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Summary

Trochoidal sediment waves are large-scale rhythmic bedforms in a non-cohesive, shallow and tide-
dominated marine environment and are observed at several locations which experienced glaciations,
e.g. the Irish Sea. The abnormal heights of trochoidal sediment waves do not scale with the present-day
water depths and current hydrodynamics are unable to form these bedforms. Therefore, the hypothesis
states that the coarse cores of trochoidal sediment waves are relicts and their generation is linked to
palaeo-tidal conditions during the marine transgression after the Last Glacial Maximum, i.e. 26, 000
years before present. Over time, the Irish Sea encountered extreme sea-level rise and significantly
changing tidal dynamics before conditions stabilised around 6, 000 years ago. Nowadays, a sand veneer
on the flanks of the present-day core is mobile during high-energy events. These relicts can comprise a
nuisance to offshore projects and affect hydrodynamic processes as macroscale roughness to the bed
due to their abnormal heights, thereby impacting the entire ecosystem.

Processes influencing the genesis of trochoidal sediment waves however remain poorly understood.
Process-based models can be used to simulate present-day sand wave behaviour. The contemporary
model set-up however needs significant adjustments due to the coarse nature, larger water depths
and a substantial time-scale. Nevertheless, these models may give insights into the genesis of relict
trochoidal sediment waves. The aim of this research is therefore to explain the formation and evolution
of trochoidal sediment waves throughout their post-glacial period using an existing process-based sand
wave model in Delft3D.

First, reconstructed palaeo-tidal conditions and the present-day morphological characteristics of
trochoidal sediment waves in the Irish Sea are analysed. The first indicates a clear trend of intensifying
peak bed shear stresses and significant sea-level rise. Bathymetry data from the Amplifies Sediment
wave Irish Sea project subsequently showed site-specific characteristics with wave heights and wave-
lengths ranging between 11 to 35 m and 340 to 560 m, respectively. Furthermore, grab samples
obtained along trochoidal sediment waves mainly presented multimodal sediment mixtures with the
coarsest sediments found in the troughs.

Subsequently, the model is adjusted according to the Irish Sea. A sensitivity analysis is conducted
to find a suitable parameter setting. Through a 2DV case study sediment wave formation and evolution
on a millennial time-scale is modelled following the trend obtained from the palaeo-tidal reconstruction.
Sea level rise and enhanced hydrodynamics are simulated with depth increments and increasing bed
roughness and tidal conditions, respectively. The model results show that sediment waves grow in
height over time and that longer wavelengths prevail at larger depths. This resulted in wave heights and
wavelengths comparable to those observed in the field.

At last, a thin sand layer is added at the bed to the 2DV case study model through bed stratification
to determine the initial morphodynamic response. This layer of sand represents the observed mobile
sand veneer. Model simulations show that the sand covers the flanks and troughs of the coarse core
over time thereby decreasing its original height and tending towards a new equilibrium. Observations
however imply that the coarsest sediments are found in the troughs. Furthermore, the sand layer is
shown to be mobile dependent on the tidal current during the simulations.

In comparison to previous sand wave modelling studies, this research can be considered as a
starting point of modelling bedforms with a coarser nature which at located at significantly larger water
depths. Through a case study model with an idealized set-up the research shows that it is also possible
to model over a significant time-scale despite the associated large uncertainties. Moreover, this study
indicates that observed trochoidal sediment waves in the Irish Sea formed and evolved between 12,000
and 6,000 years before present thereby strengthening the geological hypothesis.

This model set-up is recommended for modelling on a substantial time-scale to qualitatively support
hypotheses. Recommended research includes the application of the case study model for other study
areas which experienced or face sea level rise. Collecting more grab sample data and further exploration
of including processes within the set-up could potentially help to further understand the formation and
evolution of these relict bedforms.
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1
Introduction

1.1. Background
Tidal sand waves (Figure 1.1b) are large-scale rhythmic bedforms in a noncohesive, shallow and
tide-dominated marine environment. Sand wave patterns are generated by the complex interaction
between hydrodynamics, sediment transport and morphology (Hulscher, 1996). A distinction in origin
can be made between still actively forming and evolving sand waves which can migrate up to tens
of metres per year (Van Landeghem et al., 2012) and relict sand waves which are formed due to
the marine transgression several thousands of years ago and have only slightly reshaped after their
formation (Albarracín et al., 2014). These bedforms can pose a serious threat to multiple offshore
human activities and affect hydrodynamic processes as macroscale roughness to the bed impacting
ecosystems (Németh et al., 2003; Games & Gordon, 2015; Roetert et al., 2017).

Trochoidal sediment waves are observed in the Irish Sea (Van Landeghem et al., 2009a). The
nearly symmetrical, sharp-crested sediment waves with trochoidally-shaped flanks differ significantly
from active and smaller-sized sand waves. Their wavelengths are dependent on whether they are
located in a regularly spaced sediment wave assemblage or in isolation, i.e. when mobile sediment
supply is sufficient or limited, respectively (Van Landeghem et al., 2009a). Trochoidal sediment waves
consist mainly of a relatively coarse (sandy gravel) and poorly sorted core (Valentine et al., 2002;
Van Landeghem et al., 2013). Due to their coarser nature, the term “sediment wave” is therefore
adopted rather than sand wave. During high-energy events, the flanks of present-day trochoidal
sediment waves are often reshaped by a mobile sand veneer (Albarracín et al., 2014; Neto et al., 2018)
that can even include migrating superimposed sand waves (Van Landeghem et al., 2009a).

The coarse cores of trochoidal sediment waves are considered relicts. The abnormal heights of
trochoidal sediment waves do not scale with the present-day water depth of the Irish Sea (Van Lan-
deghem et al., 2013). In the Irish Sea, observed heights of these trochoidal sediment waves amplify
from 5 m up to 36 m, which can comprise more than one third of the water column. Their generation is
linked to significantly changing palaeo-conditions during the marine transgression after the Last Glacial

Figure 1.1: Shaded relief images of multibeam swath bathymetry data showing (a) trochoidal sediment waves and (b) sand
waves in assemblage in the Irish Sea (Van Landeghem et al., 2009b).

1



1.1. Background 2

Maximum (LGM), 26 kiloannum before present (BP), at multiple locations over the world, e.g. Canada
(Barrie et al., 2009), France (Franzetti et al., 2013), Spain (Albarracín et al., 2014), and the eastern U.S.
(Valentine et al., 2002).

During the post-glacial period temperatures evolved gradually and resulted in the retreat of the
British-Irish Ice Sheet allowing water to enter the Irish Sea (Figure 1.2). Over time, the Irish Sea
encountered extreme sea-level rise and significantly changing tidal dynamics due to the varying basin
geometry. After the period of 10 ka BP, the bed load transport directions in the central Irish Sea changed
due to the retreating ice sheets to a symmetrical tidal regime (Uehara et al., 2006). Since then, the
central Irish Sea is associated with bed load parting zones. The nearly symmetrical tide and the
long-term reversals of the slightly dominant current-induced bed stresses in these zones are suspected
to have contributed significantly to the bi-directionally piling up of coarse sediment (Valentine et al.,
2002; Van Landeghem et al., 2009a). Additionally, the formation of trochoidally-shaped sediment waves
is supported by significant bed stresses between 7 and 10 ka BP due to the enhanced ocean tides and
local configurations (Uehara et al., 2006).

A continuous mobile sediment supply turns out to be crucial for the further growth of trochoidal
sediment waves (Van Landeghem et al., 2013). This supply is most probably from sediments infilling
glacial incisions which overlap with trochoidal sediment wave fields (Jackson et al., 1995). This process
is triggered due to converging sediment transport paths and due to scouring around nearby sediment
waves which consist of coarse particles (Van Landeghem et al., 2009a) and is potentially strengthened
by the formation of standing internal waves due to stratification (Cartwright, 1959). Another process
that is linked to the trochoidal sediment waves is the hiding-exposure effect due to multimodal sediment
mixture (Van Landeghem et al., 2013).

After 5 ka BP, it is assumed that the trochoidal sediment waves in the Irish Sea became moribund
since hydrodynamics stabilised (Uehara et al., 2006). The geological hypothesis states that present-
day hydrodynamics are unable to generate these enigmatic features (Van Landeghem et al., 2009a;
Albarracín et al., 2014). Processes influencing their generation and evolution however remain poorly
understood due to limited studies and the large timescale.

Process-based models are commonly used to simulate present-day sand wave behaviour, mainly
focusing on the North Sea. These models are used in sand wave modelling studies to investigate several
processes which theoretically can influence sand wave characteristics, e.g., sediment mixture (Damveld
et al., 2020b) and tidal forcing (Besio et al., 2004; Németh et al., 2002). A non-linear approach to
simulate sand wave morphodynamics is the use of the complex numerical shallow water model Delft3D
(Deltares, 2022) in which various physical processes can be incorporated in an advanced manner.
Such a model can be operated to investigate sand waves in multi-layer mode, i.e. two-dimensional
vertical (2DV) or three-dimensional (3D), in which hydrodynamics, sediment transport and bed evolution
are coupled and updated consecutively after each time step (Lesser et al., 2004). Here, 3D model
application is generally limited due to large computation time. The Delft3D-4 model is most frequently
used in sand wave modelling studies.

(a) (b) (c)

Figure 1.2: The BRITICE-CHRONO model reconstruction combining the physics of ice-sheet modelling with the
geomorphological, geological and chronological data on ice limits and glacio-isostatic mass loading for (a) 21, (b) 17 and (c) 15

ka BP (Clark et al., 2022).
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1.2. Knowledge gap
Very large relict trochoidal sediment waves can be found in the Irish Sea which significantly differ from
the active, asymmetrical, and smaller-sized sand waves. A hypothesis states that the coarse core of
these types is initially formed in a distant past. Its evolution over time is linked to numerous factors such
as the bidirectionality of the tidal currents, glacial incisions, and scour mechanisms. However, processes
influencing the formation and evolution of these types remain poorly understood due to limited studies
and large uncertainty associated with the timescale of millennia.

Process-based models can be applied to better understand processes influencing the formation
and evolution of trochoidal sediment waves in the Irish Sea throughout their post-glacial period. The
applied model set-up is however based on present-day sand waves, mainly focusing on the North
Sea. The Irish Sea has not yet been investigated with these types of models and its historical and
current environment differs significantly from the southern North Sea such that the model by Damveld
et al. (2020b) cannot instantly be used to reproduce sediment waves. Also, preliminary sand wave
modelling studies only included a sand mixture, whereas the core of trochoidal sediment waves consists
of relatively coarse sediments. Until now, gravel is not included in sediment mixtures during model
simulations, let alone pure gravel. Likewise, the sorting process of a mobile sand veneer hosting the
coarse core of equilibrium stage sediment waves is not investigated using these types of models.

1.3. Research aim and questions
According to the knowledge gaps found in the literature study, the aim of this study is defined, i.e.

to explain the formation and evolution of trochoidal sediment waves throughout their
post-glacial history using an existing process-based sand wave model.

To achieve this aim, three sub-questions are specified and stated below. These sub-questions serve to
structure the forthcoming research. A short motivation for each sub-question is included.

I. What are the palaeo-tidal conditions and present-day morphological characteristics of
trochoidal sediment waves in the Irish Sea?
Information with respect to the palaeo- and present-day environment along observed trochoidal
sediment waves in the Irish Sea will be used as a starting point for the parameter setting of the
Delft3D model. In addition, the data will be compared to the model results.

II. In what way can an existing process-based sand wave model be adjusted to reconstruct
the formation and evolution of the coarse core of trochoidal sediment waves during the
post-glacial period?
The aim of the post-glacial modelling phase will be to validate the hypothesis which states that the
coarse core of trochoidal sediment waves is initially formed in a distant past and evolved over time
along with the sea-level rise until hydrodynamics stabilised. Thereby, processes influencing its
formation and evolution will hopefully be better understood.

III. What is the initial morphodynamic response of equilibrium stage sediment waves due to
the addition of a thin sand layer at the bed?
The inclusion of a sand layer within the Delft3D model will represent the mobile sand veneer
that is observed hosting the coarse core of present-day trochoidal sediment waves. Short-term
model simulations will give insight into initial morphodynamic behaviour and sorting patterns along
sediment waves.

1.4. Research approach
The research aim and questions formulated above form the structure of the research to be carried out.
The first question will be answered through the output of a Glacial Isostatic Adjustment (GIA) model by
Uehara et al. (2006) and data-analysis of the Amplified Sediment wave Irish Sea (AmSedIS) project.
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The palaeo-peak bed shear stresses and water depth of the last 16 ka near the survey areas will be
reconstructed by the GIA model. During the AmSedIS project high resolution swath bathymetry and
grab sampling data at survey areas of trochoidal sediment waves were obtained. This data set will be
used to specify the present-day trochoidal sediment wave characteristics and to analyse correlations
and trends. This information will be used as a starting point for the model set-up for the next research
question.

Subsequently, a 2DV set-up which generates gravel waves will be established for a palaeo-depth, a
symmetrical tide, and a uniform gravel composition using an existing sand wave model by Damveld
(2020) in Delft3D-4. This model is used to answer the second and third research question. A sensitivity
analysis of the numerical model and process parameters on the gravel wave development during the
small- and finite-amplitude stage will be carried out which will shed light upon the possibilities of tuning
the model. After this, a 2DV case study is set up to reconstruct the palaeo-tidal conditions and time
scale. This will be achieved by depth increments thereby taking a leap in time between each case.
While starting from a flat bed, the equilibrium bed levels will be adopted as initial topography for the
succeeding case to simulate the formation and evolution of the coarse core of trochoidal sediment waves
throughout its post-glacial history towards equilibrium, i.e. up to the period hydrodynamics stabilised.

To answer the final sub-question the 2DV case study model will be extended with bed level stratifica-
tion, i.e. a sand layer will be added to the system on top of sediment waves. This layer will represent
the mobile sand veneer that is observed hosting the core of present-day trochoidal sediment waves in
the Irish Sea. The equilibrium stage sediment waves that follow from the second research question will
be used as initial condition. First, a limited sensitivity analysis will be conducted for the morphological
acceleration factor and the uniform diameter of the sand layer to tune the model setting. Thereafter, the
short-term response to the bed level and sorting patterns along the sediment waves will be analysed.

1.5. Report outline
The theoretical framework of this study can be found in Chapter 2. Subsequently, the Delft3D model is
described in Chapter 3. These two chapters are primarily intended for those with little prior knowledge
about sand waves and the Delft3D model. The data of the post-glacial and present-day environment
at the survey areas is analysed in Chapter 4. The sensitivity analysis is discussed in Chapter 5 prior
to the post-glacial cases (Chapter 6). Chapter 7 describes the initial morphodynamic response of
adding a sand layer to the system. Chapter 8 chapter contains a discussion of the limitations of the
results, whereas Chapter 9 presents the conclusions of this study including answers to the stated
research questions. Finally, recommendations for further research based on the results of this study are
discussed in Chapter 10.



2
Theoretical framework

This chapter represents the theoretical framework of this study. First, scientific knowledge about tidal
sand waves is summarised. Subsequently, the Irish Sea environment and its history is described. At
last, trochoidal sediment waves which are observed in the Irish Sea are discussed.

2.1. Tidal sand waves
This section concerns sand waves which are observed all over the world. First, the definition and
the practical relevance of sand waves for this modelling study are introduced. Subsequently, several
observational studies over the world are shown and basic sand wave characteristics are briefly described.
Hereafter, the formation of sand waves is explained. The section ends with processes that influence
sand wave morphodynamics as found in literature.

2.1.1. Definition and practical relevance

Tidal sand waves (hereafter referred to as ’sand waves’) are considered as large-scale rhythmic bedforms
in a non-cohesive, shallow and tide-dominated marine environment. Its environment distinguishes
marine sand waves from their river (Bradley & Venditti, 2017) and estuarine counterparts (Van der
Sande et al., 2021). Sand wave patterns on the seafloor are induced by the complex interaction between
hydrodynamics, sediment transport and morphology (Hulscher, 1996).

According to Albarracín et al. (2014), sand waves are distinguished between still actively forming,
evolving and migrating bedforms and relict bedforms which are formed due to the marine transgression
several thousands of years ago and have only slightly reshaped after their formation. The first can
due to its morphodynamic behaviour pose a serious threat to multiple offshore human infrastructure,
e.g., cables (Roetert et al., 2017), navigation (Katoh et al., 1999), pipelines (Németh et al., 2003)
and foundations of offshore oil and gas installations and (planned) wind farms (Velenturf et al., 2021).
Moreover, processes influencing these present-day evolving sand waves can provide understanding
in the palaeo-conditions for the genesis of relict bed forms. In addition, relict bedforms constitute a
nuisance to offshore projects and affect hydrodynamic processes as macroscale roughness to the bed,
thereby impacting the entire ecosystem.

2.1.2. Occurrence

Sand waves are observed in shallow coastal sea in which bed shear stresses induced by the dominant
symmetrical tidal flow are substantial enough to exceed the corresponding critical threshold value and
thereby initiate sediment transport (Hulscher & Dohmen-Janssen, 2005). Figure 2.1 shows multiple
locations worldwide where, among others, sand waves are observed, i.e. the continental shelfs of
Argentina (Aliotta & Perillo, 1987), Australia (Harris, 1989), Brazil (Figueiredo, 1980), Canada (Barrie
et al., 2009), China (Wang et al., 2012), India (Wagle & Veerayya, 1996), Japan (Katoh et al., 1999),
Korea (Park et al., 2003), Mozambique (Flemming & Kudrass, 2018), South Africa (Flemming, 1978),
Taiwan (Zhou et al., 2018), the eastern and western U.S. (Field et al., 1981; Barnard et al., 2006;
Bokuniewicz et al., 1977), the European margin, in the Irish Sea (Van Landeghem et al., 2009b) and
North Sea (Damen et al., 2018), Denmark (Anthony & Leth, 2002), France (Franzetti et al., 2013),
Germany (Antia, 1995), Greece (Lykousis, 2001), Italy (Santoro et al., 2004), Spain (Albarracín et al.,
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Figure 2.1: Observed sand waves at locations over the world (not complete) indicated with red dots. References for each
location can be found in the main text. Image originally after worldmapsonline.com.

2014). This shows that sand waves are observed all over the world and that their practical relevance is
not limited to a single location.

Sand waves differ from other marine bed forms in their properties shown in Table 2.1. Sand waves
mainly have wavelengths of hundreds of metres and significant wave heights in the order of several
metres to tens of metres (Van Landeghem et al., 2009b; Damen et al., 2018). Meanwhile, active
sand waves are mobile and persistent and can migrate tens of metres per year (Roetert et al., 2017;
Van Landeghem et al., 2012), while relict sand waves are moribund (Albarracín et al., 2014). The
formation of sand waves takes several years to decades. The morphological time scale is thereby
significantly larger than the timescale of the tidal motion (Damveld, 2020).

