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Abstract

The globally accelerating sea-level rise poses a problem in coastal areas
through, e.g., the erosion of sandy beaches. Due to this, buildings,
infrastructure, and other values can be lost, making the future shoreline
position important to project in coastal management. One location with
historical erosion problems is Ystad municipality in southern Sweden, where
the erosive problems are probable to worsen with accelerated SLR. To quantify
these problems, calculation methods for projecting the future shoreline change
are of high importance, and a commonly used method is the Bruun Rule. The
Bruun Rule estimates the shoreline recession due to changes in forcing
conditions during sea-level rise. However, the method is coupled with
restrictive assumptions and has been widely criticised. Due to this, several
modifications of the Bruun Rule exist in the literature, but no other has seen
global application in coastal management. In this thesis, Bruun Rule-based
methods are identified, developed, and then qualitatively compared to the
Bruun Rule to evaluate the effects of alternative calculation methods in Ystad
municipality.

First, to detect coastal processes affecting the studied coastline and calculation
methods corresponding well to the conditions in Ystad municipality, a
literature study was performed. To compare the methods, four beach profiles
in areas with different states of historical erosion were chosen for application,
and data was compiled. Finally, the future shoreline changes for the beach
profiles in 2150 were estimated by each method, and the results qualitatively
compared. In addition, a simplified Monte Carlo analysis was performed to
visualise the data uncertainties.

What could be concluded from the comparison was that including the effect
of the background erosion/accretion, assumed to be constant over the studied
period, in some profiles overshadowed the effect from the SLR-induced erosion
by the Bruun Rule. Modifying the Bruun Rule to include the dune system,
assumed not to migrate inland, gave lower recession with the given dune
dimensions, but still in the same order of magnitude as the Bruun Rule.
Furthermore, the low availability of sand along the coastline of Ystad
municipality resulted in the conclusion that the Bruun Rule is not applicable
on the majority of the coastline. The results from the Monte Carlo simulation



showed that the large uncertainties in data resulted in probability intervals of
up to 90 m for the projected shoreline change using the Bruun Rule.

Thus, when calculating shoreline change in Ystad municipality, methods
applicable on non-sandy beaches are needed, in addition to the Bruun Rule,
better access to detailed data is essential, and the underlying erosion is an
important factor to consider for coastal management purposes.
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Sammanfattning

Den globalt accelererande havsnivahéjningen utgér ett hot mot kustnéra
omraden genom bl.a. erosion av strinder. Pa grund av detta kan byggnader,
infrastruktur och andra vérden forloras, saledes &r strandlinjens framtida
position en viktig komponent att approximera inom kustforvaltning. Ett
omrade med historiska erosionsproblem ar Ystad kommun i sédra Sverige, dar
problemen &ven forvintas forvérras med den accelererande havsnivahgjningen.
For att kunna kvantifiera problemen &r det viktigt med berdkningsmetoder
som kan uppskatta den framtida strandlinjeférandringen, och vanligen
anvinds metoden Bruuns lag. Bruuns lag estimerar strandlinjens
tillbakadragning till f61jd av en férédndrad jamvikt mellan krafterna i kustzonen,
som orsakas av havsnivahojningen. Dock &r modellen férknippad med
restriktiva antaganden och har darmed blivit vida kritiserad. Darfor finns det
idag flera utvecklingar av Bruuns lag i litteraturen, men ingen annan
berdkningsmetod har inkorporerats i praxisen for kustférvaltning pa en global
skala. I detta exjobb identifieras och utvecklas Bruuns lag-baserade modeller
och jamfors sedan kvalitativt mot Bruuns lag for att utvérdera effekten av
alternativa berdkningsmetoder i Ystad kommun.

For att kartlagga kustprocesser som paverkar den studerade kuststrackan, och
berdkningsmetoder som korresponderar med forhéllandena i Ystad kommun,
utfordes en litteraturstudie. For att kunna jamfora metoderna valdes fyra
strandprofiler ut i omraden med olika erosionshistorik for applicering, och
dérefter sammanstilldes data. Till slut estimerades den framtida
strandlinjeféréndringen for 2150 for de fyra profilerna med hjilp av varje
metod, och resultaten jamfordes darefter kvalitativt. Dessutom utfordes en
simplifierad Monte Carlo analys for att visualisera osédkerheter i data.

Det som kunde konstateras fran jamforelsen var att inkluderandet av effekten
fran bakgrundserosionen/-ackumulationen, antaget att den fortsatte konstant
over hela den studerade tidsperioden, Overskuggade effekten fran
havsnivah6jningen fran Bruuns lag i vissa profiler. Att modifiera Bruuns lag
till att ta hénsyn till dynsystemet, antaget att det inte forflyttas inat land,
gav en kortare tillbakadragning av strandlinjen d&n Bruuns lag med de givna
dyndimensionerna, men fortfarande i samma storleksordning. Dessutom
resulterade den laga sandtillgangen léngs Ystad kommuns kuststricka i
slutsatsen att Bruuns lag inte &ar applicerbar pa majoriteten av kusten.
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Resultaten fran Monte Carlo simuleringen visade att de stora osidkerheterna i
data gav sannolikhetsintervall pa uppemot 90 m for den projicerade
strandlinjeforéandringen berdknad med Bruuns lag.

Darmed ar behovet av metoder for strander utan tillrackligt med sand, utéver
Bruuns lag, stort for att kunna berdkna strandlinjeforflyttningen i Ystad
kommun, béttre tillgang till detaljerade data &r nodvéndig, och den
underliggande erosionen ar en viktig faktor att inkludera i
kustforvaltningssyfte.

viii









Table of contents

ACKNOWIEAZEIMEIITS. ....eeiiieeiiiiiiiiee e e e iii
ADSETACT -ttt ettt e e e e e e e e e e e e s v
SamMMANTALENINEG. . .eeeeetiiiiiiie e e e e vii
Table Of CONBEIES ....eeiiiieiiiiiiii e e e e eeee e xi
1 TNETOAUCTION ... 1
1.1 Objectives and Research QuUestions..........cccccevviiiiiiiiiiiiiiniiiiiiiieee e, 2
1.2 Methodology of the Study ......ccveveiiieiiiie e 2
1.3 Structure of TRESIS . .eviieiiiiiiiiiie e 3

2 TREOTY ettt )
2.1 Hydrodynamic FOTCINg ......cooeo e 5
2.2 Morphology of the Coastal Zone ..........ccccuuveeiiieeeeiiiiiiiiiieee e 8
221 The Equilibrium Profile...........cccoiiiiiiiiiieeee e 9
2.2.2 The Beach Sediment ........cc.cceoriiiiiiiiiiiniiiiicecceeiee e 10

2.3 Sediment Transport ProCesses.........couovciveiiiieeeeiiiiiiiiiieeee e 12
2.3.1 Longshore Sediment Transport...........ccccevvuveeerniieeinniieeennieeeenne 13
2.3.2 Cross-shore Sediment Transport..........cccveeieeeeeriiiiiiiieeeeee e, 15
2.3.3 Dune Erosion and Build-up .......coovvvviiiiiiiieeeeiiiiiiiieeeeeeeeee, 16
2.3.4 Beach Nourishment.........cccoovmiiiiiiiiiiiicei e 17

2.4 Sea Level RiSe....ccuuiiiiiiiiiii e 19
2.4.1 Coastal Response to Sea Level RiS€ .......uvvviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiins 20
2.4.2 The Bruun Rule......cc.oooiiiiiiiiceeeee, 21
2.4.3 Developments of the Bruun Rule .........ccooooiiiiiiiiiiiiii, 23

3 Case SEUAY STEE ..vveeriiiiiiiiiiiic e 25
3.1 Erosion Problems and Protective Measures ..........cccvveeeeeeivnnnininnneeeen. 26

4 Methodology and Data...........eeeeiiiiiiiiiiiiiiiiiiiceeeeeee 31
4.1 JANCT T30 () LY (o Ya [< AN 0] 0) S TeT: 115 o) 4 31
4.2 The Active Profile .......coooiiiiiiiiiii e 31



4.3 Model DeSCIIPEIONS ....ueeeiiii e 33

4.3.1 The Bruun Rule ... .. 34
4.3.2 Edelman TL ... ... 36
4.3.3 DUne MOdElS ...eeeei 37
4.3.4 Dean Houston Model ..., 44
4.3.5 Longshore Spread of Beach Nourishments ............coccciiiiinni. 45

4.4 AVAIIADIE DATA. ... 48
4.5 Sensitivity ANalYSIS ..oceiiiioiiiiiiiee e 50
4.6 Monte Carlo SIMUlATION ...uvveiiiiieiiiiiiiiiie e 50

5 Results and DISCUSSION .....uuuuuuririiiiiiiiiiiiiitieeiiiieiebieeeeeeeeee e eeeeeeeeeeeeeee 53
5.1 | TT Vo) A o o) 1 1< 53
5.1.1 Geographic Applicability of the Bruun Rule..............c.cccooiiiii. 53
5.1.2 Wave CHMALe ...cccoeeieieiiiiiiiicccceceeee 57
5.1.3 8 e} 1 LT VAT 5t 58

5.2 The Bruun Rule..........oooiiiiiie e 61
5.2.1 SenSItIVItY ANALYSIS. . eiiieeeiieiiiiiiee e et 63

5.3 Dune Models and Edelman IT.........ccccoooiiiiiiiiiiiieiieeeeenn 65
5.3.1 Edelman IL......coooiiiiiiiii e 67
5.3.2 Dune Model — BasiC.....uvveiieiimiiiiiiiieeiiiiiiiiecccceeeieec e 68
5.3.3 Dune Model — Topography .......ccoeeeeeeeeeee e 69
5.3.4 Dune Model — Usable Sand..........ccccceeevmmiiiiiiiiiiiiiiiiiiicceees 71

5.4 The Dean Houston Model .........ccoomviiiiiiiiiiiimiiiiieiiiiieceeee 72
5.5 Beach Nourishment and GIrOyNes.......ccoooeeeeeoeieeeeieeieeeeeeeeeeeeeeeeeeeeeeeeennn 73
5.6 Comparison of the ModelS........ccoeeeiiiiiiiiiiiiieeeeeiiiiiiee e, 76
5.7 Monte Carlo SImulation .........ccccevmiiiiiiiiiiiiiiieee e 77

6 Conclusions and Recommendations .........cccccovveuiiiieiiieiinimiiiiiicieeennnie, 81
7 RETEIEICES .. i i ittt 84
A ADPPENAIX ciiiiiiiiiiie e e e e e e et baraaaae s 94



Xiii



1 Introduction

Coastal erosion is likely to increase in the future due to an accelerated sea-
level rise (SLR) caused by global warming. The shoreline recession threatens
residences and infrastructure in the coastal area as well as coastal ecosystem
services (IPCC, 2019). Thus, the recession from SLR is an important aspect
to include in coastal management, e.g., in flood and erosion risk assessment
and planning processes. One location where shoreline recession is a problem
already today is Ystad municipality. The coastline is experiencing some of the
worst erosion in Sweden; properties have been lost, and sections of the national
highway along the coast are at risk (Borell Lovstedt and Persson, 2015). The
problems are expected to aggravate in the future with rising sea levels (SMHI,
2018) and reliable methods to predict the future shoreline position are needed.

When addressing the future recession from SLR in coastal management, a
common method is the Bruun Rule developed by Bruun (1962), which only
accounts for SLR as the process to drive the erosion. However, the Bruun Rule
has been criticised both for its restrictive assumptions and the usage in coastal
management to project the future recession (Cooper and Pilkey, 2004;
Davidson-Arnott, 2005; Wolinsky and Brad Murray, 2009; Rosati, Dean and
Walton, 2013; Dean and Houston, 2016; Cooper et al., 2020). The restrictive
assumptions of the Bruun Rule fit only a minority of the natural beaches, but
this is often overlooked in application (Cooper and Pilkey, 2004; Cooper et al.,
2020). For example, the method is limited to well-sorted sandy beaches and
does not consider the effect of the dune system or other morphological features
present (Davidson-Arnott, 2005). In addition, the total shoreline recession in
the future will not only be caused by SLR, but other factors will have a large
impact, depending on location (Dean and Houston, 2016). Using solely the
Bruun Rule in coastal management to predict the shoreline recession poses a
problem with potential negative societal, ecological, and economic
consequences. To widen the applicability by eliminating some of the restrictive
assumptions and also accounting for other factors, many developments of the
Bruun Rule have been presented over the years (e.g., Dean and Maurmeyer,
1983; Rosati, Dean and Walton, 2013; Young et al., 2013; Dean and Houston,
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2016). However, they are not applied as extensively in coastal management as
the Bruun Rule, and general recommendations and incorporation into the
common practice are needed.

1.1 Objectives and Research Questions

The intention of this thesis is to contribute to the development and
improvement of calculation methods in the coastal management field. The
main objectives are to (1) identify and develop Bruun Rule-based methods for
future shoreline recession and (2) qualitatively compare the recession
calculated with the original Bruun Rule and its developments. This thesis aims
to answer the following questions:

e How applicable is the Bruun Rule within the study area?

o How do the results differ depending on the methods used to
estimate shoreline change?

o What effect on the result does it have to include the dune
system in the model?

e How large is the contribution from SLR-induced recession compared to
the total shoreline change?

This study is limited to Ystad municipality and Bruun Rule-based methods.
Projections are made for the year 2150 due to the long-term planning
perspective and the technical lifetime of, e.g., infrastructure projects.

1.2 Methodology of the Study

A literature study was conducted with the aim to compile relevant information
regarding coastal processes within the study area and identify methods to
estimate shoreline recession suitable for application and comparison in the
studied area. During the literature study, the data needed for the application
of the models were identified.

