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What distinguishes a mathematical model from, say, a poem, a song, a portrait or
any other kind of "model", is that the mathematical model is an image or picture of
reality painted with logical symbols instead of with words, sounds or watercolors.
John L. Casti

The purpose of models is not to fit the data but to sharpen the questions.
Samuel Karlin
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Abstract

Wave Input reduction methods combining numerical modelling &
Artificial Intelligence for the prediction of the annual coastal bed
morphological evolution

by Andreas Papadimitriou

National Technical University of Athens
School of Civil Engineering
Department of Water Resources and Environmental Engineering
Laboratory of Harbour Works

The numerical prediction of coastal bed evolution has been at the forefront of coastal
engineering research for several decades. Even though numerical models are capable
of resolving in great detail the coastal processes driving the morphological bed evolution,
they are associated with staggering computational burden, rendering a long-term
prediction a tedious task. The burden further increases considering the vast amount of
input wave characteristics that are used to force the models. To counterbalance this,
various wave input reduction methods have been developed and employed in coastal
engineering practice.

Despite their widespread usage, a need to further accelerate the morphological
simulations, while simultaneously improving the reliability of the wave input reduction
methods was identified. This thesis undertakes a systematic effort to thoroughly evaluate
various types of wave input reduction methods and provide practical guidelines on the
optimal method selection and configuration.

Two new wave binning wave input reduction methods were conceptualized and
implemented in the coastal area of Rethymno, in Greece. These methods focus on the
elimination of sea-states considered unable to initiate sediment motion, effectively
reducing the length of the forcing timeseries. The newly developed methods produced
reliable results compared to the widely used energy flux input reduction method but also
achieved a significant model run time reduction of up to 62%, compared to a brute force
simulation containing the full forcing timeseries.

Additionally, the K-Means clustering algorithm was thoroughly evaluated as a viable
alternative to the classical binning input reduction methods and several enhancements
were proposed aiming to overturn the unsupervised nature of the clustering algorithm.
Implementation of the configurations in the coastal area of Rethymno showcased that
the default parametrization of the algorithm can produce satisfactory predictions of
annual coastal bed evolution. All the proposed enhancements, exhibited a performance
increase compared to the default parametrization, however they added a degree of
complexity in the algorithm implementation.
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A systematic evaluation of the Representative Morphological Wave Height selection
approaches was also carried out, with the development of three new alternative
configurations. Notable was the training and validation of an Artificial Neural Network
that is included in one of the methods and is tasked with the elimination of lowly energetic
sea-states that have little to no effect in the morphological bed evolution. The three
proposed enhancements provided a noteworthy performance increase compared to the
traditional method, with the best performing one being the method incorporating the
Artificial Neural Network.

Last but not least, selected input reduction methods were compared with available
field measurements at the coastal area of Eresos, Lesvos in Greece, in an attempt to
investigate the reliability of wave input reduction methods in real-life settings. The
numerical model forced with three selected input reduction methods reproduced the
morphological bed evolution in a very satisfying manner, with the best performing being
once again the one incorporating the Artificial Neural Network.

This thesis provides a thorough evaluation of wave input reduction methods, testing
several configurations and enhancements, validating their use against both benchmark
numerical predictions and field measurements. The incorporation of machine learning in
wave input reduction can further increase the reliability of model predictions, leading to
a significant reduction of the required computational effort.
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Extended Abstract (in Greek)
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Chapter 1

rﬁtroduction

1.1. Background , motivation and research objectives

The prediction of the coastal bed evolution and ultimately the shift of the shoreline
position, due to the impact of the waves has been at the forefront of coastal engineering
research efforts for sever al d e ¢ a qRelpard-
Considére, 1957). With the ever-increasing human interventions in the coastal area, the
erosion of the coastal bed poses a significant threat, with strong implications to the
economy, environment and community safety. Therefore, accurate predictions of the
coastal bed evolution at an annual scale are mandatory to identify imminent risks and
design measures to remedy the erosion
protection structures or nature-based solutions (Luijendijk et al., 2018).

With the increase of computing power in the last decades, a plethora of numerical
models are available, each with different advantages and shortcomings, but all
concentrating at simulating the coastal bed evolution at the engineering scales of
interest, i.e. for coastal areas extending a few kilometers and timescales of 1-10 years.
When dealing with coastal areas characterized by complex bathymetries with the
presence of manmade structures (e.g. harbours) coastal area models (Roelvink and
Reniers, 2011) are almost exclusively applied due to their ability to describe in great
detail the wave, hydrodynamic and sediment transport field. However, these models are
associated with a staggering computational burden rendering the morphological
simulations at an annual scale a tedious task.

In addition, engineers are usually in possession of large amounts of variable offshore
sea-state wave characteristics, which further increase the computational effort and
render the assessment of the morphological bed evolution rather difficult due to the sheer
number of simulations that have to be performed. To combat this, wave Input Reduction
methods are generally employed to accelerate the demanding morphological modelling
simulations, all based on the notion of selected a reduced (order of 8-24) representative
wave conditions that should produce similar bed level evolution predictions compared to
the full timeseries. Several wave Input Reduction methods have been developed and
utilized in literature and can be vaguely divided in three branches: (a) Representative
Morphological Wave Height selection methods (Borah and Balloffet, 1985; Brown and
Davies, 2009; Chondros et al., 2022; Chonwattana et al., 2005; Karambas et al., 2013;
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Chapter 1. Introduction

Papadimitriou et al., 2022a; Pletcha et al., 2007) (b) Binning wave Input Reduction
methods (Benedet et al., 2016; de Queiroz et al., 2019; Papadimitriou et al., 2020; Van
Duin et al., 2004; Walstra et al., 2013), (c) Clustering algorithms (de Queiroz et al., 2019;
Papadimitriou and Tsoukala, 2022).

Despite their widespread usage, it should be noted that wave Input Reduction
methods are influenced by a multitude of parameters (e.g. the number of representatives,
the duration of the wave climate). Most importantly, their redeeming qualities are not so
visible when the coastal area models operated by directly coupling the wave,
hydrodynamic and morphodynamic modules. Consequently, a concise effort to
introducing enhancements to all branches of the wave Input Reduction methods with the
ultimate goal of further reducing the computational burden without compromising the
reliability of the results and provide practical guidelines to the engineering community, to
t he best o fknowladge, leasi rottheen @indertaken yet.

Based on the above, the specific research objectives of this thesis are:

A To expand on the concept of the wave Input Reduction methods, by
introducing elimination of sea-states considered unable to initiate sediment
motion in the calculation procedure, with the ultimate goal to further alleviate
the required computational effort.

A To assess clustering algorithms as a viable wave input reduction method and
examine possible enhancements byedounterhb
learning aspect of said algorithms.

A To incorporate machine learning in wave Input Reduction, by introducing a
properly and thoroughly trained Artificial Neural Network which can further
speed-up the demanding numerical simulations.

A To apply and intercompare several instances of wave Input Reduction
methods in two coastal areas, to ultimately provide initial recommendations
and guidelines for practical applications.

1.2. Innova tive points and highlights

This thesis is based on the investigation and most notably expansion of the concept of
wave Input Reduction for the acceleration morphological modelling simulations, by
simultaneously aiming to retain the reliability of the model results. The following
innovative aspects are highlighted:

1 A novel approach is introduced to the classical Binning Input Reduction
methods, concentrating on the reduction of the length of the timeseries of
offshore sea-state wave characteristics by eliminating wave records that are
considered unable to initiate sediment motion. The outcome of this approach
is the considerable alleviation of computational effort achieved by the
reduction of the numerical model run-time.

9 Clustering algorithms are for the first time assessed as viable Input Reduction
methods in a coastal area characterized with considerable alongshore
variability. Six alternative configurations of the widely used K-Means clustering
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algorithm were evaluated aiming to introduce vital aspects influencing the
annual morphological bed evolution to the algorit hmés pr ocedu
the representative wave conditions.

1 The concept of Representative Morphological Wave Height (or Equivalent
Wave Height) selection methods is revisited and further enhanced. The
highlight of this investigation is the incorporation of an Artificial Neural Network
tasked with eliminating lowly-energetic wave records that are considered to
have inconsequential impact to the annual morphological bed evolution. The
trained Artificial Neural Network was deemed capable of systematically
produce reliable results and further accelerate the morphological simulations.

1 A robust Parabolic Mild Slope wave model based on the work of Chondros et
al., 2021, is enhanced and expanded in the framework of this thesis to treat
the generation and propagation of uni-directional irregular waves. The
aforementioned model is an integral part of several of the tested wave Input
Reduction methods evaluated in the framework of this thesis.

1 Performance evaluation of all the examined wave Input Reduction methods is
undertaken in the framework of this thesis to provide practical guidelines and
recommendations for coastal modellers. A sole method is also selected for
each distinct branch of Input Reduction, and a comparative analysis is carried
out assessing model results with available field measurements of bed
elevation in a coastal area affected mostly by the impact of the waves.
Comparison of coastal morphological model results with field measurements
of bed elevation is in itself an innovative aspect since only a handful of
research efforts have been realized on this topic.

1.3. Thesis structure

The thesis is assembled in seven distinct chapters, including the present introductory
one and a brief overview of each chapter will be subsequently provided. The central
focus of this thesis is the utilization of wave Input Reduction methods for the efficient
numerical modelling of the morphological coastal bed evolution. The primary aspects of
the morphological modelling under the combined effect of waves and currents,
highlighting the ever-prevailing importance of wave Input Reduction methods is
showcased by the literature review and the description of key research issues in Chapter
2.

In Chapter 3, a novel approach is realised and implemented to the widely used
Binning Input Reduction methods (Benedet et al.,, 2016). The centerpiece of this
approach is the elimination of lowly-energetic sea states which are unable to initiate
sediment motion in the surf zone and are thus have a negligible effect in shaping the
morphological bed evolution. Two methods developed in the framework of this
dissertation are implemented. The first one is based on the calculation of the sediment
Pick-up rate as a proxy quantity dictating the calculation of the wave representatives
(Papadimitriou et al., 2020). The second one concentrates on the elimination of wave
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records unable to initiate sediment motion based on the Threshold Current Speed
concept and utilizing the wave energy flux as the main driving quantity to estimate the
representative sea-states. This Chapter also presents the background of the numerical
model utilized for the morphological simulations (DHI, 2014), along with the validation of
an enhanced model, developed in the framework of this work (Papadimitriou et al., 2020)
and considered integral to the methodologies.

In Chapter 4, the capability of the K-Means clustering algorithm in predicting the
annual bed evolution is investigated. Apart from the performance evaluation of the
clustering algorithm, several modifications are also examined aimed at coercing the
algorithm to utilize quantities that are vital in shaping the morphological bed evolution,
hence bringing the gap between the unsupervised clustering algorithm and the Binning
Input Reduction methods.

In Chapter 5, performance evaluation is carried out for another widely used category
of Input Reduction methods, entitled Representative Morphological Wave Height
selection methods. The highlights of this Chapter concern the training and validation of
an ANN, which can readily eliminate lowly-energetic sea-states that are considered to
have a negligible effect on the morphological bed evolution at an annual scale.

Chapter 6 builds on the previous Chapters 3,4 and 5 and contains a comparative
analysis and selection of a singular optimal method out of those examined per Chapter,
based on the model performance (i.e. capability of each method to predict the
morphological bed evolution reliably) and ease of implementation (i.e. computational
efficiency). Then each of the selected three methods (one for each chapter) was
implemented in the coastal area of Skala Eresou in Lesvos Island, Greece, to compare
and evaluate model results with available field measurements, to verify the capabilities
of wave Input Reduction methods in predicting coastal bed evolution in real-field cases.

Finally, Chapter 7 encapsulates the general conclusions of this thesis. In addition,
suggestions for future research are also laid out. An outline of the thesis structure,
showecasing the innovative points and main research objectives of each Chapter is shown
in Figure 1.1.
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Chapter 2

Numerical modelling of coastal bed evolution and

wave Input Reduction principles

2.1. Process -based modelling of coastal bed evolution

Coastal areas are dynamic, ever-evolving systems constituting a home for various
lifeforms while also concentrating a multitude of human activities. Approximately three
billion peoplei hal f t he wor I livéand vpork pvithin a toupterof hundred
kilometers of a coastline. The morphological bed and shape of the coasts is altered
continuously being subject to several -and often contradicting- forcing factors. Ultimately
the shift of shoreline position gathers vast amounts of interest from both the public and
the research community, since it has serious implications to the economy, community
safety and the environment.

Of the forcing factors responsible for the morphodynamic processes, surface gravity
waves are a key component since they are responsible for stirring sediments through
the orbital motion observed under the wave crest and trough. As waves propagate from
deep to shallower depths, they start interacting with the bottom with increased non-linear
characteristics and dissipate energy mostly due to bottom friction and bathymetric
breaking. Wave energy dissipation within the surf zone in turn leads to the generation of
currents which are responsible for the transport of sediments in the nearshore both in
the longshore (for the case of obliquely incident waves related to the shore-normal) and
cross-shore (for direct wave incidence) direction. Furthermore, wave set-up gradients
induced by the spatial variation in wave energy, can generate strong alongshore and
cross-shore flows such as a rip-current circulations (Roelvink and Reniers, 2011). These
littoral flows are notoriously capable of transporting large amounts of sediment (Komar
and Miller, 1975). Obstruction of the littoral drift leads to areas of accretion followed by
to beach erosion to the down-drift end, a phenomenon often observed in the vicinity of
harbours and coastal protection structures. Consequently, numerical modelling of wave
propagation and transformation in the nearshore, wave-generated currents, the
corresponding sediment transport rates and ultimately the coastal bed evolution is of the
utmost importance and has been at the forefront of research efforts of coastal engineers
and scientists for the past decades (Afentoulis et al., 2019; Chondros et al., 2022; de
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Vriend et al., 1993; Karambas and Samaras, 2017; Papadimitriou et al., 2020; Roelvink
and Reniers, 2011).

