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A B S T R A C T   

Extreme weather-related events are likely to increase in both frequency and intensity if current 
emission rates continue. Particularly vulnerable to the potential effects of climate change is the 
transportation sector, which fully relies on the uninterrupted accessibility of the road network. 
With the Swedish Government adopting a National Adaptation Strategy in 2018, creating a co-
ordinated cross-disciplinary strategy underpinned by international frameworks, new ambition 
levels regarding climate change adaptation efforts have been established. Identifying particularly 
vulnerable parts of the road network is an essential step for National Road Authorities (NRAs) in 
early planning stages to prioritize adaptation efforts around high-risk areas to safeguard the road 
network. By utilizing both publicly and commercially available climate-related data, as well as 
applying and assessing new terrain analysis techniques, a large-scale vulnerability assessment is 
carried out for Halland County in southwestern Sweden by assessing three climate-adjusted 
extreme weather events (a 100-year pluvial flood event, a 100-year fluvial flood event, and an 
extreme coastal storm surge event) projected to exacerbate in the region. The study demonstrates 
how a GIS-based screening method, specifically adapted for NRAs or similar stakeholders, may 
provide quick overviews of potentially at-risk areas along road networks through a simple 
vulnerability index assigned to individual road segments. Further studies are recommended to 
compare modeled results to recorded flood events if available and incorporate updated climate 
change trajectories from upcoming IPCC reports.   

1. Introduction 

Extreme weather events are likely to increase in both frequency and intensity if current greenhouse gas (GHG) emission rates 
continue (IPCC, 2014). Extreme weather events, usually transboundary by nature, require collective efforts between numerous 
stakeholders to both prevent and mitigate the effects of a disastrous event. Particularly vulnerable to the potential effects of climate 
change is the transportation sector, which fully relies on the uninterrupted accessibility of the road network (Bles et al., 2015). With 
major road infrastructure characterized by large investments and long technical life spans, climate change calls for timely adaptation 
aligned with comprehensive road management efforts to safeguard the road network (Bles et al., 2015; European Commission, 2013 
Kalantari and Folkeson, 2013). 

In Sweden, the Swedish Transport Administration (STA) is the responsible agency for the long-term infrastructure planning of 
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roads, rail, sea, and air transport as well as construction, operation and maintenance of state-owned roads and railways (Trafikverket, 
2019a). With the Swedish Government adopting a National Adaptation Strategy in 2018 creating a coordinated cross-disciplinary 
strategy underpinned by international frameworks such as the United Nations Agenda 2030 and the Paris Climate Agreement, new 
ambition levels regarding climate change adaptation efforts have been established (Climate-ADAPT, 2019a). The national strategy is 
underpinned by the Decree on Authorities’ Climate Change Adaptation Work (2018/1428) which mandates 32 national Swedish 
authorities to conduct climate and vulnerability assessments as well as initiate, support and evaluate adaptation efforts within their 
area of responsibility (Riksdagen, 2018). Identifying potentially vulnerable parts of the road network is an essential step in early 
planning procedures for National Road Authorities (NRAs) to sufficiently allocate resources and prioritize adaptation efforts around 
high-risk areas (Hansson et al., 2010; Forzieri et al., 2018). 

With these newly established policies serving as the backbone, this research aims at presenting a GIS-based screening method 
specifically adapted for NRAs or similar stakeholders in early planning stages to identify vulnerable segments of the road network in a 
changing climate. With few prior studies devoted specifically to the impacts of extreme weather events on transportation in-
frastructures (Michielsen et al., 2016; Kalantari, 2014; Holgersson et al., 2007), this study utilizes and assesses new flood modeling 
techniques to analyze potential threats posed by coastal, fluvial and pluvial flood events projected to exacerbate in a future climate. 
This to identify individual vulnerable road segments as well as their cumulative impact on infrastructure passability. 

2. Background 

2.1. Effects of climate change in Sweden 

Extreme weather-related events, such as heat waves, large-scale wildfires, and heavy precipitation events have been recorded at 
higher frequencies in many parts of the world during the last decades, including Northern Europe (WMO, 2019; IPCC, 2014; Com-
mission of the European Communities, 2007). 

In 2015, the Swedish Meteorological and Hydrological Institute (SMHI) presented a uniform study of Sweden’s potential future 
climate. The report, based on the new generation of GHG trajectories from the IPCC’s Fifth Assessment Report (AR5), includes two 
Representative Concentration Pathways (RCPs) processed through a Regional Climate Model (RCM) and a Distribution-Based Scaling 
model (DBS) adapted for climate change impact studies for Sweden. The two selected RCPs (RCP4.5 and RCP8.5 expressed by their 
change in radiative forcing per W/m2 by 2100) represents one moderate/high mitigation trajectory (RCP4.5) and one trajectory 
(RCP8.5) with continuously increasing GHG emissions (IPCC, 2014; SMHI, 2015a). 