The data needed were compiled from existing sources; no field measurements
were conducted. For example, SLR projections were collected from
Intergovernmental Panel on Climate Change (IPCC), data containing

2



information of the geology were provided by the Geological Survey of Sweden
(SGU), national elevation data were obtained from Lantméteriet, wave records
were extracted from a wave hindcast model by Adell et al. (2021) and grain
size measurements from another master thesis by Berin and Lowdin (2021)
conducted at the time of writing. ArcGIS was used to visualise and extract
data from, e.g., the national elevation model and Excel was used to process
the data into the required input format.

Based on the literature study and available data, four beach transects within
different sections of the studied area were selected for model application. The
recession calculations were then performed on each transect using Python-
scripts and Excel sheets, and the results were compared.

A sensitivity analysis was conducted on the Bruun Rule to identify the
parameters most sensitive to measuring errors. A Monte Carlo simulation was
conducted to investigate the effects of data uncertainties in the Bruun Rule
and Dean Houston-model.

1.3 Structure of Thesis

Chapter 2 — Theory gives relevant background theory for this study. Processes
related to coastal recession in Ystad municipality are explained, and previous
research on the coastal response to SLR is presented. In addition, the Bruun
Rule with its assumptions and extensions are introduced.

Chapter 3 — Case Study Site introduces the study area and lists some erosion
related problems and protective measures.

Chapter 4 — Methodology and Data presents the method used to select beach
profiles for model application, and the different equations and models applied,
followed by a summary of data sources used to estimate the input parameters
to the calculations. The chapter also describes the sensitivity analysis and
Monte Carlo simulation performed.

Chapter 5 — Results and Discussion presents, compares, and discusses the
results from the calculations performed.



Chapter 6 — Conclusions and Recommendations summarises the conclusions
of this study and presents some recommendations for future studies and the
use of the Bruun Rule in coastal management.



2 Theory

The first three sections of this chapter present an overview of the
morphological features and coastal processes of importance in this study, with
main focus on sandy beaches. The final section summarises previous research
of coastal response to SLR and presents the Bruun Rule with its assumptions
and a number of developments.

2.1 Hydrodynamic Forcing

Hydrodynamic forcing includes wave action and nearshore currents acting in
the coastal area and influencing the beach morphology.

The primary energy input to the coastal zone is wind-generated waves, which
compose an important force governing the coastal morphology (US Army
Corps of Engineers, 1984; Davidson-Arnott, 2010). The wind-generated waves,
induced by the transfer of energy from the wind to the water surface, move in
an oscillatory pattern in the direction of the generating wind. When the waves
reach shallow water, the wave energy is dissipated, primarily during breaking
but also by bottom friction and run-up on the beach (Davidson-Arnott, 2010).

The wind-generated waves are irregular and random in their form and
direction; thus, difficult to describe mathematically. A fundamental theoretical
description of the wind-generated waves in deep water is by a series of different
symmetrical sinusoidal waves. Figure 2.1 presents a simplified representation
of a single sinusoidal wave. The water particles under a sinusoidal wave move
in orbital patterns, which decrease with depth, being negligible at the bottom
(Davidson-Arnott, 2010). As the waves move into the shallow water by the
coast, the interaction with the bottom causes a reshaping of the waves into an
asymmetrical form, with a net onshore movement (Bruun, 1988). The motion
pattern of the water particles then gradually changes from orbital into being
more elliptical with shallower water, with only a horizontal movement along
the bottom (Figure 2.2) (Davidson-Arnott, 2010). Different from the sinusoidal
wave is the solitary wave, where the wave tends towards moving faster, only
forward and above the mean water level in a semi-elliptical motion. The
elliptical movements of the water particle in shallow water are a combination
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of sinusoidal and solitary waves, with a general tendency towards more
solitary-like waves (Fenneman, 1902).

Crest

7
Trough

Figure 2.1: Schematic picture of a simple sinusoidal wave. Modified from US Army
Corps of Engineers (1984).

Waves can be characterised by wavelength (L), wave height (H) and wave
period (T) (Figure 2.1). The wave length is the distance between two adjacent
wave crests, the wave height is the vertical distance between a wave crest and
the preceding trough, and the wave period is the time for two succeeding crests
to pass a fixed point (US Army Corps of Engineers, 1984). The significant
wave height (Hg) is a parameter that represents the wide range of wave heights
in wave measurements and is commonly used in engineering applications. The
significant wave height is defined as the average height of the one third-highest
waves of the record (US Army Corps of Engineers, 1984).

When waves approach the shore, a temporary increase in the water level (setup)
is created due to the net onshore movement of water. The difference in water
level generates nearshore currents, a flow of water from areas with higher water
levels to lower levels. Nearshore currents can be either cross-shore directed,
such as undertow or rip cell circulations (Leatherman, Zhang and Douglas,
2000) or longshore directed (Davidson-Arnott, 2010). If the waves approach
the shore perpendicular, a seaward directed return flow is generated to balance
the setup. The return flow can be either in the form of an undertow, a two-
dimensional flow along the bottom or a three-dimensional rip cell circulation,
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where the return flow is concentrated in narrow channels (Davidson-Arnott,
2010). If the waves approach the shore with an oblique angle, a part of the
wave’s longshore motion component will be translated into a current directed
parallel to the shore, termed longshore current. The direction and magnitude
of longshore currents are sensitive to the angle of wave approach and will
change with changed wave conditions (US Army Corps of Engineers, 1984).

mean sea ---
level /
/7

e —

Figure 2.2: Wave motion patterns of a water particle in deep water (left) and shallow
water (right). Modified from US Army Corps of Engineers (1984).



2.2 Morphology of the Coastal Zone

An understanding of the coastal morphology and the forcing conditions
affecting it is fundamental when modelling shoreline response since the beach
area is dynamic and will change with varying conditions. The longshore and
cross-shore perspectives in morphology are often looked at separately, where
the Bruun Rule estimates changes in the cross-shore beach profile.

The coastal zone consists of different cross-shore sections created by the
present forcing conditions and material characteristics, presented in Figure 2.3.
The beach, or shore, is the zone between the mean sea level and the landward
limit of wave action, usually extending to the dune foot. One or several
horisontal plateaus, so-called berms, with vertical cuts at the end, are
morphological features at the shore. The shore is backed by a dune system,
created by depositions of sand transported from the beach by wind action
(Davidson-Arnott, 2010). Seaward of the shore, the nearshore zone extends
out to a depth where wave-induced currents no longer affect the bathymetry,
termed the depth of closure (DoC) (Hallermeier, 1978). The landward part of
the nearshore zone is termed the surf zone, where the waves break.

Dune area Beach/shore Nearshore zone

Surf zone

Dune top

Dune face

[Berm —R

Dune foot Mean sea level

Figure 2.3: Schematic picture of a beach profile's different zones. Modified from US
Army Corps of Engineers (1984)

The shore and nearshore section together form the active profile, which is
highly influenced by waves and currents. A major part of the transport of
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sediment takes place within this profile, and the main profile changes occur
within the surf zone (US Army Corps of Engineers, 1984; Davidson-Arnott,
2010).

2.2.1 The Equilibrium Profile

The equilibrium profile is a central concept in coastal response analysis (Larson,
Kraus and Wise, 1998) and is considered a powerful tool by engineers (Dean,
Kriebel and Walton, 1995). In nature, the active profile is dynamic, and the
shape is continuously adapting to changing wave conditions and water level,
where the upper part changes the fastest (Stive and de Vriend, 1995). Still,
averaged over a long period of time, the active profile can reach an equilibrium
state, consistent in shape (Bruun, 1954; Dean and Dalrymple, 2004). Further,
it requires that the forces acting on the beach are in long term balance with
no net gain or loss of sediment over the profile (Dean, Kriebel and Walton,
1995; Dean and Dalrymple, 2004). The equilibrium profile is governed by the
grain size, amount of sediment in the system and different forcing conditions
(Rosati, Dean and Walton, 2013). If the beach profile contains rigid geological
structures or elements of coarser sediment, the profile shape will be affected,
and a dynamic equilibrium shape cannot be formed (Gallop et al., 2020). In
calculations, the seaward limit of the equilibrium beach profile is commonly
defined as the DoC (Bruun, 1962; Pilkey et al., 1993; Dean and Houston, 2016,
etc.), and the landward limit has different definitions, e.g., the berm, wave
runup limit or the dune foot (Dean, Kriebel and Walton, 1995).

The subaqueous part of the equilibrium profile has been highly researched,
described for the first time by (Bruun, 1954), with several equations with even
more modifications (Dean, 1977; Boon and Green, 1989; Kriebel, Kraus and
Larson, 1991; Larson, 1991; Bodge, 1992; Komar and McDougal, 1994; Tiirker
and Kabdasgli, 2004, 2006; Holman et al., 2014). However, the most common
subaqueous profile equation is the Dean profile, presented later in section 4.2 .
The shape of the subaqueous profile is generally concave, and its dimensions
depend on wave conditions and sediment type. Steeper waves and finer
sediment both create a milder slope, while a steeper slope is associated with
coarser sediment (Dean, 1991).



2.2.2 The Beach Sediment

The beach sediment, together with the forcing conditions, has a large effect on
the beach morphology (Preoteasa and Vespremeanu-stroe, 2010). Worldwide,
beaches are depositions of loose sediment of various sizes. However, most of
the world’s beaches consist of sand (Bird, 2000). Coastlines with a high amount
of fine sediment (i.e., clay and silt) have a different response to the forcing
conditions due to the cohesive forces between the grains. Therefore, these
coastlines are conventionally excluded from the definition of beaches and
instead referred to as muddy coast (Bird, 2000; Davidson-Arnott, 2010). Also,
moraine coastlines have a different response to forcing conditions due to the
portion of clay and larger grains in the sediment (Nyberg et al., 2020).

Sediment types are typically classified based on the median grain size (Table
2.1), where sand lies in the range 0.06 — 2 mm. When measuring the beach
sediment, the reference point is usually the Bascom point because it shows
little variation over time and can be correlated to the slope of the profile
(Bascom, 1951). The Bascom point lies in the mid-tide elevation, defined as
the point “between the previous high tide and the succeeding low tide” (Mcfall,
2019). The grain size distribution is another parameter used to classify the
beach sediment; sediment can be well sorted, containing only a small range of
grain sizes, or poorly sorted (Bird, 2000).

Table 2.1: Standard sizes of sediments
based on diameter (d) in mm.

Type d (mm)
Clay < 0.002
Silt 0.002 - 0.06
Fine 0.06 — 0.2
Sand Medium 0.2-0.6
Coarse 0.6 -2
Gravel 2 - 60
Cobbles > 60
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The grain size across the profile is often assumed uniform when modelling the
morphological evolution. However, Koktas (2017) showed the importance of
accounting for the variation in grain size distribution across the profile. The
variation originates from a sorting process depending both on the variation in
forcing conditions across the beach profile and the grains’ threshold of motion,
which increases rapidly with grain size and density (Davidson-Arnott, 2010).
The sorting process leads to different grain sizes tend to accumulate in different
zones across the profile (Figure 2.4). In the subaqueous part of the coastal
zone, the movement of one specific grain with a certain threshold of motion
and specific gravity depends on the balance between forces induced by the
asymmetrical waves and gravity, reaching for an equilibrium state (Bruun,
1988). The dune system often contains finer sediment than in the Bascom
point since the wind action mobilises finer grains (Preoteasa and Vespremeanu-
stroe, 2010). Coarser grains are typically found in the zones where the
turbulence is high due to wave action (plunge point), and finer sediments are
moved offshore (Dean, 1977)

Percentage variation of median diameters
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Figure 2.4: Variation in grain sizes across different beach profiles compared to the
Bascom reference point (“reference sample” in the figure). Source: (Bascom, 1951).
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2.3 Sediment Transport Processes

Sediment transport is the movement and relocation of beach sediment in the
coastal zone, induced by shear stress exerted by the hydrodynamic forcing
described in Section 2.1 and wind forcing. It also depends on the beach
sediment’s characteristics. The transport co-occurs in the cross- and longshore
direction but is often described separately due to the different time scales. The
sediment transport in the coastal area can cause beach erosion or accretion
and affects the beach profile’s shape (Davidson-Arnott, 2010).

To investigate the erosion, or accretion, of a delimited section of the coast
(control volume) and specific time frame, the sediment budget concept is
commonly used, illustrated in Figure 2.5. The sediment budget is a mass
balance of the transport into and out from the control volume and
contributions of other anthropogenic additions or removals of sand. When
there is no net change in volume, the sediment budget is balanced, and the
delimited coastal section is stable. The balance of the sediment budget depends
on different processes, for example, the longshore and cross-shore sediment
transport in and out of the control volume and anthropogenic sinks and sources
(Rosati, 2005). The processes affecting the sediment budget are described in
more detail in sections 2.3.1 — 0. By quantifying all different sediment volumes
entering and exiting the control volume, the sediment budget can be
formulated, and the resulting deficit or excess of sediment volume be
determined according to Equation (2.1):

(ji_‘t/: ZQin_ZQout (2.1)

where Qi and Qou are the incoming and outgoing sediment flow to the control
volume, respectively. A balanced cell will not experience any erosion or
accretion (Rosati, 2005).
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Figure 2.5: Plan view of the sediment budget concept for a section of the coast. The
green arrows represent volumes entering the system (Qj,), while the red represent
volumes exiting the system (Qout).