2.1.3. Characteristics

Sand wave fields are mostly referred to as 2D features perpendicularly orientated to the dominant
symmetrical tide since the sand wave crests are much longer than their wavelengths (Hulscher &
Dohmen-Janssen, 2005). However, their longitudinal length can vary strongly (Damveld, 2020). A
planform geometry classification of bedforms is made by Perillo et al. (2014), see Figure 12. A sand
wave field can form a two-dimensional (2D), two-and-a-half dimensional (2.5D) and three-dimensional
(3D) pattern by observing the wave crests. In a 2D sand wave field the crest lines are continuous and
straight, whereas curved and disconnected crest lines dominate in a 3D field. A 2.5D field represents
either disconnected and straight (top) or continuous and curved (bottom) sediment wave crests.

According to Zhang et al. (2019), the wavelength of sand waves (L) is measured from trough to

Figure 2.2: Schematic representation of an asymmetrical sand wave with the level of asymmetry A, sand wave height H,
wavelength L, stoss-side length L1 and lee-side length L2 (Cheng et al., 2020).
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Table 2.1: Marine bed form characteristics in order of magnitude: wavelengths, wave heights, migration speed, orientation with
respect to the dominant tide and associated morphological time scale (Damveld, 2020).

Bed form type Wavelength Wave height Migration Orientation Morphological
L [m] H [m] [myr−1] [◦] time scale

Ripples 101 − 100 10−2 − 10−1 102 − 103 ∼ 90 Minutes - hours

Megaripples 101 − 100 10−1 − 10−2 102 − 103 ∼ 90 Hours - days

Sand waves 102 − 103 100 − 101 100 − 101 ∼ 90 Years - decades

Long bed waves ∼ 1, 500 ∼ 5 Unknown − Centuries

Shoreface- ∼ 103 100 − 101 ∼ 100 − Centuries
connected ridges

Sand banks 103 − 104 100 − 101 − ∼ 0− 30 Centuries

trough, while the wave height (H) represents the vertical distance between the crest and the adjacent
trough. The migration rate of sand waves is determined by the horizontal displacement of the crest
over a time interval. However, bathymetric data of two sufficiently far apart time periods is needed to
determine migration rates. The water depth (h(cr)) is indicated as the distance from the crest of the
sediment wave to the surface water of the sea (Van Landeghem et al., 2012).

2.1.4. Formation

Hulscher (1996) approached the generation of tidal sand waves as small sinusoidal perturbations
superimposed on a flat seabed that are submitted to the tide which results in flow alterations. Given
continuity, the flow on the lee and stoss side decelerates and accelerates due to an increasing and
decreasing water depth, respectively. This occurs in both ways since the tide is characterised by an
oscillatory flow (Figure 14). The tide-averaged flow then induces vertical residual circulation cells and
bedload sediment transport towards the sand wave crest (Figure 15). The upslope sediment transport
is counteracted by gravitational forces, i.e. downslope bedload transport towards the troughs or slope-
induced transport. Slope-induced transport is strongly dependent on the steepness of the sand wave
slope.

In addition to bedload and slope-induced transport, Borsje et al. (2014b) identified a third dominant
mechanism in relation to sand wave formation, that is, suspended sediment transport. Suspended
sediment transport also dampens sand wave growth, like slope-induced transport, and depends on
grain size and current strength. This damping effect is explained by the phase lag between sediment
in suspension and sand waves (Borsje et al., 2014b). At locations where suspended load transport is
dominant, sand waves might not form at all (Damen et al., 2018).

2.1.5. Processes influencing morphodynamics

Multiple processes can affect the morphodynamics of sand waves as is shown by various modelling
studies, e.g., biota (Damveld et al., 2020a), dredging (Campmans et al., 2021), sediment availability
(Damveld et al., 2021) and mixture (Damveld et al., 2020b), storms effects (Campmans et al., 2019),

Figure 2.3: Velocity profile (left) and time-averaged (residual) velocity profile (right) over a sand wave (Tonnon et al., 2007).
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Figure 2.4: Residual vertical circulation cells over sand waves (Hulscher, 1996).

tidal forcing (Besio et al., 2004; Németh et al., 2002) and underlying seabed topography (Leenders
et al., 2021). Below, the influence of the tidal current and sediment mixture are discussed as these
processes align with this study.

Tidal current

The tide is known as the principal forcing mechanism to generate sand waves (Hulscher, 1996). Wang
et al. (2019) concluded that the growth rate of sand waves depends on the magnitude of the tidal current,
i.e. increasing tidal currents are associated with higher growth rates. However, sand wave formation
is also limited by the tidal current strength since its formation is strongly dependent on the dominant
sediment transport mode (Borsje et al., 2014a). Sand wave wavelengths and heights decrease with an
increasing tidal current (Sterlini, 2009; Van Santen et al., 2007).

Only considering a symmetrical tide (e.g. M2) results in sand wave growth with no migration. When
a residual current, e.g., due to wind stress or a pressure gradient is present, the vertical circulation
cells (Figure 2.4) are distorted in the basic state which induces the migration in the flow direction of
the residual current (Németh et al., 2002). The modelling study of Van Gerwen et al. (2018) concluded
that an increasing residual current lowers the finite-amplitude of sand waves. This also applies to tidal
asymmetry, e.g. due to the superposition of the M2 and M4 tidal constituents. The combination with
its first harmonic results in an asymmetrical tidal wave and a phase lag. Consequently, substantial
dissimilarities between the peak bottom stress during ebb and flood tide, as well as a mean bottom
stress, emerge which are important in relation to sediment transport and thereby the morphodynamics
of sand waves. The migration direction then depends on the phase shift between those constituents and
can for a specific range of phase shifts even prevail a residual current (Besio et al., 2004). Moreover,
combining suspended load transport and tidal asymmetry reduces equilibrium sand wave heights even
more (Van Gerwen et al., 2018). Additionally, the spring-neap tidal cycle can influence sand wave
formation substantially depending on the contribution of suspended load to the total load (Blondeaux &
Vittori, 2010).

Sediment mixture

The formation and growth of sand waves is not only dependent on the magnitude of the tidal current, but
also on the sediment mixture, i.e. in general larger, heavier grains are less easily entrained compared
to smaller, lighter grains. The different sediment transport modes have adverse effects on sand wave
growth. Therefore, differences in grain sizes can considerably affect sand wave morphology.

The uncertainty of sediment transport becomes larger when the seabed degree of sorting decreases
(mixed sediments) and the calculations become more complicated since the different grain sizes interact
uniquely with the flow which results in selective resuspension, i.e., the hiding-exposure effect. The
hiding-exposure effect represents the process in which larger and more exposed grains hide the smaller
particles from the flow (McCarron et al., 2019). This effect influences the properties of sand waves and is
included in different sediment transport models (e.g. Roos et al., 2007; Van Oyen et al., 2013). McCarron
et al. (2019) concluded that the hiding-exposure effect is dependent on the ratio between the coarsest
and finest sediment and results in a significantly larger and smaller critical bed shear stress regarding
the mobility of fine and coarse material, respectively. During the formation and evolution of sand waves,
the mixed sediments are gradually sorted. Therefore, it is expected that the hiding-exposure effect is
time-dependent (Van Oyen & Blondeaux, 2009a).
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Several modelling studies investigated sorting patterns along sand waves. Roos et al. (2007)
investigated the nonlinear effects of a bimodal sediment mixture. They concluded that sand wave
troughs remain relatively well mixed, while coarser grains concentrate at the crest. Van Oyen &
Blondeaux (2009a) also investigated grain sorting along sand waves by means of a bimodal sediment
mixture and concluded that the hiding-exposure effect leads to finer crests for weaker tidal currents,
while strong currents induce coarser crests. In these cases, the sorted sediments in the crest functions
as a stabilizing and destabilizing factor, respectively (Van Oyen & Blondeaux, 2009b). In addition, it was
found that sediment sorting is opposed by a heterogeneous sediment mixture since grain sizes each
have varying transport lengths which can equal to multiple sand wave lengths. Van Oyen & Blondeaux
(2009b) explained that the growth rate of sand waves increases for finer sediment mixtures and linked
this to suspended load transport which is not in line with the findings of Borsje et al. (2014b).

Damveld et al. (2020b) examined sediment sorting processes of sand wave morphodynamics
towards equilibrium by including multiple sediment fractions and excluding hiding-exposure. Increasing
the sortedness of the sediment mixture resulted in longer and lower sand waves. The sorting pattern
showed that the troughs consisted of finer grains compared to the crests which coincides with field
observations. Furthermore, tidal asymmetry caused a concentration of coarser and finer sediments
on the respective upper and lower lee slope. The results showed an unerodable layer towards finite-
amplitude sand waves due to the immobility of coarse sediments.

2.2. The Irish Sea
The present-day Irish Sea is known as a water body located between the islands of Great Britain and
Ireland in the Northeast Atlantic region. The Irish Sea geology and tidal dynamics however are in its
history strongly affected by glacial and post-glacial processes, which in turn likely impacted the formation
and evolution of bedforms. Therefore, its history is generally elaborated in the following subsection. The
current Irish Sea environment is discussed hereafter.

2.2.1. Quaternary glacial history

The Quaternary, that is, the recent geological period of circa 2.6 million years, is characterised by
a strongly fluctuating temperature with cold glacial and warm interglacial periods due to the Earth’s
varying orbit. These periods are represented with growing and decaying ice sheets, respectively. Most
of the Irish Sea was constantly glaciated during the cold periods in which the British-Irish Ice Sheet
(BIIS) overconsolidated seabed sediments. Three major phases of glacial incisions into older sediments
due to the advancing icesheet are documented in the Irish Sea and are linked to the largest glaciations
in the Mid to Late Quartenary, i.e. Elsterian, Saalian and Weichselian. The latter is assumed to have
the most sustained effect on the present-day environment. These incisions are associated to the
bathymetric deeps of the Irish Sea. The glacial incisions eroded and filled these deep channels with
seabed sediments, sequentially, diamictons, sands and muds (Jackson et al., 1995).

After the Last Glacial Maximum (LGM), i.e. circa 26 kiloannum (ka or 103) years before present (BP),
temperatures evolved gradually and resulted in the retreat of the last BIIS allowing water to enter the
Irish Sea, see Figure 1.2. Uehara et al. (2006) reconstructed palaeo-tidal dynamics of the dominant
M2-constituent using Lambeck (1995) and Peltier (1994) palaeo-bathymetries for every 1,000 years
from 16 ka BP to the present day (Figure 2.5). The study of Clark et al. (2022) later recreated scenarios
for the pattern and timing of the retreat of the last BIIS for the period between 15 and 31 ka BP.

The change in ocean tidal currents appears to relate strongly to sea-level rise, the emergence of
shallow seas and the retreat of the ice sheets over the world, thereby altering the geometry of the
ocean basin. The opening of the Hudson Strait which connects the Atlantic Ocean and Labrador Sea
to Hudson Bay in Canada is linked to a significant decrease of the M2 tidal amplitude in the Irish Sea
between 8 and 10 ka BP. Before this significant change in tidal dynamics, palaeo-bed stresses peaked
in the Irish Sea (Uehara et al., 2006). A significant increase in magnitude of peak bed stresses due
to enhanced ocean tidal dynamics occurred between 10 and 15 ka BP in the southern and northern
Irish Sea, i.e. approximately south of 52.25◦N and north of 53.25◦N latitude. The shallower regions
in between were influenced less due to low sea-levels. However, local configuration changes also
increased peak bed shear stresses in these areas between 7 and 10 ka BP, see Figure 2.5.

As sea-levels rose in the southern Irish Sea after the opening of the North Channel between 12-14
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ka BP, the bedload convergence and divergence zones relocated northward and more centrally (Uehara
et al., 2006). After 9 ka BP, the tides were symmetric in most of the Irish Sea and the vector directions
of the modelled bed stresses were comparable to the present-day state, i.e. directing southwards in the
southern Irish Sea and northward in the central and northern Irish Sea. After 5 ka BP, the ocean tides
and hydrodynamics in the Irish Sea stabilised (Van Landeghem et al., 2009a).

2.2.2. Present-day environment

A map of the present-day Irish Sea is shown in Appendix A.2. The Irish Sea can be considered as a
finite channel due to its two entrances, indirectly connected to the Atlantic Ocean at the northern, via the
North Channel and Malin Shelf Sea, and southern side, via the Celtic Sea and St. George’s Channel.
The width of the Irish Sea ranges between 75 and 200 km, while the North Channel is considerably
narrower, i.e. approximately 30 km. The width of the southern entrance is larger and in the order of 100
km. Furthermore, its bathymetry can be divided into (1) relatively shallow smooth platforms (d < 50m)
located southwest of the Isle of Man and in the eastern Irish Sea, and (2) a rather deep, rough, north to
south oriented channel (d < 150m) that connects the two entrances (Howarth, 2005).

At the shallow smooth platforms, relatively low tidal currents (< 0.4ms−1) can be observed due to
the juncture of the two incoming tidal waves from the northern and southern entrance (Robinson, 1979).
Consequently a standing wave develops, whereas a progressive wave forms in southern Irish Sea
(Ward et al., 2018). Relatively large depth-averaged tidal currents (exceeding 1ms−1 during spring-tide)
develop near the amphidromic points in the western St. George’s Channel and the North Channel,
to the north-west of Anglesey and north of the Isle of Man. Especially offshore Anglesey, these tidal
currents can reach values above 2ms−1 (Howarth, 1984, 2005; Robinson, 1979).

The sediment distribution in the Irish Sea (Appendix A.4) is a complicated patchwork of various
erodible sediment types which are heavily affected by historic events, e.g., glacial and post-glacial
processes (Dobson et al., 1971; Tappin et al., 1994; Jackson et al., 1995). The seabed sediment
distribution of the Irish Sea can be categorised into the Western and Eastern Irish Sea Mudbelt, the
Central Irish Sea gravel belt, areas of mixed sediments and areas of rock and thin sediments. The
mobile sediment layer in the Irish Sea ranges from several metres up to 40 m (Mellet et al., 2015).

The semi-diurnal tides, M2 and S2, are the dominant constituents of the Irish Sea which have
a velocity amplitude ratio of approximately 3:1, see Appendix A.3 (Pugh, 1981). Higher frequency
tides are only significant in shallow water and abruptly changing topography. The semi-diurnal current
ellipses located in St. George’s Channel are basically rectilinear, almost symmetrical, and north to south
oriented, while at locations of weaker tidal currents the ellipse is more rotating resulting in an absence
of slack water (Horrillo-Caraballo et al., 2021). There is little vertical variability of the tidal current in the
water column. However, the largest changes are found near the bottom compared to mid-depth values,
that is, changes in the direction, lag and magnitude of the current and shape of the ellipse (Dobson
et al., 1971; Howarth, 1984). In the St. George’s Channel, bed load convergence and divergence zones
are observed (Figure 4.3). Exact knowledge about sediment transport in these zones is still rather

Figure 2.5: Variations in palaeo-peak bed stress and -depth for three locations in the Irish Sea over the last 15,000 years using
Lambeck (1995) glacial isostatic adjustment (GIA) model with an ocean-tide open boundary (Van Landeghem et al., 2009a).
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incomplete due to a shortage of long-term and short-term data of bed evolution and near bed water
motion (Van Landeghem et al., 2012; Creane et al., 2021).

2.3. Trochoidal sediment waves
Trochoidal sediment waves are observed in the Irish Sea with very large heights. Due to its coarser
nature, the term “sediment wave” is adopted rather than sand wave. These bedforms are considered
relicts and their formation and evolution are linked to palaeo-conditions. However, the processes
influencing the formation and evolution of these types remain poorly understood due to relatively few
studies and the large uncertainty associated with the timescale of millennia.

2.3.1. Occurence

Abnormally high trochoidal sediment waves have been observed at multiple locations over the world, e.g.
the continental shelfs of Canada (Barrie et al., 2009), France (Franzetti et al., 2013), Spain (Albarracín
et al., 2014), the eastern U.S. (Valentine et al., 2002) and in the Irish Sea (Van Landeghem et al., 2013).
At these locations, the formation and evolution of these relict bedforms are linked to palaeo-conditions
during the marine transgression after the Last Glacial Maximum since present-day hydrodynamics are
considered insufficient to its construction.

In the Irish Sea, these types of sediment waves are mainly located in bathymetric deeps. In addition,
the very large trochoidal sediment waves have been observed adjacent to asymmetrical, normal-sized
sediment waves and the trochoidal sediment waves consistently ending up in characteristic deep scour
hollows (Van Landeghem et al., 2009a).

2.3.2. Characteristics

Trochoidal sediment waves in the Irish Sea differ significantly from the most known active sand waves.
Therefore, their known differing characteristics are described below. A more detailed description of the
processes influencing the evolution of these trochoidal sediment waves can be found in the following
subsection.

• Their shape is nearly symmetrical to symmetrical and sharp crested with trochoidally shaped
flanks;

• Their very large heights do not scale with water depth. They average 15 m and amplify from 5 m
up to 36 m, which can comprise more than one third of the water column (Van Landeghem et al.,
2013);

• The wavelength of trochoidal sediment waves is dependent on whether they are located in a
regularly spaced sediment wave assemblage or in isolation, i.e. when mobile sediment supply is
sufficient or limited, respectively.

• They are observed adjacent to actively migrating, asymmetrical, smaller-sized sediment waves
and end up in distinctive deep scour hollows;

• They are considered relicts and have most likely been generated between 7 and 10 years ka
BP. Their formation and evolution are linked to the bi-directional tidal currents, locally increase of
mobile sediment supply due to glacial incisions and scour mechanisms (Van Landeghem et al.,
2009a);

• They consist mainly of a coarser, more poorly sorted sediment core which cannot be mobilised by
present-day hydrodynamics and of a thin sand veneer covering and migrating over this core during
high-energy events (Van Landeghem et al., 2009a; Albarracín et al., 2014; Neto et al., 2018).

2.3.3. Key processes influencing morphodynamics

Besides natural processes influencing sand wave morphodynamics which are described in Section
2.1.5, several other key processes most likely affected the formation and evolution of relict trochoidal
sediment waves.



