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Abstract

Climate change is increasing and causing more adverse effects. One consequence is the rising
flood risk in cities. This is particularly noticeable in European cities due to their high
concentration of populations and infrastructure. Conventional hard engineering solutions and
grey infrastructure, though effective in controlling and mitigating risks, are often costly,
inflexible, and may cause environmental harm in the long run. As climate change impacts
intensify and become more unpredictable, flexible approaches are essential. Recently, nature-
based solutions (NbS) have gained much attention. In line with resilience theory, NbS aim not
only to control and mitigate but also to adapt while providing co-benefits beyond reducing flood
risk. This PhD dissertation is based on six publications focused on this research problem, with
the goal of developing an integrated conceptual framework for planning NbS in European cities
for flood resilience. The research narrative begins with a review paper (paper I) on the urban
flood risk mitigation model (UFRM) of the InVEST (Integrated Valuation of Ecosystem Services
and Tradeoffs) software suite. This publication identified current research gaps and trends and
posed questions that subsequent papers address. The next paper (paper 1I) examined physical
properties of urban form that affect flood risk and how their interplay influences runoff
accumulation. Building on this hydrological understanding, the third study (paper III) integrates
the InVEST model with a multi-objective genetic algorithm to identify near-optimal locations
and configurations of NbS while considering multiple planning objectives and spatial constraints.
Subsequent studies (papers IV, V, VI) extend the analysis to the social dimension of urban
resilience by examining NbS distribution in relation to socioeconomic conditions, social
vulnerability, environmental quality, accessibility, and spatial quality. Across seven European
cities, the research combines geospatial analysis, hydrological modeling, optimization,
socioeconomic assessment, and accessibility analysis. The findings show that effective NbS
planning depends on the interaction of spatial, technical, and social conditions and cannot rely on
hydrological performance or spatial availability alone. The thesis thus contributes an integrated
conceptual decision-support framework for more context-sensitive, effective, and socially
equitable NbS planning in European cities.
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Glossary

fen Definition Source
Nature-based Solutions Actions that protect, manage sustainably, or restore natural (IUCN,
(NDbS) and modified ecosystems to address societal challenges. These International
actions also benefit human well-being, biodiversity, and Union for

ecosystem functioning.

Conservation of
Nature, 2020)

Ecosystem-based Adaptation  Utilizing biodiversity and ecosystem services as part of a (Lo, 2016)
(EbA) broader adaptation strategy to help people adapt to the
negative impacts of climate change.
Green Infrastructure (GI) It is defined as network of natural and semi-natural areas (Chatzimentor
strategically designed and managed to provide a broad range et al., 2020)

of ecosystem services and improve human wellbeing.

Low Impact Development

Low impact development (LID) refers to an urban stormwater

(Castro et al.,

(LID) management approach that uses engineered solutions intended  2025)

to replicate the natural water cycle.
Sustainable Urban Drainage = Decentralized stormwater-management practices to mimic (Yang and Chui,
Systems (SUDS) natural drainage processes and manage runoff through 2021)

processes such as infiltration and storage.

Water-Sensitive Urban

An integrated approach to urban water management that

(Donofrio et al.,

Design (WSUD) combines stormwater management, water conservation and 2009)
reuse, water-quality management, and urban ecology within
urban design.

Social Vulnerability The susceptibility or pre-existing conditions of communities (Rabiei-

that increase their potential to experience harm when exposed
to hazards.

Dastjerdi et al.,
2025)

Flood Resilience

Flood resilience is described as the capacity of a system to
resist flooding, absorb shocks, recover, transform, and adapt
to changing conditions.

(Takin et al.,
2023)

Flood Susceptibility

The tendency of an area to experience flooding based on its

(Bentivoglio et

physical characteristics. al., 2022)
Ecosystem Services (EA) The benefits that people obtain from ecosystems. They are (Nicholson et
broadly categorized into provisioning, regulating, cultural, and  al., 2009)

supporting services.

Land Use and land cover
(LULC) Change Analysis

The analysis of spatiotemporal changes in land use and land
cover to identify their patterns, trends, drivers, and potential
future development patterns.

(Setiawan et al.,
2024)




1. Introduction

1.1 Background and motivation

Climate change is an ongoing and intensifying phenomenon with its effects becoming
increasingly pronounced each year. One consequence is the growing frequency and severity of
extreme weather events, including short-duration, high-intensity rainfall. Such events may not
substantially affect annual average precipitation, but their brief duration and high intensity can
generate substantial runoff and increase the likelihood of flooding (Huo et al., 2021; IPCC,
2023). This problem has grown concerning particularly in urban areas where the combination of
continued expansion and increasing population density can further increase flood risk (Hamers et
al., 2023). The consequences are already evident across Europe. Between 2000 and 2015, more
than 2,000 flood events were recorded which caused approximately €48 billion in damage,
particularly from 2006 to 2015, with countries including Poland and Norway among those
frequently affected (Nones and Guo, 2023). This particular exposure of European cities to flood
risk can be attributed to their dense populations, extensive built-up surfaces, and high
concentrations of infrastructure and economic assets (Barquet et al., 2024; Othmer et al., 2020).

Traditionally, flood risk management in cities has relied on grey infrastructure, such as dams and
hard embankments around water bodies (Cea and Costabile, 2022) and while these approaches
have been effective in the past, they are often expensive, unsustainable, and may cause extra
environmental problems (Pudar et al., 2020; Seidu et al., 2025). For instance, hard embankments
can disconnect floodplains from river flows which can alters water and soil conditions and also
influences floodplain ecosystems (Lechowska, 2017). More importantly, however, conventional
flood management approaches have historically been grounded in engineering paradigms that are
centered on stability, control, and risk reduction. Such approaches performed relatively well
under more stable climatic conditions. However, increasing climate uncertainty and the growing
frequency of extreme weather events have exposed the limitations of relying solely on rigid
mitigation-oriented infrastructure (Milly et al., 2008; Sorensen et al., 2016). As a result, urban
flood management increasingly requires adaptive, resilience-oriented approaches. These types of
approached can be capable of responding to dynamic environmental conditions. This is
something that conventional grey infrastructure often struggles to deliver.

Moreover, it is important to recognize that cities are complex entities shaped by the interaction of
ecological, social, spatial, hydrological, and infrastructural systems. As a result, addressing urban
flooding solely through technical and engineering-based approaches may not be fully compatible
with the multidimensional nature of urban environments. In response to these limitations,
resilience theory and socio-ecological systems thinking have increasingly influenced urban
climate adaptation research with early resilience theory, developed by Holling (1973),
distinguishing resilience from conventional notions of stability and balance. This approach
emphasized the adaptive capacity of systems to absorb disturbances and reorganize in the face of
changing conditions. Within this perspective, cities are increasingly understood not merely as

1



technical or engineered systems, but as interconnected socio-ecological systems shaped by
interactions between hydrological, ecological, spatial, and social processes.

It is important to distinguish resilience from concepts such as stability and sustainability.
Conventional engineering approaches often emphasize control, predictability, and the
maintenance of stable conditions while on the other hand, resilience is more closely associated
with flexibility, adaptation, and the capacity to respond to changes. Holling (1973)
conceptualized resilience as the capacity of a system to absorb disturbance and reorganize while
continuing to maintain its essential functions and building on this perspective, socio-ecological
systems should not be understood as stationary systems that simply return to a fixed equilibrium
after disturbance but instead, in accordance with the adaptive-cycle perspective, they should be
analyzed as systems that move through phases of growth, conservation, release, and
reorganization. This notion highlights the importance of change, renewal, and adaptation over
time (Gunderson and Holling, 2002).

This understanding provides an important basis for considering nature-based solutions (NbS)
within urban resilience. Urban systems are complex and continuously changing, therefore
approaches based solely on rigid control may have limited capacity to accommodate changing
climatic, hydrological, and spatial conditions. NbS, by contrast, work through ecological
processes such as infiltration, retention, evapotranspiration, and vegetation-based water
regulation. By making use of these processes rather than relying exclusively on engineered
control, NbS can contribute to the capacity of urban socio-ecological systems to absorb
disturbances and adapt to changing conditions which consequently makes their relevance to
resilience lie not only in being environmentally beneficial or multifunctional, but also in their
potential to work with the adaptive capacities of socio-ecological systems (Zhou et al., 2024).

NbS are increasingly recognized as promising and adaptable strategies for addressing urban
flood risk. They offer multifunctional and multi-beneficial approaches, providing a range of co-
benefits beyond flood mitigation (Kabisch et al., 2022; Pancewicz et al., 2023). These benefits
fall into three main categories: social, economic, and environmental. Socially, NbS foster
communities, boost mental and physical health, enhance recreation and aesthetics in urban
spaces. They are also reported to support cultural and educational values (Kabisch et al., 2016;
Nesshover et al., 2017; Raymond et al., 2017). Economically, they are often more cost-efficient
than grey infrastructure and have lower maintenance costs. They may increase property values,
create green jobs, create local opportunities, and deliver ecosystem services (EA) with economic
value (Boyle and Kuhl, 2021; Mutlu et al., 2023; Radfar et al., 2024; Raymond et al., 2017). For
the environmental benefits, they can enhance biodiversity and habitat restoration, improve water
quality and natural filtration. They can also support climate change mitigation through carbon
sequestration. Moreover they can contribute positively to climate adaptation by reducing flood
risk and erosion, improving air quality, and decreasing the urban heat island effect (Ghaedi et al.,
2026; Rey et al., 2026; Zhou et al., 2024).



Despite the growing interest in NbS, multiple obstacles and research gaps remain. From a social
perspective, inclusiveness and environmental justice remain important challenges in NbS
planning, particularly regarding the equitable distribution of benefits across urban populations
(Kabisch et al., 2022). In addition, existing tools and frameworks are largely focused on risk
assessment rather than on supporting decision-making for selecting and prioritizing NbS
alternatives (Gallois et al., 2026a; Gonzalez-Ollauri et al., 2023; Sedighkia et al., 2026). This
limits planners' ability to evaluate trade-offs among environmental, social, and economic criteria.
Furthermore, there is still a limited understanding of how urban form and land-use dynamics
affect the effectiveness of NbS, notably in complex urban contexts (Marzio et al., 2026). These
gaps point to the need for more integrated and holistic approaches capable of linking
hydrological performance, land-use dynamics, spatial planning, and socioeconomic
considerations within NbS planning and implementation. Figure 1 illustrates the main research
problem outlined in the above.

Climate Change Increased Urban Flood Risk Conventional Nature-based solutions
Flood
Q Q Management Integrated NbS
Planning for
O O O 0 0 0 Q Urban Flood
C 11 Resilience
— U0 —
I | | -
Reduced arcag
infiltration R IACe
Urbanization i runoff +  Limited
! adaptability
— X +  Environmental D
oo aa impacts
a0 - Rigid 1 l l
EE T infrastructure

Technical Social

202,
[

Water Spatial
accumulataion

|

Figure 1. Conceptual overview of the drivers of urban flood risk and the need for integrated NbS planning.
Source: Author’s own illustration

In response to the identified research gaps and the increasing risks posed by climate change in
Europe, particularly urban flooding, there is a need for a more comprehensive understanding of
nature-based solutions for reducing flood risk in European cities. This research addresses this
limitation by adopting an interdisciplinary approach that combines insights from spatial,
technical, and social perspectives. Rather than relying on a single analytical lens, the study is
structured around multiple complementary investigations that contribute to a broader
understanding of NbS. These components, when combined, inform the development of a holistic
framework for urban flood risk management. Furthermore, given the context-specific nature of
NbS performance, this research incorporates multiple case studies across different European
cities. In doing so, the study enhances the transferability and generalizability of the proposed
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framework. This ensures that the proposed framework will not be limited to a single context but
can also be adapted and applied across a wide range of urban environments.

In this thesis, spatial, technical, and social are the three main analytical dimensions of NbS
planning. The spatial dimension covers land-use change, urban form, spatial distribution and
allocation, and spatial feasibility. The technical dimension involves hydrological assessment and
modeling, runoff and retention performance, flood sensitivity, optimization, and decision-support
methods. The social dimension includes socioeconomic conditions, social vulnerability,
distributive and environmental justice, accessibility, inclusiveness, and how different groups can
access and benefit from NbS. More specific terms like hydrological, socioeconomic,
environmental, and planning-related considerations are used throughout the thesis to describe
particular aspects within these broader dimensions.

1.2. Research goal

The main goal of this research is to contribute to the development of a comprehensive,
multi-dimensional decision-support approach for the planning, prioritization, and
implementation of NbS for urban flood resilience in European cities, by integrating
spatial, technical, and social considerations.

1.3. Research objectives
To achieve the overall aim of this research, the following objectives were established:
RO1: To critically review existing approaches, tools, and research trends related to NbS

and urban flood risk. This is done with a particular focus on the InVEST Urban Flood
Risk Mitigation (UFRM) model and its applications.

RO2: To investigate the relationship between land-use change, urban form, and urban
flood risk in urban environments.

RO3: To evaluate and optimize the spatial allocation and selection of NbS for managing
urban flood risk using decision-support approaches.

RO4: To examine the socioeconomic and environmental justice dimensions of nature-
based solutions, including distributive justice, spatial inequality, and social vulnerability.

ROS: To explore how inclusive urban planning concepts can contribute to climate
resilience, accessibility, and equitable distribution of NbS.



1.4. Key research questions

The main questions which lead this research are as follows:

RQ1: What tools, approaches and research trends exist in relation to NbS and urban
flood risk and what are the strengths and limitations of the In'VEST UFRM in this regard?

RQ2: In what ways do land-use change, urban form, and spatial characteristics affect
urban flood risk and runoff retention within urban environments?

RQ3: How can spatial analysis and decision-support methodologies facilitate the
identification, prioritization, and implementation of nature-based solutions for mitigating
urban flooding?

RQ4: What relationships exist between the socioeconomic characteristics of urban
environments and the quantity, and quality of NbS within those settings?

RQ5: How can inclusive urban planning principles support the accessible and equitable
implementation of NbS for urban flood resilience?

1.5. Research theses

RT1: The flood-mitigation relevance of land-use change in cities is not determined by
the extent of urban sealing alone, but by the type of land-use transition, local soil and
drainage conditions, and urban morphology. This means that equally-sized land-use
conversions can produce noticeably different increases in runoff and water accumulation.

RT?2: Spatial planning of NbS in urban areas using digital approaches capable of
considering multiple criteria and constraints simultaneously leads to more efficient and
effective flood risk reduction in cities.

RT3: Socio-spatial equity in nature-based flood resilience cannot be inferred from the
quantity or spatial presence of NbS alone: distributive inequalities in access and
ecological quality persist even in cities with strong welfare and environmental
governance.

1.6. Research structure

The present PhD thesis is formed into 8 main chapters, starting with Chapter 1, which addresses
the research problem, background, motivation, main goal, research objectives, and research
questions. Chapter 2 presents a literature review of the relevant research and explores the main
theoretical themes, including urban flooding, land-use change, NbS, and socio-economic
considerations. Chapter 3 summarizes the methods used in the articles on which this PhD is
based, ranging from spatial analysis within geographic information system (GIS) through

5



technical decision-making support using optimization algorithms, to the examination of links

between social vulnerability and NbS quality and quantity using a composite social vulnerability

index and cluster analysis. Chapter 4 is the most critical and important part of the current thesis,

as it goes through each article individually and summarizes the findings in a way that exhibits the

interconnectedness among the articles. Every subchapter in chapter 4 ends with research

questions that the article posed, which will be answered by the next paper in the next subchapter.
Chapter 5 binds together the findings and implications of the articles and conceptually links them

to create a final framework, informed by the research conducted within this paper-based PhD
dissertation. Chapters 6, 7, and 8, respectively, present the limitations and suggested future

research directions, general conclusions, and a summary. The overall research structure of this

PhD dissertation has been summarized visually in figure 2.

Research Goal: A holistic, multidimensional framework for NbS planning, prioritization,
and implementation for urban flood resilience

v

)

v

A. Spatial: hydrological and
land-use context

B. Technical: decision support and
optimization

C. Social: equity, accessibility, and
human-scale quality

- flood-risk assessment
- land-use change

- urban form

- runoff and retention

- flood sensitivity

RO1-RO2
RQI-RQ2

Articles I-11

NbS selection

spatial allocation
optimization
implementation cost
trade-offs and scenarios

RO3
RQ3

Article I11

social vulnerability
distributive justice

NbS quantity and quality
accessibility

spatial quality

RO4-RO5
RQ4-RQ5

Articles IV-VI

v

Synthesis of findings

v

Integrated conceptual decision-support framework
Scientific contribution + Applicability potential

Figure 2. Research architecture of the thesis linking the overall research goal, analytical dimensions, research

objectives, research questions, articles, and thesis-level synthesis. Source: Author’s own illustration




2. Literature review

This chapter reviews the main theoretical and methodological foundations related to urban flood
resilience and NbS, examining how spatial, technical, and social dimensions interact in urban
flood mitigation which provides the basis for the dissertation. Accordingly, the chapter starts by
outlining the challenges of urban flood risk and how changes in land use and city layouts affect
runoff and flood risk. It then looks at the role of NbS in reducing urban flooding and investigates
the existing decision-support and optimization methods for planning and implementing NbS.
Additionally this chapter also takes into account the social and justice dimensions of NbS,
including social vulnerability, fair distribution, and inclusive urban planning. Finally, it ends by
pointing out the key research gaps that the subsequent chapters will address.

2.1. Urban flood risk, urbanization, and land use change

Flooding is one of the most damaging of all natural hazards. According to the European
Environment Agency, between 1998 and 2002 Europe suffered about 100 serious floods. These
floods led to approximately 700 deaths and forced the displacement of almost 500,000 people. In
addition, they also caused insured economic losses that went beyond €25 billion (Dankers and
Feyen, 2009). In recent decades the problem of urban flooding has worsened as a result of the
combined impact of climate change and rapid urbanization. In short, the mechanism that these
two components cause increased flooding risk is this: climate change causes greater rainfall
intensity, more frequent extreme precipitation events and increased climate variability while
urban expansion modifies natural hydrological processes and decreases the capacity of
landscapes to hold and infiltrate stormwater (Huong and Pathirana, 2013; Miller and Hutchins,
2017).

Urban flood risk refers to the probability and potential consequences of flooding that occurs
within urban environments, including impacts on infrastructure, ecosystems, economic activities,
and human well-being (European Parliament and Council, 2007). Urban floods that mostly affect
urban environments can be categorized into four major types: fluvial, groundwater, coastal, and
pluvial flooding. The first type, Fluvial flooding, occurs when rivers exceed their channel
capacity (Abebe et al., 2018). The second type, groundwater flooding, can occur when
groundwater levels rise due to increased recharge of aquifers with limited storage capacity,
reduced groundwater pumping, or high river levels that raise groundwater levels in connected
aquifers. (Abboud et al., 2018). The third type, coastal flooding, is associated with storm surges
and sea-level rise in coastal regions and lastly, the fourth type, pluvial flooding, which represents
the primary focus of this PhD research, occurs when intense rainfall exceeds the infiltration and
drainage capacity of urban environments. This leads to rapid surface runoff accumulation (Abebe
et al., 2018). Due to a mix of factors (increasing urbanization, expanding of impervious surfaces,
and climate-induced extreme rainfall events), pluvial flooding has become an increasingly



significant component of urban flood risk in cities all over the world (Huang et al., 2020;
Rosenzweig et al., 2018).

Urbanization transforms land surfaces by replacing natural and permeable areas with impervious
surfaces that may include roads, buildings, parking areas, and other types of sealed
infrastructure. These types of surfaces can prevent water infiltration into the soil which will
accelerate surface runoff and increase the volume and speed of stormwater flows. Consequently
this can cause the urban areas often experience higher flood peaks, reduced infiltration capacity,
and greater runoff accumulation during heavy rainfall events (Btaszczak-Bak et al., 2025;
Jamtsho et al., 2025). Land use and land cover (LULC) change is therefore considered one of the
main drivers of changing urban flood dynamics in the cities. Land use refers to the human use of
land for activities such as residential, industrial, commercial, agricultural, or recreational
purposes, while land cover describes the physical materials present on the land surface, including
vegetation, soil, water, and built surfaces. LULC change may directly affect the hydrological
behavior by altering evapotranspiration, infiltration, interception, and runoff processes
(Dumdumaya and Cabrera, 2023; Shukla et al., 2023).

In the context of pluvial flooding, several hydrological processes are particularly important.
Surface runoff refers to the portion of rainfall that does not infiltrate into the soil or evaporate,
but instead flows across the land surface (Zhang et al., 2025). Surface runoff increases when
rainfall intensity exceeds the infiltration capacity of the ground or when surfaces are
impermeable, such as in case of asphalt or concrete (Fletcher et al., 2024; He et al., 2024).
Infiltration is the process through which water penetrates the soil surface and moves into the
ground, thereby reducing the amount of surface water accumulation (Chunilal, 2025).
Interception refers to the temporary capture of rainfall by vegetation, especially tree canopies and
plant surfaces, before the water reaches the ground (Anys and Weiler, 2024). Evapotranspiration
combines evaporation from land and water surfaces with transpiration from plants, both of which
contribute to reducing excess surface water (Ghiat et al., 2021). Together, these processes
regulate the movement and storage of water within urban environments and strongly influence
flood generation and mitigation.



The relationship between vegetation, soil, infiltration, and runoff generation is illustrated in
Figure 3. The figure demonstrates how natural systems regulate rainfall through canopy
interception, evapotranspiration, infiltration, and delayed runoff processes, whereas impervious
urban surfaces accelerate runoff accumulation and reduce water retention capacity.
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Rainfall input to the system
Interception

|
Rainfall is temporarily : !
captured by vegetation |
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Water is returned to the o
atmosphere through A &%
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Figure 3. Conceptual illustration depicting the responses of various urban land surfaces to rainfall.
Source: Author’s own elaboration based on Fletcher et al. (2024) and Anys and Weiler (2024).