2.3.1 Longshore Sediment Transport

Longshore sediment transport (LST) is highly important in most coastal areas
since it is responsible for a large part of the shoreline’s long-term changes
(Davidson-Arnott, 2010) and refers to the transport running parallel to the
beach. The sediment particles are suspended by the breaking waves and
transported by the wave-induced longshore current. In general, tidal currents
may also contribute but are not discussed here as they are not relevant for the
conditions in Ystad.
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The transport rate in the longshore direction depends on incoming wave
properties (wave energy, angle of approach and duration); thus, the transport
varies over time (US Army Corps of Engineers, 1984). The most sensitive
parameter of longshore sediment transport is the inclination angle of the
incoming waves to the coast (Tegenfeldt and Johansson, 2020), and since the
shoreline is not entirely rectilinear, the transport rate can vary along the shore.
These gradients in the LST rate create a sediment budget imbalance, leading
to erosion or accretion in different places. When investigating coastal evolution
and erosion in a long-term context, the average annual net transport rate is
highly important to address (Davidson-Arnott, 2010).

Estimating the LST gradient (d@/dy) can be done with several methods. One
method is to perform a shore- or vegetation line analysis using orthophotos
from different periods. The change in meters per year (m/yr) is converted to
cubic meters per meter beach per year (m?/m/yr) by multiplication with the
height of the active profile (Fredriksson et al., 2017). This method risks
overestimating the LST gradient as some of the sediment loss identified might
be due to cross-shore transport during storms, and this sediment might still
be within the control volume. It may also underestimate the LST gradient
since it does not capture the changes in the subaqueous part of the profile. In
addition, as orthophotos present an instantaneous view, the shoreline position
is sensitive to momentary deviations caused by water level conditions. Another
method is by calculating the volume difference between bathymetry
measurements performed at different times for a control volume (US Army
Corps of Engineers, 1984). The LST-gradient is then calculated using Equation
(2.2), where AVis the volume change, L the length of the control volume, and
At the time between measurements (Figure 2.6). This method accounts for the
whole sediment budget of the transect, compared to the vegetation line
analysis. However, also this method risks overestimating the LST due to cross-
shore sediment loss.

dQ AV
a0 _ av_ (2.2)
dy L-At
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A third method is to use sand traps on the bottom (Kraus and Dean, 1987).
Finally, another way of estimating the LST gradient is to use a LST model,
such as the CERC-formula, where the LST is calculated based on wave
properties and incoming wave angle (Van Rijn, 2002) and over a stretch
calculate Qin — Qout.

dQ/dy = (Qut - O-ln)/L
AV = h-dx-L = dQ-At

Figure 2.6: Schematic figure of how the LST-gradient can be determined from volume
measurements. (Source: Hanson, H., 2021. Personal communication)

2.3.2 Cross-shore Sediment Transport

The cross-shore sediment transport is directed perpendicular to the shoreline
and consists of many different forces acting both on- and offshore. Waves just
before breaking typically exert a net onshore force, the wind can affect the dry
beach in both directions, whereas gravity and undertow act in the offshore
direction. If the forcing conditions are stable, an equilibrium is eventually
reached between the on- and offshore forces, including gravity (Dean, 1987),
only for the net transport to start again when conditions change (Dean, Kriebel
and Walton, 1995). A phenomenon due to the on- and offshore forces is bar
formations that form where onshore- and offshore forces meet (Davidson-
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Arnott, 2012). In profiles where bars are present, the wave breaking is often
concentrated over the bar, thus migrating the bar onshore (Holman et al.,
2014).

On most sandy beaches, the transport is directed offshore during stormy
conditions when higher waves erode the upper beach profile and transport the
sediment out to the lower beach profile. The transport is directed onshore
during calmer conditions, returning the previously eroded sediment to the
beach. On a decennial to centennial time scale, with no long-term SLR, the
cross-shore transport tends to an equilibrium and might have a negligible effect
on the change in coastline position (Davidson-Arnott, 2010). However, during
extreme storms, the sediment might be transported and deposited outside the
active profile, disappearing from the dynamic nearshore system. Storms can
also cause severe erosion in the dune foot due to high energetic waves. The
system may not always have the ability to recover; thus, the long-term coastal
evolution is affected.

In the light of ongoing and future accelerating SLR, offshore losses of sediments
are expected to be more dominant, as further discussed in section 2.4.

2.3.3 Dune Erosion and Build-up

Dunes are subaerial and can thus be affected by aeolian transport, i.e. wind
transport, but they are usually still close enough to the shoreline to also be
affected by the wave action during storm conditions (Davidson-Arnott, 2010).
In aeolian transport, finer sediment is mobilised at lower wind speed than
coarser grains (Short and Hesp, 1982). Another important factor in the dune
erosion and build-up is the vegetation, usually present on the dunes, which
affects the stability of the sand. The vegetation diminishes the wave erosion
and increases the dune build-up due to aeolian transport (Lindell, Fredriksson
and Hanson, 2017), where the vegetation decreases the wind shear stress,
allowing for grains to deposit (Hallin, 2019). Another way the dune
morphology is affected is by aeolian sand transport inland from the dunes,
thus being a loss in the system (Lindell, Fredriksson and Hanson, 2017).
Erosion of dunes due to wave action during a storm also depends on the runup
height, duration of the surge and dune foot elevation (Larson, Erikson and
Hanson, 2004).
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Dunes of eroding beaches can either migrate inland, conserving its volume or
even increase in volume or, if the erosion is significant and the over-wash
prominent, the dune will be flattened and move inland (Hallin, 2019). Storms
can cause erosion of the vegetated foredune, enabling aeolian transport to move
sediment to the landward slope with less wind action. This, together with the
erosion in the dune base, induces the landward migration of the dune.
(Davidson-Arnott, 2005).

2.3.4 Beach Nourishment

Beach nourishment is a widely used coastal protection where sand is collected
from, e.g., deep water and transported to erosive areas to preserve the beaches.
The added sand is then eroded instead of the original shoreline, and the
damages are reduced. The sand is usually placed either on the beach or the
nearshore bottom (U.S. Army Corp of Engineers, 1995). The sand is then
naturally spread across the profile, generally within the time of one year, and
on a longer time scale spread along the shoreline (Karasu et al., 2008). The
cross-shore redistribution is sometimes considered as being uniform across the
profile in modelling (Dean and Houston, 2016). However, in reality, the
difference between the natural grain size and nourishment grain size has an
impact on the slope of the profile and thus also the shoreline position (Dean,
1983).

The long term spread of a beach nourishment along the shore usually forms a
bell shape that flattens gradually over time (Pelnard-Considere, 1956), seen in
Figure 2.7. This spread is due to the perturbation of the initial shoreline
orientation (Dean, 2002) and the refraction and diffraction of waves due to
this (Larson, Hanson and Kraus, 1987), striving towards straight, parallel
contours (Dean, 1983). This longshore spread is thus not the net longshore
transport but the straightening out of the perturbation in morphology. The
longshore spread can be simplified to the diffusion equation (Equation (2.3)),
which can be solved for different conditions (Pelnard-Considere, 1956; Dean,
1983, 2002; Larson, Hanson and Kraus, 1987; Larson and Kraus, 1991).

dy %y
9y _ 2.3
ot Sox? (2:3)
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where x and y are the cross-shore and longshore distances, respectively, and
the diffusivity, ¢ in m?/s, describes the rate at which the sand spreads. The
diffusivity depends strongly on the breaking wave height (Dean, 2002) and the
angle of the incoming waves (Falqués, 2003). The diffusivity is also used when
examining the beach response to cross-shore stretching barriers, such as
groynes (Pelnard-Considere, 1956; Dean, 2002).

Original nourishment

]
i
]
i
S
i
]

iInitial shoreline

Figure 2.7: Plan view of the evolution of a beach nourishment over time. The rectilinear
line at the bottom being the initial shoreline, the continuous line the initial beach
nourishment and the middle, dashed line being the nourishment after some time.

Modified from Pelnard-Considére (1956).

The assumptions made in plan view shoreline modelling are that the cross-
shore profile is constant, the sediment is not transported across the DoC, and
the LST depends on the incoming wave direction, which is assumed to be
relatively close to the initial shoreline (Pelnard-Considere, 1956; Larson and
Kraus, 1991).
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2.4 Sea Level Rise

A rise in the mean sea level can significantly influence the processes governing
the coastal morphology (Davidson-Arnott, 2010) and allow waves to reach
areas previously unaffected by the hydrodynamic forcing conditions
(Leatherman, Zhang and Douglas, 2000). The mean sea level has a natural
fluctuation due to tides and meteorological processes. However, it has been
shown that there is a long-term rise in sea level globally (Davidson-Arnott,
2010; IPCC, 2019). The rise in global mean sea level is produced by melting
glacial ice sheets and the oceans’ thermal expansion caused by the increase in
the global temperature. With continued emissions and increasing global
temperature in the future, the SLR will accelerate (IPCC, 2019). Even if the
global warming is reduced, the processes inducing SLR have a slow response
to the driving force, meaning that the sea level will continue to rise (SMHI,
2020D).

Predictions of the future global SLR have been presented by IPCC (2019).
The predictions extend until 2300, however, with a larger range of uncertainty
after the year 2100 (Figure 2.8). The SLR scenarios are based on different
emission scenarios (Representative Concentration Pathways, RCP), where
RCP2.6 is a low-emission scenario and RCP8.5 a worst-case scenario. Until
2150 the likely range of global SLR is predicted to 0.4-0.7 m (RCP2.6) or 1-2
m (RCP8.5) relative to the mean sea level 1986-2005, the likely range lying in
the middle 66 % probability span (IPCC, 2019).

The SLR relative to the land surface will not rise evenly all over the globe but
experience regional variations. In Sweden, the post-glacial rebound will
counteract the SLR and result in a lower relative SLR (Hieronymus and Kalén,
2020). The land-uplift varies within Sweden, where the north part generally
experiences the largest uplift and the southern the least. In Ystad, the land
uplift rate is 0.08 mm/yr (Nerheim, Schold and Persson, 2017), which is not
enough to counteract the SLR.
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Figure 2.8: Projections for the global mean sea level in the future. Lighter colours
indicate the likely scenario (66 % probability), blue is the low emission scenario
RCP2.6 and red is the high emission scenario RCP8.5. Source: (IPCC, 2018).

The SLR scenarios describe the future mean water level. However, there is also
the risk of extreme storm surges, which further elevates the sea level
temporarily. Historically, high water levels of 2 m above mean sea level have
been observed in Ystad (Nerheim and Johansson, 2018), and Dahlerus and
Egermayer (2005) estimated the runup from storm waves during a 100-year
event in Ystad just below 5 m (worst case scenario), which might increase in
the future due to the changing climate.

2.4.1 Coastal Response to Sea Level Rise

Dean and Houston (2016) predict that accelerating SLR will become a more
prominent factor in coastal response in the future. However, where much focus
has been on determining future SLR, less has been on investigating the effects
of said SLR (Cooper and Pilkey, 2004). In this thesis, variations of the
hydrodynamic forcing are assumed unchanged, but rather the altitude at which
they reach is changed. With SLR, the active forces will move upwards on the
profile accordingly. Isolating the morphological impact of SLR from other
factors, by looking at historical records, is difficult since so many factors are
involved and interlinked (Cooper and Pilkey, 2004). However, the isolated
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effects of SLR have been examined in laboratory experiments (Schwartz, 1967;
Atkinson et al., 2018), showing a recession of the shoreline. Field observations
of shoreline retreat were made by Hands (1983) in the Great Lakes, US, where
water levels rose by 1 m over a decade and induced an offshore sediment
transport. However, the Great Lakes differ from the sea regarding, e.g., fetch
size and presence of winter stratification. The first theoretical description of
this SLR-induced shoreline recession was made by Bruun (1954), hereafter
called the Bruun equilibrium concept, described in section 2.4.2. The finest
sediment, e.g., silt and clay, tends to be removed from the system due to
hydrodynamic forcings (Wolinsky and Brad Murray, 2009) and fine sands are
deposited offshore but still within the active profile (Bodge, 1992; Rosati, Dean
and Walton, 2013).

On the contrary, there are some examples of historical accretion during SLR,
but only in places with a positive sediment budget (Schlager, 1993; Helland-
Hansen and Hampson, 2009; Houston, 2015). Dean (1987) argued that the
assumption that sand would only be eroded from the upper beach could not
be the only truth. Combining the three presumptions that: 1) there is a long-
term balance between on- and offshore forces creating the equilibrium profile,
2) accounting for the differences in grain size across the cross-shore profile and
3) that different grain sizes are stable at different depths, Dean concluded that
the grains must move landwards during SLR to once again reach their
equilibrium depth. This is called the Dean equilibrium concept and requires
excess sand offshore the equilibrium profile that can be transported onshore
by so-called Dean transport, and might also depend on SLR rate. The Bruun
equilibrium concept is however the most common approach for SLR-induced
coastal response, applicable when no excess material is present (Houston, 2015).

2.4.2 The Bruun Rule

The Bruun Rule is based on the Bruun equilibrium concept and is widely used
in coastal management since it is the most commonly known simple-to-use
method for shoreline recession estimations (Cooper and Pilkey, 2004). The
model describes an equilibrium beach profile of a control volume that rises
with SLR to re-establish the profile’s position in relation to the new mean sea
level (Figure 2.9). The equilibrium profile is then shifted landward, still
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maintaining its shape until the control volume is the same as before SLR. The
material needed to elevate the profile is eroded from the upper part of the
profile, inducing a shoreline recession (Bruun, 1962). In this way, the Bruun
Rule predicts a shoreline retreat parallel to the average slope of the active
beach profile (Wolinsky and Brad Murray, 2009). When the equilibrium profile
rises and migrates landward, a trailing ramp may be formed (Atkinson et al.,
2018), estimated to a slope of 1:12.5 based on model data (Vellinga, 1986), or
to the average slope of the active profile (Dean, 1987). It can also be simplified
as the ratio between SLR and the shoreline recession (Kriebel and Dean, 1993).