The report estimates that Sweden’s future annual mean temperature will increase between 3◦C (RCP4.5) and 6◦C (RCP8.5) by 2100 
compared to the reference period 1961–1990, with the largest changes identified in northern Sweden (SMHI, 2015b). However, in 
April 2019, SMHI reported that the annual average temperature had already more than doubled in Sweden (1.7◦C) compared to the 
global average (0.73◦C) during the period 1991–2018 based on new observations. The rapid increase in annual average temperature is 
the result of a decrease in snow and ice cover during winter, leading to increasing land and air surface temperatures as less solar 
radiation is reflected from uncovered ground, similarly affecting other northern latitudes (SMHI, 2019a; SVT, 2019; Meehl et al., 
2005). 

The report also estimates an increase in average annual precipitation between 10 and 30% (RCP4.5) and 15–40% (RCP8.5) by 
2100, with the highest increase identified in the northern part of Sweden. Extreme short-term stormwater events are estimated to 
appear more frequently in Sweden due to higher annual average temperatures and increasing evaporation levels (SMHI, 2015b; Olsson 
and Josefsson, 2015). This leads to increasing runoff levels with large regional differences ranging from 5 to 40% by the end of the 
century (SMHI, 2015a). Extreme 100-year or 200-year flood events are estimated to generally increase in the country overall but 
decrease in the mountainous northern and northwestern regions due to declining snow and ice coverage. The effects from sea level rise 
are predicted to vary largely across the country due to different rates of post-glacial rebound with the southern coastal areas most 
affected by the net sea level rise and the northern coastal areas least affected. Additionally, the frequency of heatwaves is predicted to 
increase all over the country during the summer period, particularly evident in southern Sweden (SMHI, 2015b; SMHI, 2015a). 

2.2. Policy overview – Climate change adaptation 

Sweden’s first vulnerability assessment related to impacts of climate change was initiated in 2005 and resulted in a report to the 
Swedish Government (Government of Sweden, 2007). The report included assessments of regional and local vulnerabilities as well as 
potential costs and damages that could arise from a changing climate (Holgersson et al., 2007; Kalantari, 2014). In 2009, a 
comprehensive policy for climate and energy (Prop. 2008/09:162) was adopted by the Swedish Parliament which emphasized the role 
of climate change adaptation as an interdisciplinary approach across sectors and regional activities. To underpin the national policy, 
Sweden’s 21 County Administrative Boards were commissioned by the national government in 2009 to coordinate their climate change 
adaptation efforts at a regional level (Climate-ADAPT, 2019b; SMHI, 2019b). 

In 2014 the STA presented its first climate change adaptation strategy to the Swedish Government to create climate-resilient roads 
as well as approaches to handle acute effects of climate and extreme weather-related events (Trafikverket, 2018). In 2018, the first 
National Adaptation Strategy (Regeringskansliet, 2018) was adopted including changes in the Planning and Building Act to strengthen 
preparedness at the municipal level while improving coordination, monitoring, and evaluation efforts related to climate adaptation at 
the national level. The strategy is underpinned by the Decree on Authorities’ Climate Change Adaptation Work (2018/1428) which 
mandates 32 national authorities in Sweden to conduct climate and vulnerability analysis and support, initiate, and evaluate 
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adaptation efforts within their area of responsibility (Riksdagen, 2018). 

2.3. Examples of extreme weather events in Sweden and impacts on the road network 

In the annually published State of Global Climate, the World Meteorological Organization (WMO) reported abnormally dry con-
ditions in northern Europe between May and July 2018. In Sweden, these exceptionally conditions resulted in the unprecedented 
spread of wildfires across the country, with an estimated 21,000 ha burned due to low levels of rainfall during the summer of 2018 
(Skogsstyrelsen, 2018; WMO, 2019). Particularly affected by the wildfires were the counties of Dalarna, Jämtland, and Gävleborg, 
where several roads were closed off and traffic redirected in the region (SVT, 2018). In a report released by STA in December 2018, 
420 km of roads were damaged on the private road network, mainly due to the rescue operations, at a cost of 6 million SEK and with 
only minor damage identified on the state-owned road network (Trafikverket, 2018). 

In August 2014, heavy rain fell over the west coast of Sweden, seriously affecting the four counties of Skåne, Halland, Västra 
Götaland, and Värmland (SMHI, 2014a). During the night between the 20th and 21st of August in Kristinehamn, stormwater resulted 
in severe flooding and erosion on the European route E18 coupled with comprehensive disruptions on both the road and railroad 
system. As the stormwater system quickly overflowed and the soil was unable to absorb the large rain volumes, a drastic increase of 
water flows was witnessed in the region (Blumenthal, 2018; Svenskt Vatten, 2014). Damages to the transport infrastructure alone were 
estimated in a report in by Värmland’s County Administrative Board to be 3.1 million SEK on the road network and 2.2 million SEK on 
the railroad system (Länsstyrelsen Värmland, 2015). 