The behaviour and response of a coastal system is dynamic and occurs on a variety
of spatial and temporal scales. The spatial scale is generally determined by the
dimensions (in meters) of a particular morphological element, usually indicating its
extend. Similarly, a timescale is generally interpreted as the period of time (e.g. in years)
required for the characteristic morphological development to take place. This timescale
often refers to the total duration that a morphological system needs to reach a new
equilibrium state once it has been disturbed by nature or by the humans (Roelvink and
Reniers, 2011). Equilibrium in this sense denotes that the overall sediment balance of
the morphological unit is maintained (no erosion and no accretion is observed). The
spatial and temporal scales of a morphological feature are closely coupled, the larger
the spatial scale of a specific feature the larger the corresponding timescale. Indicatively,
as showcased in Figure 2.2, the timescales of interest range from a few hours for the
evolution of small bedforms like bottom dunes and ripples but can reach up to decades
or centuries for morphological evolution of a large tidal inlet system (Bosboom and Stive,
2022). For most practical applications, the timescale of interest (hereafter denoted as
engineering timescale), usually correspond to the evolution of littoral systems at an
interannual scale up to a few years (typically 1-10 years). This timescale is usually of
particular interest to assess the effect of human interventions (e.g. shore protection
works, construction of a harbour) to the morphological bed evolution.

Consequently, coastal engineers would generally not be interested in dynamics on
very small scales (morphological changes of few meters occurring in a few hours), like
the evolution of wave ripples or even breaker bars in the surf zone. The complex
dynamics on these scales are mostly oscillatory, and therefore have no net effect on the
engineering timescales. In contrast, the natural behaviour on these larger engineering
scales generally shows a net trend. Examples are the downdrift erosion due to the
construction of a harbour, the erosion or accretion of a delta, and the migration of a tidal
inlet. Human interventions have timescales of years to decades and spatial scales of 1
km to 100 km. The coastal behaviour due to human intervention (harbours, coastal
protection structures, land reclamation) interferes with the natural behaviour of the
coastal system on these particular temporal and spatial scales. Coastal modellers often

refer to morphological changes occurring on the aforementioned scalesa s A me d i

termo coast al(deb/eedd etal. 01998;tLessen 2009), in order to loosely
distinguish it from the short-term (hours to days) and long-term (decades to centuries)
changes.
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Figure 2. 2. Relationship between the spatial and temporal scales of interest of various types of
coastal features (Bosbhoom and Stive, 2022)

The complex prediction of the evolution of littoral systems to identify possible areas of
erosion and establish mitigation measures is generally carried out by means of numerical
simulation. Traditionally, the numerical models developed and tasked with the prediction
of coastal bed evolution under the combined effect of waves and currents focus on
resolving the relevant coast al pr oc ebsasseesd. 0 They
ordefit er mi ni st icande divaledénlthe follwing three large categories, each
with different characteristics and based on different assumptions (Roelvink and Reniers,
2011).
1 Coastal profile models , where the longshore variability is neglected, and the
main driving factor is the cross-shore transport and the subsequent profile
evolution (Roelvink and Brgker, 1993).
1 Coastline models , where the cross-shore profiles are considered to retain
their shape, whether the shoreline advances or retreats (Szmytkiewicz et al.,
2000).
1 Coastal area models (de Vriend et al., 1993), where flow variations and
sediment transport gradients are resolved in both the horizontal dimensions.
They can be further subdivided into two-dimensional horizontal (2DH) models
which solve depth-averaged equations or three-dimensional (3D) models
which resolve the vertical variations in both flow and sediment transport.
In the following subsections, the main characteristics of each category of process based
numerical models will be briefly outlined. It is noted that coastal area models will be
analysed in more detail, since a coastal area model was utilized to perform all the
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necessary simulations in this thesis due to the alongshore and cross-shore variability of
the study areas.

2.1.1. Coastal profile models

Coastal profile models are typically implemented in two types of applications:
evaluation of storme v e nt s 6 onia oopstakprofile, with or without the presence of
coastal structures, and evaluation of longer-term behaviour of sandbars and nourishment
schemes, both on the beach and on the shoreface. The first profile models were
essentially driven by offshore directed suspended sediment transport induced by return
flows (Dally and Dean, 1984; Steetzel, 1990; Stive and Battjes, 1985). A detailed profile
model for the modelling of beach erosion under a storm event was proposed by
(Leont 0y 9,vconsidérdad t&vo distinct components of sediment transport rates
contributing in the profile development and evolution, the first one caused by the wave-
current interaction shoreward the surf-zone and the second one induced by run-up flow.
When examining more moderate sea-states, which reshape the coastal profile,
additional and more detailed transport mechanisms (e.g. aeolian transport, phase lag
effects) should be considered. Watanabe and Dibajnia, 1988, utilized various empirical
formulations for onshore and offshore directed sediment transport as a function of the
bed shear stress. Stive and Battjes, 1985, considered contributions from wave
asymmetry terms applying the energetics model of Bailard, 1981. Roelvink and Stive,
1989 introduced spatial lag effects in the prescription of the return flow, while also
considering additional stirring due to wave breaking induced turbulence while also
accounting for long wave effects, a concept latter expanded upon by Sato and
Mitsunobu, 1991. Although profile models do not take into account alongshore variation,
they capture an important part of the processes that shape the coasts and hence provide
significant insights when used in conjunction with the more detailed coastline or coastal
area models.

2.1.2. Coastline models
Coastline models have their ori gl nee ®n-bn rsAdeliress i ngl e

evolution theory, the foundation of which has been laid out by Pelnard-Considére, 1957.
The main assumption of this theory is that cross-shore processes are relatively fast-
evolving and are therefore able to maintain the shape of the coastal profile over a certain
profile height, which runs from the so-called depth of closure (i.e. the depth shoreward
which no significant bottom changes can be observed) to the top of the active profile,
usually taken as the first dune landward. Hence the beach profile is considered to move
parallel to itself seaward or landward depending on if the coast erodes or accretes. Due
to the constant profile shape one contour-line can be used to describe changes in the
beach plan shape and volume under wave forcing. Typically, in these models the
computation is divided into two parts. Firstly, a profile model computes the longshore
transport rates as a function of the angle of wave incidence relative to the shore-normal.
Then, the coastline model updates the coastline positions and recomputes the wave
incidence angles taking into account the longshore sediment transport rates calculated
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previously in the profile model. Various commercial or open-source coastline models
have been established with the main characteristics briefly outlined below:

1 GENESIS (Hanson, 1989) which is based on the extended CERC formula
(Ozasa and Brampton, 1980), including the effect of longshore gradients in
wave height and has the capability of describing the impact of coastal
structures on the local wave climate and shoreline evolution.

i LITPACK (DHI, 2023) which utilizes a process-based model to estimate
sediment transport rates which are then used to simulate coastal response
arising from the effect of natural features and considering a wide variety of
coastal structures

1 UNIBEST-LT/CL (Tonnon et al., 2018) which combines longshore transport
(LT) calculations combining a coastal profile model approach with coastline
computations on a curvilinear coastline (CL)

1 UnaLinea (Stripling and Panzeri, 2015) which is based on the extended CERC
formula (Ozasa and Brampton, 1980) and has special features for wave
transmission through structures, bypassing of groynes and breakwaters and
is capable of reproducing the effect of seawalls on sediment transport

1 CEM (Ashton and Murray, 2006a, 2006b) model provides a different approach
which allows the plan-view shoreline to take on arbitrary local orientations, and
even fold back upon itself. This is particularly important since under certain
sea-states, i.e., when waves approach the coast with certain wave incidence
angles (>45¢, a phenoamegbe kngsamplbxialsi tAyhdi)g |
shapes such as capes and spits are formed and can be reproduced using this
model.

Coastline models assume gradually varying flow conditions and approximately parallel
depth contours. Under such circumstances the longshore transport can locally be treated
as if it has fully adapted to the local incident wave conditions relative to the coast
orientation. Since it typically takes hundreds of meters for the longshore current to spin
up, coastline models should in principle be applied for large-scale applications, over
alongshore distances of many kilometers in order to satisfy the assumptions associated
with t he -liisne@ltetheoretical approach.

2.1.3. Coastal area models
Coastal area models have been developed since the early 1980s (see Nicholson et al.,

1997 for a comprehensive review). They are applied when a separation between
longshore and cross-shore scales and processes is not feasible, for instance in the
vicinity of a tidal inlet, in the vicinity of a harbour, and in coastal zones with complex
bathymetric features, rip channels and shoals forming varying angles with respect to the
undisturbed coast orientation. The first instances of these models were essentially wave,
hydrodynamic and sediment transport/morphology codes operating usually
independently as a batch process and exchanging output files constantly. In the late
1980s and early 1990s, the large European institutes (Deltares, Danish Hydraulic
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Institute) combined their research efforts within the EU MaST-G6M and G8M projects
and carried out major developments and restructuring of their coastal area models, which
led to the development of much more robust and flexible codes that are still successfully
operated and used by several coastal engineers to this day, such as Delft3D (Deltares,
Netherlands), Mike21 (Danish Hydraulic Institute) and Telemac (Laboratoire Nationale
doHydr aul i gAll epastalfareanmodets fonsist of a wave driver model, providing
the forcing input for the subsequent members of the modelling toolchain, which are a
hydrodynamic model and a sediment transport/morphology model.

Wave driver models can ei-ahweradeddaseppr waac it ,he
the wave field is averaged at the scales of over both individual waves or wave groups.
The most notorious wave propagation models are based on the phase-averaged
approach are the 3™ generation spectral wave models (Benoit et al., 1997; Hasselmann
et al., 1988) and model the evolution of the two-dimensional wave spectrum based on
the conservation of the wave-action balance. These models neglect information about
the phase of the waves hence are not well-equipped for the detailed resolution of the
processes of wave diffraction, despite efforts to reproduce diffraction effects behind
obstacles such as detached breakwaters (Holthuijsen et al., 2003; llic et al., 2007; Mase
et al., 2001), or wave reflection from obstacles. When wave reflection and diffraction
cannot be neglected,t hen frpehsacslevi ngd model s are employed
detail represent the wave transformation in the nearshore. To this day, few coastal-area
models employ phase-resolving wave drivers (Afentoulis et al., 2022; Karambas and
Samaras, 2017; Klonaris et al., 2018; Long et al., 2008; Papadimitriou et al., 2022b) due
to the sheer number of elements required to resolve the wavelength, however they are
gaining increasing popularity in the last decade due to the increase in computing power.

Hydrodynamic (or flow) models can either be 2DH or 3D. In the first case, the
computations are based on the solution of the depth-averaged shallow water equations.
This generally implies that the sediment transport direction follows that of the depth-
averaged flow, although sometimes the mean return flow is taken into account. Full 3D
flow models in the context of coastal area models, where horizontal scales are much
larger than vertical scales, are normally based on the 3D shallow water equations. They
offer a very satisfactory representation of the effects of breaking waves on the current
profiles and at the same time deal with density-driven flows and deviations of the vertical
due to strong curvatures. Most 3D mo #trbutenca pagadlsyor sknilar, 2-
equation turbulence models, which can deal with simultaneous sources of turbulence
due to e.g. wave breaking, bed shear stress, horizontal shear, buoyancy effects.

In most sediment transport/morphological models, sediment transport is split up into
bed load transport and suspended load transport. Bed load transport is always treated
as a direct function of the near-bed velocity or bed shear stress; in 2DH the bed shear
stress follows the depth-averaged flow, whereas in 3D it follows the near-bed flow.
Suspended sediment concentration in some models is only a function of the local flow
and wave conditions, but in most it is solved using the advection-diffusion equation in
2DH or 3D. The largest differences between 2DH and 3D sediment transports can be
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observed in the surf zone and in strongly curved areas, as well as in areas with strong
density gradients in the horizontal and/or vertical. Depending on the discretization
scheme of the governing equations these models can be operated in a regular grid or
flexible finite element mesh. A large number of coastal area models are available in
various suites either as open-source codes or as commercial software. The main
characteristics of well-known and widely-used coastal area models are compiled and
shown in Table 2.1 .
The general setup and procedure to perform morphological bed evolution simulations
with coastal area models is briefly outlined below.
1. Aninitial 2D bathymetry of the study area is constructed.
2. Given certain forcing sea-states for the wave driver and boundary conditions for
the hydrodynamic model, simulations are executed for both models operating in
a two-way or one-way coupled mode.
3. The sediment transport field is computed based on the hydrodynamic flow field,
the wave orbital motion, the sediment characteristics and the bathymetry.
4. The bathymetry is updated based on the sediment transport gradients.
5. Return to step 2 for a full update of waves, flow and sediment transport field or to
step 3 for an intermediate update of the sediment transport field.
6. The model execution is terminated when all the forcing sea-states have been
simulated and the final predicted bed levels are obtained.
To expand on the above, it is noteworthy to highlight two approaches of morphological
modelling, one where waves, currents and morphology exchange feedback constantly
and the second one where it is considered that the sediment transport and morphology
evolve in a slower scale than the hydrodynamics, hence, only the sediment transport
field is recomputed after the bathymetry update. The first and more detailed approach is
based on the constant interaction and feedback exchange between waves
hydrodynamics and sediment transport morphology. This approach is called
i Mor p h o dyQlija2@d5) ©n the other hand, when the wave, hydrodynamic and
sediment transport/morphology simulations for each sea-state are executed considering
the same initial bathymetry without updating the bed levels at each model time-step and
then the final bed is obtained as a weighted average of each morphological simulation,

then the approach is <call ed fihdtoconsithedong that i c 0 .

interaction of all the feedback mechanisms between waves-currents and the sediment
transport, leads to more time-consuming simulations, but is necessary when modelling
complex phenomena such as the migration of a sandbar.

