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ABSTRACT

This study presents a computational tool for designing and evaluating stormwater management devices in small
urban catchments. The tool is highly versatile, supporting the testing of diverse hydrological models tailored to
local conditions. It is particularly useful for designing retention tanks, sizing infiltration trench, and modernizing
stormwater drainage systems. Using rainfall data from 32 cities across Poland, the study highlights the influence
of regional rainfall patterns on the capacity of infiltration trenches. The highest soil capacity was observed dur-
ing 15-minute convective rainfall events, with a maximum of 86 m* in Nowy Sacz and a minimum of 37 m? in
Zakopane, influenced by the unique topographical conditions of mountainous areas. These findings underscore
the need for a localized approach to stormwater system design, considering terrain and rainfall intensity. The tool
facilitates sustainable stormwater management strategies, improving flood prevention and urban resilience amid

dynamic climate change.
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INTRODUCTION

Amid progressing climate change and rapid
urbanization, managing stormwater in cities has
become an increasingly significant challenge. In-
tensifying rainfall, more frequent flooding, and
hydrological changes driven by rising tempera-
tures are compromising the performance of urban
water infrastructure (Gill et al., 2007; Denault et
al., 2006; Taguchi et al., 2020). Urbanization ex-
acerbates these issues by increasing impervious
surfaces, such as roads and buildings, which ac-
celerate stormwater runoff and reduce retention
capacity (Chen et al., 2021; Miller et al., 2014).
These phenomena underscore the urgent need to
modernize urban catchments to adapt to evolving
climatic conditions and the pressures of urban
growth (Szelag et al., 2022a; Musz-Pomorska
and Widomski, 2022). The “sponge cities” con-
cept, pioneered in China, offers a modern and sus-
tainable approach to urban water management.
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This approach envisions cities functioning like
sponges, storing rainwater and releasing it gradu-
ally (Jiang et al., 2018; Song, 2022). The goal is to
mitigate flood risks while enhancing water avail-
ability during drought periods (Wang et al., 2018;
Ursino, 2015). A key component of this model
is the integration of green-blue infrastructure
with urban hydrological systems. This includes
solutions such as green roofs, parks, infiltration
trenches, and retention tanks, which can reduce
flood risks by 30-50% compared to traditional
sewer systems (Chan et al., 2018; Zhang et al.,
2019; Czerpak and Widomski, 2024).

Practical examples from Chinese cities like
Shenzhen and Chongqing demonstrate that these
solutions improve local water retention and posi-
tively impact water resource management (Jiang
etal., 2018). Nature-Based Solutions (NBS) in ur-
ban environments are gaining prominence. These
solutions — retention tanks, infiltration trenches,
rain gardens, and green roofs — not only enhance


https://orcid.org/0000-0002-3462-3877

Journal of Ecological Engineering 2025, 26(6) 410-423

water retention but also improve urban environ-
mental quality. For example, infiltration trenches
and other natural infiltration systems enable water
to seep into the soil, reducing rapid surface runoff
and stabilizing the local water balance (Kabisch
et al., 2017). Similarly, rain gardens act as natu-
ral filters, capturing pollutants before they enter
sewer systems, thereby significantly improving
urban water quality (Hatt et al., 2004).

In addition to mitigating flood risks, green-
blue infrastructure improves urban microclimates,
counteracting the urban heat island effect (Shariat
et al., 2019). Notable examples of successful ad-
aptation include Rotterdam, where a stormwater
management system retains up to 10 million m?
of water annually, reducing runoff by 25% by
Boogaard et al. (2024). In Melbourne, the “Urban
Forest Strategy” expanded green space by 40%,
reducing daytime urban temperatures by 1 °C to
3.8 °C through an increase in green roof cover-
age from 30% to 90%, effectively mitigating the
urban heat island effect (Imran et al., 2018; City
of Melbourne, 2012).

