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Abstract

Low lying coastal areas have always been attractive for people to live, but are
also prone to flooding. In The Netherlands, half of the population lives in the
coastal area below mean sea level where two-thirds of the economic value is
located. Coastal dunes protect the hinterland from flooding as a primary sea
defence along the major part of the Dutch coastline. The envisaged protection
level of the densely populated and economically valuable areas is one of the
world’s highest, with a normative failure probability of O(1× 10−5 year−1).
The extreme storm events of this order of magnitude are not observed in
(known) recent history. Hence, design, evaluation and maintenance of flood
defence systems that can resist these extreme normative conditions rely on
models and data extrapolations.

The safety assessment method for the Dutch dune coast includes an empirical
dune erosion model (DUROS+) and boundary conditions that represent the
normative loading (semi-probabilistic). Every six years, a safety assessment
is performed for a series of cross-shore dune profiles along the coast. The
prediction skill of the DUROS+ model is limited due to its empirical nature and
the omission of the alongshore dimension. The model only takes the upper
part of the cross-shore profile explicitly into account and does not account for
effects of wave obliquity and coastal curvature. Several dune erosion models
have been developed over the last two decades that provide the means to
model the dune erosion process in a more comprehensive way. In addition,
probabilistic methods have improved and computational power has increased,
potentially allowinga probabilistic safety assessment of complex dune areas to
be performed.

The aim of this thesis is the reduction of uncertainty in dune erosion predic-
tion, in particular at complex dune coasts, in order to improve dune safety



vi Abstract

assessment methods. To that end, state-of-the-art process-based models are
employed to study the influence of the cross-shore bathymetry, wave obliquity
and coastline curvature on dune erosion. In addition, a Bayesian Network is
introduced as a probabilistic method to account for their uncertainties.

Reducing uncertainty in dune erosion prediction is envisaged by deploying a
more comprehensive dune erosion modelling approach and by using a tailored
probabilistic approach. The development of the dune erosion modelling
capabilities concerns the improvement of the 1D cross-shore modelling skills
and the expansion of the coverage by providing a 2DH modelling approach
for complex areas. The introduction of a more advanced and computationally
expensive dune erosion model leads to other requirements for the probabilistic
approach. The probabilistic methods presently applied require either relatively
large numbers of simulations (Monte Carlo) or continuous limit state func-
tions (FORM). These requirements inhibit the comprehensive process-based
modelling of complex dune areas as considered in this thesis. The use of a
Bayesian Network model provides a flexible way to overcome the limitations
of the probabilistic methods and allows model, field and laboratory data to be
combined as well as experts’ opinions to estimate the dune erosion rate.

The process-based XBEACH model is deployed in 1D mode to investigate
the influence of distinct parts of the cross-shore profile. Intercomparison of
model simulations of different cross-shore profiles led to the conclusion that
the upper profile part is of major importance for the dune erosion volume
under extreme conditions, while the lower profile part only has marginal
influence. The DUROS+ model, utilized in the current Dutch dune safety
assessment method, takes the upper profile part explicitly into account, but
the lower part implicitly. Hence, it is not strictly needed to modify the safety
assessment method regarding the cross-shore bathymetry influence, provided
that the offshore profile part does not influence the forcing significantly.

The influence of wave obliquity on dune erosion is studied by XBEACH
simulations in 2DH for a simplified alongshore uniform coastal stretch with
time invariant hydraulic loading. For an incident wave angle of 40◦, 30 % more
erosion is found with respect to the reference case with shore normal wave
direction. The 2DH model shows additional stirring of the sediment, which
is related to the wave driven alongshore current enhancing the cross-shore
transport.

A 2DH curvilinear XBEACH model is used to investigate the governing
phenomena that play a role in dune erosion on a curved coastline. The series of
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model simulations with an alongshore uniform bathymetry and time invariant
hydraulic loading shows a strong relation between the dune erosion volume
and the coastal orientation with respect to the (incident) wave angle. Only a
marginal dependency on the coastal radius is found for approximately shore
normal waves. At the area along the curved coast where the incident wave
angle is 45◦ with respect to the local coastal orientation, 30 to 50 % more erosion
is found relative to the reference case with a straight coast and shore normal
wave direction. The alongshore variation in alongshore current, relative wave
obliquity, wave height and wave set-up as well as their interactions make the
erosion rate primarily spatially varying rather than coastal radius dependent.

A fully probabilistic evaluation (Monte Carlo) of the failure probability of the
first dune row is carried out for the major part of the Dutch dune coast where
a 1D dune erosion model (DUROS+) is applicable. In nearly the full study area,
the first dune row meets the normative safety level. At the limited number
of locations where first dune row’s failure probability exceeds the normative
safety level, either these areas are not part of the primary sea defence or
secondary dune bodies are present landward.

As an alternative to the probabilistic methods Monte Carlo and First Order
Reliability Method (FORM), a Bayesian Network is introduced that estimates
the relative dune erosion due to the effects of wave obliquity and coastal
curvature, with respect to a reference case with a straight coast and shore
normal wave direction. The Bayesian Network uses the XBEACH model results
concerning wave obliquity and coastal curvature. The Bayesian Network has
been utilised to evaluate the failure probability of the first dune row, of the
major part of the Dutch dune coast, with the effects of wave obliquity and
coastal curvature included. The failure probabilities are a factor O(10) higher
for the major part of the study area, with respect to the reference without wave
obliquity and coastal curvature effects.

This thesis stresses the importance of wave obliquity and coastal curvature for
the assessment of dune safety against flooding. The effects of these phenomena
are investigated based on 2DH XBEACH model simulations in a schematised
configuration and show that wave obliquity and coastal curvature can lead
to significantly larger dune erosion volumes and thus larger dune failure
probabilities. Hence, there is a need to include the effects of wave obliquity and
coastal curvature into future versions of the dune safety assessment method,
combined with proper validation and a tailored probabilistic method.
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Samenvatting

Titel: De rol van bodemligging, scheve golfinval en kustkromming in duinafslag
voorspelling

Laaggelegen kustgebieden zijn altijd aantrekkelijk voor mensen om te wonen,
maar zijn ook gevoelig voor overstromingen. In Nederland woont de helft van
de bevolking in het kustgebied onder gemiddeld zeeniveau, waar tweederde
van de economische waarde zich bevindt. Duinen beschermen als een primaire
zeewering het achterland tegen overstromingen langs het grootste deel van
de Nederlandse kust. Het beoogde beschermingsniveau van de dichtbevolkte
en economisch waardevolle gebieden is een van de hoogste in de wereld,
met een normatieve faalkans van O(1× 10−5 jaar−1). De extreme stormen
van deze orde van grootte zijn niet waargenomen in de (bekende) recente
geschiedenis. Daarom moet in het ontwerp, de toetsing en het onderhoud
van waterkeringen, die bestand moeten zijn tegen deze extreme maatgevende
omstandigheden, vertrouwd worden op modellen en extrapolaties.

De toetsingsmethode voor de Nederlandse duinenkust omvat een empirisch
duinafslag model (DUROS+) en randvoorwaarden die de normatieve condities
(semi-probabilistische) representeren. Om de zes jaar wordt een veiligheids-
toetsing uitgevoerd voor een reeks van duin dwarsprofielen langs de kust.
De betrouwbaarheid van het DUROS+ model is beperkt, als gevolg van het
empirische karakter en het ontbreken van de kustlangse dimensie. Het
model neemt alleen het bovenste deel van het dwarsprofiel expliciet mee en
houdt geen rekening met effecten van golfhoek en kustkromming. In de
afgelopen twee decennia zijn verschillende duinafslag modellen ontwikkeld
die de mogelijkheid bieden om de duin processen op een vollediger manier
te modelleren. Daarnaast zijn probabilistische methoden verbeterd en is de
rekencapaciteit toegenomen, waardoor het mogelijk wordt om een probabilis-
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tische veiligheidsbeoordeling van complexe duingebieden uit te voeren.

Het doel van dit proefschrift is om de onzekerheden in duinafslag voorspel-
ling te reduceren, in het bijzonder bij complexe duinenkusten, om daarmee
duinveiligheidstoetsing te kunnen verbeteren. Hiervoor zijn state-of-the-art
proces-gebaseerde modellen gebruikt om de invloed van het dwarsprofiel, de
golfhoek en kustkromming op duinafslag te bestuderen. Daarnaast wordt
een Bayesiaans Netwerk geı̈ntroduceerd als probabilistische methode om de
bijbehorende onzekerheden in rekening te brengen.

Het verkleinen van onzekerheden in duinafslagvoorspelling wordt nage-
streefd door het inzetten van een meer omvattende duinafslag model en door
gebruik te maken van een daarop toegesneden probabilistische aanpak. De
ontwikkeling van de duinafslag modellering betreft de verbetering van de
nauwkeurigheid van 1D kustdwarse modellering en de uitbreiding van het
toepassingsgebied door middel van een 2DH model aanpak voor complexe
gebieden. De introductie van een meer geavanceerd en rekenintensief duin-
afslagmodel stelt andere eisen aan de probabilistische aanpak. De probabi-
listische methoden die momenteel worden toegepast vereisen ofwel relatief
grote aantallen simulaties (Monte Carlo) of continue grenstoestand functies
(FORM). Deze eisen bemoeilijken de uitgebreide procesmatige modellering
van complexe duingebieden, zoals deze in dit proefschrift wordt toegepast.
Het gebruik van een Bayesiaans Netwerk model biedt een flexibele manier
om de beperkingen van de eerder genoemde probabilistische methoden op te
lossen en maakt het mogelijk om model-, veld- en laboratoriumdata, alsmede
inzichten van deskundigen, te combineren om de mate van duinafslag te
schatten.

Het proces-gebaseerde XBEACH model is gebruikt in 1D modus om de invloed
van verschillende delen van het dwarsprofiel te onderzoeken. Onderlinge
vergelijking van modelsimulaties van verschillende dwarsprofielen leidde tot
de conclusie dat het bovenste profieldeel van groot belang is voor het duinaf-
slag volume onder extreme omstandigheden, terwijl het onderste profieldeel
slechts marginale invloed heeft. Het DUROS+ model, gebruikt in de huidige
Nederlandse duin veiligheidstoetsingsmethode, brengt het bovenste profiel-
deel expliciet in rekening, maar het onderste gedeelte impliciet. Daarom is het
niet strikt nodig om de veiligheidstoetsingsmethode aan te passen betreffende
de dwarsprofielinvloed, mits het offshore profieldeel de hydraulische forcering
niet significant beı̈nvloedt.

De invloed van golfhoek op duinafslag is bestudeerd door XBEACH simulaties
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in 2DH voor een vereenvoudigde kustlangs uniforme kust met tijdsinvariante
hydraulische belasting. Voor een golfinvalshoek van 40◦, wordt 30 procent
meer erosie gevonden ten opzichte van het referentie geval met de kust-
normale golfrichting. Het 2DH model toont extra opwoeling van sediment,
die gerelateerd is aan de golfgedreven kustlangse stroming, waardoor het
dwarstransport versterkt wordt.

Een 2DH curvilineair XBEACH model is gebruikt om de maatgevende fe-
nomenen die een rol spelen bij duinafslag langs een gekromde kustlijn te
onderzoeken. De reeks modelsimulaties met een kustlangs uniforme bodem
en tijdsinvariante hydraulische belasting toont een sterke relatie tussen het
duinafslagvolume en de kust oriëntatie ten opzichte van de (invallende)
golfhoek. Slechts een marginale afhankelijkheid van de kustboogstraal wordt
gevonden voor ongeveer loodrecht invallende golven. In het gebied langs de
gebogen kust waar de invallende golfhoek 45◦ ten opzichte van de lokale kust
oriëntatie is, wordt 30 tot 50 procent meer erosie gevonden ten opzichte van het
referentiegeval met een rechte kust en loodrecht invallende golven. De variatie
van kustlangse stroming in langsrichting, relatieve golfhoek, golfhoogte en
golf opzet alsmede interacties daartussen, maken de mate van duinafslag
voornamelijk ruimtelijk variërend in plaats van boogstraal afhankelijk.

Een volledig probabilistische evaluatie (Monte Carlo) van de faalkans van
de eerste duinenrij is uitgevoerd voor het grootste deel van de Nederlandse
duinenkust, waar een 1D duinafslag model (DUROS+) toepasbaar is. In bijna
het volledige studiegebied voldoet de eerste duinenrij aan het normatieve
veiligheidsniveau. Op het beperkte aantal locaties waar de faalkans van de
eerste duinenrij groter is dan het normatieve veiligheidsniveau, is er ofwel
sprake van een gebied dat geen deel uitmaakt van de primaire zeewering of
zijn er landwaarts secundaire duinenrijen aanwezig.

Als alternatief voor de probabilistische methoden Monte Carlo en FORM
wordt een Bayesiaans Netwerk geı̈ntroduceerd dat de relatieve duinafslag
schat als gevolg van scheve golfinval en kustkromming, ten opzichte van
een referentie geval met een rechte kust en loodrechte golfrichting. Het
Bayesiaanse Netwerk maakt gebruik van de XBEACH modelresultaten met
betrekking tot golfhoek en kustkromming. Het Bayesiaanse Netwerk is
gebruikt om de faalkans van de eerste duinenrij te evalueren, van het grootste
deel van de Nederlandse duinenkust, met inbegrip van de effecten van de
golfhoek en kustkromming. De faalkansen zijn een factor O(10) hoger voor
het grootste deel van het studiegebied, ten opzichte van de referentie, zonder
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golfhoek- en kustkrommingseffecten.

Dit proefschrift benadrukt het belang van golfhoek en kustkromming voor de
beoordeling van duinveiligheid tegen overstromingen. De effecten van deze
verschijnselen zijn onderzocht op basis van 2DH XBEACH modelsimulaties in
een geschematiseerde configuratie en laten zien dat golfhoek en kustkromming
kunnen leiden tot aanzienlijk grotere duinafslag volumes en dus grotere duin
faalkansen. Het is daarom noodzakelijk om de effecten van golfhoek en kust-
kromming in toekomstige versies van de toetsmethode van de veiligheid van
duinen mee te nemen, in combinatie met goede validatie en een toegesneden
probabilistische methode.
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1

Chapter 1

Introduction

1.1 Background

Coastal areas have always been attractive to live in, because of the soil fertility
and the easy accessibility of the ocean for transport and fishing purposes. On
the other hand, coastal waters are a serious threat for flooding, especially when
the hinterland is below sea level. In The Netherlands, half of the population
and over two-third of the economic value is in coastal areas below mean sea
level. Along a large part of the Dutch coast (254 km; Min V&W, 1989), dunes
act as a primary defence against flooding of the hinterland. The remaining
primary defences are mainly dikes, dams and storm surge barriers. To ensure
the protection of the densely populated and economic valuable hinterland,
one of the world’s smallest failure probabilities (O(1× 10−4 year−1))1 are
prescribed by law (Figure 1.1). These small probabilities correspond to extreme
storm events which have not been observed in (known) recent history (Baart
et al., 2011). Therefore, design and maintenance of flood defence systems that
can withstand these extreme storm conditions mainly rely on models and data
extrapolations. To control the safety of the hinterland, a periodic (six yearly)
safety assessment for all primary flood defences is prescribed by law.

The Dutch safety assessment method for dunes (ENW, 2007), currently in
1For dunes, a failure probability of 1× 10−5 year−1 is used, in order to end up with a similar

safety level as dikes. Dikes are supposed to have some ‘rest strength’ after breaching whereas
dunes are expected to either withstand the loading or totally fail.
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Figure 1.1: Safety standards for dike ring areas in The Netherlands
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force, consists of hydraulic boundary conditions (surge level and waves) and
a dune erosion model. The hydraulic boundary conditions represent the
normative loading. The dune erosion model evaluates the strength of a dune
and estimates its response to the normative hydraulic loading conditions. A
dune cross-section is considered sufficiently safe if the estimated response
does not result in failure of the water defence function of the dune. The
safety assessment method is a simplification of an extensive probabilistic
investigation that has been carried out at a number of locations along the coast.

This fully probabilistic approach consists of three components: 1) a hydraulic
loading model, 2) a probabilistic method and 3) a dune erosion model.
The hydraulic loading model derives probability distributions of waves and
surge using statistical methods and time series of measurement data. The
probabilistic method serves as an interface, by converting the probability
distributions into boundary conditions for individual storm events that can
be handled by the dune erosion model. The dune erosion model simulates
individual storm events, based on pre-storm bathymetry information, grain
size distributions and hydraulic boundary conditions, resulting in a post-storm
bathymetry.

1.2 Dune erosion

Dune erosion is the relatively dynamic process of cross-shore sediment trans-
port of dune sand to the beach and foreshore on the time scale of a storm
(O(hours)). The dune erosion process is driven by storm conditions that are
mainly described by surge and severe wave attack. The cross-shore profile
changes rapidly during a storm event, because storm conditions are striving
for a cross-shore profile that dynamically adapts to the forcing conditions such
that energy dissipation per unit volume in the surfzone becomes spatially
more uniform and significantly differs from the pre-storm profile. The eroded
sediment is deposited on the beach and foreshore (Figure 1.2), presuming
that no significant losses occur in offshore or lateral direction. As the profile
adapts to the storm conditions, the response rate decreases towards a new
equilibrium, but the time scale of a storm is usually too short to reach this
equilibrium.

In stable coastal sections, eroded dunes completely recover due to wave and
wind action during normal conditions. The sediment from the foreshore is
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Figure 1.2: Principle of dune erosion.

transported by waves towards the intertidal beach. Subsequently, aeolian
transport picks up the sand from the beach and moves it towards the dunes,
leading to dune recovery. By this mechanism the dune erosion process is
reversible and is part of the natural dynamics of a dune coast.

Structural erosion is a gradual retreat of the coastline due to alongshore
gradients in sediment transport2. Although dune erosion in itself is not
structural, a dune erosion event can cause a temporarily amplification of
the structural erosion. The sediment eroded from the dune and deposited
on the beach and foreshore feeds the permanent loss from the profile by
alongshore transport gradients. By this mechanism, dune erosion is turned
into a (partially) irreversible process, at structural eroding coastal sections.

The process of dune erosion gets particularly complicated when cross-shore
processes are influenced by an alongshore flow and/or water level gradient.
The alongshore flow can be generated by the tide, oblique incoming waves
and an alongshore water level gradient. An alternating alongshore flow is
generated by the tide. At inlets this can be amplified due to flow contraction
and filling and emptying of the tidal basin. Inlets generally coincide with
curved coastlines at both sides, leading to even more complexity. The
curvature leads to an alongshore sediment transport gradient, acting as a sink
to the cross-shore sediment balance. The alongshore flow can influence the

2It is assumed that the type of coast considered in this thesis has a negligible net sediment loss
or gain due to cross-shore sinks or sources.
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stirring of the sediment. A water level gradient can originate during storm
conditions at areas where a dike section is adjacent to dune area. Alongshore
difference in beach and foreshore development can locally generate alongshore
flow, influencing the dune erosion process (De Vries, 2011).

1.3 Problem definition

The prediction skill of the current Dutch dune safety assessment method
(ENW, 2007) is limited, due to both the empirical nature of the dune erosion
model and the application in the extreme range, relying on extreme value
statistics. In addition, the applied dune erosion model (DUROS+; Vellinga,
1984; Van Gent et al., 2008) only takes the cross-shore dimension into account,
which means that the model is actually only valid for alongshore uniform
sandy dune coasts. New developments in dune erosion models allow for more
accurate process-based modelling (Van Thiel de Vries, 2009) and including
the alongshore dimension (Roelvink et al., 2009). However, to effectively
apply these computationally more expensive dune erosion model approaches
in the safety assessment, the underlying probabilistic representation has to be
reconsidered.

Over the last three decades several dune erosion models have been developed.
The first safety assessment guideline (TAW, 1984) prescribed the empirical
DUROS model (Vellinga, 1984). Later on, when the importance of the wave
period for dune erosion was recognised, Van Gent et al. (2008) extended
this model with the wave period effect (DUROS+). D++ (Deltares, 2010)
is a recently developed empirical model, closely related to DUROS+, which
allows for hydraulic boundary conditions at shallower water. The latter model
thus also covers areas with shoals in front of the coast, which cannot be
assessed with DUROS+. DUROSTA (Steetzel, 1993) is developed in the early
1990s with the purpose to investigate the effect of alongshore currents and
current gradients on the amount of dune erosion. It is a 2DV (cross-shore)
time-dependent model that has capabilities to approximate some alongshore
phenomena such as alongshore currents, wave obliquity and coastal curvature
(quasi 3D). These capabilities make DUROSTA potentially useful to cover the
major part of the Dutch dune coast. XBEACH (Roelvink et al., 2009) is a
2DH numerical modelling approach to assess the natural coastal response
during time-varying storm and hurricane conditions. It aims at describing
the processes relevant for the different storm regimes as defined by Sallenger
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(2000): swash, collision (dune erosion), overwash and inundation. The wide
ranging capabilities including complex 2DH cases make XBEACH potentially
applicable to the whole Dutch dune coast.

To effectively benefit from a more comprehensive dune erosion model in
the next generation dune safety assessment methodology, the probabilistic
methods and the stochastic variables need to be reconsidered. The selection
of the probabilistic method should depend on the computational cost and
stability of the dune erosion simulations. Straightforward methods like Monte
Carlo require relatively large numbers of simulations, especially for small
failure probabilities. Various smart Monte Carlo variants are available that
allow for significant reduction of the number of required simulations (Fishman,
1996). Apart from the Monte Carlo methods, the first-order reliability method
(FORM; Hasofer and Lind, 1974) is an efficient alternative, provided that the
limit state function is continuous. Discontinuity can occur when shifting from
one regime (Sallenger, 2000) to another, e.g. from collision to overwash, or
when the model contains processes that behave irregular. As an alternative to
these model driven methods, a Bayesian Network can combine simulation and
observation data (both field and laboratory) to make predictions in terms of
a probability distribution. The amount of underlying data and the available
evidence is, among others, determining the confidence bounds of the resulting
probability distribution. When having a sufficiently large dataset available,
consisting of measurements and/or simulations, a Bayesian Network ap-
proach can be beneficial. The governing processes, their uncertainty and their
sensitivity must be guiding in the selection of the stochastic variables. These
properties are related to the dune erosion model under concern.

1.4 Aim

This thesis aims at reducing uncertainty in dune erosion predictions, in
particular at complex dune coasts, in order to improve the assessment method
for dune safety against flooding. To that end, state-of-the-art process-based
dune erosion models are employed to further investigate issues insufficiently
covered by the current Dutch safety assessment method. The influence of
cross-shore bathymetry, coastal curvature and incident wave angle are the
main focus in this thesis. In addition, a Bayesian Network approach is
introduced to create a practical framework for the inclusion of additional
aspects and uncertainties to the safety assessment method for complex coasts.
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1.5 Approach

This section outlines the approach of this thesis following the structure as
presented in Figure 1.3.

Chapter 2 elaborates on the problem definition by discussing the current Dutch
safety assessment method for dunes. In addition, an inventory of the relevant
processes for dune erosion is made. The dune erosion model in the current
safety assessment method includes some of these processes. A number of other
processes can be accounted for by alternative models. Chapter 2 compares the
relevant dune erosion models, in terms of their theoretical capabilities. Related
to their capabilities, the applicability (coverage) of the models along the Dutch
coast is compared. Finally, the chapter discusses various probabilistic methods
that are potentially useful for dune safety assessment.

In Chapter 3, the selected dune erosion models are evaluated, inter-compared
and limitations are explored based on sensitivity to determining variables and
practical capability of modelling complex coasts. The consistency between
the models is discussed for the main variables which they have in common.
In addition, special attention is paid to the influences of bathymetry, coastal
curvature and wave obliquity.

Chapter 4 describes in a probabilistic analysis for a reference case, the impli-
cation of including wave obliquity and coastal curvature. As a first step the
present Dutch approach is adopted, which is based on the DUROS+ model and
the FORM method, as a reference. Next, a Bayesian Network is introduced that
aims at reproduction of the DUROS+ dune erosion estimates with comparable
performance to illustrate the capabilities of this alternative approach. Finally,
the additional effects of wave obliquity and coastal curvature are included,
in both the FORM and Bayesian Network approach, based on estimates by
process-based dune erosion models. The updated insights are compared to the
reference framework.

A practical application is presented in Chapter 5. A reference framework is
created by applying the ‘present approach’ to the major part of the Dutch
sandy coast, to estimate the probability of failure of the first dune row. The
failure probability of this first line of defence is an upper boundary for the
inundation probability of the hinterland. The present approach is defined here
as the stochastic variables as presently established combined with the DUROS+
dune erosion model. The Monte Carlo method is adopted here as a reliability
method. As an alternative, the additional influences of wave obliquity and
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Figure 1.3: Structure of the thesis.

coastal curvature are included. Here a combination of the Monte Carlo method
and the Bayesian Network is used to again estimate the failure probability
of the first dune row. Comparison with the reference provides insight in the
potential impact of wave obliquity and coastal curvature on the anticipated
safety level.

