beginning of Au-
gust. According to statistics from 2000 to 2025, the
average number of days with snow cover is 107.4
days, but this number is decreasing due to global
warming [19]. The growing season lasts 190-205
days [20]. The main element of the hydrographic
network is the Biala River — a left-bank tributary
of the Suprasl River, belonging to the Vistula Riv-
er basin. It flows through the city centre, serving
as the main recipient of urban rainwater. The river
is 31.90 km long, its catchment area covers 133.44
km?, and the average slope of the riverbed is 0.2%.
The valley is dominated by brown and podzolic
soils, as well as anthropogenic, poorly developed

= Agricultural land, orchards,
sady, meadows

= Forest land and shruberry

= Built-up and urban areas

Land under surface waters

® Wasteland

soils with limited permeability [20, 22, 23]. The
Biala River is strongly and extremely vulnerable
to drought, while during heavy rainfall the water
level rises rapidly [21-26]. Due to the need to
drain rainwater, the riverbed is artificially regulat-
ed along almost its entire length, with storm sewer
outlets. However, the river’s capacity as a receiver
has now been exhausted, resulting in an increase
in the number and severity of floods, mainly dur-
ing heavy rainfall.

The ecological status of the river has been
assessed as poor, mainly due to intensified devel-
opment and urban runoff. The catchment area is
dominated by urbanised areas (45%), agricultural
land (42%) and forests (12%). Pollution comes
mainly from transport, municipal services and
surface runoff, which significantly affects the hy-
drological functioning of the city.

Figure 1 shows the land use structure within
the administrative boundaries of Bialystok, with
a clear dominance of development (54.23%). Ag-
ricultural land, meadows and pastures account for
25.60%, while forest and shrub land account for
18.50%. Areas under surface water occupy only
0.84% and wasteland only 0.43%. Such propor-
tions testify to the significant anthropopression
and the decreasing capacity of the city to retain
rainwater. The reduction of biologically active
and absorptive areas results in reduced infiltration
and thus increases the risk of urban flooding. The
distribution of green areas, parks and reserves is
banded and uneven, which makes it difficult to
counteract the effects of extreme precipitation in
a uniform manner throughout the urban structure.

0r84%\ 0,43%

Figure 1. Share of land area in Bialystok [18]
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Source data

Data from a variety of sources were used in
this study (Figure 2). Meteorological data includ-
ing daily precipitation and temperature values
were obtained from the Institute of Meteorolo-
gy and Water Management (IMGW) [28] for the
Biatystok synoptic station (no. 295). The data cov-
er the period from 1993 to 2023 and was saved in
“.sdt” format, converted to Microsoft Excel files.

Spatial and cartographic data, including adminis-
trative boundaries, land use layers, river valleys,
hydrographic networks and the functional divi-
sion of the city, were obtained from the Geoportal
(EPSG 2180 layout), the Central Statistical Of-
fice, the Bialystok City Hall and the Public In-
formation Bulletin. Information on infrastructure
and land use was obtained from project studies
and the “Strategy for the Development of the City
of Bialystok until 2030 [17, 18, 25, 26, 34].

Sources of data on flood risks were reports of
the State Water Holding — Polish Waters, press ar-
ticles, local documents and archival data on flood
losses from 2007 to 2017 [27].

Data analysis methods

Figure 3 presents a diagram illustrating the
research procedure — from problem identification,
data collection, statistical and spatial analysis, to
the formulation of conclusions. It takes into ac-
count the use of appropriate software, modelling
and statistical analysis. The analysis of precipi-
tation and temperatures was based on the pro-
cessing of daily data using Microsoft Excel. The
calculations included the summation of daily pre-
cipitation above 20 mm for each year of the ana-
lysed period (1993-2023) and the counting of the
number of days on which this threshold was ex-
ceeded. The ‘SUMIF’ and ‘COUNTIF’ functions
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Figure 3. Research procedure
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were used to obtain annual indicators of intense
precipitation events. The average air tempera-
ture values for each year were calculated using
the ‘“AVERAGE’ function from daily data. The
time period was then divided into three decades
(1993-2002, 2003-2012, 2013-2023) in order to
perform a co-variability analysis. The correlation
coefficient between the average annual tempera-
tures and the sum of precipitation above 20 mm
was determined using the ‘CORRELATION’
function, which allowed the assessment of the re-
lationship between temperature increase and pre-
cipitation frequency and intensity.

The spatial analysis used QGIS (Geographic
Information System) software, which enables the
integration and visualisation of spatial data and the
development of thematic maps. The input data in-
cluded raster and vector layers relating to land use,
hydrography, urban infrastructure, as well as the
location of precipitation events and flood zones.
Thanks to spatial analysis functions, flood risk
maps were created, river valleys with retention po-
tential were identified, and the distribution of ab-
sorbent surfaces in relation to urban areas was as-
sessed. QGIS was also used to analyse spatial con-
flicts between the building structure and the natural
drainage network layout [28, 29]. The results of
spatial analyses in conjunction with meteorologi-
cal data formed the basis for assessing Bialystok’s
vulnerability to urban flooding and identifying pri-
ority areas for the implementation of green-blue
infrastructure, including retention reservoirs, green
roofs, rain gardens and infiltration areas.