Modern tools for modelling catchments
and retention systems, such as the Storm Water
Management Model (SWMM), Model for Ur-
ban Stormwater Improvement Conceptualization
(MUSIC), Modular Online Simulation Engine
(MOUSE), and MIKE URBAN (a software suite
developed by DHI for integrated urban water
modelling, with “MIKE” referring to the Danish
Hydraulics Institute), enable more effective plan-
ning and design of NBS by Hansen et al. (2014).
SWMM, a widely utilized tool, provides detailed
hydrological and hydraulic analyses of sewer
systems, aiding in the evaluation of implemented
solutions (Wu et al., 2020; Farina et al., 2023).
MUSIC, particularly popular in Australia, simu-
lates critical processes such as infiltration and
sedimentation, essential for NBS. MIKE URBAN
offers a comprehensive approach to urban hydrol-
ogy modelling by integrating various stormwater
management systems, though its technical com-
plexity and high costs limit broader adoption (US
EPA, 2015). Also diverse new approaches, algo-
rithms and numerical methods are described as
possible to apply in modelling of integrated urban
water management system (Lazuka et al., 2022).

Despite these advanced tools, guidelines for
designing and implementing NBS often remain
incomplete and are not adapted to local climatic
and infrastructural conditions, especially in Cen-
tral and Eastern Europe (Kabisch et al., 2017).

These gaps contribute to inadequate stormwater
management, as evidenced by the 2021 floods in
Western and Central Europe, which caused sig-
nificant material losses (European Environment
Agency, 2015).

Studies from Italy and the USA highlight the
importance of modern stormwater management
strategies in the context of climate change. For
example, Milan’s “Milan Green Plan” increased
the number of green roofs and rain gardens, im-
proving water retention and mitigating the urban
heat island effect. Research (Marchioni et al.,
2018; Procaccini and Monticelli, 2021; Salerno
et al., 2021; Sanesi et al., 2016) shows that such
solutions significantly reduce surface stormwater
runoff and enhance urban water quality.

In the United States, cities like New Orleans
and Houston, vulnerable to intense rainfall and
hurricanes, have implemented extensive reten-
tion systems. Following Hurricane Katrina in
2005, New Orleans invested in advanced infil-
tration trenches and retention tanks. Regulations
under Low Impact Development (LID) required
developers to incorporate solutions such as
green roofs and permeable surfaces, greatly im-
proving stormwater management (Davis et al.,
2012; Maimone et al., 2011).

Stormwater management remains a critical
challenge in Poland and globally amidst rapid
climate change and urbanization. In Poland, out-
dated sewer infrastructure and insufficient reten-
tion capacity emphasize the urgent need for mod-
ernization (Szelag at al. 2022b). Adopting inno-
vative models like China’s “sponge cities” could
significantly improve water retention and urban
resilience to extreme weather events, including
floods and droughts (Song et al., 2022; Xing et
al., 2019). NBS offer a modern approach by in-
tegrating hydrological functions with urban plan-
ning, thereby enhancing cities’ adaptive capacity.

This article introduces a proprietary compu-
tational application for designing, assessing, and
modernizing selected NBS structures, such as
detention basins, infiltration basins, infiltration
trenches, and rain gardens. The developed tool
integrates with existing computational software,
which often provides limited support for NBS
solutions, offering a distinct advantage. The ap-
plication was used to evaluate the impact of re-
gional rainfall conditions across Poland on the
retention capacity of infiltration trenches. The di-
verse hydrological conditions in different regions
underscore the need for a tailored approach to
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stormwater system design to improve efficiency
and resilience against extreme weather events.
This tool contributes to the development of mod-
ern stormwater management strategies, strength-
ening urban ecosystems’ resilience to climate
change. Its application is vital for promoting sus-
tainable development and ensuring hydrological
safety in Poland and beyond.

METHODS AND DATA

Rainfall data and regional convection rainfall
models

Rainfall data were collected from 32 meteo-
rological stations located in various Polish cities
(meteorological stations belonging to the IMGW-
PIB network). Poland’s climate (Central Europe),
classified as temperate warm, exhibits a transi-
tional nature between the marine characteristics
of Western Europe and the continental character-
istics of Eastern Europe. This results in the influx
of air masses with varying thermal and humidity
properties, leading to considerable variability in
rainfall limit (Niedzwiedz et al., 2009; Szelag et
al., 2022b). The average annual rainfall in Poland
(1981-2010) is approximately 600 mm, ranging
from 520 mm in the central regions to nearly 700
mm along the Baltic coast and over 1000 mm in
the mountains. The heaviest rainfall occurs from

May to August, with July experiencing the high-
est frequency of rainfall.

The selection of rainfall stations ensured even
spatial distribution across Poland, representing
diverse physiogeographical conditions such as
mountains, foothills, uplands, lowlands, lakes,
and the coastal zone (Fig. 1).