2.3. Trochoidal sediment waves 12

Palaeo-tidal conditions

After the Last Glacial Maximum at 21 ka BP, temperatures evolved gradually and resulted in the retreat
of the last British-Irish Ice Sheet significantly changing ocean tidal dynamics (Clark et al., 2012). In the
central part of the Irish Sea, tidally induced bed shear stresses peaked between 7 and 10 ka BP due
to enhanced ocean tidal dynamics and local configurations. The further retreating ice sheet resulted
in substantial sea-level rise and a declining bed shear stress (Uehara et al., 2006; Ward et al., 2016).
During this period, the predicted bed load transport directions in the central Irish Sea changed to the
present-day environment which is associated with a nearly symmetrical tide and bed load divergence
and convergence zones. Together with peak bed stresses, the nearly symmetrical tide and the long-term
reversals (on a millennial scale) of tidally induced bed stresses in dominant direction are suspected to
have contributed significantly to the bi-directionally piling up of coarse sediment and thus the formation
of trochoidally-shaped sediment waves in these zones (Valentine et al., 2002; Van Landeghem et al.,
2009a). After 5 ka BP, it is assumed that the trochoidal sediment waves in the Irish Sea became
moribund since hydrodynamics stabilised (Uehara et al., 2006).

Glacial incisions

A continuous mobile sediment supply turns out to be crucial for the further growth of trochoidal sediment
waves (Van Landeghem et al., 2013). During the glacial period in the Mid and Late Quartenary, the Irish
Sea documented three major phases of glacial incisions due to the progressing icesheet (Jackson et al.,
1995). This continuous supply is most probably from sediments infilling these glacial incisions which
turn out to overlap with trochoidal sediment wave fields. This is also mentioned by Barrie et al. (2009).
This process is triggered due to converging sediment transport paths in the bedload parting zone and
due to scouring around nearby sediment waves which consist of coarse particles (Van Landeghem et al.,
2009a) and is potentially strengthened by the formation of standing internal waves due to stratification
(Cartwright, 1959).

Enhanced hiding-exposure effect

The hiding-exposure effect represents the process in which larger and more exposed grains hide the
smaller particles from the flow (McCarron et al., 2019). This effect is enhanced in poorly sorted mixtures
which increases bedform growth rates. Furthermore, the contribution of the hiding-exposure effect is
most-likely time-dependent since mixed seabed sediments are gradually sorted during the formation
and evolution of bedforms. In general, gravel and silt mixtures are more poorly sorted than sand due
to its weight and clustering, respectively. Trochoidal sediment waves have a coarser and more poorly
sorted nature compared to sand waves. It is therefore possible that the hiding-exposure effect initially
enhanced the trochoidal sediment wave growth significantly in combination with the strong palaeo-tidal
conditions (Van Landeghem et al., 2013).



3
Delft3D model description

In this chapter the basics of the Delft3D model are described. In Section 3.1, the Delft3D model is
described briefly. Subsequently, the model set-up is discussed. Furthermore, the formulations of
hydrodynamics, sediment transport and morphology as used in this study in the Delft3D-4 model are
shown.

3.1. Basics of Delft3D
The complex numerical shallow water model Delft3D is a process based model developed by Deltares.
The system of equations consists of the shallow water equations, flow- and sediment continuity equations
and sediment transport equations. The model can be used to simulate sand wave morphodynamics in
which various physical processes (e.g. wind- and wave-driven currents, density gradients, sediment
transport, advanced turbulence models) can be incorporated in an advanced manner (Lesser et al.,
2004). Such a model can be operated to investigate sand waves in multi-layer mode, i.e. 2DV or 3D, in
which hydrodynamics, sediment transport and bed evolution are coupled and updated consecutively
after each time step (Figure 3.1). High spatial and temporal resolution, that is required, results in a
relatively large computation time which generally limits 3D model application for sand wave studies
(Borsje et al., 2013). In the remainder of this chapter we limit to a summarised model description and
refer the interested reader to the user manual for a detailed description (Deltares, 2022).

3.2. Numerical model parameters
The calculation grid of the 2DV-model consists of a variable resolution in both the horizontal (x−coordinates)
and vertical (z−coordinates) direction. The model set-up is initially based on the set-up used by previous
studies (Van Gerwen et al., 2018; Damveld et al., 2020b) and is optimised for this work using a sensitivity
analysis, see Chapter 5. The total horizontal length of the modelling domain equals 50 km. The central

Figure 3.1: The morphodynamic loop, showing interactions among hydrodynamics, sedi- ment transport and bed evolution. The
three elements in morphodynamical systems interact forming a closed loop, which may result in complicated feedback

mechanisms (Campmans, 2018).
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Figure 3.2: The horizontal grid spacing for Delft3D-4 model runs with a fine evenly-distributed grid in the centre (∆x = 2m) at
which sediment waves are present and a coarser grid towards the lateral boundaries.

part of this domain is considered the area of interest and contains a number of evenly distributed grid
cells of width ∆x. For a grid spacing of ∆x = 1m Van Gerwen (2016) showed that the model run
becomes inaccurate. To avoid possible inaccuracies and to reduce calculation times, a relatively coarse
horizontal grid ∆x = 2m of the finer part was used following Van Gerwen et al. (2018) and Damen et al.
(2018).

The number of grid cells in the finer part of the domain affect the computation time and are therefore
based on the (preferred) wavelength of the system for each case such that at least three complete
sediment waves are present to reduce undesired side effects. The horizontal spacing between the grid
cells outside the area of interest gradually increases towards a coarser grid, i.e. ∆x = 1, 550m at the
lateral open boundaries, see Figure 3.2.

For the vertical schematization two options are available in both models: z− or σ−coordinates.
For this study the σ−coordinates are chosen, as they give a better representation of the actual bed
level. This means that equations for the hydrodynamics of (Section 3.3) are converted to the σ−grid.
The z− and σ−grid are illustrated in Figure 3.3. The definition of water level and depth are shown in
Figure 3.4. The number of 60 sigma-layers was unchanged since Van Gerwen (2016) showed that
the equilibrium time-scale and wave height are both significantly sensitive to variations of this number.
However, the distribution of the sigma-layers was adjusted to obtain an equally high near-bed resolution
for an increasing water depth in comparison to previous modelling studies, see Section 6.1.

(a) z−coordinate system (b) σ−coordinate system

Figure 3.3: z- and σ- vertical coordinate system used in the Delft3D model. Images originally from the COMET program.
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Figure 3.4: Definition of water level (ζ), water depth (d) and total water depth (H1) (Deltares, 2022).

3.3. Hydrodynamics
The system is forced by a symmetrical tide, i.e. the principal semidiurnal solar (S2) tidal constituent
with angular frequency σS2 = 1.45 · 10−4 s−1. Accordingly, a depth-averaged tidal velocity amplitude
US2 is attained at the boundaries. Despite the fact that the semidiurnal lunar tide is the most dominant
constituent in the Irish Sea, the semidiurnal solar tidal constituent is preferable as it is easier to
post-process.

Moreover, Riemann boundary conditions are imposed which allow outgoing waves to traverse the
boundaries without reflection (Verboom & Slob, 1984). Residual currents are neglected in this modelling
study, i.e. US0 = 0ms−1, as this results in asymmetrical sediment waves and migration. Therefore,
migration of sediment waves is not taken into account. Furthermore, boundary-related effects in relation
to hydro- and morphodynamics can be neglected as a result of the adequate distance between the area
of interest and the lateral boundaries. A spin-up time of one tidal cycle is applied during which bed level
changes are switched off. Afterwards bed load transport, slope-induced transport and suspended load
transport is able to induce bed level changes.

The hydrodynamics are described by the shallow water equations supplemented with appropriate
boundary conditions. The vertical momentum equation is reduced to the hydrostatic pressure relation
as vertical accelerations are assumed to be small compared to gravitational acceleration. Turbulence
is represented by a spatiotemporally varying vertical eddy viscosity (see below). For this study, sand
waves are assumed to be perpendicular to the rectilinear tidal velocities. Following a 2DV approach we
consider variations in the horizontal x and vertical z direction only, thus ignoring typical 3D-processes
such as the Coriolis effect and wind forcing. In terms of the σ-coordinates, the 2DV hydrostatic shallow
water equations are described by

∂u

∂t
+ u

∂u

∂x
+

ω

(d+ ζ)

∂u

∂σ
= − 1

ρ0
Pu + Fu +

1

(d+ ζ)2
∂

∂σ

(
υT

∂u

∂σ

)
, (3.1)

∂ω

∂σ
= −∂ζ

∂t
− ∂[(d+ ζ)u]

∂x
. (3.2)

Here, u is the horizontal velocity, ω is the vertical velocity relative to the moving vertical σ plane, ρ0 is
the reference water density, d is the depth below some horizontal plane of reference (datum), ζ is the
free surface elevation, Pu the hydrostatic pressure gradient, Fu describes the horizontal exchange of
momentum due to turbulent fluctuations, and υT the vertical eddy viscosity.

The above equations are solved using boundary conditions at bed level and the free surface. As-
suming an impermeable bed and free surface, the kinematic vertical boundary conditions are both set
to zero and are found as shown in Equation 3.3. The dynamic boundary conditions, representing the
stresses at the bed level and at the free surface are shown in Equation 3.4 and Equation 3.5. At the
bed (σ = −1) and the free surface (σ = 0), a quadratic friction law and a no-stress condition (neglecting
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wind-stress) is applied, respectively, i.e.

ω|σ=−1 = 0 , ω|σ=0 = 0 , (3.3)

τb ≡ ρ0
υT

(d+ ζ)

∂u

∂σ

∣∣∣∣
σ=−1

= ρ0u∗|u∗| , (3.4)

ρ0
υT

(d+ ζ)

∂u

∂σ

∣∣∣∣
σ=0

= 0 , (3.5)

in which τb is the bed shear stress and u∗ is the shear velocity that relates the velocity gradient at the
bed to the velocity u in the lowest computational grid point by assuming a logarithmic velocity profile.

3.3.1. Roughness formulation

To calculate the bed shear stress τb a formulation for the bed roughness is required. In this 2DV-
modelling study the Chezy roughness formulation is used. The bed shear stress is then computed as
shown in Equation 3.6.

|τ⃗b| = ρ0u⃗∗|u⃗∗| =
ρ0gU⃗ |U⃗ |

C2
, (3.6)

where |U⃗ | is the magnitude of the depth-averaged horizontal velocity and C is the user defined Chezy
coefficient that describes the bottom roughness. Assuming hydraulically rough conditions, the White-
Colebrook equation is used, i.e.

C = 18 log

(
12H1

ks

)
, (3.7)

in which H1 is the total water depth (H1 = d+ ζ ; d positive downward) and ks the Nikuradse roughness
length. Despite its dependency on the water depth and grain size diameter, the Chezy roughness value
is kept constant in space and time during the entire simulations for this modelling study. Following
Cherlet et al. (2007), the roughness length can be evaluated by

ks = 202dR−0.369
p , (3.8)

in which the Reynolds number Rp is evaluated by

Rp =

√
(ρs/ρ0 − 1)gd3

ν
, (3.9)

where ν is the kinematic viscosity of water. In the remainder of this study the values ρs = 2, 650 kgm−3,
ρ0 = 1, 050 kgm−3 and ν = 10−6 m2s−1 are used.
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3.3.2. Turbulence formulation

The vertical eddy viscosity υT is calculated by means of the k − ϵ turbulence closure model as recom-
mended by Borsje et al. (2013) in which both the turbulent energy k and the dissipation ϵ are computed
(Rodi, 1984). The resulting vertical eddy viscosity υT is variable both in time and space. For details on
the k − ϵ turbulence model formulations, see Burchard et al. (2008).

3.4. Sediment transport

3.4.1. Sediment transport formulation

The bed load transport of sediments, Sb is calculated by Van Rijn (1993) following previous studies. Its
magnitude is corrected for the bed slope and is calculated with Equation 3.10.

|Sb| = 0.006αsρswsD50M
0.5
s M0.7

e (3.10)

In this formulation αs is a correction factor for the bed slope. ρs is the density of the sediment, ws is the
particle settling velocity and D50 is the median diameter of the sediment. Ms represents the sediment
mobility number and Me the excess sediment mobility number which are calculated with Equation 3.11.

Ms =
u2
r

(ρs/ρ0 − 1)gD50
, Me =

(ur − ucr)
2

(ρs/ρ0 − 1)gD50
, (3.11)

In this formulation ucr represents the critical depth averaged velocity for initiation of motion, which is
based on the Shield’s curve. The velocity ur is the magnitude of the equivalent depth averaged velocity,
computed using the velocity in the bottom computational layer and assuming a logarithmic velocity
profile. If ur is lower than the critical velocity ucr, the bed load sediment transport is set to zero. The
suspended load transport of sediments, Ss is calculated by

Ss =

∫ d+ζ

a

(
uc− εs,z

∂c

∂z

)
∂z , (3.12)

where a is the reference height and c is the suspended sediment mass concentration. The reference
height a = 0.01H1 characterises a transitional level between two transport modes. Sediment transported
below the reference height is regarded as bed load transport as it responds almost instantaneously to
changing flow conditions (Van Rijn, 2007). Transport above this height is considered to be in suspension.
The suspended sediment concentration is calculated by solving the advection–diffusion equation, i.e.

∂c

∂t
+

∂(cu)

∂x
+

∂(w − ws)c

∂z
=

∂

∂x

(
εs,x

∂c

∂x

)
+

∂

∂z

(
εs,z

∂c

∂z

)
, (3.13)

where w is the vertical velocity (Cartesian coordinate system), ws is the sediment settling velocity.
Further, εs,x and εs,z are the sediment diffusivity coefficients in x and z direction, respectively. For
further details on initial and boundary conditions (e.g. pickup and deposition), and the relation between
the vertical velocities w [Eq. (3.13)] and ω [Eq. (3.1)], we refer the reader to the manual (Deltares, 2022).
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3.4.2. Bed slope effect

The sediment transport is corrected for the bed slope using the factor αs. To calculate this factor a
formulation by Bagnold (1966) is used, which is shown in Equation 3.14.

αs = 1 + αBS

(
tan(ϕ)

cos
(
tan−1( ∂z∂x )

) (
tan(ϕ) + ∂z

∂x

) − 1

)
, (3.14)

where αBS is a slope effect parameter, ϕ is the internal angle of friction of the bed material and ∂z/∂x is
the bed slope in the direction of the flow. The slope effect parameter αBS is a non-physical parameter
which corrects the magnitude of the bed load transport for slope effects. This parameter is mainly used
as a tuning parameter.

3.5. Bed evolution

3.5.1. Bed evolution formulation

Finally, the bed evolution is governed by the sediment continuity equation (Exner equation), which reads

(1− εp)
∂zb
∂t

+
∂(Sb + Ss)

∂x
= 0 , (3.15)

in which εp = 0.4 is the bed porosity, Sb the bed load transport [Eq. (3.10)], and Ss the suspended
load transport [Eq. (3.12)]. Equation 3.14 simply states that convergence (or divergence) of the total
transport rate must be accompanied by a rise (or fall) of the bed profile (zb).

Morphological changes occur on a much larger time-scale than the hydrodynamic changes. There-
fore a morphological acceleration factor (MF ) is introduced. This allows for faster computations by
multiplying the bed evolution after each time step by the factor (Lesser et al., 2004). A morphological
acceleration factor of 2,000 means that the bed evolution is multiplied by a factor 2,000. If the model cal-
culates one tidal period (considering a tidal period in the order of 12 hours), the morphological evolution
is then simulated over 2.7 years. A sensitivity analysis is used to determine the appropriate/maximum
MF , given that the model results are still independent of the MF (Ranasinghe et al., 2011).

3.5.2. Active layer and bed stratification

To model bed stratification a shallow sea of average reference depth H0, with a sandy seabed consisting
of cohesionless sediments on top of an unerodible bedrock layer is considered in Figure 3.5. Through a
2DV approach, a Cartesian coordinate system (x, z) with the x-coordinate pointing horizontally and the
z-coordinate pointing upward is defined, corresponding to the velocity components u and w, respectively.
The exchange of sediments between the bed and water column is modelled by means of an extended
version of the classical active layer approach (Hirano, 1971; Ribberink, 1987). In the classical approach,
it is assumed that the seabed consists of two layers: the active layer (formally the dynamical active
layer (Church & Haschenburger, 2017)) with constant thickness La and the substrate underneath the
active layer. The total available sediment thickness Ltot may vary in space and time, but is initially
spatially uniform. All layers are assumed to be well-mixed and only the sediments in the active layer are
instantaneously available for transport.

While the active layer approach is suitable for the initial formation of sand waves, as shown by
Van Oyen & Blondeaux (2009a) and Van Oyen & Blondeaux (2009b), the method is unable to describe
the vertical sedimentary structure (e.g. the internal history) of a sand wave in the finite-amplitude
stage. Therefore a layered approach to the passive substrate is also applied in order to allow for bed
stratification (Deltares, 2022). The substrate is divided into a number N of (well-mixed) underlayers
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of thickness c and maximum thickness Lu,max, and a (well-mixed) baselayer. The thickness of the
baselayer Lb follows from the total sediment thickness Ltot minus the combined thickness of the active
layer and underlayers.

Figure 3.5 illustrates the procedure of deposition and erosion within the layered bed. Deposition
leads to a flux of sediments from the active layer towards the underlayers. If the top underlayer reaches
its maximum thickness Lu,max, a new (top) underlayer is created and the bottom underlayer merges
with the base layer. Conversely, in case of erosion, the active layer will be replenished from the top
underlayer. Depending on the amount of erosion, the top underlayer may disappear and the process
will continue with the next underlayer. Note that in case of deposition this implementation neglects the
contribution of the bed load to the sediment flux towards the substrate, which would physically more
realistic (Parker et al., 1982). Nonetheless, this approach has been successfully applied in modelling
studies in the riverine (Williams et al., 2016), estuarine (Van der Wegen et al., 2011) and coastal
(Reniers et al., 2013; Huisman et al., 2018; Damveld et al., 2020b) environments.

Figure 3.5: (top) Side view of the water column and stratified bed, illustrating the coordinate system (x, z) with corresponding
velocity components (u, w), bed level zb, free surface level ζ, and average depth H0. Within each layer (n) the grain-size class (j)

is characterized by a grain size d and mass sediment fraction F . The thickness of the layers is indicated by L, where the
subscripts a, u, b, tot refer to the active layer, underlayer, base layer, and total layer, respectively. The gray area below denotes
the unerodible bedrock layer. (bottom) Deposition and erosion process for a total number of underlayers N = 2. Note that in the
deposition example the layers are rearranged due to the new top underlayer (u1 → u2), the lowest one being absorbed by the

base layer (Damveld et al., 2020b)
.



