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Abstract

Urban areas are increasingly exposed to extreme precipitation events, which can disrupt critical
infrastructure and damage the built environment. While flood impacts are often assessed
separately for buildings or road networks, this study analyses both flood-induced road
inaccessibility and building flood risk in Gothenburg using a climate-adjusted 100-year rainfall
at both the city scale and the local scale. A network-based service area approach was used to
identify inaccessible areas, while building flood risk was assessed using a risk classification
matrix based on two factors: exposure ratio and maximum flood depth. The results show that
road inaccessibility is most severe in peripheral areas with low network redundancy where
limited alternative routes can lead to extensive accessibility loss, whereas the highest building
flood risk is concentrated in low-lying and industrial areas. Local-scale case studies revealed
how localized flooding disrupts road networks at vulnerable road segments and generates
uneven building-level risk that is not visible at the city scale. By integrating road inaccessibility
with building flood risk into a combined risk classification, the study identifies areas where
flooding is likely to generate the greatest societal consequences, highlighting vulnerabilities
that would not be visible from either component alone. Together, these findings demonstrate
the importance of multi-scale and integrated flood risk assessments for informing urban

resilience planning and guiding climate-adaptive strategies.
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1 Introduction

1.1 Background

Extreme weather events, including extreme precipitation, have increased in both frequency and
intensity since the 1950s over most land areas, with anthropogenic climate change being
identified as the main driver (IPCC, 2023). This trend is expected to continue with additional
global warming, as a warmer atmosphere can hold more moisture, leading to more extreme
precipitation (Seneviratne et al., 2021). For Europe, the frequency of extreme precipitation
events is projected to nearly double for each 1°C of global warming (Myhre et al., 2019).
Northern Europe has been identified as a region where these changes will be especially
noticeable (Seneviratne et al., 2021), making cities in this region increasingly vulnerable to

pluvial flooding.

In Sweden, annual precipitation has increased from approximately 600 mm in 1930 to nearly
700 mm today (Schimanke, 2022) and is projected to continue increasing throughout the century
(Sjokvist et al., 2025). Although no clear long-term trends have been identified in the magnitude
and frequency of cloudbursts — defined by the Swedish Meteorological and Hydrological
Institute (SMHI) as rainfall exceeding 50 mm within one hour or 1 mm per minute —
observations indicate a slight increase in annual maximum precipitation since 1881 and an
increased frequency of prolonged two-day rainfall events since 1961 (Olsson et al., 2017).
Climate projections further suggest that cloudburst intensity will increase over the century, with
increases of approximately 10% during 2011-2040 and up to 20% and 40% toward the end of
the century under low-emission (RCP4.5) and high-emission (RCP8.5) scenarios, respectively

(Sjokvist et al., 2025).

Most low-pressure systems affecting Sweden move in from the west or southwest, resulting in
the highest precipitation levels occurring in these regions (SMHI, n.d.-a). Véstra Goétaland
County has been identified as the most affected region by summer cloudbursts between 2009
and 2018 in terms of both the number of events and total estimated impact (Nyberg et al., 2019).
This aligns with the findings from Sjokvist et al. (2025) which show that the Swedish west coast
experienced the highest number of days with extreme precipitation — defined as more than 20
mm of precipitation within 24 hours — during 1971-2000, averaging six to eight days per year.
Climate projections indicate that this region may experience the largest future increases, with
the number of days with extreme precipitation potentially doubling toward the end of the

century under RCP8.5 (Sjokvist et al., 2025).



Gothenburg, located in Vistra Gotaland County, lies in one of Sweden’s most precipitation-
intensive regions and is projected to face some of the largest future increases (Sjokvist et al.,
2025). As Sweden’s second-largest city, its dense population and critical infrastructure increase
its vulnerability to flood-related impacts, which is further exacerbated by its coastal location
and proximity to the Gota Alv river. The city has experienced several extreme rainfall events
with significant societal consequences. In August 1997, an extreme precipitation event resulted
in 113 mm of rainfall within 24 hours, causing widespread road flooding, traffic disruptions,
and stranded vehicles (Goteborgs Stad, n.d.-a). Similar events elsewhere in Scandinavia further
illustrate the potential consequences of urban flooding. For example, the 2011 cloudburst in
Copenhagen, where rainfall intensities exceeded 3 mm per minute for more than 10 minutes
and most of the 135 mm of precipitation fell within just two hours (DMI, 2011), causing
extensive infrastructure damage and economic losses estimated at 9.4 billion SEK (MSB, 2016).
This event corresponded to a 100-year rainfall, defined as a rainfall event with a 1% annual

probability of occurrence, which is a common benchmark in flood risk assessments.

Urban areas, including Gothenburg, are particularly vulnerable to pluvial flooding due to the
high proportion of impermeable surfaces, which increases surface runoff during intense rainfall.
When the capacity of drainage systems is exceeded, excess water accumulates on the surface,
affecting both the built environment and societal functioning. Flooded buildings may
experience structural damage, moisture-related degradation, and reduced usability, while
flooded roads can become impassable, disrupting traffic and emergency services. Research has
shown that even relatively shallow inundation depths can result in significant impacts on
infrastructure (Huizinga et al., 2017). For buildings, depth-damage curves often start to increase
at very small inundation depths, with damage continuing to rise until an upper threshold is
reached (Huizinga et al., 2017). For roads, inundation depths of approximately 30 cm have been
identified as a critical threshold for safe driving, beyond which vehicle stability, steering, and

braking are significantly compromised for most passenger cars (Pregnolato et al., 2017).

