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Abstract: Due to unsustainable land management and climate change, floods have become more
frequent and severe over the past few decades and the problem is exacerbated in urban environments.
In the context of climate-proofing cities, the importance of nature-based solutions (NBSs), obtaining
relevant outcomes in the form of ecosystem services, has been highlighted. Although the role of
ecosystem services in building resilience against negative climate change effects is widely recognized
and there is an identified need to better integrate ecosystem services into urban planning and design,
this has proven difficult to operationalize. A critical limitation is that modeling is a time-consuming
and costly exercise. The purpose is to roughly estimate the ecosystem service of water run-off
mitigation through simplified, cost-effective, and user-friendly modelling at three nested biophysical
scales, under four climate change scenarios. Using the Swedish city of Gothenburg as an example, we
propose an approach for navigating NBS-oriented flooding adaptation strategies, by quantifying the
ecosystem service of water run-off mitigation at three nested biophysical scales, under four climate
change scenarios, hence, proposing an approach for how to navigate nature-based solutions in a
multi-scale, social-ecological urban planning context against present and future flooding events. Our
findings validate the effectiveness of employing an ecosystem service approach to better comprehend
the significant climate change issue of flooding through user-friendly and cost-efficient modeling.

Keywords: urban green space; flooding; nature-based solutions; ecosystem services; water run-off
mitigation; climate change; INVEST model

1. Introduction

Urban green spaces have recently been shown to be an effective tool for regulating
climate [1,2]. Climate change is predicted to increase the frequency and intensity of extreme
weather events, potentially increasing the severity of various natural disasters. Carbon emis-
sion mitigation through so-called nature-based solutions (NBSs) involves working with green
space as a tool through ecosystem services and green infrastructure. Assuming maximum
theoretical implementation, the NBSs in the residential, transport and industrial sectors have
been shown to reduce urban carbon emissions by up to 25% [2]. Hence, conserving green
spaces in cities is an important strategy to mitigate and adapt to climate change. Addition-
ally, the potential of green spaces and their ecosystem services to enhance resilience against
the adverse effects of climate change is widely acknowledged [3,4]. However, this aspect
is rarely scrutinized in urban development schemes not the least due to that it is a highly
time-consuming and labor-intensive process with associated economic costs.
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Conserving urban green spaces is important for several of the 17 Sustainable Develop-
ment Goals (SDGs) and their associated targets as well as for enacting and implementing
the various policy initiatives of the European Green Deal. Because comprehensive assess-
ments are both time-consuming and economically costly, an alternative approach could
involve analyzing the impact of urban incremental growth on specific types of ecosystem
services [5]. This is particularly important in a climate-change context in which such
services may become critical to conserve.

The purpose of this paper is to roughly estimate the ecosystem service of water run-
off mitigation through simplified, cost-effective, and user-friendly modelling. Using the
Swedish city of Gothenburg as an example, we propose an approach for navigating NBS-
oriented flooding adaptation strategies, by quantifying the ecosystem service of water
run-off mitigation at three nested biophysical scales, under four climate change scenarios,
Using the Swedish city of Gothenburg as an example, this paper presents an approach
for navigating NBS-oriented flooding adaptation strategies, by quantifying the ecosystem
service of water run-off mitigation at three nested biophysical scales, under four climate
change scenarios. We propose an approach for how to navigate a nature-based solution
framework in a multiscale, social-ecological urban planning context against present and
future flooding events. We quantify the ecosystem service of water run-off mitigation at
three nested biophysical scales, under four climate-change scenarios, comprising: (a) a
planned, site-specific, local urban development project named Kérra-Skogome, located
north of Gothenburg; (b) the sub-drainage basin area within which Kérra-Skogome is
located; and (c) the large-scale Vistra Gotaland region, within which the city of Gothenburg
constitutes the core. To facilitate the implementation of the suggested approach in an urban
planning context, we utilize user-friendly, open-source tools with low data requirements for
quantifying ecosystem services. We elaborate on how the proposed approach can contribute
to both informing urban planning and governance processes at various biophysical scales,
aiming to climate-proof entire cities against flooding, with a focus on the suitability of
applying a rather simple, non-costly, and user-friendly modelling approach known as
the InNVEST model. It enables decision-makers to evaluate quantified tradeoffs linked to
alternative management decisions and pinpoint areas where investing in natural capital
can improve both human development and conservation efforts [6].

