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Abstract

The coastal zone is a dynamic region where the sea meets land, making it highly
influenced by environmental conditions such as storm surges, extreme weather events,
and coastal erosion. Coastal areas are also characterized by high population densities,
significant urban development, and important socio-economic functions such as
transportation, trade, tourism and recreation. Consequently, they are particularly
vulnerable to natural hazards and coastal processes, with risks such as flooding and
erosion expected to increase due to climate change-driven global sea level rise.

This thesis focuses specifically on coastal roads, which are critical infrastructures
typically situated at the frontline of exposure to flooding and erosion. Given their long
design life, it is essential to assess how exposure will evolve under rising sea levels. A
robust risk assessment requires high-quality data to estimate the probability of impacts
and evaluate them against anticipated consequences. For coastal processes, such
assessments rely on detailed data concerning wave dynamics and water level variations,
which drive morphological changes. In this research, a detailed hindcast time series of
decadal wave climate data for the southern Baltic Sea has been generated, validated, and
analysed to enhance the understanding of variability in hydrodynamic forcing.

The aim of this thesis is to develop a methodology for assessing the exposure of coastal
roads to the impacts of flooding, wave impact, and erosion. The proposed framework
integrates numerical modelling, field observations, and case studies to evaluate exposure
under both current climate conditions and future scenarios, accounting for sea level rise
and long-term coastal development. Its application is demonstrated through a case
study assessing the exposure of the main road along Sweden's southern coast. Results
indicate that present-day exposure to flooding and erosion is limited to a few hotspots
during extreme events. In future scenarios, the exposure will increase, and coastal
erosion will pose the greatest threat to the road, highlighting the need for future coastal
protection strategies.

To explore potential adaptation measures, a second case study was conducted along the
cast coast of Denmark. The study evaluated a hybrid coastal protection solution,
combining rock revetments with small-scale beach nourishment, as a solution to
mitigate the impact of coastal processes on the road. The morphological evolution of
the nourishment was analysed under varying hydrodynamic conditions to better
understand and optimize its design. Collectively, the findings of this thesis contribute
to improved methodologies for risk assessment, enhanced datasets for wave climate
analysis, and insights into the design of effective coastal protection measures to support
infrastructure planning and resilience.
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Populirvetenskaplig sammanfattning

En stor andel av virldens befolkning bor i kustomraden. Kustomrdden ir viktiga
sociockonomiska omraden, som alltid har varit betydelsefulla for mansklig aktivitet och
samhillsutvecklingen, genom att méjliggora handel, fiske, rekreation och turism med
mera. Alla dessa omraden 4r beroende av transportnitverk som ir avgdrande for att
binda samman samhillen och mojliggéra transport av minniskor och varor. Vigar i
kustomréaden 4r ofta sirskilt utsatta eftersom de byggs i liglinta omriden. Det medfor
att de samtidigt 4r sarbara for paverkan fran naturliga processer som erosion och
oversvimning. Detta kan innebdra paverkan pé trafiken under extrema stormar eller
kostsamma reparationer till foljd av stormskador pa vigar.

I takt med att havet stiger, dll foljd av globala klimatdf6rindringar, forvintas
utbredningen av péaverkan frin kustprocesser pd samhillen och infrastrukeur oka.
Samtidigt forvintas den globala befolkningen oka, sirskilt i redan titbefolkade
kustomridden. Detta medfor yreerligare krav pd infrastrukcuren och potentiell
belastning for kustzonen. Samhillet star infor stora utmaningar och det behévs bittre
kunskap och mer detaljerade data for att kunna begrinsa riskerna for paverkan av
kustprocesser och samtidigt se till att bevara de unika naturliga virdena i kustomréiden.

Resultaten av denna avhandling bidrar till samhillet genom att presentera underlag som
ar till grund for att bistd riskbedémning av kustnira vdgar och jirnvigar som kan
paverkas negativt av kustprocesser (erosion och dversvimning) bade i dagens klimat och
i framtiden. Med hjilp av numerisk modellering, datainsamling i filt och fallstudier i
Ostersjoregionen har metoder utvecklats for art identifiera vilka sarbara vigstrickor
som riskerar att drabbas av kustoversvimningar och erosion. Resultatet visar att
utbredningen av vigstrickor som kan paverkas av kustprocesser forvintas oka i
framtiden i takt med klimatférindringar och stigande havsnivéer, sirskilt forvintas
risken f6r erosion som drabbar vigar att oka.

Det kommer ddrfor att krivas dtgirder for att skydda och anpassa
transportinfrastrukturen i ett foranderligt klimat, s att samhallet kan fortsitta att forlita
sig pa dess funktion och service. Denna avhandling presenterar exempel pa strategier
for hur infrastrukturen kan skyddas genom att etablera kustskydd. En ny typ av 18sning
som kombinerar traditionella hirda skydd och strandfodring har utvirderats for dess
effektivitet att minska vigpaverkan pa vigen och samtidigt erbjuda alternativa
funktioner. Visionen ir att transportsystemet ska vara robust och tillforlidigt idag och
i framtiden och att negativ paverkan frin kustprocesser ska kunna begrinsas utan att
innebira negativ paverkan pa kustzonen och dess funktion och virden.
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Sammenfatning

En stor del af verdens befolkning bor i kystomrdder. Kystomrider er vigtige
sociopkonomiske regioner, som altid har veret centrale for menneskelig aktivitet og
samfundsudvikling ved at muliggere handel, fiskeri, rekreation, turisme og meget mere.
Alle disse omrader er athengige af transportnetverk, som er afgerende for at forbinde
samfund og muliggere transport af mennesker og varer. Veje i kystomrader er ofte
serligt udsatte, fordi de bygges i lavtliggende omrader. Dette gor dem samtidig sarbare
over for pavirkninger fra naturlige processer som erosion og oversvemmelser. Det kan
fore til trafikproblemer under ekstreme storme eller omkostningsfulde reparationer som
folge af stormskader pa vejene.

Efterhidnden som havniveauet stiger pa grund af globale klimaforandringer, forventes
pavirkningen fra kystprocesser pd samfund og infrastruktur at blive mere udbredt.
Samtidig forventes den globale befolkning at stige, iser i kystomrader og i allerede
tetbefolkede omrader. Dette medforer yderligere krav til infrastrukturen og en
potentiel belastning af kystzonen. Samfundet stdr over for store udfordringer, og der er
behov for bedre viden og mere detaljerede data for at kunne reducere risikoen for
pavirkninger fra kystprocesser og samtidig bevare de unikke naturlige verdier i
kystomraderne.

Resultaterne af denne afhandling bidrager ¢l samfundet ved at prasentere
datagrundlag, der kan stotte risikovurderingen af kystnare veje og jernbaner, som kan
blive negativt pavirket af kystprocesser (erosion og oversvemmelse), bade i dagens klima
og i fremtiden. Ved hjelp af numerisk modellering, dataindsamling i felten og
casestudier i Dstersoregionen er der udviklet metoder il at identificere, hvilke sarbare
vejstrekninger der risikerer at blive pavirket af kystoversvemmelser og erosion.
Resultaterne viser, at omfanget af vejstrekninger, der kan blive pavirket af
kystprocesser, forventes at stige i fremtiden i takt med klimaforandringer og stigende
havniveauer. Iser forventes risikoen for erosion, der pavirker veje, at stige.

Der vil derfor vere behov for tiltag for at beskytte og tilpasse transportinfrastrukturen
i et foranderligt klima, si samfundet fortsat kan stole pd dens funktion og service.
Denne athandling presenterer eksempler pa strategier til at beskytte infrascrukturen ved
at etablere kystbeskyttelse. En ny type losning, der kombinerer traditionelle hirde
beskyttelser og strandfodring, er blevet evalueret for dens effektivitet i at reducere
belgepavirkningen pa vejen og samtidig tilbyde alternative funktioner. Visionen er, at
transportsystemet skal vare robust og palideligt i dag og i fremtiden, og at negativ
pavirkning fra kystprocesser skal kunne begranses uden at skade kystzonens funktion
og verdier.
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Preface

This thesis summarizes the work I have conducted as a double degree doctoral student
at the Division of Water Resources Engineering, Lund University, and at the
Department of Geosciences and Natural Resource Management, University of
Copenhagen. The project was funded by Trafikverket (Swedish Transport
Administration). The thesis is a compilation of appended papers, and the preceding
synthesis provides a framework for the collective research presented in the papers.

I am grateful to have been part of the two different and diverse research groups in Lund
and Copenhagen. It has broadened my perspective to work interdisciplinary between
coastal engineering, coastal geomorphology, and geosciences. At times, moving
between the two institutions was challenging, but mostly, it is something that truly has
inspired me in my work. This perspective and experience, 1 believe, is reflected in my
thesis and has influenced how I design, conduct, and communicate my research.

I started my PhD studies in the middle of the Covid-19 pandemic with lockdowns and
a lot of working from home, which made it challenging to get into my new role and
the loneliness that can come with a position in academia was aggravated. When
international travel and mobility were possible again, I made the most of it and attended
numerous conferences, research schools, and research visits, finding great inspiration
among fellow researchers and PhD students in the coastal community. I am very
grateful for having the opportunity to experience and be a part of these scientific events
which have had a positive influence on my PhD journey and my own personal
development. It provided me with valuable perspectives on the broader scope that my
research can contribute to.

A defining moment of my PhD journey was when the extreme storm surge Babet
happened in October 2023. It was a severe event with significant societal impact,
material damage, and damage to natural coastal areas. The storm event also
demonstrated that this research is needed and relevant for the coastal communities in
the southern Baltic Sea, and it strengthened my motivation to pursue and continue this
research. Babet got to dictate the fate of finalising my PhD, it was an unforeseeable
opportunity to learn more about the coastal systems I had been studying thus far and
how they develop and respond to such extreme conditions.
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1 Introduction

Coastal areas worldwide are densely populated and host important societal and
ecological functions. Sandy coastal systems are dynamic and develop in relation to the
acting hydrodynamic forcing and sedimentologic boundary conditions. They are
particularly vulnerable to environmental issues like coastal flooding and erosion,
extreme weather events, and sea level rise (SLR). Risks associated with these impacts are
expected to further increase in the future due to climate change (Nicholls & Cazenave,
2010; Oppenheimer et al., 2019). In addition, the development of these areas is
impacted by human activities in the coastal zone, e.g., exploitation, urbanization,
population increase, tourism, and anthropogenic influences on sediment budgets
through dredging operations and the presence of hard structures. Both natural and
human activities increase the pressure on coastal environments and can cause coastal
squeeze and increased coastal erosion (Defeo et al., 2009; Vousdoukas et al., 2020).
Eroding beaches and coastal systems means both loss of ecological functions (e.g.,
habitats and biodiversity) and risk for societal functions like critical infrastructure and
anthropogenic use of coastal areas.

There is an abundance of critical infrastructure located in the coastal zone, like coastal
roads. In some places, these are the first line of infrastructure and are therefore
vulnerable to coastal flooding and erosion and could potentially suffer temporary or
longer disruptions if damaged (Douglass & Webb, 2020). A recent study (Nawarat et
al., 2024b) concluded that 1205 km of European transport networks are already
exposed to annual flooding due to extreme sea levels today. This is expected to increase
in the future with aggravated rates of SLR due to climate change, meaning that flooding
will become more frequent and road networks that are not at risk of flooding today can
become impacted in the future (Pal et al., 2023). For continued use of these services,
the risks must be assessed and mitigated through sustainable coastal management.