Coastal area models are capable of resolving most coastal processes (depending on
the type of wave driver, flow and sediment transport model) and can therefore be
implemented in a variety of scales and applications, from small-scale coastal engineering
problems to macro-scale evolution of tidal basins. Considering the basic aspects and
features of the three categories of coastal modelling tools, Table 2.2 provides an
overview of the scales and typical applications where each model category is best suited
to be implemented.
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Table 2.1

Main characteristics of available coastal area models, adapted and updated from (Roelvink and Reniers, 2011).

Model Wave driver Hydrodynamic model  Sediment transport Bed composition  Grid system Availability
DELFT 3D spectral wave structured or curvilinear
2DH/3D 2DH/3D sand & mud 3D i open source
(structured) averaged grid
spectral wave ,
DELFT 3D FM 2DH/3D 2DH/3D sand & mud 3D unstructured mesh commercial
averaged
spectral wave ,
MIKE 21 2DH/3D 2DH/3D sand & mud 3D unstructured mesh commercial
averaged
spectral wave
Telemac 2DH/3D 2DH/Q3D sand & mud 3D unstructured mesh open source
averaged
spectral wave i commercial (through
CMS 2DH 2DH/3D sand 2DH structured grid
averaged SMS)
spectral wave structured or curvilinear
ROMS-SED 3D 2DH/3D sand 3D ) open source
averaged grid
spectral wave structured or curvilinear ,
MOHID 2DH 2DH/3D sand 2DH ) commercial
averaged grid
phase-
resolving or structured or curvilinear
XBeach 2DH Q3D sand or gravel 2DH ) open source
short-wave grid
averaged
FUNWAVE- phase- .
i 2DH Q3D sand or mud 2DH structured grid open source
TVD resolving
spectral wave
COAWST 3D 2DH/3D sand 3D unstructured mesh open source
averaged
SCIENTIA phase- . :
) 2DH 2DH/Q3D sand 2DH structured grid commercial
MARIS resolving
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Table 2.2

Spatial and temporal timescales of typical coastal engineering applications: profile models (red
font), coastline models (green font), coastal area models (blue font)

Timescale/Spatial
scale

Im7i 1km

10m i 10km

100m 7 100km

lhour i 10days

lday i 10years

lyear i 1000years

Dune erosion, bar
formation due to
extreme events
Reset events

Effect of shoreface
nourishments

Evolution of beach
states

Impact of coastal
structures

Impact of harbour
extensions

Mega
nourishments

Longshore
spreading of
nourishments
Coastal response
to wave climate
variability

Climate change
impact on profile
behaviour

Evolution of tidal
inlets & climate
change impact
assessment

Evolution of tidal
basins

Large scale
coastline evolution

Observing Table 2.2, it can be deduced that coastal area models are usually applied in
the most practical applications of coastal engineering, especially spanning from coastal
areas of a few meters up to large 2D areas with alongshore variability with or without the
presence of coastal structures. However, at spatial scales of a few hundred meters, it is
desirable to model in great detail the wave transformation and wave-driven flow patterns
and the corresponding morphology changes around small structures such as groynes
and detached breakwaters. This implies that small grid cell sizes are required to resolve
the main processes in turn leading to small time steps to satisfy stability restrictions
imposed by the hydrodynamic models. Consequently, simulating these applications is
computationally intensive, especially when predictions over longer time periods than a
storm event are required. Hence, although coastal area models can accurately resolve
the dominant processes driving coastal bed evolution in turn they are associated with
staggering computational burden, especially when desiring to obtain coastal bed
evolution predictions in the medium term (1-10 years).

2.2. Morphological upscaling and acceleration techniques

To combat the excessive computational effort and time constraints of the coastal area
models when simulating medium to long term changes for larger scale applications
several acceleration techniques have been realized (Lesser, 2009; Jimenez & Mayerle,
2010). Most approaches take advantage of the fact that the morphological evolution of
coastal features for practical engineering applications usually occurs at timescales
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several order of magnitude larger than the hydrodynamic fluctuations driving sediment
transport. Indicatively, de Vriend et al., 1993, highlight three distinct approaches to
accelerate morphological modelling simulations.

1 Model reduction , in which smaller-scaler processes are not described in
great detail allowing for the coastal model to be reformulated.

1 Behaviour oriented modelling , which attempts to model the phenomenon
of interest without attempting to describe the underlying processes.

1 Input reduction , which is based on the premise that the residual (long-term)
effects of smaller-scale processes can be obtained by applying models of
those smaller-scale processesf or ced with reduced fAreprese

Regarding model reduction, several methods have been utilized in literature and are
discussed thoroughly in Cayocca, 2001, Dodd et al., 2003 and Roelvink, 2006.

The first method gototl| Bdl G(lafledxcl®O)itlased O n
on the premise that morphological changes within a single tidal cycle are usually very
small compared to the trends over a longer period, and such small changes do not affect
the hydrodynamics or sediment transport patterns significantly. It is then acceptable to
consider the bottom fixed during the computation of hydrodynamics and sediment
transport over a tidal cycle. The rate of bed level changes is then computed from the
gradients in the tidally averaged transport. Starting from an initial bathymetry, the wavei
current interaction is solved over a tidal cycle, using an iterative approach. The resulting
hydrodynamic and wave fields are then provided as input into a sediment transport
model, which computes bed load and suspended load transports over the tidal cycle.
The averaged result is then utilized to compute bed changes. The updated bathymetry
is finally fed back to the hydrodynamic module and the method is repeated. The
morphological time step is numerically restricted (for explicit schemes) by the Courant
number and additionally the accuracy of this method depends on the time integration
discretization scheme (usually an explicit Euler scheme). Because of these limitations
on the morphological time step, it is necessary to update the transport rates regularly.

An improved version of the it tad’eer agedd approach i s ot he HAcor
method (Roelvink, 2006). It is a frequently applied method to adjust the flow field after
small changes in the bathymetry given that the sediment transport rates “Yis a function
of the current speed 6 and the wave orbital velocity 6

S (2.1)

Since the flow pattern is assumed to not vary for small bottom changes, the local flow
rate ) can be assumed to be constant:

B B 2.2)

where "Qis the still-water depth and ®the current speed.
The same assumption can be adopted for the wave field, the significant wave height
"0, peak wave period Y and angle of wave incidence| , are kept constant and only the

wave orbital velocity has to be readjusted to the local water depth.
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Adaptation of the sediment transport field is hence decomposed on merely adjusting
the flow-velocity and orbital velocity and recomputing the sediment transport using Eq.
(2.1). The main limitation of the fcontinuity correctiond a p p is éha assumption that
the flow rates and patterns remain constant over time. In the case of a shallow area
becoming even shallower (e.g. due to the formation of bars or increased accretion), the
flow velocity keeps increasing under this approach, whereas in reality, the flow will adjust
around the shallow area subject to the increasing dissipation due to bottom friction.

The need to often interpret the outcome of initial sediment transport computations
without resorting to the full morphodynamic simulations led to the development of the
ARAMO (Rapid Assessment Wihthdbamemdsurptornspsithea ppr oac h
Acontinuity c oras&hasisi ie.nhat na ggpificanachamnges to the flow
and wave field are expected when the bottom changes are small, the tide-averaged
transport rates are a function of flow and wave patterns which do not vary on the
morphological time-scale, while the local depth does. Essentially, given a certain set of
nearshore currents and wave characteristics, the sediment transport at a given location
is only a function of the water depth.

In dynamic areas, such as estuaries and outer deltas, the RAM method may work well
enough to be applied as a quick updating scheme. As soon as bottom changes become
significant, a full simulation of the hydrodynamics and sediment transport is carried out
for a predefined number of input conditions. A weighted average sediment transport field
is then determined, which is the basis for the next RAM computation over, say, a year of
morphological time. The updated bathymetry is then fed back into the detailed
hydrodynamic and transport model. A f |l ow chart indicating the op

Initial Bathymetry -

approach is given in Figure 2.3.

Flow model

y -

Weighted average
transport

Figure 2. 3. Flow chart of the operation of the RAM approach
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The most widely used method of model reduction is the Morphological acceleration factor
(Morfac) approach (Lesser, 2009; Lesser et al., 2004). This approach multiplies the bed
level change rates, obtained in each morphological timestep by a constant factor €.
Effectively, by taking advantage of the difference in the timescales of the morphological
evolution of coastal features compared to the hydrodynamic fluctuations, if simulations
are performed for instance for one tidal cycle, the use of the Morfac allows to simulate
morphological changes after ¢ tidal cycles. An advantage of the aforementioned method
is, that short-term processes are coupled at each flow time-step level, which makes it
easy to include various interactions between flow, sediment transport and morphology,
and also renders the need to store large amounts of data between processes redundant
(Roelvink, 2006). What clearly distinguishes this method from other model reduction
techniques is that the bottom evolution is computed in much smaller time steps, even
when relatively large values of ¢ are used.

The use of Morfac has effectively overshadowed all other model reduction techniques
and is offered exclusively as an option to all commercial or open-source software
showcased in Table 2.1 due to its simplicity, ease of implementation and achieved model
run-time reduction. However, the use of large Morfac values introduces errors in the
simulations due to the non-linear response of the sediment transport to the wave forcing
(Lesser, 2009). Clearly defined limits about the allowable values of the Morfac do not
exist in the literature since Morfac depends upon a wide array of parameters. Lesser,
2009, stated that for the DELFT3D model and for coasts under wave attack a maximum
value of 100 can be utilized for the morphodynamic simulations and argued that for
extreme sea-states Morfac values should be close to unity, hence a hybrid model
reduction approach should be considered. Knaapen and Joustra, 2012, assessed Morfac
values in the Sisyphe model of the Telemac suite for three separate cases, a laboratory
trench case, a river floodplain and an estuary and concluded that large factors can be
used in stationary situations however for the more complex cases (as an estuary) using
values higher than 20 introduces error in the simulations, in the form of increasing the
RMSE compared to the benchmark prediction (Morfac = 1). Ranasinghe et al., 2011,
extensively examined the dependencies of the Morfac and concluded that it a function
of the grid cell size, the hydrodynamic time step, Froude number and the bed-level
update solution scheme. They then defined a preliminary criterion to estimate a priori
critical values of Morfac based on the hydrodynamic Courant number. However, in cases
where waves are the main factor dricing the nearshore sediment transport it is inherently
difficult to predict the critical value of Morfac. Taking the above into consideration, Morfac
is a widely used morphodynamic upscaling technique, but care should be taken not to
use excessively large values for energetic sea-states that may introduce errors in the
morphological bed evolution predictions.

Behaviour-oriented modelling acceleration techniques essentially encompass the
treatment of complex processes in a simplified manner, such as the shift of the shoreline
position or computation of the sediment transport rates in the swash zone. The most
commonly used methods of this kind revolve around moving shoreline boundary
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conditions (Balzano, 1998; Lynett et al., 2002; Prasad and Svendsen, 2003) and erosion
of dry cells (Lesser, 2009).

Input Reduction or Input Schematization methods have been utilized in the coastal
engineering practice s i nc e t h(Boralh &8 Bafofet, 1985), aiming to reduce the
sheer amount of input forcing conditions required to obtain a medium-term prediction of
the morphological bed evolution. In essence, all Input Reduction methods lead to the
selection of a few fArepresentativeo wave cond
reproducing the bed level changes induced by the full wave climate. Nowadays wave
characteristics are readily available through oceanographic databases (e.g. Copernicus
Marine Service, Copernicus Climate Data Store, AVISO) for the global ocean at 1 or 3-
hour intervals. It can be deduced that simulations with coastal area models considering
hourly changing boundary conditions is prohibitive for practical applications.
Consequently, considering this rapid increase of the available sea-state wave
characteristics, exploring ways to further speed up the demanding morphological
simulations by further enhancing the Input Reduction Methods is especially important.
Hence, this dissertation aims to systematically evaluate and develop new wave Input
Reduction methods, able to reduce the required computational effort while maintaining
reasonable accuracy in model results. In the following subsection the basic theoretical
aspects and main branches of Input Reduction methods are briefly presented and
analysed.

2.3. Basic aspects of Input Reduction
When desiring to obtain a reduced set of representative conditions from a timeseries of
offshore wave characteristics or a wave climate obtained from empirical methods, it is
important to define the dominant forcing/input parameters for the area of application. A
typical list of input parameters for coastal area models is given below (Roelvink and
Reniers, 2011):

1. tidal amplitude or phase within the spring-neap cycle

2. offshore sea-state wave characteristics (significant wave height 'O, peak wave

period Y and mean wave direction 0 ®Q

3. wind speed and direction

4. surge level

5. river & sediment discharges
Considering microtidal coastal areas with dimensions of a few km (hence the wind effect
and surge levels can be considered to have small variations along the domain) and no
significant point discharges are present, it can be deduced that the main input parameter
driving the sediment transport and subsequent bed evolution is the offshore sea state
wave characteristics. Based on this observation, thereafter the wave Input Reduction
(IR) methods which in a general sense derive a set of predefined representative wave
conditions using a quantity driving the medium-term morphological evolution as a proxy,
will be presented and analyzed. Many parameters affect the performance of IR methods
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(Benedet et al., 2016; de Queiroz et al., 2019; Walstra et al., 2013) with the following
parameters having the most prominent effect:

1 method & proxy quantities to select the representative wave conditions

1 number of representatives

1 sequencing of the wave climate

1 desired duration to be simulated
To evaluate the performance of IR methods various error statistics aiming to measure

the model 6s accuracy or skill ar Benedetatab,
2016; de Queiroz et al., 2019; Luijendijk et al., 2019; Papadimitriou et al., 2020; Walstra
et al.,, 2013) is to compare the results obtained by implementing an IR method to a
Abenchmar ko simulati on, C 0 n-staté amaractgristitstoea
robust wave climate (i.e. >50 cases). This benchmark simulation is often called A Bite
forceodo or fr edmeonly osedeiropraeticedsinée sn most cases no detailed
field measurements of coastal bed elevation are readily available, especially in tandem
with buoy measurements of wave characteristics.