In response to increasing flood risk, Sweden has developed a comprehensive flood risk
management framework, guided by national and European policy frameworks. The EU Flood
Directive (2007/60/EC) requires member states to work towards reducing the adverse
consequences of flooding for human health, the environment, cultural heritage, and economic
activity (MSB, 2020). In Sweden, the directive is implemented through the Regulation on Flood
Risk (Forordningen om dversviamningsrisker, SFS 2009:956), which assigns the Swedish Civil



Defence and Resilience Agency (MCF) responsibility for coordinating national flood risk
assessments and management planning. County administrative boards are responsible for
developing and implementing regional flood risk management plans in accordance with
MSBFS 2013:1. To support municipalities, MSB (2017) provide guidelines for cloudburst
mapping and flood risk assessments, recommending the use of geographic information systems

(GIS) and hydrodynamic modelling to evaluate flood extent, impacts, and mitigation measures.

GIS has become a central tool in flood risk assessments due to its ability to integrate spatial
data, model complex relationships, and visualize patterns across multiple scales. Previous
studies have applied GIS to assess flood impacts on various urban components, including road
networks and buildings. Regarding roads, Papilloud et al. (2020) used GIS to assess flood
exposure of road infrastructure by aggregating exposure into grid cells, highlighting spatial
patterns of vulnerability at the national scale, while Lin et al. (2024) combined GIS with traffic
and topological data to assess segment-level disruptions and congestion in urban areas.
Regarding buildings, Paulik et al. (2023) modelled national residential building exposure to
flooding using GIS to estimate the quantity and replacement value of homes, whereas Taramelli
et al. (2022) focused on individual building losses by integrating hazard and vulnerability data.
Together, these studies demonstrate the ability of GIS to support flood risk assessments across

multiple urban components and spatial scales.

While previous GIS-based flood studies have typically analysed either building exposure or road
network disruptions, few have combined these components to identify areas where multiple
impacts coincide. Detailed analyses of flood-induced road inaccessibility within flood affected
areas also remain relatively scarce. This study addresses these gaps by integrating network
analysis of road inaccessibility with building flood risk analysis for Gothenburg at both the city
scale and the local scale. In doing so, the study contributes to improved understanding of urban
flood impacts and supports ongoing efforts in flood risk management and climate adaptive urban

planning under increasing extreme precipitation.



1.2 Aim & research questions

The aim of this study is to assess flood-induced road inaccessibility and building flood risk in
Gothenburg during a 100-year rainfall event at both the city scale and the local scale, in order

to evaluate their spatial distribution, combined risk, and detailed patterns within high-risk areas.

The study is guided by the following research questions:

. Which areas in Gothenburg experience the largest flood-induced road inaccessibility at
the city scale during a 100-year rainfall event?

. Which areas in Gothenburg experience the highest building flood risk at the city scale
during a 100-year rainfall event?

. Which areas in Gothenburg face the greatest combined risk of road inaccessibility and
building flood risk at the city scale during a 100-year rainfall event?

. Which spatial patterns characterize road inaccessibility and building flood risk within
high-risk areas at the local scale?



2 Study Area

Gothenburg (57°42'N, 11°58'E) is located on the Swedish west coast and is the second largest

city in Sweden with 608 993 inhabitants (SCB, 2025). It is one of the fastest-growing cities in

the country and the population is projected to increase by 104 700 inhabitants by 2050

(Goteborgs Stad, n.d.-b). The city is concentrated in the central part of the municipality where

built-up areas and infrastructure are most dense, gradually decreasing toward the outskirts. The

study area covers the mainland of Gothenburg, excluding the surrounding islands (Figure 1).

Gothenburg has a temperate
oceanic climate characterized
and

cool  summers

by
relatively mild winters for its
latitude, classified within the
Cfb category in the Koppen
Geiger climate classification
(Beck et al., 2023). Average
monthly temperatures range
from 0.7°C in February to
18.2°C in July, with an annual
mean temperature of 8.9°C
(SMHI, n.d.-b). The city
receives an average annual
precipitation of 917 mm, with
August and October being the
each

wettest months,

averaging around 90 mm of

Gothenburg Y

Landuse
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4 280N | openland
5 ‘g o B Water
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Figure 1. Overview map of Gothenburg’s mainland.
Basemap: ESRI Light Gray Canvas.

precipitation. The most extreme rainfall events typically occur in July and August

(Goteborgs Stad, n.d.-a).






3 Material & methods
This section provides an overview of the data used in this study, followed by a more detailed
description of the 100-year flood data, the road preprocessing, and the GIS analyses, including

a network analysis, a building risk analysis, and a combined risk evaluation.

3.1 Data

The data used in this study are summarized in Table 1 and referenced in SWEREF99 TM
(EPSG:3006). The 100-year flood raster is described in more detail below as it is derived from
a hydrodynamic model and represents the primary dataset, providing simulated flood conditions

for the analyses.

Table 1. Overview of data used in this study.

Data Source Format Description
100-year flooding Goteborg Kretslopp ~ Raster (4 x 4 m) Simulated flooding during a
och Vatten (2021a) 100-year rainfall event.
Buildings Lantmateriet (2024)  Vector polygons Building footprints with
building type classification.
Roads Trafikverket (2025)  Vector lines Road network with traffic

related attributes.

Bridges and tunnels Trafikverket (2022)  Vector lines Overpasses, underpasses, and

tunnels on road sections.

Watercourses narrower than 6
meters.

Watercourses Lantmiteriet (2024)  Vector lines

3.1.1 100-year flood raster

The 100-year flood raster represents the simulated flood situation during an event with a 1%
annual probability of occurring given the historical record of rainfall, following the
methodology from the Swedish Civil Defence and Resilience Agency (MSB, 2017). This event

serves as a modelling scenario to assess potential flood impacts.