3 Future sea level

gty
\ Present sea level

\

Eroded material \\

Accumulated material

Present beach profile

Figure 2.9: A cross-shore schematization of the principle of the Bruun Rule. The volume
of eroded material (red) equals the volume of accumulated material (green), generating
an upward and landward shift of the equilibrium beach profile.

There are several assumptions in the Bruun Rule, and its exclusive use has
been criticised for not corresponding to natural beaches (Bruun, 1983; Thom,
1984; Cooper and Pilkey, 2004; Woodroffe et al., 2012; Rosati, Dean and
Walton, 2013; Cooper et al., 2020), primarily since in reality many other
factors are affecting the shoreline recession and sometimes overriding the
Bruunian recession. In relation to the theory presented in this chapter, some
relevant assumptions of the Bruun Rule are listed below (Bruun, 1962;
Hallermeier, 1978; Dean and Maurmeyer, 1983; Davidson-Arnott, 2005):
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e No gradient in longshore sediment transport rate is accounted for

e No other significant sources and sinks are regarded

e All sediment within the profile is transported in the offshore direction,
with no transport across the DoC

e The profile is assumed to consist entirely of sand with uniform grain
size and no variation in sediment sorting across the profile

e The sediment extends out to the DoC

e No consideration of inland topography, such as the dune system

e No local phenomena, like barrier islands, are considered

2.4.3 Developments of the Bruun Rule

Due to the numerous restrictive assumptions being discussed, there are several
developments of the Bruun Rule, both for calculating the SLR-induced coastal
response and introducing more factors affecting the future shoreline position.

Dean and Maurmeyer (1983) generalised the Bruun Rule to be applicable on
barrier island migration. The generalised version includes the lagoon side
parameters of the barrier island (active profile, DoC and berm height) in the
standard Bruun Rule. Bruun (1988) showed that the original Bruun Rule could
be modified to incorporate losses of sediments to underwater canyons or fine
sediments offshore by introducing a “loss-function” dependent on a percentage
of lost sediment or fine sediments. Rosati, Dean and Walton (2013) argued for
the importance of sediment losses hinterland the beach, such as aeolian
transport and overwash, and presented a modified Bruun Rule, including
landward transport. The modification consists of an additive term, which
would increase the beach recession, compared to the original Bruun rule, in
the case of both seaward and landward transport.

Davidson-Arnott (2005) presented a conceptual model for shoreline migration,
including the dune system in the model. The model is based on the same initial
conditions as the Bruun Rule but assumes that the net cross-shore transport
is landward, i.e., the lower part of the profile is eroded, and the sediment
transported onshore. Furthermore, it assumes that all sediment eroded from
the dunes are transported landward, causing the dune to migrate inland,
maintaining its shape.
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Edelman (1972) formulated a beach response model, considering the dune
height. The dune face is assumed to be vertical, and the eroded sediment from
the dune is spread out over the entire profile, which translates landward and
upward in pace with SLR. The model was developed for erosion during storm
conditions but is argued to be representative for long-term response as well
(Dean and Maurmeyer, 1983). Young et al. (2013) presented a model for the
erosion of cliffs fronted by sandy beaches. The model includes a non-uniform
cliff composition and external sediment sources and sinks. The back beach acts
as a sediment buffer which delays the cliff retreat.

Everts (1985) extended the Bruun Rule by introducing a term that includes
other processes and activities affecting the coastal response, such as transport
gradients in the longshore and cross-shore direction and sinks and sources,
such as sand mining and beach nourishment. Similar models have been
developed, for example, Stive, Nicholls and de Vriend (1991) and Dean and
Houston (2016). Dean and Houston (2016) presented an additive model with
terms each accounting for different coastal processes affecting the coastlines
recession. The model includes the responses to SLR, cross-shore sediment
transport, the gradient in longshore sediment transport and external sources
and sinks, such as beach nourishment. Karunarathna et al. (2018) applied the
model at the Sefton Coast, UK, and the results corresponded well to the
observed historical shoreline change.
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3 Case Study Site

Ystad Municipality, situated on the south coast of Scania has a coastline
extending 40 km in an overall east-west direction, with the city of Ystad
located in the middle (Figure 3.1). In Ystad, one of Sweden’s largest harbours
for cargo transport and ferries is located (Trafikverket, 2020). The area close
to the coast holds various values, from infrastructure and businesses to
recreation and wildlife that are in need of protection when the sea level rises.
The sandy beaches along the coast are a popular tourist destination and are
considered an important income source for the municipality. However, erosion
has already caused problems at some beaches, and with rising sea levels, more
sections of the coast are at risk (Ohlsson Skoog and Green, 2018).

The coastline within the municipality contains many different types of beaches.
Small pocket beaches with poorly sorted material, from sand to boulders,
dominate the coast west of Ystad. The nearshore zone mainly consists of clayey
till covered by gravel and cobbles (Figure 3.2). The coastline east of Ystad is
dominated by long beaches with fine sand, especially in Ystad Sandskog and
from Loderups Strandbad to Sandhammaren (SGU, 2012; Malmberg-Persson
et al., 2016). In Ystad bay, the bottom material is dominated by sand along
the shoreline, but further out, clayey till, gravel, and sand can be found. The
nearshore bottom from Loderups Strandbad to Sandhammaren almost
completely consist of postglacial fine sand (Figure 3.2). The bottom material
outside Kaseberga ridge consists of coarse glaciofluvial deposits, sedimentary
bedrock, and glacial till (Malmberg-Persson et al., 2016). The nearshore wave
climate outside the coast of Ystad municipality has incoming waves mainly
from SW — E, with significant wave heights of up to 1.4 m being the most
frequent (Adell et al., 2021).
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Figure 3.2: Marine geology outside the coastline of the municipality. The largest area with
sand is found outside the eastern part of the municipality. Data source: SGU (2019).

3.1 FErosion Problems and Protective Measures

Problems caused by erosion were observed in the municipality already in the
late 19" century. Today, Ystad Sandskog and Loderups Strandbad are
experiencing some of the worst erosion in Sweden (SMHI, 2018). For example,
Loderups Strandbad was severely affected in the ’60s and ’70s, with two of the
oldest houses being lost, and in the ’90s, 150 campsites were lost due to a
recession of 8 m (Ohlsson, 2008).

To compensate for the continued erosion in both Léderups Strandbad and
Ystad Sandskog, the first large-scale beach nourishment project in Sweden was
conducted, in addition to already existing hard structures. The initial
nourishment was performed in 2011, with renourishments in 2013, 2017 and
2020, with volumes used presented in Table 3.1. The sand was distributed
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along one uniform section of the coast in Sandskogen and divided between
smaller sections in Loéderups Strandbad (Skoog, 2020). In addition to only
prevent the coast from erosion-related damages, the beach nourishment also
restores recreational values associated with the beaches. The last
renourishment has not been evaluated yet, but a positive effect can be seen
based on the increase in sediment volume both on the shore and in the
nearshore area (Skoog, 2020).

Table 3.1: Volumes of sand added during the beach nourishments in
Sandskogen and Lderups Strandbad (Skoog, 2020).

Year Ystad Sandskog Loderups Strandbad
V (m3) V (m3)

2011 72 870 23 632

2014 64 108 16 112

2017 53 227 27 077

2020 56 760 24 443

Total 246 965 91 264

In Loderups Strandbad, the coastline has retreated 200 m since 1960 (SMHI,
2018), which has caused the destruction of properties and forced residences to
retreat further inland (Hanson and Almstrém, 2013). Measures have been
taken to reduce the erosion and protect the coastline. The coastline has been
reinforced with rocks, and six groynes have been constructed during different
periods in the 20'" century, seen as lines perpendicular to the beach in Figure
3.3. However, the protections did not entirely solve the erosion problems. The
rocks moved the erosion from the shoreline to the shallow bottom instead,
undermining the structures, and the groynes are suspected to obstruct the
longshore sediment transport, causing erosion east of the village instead
(Ohlsson Skoog and Green, 2018). As a result, the coastline in the western
part is stable but has lost its beaches. The beaches are still present in the
eastern part, but the coastal recession has accelerated, seen in Figure 3.4.
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Figure 3.3: Overview of Léderups Strandbad. The rock-reinforced coastline is visible as
the section where no beach can be seen. The groynes are seen as the lines perpendicular
to the shoreline. Source: Scalgo Live (n.d)

Figure 3.4: Picture taken at the west part of Hagestad nature reserve, in the west
direction with Kseberga ridge and Léderups Strandbad in the background. Indicated
with yellow arrows are one of the groynes and signs of erosion. Photo: Elin Olsson
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In Ystad Sandskog, the major part of the erosion occurs below the water
surface (Hanson and Almstrém, 2013), but erosion is also visible in the
vegetation line at some sections (Ohlsson Skoog and Green, 2018). The future
erosion in combination with high-water levels and over-wash of the dunes
threatens both the valuable beaches and the properties and infrastructure
behind the beach. Due to this, several different protective measures have been
implemented at Ystad Sandskog, seen in Figure 3.5. Sections of the coast have
been reinforced with revetments in combination with five detached
breakwaters and five groynes. The retreat of the coastline in between and
downdrift some of the groynes, before the beach nourishment occurred,
indicated that solely the hard protection measures were not enough to protect
the coast from erosion (Borell Lovstedt and Persson, 2015; Ohlsson Skoog and
Green, 2018). However, the combination of groynes and the beach nourishment
(extending from ‘Idrottsplatsen’ to groin Bi) has worked well. Most of the
nourished materiel has stayed within the nourishment area and the portion
that has ‘escaped’ to the east was later trapped by the detached breakwaters
V1 to Vs (Hanson, H., 2021. Personal communication).

Ostersjon

Figure 3.5: Overview of Ystad Sandskog. The groynes are seen as lines perpendicular
the coastline, marked By — B;, and the detached breakwaters are seen as small dots in
the upper right corner, marked V'; — V5. The beach nourishment has been placed in the
grey and light yellow areas. The harbour lies west of ‘ldrottsplatsen’. (Source: Hanson,

H., 2021. Personal communication)
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4 Methodology and Data,

This chapter presents the equations and methods used in this study and the
available data sources used. Section 4.1 describes how the geographic areas for
model application were selected, section 4.2 present the methodology used to
determine the extent of the active profile, and section 4.3 introduces the
different models used and their assumptions. The available data are presented
in section 4.4. Finally, section 4.5 and 4.6 describes the sensitivity analysis and
Monte Carlo simulations performed.

4.1 Areas for Model Application

For the model applications, four transects along the coast of Ystad
municipality were selected. The selection was based on two initial criteria: (1)
The surface material should consist of sand within the active profile, and (2)
the profiles should display different long-term evolutions; accreting, eroding
and stable. As a first step, marine and beach geology were investigated (SGU,
2019). Areas, where the marine sediment was dominated by other materials
than sand were excluded. As a second step, the historical coastline evolution
during the period 1960 — 2012 was studied using the results from a digital
vegetation line analysis by Fredriksson et al. (2017). Thirdly, three transects
with different erosion/accumulation trends were chosen to investigate the
effect of SLR on the total shoreline change. In addition, one transect was
chosen where coastal protection measures are present.

4.2 The Active Profile

The DoC of the active profile was calculated using a method developed by
Hallermeier (1978) (4.1)) where the DoC is a function of wave properties:

(4.1)

HZ
hae = 2.28Hg o — 68.5( Seft )
9T err

where hqgcis the DoC, Hs,ep and Ty, ef is the effective significant nearshore wave
height and effective mean wave period, respectively, defined as the mean
significant wave height and period exceeded only 12 hours per year
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(Hallermeier, 1978). It is calculated as the significant wave height and mean
wave period of the upper 0.14-percentile of the wave record (Dean and
Dalrymple, 2004).

The subaqueous profile width was primarily calculated using the Dean profile
(Equation (4.2)). In addition, the width was estimated using nautical charts,
bathymetry data and profile records from repeated measurements (Hanson,
2014) to compare with the Dean profile.

hae = Ax/3 (4.2)

where z is the horizontal distance from the shoreline to DoC and A is a scale
parameter, principally depending on median grain size. The scale parameter is
a function of the fall velocity according to Equation (4.3) (Dean, 1987):

A = 0.067w04 (4.3)

where w is the fall velocity of a grain in cm/s. The fall velocity was calculated
using Equation (4.4) proposed by Sadat-Helbar et al. (2009). The relation was
chosen since the study examined 22 different fall velocity relations and verified
the proposed relation with laboratory data.

v(d3g(s—1) 0963 (4.4)
0.0335 — Dgr <10
= v (d3als — OS5
0.51*%) Dgr > 10

where v is the kinematic viscosity of water, d the grain size (in this study dso
is used), g the gravitational constant, s the relative density of the sediment
and Dy the effective diameter calculated as:

1
Dyy = d <M>3

v2

(4.5)
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The landward limit of the active profile was assumed to be the dune foot since
it is relatively stable over time, meaning that the timing of topography
measurements is negligible. The berm height (B) was defined as the dune foot
elevation, estimated from elevation profiles. The dry beach width, between the
dune foot and shoreline, was measured on several aerial photos using the
average value as input. A summary of the data used is presented in Table 5.1.

4.3 Model Descriptions

Four models were selected for the computations, in addition to the Bruun Rule.
The selection of models gives a more diverse picture than the Bruun Rule alone,
but all processes affecting the shoreline are not represented. However, the
models are chosen to be suitable for the conditions present in the study area.
The four models can be divided into two groups based on the way they differ
from the Bruun Rule, according to Figure 4.1.

The first group of models is a development of the morphological response to
SLR by including the dune system in the analysis. The models within this
group are:

e Edelman II model, by Edelman (1972)
e The Dune Models, developed within this study.