The most common measures of a morphological modeldé sccuracy are the Mean
Absolute Error (MAE), Mean Square Error (MSE) and Root Mean Square Error (RMSE).
Given a set ® of Oforecast predictions (the results obtained by implementing the IR
methods in this context) and X a set of observations (the results of the Brute force
simulation) the MSE is calculated as (Sutherland et al., 2004a):

o oo p , . A n oz
L YQ@iw 6

w ow w O (2.3)

where the angular brackets denote averaged quantities.
The mor phol ogi c¢ alnonidimensidndl measule ioflthe actusacy of a

prediction relative to the accuracy of a baseline prediction (Sutherland et al., 2004a),
which could, for example, be the initial bathymetry, a random choice (from the possible
range of outcomes) or a simple empirical predictor (such an equilibrium coastal profile).
The most commonly used measure of skill for morphological bed evolution applications
is the Brier Skill Score (BSS) which has been employed in numerous studies (de Queiroz
et al., 2019; Papadimitriou et al., 2022b, 2020; Sutherland et al., 2004a, 2004b; van Rijn
et al., 2003; Vousdoukas et al., 2011). The BSS is calculated as follows:
0 Y@ 0 & O

5 vy DY 0w W - 2.4
° pu'YGbm)pooooO’ (2:4)

where 0 is a baseline prediction, usually taken as the initial bathymetry.
Perfect agreement with measurements gives a BSS of 1 whereas modeling the

baseline condition gives a score of 0. If the model prediction is further away from the final
measured condition compared to the baseline prediction, the skill score is negative. As
shown in Eq. (2.4) these skill scores are unbounded at the lower limit. Therefore, they
can be extremely sensitive to small changes when the denominator is small, as is the
case with other non-dimensional skill scores derived from the ratio of two numbers.
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Additionally, large negative values can be obtained even from models which a change
of the correct order of magnitude when the measured change is very small. The following
classification of the BSS (Sutherland et al., 2004a) is widely utilized to evaluate the
performance of morphological models as shown in Table 2.3:

Table 2.3
Classification for the BSS (Sutherland et al., 2004a)
Classification BSS
Excellent 05-1.0
Good 0.2-05
Reasonable/Fair 0.1-0.2
Poor 0.07 0.1
Bad <0.0

Based on the methodology followed and corresponding proxy quantities used to select
the representative wave conditions, various wave IR methods have been realised and
can be divided into the following categories:

1 Representative morphological wave height (RMWH) selection methods (Borah
and Balloffet, 1985; Brown and Davies, 2009; Chondros et al., 2022;
Chonwattana et al., 2005; Karambas et al., 2013; Karambas and Samaras, 2017,
Papadimitriou et al., 2022a; Pletcha et al., 2007)

1 Binning Input Reduction (BIR) methods (Benedet et al., 2016; de Queiroz et al.,
2019; Papadimitriou et al., 2020; Roelvink and Reniers, 2011; Walstra et al.,
2013)

9 Clustering Algorithms (CA) wave schematization methods (de Queiroz et al.,
2019; Papadimitriou and Tsoukala, 2022)

In the following subsections the background and methodology of the three branches of
wave Input Reduction will be presented.

2.3.1. Representative morphological wave height selection methods
The oldest -but still widely used- RMWH methods divide the bivariate wave climate

(significant wave height and angle of wave incidence) into directional bins of fixed size,

and then for each bin a representative wave condition is obtained using a quantity

considered vital in driving longshore sediment transport as a proxy. Based on this

concept, Borah and Balloffet, 1985, presenteda met hod t o sel ect annual
wave heightso based on the conservatgowen of the
as shown below:

"Q Tio Y oA T80 B, QKA 1 D i, (2.5)

where: O, denotes t he vy e asigiifigant ivavg beight,a’Y;etimet yearly
equivalent peak wave period, | the yearly equivalent wave incidence angle, with the
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subscript cdenoting the value at the breaker line. In the right-hand side of the Eq. (2.5)
the sub@crdiemtot s i ndi vi du dQ beingathe efreqeemceg oft s , wi t !
occurrence of each event.

Considering identical angles of wave incidence, Eq. (2.5) can be rewritten in the

following form (Karambas et al., 2013):

B "Orve
“Yio %{im (2.6)
o~ B ¥l

On TN BTG (2.7)

The frequency of occurrence of each representative condition is the sum of the
individual frequencies of occurrence "Q of the members of each directional bin. This
method has been used in many studies (Karambas et al., 2013; Karambas and Samaras,
2017; Tsiaras et al., 2020) and practical applications, taking advantage of its relative
ease of implementation (since calculations can be usually carried out within a single
spreadsheet). However, calculation of a representative incidence wave angle is not
clearly defined and often can be taken as the mean value of each directional bin.

Chonwattana et al., 2005, followed a similar approach aiming to expand on the
concept of representative morphological wave heights using the conservation of wave
energy flux along a wave ray and coupling it with either bulk longshore or cross-shore
transport formulations. Hence, conservation of wave energy flux along a wave ray orders
that:

0506 050 (2.8)
where "O is the significant wave height and ¢ is the wave group velocity. The subscripts
fl10 and fA20 denote two sequential positions al c
Substituting the value of wave group velocity for the deep water (6 —) in Eq. (2.6)

and eliminating constants we obtain the following relationship.
O:7Ys OR7YR (2.9)
Taking the component of the wave energy flux in the longshore direction one obtains:
0l @ 6 (2.10)

where @ is the deepwater wave incidence angle relative to the shore-normal and 6 a
constant.
Similarly, for the cross-shore direction Eq. 2.7 takes the following form:

"O"Yoéd 6 (2.11)

where 0 is a constant.

With the assumption that longshore sediment transport rates ('Y depend on the
longshore component of the wave energy flux in the surf-zone (USACE, 1984), and
utilizing the formula of Vongvisessomjai et al., 1993, one obtains:
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Y 8t T cafdpé 08 i Rh (2.12)
If the longshore sediment transport is conserved, Eq. (2.12) yields:
"O8édE | M 6 (2.13)
where 0 is a constant.
Solving Eq. (2.10), (2.11) and (2.13) for each wave record of a given timeseries of

offshore sea state characteristics the r e pr esent ati ve or Afequi val en
constants 0 , 0 , 0 can be obtained as follows:

- B'® j
IAI’O ﬁ B "Q
v B"GH
w h
- 2.14
Iil’o h B'Q (2.14)
i, B
Vaull BQ

with "Qbeing the frequency of occurrence of each wave record.

After computing the equivalent values of the constants, the system of equations
showninEq.(214) is inverted to obtain Aequivalento v
(O AYq R ) as shown below.

. . .l
v wp OAl—
g o« ¥
0 h
O ———— A= (2.15)
cpon el B OEEM
5 «
Uy v h
N Yﬁ P
o Op wewyp

Chonwattana et al., 2005 also examined an alternative approach, one based on the
conservation of the cross-shore sediment transport component throughout the beach
profile. The authors argued that the calculation of a reduced set of representative wave
conditions should preferably be linked to offshore wave characteristics to further abet
simplicity and speed. Hence, they selected the formula for offshore bar migration
proposed by Kraus et al., 1991 and later modified by Dalrymple, 1992 who defined a
non-dimensional parameter P directly linked to offshore wave characteristics.

(O]

5 o, ]
0 o=y (2.16)

where 0 is the sediment settling or fall velocity.
If the cross-shore sediment transport is conserved and the sediment characteristics
are considered constant throughout the beach profile, Eq. (2.16) yields:

O 2.17
~ O (2.17)

where 0 is a constant.
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Solving once again Eg. (2.10), (2.11) and (2.17) for each wave record of a given
timeseries of offshore sea state characteristics and calculating the constants 6 j, 0 5,
0 ;, based on the conservation of the cross-shore sediment transport the corresponding
values of t he e q telisicadarebe bbéainimgave char ac

5
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An indicative bivariate plot of ¢ and| indicating the equidistant directional bins and
obtained representatives wave conditions utilizing the approach of Chonwattana et al.,

2005 is showcased in Figure 2.3.
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Figure 2.3. Records of offshore sea state timeseries (lightblue dots) and obtained 12
representative wave conditions (red markers). The red boundaries denote the equidistant

directional bins.

Chonwattana et al., 2005 applied a coastal area model in a groyne compartment to
assess the morphological evolution of the coastal bed and assess model performance.
By applying either the system of Eq. (2.15) or (2.18) for a varying number of
representative conditions (ranging from 1 to 16 representative inputs) they concluded
that the required computational effort is reduced significantly, by a factor of 200 with a
small reduction of model efficiency (order of 5%). The two alternative approaches
produced similar representatives and results, with the ones calculated based on the
longshore sediment transport having a slight edge. By increasing the number of
representatives, the root-mean square error (RMSE) of model predictions decreased,
albeit with a proportional increase in computational time. Since the wave climate is
divided in directional bins of fixed size, if the wave energy is concentrated around one
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dominant direction, this method can add more weight in waves generated from directions
that are not so vital in shaping the morphological evolution of the specific study area.
Pletcha et al., 2007, intercompared alternative formulations for the calculation of the
sedi ment transport rates and obtained di ff el
characteristics at a coastal lagoon in the Iberian Peninsula. The authors stated that a
number of 8 representatives is adequate to describe the annual morphological evolution
for the particular case. They concluded that the performance of the representative waves
is case specific and sensitive to the longshore sediment transport formulation
considered, implying that a thorough calibration of the morphological model should be
undertaken.
Brown and Davies, 2009, introduced a RMWH method with the goal of maintaining
the statistical properties of the wave characteristics while simultaneously retaining
somewhat the chronology of the events. For that purpose, they divided the annual wave
climate at 4 separate seasons and 4 directional sectors. For each directional sector and
season, a mean value for the significant wave height was selected as the representative
wave condition.
Or B "Q0y
BQ

(2.19)

The corresponding representative peak wave periods were obtained by applying the
correlation of Jonswap wave prediction method. Ultimately 16 representative wave
conditions were obtained, superimposed with two additional extreme sea-states
introduced in the autumn and winter seasons. This RMWH selection method is the only
one attempting to retain a form of wave chronology, since information about the
sequencing of individual sea-states is inherently lost by grouping and then schematizing
an annual wave climate. However, this method usually requires a higher number of wave
representatives compared to the methods of Borah and Balloffet, 1985 and Chonwattana
et al., 2005, and does not take into account the non-linear relationship between the wave
height and the longshore sediment transport rates.

2.3.2. Binning Input Reduction methods
Binning Input Reduction methods have been used in numerous studies of medium-term

coastal area morphological modelling (Antolinez et al., 2016; Benedet et al., 2016; de
Queiroz et al., 2019; Hendrickx et al., 2023; Lesser, 2009; Papadimitriou et al., 2020;
Van Duin et al., 2004; Walstra et al., 2013). The main distinction from RMWH methods
is that the directional bins are not predefined and are also characterized by an uneven
size. In general, the bivariate wave climate of wave height and mean wave direction (or
angle of wave incidence) is divided in a predefined number of 0 bins containing an equal
portion of a proxy quantity considered vital in driving the medium-term coastal bed
evolution (such as the wave energy flux, or longshore sediment transport). The most

widely-used BIR methods are the following (Benedet et al., 2016):
1 the Fixed Bins Method (FBM), where the number of directional intervals and
height intervals arbitrarily defined. Initially a given number of directional bins with
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fixed degree intervals is used to divide the offshore sea-state time series and
subsequently, a pre-defined number of wave height intervals is applied to each
wave directional bin. It can be deduced that the wave height intervals of the
subdivisions are fixed, but do not necessarily have the same range between the
directional classes.

1 the Energy Flux Method (EFM), in which instead of arbitrarily defining the wave
directional bins with fixed intervals like in the FBM, the EFM directional bins are
cal cul ated as 0efluali nw aaicalatng the ergrgy flux of
each sea-state as follows:

r oo O (2.20)
Where " is the seawater density and "Qis the acceleration of gravity.
For instance, if 15 wave representatives are selected a priori, with 5 subdivisions
in the wave direction and 3 in the wave heights, each bin ultimately contains 1/15
of the total wave energy flux.
1 the Energy Flux Method with Extreme Events (EFMEE) is similar to the EFM,
however, an extreme wave condition is added to the wave climate in order to
provide a representation of a éstorm condit
representation of a O6storm conditiond in an
wave class contains the 12 wave records with the highest wave energy in each
wave directional bin (probability of yearly exceedance of 0.137%), therefore there
is always one extreme wave case per directional bin in this method.
1 the CERC Method is similar to the EFM however instead of the wave energy flux
it uses sediment transport rates to define the wave direction and height bins.
Sediment transport rates are calculated with the empirical CERC formula
(USACE, 1984).

) ” "Q

U ” ” b
pwpe p &

The main principle of the method is the definition of wave classes that represent

similar accumulated potential longshore sediment transport. The directional and

Y '080E{® (2.21)

wave height bins are calculated consideringé e qu al t r ansCompared i nt er v
to the EFM the CERC Method yields somewhat similar wave classes with small
differences (Benedet et al., 2016; de Queiroz et al.,, 2019) with the biggest
difference between these two methods is that the wave direction is explicitly
considered in the CERC Method.
Having laid the foundations of each of the 4 BIR methods, the following steps are
generally undertaken to schematize timeseries of offshore sea-state wave
characteristics and obtain 0 representative conditions (Benedet et al., 2016):
1. A scatter plot of significant wave height (O) vs mean wave direction (0 w'Q or
wave incidence angle relative to the shore normal (& ) is prepared.
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2. The time series of offshore sea-state characteristics is divided into a pre-

determined number of wave directional bins (0 ).

The number of wave height subdivisions (0 ) that each wave direction will be
further divided into is defined.

Wave classes then defined as a result of 0 *0 intersections among the wave
height and directional bins using a proxy quantity depending on the BIR method.
At first (Figure 2.4b), the boundaries of the directional bins are defined since each
bin contained an equal portion of the proxy quantity of choice (e.g. O 70 , for the
wave energy flux). Then (Figure 2.4c), each directional bin is further subdivided
in U wave height bins (e.g. each bin contains a portion of O 0 *0 for the
wave energy flux input reduction method).