Given the intensification of flood risk and the necessity to understand the effects of urbanization
on hydrological processes outlined above, which impact the increase or mitigation of flooding in
cities, urban flood risk assessment has become an important research area within urban planning
and environmental management. Various approaches have been developed to assess runoff
dynamics and identify vulnerable urban areas with GIS-based spatial analysis commonly used to
integrate topographic, hydrological, and land use datasets in order to map runoff susceptibility
and flood-prone zones (Bishikwabo et al., 2025). Hydrological models such as Storm Water
Management Model (SWMM) and Hydrologic Engineering Center-Hydrologic Modelling
System (HEC-HMS) simulate rainfall-runoff relationships, stormwater flow, and drainage
system responses under different precipitation scenarios (Prakash et al., 2024). Remote sensing
techniques using satellite imagery and aerial data enable the monitoring of urban expansion,
vegetation cover, impervious surfaces, and flood inundation patterns over large spatial extents
(Shastry et al., 2023). In parallel, ecosystem service assessment frameworks evaluate the
capacity of vegetation, soils, wetlands, and green infrastructure to regulate water storage,
infiltration, and runoff reduction within urban environments (Wiibbelmann et al., 2022). At a
more detailed level, hydrodynamic models such as Hydrologic Engineering Center River
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Analysis System (HEC-RAS) and MIKE FLOOD provide highly accurate simulations of flood
depth, velocity, and inundation extent (Silwal et al., 2026).

Although highly detailed hydrodynamic models provide accurate simulations of flood processes,
they often require extensive datasets, specialized expertise, and substantial computational
resources (Chaudhuri et al., 2021; Fraehr et al., 2024). Consequently, increasing attention has
been directed toward developing approaches that balance analytical capability with practical
usability in urban planning and flood adaptation contexts (Mahmood et al., 2025).

2.2. Nature-based solutions for urban flood mitigation

NbS have become an important concept in climate adaptation, environmental management, and
urban resilience research over the last two decades. The World Bank first introduced this term in
2009, and organizations such as the International Union for Conservation of Nature (IUCN) and
the European Commission later further developed it (Marino et al., 2025). While definitions of
NbS differ, most emphasize using natural processes and ecosystem functions to address social
and environmental problems, thereby providing ecological, social, and economic benefits. The
TUCN (2020) defines NbS as “actions to protect, sustainably manage, and restore natural or
modified ecosystems that address societal challenges effectively and adaptively, while
simultaneously providing human well-being and biodiversity benefits.” The European
Commission also describes NbS as solutions inspired and supported by nature that are cost-
effective, resource-efficient, and offer environmental, social, and economic benefits (Faivre et
al., 2017). Related concepts that overlap with NbS may include green infrastructure (GI),
ecosystem-based adaptation (EbA), sustainable urban drainage systems (SUDS), low-impact
development (LID), and water-sensitive urban design (WSUD). While these concepts have
different backgrounds and scopes, they all emphasize the importance of integrating ecological
processes into urban planning and infrastructure (Hamidiaala et al., 2026). Green infrastructure,
for example, means carefully planned networks of natural and semi-natural areas that provide
ecosystem services and help cities become more resilient (Zahoor et al., 2023). Examples of
urban NbS are green roofs, rain gardens, bioswales, urban wetlands, retention ponds, permeable
pavements, and urban forests (Battisti et al., 2024).

NbS are now widely recognized as effective ways to reduce urban flooding because they can
enhance natural water processes such as rainfall regulation, infiltration, runoff retention, and
water storage. Unlike traditional grey infrastructure, which mainly moves stormwater quickly out
of cities, NbS aims to slow, store and absorb using natural methods (Koedijk and Schwartz,
2026), for instance Plants and permeable soils help water soak into the ground, while trees and
green roofs capture rainwater and reduce runoff. Wetlands, detention basins, and restored
floodplains temporarily hold water and reduce flood risk during heavy rain (Kasprzyk et al.,
2022).
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A 2024 systematic review of 76 NbS case studies found that NbS generally reduce runoff
volume and peak flow, and that combinations of measures often outperform single interventions
with empirical case studies reporting runoff reductions ranging from 32% to 96% and peak-flow
reductions of up to 65,5% when multiple NbS measures were combined (Esraz-Ul-Zannat et al.,
2024). NbS also generates multiple co-benefits beyond flood regulation. This may include
biodiversity enhancement, heatwave mitigation, carbon sequestration, landslide protection, and
socio-economic benefits for local populations (Gonzalez-Garcia et al., 2025). Because of these
advantages, NbS are increasingly being promoted in European and international climate
adaptation plans as alternatives or additions to traditional grey infrastructure.

Even though empirical evidence shows the positive performance of NbS, it is important to note
that their effectiveness depends not only on the individual performance of specific interventions
but also on their relationship with surrounding land-use patterns, urban morphology,
hydrological conditions, and spatial connectivity. As a result the flood mitigation capacity of
NbS is strongly influenced by how they are spatially distributed and integrated within the
broader urban fabric (Chen et al., 2023; Esraz-Ul-Zannat et al., 2024; Su et al., 2024). In rapidly
urbanizing environments, land-use change, surface sealing, and infrastructure expansion reshape
urban hydrological dynamics, affecting both flood risk and NbS performance (Zhou et al., 2024),
therefore, NbS should be integrated not only within the spatial structure of cities, but also into
ordinary planning processes concerned with land-use allocation, site selection, intervention
prioritization, and implementation, rather than being treated as isolated site-specific measures
(Corgo et al., 2024; Esraz-Ul-Zannat et al., 2024). Such integration also depends on coordination
within existing planning and institutional arrangements (Holscher et al., 2023), although
governance mechanisms themselves are beyond the analytical scope of this thesis.

Despite the increasing recognition of NbS as effective approaches for urban flood mitigation,
several important research gaps and implementation challenges are remaining (Esraz-Ul-Zannat
et al., 2024; Zhou et al., 2024). With existing research being primarily focused on the
hydrological and ecological performance of NbS, while in comparison less attention is being
paid to broader spatial, social, and governance dimensions (Zhou et al., 2024). Particularly, there
is still limited understanding of how urban form, land-use dynamics, and spatial characteristics
influence the effectiveness of NbS within complex urban environments, especially in rapidly
urbanizing and waterfront cities (Louarn et al., 2025; Su et al., 2024) and although numerous
methods have been developed to assess NbS performance and suitability, guidance for context-
specific selection, prioritization, and implementation remains limited. All of these together
highlights the need for more integrated decision-support approaches (Gallois et al., 2026b; Kuller
et al., 2022; Mréwczynska et al., 2021). Recent literature also highlights the growing importance
of considering accessibility, inclusiveness, social vulnerability, and equitable distribution of NbS
benefits within urban planning processes (La Rosa and Pappalardo, 2020; Zhou et al., 2024).
These emerging social and spatial dimensions of NbS will be discussed further in the following
section.
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2.3. Socioeconomic dimensions of nature-based solutions

Although NbS are widely recognized for their environmental and hydrological benefits, recent
attention has focused on their social and socioeconomic dimensions. Urban flooding and climate
hazards do not affect all populations equally because exposure, sensitivity, and adaptive capacity
vary across social groups and neighborhoods and in this context, social vulnerability with it
referring to how susceptible individuals or communities to harm from environmental hazards due
to socioeconomic factors (such as income, age, education, health, housing quality, employment,
and access to resources and services) are, has become important in urban climate adaptation
research. refers to how susceptible. Socially vulnerable populations often have lower adaptive
capacity and fewer financial, institutional, or social resources to respond to and recover from
floods. This makes them disproportionately exposed to climate risks in urban areas (Shehzad et
al., 2026). The accessibility and distribution of urban infrastructure can further shape the ability
of vulnerable groups to participate in and benefit from urban environments (Ptak-
Wojciechowska et al., 2025), therefore, evaluating NbS only through technical indicators like
runoff reduction or infiltration capacity is insufficient because their effectiveness also depends
on how benefits are distributed among social groups.

These concerns are also closely connected with the general idea of environmental justice.
Environmental justice emphasizes fairness tied to distributing environmental benefits and
burdens across society. This should be regardless of socioeconomic status, ethnicity, age, or
demographic background (Resnik, 2022). within NbS research, it is commonly examined
through the lens of distributive justice, which refers to the spatially fair allocation of resources
such as green infrastructure, ecosystem services, and climate adaptation benefits among urban
populations (Mohtat and Khirfan, 2022). In practice, distributive justice looks at whether all
residents have equal opportunities to benefit from green spaces, flood protection measures,
recreational areas, and other environmental improvements (Kato-Huerta and Geneletti, 2023).

Yet a number of studies have shown that both NbS and urban green infrastructure are generally
unevenly distributed throughout cities, richer neighborhoods usually getting more access to high-
quality green spaces and environmental facilities while disadvantaged communities have less
access and a lower ability to adapt (Rigolon, 2016). The unequal spatial distribution has in recent
years been addressed using ideas such as 'green privilege' and 'green inequity', since urban
greening efforts can inadvertently strengthen existing social and spatial inequalities. In certain
instances, large-scale greening measures can also lead to green gentrification, which involves
environmental improvements raising property values and living costs and possibly forcing lower-
income residents out of the areas that have been regenerated (Anguelovski et al., 2022).
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2.4 Research gaps

To sum up, the literature review revealed a number of closely related research gaps which shaped
the present PhD research and helped to establish its originality, scientific relevance, its
contribution to the advancement of knowledge, and its practical applicability. The main research
gap is the lack of integration of the spatial, technical, and social dimensions within a coherent
decision-support framework for the planning and prioritization of NbS for urban flood resilience.
Currently, most research looks at these different aspects separately, whereas NbS planning calls
for a greater understanding of how they are related. This main gap includes five other interrelated
research gaps. The five interconnected research gaps identified through literature review are
summarized in figure 4.

CENTRAL RSERACH GAP
Existing research provides substantial knowledge on individual Spatial, technical and social aspects of NbS, but these dimensions
remain insufficiently connected for a multidimensional understanding of NbS-based urban flood resilience.

EXISTING RESRACH COMMONLY FOCUSES ON ... WHAT REMAINS LIMITED...
G1. Urban- Small-scale individual interventions Urban-system integration
Scale and Existing studies often examine NbS as Limited understanding remains of how NbS function within the wider
Spatial isolated interventions and at relatively urban system and interact with surrounding spatial and environmental
Integration limited spatial scales. conditions.
G2. Land-Use General urbanization and land sealing Context-specific hydrological sensitivity
Change and Research commonly emphasizes overall Limited understanding exists of how different land-use transitions, urban
Hydrological urbanization, land sealing and changes in morphology, soils, drainage and local conditions produce different
Sensitivity impervious surfaces. hydrological responses.
f G3. Decision Flood-risk assessment and hydrological NbS selection and prioritization
Eél Support and performance — Limited support exists for selecting, spatially prioritizing and comparing
NbS Many Smdlés me‘JS on ﬂoo.d-rlak RIS NbS alternatives under multiple objectives and constraints.
Prioritization and evaluation of hydrological performance. -
. ® (LS s Technical perfurmafwc and ‘I““ﬂ_tif.\' Social vulnerability and distributive justice
C}OQ T Research often emphasizes hydrological or | Insufficient consideration is given to social vulnerability, distributive
&5 and Distributive o s e et ——* A . o i o
Tusti ccological performance and the spatial justice, sociocconomic inequality and differences between NbS quantity
Ll quantity of NbS. and quality.
G5. Accessibility g zpa‘tla] preseTce ?"d,pmzlmlty, | Accessibility, usability and inclusion
and Inclusive ) i ]ebglum_';'m? Y exdn1ln§t ,e'bp;t]d — Insufficient understanding remains of meaningful accessibility, usability,
Planning FIREEEIER, (ST GF e iy G E e spatial quality and the ability of vulnerable groups to benefit from NbS.
or NbS areas. :
COMMON THREAD ACROSS THE FIVE GAPS
NbS research remains fragmented across the spatial, technical, and social dimensions, limiting an

integrated understanding of urban flood resilience.

Figure 4. Key research gaps identified in the literature on NbS-based urban flood resilience. Source:
Author’s own illustration

G1. Urban-scale and spatial integration gap
Many studies tend to look at NbS as separate projects within cities. They are usually
evaluated one by one and on a small scale, which makes it hard to see how they function
together in the larger urban system. To better understand how NbS can reduce urban
flood risk, research needs to examine them at a city-wide scale and consider how they
interact with their surroundings.
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G2. Land use change and hydrological sensitivity gap
Another gap is that we do not fully understand how changes in land use, urban form, and
local environmental factors affect urban flood risk and water retention. More research is
needed to understand how different land use changes interact with soil, drainage, climate,
and city structure, rather than assuming urbanization is the same everywhere. This calls
for a more detailed look at how different development patterns lead to different levels of
flood risk.

G3. Decision-support and NbS prioritization gap
While there are numerous tools for assessing flood risk and water management, less focus
has been placed on aiding in choosing, prioritizing, and implementing NbS. Most current
methods still mainly assess risk, rather than guiding decisions between different NbS
options.
This makes it challenging to consider factors like hydrological effectiveness, cost, spatial
fit, and land-use compatibility simultaneously. There is a need for decision-support tools
that go beyond merely assessing flood risk and help identify, allocate, prioritize, and
compare different NbS options.

G4. Socioeconomic and distributive justice gap
Another crucial, less explored area is that most studies mainly examine the hydrological
and ecological results of NbS, but pay less attention to their wider social and economic
impacts. Evaluating NbS mostly by technical measures like runoff reduction is not
sufficient, since individuals in cities face different levels of flood risk, social
vulnerability, ability to adapt, and access to resources.
Therefore, it is essential to look at not just where NbS are placed, but also who gets to
benefit from them and whether these benefits are shared equitably among different
neighborhoods and communities. This gap is especially about justice and the difference
between how much NbS is provided and how good or beneficial it is. Focusing only on
the amount or area of NbS can hide differences in quality, function, access, and real
benefits for different communities in urban spaces.

GS. Accessibility and inclusive planning gap
Another identified gap is the insufficient consideration of accessibility, usability, and
inclusiveness in NbS planning. Proximity to NbS does not guarantee equal use or benefit
for all individuals.
If assessments focus only on how much NbS there is, where it is, or how close it is, they
may miss real differences in access, quality, mobility, and whether vulnerable groups can
actually use and benefit from NbS. This shows the need to look beyond just physical
presence and move toward a more people-centered view of accessibility, inclusion, and
daily use.
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Altogether, these five gaps show a bigger problem in the literature: the spatial, technical, and
social dimensions of NbS planning are rarely studied together in a single framework. An
integrated, multi-dimensional decision-support system is needed to bring these areas together and
help identify, assess, prioritize, and plan NbS in cities in a way that is more sensitive to context,
effective, and equitable. Addressing these gaps advances scientific understanding of the
interconnections among urban development, hydrological sensitivity, NbS performance, spatial
factors, and social equity. This research also enhances the practical utility of such knowledge for
urban flood resilience planning. The principal contribution of this thesis lies not only in its
methodologies and findings but also in the integration of these diverse domains into a coherent
and unified framework. For analytical clarity, table 1 presents the five identified research gaps
and the publications that address them.

Table 1. Summary of identified research gaps and publications addressing them.

Thesis
Aot Publications
Gap Description addressing the
gaps
NbS are often examined as individual interventions and at relatively small spatial Articles II and
G1  scales, with limited consideration of how they interact with the wider urban system I

and surrounding spatial conditions.

Limited understanding of how different land-use transitions, urban form, soil,
G2 drainage, climatic conditions, and spatial context influence runoff generation, water Article 11

retention, and flood sensitivity.

Existing approaches are frequently focused on flood-risk assessment rather than
G3  supporting the selection, spatial prioritization, and comparison of NbS alternatives

Articles I and

under multiple objectives and constraints. m
NbS research remains strongly focused on hydrological and ecological performance, .
) . - ) ) . o . . Articles IV and
G4  with comparatively limited consideration of social vulnerability, socioeconomic v

inequality, distributive justice, and differences between NbS quantity and quality.
The spatial presence or proximity of NbS does not necessarily ensure meaningful or

G5 equitable access. Accessibility, spatial quality, usability, and the needs of vulnerable Article VI
groups remain insufficiently integrated into NbS planning.

3. Methodology

3.1. Overall research design

To address the research gaps identified in the previous chapter, this thesis uses a multi-
dimensional and interdisciplinary research design comprising several complementary studies.
Each study considers a particular aspect of the posed research problem and collectively supports
the advancements of understanding of flood risk dynamics in urban setting and development of
an integrated approach for nature-based solutions and urban flood resilience in European cities.
The selected methodologies reflect the three overarching dimensions of this thesis which are
spatial, technical, and social; through the integration of geospatial analysis, hydrological
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modeling, optimization techniques, socioeconomic assessment, and integrative planning
approaches.

List of research articles developed within the PhD research process:

L.

II.

I1I.

IV.

VI

Azadgar, A.; Nyka, L.; Salata, S. Advancing Urban Flood Resilience: A Systematic
Review of Urban Flood Risk Mitigation Model, Research Trends, and Future Directions.
Land 2024, 13, 2138, https://doi.org/10.3390/land13122138.

Azadgar, A., Benedini, A., Salata, S., Lacoere, P., Badach, J., Nyka, L., Flood-sensitive
land take (FSL) analysis: A new way to read how urban sealing shapes flood risk,
Journal of Environmental Management, Volume 404, 2026, 129513,
https://doi.org/10.1016/j.jenvman.2026.129513.

Azadgar, A., Gancza, A., Razzaghi Asl, S, Salata, S., Nyka, L., Optimizing nature-based
solutions for urban flood risk mitigation: A multi-objective genetic algorithm approach in
Gdansk, Poland, Science of The Total Environment, Volume 963, 2025, 178303,
https://doi.org/10.1016/].scitotenv.2024.178303.

Azadgar, A., Luciani, G., Nyka, L., Spatial allocation of nature-based solutions in the
form of public green infrastructure in relation to the socio-economic district profile—a
GIS-based comparative study of Gdansk and Rome, Land Use Policy, Vol. 150, 2025,
107454, https://doi.org/10.1016/j.landusepol.2024.107454.

Asl, S. R., Azadgar, A., & Nyka, L. (2026). Green privilege? Exploring the spatial
relations between nature-based solutions and social vulnerability in Nordic cities. Local
Environment, 1-22, https://doi.org/10.1080/13549839.2026.2639069.

Azadgar, A., Sepe, M., Gancza, A., Lorens, P., Luciani, G., Nyka, L. (2026) Integrating
Al and spatial analysis for resilient and inclusive 15-minute cities: A case study of
Gdansk, Cities, Volume 173, 2026, 107011, https://doi.org/10.1016/j.cities.2026.107011.

Each of these articles has employed a distinct methodology but, at the same time, is harmonious

with the main research goal of this dissertation in order to find responses to the research
questions and cover research gaps derived from the literature review. Table 2 demonstrates the

utilized methodologies within each paper and their alignment with research components of the

overall dissertation (research questions, gaps, objectives, and theses), along with their analytical
role and their contribution to the overall dissertation. Conceptual diagrams, schematic

illustrations, and other visual representations presented in this thesis were created by the author
using Microsoft PowerPoint and Adobe Photoshop.
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Table 2. Alignment of research questions, articles, methodological approaches, and contributions to the overall thesis.

Paper Analytical role {::::;2? g:;earch ?;js::i:lel glisse:;rch Methodological response Contribution to overall thesis
. . . Identifies the research trends and gaps
I R:S??i?rﬂg:;zznand RQ1 G3 RO1 - é;ﬁiﬁgﬁfaﬁﬁleﬁ.saﬂd in relation to flood risk and NbS with
gap Y particular focus on In'VEST UFRM
Establishes the relationship between
urbanization, land take, and flood
Spatial dimension: GIS-based land use change sensitivity through developing water
I hp drological and ’ RQ2 Gl RO2 RT1 analysis combined with the accumulation sensitivity index
1;; d—usegcon text InVEST Urban Stormwater (WASI) and normalized WASI
Retention Model (NWAS]I) indicators as the
hydrological foundation for flood-
sensitive urban planning
Technical InYE ST Urban }71190d Risk Translates hydrological assessment
dimension: decision Mltlgatlon r.nod.e 1r.1tegrated. into operational NbS planning
I ) RQ3 Gl; G3 RO3 RT2 with a multi-objective genetic . . Lo
support and . LU strategies through spatial prioritization
optimization algorithm optimization and decision-support approaches
p framework
Social dimension: GIS spatial analysis, Pearson
socioeconomic ‘ correlation analysis, Social Expands flood resilience assessment
v . R Vulnerability Index (SVI), beyond hydrological performance to
and V e&;iz}é’ (;;s(tirlbutlve RQ4 G4 RO4 RT3 principal component analysis  include distributive justice, social
Jv ulner;bili t (PCA), and spatial clustering  vulnerability
y methods
S:(f;:liilirlriltenz;iln: spatial quality assessment, Advances NbS planning toward more
VI y RQ5 G5 ROS5 RT3 network-based accessibility inclusive, accessible, and human-

human-scale spatial
quality

analysis, and In'VEST UFRM

centered planning approaches
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3.2. Case study selection

The case studies in this research were selected to represent a broad range of European urban
contexts, environmental conditions, planning systems, and flood-related challenges linked to
NbS. The research adopted a comparative multi-case approach across different European regions
instead of focusing on a single city or country. Following the comparative and transferability-
oriented approach common in European urban and environmental research, geographically and
climatically diverse case studies were chosen to test the applicability, robustness, and
transferability of the proposed methodologies across various urban, hydrological, socioeconomic,
and governance conditions. This diversity was necessary to understand how different climatic
conditions, urban morphologies, hydrological systems, planning traditions, and socioeconomic
structures influence the implementation, performance, accessibility, and spatial distribution of
NbS and flooding risk in different European cities. Expanding the research across multiple urban
contexts also strengthened the potential applicability of the developed frameworks and findings
for broader European planning and policy contexts.

The selected case studies include Gdansk, Milan, Rome, Oslo, Helsinki, Stockholm, and Ghent,
representing coastal, Mediterranean, continental, and Nordic urban environments with different
urbanization trajectories and environmental pressures. The inclusion of specific cities varied
across papers, depending on each study's objectives and methodological needs. For example,
Gdansk, Milan, Oslo, and Ghent were selected for comparative land-take and hydrological
sensitivity analyses because they represent contrasting flood drivers, land use transitions, and
planning approaches. In contrast, Oslo, Helsinki, Stockholm, and Rome were included in studies
on environmental justice, social vulnerability, accessibility, and green privilege due to the
availability of high-quality spatial and socioeconomic datasets and their differing approaches to
NbS planning and welfare-oriented urban development. In this way, these case studies enabled
both context-specific investigation and broader comparative analysis, supporting the
development of more scalable and transferable conclusions about the role of nature-based
solutions in improving urban flood resilience across Europe.
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Figure 5. Study areas. Source: Author’s own illustration

3.3. Description of data sources

Syria

Russia
Kazakhstan
Georgia
Azerbaijan
Turkmenjstan
Iran
Iraq

In order to fulfill the objectives of the dissertation, each article was tasked with different
methodologies, and each of them, in order to produce results, needed different types of data.
Table 3 summarizes the data sources and features of the input data within each publication.
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Table 3. Summary of characteristics of input data in the publications of this thesis along with their sources.