RESULTS AND DISCUSSION

Today’s cities, including Bialystok, more and
more often feel the effects of climate change in
the form of heavier rainfall and longer dry spells,
which mess up the local water balance and over-
load the drainage system. In the case of Bialystok,
this problem is particularly significant due to the
specific geographical, climatic and hydrological
conditions of the city, as well as the intensifica-
tion of urbanisation processes, which in recent
decades have led to a significant transformation
of urban space and a reduction in retention areas.
From a physiographic point of view, Bialystok is
located on a moraine plateau, within the Bialystok
Plateau macroregion, which is morphologically
diverse due to the activity of the Pleistocene ice
sheet. The terrain includes numerous depressions,

river valleys and elevated forms, which affect the
way rainwater drains and the susceptibility to lo-
cal flooding and flash floods. In particular, the
valley of the Biala River — the main watercourse
within the city limits — plays an important role as
a rainwater collector. However, with increasing
development and decreasing biologically active
area, its capacity to retain and safely transport
rainwater is limited. From a hydrological point
of view, the Biala River is a watercourse with a
relatively low base flow, but with a high dynamic
rise in water levels during heavy rainfall. As pre-
vious measurements indicate, the variability of
flow in individual sections of the valley can reach
values typical of mountain catchment areas. At
the same time, studies show significant changes
in the structure of land cover — according to data
from the Central Statistical Office, more than half
of the city’s area is built-up and urbanised, and
the share of biologically active areas is gradually
decreasing. This significantly reduces the possi-
bility of infiltration and increases the intensity of
surface runoff, which, combined with inadequate
sewage infrastructure, leads to local system over-
loads and flooding [17, 18, 30].

In the context of the above conditions, a de-
tailed analysis of precipitation as the main factor
triggering urban flooding becomes justified. For
this reason, this chapter is devoted to the study
of changes in the frequency and intensity of pre-
cipitation in the city of Bialystok in the years
1993-2023, with particular emphasis on events
exceeding the threshold of 20 mm per day. This
threshold was adopted on the basis of the findings
of previous studies as the limit value conducive
to the formation of flooding in urban conditions,
where surface retention and infiltration are signif-
icantly limited [5, 10, 31]. The analysis of meteo-
rological data was carried out in conjunction with
information on average air temperature, which
made it possible to assess potential links between
climate change and an increased risk of flooding.
The collected data was then compared with data
on land use structure, sewerage network distribu-
tion, location of critical infrastructure points and
documented flood episodes. In this way, it was
possible not only to capture climate trends, but
also to place them in the context of urban space
functioning and local hydrological conditions.
The results presented in this paper provide a basis
for assessing flood risk at the local level and iden-
tifying areas requiring urgent infrastructure and
planning intervention.
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Analysis of the variability of precipitation
above 20 mm from 1993 to 2023

As urban flooding becomes more common
and the risk of flooding in densely populated ar-
eas of north-eastern Poland grows, research into
extreme rainfall variability takes on special im-
portance. One of the important indicators for as-
sessing this risk is the sum of daily rainfall ex-
ceeding 20 mm, which, according to the findings
of Kundzewicz et al. (and IPCC analysts), repre-
sents a critical limit for drainage systems in cities
with poor retention. In the context of the city of
Bialystok, which, as shown in previous chapters,
is characterised by a high proportion of sealed ar-
eas, an outdated and unevenly developed storm-
water drainage network, and the valley morpholo-
gy of the Biala River basin, the analysis of rainfall
>20mm is crucial for assessing flood risk dynam-
ics. The research was based on a 31-year time se-
ries of data obtained from the IMGW-PIB station
(No. 295), covering the period 1993-2023. These
data were statistically analysed using Microsoft
Excel analytical tools, aggregating annual rainfall
totals exceeding 20 mm and the number of days
on which they occurred [32, 33].

Figure 4 shows the annual rainfall sum
>20 mm between 1993 and 2013. Significant in-
terannual variability and an increasing trend in an-
nual sums after 2010 are clearly visible. In 2017,
2019 and 2021, these values exceeded 150 mm,
which is consistent with reports in the literature

on the increased number of extreme precipitation
events in central-eastern Poland in recent decades
[5, 10, 34]. Most of the events occurred within
just a few years, from 2007 to 2017. No urban
floods had been reported before. Of the eight
events, only two involved rainfall occurring with-
in an hour or less. On 9 August 2007, 30 mm of
rain fell within 60 minutes, while on 1 July 2009,
27.2 mm of rainfall over 20 minutes caused a sud-
den flood. The longest rainfall lasting 24 hours oc-
curred on 29 June 2009, with a total of 44.5 mm,
which corresponds to a rainfall intensity of only
1.9 mm/h [34]. Studies of the Biata River cross-
section conducted at that time showed that after
the rain on that day, the water level rose rapidly
and peaked within an hour. A water level increase
of 0.95 m was observed, which corresponds to an
increase in flow of almost 5 m*/s [15]. The highest
rainfall in the analysed period occurred in 2003,
amounting to 95.2 mm. This also marked the be-
ginning of increasing rainfall totals. In previous
years, the totals remained at an average of 64.8
mm. Over the next twenty years, precipitation
was lower than in 2003 only four times, reach-
ing 91.2 mm in 2005, 23.4 mm in 2008, 57.6 mm
in 2015 and 87.1 mm in 2023. In the remaining
years between 2003 and 2023, rainfall increased
steadily. Extreme rainfall episodes were recorded
in 2010 and 2017, with intensities exceeding 30
mm/h and rainfall reaching 250.1 mm in 2010
and 249.9 mm in 2017. At that time, Bialystok
was the station with the highest recorded rainfall
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in Poland. Such high rainfall led to serious dis-
ruptions in the functioning of the city, including
street flooding, transport paralysis and damage to
private property [35, 36].