In the coastal zone, it is not only an elevated sea surface level that can cause flooding.
There is also the contribution of waves that can cause flooding through wave runup
and overtopping. Most risk assessments at regional scales have only considered flooding
caused by the static sea level, considering the effects of storm surges of specific return
periods or SLR scenarios (Demirel et al., 2015; Neumann et al., 2021; Paulik et al.,



2020) but discarded the contribution of dynamic processes like waves and coastal
erosion. This is because wave impact can be complex and largely vary under local
conditions (e.g., slope, shoreline orientation, depth), but dynamic processes may
further increase the vulnerability of coastal roads and future SLR impact (Anderson et
al., 2018). Therefore, to present an accurate assessment of the contribution of waves to
potential flooding, detailed high-resolution data, both spatial and temporal, is required
(Asariotis et al., 2020). Another important aspect of wave impact in the coastal zone is
the potential to drive morphological change that alters the local conditions. Waves drive
littoral processes in the nearshore, and coastal erosion is a threat to coastal roads and
other infrastructure in the coastal zone. Long-term coastal erosion results in landward
retreat of the shoreline, increasing the vulnerability of roads to be subject to flooding.
Additionally, storm erosion can undermine and damage road infrastructure.

Historically, coastal management strategies to mitigate problems with coastal erosion
have been dominated by the implementation of hard structures. This may inhibit the
natural dynamics of sandy systems and profile adjustment in response to the acting
hydrodynamic forces. Due to the known shortcomings of using hard structures for
coastal protection, there has been a shift towards working with nature through
implementing nature-based solutions in recent decades (Smith et al., 2020;
Temmerman et al., 2013). For example, beach nourishments are extensively applied in
many places around the world (e.g., Hanson et al., 2002), and other soft solutions are
becoming increasingly more applied. Sustainable coastal management relies on data
and knowledge about the coastal system. Implementation of coastal protection or
management strategies must be adapted to the local conditions and setting. These
concern technical aspects like hydrodynamic conditions, but the feasibility of
implementation can also concern legal or operational aspects, both of which can vary
between different coastal settings.

1.1  Scope

The scope of this thesis is the southern Baltic Sea, specifically the coastal areas of
southern Sweden and Zealand in Denmark. Because of the enclosed nature of the basin,
the conditions vary compared to coasts along the open ocean. The coastlines in the
southern part of the Baltic Sea mainly consist of soft Quaternary sediments. Their
morphologies are dictated by permanent transgression. The post-glacial uplift in the
region is limited and cannot counteract current rates of eustatic SLR. Consequently,
the region is subsiding and is vulnerable to coastal flooding and erosion. The need for
coastal management strategies is the most predominant in this part of the Baltic Sea

(Harff et al., 2017).



The southern Baltic region holds critical infrastructure in its coastal zones, including
roads and railways, which are essential to societal functioning. Because coastal
infrastructure is especially sensitive to flooding and erosion, its resilience and continuity
may be compromised by extreme weather or gradual environmental changes. Given the
long-expected operational lifespan of transport infrastructure, assessing current and
future risks is essential to ensure that these remain reliable over the coming decades. In
addition, identifying the risk areas allows for planning and adapting the infrastructure
to the changing climate conditions is needed.

1.2 Aim and objectives

The aim of this thesis is to present a methodology for risk analysis of coastal roads
impacted by coastal flooding and erosion and investigate potential adaptation solutions
to reduce negative impacts from coastal processes. To reach the aim, the work is
designed to address four separate research objectives:

(i) Forcing: Provide high-resolution hindcast data of wave climate conditions
for the southern Baltic Sea and analyse drivers for inter-annual variability
and extreme events.

(ii) Response: Analyse morphological response at local to regional scales in
relation to varying hydrodynamic input and showcase the consequences of
an extreme storm surge (Babet) on the coastal zone and impacts on road
infrastructure.

(iii)  Exposure: Develop a regional screening tool to assess exposure of coastal
roads to estimate the probability of coastal flooding and erosion in today’s
climate and under future SLR scenarios.

(iv) Mitigation: Showcase and evaluate the potential of small-scale beach
nourishment as a measure to mitigate the impact of coastal processes on a
road.

Figure 1.1 provides an overview of the work compiled in this thesis. It illustrates the
scope and content that is addressed in the different papers and the corresponding
research objectives. To meet the objectives, the analysis is structured to cover various
temporal and spatial scales and the methods applied includes a combination of
numerical modelling, field observations, and a case study.
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Figure 1.1. Overview of the thesis work presented to illustrate the objectives and rhetorical research
questions addressed in the different appended research papers.

1.3 Limitations

For the context of the work presented in this thesis, the definition of exposure of roads
to coastal hazards concerns the probability of flooding, wave impact, and erosion
quantified as the extent of road stretch that is affected. No formal risk assessment of
the consequence of the operation is considered. The presented framework only
highlights where the exposed sections are, and then those result can be evaluated in
relation to traffic data to assess the impacts on society or potential cascading effects
following the impacts of coastal processes.

Regarding future development of coastal hazards related to climate change, this thesis
considers climate change driven sea level rise (SLR). Impacts from other climate change
effects like, e.g., drought, heatwaves, and increased precipitation are not considered as
these are not specific to coastal roads but have the potential to impact any part of the
transport network system. Projections concerning changes in storm intensity,
frequency, and direction are not considered, although relevant for future development
of coastal processes. However, aspects of future storm impact and wind direction for
the Baltic Sea and the potential for impact of coastal process are discussed.

General risk mitigation strategies for coastal roads include maintenance, increase
redundancy, protection, accommodation, and relocation (Douglass & Webb, 2020).



This thesis focuses on mitigation through coastal protection, particularly hybrid
solutions combining hard and soft engineering approaches. Measures interfering
directly with road infrastructure (e.g., altering elevation) are not considered. Other
management options, cither temporal (close the road and re-direct traffic during
extreme events) or long-term (relocate the road), are not considered, although feasible
adaptation strategies they are not considered as coastal engineering solutions.

1.4 Summary of appended papers

This thesis contextualizes and synthesises the research presented in the appended
papers; the conceptual scales that are considered are illustrated in Figure 1.2.

Paper I presents the procedure for generating decadal hindcast wave climate data for
the southern Baltic Sea, followed by an analysis of spatial and temporal wave climate
variability. The model performance was calibrated and validated against existing public
data records and nearshore wave buoy measurements obtained within this study. This
study relates to objective (i).

Paper II presents a description of the extreme storm surge (Babet) that impacted the
coastlines of the south Baltic Sea in October 2023. The paper discloses detailed
assessment of both the impacts regarding acting processes and the resulting societal
response in southern Sweden. The findings relate to objectives (i) and (ii).

Paper III presents a new screening framework designed to analyse exposure for coastal
roads to flooding, wave runup and erosion. The analysis can be applied on regional
scale and in the paper, it is applied to the south coast of Sweden. The probability of
flooding and erosion are assessed in today’s climate conditions and under all SSP SLR
scenarios. The work relates to objective (iii).

Paper IV presents a case study investigating the morphological response of small-scale
beach nourishment, over varying timescales. The study contributes to better
understanding morphodynamics and implementation of nourishments of low energy
sheltered coastal environments and thereby relates to objectives (ii) and (iv).

Paper V presents a modelling study to investigate beach nourishment design in
combination with a rock revetment, creating a hybrid coastal protection solution. The
protection is implemented to protect a coastal road against wave overtopping and the
beach nourishment design is evaluated as the effectiveness in reducing overtopping
discharge through wave dampening. The findings relate to objective (iv).
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Figure 1.2: A visual representation of the different spatial scales and geographical setting considered in the
appended papers that constitute this thesis.

1.5 Thesis structure

This compilation thesis is based on the research presented in the appended papers,
summarized in Section 1.4. It consists of nine chapters, beginning with an
Introduction. Chapter 2 Background provides the context for the research, followed by
Chapter 3 Study areas. The core structure aligns with the research objectives (Section
1.2) and the framework in Figure 1.1 - Forcing, Response, Exposure, and Mitigation.
Methods, results, and discussions from Papers I-V are integrated within: 4
Hydrodynamic conditions, 5 Morphological response, 6 Regional exposure analysis, and 7
Mitigation through coastal protection. The final chapters, 8 Discussion and outlook, and
9 Conclusions, offer a broader synthesis of findings. Lastly, the papers are appended
presented in their published layout or as manuscript versions.



2 Background

This chapter provides an overview of the key concepts central to the scope of the thesis.
It includes description of coastal processes that drive flooding and erosion, highlighting
their associated risks and implications for coastal roads. Additionally, the chapter
introduces general protection and adaptation strategies aimed at mitigating these risks,
with a particular focus on hybrid solutions and small-scale beach nourishments, which
are the primary focus of the case study.

2.1 Coastal flooding and erosion

Coastal flooding and erosion are dynamic processes that shape the morphology of
coastlines and can make coastal areas vulnerable to impact (Wong et al., 2014). Coastal
flooding occurs primarily due to extreme sea level (ESL) events, which arise from a
combination of meteorological and hydrodynamic factors. Storm surges, driven by
intense winds and low atmospheric pressure, or tides, are dominant contributors to
ESLs. These processes can temporarily elevate water levels, with the risk of causing
coastal flooding (inundation) and allow waves to reach further inland. Seasonal and
longer-term sea-level fluctuations, influenced by climate variability, can also modulate
the frequency and severity of flooding events. In addition, wave processes can cause
coastal flooding through wave runup and overtopping.

Waves and wave-induced currents drive littoral processes in the coastal zone and can
drive morphological change which can cause erosion (Davidson-Arnott, 2010).
Sediment transport processes play a significant role in reshaping beaches, dunes, and
other coastal landforms. Prolonged periods of elevated water levels can intensify these
processes, leading to the loss of sediment and a reduction in natural coastal defences.
Additionally, human activities, such as shoreline modification and the construction of
coastal engineering works (harbours, hard coastal protection, or infrastructure), can
disrupt sediment transport and exacerbate localized erosion. The interplay between
coastal flooding and erosion creates a feedback loop where flooding weakens coastal
systems, and erosion diminishes their capacity to mitigate future flooding impacts.



2.2 Impacts on coastal roads

Roads located in coastal areas are exposed to the impact of waves and coastal processes
that can damage the road structure and threaten the operation. The impact and
exposure of coastal processes on infrastructure can be categorized into two types. The
first includes hazards directly caused by physical processes, such as wave overtopping,
runup, and inundation, while the second arises from shoreline response in relation to
the acting physical processes, including storm erosion, scour, and long-term shoreline
retreat (McGillis & MacCallum, 2010).

The images in Figure 2.1 shows examples of road damages caused by coastal processes.
The impact on the transport infrastructure and traffic flow also differs depending on
the hazard, where the direct impact of e.g., waves can affect serviceability and traffic
temporarily during extreme events. The indirect impacts of the physical process may
disrupt the operation of the roads; for example, if a road is undermined due to erosion,
it may require repairs that cause longer disruptions (Douglass & Webb, 2020).

(a) Wave impact and overtopping

R oto: Carotine Hallin : (WA, 2008 FDOT photo

Figure 2.1: Hazards that can impact coastal roads. (a) Wave overtopping at Rageleje, Denmark during storm
Bodil in December 2013, Photo: Keld Navntoft/Ritzau Scanpix. (b) Receding shorelines, cliff erosion at Tunstall
beach, UK in August 2022, Photo: Andy Medcalf/Shutterstock. (c) Road damaged due to undermining
following storm erosion during storm Babet October 2023, Photo: Senderborg Kommune. (d) Inundated
intersection in Malmo, Sweden during storm Malik in January 2022, Photo: Johan Nilsson/TT Nyhetsbyran.
(e) Undermining of road at Kaseberga, Sweden, caused by wave runup during storm Babet October 2023,
Photo: Caroline Hallin. (f) Local scour caused by weir flow mechanism, Photo: FHWA, 2008.