The thesis ends with conclusions and recommendations from this study in
Chapter 6.
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Chapter 2

Review of safety assessment
components

This chapter discusses the Dutch dune safety assessment procedure and the
underlying models, in order to identify its possibilities but also its limitations.
The procedure and the various components of dune safety assessment are
described. Relevant aspects and issues when modelling dune erosion as well
as an inventory of the governing processes and quantities are given. This
facilitates the comparison of dune erosion models by considering whether
specific processes are covered by a model and in what way. A number
of relevant dune erosion models, their intercomparison and applicability
(coverage) along the Dutch coast is evaluated based on their theoretical
capabilities. Finally, this chapter discusses a number of relevant probabilistic
methods.

2.1 Safety assessment

2.1.1 Strategy

Management of coastal dunes involves balancing the interests of multiple user
functions provided by dune areas. A dune area provides valuable ecological



10 Chapter 2. Review of safety assessment components

habitat for a wide range of flora and fauna, it is a popular area for recreation
and it provides flood protection for the hinterland. Clearly a dune area prefer-
ably provides all of the above-mentioned services simultaneously. Especially
for low lying countries (such as The Netherlands), the flood protection function
is usually treated with priority.

An economically optimised flood defence system provides a maximal safety
level at minimal costs (Starr, 1969; Vrijling, 2001). In order to find this optimum,
three issues need to be addressed. First of all, the failure probability of the
flood protection system needs to be assessable. In terms of dunes, this means
that a method to quantitatively assess the resilience of a dune area is required.
Second, the expected damage in case of failure should be estimated. This could
be approximated, in a worst case scenario, by the total economic value of the
dune area and the hinterland protected by it. The reasoning behind it is that
if the dunes fail, serious flooding is assumed to totally destroy the hinterland.
Third, insight is required in the investment costs associated with enhancing the
level of safety locally as well as regionally (construction as well as maintenance
costs). Combining these in a cost-benefit analysis provides a rational desired
level of safety. The actual decision on the desired safety level is a political issue,
since costs and benefits may be valued differently by different stakeholders
(Vrijling, 2001).

A practical application of the above described approach is the development of
the normative safety level presently used for the Dutch coast. It is based on the
evaluation of the probability of failure, the cost of maintenance and the cost of
failure in terms of damage to economic value present in the hinterland (Van
Dantzig, 1956). This normative safety level was proposed by the Delta Com-
mittee (1960) following the 1953 storm surge disaster (Rijkswaterstaat and
KNMI, 1961). An overview of the safety levels for the The Netherlands is
given in Figure 1.1. The densely populated Holland coast should be able
to withstand hydraulic boundary conditions with an exceedance probability
of 1× 10−4 year−1; the Wadden area 5× 10−4 year−1 with the exception of
the island Texel (2.5× 10−4 year−1); the Delta area 2.5× 10−4 year−1. These
safety standards are based on an econometric analysis. Inundation of the
hinterland is assumed to result in total loss of properties, but fatalities and
social disruption are not taken into account. The Delta Committee (1960)
explicitly intended the flood defences to be able to (just) withstand the
design conditions. The exceedance probabilities of the design conditions are
therefore not the failure probabilities of the defence. Working Group 10; Delta
Committee (1954) recommended to set the maximum failure probability at a
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factor of 10 smaller than the exceedance probability of the design level. In line
with this recommendation, we use a failure probability of 1× 10−5 year−1, for
the Holland coast, in this thesis.

The management of the safety against flooding is implemented in The Nether-
lands by a periodic safety evaluation. The results of that evaluation are decisive
in strengthening measures to be taken.

2.1.2 Implementation

As mentioned in Section 1.1, a probabilistic dune safety assessment includes
three components: 1) a hydraulic loading model, 2) a probabilistic method
and 3) a dune erosion model. To provide and maintain the stringent safety
levels against flooding, in The Netherlands a six-yearly safety assessment
is established and prescribed by law. For each periodic safety assessment,
guidelines (VTV2006, 2007) and hydraulic boundary conditions (HR2006, 2007)
are provided. More extensive guidelines, specifically focussed on dunes are
provided by ENW (2007). This section describes the main features of the Dutch
dune safety assessment.

Both the hydraulic loading model and the probabilistic method are captured by
the guidelines (VTV2006, 2007) and hydraulic boundary conditions (HR2006,
2007). Practically, the actual assessment is a deterministic evaluation to
check whether a coastal cross-section is able to withstand the pre-defined
boundary conditions. The DUROS+ model plays a major role in the dune
safety assessment. The model estimates the cross-shore profile change by a
storm event and assumes alongshore uniformity. In addition, the model is
only applicable to sandy areas, excluding structures like dune revetments and
seawalls. Dune erosion calculations are performed for cross-shore transects
along the coast, with an alongshore spacing of about 250 m, based on the
annual bathymetries over the last 15 years. The position of the dune face is the
key figure from the resulting post-storm profile in the safety assessment. Based
on the linear trend through the set of 15 dune face positions, the judgement
is established. If the trend line exceeds the landward threshold within the
evaluation period of six year, the transect is labelled as non-save.

While the standard evaluation procedure is rather straightforward, the as-
sumptions underlying the DUROS+ model limit the validity of the method
along the coast. Hence, specific procedures are prescribed, or at least special
attention is paid, to complex dune areas with the following features:



12 Chapter 2. Review of safety assessment components

• Alongshore transport gradients, i.e. curved coastlines
• Hard (structural) elements in the cross-shore profile
• Alongshore transitions from hard structures to sandy dunes
• Deep channels relatively close to the shoreline
• More than one dune row, in the sense that the first dune row is not

sufficient to withstand the design conditions

The 1D approach in DUROS+ and the separate treatment of the complex
dune areas leads to alongshore discontinuities in the anticipated dune failure
probability. In order to come to a more integrated approach, covering a variety
of dune areas, a clear picture of all features that potentially play a role is
required.

2.2 Inventory of relevant factors controlling dune
erosion

Proper assessment of dune safety against flooding requires a suitable dune
erosion model that includes all relevant features of the processes involved.
Dune erosion is basically considered as a purely cross-shore process. Complex
areas can however turn the alongshore processes into additional non-negligible
contributions. Thus, the local situation and the processes involved determine
the requirements for the dune erosion model to be applied. This section gives
an overview of factors that potentially play a role. Each of these factors is
briefly discussed.

Water level / storm surge The water level is the combination of astronomical
tide and storm surge. A sufficiently high water level is a prerequisite for wave
impact on dunes. Provided that the water level is sufficient to cause dune
erosion, it has a major influence on the rate of dune erosion (Van de Graaff,
1986).

Wave height In addition to a sufficiently high water level, the waves are
another prerequisite for dune erosion. The wave height determines the wave
energy. Near the shore, the energy is dissipated due to wave breaking. Wave
dissipation leads to wave set-up and subsequently a cross-shore return current
(undertow). Sediment is stirred up by the orbital motion, breaking induced
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turbulence and the undertow. The undertow is responsible for sediment
transport in offshore direction.

Wave obliquity In case of wave obliquity, a wave driven alongshore current
is generated. The magnitude of the alongshore current is dependent on the
wave height, period and angle. In addition, the wave energy per running
meter coastline becomes smaller for larger off normal wave angles. Assuming
a straight coast, no alongshore transport gradient is present. The alongshore
current can facilitate the stirring of the sediment, but at the same time the
undertow becomes weaker because of the reduced mass flux per running meter
coastline. The resulting influence of wave obliquity on dune erosion is not clear
beforehand, but the relevance of the alongshore dimension is obvious. Falqués
(2006) shows that the wave angles along the Dutch coast are mostly oblique.

Alongshore current Alongshore currents can be tide and/or wave driven.
When alongshore and cross-shore are considered separately, the alongshore
current is supposed to not influence the dune response as long as no gradients
are involved. However, the alongshore flow can facilitate stirring of the
sediment and consequently lead to higher suspended sediment concentrations.
These higher sediment concentrations can increase the offshore transport by
the undertow. In case of a combination of tide and wave driven alongshore
currents, a periodic amplification and (partly) cancelling out can play a role.

Directional spreading Dune erosion, being schematised as a purely cross-
shore process, has been mainly investigated based on flume experiments. In
nature, however, waves are directionally spread. Hence, dune erosion rates
are hypothesised to be reduced. Refraction of the short waves will reduce the
energy over a wave crest. In addition, the short to long wave energy transfer is
expected to be reduced (Reniers et al., 2002).

Wave period Analysis of wave data from historic storms by De Ronde et al.
(1995) and Roskam and Hoekema (1996) indicated that the wave period during
normative conditions would be larger than the previously assumed maximum
peak wave period of 12 s. Small-scale (nd = 30 and nd = 40) and large-scale
(nd = 6) dune erosion experiments conducted afterwards, showed a significant
increase in dune erosion for larger peak wave periods in the range of 10 s to 18 s
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(Coeveld and de Vroeg, 2004; Den Heijer, 2005; Van Gent et al., 2008). Large
scale dune experiments, performed by Van Gent et al. (2008), showed that a
larger wave period allows more wave energy to reach the dune and results in
significantly larger near-bed sediment concentrations in the shallow area (Van
Thiel de Vries et al., 2008). Based on these experimental results, Van Gent et al.
(2008) updated the empirical dune erosion model of Vellinga (1986) to account
for the wave period.

Long waves Large scale dune erosion experiments and field observations
indicated that near dune hydrodynamics during dissipative storm conditions
are dominated by wave group generated long waves (Van Thiel de Vries
et al., 2008). Applying the surf beat modelling concept (Roelvink, 1993),
measured time series of hydrodynamics could be accurately reproduced and
explained by simulated long-wave hydrodynamics (Van Thiel de Vries, 2009;
Van Thiel de Vries et al., 2006).

Bathymetry The bathymetry is determinant for wave propagation, dissipa-
tion and consequently wave driven currents. In this way the bathymetry
influences the wave attack that the dune experiences and transport capacity
of the water. Alongshore variability and coastline curvature, being a separate
topic, are also important in this respect.

Topography The topography describes the dune shape and with that the
dune volume. The available dune volume, above a certain level and per
running meter of coast, can be considered as an important resilience indicator.
In addition to the volume, the presence of one or more alongshore closed lines
of defence is relevant. In case of two dune rows where in the landward row
one or more gaps occur, failure of the first dune row can lead to inundation of
the hinterland via a neighbouring gap in the second dune row.

Grain size The grain size plays an important role for sediment transport,
and consequently for dune erosion. Smaller grain sizes lead to higher con-
centrations of suspended sediment (Van Rijn, 2007) and thus a larger offshore
transport capacity which increases dune erosion. In addition, there is a relation
between the grain size and the coastal profile steepness. Finer grains will allow



2.2 Inventory of relevant factors controlling dune erosion 15

milder slopes whereas coarser grains allow steeper slopes. The steepness of the
profile influences the wave transformation and so the dune erosion.

Dune face slumping One of the key phenomena of the dune erosion pro-
cesses is the episodic slumping of the dune face. The wave attack on the dune
face and the alternating flooding and drying of the zone around the waterline
lead to geotechnical instability. A slump event will instantaneously provide a
hump of sediment to the shallow water zone just in front of the dune. The long
wave swash will then gradually transport the sediment in offshore direction
and distribute it over the cross-shore profile. The slumping process is closely
related to the geotechnical properties of the dune face and its response to
the dynamic flooding and drying on a long wave time scale, but is not fully
understood yet. Note that the slumping process, due to its episodic nature, is
by definition not continuous in time (Palmsten and Holman, 2012).

Storm duration Storms are the common cause of energetic hydrodynamic
conditions, extreme water levels and waves, potentially leading to dune
erosion. The storm characteristics, such as duration, wind speed and direction,
together define the magnitude of the storm. The duration of the storm and the
phase with respect to the tide largely determine the surge and with that the
water level hydrograph and so the dune response.

Coastal curvature Coastal curvature implies an alongshore varying sediment
transport i.e. an alongshore transport gradient. Interaction between cross-
shore and alongshore processes is not negligible in this case. If the cross-
shore and alongshore components are considered separately, at least a sink
(or source) term should be added in the cross-shore sediment load. More
likely, the interactions between these components should be taken into account
explicitly, requiring a 2DH approach. This thesis only considers convex curved
coastlines, since those are likely to increase the dune erosion rate. Since
strongly curved coastlines often occur near inlets, not only the wave driven
alongshore current and its gradient but also tidal currents can be of importance.
The residual effect of wave and tidal driven currents on dune erosion at curved
coasts is not taken into account in this thesis.
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Structures A distinction can be made between structures that mainly in-
fluence the cross-shore processes and those that also include the alongshore
dimension. The first type includes dune revetments and seawalls. These
types of structures limit or prevent the supply of sediment by the dune
towards the subaqueous area. Since the transport capacity of the water is not
significantly different, a scour hole will develop in front of the structure. As
long as the scour hole does not reach the toe of the structure and the structure
is able to withstand the wave attack, there is no serious problem. Dune-
dike connections do typically include the alongshore dimension. Due to the
alongshore variation in cross-shore profile, which initially exists or develops
in time as a result of different response, wave set-up variation and alongshore
current gradients influence the erosion process locally (De Vries, 2011).

2.3 Dune erosion models

This section introduces the dune erosion models that are applied in this thesis
and highlights their theoretical capabilities and limitations. The nature of a
dune erosion model largely determines the type of cases it can be used for.
Distinctions can be made between empirical and process-based models on the
one hand, and cross-shore (1D/2DV) and combined cross-shore/alongshore
(2DH) models on the other hand.

For morphological modelling, the spatial dimensionality and scales as well as
the time scales are important (De Vriend, 1991). In essence, dune erosion is a
cross-shore process on a storm time scale,O(hours). In areas where significant
alongshore variations occur, such as curved coastlines, a 2DH modelling
approach is recommended. The spatial extent of the model also depends
on the nature of the model. A process-based model should have ‘stable’
boundaries (limited gradients), which are not likely to be close to the area
where morphological changes occur. The offshore boundary of an equilibrium
model is a bit more arbitrary, but commonly the hydraulic boundary conditions
are defined offshore of the morphological active zone.

In the choice for a modelling approach, the required (or sufficient) level of
detail is determining. An empirical model estimates the post-storm profile
shape. A process-based model describes the profile’s shape in more detail and
including its development in time. For hind-casting purposes, when at least
pre and post storm bathymetry as well as hydraulic conditions are available,
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a process-based model gives detailed information about the development in
time. For forecasting applications, when the initial bathymetry as well as
realistic estimations of conditions are available, a process-based model can
be worthwhile as well. In case of safety evaluations, in fact all model input
is based on rough estimations, assumptions and extrapolations. A process-
based model, that involves more (stochastic) input variables, might respond
unexpectedly to unfavourable combinations of input that is not covered by the
validation data. A related empirical model that reflects the major governing
phenomena, but includes a limited number of input (stochastic) variables, can
be very useful for safety evaluations since it is computationally cheap and leads
to a more precise (smaller spreading) but less accurate (larger bias) result.

2.3.1 DUROS/DUROS+/D++

The empirical dune erosion models DUROS (Vellinga, 1986), DUROS+ (Van
Gent et al., 2008) and D++ (Deltares, 2010) are related to each other in the
sense that they are 1D equilibrium profile models sharing part of the formulae
describing the post-storm dune profile. This section briefly introduces the three
models, where after the model specific properties are discussed for each model
separately.

The models estimate a post-storm cross-shore profile shape, based on pre-
storm bathymetry, sediment fall velocity in water and offshore hydraulic
boundary conditions. The 1D approach implicitly includes the assumption
of an alongshore uniform and straight coast. Table 2.1 summarises the main
properties of the models. The models do not simulate the profile development
in time, they only approximate the post-storm profile shape.

The original DUROS model, and later also DUROS+ and D++, are based on a
series of dune erosion experiments with different scales (Vellinga, 1986; Van
Gent et al., 2008). Since all underlying experiments focussed on dune erosion,
the models are not applicable for other storm regimes, such as overwash. In
the physical laboratory experiments used for the development of the model,
it was assumed that stationary conditions during 5 h with maximum intensity
generate approximately the same erosion as a representative complete storm
with time varying intensity (Vellinga, 1986; Steetzel, 1993). In line with that,
comparisons between models in Chapter 3 are mainly based on 5 h stationary
conditions.

Using the estimated post-storm profile shape, the cross-shore position of
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model
property symbol unit DUROS DUROS+ D++
offshore boundary depth m 25 m 25 m custom
water level m � � �
significant wave height Hs m � � �
peak wave period Tp s - � �
sediment fall velocity ws m s−1 � � �

Table 2.1: Comparative overview of dune erosion models DUROS, DUROS+
and D++

that profile is found by assuming conservation of volume in the cross-shore
direction. The algorithms of the models presented in this section are available
in OpenEarth1 (Van Koningsveld et al., 2010).

The post-storm profile comprises three elements (Figure 2.1):

1. the dry dune front,
2. the parabolic equilibrium post-storm beach profile, and
3. the transition slope connecting the post-storm beach profile with the

initial profile.

The dry dune front is described by a 1:1 slope, from the storm surge level
upward to the intersection with the pre-storm profile. The representation of
the parabolic profile differs in the three models, and will therefore be dealt with
separately. The transition slope connects the parabolic profile at the seaward
end with a 1:12.5 slope to the initial profile.

The total post-storm profile shape is shifted in the cross-shore such that
sediment conservation between dune face erosion and foreshore deposition is
achieved. The post-storm cross-shore profile depends on (1) significant wave
height, (2) wave peak period and (3) sediment fall velocity; the latter primarily
determined by grain size (Equation 2.1).

The fall velocity of the sediment in water ws is defined as a function of the D50
grain size (for a water temperature of 5 ◦C), following (WL | Delft Hydraulics,

1http://oss.deltares.nl/

http://oss.deltares.nl/
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Figure 2.1: Example of a DUROS+ calculation and various sub elements of the
method

1983):

10log
(

1
ws

)
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10log D50

)2
+ 2.180 10log D50 + 3.226 (2.1)

DUROS+

The DUROS+ model is based on DUROS, but introduces an additional term to
account for the wave period. The formulation for the parabolic profile in the
DUROS+ model is given in Equation 2.22 (Van Gent et al., 2008).

7.6
Hs
· y = 0.4714 ·

⎡
⎢⎢⎢⎢⎣
(

7.6
Hs

)1.28
·
(

12
Tp

)0.45

︸ ︷︷ ︸
Tp term

·
( ws

0.0268

)0.56 · x + 18

⎤
⎥⎥⎥⎥⎦

0.5

− 2 (2.2)

2All formulae are based on metric units
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Herein y is the vertical coordinate, positive downward with y = 0 at
the storm surge level and x is the cross-shore coordinate which is positive
seaward (secondary axes in Figure 2.1). For the meaning of the other symbols
see Table 2.1. The offshore extent of the parabolic profile is described by
Equation 2.3 and 2.4.

xR = 250 ·
(

Hs

7.6

)1.28
·
(

0.0268
ws

)0.56
(2.3)

yR =

(
Hs

7.6

)
·

⎡
⎢⎢⎢⎢⎣0.4714 ·

⎛
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(
12
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)0.45

︸ ︷︷ ︸
Tp term

+18

⎞
⎟⎟⎟⎟⎠

0.5

− 2

⎤
⎥⎥⎥⎥⎦ (2.4)

DUROS

The DUROS and DUROS+ models are identical for a peak wave period of 12 s.
The equations of the original DUROS model were derived for this peak period
value. The parabolic profile is described by Equation 2.2 and 2.4, provided that
Tp = 12 s, resulting in the Tp terms to become 1. In Equation 2.2, the Tp term
simply falls out. Equation 2.4 can be simplified to:

yR = 5.717 ·
(

Hs

7.6

)
(2.5)

D++

The D++ model (Deltares, 2010) mainly differs from the related models,
previously described, by its water depth at the offshore boundary where
the hydraulic boundary conditions are imposed. Based on a comprehensive
reanalysis of available dune erosion experiments, similar to WL | Delft Hy-
draulics (1982), new model formulations have been derived that account
for the predicted wave propagation offshore of the surf zone. This implies
in particular a different definition of the offshore extent of the parabolic
profile (xR, yR). The parabolic shape is described in a similar way, but three
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coefficients are different. It is described by:

7.6
H0s

· y = 0.6 ·
[(

7.6
Hs

)1.28
·
(

12
Tp

)0.45
·
( ws

0.0268

)0.56 · x + 50

]0.5

− 4.2 (2.6)

The cross-shore location to cut off the parabolic profile in this model, depends
not only on the wave height and sediment fall velocity, but also on the water
depth at the offshore boundary of the model:

xR = xre f · c fdepth ·
(

Hs

7.6

)1.28
·
( ws

0.0268

)−0.56
(2.7)

Where xre f is the xR location for the reference conditions (Hs = 7.6 m,
ws = 0.0268 m s−1), based on Equation 2.3, leading to xre f = 250 m. The
correction factor for the depth at the offshore boundary is described by:

c fdepth = Δ ·max
(

15
d

+ 0.11; 1
)
+ (1− Δ) (2.8)

Where transition function Δ is described by:

Δ =

⎧⎪⎪⎨
⎪⎪⎩

0 Hs
d ≤ 0.4(

Hs
d −0.4
0.06

)
0.4 < Hs

d ≤ 0.46

1 Hs
d > 0.46

(2.9)

2.3.2 DUROSTA

DUROSTA (Steetzel, 1993) is a numerical dune erosion model which is also
known as UNIBEST-DE. It is a 2DV cross-shore model, solving the wave
propagation, flow, sediment transport and bathymetry development for time-
varying hydraulic conditions. Although the alongshore dimension is not
explicitly taken into account by the model, it has the option to deal with wave
obliquity, alongshore current gradients and coastal curvature.

DUROSTA simulates the cross-shore profile development in time, based on
instantaneous sediment transport rates. The basic assumption is that the nett

http://www.deltares.nl/en/software/1178324/unibest-de/
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local cross-shore sediment transport rate can be computed as the product of
local flow velocity vertical and sediment concentration vertical according to:

S(x) =
1

nT

∫ nT

t=0

∫ η(x,t)

z=0
u(x, z, t)C(x, z, t)dzdt (2.10)

in which:
S nett transport [m3 m−1 s−1]
u cross-shore velocity [m s−1]
C sediment concentration
x cross-shore position [m]
t time [s]
T wave period [s]
z vertical coordinate with respect to the bed [m]
η instantaneous water level [m]
n sufficiently high number

To elaborate Equation 2.10, the velocity and sediment concentration should be
estimated in time and space. Due to the lack of a detailed description of the
velocities and sediment concentrations including their variations, a number
of simplifications had to be made. Figure 2.2 shows an overview of the
various sub-models of DUROSTA and how they interact to simulate the profile
evolution.

The model includes the ENDEC (Battjes and Janssen, 1978) wave model, that
predicts the dissipation of energy in random waves breaking on a beach.

DUROSTA only includes the suspended sediment transport resulting from
turbulence by breaking waves, meaning that bed-load transport is neglected.
This assumption is considered valid because during storm conditions the
majority of the sediment transport takes place as suspended transport.

The cross-shore flow is described as a time averaged velocity profile below the
mean wave trough level and is based on the vertical distribution of the time
averaged shear stress. The mass transport towards the coast is assumed to be
concentrated in a narrow zone above the mean wave trough level. The mass
flux in the upper part is compensated by a return current in the lower part of
the water column.

The cross-shore transport model estimates the suspended sediment transport
based on the cross-shore flow and the vertical distribution of the sediment
concentration. This means that the wave related transport is neglected and
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Figure 2.2: Overview of DUROSTA sub-models.
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Figure 2.3: Schematic outline of DUROSTA’s double-ray approach for a
uniform curved coastline (source: Steetzel, 1993).

only the current related transport is included.

The alongshore flow model describes the cross-shore as well as the vertical
distribution of the alongshore flow. The alongshore current is acting as a
transport medium for the suspended sediment as generated by the breaking
waves. This sub-model of DUROSTA includes the possibility to induce an
alongshore current gradient, either directly (e.g. tide driven) or as a result of
coastline curvature. Given the curvature, the model estimates the alongshore
current gradient, which is a sink for the cross-shore sediment transport. The
alongshore transport gradient is based on the alongshore flow gradient which
in its turn is calculated from the difference between the flow velocities in the
main ray and a virtual secondary ray at a distance Δycl along the coastline
(Figure 2.3).