Article Data type Source Spatial/temporal Purpose Method using the data
resolution
I Scientific publications Scinapse and Google Papers published 2019- Identify studies applying PRISMA guided screening and
to be included in the Scholar 2024; searches conducted UFRM and examine the full text review of 21 papers
review study February 2024 applications, limitations
and research gaps
II LULC Copernicus Urban Atlas 2012 and 2018 for Detect where natural/semi-  GIS clipping, intersection and
(European comparison; minimum natural/agricultural land cross-tabulation to identify
Environment Agency, mapping unit 0.25 ha became artificial or sealed  land-use transitions and land
2020, 2016) take
Hydrologic soil groups HYSOGs250m (Ross et 250 m raster; static Represent soil Combined with LULC in the
al., 2018) runoff/infiltration InVEST biophysical
characteristics parameterization
Annual precipitation ERAS (Hersbach etal., Mean annual precipitation Provide climatic forcing Input to InVEST Urban
2023), accessed via for long-term water Stormwater Retention Model;
Google Earth Engine balance also used to normalize WASI
into NWASI
Road centerlines OpenStreetMap Vector network Represent transport-related  Included in the spatial
contributors (2025) impervious surfaces representation of sealed urban
infrastructure
I LULC Copernicus Urban Atlas 2018, minimum mapping Describe existing land Input to InVEST UFRM and

(European Environment
Agency, 2020)

unit 0.25 ha

cover and determine runoff
characteristics and where
specific NbS can be
installed

starting raster for the genetic-
algorithm optimization

Soil hydraulic properties
/ hydrologic soil groups

ESDAC 3D Soil
Hydraulic Database
(Toth et al., 2017)

250 m raster

Classify soil into
hydrological groups A-D
and represent
infiltration/runoff
behaviour

Combined with land-cover
data in InVEST UFRM

Curve Numbers

NRCS Curve Numbers /

Non-spatial lookup table

Assign runoff potential for

SCS-Curve Number

USACE HEC Curve each land-use X soil-group  calculation within InVEST
Number Tables combination UFRM and genetic algorithm
(USACE, n.d.) objective calculations
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NbS implementation
costs

Mix of literature and
expert consultation with
a local engineering firm
(SPB Contech Sp. z o.0.
in Gdansk); worst-case
costs used in

Local cost estimates;
principally current to
study period, no spatial
resolution

Represent economic cost
of interventions

One of the objective functions
in the multi-objective genetic
algorithm

optimization
v Gdansk green space data  Geoportal.gov.pl Citywide spatial layers; Quantify the area and
analysed at district level;  density of publicly
accessed January 2024 accessible NbS (PNbS) in
each district o
Rome green space data ~ Roma Capitale — District level; 2022 Quantify the area and Dlsuilct-lgvel PIN bIS area and
Statistics and Data density of PNbS in each ensity calculation
Portal, based on district
Environmental
Protection Department
data
Gdansk socio-economic  City of Gdansk District ~ District level; housing Characterize district socio-
data Portal / BIP; prices 2024; economic conditions and
SonarHome (2024); unemployment 2016; examine their relationship
Gdansk municipal population/district data with PNbS distribution .
o GIS mapping, Pearson
open-data portal from municipal sources ati d priority ind
Rome socio-economic City of Rome Statistics  District level; population  Characterize district socio- cotrelation and priority mdex
data and Data Portal; ISTAT  2022; household income economic conditions and
(2021); Mapparoma / 2020; education 2021; assess distributive justice
OMI (Lelo et al., 2016)  housing prices 2018 in PNDS allocation
v Data for constructing Urban Atlas 2018 Urban Atlas: 2018; Represent the quantity, Calculation and equal-

nature-based solutions
index (NbSI)

(Copernicus Land
Monitoring Service,
2018); population data
from Helsinki Map
Service (2023), Oslo
Kommune (2024), and
Sweco (2022); Sentinel-
2 Level-2A imagery via
Copernicus Open

population data: sub-
district level; Sentinel-2:
cloud-free growing-
season imagery from 17—
28 May 2024,
summarised as mean
NDVI per sub-district

relative availability, and
ecological condition of
NbS across sub-districts

weighted combination of NbSI
indicators

Access Hub
Data for constructing Oslo Kommune (2022—  Sub-district level; Oslo Represent social PCA-based construction of
SVI 24); Helsinki Map 2022-24, Helsinki 2022—  vulnerability through SVI

23, Stockholm 2021-22

socioeconomic and
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Service (2022-23);
Sweco (2021-22)

demographic
characteristics related to
capacity to cope with
environmental and social
risks

VI

Amenities, public OpenStreetMap data Vector point/network Assess 15-minute walking ~ QNEAT3 network analysis of
transport, accessed through data; data availability accessibility to essential 15-minute accessibility
green/recreational QuickOSM in QGIS checked June 2024 amenities, recreational

spaces and street spaces and public transport

network

Google Street View Google Street View 600 randomly generated Assess public-space Machine learning-based

images

(GSV) Static API

locations; after removing
duplicates/non-landscape
images, 198 panoramic
images remained;
availability checked June
2024

quality, including
infrastructure, greenery,
visual quality, identity and
users

assessment of public-space
quality

Input data for InVEST
UFRM

UFRM

Urban Atlas 2018
(EEA, 2021); ESDAC
3D Soil Hydraulic
Database (European
Commission JRC,

2017; Toth et al., 2017);

NRCS TR-55
biophysical table

Urban Atlas: 2018 vector
land-cover data; ESDAC
soil data: 250 m raster;
TR-55: non-spatial Curve
Number/biophysical
lookup table

Estimate water-retention
capacity and identify areas
with greater physical
susceptibility to surface-
water
accumulation/flooding

to calculate spatial water-
retention capacity within
InVEST UFRM
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3.4. The overview of the used methods

3.4.1. Systematic literature review

The first step in the PhD research was a literature review that resulted in the paper “Advancing
Urban Flood Resilience: A Systematic Review of Urban Flood Risk Mitigation Model, Research
Trends, and Future Directions”. A systematic literature review was used to collect and evaluate
research on urban flood risk mitigation model published between 2019 and 2024, since UFRM,
the focus of this review, was introduced in 2019. Initially, papers matching the keywords
“Integrated Evaluation of Ecosystem Services and Trade-offs” were included. Then, papers
containing any of the keywords “flood”, “flooding”, or “floods” were added. In Google Scholar,
the phrases “Integrated Valuation of Ecosystem Services and Trade-offs” AND “Urban Flood
Risk Mitigation model” were searched. After removing duplicates and screening titles, abstracts,
and keywords, 21 relevant studies were selected for detailed full-text analysis (see figure 6 for a
breakdown of steps). Next, the bibliometric analysis was applied to examine patterns in the
literature, including publication trends, citation counts, journals, affiliations, funding sources,
and geographic distribution of case studies. This helped identify which countries, institutions,
and journals were most active in UFRM research. Finally, the keyword co-occurrence and
network analyses using VOSviewer was conducted. By analyzing how keywords co-occurred
across the selected studies, it was possible to generate thematic clusters revealing the field's
major research areas.

Detection on Google Scholar: 38 Detection on Scinapse: 36

v v

Removal of Double counting: 63

v

Preliminary Assessment (Title/Abstract/Keywords)

v

Removal of Irrelevant Papers

v

Final Number of Papers eligible for the full-text review: 21

Figure 6. Exploration approach of peer-reviewed articles. Source: Author’s own illustration

3.4.2 Spatial and hydrological assessment

This section presents the spatial and hydrological methods used to investigate the relationships
between urban development, land-use change, flood risk, and NbS. The analytical framework
combines GIS-based spatial analysis, hydrological modeling, and sensitivity assessment to
examine how urbanization influences runoff generation, water accumulation, and flood
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susceptibility across different urban contexts. The methodology evolved from large-scale
comparative assessments of land use transitions and hydrological sensitivity to intervention-
oriented modeling focused on evaluating and optimizing NbS flood-mitigation performance in
urban environments.

Land use change analysis

To understand how different land use types affect flood risk and how various land use changes
influence flood risk, a GIS-based LUC analysis was conducted to examine urban transitions as
the first step in this PhD research. The LUC analysis followed a consistent GIS procedure. It
involved clipping land use layers to administrative boundaries, intersecting 2012 and 2018 maps
to identify changes, classifying transition types, and calculating absolute and relative area
changes for cross-city comparison.

Flood risk and runoff modelling

One main theme of this research is flood risk modelling and spatial analysis to find links between
flood risk and urban characteristics in a city. Based on this and the literature review of possible
tools and methods, I chose to use IN'VEST’s flood risk assessment models: UFRM and the Urban
Stormwater Retention Model. In this thesis, modeled runoff was used as a proxy indicator of
flood susceptibility, with higher runoff values interpreted as indicating greater hydrological
susceptibility to flooding under the analyzed conditions.

In the land take paper, my objective was to understand how urbanization and land-use transitions
alter the hydrological sensitivity of cities over time. For this reason, the IN'VEST Urban
Stormwater Retention Model was the most appropriate tool because it is designed to evaluate
long-term stormwater retention and water accumulation through an annual water balance
framework. The model estimates how land cover change affects infiltration, evapotranspiration,
interception, and runoff generation across urban systems, making it particularly suitable for
comparative analysis of land take patterns between cities. The paper explicitly states that the
model was selected because it supports “comparative urban studies focused on runoff generation
and retention capacity”.

By contrast, the optimization paper addresses a different problem: how to spatially allocate NbS
to reduce pluvial flood risk in vulnerable urban areas. This required a model capable of
evaluating storm-event runoff dynamics and flood mitigation performance under specific rainfall
conditions. Therefore, the INVEST UFRM model was more appropriate because it directly
estimates runoff during storm events using the SCS-Curve Number method. The paper explains
that UFRM is suitable for assessing “water retention during storm events,” quantifying
“reductions in floodwater volume,” and evaluating the flood mitigation potential of NbS
interventions. Unlike the Stormwater Retention Model, which is primarily diagnostic and

24



comparative, the UFRM model is operational and intervention-oriented. It allowed integration
with the genetic algorithm optimization framework to test alternative NbS configurations under
explicit hydrological constraints.

Integrated land take-runoff Sensitivity analysis

In paper II, an integrated analytical framework combining land-use change detection and runoff
sensitivity modeling was developed to evaluate the hydrological impacts of urban land take. The
innovative methodology developed in this paper, called Flood-Sensitive Land Take (FSL)
analysis, examined how transitions from natural, agricultural, and semi-natural land to artificial
urban surfaces influenced water accumulation and runoff sensitivity between 2012 and 2018.
Land use and land cover transitions were identified using Urban Atlas datasets through GIS-
based overlay and intersection analysis. Hydrological responses were modeled using the IN'VEST
Urban Stormwater Retention Model. After modelling, water accumulation outputs were extracted
for each land take transition zone to compare pre- and post-development hydrological conditions.

To quantify the sensitivity of different land use transitions to runoff generation, the Water
Accumulation Sensitivity Index (WASI) was developed as the ratio of the change in total
accumulated water volume to the corresponding land take area. This indicator measured the
marginal hydrological impact of each land conversion type, allowing direct comparison of how
different forms of urbanization influence runoff sensitivity. To support comparisons across cities
with different climates, the WASI was further normalized using annual precipitation data to
create the Normalized Water Accumulation Sensitivity Index (NWASI). These indicators
enabled the identification of land use transitions with the highest runoff sensitivity and provided
a quantitative basis for flood-sensitive spatial planning, targeted mitigation strategies, and
evaluation of nature-based solutions for urban flood resilience.

3.4.3. NbS planning and optimization approaches

In Article II1, I explored the problem of spatially selecting and distributing NbSs in a case study
of Gdansk. Given the complexity of flood protection measures and the multifunctionality of
NbS, selecting and allocating them required an approach that considers multiple objectives
simultaneously. Therefore, a multi-objective optimization approach was necessary. Such
optimization problems can be approached in several ways, from optimizing a linear combination
of objectives to searching for a pareto front of best-fitting solutions. Methods focusing on the
latter yield a collection of solutions, each optimal in at least one selected measure (Arora, 2004).

Such a framework is well-suited for genetic algorithms, i.e., methods solving optimization
problems using techniques inspired by mechanisms of natural evolution. These methods operate
on a collection of possible solutions, called a population, and iteratively refine them through
repeated stages of selection, crossover, and mutation. In the optimization of NbS placement, a

25



single solution is represented by a matrix of land use codes. First, the collection of randomly
generated solutions is prepared. Next, they are evaluated in terms of runoff reduction and
implementation cost. Then, they are organized in so-called Pareto fronts according to the
procedures described in (Fonseca and Fleming, 1993). Candidates to the new population are
selected via stochastic universal sampling and are then subject to uniform crossover and
mutation (Goldberg and Deb, 1991) to generate the new population of solutions. Throughout the
iterations, the best solutions are kept to increase probability of finding the algorithm find the
optimal solutions. This procedure is stopped after an experimentally selected number of
iterations, large enough to guarantee convergence.

To ensure computational feasibility of the process and to reduce the intervention cost, only the
areas characterized by the highest rainfall depth in the InVEST UFRM simulation are selected
for optimization. Selection is performed by classifying rainfall depth scores into five categories
using the k-means clustering (Hastie et al., 2009), which can be interpreted as regions with very
low, low, medium, high, and very high rainfall depth. Areas belonging to the last two were
selected for optimization.

3.4.4. Evaluating NbS quantity and quantity

Quantity of NbS were evaluated in articles IV and V. Article IV evaluates the quantity of NbS
mainly through the density of public NbS (PNbS), calculated by dividing the area of publicly
accessible green spaces in each district by the district’s total area. I used GIS spatial analysis to
map and compare the distribution of parks, forests, playgrounds, sports fields, and waterfront
greenery across districts in both cities. In Rome, district-level PNbS data came directly from
municipal datasets, while in Gdansk the data came from Geoportal.

Article V evaluates the quantity and quality of nature-based solutions (NbS) using a more
comprehensive Nature-based Solutions Index (NbSI), which combines multiple indicators related
to both the amount and quality of urban green infrastructure. We measured NbS quantity through
NbS density, calculated as the total area of NbS within each sub-district divided by the sub-
district’s total area, and NbS per capita, which measures the amount of NbS available for each
resident. In addition, we incorporated NDVI (Normalized Difference Vegetation Index) derived
from Sentinel-2 satellite imagery to assess vegetation health and ecological quality. To define
NbS spatially, the study used Urban Atlas 2018 land-cover classes such as green urban areas,
grasslands, wetlands, and arable land. All indicators were normalized and combined into the
composite NbSI.

Accessibility and spatial quality

Throughout the research process, the assessment framework evolved from focusing on the
quantity and spatial distribution of NbS to a more integrated evaluation of both quantity and
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quality. Articles IV and V concentrated on the ecological presence and spatial coverage of NbS.
The final article (VI), though, expanded the analysis to the lived accessibility and usability of
NbS within everyday urban environments. This was done through a combined machine-learning-
based spatial quality assessment and network-based accessibility analysis. This evaluated not
only whether green and public spaces exist but also whether they are realistically accessible,
inclusive, and attractive for daily use by citizens. Public space quality was assessed through Al-
driven semantic segmentation and object detection applied to Google Street View imagery
(GSVI). This enabled automated evaluation of spatial characteristics such as greenery,
walkability, lighting, seating, visual diversity, and overall environmental quality using deep
learning models, including DeepLabv3 (Chen et al., 2017) and Faster R-CNN (Ren et al., 2016).
Simultaneously, network analysis using the the QNEAT3 (Qgis Network Analysis Toolbox 3)
plugin assessed accessibility through actual pedestrian routes rather than Euclidean distance. It
incorporated slower walking speeds to better reflect the mobility needs of vulnerable
populations, including elderly people, children, and individuals with reduced mobility. This
approach shifted the evaluation beyond the simple presence of NbS on the map to an
understanding of the actual conditions of access, movement, and inclusivity.

3.5.5. Socioeconomic assessments

The socioeconomic assessment conducted throughout the research evolved in complexity and
methodological depth across papers IV and V. In article IV, represented by the comparative
study of Gdansk and Rome, the assessment focused on examining the relationship between the
spatial distribution of publicly accessible nature-based solutions and the socioeconomic
characteristics of urban districts through the use of selected socioeconomic variables, including
housing prices, unemployment rate, education level, household income, and population density.
These variables were separately and individually analyzed in relation to the density and
allocation of public green infrastructure in order to identify patterns of distributive and
environmental justice. In the next article, however, the socioeconomic assessment was further
developed into a more comprehensive and systematic approach by constructing a Social
Vulnerability Index (SVI).

Social vulnerability

The Social Vulnerability Index (SVI) developed in article V was constructed to capture the
multidimensional socioeconomic and demographic characteristics influencing the vulnerability
of urban communities in relation to access to nature-based solutions. The methodology followed
a deductive indicator-based approach adapted from the Social Vulnerability Index (SoVI)
framework proposed by Cutter et al., 2003. The index incorporated eleven variables at the
subdistrict scale, including average taxable income, housing conditions, gender distribution,
foreign population, household structure, age groups, education level, and unemployment rate.
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Variables expected to have an inverse relationship with vulnerability, such as income and
housing conditions, were reverse-coded prior to analysis. To reduce dimensionality and identify
latent socioeconomic structures, principal component analysis (PCA) was applied. Components
with eigenvalues equal to or greater than one were retained and aggregated to produce the final
SVI score for each subdistrict. This approach enabled the transformation of multiple
socioeconomic indicators into a single composite index reflecting the relative concentration of
social vulnerability across the study areas.

Statistical and spatial correlation analysis

To investigate the relationships between NbS and socioeconomic characteristics, statistical
correlation methods and spatial analytical techniques were applied in articles IV and V. The
approach evolved from statistical correlation analysis in paper IV to more advanced spatially
explicit analyses in article V. Pearson correlation analysis examined linear relationships between
socioeconomic variables and NbS distribution, while spatial statistical approaches, including
Local Indicators of Spatial Association (LISA), identified localized spatial patterns, inequalities,
and variations in the relationships between social vulnerability and NbS characteristics.

Pearson correlation coefficient

In paper IV, Pearson correlation analysis was used to evaluate the strength and direction of linear
relationships between NbS indicators and socioeconomic variables. Pearson correlation
coefficients assessed associations between the density of publicly accessible nature-based
solutions and district-level socioeconomic characteristics such as population density, housing
prices, education level, household income, and unemployment rate. The analysis followed the
integration of spatial and census data within ArcGIS. Correlation calculations were performed in
Microsoft Excel. The Pearson correlation coefficient, ranging from —1 to +1, identified both
negative and positive relationships between variables, supporting the interpretation of
distributive and environmental justice patterns in the two cities.

Spatial clustering and local spatial analysis

In Article V, spatial analytical methods investigated localized relationships between social
vulnerability and the distribution and quality of nature-based solutions. The analysis used LISA
and Moran’s I statistics to identify spatial autocorrelation and significant spatial clusters between
the Nature-based Solutions Index (NbSI) and the Social Vulnerability Index (SVI). Unlike global
correlation methods, these approaches detected localized socio-spatial inequalities and identified
areas with varying combinations of NbS provision and social vulnerability. Bivariate LISA
cluster analysis classified urban districts into spatial patterns linked to green privilege,
environmental injustice, ambivalent conditions, and equity potential. This approach provided a
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spatially explicit understanding of how NbS quantity and quality intersect with social
vulnerability patterns across Oslo, Helsinki, and Stockholm.

Chapter 4: Summary of the appended articles

This chapter provides a summary of each paper on which the PhD research is based. The
summary includes the background, motivation, and most important finding of each paper. The
papers are introduced in a sequence aligned with the overall research narrative. Each article
attempts to resolve the question posed by the previous one and ends by posing the research
questions the next paper will address. In this way, all these papers form a cohesive narrative that
shape the final guide. In the broader sense and in the context of the overall dissertation, each of
the presented publications acts as a piece of a puzzle. At the end of this chapter, all of these
pieces are brought together; this will help synthesize the findings of each publication in order to
produce the final integrated framework, which will be presented in Chapter 5 in detail.
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4.1. Article I

Advancing Urban Flood Resilience: A Systematic Review of Urban Flood Risk
Mitigation Model, Research Trends, and Future Directions

This paper provides a systematic literature review of the UFRM within the Integrated Valuation
of Ecosystem Services and Tradeoffs (InVEST) software suite. The research addresses the
increasing demand for practical, spatially explicit tools that integrate into flood risk assessment
and climate adaptation planning, particularly in contexts with limited data availability and
technical capacity. Summary of this article is presented in figure 7.

Article I: Systematic review of the INVEST UFRM model

. D '
1. Research need 2. Method 3. Main contribution i 4. Leads to next studies
i How does land-
! use change
( 2 Runoff and NbS and i affect flood
retention urban i sensitivity?
assessment planning ! ——
= . applications e How can NbS be
Systematic E sclected and
Need for understating review + Bmeysins el e i prioritized?
existing tools and bibliometric decision-support i
research trends for NbS analysis of considcrations i How can social
and urban flood risk. INVEST UFRM '  equity be
applications. Research remains stronger in i incorporated?
assessment rather than decision i -
support. i

Figure 7. Visual summary of article I. Source: Author’s own illustration

4.1.1. Background and summary of findings

Prior to this paper, a broader examination of urban flooding approaches and NbS was conducted.
This initial analysis indicated that many available tools are either excessively complex and data-
intensive or serve mainly as conceptual and informational frameworks rather than as operational
planning instruments (Voskamp et al., 2021). In this context, the In'VEST UFRM model was
identified as a promising alternative due to its combination of accessible data requirements and
capacity to generate spatially explicit analyses of runoff retention and flood-prone areas. This
balance of analytical capability and usability informed its selection as the primary focus of the
review.