1.1. Theoretical Background

Floods are the most common extreme weather events and can cause heavy damage to
property, infrastructure, and lives [7,8]. While numerous technical and strategic solutions
exist to address flooding, historical patterns reveal the difficulty in altering human behavior,
particularly the persistent tendency to construct in low-lying floodplains or near rivers.
Despite previous research offering insights on improving flood risk management, studies
indicate that material damage and casualties resulting from river floods remain alarmingly
high in many regions worldwide [9]. Among the different types of floods, e.g., coastal,
fluvial, and pluvial [10,11], this article will focus on pluvial flooding, which occurs when
an area is overwhelmed by heavy rainfall. This type of flooding is usually local and can
cause significant damage in urban areas, especially if the drainage system is inadequate
or overwhelmed [10,11]. Due to unsustainable land management practices coupled with
climate change, floods have become more frequent and severe at a global level over the past
few decades [12-14], and the problem is exacerbated in the built environment as impervi-
ous surfaces of urban areas reduce adaptation to flooding that is otherwise provided by
vegetation and soil [8,12]. At the same time, we are observing exponential urbanization [15],
which, amongst other things, will further intensify land-use transformation, potentially
turning even more green areas into urban built-up land [5]. Urban green spaces through
their generation of ecosystem services, both within cities as well as in the surrounding
regional landscape, have proven essential for providing cities with the goods and services
they need for basic consumption and waste disposal [16], including the provisioning of
services for adapting to current and future climate threats [2,17,18].
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1.1.1. Nature-Based Solutions for Climate Proofing Cities

In an effort to acknowledge the importance of the work of urban natural areas for mov-
ing towards sustainable and resilient societies, not least in a climate-change context [19-21],
the Intergovernmental Panel for Climate Change (IPCC), as well as the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) have highlighted
the importance of NBSs [17,22]. More specifically, NBS is an umbrella term for the de-
velopment pathways that utilize natural features—as opposed to solely relying on, for
example, man-made technologies and grey infrastructure—for addressing societal chal-
lenges [20,23]. NBSs include strategies like green roofs and urban parks to enhance urban
sustainability, while practices like riparian buffer zones and agroforestry focus on restoring
ecosystems and promoting sustainable agriculture. Additionally, approaches such as con-
structed wetlands and living shorelines exemplify how nature-based solutions can mitigate
environmental challenges by utilizing natural processes for water treatment and coastal
protection. NBSs can also be used in what is known as ‘hybrid infrastructure’, constituting
built environments coupled with landscape-scale biophysical structures and processes
for dealing with increased variation in the frequency, magnitude and different phases
of climate-related disturbances [24]. The NBS term encompasses established concepts,
such as ecological engineering, ecosystem-based adaptation, and green-blue infrastruc-
ture [25]. NBSs are supported in large-scale EU policies, like the European Green Deal, the
Biodiversity Strategy for 2030, and the Green Infrastructure Strategy [26]. The European
Commission defines the application of NBSs as: “... the deliberate inclusion of natural
system processes within human environments to obtain relevant outcomes in the form of
ecosystem services” [27] (p. 19).

1.1.2. The Scale-Related Challenge of Integrating NBSs into Urban Planning

Although the potential role of ecosystem services in building resilience against nega-
tive climate-change effects is widely recognized [3,4], this insight has often proven difficult
to operationalize in an urban planning context. In fact, although there is a clearly identified
need to better integrate ecosystem services into urban planning and design [17,28,29], this
integration is still, to a great extent, lacking. This is often due to financial constraints and
limited fiscal budgets [5]. When NBS-oriented policy and action plans are implemented in
an urban planning and design context, they are often limited to small-scale interventions at
the micro-scale of cities, such as the construction of green roofs, rain gardens, permeable
and porous pavement, vegetated swales and bioretention. While implementing small-scale
NBSs certainly is useful, climate-proofing an entire city, or parts of a city, requires upscaling
such as at the regional level of a city or a drainage basin context [30-32]. Depending on
the ecosystem service at hand, such upscaling may not be as straightforward as merely
implementing NBSs in appropriate places in the city. Such upscaling may also be difficult
because of the lack of suitable modelling methods to assess more complex spatial contextual
factors [33].