Inundation is caused by an elevated water surface, and the risk of inundation is greater
if the infrastructure is in a low-lying area. Inundation will compromise the operation
and serviceability of roads by large amounts of water occupying the road (Pregnolato et
al., 2017). There is also a risk of local scour caused by flowing water and the weir flow
mechanism (Figure 2.1f).

Wave runup and overtopping are risks in exposed areas, and the greater forces can
potentially damage the road structure and induce erosion and undermining of the road
structure. There are established limits for overtopping discharges (EurOtop, 2018) that
indicate at which levels the wave impact and volumes can compromise the use of the
road by posing a risk to vehicles and traffic. During extreme events, the risk of transport
of debris is also important to consider.

Coastal erosion can be caused by individual events or long-term chronic erosion if the
sediment budget is not in balance. Erosion that is impacting the road can cause
undermining or destabilisation of the slope in front of the road structure. In the case if
the road structure is undermined or damaged, it might require repairs that can cause
longer disruptions and periods when the road is out of use and traffic may have to be
re-directed.

Given the long-expected lifetime and long planning horizons, in combination with the
societal importance of transport infrastructure, it is important to understand these
processes and associated risks on varying time scales. For continued use and operation
of coastal roads it is important to assess the risks in future climate conditions when sea
level rise will be an important component. It is important to account for both when
adapting the existing infrastructure and planning construction of new facilities.

2.3 Climate change effects

Climate change is driving the rise in global mean temperatures and warming of the
world’s oceans. Consequently, there is increased melting of ice sheets and glaciers,
which is contributing to global sea level rise. The main driver for observed global sea
level rise since the 1970s has been anthropogenic emissions of greenhouse gases
(Slangen et al., 2016). As established by the International Panel on Climate Change
(IPCC), the rate of change is accelerating for the period 2006-2018, corresponding to
a rate of an average 3.7 mm/yr compared to an average of 2.3 mm/yr for the period
1971-2018 (Fox-Kemper et al., 2021). Global mean sea level is expected to continue
to rise, and future projections are indicating average rises of between 0.38 [0.28 to 0.55]
m (SSP1-1.9) t0 0.77 [0.68 to 1.01] m (SSP5-8.5) by 2100 (Fox-Kemper et al., 2021).



The uncertainty levels presented in brackets correspond to a likely range and do not
consider ice-sheet-related processes that are concerned with deep uncertainty. There is
great uncertainty related to the ice-sheet processes with great potential for extreme sea
level rise past 2100 driven by deep-ocean heat uptake and mass loss from the Greenland
and Antarctic ice sheets (Fox-Kemper et al., 2021).

The IPCC projections concern eustatic sea level change, i.e., absolute sea level change,
and is driven by the combination of thermal expansion and ice melt. The contribution
from ice melt has now been identified as the dominating driver for global mean sea
level rise (Oppenheimer et al., 2019). Regional assessment is needed as the global mean
sea level changes are not expected to impact the whole globe in a uniform manner. The
melting of the Greenland and Antarctic ice sheets also influences the gravitational field,
which means relative sea level falls in the vicinity of glaciers and ice sheets (Mitrovica
etal., 2001). This is due to a combination of weakened gravity but also the movement
of the Earth’s crust following postglacial rebound.

For estimation of relative sea level change, the global mean sea level rise projections
must be downscaled to local levels through assessment considering local conditions
(Durand et al., 2022). To further downscale the IPCC projections to local estimations,
the absolute sea level change must be converted to relative sea level change by
accounting for local isostatic adjustments in relation to the eustatic sea level. Local
impacts on isostatic sea level can, for example, be postglacial uplift or land subsidence
due to extraction of resources such as groundwater, oil, or natural gas.

Climate change driven sea level rise is expected to aggravate risks of coastal flooding
and erosion in the future, posing a significant threat to coastal transport infrastructure
and other functions in coastal zones (Hinkel et al., 2014; Nicholls & Cazenave, 2010;
Oppenheimer et al., 2019). In addition, the projections also concerns increased
magnitude and frequency of storms, which impact the wave climate conditions
(Anderson et al., 2018; Bricheno & Wolf, 2018). This increases the risk of dynamic
processes like wave runup and erosion, which may further increase the vulnerability of
coastal roads in the future. These changes are likely to increase both the frequency and
magnitude of coastal hazards, such as the extent of road networks impacted by flooding
and erosion and the severity of damages (Pal et al., 2023). The projected development
of risks for coastal hazards in the future increases the need for coastal management and
coastal protection to mitigate the risks and limit negative societal impacts (Brown et

al., 2014; Lincke & Hinkel, 2018).
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2.4 Coastal protection solutions

Conventional coastal protection solutions mainly concern hard structures such as
groins, revetments, scawalls, dikes, and breakwaters. They are built in the coastal zone
to protect against flooding and mitigate erosion. Coastal roads are rarely designed with
consideration for wave impact; even if placed in the coastal zone, they typically need to
be combined or reinforced with coastal protection structures (McGillis & MacCallum,
2010). In addition to protection, other adaptation strategies for coastal transport
infrastructure include, maintenance, increased redundancy, accommodation, or
relocation (Douglass & Webb, 2020). Corresponding solutions for example include
increasing the road elevation, relocating the road, redirecting traffic, or temporarily
closing the road during extreme events.

An assessment conducted by the UN, focusing on climate change risks for transport
infrastructure, found that coastal protection and adaption solutions of coastal transport
infrastructure have been dominated by hard rather than soft solutions (Asariotis et al.,
2020). This has also been the general trend for coastal protection historically. Although
there is a risk of having negative impacts on sediment budgets by restricting sediment
supply, and while maybe solving the problem locally, there is the potential of moving
the erosion problems to adjacent coastlines (Dean, 1986; Manno et al., 2016).

Considering the known negative effects that hard coastal protection structures can have
on the coastal system, there has been a shift in recent decades to work with soft coastal
protection solutions as an alternative (Hanson et al., 2002; Schoonees et al., 2019;
Sutton-Grier et al., 2015; Temmerman et al., 2013). These include sand nourishments,
planting vegetation, and dune restoration, among others. The benefits of using soft
coastal protection measures are that they resemble the natural coastal features and
thereby support more ecological and recreational functions (Sutton-Grier et al., 2015).
The solutions are dynamic, and there is potential for self-recovery after storm impact,
and they can be adapted to increasing sea level rise. In contrary to hard structures that
typically have an established design level and are rigid to sea level rise.

For some applications, it may be beneficial to consider combinations of different types
of solutions to accommodate a wider range of functions that are desired with the
protection and to leverage potential benefits from both hard and soft measures (Sutton-
Grier et al., 2015). These can be considered hybrid solutions and are being increasingly
more applied to mitigate coastal challenges and increase resilience. The general
definition of hybrid coastal protection is a solution combines a resistant core to provide
defence against flooding with a nature-based soft element that provides reinforcement
or offers alternative benefits to the protection (Almarshed et al., 2020; Boers, 2011;
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Nordstrom, 2019). Therefore, the benefits of both conventional hard and soft solutions
can be combined into one coherent framework or solution. The soft elements can be
considered compensation for the shortcomings and negative impacts on sediment
budgets that hard structures are known to have. While the hard solution may offer a
stricter and higher protection level during extreme conditions. The benefits and
drawbacks related to the different strategies are presented in Table 2.1, along with some
examples of solutions.

Table 2.1: Summary and overview of different protection and adaptation strategies with listed benefits and
drawbacks, some examples also provided for each strategy, but the list is not exhaustive. Table information
from Sutton-Grier et al., (2015).
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2.4.1 Examples of hybrid coastal protection solutions

Many of the hybrid solutions exemplified in literature have typically become hybrid
solutions as soft elements were added to reinforce existing hard structures or flood
defences. For example, cases where dunes were constructed in front of an existing dike
or seawall (Kroon et al., 2022; Perk et al., 2019; Strypsteen et al., 2024), where the
design relied on a combination of nourishments and planting vegetation. Other
examples exist where dunes were constructed to cover hard protection (Tomlinson et
al., 2016; Winters et al., 2020) or where seawalls got buried with sand over time (Irish
et al., 2013; Smallegan et al., 2016; Yang et al., 2012). There are also examples where
beach nourishments were implemented in front of seawalls to increase resilience
without altering the hard protection structure (Blotw & Pye, 2004; Ravens &
Sitanggang, 2007; Ton et al., 2023). Extensive nourishment can then allow for natural
dune growth, and vegetation can be established (Irish et al., 2013; Nordstrom, 2014).
Hybrid designs can allow for innovative approaches, and typically, the protection may
resemble a more natural system and provide associated positive benefits (Table 2.1)
(Sutton-Grier et al., 2015), and the hard resistant core is needed for extra protection
particularly during storm conditions.

2.4.2 Small-scale beach nourishments

The scale and type of nourishment (e.g., beach fill, shoreface, channel wall, mega
nourishment) depends on the dynamics and setting at the site where it is to be
implemented. For example, beaches on open coastlines are typically dynamic and show
a distinct seasonal variability in the morphology. The morphology can be impacted by
variations in tide, swell, and wind-waves. Nourishments in these environments are
typically in the order of >100 m’ per m alongshore. On the contrary, beaches in more
sheltered coastal environments typically have a smaller active zone and hence require
smaller nourishment volumes, generally <100 m’ per m alongshore.

There are examples of implementation and analysis of small-scale nourishment projects
in more sheltered coastal environments such as inland seas, estuaries, and lakes
(Andrade et al., 2006; Basterretxea et al., 2007; Corradi et al., 2008; Jackson &
Nordstrom, 1994; Karasu et al., 2023; Lowe & Kennedy, 2016; O’Brien et al., 1999;
Ojeda & Guillén, 2008; Pupienis et al., 2014; Ton et al., 2021). In general, the
morphodynamics of beaches in sheltered coastal systems have received less attention in
research (Vila-Concejo et al., 2024). That also goes for nourishment projects on
sheltered coastlines, as small-volume projects typically have fewer resources available for
monitoring and evaluation of the effectiveness of design.
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3 Study areas

This chapter provides an overview of the geographical scope of the research, focusing
on the study areas where the work was conducted. The study areas are presented in the
following order: first, the regional scale setting of the Southern Baltic Sea; followed by
more local scales for the south coast of Sweden and the case study site in Faxe Ladeplads
in Denmark.

3.1 Southern Baltic Sea

The Baltic Sea is a marginal sea located in northern Europe, it extends over latitudes
54-66° N and longitudes 10-30° E. The Baltic Sea is composed of a series of sub-basins,
illustrated in the map in Figure 3.1. Water exchange from the North Atlantic to the
Baltic Sea is limited through the shallow Danish straits (The Belts and Oresund);
further water exchange between the different sub-basins is restricted due to complex
bathymetry and confining geometry. Since the basin covers a relatively large area (392
978 km?), there is a great spatial variation both in terms of characteristics of the sub-
basins and physical- and environmental conditions, such as surface salinity and sea-ice
conditions (Leppiranta & Myrberg, 2009). Winter sea ice conditions are rare in the
southern Baltic Sea, contrary to the north- and northeastern parts (i.e., Bay of Bothnia,
and the Gulf of Finland), where sea ice is forming annually. Although sea ice extent has
declined in recent decades due to climate change and milder winter temperatures

(Hiinicke et al., 2015).

While the tidal range in the Baltic Sea is very small (<10 ¢cm) and can often be
neglectable (Arns et al., 2020), sea level fluctuations can arise from other processes.
This is mainly through wind-driven setup and influence by variance in atmospheric
pressure. In addition, internal basin oscillations occur in the form of seiches (Weisse et
al., 2021). The nodal point of the seiche oscillation is located at the Landsort deep
(58.13°N; 18.13°E) in the Northern Baltic Proper; from there, the amplitude increases
in each direction north and south (Hellstrém, 1941). Additionally, long periods of
westerly and north-westerly winds can increase the inflow to the basin from the North
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Sea and lead to increased filling levels and increase in sea surface elevation up to 0.5 m
(Hiinicke et al., 2015; Weisse & Weidemann, 2017). The combined effect of seiches
and filling level influence extreme sea levels (ESL) in the Baltic Sea.