The flood raster used in this study is produced by Gothenburg Recycling and Water (Goteborg
Kretslopp och Vatten 2021b) and is based on fully coupled 1D-2D hydrodynamic simulations

(MIKE) to simulate how extreme precipitation interacts with urban surfaces, sewer networks,



and rivers. It integrates elevation, land use, soil types, rainfall and sewer systems to calculate
runoff, infiltration, surface flow, sewer flow, and river flow within a single integrated system.
Among the input parameters, elevation is particularly influential in determining local water
accumulation and flow paths, while land use and soil types decide how rainfall is divided
between infiltration and surface runoff. Rainfall intensity drives the magnitude of flooding, and
sewer networks determine how efficiently excess water is transported away. Based on a climate-
adjusted 100-year rainfall event where a climate factor of 1.2 (representing 20% increase) is
applied to account for projected future increases in rainfall intensity and focusing on the most
intense 30-minute peak within a 6-hour period, the hydrodynamic simulations produce water
depths, flow paths, and flood duration. Only the simulated water depth is used in this study, as
it is the primary indicator of flood severity in relation to road passability and potential building

damage.

The flood raster is based on hydrodynamic simulations representing the flooding situation at the
time of the height scanning and the land-use mapping conducted in 2017. Areas with significant
changes after this might therefore show misleading results and should be interpreted with
caution. The elevation data is derived from lidar scanning, providing high-resolution terrain
information for accurate surface flow. The resulting raster has a 4 x 4 m spatial resolution,
which was chosen to maintain reasonable computation times while still capturing urban
structures in sufficient detail. Further information about the hydrodynamic modelling

framework can be found in the model documentation (Goteborg Kretslopp och Vatten, 2021a).

At the municipal level, the flood raster serves as the official flood map for Gothenburg and
forms the basis for planning and risk assessments. The hydrodynamic modelling approach itself
is not evaluated within the scope of this thesis. While different approaches to flood modelling
exist, the focus here is on analysing the impacts derived from the raster dataset rather than

evaluating modelling techniques.

3.2 GIS methodology

All analyses are based on the 100-year flood raster with a 4 x 4 m resolution and are
conducted at two spatial scales. The city scale represents a generalized approach in which
roads and buildings are aggregated to capture overall spatial patterns across Gothenburg,
whereas the local scale represents individual roads and buildings to examine fine-scale spatial

dynamics within selected areas. This distinction acknowledges well-established scale effects



in spatial analysis, whereby aggregation can influence the resulting spatial patterns and their
interpretation (Openshaw, 1984).

3.2.1 Network-based service area analysis of road inaccessibility

A service area analysis is a type of network analysis that identifies all network segments
reachable from a given location within a specified impedance, where impedance represents the
cost of travel, such as distance or time (Esri, n.d.-a). This type of analysis is commonly applied
to assess accessibility and disruptions in transportation systems during extreme events, such as
flooding, as it explicitly represents network connectivity and illustrates how flooded road
segments interrupt that connectivity (Alabbad et al., 2024; Yin et al., 2020). In this study, the
impedance cutoff was set sufficiently high to ensure that the entire road network would be
reachable from the defined starting points.

All flooded areas included in this analysis have a water depth of at least 30 cm, extend over a
minimum of 10 m of continuous road, and cover at least 500 m?. The 30 cm depth threshold
was selected based on previous research identifying this as a critical threshold for safe driving
(Pregnolato et al., 2017). The minimum length and area thresholds were applied to exclude

spatially limited flooding that is unlikely to represent meaningful barriers to road accessibility.
Network preprocessing

To conduct the service area analysis, a network was first created with the following restrictions:

. Flooded road segments prohibited

. Bridges and tunnels always traversable

. Elevation-aware end-point connectivity to prevent false intersections

. Forbidden direction applied on major roads; both directions allowed on minor roads

Directional restrictions were applied only to major roads (classes 0—3 in the functional road
classification of the Swedish Transport Administration), assuming that these roads are unlikely
to be used against the designated traffic direction even during disruptive flood conditions. Minor
roads (classes 49 in the same classification) were treated as bidirectional to reflect the greater

flexibility typically possible within local street networks under such conditions.

To ensure that the network accounted for all flooding barriers prior to the service area analyses,
a pre-processed “hard-cut” network was created. Instead of using dynamic barriers in the
Network Analyst extension, where the service area analyses are conducted, flooded road
segments were removed directly from the network using an erase operation between the road

dataset and the flood polygons. Dynamic barriers are temporary restrictions that can be applied

9



during an analysis without permanently modifying the network, but the hard-cut approach was
chosen because several criteria — such as the minimum flooded road length and the traversability

of bridges and tunnels — could not be consistently implemented using dynamic barriers.

Additional preprocessing steps were required for elevated and underground structures. For
bridges, short segments combined with the flood resolution of 4 x 4 m made false flooding
likely. A 20-meter buffer was therefore applied before and after bridges to reduce this effect.
Smaller bridges not included in the bridge dataset were identified by intersecting flooded road
segments with watercourses, assuming that any road crossing a watercourse corresponds to a
bridge structure. For tunnels, flood polygons intersecting tunnel entrances were removed
entirely, as tunnel openings typically include engineered drainage systems to manage local
flooding. Each tunnel was manually validated to ensure that only the relevant flood polygons

were removed.
City-scale accessibility analysis

The city-scale analysis was conducted using a single, centrally located starting point for the
service area analysis, which was manually verified to ensure that it was not situated within a
flooded area. This verification was necessary to ensure that the starting point was located on a
connected and traversable part of the network, allowing the service area analysis to represent
the full extent of reachable roads. In this analysis, all flooded streets had been removed entirely
from the network during the preprocessing, effectively acting as barriers, so that the resulting
service area reflects the portions of the network that remain accessible despite the flooding.
Inaccessible roads were subsequently identified by removing the service area from the road
network, leaving only those segments that could not be reached from the central starting point.
This procedure enables the identification of areas that are completely disconnected from the

network due to flooding (Figure 2).

