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Preface

It is a strange experience to write an entire thesis about a coastline | have never actually stood on.

For months, the Hondsbossche Dunes was present on my screen; reduced to cross-shore profiles,
bathymetric grids, volumetric cells, and lines of code. Through the data, | have got to know this stretch
of the Dutch coast quite well. | have observed the beach to grow, retreat, and evolve. | followed depth
contours shifting year by year, mapped sediment dispersion patterns, and evaluated model instabilities.
It is like a familiar face, but yet never truly met.

To me, this is something remarkable: that you can learn so much and say so much about a physical
landscape without ever physically experiencing it. It shows both the power and limitation of working
behind a desk. Every model and visualization, is an abstraction of reality; it is useful and insightful, but
will never show the full picture.

This thesis represents an attempt to understand real-world coastal behavior through digital lenses, and
to test modelling techniques to recreate evolutional trends that align with reality. | hope it contributes,
in some small insightful way, to more sustainable coastal engineering in the face of sea level rise.

I would like to thank Svasek Hydraulics for the opportunity to work on this project and be part of their
team. In particular, a big thanks to dr. ir. Anna Kroon, who supervised me on a daily to weekly basis
and helped with providing feedback, research directions, and discussions on the results.

Also, special thanks to PhD researcher MSc Tosca Kettler, who introduced me to the Crocodile model
with great patience, helped me to set-up the coupled model configurations and provided useful feedback
along the way.

Furthermore, | am also grateful to my TU Delft supervisors dr. ir. Matthieu de Schipper and dr. ir. Jaime
Arriaga Garcia for their guidance, constructive feedback throughout the process, and their acceptance
to evaluate my work.

L.D. Everaars
Delft, August 2025



Abstract

In times when the Dutch coastline faces pressure from coastal erosion due to the growing challenges
of sea-level rise, sustainable coastal policies are essential. Increasingly large and more voluminous
maintenance works are required. New sand nourishment strategies, such as mega-nourishments, are
being tested along the Dutch coast. Due to the enormous quantities of sand, local safety standards
increase. One example of such a project is the Hondsbossche Dunes (HBD). Although its primary
function is the realization of local flood safety near the former sea dike, it also feeds nearby coast
and dunes caused by natural forces like waves, currents, tides, and wind. Understanding rates and
quantities of sediment dispersion to see how coastal state indicator evolve (e.g. coastal volume, beach
width and depth contours) is crucial for policymaker. They must maintain the coastline as its main
function of flood defense for the future, while also accommodating recreation and nature.

Literature demonstrates that one-line alongshore transport models can predict general coastline evo-
lution trends at mega-nourishment sites well. However, their accuracy at other coastal state indicators
can be limited due to, for example, the exclusion of cross-shore sediment redistribution. Recent ef-
forts have focused on coupling such a one-line transport model (ShorelineS) with a new cross-shore
redistribution model (Crocodile). Compared to other model types, the advantage of this coupling is its
ability to calculate large spatial and temporal scales with minimal computational time. Additionally, the
coupled model now accounts for a depth-dependent component by including this Crocodile model for
the redistribution of sediment in cross-shore direction.

A data analysis of the coastal evolution at the HBD for the first 9 years was carried out. It shows that
most volumetric changes occur in the initial 3 years. Furthermore, the data reveal that cross-shore
activity varies over the depth. This becomes most evident from quantitative differences in volumetric
changes for different vertical coastal cells (e.g. dune, beach, surfzone, shoreface). Also the differences
in their correlation to the shoreline change suggest depth-dependent activity. For the models, this
implies that the coupled model is likely to represent the magnitude and behavior of the volume (cells)
and depth contours better.

The model comparison consist of the ShorelineS model, and ShorelineS+Crocodile (coupled model).
An existing HBD ShorelineS model is extended with 4 years from 2020 to 2024, and includes a dune
module, which enables the models to simulate the dunefoot and therefore provide insight in the beach-
width indicator. For the coupled model, Crocodile is used as a cross-shore module within ShorelineS
that is configured with a dynamic equilibrium, and a alongshore varying and curved equilibrium grid, for
its best performing run (SC5).

The results of the study suggest that the SC5 simulation improves ShorelineS on the volumetric evolu-
tion indicator; it halves the error to 250 m/m? in 3 years time and it followings the temporal trend at the
erosional zones very well. Additionally it adds new value and insight with the development of the cross-
shore profile at every timestep. Although the magnitude is not yet always accurate, the SC5 simulation
is able to represent independent evolution of depth contours. Despite its shown potential, the model
results are constrained due to significant instabilities that appear in the model. These instabilities stem
from a growing gradient-the difference in slope of the initial and equilibrium profile-which is posed by a
bad translation of the equilibrium grid to a profile.

This research therefore recommends first and mostly to improve and solve the spatial and temporal
stability as described above. This is necessary to make long-term predictions and contribute to future
coastal maintenance strategies in the face of rising sea levels. Other relevant recommendations include
creating a more realistic diffusion coefficient in Crocodile that balances subaerial and subaqueous
changes better, integrating subaerial volume changes of Crocodile with ShorelineS’ dunemodule in
order to make a comprehensive comparison, and finally including location specific nourishments via
Crocodile module and consequentially account for profile adjustment.
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Introduction

1.1. Research Context

Across the globe, structural coastal erosion is happening [1], primarily driven by (relative) sediment
deficiencies and sea level rise resulting in erosion. The rate at which coastlines retreat depends on
many factors [2], with sea level change being a major contributing force. This is especially evident
in the low-lying Dutch delta, where ongoing shoreline retreat poses a direct threat to coastal safety in
this densely populated region. Moreover, the process of coastal squeeze [3], where natural habitats
are trapped between a retreating coastline and fixed (or even expanding) human infrastructure, further
limits the space for coastal systems to adapt. Recent studies show that mean sea level has already
accelerated over the past century [4]. This trend is expected to continue in the coming decades. As a
result, the lifetime of individual nourishments is likely to decrease.

A nourishment refers to an artificially placed volume of sand at the coast, commonly applied to mitigate
coastal retreat. In the Netherlands, the Basis Kustlijn (BKL) serves as a reference level to make coastal
retreat measurable and manageable [5]. However, keeping up with accelerating sea level rise requires
either a significant increase in nourishment frequency and/or volume to sufficiently expand the coastal
foundation area [6, 7, 8]. For example, under a extreme scenario of sea level rise rate of 32 mm/year,
annual nourishment volumes may need to be up to six times larger than today [6].

A more voluminous response to this challenge is the concept of a mega-nourishment. Unlike smaller, lo-
cal maintenance interventions, mega-nourishments involve the placement of large sand volumes (>500
m?3/m) that are designed to naturally distribute alongshore, feeding adjacent stretches of coastline over
time. This dispersive sediment transport occurs both in alongshore and cross-shore direction. The
process of cross-shore redistribution is most evident in the initial years after implementation, when the
newly created coast is adapting to a more natural profile. This newly nature-based solution has been
tested at different locations along the Dutch coast [9, 10]. The dispersive function of such nourish-
ments is expected to last for decades [11], providing multiple benefits. Among these is the potential
to reduce ecological nuisance in the coastal system, as the reduced frequency of interventions offers
more stability for ecological development to thrive [12].

In response to the growing challenges posed by sea level rise, policymakers face increasing difficul-
ties in selecting appropriate nourishment strategies [13]. These difficulties are expected to increase
because of the uncertainties associated with long-term climate change. Yet, the voluminous mega-
nourishments solution currently present a promising option to maintain the primary coastal function of
flood defense while also serving recreational and ecological needs [12, 14].

Stakeholders often use key coastal state indicators, such as coastal volume, beach width, and shoreline
position, to indicate the state and condition of the coast for maintenance strategies. Forecasting these
coastal state indicators on bigger temporal and spatial scales is desired to develop effective policies
complying with the long-term challenges of SLR and the spatial increasing needs for nourishments.
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1.2. Research Problem

Coastal evolution is driven by complex interactions across multiple timescales. Currently, many models
exist that try to project coastal evolution. These models differ in the timescales they cover, their level
of detail, and their suitability for specific applications.

Process-based models like Delft3D [15] excel in simulating physical processes and can project a de-
tailed and accurate shore evolution on short- to medium-long timescales (hours to decade). Mega-
nourishments have been simulated before, resulting in a highly accurate representation of reality [16].
However, they are computationally demanding and often require significant calibration effort, therefore
impractical forlong-term and large spatial predictions. Data-driven models show promising results in
long-term modeling but struggle to identify underlying processes, are computationally expensive and
require much data [17]. Because of their data-dependence, the model can be unreliable outside the
case study limits where different coastal settings appear.

A simpler model is a one-line or coastline model. This uses empirical alongshore transport formulas to
predict the evolution of the coastline position alongshore, while assuming an alongshore uniform equi-
librium profile. This means that the profile change is equal to the translation of the modeled shoreline.
The model only covers the wave-induced alongshore sediment transport. Generally, it is an effective
way to get a first impression of the coastline evolution because of its computational efficiency. One-line
models are less detailed than process-based models, but are robust predictors of general coastal evolu-
tion trends, also at spatial scales of mega-nourishment projects [18, 19, 20]. Extensive research at the
Hondsbossche Dunes (HBD) [10] confirms this by showing well-correlated observations between the
shoreline, volume and beach width change. This suggests that with a constant coastal profile, changes
in the shoreline position represent some important coastal indicators quite well, despite the fact that the
mega-nourishment brings the profile out of equilibrium. A state-of-the-art one-line (1D) model is Shore-
lineS [21]. Due to its free-form grid and vector-based approach it is able to simulate complex coastal
shapes with large-scale changes like mega-nourishments. It has advanced capabilities compared to
general one-line models, like a cross-shore interaction module that simulates dune growth and erosion.
Thereby, it is easy applicable and user-friendly with low calibration effort.

Artificially maintained coastal profiles evolve toward a dynamic equilibrium, shaped by sediment trans-
port and wave energy. The equilibrium state is based on the balance between sediment transport,
wave energy, and currents. When a nourishment is applied to the coastal system, the cross-shore
profile is brought out of equilibrium. When individual nourishment volumes are large or nourishment
frequency is high, its return period is smaller than the adaptation time of the instantaneous profile to the
equilibrium profile. This means that the coastal profile is constantly out of its natural equilibrium shape,
resulting in significant cross-shore redistribution of sediment. This signifies one of the main limitations
of coastline models like ShorelineS, as the distribution of volume change over the profile might be less
accurate. These volumetric changes are rather important for e.g. calibration purposes. If models are
calibrated on the waterline position, they might overestimate the long-term shoreline retreat when this
is based on the initial years after the nourishment [10]. This limits the representation of the coastal
state indicators.

To capture decadal cross-shore sediment dynamics after nourishment implementation with minimal
computational efforts, the model Crocodile was developed [22]. This model follows a realistic depth-
dependent dispersive and dynamic equilibrium approach for a specified cross-shore profile. Recent
efforts to integrate these alongshore (ShorelineS) and cross-shore (Crocodile) models aim to enhance
depth-dependent sediment dispersion, providing a better representation of coastal state indicators for
long-term maintenance projects under rising sea levels. However, a knowledge gap remains on how
well the coupling of these models improves this representation for a real-world case.

1.3. Research Objectives and Scope

This study hypothesizes that the inclusion of empirical cross-shore dispersive formulations to along-
shore sediment transport models improves the long-term representation and evolution of coastal state
indicators, like coastal volume, beach width and shoreline position (including other depth contours).
While improving these indicators, it also provides additional detail on the distribution of coastal volume
over the cross-shore profile.
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Focus area:

The objective of this study is to provide quantitative insights into whether the interplay between long-
shore and cross-shore empirical formulations can improve the real-world representation of key coastal
state indicators—coastal volume, beach width, and shoreline position—over decadal time scales, in-
cluding additional detail on the cross-shore distribution of coastal volume.

This research motivation is captured in the context of long-term predictions in the face of sea level rise.
To be able to make these predictions, in this research scope, this novel modelling technique is consid-
ered at present sea level conditions to evaluate its performance. However, for the future, the research
eventually aspires to contribute to the development of more robust models and sustainable coastal
management for handling erosion and maintaining space for safety, recreation and nature. Below, the
exclusions are listed.

Exclusions:

To keep the study and expectations focused and manageable, it will not involve the creation of a new
coupled long-term evolution model. Additionally, this project will not develop new coastal management
strategies. Furthermore, making future predictions using the models is not part of this project.

1.4. Research Questions
To investigate the research objectives, the following research question is formulated:

"To what extent does the coupling of ShorelineS with Crocodile improve the simulation of
coastal state indicators’ evolution at the Hondsbossche Dunes under present sea-level con-
ditions, and provide additional information on bathymetric cross-shore evolution?”

The foundations for this main research question are the following sub-research questions:

1. How did the measured coastal state indicators evolve after the implementation of the mega-
nourishment?

2. How well does ShorelineS simulate the evolution of the coastal state indicators at the Hondsboss-
che Dunes?

3. How well does the coupled model simulate the evolution of the coastal state indicators and cross-
shore bathymetric change at the Hondsbossche Dunes?

1.5. Research Theory and methods

The method used to answer the stated research questions is based on a hindcast study. Hindcasting
involves retrospective analysis using historical data and models to simulate past events. Itis commonly
applied in climate science and meteorology to recreate specific phenomena, such as weather events
[23]. In scientific research, hindcasting primarily functions as a validation tool for predictive methods
[24].

For this research, the methodology focuses on this hindcasting framework: Nine years of annually mea-
sured historical bathymetric and altimetric data at the Hondsbossche Dunes are analyzed to evaluate
the evolution of key coastal state indicators. To demonstrate the relevance of cross-shore redistribution
in this research, the analysis distinguishes different vertical and cross-shore cells based on their mor-
phological timescale. These historical datasets provide a baseline for a model comparison between
the standalone ShorelineS model and the coupled ShorelineS-Crocodile. The resulting comparisons
indicate how well each simulation reconstructs the observed changes in the coastal system.

1.6. Thesis report structure

This Thesis report is organized into nine chapters and structured as follows. Chapter 2 provides back-
ground information on coastal management, nourishment strategies and highlights the engineering
problem. Chapter 3 describes a detailed evaluation of the different coastal evolution models and em-
phasizes on the coupled model theory. Chapter 4 explains the methodologies utilized to assess the
different research objectives and questions. Chapter 5 analyses the morphological development at
the Hondsbossche Dunes from 2015 to 2024, and marks the added value of cross-shore processes
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in coastal models. Chapter 6 provides the model set-up, the input variables and the different compari-
son runs. Chapter 7 observes the results following from the simulation runs against the historical data.
Chapter 8 discusses the observed results, and the performance of the models. Chapter 9 concludes
the findings of the research and offers recommendations for future model development and research.



Background Information

2.1. Coastal management

2.1.1. Coastal regions

Coastal areas are dynamic systems, subject to varying hydrodynamic conditions that result in alter-
nating erosion and accretion along the coastline. Understanding these processes is crucial, especially
since many coastal regions, including deltas worldwide, are densely populated and hold significant eco-
nomic and cultural value. In 2020, approximately 2.15 billion people lived in near-coastal areas globally,
with 898 million residing in low-lying coastal zones [25]. These numbers are expected to increase sig-
nificantly under certain socio-economic scenarios, like some of the Shared Socioeconomic Pathways
(SSP) [26]. This worsens the coastal squeeze [3]; the coastline is retreating while human infrastructure
expands, consequently reducing the accommodation space for coastal defense, recreation, and eco-
logical habitats. The Dutch Delta serves as a prime example of a low-lying coastal region: currently,
55% of the Netherlands is vulnerable to flooding, and 26% lies below mean sea level [27]. Given this
vulnerability, the primary function of the Dutch coastline is flood defense. However, other functions—
such as ecology, drinking water supply, recreation, and residential and industrial purposes—are also
of great importance [3]. Therefore, understanding and managing coastal evolution is essential.

2.1.2. Nourishments and coastal policy

Since the mid-19th century, the Dutch government has annually measured the cross-shore profile
(JarKus) of the Dutch coast using fixed reference poles placed every 250-500 meters. These datasets
have been crucial for studying sediment budgets and predicting erosional and accretional shoreline be-
havior [28]. In 1990, the Dutch government introduced the coastal defense policy ‘dynamic preservation
of the coastline’ [29], which formalized the use of nourishments as a strategy to preserve the coastline.
To operationalize this policy, the coastal reference level (Basis Kustlijn; BKL) was established using
the coastline position of 1990 and analysis of the coastline fluctuations between 1990 and 1980 [5].
Since then it has been revised only three times [30]. The Momentary Coastline (Momentale Kustlijn;
MKL) serves as an indicator to identify the current location of the coastline. The calculation is based
on a weighted average of the beach profile volume (low water line until dune foot) and the volume of
the same elevation below the low water line (figure 2.1). The MKL is expressed in meters relative to
the reference pole and is assessed every year in relation to the BKL position. Whether nourishments
are required a comparison assessment is made by the estimation of the TKL (Te Toetsen Kustlijn)
based on the MKL trend, see figure 2.1b. The coastline position is annually maintained through sand
nourishments using this methodology [31].

2.1.3. Structural erosion

In 2018, research showed that 24% of coastal beaches worldwide were eroding, exceeding average
rates of 0.5 meters per year over the past 33 years [1]. Structural erosion is also occurring along the
Dutch coastline. To maintain the coastal profile in equilibrium with rising sea levels, the annual artificial
nourishment volume has increased from 6.4 to 12 million cubic meters in 2001 [31]. Projections for
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Figure 2.1: Methodology visualization of MKL determination.

future sea level rise are concerning, both globally and regionally. According to the 6th Assessment
Report (AR6) from the Intergovernmental Panel on Climate Change (IPCC), the Royal Netherlands
Meteorological Institute (KNMI) has developed four scenarios for the Netherlands, varying in emission
pathways and climate conditions. Under a high-emission scenario, the average mean sea level is
projected to rise by 0.27 meters by 2050 and 0.82 meters by 2100 (50th percentile) [33]. As sea levels
continue to rise, nourishments will need to become more voluminous and/or more frequent to maintain
the coastal reference level [8, 6].

