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Why Should Surface Runoff Analysis Become a Permanent Part
of the Climate Change Adaptation Strategy for Medium-Sized

Cities?

Abstract

Climate fluctuations can result in long periods of drought interspersed
with short but rapid and intense rainfall events. This feasibility study in-
cludes verification of the planning documents for a medium-sized city of
Katrineholm (including historical and problematic sites) and Land-use-
land-cover modeling (LULC). Aim was to identify the best Nature-based
Solution (NBS) that could be incorporated into the local adaptation plan
for reducing surface runoff and improving retention. In SCALGO, the data
for modeling of surface runoff are based on topography, LULC and soil
data. Smart surface water management on a catchment level was per-
formed using ‘flash flood” method with disabled sewerage system for
Low-Impact Development (LID), Bio-density and Urban Greenery (UG).
Each of the models improves the situation. The most effective NBS was
UG within catchments of historic city center and industrial urban typolo-
gies (benefits between +43% and +225%), surpassing LID (+81 to +129%),
while Bio-density showed minor alterations (+9 to 21%). The change in
LULC affected up to 34% of residential, up to 62% of industrial and up to
48% for downtown. Research findings can be interpreted in terms of the
quantitative benefits of reduced surface runoff and in urban planning
(reaching for climate resiliency) and protection of historical parts.
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Graphical abstract

1 Introduction

Being a part of landscape and urban planning, na-
ture-based solutions (NBS) and blue-green infra-
structures (BGI) are comprehensive, most sus-
tainable and leading remedies for climate change
adaptation (Castellar et al., 2024; Suleiman, 2021;
Reinwald et al., 2024; Longato et al., 2024; Mickovski
etal., 2024; Aghaloo et al., 2024). The use of NBS has
a positive impact on both mitigation and adaptation
to counteract climate variability on a relatively low-
cost basis, beneficial both to human and natural re-
sources (Seddon et al., 2020; UN, 2015). BGl, being
interconnected natural, semi-natural systems (Wu
et al., 2024; Aghaloo et al., 2024) and constructed
ecosystems (Aghaloo et al., 2024), can, among oth-
er objectives, regulate surface runoff (Paggioli et al.,
2024; Staccione et al., 2024) or help reduce storm-
water runoff pollution (Cavadini et al., 2024). All this
considered, a synergy of rainwater management sys-
tems can be an effective way of mitigating droughts
and floods (Wu et al., 2024; Li et al., 2024; Staccione
et al., 2024; Aghaloo et al., 2024; Burns et al., 2012).
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Climate fluctuations, intensifying for the last 30
years, can result in long periods of drought inter-
spersed with short but rapid and intense rainfall
events (IPCC, 2019; IPCC, 2023; Muller et al., 2015).
Those changes affect cities, likewise, threatening
with cumulative surface water both ways: directly
(threat has arisen locally, and is a result of down-
pour within city borders), or indirectly (threat radi-
ates from neighboring areas). A promising solution
to tackle such risks is a systemic surface water man-
agement, considered at a catchment level (Iwanicki,
2007; Banasik et al., 2014; Sveriges Riksdag, 2018).
Spread across all continents and climate zones (Li et
al., 2024), various tedious water disruptions main-
ly affect urbanized and constantly developing areas
(Aghaloo et al., 2024) noted primarily for the risk of
financial burdens (Hallegatte et al., 2013), loss of
human health, or lives (Luo et al., 2024). Increasing
pressure of urbanization and concentrated develop-
ment are leading to urban sealing, resulting in accel-
erated surface runoff, reduction in green spaces, and
creation of rainwater accumulation areas (Jacobson,
2011). In addition to this, compounded irregularities
in water runoff can be triggered by a convergence of
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climatic fluctuations and land-cover-land-use mod-
ifications (Huq & Abdul-Aziz, 2021). Limited capac-
ity of drainage systems made of pipes and concrete
structures has proved insufficient to cope with se-
vere weather conditions (Soni et al., 2025; Assam-
uddin et al., 2025). This evolving situation highlights
a need for more sophisticated (smarter) water man-
agement in urban settings.

Land-use planning employs environmental engi-
neering measures to reduce climate change-related
risks. Numerous urban planning concepts promote a
variety of approaches, many of which may be based
on the same NBS tools. Green Infrastructure (Gl) is
being considered as a solution to minimize the risks
of excessive surface runoff and flooding (Liu et al.,
2014; Webber et al., 2019; Assamuddin et al., 2025).
However, single and centralized Gl intervention’s
capacity was proved limited regarding rainwater
capture and risks of flooding. An important aspect
highlighted by researchers is raising public aware-
ness of the potential to mitigate the effects of cli-
mate change through the implementation of GI. The
Garden city concept (GCC; Howard, 1898) was not
originally conceived as a solution to improve storm-
water management, including surface runoff; how-
ever, today we can also recognize this potential in
the urban developments created on the basis of this
approach. In contemporary planning solutions, GCC
is viewed by urban planners as elements of ecolog-
ical corridors and landscapes, providing ecosystem
services, serving as means of transport (e.g. canals)
and flood prevention measures (ZeXina et al., 2011).

Sustainable Urban Drainage System (SUDS, devel-
oped in UK, Fletcher et al., 2015) and LID (Low Impact
Development; origins in North America; Javan et al.,
2025; Sehrawat & Shekhar, 2025; Ahiablame & Shak-
ya, 2016; Soltaninia & Eskandaripour, 2026) are a
network of engineered “green” initiatives which can
appear as roof and rain gardens, porous pavements
(Tang et al., 2021) and underground water tanks/col-
lectors (Ruiz-Perez et al., 2022). Being a representa-
tive for both systems, permeable pavements show
the most effective outcomes in runoff reduction and
flood protection in long-term periods (e.g. 50-year
return period) and large-scale implementations (Es-
samlali et al., 2024). SUDS were also modeled using
the water footprint approach for green infrastruc-
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ture (Hoekstra et al., 2011) within the water life cy-
cle, whichis based on three components: blue, green
and grey infrastructure (Ruiz-Perez et al., 2022). The
data were grouped into input data comprising water
used for irrigation (input amount of water), greywa-
ter system (output amount of water) and water used
in biological processes (rain, evaporation and plant
transpiration). The study utilized the Curve Number
for permeable (infiltration) and impermeable areas
(drainage to the sewer system) to calculate water
volumes for an existing street renovation project in
Spain. Urban Green Infrastructures (UG or UGI) are
primarily used to promote wellbeing and reduce ur-
ban heat; their use for stormwater and flood man-
agement is very rarely described. Their preventive
application in minimizing flood risks and their im-
pacts is a relatively new but promising approach at
the catchment scale (Uribe et al., 2022). The Sponge
City (SPC) concept, developed in China in 2014 (Li et
al., 2016; Luo et al., 2024; Chaturvedi et al., 2025),
stems largely from earlier systems implemented in
China, namely LID, the Sustainable Urban Drainage
System (SUDS), Low Impact Urban Design and De-
velopment (LIUDD) and Water Sensitive Urban De-
sign (WSUD). Bio-density is a concept used at the
intersection of urban planning, landscape ecology
and spatial planning. It is a new theory, combining
the desire to design a compact city with the pres-
ervation of dense vegetation and biodiversity. One
of the key elements is the proportion of biological-
ly active areas, the spatial distribution of individual
green spaces and their connectivity. Biological den-
sity refers to the concentration of plant biomass (Yu
et al., 2024).

Surface runoff is the most widespread risk of climate
change which requires consideration as a feasibili-
ty study to any adaptation strategy within an entire
catchment area and at every administrative level.
The optimized algorithms can now be applied as
part of an initial, rapid simulation, even with limited
input data identifying areas within the urban fabric
where BGI could help to solve the problem of flood-
ing, even without the support of drainage systems
(Li et al., 2024). The priority should be given to ar-
eas where the type and quality of land cover deter-
mine the effectiveness and scale of Nature-Based
Solutions (NBS) in protecting cultural heritage, hu-
man lives, and urban infrastructure (Staccione et
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al., 2024; Wang et al., 2024). Neither references nor
studies in literature addressing this relationship have
been found. Research into application of sustainable
methods of NBS (Soni et al., 2025) in small and medi-
um-sized towns currently focuses on their incorpora-
tion into a spatial planning process: recognizing and
implementing their benefits (Giedych et al., 2026),
morphology of BGI elements within spatial settings
based on urban planning literature (Cieszewska et
al., 2024) or identifying barriers to their deployment
(Legutko-Kobus et al., 2025). With this in mind, re-
search into urban green spaces (BGI) in smaller
towns focuses primarily on the spatial context (di-
mensions in m?) relating more to the search for ways
to improve urban planning (future developments),
but without taking water management into account.

Hence, our research is aimed to identify practical
tools for assessing the scale and location of surface
runoff hazards in medium-sized cities and for man-
aging rainwater as a part of policy development,
pointing the way towards improving existing urban
structures. To assess the response of individual land-
use categories, a tool for analyzing flash floods can
be used, which enables the modeling of surface run-
off on a catchment-wide scale (Banasik et al., 2014;
Daigneault et al., 2016; Paggioli et al., 2024; Li et
al.,, 2024). The main parameters that influence the
volume of runoff can be identified as 1) intensity of
rainfall (amount and time), 2) size of the catchment,
3) Land use/Land cover (LULC), 4) urban typology
(with the level of imperviousness), 5) soil type (infil-
tration capabilities), 6) location in the basin, 7) effi-
ciency/capacity of the sewerage system, 8) topogra-
phy, and others (Banasik et al., 2014; Paggioli et al.,
2024; Li et al., 2024; Seddon et al., 2020; Daigneault
et al.,, 2016; Walsh et al., 2015; Burns et al., 2012;
Balstrgm, 2024; Mickovski et al., 2024; Naz et al.,
2015; Kumar et al., 2024; Scuito et al., 2025; Wu et
al., 2024).