To reduce edge effects in the analysis, a 2000-meter buffer was applied to the road network
beyond the municipal boundary to avoid underestimating accessibility near the study area
edges. The buffer distance was selected to ensure that major roads crossing the boundary

remained connected within the network.

10



@ Starting point
I Flood barriers
— Accessible roads

Inaccessible roads

Figure 2. Illustration of the service area analysis used to determine accessible and inaccessible roads.

Following the service area analysis, the identified inaccessible roads were further filtered to
focus on meaningful disruptions. Continuous segments of inaccessible roads exceeding 200
meters in length and containing at least 5 nearby buildings of relevant types (residential,
commercial, industrial, or public) within 50 meters were classified as inaccessible areas. These
thresholds ensure that inaccessible areas represent continuous road networks with sufficient
surrounding building exposure. The 200-meter length criterion excludes small isolated
segments, while the requirement of at least 5 nearby buildings emphasizes areas likely to affect

residents, workplaces, or essential services.

Centroids were generated for all inaccessible areas for visualization purposes. Each centroid
was symbolized using graduated symbols based on a combined risk score. Road length and
building count were normalized to a 0—100 scale using min-max normalization and combined
using weights that emphasize human exposure (0.6 x buildings, 0.4 x roads), reflecting the
assumption that areas with more buildings are likely to affect more people than road disruptions
alone. Logarithmic scaling (log10(RiskScore + 1)) was applied to reduce the influence of

extreme values and improve visual differentiation.

11



Local-scale accessibility analysis

The local-scale analysis applied an iterative approach to progressively map road accessibility
beyond individual flood barriers, enabling accessibility patterns to be captured at a finer scale.
The two areas with the largest and most critical inaccessibility identified in the city-scale
analysis were selected as case studies, and the approach was applied independently within each
area. To implement the approach, flooded road segments were first identified by intersecting
flood polygons with the road network and grouping continuous flooded segments into barriers.
These barriers were then integrated into an updated road network prepared for the service area

analyses.

Initial starting points were manually established immediately beyond the first flood barrier
responsible for the identified inaccessibility, ensuring that each iteration began just beyond
previously accessible parts of the network. In each iteration, a service area was generated from
the current set of starting points to identify accessible areas and detect the next flood barriers.
Remaining accessible roads within the network were identified by removing both current
barriers and previously mapped service arecas. New starting points were then established
immediately beyond the identified barriers to initiate the next iteration. This process continued

until all reachable parts of the study area had been traversed (Figure 3).

The four recurring steps can be summarized as follows:
1. Generate service area
2. Identify next flood barriers
3. Extract remaining accessible roads
4

Establish new starting points

12



. Starting points: Iteration 1

@ starting points: Iteration 2
Starting points: Iteration 3
= Accessible roads: Iteration 1
= Accessible roads: Iteration 2
Accessible roads: Iteration 3
I Flood barriers

Figure 3. Illustration of the iterative service area approach for mapping road accessibility beyond flood barriers.

3.2.2 Building flood risk analysis

Risk classification

To assess building-level flood impacts, a building flood risk analysis was conducted. The risk
analysis classifies buildings into four classes, where Risk-1 represents the lowest and Risk-4
the highest risk of flood-related impacts. Two factors were evaluated to assign buildings to the
appropriate risk class: (1) the proportion of each building’s footprint (%) that becomes flooded
and (2) the maximum flood depth along the building footprint. These two factors were selected

to capture both the spatial extent and intensity of the flooding affecting each building.

In order to obtain values, points were distributed around each building footprint at 1-meter
intervals, and flood-depth values were extracted at each point in order to calculate both the
flooded proportion of the footprint and the maximum flood depth. The points were buffered 4
meters outward from the buildings to reduce edge uncertainties caused by the 4 x 4 m 100-year
flood raster and thus obtain more accurate estimates of flood exposure. An illustration of the

building flood risk methodology is shown in Figure 4.

13



The classification matrix (Table 2) specifies how the calculated maximum flood depth and
building exposure ratio are combined to assign each building to a flood risk class. Flood depth
is classified using a minimum threshold of 10 cm, commonly applied in building-level flood
risk analyses, with depth intervals aligned with those used in other 100-year rainfall analyses in
Swedish cities (DHI, 2014; Structor, 2017; WSP, 2023). Building exposure is classified using
exposure ratio classes consistent with comparable assessments in Sweden (Lénsstyrelsen
Stockholm, 2025; Goteborg Kretslopp och Vatten, 2021b). A lower exposure threshold of 25%
is applied based on findings that individual flood cells often occur adjacent to buildings and that
such isolated flooding is unlikely to represent actual building flooding (Kretslopp och Vatten,
2021b).

Agricultural buildings, accessory buildings, and other minor buildings were excluded from the
analysis because they are considered less relevant due to their limited size or low frequency of

human use.

Table 2. Risk classification matrix for buildings based on building exposure ratio and maximum flood depth.

Max flood depth

Building exposure

25-50%

50-75%

=75%

14



Building flood risk
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Figure 4. Illustration of the building flood risk methodology based on flood depth and building exposure.