2.1.4. Nourishment strategies

Along the Dutch coast, nourishment strategies continuously evolved over time, also scaling the spatial
scale [31] (figure 2.2). The conventional strategies are the beach and shoreface nourishments. Beach
nourishments have been frequently carried out since the 1970s. Here, beach volume is increased by
a placement within the range of the low waterline to the dunefoot ( 3 m+NAP) (figure 2.3). The av-
erage volume of a beach nourishment is about 200 m?/m, and remains effective for about 2.5 years
till it reaches the pre-nourished MKL-position [31]. In general, traditional types of nourishment involve
complex and multidisciplinary implications by interaction between social, ecological and physical pro-
cesses [12]. Later, it was found that nourishment placement at the foreshore had similar effectivity as
the beach nourishment. Thereby, it was a generally cheaper solution and caused less nuisance for
recreation and beach facilities. With the presence of offshore-sand bars, the evolution of shoreface
nourishments becomes complex and is not yet fully understood. The nourishment interferes with the
surfzone processes and eventually results in an accretive coastal profile. The placement only influ-
ences the bar migration if it is sufficiently large, compared to the sandbar [9]. The average volume of
a shoreface nourishment is about 450 m? /m and alongshore length of 4 km [31] (figure 2.3). Because
beach nourishments are placed within the MKL zone, their effect is immediately visible, but the erosion
rate increases relatively fast. Shoreface nourishments are placed outside the MKL zone, therefore the
response time is delayed. Their feeding effect on the MKL-zone is between 4 and 10 years, although
controlling its lifetime is not straightforward [31].

Relatively recent solutions to maintain the coast are the concepts of mega- and ebb tidal delta nour-
ishments. These nourishments are currently still pilots and do not yet take part in the regular coastal
maintenance program [31]. These innovative nourishment projects increase local flood safety levels,
and by taking advantage of natural processes, like wind-driven waves and the tide, they can also feed
adjacent coastlines or tidal deltas. As mentioned before, the rising sea level increases the erosive be-
havior of the coastal profile and MKL position. More volume and/or higher frequency in nourishments
are required to match SLR. Mega nourishments are potentially a good solution to this problem (figure
2.3). The first implementation along the Dutch coast is the prominent example of the Sand Engine
[9]. The Sand Engine consist of a large sand supply of 21 Mm?. Other than the lifetime of shoreface
nourishments, the Sand Engine was initially expected to last 15 to 20 years [34, 11]. However, stud-
ies suggest a good likelihood that its diffusive behavior could extend its lifespan to around 30 years
[35]. Another mega-nourishment project along the Dutch coast is the Hondsbossche Dunes [10]. This
project is used as the test case in this study.
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2.2. Hondsbossche Dunes

2.2.1. Background description

The Hondsbossche Dunes are located along the Northern Noord-Holland coast in the Netherlands, be-
tween the villages of Petten and Camperduin, see Figure 2.4. Historically, a 5.5 km stretch of coastline
was protected by the Hondsbossche and Pettemer Zeewering; a traditional sea dike that served as a
critical flood defense of the hinterland for centuries. In the 16th century a sea wall near Petten was
constructed, but was relocated several times due to coastal erosion north- and southward of the dike
[36]. Groins-rigid hydraulic structures perpendicular to the coastline-were constructed in front of the
dike as part of measures along the North Holland coast to prevent erosion. At the end of the 19th cen-
tury, the vulnerable sand dike underwent a significant reinforcement by basalt rock. The dike has been
raised and improved several times over the years. Due to its fixed position and the adjacent erosional
coastlines, the dike resembled a small headland, exposed to hydrodynamic forcing [37]. With current
safety standards and the increasing risks posed by sea-level rise, in 2003 the dike no longer met the
critical requirements.
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Figure 2.4: The maps indicate the location of the Hondbossche Dunes project site. The HBD are located in Northern North
Holland with relevant coastal transects ranging from RSP 18.8 to 28.0.
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Figure 2.5: Former and new coastal protection system at Petten

2.2.2. From Hondsbossche Dike to Hondsbossche Dunes

In response, a mega-nourishment project was constructed between March 2014 and December 2015.
A dynamic, nature-based solution to replace the old dike in the coastal protection system, see figure 2.5.
In total, this project involved depositing over 35 million cubic meters (M'm?3) of sand on a 9-kilometer
stretch, creating a wide beach and a new dune system in front of the old dike. The design allows natural
processes like waves and wind to distribute the sand over time, enhancing long-term coastal resilience.
The transformation not only improved flood safety standards to resist a 1/10.000 year storm for the
coming 50 years, but also created opportunities for nature development and recreation. This project
created a multifunctional landscape that integrates engineering, ecology, and public use.

2.2.3. Morphological evolution initial years

Because of this project’s uniqueness, the site is frequently monitored to provide a better understanding
of the effect, evolution, and success of the first period after the intervention. Kroon [10] evaluated the
effects of the first five years following the implementation of the mega-nourishment at the Hondsboss-
che Dunes. To provide an initial understanding of the processes in the early years, the main findings
from their research are summarized below.

Over five years, the project experienced only a 5% loss in total sediment volume, indicating significant
local sediment retention and reworking. Due to the curvature introduced to the shoreline by the inter-
vention, the central section has been eroding and the retreat rate gradually decreased toward 2020.
The volume loss in this region ranged from 300 to 700 m?3/m after five years. On the contrary, the
northern and southern sections near the edges of the nourishment exhibited accretive behavior.

After implementation, the steepness of the shoreline profile quickly adjusted to match adjacent coast-
lines, emphasizing the importance of cross-shore sediment redistribution. In the central (erosive) area,
the shoreline retreated by approximately 80 meters, while in the northern and southern (accretive) sec-
tions, it advanced by around 30 meters seaward. A relatively strong correlation was observed between
total volume changes and shoreline position, supporting the performance of one-line models for similar
studies.

The beach width decreased to about 100 meters in the erosional center. Stabilizing trends observed
in the later stages of the study suggest the beach width may begin fluctuating within ranges similar to
those of adjacent coastlines. Part of the reduction in beach width is attributed to dune growth, which
averaged 150 m?/m at a relatively constant rate, independent of changes in the subaqueous volume.
The study also identified a correlation between variations in dune growth and the width of the intertidal
beach, suggesting that a significant portion of aeolian sediment originates from the low-lying beach,
further highlighting the critical role of cross-shore redistribution.
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2.3. Engineering problem

To effectively implement future strategic coastal policy, it is crucial to understand the behavior of these
mega-nourishments—how the sand spreads, to where it disperses, and how quickly. This insight is
vital for assessing the performance of such mega-nourishment projects as mentioned.

Coastal state indicators help to gain insight into the condition of the coast. Volumetric changes, for
example, obtain understanding in sand distribution, as the dispersion can occur in both longshore and
cross-shore directions. Additionally, the shoreline position and other depth contours, which are used
in the calculation for the MKL-position, are also a key indicators of the coast. And lastly, an important
factor is the beach width, which helps provide the basic functions of the coast, namely future safety
levels and space for nature and recreation [14, 12].

Mega-nourishments are expected to last for several decades. Given this long-term prospect, model
predictions on the coastline evolution, adaptation, and feeder consequences will help policymakers im-
plementing such strategies and designs. Long-term forecast models, with minimal computational cost
and with practical applicability, are desirable to cope with the evolution of key coastal state indicators
under uncertain future climate scenarios.



[Literature Review

3.1. Modeling coastal evolution

In coastal regions many dynamic processes occur, that influence the motion of fluid particles. Exter-
nal drivers like e.g. the tidal gravitational forces, winds and hydrostatic sea level pressures result in
nearshore processes like coastal (alongshore) currents, tide and tidal currents, surface wind-driven
waves, storm surges and others [38]. The physical constraints of the coastal region are the (shallow)
bathymetry and the shoreline. Within this nearshore zone, many other zones are defined, like the
shoaling-, breaker-, surf- and swash zone. Incident waves break at the breaker point, near the edge of
the surfzone. The surfzone then becomes a highly turbulence area due to the wave collision and the
interaction of waves running up and down the coast in the swashzone. The driver processes happen at
different time- and spatial scales. Ranging from minutes to hours for non-oscillatory currents like tides,
milliseconds to minutes for oscillatory flow in wind- and infragravity waves, and smaller time orders for
turbulent flows (random) [39].

The nearshore coastal evolution occurs due to sediment transport. This transport is the complex result
of the interaction across multiple time- and spatial scales of these natural drivers itself, but also with
external forcing (e.g. human interventions) [40]. The upper part of the coastal profile is exposed to
higher wave energy than the deeper sections. As a result, the timescales of morphodynamic changes
increase with depth, ranging from hours near the shoreline to millennia on the inner shelf. These
differences result in varying redistribution rates across the profile [6].

The non-linear behavior of all individual flows is quite complicated to capture in numerical coastal mod-
els. Numerous attempts have been made to model coastal evolution, leading to significant advance-
ments in coastal evolution modeling over time.

Dealing with these complex processes can be done in different ways. Selecting appropriate models,
time steps and gridsize depends on the modeling purpose. Certain processes like currents could be
simplified, averaged or empirically approached. It is often a trade-off between detail and computation
time.

3.1.1. Process-based models

Process-based coastal models use fundamental conservation laws in physics to solve hydrodynamics,
sediment transport and the corresponding morphological change. In order to represent the hydrody-
namic conditions, flow and waves use mass, momentum and energy conservation to describe fluid
motion. Advection-diffusion equations are then used to describe the suspended sediment transport
and empirical formulations are used to include bed load transport. The updated morphology is covered
by the sediment continuity equation. Numerically, the model can be simplified into different spatial
dimensions, ranging from e.g. 3D models to depth-integraded (2D) to one-dimentional models (1D).

Because these models are process-based, they are widely regarded for their physical detail. Detailed
modeling hindcasting studies show an enormous detailed representation of the mega-nourishment of

10
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the intensively researched Sand-Engine (e.g. [16, 41]). These models are normally used for short
(hours to year) and medium (years to decade) timescales. Despite advancements that extend their
feasibility to multiple years [42] and their accuracy on short to medium long time scales compared to
one-line models [43], models like Delft3D and XBeach still demand large computational resources and
require considerable expertise [21]. Additionally, to develop the model set-up and calibration efforts
it takes quite some time and relies on available bathymetry datasets, making the model is location-
specific. This limits its practicality for long-term (decades to centuries) and large spatial predictions
(10-100km).

3.1.2. Data-driven models

With the growing availability of data from remote sensing techniques, also (partial) data-driven models
have emerged as promising alternatives [17]. While these models show potential, their application for
decadal predictions is also computationally expensive and requires lots of data. Moreover, they cannot
directly disentangle the physical processes driving shoreline changes, relying instead on extrapolated
trends from observations, which may compromise accuracy.

3.1.3. Equilibrium-based cross-shore and shoreline models

One-line models (alongshore)

Often for stable coasts, the most important cause for shoreline changes over longer timescales are the
longshore effects [39]. One-line or coastline models are built upon this assumption. It also assumes
an alongshore uniform cross-shore profile that does not change shape. The coastline changes are
governed by the net yearly-averaged longshore transport rates (.S) that follow from varying wave con-
ditions (wave height and direction). If for a coastal cell the incoming sediment volume S;,, equals the
outgoing transport S,,; no changes in coastline position are obtained. Alternatively, if gradients in S;,,
and S,,,; appear, the shore will either advance or retreat, moving with the model’s standard profile.

- ¥

Figure 3.1: One-line model concept schematization. Under oblique incident waves, the longshore transport S, follows.
Depending on the gradient of S, 41 alongshore, a coastline position change AY appears. [39]

The first to come up with this concept was Pelnard-Considére [44]. Based on his description, many
concept descriptions have been developed over time. Well-known examples of such models are GEN-
ESIS [45], LITPACK [46] and UNIBEST-CL [47]. Where the latter incorporates a more complex and
detailed sediment transport formulation and description of the wave transmission, it is often assumed
as the best option [48, 49]. However, the performance also depends on the application of the coastal
problem and the corresponding model capabilities [49]. Thereby, UNIBEST-CL is more complex and
time consuming to set up UNIBEST-CL partly due to its calibration efforts. Most evolution exploration
studies of coastline models include long timescales of several decades to centuries [48, 18]. Also, on
short timescales of years shoreline models do well compared to process-based models and measure-
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ments [43]. Roelvink et al. [21] noted that these one-line methods simulate relatively basic coastline
settings, while in reality more complex shapes occur like mega-nourishments. Also, islands, shoals,
and spits, for example, affect the wave conditions at other coastal areas, or certain coastal masses may
merge or separate over time. To deal with this, they proclaim that the grid should be flexibly generated
at each time step. Because of its recognized potential, this new model approach ShorelineS is part of
a research and development consortium (TKI Delta technology) to evaluate and innovate the model.

Equilibrium-based models (cross-shore)

Equilibrium-based models focus on the idea that coastal systems tend to evolve toward a dynamic bal-
ance (equilibrium state) over time. They ignore the profile dynamics that only affect the profile shape on
timescales shorter than years. The dynamics that lead to the equilibrium state are simplified using em-
pirical relationships or theoretical formulations to approximate coastal changes. In this way, they strike
a balance between computational efficiency and reliability. By relying on equilibrium concepts rather
than solving complex physical equations, they do well in predicting coastal behavior over medium to
long timescales [50]. Therefore, equilibrium-based models are often used in the designing phase of
shoreface nourishments. From profile measurements one can observe that they show dynamic varia-
tion, but remain within an envelope. Dynamic variation is most active in the surfzone and ends at the
Depth-of-Closure (DoC) where cross-shore transport is negligible. The average of all measurements
is the equilibrium profile. The difference between this (averaged) theoretical equilibrium and the in-
stantaneous dynamical equilibrium is the exposure to the varying forcing, like water levels and waves
[39].

Bruun [51] was the first to propose a simple power law equation for an equilibrium profile. Using a shape-
function for the profile which includes empirically derived correlations for location-specific beaches.
Other models derived over the years also incorporate formulations partly based on physical parameters
like grain sizes [52]. The philosophy of such models is often used in present-day modelling projects.
However, in view of nourishment operations, in these models the volume is equally distributed over
the profile irrespective of the placement location. Indicating immediate adaptation of the profile to the
equilibrium state after a nourishment. With this assumption, it does not simulate the short to medium
timescales impact of nourishments. To bridge this gap, Kettler et al. [22] established Crocodile. This
model accounts for the time depending dynamic profile response.

2D conceptual models

The equilibrium-based alongshore model fully relies on longshore transport and assumes no cross-
shore interaction but an uniform profile alongshore. At many sites this has been a reasonably assump-
tion, just like at the Hondsbossche Dunes where a data analyses study shows that the shoreline scales
well with the coastal volume [10]. But as mentioned in the research problem (Ch.1.2), the coastal profile
is often nourished. This constantly puts the cross-shore profile out of equilibrium, resulting in significant
cross-shore sediment transport. These initial cross-shore redistributions contribute to the evolution of
the shoreline position. Therefore it would be useful to combine cross-shore and alongshore interactions
to obtain a conceptual 2D model.

In recent years, quite some models have been developed exploring such 2D methods [35, 53, 54, 55,
56, 57]. However, some of these models require considerable time in model set up, calibration efforts,
running time and require a high level of expertise [21]. Others do not include nourished beaches or are
strongly simplified.

To test the possibilities of the easy applicable model with low computational efforts on heavily nourished
beaches over long time and spatial scales, the combination of ShorelineS and Crocodile has good
potential.

3.2. ShorelineS
3.2.1. Model concept

The Shoreline Simulation model (ShorelineS) is a one-line model that aims to simulate coastlines on
timescales of years to centuries. It has overcome several limitations of models with a fixed reference
line. Existing models use a rigid grid-based approach, whereas ShorelineS uses a free-form grid. This
means that the coastline is represented as a series of discrete points connected by a line segment. The
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coastline consists of strings of grid points that are free to expand or shrink, of which the concatenation
of the points represents the coastline. Different coastline segments can be created to have sections
with complex developing features, like islands and spits. The formulation of the coastline development
over time is based on the conservation of sediment:

on 1 0Q, RSLR 1
oo Ak s, o
a b c d

The left-hand side of the differential equation 3.1 indicates the time derivative of a shoreline position
n in cross-shore direction, which is updated every time step ¢t. Part b of the equation is the mass
conservation. It shows the amount of longshore transport Q, m?/yr at an alongshore coordinate point s.
The longshore transport is averaged over the depth of closure D, from where itis assumed no significant
transport is happening. Term c accounts for sea level rise (SLR) limited by tan (), which is the average
profile slope between the dune and the depth of closure D... The last term is the collection of the source
and sink term ¢; m3/m/yr. This considers cross-shore transport, overwashing, nourishments, sand
mining and exchanges with rivers and tidal inlets.

3.2.2. Desciption of model

The main structure of input variables are the initial coastline coordinates for the considered coastal
stretch, the wave climate at the site, lateral boundary conditions of the simulation area and additionally
supplementary data of e.g. Sand Nourishment and structures coordinates. With the input parameters
and grid size, the coastline grid is initiated. Because ShorelineS has a free-form grid, it is able to add
and remove grid points when a grid size exceeds plus or minus the initial grid size. A formulation is
used to smoothen the grid cell transition. This free-form grid is especially useful at e.g. spit formation or
shadow areas with low wave energy. Next, using Snell’s law (formulation of Van Rijn (2014)), the wave
angle is estimated through the wave transformation from deep offshore waters to the wave-breaking
location nearshore, covering the process of refraction. Wave shadowing effect might occur. This can
be due to groins, sea walls and offshore breakwaters or by other land areas. These factors can cause
sediment-limiting situations, where together with updrift supply an accumulation of sediment can occur.

Transport formulations

The longshore transport at each grid point is then calculated using the wave angle and refracted wave
conditions. However, how these conditions are accounted for depends on the transport formulation. Dif-
ferent transport formulas are implemented in ShorelineS, each handling the wave conditions differently.
Table 3.1 gives an overview of the longshore transport formulations.