4
Data-analysis

This chapter describes the data-analysis prior to the modelling phases. First, the model output of the
GIA model and the data from the AmSedIS project are described. Subsequently, the data is analysed
for correlations and trends. It should be noted that this chapter partially contains unpublished work by
Van Landeghem.

4.1. Description of data

4.1.1. GIA model output

The outputs from the model of Uehara et al. (2006) were extracted for the palaeo-hydrodynamics
at grid cells closest to the survey areas of the AmSedIS project, see Figure 4.1. The palaeo-tidal
reconstructions were generated using palaeo-bathymetries for every 1,000 years from 16 ka BP to the
present day in a 2D model which has a resolution of 1/12 degrees. Here, the Lambeck (1995) Ocean
Tide (LOT) model was used as this was advised by the main author (Van Landeghem et al., 2009a). In
this model, the North Channel was still open at 15 ka BP in comparison to the Peltier (1994) glacial
isostatic adjustment (GIA) model. Figure 4.2 shows the retreating ice for several time frames using this
LOT GIA model. Additionally, the reconstruction of the bed stress vectors is presented. The bed load
parting zones which are considered vital for the formation and evolution of trochoidal sediment waves
are clearly visible near the survey areas. The model output consists of water depths, tidal symmetry and
direction and peak tidally induced bed shear stresses. Here, the peak value of bed stress vectors were
extracted during each model run (ca. 29.5 days, two fortnights) as tide-averaged sediment transport is
directed towards the highest current velocities.

4.1.2. AmSedIS data

At several locations in the Irish Sea during a survey of the AmSedIS project in April 2012, inter alia,
high resolution swath bathymetry and sampling data of 22 sediment waves have been collected with a
multibeam echosounder (MBES) and Shipek grab, respectively. An overview of the survey areas with
the spatial variation in mean grain size is presented in Figure 4.1.

The sediment waves were measured for its geometry and migration rate using bathymetry data. A
schematic representation of sediment waves shows the different geometrical parameters used in this
study (Figure 2.2). Two types of sediment waves have been distinguished based on their cross-sectional
shape, that is, the “normal” and “trochoidal” type. This study only focuses on extremely large trochoidal
sediment waves, i.e. ∆S > 10m.

Sediment wave migration rate was determined by the changing crest position over a time interval
using periodic swath bathymetry data and was expressed as an annual average in m/year. The time
interval between surveys was generally one to several years. The sediment wave height ∆S was
measured vertically from the base to the sediment wave crest. Its wavelength was derived from
sediment wave trough spacing (L) rather than crest spacing, since trochoidal sediment waves are found
in isolation. The water depth at the base of the sediment wave was derived from the sum of the water
depth of the crest h(cr) and the wave height.

For each sediment wave a transect of at least 4 to a maximum of 10 samples of surficial seabed
sediments have been collected during the surveys using a 0.04m2 Shipek grab. The grain size

20
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measurements were executed through sieving or laser granulometer of the sample particles. To
classify the sedimentary environment of the sediment waves this dataset was further analysed using
GRADISTAT: a grain size distribution and statistics package (Blott & Pye, 2001). This package calculates
arithmetically, geometrically and logarithmically a considerable number of statistical parameters from
the grain size measurements using moments statistics. This study focuses on the logarithmic phi scale
since it is used for log-normal distributions which are generally applied by sedimentologists. The phi
scale is expressed as ϕi = − log2(di/dref ), where di indicates the grain size of the i-th percentage and
dref the reference grain size, both in millimetres (Krumbein, 1934). Hereinafter, sediment types are
classified based on Wentworth (1922).

4.2. Observations from the AmSedIS project

4.2.1. Palaeo-tidal conditions

The palaeo-tidal reconstruction of water depths and maximum tidally-induced bed shear stresses close
to the survey areas at which trochoidal sediment waves were observed during the AmSedIS project
(Table 4.1) is shown in Figure 4.3. Both figures 4.3a and 4.3b show a clear trend.

The modelled water depths increase over time due to the melting British-Irish Ice Sheet as is
visualised in Figure 4.2. The reconstruction shows that the ice retreated at 11 ka BP at the survey areas
8 which is relatively close to Area 9, while other survey areas were already flooded several thousands
of years before. The increasing water depth at all survey areas stagnated around 6 ka BP.

A similar trend is found for the modelled maximum tidally-induced bed shear stresses. The first
increase between 12 and 15 ka BP can be linked to enhanced ocean tidal dynamics. A strong increase
occurred for all survey areas between 11 and 12 ka BP which lasted until 6 ka BP, most likely due to local
configuration changes (in combination with ocean tidal dynamics) as is stated by Van Landeghem et al.
(2009a). Hereafter, the stresses converged towards present-day values, i.e. τ b, max = 2.5− 7.0Nm−2.
Van Landeghem et al. (2009a) also mentioned local enhancements due to the open North Channel
which might explain the peaks in bed shear stress between 12 and 16 ka BP at several survey areas.

4.2.2. Present-day trochoidal sediment waves

In this section the data obtained during the AmSedIS project is analysed. First, the bathymetry data
is visualised and the trochoidal sediment waves are distinguished and investigated. Subsequently,
grab sample data is examined. At last, significant correlations between trochoidal sediment wave

Figure 4.1: Overview of survey areas in the Irish Sea during the AmSedIS project in April 2012 with mean grain sizes of
combined individual grain size distributions along sediment waves (Van Landeghem et al., 2013).
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Figure 4.2: Empirically observed bedload transport patterns in the Irish Sea with modelled bed stress vectors from the Lambeck
(1995) ocean-tide GIA model for the periods 13ka, 9ka and 6 ka BP and the present-day (Van Landeghem et al., 2009a).

characteristics and grain size distributions are analysed.

Wave characteristics

In total, trochoidal sediment waves at seven survey areas are identified based on their (nearly) symmetri-
cal shape, sharp crest and significant height (∆S > 10m). The trochoidal sediment wave characteristics
with the corresponding water depth at these survey areas are shown in Table 4.1. The migration rate of
the trochoidal sediment waves ranges from no migration to several metres per year. Most likely, this
migration refers to the mobile sand veneer on top of the coarse core as is described by Van Landeghem
et al. (2009a). A wide range of wave heights is measured, i.e. 11 to 35 metres, whereas wavelengths
extend from 340 to 560 m. Also, water depths at the survey area vary considerably. A plan view of the
bathymetry and a cross-section for each survey area can be found in Appendix B.

The visualised bathymetry data shows that the trochoidal sediment wave at Area 4N is isolated,
whereas the sediment waves at the other survey areas are observed in a sequence. This sequential
pattern is particularly visible at Areas 9, 12M, 13N and 14E, while it seems more irregular at Areas 3-3
and 14W. Furthermore, "normal" sediment waves are observed flanking the trochoidal sediment waves
at the Areas 3-3, 9, 12M and 13N. These normal sediment waves are significantly lower in height.

(a) (b)

Figure 4.3: Palaeo-tidal reconstruction of (a) water depths and (b) maximum tidally-induced bed shear stresses for every 1,000
years from 16,000 years to present-day. Model results were chosen at grid cells closest to the survey areas at which trochoidal

sediment waves were observed during the AmSedIS project, April 2012. The Lambeck (1995) GIA model was used with
ocean-tide open boundaries (Uehara et al., 2006).
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Table 4.1: Measured trochoidal sediment wave characteristics from MBES data at several survey areas during the AmSedIS
project, April 2012; migration rate cmig, wave height ∆S, wavelength L with components L1 and L2 and water depth d as the

sum of the distance from the sediment wave crest to the surface water and the wave height.

Survey area cmig ∆S L L1 L2 d
[myr−1] [m] [m] [m] [m] [m]

3-3 1.06 14 340 210 130 77

4N 0.00 11 440 190 250 89

9 0.59 19 360 220 140 70

12M 2.68 35 560 300 260 100

13N 1.95 24 500 310 190 111

14E 0.39 20 360 180 180 160

14W 0.26 26 460 270 190 135

Grab samples

Several grab samples were taken along trochoidal sediment waves in the Irish Sea. The individual
grain size distributions and the locations of the grab samples per survey area are shown in Appendix B.
First, the four main shape parameters of the individual grain size distributions were analysed, that is,
the central tendency (mean grain size), dispersion (sorting), symmetry (skewness) and peakedness
(kurtosis).

A relationship between mean grain size and sorting of the individual particle size distributions is
demonstrated for the different survey areas in Figure 4.4a. Here, it is noted that the particle distributions
for Area 14W (and one for Area 12M) can be considered outliers. Their distributions show an excessive
amount of silt. Since this study focuses mainly on gravel and sand, the silt is removed from the particle
distributions and the shape parameters are recalculated. Subsequently, the mean grain size and sorting
strongly correlate (r = −0.65) with high confidence (p < 0.01). The mean grain sizes of the individual
distributions along the trochoidal sediment waves are widespread and range from gravel to medium
sand. In line with the mean grain sizes, the sortedness of the distributions along the trochoidal sediment
waves is widely dispersed from very well to very poorly sorted samples.

Figure 4.4b shows the relation between the skewness and kurtosis of the different grain size
distributions. Again with a high level of confidence (p < 0.01), a (moderate) negative correlation
(r = −0.45) is found between the skewness and kurtosis. The spread of skewness is significantly wide
and is categorized from very coarse (positively) skewed to very fine (negatively) skewed. Meanwhile, the
kurtosis of the individual distributions along trochoidal waves varies considerably from very platykurtic
to extremely leptokurtic shape.

Variations in skewness and kurtosis in sediment mixtures can be linked to multimodal distributions,
i.e. the mixing of more than one grain size population in different proportions (Cronan, 1972). Except for
the unimodal grain size distributions of Area 4N, these multimodal distributions can also easily be noticed
for each location in Appendix B. Multimodality and the degree of overlapping, or no overlapping at all,
can significantly alter the value of the shape parameters when only fitting a single distribution function
as is done using GRADISTAT. Thereby, its usability could be questioned. Grain-size components in
multimodal sediments indicate different transportation or depositional processes Sun et al. (2002).
Therefore, multimodality can affect sediment wave dynamics and knowledge about the grain size
distribution at the seabed helps to better understand sediment wave behaviour.
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(a)

(b)

Figure 4.4: The four main shape parameters of the individual grain size distributions, i.e. (a) the central tendency (mean grain
size Mϕ), dispersion (sorting σϕ), (b) symmetry (skewness Skϕ) and peakedness (kurtosis Kϕ) in logarithmic phi scale

(Krumbein, 1934). The mean grain size is classified into gravel, sand and silt after Wentworth (1922). The degree of sorting
ranges from very well to very poorly sorted samples. The skewness is categorised from very coarse (positively) to very fine

(negatively) skewed, while the kurtosis varies considerably from very platykurtic (flatter with thinner tails) to extremely leptokurtic
shapes (higher peaks and fatter tails). Note that the original distributions of Area 12M and 14W are treated as outliers and are
modified by removing the silt (Area 12M∗ and 14W∗). Individual grain size distributions follow from grab samples along trochoidal

sediment waves during the AmSedIS project, April 2012, and can be found in Appendix B.
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The theory states that present-day trochoidal sediment waves can be distinguished between a coarse
core and a mobile sand veneer. Therefore, the mean of the first two modes are plotted individually in
Figure 4.5 to obtain a diameter range for gravel and sand. It can be seen that the mean of mode 1
generally ranges between 1 < ϕ < 2 which corresponds with medium sand. The second most dominant
mode is linked to very fine gravel as its mean mainly lies between −2 < ϕ < −1. The coarsest sediment
is mainly found in the trough in particular near areas of scour, cf. Areas 3, 9, 12M, 13N and 14E. This
is likely lag exposed in areas of erosion. However, other significant grain size trends over multiple
trochoidal sediment waves are not found.

At last, the correlation between the field averages of the individual distributions and the trochoidal
sediment wave height and wavelength are analysed. Whereas no significant correlation is found for
the wavelength, the wave height correlates very strongly with the mean of mode 1 (r = −0.88) and the
deviation of this mean (r = 0.85) both with a significant confidence level, i.e. p < 0.02.

4.3. Conclusions
The palaeo-tidal reconstruction shows a clear trend of a strong sea level rise and enhanced hydrody-
namics between approximately 12 to 6 ka BP due to the retreat of the ice thereby significantly changing
the Irish Sea basin. After this, tidal conditions stabilised. More recently, trochoidal sediment waves
are observed at the survey areas of the AmSedIS project with wavelengths between 340 and 560 m,
whereas their wave heights range from 11 to 35 m. Individual grab samples along these bed features are
mainly multimodal with its two most dominant modes corresponding to medium sand and very fine gravel.

Figure 4.5: The mean grain size in phi-scale along the normalised x-axis. Note that the crest is located at x = 0. The left side of
the domain x < 0 is divided by the wavelength component L1, whereas the right side x > 0 is divided by L2 of the corresponding

trochoidal sediment wave. Both troughs are therefore at x/L± 0.5.
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Sensitivity analysis

Model predictions can be very sensitive to model and process parameters as is already shown by
Van Gerwen (2016). Therefore, the aim of this chapter is to discuss the sensitivity of these parameters
on gravel wave growth during the small- and finite-amplitude stage. This sensitivity analysis is executed
prior to the various cases mentioned in Section 6.1. More detailed results of the individual simulations
can be found in succeeding Appendices C (FGM), D (tidally-averaged circulation cells), E (sediment
transport) and F (long-term bed level development). To be able to compare the results are normalised.
Furthermore, Table 5.1 shows the used parameter values which generally correspond to Case I, see
Section 6.1.3.

5.1. Numerical model parameters
First, the influence of the grid on the model outcomes was reduced by conducting a grid refinement
study to establish a stable model for the Irish Sea setting. Initial parameter values were assumed based
on test simulations and previous sand wave modelling studies, see Table 5.1. The numerical model
parameters consist of the horizontal and vertical grid in the 2DV-plane, the hydrodynamic time step and
the morphological acceleration factor.

An amount of 1, 000 x-points was chosen since the system during the small-amplitude stage mainly
showed preferred wavelengths between 100 and 350m, see Appendix C. With the grid spacing of
∆x = 2m, this resulted in 50 to 175 grid cells to describe one sediment wave wavelength which was
found to be acceptable.

To optimise the hydrodynamic time step and thus reduce computational times several long-term
calculations were performed (not shown here). For a hydrodynamic time step of ∆t = 4.5 and 6 s the run
becomes unstable due to excessive velocity changes, which leads to termination of the simulations. The
time steps ∆t = 1.5 and 3 s show similar behaviour. Therefore, a hydrodynamic time step of ∆t = 3 s
was selected.

At last, the sensitivity of the morphological acceleration factor MF or MORFAC was determined
based on the finite-amplitude stage as the initial growth showed identical behaviour, see Figure 5.1.
The MORFAC was varied between MF = 125 and 2, 000. For a relatively high MORFAC value of
MF = 2000 the morphodynamics are updated every 2.74 years, whereas this update occurs every
0.34 years for a MF = 125. By decreasing this factor more realistic outcomes are expected since
the hydrodynamics are then not updated within this period. However, this also results in a significant
increase of computation times. For instance, the computation time of 25 desired simulation years for
MF = 2000 lasted approximately 7.5 hours, while the simulation for MF = 125 lasted circa 5 days.
Additionally, the results show that the long-term evolution of sediment waves is sensitive to changes to
the MORFAC value.

The bed level development over time in Appendix F indicates that the equilibrium time-scale is
significantly lower for higher MORFAC values, while a lower MORFAC produces larger sediment wave
heights, more specifically higher positioned crests. Over time, the wave height for lower MORFAC
values seems to converge towards circa 12 m before reaching a maximum value, see MF = 125 and
250. After reaching this maximum value, sediments are transported from the crest towards the troughs
thereby reducing its wave height towards an equilibrium. This process is not particularly observed for
higher MORFAC values. Also, the bed level development plots show a flattening and widening of the
troughs and a more narrow and symmetrical crest over time for lower MORFAC values.

26
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Figure 5.1: Normalised equilibrium bed level zb, eq, wave height and crest-trough development for variations in the morphological
acceleration factor MF .

5.2. Process parameters
In contrast to the model parameters described in the previous section, process parameters are related
to the various processes influencing sediment wave formation and evolution. A sensitivity analysis was
executed to show how changes in process parameters affect relevant model outputs. To determine
the sensitivity on the small- and finite-amplitude stage of sediment wave growth an initial setting was
selected as is shown in Table 5.1. Subsequently, a set of values was chosen for each process parameter,
i.e. the slope effect tuning parameter αBS, the Chezy roughness C, the grain size of gravel dg, the tidal
velocity amplitude US2 and the ex- and inclusion of suspension. Here, process parameter values were
selected to stimulate sediment wave growth, i.e. positive growth rates during the small-amplitude stage.

A MORFAC value of MF = 2, 000 was used to reduce computation times significantly. The effect of
the MORFAC value on the sediment wave development over time however should not be neglected,
see Section 5.1. The next sections are divided into the sensitivity of the process parameters on the
small- and finite-amplitude stage of sediment wave evolution.

5.2.1. Small-amplitude stage

Small differences in values of process parameters may lead to an alteration of the sand wave wavelength
preferred by the system, i.e. the fastest growing mode FGM (Damveld, 2020). Therefore, the sensitivity
of various process parameter during the small-amplitude stage are discussed before simulating towards
equilibrium. The results of the individual runs can be found in Appendices C, D and E.

The area of interest consists of sinusoidal sediment waves with initial wave amplitude A0 as initial
topography. This field is multiplied by an envelope function to obtain gradual growth from a flat bed
towards a sediment wave field and to therefore minimise undesired side-effects (Figure 5.2). The initial
wavelength λ0 results from the fastest growing mode (FGM), i.e. the wavenumber k (= 2π/λ) with the
largest (positive) growth rate which is assumed to be the preferred mode by the system. Subsequently,
the FGM is used as a starting point for the finite-amplitude stage, such that the initial growth stage is
omitted and valuable computational resources is saved.

The FGM is determined based on the initial morphodynamic response during one tidal cycle. This
response is analysed by the growth rate as a function of the topographic wave number. The wave
number k is divided into steps, i.e. k = 0.010, 0.016, 0.025 and 0.063m−1 which correspond to λ = 600,
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Table 5.1: Overview of the used values and dimensions of model and process parameters during the sensitivity analysis. The
range for the examined parameters is shown as well. Note that the sensitivity of the parameters in turn is analysed.