In Malmö, exceptionally large amounts of rain fell over the city on the 31st of August 2014, with the highest rain volume recorded 
in the south of the city at around 122 mm during a six-hour period. It was the largest-ever recorded rain event in Malmö which 
approximately corresponds to a 400-year event (MSB, 2017) and more than the usual precipitation for the whole month of August 
(SMHI, 2014b; Michielsen et al., 2016). Extensive traffic disruptions occurred for both roads and railways, where large volumes of 
water accumulated under viaducts. The total cost of the extreme event was estimated to be 600 million SEK, with most of the structural 
damage identified on buildings (Malmö Stad & VA SYD, 2016). 

In December 2006, a large landslide occurred between Partille and Landvetter in Sweden because of lengthy precipitation in the 
region that affected approximately 20 m of the road 549 that dropped into the adjoining Landvetter lake (GP, 2006). 

The same month an exceptionally devastating landslide occurred in Munkedal, Västra Götaland severely affecting 500 m of the 
European Route E6 and the adjacent railroad track (Bohusbanan). The large landslide was the result of high precipitation levels and 
successively increasing flows in the region during the fall and winter period. The following two months of reconstruction were coupled 
with large impacts on the transportation sector in the area, with long alternative routes, redirection of parts of the shipping traffic to a 
neighboring harbor, and closed off railroad traffic, all at a total socio-economic cost of 520 million SEK (Statens Haverikommission, 
2009; Krisinformation, 2014). 

Timely adaptation to safeguard the road network is crucial to both reduce the costs of adaptation measures and create climate- 
resilient roads adapted for a future climate (IPCC, 2014; SMHI, 2015b). The examples of extreme weather-related events unfold the 
vulnerabilities of the road network, and the high socio-economic costs associated with a changing climate. 

2.4. Types of flooding 

The three most common flooding types divided by their characteristics are 1) pluvial floods, 2) fluvial floods and 3) coastal floods. 
Pluvial floods are usually the result of stormwater events, where the intensity of the rain exceeds the ground’s infiltration capacity 

and overflows the stormwater system, leading to surface runoff and overland flooding. Short-term stormwater events (cloudbursts), are 
defined in Sweden by SMHI as an event with a rain intensity ≥ 50 mm/hour or ≥ 1 mm/min. Such events are generally hard to predict 
as they usually occur at smaller temporal and spatial scales (Olsson and Josefsson, 2015). A climate adjusted rain event refers to the 
increase in maximum precipitation intensity expected by 2100; i.e. a climate factor (CF) of 1.2 assumes a 20% increase by the end of the 
century (MSB, 2017). In the literature, the maximum rainfall intensity is expected to increase 20–40% in Sweden depending on the 
RCP scenario. In this study, a CF of 1.2 is added to the 100-year rain event to roughly represent the RCP4.5 trajectory for pluvial flood 
projections by 2100 (Svenskt Vatten, 2018; Olsson and Josefsson, 2015). 

In contrast to extreme precipitation/cloudburst events, fluvial flood events are usually modeled individually and can occur at larger 
spatial and temporal scales, where water rising above riverbanks and channels leads to flooding of nearby areas. Fluvial floods 
typically occur after lengthy periods of rain and predominantly analyzed through the potential floodplain occurring during a large 
flood event (Betsholtz and Nordlöf, 2017). 

Coastal floods are flooding events caused by rising sea levels from oceans (or other large water bodies), usually caused by storm 
surges, strong winds, and high waves which are progressively exacerbated by climate change, and particularly devastating when 
coinciding with high tidal levels. (European Environment Agency, 2017). 

2.5. Flood modeling techniques - Hydrological and hydraulic models 

To predict the potential consequences from a flooding event, different types of modeling techniques can be applied to simulate how 
water spreads across a surface during specific flood events. Flood modeling techniques have improved tremendously over the last 
decades due to increasing computational power, but also due to the availability of high-resolution Digital Elevation Models (DEMs), 
particularly important in flood modeling. However, with promising new technologies and detailed terrain data, tradeoffs between the 
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necessary level of detail, time span, and resources available are important considerations when selecting the most appropriate method 
to analyze a specific flooding event (Salvadore et al., 2015). 

According to Khatami and Khazaei (2014) a hydrological model is a simplified conceptual representation of a part of the hydrologic 
cycle used to analyze, manage, and predict water systems on the Earth’s surface. A hydrological model may be concerned with pre-
dicting and/or describing the landscape’s stream networks, watershed characteristics, flow directions, and flow accumulations, which 
are essential parts of hydrologic analysis in a GIS (Li, 2014; Mockler et al., 2016). A hydraulic model is a mathematical model (typically 
numerical or physical) concerned with a specific fluid flow system, such as a water system, a sewer system, and/or a stormwater 
system, usually applied in flood modelling through one-dimensional (1D) models, two-dimensional (2D) models, or a combination of 
the two (MSB, 2017). 