Formulation Notation Formula

USACE (1984) [58] CERC1 Q. = bqueaH2,; 5in2(®ops)
Ashton and Murray CERC2 Qs = KlqscaltscHg;gfleg'QCOSlQ((poff)sin(q)off)
(2006) [59]

USACE (1984) [58] CERC3 Q.= qumltscHé,brsm2(q>br)
Kamphuis (1991) [60] KAMP Qs = 2.33¢scart s K3 HE , T tan ™ D30 % sin%6 (2y,.)
Mil-Homens (2013) [61] ~ MILH Qs = 0.15qscartsc Ks HZ 2T tany® D5 sin®® (284,

Table 3.1: Transport formulas implemented in ShorelineS [21]

Worldwide, the most used transport formula is the CERC equation [58]. The principle of this method
is that condition of the waves alongshore are proportional to the longshore transport rate. It has been
calibrated using field data from sandy beaches. The CERC1 formulation from table 3.1 is the simplest
form of sediment transport. CERC3 is the more common, and can be used for transformed waves to
the nearshore.

CERC2 [59] includes effects of shoaling and refraction. Furthermore, it accounts for sensitivity of trans-
port to the wave period. K; and K, are scaling parameters, where K5 is used as the coefficient for the
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wave parameters at the breaking point and K is the coefficient for when off-shore wave parameters
are used.

For lower calibration efforts, KAMP [60] and MILH [61] use input parameters like beach slope and grain
size in their formulations. The MILH formulation re-calibrates the constants in KAMP.

Dune Interaction

One of the modules implemented in the ShorelineS simulation is the Dune module. This module re-
quires input data of coordinates of the initial dune crest position alongshore and wind speed time series
at the coast. This basic dune interaction formulation by [62] includes two main processes, namely dune
erosion by wave attack and dune growth by wind-blown sand (aeolian transport). The module formu-
lation covers equations based on the relevant physics and empirical observations. Relevant features
modeled by ShorelineS are dune height (foot to crest), location of the dunefoot, beach width, and
shoreline position.

The wind transport flux ¢4 and dune erosion flux q,,q.. (m?/m/yr) contribute to the change in shore-
line and dune position. In contrast to the coastline definition of equation 3.1, the sediment flux @ and
source terms ¢.,;nq and qqve are not only divided by the depth-of-closure D, but the beach (berm) Dg
height as well, see formula 3.2. The flux q,;nq and q.q... NOW also impact the position of the dunefoot
ngr. This position is defined in formula 3.3, where the transport volume is divided over the active dune
height.

on 1 0Qs

Bt = —m (;i — Qwave T qund> (3.2)
0 1
% = Fh (CIwind - QWave> (3-3)

As a default value the dunefoot height is defined at +3 m+NAP. The dunefoot elevation only varies when
the beach slope becomes steeper than 1:15. The dunefoot then lowers in elevation, which accelerates
dune erosion.

The wind-blown sand transport ¢.,;.q Which uses the fetch length F;,. The fetch length depends on
the dry beach width and wind direction. The wave-induced erosion ¢, is formulated such that dune
erosion only takes place when the water level reaches the dunefoot. The total water level used here
includes a run-up formulation.

Nourishments

Nourishments in ShorelineS are prescribed by an input file. The nourished volume is uniformly spread
over the implementation area, increasing the cross-shore profile volume evenly. This instantaneous
increase of volume moves the shoreline position and the complete profile seaward. The time-dependent
nourishments are added as a source to term (d) in equation 3.1.

3.3. Crocodile

3.3.1. Model concept

Crocodile is a CROss-shore COstal Diffusion Long-term Evolution model which is designed to simu-
late cross-shore evolution of nourished beaches on decadal timescales. It can track different coastal
state indicators like profile volume, beach width and coastline position. Over these long periods, such
simulations have shown to be useful since the lifetime of nourishments can be predicted more realistic
[6], and attributes positive to future nourishment design strategies. It bridges the gap between very
detailed process-based models and simplified equilibrium theory-type models.

The basic principle of the model is that it updates the bed level at every time-step and cross-shore
position Z(x,t) based on how it relates to the dynamic equilibrium profile Z.,(x,t). The profile evolves
towards a dynamic equilibrium profile, which represents the shape the coast would attain if all external
forces (such as waves and wind) remained constant over long timescales. The location of this profile
is defined based on a sediment balance and the mean sea level elevation. These hydraulic conditions
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result in a vertical and horizontal translation of Z.,(z,t). The time for the actual morphology to adapt
towards this instant equilibrium state varies from hours at the shoreline to millennia at the inner shelf
boundary [22]. Nourishments influence the profiles morphology as well. The hydraulic conditions and
the timescale ratio between nourishment implementation and the morphological response determine
the resemblance between the actual profile and its equilibrium profile. The reshaping of the cross-shore
profile Z(x,t) depends on the profile slope and the profile curvature relative to the equilibrium profile
(Zeg(w,1)).

3.3.2. Description of model

The model is innovative in the way the model terms are described as in formula 3.2. Thereby, in present
times, many observation records of nourished beaches are available, enhancing model calibration. The
model is "behavior-oriented” (Kettler et al. [22]) and therefore does not solve for physical equations
other than the conservation of sediments. This equation is defined in formula 3.2. The time for the
instantaneous profile to realize the equilibrium morphology (term (a)) is reflected by the different model
terms that describe the cross-shore behavior.

A2 =2eq) _ d 0 dZ=Zey)

= —{D(2") Y+ ep(Z)+ E(Z)+ F(Z — Zini) + W(Z — Zey) + Source(z, t
dt dx dx ——
4 M c d e f

(3.2)

Diffusion-behavior term

Term (b) is the diffusion term that redistributes perturbations of the actual morphology from the equilib-
rium state. Here, the term includes a depth-dependent coefficient D(z’) (m?/day), being the diffusivity
profile. The coefficient varies vertically over the profile. In this way it accounts for the different mor-
phological timescales. It represents how easily sediment moves (redistributes) at a certain depth. It
controls the speed of the morphological response. Originally, the formulation D(z’)-shape in literature
was derived by fitting it to results of process-based model runs by resimulating nourished and unnour-
ished beaches. Crocodile, however, connects the diffusion coefficient to the local wave and water level
climate. Above the low water line (figure 3.2(a)), the cumulative distribution function (CDF) represents
the chance of water level rise above a certain level. In the subaqueous part (figure 3.2(b)) the CDF is
represented by the chance that waves are broken using the breaker parameter v = 0.44.

This approach results in greater robustness, as it is easier to apply to other coasts with different hy-
draulic settings. Using this wave and water level data, it estimates the frequency with which differ-
ent parts of the profile are active. Four profile zones are distinguished based on their morphological
timescale and response, see figure 3.2(c):

(Z1) The upper part of the active zone reaches from the low water line up to the maximum elevation,
which is reached by the runup of the waves. No further transport is considered exceeding this
runup elevation.

(Z2) Near the waterline, maximum transport rates are reached. This rate extends in the surfzone,
between the low waterline and the surfzone boundary, and is assumed to be constant.

(Z3) From the surfzone to the depth-of-closure.

(Z4) At lower depths of the shoreface, the transport activity is active on decadal to century timescales.
This is mainly due to wave shoaling and tidal currents.

* To assure mass-conservation of sediments over the profile, the term ¢, is introduced in the equa-
tion. As the dispersion varies in depth, this ¢p redistributes the loss of sediment over the profile
by the weight of relative change.
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Figure 3.2: Example of the diffusion coefficient definition D(z’). Shape in (A) is calculated using the CDF of exceeding water
levels. The curve in (B) is based on a survival function of breaking waves. (C) shows the resulting diffusion formulation. [22]

Background erosion term (longshore transport)

In formula 3.2 term (c) refers to the background erosion. This term accounts for the long-shore trans-
port gradients that pass the cross-shore profile. The representation of sediment supply and losses
(m3/m/yr) to the profile shape is redistributed by the shape of the diffusion term D(z). The input
quantity of calculated alongshore gradients E,,; of this model term could be based on morphological
observations or potentially by using long-shore transport models.

Nourishment loss

The third term on the RHS, term (d), represents the sediment losses after a nourishment implementa-
tion due to increased exposure to waves and currents. Initially, sediment volume is rapidly eroded, but
slows down using an exponential decay function. Also, at different depths the profile lose sediment at
various speeds. For extreme cases, as for mega nourishments, the planform shape of the coast signif-
icantly changes. Crocodile can account for wave transformations that occur for the notable coastline
orientation for the new coastline shape. In the coupled model (Ch. 3.4), nourishments are configured
via the ShorelineS model. In the Crocodile formulation, this comes apparent in the term (c), which
induces the alongshore transport by ShorelineS. Therefore, this nourishment term becomes irrelevant.

Sediment exchange with the dune area

Term (e) accounts for the interaction with the dune area. This is done by a simplified aeolian transport
formulation, only depending on beach width (BW). Studies have shown that wider beaches may lead
to higher sediment supply. So, aeolian transport linearly scales with the fetch length. The dune area is
not part of the equilibrium profile and, therefore, acts as a source or sink. This term is also not used in
the coupled model (Ch. 3.4), as it is already accounted for by ShorelineS’ dune module.

Nourishment implementation

The last term, term (f), indicates the changes due to a nourishment implementation. The volume was
added as a spatial and time depended source term (z,t). Crocodile matches the predefined input
parameters like design height and seaward slope.

3.4. Coupling ShorelineS and Crocodile

A coupling of the models ShorelineS and Crocodile would mean that both model formulations update
each other at, for instance, every step in time and space. So, for every Crocodile profile (transect) that
is defined alongshore and at every time step, a longshore transport flux (E;,;) is provided by ShorelineS
in the background erosion term (c) (formula 3.2). The depth-depended diffusive formulation D(z) then
distributes the flux over the cross-shore profile. If all other terms (b-f) are being reworked for the same
timestep, the new vertical positions Z(z;,t) are calculated accordingly. This influences the shoreline
position, which then updates the coastal gridpoint in the ShorelineS model (s;,n;). This coastline
feedback that Crocodile uses is transmitted via the source term (b) in formula 3.1. The coupling model
technique is still in the testing phase. Therefore, comparing the performance of this coupled model to a
standalone ShorelineS model provides understanding of depth-dependent formulations in models and
helpful information for research development purposes.



Methodology

This chapter outlines the methodologies to address the research questions and objectives presented in
Chapter 1. To structure this research, it is divided into two different phases. The essence and primary
focus of the research are concentrated on the first two phases, wherein a hindcast study is performed.
As explained in section 1.5, this approach can be used to simulate and analyze historical phenomenal
evolutions of sediment transport.

4.1. Phase 1 - Data Analyses
4.1.1. Morphological JarKus Data

In order to assess the performance of sediment transport models, a real-life case is used to set a ref-
erence level to these models. The function of this first phase is to construct and analyze this reference
level utilizing a nine-year JarKus observation data-set at the Hondsbossche Dunes. This data analysis
is conducted over the years following the placement of the mega nourishment in 2015, up until April
2024.

From this period, 10 measured datasets are available, see figure 4.1. The JarKus dataset consists
of cross-shore altimetric and bathymetric profiles for the Dutch coast. These annually transect mea-
surements are collected by Rijkswaterstaat since 1965. The profiles are spaced approximately every
250m and aligned perpendicular to the coast. This open-source dataset is processed by Deltares to
the standardized format of NetCDF.

For a single profile the observations are composed of two different measurement sets: subaqueous
(blue) and subaerial (green). The bathymetric data below the waterline is measured using a single-
beam echo-sounder instrument from a survey vessel, whereas the topographic data is obtained using
GPS/GNSS and lidar measurement devices. From this timeline, it can be seen that datasets are not
necessarily measured on the same day; also, subsequent years do not have a fixed interval. It is
important to be aware of these differences when analyzing the datasets.

Jarkus
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Figure 4.1: Timeline of measured data: blue indicates the bathymetry measurements underwater, and green indicates the
topography measurements on land
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Figure 4.2: Definitions of coastal cells used in data analysis. The vertical cells (figure a) are used to access the basic
volumetric changes, the cross-shore cells (figure b) are used to get a better insight into cross-shore subaqueous behavior.

The JarKus data is analyzed using Python to quantify the different coastal state indicators. The trends
of the coastal indicators can be traced over time to create a measure for the models and to identify
patterns that reveal the potential added value of cross-shore redistribution to longshore transport. Or
more concrete for this research, where Crocodile could theoretically improve ShorelineS.

4.1.2. Depth Contours and Beach Width Definition

To better assess the significance of depth-dependent cross-shore transport formulations, the cross-
shore profile is first defined to obtain a clear and useful representation of the data. Based on differences
in morphodynamic behavior and timescales, the following areas are distinguished: upper shore-face,
surfzone, beach and dunes, ranging from -10,0 m+NAP at the seaward depth-of-closure to the landward
boundary which reaches up into the dunes such that all transport is captured. Waves start breaking
at a depth of -4.8 m+NAP, indicating the surfzone’s edge [10, 63]. The shoreline position is assumed
to be equal to the average of the cross-shore positions of the MHW (+0.8 m+NAP) and MLW (-0.8
m+NAP) levels to avoid disturbances in the coastline representation. This aligns with the definition
used by [10, 64]. In literature, the dunefoot is widely assumed at +3,0 m+NAP along the Dutch coast
[64]. The beach width is defined as the difference between the shoreline and dunefoot position. Lastly,
the landward boundary (red line in Figure 4.2) is specified until the dune area ends or up to where dune
growth is perceived. Because often further landward, less sand is transported.

4.1.3. Coastal Volumetric Cells Definition

Figure 4.2a shows the different vertical cells between the seaward and landward boundaries. With the
definition of the depth contours as described above, these cells follow previous research conducted at
HBD [10, 63]. The volume is then obtained by the area of the cell times a meter width.

A challenge with this vertical cell definition is that the significant dynamics of the outer sandbar com-
plicates the delineation and description of the surf zone and shoreface based on fixed depth contours.
As can be seen in figure 4.2a, the tip of the outer bar can also contribute to the volume cell of the sur-
fzone. To account for these volumetric changes, cross-shore cells are introduced (Figure 4.2b). Here,
the separation between the surf zone and shoreface is positioned at the midpoint between the cross-
shore locations of the waterline and shoreface boundary (-10 m+NAP). It turns out that this approach
provides a reasonable estimate of the location of the trough landward of the bar. However, a limitation
of this approach is that the cell widths vary slightly between transects, making it less suitable for direct
quantitative analysis alongshore. Nonetheless, it remains effective for assessing relative changes.

4.1.4. Model implications

In the data analysis the combination of both vertical and cross-shore cell definitions are used to get a
more complete indication of the morphological evolution. The output of this method are visualizations of
the data. This indicates trends and emphasizes the relevance of the depth-dependency contributions
of transport alongshore.



4.72. Phase 2 - Model Simulations 19

4.2. Phase 2 - Model Simulations

The second phase builds on the data analysis. Different model simulations are used to hindcast the
same nine years that were analyzed from the JarKus data. In this way the performance of the mod-
els can be qualified and quantified for the models ShorelineS and the coupled model (ShorelineS &
Crocodile).

The models (ShorelineS and ShorelineS+Crocodile) are configured using input data of wave climate,
wind, and water levels. Also the initial geometry of the shoreline is specified, and a file with additional
nourishments since 2015. SvaSek Hydraulics has a working and calibrated ShorelineS model, that
was tested on the first 5 years after implementation. This model is extended with 4 years of wave data
from 2020 and 2024. The wave climate data of the remaining years are retrieved through the North
Sea transformation matrix by Deltares [65] for the whole North Holland coast. Furthermore, data on
additional nourishments over the nine-year simulation period were received from the operator company
Boskalis [63].

For the coupled model Crocodile is added as a module to ShorelineS. A few important inputs for this
Crocodile are the diffusion shape file (Ch.3.3, and the initial and equilibrium bathymetry grid definitions
(Ch.8).

The models are compared to observations (phase 1 output data) to evaluate how effectively they rep-
resent coastal state indicators: coastal volume, beach width, and depth contours. Furthermore, the
analysis in phase 1 emphasizes the behavior of specific aspects within the data. This highlights the
potential of depth-dependent cross-shore contributors to one-line models.

The volume definition in the comparison represents volume changes due to net alongshore sediment
flux (Q), illustrated in Figure 4.3. As described in Ch.3.1.3, in the ShorelineS model, changes in volume
directly correlate with shoreline changes. In contrast, Crocodile distributes net alongshore sediment
flux across the profile with the diffusion coefficient, as exemplified in Figure 3.2.

Note that volume changes from the dune module (beach and dunes) in ShorelineS are not included
in the comparison since Crocodile lacks integration with this module, which would lead to overlapping
accounting of subaerial volume changes.

Top view ShorelineS

Figure 4.3: lllustrative sketch of volume comparison definition. The figures on the right-hand side show the difference in
volume evolution due to the net alongshore sediment flux.



Results Data Analysis of
Hondsbossche Dunes Case Study

5.1. Area description and coastal conditions

As indicated in Figure 5.1, the Hondsbossche Dunes are located along the North North-Holland (NNH)
wave-dominated sandy coast. It experiences a semi-diurnal microtidal climate where, on average,
spring and neap tidal ranges are around 1.6m (+0.8 m+NAP, MLW and MHW). Given the relatively
shallow North Sea, the Total Water Level (TWL) is mainly dominated by water level set-up and wave
run-up [39]. Between 2015 and 2024 waves are observed coming from WSW to NW direction, see
figure 5.1. These waves were translated nearshore using wave transformation matrix [65] based on
observation stations in the North Sea. The figure depicts the spectral significant wave height (H,,)
at -6 m+NAP offshore. Mostly, waves come from 285 - 315°N, under both energetic and calm wave
conditions. Also, from the specific wave direction 250 - 260°N many waves comefor 21% of the time,
with mainly H, between 0.0-2.0m The mean spectral significant wave height over this period is 0.92
m with a corresponding peak wave period (T,) of 5.42 s. Similar conditions are found in literature that
considers longer timeseries [66, 10]. In these sources, the mean annual wave height H, is around 1.0
m, during northwestern storms however, H; can get about 4.7 m high at a depth of -10 m+NAP.
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Figure 5.1: Figure a) shows the offshore wave climate near HBD (52.74578, 4.63320) at -6m+NAP between 2015-2024, with
average coastline in black b) indicates wave timeseries of the wave climate, with the mean Hs of about 1.63 meter. c) illustrates
the time series of the Mean Water Level, with a Mean High Water of 0.77 m+NAP and Mean Low Water of -0.68 m+NAP.
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The sediment size that is native to this coast varies over the cross-section profile. Close to the waterline
grain sizes between 250 to 325, are common [67]. Finer materials are found in the dune system (220
to 280.) and more seaward at the shoreface (170 to 2004) [10].