These phenomena can be interpreted in the
light of global climate forecasts indicating that
the Central European region is in a zone of in-
creasing amplitude of weather extremes — both
droughts and torrential rains [13,36]. Studies
conducted in cities such as Krakow, Poznan and
Lublin have shown similar trends — an increase in
the annual number of days with rainfall above 20
mm and a growing total [7, 11, 20]. At the same
time, attention is drawn to the strong correlation
between these changes and rising air tempera-
tures, which favour the formation of strong con-
vective storm systems — this will be discussed in
the next section of the paper. The results obtained
confirm that the city of Bialystok is experiencing
an increasing load on its urban and hydrological
drainage system, whose main recipient — the Bi-
ala River — is a watercourse with low capacity,
reacting violently to rainfall impulses (a drop of
0.2% and an average flow of 1.2 m%s). In light
of the data presented, there is a growing need for
sustainable nature-based solutions, such as green-
blue infrastructure, which can effectively coun-
teract the effects of heavy rainfall by increasing
urban retention and local infiltration [6, 9, 37].

A detailed analysis focuses on 10-year time
periods, i.e. 1993-2003, 2004-2013 and 2014—
2023. It was noted that in 1993-2003, the aver-
age rainfall above 20 mm was 67.6 mm with an
average number of rainfall events of n = 2.5. In
2004-2013, the average rainfall was 133.86 mm
with 4.5 rainfall events. This was a twofold in-
crease in rainfall above 20 mm and a nearly two-
fold increase in the number of rainfall events. In
the last decade analysed, 2014-2023, the average
was 148.16 mm with n = 4.4 rainfall events. It is
worth noting that in recent years, the number of
rainfall events has remained stable, but the aver-
age value of higher rainfall has continued to in-
crease. This is significant because it indicates
increasing amounts of single rainfall events. For
this reason, the percentage share of the analysed
rainfall over the years studied was calculated to
confirm the increase in elevated rainfall in terms
of annual precipitation.

Another aspect of the analysis was the as-
sessment of changes in the frequency of intense
precipitation, defined as precipitation exceed-
ing the threshold of 20 mm per day. This type of

precipitation is considered a significant risk factor
for urban flooding, as it exceeds the infiltration ca-
pacity of most urban soils and often exceeds the
capacity of existing storm water drainage systems
[38, 39].

Figure 5 shows the number of days with pre-
cipitation exceeding 20 mm in individual years in
the period 1993-2023. The analysis showed clear
differences between years, with fluctuations from
just a few events in some years (e.g. 1996, 2003)
to more than 10 days with intense precipitation in
extreme years such as 2010, 2017 and 2021. Note-
worthy is the upward trend in the number of days
with heavy rainfall after 2007, coinciding with a
period of increased urbanisation of the city and
observed changes in climatic conditions in north-
eastern Poland [40]. Such changes are consistent
with the findings of regional and international
studies indicating an increase in the frequency and
intensity of short-term rainfall in Central and East-
ern Europe in recent decades [33, 41]. In urban
conditions, especially in cities with a relatively
low proportion of biologically active areas, such
as Bialystok, such phenomena have direct hy-
drological consequences, leading to overloading
of sewage systems, local flooding and erosion of
surface watercourses. From the point of view of
flood risk management, it is particularly important
to note that since 2010, not only has the frequency
of events increased, but they have also become
more concentrated in the summer months (June—
August), which may be due to the increasing sea-
sonality of convective storm systems as well as
the urban heat island effect, which intensifies local
convection processes [42, 43]. Observations show
that over the analysed years, the number of intense
rainfall events does not show a clear upward trend,
but periods of significantly increased frequency
can be identified, especially after 2007. This is
consistent with national trends indicating an in-
crease in the number of extreme rainfall events as-
sociated with climate change, which has also been
observed in other Polish cities with a similar urban
structure [32, 44].

The increase in the number of precipitation
events above 20 mm is significant in the context
of the functioning of the urban drainage system in
Bialystok, which, as indicated in previous chap-
ters, is overloaded in many places and partially
outdated. The increased number of such rain-
fall events results in more frequent overloading
of storm drains and local flooding, especially in
densely built-up areas without effective retention
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Figure 5. Share of annual precipitation above 20 mm in the total annual sum in the years 1993-2023
in the city of Biatystok

areas. According to literature data [45], even a
single rainfall of 20-30 mm can lead to flood-
ing of roads and basements in conditions of in-
adequate infrastructure. Thus, the results of the
analysis confirm the need to implement adapta-
tion strategies based on green-blue infrastructure
(GBI), which aim to disperse and retain excess
rainwater directly at the point of occurrence.

In the context of the increasing frequency of
extreme events, the analysis of the co-variation
between air temperature and intense rainfall is be-
coming increasingly important. For the Bialystok

area, a city with specific hydrological and geo-
graphical conditions, this study is particularly
important due to the synergistic impact of rising
temperatures and increasing rainfall on the risk of
urban flooding. The analysis covered data from a
31-year period (1993-2023), comparing average
annual air temperatures with rainfall totals exceed-
ing the threshold of 20 mm per day. The results
presented in Figure 6 reveal a clear upward trend
for both average temperatures and intense rainfall.