City-scale building aggregation

To represent building flood risk at the city scale, individual building footprints were aggregated
into a 1000 m hexagonal grid for visualization purposes. A hexagonal grid was selected because
it improves the visual representation of spatial patterns. Rectangular grids can create strong
horizontal and vertical lines that may draw attention to the grid itself rather than the underlying
data. In contrast, hexagons break up these lines, making spatial patterns easier to see while also
highlighting gradual changes and reducing visual bias caused by grid orientation (Esri, n.d.-b).
To ensure meaningful representation, each hexagon was assigned the most prevailing risk class
(1-4), given that it included at least 20 buildings with some type of risk. This threshold was
chosen to balance spatial resolution and statistical robustness, ensuring that each hexagon
reflects a sufficiently large building sample. Hexagons not meeting this criterion were

visualized as No Risk.
Local-scale building case studies
The two hexagons with the highest proportion of Risk-4 buildings from the city-scale analysis

were selected for local-scale analysis, given that they also met the following conditions: at least
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30 Risk-4 buildings and a total building footprint across all classes covering more than 15% of

the hexagon area. This ensured that the selected areas represented dense urban environments.

3.2.3 Combined flood risk evaluation

This evaluation integrates road inaccessibility and building flood risk to identify areas of overall
high flood impact at the city scale. The components were combined using a weighted
summation approach, a commonly applied decision rule in GIS-based multi-criteria analysis

(Malczewski, 2006).

To enable integration, the previously identified inaccessible areas were summarized within each
hexagon so that inaccessibility risk could be analysed in the same spatial format as building
risk, allowing the two components to be combined into a single measure of overall risk.
Inaccessible areas were classified into five classes based on total length of inaccessible roads
within each hexagon: The classes are None (<200 m), Low (200 — 500 m), Moderate (500 —
2500 m), High (2500 — 4000 m), and Extreme (>4000 m). These thresholds were defined
according to the study’s minimum inaccessibility criterion (200 m) and the empirical
distribution of the data, using the P75 (=517 m), P90 (=2530 m), and P95 (=4034 m) percentiles

to account for skewness and outliers.

The five inaccessibility classes were combined with the five building-risk classes to create a
combined risk classification matrix (Table 3). Both components were converted to numerical
scores (0—4), with inaccessibility given a weight of 0.4 and building risk a weight of 0.6 to
emphasize human exposure. The weighting reflects an assumption of higher societal impact
from building exposure; however, it should be interpreted as a simplified representation rather
than an empirically validated weighting scheme. The resulting weighted scores were rounded

to produce a final combined risk score, where higher values indicate higher combined risk.

Table 3. Combined risk classification matrix for road inaccessibility and building flood risk.

Inaccessibility
Building risk None (0) Low (1) Moderate (2) High (3) Very high (4)
None (0) 0 0.4 0.8 1.2 1.6
None (0) 0 0.4 0.8 1.2 1.6
Low (1) 0.6 1 1.4 1.8 2.2
Moderate (2) 12 1.6 2 24
High (3) 1.8 2.2
Very high (4) 24
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4 Results
The results are presented at two spatial scales: (1) a city scale, showing the overall spatial
distribution of road inaccessibility, building flood risk, and their combined risk across

Gothenburg, and (2) a local scale, focusing on detailed analyses of selected case study areas.

4.1 Road inaccessibility in Gothenburg

The results show that the majority of inaccessible areas are concentrated in the southwestern
part of the study area, with the largest and most critical inaccessibility occurring in Torslanda
and Néset (Figure 5). Areas with dense and well-connected road networks, such as the central
areas of Gothenburg, maintain accessibility even under severe flooding, whereas peripheral
areas with limited alternative routes experience higher levels of road inaccessibility. Smaller
areas with lower levels of road inaccessibility are dispersed across the study area. Overall, 474.5

km of roads are located within areas classified as inaccessible in Gothenburg.
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Road inaccessibility during a flood event in Gothenburg
simulated using a climate-adjusted 100-year rainfall
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Figure 5. Spatial distribution of road inaccessibility in Gothenburg simulated using a climate-adjusted 100-year
rainfall event, represented by graduated centroids weighted by a combined risk score derived from road length and
building count (see Section 3.2.1).




4.2 Road inaccessibility — case studies

4.2.1 Niset

In the first case study, nearly the entire road network becomes inaccessible once the first flood
barrier is encountered (Figure 6). Only a small number of road segments are affected by two or
three flood barriers. This pattern is also reflected in Figure 7, which shows that 24.7 km of the
road network is affected by one flood barrier compared to 1.1 km and 0.2 km affected by two
and three flood barriers respectively. This indicates a highly centralized vulnerability structure,
where targeted mitigation measures at a single critical point could substantially improve overall

accessibility.
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Road inaccessibility patterns during a flood event in Niset
simulated using a climate-adjusted 100-year rainfall
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Figure 6. Spatial patterns of road inaccessibility in Niset simulated using a climate-adjusted 100-year rainfall event.
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Figure 7. Total affected road length by number of flood barriers in Néset simulated using a climate-adjusted 100-
year rainfall event.

4.2.2 Torslanda

In the second case study, two initial flood barriers cause road inaccessibility within the study
area, one located in the northeast and one in the east (Figure 8). In total, seven flood barriers
affect road accessibility in Torslanda when considering the shortest possible route from any of
the initial barriers. This distributed vulnerability pattern indicates that multiple locations drive
the network’s vulnerability, suggesting that mitigation measures would need interventions at
several locations rather than a single critical point. The results further show that the first, third,
and fifth flood barriers affect the largest proportions of the road network, corresponding to 41.7

km, 63.4 km, and 51.4 km of inaccessible roads respectively (Figure 9).
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Road inaccessibility patterns during a flood event in Torslanda
simulated using a climate-adjusted 100-year rainfall
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Figure 8. Spatial patterns of road inaccessibility in Torslanda simulated using a climate-adjusted 100-year rainfall
event, classified by the minimum number of flood barriers crossed from either of the initial barriers.
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Figure 9. Total affected road length by number of flood barriers in Torslanda simulated using a climate-adjusted 100-
year rainfall event.