Since the HBD project was completed in 2015, five additional nourishments have been executed at this
site. The location, start and end date, and nourished volume are provided in table 5.1. Three beach
and two shoreface nourishments come to a total added volume of almost 3.6 AMm? of sediments.

Nr. Kpstart Kpend Length[m] RSP stat RSP end Type Date start Date end m3 m3/m
1 8500 10000 1500 25.10 26.65 Beach 3/1/2018  4/30/2018 1,070,932 714
2 8500 10000 1500 25.10 26.65 Shoreface 9/1/2020  11/30/2020 506,118 337
2 4250 6000 1750 21.10 22.80 Shoreface 9/1/2020  11/30/2020 632,045 361
3 8350 10300 1950 25.32 26.37 Beach 11/1/2022  12/31/2022 805,924 413
3 4400 5950 1550 20.90 22.45 Beach 1/1/2023  2/28/2023 575,453 371

Table 5.1: Executed nourishments in the period 2015-2024. The data specifications are provided by Boskalis. [63]

5.2. Data Analyses Results

5.2.1. General Morphodynamics of Nine Years

The coastal profiles alongshore have undergone significant changes. In Figure 5.2, the cross-shore
profiles from 2015 (light brown) to 2024 (dark blue) are plotted for five representative transects. The
vertical red line marks the landward boundary, whose spatial location is indicated on the aerial map.

The evolution of profile RSP 18.8 (north) shows a significant seaward advancement of the shoreline,
together with a seaward movement of the dune foot. A similar pattern is observed at profile RSP 28.0
(south), although the shoreline advance is less pronounced. Here, embryonic dune developments are
visible. During the construction of the HBD artificial dunes were constructed, of which a large part in
the central section (RSP 20.71 — 25.31). The figure illustrates the gradual and significant growth of
approximately 5 meters that this dune system experienced. The shoreline, however, shows a strong
retreating movement.

The dynamics of sandbars below the waterline are clearly illustrated in the figure. This 3D behavior
stems from both past and present wave forcing conditions. Although sandbars tend to fluctuate around
a mean position, long-term trends spanning several years reveal variations in their locations. A cyclic
pattern of onshore or offshore migration becomes evident, where sandbars increase in size as they
move seaward before eventually dissipating. This phenomenon is still not fully understood in existing
literature. The long-term mean migration of these sandbars is captured in the cross-shore profiles by
the multi-year measurement intervals.

The cycle duration of sandbars varies along the Holland coast. The direction, size, and number of
sandbars differ alongshore. Visualizations of the JarKus data up to 2019 [39] indicate that the northern
section of the Hondsbossche Dunes has exhibited stationary and undisturbed sandbar movement since
1970. In contrast, the southern section displayed a 15-year bar cycle before stabilizing around 2000.

Since the construction of the Hondsbossche Dunes, clear movements of bar migration are visible in
Figure 5.2. Because their morphological timescales are long, additional years of data are required to
establish significant trends. Due to the complexity of offshore bar migration, this aspect falls outside
the scope of this project.

The recognizable shape of the Hondsbossche Dunes location (RSP 18.8 - 28.0) results in a coastline
that protrudes into the sea more than it did before 2015. In theory, this planform shape gradually
disperses over time due to hydrodynamic forces such as wave action and tidal transport. The coast
is maintained by additional nourishments (Table 5.1). Previous studies after the mega-nourishment
implementation [10, 63] indicate a general trend in which the central section of the nourishment (RSP
22.0 — 26.3) experiences erosion, while the northern and southern sections exhibit accretion. This
pattern is also reflected in data from 2015 to 2024, as illustrated in Figure 5.3a. The figure shows the
total volume change of the integrated profile relative to the initial state after project completion in March
2015.



5.2. Data Analyses Results 22

Profile 18.8
Waterline T 2 b)
6945k =
Dunefoot o 10
Iwbound 3
2 0
Profile 18.8 S S
Profile 20.71 < -10
6942k Profile 23.45 i -400 -200 0 200 400 600 800 1000 1200
Profile 25.31 3 Profile 20.71
r o, | -
Profile 28.0 E, 20 c)
o 10 /”\\
°
6940k 2 o 2 L
= \—_——
< -10 —
-400 -200 0 200 400 600 800 1000 1200
6938k
T 20 d)
§ £ 10
9
g A
3 2 o
5 N
6935k < -10 ———
—400 —200 0 200 400 600 800 1000 1200
g e
°
Z o -
& =
< -10 e
6930k —400 —200 0 200 400 600 800 1000 1200
Profile 28.0
g 20 f)
o 10
3 2\
6928k e 0
=
q -10
514k 516k 518k -400 -200 0 200 400 600 800 1000 1200
Longitude Distance [m]
2015 — 2017 2019 2021 —— 2023
—— 2016 —— 2018 2020 — 2022 — 2024

Figure 5.2: Overview of a variety of transects. Left figure shows an aerial overview map of the transect locations shown on the
right. The profile evolution over the period 2015-2024 (brown to blue) are shown for transects RSP 18.8, 20.71, 23.45, 25.31,
28.0. The red vertical line indicates the landward boundary used in the volume definition.
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Figure 5.3: Figure a) shows the alongshore view of the integrated cross-shore profile volume change relative to initial state
(implementation nourishment 2015). Figure b) shows the alongshore view of the beach width change relative to initial state.
Both coastal indicators project the data over the period of 2015 till 2024. The vertical dashed lines separate sections of
transects along the coast with similar behavior.
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The alongshore volumetric change is categorized into three main trends: northern, southern, and cen-
tral sections. Within the central part, three sub-patterns emerge. The northernmost section shows the
most significant sediment accumulation, with gains of up to 2000 m? /m over nine years. The southern
section experienced also volume increases, but to a lesser amount. Also, most of its volume is gained
in the initial years following the mega-nourishment. Recent trends indicates a stagnated tendency.

The section between the accreting areas is predominantly erosive, with the middle part losing up to 1000
m?3/m in profile volume since mega-nourishment'’s implementation. The mid-northern area shows no
clear trend, while the mid-southern area gradually losses volume over time.

Similar to volumetric changes, beach width exhibits significant fluctuations alongshore over time, see
Figure 5.3b. The large fluctuations are partly caused by the opposing evolution of the shoreline and
dunefoot. The shape of the changing indicator deviates slightly from the integrated volumetric obser-
vation as the beach width change varies more in gradualness and quantity. Nevertheless, it generally
aligns with the accretive and erosive patterns reflected in volume changes.

Over the course of nine years, the mid-northern section experienced a substantial reduction in beach
width, with some locations retreating by over 150 meters. On average, the beach width in this area has
retreated by approximately 100 meters. In contrast, the northern segment is the only region where the
beach has expanded. In the southern segment, the beach initially advanced seaward but in later years
started to reduce.

According to an analysis of the coastline observation of the complete North North-Holland (NNH) coast
of the years 2015-2020 [10], the profile steepness of the HBD decreased to similar proportions of
adjacent coastline in the first two winters on average. This indicates a fast cross-shore adaptation.
Also the beach width seems to have reached similar magnitudes to those of nearby coasts for most
transects, varying between 80 and 140m in 2020.

5.2.2. Volumetric Evolution by Coastal cells

Vertical Volumetric Cells

Two approaches outlined in the Methodology (Ch. 4), are employed to assess depth-dependent volu-
metric evolution behaviors and timescales. The first approach involves analyzing vertical coastal cells.
Figure 5.4 illustrates how these vertical coastal cells—dune, beach, surf zone, and shoreface—evolve
over time, showing relative volume changes compared to the initial state in 2015. Each line represents
the section averaged volume change (sections indicated in Figure 5.3a). The gray shading indicates
periods when additional nourishments were implemented, mentioned in Table 5.1.

The figures reveal that for the beach, surf zone, and shoreface (<3 m+NAP), two groups emerge: the
northern and southern segments (blue and yellow) display accretion, while the central segment (purple,
violet, and pink) exhibits significant erosion. This aligns with trends in Figure 5.3a.

The most significant volume changes occur in the surfzone for the central section. Here, an average
negative rate of -200 m3/m in three years time was observed. Since 2021, however, annual volume
changes have stabilized as there has been little net change on an annual basis. In contrast, the northern
and southern segments remain relatively stable over time, but the south segments eventually lose up
to 200 m3/m. At first glance, the evolution of the surf zone does not appear to be directly influenced
by additional nourishments.

In contrast, the evolution of beach volume clearly responds to nourishment interventions. Following
the completion of the Hondsbossche Dunes project in 2015, the additional beach nourishment in 2018
targeted the orange zone (RSP 23.86 — 26.29) but was completely eroded within a year. The two
subsequent beach nourishments, carried out in the winter of 2022-2023, were located in the same
zone as in 2018 and within the purple zone (RSP 20.41 — 22.0), influencing all segments. Overall, the
annual volumetric changes are significantly smaller than those in the surf zone.

Initially, shoreface volume across all segments experienced erosion for the first four years. However,
a notable increase in volume of about 50 m?3/m occurred in 2020, attributed to two shoreface nour-
ishments in 2020 (zones 23.86 — 26.29 and 20.41 — 22.0). After this, the northern segment stabilized,
while others experienced some volume loss. The northern middle section (purple) showed volume
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Figure 5.4: Figure a) shows an aerial overview map of the different alongshore zones, with transects RSP 18.8 (north) to RSP
28.0 (south). The plots show the average volume changes over time for different vertical coastal cells grouped by the different
zones (colored lines). The four vertical cells—dune b), beach c), surf zone d), and shoreface e)—are plotted individually, with
total volume evolution at the bottom in Figure f).

changes comparable to the blue (north) and yellow (south) segments, though the underlying causes
remain unclear.

In the middle segment, all coastal volume cells below +3 m NAP exhibit the fastest response within
the first years after the mega-nourishment implementation. Later, volume change appears to stabilize.
Dune growth, however, seems independent of the dynamics in the lower coastal cells. Dunes continue
to grow consistently across all segments, with the mid-center () and mid-south (pink) sections expe-
riencing the most substantial dune growth—up to 300 m?/m on average in orange zone (RSP 23.86
— 26.29). The artificially constructed dunes in the middle segment have gained significant height and
volume over time. In contrast, the mid-north section (purple) is the only area where dune growth has
stopped, with no further increase observed since 2019.

Overall, the northern segment (blue) accumulated the most sediment, doubling the loss experienced
by the mid-sections. The southern segment (yellow) gained about one-third of the northern increase,
while mid-sections faced a net loss of up to 500 m?/m, but stabilizing after 2020.

Cross-shore Volumetric Cells

To gain an alternative insight into the developments in the cross-shore direction, the cross-shore cell
method was used. Figure 5.5 shows the accumulative volumetric change for all transects (x-axis)
plotted against time (y-axis). This was done for all cross-shore cells: dune zone, beach zone, surf
zone, and sandbar/shoreface zone.

From this figure, the alongshore distinctions previously observed in Figure 5.3a become visible once
more. The most intense colors are found in the surf zone, indicating that the largest annual changes
occur in this area. The central part of the surf zone shows sediment changes on the order of 800
m?3/m, which aligns with the mid-section trend in Figure 5.4. In contrast, the northern part of the surf
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zone reveals large accumulations that were not apparent in Figure 5.4, likely due to differences in cell
definitions between the two analyses.

The beach zone shows a similar spatial pattern to the surf zone but with smaller annual volumetric
changes. The shoreface zone does exhibit a different trend. Volumetric changes fluctuate across the
northern, central, and southern segments, which is also reflected in the trendline of Figure 5.4. A
potential explanation for this irregularity could be the shoreface nourishments carried out during the
winter of 2020.

Dune growth appears to gradually increase in the southern-central and mid-central regions that also
show the most pronounced increases in Figure 5.4. Meanwhile, the northern-central section remains
relatively stable, and the northernmost part shows a slight decrease in dune volume. This is possible
because the dunes are able to grow vertically as horizontally, but horizontal growth is not really captured
because of the fixed 2015 vertical boundary.
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Figure 5.5: Cumulative volume evolution per transect for cross-shore defined cells. Red indicates loss of sediment, and green
resembles accumulation. From top to bottom: dune zone, beach zone, surfzone, sandbar/shoreface zone.

5.2.3. Shoreline Correlations

To assess how well changes in the waterline reflect coastal changes in terms of volume and beach width,
correlations with specific cross-shore cells provide insight into depth dependency. Existing literature
indicates that shoreline position and beach width are strongly correlated with profile volume [10]. Using
Jarkus data, these correlations have been extended by an additional four years, as shown in Figure
5.6. The data points in the plot represent the alongshore-averaged volume change over nine years.

For the period extension for 2015-2020 to 2015-2024, the correlation between the change in integrated
profile volume and beach width decreased from 2 = 0.75 to 2 = 0.68 (representing the coefficient of
determination for linear regression), see Figure 5.6. However, the shoreline position change related
to the integrated profile change shows a small improvement from r2 = 0.84 to 2 = 0.89, Figure 5.6.
The found correlations indicate that coastal volume changes scale well with variations in shoreline and
beach width.



5.2. Data Analyses Results 26

Further analysis of sub-volumes within the coastal profile reveals correlations between the waterline
and cross-shore cells as well. Figure 5.7 shows that dune volume changes are very weakly correlated
with shoreline changes. However, the beach and surf zone volume changes are strongly correlated
(r? = 0.78 and r? = 0.90, respectively). In contrast, the correlation between shoreline position and
shoreface volume changes is much weaker than that observed for the beach and surf zone.
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Figure 5.6: Extention of 4 years of correlation plot literature: a data point in the figure indicate the change of a [parameter]
compared to the year before at a certain transect, averaged over 9 years. The colors represent the different coastal segments.
Observations with a red cross are marked as outliers. This are datapoints where the artificially created lake just south of the
middle section complicates the beachwidth definition.
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change of a [parameter] compared to the year before at a certain transect, averaged over 9 years. The colors represent the
different coastal segments as defined in Figure 5.3a.
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5.3. Discussion and Implications Evolution Models

5.3.1. Discussion Data Analyses

The results from the data analysis highlight clear differences among the northern, southern, and central
zones in terms of both changes in sediment volume and beach width. The central zone is experiencing
ongoing erosion, particularly in the surf zone, while the northern zone shows a consistent pattern of
sediment accumulation. The most significant changes in the cross-shore profile occur in the first period
after the mega-nourishment project. These changes stabilize in the following years. The initial changes
differ in magnitude for the different vertical cells. This indicates that depth-dependent processes play
a crucial role immediately following the mega-nourishment.

This comes clear from, for example, in the most central zone, the surfzone experiences up to four times
more erosion in 2018 than other vertical cells (Figure 5.4). Suggests that there is less morphodynamic
activity with depth. Likewise, when an additional nourishment is added to the system, the volume
change does not distribute evenly across the profile, and shows location-specific response across
vertical cells.

In addition, the vertical volumetric cells differ in their correlation to shoreline changes. Meaning that
volumetric change activity is not uniform over the depth. The volume change in the surfzone shows
a well-correlated relation to the shoreline changes (rgwf = 0.90), shown in Figure 5.5. However, the
shoreface and dune volume changes are (much) more weakly correlated with the waterline (r2, . =
0.65and r2 = 0.27). Stronger correlations to the waterline position are found closer to the waterline.
Meaning that the depth-dependent activity of these cross-shore processes is important in comprehend-
ing coastal dynamics. For the dunes, the dune growth is largely independent of the shoreline change.
Suggesting that different subaerial processes, like aeolian transport, dominate over subaqueous inter-
actions.

Nourishments are constructed with a steeper slope than the former and adjacent coastal profiles. The
time for the profile to adjust towards its equilibrium slope usually takes months to years (sources). In
the period for a coastal profile to adjust its slope, stronger cross-shore processes are expected. As an
attempt to explore the presence of initial cross-shore activity, a ratio is defined—inspired by Dean [68]—
between the nourished volume change within a profile (AV,,.;) and the volumetric planform change
based on a one-line principle (ASghoreiine - Dpoc)- In the initial years after nourishment, this ratio is
expected to be relatively low, suggesting that most of the nourished volume is retained and redistributed
within the profile while the shoreline (platform) retreats. Over time, the ratio gradually increases towards
an asymptotic value, where the profile is adjusted to the longshore-dominated coastal equilibrium state.

However, such a trend is not observed at the HBD, as shown in Figure 5.8; instead of a gradual increase
towards an asymptote, the ratio remains highly variable over time. The figure presents the average ratio
for each coastal zone, as defined earlier. Although no consistent trend is apparent, the fluctuations in
the ratio suggest that cross-shore processes are present in the morphological evolution of the area, but
that cross-shore dominance due to slope adjustments are not captured.

A reason that there is no clear initial cross-shore dominance might be because the profiles are already
adjusted to the slope of the adjacent coastal profiles. Research of Kroon [10] at the HBD showed that
between 2015 and 2016, all profile slopes adjusted to ranges of nearby stable coastal profiles. This
analysis was made with additional measurements from the construction company. JarKus data, used
in this research, are measured annually and might therefore not have captured this adjustment. Also
other research [69, 70] showed that profile adjustments happen within small time ranges of months to
1.5 years.

This suggests that the expected cross-shore dominance in the initial years may have been less signifi-
cant at the HBD site or not have been covered by the data. The current study provides only a limited
investigation into cross-shore and longshore transport dominance. As such, this topic is identified as a
key area for future research and is included in the recommendations.
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Figure 5.8: Average dean ratio of the different coastal zones. The black line represents the JarKus data.

