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1
Introduction

This thesis considers the morphodynamics of ebb-tidal deltas, bodies of sand that are
an integral part of tidal inlet/barrier island systems. To introduce the objectives that are
addressed in this thesis, first, the general characteristics of ebb-tidal deltas are described
by means of observations of a specific barrier island system, viz. the Wadden Sea. This
choice is motivated by the fact that the Wadden Sea has been extensively monitored for a
long time. It therefore allows for an exploration of both its natural dynamics, as well as
its response to large-scale human interventions (such as the construction of dikes). Next,
the relevance of studying ebb-tidal deltas is discussed, followed by a discussion of the
present day knowledge. Finally, the research questions are postulated, followed by a brief
outline of the rest of the thesis.

1.1 Ebb-tidal deltas and the Wadden Sea
The majority of barrier coasts are found in areas with an abundance of mobile sediment
and have been formed by the reworking of sediment during the Holocene (11700 BP
- present), the period that followed the last glaciation and is characterized by a rising
sea level (Glaeser, 1978). A typical example of a barrier island system is the barrier
island chain fronting the Wadden Sea, which separates the southeastern part of the North
Sea from the Waden Sea and is located along the coasts of the Netherlands, Germany
and Denmark. Fig. 1.1 shows the bathymetry of the western part of the Wadden Sea.
The bodies of water that separate adjacent barrier islands are tidal inlets. They govern
the exchange of e.g., water, sediment, and nutrients between the open sea and the back-
barrier (tidal) basin (Davis Jr. and FitzGerald, 2004). They persist because local erosion
of sediment by tidal currents balances the deposition of sediment that is supplied by waves
and wave-driven currents (Escoffier, 1940).
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Chapter 1. Introduction
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Figure 1.1: Bathymetry of the western Wadden Sea shown over the satellite image of this region.
The dikes that closed the Zuiderzee and Lauwerszee are indicated by a red and orange line, respec-
tively. The yellow numbers are placed seaward of the 1: Texel Inlet, 2: Vlie Inlet, 3: Ameland Inlet,
4: Zoutkamperlaag Inlet. The inset shows a larger part of western Europe, in which the location
of the western Wadden Sea is indicated. The bathymetric measurements where obtained by Rijk-
swaterstaat in the period from 2006 to 2012 and incorporated in Google earth using Open Earth
Tools.

The accumulations of sand seaward of the tidal inlets are the ebb-tidal deltas (Hayes,
1975). Their seaward extent ranges from O(102) m to O(104) m (e.g., Carr-Betts et al.,
2012) and they contain volumes of sand in the range from O(105) m3 to O(109) m3 (e.g.,
Hicks and Hume, 1996). The name ebb-tidal delta stems from the fact that this sand
body owes its existence to tidal motion, opposed to a river delta. However, the prefix
ebb is somewhat confusing, since its morphology is the result of the complex interaction
of waves and both ebb- and flood tidal currents (Oertel, 1975). Ebb refers to the location
where ebb-tidal deltas are found, i.e., on the side towards which the flow is directed during
ebb. Equivalently, a flood tidal delta is found on the landward side of a tidal inlet.

Hayes (1975) introduced a conceptual model for the typical morphology of ebb-tidal
deltas (Fig. 1.2). The latter are generally located around a main ebb dominated channel
and flanked by two flood channels. This morphology is a result of the tidal flow in the
region seaward of the inlet. The ebb flow exits the inlet as a jet, whereas, during flood
an almost radial inflow of water takes place (Stommel and Farmer, 1952). This leads to a
residual circulation that is composed of two cells, which favor the formation of the ebb-
and flood channels and an ebb-tidal delta (Pingree, 1978; van der Vegt et al., 2006). The
seaward slope of an ebb-tidal delta is steep and called the terminal lobe. On the margins
of ebb-tidal deltas, swash bars and larger shoals form and migrate towards the coast.
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1.1. Ebb-tidal deltas and the Wadden Sea

Figure 1.2: Conceptual model of a typical ebb-tidal delta. This figure is taken from Hayes (1975).

Tidal inlets interrupt the net wave driven alongshore sediment transport, the bypass-
ing of this sediment from the updrift to the downdrift side of the inlet affects the shape of
an ebb-tidal delta such that it becomes oriented in the downdrift direction (Oertel, 1975,
1988). However, this is not the case at the larger ebb-tidal deltas of the western Wadden
Sea. Here, the net sediment transport along the coast is towards the east (Sha, 1989a),
which is in the opposite direction of the orientation of some of the main ebb channels
(Fig. 1.1). Sha (1989a) and Sha and van den Berg (1993) related this to 1) the strong
alongshore tidal currents in this region, 2) the fact that tidal motion has a dominant ef-
fect on the morphology of these inlets, and 3) the small phase difference between the
alongshore tidal currents and the cross-shore currents in the inlet.

The morphology of ebb-tidal deltas is dynamic. Large coherent shoals form on the
deltas and migrate towards the downdrift coast (e.g., van Veen, 1936; Ehlers, 1988). While
migrating, these shoals often deflect channels on the delta until a breach forms a hydrauli-
cally more efficient channel and the former channel silts up. A peculiar example (pre-
sented by Oost and de Boer, 1994) of the implications of this fast changing bathymetry is
the fate of two light houses that were built on the island Schiermonnikoog in 1853 - 1854.
They were installed to indicate a navigable channel seaward of the Zoutkamperlaag inlet,
but had to be put out of operation soon after their completion because the location of the
channel had changed.

Repetitive patterns of migrating shoals and channels are also observed on the ebb-tidal
delta of the Ameland inlet (Fig. 1.1). Around 1930 and 1989 a large shoal that formed
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Chapter 1. Introduction

Figure 1.3: Bathymetries of the ebb-tidal delta of the Ameland Inlet (location 3 in Fig. 1.1) in
1971, 1989, 1999, and 2011. They reveal the presence of migrating shoals; One shoal attached to
the coast around 1989 and a succeeding shoal is still seaward of the island Ameland in 2011. The
bathymetric measurements where obtained by Rijkswaterstaat.

on this delta attached to the downdrift coast. Israel and Dunsbergen (1999) concluded
from an analysis of historical charts that the morphology of the inlet and ebb-tidal delta
undergoes repeating cycles that have a period of approximately 50 to 60 years. Currently,
a shoal that will attach to the coast in the upcoming decades is located seaward of the
island downdrift of this inlet (Fig. 1.3).

Similar shoals that migrate towards the downdrift coast are observed at some of
the other ebb-tidal deltas of the Wadden Sea, e.g., Texel Inlet (Sha, 1989b; Elias and
Van der Spek, 2006), Zoutkamperlaag (Oost and de Boer, 1994), and Norderneyer See-
gat (Homeier and Kramer, 1957; Nummedal and Penland, 1981; Ehlers, 1988). Inter-
estingly, there is a large variation of both the typical period between successive shoals
(O(10) − O(100) yr) as well as their migration speed (O(50) − O(500) m yr−1), between
different inlets.

Human interventions in the back-barrier basin also led to large-scale changes of the
morphology of some of the ebb-tidal deltas of the western Wadden Sea. For example, the
closure of the Lauwerszee in 1969 decreased the tidal prism (i.e., the volume of water
that is exchanged between the sea and the basin during a tidal cycle) of the Zoutkam-
perlaag inlet (location 4 in Fig. 1.1) from 3·108 m3 to 2·108 m3. As a response to the
new conditions, about 2·107 m3 of sand was eroded from the ebb-tidal delta of this inlet
(Biegel and Hoekstra, 1995). Moreover, major changes in the western Wadden Sea oc-
curred after the closure of the Zuiderzee by a dam in 1932. As was expected (Lorentz,
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1926), this intervention resulted in an increase of the tidal currents in the Wadden Sea
and of the tidal prism of both Texel Inlet and Vlie Inlet (location 1 and 2 in Fig. 1.1).
Interestingly, although this hydrodynamic response was opposite to that after the closure
of the Lauwerszee, the volume of the ebb-tidal deltas of Texel Inlet and Vlie Inlet also de-
creased after this intervention (Elias et al., 2012). Additionally, the geometry of these two
ebb-tidal deltas changed; the main ebb channel rotated towards a more updrift direction.
Moreover, a similar volume of sand as was lost from the ebb-tidal deltas, was deposited
in the Wadden Sea, viz. approximately 108 m3 (Elias et al., 2012). This suggests that the
sediment transport through Texel Inlet and Vlie Inlet became landward after the closure
of the Zuiderzee.

1.2 Relevance

Why would one be interested in studying the morphodynamics of ebb-tidal deltas? One
reason is that they play an important role in the complex sediment budget of the coastal
zone (de Swart and Zimmerman, 2009; Wang et al., 2012). Because of their large extent
and shallow water depths, they cause waves to break and dissipate part of their energy
such that they offer shelter to the coasts adjacent to the inlets. Changes of their morphol-
ogy therefore affects the sediment balance of the adjacent beaches, which occurred, for
example, at San Fransisco Bay (Hansen et al., 2013). The attachment of a shoal also
affects the sediment balance as it can supply the downdrift coast with up to O(106) m3

(Hofstede, 1999a) - O(107) m3 (Sha, 1989b) of sand per event. This is substantial, as
the coasts of many of the Wadden islands require high maintenance and nourishing vol-
umes are of the same order (Rijkswaterstaat 2014). Moreover, FitzGerald et al. (1984)
related the shape of the East Frisian Wadden islands to the location and attachment point
of migrating shoals.

The processes that control the net sediment transport in tidal inlets are relevant be-
cause they may explain the decreased volume of the ebb-tidal deltas of Texel Inlet and
Vlie Inlet. Furthermore, they affect the sediment balance of the Wadden Sea, a biological
diverse UNESCO world heritage site that is characterized by an abundance of intertidal
flats. To maintain its current morphological state (e.g., average water depth, intertidal
area), the Wadden Sea needs to import sediment to keep pace with sea level rise. The
last century this criterion was amply met in the Western Wadden Sea, as 5·108 m3 of sand
accumulated in the period 1927 - 2000, while 4·108 m3 would have compensated for the
sea level rise of the 20th century (Wang et al., 2012). Note that the projected sea level rise
for the 21st century is estimated to be between 1.5 and 5 times larger (IPCC, 2013).

A better understanding of the processes that govern the morphological changes of
ebb-tidal deltas, natural supply of sand to the coasts of the barrier islands as well as the
sediment supply to the Wadden Sea, allows for a more efficient coastal management.
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Chapter 1. Introduction

1.3 Overview of present knowledge (and gaps)

Tidal inlet systems are often defined as wave-dominated, tide-dominated, or mixed en-
ergy, depending on the relative influence of wave energy compared to tidal current energy
on the morphology of the ebb-tidal delta (Hayes, 1979; Davis Jr. and Hayes, 1984). Typ-
ically, inlets in areas with small (large) waves and large (small) tides have more (less)
pronounced ebb-tidal deltas (Hayes, 1980). But, the predictive power of the proposed
classification schemes for the morphology is poor (Carr-Betts et al., 2012). Therefore
it is clearer to base the definition directly on the ebb-tidal delta morphology. From that
perspective, the ebb-tidal deltas of the Wadden Sea are in between tide-dominated (e.g,
Texel inlet, Elias and Van der Spek (2006)) and mixed-energy (e.g., East Frisian Islands,
FitzGerald (1996)).

Many studies (Walton and Adams, 1976; Hicks and Hume, 1996; Powell et al., 2006;
Fontolan et al., 2007) showed that the volume of sand that is stored in an ebb-tidal delta,
VETD, correlates to the tidal prism of the associated inlet. Following Walton and Adams
(1976), VETD is defined as the volume of sediment that is additionally stored compared to
a reference (no inlet) beach profile. However, in literature confusion exists whether this
implies that channels should be considered as negative volume (Hofstede, 1999a; Dis-
sanayake et al., 2009) or not (Kana and Mason, 1988; Hicks and Hume, 1996; Fontolan
et al., 2007). In this thesis, the channels do not contribute (negatively) to the ebb-tidal
delta volume, but are considered to compute the excess sediment volume seaward of a
tidal inlet. Note that both definitions of VETD lead to the same conclusion, i.e., the vol-
ume of the ebb-tidal deltas of Texel Inlet and Vlie Inlet decreased after an increase of the
tidal prism. Remarkably, this volume loss does not correspond to the before mentioned
relationship, and an explanation for this has not yet been presented.

Within a tidal basin, nonlinear processes (e.g., advection, bottom friction) lead to the
generation of higher harmonics of the principal tide (overtides) (Boon and Byrne, 1981;
Speer and Aubrey, 1985; Friedrichs and Aubrey, 1994), these can induce asymmetric tidal
velocities and drive a net sediment transport (Fig. 1.4). The latter is because the sediment
transport typically scales with velocity to a power of 3 − 6 (van Veen, 1936; Pingree and
Griffiths, 1979; Aubrey, 1986; van de Kreeke and Robaczewska, 1993; Brown and Davies,
2010). Speer and Aubrey (1985) developed a model to compute tidal currents in a semi-
enclosed basin, subject to imposed tidal forcing at the seaward entrance, using the cross-
sectionally averaged nonlinear shallow water equations. They found that the nonlinear
processes in the channel of a tidal basin cause peak flood velocities to be larger than
peak ebb velocities, promoting sediment import, and that tidal flats promote stronger ebb-
currents. Because this study was performed to gain understanding of tidal inlet systems of
the U.S. East coast, the considered basins were short compared to the tidal wave length.
Since this is not the case for the basins of the Texel and Vlie inlet systems, and tides
generally behave differently in longer basins, an adapted version of the model of Speer
and Aubrey (1985) is needed to obtain insight into the effect of the hydrodynamics on the
net sediment transport in the inlets of these basins.

The updrift rotation of the main ebb channels of Texel Inlet and Vlie Inlet has been
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Figure 1.4: Asymmetric tidal velocity (blue line) and resulting sediment transport (red line) under
the assumption that the sediment transport depends cubically on the tidal velocity. The asymmetric
velocity is a combination of the principal tide (UM2, black dashed line) and its first higher harmonic
(UM4, black dotted line). Here M2 refers to the semi-diurnal lunar tide. Note that the resulting net
sediment transport (integral of the red line) depends on the phase difference between UM2 and UM4.

related to the increase of the tidal prism, which increased the relative importance of tidal
energy compared to wave energy (Sha and van den Berg, 1993; Oost and de Boer, 1994;
Elias et al., 2005). Furthermore, Elias et al. (2005) suggested that the orientation of
a channel in the back-barrier basin of Texel Inlet played an important role in the re-
orientation of the ebb-tidal delta. But, a similar channel is not present in the back-barrier
basin of Vlie Inlet, while its ebb-tidal delta was subject to similar changes. Moreover, an
increase of the tidal prism does not neecessarily cause a rotation of the main ebb channel.
Sha (1989a); Sha and van den Berg (1993) argued that the current updrift orientation of
the ebb-tidal deltas results from the fact that there is a small phase difference between
the cross- and alongshore tidal currents at Texel Inlet and Vlie Inlet. This dependence of
the ebb-tidal delta morphology on the phase difference between the alongshore and cross-
shore tidal currents was later confirmed in numerical models (van der Vegt et al., 2009;
Dissanayake et al., 2009). There is evidence that the phase of the cross-shore currents in
Texel Inlet changed after the closure of the Zuiderzee, since the phase difference between
tidal velocities and sea surface height in the inlet changed from ∼10◦ (Lorentz, 1926) to
∼40◦ (Buijsman and Ridderinkhof , 2007a).

The cyclic behavior of shoals that migrate on ebb-tidal deltas towards the coast results
from the bypassing of net wave driven alongshore transported sediment (Oertel, 1977;
FitzGerald, 1982) and has been observed at many tidal inlets (e.g., Ehlers, 1988; Burn-
ingham and French, 2006). Several conceptual models that describe this phenomenon
were presented by FitzGerald (1988); FitzGerald et al. (2000). They distinguish between
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whether these shoals are formed by the breaching of an ebb-tidal delta or not, and to
what extent the shoals deflect channels on the ebb-tidal delta. Waves probably play an
important role in the migration of these shoals, as numerical studies of sediment transport
patterns (Siegle et al., 2004; Elias et al., 2006) revealed that sediment transport over the
shallow margins of the ebb-tidal delta is predominantly directed onshore and mainly wave
driven.

As mentioned before, the typical period between successive shoals varies considerably
between inlets, which has been related to both the intrinsic properties of a tidal inlet
system, as well as to variations in the external forcing. From a comparison of the shoal
migration at nine inlets in South Carolina, Gaudiano and Kana (2001) concluded that
there is a positive relation between this period and the tidal prism. At other inlets (Hands
and Shepsis, 1999; O’Connor et al., 2011), the period between successive shoals has been
related to the phases of climate phenomena (El Niño and NAO) that cause the alternation
between periods with more and fewer storms.

Numerical simulations of migrating shoals on ebb-tidal deltas are sparse. In a pio-
neering study, Cayocca (2001) used a morphodynamic model to study the evolution of
an ebb-tidal delta under the combined forcing of both waves and tides and found that
waves are responsible for the migration of sand bodies across an inlet. Only Nahon et al.
(2012) and Dastgheib (2012) managed to simulate migrating shoals that are similar to
those described by FitzGerald (1988). Both considered the morphological evolution of
an idealized tidal inlet system and varied the amplitude of the wave and tidal forcing. In
their studies, migrating shoals only formed when the model was continuously forced with
high energy wave conditions. Note however that migrating shoals are also present on the
ebb-tidal deltas of the Wadden Sea where average wave conditions are considerably less
energetic.

1.4 Objectives and outline of this thesis

The two main topics that are discussed in this thesis are 1) The dependence of the long-
term morphodynamics of tide dominated ebb-tidal deltas on the geometry of back-barrier
basins, with emphasis on the basin length, and 2) Fundamental insight into the dynamics
of the cyclic formation and migration of shoals on ebb-tidal deltas in tidal inlet systems
where both waves and tides are important for the dynamics. As highlighted in the previous
sections, several gaps in the present-day knowledge exist. Concerning the first topic, it is
for example unclear why the volume of the ebb-tidal deltas of Texel Inlet and Vlie Inlet
decreased and why the associated inlets started importing sediment, despite the fact that
the tidal prism of these inlets increased. Furthermore, the changes in the orientation of
the ebb-tidal deltas have been linked to phase differences between flow in the inlet and
at sea, but how and why these phase differences are affected by changes in basin length
has not been considered. Hence, the explanations for the changes in the orientation of
the ebb channels are not satisfactory. Concerning the second topic, it has not yet been
investigated whether cyclic behavior of shoals occurs at all ebb-tidal deltas of the Wadden
Sea. Furthermore, the relationship between successive shoal attachments and the tidal
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prism that was found by Gaudiano and Kana (2001) was derived for systems with a
tidal prism that is an order of magnitude smaller than that is typical for Wadden Sea
inlets. Whether this relationship holds for inlets with a larger tidal prism has not been
considered. Moreover, the physical mechanisms that drive the formation and migration
of shoals on an ebb-tidal deltas have not yet been thoroughly understood. Motivated by
the considerations above, the following research questions are addressed in this thesis:

1. What is the effect of the length of a back-barrier basin on the hydrodynamics and
morphology of a tidal inlet system?

a) What does this imply for the volume and the spatial symmetry of ebb-tidal deltas
of tide dominated inlet systems?

b) What does this imply for the net sediment transport in a tidal inlet?

2. What are the characteristics of the migrating shoals on the ebb-tidal deltas of the
Wadden Sea?

a) At which inlets of the Wadden Sea does cyclic shoal behavior occur?

b) What is the average period between the successive attachment of shoals and is
this period scale related to the tidal prism of the inlet?

c) What is the average migration velocity of the shoals and is this velocity related
to the tidal prism of the inlet?

d) What is the effect of wave driven alongshore sediment transport on the shoal
migration speed and the period between successive shoal attachments?

3. What is the quantitative role of different physical processes that are responsible for
the formation and migration of shoals?

a) Which wave conditions, tidal conditions and/or morphological perturbation are
necessary and sufficient to form a migrating shoal on an ebb-tidal delta?

b) Is there a relationship between the migration velocity of migrating shoals and
the tidal prism and/or the average wave height?

In chapter 2, research questions 1a and 1b are addressed with the use of the numerical
model Delft3D (see Lesser et al. (2004)) This model has been successfully applied to
simulate the morphological evolution of tidal inlet systems (e.g., van Leeuwen et al., 2003;
Roelvink, 2006; Dissanayake et al., 2009). Here, it is used to examine the volume and
symmetry of ebb-tidal deltas that develop in an idealized set-up, seaward of back-barrier
basins with different geometries (the length and the width are varied). Also, the effect
of decreasing the basin length on the geometry of an already developed ebb-tidal delta is
investigated.

In chapter 3, the effect of the geometry of a back-barrier basin on the net sediment
transport through a tidal inlet is further explored (research question 1b). The different
sources of the overtides that cause this net transport are identified. Furthermore, it is
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Chapter 1. Introduction

assessed how the geometry of the basin controls the impact that nonlinear processes in the
basin have on the hydrodynamics. To achieve this, an analytical model was constructed
that extends that of Speer and Aubrey (1985) in three ways: 1) various basin lengths
are considered. 2) the tidal inlet is explicitly included such that it can have a different
geometry than the basin, and 3) the model is forced by both a principal and an overtide.

In chapter 4, a data analysis study is performed to address research questions 2a to
2d. For this, use is made of bathymetric data, satellite images of the Wadden Sea, and
observations from several wave stations in the North Sea.

In chapter 5, research questions 3a and 3b are addressed. For this, again the numerical
model Delft3D is used, but this time it is coupled to the spectral wave model SWAN (see
Holthuijsen (2007)) to incorporate the effect of waves on the sediment transport. First,
ebb-tidal deltas are formed in an idealized set-up with a constant wave and tidal forcing.
Subsequently, migrating shoals are formed by either artificially breaching the developed
ebb-tidal deltas, or by altering the wave forcing. It is examined whether the characteristics
of these migrating shoals depend on the amplitude of the wave and tidal forcing and/or
on the shape of the artificial breach. Furthermore, the mechanisms that results in the
formation and migration of the shoals are identified.
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2
Influence of the back-barrier
basin length on the geometry of
ebb-tidal deltas

W. Ridderinkhof, H. E. de Swart, M. van der Vegt, and P. Hoekstra
Ocean Dynamics, Volume 64, 1333 - 1348 (2014)

Abstract

The characteristics of ebb-tidal deltas are determined by the local hydrodynamics. The latter de-
pend, amongst others, on the geometry of the adjacent back-barrier basin. Therefore, interventions
in the back-barrier basin can affect the geometry of ebb-tidal deltas. In this chapter, the effect of
the length of the back-barrier basin on the sand volume and spatial symmetry of ebb-tidal deltas is
quantified with the use of a numerical model. It is found that the length of the back-barrier basin
affects the tidal prism, the amplitude and phase of the primary tide and its overtides, and the resid-
ual currents that together determine the sand volume of the ebb-tidal delta. In particular, it is found
that no unique relationship exists between tidal prism and sand volume of an ebb-tidal delta. The
spatial symmetry of ebb-tidal deltas is also found to be affected by the length of the back-barrier
basin. This is because the basin length determines the phase difference between alongshore and
cross-shore tidal currents. The numerical model results give a possible explanation for the changes
that are observed in the geometry of the ebb-tidal deltas that are located seaward of Texel Inlet and
Vlie Inlet after the closure of the Zuiderzee.
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Chapter 2. Influence of the back-barrier basin length on the geometry of ebb-tidal deltas

2.1 Introduction

The characteristics of ebb-tidal deltas, such as volume of sand and the orientation of
the main ebb channel, are determined by the local hydrodynamics, which are coupled to
the tidal dynamics of the back-barrier basin. These dynamics are controlled by external
conditions that will alter due to e.g., climate change (Dissanayake et al., 2012), but also
due to human interferences such as a reduction of the back-barrier basin length (Biegel and
Hoekstra, 1995; Elias et al., 2005). To obtain more insight in the total sediment budget of
the coastal zone, it is important to understand how the characteristics of ebb-tidal deltas
are affected by changes in the local hydrodynamics.

The volume and orientation of several of the ebb-tidal deltas along the northern Dutch
coast have changed due to various human interventions that have been carried out in the
Wadden Sea to protect the hinterland. An example is the closure of the Lauwers Sea in
1969, by which the area of the back-barrier basin connected to the Frisian Inlet was re-
duced by approximately 30%. Biegel and Hoekstra (1995) observed that this led to a 30%
reduction of the tidal prism through the Frisian inlet and that, as a response to these new
conditions, the ebb-tidal delta seaward of the Frisian inlet gradually decreased in size.
Due to the increased relative importance of wave energy, the orientation of the main ebb
channel of the ebb-tidal delta seaward of the Frisian Inlet shifted in the direction of the
dominant alongshore current (downdrift). These changes in ebb-tidal delta volume and
spatial symmetry agree with existing empirical relationships between ebb-tidal delta vol-
ume and tidal prism (van Veen, 1936; Walton and Adams, 1976; Powell et al., 2006), and
the conceptual model of Oertel (1975), which demonstrates that the relative importance
and dominant direction of the wave energy determines the geometry of ebb-tidal deltas.

The largest intervention in the Western Wadden Sea was the closure of the Zuiderzee
by the construction of the Afsluitdijk in 1932. As is shown in Fig. 2.1, due to the closure of
the Zuiderzee, the back-barrier basin that is connected to Texel Inlet and Vlie Inlet reduced
to one third of its original length (of ∼110 km). As a result, the tidal prism of Texel Inlet
and Vlie Inlet increased. However, contrary to what would be expected from the empirical
relationship between ebb-tidal delta volume and tidal prism, the volume of the ebb-tidal
deltas seaward of Texel Inlet and Vlie Inlet decreased (Elias et al., 2012). Furthermore,
the geometry of the ebb-tidal deltas changed. The main ebb channels of the ebb-tidal
deltas seaward of both Texel Inlet and Vlie Inlet rotated in the anti-clockwise direction,
thereby they became updrift oriented, i.e., opposing the direction of the dominant littoral
drift (Fig. 2.1).

Several explanations were given for the changes in the geometry of the ebb-tidal delta
seaward of Texel Inlet that are observed after the closure of the Zuiderzee. Sha and
van den Berg (1993), Oost and de Boer (1994) and Elias et al. (2005) related the local
changes to the increased relative importance of tidal energy over wave energy due to the
increased tidal prism. Furthermore, Elias et al. (2005) stressed the effect of what they
call ”back-barrier steering”, the increased discharge through a channel in the back-barrier
basin that favors southwestward outflow onto the ebb-tidal delta due to its orientation.
However, an increase of the relative importance of tides does not necessarily lead to an

12



2.1. Introduction

Figure 2.1: The depth with respect to a reference beach profile in the region of the ebb tidal delta
seaward of Texel Inlet in 1926 (a) and 2009 (b), and seaward of Vlie Inlet in 1926 (c) and 2002
(d). The position of the center of mass (black dots) and the weighted channel center (yellow dots)
is also indicated. Furthermore, the green and black (thin) contour lines show the position of the
mean low water spring and 10m depth contour, respectively. The right panel shows the bathymetry
of the western Wadden Sea in 1926, the green line indicates approximately the boundary of the
back-barrier basin in 1926, the red line indicates the closure dike that was finished in 1932. Data
from: Rijkswaterstaat.
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Chapter 2. Influence of the back-barrier basin length on the geometry of ebb-tidal deltas

updrift rotation of the main ebb channel. Also, the ebb-tidal delta of the Vlie Inlet ex-
perienced similar changes as the ebb-tidal delta of Texel Inlet, but no channel that could
induce similar back-barrier steering is present in the back-barrier basin attached to Vlie
Inlet (Fig. 2.1).

In this chapter a different hypothesis is investigated, i.e., the volume and the spatial
symmetry of ebb-tidal deltas seaward of a back-barrier basin are affected by the explicit
dependence of the hydrodynamics on the length of the back-barrier basin. Each length is
associated with specific values of the tidal prism, the phase and amplitude of the primary
tide in the inlet, as well as values of the amplitudes and phases of tide-induced residual
currents and overtides. The joint action of the primary tide, residual currents and overtides
determines the sand transport in the inlet, and thereby the sand volume of the ebb-tidal
delta. The phase of the primary tide in the inlet controls the symmetry of the ebb-tidal
delta.

The hypothesis is motivated by observed changes of the hydrodynamics in tidal inlets
after shortening of the back-barrier basin. For example, the observed decrease of the tidal
prism through the Frisian inlet after the closure of the Lauwers Sea. Another example is
the observed change of the phase of the tidal velocity in Texel Inlet after the closure of
the Zuiderzee. Before the closure a phase difference of approximately 10◦ between the
vertical and horizontal tide was observed in Texel Inlet (Lorentz, 1926), while in recent
years Buijsman and Ridderinkhof (2007a) observed a phase difference of 40◦.

The assumption that the change of the phase of the velocity in the tidal inlet explains
the changes in the symmetry of the ebb-tidal deltas, is based on the concept (Sha, 1989c;
Sha and van den Berg, 1993) that the symmetry is determined by the phase difference
between the alongshore and cross-shore tidal currents. When the tidal currents in the inlet
and shore-parallel tidal currents are in phase, the main ebb channel of the ebb-tidal delta
is oriented towards the direction of the alongshore ebb current. With increasing phase
differences the ebb-tidal deltas become more symmetrical. This concept was confirmed
by van der Vegt et al. (2009) with use of an idealized numerical model that calculates
equilibrium solutions for ebb-tidal deltas. Consequently, changes in the phase of the
cross-shore velocity due to changes of the back-barrier basin length may have caused
changes in the spatial symmetry of ebb-tidal deltas.

To verify the hypothesis, a numerical model is used to investigate the evolution of the
structure of ebb-tidal deltas connected to back-barrier basins with different geometries.
Nowadays, numerical models are successfully used to model the bed evolution in tidal
inlet systems (cf. Cayocca, 2001; Warner et al., 2008; Nahon et al., 2012). Here, the
state-of-the-art numerical model Delft3D is used, which has previously been applied to
model the bed evolution of coastal systems and back-barrier basins (cf. van Leeuwen
et al., 2003; van der Wegen and Roelvink, 2008; Dissanayake et al., 2009). Furthermore,
a linear one-dimensional hydrodynamic model is applied to show how the tidal prism and
the phase of the velocity in an inlet depend on the length of the back-barrier basin.