4.3 Building flood risk in Gothenburg

The results identify four small clusters of areas with high building flood risk (Risk 4) located in
Bergsjon, Gamlestaden, Kérrdalen, and Pavelund (Figure 10). Additional high-risk areas (Risk
4) are primarily found in the western part of the study area, while a large continuous area of
relatively high building flood risk (Risk 3—4) is located southwest of the city center. Across the
study area, 3.7% of the buildings belong to the highest risk class (Risk 4), while 9.2% fall within
the two highest risk classes (Risk 3—4). Areas with no or low building flood risk are mainly
found toward the outskirts of the study area. These areas are generally characterized by less
intensive urban development, with higher surface permeability and in many cases higher

elevation.
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Building flood risk during a flood event in Gothenburg
simulated using a climate-adjusted 100-year rainfall
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Figure 10. Spatial distribution of building flood risk in Gothenburg within a 1000 m hexagonal grid simulated using
a climate-adjusted 100-year rainfall event.




4.4 Building flood risk — case studies

4.4.1 Gamlestaden

In the first case study, 16% of the buildings in Gamlestaden belong to the highest risk class
(Risk 4). The industrial area along the railway in the central part of the study area exhibits the
highest building flood risk, together with parts of the eastern residential area (Figure 11). This
indicate that flood exposure is associated with land-use types characterized by high proportions

of impermeable surfaces.

The central and western parts of the study area are dominated by industrial buildings, while the
eastern part consists primarily of residential buildings. In addition, a school is identified among
the buildings with relatively high building flood risk (Risk 3), indicating potential impact on

essential services within the area.
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Building flood risk patterns during a flood event in Gamlestaden
simulated using a climate-adjusted 100-year rainfall
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Figure 11. Spatial patterns of building flood risk in Gamlestaden simulated using a climate-adjusted 100-year rainfall
event.




4.4.2 Bjorkekirr

In the second case study, 6.8% of the buildings in Bjorkekérr belong to the highest risk class
(Risk 4). The northern low-lying areas are more severely affected than the southern more
elevated areas which benefit from natural topographic protection (Figure 12). This contrast
illustrates that even relatively small differences in elevation within urban neighbourhoods can

strongly influence exposure to flooding.

A substantial portion of the high-risk buildings are large in size and includes essential services.
The north-eastern part of the study area is dominated by healthcare facilities, while the
remaining areas are characterized by residential buildings. The presence of healthcare facilities
highlights the potential societal implications of flooding, as damage to essential services may

have consequences that extend beyond direct physical damage to buildings.
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Building flood risk patterns during a flood event in Bjorkekarr
simulated using a climate-adjusted 100-year rainfall
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Figure 12. Spatial patterns of building flood risk in Bjorkekérr simulated using a climate-adjusted 100-year rainfall
event.




4.5 Combined road inaccessibility and building flood risk in Gothenburg

The combined results identify areas expected to experience the highest overall impacts during
a 100-year rainfall event, considering both road inaccessibility and building flood risk. Areas
classified as Very High risk are limited in extent and occur mostly as single cells in the western
part of the study area, whereas larger and more continuous clusters of High to Very High risk
are identified in Backa, Torslanda, the industrial area of Volvo Cars, and the urban areas around
Hogsbo (Figure 13). In contrast, the outskirts of the study area are predominantly classified as

Low risk or None.
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Combined road inaccessibility and building flood risk during a flood event in Gothenburg
simulated using a climate-adjusted 100-year rainfall
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Figure 13. Spatial distribution of combined road inaccessibility and building flood risk in Gothenburg within a 1000
m hexagonal grid simulated using a climate-adjusted 100-year rainfall event.
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5 Discussion
This section discusses the study’s results and situates the findings in relation to previous urban
flood research, reflects on methodological considerations, and provides suggestions for further

research.

5.1 Interpretation of spatial patterns and the combined flood risk perspective
5.1.1 Road inaccessibility patterns

The results in this study show that road inaccessibility in Gothenburg is largely governed by
network structure and connectivity, in combination with the spatial extent of the flooding.
Peripheral areas with limited alternative routes, such as Torslanda and Néset, are particularly
vulnerable, as localized flooding can disconnect large portions of the road network. These
findings are consistent with previous research showing that network topology and connectivity
are key determinants of flood-related accessibility loss. For example, Zhou et al. (2022) found
that more than 40% of overall road connectivity was lost during a 100-year rainfall event at the
city scale, even though flooding affected only limited parts of the road network. Similarly, He
et al. (2022) conducted a global assessment of flood impacts on urban road networks and
demonstrated that while only around 15% of road segments may be directly flooded during a
100-year rainfall event, nearly 45% of the simulated trips failed due to connectivity loss.
Together, these findings suggest that even small-scale flooding can trigger system-wide

accessibility disruptions, due to the network’s limited redundancy.

The identified inaccessibility patterns have important practical implications. Reduced
connectivity in peripheral areas such as Torslanda and Niset may limit access to critical
facilities, including hospitals, fire stations and other emergency services, which can delay
response times and complicate evacuation and recovery efforts. Previous studies have shown
that flood-induced road closures can severely disrupt emergency access (Tsang & Scott, 2020;

Coles et al., 2017).