It has been observed that years characterised
by higher average air temperatures correlated with
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Figure 6. Relationship between average air temperature and precipitation above 20 mm
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higher total daily extreme precipitation. For ex-
ample, in the years 2010-2023, when the average
temperature exceeded 8.5 °C, the number of days
with precipitation above 20 mm was significantly
higher than in previous decades. This relationship
indicates a potential intensification of the hydro-
logical cycle in a warming climate — a phenomenon
confirmed by numerous scientific studies pointing
to an increased capacity of the atmosphere for wa-
ter vapour as temperatures rise [46, 41]. Similar
correlations are also described in studies conduct-
ed for cities in Central Europe [32, 47], which al-
lows the results obtained for Bialystok to be placed
in a broader international context.

The calculated Pearson correlation coef-
ficient for the data studied was r = 0.67, which
indicates a moderate but statistically significant
positive relationship between the variables stud-
ied. This result confirms the hypothesis that, in
conditions of rising global temperatures, more
frequent and intense rainfall should be expected
— particularly dangerous in the context of heavily
urbanised areas, such as the centre of Bialystok,
characterised by a large proportion of imperme-
able surfaces and limited retention capacity. The
results obtained indicate the need to take into ac-
count air temperature variability as a factor con-
tributing to the increased risk of flooding in cities.
This is also confirmed by the IPCC report [33],

which highlights the increasing frequency of so-
called ‘flash floods’ in temperate zones, resulting
from the interaction between climate warming
and heavy rainfall. In the case of Bialystok, the
increased temperature not only intensifies evap-
oration and local moisture circulation, but also,
through the urban heat island effect, may addi-
tionally promote convection and the initiation of
storm rainfall.

Taking the above into account, the areas at
risk of flooding are marked in Figure 7. These in-
clude areas located in the north-western part of
the city along the Suprasl and Biala rivers. The
area stretches from Aleja Jana Pawla II Street at
the Antoniuk Park and around the breeding ponds
in the Dojlidy housing estate in the south-eastern
part of the city. Transport routes passing through
the Biala River valley and its tributaries are also
at risk. The flood risk posed by the river is mainly
due to its overload with rainwater, and the con-
struction of the riverbed in the form of narrowings
further increases the risk. However, the increas-
ing reduction in permeable areas combined with
increased rainfall intensity leads to an increased
risk of flash floods. The areas particularly at risk
include the city centre and housing estates with
dense development and insufficiently protected
depressions in the terrain [17, 35].

Watercourse
Ditches

Watercourse
Rivers
Water valleys
Stagnant water
Forest
Allotment garden
Park
Nature reserve
>
Garden square

Development

Figure 7. Map of areas at high risk of flooding [17, 35, 48]
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On 7 May 2017, as a result of rainfall lasting 7
hours, 81.8 mm of water fell, with an intensity of
11.7 mm/h. This resulted in extensive flooding of
the city, while the Biala River, overflowing several
metres beyond the shoreline in some places, turned
into a raging river. The water level on the streets
reached dozens of centimetres. Many basements of
residential buildings were flooded and cars were
destroyed. The water also reached single-family
housing areas located near the river valley. Figure
7 shows the main areas affected by the flood.

Identification of flood risk factors

In the light of hydrological and climatic anal-
yses carried out, the city of Bialystok shows in-
creasing vulnerability to the occurrence of flood
phenomena, especially in the form of so-called
flash floods resulting from heavy rainfall. Evalu-
ation of precipitation data from 1993 to 2023
to date has shown not only an increase in total
precipitation totals above 20 mm, but also an in-
crease in the frequency of their occurrence. These
trends, combined with extensive urbanisation and
the limited capacity of drainage systems, lead to
the occurrence of localised flooding, particularly
in densely built-up parts of the city. This chap-
ter identifies the key determinants of flood risk
in Bialystok, including geographical, climatic,
hydrological and anthropogenic conditions, the
interaction of which influences the scale and in-
tensity of risks. This approach is in line with cur-
rent paradigms of urban climate risk assessment,
where the analysis should take into account not
only meteorological data but also local morphol-
ogy and land use.

Geographical and morphological factors

One of the main factors contributing to urban
flooding in Bialystok is the morphology of the
terrain. The city is located on the border of the
Bialystok Upland, which is part of the North Pod-
lasie Lowland, at an altitude of 120 to 160 metres
above sea level. The terrain is varied, with nu-
merous glacial formations such as terminal mo-
raines, kames and eskers, which shape the local
slopes and surface runoff directions. Lower-lying
areas, especially along the Biata River valley and
its tributaries, are natural corridors for rainwater
flow, the retention of which is now limited due to
intensive urbanisation and land sealing. As noted
by Lu et al. [49], in cities with diverse terrain,
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local depressions and river valleys are of key im-
portance, which, in the absence of adequate reten-
tion infrastructure, become the main axes of flood
runoff. In Bialystok, areas at particular risk of
flooding are located along the Biala Valley — both
in the city centre and in the Antoniuk and Nowe
Miasto housing estates, where significant imper-
meable surfaces and outdated stormwater drain-
age systems are additional factors contributing to
the risk. Natural depressions in the terrain, often
located in the vicinity of transport routes or urban-
ised areas, fill up quickly with water in the event
of heavy rainfall, as confirmed by observations
from 2007, 2009 and 2017, when extensive flood-
ing occurred [34]. In addition, as spatial analyses
indicate, areas with a greater slope are more vul-
nerable to rapid water runoff, which, combined
with the lack of indirect retention, increases the
speed and force of flood flow. The literature of the
subject describes these morphological features as
classic determinants of increased urban flood risk
in urbanised areas [14, 38, 39, 41, 44]. Accord-
ing to research by Agonafir et al. [39], areas with
significant differences in elevation and intensive
development are particularly susceptible to rapid
flooding, especially when catchment areas are
small and the concentration time of precipitation
is short. In the case of Biatystok, such conditions
occur in the Biala River basin, whose area (ap-
prox. 133 km?) and relatively low average flow
(1.2 m?s) do not allow for the effective drainage
of large amounts of water in a short time.