Description Symbol Value Range Unit

Number of σ layers - 60 -

Hydrodynamic time step ∆t 3 s

Grid spacing (finer part) ∆x 2 m

Number of grid cells (finer part) - 1, 000 m

Morphological acceleration factor MF 2, 000 125− 2, 000 -

Reference water depth H0 40 m

Initial gravel wave amplitude A0 0.25 m

Tidal velocity amplitude US2 1.85 1.60− 1.95 ms−1

Residual current strength US0 0 ms−1

Uniform gravel diameter dg 3.00 2.50− 3.50 mm

Slope effect parameter αBS 3.00 2.50− 3.50 -

Chezy roughness C 70 65− 75 m0.5s−1

400, 250 and 100m, respectively. Hereafter, a fourth-order polynomial is fitted to the calculated growth
rates for each wave number. The results show that this number of steps was sufficient to obtain a
respectable maximum (positive) value of the polynomial for this setting. The growth rates of initial bed
perturbations with varying wavelengths are calculated using MF = 1. First, a function for the bed level
zb is formulated using a complex notation, i.e.

zb = ℜ{A exp(ikx)}, (5.1)

Figure 5.2: Initial topography at the area of interest for Case I with A = 0.25m and λ = 249m, i.e. k ≈ 0.025m−1. Box
indicates −1.5λ ≤ x ≤ 1.5λ.
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where ℜ stands for the real part and A represents the complex bed amplitude. Since exponential growth
can be assumed during the small-amplitude stage (Besio et al., 2008), the growth rate for the bed
perturbation is computed with

γ =
1

T
ℜ
[
log

(
A1

A0

)]
(5.2)

in which T is the tidal period, A0 and A1 are the initial and calculated bed amplitude, respectively
(Borsje et al., 2014b). A Fast Fourier Transform of the most central sand wave in the domain is used to
determine the calculated bed amplitude. Positive growth rates indicate sediment wave growth, whereas
negative growth rates show decay towards a stable flat bed. The growth rate is dependent on the
interactive processes described in Section 2.1.4. Hereafter, the non-linear evolution of sediment waves
towards a stable equilibrium is analysed with the initial wavelength λ0 which follows from the FGM.

It should be noted that changes of the process parameter value affect the preferred sediment wave
wavelength of the system. In turn, these bathymetrical alterations disturb the size and strength of
the tidally-averaged circulation cells which again influence the preferred wavelength. This feedback
mechanism continues until a balance is reached. Consequently, it might be difficult to determine which
of these two processes is the dominant source of a particular effect.

Suspended load transport

Suspended load transport is strongly depended on grain size and current strength. Borsje et al. (2014b)
showed that the preferred wavelength of sand waves in the North Sea for a relatively large grain size
increases by the inclusion of suspended sediment. In this modelling study gravel is used to mimic the
Irish Sea setting several thousands of years ago. Also, the current strength is increased in comparison
to previous modelling studies to initiate gravel wave growth. Therefore, the effect of suspended load
transport is shortly revised.

The FGM plots shows opposite results for the Irish Sea setting compared to the contemporary North
Sea, i.e. larger initial growth rates and smaller preferred wavelength while including suspended load
transport (Figure C.1a). This might be explained by the reduced phase lag, that is, the settling velocity is
significantly larger for gravel. In addition, the normalised circulation cells corresponding to the case with
suspended load transport are larger, cf. Figure D.1a and D.1b. This results in lower tidally-averaged
bed load transport, yet larger total sediment transport (Figure E.1).

Slope effect parameter

From the FGM results in Figure C.1b, it can be concluded that a lower αBS results in smaller wavelengths
corresponding to the FGM λFGM and larger growth rates. The initial value of αBS = 3.0 followed from
Van Gerwen et al. (2018). This can be explained by the formulation of αBS which is inversely correlated
to the absolute magnitude of bed load transport, see Equations 3.10 and 3.14. Therefore, smaller αBS
values constitute more normalised tidally averaged bed load transport (Figure E.3). Also, larger αBS
values tend to suppress the steepness of the sediment waves more which result in longer preferred
wavelengths.

In contrast, lower αBS and thus smaller λFGM are accompanied with higher initial steepness of the
sediment wave flanks assuming equivalent initial wave amplitudes, i.e. A0 = 0.25m. This results in
higher tide-averaged flow velocities at the middle of the sand wave flanks which enhances bed shear
stresses and therefore sediment transport, cf. Figures D.2a up to e. This also increases the tidally
averaged suspended load transport which is known to have a dampening effect on sand wave growth
(Borsje et al., 2014b). Nevertheless, bed load is the most dominant transport mode.

Chezy roughness

In contrast to the effect of the slope effect parameter, the effect of changes in Chezy roughness on the
FGM results is less pronounced. The results show that lower Chezy roughness values are associated
with higher initial growth rates and smaller preferred wavelengths (Figure C.1c). The first can easily be
explained by the fact that a lower Chezy roughness value indicates a rougher seabed which induces
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more turbulence and therefore more sediment transport. However, this conclusion does not hold for
C = 72.5 and 75m0.5s−1, see Figure E.5. For these C values, particularly the latter, the model seems to
become inaccurate which leads to small and large ’jumps’ in tide-averaged bed load and suspended load
transport, respectively. This considerably affects the total tide-averaged sediment transport. Therefore,
the FGM results for these Chezy roughness values values should be treated carefully. Additionally,
stronger normalised circulation cells can be found for lower C values which is most likely due to the
smaller preferred wavelength λFGM and therefore more steeper sediment waves flanks.

Grain size

The short-term calculations indicate that more rapidly growing sediment waves with smaller preferred
wavelengths emerge for larger grain sizes (Figure C.1d). As the preferred wavelength gets smaller,
less total sediment is needed for sediment waves to (initially) grow. The normalised tidally-averaged
sediment transport plots support this statement as the total sediment transport equals the area under the
curve, see Figure E.7. Additionally, smaller preferred wavelengths are accompanied with stronger, yet
significantly smaller, circulation cells which induce more normalised tidally-averaged sediment transport
(Figure 5.3). This results in larger normalised tidally-averaged bed load transport which enhances
sediment wave growth. The differences in suspended load transport are minimal for dg ≥ 3.00mm.

Similar to the Chezy roughness in the previous section, the model seems to be inaccurate for
two parameter values, i.e. dg = 2.50 and 2.75mm. As a result, both transport modes almost equally
contribute to the total transport. This might be explained by the fact that the boundary between these
transport modes is approached closely during the model runs. The effect of the strong increase in
suspended load transport is also seen in the FGM plot and should be treated thoughtfully.

(a) d = 2.50mm, λFGM = 333m (b) d = 3.50mm, λFGM = 152m

Figure 5.3: Normalised circulation cells for a varying median diameter d with its corresponding fastest growing mode λFGM.

Tidal velocity amplitude

To obtain a parameter range which ensured gravel wave growth with λFGM > 100m several test runs
were initially performed. This resulted in a range from 1.60ms−1 ≤ US2 ≤ 1.95ms−1. From the FGM
plot in Figure C.1e it can be concluded that a lower tidal velocity amplitude leads to smaller preferred
wavelengths with larger initial growth rates as less total sediment is needed to grow. In addition, the
normalised circulation cells are smaller, yet slightly stronger due to the steeper flanks of the smaller
wavelengths (Figure D.5). This explains the larger normalised bed load transport for US2 = 1.60ms−1,
see Figure E.9. Logically, higher tidal velocity amplitudes lead to larger normalised tidally-averaged
suspended load transport. However, for U = 1.95ms−1 the curve of the normalised tidally-averaged
suspended load transport consists of inaccuracies. This also leads to a significant increase in total
sediment transport during one tidal cycle thereby most likely affecting the FGM results.
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5.2.2. Finite-amplitude stage

Van Gerwen (2016) already showed that the sensitivity of various process parameter can be significant
for the North Sea setting. However, the preferred wavelength was not calculated and applied for each
individual run. In addition, the post-glacial Irish Sea setting is considerably different from the North Sea.
Therefore, the sensitivity of the process parameters during the finite-amplitude stage of sediment wave
development is revised in this section. Here, the wave height, the crest-trough and normalised bed level
development over a specific equilibrium time-scale are compared for the different parameter settings,
see Figure 5.4. The bed level development of individual runs from the process parameters can be found
in Appendix F.

The sediment wave crest is characterised by the highest bed level in the centre of the area of interest,
whereas the trough is considered as the lowest bed level succeeding this crest or the local maxima
within this trough. The local maxima is selected since this is most likely the most realistic location
within the trough where the threshold of motion for sediment transport is not reached. The wave height
consists of the distance between the crest and succeeding trough.

The fastest growing mode which followed from the small-amplitude stage is used as initial wavelength
λ0 to shorten computation time. Also, a MORFAC value of MF = 2000 is used to further reduce
calculations. A line is fitted between the time steps of approximately 2.74 years to obtain a curve
that represents the wave height and crest-trough development over time. However, the effect of the
MORFAC value should be taken into account, see Section 5.1.

Suspended load transport

The bed level development over time with and without suspended load transport are shown in Figure F.2.
The long-term effects of including suspended load transport indicate that the equilibrium time-scale is
significantly shorter in comparison to excluding this transport mode, i.e. approximately 11 and 16.5 year,
respectively. Besides, including suspended load transport results in a slightly lower equilibrium wave
height. However, this might also be an effect of the smaller wavelength. Even though both equilibrium
bed levels hardly differ, the sensitivity of various parameters on the small-amplitude stage point out the
importance of this process as this might result in inaccuracies of the model results.

Slope effect parameter

It can be concluded that the equilibrium time-scale for sediment waves in the Irish Sea setting is strongly
affected by changes of the slope effect parameter. Similar to the study of Van Gerwen (2016), lower
αBS values results in a shorter time-scale. For a higher αBS value and thus longer preferred wavelength
sediment waves tend to grow larger in equilibrium wave height. Moreover, the position of the equilibrium
trough seems to converge towards a maximum depth as it flattens for larger slope effects. Here, the
flow velocities are too weak to set the sediments in motion. In turn, the crest seems to grow in height
which is most likely possible due to the longer wavelength. However, the slope effect parameter is not
considered of paramount importance for this study since it is used as tuning parameter.

Chezy roughness

The larger initial exponential growth for lower Chezy roughness values C = 65 and 67.5m0.5s−1,
and thereby smaller preferred wavelengths, is clearly visible in Figure 5.4b. More or less a similar
(normalised) equilibrium shape of the sediment wave is generated for different Chezy roughness values.
However, increasing the Chezy roughness value affects the sediment wave equilibrium height and
time-scale significantly. Here, changes of the C value particularly affect the equilibrium trough of the
sediment waves, i.e. a further deepening of the trough for larger parameter values. In contrast, the
equilibrium crest seems to converge towards a maximum value or minimum water depth. The equilibrium
time-scale ranges from approximately 8 to 16 years.
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(a) αBS

(b) C
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(c) d

(d) US2

Figure 5.4: Normalised equilibrium bed level zb,eq , wave height and crest-trough development for variable process parameters:
a) slope effect tuning parameter αBS, b) Chezy roughness coefficient C, c) uniform grain size diameter d and d) tidal velocity

amplitude US2.
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Grain size

Figure 5.4c shows the effect of changes in grain size diameter to the sediment wave height and its
position of the crest and through over time. It can be concluded that the coarser sediment waves with
their smaller λFGM initially grow faster in wave height which confirms the FGM result described in the
previous section. However, their equilibrium wave height and time-scale differ both significantly, cf.
dg = 2.50 and dg = 3.50mm. It should be noted here that the relatively short equilibrium time-scale of the
sediment waves for d = 3.50mm with respect to the time step of circa 2.74 years (MF = 2000) conceals
exponential growth of the fitted line. On the contrary, the differences in sediment wave development for
dg = 2.75 and d = 3.00mm are minimal. This could be an effect of the earlier mentioned inaccuracies of
the suspended load transport, see Figure E.7. Furthermore, the finest grain size dg = 2.50mm shows a
considerable sediment wave height equilibrium with a deviating equilibrium seabed zb,eq with respect to
the other parameter values. Here, the initial sinusoidal pattern is absent due to the relatively flat wide
troughs which are also observed in previous modelling studies, e.g. Damveld et al. (2020b).

Tidal velocity amplitude

From Figure 5.4d it can be inferred that the differences in initial growth for different US2 are less
pronounced than for other process parameters, cf. αBS and C. Again, exponential growth is hidden
due to the selected MORFAC value, cf. US2 = 1.60ms−1 and d = 3.50mm. The equilibrium normalised
sediment wave shape zb,eq remains largely identical for changes in US2. However, the equilibrium wave
height is noticeably sensitive to these changes, i.e. enhanced hydrodynamics result in greater heights in
the order of metres. This effect nevertheless seems to weaken as the US2 value increases which might
be due to the intensified suspended load transport, see Figure E.9. The equilibrium crest develops
on a longer time-scale compared to the trough. Similar to an increasing Chezy roughness value, the
convergence towards a maximum crest height is observed. Furthermore, tidal velocity amplitudes
values US2 ≥ 2.00ms−1 resulted in instabilities of the model simulations.

5.3. Conclusions
The hydrodynamic time step of ∆t = 3 s is most sufficient as model results seem independent of a
smaller time step. The sediment wave evolution towards equilibrium is significantly affected by the
selected MORFAC value. Due to time restrictions and the specified scope, however, the influence of
the morphological acceleration factor is not further analysed in the remainder of this research as this
is beyond the scope. A MORFAC value of MF = 1, 000 is chosen for the following modelling phase
based on computation time. Consequently, the morphological evolution is simulated for approximately
each 1.37 years. A model simulation time of 20 years is adequate following the MORFAC value and the
equilibrium time-scales.

Since the results in this chapter are focused on the parameters individually, the effect of changes to
the process parameters on the fastest growing mode and the wave height are normalised in Figure 5.5.
Both the Chezy roughness value and the tidal velocity amplitude affect the FGM similarly, whereas the
sediment diameter has the complete opposite effect (longer preferred wavelengths for larger grains).
Likewise, these effects are observed for equilibrium sediment wave heights. Larger Chezy roughness
values and tidal velocity amplitudes generate sediment waves with greater equilibrium heights. In
addition, changes in both process parameters are shown to affect the maximum bed shear stresses
most significantly. These parameters can therefore be used to mimic the evolution of sediment waves
due to sea level rise and enhanced hydrodynamics during the post-glacial period. The effect of the slope
effect tuning parameter is less compared to the other process parameters and is therefore neglected in
the remainder of this study.
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(a)

(b)

Figure 5.5: Normalised process parameter values P/Pmax against (a) fastest growing mode FGM and (b) equilibrium wave height
H. Values follow from individual short- and long-term simulations, respectively. Parameter ranges can be found in Table 5.1.
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Post-glacial modelling

This chapter describes the reconstruction of the formation and evolution of the coarse core of trochoidal
sediment waves throughout the post-glacial period using an existing sand wave model. At the heart of
this modelling phase is the palaeo-tidal reconstruction by Uehara et al. (2006): potentially the driving
force behind the formation and evolution of some of the trochoidal sediment waves. This is done through
a 2DV case study model which is discussed first. Subsequently, the model results are presented.

6.1. Model set-up
The vertical grid consists of 60 σ−layers with a high near-bed resolution and gradually decreasing to-
wards the water surface. The amount of sigma layers are unchanged with respect to previous modelling
studies. These studies considered a shallow sea with a constant reference water depth H0 = 25m.
The distribution profile of the σ-layers is shown with the solid (purple) line in Figure 6.1. This study
however focuses on sediment wave formation and evolution at larger variable reference water depths,
i.e. H0 = 40m (Case I), 60m (Case II) and 80m (Case III) which are each linked to a certain time
period, see following sections. Therefore, the distribution profile is adjusted analogously to the study of
Singh (2021) to avoid a decrease in (near-bed) resolution, only for an increasing water depth (Figure
6.1). This near-bed resolution is most important since sediment transport is concentrated in this area.
The resolution of the first 20 σ−layers closest to the bed is unchanged in order to maintain the same
near-bed resolution, e.g. the near-bed layer has a thickness of zσ1

= 0.0125m. Above these layers, a
power function is used to gradually increase the vertical spacing between the σ−layers towards the
water surface, i.e.

zσn = −H0 + aH0 · σn
bH0 , 21 ≤ n ≤ 60 , (6.1)

aH0 ≈

2.17 · 10−3 ,
7.18 · 10−4 ,
3.28 · 10−4 ,

bH0 ≈

2.40 , H0 = 40m,
2.77 , H0 = 60m,
3.03 , H0 = 80m,

(6.2)

where zσn
is the z−coordinate of the corresponding σ-layer number n with zσ60

= 0m, aH0 and bH0

are constants at reference depth H0. Note that this is the case for a flat bed. Its computed resolution
however is applied in the entire domain.

Table 6.1 shows an overview of values and dimensions of the model and process parameters for
the three earlier mentioned cases. A description of the basic model set-up in Delft3D can be found in
Chapter 3. Below, the model set-up of each case is substantiated.

6.1.1. Case I: 12-11 ka BP, 40 m deep, low bed stresses

An (almost) flat seabed is assumed at the start of the simulation, see Figure 5.2. This bathymetry is
linked to the time period of 11 to 12 ka years ago. During this period the modelled peak bed shear
stresses at the various survey areas in the Irish Sea started to increase significantly, see Figure 4.3b.

36
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Figure 6.1: The distribution of the σ-layers over the water column, showing the distance from the bottom per layer for a reference
water depth of 25 m, 40 m, 60 m, 80 m.

Additionally, the initial depth H0 = 40m is based on the average of the palaeo-tidal reconstruction of the
water depths throughout this time. The number of grid cells in the finer part of the domain, i.e. area of
interest, follow from the preferred wavelengths with respect to the process parameter sensitivity, see
Section 5.2.

The values of the various process parameters αBS, C, dg and US2 are selected for Case I based
on different arguments. The slope effect parameter is considered as a tuning parameter and its value
αBS = 3.0 is therefore unchanged with respect to previous modelling studies. The grain sizes of the
seabed sediments are regarded uniform as a unimodal grain size distribution adds more (avoidable)
complexity and computation time (Damveld et al., 2020b). The grain size diameter dg = 3.00mm follows
from data analysis of the grab samples during the AmSedIS project, see Section 4.2.2. This diameter
size roughly corresponds to the gravel collected along the trochoidal sediment waves at the survey
areas, whereas lower grain sizes might result in inaccuracies (cf. Figure E.7). The bed is assumed
uniformly mixed to simplify the analysis. Subsequently, the Chezy roughness value for a flat topography
is calculated with Equations 3.7 up to 3.9 and equals approximately C = 70m0.5s−1. The tidal velocity
amplitude is set to US2 = 1.85ms−1 to enhance long-term sediment wave growth. Larger amplitudes
might cause inaccuracies in suspended load transport or instabilities and are therefore avoided, see
Section 5.2.