In this article, we examine an extent to which NBS
can be incorporated in a medium-sized city, while
also evaluating the results of managing excessive
surface runoff through alterations in land-use. This
will make it possible to determine to what extent
NBS solutions can be incorporated into a climate
change adaptation strategy as a planning tool, a
topic that has not been thoroughly explored in the
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literature. Using a case study — a specific urban eco-
system and a local authority/city level (Morris et
al., 2018; Standish et al., 2014; Walsh et al., 2015;
Lebrun et al.,, 2026) — we propose a simple, novel
and systematic methodological approach. This fea-
sibility study for an adaptation action plan for me-
dium-sized cities, with limited access to input data,
is based on a two-stage research project and three
types of spatial-engineering approaches.

The research objectives of this study are to identify
the most effective NBS systems in terms of infiltra-
tion capacity, with a view to reducing surface run-
off. The research hypotheses are that 1) it is possible
to implement NBS within existing urban structures,
including those of high cultural (historical) value in
small and medium-sized town centers in a way that
would reduce surface runoff and improve infiltra-
tion capacity; 2) it is possible to develop problem-
atic spaces adjacent to historic city centers in a way
that would protect them from the negative effects
of excessive surface runoff; 3) the modeling on per-
meabilization of impervious surfaces in city centers/
built-up areas (even in small and medium-sized
towns) can yield tangible benefits in terms of reduc-
ing surface runoff and increasing infiltration.

2 Materials and methods

This research was divided into two stages where var-
ious examination methods were implemented (Fig.
1, Table 1.). This is an exercise that has a universal
application.

Phase 1 “Horizontal”/ Identification: planning doc-
ument analysis and search for problem areas re-
garding rainwater retention (accumulation sites,
retention potential of land cover types) in software
for early detection and simulation of surface runoff
effects (blue spots);

Phase 2.1 “Vertical”/ Modeling: application of
measurable and attainable NBS tools, which can in-
troduce qualitative and quantitative alterations into
public space on exemplary parts of a medium-sized
city: (1) low-impact development (LID) — unsealing,
understood as restoring permeability; (2) Bio-den-
sity (BD) — strengthening biodiversity through a use
of a multi-layered vegetation cover structure; high-
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quality, dense green spaces; (3) Urban greenery
(UG) — maximal synergies possible based on incor-
poration of diverse green spaces and dense vegeta-
tion (vegetation as a coherent, continuous and mul-
tifunctional natural structure integrated into urban
fabric). Measurements indicate the amount of water
infiltrated or drained and stored in depressions.

Phase 2.2: “Consensus”/ NBS elements specifi-
cation: indicating the most excellent effectiveness
of selected BGI tools in delaying surface runoff, in-
creasing retention and considering a contribution of
stormwater drainage in urban areas.

Being of a general nature, a case study for the city
of Katrineholm (central Sweden) serves to conduct
an investigation of the best practice solutions from
Low-impact development (LID), Bio-density (BD) and
Urban Greenery (UG) within a described scope. The
selection of the case study site was determined by
the topography of terrain and water absorption ca-
pacity of the soils in the selected areas and was dic-
tated by the availability of planning documents and
thematic maps.

Materials used for the first phase included a set of
planning documents from Katrineholm (Oversikplan,

Figure 1. Research methodology
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2014; Klimatstrategi for Katrineholms kommun, 2005;
Miljopolicy, 1999; Gronplan, 2018). This municipality
is a specific place with an existing Adaptation Plan to
Climate Change, which is a significant strategy that
can be seen as a pioneering one, since only few me-
dium-sized European cities have already developed
one (and are trying to implement it). Using a quali-
tative method, the content of those records was ver-
ified in terms of development’s spatial distribution,
scale of remediation, and methods of how excessive
surface runoff is being counteracted. In this regard,
meteorological data were derived from weather sta-
tions for Norrkdping for a period between 2001 and
2025 (Meteomanz, n.d.; Wunderground, n.d.), Ka-
trineholm (timespan of 2020-2024) (Wunderground,
n.d.). Additional data on annual averages for Sweden
(2021-2025; SMHI, 2025) served to identify possible
trends in precipitation in Norrkoping relative to the
rest of the country, in order to identify fluctuations,
which could indicate problems with an excess runoff
and possible trends of climate regime shifts (temper-
ature, precipitation). A descriptive method was used
to summarize the results from two neighboring cities
lying in the same regional catchment and for Swe-
den. A number of inhabitants and trends in the city’s
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Table 1. Materials and methods for a two-stage methodology. Own elaboration.

Page 6

Phase 1. Input data

Derived from...

Characteristics

Goal

Methods

Number of inhabit-
ants

Precipitation, temper-
ature

Land cover
Orthophoto map
Terrain model DEM
Topsoil map

A set of planning
documents as an ex-

isting climate change
adaptation strategy

Rain event

Statistic Sweden

Meteomanz.com, Wunder-
ground.com

SCALGO Live Sweden/ Lant-
madteriet.se
SCALGO Live Sweden/ Lant-
materiet.se

SCALGO Live Sweden/ Lant-
materiet.se

SCALGO Live Sweden/ Sveriges

Geologiska Undersokning GE.

Jordarter https://www.sgu.se/

Katrineholm.se

SCALGO Live Sweden/ Swedish
Meteorological and Hydrologi-

cal Institute (SMHI)

Own elaboration

Own elaboration

Resolution 25cm, Al
based

Resolution from 16cm
to 50cm
1x1m raster DEM

From 1:25 000-1:100
000 to 1:1 million

Own elaboration

50mm/60min

Identification of the size of
the locality (a medium-sized
town) and trends in change

Analysis of figures and trends

Identification of the current
situation, urban typology

Identification of the current
situation
Identification of the current
situation

Identification of the current
situation

Identification of the current
situation

Identification of the current
situation

Identification

Identification, statistics

Identification, calibration
Identification, calibration
Identification, calibration

Identification, calibration

Identification, validation

Identification, calibration

Phase 2. Modeling

Conducted in...

Characteristics

Goal

Methods

Land cover

SCALGO Live Sweden

Own settings/ elabo-
ration

Verification: (1) low-impact
development (LID) — unseal-
ing, understood as restoring

Modeling — changing param-
eters infiltrated or drained,
statistics

Rain event Dahlstrom, 1979; Dahlstrom,

2010; SCALGO Live Sweden

100mm/60min

permeability; (2) Bio-density
— multi-layered vegetation
cover structure; (3) Urban
greenery (UG)

Modeling,
calibration

growth were identified on the basis of population
figures for the municipality and commune of Katrine-
holm. An analysis of rainfall for the two months with
the lowest and highest average rainfall (April and
July) indicate an increased average of monthly rain-
fall compared to rainfall across the whole of Sweden
(SF1. in additional materials). As shown in Table 1,
SCALGO Live Sweden was helpful to obtain and cali-
brate essential, up-to-date georeferenced data (Bjork
et al.,, 2024; Larsen et al., 2021; Eggert et al., 2025;
Mantilla et al., 2025), such as orthophoto maps, digi-
tal elevation models and topsoil maps. This software
also provides an Al-based land cover layer which,
regardless of the zoom level, depicts an actual land
cover, expressed in square meters and percentage
of the catchment’s total. SCALGO’s classification for
Land cover layers is as follows: Building, Paved road,
Unpaved road, Other paved, Dense vegetation, Shal-
low vegetation, Bare land, Water. Selected control
and modeling groups of watersheds within city core
consist altogether of 47.59% natural areas (see also
Table 2).

Using SCALGO Live Sweden, a ‘flash flood’ analysis
(SCALGO Live Sweden; Kotyra & Chabudzinski, 2023;
Bjork et al., 2024) was conducted designating catch-
ments of the city center as blue spots formed dur-
ing a single extreme rainfall event with an intensity
of 100 mm and duration of 60 min or 5-year return
period, according to the common dimensioning prac-
tice in Sweden (Dahlstrom, 1979; Dahlstrom, 2010;
SCALGO Live Sweden). Flash Flood Mapping is used
to analyze surface runoff during a specific rainfall
event for a selected location. The program generates
runoff lines for the catchment area and precipitation
accumulation using SCS-CN method/ Horton mecha-
nism. This analysis is directly linked to the elevation
model, land cover type and soil type (infiltration ca-
pacity). This software can also be used to construct
cross-sections of terrain (Roth et al., 2024), create a
novel functionality along with other tools for spatial
analyses of water management (Watega et al., 2024),
visualize the results of urban flood risk events and
flow accumulation within a watershed (Watega et al.,
2024; Borowska-Stefariska et al., 2024; Grzybowski
et al., 2023; Odgaard et al., 2017), and many more.
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Hence, locations of excessive water accumulation
and runoff directions within Katrineholm inner city
area and all 6 adjacent catchments were delineated.
Based on/within those watersheds, an urban typolo-
gy analysis was conducted to identify types of devel-
opment fields and urban densities with a proportion
of urban green spaces (e.g. industrial or residential
areas), as well as their spatial distribution. This phase
made it feasible to recognize challenging sites, inter-
pret collected data and identify possible, preliminary,
and remedial actions. The first stage of the stormwa-
ter management analysis of our case study consisted
of a preliminary spatial and urban planning evalua-
tion covering land-cover-land-use, as well as the size
and distribution of built-up and green areas. The ori-
gins of a variety of buildings and urban complexes can
be traced back to the founding plans as a garden city
in 1863 (historical area). Additionally, a zone of the
city center (historical area) was manually delineated.
Further investigation of the problematic areas helped
to identify the accumulation sites and surface runoff
directions.

Modeling of specific land cover groups is the second
phase of this research. In the course of the simula-
tion, we decided to disable the function of rainwa-
ter drainage via the sewerage system — an additional
feature that can be enabled or disabled in SCALGO
— in order to compare the “natural” effectiveness
of individual interventions. This allows us to assess
the initial impact of those solutions using an exam-
ple of a specific, laboratory-like ecosystem of a small
town. To investigate which alterations (qualitative
and/or quantitative) would give the best results in
terms of increased retention and delayed runoff, we
chose three systems of Nature-based solutions: LID
simulation is based on conversion within land cover
types from Other paved and Bare Land to Shallow
Vegetation (it imitates unsealing and restoration of
an infiltration capacity of previously impermeable
surfaces); Bio-density: change from Shallow Vegeta-
tion to Dense Vegetation. Urban Greenery transforms
Other paved, Bare Land and Shallow Vegetation into
Dense Vegetation — both qualitative and quantitative
change of land cover (and retention capacity) co-oc-
curred here. Furthermore, a topographic map/ter-
rain model (restricted access to data from Geotorget
Lantmateriet, n.d.) was used to investigate a land ab-
sorption potential for rainwater in local catchments
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of Katrineholm town center. The aim is to be able to
incorporate directly into urban planning system and
adaptation strategy tailored recommendations for
the city of interest/studied.