Climatic factors

The climate of Bialystok, classified as tem-
perate cool with transitional characteristics be-
tween maritime and continental, is characterised
by high annual and seasonal variability in pre-
cipitation and significantly varied air tempera-
tures. According to data from the GUS, weather
portals and Environment protection Institute
[18-20], the average annual precipitation in Bi-
alystok fluctuates around 580—650 mm, but in the
last three decades there has been an upward trend
in both annual precipitation and the frequency of
extreme precipitation events. In particular, there
has been an increase in the number of precipita-
tion events exceeding 20 mm per day, which, as
shown in previous chapters, have a direct impact
on the increased risk of urban flooding. These
phenomena are consistent with broader climate
observations in the Central and Eastern European
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region, where climate change is leading to an in-
crease in the frequency of so-called ‘torrential
rains’ and intense short-term precipitation epi-
sodes [32]. In the case of Bialystok, the increase
in air temperature, averaging +0.35 °C per decade
(1993-2023), leads to the intensification of con-
vective processes, increasing the risk of violent
downpours, especially in the summer months.
Importantly, statistical analysis has shown a posi-
tive correlation between the increase in average
annual temperature and annual precipitation >20
mm, which indicates the synergistic effect of both
variables on flood conditions.

International literature points out that chang-
ing climatic conditions in lowland cities, espe-
cially those with limited biologically active areas,
lead to an increased risk of so-called urban flash
floods [50-52]. Bialystok, as a densely built-up
city with a large proportion of impermeable sur-
faces, is particularly vulnerable in this context.
Climate change, manifested not only by rising
temperatures but also by prolonged periods of
drought interrupted by episodes of torrential rain,
disrupts the existing water balance, hindering in-
filtration and increasing the rate of surface run-
off. In addition, the growing number of so-called
hot and tropical days, also recorded in Bialystok,
contributes to soil drying, which becomes less
absorbent and therefore less effective in absorb-
ing rainwater in the event of sudden rainfall. This
phenomenon, known as the ‘dry sponge’ effect,
has been widely described in studies on urban hy-
drology [39]. As a result, even moderate rainfall
can lead to rapid runoff and local flooding, espe-
cially in areas without retention infrastructure.

Hydrological factors

The hydrological conditions in Bialystok are
one of the key components determining the lo-
cal flood risk. The city’s water network, domi-
nated by the Biala River and its tributaries, such
as the Dolistowka, Bazantarka and Horodnianka,
is characterised by limited retention capacity and
high sensitivity to heavy rainfall. The Biala River,
which is the main recipient of rainwater from the
city’s storm drainage system, is characterised by a
low base flow (average 1.2 m*/s), a slight gradient
(approx. 0.2%) and a relatively shallow and nar-
row riverbed with a variable cross-section, often
artificially transformed. This hydrological con-
figuration is conducive to rapid changes in water
levels during rainfall episodes, and the river’s low

retention capacity leads to its rapid overload. Hy-
drological data from measurements taken on the
Biala River indicate that during heavy rainfall, the
water level can rise by several dozen centimetres
within a few dozen minutes, leading to flooding
and local urban flooding. This type of river re-
sponse resembles the characteristics of mountain
streams, where flow variability reaches a ratio of
1:200 — which was also observed in the Biala val-
ley during measurements taken in 2009. In a low-
land city such as Biatystok, this type of dynamics
is a clear sign of anthropogenic pressure, result-
ing primarily from excessive urbanisation and a
reduction in infiltration areas [15].

According to the literature one of the main
factors influencing the hydrological resilience of
urban systems is the adaptability of watercourses,
e.g. through natural floodplains, meanders or buf-
fer zones [41, 53]. Meanwhile, in Bialystok, many
sections of the Biala River have been regulated,
built up or narrowed, which limits the possibility
of slowing down the runoff and leads to the so-
called ‘fast runoff” effect. In addition, urbanisation
processes have caused the sealing of areas adja-
cent to the riverbed, including through the con-
struction of housing estates, shopping centres and
the development of former industrial areas, which
has reduced surface retention and rainfall infiltra-
tion capacity. Another significant hydrological
problem is the insufficient flow capacity of drain-
age ditches and numerous unnamed watercours-
es, which, according to technical studies, require
deepening, cleaning or regulation. Their blockage
or overflow leads to local water stagnation, which
during extreme rainfall can result in flooding of
roads, buildings and critical infrastructure, such as
water treatment plants and power grids.

In international literature, many studies point
to the critical importance of maintaining hydro-
logical continuity in urban areas, including avoid-
ing excessive concreting of river valleys and pro-
tecting natural and semi-natural retention areas
[54, 55]. In this context, the current rainwater
management policy in Bialystok needs to be re-
defined, particularly in terms of strategic spatial
planning and the management of river valleys as
key hydrological buffers.