The alongshore transport model uses the alongshore current and the sediment
concentration verticals as basis. The additional alongshore transport generated
by alongshore current-induced bed shear stress is neglected.

The bed level change model combines the cross-shore and alongshore transport
rates in order to estimate the bed level development in time. The model also
has the optional feature of including hard layers, such as dune revetments.

This section only briefly discusses the main components of the DUROSTA
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model. An extensive description of the model, including all the equations, can
be found in Steetzel (1993). Related shorter descriptions can be found in Den
Heijer (2005), Van Baaren (2007) and Hoonhout (2009) among others.

2.3.3 XBEACH

XBEACH (Roelvink et al., 2009) is an open source3 numerical modelling
approach to assess the natural coastal response during time-varying storm
and hurricane conditions. It aims at describing the processes relevant for the
different regimes defined by Sallenger (2000): swash, collision, overwash and
inundation. The model solves 2DH equations for wave propagation, flow,
sediment transport and bathymetry development, for time-varying wave and
current boundary conditions. The model resolves the ‘surf-beat’, i.e. the long-
wave motions created by the variation in wave height on a wave group time
scale, that is responsible for most of the swash waves that actually attack the
dune. Optionally, structural elements such as dune revetments or dune-dike
transitions can be modelled as non-erodible layers.

A time dependent version of the wave-action balance equation transforms
offshore wind waves to the near-shore and provides the wave forcing in
the shallow water momentum equation, taking into account the directional
distribution of the short wave action density (Holthuijsen et al., 1989).

A roller energy balance describes the transformation of surface rollers which
uses the wave energy dissipation as a source term.

Shallow water equations are used to solve the low-frequency and mean flows.
The wave-induced mass flux and the related (return) current are accounted
for by a depth-averaged Generalized Lagrangian Mean formulation (Andrews
and McIntyre, 1978; Walstra et al., 2000).

The sediment transport is described by a depth-averaged advection diffusion
equation (Galappatti and Vreugdenhil, 1985). The model is capable of dealing
with multiple sediment fractions.

Several formulations are available for the equilibrium sediment concentration.
By default, the extended Van Rijn (Van Thiel de Vries et al., 2008) formulation is
used. Alternatively, Soulsby–Van Rijn (Soulsby, 1997) can be chosen, including
both bed load and suspended load transport.

3The source code is available via http://oss.deltares.nl/

http://oss.deltares.nl/
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Apart from the bed updating due to sediment transport directly related to
the hydrodynamic conditions, the model also includes avalanching. This
mechanism is activated in the model when a critical bed slope is exceeded.
For the critical slope, separate values can be chosen for wet and dry points.

The wave energy density is prescribed at the offshore boundary as a function
of the alongshore coordinate, wave angle and time.

Radiating flow boundary conditions are prescribed at the seaward and option-
ally, in case of a bay, also at the landward boundary.

This section only briefly discusses the main features of the XBEACH model. A
comprehensive description of the model, including all equations, can be found
in Roelvink et al. (2009).

2.3.4 Applicability of models along the Dutch coast

The Dutch coast has a length of 451 km (Central Intelligence Agency, 2008), of
which 254 km is protected by dunes (Ruessink and Jeuken, 2002). Since 1965,
cross-shore profiles along the complete North Sea coast of The Netherlands
are measured yearly in the yearly Dutch coastal bathymetry survey “JAaRlijkse
KUStmeting” (JARKUS) program (Rijkswaterstaat, 2008). This data gives a lot
of information on the current status of the coast as well as the development
over time. Three typical coastal areas can be distinguished:

1. The Wadden area in the north, consisting of a series of barrier islands
with inlets in between;

2. the Holland coast, a closed coast in the middle part that mainly consists
of dune areas and

3. the Delta area in the south with a series of river mouths, of which most
have been closed by dams or protected by barriers.

The Wadden area is a rather complicated area when it comes to dune erosion
modelling. First of all, strongly curved coastlines occur at the island heads.
In addition, strong tide-driven currents occur in the inlets, leading locally to
high alongshore flow velocities. Furthermore, the outer deltas of the inlets
can significantly influence the local wave action near the coast. Thus, only
limited parts of the coastline in that area can be considered as approximately
alongshore uniform. The equilibrium models, DUROS, DUROS+ and D++, are
more or less applicable to the relatively straight island bodies with a regular
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foreshore. At the remaining straight parts of the island bodies, where the
cross-shore profile contains deep channels and/or high shoals, D++ is the
only applicable equilibrium model. Besides the straight parts, DUROSTA can
also approximate the erosion for the curved island heads. However, the even
more complex interactions of the 2DH phenomena and the alongshore varying
curvature can only be covered by XBEACH.

The Holland coast is the least complex of the three areas. The coastline
is slightly concave and the harbour entrance at IJmuiden is the only major
interruption of the coast. At a few locations dune revetments are present
and in the northern part there is a dike stretch of about 6 km (Hondsbossche
and Pettemer Zeewering). A simplified representation of an average cross-
shore profile of the Holland coast was the basis for the experiments underlying
DUROS, DUROS+ and D++ (Vellinga, 1986; Van Gent et al., 2008). As a result,
these equilibrium models, as well as the more advanced models DUROSTA
and XBEACH, can be considered as applicable to the major part of this area.
For the remaining areas, where structural elements are present, only DUROSTA
and XBEACH are potentially applicable. More specifically, both models can be
applied in the alongshore uniform stretches whereas only XBEACH is capable
of modelling the non-uniform parts, such as dune-dike transitions.

For the Delta area similar model applicability considerations like for the
Wadden area play a role. Moreover, in this area also storm surge barriers
are present, which have an influence on the flow patterns and also lead to
transition areas between the barrier and the adjacent dunes. At some straight
parts of the coast, the equilibrium models can be used, but at many locations a
more advanced approach is needed. Van Santen et al. (2012) show a practical
application of both DUROSTA and XBEACH to a complex area, with both
coastal curvature and alongshore non-uniformity, in the Delta region. Both
1D transect and 2DH area simulations have been performed. It is concluded
that the 2DH approach gives a lot of additional information on the processes
that play a role.

An indication of the applicability areas of the different models is presented in
Figure 2.4.
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Figure 2.4: Indication of the applicability areas of dune erosion models along
the Dutch coast.
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2.4 Probabilistic methods

In order to be able to perform a dune safety evaluation, in addition to a suitable
dune erosion model also a proper probabilistic method is required. The most
suitable probabilistic method highly depends on the nature of the dune erosion
model that is coupled to it. A straightforward probabilistic method like Monte
Carlo is robust but requires relatively larger numbers of simulations, which
limits its practical applicability to computationally cheap dune erosion models.
The safety assessment of complex dune areas urges for computationally more
expensive dune erosion modelling approaches which makes the selection of
a suitable probabilistic method challenging. This section provides a brief
description of a few methods that have been used in dune erosion applications
or are considered potentially suitable.

2.4.1 Monte Carlo

Random numbers form the main basis for Monte Carlo methods. A fair roulette
wheel can be considered as one of the first random number generators. The
Monte Carlo methods are named after the eponymous Mediterranean coastal
city, which was for a long time one of the best known venues for roulette.

A general limit state function, where Z is expressed as function of the physical
variables in X, is used:

Z = f (X)

where: X = (x1, x2, . . . , xn−1, xn)
(2.11)

The Crude Monte Carlo method estimates the probability of failure Pf as:

Pf =
Nf

N
(2.12)

Where N means the total number of samples and Nf the subset of N which
leads to failure (Z < 0). Each sample represents a series of physical variables
X that can be transferred to Z by a limit state function, generally described by
Equation 2.11.
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To get a sufficiently accurate result, the number of samples should be large
enough. When aiming for 95% confidence, the minimum number of samples
can according to CUR (1997) be estimated by:

N > 400

(
1
Pf
− 1

)
(2.13)

This means that for small probabilities relatively many samples are required.
The probabilities relevant for the dune failure as discussed in this thesis are in
the order of magnitude O(1× 10−5), leading to a required number of samples
of at least O(1× 107).

Importance sampling techniques are useful to reach the desired level of
accuracy while using a reduced number of samples (Fishman, 1996). These
techniques aim at a high sampling density around the limit state and a
relatively low sampling density in the remaining part of the domain.

2.4.2 First Order Reliability Method (FORM)

First order relates to the linearising of the limit state function, which is used by
this method. The linearisation is applied in the point which is usually referred
to as design point. The design point is the point in the limit state or failure
surface (Z = 0) where the probability density is maximal. This point is not
known beforehand and can be found by an iteration procedure. Hasofer and
Lind (1974) defined the reliability index β as the shortest distance from the
origin to the failure surface in the normalised u-coordinate system.

The same general limit state function as used for Monte Carlo (Equation 2.11)
applies here as well. The FORM procedure uses a set of standard normal
distributions for the iterations.

U = (u1, u2, . . . , un−1, un) (2.14)

The variables in U do by definition have a mean μui = 0 and a standard
deviation σui = 1. In addition, the variables are independent ρ(ui, uj) = 0.
In the U-space the design point is the point where Z = 0 is located closest to the
origin.
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The physical variables X have to be found by transformation from U. For a
normal distributed variable xi, the transformation is straightforward:

xi = μxi + uiσxi (2.15)

For a variable xj with an arbitrary other distribution Fxj(xj), the transformation
is based on equating the exceedance probabilities:

Fxj(xj) = Φ(ui) (2.16)

More general it can be stated that an arbitrary transformation function is
needed:

X = f (U) (2.17)

The FORM procedure is based on a linearisation of the Z-function in the U-
space, which can be written as:

ZL(U) = B + a1u1 + a2u2 + · · ·+ an−1un−1 + anun (2.18)

The vector U is the basis for each iteration step. Using U, Z needs to be derived.
Assuming that Z is only explicitly available as function of X, transformation
from U to X is the first step. Secondly, Z can be found by applying the limit
state function to X. Thirdly, the core of the method, A = dZ/dU needs to be
derived as:

A = (a1, a2, . . . , an−1, an)

= dZ/dU = (dZ/du1, dZ/du2, . . . , dZ/dun−1, dZ/dun)
(2.19)

Next, B can be found as:

B = Z− (a1u1 + a2u2 + · · ·+ an−1un−1 + anun) (2.20)

Then, the vector of influence coefficients α and the reliability index β can be
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found by:

α = (α1, α2, . . . , αn−1, αn) =
A√

∑n
i=1 a2

i

(2.21)

β =
B√

∑n
i=1 a2

i

(2.22)

Finally, a vector Ud in the design point can be estimated by:

Ud = −αβ (2.23)

The quality of this estimation of Ud is dependent on the linearity of the system
and the distance from the base point to the estimated Ud. As made clear by
“first order” in the name FORM, the method basically assumes a linear system.
In order to come up with a sufficiently accurate design point, an iteration
procedure is applied, where in each step a new estimation of the design point
is made, taking the previous estimation as a basis.

2.4.3 Bayesian Network

A Bayesian network is a compact representation of joint probability distri-
butions via conditional independence. Bayesian networks are probabilistic
graphical models. Qualitatively the network is described by nodes (random
variables) and edges (direct influence). The quantitative part consists of a
set of conditional probability distributions. Together they define a unique
distribution in factorized form.

A clear, complete description of a Bayesian network can be found in Korb and
Nicholson (2004) and reads:

A Bayesian network is a graphical structure that allows us to
represent and reason about an uncertain domain. The nodes in
a Bayesian network represent a set of random variables from the
domain. A set of directed arcs (or links) connects pairs of nodes,
representing the direct dependencies between variables. Assuming
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discrete variables, the strength of the relationship between vari-
ables is quantified by conditional probability distributions associ-
ated with each node. The only constraint on the arcs allowed in a
Bayesian network is that there must not be any directed cycles: you
cannot return to a node simply by following directed arcs. Such
networks are called directed acyclic graphs, or simply dags.

Besides this modelling ability, they also allow to study how changes in the
uncertainty of one of those variables affect the others. When a change in
uncertainty of variable X implies a change of uncertainty in variable Y, it is
said that there is a dependence relation between X and Y. It is also said that X
is the parent of Y. The origin of the Bayesian Network lies in an interpretation
of Bayes Theorem:

P(B|A) =
P(A|B) · P(B)

P(A)
(2.24)

Under its Bayesian interpretation it asserts that the probability of a hypothesis
B conditioned upon some evidence A is equal to its likelihood P(A|B) times
its probability prior to any evidence P(B), normalized by dividing by P(A) (so
that the conditional probabilities of all hypotheses sum to 1).

In more formal, mathematical way a Bayesian network consists of (Zweig and
Russell, 1998):

1. A set of random variables X1, X2, . . . , Xn.
2. A directed acyclic graph in which each variable appears once. The joint

probability distribution is factored as:

P(X1 = x1, . . . , Xn = xn) =
n

∏
i=1

P(Xi = xi|Parents(Xi)) (2.25)

The immediate predecessors of a variable in this graph are referred to as
its parents, with the values Parents(Xi).

3. A representation of the required conditional probabilities.

Bayesian networks are used in a wide variety of applications (e.g. weather
forecast, speech recognition, search engines). They can roughly be subdivided
in three categories: decision, diagnostic and prediction.
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Chapter 3

Limitations of dune erosion
models

The previous chapter introduced various dune erosion models. This chapter
discusses the model sensitivity of the dune erosion rate for a number of
potential influencing aspects in more complex situations. It mainly focusses
on the influence of pre-storm cross-shore bathymetry and its variability,
wave obliquity and coastline curvature. It is believed that these aspects are
insufficiently taken into account in the current Dutch dune safety assessment.
This chapter provides insight in the validity of the omissions and simplification
and enhances the insight in the applicability of dune erosion models to
complex situations. The next chapter will use these results, together with the
stochastic nature of the related variables, to propose additions to the dune
safety assessment method.

In the analysis, XBEACH1 is considered as the state-of-the-art dune erosion
model and the limitations of the other models are evaluated against the
XBEACH results. Since XBEACH includes most processes that are relevant to
storm-induced erosion events, it is used as a reference. The sensitivity results
are closely related to models’ assumptions and the implementation of specific
processes.

1Information about the version used, can be found in Appendix A
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Figure 3.1: Reference cross-shore profile.

3.1 Primary variables

This section compares the model sensitivity of the rate of dune erosion to water
level, wave height, wave period and grain size. These variables are considered
to be of major importance for the dune erosion process. The water level, wave
height and wave period describe the hydraulic loading, while the grain size is
mainly related to the strength or feedback of the dune.

The comparison is based on simulations with stationary maximum storm surge
conditions with a duration of 5 h. This simplification is related to the aim of
getting a fair comparison (Section 2.3.1), since not all models are capable of
dealing with time varying conditions. Starting point for the comparison is a set
of representative extreme storm surge conditions, as specified in Table 3.1, and
an initial cross-shore profile as depicted in Figure 3.1. This cross-shore profile
is considered more or less representative for a large part of the Dutch coast and
is referred to as the reference profile. Most of the dune erosion experiments
that have been performed in The Netherlands are based on this profile (see e.g.
Van Gent et al., 2008).

With respect to the reference situation, each of the four variables are separately
perturbed within a range of 75 % to 125 %. The relative erosion volumes
above the reference water level of NAP+5 m are shown on the vertical axes
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variable symbol value unit
water level WL NAP + 5 m
significant wave height Hs 9 m
peak wave period Tp 12 s
grain size D50 225 μm

Table 3.1: Representative storm surge conditions.

in Figure 3.2. The sign of the sensitivity is the same for all models, but the
magnitude differs.

The top left panel shows the sensitivity to the water level. The sensitivity of
DUROS+ and DUROSTA is nearly the same. XBEACH has a milder sensitivity.

The bottom left panel shows the sensitivity to the wave period. Here all
models display a different sensitivity. XBEACH shows the strongest sensitivity,
significantly larger than DUROS+, although both models were calibrated on a
series of large scale experiments (Van Gent et al., 2008). Van Thiel de Vries
(2009) shows for XBEACH a favourable agreement with the experiments. The
different sensitivity might be explained by differences in up-scaling to full
scale. DUROSTA is somewhere in between; Den Heijer (2005) concluded that
the wave period effect in this model is in fact expressed as differences in the
wave height towards the shore.

The top right panel gives an impression of the sensitivity of the different
models for the wave height. DUROSTA has a mild approximately linear
sensitivity over the whole range. XBEACH’ sensitivity is close to that of
DUROSTA for the lower range of wave heights, but has a slightly stronger
sensitivity in the higher range. DUROS+ on the contrary has a stronger
sensitivity in the lower range, but is approximately similar to DUROSTA in
the higher range.

The bottom right panel indicates the sensitivity for the D50 grain size. DUROS+
results in the strongest sensitivity. The sensitivity of DUROSTA to the grain
size has a bit smaller magnitude. XBEACH shows to be hardly sensitive to the
grain size. The difference can be explained by the supply dominated offshore
sediment transport in XBEACH as opposed to the demand driven transport in
DUROSTA. The supply of sediment is controlled by the slumping of the dune
face which does not involve the grain size.
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Figure 3.2: Overview of sensitivity of DUROS+, DUROSTA and XBEACH for
water level, wave height, wave period and grain size.
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3.2 Cross-shore bathymetry

The bathymetry describes the initial situation for any morphological investi-
gation. In dune erosion simulations, the bathymetry is supposed to be the
pre-storm bathymetry. However, when evaluating the safety of dunes as a
sea defence, the bathymetry at an unknown moment in future, when a storm
occurs, is desired. The model sensitivity to the bathymetry provides insight in
the related uncertainty.

In contrast to the wave obliquity and coastal curvature, discussed in the next
few sections, bathymetry is included in all models that are used for this
comparison. However in DUROS+, the offshore part of the cross-shore profile
is taken into account implicitly whereas the other two models include the
whole bathymetry from the offshore boundary onwards. The omission of the
offshore part of the bathymetry implies that this part of the profile has an only
limited effect on dune erosion. This section aims at verifying the validity of
this omission by investigating the importance of the landward as well as the
seaward profile part based on XBEACH simulations.

3.2.1 JARKUS profiles2

In this section three cross-shore profiles (Figure 3.3) out of the JARKUS dataset
are used as basis to investigate the influence of the upper and lower profile
parts on dune erosion. The profiles are selected based on their slope below
the NAP−4 m contour: steep sloped (7003775), mild sloped (4001740) and
intermediate (7001503). The locations of the profiles are indicated on the map
in Figure 3.4. A division has been made at the NAP−4 m contour between the
upper (landward) part and the lower (seaward) part. This division is related to
the maximum seaward extent of the erosion profile according to the DUROS+
model. The three divided profiles lead to a matrix of nine unique combinations
of upper and lower profiles parts, of which three coincide with the original
profiles and the remaining six are artificially combined.

For each of the nine profiles, the erosion rate has been estimated by XBEACH
simulations. The hydraulic boundary conditions as well as the grain size are
kept equal and time-invariant with a duration of 5 h for all simulations, in order
to get a fair comparison with respect to DUROS+ (Section 2.3.1). The conditions

2This section has been published as Den Heijer (2012b).
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Figure 3.3: Three cross-shore profiles used as basis for the profile influence
investigation.

as applied in the simulations are summarized in Table 3.1.

The nine simulations with bathymetries based on combinations of upper and
lower profile parts allow for clear distinction between the influence of both
cross-shore zones. The influence of the upper profile part can be isolated based
on three distinct lower profile parts. And, the other way around, the influence
of the lower profile part can be isolated for three distinct upper profile parts.

Figure 3.5 gives an overview of all combinations of landward and seaward
parts of the cross-shore profiles together with an indication of the erosion
volume, represented by the color of the tiles. The individual columns represent
the sensitivity of the erosion volume for the seaward part of the cross-
shore profile. Similarly, the individual rows represent the sensitivity for the
landward part of the profile. The results show that the variation as function
of the landward part of the profile (horizontal axis) is much larger than
the variation as function of the seaward part of the profile (vertical axis).
Figure 3.6a gives another representation of the influence of the seaward part
on the simulated erosion volume. The erosion has been plotted as function
of the seaward profile part and the markers indicate the landward part. The
figure indicates that the erosion, given a particular landward profile part, only
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Figure 3.4: Map of The Netherlands with the locations mentioned in this
section indicated.
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Figure 3.5: Matrix of combinations of landward and seaward profile parts
with the color of the tiles indicating the resulting erosion volume
as simulated by XBEACH.
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(b) The XBEACH erosion results as function
of the landward profile part.

Figure 3.6: Intercomparison of XBEACH results for different cross-shore
profiles.

varies within a range of about 10 %. In contrast, the similar Figure 3.6b that
visualizes the influence of the landward profile part shows that the erosion can
vary up to almost 300 %.

Corresponding DUROS+ results calculations mainly vary as function of the
landward part of the profile, since the seaward part (offshore of the toe of the
sedimentation zone) is not explicitly taken into account in that model. Out
of the three example profiles as presented here, only in case of (the landward
part of) transect 7001503, the seaward part influences the erosion up to about
8 %. The reason is that the toe of the erosion profile in those cases reaches a
bit below the NAP−4 m contour. So, a slightly different (lower) choice for the
division contour between landward and seaward part would make DUROS+ to
be fully dependent on the landward part of the profile and insensitive to the
seaward part.

The sensitivity of the dune erosion rate for the bathymetry is most likely
related to the wave propagation over the cross-shore profile. Figure 3.7 and
3.8 give an indication of the high and low frequency Hrms wave height. These
figures relate to the simulations in the left column respectively the lower row
of Figure 3.5. The wave heights in the figures are time averaged over the total
simulation. The corresponding initial cross-shore profiles are included in top
panels (a) of the figures as a reference, to be able to relate the wave height to
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(c) Relative low frequency Hrms.

Figure 3.7: Example of the Hrms wave heights as simulated by XBEACH for
three cases with different seaward profile part.
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Figure 3.8: Example of the Hrms wave heights as simulated by XBEACH for
three cases with different landward profile part.
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the local depth. The panels b and c respectively show the high frequency and
low frequency relative to those as simulated for transect 4001740 (in red).

In Figure 3.7a, the distinct seaward profile parts result in a slight diversion of
the wave heights towards the common landward profile part. The relative
Hrms wave height, depicted in Figure 3.7b and c show that this especially
holds for the high frequency and to a lesser extent for the low frequency wave
heights. Landward of the profile transition, at the NAP−4 m contour, the high
frequency wave heights converge fast, whereas the low frequency ones express
their different origins until the shoreline. So, the low frequency waves appear
to dominate the influence of the offshore profile part on the erosion rate.

The common seaward part of the profile in Figure 3.8 causes approximately
equal high frequency wave heights until the transition at the NAP−4 m
contour. Landward of the transition, the high frequency wave heights diverge
clearly (Figure 3.8b and c), since the three profiles have an obviously different
shape and steepness in that area. The low frequency waves, on the other hand,
show a slightly divergent behaviour over the entire cross-shore profile. This
is likely to be related to the difference in profile shapes and in cross-shore
distances to the waterline that lead to different long wave propagation and
reflection.

3.2.2 Discussion

Three divergent cross-shore profiles have been used to investigate the influence
of the bathymetry on dune erosion. The XBEACH results show that the
upper part of the profile is of major importance for the dune erosion rate.
Differences in the lower profile part do lead to divergent erosion rates,
but these differences are much smaller compared to the upper profile part.
This investigation with XBEACH does not provide evidence to falsify the
assumption underlying DUROS+ that the seaward part of the cross-shore
profile is of minor importance. It can be concluded that the inclusion of the
lower profile part would potentially improve the safety assessment for dunes,
but there is no urgent need to include it. Other influences, like wave obliquity
and coastal curvature, are likely to have a larger influence on the dune erosion
rate during extreme conditions.
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3.3 Wave obliquity

A large part of the Dutch coast is subject to wave obliquity during extreme
storm conditions. Although the majority of the dune erosion events involves
oblique waves, most dune erosion experiments and numerical models only
include the cross-shore dimension. The related assumption to allow for this
simplification is that the wave angle has no significant influence on the dune
erosion rate, as concluded by WL | Delft Hydraulics (1981). DUROS+ does
not include wave obliquity, DUROSTA includes it in its 2DV approach and
XBEACH in 2DH. This section investigates the effect of wave obliquity on
dune erosion with the models DUROSTA and XBEACH. In this comparison,
the reference cross-shore profile (Figure 3.1) is used and alongshore uniformity
is assumed. In addition, the conditions given in Table 3.1 are used, with a
duration of 5 h. The wave angles are defined at the offshore boundary of the
model (25 m water depth) with respect to the shore normal.