6.1.2. Case II: 10-9 ka BP, 60 m deep, steep rise in bed stress

Instead of simulating once again from a flat seabed, the equilibrium bed level of Case I is used as
initial topography for Case II as the water depth is increased to simulate the reconstructed rise in sea
level (Figure 4.3a). Here, the reference water depth H0 = 60m is adopted since this depth matches
reasonably with the average depth at the survey areas around the time period of 9 to 10 ka BP. Thus,
twenty metres are subtracted from the equilibrium bed level of Case I to obtain this depth increment and
to thereby take a leap in time. Despite the rising water in the Irish Sea during this period, the palaeo-tidal
reconstruction of the peak bed shear stresses shows a similar trend, cf. Figure 4.3b. Therefore, it is
expected that the sediment waves grew along with a rising water depth. Consequently, it is assumed
that the sediment waves are bedforms from an earlier time period.

Short-term calculations with MF = 1 are initially executed to determine the effect of the depth
increment on the maximum bed shear stresses τb,max during one tidal cycle. First, the peak bed shear
stresses at equilibrium for Case I are calculated. Subsequently, the depth increment is applied and
the small-amplitude stage is again analysed. Note that the numerical model and process parameters
other than the water depth and MORFAC value are unchanged. Afterwards, the influence on the
maximum bed shear stresses for changes to the Chezy roughness value and tidal velocity amplitude
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Table 6.1: Overview of values and dimensions of model and process parameters for three different cases. Each case represents
a time period during the post-glacial history of the Irish Sea. Note that the equilibrium bed level of Case I is used as initial

topography for Case II. The initial amplitude for Case III is defined by a random function.

Description Symbol Value Dimension

Number of σ layers - 60 -

Hydrodynamic time step ∆t 3 s

Grid spacing (finer part) ∆x 2 m

Morphological acceleration factor MF 1, 000 -

Uniform grain size diameter (gravel) dg 3.0 mm

Slope effect parameter αBS 3.0 -

Residual current strength US0 0 ms−1

Case I II III

Reference water depth H0 40 60 80 m

Number of grid cells (finer part) - 1, 000 1, 000 2, 500 -

Morphological duration - 20 10 80 years

Chezy roughness C 70 67.5 65 m0.5s−1

Tidal velocity amplitude US2 1.85 2.00 2.15 ms−1

Initial wave amplitude A0 0.25 - 0− 0.25 m

Initial wave wavelength λ0 250 250 - m

are determined since these two process parameters affect bed shear stresses along the sediment wave
most significantly, see Section 5.3.

Accordingly, these parameter values are adjusted to replicate the trend that follows from the GIA-
models, i.e. enhanced maximum bed shear stresses in comparison to the previous time period. Besides,
the Chezy roughness value changes due to the increasing water depth and the established topography
from Case I which both have adverse effects on its value. An increment of the water depth results
theoretically in a higher Chezy roughness value with Eqs. 3.7-3.9 and the aforementioned parameter
values. However, the significant presence of the sediment waves with wave height H = 10.5m and
wavelength λ = 250m causes flow alterations.

In addition, a continuing growth of the sediment wave with the depth increment is stimulated, i.e. by
lowering the Chezy value and increasing the tidal velocity amplitude. Thereby, the strong increment of
the reconstructed peak bed shear stresses is reproduced. The new setting for Case II is associated with
a positive growth rate for the wavelength of circa λ = 250m, i.e. the initial wavelength and the fastest
growing mode for Case I. It is avoided that the bed returns to a stable state (flat bed) which occurs for
negative growth rates corresponding to this particular wavelength.

At last, the initial topography is run for multiple years with the altered Chezy roughness value, tidal
velocity amplitude and water depth towards a new equilibrium. Here, the number of grid points in the
centre of the domain is unchanged due to the non-evolving wavelength. The bed level changes are
simulated with a morphological duration of 10 years since the system reaches equilibrium within this
time period.

6.1.3. Case III: 7-6 ka BP, 80 m deep, stabilising bed stresses

For the previous case, it is assumed that the sediment waves are bed features from the preceding
water depth and thus time period. Likewise, the equilibrium bed level of Case II is initially adopted
as topography for Case III. A reference water depth of H0 = 80m is selected which corresponds to
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the period 6 to 7 ka BP. During this period the palaeo-tidal reconstruction shows that hydrodynamics
stabilised towards the current Irish Sea setting, see Figure 4.3.

The process parameters C and US2 are altered with the knowledge obtained from the previous case
about the influence of the Chezy roughness value and the tidal velocity amplitude on the maximum bed
shear stresses τb,max. Lowering the first and increasing the latter parameter results in larger maximum
bed shear stresses thereby mimicking the palaeo-tidal reconstruction. Here, the parameter values
C = 65m0.5s−1 and US2 = 2.15ms−1 are selected. However, the growth rate corresponding to a
wavelength of λ = 250m (k = 0.025m−1) is negative for this parameter settings at H0 = 80m as can
be observed from the FGM results, see Figure 6.2. This resulted in a dampening towards a flat bed of
the initial topography which is adopted from Case II.

A random bed level is therefore introduced to simulate the sediment wave development more
realistically. This randomness is applied through the initial wave amplitude by a random function,
i.e. at each x-point inside the finer part of the domain the initial bed level is randomly assigned to a
value zb,0 = H0 + A0 with H0 = 80m and 0 < A0 < 0.25m. Random bed perturbations are thereby
created with varying wavelengths. Here, the number of x-points is increased to 2,500 as the FGM
is significantly larger with respect to the previous cases. Damveld et al. (2020a) used a random
distribution of vegetation patches along sand waves to analyse the sand wave development over time
for a significant number of simulations. This study showed a convergence of the wavelength distribution
towards the (abiotic) FGM over time. In addition, a spread of the crest and trough development was
observed by Damveld et al. (2020a). The model simulations of Case III are therefore run several times
with different random bed levels for approximately 80 years to demonstrate this convergence and spread.
The simulation time requires circa 4.5 days on an external computing device. Due to time limitations the
number of simulations is therefore maintained at three.

6.2. Results
This section describes the results of the above mentioned cases. The cases each represent a time
period during the post-glacial history of the Irish Sea by means of depth increment and enhanced
hydrodynamics.

Figure 6.2: Growth rate γ [s−1] against wave number k (= 2π/λ) [m−1] for three cases as described in Section 6.1. The circles
indicate the growth rates corresponding to the fastest growing mode λFGM. The x-axis corresponds to λ = [750, 100]m. Note

that a line is fitted between growth rates that are associated with λ = 100, 250, 400, 600, 750m.
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6.2.1. Case I: 12-11 ka BP, 40 m deep, low bed stresses

The first case represents the time period 11 to 12 ka BP at which modelled peak bed stresses in the Irish
Sea were at their lowest. The fastest growing mode associated with this setting is calculated beforehand
and is used as initial wavelength λ0 = 250m, see Figure 6.2. Here, a wide range of wavelengths are
associated with a positive growth rate.

Figure 6.3 shows the development of the bed level, wave height and the crest and trough towards
the finite-amplitude stage. During the simulations the (initial) wavelength remains fixed. It can be seen
that the sediment waves grows asymmetrically during the period of fastest growth. This results in a
relatively steep right-side slope and is linked to the relatively high MORFAC value, see Section 5.1.
However, the reduced computation time is considered more beneficial for this study. The equilibrium
wave height of the sediment waves reaches approximately H = 10.5m after a morphological duration of
12 years. Nonetheless, the crest and trough behave differently during this time-scale, i.e. the trough
develops more quickly towards its equilibrium position.

6.2.2. Case II: 10-9 ka BP, 60 m deep, steep rise in bed stress

The equilibrium bed level from the previous case is adopted and the water depth is increased with to
make a jump in time towards 9 to 10 ka BP and to mimic the corresponding sea level rise. The influence
of the two process parameters, the Chezy roughness and the tidal velocity amplitude, is first analysed.
The maximum induced bed shear stress, the FGM and the sign of the growth rate for λ = 250m are
shown in Table 6.2. The last is included to avoid that the bed returns to a stable state thereby stimulating
further growth of the sediment wave of Case I. The FGM plots can be found in Figure C.2.

It can be concluded that the tidal velocity amplitude affects the maximum bed shear stresses most in
comparison to the Chezy roughness value. This is in line with model results from the sensitivity analysis
(cf. Figure E.6 and E.10). These figures also show maximum bed shear stresses of τb,max = 6.25Nm−2

near the crest for Case I at t = 0. At equilibrium, maximum bed shear stresses of τb,max = 9.53Nm−2

are generated for Case I. Therefore, the setting for US2 = 1.85ms−1 and C = 72.5m0.5s−1 is insufficient.
Additionally, US2 = 2.00ms−1 and C ≥ 70m0.5s−1 show negative growth rates. The setting for US2 =
2.00ms−1 and C = 67.5m0.5s−1 is eventually selected as it seems to follow the trend. Here, an
enhanced tidal velocity amplitude shows no inaccuracies for suspended load transport (not shown here)

Figure 6.3: Bed level (top), wave height (bottom left) and crest-trough development (bottom right) over time for Case I. The
markers indicate the moment in time t in years for the crest and trough.
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in contrast to simulations for a smaller water depth (H0 = 40m), see Section 5.2.
Subsequently, the long-term behaviour of the sediment waves is analysed. The bed level, wave

height and crest-trough position over time are displayed in Figure 6.4. The results indicate that the
sediment waves grows circa ∆H = 3.5m in height which is mostly due to the deepening of the trough.
The right sediment wave flank slightly widens due to sediment deposition. However, the main shape of
the sediment waves is preserved.

Table 6.2: Maximum bed shear stress τb,max [Nm−2], the FGM [m] and the growth rate [±], denoting positive/negative] for
λ = 250m for different combinations of Chezy roughness value C and tidal velocity amplitude US2 during the small-amplitude

stage of Case II.

(τb,max, λFGM, γ) C [m0.5s−1]

67.5 70.0 72.5

US2 [ms−1] 1.85 10.63 303 + 10.03 340 + 9.46 380 +

2.00 12.32 411 + 11.63 451 - 10.97 499 -

6.2.3. Case III: 7-6 ka BP, 80 m deep, stabilising bed stresses

A random signal is chosen as initial condition which contains a variety of (unknown) wavelengths. The
initial random bed level for one of the three individual runs is shown in Figure 6.5. From the bed level
development over time, it can be concluded that the sediment waves inside the area of interest take
significantly longer to form and to evolve compared to the fixed cases, cf. Case I and Case II. Eventually,
the wavelengths which are included in the random signal and are associated with the largest growth
rates prevail.

Nevertheless, due to the deviating sediment waves their characteristics require a new definition.
Here, the sediment wave height is defined as the distance between the crest and the deepest adjacent
trough, while the wavelength is represented by the average distance between the largest and its two

Figure 6.4: Bed level (top), wave height (bottom left) and crest-trough development (bottom right) over time for Case II. The
markers indicate the moment in time t in years for the crest and trough. Note that the initial topography is adopted from Case I

with a depth increment of twenty metres which represents a jump in time of several thousands of years.
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Table 6.3: Sediment wave height and wavelength in metres at approximately 80 simulation years for different runs of Case III with
an initially random topography, see Figure 6.6.

Run Wavelength λ [m] Wave height H [m]

Case III-a 615 33.4

Case III-b 520 32.1

Case III-c 486 29.6

neighbouring crests. Note that only the largest and fastest growing sediment wave is taken into account.
Table 6.3 shows the characteristics of the most dominant sediment wave for the three different model
runs. After approximately 80 years the wave height equals roughly H = 30m. The trough seems to
reach its maximum depth at circa 95 m at which the critical bed shear stress is not being exceeded. On
the other hand, the crest grows towards zb = 60m depending on the wavelength, i.e. longer sediment
waves tend to grow larger in height. The wavelength ranges from λ = 486 up to 615m which corresponds
relatively well with the fastest growing mode λFGM = 572m. This clearly indicates the spread in both
wave characteristics. In addition, the bed level development over time shows a convergence towards
wavelengths close to the fastest growing mode.

6.3. Conclusions
Through a 2DV case study the model is able to reconstruct the formation and evolution of the coarse
core of sediment waves. Here, three cases are each linked to time periods following the trend of
significant sea level rise and enhanced hydrodynamics on a millennial scale which characterises the
Irish Sea during the post-glacial history. However, this case study also shows that only larger initial
wavelengths prevail at larger depths of 80 m. By using a random (almost flat) bed level sediment wave
heights and wavelengths are nevertheless simulated which are comparable to those observed during
the AmSedIS project.

Figure 6.5: Initial bed level development over time for Case III-a. Note that a random function is used as initial topography where
zb,0 = H0 +A0 with H0 = 80m and 0 < A0 < 0.25m.
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Figure 6.6: Long term bed level development over time for Case III. A random function for three different runs a, b and c is used
as initial topography, see Figure 6.5. Note that the sediment waves are not in equilibrium.
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Present-day modelling

The results of the previous chapter demonstrate that the Delft3D model is able to simulate the formation
and evolution of the coarse core of sediment waves over a significant time period in which hydrodynamics
enhanced considerably. In this chapter the model is used to analyse the initial effect of a sand veneer.
These results will give a first indication of the sorting pattern along the sediment waves using a bimodal
sediment mixture of the bed. First, the set-up of the model is discussed. This set-up is partly based on
the results from the previous chapter. Subsequently, the results of the model are shown.

7.1. Model set-up
With the continued melting and retreating of the British-Irish Ice Sheet finer sediments are transported
by rivers from the surrounding lands into the Irish Sea. In addition, glacial incisions which overlap with
trochoidal sediment wave fields and are filled with fine sediments produce a continuous mobile sediment
supply. This turns out to be crucial for further growth of the trochoidal sediment waves as is stated by
Van Landeghem et al. (2013). Besides, these finer sediments are contemporary observed as a mobile
(sand) veneer along the coarse core of the trochoidal sediment waves (Van Landeghem et al., 2009a).

This chapter considers a layered bed stratigraphy which describes multiple sediment layers. A more
detailed description of the bed stratification in the Delft3D model can be found in Section 3.5. The
equilibrium bed level zb,eq from Case II is chosen as initial topography, see Figure 6.4. Then, a sand
layer is added to the system on top of the sediment waves, i.e. zb = zb,eq + Ls. The gravel and sand in
the system can be considered as bimodal. The thickness of the sand layer is assumed thin to prevent
significant changes in hydrodynamics and initially set to Ls = 0.3m. Subsequently, the thickness of the
active transport layer and underlayers are selected such that the sand layer Ls is completely separated
from the original gravel, that is, La = 0.2m and Lu,max = 0.1m, respectively. The latter represents
the initial and maximum thickness of the underlayers, whereas the first remains this identical value
throughout the entire simulation. The sand layer is also included outside the area of interest to simulate
a more or less unlimited sand supply.

A total number of underlayers N = 6 are implemented in the model. This number is limited due to
computation time. Accordingly, the initial uppermost underlayer L(1)

u consists of uniform sand, whereas
the underlying layers 2 ≤ n ≤ 6 contain uniformly distributed gravel with dg = 3.0mm. For convenience,
the thickness of the base layer is set to Lb = 5m to avoid the unerodible bedrock layer which exists
in the model below this base layer. This results in a total (initial) layer thickness of Ltot = 5.8m. Both
the sand Ls = 0.3m and gravel layer Lg = 5.5m are considered to be uniformly distributed to reduce
complexity.

The morphodynamics are subsequently simulated for a morphological duration of 250 days. Here, a
MORFAC value of MF = 100 is used which follows from a (limited) sensitivity analysis, see Appendix G.
Despite the fact that using MF > 1 and analysing tidal cycles is not physically correct, the aim of this
chapter is to qualitatively determine the spatial and time dependency of the sorting pattern. Here, the
Chezy roughness value is unchanged in spite of its relationship with the grain size, i.e. smaller grain
size diameter results in a larger Chezy roughness value. An overview of this setting is shown in Table
7.1 and is based on Case II from the previous chapter.

44
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Table 7.1: Overview of values and dimensions of the numerical model and process parameters. Note that the equilibrium bed
level from Case II of the previous chapter is used as initial topography.

Description Symbol Value Dimension

Number of σ layers - 60 -

Hydrodynamic time step ∆t 3 s

Grid spacing (finer part) ∆x 2 m

Number of grid cells (finer part) - 1, 000 -

Morphodynamic duration t 250 d

Morphological acceleration factor MF 100 -

Active layer thickness La 0.2 m

Maximum underlayer thickness Lu,max 0.1 m

Initial number of underlayers N 6 -

Initial base layer thickness Lb 5 m

Initial sand layer thickness Ls 0.3 m

Initial gravel layer thickness Lg 5.5 m

Total (initial) layer thickness Ltot 5.8 m

Reference water depth H0 60 m

Slope effect parameter αBS 3.0 -

Chezy roughness C 67.5 m0.5s−1

Uniform grain size diameter (gravel) dg 3.0 mm

Uniform grain size diameter (sand) ds 0.30 mm

Tidal velocity amplitude US2 2.00 ms−1

Residual current strength US0 0 ms−1

7.2. Results
The results of the model simulations with the inclusion of a sand layer are described in this section.
Thereby, the aim is to analyse its short-term influence on the sediment wave characteristics and the
sorting patterns in the upper layer.

From Figure 7.1 it can be concluded that the system moves towards a new equilibrium due to the
addition of the sand layer. This figure shows the sand fraction in the active layer and the bed level for
different time frames. The time frames show that the sand fraction in the top layer remains relatively
constant at these moments in time. The bed level however changes significantly. The crest position
remains relatively stable, whereas the troughs are filled thereby decreasing the sediment wave height
from circa 14 to 12 m. The large volume of sand that is deposited at the troughs originates mainly from
outside the centre of the domain (not shown here). Additionally, the sediment waves regain their initial
sinusoidal shape.

To investigate what occurs in between these time frames the sand fraction in the upper layer at
the crest and its right-side flank and trough are plotted over time in Figure 7.2. Due to deposition and
erosion processes the sediment fraction and thickness of the base layer and underlayers fluctuates
continuously throughout the entire simulation. It can be seen that in the beginning the sand fraction at
the crest decreases significantly. This fraction in the transport layer reaches an equilibrium relatively
quickly (t = 12.5 d), i.e. small amounts of sands are eroded during the largest flow velocities and
deposited at slack water.
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The right-side flank of the sediment wave is initially protected from the flow. As the tide turns (U1 < 0),
a vast amount of sand is eroded. During the subsequent slack water and tide changing direction, the
flanks are replenished with sand again. Even though the flank is positioned at the stoss-side of the
sediment wave for U1 > 0, the largest flow velocities result in erosion of the sand, cf. t = 50 d. This
equilibrium pattern is reached after approximately half a tidal cycle.