The next section describes the numerical model that is used. Subsequently, in section 3
the effect of the length of a back-barrier basin on the volume and spatial symmetry of
the ebb-tidal deltas that are obtained with the numerical model is shown. In section 4
the results are discussed and a comparison is made between the model results and the
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Figure 2.2: The initial bathymetry of the domain that contains the tidal inlet. The yellow and
purple dots indicate the locations of the measurement points in which the phase of the tidal wave
is determined. a) The default domain. b) Domain with a narrowed basin. c) Domain with an
asymmetric basin. d) Domain with an asymmetric basin and asymmetric tidal inlet.

observed changes of the ebb-tidal deltas seaward of Texel Inlet and Vlie Inlet. The last
section contains the conclusions and the appendix describes the derivation of the one-
dimensional linear model.

2.2 Material and methods

The Delft3D model that is employed in this chapter, is extensively described by Lesser
et al. (2004). Below, the model domain is presented, followed by the equations that govern
the hydrodynamics and sediment transport.

2.2.1 Model domain

The domain considered consists of an open sea (size: LS ,x by LS ,y) and a back-barrier
basin (size: LB,x by LB,y), connected by a tidal inlet (size: LI,x by LI,y). Here, x is the
alongshore coordinate and y is the cross-shore coordinate (Fig. 2.2). To asses the effect
of the length of a back-barrier basin on the geometry of ebb-tidal deltas, different lengths
of the basin are considered. Also the width and the position of the back-barrier basin are
varied. In this way, a distinction can be made between the effect of tidal prism, ’back-
barrier steering’, and phase difference between the along and cross-shore tidal currents on
the volume and symmetry of the ebb-tidal delta.
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Chapter 2. Influence of the back-barrier basin length on the geometry of ebb-tidal deltas

Initially, the depth of the basin in the region adjacent to the inlet has a depth HB. In
the open sea part of the domain the depth increases from HC at the coast to HO offshore
(Fig. 2.2).

2.2.2 Hydrodynamics
The numerical model is used in its 2D mode. Thus, the hydrodynamics are described by
the depth-averaged shallow water equations,
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+
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Here, h is the local water depth, η is the sea surface elevation with respect to the undis-
turbed water level, u and v are the depth-averaged velocities in the x- and y-direction
respectively, f is the Coriolis parameter, g is the acceleration due to gravity, and νe is the
eddy viscosity, here assumed to be spatially uniform. The drag coefficient, cD is based on
the local roughness height (k),

cD =
1[

2.5 ln ( 12h
k )

]2 (2.4)

and k is determined by using the formulations of van Rijn (2007a),

k = min
(√

k2
s,r + k2

s,mr + k2
s,d,

h
2

)
, (2.5)

with ks,r, ks,mr, and ks,d the roughness height due to ripples, the roughness height due
to mega ripples, and the roughness height due to dunes, respectively. These roughness
heights are functions of the local current speed and the sediment characteristics.

The model is forced by a tidal wave with three harmonic constituents (amplitudes AM2,
AM4, and AM6, angular frequencies ω, 2ω, and 3ω, and phases θM2, θM4, and θM6) that
travels in the positive x-direction in the open sea. Frequency ω is that of the semi-diurnal
tide. This is achieved by forcing the alongshore boundary with a harmonic variation in
sea surface height, and the cross-shore boundaries with harmonic Neumann conditions.
The imposed sea levels at the eastern and western boundary have a phase difference of
θKW.
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2.2. Material and methods

2.2.3 Sediment transport
The sediment transport is calculated following the equations of van Rijn (1993). Both a
bedload and a suspended load component are considered. The latter is calculated with a
depth-averaged advection-diffusion equation,

∂(hc)
∂t

+
∂(huc)
∂x

+
∂(hvc)
∂y

+

−
∂

∂x
(hDH

∂c
∂x

) −
∂

∂y
(hDH

∂c
∂y

) =
ws(ceq − c)

Tsd
, (2.6)

with c the depth-averaged sediment concentration, DH the horizontal eddy diffusion coef-
ficient, ws the settling velocity of the sediment, and Tsd a parameter that depends on the
frictional- and settling velocity. Variable ceq is the imposed equilibrium concentration.
The right hand side of Eq. (2.6) describes the effect of erosion and deposition and thus
gives the net exchange of sediment between the water column and the bed. The equi-
librium concentration, ceq, is defined such that it leads to the same advective sediment
transport as that due to a depth dependent concentration, ĉ(z), and velocity, û(z),

uceq ≡
1
h

∫ h

0
û(z)ĉ(z)dz. (2.7)

This depth dependent concentration is determined by the reference concentration, ca, at
reference height a following van Rijn (1993),

ĉ(a) = 0.015D50a−1D−0.3
∗ T 3/2

r , (2.8)
a = min [max (k, 0.01h) , 0.2h] , (2.9)

and assuming that in equilibrium the sediment obeys a Rouse profile above the reference
height. Moreover, it is assumed that the velocity û has a logarithmic profile in the vertical.
In Eq. 2.8, D50 is the median diameter of the sediment, and D∗ is the dimensionless
sediment diameter. Variable Tr is a dimensionless bed shear stress,

Tr = max(
τs

τcr
− 1, 0), (2.10)

where τs is the shear stress that acts upon the sediment and τcr is the minimum shear stress
that is needed for the initiation of motion. It has been taken into account that only the skin
friction acts on the sediments.

The bedload transport, ~qb, is calculated from the depth-averaged velocity, the bed
shear stress, and the local bed slope,
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In this expression, us∗ = τ2
s/ρ is the friction velocity, αs is a function of the slope in the

along current direction, ∂zbed/∂n is the bottom slope perpendicular to the local flow, and
αBN is a coefficient (see Dissanayake et al. (2009) for a discussion about its value).

The bed level change is determined by the divergence of the bedload sediment trans-
port and the net exchange of suspended sediment between the water column and the bed,

∂zbed

∂t
= −

1
1 − p

(
∂qb,x

∂x
+
∂qby

∂y
+
ws(ceq − c)

Tsd

)
. (2.13)

Here, p is the porosity of the bed.

2.2.4 Numerical aspects
The model solves the equations on a rectilinear, staggered grid. In different model runs
various back-barrier basin lengths (LB,y) and widths (LB,x) are considered. The grid has
a maximum resolution of 1/125 m−1 in the region around the tidal inlet. The resolution
decreases away from the tidal inlet to a minimum of 1/990 m−1 in the seaward corners of
the domain and in the back-barrier basin at a distance of 20 km from the tidal inlet. The
time integration is solved in time steps of 30 seconds with an alternating direction implicit
scheme and for the spatial discretization a cyclic-method is applied. At every time step the
bed level change is calculated and the bed level is updated. To reduce computational time
the local bed level change that would be induced by the sediment transport (Eq. (2.13)) is
multiplied with a morphological factor, Mfac (Lesser et al., 2004; Roelvink, 2006). This
is valid because morphological evolution occurs on much larger time scales (∼years) than
the period of a tidal cycle (∼12 hours). A consequence of starting from an idealized
bathymetry is that the morphological changes in the beginning of the model run are large.
Therefore, a time dependent morphological factor is used. A morphological factor of 1 is
applied during the first 20 tidal cycles, thereafter it is stepwise increased until it obtains a
value of 40.

Due to local deposition and because the model is forced by a tide, dry cells will be
present among the computational cells of the model domain. Following van der Wegen
and Roelvink (2008), a simple scheme for the erosion of these dry cells is used. All
sediment that is eroded from a wet computational cell that is adjacent to a dry cell is
supplemented from the dry cell.

2.2.5 Model set-up
To investigate how the length of a back-barrier basin affects the characteristics of an ebb-
tidal delta, multiple model runs are designed. The dimensions of the evaluated domains
and the values of the parameters that are used are shown in Table 2.1. The considered
tidal characteristics and the dimensions of the back-barrier basin are representative for the
Texel and Vlie basins, in which the tidal wave has a propagating character. Furthermore,
the dimensions of the open sea are chosen such that the open sea boundaries are located
far from the ebb-tidal delta. Because the model runs start from an idealized bathymetry
in which the tidal inlet and ebb-tidal delta are not yet developed, the initial width of the
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Table 2.1: Dimensions and parameter setting of the model

LS ,x 60 km ω 1.45 · 10−4 s−1

LS ,y 27 km θKW 42◦

LB,x [10, 12, 14] km νe 25 m2s−1

LB,y [20, 125] km DH 25 m2s−1

LI,x 4 km ρs 2650 kg m−3

LI,y 3 km ρ 1024 kg m−3

HB 5 m D50 250 µm
HO 20 m Mfac 1→ 40
HC 0 m αBN 20
AM2 0.686 m θM2 0◦

AM4 0.099 m θM4 219◦

AM6 0.090 m θM6 134◦

p 0.4

tidal inlet is narrow (1300 m), but during the model run this width can increase since both
sides of the inlet have erodible banks with a width of 1350 m.

Table 2.2 shows the specific settings of the different model runs that are conducted.
Run 1 to 8 are designed to show the dependence of the ebb-tidal delta on the length of
the back-barrier basin. Run 9 and 10 were conducted to distinguish between the effect of
a phase shift of the tide in the inlet and a change in the tidal prism on the geometry of
the ebb-tidal delta. In these runs the width of the back-barrier basin is reduced such that
the tidal prism is similar to that in run 8. Run 11 and 12 are designed to test the effect of
’back-barrier steering’. In these runs the back-barrier basin is asymmetrically displaced
with respect to the tidal inlet. In run 12 the initial orientation of the inlet channel is also
changed (Fig. 2.2c and 2.2d). In run 1 to 12, ebb-tidal deltas develop from the initial
bathymetry. Run 13 to 15 are designed to show the effect of shortening a back-barrier
basin on a mature ebb-tidal delta. Run 13, 14 and 15 start from a bathymetry that is
obtained in run 8 after 60, 120 and 60 years, respectively. In these runs the back-barrier
basin length is reduced to 35 km. In run 15 also the width of the back-barrier basin is
reduced such that in this run the tidal prism is similar to that in run 8. In this way, the
sole effect of a change in the phase difference between cross- and alongshore currents on
a developed ebb-tidal delta can be evaluated. Note that the 5th column of Table 2.2 shows
the back-barrier basin length scaled with the tidal wave length of the primary tide in the
back-barrier basin, LT .

A consequence of the idealized model set-up, in which e.g., the effect of waves and
wind are not considered, is that the ebb-tidal deltas continuously gain in volume. There-
fore, a morphological time, TM (= 60 yr), is set until which the runs are evaluated. Control
runs in which TM was extended to 100 years showed that the results presented below are
not sensitive to the chosen morphological time.

To quantify the characteristics of the obtained ebb-tidal deltas, their volume, center
of mass (~XCM), and the weighted center of their channels (~XWC) are calculated. ~XCM and
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Table 2.2: Overview of conducted model runs

Model run LB,y (km) LB,x (km) TM (yr) LB,y/LT Domain
run 1 20 14 60 0.066 2.2a
run 2 30 14 60 0.099 2.2a
run 3 35 14 100 0.116 2.2a
run 4 40 14 100 0.132 2.2a
run 5 50 14 60 0.167 2.2a
run 6 75 14 60 0.261 2.2a
run 7 100 14 60 0.367 2.2a
run 8 125 14 180 0.490 2.2a
run 9 35 12 60 0.116 2.2b
run 10 40 10 60 0.132 2.2b
run 11 40 10 60 0.132 2.2c
run 12 40 10 60 0.132 2.2d
run 13 125→ 35 14 60 + 60 0.490→ 0.116 2.2a
run 14 125→ 35 14 120 + 60 0.490→ 0.116 2.2a
run 15 125→ 35 14→ 12 60 + 60 0.490→ 0.116 2.2a

~XWC are used as a measure of the spatial symmetry of the obtained ebb-tidal deltas. The
volume of the ebb-tidal delta, VETD, is calculated in accordance with the definition of
Walton and Adams (1976). Thus, VETD is defined as the volume of sand that is located
above the reference bathymetry:

VETD(t) =

∫ ∫
AE

hbH(hb)dxdy, (2.14)

with
hb = zbed(x, y, t) − zbed(x, y, 0), (2.15)

and H(hb) being the Heaviside function. The area AE covers the entire area seaward of
the tidal inlet in which the ebb-tidal delta develops. In the closure experiments, also the
excess volume seaward of the tidal inlet,

VEXC(t) =

∫ ∫
AE

hbdxdy, (2.16)

is evaluated. The center of mass is calculated as

~XCM(t) =
1

VETD(t)

∫ ∫
AE

~x hbH(hb)dxdy, (2.17)

where ~x = (x, y)T . The weighted center of the channels is calculated as

~XWC(t) =
1

VETD(t)

∫ ∫
AC

−~x hbH(−hb)dxdy. (2.18)
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2.3. Results

The area AC includes the channels of the ebb-tidal delta seaward of the tidal inlet, but
excludes regions with a depth below the reference profile that are located seaward of the
ebb-tidal delta.

To analyze the effect of the phase difference between the alongshore and cross-shore
velocity on the spatial symmetry of the ebb-tidal delta, the phase of the velocity of the
semi-diurnal tide is determined at three observation points (shown by colored dots in
Fig. 2.2). This phase is defined relative to the time of maximum high water of the primary
tide in the inlet. The phase of the cross-shore tide, θCS, is determined at the observation
point in the inlet. The phase of the alongshore tide, θAS, is defined as the average of the
phase of the alongshore current at the two observation points that are located left and right
of the tidal inlet. Finally, a phase difference ∆θ is introduced as

∆θ = θAS − θCS. (2.19)

2.3 Results
In Fig. 2.3 the final bathymetries of runs 1, 3, 5, and 8 are shown. These runs represent the
distinct ebb-tidal deltas that are obtained. It is visible that the ebb-tidal deltas in Fig. 2.3
vary both in size and in symmetry (~XCM is indicated by a black dot, ~XWC by a yellow
dot). The ebb-tidal delta seaward of the longest back-barrier basin is most symmetric.
The ebb-tidal delta seaward of the 20 km long back-barrier basin has the smallest volume.

In Fig. 2.4 the volume of the ebb-tidal deltas (2.4a) and the tidal prism (2.4b) at the
end of each model run is plotted against the scaled length of the back-barrier basin. It
reveals that the largest tidal prism and ebb-tidal delta volumes are not found for the model
runs with the largest back-barrier basin area. Instead, the largest ebb-tidal delta volume is
found for a run with a back-barrier basin of intermediate length (50 km, run 5). Note that
this seems to be a consequence of the fact that also the tidal prism is largest for this run.

To explain the dependence of the tidal prism on the length of the back-barrier basin,
a linear analytical model was designed, which is described in the appendix. This model
computes the sea surface height, η̃n(y, t), and along-channel velocity, ṽn(y, t), on a domain
consisting of two channels of constant width (Wn), length (Ln), and depth (Hn). Here
n = 1 represents the tidal inlet, and n = 2 represents the back-barrier basin. From expres-
sion 2.37 it follows that the tidal prism attains a maximum for intermediate back-barrier
basin lengths, which is a manifestation of the quarter wavelength resonance. The relation
between the tidal prism and the back-barrier basin length as shown by the solid line in
Fig. 2.4b is obtained with the parameters shown in Table 2.3.

Although the ebb-tidal delta volume and the tidal prism have a comparable depen-
dence on the back-barrier basin length, their mutual relationship is not as simple as exist-
ing empirical relationships (Walton and Adams, 1976; Powell et al., 2006) suggest. This is
visible in Fig. 2.4c in which the ebb-tidal delta volume is plotted against the tidal prism.
Clearly, there is not a unique relationship between ebb-tidal delta volume and the tidal
prism as for the same tidal prism, multiple ebb-tidal delta volumes are found, and vice
versa. In general, the ratio between ebb-tidal delta volume and tidal prism is smaller for
the deltas seaward of the shorter back-barrier basins.
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20 km 

50 km 

35 km 

125 km 

a) 

c) 

b) 

d) 

Figure 2.3: Depth change with respect to the initial bathymetry after 60 morphological years. In
front of a back-barrier basin with a length of a) 20 km, b) 35 km, c) 50 km, and d) 125 km. The
black dots indicate the position of the center of mass, the yellow dots indicate the weighted center
of the channels seaward of the inlet. The ebb-tidal deltas differ in size and symmetry.

Table 2.3: Parameters used in the analytical model. These are based on the final bathymetries as
obtained in the numerical model.

H1 30 m
W1 1.7 km
L1 3 km
H2 5 m
W2 14 km
L2 0 - 160 km
cD 2 · 10−3
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Figure 2.4: a) The volume of the ebb-tidal deltas after 60 morphological years for the different
back-barrier basin lengths. b) The blue dots show the tidal prism after 60 morphological years for
the different back-barrier basin lengths. The black line shows the tidal prism as function of the back-
barrier basin length as obtained from the analytical linear model. c) Ebb-tidal delta volume plotted
against the tidal prism at different times during the model runs. Numbers refer to the length (in km)
of the back-barrier basin. d) Contribution of the net sediment transport due to tidal asymmetry,
〈qas〉, to the total net sediment transport, 〈qtot〉, through the tidal inlet, calculated as 〈qas〉 /(| 〈qres〉 |+

| 〈qas〉 |). Negative (positive) values indicate landward (seaward) transport.
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The reason for this is that the net sediment transport through a tidal inlet is not only
determined by the primary tide, but also affected by overtides, and the residual current
(Speer and Aubrey, 1985; Aubrey, 1986). The variability in the obtained ebb-tidal delta
volumes can be explained with use of an idealized bulk transport formula and a harmonic
decomposition of the velocity in the y-direction in the tidal inlet. Using the assump-
tion that the bulk sediment transport, 〈qtot〉, is proportional to (u2 + v2)5/2 (Engelund and
Hansen, 1967), the tidally averaged sediment transport, 〈qtot〉, can be decomposed into
a part that is transported as a result of the tidal residual flow, 〈qres〉, and a part that is
transported as a result of the tidal asymmetry, 〈qas〉. The method follows that of Aubrey
(1986), who applied it to a sediment transport that is cubic in the velocity.

Analysis of the time series of these components in the inlet reveals that the sediment
transport due to the residual flow is directed seaward for all back-barrier basin lengths.
This is because the over the inlet cross-section averaged residual flow is the Stokes return
flow that compensates for the net landward transport of water due to the tidal wave. The
net sediment transport due to the tidal asymmetry, however, does not have the same di-
rection for all model runs Fig. 2.4d reveals that 〈qas〉 is directed towards the back-barrier
basins with a length of 20 km to 40 km and thereby counteracts the seaward directed
transport due to residual flow in these runs. For the simulations with a back-barrier basin
length of 50 km to 125 km 〈qas〉 is directed seaward and thus enhances the exporting char-
acter of the back-barrier basin. This explains the anomalous volume of the ebb-tidal deltas
in these runs. This analysis also reveals why the ratio between the ebb-tidal delta volume
and tidal prism is smallest for the back-barrier basin with a length of 20 km. In compar-
ison with the other runs, the seaward directed net sediment transport due to the residual
velocities is relatively small in this run. As a result, the landward directed net transport
due to tidal asymmetry almost completely determines the total net sediment transport.
Note that the basin length for which the net sediment transport due to tidal asymmetries
changes direction (in the present model set-up between 0.13 and 0.17 LT) depends on the
prescribed phase difference between θM2 and θM4.

Next, the spatial asymmetry of the different ebb-tidal deltas is investigated. The panels
of Fig. 2.5 show the position of the center of mass of the ebb-tidal deltas and the position
of the weighted center of the channels after 60 years. From the deviating alongshore
components of ~XCM it can be seen that the ebb-tidal deltas connected to the long back-
barrier basins are much less asymmetric than the ebb-tidal deltas connected to the back-
barrier basins with a length between 30 km and 50 km. The center of mass of the ebb-tidal
delta seaward of the back-barrier basin with a length of 20 km is located closest to the
seaward center of the inlet. This is a consequence of the fact that only a very small ebb-
tidal delta is formed during this run, due to the small tidal prism and the strong sediment
import into the back-barrier basin. The alongshore component of ~XWC also varies with
the back-barrier basin length, but this is much more affected by a decrease in back-barrier
basin width than the alongshore component of ~XCM. Finally, the dependence of the cross-
shore component of ~XCM on the basin length suggests that it is strongly related to the tidal
prism.

The difference in symmetry between the ebb-tidal deltas can be explained by the
mechanism identified by Sha (1989c), i.e., a small phase difference between the along-
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Figure 2.5: The alongshore (a, b) and cross-shore (c, d) displacement of the center of mass, ~XCM

(a, c) and weighted center of the channels, ~XWC (c, d) after 60 years with respect to the center of
the seaward side of the inlet. Blue dots show the dependence on the back-barrier basin length for
a constant basin width (run 1 to 8). Red dots show the result of a short back-barrier basin and an
equal tidal prism as that for the longest back-barrier basin (run 9 and 10). The green dot shows the
effect of a displaced back-barrier basin (run 11). The green diamond shows the effect of a tilted
inlet channel (run 12).

shore and cross-shore tidal currents leads to asymmetric ebb-tidal deltas. Fig. 2.6 shows
the difference between the phase of the alongshore and cross-shore tidal velocities of the
semi-diurnal tide at the beginning (blue dots) and end (red dots) of the model runs. Two
distinct features are visible here. First, the phase difference between the alongshore and
cross-shore velocities is smaller in the simulations in which more asymmetric ebb-tidal
deltas develop (i.e., in the simulations with the shorter back-barrier basin). Second, during
the simulation the phase difference between the along and cross-shore currents evolves.
Both are merely a consequence of the change of the phase of the cross-shore current
during the simulations (Fig. 2.7).

The dependence of the phase difference between the alongshore and cross-shore ve-
locities on the back-barrier basin length is also explained by the analytical linear model.
In Fig. 2.7 the phase of ṽ(−L1, t) relative to the time of high water at y = −L1, as obtained
from the analytical model, is shown for two different depths of the tidal inlet. This phase
is analogous to θCS as obtained from the numerical model. For systems with a short back-
barrier basin the tide behaves like a standing wave in the tidal inlet. Increasing the length
of the back-barrier basin, however, changes the characteristics towards a partial standing
wave. The phase difference between η̃(−L1, t) and ṽ(−L1, t) decreases for shallower tidal
inlets due to the higher friction. This corresponds to what is found in the numerical model.

25



Chapter 2. Influence of the back-barrier basin length on the geometry of ebb-tidal deltas

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
−30

−20

−10

0

10

20

30

40

50

60

Back-barrier Basin Length (LB/LT )

∆
θ
(d

e
g
re
e
s)

 

 

Start

End

Figure 2.6: The phase difference between the phase of the cross-shore tidal velocity and alongshore
tidal velocity (∆θ = θAS − θCS), versus the scaled back-barrier basin length. Blue dots denote the
beginning of the model run and the red dots the end of the model run.

The fact that the phase of the cross-shore velocity depends on the back-barrier basin
length and the depth of the tidal inlet implies that there is a configuration of the tidal inlet
and back-barrier basin system that leads to the smallest phase difference of alongshore
and cross-shore tidal currents. This configuration depends on the phase of the alongshore
currents. In the present model set-up, which is based upon the condition in the region of
Texel Inlet and Vlie Inlet, the smallest phase difference occurs for a back-barrier basin
with a length of approximately 0.11 LT .

To verify that the back-barrier basin length controls the geometry of the ebb-tidal
delta through is effect on the phase difference, ∆θ, rather than through its effect on the
tidal prism, the bathymetries of run 8 (LB,y = 125 km, LB,x = 14 km, Fig. 2.3a), run 9
(LB,y = 35 km, LB,x = 12 km, Fig. 2.8a) and run 10 (LB,y = 40 km, LB,x = 10 km,
Fig. 2.8b) are compared. The width of the back-barrier basin in these runs is varied to
accomplish that the tidal prism in the three runs is similar. It is found that ebb-tidal delta
seaward of the 125 km long back-barrier basin is most symmetric (see also Fig. 2.5) and
that the phase difference between the along- and cross-shore tidal currents is largest for
this basin length. This reveals that the phase difference between the along- and cross-
shore currents has a unique effect on the geometry of the ebb-tidal delta. A comparison
between the alongshore component of ~XCM (Fig. 2.5) for basins with an equal length, but
varying width (runs 3 vs. 9, and 4 vs. 10) shows that also the tidal prism has an effect
on the asymmetry of the ebb-tidal delta. The position ~XWC in these runs does not show a
clear dependence on the phase difference of the tidal currents.

To investigate the effect of the position of the back-barrier basin on the geometry of
the ebb-tidal delta, in run 11 a back-barrier basin with the same geometry as that in run 10
was displaced with respect to the tidal inlet such that the center lines of the basin and inlet
do not coincide. From the strong similarities between the obtained bathymetries in run 10
and 11 (Fig. 2.8b and 2.8c), it can be concluded that a displacement of the back-barrier
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Figure 2.7: Phase difference between the time of high water and the cross-shore tidal velocity (θCS)
in the tidal inlet as a function of the scaled length of the back-barrier basin. The dots show values as
obtained in the numerical model at the beginning (blue) and after 60 years (red) of the simulation.
The lines are obtained from the analytical model. The dashed blue line shows the solution for
H1 = 5 m, the red solid line for H1 = 30 m.

basin with respect to the tidal inlet has little effect on the geometry of the ebb-tidal delta.
The initial orientation of the inlet does have an effect on the geometry of the ebb-tidal
delta (Fig. 2.8d). In the present model set-up, the tilted orientation of the inlet channel
leads to a more centered position of the alongshore component ~XCM and ~XWC (Fig. 2.5a
and b).

In the above analysis it is shown that the geometry of an ebb-tidal delta depends
on the length of the back-barrier basin. However, the closure of the Zuiderzee led to a
change in the characteristics of an already existing ebb-tidal delta. To examine the effect
of shortening a back-barrier basin on a mature ebb-tidal delta, three additional simulations
(run 13, 14, and 15) were conducted. These simulations start from the bathymetry that
is obtained in the run in which the back-barrier basin has a length of 125 km. In these
runs, the length of the basin is reduced to 35 km, and in run 15 also the width of the
back-barrier basin is reduced. As a result of the reduction of the basin length, the phase
difference between the cross- and alongshore currents decreases. Furthermore, the tidal
prism increases by approximately 25% in runs 13 and 14. In run 15, which is added to
verify the unique effect of the phase difference on the symmetry of the ebb-tidal delta in
the closure experiment, the tidal prism is comparable to that in the run with a basin length
of 125 km.

Fig. 2.9a shows the ebb-tidal delta seaward of a basin with a length of 125 km after 120
years (run 8). The ebb-tidal delta seaward of the basin of which the length was reduced
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a) 

c) 

b) 

d) 

Figure 2.8: Depth change with respect to the reference bathymetry of different model runs after 60
years a) Run 9, LB,y = 35 km, LB,x = 12 km. b) Run 10, LB,y = 40 km, LB,x = 10 km. c) Run 11,
LB,y = 40 km, LB,x = 10 km, the center line of the basin is displaced by 2 km with to the axis of the
inlet. d) Run 12, LB,y = 40 km, LB,x = 10 km, the center line of the basin is displaced by 2 km and
the tidal inlet is asymmetric. The black dot indicates the position of the center of mass, the yellow
dot indicates the weighted center of the channels seaward of the inlet.
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after 60 years is shown in Fig. 2.9b (run 13). Clearly, the channel extending seaward
towards the left is much more pronounced in the run in which the back-barrier basin was
shortened. The fact that shortening the back-barrier basin leads to a more asymmetric
ebb-tidal delta is also visible in the distinct evolution of the alongshore component of ~XCM
(Fig. 2.9e) and ~XWC (Fig. 2.9g). This is not solely caused by a change in the tidal prism,
which can be concluded from the alongshore components of ~XCM and ~XWC in run 15.

Interestingly, there is not a large difference in the evolution of the volume of the ebb-
tidal deltas of run 8 and 13, although the tidal prism in run 13 is almost 25% larger.
This is because after the closure the relative contribution of the net sediment transport
due to tidal asymmetry, 〈qas〉, to the total net sediment transport, 〈qtot〉 ,increases, and
becomes landward directed. Consequently, a smaller part of the sediment transported
through the tidal inlet is deposited on the ebb-tidal delta. This confirms the results of
the analysis above that the volume of an ebb-tidal delta is not solely determined by the
tidal prism. Interestingly, the excess sediment volume seaward of the tidal inlet, VEXC,
decreases in the closure experiments, whereas this volume continuous to grow in the case
of no interventions.

2.4 Discussion

2.4.1 Comparison with field data
Seaward of the back-barrier basins with a length between 30 km and 50 km the most
asymmetric ebb-tidal deltas occur. In these experiments, the phase difference between the
alongshore and cross-shore tidal currents is small. This situation is also representative for
the present-day along- and cross-shore tidal currents in the region of Texel Inlet and Vlie
Inlet (Sha and van den Berg, 1993).

After the closure of the Zuiderzee, the volume and the seaward extent of the ebb-
tidal deltas of Texel Inlet and Vlie Inlet decreased (Elias et al., 2012). Furthermore, the
center of mass and the weighted center of the channels (black and yellow dots in Fig. 2.1,
respectively), moved in an updrift direction. Note that the alongshore shift of the center of
mass of Texel Inlet is only minor. The model results show that such changes in symmetry
of the ebb-tidal delta can be explained by the decreased phase difference between the
alongshore and cross-shore tidal currents due to the reduction of the back-barrier basin
length. The increased tidal prism enhances the effect of the decreased phase difference.
The rotation of the main ebb channel, such as clearly occurred at Texel Inlet, was not
reproduced. It turns out that the main channel of the modeled ebb-tidal deltas is always
updrift orientated, also in the runs with a long back-barrier basin. Nonetheless, in the
closure experiments, the updrift oriented channel does become more pronounced. The
relatively large updrift shift of the alongshore position of the center of mass in the closure
experiments (Fig. 2.9) compared to that at Texel Inlet and Vlie Inlet is caused by the
absence of a net wave-driven alongshore current in the present model. In reality, this
current redistributes part of the sediment towards the downdrift part of the ebb-tidal delta.