3.3.1 DUROSTA

Since DUROSTA does not explicitly take the alongshore dimension into ac-
count, the wave angle effect is estimated using the cross-shore bathymetry
only. The wave angle has been varied from 0◦ (shore normal) to 50◦, with
steps of 5◦. Figure 3.9 shows a decrease of erosion volume for oblique waves
up to over 20 % at 50◦. A cosine shape is visible in the this figure, implying that
the reduction of the cross-shore wave component is of major importance in the
DUROSTA approach. Since no alongshore transport gradients are supposed to
be present, no sink due to alongshore losses is contributed for in the model.

3.3.2 XBEACH

With XBEACH, the effect of the wave angle on dune erosion is modelled
in a 2DH model, with an alongshore uniform bathymetry. The required
alongshore extent of the model domain depends on the cross-shore distance
from the offshore boundary to the water line and the incident wave angle (see
Figure 3.10). Table 3.2 gives an overview of the simulated angles of wave
incidence including the corresponding alongshore dimension of the model
domain. XBEACH also allows modelling of oblique waves in a 1D (cross-
shore) model, but for reasons of consistency with coastal curvature models
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Figure 3.9: DUROSTA and XBEACH erosion volume above storm surge level
(SSL) as function of the incident wave angle. The errorbars around
the XBEACH results represent the 95 % confidence intervals.

in the next section also this case has been simulated in 2DH. The choice for
a 2DH approach also provides information on the alongshore variation in
dune erosion rates, leading to confidence intervals. The erosion results are
considered in the alongshore central 40 % of the model domain.

Figure 3.9 shows the erosion volume per running meter coastline as function of
the incident wave angle. In contrast to the DUROSTA results, XBEACH results
in an increasing erosion volume for oblique incoming waves with a maximum
at an angle of 40◦ with 30 % more erosion. The 95 % confidence intervals vary
a bit in magnitude around 5 % of the mean values.

To understand the responsible mechanism for the XBEACH wave angle effect,
which contradicts with DUROSTA, both cross-shore and alongshore sediment
transport components need to be considered. In theory, no alongshore
sediment transport gradients should be present, which are indeed not ob-
served in the model on a global scale. When zooming in to the band
near the waterline, alternating transport gradients are found with maxima of
O(1× 10−4 m3 s−1 m−1). For comparison, this is at least an order of magnitude
smaller than the gradients as found along the curved coastline simulations
in Section 3.4. Based on the relatively small magnitude and the alternating
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Figure 3.10: Illustration of XBEACH model domain for incident wave angle
simulations.

Wave angle [degrees] Alongshore length [m]
w.r.t. shore normal

0 900
10 1800
20 3600
30 5800
40 8400
50 11900

Table 3.2: Overview angles of wave incidence (w.r.t. shore normal) and
corresponding alongshore dimension of XBEACH model domain.
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character of the gradients, they are considered as insignificant. Because of
the absence of significant alongshore gradients, it is considered acceptable
for analysis purposes to average most of the variables over the alongshore
dimension, in the interest zone (central 40 %). Figure 3.11 shows the time
averaged alongshore transport component in the middle panel and the cross-
shore component in the bottom panel, where the cross-shore (initial and final)
profiles in the top panel act as reference. The figures show that both alongshore
and cross-shore transport rates increase with increasing wave obliquity. The
magnitude of the cross-shore transport corresponds approximately to the
pattern of the erosion rates as given in Figure 3.9. In contrast, the magnitude of
the alongshore keeps growing up to the largest simulated wave angle of 50◦.
The presented transport rates are based on the sediment concentrations and
flow velocities as shown in Figure 3.12. The time averaged sediment concen-
trations in the top panel increase with increasing wave angle until a maximum
at 40◦. The maximum concentration slightly increases, but especially the cross-
shore width of the zone with high concentration increases for larger wave
angles. This is caused by a longer lasting wider range of higher concentrations
with respect to the smaller angles. The middle panel of Figure 3.12 shows
the alongshore flow velocity. Similar to the alongshore transport, the flow
velocity keeps increasing towards the largest simulated wave angle. The
offshore directed cross-shore velocity in the lower panel decreases for larger
wave angles. The smaller cross-shore wave component leads to less wave set-
up and therefore lower return current speeds for larger wave angles.

The effect of the wave angle on dune erosion as simulated by XBEACH can
be explained by the offshore directed transport capacity due to the combined
effect of alongshore and cross-shore processes. A wider cross-shore zone of
higher concentrations as a result of higher alongshore velocities facilitates the
erosion process for oblique waves. On the other hand, the cross-shore velocity
(undertow) decreases for larger wave angles. The combination of these two
aspects results in an increasing erosion rate up till an angle of 40◦ and decrease
beyond.

3.3.3 Discussion

The two models show an opposite dependence for the dune erosion rate on the
incident wave angle. DUROSTA only accounts for the cross-shore component,
based on the assumption that the alongshore component does not play a



50 Chapter 3. Limitations of dune erosion models

Figure 3.11: XBEACH cross-shore profiles and both alongshore and cross-
shore sediment transport.
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Figure 3.12: XBEACH sediment concentrations and flow velocities.
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role due to the absence of an alongshore gradient. Therefore, the DUROSTA
implementation leads by definition to maximum erosion for normal wave
incidence and decreasing erosion rates for off normal angles showing a cosine
like shape. In the 2DH XBEACH model, both the alongshore and cross-shore
components, including their interactions, are taken into account, leading to an
increased erosion for off normal angles up till 40◦ and decreasing erosion for
larger angles.

The explicit inclusion of the alongshore dimension by the XBEACH model is
considered crucial for a proper modelling of the effect of wave obliquity on
dune erosion. Therefore, the XBEACH results are used for the probabilistic
investigations in Chapter 4 and 5.

3.3.4 Conceptual wave obliquity model

The results in this section show that both the cross-shore and alongshore
aspects are required to properly estimate the dune erosion rate when wave
obliquity is involved. By capturing the relative erosion as function of the
wave angle in a conceptual model, this section aims at the evaluation of
the importance of the alongshore processes with respect to the cross-shore
processes.

The erosion rates as found by DUROSTA (Figure 3.9) show a cosine shape
(cosφ). The peak cross-shore velocities, in the lower panel of Figure 3.12, show
a similar shape by having its maximum for normally incident waves. On the
contrary, the alongshore velocities and the related transports can be described
by a sin2φ (Coastal Engineering Research Center, 1984).

If we assume that the relative erosion is proportional to the product of
the cross-shore cosφ and the alongshore sin2φ component, a pattern as in
Figure 3.13 (absolute value) would be found. This suggests a maximum
of 38 % at an angle of 35◦, qualitatively similar to the XBEACH results but
quantitatively a bit exaggerated. The overestimation with respect to XBEACH
suggests that the influence of the alongshore component is overestimated by
the conceptual model.
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Figure 3.13: Illustration of the product of sine and cosine as contribution
for the alongshore respectively cross-shore processes along a
straight coastline with different wave angles.
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Class Curvature [◦km−1] Additional erosion [m3 m−1]
1 0 – 6 0
2 6 – 12 50
3 12 – 18 75
4 18 – 24 100
5 > 24 research needed

Table 3.3: Classification of coastal curvatures and additional erosion contri-
butions according to Dillingh and Visser (1984).

3.4 Coastal curvature

This section investigates the effect of coastal curvature on the rate of dune
erosion both for different radii as well as for different locations along the
curved coastline. In the models under consideration, different approaches are
used to account for the effect of coastal curvature on dune erosion. DUROS+
does not include curvature, but the Dutch safety assessment method provides
guidelines to account for the curvature by introducing an additional erosion
volume contribution. Dillingh and Visser (1984) classified the coastal curvature
and derived corresponding additional erosion contributions, as shown in
Table 3.3. DUROSTA estimates an alongshore transport gradient based on
a double-ray approach as a mechanism for curvature related erosion. In
XBEACH, the alongshore dimension is explicitly taken into account and a 2DH
curvilinear model can be used to simulate a curved coastline. The influence
of the cross-shore profile and its alongshore variation on the sensitivity of the
dune erosion rate for coastal curvature is outside the scope of this investigation.

In this section DUROSTA and XBEACH are applied to estimate the erosion for
a series of coastal curvatures. Constant hydraulic boundary conditions with a
duration of 5 h are applied. The series of coastal curvatures that is simulated
in this section, shown in Table 3.4, is inspired by the classification of Dillingh
and Visser (1984). The comparison is executed with an alongshore uniform
cross-shore reference profile (Figure 3.1). The radii are defined with respect to
the NAP+5 m contour. The erosion rate as found with a similar model without
curvature, is used as a reference.
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Curvature [◦km−1] Radius [m]
0 ∞
6 9500
12 4800
18 3200
24 2400
30 1900

Table 3.4: Overview of curvatures and corresponding radii in this study.

3.4.1 DUROSTA

The DUROSTA model is able to account for the effect of coastal curvature by
including a contribution for the alongshore transport gradient. The alongshore
transport gradient is estimated based on the difference in alongshore flow
velocity with respect to a secondary ray (Figure 2.3). In this approach, the
local coastline is assumed to be circular and the cross-shore profile alongshore
uniform. This means that, apart from the regular input, the radius of the
coastline curvature and the cross-shore coordinate of the coastline are sufficient
to take the curvature effects into account. By default normal wave incidence at
the main ray is assumed. By prescribing an oblique wave angle, other locations
along the coastline can be modelled.

Figure 3.14 shows the erosion rates in terms of volumes in relation to the
curvature radius and wave angle. The wave angle is here defined as the
angle between the local shore normal and the wave direction at the offshore
boundary (25 m water depth). For small wave angles, a progressive increasing
erosion rate for smaller coastal radii is clearly visible. This behaviour can
be explained by the fact that the model introduces the alongshore sediment
transport gradient as a mechanism to account for the effect of the curved
coastline. The sediment transport gradient is a sink for the cross-shore
sediment balance. The smaller the radius, the larger the alongshore transport
gradient. When this sink is larger, the sedimentation zone develops slower,
enlarging the period of heavy wave attack on the dunes. As a result, the dune
erosion process progresses faster, leading to more dune erosion at the end of the
storm. For larger wave angles, the erosion volumes decrease (see Figure 3.9)
and coastline curvature effect is diminished towards approximately zero at an
angle of 60◦. The interactions between cross-shore and alongshore processes
are not implemented in the model.
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Figure 3.14: DUROSTA erosion volume above storm surge level (SSL) as
function of incident wave angle for various coastal radii. The
corresponding XBEACH results are included in gray.

3.4.2 XBEACH

In this section the 2DH capabilities of XBEACH are utilised by creating an
idealised circular coastline model to simulate the phenomena that play a
governing role in case of curved coastlines. A circular arc of 180◦ is modelled
with a curvilinear grid, and the main incident wave direction is perpendicular
at the middle of the arc. Figure 3.15 shows the layout of the model domain
and Figure 3.16 gives an impression of the applied bathymetry and grid. The
radius (Figure 3.15) is defined with respect to the waterline at storm surge
level (NAP+5 m). For each of the investigated radii (Table 3.4), the curvilinear
grid has been created in such a way that the alongshore grid size at the
water line is equal for all radii. Since the cross-shore profile is alongshore
uniform, the cross-shore grid is also kept alongshore uniform. The cross-shore
grid is non-equidistant, with a grid size proportional to the depth. At the
lateral boundaries the water level gradient is prescribed to be zero, so-called
Neumann boundaries. To let the Neumann boundaries properly function,
rectangular grid cells are required at the lateral boundaries. Therefore,
the curvature is gradually diminished near both lateral boundaries. These
extensions of the model area are outside the area of interest and omitted in
the figures. The simulations are made with a morphological acceleration factor
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(morfac) of 5. A sample of the model settings is presented in Appendix A.

In Figure 3.17, the post-storm erosion along the curved coastline is shown for
different coastal radii as resulting from the XBEACH simulations. The XBEACH
results for a straight coast with oblique waves have been added as a reference.
For comparison, the range of DUROSTA erosion rates is shown in gray. The
angle between the incident wave direction and the local shore normal is given
on the horizontal axis, which is zero in the middle of the arc (see Figure 3.15),
where the incident wave direction is shore normal. In contrast to the DUROSTA
results, XBEACH shows zones of maximum erosion around (-)45◦ and minimal
erosion at the location with approximately normal wave incidence.

Figure 3.18 gives an overview of the erosion development over time for the
whole range of coastline orientations in the model. The darker colors indicate
more erosion and the time axis is positive towards the center of the arc. The
figure highlights zones of maximum erosion at about (-)45◦. In addition, it is
clearly visible that the erosion at 0◦ stays behind during the whole simulation.

Figure 3.19 shows the erosion, accretion and sediment balance as function of
the coastline orientation (angle along the arc). The values are corrected for
the wedge-shaped area between two adjacent cross-sections. The erosion is
defined as the erosion above the NAP+5 m level per running meter coast; the
accretion is the nett accretion below this level. The top panel contains the same
XBEACH erosion results as Figure 3.17. The line indicating the 1900 m radius
corresponds to the situation at 5 h in Figure 3.18. The erosion results in the top
panel show a relatively large variation as function of the angle compared to the
influence of the radius, being expressed in the different simulations. Moreover,
the shape of the erosion plot is similar for all investigated radii, having minima
at normal wave incidence and maxima around an oblique wave angle of 45◦ off
normal. In contrast to the erosion, the accretion (middle panel) is dependent
on the coastal radius and with that the sediment balance (bottom panel) as
well. The stronger the curvature, the more sediment leaves the model via the
lateral boundaries, leading to a negative sediment balance. From the lower
panel of Figure 3.19 it can be observed that the rate of sediment conservation
decreases with the radius. This means that less sediment is lost from the model
for less curved coastlines, pointing towards full sediment conservation for a
straight coast with normal incoming waves, which seems realistic. Note that
the number of grid cells in alongshore direction is proportional to the radius.
So, the model with the largest radius has five times more grid cells per degree
compared to the smallest radius. As a result, the plots as function of the angle
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Figure 3.15: Illustration of XBEACH model domain for curved coastline
simulations.
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Figure 3.16: Impression of initial bathymetry and curvilinear grid for
XBEACH model with curved coastline.

Figure 3.17: XBEACH erosion volume above storm surge level (SSL) as
function incident wave angle for various coastal radii. The
corresponding DUROSTA results are included in gray.
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Figure 3.18: Erosion development in time for the whole range of angles.
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Figure 3.19: XBEACH erosion, accretion and sediment balance as function of
the coastline orientation.
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show finer wiggles for larger radii. Another reason for the wiggled character
of the lines is the morphological acceleration factor (morfac). The results for
comparable simulations without this factor (morfac = 1) are similar but much
smoother.

The combination of the alongshore transport gradient and the cross-shore (off-
shore directed) transport should explain the observed erosion-sedimentation
patterns. Figure 3.20 shows in the top panel the time averaged cross-shore
integrated alongshore transport and in the middle panel the related alongshore
transport gradient. The transport gradient is directly related to the sediment
balance as depicted in the lower panel of Figure 3.19. The alongshore transport
gradient shows a clear dependency on the radius, where the smallest radius
results in the largest gradient. In addition, the transport gradient is dependent
on the location along the coastal arc. A local minimum is found at 0◦ and
maxima are found at about 30◦ to 40◦ off normal. The maxima are more
pronounced for the smaller radii, partly because their transport gradients
are larger anyway, which can be explained by a smaller adaptation length (a
difference of 1◦ corresponds to a smaller alongshore distance when the radius
of the coastline is smaller). The cross-shore transport, which contains the
remaining part of the explanation, is presented in the top panel of Figure 3.21.
This figure shows the maximum cross-shore transport which is offshore
directed (negative). The variation as function of the angle is large compared
to the differences between the different radii. The smallest (negative) values
are found at normal wave incidence (0◦). The differences between the radii are
small, but the smaller radii show smaller magnitudes. The largest (negative)
values occur between 50◦ and 70◦ off normal. The larger radii have their peaks
at slightly smaller angles compared to the smaller radii, which is due to the
adaptation length in a similar way as observed for the alongshore transport
gradient.

The erosion pattern, as shown in the top panel of Figure 3.19, can be explained
by the combination of the alongshore transport gradient and the cross-shore
transport. The alongshore transport gradient is mainly dependent on the
radius, larger gradient for smaller radii, and has its peak at about 30◦ to 40◦ off
normal. The cross-shore transport is mainly dependent on the angle (location
along the arc) and has its peak between 50◦ and 70◦ off normal. The slight
dependency on the radius shows larger transport for larger radii. The resulting
erosion combines these two and shows only minor dependency on the radius
and a clear dependency on the location along the arc with maxima around 40◦
to 50◦ off normal.
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Figure 3.20: Integrated alongshore transport and alongshore transport gradi-
ent
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Figure 3.21: Time averaged maximum cross-shore transport and cross-shore
maximum of time averaged suspended sediment concentration
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Figure 3.22: Cross-shore and alongshore (w.r.t. local coast orientation)
Eulerian flow velocities
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To further understand the erosion pattern as observed in the simulations, the
flow velocities and suspended sediment concentration that cause the sediment
transport (gradients) need to be considered. The peak sediment concentrations
along the coast are given in the bottom panel of Figure 3.21. The minimum
concentrations are found at normal wave incidence and no clear dependency
on the radius is observed. The concentrations increase towards both lateral
boundaries, with a steep gradient between 0◦ and (-)40◦ and a milder gradient
for larger angles. Figure 3.22 shows the time averaged Eulerian flow velocities
for one of the simulations. Apart from the scale, this picture looks similar
for all investigated radii. The velocities are split in a cross-shore (left panel)
and an alongshore (right panel) component. Note that these directions are
defined relative to the local coastline. The left panel shows, in a strip along
the waterline, offshore directed velocities. The magnitude is approximately
constant in the region around normal wave incidence (between about−45◦ and
45◦) and it fades out towards the lateral boundaries. The absence of a clear peak
in cross-shore velocities at normal wave incidence can be explained by the 2D
behaviour. The demand for water to flow in alongshore direction towards both
lateral boundaries needs supply (onshore flow) at the location of normal wave
incidence. This onshore flow obstructs the undertow and so prevents the clear
peak in the cross-shore (offshore directed) flow velocities. This obstruction
effect is also the reason for the relatively limited erosion rate at normal wave
incidence. The alongshore velocities in the right panel are zero at the normal
wave incidence location and grow both in magnitude and in cross-shore width
towards the lateral boundaries. Intercomparison of simulations with different
radii leads to the conclusion that generated alongshore currents are mainly
dependent on the local angle of wave incidence and hardly on the radius. The
maximum alongshore velocities at the lateral boundaries are approximately
equal for all investigated radii.

The cross-shore and alongshore velocities, as considered above, are all wave
driven since no tidal variation or ambient flow is included. The cross-shore
velocities are related to the cross-shore radiation stress component and the
wave-related mass flux, resulting in the offshore directed undertow. The
alongshore velocities have two driving forces. The alongshore varying wave
set-up results in alongshore varying water levels, with maxima around 0◦ (top
panel Figure 3.23). The bottom panel of Figure 3.23 shows the gradients of the
water level, that are larger for smaller radii. The larger gradients for smaller
radii facilitate the runoff along the coastline leading to lower maximum water
levels. The second driving force is the alongshore radiation stress component,
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which becomes larger for more oblique incoming waves i.e. towards the lateral
boundaries. The latter force is similar for all radii, albeit that the larger radii
provide more adaptation length for the refraction process leading to smaller
wave angles at the edge of the breaker zone with respect to the local coast
normal. As a result the maximum alongshore velocities are slightly smaller for
the larger radii.

In summary, the erosion pattern as function of the location along the coastal
arc and for different radii, as simulated by XBEACH, can be explained by the
combination of alongshore and cross-shore processes. The alongshore trans-
port gradient is mainly sensitive to the coastal radius, with larger gradients
for smaller radii. The cross-shore transport is mainly sensitive to the location
along the coastal arc. The slight dependency of the cross-shore transport to
the coastal radius shows larger transport for the larger radii, which is opposite
to the alongshore gradient dependency. Both processes combined lead to an
erosion pattern that is primarily dependent on the location along the coastal
arc and only slightly on the coastal radius.

3.4.3 Discussion

Similar to the effect of wave obliquity, the two models show an opposite de-
pendence of the dune erosion rate on the coastal curvature radius. DUROSTA
accounts in the cross-shore component for the refraction process in the same
way as discussed in the wave obliquity section, which gives a maximum at
the area with normal wave incidence. From the alongshore component, the
alongshore transport gradient is taken into account, leading to an increasing
erosion for smaller radii. The latter effect especially holds around normal wave
incidence. For larger angles, the nett result of the refraction effect combined
with the alongshore transport gradient effect is dominated by the refraction
leading to decreasing erosion. 2DH XBEACH simulations have been performed
which include the cross-shore and alongshore processes and their interactions.
From these simulations the erosion rate appears to be mainly dependent on
the location along the curved coastline relative to the offshore wave direction.
In addition to the alongshore transport gradient, additional stirring of the
sediment due to the wave generated alongshore flow plays in important role.
Taking these processes into account, the dependency on the coastal orientation
relative to the offshore wave direction is of major importance. Maximum
erosion is found at an angle of 45◦.
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Figure 3.23: Nearshore time averaged water level along the coastline and its
gradient
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The dune erosion process along curved coastlines differs in a few aspects from
the regular cross-shore processes. First of all, large alongshore flow velocities
occur. Secondly, these velocities vary alongshore, leading to an alongshore
gradient in alongshore transport. Thirdly, the wave set-up is alongshore
varying, resulting in alongshore water level gradients near the coastline. This
leads to alongshore varying loading and is an additional mechanism for
generating alongshore flow.

All of the above mentioned additional processes are related to the alongshore
dimension and include gradients along that dimension. The interactions
between cross-shore and alongshore processes also play an important role. The
2DH XBEACH simulations do include these processes which are considered
essential for proper modelling of dune erosion at curved coasts. The XBEACH
results are selected for further use in the probabilistic investigations in Chap-
ter 4 and 5.

3.4.4 Conceptual coastal curvature model

At curved coastlines, the alongshore processes and the interactions with the
cross-shore processes are even more important than for straight coasts with
oblique waves. In this section a conceptual model is introduced, similar to the
wave obliquity model (Section 3.3.4), in order to provide insight in the relative
influence of alongshore and cross-shore processes respectively.

Where at a straight coast the alongshore velocities can be described by sin2φ,
at a curved coastline sinφ appears to be a better representation. For the curved
coastlines as considered here, the refraction process is ‘lagging behind’ because
there is not only refraction but also the ‘curving away’ of the coastline. The
alongshore velocities tend to keep growing towards an angle of 90◦. The
cross-shore velocities have their maximum at shore normal wave direction
(0◦) and fade away towards 90◦, similar to a cosine shape (cosφ). When
assuming the influence of coastal curvature to be an interaction between cross-
shore and alongshore processes, being expressed in the product of those two
terms, a shape like illustrated in Figure 3.24 originates. This shape coincides
approximately with the upper bound of the XBEACH results represented by
the gray patch. The well-known CERC formula (Coastal Engineering Research
Center, 1984), describing the alongshore component of the energy flux in the
surf zone, includes a similar sin2φ term. The latter formula is, however,
developed for non-curved coastlines. This suggests that the shape (not the
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Figure 3.24: Illustration of the product of sine and cosine as contribution for
the alongshore respectively cross-shore processes along a curved
coastline. The XBEACH results relative to the reference have been
included for comparison.

magnitude) of the erosion pattern along a curved coast is similar to the pattern
of the energy flux alongshore component only, along a straight coast.

Compared to the similar approach for straight coasts with oblique waves (Fig-
ure 3.13) the angle at the peak increases to 45◦ and the maximum magnitude
increases to 50 %. The two features, a higher peak at a larger wave angle,
are in accordance with the XBEACH results for wave obliquity and coastline
curvature respectively. This conceptual model approximately coincides with
the XBEACH results for the smallest investigated curvature radius of 1900 m.
This suggests that for this small radius, the importance of cross-shore and
alongshore processes is about equivalent. The conceptual model is overesti-
mating for the larger radii, which indicates that it overestimates the influence
of the alongshore component in those cases.
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Chapter 4

Probabilistic analysis

This chapter investigates, in probabilistic terms, the effect of the inclusion of
wave obliquity and coastal curvature. The XBEACH results on these aspects, as
obtained in the previous chapter, are utilised here in a probabilistic framework.
A baseline is established for the 1× 10−5 year−1 erosion rate using the FORM
reliability method and the DUROS+ dune erosion model. The probabilistic
sensitivity for the basic stochastic variables, such as storm surge level and
wave conditions, is compared for DUROS+ and DUROSTA around the baseline
conditions. As a preparation for the inclusion of more stochastic variables
and processes at a later stage, FORM simulations with XBEACH as a dune
erosion model are also presented. These simulations expose the threat of
FORM convergence issues that are related to its combination with the process
based XBEACH model. In addition, this approach needs a large number of
simulations per cross-shore transect, being a practical drawback when using a
computational-intensive model. Hence, to cope with computational-intensive
models in practical applications, a Bayesian Network model is introduced,
which is built and validated against DUROS+ results, in order to demonstrate
its applicability. Here it is based on model data only, but the method is
suitable to combine model, laboratory and field data. In the second part of this
chapter, two approaches are followed to include the wave obliquity and coastal
curvature. First, the change in the impacts of the 1× 10−5 year−1 erosion rate
is estimated with FORM when wave obliquity and different coastal radii are
included. In the second step, the Bayesian Network model is used to estimate
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the relative influences of wave obliquity and coastal curvature with respect to
the reference case. The latter model will be applied in the next chapter for the
estimation of the impact of wave obliquity and coastal curvature on the dune
failure probability.