5.3.2. Implications Evolution models

The discussion of the data analysis results highlighted several essential points that have implications
for the performance of the coastal evolution models used in this research. One such implication is that
the non-uniformity of volume changes across the profile does not align with the ShorelineS assumption
of a constant profile in the cross-shore. Crocodile, however, is able to make cross-shore redistributions.
Therefore it is expected that the coupled model, ShorelineS+Crocodile, is able to better represent the
magnitude and trend in the vertical subaqueous volumetric cells. This also highlights the importance
of a good cross-shore diffusion coefficient, as is seen that the morphological activity decreases with
depth.

Furthermore, because the correlations of the volume cells are better correlated near the waterline, the
contour lines further offshore are less affected by the coastline change. In the erosive middle section,
even a shoreface expansion is observed at some transects. The coupled model diffuses sediment
along the profile. Therefore it is expected that the coupled model could better represent the offshore
contour behavior. However, whether the coupled model will perform better in the initial years is not
known as no clear trend was observed in the dean ratio (Figure 5.8).

The inclusion of Crocodile does not affect the dune module of ShorelineS, used to model dune evolution.
But as the dune module is dependent on the dry beach width, it is influenced by Crocodile. The dry
beach is defined by, among others, the high-water line. In the coupled model this parameter follows
from crocodile.

In the coupled model, nourishments are uniformly implemented using ShorelineS. This means that
location specific nourishment trends in the different volumetric cells will not be modeled accordingly.

These implications highlight the theoretical improvements that may be possible with the use of a coupled
model. In the simulation results of Chapter 7, the focus will be on the aspects mentioned above.



Model set-up

To carry out a hindcast study that aligns with the same time frame used in the data analysis, the models
must first be set up. This setup consists of two parts: initially, the configuration of ShorelineS, followed
by the setup of the coupled model that has been integrated with it.

6.1. ShorelineS input and configuration

The ShorelineS model was already largely set-up for this case-study. For previous research purposes,
Svasek Hydraulics set up this model for the period 2015-2020. An extensive Generalized Likelihood
Uncertainty Estimation (GLUE) analysis was performed by [20]. This GLUE analysis exhibits over 7000
simulations with varying combination of parameters. These parameters include: the median grain
size (D5 = 234.95um), breaker index (y = 0.705), scaling factor of longshore transport parameter
(gscate = 1.1427), offshore depth of wave input (dgeep, = —6.0m + N AP), active profile height (d =
10.462m). This best fit used a CERC longshore transport formulation. The volume-based calibration
input parameters were adopted for this analysis. In recent years, the additional modules have been
released. For the Hondsbossche Dunes the new dune module is a relevant addition to the ShorelineS
model. The inclusion of this module showed a significant improvement of the shoreline [71]. The
initial shoreline input that was used for the calibration was smoothened to avoid instabilities in the
extensive GLUE calibration. But now that there are no extreme parameter combinations involved, a
non-smoothed JarKus 2015 measured coastline is used.

This calibrated ShorelineS model spans the time frame of 2015 to 2020. To extend this period to 2024,
additional hydrodynamic conditions are added.

6.1.1. Hydraulic Conditions

The wave conditions are prescribed at 59 locations along the North-Holland coast, stretching about 55
km. As mentioned and analyzed in Chapter 5, the wave conditions are were translated from offshore
observation stations to nearshore (dge., = —6.0m+NAP) from a wave transformation matrix [65]. The
wave data consists of the spectral significant wave height H,,q, with the corresponding peak wave
period T, and wave direction.

6.1.2. Dune and Nourishment Implementation

Wind and initial dune data are specified to utilize the dune module. The wind data is necessary to
enable the dune to grow, using an aeolian transport flux ¢,;,q (formula 3.2). This flux formulation is
based on the wind speed and direction as described in paragraph 3.2.2. Besides the wind data, the
details about the dune is also prescribed. ShorelineS uses this information to create an initial dune
system reference. Based on this data, the dunes can grow and erode as explained in Chapter 3.2.2.

Also the realized nourishments over the period 2015-2024 at the Hondsbossche Dunes (Table 5.1) are
listed in .nor file. There are two different ways to specify nourishments in ShorelineS. Restricted to
a set of lines, or via a selected polygon in the shape of the nourishment location. For this research

29
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we only have the specified information as in Table 5.1. Therefore the noruishemtns only cover the
details between what alongshore transects (RSP’s) the nourishments where implemented, and the
nourishment type. The latter matters, because as described in Section 2.1.4 beach and shoreface
nourishments differ in the speed and duration they feed the coast.

6.2. Coupled model input and configuration

The coupled model uses ShorelineS as the main driver of the model, while Crocodile functions as
a module to redistribute sediment in the cross-shore direction at a set of selected profiles. The initial
bathymetry of these designated profiles is seeking an equilibrium. To provide this, an equilibrium profile
is needed as input.

Since equilibrium conditions may vary spatially along the coastline—and because the orientation of
the coastline can shift during the simulation—an equilibrium grid is constructed. This grid enables the
selection of profiles alongshore for insight into the cross-shore redistribution at that location.

6.2.1. Equilibrium Profile

To construct the equilibrium grid, a representative equilibrium profile is required that reflects the local
coastal conditions. This profile is derived by fitting an mean cross-shore profile to over 50 years of
JarKus measurements (1970-2025) at a relatively stable section of the coast.

The selected location should not be too close to the altered coastline influenced by the mega-nourishment,
as this could falsely affect the representation of the equilibrium. At the same time, it should not be too
far away, to avoid differences in coastal orientation and hydrodynamic conditions.

Initially, for this model, a standard equilibrium profile was selected approximately 6 kilometers south of
the Hondsbossche Dunes (see Grey transect in Figure 6.1). The average beach width, volume, and
shoreline position at this location have remained relatively stable over time. Additionally, there are no
hard coastal structures such as groynes in this area that might disturb the natural equilibrium.
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Figure 6.1: Aerial map with an overview Figure 6.2: Cross-shore plot of Egmond equilibrium profile fit (top), Egmond profile
of the equilibrium profile definition comparison to HBD north and south (middle), and HBD noord profile comparison to
location. HBD north and south.

Figure 6.2a shows how the equilibrium profile (Black line) at the location of Egmond fits the historical
JarKus data (Grey lines). The southernmost profile at the Hondsbossche Dunes (Orange line) aligns
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well with this equilibrium profile, as shown in Figure 6.2b. This indicates that the historical cross-shore
profile near the southern end of the Hondsbossche Dunes closely resembles the equilibrium conditions
derived from the adjacent coast south of the nourishment.

In contrast, the purple profile in the exact figure displays a noticeably different shape. In the lower
shoreface region (around -6 m+NAP), the slope is steeper, followed by a relatively flat section near -10
m+NAP, and even a shallow area appears just offshore.

Figure 6.2c illustrates an alternative approach in which the equilibrium profile is fitted to historical data
at the northernmost location of the Hondsbossche Dunes project, instead of a location at a respectable
distance north of the project site. This is done because here the coast is affected by a shift in orientation,
also the profiles do not represent the shallow area in front of the northern HBD area well, and because
of the presence of groynes. These factors complicate the definition of a true equilibrium state in this
area.

Therefore, the equilibrium profile at the northern end of the Hondsbossche Dunes is defined based on
the profile derived from this exact location (purple transect RSP 18.8 in Figure 6.1). The equilibrium
profile here is indicated with the red line in Figure 6.2c.

6.2.2. Initial and equilibrium Grid
With the equilibrium profile selected, an equilibrium grid can be constructed. This grid spans from RSP
18.8 to 30.0 and is defined based on spatial coordinates, as illustrated in Figure 6.3b.

To visualize how the observed coastal profiles relate to the equilibrium condition, JarKus measurements
are superimposed on this grid. The 2015 JarKus dataset is used to define the initial grid, representing
the coastal bathymetry at the start of the simulation. The hypothesis is that, over time, this initial grid
will evolve towards the shape of the equilibrium profile.

To suppress sharp local variations in the JarKus data while preserving underlying trends in coastal mor-
phology, a Gaussian smoothing filter is applied. This method calculates a weighted average, where
points closer to the target location have a higher influence than those further away. A standard de-
viation of 20 is used, meaning that the elevation values of 20 neighboring grid points contribute to
the smoothing. Based on several test runs, this setting provides a good balance between preserving
sufficient detail and filtering out strong edges in the data.

In areas where the JarKus data lies landward of the equilibrium grid or where no data points are avail-
able, elevation values are supplemented using the corresponding points from the equilibrium grid. Addi-
tionally, since JarKus data only extends to a limited depth, but the Crocodile model requires bathymetry
to reach sufficient depth for numerical stability, the equilibrium profile is also used to fill in the deeper
parts of the initial grid where the measurements stop. An example of the resulting initial grid is shown
in Figure 6.3a.
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Figure 6.3: Initial grid configuration of a straight equilibrium coastline (left) and Equilibrium grid (right).

6.2.3. Crocodile Configuration

In Crocodile, cross-shore profiles can be assigned alongshore. To enable comparison between the
profile evolution produced by the coupled model and the measurements from the data analysis, these
cross-shore profiles are aligned with the JarKus transects. The profiles are constructed on the Shore-
lineS grid points, with the closest grid point to each JarKus transect selected as the reference location.

These cross-shore profiles are oriented perpendicular to the local shoreline. As the coastline evolves
during the simulation, this results in a rotation of the profiles due to changes in coastal orientation. Any
volumetric changes in the initial profile resulting from this rotation are accounted for in the volumetric
model analysis presented in Chapter 7.

6.3. Simulation Setting Table
Several simulation runs were performed using different input variables. Simulation Table 6.1 shows
which components were included in each run.

The first run that includes the Crocodile module represents a very basic setup of the coupled model. It
assumes that the coastline is in a static equilibrium, that the initial coastal bathymetry settles to a straight
shoreline, and that the equilibrium profile is uniform along the entire alongshore direction. These con-
servative assumptions can be gradually improved to physically better reflect real-world coastal behavior.
Run SC1 to SC5 systematically explore and enhance the physical processes represented in the models.
Beneath is explained why and how these components could improve the model results.

RunID  Model Period Components ShorelineS Components Crocodile
S0 Shorelines 150820187, dule + Nourishments -
oreline: 30-04-2024 une module + Nourishments
SCo ShorelineS+Crocodile ;ggzjg;i/ Dune module + Nourishments  Basic (straight) equilibrium grid (RSP 16.88-30) + Static Equilibrium
ScC1 ShorelineS+Crocodile ;ggiz;g;i/ Dune module + Nourishments  Basic (straight) equilibrium grid (RSP 16.88-30) + Dynamic Equilibrium
SC2 ShorelineS+Crocodile ;ggizgg;i/ Dune module + Nourishments  Curved equilibrium grid (RSP 16.88-30) + Static Equilibrium
SC3 ShorelineS+Crocodile ;g:gi:gg;i/ Dune module + Nourishments ~ Curved equilibrium grid (RSP 16.88-30) + Dynamic Equilibrium
SC4 ShorelineS+Crocodile ;ggijg;i/ Dune module + Nourishments  Curved equilibrium grid (RSP 16.88-30) + Static Equilibrium + Gradual varying eq profile
SC5 ShorelineS+Crocodile ;ggijg;i/ Dune module + Nourishments  Curved equilibrium grid (RSP 16.88-30) + Dynamic Equilibrium + Gradual varying eq profile

Table 6.1: Simulation Table overview. Run S0 only consist of the ShorelineS model, whereas SC0-5 add Crocodile. These
runs add different components, that could effect the simulation output.



6.3. Simulation Setting Table 33

6.3.1. Dynamic Equilibrium

In contrast to static equilibrium, dynamic equilibrium assumes that the position of the equilibrium profile
or grid shifts in response to changing conditions. These conditions influencing the development of the
equilibrium profile are illustrated in Figure 6.4. Translation of the profile (a) can be driven by gradients
in longshore sediment transport (b), sea level rise (c), and the addition of nourishments (d).

The latter aspect is particularly relevant in the case of a mega nourishment. Due to the large volume
of sand added to the coastal system, there is a significant increase in sediment volume within a cross-
shore profile. This excess volume cannot simply disappear, except through gradual erosion. A more
realistic representation of the equilibrium profile would therefore assume that this added volume is
evenly redistributed across the profile, resulting in a seaward shift of the equilibrium profile.

Over time, as the nourishment volume decreases due to natural processes, the equilibrium profile
gradually returns towards its static equilibrium position. However, it will never fully return to the pre-
nourishment state, as the profile now contains additional sediment volume introduced by the nourish-
ment.

Sea level rise is not very relevant for this small period of 9 years. Nevertheless, this will be a very
important factor when simulating over decades to centuries.
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Figure 6.4: Dynamic equilibrium option in Crocodile model [22]: Erosive behavior, Sea level rise and additional sediment by
nourishments.

6.3.2. Curved Equilibrium Coastline Shape

When zooming out from the location of the Hondsbossche Dunes, it becomes evident that, on a larger
spatial scale, this area is situated within a bend along the coastline. The coastal stretch to the north
and south of the Hondsbossche Dunes differ in coastline orientation. This also comes clear from the
top graph in Figure 6.5. The graph shows the mean orientation of the mean high waterline along the
North-Holland coast throughout 2015-2024. We see that the orientation to the south has an orientation
of about 277°. The north varies between 290°and 285 °. The linear increase in orientation of at the
Hondsbossche Dunes confirms that the coast has a bended nature. This makes the assumption of a
straight equilibrium coastline shape less accurate and physically incorrect, see the blue grid in Figure
6.5. The impact of this assumption becomes more significant as the simulation domain is expanded. In
such cases, the equilibrium profile increasingly deviates horizontally from the initial profile, which can
lead to a higher rate of adjustment toward equilibrium and, consequently, an overprediction of erosion.

One way to address this issue is to introduce a curved equilibrium coastline that aligns with the coastal
orientations to the north and south of the Hondsbossche Dunes, see red grid in Figure 6.5. The connec-
tion or intersection points of this optimally fitted curve lie at the locations where the coastline positions
before and after the mega nourishment implementation begin to diverge (i.e., between 2013 and 2015).
The newly defined equilibrium and initial grid shape that represent this component improvement are
shown in Figure 6.7.
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6.3.3. Alongshore Varying Equilibrium Profile

The assumption that the equilibrium profile is uniform alongshore is a conservative simplification. Over
longer coastal stretches, the coastal system and its conditions can vary significantly. An example is the
changing coastline orientation, which affects longshore sediment transport and determines whether a
particular section of the coast lies within a wave shadow zone for a certain wave direction.

In addition, human interventions can also significantly impact the coastal equilibrium. For many years,
a sea dike flanked by groynes existed at this location. The North Holland coast, north of the Honds-
bossche Dunes, is still completely characterized by numerous groynes. These structures disrupt the
natural wave-driven processes along the coast and interfere with the longshore transport, resulting in
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a distorted representation of the cross-shore profile. It is then debatable what the actual equilibrium
profile is. As described in Paragraph 6.2.1 , the equilibrium profile at the north is taken equal to the

most northern part of the Hondsbossche Dunes.

The newly grid in Figure 6.8 now contains a gradual variation between the profile south and north (black

and red line respectively in Figure 6.2).
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Model Results

This chapter provides an overview of the hindcasting simulation results detailed in Simulation Table
6.1. It begins with an assessment of coastal evolution by analyzing volumetric changes to understand
morphological development. Additionally, changes in volume across vertical cross-shore cells are ex-
amined to clarify overall volume dynamics. Then the beach width results are presented, which are
derived from the evolution of shoreline and dune foot positions. Finally, additional benefits of the cou-
pled model are evaluated through the development of selected cross-shore profiles and their depth
contours.

7.1. Results of Volumetric Evolution

7.1.1. Volume definition, limitations and instabilities

Coastal volume is an important measure as it is directly linked with the primary flood defense function of
the coast. The total volume gives an indication of the general behavior of this indicator. The total volume
change after the first three years (2016, 2017, 2018), after five years (2020), seven years (2022), and
nine years (2024) is shown in Figure 7.1. Here, the simulated alongshore volume change at a certain
time step is plotted against the black dotted measurements. The volume definition is explained in
the Methodology (Ch.4.1), where the volume is based on the net alongshore sediment transport flux.
The volume change of ShorelineS is calculated as the shoreline change times the depth of closure
(subaqueous volume). The coupled model computes this by the profile integral change. However, the
measurements (black) indicate the complete total volume change (including beach and dunes).

During the setup of the coupled model, certain Crocodile profile locations were found to be repeat-
ably unstable across different simulations. This instability resulted in unrealistic values for the volume
changes of these profiles and had a negative impact on both the results and the stability of adjacent
profiles. To avoid distorting the outcomes, in the coupled model, specific outlier Crocodile profiles were
deliberately excluded in advance. This approach helps minimize non-representative behavior in the
model and preserves the reliability of nearby sections. At the locations where the Crocodile profiles
are not defined in the coupled model set-up, an expression for the shoreline evolution is simulated by
ShorelineS.

Despite these adjustments, major wiggles and outliers still emerged in all coupled simulations (SCO-
SC5), see Figure 7.1. The instability varies per simulation in initiation time and intensity. The instabilities
that occurred within the first three simulation years used a static equilibrium (dotted lines). In contrast,
all three simulations with dynamic equilibrium remained stable over this same period. Among them, sim-
ulation run SC5—the model using a curved grid with alongshore-varying equilibrium—which remained
stable for the longest period and performed best of all coupled model simulations. However, from 2020
onward, an instability began to develop at transect RSP 26.5. To make a clear and meaningful analysis,
ShorelineS is primarily compared to the SC5 run, mainly within the stable first 3 years.

Furthermore, a few transects showed consistent performance throughout the simulation period. There-
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fore, a few stable transects are used in a profile and contour analysis in Paragraph 7.3.2.
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Figure 7.1: Model output results of volumetric change over the period 2015-2024. An overview of all simulation years can be
found in Appendix A.1.

7.1.2. Alongshore Volumetric Change

Figure 7.1 shows the spatial distribution of the major volume changes per simulated year. All simula-
tions broadly reproduce the erosion and accretion patterns observed in the measurements: significant
erosion occurs in the central segment (RSP 20.42—-25.82), while accretion peaks are found to the north
and south of this zone, which is also noticed in the Data Analysis (Ch.5) in Figure.