Since the tidal prism of both inlets increased, the decrease in ebb-tidal delta volume
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Figure 2.9: a) & b) Bathymetry after 120 years of evolution of the ebb-tidal delta in front of a
back-barrier basin a) with a length of 125 km. b) of which the length is reduced from of 125 km to
35 km after 60 years. c), d), e), f) & g) Evolution of the ebb-tidal delta seaward of a 125 km long
back-barrier basin (blue line), of which the length is reduced to 35 km after 60 years (red line), the
length is reduced after 120 years (cyan line), the length and width are reduced after 60 years (green
line). c) Tidal prism d) Volume of the ebb-tidal deltas. e) Alongshore component of ~XCM. f) Excess
sediment volume in front of the inlet, VEXC. g) Alongshore component of ~XWC.
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is contradictory to what could be expected from existing empirical relationships. Interest-
ingly, also in the simulations in which the back-barrier basin is shortened the total amount
of sediment seaward of the inlet decreases, despite the increase of the tidal prism. Note
that, the amount of sand stored in the ebb-tidal delta itself was hardly affected. The rea-
son for this is possibly the absence of waves, which could redistribute the sediment away
from the shallower to deeper areas. Both the observations and the numerical model results
show that a unique relationship between tidal prism and sand volume of an ebb-tidal delta
does not exist.

2.4.2 Model aspects

The volume of the developed ebb-tidal deltas is still increasing after 60 years, except that
of the ebb-tidal delta connected to the 20 km long back-barrier basin, which reaches its
maximum volume after approximately 10 years (not shown). To verify that the results
are not dependent on the chosen simulation time TM , model runs 3, 4 and 8 were also
evaluated after 100 morphological years. No qualitative differences between the presented
results and that of the extended model runs in terms of spatial symmetry and ratio between
tidal prism and volume of the ebb-tidal deltas were found.

To investigate the effect of the back-barrier basin length on the ebb-tidal delta volume
and geometry, an idealized set-up of the numerical model was made. Therefore, the
effect of various physical processes were not considered, such as waves, and sea level
rise. In nature waves play an important role in redistributing the sand from the ebb-
tidal delta shoals back into the basin, towards the adjacent shore, and into the deeper
channels. Another simplification is that the bed was assumed to consist of only one layer
of sediment with a constant grain size. Including these processes could quantitatively
affect the obtained results, however, would not change the mechanisms that are important
for the geometry of the ebb-tidal deltas as presented in this chapter.

2.5 Conclusions

A quantitative assessment has been made of the dependence of sand volume and location
of the centre of mass of ebb-tidal deltas on the length of back-barrier basins, to which
these deltas are linked.

It was found that the sand volume and spatial symmetry of ebb-tidal deltas are affected
by the length of the connected back-barrier basin. The length of the back-barrier basin
determines the tidal prism, which influences the volume of the ebb-tidal delta. It turns out
that the relationship between the ebb-tidal delta volume and the tidal prism is not unique.
This is because the direction and relative importance of the net sediment transport due to
tidal asymmetry affects the ebb-tidal delta volume. In the runs with a short (long) back-
barrier basin this transport is landward (seaward) directed, consequently, the associated
ebb-tidal deltas have sand volumes that are relatively small (large) compared to the tidal
prisms in these runs.
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Figure 2.10: Domain of the analytical model.

The fact that the symmetry of the ebb-tidal deltas depends on the back-barrier basin
length is because the spatial symmetry depends on the phase difference between along-
shore and cross-shore tidal velocities, ∆θ. Different back-barrier basin lengths correspond
to different phases of the cross-shore velocity, and thereby to different ∆θ. Consequently,
there is a geometry of the back-barrier basin that leads to the smallest phase differences
between cross-shore and alongshore tidal currents. It was also found that the position of
the back-barrier basin does not affect the geometry of the ebb-tidal delta.

Shortening the back-barrier basin of an already existent ebb-tidal delta caused a change
in the orientation of the delta, but despite of a large increase in the tidal prism its volume
hardly changed and the total sand volume in the area seaward of the inlet decreased. The
model results explain part of the changes in spatial symmetry of the ebb-tidal deltas sea-
ward of Texel Inlet and Vlie Inlet that are observed after the closure of the Zuiderzee. The
results of this chapter suggest that these ebb-tidal deltas became updrift oriented because
the phase difference between the alongshore and cross-shore tidal velocities decreased
due to the shortening of the back-barrier basin. However, the updrift rotation of their
main channel could not be reproduced.

2.A One-dimensional analytical model

To gain insight into the effect of the length of a back-barrier basin on the hydrodynamics
in a tidal inlet, a simple model was analyzed, which consists of the linearized shallow-
water equations for a configuration of two connected one-dimensional channels with a
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constant width, Wn, and depth, Hn (Fig. 2.10). The equations read

∂ṽn

∂t
= −g

∂η̃n

∂y
−
λn

Hn
ṽn, (2.20)

∂η̃n

∂t
+ Hn

∂ṽn

∂y
= 0, (2.21)

where n = 1 represents the tidal inlet and n = 2 the back-barrier basin, ṽ is the along chan-
nel velocity, g is the acceleration due to gravity, η̃ is the sea surface height, y is the horizon-
tal coordinate, t is the time, and λn is a linearized friction coefficient (Eq. (2.34) and (2.35)).
These equations are solved by applying the following boundary conditions:

η̃1 = R(Ẑe−iσt), at y = −L1, (2.22)
η̃1 = η̃2, at y = 0, (2.23)

W1H1ṽ1 = W2H2ṽ2, at y = 0, (2.24)
ṽ2 = 0, at x = L2. (2.25)

These boundary conditions imply that at y = −L1, η̃1 is forced by a harmonic variation in
sea surface height; at y = 0 there are two boundary conditions, viz. conservations of mass
and continuity of η̃. Finally, at y = L2 the velocity ṽ2 vanishes. Solutions for η̃n(y, t) and
ṽn(y, t) that satisfies Eq. (2.20) and (2.21) are of the type

η̃n(y, t) = R
(
Nn(y)e−iσt

)
, (2.26)

ṽn(y, t) = R
(
Vn(y)e−iσt

)
. (2.27)

Following standard methods and using Eq. (2.22) - (2.25) the following solutions are
obtained:

N1(y) =Ẑ
χ1 cos(κ1y) cos(κ2L2) + χ2 sin(κ1y) sin(κ2L2)
χ1 cos(κ1L1) cos(κ2L2) − χ2 sin(κ1L1) sin(κ2L2)

, (2.28)

N2(y) =
1
2

Ẑ
χ1

(
e−iκ2(x−L2) + ei(κ1 x−κ2L2)

)
χ1 cos(κ1L1) cos(κ2L2) − χ2 sin(κ1L1) sin(κ2L2)

, (2.29)

V1(y) =

(
gẐκ1H1

λ1 − iσH1

)
χ1 sin(κ1y) cos(κ2L2) − χ2 cos(κ1y) sin(κ2L2)
χ1 cos(κ1L1) cos(κ2L2) − χ2 sin(κ1L1) sin(κ2L2)

, (2.30)

V2(y) =

(
gẐκ2H2

iσH2 − λ2

)
χ1 sin (κ2(L2 − y))

χ1 cos(κ1L1) cos(κ2L2) − χ2 sin(κ1L1) sin(κ2L2)
. (2.31)

Here κn is the frictional wavenumber,

κn =

√
Hnσ2 + iσλn

gH2
n

, (2.32)

and
χn =

HnWnκn

(λn/Hn) − iσ
. (2.33)
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In order to establish that the linearized bottom stress yields the correct tidally averaged
dissipation of energy, the method of Lorentz (1926) (Zimmerman, 1992) is applied. With
this method λn is determined recursively. New solutions for Vn(x) and Nn(x) are calculated
until the values for λn that were used to obtain the solutions are within 0.5% of the λ∗n that
would give the correct tidally averaged dissipation of energy, i.e.,

λ∗n =
8cD

3π

∫ Ln
|Vn(y, λn)|3dy∫ Ln
|Vn(y, λn)|2dy

, (2.34)∣∣∣∣∣∣
(
λ∗n
λn
− 1

)∣∣∣∣∣∣ < 0.005, (2.35)

where the drag coefficient, cD, is a constant parameter.
Since the tidal prism, P, in this model is given by

P =
1
2

H1W1

∫ T

0
|ṽ1(−L1, t)|dt. (2.36)

it follows from Eq. (2.30) that

P =

∣∣∣∣∣∣2gχ1Ẑ
σ

χ1 sin(κ1L1) cos(κ2L2) + χ2 cos(κ1L1) sin(κ2L2)
χ1 cos(κ1L1) cos(κ2L2) − χ2 sin(κ1L1) sin(κ2L2)

∣∣∣∣∣∣ . (2.37)

34



3
Geometry of tidal inlet systems:
a key factor for the net sediment
transport in tidal inlets

W. Ridderinkhof, H. E. de Swart, M. van der Vegt, N. C. Alebregtse, and P. Hoekstra
Journal of Geophysical Research: Oceans, Volume 119, 6988 - 7006 (2014)

Abstract

The net transport of sediment between the back-barrier basin and the sea is an important process
for determining the stability of tidal inlet systems. Earlier studies showed that in a short basin, tidal
flats favor peak ebb-currents stronger than peak flood currents, implying export of coarse sediment,
while shallow basins favor stronger flood currents. The new elements considered in this chapter
are 1) arbitrary basin lengths, 2) a narrow inlet that connects the basin to the sea, 3) an asymmetric
tidal forcing, and 4) radiation damping. The objective is to gain fundamental insight in how the
geometry of a tidal inlet system affects the net sand transport in a tidal inlet. For this purpose, a
width- and depth-averaged analytical model was constructed. It is found that the length of a back-
barrier basin controls the effect that nonlinear hydrodynamic processes have on the tidal asymmetry,
and consequently controls whether the currents in the inlet are flood- or ebb-dominant. Furthermore,
the cross-sectional area of the inlet controls the ratio between the net sediment transport that results
from tidal asymmetry and that caused by the interaction of the principal tide with the residual
current. Finally, it is shown that the effect of an asymmetric tidal forcing on the net sand transport
depends on the length of the back-barrier basin with respect to the tidal wavelength in that basin.
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Figure 3.1: a) Schematic representation of a tidal inlet system. b) Top view of the model setup.
Segments S1 and S2 represent the sea, Segment 1 the tidal inlet, and Segment 2 the back-barrier
basin. c) Cross-sectional profile of the back-barrier basin (Segment 2). In the case of no inlet,
Segment 2 is called a tidal basin.

3.1 Introduction

Coasts consisting of tidal inlets that connect back-barrier basins to the sea are observed in
many parts of the world. The presence of inlets has a large impact on the hydrodynamics,
sediment budget, and ecology of the coastal system, as they provide for the exchange of
water and sediment between basin and sea (Davis Jr. and FitzGerald, 2004). The net
sediment transport through inlets is an important process for the stability of back-barrier
basins. For example, under conditions of relative sea level rise, an import of sediment
into back-barrier basins is necessary to preserve the morphology of the basin. When
this import is larger than required for balancing sea level rise, sediment import can lead
to the siltation of basins. This occurred to the tidal inlet systems (Fig. 3.1a) that were
previously present along the Holland coast (Beets and Van der Spek, 2000). The tidal
currents in inlets can also allow for a net export of sediment (e.g., the Venice Lagoon,
Tambroni and Seminara (2006)). When this sediment loss is not compensated (e.g., by
fluvial sources), it can lead to the loss of salt marshes and tidal flats, which is disastrous
for local ecosystems.

Human interventions can disrupt the sediment balance of tidal inlet systems. A spe-
cific example of this is the closure of the Zuiderzee (formerly a marginal sea located in the
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Netherlands) in 1932, after which the length of the back-barrier basin connected to Texel
Inlet and Vlie Inlet was reduced from ∼110 km to ∼45 km. This led to an increase of
the tidal prism due to tidal resonance, and to a large import of sediment, O(108) m3, into
the basin. A considerable part of this imported sediment was eroded from the adjacent
ebb-tidal deltas (Elias et al., 2012). The latter is peculiar since analysis of field data (Wal-
ton and Adams, 1976; Powell et al., 2006) suggests that there is a positive relationship
between ebb-tidal delta volume and tidal prism. Based on that an increase of the ebb-tidal
delta volume should have occurred. However, the observations of Elias et al. (2012), as
well as the results of chapter 2 suggest that the sediment transport in a tidal inlet depends
on the geometry of the back-barrier basin. This calls for a systematic analysis of how the
geometry of a back-barrier basin affects the net sediment transport in a tidal inlet.

It has long been known that within tidal inlet systems overtides are created, which
can lead to asymmetric tidal velocities (e.g., Boon and Byrne, 1981; Speer and Aubrey,
1985; Friedrichs and Aubrey, 1994) and that the latter can drive net sediment transport
(Pingree and Griffiths, 1979; Aubrey, 1986; Brown and Davies, 2010). Speer and Aubrey
(1985) modeled the 1D nonlinear shallow water equations in a semi-enclosed basin that
consisted of a main channel, which was flanked by tidal flats. They concluded that non-
linear hydrodynamic processes in tidal basins without tidal flats cause the currents to be
stronger during flood than during ebb (flood-dominant). They also showed that the tidal
flats can cause a channel to become ebb-dominant. Using the same model, Friedrichs
and Aubrey (1988) quantified the sensitivity of the tidal distortion of a 7 km long basin to
variations in depth and the amount of tidal flat area, and found a good agreement between
their model results and field observations. Because of their focus on tidal inlet systems
on the US east coast, both Speer and Aubrey (1985) and Friedrichs and Aubrey (1988)
considered tidal basins that are short compared to the tidal wavelength. However, their
findings are sometimes also applied to long tidal basins (e.g., van der Wegen et al., 2008),
although tides generally behave different in such systems.

In this chapter it is investigated how the geometry of a tidal inlet system affects the
net sediment transport through a tidal inlet. To do so, a model was developed that extends
the one of Speer and Aubrey (1985) in three ways: 1) Various back-barrier basin lengths
are considered. 2) Additional channels that represent a tidal inlet and the sea are added
to the model. 3) The effect of an asymmetric tidal forcing is investigated. Besides the
tidal distortion, the generation of residual currents is also considered because these are
also drivers of net sand transport (van de Kreeke and Robaczewska, 1993). In contrast to
the model of Speer and Aubrey (1985), the model developed in this chapter is analytical,
which allows for a distinction between the effect of the different nonlinear terms in the
model equations.

In section 2 the equations of motion of the one-dimensional system are presented, and
analytical solutions are obtained. In section 3, these solutions are used to analyze the
effect of the basin length, the extent of the tidal flats, and differences in cross-sectional
area between inlet and basin on the net sediment transport in the inlet. In section 4, it is
discussed how the results of the analytical model extend that of the numerical model of
Speer and Aubrey (1985). Furthermore, it is shown how results of the analytical model
can possibly explain the changes observed in the region of Texel Inlet and Vlie Inlet.
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Subsequently, a numerical model, which employs a quadratic bottom stress formulation,
is used to verify the results of the analytical model, in which a perturbation analysis is
applied and the effect of friction is linearized. Finally, in section 5 the conclusions are
listed.

3.2 Methods

The domain considered in the analytical model consists of four connected segments that
all contain a main channel with depth, Hn, and width, WC,n (Fig. 3.1b). Here, n (n =

1, 2,S1,S2) indicates the segment that is considered. The symmetric segments S1 and
S2 have equal width and depth, and represent the sea in which a tidal wave propagates
from y = −LS to y = LS. At y = 0 a tidal inlet (segment 1) that stretches between x = 0
and x = L1, connects a back-barrier basin (segment 2) to the sea. Only in the back-
barrier basin, which extends from x = L1 to x = L1 + L2, tidal flats that flank the main
channel on both sides are present. A cross-section of the back-barrier basin is shown in
Fig. 3.1c. Following Speer and Aubrey (1985); Friedrichs and Aubrey (1994) and others,
it is assumed that there is no along-channel velocity on the tidal flats. By connecting the
tidal inlet system to the sea, the sea surface variation at the entrance of the tidal inlet does
not need to be prescribed, consequently tidal waves are allowed to radiate away from the
tidal inlet into the sea (cf. Garrett, 1975; Zimmerman, 1992).

The hydrodynamics in the sea (n = S1,S2) are governed by the frictionless linear
shallow water equations

∂ηn

∂t
+ HS

∂vn

∂y
= 0, (3.1a)

∂vn

∂t
+ g

∂ηn

∂y
= 0. (3.1b)

Here, ηn is the sea surface elevation, vn is the along-channel velocity averaged over the
main channel cross-section, and g is the gravitational acceleration. Eqs. (3.1) allow for
the presence of propagating tides,

ηn = <
(
NM2

n (y)e−iσt
)

+<
(
NM4

n (y)e−2iσt
)
.

Here, σ is introduced as the angular frequency of the semi-diurnal tide, and NM2
n and NM4

n
are the complex amplitudes of the semi- and quarter-diurnal tide, respectively. The latter
are the result of tidal waves traveling in the positive and negative along-channel direction,

NM2
n (y) = AM2

n eiκ̂y + BM2
n e−iκ̂y,

NM4
n (y) = AM4

n e2iκ̂y + BM4
n e−2iκ̂y,
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where An is the amplitude of the tidal wave traveling in the positive along-channel di-
rection, and Bn is the amplitude of the tidal wave traveling in the negative along-channel
direction. Furthermore,

κ̂ =
σ
√
gHS

, (3.2)

is the wavenumber of the semi-diurnal tidal wave in segments S1 and S2. Coefficients
AM2

S1 , BM2
S2 , AM4

S1 , and BM4
S2 are imposed at y = −LS and y = LS. Coefficients AM2

S2 , BM2
S1 , AM4

S2 ,
and BM4

S1 follow from physical constraints at the mouth of the inlet, and account for tidal
waves that radiate away from the inlet; the specific boundary conditions are discussed
later on.

The hydrodynamics in the segments that represent the tidal inlet system (n = 1, 2)
are governed by the following continuity and momentum equations in which the effect of
friction is linearized:

WT,n
∂ηn

∂t
+
∂

∂x
(
AC,nun

)
= 0, (3.3a)

∂un

∂t
+ un

∂un

∂x
+ g

∂ηn

∂x
+ λn

un

Hn + ηn
= 0. (3.3b)

In these equations, λn is a dimensional friction parameter, WT,n is the total width of the
segment, which includes the tidal flats in the back-barrier basin, and AC,n is the time-
dependent cross-section of the main channel, i.e.,

AC,n = (Hn + ηn)WC,n, (3.4)

with WC,n the width of the main channel. Due to the consecutive emerging and submerg-
ing of the tidal flats, the total width of the back-barrier basin is time and space dependent,
i.e.,

WT,2 = WC,2 +
(Z2(x) + η2(x, t))

tan(α)
. (3.5)

Here, Zn(x) is the local amplitude of the dominant tidal constituent, and α is the constant
slope of the tidal flats (see Friedrichs (2012) for a discussion of the processes that influ-
ence the cross-sectional profile of tidal flats, which can range from convex to concave).
Consequently, in the segments without tidal flats, WT,n = WC,n, and WC,2 is the width of
the back-barrier basin at low tide.

The system is forced by an incoming semi- and quarter-diurnal tidal wave at the open
boundary of segment S1 (y = −LS). In the segments S1 and S2, waves are allowed to
radiate away from the tidal inlet, and in segment S2 no wave propagates towards the
tidal inlet. At the boundary between the sea and the tidal inlet, and at the boundary
between the tidal inlet and basin, continuity of mass is imposed, while the continuity of
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dynamic pressure is corrected for head loss processes (van de Kreeke, 1988). Finally, at
the landward end of the back-barrier basin the velocity vanishes. Hence,

AM2
S1 = ẐM2, (3.6a)

AM4
S1 = ẐM4ei(φM4+2κ̂LS), (3.6b)

BM2
S2 = 0, (3.6c)

BM4
S2 = 0, (3.6d)

gηS1 +
µ

2
v2

S1 = gηS2 +
µ

2
v2

S2 at x = 0 & y = 0, (3.6e)

gηS1 +
µ

2
v2

S1 = gη1 +
µ

2
u2

1 at x = 0 & y = 0, (3.6f)

WC,S
[
vS1 (HS + ηS1) − vS2 (HS + ηS2)

]
=

= WC,1u1 (H1 + η1) at x = 0 & y = 0, (3.6g)

gη1 +
µ

2
u2

1 = gη2 +
µ

2
u2

2 at x = L1, (3.6h)

WC,1u1 (H1 + η1) = WC,2u2 (H2 + η2) at x = L1, (3.6i)
u2 = 0 at x = L1 + L2. (3.6j)

In these expressions ẐM2 and ẐM4 are the amplitudes of the sea surface elevation of the
incoming semi- and quarter-diurnal tide, respectively. Furthermore, φM4 is the phase dif-
ference between the sea surface elevation of these tides. Finally, µ is a control parameter
of the dynamic pressure term, and represents the fraction of the kinetic energy that is re-
covered and transformed into potential energy. The black terms in Eqs. 3.6 are all linear
and larger than the terms that have a red color.

Following Lorentz (1926) and Zimmerman (1992), λn(n = 1, 2) is determined recur-
sively such that it provides for the correct tidally averaged dissipation of energy in the
inlet and basin. The used value for λn differs at most 5% from the value that gives the
same dissipation as would follow from a drag coefficient (CD) with a value of 2.5 · 10−3.

3.2.1 Leading order system

An analysis of the magnitude of the different terms in Eqs. 3.3 and 3.6 (see appendix
3.A.1) reveals that for tidal inlet systems such as Texel Inlet (see Table 3.1), where
ẐM2 � H2, WTF/WC,2 � 1, and ẐM4 � ẐM2, the state variables in inlet and basin can be
decomposed into contributions that are of different order in ε = ẐM2/H2,

ηn = η0,n + η1,n + h.o.t.,
un = u0,n + u1,n + h.o.t..
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Table 3.1: Parameter values of Texel Inlet (based upon Dronkers (2005), Elias et al. (2012), and
live.getij.nl)

H1 20 m WC,1 3 km
H2 4.7 m WC,2 15 km
L1 3 km ZM2 0.73 m
L2 45 km ZM4 0.12 m
WTF/WC,2 0.2 φM4 219◦

Here, η0,n and u0,n are of O(1), η1,n and u1,n are of O(ε), and h.o.t. stands for the higher
order terms. At leading order, Eqs. (3.3) reduce to

∂η0,n

∂t
+ Hn

∂u0,n

∂x
= 0, (3.7a)

∂u0,n

∂t
+ g

∂η0,n

∂x
+
λn

Hn
u0,n = 0. (3.7b)

In the channels that represent the sea, Eqs. (3.1) are obeyed. Only the black terms of the
boundary equations (3.6) are part of the leading order system. Solutions to this system
are

η0,n = <
[
NM2

0,n e−iσt
]

u0,n = <
[
UM2

0,n e−iσt
]
,

where NM2
0,n and UM2

0,n are the complex amplitudes of the highest order sea surface elevation
and velocity, respectively. These are given by

NM2
0,n = AM2

0,n eiκn x + BM2
0,n e−iκn x, (3.8a)

UM2
0,n =

g

iσ − λn/Hn

dNM2
0,n

dx
, (3.8b)

where

κn =

√
Hnσ2 + iλnσ

gH2
n

, (3.9)

is the complex wavenumber of the semi-diurnal tide inside the inlet or basin. Substitution
of Eqs. (3.8) in the boundary conditions yields expressions for variables N0,n and U0,n (see
appendix 3.B).
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3.2.2 First order system

The water motion in the tidal inlet and basin at first order is governed by

∂η1,n

∂t
+ Hn

∂u1,n

∂x
=

tidal flats︷                    ︸︸                    ︷
−Γn

(
Zn + η0,n

) ∂η0,n

∂t

Stokes transport convergence︷      ︸︸      ︷
−
∂η0,nu0,n

∂x
, (3.10a)

∂u1,n

∂t
+
λn

Hn
u1,n + g

∂η1,n

∂x
= −u0,n

∂u0,n

∂x︸      ︷︷      ︸
advection

+
λn

H2
n
η0,nu0,n︸      ︷︷      ︸

friction

. (3.10b)

Here, the depth dependence of the friction is expanded as a Taylor series in ε, and

Γn =
1

WC,n tan (αn)
=

WTF,n

WC

1
2ẐM2

,

where WTF,n is the total width of the tidal flats when ηn = ẐM2. The motion of the first
order system in segments S1 and S2 obeys Eqs. (3.1). The boundary conditions of the
first order system read

AM4
1,S1 = ẐM4ei(φM4+2κ̂LS), (3.11a)

AM2
1,S1 = BM2

1,S2 = BM4
1,S2 = 0, (3.11b)

g
(
η1,S1 − η1,S2

)
=

dynamic pressure sea︷             ︸︸             ︷
µ

2

(
v2

0,S2 − v
2
0,S1

)
at x = 0 & y = 0, (3.11c)

g
(
η1,S1 − η1,1

)
=

dynamic pressure sea︷            ︸︸            ︷
µ

2

(
u2

0,1 − v
2
0,S1

)
, at x = 0 & y = 0, (3.11d)

WC,S

WC,1
HS(v1,S1 − v1,S2) − H1u1,1 =

=

mass flux sea︷                                            ︸︸                                            ︷
WC,S

WC,1

(
v0,S2η0,S2 − v0,S1η0,S1

)
+ u0,1η0,1, at x = 0 & y = 0, (3.11e)

g
(
η1,1 − η1,2

)
=

dynamic pressure︷           ︸︸           ︷
µ

2

(
u2

0,2 − u2
0,1

)
at x = L1, (3.11f)

H1u1,1 −
WC,2

WC,1
H2u1,2 =

mass flux︷                      ︸︸                      ︷
WC,2

WC,1
u0,2η0,2 − u0,1η0,1 at x = L1, (3.11g)

u1,2 = 0 at x = L1 + L2, (3.11h)
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The first order system contains products of the leading order solution, these are sources
of residual (M0), semi-diurnal, and quarter-diurnal motion. Consequently,

η1,n = NM0
1,n +<

[
NM2

1,n e−iσt
]

+<
[
NM4

1,n e−2iσt
]
,

u1,n = UM0
1,n +<

[
UM2

1,n e−iσt
]

+<
[
UM4

1,n e−2iσt
]
.

Here, NM0
1,n and UM0

1,n describe the residual setup and current, respectively. Furthermore,
NM2

1,n , UM2
1,n , NM4

1,n , and UM4
1,n are the complex amplitudes of the first order sea surface ele-

vations and velocities of the semi- and quarter-diurnal tide, respectively. The first term
on the R.H.S. of the continuity equation (3.10a) describes the production of semi- and
quarter-diurnal components due to the presence of tidal flats, the second term describes the
production of residual and quarter-diurnal components due to the convergence of Stokes
transport. The first and second term on the R.H.S. of the momentum equation (3.10b) de-
scribe the production of residual and quarter-diurnal components due to advection and
friction, respectively. Finally, both the continuity of dynamic pressure (Eqs. (3.11f),
(3.11c), and (3.11d)) and the continuity of mass (Eqs. (3.11g) and (3.11e)) at the junctions
also produce residual and quarter-diurnal components. Note that tidal flats do not produce
residual components and that only the convergence of the Stokes transport due to the tidal
wave produces a residual velocity, the so called Stokes return flow (cf. Longuet-Higgins
(1953)). The latter is a result from the fact that there is only one inlet that connects the
basin to the sea, and can be seen from averaging Eq. (3.10a) over time and using that there
is no transport at x = L1 + L2.

3.2.3 Sediment transport
To evaluate how the geometry of the tidal inlet system affects the net sediment transport,
a simple sediment transport scheme is evaluated at the boundary between the inlet and the
sea (x = 0). It is assumed that the total instantaneous sediment transport, Qtot (in units
of m3m−1s−1), is given by

Qtot = Ωu3, (3.13)

where Ω is a coefficient that depends on the sediment and fluid characteristics. Here, it is
used that

u = <[UM2e−iσt] + UM0
1,1 +<[UM4

1,1 e−2iσt] + h.o.t., (3.14)

with

UM2 = UM2
0,1 + UM2

1,1 . (3.15)

It follows that the tidally averaged sediment transport, 〈Qtot〉, can be split into two compo-
nents, i.e., a component that describes the net sediment transport due to tidal asymmetry,
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Table 3.2: Experimental set-up

Exp. H1 (m) WC,1 (km) WTF (km) WC,S (km) L2 (km) AM4
1,S1 (m)

1 4.7 15 {0 − 9} 150 {1.5 − 125} 0
2 20 3 {0 − 9} 30 {1.5 − 125} 0
3 20 3 {0 − 9} 30 {1.5 − 125} 0.12
4 20 3 0 {3 − 3000} {1.5 − 125} 0

〈Qas〉, and a component that describes the net sediment transport due to residual currents,
〈Qres〉. Thus,

〈Qtot〉 = 〈Qas〉 + 〈Qres〉 (3.16)

and

〈Qres〉 =
3Ω

2
UM0

1,1 |U
M2|2 + h.o.t., (3.17)

〈Qas〉 =
3Ω

4
|UM4

1,1 ||U
M2|2 cos (2ψM2 − ψM4) + h.o.t., (3.18)

where ψM2 and ψM4 are the local phase of the semi- and quarter-diurnal tidal velocity, re-
spectively. Note that the direction of 〈Qas〉 is determined by the sign of cos (2ψM2 − ψM4),
and that 〈Qres〉 is the sediment transport due to the Stokes return flow and therefore always
directed towards the sea (negative values).