To get an overall picture of the research landscape of the reviewed papers, a bibliometric
keyword analysis was conducted using VOS viewer software based on keyword co-occurrence in
publications. The extracted keywords were grouped into five thematic clusters representing the
main research directions of studies that used UFRM. The visualization network used node size to
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represent keyword frequency, link strength to indicate relationships between keywords, and color
to distinguish clusters (please see figure 7 in the article).

The first and largest cluster focused on urban planning and NbS, including themes such as
climate change, ecosystem services, GIS, land management, urban green spaces, and urban
design. Studies within this cluster mainly evaluated the role of green infrastructure and
ecosystem-based planning in reducing urban flood risks. Papers in this cluster demonstrated that
NbS, such as forested green areas, sponge city strategies, and urban green spaces, significantly
improve runoff retention and support climate adaptation.

The second cluster emphasized urbanization, land use and land cover (LULC) change,
sustainable development, and flood control. Studies from Brazil, Sweden, Italy, and China
showed that rapid urban growth and expanding impervious surfaces increase runoff and reduce
flood regulation capacity, while preserving green spaces improves ecosystem service delivery
and flood mitigation. Several studies highlighted the importance of integrating spatial planning
and sustainable land management into urban flood prevention strategies.

The third cluster focused on the economic and social dimensions of flood mitigation, including
ecosystem valuation, runoff, natural hazards, and flood risk reduction. Research demonstrated
that UFRM can support cost-benefit analysis and evaluate trade-offs between urban
development, agriculture, and ecosystem services. Studies assessing green roofs, bioswales, and
other NbS found that the economic benefits of flood mitigation frequently exceeded
implementation costs, especially under future climate scenarios.

The fourth cluster addressed adaptation and risk management, concentrating on mitigation
strategies, ecosystem resilience, and climate adaptation planning. Research from Turkey,
Sweden, and China applied UFRM to identify vulnerable urban areas, evaluate runoff during
extreme rainfall events, and support adaptive urban planning. The fifth cluster focused on
resilience, vulnerability, adaptive management, and pluvial flooding, emphasizing the
importance of improving urban resilience through ecosystem-based flood management and
spatial adaptation strategies.

4.1.2. Limitations, research gaps and future directions

The reviewed literature demonstrates that the UFRM model has become an important tool for
assessing ecosystem services, runoff retention, and the role of NbS in urban flood management.
The growing number of studies applying UFRM across a range of climatic and urban contexts
shows its flexibility and strong potential to support sustainable urban planning and climate
adaptation strategies. At the same time, the reviewed papers reveal several emerging research
directions that can further expand the practical applications of UFRM and boost its contribution
to urban resilience planning.
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A major focus of recent research involves improving the understanding of how urbanization and
land use change influence flood risk and ecosystem service provision. Multiple studies
demonstrated that increasing impervious surfaces and rapid urban growth significantly affect
runoff generation and water retention capacity, while green infrastructure and ecosystem-based
planning are able to enhance flood mitigation. They emphasize the importance of investigating
how different land use configurations, landscape patterns, and urban development scenarios alter
flood dynamics and the supply of ecosystem services over time, thus indicating a growing need
for more detailed spatial analyses linking land use transformation processes to urban flooding
patterns.

Another important direction identified in the literature concerns integrating UFRM into practical
urban planning and adaptation processes. Existing studies successfully use the model to identify
areas at risk, evaluate ecosystem services, and assess the benefits of nature-based solutions such
as green roofs, bioswales, sponge city strategies, and urban green spaces. Future research
increasingly aims to move beyond assessment toward more direct support for planning and
decision-making processes. Several authors emphasized the importance of developing
approaches that can compare alternative planning scenarios, evaluate multiple adaptation
strategies simultaneously, and support the spatial prioritization of flood mitigation interventions
within specific urban contexts.

The reviewed papers also highlight increasing interest in combining UFRM with advanced
geospatial analysis, climate modeling, remote sensing, sewer network analysis, and ecosystem
accounting frameworks. These interdisciplinary approaches contribute to more comprehensive
evaluations of urban flood resilience and offer opportunities to integrate hydrological,
environmental, and socioeconomic dimensions into adaptation planning. In addition, studies such
as Hamel et al. (2021) demonstrate the growing relevance of environmental justice and spatial
equity considerations within ecosystem service modeling, particularly in identifying areas where
green infrastructure can simultaneously reduce flood vulnerability and improve social well-
being.

Based on these emerging research directions presented in article I, three key research questions
guide the following papers presented in this PhD:

1) How do different land-use and land-cover changes influence urban flood risk and runoff

retention in urban areas? (explored in paper II).

2) How can InVEST UFRM based analyses support spatial decision-making and the
identification of optimal nature-based solutions for urban flood mitigation? (explored in
paper III)

3) How can NbS for flood protection in cities contribute to socially equitable, inclusive, and
resilient urban environments? (explored in paper IV, V and VI)
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4.2. Article 11

Flood-sensitive land take (FSL) analysis: A new way to read how urban sealing shapes
flood risk

Building on the review article and motivated by the aim of understanding how land use changes
influence urban flood risk, I co-authored the article “Flood-sensitive land take (FSL) analysis: A
new way to read how urban sealing shapes flood risk.” In this work, we sought to challenge
conventional views of land-use change and flooding. While the link between land sealing and
increased flood risk is well established (Kudas et al., 2024), the specific effects of different
sealing types have not been thoroughly investigated. Through a sensitivity analysis, we sought to
close this research gap. Also, in order to develop a framework applicable to diverse European
urban contexts, we chose four cases from four countries, each with distinct planning systems and
climates.

In this study, we applied a comparative GIS-based methodology, along with In'VEST’s
stormwater retention model, to analyze how land use change influences urban water
accumulation and flood sensitivity across four European cities between 2012 and 2018. Using
harmonized Urban Atlas land-use data, spatial transitions from natural or agricultural land to
artificial surfaces were identified through GIS overlay and cross-tabulation techniques.
Hydrological impacts were then assessed using the In'VEST Urban Stormwater Retention Model,
which estimates long-term water accumulation based on annual water balance processes,
including infiltration, evapotranspiration, runoff, and groundwater recharge. The model
combined land use data, hydrologic soil groups, precipitation records, and transport
infrastructure information within a consistent parameter framework to ensure cross-city
comparability. Building on these outputs, the study developed the Flood Sensitive Land Take
(FSL) framework, which links specific land use transitions to changes in modeled water
accumulation. Two indicators were introduced: the Water Accumulation Sensitivity Index
(WASI), measuring hydrological change per unit of converted land, and the Normalized WASI
(NWASI), which adjusts results for climatic variability using annual precipitation. Visual
summary of paper II is presented in figure 8.
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Article 11: Flood-sensitive land take and effects of urban sealing
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Figure 8. Visual summary of article II. Source: Author’s own illustration

4.2.1. Comparative patterns of land take and hydrological sensitivity

The results (please see figures 3-7 in the article) reveal noticeable differences in how land take
affects urban water accumulation across our case studies. Gdansk showed the most intensive
urban expansion compared to the other studied cities. This expansion is mainly driven by
residential, commercial, and industrial growth on agricultural land, which corresponds with
strong increases in water accumulation in newly urbanized districts. Milan showed more
moderate but widespread hydrological impacts associated with redevelopment and infrastructure
expansion around the Expo 2015 area, though some locally implemented green projects reduced
water accumulation. Oslo recorded minimal land take overall, yet even limited conversion of
forests and agricultural land generated relatively high hydrological sensitivity, highlighting the
possible vulnerability of Nordic landscapes to sealing processes. Ghent presented a more
intriguing trajectory, where parts of the land take were directed toward new urban parks and
green infrastructure, resulting in reduced water accumulation and negative WASI values in some
areas. The case of Ghent demonstrated that even though land take may include the conversion of
natural land uses to urban land uses, if the urbanization involves green infrastructure, it can have
positive effects on water management in that area. This showcases the importance of a balanced
urban planning approach that incorporates green infrastructure implementation in order to
compensate for the sealing of natural landscapes. In a more general sense, the findings
demonstrate that the hydrological consequences of land take depend not only on its extent but
also on the type of land conversion, with industrial and transport-related developments
consistently increasing water accumulation, while green infrastructure can mitigate or even
reverse these effects.
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4.2.2. Implications of land take and flood risk dynamics for future research

This chapter demonstrated that flood sensitivity emerges from the interaction between land use
transitions, local conditions, and the spatial configuration of urban development. By proposing
and applying the novel indices WASI and NWASI across four European cities, the study moved
beyond conventional land sealing indicators and provided a spatially explicit assessment of how
different forms of land use contribute to surface water accumulation. The results highlighted that
the same amount of land take can produce very different hydrological outcomes depending on
soil conditions, drainage systems, and the type of urban development involved. The analysis also
showed the importance of integrating flood risk management with land use planning and
revealed that existing planning approaches often insufficiently account for the cumulative
hydrological impacts of urban expansion. In this context, the WASI and NWASI indicators offer
a practical basis for identifying hydrologically sensitive areas and supporting more targeted,
performance-oriented planning strategies.

At the same time, the findings demonstrated that the hydrological impacts of land take can be
compensated through integrating green infrastructure and nature-based interventions into urban
planning processes. The comparative analysis highlighted how different cities apply varying
approaches to stormwater management, retention, and infiltration, while also showing that
implementation remains uneven and often lacks spatial prioritization. Consequently,
understanding the dynamics and spatial patterns of land use change is a necessary prerequisite
for designing effective flood-mitigation strategies. Before prescribing solutions, it was essential
to identify which types of urban development generate the greatest hydrological pressures, where
these pressures spatially concentrate, and how local environmental conditions influence runoff
generation and water retention.

Without this understanding, mitigation measures risk being implemented in locations where they
are less effective or insufficiently adapted to the dominant hydrological processes of a given
urban context. The findings of this chapter showed that flood sensitivity is not uniform across
cities or land use transitions, but instead depends on the interactions among sealing intensity,
land use typology, soils, and existing drainage systems. At the same time, the results showed that
green infrastructure and ecological compensation can partially offset or even reverse some of the
hydrological impacts associated with urbanization. Carefully considering all findings and
analyses from the second article in this PhD research, the following research question was posed:
after understanding the dynamics of land-use change and urban flooding risk in cities, how can
we effectively design and plan solutions to offset excess runoff caused by urban development?
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4.3. Article 111

Optimizing nature-based solutions for urban flood risk mitigation: A multi-objective
genetic algorithm approach in Gdansk, Poland

The previous chapter focused on a paper exploring the dynamics between land use change and
flood risk. It produced mapped flood risk results for Gdansk and raised the question of how to
address flood risk using NbS. To explore responses and address the scarcity of decision-support
frameworks for NbS in flood risk mitigation identified earlier in the second chapter, I began
preparing a new research project.

The first step was to explore all the possible NbS suggested in the literature for flood risk
mitigation. I conducted a systematic literature review to identify these NbS. Then, I focused on
addressing the challenge of decision support. In prescribing solutions for cities, multiple,
sometimes contradictory, criteria, constraints, and limitations must be considered.

Given all these factors, it seemed that a successful framework needed to be geographically and
spatially explicit, while accounting for multiple competing and contradictory criteria and
constraints. This meant that the nature of the task was deeply interdisciplinary. Creating such a
framework seemed impossible unless it was done with the help of computer scientists. Therefore,
I teamed up with the Faculty of Electronics Telecommunications and Informatics to create a
decision-support system that leveraged the NbS I had identified during my literature review.
Consultation with computer scientists revealed that this could be achieved effectively using a
multi-objective genetic algorithm. This resulted in writing the paper titled “Optimizing Nature-
Based Solutions for Urban Flood Risk Mitigation: A Multi-Objective Genetic Algorithm
Approach in Gdansk, Poland”. Figure 9 summarizes paper 111 visually.

Article III: Optimization of NbS Selection and Spatial Allocation under
hydrological, economic, and land-use constraints
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4.3.1. Developing the optimization framework for selection and placement of NbS

The resulting paper produced an analytical framework to optimize the spatial allocation and
selection of NbS for urban flood risk mitigation in Gdansk, Poland. By integrating the InVEST
Urban Flood Risk Mitigation model with a multi-objective genetic algorithm, the research
identified areas of the city with low water retention capacity and high susceptibility to pluvial
flooding. The framework optimized the placement of 14 different NbS, simultaneously
considering objectives such as maximizing water retention, minimizing implementation costs,
and ensuring compliance with land use compatibility constraints (for the full steps and detailed
methodology, see Figure 2 in the paper).

4.3.2. Optimization results and its spatial implications and decision-support contributions

The optimization process produced three alternative scenarios: a cost-minimization scenario, a
maximum-retention scenario, and a balanced scenario that reconciled environmental
performance with economic feasibility. The cost-minimization scenario prioritized reducing
implementation costs, resulting in fewer spatial interventions and modification of approximately
49 304 cells, yet still achieved a 14,6% improvement in water retention. The maximum-retention
scenario focused on maximizing water retention capacity, proposing interventions in
approximately 107 375 cells and achieving the highest retention improvement of 15,5%. The
balanced scenario represented a compromise between cost and environmental performance,
modifying approximately 105 263 cells to achieve a 14,9% retention improvement while
reducing costs relative to the most expensive solution.

The findings revealed noticeable spatial patterns in the effectiveness of NbS implementation
across the city. Densely urbanized areas with high levels of impervious surfaces, particularly
industrial and central urban districts, exhibited the lowest water retention capacities and
benefited most from optimized interventions. Highly urbanized areas had average retention
values of approximately 16,3 m?, while greener and less urbanized areas, such as forests and
agricultural lands on the outskirts of Gdansk, showed average retention levels of approximately
24,8 m3. Citywide, the average retention level predicted by the IN'VEST UFRM model was
approximately 20,9 m?, with substantial spatial variation across land-use categories. Very low-
retention areas comprised approximately 33,3% of the city, with average retention levels as low
as 12,3 m?, whereas very high-retention areas accounted for only 14,6% of the city and
demonstrated average retention values of approximately 28,9 m?.

Results also demonstrated that different NbS fulfilled distinguishing roles depending on land use
conditions and spatial context (see Figure 11 in the article). Rainwater harvesting cisterns were
frequently selected in continuous urban fabric and industrial areas due to their high effectiveness
and moderate implementation costs. Permeable pavements and infiltration trenches were
commonly allocated to industrial and transportation-related land uses, given their suitability for
managing runoff from impervious surfaces. In contrast, vegetated swales, wildflower meadows,
and concave green lands were more often assigned to recreational and open urban spaces where
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larger-scale ecological interventions were feasible. These findings underscore the need to tailor
NbS implementation strategies to local land-use characteristics and hydrological conditions
rather than applying uniform interventions citywide.

The paper also highlighted the trade-offs between implementation cost and environmental
effectiveness. Lower-cost solutions, such as retention ponds and concave green lands, provided
noticeable retention improvements, while more complex interventions, including green roofs and
vegetated swales, generally achieved higher runoff reduction at substantially greater costs. The
optimization framework demonstrated the value of decision-support systems that balance
multiple, sometimes conflicting, criteria. Instead of producing a single optimal solution, the
genetic algorithm generated a range of near-optimal alternatives, enabling planners and
policymakers to select scenarios aligned with their priorities, budgetary constraints, and
environmental objectives.

4.3.3. Future research direction: Extending NbS flood risk mitigation from susceptibility to
vulnerability

Articles II and III were primarily concerned with the physical dimensions of urban flooding.
Article II sought to identify where in a city the greatest volumes of runoff are generated and,
consequently, where flood risk is the highest. The analysis focused exclusively on the physical
dimensions of runoff risk, treating urban areas as physical spaces without considering the people
who live there or their diverse socioeconomic characteristics.

As a natural progression from assessment to solution development, article III examined
configurations for the placement and selection of nature-based solutions that could reduce runoff
while maintaining economic efficiency. Like article II, however, article III focused mainly on the
physical characteristics of the city and largely overlooked its socioeconomic systems and
residents.

As explained earlier in this thesis, the overall PhD research is situated within the discourse of
urban resilience. Resilience cannot be adequately assessed by focusing only on physical
susceptibility. Therefore, the findings of article III provided the basis for reframing the research
question in the subsequent study from “Where in the city is flood risk greatest?” to “Who in the
city is most at risk? “Answering this question requires an analysis of the socioeconomic
characteristics of urban districts and their relationship with existing NbS, which are intended to
reduce flood risk in those areas. This approach makes it possible to identify which parts of the
city are vulnerable to flooding, rather than merely physically susceptible to it.
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4.4. Article IV

Spatial allocation of nature-based solutions in the form of public green infrastructure
in relation to the socio-economic district profile—a GIS-based comparative study of
Gdansk and Rome

The paper discussed in this subchapter was the first attempt to address the social dimension of

NbS. Consequently, this research aimed to find correlations between the socio-economic status
of municipal districts in the cities of Rome and Gdansk and the quantity of publicly accessible

nature-based solutions (PNbS). Figure 10 visulizes the sumamry of artcile I'V.
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Figure 10. Visual summary of article IV. Source: Author’s own illustration

4.4.1. Background and motivation

This paper investigates the spatial distribution of publicly accessible nature-based solutions and
their relationship with socio-economic conditions in Gdansk and Rome. The study was
motivated by growing concerns about environmental justice and the unequal distribution of green
infrastructure benefits in urban areas. Although nature-based solutions are promoted as key tools
for climate adaptation, flood mitigation, and urban resilience, previous research shows access to
green infrastructure is often uneven across social groups. The paper also addresses a
geographical research gap, as most studies on environmental justice and green infrastructure
focus on North America, while comparative European studies are limited. By comparing two
cities with different geographical, historical, and urban development patterns, the research aims
to better understand how socio-economic conditions influence the spatial allocation of public
nature-based solutions.
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4.4.2. Main findings

The study uses a GIS-based comparative methodology combining spatial analysis, descriptive
mapping, and statistical correlation analysis. Publicly accessible nature-based solutions such as
parks, forests, playgrounds, sports fields, waterfront green areas, and other public green spaces
were mapped and analyzed at the district level in both cities. Several socio-economic variables
were examined in relation to PNbS density. In Rome, the analysis included population density,
household income, education rate, and housing prices. In Gdansk, available district-level data
included population density, unemployment rate, and housing prices. Pearson correlation
analysis examined relationships between socio-economic indicators and PNbS density. GIS
mapping identified spatial patterns and priority districts for future green infrastructure
interventions.

The results revealed spatial inequalities in the distribution of public nature-based solutions,
especially in Rome. Districts with higher household incomes, educational attainment, and
housing prices generally had higher PNbS density, indicating a strong link between socio-
economic advantage and access to green infrastructure. In contrast, districts with lower socio-
economic conditions often had less public green space. Gdansk showed a more balanced
distribution of PNbS, although some districts with lower environmental quality and weaker
socio-economic conditions also had a relatively more limited access. The comparative analysis
showed that socio-economic disparities in access to nature-based solutions were stronger in
Rome than in Gdansk. Based on these findings, the study identified priority districts for future
green infrastructure interventions and emphasized integrating environmental justice into urban
planning and climate adaptation strategies.

4.4.3. Future research directions: Beyond the quantitative ssessment of NbS

This research, especially the detailed analysis of results from Gdansk, revealed new curiosity
about hidden dimensions of distributive justice related to NbS in cities. At first glance, Gdansk
showed a relatively balanced distribution of PNbS compared to Rome. Some less affluent
districts had lower availability of green spaces, but the disparities did not seem severe enough to
indicate urgent spatial inequality or strong environmental injustice. However, this observation
revealed an important limitation of the study. The analysis mainly focused on the quantitative
dimension of nature-based solutions, examining the amount and spatial distribution of public
greenery while largely overlooking qualitative aspects.

This realization raised a broader question: does spatial equality in quantity necessarily translate
into equitable access to high-quality urban environments? It suggested that underlying forms of
environmental injustice may remain hidden when analysis is limited to numerical distribution
alone. Consequently, the findings of this paper served as a starting point for further investigation
into the qualitative dimensions of nature-based solutions and urban green infrastructure.
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4.5. Article V

Green privilege? Exploring the spatial relations between nature-based solutions and
social vulnerability in Nordic cities

This paper builds on the findings and limitations identified in the previous article. While the
earlier study examined the quantitative distribution of publicly accessible nature-based solutions
in relation to selected socio-economic indicators, results from Gdansk suggested that balanced
spatial distribution does not guarantee environmental justice or equitable access to high-quality
urban green spaces. Therefore, this paper advances the research by investigating both the
quantity of NbS and their ecological quality, as well as their spatial relationships with social
vulnerability. The study introduces a more comprehensive and spatially detailed approach to
understanding distributive justice in urban green infrastructure by integrating multiple socio-
economic dimensions, finer-scale spatial analysis, and spatial clustering techniques. Through this
progression, the research moves beyond simple statistical comparisons toward a more nuanced
understanding of how environmental inequalities are produced and spatially embedded within
cities. Figure 11 demonstrates the visual summary of article V.
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Figure 11. Visual summary of article V. Source: Author’s own illustration

4.5.1. Background and motivation

The paper investigates the spatial relationship between nature-based solutions and social
vulnerability in Oslo, Helsinki, and Stockholm. The selection of these case studies was motivated
by several factors. First, the three cities share similar climatic conditions, strong environmental
policies, welfare-oriented governance systems, and long-standing commitments to sustainable
urban planning, allowing meaningful comparison across comparable urban contexts. At the same
time, the cities differ in planning traditions, approaches to NbS implementation, urban
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morphology, and socio-spatial development patterns. Importantly, these Nordic cities are often
internationally seen as models of environmental governance and social equity. Rather than
assuming these cities are inherently equitable, the study critically examines whether socio-spatial
inequalities in access to nature-based solutions persist under advanced welfare and planning
systems. This makes them valuable test cases for investigating hidden forms of environmental
injustice and “green privilege.”

The study was motivated by methodological and conceptual gaps identified in previous research.
Existing studies on environmental justice and green infrastructure often focus on the quantity or
accessibility of green spaces while overlooking qualitative dimensions like vegetation condition
and ecological performance. Furthermore, many studies rely on broad administrative scales and
limited socio-economic indicators, which may conceal localized disparities and complex
vulnerability patterns. In response, this paper advances the previous article in four ways: first, it
evaluates both the quantity and quality of NbS; second, it incorporates spatial correlation and
clustering analysis instead of relying solely on traditional statistical relationships; third, it applies
analysis at a finer sub-district scale, reducing the chance that inequalities remain hidden within
aggregated urban units; and fourth, it replaces simplified socio-economic indicators with a
multidimensional Social Vulnerability Index (SVI) that integrates several demographic and
socio-economic factors into a more comprehensive representation of vulnerability.