The second group consists of extended versions of the original Bruun Rule,
which considers additional transport processes affecting the shoreline recession,
and contains:
e The Dean & Houston model (DHM), by Dean and Houston (2016)
e Model for the longshore spread of beach nourishment, by Pelnard-
Considere (1956) and Dean (2002).
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Bruun Rule

Development of Extensions with
morphological additional transport
response processes

Edelman Il DH-model

Dune Meodels Beach Nourishment

Figure 4.1: The two groups of models used. One group accounts for additional transport
processes affecting the shoreline recession while the other group is a development of the
Bruun Rule and the morphological response to SLR.

These models were chosen since they have an easily applicable approach,
similar to the Bruun Rule, and they account for some of the limiting
assumptions in the Bruun Rule. Regarding the available data and site-specific
conditions, the models are also suitable for the study site. The models are more
thoroughly described in the following sections.

4.3.1 The Bruun Rule

The Bruun Rule (presented more in detail in section 2.4.2) is based on the
Bruun equilibrium concept and estimates the shoreline recession caused by
SLR (Bruun, 1962; Dean, 1991). The shoreline recession (R) is given by:

Wp (4.6)

R=-S—"—
hge + B
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where S is the SLR, Wp the subaqueous profile width, h4. the DoC and B the
berm height.

To adjust to the SLR and maintain the equilibrium state, the profile is elevated
at the same rate. The material needed to raise the profile is eroded from the

upper part of the profile, thus generating a recession of the shoreline (Figure
4.2).

dc

Figure 4.2: Shoreline response to SLR according to Bruun Rule. The green line
represents the original profile before SLR and the orange line shows the position of the
profile after SLR.

In this study, the berm height is assumed to be the dune foot elevation, and
thus the Bruun Rule equation includes the width of the dry beach (Wg) in
addition to the subaqueous profile width, as in Equation (4.7).

Wp + Wy

R=-s-+t—F
hae + B

(4.7)
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4.3.2 Edelman II

The beach response model formulated by Edelman (1972) is similar to the
Bruun Rule by assuming the rise of the profile with SLR. However, the
Edelman IT method also includes the dune height relative to the mean sea level
by subtracting the SLR, seen in Equation (4.8) and Figure 4.3.

hgc + By ) (4.8)

R =L-ln<—
hac + (Bo = S)

where By is the dune height, and L is the width of the active profile, which in
this analysis is assumed to include the beach width. The sediment needed to
raise the profile is assumed eroded from the beach and the dunes. While the
sea level rises, the relative dune height decreases, assuming no aeolian build-
up. This generates a greater relative erosion as the sea level rises since less
material is present in the dunes (Dean and Maurmeyer, 1983).

|

B(t)=B,—S()

Note: All Points on/ AN
Profile are Displaced
by Same Horizontal
and Vertical Components

e —
——
——

Figure 4.3: lllustration of the Edelman Il method The dotted profile is after SLR when
the profile is elevated by S m and migrated inland R m. The dune elevation is
unchanged, but the relative dune height, B(t), is diminished. h+ is the DoC.
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4.3.3 Dune Models

In this study, a modified Bruun Rule was developed to include the dune system,
inspired by methods developed by both Hanson (2021, personal communication)
and Kriebel and Dean (1993). It is based on the calculation of cross-shore
section areas before and after SLR and is iterative to obtain the shoreline
recession (R). Three versions of this method were developed and are described
in this section. The versions are:

1) Dune Model — Basic
2) Dune Model — Topography
3) Dune Model — Usable sand

In addition to the basic assumptions of the Bruun Rule, it was assumed that:

e The beach profile extends landward beyond the dune foot.

e The active profile is assumed to extend from the DoC until the dune
foot, as for the Bruun Rule, and the dune face slope is assumed to stay
the same.

e The dune top has reached a maximum elevation.

e The dune will not retreat landward during SLR since vegetation on the
dune is assumed to reduce the aeolian transport and stabilise the dune.

The dune models could be extended to also include an imbalance in sediment
budget by using Equation (4.9). It has not been done in this study since the
erosion and accumulation is investigated with the Dean & Houston model
(Section 4.3.4).

Aola = Anew + Storage (4.9)
Where aoq and anew are the cross-shore section area before and after SLR,

respectively, and storage is the positive change in sediment budget.

The first Dune Model developed was the Dune Model — Basic, where the dune
was simplified to a rectangular shape with no beach plane present, see Figure
4.4. To describe the profile before and after SLR, equation (4.10) and (4.11)
were used, respectively.
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Xdc

Figure 4.4: Schematic picture of the Dune Model — Basic. The blue and orange profiles
represent the position before and after SLR respectively. The blue areas are assumed

equal to the orange areas.

hdune + hdc' x<0
Y= th—A-x2/3, x>0

(hge +S) — A(x + B3, x <xg4 —R
y=4S
E(xdc_x)' xX>Xxqc—R
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Where hgune is the dune height, = the horizontal distance from the original
shoreline, y the vertical distance from DoC and R is the shoreline recession,
initially set to zero and increased for every iteration. After each iteration, the
profile was moved landward R m, and the areas under the old and new profiles
were calculated according to Equation (4.12) - (4.15). See Figure 4.4 for
reference.

a, = (hdune + hdc)R (4'12)

*de 2 4.13

a2=f (th—A-x3) dx ( )
0

as = J‘de‘R ((hdc +5)—Alx + R)2/3) dx (4.14)

-R

SR

Ay = T (415)

The iterations were continued until the areas were equal, as in Equation (4.16):

(a; +az) —(as +a,) =0 (4.16)
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The second Dune Model developed was the Dune Model — Topography, aiming
to adapt the Dune Model — Basic better to site-specific dune topography. To

calculate the shoreline recession, the following steps were performed:

D
2)

3)

A dune elevation profile with (z,y)-coordinates was joined to the
subaqueous profile (Equation (4.2)) at the waterline (Figure 4.5a).
The y-axis was adjusted to start at the DoC, as in the Dune Model —
Basic.

The profile seaward of the dune top was raised a vertical distance
corresponding to the SLR but until maximised by the original dune
top elevation (Figure 4.5b).

The elevated profile was moved an initial distance ( Rinitiat) to intersect
with the non-elevated dune profile (Figure 4.5b).

At the seaward end of the profile, a trailing ramp with slope S/R was
implemented (Kriebel and Dean, 1993).

The raised profile was moved landward with steps of 0.1 m util the
integrated areas before and after SLR were equal (Figure 4.5¢).

The shoreline recession (R) was calculated by summation of every
iteration step.
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Figure 4.5: Schematized modelling steps of the Dune Model — Topography. a) shows
the initial profile, in b), the profile is elevated by the SLR and the horizontal, red part
initial R is later removed and in the final step c) the profile is finally moved landward
until the areas (including the total subaqueous profile) equal zero. The small
adjustment (purple) is due to the dune elevation being lower than the inland elevation.
At the bottom end of the profile, a trailing ramp (purple) is introduced. The grey
profiles in b) and c) are the initial profile in a). The subaqueous profile is largely under
dimensioned.
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Finally, a third method was developed: Dune Model — Usable Sand, to account
for the fraction of sand in the eroding dunes compatible with the active profile
material. This excludes clay lenses, roots, other fine materials that will be
washed away or other non-compatible materials (Dean and Maurmeyer, 1983).
Larger objects, such as rocks, are not considered in this model since they are,
if present, not likely to be washed away and thus not contribute to elevating
the subaqueous profile. If all the eroded material from the dunes is compatible,
the fraction of usable sand is set to equal one.

Due to the geometry in this model, it is most suitable for profiles where the
inland is relatively flat until there is a steeper slope down onto the beach. The
subaqueous profile was set to the Dean profile (Equation (4.2)) plus the dry
beach. In Figure 4.6, the active profile is simplified to a triangle since these
areas are the same before and after SLR. In the model, the area under the
beach profile was divided into subsections, and the sections above the initial
dune foot were assigned the fraction of usable sand (Figure 4.6).

The relation between dune and shoreline recession is described in Equation
(4.17).

R = Rayne + (xll - x21) (4.17)

Riune is the dune recession and R is the shoreline recession. z7; and x2; are the
horizontal distances between the dune top and dune foot before and after SLR,
respectively.
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Figure 4.6: Dune Model - Usable Sand. The yellow areas represent the erodible volume
assigned the fraction of “usable sand”. The equilibrium profile is simplified to a straight
line since the areas are the same before and after and cancel each other out.
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4.3.4 Dean Houston Model

The model for shoreline change proposed by Dean and Houston (2016),
hereafter referred to as DHM, combines shoreline recession caused by SLR
with the shoreline’s response to longshore sediment transport rate gradients,
onshore sediment transport as well as sinks and sources according to Equation
(4.18):

dR _ dS( W, ) L ¢ 1 dVgm
dt  dt\hg.+B/) hg+B L(hg+B) dt (4.18)
1 stource 1 dQ '

+ L(hge + B) dt (hge + B) dy

The different parameters in Equation (4.18) are presented in Table 4.1.
Table 4.1: Variables in DHM

Sand volume removed
i 3
R [m]  Shoreline change Viink [m3] from the system
Sand volume added to
i 3
S [m]  Sea level rise Veource [m3] the system
. : Length of coast affected
W, [m]  Width of profile L [m] by the sink /source
d 3 i
hy, - Depth of closure _Q m Longshore sedl'ment
dy m-yr| transport gradient
B [m]  Berm height t [yr] Time
m3 Onshore transport
d) m - yr rate

The sink term (A Vint) could include inland aeolian transport and removal of
dredged material from the active profile, while the source term includes, e.g.,
beach nourishment volumes.

Conservatively assuming onshore transport (@) to be negligible over the
studied period (150 years) and that no sinks are present, Equation (4.18) can
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be integrated over the time At yielding equation (4.19). In addition, the
longshore transport gradient was assumed to be constant over the years.

AR =

_AS< 4 ) AVsource  dQ At (4.19)
hdc +B L(hdc + B) dy (hdc + B)

In DHM, the added beach nourishment volume is assumed continuous over
the whole profile and time series, i.e., the total sand volume added is evenly
spread over the profile and years. In addition, the added sand is assumed to
remain within the beach profile over the entire period. However, in reality, the
sand volume added to a system during a beach nourishment occurs as a unit
load at a time step and spreads out over time, both in cross- and longshore
direction.

4.3.5 Longshore Spread of Beach Nourishments

To account for the variations over time of a beach nourishment, another
modelling approach was investigated. It was done by adding unit loads at
specific time steps in two different time-dependent diffusivity equations. The
added sand will then spread out according to the diffusivity equations, and the
shoreline recedes slightly from the initial position. The beach nourishment
model is then extended to include SLR effects by adding a term of Bruunian
shoreline recession. In addition, an equation accounting for the influence of a
groyne on beach nourishment was included.

The equations calculate the cross-shore position of the shoreline but consider
the longshore development over time. The equations can also describe the
longshore development of the beach nourishment, but in this study, the
longshore distance, x, was kept constant. To be able to compare the equations,
the diffusivity was kept constant.

The first longshore spread equation used was derived by Pelnard-Considére
(1956). The equation describes an elementary plan view of a once added, bell-
shaped beach nourishment and its development over time in the cross-shore
direction according to:
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a _x* (4.20)
y = e 4et
2\met

Where y is the cross-shore distance from the unnourished shoreline and z the
longshore distance from the centre of the nourishment. e is the longshore
diffusivity, determined conservatively based on breaking wave height
presented by Dean (2002) (Table A.1). The breaking wave height (H;) was
roughly calculated by Equation (4.21) with an estimated breaking depth (hs)
at 1.5 m.

Furthermore, the profile of interest was assumed to be located at x = 0 and
the sand instantly distributed uniformly across the profile. The area, a, was
calculated by the beach nourishment volume divided by the potential thickness
of the nourishment (assumed to be 1.5 m).

The second longshore spread equation used describes the development of an
initially rectangular beach fill (Dean, 2002):

S EECN B R UCH) R
erf(z) = %f e du (4.23)

where 1y is the shoreline’s position directly after the beach nourishment,
compared to the unnourished shoreline, set to the same initial y as for the bell-
shaped beach nourishment. zis the longshore position of the transect, assumed
to be located in the centre of the rectangle, thus set to zero. ¢ is the longshore
diffusivity. [ is the length of the nourishment and ¢ the time.
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The error function is a mathematical equation giving the probability that a
random variable falls within the interval [—z, z], in this case, z equals:

=) m G o R ) am (T -]

for a normal distribution with mean 0 and variance %, since it is the

integration of the normal distribution curve (Weisstein, no date).

The third equation used describes the shoreline’s evolution in the proximity to
a groyne in time and space, derived by Pelnard-Considére (1956). This
equation was included since the presence of a groyne will influence the spread
of a nourishment.

/4“ 4t||f<|x|>t() <
—e ae xlerfc ant\ao), Y < lgroyne
Véet (4.24)

~erfc , > |
groyne f <\/4_£t> y groyne

Where lgroyne is the length of the groyne, x is the longshore distance from the
groyne, and o is the angle between the approaching wave crest and the initial
shoreline. The + depends on whether the examined profile lies on the
accumulating or eroding side of the groyne. In the studied case, the nourished
profile is located on the accumulating side. Sediments will accumulate on the
updrift side of the groyne until y = lyoyne, after that it will pass the groyne
and continue to spread downdrift the groyne in the longshore direction.
Equation (4.24) was added as a term to the shoreline position after initial
beach nourishment.
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4.4 Available Data

The data used to estimate the input values to the calculations are presented
in Table 4.2. More detailed descriptions of the median grain size, SLR and

longshore transport data are given below.