3.2.4 Design of experiments

The geometry of the coupled tidal inlet and back-barrier basin system is chosen such that
the model resembles systems such as Texel Inlet (Table 3.1). Furthermore, HS = H1,
and µ = 0.9. To evaluate the effect of the geometry on the net sediment transport, the
following parameters are varied: L2, WTF, H1, AM4

1,S1, WC,1, and WS (Table 3.2). The first
set of experiments is designed to evaluate the effect of the back-barrier basin length with
respect to the tidal wavelength and the width of the tidal flats with respect to the width of
the channel on the net sediment transport in the inlet. The second set of experiments is
designed to evaluate how the presence of an inlet, which is typically deeper and narrower
than the back-barrier basin, affects the net sediment transport. In the third set of experi-
ments, an externally generated quarter-diurnal tide is added to the forcing, and its effect
on the net sediment transport is evaluated for various back-barrier basin lengths. Finally,
the effect of the geometry of the channels that represent the sea on the hydrodynamics in
the inlet is evaluated.
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3.3 Results

3.3.1 Experiment series 1: Varying L2 and WTF

Fig. 3.2, shows how the residual velocity and the amplitudes of the semi- and quarter-
diurnal tidal velocities at the mouth of the tidal inlet (x = 0) depend on the back-barrier
basin length (in units of the frictionless semi-diurnal tidal wavelength in the back-barrier
basin), L2/LT, and the extent of the tidal flats (in units of channel width), WTF/WC,2. Also,
the effect of these parameters on the phase difference between the semi- and quarter-
diurnal tidal velocities is shown (Fig. 3.2d). In the applied set-up, the depth and width of
the inlet are equal to those of the main channel of the back-barrier basin (experiment 1).
A consequence of this set-up is that no first order velocities are produced at the junction
between the inlet and the basin. Due to tidal resonance, both the semi- and quarter-diurnal
tidal velocity amplitudes obtain a maximum for intermediate basin lengths. The presence
of tidal flats increases the amplitude of the semi-diurnal tidal velocity (Fig. 3.2a), and
shifts its resonance peak towards shorter basin lengths. The quarter-diurnal tidal velocity
(Fig. 3.2b) is also affected by the presence of tidal flats, with the result that increasing
the extent of tidal flats can lead to both an increase or decrease of its velocity ampli-
tude. The magnitude of the residual velocity (Fig. 3.2c) depends on the amplitudes of and
phase difference between the leading order semi-diurnal tidal velocity and sea surface
elevation (SSH). The largest residual velocity is found for L2/LT ≈ 0.20. The value of
cos (ψM4 − 2ψM2) indicates whether the interaction between the semi- and quarter-diurnal
tidal velocities leads to stronger peak ebb (negative values) or stronger peak flood (pos-
itive values) velocities (Fig. 3.2d). Clearly, both the basin length as well as the extent
of the tidal flats in the back-barrier basin affect the phase difference of the semi- and
quarter-diurnal velocities.

Next, the net sediment transport at the mouth is examined. Fig. 3.3a shows the de-
pendence of 〈Qtot〉 on the back-barrier basin length and on the tidal flat width. Short tidal
inlet systems with a small amount of tidal flats experience a net import of sediment. For
these short basins, increasing the amount of tidal flats leads to a net export of sediment.
When the back-barrier basin, L2, is longer than ≈ 0.11LT, sediment export is found for all
considered tidal flat widths.

Fig. 3.3b shows the direction and the relative contribution of the net sediment transport
due to tidal asymmetry, 〈Qas〉, to 〈Qtot〉 in experiment 1. Here, the contours show the value
of

〈Qas〉 / (| 〈Qas〉 | + | 〈Qres〉 |) .

Consequently, the sign of these contours shows whether the phase difference between the
semi- and quarter-diurnal tidal velocities (ψM4 − 2ψM2) leads to import (positive values),
or export (negative values) of sediment for the geometry that is considered. Contours with
a value > 0.5 or < −0.5, indicate that the direction of 〈Qtot〉 is determined by that of 〈Qas〉

for this geometry. Fig. 3.3b shows that the net sediment export occurring for back-barrier
basins with L2 & 0.11LT is caused by the dominance of the seaward directed 〈Qres〉 over
〈Qas〉 for these basins. Fig. 3.3b also shows that the direction of 〈Qas〉 depends on both
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a) b) 

c) d) 

Figure 3.2: Hydrodynamics at the mouth of the inlet (x = 0) as a function of WTF/WC,2 and L2/LT

for experiment 1. a) Amplitude of the semi-diurnal tidal velocity. b) Amplitude of the quarter-
diurnal tidal velocity. c) Residual velocity. d) cos (ψM4 − 2ψM2), positive (negative) values indicate
flood (ebb-) dominance.
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b) 
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Import 

Figure 3.3: Characteristics of the net sediment transport in the mouth of the inlet as a function of
WTF/WC,2 and L2/LT. Experiment 1: W1 = W2 = 15 km, H1 = H2 = 4.7 m. a) 〈Qtot〉 (in units of
Ω). b) 〈Qas〉 /(| 〈Qas〉 | + | 〈Qrel〉 |).
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WTF/WC,2 and L2, and moreover that the effect of tidal flats on the direction of 〈Qas〉

depends on L2. Clearly, in short basins (L2/LT . 0.16), tidal flats cause sediment export,
but for longer back-barrier basins tidal flats cause sediment import. The fact that tidal
flats cause sediment export in short basins agrees with the results of Friedrichs and Aubrey
(1988), who evaluated ψM4−2ψM2 for basin lengths in the range 0.013LT ≤ L2 ≤ 0.045LT.

3.3.2 Experiment series 2: A deeper and narrower inlet
When a deeper (20 m) and narrower (3 km) tidal inlet is considered, the net sediment
transport changes notably (Fig. 3.4a). In this set-up, a net import of sediment is also
observed for long back-barrier basins. Furthermore, for short basins with a considerable
amount of tidal flats the net export of sediment is enhanced. From a comparison between
Fig. 3.3b and 3.4b, it can be concluded that the large changes of the net sediment transport
are caused by the effect of the geometry of the tidal inlet on the relative importance of
〈Qas〉. In contrary to the previous set-up, where a wide and shallow inlet was considered,
now 〈Qas〉 is the dominant contributor to 〈Qtot〉 for almost all back-barrier basin lengths.

The reason for the fact that the contribution of 〈Qres〉 to 〈Qtot〉 is much smaller for
deeper tidal inlets, is that the magnitude of the residual velocity decreases with the depth
of the tidal inlet (Fig. 3.5a) because the Stokes return flow is distributed over a larger
water column. In contrast to the residual velocity, the amplitude of the quarter-diurnal
tidal velocity increases when the inlet is deeper and narrower. There are two reasons for
this. The first is that the amplitudes of the semi-diurnal components depend on the cross-
sectional area of the tidal inlet, and consequently so does the production of quarter-diurnal
tides. The second is that additional quarter-diurnal tides are produced at the junction
if there is a difference between the cross-sectional area (due to continuity of dynamic
pressure) or depth (due to continuity of mass) of the inlet and the main channel of the
back-barrier basin.

The quarter-diurnal tidal velocity, which controls the direction and magnitude of
〈Qas〉, is composed of the linear combination of the different quarter-diurnal tidal compo-
nents that are produced by the different nonlinear terms in Eqs. (3.10) and (3.11). Both
the amplitude and the phase of these different components depends on L2 (Fig. 3.6). The
quarter-diurnal tide produced by advection causes flood dominance for all basin lengths,
and generally has a smaller amplitude than that of the quarter-diurnal tides produced by
the Stokes transport convergence and friction. Friction causes short basins to be flood
dominant, but for longer basins this is not always the case. The amplitude of this tide is
larger for smaller water depths, which explains the enhanced net sediment import for the
shortest basins in Experiment 1 (Fig. 3.3) compared to the net transport for these basins
in Experiment 2 (Fig. 3.4). The tide produced by the convergence of the Stokes transport
causes ebb-dominance for long basins, but flood dominance for shorter basins. The abrupt
transition between sediment import and export is caused by the presence of a stagnation
point landward of x = 0 when L2 > 0.14 LT. Tidal flats lead to ebb-dominance for short
back-barrier basins (as was already recognized by Speer and Aubrey (1985)), however, for
longer basins tidal flats cause flood dominance. The amplitude of the quarter-diurnal tidal
velocity due to the tidal flats depends on WTF/WC,2, in this specific case a value of 0.2
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Figure 3.4: Characteristics of the net sediment transport in the mouth of the inlet as a function of
WTF/WC,2 and L2/LT. Experiment 2: W1 = 3 km and H1 = 20 m. a) 〈Qtot〉 (in units of Ω). b)
〈Qas〉 /(| 〈Qas〉 | + | 〈Qrel〉 |). Negative values indicate seaward transport.
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Figure 3.5: Amplitudes of the residual (solid lines) and the quarter-diurnal tidal (dashed lines)
velocity in the inlet as a function of L2/LT for various geometries of the tidal inlet. Here, WTF = 0
km. Blue lines: Experiment 1: WC,1 = 15 km, H1 = 4.7 m. Red lines: Experiment 2: WC,1 = 3 km,
H1 = 20 m.

was used. The quarter-diurnal tide due to the continuity of mass at the junction between
the inlet and basin causes long basins to be flood dominant. Note that this tide is only
generated when there is a difference in depth between the tidal inlet and the back-barrier
basin (See appendix 3.B). The large jump in depth that is considered at this junction pos-
sibly leads to an overestimation of the amplitude of this tide. The continuity of dynamic
pressure generates a quarter-diurnal tide if there is a difference in cross-sectional area be-
tween the main channel of the inlet and the basin, and between that of the inlet and the
sea. In the case that the cross-sectional area of the inlet is smaller than that of the sea
and basin, a quarter-diurnal tide that causes flood (ebb-) dominance is generated at the
junction between the inlet and the basin (sea). The amplitude of this tide depends on the
ratio between the cross-sectional areas and on µ. Smaller values for µ lead to smaller tidal
amplitudes.

3.3.3 The presence of an external quarter-diurnal tide

When an externally generated quarter-diurnal tide (ẐM4 = 0.12, φM4 = 219◦) is added to
the forcing at x = −LS, the net sediment transport in the inlet changes (Fig. 3.7a). Note
that the model set-up is now representative for the Texel Inlet system (Table 3.1). The
added quarter-diurnal tide reduces the time between low water and the following high
water at the entrance of the inlet, which leads to additional sediment import (export) for
short (long) back-barrier basins. It is striking that the amplitude of the quarter-diurnal
tidal velocity in the inlet that results from this (realistic) forcing is larger than that of
quarter-diurnal tides that are generated within the model domain (Compare Fig. 3.7b to
Fig. 3.6a). Note that also the direction of the net sediment transport that is caused by this
externally generated tide depends on both L2, as well as on the phase difference between
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a) 

c) 

b) 

d) 

Figure 3.6: Contribution of the different overtide producing terms to the quarter diurnal tidal ve-
locity in experiment 2. Here, WTF/WC,2 = 0.2. Panels a) and b) Amplitude of each individual
components of the quarter-diurnal tidal velocity. Panels c) and d) The value of cos (2ψM2 − ψM4)
for each individual component. Positive (Negative) values indicate that the component causes net
landward (seaward) sediment transport.

the external semi- and quarter-diurnal tidal sea surface elevation, φM4 (Fig. 3.7c).

3.3.4 Prescribing the boundary conditions at sea

Following Garrett (1975) and Zimmerman (1992), but in contrast to what is done in other
studies of tides in basins (e.g., Speer and Aubrey, 1985; Schuttelaars and de Swart, 2000;
de Swart and Volp, 2012), the tidal forcing in the model considered in this chapter is not
prescribed at the mouth of the inlet, but as an incoming wave in a channel that represents
the sea. Consequently, at sea tidal waves are allowed to radiate away from the inlet.
Interestingly, the way that these waves radiate away from the inlet depends on the cross-
section of the channels that represent the sea (Fig. 3.8). In the limit that the channels that
represent the sea are very wide (magenta lines in Fig. 3.8) or deep (not shown) compared
to the tidal inlet, the only difference between prescribing the tidal forcing as an incoming
wave or as a SSH variation at the mouth of the inlet (black circles in Fig. 3.8) is caused
by the tide that is generated due to the continuity of dynamic pressure at the junction
between the inlet and sea. When SSH is prescribed at the mouth of the inlet, internally
generated quarter diurnal tides cannot cause sea surface elevations at x = 0. This leads
to (artificially) large spatial gradients of the sea surface elevation in the inlet, thus to
(artificially) larger velocities at x = 0, compared to the settings that were used in the rest
of this chapter.
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Figure 3.7: a) 〈Qtot〉 for an asymmetric tidal forcing. Experiment 3: ZM4 = 0.12 m and φM4 = 219◦.
Other parameters as in Fig. 3.4. b) Amplitude (in m s−1) of the quarter-diurnal tidal velocity due to
the asymmetric forcing. c) cos (2ψM2 − ψ

EX
M4), this shows the direction of the net sediment transport

due to the asymmetric forcing. The effect of different values of φM4 is shown.
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a) 

c) 

b) 

d) 

Figure 3.8: Effect of the width of segments S1 and S2 on the tidal amplitudes at x = 0. Red lines:
WS = W1. Green lines: WS = 5W1. Blue lines: WS = 10W1 (used in the rest of this chapter).
Magenta lines: WS = 1000W1. Black circles: Forcing prescribed as sea surface elevations at the
mouth of the inlet. Amplitudes of the a) semi-diurnal tidal velocity, b) quarter-diurnal tidal velocity,
c) residual velocity, and d) quarter-diurnal tidal sea surface elevation.
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3.4 Discussion

It was found that the magnitude and direction of the net sediment transport through a tidal
inlet is controlled by the length of a back-barrier basin, the inlet geometry and the external
forcing. For example, quarter-diurnal tides produced by tidal flats cause sediment export
(import) for short (long) basins. Furthermore, the magnitude of the residual velocity
depends on the basin length and the depth of the inlet.

The motivation for this chapter was the observed changes in net sediment import
through Texel Inlet and Vlie Inlet, Western Wadden Sea, following a strong reduction
of the length of the back-barrier basin connected to these inlets. The present model re-
veals a mechanism that can possibly explain this. Based upon the parameters given by
Dronkers (2005), it is estimated that the current length of the basin connected to Texel
Inlet and Vlie Inlet, is 0.15 LT and 0.13 LT, respectively. Before the closure both inlets
were connected to a basin of approximately 0.45 LT (parameters of Lorentz (1926)).

According to the model, a length change such as occurred at Texel Inlet and Vlie
Inlet causes the net sediment transport that is a result of the external tide to change from
exporting to importing (Fig. 3.7). Since the external tide is by far the largest contributor to
the quarter-diurnal tidal velocity, this has a strong effect on 〈Qas〉, which after the length
reduction no longer causes sediment export, but now causes sediment import.

3.4.1 Model verification: Observations

In experiment 3, the model parameters were based upon the Texel Inlet system. The tidal
amplitudes, ẐM2 and ẐM4 are obtained from an interpolation between the two closest tidal
stations, located north (≈15 km) and south (≈23 km) of the inlet. The phase difference be-
tween the vertical semi- and quarter-diurnal tide is obtained from the northern station. A
comparison between the model output and measurements executed before (Lorentz, 1926)
and after (Buijsman and Ridderinkhof , 2007a) the length reduction reveals that the model
can represent such inlet systems to a reasonable extent (Fig. 3.9). The volume transport
of both the semi- and quarter-diurnal tide is correctly simulated. In agreement with what
is observed, the SSH amplitude of the semi-diurnal tide in the inlet is smaller than that at
sea, however, for long basins this amplitude seems to be overestimated. This is probably
caused by a too strong reflection of the semi-diurnal tide at the boundary between the
inlet and basin, which would also explain the fact that for long basin lengths the phase
difference between the SSH and the velocity of the semi-diurnal tide is overestimated by
the model. Another indication that suggests that the transition between the inlet and basin
has too large an impact on the hydrodynamics is the modeled phase difference between
the semi- and quarter-diurnal tidal velocities, and between the quarter-diurnal SSH and
velocity (Fig. 3.9c). These have a close resemblance with the observations, when the
quarter-diurnal tide produced by the depth difference at the junction (Eq. 3.11g) is omit-
ted. The unrealistically large difference in depth between the inlet and the basin at the
junction leads to an overestimation of the amplitude of this tide in the model (appendix
3.B).
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a) 

c) 

b) 

Figure 3.9: Model output of experiment series 3 (solid lines) shown together with observations
in Texel Inlet by Buijsman and Ridderinkhof (2007a) (circles) and Lorentz (1926) (diamonds). a)
Transport amplitudes of the semi-(blue) and quarter-(red) diurnal tide. b) Sea surface height (SSH)
amplitude of the semi-(blue) and quarter-(red) diurnal tide. c) Phase difference between the SSH and
velocity both for the semi-(blue) and quarter-(red) diurnal tide. Also shown, the phase difference
between the semi- and quarter-diurnal tide (i.e., M4 − 2M2), both for SSH (magenta) and velocity
(green).
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It turns out that there is a large difference between the modeled (0.01 m s−1) and ob-
served (0.05 - 0.15 m s−1) residual velocity in the inlet. This can (partly) be explained by
the fact that the effect of wind (Buijsman and Ridderinkhof , 2007b), freshwater discharge,
and the residual circulation between Texel Inlet and Vlie Inlet (Ridderinkhof , 1988) was
not considered. Furthermore, the residual transport of water is subject to strong inter-
annual variation, yearly estimates range from 0.56·103 m3 s−1 to 3.12·103 m3 s−1 in the
period 1998 - 2002 (Buijsman and Ridderinkhof , 2007a).

A thorough investigation of the hydrodynamics and the sediment transport in Texel
Inlet was conducted by Elias et al. (2006). From field observations and numerical model
results they concluded that net sand transport into the back-barrier basin cannot be ex-
plained by tidally induced motion only. They suggest that net sediment import into the
basin is a result of the interaction between tides, wind and waves. Furthermore, Bonekamp
et al. (2002) concluded from observations in Texel Inlet that the net sediment transport in
Texel Inlet is dominated by the residual velocity, and that the tidal asymmetry only leads
to net import of sediment in the southern part of the inlet. An analysis of the propagation
of sand waves raises even more questions about the net sand transport in Texel Inlet. Sand
waves migrate into the basin over the entire cross-section of the inlet, despite the strong
seaward directed residual currents, from which a large seaward directed transport would
be expected (Buijsman and Ridderinkhof , 2008).

Considering these observations, it is important to stress that the analytical model that
was used in this chapter is only suited for identifying the physical mechanisms that can
explain the change in the net sediment transport in the Texel Inlet and Vlie Inlet after
the closure, not for determining an accurate estimation of the actual sediment transport in
these inlets.

3.4.2 Model verification: Numerical model
To verify whether the output of the analytical model yields a valid representation of the
dynamics, it is compared to a numerical model. This model computes the tidal propa-
gation in the domains considered in this chapter, with a similar semi-diurnal forcing and
using a finite difference scheme. The numerical model also conserves dynamic pressure
and mass at the junction, and obeys the same continuity equation (3.3a) as the analytical
model. The momentum balance in the inlet and basin is different in the numerical model,

∂un

∂t
+ un

∂un

∂x
= −g

∂ηn

∂x
−CD

|un|un

Hn + ηn
, (3.19)

i.e., a quadratic bottom stress is considered. Moreover, it does not rely on small values of
ε. There is a close resemblance between the dependence of 〈Qtot〉 on WTF/WC,2 and L2/LT
that was found in the numerical (Fig. 3.10) and analytical (Fig. 3.3a and 3.4a) model. As
in the analytical model, in the numerical model a net export of sediment is found for
long back-barrier basins when the inlet is wide and shallow. When a deep and narrow
inlet connects the basin to the sea, sediment transport due to tidal asymmetries is more
important. Finally, also in the numerical model tidal flats cause a net import (export) of
sediment for long (short) back-barrier basins.
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Figure 3.10: 〈Qtot〉 as obtained from the numerical model. a) Setup as in experiment series 1:
H1 = 4.7 m, WC,1 = 15 km. b) Setup as in experiment series 2: H1 = 20 m, WC,1 = 3 km.
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3.4.3 Omitted processes

Also, several processes that could potentially alter the net sediment transport were not
considered. To get a more detailed view of the sediment transport in a tidal inlet, two-
or even three- dimensional flow should be considered, as the phase difference between
the semi- and quarter-diurnal transport velocities varies across a tidal inlet (Buijsman and
Ridderinkhof , 2007a), and the cross-sectional distribution of the magnitude and the direc-
tion of residual water transport also depends on the cross-sectional profile of the channel
(Li and O’Donnell, 2005). Furthermore, the sediment transport formula applied in this
chapter is highly simplified. For example, the effect of a temporal (Groen, 1967) or spa-
tial (Postma, 1954) settling lag were not considered, which would especially affect the
transport of finer sediments. Also, no threshold velocity for the initiation of sediment
transport was considered (e.g., Soulsby, 1997; Carbajal et al., 2014). Tidal asymmetry
due to the internal and external production of quarter-diurnal tides was considered, how-
ever, the interaction between diurnal and semi-diurnal tides (Ranasinghe and Pattiaratchi,
2000) and the production of M6-tides (van de Kreeke and Robaczewska, 1993) can also
lead to asymmetric velocities.

3.5 Conclusions

With the use of a 1D, analytical model it has been demonstrated that the length of a
back-barrier basin has a strong impact on the magnitude and direction of the net sediment
transport through a tidal inlet. Physical mechanisms that produce quarter-diurnal tidal
velocities have a different effect on the net sediment transport for different back-barrier
basin lengths. Furthermore, the magnitude of the residual velocity also depends on the
length of the basin.

The geometry of the inlet also affects the net sediment transport through the inlet. This
is because the residual velocity strongly decreases for deeper inlets, while the amplitude
of the quarter-diurnal tide is less affected. Additional quarter-diurnal tides are produced
at the junction between the inlet and the basin when there is a difference in the cross-
sectional area or depth between the main-channel of the inlet and basin.

The effect of an asymmetric tidal forcing on the net sediment transport also varies
with the length of the back-barrier basin. The phase of the quarter-diurnal sea surface
elevation that was prescribed in the model is based upon the conditions seaward of Texel
Inlet and Vlie Inlet. For this forcing, the external tide causes import (export) of sediment
for short (long) back-barrier basins. This an important part of the total net sediment
transport, since the velocity amplitude of the imposed quarter-diurnal tide is much larger
than that of internally generated tides. Consequently, the model results suggest that the
changed effect of the external asymmetric tide on the net sediment transport in the inlet
is a mechanism that can possibly explain the observed increase in the sediment import in
Texel Inlet and Vlie Inlet, Western Wadden Sea, after the closure of the Zuiderzee.
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3.A Non-dimensional system

3.A.1 Scaling the equations

In order to analyze the system, Eqs. (1) to (6) are made dimensionless by using represen-
tative scales. This is done by defining new variables as follows

Hn = H2h̃n, ηn = ẐM2η̃n,

Zn = ẐM2Z̃n, un = Uũn,

t =
1
σ

t̃, vn = U ṽn,

WC,n = WC,2w̃n, x = L̂x̃,

λn = σH2λ̃n, y = L̂ỹ,

Ln = L̂L̃n. (3.20)

Here,

L̂ =

√
gH2

σ
=

LT

2π
, U =

√
g

H2
Ẑ,

and LT is the frictionless tidal wave length in the back-barrier basin. Furthermore three
dimensionless parameters are introduced, i.e.,

ε =
ẐM2

H2
, γ =

H2

WC,2 tan (α)
,

ẐM4

ẐM2
= β,

Scaling leads to the following expression for the dimensionless channel width:

w̃T,n = w̃n + εγ(Z̃n(x) + η̃n(x, t)). (3.21)

Applying this scaling to Eqs. (1) and (3), leads to the following dimensionless equation
for the motion in the inlet and back-barrier basin,

[
1 + ε

γn

w̃n
(Z̃n + η̃n)

]
∂η̃n

∂t̃
= −h̃n

∂ũn

∂x̃
− ε

∂(η̃nũn)
∂x̃

, (3.22a)

∂ũn

∂t̃
+ εũn

∂ũn

∂x̃
= −

∂η̃n

∂x̃
− λ̃n

ũn

h̃n

(
1 − ε

η̃n

h̃n

)
, (3.22b)
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and in the sea,

∂2η̃n

∂t̃2 − h̃n
∂2η̃n

∂ỹ2 = 0, (3.23a)

∂2ṽn

∂t̃2 − h̃n
∂2ṽn

∂ỹ2 = 0. (3.23b)

Equation (3.23) allows for solutions of the kind,

η̃n = ÑM0
n (ỹ) +<

(
ÑM2

n (ỹ)e−it̃
)

+<
(
ÑM4

n (ỹ)e−2it̃
)
.

Here,

ÑM2
n (ỹ) = ÃM2

n eiỹ/
√

h̃S + B̃M2
n e−iỹ/

√
h̃S ,

ÑM4
n (ỹ) = ÃM4

n e2iỹ/
√

h̃S + B̃M4
n e−2iỹ/

√
h̃S ,

where Ãn is the amplitude of the tidal wave traveling in the positive along-channel di-
rection, and B̃n is the amplitude of the tidal wave traveling in the negative along-channel
direction.

The corresponding boundary conditions read

ÃM2
S1 = eiLS/

√
h̃S , (3.24a)

ÃM4
S1 = βe

i
(
φM4+2LS/

√
h̃S

)
, (3.24b)

B̃M2
S2 = 0, (3.24c)

B̃M4
S2 = 0, (3.24d)

η̃S1 + εµ

[
1
2
ṽ2

S1

]
= η̃S2 + εµ

[
1
2
ṽ2

S2

]
at x̃ = 0 & ỹ = 0, (3.24e)

η̃S1 + εµ

[
1
2
ṽ2

S1

]
= η̃1 + εµ

[
1
2

ũ2
1

]
at x̃ = 0 & ỹ = 0, (3.24f)

w̃S

[
h̃S (ṽS1 − ṽS2) + ε (ṽS1η̃S1 − ṽS2η̃S2)

]
=

= w̃1ũ1

(
h̃1 + εη̃1

)
at x̃ = 0 & ỹ = 0, (3.24g)

η̃1 + εµ

[
1
2

ũ2
1

]
= η̃2 + εµ

[
1
2

ũ2
2

]
at x̃ = L̃1, (3.24h)

w̃1ũ1(h̃1 + εη̃1) = w̃2ũ2(h̃2 + εη̃2) at x̃ = L̃1, (3.24i)
ũ2 = 0 at x̃ = L̃1 + L̃2, (3.24j)

From here on the tilde will be omitted. Introducing a new parameter β̂ = β/ε and inserting
typical values for Texel Inlet (Table 1), the following values for the dimensionless control
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parameters are found: ε = 0.16, γ2 = 0.9, and β̂ = 0.81. Consequently, approximate
solutions to Eqs. (3.23) - (3.24) can be found using a perturbation analysis, by expanding
un and ηn in ε, i.e.,

un = u0,n + εu1,n + ε2u2,n + h.o.t.

ηn = η0,n + εη1,n + ε2η2,n + h.o.t.,

where h.o.t. stands for terms of higher order.

3.A.2 Leading order system

The equations governing the motion in the tidal inlet and back-barrier basin at leading
order are,

∂η0,n

∂t
= −hn

∂u0,n

∂x
, (3.25a)

∂u0,n

∂t
= −

∂η0,n

∂x
− λn

u0,n

hn
. (3.25b)

They can be combined into

∂2η0,n

∂t2 +
λn

hn

∂η0,n

∂t
− hn

∂2η0,n

∂x2 = 0. (3.26)

The corresponding boundary conditions read

AM2
0,S1 = eiLS/

√
hS , (3.27a)

AM4
0,S1 = BM2

0,S2 = BM4
0,S2 = 0, (3.27b)

ηS1 = ηS2 at x = 0 & y = 0, (3.27c)
ηS1 = η1 at x = 0 & y = 0, (3.27d)
hSwS (vS1 − vS2) − h1w1u1 = 0 at x = 0 & y = 0, (3.27e)
η0,1 = η0,2 at x = L1, (3.27f)
w1u0,1h1 = w2u0,2h2 at x = L1, (3.27g)
u0,2 = 0 at x = L1 + L2. (3.27h)

Solutions to Eqs. (3.25) are of the kind,

η0,n(x, t) = <[N0,n(x)e−it], u0,n(x, t) = <[U0,n(x)e−it],
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where

N0,n(x) = A0,neiκn x + B0,ne−iκn x, (3.28a)

U0,n(x) =
1

i − λn/hn

∂N0,n(x)
∂x

, (3.28b)

with κn the dimensionless frictional wavenumber,

κn =
1
hn

√
hn + iλn. (3.29)

Applying Eqs. (3.27) to Eqs. (3.28), solutions for N0,n(x) can be found,

N0,1(x) =
2ieiκSLSχS

P0

{
χ1 cos [κ1(L1 − x)] cos (κ2L2)+

− χ2 sin [κ1(L1 − x)] sin (κ2L2)
}
, (3.30a)

N0,2(x) =
2ieiκSLSχS

P0
χ1 cos [κ2(L1 + L2 − x)], (3.30b)

N0,S 1(y) = eiκS(x+LS) −
e−iκS(y−LS)

P0
χ1

{
χ1 sin (κ1L1) cos (κ2L2)+

+ χ2 cos (κ1L1) sin (κ2L2)
}
, (3.30c)

N0,S 2(y) =
2ieiκS(y+LS)χS

P0

{
χ1 cos (κ1L1) cos (κ2L2)+

− χ2 sin (κ1L1) sin (κ2L2)
}
. (3.30d)

Here,

P0 =χ1 cos (κ2L2)
[
χ1 sin (κ1L1) + 2iχS cos (κ1L1)

]
+

+ χ2 sin (κ2L2)
[
χ1 cos (κ1L1) − 2iχS cos (κ2L2)

]
, (3.31)

χn =
wnhnκn

1 + iλn/hn
. (3.32)

Note that λS = 0, and χS1 = χS2 = χS. Dimensional solutions to the equations can be
found by reintroducing the scales that where applied in the beginning of this section.
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3.A.3 Higher order system
The motion in the tidal inlet and back-barrier basin at first order is governed by

∂η1,n

∂t
+ hn

∂u1,n

∂x
= −

∂(η0,nu0,n)
∂x

−
γn

wn
(Zn + η0,n)

∂η0,n

∂t
, (3.33a)

∂u1,n

∂t
+
∂η1,n

∂x
+
λn

hn
u1,n =

λn

h2
n

u0,nη0,n −
1
2

∂u2
0,n

∂x
. (3.33b)

At sea,

∂η1,n

∂t
+ hn

∂v1,n

∂y
= 0, (3.34a)

∂v1,n

∂t
+
∂η1,n

∂y
= 0. (3.34b)

The corresponding boundary conditions read

AM2
1,S1 = BM2

1,S2 = BM4
1,S2 = 0, (3.35a)

AM4
1,S1 = β̂ei(φM4+2LS/

√
hS), (3.35b)

η1,S1 + µ

[
1
2
v2

0,S1

]
= η1,S2 + µ

[
1
2
v2

0,S2

]
at x = 0 & y = 0, (3.35c)

η1,S1 + µ

[
1
2
v2

0,S1

]
= η1,1 + µ

[
1
2

u2
0,1

]
at x = 0 & y = 0, (3.35d)

wS
[
hS

(
v1,S1 − v1,S2

)
+

(
v0,S1η0,S1 − v0,S2η0,S2

)]
=

= w1
(
u1,1h1 + u0,1η0,1

)
at x = 0 & y = 0, (3.35e)

η1,1 + µ

[
1
2

u2
0,1

]
= η1,2 + µ

[
1
2

u2
0,2

]
at x = L1, (3.35f)

w1(h1u1,1 + u0,1η0,1) = w2(h2u1,2 + u0,2η0,2) at x = L1, (3.35g)
u1,2 = 0 at x = L1 + L2, (3.35h)

Consequently the solution to this system will consist of residual components, components
with the principal frequency (M2), and overtides with double that frequency (M4), i.e.,

η1,n(x, t) = NM0
1,n (x) +<[NM2

1,n (x)e−it] +<[NM4
1,n (x)e−2it], (3.36a)

u1,n(x, t) = UM0
1,n (x) +<[UM2

1,n (x)e−it] +<[UM4
1,n (x)e−2it]. (3.36b)

Solutions to the first order system are found by inserting Eqs. (3.30) and (3.36) into
Eqs. (3.33) and (3.35).
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3.B The quarter-diurnal mass flux tide
The quarter-diurnal tide that is generated by the continuity of mass at the junction between
the inlet and basin is governed by the following dimensionless equations.