5.1.2 Building flood risk patterns

The results in this study show that building flood risk in Gothenburg is strongly influenced by
local topography and land-use patterns, with low-lying and industrial areas experiencing the
highest exposure as illustrated by the case studies in Gamlestaden and Bjorkekérr. These
patterns are consistent with previous research: Torgersen et al. (2017) found that buildings
located in low-lying areas with concave topography are significantly more exposed to flooding,

as such areas tend to accumulate surface runoff during extreme precipitation events. Land use
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also plays a critical role in shaping flood risk, and Kaspersen et al. (2017) showed that pluvial
flooding in urban areas can increase by up to 10% for every 1% increase in impervious surfaces.
Considering that industrial areas are largely characterized by impervious surfaces, they are
especially vulnerable to flood impacts. Together, these studies emphasize how both topography

and land use shape spatial patterns of building flood risk.

Importantly, the results in this study represent relative building flood risk, reflecting spatial
differences in exposure rather than absolute damage potential. Factors such as building
construction material (Komolafe et al., 2016), basement presence (Tai et al. 2025), and ground-
floor elevation (Diaz et al., 2024) are not explicitly accounted for in this analysis but would

strongly influence actual flood impact.

5.1.3 Combined flood risk perspective

The combined flood risk evaluation in this study integrates building flood risk and road
inaccessibility to identify areas where both structural exposure of buildings and functional
disruptions of the road network coincide. This combined perspective provides insights that
cannot be obtained from either component alone. While building flood risk reflects potential
physical damage, road inaccessibility captures the loss of functional connectivity that restricts
emergency response, evacuation, and post-event recovery. Zang et al. (2024) showed that floods
do not affect buildings and roads in isolation but rather reshapes the whole urban system. By
modelling buildings, roads and emergency facilities as a single compound network, they found
that flood-induced road interruptions can reduce emergency accessibility once a collapse
threshold in road capacity is reached. Because roads act as “bridges” between buildings and
emergency services, changes in road accessibility dynamically redistribute the building flood
risk and recovery capacity over time, especially in residential and commercial areas (Zang et

al., 2024).

This supports the need for a combined flood risk perspective as assessing only building flood
risk or road inaccessibility would miss these dynamic interaction effects. By integrating
building-level risk with network-based accessibility loss, the combined perspective helps
identify areas where flood events are likely to generate the greatest societal consequences. This
integrated approach supports more informed decision-making for urban resilience planning and

emergency preparedness.
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5.2 Method discussion
5.2.1 Data and limitations of the 100-year flood raster

The 100-year flood raster is derived from hydrodynamic simulations that incorporate elevation,
land use, soil types, rainfall, and sewer systems to simulate urban flood conditions. Among
these inputs, elevation data is particularly influential in determining surface flow paths and
water accumulation patterns, while land use and soil properties govern infiltration processes,
which are widely recognised as a major source of uncertainty in urban flood modelling (Kazma
& Taha, 2026). Both the elevation data and the land use data reflect conditions at the time of
the data acquisition in 2017, when the height scanning and land-use mapping were conducted.
Consequently, areas where significant changes to terrain or urban structure have occurred since
then may not be accurately represented, and results for such areas should therefore be

interpreted with caution.

As with all hydrological modelling approaches, some uncertainty arises from simplified
representations of physical processes, which may influence the simulated flood patterns
represented in the raster. Nevertheless, the modelling framework on which the raster is based
follows a physically-based approach that captures the dominant processes controlling urban
flooding, supporting its overall validity. Direct validation of flood simulations for extreme
precipitation events is challenging due to the rarity of such events and the limited availability
of observational data. The modelling methodology has however previously been evaluated in
Malmé for a 300-year rainfall event using observed precipitation data, and as the same
methodology is applied here, the flood raster for Gothenburg can therefore be considered

indirectly validated (Goteborg Kretslopp och Vatten, 2021a).

The flood raster has a 4 x 4 m spatial resolution, balancing sufficient detail for most urban
structures with reasonable computation times. While well suited for identifying broader spatial
patterns, the resolution limits the representation of fine-scale urban features, which introduces

greater uncertainty in highly detailed analyses.

5.2.2 Network-based service area analysis of road inaccessibility

The selection of flood thresholds strongly shapes the service area analyses of road
inaccessibility. A flood depth threshold of 30 cm is widely recognized as critical for safe driving
of most passenger cars, balancing safety and practical considerations, though tolerance varies
by vehicle type (Pregnolato, 2017). That threshold is used in this study and is commonly used

in other accessibility analyses under flood conditions (Li et al., 2018; Suwanno et al., 2023),
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while different inundation thresholds may be applied for vehicle-specific analyses (Abdulla et
al., 2020). The minimum flood extent and size thresholds in this study (10 meters and 500 m?)
are used to filter out noise and ensure meaningful disruptions, reflecting the assumption that
larger simulated flooding is more likely to result in actual flooding. The thresholds should be
considered carefully when interpreting the results, as alternative thresholds can lead to
substantially different outcomes. In addition, while a 2000-meter buffer was applied to the road
network to reduce edge effects, flood data was limited to the municipal boundary, potentially

underestimating impacts on roads near the edges of the study area.

The treatment of bridges introduces further uncertainty. A 20-meter buffer around bridge
endpoints was applied to avoid false flooding caused by the combination of short bridge
segments and the flood raster resolution (4 x 4 m), however, bridge approaches can also be
critical flood points, which are not captured in this study. Smaller bridges not included in the
dataset were identified by intersecting flooded roads with watercourses, assuming that any road
crossing a watercourse corresponds to a bridge structure, which is reasonable in many cases but
not universally true. An alternative approach to assessing bridge flood risk could be to identify
the elevation differences between bridge structures and the water surface, classifying bridges

within 1 meter of the water level as inaccessible, following Papilloud et al. (2024).