Table 4.2: Data sources used to estimate input values to the calculations

Data

Source

Type

Significant wave
height and peak
wave period

Median grain size

Measured beach
width

Measured

subaqueous profile
width

Profile records
Future SLR

Historic SLR

Berm- and dune
height

Longshore transport
gradients

Beach nourishment
data

Marine geology

Beach geology

Adell et al. (2021)

Berin and Léwdin (2021)
(Schmidt, 2016)

Lantmateriet (no date)
TerraMetrics (no date)
SCALGO Live (no date)
EMODnet Bathymetry
Consortium (2020)
Malmberg-Persson et al. (2016)
Sjofartsverket (2015)

Hanson (2014)

IPCC (2019)

SMHI (2021)
Lantméteriet (2021)
Fredriksson et al. (2017)
Skoog (2021)

SGU (2019)

SGU (2019)
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Wave hindcast model
1979 - 2019

Beach sediment samples

Orthophotos
Bathymetry (115x115 m)

Bathymetry, (2x2 m)
Nautical charts

Profile measurements, 16
measurements 1997-2015

RCP2.6 and RCP8.5 used

Observed water levels in
Ystad

New National Elevation
model, resolution 1x1 m
Digital vegetation line
analysis 1960-2012
Volumes and nourished
areas

Web application

Web application



The grain size data, provided by Berin and Lowdin (2021), contained grain
size samples taken in the Bascom point (Bascom, 1951), calculated median
grain size, and sample locations. In this study, the median grain size from the
most adjacent sample location to each selected profile was used as input value
to the calculations. Where no nearby measurement was available, the median
grain size was estimated from the average value between the two most nearby
sampling locations.

The SLR between 2000 and 2150 was obtained by digitising the projections by
IPCC (2019) presented in Figure 2.8 by using the MATLAB package GRABIT
and fitted to a polynomial. The global projections were used since no regional
projections for Ystad in the year 2150 were available, and the projected global
SLR were close to the regional SLR in 2100 (SMHI, 2020a). The land uplift in
Ystad (0.08 mm/yr) was then subtracted from the global SLR to obtain the
relative SLR, finally resulting in Equation (4.25) and (4.26).

RCP2.6 S =(—833-1075¢2 +4.99-1073t) — 0.08-1073¢  (4.25)

RCP85 §=(—212-10"7¢t3 +847-1073¢2 + 1.87-1073t)  (4.26)
—0.08-1073t

where S is the SLR in meters relative to mean sea level 1986 — 2005 and ¢

years after 2000.

The gradients in LST were estimated from an analysis of the vegetation line’s
position in 1960 and 2012 from aerial photographs (Fredriksson et al., 2017).
The contribution from SLR to the total change 1960 — 2012 was then
calculated using the Bruun Rule with SLR-observations from SMHI (2021)
and subtracted from the total change in the vegetation line’s position. Finally,
the yearly change was obtained by dividing the total change by the time
(Equation (4.27)). The resulting change in shoreline position per year was used
as the LST-gradient term of the DHM, assumed constant for the studied period.

1 dQ _ Riotal1960-2012 — Rpruun,1960-2012 (4.27)
(hae +B) dy 19602012
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The high-resolution bathymetry was classified in the eastern part of the
municipality’s coast and could not be accessed. However, both grain size data
from Schmidt (2016) and high-resolution bathymetry data from Malmberg-
Persson et al. (2016) were available at Knébéckshusen, eastern Scania.
Therefore, a comparison between the calculated and measured profile width
was performed on a beach profile at the Knabéackshusen.

4.5 Sensitivity Analysis

A sensitivity analysis was performed for the Bruun Rule, including the
calculation of the profile width and DoC, to investigate how sensitive the
model is to changes in the input parameters. The input parameters were
adjusted + 25 % one at a time, and the resulting change in shoreline recession
was plotted versus the interval of the parameters. The results of the sensitivity
analysis indicate the parameters in most need of a narrow estimation interval
to reduce the uncertainty of the calculated recession.

Since there are many ways to estimate the subaqueous profile width, a
comparison between the shortest and longest estimated profile widths was
performed to quantify the difference in the resulting recession.

4.6 Monte Carlo Simulation

A Monte Carlo (MC) simulation was performed to assess the variation in the
predicted recession caused by uncertainty in the input data for the Bruun Rule
and DHM. Each input parameter was estimated as an interval rather than a
fixed value and assigned a probability distribution. The MC model first
generated an interval for the width of the active profile and then calculated
the shoreline recession 10 000 times. Fach calculation was performed with a
new random set of values within the given probability intervals, and the output
was generated as a probability interval of the shoreline recession, based on the
input intervals and probability distribution.

The purpose of the MC simulation was to visualise the uncertainty in the
calculated recession, rather than to investigate how different probability
distributions of the intervals affect the results, and the data used was too
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scarce to determine the mean and standard deviation. Due to this, the
probability distribution assigned was either uniform or triangular. The uniform
probability distribution only requires the lower and upper limit of the interval
to be specified, and the values within the interval are equally likely to be
observed. For the triangular distribution, a most likely value needs to be set
in addition to the limits. The uniform distribution was assigned to the intervals
for which a most likely value could not be determined based on the available
data, i.e., the dry beach width and the berm height. The remaining intervals
were assigned the triangular probability distribution. The input intervals were
estimated based on available data (Table 4.2), and the methods used are
presented in Table 4.3.

Table 4.3: Probability distribution and method used to estimate the input intervals to
the MC simulation. (U) and (T) represents the intervals assigned the uniform and
triangular probability distribution, respectively.

Interval Method to estimate the interval limits

SLR (T) | IPCC's (2019) likely range of SLR for RCP8.5

Most likely and limits calculated from dsp in

Scale parameter (T) | closest and adjacent sampling locations,
respectively

Lowest and largest measurements obtained from
aerial photographs

The highest respectively lowest points where the
Berm height (U) | dune foot could be considered to be located based
on elevation profiles

+0.5 m from the effective significant wave height
estimated from wave records

+0.5 s from the effective significant wave height
estimated from wave records

+0.5 m on the value obtained from the vegetation
line analysis

Dry beach width (V)

Effective significant wave
height

Effective mean wave period (T)

Shoreline change from
LST-gradients

Due to uncertainties in the assumption of probability distributions and the
intervals, the two parameters most affecting the results were assigned a normal
distribution in a new run to compare the results. The normal distributions
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were designed to assimilate the estimated probability intervals in Table A.2,
with mean values as the most likely values and tails extending further than
the interval limits, giving a smoothing effect. The two parameters chosen were
the A-parameter and the SLR parameter. The SLR was assigned the standard
deviation (STD) 0.266 in accordance with the lowest possibility of the likely
range of IPCC (2019), and the STD of the A parameter was estimated to 0.01.
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5 Results and Discussion

Section 5.1 presents areas where the Bruun Rule is applicable within Ystad
Municipality, the characteristics of the selected beach profiles and a discussion
concerning the profile width. Section 5.2 - 5.5 present the results from the
different models applied. The values for shoreline recession presented cannot
be assumed to correctly represent the actual future recession due to
uncertainties in the data. However, in this study, the recession is presented as
exact values to be able to compare the different methods. The comparison is
presented in section 5.6, followed by an alternative approach for presenting
the results in section 5.7, accounting for uncertainties.

5.1 Beach Profiles

Presented below are the results of the Beach profile selection, based on the
applicability of the Bruun Rule, model input data assessment, and the
discussion regarding the profile width.

5.1.1  Geographic Applicability of the Bruun Rule

Investigation of the marine and beach sediments within Ystad municipality
(from SGU, 2019) shows that the Bruun Rule is only applicable on
approximately 10 km of the 40 km long coastline (Figure 5.1), based on the
assumption that the surface material should consist of sand within the active
profile. Combined with the Bruun Rule assumption of a net-zero sediment
budget, the number of areas where the Bruun Rule alone can be used for
accurate projections is further reduced (Figure 5.2).

However, two areas with historical erosion and accretion were chosen for one
of the objects of this thesis: to compare the SLR-induced erosion to other
coastal processes. One transect with a relatively low sand availability was also
chosen to investigate the effect of not having enough sand, and also to
investigate the beach nourishments conducted at the site. These investigations
resulted in the selection of four beach profiles limited to the eastern part of
the municipality (Figure 5.3):
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1) Sandskogen, eroding profile where beach nourishment has been
performed. Uncertainties concerning the sand availability, discussed
in more detail in section 5.1.3.

2) Hagestad W, heavily eroding profile.

3) Hagestad E, long-term stable profile.

4) Sandhammaren, accumulating profile.

Snarestad
Loderup

Svara Ystad Nybrostrand

Malarht

1

0 2 4 8 km
g Oy Sy Oy

Not applicable More investigations needed

Applicable

Figure 5.1: Areas where the Bruun Rule is applicable based on surface material within the
active profile. The green line shows where Bruun is applicable, the orange where more
investigations are required and the red line where the surface material within the profile
consists of other than sand.

1 Historical vegetation
Kopingebro Borrby

line changes (m)
Snarestad ‘ Léderup | 1960 - 2012
el Ystad Nysinstrand ’ — 172 --122
Malarhuse =121t
-46 - -9
S -
S +7 =432
+33 - +84
0 25 . - +85 - +143
L L ) — +144 - +186

Figure 5.2: Historic shoreline change in Ystad municipality between 1960 — 2012 from
Fredriksson et al. (2017). Areas where the Bruun Rule is applicable in its strict form are
indicated with black arrows.
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Figure 5.3 - Transects for further investigation. The first transect is located at Ystad
Sandskog, where beach nourishment has been performed referred to as Sandskogen. The
second transect, Hagestad W is located east of Léderups Strandbad and heavily eroding.

Transect 3, Hagestad E, is long term stable. The last transect, number 4 is located at

Sandhammaren and is in an accreting state.

A summary of the estimated and calculated input values for the shoreline
recession models are presented in Table 5.1. The profile width is calculated
using Equation (4.2). However, the calculated width differs significantly from
the measured width, which is presented and discussed in section 5.1.3. The
wave climate (Figure A.1) used to calculate the DoC, is based on a wave
hindcast model (Adell et al., 2021).
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Table 5.1: Summary of input data for the four transects.

1) 2) 3) 4)
Sandskogen Hagestad W  Hagestad E ~ Sandhammaren

Grain size (mm) 0.393 0.280 0.262 0.226
Effectlve' significant 569 314 500 277
wave height (m)
Effective peak wave 11.08 10.83 10.83 10.60
period (s)
Depth of closure (m) 5.73 6.58 6.12 5.85
Profile width* (m) 234 436 426 475
Beach width (m) 29.4 7.5 18.5 41.3
Berm height (m) 0.95 1.45 1.35 1.43
Dune height (m) 3.4 3.0 5.3 3.5
Shoreline change from
(K — -0.28 -3.25 0.06 3.51
Nourishment volumes 279 0 0 0
(m3/m)

* Calculated from grain size according to Equation (4.2).
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5.1.2 Wave Climate

The large variation in wave height, seen in the wave record example (Figure
5.4, blue), leads to the active profile constantly adapting to new hydrodynamic
forcing conditions, gradually reaching for a new equilibrium. Furthermore, seen
to the seasonal variations over a year (Figure 5.4, orange), summer wave
conditions are generally milder than winter wave conditions. These
observations visualise the importance of investigating the equilibrium profile
as an average profile over time rather than a profile measured at one point in
time. In this study, the grain size data is the result from sediment samples
taken at one point in time and can be suspected not to capture the effect on
the beach sediment from the large variation in wave climate and forcing
conditions. However, the grain size in the Bascom point is considered to be
relatively unchanged over time. Still, repeated grain size sampling over time
would generate a median grain size more representative for the long-term
variation in forcing conditions and probably reflect the average equilibrium
profile better.
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Figure 5.4: An example of wave climate visualised as significant wave height every three
hours (blue) and the mean wave height (orange) every month over the year 1980 at
transect Hagestad E.
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5.1.3 Profile Width

Comparing the width of the equated Dean profiles calculated from median
grain size with the measurements from nautical charts and low-resolution
bathymetry results in a poor agreement (Table 5.2). The Dean profile is shorter
than the measured width for all four transects, but the most significant
deviation occurs at Sandskogen.

Table 5.2: Measured width from shoreline to DoC from nautical charts and bathymetry
(115x115m) compared to the Dean profile width using grain size.

1) 2) 3) 4)
Sandskogen Hagestad W Hagestad E Sandhammaren
Nautical | 1100 _1850m  650-900m 530 - 680 m 510 — 700 m
Chart
EmodNET 550 — 750 m 560 — 900 m 580 — 700 m 640 — 790 m
Equated 233 m 440 m 425 m 478 m

The profile records from repeated measurements by Hanson (2014) were only
available at Sandskogen, and only to a depth of 4.5 m, which is shallower than
the calculated DoC (5.7 m) for this profile. However, calculating the Dean
profile width to a depth of 4.5 m results in a width of 161 m, which is almost
half the width obtained from the profile records at the same depth (300 m).

The overall deviation between measured and calculated width indicates that
the profiles might not be in equilibrium. However, the deviation can also be
explained by a combination of several factors. Firstly, sampling grain sizes in
the Bascom point might overestimate the median grain size at non-tidal
beaches, resulting in a narrower calculated profile. In addition, the Bascom
point sample has no information regarding the cross-shore variation in grain
size distribution. Secondly, the low resolution of the bathymetry data
generates large uncertainty intervals. Thirdly, nautical charts often show a
shallower depth compared to reality to avoid ships running aground, thus, a
wider profile is measured compared to reality. Lastly, the DoC calculated from
wave data might be too shallow, contributing to a narrower profile. Access to
bathymetry data with higher resolution and profile measurements performed
over time would reduce the uncertainties introduced in shoreline recession
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calculations and facilitate the determination of whether the profiles are in
equilibrium or not.