∂η1,n

∂t
= −hn

∂u1,n

∂x
, (3.37a)

∂u1,n

∂t
= −

∂η1,n

∂x
−
λn

hn
u1,n. (3.37b)

The corresponding boundary conditions read

η1,S1 = η1,S2 = η1,1 at x = 0 & y = 0, (3.38a)
η1,1 = η1,2 at x = L1, (3.38b)
w1(h1u1,1 + u0,1η0,1) = w2(h2u1,2 + u0,2η0,2) at x = L1, (3.38c)
u1,2 = 0 at x = L1 + L2, (3.38d)

Using the fact that

η0,1 = η0,2, w1h1u0,1 = w2h2u0,2 (3.39)

it follows that

u1,1 =
h2w2

h1w1
u1,2 + u0,1η0,1

(
1
h2
−

1
h1

)
at x = L1. (3.40)

Consequently, the mass-flux term at the junction only causes a quarter-diurnal tide when
h1 , h2. Furthermore, if h1 > h2 the amplitude of the forcing increases with increasing
h1.
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Cyclic behavior of sandy shoals
on the ebb-tidal deltas of the
Wadden Sea

W. Ridderinkhof, P. Hoekstra, M. van der Vegt, and H. E. de Swart
Continental Shelf Research, Volume 115, 14 - 26 (2016)

Abstract

Ebb-tidal deltas are bodies of sand that are located seaward of tidal inlets. Many of these deltas
feature shoals that cyclically form and migrate towards the coast. The average period between
successive shoals that attach to the coast varies among different inlets. In this chapter, a quantitative
assessment of the cyclic behavior of shoals on the ebb-tidal deltas of the Wadden Sea is presented.
Analysis of bathymetric data and Landsat satellite images revealed that at the majority of inlets
along the Wadden Sea migrating shoals occur. The average period between succeeding shoals
correlates to the tidal prism and has values ranging between 4 and 130 years. A larger tidal prism
favors larger periods between successive shoal attachments. However, such a relationship was not
found for wide inlets with multiple channels. There is a positive relationship between the frequency
with which the shoals attach to the coast and their migration velocity, and a negative relationship
between the migration velocity of the shoal and the tidal prism. Finally, the data were too sparse
to assess whether the longshore sediment transport has a significant effect on the period between
successive shoals that attach to the coasts downdrift of the observed tidal inlets.
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Chapter 4. Cyclic behavior of sandy shoals on the ebb-tidal deltas of the Wadden Sea

4.1 Introduction

Seaward of tidal inlets, ebb-tidal deltas are shaped by the joint action of waves and tides
(Hayes, 1975; Oertel, 1975). Their morphology is dynamic (Oertel, 1977), alongshore
transported sediment bypasses inlets from the updrift to the downdrift side through com-
plex pathways involving the ebb-tidal delta and the inlet channels (FitzGerald et al.,
2000). Part of the sediment bypasses the inlet as a coherent body, in general this is accom-
plished by 1) inlet migration and subsequent spit breaching or 2) the formation of large
shoals on the ebb-tidal delta (often composed of multiple swash bars) that migrate to the
coast (FitzGerald, 1988). The second process was categorized into multiple conceptual
models by FitzGerald (1982) and FitzGerald et al. (2000), which discriminate between
the impact of the shoal on the channels seaward of the inlet, i.e., stable inlet processes,
ebb-tidal delta breaching, and outer-channel shifting. The attachment of a shoal to a bar-
rier island is an episodic event that is observed at the downdrift side of many tidal inlets.
The average period between successive attachments, PS, shows a wide range of values.
For example, at Teignmouth PS ∼5 yr (Robinson, 1975; Siegle et al., 2004), at Essex Inlet
PS ∼6 yr (Smith and FitzGerald, 1994), at Deben estuary mouth PS ∼30 yr (Burningham
and French, 2006), at New Inlet, Cape Cod PS ∼2 yr(FitzGerald and Pendleton, 2002),
at Price Inlet, South Carolina PS ∼5.5 yr (FitzGerald, 1984; Gaudiano and Kana, 2001),
and at Ameland Inlet PS ∼55 yr (Israel and Dunsbergen, 1999).

Various explanations were given for the different typical periods of bypassing events.
Gaudiano and Kana (2001) investigated the cyclic behavior of shoals at nine inlets in
South Carolina and found that for these inlets a positive relationship exists between the
period between successive attachments of shoals and their tidal prism. Their conclusion is
in line with the statement of FitzGerald (1988) that the time required for shoals to migrate
onshore is typically shorter at smaller inlets because these generally have a smaller tidal
prism, and usually also a smaller ebb-tidal delta (Walton and Adams, 1976). Consequently
at smaller inlets shoals form closer to the coast. On the other hand, Hands and Shepsis
(1999) and O’Connor et al. (2011) related cyclic behavior of the morphology seaward
of other tidal inlets in the United States and Ireland to different climate phenomena that
cause alternating periods with higher and lower wave energy. Burningham and French
(2006) argued that the relatively long period between successive shoals at Deben Estuary
is a result of the fact that the ebb-tidal delta is mainly composed of gravel, which leads to
a lower sediment transport capacity.

Large shoals that migrate towards the coast are also observed at many tidal inlets
along the Wadden Sea (Ehlers, 1988), an inland sea that is bordered from the North Sea
by a chain of barrier islands that extends over Netherlands (West Frisian Islands), Ger-
many (East and North Frisian Islands), and Denmark (Danish Wadden Islands). A better
understanding of the periodically migrating shoals on the ebb-tidal deltas of the Wadden
Sea is relevant, since they play an important role in the morphology of the islands and
the sediment balance of the nearshore zone. For example, FitzGerald et al. (1984) rec-
ognized that the shape of the East Frisian Islands is strongly affected by the location at
which these shoals attach to the islands. Also, the coasts of many of the barrier islands
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require high maintenance, while the attachment of a shoal to the coast can supply up to
O(107) m3 of sand (Sha, 1989b; Hofstede, 1999b). Quantifying the migration of shoals on
the ebb-tidal deltas of the Wadden Sea was done in several case studies, e.g., at Ameland
Inlet (Israel and Dunsbergen, 1999). However, not all inlets were examined, nor were the
characteristics of the migrating shoals at different inlets of the Wadden Sea compared.

Therefore, in this chapter it is assessed at which inlets of the Wadden Sea shoals
migrate from the ebb-tidal delta to the coast, and what the typical time period between
successive attachments of the shoals is. Also, it is investigated whether the relationship
between this period and the tidal prism as found by Gaudiano and Kana (2001) is appli-
cable to the ebb-tidal deltas of the Wadden Sea. This is not obvious, as the range of tidal
prisms of the inlets considered in that study is much smaller than the range of tidal prisms
of the inlets of the Wadden Sea. Since the migrating shoals are commonly related to the
bypassing of sediment along inlets, the effect of the net wave-driven alongshore sediment
transport on the period between successive shoal attachments is also investigated. Finally,
it is established whether the velocity of migrating shoals is related to the period between
successive attachments.

In the following section, first the data that were used for this chapter and the general
characteristics of the study area are discussed. Next, in section 3 the cyclic behavior of
shoals at a number of exemplary inlets is presented. The shoal migration at all studied
inlets is presented as online supplementary material1. In section 4, the characteristics of
the migrating shoals observed on the ebb-tidal deltas of the Wadden Sea are discussed and
compared to those observed by Gaudiano and Kana (2001). The final section contains
the conclusions.

4.2 Material and methods

4.2.1 Data sources

The bathymetry of the West Frisian Islands and their ebb-tidal deltas are monitored by the
Dutch government (Rijkswaterstaat) and these observations are made publicly available
through opendap.deltares.nl. In this chapter, three different datasets were used to ana-
lyze the migration of shoals towards the West Frisian Islands. The ”Strandlijnen” dataset
(Edelman, 1966) contains the position of the mean low water line on a yearly interval
between 1843 and 1998, with an alongshore spacing of ∼1 km. The ”Jarkus” dataset
contains bathymetric profiles along cross-shore transects on a yearly interval since 1965,
with an alongshore spacing of ∼200 m and a cross-shore spacing of 5 m. Finally, the
”vaklodingen” dataset contains bathymetric profiles covering the entire Dutch coast with
a 20 m spacing. The profiles are obtained at least every 7 years since 1981 and charts
are available from 1926. Not all regions were monitored in the same year. Consequently,
charts presented in this chapter were sometimes constructed from multiple surveys, which
were conducted at most one year before or after the year that the chart represents.

1http://www.sciencedirect.com/science/article/pii/S0278434315301205
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Table 4.1: Wave stations in the North Sea, local water depth (h), observed period, mean significant
wave height (Hs), and mean peak period (Tp).

Station name Short h (m) period Hs (m) Tp (s)
IJmuiden IJM 21 1990 - 2012 1.29 5.82
K13 K13 27 1990 - 2012 1.47 6.04
Eierlandse Gat EIE 26 1990 - 2012 1.37 6.00
Schiermonnikoog SCH 19.5 1990 - 2012 1.18 5.77
Fino1 FN1 29 2006 - 2009 1.49 6.99
Elbe ELB 25 2006 - 2009 1.07 5.75
Helgoland HEL 20 2009 - 2009 1.06 5.91
Sylt SLT 13.2 2006 - 2009 1.02 6.64
Fanø Bugt FNO 15.3 1998 - 2007 1.04 5.65

For the (German) East and North Frisian Islands, yearly bathymetric data from 1982
to 2012 were made available by the Bundesamt für Seeschifffahrt und Hydrography (BSH)
on a grid with a spacing of 50 m. The bathymetries were constructed by spatio-temporal
interpolation on a high amount of survey data from German authorities and other sources.
The quality of these data in the highly dynamic regions around tidal inlets did not allow
for an analysis of the migration of individual shoals in front of the tidal inlets (except
for shoals in front of Norderneyer Seegat between 1995 and 2012). It was nevertheless
possible to use bathymetric data to determine the cross-sectional area of the inlets. No
bathymetric data to study migrating shoals at the Danish Wadden Islands were available.
Therefore, inspired by Capo et al. (2014), the migration of shoals on ebb-tidal deltas of
the East and North Frisian Islands and the Danish Wadden Islands was extracted from
satellite observations. For this, a total of 47 Landsat satellite images (USGS; available
through http://earthexplorer.usgs.gov/ ), were selected (moments with little cloud cover
and a low water level) in the period between 1973 and 2014, and subsequently analyzed
using the open source geographic information system QGIS. It turned out that no satellite
images were available in the period from 1991 to 1997 and only one satellite image before
1985 could be used. An additional 15 Landsat satellite images were used to determine the
migration of shoals seaward of the West Frisian inlets from space. The total shoal area
that is visible in satellite images depends on the water level and wave conditions on the
ebb-tidal delta, hence the area of the migrating shoals could not be determined.

To obtain estimates of longshore sediment transport, a wave climate was constructed
from hourly observations of wave characteristics at several stations in the North Sea (Ta-
ble 4.1 and Fig. 4.1). The only exception concerns Fanø Bugt station that records wave
characteristics on a three hourly interval.

4.2.2 Characteristics of the study area

The names and locations of the West (No. 1 to 6), East (7 to 13), North (14 to 17) Frisian
and Danish (18 to 21) inlets that are considered in this chapter are indicated in Fig. 4.1.
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Figure 4.1: Map of the study area, including the names of the inlets considered in this chapter.
Furthermore, the locations of the wave stations presented in Table 4.1 are indicated.

The tidal wave propagates along the coast from Texel Inlet towards Grå Dyb. The tidal
range is minimal (1.35 m, Sha and van den Berg (1993)) seaward of Texel Inlet, increases
towards the Elbe mouth (3.0 m seaward of Hever Inlet, Hofstede (1999a)), and decreases
again towards the north (1.5 m seaward of Grå Dyb, Vinther et al. (2004)). The tidal
prism of the different inlets was extracted from literature and presented in Table 4.2. Note
that for some inlets multiple estimates are given. In such cases the most recent estimate
is used. The evolution of the ebb-tidal deltas of Vlie Inlet, Texel Inlet and Zoutkam-
perlaag was strongly influenced by large interventions in the Wadden Sea in 1932 and
1969 (Biegel and Hoekstra, 1995; Elias and Van der Spek, 2006; Elias et al., 2012). The
migration of shoals in the period prior to the interventions was studied on the latter two
ebb-tidal deltas because it is possible that some of the shoals that attached to the down-
drift coast afterwards formed as a result of the adjustment of the ebb-tidal delta to the new
hydrodynamic conditions. Due to the lack of adequate data this was not possible for the
migration of shoals on the ebb-tidal delta of Vlie Inlet.

The average significant wave height is largest seaward of the West Frisian Islands (Ta-
ble 4.1). An estimate of the longshore sediment transport (including pores), QL, along the
islands was derived using the CERC formula (CERC, 1984; Komar, 1998). This requires
the wave height and propagation direction at the location of wave breaking, of which a cli-
matology (consisting of 900 classes) was obtained by using the wave propagation model
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Table 4.2: Tidal prism (QP) and longshore sediment transport (QL) of the tidal inlets along the
Wadden Sea coast. Part of this data was found in literature: (1) Elias and Van der Spek (2006), (2)
Duran-Matute et al. (2014), (3) Sha (1989a)(after Postma 1982), (4) Biegel and Hoekstra (1995),
(5) Niemeyer (1994), (6) Stanev et al. (2003), (7) Hofstede (1999b), (8) Dick and Schönfeld (1996),
(9) Lumborg and Windelin (2003), (10) Pedersen and Bartholdy (2007).

Inlet No. QP (106 m3) QL (106 m3 yr−1)
Texel Inlet 1 700(1)a 0.2
Eierlandse Gat 2 180(2) 0.1
Vlie Inlet 3 934(2) 0.4
Ameland Inlet 4 383(2) 1.0
Pinkegat 5 100(3) 1.4
Zoutkamperlaag 6 320(4)b 1.4

200(3)c

Westerems 7 1000(3) 1.1
Osterems 8 525(5) 0.8
Norderneyer Seegat 9 163(3) 1.3
Wichter Ee 10 39(6) 1.2
Accumer Ee 11 174(6) 1.2
Otzumer Balje 12 145(6) 1.1
Harle Inlet 13 123(6) 1.0
Hever Inlet 14 835(7) 1.4
Schmaltief 15 183(8) 0.0
Amrum Inlet 16 906(8) 1.4
Hörnum Inlet 17 586(8) 0.4
Lister Dyb 18 620(9) 1.1
Juvre Dyb 19 155(10) 0.2
Knude Dyb 20 175(10) 0.0
Grå Dyb 21 138(10) 0.6
a Before 1932
b Before 1969
c After 1969
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of Battjes and Janssen (1978) and the wave climate observed at the wave stations in the
North Sea. Estimates of the wave-driven longshore sediment transport along the islands
are presented in Figs. 4.2 and 4.3, and Table 4.2. The values of QL presented in the table
are based upon a weighted average (scaled with the distance between the buoys and the
inlet) of the different estimates of QL that were found for the coast updrift of the inlets
(Fig. 4.2 and 4.3). Data of the Fino 1 buoy were not used in the analysis because the
observed wave climate was more energetic than that at the other buoys, which seems to
lead to an overestimation of QL. Knude Dyb is special, as the longshore sediment trans-
port along the coasts on both sides of the inlet is directed towards the inlet. The value
in Table 4.2 results from averaging the estimates from both sides. It appears that there
is an increase in the wave-driven longshore sediment transport towards the east along the
West Frisian Islands and a large and almost constant eastward longshore sediment trans-
port along the East Frisian Islands. Furthermore, there is a southward longshore sediment
transport south of the island Sylt, while north of Sylt the wave-driven longshore sediment
transport converges around Knude Dyb and Juvre Dyb. The estimate of the longshore sed-
iment transport along the Skallingen peninsula (updrift coast of Grå Dyb) was obtained
from literature (Aagaard and Sørensen, 2013). This was done because this coast receives
more shelter from the shallow cape of Blåvands Huk than the wave stations that were
used to construct a wave climate. A more detailed description of the computation of the
longshore sediment transport is presented as online supplementary material1.

4.2.3 Methods

This chapter investigated the relationship between both the average period between suc-
cessive shoal attachments at the downdrift coast and the migration velocity of the shoals
and 1) tidal prism, and 2) longshore sediment transport rate. Moreover, the relationship
between the frequency with which the shoals attach to the coast and their migration ve-
locity was investigated.

Shoals were visually identified in bathymetric charts and satellite images as coherent
migrating shallow features on ebb-tidal deltas, with a typical scale of a few 100 m in
both horizontal directions. The average period between successive shoal attachments was
obtained by averaging the time between the moments that successive shoals for the first
time attach to the coast. To obtain the average migration velocity of the shoals, first
the edges of the shoals were manually selected in the bathymetric charts and satellite
images. Subsequently, the centroids of the shoals (based on area) were computed, and
their displacement was determined from successive images/charts. The displacement was
divided by the time between successive charts to obtain the velocity. Finally, the average
(and standard deviation) of the observed velocities was computed for each inlet. At some
inlets shoals could only be identified close to the moment that they attached to the coast.
As a consequence their migration velocity could not be determined.
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Figure 4.2: Wave-driven longshore sediment transport computed using the CERC formula, local
orientation of the coastline, and the wave climate as observed at different wave buoys (indicated by
the colored circles). Values indicate net longshore sediment transport in 106 m3yr−1. The arrows
indicate the direction of the longshore sediment transport, the colors correspond to the different
wave stations (abbreviated as in Table 4.1). a) West Frisian Islands. b) East Frisian Islands.
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Figure 4.3: As in Fig. 4.2. a) North Frisian Islands. b) Danish Wadden Islands.

4.3 Results

4.3.1 Cyclic shoal behavior at individual inlet systems

Cyclic events of migrating shoals are illustrated by a historical review of Vlie Inlet, Os-
terems, Accumer Ee, and Hörnum Inlet. Vlie Inlet is presented because the analysis of
this inlet is exemplary for that of the West Frisian inlets. The observed shoal migration
on the ebb-tidal delta of this inlet is characteristic for that on ebb-tidal deltas seaward
of an inlet that consists of multiple channels. Shoal migration on the ebb-tidal delta of
Osterems shows similar characteristics. This inlet is presented because, in contradiction
to Vlie Inlet, it is not influenced by major changes in the back-barrier basin. The shoal
behavior on the ebb-tidal delta of Accumer Ee is presented because of its high morpho-
dynamic activity compared to the average over all inlets. Finally, shoal migration on the
ebb-tidal delta of the Hörnum Inlet is discussed because this ebb-tidal delta is representa-
tive for ebb-tidal deltas with low morphodynamic activity. A complete analysis of shoal
behavior on ebb-tidal deltas of all inlets, accompanied by an extensive amount of images,
is given in the online supplementary material1.

Vlie Inlet

The Jarkus data reveal that shoals attached to the coast downdrift of Vlie Inlet in 1965,
1976, 1996, and 2012 (Fig. 4.4). From this, the mean period between successive attach-
ments was established at 16 years (standard deviation (std): 4.5 yr). The events caused
a displacement of the position of the mean low water line (MLWL), which is visible in
Fig. 4.5. Peaks in the evolution of the MLWL at stations 47 and 48 suggest that also
around 1865, 1890, 1905, 1925, 1940, and 1955 a shoal attached to the coast.
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Figure 4.4: Temporal evolution of the shoreline downdrift of the Vlie Inlet. The colored contours
are constructed from the cross-shore depth profiles (Jarkus dataset); Contour lines obtained from
the vaklodingen dataset are shown when available. A shoal attached to the coast in 1965, 1976,
1996, and 2012, as indicated by the magenta arrows. In the first frame the entire ebb-tidal delta and
the region that is considered in the following frames is shown. The white dots indicate the location
of the stations at which the position of the mean low water line was determined. The corresponding
station numbers increase from 43 on the left to 50 on the right. Note that the contour lines that are
shown in the frame of 1965 were obtained in 1971.
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Figure 4.5: Evolution of the position of the mean low water line at different stations on the down-
drift coast of the Vlie Inlet in time. Station numbers are indicated in Fig. 4.4. The data suggest that
shoals attached to the coast in 1865 (visible at stations 43 and 44), 1890, 1905, 1925, 1940, and
1955 (stations 47 and 48), 1965 (stations 45 to 47), 1976 (stations 44 and 45), 1996 (station 45),
and 2012 (stations 44 and 45). Note the different scales of the vertical axis in the top and bottom
panels.

75



Chapter 4. Cyclic behavior of sandy shoals on the ebb-tidal deltas of the Wadden Sea

1.38 1.39 1.4 1.41 1.42 1.43 1.44 1.45
x 105

5.97

5.98

5.99

6

6.01

6.02

6.03x 105

X (m)

Y 
(m

)

Year: 2005

 

 

D
ep

th
 (m

)

−12

−10

−8

−6

−4

−2

0

2

1.38 1.39 1.4 1.41 1.42 1.43 1.44 1.45
x 105

5.97

5.98

5.99

6

6.01

6.02

6.03x 105

X (m)

Y 
(m

)

Year: 2007

 

 

D
ep

th
 (m

)

−12

−10

−8

−6

−4

−2

0

2

1.38 1.39 1.4 1.41 1.42 1.43 1.44 1.45
x 105

5.97

5.98

5.99

6

6.01

6.02

6.03x 105

X (m)

Y 
(m

)

Year: 2009

 

 

D
ep

th
 (m

)

−12

−10

−8

−6

−4

−2

0

2

1.38 1.39 1.4 1.41 1.42 1.43 1.44 1.45
x 105

5.97

5.98

5.99

6

6.01

6.02

6.03x 105

X (m)

Y 
(m

)

Year: 2011

 

 

D
ep

th
 (m

)

−12

−10

−8

−6

−4

−2

0

2

2005 2007 

2009 2011 

Figure 4.6: The displacement of a shoal that attached to the downdrift coast of the Vlie Inlet in 2012
was manually tracked from 2005 to 2012; here four frames are shown. Its velocity was determined
from the yearly displacement of its centroid (blue circle).

An estimate of the migration velocity of the shoals on the ebb-tidal delta of Vlie Inlet
was established by tracking the yearly displacement of the shoal that is observed between
2005 and 2012 (Fig. 4.6). This resulted in a velocity of 212 m yr−1 (std: 69 m yr−1).

Note that the morphology of the ebb-tidal delta of Vlie Inlet significantly changed
as a result of changes in the local hydrodynamics due to the construction of a dike in
the Wadden Sea in 1932 (Elias et al. (2012), chapter 2). It is possible that some of the
shoals that attached to the downdrift coast were formed during the adjustment period of
the ebb-tidal delta to the new hydrodynamic conditions.

Osterems

Osterems is located between the islands Borkum and Juist. Three shoals attached to Juist
in the period 1984 to 2014 (in 1990, 2000 and 2006; Fig. 4.7). From this, the period
between successive shoals that attach to the coast of Juist was established at 8 years (std:
2.8 yr). No satellite images of the period from 1991 to 1997 are available. It was not
possible to estimate the migration velocity of the shoals that attach to the coast of Juist. In
addition, a second type of shoal migration is visible here. In the observed period, several
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shoals attached to a larger shoal that is located in the inlet and separates the channel
closest to Juist (cross-sectional area ∼1.6·103 m2) from the much larger main channel
(cross-sectional area ∼4.4·104 m2), the latter being located on the western side of the
inlet. There is a third region where migrating shoals are observed on this ebb-tidal delta.
Seaward of the main channel, two shoals that successively migrated towards the inlet
center were identified. The first vanished before 1998, the second appears in the satellite
image of 2000 and is still present in 2014.

Accumer Ee

Accumer Ee is located between the islands Baltrum and Langeoog. On the ebb-tidal delta
of this inlet, a total of 10 shoals were identified that migrate towards Langeoog in the
periods from 1984 to 1990 and 1998 to 2014 (Fig. 4.8). Some of these shoals already
merged before they attached to the coast (e.g., Fig. 4.8: 2006). Based upon the successive
attachments in 1986 and 1990, and in 2002 and 2006, 2010, a mean period between
successive attachments of a shoal to the coast of 4 years (std: 0.8 yr) was established. Note
that the time between the shoal that attached to the coast around 2010 and the moment that
its successor will reach the coast (still seaward of Langeoog in 2014) will be considerably
larger. Part of the shoals and centroids by which the shoal migration rates were determined
are shown in Fig. 4.8. Additionally, the displacement of the centroids of the shoals with
a red contour (from 1987 to 1990), cyan contour (from 1998 to 1999), orange contour
(from 2000 to 2005), yellow contour (from 2002 to 2006), red contour (from 2002 to
2010), green contour (from 2006 to 2010), and magenta contour (from 2011 to 2014)
that are shown in the online supplementary material1, was considered. The velocity was
established at 304 m yr−1 (std: 103 m yr−1).

Hörnum Inlet

The ebb-tidal delta seaward of Hörnum Inlet is characterized by relatively low morphody-
namic activity. In the period from 1973 to 2014, the shoals on this delta barely migrated
(Fig. 4.9). The attachment of shoals to the coasts adjacent to the inlet is not visible in the
observed period. Therefore, the period between successive attachments is larger than 40
years.

4.3.2 Relationships between morphodynamic and hydrodynamic char-
acteristics

The average period between successive attachments of shoals (PS) observed on all ebb-
tidal deltas is presented in Table 4.3. The number of bar migration events (N) that were
used to compute this average is also presented. A value of PS could not always be obtained
because at some inlets less than two migrating shoals were observed within the period that
observations are available. Table 4.3 also shows the average velocity of migrating shoals,
VS, and it is indicated whether the inlet consists of a single channel or multiple channels.
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Figure 4.7: Landsat images of the ebb-tidal delta seaward of Osterems, in different years. They
reveal migrating shoals that originate from the ebb-tidal delta, which are marked by colored poly-
gons. Their centroid is indicated by circles in corresponding colors. The green rectangle in the
first frame indicates the region that is visualized in the subsequent frames. In the observed pe-
riod, shoals attached to the island Juist around 1990 (yellow contour), 2000 (red contour) and 2006
(green contour). Meanwhile, also shoals that migrate towards the inlet are observed.
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Table 4.3: For each Wadden Sea inlet the average period between successive shoal attachments
(PS), velocity of the migrating shoals (VS), their respective standard deviations [std], number of bar
migration events observed (N), and if the inlet consists of a single (S) or multiple (M) channels is
given. Part of this data was found in literature: (1) Elias and Van der Spek (2006), (2) Sha (1989b),
and (3) Israel and Dunsbergen (1999).

Inlet PS [std] (yr) VS [std] (m yr−1) N S/M
Texel Inlet 130 [42] (1)a 67 [-] (2)a 2a S
Eierlandse Gat 6 [0.9] 230 [85] 3 M
Vlie Inlet 16 [4.5] 212 [69] 3 M
Ameland Inlet 59 [-] (3) 226 [68] 1(3) S
Pinkegat 9 [2.6] 292 [93] 4 M
Zoutkamperlaag 26 [4.6]b 314 [144]c 3b S
Westerems > 28 [-] 84 [32] 0 S
Osterems 8 [2.8] - 2 M
Norderneyer Seegat 5 [-] 246 [59] 2 M
Wichter Ee 4 [1.5] 351 [83] 3 S
Accumer Ee 4 [0.8] 304 [103] 4 S
Otzumer Balje 10 [0] 186 [100] 2 S
Harle Inlet 5 [-] 340 [147] 1 S
Hever Inlet 21 [7] - 2 M
Schmaltief > 20 [-] - 0 M
Amrum Inlet > 20 [-] - 0 M
Hörnum Inlet > 40 [-] - 0 S
Lister Dyb ? - 0 S
Juvre Dyb > 15 [-] - 0 S
Knude Dyb 8 [2.1]d 103 [31]d 3d M
Grå Dyb 8 [1] - 3 M
a Before 1932.
b Before 1969
c After 1969
d Observed shoals attached to a shoal inside the inlet.
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Figure 4.8: Landsat images of the ebb-tidal delta seaward of Accumer Ee, in different years. They
reveal migrating shoals that attached to the coast of Langeoog in the period from 2003 to 2010,
which are marked by colored polygons. Their centroid is indicated by the circles in corresponding
colors.