2. Case Study Background
2.1. The City of Gothenburg

Sweden is predicted to experience increased frequency and intensity of heavy rainfall
events, while simultaneously being in a phase of prominent urbanization [34,35]. Gothen-
burg municipality has set ambitious goals in the context of climate change [36], whilst also
facing challenges in accommodating housing shortages [37]. The city is undergoing a devel-
opment phase that involves substantial construction of housing and major infrastructure,
with explicit objectives of promoting densification and restricting urban sprawl.

Although flooding affects most Swedish municipalities, the city of Gothenburg, due to
its coastal location and being located at the confluence of many important rivers, including
MboIndalsén, Sdvean, and Gota River (Figure 1), is particularly vulnerable, making a large
portion of the city prone to multiple types of flooding. Pluvial flooding, which is the focus
of this study, occurs when an area is overwhelmed by heavy rainfall. This type of flooding



Land 2024, 13,143

4of 16

is usually local and can cause significant damage in urban areas, especially if the drainage
system is inadequate or overwhelmed [10,11].

Gothenburg

—t

Figure 1. The city of Gothenburg (red) is situated on the west coast of Sweden (green), along the Géta
River and situated in the Viastra Gotaland region (orange). Its biophysical location is characterized by
a coastal setting, providing the city with access to the North Sea.

Also, the soil type in focus here is largely composed of clay and the landscape has a
varied topography, where parts of the vegetation (mainly forests) are located on a higher
elevation than the built areas below, making natural infiltration solutions and the capability
of draining heavy rains challenging [38]. Hence, the city of Gothenburg faces climate
change challenges on multiple fronts [38].

2.2. Scales of Study Interest
2.2.1. Kérra-Skogome

To explore NBS-oriented flooding adaptation strategies within a nested multiscale
social-ecological and urban planning context, the planned urban development project,
Kérra-Skogome (Figure 2), was selected as a local-scale example for several reasons: (a) the
project serves as an illustration of the growing trend in “urban development thinking,’
involving the establishment of new urban nuclei outside the city center [39]; (b) the area is
situated upstream of Gota River, north of Gothenburg; and (c) its implementation involves
the transformation of multiple natural ecosystems, primarily forests into urban land use,
potentially affecting the ecosystem service of water runoff mitigation.
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Figure 2. The local development project, Kérra-Skogome, marked in turquoise and in red (small box),
and with the city of Gothenburg in yellow.

The study area is approximately 750 hectares and consists of agricultural and grazing
land, as well as forest and marshland. Besides a handful of buildings in the south and the
golf club “Albatross’, the area is rather sparsely populated [40]. Apart from the residences
that the area is planned to accommodate, it is also planned to provide community services,
town centre functions, and parks. The development of the area will require new infrastruc-
ture, public transport, water and sewerage, and energy supply [40]. The landscape contains
valuable natural and cultural environments and a small area of agricultural land [36].
While previous assessments of the area have appraised natural values, including protected
habitats, red-listed species, water protection areas, and cultural heritage interests [40], there
is a gap in the assessment concerning the mentioned runoff mitigation service. Additionally,
a deficiency exists in both sub-drainage basin and larger regional scale assessments.

2.2.2. Sub-Drainage Basin of Kérra-Skogome

From a water run-off mitigation perspective, Karra-Skogome does not exist in isolation,
but is part of a larger drainage basin context set by geographical location and topography.
Therefore, quantifying the runoff mitigation potential of the sub-drainage basin where
Kérra-Skogome is situated is important not only from a run-off perspective, but also from
an ecosystem perspective since the planned built-up land will affect both flooding and
ecosystem processes. From a biodiversity governance perspective, it places the planned
local development project within the larger dynamics of the Gothenburg sub-drainage
basin with its associated governance jurisdictions.