4.1 Present approach with FORM1

This section describes the application of the reliability method FORM in
combination with DUROS+, DUROSTA and XBEACH to a reference case. The
1× 10−5 year−1 erosion rate is estimated with the various models and the
related design points are compared. First, the applications with DUROS+
and DUROSTA are extensively discussed, including a probabilistic sensitivity
analysis. The parameters of the probability distributions in the model are
varied in order to investigate the sensitivity of the dune erosion rate. Second,
the XBEACH application is discussed, which initially led to convergence issues
in FORM. The measures, needed to overcome the convergence issues, are
described. Due to the persistence of the threat for FORM convergence issues
and the computational cost of the XBEACH simulations, a comprehensive
sensitivity analysis was not feasible. The encountered issues illustrated the
limitations of FORM and the need for a different probabilistic approach when
applying advanced dune erosion models.

4.1.1 Model setup

The probabilistic model, described in this section, uses the (deterministic)
model setup from Section 3.1 as a starting point. The same reference cross-
shore profile is used (see Figure 3.1). As opposed to the deterministic
approach in Section 3.1, here the input for the dune erosion model is re-
trieved from probability distributions. These distributions are obtained from
WL |Delft Hydraulics (2007) using the statistics for the Hoek van Holland area
as summarised in Table 4.1.

1This section is mainly based on Den Heijer et al. (2008a,b).

http://maps.google.com?q=Hoek van Holland&t=h&z=7
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Variable Mean Standard Deviation Distribution type
Water level (h) f (Pe) Equation 4.2, 4.4 - Conditional Weibull
Wave height (Hs) f (h) Figure 4.2 0.6 m Normal
Wave period (Tp) f (Hs) Figure 4.2 1 s Normal
Grain size (D50) 225 μm 0.1× μD50 (22.5 μm) Normal
Surge duration 0 0.1× A Normal
Model accuracy 0 0.15× A Normal

Table 4.1: Probability distributions (WL | Delft Hydraulics, 2007) for the
reference case.

Water level The frequency of exceedance of the water level is described by a
conditional Weibull distribution:

Fe(H > h) = ρ exp
[
−
(

h
σ

)α

+
(ω

σ

)α
]

(4.1)

where:
h maximum water level during a storm surge [m] above NAP
Fe frequency of exceedance of h [year−1]
α shape parameter that depends on the location along the coast
ω threshold above which the function is valid [m] above NAP
σ scale parameter that depends on the location along the coast
ρ frequency of exceedance of the threshold level ω

Rewriting Equation 4.1 to make h explicit yields:

h = σ
[
log(ρ) +

(ω

σ

)α − log(Fe(H > h))
] 1

α
(4.2)

The probabilistic framework uses a probability (P) instead of a frequency (Fe),
requiring conversion of the expression. To convert the frequency of exceedence
(Fe) to a probability (P) or probability of exceedance (Pe) the Poisson formula
(Ross, 1987) is be used:

P[N(t) = n] =
e−λt(λt)n

n!
(4.3)

where:
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Figure 4.1: Water level as function of probability of exceedance (Equation 4.2
with parameters for Hoek van Holland).

N(t) number of observations per unit of time [year−1]
n number of observations
λ average number of occurrences per unit of time (= Fe) [year−1]
t time [year]
P Probability of occurrence (= 1− Pe) [year−1]

The probability of exceedance (Pe = 1 − P) can be found using P from
Equation 4.3 with n = 0, λ = Fe (taken from Equation 4.2) and t = 1 as input.
As a result, various terms disappear because they become one and the relation
between probability of exceedance and frequency of exceedance yields:

P[N(t) = 0] =
e−λ�t���(λt)0

��0!
= e−Fe = 1− Pe (4.4)

By applying the parameters α, ω, σ and ρ as derived for Hoek van Holland,
Figure 4.1 is found. For water levels larger than MSL + 3 m (Pe < 10−1 year−1)
the difference between Fe and Pe is considered negligible.

Wave height The wave height is correlated to the water level because during
storms their common driving force is wind. The stochastic properties of the

http://maps.google.com?q=Hoek van Holland&t=h&z=7
http://maps.google.com?q=Hoek van Holland&t=h&z=7
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Figure 4.2: (a) Mean wave height as function of water level. (b) Mean peak
wave period as function of wave height.

wave height are described by a normal distribution. The mean value is based
on the work of Stijnen et al. (2005), that relates water level and wave height
for five locations along the Dutch coast, including Hoek van Holland (see
Figure 4.2 panel a). The standard deviation has a constant value set at 0.6 m,
following Van de Graaff (1986).

Wave period The wave period is correlated to the wave height, and thus
indirectly to the water level. Also the wave period’s stochastic properties
are described by a normal distribution. Again the mean value is obtained
according to a relation from Stijnen et al. (2005), as shown in Figure 4.2 panel
b. The standard deviation is set to one second.

http://maps.google.com?q=Hoek van Holland&t=h&z=7
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Figure 4.3: Illustration of additional erosion and definition sketch of retreat
distance; the arrows indicate three examples of the retreat distance
for respectively positive, zero and negative additional erosion.

Grain size Grain size distributions have been derived from sediment sam-
ples at 146 locations along the Dutch coast (TAW, 1984). Although it is unclear
where in the cross-shore these samples have been taken, they are assumed to
be representative for the entire cross-shore profile. Acquiring a higher level of
spatial detail of the grain size could only be useful if the measurement density
is sufficient and the model in use is capable of taking the spatial variation
into account. The D50 grain sizes that can be derived from these samples are
assumed to be normally distributed. The mean and standard deviation for
Hoek van Holland are respectively 225 μm and 22.5 μm.

Surge duration The DUROS+ erosion is developed to represent an average
representative storm duration, but does not include the storm duration ex-
plicitly. Hence, an additional erosion volume is introduced as a proxy for
the influence of surge duration. The magnitude of the additional erosion
is described by a normal distribution with a mean of zero and a standard
deviation of 10 % of the erosion above storm surge level. In order to keep
the inter-comparison between the models consistent, this approach is also
followed for DUROSTA and XBEACH, although the latter models are capable
of taking the storm duration explicitly into account. For the DUROSTA and
XBEACH simulations, constant conditions with a duration of 5 h are applied.

The additional erosion volume is allocated by moving the dune front (above
maximum storm surge level) horizontally with respect to its originally simu-
lated position (see Figure 4.3). A positive additional erosion leads to landward

http://maps.google.com?q=Hoek van Holland&t=h&z=7


4.1 Present approach with FORM 77

movement, implying more dune retreat, whereas a negative value reduces the
dune retreat.

Model accuracy The model accuracy is, similar to the surge duration, imple-
mented as a normally distributed additional erosion volume. Again the mean
value is zero, but the standard deviation is in this case 15 % of the initially
simulated erosion above maximum storm surge level.

The sensitivity analysis is performed on the 1× 10−5 year−1 retreat distance
(see Figure 4.3), being defined as the horizontal distance between the MSL + 5 m
contour and the intersection of the simulated post-storm dune front and the
pre-storm profile (Van de Graaff, 1986). The First Order Reliability Method
(FORM), available within the probabilistic toolbox Prob2B (Courage and
Steenbergen, 2005) as well as in OpenEarth (Den Heijer, 2012a), has been
applied to derive the probability of exceedance for a predefined threshold
value of the retreat distance. This threshold value can be considered as
the (artificial) limit state, realizations resulting in larger retreat distances are
identified as failure. The FORM procedure searches for the design conditions
that approximately result in the threshold retreat distance and provides the
probability the corresponds to these conditions. Iteratively, the 1× 10−5 year−1

retreat distance can be derived.

The probability distributions as summarised in Table 4.1 are used as a reference
situation. With respect to that reference, the characteristics of the probability
distributions are altered, leading to a change in the 1× 10−5 year−1 retreat
distance. For the altering of the normal distributions, both the mean and
the standard deviation have been increased and decreased. The standard
deviations are varied between zero (i.e. deterministic) up to 133 % or 200 %
of its reference value depending on the variable. The water level distribution
has been altered in a way that the resulting water level for all probabilities is
increased or decreased with a fixed value, varying between ±0.5 m. For each
set of altered probability distributions, the 1× 10−5 year−1 retreat distance has
been recalculated in order to represent the sensitivity.
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Figure 4.4: Probability of exceedance.

4.1.2 Resulting probability of exceedance

Figure 4.4 shows for both DUROS+ and DUROSTA the probability of ex-
ceedance for a series of retreat distances. The 1× 10−5 year−1 retreat distance is
78 m for DUROS+ and 55 m for DUROSTA. These realisations serve as reference
case in the sensitivity analysis presented in the next section.

The results for the 1× 10−5 year−1 retreat distance are considered in more
detail based on the design points and variable importances as presented
in Table 4.2. As an indicator for the variable importance, the sensitivity
coefficients α (see Section 2.4.2) are shown in the table. The design points
and importances are similar for both models. The water level turns out to be
by far the most important variable. A large importance for the water level
can be expected based on its deterministic sensitivity (Figure 3.2), but the
outstanding importance is closely related to the probabilistic model setup. The
wave height distribution (mean) depends on the water level, and the wave
period distribution (mean) in turn on the wave height. As a result, a high water
level leads automatically to larger wave heights and longer wave periods. The
distributions of wave height and wave period only have a marginal influence,
compared to the water level. The advantage of this model choice is that
these three distributions can be considered as independent by the probabilistic
method. The disadvantage is the overestimation of the importance of the water
level. In reality, the wind induces both surge and waves (height and length).
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model DUROS+ DUROSTA
retreat distance 78 m 55 m

value α2 × 100 % value α2 × 100 %
Water level 5.52 m 90.5 5.49 m 89.6
Grain size 208 μm 3.3 208 μm 3.3
Accuracy 0.12× A 3.3 0.12× A 3.8
Duration 0.05× A 1.5 0.06× A 1.7
Significant wave height 7.94 m 1.3 7.85 m 0.7
Peak wave period 12.7 s 0.2 12.9 s 1.0

Table 4.2: Variable values in the design points, for the 1× 10−5 year−1 retreat
distance, and importance of variables.

4.1.3 Resulting sensitivity

To get more insight in the sensitivity of the 1× 10−5 year−1 retreat distance for
the individual distributions and its parameters, the results of a probabilistic
sensitivity analysis are presented in the Figure 4.5. The markers represent the
calculated 1× 10−5 year−1 retreat distances; the solid markers represent the
reference cases. Figure 4.5 (a) through (c) are the most sensitive variables,
whereas Figure 4.5 (d) is an arbitrary example of the other characteristics to
which the retreat distance is hardly sensitive.

Figure 4.5 (a) shows the sensitivity of the 1× 10−5 year−1 retreat distance
for the water level distribution. The probability distribution has not been
changed, but the resulting water level has been altered with an offset for all
probabilities. The wave height (and wave period) are related to the original
(reference) water level distribution, to make sure that the resulting differences
are caused by the water level only. As clearly appears from this figure, the
water level has significant influence on the 1× 10−5 year−1 retreat distance for
both DUROS+ and DUROSTA. In fact, this investigation could be seen as some
kind of fictitious sea level change. However, in case of real sea level change, it
will change gradually, allowing the profile to adapt itself (Bruun, 1962). This
adaptation has, depending on the rate of sea level change, a reducing effect on
the presented sensitivity.

Figure 4.5 (b) shows a decreasing 1× 10−5 year−1 retreat distance for larger
values of the mean grain size. For a correct interpretation of this figure, it
should be realised that the standard deviation of the grain size is relative
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Figure 4.5: Probabilistic sensitivity results (solid markers represent reference
case).



4.1 Present approach with FORM 81

to the mean grain size (σD50 = 0.1 × μD50 ). A larger mean grain size will
therefore implicate in this investigation a larger standard deviation, in absolute
terms. Increasing the standard deviation separately, will result in larger retreat
distances, as follows from panel (c) of Figure 4.5. Despite this counteracting
effect of the standard deviation, the mean grain size still shows a clear
dependency. In practice, the mean grain size will be related to the cross-shore
profile slope. Courser grains will allow steeper slopes, which in turn will lead
to more erosion, being another counteracting effect which is not accounted for.
The rather strong dependency on the grain size seems to conflict with the the
relatively low sensitivity coefficients in Table 4.2. Due to the relation between
water level, wave height and wave period, the water level gets an artificially
high sensitivity coefficient (around 90 %). Since the α2 of all variables by
definition sum up to one (∑n

i=1 α2 = 1), such a high value for the water level
coefficient implies low values for the coefficient of the other variables. It is
remarkable that despite the α2 of the grain size being way lower than the one
of the water level, still the retreat distance shows a strong dependency to the
grain size. This illustrates that in cases with artificial independent variables
(which are physically dependent), the sensitivity coefficients are not always
reliable.

Increasing standard deviation of the grain size leads to larger 1× 10−5 year−1

retreat distances as expressed in Figure 4.5. This dependency is especially
present for standard deviations larger than the reference value of 22.5 μm.

Finally, Figure 4.5 (d) shows the sensitivity of the standard deviation of
the 1× 10−5 year−1 retreat distance to the peak wave period, being an ar-
bitrary example of one of the stochastic properties that hardly influence the
1× 10−5 year−1 retreat distance. This does not mean that this variable is
unimportant. However, within this range and in the context of the other
stochastic variables, no significant sensitivity is observed.

4.1.4 XBEACH

This section describes a series of FORM calculations using XBEACH as dune
erosion model. As opposed to the previous section, where also the sensitivity
of the models for various distribution properties is described, here the main
focus is on the design point comparison. Initial convergence problems of the
FORM algorithm, when combined with XBEACH, are discussed. A similar
probabilistic sensitivity analysis as presented in the previous section with
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DUROS+ and DUROSTA was not feasible.

A relative computationally expensive dune erosion model like XBEACH re-
quires an efficient reliability method in order to keep the overall computational
cost of the probabilistic approach acceptable. The FORM method is potentially
applicable but has the drawback that it cannot cope with discontinuities
(Grooteman, 2011). The erosion rate as function of the (stochastic) forcing
variables, included in the model, should be continuous. This requirement can
potentially be violated when using XBEACH. Since the model includes the
process of episodic slumping, the erosion in time shows a staircase shape on a
short time scale. In addition, the wave time series is a random realisation based
on the wave spectrum which can vary between simulations. All together, the
resulting gradient of the erosion rate to the forcing variables, based on sets of
two simulations with slightly different input, can easily behave irregularly. As
a result, the FORM algorithm potentially runs into convergence issues.

The starting point for the FORM simulations with XBEACH as dune erosion
model are similar to those described in Section 4.1.1. The only difference
is that the contributions for the surge duration and model accuracy are
not taken into account as stochastic variables. These contributions are set
to deterministic values of zero. The XBEACH simulations are performed
with constant conditions for a duration of 5 h, similar to those presented in
Section 3.1.

Initially, there were a few issues that prevented FORM to converge, when
using the default settings. The convergence of FORM could be improved
by choosing a fixed random seed which leads to a similar wave time series
for each simulation. A second issue that prevented convergence was found
in the weak but irregular sensitivity of the erosion rate to the grain size, in
XBEACH. As a result, the grain size gradient could be alternately positive
and negative, preventing FORM to converge. Because of the weak sensitivity
(according to XBEACH), it is considered acceptable to assume the grain size
to be deterministic in order to prevent this problem. Finally, convergence
plots showed converging and stable tendency, but just insufficient to meet
FORM’s default convergence criteria. With the threshold εZ set to 0.5 m,
convergence could be reached in most of the simulations. The εZ prescribes
the maximum deviation of the resulting retreat distance from the predefined
one. The resulting probability of failure for a number of retreat distances is
shown in Figure 4.6. The cases where FORM did not converge, are indicated.
Although the convergence criteria were not met in some of the cases, all points
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Figure 4.6: Retreat distance as function of the Probability of failure for
respectively XBEACH and DUROS+.

are still reasonable in line with the others. The XBEACH and DUROS+ curves
have a significantly different slope compared to the DUROS+ with DUROSTA
comparison (see Figure 4.4) and intersect around 1× 10−2 year−1.

The design point results of the 1× 10−5 year−1 simulation, that corresponds
to a retreat distance of 58 m, are presented in Table 4.3. The corresponding
DUROS+ retreat distance2 is 70 m. It can be concluded that the erosion rates
differ between both models, but the related variable values in the design points
are nearly the same.

2This result differs from those in Table 4.2 in the sense that only three stochastic variables are
included.
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Model XBEACH DUROS+
Retreat distance 58 m 70 m

value α2 × 100 % value α2 × 100 %
Water level 5.78 m 98.0 5.78 m 98.6
Significant wave height 8.1 m 1.2 8.1 m 1.2
Peak wave period 13.1 s 0.8 12.9 s 0.2

Table 4.3: Variable values in the design points, for the 1× 10−5 year−1 retreat
distance, and importance of variables for the XBEACH case as well
as for the corresponding DUROS+ case.

4.1.5 Conclusion

In the preceding sections, probabilistic investigations with the FORM reliabil-
ity method have been described. The method is powerful in the sense that that
a design point can be found with a relatively limited number of samples. For a
successful application of FORM, the probabilities and the limit state functions
must be continuous. The application with XBEACH illustrated the limitations
of FORM when using an advanced dune erosion model. To be able to assess
the dune safety at complex dune areas, where advanced dune erosion models
are required, another probabilistic method is needed.

4.2 Present approach with Bayesian Network3

This section describes an investigation on the usefulness of Bayesian Networks
in the safety assessment of dune coasts, as an alternative to the FORM approach
discussed in the previous section. A network is described that successfully
predicts the erosion volume based on hydraulic boundary conditions and a
number of cross-shore profile indicators. Field measurement data along a large
part of the Dutch coast, together with simulated dune response under extreme
conditions, is used to train the network. The storm impact on the dunes was
calculated with the DUROS+ model.

Four steps need to be taken to create a Bayesian Network model: data
gathering, network construction, training and validity checking. The steps are
interlinked with each other, because the required data depends on the nodes

3This section is mainly based on Den Heijer et al. (2012) and Knipping (2012).
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in the network. In addition, depending on the results of the validity check,
the steps may be repeated in order to reach satisfactory results. This section
provides more detailed information about the steps and the related model
choices.

4.2.1 Model setup

For this research, Dutch cross-shore transects of bed levels together with
corresponding offshore wavebuoy data and grain size, serve as input to the
Bayesian Network model. The model is developed to predict dune erosion
volumes due to an extreme storm event described by its hydraulic boundary
conditions and given the local cross-shore profile.

The data needed for the training of the Bayesian Network can be divided in
three categories, specified in Table 4.4. Cross-shore profiles along the Dutch
coast are available in the JARKUS dataset. For generation of the data, cross-
shore profiles at the same coastal areas as selected by Den Heijer et al. (2011)
have been used (see Figure 5.3). The hydraulic boundary conditions have been
sampled from probability distributions as obtained from WL |Delft Hydraulics
(2007) (see Table 4.1). The dune response data has been gathered based on
simulations with DUROS+ (Van Gent et al., 2008).

Figure 4.7 gives an overview of the Bayesian Network with the nodes (vari-
ables) and their relations (edges). The main variable of interest is the erosion
volume. The erosion volume is used here as indicator because of its general-
isability, which is useful in the Bayesian Network application where a large
number of transects are included. The retreat distance, which was used in the
FORM applications in the previous section, is much more cross-shore profile
(thus location) specific.

The erosion volume is dependent on several loading and strength variables.
The loading variables are described by probability distributions. The strength
variables are related to the coastal area and need to be derived from individual
cross-shore profiles. In addition to the grain size (Table 4.1), four profile
indicators are defined to characterise the cross-shore profile, illustrated in
Figure 4.8:

1. Profile volume, Vpro f
Profile volume enclosed by horizontal reference levels MSL+3m (dune
foot) and MSL-4m, together with the vertical boundaries landward and
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Type Data Source
measured profile information JARKUS
extrapolated hydraulic boundary conditions WL | Delft Hydraulics (2007)
modelled coastal response to a storm DUROS+ (Van Gent et al., 2008)

Table 4.4: Types of data that serve as input for the Bayesian Network.

seaward of the intersection of the horizontal reference levels with the
initial bottom profile. (Green box in Figure 4.8) This area indicates the
potential accretion volume and is independent of dune height.

2. Slope of Vpro f , svol
Slope of the volume as indicated in profile indicator 1 (dotted line). This
slope is comparable to the foreshore slope and is added to give more
information of the shape of the profile volume.

3. Beach width, Wb
Beach width is the cross-shore distance between the crest of the first dune
row and the shoreline. So, in fact here the beach width represents the
regular beach width extended with half of the first dune row width.

4. Maximum crest level of first dune row, zc
Maximum crest level of the first dune row. The dune height is an
important indicator of the strength of a dune, since it gives information
about the dry volume of sand.

The network needs to be trained, after the data gathering and the construction
of the network. Training is performed by feeding cases to the network in
order to establish the conditional probabilities. A case is a set of (node)
variable values that correspond to each other. It is important to realise that
the predictions cannot go beyond the data ranges of the nodes and also cannot
cover combinations that are not in the training dataset. In that respect, the
difference between the Holland coast and the Wadden area is relevant. The
Holland coast is a mainly closed and approximately straight without deep
channels and with only limited variation in foreshore slope. The Wadden coast,
on the contrary, consists of a series of barrier islands with very mild sloped
areas but also deep channels at some locations.

After the training of the network, a validity check has to be done. The term
validity, in the present application, defines the degree to which the Bayesian
Network can represent the dune response to a storm event as modelled by
DUROS+. If the sensitivity of the Bayesian Network reproduces the anticipated
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Figure 4.7: Overview of the Bayesian Network.

Figure 4.8: Profile indicators for an arbitrary pre-storm cross-shore profile.
The numbers correspond to the numbers in the list of profile
indicators.
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behaviour, then the model has face validity. For instance, one would expect a
generally smaller grain size at the Wadden area with respect to the Holland coast,
based on the underlying data (TAW, 1984). In addition, a high erosion volume
should generally correspond to a high water level.

In addition to the face validity, that can be considered as a first check, the
prediction skill of the network needs to assessed in a hind cast. To that
end, the predicted erosion volumes by the Bayesian Network are compared
to the erosion volumes as calculated by DUROS+, considered as observations
in this section. To determine the degree to which the Bayesian Network can
recover the simulated erosion volume (morphological change) and whether
its uncertainty estimates are consistent with the actual prediction errors, two
evaluation methods will be used. First, the prediction skill will be quantified
using a simple linear regression model relating predictions to the actual
observations (in our case DUROS+ calculations). Second, the prediction skill
is quantified by evaluating the likelihood of each observation, as predicted by
the Bayesian Network, and comparing this likelihood to the prior likelihood.
Both methods will be explained in detail below. The methods will be applied to
hind cast predictions using the training dataset to update some of the variables
(e.g. water levels, wave height, profile volume and dune crest).

4.2.2 Prediction skill

A simple linear regression model is used to quantify the prediction skill,
relating predictions to actual observations. Therefore we wish to find the
equation of the straight line

ŷ = α + βx̄ (4.5)

Here, ŷ is the regression estimate based on x̄, the Bayesian-mean predicted
value, and includes corrections for bias α and slope β. The Bayesian-mean
value is

x̄i =
J

∑
j=1

p
[
Dj|inputsi

]
Dj (4.6)

where the summation is over the j = 1, 2, ..., J discrete bins from the prediction
obtained for each case i and Dj the value of the bin. p

[
Dj|inputsi

]
is the

probability density of bin j, given the evidence inputsi.
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The regression skill for this prediction is

s = 1−

I
∑

i=1
σ2

x,i [yi − ŷi]
2

I
∑

i=1
σ2

x,i [yi]
2

(4.7)

where the summation is over all considered cases, i = 1, 2, ..., I. The skill
describes a weighted percentage of observed variance that is explained by the
Bayesian-mean prediction. The weighting factors are the prediction variance
around the Bayesian-mean value and do not depend on the observations. The
variances are computed as

σ2
x,i =

J

∑
j=1

p
[
Dj|inputsi

] [
Dj − x̄i

]2 . (4.8)

The Bayesian-mean value represents a robust predicted value (Plant and
Stockdon, 2012) and the variance of the prediction provides a measure of
prediction uncertainty used as weighting term in the regression and skill
estimates. However, the Bayesian-mean value is only appropriate if the result
is more-or-less normally distributed. When a result is bi-modal for instance
the Bayesian-mean value will fall between the two most likely outcomes and
is a bad prediction in that case. The prediction skill based on linear regression
will be an inappropriate measure for the validity in these type of cases. As
an alternative to the regression approach, the next section describes the log-
likelihood ratio as another validity evaluation.