There is large spatial variability in the frequency and persistence of ESLs between the
different sub-basins in the Baltic Sea due to the complex basin geometry (Wolski &
Wisniewski, 2023). Water masses can be pushed up by onshore winds giving a
funnelling effect in the narrow and shallow bays and gulfs, for example, in the Gulf of
Riga and the Gulf of Finland during westerly and south-westerly winds and in Kiel Bay
in the southwestern Baltic Sea during easterly winds (Wolski & Wisniewski, 2023).

Regarding water level fluctuations in the Arkona Basin, westerly winds push water
towards the eastern part of the Baltic Proper, which lowers the water levels within the
study area. When the wind then ceases, the water masses return to the western part of
the Baltic Sea, and thereby, water level variations are altering in relation to the wind
direction with a varying time delay (Bendixen et al., 2013). High water levels in the
Arkona Basin are driven by easterly winds when water is being pushed from the east
Baltic Sea to the Arkona Basin.

Coastlines in the southern Baltic Sea have complex and irregular appearance, and the
basin is lined with many separate embayed parts, and forcing conditions fall within the
wave-dominated microtidal regime (Weisse et al., 2021). There is a range of different
coastal types, e.g., rocky coasts, sedimentary cliffs, sandy beaches, coastal meadows,
spits, gravel- and boulder beaches (Labuz, 2015). The region is subsiding as the post-
glacial uplift is limited, which makes the coastlines susceptible to change compared to

the north (Harff et al., 2017).

The dominance of westerly winds over the region creates a gradient in mean annual
erosion rates that increase towards the east, with larger erosion for the Polish, Latvian,
Russian, and Lithuanian coastlines compared to the German, Swedish, and Danish
coastlines (Labuz, 2015). In addition, the complex basin geometry provides conditions
where the shoreline orientation can vary greatly over small spatial scales (around 10
km). The system is also characterized by that sediment input is low, i.e., negligible
sediment input from river systems and in general, input to the sediment budgets relies
on erosion of the coast and eroding buffs (Harff et al., 2017; Labuz, 2015).
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focus for the research is the south coast of Sweden and Riksvdag 9 and Faxe Ladeplads in the east coast of
Denmark.
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3.2 The south coast of Sweden

In Papers I, II, and III, the south coast of Sweden is the main subject for investigation.
The coastal areas of Scania and Halland Counties has been identified as risk areas for
coastal flooding and erosion in a national assessment (SGI & MSB, 2021). This
includes the south coast of Sweden, namely the south coast of Scania County, which is
an area that exemplifies a lot of the coastal issues that are facing the Swedish and the
southern Baltic Sea coastlines today. The coastline is characterized by a varying coastal
landscape that hosts many important functions and unique values, such as nature,
recreation, trade, harbours, tourism, and critical infrastructure. The coastline is
oriented in the east-west direction and faces the Arkona Basin, which is one of the
shallowest parts of the Baltic Sea (Figure 3.1b). The coastline mainly consists of sandy
beaches and eroding bluffs. Protruding headlands and harbours divide the coastline
into separate embayments and disrupt the sediment transport, and the shoreline
orientations vary. In some places, there are hard coastal protection measures in place,
dominated by revetments, breakwaters, and dikes. At two locations in Ystad
municipality, regular nourishments have been conducted, which started in 2011.

In a national climate and vulnerability assessment presented by Trafikverket (2020),
the southern part of Sweden is identified as a vulnerable region, particularly
highlighting increasing impacts on near-coastal transport infrastructure in the future
due to sea level rise and increased storminess. The national road Riksvig 9 stretches
along the coastline and connects the cities of Trelleborg, Ystad, and Simrishamn. Both
Ystad and Trelleborg have two large commercial harbours that transport goods and
ferries departing to other locations in the Baltic Sea including the island of Bornholm.
The road is therefore part of an important network which is vital for supporting
transport from ships and ferries onto the roads to further distribute goods within
Scandinavia. Riksvig 9 is one of the main subjects for investigation in the research
conducted in this thesis project, used to exemplify the impacts and apply models for
risk assessment to demonstrate the methodology.

The Swedish Metrological and Hydrological Institute (SMHI) has downscaled the
IPCC projections for future sea level rise to local estimates for all Swedish coastal
municipalities, by considering the rate of land uplift (Hieronymus & Kalén, 2020).
The result is summarized and available in a national database where future sea levels

can be retrieved for every coastal municipality in Sweden for the different SSP scenarios
and at intervals every 10 years for the period 2030-2150 (SMHI, 2020).
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3.3 Faxe Ladeplads, Denmark

The case study site presented in Papers IV and V is located in Faxe Ladeplads on the
east coast of Zealand in Denmark. The coastal protection solution at the site has been
investigated as a potential strategy to reinforce the protection of the coastal road and
reduce wave overtopping. Faxe Ladeplads is a coastal town situated along the central of
Faxe Bay, an embayment of the southwestern Baltic Sea. The mean depth in the bay is
approximately 15 meters, and the bay is confined between the two limestone headlands
Stevns and Moen (Figure 3.1b). The opening of the bay is facing towards the Arkona
Basin to the east. The net longshore drift is directed from north to south in the bay. At
the end of the littoral system, there is Feddet spit where longshore transported sediment
is deposited in beach ridges (Bendixen et al., 2013).

The construction and development of the harbour in Faxe Ladeplads have been
motivated by the industrial activities related to the nearby limestone quarry and chalk
production (Aasbjerg, 2002). However, the protruding harbour has impacted the
sediment transport and thereby influenced shoreline development over time. Figure 3.2
shows this development illustrated in historical maps and more recent aerial photos.
Since the construction of the two initial harbour piers in the late 1800s, the coastline
has transitioned from having a uniform orientation backed by eroding bluffs to being
two separate sediment cells where the transport is disrupted by the harbour. Thereby,
the updrift side of the harbour is characterized by sediment accumulation, and here,
the shoreline position has moved seaward approximately 100-150 meters since the
construction of the harbour. At the same time, the downdrift area has been subject to
chronic erosion due to the lack of sediment input to the system through longshore
transport processes in the direction of net longshore drift.
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Figure 3.2: Historical development of the coastal town Faxe Ladeplads, Denmark, clearly showing the
development of the harbour and the shoreline response. Image sources: 1834 (Aasbjerg, 2002), 1870 and
1945 (obtained from Danmarks Arealinformation, Miljgportal -
https://danmarksarealinformation.miljoeportal.dk/ ), 2022 (contains data from the Danish Agency for Data
Supply and Infrastructure, Orthophoto 2022 geodenmark_2022_12_5cm, WMS).

In Faxe Ladeplads, erosion has historically been managed with hard structures like
groins and seawalls. Along the investigated stretch, ten groins were in place, but by the
early 2000s, they had severely worn down. Additionally, the adjacent coastal road,
Strandvejen, experienced wave overtopping during storms when large waves coincided
with elevated water levels. Instead of repairing the groins, the municipality switched to
a beach nourishment scheme.

A rock revetment existed adjacent to the road, and the nourishment was placed in front
of it, confined by the harbour mole to the north and a small terminal groin near the
creek outlet to the south (Figure 3.3). The developed design thereby combines hard
and soft elements in a hybrid protection solution. The reinforcement with the
nourishment aimed both to reduce overtopping onto the road during storms and to
restore a recreational beach (Danish Coastal Authority, 2021). The nourished stretch
extends about 650 m alongshore and has been nourished twice: initially in 2018 (70
000 m?®) and with a maintenance nourishment in 2021 (20 000 m?). From an
international perspective, these volumes are relatively small and are classified as small-
scale nourishments.
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Figure 3.3: (a) Cross-shore schematic illustration of the combined coastal protection solution. (b) Overview
of the coastal protection solution at Faxe Ladeplads, Denmark. The nourishment is placed between the
harbour mole and the groin with the objective to reduce wave impact on the coastal road Strandvejen.
Photo: Danish Coastal Authority, July 2021.
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4 Hydrodynamic conditions

Risk analysis should be based on the best possible data to generate as robust and detailed
results as possible. Thereby, the initial part of the work presents the efforts in
conducting numerical modelling to generate detailed time series of decadal hindcast
wave climate with sufficient spatial resolution to be used in continued analysis. Analysis
of the data is then performed to outline the spatial and temporal variability in the wave
climate in the study area.

4.1 Wave hindcast modelling and observations

4.1.1 Model setup

Paper I presents the methodology used to set up a comprehensive multi-scale numerical
wave model that has been calibrated and validated for offshore and nearshore
performance based on existing records and new nearshore wave observations. The
model is based on the open-source software Simulating Waves Nearshore (SWAN), a
third-generation spectral wave model (Booij et al., 1999), which computes wave
dynamics based on information about wind, current, and bathymetry input. In the
model, the propagation of wave energy is described according to the spectral action
balance equation (Booij et al., 1999). The model can resolve both deep-water processes
(i.e., energy transfer from wind to waves, wave propagation, dissipation, and white
capping) and shallow-water processes (i.e., refraction, shoaling, and wave-breaking).

The extent of the model is shown in Figure 4.1. The grid cell size is coarser in the
deeper offshore parts of the model domain and gradually gets finer at the coast to resolve
complex wave transformation processes. Hence, the resolution of the model grid cells
ranges from a maximum of 25 km in offshore regions to 0.2 km in the nearshore coastal
areas of south Sweden and parts of Zealand in Denmark, see Figure 4.1. The
bathymetry used as input to generate the computational grid constitutes a combination
of EMODnet Bathymetry (EMODnet, 2021) with a resolution of approximately 115
m, and for the nearshore areas of southern Sweden, there is a 2x2 m multibeam
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bathymetry (Malmberg-Persson et al., 2016). The model is forced with wind at 10-m
elevation from the ERA5 reanalysis dataset (Hersbach et al., 2020), and simulations
used as a basis for the analysis in Paper I cover the period 1959-2021 with a temporal
resolution of 3 hours. Later, the temporal resolution was increased to 1 hour
(Sukchaiwan, 2023), and the simulation was extended until December 2023 to also
include the storm surge Babet, and analysis of the data is disclosed in Paper II.
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Figure 4.1: SWAN model grid and extent along with the distribution of wave buoys used for the calibration
(green) and validation (pink). The zoomed in map shows the location of the surface acceleration buoys
deployed along the south coast of Sweden and in Faxe Ladeplads, Denmark.

4.1.2 Model validation

Existing wave measurement records are available from stations that are operated by
different authorities active in the Baltic Sea region. These data were used in the
calibration procedure and validation of the deep-water wave conditions in the model.
The distribution of the stations is shown on the map in Figure 4.1, and details are given
in Table 4.1. For Swedish locations (stations 1-11) the responsible organisation is the
Swedish Hydrological and Metrological Institute (SMHI). In the western Baltic Sea,
stations (12-14) are operated by the Federal Maritime and Hydrographic Agency of
Germany (Bundesamt fiir Seeschifffahrt und Hydrographie, BSH).
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Table 4.1: Results of model validation assessing the performance based on metrics R? and RMSE, content
from Adell et al., (2023), i.e. Paper |. The station numbers correspond to the numbers disclosed in Figure
4.1, (*) mark the stations also used in model calibration with data from the period July 2005 - June 2009
that has then been excluded from the validation period.