4.5.2. Main findings

The study applies a comparative GIS-based methodology combining spatial analysis, composite
indexing, Principal Component Analysis (PCA), Local Indicators of Spatial Association (LISA),
and inequality analysis using Gini coefficient. To assess nature-based solutions, the research
developed a Nature-based Solutions Index (NbSI) capturing both quantitative and qualitative
dimensions of urban greenery. The NbSI integrates three indicators: NbS density, representing
the spatial concentration of green infrastructure within each sub-district; NbS availability per
capita, reflecting the relative accessibility of green spaces to residents; and NDVI values derived
from Sentinel-2 satellite imagery, representing vegetation health and ecological condition. Six
vegetation-related land-cover classes from the Urban Atlas dataset were included, such as green
urban areas, grasslands, and wetlands.

To evaluate social vulnerability, the study constructed a Social Vulnerability Index (SVI) using a
deductive framework adapted from prior research. Eleven socio-economic and demographic
indicators were included, such as taxable income, housing conditions, immigration status,
unemployment, educational attainment, age structure, household composition, and family
characteristics. PCA was used to reduce dimensionality and identify dominant vulnerability
components within each city. Unlike the previous article, which relied mainly on direct statistical
relationships between selected socio-economic variables and green infrastructure density, this
study also employed spatial correlation analysis and bivariate LISA cluster analysis to identify
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geographically significant relationships between NbS characteristics and social vulnerability
patterns. Using sub-district-level spatial units enabled a finer-scale analysis of socio-spatial
inequalities and reduced the chance that localized disparities would remain concealed within
larger administrative boundaries.

The results revealed noticeable socio-spatial inequalities in both the quantity and quality of NbS
across all three cities. Socially vulnerable districts frequently coincided with areas of lower NbS
coverage and lower vegetation quality, demonstrating that environmental inequalities persist
even within Nordic cities characterized by strong welfare systems and progressive environmental
policies. The study identified four recurring spatial patterns: green privilege, where affluent areas
concentrated high-quality NbS; injustice, where vulnerable communities lacked adequate green
infrastructure; ambivalent zones, where relatively high NbS coexisted with social vulnerability;
and equity potential zones, where future equitable interventions could be prioritized. Helsinki
had the highest inequality in NbS distribution, as measured by the Gini coefficient, while Oslo
and Stockholm also showed significant disparities.

4.5.3. Future research directions: From spatial availability to real-life accessibility

This study showed that evaluating the quantity and ecological quality of nature-based solutions
provides important insight about patterns of environmental inequality and social vulnerability.
However, several limitations emerged from the analysis. First, NDVI mainly reflects vegetation's
biophysical condition and does not capture the social or experiential aspects of green space
quality, such as comfort, safety, walkability, attractiveness, or perceived environmental quality.
Second, although spatial availability of nature-based solutions is often used as a proxy for
accessibility, physical proximity alone does not guarantee meaningful or equitable access.
Structural barriers, street connectivity, mobility limitations, and socio-economic conditions can
greatly affect different population groups' ability to benefit from nearby green spaces.

These limitations indicate the need for future research to move past static distributional analysis
toward more human-centered understandings of urban environmental quality. In particular, there
is a growing need to examine how accessibility, inclusiveness, and street-level spatial experience
influence the actual usability and social value of urban green infrastructure. Consequently, the
question posed by this paper for future research direction is as follows:

How can accessibility, inclusiveness, and street-level spatial quality assessment contribute to a
more comprehensive evaluation of urban green infrastructure?
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4.6. Article VI

Integrating Al and spatial analysis for resilient and inclusive 15-minute cities: A
case study of Gdansk

This paper builds on previous studies by extending the investigation from the spatial distribution
and ecological quality of nature-based solutions to questions of accessibility, inclusiveness, and
everyday spatial experience. It focuses on how urban greenery can support resilient and livable
neighborhoods within the 15-minute city concept through accessibility analysis and Al-assisted
spatial quality assessment. Figure 12 presents the visual summary of paper VI.

Article VI: Integrating accessibility, public space quality, flood susceptibility to
support inclusive and resilient urban planning
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Figure 12. Visual summary of article VI. Source: Author’s own illustration

4.6.1. Background and motivation

The 15-minute city (FMC) is a compact urban planning approach that has gained much attention
in recent years. Its core idea is to plan urban areas in a way that all necessary amenities are
within a 15-minute walk for citizens. Because the concept is flexible and lacks a universal
definition, several papers have tried to answer questions about its applicability. These include
how to assess it in cities and which essential services should be included in the framework.
However, despite growing literature, several research gaps remain. These include inclusivity,
environmental resilience, public space quality, and methodological approaches. Existing FMC
studies mainly focus on proximity and accessibility metrics, often overlooking the mobility
needs of vulnerable groups such as elderly people, children, and individuals with disabilities.
Meanwhile, qualitative aspects of public spaces, like safety, comfort, greenery, aesthetics, and
pedestrian experience, are insufficiently integrated into accessibility assessments. Also, climate-
related challenges, especially flooding and stormwater vulnerability, are rarely included in FMC
frameworks despite their direct impact on urban accessibility and the usability of public spaces.
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Moreover, current research often treats accessibility, environmental resilience, and social
inclusivity separately, lacking integrated frameworks that evaluate these dimensions
simultaneously.

This paper addresses these gaps by developing an integrated framework to evaluate resilient and
inclusive 15-minute cities through combined assessments of accessibility, public space quality,
and environmental susceptibility. Using the Young City district in Gdansk as a case study, the
research integrates GIS-based network analysis, Al-driven spatial quality assessment, and flood
modeling to go beyond conventional proximity-based FMC evaluations. The study considers the
needs of vulnerable groups by applying a lower walking speed in network analysis and evaluates
the qualitative characteristics of pedestrian environments through machine-learning-based image
analysis. Flood-prone areas are also integrated into the accessibility framework to examine how
environmental risks affect urban usability and resilience. By combining social, spatial, and
environmental dimensions in one methodological approach, the paper offers a more
comprehensive and operational framework for inclusive, climate-resilient, and people-centered
urban planning. It also responds to questions raised in previous papers in this thesis about
moving beyond purely ecological assessments of nature-based solutions toward evaluating
spatial quality and real-life accessibility. Specifically, the study examines accessibility to urban
green spaces through the actual urban network of streets, pedestrian paths, and walkable
connections that shape how citizens experience and reach these spaces daily, rather than
evaluating accessibility solely based on the spatial presence or distribution of urban greenery in
cities.

4.6.2. Main findings

Findings show that evaluating 15-minute cities only through proximity and accessibility metrics
is insufficient to understand real urban livability, inclusivity, and resilience. By integrating
spatial quality assessment, network-based accessibility analysis, and environmental flood
susceptibility modeling, the study identified clear spatial inequalities within the Young City
district of Gdansk. The results revealed that although some central redevelopment areas had good
accessibility to amenities and public transportation, many surrounding areas, especially former
fence-line communities, remained underserved in public space quality, greenery, accessibility,
and environmental resilience. The study also showed that flood-prone areas often overlapped
with zones of low spatial quality and limited amenity access, demonstrating how climate
vulnerability can reduce effective accessibility and usability of urban spaces. By overlaying
several analytical layers, the paper developed hotspot maps highlighting areas of high priority for
interventions (see figure 16 in article VI). Additionally, the paper showed that machine learning-
based image analysis and GIS methods can provide scalable and efficient tools for evaluating
urban quality and identifying priority intervention areas.

45



4.6.3. Future research direction

Paper VI suggests several directions for future research to improve the 15-minute city
framework, digital urban assessment methods, and climate-resilient planning. One key direction
is integrating additional environmental risks beyond flooding, such as urban heat islands, air
pollution, and other climate-related hazards, to create more comprehensive environmental
resilience assessments. The study also recommends expanding the use of alternative data
sources, including drone imagery, loT sensors, and crowdsourced data. This would overcome the
limitations of GSVI and improve the evaluation of non-road public spaces, such as parks and
pedestrian areas. Another direction is developing dynamic, real-time monitoring systems to
evaluate how public spaces change over time following urban interventions. The paper also
emphasizes the need for participatory, community-centered planning approaches that involve
local residents in co-designing regeneration strategies, especially in historically marginalized
neighborhoods. Finally, the study highlights the importance of adapting the proposed framework
to diverse urban contexts and environmental conditions across cities worldwide to test its
replicability and transferability.
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4.7. From individual articles to thesis-level synthesis

The six articles explored different but related research topics, starting with urban flood processes
and land use sensitivity, and moving toward NbS optimization, distributive justice, social
vulnerability, accessibility, and spatial quality. Figure 13 shows how these articles connect as
parts of the overall research. Each study offers its own methodological and scientific viewpoint,
and together they form the foundation for the thesis-level synthesis developed in chapter 5. As
mentioned earlier in the beginning of this chapter, each of these individual publications functions
as an individual puzzle piece that is a building block of the final integrated framework, which
will be presented in the next chapter. Figure 13 brings all of these pieces together and
demonstrates them within the broader analytical dimensions of the present dissertation.

From Individual Studies to an Integrated Understanding of NbS based Urban Flood Resilience

A. Spatial dimension: hydrological and land- B. Technical C. Social dimension: equity and human-scale related findings
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Figure 13. Progression of articles I-VI toward an integrated understanding of NbS-based urban flood
resilience. Source: Author’s own illustration
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Chapter 5: Cross-study synthesis and presenting the integrated NbS planning
framework

5.1. Synthesizing findings across the studies

This chapter synthesizes the findings of the six articles and explains how they shape the thesis’s
overall contribution. It begins with the spatial and technical dimensions of urban flood resilience,
examining how land use change and local environmental conditions influence flood
susceptibility. Then it moves from flood assessment to selecting and spatially optimizing nature-
based solutions, considering hydrological effectiveness, cost, and land use compatibility. Finally,
it expands the analysis to social vulnerability, distributive justice, accessibility, and spatial
quality. It concludes by identifying the key principles that inform the final integrated decision-
support framework.

5.1.1. Urbanization and the spatial production of flood risk

Urban flooding is increasingly recognized as a major environmental challenge in cities, and the
growing body of evidence reviewed in article I demonstrates a strong relationship between
urbanization, climate change, and increased flood risk. However, article Il was not primarily
concerned with simply reaffirming that urbanization increases runoff and flood susceptibility, as
this relationship is already extensively documented in existing literature. Instead, the article
sought to move beyond this established understanding by examining why the hydrological
impacts of urbanization differ across urban contexts and land-use transitions.

Through comparative analysis of runoff dynamics between 2012 and 2018 across four European
case studies, the findings showed that increases in runoff are not determined solely by the extent
of urban expansion but by the interaction of multiple environmental and spatial factors. The
application of the InVEST Urban Stormwater Retention Model highlighted the role of climatic
conditions, soil characteristics, drainage infrastructure, land use configuration, and urban
morphology in shaping hydrological responses within cities. Different combinations of these
variables produced different runoff patterns and flood sensitivities across the studied urban
environments.

While previous studies emphasized the importance of environmental conditions in influencing
runoff generation, article II further explored the role of urban morphology and specific
characteristics of land-use transitions. In this context, the development of the WASI was an
important conceptual contribution because it enabled assessment of how sensitive different forms
of land-use change are to runoff generation, rather than focusing solely on the quantity of urban
expansion. The findings showed that different types of land conversion can produce different
hydrological consequences even when the total amount of urbanized land remains comparable.

This has important implications for urban planning and flood resilience strategies. In complex
urban environments with competing land use demands, financial limitations, and multiple
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planning priorities, understanding the hydrological sensitivity of different urban transitions is
particularly valuable. Rather than distributing resources uniformly, sensitivity-based approaches
like WASI can support more targeted, spatially prioritized interventions by identifying locations
where flood mitigation measures will yield the greatest resilience benefits.

More importantly, the findings align closely with broader resilience-oriented approaches to urban
flood management. Conventional flood mitigation strategies have historically emphasized
control, standardization, and risk reduction through relatively rigid engineering interventions,
often without fully accounting for contextual variability and urban sensitivity. By contrast, the
WASI framework shows that urban environments respond differently to land use transitions
depending on local environmental, hydrological, and spatial conditions. This reinforces the
importance of adaptive and context-sensitive planning approaches that respond to the specific
characteristics and vulnerabilities of individual urban systems.

From this perspective, resilience emerges not through uniform mitigation measures but through
the capacity to understand, anticipate, and adapt to varying levels of hydrological sensitivity
across urban landscapes. Consequently, the findings further support the growing relevance of
nature-based solutions within urban flood resilience planning, as NbS offer flexible,
multifunctional, and context-responsive approaches that can be adapted to the specific
environmental and spatial conditions of different urban areas.

5.1.2. From hydrological assessment to NbS planning and optimization

Article II demonstrated that urban flood risk is shaped by the interaction of multiple
environmental, hydrological, and spatial components rather than a single factor. The analysis
showed that different combinations of land use change, soil conditions, climatic characteristics,
drainage infrastructure, and urban morphology produce varying levels of runoff and flood
sensitivity across urban contexts. This finding highlighted the role of trade-offs in urban flood
resilience planning. In cities, where environmental, economic, spatial, and infrastructural
priorities interact continuously, reducing one risk or pressure may depend on several competing
and non-competing factors at the same time. As a result, planning effective responses to flood
risk is a complex task that requires more than identifying where runoff increases.

The findings reinforced the importance of moving beyond rigid and standardized flood
mitigation strategies. As discussed in chapter 1, conventional flood management often relies on
fixed engineering interventions designed to control or reduce risk. However, the varying
sensitivities identified in article II suggest cities require more adaptive and context-sensitive
approaches. NbS are particularly relevant because they align closely with resilience thinking.
Rather than functioning only as technical mitigation measures, NbS can be adapted to different
spatial, environmental, and hydrological conditions while providing multiple ecological and
social benefits. However, urban flood resilience cannot be achieved by implementing isolated
NbS interventions. If NbS are treated as individual projects disconnected from broader urban
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development, their long-term effectiveness is limited. Instead, NbS need to be embedded in
conventional urban planning and integrated into regular spatial decision-making. The question is
not only whether NbS can reduce runoff, but also where they should be implemented, which
types are most suitable, and how they can be prioritized under real urban constraints.

This need created the foundation for article III. Article I showed that despite numerous flood
modelling tools with strong assessment capabilities, fewer tools support practical decision-
making, especially for spatial selection and implementation of NbS. Building on this gap, article
IIT focused on optimizing the placement and selection of different NbS types while addressing
multiple trade-offs and competing planning objectives. The optimization approach was important
because urban planning must balance several objectives at once, including flood mitigation
performance, implementation cost, land use compatibility, spatial feasibility, and long-term
resilience. Rather than producing a single fixed solution, the optimization framework could offer
a flexible decision-support approach capable of generating near-optimal alternatives under
different planning priorities. In this way, article III translated the understanding of flood
sensitivity from article II into a more operational planning process. Understanding flood
sensitivity alone is insufficient unless this knowledge is transformed into practical strategies that
identify where, how, and under what conditions NbS should be implemented. Through the
optimization approach developed in article III, NbS could be positioned not only as flood
mitigation measures but as active components of urban decision-making and resilience-oriented
planning. This represents an important step from hydrological assessment toward strategic NbS
planning, where interventions are selected and allocated according to the specific sensitivities,
constraints, and opportunities of the urban context.

5.1.3. The social dimension of NbS-based flood resilience

While article III demonstrated the importance of spatial prioritization and optimization in NbS
planning, it also raised a broader question about the social consequences of resilience
interventions. If nature-based solutions are planned solely on the basis of effectiveness,
implementation cost, and spatial and technical feasibility, their social distribution and justice
implications risk being insufficiently addressed. The transition from article III to articles IV and
V marked an important conceptual shift in the thesis: from asking where NbS should be
implemented to reduce runoff, to asking who benefits from NbS and whether these benefits are
distributed equitably across urban populations. This shift was further extended in article VI,
which moved the analysis from spatial distribution toward accessibility, usability, and the
everyday experience of urban resilience. This shift is important because urban flood resilience is
not only a technical or environmental challenge, but also a social one. Climate risks,
environmental amenities, and adaptation benefits are not experienced equally by all urban
residents. Socioeconomic status, age, income, education, housing conditions, mobility, all
influence the capacity of different groups to prepare for, respond to, and recover from
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environmental hazards. Therefore, evaluating NbS solely through hydrological indicators, such
as runoff reduction or water retention, provides an incomplete understanding of their role in
urban resilience. A socially meaningful assessment must also consider whether NbS are
distributed fairly and whether vulnerable communities can also benefit from them.

Article IV addressed this issue by examining the spatial distribution of publicly accessible
nature-based solutions in relation to socioeconomic characteristics in Gdansk and Rome. The
findings showed that the distribution of public NbS is connected to broader socio-spatial
structures within cities. In Rome, districts with higher income, education levels, and housing
prices generally had greater access to public NbS, showing a stronger link between
socioeconomic advantage and green infrastructure provision. Gdansk showed a more balanced
distribution, but some districts with weaker socioeconomic and environmental conditions still
had limited access to public green infrastructure. These findings show that the spatial allocation
of NbS cannot be understood separately from urban inequality and distributive justice.

However, article IV revealed an important limitation: evaluating the quantity of publicly
accessible NbS alone is not enough to fully assess environmental justice. A district may appear
well supplied with green space by area or density but still lack high-quality, ecologically
valuable, accessible, or socially beneficial green infrastructure. This recognition became the
starting point for article V, which expanded the analysis from quantity to a more comprehensive
assessment of both quantity and quality. By combining NbS density, NbS per capita, and
vegetation quality through the Nature-based Solutions Index, and comparing these patterns with
a multidimensional Social Vulnerability Index, article V provided a more detailed understanding
of how green infrastructure intersects with social vulnerability.

The findings from article V showed that socio-spatial inequalities in NbS provision persist even
in Nordic cities often associated with strong welfare systems, progressive environmental
policies, and high urban planning standards. Socially vulnerable areas frequently had lower
quantity or quality of NbS, while more advantaged areas benefited from better green
infrastructure. This finding is important because it challenges the assumption that
environmentally progressive or welfare-oriented cities are automatically equitable in access to
high-quality nature-based solutions. Instead, the results suggest hidden forms of green inequality
remain embedded within urban systems, even where overall environmental performance appears
strong. The concept of green privilege helps interpret these findings. Green privilege refers to
situations where socially advantaged groups have greater access to high-quality green
infrastructure and ecosystem services, while vulnerable communities receive fewer or lower-
quality environmental benefits. In NbS planning, this is important because NbS are often
promoted as universally beneficial climate adaptation measures. However, the thesis findings
show these benefits are not automatically distributed equally. Without explicit attention to
vulnerability and justice, NbS implementation may unintentionally reproduce existing
inequalities or concentrate resilience benefits in already advantaged urban areas.
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Article VI extended this justice perspective by showing that environmental justice in NbS
planning cannot be assessed only through distribution or ecological quality. Even when green
infrastructure exists in an urban area, it may not be accessible or usable for all residents. By
integrating network-based accessibility analysis, spatial quality assessment, and flood
susceptibility, article VI shifted the focus from the presence of NbS to their lived accessibility
and practical usability. This is especially important for vulnerable groups, whose ability to
benefit from NbS may be limited by walking conditions, mobility barriers, poor public-space
quality, safety concerns, or environmental risks. Therefore, articles IV, V, and VI together show
that socially just NbS planning requires attention not only to who has access to NbS and their
quality, but also whether people can realistically reach, use, and benefit from these spaces in
everyday life.

Consequently, the findings from articles IV, V and VI altogether show that environmental justice
must be a core dimension of urban flood resilience planning, not a secondary or optional
consideration. NbS planning should ask not only where interventions are hydrologically effective
but also where they are socially needed, who benefits, and whether they reduce or reinforce
existing inequalities. It should also ask whether NbS are accessible, usable, and capable of
improving everyday urban life for different social groups. This requires integrating social
vulnerability, distributive justice, accessibility, and spatial quality into NbS planning and
prioritization. In this way, the thesis moves beyond a purely technical understanding of flood
resilience toward a more socially embedded and justice-oriented approach.

5.2. Synthesizing the articles' findings into an integrated decision-support framework

This chapter synthesizes the findings of the articles in this thesis and explains how they
collectively constitute the basis for an integrated decision-support framework for nature-based
solution planning. While each article addressed a specific research question, the thesis's overall
contribution lies in connecting these studies into a coherent planning logic for flood-resilient and
socially equitable urban planning. The framework brings together the knowledge, methods, and
planning insights from the six articles at a conceptual level. It does not aim to be a single
computational model that combines all the methods and indicators from the individual studies.
Instead, it shows how their different insights can help inform the interconnected aspects of
planning and decision-making for NbS.

The dissertation started with the recognition that urban flood risk cannot be understood only as a
technical or hydrological problem. Flooding in cities results from the interaction of climate
conditions, land-use change, urban form, soil characteristics, infrastructure, and social
vulnerability. Effective flood mitigation requires approaches beyond conventional risk
assessment, including spatial planning, environmental performance, economic feasibility, and
social equity.
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Article I provided the theoretical and methodological basis for the thesis by reviewing the
application of the IN'VEST Urban Flood Risk Mitigation model in urban flood resilience
research. The review showed that InVEST-based models are increasingly used to evaluate
runoff, ecosystem services, green infrastructure, and nature-based solutions. However, it
revealed that many studies remain focused on assessment rather than decision support. This
finding highlighted the need to move from identifying flood-prone areas to supporting the
selection, prioritization, and implementation of NbS in urban planning. Building on this gap,
article II examined the relationship between land use change and flood sensitivity in European
cities. The findings showed that the hydrological impacts of urbanization are not determined only
by the amount of land converted to artificial surfaces. Instead, flood sensitivity depends on the
type of land use transition, soil conditions, urban morphology, climatic context, and local
drainage characteristics. The development of the Water Accumulation Sensitivity Index (WASI)
enabled evaluation of which land use changes cause greater increases in water accumulation.
This shifted the analysis from general land take measurement to a more targeted understanding
of flood-sensitive urban planning.