When modelling rainfall in small urban catch-
ments, it is essential to consider short-duration,
high-intensity rainfall events, primarily associ-
ated with atmospheric convection (Kupczyk and
Suligowski, 1997; Lupikasza, 2016). These events
typically have a limited spatial extent (up to 10
km?) and high intensity. In Poland, such rainfall
events generally last up to 90 minutes (coefficient
values of a, <2.8-107 and a, > 0.31 — more infor-
mation in S1 Table). On the basis of the literature
data reported by Szelag et al. (2022b), convective
rainfall events during the summer half-year (May
— October) from 1961 to 2005 were identified us-
ing traditional pluviograph records. A four-hour
gap between rainfall events was used as the de-
fining interval (Kupczyk and Suligowski, 2000;
DWA-A 118E, 20006).

The highest frequency of convective events
was recorded in mountainous regions and along
the Baltic coast, though their average intensity
was relatively low (< 0.6 mm). Over 65% of
these events lasted up to 30 minutes, with fre-
quency decreasing as duration increased. To ac-
curately reflect the temporal variability of rainfall

.Gorzéw WIkp.

Gniezno
Poz.nan o

JZielona Gora

GERMANY

CZECHIA

75 0 75 150 km
L 1 1 1 |

g Bt 23 4I5S 6

Torun
o

RUSSIA

LITHUANIA

UKRAINE

SLOVAKIA

Figure 1. Location of rain gauges against the background of the main physical-geographical regions of Poland (1 —
Baltic coastal lowlands, 2 — lakelands, 3 — central lowlands, 4 — uplands, 5 — sub-mountain basins, 6 — mountains)
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events, S-minute intervals were applied, ensur-
ing that the dataset captured several episodes per
year over the multi-year analysis period. For all
measurement points, the 45 highest rainfall event
values were selected using the peak-over-thresh-
old method, regardless of the year of occurrence
(Malihout et al., 2013).

For each rainfall station, the relationship
between the rainfall depth (P) and its duration
(t,) was determined. This relationship was de-
rived using a second-degree polynomial func-
tion to calculate the probability of stormwater
flooding for the characteristics of the assumed
urban catchment, based on the regional con-
vection rainfall models determined, as de-
scribed in Equation 1:

Pmax(tr) =4a- t% +a; -t +ag (1)

This approach has been previously validated
in hydrological studies (Kupczyk and Suligowski,
1997; Szelag et al., 2022b).The empirical coeffi-
cients a, a,, and a, and are provided in S1 Table.
The analysis revealed that average rainfall depth
for convective events increases with duration,
peaking at approximately 60 minutes.

Regions with the greatest increases in average
rainfall depth include central Poland (e.g., Jarc-
zew, Leszno, L.odz, Warsaw), the lake districts
(e.g., Gniezno, Poznan, Suwatki), and southeast-
ern areas (e.g., Nowy Sacz, Rzeszow). Local to-
pography and dynamic meteorological conditions
significantly influence this distribution (Szelag
et al.,, 2022¢; Kaczmarek, 2019). Conversely,
the most stable rainfall patterns with the low-
est maximum intensity were observed in Kielce,
Czestochowa, Wielun, Elblag, and Kotobrzeg.
Urban heat island effects and aerosols in lowland
agglomerations (e.g., Biatystok, Poznan, 1.6dz)
reduce rainfall intensity, as does the evaporation
effect from the sea surface in coastal cities like
Szczecin and Gdansk.

In the applied hydrological method, unit hy-
drographs were employed. Rainfall data were
input as pulses characterized by durations (min-
utes), depths (mm), and intensities (mm/min).
Various scenarios for convective rainfall dura-
tions ranging from 15 to 60 minutes were ap-
plied in the analysis. Rainfall events lasting up
to 60 minutes with depths exceeding 0.2 mm ex-
hibited high variability. During the studied sum-
mer period, between 1615 and 2532 such events
were recorded, averaging 36—56 events per year
(Szelag et al., 2022b).