At Knébackshusen, where high-resolution bathymetry data was accessible, the
measured profile width also differs from the calculated Dean profile width
(from a dsp of 0.29 mm) (Figure 5.5), around 600 m and 426 m, respectively.
Except for two longshore bars, the average shape of the profile shows a
resemblance to the form of an equilibrium profile. In addition, considering that
the median grain size might be slightly overestimated, equating the beach
profile with a smaller median grain size of 0.22 mm gives a better correlation
between the measured and the Dean profile width. Varying the grain size only
0.07 mm for this profile gives a difference in profile width just over 150 m,
showing that the grain size parameter is sensitive to relatively small changes.
Additionally, the Dean profile repeatedly estimates shorter profiles than the
observed profiles. This leads to the conclusion that basing the profile width
solely on a sand sample does not provide accurate representation in many cases.
Since both grain size distribution and the profile shape are dependent on the
hydrodynamic forcing conditions, a sediment sample and a bathymetry
observation made at the same time might have had corresponded more
accurately.

The deviations between the width of the measured profiles and the Dean
profiles at Hagestad W, Hagestad E and Sandhammaren could be explained
by the reasons mentioned above, supported by the results from Knébéackshusen,
but to conclude whether the profiles are in equilibrium or not more detailed
data and measurements are needed. However, the large deviation between the
measured width and the Dean profile width at Sandskogen can not only be
explained by previously mentioned reasons. For example, the non-native
material from the beach nourishment probably caused an even coarser
measured median grain size than what is representative, resulting in a steeper
and shorter calculated profile. In addition, the profile shape is probably
affected, both morphology- and transport-wise, by its proximity to Ystad
Harbour and the groyne system, and elements of moraine present at the outer
part of the profile (Figure 3.2), implying a non-equilibrium profile.
Consequently, the Bruun Rule is not applicable here, and the Dean profile is
not suitable for estimating the profile width at this location. However, model
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results from Sandskogen will be included in the following sections for discussion
purposes.

Dean v.s. Measured Profile
Knabackshusen

0.00 .
Measured Profile 1
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Figure 5.5: Measured and equated beach profile at Knabackshusen. The x-axis shows the
offshore distance from the shoreline and the y-axis represents the depth. Since coordinates
for the sampling location were available, three profiles were measured from bathymetry
data at Kndbdckshusen 900 m apart.
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5.2 The Bruun Rule

The calculated shoreline recession induced by SLR varies between the transects
when applying the Bruun Rule, using input values in Table 5.1.
Sandhammaren, the widest profile, will be subjected to the largest recession (-
37 m to -104 m depending on RCP) and Sandskogen, the narrowest profile,
will experience the least recession (-20 m to -57 m) (Table 5.3). However,
considering that Sandskogen probably is not in equilibrium (discussed in
section 5.1.3), the actual recession from SLR may not follow the Bruun Rule,
which places additional uncertainties on the calculated recession. The results
in Table 5.3 also indicate that the shore width has a negligible effect on the
recession.

Table 5.3: Total recession 2150 in meters using Bruun rule in its original form and
including shore width. Calculations are performed with the Dean profile width as input.

1) 2) 3) 4)
Sandskogen Hagestad W  Hagestad E ~ Sandhammaren
Original -20 m -30 m -32 m 37 m
RCP2.6
Shore width -22'm -31m -33m -40 m
Original -51'm -80 m -84 m -96 m
RCP8.5
Shore width -57 m -82 m -88 m -104 m

The recession also differs depending on climate scenario. The lower emission
scenario (RCP2.6) will result in a smaller recession compared to the higher
scenario (RCP8.5) for all four transects, which is expected (Figure 5.6). The
time-dependent Bruun Rule shows a slightly decreasing recession rate when
RCP2.6 is used, while RCP8.5 will generate an accelerated recession over time.
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Figure 5.6: Shoreline recession 2000 - 2150 for the four profiles with scenario RCP2.6 and
RCP8.5 using the Bruun rule.

62



5.2.1  Sensitivity Analysis

The median grain size (dsp), used to calculate the width of the subaqueous
profile, and SLR (S) are the two parameters that, if changed, will affect the
recession the most (Figure 5.7). Within the range tested in Figure 5.7a, a
decrease of the grain size (dso) leads to a substantial increase in shoreline
recession, since a smaller grain size leads to longer calculated subaqueous
profiles, amplifying the effects of SLR. Increasing the grain size does, however,
not have the same significant effect on the calculated recession. In contrast, in
Figure 5.7b, both an increase and decrease of the grain size have a substantial
impact on the shoreline recession. This is due to limitations in validity ranges
of Equation (4.4), creating a breaking point within the tested range where the
equation used to calculate the subaqueous profile length changes. The
contribution from SLR is related to the mathematical linear dependence in
Equation (4.6). The tested variation in the berm height (B) and beach width
(W3) have a negligible impact on the recession.

The sensitivity analysis indicates which parameters are more critical to
estimate when applying the Bruun Rule, and that the relative importance of
grain size can be expected to increase as the absolute value of the grain size
decreases, especially for dsp < 0.395 mm. However, the parameters can be
estimated with different precision, and thus this sensitivity analysis (Figure
5.7) can only describe the mathematical sensitivity of the model. Also, the
sensitivity analysis is range specific and thus cannot be generalised.

The effect of the variations in estimated profile width, presented in Section
5.1.3, give rise to significant differences in Bruunian recession (Table 5.4). The
largest difference in results was 357 m in Sandskogen, and in the remaining
three transects, the difference was between 54 — 84 m, the longest in Hagestad
W. This shows the importance of improving the method for calculating the
profile width.
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Figure 5.7: Variation in calculated recession using the Bruun Rule and varying the input
parameter 4+ 25% in Table 5.1, one at a time. The grain size range of Sandskogen (a)
overlaps the limit between two validity intervals. The general appearance of transect
Hagestad E (b) corresponds well to Hagestad W and Sandhammaren, except for the

magnitude of the shoreline recession.

Table 5.4: Calculated shoreline recession using the width of the Dean profile and longest
measured width, respectively. The SLR-scenario used is RCP8.5

1) 2) 3) 4)
Sandskogen  Hagestad W  Hagestad E~ Sandhammaren
Dean profile 57 m 82 m 88 m 104 m
Longest measured 414 m 166 m 141 m 168 m
profile
Difference 357 m 84 m 54 m 64 m
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5.3 Dune Models and Edelman II

In general, including the dune system in the analysis results in a lower shoreline
recession than the Bruun Rule, as seen in Figure 5.8. The difference in
calculated recession between the Dune Models and the Bruun Rule is around
14 — 29 m at 1.5 m SLR, depending on transect. Hagestad W has the lowest
difference, while Hagestad E has the largest difference, explained by it being
the profile with the highest dune elevation, thus contributing with the largest
additional sediment volume.

Some continuity can be observed in which of the Dune Models and Edelman
IT that generate the largest or least shoreline recession (Figure 5.8). For all
profiles, the Edelman II model (orange line) gives a longer recession than the
Dune Model — Basic (grey line), while the Dune Model — Topography (yellow
line) is more uneven in giving more or less recession than the other models.

How large the deviation is between model output differs for each transect, seen
in Figure 5.8. In Sandskogen, the relatively large variation between the models
might be due to it having the shortest of the subaqueous profiles, thus the
variation in dune representation plays a larger relative role in the result. At
Hagestad E, the models predicted a very uniform shoreline recession. This may
be because the dune shape is similar to a rectangle if excluding the small
“spikes” (Figure 5.11, blue line), corresponding well to the simplified dune
shape in Edelman II and Dune Model — Basic.

The Dune Model - Usable Sand (Figure 5.8, green line) was only applied at
Hagestad W since it was developed to fit the dune topography of this transect
(technically, it can also be applied on the other transects in a simplified way).
However, the model is not applicable past the SLR of 0.5 m since the relative
dune height becomes less than 0.

The assumption that the dunes will not migrate inland during SLR is not in
accordance with the observations described in section 2.3.3. However, since the
dunes in Hagestad W and E are steep and aeolian transport is obstructed by
steep angles, the dunes in that area can be assumed not to experience any
build-up. In addition, the dunes at all four transects are more or less covered
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with vegetation, reducing the inland aeolian transport and probably stabilising
the dunes’ positions.
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Figure 5.8: Comparison between the different Dune Models, plotted over increasing SLR.
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5.3.1 Edelman II

The Edelman II model gave a lower shoreline recession than the Bruun Rule
for all transects (Figure 5.8). However, looking at Figure 5.9, where the dune
height of an arbitrary profile is low, Edelman II shows a marginal difference
in the obtained shoreline recession, indicating there is a dune height — dune
foot relationship where the Bruun Rule and the Edelman II model give the
same result. The Bruun Rule decreases at a slightly slower rate than the
Edelman II curve, seen in Figure 5.9, since the profile slope of the Bruun Rule
is constant over time, but the profile slope in Edelman II decreases with time
due to the decrease in relative dune height, and a lower slope leads to a higher

recession.
Comparison: Edelman Il vs Bruun, RCP8.5
01 — —— Edelmann Il, Dune height = 1.6 m
Bruun Rule, berm height = 0.9 m
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Figure 5.9: Comparison between the equations of the Edelman Il model and the Bruun
Rule. When a low dune height is used, the Edelman Il model and the Bruun Rule give the
same shoreline recession.
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5.3.2 Dune Model — Basic

It can be noted in Figure 5.10 that the profiles are alike in shape but differ in
dimension, e.g., the dune in Sandskogen (Figure 5.10a) is higher than the dune
in Hagestad E (Figure 5.10b). In the same figures, it can also be seen that the
relative dune height after SLR is lowered as in the Edelman II model, which
also makes this model increase the rate of shoreline recession faster than the
Bruun Rule over time. The reason why the Dune Model — Basic gives a shorter
shoreline recession than the Edelman II model is much due to the non-existing
beach plane in the Dune Model — Basic. For profiles with wide beaches, such
as Sandskogen and Sandhammaren this gives the largest difference between
these two models.
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Figure 5.10: Graph showing the profile evolution of Dune Model — Basic for Sandskogen,
a) for Sandskogen and b) for Hagestad E. The calculated shoreline recession is 40 m in
Sandskogen and 58 m in Hagestad E, for RCP8.5. y = 0 corresponds to the mean sea

level year 2000.
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5.3.3  Dune Model — Topography

The Dune Model — Topography (Figure 5.8, yellow line) shows some
irregularities in shoreline recession rate (Figure 5.11) due to irregularity in
topography where a peak in topography leads to a lower recession rate. An
example is at Sandhammaren, where the second peak to be eroded (Figure
5.11d), after the first big elevation dip at a horizontal distance of around 130
m, can be seen for Sandhammaren (Figure 5.8) between the SLR of 0.9 m — 1
m, as the sudden decrease in recession rate. Again, in the transect
Sandhammaren, there is a sharp vertical line at the erosion front (Figure
5.11d). This is since the modelled landwards movement of the profile cannot
yet detect dips in elevation and, in a natural way account for these dips.

The model results of Dune Model - Topography also varies with respect to
giving more or less recession than the other Dune Models, much based on
where the original dune top was defined and the topography inland from this
point. In Sandskogen and Hagestad W, the Dune Model — Topography gives
shorter shoreline recession than all the other models (Figure 5.8). This might
be because the elevation increases inland from the original dune top (Figure
5.11a,b) while changes in inland topography are not accounted for in the other
models. In contrast longer shoreline recession compared to Edelman is observed
at the transects in Hagestad E and Sandhammaren where the dune top is
higher than the nearby inland topography (Figure 5.11c,d).
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Figure 5.11: Graph showing the profile before (blue) and after (orange) SLR of the
Dune Model — Topography for the transects. The climate scenario is RCP8.5. y = 0
corresponds to the mean sea level year 2000
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5.3.4 Dune Model — Usable Sand

No considerable difference in results was obtained by using the usable sand
coefficient (Figure 5.12). Using a coefficient value of 0 compared to 1 only gave
roughly 7 m difference in shoreline recession. This might be since the dune
dimensions used in the model were relatively small (Figure A.2), compared to
larger dunes where the topography inland plays a more prominent role in
shoreline recession, and thus also the fraction of usable sediment. Using a
coefficient value of 0 gives the same recession (+1 m) as the original Bruun
Rule since the dune’s contribution to reducing the shoreline recession is
eliminated. The small difference may be due to the small trailing ramp at the
end of the profile in Dune Model — Usable sand (Figure 4.6, right side part of
az4). The low scenario RCP2.6 was used since the Dune Model — Usable Sand
is not compatible with higher SLR with the used dune morphology.

Dune Model - Usable sand
2) Hagestad W
RCP2.6

-10

= -15

. 247 -24.1 o35 229 223
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Part usable sand in eroded area

Figure 5.12: Graph showing shoreline recession as a function of the “usable sand
coefficient” used in Dune model 2.0, used with the values of the second transect.
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5.4 The Dean Houston Model

Including the gradients in LST, i.e., the underlying erosion or accretion, gave
a significant deviation in shoreline change between the different transects
(Figure 5.13). At Sandskogen, the SLR-induced recession is in the same order
of magnitude as the recession caused by the gradient in LST. On the contrary,
the future shoreline recession at Hagestad W is highly dominated by the LST
gradient, and the SLR will play a minor role (-486 m vs -81 m). The erosion
from SLR at Sandhammaren will, on the other hand, be largely compensated
for by the accumulative LST gradient. At Hagestad E, which is long-term
stable, the recession will increase in the future due to SLR.