2.2.3. The Véstra Gotaland Region

Gothenburg is also part of a larger regional drainage basin, known as the Vastra
Gotaland region, defined by political boundaries. The Regional Council, which is the
highest decision-making body, has the overarching goals to increase the region’s appeal
and competitiveness as well as work towards sustainable regional development [41]. Quan-
tifying the water run-off mitigation service at the regional scale could potentially answer
questions about whether the region is moving in a more climate-proof direction, or whether
the ecosystem service of water run-off mitigation is being eroded on a regional scale.

3. Materials and Methods
3.1. Quantifying the Water Run-Off Mitigation Potential Using the Urban Flood Risk
Mitigation Model

Based on our intent to apply easy-to-use, open source, and low data requirements
tools, the toolbox that was chosen for quantifying the water runoff mitigation potential was
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the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model (v. 3.12.1).
InVEST is a series of 18 open-source software models that are explicitly developed to assess
ecosystem services (see, e.g., this journal [42]) and is one of the most used tools for that
purpose [43]. It is developed by the Natural Capital Foundation to promote natural capital
valuation in policy planning [44].

In its “toolbox’, INVEST includes an Urban Flood Risk Mitigation (UFRM) model,
which is one of the newest additions to the series of existing InVEST models. As such,
only a few applications of the UFRM model can be found in the literature [11,45,46]. In
contrast to more precise, but also more data-intensive hydrologic models (e.g., see the
Soil and Water Assessment Tool (SWAT) [47,48] and the Spatial Tools for River basins and
Environment and Analysis of Management options (STREAM) [49], the UFRM model is
relatively simple, has a low data requirement and the data format used in the model is
also compatible with other INVEST models, which opens the possibility to assess other
ecosystem services in the future and to analyze trade-offs between them [44]. For example,
there is no temporal aspect considered in the selected rainfall event, and the model does
not account for topographical characteristics—a limitation that is further elaborated in the
Section 5 of this article.

To estimate run-off, the UFRM model uses the "soil conservation service-curve number’
method (SCS-CN), which requires low amounts of data. The SCS-CN method is an accepted
empirical method that has been used by public agencies and researchers for the last five
decades [11,45]. An overview of the input data required to run the UFRM model is
presented in Table 1. As a vector layer for the area of interest in Table 1 (i.e., the Kérra-
Skogome area) was missing, the GIS software QGIS v3.28.1 was used to create one (Figure 2).
Also, a flowchart of the methodological process is presented in Figure 3.

Table 1. The input data for the INVEST software for running the UFRM model.

Data Format (Unit/Scale) Spatial Resolution Source
Area of interest @ vector 25m Authors
LULCP raster 10m Naturvardsverket
Hydrologic soil group raster 25m SGU
Curve number values constant N/A NRCS
Rainfall depth mm 24.5-54.2 mm SMHI

2 As a vector layer for the Karra-Skogome area was missing, the GIS software QGIS v3.28.1 was used to create one
(Figure 2), b Land use, land cover.

(4 ) Result table
| ES— — —
i j i 1
i T f
1

UFRM model

A =4

Cure
—_— number

re ion
values
Hydrologic Hydrologic
soil types soil groups
(17 classes) (4 classes)

Rainfall

event+ Rainfall
climate :> Glpmtn:

scenarios,
factor )

Result maps

D ————

Output

Input data

Figure 3. Flowchart of the methodological process. Green areas are presented in the result section.
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3.2. Input Data to the UFRM Model
3.2.1. Curve Number Values

The curve number (CN) is a dimensionless value that empirically estimates run-off
depth caused by rainfall. It varies between 0 and 100, where a low number represents high
soil permeability and therefore low runoff potential, and vice versa [45]. The CN value is
dependent on land use/land cover (LULC) and the hydrologic soil group [44] Values for
each LULC class and soil hydrologic group were derived from the USDA handbook [50,51].

3.2.2. Reclassification of LULC Data

The land cover map Swedish Land Cover Data, from the Swedish EPA [52] includes
25 land cover classes. The data include information on land cover, such as agricultural land,
forest, built areas, and water bodjies. It is a continuous dataset, covering the entire country
and is updated regularly. The latest mapping was performed in the period 2017-2019 [52].