Finally, the criteria used to define inaccessible areas — requiring a minimum of 200 meters
continuous inaccessible road and at least 5 buildings within 50 meters — helps to ensure that the
identified areas represent a meaningful amount of inaccessibility. However, this threshold may

exclude small disruptions with local relevance.

5.2.3 Building flood risk analysis

A challenge in the building flood risk analysis is that the buildings themselves typically not
include flood information, and flood data is not always available precisely at the building
locations. To address this, building footprints were buffered by 4 meters, allowing extraction of
flood depth values from the 100-year flood raster while minimizing overlap with neighbouring
buildings. A similar approach has been used by Bertsch et al. (2022), who applied buffers of
1.5 to 4 meters to assign flood depth values to building footprints. Despite this, some uncertainty

remains, especially in densely built urban areas where buildings are closely spaced.

The classification matrix (Table 2) used to derive building flood risk plays a central role in
shaping the results. By combining flood depth and building exposure, the matrix provides a

more nuanced understanding of building-level risk. Although the selected components and class
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intervals align with other Swedish building flood risk studies (DHI, 2014; Structor, 2017; WSP,
2023, Lansstyrelsen Stockholm, 2025; Goteborg Kretslopp och Vatten, 2021b), alternative
thresholds could produce different spatial patterns, highlighting the interpretative nature of risk

classifications.

At the city scale, the chosen aggregation threshold influences how risk patterns are visualized
and interpreted. To ensure meaningful representation, each hexagon was assigned the most
prevailing risk class (1-4), provided that it included at least 20 buildings with some type of risk.
This approach captures the dominant risk class while maintaining a sufficient sample size,
although it may underrepresent areas where multiple risk classes show high prevalence and
areas with few but vulnerable buildings. This trade-off highlights a fundamental challenge in

spatial aggregation, balancing sensitivity with interpretability.

5.2.4 Combined flood risk evaluation

The combined flood risk evaluation in this study builds on both the building flood risk and road
inaccessibility analyses and is structured around a classification matrix where inaccessibility
was given a weight of 0.4 and building risk a weight of 0.6 to emphasize human exposure.
Additional factors such as building type, road type, and essential services, could be incorporated
to provide a more nuanced assessment of the actual risk level. These factors could for instance
be integrated using advanced Multi-Criteria Decision Methods (MCDM) such as Analytical
Hierarchy Process (AHP) and Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS), which are widely used for flood risk assessments in order to systematically
incorporate and weight multiple risk factors (Pathan et al., 2022; Gosh & Kar, 2018; Mitra et
al., 2023)

In addition, the criteria used to classify building flood risk and inaccessibility risk play a central
role in defining which areas that are considered severely affected. Since inaccessibility was not
analysed in the same spatial format as buildings, a classification of inaccessibility within
hexagons was required. The classification thresholds were defined according to the minimum
criterion for road inaccessibility (200 m) and the 75%, 90" and 95™ percentiles. While this is
reasonable for the dataset used in this study, inaccessibility risk classes should ideally be
standardized by absolute length or area, independent of data distribution. However, no

“universal” classification scheme for road inaccessibility was found in the literature.
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5.3 Further research

Future research could extend this work in several directions. Incorporating multiple rainfall
scenarios with both shorter and longer return periods would help assess the robustness of the
results. Testing alternative flood thresholds for both road inaccessibility and building flood risk
would provide valuable insight into how varying inundation depths influence estimated flood
impacts. Future research should also investigate the role of flood duration and water velocity,
as these factors can strongly influence both traffic disruptions and building damage. In addition,
using an updated flood model with higher spatial resolution could improve the representation

of recent urban development and fine-scale flood dynamics.

Future accessibility analyses could be expanded to include travel-time analyses, enabling
estimation of how much travel time increases during extreme precipitation events. Assessing
accessibility and travel times to critical facilities such as hospitals, fire stations, and other
emergency services would provide valuable operational insight for emergency response and

urban resilience planning.

Building flood risk analyses would benefit from incorporating additional vulnerability
indicators such as construction materials, basement presence, and ground-floor elevation,
enabling a more comprehensive representation of flood impacts. Further work could also focus
on specific building types, for example evaluating the exposure of essential services or

identifying which building categories are most affected by flooding.

Finally, detailed case studies of areas identified as having high combined flood risk could
provide deeper insight into local conditions and support the identification of targeted mitigation

and adaptation measures.
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6 Conclusion

This study shows that urban flood impacts, as simulated for a climate-adjusted 100-year rainfall
event in Gothenburg, are unevenly distributed and strongly shaped by urban structure, network
connectivity, and topography. Road inaccessibility is most severe in peripheral areas with low
network redundancy where limited alternative routes can lead to extensive accessibility loss,

while the highest building flood risk is primarily concentrated in low-lying and industrial areas.

The findings further highlight the importance of scale in urban flood risk assessments. City-
scale analyses are effective for identifying overall spatial patterns of flood risk, whereas local-
scale analyses provide deeper insights into how flood impacts emerge and vary within specific
areas. In this study, detailed case studies demonstrated how localized flooding can both disrupt
road networks at vulnerable sections and generate uneven building-level risk, underscoring the

added value of fine-scale assessments.

By integrating road inaccessibility with building flood risk, this study identifies areas where
flooding is likely to generate the greatest societal consequences. The combined perspective
captures both functional disruptions to urban accessibility and direct impacts on the built
environment, revealing vulnerabilities that would not be apparent from either component alone.
This reinforces the importance of integrated flood risk assessments to support strategic urban

resilience planning.
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