Urbanisation and infrastructure factors

The rapid urban development of Bialystok in
recent decades is a significant factor increasing
the risk of urban flooding. According to data from
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the Central Statistical Office, the built-up area
of the city increased by over 4% between 2015
and 2023, from 51.26 km? to 53.36 km?, with a
simultaneous 70% increase in the number of
building permits issued for residential buildings.
The building structure is dominated by residen-
tial areas (over 40%), which, with dense spatial
intensification, results in a significant reduction
in biologically active areas and open spaces that
can serve as retention areas. The urbanisation of
these areas leads to the progressive degradation
of the local water balance and the worsening of
urban flood impact [18]. In recent years, there
has also been strong investment pressure on the
outskirts of the city. The spatial expansion of Bi-
alystok takes place at the expense of areas pre-
viously used for agriculture or as informal green
and wetland areas. These areas are now the site
of new housing estates, shopping centres, service
facilities and industrial facilities, which translates
into a significant increase in sealed areas, such
as roads and car parks. It translates into a signifi-
cant increase in sealed surfaces, such as roads,
car parks and building roofs. Such surfaces com-
pletely prevent rainwater infiltration and increase
the rate of surface runoff, which, in heavy rain-
fall, leads to a sharp increase in the load on the
urban drainage infrastructure. At the same time,
river valleys are being transformed and former
wetlands, which historically served as natural
hydrological buffers, are being drained. Develop-
ment along the Biata River and its tributaries of-
ten encroaches on floodplains and seasonally wet
areas, which, if their structure were preserved,
would allow excess water to be dispersed. This
process is particularly evident in the southern and
north-eastern parts of the city, where peat bogs
and local wetlands used to exist. As research
shows [56,57], the degradation of such areas not
only reduces retention, but also limits the city’s
ability to adapt to climate change.

Spatial analysis showed that areas with a
high degree of surface sealing, located in river
valleys and in drainage-free zones, are particu-
larly susceptible to flooding. Many older city
districts, densely built-up, are characterised by
a low proportion of tall greenery and a lack of
infrastructure to retain rainwater in situ. The situ-
ation is exacerbated by the inadequacy of the ex-
isting stormwater drainage network — a hydraulic
analysis carried out by AquaRD in 2018 showed
that over 2.250 sections of the drainage system
operate at full capacity or under pressure, which
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clearly suggests that the system is overloaded
during heavy rainfall. Although the most obvious
solution would be to modernise the network by
increasing the diameter of the sewers, this would
require complex and costly engineering calcula-
tions. This is because changing the cross-section
of a single section affects the flow conditions
throughout the entire network. Therefore, under
the current conditions, it is recommended to use
supporting solutions, such as local retention res-
ervoirs, rain gardens, infiltration ditches or drain-
age systems, which can partially take over the
functions of the sewage system and reduce sur-
face runoft [30]. Sewer blockages and insufficient
pipe diameters (cross-sections from 0.2 to 2.0 m)
are the result of a mismatch with current climatic
and structural realities. Some sections of the sew-
erage system do not have documented inlet eleva-
tions, manhole bottoms or data on their location
in relation to the terrain, which significantly hin-
ders effective hydraulic analysis. The literature
points out that such documentation gaps in drain-
age systems constitute a significant limitation in
the implementation of integrated rainwater man-
agement strategies [58, 59].

An additional problem is the lack of adequate-
ly developed retention infrastructure. Although
the construction of retention reservoirs was
planned in municipal strategies, their implemen-
tation encountered procedural and financial dif-
ficulties. Some investments were cancelled due to
a lack of contractors or exceeding cost estimates.
As a result, Bialystok still has an insufficient sys-
tem of distributed urban retention — including in-
filtration reservoirs, rain gardens and green roofs
— which was identified as a weakness of the city
in the Development Strategy until 2030 [17].

According to the approach presented in the
literature [8, 9, 16, 60], effective urban flood
prevention requires the implementation of GBI,
which is an alternative to costly and inflexible
sewerage expansion. Integrating this approach
with spatial planning allows rainwater to be re-
tained close to where it falls, increasing infiltra-
tion and reducing the risk of hydraulic overload.
In the case of Bialystok, intensive urbanisation
combined with limited retention capacity of the
area and inadequate drainage infrastructure di-
rectly translates into an increased likelihood of
flash floods.
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Urban heat island (UHI)

The urban heat island (UHI) phenomenon has
been observed in cities. Research conducted by
Berg et al. [61] suggest that UHI has an impact on
the increase in the frequency and amount of pre-
cipitation as a result of the accumulation of higher
temperatures in urban areas compared to subur-
ban areas by several to a dozen degrees Celsius.
This leads to the intensification of convective pro-
cesses in the air and vertically structured clouds,
which are mainly characterised by heavy rainfall.
In addition, according to Ward [62], warmer air
has a higher water capacity, which in turn leads to
increased precipitation, as confirmed by analyses
of precipitation and atmospheric temperature in
Bialystok [63]. Sauter et al. [64] report that the
intensity of the UHI depends mainly on the de-
gree of surface sealing, building density and the
economic character of the city. Studies conducted
in Bialystok showed a clear occurrence of an ur-
ban heat island, which reached its maximum in
the evening and was highest in spring in the annu-
al perspective. The highest measured difference
between the city centre and the outskirts was 8.2
°C [60,61,62,63,65]. According to the Institute of
Meteorology and Water Management — Nation-
al Research Institute, the average temperature in
Poland in 2024 was 10.9 °C, which was 2.2 °C
higher than the long-term average for 1991-2020,
making it an extremely warm year. For compari-
son, in 2023, the average annual temperature was
9.3 °C. In Bialystok, in January, August, Septem-
ber and December 2024, average temperatures
were classified as extremely warm, exceeding
0.95 quantiles from the long-term average. From
March to July and in December, the thermal clas-
sification was determined to be abnormally warm
in the range of 0.90-0.95 quantile [36].