On the other hand, the equilibrium time-scale of the sand fraction at the trough is somewhat longer,
i.e. two tidal cycles (t = 100 d). At first, sand is removed from the troughs and is slowly supplemented
again. At equilibrium, the troughs are first eroded by the largest flow velocities directed rightward.
Subsequently, sand is deposited during slack water and is shortly eroded again when flow velocities
change direction and increase. However, the sand fraction increases significantly to an (almost) uniform
layer during the largest flow velocities directed leftward. This is most likely due to transport from sands
at the crest and flanks to trough. Additionally, a decrease in sand fraction during and just after slack
water can be observed for the troughs, e.g. at t = 138 d. This can be explained by (suspended) gravel
that is deposited thereby decreasing the sand fraction in the top layer.

7.3. Conclusions
The addition of a thin sand layer at the bed to equilibrium stage sediment waves affects the bed level
significantly as the sediment waves act as a sand trap, i.e. the troughs are filled with sand whereas the
crest is eroded and remains relatively coarse. This contradicts with the data as the coarsest sediments
are found in the troughs. The troughs are supplied with sand during slack water and due to transport
from the crest and flanks. This results in a decrease of the sediment wave height of circa 2 metres
tending towards a new equilibrium after approximately 250 days. The sorting pattern along the sediment
waves is time-dependent as the sand follows the flow direction of the tide which can be translated to the
observed mobile sand veneer.

Figure 7.1: Sand fraction in the active transport layer (top) and bed level development zb,t (bottom) along the x-axis for time
frames of t where T = 50 d. The used parameter values can be found in Table 7.1.
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Figure 7.2: Sand fraction in the active transport layer at the crest, (right-side) flank and trough over time t in days. The horizontal
velocity U1 is plotted at the right axis. Note that the flow is directed rightward for U1 > 0 and to the left for U1 < 0. One tidal cycle

lasts 50 days as morphodynamics are accelerated with a MORFAC value of MF = 100.
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Discussion

In this chapter the obtained results are interpreted and some of the main limitations of the research are
discussed. Naturally, the strengths of this research are highlighted as well.

Supporting the geological hypothesis

Through a 2DV case study the geological hypothesis by Van Landeghem et al. (2009a) is supported
which states that the observed coarse core of trochoidal sediment waves in the Irish Sea are relicts from
a distant past and are formed and evolved after the marine transgression as present-day hydrodynamics
are not capable of generating these enigmatic bed forms. The retreat of the ice after the Last Glacial
Maximum resulted between 12 and 6 ka BP in significant sea-level rise and enhanced peak bed shear
stresses which is shown in the reconstruction of the palaeo-tidal conditions of the Irish Sea by the GIA
model output (Uehara et al., 2006). Using increments of the water depth and enhancing the bottom
roughness and tidal velocity amplitude these tidal conditions are simulated on a millennial timescale.

2DV case study model

The method to use a 2DV case study is significantly different from previous sand wave modelling studies
which in general assume small-amplitude sand waves and a fixed water depth (e.g. Borsje et al., 2014b;
Damveld et al., 2020b). The case study model sheds new light on the modelling of sediment waves
since the model results show sediment wave growth with sea-level rise over a millennial time-scale. The
depth increments of twenty metres seem relatively large, whereas it would be more optimal to let the
water depth increase throughout the model simulation. Nevertheless, it is expected that this does not
influence the qualitative results. Due to the substantial timescale and changing tidal conditions this
method is believed to more realistically model the trochoidal sediment wave evolution over a significant
period of time.

Furthermore, the Irish Sea is not the only shallow sea that has been affected by the glacial periods.
For the continental shelf of the Gulf of Valencia Albarracín et al. (2014) discusses the potential formation
and evolution of sand waves between 12 and 10 ka BP due to storm waves and longshore littoral drift
in contrast to a tidal origin. These sand waves are nowadays found at much larger water depths and
are therefore also considered relicts. This method might therefore also be useful for sediment wave
modelling studies at other study areas which experienced a similar extreme sea-level rise.

Prevailing of longer sediment waves

The relatively short fixed wavelength λ0 = 250m which is used for the first two cases dampens for
a larger water depth. Through a random initial topography, the last case however shows that longer
wavelengths prevail. With the knowledge obtained from this study additional runs for a longer fixed
wavelengths have therefore been completed. An initial wavelength of λ0 = 500m is chosen which
corresponds to the observed wavelength at Area 13N from the AmSedIS project. Here, a wave height of
∆S = 24m is observed. Again, the case study model is used with depth increments. Nonetheless, the
Chezy roughness value and tidal velocity amplitude are kept constant at their initial parameter value of
Case I thereby only considering sea-level rise. The initial wave amplitude is set to A0 = 2m to reduce
computation time. Figure 8.1 shows for each reference depth the (normalised) equilibrium bed level, the
wave height and crest-trough position over time. The modelled wave height of H = 25m corresponds
relatively well with the observed site-specific height.
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However, it should be noted that the sensitivity analysis of this study shows that the equilibrium
bed level is sensitive to parameter changes. Additionally, data-analysis indicates significantly differing
trochoidal sediment waves at each observed site. Furthermore, the model is not capable of establishing
a sharp crest despite the fact that the final equilibrium bed level seems to tend towards a trochoidal
shape. This might be an effect of excluding certain processes in the initial model set-up. Nevertheless,
using this simplified set-up the model demonstrates along with sea-level rise the formation and evolution
over time of longer prevailing coarse cores (in assemblage) which are of comparable size as observed
in nature (Van Landeghem et al., 2013).

Figure 8.1: The normalised equilibrium bed level (zb,eq −H0) for a fixed initial wavelength of λ0 = 500m, wave height and
crest-trough position over time. Note that the equilibrium bed level from the preceding reference water depth is adopted as initial
topography. The bed level development over time of the individual runs can be found in Appendix F.7. The bed level at Area 13N

is plotted for comparison.

Sorting patterns

The observations and the model output with respect to sorting patterns along trochoidal are somewhat
apart. Data-analysis shows that the coarsest sediments are found in the troughs at multiple survey
areas which is likely lag exposed in areas of erosion. The simulation with the addition of a sand layer on
top of the coarse core however indicates that the sediment waves act as a sand trap. Additionally, the
sand layer is observed mainly on the trochoidal sediment wave flanks (Van Landeghem et al., 2009a).
Nevertheless, the sand layer on top of the coarse core is mobile which is in line with observations.
However, Van Landeghem et al. (2009a) refers to high-energy events such as storms whereas its
mobility for this study is dependent on the tide. Therefore, more research is required in both the field
and modelling area.

Excluded processes

A residual current is neglected during this study as it initiates asymmetry and migration thereby
increasing complexity. This research only considers one symmetrical tidal constituent which results in
symmetrical sediment waves, see Figure 8.1. It should be noted that the asymmetry for H0 = 40m in
this figure is induced by the relatively high MORFAC value, cf. Appendix F.1. The observed trochoidal
sediment waves in the Irish Sea are however slightly asymmetrical most likely due to the combination
of tidal constituents and a residual current. Additionally, this study considers very fine gravel while
significantly coarser sediments are found along trochoidal sediment waves. As Van Landeghem et al.
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(2009a) stated, the central Irish Sea is associated with bed load convergence and divergence zones. The
long-term reversals of the slightly dominant current-induced bed stresses in these zones in combination
with a nearly symmetrical tide might have contributed significantly to bi-directionally piling up of even
coarser gravels.

The hiding-exposure effect is not included during the model simulations of the initial morphodynamic
response due to the addition of a thin sand layer at the bed. The hiding-exposure effect represents the
process in which larger and more exposed grains hide the smaller particles from the flow (McCarron
et al., 2019) which enhances for poorly sorted mixtures. For example, Area 14E shows a coarse multi
modal distribution with a fine skewness which is possible evidence of hiding-exposure. Throughout the
model simulations gravel and sand are gradually mixed and sorted. The results show that the sand
fraction of the active transport layer is dependent on space and time. Figure 8.2 shows the calculated
hiding-exposure along the sediment wave after one tidal cycle following Egiazaroff (1965). Despite the
statement by McCarron et al. (2019) that this formulation might overpredict the hiding-exposure factor,
this figure gives a clear spatial pattern of its importance. The hiding-exposure factor for sand at the
crest and in a lesser extend at the flanks is significantly higher than at the sandy trough. Thus, sand at
the trough has more potential to be eroded as gravel at the crest and flanks protects the sand from the
flow. In contrast, gravel is at these locations more likely to be eroded. This will most likely result in less
sand transported from crest and flanks to trough thereby increasing the fraction of sand in the upper
part of the sediment wave.

Figure 8.2: The hiding-exposure factor for sand (ds = 0.3mm) following Egiazaroff (1965) along the sediment wave after one
tidal cycle with MF = 25.

Uncertainty GIA model output and AmSedIS data set

In the model of Uehara et al. (2006), a constant and uniform bottom friction coefficient was used.
Thereby, the spatial variability of bottom sediment types and the form drag resulting from sub-grid scale
bedforms were neglected. The latter was expected to significantly affect the model outcomes of the
tidal ellipse and peak induced bed shear stress. Additionally, the wave climate was not considered over
the large timescale. It is expected that the peak bed stresses have probably been higher than simulated
as is stated by Van Landeghem et al. (2009a). Therefore, the uncertainty regarding the tidal ellipse and
thus the peak induced bed stresses was assumed large. It should also be noted that these types of GIA
models have been updated in the last decade (e.g. Ward et al., 2016). By comparing the maximum
induced bed shear stresses from the GIA model and the 2DV case study model higher peak bed shear
stresses are required to generate sediment waves of a comparable size with very fine gravel in Delft3D.
However, much coarser sediments were found in the grab samples along trochoidal sediment waves.
Therefore, high-energy events which are not considered during this modelling study most-likely have
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played a significant role in piling up these coarser gravel grains, especially during earlier periods of
lower water depths.

The amount of sediment wave observations during the AmSedIS project is limitied. In total, 22
sediment waves were analysed for granulometric variations, of which only 7 with trochoidal shape and
a significant wave height. Such a small population size increases uncertainties considerably which
complicates finding significant correlations. In addition, Van Landeghem et al. (2013) also mentioned
that during the AmSedIS project difficulties emerged during the collection of the vibrocores which could
have affected the grab samples and could explain that the amount and locations of the grab samples
along the trochoidal sediment waves differ for each survey area. This limited this study to thoroughly
investigate a certain trend in the cross-sectional direction of trochoidal sediment waves.

Simplifications

Grab samples show a large variety of gravel found along trochoidal sediment waves in the Irish Sea. A
unimodal gravel mixture is however not included to model the formation and evolution of the coarse
core. Here, a uniformly mixed bed of very fine gravel is implemented. Very coarse gravel is significantly
more difficult to get entrained by the flow. Therefore, it is expected that with these grain sizes even
larger tidal velocity amplitudes are needed to model sediment wave growth. Including a unimodal gravel
mixture in combination with the hiding-exposure effect however might potentially enhance the initial
growth of the coarse core of sediment waves as is stated by Van Landeghem et al. (2013).

Furthermore, the Chezy roughness value is kept constant throughout the simulation of both modelling
phases. However, due to its dependency on the grain size and the water depth the roughness should
vary in space and time during the long-term sediment wave development and due to the mobile sand
layer. This results in a greater roughness at the crests compared to the troughs due to the significant
depth difference. In addition, the accumulation of sand at the troughs results in a smoother bed in
comparison to the coarser crests. This most likely affects the model results as this study shows that the
Chezy roughness value strongly influences the maximum bed shear stresses, the fastest growing mode
and the equilibrium wave height.

At last, the model is sensitive to parameter changes as is shown in the sensitivity analysis. However,
the model is tested for a certain parameter range and is therefore considered reliable. In addition, the
general aims to model the evolution of sediment waves over a significant period of time and to determine
the initial morphodynamic response due to the added sand layer are unaffected by this parameter
sensitivity and the idealized model setting.
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Conclusions

In this thesis the formation and evolution of trochoidal sediment waves in the Irish Sea is explored
using and by adapting an existing sand wave model in Delft3D-4. With the knowledge gained through
data-analysis and simulations the research questions as stated in Section 1.3 are answered in this
chapter.

I. What are the palaeo-tidal conditions and present-day morphological characteristics of
trochoidal sediment waves in the Irish Sea?

The reconstruction of the palaeo-tidal conditions using the glacial isostatic adjustment model shows
a clear trend for the peak bed shear stresses and the water depth in the Irish Sea. After the Last Glacial
Maximum, temperatures evolved gradually and the British-Irish Ice Sheet retreated allowing water to
enter the Irish Sea increasing the depth over time for several tens of metres. In addition, enhanced
ocean tidal dynamics and local configuration changes greatly intensified peak bed shear stresses
between 7,000 and 15,000 years before present. Nonetheless, hydrodynamics stabilised around 6,000
years ago. For the locations at which trochoidal sediment waves are observed the output of the model
is in line with this theory.

Trochoidal sediment wave characteristics and grab samples of in total seven survey areas from
the Amplified Sediment wave Irish Sea project are analysed. Wave heights range between 11 to 35
metres, whereas wavelengths extend from 340 to 560 m. The water depths differ significantly from
one location to another, i.e. 80 to 160 m. Along the trochoidal sediment waves, most grab samples
consist of multimodal sediment mixtures, i.e. mainly a combination of medium sand with fine gravel.
The coarsest sediments are found in the troughs. Furthermore, the trochoidal sediment wave height
correlates negatively and positively with the mean and its deviation of the most dominant mode from
the combined grain size distributions, respectively. The present-day morphology of trochoidal sediment
waves however remains relatively site-specific.

II. In what way can an existing sand wave model be adjusted to reconstruct the formation and
evolution of the coarse core of trochoidal sediment waves during the post-glacial period?

Since the model set-up of the existing sand wave model is based on present-day sand waves
in the North Sea, the setting is initially adjusted to generate sediment waves with parameter values
according to the Irish Sea. Trochoidal sediment wave fields in the Irish Sea are found at considerable
greater depths and consist of coarser sediments as follows from the first research question. After a grid
refinement study, a sensitivity analysis is conducted to determine the influence of the numerical model
and process parameters. Here, it is found that the Chezy roughness value and tidal velocity amplitude
most affect the maximum induced bed shear stress and equilibrium wave height.

Through a 2DV case study model the formation and evolution of trochoidal sediment waves during
the post-glacial period is subsequently analysed using the adjusted process-based sand wave model.
Three cases are linked to a specific time period in which significant sea level rise and enhanced peak
bed stresses in the Irish Sea. Although the sediment waves grow along with the water depth after the
first jump in time, they dampen for the largest depth due to its fixed and relatively small wavelength.
The long-term behaviour for a random initial bed level however shows significant wave heights and
wavelengths comparable to those observed.
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III. What is the initial morphodynamic response of equilibrium stage sediment waves due to
the addition of a thin sand layer at the surface?

Through layered bed stratigraphy a thin sand layer is added to the system on top of sediment
waves in equilibrium state. This sand represents the mobile sand veneer that is observed hosting the
coarse core of present-day trochoidal sediment waves. Short-term model simulations show the initial
morphodynamic behaviour and sorting patterns along sediment waves.

These simulations indicate that the sand layer is mobile as is observed in nature and the sorting
pattern of the active transport layer is dependent on time. The sand at the trough and flanks clearly
follows the direction of the tide. Over time, sand covers the flanks and the troughs of the coarse core
thereby decreasing its original height while moving towards a new equilibrium bed level and acting as a
sand trap. At equilibrium the sand fraction at the crest and flank shows a clear pattern in relation to
the direction and magnitude of the flow. The equilibrium sand fraction of the top layer at the trough
increases during slack water and due to transport from the crest and flanks.

These research questions jointly contribute to the main aim of this study, i.e. to explain the formation
and evolution of trochoidal sediment waves in the Irish Sea throughout their post-glacial history using
an existing process-based sand wave model. Despite the simplified model set-up, this study shows
the growth of the coarse core of sediment waves over a millennial scale which is characterised by a
significant sea level rise and enhanced hydrodynamics. In addition, the model is able to reproduce the
mobile sand veneer that is observed hosting this coarse core.
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Recommendations

Further research about trochoidal sediment waves with the Delft3D model will potentially help to better
understand these millennia-old bed features. The case study model is considered a starting point for
new modelling studies about trochoidal sediment waves. In this chapter some recommendations are
discussed for further research.

Model set-up

The model set-up used in this research is unique in comparison to previous sand wave modelling
studies which assume a fixed water depth. However, the system changes for each new situation. This
makes it difficult to predict how the system will behave and to choose an initial setting. For example, the
initially chosen (short) wavelength dampened for larger water depths during this study. It is therefore
recommended to conduct test runs for future phases. In addition, the quantitative results should be
treated carefully due to this constantly changing system. Nevertheless, this set-up has great potential
to model on a large time-scale associated with significant uncertainties and to qualitatively support
hypotheses.

Application of the case study model for other study areas

The case study model of this research is linked to the extreme sea-level rise and changing tidal
dynamics in the Irish Sea during the post-glacial period. However, other shallow and tide-controlled
marine environments have also experienced glaciations and the resulting extreme changes in tidal
conditions, e.g. the North Sea. Here, previous sand wave modelling studies generally assume an initial
flat bed for contemporary water depths.

Sand waves may nevertheless already exist for a long period of time while sea-levels rose significantly
after the glacial period as is shown by Albarracín et al. (2014). On the other hand, present-day sand
waves will most likely evolve with the sea-level rise that is expected for the upcoming decades. Therefore,
it is recommended to take into account sea-level rise through a case study model (or an implementation
of sea-level rise in the Delft3D model) for other study areas.

Collecting more grab sample data

The available data at the survey areas is rather limited, i.e. relatively small amounts of grab samples.
Additionally, the location of the grab samples along the observed trochoidal sediment waves differs
significantly. This resulted in no trends being found. Therefore, it is recommended to gather more grab
samples along the trochoidal sediment waves which could potentially help to find grain size trends over
multiple sediment waves. These trends can then be compared to model outputs.