Article II1 translated this understanding into a more operational planning process by developing a
multi-objective optimization approach for NbS allocation in Gdansk. The study integrated the
InVEST UFRM model with a genetic algorithm to optimize the selection and spatial placement
of different NbS types. The optimization considered runoff reduction, implementation cost, and
land use compatibility. The results showed that NbS planning involves trade-offs between
hydrological effectiveness and economic feasibility. Instead of producing a single fixed solution,
the optimization generated alternative scenarios, allowing planners to choose between cost-
effective, high-retention, and balanced strategies.

However, the following articles showed that flood-resilient NbS planning should not be limited
to hydrological and economic criteria. Article IV introduced distributive justice by examining the
spatial allocation of publicly accessible NbS in relation to socio-economic conditions in Gdansk
and Rome. Article V expanded this justice-oriented perspective by examining the relationship
between NbS quantity, NbS quality, and social vulnerability in Nordic cities. Together, these
articles showed that NbS distribution can reflect broader patterns of social and spatial inequality,
and that socially vulnerable areas may experience lower NbS provision or lower ecological
quality.

Article VI further developed this line of thinking by moving from spatial presence to real
accessibility and public space quality. The study showed that the presence of green or public
spaces on a map does not mean they are accessible, inclusive, safe, or attractive in everyday life.
By combining network-based accessibility analysis, Al-based spatial quality assessment, and
flood susceptibility modeling, the article demonstrated that urban resilience should be understood
at the human scale.

Taken together, the articles demonstrate a clear progression. The thesis begins with flood risk
and land use sensitivity, moves toward NbS optimization, and then expands the analysis to
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include distributive justice, social vulnerability, accessibility, and spatial quality. This
progression shows that NbS planning for urban flood resilience should not rely only on
hydrological effectiveness; it should also consider where interventions are most needed from a
social and spatial justice perspective.

Although the six articles followed different research paths, their findings can be organized
around the three overarching analytical dimensions of this thesis: spatial, technical, and social.
This grouping does not mean that each study followed the same analytical steps. Instead, it helps
show how the different research directions in the thesis work together as parts of a broader
approach to NbS planning.

The spatial dimension focuses on identifying flood risks, land use impacts, and the locations
where interventions might be needed. The technical dimension looks at how to choose, place,
and compare different NbS strategies, as well as their feasibility and optimization. The social
dimension considers issues such as equity, social vulnerability, accessibility, and the quality of
public spaces for citizens. Even though, these dimensions were studied using different methods
and case studies, the current dissertation demonstrates how they are closely linked to each other
in NbS planning.

Figure 14 brings together these research directions in a single framework and shows how they
help with decision support. The spatial and social dimensions provide complementary evidence
for identifying and prioritizing areas for intervention, while the technical dimension supports the
selection, allocation, and comparison of NbS strategies under different objectives and
constraints. They show both where environmental pressures are highest and where social needs
should guide planning. The technical and planning dimension helps decide which interventions
are suitable, where they can be carried out, and how different strategies work under various
objectives and constraints. This framework combines findings and planning logic, rather than
merging all the methods from the six articles into one mathematical or computational model.
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Integrated Decision-Support Framework for NbS-Based Urban Flood Resilience

Quantitative and methodological evidence from Articles I-V1

Spatial Dimension Technical Dimension Social Dimension
A. Physical and hydrological findings — Articles I-1I B. NbS planning and optimization — Arricle 1] C. Social and human-scale findings — Arsicies IV ¥, VI
« land-use change = NbS selection « social vulnerability
* urban morphology * spatial allocation « distributive justice
+ soil and drainage conditions » land-use compatibility * NbS quantity and quality
* runoff and retention * hydrological effectiveness + accessibility
» flood sensitivity * implementation cost + spatial quality
+ WASI/NWASI = alternative scenarios » usability
Systematic review, GIS land-use change analysis, InVEST, InVEST UFRM, spatial optimization, multi-objective genet- GIS analysis, SVI/NbSI, Moran’s [ and Bivariate LISA, net-
FSL, WASI/NWASI ic algorithm, Pareto trade-off assessment work analysis, street-level spatial quality assessment.

INTEGRATED DECISION-SUPPORT FRAMEWORK

1. HYDROLOGICAL & SPATTAL 2. NbS SUITABILITY & SPATIAL 3. PERFORMANCE &
CONTEXT ALLOCATION TRADE-OFFS
Hydrological effectiveness * implementation
Land-use change * runoff « retention » flood NbS type * location * land-use compatibility cost « alternative scenarios * Pareto
sensitivity « spatial feasibility trade-offs
4. SOCIAL VULNERABILITY & S.ACCESSIBILITY & SPATIAL
DISTRIBUTIVE JUSTICE + QUALITY
Social vulnerability « NbS quantity/quality Network accessibility = usability * public-space
= inequality * equity quality * vulnerable users
SYNTHESIS
SCIENTIFIC CONTRIBUTION APPLICABILITY POTENTIAL
Integrated understanding of the relationships between Support for context-sensitive, effective and socially equita-
urban development, hydrological sensitivity, NbS perfor- ble NbS planning for urban flood resilience.
mance, spatial conditions and socio-spatial equity.

Figure 14. Conceptual progression: article findings as building blocks of the integrated decision-support framework. Source: Author’s
own illustration
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At the decision-support level, the framework translates the combined findings of the six studies
into several planning principles. Priority should be given to areas where hydrological sensitivity
overlaps with social vulnerability. NbS selection should reflect local environmental,
hydrological, and land use conditions, while balancing objectives such as runoff reduction, cost,
spatial feasibility, equity, ecological quality, and accessibility. Alternative implementation
scenarios can then be compared to make trade-offs explicit and support context-specific planning
decisions. Overall, NbS should be integrated into broader urban planning rather than treated as
isolated flood-mitigation measures.

Beyond its practical decision-support value, the framework also reflects the scientific
contribution of the thesis. By combining the different methods, indices, and analyses developed
across the six studies, the research helps reveal important relationships among the spatial,
technical, and social dimensions that shape flood risk and NbS planning. These relationships
help identify which factors are important, how they influence one another, and where potential
trade-offs emerge. Such understanding is essential for defining the relevant criteria, objectives,
and constraints that could be incorporated into optimization-based decision support. In this way,
the thesis provides not only practical guidance for planning, but also a knowledge base for
determining what should be considered in more integrated NbS decision-making and how these
considerations relate to one another.

5.3. Achievement of the research goal, objectives, questions, and theses

By putting together the findings of articles [-VI, it becomes evident that the overall research goal
presented at the beginning of this doctoral dissertation was fully achieved through the realization
of each research objective, with each of them dealing with one of the dimensions of the final
framework. The study achieved RO1-ROS5, addressed RQ1-RQ5, and supported RT1-RT3
within the scope of the conducted studies. Accordingly, figure 15 summarizes this alignment and
shows how the individual research components contribute to the integrated conceptual decision-
support framework. By taking a logical route starting from the review paper, which shed light on
current research gaps and shaped the subsequent research, it became possible to carry out each
publication responsible for answering the outlined research questions. Article I helped find the
InVEST UFRM model as a useful tool for mapping runoff within an urban setting, and it also
showed the areas and ways in which it could be utilized in order to cover the present research
gaps. Subsequently, in article II, it became possible not only to provide an answer to the second
research question and find how different conditions and land use changes in cities cause runoff
accumulation, but it also led to creating the novel indices of WASI and NWASI that could help
plan NbS in cities in locations that are more sensitive to runoff accumulation. Article I1I next
addressed the third question by building and testing a multi-objective optimization framework,
demonstrating a positive effect and noticeable runoff reduction when choosing to utilize digital
tools for planning NbS while having to balance multiple competing objectives and also
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considering constraints. The next two papers (articles IV and V) delve more into the social
dimension of this research and examined the quantity and quality aspects of NbS in cities and
their possible correlation with socio-economic conditions and social vulnerability of urban
districts. Lastly, paper number VI showcased the overlaying of different essential aspects in
urban life for citizens, such as quality of urban spaces, walking distance to essential amenities,
and presence of green spaces, as well as areas with high runoff potential to showcase hotspots in
need of interventions which could benefit from implementing new NbS there due to their multi-
functionality properties. All of the papers were pieces of the bigger intended picture. Chapter 5
in the current dissertation brought all of these pieces together to construct the final integrated
framework, which not only can be utilized in a practical sense, but also has the scientific merit of
sharing lesser-known aspects of NbS for flood resilience in cities, especially through a multi-
dimensional lens.
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Figure 15. Addressing the research questions and achieving the overall research goal. Source: Author’s own illustration
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Chapter 6: Limitations and recommendations for future research

From a methodological perspective, the main limitations of this research concern the scale,
resolution, and granularity of the input data. The urban land use and land cover datasets, which
formed the backbone of several InVEST-based analyses in this thesis, were derived from the
Urban Atlas dataset. Although this dataset provides a harmonized and comparable basis for
cross-city analysis, its minimum mapping unit and generalized classification may obscure fine-
scale urban features, mixed-use patterns, small green spaces, and micro-scale variations in
imperviousness. This is particularly relevant in dense urban areas, where small changes in land
cover can significantly influence hydrological performance, accessibility, and the distribution of
ecosystem services. Therefore, the spatial resolution and thematic generalization of the input data
may have affected the precision and granularity of the model outputs. A second limitation relates
to the use of IN'VEST models. The InVEST Urban Stormwater Retention Model used in the
thesis is a static, spatially explicit, empirical model rather than a dynamic hydrological simulator.
It estimates long-term water accumulation potential but does not simulate flow routing, runoff
timing, hydrographs, or event-based flood dynamics. Consequently, the results should be
interpreted as relative indicators of runoff and retention potential rather than precise predictions
of flood events. This limitation is particularly important for article II and the flood-sensitive land
take analysis, where the model was used to compare hydrological sensitivity across different land
use transitions and urban contexts. The paper itself notes that the model outputs should be
understood as accumulated water volume potential rather than event-based flood dynamics. The
InVEST UFRM model used in article III also depends heavily on the accuracy and quality of the
input data, especially land use maps and soil characteristics. Any inaccuracies in these datasets
can propagate through the model, affecting the reliability of the results. In addition, both the
UFRM and stormwater retention models are less forgiving of inconsistencies or simplifications
in input layers, which can lead to disrupted or distorted outputs. This sensitivity is important
because several analyses in the thesis rely on publicly available datasets that may vary in
precision across cities and contexts. The article I1I limitations section specifically states that
UFRM accuracy is highly dependent on land use and soil data quality.

The optimization component of this research is subject to several limitations. The genetic
algorithm employed in article III effectively balanced multiple objectives, including
implementation cost, water retention capacity, land use compatibility, and the placement of NbS.
However, similar to other heuristic optimization methods, it may not consistently converge to the
global optimum in complex solution spaces. Consequently, the results should be interpreted as
near-optimal rather than definitive optimal configurations. Additionally, the computational
demand of the method increases substantially with higher spatial resolution of input data. Scaling
the analysis to finer-resolution maps would require further improvements in computational
efficiency. Another significant limitation is that the optimization process was static rather than
dynamic. It did not incorporate future urban growth, evolving land use patterns, climate change
projections, or anticipated changes in rainfall intensity. This restricts the capacity of the
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optimized NbS scenarios to account for long-term urban and climatic uncertainties. Future
research should integrate urban growth scenarios, climate projections, infrastructure constraints,
land availability, construction feasibility, long-term maintenance costs, and ongoing performance
monitoring of NbS. Article III explicitly acknowledges that future urban growth and climate
change are dynamic factors not included in the optimization process, yet they could substantially
influence the long-term effectiveness of NbS implementation.

Article IV, which compared the spatial allocation of public nature-based solutions in Gdansk and
Rome, is subject to several limitations. The comparison between the two cities was constrained
by differences in data availability, municipal systems, and the number of spatial units. Rome
provided data for 15 districts, whereas Gdansk included more than twice as many units, reducing
the direct comparability of statistical results. Additionally, the socio-economic indicators
available for each city were not identical. Five datasets were used for Rome; PNbS density,
population density, housing prices, education rate, and household income; while four datasets
were used for Gdansk, namely PNbS density, population density, housing prices, and
unemployment density. These discrepancies reflect the limitations of available municipal data
and should be taken into account when interpreting the comparative findings.

Another limitation of article IV involves the use of Pearson correlation. While Pearson
correlation offered an initial indication of relationships between PNbS density and socio-
economic variables, its effectiveness is limited when the sample size is small, as in Rome, with
only 15 districts. The paper suggests that future research could employ alternative correlation
measures, such as Kendall’s Tau, which may be more appropriate for smaller samples. It also
advises caution in comparing Rome and Gdansk due to the unequal number of data points.
Furthermore, the article IV analysis primarily addressed the density of public nature-based
solutions, rather than their actual accessibility, quality, usability, or ecological performance. Real
accessibility is influenced not only by the quantity or spatial density of green spaces, but also by
factors such as park size, entrance locations, barriers, amenities, safety, maintenance,
recreational opportunities, and public availability. The paper notes that evaluating real
accessibility requires further research, as park size, quality, amenities, and organized recreation
can vary significantly. Additionally, article IV highlights a critical spatial justice limitation.
Addressing inequalities in public green space distribution cannot be reduced to identifying areas
lacking green spaces. New or improved green amenities may increase land attractiveness,
housing prices, and the overall cost of living, potentially contributing to eco-gentrification and
displacement. This issue is directly related to urban rent theory, as public amenities can generate
differential rent by increasing land values in improved areas. Consequently, green interventions
intended to enhance spatial justice may unintentionally intensify social exclusion if not
accompanied by housing protection, participatory planning, affordability measures, and anti-
displacement strategies. The paper explicitly warns that quality green spaces can increase
surrounding housing prices and cost of living, and that participatory approaches are necessary to
mitigate these risks.
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This limitation extends to articles IV and V more broadly. Spatial justice cannot be fully
understood solely through the equal spatial distribution of nature-based solutions or green
amenities. A more comprehensive analysis must consider how urban rent, land value, property
markets, redevelopment pressure, and displacement processes influence the social outcomes of
urban greening. For example, a district may gain additional green space, yet vulnerable residents
may lose access to these benefits if rising land values result in displacement. Accordingly, the
thesis recognizes that its quantitative spatial justice indicators capture distributive patterns but do
not fully explain the political-economic mechanisms by which green amenities can reshape urban
inequality.

Article V, which investigated the relationship between nature-based solutions and social
vulnerability in Nordic cities, is also subject to limitations regarding the use of NDVI as a proxy
for quality. While NDVI effectively captures vegetation density and can indicate ecological
quality, it does not fully represent the social, experiential, cultural, aesthetic, or functional
qualities of green spaces. For instance, NDVI does not provide information about whether a
green space is safe, accessible, well-maintained, socially inclusive, or meaningful to residents.
Consequently, the quality dimension in article V should be interpreted primarily as ecological or
vegetation related quality, rather than as a comprehensive measure of public space quality. The
quantitative tools employed in article V also have interpretive limitations. Gini coefficient and
LISA cluster analysis can reveal spatial inequality, concentration, and clustering patterns, but
they do not establish causality. The observed inequalities in access to or quality of nature-based
solutions may be influenced by deeper historical, institutional, political, and socio-economic
processes that were beyond the article's scope. Similarly, the Social Vulnerability Index
simplifies complex social realities into a composite quantitative indicator. While valuable for
comparison and spatial analysis, it may obscure the complexity of lived vulnerability, local
histories, intersectional disadvantage, and community capacities.

Article VI, which utilizes GSVI and Al-based methods to assess public space quality within the
15-minute city framework, is constrained by the characteristics of the image source. GSVI is
primarily collected from roads, resulting in the underrepresentation of off-road spaces such as
parks, pedestrian boulevards, internal courtyards, informal paths, and certain waterfront or
recreational areas. Consequently, the analysis may more accurately capture the quality of street-
facing public space than the full spectrum of public and semi-public spaces. The article suggests
that future research could incorporate drone imagery, crowdsourced data, and additional image
sources to enhance the comprehensiveness and accuracy of public space quality assessments.
Another limitation is that Al-based public space assessment depends on pre-trained models and
visible physical indicators. Although semantic segmentation and object detection enable efficient
and scalable analysis, they may not fully capture subjective experiences, social meaning,
perceived safety, cultural identity, or temporal variations in public space use. The paper therefore
recommends supplementing image-based analysis with additional data sources, such as real-time
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sensors, participatory methods, and performance metrics, including dwell time, user diversity,
and ecological impact.

Chapter 7: Conclusions

This research examined the role of NbS in reducing urban flood risk by integrating spatial,
technical, and social dimensions across European cities. To achieve this, six research papers
were developed, each focusing on a particular research question; together, they helped develop a
more integrated approach to urban flood resilience.

The findings demonstrated, firstly, that the InVEST modeling suite, specifically the Urban Flood
Risk Mitigation and Urban Stormwater Retention models, can serve as useful and efficient tools
for assessing runoff and identifying areas logically sensitive in urban areas. The research also
showed that runoff generation and retention are affected not only by soil characteristics, drainage
conditions, and current land use, but also by the type of land use change and its spatial setting.
Some combinations of land use transition and local environmental conditions were found to
result in a higher level of hydrological sensitivity than other combinations.

When shifting from assessment to intervention planning, the research found that optimization
techniques, especially genetic algorithms, are able to help identify near-optimal NbS
configurations while at the same time taking into account multiple objectives and spatial
constraints. Meanwhile, the social analyses indicated that the spatial provision of NbS cannot be
judged merely on the basis of quantity or hydrological performance; differences in
socioeconomic conditions, accessibility, spatial quality and vulnerability affect who can actually
access and benefit from NbS. The findings thus revealed that being near green or public spaces
does not always translate into having meaningful accessibility or being more resilient, especially
in cases where there is poor spatial quality, environmental hazards, or barriers that impact
vulnerable groups.

The output of all of the developed research articles collectively reveal that urban flood resilience
planning cannot be viewed merely as a hydrological or technical issue. On the contrary, effective
planning involves first identifying both hydrological sensitivity and social vulnerability, then
selecting suitable nature-based solutions in light of the local environmental and land use
conditions, and afterwards assessing various configurations by taking into account runoff
reduction, cost, spatial feasibility, equity, ecological quality, and accessibility. It is also
necessary to compare different implementation scenarios in order to make the trade-offs between
these objectives clear and to aid context-sensitive decision-making. Lastly, nature-based
solutions should be integrated into wider urban and spatial planning rather than being introduced
as separate flood mitigation measures.
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From this synthesis, the thesis's key contribution is an integrated planning framework aimed at
improving urban flood resilience through nature-based solutions. The guide addresses the
fragmentation found in the current literature, where the spatial, technical, and social aspects are
frequently studied in isolation. By integrating these different aspects, the thesis shifts from a
primarily physical approach that focuses on flood susceptibility and technical performance to a
more comprehensive planning approach that also takes into account social vulnerability,
distributive justice, accessibility, and spatial quality. Thus, the research makes a theoretical
contribution to the understanding of NbS planning and also offers a framework that has practical
value for assisting urban planning and decision-making in European cities.

It should still be noted that there are a number of limitations. These primarily involve the spatial
resolution, consistency, and availability of the input data; the fact that the hydrological models
employed are simple and static; and how the outcomes of both the model and the optimization
depend on the quality of the basic datasets and the assumptions made. Moreover, the
optimization procedure produced near-optimal solutions rather than globally optimal ones and
did not include dynamic processes such as future urban expansion or climate change. Also, the
variation in the availability of data among the case-study cities had an effect on the direct
comparability of certain socioeconomic analyses. Lastly, the quantitative measures of vegetation,
social vulnerability, accessibility, and spatial justice are unable to fully take into account the
lived, cultural, political, and experiential aspects of urban space. The proposed planning
approach should therefore be tested and refined in future research by making use of higher-
resolution and more consistent spatial data, dynamic climate and urban-development scenarios,
and more detailed depictions of infrastructure and the various implementation constraints. Future
studies might also combine quantitative spatial analysis with participatory and qualitative
methods in order to better reflect perceived accessibility, the quality of public space, community
needs, and the broader social effects of urban greening. Special attention should also be paid to
processes such as changes in land value, eco-gentrification, and displacement to make sure that
improvements to green infrastructure do not inadvertently reinforce existing inequalities.

The thesis as a whole shows that planning NbS for urban flood resilience is most successful
when hydrological performance, spatial conditions, implementation feasibility, social
vulnerability, equity, and accessibility are regarded as interconnected aspects of the planning
process. By incorporating these aspects into a coherent planning guide, the study offers a route
from the identification of flood-prone areas to the creation of more effective, context-
appropriate, accessible and socially equitable nature-based solutions.
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Chapter 8: Summary

8.1. Summary in English

Climate change is an ongoing issue, and its consequences have created significant challenges,
particularly in cities due to their large populations and extensive infrastructure. One major
challenge is the increased risk of urban flooding. Traditionally, this issue has been addressed
primarily through grey and engineering solutions. Although these approaches can be effective,
they often have drawbacks, including high costs, potential environmental harm, and limited
flexibility. Therefore, addressing urban flooding only through technical solutions risks
overlooking the complexity of urban environments. In response, resilience theory and socio-
ecological systems thinking have gained attention and shape urban climate adaptation research.
Holling’s (1973) resilience theory emphasized systems’ ability to adapt and reorganize after
disturbances, rather than just maintaining stability. Cities are thus viewed as interconnected
socio-ecological systems, influenced by hydrological, ecological, spatial, and social processes.
This has increased interest in nature-based solutions that use natural processes like infiltration,
retention, and evapotranspiration. Although interest in NbS is growing, significant gaps remain
in their planning and implementation. Current methods usually pay only limited attention to
social equity and environmental justice, and most available tools focus mainly on risk assessment
rather than helping select and prioritize different NbS options. Moreover, the impact of urban
form and land use changes on NbS effectiveness is not well understood. These limitations show
the need for an integrated planning approach that combines hydrological performance, spatial
and land use factors, and socioeconomic criteria.