A 1D hydraulic model, analyzes a flow along an upstream-to-downstream predetermined flow path such as a river or a stormwater 
system, and describes the overland/drainage flow in one dimension, only. In traditional 1D fluvial flood modelling, the terrain is 
described as a sequence of cross-sections, assuming all water flows in the longitudinal direction, where water depths and average 
velocities are calculated for each cross-section and interpolated in between. 1D models usually perform well when flow paths are 
relatively straight, and water flows in only one dimension (even during elevated water conditions). However, more complex flood-
plains require a 2D model to generate a more accurate physical representation of the surface runoff (Betsholtz and Nordlöf, 2017; 
Salmonsson, 2015). 

A 2D hydraulic model allows water to flow in both longitudinal and lateral directions, while velocities in the vertical direction are 
neglected. In contrast to 1D models, 2D models describe the terrain through a continuous surface, or a mesh, that allows water to 
follow the topography through dynamic calculations of water depths, water velocities and flooding extents. In terrains where water 
flows are particularly difficult to predict, such as flat impervious surfaces or along complex watercourses, 2D models provide a detailed 
description of the terrain, which allows water to locate new flow paths during a flooding event rather than through a predefined flow 
path. Results from 2D models can efficiently be used for flood inundation mapping and consequence analysis associated with flood 
events (MSB, 2017; Gunnarsson, 2015). 

A 2D-1D hydraulic model can dynamically model both 2D overland flows, such as surface runoff, and 1D drainage networks, such as 
a stormwater system to simulate water flows during a rain event (MSB, 2017). 

2.6. Key literature 

One of the key publications related to stormwater screenings and flood analysis for infrastructures is the Blue Spot Model developed 
by the Danish Road Directorate (DRD). The term “blue spot” is defined by the DRD as “…areas where flooding is expected to take place in 
case of extreme rainfall” (Hansson et al., 2010) initially coined by the two Danish companies, NIRAS and COWI, as landscape sinks or 
depressions, which led the way on creating blue spot maps from high-resolution DEMs in Denmark. The DRD’s Blue Spot Model is 
based on three different levels of analysis where each level provides a more detailed assessment of the flood risk associated with 
extreme precipitation events, specifically adapted for transport infrastructure. The first level includes a screening for sinks by filling 
each depression to its maximum capacity defined by the pour point location and its spill-over level without considering infiltration 
capacity, while the second level additionally includes a sensitivity analysis of individual depressions by assuming a certain percentage 
of impermeability for different soil types. The third level provides time-dependent flood hydrodynamic models by employing a 1D-1D 
model (a river coupled with a stormwater sewer system), and/or a 2D-1D model (a surface terrain coupled with a stormwater system) 
(Hansson et al., 2010). 

Another key publication related to pluvial flood model techniques were presented in 2017 by the Swedish Civil Contingencies 
Agency (SCCA) in collaboration with DHI Sweden to provide guidance and recommendations for municipalities when selecting an 
appropriate stormwater assessment. Similarly, to the DRD, the publication describes the three main stormwater assessment methods, 
from a simple landscape depression analysis to a hydrodynamic runoff model (2D) and a 2D-model connected with a 1D model 
representing a physical representation of the stormwater system (2D-1D model) providing a temporal and spatial as well as over- and 
underground modeling of where water collects/gathers during a specific rain event (MSB, 2017). Other commonly used models in 
hydrodynamic modelling are software applications developed by the water software development and consultancy company DHI 
Group, referred to as the MIKE products. These models can be utilized in many different parts of the hydrologic cycle to simulate a 
range of weather events and water systems, such as inland and coastal flooding (MIKE 21), fluvial flooding (MIKE 11/MIKE HYDRO 
RIVER), and stormwater assessments in complex urban environments (MIKE URBAN) (DHI Group, 2019). 

Other recently developed flood modelling techniques include large-scale terrain analysis techniques where high-resolution DEMs 
are processed through I/O-efficient and geometric algorithms to compute water flows on massive data volumes (Arge et al., 2010) – a 
development that turned into the commercial SCALGO Live platform providing tools for hydrologic analysis developed by the Danish 
software development company Scalable Algorithms (SCALGO). In SCALGOs flood risk platform (SCALGO Live), a uniform rain event 
falling at a constant rate onto the terrain is brought into a cell-by-cell simulation of how water spreads on terrain can be visualized or 
downloaded for analysis in other environments. Hydrologic analysis in SCALGO Live does not account for storm water systems or the 
surface’s hydrodynamics. However, a deduction representing the capacity of stormwater system and/or permeability of the surface 
may be manually added to achieve a more accurate physical representation of the surface runoff and associated water depths during a 
specific rain event (SCALGO Live Documentation, 2019). 