Asetof 0 representative wave characteristics, taken as the mean value of each
class and the corresponding frequency of occurrence are obtained.

The procedure to define 20 classes and representative wave conditions, with 5
directional and 4 wave height bins is showcased in Figure 2.4 for the EFM.
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Figure 2.4. Procedure to define classes through the EFM (Benedet et al., 2016)

The difference between the classes and obtained 12 representative wave conditions
obtained by implementing the FBM and the EFM for a given set of offshore sea-state
characteristics is illustrated in Figure 2.5. The difference is the bin definition for the two
methods is notable, since those obtained through the EFM are characterized by an
uneven size and thus can better capture the concentration of wave energy around the
perpendicular angle of wave incidence for the particular wave climate.
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Figure 2.5. Obtained classes (bounded by the red rectangles) and 12 representative wave
conditions (red markers) for an arbitrary dataset of offshore sea-state wave characteristics (light
blue markers) using the (a) FBM and (b) EFM.

A more sophisticated Bl Rome {(Roevink and Benierg d t he A
2011) attempts to reproduce more accurately the complete accretion/erosion patterns
utilizing sequential numerical model simulations. The general outline of this method is to
perform short-term simulations for each record of the full offshore sea-state wave
characteristics to obtain the target sedimentation/erosion patterns and then through an
automatic trial and error approach reducing the number of wave representatives by
keeping sea-states with largest contribution in shaping the sediment transport regime
(Roelvink and Reniers, 2011). The general stepsoft he {ROpti ned are as f ol
1. Simulations to obtain initial sedimentation/erosion patterns for the full wave
climate (usually > 50 sea-states) are executed and the results are added based
on the frequency of occurrence of each sea-state to obtain the weighted average
target pattern.
2. A large number of Amutationso are created (
the frequencies of occurrence of each mutation varies within a certain range. For
each of these mutations the weighted average pattern is computed and error
statistics in this pattern compared to the target pattern are also kept track off.
3. The fAmut at i oalléstewdrickeptt he sm
4. The fAmutationo with ttheavesagapatierastemavennt ri but i
5. Return to step 2 and repeat the procedure until a predefined number of
representatives 0 is obtained.
By repeating this procedure, it can be deduced that the frequencies of occurrence
gradually grow or reduce until they become either dominant or extinct, and that the
overall pattern remains almost unchanged until a number between 5-10 representative
conditions are selected. Selecting fewer representatives than 5 usually sharply increases
the error and should be avoided. The AO0Opti rou
can be applied for any coast configuration, however it is associated with significant
additional computational burden compared to the other BIR methods since it requires the
sequential execution of a large number of numerical simulations.
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As has been previously mentioned, while the main theoretical aspects that drive the
medium-term morphological bed evolution are generally universally acknowledged, in
turn the unique morphological and metocean conditions of each coastal area greatly
influences the performance of wave Input Reduction methods. Motivated by this, several
researchers have attempted to systematically evaluate the performance of wave Input
Reduction methods for interannual morphological bed evolution aiming to provide
practical recommendations and guidelines about the best IR method and optimal
configuration.

Walstra et al., 2013 examined in two study sites various aspects affecting the
performance of the FB and EFM methods of input reductiom, i.e. the wave climate
duration "Y , the method to select representative wave conditions, testing the Fixed Bins
and the Energy Flux method, as well as the sequencing of wave conditions. The
performance of the BIR methods was compared to Brute force simulations of 3 years
with wave conditions measured at 3-hour intervals. They concluded that BIR methods
inherently introduce error in model predictions which are influenced by all the
abovementioned parameters. They stated that the Energy Flux method performs better
than the Fixed Bins method while a random ordering of wave conditions (i.e.
interchanging lowly and highly energetic sea-states) also gives the best results since it
resembles the variability and stochastic nature of the wave conditions in field sites. In a
similar manner, Benedet et al., 2016, performed a comprehensive evaluation of the
different types of BIR methods for a beach nourishment project in Florida, USA. They
performed sensitivity analysis on the number of representatives performing simulations
with 6,12, 20 and 30 conditions respectively, utilizing upscaling with Morfac. The
performance of the BIR methods was compared to a Brute force simulation containing a
detailed wave climate of 62 cases by calculating the corresponding RMSE. They
concluded that the best performing methods were the Energy Flux method followed by
the MROpti ned wh eohl2 eeprasentattves iis selected. The Energy Flux
method with Extreme Events performed well when a high number of representatives is
considered (>20), with a rapid deterioration of results for a lesser number. Ultimately, the
authors stated that a number of 12 representatives is adequate to reproduce
morphological bed evolution at an annual scale.

A disadvantage of performing simulations thr
(considering constant feedback between wave, hydrodynamics and morphology) is that
the simulation duration has to be the same as the full wave climate (Benedet et al., 2016;
Papadimitriou et al., 2020) and the biggest reduction of model run-time is due to the
lower spin-up times required for the reduced amount of input conditions. de Queiroz et
al., 2019 evaluated the performance of BIR methods and the RMWH method of Brown
and Davies, 2009, in reproducing sandbar dynamics for the same study sites as the ones
shown in Walstra et al., 2013. The main focus of the research was the evaluation of the
effect of the number of representatives and the sequencing of wave conditions utilizing
the coastline model UNIBEST-CL. As far as the sequencing of the wave conditions is
concerned, they tested four different settings, (a) Random sequencing, (b) Markov chain,
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(c) Monte Carlo Markov chain and (d) Monte Carlo Markov chain with repetition. From
their evaluation for the specific study sites the authors concluded that the best performing
was the CERC method followed by the EFM, while the RMWH method was the worst
performing one. Despite retaining some form of the original chronology with the Markov
chain & Monte Carlo methods ultimately the Random ordering of wave representatives
was the best performing one. In accordance to Benedet et al., 2016, a humber of 10
representatives was considered adequate to emulate inter-annual migration of a
sandbar. Despite the aforementioned research efforts that focused on evaluating the
performance of BIR on various study sites, clear practical guidelines about the best

performing BI'R met hods depending on the appr

i Mor p h o d yhava mi been provided yet.

2.3.3. Clustering Algorithms
Cluster analysis is a machine learning method for data processing. It centers around

grouping a set of objects in a way that objects in the same group (cluster) are more
similar to each other than to those in other clusters. These groups may reveal
underlaying patterns related to the phenomenon under investigation. Cluster analysis
has many applications in psychology, biology, computer graphics, image processing &
pattern recognition and machine learning. Lately, cluster analysis has been employed in
various studies in ocean and coastal engineering such as storm classification (Martzikos
et al., 2018), wave energy resource (Fairley et al., 2020), longshore transport rates
(Splinter et al., 2011), cross-shore profile morphological evolution (Kelp g a-Rt &k i
et al., 2021) and multivariate wave climate classification (Camus et al., 2011). Since for
most of the aforementioned applications no direct relationship between the data to be
grouped is available, the clustering algorithms tasked with performing the analysis
bel ong in the branch oConsédquently, nglabelsvanddieedtionls
are given to the algorithm which is left on its own to identify the structure in the input
data. Most clustering algorithms are based on the general principle of computing a
distance metric as a similarity measure for a large number of variables, to ultimately
assign data to different clusters. Various clustering algorithms have been developed to
efficiently handle large quantities of data such as K-Means (c), Fuzzy C-Means (Bezdek,
1981) and CURE (Guha et al., 1998) among others. Particularly, K-Means is one of the
most used and notorious algorithms for multivariate cluster analysis that has been proven
efficient in handling wave climate datasets (Camus et al., 2011) and sediment transport
gradients (Splinter et al., 2011). It belongs in the category of centroid-based partitioning
clustering since it identifies the presence and boundaries of clusters by finding their
centroids (the mean point of each cluster).

The K-Means (KM) clustering algorithm divides a multi-dimensional data space into a
pre-determined number of clusters, each one defined by an arbitrary centroid and formed
by the data for which the centroid is located the nearest to (Camus et al.,, 2011).
Essentially, given a dataset of d-dimensional vectors &= {®,®, € @ } the KM algorithm
allocates each observation to the closest cluster, using the Euclidean distance between
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an observation and a cluster centroid as a metric to minimize the sum of errors obtained
by the following objective function:

0 ® A (2.22)

where ‘Ois the sum of the errors for all objects in the dataset, & is a point in cluster 'Q

and & the meanofeachcluster(Kel|l pégRaiinmtkd ena et al ., 2021

By selecting "Qinitial centroids, usually obtained through the fast-converging K-
Means++ initialization algorithm (Arthur and Vassilvitskii, 2007), each point is assigned
iteratively to the cluster it is located closest to in order to effectively minimize the objective
function Ountil a user-defined convergence criterion is satisfied and the centroids are no
longer reassigned. A distinctive characteristic of the KM algorithm is that each data point
belongs uniquely in each cluster.

Various alternatives to the K-Means algorithm can be utilized with the most widely-
used being the following:

1 K-Medians, where instead of the mean of each cluster the median is taken as the

centroid of each cluster.

1 K-Medoids, where the centroid of each cluster is a point belonging to the original

dataset of observations.

1 Fuzzy C-Means or Soft K-Means, in which each data point can belong to more

than one cluster by using a soft membership function.
The a priori determination of the number of clusters and the centroid-based definition of
the cluster boundaries is alluring for the purpose of schematizing a dataset of offshore
sea-state wave characteristics. As in several other machine learning techniques, the data
used as input to the algorithm (a multivariate wave climate of 'O, "Y, & for coastal
engineering applications) have to be normalized.

Significant wave height values ("Oy,), are normalized utilizing a min-max normalization
as follows:

On O

O : 7 2.23
" Oni Oni (2:23)

where Oy, Opp are the maximum and minimum recorded values of the significant
wave height encountered in the dataset respectively.

Similarly for the wave periods the normalized value is given through the following
relationship:

YR "YhR
“Yh - - 2.24
Yk Yih (2:24)
where “Yii . Yps  are the maximum and minimum recorded values of the peak wave

period encountered in the dataset respectively.

The angle of wave incidence is a circular variable, since the distance between two
given values can be measured clockwise and counterclockwise. This implies that the
maxi mum difference between two radial
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between two angles are normalized between [0,1] and the absolute values of the angle
will be normalized between [0,2]. It is assumed that the angles are measured in radians
or that sexadecimal degrees are converted to radians by multiplying them with a factor
of "/ 180. The nor malisfaurddby comverting each observed angle |
of the dataset:

&
| F — (2.25)

Utilizing the corresponding inverse transform function, the obtained centroids are de-
normalized and a set of representative wave conditions 'Oy H'Y; hid are obtained. Twelve
obtained centroids and the corresponding clusters (denoted with different colors) are
showcased as a bivariate scatter plot of 'O vs| in Figure 2.6 for an arbitrary annual
dataset of offshore sea-state characteristics.

He

a5 60 75 9%

Figure 2. 6. Records of offshore sea-state timeseries, corresponding clusters and obtained 12
representative wave conditions (large pentagon markers). The different colors of the data points
denote separate clusters

Few research efforts which utilize and evaluate the performance of clustering algorithms
as wave IR methods have been realized (de Queiroz et al., 2019; Papadimitriou and
Tsoukala, 2022). In particular, de Queiroz et al.,, 2019, tested various clustering
algorithms with different settings (K-Means, Fuzzy C-Means, Maximum Dissimilarity
Algorithm, K-Harmonic Means) for the case of a sandbar migration for two field sites
using the profile model UNIBEST-TC. Their investigation showed that clustering
algorithms perform generally worse than the best Binning Input Reduction methods,
which was attributed to the over-representation of lowly energetic sea-states in the
clustering framework. The best performing CA was found to be the K-Means. However,
a more detailed evalwuation of clusteritheg al gori
more classical Binning Input Reduction Methods for an alongshore variable 2D domain,
aiming to enhance the coastal area model results by introducing proxy quantities
important to the medium-term morphological bed evolution has not been undertaken yet.
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A novel approach to Binning Input Reduction

methods’

Binning wave Input Reduction methods have been utilized extensively in coastal
engineering studies (Benedet et al., 2016; de Queiroz et al., 2019; Walstra et al., 2013)
due to their proven capability to reduce the computational burden of morphological
coastal bed evolution simulations. However, when performing simulations through the
AMor phodynamiicsusual o pombiree thém with model reduction techniques
to further reduce the computational effort, since the total simulation time forced with the
reduced input has to be identical to that of the full set of conditions ((Benedet et al., 2016;
Papadimitriou et al., 2020)). This chapter proposes a novel approach and further
expands upon the concept of binning IR methods, introducing criteria for the elimination
of lowly energetic sea-states, aiming to further alleviate the computational burden
associated with coastal area modelling simulations.

Two different IR methods will be presented in this chapter, one based on the
calculation of the sediment Pick-up rate, and one based on elimination of wave
conditions based on the non-exceedance of a threshold current speed (Soulsby, 1997).
The common trait of both methods is the elimination of lowly energetic sea-states
considered unable to initiate sediment motion, albeit utilizing a different approach, which
in turn leads to an effective reduction of the length of the dataset and subsequently the
model run-time reduction.

The innovative aspects in this chapter revolve around concerting Input Reduction
techniques with model reduction aspects achieving a significant model run-time
reduction. A robust wave propagation numerical model based on the Parobolic Mild
Slope equation (Chondros et al., 2021) has been extended and enhanced in the
framework of this research and is considered an integral part of the methodologies
presented herein due to complexity of the present approach.

Implementation of the developed methods is undertaken in the coastal area in the
vicinity of Rethymno Port, Crete, Greece utilizing the coastal area model MIKE21 CM
FM. An extensive and comprehensive evaluation of the obtained results is then carried

1 Parts of this Chapter have been published in Papadimitriou et al., 2020.
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out and along with the estimation of CPU times clearly highlight the advantages of the
proposed methods.