In Fig. 4.10 the average period between attachments of successive shoals is plotted
against the tidal prism. This is done for all inlets for which a typical period was obtained
in this chapter, as well as for the inlets considered by Gaudiano and Kana (2001). There
is no significant relationship between PS and the tidal prism when all observed inlets are
considered (R2 = 0.28), despite the fact that the best linear fit through all data points is
close to the relationship that was found by Gaudiano and Kana (2001). A higher correla-
tion coefficient (R2 = 0.88) between PS and the tidal prism is found when only considering
inlets with a single channel in the inlet (dashed line in Fig. 4.10). This is because shoals
that attach to the coast are generally formed close to the most downdrift channel on the
ebb-tidal delta. This channel is located relatively close to the coast (considering the tidal
prism) on ebb-tidal deltas that are located seaward of inlets that are composed of multiple
channels (e.g., Osterems; Fig. 4.7). Consequently, shoals on such deltas travel a shorter
distance and attach to the coast more frequently.

Fig. 4.11 shows PS for the different inlets (in colors and numbers), together with their
tidal prism and the local longshore sediment transport. Inlets with a single channel are
indicated by circles. Surprisingly (given the fact that all shoals migrate in the downdrift
direction), there is not a clear effect of the longshore sediment transport on PS. However,
it should be mentioned that variation in inlet geometries obscures the picture. The under-
lying problem is that there are not enough data to distinguish between the effects of all
different parameters that possibly affect PS, such as the tidal prism, longshore sediment
transport, number of channels in the inlet, and offset of the downdrift islands.
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Figure 4.9: Landsat images of the ebb-tidal delta seaward of Hörnum Inlet, in different years
between 1973 and 2011. Shallow areas are indicated by yellow polygons. In the observed period,
migrating shoals that attach to the coast are not observed.
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Figure 4.10: Period between successive attachments of shoals plotted against the tidal prism. Panel
b shows a zoom of the lower part of the domain displayed in panel a. Error bars indicate the
standard deviation. Wadden inlets with a single (multiple) channel(s) in the inlet are indicated by
blue circles (red triangles). Magenta circles indicate the Gaudiano and Kana (2001) inlets. The
black solid line gives the linear fit for all data points. The black dashed line gives the linear fit
for the inlets with a single channel in the inlet, and the black dotted lines give the 95% confidence
interval of this regression. Finally, the solid (dashed) magenta line shows the relationship found by
Gaudiano and Kana (2001) including (excluding) Stono Inlet, which they identified as a possible
outlier.
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Figure 4.11: Dependence of the period between successive attachments of shoals (indicated by the
color of the symbols, and the numbers) on the tidal prism and the longshore sediment transport.
Inlets with a single (multiple) channel(s) in the inlet are indicated by circles (triangles).
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In Fig. 4.12a the mean migration velocity of the shoals is plotted against the frequency
at which the shoals attach to the coast (1/PS). This velocity is larger at inlets where
shoals attach to the coast more frequently, but the R2 of the linear fit through these points
is not high. The fastest migrating shoals are found on the ebb-tidal deltas of the East
Frisian inlets. The circle that represents the migration velocity of shoals on the ebb-tidal
delta of Knude Dyb is an outlier in this figure. Note that these shoals did not migrate to
the coast, but to a large shoal located in the inlet (see online supplementary material1).
Furthermore, the observed velocity of the shoals at Norderneyer Seegat in the period
from 2002 to 2011 (246 m yr−1) is relatively small, also compared to the 406 m yr−1

that was observed for the period from 1926 to 1957 by Homeier and Kramer (1957) (in:
Nummedal and Penland (1981)). Finally, note that the velocity of the shoal migrating to
Borkum (84 m yr−1) is not displayed in Fig. 4.12a because PS could not be determined
for this inlet. In Fig. 4.12b the velocity of the migrating shoals is plotted against the tidal
prism of the inlets. It appears that the migration velocity of shoals decreases with an
increasing tidal prism. This relationship is more convincing when only inlets that consist
of a single channel are considered. The shoals migrating seaward of Texel Inlet and
Westerems migrate significantly slower than the other shoals observed. This was already
recognized by Ehlers (1988), who referred to them as mega shoals.

4.4 Discussion

Many ebb-tidal deltas seaward of inlets along the Wadden Sea exhibit migrating shoals.
The associated inlets can be divided into two categories. The first involves shoal behavior
that is described by the conceptual models presented by FitzGerald (1982). Shoals that
migrate to the coast downdrift of the inlet form in the vicinity of the dominant ebb channel
on the ebb-tidal delta (e.g., Accumer Ee). This channel is often the extension of the only
channel present in the inlet. The second category covers shoals that form in the vicinity
of a secondary channel that is located closer to the downdrift coast (e.g., Vlie Inlet and
Osterems). The latter occurs at tidal inlets that contain multiple channels.

Compared to the inlets studied by Gaudiano and Kana (2001), the inlets of Wad-
den Sea have a larger tidal prism (except Wichter Ee). Furthermore, the average period
between successive attachments of shoals to the downdrift coasts is similar at the East
Frisian inlets and larger at the other inlets. In agreement with that study, the data sug-
gest that a larger PS occurs for inlets with a larger tidal prism, but only for inlets that are
composed of a single channel. At inlets with multiple channels the period seems to be
smaller than at inlets with a single channel. This is because sand is temporarily stored in
between the channels, and the presence of a secondary channel in the inlet causes shoals
to form closer to the coast. The inlets with multiple channels are characterized by a rela-
tively high width-to-depth ratio compared to the single channel inlets. Other parameters,
such as the offset of the downdrift islands (large at e.g., Accumer Ee and Otzumer Balje),
and the longshore sediment transport probably also affect PS. However, to discriminate
between the effects of all different parameters more data than presently available are re-
quired. Therefore, the results of this chapter call for a modeling study of migrating shoals
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Figure 4.12: Mean migration velocity of the shoals (error bars indicate the standard deviation)
plotted against a) the frequency at which shoals attach to the coast and b) the tidal prism. The
solid line shows the best linear fit through all data points. The dashed lines show the best linear fit
through the data points that represent inlets with a single channel (indicated with blue circles). The
dotted lines show the 95% confidence interval of the regressions that are shown by the dashed lines.
The numbers indicate the representative inlets and correspond to Fig. 4.1. Note that the migration
velocity of shoals at the Zoutkamperlaag is only plotted in panel b as it was determined for shoals
migrating after the closure of the Lauwerszee in 1969.
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on ebb-tidal deltas, in which the effects of the tidal prism, aspect ratio of the inlet, local
sand supply, and the longshore sediment transport on PS can be studied independently.
The findings support the theory of FitzGerald (1988), who noted that the time required
for shoals to migrate onshore is strongly affected by the distance between the location at
which the shoals form and at which they attach to the coast.

Consecutive migrating shoals were not observed along the North Frisian inlets. This
also holds for Hever Inlet, where shoals are only visible close to the moment that they
attach to the coast. Due to the local large tidal range, the North Frisian inlets are located
relatively close to each other (Hayes, 1975). As a consequence, their ebb-tidal deltas
partly overlap and the region in which shoals could potentially form and migrate to the
coast is influenced by tidal currents of adjacent inlets. Also, the local incident wave en-
ergy is considerably lower than that at the West and East Frisian inlets and the ebb-tidal
deltas have a tide dominated morphology (Carr-Betts et al., 2012). Such systems are not
captured by conceptual models for sediment bypassing in the form of migrating shoals
because these models consider mixed energy inlets (FitzGerald, 1988; FitzGerald et al.,
2000). Furthermore, Hörnum and Amrum Inlet have a large tidal prism, and the absence
of migrating shoals within the observed period could thus be because the local hydrody-
namics is tide dominated or because the period between successive shoals is larger than
the period observed.

Time gaps in bathymetric data and satellite images are a cause of uncertainty in de-
termining the exact moment of shoal attachment, hence in PS. But, the impact of this
uncertainty on PS decreases when multiple shoals are considered. The time gaps have a
smaller impact on the computed migration velocity, since the speed is determined each
time slice and only the average of all observed velocities is considered. Note that in cases
that a standard deviation could not be determined, an error bar of 30% was added to
Fig. 4.10 and 4.12 and that some shoals were omitted from the analysis to decrease the
uncertainty. More details on which shoals were considered to obtain PS and the migration
velocity are presented in the online supplementary material1.

At Accumer Ee and Otzumer Balje it was sometimes difficult to discriminate succes-
sive shoals from each other, as they overtake each other, merge, and attach to the shore
simultaneously. This is a result of the short time-span between successive shoals and
the fact that their migration velocity often decreases when the shoals get closer to the
coast. The latter was already recognized by FitzGerald (1988), who stated: ”As swash
bars move up the shoreface, they gain a greater intertidal exposure. Thus, flood tidal and
wave-generated currents, which cause the bars’ onshore migration, operate over an in-
creasingly shorter period of the tidal cycle. This decelerates the bars’ onshore movement
leading to a stacking and coalescing of individual bars.”

The longshore transport rates presented in this chapter are rough estimates calculated
with the CERC formula. This formula assumes a straight coast without interruptions, and
does not account for the slope of the beach or the sediment grain size (e.g., Kamphuijs,
1991). Also, note that the presented estimates strongly depend on the defined orientation
of the coast. More details on how the estimate of the longshore transport rate are obtained
is given in the online supplementary material1.

In addition to tidal prism and wave energy, ebb-tidal deltas can also be effected by
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dredging activity. For example, the inlet channel at Gra Dyb is heavily dredged to pro-
vide access to Esbjerg Harbor. Furthermore, seaward of Harle Inlet the bathymetry is af-
fected by the Elbe mouth, which affects the local hydrodynamics. Moreover, the ebb-tidal
deltas of Texel Inlet, Vlie Inlet, and Zoutkamperlaag were strongly affected by human
interventions in the Wadden Sea (Elias et al., 2012; Biegel and Hoekstra, 1995). The
presented characteristics of Texel Inlet represent pre-intervention conditions. Except for
the shoal velocity, the same applies to Zoutkamperlaag. Interestingly, in contradiction to
what was stated by Oost (1995), after the intervention migrating shoals are still present
on the ebb-tidal delta of Zoutkamperlaag. The morphology of Harle Inlet is affected by
a ∼1.5 km long jetty located in the inlet that was constructed to protect the western coast
of Wangerooge. Finally, some channels on ebb-tidal deltas are more or less fixed at their
position because they are scoured into resistant sediment layers. It is known that this af-
fected the morphology of Norderneyer Seegat, Accumer Ee and Lister Dyb (FitzGerald
and Penland, 1987; Lindhorst, 2007). It is not known to what extent this influences the
channels and shoals on the ebb-tidal deltas.

Similar shoals as those which periodically attach to the large shoal in Osterems and
Knude Dyb, periodically attach to the mega shoal located seaward of Texel Inlet. Such
shoals that attach to larger shoals on ebb-tidal deltas are also observed at Arcachon Inlet
where shoals periodically migrate from the upper to the lower delta (Capo et al., 2014). A
crucial difference between the ebb-tidal deltas seaward of Texel Inlet and Knude Dyb on
the one hand, and Osterems and Arcachon Inlet on the other hand is that only at the latter
two deltas, also shoal migration from the mega shoals to the adjacent coast is observed
(PS ∼8-10 yr). This difference is possibly related to the much smaller net longshore
sediment transport at Knude Dyb and Texel Inlet compared to that at the other two inlets.
It is possible that larger shoals migrate on the ebb-tidal deltas on longer time scales. In this
respect, FitzGerald (1988) stated that ”at inlets that bypass sand through ebb-tidal delta
breaching, small bar complexes may form and migrate onshore between major ebb-tidal
delta breaching events”.

In the analysis presented in section 4.3.2, data obtained for the ebb-tidal deltas of the
Wadden Sea were combined with data obtained by Gaudiano and Kana (2001). For var-
ious reasons, it was decided not to include other ebb-tidal deltas for which a typical time
scale between successive shoals was found in literature. These are, the ebb-tidal delta of
Willopa Bay, where outer delta breaching occurs (PS ∼16 yr) (Hands and Shepsis, 1999),
which was excluded because the bypassed sand does not form a shoal that attaches to the
coast downdrift of the inlet (FitzGerald et al., 2000). The Irish ebb-tidal deltas described
by O’Connor et al. (2011) and that of Teignmouth were excluded because their morphol-
ogy is influenced by headlands, the effect of which is beyond the scope of this chapter.
The ebb-tidal delta of Deben Inlet was excluded because it is built up of coarse sediment.
New Inlet, Cape Cod could not be included because its tidal prism was not found. Finally,
it was decided that adding only the ebb-tidal delta of Essex Inlet to Fig. 4.10 would make
the analysis less clear. Of the above mentioned tidal inlet systems, only that of Essex Inlet
and Teignmouth, which have a PS and tidal prism that are both comparable to that of the
inlets studied by Gaudiano and Kana (2001), would not significantly alter the results of
the regression analysis that is presented in the previous section.
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4.5 Conclusions
Bathymetric profiles and satellite images were studied to assess the cyclic behavior of
shoals on the ebb-tidal deltas seaward of all inlets of the Wadden Sea. It was investigated
whether there is a relationship between both the migration velocity of the shoals and the
period between successive attachments of shoals to the coast downdrift of an inlet, and
the tidal prism and longshore sediment transport.

Shoals that migrate towards the coast of the downdrift island were found on all studied
ebb-tidal deltas of the West and East Frisian Islands and at some of the ebb-tidal deltas
of the North Frisian Islands and Danish Wadden Islands. The average period between
successive attachments of these shoals varies between 4 and 130 years.

Two distinctive classes of ebb-tidal deltas were identified that differ in the amount of
channels that is present in the adjacent tidal inlets. For inlets with a single channel, the
data analysis indicates that a larger tidal prism leads to a larger period between successive
shoals and a slower migration velocity of shoals on ebb-tidal deltas. Shoals on ebb-tidal
deltas seaward of wide inlets with multiple channels do not obey this relationship because
these shoals are formed relatively close to the coast. Finally, there is a positive relationship
between the migration velocity of the shoals and the frequency with which they attach to
the coast. The data were too sparse to assess whether the longshore sediment transport
has a dominant effect on the period between successive shoals that attach to the coasts
downdrift of the observed tidal inlets.
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Abstract

Coherent sandy shoals that migrate towards the downdrift coast are observed on many ebb-tidal
deltas. In this chapter, processes that cause the formation and migration of shoals on ebb-tidal
deltas are identified. Moreover, the effect of the incident wave energy and the tidal prism of an inlet
on the migration speed of these shoals is investigated. For this, a numerical morphodynamic model
with an idealized geometric set-up is employed. The model computes the bed-level evolution due to
local erosion and deposition of sand driven by tides and waves. Analysis of model results shows that
shoals form when there is a local imbalance between the local bathymetry and the wave conditions,
which in this chapter was imposed by artificially breaching the ebb-tidal delta or by adding storms
to the wave forcing. There are thresholds for shoal formation that depend on the distribution of the
sand and the incident wave energy. Wave refraction over the shoals leads to focusing of wave energy
and increased wave energy dissipation around the location of the local minimum water depth. This
generates residual currents over the shoal and increased skin friction towards the local minimum
water depth, which together create a sand transport pattern that induces the growth and migration
of the shoal. Sand transport due to asymmetric waves contributes to keeping the shoal a coherent
structure. It was found that shoal migration speed increases with increasing incident wave energy
and decreasing tidal prism. The latter is because tidal residual currents oppose wave-driven currents
that cause shoal migration.
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Ebb-tidal delta breaching Stable inlet processes Outer channel shifting 

Figure 5.1: Adapted from: FitzGerald et al. (2000). Conceptual models of shoal formation and
migration on ebb-tidal deltas.

5.1 Introduction

On many ebb-tidal deltas, shoals form repetitively and migrate towards the downdrift
coast, i.e., in the direction of the net alongshore sediment transport (e.g., Robinson, 1975;
O’Connor et al., 2011). Various generic conceptual models that describe the migration
of shoals on ebb-tidal deltas have been introduced (Fig. 5.1). These models (FitzGerald,
1982, 1988) distinguish between the stability of the main ebb channel. Sometimes the
main ebb channel of an ebb-tidal delta is stable (i.e., it does not migrate), this is often
due to the presence of layers that are resistent to erosion (FitzGerald et al., 2000). Wave
built accumulations of sand on the margins of such ebb-tidal deltas cause formation and
subsequent migration of shoals. These processes are referred to as stable inlet processes
(FitzGerald, 1988). At ebb-tidal deltas of other inlets, shoals form due to the accumula-
tion of sand updrift of a channel. These shoals deflect the channel towards the downdrift
coast until a breach occurs that establishes a more efficient ebb channel and a large vol-
ume of sand is then located downdrift of the new channel. Part of this sand will fill-up
the old channel, and a part will form a shoal that migrates towards the downdrift coast.
This process is referred to as ebb-tidal delta breaching (FitzGerald, 1988), or when it is
limited to the seaward end of the channels on the ebb-tidal delta outer-channel shifting
(FitzGerald et al., 2000).

Numerical model studies were conducted to gain insight into the physics that control
the morphodynamics of ebb-tidal deltas. Migrating shoals on ebb-tidal deltas were for
the first time modeled by Cayocca (2001) in simulations of the long-term morphologic
evolution of the Arcachon inlet. A key conclusions was that waves are essential for the
migration of shoals. Siegle et al. (2004) and Elias et al. (2006) performed case studies
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of the sand transport on ebb-tidal deltas, and found sand recirculating in patterns where
tidally-driven offshore sand transport takes place in the ebb channel and primarily wave-
driven onshore sand transport over the margins of the ebb-tidal delta. Herrling and Winter
(2014) showed that sand also bypasses ebb-tidal deltas without forming coherent bodies,
and that sand transport patterns under high energy wave conditions are different from
those under fair weather conditions.

Ranasinghe and Pattiaratchi (2003) and Bertin et al. (2009a) assessed physical mech-
anisms that cause the seasonal closure of inlets by shoal formation, but their conclusions
were different. Ranasinghe and Pattiaratchi (2003) used representative forcing condi-
tions for Australian inlets and found that cross-shore sand transport due to asymmetric
waves is a dominant mechanism that pushes sand towards the inlet and causes it to close.
Asymmetric waves were also shown to be the cause of shoreward migration of sandbars
on closed coasts (e.g., Hoefel and Elgar, 2003; Ruessink et al., 2007). On the other hand,
Bertin et al. (2009a) related the movement of shoals that cause the closure of a Portugese
inlet to wave-driven residual flow over the shoal that is caused by the imbalance between
the onshore component of the wave radiation stress and pressure gradients. In that study,
sand transport due to asymmetric waves was not considered.

Nahon et al. (2012) and Dastgheib (2012) successfully simulated migrating shoals
that resemble those in the conceptual models of FitzGerald (1988). Both assessed how
the morphological behavior of a tidal inlet system depends on the forcing of tides and
waves. In their simulations (in which wave height was kept constant), formation and
migration of shoals on ebb-tidal deltas only occurred when they considered high energy
wave conditions (Hs ∼2 m). Interestingly, Nahon et al. (2012) obtained a time period of
∼18 weeks between consecutive shoals, whereas Dastgheib (2012) obtained a period of
∼15-20 years. A possible explanation for this difference is that tidal prism in the latter
study was much larger (O(108) m3 vs. O(107) m3), since observations indicate that the
tidal prism is positively related to the period between consecutive shoals and negatively
related to the migration speed of shoals on ebb-tidal deltas (Gaudiano and Kana (2001),
chapter 4). Although Nahon et al. (2012) and Dastgheib (2012) simulated the generation
and migration of these shoals, they did not discuss underlying physical mechanisms.

This chapter has two specific aims. The first is to investigate what conditions are
necessary and sufficient to form a shoal on an ebb-tidal delta, and what conditions are re-
quired for shoal migration. The hypothesis is that shoals are transient phenomena that are
generated when a part of the ebb-tidal delta bathymetry is locally out of equilibrium with
the wave conditions. This is inspired by the conditions responsible for the transformation
of the morphology of sandbars, i.e., cross-shore bar migration and longshore variability
(Lippman and Holman, 1990). It is also discussed which physical processes contribute to
the formation and migration of shoals. The second aim is to determine the relationship
between the migration speed of a shoal on an ebb-tidal delta and both the wave height and
the tidal prism. As numerical studies showed that waves are important drivers of sediment
transport on ebb-tidal deltas, it is expected that shoals migrate faster over ebb-tidal deltas
that are exposed to higher wave energy.
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5.2 Material and methods
To fulfil the objectives, the model Delft3D (as discussed by Lesser et al. (2004)) is em-
ployed together with the spectral wave model SWAN (extensively described by Booij et al.
(1999) and Holthuijsen (2007)) to form a morphodynamic model with modules for cur-
rents, waves, sediment transport, and bed evolution. As is common practice in modeling
studies of ebb-tidal deltas, the model is executed in a depth-averaged mode because this is
computationally more efficient and has not led to significantly different results in this kind
of environments than 3D models (e.g., Grunnet et al., 2004; Lesser et al., 2004; Fiechter
et al., 2006). Below, the applied depth-averaged version of the model is presented.

5.2.1 Morphodynamic model

Model domain

The morphodynamic module is employed on a domain (Fig 5.2a) that consists of a tidal
inlet (size: 800 m by 1.3 km), which connects a back barrier basin (size: 9 km by 3.5 km)
to an open sea (size: 36 km by 13.5 km). Here, x and y are the alongshore and cross-
shore coordinates, respectively. The reason for considering a basin with these dimensions
is that the ebb-tidal delta will be relatively small and a high resolution can be applied
without too high computational costs. The model set-up is inspired by the morphology
and hydrodynamics of the Wadden Sea, a barrier island system in the southeastern part
of the North Sea (see e.g., Ehlers (1988)). The dimensions of the modeled back-barrier
basin are slightly larger than those of the smallest drainage basin of the Wadden Sea. The
schematized wave conditions are based upon a wave buoy that is located seaward of the
island Schiermonnikoog, recording wave height, period and direction.

Currents

The currents are described by the depth-averaged shallow water equations,

∂h
∂t

+
∂(hu)
∂x

+
∂(hv)
∂y

= 0, (5.1)
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. (5.3)

Here, h is the local water depth, η is the sea surface elevation with respect to the undis-
turbed water level, u and v are the depth-averaged velocities in the x- and y-direction
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Figure 5.2: a) Domain that is considered in the Delft3D model with colors indicating water depth
(m). The magenta lines indicate the borders of the region in which the model has the highest
resolution. b) Domain that is considered in the SWAN model, which consists of three nested grids
indicated by white numbers.
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respectively, f is the Coriolis parameter, g is the acceleration due to gravity, ρ is the con-
stant density of water, νe is the horizontal eddy viscosity, here assumed to be spatially
uniform, and Fx, Fy are components of the wave-induced force per surface area, given

by minus the divergence of the radiation stress tensor S (Longuet-Higgins and Stewart,
1962), i.e.,

Fx = −
∂S xx

∂x
−
∂S xy

∂y
, (5.4a)

Fy = −
∂S yx

∂x
−
∂S yy

∂y
, (5.4b)

where S , with elements S i, j, and i, j = x or y, is provided by the wave module. The bed-
shear stress components, τx and τy result from the nonlinear combination of the bed-shear
stress vector due to currents, ~τc, and that due to waves, ~τw, which are combined with the
parameterization of Soulsby et al. (1993) and the model of Fredsoe (1984). Here, ~τw is
controlled by the near-bed horizontal wave orbital velocity vector, which is determined
using linear wave theory and the local wave height, wave period, and wave length as
provided by the wave module. Furthermore, ~τc is proportional to |~u|~u (where ~u = (u, v)),
and is obtained with use of the formulation of Colebrook and White (1937) for the drag
coefficient, with a roughness height that follows from van Rijn (2007a).

The tides are forced by a semi-diurnal tidal wave (amplitude A, frequency ωM2) that
travels in the positive x-direction in the open sea. This is achieved by forcing the along-
shore open boundary with a harmonic variation in sea surface height, and the cross-shore
boundaries with harmonic Neumann conditions (Roelvink and Walstra, 2004).

Waves

The wave model SWAN is an open source third generation spectral wave model (Holthui-
jsen, 2007). It computes the wave spectrum in a domain using the wave action balance
equation, which in this chapter is used in its stationary form

∂(cg,xN)
∂x

+
∂(cg,yN)
∂y

+
∂(cθN)
∂θ

+
∂(cσN)
∂σ

=
S
σ
. (5.5)

Here, N is the spectral action density, which is a conserved quantity in the presence of
currents, σ is the relative frequency, θ is the spectral direction, cg,x and cg,y are the compo-
nents of the wave group velocity vector ~cg in the x- and y-direction, respectively. Further-
more, cθ and cσ are propagation velocities in the spectral space. Moreover, S represents
all sources and sinks that generate, dissipate, or redistribute wave energy. The first two
terms on the left hand side of Eq. (5.5) thus describe the propagation of wave action in ge-
ographical space, the third term describes refraction due to spatial variations of the depth
and the currents, and the fourth term describes the shifting of the relative frequency spec-
trum of the waves due to variations in depth and current. Finally, the sources and sinks
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that are considered in this chapter are bottom friction (formulation based on JONSWAP
model by Hasselmann et al. (1973)), white-capping (formulation based on Hasselmann
et al. (1973) and Komen et al. (1984)), and wave breaking (formulation based upon the
dissipation of a bore (Battjes and Janssen, 1978), γ = 0.73).

The radiation stress tensor S used in the hydrodynamic module results from the net
wave-induced depth-integrated fluxes of momentum,

S xx =

∫ 2π

0

∫ ∞

0
Ẽ

(
n cos2 θ + n −

1
2

)
dσdθ, (5.6a)

S xy = S yx =

∫ 2π

0

∫ ∞

0
Ẽn cos θ sin θdσdθ, (5.6b)

S yy =

∫ 2π

0

∫ ∞

0
Ẽ

(
n sin2 θ + n −

1
2

)
dσdθ, (5.6c)

where Ẽ is the spectral wave energy density (Ẽ = N/σ), and

n =
|~cg|

cw
=

1
2

(
1 +

2κh
sinh 2κh

)
, (5.7)

with cw = σ/κ the phase velocity of the waves. Additionally, the wave module provides
local data of the significant wave height Hs, peak period Tp associated wave number κp,
and peak wave propagation direction θp, to the current and sediment transport modules.

On the northern boundary, a JONSWAP wave spectrum is prescribed, with a direc-
tional spreading with a cosine power of 4 and a peak enhancement factor of 3.3. The
prescribed Hs, θp, and Tp of the spectrum are varied among different model runs.

Sediment transport

The sediment transport is calculated following the equations of van Rijn (2007a,b). Both
bedload and suspended load transport are considered. Suspended sediment transport is
calculated with a depth-averaged advection-diffusion equation,

∂(hc)
∂t

+
∂(huc)
∂x

+
∂(hvc)
∂y

+

−
∂

∂x
(hDH

∂c
∂x

) −
∂

∂y
(hDH

∂c
∂y

) =
ws(ceq − c)

Tsd
, (5.8)

with c the depth- and wave-averaged sediment concentration, DH the horizontal eddy
diffusion coefficient, ws the settling velocity of the sediment, and Tsd a parameter that
depends on the frictional- and settling velocity. Variable ceq is the equilibrium concen-
tration and is computed based on the assumption that the wave-averaged velocity has a
logarithmic profile in the vertical and a reference concentration close to the bottom that
incorporates the effect of bed slopes on the threshold of motion (see van Rijn (2007b) for
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details). The right hand side of Eq. (5.8) represents the net exchange of sediment between
the water column and the bed. The equilibrium concentration, ceq, which describes the
erosion of sediment from the bottom, depends on the skin friction due to the currents and
waves. The contribution of the waves to this skin friction is quadratic in the near-bed
wave orbital velocity,

uwb = (
1
2

u3
on +

1
2

u3
off)1/3, (5.9)

Here, uon and uoff are the absolute of the maximum and minimum of the (asymmetric)
intra-wave near-bed horizontal velocity vector ~uw,t, respectively. This velocity vector has
the same direction as the waves. In the default setting of the model, ~uw,t is parameterized
following Isobe and Horikawa (1982) and as modified by van Rijn et al. (2004). In the
discussion section of this chapter, also the new analytical parameterization of Abreu et al.
(2010) is considered. In that case the intra-wave near-bed horizontal velocity vector reads

~uw,t = urms fr

 sin (ωt) +
r sin (φ)

1+ fr

1 − r cos (ωt + φ)

 ~cw

|~cw|
, (5.10)

where urms is the amplitude of the symmetric near-bed wave orbital velocity that follows
from linear wave theory, ~cw/|~cw| indicates the propagation direction of the wave phase, t
is the time, fr =

√
1 − r2, ω = 2π/Tp, r is a nonlinearity measure, and φ a phase. Ruessink

et al. (2012) related both r and φ parametrically to the local Ursel number, Ur = 3
8

Hsκp

(κph)3 ,
which allows for a straightforward implementation of Eq. 5.10 into a numerical model.

The bedload transport vector, ~qb, is computed from the wave-averaged bedload trans-
port vector, ~qbw, combined with a vector that accounts for the sediment transport by under-
tow, ~qbu. The correction for local bed slope effects is computed following Bagnold (1966)
and Ikeda (1982) and controlled by the parameters αBN and αBS (see van der Wegen and
Roelvink (2008) for details).

Here, ~qbw is computed following van Rijn (2007a), i.e., by computing the average of
the intra-wave bedload transport. Consequently, it is a function of the total intra-wave
near-bed velocity vector, thus of both ~u and ~uw,t.