Nr. Station name Validation period Parameter R? RMSE
1 Viderdarna WR* July 2009 — Dec 2021 H; (m) 0.83  0.36
2 Brofjorden WR Feb 2017 — Dec 2021 H, (m) 0.83  0.33
3 Lis-Ost May 2001 — Feb 2009 H; (m) 0.75  0.25
4 Turbanen Oct 1978 — Oct 2003 H; (m) 0.71  0.29
5 Laholmsbukten Mar 1984 — Oct 1985 H, (m) 0.88  0.17
6 Olands S grund Oct 1978 — Mar 2004 H, (m) 0.83  0.29
7 Knolls grund Nov 2011 — Dec 2021 H, (m) 0.84  0.26
8  Sodra Ostersipn*  July 2009 — April 2011 H, (m) 093  0.24
9 Almgrundet Oct 1978 — Sept 2003 H; (m) 0.58  0.49

May 2001 — June 2005;
Huvudskir Ost* H; (m) 0.87 0.23
July 2009 — Dec 2021

Ju—
(=]

[
[a—y

Svenska Bjorn Nov 1982 — Nov 1986 H; (m) 0.85  0.30
Feb 1991 — June 2005;

12 Darsser Sill* H; (m) 0.83 0.20
July 2009 — May 2020

13 Arkona June 2013 — Dec 2021 H; (m) 0.89  0.21

14  FINO2 platform  May 2011 — Sept 2020 H; (m) 0.88  0.21

H, (m) 0.86  0.18

15 Kimpinge Nov 2020 — April 2021 T, (s) 0.48 0.93

0 (deg.) 0.65 30.6

H,(m) 090  0.16

16 Ystad Nov 2020 — May 2021 T, (s) 0.57 093

6 (deg.) 0.61  25.1

17 Faxe (7m) June 2021 — Jan 2022 H, (m) 0.80  0.11

18 Faxe (4m) Sept 2021 — Mar 2022 H,(m) 0.79  0.11
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To validate the model performance for nearshore wave conditions, two separate field
campaigns were conducted using two surface acceleration buoys (Obscape WaveDroid
Block III). One campaign was initiated on the south coast of Sweden, where the buoys
were deployed at similar depth (i.c., 15 m) but covering different sections of the coast.
Deployment locations are Kimpinge and Ystad, and the campaign ran from November
2020 until May 2021 (details are provided in Figure 4.1 and Table 4.1). One campaign
was initiated in Faxe Bay, where the buoys were deployed at 7 and 4 m depth,
respectively, at the site in Faxe Ladeplads. These operated from June 2021 — January
2022 and September 2021 — March 2022. The buoys measure the sea surface elevation
with a frequency of 5.82 Hz and in 23-minute bursts. Bulk wave climate parameters

(H, T,, T, direction (8) are processed and are available every 30 minutes.

The model performance was evaluated by comparing observed and simulated levels and
using statistical measures, i.e., Coefficient of Determination (R’) and Root-Mean-
square-Error (RMSE). In addition, a visual comparison between the simulated and
observed time series was used. The time series comparison between simulated and
observed significant wave height for two locations along the south coast of Sweden, is
presented in Figure 4.2. The same type of comparison was performed for the buoys in
Faxe Ladeplads. The results indicate that the calibrated model can reproduce the
observed response in terms of the timing and magnitude of the peaks in the record.

The model was also verified for additional output parameters, and observed values were
plotted together with the simulated levels in scatterplots for comparison. The results
show good agreement for significant wave height, /, with R* of 0.86 and 0.9 for
Kdmpinge and Ystad, respectively. For the buoys deployed in Faxe Ladeplads, the
corresponding comparison yielded R* of 0.80 and 0.79 for H.. For wave period, 7, and
wave direction (8), the result is acceptable, but slightly lower R? values are obtained as
the data present more scatter (Figure 4.3).

The model with the assigned parameter settings is able to reproduce the wave climate
conditions and yield good performance for both offshore and nearshore conditions.
The regional coverage of the model produces reliable results for hindcast wave
conditions that can be applied in further analysis. By adopting numerical modelling,
the coverage is extrapolated from in-situ measurements from individual wave buoys in
some points to a model with regional coverage and with detailed temporal (3 h) and
spatial (200 m) in the nearshore coastal areas.
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Figure 4.2: Time series comparison between simulated and observed significant wave height for stations

Kampinge (a) and Ystad (b).
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Figure 4.3: Validation result showing the model performance for parameters Hs, T, and direction (6) for the
two stations Kampinge (a-c) and Ystad (d-e).
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4.2 Wave climate variability

The wave climate display large spatial variability of local wave conditions within in the
study area (Figure 4.4). Wave time series data was extracted at approximately 10 m
depth, from the wave model covering the period 1959-2023. The western parts
(locations a and b) are more sheltered and shallower while the eastern parts (locations
c and d) are more exposed to larger waves from longer fetch lengths.
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¢Wave data point A
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10 25"\ S0 km _
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Figure 4.4: Wave conditions in the study area illustrated in wave roses generated based on data extracted
from the hindcast wave model, at 10 m depth in four locations (a-d). Data from tide gauges (magenta-
coloured circles) are available from Danish Meteorological Institute (DMI) and Swedish Hydrological and
Meteorological Institute (SMHI), respectively.
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Based on the hindcast wave time series produced in Paper I, an analysis was conducted
to investigate the intra- and inter-annual variability in the wave climate. Storm wave
conditions are more frequent in the winter months, so for the analysis, the year is
divided from July to June. This division is used to assess inter-annual variability, where
wave conditions are expressed as cumulated annual wave energy. Figure 4.5a shows the
annual cumulated wave energy with respect to direction for the Arkona Basin.

The analysis found that the magnitude and direction of annual cumulated wave energy
correlate with the NAO DJFM index. A positive NAO phase coincides with dominant
westerly winds -the prevailing wind direction in the region- while the negative phase
corresponds to increased easterly winds. This correlation confirms that NAO variability
is reflected in annual wave climate conditions. Additionally, variations in annual
cumulated wave energy show that in some years (e.g., 1960, 1969, 1979, 1996, and
2003), energy from the eastern sector surpasses that from the west (Figure 4.5b).
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Figure 4.5: Directional wave energy distribution (a), and time series of cumulative annual wave energy (b)
for the period 1959-2021, for the Arkona Basin in the southern Baltic Sea. (c) Time series of the NAO DJFM
station-based index (NCAR, 2023).

The plot in Figure 4.5 is generated with data from the Arkona Basin and represents the
general pattern. Regarding the contribution to annual wave energy, waves equal to or
greater than the long-term 50™ percentile /; on average contribute 90% of the total
annual wave energy, and waves equal to or greater than the 90" percentile /; on average
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contribute 42% of the total annual wave energy. Of course, the exact values vary
between individual years, but the numbers illustrate the dynamics of the system. The
contribution of wave energy is dependent on a few energetic events per year. Similar
descriptions have been made to characterize the wave climate conditions in other parts
of the Baltic Sea (Eelsalu et al., 2022).

4.3 Extreme events

For the study area, waves and water levels are typically uncorrelated, as extremes in each
component are driven by different meteorological conditions. Consequently, large
waves and elevated water levels rarely occur simultaneously (Hanson & Larson, 2008;
Kudryavtseva et al., 2020). However, when they do coincide, they create the highest
potential for morphological change and coastal flooding (Bendixen et al., 2013;
Hanson & Larson, 2008; Orvikut et al., 2003).

The scatter plots in Figure 4.6 illustrate the joint occurrences of wave and water level
dynamics at the locations indicated in Figure 4.4: (a) Faxe Bay, (b) Skanér, (c) Ystad,
and (d) Simrishamn. Observed water levels are recorded from tide gauges operated by
DMI and SMHI, while simulated wave conditions come from the hindcast model.
Spatial variability in wave heights, as seen in the wave roses (Figure 4.4), is also evident
in the scatter plots. Locations ¢ and d, which are more exposed, show a higher potential
for larger wave heights compared to a and b. However, additional variability emerges
when sea level is considered. Locations a and d show more tendency to experience large
waves alongside elevated water levels due to their coastline orientation, which allows
onshore waves from the east to contribute to higher water levels.

(a) Faxe Bay/Radvig (b) Skanor-Falsterbo (c) Ystad (d) Simrishamn

Observed sea level (m)

T T T T T T T

2 4 0 2 4 0 2 4 0 2 4
Simulated Hs (m) Simulated Hs (m) Simulated Hs (m) Simulated Hs (m)

Figure 4.6: Scatter plots showing the relationship between waves and water level occurrences at the four
locations a-d indicated in Figure 4.4. (a) Faxe Bay/Radvig, 2012-2023, (b) Skanor/Falsterbo, 1992-2023, (c)
Ystad, 1959-1987; 2014-2023, and (d) Simrishamn, 1982-2023. Observed sea levels are obtained from the
nearest tide gauge to the wave data extraction point. Note that the displayed time period varies between
the locations, and this is depended on the length of observed record from the tide gauges obtained from
DMI and SMHI. Red points correspond to levels during peak of storm Babet on 20-21 October 2023.
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The red points in Figure 4.6 represent the levels during storm Babet in October 2023,
the event that was the focus of Paper II. Babet was a rare event where elevated sea levels
and large waves, driven by strong easterly winds, coincided. The event followed a period
of consistent westerly winds that raised the background sea level in the Baltic Sea. On
18 October, the wind shifted east, intensifying and pushing water to the southwest,
while large waves were generated.

Through Generalized Extreme Value analysis (GEV), the 100-year return levels for H.
were estimated based on the generated hindcast data for the locations a-d (Table 4.2).
These are presented along with the estimated 100-year return levels for water level based
on assessment from SMHI and DMI. The results show an increase in H, towards the
east compared to the west, while the water level shows the opposite. The westernmost
locations (a and b) are more sheltered, but the funnelling effect is more pronounced,
impacting extreme sea levels.

Table 4.2: Extreme values for water level and significant wave height for some location in the study area.

Information about water level return periods is retrieved from DMI (Redvig) and SMHI (Skanér, Ystad and
Simrishamn), while the levels of for wave height are based on the hindcast data from 1959-2023.

Water level (m) Significant wave height (m)
ID Station
100 yr return (GPD) 100 yr return (GEV)
a Rodvig/Faxe 1.64 3.66
b Skanor 1.48 3.93
c Ystad 1.41 4.46
d Simrishamn 1.15 4.90

An additional SWAN model simulation was conducted specifically for the storm surge
Babet. A shorter time period was simulated considering both time-varying wind
conditions and sea surface height (SSH) for the event as input. This simulated time
series was used as input for further simulations of nearshore hydro- and
morphodynamics in XBeach, and the details are presented in Paper V. Comparison
between the initial wave model setup and the version considering water level input is
presented in Figure 4.7 by showing data at two locations, at 38.5 and 6.45 m rel. MSL,
respectively. It illustrates that the nearshore wave conditions possibly are
underestimated if water level input is not considered for the simulation of extreme surge
conditions. However, due to the lack of in-situ observations during the storm surge
Babet, it is not possible to validate the updated simulated time series. For the presented
long-term hindcast data, information about SSH is not applied as input to the model
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simulations. Therefore, it is recommended to be aware of this limitation in the
procedure, and care should be taken when extracting data for nearshore locations,
depending on the intended application of the data.

= SWAN simulation 1: Waves only
== SWAN simulation 2: Waves + surge level

Depth: 38.5 m; SSH: 1.5 m; Difference: 0.07 m Depth: 6.45 m; SSH: 2.0 m; Difference: 0.57 m
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Figure 4.7 Difference in simulated significant wave height during storm Babet when including variable sea
surface height as input. (a) Deep location (38.5 m) in the Arkona Basin and (b) nearshore location (6.45 m)
in Faxe Bay.