In 2018, a non-commercial, publicly available pluvial flood model, Arc-Malstrøm, presented a 1D hydrologic screening method for 
stormwater assessments (Balstrøm and Crawford, 2018). Through processing of high-resolution digital terrain models, an overview of 
an area’s hydrological conditions (such as overall drainage basin, extent, depth, and capacity of local sinks, pour points, contributing 
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watersheds and accumulated downstream flow) can be obtained to model spillover effects from local landscape sinks through vector, 
raster and geometric network processing. The screening method is based on a representation of the overland surface in a 1D network 
involving no hydrodynamic components. Here, Hortonian water flow is also assumed, but in this environment distributed rain events 
and/or infiltrations may be added at the local bluespot level. 

Different types of risk and vulnerability assessments related to adaptation efforts for road networks can additionally be identified in 
the literature. Besides the Blue Spot Model presented by DRD, other risk assessment methods include the RIMAROCC framework 
(2010) as well as its successor, the ROADAPT project, which was granted under the Conference of European Directors of Road (CEDR) 
Call in 2012. The ROADAPT project, largely based on the RIMAROCC framework provides a set of guidelines, specifically targeted 
towards NRAs and road owners. The framework provides a Quick Scan of road stretches by gathering relevant stakeholders to interact 
and estimate risks that can be associated with weather conditions both in current and future climates (Bles et al., 2010; Bles et al., 
2015). 

Another relevant paper presented by Pregnolato et al. involves an integrated framework describing the disruption of transport 
operations caused by high-intensity rainfall through a function including flood depth and vehicle speed as well as a critical index to 
prioritize intervention options for the studied road network (Pregnolato et al., 2017). Lastly, the paper put forward by Balijepalli and 
Oppong (2014) involves a new type of vulnerability index for road networks also considering the serviceability of the studied road links 
as well as suggesting a traffic diversion plan using a set traffic network modelling technique combined in a GIS-based application. 

3. Methods and data 

Road segments at risk of flooding are identified based on their susceptibility to three different extreme weather events: a) 100-year 
fluvial flood event; b) 100-year pluvial rain event; c) an extreme storm scenario/highest estimated sea level (HESL) by 2100. Finally, a 
vulnerability index is calculated based on the number of threats facing different roads stretches, see Fig. 3.3. The vulnerability index is 
applied for Halland County located in Southwestern Sweden. To conduct the study, large quantities of both publicly available and 
commercially acquired data are obtained from several Swedish government agencies, DHI Sweden and SCALGO Denmark and pro-
cessed using both FME Workbench 2018.1 developed by Safe Software as well as ESRI® ArcGIS Desktop 10.6.1 and ArcGIS Pro 2.3. 

3.1. National elevation data 

The national elevation model (GSD-Grid 2+) was collected and developed by the Swedish Mapping, Cadastral and Land Regis-
tration Authority (Swedish: Lantmäteriet) between 2009 and 2016 through airborne LiDAR-scanning with an average point density of 
0.5 points/m2 and a vertical error margin of 0.1 m (Lanmäteriet, 2019). In the GSD-Grid + 2 hydrologic adjustments for larger bridges 
and viaducts are included particularly important in hydrological modeling to model the of water under road structures. In the GSD- 
Grid + 2 DEM smaller bridges/viaducts are not hydro-adapted and will therefore act as barriers in the terrain if left unedited before 
executing a hydrologic or hydraulic model (Lanmäteriet, 2019). 

Fig. 3.1. Overview of study area and selected road network.  
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3.2. Road network 

Halland County covers approximately 3,460 km out of Sweden’s 98,500 km state-owned road network operated by the STA, where 
roughly 2,400 km of the road network is selected for this study and acquired from the STA (including attributes of road width, number 
of lanes, maximum speed and annual average daily traffic, hereafter referred as AADT) along with over- and underpasses. The road 
network selected for this particular study includes the Functionally Prioritized Road Network (FPRN) (part of the road network 
particularly important for national security and accessibility to ensure the functionality of the transportation sector), designated 
redirection routes and roads in proximity to larger water bodies, predominantly roads located near coastal areas and larger water-
courses (Trafikverket, 2019b), see Fig. 3.1. 

3.3. Pluvial flood event (SCALGO), 100-year rain, 30 min, RCP4.5 

A 100-year rain event based pluvial flood with a CF of 1.2 is modeled and downloaded from the SCALGO Live platform where flood 
extent and water depth for each depression is acquired at 2x2m resolution based on the national elevation model GSD-Grid + 2. As the 
SCALGO method is not modeled over time (in contrast to hydrodynamic 2D and 2D-1D hydraulic models), the results should be 
interpreted as a “snapshot” of the associated water depths and flood extents of a 100-year rainfall event falling over a 30-minute 
period. The advantage of using hydrologic screening methods is to save vast computing times when working on high-resolution 
digital elevation models as the aim is to predict with high accuracy what gets flooded and where at the cost of the when component 
mainly interesting in forecasts (see a.o. Zhao et al., 2021). 