Exploring the influence of other processes

The hiding-exposure factor is dependent on space and time throughout the morphological evolution of
sediment waves. By including the hiding-exposure effect in combination with a uni- or bimodal sediment
mixture, insight can be gained into the potential increase in initial growth and into the sorting pattern of
the coarse core. Additionally, the interaction between the mobile sand layer and the coarse core can be
modelled more realistically.
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High energy events are expected to contribute to the motion of the coarsest sediments found in
the coarse core of trochoidal sediment waves. These events can affect the mobile sand veneer and
can even lead to partial or complete erosion of present-day bedforms to leave only lateral scour marks.
These high energy events can be included in Delft3D through extreme wind conditions as is done by
Cao et al. (2021).

At last, it is recommended to examine the influence of the residual current on the model results.
The shifting position of the bed load divergence and convergence zones in the Irish Sea is believed
to have contributed significantly to the bi-directional accumulation of coarse sediment. This shifting
position can be explored in the model through a constantly reversing residual current in combination
with a symmetrical tide.
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A.1. Quartenary

Figure A.1: Stratigraphic subdivision of geological time of the Quaternary (Mellet et al., 2015).
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A.2. Map of the present-day Irish Sea

Figure A.2: Present-day Irish Sea with water depth (mean sea level) contours in metres (Ward et al., 2015).
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A.3. Amphidromic systems

(a) M2

(b) S2

Figure A.3: Amphidromic system of the dominant constituents, (a) M2 and (b) S2, in the Irish Sea averaged over the year 2015.
The black solid lines represent the phases of the constituents (Horrillo-Caraballo et al., 2021).
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A.4. Sediment distribution

Figure A.4: Seabed sediment distribution using the Folk (1954) triangle (Ward et al., 2015).
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A.5. Peak bed shear stresses

Figure A.5: Modelled (M2 + S2) tidally-induced peak bed shear stress in the Irish Sea with direction and magnitude (Ward et al.,
2015).
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B.1. Area 3-3

Figure B.1: Plan view of the bathymetry at area 3 with the locations at which grab samples were taken during the AmSedIS
project, April 2012. Red line indicates a cross-section of the bathymetry shown on the next page.
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Figure B.2: Cross-section of a trochoidal sediment wave bathymetry at area 3 with grab sample locations during the AmSedIS
project, April 2012. Note that the location of the grab samples are variable in y−direction.

Figure B.3: Grain size distributions of multiple grab samples; mass fraction against the logarithmic phi scale (Krumbein, 1934).
Grab sample locations were taken along a trochoidal sediment wave at area 3 during the AmSedIS project, April 2012. Note that
the grain size fractions for each sediment type (Wentworth, 1922) are determined through sieving or laser granulometer of the

sample particles. A line is fitted between these measurements.
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B.2. Area 4N

Figure B.4: Plan view of the bathymetry in the north of area 4 with the locations at which grab samples were taken during the
AmSedIS project, April 2012. Red line indicates a cross-section of the bathymetry shown on the next page.
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Figure B.5: Cross-section of a trochoidal sediment wave bathymetry in the north of area 4 with grab sample locations during the
AmSedIS project, April 2012. Note that the location of the grab samples are variable in y−direction.

Figure B.6: Grain size distributions of multiple grab samples; mass fraction against the logarithmic phi scale (Krumbein, 1934).
Grab sample locations were taken along a trochoidal sediment wave in the north of area 4 during the AmSedIS project, April

2012. Note that the grain size fractions for each sediment type (Wentworth, 1922) are determined through sieving or laser
granulometer of the sample particles. A line is fitted between these measurements.
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B.3. Area 9

Figure B.7: Plan view of the bathymetry at area 9 with the locations at which grab samples were taken during the AmSedIS
project, April 2012. Red line indicates a cross-section of the bathymetry shown on the next page.
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Figure B.8: Cross-section of a trochoidal sediment wave bathymetry at area 9 with grab sample locations during the AmSedIS
project, April 2012. Note that the location of the grab samples are variable in y−direction.

Figure B.9: Grain size distributions of multiple grab samples; mass fraction against the logarithmic phi scale (Krumbein, 1934).
Grab sample locations were taken along a trochoidal sediment wave in area 9 during the AmSedIS project, April 2012. Note that
the grain size fractions for each sediment type (Wentworth, 1922) are determined through sieving or laser granulometer of the

sample particles. A line is fitted between these measurements.
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B.4. Area 12M

Figure B.10: Plan view of the bathymetry in the center of area 12 with the locations at which grab samples were taken during the
AmSedIS project, April 2012. Red line indicates a cross-section of the bathymetry shown on the next page.
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Figure B.11: Cross-section of a trochoidal sediment wave bathymetry in the center of area 12 with grab sample locations during
the AmSedIS project, April 2012. Note that the location of the grab samples are variable in y−direction.

Figure B.12: Grain size distributions of multiple grab samples; mass fraction against the logarithmic phi scale (Krumbein, 1934).
Grab sample locations were taken along a trochoidal sediment wave in the center of area 12 during the AmSedIS project, April

2012. Note that the grain size fractions for each sediment type (Wentworth, 1922) are determined through sieving or laser
granulometer of the sample particles. A line is fitted between these measurements.
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B.5. Area 13N

Figure B.13: Plan view of the bathymetry in the north of area 13 with the locations at which grab samples were taken during the
AmSedIS project, April 2012. Red line indicates a cross-section of the bathymetry shown on the next page.
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Figure B.14: Cross-section of a trochoidal sediment wave bathymetry in the north of area 13 with grab sample locations during
the AmSedIS project, April 2012. Note that the location of the grab samples are variable in y−direction.

Figure B.15: Grain size distributions of multiple grab samples; mass fraction against the logarithmic phi scale (Krumbein, 1934).
Grab sample locations were taken along a trochoidal sediment wave in the north of area 13 during the AmSedIS project, April

2012. Note that the grain size fractions for each sediment type (Wentworth, 1922) are determined through sieving or laser
granulometer of the sample particles. A line is fitted between these measurements.
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B.6. Area 14E

Figure B.16: Plan view of the bathymetry in the east of area 14 with the locations at which grab samples were taken during the
AmSedIS project, April 2012. Red line indicates a cross-section of the bathymetry shown on the next page.



B.6. Area 14E 81

Figure B.17: Cross-section of a trochoidal sediment wave bathymetry in the east of area 14 with grab sample locations during
the AmSedIS project, April 2012. Note that the location of the grab samples are variable in y−direction.

Figure B.18: Grain size distributions of multiple grab samples; mass fraction against the logarithmic phi scale (Krumbein, 1934).
Grab sample locations were taken along a trochoidal sediment wave in the east of area 14 during the AmSedIS project, April

2012. Note that the grain size fractions for each sediment type (Wentworth, 1922) are determined through sieving or laser
granulometer of the sample particles. A line is fitted between these measurements.
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B.7. Area 14W

Figure B.19: Plan view of the bathymetry in the west of area 14 with the locations at which grab samples were taken during the
AmSedIS project, April 2012. Red line indicates a cross-section of the bathymetry shown on the next page.
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Figure B.20: Cross-section of a trochoidal sediment wave bathymetry in the west of area 14 with grab sample locations during
the AmSedIS project, April 2012. Note that the location of the grab samples are variable in y−direction.

Figure B.21: Grain size distributions of multiple grab samples; mass fraction against the logarithmic phi scale (Krumbein, 1934).
Grab sample locations were taken along a trochoidal sediment wave in the west of area 14 during the AmSedIS project, April

2012. Note that the grain size fractions for each sediment type (Wentworth, 1922) are determined through sieving or laser
granulometer of the sample particles. A line is fitted between these measurements.
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C.1. Case I

(a) Suspended load transport

(b) Slope effect tuning parameter
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(c) Chezy roughness

(d) Grain size
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(e) Tidal velocity amplitude

Figure C.1: Growth rate γ (s−1) against wave number k (= 2π/λ) (m−1) for variable model parameters, i.e. (a) ex- and
including suspended load transport, (b) slope effect tuning parameter, (c) Chezy roughness, (d) grain size and (e) tidal velocity
amplitude. The circles indicate the growth rates corresponding to the fastest growing mode λFGM. The x-axis corresponds to

λ = [600, 100]. Note that a line is fitted between growth rates that belong to λ = 100, 250, 400, 600m
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C.2. Case II

Figure C.2: Growth rate γ (s−1) against wave number k (= 2π/λ) (m−1) for for different combinations of the process
parameters Chezy roughness value C and tidal velocity amplitude US2. The circles indicate the growth rates corresponding to the
fastest growing mode λFGM. The x-axis corresponds to λ = [750, 250]. Note that a line is fitted between growth rates that belong

to λ = 250, 400, 600, 750m.
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D.1. Suspended load transport

(a) Excl. suspension, λFGM = 275m (b) Incl. suspension, λFGM = 249m

Figure D.1: Normalised circulation cells excluding and including suspended load transport with its corresponding fastest growing
mode λFGM
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D.2. Slope effect tuning parameter

(a) αBS = 2.5 , λFGM = 185m (b) αBS = 2.75 , λFGM = 216m

(c) αBS = 3.00 , λFGM = 249m (d) αBS = 3.25 , λFGM = 288m

(e) αBS = 3.50 , λFGM = 333m

Figure D.2: Normalised circulation cells for a varying slope effect tuning parameter αBS with its corresponding fastest growing
mode λFGM
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D.3. Chezy roughness

(a) C = 65m0.5s−1 , λFGM = 188m (b) C = 67.5m0.5s−1 , λFGM = 216m

(c) C = 70.0m0.5s−1 , λFGM = 249m (d) C = 72.5m0.5s−1 , λFGM = 266m

(e) C = 75.0m0.5s−1 , λFGM = 333m

Figure D.3: Normalised circulation cells for a varying Chezy roughness C with its corresponding fastest growing mode λFGM
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D.4. Grain size

(a) d = 2.50mm, λFGM = 333m (b) d = 2.75mm, λFGM = 266m

(c) d = 3.00mm, λFGM = 249m (d) d = 3.25mm, λFGM = 194m

(e) d = 3.50mm, λFGM = 152m

Figure D.4: Normalised circulation cells for a varying median diameter d with its corresponding fastest growing mode λFGM
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D.5. Tidal velocity amplitude

(a) US2 = 1.60ms−1 , λFGM = 110m (b) US2 = 1.70ms−1 , λFGM = 158m

(c) US2 = 1.80ms−1 , λFGM = 217m (d) US2 = 1.85ms−1 , λFGM = 249m

(e) US2 = 1.95ms−1 , λFGM = 272m

Figure D.5: Normalised circulation cells for a varying tidal velocity amplitude US2 with its corresponding fastest growing mode
λFGM
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E.1. Suspended load transport

Figure E.1: Normalised tidally-averaged total < Stot >, bed load < Sb > and suspended load < Ss > sediment transport ex-
and including suspended load transport with its corresponding fastest growing mode λFGM

Figure E.2: Normalised maximum bed shear stress < τb, max >, bed load < Sb, max > and suspended load < Ss, max > sediment
transport ex- and including suspended load transport with its corresponding fastest growing mode λFGM
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E.2. Slope effect tuning parameter

Figure E.3: Normalised tidally-averaged total < Stot >, bed load < Sb > and suspended load < Ss > sediment transport for a
variable slope effect tuning parameter αBS with its corresponding fastest growing mode λFGM

Figure E.4: Normalised maximum bed shear stress < τb, max >, bed load < Sb, max > and suspended load < Ss, max > sediment
transport for a variable slope effect tuning parameter αBS with its corresponding fastest growing mode λFGM
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E.3. Chezy roughness

Figure E.5: Normalised tidally-averaged total < Stot >, bed load < Sb > and suspended load < Ss > sediment transport for a
variable Chezy roughness C with its corresponding fastest growing mode λFGM

Figure E.6: Normalised maximum bed shear stress < τb, max >, bed load < Sb, max > and suspended load < Ss, max > sediment
transport for a variable Chezy roughness C with its corresponding fastest growing mode λFGM
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E.4. Grain size

Figure E.7: Normalised tidally-averaged total < Stot >, bed load < Sb > and suspended load < Ss > sediment transport for a
variable median diameter d with its corresponding fastest growing mode λFGM

Figure E.8: Normalised maximum bed shear stress < τb, max >, bed load < Sb, max > and suspended load < Ss, max > sediment
transport for a variable median diameter d with its corresponding fastest growing mode λFGM
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E.5. Tidal velocity amplitude

Figure E.9: Normalised tidally-averaged total < Stot >, bed load < Sb > and suspended load < Ss > sediment transport for a
variable tidal velocity amplitude US2 with its corresponding fastest growing mode λFGM

Figure E.10: Normalised maximum bed shear stress < τb, max >, bed load < Sb, max > and suspended load < Ss, max >
sediment transport for a variable tidal velocity amplitude US2 with its corresponding fastest growing mode λFGM
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F.1. Morphological acceleration factor

(a) MF = 125 , λFGM = 249m

(b) MF = 250 , λFGM = 249m
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(c) MF = 500 , λFGM = 249m

(d) MF = 1000 , λFGM = 249m
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(e) MF = 2000 , λFGM = 249m

Figure F.1: Long term bed, wave height and crest-trough development for a variable morphological acceleration factor MF
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F.2. Suspended load transport

(a) Excluding suspended load transport

(b) Including suspended load transport

Figure F.2: Long term bed, wave height and crest-trough development ex- and including suspended load transport



F.3. Slope effect tuning parameter 106

F.3. Slope effect tuning parameter

(a) αBS = 2.50 , λFGM = 185m

(b) αBS = 2.75 , λFGM = 216m
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(c) αBS = 3.00 , λFGM = 249m

(d) αBS = 3.25 , λFGM = 288m
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(e) αBS = 3.50 , λFGM = 333m

Figure F.3: Long term bed, wave height and crest-trough development for a variable slope effect tuning parameter αBS



F.4. Chezy roughness 109

F.4. Chezy roughness

(a) C = 65.0m0.5s−1 , λFGM = 188m

(b) C = 67.5m0.5s−1 , λFGM = 216m
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(c) C = 70.0m0.5s−1 , λFGM = 249m

(d) C = 72.5m0.5s−1 , λFGM = 266m
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(e) C = 75.0m0.5s−1 , λFGM = 333m

Figure F.4: Long term bed, wave height and crest-trough development for a variable Chezy roughness C
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F.5. Grain size

(a) d = 2.50mm, λFGM = 333m

(b) d = 2.75mm, λFGM = 266m
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(c) d = 3.00mm, λFGM = 249m

(d) d = 3.25mm, λFGM = 194m
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(e) d = 3.50mm, λFGM = 152m

Figure F.5: Long term bed, wave height and crest-trough development for a variable median diameter d
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F.6. Tidal velocity amplitude

(a) US2 = 1.60ms−1 , λFGM = 110m

(b) US2 = 1.70ms−1 , λFGM = 158m
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(c) US2 = 1.80ms−1 , λFGM = 217m

(d) US2 = 1.85ms−1 , λFGM = 249m
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(e) US2 = 1.95ms−1 , λFGM = 272m

Figure F.6: Long term bed, wave height and crest-trough development for a variable tidal velocity amplitude US2
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F.7. Longer initial wavelength

(a) H0 = 40m

(b) H0 = 60m
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(c) H0 = 80m

Figure F.7: Long term bed, wave height and crest-trough development for an initial wavelength of λ0 = 500m and a variable
water depth H0. Note that the equilibrium bed level of H0 = 40m and H0 = 60m is used as initial topography for H0 = 60m
and H0 = 80m, respectively. The used parameters correspond to Case I, see Table 6.1. The number of grid points in the finer

part equals 1, 250.
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G.1. Morphological acceleration factor
A sensitivity analysis is performed to determine the effect of changes in MORFAC value. This analysis
is relatively limited due to time limitations. From Chapter 5 it is concluded that the sediment wave
characteristics are sensitive to the MORFAC value. Therefore, the MORFAC value is initially reviewed
to identify an appropriate value for the remainder of this study. At the beginning, the values of the
remaining model and process parameters are adopted from Case II similar to its equilibrium topography.

This relatively short-term analysis involves examining the development of the bed level and the
sand fraction in the active transport layer over time. To analyse this initial morphodynamic response
of the supplementary sand veneer the model is run for one tidal cycle T . The MORFAC value again
accelerates the morphodynamics and the morphological duration. Figure G.4 shows the model results
of each MORFAC value individually.

The equilibrium bed level from Case II (Figure 6.4) is adopted as initial topography. Here, a MORFAC
value of MF = 1, 000 is used to reduce computation time. However, this MORFAC value results in
significant shape shifting and inaccuraries of the bed level during the simulation as can be seen in
Figure G.4b. Similarly, the sediment waves actively move along with the current for MF = 500 and
to a lesser extent for MF = 250. This can be explained by the fact that the tidal velocity amplitude of
US2 = 2.0ms−1 is fine-tuned to the grain size of fine gravel which is an order of magnitude larger than
the selected sand diameter, that is, dg = 3.0mm and ds = 0.30mm, respectively. In the initial stage
after the spin-up time there is a considerable amount of sediment transport which is multiplied by the
MORFAC value. In turn, this affects bed level changes significantly. It should also be noted that the flow
velocity profile resembles roughly a cosine function, i.e. strongest current directed rightward occurs at
t = 0 (cf. Figure 7.2). This can also clearly be seen from Figure G.1 in which the sand fraction in the
active transport layer is plotted.

In contrast, a MORFAC value of MF = 1 entails little change in sand fraction, i.e. sand is only
removed from the steep (right side) slope at which flow velocities are strongest. The corresponding

Figure G.1: Sand fraction in the active transport layer (top) and bed level development (bottom) along the x-axis over time t for
various MORFAC values. The total time period equals t = MF · T where T = 12h. Note that the sand fraction equals Fs = 1 at
t = 0 and that both (cumulative) grain size fractions are the inverse of one another, i.e. Fg = F−1

s . At t = 0 and 0.5T the tidal
current velocities are strongest directed to the right and left, respectively. The initial topography zb,0 is plotted on the right axis to

provide spatial perspective. The used parameter values can be found in Table 7.1.
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morphological duration of one tidal cycle is therefore considered insufficient. Furthermore, both
simulations for MF = 50 and 100 barely differ from one another. It is chosen to proceed with the latter
value due to its longer associated morphological duration. Despite the fact that a larger MORFAC value
is used rather than MF = 1, this morphological duration is still considered an initial response given the
larger equilibrium time-scale of the coarse core, see Chapter 6.
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(a) MF = 1

(b) MF = 50
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(a) MF = 100

(b) MF = 250
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(a) MF = 500

(b) MF = 1, 000

Figure G.4: Sand fraction in the active transport layer (top) and bed level development (bottom) along the x-axis over time t for
various MORFAC values MF . Note that the time period equals t = MF · T where T = 12h
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