Deriving the curve number values needed for running the UFRM model, requires the
reclassification of the 25 land cover classes. This reclassification was performed according
to UN- SPIDER (United Nations—Space-based Information for Disaster Management and
Emergency Response) and the USDA handbook [50,53]. The 25 land cover class labels were
extracted manually from the QGIS raster layer and listed together with their identification
number in Excel. They were then translated from Swedish to English and sorted into the new
classification (see Supplementary Material Table S1 for a detailed table). Based on these data,
the land cover map was reclassified in QGIS, using the function ‘Reclassify by table’.

3.2.3. Reclassifying Hydrologic Soil Type to Hydrological Soil Groups

The vector layer of soil types displays 17 soil types [54]. Different soil types vary in
their potential to hold water. To assess the runoff potential of various soil types, they are
put into different hydrological soil groups (HSGs). In a Swedish context, four HSG groups
exist: A, B, C, and D, where A has the least runoff potential and D has the most. The dataset
for HSGs was derived from soil maps from the Geological Survey of Sweden (SGU), via
the Swedish University of Agricultural Sciences [54].

For the soil type vector layer to be compatible with InVEST, it had to be reclassified
according to the four HSGs. Also, to use the dataset in the UFRM model, letter values
must be translated into numerical values [44]. Hence, every soil type had to be assigned a
numerical value, where A = 1; B =2; C = 3; and D = 4. The reclassification was based on
the USDA handbook and Nilsson [55] (see Supplementary Material Table S2) [55,56]. In
the attribute table of the soil map, which held 1276 features, a new field was added named
“HSGgroups”. Due to the number of features, the assignment of values was not performed
manually, but by using the function expression. The code input is shown in Supplementary
Material Figure S1. The soil types were translated from Swedish to English in a similar
manner, based on SGU’s symbology collection [54]. Once all features and soil types were
assigned an HSG, the vector layer was reclassified in QGIS. As the model requires raster
data as an input, the vector layer was rasterized.

Group A soils generally include less than 10% clay and greater than 90% sand, resulting in
a high infiltration rate and low runoff. Group D soils are the dominant types in the area, which
generally contain more than 40% clay and less than 50% sand, resulting in low infiltration
rates and high runoff [56]. InVEST-compatible hydrologic soil group maps and land use/ land
cover maps were also generated for the other two areas of interest, the sub-drainage basin
and the Vastra Gotaland region (see Supplementary Material Figure S2).

3.2.4. Rainfall Events and the Selection of Rainfall Depths

For the selection of rainfall depths, data were retrieved from a report by the Swedish
Meteorological and Hydrological Institute (SMHI), which contains data on rainfall volumes
based on historical measurements in four regions of Sweden [57]. Two rainfall events were
chosen, with return periods of 10 and 100 years, both with a duration of 1 h. Similarly, a
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climate factor (CF) of 1.15 based on the representative concentration pathway (RCP) 4.5 for
the period 2041-2070 was chosen, resulting in four rainfall depth scenarios.

4. Results
4.1. Reclassifying Land Use/Land Cover

The land use/land cover classes were assessed for all three areas of interest, using data
retrieved from the Swedish EPA [52] (2023). Figure 4 illustrates the resultant land use/land
cover categories obtained for the Kéarra-Skogome local development project area.

Land Cover Classes
B water

I Medium Residential
[ Forest

[ Agricultural

0 500 1000 m

Figure 4. The reclassification of 25 land cover classes into four in Karra-Skogome, follows the guide-
lines provided by UN-SPIDER (United Nations—Space-based Information for Disaster Management
and Emergency Response) and the USDA handbook [50,53].

4.2. Reclassifying Hydrological Soil Type to Hydrological Soil Group

The resulting reclassified hydrological soil types as hydrological soil groups for Karra-
Skogome are shown in Figure 5.

Hydrological Soil Groups

A
| __I]

0 500 1000 m
S

Figure 5. Soil types in Karra-Skogome reclassified as hydrological soil groups (HSG).
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4.3. Curve Number Values

Table 2 displays the curve number values derived from the reclassified land use/land
cover map and the reclassified hydrological soil type grouped into hydrological soil
groups (HSG).