3.4. Fluvial flood event (SCCA), 100-year flood, AR4 

A 100-year fluvial flood event is acquired from the SCCA for the six larger watercourses (Kungsbackaån, Viskan, Ätran, Suseån, 
Nissan and Lagan) situated within the study area, modeled individually for each watercourse using time-series water flows through 
different flood modeling software (e.g., MIKE 11, MIKE 21 and MIKE HYDRO). The impact of climate change of the studied fluvial 
flood events are accounted for using 16 regional climate models (RCMs) for the period until 2050 and 12 corresponding scenarios until 
the end of the century. The RCMs are processed through a distribution-based scaling (DBS) method to correct for model biases based on 
DBS-adjusted precipitation and temperature from IPCCs Special Report on Emission Scenarios (SRESA1B) where transient climate 
protections are used as inputs to the SMHI-developed hydrological model (HBV) for several river basins in Sweden for the period 
1961–2100 (Yang et al., 2010). The climate adjusted fluvial flood events produced by the SCCA are predominantly based on the earlier 
IPCC assessment report (AR4) with data available at the time of modeling, and thus not necessarily connected to a specific RCP- 
scenario as presented in the succeeding IPCC-report (AR5). 

3.5. Mean sea level (MSL) by 2100 and highest estimated sea level (HESL) by 2100 (SMHI & SCALGO), RCP8.5, 95th percentile 

The mean sea level by 2100, based on IPCC’s AR5-report, is acquired from SMHI (RCP8.5, 95th percentile) in vector format. The net 
sea level rise is adjusted for post-glacial rebound (approximately + 1.5–3 mm/year in Halland County) and expressed relative to the 
reference period 1986–2005, based on station data from Varberg (+74 cm) and Ringhals (+72 cm). The highest estimated sea level by 
2100 (relative to the reference period 1986–2005) for Halland County is acquired from SMHI in a table format and acquired from 
SCALGO Live. The highest estimated sea level is an averaged estimate based on historic data and IPCC’s future sea level projections 
based on RCP8.5 (95th percentile) from Varberg (+266 cm) and Ringhals (+253 cm) to simulate a worst-case scenario of an extreme 
storm surge event in 2100 (+2.59 m). 

Fig. 3.2. Example of data underpinning areas identified as potential landslide locations.  
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Fig. 3.3. Conceptual flowchart of workflow.  
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3.6. Potential landslide locations (SGU) 

Areas with geophysical preconditions for landslides are obtained from Geological Survey of Sweden (SGU) in vector format. The 
classification method used developed by Tryggvason et al. (2015) combines locates critical slopes (1:10), ~5.7◦, derived from the na-
tional elevation model (GSD-Grid + 2), and occurrence of fine-grained soils (predominantly clay and silt) through SGU’s national soil 
map 1:25,000–1:100,000. Additionally, the method considers previously recorded landslides by the Swedish Geological Institute (SGI), 
see Fig. 3.2. Thus, the method, is based on information about the topsoil layer and does hence not consider any subsurface conditions 
which could potentially underestimate the number of areas with preconditions for landslides. Other important factors such as inter-
ference of human interventions, soil strength properties, pore water pressure, as well as varying spatial resolutions for the elevation 
model and the soil map could potentially both overestimate and/or underestimate the number of areas classified as a potential landslide 
location (SGU, 2017; Tryggvason et al., 2015). However, the data is intended for preliminary studies in early planning stages ((SGU, 
2017), and used in this study exclusively in relation to larger inundated areas investigated for the specified extreme weather events. 

Fig. 4.1a. Flooded road segments during a 100-year flood.  
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3.7. Vulnerability index 

The vulnerability index is developed specifically for stakeholders or NRAs with limited experience of GIS-based screening methods 
to perform a quick-scan of potential climate-related threats to a large road network. The index is inspired by ROADAPTs framework for 
GIS-aided vulnerability assessment for roads, although adapted for local conditions and available data within the study area (Blied 
et al., 2015). A simple vulnerability index is generated by assigning a value to each individual road segment representing the cu-
mulative number of threats occurring there. Each flood event that equals or exceeds the user-defined flood extent and/flood depth 
criteria is assigned an index value of 1. If a flood event occurs on a part of the road network over the daily average usage an additional 
value of 0.5 is added to the vulnerability index. If a flood event occurs in an area identified as a potential landslide location an 
additional value of 0.5 is added to the vulnerability index. The road’s traffic load and geographical location is only assessed in relation 
to inundated areas and hence not assigned to road segments independently, see formula below and Fig. 3.3. The assigned weights 
differentiate between threats from different extreme weather events (+1) and their potential cumulative effects (+0.5), where the road 

Fig. 4.1b. Flooded road segments during a 100-year rain.  
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usage (AADT) and the surrounding environment (PLL) are considered as additional vulnerabilities to the individual road segment 
rather than an independent threat. However, the weights are easily modified to accommodate local conditions and should be viewed in 
the context of the studied area. 