To address rising climate-related flood risks in European cities and the gaps in NbS research, this
thesis uses a multi-dimensional and interdisciplinary research design made up of several related
research papers. Each study examines a specific part of the research problem, and together they
help us better understand flood risk in cities and develop an integrated approach to NbS and
urban flood resilience in European cities. The chosen methods reflect the complex mix of spatial,
technical, and social factors by combining geospatial modeling, optimization, spatial analysis,
and planning techniques. Building on this comprehensive methodological framework, the
research employed a comparative multi-case approach across seven European cities representing
diverse climatic, urban, socioeconomic, and planning conditions. Different case-study
combinations were used according to the objectives of individual analyses, allowing the research
to examine context-specific issues while assessing the transferability of the developed methods
and findings across different European urban contexts.

Findings reveal that NbS effectiveness depends on how spatial, technical, and social conditions
interact. The InVEST models provided an efficient way to identify runoff patterns and
hydrologically sensitive areas. The analysis found that changes in land use and the spatial
context of these changes have a noticeable impact on hydrological sensitivity. Moreover, genetic
algorithms were used to identify near-optimal NbS configurations while accounting for multiple
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objectives and spatial constraints. The social analyses indicated that the benefits of NbS depend
not only on physical features or hydrological performance but also on accessibility,
socioeconomic vulnerability, spatial quality, and environmental conditions. Overall, the findings
show that achieving urban flood resilience requires an integrated planning approach that
considers hydrological performance, spatial feasibility, cost, ecological quality, social
vulnerability, equity, and accessibility. The thesis therefore serves as a comprehensive planning
guide to support more context-sensitive, effective, and socially equitable NbS decisions in
European cities.

8.2. Summary in Polish

Zmiany klimatu stanowig proces ciagly, ktorego konsekwencje generujg istotne wyzwania,
szczegllnie w miastach, ze wzgledu na wysoka koncentracje ludnos$ci oraz rozbudowana
infrastrukture. Jednym z zasadniczych wyzwan jest wzrost ryzyka powodzi miejskich.
Tradycyjnie problem ten rozwigzywano przede wszystkim za pomoca szarej infrastruktury i
rozwigzan inzynieryjnych. Cho¢ podejscia te mogg by¢ skuteczne, wigzg si¢ one z licznymi
ograniczeniami, w tym z wysokimi kosztami, potencjalng szkodliwoscia dla §rodowiska oraz
ograniczong elastycznos$cig. W konsekwencji ograniczanie si¢ wyltacznie do rozwigzan
technicznych w przeciwdziataniu powodziom miejskim niesie ryzyko pominigcia ztozonosci
srodowiska miejskiego. W odpowiedzi na te wyzwania pojawily si¢ nowe teorie, takie jak teoria
odpornosci (resilience) czy podejécie oparte na mysleniu w kategoriach systemow spoteczno-
ekologicznych, ktore zyskuja na znaczeniu i ksztattuja wspotczesne badania nad adaptacjg miast
do zmian klimatu. Teoria odpornosci Hollinga (1973) akcentuje zdolno$¢ systemow do adaptacji
1 reorganizacji po zakltdceniach, nie za$ jedynie do utrzymywania stabilnosci. Miasta sg zatem
postrzegane jako wzajemnie powigzane systemy spoteczno-ekologiczne, ksztalttowane przez
rozne procesy, w tym hydrologiczne i przestrzenne. Przyczynito si¢ to do wzrostu
zainteresowania rozwigzaniami opartymi na przyrodzie (Nature-based Solutions, NbS), ktore
wykorzystuja naturalne procesy, takie jak infiltracja, retencja i ewapotranspiracja. Pomimo
rosngcego zainteresowania rozwigzaniami opartymi na przyrodzie, nadal istniejg istotne luki w
zakresie ich planowania i wdrazania. Obecnie stosowane metody zazwyczaj w ograniczonym
stopniu uwzgledniajg kwestie sprawiedliwosci spotecznej 1 srodowiskowej, a wigkszo$¢
dostepnych narzedzi koncentruje si¢ przede wszystkim na ocenie ryzyka, zamiast wspiera¢
wybor 1 ustalanie priorytetow wsrod réznych wariantow NbS. Ponadto wplyw formy
urbanistycznej oraz zmian uzytkowania terenu na skutecznos¢ NbS nie zostal dotychczas
dostatecznie rozpoznany. Ograniczenia te wskazujg na potrzebe opracowania zintegrowanego
podejscia planistycznego, ktore taczy efektywnosé hydrologiczng, czynniki przestrzenne i
zwigzane z uzytkowaniem terenu oraz kryteria spoteczno-ekonomiczne.
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W odpowiedzi na rosnace ryzyko powodzi zwigzanych ze zmiang klimatu w europejskich
miastach oraz zidentyfikowane luki badawcze dotyczace NbS, w niniejszej rozprawie
zastosowano wielowymiarowy i interdyscyplinarny schemat badawczy, bazujacy na kilku
powigzanych ze sobg artykutach naukowych. Kazdy z nich analizuje okreslony aspekt problemu
badawczego, a tacznie przyczyniajg si¢ one do lepszego zrozumienia ryzyka powodziowego w
miastach oraz opracowania zintegrowanego podejscia do NbS i budowania odporno$ci
europejskich miast na powodzie. Dobor metod odzwierciedla ztozone wspotzaleznosci migdzy
czynnikami przestrzennymi, technicznymi i spotecznymi poprzez polaczenie modelowania
geoprzestrzennego, optymalizacji, analiz przestrzennych oraz technik planistycznych. Na
podstawie tych kompleksowych ram metodologicznych przeprowadzono poréwnawcza analize
wielu przypadkéw, obejmujaca siedem europejskich miast reprezentujacych zréznicowane
uwarunkowania klimatyczne, urbanistyczne, spoteczno-ekonomiczne i planistyczne. W
zaleznos$ci od celow poszczegolnych analiz studiowano rézne kombinacje przypadkow, co
umozliwito zbadanie zagadnien specyficznych dla danego kontekstu, a jednoczes$nie ocene
mozliwosci zastosowania opracowanych metod 1 wynikdéw w réznych realiach miejskich
wystepujacych w Europie.

Uzyskane wyniki wskazuja, ze skuteczno$¢ NbS zalezy od sposobu, w jaki oddziatuja na siebie
uwarunkowania przestrzenne, techniczne 1 spoteczne. Modele InVEST umozliwity efektywnag
identyfikacj¢ przestrzennych wzorcéw sptywu powierzchniowego oraz obszaréw wrazliwych
pod wzgledem hydrologicznym. Analiza wykazata, ze zmiany uzytkowania terenu oraz kontekst
przestrzenny, w jakim zachodza, maja zauwazalny wptyw na wrazliwo$¢ hydrologiczng. Ponadto
zastosowano algorytmy genetyczne w celu identyfikacji sub-optymalnych konfiguracji NbS,
uwzgledniajacych wiele celow 1 ograniczen przestrzennych. Analizy spoteczne wykazaty, ze
korzysci wynikajace z zastosowania NbS zaleza nie tylko od cech fizycznych czy efektywnos$ci
hydrologicznej, lecz takze od dostepnosci, podatnosci spoteczno-ekonomicznej, jakosci
przestrzennej oraz warunkow srodowiskowych. Catosciowo wyniki dowodza, ze osiggnigcie
odpornosci powodziowej miast wymaga zintegrowanego podejscia planistycznego,
uwzgledniajacego efektywnos¢ hydrologiczng, mozliwosci realizacji w okre§lonych warunkach
przestrzennych, koszty, jakos$¢ ekologiczna, podatnos¢ spoteczng, sprawiedliwos¢ spoleczng oraz
dostepnos¢. Niniejsza rozprawa stanowi zatem kompleksowy przewodnik planistyczny
wspierajacy podejmowanie decyzji dotyczacych NbS w europejskich miastach, ktore w
wiekszym stopniu uwzgledniajg lokalne uwarunkowania, sg skuteczniejsze i bardziej
sprawiedliwe spolecznie.

66



References

Abboud, J.M., Ryan, M.C., Osborn, G.D., 2018. Groundwater flooding in a river-connected alluvial aquifer. J
Flood Risk Management 11, e12334. https://doi.org/10.1111/j{r3.12334

Abebe, Y., Kabir, G., Tesfamariam, S., 2018. Assessing urban areas vulnerability to pluvial flooding using GIS
applications and Bayesian Belief Network model. Journal of Cleaner Production 174, 1629—-1641.
https://doi.org/10.1016/].jclepro.2017.11.066

Anguelovski, 1., Connolly, J.J.T., Cole, H., Garcia-Lamarca, M., Triguero-Mas, M., Bar6, F., Martin, N.,
Conesa, D., Shokry, G., Del Pulgar, C.P., Ramos, L.A., Matheney, A., Gallez, E., Oscilowicz, E.,
Maiiez, J.L., Sarzo, B., Beltran, M.A., Minaya, J.M., 2022. Green gentrification in European and North
American cities. Nat Commun 13, 3816. https://doi.org/10.1038/s41467-022-31572-1

Anys, M., Weiler, M., 2024. Rainfall interception by urban trees: Event characteristics and tree morphological
traits. Hydrological Processes 38, e15146. https://doi.org/10.1002/hyp.15146

Arora, J. S. (2004). Introduction to Optimum design. In Elsevier eBooks. https://doi.org/10.1016/b978-0-12-
064155-0.x5000-9

Asl, S.R., Azadgar, A., Nyka, L., 2026. Green privilege? Exploring the spatial relations between nature-based
solutions and social vulnerability in Nordic cities. Local Environment 1-22.
https://doi.org/10.1080/13549839.2026.2639069

Azadgar, A., Benedini, A., Salata, S., Lacoere, P., Badach, J., & Nyka, L. (2026). Flood-sensitive land take
(FSL) analysis: A new way to read how urban sealing shapes flood risk. Journal of Environmental
Management, 404, 129513. https://doi.org/10.1016/j.jenvman.2026.129513

Azadgar, A., Gancza, A., Asl, S. R., Salata, S., & Nyka, L. (2025). Optimizing nature-based solutions for urban
flood risk mitigation: A multi-objective genetic algorithm approach in Gdansk, Poland. The Science of
the Total Environment, 963, 178303. https://doi.org/10.1016/j.scitotenv.2024.178303

Azadgar, A., Luciani, G., & Nyka, L. (2024). Spatial allocation of nature-based solutions in the form of public
green infrastructure in relation to the socio-economic district profile—a GIS-based comparative study of
Gdansk and Rome. Land Use Policy, 150, 107454. https://doi.org/10.1016/j.1andusepol.2024.107454

Azadgar, A., Nyka, L., & Salata, S. (2024). Advancing Urban Flood Resilience: A Systematic review of urban
flood risk mitigation model, research trends, and future directions. Land, 13(12), 2138.
https://doi.org/10.3390/land13122138

Azadgar, A., Sepe, M., Gancza, A., Lorens, P., Luciani, G., & Nyka, L. (2026). Integrating Al and spatial
analysis for resilient and inclusive 15-minute cities: A case study of Gdansk. Cities, 173, 107011.
https://doi.org/10.1016/j.cities.2026.107011

Barquet, K., Morsut, C., Rhinard, M., Englund, M., Mees, H., Engen, O.A.H., Neby, S., Jochemsen, N., Angell,
E., 2024. Variations of riskification: Climate change adaptation in four European cities. Risk Hazard
&amp; Crisis Pub Pol 15, 491-517. https://doi.org/10.1002/rhc3.12322

Battisti, L., Giacco, G., Moraca, M., Pettenati, G., Dansero, E., Larcher, F., 2024. Spatializing Urban Forests as
Nature-based Solutions: a methodological proposal. Cities 144, 104629.
https://doi.org/10.1016/j.cities.2023.104629

Bentivoglio, R., Isufi, E., Jonkman, S.N., Taormina, R., 2022. Deep learning methods for flood mapping: a
review of existing applications and future research directions. Hydrol. Earth Syst. Sci. 26, 4345-4378.
https://doi.org/10.5194/hess-26-4345-2022

67


https://doi.org/10.1016/b978-0-12-064155-0.x5000-9
https://doi.org/10.1016/b978-0-12-064155-0.x5000-9

Bishikwabo, 1., Mambo, H., Kamanda, J.K., Abdelbaki, C., Nanyunga, M.A., Kumar, N., 2025. Urban Flood
Susceptibility Mapping Using GIS and Analytical Hierarchy Process: Case of City of Uvira,
Democratic Republic of Congo. GeoHazards 6, 38. https://doi.org/10.3390/geohazards6030038

Biuletyn Informacji Publicznej. BIP. n.d. <https:/bip.gdansk.pl/urzad-miejski/Podzial-administracyjny-
Gdanska,a,647) (Accessed February 1, 2024).

Btaszczak-Bak, W., Birylo, M., Bitozor, A., Cieslak, 1., Janicka, J., 2025. The Impact of Urbanization and
Infrastructure Development on Local Flood Risk in Tomaszkowo: Hydrological Analysis and Spatial
Planning. Applied Sciences 15, 10863. https://doi.org/10.3390/app152010863

Boyle, A., Kuhl, L., 2021. Nature-based Solutions are Job and Livelihood Solutions.
https://doi.org/10.13140/RG.2.2.20700.92808

C. di Roma 2021. Anello verde [Green ring]. _<¢http:/www.urbanistica.comune.roma.it/anello-verde.html
> (Accessed March 2024).

C. di Roma n.d. Dati statistici [Statistical data]. _¢https://www.comune.roma.it/web/it/dati-statistici.page
) (Accessed November 2023).

Castro, C.V., Hung, F., Sivapalan, M., 2025. From Scaling Theory to Stormwater Practice: A Predictive
Framework for Low Impact Development Planning. Water Resources Research 61, e2025WR040813.
https://doi.org/10.1029/2025WR040813

Cea, L., Costabile, P., 2022. Flood Risk in Urban Areas: Modelling, Management and Adaptation to Climate
Change. A Review. Hydrology 9, 50. https://doi.org/10.3390/hydrology9030050

Chatzimentor, A., Apostolopoulou, E., Mazaris, A.D., 2020. A review of green infrastructure research in
Europe: Challenges and opportunities. Landscape and Urban Planning 198, 103775.
https://doi.org/10.1016/j.1andurbplan.2020.103775

Chaudhuri, C., Gray, A., Robertson, C., 2021. InundatEd-v1.0: a height above nearest drainage (HAND)-based
flood risk modeling system using a discrete global grid system. Geosci. Model Dev. 14, 3295-3315.
https://doi.org/10.5194/gmd-14-3295-2021

Chen, L. C., Papandreou, G., Schroff, F., & Adam, H. (2017). Rethinking atrous convolution for semantic

image segmentation. arXiv preprint arXiv:1706.05587.

Chen, X., Davitt-Liu, I., Erickson, A.J., Feng, X., 2023. Integrating the Spatial Configurations of Green and
Gray Infrastructure in Urban Stormwater Networks. Water Resources Research 59, e2023WR034796.
https://doi.org/10.1029/2023WR034796

Chunilal, K.A., 2025. A Review on Infiltration Patterns in Different Types of Soils. JIRASET 13, 1267-1274.
https://doi.org/10.22214/ijraset.2025.72355

City of Helsinki. (n.d.). Helsinki Map Service [Map and statistical database]. https://www.hel.fi/en/decision-
making/information-on-helsinki/maps-and-geospatial-data/helsinki-map-service

City of Stockholm. (n.d.). Omradesfakta — statistik om stadens delomraden [Area facts — statistics on city
subareas]. Statistics from Statistics Sweden (SCB), processed by Sweco. https://start.stockholm/om-
stockholms-stad/utredningar-statistik-och-fakta/statistik/omradesfakta/

68


http://www.urbanistica.comune.roma.it/anello-verde.html
http://www.urbanistica.comune.roma.it/anello-verde.html
https://www.comune.roma.it/web/it/dati-statistici.page
https://www.comune.roma.it/web/it/dati-statistici.page
https://www.hel.fi/en/decision-making/information-on-helsinki/maps-and-geospatial-data/helsinki-map-service
https://www.hel.fi/en/decision-making/information-on-helsinki/maps-and-geospatial-data/helsinki-map-service
https://start.stockholm/om-stockholms-stad/utredningar-statistik-och-fakta/statistik/omradesfakta/
https://start.stockholm/om-stockholms-stad/utredningar-statistik-och-fakta/statistik/omradesfakta/

Copernicus Climate Change Service, Climate Data Store, (2023): ERAS hourly data on single levels from 1940
to present. Copernicus Climate Change Service (C3S) Climate Data Store (CDS). DOI:
10.24381/cds.adbb2d47 (Accessed in October 2025)

Corgo, J., Cruz, S.S., Conceigéo, P., 2024. Nature-based solutions in spatial planning and policies for climate
change adaptation: A literature review. Ambio 53, 1599-1617. https://doi.org/10.1007/s13280-024-
02052-1

Dankers, R., Feyen, L., 2009. Flood hazard in Europe in an ensemble of regional climate scenarios. J. Geophys.
Res. 114, 2008JD011523. https://doi.org/10.1029/2008JD011523

Donofrio, J., Kuhn, Y., McWalter, K., Winsor, M., 2009. Research Article: Water-Sensitive Urban Design: An
Emerging Model in Sustainable Design and Comprehensive Water-Cycle Management. Environmental
Practice 11, 179-189. https://doi.org/10.1017/S1466046609990263

Dumdumaya, C.E., Cabrera, J.S., 2023. Determination of future land use changes using remote sensing imagery
and artificial neural network algorithm: A case study of Davao City, Philippines. Artificial Intelligence
in Geosciences 4, 111-118. https://doi.org/10.1016/j.aiig.2023.08.002

Esraz-Ul-Zannat, Md., Dedekorkut-Howes, A., Morgan, E.A., 2024. A review of nature-based infrastructures
and their effectiveness for urban flood risk mitigation. WIREs Climate Change 15, e889.
https://doi.org/10.1002/wcc.889

European Environment Agency, 2016. Urban Atlas Land Cover/Land Use 2012 (vector), Europe, 6-yearly, Jan.
2021. https://doi.org/10.2909/DEBC1869-A4A2-4611-AE95-DAEEFCE23490

European Environment Agency, 2020. Urban Atlas Land Cover/Land Use 2018 (vector), Europe, 6-yearly, Jul.
2021. https://doi.org/10.2909/FB4DFFA1-6CEB-4CC0-8372-1ED354C285E6

European Parliament and Council, 2007. Directive 2007/60/EC of the European Parliament and of the Council
of 23 October 2007 on the assessment and management of flood risks (Text with EEA relevance),
Official Journal of the European Union.

Faivre, N., Fritz, M., Freitas, T., De Boissezon, B., Vandewoestijne, S., 2017. Nature-Based Solutions in the
EU: Innovating with nature to address social, economic and environmental challenges. Environmental
Research 159, 509-518. https://doi.org/10.1016/j.envres.2017.08.032

Fletcher, T.D., Burns, M.J., Russell, K.L., Hamel, P., Duchesne, S., Cherqui, F., Roy, A.H., 2024. Concepts and
evolution of urban hydrology. Nat Rev Earth Environ 5, 789—-801. https://doi.org/10.1038/s43017-024-
00599-x

Fonseca, C.M., Fleming, P.J., 1993. Genetic Algorithms for Multiobjective Optimization: Formulation,
Discussion and Generalization.

Frachr, N., Wang, Q.J., Wu, W., Nathan, R., 2024. Assessment of surrogate models for flood inundation: The
physics-guided LSG model vs. state-of-the-art machine learning models. Water Research 252, 121202.
https://doi.org/10.1016/j.watres.2024.121202

Gallois, L., Hirtz, E., Van Den Homberg, M., Sirisena, J., Mozumdar, S., Cinelli, M., 2026a. Multiple criteria-
based assessment of Nature-based Solutions for flood management: A systematic review. Science of
The Total Environment 1013, 180948. https://doi.org/10.1016/j.scitotenv.2025.180948

Gallois, L., Hirtz, E., Van Den Homberg, M., Sirisena, J., Mozumdar, S., Cinelli, M., 2026b. Multiple criteria-

based assessment of Nature-based Solutions for flood management: A systematic review. Science of
The Total Environment 1013, 180948. https://doi.org/10.1016/j.scitotenv.2025.180948

69



Gdansk City Council. n.d. Rynek w pracy w Gdansku [Labor Market in Gdansk]. Gdansk.pl. ¢
https://www.gdansk.pl/otwarte-dane-w-gdansku?show=data&id=rynek-w-pracy-w-
gdansku&s=byGroup&i=gospodarka)

Geoportal.gov.pl n.d. Geoportal. Retrieved from ¢{https://mapy.geoportal.gov.pl/imap/I
mgp_2.html?gpmap=gp0> (Accessed January 2024).

Ghaedi, Z., Santos, C., Monteiro, C., 2026. Nature-Based solutions, climate change, and biodiversity: A
systematic review of opportunities and risks. Nature-Based Solutions 9, 100302.
https://doi.org/10.1016/j.nbsj.2026.100302

Ghiat, 1., Mackey, H.R., Al-Ansari, T., 2021. A Review of Evapotranspiration Measurement Models,
Techniques and Methods for Open and Closed Agricultural Field Applications. Water 13, 2523.
https://doi.org/10.3390/w13182523

Goldberg, D.E., Deb, K., 1991. A Comparative Analysis of Selection Schemes Used in Genetic Algorithms, in:
Foundations of Genetic Algorithms. Elsevier, pp. 69—93. https://doi.org/10.1016/B978-0-08-050684-
5.50008-2

Gonzalez-Garcia, A., Palomo, 1., Codemo, A., Rodeghiero, M., Dubo, T., Vallet, A., Lavorel, S., 2025. Co-
benefits of nature-based solutions exceed the costs of implementation. Cell Reports Sustainability 2,
100336. https://doi.org/10.1016/j.crsus.2025.100336

Gonzalez-Ollauri, A., Mickovski, S.B., Anderson, C.C., Debele, S., Emmanuel, R., Kumar, P., Loupis, M.,
Ommer, J., Pfeiffer, J., Panga, D., Pilla, F., Sannigrahi, S., Toth, E., Ukonmaanaho, L., Zieher, T.,
2023. A nature-based solution selection framework: Criteria and processes for addressing hydro-
meteorological hazards at open-air laboratories across Europe. Journal of Environmental Management
331, 117183. https://doi.org/10.1016/j.jenvman.2022.117183

Gunderson, L.H., Holling, C.S. (Eds.), 2002. Panarchy: understanding transformations in human and natural
systems. Island Press, Washington, DC.