Non-parametric Friedman tests were applied to as-
sess different results across various scenarios, treat-
ing catchments as repeated units. A limitation of this
study is that it is a case study and does not involve a
random selection of the study area. The values ana-
lyzed are not field measurements subject to random
variation, but results generated by a deterministic
model. Consequently, this study should be regard-
ed as preliminary and for information purposes, and
should be combined with other analyses concerning
other examples of small and medium-sized towns or
urban areas to enable generalizations to be drawn. All
statistical analyses and graphical visualizations were
performed in R (version 4.5.2 (2025-10-31)) using the
RStudio environment and the ggplot2 package.

3 Results

3.1 Phase one —recognition of a current state

Based on statistical data (Statistics Sweden, 2022),
Katrineholm can be classified as a small-medi-
um-sized city (34,765 residents) with a significant
growth trend for Europe over a 20-year period, at a
rate of 7.2% for the urban area and 11.2% for the ad-
ministrative area. According to all IPCC climate sce-
narios for this region, vegetation season is length-
ening, and number of days with low soil moisture
increasing (Sverigesnatur, n.d.). The amount of wa-
ter runoff (annual mean) is expected to grow by +7%
by 2040 (Climate Information, 2024).

In addition to this, individual rain events have inten-
sified since 2012. Fluctuation and accumulation oc-
cur similarly for both cities, and 2023 was extreme
regarding the distribution of monthly rainfall totals.
In Katrineholm, totals spread between 3.80mm and
39.75mm for February and June while being sur-
passed by 111.04mm and 159.03mm in July and Au-
gust, respectively. Moreover, despite an overall de-
crease in annual precipitation indicating progressive
drought, rainfall is becoming more extreme, with
intense downpours following dry periods, which
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may contribute to an increase in surface runoff.
Meanwhile, the distribution of monthly tempera-
tures (lowest, average, and highest) remains stable
without significant fluctuations (SF2. in additional
materials).

An analysis of the provisions of the spatial develop-
ment plans was also carried out to determine wheth-
er local planning had taken the issue of stormwater
management into account. Analyzing four primary
planning documents of Katrineholm, such as Gener-
al Plan 2030 for the city and rural areas (Oversikplan,
2014), Climate strategy (Klimatstrategi for Katrine-
holms kommun, 2005), Environmental strategy (Mil-
jopolicy, 1999) and Greenery plan (Gronplan, 2018),
it can be stated that only the General and Greenery
Plans include, also when by and large, provisions for
adaptive measures within rainwater management.
General plan (from 2014) informs that (1) guidelines
for stormwater management in Katrineholm mu-
nicipality for rural areas were under development;
(2) stormwater management was to be introduced
at an early planning stage and treated as a resource
in urban planning; (3) delayed runoff of rainwater
or its local disposal was to be prioritized. Greenery
plan contains provisions that the emphasis in urban
planning was to be put on multifunctional greenery
that can (1) provide clean water, (2) delay stormwa-
ter and (3) (while superficial) support biodiversity,
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(4) reduce risk of flooding, or (5) avoid erosion dam-
age. The planning documents urged to assess the
possibilities of local stormwater management in the
EASTERN part of the city.

Using flash flood method, six interconnected catch-
ments with a total area of 4.09 km? were delineated
and classified into main land use types. Catchments
No. 1, 2, 4 occupy dense mixed use and dense res-
idential blocks with a low share of greenery parts,
catchments No. 3, 5 — areas with dominant indus-
trial usage, No. 6 — areas with dominant single and
multi-family houses with a significant share of green
spaces (Tab. 2 and Fig. 2.) This information was lack-
ing in planning documents from Katrineholm (Fig. 3).
Direction of surface runoff within a precinct follows
the east-western topography, threatening the histor-
ical parts of the city.

When analyzing catchments in terms of land cover
in the baseline condition (here: m0, with the sewer-
age system disabled; Tab.2), it should be emphasized
that within the scope a relatively small proportion of
areas with Shallow vegetation can be found. A high
percentage of sealed surfaces (over 72%) occurs in
catchments No. 1, 2, 3 and 4 —in central parts of the
inner city, the lowest in No. 6 (46.5%) and 5 (50.4%)
— in eastern parts (see also ST1. In additional mate-
rials).

Figure 2. Catchments within the city core of Katrineholm (in the background land use and flow accumulation layers). A zone of the
city center (historical area) of 1 km? was manually delineated. Own elaboration based on SCALGO Live Sweden.
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Figure 3. Local catchments (designated runoff areas 1-6) within the city center with historic core and indicated areas of retention
potential. According to Greenery plan the EASTERN part of the city should be reviewed for the possibilities of local stormwater
management. Own elaboration based on SCALGO Live Sweden.

Table 2. Summary table with an aerial distribution of each major land cover category for a baseline (m0) together with a
distribution of land cover types and main groups (positive extremes are in bold-italic, negative in bold). The smallest catchments
(No. 2 and 4) cover areas of 12.00 ha each, while the largest (No. 6) — 202 ha. Own elaboration based on SCALGO Live Sweden.

Land use/cover [category/ type] Catchments Area cumulative
Cat_1[ha] Cat_2[ha] Cat_3[ha] Cat_4[ha] Cat_5[ha] Cat_6 [ha] [ha] [%]

Mixed use

Industrial

Commercial

Dense residential

Low residential

Upstream area 31.00 12.00 39.00 12.00 113.00 202.00 409.00 100
Artificial Cumulative 24.00 9.34 28.00 8.66 57.00 94.00 221.00 54.03
Natural Cumulative 6.24 2.54 11.00 3.37 56.00 108.00 187.15 45.76
Water Cumulative 0.00 0.00 0.00 0.00 0.27 0.00 0.27 0.07
Building 8.33 2.96 7.07 2.22 13.93 26.00 60.51 14.79
Paved road 4.79 1.75 3.97 1.70 8.03 26.00 3.24 10.57
Unpaved road 0.00 0.00 0.00 0.00 0.25 0.18 0.43 0.11
Other paved 11.64 4.63 17.00 4.75 34.00 45.00 117.02 28.61
Dense vegetation 3.86 1.53 5.13 2.25 20.87 85.00 123.83 30.28
Shallow vegetation 1.61 0.90 2.44 1.13 9.79 22.00 37.87 9.26
Bare land 0.70 0.03 2.94 0.01 26.06 1.62 31.26 7.67
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3.2 Phase two: modeling (low-impact
development, bio-density and urban
greenery)

Results of the first part of analyses confirmed the
formation of flow accumulation in the city’s eastern
part. Simulation of land cover, conducted in SCALGO
Live Sweden with disabled option for the outflow
into sewerage system, gave the results for Low-Im-
pact Development (m1), Bio-density (m2) and Urban
Greenery (m3). Each modeling focused on different
types of land cover (see SF3. and SF4. and Tab. 3-4)
of a fixed set of six hydrologically connected catch-
ments. No inferential statistical tests were applied to
compare catchments themselves.

An overall proportion of greenery has changed con-
siderably. In LID modeling, the number of impervious
spaces decreased the most in catchment No. 3 and 5
(industrial areas), the least in No. 6 (residential area
with semi-detached houses). Bio-density modeling
involving an introduction of multi-story vegetation
(up to Dense vegetation) did not translate into fluc-
tuations in principal land cover categories balance
within catchments (focusing on enriching greenery
structure). A proportion of artificial to natural are-
as was maintained. The most significant percentual
increase in Dense vegetation type occurred in catch-
ment No. 6 (dominant low residential, a change of al-
most 11%) the least —in No. 1 (dominant mixed-use,
a change of 5%). In Urban Greenery, the most sig-
nificant increase in Dense vegetation type occurred
in catchment No. 5 (dominant industry, a change of
almost 62%) and No. 3 (dominant industry, a change
of over 57%), the least in No. 6 (dominant low resi-
dential; 34%). A proportion between natural and ar-
tificial areas has also changed remarkably. The most
significant percentual increase in green spaces has
occurred in catchment No. 3 (dominant industry;
45%), the least in No. 6 (dominant low residential;
22%).

SCALGO allows also for the determination of the
amount of water accumulated in depressions (topo-
graphic characteristics) and the absorption capacity
of soils (infiltrated or drained) (SF5. in supplemen-
tary materials). As shown in Tab. 3 and 4, scenario
m3 resulted in the largest reduction in depression
storage (DEP_m3) and the highest increase in infil-
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trated/drained water (INF_m3) at the system level.
For catchments 2 and 3 we obtained results show-
ing increases in infiltration of up to 203% and 225%
respectively. This occurred in areas with a very high
proportion of artificial areas, which were replaced
in the modeling by land cover consisting of dense
vegetation. The quantitative change of LID (36% of
overall area) involved a shift from artificial areas
(Bare Land and Other Paved) to Shallow vegetation,
amounting to 95% and 129% respectively, and the
m2 simulation (Bio-density, 9% of overall area), the
change involved a shift from Shallow vegetation to
Dense vegetation, amounting to a maximum of 21%
and 13% accordingly.