Tool to modelling of NBS (Calculator_NBS)

The developed application enables forecast-
ing of surface runoff using the kinematic wave
model (Chow et al., 1998; Singh, 1996) and its
transformation through various NBS structures
(Raymond et al., 2017), such as retention tanks,
infiltration basins, rain gardens, and infiltration
trenches (EPA, 2015). This approach facilitates
the design, evaluation, and modernization of NBS
solutions under urban catchment conditions and in
the context of climate change. Given the limited
availability of data on land use and topography,
the application allows for the incorporation of
custom inflow hydrograph shapes for NBS struc-
tures (European Commission, 2015). The sizing
of these structures is based on identifying limiting
factors such as maximum runoff and water depth
in the soil, ensuring accurate capacity design. The
developed tool (Calculator NBS) was used to pre-
dict the dimensions of infiltration trenches for 32
rainfall stations in Poland for convective rainfall.

The application’s sizing algorithm for green
infrastructure objects is implemented in C++
programming language using the Qt Creator in-
tegrated development environment (IDE). High-
resolution simulation capabilities enhance the
numerical stability of the solution algorithm and
minimize simulation errors.

Balance equation for green infrastructure objects
(Calculator_NBS)

The balance equation has been widely applied
in hydrological studies to assess the efficiency of
green infrastructure in managing stormwater, as
emphasized in the works of the European Com-
mission (2015) and Beven et al. (2012). Bhaskar
et al. (2016) discussed the use of the balance for
green infrastructure objects in calculations, which
formed the basis for analyzing water flow in
stormwater sewage systems. The balance Equa-
tion 2 for green infrastructure objects can be ex-
pressed as follows:

dV = Qours(Ddt = Qoue(O)dt = )
—Quny ()t — ET(t)dt

where: the input data include: QO (7) — inflow
of water to the green infrastructure ob-
ject at time 7, (m’/s), O (t) — runoff from
the substrate at time ¢, including the flow
to the ground, with overflow occurring
if the allowable hydraulic capacity is ex-
ceeded, (m'/s), O, f(t) — volume of water
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flowing to the ground per unit time ¢,
(m?/s), ET(f) — evapotranspiration from
the surface layer, (m¥/s).

The computational diagram of the in-
filtration system, as outlined by Piazza and
Ursino (2022) and Btazejewski at al. (2018),
is illustrated in Figure (Fig. 2), providing a
clear visualization of water flow dynamics
within the system. The presented diagram (Fig.
2) illustrates a system consisting of an impervi-
ous sub-catchment (runoff surface) that converts
rainfall into runoff, and a permeable infiltration
trench (surface B-L) where infiltration occurs.

The initial form of Equation 2 for the soil,
presented as Equation 3:

Qinf:ch(BXL+h(B+L)) (3)

where: O ,— stormwater infiltration flux into the
soil, varying over time t, (m?/s), f, — in-
filtration rate, (mm/hr), B — width of the
infiltration trench, (m), L — length of the
infiltration trench, (m), # — water depth in
the soil, (m).

To develop the surface runoff model O .=
f(t), the kinematic wave equation (Akan, 1993)
was used, defined as Equation 4:

LN
( N
N -l"'f/\-/

2 AN, A
N\

SiL

e g
B

~ SURFACE
RUNOFF AREA

IR I T 7y
OO 320

ATTAL
)

Figure 2. Schematic representation of the infiltration
system

414

99 . 9y _ ;i _ 4

~t o =i—f “4)

where: Z—Z — flow gradient in the spatial direc-
tion, g—if change in water depth over

time, i — rate of rainfall, (expressed in
mm/hr), f— rate of losses from rainfall.

Taking into account the relationship R, = y,
where y is the thickness of the water layer (m),
Equation 4 allows for modelling phenomena re-
lated to stormwater runoff over a flat surface. In
a practical context, the solution of the equation
allows for considering the impact of rainfall in-
tensity and the actual infiltration rate on surface
runoff processes.

According to Darcy-Weisbach’s Equation 5
and 6, the friction slope S.is calculated using the
following equation:

_ fa'Vv?
S = e nn ®)
for:
c
fa=% (6)

where: Sf, S, —friction slop,(-), R, —hydraulic radi-
us, (m), f, — friction factor, (-), ' —average
flow velocity, (m/s), C — laminar flow re-
sistance factor, (-), Re — Reynolds number,
(-), v — kinematic viscosity of the water,
(m?/s).

The computational methodology for surface
runoff is detailed in Supplementary Information
— S1 Section.

At the same time, the application calculates
rainwater outflow from the soil through drainage
pipes, as described by Equation 7:

e-B-L % = Qouts(t) = Qout(t) (7)

where: ¢ — porosity coefficient, (-), B — width of
the infiltration trench, (m), L — length of the
infiltration trench, (m), dh/dt — change in
water depth in the soil over time, O —in-
flow rate of stormwater to the trench, vari-
able over time ¢, (m’/s), O — runoff rate of
sewer system, variable over time ¢, (m%/s).