It can be possible that the slight discrepancy between observed and simulated #, for the
nearshore stations presented as part of the validation (Figure 4.3 a and d) could be
related to the exclusion of the water level data in the model forcing. However, water
level varies over smaller spatial scales and requires more detailed resolution compared
to wind input hence, there is a trade-off between compurtational time and desire for a
long hindcast simulated time series. However, as discussed in Paper I the observed
discrepancy can also be related to the quality of the ERA5 wind input. It is always
important to validate the hindcast dataset against real observations, but for extreme
events, this can prove difficult if observations are lacking (Bosom & Jiménez, 2011).
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5 Morphological response

Variability in the hydrodynamic conditions drives morphological change. This chapter
examines the morphological response within the study area across various temporal and
spatial scales. The focus is primarily on the local assessment of nourishment
development at the site in Faxe Ladeplads, based on observations. In addition, display
of the regional response and consequences to the road along the south coast of Sweden
caused by storm Babet.

5.1 Inter-annual variability of nourishment development

Field measurements at Faxe Ladeplads were conducted to monitor the nourishment’s
morphological evolution. A total of 21 evenly spaced transects (every 50 m) were
assessed (Figure 5.1). The survey area covered the nourished section between the
harbour mole and terminal groin (P1-P13), and extending 400 m downdrift (P14-
P21). Topographic and bathymetric data were collected using RTK-GNSS covering
the beach and shallow nearshore, while deeper profiles were measured with a single-
beam echo sounder mounted on a zodiac boat. Details of the field campaign are
provided in Paper IV.

Morphological development was analysed across different timescales, including initial
adjustment, long-term changes over three years, and response to storm surge Babet.
Figure 5.2 presents volumetric changes for each transect (P1-P21), covering both the
nourished and downdrift sections. The objective was to study sediment redistribution
after nourishment and assess the protection’s performance over time, particularly
during extreme storm events.
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Figure 5.1: Map showing the study site and the location of the survey transects P1-P21. The nourishment is
placed between the harbour mole and the terminal groin covering transects P1-P13.

The assessment of morphological change over a three year period identified the centre
section as the most vulnerable both in terms of wave impact and for rapid displacement
of sediment along the coastal stretch and transport offshore. The protective beach width
disappeared following both initial profile adjustments and erosion was aggravated by
individual storm events. Dynamic sections do display some potential for self-recovery
during low-energy conditions. However, since there is no natural input of sediment to
the section, neither through erosion of dunes or hinterland since the hard protection
and the infrastructure is limiting sediment input from the hinterland nor from
longshore sediment input from the north as the harbour blocking input in the
dominant direction of the longshore drift.
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Figure 5.2: Subaerial volume changes of beach nourishment over time since implementation in July 2021
and until June 2023. Change given in volume per cross-shore distance (m3/m) and red bars indicate erosion
and blue indicate deposition.

5.2  Storm response

The impact due to the October 2023 storm surge Babet was characterized by wide-
spread erosion and flooding in southern Sweden, and for the Danish and German Baltic
Sea coasts. The storm propagated from the east, and atmospheric and oceanographic
processes converged causing extreme surge in the southern Baltic Sea basin. Thereby,
the event marked a rare occurrence where high waves and extreme surge levels coincided

(Figure 4.6).
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Paper IV showcase the storm response at the nourished site in Faxe Ladeplads, which
was generally characterized by erosion of the subaerial beach, scouring at the tow of the
revetment and material deposited in a storm bar, formed at the lower beach during high
water level. The post-storm configuration displayed alongshore variability in the extent
and dimensions of the deposition feature, Figure 5.3.
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Figure 5.3: (a) Drone image to show an overview of the protection at the site after impacted by storm Babet
(Photo: Gregor Luetzenburg, 23 October 2023), water level was +30 ¢cm MSL. (b) Post-storm DEM, black
dashed line corresponds to +30 cm MSL and thereby highlight the emerged areas shown in (a).

The varying response is illustrated as pre- and post-storm conditions from survey
transects presented in Figure 5.4. The least reduction in beach elevation was observed
at transects closest to the harbour mole, e.g., beach width for transect P1 increased by
13.5 m due to sediment accretion (Figure 5.4a). The centre section, illustrated in
transects P7 and P9 (Figure 5.4b and ¢), displays scouring at the toe of the revetment,
forming a trench approximately 10 m wide and scour depth of about -0.6 m rel. MSL.
The elevation of the bar gradually decreases towards the south and becomes completely
washed out at transect P11 (Figure 5.4d). Potentially due to a return current or strong

undertow currents over a large area during high water level.
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Figure 5.4: Pre- and post-storm conditions to illustrate the morphological response to the storm for transects
P1(a), P7 (b), P9 (c) and P11 (d).

5.3 Storm response to coastal roads in Sweden

The documented damages and assessment of response strategies in relation to storm
Babet in Sweden are presented in Paper II. In Sweden, the coastlines that were
impacted by the event were the south and east coasts of Scania. The combination of
high water levels and large waves caused significant changes to the coastal landscape,
for example, extensive dune and cliff erosion. Documented damages concern damages
to private properties, buildings, beach houses, harbours, and roads. In many places
along the coast in Scania, roads or bike paths are the most seaward infrastructure.
During Babet, a lot of this infrastructure got damaged, there were cases of both state,
municipal, and privately owned roads that got damaged to varying degrees and by
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different processes. The map in Figure 5.5 shows the locations where road damages
have been documented (a total of 10 incidents), along with some images to illustrate
the impact. Location A is a private road that got destroyed but has since been repaired
and constructed in the same location. Locations B and D correspond to locations of
state-owned roads that were impacted and undermined due to the large surge levels and
wave runup. As shown in the image of location D, emergency repairs were already well
underway just the day after the peak of the storm; the photo was taken at noon on the
21* of October 2023. The road and protection at location B have also been repaired.
Location C is a state-owned road that got overwashed by sand deposits, which did not
damage the road but rather compromised its accessibility.

In many places, the protective volume between the shoreline and the road got eroded
in the event, but not to the degree that the road suffered impact. The morphological
changes in response to the storm have been assessed in Paper II and comprise
difference-DEM analysis between a post-storm lidar scan (Dec-2023) and the most
recent national DEM (2019). The confidence in the quantified volume changes is low
since there are only two datasets, and thereby, the temporal frequency is low.
Consequently, it is difficult to quantify volume changes that are only attributed to the
specific event. However, Babet was very extreme and the recorded data can be used in
combination with long-term change trends derived from shoreline position change to
help interpret the general patterns of erosion and deposition.

Simrishamn

Trelleborg

Phota: Gunnar Oturlund

Figure 5.5: Documented damages to roads caused by storm Babet in October 2023. (A) Beddingestrand -
Private owned road damaged by storm erosion, photo: Sweco. (B) Kaseberga - State owned road undermined
due to storm erosion following wave runup on the structure, photo: Bradley Goodfellow. (C) Kivik — road
impacted by flooding and overwash, photo: Gunnar Osterlund. (D) State owned road between Kivik and
Vitemélla damaged through storm erosion, photo: Carola Wingren.
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6 Regional exposure analysis

To analyse the probability of risks for coastal flooding and erosion that can impact
coastal roads at regional scale, a framework was developed. The content presented in
Section 5.3 illustrates potential damages and impacts to coastal roads documented in
the study area caused by storm Babet. They highlight a few of the acting processes as
declared in the background section and motivate the structure of the modelling
framework to include relevant processes, considering both hydrodynamics and
morphology. The use of the framework is demonstrated by applying it to the main
coastal road along the south coast of Sweden.

6.1 Description of the framework

Paper III presents the framework RoadRAT which is designed to calculate the
probability of a road segment to be impacted by inundation, wave runup, and erosion,
and is intended as a screening tool to identify vulnerable road segments. It is set up to
use readily available data, like time series of waves and water level and geographical data
sourced from aerial or satellite images. The methodology can treat large extents of roads
(>100 km) where frequency of computations nodes can be placed with a desired
density. In each node along the road segment, the probability of impact of inundation
and wave runup is computed by fitting a Generalized Extreme Value distribution
(GEV) to relevant data. To estimate annual storm erosion, simulated data is fitted to
the distribution proposed by Hallermeier & Rhodes (1988). The model structure is
presented in Figure 6.1, and shows the various modules that compose the model, which
include hydrodynamics (inundation and wave runup) and morphology (long-term
coastal evolution and storm erosion). The tool can assess the impact in today’s
conditions and future conditions by accounting for the SLR.
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RoadRAT — model structure
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Figure 6.1: RoadRAT model structure showing the content of the different modules including a summary of
the required input data. Right panel shows and example of the output.

For the investigation of inundation, the GEV distribution is fitted to the yearly maxima
from observed water level time series. The probability of inundation is defined as the
probability of the still water line (SWL) to be greater than the road elevation. For the
specific case study along the south coast of Sweden, the water level data is available
from SMHI tide gauges located within the study area.

Calculations of runup are done according to the Stockdon equations (Stockdon et al.,
2006). Together with the SWL and the computed runup level, these are added to get
the total water level (T'WL). Then the GEV distribution is fitted to the yearly maxima
of TWL and the probability of the road being impacted by wave runup if the maximum
elevation of the road or the highest point between the road and the coastline is
exceeded.

Long-term erosion is estimated to account for future coastal change in the assessment
of future risks in the framework. The long-term coastal evolution trends are derived
from aerial images and thereby assumes that historical trends in coastal evolution will
continue in the future. The historical coastal evolution then represents the background
erosion, and to account for coastal change in response to SLR, the tool makes the
assessment based on the Bruun Rule concept (Bruun, 1954, 1962). Storm erosion
estimation is based on the Larson impact formula (Larson et al., 2004), and the eroded
volume is related to the protective volume available between the shoreline and the road
segment.
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6.2 Application on the south coast of Sweden

RoadRAT was used to analyse the probability of impact on the main coastal road along
the south coast of Sweden, which includes Riksvig 9 from Trelleborg to Ystad and some
minor municipal roads. The analysis is focused on investigating the impact on the roads

by inundation, wave runup, and erosion.

6.2.1 Present-day conditions

The results indicate that the probability for all impacts, inundation, wave runup, and
storm erosion are low when present-day conditions are considered. The problems are
concentrated to some local “hotspots” identified by the model. The resulting output
from the RoadRAT analysis is exemplified in Figure 6.2. Sections of the road where
there is existing coastal protection are excluded from the model, and probability is not
computed for these stretches. The framework is designed to identify previously
unknown risk areas, based on the assumption that protected areas have already been
recognized as in need of management. For the south coast of Sweden, the sections that
may experience problems in present conditions amount to between 0-500 meters and
for return periods typically >50 years for both inundation, wave runup, and storm
erosion. The identified hotspots correspond to areas where there are known problems
today, and the impacts observed for storm Babet and other events with extreme water
levels (like the event in 2017) are a way to validate the model results.
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Figure 6.2: Example output from the screening analysis in RoadRAT for today’s condition (top) and in 2150
with emission scenario SSP5-8.5 considered for projected SLR (bottom).

6.2.2 Future conditions

Analysis of the development of the risks in future conditions considers various
projections for SLR. It should be noted that the framework does not consider increased
storminess as a potential impact of climate change. The risks are assessed for future
conditions, considering SLR projections according to the SSP5-8.5 emission scenario,
and in years 2050, 2100, and 2150; the results are presented in Figure 6.3. The results
indicate that the risks of the road stretch being subject to inundation, wave runup, and
storm erosion are increased, and the total length of the impacted stretch of the road
increase to several kilometres, see Figure 6.3. The most striking result is the risk of
storm erosion. By the end of the century, shoreline retreat at many locations along the
main coastal road of Sweden’s south coast could result in the future shoreline extending
landward from the road’s present-day position. These results indicate that adaptation
measures will have to be implemented to protect the road to ensure continued use and
service of the function in the future.
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Figure 6.3: Result showing the development of total road stretches (in km) impacted by coastal processes,
inundation, wave runup and storm erosion, over time. Future assessment is considering SLR and long-term
coastal evolution.