3.1. Theoretical background and methodology

For flows with very low velocity over a sandy bed the sand layer generally tends to stay
immovable. However, if the flow velocity slowly increases some grains begin to move.
This process is called the initiation of sediment motion or incipient motion (Soulsby,
1997). A similar process occurs beneath waves, and beneath combined waves and
currents. Waves are responsible for stirring sediment while the mean flow is responsible
for transporting it. It follows, that when no significant movement of sediment occurs in a
coastal area, the wave field is usually mild, leading to low current velocities and sediment
transport rates.

For the case of a steady current, the threshold (or critical) depth-averaged speed Y
required to set a grain of mean sediment diameter Q into motion on an un-rippled bed
with still water depth "Qcan be predicted by a number of methods.

VanRijn,1984, proposed the foll owing f oandsadnda val i d
of density ” = 2650 kg/m?.

T @81 1 CF MEPTINTQ v TTA

A P wmgy ¢ T Q. , . 3.1)

Uqﬁ)'@ IIQF Qew mmQ caa

with'Q being the characteristic grain diameter exceeding 90% of the grain sizes.
Soulsby, 1997, proposed the following formula, valid for any non-cohesive sediment

having a dimensionless grain diameter Q. > 0.1.

Q7 & T 7
Y gt — Qi Q ———— v Q8 - (3.2)
X 0 P 0 p&0 o
where i is the ratio of densities of sediment grains and water and Q.is the dimensionless
grain diameter given by the following relationship.

"Oi T
0 i 0 (3.3

where ' is the kinematic viscosity of saltwater.

In the alongshore direction, the transfer of momentum from the wave motion to the
mean flow generates longshore currents which are mostly responsible for the transport
of sediments. Considering stationary conditions for a straight coastline and depth parallel

bottom contours, the shear component of the radiation stress tensor °Y acts as a driving
force. The counter-force restoring equilibrium "O must in turn be supplied by the bed
shear stresses that develop when a longshore current is generated. The alongshore
component of the momentum balance for a steady state and considering alongshore
uniformity can be written as:
ay
O g I (3.4)

where 1" is the time-averaged bed shear stress in the alongshore direction.
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Considering a quadratic friction law for the bed shear stress due to the combined
action of waves and currents leads to the following expression:

e OED (3.5)
where & is the bed friction factor and ®is the total velocity due to the combined effect of
waves and currents.

Making a number of assumptions, namely the validity of the shallow water wave
theory, small angles of wave incidence and also that the longshore component of the
current velocity "Yis significantly smaller than the amplitude of the near bed wave orbital
velocity signal "Y , the time-averaged bed-shear stress in the alongshore direction is
given by:

ro2eYY (3.6)

with "Ybeing the longshore current speed velocity magnitude.

The amplitude of the wave orbital velocity above the bed for the case of a
monochromatic wave of height "'Oand period “Ycan be approximated through the linear
wave theory as:

“YOE I'CB
For random waves, the wave field is represented by a sea-state spectrum composed of
different frequencies, amplitudes and directions, the root-mean square wave orbital
velocity signal near the bed (denoted as"Y ) can be computed by summing the velocity
contributions from each district frequency component (derived from the linear wave
theory) over the whole frequency range. Soulsby and Smallman, 1986, proposed the
following approximate formula to compute "Y

x g O

Y ~ 3.8
"Yp 00 (3.8)

(3.7)

where "Y "} "Qis the natural wave period, "O is the significant wave height, and 6 and
o are non-dimensional parameters defined as:

O oumnmMoe pd®DO 7 (3.9)
v @
X P (3.10)
Y ayY

where Y is the zero-crossing wave period, taken usually as Y Y] p& ywith "Y being
the peak wave period of a Jonswap spectrum.

Thereafter, combining Eq. (3.4) and (3.6) one can obtain the value of longshore
current speed as follows:
ay “

QO ROTY
For regular waves, the maximum value of the longshore current speed occurs at the
breaking point, i.e. the point where initiation of wave breaking takes place. Irregular

(3.11)

waves exhibit a more saturated surf zone and the maximum value is not encountered
specifically at the point where initiation of breaking occurs, but still lies within the surf
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zone. If the values of the longshore current speed obtained through Eq. (3.11) at a given
still water depth "Qexceed the threshold current speed calculated through Eg. (3.2) then
initiation of sediment motion is considered to take place.

The most precise and commonly used measure of the threshold of motion is
expressed in terms of the ratio of the force exerted by the bed shear stress acting to
move the sediment grains on the bed layer, to the submerged weight of the grain resisting
to this action. This theory was initially developed by Shields, 1936 giving birth to the
homonymous threshold Shields parameter — which can be calculated by the following
expression proposed by Soulsby & Whitehouse 1997.

— %T Miop Q8 - (3.12)
Near the bed, due to turbulence and friction effects, an oscillatory wave boundary layer
is generated in which the wave orbital velocity rapidly increases from zero at the sea-
bottom to the value of Y at the top of the boundary layer. As has been previously
mentioned the most important hydrodynamic property of waves contributing to sediment
transport is the bed shear stress they produce. This stress is usually dependent on the
wave orbital velocity signal near the bed Y and the wave friction factor "Q and is
computed via the following relationship:

.'. F\ gn "Q"'Y (3 13)

The wave friction factor depends on the status of the flow, namely if it is laminar, smooth-

turbulent or rough-turbulent, which in turn is related to the wave Reynolds number 'Y

and the relative roughness i . The latter quantity is calculated through:
v "y

where "Q is the Nikuradse equivalent sand grain roughness.

For rough-turbulent flows, as is generally the case for a coastal bed under wave
attack, the wave friction factor depends on the relative roughness r and the wave orbital
velocity excursion near the seabed. The formulation of Swart, 1974, reads:

T Qe pd X

i (3.14)

3.15
wncadp ° QET pd X (3.15)
The non-dimensional Shields parameter —is then obtained through the following
relationship:
Th
— (3.16)

It can be deduced that initiation of sediment motion occurs when the values of the Shields
parameter —exceed the threshold values of — obtained through Eg. (3.12).

A quantification of the eroding capacity of individual sea-states can be achieved by
calculating the sediment Pick-up rate 0. Van Rijn, 1986, defined the pick-up process for
various flow velocities (in the range of 0.5i 1.5 m/s) and sand diameters (1007 1500 pum).
Thereafter, van Rijn et al., 2019, extended the Pick-up rate function for high flow
velocities (in the range of 21 6 m/s) by introducing a damping factor "Q incorporating all
the additional effects on sediment movement in high velocities, such as the damping of
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turbulence (turbulence collapse) in the near-bed area where sediment concentrations
are larger. Ultimately, the Pick-up rate function reads:

0 78 mmg &b QP TS E /i—“pgu (3.17)
It can be derived from Eq. (3.17) that the Pick-up rate function becomes zero if —<— .

Having laid the foundations of the criteria for initiation of sediment motion, two distinct
methodologies of Binning IR methods were developed in the framework of this thesis
and will be presented hereafter. The first method eliminates waves conditions based on
the Shields criterion of incipient sediment motion (solely for the impact of waves) and
calculates the wave representative conditions based on the Pick-up rate function (Pick-
up rate method). The second method eliminates waves conditions by calculating the
longshore current speed potential of each sea state (Threshold Current method) and
comparing it to the threshold current speed obtained from Eg. (3.2) and obtains the
representatives using the wave energy flux as a proxy. The distinct steps to obtain
representative wave conditions through each method are presented in the following
subsections.

3.1.1. Pick -up rate wave schematization method

In this subsection the steps to determine the representative wave conditions, utilizing the
Pick-up rate wave input reduction method are presented. The larger portion of this
method is rather simple in conceptualization and execution and can be reproduced either
by employing a simple computer code or performing calculations in a spreadsheet. The
distinct steps of this method are as follows:

1. Timeseries of offshore sea-state wave characteristics (e.g. either by buoy
measurements, or hindcast simulations from oceanographic databases) are
obtained for a desirable time range “Y . The wave characteristics that are usually
required by the binning input reduction methods are "ORY (or another
characteristic wave period) and 0 @ O(Mean Wave Direction).

2. The timeseries are then filtered by disposing off records that do not contribute in
shaping the bed evolution, namely sea-states exiting the computational domain.

3. The critical Shields parameter — through Eq. (3.12) is calculated.

4. Wave characteristics at a characteristic depth (at around h=8-10 m) are obtained.
For this purpose, either a wave ray model ( O6 Rei | | y a n,é spEctrat
wave model (Benoit et al., 1996), or a Mild Slope wave model (Chondros et al.,
2021; Karambas and Samaras, 2017) can be used. For this implementation, a
Parabolic Mild Slope model with non-linear dispersion characteristics, able to
treat unidirectional random wave propagation enhanced during the scope of this
thesis, entitled PMS-SP was used. The reason for utilizing this model is the
accuracy in prescribing the wave field in mildly sloping beaches due to
incorporation of non-linearity and the saving of considerable computational time
relative to the time-dependent formulations of the hyperbolic mild slope equation.

a,

1991

After obtaining the wave cl-Idnad @r ri ens pchned enneca
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10.

between the wave characteristics of each sea-state offshore ('O, "Y, 0 w'Q and
the wave characteristics at the characteristic depth (Op , Y5, 0 @O ), is
established.

Calculation of the inner depth of closure (hin) which is defined as the seaward
limit of the littoral zone for the given timeseries through the following equation
(Houston, 1995):

Q 48O, (3.18)

where hi, is the depth of closure and "Oy, is the mean significant wave height at
a characteristic depth h=8-10 m, utilizing the wave characteristics calculated at
step 4. The depth of closure was considered for the purpose of this research the
critical depth after which no net sediment movement takes places. Consequently,
this depth will be later set for the calculation of the wave orbital velocity since the
larger portion of sediment transport takes place between "Q and the shoreline.
Calculation of the wave orbital velocity signal near the bed through Eq. (3.7) for
monochromatic or Eq. (3.8) for irregular waves setting (x'Q .

For each wave record (O, , “Yy; , 0 @O ) the friction factor "Q (Eq. 3.15), the
bed shear stress due to waves t (Eg. 3.13) and ultimately the Shields
parameter —Eqg. 3.16), are calculated

If the —< — the wave record is eliminated since it does not contribute in setting

sedimentsintomot i on. ThFrloou gchortrhees pfiolndence establ

the respective wave record of the offshore timeseries is disposed. The total
number of wave records offshore 0 is thus reduced using the criterion of the
initiation of motion at a total of 5 (with & OUG)

Calculation of the sediment Pick-up rate 0 through Eq. (3.17) for each wave
record at the depth of closure. Also, the cumulative Pick-up rate P for the reduced
time-series is determined.

The number of representative wave conditions N, that will replace the full wave
climate (e.g. 12 representative conditions) are determined. The number of
representative conditions is based on discretion; however it is advised that a
number between 6 and 30 conditions is chosen for sufficiently reproducing annual
timeseries of offshore sea-state wave characteristics (Benedet et al., 2016).
Then, the wave records are divided in classes with respect to the angle of wave
incidence (or mean wave direction alternatively) and wave height. The
boundaries of each class in both direction and wave heights are determined the
same wave as the other commonly used wave schematization methods (see
section 2.3.2 for details). Each representative class is characterized by an equal
fraction of the cumulative Pick-up rate 0 (0/0 ) and can be described by a set of
wave characteristics (Op, ,"Yy ,0 @O ). Thus, it can be derived that each class

is comprised of a different number of wave components, 0
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11. Utillizing aga i n t-lhee didrr espondence of wave
nearshore, a set of representative conditions ('O, “Yj, 0 @ O) can be obtained
in the offshore wave boundary by considering that the bounding limits of each
representative class in the depth of closure coincide with the respective ones in
deep water. A small numerical extrapolation error stems from the fact that each
representative class in the offshore boundary might not be characterized by
exactly equal fraction of sediment Pick-up rate, since the Pick-up rate was
calculated for the corresponding wave conditions at shallower water. However,
since the proposed input reduction method concerns medium to long term
morphological bed changes, this error is considered to have a very small effect
in shaping the ultimate bed evolution and can consequently be neglected.

12. The frequency of occurrence "Q — for each representative class is calculated,

frequency of occurrence "Q — for each representative class is calculated,

based on the number of wave records of each class relative to the reduced
dataset. Since 0 is the number of the reduced set of wave records, the
frequencies of occurrence are rescaled, and the more energetic sea-states are
associated with higher weights.

13. Finally, a simulation is executed with a 2D morphological area model using the
representative wave conditions as forcing input. The total model run-time 4  is

a fraction of the full time series, denoted as 4 ; —4 , since sea-states

unable to initiate sediment movement are eliminated in step 8 and have little to
no contribution in shaping the bed evolution.

The distinct steps of the methodology are also showcased as a flow chart in Figure 3.1.
Conversely to other widely used Binning IR methods, which are subject to a number
of simplistic assumptions (i.e. straight coastline with depth-parallel contours) the Pick-up
rate method incorporates numerical modelling to obtain nearshore wave characteristics
and perform the binning procedure in the bi-variate wave climate of 'O and 0 w'Q The
utilization of a PMS wave model is better suited for use in the framework of this
methodology since it provides accurate and robust solutions in the nearshore while
minimizing the required computational effort. It is worth mentioning that the depth of
closure (see step 5 of the above methodology), provides a rather strict criterion to
eliminate wave conditions since at this depth the cross-shore component of sediment
transport is considered by definition almost null. However, initiation of sediment motion
is highly dependent on a multitude of parameters apart from the wave characteristics,
such as the beach slope, sediment properties and bottom friction among others. While
some sea-states considered unable to initiate sediment motion in the depth of closure
may be able to set sediment into motion in shallower depths it is considered that
calculation of the near bed wave orbital velocity at the depth of closure is a valid
approximation within the scope of the Pick-up rate method since it depends only on the
annual wave climate and is hence easy to compute for the purpose of reducing a set of

offshore sea-state wave characteristics.
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Figure 3.1. Flow chart indicating the implementation of the Pick-up rate method.