Vulnerability Index = X1 + X2 + X3 + 0.5X4 + 0.5X5  

WhereX1 = Vulnerable to pluvial flood event based on 100-year rain event (Equal to 1 if vulnerable, 0 if not), X2 = Vulnerable to fluvial 
flood event based on 100-year flow event (0 or 1), X3 = Vulnerable to coastal flood event (HESL) (0 or 1), X4 = Vulnerable to landslides 
(PLL) (0 or 1; if X1 + X2 + X3 = 0, then set to 0), X5 = Vulnerable to major traffic disruption (AADT ≥ 5000) (0 or 1; if X1 + X2 + X3 = 0, 
then set to 0). 

Fig. 4.1c. Flooded road segments during extreme coastal flooding.  
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4. Discussion of results 

4.1. Individual and cumulative threat assessment 

In Halland County, 17 road segments with a flood extent ≥ 100 m2 during the simulated 100-year fluvial flood event are identified, 
whereof 10 are also situated within a PLL, see Fig. 4.1a. and 4.2a. During the assessed 100-year pluvial flood event, 60 flooded road 
segments with a flood extent ≥ 500 m2 and a maximum water depth ≥ 0.3 m are identified on the road network, where 22 of the 
flooded areas are also situated in a PLL, see Fig. 4.1b and 4.2b. In a storm scenario (+2.59 m) in Halland, 61 potentially flooded road 
segments are identified with a flood extent ≥ 100 m2, with 7 areas situated within a PLL, see Fig. 4.1c and 4.2c. No large inundations 
were identified on the selected road network in Halland County due to mean sea level rise. The cumulative vulnerability assessment 
identified 10 individual road segments with a vulnerability index ≥ 3 having a total length of 1.2 km, primarily detected in the 
southern part of Kungsbacka, see Figs. 4.2a–4.2d. One particularly vulnerable road segment obtained the highest possible vulnerability 

Fig. 4.1d. Vulnerability index for individual road segments.  
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index, where all three extreme weather events pose a risk of causing large inundations on the 270 m long road stretch with a high 
traffic load and located in an area with prerequisites for landslides (Fig. 4.1d). 

4.2. Interpretation and limitation of results 

The identified vulnerable road segments are presented both independently (individual threat assessment) and collectively (cu-
mulative vulnerability assessment) to gain a more in-depth understanding about which threats are facing each road segment, 
particularly as different road segments may acquire similar vulnerability indexes through different combinations of threats and 
preexisting vulnerabilities (such as prerequisites to landslides and traffic load). The presented results should be viewed in context of 
the available climate-related projections from IPCC at the time of writing applied on a selected part of state-owned road network in 
Halland County. Additionally, the presented results are a product of the specific user-defined thresholds (such as critical flood extent 
and water depth) and weights during the specific climate-adapted extreme weather events assessed in this study. Each flood event area 

Fig. 4.2a. Flooded road segments during a 100-year flood.  
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is assigned the same weight, which in practice weights a climate-related threat modeled until the end of the century, such as HESL and 
MSL by 2100, the same weight as a 100-year rain event, hence not distinguishing between time-dependent and/or potentially per-
manent climate-related threats and temporary extreme weather events projected to worsen in the future climate (100-year rain events, 
100-year flood events). Identifying potentially vulnerable parts of the road network is an essential step in early planning procedures at 
NRAs to sufficiently allocate resources and prioritize adaptation efforts around high-risk areas as well as considering the short- versus 
long-term impact of a particular threat. 

The flood model results, based on the national elevation model (GSD Grid + 2), represent terrain levels from airborne LiDAR- 
scanning collected predominantly over Halland County during 2011 (with some regional differences and later updates). The eleva-
tion model, as well as the modeled results, should hence be interpreted as a “snapshot in time” where terrain characteristics and 
geomorphological settings, such as flow patterns and local catchments, could have changed the surface conditions in the region 
drastically due to natural and/or man-made changes to the landscape. Other limitations include hydrologic adaptations where only 

Fig. 4.2b. Flooded road segments during a 100-year rain.  
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larger bridges and culverts are modified for hydrological computations in the national elevation model, while unedited underpasses act 
as barriers in the terrain which could potentially underestimate or overestimate water depths adjacent to such structures. Unedited 
underpasses located along road structures, such as culverts, could hence incorrectly identify a road as vulnerable despite having a 
stormwater system in place. However, culverts may still pose a risk as these could overflow and/or clog during an extreme precipi-
tation event. 