Bedload transport due to the undertow is accounted for by

~qbu = −αUTceq~uS. (5.11)

In this expression, ceq is the equilibrium concentration that is also used in the advection-
diffusion equation for suspended sediment, and αUT is a coefficient that controls the mag-
nitude of the sediment transport due to the undertow. Finally, ~uS is the Stokes velocity
vector due to the presence of waves,

~uS =
E

hρcw

~cw

|~cw|
, (5.12)

with E the total wave energy density. The applied parameterization of the sediment trans-
port due to undertow is based upon the fact that in the Delft3D model, suspended sediment
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is transported with generalized Lagrangian mean velocities, which includes the Stokes ve-
locity by waves. Here, ~qbu compensates for this by transporting sediment in the opposing
direction. This method resembles the method applied in other studies (e.g., Reniers et al.,
2004; Grunnet et al., 2004)) and models (XBeach; Roelvink et al. (2009), Unibest-TC;
Walstra et al. (2012)) that parameterize the sediment transport due to undertow by using
Eulerian velocities.

In the nearshore zone, ~qbu is directed offshore and ~qbw is generally directed onshore
due to the asymmetric wave orbital velocity, consequently, the relative importance of these
vectors has a large impact on the development of the beach profile.

The change of the bed level, zb, is determined at every time step by

∂zb

∂t
= −

1
1 − p

(
∂qb,x

∂x
+
∂qb,y

∂y
+
ws(ceq − c)

Tsd

)
. (5.13)

Here, p is the porosity of the bed.
At the open boundaries of the domain, a zero concentration gradient is prescribed for

the suspended sediment and zb at the open boundaries is fixed in time.

5.2.2 Numerical aspects

The morphodynamic module is solved on a rectilinear, staggered grid. The grid has a res-
olution of 1/50 m−1 in the region of interest (indicated by the magenta lines in Fig. 5.2a).
This region extends 5 km to both the left and the right side of the inlet and 4.6 km seaward
of the inlet. The resolution of the grid that covers the sea outside the region of interest
is 1/450 m−1, and the resolution of the grid in the back-barrier basin is 1/150 m−1. To
allow for parallel computations, the grid is divided into eight different subdomains using
the method of domain decomposition, which is a standard option in Delft3D. The time in-
tegration is done with an alternating direction implicit scheme (time step of 15 s) and for
the spatial discretization a cyclic-method is applied (Stelling and Leendertse, 1992). Due
to (tidal) variations of the water level, dry cells will be present among the computational
cells of the model domain. A simple scheme for the erosion of these dry cells is used,
i.e., half of the sediment that is eroded from a wet computational cell located adjacent to
a dry cell is supplemented from the dry cell. To reduce computational time, the computed
bed level change in Eq. 5.13 is multiplied with a morphological acceleration factor, Mfac
(Lesser et al., 2004; Roelvink, 2006), before the bed level is updated. The default value
of Mfac is 20.

The wave module consists of three nested grids (Fig. 5.2b). The finest grid has a
resolution of 1/50 m−1 in the region of interest. The intermediate grid has a resolution of
1/450 m−1 (size: 40.5 km by 19.5 km). The coarsest grid has a resolution of 1/1350 m−1

(size: 135 km by 16.2 km). The directional space covers a full circle and is divided into 36
bins. The frequency space is divided into 24 frequency bins between 0.05 s−1 and 1 s−1.
Finally, the coupling interval between the morphodynamic module and wave module is
one hour. When the wave module is called, it uses the actual bed level, water level and
currents of the current and sediment transport module. After solving the wave action
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Table 5.1: Overview of conducted model runs

Run Wave height Wave period Tidal amplitude Breach/No breach Initial
Hs(m) Tp(s) A(m) bathymetry

1 1.20 5.75 1 No breach Fig. 5.3a
2 1.20 5.75 1 Breach (600 m) Fig. 5.4a
3 1.20 5.75 1 Breach (600 m) Fig. 5.4b
4 1.20 5.75 1 Breach (300 m) Fig. 5.4c
5 1.20 5.75 1 Breach (300 m) Fig. 5.4d
6 1.20 5.75 1 Breach (600 m) Fig. 5.4e
7 1.20 5.75 1 Breach (600 m) Fig. 5.4f
8 seasonal seasonal 1 No breach Fig. 5.3a
9 seasonal + seasonal + 1 No breach Fig. 5.3a

storms storms
10 0.75 5.34 1 New delta→ Breach Fig. 5.2a
11 1.75 6.59 1 New delta→ Breach Fig. 5.2a
12 1.20 5.75 0.75 New delta→ Breach Fig. 5.2a
13 1.20 5.75 1.5 New delta→ Breach Fig. 5.2a
14 1.20 5.75 1 New delta→ Breach Small basin

balance over the domain, it provides the wave conditions that are used in the current and
sediment transport module until SWAN is again called.

5.2.3 Model simulations

To test the hypothesis that shoals form as transient features on an ebb-tidal delta when the
bathymetry is locally out of equilibrium with the hydrodynamic conditions, multiple runs
were evaluated (Runs 1 to 9, Table 5.1). Runs 1, 8, and 9, start with the bathymetry that
is shown in Fig. 5.3a. This bathymetry was obtained by running the model for 5 years
starting from a no delta bathymetry (as shown in Fig. 5.2) with the default parameter
settings as given in Table 5.2. Both wave height Hs and wave period Tp at the offshore
boundary in the default set-up are based upon the average conditions observed at the
wave buoy. Furthermore, the wave propagation direction θp at this boundary is chosen
such that the longshore sediment transport is of the same order as that along the East
Frisian Wadden islands (chapter 4). Run 1 is a continuation of this default run.

Runs 2 to 7 start with an ebb-tidal delta that was as that at the start of run 1, but it
was manually breached by extending the main ebb channel and displacing the thereby
removed sand to the part of the ebb-tidal delta that is located downdrift of this channel
(Fig. 5.4). In this way a local imbalance between the morphology and the hydrodynamic
conditions was created. To do this, the ebb-tidal delta was defined as the part of the do-
main where zb is more than 0.1 m above the bed level of Fig. 5.2 (no delta) and its local
height was defined relative to this no-delta bathymetry. Various bathymetric perturbations
were considered. In run 2, the extended channel is 600 m wide and displaced sand was
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Figure 5.3: a) Bathymetry obtained by evaluating the morphodynamic model for 5 years and using
default parameter settings. b) Evolution of tidal prism and cross-sectional area of the inlet during
the 5 modeled years in which the bathymetry shown in panel a was developed.
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Table 5.2: Default parameter settings

Hs 1.20 m D50 250 µm
Tp 5.75 s νe 10 m2s−1

θp 335◦ DH 1 m2s−1

A 1 m Mfac 20
ωM2 1.45 · 10−4 s−1 αBN 1.5
f 1.12 · 10−4 s−1 αUT 1.0
ρ 1000 kg m−3 αBS 1.0
p 0.4

distributed proportionally to the local height of the downdrift ebb-tidal delta (i.e., loca-
tions on the ebb-tidal delta that are higher receive more sand, Fig. 5.4a). In run 3, the
channel is 600 m wide and displaced sand was distributed equally over the downdrift ebb-
tidal delta (Fig. 5.4b). In run 4, the channel is 300 m wide and displaced sand was again
distributed proportionally to the local height of the ebb-tidal delta (Fig. 5.4c). In run 5,
the channel is 300 m wide and sand was distributed proportionally to the local height
of the ebb-tidal delta to the power n̂, chosen such that the minimum water depth of the
downdrift ebb-tidal delta is equals that of run 2 (Fig. 5.4d). In run 6, the channel is 600 m
wide and the water depth of the entire downdrift ebb-tidal delta was set to the minimum
value in run 2 (Fig. 5.4e). In run 7, the channel is 600 m wide and the water depth of the
entire downdrift ebb-tidal delta was set to the minimum in run 4 (Fig. 5.4f). Runs 6 and
7 were conducted to assess whether the minimum water depth over the ebb-tidal delta or
the volume of the perturbation controls the shoal formation. Note that the sand volume
was not conserved by the construction of the initial bathymetries for runs 6 and 7.

Runs 8 and 9 were executed to assess whether a time varying wave forcing leads to
the formation of migrating shoals on ebb-tidal deltas. In run 8 the model was forced by
a seasonal wave climate that was constructed using monthly averaged values of Hs and
Tp at the offshore boundary that were based on monthly averages of buoy data. In run 9,
the same seasonal wave climate was used, but now 6 storms with a Hs at the offshore
boundary of 3.5 m and 3 storms with a Hs of 4.5 m (each lasting 1.5 days) were added
to the seasonal cycle. This was based upon the occurence of such conditions at the wave
buoy north of Schiermonnikoog. Note that θp was constant in these runs and that Mfac
was set to 1 during the storms.

To evaluate whether shoal migration speed depends on tidal prism and/or average
wave height, runs 10 to 14 were executed. In these runs, first an ebb-tidal delta that
matches the forcing conditions was allowed to develop by running the model for 5 years,
starting from a no-delta bathymetry (Fig. 5.2). Subsequently, this ebb-tidal delta was
breached following the same procedure as in run 2 and the development of the shoals on
the perturbed bathymetry was evaluated. The migration speed of the shoal was determined
as the average speed between 200 days after the artificial perturbation and the moment
that a shoal reaches the coast, where the position of the shoal was defined as the local
minimum depth above the shoal.
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Figure 5.4: Bathymetries obtained by artificially breaching the ebb-tidal delta that is shown in Fig.
5.3a. The blue and magenta lines indicate the borders of the regions in which sand is displaced.
The blue dots track the deepest location of the original channel. For details on the different artificial
breaches, see text. a) run 2 b) run 3 c) run 4 d) run 5 e) run 6 f) run 7.
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Chapter 5. Modeling the formation and migration of sandy shoals on ebb-tidal deltas

5.3 Results

First, the results of the runs in which the ebb-tidal delta was artificially breached are
presented. Here, an analysis of the tidally averaged sediment transport is included, to
identify the mechanisms that control the formation and migration of the shoals. Tidally
averaged transport is considered because it provides insight into the evolution of shoals,
which occurs on a time scale that is much larger than a tidal period. Next, the runs with
a time varying wave height are discussed. Finally, the runs in which the tidal range and
wave height were varied are presented.

5.3.1 Artificial breaching experiments

Morphodynamic simulations

In all simulations in which the ebb-tidal delta was breached with a 600 m wide channel
(runs 2, 3, 6, and 7), a shoal formed on the perturbed ebb-tidal delta (Fig. 5.5a, b, e, and f).
These shoals increased in height during the first part of the simulation, i.e., the minimum
water depth above these shoals decreased after the initial perturbation. This is visible
in Fig. 5.5h, which shows the time evolution of the maximum shoal level relative to the
mean sea level. Furthermore, all shoals that formed in runs 2, 3, 6, and 7 migrated towards
the downdrift coast. On the contrary, in the simulations in which the ebb-tidal delta was
breached with a channel that has a width of only 300 m (runs 4 and 5), no shoals migrated
to the downdrift coast. A shoal did form in run 4, but it disintegrated on the ebb-tidal delta
(Fig. 5.5c), and both its growth rate and the maximum height it reached were smaller than
those of the shoals that formed in runs 2, 3, 6, and 7 (Fig. 5.5h). In run 5 the minimum
depth only increased in time after the initial perturbation, thus no shoal formed. In the
simulation in which the bathymetry was not perturbed, (run 1, Fig. 5.5g), no shoal formed
on the ebb-tidal delta.

The fact that in runs 1, 4, and 5 no shoal migrated to the downdrift coast, suggests
that a necessary condition for such shoal migration in the employed set-up is that the
perturbation must exceed certain thresholds, which are likely related to minimum water
depth and sand volume. However, note that the initial water depth above the perturbation
in run 4 equals that in run 7, and in the latter simulation a shoal formed and migrated to
the downdrift coast, so this threshold is not controlled only by the minimum water depth
of the initial perturbation. The amount of sand that is displaced in runs 4 and 5 is smaller
than that in all other of these runs (∼34% of that in run 7, and ∼48% of that in runs 2 and
3). Apparently, the volume of sand displaced must exceed a critical value in order to form
a shoal that migrates to the downdrift coast. Interestingly, despite the fact that there was
more sand displaced in run 7 than in run 2, the different distributions caused the shoal in
run 2 to grow higher and migrate faster than the shoal in run 7. Thus, the development of
the shoal is affected by both the volume and the distribution of this volume in the initial
perturbation.
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Figure 5.5: Bathymetry after 200 days of simulation of a) run 2, b) run 3, c) run 4, d) run 5, e) run 6,
f) run 7, and g) run 1. The magenta dot indicates the location of maximum shoal level (minimum
water depth) that formed in runs 2 to 7. The colored lines indicate the path that this maximum
shoal level follows until it reaches its most landward location (black diamond). The additional dots
indicate the position of the shoal every 200 days. In panel h) the time evolution of the maximum
shoal level (relative to mean sea level) in the different runs is displayed. Here, the blue dashed
(dotted) line indicates the evolution of the shoal that formed in the run without asymmetric waves
(and undertow). Note that these latter shoals did not reach the downdrift coast.
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Mechanism of shoal formation

To investigate why a shoal only formed on perturbed bathymetries, in Fig. 5.6 the ampli-
tude of near-bed wave orbital velocity (urms), wave energy flux (~cgE), and tidally averaged
residual currents at the beginning of run 1 and 2 are shown. Moreover, in the bottom panel,
the wave-induced residual currents at the beginning of run 2 are displayed. These were
constructed by subtracting the tidally averaged residual currents of a tides-only simula-
tion from the residual currents due to both waves and tides. Fig. 5.6a and b reveal that
urms is much larger on the perturbed (shallower) ebb-tidal delta. This is a result of the
decreased water depth, which causes wave shoaling and the focusing of wave energy over
the shallower bathymetry. A comparison between the magnitude of the tidal currents and
urms revealed that skin friction on the ebb-tidal delta is predominantly caused by wave
motion. Consequently, a higher urms strongly increases the skin friction, which increases
the stirring of sediment and leads to more erosion and a higher sediment concentration.

The wave-driven currents are also much larger over the perturbed ebb-tidal delta than
over the undisturbed delta. This is a result from the increased wave energy dissipation
over the shallow bathymetry, which increases the wave-induced forces. The wave-driven
currents are the main contributors to the total tidally averaged residual currents (Fig. 5.6)
and cause the residual currents over the shallow part of the perturbed ebb-tidal delta to be
directed landward and alongshore. In contrast, the residual currents over the unperturbed
delta are directed seaward.

Ultimately, the joint action of 1) the increased wave-driven currents and 2) the in-
creased skin friction, leads to a residual sediment transport pattern that causes the for-
mation of a shoal on the perturbed bathymetry (Fig. 5.7). The tidally averaged sediment
transport shows strong convergence/divergence patterns on the entire perturbed ebb-tidal
delta. In run 1 (unperturbed bathymetry), the sediment transport over the ebb-tidal delta
is much smaller and only converges at the seaward edges of the ebb-tidal delta. The latter
is responsible for the (slow) expansion of the ebb-tidal delta during this simulation.

Mechanism of shoal migration

To identify and assess the mechanisms that cause the migration of shoals, the tidally av-
eraged sediment transport over the bathymetry that was obtained after 200 days in run 2
was investigated (Fig. 5.8). The sediment transport patterns in the standard setting, i.e.,
transport due to tides and waves with an asymmetrical orbital velocity (Fig. 5.8a), without
tides (Fig. 5.8b), without waves (Fig. 5.8c), and with a symmetrical wave orbital veloc-
ity (Fig. 5.8d) are considered. In the standard setting, divergence of sediment transport
occurs in the region seaward of the highest part of the shoal (tilted toward the direction
of wave incidence) and convergence of sediment transport is found on the landward side
of this local maximum, which causes the shoreward migration of the shoal. This sed-
iment transport pattern is more pronounced when tides are not considered (Fig. 5.8b),
and absent when waves are not considered (Fig. 5.8c), thereby indicating that waves are
primarily responsible for this pattern.

Sediment transport due to asymmetric waves contributes to the formation and migra-
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Figure 5.6: Panels a) & b) The amplitude of the near-bed wave orbital velocity (colored contours),
wave energy flux (white arrows), and tidally averaged residual currents (black arrows) in the area of
the shoal, at the start of a) run 1 and b) run 2. c) The wave-driven residual currents (black arrows)
over the bathymetry at the start of run 2 (colored contours). The black contour lines indicate the
depth in all panels.
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Figure 5.7: The tidally averaged sediment transport (black arrows) and its divergence ∇· ~Q (colored
contours) in the area of the shoal, at the start of a) run 1 (unperturbed bathymetry) and b) run 2
(perturbed bathymetry). Positive (negative) contours indicate erosion (sedimentation). The black
contour lines indicate the local water depth (thick line: h = −5 m, dashed lines: every 1 m). Vectors
are drawn every fourth grid point.
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Figure 5.8: The tidally averaged sediment transport (black arrows) and its divergence ∇· ~Q (colored
contours) in the area of the shoal that is obtained in run 2 after 200 days. Positive (negative) contours
indicate erosion (sedimentation). The black contour lines indicate the local water depth (thick line:
h = −5 m). a) All processes included. b) No tidal forcing c) No wave forcing d) Symmetric wave
orbital velocity. Vectors are drawn every fourth grid point.
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tion of shoals, as it causes sediment transport in the direction of wave propagation and
the latter converges towards the shoal because of depth-induced refraction. Interestingly,
when the effect of asymmetric waves is omitted, the initial development of the shoal is
barely affected (Fig. 5.5h), suggesting that the effect of asymmetric waves is not a crucial
factor for shoal formation. The main difference in the sediment transport patterns with and
without asymmetric waves (Fig. 5.8a and 5.8d) is that in the latter case a second region of
sediment convergence is prominent on the edge of the ebb-tidal delta. This implies that
sediment transport due to asymmetric waves adds to maintaining the shoal as a coherent
feature. This was confirmed by repeating run 2 with a symmetric wave orbital velocity.
In that case a similar shoal as in run 2 formed, but its growth ceased and it disintegrated
before reaching the downdrift coast (results not shown).

The shoal migrates towards the coast because the convergence of the tidally averaged
sediment transport has a maximum landward of the location where the water depth above
the shoal is minimal. Convergence/divergence patterns of sediment transport are mainly
controlled by the gradient of the total depth-averaged sediment concentration c̄ (including
bedload transport and proportional to skin friction over water depth) in the direction of
the residual currents (Ribas et al., 2015). Since wave energy density focusses towards the
local minimum water depth, c̄ is maximum at that location, while the gradients in c̄ are the
largest on the edges of the shoal. Moreover, the residual currents are directed landward
over the shoal.

5.3.2 Time varying wave height
Forcing the model with a monthly averaged Hs (run 8) leads to results that are similar to
those when the model was forced with a constant Hs (run 1). A persistent local minimum
in the water depth is found ∼1000 days after the start of run 8 (Fig. 5.9a), but this does
not develop into a migrating shoal during the model run.

Adding 12 stormy days to the seasonal cycle (run 9) has major implications for the
development of the bathymetry during the simulation (Fig. 5.9c and d). A shoal develops,
which migrates some distance landward (510 m between the time slices shown in Fig. 5.9c
and d). However, during the evaluated time the shoal does not reach the downdrift coast
(i.e., after 2700 days). Interestingly, this shoal only gained in height during storms and
lost height during calm weather conditions (Fig. 5.9e). The local imbalance between the
bathymetry and wave conditions during storms thus results in the formation of shoals on
the ebb-tidal delta according to the mechanisms that were described in sections 5.3.1 and
5.3.1.

5.3.3 Dependence of shoal migration on tidal prism and wave height
To evaluate whether the shoal migration speed depends on the tidal prism and/or average
wave height, runs 2 and 10 to 14 were analyzed (Fig. 5.10). In the standard setting (run 2)
the shoal migrated with an average speed of 629 m yr−1. Faster migrating shoals were
found for higher waves (run 11: 1477 m yr−1) and smaller tidal prism (run 12: 946 m yr−1;
run 14: 754 m yr−1), whereas migration speed of shoals is smaller with smaller waves
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Figure 5.9: Bathymetry of a) run 8 after 1000 days, b) run 8 after 1920 days, c) run 9 after 1004
days, d) run 9 after 1923 days. In panel e) the time evolution of maximum shoal level (relative to
mean sea level) in these runs is displayed. Here, the red circles indicate moments that the model is
forced by storm conditions. In these periods that last 1.5 day each, the shoal height increases.
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(run 10: 306 m yr−1) or larger tidal prism (run 13: 337 m yr−1). The influence of incident
wave energy on migration speed was to be expected as Fig. 5.8 revealed that waves are
primarily responsible for the shoal migration. The main reason for the effect of the tidal
prism on the migration speed of the shoal is that the tidal prism controls the relative im-
portance of tidal currents compared to wave-driven currents to the total tidally averaged
residual currents. To illustrate this, the effect of a smaller tidal prism on the hydrodynam-
ics and sediment transport patterns over the bathymetry that was obtained after 200 days
in run 2 is shown in Fig. 5.11. Here, the tidal prism was reduced from ∼7.5·107 m3 to
∼5.5·107 m3 by connecting the tidal inlet to a smaller back-barrier basin. In the top panel,
the resulting residual currents and sediment transport patterns are displayed. The bottom
panel shows the difference between the residual currents in the original run 2 (Fig. 5.8a)
and those in the run with decreased tidal prism (Fig. 5.11a). Also, differences in sediment
transport vectors and divergence/convergence patterns between those runs are shown. A
larger tidal prism increases the seaward directed residual currents over the landward part
of the shoal, which decreases the convergence of sediment in the propagation direction of
the shoal. Thus, the tidally-driven residual currents counteract the wave-driven currents
that cause the landward migration of the shoals. Therefore, an increase (decrease) of the
strength of the tidally-driven residual currents decreases (increases) the shoal migration
speed.

Although the tidal prism in runs 12 and 14 was almost equal (∼5.5·107 m3), the mor-
phology of the ebb-tidal deltas in these runs is quite different. This is because the inter-
action between the cross-shore and alongshore tidal currents affects the orientation of the
ebb-tidal delta (Sha and van den Berg (1993), chapter 2) and the alongshore tidal currents
decrease in strength only when the tidal prism is decreased by reducing the tidal range (in
that case ∂η/∂x decreases). Note that the artificial perturbation in run 12 raised the down-
drift ebb-tidal delta above sea level. Although the maximum height of this perturbation
only decreased during this run, it was decided to define the coherent feature that moved to
the coast as a shoal. In a control run, in which the bathymetry was perturbed by a 300 m
wide channel a shoal that increased in height did form, this shoal had a smaller volume
and consequently migrated towards the coast with a larger speed (not shown).

5.4 Discussion

In this chapter it is shown that shoals form and migrate as a result of a local imbalance
between the morphology of an ebb-tidal delta and the wave conditions. When waves
encounter a relatively shallow feature, dissipation of their energy over this bathymetry
causes gradients in radiation stresses that drive residual currents (as was observed by
Bertin et al. (2009a)) towards the coast over the location of the local minimum water
depth (e.g., Fig. 5.11a). Together with increased wave stirring in shallower water these
residual currents lead to a convergence of sediment transport on and just landward of
shallowest region of the shoal. This mechanism resembles that described by Ribas et al.
(2015), who explained the growth and migration of other morphological features in the
near-shore zone (e.g., crescentic bars) by the presence of currents across gradients in
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Figure 5.10: Bathymetry 200 days after the bathymetry was perturbed in run a) 10, b) 11,c) 12,
d) 13, e) 14. The magenta dot indicates the location of the minimum water depth above the shoal.
The colored lines indicate the path that the shoal follows until it reaches its most landward location
(black diamond). The additional dots indicate the position of the shoal every 200 days. In panel f)
the time evolution of the maximum shoal level (relative to mean sea level) is displayed. Here, the
black line indicates the evolution of the shoal that formed in run 2.
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Figure 5.11: a) Tidally averaged residual currents (black arrows), sediment transport vectors ~Q
(white arrows) and divergence (colored contours) over the shoal that formed after 200 days in
run 2. Here the tidal prism is reduced by 25% by decreasing the tidal basin area. b) Difference
between the situation in run 2 after 200 days and a situation with the same bathymetry in which the
tidal prism was reduced. Shown is the difference between tidally averaged residual currents (black
arrows), sediment transport vectors (white arrows), and divergence of sediment transport (colored
contours). In both panels, black contour lines indicate the local water depth.
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5.4. Discussion

depth-averaged sediment concentration.
The local imbalance that leads to the formation of shoals that form in the simulations

are manifestations of the system to adjust to suddenly changed conditions. The latter were
either caused by an artificial perturbation of the ebb-tidal delta, or by adding incidental
storms to the wave forcing. This is different from the shoals that developed in the simu-
lations of Nahon et al. (2012) and Dastgheib (2012), which originated from a continuous
imbalance between morphology and wave conditions due to the high energetic wave forc-
ing. A drawback of forcing the model with such high waves is that this results in large
morphological changes in the entire nearshore zone. Besides such conditions only persist
in nature during short times (∼days). Similar shoal migration as found by Nahon et al.
(2012); Dastgheib (2012) occurred in the model set-up of this chapter in a control run
where Hs was set to 3 m (not shown).

The modeled morphodynamic response to storms, i.e., increase of shoal height and
landward migration of the shoal, is consistent with the observations of Hands and Shepsis
(1999) and O’Connor et al. (2011). They detected large-scale morphological changes
and shoal migration on different ebb-tidal deltas (Washington, USA and Ireland) in time
periods that were characterized by an increased storminess.

Not all shoals that formed remained coherent features. In the runs where a small sand
volume was displaced (runs 4 and 5), convergence of wave-driven sediment transport
could not overcome divergence of the sediment transport due to other processes (e.g.,
bed-slope effects, diffusion, tidal currents) and the shoal disintegrated (Fig. 5.5). It was
shown that asymmetric waves add to maintaining the shoal as a coherent structure, and
that without incorporating this process, the shoal that formed in the standard model set-up
(run 2) does not reach the coast.

Recently, Abreu et al. (2010) introduced an alternative parameterization of the asym-
metric near-bed wave orbital velocity, ~uw,t. To test the robustness of our results, an addi-
tional run was executed with this new parameterization for ~uw,t, and the rest of the set-up
equal to that in run 2. Also with the alternative parameterization of ~uw,t, a shoal forms
and migrates to the downdrift coast (Fig. 5.12). The difference in shoal evolution stems
from the higher magnitude of ~uw,t in shallow water in the parameterization of Abreu et al.
(2010), which leads to higher sediment transport rates. Consequently, the shoal migrates
faster, and the initial growth rate as well as the decay rate in a later stage of its evolution
are larger.

The migration speed of the shoals increases with a decreasing tidal prism and with
increasing incident wave energy. This is because in the model waves are the main driver
of the shoal migration. The dependence of shoal migration on incident wave energy was
not reported in data analysis studies, probably because it is complicated to distinguish
the wave energy effects from other parameters that vary among inlets. The negative rela-
tionship between tidal prism and shoal migration speed that was found agrees with what
was observed for the shoals that migrate on the ebb-tidal deltas of the Wadden Sea (chap-
ter 4). Furthermore, the findings are in line with the statement of FitzGerald (1982) that
the migration speed depends on tidal range, wave energy, and local water depth.

Since this chapter aimed at identifying the physical processes that lead to the forma-
tion and migration of shoals on ebb-tidal deltas and assessing the relative importance of
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Figure 5.12: a) Bathymetry after 200 days of a simulation where the formulation of Abreu et al.
(2010) is used to describe the near-bed wave orbital velocity vector, ~uw,t. The magenta dots indicate
the location of the maximum shoal level every 200 days. The colored lines indicate the path that
the shoal follows until it reaches its most landward location (black diamond). b) Time evolution of
the maximum shoal level of the shoal that formed when ~uw,t was: obtained from Abreu et al. (2010)
(magenta line), obtained from Isobe and Horikawa (1982) (blue solid line), symmetric (blue dashed
line), symmetric and undertow was omitted (blue dotted line).
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the wave and tidal forcing on shoal behavior, a highly idealized model set-up was chosen.
The wave propagation direction at the offshore boundary was constant in time, which
explains the fast migration of the shoals in the simulations (∼600 m yr−1) compared to
typical migration speeds observed in nature (∼300 m yr−1). Furthermore, the prescribed
wave period Tp at the offshore boundary was set to the average that was observed for the
prescribed wave height. Varying Tp independently alters the wave steepness, a parame-
ter that is known to affect the balance between offshore and onshore sediment transport
(Ranasinghe and Pattiaratchi, 2003), but is beyond the scope of this chapter. Moreover,
in the model set-up the sand was assumed to have a constant grainsize. Consequently,
grain sorting effects that are observed on ebb-tidal deltas (e.g., Soo Son et al., 2011) and
could potentially decrease gradients in the bathymetry were excluded.

The sediment transport formula that was used belongs the most recent and sophis-
ticated that exists, such that the effect of asymmetric waves, settling lags, threshold of
motion, and bed slope effects were incorporated. An additional sediment transport com-
ponent due to undertow was incorporated to allow for a sediment balance in the cross-
shore direction. Bertin et al. (2009b); Dissanayake et al. (2009) showed that different
results are to be expected when other sediment transport formulas are used, but the physi-
cal mechanism that is responsible for the formation and migration of shoals will probably
not change because the essential processes, i.e., wave energy focusing and generation of
wave-driven currents would still occur.

5.5 Conclusions

With the use of a numerical morphodynamic model, ebb-tidal deltas and shoals on these
deltas were simulated in an idealized tidal inlet system that was forced by both waves and
tides. It was found that shoals on ebb-tidal deltas form as a result of a local imbalance
between wave conditions and the bathymetry. In this chapter, the imbalance was imposed
by redistributing the sand on the ebb-tidal delta or by adding storms to the wave forcing.
Shoals grow and migrate due to the convergence of sediment transport on top and land-
ward of the shoal, which is primarily driven by the joint action of gradients in sediment
stirring due to variations in water depth and wave-driven residual currents over the shoal.
There are thresholds for the local imbalance below which a shoal does not form, these
thresholds are related to the minimum water depth, sand volume, and local wave height.

Incidental high energetic wave condition such as present during storms are typically
not in balance with the bathymetry of an ebb-tidal delta, which evolves at a much larger
time scale. It was found that such storms can generate a shoal on an ebb-tidal delta that
persists during normal wave conditions and continues to grow during subsequent storms.