Hamers, E.M., Maier, H.R., Zecchin, A.C., Van Delden, H., 2023. Effectiveness of Nature-Based Solutions for
Mitigating the Impact of Pluvial Flooding in Urban Areas at the Regional Scale. Water 15, 642.
https://doi.org/10.3390/w15040642

Hamidiaala, S., Shirkhani, H., Mohammadian, A., Duchesne, S., 2026. A review of real-time control
approaches in nature-based solutions for enhanced stormwater management: Applications in green and
blue-green roof systems. Urban Climate 66, 102834. https://doi.org/10.1016/j.uclim.2026.102834

Hastie, T., Tibshirani, R., Friedman, J., 2009. The Elements of Statistical Learning, Springer Series in Statistics.
Springer New York, New York, NY. https://doi.org/10.1007/978-0-387-84858-7

He, H, Li, R., Lyu, L., Wu, Y., Bilodeau, J.-P., Wen, Y., Xu, Z., Pei, J., 2024. Rainfall runoff response
characteristics of typical urban roads based on laboratory tests. Transportation Research Part D:
Transport and Environment 135, 104402. https://doi.org/10.1016/j.trd.2024.104402

Hersbach, H., Bell, B., Berrisford, P., Biavati, G., Horanyi, A., Mufioz Sabater, J., Nicolas, J., Peubey, C., Radu,
R., Rozum, 1., Schepers, D., Simmons, A., Soci, C., Dee, D., Thépaut, J-N. (2023): ERAS hourly data
on single levels from 1940 to present. Copernicus Climate Change Service (C3S) Climate Data Store
(CDS), DOI: 10.24381/cds.adbb2d47 (Accessed in October 2025)

Holling, C.S., 1973. Resilience and Stability of Ecological Systems. Annu. Rev. Ecol. Syst. 4, 1-23.
https://doi.org/10.1146/annurev.es.04.110173.000245

70


https://www.gdansk.pl/otwarte-dane-w-gdansku?show=data&id=rynek-w-pracy-w-gdansku&s=byGroup&i=gospodarka〉
https://www.gdansk.pl/otwarte-dane-w-gdansku?show=data&id=rynek-w-pracy-w-gdansku&s=byGroup&i=gospodarka〉

Holscher, K., Frantzeskaki, N., Collier, M.J., Connop, S., Kooijman, E.D., Lodder, M., McQuaid, S.,
Vandergert, P., Xidous, D., Beslagi¢, L., Dick, G., Dumitru, A., Dziubata, A., Fletcher, 1., Adank,
C.G.-E., Vazquez, M.G., Madajczyk, N., Malekkidou, E., Mavroudi, M., Loizou, E., Osipiuk, A.,
Pasic, B., Gonzalez, A.P., Quartier, M., Schepers, S., Suljevié, N., Trendafilov, I., Van De Sijpe, K.,
Velikova, V., Vos, P., 2023. Strategies for mainstreaming nature-based solutions in urban governance
capacities in ten European cities. npj Urban Sustain 3, 54. https://doi.org/10.1038/s42949-023-00134-9

Huang, Y., Tian, Z., Ke, Q., Liu, J., Irannezhad, M., Fan, D., Hou, M., Sun, L., 2020. Nature-based solutions for
urban pluvial flood risk management. WIREs Water 7, e1421. https://doi.org/10.1002/wat2.1421

Huo, R., Li, L., Chen, H., Xu, C.-Y., Chen, J., Guo, S., 2021. Extreme Precipitation Changes in Europe from the
Last Millennium to the End of the Twenty-First Century. Journal of Climate 34, 567-588.
https://doi.org/10.1175/JCLI-D-19-0879.1

Huong, H.T.L., Pathirana, A., 2013. Urbanization and climate change impacts on future urban flooding in Can
Tho city, Vietnam. Hydrol. Earth Syst. Sci. 17, 379-394. https://doi.org/10.5194/hess-17-379-2013

Intergovernmental Panel On Climate Change (Ipcc), 2023. Climate Change 2021 — The Physical Science Basis:
Working Group I Contribution to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change, 1st ed. Cambridge University Press. https://doi.org/10.1017/9781009157896

ISTAT. Dati per sezione di censimento - Censimento permanente della popolazione e delle abitazioni 2021. €
https://www.istat.it/it/archivio/285267) (Accessed November 2023).

IUCN, International Union for Conservation of Nature, 2020. IUCN Global Standard for Nature-based
Solutions: a user-friendly framework for the verification, design and scaling up of NbS: first edition,
1st ed. IUCN, International Union for Conservation of Nature.
https://doi.org/10.2305/TUCN.CH.2020.08.en

Jamtsho, K., Lund, M.A., Blake, D., Van Etten, E., 2025. Urbanisation and specifically impervious cover alter
riparian plant communities in a rapidly urbanising landscape in the Himalayas. Urban Forestry &
Urban Greening 110, 128862. https://doi.org/10.1016/j.ufug.2025.128862

Kabisch, N., Frantzeskaki, N., Hansen, R., 2022. Principles for urban nature-based solutions. Ambio 51, 1388—
1401. https://doi.org/10.1007/s13280-021-01685-w

Kabisch, N., Frantzeskaki, N., Pauleit, S., Naumann, S., Davis, M., Artmann, M., Haase, D., Knapp, S., Korn,
H., Stadler, J., Zaunberger, K., Bonn, A., 2016. Nature-based solutions to climate change mitigation
and adaptation in urban areas: perspectives on indicators, knowledge gaps, barriers, and opportunities
for action. E&S 21, art39. https://doi.org/10.5751/ES-08373-210239

Kasprzyk, M., Szpakowski, W., Poznanska, E., Boogaard, F.C., Bobkowska, K., Gajewska, M., 2022. Technical
solutions and benefits of introducing rain gardens — Gdansk case study. Science of The Total
Environment 835, 155487. https://doi.org/10.1016/j.scitotenv.2022.155487

Kato-Huerta, J., Geneletti, D., 2023. A distributive environmental justice index to support green space planning
in cities. Landscape and Urban Planning 229, 104592,
https://doi.org/10.1016/j.landurbplan.2022.104592

Koedijk, R., Schwartz, K., 2026. Nature-based solutions for water management: Between talk and practice.
Nature-Based Solutions 9, 100332. https://doi.org/10.1016/j.nbsj.2026.100332

Kudas, D., Wnek, A., Zajac, E., 2024. Soil sealing changes in selected functional urban areas in Poland in
2012-2018. Journal of Water and Land Development 219-227.
https://doi.org/10.24425/jwld.2024.149123

71


https://www.istat.it/it/archivio/285267
https://www.istat.it/it/archivio/285267

Kuller, M., Farrelly, M., Marthanty, D.R., Deletic, A., Bach, P.M., 2022. Planning support systems for strategic
implementation of nature-based solutions in the global south: Current role and future potential in
Indonesia. Cities 126, 103693. https://doi.org/10.1016/j.cities.2022.103693

La Rosa, D., Pappalardo, V., 2020. Planning for spatial equity - A performance based approach for sustainable
urban drainage systems. Sustainable Cities and Society 53, 101885.
https://doi.org/10.1016/j.s¢s.2019.101885

Lechowska, E., 2017. The Impact of Embankment Constructionon Floodplain Land Use in the Context of
itsInfluence on the Environment: a Case Studyof Selected Cities in Poland. Pol. J. Environ. Stud. 26,
655-663. https://doi.org/10.15244/pjoes/65154

Lelo K., Monni S. Tomassi F. 2016. MAPPAROMA - MAPPE - #mapparoma8. La citta che si espande e il
boom dei prezzi immobiliari. Base dati propri e OMI 2018 ¢
https://www.mapparoma.info/mappe/mapparomas-citta-si-espande-boom-prezzi-immobiliari/

Lo, V., 2016. Synthesis Report on Experiences with Ecosystem-Based Approaches to Climate Change
Adaptation and Disaster Risk Reduction. Secretariat of the Convention on Biological Diversity, Place
of publication not identified.

Louarn, A., Meur-Ferec, C., Hervé-Fournereau, N., 2025. The concept of “nature-based solutions” applied to
urban coastal risks: A bibliometric and content analysis review. Ocean & Coastal Management 261,
107530. https://doi.org/10.1016/j.ocecoaman.2024.107530

Mahmood, M.Q., Wang, X., Aziz, F., Dogulu, N., 2025. Urban flood modelling: Challenges and opportunities -
A stakeholder-informed analysis. Environmental Modelling & Software 191, 106507.
https://doi.org/10.1016/j.envsoft.2025.106507

Marino, M.D., Furuseth, 1.S., Enge, C., Solli, G.S., Barkved, L.J., 2025. Nature-based solutions for climate
change adaptation in urban areas: A Norwegian planning perspective. Land Use Policy 157, 107678.
https://doi.org/10.1016/j.1andusepol.2025.107678

Marzio, S., Tosi, J., Poggi, F., Amado, M., 2026. Nature-based solutions for urban waterfront regeneration: a
systematic review of frameworks, strategies and applications. City and Environment Interactions 29,
100281. https://doi.org/10.1016/j.cacint.2025.100281

Miller, J.D., Hutchins, M., 2017. The impacts of urbanisation and climate change on urban flooding and urban
water quality: A review of the evidence concerning the United Kingdom. Journal of Hydrology:
Regional Studies 12, 345-362. https://doi.org/10.1016/.ejrh.2017.06.006

Milly, P.C.D., Betancourt, J., Falkenmark, M., Hirsch, R. M., Kundzewicz, Z.W., Lettenmaier, D.P., Stouffer,
R.J., 2008. Stationarity Is Dead: Whither Water Management? Science 319, 573-574.
https://doi.org/10.1126/science. 1151915

Mohtat, N., Khirfan, L., 2022. Distributive Justice and Urban Form Adaptation to Flooding Risks: Spatial
Analysis to Identify Toronto’s Priority Neighborhoods. Front. Sustain. Cities 4, 919724.
https://doi.org/10.3389/frsc.2022.919724

Mréwcezynska, M., Skiba, M., Sztubecka, M., Bazan-Krzywoszanska, A., Kazak, J.K., Gajownik, P., 2021.
Scenarios as a tool supporting decisions in urban energy policy: The analysis using fuzzy logic, multi-
criteria analysis and GIS tools. Renewable and Sustainable Energy Reviews 137, 110598.
https://doi.org/10.1016/j.rser.2020.110598

72


https://www.mapparoma.info/mappe/mapparoma8-citta-si-espande-boom-prezzi-immobiliari/
https://www.mapparoma.info/mappe/mapparoma8-citta-si-espande-boom-prezzi-immobiliari/

Mutlu, A., Roy, D., Filatova, T., 2023. Capitalized value of evolving flood risks discount and nature-based
solution premiums on property prices. Ecological Economics 205, 107682.
https://doi.org/10.1016/j.ecolecon.2022.107682

Nesshover, C., Assmuth, T., Irvine, K.N., Rusch, G.M., Waylen, K.A., Delbaere, B., Haase, D., Jones-Walters,
L., Keune, H., Kovacs, E., Krauze, K., Kiilvik, M., Rey, F., Van Dijk, J., Vistad, O.1., Wilkinson, M.E.,
Wittmer, H., 2017. The science, policy and practice of nature-based solutions: An interdisciplinary
perspective. Science of The Total Environment 579, 1215-1227.
https://doi.org/10.1016/j.scitotenv.2016.11.106

Nicholson, E., Mace, G.M., Armsworth, P.R., Atkinson, G., Buckle, S., Clements, T., Ewers, RM., Fa, J.E.,
Gardner, T.A., Gibbons, J., Grenyer, R., Metcalfe, R., Mourato, S., Muils, M., Osborn, D., Reuman,
D.C., Watson, C., Milner-Gulland, E.J., 2009. Priority research areas for ecosystem services in a
changing world. Journal of Applied Ecology 46, 1139—1144. https://doi.org/10.1111/j.1365-
2664.2009.01716.x

Nones, M., Guo, Y., 2023. Can sediments play a role in river flood risk mapping? Learning from selected
European examples. Geoenviron Disasters 10, 20. https://doi.org/10.1186/s40677-023-00250-9

OpenStreetMap contributors. (2025). OpenStreetMap Foundation. Available from
https://www.openstreetmap.org.

Oslo Kommune. (2024). Oslo kommunes statistikkbank [Statistical database].
https://statistikkbanken.oslo.kommune.no/

Othmer, F.J., Becker, D., Schulte, L.M., Greiving, S., 2020. A Methodological Approach to Municipal Pluvial
Flood Risk Assessment Based on a Small City Case Study. Sustainability 12, 10487.
https://doi.org/10.3390/su122410487

Pancewicz, A., Bednarz, D., Drozdz, D., Marszot, M., Suchy, N., 2023. The Use of Nature-Based Solutions in
the Adaptation of Large Polish Cities to Climate Change and Energy Transformation: A Comparative
Analysis. Energies 16, 5189. https://doi.org/10.3390/en16135189

Prakash, C., Ahirwar, A., Lohani, A K., Singh, H.P., 2024. Comparative analysis of HEC-HMS and SWAT
hydrological models for simulating the streamflow in sub-humid tropical region in India. Environ Sci
Pollut Res 31, 41182-41196. https://doi.org/10.1007/s11356-024-33861-2

Ptak-Wojciechowska, A., Gawlak, A., Maciejewski, P., Romaniv, D., Skrzypek, M., Brzezinski, D.,
Stefanowski, J., 2025. Developing and Validating a Data-Driven Application for Street-Accessible
Urban Bench Analysis and Planning to Support Evidence-Based Decision Making in Age-Friendly,
Sustainable Cities. Sustainability 17, 8251. https://doi.org/10.3390/sul7188251

Pudar, R., Plavsi¢, J., Todorovié, A., 2020. Evaluation of Green and Grey Flood Mitigation Measures in Rural
Watersheds. Applied Sciences 10, 6913. https://doi.org/10.3390/app10196913

Rabiei-Dastjerdi, H., Brereton, F., O’Neill, E., 2025. Towards designing a comprehensive composite index for
social vulnerability to natural hazards in the big data era: potential challenges and partial solutions. Nat
Hazards 121, 3885-3913. https://doi.org/10.1007/s11069-024-06874-w

Radfar, S., Mahmoudi, S., Moftakhari, H., Meckley, T., Bilskie, M.V., Collini, R., Alizad, K., Cherry, J.A.,
Moradkhani, H., 2024. Nature-based solutions as buffers against coastal compound flooding:
Exploring potential framework for process-based modeling of hazard mitigation. Science of The Total
Environment 938, 173529. https://doi.org/10.1016/j.scitotenv.2024.173529

73


https://www.openstreetmap.org/
https://statistikkbanken.oslo.kommune.no/

Raymond, C.M., Frantzeskaki, N., Kabisch, N., Berry, P., Breil, M., Nita, M.R., Geneletti, D., Calfapietra, C.,
2017. A framework for assessing and implementing the co-benefits of nature-based solutions in urban
areas. Environmental Science & Policy 77, 15-24. https://doi.org/10.1016/j.envsci.2017.07.008

Ren, S., He, K., Girshick, R., & Sun, J. (2016). Faster R-CNN: Towards real-time object detection with region
proposal networks. IEEE transactions on pattern analysis and machine intelligence, 39(6), 1137-1149.

Resnik, D.B., 2022. Environmental justice and climate change policies. Bioethics 36, 735-741.
https://doi.org/10.1111/bioe.13042

Rey, F., Bertrand-Krajewski, J.-L., Fernandez, S., Guerrin, J., Herivaux, C., Lafforgue, M., Le Coent, P., Pons,
M.-N., Rulleau, B., 2026. Nature-based solutions for water management: Pluridisciplinary state-of-the-
art and research needs. Ecological Engineering 225, 107887.
https://doi.org/10.1016/j.ecoleng.2025.107887

Rigolon, A., 2016. A complex landscape of inequity in access to urban parks: A literature review. Landscape
and Urban Planning 153, 160-169. https://doi.org/10.1016/j.landurbplan.2016.05.017

Rosenzweig, B.R., McPhillips, L., Chang, H., Cheng, C., Welty, C., Matsler, M., Iwaniec, D., Davidson, C.I.,
2018. Pluvial flood risk and opportunities for resilience. WIREs Water 5, e1302.
https://doi.org/10.1002/wat2.1302

Ross, C.W., Prihodko, L., Anchang, J., Kumar, S., Ji, W., Hanan, N.P., 2018. HYSOGs250m, global gridded
hydrologic soil groups for curve-number-based runoff modeling. Sci Data 5, 180091.
https://doi.org/10.1038/sdata.2018.91

Sedighkia, M., Prinsley, R., Croke, B., Alexandra, J., 2026. Hydrological and hydrodynamic decision support
tools for assessing nature-based flood solutions: Technical modelling recommendations and
challenges. Environmental Modelling & Software 203, 107040.
https://doi.org/10.1016/j.envsoft.2026.107040

Seidu, S., Chan, D.W.M., Taiwo, R., 2025. Integrating green and grey infrastructure systems in dense urban
regions: a synthesis of critical barriers and effective implementation guidelines. Clean Techn Environ
Policy 27, 7555-7576. https://doi.org/10.1007/s10098-025-03309-3

Setiawan, O., Rahayu, A.A.D., Samawandana, G., Tata, H.L., Dharmawan, I.W.S., Rachmat, H.H., Suharti, S.,
Windyoningrum, A., Khotimah, H., 2024. Unraveling land use land cover change, their driving factors,
and implication on carbon storage through an integrated modelling approach. The Egyptian Journal of
Remote Sensing and Space Sciences 27, 615—627. https://doi.org/10.1016/j.ejrs.2024.08.002

Shastry, A., Carter, E., Coltin, B., Sleeter, R., McMichael, S., Eggleston, J., 2023. Mapping floods from remote
sensing data and quantifying the effects of surface obstruction by clouds and vegetation. Remote
Sensing of Environment 291, 113556. https://doi.org/10.1016/j.rse.2023.113556

Shehzad, M.F., Lyeo, J.S., Bleibel, N., Haines, S.R., Spence, N.D., Stopps, H., 2026. A scoping review of
climate vulnerability indicators: implications for neighborhood-level vulnerability. Climatic Change
179, 49. https://doi.org/10.1007/s10584-026-04122-7

Shukla, S., Meshesha, T.W., Sen, L.S., Bol, R., Bogena, H., Wang, J., 2023. Assessing Impacts of Land Use and
Land Cover (LULC) Change on Stream Flow and Runoff in Rur Basin, Germany. Sustainability 15,
9811. https://doi.org/10.3390/su15129811

Silwal, A., Subedi, A., Tamrakar, R., Dahal, K., Dahal, D., Ekpetere, K.O., Zhran, M., 2026. A Comprehensive

Review of Machine Learning and Deep Learning Methods for Flood Inundation Mapping. Earth 7, 44.
https://doi.org/10.3390/earth7020044

74



SonarHome. 2024. Ceny mieszkan w Gdansku [Apartment prices in Gdansk]. Retrieved from ¢
https://sonarhome.pl/ceny-mieszkan/gdansk) (Accessed January 2024).

Sorensen, J., Persson, A., Sternudd, C., Aspegren, H., Nilsson, J., Nordstrom, J., Jonsson, K., Mottaghi, M.,
Becker, P., Pilesjo, P., Larsson, R., Berndtsson, R., Mobini, S., 2016. Re-Thinking Urban Flood
Management—Time for a Regime Shift. Water 8, 332. https://doi.org/10.3390/w8080332

Su, J., Wang, M., Zhang, D., Yuan, H., Zhou, S., Wang, Y., Adib Mohammad Razi, M., 2024. Integrating
technical and societal strategies in Nature-based Solutions for urban flood mitigation in Guangzhou, a
heritage city. Ecological Indicators 162, 112030. https://doi.org/10.1016/j.ecolind.2024.112030

Takin, M., Cilliers, E.J., Ghosh, S., 2023. Advancing flood resilience: the nexus between flood risk
management, green infrastructure, and resilience. Front. Sustain. Cities 5, 1186885.
https://doi.org/10.3389/frsc.2023.1186885

Téth, B., Weynants, M., Pasztor, L., Hengl, T., 2017. 3D soil hydraulic database of Europe at 250 m resolution.
Hydrological Processes 31, 2662-2666. https://doi.org/10.1002/hyp.11203

United States Army Corps of Engineers. Curve number tables, Hydrologic Engineering Center.
https://www.hec.usace.army.mil/confluence/hmsdocs/hmstrm/cn-tables. (Accessed 26 September
2024) (n.d.).

Voskamp, .M., De Luca, C., Polo-Ballinas, M.B., Hulsman, H., Brolsma, R., 2021. Nature-Based Solutions
Tools for Planning Urban Climate Adaptation: State of the Art. Sustainability 13, 6381.
https://doi.org/10.3390/sul3116381

Wiibbelmann, T., Bouwer, L., Forster, K., Bender, S., Burkhard, B., 2022. Urban ecosystems and heavy rainfall
— A Flood Regulating Ecosystem Service modelling approach for extreme events on the local scale.
OE 7, e87458. https://doi.org/10.3897/oneeco.7.e87458

Yang, Y., Chui, T.F.M., 2021. Modeling and interpreting hydrological responses of sustainable urban drainage
systems with explainable machine learning methods. Hydrol. Earth Syst. Sci. 25, 5839-5858.
https://doi.org/10.5194/hess-25-5839-2021

Zahoor, A., Xu, T., Wang, M., Dawood, M., Afrane, S., Li, Y., Chen, J.L., Mao, G., 2023. Natural and artificial
green infrastructure (GI) for sustainable resilient cities: A scientometric analysis. Environmental
Impact Assessment Review 101, 107139. https://doi.org/10.1016/j.eiar.2023.107139

Zhang, P., Chen, G., Wang, C., Zhao, P., Li, L., Cao, J., Li, Y., 2025. Rainfall-runoff generation patterns and
key influencing factors in the plain of the Taihu Lake Basin, China. Journal of Hydrology: Regional
Studies 58, 102247. https://doi.org/10.1016/j.ejrh.2025.102247

Zhou, K., Kong, F., Yin, H., Destouni, G., Meadows, M.E., Andersson, E., Chen, L., Chen, B., Li, Z., Su, J.,
2024. Urban flood risk management needs nature-based solutions: a coupled social-ecological system
perspective. npj Urban Sustain 4, 25. https://doi.org/10.1038/s42949-024-00162-z

75


https://sonarhome.pl/ceny-mieszkan/gdansk
https://doi.org/10.1038/s42949-024-00162-z