In this Paragraph, first general trends are described of all simulation models, after which the analysis
focuses on a comparison between the ShorelineS (S0) simulation and the best-performing coupled
simulation (SC5).

Simulation results all models

The coupled models (SC0-SC5) provide more detailed and accurate representations compared to
ShorelineS over at least the first three years. The ShorelineS run (SO0, blue) shows a smooth pattern,
resembling the shoreline position shape. The coupled models, on the other hand, exhibit more local-
ized variation. The increased peakiness of these curves confirms this, suggesting that each Crocodile
profile experiences an individual cross-shore redistribution.

For the different coupled simulation runs, volumetric changes are comparable throughout the initial
years. This, while there are differences in horizontal offset between the initial and equilibrium grid. The
offset in grid configuration varies between the straight (red) and curved grids (orange and green). But
also between static and dynamic equilibrium configurations (dotted vs. solid lines). A larger offset could
mean a bigger difference in slope between the profile and its equilibrium, which influences the rate of
adaptation towards the equilibrium profile.
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Another notable comparison is between SC3 (solid orange) and SC5 (solid green). Both use a curved
grid and dynamic equilibrium, but SC5 also incorporates an alongshore-varying equilibrium profile. In
the southern region where the profiles are yet the same, results are nearly identical. Moving northward
for SC5 the equilibrium profile changes, and so the simulations diverge. This is reflected in the RMS
error plot (Figure 7.3), where SC5 shows smaller increases in RMS error towards the north and remains
stable for a longer period, whereas SC3 becomes unstable more quickly. This is likely due to the
significant deviation of the equilibrium profile from the initial profile, where large slope differences occur.
This makes the profile more sensitive to instabilities.

General Results Erosive zone

In the erosive central area (RSP 20.42-25.82), the SC5 simulation consistently shows less erosion
than ShorelineS, which is in line with the measurements. During the first two years, the difference is
approximately 250 m3/m. In the subsequent three years, this difference increases to about 550 m3*m
around RSP 24. Accordingly, the Root Mean Square (RMS) error in this central zone is significantly
lower for the coupled model compared to ShorelineS (Figure 7.3). However, the SO simulation is still
defined as a subaqueous volume change.

General Results Accretive zone

ShorelineS and the coupled model show accretion in the north and south area of the HBD. The JarKus
measurements indicate that the north and south areas of the HBD have an accretive asymmetry; more
volume accumulation of sand in the northern zone (<RSP 20.42) than south (>RSP 26.82). Both models
do not show such an asymmetry, and consequently underpredict accretion in the north, and underpre-
dict in the south. The RMS error for the north and south zones is of similar magnitude in the early
simulation years (Figure 7.3).

Volume Evolution over Time

Using the volume definition as described in Section 7.1.1, the simulation SC5 provides a better repre-
sentation of the volume change over time. This holds true not only for the total quantity but also for the
shape and temporal behavior of the change, as shown in Figure 7.2. The figure shows the average
volume changes per alongshore zone (colors defined as in Figure 7.9).

Notably, in the erosive central section (the middle three plots), the SC5 scenario closely follows the
solid line. During the first three years, there is a more pronounced volume loss, after which the trend
stabilizes over the following years. This pattern is particularly clear in the central section RSP 22.0—
20.41. In contrast, the northern section (blue) and the southern section (yellow) show an under- and
overestimation of the total volume, respectively. In the central sections, ShorelineS illustrates that the
subaqueous volume changes predicted by a one-line model—as represented by SO—do not fully scale
with the measured total volume. This indicates that additional processes play a significant role, some
of which are accounted for in SC5.

Figure 7.3 compliments this, by showing that ShorelineS collects RMS error more rapidly in the early
years compared to SC5. Over time, the RMS error flattens across all five segments. SC5 also shows
a steep but smaller rise in error, which stabilizes within the first four years. At its peak in 2019, the
best-performing simulation (SC5) reached an average error of 250 m?3/m, which ShorelineS almost
doubles. However, unlike ShorelineS, the error for the coupled model continues to grow in the following
years, mainly due to extreme values caused by model instabilities. It is good to mention that in these
comparison plots, SO still represents the subaerial volume change.

To place the SO subaqueous volume in perspective, the blue dashed line in Figure 7.2 adds beach and
dune volumes. As aresult, the trend line more accurately reflects the actual volume evolution compared
to the subaerial volume alone (blue solid). This highlights the significant positive impact of including
beach and dune volumes in the simulation, particularly in the northern zone. Although the accuracy
of the simulated evolution in the central zones remains variable, this line shows that the ShorelineS
simulation is a good estimate of reality, especially in the first 3 years.

Furthermore, the data analysis in Chapter 5 shows that, based on the JarKus measurements, there is
no clear indication that initial transport is cross-shore dominated (Figure 5.8). The same holds for the
SC5 simulation, which at times exhibits similar variability in the Dean Ratio (See Appendix A.7). This
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might suggest that cross-shore dominance in the initial years was less significant at the HBD site. So,
this may indicate a growing potential for applying one-line shoreline models at the HBD site.
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7.1.3. Volumetric Evolution of Vertical Cells

To gain better insight into the volumetric changes, the evolution of different subaqueous cells are ex-
amined. The results are presented in Figure 7.4, which shows the volumetric changes over the first
three years for the surfzone (left) and the shoreface (right).

Surfzone Volume

The evolution of volume changes in the surfzone closely follows the pattern of the total volume shown
in Figure 7.1. Both ShorelineS and the coupled model exhibit similar patterns that align well with the
measured data, but the magnitude of morphological activity for SC5 is lower than the measurements.
In contrast, the ShorelineS results correspond closely to the observed data. This is what was expected
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based on the data analysis results (Figure 5.7), the shoreline changes and surfzone volume changes
have shown to be strongly correlated (r? = 0.90).

Shoreface Volume

In contrast with the surfzone, the shoreface volume changes in the right-hand panel show a different
trend, both in magnitude and alongshore variation. Although the total volume change identifies the
region between RSP 23.88 and 26.2 as the most erosive area (Figure 7.1), the JarKus data indicate
that in this zone, even shoreface accretion sometimes occurs. Consequently, ShorelineS aligns less
accurately with the measurements in this region. This is also what was found in the data analysis in
Chapter 5, where the correlation between the shoreline change and shoreface volume change is also
shown weaker (2 = 0.65).

Differing from contrast to ShorelineS, the coupled model displays a different shoreface volume change
pattern compared to its the surf zone representation. The coupled simulations show a more evenly
distributed pattern along the coast, with a tendency toward accretion. While the magnitude of this
volume change appears realistic, the JarKus measurements indicate erosion rather than accretion,
implying a mismatch in the modeled volume behavior.

Implications of different simulations for Volumecells

The different coupled model simulations (SC0-SC5) reveal notable mutual differences that depend on
the grid configuration that is used. A straight grid (red lines) has a larger horizontal offset between the
initial and equilibrium grid in the central region of the Hondsbossche Dunes. This grid setting produces
the least erosive behavior in the central area for the surfzone, and the most accretion at the shoreface.
This denotes that the grid and model set-up adjustments towards SC5 have shown clear improvements.
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Figure 7.4: Model output results of vertical volumetric cell change over the period 2015-2018; the left figure shows the
surfzone volume change and the right figure shows the shoreface volume change. An overview of all simulation years can be
found in Appendix A.2 (surfzone) and Appendix A.3 (Shoreface).
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Discussion on Subaerial Volume Changes

The SC5 simulation also changes subaerial areas of cross-shore profiles. The subaqueous and sub-
aerial changes add up to the total volume change of SC5. The subaqueous changes are underpre-
dicted consistently; however, the total SC5 volume is shown to be quite accurate. This means that the
subaerial volume changes are likely an overestimation of reality. It suggests that the model possibly
compensates for the lack of subaqueous erosion (Figure 7.4) by accounting for sediment erosion above
the waterline.

This alongshore sediment balance is demonstrated in Figure 7.5. The green solid line presents the
total volume change of SC5, just as shown in Figure 7.1. The striped green line indicates the subaque-
ous volume changes (surfzone and shoreface). The difference between these lines is covered by the
subaerial changes shown in the green dotted line. It shows that the subaqueous changes are relatively
small and the subaerial changes relatively large, and that this balance is not in the right proportion yet.
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Figure 7.5: Subaerial and subaqueous volume elements of the model simulation SC5 compared to the total volume.

7.2. Results of Beach Width Evolution

Beach width is a key coastal indicator, important for both ecological development and recreation. It is
defined as the distance between the shoreline and the dune foot, which can each change independently.
To better understand beach width, first, the separate developments of the shoreline and dune foot are
examined.

7.2.1. Shoreline and Dunefoot Evolution

Shoreline Evolution

Figure 7.6 shows that ShorelineS run (S0) produces the most accurate changes in shoreline position
compared to the JarKus measurements. This is also reflected in the RMS error shown below in Figure
7.6. After the first 3 years, the average error of the coupled model is nearly 50 meters, whereas the
error of ShorelineS is only about 30 meters. In the years following 2019, the average error for SO and
SC5 became more equal. In the first year, the coupled model SC5 lies 30 to 50 meters below the SO
simulation, which is conserved for the following years. This means that within the first 3 to 5 years,
the erosive center section has a larger coastline retreat, but north and south show a smaller coastline
extent than SO.

So both models show a fairly accurate shoreline evolution with an average error of about 50 meters
after 8 years of simulation, but the ShorelineS model better grasps the description of the measurements,
as it exhibits a lower degree of shoreline retreat.

Dune Evolution

The dune foot development during the initial years shows very similar results for ShorelineS and SC5
(Figure 7.6). In years beyond 2020, the dune foot retreat in SC5 is slightly less pronounced than in
ShorelineS, bringing it closer to the measurements. This is also reflected in the development of the
RMS error shown below in Figure 7.6. In the center section, both models overestimate the dune foot
progradation observed in the measurements, varying between 20 to 50 meters in the first 3 years.
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This also occurs in the north and south in the southern zone (RSP 26.0 and 27.0), where the model
predicts substantial dune growth. A similar peak is visible in the north (RSP 20.0), but here the dunefoot
expansion is underpredicted. Both locations lie in the transition zones from the former sea defense dam
to the adjacent coast.

The dunefoot expansion of SC5 is a little lower than ShorelineS from 2018 onward. The reason for this
might be that the shoreline position of SC5 is further landward, resulting in a smaller dry beach width
than S0O. This dry beach width works as a driver for the dune growth formulation in the dune module
(Ch. 3.2.2).

So the dunefoot migration is very simular for both simulations, but over time the small difference be-
comes more pronounced, resulting in a lower error for SC5.
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Figure 7.6: Model output results of shoreline and dune foot change over the period 2015-2024. An overview of all simulation
years can be found in Appendix A.4 (shoreline) and Appendix A.5 (dunefoot).
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7.2.2. Beach Width Evolution

Beach width is a key indicator that is intended to be fully modeled. Therefore, the absolute quantitative
evolution of beach width is considered here, rather than its relative change as done previously. As
shown in Figure 7.7, beach width varies significantly along the coast. In particular, large widths are
found in transition zones between the old sea dike and the existing beach, as well as in the southern
central segment ( RSP 20.0, 25.0, 27.0), where beach widths exceed 400 meters in some locations.
The peaks between RSP 26 and 27 are the result of artificial dune segments with spacing, located in
front of the newly constructed freshwater source in the south.

The ShorelineS simulation provides a very accurate representation of the beach width, outperforming
the coupled model. Only in the southern central segment (RSP 24-26) does it underestimate the width,
as the shoreline position is more landward in this area, see Figure 7.6.

The coupled model also provides a good indication of beach width but is less accurate during the first
three years. This is mainly due to the shoreline position of SC5, which lies 30-50 meters landward
relative to SO (Figure 7.6). After this period, as the beach width becomes more stable and adjusts to
the surrounding beach segments, the error decreases and SC5 becomes nearly identical to SO.

In 2022, the simulations and measurements indicate an almost stable beach, with widths ranging be-
tween 100 and 150 meters. However, in 2024, the simulations show diverging results, with an irregular
increase in beach width alongshore. This may suggest a model instability, or it could be the result of
extreme events. Figure 7.8 also shows an increased error for all simulations in the final two years.

So, the beach width is well simulated for both models. The ShorelineS model output is slightly more
accurate due to the precise shoreline simulation (Figure 7.6), especially in the region from RSP 28.0
and 22.0. This is also reflected in the RMS error development for the different zones in Figure 7.8.
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Appendix A.6.
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7.3. Profile Development Results

Building on the analysis of volume and beach width, this section examines how depth contours and
cross-shore profiles evolve over time. Unlike ShorelineS, which assumes a fixed profile shape, the
SC5 simulation with Crocodile adds depth-dependent dynamics. Comparing these helps assess the
added value of the coupled model.

7.3.1. Development of depth contours

Five stable transects were selected across the nourishment zones (Figure 7.9), with the evolution
of several depth contours shown in Figure 7.10. These include the dunefoot (+3 m+NAP), shoreline
(Om+NAP), breaker zone (-4 m and -5.5 m+NAP), and the lower shoreface (-8.5 m+NAP) near the depth
of closure. The y-axis represents the cross-shore position relative to the shoreline, and the x-axis spans
the years 2015 to 2024. The Markers indicate the measurements from the JarKus dataset, while the
blue and green lines represent corresponding simulations of ShorelineS (S0) and the coupled model
(SC5), respectively.

Subaerial Contour Results

Both models generally reproduce the measured dunefoot and shoreline evolution well. In the central
zone (RSP 25.0, 23.17, 20.71), however, a contrasting trend is observed: while the dunefoot progrades,
the shoreline retreats—indicating beach narrowing. This was also observed in paragraph 7.2.2 and
the data analysis in Ch. 5 where it was shown that dunevolume increased indepenently of shoreline
changes.

In the northern and southern transects (RSP 28.0 and 19.1), a clear progradational trend is present.
ShorelineS tends to slightly over- (RSP 28.0, 20.71, and 19.1) or underestimate (RSP 25.0 and 23.17)
dunefoot progradation. Also signs of dune erosion are captured in both models. Notably at transect
RSP 23.17 and 25.0 around 2022 a discrete-like landward shift of the dune foot is visible, which indi-
cates dune erosion during a storm event.
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Subaqueous Contour Results

A key difference appears in the shoreface dynamics. ShorelineS links all depth contours directly to
shoreline movement, which results in significant errors in shoreface contours, especially where the
shoreline retreats but deeper contours remain stable or even prograde. The coupled model, on the
other hand, shows a progradational trend for the shoreface. Although not always completely accurate,
the model better represents shoreface behavior in general sense, particularly at RSP 20.71.

The assumption of a uniform cross-shore distribution in ShorelineS appears more representative in the
northern and southern transects, where almost all depth contours show a progradational trend similar
in magnitude to the shoreline. However, in erosive areas, where the shoreline often retreats, a one-line
assumption is less evident, and the benefits of Crocodile become visible.

Both models struggle to represent conditions in dynamic areas, especially near wave breaking at -4 m
and -5.5m+NAP. However, these equilibrium-based models are not designed to capture such features.
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Figure 7.9: Aerial map of the selected profiles for the model analysis. In every zone a transect is selected.
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7.3.2. Cross-shore Profile Development

The depth contour results depend on how the cross-shore profile evolves. To illustrate this, Figure
7.11 shows where volume changes occur in the profiles during simulations, how these influence depth
contours, and how they compare to measured profiles.

Each row depicts one transect’s evolution. The first column displays Jarkus profiles from 2015 to 2022,
representing the stable phase of the SC5 simulation. The second column shows the coupled model’s
evolution over the same period, while the third shows ShorelineS results.

In the first column, profiles from 2015 (black), 2019 (purple), and 2022 (pink) reveal that transects
19.25 and 28.0 prograde seaward, while the central profiles retreat landward—consistent with coastal
indicators.

The second column displays the evolution of the coupled model, from the starting year (shown in green)
to 2022 (shown in pink). For reference, the initial and final Jarkus profiles are included as black and
red dashed lines, respectively. Also here, a seaward progradation is observed for profiles 19.25 and
28.0, and a landward retreat for the central profiles. However, the most significant changes occur in
the upper part of the profile (>-5.5m+NAP), much of which lies above the shoreline.

The figure also shows that the shoreline is well reproduced by both the coupled model and ShorelineS.
In the coupled model, this is achieved through substantial volume erosion above the waterline in the
case of a retreating coast, and substantial accretion above the waterline for a prograding coast. This
is because the coastal profile tends to adjust toward an equilibrium shape, which is steeper near the
dunes and flatter at the beach. However, the simulated subaerial volume gains and losses appear
much larger than the changes observed in the measurements.

Lower in the profile, around the shoreface, a progradational trend is visible for the transects in the cen-
tral zone. Here, the shoreface simulated by the coupled model gains substantial volume, while in the
JarKus data the shoreface remains relatively stable or even erodes. This distinction is also noticeable
in Figure 7.4. Therefore, changes in the outer sandbar are not always accurately captured. Neverthe-
less, due to the alongshore-varying profile implemented in simulation SC5, a reasonably accurate fit is
observed in the lower shoreface region (<-10 m+NAP), which is not the case for ShorelineS.

Because ShorelineS assumes an alongshore-uniform profile, at certain locations along the Hondsboss-
che Dunes, the lower shoreface (<-10 m+NAP) cannot be accurately reproduced. This is evident in
transects 19.25 to 25.12, where a substantial mismatch occurs between 600 m and 1000 m offshore
when compared to the Jarkus profiles, whereas transect 28.0 shows a good match. This emphasizes
the strongly varying profile shapes at this site. Additionally, the volumes associated with shoreface
changes do not always appear to be consistent. The shoreface does not simply scale with the posi-
tion of the shoreline, but instead becomes steeper, flatter, higher, or lower, indicating a more complex
adjustment than a simple translational movement.