Table 2. Curve number values for each land use/land cover and hydrological soil group combination.

Hydrologic Soil Group

LU?2ID LU Description
A B C D
1 Water 100 100 100 100
2 Medium residential 57 72 81 86
3 Forest 30 58 71 78
4 Agricultural 67 77 83 87
2 Land use.

4.4. Rain Falls Depth

Based on two rainfall events, 10 years over 1 h and 100 years over 1 h, and two climate
factors, four rain depth scenarios were identified (Table 3). These were derived from
the IPCC RCP 4.5 scenario, which is described by IPCC as a moderate scenario in which
emissions peak around 2040 and then decline.

Table 3. Selected rainfall events.

Climate Factor

Rainfall Event

CFo CF 1.15
10yr,1h 24.5 mm 28.2 mm
100yr,1h 45.2 mm 52.0 mm

4.5. Quantifying the ES of Water Runoff

The InVEST /UFRM model results, quantifying the ecosystem service of water runoff
mitigation at three different spatial scales under four rainfall event scenarios, are presented
in Table 4. The runoff retention index (RRI) is the average runoff retention value per area of
interest. It indicates the amount of water that is retained by the soil. To establish a clear
and representative comparison between the performance of the three areas of interest, the
relative retention capacity (RRV/area) and relative runoff volume per hectare (RV/area)
are also included.

Table 4. Quantification of the ecosystem service of water runoff mitigation at three different spatial
scales, under four rainfall events, using the InVEST, UFRM model.

Area of Rain Event  Average RRV P RV € (m?) RRV/Area RV/Area
Interest (mm) RRI? (m3) m (m3ha—1) (m3ha—1)
24.5 0.89 160,370 19,230 219 26
Study area 28.2 0.87 179,032 27,691 244 38
45.2 0.76 250,483 80,860 342 110
52.0 0.72 274,231 106,961 374 146
245 0.85 1,225,771 221,449 208 37
. 28.2 0.82 1,359,453 306,327 230 52
Sub-basins 452 0.70 1861,114 808,859 315 137
52.0 0.66 2,024,395 1,047,256 343 177
24.5 0.82 504,910,859 110,428,242 201 44
Region 28.2 0.80 565,600,428 142,667,468 225 57
45.2 0.71 806,169,243 329,068,570 321 131
52.0 0.68 888,463,565 417,562,245 354 166

a Runoff retention index, ® Runoff retention volume, ¢ Runoff volume.
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The InVEST/URFM model also provides results on spatial distribution per pixel of
the run-off retention volume and the run-off volume. The spatial distribution per pixel for
Kérra-Skogome, for a 24 mm rainfall event is shown in Figure 6.

Legend Legend
Runoff retention (m3) Runoff (mm)
0.53 0
193 126
19 B 457
e - 52
- 245 - 1922

(b)

Figure 6. Spatial distribution per pixel in Kérra-Skogome, of (a) the run-off retention volumes (m?)
and (b) the run-off volume (m?3), for a 24 mm rainfall event. High retention volumes are represented
by darker blue areas and high run-off volumes are represented by dark red.

Higher retention volumes (Figure 6a) are found in the forested areas, especially in
combination with the high infiltration capacity of soil group A. The run-off volumes are
particularly high (Figure 6b) where the agricultural land cover is combined with soil group
D, as it is mostly composed of clay with low retention capacity. Since the study area
currently has a small extent of developed land, the higher runoff volumes are seen in water
bodies and agricultural land cover, such as cultivated land and pasture.

Maps of the spatial distribution per pixel of run-off retention volumes and run-off
volumes were created for the sub-drainage basin (Figure 7) and the region of Vistra
Gotaland (Figure 8).