The consistency of results across catchments indi-
cates that the conclusions are not sensitive to the
choice of aggregation method. The consistency anal-
ysis was used to assess whether each scenario pro-
duced improvements in the same direction across
catchments, defined as a reduction in depression
storage (p = 0.006) and an increase in infiltrated/
drained water (p = 0.002) relative to the baseline.
The scatter plot (SF6.) revealed a clear differentiation
between scenarios in terms of their joint, described
above, effects. Scenario m3 consistently occupied
the upper-left region of the plot, indicating simulta-
neous reductions in depression storage and increas-
es in infiltrated/drained water across all catchments.
This pattern suggests a robust and synergistic effect
without observable trade-offs between the two in-
dicators. In contrast, scenario m1 showed moder-
ate improvements with greater variability among
catchments, while scenario m2 exhibited only minor
changes, with values clustered near zero. The results
of Friedman’s test suggest that differences between
scenarios are systematic rather than random. How-
ever, given the small number of catchments and the
deterministic nature of the modeling framework,
the statistical analysis was interpreted as supportive
evidence only.

As expected, each of the models improves the situ-
ation and is statistically significant. It is possible to
quantify the impact of specific measures utilizing
NBS on runoff volume, depending on the location
and characteristics of the urban area. Pairwise, post-
hoc comparisons did not reveal statistically signifi-
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cant differences between individual scenarios after
adjustment for multiple testing. Overall, scenario
m3 consistently outperformed the other scenarios
across all analytical levels, including individual catch-
ments, system-level aggregation, and joint indicator

response.
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Table 3. Baseline and scenario-specific values of depression storage and infiltrated/drained water without the usage of sewerage
system through the catchments and modeling. Own elaboration based on SCALGO Live Sweden.

Catchment Base m0 [m?3] ml[m?] m2 [m3] m3 [m?]

DEP_base INF_base DEP_m1 INF_m1 DEP_m2 INF_m2 DEP_m3 INF_m3
1 30053 4135 23335 7 502 29993 4620 16 117 9 866
2 8272 1413 8272 2750 8272 1716 7371 4283
3 26 314 6130 24 827 14 020 26314 6942 7 044 19912
4 12 381 1852 9291 3351 11756 2175 6 637 5140
5 45298 27 539 45 450 39 660 45 433 29935 41 623 54 347
6 122 075 80 000 103 631 96 339 113799 86 990 80670 114 451
total 244 393 121 069 214 806 163 622 235567 132 378 159 463 207 998
A total [m?] -29 587 42 553 -8 826 11 309 -84 930 86 929
A total [%] -12.1 35.1 -3.6 9.3 -34.8 71.8

Table 4. Changes in depression storage and infiltrated/drained water relative to baseline conditions in each scenario and
catchment. Rates are presented in numerical and percentage terms. The nature of catchments determined by a degree of
urbanization: 1,2,4 — inner city, historical; 6 — suburban; 3,5 —industrial. Own elaboration based on SCALGO Live Sweden.

Catchment Area modeled/ SCENARIO ADEP [m?] ADEP [%] AINF [m?] AINF [%]
altered [%)]
1 39.81 m1/LID -6718 -22.4 3367 81.4
2 38.83 ml 0 0.0 1337 94.6
3 51.13 ml -1487 -5.7 7 890 128.7
4 39.66 ml -3090 -25.0 1499 80.9
5 53.15 ml 152 0.3 12121 44.0
6 23.08 ml -18 444 -15.1 16 339 20.4
Number of catchments with improvement 4 6
1 5.19 m2/BD -60 -0.2 485 11.7
2 7.50 m2 0 0.0 303 21.4
3 6.26 m2 0 0.0 812 13.2
4 9.42 m2 -625 -5.0 323 17.4
5 8.66 m2 135 0.3 2396 8.7
6 10.89 m2 -8 276 -6.8 6990 8.7
Number of catchments with improvement 3 6
1 45.00 m3/UG -13936 -46.4 5731 138.6
2 45.58 m3 -901 -10.9 2 870 203.1
3 57.39 m3 -19 270 -73.2 13782 224.8
4 48.08 m3 -5744 -46.4 3288 177.5
5 61.91 m3 -3675 -8.1 26 808 97.3
6 34.25 m3 -41 405 -33.9 34451 43.1
Number of catchments with improvement 6 6
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4 Discussion

Precipitation data from Katrineholm confirms that
changes in the city’s precipitation patterns are fore-
cast (IPCC, 2019; IPCC, 2023; Muller et al., 2015),
and periods of sudden and intense rainfall will al-
ternate with periods of drought. This will lead to an
increase in the negative effects of climate change in
terms of excessive surface runoff. This also indicates
that trends in the amount and temporal distribution
of precipitation are consistent with the trends de-
scribed for Northern Europe.

Blue-green Infrastructure is not being incorporated
into planning in small towns, and even when it is (as
in the strategy for Katrineholm), it does not fully ad-
dress the water issue. The results for the first part
of the research show that the problem of surface
runoff has not been addressed in any of the plan-
ning documents that make up the city’s existing ad-
aptation strategy. However, thanks to the collection
of their provisions concerning pro-environmental
and pro-climate elements, it was possible to out-
line a preliminary direction towards resiliency in
the scope mentioned and to perform simulations
to verify their effectiveness. At least two accumu-
lation sites adjacent to the conservation area have
been identified in the eastern part, which confirms
the prescriptions of the Greenery plan (Gronplan,
2018) to be validated. They also provoke the oppor-
tunity to retain the excess rainwater locally in order
to minimize potential damage, delay surface runoff
by infiltrating and storing more water in situ, and
protect the most valuable areas within the city core
from surface waters coming towards. In this way,
protection can also extend to sensitive areas, such
as historic sites (Staccione et al., 2024; Wang et al.,
2024). In this context, our study confirmed that the
application of NBS in historic areas of small and me-
dium-sized town centers in a way that would reduce
surface runoff and improve infiltration capacity can
be possible. Furthermore, the hypothesis that even
the permeabilization of impervious surfaces in the
immediate city center can yield tangible benefits in
terms of reducing surface runoff and increasing in-
filtration has been confirmed. Because the threat of
flooding radiates mainly from neighboring sites, NBS
can only counteract the excess surface runoff to a
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reasonable level in the study area, even if minimal
retention areas accompany the higher density found
in urban centers. It has also been validated that even
if changes to land cover in the immediate city center
prove limited for various reasons, changes to land
cover aimed at retaining water in adjacent areas
may be conceivable. Hence, the objectives of the
study have been achieved.

The results of our research confirm the hypothesis
that NBS can serve as an adaptation measure to cli-
mate change by increasing infiltration capacity and
thus reducing surface runoff (Paggioli et al., 2024;
Staccione et al., 2024). This also demonstrates that
climate-friendly measures to manage excessive
surface runoff can be proposed and implemented
through changes in land cover, also when considered
on a catchment level (Iwanicki, 2007; Banasik et al.,
2014; Sveriges Riksdag, 2018).

The results in land cover type transformations show-
case how a qualitative (m2, Bio-density), quanti-
tative (m1, LID) and qualitative-quantitative (m3,
Urban Greenery) transfiguration can influence the
distribution of sealed, pervious and green areas and
so shape the image of an urban space. Research into
stormwater management from a LID perspective
(the key element of interest to us in this method is
permeable pavements — PP) primarily concerns the
reduction of surface runoff. We were unable to find
any studies that provided results on changes in the
infiltration conditions of sites where PP have been
used. Nevertheless, a reduction in runoff volume
was observed in Javan et al. (2025), reaching 17%
(PP combined with rain barrels in Tehran, Iran); 18%
in the study by Soltaninia & Eskandaripour (2026),
also in Tehran; around 21% in the study in India (Seh-
rawat & Shekhar, 2025); and 3%-47% in the City of
Normal-Sugar Creek Watershed, Central lllinois (Ahi-
ablame & Shakya, 2016). A reduction up to 20% of
surface runoff can be characterized as a meaningful
improvement. In studies conducted in Switzerland
(Cavadini et al., 2024), in every scenario involving the
use of permeable pavements (using PP alone and in
combination with other types of LID solutions), the
implemented measure reduced runoff entering the
urban drainage system by approximately 20%. In the
research of Ruiz-Perez et al. (2022) the increase in in-
filtration for green spaces, combined with the use of
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SUDS measures, was 72%, reducing freshwater con-
sumption to 50%. Our aggregate result for all catch-
ments studied is a 35% increase in infiltration, which
can be seen as a substantial improvement, as well as
12% decrease in depression storage. The number of
catchment areas in which both values have changed
is 4 (out of 6).

Bio-density can enhance soil infiltration and reduce
surface runoff indirectly by increasing vegetation
cover, root density, organic matter inputs, and soil
structural stability. As a metric describing the den-
sity and spatial distribution of vegetation or green
infrastructure within an urban area, its effective-
ness depends on how the method is applied and the
characteristics it measures. In our study, Bio-density
involved a land cover simulation from Shallow Veg-
etation to Dense Vegetation, but without the intro-
duction of rain gardens, retention basins planted
with vegetation and shrubs, or other features. Nor
have any concurrent, long-term field studies been
carried out that would take into account the contri-
bution of evapotranspiration, improvements in soil
saturation, vegetation maturity and health, biodi-
versity and other factors. The change in land cover
concerned only 9% of the total study area, repre-
senting surfaces scattered and sprawled across the
catchments (Yu et al., 2024), also being surrounded
by compacted surfaces. Depression storage has de-
creased by 3.6% and infiltration increased by 9.3%.
We observed a change in both values in only 3 catch-
ment areas (out of 6).

The use of UG has been associated with the appli-
cation of green infrastructure to achieve a cooling
effect and to improve the thermal quality of urban
spaces and ecosystem services. The use of Urban
Greenery in the study by Uribe et al. (2022) in Cos-
ta Rica, in the context of reducing surface runoff,
proved most effective in urbanized and residential
areas along streets, with the proviso that permeable
pavements are identified as the representative for
this system/method, also as the best one. The ex-
tent to which urban greenery contributes to chang-
es in the water absorption capacity of urban areas,
particularly in relation to urban green spaces, is less
well recognized in the literature. Our results, show-
ing an increase in infiltration of almost 72%, indicate
highly favorable conditions and a strong hydrological
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effect, likely resulting from substantial changes in
soil properties through land cover.

In our view, our results showcase a research direc-
tion that would require a broader and more compre-
hensive investigation, including a greater number of
variants incorporating blue infrastructure elements
and for more interconnected areas.