Despite this, the growing and eroding patterns of the surf zone volumes in ShorelineS, as seen in Figure
7.4, show a similar shape to those in the Jarkus data. From Figure 7.11, it appears that in this zone, the
Jarkus profiles indeed exhibit a largely translational movement over the years, directly proportional with
the shifting shoreline. This pattern closely resembles the displacement applied in ShorelineS, resulting
in a good match in this region.
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Discussion

In this chapter, we discuss the performance, added value, and limitations of the ShorelineS and Shore-
lineS+Crocodile models. The focus is on evaluating ShorelineS and the coupled model, with special
attention given to their behavior in the case study of the Hondsbossche Dunes. The results are inter-
preted in relation to the model setup, site-specific conditions, and the underlying model assumptions.

8.1. ShorelineS Performance and Limitations

ShorelineS Calibration and Shoreline Simulation

ShorelineS is a model that simulates the shoreline. The representation of the shoreline is very accurate,
especially during the first 4 to 5 years. In 2019, the model had an average error of only 25 meters,
compared to 40 meters for SC5. Although this shoreline is accurate, the ShorelineS model used a
volume-based calibration approach with measurements up to 2020. This approach sustains a more
robust model situation, as the shoreline might give an unrealistic image of the actual profile. Despite
this volume calibration of ShorelineS, the total volume results of Figure 7.1 are not always very well
represented, for example, from 2018 to 2020 (Figure 7.1). A reason for this might be that the volume
definition used in the comparison with the coupled model (see Ch.4.2) is different from the definition
used in the calibration.

For this study, the simulation period was extended by 4 years. In the years following 2020, the error
increased to nearly 75 meters by 2024, which is three times as much than over the first 5 years in
shoreline change error. A new calibration for the year 2024 would likely have improved the performance
of the ShorelineS results on all coastal indicators.

During these remaining 4 years, four new maintenance nourishments were carried out in addition to the
beach nourishment of 2018. This included two beach nourishments and two shoreface nourishments,
see Table 5.1. In total, approximately 2.5 Mm? of sand were added to the coast. Such a sequence
of maintenance interventions can also negatively affect the model results if successive nourishment
activity are not accounted for in the calibration. In addition, the empirical formulation and underlying
assumptions in the nourishment module are rather simplified, meaning that more nourishments induce
higher uncertainty.

Previous research has shown that the inclusion of the dune module significantly improves the shoreline
predictions [71]. This research demonstrates that the simulation of the dunefoot allows for a reliable
global estimate of beach width. The results show that ShorelineS can simulate beach width over the
first 7 years with a stable average error of around 50 meters.

ShorelineS Subaerial Simulation

For one-line models, volume estimates are entirely dependent on the shoreline development. Limita-
tions become apparent when changes in shoreline position do not correspond proportionally to volume
changes at certain depths, which becomes evident at the shoreface. The alongshore shoreline change
shape (Figure 7.4 (right)) shows that up to 2018 there is little similarity to the shoreface evolution shape
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of the JarKus data; the shoreface gradually erodes in similar magnitude and direction alongshore (be-
tween 0 and -250 m?3/m), but ShorelineS shows high alongshore variation at for example RSP 26.0
(erosion up to -500 m?/m) and RSP 28.0 (accretion up to 250 m?/m).

This also applies to evolution of shoreface contour lines in the erosive middle section. A mega-nourishment
is often constructed with a steeper slope than its equilibrium state, which can cause sediment to move
towards deeper waters in the initial years [10, 69]. This can result in an outbuilding trend. In line with
the shoreline retreat at this section, one-line models will always show a landward trend here, leading

to a consistent error between 30 and 80m for transects RSP 25.0, 23.27, and 20.71 in 2024 (Figure
7.10).

So further offshore, ShorelineS shows to be limited in representing coastal evolution at locations where
morphological activity is lower; it has a deceased correlation to the shoreline evolution moving offshore
(Ch.5.3).

8.2. Coupled Model Performance, Added Value and Limitations

8.2.1. Model Instabilities

Instabilities due to Horizontal Gradients

As mentioned in Ch.7.1.1, several Crocodile profiles at JarKus transects were deliberately left out of
the coupled simulations in advance. Despite these precautionary measures, not all instabilities were
solved. Several strategies have been implemented to overcome the instabilities. For example, halving
the numerical timestep to 0.5 day, but it did not stabilize the simulation output. Similarly, adjustments to
the grid smoothing coefficient did not reduce instability. Lower smoothing provides more detail in some
locations but also leads to more extreme outliers in the results. Higher smoothing worsens performance
without improving stability.

To investigate the cause of the instabilities in more depth, the drivers behind the profile changes were
examined. Equation 3.2 contains several terms, each contributing differently to the profile adaptation.
Figure 8.1 shows the temporal evolution of the diffusion term (b) (purple striped) and erosion term (c)
(orange striped), who are the most important contributors. The diffusion term drives adaptation toward

the equilibrium profile, and the erosion term accounts for the longshore transport. The diffusion term
contains a gradient component, %, which represents the difference between the slope from two

points in the cross-shore direction (dx) of the initial profile relative to the equilibrium profile (red).

The instability is likely related to a large difference in the slope between the initial profile (blue) and the
equilibrium profile (black striped). The initial profile attempts to evolve toward the equilibrium profile,
but if they cannot get to a similar slope due to large profile differences and activity restrictions by the
depth-dependent diffusion coefficient (Figure 3.2), a persistent gradient arises that increases over time.
This causes local amplifications in profile change, leading to the development of wiggles. These are
then translated into larger gradient differences, which in turn exacerbate the instability and result in
extreme values.

When such an unstable profile is compared to a transect location with a stable profile, it becomes visible
that the equilibrium profile of the unstable case is not correctly configured; the equilibrium profile lies
too low and becomes horizontal (-200m in Figure 8.1). This is likely due to the translation from the
equilibrium grid to the dynamic equilibrium profile at a selected transect location during the simulation
process. The reason for this is still unclear. This suggests that there is room for improvement to find
the issue in the translational process to achieve more stable results.
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Figure 8.1: Error evolution of unstability at transect RSP 26.29. The plot shows the changing initial (blue) and equilibrium
(black dashed) profile. The gradient (red) is the driver for the diffusion term (purple), and the momentary erosion term is shown
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steeper, because beyond -200m the profile is not able to adapt to the equilibrium profile. This is due to the poorly defined
equilibrium profile beyond -200m in combination with a height depended activity diffusion term.

Instabilities due to Model Set-up

Besides SC5, all other simulation runs that used different model inputs and configuration settings, en-
countered more severe instabilities. These showed to remain stable for a shorter period and generally
yield less extreme results. The most stable simulation is SC5, which contains a curved equilibrium
grid, an alongshore-varying equilibrium profile, and a dynamic equilibrium. For a given Crocodile pro-
file in a simulation with all these added components, the equilibrium profile is situated closest to the
initial profile. The horizontal distance between the initial and equilibrium profile decreases for every
component taken into account for the simulation. This distance matters, as the initial profile aims to
vertically match the slope of the equilibrium profile (Ch. 3.3). So, the larger the horizontal distance,
the greater the slope difference, the greater and faster the profile adjustments become. Excessive
slope differences may trigger instabilities by initiating extreme profile developments, as was already
mentioned above. This again highlights the importance of the equilibrium profile, which derives from
the equilibrium grid. Thus, it matters how the equilibrium grid set-up is defined for stability likelihood.

As mentioned, the first three years still showed stable model output for almost all simulations. Also,
quite some transects of the SC5 run kept a stable simulation performance over the complete nine-
years, like the profiles discussed in 7.3. However, some transect locations proved to be sensitive when
a Crocodile profile was defined, also affecting nearby transects. As a precaution, no crocodile profile
has been defined at these locations (see discontinuous lines in Figure 7.1). The shoreline displacement
at these locations is based on linear interpolation of nearby grid points. Therefore, the discussion below
will be based on the results of these stable time ranges and transects.

8.2.2. Model Performance
Performance of SC5 Simulation
In the stable areas, the coupled model SC5 does show improvements in the model performance relative
to ShorelineS. The SC5 model configuration consists of a curved and alongshore varying equilibrium
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grid, and a dynamic equilibrium grid. Its improved performance is mainly notable for the (total) volumet-
ric evolution, subaqueous depth contours, and profile development for the first five stable years.

From the results in Chapter 7, it is mentioned that, in the erosive center zone (RSP 20.42-25.82), the
SC5 simulation more than doubled the accuracy relative to the SO simulation in 2019. Figure 7.2 then
averaged the volumetric changes in groups for similar different coastal zones, and illustrated that its
evolution over time indicates similar results. The SC5 simulation follows similar patterns to the JarKus
data; for the center zones, a faster retreat in the initial years, but thereafter it stabilizes a bit more. SO
shows a faster retreat in the initial years; however, the SO simulation, including the dunes and beach,
has a similar erosion rate. This may support the idea from the Dean Ratio that, during the initial years,
cross-shore dominance is not clearly present.

Also, the profile and offshore contour development show more realistic behavior with SC5. This mainly
comes clear at depths where the morphological activity is lower, for example, near the shoreface, where
at least an independent trend is shown from the shoreline movements.

Although some promising model output, the coupled model is not recalibrated for the inclusion of
Crocodile. It just enhanced the calibrated model set-up of ShorelineS. This suggests that there might
be some extra room for improvement. However, changing ShorelineS parameters like, for example,
the g-scale parameter (Ch.3.2) only scales the longshore transport flux, but does not influence the
evolution trend.

Comparison Definition of Models
Despite the apparent improvement in terms of volumetric change, it is important to add a critical note
regarding the definition of the comparison as presented in the results.

The comparison of the simulations presents a complicated picture of reality. The shoreline change
represented in ShorelineS primarily reflects underwater changes, since the volume calculation is based
on shoreline position change multiplied by the Depth of Closure (DoC). In SC5 and the other coupled
models, this is more complex. Changes can occur in the coastal profile between the DoC and +5 m
above NAP, due to the diffusion coefficient in Crocodile, which governs the cross-shore redistribution
of the longshore sediment flux and the adjustment of the profile toward its equilibrium.

In the results analysis, volume changes in the dune and beach were not included for either model.
These would originate and calculated from dune interactions in the dune module—specifically, dune
erosion (via wave run-up) and dune growth (via aeolian transport).

However, it is reasonable to assume that subaerial volume changes in SC5 would influence dune and
beach erosion or growth. At this stage, the coupled model has not yet been developed to the extent that
such feedback is integrated into the dune module functionality within ShorelineS. If additional beach and
dune volume changes from the dune module had been included for both ShorelineS and the coupled
model in the results analysis, this would have led to the coupled model accounting for multiple times the
amount of subaerial change. This would provide a very unrealistic image of the subaerial dynamics.

This comparison would in any case result in a skewed comparison in the results analysis, at this stage.
This highlights that the plots alone do not tell the full story. Nevertheless, they do indicate that in the
ShorelineS configuration has a consistently too strong erosive behavior in the central sections (Figure
7.2). Here, at least interaction with the beach and dunes show that this overestimate is counteracted
and show more realistic changes over time at some places. However, the influence of dune module
also shows that it is not yet in the right portion. Further it can be concluded is that simulation SC5
provides a promising approach in reproducing the temporal distribution of coastal changes.

Performance Improvements

The simulation SCO with a basic straight spatial varying equilibrium grid definition significantly overes-
timates shoreline retreat, with an average error of more than 100 meters after just three years. This
highly erosive coastline results in a reduction in dry beach width, which impacts dune growth within
the dune module. Since both the shoreline and dunefoot retreated, the beach width is still represented
relatively well. This strong shoreline retreat erodes a significant amount of volume above the water-
line. Meanwhile, the model seems to compensate for total volume balance by strongly underestimating
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erosion in the surf zone and shoreface. In fact, the shoreface even shows accretion in these simula-
tions. So, the total volume change of this simulation looks decent at first sight, but in reality, the volume
change is unrealistically distributed over the profile. So it is necessary to analyse the building blocks
of the coastal indicators.

The results demonstrate that by adapting the equilibrium coastline shape of the equilibrium grid from
straight to a curved body, the performance is significantly improved. This improvement is visible in the
shoreline and dunefoot representation, as well as in the various vertical volume layers. This improve-
ment becomes especially evident in the central section of the HBD where the difference in horizontal
distance between the initial and equilibrium profile of the straight grid (SC0 & SC1) and curved equilib-
rium grid (SC2 & SC3, SC4 & SC5) is the greatest (RSP 23.0, see Figure 6.5).

A further improvement is gained when the curved grid includes an alongshore-varying equilibrium profile
(SC4 & SC5). Especially in the three central zones, these simulations show smaller error growth for all
coastal indicators. Interestingly, in the southern part where the equilibrium profiles for both grids are
equal, the results are similar. But once the equilibrium profile begins to vary alongshore (from RSP
26.0 northward), this new grid configuration performs better.

The same applies to the use of a dynamic equilibrium. In all simulations, the use of dynamic equilibrium
improves results compared to the static case. Several elements were activated to define a dynamic
equilibrium. Itis expected that the most significant adjustments come from the seaward shift caused by
the additional volume of the mega-nourishment placed on top of the static profile. This further reduces
the horizontal distance between the equilibrium grid and the initial profile in the central part of the HBD.
As a result, simulation SC5 shows a realistic shoreline evolution.

The results indicate that adding different equilibrium components can greatly improve the model output.
The average profile error in shoreline position, for example, was reduced from 100 meters after the first
three years (simulation SC0) to only 25 meters (simulation SC5). In addition to the inclusion of dynamic
equilibrium and the alongshore varying profile, the definition of the equilibrium coastline shape itself
turned out to be a key factor.

Interestingly, volume changes over the stable first three years are quite similar across all coupled model
simulations. This is remarkable, considering the above-mentioned major differences in the other indica-
tors: the shoreline position, shoreface volume, surfzone volume, and subaerial volume changes. The
modeled output results of subaerial vertical volume layers (Figure 7.4) suggest that simulations with
greater shoreline retreat lead to increasing errors between the modeled and observed volume changes
in the surf zone and shoreface (<0 m+NAP). At the same time, greater shoreline retreat results in larger
erosion above the waterline. These subaerial and subaqueous volume changes seem to balance each
other, resulting in a relatively accurate total volume. Poorly represented volumes influence the perfor-
mance of other indicators, like depth contours, with for example extreme accretion at the shoreface,
while in reality, the shoreface is eroding.

It is also possible that the cross-shore diffusion coefficient of Crocodile distributes volume changes
too far above the waterline. If the volume changes were more evenly distributed across the profile,
changes below the waterline might become more realistic. Additionally, Crocodile only updates the
shoreline but does not affect or use the dunefoot position as computed by ShorelineS. Since Crocodile
is capable of simulating erosion and deposition above the waterline by run-up, it would be interesting if
these volumes could be translated into changes into the dune module of ShorelineS. If the deposition
and erosion above the waterline could be brought to realistic proportions, this could offer added value
for the coupled model. Such as improving shoreline representation and allowing for good beach width
results.

8.3. Modelling ShorelineS+Crocodile at the Hondsbossche Dunes

The Hondsbossche Dunes Case Study

The mega nourishment of the Hondsbossche Dunes was used as a case study, because an existing
ShorelineS model was available. In addition, sufficient JarKus measurements were available to form a
solid comparison for the simulations. The HBD also cover a large spatial scale, which makes it a good
case for fast, equilibrium-based models to be applied effectively. Furthermore, it shows cross-shore
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adaptation and volumetric trends that are not everywhere perfectly correlated with shoreline changes.

What makes this a challenging location for equilibrium models is its history with the old sea dike and
the groynes on the northern side. The equilibrium profile south of the HBD is located at a more natural
beach, where the coast can freely develop towards its equilibrium. Very different is the northern coast,
where groynes constrain the cross-shore profile. Here, a nearshore shallow area exists, while in the
south, the profile slopes more gradually into deeper water. The offshore bar dynamics are also behaving
differently, north and south of the HBD. Before the construction of the HBD, these two coasts were
separated by the presence of the old sea dike (see Chapter 5). Modelling this large project site brings
together two very different coastal systems, which makes it complex to define a correct equilibrium grid.
In addition, the combination of these contrasting systems and the significant change of the coastline
position by the nourishment makes it even more complex to define a representative equilibrium grid.

What further complicates modelling the cross-shore contourlines and volumetric trends is the offshore
sand bar evolution observed at the HBD. These bars have shown significant movement between 2015
and 2024 (Figure 5.2). The cross-shore sediment distribution in Crocodile does not capture the dynam-
ics of such bar systems because this model operates on a long-term equilibrium basis. This makes
predicting specific contour locations difficult in cross-shore areas with short morphodynamic timescales
(e.g. surfzone). But even the movement of the more stable, outermost offshore bar shows complex
behavior, as a result of which the shoreface contourlines are not always correctly captured by Crocodile
(Figure 7.10). The movement of these offshore bars remains somewhat unpredictable and is also be-
yond the scope of this study, but still influences the model performance. However, what Crocodile does
show well is that shoreface contour movement does not necessarily coincide with shoreline movement.
Although Figure 7.10 shows that the shoreface contour evolution is not always accurate, its correlation
with the shoreline change is lower than that of ShorelineS.

The results also show that the dune module overpredicts dune growth at the HBD. This is important,
as it affects the representation of the beach width. A possible explanation is that the dune module only
defines dune growth by seaward expansion, whereas in reality, dunes can also grow vertically. In Figure
7.10, it can be seen that in transects RSP 25.0 and 23.17 dune growth is overestimated, represented
by dunefoot extension. But from Figure 7.11, it is clear from the JarKus data that in these locations the
dunes mainly grow in height. This confirms a limitation of the current dune module.

In general, the coupled model distinguishes itself from a one-line model when significant profile redistri-
bution is necessary to adhere to the equilibrium profile slope. As mentioned earlier in Chapter 5.3 and
?7?, the significant cross-shore dominance in the initial years at the HBD has been less pronounced or
has not been captured by the data. The slope steepness at the HBD quickly adjusted within a year to
match that of the adjacent coasts. In this period, the coupled model could have been most meaningful.
However, not enough data was available to model this period. In the following years, this may indicate
a growing potential for applying one-line shoreline models at the HBD site. In the face of sea level rise,
nourishment maintenance is required more often. This means that the coastal profile is brought out of
its equilibrium more often. This favors the potential of the coupled model.