Legend
[ Study Area
Runoff (mm)

0

Legend
[T Study Area
Runoff retention (m3)
053
193
199
. 232
. 235
. 243
. 24

022
™ 102
™ o126
. 457
- 52l
- 1922

Figure 7. Spatial distribution per pixel of (a) the Run-off Retention Volumes (RRV) and (b) the Run-off
Volume (RV) in the sub-drainage basin, encompassing the study area of Karra-Skogome (in green),
for a 24 mm rainfall event.
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Legend

[ Study Area

Runoff Retention (m?)
0.53
193
1.99
215
223

232

. 235

. 243

- 24

- 245

Legend
[0 Study Area
Runoff (mm)
0
0.13
0.22
102
126
. 219
W 3.00
. 457
s
- 1922

(b)

Figure 8. Spatial distribution per pixel of (a) the Run-off Retention Volumes (RRV) and (b) the Run-off
Volume (RV) in the Viastra Gotaland Region, for a 24 mm rainfall event.

5. Discussion

The key objective of this paper was to roughly estimate the ecosystem service of water
runoff mitigation through a simplified, cost-effective, and user-friendly modeling approach.
The InVEST model was utilized for this purpose and applied at three nested biophysical
scales under four climate change scenarios. The study reveals how the water retention
capacity of the area of interest is diminishing due to urban development. Consequently,
the modeling exercise illustrates how runoff mitigation through metropolitan green spaces
helps climate-proof the city of Gothenburg against present and future flooding events.

More specifically, our results indicate an average run-off retention index (RRI) at or
above 0.8 for the two lowest rain event scenarios, across all addressed scales (see Table 4).
However, the results also show that even small changes in the intensity of a rain event may
generate large changes in the run-off (retention) volumes, exemplified by the 0.12 drop
in the average run-off retention index, when, e.g., switching between the 28.2 mm rain
event to the 45.2 mm rain event at the sub-drainage basin scale (Table 4), emphasizing
the vulnerability of the city of Gothenburg in this context and the need for planners and
policymakers to address climate resilience in the context of regional growth. Furthermore,
the results also show that the local area, Kédrra-Skogome, has an average water retention
potential per area unit that surpasses that of the surrounding sub-drainage basin, as well
as that of the larger region, across all rain event scenarios (Table 4). Therefore, and as
hypothetically suggested by the results conveyed herein, what occurs locally has significant
cascading impacts at larger biophysical scales, subsequently exerting negative effects on
the region.

The result obtained in this study highlights the importance of carefully weighing
the utility of executing site-specific urban development projects, such as Kérra-Skogome,
against the potential erosion of the run-off mitigation service. In this context, the site-specific
map, illustrating the spatial distribution run-off/retention volumes per pixel in Kérra-
Skogome (Figure 6), could be used by urban planners for, e.g., testing alternative planning
and design solutions, with the goal of minimizing the erosion of the run-off mitigation
service at the local scale. Also, placing local site-specific urban development projects in a
larger sub-drainage basin context as performed herein contributes to identifying potential
downstream effects. In the case of the planned Kérra-Skogome project, the implementation
of a sub-drainage basin context revealed that there are potential downstream repercussions
for the very city center of Gothenburg. Such cross-scale interactions, here represented by
linking the local, site-specific scale to the sub-drainage basin scale, need to be considered to
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obtain a comprehensive picture of the pros and cons of implementing specific local urban
development projects in a climate resilience context.

The employed modeling approach simplifies the estimation of runoff water, but urban
planners could enhance runoff potential through various design strategies. These include
features like green roofs, bioswales, and biologically active surfaces such as lawns, rain gardens,
and wetlands, which can effectively delay surface runoff. Therefore, the modeling exercise also
offers planners a cost-effective analytical tool to assess potential investments in strategically
planned urban design interventions essential for building resilience in new developments.

The city of Gothenburg, akin to the local area of Kéirra-Skogome, operates within a
broader ecological, economic, and decision-making context. Consequently, in the pursuit of
sustainably integrating extensive urbanization with climate-proofing against future flooding
events, the overarching regional scale of Vistra Gotaland becomes pertinent. Quantifying
the water run-off retention service on a larger regional scale provides a benchmark against
which ongoing and planned development projects in the Gothenburg region can be evaluated;
hence, providing a useful tool for assessing the value of urban green spaces to regulate urban
climate change. In this way; it is possible to track both incremental and cumulative changes
over time to the regional ecosystem service of water run-off mitigation.