Overall, limitations of the modeled results are identified in the lack of a validation dataset due to the future time projection and 
limited existence of a comprehensive database related to documented natural hazards and their effects on transport infrastructure as 
well as relatively short-times series of extreme-weather events. However, due to the lack of a validation dataset and large uncertainties 
in global as well as regional climate projections, the modeled results are compared with already identified areas as part of the EU Flood 
Directive in which the Kungsbacka region is identified as an area with significant flood risk expected to exacerbate due to climate 
change (MSB, 2020). 

Fig. 4.2c. Flooded road segments during a 100-year flood.  
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4.3. Discussion of pluvial flood model techniques 

The pluvial flood model technique selected for this study (i.e., the SCALGO model) is used as an alternative to a traditional 
landscape depression analysis, as well as a quicker option to sophisticated 2D and 2D-1D hydrodynamic models. Thus, providing 
important information about water flows between depressions is particularly important as roads often function as water corridors 
during extreme precipitation events. As hydraulic models are computer-intensive and require large quantities of input data to describe 
the hydrodynamics of the terrain and potential drainage features, such models are more applicable for complex urban environments 
rather than large-scale analysis of road networks. A traditional landscape depression analysis fills up all landscape depressions to their 
maximum capacity, without considering any rain volume and therefore not connected to a specific rain event. Compared to the 
SCALGO model, where the rain event’s volume is accounted for, a landscape depression analysis may both overestimate and under-
estimate the surface runoff depending on the volume of the depression and the magnitude of the studied rain event, see Fig. 4.3a. 
Depressions with larger capacities than the studied rain will consequently overestimate the surface runoff as such depressions are filled 

Fig. 4.2d. Flooded road segments during a 100-year rain.  
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up to their pour points regardless of rain volume and overestimate floods on roads located adjacent to large depressions. However, a 
landscape depression with a smaller volume than the studied rain event could underestimate the surface runoff once the rain volume 
exceeds the storage capacity of a depression, in which case a depression analysis is unable to identify where water flows or gathers once 
a depression overflows, see Fig. 4.3b. Small depressions can quickly overflow during extreme precipitation events and cause flash 
floods, or spillover effects from depressions upstream and consequently flood low-lying areas located downstream. The SCALGO 
model, in contrast to the landscape depression analysis, identifies where surface runoff gathers after a depression is overfilled, making 
the SCALGO model particularly applicable for road networks covering a large area during extreme precipitation events when the soil’s 
infiltration capacity and stormwater system can quickly overflow or saturate, see Fig. 4.3c. 

Ultimately, the most suitable stormwater assessment method may practically depend on the objective of the study as well as the 
time and resources available and should hence be selected on a case-by-case basis depending on the level of detail required. However, 
the SCALGO model may provide the necessary level of detail for initial screenings to identify particularly vulnerable parts in the road 
network during specific stormwater events. 

5. Conclusion 

The study has demonstrated how a GIS-based screening method, specifically adapted for NRAs or similar stakeholders, may provide 
a quick overview of potentially at-risk areas along the road network and identify vulnerable segments through a simple vulnerability 
index as well as applied and assessed a new flood model technique. By assessing the results of three climate-related threats (a 100-year 
fluvial flood event, a 100-year pluvial flood event, and the highest estimated sea level by 2100) both individually and collectively by 

Fig. 4.3a. Fill-up values.  
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assigning each road segment a vulnerability index, as well as considering the adjacent environment (PLL) and usage of the road 
(AADT), particularly vulnerable parts of the road network were identified and quantified. An exceptionally vulnerable road segment is 
identified in Halland County at Southern Kungsbacka where a 270 m road stretch acquired the highest vulnerability index: 4, and thus 
is potentially vulnerable to all three assessed threats as well as landslides and large traffic disruptions. Kungsbacka is also identified in 
the EU Flood Directive as an area with a significant flood risk expected to exacerbate due to climate change. 

Limitations of the modeled results are identified in the lack of a “validation” dataset due to the future time projection and limited 
existence of a comprehensive database related to historic natural hazards and their effects on transport infrastructure. Other un-
certainties concern the user-defined critical thresholds, selection/accessibility of climate-related threats, and combining them, as well 
as the validity of climate-adjusted extreme weather events as they are based on relatively short time-series data. Weather events with 
shorter return periods (yet associated with severe consequences) could potentially provide more appropriate results for climate change 
adaptation. However, the method provides an initial, large-scale quick scan to gain an overview of potentially vulnerable parts of the 
road network suitable for early planning stages which subsequently can be utilized for further in-depth studies. With the next IPCC 
report (AR6) set to be finalized in 2022, this study should be viewed as a snapshot of the current state of scientific knowledge related to 
the potential impacts of climate change and extreme weather events. Given the upcoming release of new climate data, further studies 
are recommended to compare modeled results to historic and newly recorded flood events if available and incorporate updated climate 
change trajectories from upcoming IPCC reports. 

Fig. 4.3b. Water depths.  
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