The phenomenon of rapid growth of imper-
meable surfaces, combined with a lack of propor-
tional development of urban greenery and open
spaces, has a direct impact on the local water bal-
ance and increases the risk of flash floods [66].
This problem is particularly evident in densely
built-up areas of the city, which do not have an
effective retention system and whose sewage in-
frastructure often operates at the limits of its ca-
pacity. Richards et al. [67] note that in view of
these challenges, it is necessary to strategically
transform the urban spatial structure, taking into
account local hydrological conditions and the
retention potential of individual areas. Shirao

recommends [65] that an important element of
this approach should be to strengthen the role of
tall and low greenery, restore the infiltration ca-
pacity of biologically active areas, and implement
nature-based solutions such as infiltration basins,
rain gardens, green roofs and infiltration systems.
These measures, integrated with spatial planning
policy and supported by local climate and hydro-
logical data, can effectively reduce the negative
effects of urbanisation and increase the city’s re-
silience to changing climatic conditions.

In summary, the urban drainage system in Bi-
alystok is currently under severe pressure due to
intensified development, climate change and lim-
ited possibilities for technical expansion of the
sewage network. Although measures are being
taken to modernise infrastructure and implement
nature-based solutions, the effectiveness of these
measures will depend on their scale, consistency
of implementation and integration with spatial
planning. The preservation and development of the
urban greenery system is also of key importance,
as it plays a significant role in stormwater manage-
ment and increasing the city’s resilience to extreme
events, in addition to its recreational function.

Social and organisational factors

On top of environmental and infrastructure
challenges, social and organisational factors play
a big role in shaping flood risk in cities, affecting
both how well emergency response systems work
and how aware and ready local communities are.
In the case of Bialystok, the increasing threat of
flash floods and flooding reveals a number of
shortcomings in risk management and social re-
silience to hydrological hazards. One of the most
important risk factors is the insufficient level of
education and public awareness of flood hazards.
In many settlements located in river valleys, espe-
cially in urban areas with a high degree of sealing,
residents are unaware of potential flood scenarios,
which limits their ability to respond appropriately
in emergency situations (Fu et al., 2025). There is
also a lack of sufficient dissemination of informa-
tion on local evacuation plans, emergency points
and rules of conduct in the event of flooding of
critical infrastructure [68].

From an organisational point of view, the
fragmentation of institutional responsibility for
water management and natural hazards is a sig-
nificant barrier to effective risk management [68].
Competences in this area are scattered among
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various local government units, central institu-
tions (such as the State Water Holding — Polish
Waters) and private entities responsible for tech-
nical infrastructure. As indicated in the literature,
the lack of a coordinated flood risk management
system can lead to organisational gaps and delays
in taking preventive measures, especially in the
case of sudden floods [69]. Another problem is
the insufficient consideration of flood risk in plan-
ning documents and localisation decisions. As
shown in the analysed cases, decisions on devel-
opment were often made without sufficient con-
sideration of local hydrological conditions, such
as proximity to watercourses, terrain slope or
susceptibility to rainwater stagnation. The lack of
an integrated planning policy combining urbani-
sation objectives with climate adaptation exacer-
bates the city’s vulnerability to extreme weather
events [68,69]. In social terms, increasing sub-
urbanisation and development pressure are also
significant, leading to the rapid transformation of
peripheral areas into new housing estates, often
without full hydrotechnical protection. In such
cases, sewage and drainage infrastructure is built
late or is inadequate for the scale and intensity
of development, which increases the risk of local
flooding already at the stage of operation of new
investments [8, 9].

Research conducted in other European cities
shows that soft factors are key to reducing flood
risk, such as the involvement of local communi-
ties in spatial management, participation in deci-
sion-making processes, and local civic initiatives
for the development of green-blue infrastructure
[68, 69]. In Biatystok, activities of this type are
still incidental in nature and are mainly limited to
projects implemented as part of the participatory
budget or occasional information campaigns.

Recommended adaptations in light of
research findings

The analysis of urban flood risk in Bialystok
presented in this paper showed a clear link be-
tween increasing rainfall intensity, an increase in
sealed surfaces and the limited retention capac-
ity of the urban area. Geographical and climatic
conditions — including varied terrain, the pres-
ence of heavily transformed river valleys and the
concentration of rainfall in short time intervals
— combined with urbanisation pressure and in-
sufficient development of drainage infrastructure,
lead to an increased flood risk. In this context, it
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is necessary to develop and implement multidi-
mensional adaptation strategies that integrate en-
gineering, nature-based and planning solutions.
The key direction of action should be the promo-
tion and development of green-blue urban infra-
structure. Dispersed forms of retention, such as
rain gardens, infiltration basins and green roofs,
are an effective way of mitigating surface runoff
during heavy rainfall in highly urbanised areas.
This is confirmed by numerous studies conduct-
ed in cities with similar hydrological conditions,
which have shown that the implementation of ele-
ments with high absorption potential significantly
reduces the frequency of flash floods and reduces
the load on sewage systems [70, 71].