3.1.2. Threshold Current wave schematization method
The Threshold Current binning wave IR method is a slight modification to the Pick-up

rate method, utilizing the calculation of longshore current velocities within the surf zone
and comparing them to the value of 'Y as calculated through Eq. (3.2). Similarly, to the
Pick-up rate method, a Parabolic Mild Slope wave model is utilized to extract wave
characteristics in the nearshore in order to perform the necessary calculations. The steps
undertaken to implement the Threshold Current method are the following:
1. Timeseries of offshore sea-state wave characteristics (OR YR @ O are obtained
for a desirable time range “Y .
2. The timeseries are then filtered by disposing records that do not contribute in
shaping the bed evolution, i.e. sea-states exiting the computational domain.

98



Chapter 3. A novel approach to Binning Input Reduction methods

10.

11.

12.

For each sea state, a simulation with a modified version of a Spectral Parabolic
Mild Slope wave model (PMS-SP) is executed.

A profile cross-section considered representative of the beach geomorphology is
specified. This cross-section corresponds to a particular row/column of PMS-SP
model computational domain.

At the specified cross-section the point where initiation of breaking occurs is
identified shoreward the surf-zone

For each wave record calculation of the maximum value of the longshore current
speed "Y encountered in the surf-zone through Eq. (3.11) follows at the pre-
determined cross section.

At the specific cell where the maximum value of the longshore current speed is
encountered the critical value of the current speed “Y is calculated

If 'Y < 7Y the wave record is eliminated since it does not contribute in setting
sediments into motion. The total number of wave records offshore U is thus
reduced using the threshold current criterion of incipient sediment motion at a
total of 0 (with O OU0)

Calculation of the wave Energy Flux through Eq. (3.17) for each wave record
offshore is carried out along with the cumulative Energy flux O ;  for the reduced
dataset.

The number of representative wave conditions N; that will replace the full dataset
of offshore sea-state characteristics is specified. Then, the wave records are
divided in classes with respect to wave direction and wave height containing an
equal portion of cumulative wave Energy Flux. Each class is comprised of a
different number of wave components, 0

The frequency of occurrence "Q — for each representative class is calculated,

based on the number of wave records of each class relative to the reduced
dataset. Since U is the number of the reduced set of wave records, the
frequencies of occurrence are rescaled, and the more energetic sea-states are
associated with higher weights.

Finally, a simulation is executed with a 2D morphological area model using the
representative wave conditions as forcing input. The total model run-time 4 is

a fraction of the full time series, denotedas 4  —4 , since wave sea-states

considered unable to initiate sediment movement and induce significant
morphological changes are eliminated in step 8.

Since the Threshold Current wave schematization method eliminates sea-states based
on longshore current gradients, it is expected to lead to elimination of sea-states with an
almost perpendicular angle of wave incidence with respect to the shore normal, since
those

generally generate cross-shore currents, even if those sea-states are

characterized by large "O or "Y values.
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3.2. Numerical modelling tools

In this section the numerical models utilized in the framework of this thesis, i.e. a
parabolic mild slope wave model extended and enhanced in the framework of this thesis
as well as a widely used coastal area model tasked with the 2D morphological bed
evolution simulations are presented. For each model the main features, capabilities and
governing equations are outlined.

3.2.1. The PMS-SP wave model

Governing Equations

An integral part of the methodologies presented in Section 3.1 is the utilization of a
Parabolic Mild Slope wave model, taking advantage of its accuracy in prescribing the
wave field in mildly sloping beds and its computational efficiency. In particular, the initial
version of the model (Chondros et al., 2021), hereafter denoted as PMS-NL is based on
the work of Kirby and Dalrymple, 1983, who derived a parabolic equation, in the form of
a cubic Schrodinger differential equation, governing the complex amplitude, 0 , of the
fundamental frequency component of a Stokes wave. Dalrymple and Kirby, 1988,
improved the parabolic equation and its range of validity by developing approximations
based on minimax principles in order to allow for large-angle propagation and rendering
the approximation suitable for large scale applications, thus proposing the following
governing equation:
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where the parameter Ois given by O , the complex amplitude 0 is

related to the water surface displacement by — 0Q , ‘Qthe local wave number

related to the angular frequency of the waves,] , and the water depth, "Q The symbol 'Q
denotes a reference wave number taken as the average wave number along the y-axis,
0 is the phase celerity, 6 is the group celerity and 0 is a dissipation factor.
Finally, AT A A£EKAE Ahd@Odepend on the aperture width chosen to specify the
minimax approximation. In the model, the combination of a;, T wT % dlg

@) w 1T 77 gnd by 8@ v p @proguces reasonable results for a maximum angular
range of 70° (Kirby, 1986) and is ultimately applied in the PMS-NL wave model.

The governing equation, Eqg. 3.19, is solved in finite difference form and approximated
according to a Crank-Nicholson implicit scheme for parabolic differential equations. The
resulting tridiagonal system of equations is solved utilizing the Thomas algorithm. The
solution of the governing equation is carried out in two steps. During the first step Eq. 1
is solved excluding the dissipation term assuming factor 0 1) and thereafter in the
next step the dissipation term is included.

Chondros et al., 2021, incorporated non-linear dispersion characteristics, in order to
improve model results in the nearshore, by introducing an approximate non-linear
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amplitude dispersion relationship, designated to mimic the effect of amplitude dispersion
in shallow water. Several approximate non-linear dispersion relationships have been
proposed (Hedges, 1987; Kirby and Dalrymple, 1986; Zhao and Anastasiou, 1993).
During this thesis, the formulation of Kirby & Dalrymple, 1986 was utilized since it
produces consistent results and provides a smooth transition and prediction of wave
characteristics over the entire range of water depths. The non-linear dispersion
relationship adopted in the PMS-NL wave model reads:

1 NP QM- 00 FRTN "QTN- (3.20)
where "Q ™ o od 0, Q ™ Ty @K', R BEds

Incorporation of non-linear dispersion characteristics is of paramount importance for
the accurate prediction of wave characteristics in the nearshore and especially the point
where initiation of breaking occurs which is integral for the implementation of the
Threshold Current wave schematization method.
Enhancements and developments
In the scope of this dissertation, the PMS-SP model has been extended to account for
generation and propagation of irregular uni-directional waves to further improve model
results and enhance the accuracy of the solutions. Irregular wave generation in the wave
model is treated by performing separate simulations of several regular wave components
and ultimately performing linear superposition to obtain the spectral wave characteristics.
The spectral energy density "Y"Q of the wave spectrum can be interpreted by using either
a Jonswap, TMA, or Pierson-Moskowitz source function. The source function for the
widely used Jonswap spectrum reads:

"0 o - (3.21)
YQ SO QQ A@D pg Vg [ U
where 'O is the spectral wave height, "Qis the peak frequency of the wave spectrum,
"Qis the frequency of each individual wave component, [ is a peak factor with values

ranging typically from 1-7, ,, is a dimensionless parameter adopting the value 0.07 if "Q
8

"Qor0.09if"Q "Q and ® 5 5 :_ is a scaling factor.

The wave energy spectrum is decomposed into a predefined number of discrete
frequency bins at equal wave energy intervals. Then the central frequency of each bin is
selected, while the wave height is the same since each bin is characterized by an equal
amount of incident wave energy. Then as previously stated, a regular wave computation
for each discrete wave component is carried out and through linear superposition the
irregular wave characteristics are obtained. The methodology of dividing the incident
wave spectrum into equal energy bands has been incorporated in other wave
propagation models solving the mild slope wave equation such as ARTEMIS (EDF-R&D,
2009) or MIKE21-PMS (DHI, 2017).

Of particular importance is the estimation of wave energy dissipation due to

bathymetric breaking in the wave model since apart from significantly altering wave

101



Chapter 3. A novel approach to Binning Input Reduction methods

characteristics, the excess radiation stress gradients inside the surf-zone in the
longshore direction generate longshore currents. Due to the inherent connection
between wave breaking and the radiation stresses the accurate prediction of wave
energy dissipation of mild sloping beds is mandatory especially in the scope of the
Threshold Current wave IR method.

In the initial version of the PMS-NL model wave energy dissipation due to bathymetric

breaking 0 is calculated through the bore model of Battjes and Janssen, 1979.
0 .

Ty O

0 _— (3.22)
0

==

where 'O s the root mean square wave height, 0 is the ratio of breaking waves, "Y
is the mean period of the wave energy spectrum and 'O is the maximum wave height
calculated through the criterion of Miche, 1951, as follows:

Qoo rp’QPOATrmp (3.23)
where[ and[ are parameters equal to 1.0 and 0.8 by default.
In the enhanced version PMS-SP of the wave model, an alternative formulation to
calculate wave energy dissipation due to wave breaking proposed by Janssen and
Battjes, 2007, which reads:

EAD | Ty Oy Agpy AOE
Pe D o’ < (3.22)
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where 0 is a calibration coefficient,”Y O j'O and "Qis the still water depth.

The model of Janssen and Battjes, 2007 is based on the work of Baldock et al., 1998,
improving the latter ¢ r i t ebehawonré@tsthe coastline by achieving the elimination of
singularities after the point of saturation.

The code has also been parallelized using OPEN-MP and auto-parallelization
directives (valid for Intel and IFX fortran compilers) to further reduce the levels of
computational resources required by the model simulations.

Model Validation

To validate the performance of the PMS-SP model in simulating the transformation of
waves from deep water to the nearshore, two experimental validation cases will be
presented. Both cases focus mostly on the new developments of the model carried out
in the framework of this thesis, with special attention given to the combined effect of
refraction diffraction and the bathymetric breaking of irregular unidirectional waves.

The first validation case concerns the propagation and transformation of irregular uni-
directional waves over a submerged elliptical shoal. Vincent and Briggs, 1989, conducted

experiments in the U.S. Army Coast al Engineeri

m wide directional wave basin located in Vicksburg, MS, USA. The shoal was
characterized by a major radius of 3.96 m, a minor radius of 3.05 m with a minimum
water depth of approximately 0.15 m at the top, while the depth at the region outside the
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shoal was kept constant at 0.457 m. Several tests were performed, including the
generation of unidirectional and multidirectional irregular waves utilizing a TMA spectrum
source function. The temporal evolution of the surface elevation was measured using an
array of nine parallel-wire resistance-type sensors. The layout of the bathymetry inserted
in the numerical model along with the control sections where wave characteristics were
measured is depicted in Figure 3.2. This experimenti s cr uci al in assessing
performance to simulate the transformation of irregular uni-directional waves in cases
where the combined refraction-diffraction dominates the wave field.

A regular grid was constructed with an equal grid spacing of dx=dy=0.05 m in each
direction. Hence the grid was constituted by a total of 660 cells in the y and 500 cells in
the x-direction respectively.
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Figure 3. 2. Bathymetry of the Vincent and Briggs, 1989 experiments and control sections where
wave characteristics were measured.

Two uni-directional wave propagation cases were simulated with the PMS-SP wave
model, case U3, corresponding to a broad frequency spectrum and case U4,
corresponding to a narrow-banded frequency spectrum. The incident wave conditions of
the simulated cases are shown in Table 3.1.
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Table 3.1
Incident wave conditions of the Vincent and Briggs, 1989 experiments simulated with the PMS-
SP

Case O (cm) “Y (s) ® )
u3 2.54 1.30 0.00155 2
u4 2.54 1.30 0.00047 20

t he significant wave height results stemming from the simulations with the PMS-SP
model extracted along control section S4 are divided by the incident wave height "O in
order to obtain normalized wave height results. The particular transect is located in the
lee of the mound where the combined effect of refraction and diffraction significantly
affects the wave field. Model results are plotted and compared to the experimental
measurements in Figure 3.3.
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Figure 3.3. Simulated (solid line) and measured (points) normalized wave heights results for (a)
case U3 and (b) case U4 of the Vincent and Briggs, 1989 experiments.

From Figure 3.3 it can be deduced that PMS-SP can very satisfactorily capture the
focusing of the wave energy due to the combined effect of refraction-diffraction for uni-
directional waves with a broad and narrow banded frequency spectrum respectively. The
exemplary performance of the model is attributed in the inclusion of the non-linear
dispersion relationship which significantly improve results for the cases where bottom
irregularities are present compared to models incorporating linear dispersion
characteristics. Ultimately the PMS-SP model is deemed capable of simulating wave
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transformation due to the combined refraction-diffraction which dominates the shaping
of the wave field in most real-field cases.

The next validation case concerns an experiment on wave transformation and
breaking on a plane sloping beach of an impermeable slope of 1:20 conducted by Mase
and Kirby, 1992. In the experimental layout, shown in Figure 3.4, waves propagate for
10 m on a bed with constant water depth of 0.47 m, before propagating up a sloped
beach starting at x = 0 m. The free surface was measured by 12 probes located at 0, 2.4,
3.4, 44,54,59, 64, 6.9, 7.4, 7.9, 8.4, 8.9 m respectively. Waves were generated
through a Pierson-Moskowitz source function Two irregular unidirectional wave breaking
cases entitled A & B respectively were tested with a peak frequency of "Q=0.6 Hz and
"(=1.0 Hz respectively.

Wave Paddle

- o Wave Gages

WG WG 12

A LT

Impermeable Slope

I-—Jj)il..m d

Figure 3. 4. Bathymetry of the Mase and Kirby, 1992 experiments and wave gages where wave
characteristics were measured

The bathymetry was discretized with an equal spatial step in both directions dx=dy=0.1
m and the spectrum divided in 50 discrete frequencies ranging from 0.2-2.0 Hz. The
incident wave conditions as well as the breaking dissipation parameters are shown in
Table 3.2.