4.2.3 Log-likelihood ratio

The log-likelihood ratio makes it possible to describe the skill of the updated
probability distributions by evaluating the likelihood of each observation, and
comparing this likelihood to the prior likelihood. Likelihood is a measure of
how likely an event is. For instance for a forecast F with given observables
O, p(F|O), the likelihood function is the probability of the observations if the
forecast is known: p(O|F). The likelihood term can include both model and
observation errors. Thus, if the model and measurements were error free, an
observation would be likely only if it is equal to the forecast value. In reality,
there are numerous errors causing spread in the likelihood function.



90 Chapter 4. Probabilistic analysis

0.0 0.2 0.4 0.6 0.8 1.0
probability

0.0

0.5

1.0

1.5

2.0

2.5

3.0
D

j

p[D2|inputsi]p[D2]

Prior
Posterior

Figure 4.9: Given D2 = Di this figure shows the prior probability of a value in
bin D2 together with the posterior probability (after update with
evidence inputsi) of the same bin. The posterior probability is
higher than the prior probability, the log-likelihood formulated in
Equation 4.9 is positive, so one is more certain about the outcome.

Here, we use the maximum which describes the likelihood of a set of parameter
values, given some observed outcomes, that is equal to the probability of those
observed outcomes given those parameter values. Since, one is interested in
the most likely parameters the likelihood is labelled as maximum likelihood.
In this case the log-likelihood ratio will be used (Equation 4.9) to describe the
maximum likelihood. A logarithmic function will be used to make the process
of differentiating (to find the maximum likelihood) easier. Moreover, because
the logarithm is an increasing function, the likelihood function and the log-
likelihood function attain their extreme values for the same values.

L = log
{

p
[
Dj|inputsi

]
Dj=Di

}
− log

{
p
[
Dj

]
Dj=Di

}
(4.9)

The first term on the right is the updated probability evaluated at the discrete
bin j that matches the observed erosion volume for the ith case. If the updated
probability is higher than the prior probability for the observed value, then
the prediction is improved compared to the prior and the log-likelihood ratio
is greater than zero. This indicates that the updated probability distribution
is both different compared to the prior distribution and more accurate. On
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the other hand, if the updated probability of the observed value is lower than
the prior probability, it indicates that the updated probability is either more
uncertain than the prior or it is more confident but actually wrong.

Thus, the likelihood ratio scores give the ability of the Bayesian Network to
make skillful estimates of both mean value and uncertainty. A summation
of the log-likelihood ratio over all observed cases provides a measure of how
much better (or worse) the Bayesian Network prediction performed over the
entire data set.

4.2.4 Results

Once the Bayesian network is constructed and trained, it can be used for pre-
diction by updating the prior probabilities (black dashed lines in Figure 4.10)
of the input variables with data. Some face validity checks as well as the
prediction skill and log-likelihood ratio of the network are dealt with in this
section.

In the first face validity check, shown in Figure 4.10, the area has been
selected, as the island Schiermonnikoog in the Wadden area. In general, the
Wadden area is characterised by small grain sizes, mildly sloping profiles,
wide beaches and low dunes. All four features are visible in the posterior
distributions. In addition, the posterior distributions show that the profile
volumes are relatively high and the erosion volumes are in the lower regions.
In the network, the hydraulic conditions are not directly connected to the area.
This means that no influence of the area choice is expected on the hydraulic
conditions nodes, which is confirmed by Figure 4.10. The second validity check
concerns the selection of a relatively high water level, shown in Figure 4.11.
Again, because of the absence of a direct link between the area and profile
information, now only the hydraulic variables and the erosion volume are
influenced. Since a high water level (WLt) is likely to coincide with high waves
and long wave periods, we see a tendency to the higher bins of both wave
height (Hsigt) and wave period (Tpt). In addition, we see a larger probability
for higher erosion volumes, w.r.t. the prior distribution, which is in line with
the expectations.

In order to derive the prediction skill, erosion volumes at several locations
along the Dutch coast were hindcasted with testcases obtained from the
distributions underlying the dataset described in previous section. A testcase
thus is a set of variables representing a scenario and serves as input for
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the Bayesian network in order to make a prediction for the erosion volume.
Since DUROS+ results are considered as observations, a comparison between
observed and predicted erosion volume is possible.

Figure 4.12 shows a comparison between predicted and observed erosion
volumes for the network which was trained on the Holland coast area and
applied for prediction of other transects in the same area. Although the spread
is considerable (not precise), the average agreement is fairly good (accurate),
being represented by a skill of 0.88 and a log-likelihood ratio of LR=19.
This means that the network is capable of predicting on average the erosion
volumes fairly well, if the cases to predict are covered by the training dataset.
The spread can be reduced by increasing the number of bins (categories) per
variable. Disadvantage of increasing the number of bins is that more data is
needed to properly train the model.

In Figure 4.13 a similar predicted-observed comparison is made, for the same
network that in this case was trained on the Wadden area data and used for
prediction of the Holland coast. In this example, there is a deviation between
both the profile indicators as well as the boundary conditions for both areas.
In this case, typical features of the prediction area are not captured by the
training data, leading to a worse skill and log-likelihood ratio (0.52 respectively
LR=-12). The low skill indicates that the best estimate from the Bayesian
Network did not match the DUROS+ predictions as well as they did in the
Wadden test and that the predicted uncertainty from the Bayesian Network did
not correspond to the actual prediction errors. Adding more training data to
both improve the best prediction and include the actual uncertainty is required.

4.2.5 Conclusions

The applications of the Bayesian approach have demonstrated that a Bayesian
Network is useful for quantifying the erosion rate and reflecting sensitivities
of predictions to input uncertainties. Especially for the aggregation of model
results from advanced dune erosion models, it is considered as a valuable
alternative to FORM. We demonstrate that the Bayesian approach can (1)
capture the DUROS+ model accurately, and return 88 % of the simulated
variability of this model; (2) give fast predictions of dune erosion including
the confidence interval; (3) deal with heterogeneous and missing data.

At the same time, it should be noted that these favourable conclusions are only
possible if the cases to be predicted are well represented within the training
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Figure 4.10: Prior (black dashed lines) and posterior probability distributions
of Bayesian Network’s variables. The island Schiermonnikoog
(areacode: 2), being part of the Wadden area, has been selected.

Figure 4.11: Prior (black dashed lines) and posterior probability distributions
of Bayesian Network’s variables. The water level bin around
MSL+6 m has been selected.
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Figure 4.12: Observed vs. predicted for the Bayesian Network when trained
on the Holland coast and applied on other transects in the same
area.
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Figure 4.13: Observed vs. predicted for the Bayesian Network when trained
on the Wadden coast and applied on the Holland coast transects.



4.3 Extended approach with wave obliquity and coastal curvature 95

data ranges. A Bayesian Network is only capable of interpolating and not
extrapolating its training data. In addition, the precision of the results in this
section is limited (considerable spreading). This can be improved by increasing
the number of bins per variable, implying that more training data is required.

4.3 Extended approach with wave obliquity and
coastal curvature

This section discusses two approaches to introduce the effects of wave obliq-
uity and coastline curvature into the probabilistic safety evaluation. The
influence of bathymetry is not considered separately here, since it is already
included in the present approach and it appeared from Chapter 3 to have little
influence compared to wave obliquity and coastline curvature effects. The
coastline curvature is not considered as a stochastic variable. However, the
response to the wave angle is different depending on the curvature. To account
for wave obliquity and coastline curvature, in this section the probabilistic
model is extended with the stochastic variable wave angle, where the coastal
curvature is accounted for in the response to wave obliquity.

With FORM, the influence of wave obliquity and coastline curvature on
the 1× 10−5 year−1 erosion rate is investigated for the reference cross-shore
profile (Figure 3.1) with Hoek van Holland boundary conditions. For this
investigation, the DUROS+ is used with an additional erosion contribution
based on the XBEACH simulations presented in Chapter 3. In addition, a
Bayesian Network dedicated to the relative effects of wave obliquity and
coastline curvature is presented as an exploration of the potential impacts of
those additional variables to the normative erosion along the Dutch coast. The
Bayesian Network is trained with data from Chapter 3.

4.3.1 FORM

To account for wave obliquity and coastline curvature, this section adds
the wave angle as additional stochastic variable in the probabilistic model
presented in Section 4.1.3. For reasons of simplicity, the DUROS+ model is
used as a dune erosion model and the contributions for the additional effects
are accounted for by an ‘additional erosion volume’. The additional erosion
volume represents the relative erosion, w.r.t. the reference case with a straight

http://maps.google.com?q=Hoek van Holland&t=h&z=7
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coast and shore normal wave attack, which is based on the XBEACH results
from Chapter 3. FORM is used here as a reliability method because it is efficient
and it provides information about the design point.

Wave angle distribution

The stochastic variables of the reference case are based on the Hoek van
Holland situation, similar to the investigation of Van de Graaff (1986). When
including the wave direction into the probabilistic calculation, also the ori-
entation of the coastline as well as the wave direction become of interest.
To illustrate the effect of the wave angle, we stick to the Hoek van Holland
situation and use the cross-shore transect orientation (311◦) and the wave
direction distribution from that area. Due to the funnel shape of the North
Sea, the wave direction is highly correlated with the water level, especially
for extreme events. Solely north-north-westerly wind directions can, due to
their long fetch, create extreme waves and surge (Figure 4.14). Data analysis of
two wave stations at the North Sea shows wave angles converging towards a
narrow range around 335◦ for increasing water level threshold. In this section,
the wave direction is simplified to a uniform distribution between 321 to 351◦
relative to north. This corresponds to 10 to 40◦ relative to the cross-shore
transect of consideration (311◦), indicated in Figure 4.14.

Calculation procedure

Although the procedure is similar to the one in Section 4.1, some more
explanation is needed about the inclusion of the additional erosion due to wave
obliquity and coastal curvature. In each individual dune erosion calculation,
within the FORM simulation, a wave angle is selected from its distribution
as is done for the other stochastic variables (water level, wave height, wave
period, grain size, surge duration and model accuracy). Based on this wave
angle, a relative additional erosion value can be found in Figure 4.15 based
on the results from Chapter 3. The relation between additional erosion and
wave angle is dependent on the coastal curvature. In this way, the curvature
effect is included in the calculation although it is not a stochastic variable. With
inclusion of the additional erosion, the retreat distance is derived like it is done
in Section 4.1.

http://maps.google.com?q=Hoek van Holland&t=h&z=7
http://maps.google.com?q=Hoek van Holland&t=h&z=7
http://maps.google.com?q=Hoek van Holland&t=h&z=7
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Figure 4.14: A relatively small range of wave angles, during extreme storm
conditions, is relevant for a transect near Hoek van Holland. The
wave stations k13a and euro platform are used for the training of
the wave direction node in the Bayesian Network.
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Figure 4.15: Additional erosion as function of the wave angle, for various
curvature radii as well as for a straight coastline.

Results

In the reference case, presented in Section 4.1.3, the 1× 10−5 year−1 retreat
distance is 78 m. When introducing the wave angle as additional stochastic
variable, given a straight coast, the 1× 10−5 year−1 retreat distance increases
towards 91 m. The corresponding design points for the reference case as well
as the case which includes the wave angle are listed in Table 4.5. Generally,
the water level is by far the most important variable. This is for a large
part due to the physical importance of the water level for the dune erosion
process. In terms of the α value, this importance is even higher due to
the model setup where the wave height and wave period are correlated to
the water level (as discussed in Section 4.1.3). In addition, the additional
erosion volume contributions are implicitly also related to the water level. The
reason is that the water level is of major importance for the erosion volume
calculated by DUROS+. Since the additional erosion contributions for the
accuracy, the duration and the wave angle are defined as a volume portion
of the initial erosion, the absolute value of the additional erosion (or retreat
distance) becomes larger when the initial erosion is larger. In that way, the
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Model DUROS+ DUROS+
wave angle

straight coast
Retreat distance 78 m 91 m

value α2 × 100 % value α2 × 100 %
Water level 5.52 m 90.5 5.56 m 91.4
Grain size 208 μm 3.3 207 μm 3.3
Accuracy 0.12× A 3.3 0.10× A 2.4
Duration 0.05× A 1.5 0.04× A 1.0
Significant wave height 7.94 m 1.3 7.97 m 1.3
Peak wave period 12.7 s 0.2 12.8 s 0.2
Wave angle 0◦ 0.0 28◦ 0.4

Table 4.5: Variable values in the design points, for the 1× 10−5 year−1 retreat
distance, and importance of variables for the reference case as well
as for a straight coast with the wave angle included.

FORM algorithm might tend to find a design point for a slightly higher water
level, and hence a slightly higher wave height and wave period, by introducing
the additional stochastic variable for the wave angle (Table 4.5 right hand side),
with respect to the reference case (left hand side). If all stochastic variables
would be completely independent, the introduction of an additional stochastic
variable would reduce the α2 of all original variables a bit.

Similar to Table 4.5, Table 4.6 shows the variable values in the design points
for two cases including coastline curvature. All the other conditions are kept
the same as in the previous example with a straight coast. These two cases
represent the hypothetical situation that the coast at Hoek van Holland would
be curved at two different rates. In the calculation, for each case simply
another line from Figure 4.15 has been taken into account. The resulting
1× 10−5 year−1 retreat distance, for curvature radii of 9500 m and 1900 m is
92 m and 97 m respectively. So, a mildly curved coast (radius 9500 m) gives
a slight increase of the erosion rate with respect to a non-curved coast when
the waves come in obliquely. For a strongly curved coast (radius 1900 m) the
erosion rate increases still more. Due to the inclusion of the coastal curvature,
the wave angle becomes more important. As a result, the α2 of the wave angle
increases whereas the α2 of all other variables slightly decreases. This is the
normal behaviour when a stochastic variable becomes more important.

http://maps.google.com?q=Hoek van Holland&t=h&z=7
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Model DUROS+ DUROS+
wave angle wave angle

radius 9500 m radius 1900 m
Retreat distance 92 m 97 m

value α2 × 100 % value α2 × 100 %
Water level 5.55 m 91.2 5.53 m 91.0
Grain size 207 μm 3.3 207 μm 3.3
Accuracy 0.10× A 2.3 0.09× A 2.0
Duration 0.04× A 1.0 0.04× A 0.9
Significant wave height 7.96 m 1.3 7.95 m 1.3
Peak wave period 12.8 s 0.2 12.7 s 0.2
Wave angle 29.4◦ 0.8 30.6◦ 1.3

Table 4.6: Variable values in the design points, for the 1× 10−5 year−1 retreat
distance, and importance of variables including the wave angle for
two cases with different curvature.

4.3.2 Bayesian Network

This section presents a Bayesian Network that approximates the relative ero-
sion due to the influence of wave obliquity and coastline curvature. Whereas
the previously presented approach with FORM gives detailed information on
a specific situation, the Bayesian Network is more useful for an exploration of
the influence of specific variables along the whole coast. It can be used as a
quick safety assessment tool to find locations that need detailed consideration.
In addition, a Bayesian Network provides a way to apply computational
expensive models in a probabilistic framework. The network presented in
this section uses the XBEACH results from Section 3.3 and 3.4, the orientation
and curvature information from JARKUS data and wave direction information
from a few wave measurement stations at the North Sea.

Network setup

Figure 4.17 gives an overview of the network. The network is designed
to estimate the erosionfactor, indicating the relative erosion with respect to
the reference situation where no influences of wave obliquity and coastline
curvature are included. Based on the simulations from Chapter 3, the
curvature radius and the wave angle relative to the local shore normal (phi)
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are considered as the influencing factors (parents in Bayesian Network terms).
The relative wave angle is derived from the local orientation of the coast (theta)
and the wave direction (wavedir). Both the coast orientation and curvature
radius are derived from the spatial bathymetry information (JARKUS). The
coastal radius is found by fitting circles through the NAP+5 m contours at
each transect and its 10 adjacent ones at both sides. The coastal areas that
are distinguished in the JARKUS data, are covered by the areacode. Only the
convex coastal curves are considered, concave parts of the coastline are treated
as straight. The reason is that the effect of concave coastal stretches is outside
the scope of this thesis and it is not expected to lead to more erosion compared
to a straight coast.

The wave direction has been derived from two wave stations in the North
Sea (Figure 4.14). The measurement interval ranges from 1989 to 2010. Since
only the wave directions that coincide with relatively high water levels are
relevant for dune erosion, the wave direction data has been filtered. The
wave angles that coincide with the 1

500 highest water levels have been selected.
These water levels are larger than NAP+1.39 m and NAP+1.55 m at the K13a
respectively the Euro platform. The filtering considerably narrows the band of
wave directions to mainly north westerly ones (Figure 4.16).

The Bayesian Network is trained by the three datasets mentioned above. The
JARKUS data is used to train the relations between the areacode, theta and
radius nodes. The XBEACH simulation results from Chapter 3 are used to train
the relation between combinations of radius and relative wave angle (phi) and
the erosionfactor. Wave station data is put into the wavedir node.

Results

The prior probabilities are shown in Figure 4.18. All nodes contain bar plots,
where all bins together sum up to one. In the nodes that represent angles,
the bars are plotted in polar coordinates in order to make their directions
more intuitive. From Figure 4.18, a number of observations can be made.
The areacode node gives an impression of the number of transects in the areas,
showing that area 7 (Noord-Holland) contains the most transects. The nodes
radius and theta (transect orientation) are derived from the individual transect
properties within the areas. Obviously, the radius node has the majority of
its observations in the bin with the largest radius, which can be considered as
straight coast. The majority of the transects is oriented (theta) between westerly

http://maps.google.com?q=Provincie Noord Holland&t=h&z=7
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Figure 4.16: Distribution of wave directions as used in the Bayesian Network.

Areacode

Theta Wavedir

Radius Phi

Erosionfactor

Figure 4.17: Overview of Bayesian Network for wave obliquity and coastline
curvature.
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and northerly directions. The two large bins between 270◦ and 310◦ cover the
complete Holland coast. The prior wave direction distribution is the same as
shown in Figure 4.16, showing mainly north north westerly directions. The
wave angle (phi), relative to the local shore normal, is the absolute value of the
difference between theta and wavedir. Therefore, it ranges from 0◦ to 180◦. The
angle larger than 90◦ are included for completeness, but the network does not
contain any valuable information about erosion ‘around the corner’. Finally,
the erosionfactor results in a distribution tending towards values significantly
larger than one, with a peak at the bin around 1.3. The reason is that large parts
of the Dutch coast are attacked by oblique waves, during extreme conditions,
and some parts are also curved. The prediction skill is not derived, since the
underlying data set is currently too small to divide in separate subsets for
training and testing of the Bayesian Network.

To illustrate the application of the network, and show its face validity, a few
cases are discussed:

Case 1: a strongly curved coastline When considering a strongly curved
coastline with a radius smaller than 2300 m, Figure 4.19 shows a modified
erosionfactor distribution with respect to the prior probabilities. In this
situation the erosionfactor is skewed towards the higher values, larger than
1.35. The areacode is also influenced, since the straight parts of the coast
do not meet the selection criteria. Most of these omitted straight coastal
sections are located along the Holland coast, resulting in a theta distribution
that includes mainly northerly oriented transects. Finally, the relative wave
angle (phi) distribution is slightly modified due to the change in theta. There is
no change in the wave direction distribution. This example shows that strongly
curved parts of the coast are potentially threatened by more erosion if coastal
curvature and wave obliquity is taken into account.

Case 2: a strongly curved coastline and nearly shore normal wave direction
Figure 4.20 shows the posterior probability distribution for the situation where
in addition to the strongly curved coastline as discussed in the previous case,
it is assumed that the waves approach the coast nearly shore normal. This
additional evidence totally changes the erosionfactor distribution. Now the
peak is around 1.1 and the bins larger than 1.25 are approximately zero. As a
result of the restriction to the relative wave angle (phi), also the wave direction
and transect orientation are influenced. This example shows that additional
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Figure 4.18: Bayesian Network with prior probabilities.
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Figure 4.19: Bayesian Network with evidence for a strongly curved coastline.
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Figure 4.20: Bayesian Network with evidence for a strongly curved coastline
and nearly shore normal wave direction.

evidence can totally change the expected erosionfactor.

Case 3: a specific coastal area (Noord-Holland) When selecting the Noord-
Holland coastal area (area 7), as presented in Figure 4.21, both the radius and
the transect orientation (theta) are strongly confined. The main part of this
area is approximately straight coast, or locally mildly curved. The transect
orientation is solely a bit larger than 270◦ (westerly). As a result of the narrow
theta distribution, the relative wave angle phi is also confined. The wave
direction is considered independent from the area and hence not influenced by
the selection of an area. The resulting erosionfactor has a major peak around
1.3. The upper tail is related to the limited curved locations. The lower tail,
which is larger, is related to the cases with small relative wave angles (phi).
This example illustrates how individual areas can be explored in order to
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Figure 4.21: Bayesian Network with the Noord-Holland area selected.

identify their susceptibility for additional erosion due the inclusion of wave
obliquity and coastal curvature.

4.4 Discussion

4.4.1 FORM vs. Bayesian Network approach

In this chapter, various probabilistic approaches have been discussed. With
FORM, it is possible to efficiently estimate a failure probability based on a
limit state. However, a proper functioning of FORM requires continuous
probability distributions and continuous behaviour of the response model.
The application of XBEACH with FORM in Section 4.1.4 illustrated that even
a 1D case with a simple cross-shore profile can violate these requirements
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and have difficulties to converge. The Bayesian Network, put forward as
an alternative, can efficiently produce an erosion volume distribution. This
distribution is divided in rather course bins, leading to results that are not
precise. Consequently, the probability of failure will be discrete and also
course. Especially, the distinctiveness for small probabilities, being of interest
for dune failure, will be insufficient.

To make a fair comparison between the FORM and Bayesian Network ap-
proach, similar results should be compared. This could either concern a mea-
sure for erosion rate, or a probability of failure. Both comparison approaches
are not straightforward. A complicating factor is the fact that the distinction
between dune erosion model and probabilistic method differs between the
two approaches. In the FORM approach, the dune erosion model and the
reliability method are clearly distinct. The Bayesian Network more or less
combines the dune erosion model and the reliability method. The dune erosion
model is represented by the underlying training data, but cannot be retrieved
separately since the network will always result in a probability distribution. A
comparison in terms of erosion rate, does not involve FORM but compares a
dune erosion model with a Bayesian Network. Such a comparison has been
made in terms of erosion volume resulting from DUROS+ in Section 4.2.

The discrete character of the Bayesian Network complicates the comparison of
failure probabilities. The number of bins in the nodes, especially the resulting
erosion volume, is insufficient to distinguish probability of failure in the order
of magnitude being of interest for dune safety (O(1× 10−5 year−1)). A distri-
bution function can be fitted to smooth the remaining discreteness as a practical
solution to this issue. A three parameter log-normal distribution is considered
suitable for this. Van Gelder (2000) shows that the product of n stochastic
variables converges to a log-normal distribution. The three parameter log-
normal distribution is flexible and easy to fit through distributions with long
tails.