For the saturation zone, the runoff through the
drainage pipe is described by the following rela-
tionships (8) and (9):

Qout =
2

Z_(L}%E-DI()-F\/(L}}V-:-/.DK) t4-N-H (8)
2N
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for:
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where: H —thickness of the water table in the soil,
(m), & — thickness of the soil above the
top of the pipe, (m), D — inner diameter of
the pipe, (m), L — length of the infiltration
trench, (m), K — hydraulic conductivity
of soil, (m/s), B — width of the infiltration
trench, (m), A, cross-sectional area of
the pipe, (m?), € e~ porosity of the soil,
(-), C, — coefficient of local resistances,
(-), g — gravitational acceleration, (m/s?),
A — linear resistance coefficient, (-), calcu-
lated using the formula (10):

1

(~2109(:25))’ (10)

where: k — roughness of the conduit, (m), D — in-
ner diameter of the pipe, (m).

The runoff through the drainage pipe, assum-
ing no saturation of the soil (11):

Qout =

(())](()) (b

2N

One of the alternatives for runoff from the
catchment area is the triangular hydrograph,
which is described in detail in S2 Section.

Rainfall data for designing an infiltration trench

The analysis aimed to identify the represen-
tative rainfall duration that maximized the reten-
tion capacity of infiltration trenches, as outlined
by Akan and Houghtalen (2003). Rainfall events
with durations ranging from 7, = 15 to 240 min-
utes were analyzed at 5-minute intervals, with
rainfall depth calculated using the relationship
described in Equation 1.

Input data for the calculations of the
infiltration trench, catchment and runoff

The study evaluated the impact of rainfall
data on the design and dimensions of infiltration
trenches. Specifically, it sought to determine the
optimal duration of convective rainfall events for
achieving maximum retention capacity. Rainfall

depths were calculated for durations ranging from
15 to 240 minutes, using 5-minute increments,
based on the relationship outlined in Equation 1.
The following input data were used in the appli-
cation, as shown in Table 1.

Calculation assumptions (representative
rainfall duration time)

The computational algorithm used in this
study for the design of NBS objects includes the
following forecasts: Surface runoff: calculations
were performed based on empirical coefficients
a, a, and a,(S1 Table).

Capacity of the infiltration trench: a simula-
tion of the infiltration trench was carried out based
on the input parameters, such as trench length B
= 3.0 m and trench width L =20 — 400 m. Runoff
was also simulated considering the input data pre-
sented in Table 1 for runoff.

RESULTS

Rainfall duration and infiltration trench capacity

The relationship between rainfall duration
and infiltration capacity is shown in Figure 3,
which highlights the dynamics of the infiltration
process across different locations.

The analysis covered infiltration trench di-
mensions in 32 selected cities across Poland, fo-
cusing on how rainfall duration influences reten-
tion capacity. The study found significant similar-
ities in infiltration capacities across various me-
soregions. The highest infiltration capacity was
recorded during a 15-minute convective rainfall
event in Nowy Sacz (86 m?). As rainfall duration
increased, infiltration capacity decreased, reach-
ing as low as 2 m? for a 130-minute rainfall event.

In mesoregion 6, Nowy Sacz displayed the
highest infiltration capacity (86 m?), while Zako-
pane, also in mesoregion 6, recorded the lowest
value (37 m?). The highest infiltration capacity in
Nowy Sacz corresponded with the highest storm-
water flooding sensitivity index (p,), as reported by
Szelag et al. (2022b). Conversely, Elblag showed
the lowest sensitivity index (p, = 0.20). Further-
more, the study observed that mountainous areas
like Nowy Sacz, which have a high infiltration
capacity and sensitivity index, are more prone
to flooding during intense rainfall events. For
small urban catchments with an imperviousness
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Table 1. Assumed input data used for the infiltration trench, catchment, and runoff (Akan and Houghtalen, 2003)

Name | Index Unit | Value
Infiltration trench
Rainfall duration t, min 15-240 (step 5 min)
Porosity coefficient € - 0.44
Infiltration rate fc m/s 0.001
Width m 3
Length L m 20-400 (step 1 m)
Catchment
Width of flow path m 10
Length of flow path L m 20
Manning’s roughness coefficient n mR-s 0.0015
Hydraulic gradient So - 0.001
Runoff

Maximum water depth in the soil h m 1.5
Diameter of drainage pipes D m 0.15
Hydraulic conductivity of soil K m/s 0.15
Cross-sectional area of the pipe oo m? 0.01766
Porosity of the soil o - 0.3
Coefficient of local resistances CcL - 1
Roughness of the conduit k m 0.001

coefficient (Imp) of 0.36, these factors underline
the necessity of integrating flood risk manage-
ment and land-use planning to mitigate flooding
and support sustainable development.