Alongshore Volumetric Asymmetry

From the JarKus data, it appears that the northern part of the Hondsbossche Dunes experienced more
accretion than the southern part. Both models, ShorelineS and the coupled model, simulate a relatively
equal distribution between north and south. As a result, they overestimate accretion in the south and
underestimate it in the north. This becomes apparent at the results for the volumetric change. Several
reasons could explain this mismatch with the data. First, as discussed before, the volume results of the
simulations (especially ShorelineS) do not include volumetric changes composed by the dunemodule.
However, Figure 5.4 of the Data Analysis shows that the dunegrowth is most significant in the north.
This could partially solve this issue as Figure 7.2 illustrates that the inclusion of dune and beach volume
in ShorelineS provides a quite precise hindcast in the north, but in other areas this accuracy is lacking.

Secondly, the effect of tidal currents is not included in the models, but only tidal water level variation is
defined. Along the Dutch coast, the tidal wave moves northward. In relatively shallow water, such as
the North Sea, a tidal wave can change shape, creating an unequal rise and fall in the tide. This leads
to differences in the duration and strength of flood and ebb currents. This phenomenon of tidal asym-
metry could, in the case of a flood-dominant current, lead to additional northward sediment transport.
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ShorelineS has the option to include these tidal currents.

Furthermore, itis possible that due to the planform and bathymetric changes since the mega-nourishment
implementation, the northern side has become more sheltered from wave energy. Although the wave
climate is defined at many locations along the North Holland coast, the shallow zone in front of the
northern HBD may have been less accurately captured in the model underlying the wave transforma-
tion table, which provided the input wave data for the simulations. Another possibility is the impact
of shoreline curvature on longshore transport. The construction of the HBD introduced a significant
change in the coastline, which was not included in the wave transformation model. The curvature of
the coastline can locally affect the shoaling and refraction of the incoming waves. The angle at which
a wave breaks at the shore determines the magnitude and direction of longshore transport.

Modelling Long-term Predictions

The simulations showcased at the HBD only ranged over a nine-year period. The models in this re-
search, however, are intended to contribute to long-term predictions; the added value of these models
lies in their ability to describe coastal evolution at a relatively low computational expense. To simulate
long-term maintenance scenarios for different sea level rise scenarios, both models incorporated a sea
level rise approach based on the principles of the Bruun coastal retreat rule [72]. Here, the equilibrium
profile moves vertically due to the change in sea level, and is shifted landwards to balance the total vol-
ume. Crocodile is able to adjust the complete profile towards this changing equilibrium, but ShorelineS
only indicates the shoreline retreat.

Long-term predictions involve several complications. One of these is the definition of the future wave
climate. Since no measured wave data from the future exists, different approaches should be taken.
For example, a wave climate can be constructed based on historical data, from which a randomly
generated time series can be derived.

A second complication is how future nourishment projects will need to be defined. This is challenging,
as nourishments implementations do not follow a fixed location or time interval. One possible approach
is to study the average lifespan of nourishments along the North Holland coast and use this to define
a fixed interval frequency. However, with rising sea levels, it is expected that nourishments will need to
become more frequent and of larger volume [7], further complicating this approach. A more complex
alternative could be to incorporate TKL assessment within the model. When the MKL drops below the
critical coastal foundation level (BKL), a new nourishment is implemented. Its corresponding volume
could, for example, increase or decrease based on a the interval of the previous nourishment.

A third complication for long-term studies involves the definition of the equilibrium profile and the model
grid. In this study, equilibrium profiles are based on 50 years of historical data, but when making
predictions over a 100-year timescale, this introduces growing uncertainty. However, before being able
to make such future predictions, the stability of Crocodile as a module in ShorelineS should be fixed.
Without improvements, the reliability of the results will be highly uncertain.



Conclusions and Recommendations

This chapter summarizes the research and presents the conclusions. First, the sub-questions are
answered, followed by the main research question. The key findings of the study are then outlined,
and the practical implications are discussed. The limitations encountered during the research are also
addressed, leading to several recommendations for future research or development.

9.1. Answering Research Questions

9.1.1. Sub research questions
Question 1: "How did the measured coastal state indicators evolve after the implementation of the
mega-nourishment?”

The coastal evolution at the HBD showed a clear structural spatial morphological trend. In the central
zone, in front of the formal seadike, strong erosion trends were visible. The volume changed with an
average loss of over 500 m?/m over the nine-year period, with the strongest losses happening in the
initial years. The shoreline retreated about 100m on average. At the same time, the northern and south-
ern areas appeared to show accretion. The north gained significantly more volume (up to almost 2000
m?3/m) than the south, and also protruded forward. The south, however, started extending seaward,
but eventually showed a coastline retreat relative to 2015. The dunes grow at an average steady rate
between 20-50 m?/m /y, independently of the shoreline and subaqueous volumetric changes.

Clear correlations were found between the shoreline change and the volumetric change, especially
the surfzone scaled well with the shoreline (r? = 0.90). However, the shoreface and dune volume
changes show a (much) smaller correlation to the shoreline (rgf = 0.65 & r%,,. = 0.27), highlighting
the importance of cross-shore redistribution during the post-nourishment adaptation period.

Question 2: "How well does ShorelineS simulate the evolution of the coastal state indicators at the
Hondsbossche Dunes?”

ShorelineS effectively simulates indicators of shoreline change and beach width during the first five
years following the mega-nourishment implementation, achieving robust and efficient performance. In
2019, the average absolute shoreline error was only 25 meters. However, performance decreased in
the following years, with errors reaching up to 75 meters by 2024. A new calibration including these
years would have improved the performance.

This lack of performance over the four-year period could also have been influenced by a series of
maintenance nourishments if it is not calibrated for. On the other hand, it is acceptable for a prediction
model to yield less accurate results over a forecast period.

The model reproduces beach width with reasonable accuracy, as it simulates beach width over the first
7 years with a stable error of around 50 meters. This performance is partly due to the dune module’s
good representation of the dune foot. However, the dune module is limited to simulating horizontal
dune growth and does not account for vertical growth. This limitation makes an impact particularly in
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the central zone of the HBD, resulting in an overestimation of the dunefoot position and, consequently,
a slight error in the beach width compared to the measurements for that area.

ShorelineS does not simulate depth-dependent processes. The model relies on a one-line formula-
tion, which affects its ability to produce realistic results regarding morphological responses across
various depths for both volumetric changes and contour lines. This limitation is especially apparent
in the shoreface results. In the central zones of the HBD, sediment is redistributed to deeper areas
that ShorelineS is unable to account for, especially in the initial years when the cross-shore profile is
adapting towards an equilibrium slope. A significant improvement is gained when dune and beach vol-
umes are added to the temporal evolution of the total volume definition for ShorelineS. However, the
remaining gap also indicates that additional subaqueous depth-dependent processes are still missing.

Question 3: "How well does the coupled model simulate the evolution of the coastal state indicators
and cross-shore bathymetric change at the Hondsbossche Dunes?”

The SC5 simulation is the best-performing simulation run of the coupled model. Despite that, it still
contains instabilities at numerous transects. The instability stems from a growing gradient in the dis-
persion term in the Crocodile formulation, which is caused by a poorly translated equilibrium profile
from the grid to the transect. Therefore, the model output is not entirely reliable and can be used only
on a limited set of output results. The instabilities indicate that the coupled model is not yet a stable
and robust solution for predicting future coastal evolution.

However, for the remaining results of the transects and periods that are stable, SC5 does show a very
accurate representation of the volumetric changes, spatially and temporally. After 4 years, an error of
less than 250 m/m? was present.

The model can also account for sediment deposition and erosion below and above the waterline due
to its depth-dependent diffusion coefficient. In contrast to the precision of the total volume changes,
this cross-shore redistribution seems to be disproportionate to the JarKus data. It underestimates
subaqueous volumetric changes in erosive zones, particularly for simulations involving large coastal
retreat. Additionally, the volumes above the waterline have not yet been translated into the dunefoot
change, which limits the improvement of the beach width simulation.

The beach width is well represented in simulation SC5 with an error of less than 50 meters after 7
years. The coupled model underpredicts the absolute beach width slightly, primarily due to the small
overprediction of shoreline retreat in the central section. However, in general, this shoreline evolution
exhibits a consistent error.

The results also showed that the model can disconnect the shoreline progression from the evolution of
other depth contours. Although the contour position is not always simulated correctly, for example, at
the highly dynamic offshore sandbar system, the direction and magnitude of the development are often
reasonable. Furthermore, the addition of Crocodile profiles provides valuable extra information on how
the bathymetry evolves.

The SC5 simulation comprises a model configuration featuring elements of dynamic equilibrium, a
curved equilibrium grid, and an alongshore varying equilibrium profile. With the addition of the men-
tioned elements, the simulation showed great improvements compared to the other runs.

The different simulation settings demonstrate that the distance between the initial profile and equilibrium
is crucial. In simulations where a simple straight equilibrium profile was initially applied, shoreline retreat
was significantly overestimated (errors exceeding 100 m after 3 years), resulting in unrealistic beach
erosion and sediment accumulation below the shoreline. The error for the shoreline has been reduced
from 100 meters in the first three years (SCO) to only 25 meters (SC5). Besides model improvement,
the SC5 simulation also stayed stable for the longest period.

9.1.2. Main research Question

Main Research Question: “To what extent does the coupling of ShorelineS with Crocodile improve the
simulation of coastal state indicators’ evolution at the Hondsbossche Dunes under present sea-level
conditions, and provide additional information on bathymetric cross-shore evolution?”

The coupling of ShorelineS with Crocodile has a good potential to improve the simulation of the evolution
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of several coastal state indicators in the case of a dynamic equilibrium, and curved and alongshore
varying profile. However, the stand-alone ShorelineS model yields better results on indicators such as
shoreline position and beach width. Additionally, it demonstrates that at the moment, the ShorelineS
model also provides a more robust and computationally efficient estimate of the coastal indicators in
general, as the coupled model struggles with significant instabilities. These instabilities stem from the
poor mapping of the equilibrium grid to individual transect levels, which affects the stability of the initial
profile evolution through the gradient in the diffusion term.

In the parts where the SC5 model is stable, its performance stands out in terms of volumetric change
and the evolution of shoreface contours. It also introduces a new feature that simulates an updated
profile at every time step, formed by depth-dependent processes. Its volumetric improvements are most
visible in the RMS error, which, after 3 years of simulation, halves the error obtained in the ShorelineS
output.

The coupled model has been shown to be sensitive to the choice of equilibrium grids and settings.
It suffers from increasing instabilities when using a static equilibrium or an insufficiently fitted along-
shore equilibrium shoreline shape (simulation SC0). The inclusion of a dynamic equilibrium and an
alongshore curved equilibrium grid demonstrates that great improvements are possible.

Its comparison to ShorelineS has turned out to be complicated, as the definition of the volume for
ShorelineS and the coupled model is not directly similar. The coupled model is able to mimic the
redistribution of sediment above the waterline as its depth-dependent diffusion coefficient accounts for
wave influence in subaerial area. When the S0 simulation is plotted with the inclusion of beach and dune
volume, the ShorelineS model shows its ability to follow the volume evolution of the measurements,
which partly bridges the gap to SC5. From the analysis, it is also noted that the cross-shore dominance
was limited in the initial years or not captured by the data, which reduces the benefit of the coupled
model.

In conclusion, it is difficult to determine the extent to which SC5 has improved the simulation of coastal
indicators. This is mainly because of the comparison definition issue mentioned earlier. However,
the coupled model shows great potential in its volumetric evolution and offshore profile development.
Despite the potential demonstrated, further model improvements and development are required to
enhance spatial and temporal stability. This is necessary to make long-term predictions and contribute
to future coastal maintenance strategies in the face of rising sea levels.

9.2. Key Findings

The key findings of this research are:

» ShorelineS is most accurate for reproducing shoreline evolution and beach width over a nine-year
period at the Hondsbossche Dunes.

» The ShorelineS simulation has a good expression for the volume of the JarKus data when it
includes beach and dune volume, but making a fair comparison with SC5 is difficult.

» The ShorelineS model simulation confirms findings from the data analyses that offshore contour
behavior is not well-correlated with the shoreline evolution.

» Despite numerous improvements, the coupled model still experiences significant instabilities within
the first five years of simulation, and permanently at certain transects.

With the depth-dependent cross-shore diffusion coefficient, the Crocodile module adds a phys-
ically more realistic representation of coastal indicators and shows potential to simulate profile
bathymetry development.

Provided a proper model configuration (SC5), the coupled model can perform better and locally
provide a more detailed representation of the total volumetric change than ShorelineS for at least
the stable first 4 years. However, the magnitude of cross-shore redistribution still overpredicts
both erosional and accretional interactions with subaerial areas at different transects.

* In two-dimensional equilibrium-based models, not only the cross-shore equilibrium profile but also
the alongshore equilibrium shape plays a crucial role. The performance of the coupled model
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is sensitive to the alongshore variation in the equilibrium profile, the initial deviation from this
equilibrium, and the dynamic processes incorporated into the equilibrium definition.

9.3. Scientific and Practical Implications

The scientific implication from this research is that the cross-shore distribution technique shows promis-
ing results in better representing certain coastal indicators. It also offers insight into how coastal profiles
move toward their equilibrium, while remaining relatively computationally efficient. The study also high-
lights areas where improvements are necessary.

Looking ahead, a more developed coupled model could support future coastal maintenance strategies
by enabling the prediction of coastal behavior over decades and at larger spatial scales. However, first,
complications in the model stability should be solved.

9.4. Limitations
The most important limitations to this research are:

+ Tidal currents and asymmetry are not explicitly included, but have the potential to improve the
northward transport influences.

* In the analysis of the results, the beach and dune volume are not assessed due to comparison
complications with the cross-shore distribution of the coupled model to subaerial locations. This
is then not included in the dunefoot development, making it difficult to compare one and another
with ShorelineS subaerial volume changes.

» The dune module in ShorelineS does not account for vertical dune growth, possibly leading to
overestimations in horizontal expansion.

» The models simulate nourishments by evenly distributing the added volume over the cross-shore
profile, while in reality this is more location specific.

The coupled model encounters model instabilities at some transects within five years of simulation.
Also, at some locations, Crocodile profiles were deliberately not defined because their location
has shown to be sensitive to instabilities as well. Therefore, not every year and transect of the
HBD was assessed in the comparison study.

In this study, only JarKus data is used. Therefore, insightful information in the initial year(s) is
missing. In the first year, all profile slopes were adjusted to the adjacent coast. In this first period
the coupled model was expected to distinguish itself the most from a one-line model.

» Before making long-term predictions, additional complications should be bridged related to future
coastal condition settings. Examples of these limitations are timeseries of hydraulic conditions,
an equilibrium profile definition, and a nourishment maintenance input list

9.5. Recommendations for Future Research

Based on the outcomes and limitations of this research, several recommendations are proposed for
future studies.

First, further investigation into the instabilities of the cross-shore profile module is necessary, as men-
tioned in the discussion. Addressing these issues would not only improve the model’s robustness
but also enable reliable long-term simulations. This is crucial when assessing future coastal evolution
scenarios.

Additionally, it might be beneficial to improve Crocodile’s cross-shore diffusion formulation to more
realistically distribute sediment for subaerial and subaqueous volume changes. In doing so, it is also
worth considering how changes in upper beach volume could be added or translated into dunefoot
dynamics. This could enhance the physical representation of the model.

When revisiting the Hondsbossche Dunes as a case study, it is recommended to develop a tidal current
input file by calibrating the dominant tidal constituents using water level measurements. Incorporating
tidal asymmetry may potentially enhance the accuracy of alongshore sediment distribution results in
both models.
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If a new study continues research at the HBD using a coupled model, it is recommended to acquire
additional measurement datasets to fully leverage the model’s strengths in the years following a nour-
ishment, when increased cross-shore activity is expected. Furthermore, it might be useful to calibrate
ShorelineS also on the last 4 years, as in this period four nourishments have been carried out. In the
current calibration period of 5 years there was only a single additional nourishment. This makes the
model more resilient to volumetric additions.

Another potential improvement lies in expanding the representation of dune dynamics. This could be
achieved by integrating a new dune module that allows for vertical growth or by coupling existing mod-
ules with external aeolian transport models. Such additions would provide a more complete simulation
of coastal evolution.

Furthermore, analyzing how the beach slope evolves over time could yield insights into the coastal sys-
tem’s response to large-scale sandy interventions. Comparing the evolving beach profile to adjacent,
stable profiles may help determine whether the system is approaching an equilibrium state. Unlike one-
line models, a coupled model can simulate such cross-shore developments. An interesting extension
of Crocodile would be to ensure that it accurately simulates profile steepness as well. Although it might
require some physical processes, it would provide new and helpful information for researchers.

Finally, regarding nourishment implementation in simulations, during this study, historical nourishments
were incorporated into ShorelineS via simplified input files. These were modeled as uniformly dis-
tributed line segments across the profile, while in reality, nourishments are localized in the cross-shore
direction. Research with the standalone Crocodile model offers a significant advantage in location-
specific simulation of nourishments, even when subsequent nourishments have not yet fully adjusted
to their equilibrium profiles. However, in the current coupled model, nourishments are still implemented
through ShorelineS. Therefore, it is recommended to enable the direct implementation of nourishments
through Crocodile within the coupled framework. Doing so would unlock the full potential of Crocodile
and improve the physical nature of nourishment simulations.
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Appendix A: Coastal Indicator Plots

This appendix shows the figures following the model results in their completeness for the years 2015
to 2024, for all simulations: S0, SC1, SC2, SC3, SC4, SC5.
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A.3. Shoreface Volume Change
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A5. Dunefoot Change
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Figure A.7: Model output results are reworked to demonstrate the ratio of nourished profile volume change against the
planform retreat (one-line principle). The five subplots indicate the different coastal zones. Simulation SC5 shows a relatively
similar trend as the JarKus data. Shorelines SO remains constant at y=1, as was expected since its volume change is similar to
the planform retreat definition (shoreline change times active height).
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