Sediment transport driven by asymmetric near-bed wave orbital velocities contributes
to the formation and migration of shoals because it is directed in the direction of wave
propagation. Considering asymmetric near-bed wave orbital velocities was a requirement
for the shoals to maintain as a coherent feature and reach the downdrift coast in this
chapter. Two different parameterizations of this velocity were implemented, which gave
qualitatively similar results.
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The migration speed of shoals on ebb-tidal deltas was found to increase with increas-
ing incident wave energy and decreasing tidal prism. Larger waves increase the sediment
transport driven by waves and consequently the shoal migration. A larger (smaller) tidal
prism increases (decreases) the tidally-driven residual currents, these counteract the wave-
driven residual currents that induce the shoal migration.
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6
Summary and conclusions

Ebb-tidal deltas are bodies of sand that are an integral part of tidal inlet/barrier island
systems. They are located seaward of tidal inlets, which connect the open sea with the
back-barrier basin and separate barrier islands. The morphology of ebb-tidal deltas (e.g.,
sand volume, geometry, shoals) evolves continuously, both due to natural processes as
well as due to human interventions in the tidal inlet systems. Both aspects were investi-
gated in this thesis.

The construction of large dams in the Wadden Sea has decreased the area of the
drainage basin of several tidal inlets in the Wadden Sea. It was observed (Biegel and
Hoekstra, 1995; Elias et al., 2012) that in response to these interventions, the ebb-tidal
deltas seaward of these inlets lost large volumes of sand and that the orientation of the
ebb-tidal deltas changed. In chapters 2 and 3, the physical processes that determine the
morphology of an ebb-tidal delta and the net sand transport in a tidal inlet were identified
for different back-barrier basin geometries. This was achieved by combined use of analyt-
ical and numerical models. Emphasis was put on the role of the back-barrier basin length.
Moreover, a discussion was presented about to what extent the dependence of these pro-
cesses on the back-barrier basin characteristics may explain the changes that are observed
in the morphology of the ebb-tidal deltas after the large-scale human interventions in the
Wadden Sea.

The natural evolution of many ebb-tidal deltas involves the formation of large coher-
ent shoals that migrate to the downdrift coast (e.g., Ehlers, 1988; Israel and Dunsbergen,
1999) and thereby supply large volumes of sand to the nearshore zone. Here, down-
drift refers to the direction of the net wave-driven alongshore sediment transport. It was
observed that the characteristics of shoal behavior, such as the typical period between
successive shoals (Gaudiano and Kana, 2001), vary among different inlets. In chapter 4,
the characteristics of the migrating shoals on the ebb-tidal deltas of the Wadden Sea were
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identified by means of a data analysis study. In chapter 5, the different physical processes
that are responsible for the formation and migration of shoals on ebb-tidal deltas were
identified with a numerical model. Furthermore, in both chapters 4 and 5 the cause of the
variation of the characteristics of shoal migration among different inlets was investigated.

6.1 The relation between back-barrier basin geometry,
ebb-tidal deltas, and net sand transport

The effect of the geometry of a back-barrier basin on the morphology of tide-dominated
ebb-tidal deltas was investigated in chapter 2. For this, use was made of the numerical
model Delft3D (Lesser et al., 2004), which incorporates hydrodynamics, sediment trans-
port, and the evolution of the bed. Ebb-tidal deltas were simulated in an idealized set-up
that consists of a tidal inlet, a back-barrier basin, and an open sea with an unperturbed (no-
delta) coastline (Fig. 2.2). The model was forced by tides only and different geometries
(lengths, widths) of the back-barrier basin were considered.

It was found that the length of a back-barrier basis affects the spatial symmetry of
ebb-tidal deltas because the spatial symmetry depends on the phase difference between
alongshore and cross-shore tidal velocities, and the phase of the cross-shore velocity de-
pends on the basin length. The ebb-tidal delta volume is also affected by the back-barrier
basin length because the volume of an ebb-tidal delta is related to both the tidal prism and
the net sand transport in a tidal inlet. The latter depend on the resonance characteristics
and the tidal asymmetry, which in turn depend on the basin length. The volume of an
ebb-tidal delta is higher at inlets with a higher tidal prism and a seaward directed net sand
transport, while a landward directed net sand transport results in smaller ebb-tidal delta
volumes.

The effect of decreasing the back-barrier basin length on an established ebb-tidal delta
was also investigated. The spatial scales that were considered in this simulation were
based upon the length reduction of the drainage basin of the Texel Inlet and Vlie Inlet.
This sudden change in the modeled geometry caused a decrease in the phase difference
between the alongshore and cross-shore tidal currents, which contributed to a change of
the spatial symmetry of the delta. Note that the main ebb channels did not rotate updrift.
Furthermore, the length reduction increased the tidal prism and decreased the initially
seaward directed net sand transport in the inlet. Consequently, the total sand volume
seaward of the tidal inlet decreased and the ebb-tidal delta volume hardly changed. These
results suggest that the ebb-tidal deltas seaward of Texel Inlet and Vlie Inlet became
updrift oriented because the phase difference between the alongshore and cross-shore
tidal velocities decreased due to the shortening of the back-barrier basin.

In chapter 3, the physical processes that control the net sand transport in tidal inlets
were identified for different lengths of the back-barrier basin with the use of a width-
and depth-averaged analytical model. Moreover, the effect of a narrow inlet that connects
the basin to the sea, a tidal forcing that comprises both a principal and an overtide, and
radiation damping (i.e., allowing tidal waves to propagate out of the inlet) was considered.
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6.2. Cyclic behavior of sandy shoals on ebb-tidal deltas of the Wadden Sea

Earlier studies (Speer and Aubrey, 1985; Friedrichs and Aubrey, 1988) modeled the 1D
nonlinear shallow water equations in a short basin and found that in the absence of tidal
flats nonlinear processes cause the peak flood currents to be stronger than the ebb-currents,
which implies net sand import. Tidal flats were found to favor peak ebb-currents and thus
net sand export. The model developed by Speer and Aubrey (1985) was extended to study
larger tidal inlet systems of the scale of the Texel Inlet system.

It was shown that the length of a back-barrier basin affects the magnitude and direction
of the net sand transport in a tidal inlet because the amplitude of the residual currents, and
the amplitude and phase of the overtides in a tidal inlet depend on the basin length. The
depth of a tidal inlet also affects the local net sand transport as it controls the relative
importance of sand transport due to overtides compared to sand transport due to residual
currents and only the magnitude of the latter strongly decreases with increasing inlet
depth. Adding an overtide with a magnitude such as present seaward of Texel Inlet and
Vlie Inlet to the external forcing has a large impact on the net sand transport in the inlet.
This is because the velocity amplitude of the imposed overtide is much larger than that of
the internally generated tides. When the prescribed phase difference between the principal
tide and the overtide is similar to that observed seaward of Texel Inlet and Vlie Inlet, the
net sand transport is directed landward (seaward) for short (long) back-barrier basins.
This suggests that the observed sand import into the Wadden Sea after the closure of the
Zuiderzee is caused by the changed result of the imposed (generated outside of the tidal
inlet system) overtides on the net sand transport in the inlets.

6.2 Cyclic behavior of sandy shoals on ebb-tidal deltas of
the Wadden Sea

The cyclic behavior of shoals on the ebb-tidal deltas of the Wadden Sea was analyzed in
chapter 4. It was investigated on which ebb-tidal deltas of the Wadden Sea shoals migrate
towards the coast and what the average time period between successive attachments of
the shoals is. Furthermore, it was investigated whether there are relationships between
the period between successive shoals, the migration speed of the shoals, the tidal prism,
and the sediment transport along the coasts of the barrier islands. For this, use was made
of bathymetric data, Landsat satellite images, and several wave stations in the North Sea.
The latter were used to obtain estimates of the local longshore sediment transport. The
tidal prism of the inlets was obtained from literature.

Shoals that migrate towards the coast were found on all studied ebb-tidal deltas of
the West and East Frisian Islands and at some of the ebb-tidal deltas of the North Frisian
and Danish Islands (Fig. 4.1). The average period between successive attachments of
these shoals varies among inlets and ranges between 4 and 130 years. It was established
that different classes of tidal inlet systems exist that are distinguished by the number of
channels that is present in the adjacent inlets. The data analysis indicates that there is a
positive relationship between the period between successive shoals that migrate on ebb-
tidal deltas seaward of inlets that are composed of a single channel and the tidal prism.
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Moreover, it was found that there is a negative relationship between the migration speed
of shoals and the tidal prism in these systems. Similar relationships were not found for
tidal inlet systems with inlets that are composed of multiple channels because in those
systems shoals form relatively close to the coast. Unfortunately, the data were too sparse
to assess whether the longshore sediment transport has a dominant effect on the migrating
shoals.

6.3 Modeling the formation and migration of sandy shoals
on ebb-tidal deltas

To identify the different physical processes that are responsible for the formation and mi-
gration of shoals on ebb-tidal deltas, a numerical model study was performed in chapter 5.
Both the effect of tides and waves were considered by using the model Delft3D and the
spectral wave model SWAN (Holthuijsen, 2007). As in chapter 2, ebb-tidal deltas were
simulated in an idealized set-up (Fig. 5.2)

In the simulations, shoals formed on ebb-tidal deltas when the bathymetry is locally
out of balance with the wave conditions. This imbalance was imposed by displacing sand
to create shallower areas on the ebb-tidal delta, or by adding incidental storms to the wave
forcing. There are thresholds for the local imbalance below which a shoal does not form,
these thresholds are related to the minimum water depth, sand volume, and local wave
height.

It was shown that the migration speed of the shoals is larger at ebb-tidal deltas that
are exposed to higher incident wave energy and that are located seaward of tidal inlets
with a smaller tidal prism. The incident wave energy controls the magnitude of the wave-
driven sediment transport and consequently the shoal migration speed. A smaller tidal
prism generates weaker tidally-driven residual currents. Since the latter counteract the
wave-driven residual currents, shoal migration is more effective when the tidal prism is
smaller.

Finally, shoals grow and migrate due to the convergence of sediment transport on top
and landward of the center of the shoal (location of minimum water depth). It was shown
that convergence/divergence patterns of sediment transport over the shoal are mainly con-
trolled by the gradient of the depth-averaged sediment concentration in the direction of
the residual currents. The depth-averaged sediment concentration is largest at the top of
the shoal due to increased near-bed wave orbital velocities that result from the decreased
water depth. Landward directed residual currents over the shoal originate from gradients
in radiation stresses due to the focussing and dissipation of wave energy over the shal-
low bathymetry. Sediment transport driven by asymmetric wave orbital velocities was
included and found to contribute to maintaining the shoal as a coherent structure. Con-
sidering asymmetric near-bed wave orbital velocities was a requirement for the shoals to
reach the downdrift coast in the simulations that were conducted.
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Nederlandse samenvatting

Buitendelta’s zijn zandlichamen die zich zeewaarts van zeegaten bevinden. Het zijn lokale ondieptes
die in de zeevaart ook wel bekend staan als ’de gronden’ en waarop talloze schepen zijn vergaan. Ze
bevinden zich zeewaarts van alle zeegaten waar de getijdestromingen sterk genoeg zijn om de vorm
van de bodem te beı̈nvloeden en zand overvloedig aanwezig is. Een zeegat verbindt de open zee
met een achterliggend bekken, zoals de zeegaten tussen de Waddeneilanden die de Noordzee met
de Waddenzee verbinden (Fig. 1.1). De Waddenzee is in dit systeem het achterliggende bekken en
de buitendelta’s bevinden zich in de Noordzee. Er zijn grote verschillen tussen de afmetingen van
verschillende buitendelta’s, dit komt doordat lokale variabelen zoals de getijslag, grootte van het
achterliggende bekken en golfcondities van plaats tot plaats verschillen. De horizontale afmetingen
van buitendelta’s variëren tussen 100 meter en meer dan 10 kilometer zowel in de richting langs
als in de richting dwars op de kust (zie bijvoorbeeld Carr-Betts et al., 2012). Het volume van een
buitendelta varieert typisch tussen 105 kubieke meter en 109 kubieke meter (zie bijvoorbeeld Hicks
and Hume, 1996, voor een beschrijving van verschillende buitendelta’s in Nieuw-Zeeland).

Een generiek model voor de morfologie (vorm) van buitendelta’s werd geı̈ntroduceerd door
Hayes (1975) (Fig. 1.2). Typisch ligt een buitendelta in een U-vorm om de hoofdgeul die va-
nuit het zeegat de zee in steekt. Aan weerszijden wordt de delta geflankeerd door kleinere geulen.
Deze vorm is het gevolg van de door het getij gedreven stromingen zeewaarts van een zeegat. Tij-
dens eb stroomt het water in de vorm van een nauwe straal uit het zeegat, terwijl tijdens vloed het
water vanaf alle richtingen vanuit de zee het zeegat in stroomt. Dit resulteert in een residueel stro-
mingspatroon dat bestaat uit twee cellen waarbij (gemiddeld over het getij) de ebstroom domineert
in de hoofdgeul en de vloedstroom domineert in de geulen die de buitendelta flankeren. Het zand
dat de buitendelta vormt wordt via de hoofdgeul richting de zee verplaatst en verder verspreidt door
de lokale stromingen ten gevolge van golven en getij.

De morfologie van buitendelta’s is dynamisch, dat wil zeggen dat hun vorm continu aan ve-
randering onderhevig is. Dit wordt mede veroorzaakt door een netto verplaatsing van zand van de
ene (bovenstroomse) zijde naar de andere (benedenstroomse) zijde van het zeegat. Een deel van
dit zand vormt grote zandplaten die in zijn geheel van de buitendelta naar de benedenstroomse kust
migreren. Door de migratie van de zandplaten worden ook geulen op de delta richting de kust
verplaatst. Na verloop van tijd ontstaat er een nieuwe meer efficiënte geul bovenstrooms van de
zandplaat en slibt de oorspronkelijke geul dicht. Illustratief voor de implicaties van de snel veran-
derende morfologie van buitendelta’s is het lot van twee vuurtorens die tussen 1853 en 1854 op het
Waddeneiland Schiermonnikoog gebouwd werden. Deze waren bestemd om een bevaarbare geul
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over de buitendelta aan te duiden, maar al snel nadat ze waren voltooid was de betreffende geul
dusdanig verplaatst dat de vuurtorens buiten werking gesteld moesten worden. Een van de twee
vuurtorens heeft daarna dienst gedaan als watertoren (uit Oost and de Boer, 1994).

Zandplaten die naar de benedenstroomse kust migreren zijn waargenomen op meerdere buiten-
delta’s van de Waddenzee. Onder andere op de buitendelta’s van het zeegat van Texel, het Norder-
neyer Seegat en het Amelander zeegat. Bij de laatste verheelden rond 1930 en 1989 grote zand-
platen met de kust van Ameland (Fig.1.3). Op basis van historische kaarten concludeerden Israel
and Dunsbergen (1999) dat de morfologie van het zeegat en de buitendelta bij Ameland cycli on-
dergaat met een periode van ongeveer 50 tot 60 jaar. Interessant is dat de gemiddelde periode tussen
opeenvolgende zandplaten varieert tussen de verschillende buitendelta’s, van een aantal jaren bij het
Norderneyer Seegat (Homeier and Kramer, 1957; Nummedal and Penland, 1981) tot meer dan 100
jaar bij het zeegat van Texel (Elias and Van der Spek, 2006). Een beter begrip van de processen die
leiden tot de migratie van zandplaten richting de kust en de processen die de tijd tussen opeenvol-
gende platen bepalen is waardevol, omdat de platen zand richting de kust verplaatsen. Het verhelen
van een zandplaat met de kust kan wel een miljoen kubieke meter zand aan de kust toevoegen. Dat
is substantieel, aangezien er bij zandsuppleties soortgelijke hoeveelheden zand naar de kust worden
gebracht.

Ook menselijke ingrepen kunnen de morfologie van buitendelta’s veranderen. Een voorbeeld
hiervan is het gevolg van het scheiden van de Zuiderzee en de Waddenzee middels de Afsluitdijk.
Na de aanleg van de Afsluitdijk is het volume van de buitendelta’s zeewaarts van het zeegat tussen
Den Helder en Texel en het zeegat tussen Vlieland en Terschelling afgenomen (Elias et al., 2012).
Ook is de oriëntatie van deze buitendelta’s veranderd, de hoofdgeulen op beide delta’s zijn richting
de bovenstroomse zijde geroteerd (Fig. 2.1).

Zowel de natuurlijke als de door menselijke ingrepen gedreven morfodynamica van buiten-
delta’s komen aan bod in dit proefschrift. In hoofdstukken 2 en 3 wordt de invloed van de geome-
trie van een achterliggend bekken op de morfologie van een buitendelta onderzocht met analytische
en numerieke modellen. De nadruk ligt in deze hoofdstukken op het effect van de lengte van het
achterliggende bekken. Ook wordt op basis van de resultaten besproken welke fysische processen
de veranderingen van de morfologie van de buitendelta’s na het aanleggen van de Afsluitdijk kunnen
verklaren. In hoofdstuk 4 worden de kenmerken van de migrerende zandplaten op alle buitendelta’s
van de Waddenzee geı̈dentificeerd, hierbij wordt onder andere gebruik gemaakt van hydrografische
observaties en satelliet foto’s. In hoofdstuk 5 worden de fysische processen waardoor zandplaten
vormen en migreren op buitendelta’s onderzocht met behulp van een numeriek model. Verder wordt
in zowel hoofdstuk 4 als 5 bestudeerd waarom de kenmerken van de migratie van zandplaten ver-
schilt tussen verschillende buitendelta’s.

De relatie tussen de geometrie van het achterliggende bekken,
de buitendelta en het netto zandtransport in een zeegat
Om de invloed van de geometrie van het achterliggende bekken op de morfologie van een buiten-
delta te bepalen wordt in hoofdstuk 2 gebruik gemaakt van het numerieke model Delft3d. In dit
model wordt per tijdstap eerst de waterbeweging, daarna het sediment transport ten gevolge van de
waterbeweging en ten slotte de bodemverandering ten gevolge van het sediment transport berekend.
De volgende tijdstap maakt dan gebruik van een aangepast bodemprofiel, hierdoor evolueert de
bodem gedurende de simulatie, wat de waterbeweging beı̈nvloed waardoor uiteindelijk de bodem
evolueert gedurende de simulatie.
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Buitendelta’s werden gevormd in het model in een geı̈dealiseerde setting bestaande uit een
zeegat, een achterliggend bekken en een open zee. Het model werd alleen geforceerd door het getij
en aan het begin van de simulaties bevond zich in de zee nog geen buitendelta. Meerdere simulaties
werden uitgevoerd waarbij de lengte en breedte van het achterliggende bekken werd gevarieerd.

De simulaties toonden aan dat de lengte van het achterliggende bekken van invloed is op de
ruimtelijke symmetrie van buitendelta’s. Dit komt doordat de ruimtelijke symmetrie afhangt van het
faseverschil tussen de getijdestroming in het zeegat en de getijdestroming langs de kust. Wanneer
deze stromingen in fase zijn betekent dit dat op het moment van de maximale ebstroom in het
zeegat (stroming richting de zee) de ebstroom langs de kust ook maximaal is (stroming parallel
aan de kust). Een dergelijk faseverschil leidt tot een asymmetrische buitendelta. De lengte van het
achterliggende bekken beı̈nvloed de fase van de getijdestroming in het zeegat (dus onder andere
wanneer de ebstroom maximaal is) en daarmee het faseverschil tussen deze stroming en die van de
getijdestroming langs de kust.

Ook het volume van de buitendelta wordt beı̈nvloed door de lengte van het achterliggende
bekken. Dit komt doordat dit volume afhangt van het getijprisma (het watervolume dat tijdens ebb
het zeegat uitstroomt) en het netto zandtransport in het zeegat. Dat laatste hangt af van de reso-
nantie karakteristieken van het bekken en de getij-asymmetrie (de vervorming van de getijdegolf),
die beiden worden gecontroleerd door de lengte van het achterliggende bekken. Het volume van
een buitendelta is groter wanneer het zeegat een groter getijprisma heeft en een zeewaarts gericht
netto zandtransport. Een landwaarts gericht netto zandtransport leidt tot een kleiner volume van de
buitendelta.

Het effect van een plotselinge afname van de lengte van een achterliggend bekken op een reeds
ontwikkelde buitendelta wordt ook besproken in hoofdstuk 2. De afmetingen van het domein dat
beschouwd werd in de simulaties hiervoor zijn gebaseerd op de afmetingen van de bekkens die
verbonden zijn aan de zeegaten tussen Den Helder en Texel en tussen Vlieland en Terschelling. De
plotselinge verkorting van het gemodelleerde bekken resulteerde in een afname van het faseverschil
tussen de getijdestroming in het zeegat en de getijdestroming langs de kust. Hierdoor werd de
buitendelta meer asymmetrisch, maar een rotatie van de hoofdgeul werd niet gesimuleerd. De
afname van de lengte zorgde ook voor een toename van het getijprisma en een afname van het
oorspronkelijk zeewaarts gerichte netto zandtransport in het zeegat. Het gevolg hiervan was dat het
volume van de buitendelta’s nauwelijks veranderde en de totale hoeveelheid zand zeewaarts van het
zeegat afnam. De resultaten suggereren dat de geobserveerde veranderingen van de buitendelta’s
zeewaarts van de zeegaten tussen Den Helder en Texel en tussen Vlieland en Terschelling het gevolg
zijn van het verkorten van de bekkens waaraan de zeegaten verbonden zijn.

In hoofdstuk 3 worden, met een analytisch model, de fysische processen die het netto zandtrans-
port in een zeegat bepalen geı̈dentificeerd voor verschillende lengtes van het achterliggende bekken.
Bovendien wordt het effect van de dwarsdoorsnede van het zeegat en van een asymmetrische getij-
forcering (zoals ook aanwezig op de Noordzee) beschouwd. Er wordt aangetoond dat de lengte van
een achterliggend bekken de grootte en de richting van het zandtransport in een zeegat beı̈nvloed
doordat deze lengte bepaalt hoe het getij vervormt in het bekken. De diepte van het zeegat bepaalt
het relatieve belang van getijasymmetrie en residuele stromingen voor het netto zandtransport do-
ordat enkel de residuele stromingen sterk verzwakken bij een dieper zeegat. Een asymmetrische
getijforcering heeft een groot effect op het netto zandtransport, omdat de snelheden ten gevolge van
de toegevoegde getijcomponent (extern M4) veel groter zijn dan de snelheden ten gevolge van de in-
tern gegenereerde getijcomponenten. Een getijforcering gebaseerd op het getij zeewaarts van Texel
leidt tot een landwaarts netto zandtransport in het zeegat bij korte achterliggende bekkens en een
zeewaarts zandtransport bij lange bekkens. Dit suggereert dat het geobserveerde zandtransport van
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de Noordzee naar de Waddenzee na het aanleggen van de afsluitdijk een gevolg is van een verander-
ing van de uitwerking van het extern gegenereerde asymmetrische getij doordat het achterliggende
bekken korter is geworden.

Cyclisch gedrag van zandplaten op de buitendelta’s van de
Waddenzee
In hoofdstuk 4 wordt de migratie van zandplaten op de buitendelta’s van de Waddenzee geanaly-
seerd. Daartoe werd met behulp van hydrografische data en Landsat satelliet foto’s onderzocht op
welke buitendelta’s van de Waddenzee zandplaten die naar de kust migreren aanwezig zijn. Ook
wordt onderzocht wat de gemiddelde periode tussen opeenvolgende zandplaten die met de kust ver-
helen is per buitendelta. Tot slot is gekeken of er verbanden zijn tussen de gemiddelde periode
tussen opeenvolgende zandplaten, de migratiesnelheid van de de zandplaten, het getijprisma en het
sediment transport langs de kust van de Waddeneilanden. Om dat laatste te bepalen werden data
gebruikt van verscheidene golfstations in de Noordzee.

Zandplaten die verhelen met de kust werden gevonden op alle buitendelta’s van de West- en
Oost-Friese Waddeneilanden en op sommige van de Noord-Friese en Deense Waddeneilanden
(Fig. 4.1). De gemiddelde periode tussen opeenvolgende zandplaten die met de kust verhelen
varieert tussen 4 en 130 jaar. Er werd ontdekt dat er verschillende typen zeegat systemen bestaan,
welke te onderscheiden zijn door het aantal geulen dat aanwezig is in het zeegat. Op basis van de
data analyse werd geconcludeerd dat er bij systemen waar het zeegat bestaat uit één geul een positief
verband is tussen de gemiddelde periode tussen opeenvolgende zandplaten en het getijprisma. Ook
is er een negatief verband tussen de migratiesnelheid van de zandplaten en het getijprisma bij deze
systemen. Dergelijke relaties werden niet gevonden voor zeegat systemen waarbij het zeegat uit
meerdere kanalen bestond. Helaas waren er niet genoeg data om te bepalen of het sediment trans-
port langs de kust van de Waddeneilanden een grote invloed heeft op de migrerende zandplaten.

Het modelleren van de formatie en migratie van zandplaten
op buitendelta’s
Om de fysische processen die leiden tot de formatie en de migratie van zandplaten op buitendelta’s
te identificeren wordt er in hoofdstuk 5 wederom gebruik gemaakt van een numeriek model. Dit
keer werd in het model zowel het effect van het getij als dat van de golven meegenomen. Net als in
hoofdstuk 2 worden buitendelta’s ontwikkeld in een geı̈dealiseerde set-up (Fig. 5.2).

Zandplaten vormden op de buitendelta’s in de simulaties wanneer het bodemprofiel lokaal uit
evenwicht was met de golfcondities. Deze verstoring van het evenwicht wordt opgelegd door in-
cidentele stormen toe te voegen aan de simulatie of door handmatig zand te verplaatsen op de
buitendelta’s waardoor ondieptes werden gecreëerd. Als de verstoring niet groot genoeg is ontstaat
er geen zandplaat, waarbij de sterkte van de verstoring afhangt van de minimale waterdiepte op de
ondiepte, het verplaatste zandvolume en de golfhoogte.

De simulaties tonen aan dat de migratiesnelheid van zandplaten groter is op buitendelta’s waar
meer golfenergie op aankomt en die zeewaarts liggen van een zeegat met een kleiner getijprisma
(en vice versa). De inkomende golfenergie bepaalt de grootte van het golf-gedreven sediment trans-
port en daarmee de migratiesnelheid van de zandplaat. Een kleiner getijprisma zorgt voor zwakkere
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getij-gedreven residuele stromingen. Aangezien deze residuele stromingen de golf-gedreven residu-
ele stromingen tegenwerken is de migratiesnelheid groter wanneer het getijprisma kleiner is.

Tot slot wordt aangetoond dat zandplaten op buitendelta’s groeien en migreren door de con-
vergentie van zandtransport bovenop en landwaarts van het midden van de zandplaat (de locatie
op de ondiepte met de minimale waterdiepte). De convergentie/divergentie patronen van het zand-
transport over de zandplaat worden primair gedreven door de gradiënten van de dieptegemiddelde
zandconcentratie (in de waterkolom) in de richting van de residuele stromingen. De dieptegemid-
delde zandconcentratie is het grootst bovenop de zandplaat doordat daar de golven het meeste zand
opwoelen ten gevolge van de geringe waterdiepte. Landwaarts gerichte residuele snelheden over
de zandplaat zijn het gevolg de convergentie en dissipatie van golfenergie op de buitendelta. Het
bleek essentieel om het effect van de vervorming van golven in ondiep water op het zandtransport
mee te nemen in de simulaties. Zonder dit effect bereikte geen van de gemodelleerde zandplaten de
benedenstroomse kust.
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Promoveren is een solistische bezigheid, maar dit proefschrift had niet dezelfde inhoud gehad zon-
der de vele hulp, steun en liefde die ik tijdens mijn promotieonderzoek heb ontvangen. Graag richt
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op antwoordde is dat ik toen al wist dat ik in jou een uitstekende begeleider zou treffen. Ik heb
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Een grote groep collega’s maakte het leuk om bij het IMAU te werken, daarvan wil ik er hier
een aantal bij naam noemen. Mijn eerste stappen als onderzoeker zette ik tijdens mijn afstudeeron-
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wij deelden het leeuwendeel van ons beider promotieonderzoek een kamer, tot mijn grote genoegen.
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we in ons eerste jaar natuurkunde zoveel fijne voetballers bij elkaar konden brengen. Marcel, ik
vind het heel speciaal dat ik al zoveel jaren met jou samenspeel. Er is nog meer dan voetbal. Tom,
ik ben blij dat ik jou ken. Bram, ooit gaan we samen surfen. Boite en Thijs, ik geniet van onze
discussies. Ron en Rene, dank voor het stimuleren van mijn liefde voor de zee. Daarnaast dank
ik alle wintersporters, pubquizzers, surfers en een ieder ander die zich hier herkent voor het maken
van mooie herinneringen, samen is meer dan alleen.

Jorden en Steven onze vriendschap is mij heel dierbaar, heeft me gevormd en veel plezier
gebracht. Ik ben verguld dat jullie mijn paranimfen willen zijn en voel me sterker doordat ik weet
dat er zulke mooie mannen achter me staan.

Familie en schoonfamilie, ik heb jullie lief. Geert en Anna, wat een weelde dat jullie mijn
broer en zus zijn. Vroeger lachte ik weleens om je perfectionisme An, tegenwoordig realiseer ik
me hoeveel we op elkaar lijken en hoe fijn dat is. Broer, wat een vreugde straal jij uit, ik krijg er
nimmer nooit genoeg van om met jou op pad te zijn. Heel dankbaar ben ik jullie, Herman en Ria,
voor het warme nest waar ik in ben opgegroeid en voor jullie nooit aflatende support en interesse.
Hierdoor heb ik de kans om mijn hart te volgen. Hoe dit ertoe heeft geleid dat ik buitendelta’s ben
gaan bestuderen weet ik niet precies en is in mijn ogen ook minder belangrijk.

De laatste zinnen van mijn proefschrift zijn voor jou Annet. Sinds zeven jaar verrijk je mijn
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