In mesoregion 3, the infiltration capacities
exhibited notable uniformity. During a 15-min-
ute rainfall event, the average infiltration capacity
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Figure 3. Effect of rainfall duration on the infiltration capacity
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ranged from 44.6 m? (5th percentile) to 52.8 m?
(90th percentile). When the rainfall duration in-
creased to 30 and 60 minutes, the infiltration ca-
pacities declined to 34 m® and 20 m?, respectively.

The relationship between rainfall duration and
infiltration trench capacity underscores the need
for improved stormwater monitoring and adap-
tive management, particularly in regions with
lower retention capacity. The findings from Pol-
ish studies indicate that prolonged rainfall dura-
tions significantly diminish soil infiltration capac-
ity. For instance, in mesoregion 1, the infiltration
capacity for a 60-minute rainfall event is reduced
to 20 m* — less than half of the capacity observed
for a shorter, 15-minute event. These results high-
light the challenges cities may face in managing
stormwater during extended rainfall events, ne-
cessitating tailored strategies to optimize urban
drainage systems and prevent flooding.

The variations in infiltration trench capaci-
ties across cities and mesoregions are presented
in Figure 4, demonstrating the spatial diversity in
stormwater retention performance.

The analysis of infiltration trench capacity (V)
in selected Polish cities revealed significant dif-
ferences across various mesoregions. These find-
ings are crucial for evaluating retention potential
and optimizing water infrastructure planning at
the national scale. Mesoregion 1 (Baltic Lake-
land): Cities such as Szczecin (54 m?), Gdansk
(51 m?), and Elblag (44 m®) exhibited lower in-
filtration capacities compared to other regions.
Mesoregion 2: This region showed higher values,

with cities like Gniezno (51 m?), Gorzoéw Wielko-
polski (56 m?), and Ptock (59 m?). Zielona Gora
(67 m?) and Suwaltki (65 m?) recorded the high-
est capacities within this region. Mesoregion 3
(Central and Eastern Poland): Higher capacities
were observed, with Jarczew and Chelm Lubel-
ski reaching 78 m?®. Other cities, such as Legnica
(68 m?) and Opole (66 m?), also demonstrated
favorable retention capabilities, while Wielun re-
corded the lowest value at 40 m?. Central cities
like Czgstochowa (50 m®) and Kielce (46 m®) had
relatively low capacities. Mesoregion 6 (Moun-
tainous Terrain): The highest values in Poland
were recorded here, with Nowy Sacz achieving
86 m* and Rzeszow 74 m*. However, Zakopane
had the lowest capacity in the country at 37 m?,
highlighting the region’s variability due to its
topographic conditions.

Rainfall intensity and its impact on infiltration
capacity of soil in small urban catchment in
Poland

Rainfall intensity analysis identified five
intensity levels, highlighting areas with both
heavy and moderate rainfall. The results are pre-
sented in Figure 5.

The highest recorded rainfall intensities, ex-
ceeding 50 mm/min, were observed in four cities:
Chetm Lubelski (53.8 mm/min), Jarczew (53.7
mm/min), Rzeszow (51.3 mm/min), and Nowy
Sacz (59.3 mm/min, the highest value, located in
mesoregion 6). Rainfall intensities in the range
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Figure 4. Maximum infiltration trench capacity V (m?) for individual cities
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Figure 5. Representative rainfall intensity