When risk areas are identified by the RoadRAT framework, the result can be used to
motivate local assessment and possibly design and implement coastal protection
solutions. More complex models could be applied to analyse the site-specific conditions
where more detailed assessments of local impacts can be conducted, such as detailed
process-based models like XBeach. The probability of risk is just one part of the risk
assessment, and additional analysis should focus on assessing the potential cascading
effects or consequences of the road being temporally or frequently out of use. This
should also guide or motivate the design and objectives for intended adaptation
solutions.

43






7 Mitigation through coastal
protection

The option to adapt coastal road infrastructure to mitigate the risks of flooding and
erosion through coastal protection solutions is investigated in a case study in Denmark.
The protection at the site constitutes a combination of a rock revetment and beach
nourishment implemented to reduce wave overtopping on the adjacent coastal road.

7.1  Numerical modelling of hybrid coastal protection

If a road stretch is identified as a potential hotspot in the RoadRAT analysis presented
in Section 6, a detailed assessment of the local conditions at the site may be needed.
Such assessment relies on the use of more complex models and access to monitoring
data. This approach is demonstrated through the presented case study at the site in Faxe
Ladeplads, where nearshore hydrodynamics and local morphological response were
simulated in XBeach 2DH Surfbeat (Paper V). The hydrodynamic conditions at the
site are similar to the conditions along the south coast of Sweden. Therefore, the
protection solution at Faxe Ladeplads can be a possible and suitable measure to be
implemented at other sites to mitigate impacts of coastal hazards.

To resolve the nearshore hydrodynamics and morphological response at the site, a
model was set up in XBeach Surfbeat 2DH, and the simulations focused on replicating
the response observed due to storm Babet. XBeach (Roelvink et al., 2009) is an open-
source processed-based model that solves equations for wave propagation, flow,
sediment transport, and bed level changes. The model was initially developed for the
purpose of simulating nearshore morphological changes during storms, and since then
the model has been widely used by researchers and practitioners in the coastal

community and for a range of applications globally.

The hard structures at the site are represented as non-erodible layers in the model. The
post-storm observations described in Section 5.2 were used to calibrate the model with
regard to morphological output. Erosion- and deposition patterns are illustrated as
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difference in bed level between the first and last timesteps in the simulations. The results
are presented as 2D difference maps in Figure 7.1, where blue corresponds to
deposition and red is erosion. The 2D variable erosion- and deposition patterns are
reasonably well represented using calibrated model settings (Figure 7.1). However, the
magnitude of morphological change is underestimated in the model, and the post-
storm layout presents a more longshore uniform appearance compared to the observed
(Figure 7.1 a and b). Particularly, the scour depth at the toe of the revetment is not
replicated in the model simulation, which results in the erosion being underestimated
by about 0.5 m in the vertical.

An additional simulation was conducted where the non-erodible layer was disabled,
thereby eliminating the hard structures at the site. This gives a more longshore uniform
and more pronounced deposition pattern, suggesting that the hard revetment back
barrier and the confinement between the harbour mole and the terminal groin
influence the resulting response. In addition, when disabling the hard features, the road
and part of the hinterland completely erode, indicated by a landward retreat of the
system of approximately 40 m. This shows that some coastal protection is needed at
the site to mitigate potential negative erosion impacts on the road structure.

(a) Obs. post storm (b) XBeach post storm (c) Obs. difference (d) Calibrated settings (€) Without hard structures.
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Figure 7.1: Observed response (a, ¢) and XBeach simulated (b, d, e) results of morphological change at the
nourished site in response to storm surge Babet.

7.2 Small-scale beach nourishment design
The calibrated XBeach model setup was used at the site in Faxe Ladeplads to investigate

alternative beach nourishment designs and evaluate the effectiveness in reducing the
impact of coastal processes on the road. The input bed levels were modified to create
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six different design cases, representing initial beach widths of 5, 10, 20, 30, 40, and 50
m. Beach width is defined as the cross-shore distance from the toe of the revetment
until the 0-m depth contour. Then, the same time series input corresponding to
conditions during storm Babet was used in the simulation to assess and compare the
effect of nourishment beach width on reducing wave impact. Wave impact was
investigated in terms of wave height at the toe of the structure and overtopping
discharges. Figure 7.2 a and b show the maximum H, at the revetment’s toe and the
maximum overtopping discharge as a function of initial beach width. Figure 7.2c shows
the maximum H,, at the toe of the revetment for the 13 transects (P1-P13) spaced
every 50 m along the protection. The results indicate that a wider initial beach width
of the nourishment reduces wave heights at the toe of the revetment and, hence,
effectively decreases overtopping. Although, at the cost of larger downstream losses
during the event with larger added nourishment volumes.

The results demonstrate that the effect of the added nourishment in front of the rock
revetment is twofold. A wider protective beach can reduce wave impact on the
revetment and coastal road by increasing wave dissipation over the nourished profile
while also helping to maintain a higher beach elevation at the toe of the structure.
However, the effectiveness does not only rely on the dimensions of the soft part of the
protection but also the crest height of the revetment. The southernmost transects have
alower crest height compared to the rest of the protection and, thus, a smaller freeboard
(difference between SWL and crest height), which influences overtopping.
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Figure 7.2: Panels (a) and (b) show the distribution of maximum Hme and overtopping discharge, respectively,
as a function of initial beach width. The orange line represents the median, the boxes indicate the
interquartile range, error bars show the spread in the data and circles represent outliers. Panel (c) display the
spatial variation of Hnoindicated for each of the design cases bw5-bw50.

The results from the XBeach modelling in combination with the observed response of
the nourishment over time, highlight specific vulnerable sections along the protection
under the impact of varying conditions. For example, the centre section is most
susceptible to rapid redistribution of the sediment from the subaerial beach to the

47



nearshore and adjacent areas. At the same time, the southern end is more vulnerable to
overtopping and inundation due to the lower crest height of the revetment. The results
can help the management of the protection at the site but also highlight some
complexities and valuable information to keep in mind when designing hybrid coastal
protection that can be exposed to a range of forcing conditions.

The solution at Faxe Ladeplads illustrates how a combination of approaches within the
same design can be applied to meet different objectives or achieve different functions.
The soft solution can provide more recreational and aesthetic value and offer a smooth
transition between land and water, while the resistant revetment is there as the final
line of defence to protect against flooding and erosion during extreme events.
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8 Discussion and outlook

The following chapter presents a general discussion and outlook in relation to the work
presented in the thesis. Aspects related to the presented content — forcing, response,
exposure and mitigation — are discussed and the impact of climate change is explicitly

addressed.

8.1 Forcing

This research presents a comprehensive regional dataset (sub-basin scale) with decadal
wave hindcast conditions validated for both offshore and nearshore performance.
Previous hindcast modelling efforts at basin scale in the Baltic Sea generally show good
agreement with observations, and state-of-the-art models typically have a spatial
resolution of 1-3 nautical miles (e.g., Bjorkqvist etal., 2018; Soomere, 2023). However,
nearshore dynamics remain a challenge. With the current research, the coverage and
quality of detailed nearshore wave conditions for the south coast of Sweden and parts
of Zealand’s coast have been presented and validated against new wave buoy
observations and show good agreement. Future research should focus on assessing the
impact of extreme sea levels on model performance in the nearshore, where the model
has not explicitly been validated for storm surge conditions. This is expected to have
the most influence on shallow nearshore regions and coastal areas with N-S orientation
and are thereby more likely to be exposed to events where elevated water levels coincide
with large onshore waves.

The Baltic Sea seasonal wave climate is driven by the wind climate, with larger
significant wave heights in the winter period. Wind climate variability driven by large
scale atmospheric circulation also influence inter-annual variability in the wave climate.
The results presented in this thesis (Paper I) for the southern Baltic Sea specifically
shows this through the established correlation between annual cumulated wave energy
and the NAO DJFM station-based index. The relationship implies sensitivity in the

inter-annual wave climate conditions to changes in the wind field.
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Baltic Sea regional climate is strongly dependent on large-scale atmospheric circulation.
Hence, in the assessment of future climate conditions, it is important to consider
changes in circulation that are potentially driven by global warming (Kjellstrom et al.,
2018). Yeg, it is uncertain how large-scale atmospheric circulation will respond to
climate change (Deser et al., 2017; Rutgersson et al., 2022). Although, it is likely that
the NAO index will continue to display similar variability in the future as it has in the
past. According to Knudsen et al. (2011), it is likely that the NAO will become slightly
more positive in the future due to global warming (Knudsen et al., 2011), which
increases the possibility of extreme waves in the Baltic Sea (Mentaschi et al., 2017). In
addition, other environmental conditions associated with the positive phase of the
NAO in winter include increased basin filling due to periods of stronger and more
frequent westerly winds, more precipitation, milder temperatures, and hence less sea
ice extent (Wolski & Wisniewski, 2023). These factors have the potential to contribute
to an increase in extreme sea levels in the basin (Wolski & Wisniewski, 2023) and

potentially increase in mean and extreme significant wave heights, particularly in the
north (Bonaduce et al., 2019).

Projections for future wave conditions in the Baltic Sea are inconclusive as there is a lot
of uncertainty in projected wind speeds and direction (Meier et al., 2022). Groll et al.
(2017) estimated an increase of as much as 15% in median significant wave height in
the Baltic Sea associated with increased wind speeds and dominance of westerly winds.
Bonaduce et al. (2019), on the other hand, projected a decrease in future mean
significant wave height in the southern Baltic Sea and an increase in the northern part
of the basin related to diminishing sea ice extent. Future changes in the wave field in
the Baltic Sea will also arise from slight changes in the wind direction. This is because
fetch lengths vary with direction in relation to the geometry of the basin (Meier et al.,
2022) and thereby can give large spatial variability in extreme significant wave heights
across the basin.

Regarding the future development of storm surges in the southwestern Baltic Sea,
Griwe & Burchard (2012) concluded that an increase in mean sea level has a larger
influence on future surge levels compared to an increase in wind speed. However,
historic storm surges are known to have been caused by different factors converging
and generating unprecedented extremes. In a series of simulations, Andrée et al. (2023)
show the role of preconditioning for extreme storm surges in the western Baltic Sea.
The authors investigated the effect of alternative preconditioning of the 1872 storm
surge. They considered varying levels of infilling and wind speed extremes based on
levels derived from conditions of the known similar events, namely the 1904 storm
surge and the 2017 “silent storm”. The results showed, for example, an increase of 36
cm in peak water level at Koge close to Copenhagen and thereby showcase how
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variability may exaggerate the extreme levels. These types of compound events are
difficult to project for future conditions. It is therefore suggested that future work
should focus on assessing the potential in contribution of compound events in relation
to projected SLR for the Baltic Sea, as it can be an important aspect in future evolution
of natural hazards.

8.2 Response

The highly intermittent wave climate in the Baltic Sea impacts the morphological
evolution of the coastlines, which is characterised by extended periods of limited change
(stable conditions) and a lot of potential for erosion during storms. This variability was,
for example, observed at the site in Faxe Ladeplads (Paper IV), where it was found to
impact the development of the nourishment. Generally, limited change and limited
possibility for accretion features to develop in low energy periods followed by
significant sediment redistribution in high energy events.