Our land cover studies are strongly determined by
the classification of land cover types specified in the
SCALGO program (defined by a Curve number Cn and
soil capacity), which can be unique for the country
in which the research is conducted. Software offers
the advantage that other parameters closely linked
to the area’s water management (e.g. soil types, to-
pography, land use) are predefined through govern-
ment documents and satellite data anchored in the
program. Furthermore, it must be emphasized that
the effectiveness of measures depends heavily on
the existing situation regarding land cover and land
use — that is, the initial conditions — which calls for
the implementation of smarter stormwater manage-
ment systems at the planning level. Eventually, dif-
ferent remedial measures will be applicable in urban
centers and in suburban areas.

The research carried out is based on a single site and
the unique nature of the selected catchment types,
which constitutes a limitation of the study. It should
therefore be regarded as a test, pilot and illustrative
study for interdisciplinary research at the intersec-
tion of spatial planning, landscape architecture and
hydrology. The level of detail serves to provide a
preliminary assessment of the occurrence of prob-
lem areas and their scale, as well as to evaluate the
overall effectiveness of individual green-water plan-
ning systems. Our aim was to develop a preliminary
surface runoff assessment that could be incorporat-
ed at an early planning stage, used as a resource in
urban planning by policymakers, and serve as an in-
tegral part of climate change adaptation strategies
for smaller towns. It may also prove equally useful
in other suburban or inner-city areas of an industri-
al or residential nature, as well as in areas requiring
regeneration, remediation, denitrification, or sim-
ply better adaptation to adverse climate change to-
wards resiliency.
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The authors of this study found no relevant litera-
ture — neither concerning areas outside Europe, nor,
a fortiori, areas within the European Union or the
European continent — devoted to the application
of LID, UG and Bio-density in urban green spaces in
small and medium-sized towns, with the aim of in-
creasing infiltration whilst simultaneously reducing
surface runoff in the modeling of land cover chang-
es. The use of permeable pavements is highlighted
in the literature for LID and UG as a representative
solution and, at the same time, the best option for
each of the methods studied.

5 Conclusions

A locally adapted strategy based on the specific
characteristics of the city and region must be man-
datory. Hence, one of the leading solutions should
be to improve water retention as an affordable and
achievable NBS. The effectiveness of these remedies
should be tested regarding the amount of water re-
tained. Moreover, we argue that the implementa-
tion of leading NBS (here tested: Low Impact Devel-
opment, Bio-density, Urban Greenery) in landscape
and urban planning should correspond to the scale
of action (state administration level). It should be
noted that both the problem of excessive surface
runoff and the regional approach for possible pre-
ventive and remedial actions have not been noticed
and addressed in the strategy of the case study city,
Katrineholm.

Modeling 3 of Urban Greenery proved to be the
most effective in terms of infiltration improvement
in the research conducted. These studies can be
used to identify, at an initial stage, the scale and
nature of problems relating to water retention and
possible remedies. This is, of course, closely linked
to the quality and type of soil in the city and their
water retention capacity, as well as to the topogra-
phy. The preliminary results obtained in this way can
be expanded upon through further, more in-depth
research, and can be tentatively translated into ur-
ban planning solutions and blue-green infrastruc-
ture measures, which could be incorporated into
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subsequent stages of local spatial planning schemes
or urban development strategies in the form of
guidelines and recommendations. The issues and
problem areas identified in this way may also facil-
itate the work of designers and contribute to raising
public and design awareness.

An enrichment of climate change adaptation strate-
gies with guidelines for NBS in medium-sized urban
areas can also occur in a form of minimum percent-
ages of individual land cover types, where such im-
plementation is possible, not only for new develop-
ments. Guidance on a minimum use of particular
tools: unsealing the surface of sealed pavements or
car parks, enriching biodiversity and bio-density of
urban greenery by creating flower meadows or mul-
ti-story vegetation could contribute to enhancing
the absorptive capacity of urban areas, also in cen-
tral/urban foundation parts of cities, and reducing
the runoff.

By enhancing the absorption capacity of the soil, it
was possible to reduce the extent of the catchment
areas adjacent to the historic center, thereby poten-
tially protecting the historic part of the city center
from the adverse effects of possible excess surface
water runoff from neighboring districts. Such meas-
ures could contribute to a gradual increase in resil-
ience to flash floods caused by climate change.

The methodology used in the following study was
developed with smaller towns in mind equally af-
fected by the negative consequences of climate
change, which 1) do not have a climate change ad-
aptation strategy yet, or 2) they do not see the need
for one, and/or 3) they lack the financial resources
to develop one, or all three of these to some extent.
It may prove equally useful in other areas of larger
cities or their suburban, inner-city, industrial or resi-
dential districts, as well as in areas requiring various
urban-landscaping transformations, such as regen-
eration, reclamation, de-urbanization or simply bet-
ter adaptation to adverse climate change impacts.
Moreover, the topics in this area may serve as a re-
search context for further scientific analysis.

The first area for implementing the general guide-
lines is the planning sector, and it may be used for
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the strategic planning of (smaller) urban units. At
the same time, this research may point the way to
further work for specialists in many other fields,
enabling in-depth research tasks, and could be
replicated for a larger sample with similar or var-
ied topographical and hydrological conditions.

Acknowledgements and funding

The authors would like to thank Prof. Marina Bergen Jensen and
Dr Thomas Balstrgm from the Department of Geosciences and
Natural Resources, University of Copenhagen, for their support
and advice regarding GIS-based analysis and catchments’ scale.
The consultations and partial preparation of this manuscript
took place during Barbara Warzecha’s research placement in
this Department between December 2023 and February 2024.

The publication was financed by Warsaw University of Life
Sciences — SGGW.

Declaration of competing interest

The authors declare not to have any known competing finan-
cial interests or personal relationships that could have influ-
enced the work reported in this paper.

Data availability

The datasets generated and/or analyzed during the current
study are not publicly available due to the use of contract-lim-
ited data from Lantmateriet (Ref. no. LM2023/031735, (c) Lant-
materiet), but are available from the corresponding author on
reasonable request.

Author contributions: CRediT

Barbara Warzecha: Conceptualization, Formal analysis, Fund-
ing acquisition, Investigation, Methodology, Resources, Soft-
ware, Visualization, Writing — original draft, review and editing

Joanna Dudek-Klimiuk: Conceptualization, Funding acquisition,
Methodology, Writing — review and editing

References

Aghaloo, K., Sharifi, A., Habibzadeh, N., Ali, T., Chiu, Y-R. (2024).
How nature-based solutions can enhance urban resilience
to flooding and climate change and provide other co-ben-
efits: A systematic review and taxonomy. Urban Forestry
& Urban Greening, 95, 128320, https://doi.org/10.1016/].
ufug.2024.128320

Ahiablame, L., Shakya, R. (2016). Modeling flood reduction ef-
fects of low impact development at a watershed scale. Jour-
nal of Environmental Management, 171, 81-91, https://doi.
org/10.1016/j.jenvman.2016.01.036

Assamuddin, A. S., Batestil, M. E., Buhong, E. B., Cruz, J. P. E.
D., Desamero, P. M. D., Gagalang, J. L. A., Lapitan, A. C.,
Mamitag, K. R., & Pudan, J. C. (2025). Evaluating Green

Landscape Online 101 (2026) 1152 | Page 15

Infrastructure for Urban Flood Control: A Sustainable Ap-
proach to Environmental Protection in Barangay Lorega,
Cebu City. DIT.ADS Internationa, 1(3), pp: 19-35, https://
doi.org/10.63941/DIT.ADSimrj.2025.1.3.1.19

Balstrgm, T. Model bluespots to map flood risk. Retrieved Feb-
ruary 5, 2024, from https://learn.arcgis.com/en/projects/
model-bluespots-to-map-flood-risk/#explore-the-results

Banasik, K., Krajewski, A., Sikorska, A., Hejduk, L. (2014). Curve
number estimation for small urban catchment from record-
ed rainfall-runoff events. Archives of Environmental Protec-
tion, 40(3), pp.75-86, https://doi.org/10.2478/aep-2014-
0032

Bjork, J., McNamee, M., Wahlqvist, J., Larson, M. (2024). A
methodology for assessing multiple hazards applied to
Sweden. International Journal of Disaster Risk Reduction,
114, 104934, https://doi.org/10.1016/].ijdrr.2024.104934

Borowska-Stefariska, M., Bartnik, A., Dulebenets, M.A., Kow-
alski, M., Sahebgharani, A., Tomalski, P., Wisniewski, S.
(2024). Changes in intra-city transport accessibility accom-
panying the occurrence of an urban flood. Transportation
Research Part D, 126, 104040, https://doi.org/10.1016/].
trd.2023.104040

Browder, G. et al. (2019). World bank report, Retrieved May
10, 2024 from https://www.wri.org/publication/integrat-
ing-greengray

Burns, M.J., Fletcher, T.D., Walsh, CH.J., Ladson, A.R., Hatt,
B.E. (2012). Hydrologic shortcomings of conventional ur-
ban stormwater management and opportunities for re-
form. Landscape and Urban Planning, 105(3), pp:230-240,
https://doi.org/10.1016/j.landurbplan.2011.12.012

Castellar, J.A.C., Popartan, L.A., Pucher, B., Pineda-Martos, R.,
Hecht, K., Katsou, E., Nika, Ch.E., Junge, R., Langergraber, G.,
Atanasova, N., Comas, J., Monclus, H., Pueyo-Ros, J. (2024).
What does it take to renature cities? An expert-based
analysis of barriers and strategies for the implementa-
tion of nature-based solutions, Journal of Environmental
Management, 354, 120385, https://doi.org/10.1016/j.jen-
vman.2024.120385

Cavadini, G.B., Rodriguez, M., Cook, L.M. (2024). Con-
necting blue-green infrastructure elements to reduce
combined sewer overflows. Journal of Environmental
Management, 365, 121465, https://doi.org/10.1016/j.jen-
vman.2024.121465