of 4650 mm/min were recorded in three cities:
Legnica, Opole, and Zielona Gora. Seven cities:
Biatystok, Ostroteka, Suwalki, Terespol, Torun,
Warsaw, and Wroctaw; fell within the 42-46
mm/min range. Five cities: Gorzow Wielkopol-
ski, Leszno, £6dz, Plock, and Poznan; reported
values in the 38 — 42 mm/min range. The largest
group comprised 13 cities with rainfall intensi-
ties below 38 mm/min, including Czgstochowa,
Elblag, Gdansk, Gniezno, Jelenia Gora, Kielce,
Kotobrzeg, Legbork, Szczecin, Szczecinek,
Wielun, Wista, and Zakopane, where the lowest
value of 26.3 mm/min was recorded. A compara-
tive analysis with Szelag et al. (2022b) reveals a
clear association between cities experiencing the
highest rainfall intensities and areas identified
as having a high vulnerability index for runoff
in small catchments. Cities such as Nowy Sacz,
Chelm Lubelski, Jarczew, and Rzeszoéw, which
recorded the highest rainfall intensities, also dem-
onstrated the highest sensitivity index values (p_ >
0.5) in Szelag’s study. This indicates that regions
prone to intense, short-duration rainfall events
are particularly susceptible to frequent and ex-
tensive flooding. These findings underscore the
importance of incorporating local hydrological
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variability into flood risk management and fore-
casting frameworks. The impact of localized rain-
fall conditions is further confirmed by De Mar-
tino et al. (2010) in their study of the Campania
region (Italy), which illustrates that regression
models based on local rainfall data can effective-
ly predict sewage system loads and water quality
during heavy rainfall events. Similarly, De Paola
et al. (2012) examined the relationships between
rainfall characteristics, the geographical locations
of the studied stations, and the unit capacities of
the tanks analyzed in the same country. In Poland,
cities such as Nowy Sacz and Rzeszoéw, where
stormwater drainage systems are especially vul-
nerable to overloading, could benefit from adopt-
ing similar approaches to enhance stormwater
management efficiency. Furthermore, an analysis
was conducted on the performance of an infiltra-
tion trench with a maximum length of 3.0 m. The
results are presented in Figure 6.

Analyzing the infiltration trench capacity for
a maximum length of 3.0 meters, the results align
with the spatial distribution presented in Figure 6.
The highest infiltration capacities, exceeding 70
m?3, were observed in Nowy Sgcz (86 m?*), Chetm
Lubelski (78 m?), Jarczew (78 m?), and Rzeszoéw
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Figure 6. Infiltration trench capacity

(74 m?). These four cities, situated in mesoregions
6 and 3, exhibit the greatest retention capacities.

Infiltration capacities within the range of 61—
70 m?* were recorded in six cities: Legnica, Zielo-
na Gora, Opole, Suwalki, Terespol, and Warsaw,
as well as Biatystok and Ostrotgka. These cities
are primarily located in central Poland, within
mesoregions 3 and 2.

The largest group, comprising 13 cities, dis-
played infiltration capacities between 50 and 60 m®.
These cities include Leszno, Torun, Plock, Gorzow
Wielkopolski, £.0dz, Poznan, Szczecin, Gdansk,
Gniezno, Jelenia Gora, Czestochowa, Szczecin,
and Wista. Conversely, cities with infiltration ca-
pacities below 50 m?® included Kotobrzeg, Lebork,
Kielce, Elblag, Wielun, and Zakopane, with Zako-
pane recording the lowest value of 37 m®.

In terms of mesoregional characteristics,
distinct variations in rainfall and infiltration ca-
pacities are evident. Mesoregions 1 and 4 are
associated with the lowest rainfall intensities
(below 38 mm/min) and moderate soil capac-
ities (44-54 m*® and 46-50 m?, respectively),
promoting hydrological stability. Mesoregion 2
experiences moderately higher rainfall (35.5—
46.5 mm/min) and larger soil capacities (50—
67 m?), supporting improved water retention.

Mesoregion 3 exhibits high variability in rain-
fall (28.4 — 53.8 mm/min) and soil capacity
(40-78 m?). Mesoregion 6, which experiences
the highest rainfall intensities (35-59.3 mm/
min), also demonstrates the greatest soil capac-
ity (50-86 m?).