The potential implication for the coastal evolution and sediment transport patterns
along the south coast of Sweden, in relation to the varying wind-wave patterns in the
Arkona Basin, is briefly discussed in Paper I but not explicitly analysed. Future research
should focus on investigating how the coast responds to the variability exhibited by the
NAO index. Previous studies have been able to correlate long-term shoreline change in
e.g., Poland, France, and the UK, to the NAO index (Masselink et al., 2023; Robinet
et al., 2016; Rozyriski & Szmytkiewicz, 2012; Thomas et al., 2010). In addition, the
complex layout of the Baltic Sea and varying shoreline orientations make alongshore
transport at certain sections sensitive to the incident wave angle and thereby be sensitive
to even slight changes in wind direction (Viska & Soomere, 2013). Soomere et al.
(2017) found that a 10° shift in wind direction could generate a complete shift in the
longshore sediment transport patterns at sites in Latvia and Lithuania. Understanding
such vulnerabilities conceptually and in relation to future plausible wind projections
will be key for predicting future coastal change.

In addition, the complex geometry of the basin and varying shoreline orientations can
give that storm waves approach the coast at relatively large angles then resulting in large
alongshore transport during storms. Characteristics of Baltic Sea storm surges impact
the coastal erosion along the coast. Future research should also focus on the joint impact
of high waves and elevated water levels in the basin and the effect on sediment transport.
Storm surges in the Baltic Sea are characterised by relatively long duration; in the
absence of tides, there is no process that can ease the peak storm levels. This typically
increases the time of contact erosion of, for example, dune toes or cliff faces (Rézyriski,
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2023). These principles are relevant to analyse further with the aim to quantify
potential impacts on sediment budgets and to design coastal protection works.

There is a large knowledge gap related to sediment transport dynamics, and a
comprehensive sediment budget for the Baltic Sea shores does not exist (Harff et al.,
2017). Due to the prevailing westerly wind conditions over the Baltic Sea region,
counterclockwise alongshore transport dominates the southern Baltic Sea. Secondary
transport modes, under easterly and northerly conditions, are less well understood
(Weisse et al., 2021). There are also knowledge gaps in understanding sediment
dynamics at national scales. A comprehensive sediment budget for the Swedish and
Danish Baltic Sea coastlines is yet not available. Therefore, it has not been quantified
how much sediment is derived from eroding cliffs during storms, as was observed
during Babet (Paper II). Cliff retreat has been identified as a major sediment source for
the nearby German Baltic Sea shores (Averes et al., 2021). Storms in the Baltic Sea
cause severe coastal erosion, but the contribution to the sediment budget from eroding
sandy dunes and soft glacial cliffs has not been quantified, although large potential.
Future research should focus on assessing how important storm surges are for
mobilising sediment and making it available in the system.

8.3 Exposure

In the presented research, the exposure assessment framework RoadRAT (Paper III) is
designed as a bottom-up approach where the road is defined as the main asset to
evaluate, and thereby, the geographical and functional extent of the road limits the
scope. Other regional risk assessment approaches that RoadRAT shares similarities with
(Bosom & Jiménez, 2011; Christie et al., 2018; Jiménez et al., 2018) focus on risk
assessment in a broader sense and exposure is rather assessed per coastal section, which
allows consideration of more assets or functions within the coastal zone. RoadRAT is
different as it does not use prescribed probabilities or scenarios for specific processes to
identify vulnerabilities. The framework assigns the road as a starting point and explores
probabilities of the impact of multiple coastal processes. The idea with the tool is that
concentrating the analysis to focus on the road extent can reduce the complexity and
allow for the detailed discretisation of the road segment and apply a wider range of
processes and SLR scenarios. The purpose of the tool is to provide support for transport
managers in their planning process and potentially facilitate stepwise adaptation by
considering different timescales.

The results of the case study along the south coast of Sweden showed the risk of the
road being completely eroded in some sections by 2150, thereby making coastal erosion
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the main threat to the asset in the future. This assessment is crude due to the
simplifications assumed in the Bruun rule that have been widely criticized (Cooper et
al., 2020; Cooper & Pilkey, 2004; Le Cozannet et al., 2016). However, although the
exact quantification may be uncertain, the results and spatial patterns can provide some
indication of the system vulnerability. Prediction of future coastline changes in relation
to SLR is a challenge for sandy coastal systems globally, and the Baltic Sea is no
exception (Jiménez et al., 2024; Luijendijk et al., 2018). In the case the main road along
the south coast of Sweden erodes completely by 2150, it inevitably implies larger
impacts for society and the environment than just the negative impact for the coastal
roads, such as risk for private properties, decreased flood safety, loss of nature and
recreation values etcetera.

The framework considered SLR projections for assessment of future development of
the probability of impact and does not consider impacts of increased storminess or
changes in wave climate. As discussed, projections for changes in future wave climate
and storm surges in the Baltic Sea are inconclusive, but due to the system’s sensitivity,
it will respond to any changes. The analysis in RoadRAT is based on hindcast wave
data, historic tide gauge records, and historic trends in long-term coastal evolution,
which then all assume that the trends and levels observed in the past will continue in
the future. The system is likely to exhibit the same type of variability, but mean and
extreme levels are difficult to accurately project and account for. Further research
should focus on simulating artificial changes in wave conditions and extremes to get a
more comprehensive view of possible boundary conditions in the future.

8.4 Mitigation

The future development of coastal hazards is dependent on the increase in the
magnitude of acting forces, like SLR and storms. However, it is equally important to
consider the development of future risks following infrastructure development in the
coastal zone. Rutgersson et al. (2022) state that Baltic Sea cities are likely responsible
for the future development of coastal flood risks due to the high concentration of
people, infrastructure, and valuable assets. If this development continues in the future
and is not managed properly, it will be a significant driver for the increase in coastal
flood risks. The presented findings and other literature suggest that an increase in future
coastal protection is needed to reduce the impacts of coastal processes on coastal roads
and increase resilience (Hinkel et al., 2014; Koks et al., 2019; Pal et al., 2023;
Pregnolato & Dawson, 2018).
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Coastal protection measures can have unintended negative impacts, and human
activities in the coastal zone have become a significant driver for coastal change (Weisse
et al.,, 2021). Hard coastal protection structures, such as seawalls and revetments,
restrict sediment input, exacerbating erosion by disrupting natural sediment transport
pathways (Dean, 1986; Nawarat et al., 2024a). In addition to storms, coastal
engineering structures are a significant driver for coastal change in the Baltic Sea
(Weisse et al., 2021). There are cases of increased private initiatives and implementation
of hard coastal protection following storm impact at least in Sweden (Hallin et al.,
2024; Norrman et al., 1981). The effect on sediment budgets from armouring the
coastline and anthropogenic influence on the sediment system is overlooked. To
improve knowledge of the sediment budget in the Baltic Sea, research should focus on
quantifying the anthropogenic impacts of coastal management solutions and their role
in altering sediment dynamics and driving coastal change. For vulnerable sections,
research should investigate how management strategies can focus on restoring sediment
budgets in a way that uses resources effectively, perhaps through sediment bypass.

Hybrid solutions could be a good alternative for mitigation as the design combines
benefits from both hard and soft solutions (Sutton-Grier et al., 2015). The soft design
element can serve as compensation for the potential negative impacts of the sediment
budget following hard coastal protection solutions. Hybrid solutions may be a good
alternative particularly in urban areas and for coastal roads as there is often limited space
for implementation of adaptation solutions. Hybrid solutions may prove beneficial as
they require less spatial footprint than if only a soft solution would be implemented
(Schuerch et al., 2022). The soft design provides reinforcement for existing protection
works, as demonstrated by the protection at the site in Faxe Ladeplads (Papers IV and
V). In addition, hybrid solutions can support a variety of positive benefits, like assuring
beach accessibility and may facilitate stepwise adaptation to sea level rise.

The maintenance of hybrid solutions differs from that of traditional hard structures.
While offering potential cost savings in repairs, these systems demand more frequent
maintenance, monitoring, and safety assessments to address seasonal variations and
operational limits. A deeper understanding of their long-term performance is essential
to maximise their protective benefits. Further research should focus on case studies,
physical modelling, and detailed monitoring to develop robust design guidelines and
enhance our understanding of the interactions between hard and soft elements,
particularly during storm events. These efforts can prove very valuable in improving
the effectiveness and reliability of hybrid coastal defences and their potential as coastal
management strategies in a changing climate.
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9 Conclusions

The work compiled in this thesis presents a methodology to study the impact of
flooding and erosion on coastal roads. The geographical scope of the work has been
limited to the southern Baltic Sea and, more specifically, to the south coast of Sweden
and the east coast of Denmark, where case studies have been conducted. The conditions
in the semi-enclosed Baltic Sea differ from conditions along the open coasts. Thereby,
the findings are considered important to improve the knowledge of these types of
coastlines that are characterised by episodic wave conditions and low sediment input to
the coastal systems. The presented findings can be transferable to systems with similar
conditions as the Baltic Sea, such as e.g. other marginal seas, sheltered coastal
environments like estuaries and bays, or even large lakes. The results have particularly
contributed to the field of risk assessment and beach nourishment development for
these types of coastal landscapes. Thereby, the presented findings contributed to
fulfilling the overall aim of the thesis. By presenting a methodology for the investigation
of coastal-related risks that can impact coastal roads and presenting alternatives for
management solutions to adapt the infrastructure to limit the negative impacts of
coastal processes.

The work resulted in the presentation of a detailed high-resolution dataset of decadal
hindcast wave data for the southern Baltic Sea, as outlined in objective (i). The dataset
constitutes a multi-scale wave modelling approach where one set of calibration settings
gives satisfactory performance for both offshore and nearshore conditions when
compared to observations. The long, validated time series offer robust data for wave
statistics and data that can be used both in risk assessment and design of coastal
infrastructure. The dataset covers the period from 1959-2023 and enables analysis of
the variability in the wave climate across temporal and spatial scales. The analysis of
inter-annual variability showed that the direction and magnitude of cumulated annual
wave energy are correlated to the NAO DJFM index.

The characteristic episodic wave climate in the Baltic Sea dictates the morphological
evolution of the coastal systems. The morphological evolution of a small-scale beach
nourishment was assessed at varying temporal scales and under varying hydrodynamic
impact in accordance with objective (ii). The results show that the redistribution of
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sediment is largely event-driven where the combined effects of waves and water levels
have the potential to activate a larger part of the nourished profile. In addition, the
protruding hard structures and layout of the coastal stretch contributed to more
sediment redistribution from the central section toward the sides. Consequently, the
centre section is more exposed and vulnerable to wave action and narrowing of the
beach in front of the revetment.

Objective (iii) was addressed through the development of the RoadRAT framework,
which was designed to assess the exposure of coastal roads to flooding and erosion. The
framework constitutes an efficient screening tool that can treat both hydrodynamic and
morphological processes and assess future development by considering SLR. The
analysis can be set up to investigate exposure at regional scales (spatial scales >100 km)
but still outputs detailed results (100 m) to identify specific hotspots through
discretization or the road segment. The case study of the southern Swedish coast
combines results from the RoadRAT analysis and the observed impacts on the
infrastructure caused by storm Babet. The findings highlight risks for infrastructure
both in today’s conditions and in the future under SLR. For future scenarios, coastal
erosion is identified as the most destructive hazard that can impact long stretches of the
main coastal road along the south coast of Sweden. Thereby, there will be an increased
need for mitigation of coastal hazards in the next 130 years to limit negative impacts to
the transport system.

Lastly, the work related to objective (iv) focused on evaluating the potential of small-
scale beach nourishment for the protection of coastal roads in an approach to mitigate
the risks through decreased exposure to coastal processes on the road infrastructure.
The investigated site constitutes a solution that is a combination of a rock revetment
and a beach nourishment in a hybrid solution that combines the design of both hard
and soft elements. The design can be a beneficial option for mitigating impacts by
coastal processes on coastal roads, and the nourished beach contributes to reducing the
wave impact on the revetment and the road. However, the extreme surge levels during
Babet were very high in relation to the crest height of the hard structure, where some
sections where the hybrid solution did not provide sufficient protection.
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