Chaturvedi, S., Karunarathna, R.M.D.M., Sanyour, A., Palihena,
J.Ch.S., Singh, N., Xu, J. (2025). Chapter 16 - Water footprint
in sponge cities: how sustainable are they? Water Foot-
prints Achieving Sustainable Development Goals, P. 243-
262 https://doi.org/10.1016/B978-0-443-30054-7.00018-5

Cieszewska, A., Adamczyk, J., Giedych, R., Szulczewska, B.
(2024). Urban Green Infrastructure Models in Small and
Medium-sized Urban Municipalities in Poland, Teka Komis-
ji Urbanistyki i Architektury Oddziatu Polskiej Akademii
Nauk w Krakowie, LII/1, pp: 303-325, Polsh Academy of

Landscape Online — supported by the International Association for Landscape Ecology and its community


https://doi.org/10.1016/j.ufug.2024.128320
https://doi.org/10.1016/j.ufug.2024.128320
https://doi.org/10.1016/j.jenvman.2016.01.036
https://doi.org/10.1016/j.jenvman.2016.01.036
https://doi.org/10.63941/DIT.ADSimrj.2025.1.3.1.19
https://doi.org/10.63941/DIT.ADSimrj.2025.1.3.1.19
https://learn.arcgis.com/en/projects/model-bluespots-to-map-flood-risk/#explore-the-results
https://learn.arcgis.com/en/projects/model-bluespots-to-map-flood-risk/#explore-the-results
https://doi.org/10.2478/aep-2014-0032
https://doi.org/10.2478/aep-2014-0032
https://doi.org/10.1016/j.ijdrr.2024.104934
https://doi.org/10.1016/j.trd.2023.104040
https://doi.org/10.1016/j.trd.2023.104040
https://www.wri.org/publication/integrating-greengray
https://www.wri.org/publication/integrating-greengray
https://doi.org/10.1016/j.landurbplan.2011.12.012
https://doi.org/10.1016/j.jenvman.2024.120385
https://doi.org/10.1016/j.jenvman.2024.120385
https://doi.org/10.1016/j.jenvman.2024.121465
https://doi.org/10.1016/j.jenvman.2024.121465
http://J.Ch
https://doi.org/10.1016/B978-0-443-30054-7.00018-5

Warzecha et al.

Sciences, Branch in Krakdéw (Polska Akademia Nauk Oddziat
w Krakowie), DOI: 10.24425/tkuia.2024.152196

Climate Information, Site-specific report. (2024). Retrieved
July 14, 2024, from https://ssr.climateinformation.org/ss-
r?lat=59&Ing=16.2&scenario=rcp45&period=p2

Dahlstrom, B. (1979), Regional Foérdelning av Nederbérdsin-
tensitet — en Klimatologisk Analys (Regional Distribution of
Precipitation Intensity — A Climatological Analysis). Report
R18:1979, BRF, Stockholm, Sweden.

Dahlstrom, B. (2010), Regnintensitet — en Molnfysikalisk Be-
traktelse (Rainfall Intensity — A Cloud Physical View). Report
2010- 05, Svenskt Vatten Utveckling, Svenskt Vatten AB,
Stockholm, Sweden.

Daigneault A, Brown P, Gawith D. (2016). Dredging versus hedg-
ing: comparing hard infrastructure to ecosystem-based ad-
aptation to flooding. Ecol. Econ., 122, 25-35. d0i:10.1016/].
ecolecon.2015.11.023

Eggert, A.L., Arnbjerg-Nielsen, K., Loewe, R. (2025). Evalu-
ating the feasibility of coastal protection scenarios on a
city scale across plausible pathways scenarios for both
sea level rise and urban development. Ocean and Coastal
Management, 261, 107507, https://doi.org/10.1016/j.oce-
coaman.2024.107507

Essamlali, I., Nhaila, H., El Khaili, M. (2024). A new architec-
ture of Low Impact Development (LID)-based stormwater
management system through Internet of Things (loT) and
Machine Learning integration. Case Studies in Chemical
and Environmental Engineering, 10, 100942, https://doi.
org/10.1016/j.cscee.2024.100942

Fletcher, T.D., Shuster, W., Hunt, W.F., Ashley, R., Butler, D., Ar-
thur, S., Trowsdale, S., Barraud, S., Semadeni-Davies, A.,
Bertrand-Krajewski, J.-L., Mikkelsen, P.S., Rivard, G., Uhl, M.,
Dagenais, D., Viklander, M. (2015). SUDS, LID, BMPs, WSUD
and more — the evolution and application of terminology
surrounding urban drainage. Urban Water J., 12, 525-542.
https://doi.org/10.1080/1573062X.2014.916314.

Geotorget Lantmateriet. (n.d.). Retrieved January 29, 2024
from https://www.lantmateriet.se/

Giedych, R., Szulczewska, B., Legutko-Kobus, P., Wdjcik-Gront,
E., Adamczyk-Jabtoniska, J., Cieszewska, A. (2026). Green
infrastructure benefits — medium and small-sized cities
perspective derived from their programming and planning
documents, Cities, 170, 106725, https://doi.org/10.1016/].
cities.2025.106725

Grzybowski, M., Furgata-Selezniow, G., Koszatka, J., Kalinows-
ka, J., Jankun-Woznicka, M. (2023). Correlation between
catchment land use/cover and macrophyte assessment of
lake ecological status. Ecological Indicators, 146, 109857,
https://doi.org/10.1016/j.ecolind.2022.109857

Landscape Online 101 (2026) 1152 | Page 16

Hallegatte, S., Green, C., Nicholls, R. J., & Corfee-Morlot, J.
(2013). Future flood losses in major coastal cities. Nature
Clim Change, 3, 802-806. https://doi.org/10.1038/ncli-
matel979

Hoekstra, A. Y., Chapagain, A. K., Aldaya, M. M., & Mekonnen,
M. M. (2011). The Water Footprint Assessment Manual:
Setting the Global Standard. Earthscan, London, https://
doi.org/10.4324/9781849775526

Howard, E. (1898). The Garden City of Tomorrow

Hug, E., Abdul-Aziz, Ol. (2021). Climate and land cover change
impacts on stormwater runoff in large-scale coastal-ur-
ban environments, Science of The Total Environment, 778,
146017, https://doi.org/10.1016/j.scitotenv.2021.146017

IPCC. (2019). Climate Change and Land: an IPCC special report
on climate change, desertification, land degradation, sus-
tainable land management, food security, and greenhouse
gas fluxes in terrestrial ecosystems [P.R. Shukla, J. Skea, E.
Calvo Buendia, V. Masson-Delmotte, H.-O. Pértner, D. C.
Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M.
Ferrat, E. Haughey, S. Luz, S. Neogi, M. Pathak, J. Petzold, J.
Portugal Pereira, P. Vlyas, E. Huntley, K. Kissick, M. Belkace-
mi, J. Malley, (eds.)]. In press.

IPCC, AR6 Synthesis Report Climate Change. (2023). Retrieved
November 18, 2024, from https://www.ipcc.ch/report/ar6/
syr/

Iwanicki, J. (2007). W sprawie definicji gospodarki wodnej.
Gospodarka Wodna, (12), 489-495

Jacobson, C.R. (2011). ldentification and quantification of
the hydrological impacts of imperviousness in urban
catchments: A review. Journal of Environmental Manage-
ment, 92(6), 1438-1448, https://doi.org/10.1016/j.jen-
vman.2011.01.018

Javan, K., Banihashemi, S., Nazari, A., Roozbahani, A., Darestani,
M., & Hossieni, H. (2025). Coupled SWMM-MOEA/D for
multi-objective optimization of low impact development
in urban stormwater systems. Journal of Hydrology, 656,
133044, https://doi.org/10.1016/j.jhydrol.2025.133044

Katrineholm, Gronplan. (2018). Retrieved July 12, 2023, from
https://www.katrineholm.se

Katrineholm, Klimatstrategi for Katrineholms kommun, Ej kate-
goriserade styrdokument. (2005). Retrieved April 16, 2022,
from https://www.katrineholm.se

Katrineholm, Miljopolicy. (1999). Retrieved July 15, 2023, from
https://www.katrineholm.se

Katrineholm, Oversikplan. (2014). Retrieved July 15, 2023,
from https://www.katrineholm.se

Kotyra, B., Chabudzinski, t. (2023). Fast parallel algorithms for
finding the longest flow paths in flow direction grids. Envi-
ronmental Modelling and Software, 167, 105728, https://
doi.org/10.1016/j.envsoft.2023.105728

Landscape Online — supported by the International Association for Landscape Ecology and its community


https://ssr.climateinformation.org/ssr?lat=59&lng=16.2&scenario=rcp45&period=p2
https://ssr.climateinformation.org/ssr?lat=59&lng=16.2&scenario=rcp45&period=p2
https://doi.org/10.1016/j.ocecoaman.2024.107507
https://doi.org/10.1016/j.ocecoaman.2024.107507
https://doi.org/10.1016/j.cscee.2024.100942
https://doi.org/10.1016/j.cscee.2024.100942
https://doi.org/10.1080/1573062X.2014.916314
https://www.lantmateriet.se/
https://doi.org/10.1016/j.cities.2025.106725
https://doi.org/10.1016/j.cities.2025.106725
https://doi.org/10.1016/j.ecolind.2022.109857
https://doi.org/10.1038/nclimate1979
https://doi.org/10.1038/nclimate1979
https://doi.org/10.4324/9781849775526
https://doi.org/10.4324/9781849775526
https://doi.org/10.1016/j.scitotenv.2021.146017
https://www.ipcc.ch/report/ar6/syr/
https://www.ipcc.ch/report/ar6/syr/
https://doi.org/10.1016/j.jenvman.2011.01.018
https://doi.org/10.1016/j.jenvman.2011.01.018
https://doi.org/10.1016/j.jhydrol.2025.133044
https://www.katrineholm.se
https://www.katrineholm.se
https://www.katrineholm.se
https://www.katrineholm.se
https://doi.org/10.1016/j.envsoft.2023.105728
https://doi.org/10.1016/j.envsoft.2023.105728

Warzecha et al.