5.1. The Importance of Assessments and Modelling

At a more general level, and as demonstrated by the case study results, even a relatively
basic and simple modelling approach, combining the UFRM model with its relatively low data
requirement and the data format of the model developed herein, can provide valuable inputs to
regional planners and policymakers. Given the limited funds of municipalities and the need to
make pragmatic inventories and for balancing costs between urban monitoring and mitigation
efforts [58], the INVEST model offers a hands-on, user-friendly and cost-effective model in
environmental assessments for increase our understanding of the potential environmental
impacts and consequences of flooding by a proposed building project plan. The purpose of
environmental assessment is not only to inform urban planners and decision-makers about the
potential effects on the environment, both positive and negative, that a building project has,
but importantly also to inform the public about these impacts. This process helps ensure that
environmental considerations are considered in a democratic, cost-effective decision-making
process and that sustainable practices are promoted.

Cost-effective models to coordinate a more resilient oriented nestedness of biophysical
scales require a poly-centric governance framework [59]. Polycentric urban governance
involves the decentralized coordination and management of multiple centers of decision-
making and authority across relevant spatial scales within a metropolitan region [60]. As
the simple model generated herein is compatible also with other INVEST models, it opens
the possibility to assess other types of ecosystem services, including biodiversity impacts
by urban growth and development as well as how these services should be managed by
different decision-making bodies at different spatial scales.

5.2. Pragmatic Urban Planning

While simple models may have their limitations, like the model used herein lacks
temporal aspects of rainfall events and does not account for topographical characteristics,
the utility of using this type of model surpasses the situation of using no model at all and
thereby making no assessment at all. In our experience, this is all too common in many
cities around the world, although its full extent is probably hard to determine. Applying
a simple model like the INVEST model as used herein, also offers the possibility to assess
other ecosystem services and to analyze trade-offs between them [44]. Suffice it to say, the
InVEST model in this way embraces a pragmatic approach to urban planning and design,
adopting the notion of “what work works” [61] (p. 125).

With its roots in the United States around 1870, and drawing upon such a prominent
philosopher as William James, pragmatism applies a more practical approach to solving
problems in situations when knowledge is incomplete, emphasizing the application of the
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best available knowledge and practices. Climate change represents such a situation, and
as extreme weather events will likely increase, biophysical and geological assessments
become increasingly important to perform and increasingly economically costly. Hence,
it is sufficient to say that cost-efficient modelling will become increasingly important for
climate change mitigation and adaptation of cities.

6. Conclusions

The type of evaluation performed in this paper provides insights into what role green
spaces hold in urban settings to adapt to climate change at multiple nested biophysical
scales. The study demonstrates the effectiveness of a straightforward, readily applicable,
and cost-effective modeling approach in illustrating the impact of planned local urban
development projects on water runoff mitigation. The findings highlight the potential
exacerbating effects of such projects at larger spatial scales. Furthermore, in the context of
project decisions, the modeling exercise provides planners with a valuable tool to evaluate
potential investments in strategically planned urban design interventions. It can also help
determine whether a region, such as the Gothenburg area, is progressing in a climate-
resilient direction.

As proposed herein with the flooding/run-off mitigation example, basic models
like the InVEST model can in an urban planning and decision-making context be quite
handily used to examine such resilience perspectives. As InVEST includes a series of
models, the work presented herein can further be built on by using other ecosystem service
quantification models such as the Urban Stormwater Retention Model which assesses the
more general hydrologic services offered by the landscape over a yearly timescale. The
Habitat Quality Model is another tool that can be used to estimate the extent of habitat
and vegetation types and represent the biodiversity of a landscape [62]. New attempts to
combine descriptions in landscape ecology and urban morphology into a social-ecological
spatial morphology have also paved the way for the planning and design of cities that
bring the two fields together in a joint practice [63]. On a principal level digitalization offers
the opportunity to shift from scale-defined maps to scale-free models, thereby creating the
potential to describe both social and ecological urban phenomena closer. Unfortunately,
this potential is currently often missed due to conservative mindsets and modes of working.
Big-data models enable the precise analysis of diverse and massive datasets, allowing
for the identification of climate patterns, vulnerabilities, and optimal resilience strategies,
thereby offering unprecedented opportunities for designing and building climate-change
resilient cities with greater precision.
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