4.4.2 Generic value of the results

The relation between wave obliquity respectively coastline curvature and dune
erosion has been derived based on a limited series of XBEACH simulations.
In addition, these simulations are based on a simplified situation, in terms of
cross-shore profile, alongshore uniformity and hydraulic boundary conditions.
The used profile is considered representative for the major part of the Dutch
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coast and the hydraulic loading is supposed to result in a morphological
response that is comparable to an O(1× 10−5 year−1) storm event at this
type of cross-shore profile. Both in the FORM and in the Bayesian Network
approach, the simulated wave obliquity and coastline curvature effects are
used as the “true” effects. In the Bayesian Network, additional uncertainty is
added by the binning. This is however not directly related to the variance in the
obliquity and coastline curvature effects. The true variance should be based on
the sensitivity of the dune erosion rate to changes in bathymetry and hydraulic
conditions for a range of wave obliquity and coastline curvature combinations.
This sensitivity has not been derived in this thesis. It is recommended to
derive these sensitivities in future studies. The results from that can be used
as additional training data for the Bayesian Network, allowing the network to
capture more variance.
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Chapter 5

Case study of Dutch dune
coast

The previous chapter explored different probabilistic methods to incorporate
the effects of wave obliquity and coastline curvature on dune erosion. This
chapter estimates the impact of the wave obliquity and coastal curvature effects
in terms of failure probability of the dunes as a sea defence. The failure
probability of the first dune row will be used as an indicator in this chapter.
A modelling approach that is closely related to the current safety assessment
method is described in the first part of this chapter, to establish a reference.
In the reference calculation, the failure probability of the first dune row is
estimated using the DUROS+ dune erosion model combined with the Monte
Carlo reliability method. The second part of this chapter additionally includes
the effects of wave obliquity and coastline curvature. Here the model setup is
similar, also using DUROS+ and Monte Carlo, while the additional effects are
included by means of a Bayesian Network. The difference of the two failure
probabilities provides information about the local impact of wave obliquity
and coastal curvature in terms of failure probability.
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5.1 Reference approach1

This section makes an estimation of the failure probability of the first dune row
of the major part of the Dutch dune coast. It uses the present approach in the
sense that the same dune erosion model (DUROS+) and the same stochastic
variables and probability distributions are used. The focus is on the first
dune row because it allows for a fair comparison of the failure probabilities
alongshore. In addition, it is not envisaged to derive the safety level of
the hinterland, which makes it different from the regular safety assessment
method. Furthermore, in this section a fully probabilistic approach is used,
resulting in a probability of failure, while the regular safety assessment uses a
semi probabilistic approach, resulting in sufficiently safe or not (binary).

This section presents a resilience map of the first dune row of the Dutch
Holland and Wadden coast based on a fully probabilistic approach. To test
the applicability of the DUROS+ dune erosion model a selection is made of
areas that meet the model assumptions. Areas where the first dune row
does not meet the normative resilience level, indicate a need for detailed
inspection. Some of these areas show a need for a more detailed 2DH dune
erosion modelling approach. Although the method is demonstrated on a Dutch
case, the probabilistic approach and the steps to determine where to use a
1D empirical (Van Gent et al., 2008) or a 2DH process based model (such as
Roelvink et al., 2009) are generic in nature and can be applied elsewhere in a
similar manner, provided of course the necessary data are available.

5.1.1 Methods

This section describes the probabilistic approach and discusses the selection
method to find the part of the coast that can be modelled with the DUROS+
model given the model’s assumptions, and the probability distributions to
be used in the Monte Carlo analysis. For the description of the DUROS+
model is referred to Section 2.3.1. The rather strict limitations of the model,
as applied in this study, hold especially for the DUROS+ model. In the formal
safety assessment method prescribed by the Dutch government, several model
additions and assumptions enable the assessment of the majority of the coastal
transects. Please note that the investigation as presented in this section is a
proof of concept and cannot be considered as a full safety assessment.

1This section is mainly based on Den Heijer et al. (2011).
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Required model input

Crucial input for the DUROS+ model is the pre-storm cross-shore bathymetry.
The details of the bathymetry determine the outcome of the erosion-sedimentation
balance and hence the landward extent of the erosion profile. Detailed profile
information, including foreshore, beach and first dune rows is therefore critical.
As a result a well established monitoring programme is crucial to actually
enable safety assessment. In the Dutch case the cross-shore profiles are
obtained from the JARKUS dataset (Rijkswaterstaat, 2008). The JARKUS data
contain in total 2178 cross-shore transects which are measured yearly since
1965. For this study, the transects of 2008 have been used. The transects have an
alongshore spacing between 150 m and 250 m. The orientation of the transects
is approximately shore normal. The JARKUS data as well as the analysis scripts
used in this investigation have been provided by OpenEarth (Van Koningsveld
et al., 2010).

Besides profile information, the DUROS+ model requires as input: the max-
imum storm surge level, the significant wave height, the peak wave period
and the sediment grain size (needed to determine the sediment fall velocity).
The first three inputs are commonly derived from time series of (directional)
offshore wave buoys. The better the information on the (statistics of the)
hydrodynamic boundary conditions, the better the safety assessment. In the
Dutch case a number of offshore wave buoys is available with decades of high
resolution time series. The final input, grain size, requires sediment sampling.
Such a sediment sampling campaign has been executed in The Netherlands
and grain size distributions are available at 146 locations along the entire Dutch
coast (TAW, 1984). The cross-shore location of these samples is not reported
and hence the resulting grain size is considered as representative for the entire
cross-shore profile.

Definition of failure

As a starting point, the DUROS+ model is applied in each individual calculation
within the probabilistic framework. The erosion above storm surge level is
used as erosion indicator. Based on the storm surge level, the first dune
row’s available volume in the cross-section can be derived. If, for given
loading conditions, the total dune volume above storm surge level has eroded,
potential failure is detected for the transect. Hence, both examples in Figure 5.1
show potential failure. Whether potential failure is also considered as actual
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Figure 5.1: Illustration of distinction between potential and actual failure of
the first dune row.

failure, depends on the storm surge level relative to the dune valley level. Only
if the storm surge level exceeds this valley level, actual failure2 is recorded (see
Figure 5.1). For the calculations as presented in this section both potential and
actual failure is derived, but only the results of actual failure are discussed
and depicted in the figures. The results for potential failure will be used for
comparison purposes in Section 5.2.

Probabilistic framework

The probability of failure of the dunes is based on the probability distributions
of the relevant loading and strength variables. Here the water level, wave
height, wave period, D50 grain size and (a contribution for) storm duration
are considered as stochastic variables. The initial (pre-storm) cross-shore
bathymetry and wave direction (shore normal) are taken into account as
deterministic, meaning that variations are omitted.

Monte Carlo (Fishman, 1996) is used as a reliability method. For each selected

2Further discussion on failure definition will follow in Section 5.2.
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transect, random samples are taken from the probability distributions of the
boundary and initial conditions. For each of these sampled combinations of
conditions the response of the dune is calculated with the dune erosion model
(Section 2.3.1). Based on the definition of failure, as discussed above, it is
decided whether failure is occurring under these conditions. The probability
of failure for a transect can be found by dividing the number of failures by the
total number of samples.

An advantage of the Monte Carlo method is that it is easy to apply. A
disadvantage is that for small probabilities of failure many calculations have to
be carried out to get an accurate result, leading to computationally expensive-
ness. To cope with this, the more efficient Monte Carlo Importance sampling
technique (Fishman, 1996) is applied. With this technique, the most important
stochastic variable (which is the water level in the present application) is
scaled to get more extreme samples, leading to more failures. To prevent an
overestimation of the failure probability, the result is corrected for the scaling
of the stochastic variable. In this way, a relatively accurate result can be found
with a limited number of samples. The calculations as presented here have
been carried out with 100 samples per transect.

The current method to safety assessment is to perform probabilistic calcula-
tions on a limited number of selected locations along the coast. The resulting
design conditions are interpolated along the coast and as such used as input for
deterministic calculations for each transect, leading to a binary result: safe or
not safe. The reference approach distinguishes itself from the safety assessment
method by following a fully probabilistic approach for each transect along the
whole coast, to examine the probability of failure of the first dune row. This
gives insight in the resilience of the first dune row along the Dutch coast. To
properly estimate the safety level of the hinterland, locations where the failure
probability of the first dune row is higher than the local normative safety level
have to be considered in more detail with a more advanced dune erosion model
(Steetzel, 1993; Roelvink et al., 2009).

Selection of transects

One of the most important assumptions in DUROS+ is the sediment balance in
the cross-shore, implying the assumption of alongshore uniformity. The model
is therefore only applicable to reasonably straight coasts. Furthermore DUROS+
is validated for fully sandy transects only. Therefore locations with hard layers
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or structures are omitted in this investigation. Another assumption is that the
pre-storm cross-shore profile is known at least in the vertical range where the
profile is likely to change during the storm. Finally, information about the
wave conditions has to be available. These assumptions lead to the following
inclusion criteria for JARKUS transects where the model is deemed applicable:

• the angle between the extended transect and the connection line between
the two relevant boundary condition locations must be between 70◦
and 110◦. This requirement implies in practice that the strongly curved
Wadden island heads are left out of consideration.

• sections of the coastline containing hard structures (Hondsbossche and
Pettemer Zeewering) and harbour entrances are left out.

• the transect must at least reach from NAP−5 m to NAP+5 m (NAP is
the Dutch vertical datum, approximately mean sea level). With this
requirement, transects that only contain the underwater profile up to the
beach, or only contain part of the beach and the dune are excluded.

• Wave measurement data of sufficient quality, from which useful prob-
ability distributions may be derived, are only readily available near
Hoek van Holland and northwards. Therefore, the southern part of The
Netherlands, the Delta region, is left out of consideration.

The remaining transects, covering 50 % of the Wadden coast and 75 % of the
Holland coast, are cropped at the landward side if more than one dune row
is present in the data. This means that the failure probability of only the most
seaward dune row is calculated. Two main reasons have led to this choice.
Firstly, this gives the best comparable (unambiguous) results. Comparison
between the failure probability of one big dune row at an arbitrary location
with two small dune rows at another location is only possible if the model’s
capabilities for one and two dune rows is comparable. Secondly, after failure
of the first dune row, any further erosion or overwash processes should be
considered in 2DH since the dune area behind the first dune row is usually
much less uniform alongshore.

Probability distributions

The probability distributions that were used for the development of the safety
assessment method for the Dutch dune coast (WL | Delft Hydraulics, 2007)

http://maps.google.com?q=Hondsbossche Zeewering&t=h&z=7
http://maps.google.com?q=Hondsbossche Zeewering&t=h&z=7
http://maps.google.com?q=Hoek van Holland&t=h&z=7
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Location (station) ω [m] ρ [year−1] α [-] σ [m]
Hoek van Holland 1.95 7.237 0.57 0.0158
IJmuiden 1.85 5.341 0.63 0.0358
Den Helder 1.60 3.254 1.60 0.9001
Eierlandse Gat 2.25 0.5 1.86 1.0995
Borkum 1.85 5.781 1.27 0.535

Table 5.1: Parameter values in Weibull distribution for maximum surge level
for Dutch Coast (source: WL | Delft Hydraulics, 2007).

have been reused in this investigation (see Table 4.1 for a summary of the
distributions used).

Water level The stochastic properties of the water level are described by
a conditional Weibull distribution (Equation 4.2). The parameters in the
distribution depend on the station of concern (Table 5.1). The resulting water
levels as function of the probability of exceedance are given in Figure 5.2. In
Figure 5.3 the measurement locations for the boundary conditions along the
Dutch coast are depicted. One of those stations, Steunpunt Waddenzee, is virtual
in the sense that the data at this location is obtained by interpolating between
the two neighbouring locations.

Wave height The wave height is correlated to the water level because during
storms their common cause is wind. The stochastic properties of the wave
height are described by a normal distribution. The mean value is related to
the water level by a relation obtained from Stijnen et al. (2005). In this way,
the deviation of the wave height w.r.t. the mean value can be considered
independent of the water level. Stijnen et al. (2005) describe the relation
between water level and wave height for 5 locations along the Dutch coast,
as presented in Figure 4.2 panel a. The standard deviation is a constant value
of 0.6 m. Since the sensitivity to the standard deviation of the wave height
appeared to be small (Section 4.1.3), this value is not varied along the coast.

Wave period The wave period is correlated to the wave height, and thus
indirectly to the water level. Also the wave period’s stochastic properties
are described by a normal distribution. Again the mean value is obtained
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Figure 5.2: Water level as function of probability of exceedance for 5 stations
along the Dutch coast.

according to a relation from Stijnen et al. (2005), as shown in Figure 4.2 panel
b. The standard deviation is set to 1 s. Because of the minor sensitivity for this
standard deviation (Section 4.1.3), this is a fixed value along the whole coast.

Grain size Grain size distributions have been derived from sediment sam-
ples at 146 locations along the Dutch coast (TAW, 1984). 105 out of these are
located in the area of the selected transects. Although the cross-shore location
of these samples is not reported, they are assumed to be representative for the
entire cross-shore profile. The D50 grain sizes that can be derived from these
samples are assumed to be normally distributed. Mean D50 grain sizes vary
between 159 μm and 277 μm. Standard deviations of the D50 grain sizes vary
between 8 μm and 37 μm. The finer sediment mainly occurs in the Wadden
area in the northern part of The Netherlands. This is also related to the fact
that the profile slope is relatively mild there.

Storm duration The DUROS+ model (see Section 2.3.1) is based on a repre-
sentative storm duration and does not include the storm duration as a separate
variable. To account for variation in the storm duration, a normally distributed
additional erosion contribution is added to the erosion volume (with respect to
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the original erosion A as computed with DUROS+, indicated as “DUROS-plus
Erosion above SSL” in Figure 2.1). The mean value is zero and the standard
deviation is 10 % of the original erosion above the water level. The use of a
normal distribution implies that the additional volume also can be negative,
effectively leading to a reduction of the erosion with respect to the original
DUROS+ result (Figure 4.3).

Other influences In the method described by WL | Delft Hydraulics (2007)
contributions for the uncertainty of the model and for the temporal variation
in cross-shore profile volume are also proposed. In this investigation these
variables are left out of consideration. The contribution of the profile variation
could be taken into account but appears to have only a minor influence. The
contribution of the uncertainty of the model is mainly relevant for design or
assessment purposes and therefore considered to be outside the scope of this
investigation.

5.1.2 Results

In this section the DUROS+ model is applied in a fully probabilistic manner
using the information available at the Dutch coast: JARKUS transects, offshore
wavebuoys, grain size and storm duration estimates.

Transects included in the probabilistic analysis

The Dutch coast is commonly divided in three areas (see Table 5.2):

1. the Wadden area in the north with a series of islands and inlets in
between (848 transects),

2. the central Holland coast (593 transects) and
3. the Delta area in the south with several inlets most of which have been

closed with dams and barriers as part of the Delta plan (737 transects).

In the Wadden area only 429 transects, out of the 848, are selected (51 %).
The main reason for excluding transects in this area is the occurrence of
coastal curvature at the island heads. In these areas the DUROS+ model, in
its basic form, is not applicable for two main reasons. Firstly, the model is not
developed for the strongly curved coastlines as occur here. Secondly, in these
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Area available
transects

selected
transects

normative
safety level
[year−1]

transects
not meeting
safety level

Wadden area 848 429 5× 10−5 45
Holland coast 593 448 1× 10−5 23
Delta area 737 0 4× 10−5 -
total 2178 877 - 68

Table 5.2: Overview of total available and selected transects as well as
transects where the first dune row does not meet the requirements.

areas near the inlets high (tidal) current velocities can occur, which are also not
included in the current model setup. A 2DH modelling approach, or at least
an incorporation of the 2DH phenomena, is needed here.

At the Holland coast 448 out of the 593 transects have been selected (76 %).
Exclusions in this area are mainly due to some dikes and hard structures. In
addition, in the south of the Holland coast area, some transects have been
excluded because they only cover the shallow water part and the beach. A
process based model which includes hard layers, such as XBEACH (Roelvink
et al., 2009; Van Dongeren et al., 2009) or DUROSTA (Steetzel, 1993), is needed
for this kind of areas.

The Delta area is excluded as a whole because of the lack of readily available
wave boundary conditions. In this area with its dams, storm surge barriers and
inlets a more advanced model like XBEACH (Roelvink et al., 2009) is needed,
provided that the right data is available. Figure 5.3 shows the distribution of
the selected transects for the year 2008. Table 5.2 gives an overview of the
numbers of available and selected transects per area.

Applying the selection criteria, described in Section 5.1.1, 877 transects out of
2178 transects (40 %) are considered suitable to include in the fully probabilistic
approach. Without the Delta area the percentage of included transects is 61 %.
For 753 out of these 877 profiles a failure probability could be determined
using the probabilistic approach. For the other 124 profiles, no failures where
recorded in the Monte Carlo simulations. Considering the sampling range,
the failure probabilities for these transects can be considered as lower than
1× 10−17 year−1. As an estimate for these we use 1× 10−17 year−1.
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Figure 5.3: Overview of transects that were selected as suitable for DUROS+
(black). The remaining, not selected, transects are shown in gray.
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Alongshore distribution of failure probability

The expected maximal failure probability along the Holland coast is 1× 10−5

year−1 as this is the normative safety level for dunes as primary sea defences.
The calculated failure probabilities are summarised in Figure 5.4, that shows
that about 10 % of the selected transects have a higher failure probability than
1× 10−5 year−1 for the first dune row.

As can be seen in Figure 5.5, most of the locations with the highest failure
probability can be found in the Wadden area. The Wadden islands have a
required safety level of 5× 10−5 year−1 per year (with the exception of Texel,
where it is 2.5× 10−5 year−1) and part of the islands are outside the primary
sea defences.

Four example locations are considered in detail. From north to south, a transect
with the largest failure probability (p=1/26 year−1) at the tail of the Wadden
island Terschelling (Figure 5.6 panel a), a transect just North of the Pettemer
Zeewering (Pettemer Sea defence) (Figure 5.6 panel b), a transect near Bergen
with a probability of failure of about the normative value of 1× 10−5 year−1

(Figure 5.6 panel c) and finally a transect just North of the harbour entrance of
IJmuiden (Figure 5.6 panel d).

An example of a dune with a high failure probability is the tail of the Wadden
island Terschelling (Figure 5.6 panel a). The crest of the first dune row of this
profile is only 8 m above mean sea level and the dune is narrow. Behind a
dune valley of about 400 m, there is a second low dune row. The high failure
probability of the first dune row of this transect is not expected to lead to any
safety problems because this transect is outside the protected area, i.e. there is
a large buffer area in front of the populated area.

Just North of the Pettemer Sea defence are nine transects where the first dune
row does not meet the normative safety level. One of these is depicted in
panel b of Figure 5.6. Figure 5.7 shows the surrounding area in Google Earth,
including the nine transects and an elevation map based on LIDAR data. The
LIDAR data show that there are some relatively low areas in the second dune
row. A proper assessment of the failure probability of this dune area is only
possible with a 2DH process-based model, due to the non-uniform topography
behind the first dune row. The Pettemer Sea defence is one of the known weak
spots of the Dutch coast (Ministeries VROM et al., 2006). The last severe storm
that affected the area was in November 2007, when the dunes were severely
eroded. There are plans to increase the safety level by nourishments across the
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Figure 5.4: Histogram of the probabilities (p > 1× 10−17 year−1) of failure
of the first dune row (all calculated transects). The bin-width is
variable and each bin contains an equal number of observations.
The graded line is the Kernel density function. In the rug plot
along the horizontal axis the individual data points are indicated.
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Figure 5.5: Map of the locations with the probability of failure of the first
dune row.
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Figure 5.6: Four examples of profiles with the calculated probability of failure
(Pf ) of the first dune row.
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Figure 5.7: A Google Earth view of the area just North of Petten. The transects
(measured in 2008) where the first dune row does not meet the
requirements are indicated.
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whole sea defence ranging from Petten to 6 km southwards.

A transect with a probability of failure of the first dune row around the
normative safety level is located near Bergen. This dune reaches about 15 m
above sea level but is relatively narrow. A relatively wide dune area is present
at this location. For more insight in the situation after failure of this first dune
row, detailed 2DH process-based modelling is required.

The last example is a transect just North of the harbour entrance of IJmuiden
where the first dune row is very wide and high (almost 20 m above MSL) and
therefore it results in the smallest probability of failure.

5.1.3 Discussion

Some of the choices and results of the research presented in this section could
be considered as having a subjective nature, providing room for discussion.
The basic form of the DUROS+ model and the assumptions on probabilities of
boundary conditions were used, omitting the additional features of the safety
assessment method, as presently used in The Netherlands, to cope with non-
standard cases. Due to the limitations of the model, selection criteria have been
used for exclusion of a part of the available transects. In addition, the failing
transects and the validation of the failure probability results is discussed.

Limitations of the method

Extreme boundary conditions The dune erosion calculation of a transect
only leads to failure when extreme conditions are imposed. Assuming that
most transects have a safety margin, the boundary conditions for this study
have been further extrapolated than for the regular safety assessment, in order
to be able to find failure occurrences. More extreme extrapolation decreases
the precision of the boundary conditions and could result in conditions that are
physically not realistic. However, along this line the transects with the highest
failure probabilities, being the most critical, can be considered as most precise.

DUROS+ for extremer conditions As mentioned in Section 2.3.1, the applied
model is developed for dune erosion only. As long as the height and the
width of the remaining dune body are sufficient with respect to the hydraulic
loading, dune erosion is the most likely mechanism. However, in this study



128 Chapter 5. Case study of Dutch dune coast

−200−150−100−50050100150200250

−5

0

5

10

15

20

cross shore coordinate [m]

he
ig

ht
 to

 M
S

L 
[m

]

DUROS−plus
DUROS−plus Erosion above SSL
Additional Erosion
Initial profile
Erosion profile
P: −208.04 m w.r.t. RSP
R: −208.99 m w.r.t. RSP
WL: 7.09 m w.r.t. MSL
Hs: 12.22 m
Tp: 19.43 s
D50: 292.73 μm

Figure 5.8: Example of a calculation that results in just non-failure.

a considerable part of the calculations are around the transition between non-
failure and failure where the impact of a storm (Sallenger, 2000) shifts from
dune erosion (collision) to overwash and inundation. Since the latter regimes
are not captured by the DUROS+ model, the model is not capable to accurately
simulate the failure of a dune. In cases where according to the model, just no
failure occurs, in practice at some stage of the event also overwash would start
to play a role (Figure 5.8). Additional erosion due to this type of situations is
omitted in this study.

The model has been applied beyond its validated range, being about a
1× 10−5 year−1 frequency, leading to decreasing reliability of the model results
for smaller frequencies. This is, however, considered as acceptable since the
most critical transects are based on the more reliable calculations. It is assumed
that the ratio between failure and non-failure cases at these locations is not
significantly influenced by those individual calculations that are just around
the edge of failure.
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DUROS+ for non-standard dunes The DUROS+ model has been developed
for the so-called reference profile. This is a cross-shore profile that is considered
as more or less representative for the Dutch coast. The reference profile
corresponds best with the transects at the Holland coast. It is not clear whether
application of DUROS+ in the Wadden area, where the grain size is smaller
and the profile slopes are milder, leads to realistic results (Deltares, 2008).
Experimental research by Deltares (Hoonhout et al., 2011) led to the conclusion
that DUROS+ gives conservative results for the tested cross-shore profiles.
The series of experiments was not sufficient to draw conclusions about the
performance of DUROS+ at mild sloped profiles in general. As a result, the
failure probabilities as found for the non-standard dune profiles should be
interpreted with care.

The dune erosion model does not account for some aspects like vegetation or
hard structures. The safety calculations are carried out with a 1D model, using
measured cross-shore transects with an alongshore spacing between 150 m and
250 m. In areas which are non-uniform alongshore, the alongshore position of
the transect could influence the failure probability. If the weakest location in
a coastal section is in between two transects, the failure probability will be
underestimated.

Limitations of the first dune row approach The calculations presented in
this section are based on the JARKUS transect data. A transect is considered as
failed when no dune body above the storm surge level is left in the first dune
row. Only when this first dune row is the sole line of defence, the safety of
the hinterland is directly at stake when failure of the dune occurs. Otherwise,
when more dune rows or other lines of defence are available, the probability of
failure as presented here is to be considered as a conservative upper limit of the
failure of the total defence system at that particular location. However, after
the first dune row has failed, other processes have to be taken into account.
The problem becomes two dimensional behind the failed dune and should be
modelled by a combined morphological and inundation model in at least 2
dimensions. So, the current safety assessment with the 1D DUROS+ model can
only be applied to the first dune row dune row due to 2D effects after the first
dune row has failed.
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Figure 5.9: The transects at the Wadden area where the first dune row does
not meet the normative safety level are well outside the dike-ring
area (example of island Terschelling).

Failing transects

Most of the transects, 45 out of 68 (Table 5.2), where the first dune row does not
meet the normative safety level are located in the Wadden area. The Wadden
islands differ from the rest of the Dutch coast in the sense that the urban and
formally protected area covers only a small part of the islands’ area (Figure 5.9).
That means that a part of the dune area, especially at the island heads, do in
fact not have a sea defence function. Out of the 45 transects, 25 are clearly
beyond the protected area and the remaining 20 either inside or very close
to the primary defence area at the islands Schiermonnikoog, Ameland and
Terschelling. At these 20 transects, as well as at 23 along the Holland coast, it is
found that the first dune row does not fulfil the safety requirements, meaning
that more detailed consideration in at least 2D is needed to confirm a sufficient
safety level.
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Validation

Since the majority of the failure probabilities is extremely low, compared to
the period with reported observations, validation with field data is difficult.
The dune erosion model is calibrated and validated for a large number of
laboratory experiments at different scales (Vellinga, 1986; Van Gent et al., 2008).
Only the the order of magnitude of the largest probabilities of failure can be
related to observations in recent history. The largest probability of failure is
1/26 year−1 and is found at the eastern island head of Terschelling. In recent
decades, overwash has been observed at some of the Wadden island heads,
so in this respect the order of magnitude of this probability of failure can be
considered as realistic. The largest calculated failure probability along the
Holland coast is of O(1× 10−3 year−1). The fact that no failure of dunes
has been observed on the Holland coast in the last century gives from this
viewpoint confidence in the order of magnitude.