Kumar, S., Vishwakarma, R. K., Tyagi, V. K., Kumar, V., Kazmi,
A. A., Ghosh, N. C., Sasidharan, S., Nayak, P. C., Maurya, N.
S., Hasan, R., & Joshi, H. (2024). Stormwater runoff char-
acterization and adaptation of best management practices
under urbanization and climate change scenarios. Journal
of Hydrology, (635), 131231, https://doi.org/10.1016/j.jhy-
drol.2024.131231

Larsen, M.A.D., Karamitilios, G., Halsnaes, K., She, J., Madsen,
K.S. (2021). Advancing future climate services: Multi-sec-
torial mapping of the current usage and demand in Den-
mark. Climate Risk Management, 33, 100335, https://doi.
org/10.1016/j.crm.2021.100335

Lebrun, P., Walz, A., & Albert, C. (2026). Climate adaptation
through urban planning: entry points and barriers in three
German cities. Landscape Online, 101, 1148. https://doi.
org/10.3097/L0.2026.1148

Legutko-Kobus, P., Szulczewska, B., Gawryszewska, B., Dtugozi-
ma, A., Giedych, R., Nowak, M.J. (2025). Barriers in the
green infrastructure governance in small and medium-sized
cities in Poland, Economics and Environment, 91(4), p. 900.
https://doi.org/10.34659/eis.2024.91.4.900.

Li, X., Li, J., Fang, X., Gong, Y., Wang, W. (2016). Case studies of
the sponge city program in China. In: World Environmental
and Water Resources Congress 2016, pp. 295—-308. https://
doi.org/10.1061/9780784479858.031

Li, S., Leitao, J.P., Wang, Z., Bach, P.M. (2024). A drainage net-
work-based impact matrix to support targeted blue-green-
grey stormwater management solutions. Science of the
Total Environment, 912, 168623, https://doi.org/10.1016/].
scitotenv.2023.168623

Liu, W., Chen, W., Peng, Ch. (2014). Assessing the effective-
ness of green infrastructures on urban flooding reduc-
tion: A community scale study, 291, pp.6-14, https://doi.
org/10.1016/j.ecolmodel.2014.07.012

Luo, P, Yan, P,, Wang, X., Wu, Y., Lyu, J., He, B., Duan, D., Wang,
S., Zha, X. (2024). Historical and comparative overview of
sponge campus construction and future challenges. Sci-
ence of the Total Environment, 907, 167477, https://doi.
org/10.1016/j.scitotenv.2023.167477

Longato, D., Cortinovis, Ch., Balzan, M., Geneletti, D. (2024).
Identifying suitable policy instruments to promote na-
ture-based solutions in urban plans. Cities, 154, 105348,
https://doi.org/10.1016/j.cities.2024.105348

Mantilla, I., Muthanna, T.M., Marsalek, J., Viklander, M. (2025).
Assessing spatial and temporal variability of grass swale
infiltration in shallow groundwater conditions. Journal of
Environmental Management, 380, 124977, https://doi.
org/10.1016/j.jenvman.2025.124977

Meteomanz. (n.d.). Retrieved February 22, 2026, from http://
meteomanz.com

Mickovski, S.B., Gonzalez-Ollauri, A., Sorolla, A., Lochner, A.,
Emmanuel, R. (2024). A case history of co-design and co-de-

Landscape Online 101 (2026) 1152 | Page 17

ployment of a nature-based solution (NbS) against erosion
and slope instability. Ecological Engineering, 209, 107406,
https://doi.org/10.1016/j.ecoleng.2024.107406

Morris, R.L.; Konlechner, T.M.; Ghisalberti, M.; Swearer, S.E.
(2018). From grey to green: efficacy of ecoengineering solu-
tions for nature-based coastal defence. Glob. Change Biol.,
24,1827-1842. https://doi.org/10.1111/gcb.14063

Muller, M., Biswas, A., Martin-Hurtado, R, Tortajada, C. (2015).
Built infrastructure is essential. Science, 349, 6248

Naz, I., Saroj, D.P., Mumtaz, S., Ali, N., Ahmed, S. (2015). Assess-
ment of biological trickling filter systems with various pack-
ing materials for improved wastewater treatment. Environ.
Technol., 36 (4), 424-434.

Odgaard, V., Turner, K.G., Bocher, PK., Svenning, J.-Ch., Dal-
gaard, T. (2017). A multi-criteria, ecosystem-service value
method used to assess catchment suitability for potential
wetland reconstruction in Denmark. Ecological Indicators,
77, http://dx.doi.org/10.1016/j.ecolind.2016.12.001

Paggioli, M., Cavadini, G.B., Zheng, Z., Rodriguez, M., Mutzner,
L. (2024). The impact of blue-green infrastructure on
trace contaminants: A catchment-wide assessment. Wa-
ter Research X, 25, 100261, https://doi.org/10.1016/j.
wroa.2024.100261

R Studio (version 4.5.2 (2025-10-31)), https://www.r-studio.
com/

Reinwald, F., Weichselbaumer, R., Schindelegger, A., Damyano-
vic, D. (2024). From strategy to implementation: Main-
streaming urban green infrastructure in Austria’s spatial
planning instruments for climate change adaptation. Ur-
ban Forestry & Urban Greening, 94, 128232, https://doi.
org/10.1016/j.ufug.2024.128232

Roth, S., Soedeberg, L., Aspegren, H., Haghighatafshar, S.
(2024). The compound impact of rainfall, river flow and sea
level on a watercourse through a coastal city: Methodology
in making. City and Environment Interactions, 23, 100153,
https://doi.org/10.1016/j.cacint.2024.100153

Ruiz-Perez, M.R., Alba-Rodriguez, Marrero, M. (2022). Eval-
uation of water footprint of urban renewal projects. Case
study in Seville, Andalusia. Water Research, 221, 118715,
https://doi.org/10.1016/j.watres.2022.118715

SCALGO Live Sweden online. (n.d.). https://scalgo.com/pl

Sciuto, L., Licciardello, F., Giuffrida, E. R., Barresi, S., Scavera,
V., Verde, D., Barbagallo, S., & Cirelli, G. L. (2025). Hydrolog-
ical-hydraulic modelling to assess Nature-Based Solutions
for flood risk mitigation in an urban area of Catania (Sic-
ily, Italy). Nature-Based Solutions, 7, 100210, https://doi.
org/10.1016/j.nbsj.2024.100210

Seddon N, Chausson A, Berry P, Girardin CAJ, Smith A, Turner B.
(2020). Understanding the value and limits of nature-based
solutions to climate change and other global challeng-
es. Phil. Trans. R. Soc. B 375: 20190120. http://dx.doi.
org/10.1098/rstb.2019.0120

Landscape Online — supported by the International Association for Landscape Ecology and its community


https://doi.org/10.1016/j.jhydrol.2024.131231
https://doi.org/10.1016/j.jhydrol.2024.131231
https://doi.org/10.1016/j.crm.2021.100335
https://doi.org/10.1016/j.crm.2021.100335
https://doi.org/10.3097/LO.2026.1148
https://doi.org/10.3097/LO.2026.1148
https://doi.org/10.34659/eis.2024.91.4.900
https://doi.org/10.1061/9780784479858.031
https://doi.org/10.1061/9780784479858.031
https://doi.org/10.1016/j.scitotenv.2023.168623
https://doi.org/10.1016/j.scitotenv.2023.168623
https://doi.org/10.1016/j.ecolmodel.2014.07.012
https://doi.org/10.1016/j.ecolmodel.2014.07.012
https://doi.org/10.1016/j.scitotenv.2023.167477
https://doi.org/10.1016/j.scitotenv.2023.167477
https://doi.org/10.1016/j.cities.2024.105348
https://doi.org/10.1016/j.jenvman.2025.124977
https://doi.org/10.1016/j.jenvman.2025.124977
http://meteomanz.com
http://meteomanz.com
https://doi.org/10.1016/j.ecoleng.2024.107406
https://doi.org/10.1111/gcb.14063
http://dx.doi.org/10.1016/j.ecolind.2016.12.001
https://doi.org/10.1016/j.wroa.2024.100261
https://doi.org/10.1016/j.wroa.2024.100261
https://www.r-studio.com/
https://www.r-studio.com/
https://doi.org/10.1016/j.ufug.2024.128232
https://doi.org/10.1016/j.ufug.2024.128232
https://doi.org/10.1016/j.cacint.2024.100153
https://doi.org/10.1016/j.watres.2022.118715
https://scalgo.com/pl
https://doi.org/10.1016/j.nbsj.2024.100210
https://doi.org/10.1016/j.nbsj.2024.100210
http://dx.doi.org/10.1098/rstb.2019.0120
http://dx.doi.org/10.1098/rstb.2019.0120

Warzecha et al.