The gradients in LST are estimated from overall vegetation line change for 52
years; thus, the gradients could also have captured cross-shore removal due to
storms. Some processes other than LST will probably also have an effect on
the vegetation line, however, the LST is assumed to be the most prominent
process affecting the vegetation line. In addition, erosion of the beach plane
and vegetation line might not always occur simultaneously. Furthermore, the
LST is sensitive to changes in the incoming waves and angle of approach,
making the assumption of a constant rate of LST gradient questionable. The
impact of a future variation in LST gradients needs to be further investigated.

Shoreline Recession 2150 - DHM
RCP8.5
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200
¥ -200
-400
-600
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1) Sandskogen 2) Hagestad W 3) Hagestad E 4) Sandhammaren

mSLR m Longshore transport Total

Figure 5.13: The green bar represents the recession due to SLR, the blue bar change in
the shoreline’s position due to longshore transport and the yellow the total change.
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5.5 Beach Nourishment and Groynes

The effect from the performed beach nourishments at Sandskogen was
investigated both with the DHM and the longshore spread equations.

When including the effect from beach nourishment performed at Sandskogen
in the DHM, using volumes presented in Table 3.1, the total recession was
reduced from 100 m to 60 m in 2150. Figure 5.14 indicates that the beach
nourishment will counteract the recession, with a magnitude approximately
the same as the recession caused by the LST gradient. However, this is not
the case, since the DHM assumes that the added material stays within the
profile for the entire period when in reality, the material will spread in the
longshore direction, and the effect will be reduced, which is discussed below.

Sandskogen, beach nourishment, Sandskogen, no beach nourishment,
RCP8.5 RCP&5
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Figure 5.14: Shoreline recession at Sandskogen including SLR, LST and beach
nourishment (left) and SLR and LST (right)
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The two different longshore spread-equations gave similar development of the
shoreline over time, and only the equation assuming a rectangular beach
nourishment is presented. However, the rectangular beach nourishment has a
slower spread rate, meaning the accumulative effect on the beach will last
longer. Including the Bruunian recession (assuming the sediment budget is
balanced) in the shoreline’s development shows how the beach nourishment
delays the Bruunian erosion (Figure 5.15). However, the beach nourishment
effect diminishes with time. The presence of a groyne will have an
accumulative effect on the shoreline updrift until the accumulation reaches the
length of the groyne (in this case, 100 m), and then the sand will drift past
the groyne, as can be seen in Figure 5.16. The groyne is measured to be 80 m
away from the transect.

1) sandskogen: Beach Mourishment

Pt
=

=
[ =]

[=]

=10 1

—30
_ag | Bruun

—— Bruun, RCP8.5 + Rectangular bn
—50 4 — Rectangular bn

— Oline

2000 2020 2040 2060 2080 2100 2120 2140
Bar

Shoreline positicn compared to initial shoreline {m)
r
[==1

Figure 5.15: A combination of longshore spread of beach nourishment and the Bruun Rule
shoreline recession is seen as the green line. The compounds are seen as the blue line:
Longshore spread of a rectangular beach nourishment and the yellow line: Shoreline
recession due to SLR.
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Figure 5.16: The evolution over time of the accumulation updrift a groyne (red line)
compared to that of a rectangular beach nourishment (blue line). The graph shows
Shoreline position over time and the data used corresponds to Transect 1.

The entire added sediment volume from the beach nourishment will not remain
within the transect until 2150. Thus, in this case the DHM can be suspected
to overpredict the counteraction from performed beach nourishment on the
total shoreline recession in 2150. The beach nourishment will, however, reduce
the retreat of the coastline, but the longshore spread should be included in the
DHM for a more accurate calculation of shoreline recession. An approach could
be to introduce a spread factor in the beach nourishment-term combined with
more studies of the nature of the longshore spread.
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5.6 Comparison of the Models

The six different models generate a recession in the same order of magnitude
within each transect, except for DHM (Figure 5.17). The recession calculated
with DHM highly depends on the underlying erosion/accretion, i.e., LST-
gradients. At Hagestad E, which experience no long-term erosion, the DHM
gave a similar recession as the five other models, while at Hagestad W, which
has a severe long-term erosion, the DHM gave a recession around seven times
larger compared to the other models.

Summary of model results
RCP8.5

m Bruun Rule m Bruun Rule shore width DHM

m Dune Model - Basic m Dune Model - Topography  m Edelmann I
500
400
300
200
100

0
-100
-200
-300
-400
-500
-600

Shoreline change 2000- 2150 (m)

1) Sandskogen  2) Hagestad W 3) Hagestad E  4) Sandhammaren

Figure 5.17: Summary of the calculated shoreline change for each model and profile.

In general, including the dune system in the calculations results in a lower
recession than the Bruun Rule, but still within the same magnitude. The
largest difference between the Bruun Rule and Dune Models was obtained at
Hagestad E, with the highest dunes and a profile width similar to Hagestad W
and Sandhammaren. Therefore, it can be concluded that the larger the dune
elevation is, the more the recession is reduced. In addition, at Sandskogen, a
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difference between the Bruun Rule and Dune Models is also visible. The dune
elevation is similar to Hagestad W and Sandhammaren, but the profile width
is shorter; hence, with a shorter profile, lower dunes can still reduce the
recession.

The models used to develop the Bruun Rule as concerning only the SLR,
including more of the beach, showed varying results. What model is the best
is difficult to say since not much data is available, and in nature, many other
factors matter.

5.7 Monte Carlo Simulation

The results presented in previous sections are deterministic, which provides
one single value for future shoreline recession for each transect and model setup.
But shoreline recession cannot be calculated with the level of accuracy
indicated previously in this chapter, as there are uncertainties related to the
parameters used in the calculations. Nevertheless, a deterministic approach
was seen as suitable in this study, given the aim of this thesis; to compare
different Bruun Rule-based models for estimating future shoreline recession. A
more accurate way of illustrating possible future outcomes to use in coastal
management would be a probabilistic approach, e.g., with a Monte Carlo
simulation. In the probabilistic approach, all parameters are assigned
probability distributions and intervals instead of unique values. It falls outside
the scope of this study to take a full probabilistic approach. As a way of
illustrating the importance of adopting a probabilistic view on future shoreline
recession in future research and applications, an example of what type of
results a probabilistic approach would generate is presented. The probability
distributions and intervals are assumed to be reasonable based on available
data, but further research is needed to determine both the true distributions
and more accurate intervals.

The MC-simulation performed with the Bruun Rule, only including SLR-
induced recession, resulted in a wide range of possible outcomes, up to 90 m
difference within each profile (Figure 5.18). The wide ranges result from the
uncertainty in the input data. Even though the calculated recession presented
in section 5.2 falls within the most probable part of the intervals, there is still
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a large likelihood that the actual recession will significantly deviate from those
values. Therefore, using the deterministic approach is not recommended to use
in coastal planning and management but instead use a probabilistic approach.
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Figure 5.18: Calculated probability intervals for SLR-induced shoreline recession for
RCP8.5. The left y-axis corresponds to the probability.

The magnitude of recession changes significantly when including the
underlying erosion and LST-gradients in the MC simulation, depending on
profile (Figure 5.19). Similar to the results in section 5.4, Sandhammaren, with
the largest recession using only the Bruun Rule now experiences accumulation
instead, while Hagestad W will retreat the most. In addition, the ranges of
recession for all profiles are around 100 m wider compared to the ranges in
Figure 5.18, which originates from the effect of LST-gradients. However, the
probability interval of the LST-gradient was not thoroughly investigated since
this was outside the scope of this thesis. Still, given the significant difference
in shoreline recession, the underlying erosion from LST-gradients is important
to include in predictions, and the variation and probability distribution of the
intervals should be better assessed.
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Figure 5.19: Probability intervals for the shoreline recession using the DHM and
RCP8.5. The y-axis corresponds to the probability.

The MC-run where different probability distributions were assigned to the two
most sensitive parameters, SLR (iS) and the scale parameter (4 ), showed that,
in this case, the type of distribution assigned is not the main factor affecting
the resulting recession interval, but rather the range of input values. In Figure
5.20, the turquoise bar chart has the same distributions and intervals as
presented above, and the pink bar chart also represents a triangular
distribution on § and A, but has larger assigned intervals, generating a larger
recession interval. The blue and pink bar charts are the result from assigning
a normal and triangular probability distribution respectively for S and A, but
the minimum and maximum values are approximately the same. The resulting
recession intervals have the same size, but with a more centred weight for the
normal distribution. The sensitivity analysis was only performed on the
transect Hagestad W since it had a symmetrical interval for the A parameter.
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Figure 5.20: Results of the sensitivity analysis of the probability distribution, where the
blue bar chart shows the result from applying a normal distribution to the two most
sensitive parameters, the turquoise shows the result as presented earlier with triangular
distributions and the pink graph shows a run with triangular distributions, only that the
interval of SLR is set to the outmost “boundaries” of the normal distribution. The left y-
axis corresponds to the probability.

The normal distribution is more likely to occur in nature than the triangular
distribution and it accounts for the whole range of possible outcomes from
IPCC, whereas the triangular is simplified to accounting for the likely range.
The normal distribution for the A parameter is also more likely to occur than
the triangular, however, there is not enough available data to estimate the
actual standard deviation. On the other hand, there is not enough data to
state that the interval of the triangular distribution has the strict assigned
min- and max values either, but using the observed range involves less
conjecture. Thus, there are pros and cons with using both probability intervals,

given the low availability of data.
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6 Conclusions and Recommendations

The most important conclusions from the method comparison are firstly that
LST-gradients and the background erosion can highly affect the future
recession and is an important factor to consider in risk assessment. Secondly,
that including the dune system in the SLR-induced recession calculations
generates a lower recession in Ystad municipality, however still in the same
order of magnitude as using the original Bruun Rule. In addition, how much
the estimated shoreline change differs between methods used is site-specific.
Thus, what model that is the most suitable in a coastal management or
planning project will depend on what type of features and processes that are
present at the concerned section of the coast. For example, the dune system is
more important to include when larger dunes are present. The LST gradients
are more important to consider in future estimations for an eroding or
accreting beach compared to a long-term stable beach.

In Ystad municipality, the Bruun Rule is not well suited for a large part of
the coastline because of the low amount of sand in the surface material. Even
in areas where the sand amount within the profile is sufficient, the assumption
of the equilibrium profile concept could not be confirmed with the available
data; consequently, there are questions whether the Bruun Rule and its
modifications are valid or not within these areas. In order to make well based
decisions in coastal management and planning, it needs to be further
investigated whether the areas of interest are in equilibrium or not before
estimating the shoreline change with the Bruun Rule or its developments.

Below follows a recommendation on how to improve the projections for future
shoreline recession when using the Bruun Rule and its developments.

Recommendations and future research:

e Access to higher quality data is essential. Due to the dynamic nature

of the nearshore area, repeated profile measurements over time are
needed to cover seasonal and annual variations to detect DoC and
validate the equilibrium profile assumption. Availability of high-
resolution bathymetry data is also needed to determine the profile
width more accurately.
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Better estimations of the LST-gradient and possible future variation.

The LST is highly sensitive to the inclination angle of the incoming
waves, and the future morphological changes might thus highly affect
the erosion state in some areas. To be able to better account for the
underlying LST rate gradients, projections for future LST needs to be
investigated, including the probable interdependency with the SLR.
Also, since there are various measurement methods with different
limitations and advantages, this should be developed further.

Extensive grain size measurements and accurate reference point.

Within the range of values relevant for the studied area, the calculated
profile width is sensitive to small changes in the grain size, thus
extensive measurements, and investigations regarding the accuracy of
using the Bascom point as reference point on low-tidal beaches are
recommended.

Examining the importance of including the grain size variation across

the profile should be done, to gain a better understanding of how the

profiles geometry and coastal response are affected by this variation.

In a coastal response assessment, offshore sediment excess should be

evaluated. In this study, the Dean transport has been neglected since
the available data was not enough to determine the offshore sediment
availability, however, if present, excessive offshore sand might lead to
accretion of the beach instead of recession.

When assessing the coastal response, the dune volume and sediment

exchange with the beach should be investigated. Including dunes in the

model could be of importance. In this study, the dunes have been
assumed to not migrate inland, which might be a reasonable
assumption for some dune formations. However, the beach — dune
relation is not always the same. Very high or very low dunes could
generally be expected to be of higher importance than medium dunes
due to the excess or deficit sediment supply.

The future shoreline position change should be presented using

probability intervals rather than a fixed line on a map, given the large
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uncertainties in available data and in long term modelling of complex
processes. This can be done with a Monte Carlo simulation.

On non-sandy coastlines, other more well-suited models should be used.

Non-sandy coastlines materials will not respond in the same way to the
forcing conditions as sandy coastlines. Thus, other models are needed

to estimate the recession on these coastlines.
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A Appendix

Appendix I — Longshore Diffusivity

Table A.1: Extract from a table developed by Dean (2002), giving the
longshore diffusivity from the breaking wave height.

Breaking wave height, Hp [m] | Longshore Diffusivity, € [m?/s]
0.3048 0.00199
0.6096 0.0112
1.524 0.111
3.048 0.628
6.096 3.55
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Appendix II — Probability Intervals

Table A.2: Estimated probability intervals for the MC simulation.
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Appendix III — Wave Climate
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Figure A.1: Wave roses the transects (year 1979 — 2019). The colours represent the
wave height magnitude while the length of the vectors represent the direction frequency.
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Appendix IV — Dune Model Usable Sand
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Figure A.2: Schematic figure of the profile of Hagestad W, used in the Dune Model —
Usable Sand. The equilibrium profile (beach + subaqueous) is simplified to a straight
line. y = 0 corresponds to the mean sea level year 2000.
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