These findings corroborate the results of
Szelag et al. (2022b), which emphasized that
physical and geographical conditions, along
with localized rainfall patterns, significantly
influence the maximum permissible imperme-
ability limit. This limit defines the threshold
rainfall intensity, exceeding which triggers
the occurrence of wastewater discharge in the
catchment, depending on the area’s imperme-
ability. Exceeding this threshold often results
in stormwater system overflows within small
urban catchments. A comparison of infiltration
trench capacities across Poland reveals nota-
ble differences and significant correlations
between mesoregions. The greatest variabili-
ty is observed in Mesoregion 1 (Baltic coast),
characterized by low retention capacity but
an imperviousness value (Impgr: 0.51 — 0.56),
as described by Szelag at al. (2022b). Limit-
ed water retention in this region, coupled with
intense surface runoff driven by urbanization
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and impermeable soils, exacerbates the chal-
lenges of water absorption. Consequently, the
design and implementation of efficient storm-
water management systems, such as retention
tanks, infiltration trenches, and irrigation sys-
tems (NSN), are crucial in this area.

Implications of the use of green infrastructure
in urban catchments

An integrated approach to stormwater man-
agement that combines GI with traditional storm-
water systems and retention tanks represents a
modern and effective strategy for mitigating sur-
face runoff and improving the operational effi-
ciency of stormwater systems. Jing et al. (2024)
and Szelag et al. (2024) have substantiated that
the synergistic application of both natural and
engineered systems can substantially diminish
flood risk and contribute to the enhancement of
surface water quality.

Within the context of urban catchments, GI
assumes a pivotal role in stormwater manage-
ment, climate change adaptation, and water qual-
ity improvement. Research by Almaaitah (2024)
demonstrated that green roofs can retain up to
63% of rainfall, while retention farms can achieve
retention rates of 85-88%, which not only attenu-
ates surface runoff but also mitigates water levels
in retention tanks. Moreover, studies by Cavadini
et al. (2024) in Switzerland have confirmed that
bioretention infiltration zones can reduce the vol-
ume of stormwater overflows by as much as 52%
in scenarios involving a 46% increase in rainfall,
providing evidence that GI can effectively ad-
dress the challenges associated with intensified
rainfall events.

Hepcan and Canguzel (2024) evaluated GI
in the context of hydrometeorological risk re-
duction in Izmir, highlighting that optimizing GI
systems enhances water retention and fortifies
urban resilience. Matias Rodriguez et al. (2024)
demonstrated that green roofs and permeable
pavements can augment the resilience of com-
bined stormwater systems by 9-22%, effectively
reducing stormwater overflows. Furthermore,
the appropriate design of hydraulic structures
has been shown to reduce peak stormwater run-
off and curb soil erosion. Empirical evidence
confirms that GI enhances the hydrological bal-
ance, supports biodiversity, mitigates the urban
heat island effect, and reduces the burden on
sewer infrastructure.
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GI also exerts a positive influence on the qual-
ity of wastewater discharged into receiving water
bodies. Cavadini et al. (2024) confirmed that bio-
retention systems can substantially decrease the
concentration of pollutants, thereby improving
the quality of urban waters and supporting local
water resources.

Additionally, further research underscores the
political and urban planning dimensions of GI.
Sowby et al. (2024) emphasized the imperative
to implement climate-resilient standards in water
infrastructure, drawing on case studies from Co-
penhagen and Melbourne. Zhu et al. (2024) dem-
onstrated that effective GI policy necessitates the
integration of assessment metrics and environ-
mental regulatory frameworks.

CONCLUSIONS

The proposed application has proven effec-
tive in addressing critical engineering and scien-
tific challenges on a national scale, particularly
in the field of stormwater management within
small urban catchments. Its versatility allows
for the evaluation of equations under varied as-
sumptions and conditions, making it applicable
to the design of retention tanks, the dimensioning
of infiltration systems, and the modernization of
stormwater infrastructure.

The analysis of data from 32 cities reveals
significant disparities in rainfall intensity and the
retention capacities of infiltration systems. Con-
vective rainfall events are shown to maximize
system capacity, while prolonged rainfall gradu-
ally diminishes their effectiveness. Cities such as
Nowy Sacz, Chetm Lubelski, Jarczew, and Rz-
eszow exhibit high retention capacities, whereas
cities like Elblag, Wielun, and Zakopane record
the lowest values.

These findings emphasize the necessity of
adopting localized approaches to stormwater sys-
tem design, tailored to the unique geological and
climatological characteristics of different mesore-
gions. Such strategies are essential for improving
flood protection and ensuring sustainable water
resource management, especially in light of in-
creasing climate variability.

The developed tool and the insights gained
from this study represent a significant advance-
ment in enhancing urban resilience to extreme
weather events. This work contributes to the sus-
tainable development of urban ecosystems and
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the promotion of hydrological safety, both in Po-
land and globally.
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