Table 3.2
Incident wave conditions of the Mase and Kirby, 1992 experiments simulated with the PMS-SP
Case "0 (m) "Y (s) @ r r
A 0.068 1.67 1.0 1.0 0.70
B 0.06 1.00 1.0 1.0 0.70

The obtained results of significant wave height obtained by the PMS-SP simulations are
compared to the measurements at the 12 placed wave gauges at the Mase and Kirby,
1992, experiment and are showcased in Figure 3.5.
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Figure 3. 5. Simulated (solid line) and measured (points) significant wave heights results for case
A and case B of the Mase and Kirby, 1992 experiments.

Overall, results are in excellent agreement with the experimental measurements and the
model is capable of simulating wave shoaling and the subsequent decay of the waves
due to bathymetric breaking. A discrepancy between measurements and model results
at the last gauge for Case A is due to the presence of wave setup which is not
incorporated in the model. Ultimately, the model is deemed capable of simulating
irregular wave breaking in plane sloping beds and capturing the wave energy dissipation
intensity. This is a particularly important feature of the model since the accurate
prediction of the width of the surf zone is an integral part of the methodologies presented
in this Chapter.

3.2.2. The MIKE-21 CM FM suite
The coastal area model utilized for the morphological bed evolution simulations deducted

in this Chapter and throughout the thesis is the MIKE21 CM FM suite developed by DHI
(DHI, 2014). The model has been used extensively in a variety of coastal engineering
applications, with and without the presence of coastal protection structures (Afentoulis
et al., 2017; Gad et al., 2018; Papadimitriou et al., 2020).

The MIKE21 Coupled model FM suite includes several complementary numerical
models and tools three of which were used for the purpose of this research:

1 MIKE21 SW, a 3" generation spectral wave model based on the conservation of
the wave action balance, suited for the propagation and transformation of waves
in the coastal zone.

1 MIKE21 HD, a depth-averaged hydrodynamic model based on the Reynolds
averaged Navier-Stokes equations of motion (RANS), for the description of the
nearshore current field.
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1 MIKE21 ST, a sand transport and morphology updating model, used to calculate
sediment transport rates and the morphological bed evolution.

The models are directly coupled, allowing for the interaction between waves and currents
and the effect of bed level changes in waves and hydrodynamics. The calculations are
performed in an unstructured finite element mesh, allowing for flexibility in calculations
and a more precise representation of the coastline and complex topography features.

MIKE 21 SW model is a 3rd generation spectral wave model suited for the propagation
of waves in the oceanic scale and in nearshore areas. The governing equation of the
model is based on the principle of conservation of the wave action-balance which reads
in Cartesian coordinates:

h. ;R h hh A3 303
X oMY AR AVEEY 'Rl & (3.23)

where N ( x0,dy fis)the wave action density, c,, cy are the propagation wave celerities

in the spatial domain, c; is the propagation celerity in the frequency domain and @ is the
propagation celerity in the directional domain. All the transfer celerities are computed
according to the linear wave theory. In the right-hand-side of Eq. (3.23) the term S
denotes the source and sink terms of the wave action balance equation (e.g. generation
due to wind, white-capping dissipation, non-linear wave interactions, depth-induced
breaking, wave blocking due to a strong opposing current etc).

The discretization in the geographical and spectral domain is carried out using a finite
volume cell-centered method. In frequency space, a logarithmic discretization is used,
whereas in the directional space an equidistant division is used (DHI, 2009a). The time
integration is performed based on a fractional step approach. The propagation step is at
the first level solved without taking the source terms into account, utilizing an explicit
Euler scheme. To loosen stability restrictions, a multi-sequence integration scheme is
implemented based on the principles presented in Vilsmeier and Hanel, 1996, allowing
for the use of large time steps for the wave propagation and spectrum evolution. On the
second level the source term integration step is solved using an implicit Euler scheme.

The hydrodynamic and transport model MIKE21 HD is based on the solution of the
depth-integrated shallow water equations, expressed by the continuity and momentum
eqguations in the x and y directions in the Cartesian space:
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where "Qis the total depth of the water column, u and v are the depth-averaged current
velocity components in the x and y direction respectively, d is the free surface elevation,
f is the Coriolis parameter, } is the water density, S, Sy y Sy y are components of the
radiation stress tensor, p,, is the atmospheric pressure, S the magnitude of point sources,
with us, Vs [m/s] being the velocity vectors of the point discharge and T, x Ty y Ty y
denoting lateral stresses including viscous, turbulent friction and differential advection.

A first or a second order solution scheme can be applied for the solution of the above
equations in the spatial domain using a finite-volume approach. The time integration is
carried out by implementing either a low order explicit Euler scheme or a 4" order Runge-
Kutta scheme. An approximate Riemann solver is applied to calculate the convective
fluxes at the cell faces. Second-order accuracy is achieved by employing a linear
gradient-reconstruction technique.

The MIKE 21 ST model calculates the sediment transport rates and the morphological
bed evolution either in a pure current case, or under the combined effect of waves and
currents. The model is valid for sand grains and often overestimates shingle-sized
material transport rates (DHI, 2009b). For the case of sediment transport induced by the
combined effect of waves and currents, the sediment transport rates are calculated by
linear interpolation on an externally formed sediment transport table. The core of this
utility is a quasi-three-dimensional sediment transport model (STPQ3D). The model
ultimately calculates the instantaneous and time-averaged hydrodynamics and sediment
transport in the two horizontal directions. The bed level updating is carried out by
implementing an explicit first order Lax-Wendroff scheme.

3.3. Methodology implementation

3.3.1. Study area and model setup

The developed methodologies presented in Section 3.1, were implemented in the coastal
area near the port of Rethymno in Crete, Greece. The area of interest, shown in Figure
3.6, includes the aforementioned port, located in the northern end of Crete within the
homonymous bay and the adjacent coastal area eastward, with a coastline of
approximately 4 km in length. Being a highly urbanized area, commercial, administrative,
cultural and tourist activities are concentrated along the coastal zone where the city is
located. The coastline of interest consists mainly of fine sand sediment, and due to the
sediment transport and hydrodynamic patterns, sediment is periodically accumulated in
the entrance of the port hindering navigational procedures.
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Figure 3. 6. The island of Crete (bottom left), the municipality of Rethymno (bottom right) and the
study area showing the port and the adjacent coastline.

An unstructured triangular finite element mesh was constructed for the purpose of
performing the morphological bed evolution simulations with the MIKE21 CM FM coastal
area model. Waves enter the computational domain through the north, east and west
offshore boundaries. Three density levels were used for the discretization of the domain,
with the finer area being near the offshore wave boundaries, and the denser one covering
an extend of 3.5 km long and 10.0 km wide. A third density level was established
extending at about 250 m offshore the eastern coastline of interest. For the solid
boundaries, a vertice-adaptive mesh generation scheme allowed the construction of
relatively small finite elements in this area, allowing for the more detailed description of
the bathymetric variations in shallow waters. Regarding the dimensions of the interior
triangular elements, they are comprised of a mean nominal length of about 100 m, with
the largest element size being 293 m and the minimum 0.71 m. Bathymetric data in the
port basin were obtained from topographical surveys conducted during the EU funded
research project Preparing for Extreme And Rare events in coastal regions (PEARL) and
were further populated offshore by data available in the NAVIONICS database
(https://webapp.navionics.com/). After interpolating the bathymetric data, the maximum
depth of the numerical domain reaches up to 180 m.

To force the 3™ generation spectral wave model MIKE21 SW and perform the wave
schematization, time series of offshore sea-state characteristics, namely spectral wave
height 'O , peak wave period "Y and mean wave direction 0 w ‘Owere obtained from the

Copernicus Marine Service (https://marine.copernicus.eu/) database for a time range
covering 01/1993 - 01/2020. For the particular case, the regional package
MEDSEA_MULTIYEAR_WAV_006_012 (Korres et al., 2019), a multi-year wave
hindcast product composed of hourly wave parameters at 1/24° horizontal grid resolution
was utilized. The corresponding modelling system is based on the widely used 3"
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generation spectral wave model WAM 4.6.2 and consists of a nested sequence of two
computational grids (coarse and fine) to ensure that swell propagating from the North
Atlantic towards the strait of Gibraltar is correctly entering the Mediterranean Sea. The
offshore sea-state characteristics were extracted at a point coinciding with the center of
the north offshore boundary of the computational mesh, and specifically at coordinates
with a longitude of 24.5043¢ and a latitude of 35.4038e A full year of wave records,
selected arbitrarily to be the year 2012, was extracted for the execution of the numerical
simulations. In Table 3.3, the mean values of the offshore sea-state characteristics for
the year 2012 are compared to those from the period of 1993-2020 indicating that the
year 2012 is valid representation of the annual wave climate at the study area.

Table 3.3
Mean values comparison for the offshore sea-state wave characteristics between the year 2012
and the period of 1993-2020

Time span O (m) "Y (s) D wo
2012 1.05 5.75 335.19
1993-2020 0.98 5.60 334.39

The mean annual wave climate at the study area for the year 2012 is showcased as a
rose plot in Figure 3.7. As can be seen from the wave rose and the orientation of the
coastline, wave records propagating from the west, southwest, south, southeast and east
sectors (with w T 00 @W'O ¢ X Jidd not contribute to the morphological bed evolution
and were eliminated. Consequently, the 8761 hourly changing wave records were
reduced to a total of 8219 by records.
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Figure 3.7. Wave rose for the year 2012 from the Copernicus database offshore the port of
Retmymno.
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The simulations of the MIKE21 CM FM model were conducted through the
i Mor p h o doyap@aadhc allowing for the direct feedback between waves,
hydrodynamics and sediment transport/morphology updating. Hence a morphological
scale factor (Morfac) of 50 was utilized to keep the computational model run-time at
reasonable levels. Additionally, a constant mean sediment diameter of 0.15 mm was
considered throughout the numerical domain for the morphological modelling
simulations.

Model performance evaluation will be carried out in an area of interest extending up
to a close of 450 m offshore the eastern coastline adjacent to the port and reaching a
maximum depth of about 9 m. It should be noted, that for the particular dataset the depth
of closure calculated through Eq. (3.18) is about 5.5 m signifying that the largest portion
of the sediment transport occurs shoreward of this depth. This area (enclosed by the
polygon shown in Figure 3.8 was the main focus of the evaluations, since it consists
mostly of a sandy uniform bed and is of high interest to the public due to the
concatenation of tourist and economical activities at this location. The coastline of
interest is relatively straight with an orientation of West to East, implying the beach is
under direct wave attack (angle of incidence | Oe from waves approaching from the
north sector.

Figure 3. 8. Finite element mesh showcasing the area (within the closed polygon) where the
morphological model results will be evaluated

In the absence of bed level elevation measurements, the results of the simulations
utilizing the Pickup Rate and the Threshold Current wave schematization method will
respectively be compared to a Brute force simulation acting as a benchmark and
containing the full set of 8219 hourly changing wave records. The obtained results from
both the wave IR methods developed in the framework of this research will be also
compared to those stemming from the widely used Energy Flux method, which as stated
in numerous studies (Benedet et al., 2016; de Queiroz et al., 2019; Walstra et al., 2013)
is considered to be among the best performing IR methods. For the evaluation of model
skill, the commonly used in coastal morphological modelling Brier Skill Score metric
(Sutherland et al., 2004a) will be calculated for the area of interest shown in Figure 3.8.
For the purpose of calculating the BSS, the Brute force simulation results will be
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considered as the measurement values acting as a benchmark, while the baseline
condition will be the initial bathymetry. The model predictions of each simulation carried
out via the IR methods tested in this Chapter will then be used to calculate the BSS
values, with a value of unity declaring perfect agreement between model results and
measurements.

3.3.2. Representative wave conditions

In this subsection the representative wave conditions obtained by implementing the
newly developed Pick-up rate and Threshold Current wave IR methods will be presented.
As has been previously stated, the methodologies presented in section 3.1, incorporate
the PMS-SP model in the simulations to estimate wave characteristics at a nearshore
depth of 9 m for the Pick-up rate method and estimate longshore current velocity in the
Threshold Current method respectively.

Out of the 8219 wave records implementing the Shields criterion of incipient motion
led to the elimination of 4699 sea-states that are considered unable to induce significant
morphological changes by implementing the Pick-up rate IR method effectively reducing
the input dataset. A bivariate plot of O and @ presenting the obtained representative
wave conditions and their respective boundaries is showcased in Figure 3.9. It should
be stated that the blue scatter data denote wave records that are considered in the
calculation of the representative wave conditions whereas the light blue transparent
scatter data are those eliminated from the dataset.
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Figure 3. 9. Obtained 12 representative wave conditions (red markers) by implementing the Pick-
up rate wave IR method. The light blue markers denote wave records eliminated from the dataset.
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Observing the obtained representative conditions and their respective bins it can be
deduced thatt he mor e f e sstates@re présendin teeenarth sector (at angles
of wave incidence & § p vhJ J hence 8 bins out of the total of 12 are defined in this
range. Implementing the Shields criterion of incipient motion strictly for the bed-shear
stress induced by the exclusive action of waves, leads to a universal threshold for the
significant wave heights under which no sediment motion takes place which is about
"0=0.52 m.

By implementing the Threshold Current wave IR method 5082 sea-states were
eliminated reducing the full dataset of wave records to a total of 3137. In the same vein,
Figure 3.10 shows the representative wave conditions obtained through the Threshold
Current method with the light blue transparent scatter data denoting those eliminated
from the dataset.

Figure 3. 10. Obtained 12 representative wave conditions (red markers) by implementing the
Threshold Current wave IR method. The light blue markers denote wave records eliminated from
the dataset.

Similarly, to the Pick-up rate wave IR method, the more energetic representative wave
conditions are concentrated in the north sector albeit the width of the respective bins is
a bit wider than those formed in the Pick-up rate method (at angles of wave incidence
W s p ¢ 1) It can be observed that once again for most cases, sea-states with
'O 0.5 m are eliminated from the full dataset. Exceptions to this rule are wave
approaching at angles of ® T Ldr & T vWhich are coincidentally the angles
where the maximum value of longshore current speed is obtained considering the case
of a straight coastline and depth parallel contours. Supporting this fact, waves
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