The revitalisation of urban river valleys — in
particular the Biala River — should include not
only hydrotechnical measures, but also the res-
toration of natural forms of retention, including
floodplains, wetlands and riverside vegetation.
The current investment pressure, leading to the
development of formerly green spaces, exacer-
bates the problem of urban retention and con-
tributes to the concentration of losses in critical
areas. Particularly worrying is the intensive use
of areas adjacent to rivers for residential and
service investments, which increases the vul-
nerability of these areas to the effects of heavy
rainfall and sudden floods. An equally important
element of adaptation should be the inclusion of
flood risk issues in spatial planning. It is neces-
sary to fully integrate current flood hazard maps
and rainfall flow models into the city’s planning
documents. Restricting development in low-lying
areas, in areas directly adjacent to watercourses,
and revising existing location decisions in light of
projected climate change are priority actions. The
experience of other European cities shows that
adaptation to extreme weather events requires the
parallel implementation of planning and invest-
ment instruments based on cooperation between
different sectors [7-9, 15, 24].

The rainwater drainage system in Bialystok
requires comprehensive modernisation. Previous
studies commissioned by the local officials [30]
showed that a significant part of the sewage sys-
tem operates at full capacity, which contributes
to flooding, backflow and local flooding. Given
the city’s limited financial resources, it seems
reasonable to implement intermediate solutions,
such as buffer tanks, absorption ditches and the
separation of combined sewer systems. However,
the optimisation of the drainage system must take
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into account not only hydraulic conditions, but
also climate change and long-term urbanisation
trends [17]. The social and organisational aspects
cannot be overlooked either. As Derkzen et al.
[72] point out, environmental education can in-
crease support for effective adaptation measures.
Insufficient awareness among residents about the
causes and effects of urban flooding limits the
effectiveness of preventive measures. Therefore,
it is important to conduct systematic education
and develop local risk management plans that
take into account social participation and the di-
verse needs of residents. These measures should
be complemented by the development of early
warning systems and the digitisation of hydro-
logical data, enabling real-time monitoring of
hazards [9-11, 17].

Based on the findings above, it’s recommend-
ed to develop an adaptation strategy for the city
of Bialystok that combines meteorological data,
hydrological models, and local knowledge into a
coherent risk management system. Its effective-
ness will depend on data availability, institutional
involvement, and consistent consideration of cli-
mate conditions in spatial and investment policies.
A shift from a reactive to a proactive approach is
now a necessity if the goal is to ensure the city’s
resilience to future flood threats and maintain a
high quality of life for its residents [9, 11, 38].

CONCLUSIONS

The main factors increasing the risk of ur-
ban flooding in Bialystok are (i) heavy rainfalls,
which increase the overload of the main rainwa-
ter receiver in the form of the Biala River, (ii)
buildings in the river valley and (iii) an increase
in impermeable surfaces. Studies of precipitation
and air temperature conducted between 1993 and
2023 showed an upward trend in the changes oc-
curring. The urban heat island effect exacerbates
the weather phenomena. A relatively strong corre-
lation of 0.67 was observed between the increase
in average annual air temperatures and the total
annual rainfall above 20 mm. Annual rainfall to-
tals above 20 mm show an average increase in the
share of total annual rainfall of 5% per decade,
with a stable frequency of rainfall events.

In order to protect the city of Bialystok from
the threat of flooding, it is essential to monitor the
extent of predicted changes in the local climate
to ensure long-term safety, while limiting the

amount of work and costs involved in modernis-
ing the infrastructure in a short period of time,
as financial issues are a frequent obstacle to the
introduction of new technologies.

The urban drainage system in Bialystok is
currently under severe pressure due to intensi-
fied development, climate change and limited
possibilities for technical expansion of the sew-
age network. Although measures are being taken
to modernise the infrastructure and implement
nature-based solutions, the effectiveness of these
measures will depend on their scale, the consis-
tency of their implementation and their integra-
tion with spatial planning.

Synergistic rise in temperature and changes
in the seasonal distribution of precipitation is ob-
served because of climate change, an increase in
the frequency and intensity of extreme precipi-
tation. It is currently one of the key sources of
pressure on the urban hydrological system. In
the absence of appropriate adaptation measures,
such as the implementation of distributed reten-
tion systems or spatial planning that takes into ac-
count infiltration zones, the risk of flooding will
steadily increase.

Transformed watercourses, limited natural
retention, overloaded sewage systems and loss of
infiltration areas are one of the fundamental com-
ponents of flood risk. Their impact is particularly
evident in the context of increasingly frequent ex-
treme rainfall events, which destabilise the water
balance and increase pressure on the city’s tech-
nical infrastructure. Green-blue infrastructure is a
solution that should be regularly implemented in
urban architecture. It is necessary to strategically
transform the urban spatial structure, taking into
account local hydrological conditions, retention
possibilities and the need to implement nature-
based systemic solutions. Efforts should be made
to strengthen the functions of high and low green
areas, revitalise existing biologically active spaces,
and actively implement distributed retention sys-
tems such as rain gardens, infiltration basins and
green roofs. These measures should be integrated
into spatial planning policy and linked to climate
and hydrological data in order to effectively coun-
teract the effects of urbanisation and ensure the
city’s resilience to intensifying climate phenomena.

In order to adapt and protect against urban
flooding, it is necessary to develop a comprehen-
sive system of education, information and public
participation, supported by modern digital tools
such as warning applications, real-time hazard
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maps and the integration of meteorological data
with the urban crisis management system. At the
same time, better integration of spatial, environ-
mental and crisis policies at the city level is need-
ed to effectively counteract the effects of flooding
and increase the city’s resilience to changing cli-
matic conditions.
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