5.1.4 Conclusions

The aim of this section is to present a reference resilience map of the first
dune row of the Dutch Holland and Wadden coast using a fully probabilistic
approach and to test the applicability of the DUROS+ model (Van Gent et al.,
2008). Since the Dutch dune coast has a relatively alongshore uniform first
dune row, the 1D approach is generally suitable as a simple but effective
assessment of this first line of defence. If the resilience of the first dune row is
not sufficient, 2D phenomena start to play a role due to non-uniformity of the
dune area behind and more advanced dune erosion and inundation modelling
is required for a proper assessment.

The DUROS+ model in its most basic form was used to quantitatively assess
dune resilience. The Monte Carlo method was used for the probabilistic
investigation. Important research questions were (1) where can the DUROS+
model in combination with the fully probabilistic approach be applied along
the Dutch coast? and (2) what is the alongshore variability of failure probability
using this probabilistic approach?

Regarding the applicability of the method it can be concluded that the as-
sumptions that underly the DUROS+ model in its most basic form result in
the exclusion of a significant amount of transects from a fully probabilistic
analysis. The Delta area was not considered because of insufficient information
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on boundary conditions for that area. About 50 % of the transects in the
Wadden area and 75 % of the transects along the Holland coast passed the
inclusion criteria for analysis. The excluded transects are found in areas with
highly curved coastlines and coastlines containing hard layers or structures.
Further assessment of the transects that were excluded requires modification of
the basic DUROS+ concept or more generic model concepts. To enable broader
coverage of failure probability assessment the use of a more generic model for
the remaining 40 % of the coast is recommended.

Regarding the alongshore variability of dune resilience it can be concluded
that at 45 transects in the Wadden area, the first dune row does not meet the
normative safety level of 5× 10−5 year−1. Twenty of these are not part of the
primary sea defence and reflect the natural process of new dune rows building
up. At 23 transects of the Holland coast the first dune row does not meet
the normative safety level of 1× 10−5 year−1. In all of these cases, more dune
bodies are present landward of the first dune row. A further safety assessment
of these areas is only possible by applying a 2DH process-based model due to
the often alongshore non-uniform character of the dune area behind.

Regarding the usefulness of the fully probabilistic approach, firstly, it can
be concluded that this is the first time that actual spatial varying failure
probabilities along the Dutch coast have been calculated. The results provide
important additional information by a resilience map as opposed to the binary
result (fail or safe) as obtained from the presently applied approaches. In
addition, the resilience can be steering in the decision about the need for
more advanced dune erosion modelling. Secondly, it was demonstrated
that developments in computing power and also the development of more
sophisticated analysis routines and approaches indeed have made a fully
probabilistic approach a feasible alternative to current deterministic and semi-
probabilistic approaches. It is noted that the current dune erosion model in its
most basic form is not able to cover all of the Dutch coast without making
additional assumptions. To extend the coverage of the analysis of failure
probabilities along the Dutch coast it is recommended to (1) involve more
process-based model concepts that can cope with the situations DUROS+ can
not, and (2) to expand the currently available data on boundary conditions.
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5.2 Extended approach with wave obliquity and
coastal curvature

This section aims at the estimation of the failure probability of the first dune
row along the major part of the Dutch coast with inclusion of the effects
for wave obliquity and coastline curvature. Comparison with the results of
the reference calculation as presented in the previous section give insight in
the change in failure probability due to these additional effects. The failure
estimation is applied to the same areas as considered in the previous section.
In addition, the probability distributions for the variables that they have in
common are kept the same. The relative erosion volume due to the effect of
wave obliquity and coastline curvature is obtained from the Bayesian Network
presented in Section 4.3.2.

5.2.1 Methods

Since this investigation is meant to compare the probabilities of failure to those
of the reference situation, the same approach is used with some additions. This
section describes the dune erosion model, probabilistic method and probability
distributions as far as they differ from the reference case which is described in
Section 5.1. It should be mentioned here that the selection procedure for the
transects, as described in Section 5.1.1, excludes the majority of the strongly
curved areas. Although the method as introduced in this section is capable of
assessing the more curved areas as well, we still use here the same selected
transects. This means that the majority of the transects covers approximately
straight coastal sections but also some curved parts are taken into account (see
Figure 5.10a).

Dune erosion model and failure definition

As a starting point, similar to the method of the previous section, the DUROS+
model is applied in each individual calculation within the probabilistic frame-
work. The erosion above storm surge level is used as erosion indicator. The
relative erosion due to wave obliquity and coastline curvature is sampled
as multiplication factor. The product of the DUROS+ erosion volume above
storm surge level and the multiplication factor gives the estimation of the total
erosion volume.
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Based on the storm surge level, the first dune row’s available volume in the
cross-section can be derived. If the total erosion volume is equal or larger3

than the available volume, potential failure is detected for the transect with
corresponding loading conditions. Actual failure requires, like in the previous
section, the water level to exceed the dune valley level.

For the generation of a resilience map, as presented in the previous section,
the actual failure is the most suitable indicator to use. When focussing on the
difference between failure probabilities with and without the influence of wave
obliquity and coastal curvature, the potential failure ratio is more informative.
This can be explained by the fact that the difference in failure probability is
dependent on the individually sampled cases that just do or do not fail in
the reference situation. The used model generally predicts more erosion for
the combined effects of wave obliquity and coastline curvature. Hence, the
relevant cases are practically limited to the ones that just do not fail in the
reference situation. Cases which result in failure for the reference approach,
will most probably also fail in the extended approach. In addition, cases which
result in relatively little erosion in the reference approach, are likely to still
not fail when the erosion volume corrected for the influence of wave obliquity
and coastline curvature. Especially for the cases that are at the edge of the
non-failure domain, the additional requirement for the water level relative
to the dune valley level can be decisive. We can consider an example of an
individual case where in the reference approach just non-failure (potential) is
found. Inclusion of the wave obliquity and coastal curvature effects will result
in potential failure. However, if the water level is below the valley level, no
actual failure is recorded. Assuming that this situation occurs in all relevant
samples, the ratio of the actual failure probabilities will be one, whereas the
potential failure probability ratio will be not equal to one. The latter ratio gives
insight in the effect of wave obliquity and coastal curvature on dune erosion,
whereas the first incorrectly suggests no effect.

Probabilistic approach

Similar to the reference case in the previous section, the Monte Carlo method is
used. However, for the present application a Bayesian Network is coupled to it
to estimate the effect of wave obliquity and coastline curvature. Per individual

3Due to the multiplication factor, it is theoretically possible that the erosion volume exceeds
the available volume.
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(a) Histogram of coastal radii. (b) Histogram of transect orientation.

Figure 5.10: Coastal radii and transect orientation distributions as repre-
sented in the selected areas.

transect, a posterior distribution of the erosion factor can be obtained from the
Bayesian Network by providing evidence for the local transect orientation and
coastal radius. Histograms of these features for all selected transects are shown
in Figure 5.10. An example of the Bayesian Network output for a transect at
the Holland coast is given in Figure 5.11. The erosion factor distribution as
provided by the Bayesian Network, is sampled with Monte Carlo.

Similar to the calculations in the previous section, Monte Carlo with impor-
tance sampling is applied in order to sample the more extreme water level
events. The sampling technique as applied here is slightly different, due
to an update of the tools used. The sampling in the current investigation
leads to slightly less extreme water level samples. Comparison with the
method from the previous section does not show significant differences in
the resulting failure probabilities. Only in case of failure probabilities smaller
than about 1× 10−15 year−1, the current method tends to result in a zero
probability, whereas the old method might result in a finite value smaller than
1× 10−15 year−1. To make sure that the slight change in the method does not
influence the anticipated failure probability ratios, the current run does include
results with and without the wave obliquity and coastal curvature influence.
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Figure 5.11: Bayesian Network for a transect at the Holland coast.
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The ratios are based on these results.

Probability distributions

All probability distributions are kept the same to those described in the
previous section, only a distribution for the erosion factor has been added. The
erosion factor distribution is based on the local radius and transect orientation
as well as the wave direction. Both the radius and the transect orientation
are considered as fixed for a particular location at the coast. Therefore, these
variables are provided as evidence to the Bayesian Network. The wave
direction distribution is assumed to be the same along all considered areas.
The distribution is based on two wave measurement stations as described in
Section 4.3.2 and shown in Figure 4.16. By sampling the erosion factor with
Monte Carlo, the wave direction distribution is sampled implicitly via the
Bayesian Network. Figure 5.11 gives an example for the posterior probabilities
in the Bayesian Network given a particular transect at the Holland coast. The
combination of the transect orientation (theta) and coastal radius, that are
provided as evidence to the network, together with wave direction distribution
lead to a posterior erosion factor distribution. Given a location, additional
evidence could be added to the areacode node, but that would not influence the
erosion factor at all since the radius and theta evidence are already provided.

5.2.2 Results

The result of this investigation focusses on the probability of (actual) failure
and the ratio of the potential failure probability. The failure probabilities, with
inclusion of the effect of wave obliquity and coastline curvature, are generally
larger compared to the reference calculations. Figure 5.12 shows the change
(factor) in the (potential) failure probability due to wave obliquity and coastline
curvature as function of the failure probability without these additional effects.
In Figure 5.13 the (potential) failure probabilities including wave obliquity and
curvature effects are plotted versus their reference values. The results for the
Holland coast and the Wadden area are plotted separately since the areas are
typically different. At the Holland coast, where mainly wave obliquity plays
a role, the majority of the ratios is smaller than 10 (64%). 93% has a ratio
smaller than 100. The even larger ratios mainly correspond to reference failure
probabilities that are smaller than 1× 10−7 year−1. At the Wadden area, the
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Figure 5.12: Relative failure probability due to wave obliquity and coastal
curvature.

ratios are generally larger. 82% of the Wadden transects have a ratio smaller
than 100, and 92% smaller than 1000. Also here, the ratios larger than 100
correspond to failure probabilities that are smaller than 1× 10−7 year−1.

Various groups of change in probability of failure due to the inclusion of
wave obliquity and coastline curvature can be distinguished and need to be
discussed in more detail. First of all, a part of the failure probabilities that
include the wave obliquity and coastline curvature effects, turn out to be equal
(ratio=1) in 6 % or even smaller than the reference (ratio<1) in 1 % of the
transects. The only way to come to this result is by sampling an erosion factor
of about one respectively smaller than one in the Monte Carlo samples that are
close to the limit state. Close to the limit state means that a failure event in the
reference case can change to non-failure if the minimum erosion factor of 0.9
is applied, or if a non-failure event can be turned into failure when using the
maximal erosion factor of 1.55. For samples with relatively mild conditions that
for instance erode 20 % of the dune volume above storm surge level, will still
not fail if the maximal erosion factor of 1.55 is applied. Similarly, very extreme
conditions that virtually erode much more than the volume above storm surge
level, will still result in failure if the smallest erosion factor of 0.9 is applied.



5.2 Extended approach with wave obliquity and coastal curvature 139

Figure 5.13: Failure probability including effects of wave obliquity and
coastal curvature versus reference failure probability.
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Half of the transects result in an increase of the probability of failure (>1) with
a factor smaller than 10. In this range, mainly the samples that result in non-
failure but are close to the limit state are important. Finally, a considerable
part of the transects results in failure probabilities that increase with more than
a factor 10, up to O(1× 104) in a few individual cases. Especially the cases
with the larger factors correspond to relatively small probabilities. In these
cases, only one or a few samples that lead to failure in the reference case easily
changes to a significant number of failures when including wave obliquity and
coastal curvature effects.

5.3 Discussion

This chapter describes the estimation of dune failure probability for two
different approaches both applied to the major part of the Dutch coast, not
including the southern area, hard structures and strongly curved coastal
sections. The reference approach does not account for the effects of wave
obliquity and coastal curvature. The extended approach, which does account
for effects of wave obliquity and coastal curvature, potentially has more spatial
coverage. While this chapter is primarily meant as comparison in terms of
failure probability and does not focus on the enlarged coverage, a few issues
need further discussion.

The 1D cross-shore dune erosion model DUROS+ is applied. Since this model
does not account for wave obliquity, the wave boundary conditions are for each
transect defined at the local shore normal. Only in case of a normal incident
wave direction the waves at this offshore location correspond to the anticipated
wave attack at the dune. In case of a spatially (alongshore) varying wave
climate, in combination with wave obliquity and/or alongshore non-uniform
bathymetry, the waves at the offshore boundary of an arbitrary transect will
approach the dune at another alongshore location. To account for this in a
proper way, 2DH modelling of extreme waves along the Dutch coast would be
required. In this section, this effect is neglected and the related uncertainty is
considered acceptable.

The extended approach, including wave obliquity and coastal curvature (Sec-
tion 5.2), gives a first estimation of these additional phenomena on the dune
failure probability. The approach as followed here, uses the existing 1D
model as a starting point and adds an extra erosion contribution mainly
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related to the alongshore dimension of the processes. Since the extra erosion
is based on schematic model simulations, the interaction with other sources
of alongshore flow are not taken into account. The horizontal tide is an
important source which alternately enhances or dampens the wave generated
alongshore current. A better estimation of the dune failure probability could
be made if the effects of both wave driven and tide driven alongshore flow
are jointly taken into account. Whether the omission of tidal currents leads
to an underestimation or overestimation of the failure probabilities basically
depends on the combination of the wave/wind direction and the phase of the
tide relative to the peak of the surge. More concrete, the question is whether
during the period of maximum water level the two sources of alongshore
currents need to be added or subtracted. For the Dutch coast, the waves are
north north westerly directed during extreme conditions (see Figure 4.16),
leading to a southward wave driven current along the Holland coast. The
tidal current is directed northward during high tide. Combining these sources,
dampens the alongshore current during the period of maximum water level.
In conclusion, the failure probabilities regarding wave obliquity as presented
in this chapter can be considered as an upper boundary.
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Chapter 6

Conclusions and
recommendations

6.1 General

The prediction skill of the safety assessment method for dunes, as currently in
force in The Netherlands, is limited and the underlying dune erosion model is
not valid for the whole dune coast. The main reasons are the omission of the
alongshore dimension, the empirical nature of the dune erosion model and the
application in the extreme range. The safety of 40 % of the Dutch dune coast
cannot be properly assessed. The introduction of the alongshore dimension,
crucial for curved coastlines, is a prerequisite for proper safety assessment of
the complex dune coasts at the Wadden area and Delta (Zeeland) area. This
thesis addresses the role of cross-shore bathymetry, wave obliquity and coastal
curvature on dune erosion prediction. Complex dune coasts can potentially be
assessed with the improved modelling approach as developed in this thesis.
In addition, it is shown that the alongshore dimension is important even for
straight coastal stretches with oblique waves, with increased erosion rates of
up to about 30 %. However, the application of comprehensive process based
dune erosion models requires a tailored probabilistic approach, able to limit the
number of simulations and cope with discontinuous limit state functions. As
an alternative to the presently applied Monte Carlo and FORM methods, the
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Bayesian Network model is introduced. It has advantages in terms of flexibility
for extension in a later stage and combination of different data sources.

6.2 Conclusions

Cross-shore bathymetry

Intercomparison of the cross-shore profile influence on dune erosion volumes,
simulated with XBEACH in 1D, shows that the upper profile part is much
more important than the lower part. The current safety assessment method,
which utilizes DUROS+, takes the upper profile part explicitly into account, but
the lower part implicitly. Hence, there is no strict need to change the safety
assessment model regarding the influence of the cross-shore profile, provided
that the offshore part does not influence the forcing significantly.

Wave obliquity

The inclusion of the alongshore dimension is very important for dune erosion
modelling in case of oblique incident waves. Simulations with XBEACH in
2DH show that, even in the absence of an alongshore transport gradient, the
alongshore current and its interaction with the cross-shore processes are crucial
and lead to significantly more dune erosion. The alongshore current leads to
additional stirring of sediment, facilitating the cross-shore transport processes.
As a result, for an incident wave angle of 40◦ up to 30 % more erosion is found
with respect to the reference situation with shore normal waves.

Coastal curvature

The effect of coastal curvature on dune erosion is not only related to the along-
shore transport gradient, but also to the wave obliquity relative to the local
shoreline orientation. The alongshore variation in alongshore flow velocity,
wave obliquity, wave height and wave set-up as well as their interactions make
the dune erosion process much more complex. XBEACH simulations, in 2DH
mode, show that the coastal orientation with respect to the (incident) wave
angle is of major importance. In the range of investigated coastal radii, between
1900 m and 9500 m, only a marginal dependency on the coastal radius is found
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for approximately shore normal waves. Both features are in contradiction with
the results of the semi-1D DUROSTA model. At the area along the curved
coast where the incident wave angle is 45◦ w.r.t. the local coastal orientation,
XBEACH simulates 30 to 50 % more erosion relative to the reference case with
a straight coast and shore normal wave direction.

Probabilistic approach

The introduction of a more advanced and computationally expensive dune
erosion model leads to other requirements for the probabilistic approach. The
probabilistic methods presently applied require either relatively large numbers
of simulations (Monte Carlo) or continuous limit state functions (FORM).
These requirements inhibit the comprehensive process-based modelling of
complex dune areas as considered in this thesis. The use of a Bayesian Network
model provides a flexible way to overcome the limitations of the probabilistic
methods and allows model, field and laboratory data to be combined as well
as experts’ opinions to estimate the dune erosion rate.

Implications for the safety level

In a case study of the major part of the Dutch dune coast the failure probability
of the first dune row has been investigated. Failure probabilities have been
compared for the reference case, following an approach similar to the current
safety assessment method, and the extended case where effects of wave
obliquity and coastline curvature have been incorporated. It can be concluded
that the inclusion of wave obliquity and coastline curvature effects for the
major part of the study area leads to an increase of the failure probability of
a factor O(10).

6.3 Recommendations

The inclusion of the alongshore dimension in dune erosion modelling increases
the complexity, especially if alongshore variations are involved. To improve
the understanding of the governing mechanisms, this thesis mainly considers
simplified cases. This approach is useful to qualitatively understand the
mechanisms and to quantitatively estimate the order of magnitude of the
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effects. However, for the development of a safety assessment method that
includes a proper approach on complex dune areas, further steps have to be
taken. The three main components of a probabilistic safety assessment – 1)
a hydraulic loading model, 2) a probabilistic method and 3) a dune erosion
model – need to fit together. Therefore, the following recommendations focus
on these components and the related validation.

Amplification or damping

This thesis solely considers simulations with alongshore uniform bathymetry
and excluding ambient flow or vertical tide. Alongshore variation in bathymetry
will alter the flow and transport patterns as presented in this thesis. Whether
these disturbances are significant and lead to different conclusions for specific
configurations needs further investigation. In addition, the combined effect of
wave driven alongshore flow and horizontal tide is likely to lead to a sequence
of temporary amplification and damping of the alongshore flow. The combined
effect is likely to be sensitive to the phase of the tide relative to the storm
hydrograph. The sensitivity to this phase and estimation of the resulting most
likely erosion rates require further research.

Larger exceedance probabilities

In addition to the ultimate limit state, related to the safety of the hinterland,
also the usability limit state for particular coastal functions, like recreation, can
be important. This thesis focusses on the extreme conditions, involving water
levels that are well above the dune foot. It is recommended to additionally
study the coastal response for less extreme conditions. An advantage in
this respect is that a relatively short period of measurements easily includes
valuable data in this higher frequency regime. The Sand Engine, a mega
nourishment at the Holland coast, is considered as a useful case for model
validation purposes. The locally strong coastline curvature and the extensive
monitoring of the area provide favourable conditions for model validation.

Other configurations

The approach for coastal curvature in this thesis only includes a half circular
coastal stretch. The configuration in this model is mainly related to an island
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with inlets at both sides. In relation to building with nature initiatives, it is
important to know in what way an approximately straight coast with a local
(curved) extension, such as the Sand Engine, differs from a curved island head.

Validation of dune erosion model

The models for wave obliquity and coastal curvature effects as described
in this thesis give a clear indication of the effects of these phenomena on
erosion volumes and patterns. The erosion patterns as found in the results for
curved coastlines do qualitatively agree with the circular island experiments of
Kamphuis and Nairn (1984). It is recommended to simulate these experiments
with XBEACH as a full circular island, using the recently developed possibility
to connect the lateral boundaries. In addition, a more detailed inspection
of the sediment stirring and transport due to cross-shore and alongshore
flow separately is recommended to enhance the insight in the underlying
mechanisms and their sensitivity.

Probabilistic approach

This thesis introduces a Bayesian Network model as an alternative to the
FORM and Monte Carlo approaches that are applied for the development of
the current dune safety assessment method. The Bayesian Network integrates
the physical erosion data (laboratory, field and model) with the probabilistic
method, where in the FORM and Monte Carlo approaches a clear distinction
can be made between dune erosion model and probabilistic method. Hence,
a fair comparison in terms of dune erosion volumes (deterministic) and safety
levels (probabilistic) is not straightforward. It is recommended to refine the
Bayesian Network in order to make a better comparison in terms of dune
erosion volumes. In addition, the refined Bayesian Network should also allow
to add a comparison in probabilistic terms.

Hydraulic loading

The introduction of the alongshore dimension in dune erosion modelling, does
also have consequences for the related boundary conditions. In this thesis, the
boundary conditions have been kept relatively simple with no variation in time
and space. In the practical application of a 2DH modelling approach for dune
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erosion, the required level of detail for the temporal and spatial variation in
boundary conditions should be considered.
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Appendix A

XBEACH model settings

The XBEACH simulations as presented in Chapter 3 were carried out with a
Linux build of the version of April 2012 (revision 28981). Below, a sample
is included of the model configuration (params.txt and jonswap.txt) as
used for the curved coastline simulations Section 3.4. The configurations for
the other simulations, concerning cross-shore bathymetry influence and wave
obliquity, are nearly the same.

params.txt

----------

%%% Bed composition parameters %%%%%%%%%%%%%%%%%%%%

D50 = 0.000225

D90 = 0.000338

%%% Flow boundary condition parameters %%%%%%%%%%%%

epsi = -1

%%% General %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

gridform = delft3d

nc = 20

rotate = 0

xyfile = xy.grd

%%% Grid parameters %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

depfile = bed.dep

posdwn = -1

1https://svn.oss.deltares.nl/repos/xbeach/tags/2012-04-06-XBeach-V19-easter/

src/xbeachlibrary

https://svn.oss.deltares.nl/repos/xbeach/tags/2012-04-06-XBeach-V19-easter/src/xbeachlibrary
https://svn.oss.deltares.nl/repos/xbeach/tags/2012-04-06-XBeach-V19-easter/src/xbeachlibrary
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alfa = 0

xori = -4830.000000

yori = -4830.000000

thetamin = 182.500000

thetamax = 357.500000

dtheta = 5

thetanaut = 1

%%% Initial conditions %%%%%%%%%%%%%%%%%%%%%%%%%%%%

zs0 = 5

%%% Model time %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

tstop = 20000

%%% Morphology parameters %%%%%%%%%%%%%%%%%%%%%%%%%

morfac = 5

morstart = 2000

%%% Physical constants %%%%%%%%%%%%%%%%%%%%%%%%%%%%

depthscale = 0.166667

%%% Sediment transport parameters %%%%%%%%%%%%%%%%%

Tsmin = 3

%%% Wave boundary condition parameters %%%%%%%%%%%%

instat = jons

%%% Wave-spectrum boundary condition parameters %%%

bcfile = jonswap.txt

random = 0

rt = 7200

dtbc = 2

%%% Output variables %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

outputformat = netcdf

tintm = 1000

tintg = 200

tstart = 2000

jonswap.txt

-----------

Hm0 = 9.0000

fp = 0.0833

mainang = 270.0000

gammajsp = 3.3000

s = 20.0000

fnyq = 0.3333
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Acronyms

dag directed acyclic graph

FORM First Order Reliability Method

MC Monte Carlo

JARKUS yearly Dutch coastal bathymetry survey “JAaRlijkse KUStmeting”

NAP Amsterdam Ordnance Datum “Normaal Amsterdams Peil”
approximately equal to mean sea level; see Van der Weele (1971) for
detailed information

morfac morphological acceleration factor

SSL storm surge level

MSL mean sea level
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