Sehrawat S., Shekhar, S. (2025). Integrating low impact de-
velopment practices with GIS and SWMM for enhanced
urban drainage and flood mitigation: A case study of Gu-
rugram, India. Urban Governance, 5, 240-255, https://doi.
org/10.1016/j.ugj.2025.05.004

SMHI Swedish Meteorological and Hydrological Institute.
(n.d.). Retrieved September 29, 2025, from https://www.
smhi.se/q/Stockholm/2673730

Soltaninia, S.; Eskandaripour, M. (2026). Developing a risk-in-
formed sustainability indicator for resilient prioritization
of urban low-impact development systems. Environmen-
tal and Sustainability Indicators, 31, 101336, https://doi.
org/10.1016/j.indic.2026.101336

Soni, L., Igbal, A., Waheed, F., Shah, A.A., Akbar, N. (2025).
Challenges and considerations of applying nature-based
solutions for future mega-cities: Implications for Karachi as
a Sponge City, 1, Human Settlements and Sustainability, 50-
61, https://doi.org/10.1016/j.hssust.2025.02.002

Staccione, A., Essenfelder, A.H., Bagli, S., Mysiak, J. (2024).
Connected urban green spaces for pluvial flood risk re-
duction in the Metropolitan area of Milan. Sustainable
Cities and Society 104, 105288, https://doi.org/10.1016/].
5¢s.2024.105288

Standish, R.J., Hobbs, R.J., Mayfield, M.M., Bestelmeyer, B.T,,
Suding, K.N., Battaglia, L.L., Eviner, V., Hawkes, Ch.V., Tem-
perton, V.M., Cramer, V.A., Harris, J.A., Funk, J.L., Thomas,
P.A. (2014). Resilience in ecology: abstraction, distraction,
or where the action is? Biol. Conserv., 177, 43-51. https://
doi.org/10.1016/j.biocon.2014.06.008

Statistics Sweden. (2022). Retrieved February 3, 2022, from
https://www.scb.se/en/

Suleiman, L. (2021). Blue, green infrastructure, from niche
to mainstream: Challenges and opportunities for plan-
ning in Stockholm. Technological Forecasting and Social
Change 166, 120528, https://doi.org/10.1016/j.tech-
fore.2020.120528

Sverigesnatur. (n.d.). Retrieved March 16, 2024, from https://
www.sverigesnatur.org/aktuellt/klimatprognosen-lan-
gre-vaxtsasong-och-mer-torka/

Sveriges Geologiska Undersdkning GE.Jordarter. Retrieved

March 16, 2024, from https://www.sgu.se/

Sveriges Riksdag. Nationell strategi for klimatanpassning.
(2018). Retrieved February 3, 2022, from https://www.kli-
matanpassning.se/en

Tang, S., Jiang, J., Zheng, Y., Hong, Y., Chung, E., Shamseldin,
AY., Wei, Y., Wang, X. (2021). Robustness analysis of storm
water quality modelling with lid infrastructures from nat-
ural event-based field monitoring. Sci. Total Environ., 753,
142007. https://doi.org/10.1016/].scitotenv.2020.142007

United Nations. The 2030 Agenda for Sustainable Develop-
ment. (2015). Retrieved April 6, 2025, from http://www.
un.org.pl/

Landscape Online 101 (2026) 1152 | Page 18

Uribe, C.H.A.; Brenes, R.B.; Hack, J. (2022). Potential of retrofit-
ted urban green infrastructure to reduce runoff - A model
implementation with site-specific constraints at neighbor-
hood scale. Urban Forestry & Urban Greening, 69, 127499,
https://doi.org/10.1016/j.ufug.2022.127499

Walsh, Ch.)., Fletcher, T.D., Bos, D.G., Imberger, S.J. (2015).
Restoring a stream through retention of urban stormwa-
ter runoff: a catchment-scale experiment in a social-eco-
logical system, Freshwater Science, 34(3), https://doi.
org/10.1086/682422

Watega, A., Mtynski, D., Petroselli, A., De Luca, D.L., Apollonio,
C., Pancewicz, M. (2024). Possibility of using the STORAGE
rainfall generator model in the flood analyses in urban are-
as. Water Research, 251, 121135, https://doi.org/10.1016/j.
watres.2024.121135

Wang, Z., Li, Z., Wang, Y., Zheng, X., Deng, X. (2024). Building
green infrastructure for mitigating urban flood risk in Bei-
jing, China. Urban Forestry & Urban Greening, 93, 128218,
https://doi.org/10.1016/j.ufug.2024.128218

Webber, J.L., Fletcher, T.D., Cunningham, L., Butler, D., Fu, G.,
Burns, M.J. (2019). Is green infrastructure a viable strat-
egy for managing urban surface water flooding? Urban
Water Journal, 17(7), https://doi.org/10.1080/157306
2X.2019.1700286

Wickham, H. (2016). ggplot2, https://ggplot2.tidyverse.org/

Wunderground. (n.d.). Retrieved June, 29, 2024, from https://
www.wunderground.com/

Wu, X., Moustakes, S., Bezak, N., Radinja, M., Alivio, M.B.,
Mikos, M., Dohnal, M., Bares, V., Willems, P. (2024). Assess-
ing the performance of blue-green solutions through a fine-
scale water balance model for an urban area. Science of the
Total Environment, 948, 174750, https://doi.org/10.1016/j.
scitotenv.2024.174750

Yu, M., Mi, X., Li, Y., Jiang, C., Ding, K., Wang, C., & Cai, L. (2024).
Exploring the potential mechanisms of Urban greenspaces
providing pollution Retention and cooling benefits based
on three-dimensional structure of plant communities.
Scientific Reports, 14, 28410. https://doi.org/10.1038/
s41598-024-79887-x

ZeXina, L., Bo, L., LiLi, Z. (2011). Water Resource’S Ecolog-
ical Counteraccusation towards Garden City. Procedia
Environmental Sciences, 10, 2518 — 2524, https://doi.
org/10.1016/j.proenv.2011.09.392

Landscape Online — supported by the International Association for Landscape Ecology and its community


https://doi.org/10.1016/j.ugj.2025.05.004
https://doi.org/10.1016/j.ugj.2025.05.004
https://www.smhi.se/q/Stockholm/2673730
https://www.smhi.se/q/Stockholm/2673730
https://doi.org/10.1016/j.indic.2026.101336
https://doi.org/10.1016/j.indic.2026.101336
https://doi.org/10.1016/j.hssust.2025.02.002
https://doi.org/10.1016/j.scs.2024.105288
https://doi.org/10.1016/j.scs.2024.105288
https://doi.org/10.1016/j.biocon.2014.06.008
https://doi.org/10.1016/j.biocon.2014.06.008
https://www.scb.se/en/
https://doi.org/10.1016/j.techfore.2020.120528
https://doi.org/10.1016/j.techfore.2020.120528
https://www.sverigesnatur.org/aktuellt/klimatprognosen-langre-vaxtsasong-och-mer-torka/
https://www.sverigesnatur.org/aktuellt/klimatprognosen-langre-vaxtsasong-och-mer-torka/
https://www.sverigesnatur.org/aktuellt/klimatprognosen-langre-vaxtsasong-och-mer-torka/
https://www.sgu.se/
https://www.klimatanpassning.se/en
https://www.klimatanpassning.se/en
https://doi.org/10.1016/j.scitotenv.2020.142007
http://www.un.org.pl/
http://www.un.org.pl/
https://doi.org/10.1016/j.ufug.2022.127499
https://doi.org/10.1086/682422
https://doi.org/10.1086/682422
https://doi.org/10.1016/j.watres.2024.121135
https://doi.org/10.1016/j.watres.2024.121135
https://doi.org/10.1016/j.ufug.2024.128218
https://doi.org/10.1080/1573062X.2019.1700286
https://doi.org/10.1080/1573062X.2019.1700286
https://ggplot2.tidyverse.org/
https://www.wunderground.com/
https://www.wunderground.com/
https://doi.org/10.1016/j.scitotenv.2024.174750
https://doi.org/10.1016/j.scitotenv.2024.174750
https://doi.org/10.1038/s41598-024-79887-x
https://doi.org/10.1038/s41598-024-79887-x
https://doi.org/10.1016/j.proenv.2011.09.392
https://doi.org/10.1016/j.proenv.2011.09.392

Warzecha et al. Landscape Online 101 (2026) 1152 | Page 19

Supplementary Materials

Supplementary Figure 1. Distribution of monthly average precipitation.

Supplementary Figure 2. Distribution of annual precipitation.
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Supplementary Figure 3. Types of land cover subjected to change in each simulation.

Supplementary Figure 4. Relationship between catchment size, infiltrated or drained volume, and depression storage in modelings.
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Supplementary Figure 5. Changes in depression storage and infiltrated-drained water through scenarios.

Supplementary Figure 6. Joint response of depression storage and infiltrated-drained water.
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Supplementary Table 1. A summary of individual catchment areas by surface area, predominant land cover type, and the volume
of depression storage and infiltrated or drained water. Scenarios: m0-baseline, m0_s-baseline with sewage, m1-LID, m2-Bio-

density, m3-UG; nature of the catchment 1-inner city, historical (grey), 2-suburban (green), 3-industrial (yellow). Own elaboration
based on SCALGO Live Sweden.

Predominant

. Infiltrated
Predominant land land cover Degree of Area Depression or
Catchment  SCENARIO cover type group urbanisation [ha] storage drained
(na‘tt.Jr.aI/ [m3] [m3]
artificial)

1 mO other paved 1 31 30053 4135

2 mO other paved 1 12 8272 1413

3 mO other paved 3 39 26 314 6 130

4 mO other paved 1 12 12 381 1852

5 mO0 other paved 3 113 45 298 27 539

6 mO dense vegetation 2 202 122 075 80 000
Total mO dense vegetation artificial 409 244 393 121 069
1 mO0_s other paved 1 26 10951 14 743

2 mO0_s other paved 1 12 5279 6 599

3 mO0_s other paved 3 39 17 085 21 867

4 mO0_s other paved 1 12 5141 6 408

5 mO0_s other paved 3 105 40 664 54 055
6 mO0_s dense vegetation 2 197 68 440 128 896
Total mO0_s dense vegetation artificial 386 147 560 232 568

1 m1l shallow vegetation 1 29 23 335 7 502

2 m1l shallow vegetation 1 12 8272 2750

3 m1l shallow vegetation 3 39 24 827 14 020

4 m1l shallow vegetation 1 12 9291 3351

5 m1l shallow vegetation 3 113 45 450 39 660

6 m1l shallow vegetation 2 200 103 631 96 339
Total m1l shallow vegetation natural 405 214 806 163 622

1 m2 other paved 1 30 29993 4620

2 m?2 other paved 1 12 8272 1716

3 m2 other paved 3 39 26 314 6 942

4 m?2 other paved 1 12 11756 2175

5 m?2 other paved 3 113 45 433 29935

6 m2 dense vegetation 2 201 113 799 86 990
Total m?2 dense vegetation artificial 407 235567 132 378

1 m3 dense vegetation 1 26 16 117 9 866

2 m3 dense vegetation 1 12 7371 4283

3 m3 dense vegetation 3 37 7 044 19912

4 m3 dense vegetation 1 12 6 637 5140

5 m3 dense vegetation 3 103 41623 54 347
6 m3 dense vegetation 2 195 80670 114 451
Total m3 dense vegetation natural 385 159 463 207 998
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